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ABSTRACT 

Studies were carried out to evaluate the allelopathic potential of four hexaploid wheat 

(Triticum aestivum L.) cultivars (Millat-2011, AARI-2011, Lasani-2008 and Faisalabad-

2008) at different growth stages tillering (Z30), anthesis (Z60) and maturity (Z90). The 

objectives were to ascertain wheat allelopathic potential to suppress emergence and 

establishment of important grassy and broad-leaved weed species and characterize soil 

microbial dynamics and enzyme activities under wheat allelopathy. The overall goal was to 

characterize the variability in wheat allelopathic potential with respect to plant age, cultivar-

specific differences, and relevance to soil functional diversity. One field experiment and four 

wire-house experiments were carried out at the Student Research Area, University of 

Agriculture, Faisalabad. 

 

Field Experiments: The soil at the experimental site belongs to the Lyallpur Soil Series 

(USDA classification-Aridisol-fine-silty, mixed, hyperthermic Ustalfic, Haplargid; FAO 

classification -Haplic Yermosols). Wheat cultivars were sown in 4 m × 10 m field plots, and 

were maintained either weedy or weed free. Fallow plots (without wheat) were used as a 

control. Trials were laid out in randomized complete block design with four replications. 

Data were collected on crop growth, weed density and dry biomass, soil chemical and 

biological properties. Herbage of wheat cultivars was collected at tillering, anthesis and 

maturity for biochemical analysis.  

 

Weed densities were significantly lower in plots sown with wheat than in control plots. 

Floristic composition of weeds varied significantly among wheat cultivars and between 

years. A total of seven broad leaf (swine cress, lambsquarters, blue pimpernel, field bind 

weed, sweet clover, fathen, fumitory and broadleaf dock), three grassy weeds (canarygrass, 

and bermudagrass) and one sedge (purple nutsedge) belonging to seven distinct families 

(Poaceae, Chenopodiaceae, Brassicaceae, Primulaceae, Cyperaceae, Fabaceae and 

Convolvulaceae) were identified. Summed dominance ratios of the weeds were in the order: 

swine cress > lambsquarters > blue pimpernel > canarygrass > field bind weed > purple 

nutsedge > sweet clover during 2011-12, and swine cress > blue pimpernel > lambsquarters > 

canarygrass > field bind weed > purple nutsedge > sweet clover during 2012-13. Summed 

dominance ratios changed during the growing season due mainly to variation in emergence 

timing of different weeds; sweet clover emerged at 60 days after sowing (DAS) and 

broadleaf dock at 75 DAS during 2011-12. Sweet clover and broadleaf dock were identified 

at 45 and 60 DAS during 2012-13, although during 2011-12, these weeds were absent at 

these times. Total weed dry biomass at 45 DAS ranged from 0.81-1.39 g m
-2

 during 2011-12 

and 0.45-0.83 g m
-2

 during 2012-13 in plots sown with wheat compared to 13.02 g m
-2

 and 

2.78 g m
-2

 in fallow plots, for respective years. At 105 DAS, total weed dry biomass was 

significantly lower (4.96-14.13 g m
-2 

and 5.02-6.11 g m
-2

) in wheat-sown plots than fallow 

plots (109.38 and 183.24 g m
-2

) during 2011-12 and 2012-13, respectively.  

 

HPLC profile of allelochemicals revealed that wheat herbage contained eight compounds: 

gallic acid, p-hydroxybenzoic acid, syringic acid, ferulic acid, vanillic acid, protocatechuic 

acid, p-coumaric acid and benzoic acid. Concentrations of these allelochemicals varied 

among wheat cultivars and with stage of growth. Concentration of total allelochemicals in 
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wheat cultivars was in order: AARI-2011 > Lasani-2008 > Millat-2008 > Faisalabad-2008, 

and for growth stages the order was maturity > anthesis > tillering. Higher total phenolic 

content was recorded in field soil collected at maturity stage of wheat than at tillering and 

anthesis stages. During the two growing seasons maximum phenolic content (51.73-60.23 mg 

g
-1

 soil) were recorded for soil from AARI-2011 plots as compared to fallow (control; 18.09-

14.59 mg g
-1

 soil) respectively. HPLC analysis of wheat-amended rhizosphere soil showed 

that concentrations of root-exuded, phytotoxic compounds varied with cultivars and the stage 

of growth of wheat. The overall concentration of allelopathic compounds in rhizosphere soil 

collected at tillering stage was in order: ferulic acid > benzoic acid > p-hydroxamic acid > 

gallic acid, at anthesis stage p-hydroxamic acid > ferulic acid > vanillic acid > benzoic acid > 

p-coumaric acid > syringic acid > protocatechuic acid. However, at maturity the order was p-

hydroxamic acid > ferulic acid > benzoic acid > protocatechuic acid > syringic acid > vanillic 

acid > p-coumaric acid. Maximum invertase, dehydrogenase, cellulase, and phosphatase 

activities in rhizosphere soil of all wheat cultivars were recorded at anthesis and maturity as 

compared to tillering. These activities manifested a temporal increase as soil microbial 

activity, microbial-carbon and -nitrogen increased at the later growth stages (anthesis and 

maturity). 

 

Pot Experiments: Dried herbage was incorporated at 8 g kg
-1

 soil in plastic pots (10 cm × 26 

cm). Control treatment was comprised of soil without herbage. At 7 days after incorporation 

of herbage, 20 seeds each of canarygrass (Phalaris minor Retz.) and common lambsquarters 

(Chenopodium album L.) were sown in each pot including control pots (without herbage). 

Separate experiments were carried out for both the test species. A similar but separate (blank) 

experiment was set wherein no weed species was grown, to explore the decomposition 

pattern of wheat herbage and its impact on activities of soil microorganisms and extracellular 

enzymes. The release of phytotoxic compounds was quantified over a 6-week incubation 

period. In another set of experiment, leachates were collected from wheat-sown and control 

pots (soil without wheat). These leachates were used in another set of pot experiment 

wherein canarygrass and lambsquarters were sown. A separate pot experiment was conducted 

to appraise the interference potential of wheat cultivars on emergence and seedling growth of 

test weed species (canarygrass and lambsquarters). For this purpose, wheat cultivars and test 

species were sown in 1:1 ratio in plastic pots. Control pots contained only one seed type 

(either of wheat or weed seed). Allelopathic potential against the weed species was evaluated 

on the basis of seed germination and seedling growth; and biochemical and antioxidant 

enzyme analyses were carried out to understand the basis for possible allelopathic 

interference. To have an insight into rhizosphere ecology analyses of microbial abundance 

(population of bacteria and fungi, soil-microbial-biomass-carbon and -nitrogen) and analysis 

of extracellular enzymes (cellulase, urease, invertase, dehydrogenase, phosphatase, and 

polyphenol oxidase) were performed. All pot experiments were conducted using completely 

randomized designs with four replications.  

 

Experiment-I A: Incorporation of herbage collected at anthesis and maturity stages of wheat 

cultivars AARI-2011 and Lasani-2008 prolonged mean emergence time of canarygrass to 

greater than the control. Final emergence percentage dropped by 13-31% in response to soil 

incorporation of herbage collected at different growth stages. Maximum suppression of shoot 

(33-51% and 28-53%) and root (34-52% and 28-54%) lengths and seedling dry biomass (66-
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88% and 58-86%) of canarygrass over control was also observed with the aforementioned 

treatment combinations. Total chlorophyll content declined where herbage collected at 

anthesis and maturity stages of all wheat cultivars was incorporated into soil, but phenolic 

content was higher than with the control where herbage collected at tillering was applied. 

Activities of enzyme antioxidants also varied among wheat cultivars, and declined with the 

incorporation of herbage collected at anthesis and maturity but were enhanced by tillering 

stage herbage compared with the control. Wheat herbage induced lipid peroxidation in 

canarygrass seedling. Higher malondialdehyde (MDA) content (1.28 and 1.14 nmol g
-1

 FW) 

was observed by the incorporation of herbage of wheat cultivars AARI-2011 and Lasani-

2008, respectively. Anthesis- and maturity-stage herbage of AARI-2011 and Lasani-2008 

was more phytotoxic than that of Millat-2011 and Faisalabad-2008. Moreover, herbage of all 

wheat cultivars collected at tillering stage had a stimulatory effect on emergence, seedling 

growth and biochemical attributes of canarygrass.  

 

Experiment-I B: Mean emergence time (MET) of lambsquarters was prolonged over control 

with herbage of all wheat cultivars collected at anthesis and maturity stages. Final emergence 

percentage dropped by 3-17% in response to herbage collected at different growth stages. 

Maximum suppression of shoot (45 and 78%) and root (60 and 90%) lengths, and seedling 

dry biomass (65 and 96%) of lambsquarters over control was recorded in response to 

amendment with herbage collected at anthesis and maturity stages of wheat. Total 

chlorophyll content declined to lower than the control in response to incorporation of herbage 

from all wheat cultivars collected at anthesis and maturity stages. Phenolic content, on the 

other hand, increased. Activities of enzyme antioxidants extracted from lambsquarters varied 

with wheat cultivar and declined with the incorporation of herbage collected at tillering, 

anthesis and maturity stages. Wheat herbage induced lipid peroxidation in lambsquarters 

seedlings, and higher MDA content (0.56 and 0.77 nmol g
-1

 FW) was observed with the 

incorporation of herbage collected at anthesis and maturity stages, respectively. Herbage of 

Millat-2011, AARI-2011 and Lasani-2008 collected at anthesis and maturity stages was more 

phytotoxic than that of Faisalabad-2008 collected at the same stages. Moreover, herbage of 

all wheat cultivars collected at tillering stage only mildly inhibited emergence, seedling 

growth and biochemical attributes of lambsquarters.  

 

Experiment-II: Wheat herbage amendment increased soil pH, phenolic content, organic-

carbon and -nitrogen content compared to nonamended soil. Total carbon, total nitrogen, 

total soluble phenolic content, and saturated and unsaturated fatty acids were significantly 

different in soil amended with wheat herbage collected different growth stages. Maximum 

total carbon and nitrogen were observed for herbage collected at anthesis and maturity stages 

compared to herbage collected at tillering. Both of the organic-carbon and -matter 

significantly increased with progression in incubation time where wheat herbage was 

incorporated into soil; whereas these soil components declined in nonamended soil. Analysis 

of herbage-amended-soil during different incubation periods showed that microbial 

population, and activities of extracellular enzymes (urease, invertase, dehydrogenase, and 

phosphatase) increase during the six-week incubation period. All these activities were higher 

in the soil amended with herbage of Millat-2011 and AARI-2011 collected at anthesis and 

maturity stages than with those of Lasani-2008 and Faisalabad-2008 collected at same 

growth stages. The concentrations of phytotoxic compounds from decomposing wheat 



4 
 

herbage also differed with cultivar, stage of growth at which herbage was collected, and the 

incubation period. HPLC analysis of soil extracts from soil amended with wheat herbage 

showed that they contained eight phytotoxic compounds gallic acid, p-hydroxybenzoic acid, 

syringic acid, ferulic acid, p-coumaric acid, vanillic acid, protocatechuic acid and benzoic 

acid the concentrations of which were dependent on growth stage and the duration of herbage 

incubation in the soil.  

 

Experiment-III A & B: Application of leachates from herbage-amended soil affected 

emergence dynamics of both canarygrass and lambsquarters seedlings in a cultivar-dependent 

manner compared to the control. Leachate from AARI-2011-amended soil significantly 

reduced the final emergence (14 and 23%) and seedling dry biomass (36 and 64%) of both 

canarygrass and lambsquarters, respectively, compared to the control. Application of 

leachates from soil amended with AARI-2011 and Lasani-2008 herbage significantly reduced 

the protein content of canarygrass (48-53%) and lambsquarters (90-92%). Catalase and 

peroxidase activities of canarygrass (272% and 45%) and lambsquarters (83 and 82%) also 

declined under the influence of leachates from AARI-2011-amended soil compared to the 

control. Reduced superoxide dismutase activities were recorded with the application of 

leachates from soils amended with all wheat cultivars compared to control for both weed 

species. Application of root leachates significantly influenced the populations of soil bacteria 

and fungi compared to control. Maximum increases in microbial populations and soil 

enzymatic activities were recorded under the influence of root leachates from AARI-2011-

amended soil in both canarygrass and lambsquarters sown pots.  

 

Experiment-IVA & B: None of the wheat cultivars showed reduction in emergence and 

seedling growth in response to interference by canarygrass and lambsquarters when grown in 

a 1:1 ratio. Emergence index and final emergence of canarygrass were inhibited by 25 and 

21%, respectively, when grown with wheat cultivars. Similar results were recorded for 

lambsquarters. Reduction in shoot length (39%) and seedling dry biomass (79%) of 

canarygrass occurred due to interference of wheat cultivars compared with the control. Shoot 

and root lengths of lambsquarters were significantly reduced (43% and 48%, respectively) 

compared to the control. Interference of wheat cultivars reduced the seedling dry biomass of 

lambsquarters by 49%. The highest reduction was recorded with AARI-2011.  

 

It can be concluded from the results of the present investigations that wheat demonstrated 

allelopathic potential that varied with cultivar as well as growth stage. Wheat cultivars 

AARI-2011, Millat-2011 and Lasani-2008 were more allelopathic at anthesis and maturity 

stages than at tillering stage. Wheat cultivars and the stage of crop growth resulted in 

modifications in rhizosphere microbial communities that may be due to the release of 

allelochemicals during the herbage decomposition process. Phenolic content of herbage 

increased with advancement in stage of wheat growth, which was also evident in soil 

amended with such herbage. The information generated provides evidence in support of soil 

incorporation of herbage of specific wheat cultivars to manage weeds of economic 

significance in wheat-based cropping systems and for increasing soil quality.



CHAPTER 1 

INTRODUCTION 

Wheat (Triticum aestivum L.) is a globally important cereal crop. Being a staple 

cereal, it occupies the largest acreage among all the field crops in Pakistan. During 2013-14, 

area under wheat production was 9.03 million hectares and accounted for 41% of the total 

cropped area. The total production of wheat was 25.3 million tons (Govt. of Pakistan, 2014). 

The average yield obtained at farm level was lower than the predecided potential yield of 

modern wheat cultivars. Among several factors limiting productivity, weeds have been 

recognized as major biological constraints to higher wheat production (Hussain et al., 2014). 

About 30 grassy and broad-leaved weed species have been reported to infest wheat fields in 

Punjab-Pakistan (Waheed et al., 2009). This number may even increase to 45 weed species 

for other wheat growing areas of the country (Qureshi and Bhatti, 2001). Wheat yield 

reduction owing to weeds ranged from 34 and 38% in mid- (20
th

 November) and late-sown 

(10
th

 December) wheat, respectively (Hussain et al., 2014). Wheat grain yield losses of 30 

and 24% have been attributed to grassy and broad-leaved weeds, respectively (Khan and 

Haq, 2002). From a monetary basis, weeds incur a loss of 120 billion rupees annually which 

for wheat crop is 30 billion rupees (Hussain et al., 2007). Canary grass (Phalaris minor 

Retz.), lambsquarters (Chenopodium album L.), wild oat (Avena fatua L.), broad leaf dock 

weed (Rumex dentatus L.), Bur clover (Medicago denticulata Willd.), swine cress 

(Coronopus didymus L. Sm.), and annual meadow grass (Poa annua L.), are associated 

weeds of wheat in most parts of the country (Siddiqui and Bajwa, 2001). Nonetheless, canary 

grass and lambsquarters have been the most notorious for reducing wheat grain yield. 

Canary grass is a weed of Mediterranean origin that now has spread in many parts of 

the world (Singh et al., 1999). It is one of the most troublesome grassy weeds of wheat fields 

(Singh et al., 1999). Canary grass emerges with the wheat crop and competes for nutrients 

and soil moisture reducing grain yield (Afentouli and Eleftherohorinos, 1996). Canary grass 

is a highly competitive grassy weed of wheat in rice-wheat cropping system and can result in 

yield reduction up to 100% (Chhokar and Malik, 2002). Among the broad-leaved weeds of 

wheat fields, lambsquarters has been reported as a most troublesome weed due to its high 

frequency, herbage cover and density (Siddiqui and Bajwa, 2001). It is also reported that in 

many European countries lambsquarters has evolved resistance to many herbicides like 
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atrazine, metribuzin and linuron (Eleftherohorinos, 2000). Oad et al. (2007) reported huge 

wheat grain yield losses due to lambsquarters (40%), canary grass (35%), and wild oats 

(36%) when wheat was grown with these weeds in 2:1 ratios. Siddiqui et al. (2010) also 

observed wheat grain yield losses of 28, 55, 23 and 10% due to canary grass, broadleaf dock, 

lambsquarters and swine cress infestation, respectively. 

Herbicides are commonly used to manage weeds in wheat fields to secure quality and 

quantity of final produce. However, continuous herbicide usage has been resulted the 

evolution of resistant weed biotypes and environment pollution (Khaliq et al., 2011a). In 

recent times, evolution of herbicide-resistant weed biotypes has emerged as an ecological 

challenge to contemporary agriculture that inhibits the utility of synthetic pesticides for 

control weeds (Baucom, 2009). Worldwide, more than 346 herbicide resistant weed biotypes 

have been reported (Heap, 2010). Moreover, interest in sustainable agriculture and concerns 

about the negative implications of extensive use of synthetic herbicides necessitates looking 

for alternative weed management strategies.  

Allelopathy may prove to be one such alternative that can be useful for weed 

management in agro-ecosystems (Albuquerque et al., 2011). It is environmentally safe, can 

conserve the available resources, and mitigate the problems caused by dependence on 

synthetic chemicals (Duke et al., 2001). Allelopathic effects may be stimulatory or inhibitory 

depending upon the species involved and threshold concentrations of bioactive 

allelochemicals. In crop production, suppressive allelopathic effects can be exploited for 

sustainable pest and weed management (Kohli et al., 1998). Since, allelopathic interactions 

are species-specific; they provide an opportunity to achieve selective weed control in field 

crops (Weston and Duke, 2003). Wheat is known to possess allelopathic potential for manage 

weeds (Khaliq et al., 2011b, 2012). Wheat seedlings, straw and aqueous extracts of residues 

had allelopathic effects on the growth of several agricultural weeds (Ma, 2005; Lam et al., 

2012). Wheat allelopathy has also been associated with the reduced incidence of pests and 

diseases (Leszcynski et al., 1995). 

Compounds responsible for allelopathic activity are referred to as allelochemicals. 

These are usually non-nutritional secondary metabolites that can affect growth of organisms 

in biological and agricultural systems (Narwal, 1999). Allelochemical production varied 

among cultivars of same species. Many studies were conducted and showed that allelopathic 
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potential varied among cultivars of same species (Wu et al., 2000a; Mahmood, 2013; 

Mahmood et al., 2013). It is also well documented that the release of allelochemicals from 

donor plants depends on plant age and habitat (Rice, 1984). Generally, tissue concentration 

of allelochemicals increases with the age of plant (An et al., 2008). Guenzi et al. (1967) 

reported that maximum toxicity of allelochemicals in oat straw was observed at harvest stage. 

Koeppe et al. (1970) reported that the amount of phenolic compound chlorogenic acid and 

scopoletin of tobacco and sunflower was influenced by leaf age. It was also observed that 

maximal release of allelopathic compounds from parthenium roots was at rosette and 

flowering stage (Kanchan and Jaychandra, 1979). 

Besides concentration, type of allelochemicals in different plant parts also varied as a 

function of plant age. Overland (1966) found that inhibitory compounds in barley husk were 

coumarin, hydroxycinnamic acid, vinallic acid and in shoot N,N-dimethyl-3-

aminomethylindole but these were absent in seeds. Composition and quantity of 

allelochemicals in soybean stubs differed with decomposing time and growth stages (Hu and 

Kong, 2002). Kong et al. (2006) also reported several phenolic acids in rice plant, 

concentration of which varied with growth stages. It was found that slightly green straw of 

grasses and legumes had more allelopathic activity as compared to fully mature straw 

(Kimber, 1973). The concentration of phenolic compounds was significantly higher when 

wild oat growth was at its peak (tillering to heading) and plant was actively assimilating 

metabolites (Iannucci et al., 2012). 

Besides the effects on plant growth in the vicinity, allelochemicals are also known to 

affect soil physico-chemical properties and soil biota (Inderjit, 2001). Production, dynamics 

of release of allelochemicals and their biological activity is also affected by various soil 

properties. Ecological relevance of allelopathy is often questioned and remained a dilemma, 

since most of the studies in allelopathy follow “grind and find” techniques, potentially 

neglecting the parameters important in natural settings (Romeo, 2000). Under field 

conditions, several biotic and abiotic factors act either simultaneously or sequentially to 

modify expression of an allelopathic interaction. Thus, studying allelopathy from the 

perspective of soil ecology could yield valid and relevant results with ecological implications 

(Inderjit, 2001). Several allelochemicals when released into soil are in a biologically inactive 

form. Upon entering soil interface, these compounds undergo biological transformations that 
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are usually mediated by microbes (Jilani et al., 2008). Many of these transformed products 

are biologically more active than their native form (Villagrasa et al., 2009). The 2-amino-3H-

phenoxazine-3-one (APO), a degraded form of 2(3H)-benzoxazolinone (BOA) is more 

inhibitory than its precursor (Macias et al., 2005a and 2005b, 2006). Rhizospheric 

allelochemicals exert profound influence on soil microbial communities and soil microbial 

metabolism is an important indicator of duration and magnitude of allelopathic interaction 

(Cipollini et al., 2012). Root exudation results in the release of a wide range of compounds in 

the rhizosphere which may encourage beneficial symbiosis, regulate soil microbial 

communities in the rhizosphere, change the soil physico-chemical properties, and inhibit the 

growth of competing plant species (Walker et al., 2003). Some rhizospheric microbes can 

also affect allelopathic potential by changing the type and level of allelochemicals produced 

(Inderjit, 2005). Microorganisms release allelopathic compounds either directly or indirectly 

into the soil environment. These compounds are generally non-specific and inhibit the 

growth of several annual and perennial species (Hoagland, 1990). Assessment of soil 

microbial community composition would yield crucial information on whether addition of 

allelochemicals to the soil is improving or influencing soil quality and fitness for crop 

production.  

Several enzymes secreted by plant roots or microorganisms accumulate in the 

rhizosphere as extracellular proteins (Baldrian, 2008). The enzyme activities are considered 

to be indicative of microbial activity and overall functioning of soil ecosystem (Baldrian, 

2008). Soil enzymes play an important role in biochemical decomposition of organic matter 

and hence nutrient recycling in agro-ecosystems (Bowles et al., 2014). Key soil enzymes 

included dehydrogenase, urease, cellulase, invertase, poly-phenoloxidase, lyases and 

oxidoreductases. These enzymes are continuously produced, stored and consequently 

decomposed in the soil (Tabatabai, 1994). Phosphtase enzyme activity is involved in the 

mineralization of soil organic phosphrus which is important in plant nutrition (Dick et al., 

1996). Dehydrogenase activity provides information about microbial populations in soil and 

indicates rate of oxidation (Wolińska and Stępniewska, 2012). The functional diversity of 

these soil enzymes is, however, vulnerable to allelopathic activity (Wang et al., 2008; Wu et 

al., 2009). The allelochemical induced variation in the activities of either of these enzymes 

can affect essential soil processes. Thus, studying the influence of allelopathic substances on 
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functional dynamics of such enzymes can yield crucial information if wheat allelopathy is to 

be utilized for weed management in the perspective of soil ecology for its overall benefit to 

the cropping system. 

The above discussion suggests that wheat allelopathy can affect weed emergence and 

growth and also regulate soil microbial dynamics and functioning of soil enzymes. Despite 

the foregoing research and voluminous body of literature pertaining to above-ground 

allelopathic interactions, little is known about such interactions in rhizosphere, as rhizosphere 

activities are less well-characterized (Inderjit et al., 2007) especially in wheat based cropping 

systems. A better understanding of wheat allelopathy can only be possible if soil ecological 

implications of the phenomenon are well taken into account. To date, very limited work has 

been undertaken in this regard. The present study therefore was designed to address the 

following objectives: 

 Ascertain wheat cultivar allelopathic potential against emergence and establishment 

of important grassy and broad-leaved weed species. 

 Characterize soil microbial dynamics and enzyme activities under various cultivars of 

wheat. 

 Characterize the variability in wheat allelopathic potential associated with plant age, 

cultivar and their relevance on functional diversity of soil 



CHAPTER 2 

REVIEW OF LITERATURE 

2.1. Allelopathy-the conceptual framework 

Plants naturally produce secondary metabolites which are important for biological 

and ecological function and interaction among neighboring plants and environment. These 

chemical interactions are complex, diverse and provide many advantages to the donor plant 

(Reigosa et al., 1999). Sometimes allelochemicals at low concentration also behave as 

growth regulators and show stimulatory effects on receiver plants (Inderjit and Keating, 

1999). The term ‘allelopathy’ was introduced by an Austrian plant physiologist Molisch 

(1937) to refer to biochemical interactions between all plants, including microorganisms. 

Molisch refered to the both inhibitory and stimulatory biochemical interactions. Later, it was 

defined as any direct or indirect, beneficial or destructive effect by one plant on another 

through production of chemical compounds (allelochemicals/phytotoxins) that escape into 

the environment (Rice, 1984) from plant parts by leaching, stem flow, root exudation, 

volatilization, residue decomposition and other processes in both natural and agricultural 

system (Birkett et al., 2001; Ferguson and Rathinasabapathi, 2003). Khaliq et al. (2011b) 

defined allelopathy as the mechanism explaining inhibitory and/or stimulatory interactions in 

soil plant interface through bioactive products produced by biochemical pathways. An 

important point regarding allelopathy is that its effects depend upon chemical compounds 

released to the environment from living plant or decaying plant parts (Dayan et al., 2000; 

Einhellig, 2004). It is thus distinct from competition that involves the removal or reduction of 

some factors from the environment that is required by some other plant sharing the habitat 

(Tukey, 1996). Allelopathy reflects inter-disciplinary, challenging and complex studies to 

unravel myths and facts and also invites the attention of global agronomist, botanist, soil 

scientists, microbiologists, phytochemists, foresters and ecologists. Allelopathic studies to 

understand various ecological problems such as replanting problems in stubbles of several 

crops, poor crop stand and low crop yields in rotation, detrimental effects of living plants or 

their decomposition products on plant growth and crop yields, auto-toxicity and direct 

interference by certain weeds and crops form an important area of continued research. 



11 
 

2.2. Role of allelopathy in agro-ecosystems 

Allelopathy plays an important role in natural ecosystems, and has the potential to 

become an important tool in cultivated ecosystems too (Olofsdotter, 1998). Xuan et al. 

(2004) proposed that if crop allelopathy is properly exploited for agricultural practices and 

production, agronomic significance could be applied to: (i) biologically control of insects, 

pests and diseases, (ii) enhancement of soil quality by adding nutrients for crop plants during 

decomposition from residues and ameliorate soil environment for microbes, (iii) increasing 

crop diversity by rotation while reducing the weeds and pests infestation, and if crops are 

appropriately rotated improvement of soil quality (iv) development of low cost biological 

pesticides with novel modes of action from crop plants for sustainable pest management and 

(v) development of tolerance against abiotic stresses. Biochemical interactions take place 

when allelopathic compounds produced by one plant are released into the environment and 

influence the growth and development of another plant. Thus allelopathy can be defined by 

interaction among plants and microorganisms through chemical pathways. These interactions 

may be stimulatory or inhibitory. In agricultural practices, suppressive effects may be 

exploited for pest and weed control (Khanh et al., 2005; Lithourgidis et al., 2011). 

2.2.1. Weed management 

Use of allelopathy for weed management could be either through direct natural 

allelopathic interactions, crop plants, or through the use of allelochemicals as natural 

phytotoxic compounds (Singh et al., 2003; Bhowmik and Inderjit, 2003). A number of crop 

plants with allelopathic potential can be used as cover, green manure and smother crops for 

handling weeds by making anticipated manipulation in the cultural cropping patterns 

(Weston, 1996; Singh et al., 2003; Khanh et al., 2005). These can be suitably rotated and 

intercropped with main crops to manage the target weeds selectively. The use of crop 

aqueous extracts, residues/mulches can also give desirable benefits. These approaches for 

weed management reduce the deleterious effect of current agriculture practices and input cost 

of inputs in agro-ecosystem (Singh et al., 2003). Not only terrestrial weeds, even allelopathy 

can be suitably manipulated for the management of aquatic weeds. Allelochemical present in 

plants as well in microbes can be directly used for weed management on the pattern of 

herbicides (Kennedy, 1999). Allelochemical effect on weed species can be selective (Xuan et 

al., 2005). Allelopathic interactions can be used in diverse cropping patterens often for weed 
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management and suppression (Weston, 1996; Weston and Duke, 2003). Allelopathic 

potential for weed management under field conditions has been utilized in various ways i.e. 

surface mulch (Khaliq et al., 2015), incorporation into the soil (Matloob et al., 2010), 

aqueous extracts (Khaliq et al., 2013), rotation (Narwal, 2000), smothering (Narwal and 

Sarmah, 1996; Singh et al., 2003), mix cropping/intercropping (Hatcher and Melander, 2003; 

Iqbal and Cheema, 2007) or combination of allelopathic plant extracts with reduced dose of 

synthetic herbicides (Khaliq and Matloob et al., 2012). Allelopathic research can be applied 

to many current weed problems in agricultural systems (Narwal, 1999). Utilization of 

allelopathic properties of native plant/crop species offers promising opportunities for this 

purpose. Allelopathic potential of crops like sorghum (Sorghum bicolor L.) (Weston, 1996; 

Cheema et al., 2003), sunflower (Helianthus annuus L.) (Macias et al., 2002; Weston and 

Duke, 2003; Anjum and Bajwa, 2005), rice (Oryza sativa L.) (Kong et al., 2006), wheat 

(Triticum aestivum L.) (Wu et al., 2001a; Labbafi et al., 2010; Khaliq et al., 2011b, 2012) 

against weeds of economic significance has been reported. 

2.2.2. Insect pest and disease management 

Estimates indicate that on a global scale, insect pests and disease causing pathogens 

cause a yield reduction of 18 and 15%, respectively, in major food and cash crops across the 

world (Oerke and Dehne, 2004). Natural compounds of plant origin manifesting allelopathic 

activity have been suggested as novel weapons to deter insect pests and pathogen of field 

crops (Bertin et al., 2003). Contrary to synthetic pesticides that result in ecological and health 

issues beside pest control, natural compounds are on the other side of the window as these 

have a relatively short life, are biodegradable and water soluble, lack halogen, and hence are 

comparatively safer in the perspective of environmental toxicology (Duke et al., 2002). Over 

300 plants exhibit suppressive ability against a wide spectrum of insects (Devakumar and 

Parmar, 1993). Ding et al. (2000) observed resistance in some wheat cultivars against wheat 

midge (Sitodiplosis mosellana), possibly owing to the production of p-coumaric acid and 

ferulic acid. Ferulic acid treatment killed the hatched larvae when the concentration exceeded 

0.35 mg g
-1

 of fresh plant tissues. Valenzuela and Smith (2002) reported inhibition of 

wireworm larvae (Conoderus rudis) and consequently reduced population in the field 

previously cultivated with buck-wheat. Wheat, rye, maize and barley contain high 

concentration of hydroxamic acid or tramine which are useful for the control of higher 
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population of aphid. Neem (Azadirachta indica) and Eucalyptus (Eucalyptus globulus) 

produce on arsenal of secondary metabolites likely released to natural defense. Their 

insecticidal potential is manifested in the form of antifeedant properties, inhibition of post 

embryonic development and larval emergence against a number of agricultural and 

household pests (Farooq et al., 2011). 

Roots are complicated morphologically and physiologically, and their metabolites are 

often released in large quantities into the soil rhizosphere from living root hairs or fibrous 

root systems (Bertine et al., 2003). Root exudates containing root-specific metabolites have 

criticalecological impacts on soil macro and microbiota as well as on the whole plant itself 

(Bertine et al., 2003). Phytotoxic compounds released from decomposing residue or root 

exudation of preceding crops play an important role in inhibiting soil born plant pathogens 

(Batish et al., 2001; Bertin et al., 2003). Brassica spp. (B. nigra, B. napus, B. campestris, B. 

juncea, B. hirta) and Lepidium sativum are useful for green manuring, weed and insect 

management (Mayton et al., 1996). Potato dry rot (Fusarium sambucinum) was controlled by 

the higher concentration of allyl-isothiocyanate (ranged 0.78-0.288 mg g
-1

 leaf tissue) present 

in the Brassica species (Mayton et al., 1996). The addition of these crops in rotation of in 

those areas infested with aphid can be helpful for the development of natural herbicides 

(Rizvi and Rizvi, 1992). Javed et al. (2007) reported 38% reduction in root-knot nematode 

(Meloidogyne javanica) females per root, and 64% in egg mass per root in response to neem 

allelopathy (3% w/w neem cake).Thus pests and diseases can be control with natural 

chemicals produced by allelopathic crops in the cropping systems, antibiotic allelochemicals 

of plant origin, insect pest resistant crop varieties and their rotation as well intercropping. 

2.2.3. Plant growth regulation/hormetic effect 

An et al. (1993) postulated the phenomenon of biphasic dose-response as an 

important universal biological characteristic of allelochemicals. Stimulation effect in 

response to low dose of a toxic substance is termed as hormesis (Duke et al., 2006). This 

term was first used by Southam and Erlich (1943) after they noticed that an oak bark 

compound was inhibitory to fungal growth at higher concentration but stimulated the same at 

lower concentrations. They coined the term using Greek base “hormo” meaning to excite, the 

same root as used in word hormone. Even Molisch, who coined the term “allelopathy”, was 

well-versed with the phenomenon of allelopathic hormesis. He stated that the often observed 
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rule is confirmed that poisons and irritating compounds are harmful at higher concentrations 

but stimulatory in diluted form (Chobot and Hadacek, 2009). Likewise, Paracelus proposed 

that poison is in the dose (all things are poison and are not poison; only dose controls the 

process of toxicity). Most allelopathic research describes implications of inhibitory 

allelopathic effects for weed management in agro-ecosystems (Weston and Duke, 2003; 

Weston, 2005), and have chosen to neglect hormesis only because it is a non-target objective 

(Streibig, 1980). Hence, hormesis in plants has not been studied in detail until recently 

(Calabrese, 2005; Calabrese and Blain, 2005). Studies document about 20-30% stimulation 

due to hormesis effect in plants (Cedergreen et al., 2005). 

Allelochemicals are well known to induce hermetic effects (Liu et al., 2011). 

Previous studies have revealed the growth stimulatory potential of secondary metabolites and 

compounds of natural origin (Ambika, 2012; Maqbool, 2010; Abbas et al., 2013). 

Allelopathic compounds can confer abiotic stress tolerance and help maintain metabolic 

events conducive to better plant growth (Einhellig, 1996). Allelopathic compounds are 

reported to act as a first line of defense against biotic and abiotic stresses (Jimanez et al., 

2003; Asao et al., 2004). Identification of allelopathic donor plants exhibiting hormesis, and 

threshold concentration at which growth promotion or stress tolerance is imparted has formed 

an important area of research in allelopathy now a days. Stimulatory potential of allelopathic 

crops due to hormetic effect can be realized by treating seeds with aqueous extracts, foliar or 

root application (Maqbool et al., 2012). Pre-sowing seed treatment with growth promoting 

substances has been reported as an effective remedy to improve germination, growth and 

yield under stressful environments (Ashraf et al., 2008). Work done in Yugoslavia concluded 

that application of agrostemin at 100 g ha
-1

 either as seed treatment of foliar application 

improved yield of crops like wheat, maize and sunflower by 10-15%. Besides yield 

increment, this strategy was equally good in promotion oil yield of sunflower by 4% 

(Biprodukt, 1984). Aqueous allelopathic crop water extracts can also be utilized as foliar 

treatment to modulate plant growth. Basra et al (2011) found that moringa leaf extracts were 

more effective in promoting plant growth under ambient and stressful environments than 

artificial cytokinin source (benzyl amino purine; BAP). Chon et al. (2003a, b) documented an 

increase in alfalfa root length to the tune of 13-33% by aqueous extracts of several plants of 

compoistae family when applied at low concentration. The plants which produce flavonoids 
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often exihibited autotoxicity (Weston ad Mathesius, 2013). Sorghum is one of the most 

potent and extensively studied allelopathic crops (Weston and Duke, 2003). Munir (2011), 

from her wire house study concluded that application of 5 and 10% aqueous extract of 

sorghum at vegetative growth stage of wheat crop stabilized membrane integrity, and 

enhanced yield and yield components under drought. 

At low concentration, these may act as growth regulators (Narwal, 1994). Growth 

regulators are exogenous non-nutritional compounds that influence the growth and 

composition and development of plants and functions with the endogenous phytohormones 

groups. Their actions include growth regulation and retardation, flower initiation, leaf 

senescence and stimulation of biomass production (Narwal, 2006). Plant allelochemicals 

provide a number of growth-promoting hormones such as cytokinins from rice root exudates 

and moringa leaf sap (Soejima et al., 1992; Makkar and Becker, 1996), brassinolides from 

Brassica spp. (Maugh, 1981) and brassinosteroids (Andrzej and Hayat, 2009). Bio-regulators 

have shown increase plant growth and yields of major crops. However, difficulties in their 

commercializing have been encountered, thus limiting their commercial use. 

2.2.4. Crop nutrition 

Soil moisture availability and nutrient uptake is most important factors for regulating 

crop growth. Soil is an important medium for providing most nutrients to plants with some 

exceptions. Plants take up nutrients from the soil solution through their roots. A relationship 

between the plant-released allelochemicals and nutrient uptake has been observed. 

Allelochemical activities are well-defined by form, quantity and balance of nutrients present 

in soil (Karmarkar and Tabatabai, 1991). In some cases allelochemicals are used as to 

improve the nutrient uptake. Oxalic acid and citric acid improved the uptake of K, Mg, P and 

Fe under deficient conditions and consequently improved the root and shoot growth of plant 

under stress conditions (Gent et al., 2005). Under low phosphorus conditions, plants produce 

phosphatase which improves the phosphorus availability through hydrolysis process (Gilbert 

et al., 1999). Allelochemicals help to bind the nutrient radicals in chelate form, and improve 

their stay in rhizosphere to reduce losses. Beans acquire nutrients through this process by 

exuding potential chelators such as citrate and oxalate etc. (Delhaize et al., 1993). It is 

helpful to avoid toxicity of metal ions and released the require ones (Jabran et al., 2012). 

However, some time allelochemicals have adverse effect on the uptake of nutrients. For 
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example, ferulic acid and cinnamic acid decrease the availability of Fe and phosphorus and 

other nutrients. This reduction is attributed to altered cell membrane permeability due to 

presence of these allelochemicals (Franche et al., 2009). Recently, the role of allelopathic 

compounds in biological nitrification inhibition has gained attention as a mean to improve 

nitrogen use efficiency (Jabran et al., 2012). The phenolics released from plant roots can 

suppress the oxidation of NH4
+ 

to
 
NO3

- 
by inhibiting the

 
activity of nitrifying bacteria (Rice, 

1984). A recent breakthrough in the biological nitrification inhibition (BNI) by allelopathic 

mechanism comes from the work of Subbarao et al. (2013). These authors’ explored 

quantification and characterization of the BNI function of sorghum that covered inhibitors 

production, functionality and factors regulating their release as well their chemical identity. 

Results revealed that sorghum releases two types of nitrification inhibitors, i.e., hydrophobic 

and hydrophilic. Release rates of these BNIs varied from 10-25 ATU (allylthiourea units) g
-1

 

root dry weight d
-1

. The addition of hydrophilic BNIs at 10 ATU g
-1

 soil inhibited 

nitrification by 40% over a 30 day incubation period. Two BNI compounds isolated were 

sorgoleone (13.0 µM, from hydrophobic fraction) and sakuranetin (0.6 µM, from hydrophilic 

fraction). Adding further, Subbarao et al. (2013) revealed genotypic differences for 

nitrification inhibition among sorghum cultivars owing to variation in sorgoleone production 

and release. These authors also established that purified sorgoleone inhibited nitrosomonas 

activity and hence soil nitrification. Thus, allelochemicals have potential of nutrient 

regulation and cycling in agro-ecosystem, and offer an eco-friendly and sustainable way to 

manage the crop nutrient requirements and nutrient related problems. 

2.3. Wheat allelopathy 

Wheat is an important cereals crop that is extensively studied and is also used as an 

allelopathic cover crop. It has the ability to produce and exude allelochemicals under field 

conditions which adversely affect weed growth (Wu et al., 2001b; Bertin et al., 2003). 

Numerous chemicals such as hydroxamic and phenolic acid and short chain fatty acids are 

released from the wheat living plants and decomposing residues which are responsible for 

wheat allelopathy. Several studies have been conducted for the identification of these wheat 

allelochemicals (Wu et al., 2000b, 2001a,b,c), their mode of release and degradation 

(Fomsgaard et al., 2004), and screening of allelopathic varieties and further improving the 

allelopathic potential at genetic level (Bertholdsson, 2005; Villagrasa et al., 2006; Mahmood 
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et al., 2013)). In late 1960’s, Guenzi et al. (1967) and Kimber (1967) reported that wheat 

residue allelopathy varied among cultivars. Further studies found that allelochemicals 

production varied among plant parts  including root, shoot and leaves (Villagrasa et al., 

2006) and infested rhizospheric soil (Khaliq et al., 2011b). Wheat allelopathy needs to be 

further studied to elaborate new potent wheat varieties, effect of wheat on weeds, crops, 

disease and pests, isolation and identification of allelopathic compounds, their synergistic 

and additive effects on physiological processes of plants. It is also important to study wheat 

allelopathic activity in rhizosphere and its implications for soil ecology, and wheat residue 

management in cropping systems. 

2.3.1. Wheat allelochemicals 

Allelochemicals play a role in plant-soil, plant-plant, plant-insect, plant predator and 

plant-disease interactions (Yaduraj and Ahuja, 1996). From plants and microorganisms, 

about 40,000 allelochemicals have been identified and isolated (Rice, 1984; Worsham, 

1989). These chemicals are water-soluble and can be released through root exudation, 

leaching from plants by rain or decomposition of residues (Rice, 1984). The allelopathic 

activity of wheat has been attributed to hydroxamic acids and its derivative compounds, 

phenolic acids (Blum et al., 1991; Bertin et al., 2003) and short chain fatty acids (Lynch, 

1978; Tang and Waiss, 1978). 

2.3.2. Wheat phenolic compounds 

Wheat cultivars with strong allelopathic potential possess higher quantity of phenolic 

compounds (Wu et al., 1998). Guenzi and McCalla (1966) reported that wheat straw contain 

p-cumaric, ferulic, vanillic, syringic and p-hydroxybenzoic acids. Tsuzuki (2001) also 

reported that buckwheat contains phenolic (chlorogenic, caffeic and ferulic) and fatty acids 

(palmitic, stearic, behenic, arachidic). Wu et al. (2000b) identified and quantified phenolic 

compounds from wheat seedlings which were p-hydroxybenzoic acid, cis-p-coumaric, trans-

p-coumaric, vanillic, syringic, cis and trans-ferulic acids. Further research results showed 

that wheat accessions significantly varied in the production of these phenolic compounds in 

the roots and shoots (Wu et al., 2000c and 2001a). These compounds are reported as natural 

herbicidal source for weed control and suggest that allelopathic wheat cultivars can be used 

for natural weed suppression (Prasanta et al., 2003). Regarding wheat allelopathy, more 

concerned phenolic compounds are p-hydroxybenzoic acid, p-cumaric acid, vanillic acid and 
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ferulic acid (Guenzi and McCalla, 1966; Koch et al., 1992; Lodhi et al., 1987). Higher 

concentrations of these phenolic compounds are present in wheat straw (Koch et al., 1992). 

Studies establish the mode of action of these phenolic compounds on nutrient uptake 

(Baziramakenga et al., 1994), respiration (Penuelas et al., 1996), photosynthesis (Mersie and 

Singh, 1993; Baziramakenga et al., 1994), protein synthesis (Mersie and Singh, 1993), 

enzyme activity (Devi and Prasad, 1992), membrane permeability (Baziramakenga et al., 

1995), hormonal balance (Holappa and Blum, 1991) and plant water potential (Einhellig, 

1986). Allelochemicals have both additive and synergistic inhibitory effects (Jia et al., 2006). 

Wheat residue allelopathy was highly associated with the quantity of total phenolic contents. 

Wheat seedling exuded allelochemicals through roots in the agar medium that were identified 

and quantified (Wu et al., 1998). Total phenolic acids varied among 58 wheat accessions 

ranging from 93.2-453.8 mg kg
-1

. Wheat accessions with higher phenolic acids in their shoot 

inhibited the growth of annual ryegrass (Lolium rigidum) (Wu et al., 2001a). 

2.3.3. Wheat hydroxamic acid and benzoxazinones 

The hydroxamic acids most abundantly found in wheat are DIMBOA (2,4-dihydroxy-

7-methoxy-2H-1,4-benzoxazin-3(4)-one) and DIBOA (2,4-dihydroxy-1,4(2H)-benzoxasin-3-

one) and studies report that their contents vary among wheat genotypes (Niemeyer, 1988; Wu 

et al., 2001a). These are novel class of secondary products and considered as natural defense 

agent against weeds, diseases, insects and pests (Niemeyer and Perez, 1995). These 

compounds are produced throughout the plant life cycle and remain biologically active 

(Perez, 1990; Niemeyer, 1988). The specific benzoxazinoids produced in wheat are: 

“DIMBOA” [(2,4-dihydroxy-7-methoxy-2H-1,4-benzoxazin-3(4)-one (benzoxazilinone)], 

“MBOA” 6-methoxy-benzoxazolin-2(3H)-one (hydroxamic acid), and “HMBOA” [2-

hydroxy-7-methoxy-1,4-benzoxazin-3-one (lactam)] and “DIMBOA glycoside” [2-(2,4-

dihydroxy-7methoxy-2H-1,4-benzoxazin-3(4H)-one)-β-D-glucopyranoside 

(benzoxazilinone)] (Macias et al., 2006; Morant et al., 2008). Wu et al. (2001d) found higher 

DIMBOA content in root extracts as compared to shoots of young seedlings and root 

exudates, while others reported higher DIMBOA content in stem and leaves than roots 

(Villagrasa et al., 2006). Givovich and Niemeyer (1995) reported that five cereal aphid 

species (Rhopalosiphum padi, Sitobion avenae, Schizaphis graminum, Metopolophium 

dirhodum and Rhopalosiphum maidis) were significantly affected when feed on DIMBOA 



19 
 

and DIMBOA-glucoside at concentration 6-8 mM. They reported that these species are also 

sensitive to the hydroxamic acid present in wheat seedling that ranged from 2.5-3.0 mmol kg
-

1
 FW in concentration. 

Hydroxamic acid as DIMBOA-glycoside accumulates in vacuole of cereal plants like 

wheat, rye and maize. Upon damage, disrupted cell release β-glucosidase, cleaving the 

glucoside and subsequently produce more toxic aglycones compounds, DIMBOA in wheat 

and maize, and DIBOA in rye (Fomsgaard et al., 2004). When DIMBOA or DIBOA are 

liberated by glucosidase, they are generally degraded to their respective benzoxazilinones, 

MBOA and BOA (2(3H)-benzoxazolinone) (Nikus and Jonsson, 1999) and subsequently 

transformed to some other compounds belonging to the acetamides, malonamic acids and 

aminophenoxazicones (Fomsgaard et al., 2004). The transformation of the aglycone to the 

benzoxazilinone is the result of non-enzymatic hydrolysis (Virtanen and Hietala, 1955). In 

aqueous solution, DIMBOA and DIBOA have a half-life of less than 24 hours (Bredenberg et 

al., 1962). Both phenolic and hydroxamic acids were simultaneously produced from wheat 

seedlings in growth medium (Wu et al., 2000b; Huang et al., 2003). Several studies have 

been conducted to ascertain the allelopathic effect of mixtures of allelochemicals from wheat 

seedlings, but contradicting results were found. Studies of Reigosa et al. (1999) showed 

additive effects of phenolic compounds, leading to grater activity. On the other hand, Inderjit 

et al. (2002) found the antagonistic interactions among phenolic acids. The mixture of 

DIMBOA, ferulic acid and vanillic acid had antagonistic effects against Lolium perenne and 

Myosotis arvensis (Jia et al., 2006). 

2.4. Evidence of allelochemical activity 

In nature, a number of bioactive compounds exist with unexplored characteristics. 

Some of these compounds may have potential for use against pests and weeds (Vyvyan, 

2002). The knowledge of chemical relationship of these compounds on sensitive plants may 

aid in developing new herbicides (Macias et al., 2001). Macias et al. (2002) isolated about 

125 toxic compounds from sunflower cultivars which showed phtotoxicity against several 

weeds. Haig et al. (2005) screened 130 plant species to explore their toxic compounds 

against annual ryegrass. Amongst agricultural crops, wheat and rye are important cereal 

crops that produce significant quantities of hydroxamic acids and phenolic compounds. 

Isolation of these allelochemicals from plants and subsequent test in bioassays has provided 



20 
 

substantial proof for their toxicity. The activity of allelochemicals like MBOA and 

DIMBOA, produced primarily by wheat and maize, has been studied in bioassays (Perez, 

1990). The root growth of Avena fatua was reduced by 50% by the application of MBOA and 

DIMBOA at 0.5 mM and 0.7mM concentration (Perez, 1990). Another study reported greater 

phytotxicity of MBOA than DIMBOA (Blum et al., 1992). Burgos et al. (1999) also found 

that high concentration of BOA and DIBOA were correlated with greater inhibition of 

goosegrass (Galium aparine). The activity of BOA and DIBOA was investigated against 

weed species like barnyard grass (Echinochloa crus galli (L.) P. Beauv.), garden cress (L. 

sativum) and crop species cucumber (Cucumis sativa L.) and snap bean (Phaseolus vulgaris 

L.). Results indicated that the shoot and root length suppression of barnyard grass, garden 

cress and cucumber was pronounced at higher concentrations of BOA and DIBOA (Chase et 

al., 1991). 

 

Fig. 2.1. Some allelochemical species found in Poaceae family (Brooks, 2008) 

 

Chum et al. (2010) evaluated five benzoxazinoides BOA, H-BOA, Me-BOA, M-BOA and 

Hy-BOA for their phytotoxic potential against three weed species (Phalaris minor Retz.), (E. 

crus-galli) and (Senna occidentalis L.). The results indicated the phytotoxicity of 

benzoxazinoids on weed germination and growth were concentration dependent. In all test 

species maximum effect was observed with the M-BOA and Me-BOA, followed by H-BOA 

and H-BOA, while BOA was least phytotoxic compound. Seeds of P. minor and E. crus-galli 

were more sensitive to all derivatives of benzoxazinoids than Senna occidentalis. 
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2.5. Effect of growth stages on allelochemical production 

Wu et al. (2001d) screened 58 wheat accessions to study the production and 

accumulation of hydroxamic acids in 17 day old roots and shoots. Fifty accessions had higher 

levels of hydroxamic acids in shoot and root with an average range of 439.4 mg kg
-1

 and 

643.0 mg kg
-1

, respectively. Contrary to these findings, Mogensen et al. (2006) reported that 

winter wheat cultivars had lower concentration of DIMBOA in roots than leaf tissues at early 

growth stages. Copaja et al. (1999) studied the production of DIBOA and DIMBOA in three 

wheat cultivars and found that the production of these compounds was higher in first week of 

germination but began to decline after seven days. They also reported that DIMBOA level 

was higher than DIBOA in the leaves of three cultivars, and were lower in roots of two 

cultivars out of three. The concentration of these compounds and their derivatives remain 

relatively constant in plant roots while concentration decline gradually in the shoot with plant 

age (Mogensen et al., 2006). Several studies reported the detection of hydroxamic acid and 

their derivatives in ungerminated wheat seed (Copaja et al. 1999; Villagrasa et al., 2006). 

2.6. Mode of action of allelochemicals 

Allelochemicals cause a generalized cytotoxicity through number of physiological 

effects (Einhellig, 2004). A number of physiological effects induced in response to 

allelochemicals include reduction in overall plant growth (Weir et al., 2004; Mohamadi and 

Rajaie, 2009), ion uptake, water absorption and mineral nutrients (Akemo et al., 2000), leaf 

water potential, osmotic potential, shoot turgor pressure (Sheteawi and Tawfik, 2007), leaf 

area expansion, dry matter production, photosynthesis (Batish et al., 2001) and stomatal 

aperture size and diffusive conductance (Gniazowska and Bogatek, 2005 ), protein synthesis, 

enzyme activities (Muscolo et al., 2001; Bertin et al., 2007;). These physiological processes 

may be inhibited or stimulated by allelochemicals in different ways. By the action of 

phenolic compounds, cell membrane becomes non-specifically permeable, disturbing the ion 

flux and hydraulic conductivity in root. These changes in plant membrane may upset the 

plant water relationship, rate of photosynthesis, respiration, stomata opening and closure and 

ion balance (Einhellig et al., 1985; Gerald et al., 1992). Blum et al. (1999) also indicated that 

depolarization of cell membrane and ion fluxes were affected by phenolic acids. 

Baziramakenga et al. (1997) concluded that cinnamic and benzoic acid produced by quack 

grass have negative allelopathic effect on soybean, inhibit the germination and seedling 
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growth and biomass by altering membrane permeability, transport of ions and reduction of 

chlorophyll contents by damaging thylakoid membrane. 

Barkosky and Einhellig (1993) reported that p-coumaric, ferullic, salicylic and caffeic 

acids cause water stress in treated seedlings of Glycine max and Sorghum bicolor. Lettuce 

plant treated with BOA resulted in 10% reduction of relative water content which was 

simultaneously correlated with the decrease in leaf water potential (Sànchez- Sànchez-

Moreiras and Reigosa, 2005). Gulzar et al. (2014) indicated that the reduction in relative 

water content of leaf initially caused stomatal closure, and reduced the CO2 supply to 

mesophyll cells consequently reducing photosynthesis. Mersie and Singh (1993) found that 

phenolic compounds, e.g., vanillic, p-coumaric and ferulic acid inhibited protein synthesis 

and photosynthesis in velvetleaf. Muscolo et al. (2004) observed seed germination inhibition 

in Pinus laricio grown in the soils nearby Fagus sylvatica and P. laricio trees. These authors 

concluded that the mechanism of germination inhibition involved the disruption of 

mitochondrial or dark respiration, and this disruption may involve metabolic enzymes of 

oxidative pentose phosphate pathway and glycolysis. Several phenolic acids reduce protein 

synthesis by reducing the assimilation of certain amino acids in to proteins (Hussain et al., 

2010). Different studies reported the inhibition of germination owing to allelochemical- 

induced oxidative stress (Gniazdowska, 2007; Javed, 2011). The application of BOA 

enhanced the production of reactive oxygen species in shoot and root of mung bean which 

caused oxidative stress and increased the lipid peroxidation, and proline accumulation 

(Batish et al., 2006). It is also hypothesized that abnormalities regarding the nutrient uptake 

through plasma membrane decrease the root length (Friebe et al., 1998). Chou and Chiou 

(1979) indicated that rice straw incorporation reduced the available soil nitrogen and cations 

Zn
+2

, Ca
+2

, Mn
+2

, Cu
+2

 and Na
+
. Autotoxins produce in cucumber also reduce ion uptake, 

PO4
3-

, Mg
2+

, NO3
-
, K

+
 and Ca

2+
 (Wang and Wang, 2005). Yang et al. (2004) reported that 

absorption of IAA oxidase and some essential macro and micro nutrients was reduced by 

various allelochemicals which inhibited the root dry weight and root water content in 

germinating mustard seedling. 

Root growth is categorized by a high metabolic rate in root tissues so it is affected to 

much greater extent by the environmental stresses such as production of allelochemicals in 

the soil (Cruz-Ortega et al., 1998). Baerson et al. (2005) found that BOA at 540 μM 
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concentration inhibited root system expansion, resulting in decreased root length and a 

complete failure of root hairs and lateral root formation in 10 day old seedling of Arabidopsis 

thaliana. Similarly, Sànchez-Moreiras et al. (2004) found that mitotic interference occured 

due to hydroxamic acid in Lactuca sativa L. which inhibited the seedling growth. Friedman 

and Waller (1983) found negative effect of caffeine on tea and coffee hypocotyl and radical 

elongation. This negative affect of caffeine may be due to the restriction of cell division by 

inhibiting cell plate formation or incorporation into nucleic acid chain. It also causes 

sequence of abnormalities in root cells of maize (Anaya et al., 2002). Phenolic acids (p-

hydroxy phenyl acetic acid, p-coumaric, ferulic acids) may affect the photosynthesis by the 

distruption of chlorophyll synthesis pathway. Number of allelopathic compounds modifying 

different mechanisms of receiver plant species are presented in Table 2.1. 

Allelopathic compound have also been reported as intermediate in some plant 

hormones synthesis and degradation, such as phenolic compound ferulic acid activates the 

synthesis of abscisic acid (Hollapa and Blum, 1991). The dihydroflavonone naringenin 

stimulate indole-3-acetic acid oxidase which degrades the indole-3-acetic acid (Stenlid, 

1970). Komai et al. (1981) and Watanabe et al. (1982) reported that the sesquiterpene lactone 

argrophylline A and b–selinene and sesquiterpene farnesol act as anti-gibberellin and anti-

auxin. 

2.7. Wheat allelopathy and weed management 

Allelopathic potential of wheat for weed and pest management has been well 

documented (An et al., 1998; Wu et al., 1999). The allelopathic effect of allelochemicals 

depends upon species and tissue concentration (Belz and Hurle, 2005), and movement, 

persistence and fate of such chemicals in soil (Inderjit, 2001). Wheat allelopathy also varies 

with plant age and more weed suppression was observed at vegetative and post-harvest 

stages (Wu et al., 2000d). At vegetative stage, allelopathy can be exploited to suppress weeds 

through the exudation of allelochemicals into the growth medium. These allelochemicals 

suppress the growth of weeds and also decrease the need for application of synthetic 

chemicals at early growth stages. At harvest stage, concentration of allelochemicals increases 

in plants root and shoot, which upon leaching into the soil affect the emergence and seedling 

growth of weeds (Wu et al., 2000d).  
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Table 2.1: Mode of action of some allelopathic compounds  

Compounds Mechanisms Receiver 

species 

References 

Ferulic, p-coumaric, 

o-hydroxyphenyl 

acetic acid 

Stimulation of 

chlorophyll degradation 

mechanism 

Oryza sativa  Yang et al. (2002) 

P-hydroxybenzoic 

acid 

Inhibits seedling growth, 

induce water stress, 

stomatal closure 

Glycine max Barkosky and Einhellig , 

(2003) 

Hydroxyamic acid Mitotic interference, 

inhibits seedling growth 

Lactuca sativa Sànchez-Moreiras et al. 

(2004) 

Caffeine  Inhibits cell division, 

abnormal root growth  

Zea mays Anaya et al. (2002) 

Caffiec acid Inhibits seed 

germination, plant 

growth, disruption of 

plant-water relationship, 

reduce chlorophyll 

contents 

Euporbia esula Barkosky et al. (2000) 

2-Benzoxazolinone 

(BOA) 

Inhibits plasma 

membrane bound H
+
-

ATPase in roots 

Avena fatua Friebe (1998) 

Inhibits germination, 

seedling growth, induces 

oxidative stress 

Phaseolus aureus Singh et al. (2005); Batish et 

al. (2006) 

Disruption of plant-

water relationship, 

adverse effect on 

transpiration and 

photosynthesis 

Lactuca sativa Sànchez-Moreiras et al. 

(2005) 

Inhibits seedling growth Raphanus 

sativa, Lactuca 

sativa 

Chiapusio et al. (2004); Kato-

Noguchi and Ino (2005) 

Caffeic, p-coumaric, 

ferulic, salicylic acids 

Induces water stress Glycine max,  

Sorghum 

bicolor 

Barkosky and Einhellig, 

(1993) 

Benzoic acid and 

cinnamic acid 

Disruption of membrane 

or alter membrane 

permeability, efflux of 

ions, reduce chlorophyll 

content by damage of 

thylakoid membrane  

Lactuca sativa, 

Glycine max 

Baziramakenga et al. (1995); 

(1997) 

Phenolic compounds Reduction in hydraulic 

conductivity, net nutrient 

uptake 

Glycine max Baziramakenga et al. (1995) 

DIMBOA, MBOA Inhibits seed 

germination 

Avena fatua  Perez et al. (1990) 

p-coumaric , vanillic, 

ferulic acids 

Inhibit photosynthesis 

and protein synthesis 

Abutilon 

theophrasti 

Mersie and Singh (1993) 
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Allelochemicals are released into environment from donor plants in different ways such as 

roots leachates or exudates, decomposition of residues, leaf leachate, volatalization and 

accumulate in soil thereby affecting the receiver plants ( Fig. 2.2 and Table 2.2). 

2.7.1. Wheat aqueous extracts 

The aqueous wheat straw extract adversely affected the emergence and seedling 

growth, and antioxidant system of T. portulacastrum (Khaliq et al., 2012). Mahmood et al. 

(2013) screened the 35 wheat genotypes to check their allelopathic potential and found that 

wheat aqueous extract, residue incorporation and rhizosphere soil significantly affected the 

germination and seedling growth of A. fatua. A series of greenhouse experiments conducted 

by Zwain (1996) aimed to evaluate the allelopathic potential of wheat aqueous extract and 

residue incorporation against E. crus-galli and Amaranthus retroflexus. He found that residue 

aqueous extract at 2 and 4% concentration inhibited the germination and seedling growth of 

test species. The extract was less inhibitory on A. retroflexus than E. crus-galli. In other 

subsequent experiments, the wheat residue incorporation was surprisingly more suppressive 

to A. retroflexus than E. crus-galli and the phytotoxicity of decomposed residue persisted for 

6 weeks and decreased afterwards. Rambakudzibga (1991) reported that aqueous extract of 

wheat residues have phytotoxic effects on the germination of shoo-fly plant (Nicandra 

physalodes), pigweed (Portulaca oleracea), itchgrass (Rottboellia cochinchinesis) and 

Amaranthus spp. hybrids. Wheat aqueous extracts were also allelopathic to common ragweed 

(Ambrosia artemisiifolia L.), pitted morning glory (Ipomoea lacunosa L.) and to herbicide-

susceptible and resistant biotype of annual ryegrass (Wu et al., 2000a). Wheat extracts also 

adversely affected the seed emergence and seedling growth of Stellaria media, Digitaria 

ciliaris and A. retroflexus (Ma, 2005). 

2.7.2. Wheat root exudates 

Phytotoxins produced by wheat seedlings can be released via root exudation and can 

inhibit the germination and seedling growth of several weed species (; Wu et al., 2000d; Belz 

and Hurle, 2004; Bertholdsson, 2005). Wu et al. (2000d) conducted “equal compartment agar 

method” (ECAM) bioassays to study wheat seedling allelopathy against annual ryegrass. 

This method successfully separated the allelopathic effect of both competitive species (wheat 

and ryegrass) and allowed study of the release and accumulation of phtotoxins from wheat 

seedlings into the agar medium (growth medium). These accumulated phytotoxins in the agar 
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medium affected the growth of annual ryegrass. This method was successfully employed for 

the screening of 453 wheat accessions, and seedling allelopathy differed among wheat 

accessions which inhibited the growth of ryegrass roots ranging from10 to 91% (Wu et al., 

2000d). Bertholdsson (2004) performed similar screening bioassays for 1104 wheat 

accessions (from South America, Soviet Union, Africa, Asia, Sweden, America and some 

other European countries) were accomplished based on agar medium. He concluded that 

certain wheat genotypes produced phytotoxins as root exudates which inhibited the root 

growth of perennial ryegrass by 50 to 60%. Similarly some hydroponic culture bioassays 

were designed to assess the allelopathic potential of root exudates and found that wheat 

accessions varied in their allelopathic potential against white mustard (Sinapis alba L.) root 

growth (Belz and Hurle, 2004). Wheat root exudate allelopathy has also been verified in field 

trials and pot screening bioassays. In a field trial, 200 wheat accessions were screened for 

their allelopathic potential and most of the accessions inhibited the seedling growth of weeds 

up to 75% which was similar to that achieved by hand weeding (Rizvi et al., 2004). 

2.7.3. Wheat straw mulch/cover crop 

The negative impact of wheat straw/residue has been studied on agriculture 

production systems (Alsaadawi, 2001; Wu et al., 2001c). It is acknowledged that wheat straw 

can help manage pests, weeds and diseases (Muminovic, 1991). Phytotoxic compounds are 

released from the straw during decomposition, or produced by the microorganisms which 

utilize the straw as carbon and nutrient source which help to control the weeds (Alsaadawi et 

al., 1998; Chou, 1992). Khaliq et al. (2011b) found that wheat straw-amended and infested-

rhizosphere soil had allelopathic effect on T. portulacastrum and significantly reduced its 

germination, seedling growth and biochemical attributes. Wang et al. (2004) compared the 

effect of wheat straw as mulch and chemical weed control on rice weeds. They found that 

weeds Leptochloa chinensis L., E. crus-galli and Commelina diffusa were significantly 

decreased with increasing rate of wheat straw mulch as compared to chemical control alone. 

Allelopathic cover and smother/rotational crops considerably reduce the weeds 

infestation in crop lands. Appropriate manipulation of these crops in agricultural systems 

may provide a way towards non-chemical weed management (Weston, 1996; Chou, 1999; 

Anaya, 1999). The cover crop residues like wheat, rye, barley reduced the germination and 

seedling growth of many weeds especially annual broad leaf weeds (Barnes and Putnam, 
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1983). Phytotoxins like β-hydroxybutyric and β-phenyl lactic acid were identified in wheat 

and rye mulch (Shilling et al., 1985). Rye residues produce DIBOA which along with its 

byproduct BOA reduced the emergence and growth of weeds (Barnes and Putnam, 1987). 

 

Fig. 2.2. Possible mechanisms of release of allelochemicals from different sources and its 

exposure to neighboring plants 
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Table 2.2: Allelopathic influence of wheat on selected weed species 

Source Weed species Effect References 

Aqueous extract Trianthema portulcastrum  Reduce germination by 64%, 

shoot and and root length by 

43 and 55%, respectively 

Khaliq et al. (2012) 

Avena fatua Reduction in shoot (76%) 

and root dry biomass (89%) 

Mahmood et al. 

(2013) 

Amranthus retroflexus, 

Echinochloa crus-galli 

Germination inhibition (30 

and 12%, respectively) and 

dry biomass reduction (126 

and 58%) 

Zwain (1996) 

Eclipta prostrata L., 

Echinochloa crus-galli L. 

Diminished root growth by 

27% and 25%, respectively 

Chon and Kim 

(2004) 

Amaranthus retroflexus, 

Stellaria media and Digitaria 

ciliaris 

Inhibition of germination 

and seedling growth 

Ma (2005) 

Lolium rigidum Inhibit germination and root 

growth 

Wu et al. (2003) 

Residue 

incorporation/mulch 

Trianthema portulcastrum Suppressed germination by 

36% and seedling dry 

biomass by 65%, reduce 

antioxidant activities 

Khaliq et al. (2011b) 

Avena fatua Reduction in shoot (72%) 

and root dry biomass (86%) 

Mahmood et al. 

(2013) 

Ivy-leaf morning glory, red rot 

pigweed, Amranthus 

retroflexus, Ipomoea hederacea 

Inhibition of emergence Lehman and Blum, 

(1997) 

Infested-rhizosphere 

soil 

Trianthema portulcastrum Germination inhibition 

(43%), root and shoot length 

were reduced (38 and 25%), 

seedling dry biomass 

suppression (49%), also 

reduced activities of 

enzymatic antioxidant  

Khaliq et al. (2011b) 

Under-field 

conditions 

Alopecurus myosuroides Huds. Root growth (-60%) and 

seedling dry biomass (-50%) 

Bertholdsson, 

(2012) 

Rabi season weeds present in 

wheat field 

Reduction in weed density 

(76 to 95%) 

Mahmood (2013) 

Morning glory, Ipomoea 

lacunose 

Reduced density Liebl and Worsham 

(1983) 

Ipomoea spp. Seedling dry biomass was 

reduced (97%) 

Shilling et al. (1985) 

Root exudates Secale cereale, Lolium rigidum Inhibited root elongation 

(25%) 

Labbafi et al. 

(2009); Wu et al. 

(2000d) 

Sinapis alba L. Inhibit root growth Belz and Hurle 

(2004) 

Different winter weeds in field 

trials 

Reduce the weed density, 

and seedling growth (75%) 

Rizvi et al. (2004) 
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Presence of phenolic acid and triterpenoids in wheat straw residue make it a suitable cover 

crop in no till cropping system (Gaspar et al., 1999). Wheat straw mulch reduced the 

germination, seedling growth, and seedling dry weight of several weed species (Muminovic, 

1991). Shilling et al. (1985) also reported that some broad-leaved weed species were 

suppressed by allelopathic activity of wheat mulch. Narwal et al. (1998) evaluated that 

residues of several cover crops including wheat had allelopathic effect on the biomass and 

density of weeds. They found that wheat straw inflicted 16.8% reduction of broad-leaved 

weeds but was least effective against grassy weeds. Both above- and below-ground wheat 

residues were allelopathic against broad-leaved weeds such as redroot pigweed, prickly sida 

and ivyleaf morning glory (Blum et al., 2002). Contrary to these findings, biomass of both 

grassy and broad leaf weeds was significantly reduced by wheat straw (Alsaadawi, 2008). 

2.8. Allelopathy and rhizosphere ecology 

2.8.1. Root exudates and microorganisms 

The chemicals exuded from living or actively growing roots in to the soil are broadly 

termed as root exudates. A wide array of these exudates regulate the microbial community in 

rhizosphere, encourage beneficial symbiosis, change the physcio-chemical characteristics of 

the soil and inhibit the growth of competing plant species (Nardi et al., 2000). The ability of 

plant roots to exude biochemically diverse compounds in the rhizosphere is one of the most 

interesting features of plant roots (Marschner, 1995). Metabolites exuded through roots 

include carbohydrates, amino acids, proteins, vitamins and organic compounds. It is 

estimated that through plant root exudation, 5-21% photosynthetically fixed carbon is 

transferred to the rhizosphere (Marschner, 1995; Pinton et al., 2001). In the rhizosphere, root 

exudates act as an important source of nutrients and carbon for microorganisms and help in 

the early colonization of rhizospheric bacteria (Bacilio-Jimenez et al., 2003). 

Microorganisms in rhizosphere have continuous access to the flow of high and low molecular 

weight substrates (sugars, amino acids, organic compounds and allelochemicals) which are 

exuded by roots. This flow, with specific biological, physical and chemical factors, can 

markedly affect the microbial activity and community structure of the rhizospheric soil 

(Brimecombe et al., 2001). The low molecular weight compounds of root exudates act as 

allelochemicals that participate in various interactions of rhizosphere between plant and 

microorganisms (Bais et al., 2006). The phenolic compounds such as flavonoid in legume 
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roots are responsible for the activity of Rhizobium meliloti gene which activates the 

nodulation process (Weston and Mathesius, 2013; Peters et al., 1986). 

2.8.2. Allelopathy and microorganisms 

The free movement of allelochemicals within soil environment is influenced by a 

wide array of crop and soil related management processes, such as plant growth, weed 

control, crop compatibility within rotations, residue management, nitrogen transfer, soil 

fertility and management of diseases caused by soilborne pathogens (Narwal, 2000; 

Einhellig, 1995). Allelochemicals in the rhizosphere are produced directly or indirectly from 

plant roots, from precursor compounds released into the root zone and subsequently 

transformed through biochemical reactions (enzyme mediated) or abiotic (oxidation) through 

the action of microbes or higher organisms (Tang et al., 1989). Allelochemicals enter the soil 

environment through the release of water soluble leachates from underground and aerial plant 

parts (Tukey, 1966; Guenzi et al., 1967), root exudation (Wu et al., 2000b, c), breakdown 

product from the microbial decomposition of crop residues (Harper and Lynch, 1981; Chou 

and Patrick, 1976) and the production of allelochemicals by root-associated microbial 

communities (Gurusiddaiah et al., 1986; Thomashow and Weller, 1988; Sarwar and 

Kremmer, 1995). When one allelochemical molecule enters the soil environment through 

above-mentioned processes it may be activated or detoxified by soil microorganisms or serve 

as carbon source for the production of new toxins by microorganisms in the soil (Liebl and 

Worsham, 1983; Blum and Shafer, 1988). Blum (1998) reported that phenolic compounds 

are readily transformed by the activity of soil microorganisms from one form to another such 

as ferulic acid into vanillic acid and p-coumaric acid into p-hydroxybenzoic acid. Understrup 

and his co-workers found that plant released BOA, HBOA and MBOA are transformed into 

three major groups’ (aminophenoxazinones, malnomic acids and acetamides) in the presence 

of G. graminis var. graminis and G. graminis var. tritici (Understrup et al., 2005). Fomsgaard 

et al., (2004) also reported that BOA was transformed in the presence of G. graminis var. 

tritici (fungal pathogen) but such transformation was not observed in sterile soil. 

Microorganisms also produce secondary metabolites either directly or indirectly by 

decomposition of organic residues (Ren et al., 2006). Microbial metabolism and co-

metabolism with phenolic compounds are helpful for the production of phytotoxic 

compounds by deletion or addition of side groups (Martin and Haider, 1976; Blum, 1998), 
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polymerization of soil organic matter or incorporation of phenolic carbon into microbial 

biomass (Martin and Haider, 1976; Haider et al., 1977). Secondary metabolites can have 

phytotoxic effect on other plants (Kohli et al., 2001). Secondary metabolites when exposed to 

various chemical and biological processes may prove toxic to other plants or serve as carbon 

source for microorganisms (Blum et al., 1999). The inhibitory effects of plant residues were 

collectively due to the toxins both from microorganisms and plant residues (Norstadt and 

McCalla, 1963). The availability, persistence and biological activity of allelochemicals is 

also regulated by microbial communities (Inderjit, 2001). 

Preferential utilization of carbon source in soil affects the soil microbial system and 

expression of allelopathic phenomenon (Singh et al., 2001). The phenolic compounds have 

higher energy content than simple sugars so, carbon limited soil microorganisms would 

rapidly degrade phenolic compounds to form carbon rich soils (Schmaidt and Ley, 1999). 

Rhizospheric microbes can bring about qualitative and quantitative changes in allelopathic 

compounds, having implications for allelopathy (Inderjit, 2005). In many situations, the 

transformed products of microorganisms are important for allelopathic growth inhibition 

(Inderjit, 2005). Several studies report on the significance of microbial metabolits (Blum, 

1998). Blum et al. (1999) reported that microbial activity in soil alters phenolic chmistry and 

modifie phytotoxicity. For example, in soil, DIM2BOA and DIMBOA exuded from roots of 

corn and wheat, respectively were catabolized by soil microorganisms to 2-amino-4,6,7-

trimethoxy-3H-phenoxazin-3-one and 2-amino-7-methoxy-3H-phenoxazin-3-one, 

respectively (Kumar et al., 1993). Weidenhamer and Romeo (2004) reported that soil 

microorganisms transformed the allelopathic compound hydroquinone glycoside arbutin into 

hydroquinone and then into benzoquinone. Nair et al. (1990) reported that regarding rye 

(Secale cereale) allelopathy, microbial degradation of benzoxazinones is very important. 

Gram negative bacteria, Actinetobacter calcoaceticus isolated from field soil converted BOA 

to 2,2´-oxo-l,l´-azobenzene (AZOB) (Chase et al., 1991). Comparison of both revealed that 

AZOB was more inhibitory to garden cress and barnyard grass than BOA (Nair et al., 1990). 

In non-sterile soil, transformation of BOA into 2-amino-3H-phenoxazin-3-one (APO), 

inhibited radical growth of barnyard grass. This suggested the greater phytotoxic potential of 

degraded byproduct 2-amino-3H-phenoxazin-3-one for barnyard grass than its precursor 

(Gagliardo and Chilton, 1992). Another study also concluded that MBOA was more 
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suppressive than its precursor DIMBOA to the germination and seedling growth of Trifolium 

incarnatum and Ipomoea hereracea (Blum et al., 1992). 

2.8.3. Functional diversity of microbes in rhizosphere 

Microbial functional diversity includes change in microbial population, enzymatic 

activity, and microbial biomass carbon and nitrogen. Microbial population may vary with 

crop species, quality of straw incorporated in soil, fertility status of field and availability of 

organic matter in soil. 

2.8.3.1. Microbial population in rhizosphere 

The population of soil microorganisms is affected by plant species and number of soil 

factors such soil type, pH, nutrient availability and moisture. In legumes flavonoid are 

produced which play vital role in the transport of auxin, root and shoot development, 

modulation of ROS and signaling of symbiotic bacteria for rhizobium species (Weston and 

Methesius, 2013). Wachowska et al. (2006) conducted an experiment to study the fungi and 

bacteria population in rhizosphere soil of winter wheat cultivars, i.e., Roma and cv. Sakwa. 

They found that fungi of genus Penicillium species were more dominant than others, which 

was 22.3 % and 44% in soils of Roma and Sakwa, respectively. Regarding bacteria, higher 

counts of genus Pseudomonas were isolated. These authors concluded that the population of 

fungi and bacteria is dependent on species and developmental stage of wheat. The species of 

these microorganisms particularly at late developmental stage may increase the grain yield of 

cereal crops (Singh and Kapoor, 1999). Grayston et al. (1998) also suggested that the plant 

species affect the population of microorganisms in rhizosphere. Population of bacteria of 

genus Actinomycetales increase at flowering and milking stage and Pseudomonas at milk and 

ear formation stage of winter wheat (Wachowska et al., 2006). The microbial counts were 

higher in rhizosphere of winter wheat than in the fallow soil (Bergsma-Vlami et al., 2005). 

The incorporation of winter wheat crop residue in soil enhanced the microbial community  

and enzyme activities during early and late growth stages of rice (both in aerobic, anaerobic 

conditions) that was potential indicator for good soil quality (Hai-Ming et al., 2014).  

Root exudates are important factor which can influence the characteristics of soil 

microorganisms (Bais et al., 2006). Allelochemicals also play an important role in plant-

microorganism interactions by altering the structure and function of soil microbial 

communities (Shi et al., 2011). Blum and Shafer (1988) conducted experiments to determine 
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the response of microbial population to phenolic compounds in the soil. Cucumber seedlings 

were treated with different concentrations of phenolic compounds, e.g., ferulic, vanillic and 

p-coumaric acid. These compounds affected the plant leaf growth and had different effects on 

root growth. Higher populations of bacteria were observed and functional propagules of 

fungus also increased but slowly. Such changes indicated the selective stimulation of 

phenolic acid metabolizing bacteria in soil (Blum and Shafer, 1988). Zhou et al. (2012) 

reported that soils amended with phenolic compounds have more bacterial abundance than in 

the soil treated with water. 

2.8.3.2. Residue decomposition and microbial activities 

Residue management in soil is important to improve the soil fertility, health and 

biological activities. Studies concluded that residue management is important for refining the 

soil quality (Singh et al., 2010; Hai-Ming et al., 2014). Decomposing plant residues play an 

important role in processes of nutrient recycling, maintaining organic matter in soil, 

mobilization of nutrients, and regulation of soil microbial community and functional 

diversification (Akbari et al., 2010). At the same time, residue decomposition releases a 

number of allelochemicals which leached into the soil rhizosphere. The activities of these 

substances are transitory, subject to soil adsorption, inactivation, destruction, and 

transformation by soil microbes (Inderjit and Weiner, 2001; Cheng et al., 1995). Residue-

produced allelochemicals may not be active and often the transformed product may have 

toxic effect against plant growth (Inderjit, 2005). Cutler (1991) also reported that during 

residue decomposition, active microorganisms themselves may produce more toxic 

allelochemicals. Ruiyu et al. (2007) reported that the microbial population and inhibition of 

lettuce root length has positively correlated with rice residue decomposition. Residue 

decomposition in natural soil conditions depends upon the nature of residues (chemical 

composition and quality), soil quality (existing nitrogen and carbon ratio, fertility status, 

microbial population) and substrate conditions (Inderjit et al., 1996). Akbari et al. (2010) 

investigated the crop residues (cotton, wheat, maize and alfalfa) of two different growth 

stages (tillering-stem elongation and booting to harvest ripening) having different C:N ratio 

for their decomposition process and effect on microbial population. They concluded that 

wheat and maize residues have higher C:N ratio (49.62 and 60.74, respectively) and lignin 

percentage (14% and 7%, respectively) and therefore decompose with microbial activities 
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continuing till the end of growing season. In contrast, cotton and alfalfa had lower C:N ratio 

(21.78 and 32.27, respectively) and lignin percentage (7% and 1.4%, respectively). 

Generally, the quality of residues during decomposition decreases due to the loss of carbon in 

the soil environment and accumulation of refractory compounds (Heal et al., 1997).  

2.8.3.3. Microorganisms and enzyme activity 

Enzymatic activities are usually higher in rhizospheric soil compared with bulk soil 

primarily due to more microbial activities supported by root exudation or release of enzymes 

from roots (Badalucco and Kuikman, 2001) and also from soil animals (Makoi and 

Ndakidemi, 2008). The enzymes produced by microorganisms catalyze the polymerization 

and oxidation reactions of phenolic compounds (Huang et al., 1999). Enzymes are also 

produced by microorganisms, plant roots and polymer-degrading enzymes from fungi 

(Baldrian, 2008). Some microorganisms have enzyme myrosinase which when released to 

the soil by decomposition and root exudation hydrolyzes the glucosinolates into D-glucose 

and allelochemicals (Al-Turki and Dick, 2003). Microorganisms also have ability to carry out 

reversible enzymatic reactions like hydrolysis, oxidation, acetylation and reduction 

(Zikmundova et al., 2002). Enzymes are major components of biological soil processes and 

their activities directly affect the transformation of soil biopolymer compounds which are 

accessible to microorganisms and plants (Baldrian, 2009). Enzymatic activities provide 

important indications for assessing functional diversity of soil microbes (Kandeler et al., 

1999; Nannipieri et al., 2002). Enzymatic activities also control the organic matter turnover 

and nutrient availability in soil (Klose et al., 2006); stabilize soil aggregates (Dick et al., 

1994) and degrade toxic substances (Wang et al., 2007). Enzyme activities indirectly affect 

the activity of particular group of microorganisms (Baldrain, 2008). These enzymes may 

include dehydrogenase, urease, protease, phosphatase, cellulase, glucosidase, amylase, 

arylsulphatases and chitinase released from plants (Makoi and Ndakidemi, 2008), 

microorganisms and organic compounds (James et al., 1991) and soils (Ganeshamurthy et 

al., 1995). Enzymes are also released from the allelopathic plants and can be positively 

correlated with phenolic compounds (Gu et al., 2009). 

Dehydrogenase is an indicator of soil microbiological activity in soil (Nannipieri et 

al., 1990) because it occurs in all interacellular cells of living microorganisms and is linked 

with microbial respiratory processes (Quilchano and Maranon, 2002; Stępniewska and 
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Wolińska, 2005). The change in the activity of this enzyme indicates soil quality and 

availability of carbonaceous material to the rhizospheric microorganisms (Dick, 1992). It is 

important in the oxidation process of organic matter through electron transport reaction 

(Kandeler et al., 1996) so, in soil dehydrogenase activity provides an indication of oxidative 

activity of microbes (Trevors, 1984). Activity of this enzyme is linked with the soil 

nutritional status in the agricultural environment (Klose et al., 1999). Zhou et al., (2012) 

reported that phenolic compounds in field soils alter the microbial structure and enhance 

dehydrogenase activities. 

Urease enzymes catalyze the hydrolysis of urea into ammonia and carbon dioxide. 

During this reaction, the soil pH becomes alkaline and volatile ammonia is released into the 

atmosphere (Fazekašová, 2012). This action causes rapid nitrogen loss. Soil urease is 

synthesized by microbes and plants, and also intra- and extra-cellular enzyme in the soil 

(Khosro, 2011). Various factors including temperature, cropping history, soil depth and 

organic matter content influence the urease activity in soil (Yang et al., 2006; Makoi and 

Ndakidemi, 2008). 

Phosphatases represent group of enzymes which are responsible for catalyzing esters 

of phosphoric acid and hydrolysis of anhydrides (Schmidt and Laskowaski, 1961). 

Phosphatase activity is important for transformation of organic phosphorus into inorganic 

phosphorus that is used by plants (Hai-Ming et al., 2014). Phosphtase activity in roots is 

associated with mycorrhiza and fungi (Tarafdar and Marschner, 1994). Their activity 

provides an indication of soil fertility (Dick et al., 2000).  

Cellulase is most abundantly found organic compound in biosphere, comprising about 

50% of the biomass which is synthesized by photo-synthetically fixed carbon dioxide 

(Eriksson et al., 1990). In agricultural soils, cellulose contained carbon sources are important 

for the growth and survival of microorganisms (Deng and Tabatabai, 1994). Cellulase 

enzyme helps in the hydrolysis of polysaccharides like cellulose to glucose, oligosaccharides 

and cellobiose (Deng and Tabatabai, 1994). Cellulase is a very important enzyme that 

degrades the most recalcitrant polymers in nature and is mainly synthesized by plants and 

some bacteria and fungi. In agricultural soils, soil temperature, pH, water content, and 

aerobic conditions affect cellulase activity (Deng and Tabatabai, 1994). 
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Protease plays an important role in nitrogen mineralization (Ladd and Jakson, 1982), 

an important process which regulates the plant available nitrogen (Stevenson, 1986) and 

plant growth. In the soil, protease is usually observed as complex carbohydrate. The humic 

acid concentration influences the activity of protease in soil (Nannipieri et al., 1996; Makoi 

and Ndakidemi, 2008). Techniques of phospholipid fatty acid (PLFA) profile analysis and 

extraction of nucleic acid from soil are helpful for assessing the un-culturable microbial 

community (Lynch et al., 2004). 

The activities of enzymes can be studied in ecosystem by introducing genetically 

modified microorganisms (Naseby and Lynch, 1998). Naseby and Lynch, 1997 also reported 

that the genetically modified strain of Pseudomonas fluorescens increased the activity of 

chitobiosidase, urease and acid phosphtase in 0-20 cm rhizosphere soil but decreased alkaline 

phosphtase. The decrease of alkaline phosphtase activity was accredited to dislocation of 

rhizosphere populations generating the enzyme. The activities of enzymes are also affected 

by the transgenic crop species. Both alkaline phosphtase and dehydrogenase activity in 

transgenic alfalfa soil association with recombinant nitrogen fixing soil Sinorhizobium 

meliloti were significantly lesser than soil sampled from parental alfalfa (Donegan et al., 

1999). 

The above review suggests that wheat allelopathy can exert profound influences on 

the establishment of other plants in the vicinity, alter community structure and functional 

diversity of soil micro-biota and enzymes-the two important domains of soil ecology. Thus, it 

is imperative to study the influence of allelopathy on soil ecology for a better understanding 

of the subject matter, and its utilization for weed management in agroecosystems. 



CHAPTER 3 

MATERIALS AND METHODS 

3.1. General 

3.1.1. Site 

The proposed study was conducted at the Student Research Area, Department of 

Agronomy, University of Agriculture, Faisalabad (31.25 ºN, 73.09 ºE, 184 m asl) during 

winter 2011-12 and 2012-13. Faisalabad features an arid climate with annual rainfall 

amounting approximately to 200 mm. 

3.1.2. Experimental material 

Seed of wheat cultivars (Millat-2011, AARI-2011, Lasani-2008 and Faisalabad-2008) 

was procured from The Wheat Research Institute, Ayub Agricultural Research Institute, 

Faisalabad. Seed moisture contents were determined in three replicates as per Ellis et al. 

(1985). The initial seed moisture content of Millat-2011, AARI-2011, Lasani-2008 and 

Faisalabad-2008 was 8.34%, 8.50%, 7.98% and 8.45%, respectively. 

3.1.3. Soil 

Soil samples were collected before crop sowing to a depth of 30 cm and analyzed for 

various physico-chemical properties at the Soil Chemistry Section, Ayub Agricultural 

Research Institute, Faisalabad. Percentage of sand, silt and clay in the soil samples was 

determined by the Bouyoucos hydrometer method (Moodie et al., 1959). Dispersion of 50 g 

soil sample was done in 1 L graduated cylinder using distilled water and sodium hexameta-

phosphate. Textural class was determined by using the International Textural Triangle 

(Brady, 1990). Soil was analyzed for its various chemical properties by using the methods 

described by Ryan et al. (2001). The results of soil analyses are presented in Table 3.1. 

3.1.4. Meteorological data 

The meteorological data (Fig 3.1) during the both growing seasons of the 

experimental crop were collected from the Agro-Meterological Observatory, Department of 

Crop Physiology, University of Agriculture, Faisalabad. 
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Table 3.1. Physico-chemical properties of soil sampled from the Student Research 

Area, University of Agriculture, Faisalabad 

 

3.1.5. Experimental treatments and design 

A set of one field and several wire or screen house experiments were conducted to 

study wheat allelopathic potential and their impact on weeds and rhizosphere ecology. 

Investigations were carried out for two growing seasons i.e., winter 2011-12 and 2012-13. 

The details of each experiment are provided below. 

 

Year 2011 2012 

Sampling depth 0-15 15-30 0-15 15-30 

 cm 

Soil textural class Sandy clay loam 

EC (dS m
-1

) 1.32 1.15 1.12 1.07 

pH 7.7 7.8 7.8 7.7 

Saturation (%) 36 33 36 33 

Nitrogen (%) 0.034 0.029 0.032 0.025 

Phosphorus (mg kg
-1

) 22 19 24 21 

Potassium (mg kg
-1

) 213 184 235 159 

Boron (mg kg
-1

) 0.763 0.430 0.616 0.418 

Zinc (mg kg
-1

) 1.586 1.434 1.323 1.111 

Ferrous (mg kg
-1

) 4.176 3.718 4.644 3.523 

Organic matter (%) 0.52 0.47 0.56 0.44 

Bulk density (mg m
-3

) 1.44 1.42 1.41 1.45 
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Fig. 3.1. Weekly average Meterological data during the course of present study (Source: Agro-Metrological Observatory, 

Department of Crop Physiology, UAF.
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3.2. Field experiment: Studying wheat allelopathy for weed management, and its impact 

on soil microbes and enzymatic activities  

In this experiment, wheat cultivars were sown under field conditions to explore their 

interference ability against weeds. The herbage of these cultivars was collected at different 

growth stages including tillering (Z30), anthesis (Z60) and maturity (Z90) (Zadoks et al., 

1974), and utilized in all other pot studies as per respective experiment. The following wheat 

cultivars were used in this experiment: 

Cultivars 

V1= Control (fallow plot) 

V2= Millat-2011  

V3= AARI-2011 

V4= Lasani-2008 

V5= Faisalabad-2008 

All wheat cultivars were grown under weedy as well weed free conditions. Weed 

density was recorded fortnightly starting at 45 days after sowing (DAS). Field experiments 

were laid out in randomized complete block design (RCBD) with four replications. The net 

plot size was 4 m × 10 m. 

3.2.1. Crop Husbandry 

3.2.1.1. Land preparation 

A vacated field after harvesting of rice was irrigated for about 10 days before planting 

wheat. At field capacity seed bed was prepared by tilling the soil three time with a tractor-

mounted cultivator followed each time by planking. 

3.2.1.2. Sowing 

Wheat cultivars were sown on November 15, 2011 and 2012. The crop was sown 

with a single hand drill using a seed rate of 100 kg ha
-1

 with rows 20 cm apart. 

3.2.1.3. Irrigation 

The first irrigation was applied 20 DAS (at tillering stage). Subsequent irrigations 

were applied at jointing (45 DAS), booting (75 DAS), anthesis (90 DAS) and grain filling 

stage (105 DAS). In all, five irrigations were applied each growing season to mature a crop in 

addition to soaking irrigation. 
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3.2.1.4. Fertilization 

Fertilizer (N: P: K) was applied at the rate of 100: 65: 50 kg ha
-1

. All of the 

phosphorus and potassium and half of the nitrogen were applied at the time of sowing. The 

remaining half nitrogen was applied in two equal application at tillering and booting stage. 

Fertilizers used were urea (46% N), diammonium phosphate (18% N: 46% P2O5) and 

sulphate of potash (50% K2O). 

3.2.1.5. Plant protection measures 

No serious incidence of insect pests or disease was observed during both the seasons, 

and thus no pesticide was applied to either trial. All other agronomic practices were 

performed uniformly for all the cultivars. 

3.2.1.6. Harvesting 

At physiological maturity, the crop was harvested manually by sickle leaving 

appropriate borders from an area of 6 m × 2 m. It was tied into bundles and allowed to sun 

dry for 5 days in respective plots. Threshing of wheat spikes was accomplished using a 

small-scale threshing unit. 

3.3. Pot studies 

3.3.1. Experiment-I: Effect of wheat cultivar and growth stage on emergence, seedling 

growth and biochemical attributes of (A) canary grass and (B) 

lambsquarters 

This set of experiment was designed to appraise the allelopathic potential of wheat 

herbage collected at different growth stages against weed test species. Both the experiments 

were carried out independently, and were laid out in completely randomized designs (CRD) 

with four replications. 

Whole plant herbage (excluding roots) was collected from respective wheat plots 

grown under field condition (Section 3.2) at different growth stages [(Tillering (Z-30), 

anthesis (Z-60) and maturity (Z-90)] of wheat cultivars (Zadoks et al., 1974). The herbage 

was cut into 2-3 cm pieces with electric cutter. This herbage was dried under shade to 

constant moisture content and incorporated at the rate of 8 g kg
-1

 soil in plastic pots (10 cm × 

26 cm). The control treatment has comprised of soil without herbage amendment. Seven days 

after herbage incorporation, 20 seeds each of canary grass (Exp.-I A) and lambsquarters 
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(Exp.-I B) were sown in each pot including control pots. Each of these two experiments was 

comprised of following set of treatments. 

Treatments 

A) Herbage of wheat cultivars 

V2= Millat-2011  

V3= AARI-2011 

V4= Lasani-2008 

V5= Faisalabad-2008 

B) Crop growth stage 

H1= Control (no wheat herbage) 

H2= Wheat herbage collected at tillering (Z-30) 

H3= Wheat herbage collected at anthesis (Z-60) 

H4= Wheat herbage collected at maturity (Z-90) 

3.3.2. Experiment-II: Influence of wheat herbage of different cultivars and growth 

stages on soil microbial biomass and enzymatic activities  

The objective of this study was to ascertain changes in soil microbial population and 

enzymatic activities under wheat herbage allelopathy. The dynamics of phenolics released 

from herbage into soil over time were also studied. Whole plant herbage collected at different 

growth stages of wheat from field experiment was incorporated at 8 g kg
-1

 soil in plastic pots 

(10 cm × 26 cm). The control treatment was contained soil without herbage addition. Bi-

weekly sampling, starting after one week of incubation, was performed over a 6-week 

incubation period to quantify changes in microbial biomass and enzyme activities in wheat-

herbage-amended soil. This was a blank experiment in that no test species were sown. The 

set of treatment was same as in Section 3.3.1 & 2. 

3.3.3. Experiment-III: Influence of wheat leachates on (A) canary grass and (B) 

lambsquarters growth and changes in soil microbial biomass and 

enzymatic activities 

This subset of experiments was conducted to evaluate the allelopathic influence of 

leachates from each wheat cultivar on weed test species as well as microbial population. The 

experimental treatments comprised of the leachates of the wheat cultivars (Section 3.2) and 

canary grass and lambsquarters were used as test species. A double pot model (Ferreira, 



 

43 
 

2011) was used for these investigations. Fifteen seeds of each wheat cultivar were sown in 

perforated plastic pots (10 cm × 26 cm) that were placed over smaller pots (8 cm × 18 cm) 

for collection of leachate (8 pots were maintained for each cultivar). After emergence, 10 

wheat seedlings per pot were maintained for each wheat cultivar. Each pot was over-irrigated 

twice a week from the first week after planting with 250 mL (for 100 mL leachate), and 900 

mL per pot twice a week (300 mL leachate) as plants matured. All leachate collected from 

respective pots of each cultivar was used as root leachates to evaluate its influence on test 

species in Exp.-III A (canary grass) and Exp.-III B (lambsquarters) grown in pots. In each 

experiment, control pots were maintained wherein no wheat was sown but the leachates were 

collected in the same way as described above (for wheat-grown pots), and these leachates 

were used as a control treatment in both of these experiments. 

Of the leachate collected, 150 mL was used twice a week at planting and increased to 

300 mL two weeks after emergence to irrigate the test species in respective experiments. The 

first irrigation was applied at the time of planting and thereafter twice a week for five 

consecutive weeks after emergence. Twenty seeds of each test species were sown in plastic 

pots (10 cm × 26 cm) and a separate experiment was conducted for each test species. The 

experiments were laid out in CRD with four replications. 

3.3.4. Experiment-IV: Interference of wheat cultivars with emergence and early 

seedling growth of (A) canary grass and (B) lambsquarters 

This set of two experiments was conducted to appraise the interference potential of 

wheat cultivars on emergence and seedling growth of weed test species. For this purpose, 

wheat cultivars and weed test species were sown in 1:1 ratio in plastic pots (10 cm × 26 cm). 

Ten seeds of each wheat cultivar and canary grass (Exp.-IV A) or lambsquarters (Exp.-IV B) 

were sown in sets of pots (10 cm × 26 cm). Seed to seed distance of wheat cultivar and test 

species was 5 cm and seed sowing depth was 2 cm (wheat cultivar) and 1 cm (weed seed). 

Control pots contained only one seed type (either wheat or weed seed but not in 

combination). These experiments were laid out in CRD with four replications. 

Treatments (Experiment-IV A) 

T1= Millat-2011 

T2= AARI-2011 

T3= Lasani-2008 
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T4= Faisalabad-2008 

T5= Canary grass 

T6= Millat-2011 + Canary grass 

T7= AARI-2011 + Canary grass 

T8= Lasani-2008 + Canary grass 

T9= Faisalabad-2008 + Canary grass 

Treatments (Experiment-IV B) 

T1= Millat-2011 

T2= AARI-2011 

T3= Lasani-2008 

T4= Faisalabad-2008 

T5= Lambsquarters 

T6= Millat-2011 + Lambsquarters 

T7= AARI-2011 + Lambsquarters 

T8= Lasani-2008 + Lambsquarters  

T9= Faisalabad-2008 + Lambsquarters 

3.4. Procedures for recording data 

3.4.1. Weeds 

3.4.1.1. Weed density (m
-2

) and dry weight (g m
-2

) 

Data on weed density and dry weight were recorded from two randomly placed 

quadrats of 50 cm × 50 cm (0.25 m
-2

) from each plot fortnightly. Weeds within each quadrat 

were identified, counted and clipped off above soil surface. These were kept separately in 

respective Kraft paper bags and oven dried at 70 ºC for 72 h to record their dry weight using 

a digital balance (TX323L, Shimadzu, Japan). The average of two quadrats was computed 

and used for further statistical analyses. 

3.4.1.2. Weed dominance analyses 

Relative density and dry weight were worked out using the following formulae; 

Relative density (RD): 

100
density Total

speciesgiven  a ofDensity 
RD   
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Relative dry weight (RDW): 

100
dry weight Total

speciesgiven  a of Dry weight
RDW   

Data on relative density and dry weight were further manipulated to compute summed 

dominance ratio (SDR) according to Bhagat et al. (1999) as follows;  

Summed dominance ratio (SDR): 

2

RDW  RD
SDR


  

3.4.2. Wheat crop  

3.4.2.1. Growth analyses 

A random sample of 50 cm × 20 cms was harvested leaving appropriate borders at 

fortnightly interval starting from 45 DAS. The above ground material at each harvest was 

dissected into respective plant fractions (stems, leaves and panicles). These were then used 

for subsequent processing and measurements. 

3.4.2.1.1 Total dry matter (g m
-2

) 

The harvested material comprising of different plant fractions was oven dried at 70 ºC 

for 72 h until a constant dry biomass was achieved. Sample dry biomass was determined and 

converted into m
-2

. 

3.4.2.1.2 Leaf area index 

Leaf area of a sub-sample (3 g) was measured using a leaf area meter (CI-202, CID Inc. 

USA.). Leaf area index was then calculated as the ratio of leaf area to land area (Watson, 

1947). 

3.4.2.1.3. Leaf area duration (days) 

Leaf area duration was derived using the formula of Hunt (1978) as under; 

2

)-t(t )LAI  (LAI
LAD 1221 

  

LAI1 and LAI2 are respective leaf area indices at time’s t1 and t2. 
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3.4.2.1.4 Crop growth rate (g m
-2

 day
-1

) 

Rate of dry matter accumulation per unit area and time was calculated as proposed by 

Hunt (1978); 

)-t(t

) W- (W
CGR

12

12  

W2 and W1 are the dry weights of samples harvested at times t1 and t2, respectively. 

3.4.2.1.5. Net assimilation rate (g m
-2

 day
-1

) 

Net assimilation rate was computed as proposed by Hunt (1978). 

NAR =
TDM

LAD
 

TDM is the total dry matter and LAD is the leaf area duration of samples harvested 

fortnightly. 

3.4.2.2. Agronomic traits of wheat 

3.4.2.2.1. Plant height (cm) 

Plant heights of ten randomly selected primary tillers were measured from plant base 

to the leaf tip using a meter rod in each plot at maturity and mean higher was calculated. 

3.4.2.2.2. Productive and non-productive tillers (m
-2

) 

Number of productive and non-productive tillers was counted from two randomly 

selected sites (100 × 100 cm) in each plot at maturity, and an average per unit area was 

computed. 

3.4.2.2.3. Number of spikelets per spike 

Spikes from ten randomly selected primary tillers were removed with a pair of 

scissors and kept in Kraft papers bags. Numbers of Spikelets of each spike were counted 

carefully and mean higher was calculated. Each spike was thrashed on a white sheet of paper 

and number of grains per spike was also counted.  

3.4.2.2.4. 1000-grain weight (g) 

Two samples, each of 1000-grains were taken from the produce of each plot. These 

samples were weighed on an electric balance and mean 1000-grain weight was calculated. 
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3.4.2.2.5. Grain yield (t ha
-1

) 

Plant in each plot were harvested from an area of 6 m × 2 m (10 wheat crop rows 6 m 

long). Grain yield of harvested crop was determined after manual threshing and adjusted to 

10% moisture content. 

3.4.2.2.6. Straw yield (t ha
-1

) 

Straw yield of sun-dried samples were calculated after one week and are expressed as 

t ha
-1

. 

3.4.2.2.7. Harvest index (%) 

Harvest index for each treatment was computed as ration of grain yield to biological 

yield and is expressed on percentage basis (Beadle, 1987). 

3.4.3. Allelochemicals detected in wheat herbage (HPLC analyses) 

3.4.3.1. Sample preparation 

Wheat plant herbage of all four cultivars at different growth stages was collected and 

separately dried under shade. The herbage was chopped into 2-3 cm pieces and the chopped 

material was oven dried at 50 ˚C for 48 h. These were separately ground and passed through 

a 40-mesh screen. Ground herbage material was soaked in methanol at 10 g per 100 mL for 

24 h at room temperature (25±2 ˚C) which was followed by shaking for 12 h. The filtrates 

obtained after passing through a Whatman # 42 filter paper was centrifuged at 1200 × g for 

30 min. The supernatants were concentrated under vacuum at 40 ˚C, and the residues were 

dissolved in methanol (3 mL) and filtered through 0.45 µm filters prior to injection of 20 µL 

aliquots into the HPLC system.  

3.4.3.2. Standard chemicals 

The standard phenolic compounds used for HPLC analysis were Gallic acid, p-

hydroxybenzoic acid, syringic acid, protocatechuic acid, vanillic acid ferulic acid, p-

coumaric acid and benzoic acid (Aldrich, Chemical Co., USA). All chemicals were 

purchased as high purity standards and the solvents used were HPLC spectral grade. All 

solvents and water were degassed before use. All solvent ratios were based on volume. 

3.4.3.3. HPLC instrumentation 

Allelopathic compounds were identified by HPLC using an LC-10A (Shimadzu, 

Tokyo, Japan) chromatograph with a flow rate of 1 mL min
-1

; the column was Discovery, 

Supelco, USA (250 ×4.6 mm; 5µm). The mobile phase consisted of 1 % acetic acid in 
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methanol and 1 % acetic acid in water. The UV detector wave-length was set at 280 nm. The 

mobile phase was passed through a filtration assembly (Milipore, USA) to remove impurities 

and was sonicated for 10 minutes to remove bubbles and gases. Standards of allelochemicals 

(20 µL of each standard) alone and as a mixture were injected through rheodyne injector into 

the column oven (CTO-10A). Retention time for the standard compounds and the major 

peaks in the extract were recorded (Table 3.2). 

3.4.3.4. Quantification of phytotoxins by HPLC 

Phytotoxic compounds such as Gallic acid, p-hydroxybenzoic acid, syringic acid, 

protocatechuic acid, vanillic acid, ferulic acid, p-coumaric acid and benzoic acid were 

identified through their retention time and amount was calculated by comparing peak area 

with those of standards. 

 

Table 3.2 Allelochemical standards with retention time and peak area 
Allelochemicals Retention time (min) Peak area (m volts) Quantity injected (ng) 

Gallic acid 6.88 749198 300 

p-hydroxybenzoic acid 7.87 445426 300 

Syringic acid 8.71   2496134 300 

Protocatechuic acid 8.97 809859 300 

Vanillic acid   20.23   1089574 300 

Ferulic acid   20.81 719315 300 

p-coumaric acid   23.65   1661855 300 

Benzoic acid   23.90 353579 300 

 

3.4.4. Determination of fatty acids in wheat herbage 

3.4.4.1. Sample collection 

Wheat cultivars herbage was collected at different growth stages from field 

experimental plots and dried under shade. The herbage samples were ground in a grinding 

mill and sieved to produce samples with particle size of less than 150 µm. The powder was 

sealed in polythene zipper bags and stored in refrigerator for further usage. 

3.4.4.2. Chemicals 

Methanol (Sigma-Aldrich) and n-hexane (Sigma-Aldrich) were used as solvent for 

gas chromatograpy. The solvents used for gas chromatography were HPLC grade and 

solvents used for extraction were analytical grade (purity > 99%).  
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3.4.4.3. Apparatus and instruments 

The soxhlet extraction apparatus was used, which consisted of a condenser, a soxhlet 

chamber and an extraction flask. The extractor thimble was made of cellulose with a 22 mm 

internal diameter and 90 mm external length. 

3.4.4.4. Soxhlet extraction and determination of percentage extraction  

Ten grams of dried and ground wheat herbage was placed in a soxhlet apparatus and 

extracted with 350 mL of an appropriate solvent for 12 hours. Two solvents were used: (i) n-

hexane and (ii) methanol. The ratio of herbage to solvent was about 1:117. The results are 

expressed as the yield of crude extract: 

𝑌𝑒𝑥𝑡𝑟𝑎𝑐𝑡 = 100 ×
𝑚𝑒𝑥𝑡𝑟𝑎𝑐𝑡

𝑚ℎ𝑒𝑟𝑏𝑎𝑔𝑒
 

m extract is the crude extract mass (g) and m herbage is the extracted herbage mass (g). 

3.4.4.5. Methyl ester formation  

Methyl ester was prepared by the method proposed in IUPAC (1987). For this 

purpose, in a 5mL screw top test tube 0.10 g of the oil sample was weighed. Two milliliter of 

heptane was adding with stirring followed by 0.20 mL of 2 N methanolic potassium 

hydroxide solution. Put the cap and provided with a polytetrafluoroethylene-joint, tighten the 

cap and shaked vigorously for 15 seconds. Left to stratify until the upper solution became 

clear. Decant the upper layer containing the methyl ester. 

3.4.4.6. Sample analysis (Gas Chromatography-Mass Spectrometry)  

Fatty acid methyl esters were measured using a Hewlett-Packard HP-6890 gas 

chromatograph (Hewlett-Packard, Palo Alto, CA, USA) equipped with a flame ionization 

detector and a cyanopropyl methyl-polysiloxane HP-23 FAME column (30 m x 0.32 mm x 

0.25 µm) (Hewlett-Packard) (Rosa et al., 2009). Nitrogen was used as the carrier gas at a 

flow rate of 2 mL/min. The oven temperature was programmed from 45 ˚C to 175 ˚C at a rate 

of 80 ˚C/min and held for 45 min, injector temperature was set at 250 ˚C, and the detector 

temperature at 300 ˚C. The fatty acid methyl esters were identified by comparing the 

retention times with those of standard compounds. The composition of individual fatty acids 

was determined using a calibration curve with components injected at different 

concentrations, using the Hewlett-Packard A.05.02 software. 
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3.4.5. Pot study observations 

3.4.5.1. Emergence attributes 

Emergence counts were recorded daily as suggested by AOSA (1990) till emergence 

became constant. The criterion for emergence was considered as a 2mm hypocotyl length 

visible the naked eye. 

The experiment was visited daily. The time when the first seed emerged was recorded as the 

time to start emergence. 

Emergence index was calculated as described by Association of Official Seed Analysts 

AOSA (1983): 

EI =
𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑒𝑚𝑒𝑟𝑔𝑒𝑑 𝑠𝑒𝑒𝑑𝑙𝑖𝑛𝑔𝑠

𝑑𝑎𝑦𝑠 𝑜𝑓 𝑓𝑖𝑟𝑠𝑡 𝑐𝑜𝑢𝑛𝑡
+ ⋯ +

𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑒𝑚𝑒𝑟𝑔𝑒𝑑 𝑠𝑒𝑒𝑑𝑙𝑖𝑛𝑔𝑠

𝑑𝑎𝑦𝑠 𝑜𝑓 𝑓𝑖𝑛𝑎𝑙 𝑐𝑜𝑢𝑛𝑡
 

 

Mean emergence time (MET) was calculated according to Ellis and Robert (1981) as: 

MET =
∑Dn 

∑n
 

where "n" denote the number of seedlings which were emerging on day "D" and "D" 

is the number of days counted from the beginning of emergence. 

Time taken to 50 % emergence of seedlings (E50) was calculated according to the 

formula of Coolbear et al. (1984) and modified by Farooq et al. (2005): 

𝐸50 = 𝑡𝑖 + [

𝑁
2 − 𝑛𝑖

𝑛𝑗 − 𝑛𝑖
] ∗ (𝑡𝑗 − 𝑡𝑖) 

Where "N" refers to the final number of emerged seedlings, and "ni" and "nj" are the 

cumulative number of seedlings that emerged by consecutive counts at times "ti" and "tj" 

where ni<N/2<nj.  

Final emergence percentage was calculated as the ratio of number of emerged 

seedlings to total seeds sown. 

3.4.5.2. Seedling growth 

At the time of harvest, root and shoot lengths were measured in centimeters. The 

length was measured from the point where the root and shoot joins together to the end of the 

root for root and to the top of the shoot for shoot with a measuring tape. The length of five 

plants in a pot was averaged to get mean length for each replication. 
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Roots and shoots of all seedlings were separated and fresh weights of shoots and roots 

of all plants from each pot were taken immediately after the harvesting. For dry weight, the 

samples were oven dried at 70 
o
C for 48 h and then they were weighed on a digital electric 

balance separately. 

3.4.5.3. Biochemical analyses 

Each biochemical analyses were performed twice to confirm the results 

3.4.5.3.1. Chlorophyll content 

Chlorophyll content was determined by taking fresh leaf (0.5 g) sample of plant, 

extracted with 80% acetone and reading absorbance using UV-spectrophotometer (UV-4000, 

ORI, Germany). Two absorbance wavelengths were used for the measurement of 

photosynthetic pigments as follows: 

663 nm for chlorophyll “a” 

645 nm for chlorophyll “b” 

Concentration of chlorophyll was calculated using formula suggested by Arnon 

(1949): 

Chlorophyll “a” (mg g
-1 

FW)  

 

𝐶ℎ𝑙𝑜𝑟𝑜𝑝ℎ𝑦𝑙𝑙 𝑎 =
[(0.0127 × A663 − 0.00269 × A645) × 100]

0.5
 

Chlorophyll “b” (mg g
-1

 FW) 

𝐶ℎ𝑙𝑜𝑟𝑜𝑝ℎ𝑦𝑙𝑙 𝑏 =
[(0.0229 × A645 − 0.00468 × A663) × 100]

0.5
 

3.4.5.3.2. Total soluble phenols in leaf (mg g
-1 

FW) 

Total soluble phenols of leaf samples (wheat cultivars, canary grass and 

lambsquarters) were determined according to the method described by Randhir and Shetty 

(2005). To create a calibration curve (Fig. 3.3) the standard solutions were prepared in 

different concentrations i.e. 500, 250, 150 and 100 mg L
-1 

gallic acid (Table 3.3). For 

extraction and preparation of sample, a 0.5 g leaf sample was extracted with 5 mL acetone 

(80%) and centrifuged at 4000 × g for 10 minutes. The reaction mixture was prepared by 

mixing 20 µL sample or standard, 1580 µL water, and adding 100 µL Folin-Ciocalteu 

reagent (Sigma-F9252) within 30 sec up to 8 min. The reaction mixture was incubated at 25 

˚C for 2 h after adding and mixing 300 µL sodium carbonate. Absorbance of reaction mixture 
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was read at 760 nm against the blank (80% acetone). Total soluble phenols in samples were 

determined by plotting against the calibration curve from standards (Fig. 3.3) and reported as 

Gallic Acid Equivalent (GAE). 

 

Table: 3.3. Preparation of gallic acid standards 
Stock solution 

Gallic acid (g) Ethanol (mL) Water (mL) Total volume (mL) 

0.5 10 90 100 

Standard (mg L
-1

) 

Stock (conc.) mg mL
-1

 Stock (mL) Water (mL) Total volume (mL) 

500 10 90 100 

250 5 95 100 

150 3 97 100 

100 2 98 100 
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 Concentration of gallic acid standards (mg L
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Fig. 3.2. Standard curve for total phenolic content estimation 
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3.4.5.3.3. Determination of enzyme activities in plants 

3.4.5.3.3.1. Total soluble proteins 

The determination of total soluble protein consisted of following steps. 

For extraction of total soluble proteins, 0.5 g of fresh plant material (leaves) was ground in a 

pre-chilled mortar pestle and by adding 1 mL extraction buffer with pH 7.2. Before 

extraction of protein cocktail, protease inhibitors in a concentration of 1 μM were added to 

the buffer. The buffer used was phosphate buffer saline (PBS) containing 10 mM Na2HPO4, 

2 mM KH2 PO4, 2.7 mM KCl and 1.37 mM NaCl dissolved in distilled water and made up to 

a volume 1 L. The pH 7.2 of PBS was adjusted with HCl and then the buffer was autoclaved 

(Sambrook and Russell, 2001). The ground leaf material was centrifuged at 12000 × g for 5 

min. Supernatant was transferred to a separate centrifuge tube for the analysis of soluble 

proteins, while the pellet was discarded. 

Total proteins were determined from leaf extract as per Bradford assay (Bradford, 

1976). For construction of standard curve 10, 20, 30, 40, and 50 µg mL
-1

 were prepared from 

bovine serum albumin (BSA, Sigma-A9418) by adding 400 µL dye stock (Biorad, USA) and 

distilled water followed by vortex and incubation at room temperature for 30 min (Table 3.4). 

The absorbance was recorded at 595 nm using a spectrophotometer (UV-4000, ORI, 

Germany). The absorbance for the sample supernatant was also determined in a similar way. 

Concentration (mg mL
-1

) of total soluble proteins was determined from standard curve (Fig. 

3.3) prepared from the absorbance of BSA and computed by applying the formula: slope × 

absorbance / mL of extract used. 

 

Table 3.4 Dilutions of bovine serum albumin (BSA) 
BSA (µL) Water (µL) Dye stock (µL) Total volume (mL) 

0 1600 400 2 

10 1590 400 2 

20 1580 400 2 

30 1570 400 2 

40 1560 400 2 

50 1550 400 2 
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Fig. 3.3. Standard curve for protein content estimation 

 

3.4.5.3.3.2. Activities of antioxidant enzymes 

3.4.5.3.3.2.1. Enzyme extraction 

For the extraction of antioxidant enzymes, fresh leaves (0.5 g) were ground using a 

mortar and pestle in 5 mL of 50 mM phosphate buffer (pH 7.8). The homogenate was 

centrifuged at 15000 × g for 20 minutes at 4 ˚C and the supernatant was used for enzyme 

assays. 

3.4.5.3.3.2.2. Superoxide dismutase (SOD) (Units g
-1

 protein) 

The enzyme SOD inhibits the photochemical reduction of nitroblue tetrazolium 

(NBT) at an absorbance of 560 nm. The monitoring of this inhibition is used to assay SOD 

activity following the method of Giannopolitis and Ries (1977). The reaction mixture was 

prepared by adding 50 µL of the enzyme extract to a solution containing, 1 mL 50 µM NBT 

(NBT dissolved in ethanol, Bio Basic Canada NDB0379), 1 mL 1.3 µM riboflavin, 500 µL 

13 mM methionine, 500 µL 75 mM EDTA, and 950 µL 50 mM phosphate buffer (pH 7.8). 

The reaction was started by keeping reaction solution in a chamber under the 30 W 

illumination of fluorescent lamp. The reaction was started by turning the fluorescent lamps 

on and stopped 5 minutes later by turning them off. The NBT photo-reduction produces blue 

formazan. A blank solution having the same complete reaction mixture (excluding enzyme 

extract) was kept in the dark. The absorbance of the irradiated solution at 560 nm was read 

using a UV-spectrophotometer (UV-4000, ORI, Germany). 



 

55 
 

3.4.5.3.3.2.3. Peroxidase (POX) (µmol min
-1 

g
-1

 protein) 

The POX activity assayed by guaiacol oxidation and one unit of POX activity was 

defined as 0.01 absorbance change min
-1

 g
-1

 protein (Egley et al. 1983). The reaction mixture 

for POX was prepared by adding 2 mL (50 mM, pH 7.0) phosphate buffer, 400 µL (20 mM) 

guaiacol (Sigma-G5502), 500 µL (40 mM) H2O2 and 100 µL enzyme extract. The change in 

absorbance of the reaction mixture at 470 nm was observed after every 30 sec for 5 minutes.  

3.4.5.3.3.2.4. Catalase (CAT) (µmol min
-1 

g
-1

 protein) 

The CAT activity was assayed by the decomposition of H2O2 and change in 

absorbance due to H2O2 was observed after every 20 sec for 5 min at 240 nm using a UV-

visible spectrophotometer (UV-4000, ORI, Germany). The reaction mixture for CAT 

contained 2 mL (50 mM, pH 7.0) phosphate buffer, 900 µL (5.9 mM) H2O2, 100 µL enzyme 

extract. The reaction was initiated by adding 100 µL of the leaf crude extract (enzyme 

extract) to the reaction mixture. The CAT activity was expressed as units (µmol of H2O2 

decomposed per min) per gram of protein (Dhindsa et al. 1981).  

3.4.5.3.3.2.5. Lipid peroxidation (MDA) 

Lipid peroxidation was quantified by following the method of Bailly et al. (1996). A 

fresh leaf sample of 1 g was homogenized in 3 mL of 0.1 % (w/v) trichloroacetic acid (TCA) 

solution. The homogenate was centrifuged at 15000 × g for 15 minutes. The reaction mixture 

was prepared by adding 1 mL supernatant and 3 mL (0.5%) thiobarbituric acid (TBA) 

prepared in 20% TCA (w/v). The reaction mixture was heated at 95 ˚C for 30 minutes and 

then cooled immediately in an ice bath. Then the samples were again centrifuged at 15000 × 

g for 5 minutes and absorbance read at 532 and 600 nm. The MDA concentration was 

calculated as the difference in absorbance at 600 nm and 532 nm using the following 

formula: 

MDA =
∆ (A 532 nm − A 600 nm)

1.55 × 105
 

Absorption coefficient for calculating MDA is 155 mmol
-1

 cm
-1

. 

3.4.6. Soil analyses 

3.4.6.1. Determination of enzyme activities in soil 

Each assay was performed twice to confirm the results. 
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3.4.6.1.1. Urease activity in soil (NH4-N released g
-1

 soil 24 h
-1

) 

Urease activity in soil was measured following the method described by Tabatabai 

and Bremner (1972). Briefly, 0.2 mL toluene was mixed with 5 g moist soil. After 15 min 9 

mL (0.05 M) THAM buffer (dissolve 6.1 g of tris (hydroxymethyl) aminomethane (THAM, 

Fisher certified reagent) in about 700 mL of water, bring the pH 9 by addition of sulfuric acid 

and dilute with water to 1L) and 1 mL (0.2 M) urea was added and swirl the flask for a few 

seconds. Stoppered the flask and was incubated at 37 °C for 24 h. After incubation add 35 

mL KCl-Ag2SO4 in the flask and invert for several times to mix the contents. After filtration, 

pipette 20 mL aliquot in distillation flask and was analysed for NH4
+
-N released by steam 

distillation of this aliquot with 0.2 g of MgO for 3.3 minute as described by Bremner and 

Keeney (1966). To perform controls, followed the same procedure as described for urease 

activity, but made the addition of 1 mL of 0.2 M urea solution after the addition of 35 mL 

KCl-Ag2SO4 solution. Urease activity was expressed as µg NH4
+
-N g

-1
 soil 24 h

-1
. 

3.4.6.1.2. Dehydrogenase activity in soil (µg Formazan g
-1

 soil 24 h
-1

) 

Method described by Friedel et al. (1994) was followed for the determination of 

dehydrogenase activity. In 3 g moist soil samples, 1 mL of glucose solution (30 mg L
-1

) and 

0.5 mL of 3% solution of 2,3,5 triphenyl tetrazolium chloride (TTC) (MP Biomedicals, Inc.) 

was added and volume was made to 5 mL with 0.1 M Tris buffer (2.42 g of Trizma dissolved 

in 200 mL of distilled water; pH 7.6-7.8. A control was also kept containing glucose solution 

and Tris buffer but without the substrate. After mixing thoroughly, samples were incubated at 

37 °C for 24 hours followed by centrifugation. The supernatant was transferred to a flask 

containing 10 mL of acetone. After shaking for ½ h, the samples were centrifuged at 4000 × 

g for 10 minutes and absorbance was recorded at 485 nm on a spectrophotometer (UV-4000, 

ORI, Germany). A correction factor (c.f.) was calculated by dividing different concentrations 

(ppm) of 1,3,5-formazan (Sigma-93145) formed g
-1

 soil 24 h
-1

 and calculated by using the 

formula: 

µg formazan formed gˉ1soil 24 hrˉ1 =
c. f.× 100 × volume made × O. D

weight of moist soil × % dry matter
 

3.4.6.1.3. Invertase activity in soil (mg glucose equivalent g
-1

 soil 3 h
-1

) 

The method described by Schinner and Von Mersi (1990) was followed. Five gram 

samples of moist soil in triplicate were placed in 100 mL Erlenmeyer flasks. In 2 of the flasks 
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15 mL of 3.5 mM sucrose solution (substrate) and 15 mL of acetate buffer (2 M, pH 5.5) 

were added; in the third flask (control) only buffer was added. The flasks were stoppered and 

were incubated for 3 h at 50 °C. After incubation, 15 mL of substrate solution was added to 

the control flask, all the flasks shaken for few minutes and the contents filtered. Aliquots of 

the filtrate (0.5 mL) were processed for the determination of reducing sugars as described in 

section 3.4.6.1.5. Invertase activity was expressed as µg of glucose equivalent g
-1

 dry soil 24 

h
-1

. 

3.4.6.1.4. Cellulase activity in soil (µg reducing sugar g
-1

 dry soil 24 h
-1

) 

The experimental method described by Pancholy and Rice (1973) was followed to 

determine cellulase activity. Toluene treated samples (as described for urease) were mixed 

with 10 mL of 0.5 m acetate buffer (solution of 15.72 mL acetic acid and 34.02 g of 

CH3COONa in 1L flask containing deionized water, pH 5.9) and 10 mL of 1% carboxy 

methylcellulose (CMC). In control the substrate CMC was not added. After incubation at 30 

°C for 24 h, samples were centrifuged at 4000 × g for 20 min. The supernatant was filtered 

and was analyzed for reducing sugar using DNS method of Gascoigne and Gascoigne (1958). 

Cellulose activity was expressed as mg reducing sugars g
-1

 dry soil 24 h
-1

. 

3.4.6.1.5. Determination of reducing sugars resulting from enzyme action 

Reducing sugars resulting from cellulase and invertase activity were measured using 

a colorimetric method (Gascoigne and Gascoigne, 1958). To 5 mL of the filtrate, an equal 

amount of DNS solution (3,5-dinitrosalicylic acid) was added and placed in boiling water for 

5 minutes, The samples were immediately cooled in an ice bath and centrifugat at 400 × g for 

10 min. Absorbance was recorded at 550 nm on a UV- Spectrophotometer (UV-4000, ORI, 

Germany) and sugar content was calculated against a standard curve developed from 

different concentrations of glucose (Fig. 3.4). Unit of activity was defined as mg glucose 

released g
-1

 soil 24h
-1

. The DNS reagent was prepared by dissolving 128 g sodium potassium 

tartarate, 10 g sodium hydroxide, 10 g DNS, 2 g Phenol and 0.5 g sodium sulphate in water 

and making the volume to 1L. The DNS reagent was always refrigerated. 
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Fig. 3.4. Standard curve for reducing sugar estimation 

3.4.6.1.6. Phosphatase activity in soil (µg p-nitrophenol g
-1

 soil h
-1

) 

The phosphatase activity in soil was measured following the method described by 

Browman and Tabatabai (1978). To a1g of sample sieved (2 mm) moist soil in an 

Erlenmeyer flask (50 mL), was added 0.2 mL toluene, 4 mL Tris buffer and 1 mL sodium 

bis-p-nitrophenyl phosphate substrate. The contents were mixed, and the flasks were 

stoppered and incubated at 37 ˚C for 1 h. After the incubation, 1 mL CaCl2 and 4 mL of tris-

NaOH extractant solution were added. The contents were mixed thoroughly and filtered the 

suspension through a whatman no. 2v folded filter paper. The absorbance was recorded at 

400 nm. To prepare the blanks, substrate was added after the addition of CaCl2 and extractant 

solution immediately before filtration of the soil suspension. At high color intensity, the 

filtrate was diluted with Tris solution until the reading fall within the limits of the calibration 

curve. To creation calibration curve 1 g p-nitrophenol was dissolved in about 70 mL distilled 

water and made volume 1 L. Dilute 1 mL of standard p-nitrophenol solution to 100 mL with 

distilled water in a volumetric flask. Made further dilutions (0.2, 0.4, 0.6 and 1 mg L
-1

) for 

calibration curve (Fig. 3.5). 
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Fig. 3.5. Standard curve for p-nitrophenol estimation 

 

3.4.6.1.7. Polyphenol oxidase activity in soil (Units/mg) 

The activity of polyphenol oxidase in soil was determined using the method described 

by Perucci et al. (2000). Reagent solutions of 0.1 M phosphate buffer (pH 6.5), containing 

0.2 M catechol or 0.2 M proline, were oxygenated for 3 minutes and were incubated for 10 

minutes at 30 ˚C. Then, 1 g fresh soil was added to 3 mL of reagent solution (obtained by 

mixing 1.5 mL of catechol solution with 1.5 mL of proline) and 2 mL of phosphate buffer. 

The mixture was incubated for 10 minutes at 30 ˚C and the reaction stopped by cooling in an 

ice-bath and addition of 5mL of ethanol. The mixture was centrifuged at 5000 × g at 48 ˚C 

for 5 minutes. The absorbance of the supernatant fraction was measured at 525 nm usage a 

UV- Spectrophotometer (UV-4000, ORI, Germany). These assay without soil and without 

catechol were carried out simultaneously as controls. Enzyme activity was expressed as 

µmoles of catechol oxidized 10 min
-1

 g
-1

 soil (on dry weight basis). 

3.4.6.2. Total organic-carbon and -matter (%) 

Estimation of soil organic-carbon (also in plant herbage) and -matter was done by 

Walkely-Black method which described by Walkley and Black (1934). Weigh one g air dry 

soil (0.15 mm) in 500 mL beaker and 1N potassium dichromate solution (K2Cr2O7) was 

added using a pipette, along with 20 mL concentrated H2SO4 using a dispenser and beaker 

was shaked to mix the suspension. The suspension was incubated for 30 minutes and after 

that about 200 mL deionized (DI) water and 10 mL concentrated ortho-phosphoric acid was 
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added. When the mixture was cooled, added 10-15 drops diphenylamine indicator, was 

added, and stirred the mixture on a magnetic stirrer. The mixture was titrated with ferrous 

ammonium sulfate solution, until the color changed from violet blue to green. Two blanks 

were also prepared which contained all reagents except soil and were treated in exactly the 

same way as the soil suspensions. 

3.4.6.3. Determinatiom of nitrogen in soil and herbage 

The composite soil samples were oven-dried and ground to powder form (same for 

plant herbage) (Cyclotec 1093 Sample Mill, Sweden). A Micro-Kjeldhal method was 

employed for nitrogen as outlined by Ryan et al. (2001). 

3.4.6.4. Allelochemical analyses of soil 

3.4.6.4.1. Determination of total soluble phenolic contents in soil (mg g
-1

 soil) 

Total soluble phenols in soil were determined according to method described by Box 

(1983). Five gram of soil (< 35 mesh) were extracted with 50 mL water for four hours with 

shaking. The soil extract was centrifuged to obtain a clear extract. A reaction mixture was 

prepared by addition of 10 mL of extract, 10 mL water, 1 mL Folin- Ciocalteau reagent and 3 

mL of Na2CO3 and mixed well. The reaction mixture was incubated at room temperature (25 

˚C) for 1 h. The absorbance of each solution was recorded at 750 nm against the blank. A 

calibration curve was prepared and the equation was used to calculate the phenolic contents 

in the sample in µg g
-1

 Gallic Acid Equivalents (Fig. 3.2). 

3.4.6.4.2. Allelochemicals detected in soil (HPLC analyses) 

3.4.6.4.2.1. Sample preparation 

Samples of wheat rhizosphere soil were collected at different growth stages along 

with other soil samples from wheat herbage amended pots (Experiment-II) during different 

incubation times. The samples of same treatments were mixed thoroughly and sieved (2 mm 

mesh) to remove root tissues and herbage. One hundred grams of oven dried soil was 

extracted with 300 mL methanol (incubation, 48 h at 25 ˚C; centrifugation 1200 × g for 30 

min). The sample was prepared in 100 % methanol because this allows maximum extraction 

of hydrophilic compounds (Kong et al., 2006). Extracts were concentrated under vacuum at 

40 ˚C, and residues dissolved in methanol (6 mL) and filtered through 0.45 µm filters prior to 

injection of 20 µL into the HPLC system. Standard and instrumentation are the same as 

described in previous sections (Sections 3.4.3.1., 2., 3. & 4). 
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3.4.7. Microbiological analysis 

3.4.7.1. Population of bacteria (CFU × 10
4
 g

-1
 soil)  

Bacterial populations were calculated from soil samples using dilution plate method 

(Booth, 1971). A ten-gram portion of soil was suspended in 100 mL sterilized distilled water 

followed by serial dilutions 10
-2

, 10
-3

 and 10
-4

. General purpose media was used as the 

plating medium. Bacterial counts were taken after 24-48 h. Results were presented as colony 

forming units per g soil. 

3.4.7.2. Population of Fungi (CFU × 10
3
 g

-1
 soil) 

Fungal populations were also determined by dilution plating method. A ten gram 

portion of soil was suspended in 100 mL sterilized distilled water followed by serial dilutions 

10
-2

, 10
-3

 and 10
-4

. Potato dextrose agar was used as plating medium, prepared according to 

the method recommended by Harrigan (1998). Fungal counts were taken after 48-72 h. The 

results were presented as colony forming units per g soil. 

3.4.7.3. Microbial biomass nitrogen in soil (mg kg
-1

) 

Microbial biomass N was determined by the chloroform-fumigation extraction 

method of Witt et al. (2000). Briefly 35-g aliquots of moist soil were weighed in six replicate 

glass bottles. In three of the bottles 1 mL of CHCl3 was added and mixed thoroughly with 

spatula so as to spread it along the walls of the bottle. The bottles were air-tightly capped and 

left over night for CHCl3 diffuse into the soil matrix. Bottles without CHCl3 were treated via 

similar manner. Subsequently, the caps were removed and CHCl3 was allowed to evaporate 

for 30-40 minutes in a fume hood. The contents of fumigated and unfumigated bottles were 

extracted with 0.5 M K2SO4 (30 minutes shaking followed by centrifugation) and the extract 

analyzed for Kjeldahl-N (Bremner, 1996). Microbial biomass N was calculated as:  

𝐵𝑁 =
𝐹

K
 

F is the K2SO4-extractable Kjeldahl-N in fumigated soil minus that in un-fumigated 

soil and K is a constant the value of which was taken as 0.54 (Brookes et al., 1985). 

3.4.7.4. Microbial biomass carbon in soil (mg kg
-1

) 

Extractable carbon (EC) in soil extracts (prepared for microbial biomass N) was 

determined by using a dichromate method similar to that of Nelson and Sommers (1996). 

Soil extracts (5 mL) were pipetted into 75 mL digestion tubes and treated with 5 mL of 0.07 

N K2Cr2O7, 10 mL of 98% H2SO4 and 88% H3PO4. Samples were carefully mixed and were 
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digested at 150 ˚C for 30 min using a digestion block. After cooling samples were titrated 

with a solution of 0.01 N ferrous ammonium sulfate in 0.4 M H2SO4. The indicator was 

prepared using 250 µL of N-phenylanthranilic acid and Na2CO3 (107 mg) in 100 mL 

deionized water. Microbial biomass carbon was calculated as: 

𝑀𝐵𝐶 =
𝐸𝐶

𝐾𝐸𝐶
 

EC is (extracted carbon from fumigated soil) – (extracted carbon from non-fumigated 

soil) and KEC is soil specific but is often estimated as 0.45 (Beck et al., 1997). 

3.5. Statistical analysis 

The experiments were conducted using RCBD (Field experiment) or CRD (pot 

studies) designs with four replications. Following Fisher’s analysis of variance technique 

(Steel et al. 1997), mean values were separated using least significant difference (LSD) test 

at p<0.05 using the computer statistical program (Statistix 8.1, Analytical software, Statistix; 

Tallahassee, FL USA, 1985-2003). Data were subjected to analysis on yearly basis for 

individual years are presented. Where year effect was significant, as determine average of 

both years are presented where year effect was not significant. To ascertain relationship 

between pairs variables, correlation analyses were also done. 



 

CHAPTER 4 

RESULTS AND DISCUSSION 

 

4.1. Field experiment: Studying wheat allelopathy for weed management, and its impact 

on soil microbes and enzymatic activities  

4.1.1. Weed density and dry biomass 

The results revealed that significantly (p≤0.05) lower weed densities were recorded in 

plots sown with wheat as compared to control (fallow plots). Floristic composition of weeds 

varied significantly among plots sown with different wheat cultivars and between years. A 

total of seven broad-leaf (swine cress (Coronopus didymus L), lambquarters (Chenopodium 

album L.), blue pimpernel (Anagallis arvensis), field bindweed (Convolvulus arvensis), 

sweet clover (Melilotus albus), broadleaf dock (Rumax obtusifolius), fumitory (Fumaria 

indica) and nettleleaf goosefoot (Chenopodium murale L.)), three grassy (canarygrass 

(Phalaris minor L.) and Bermudagrass (Cynodon dactylon)), and one sedge (purple nutsedge 

(Cyperus rotundus)) weeds belonging to seven distinct families (Poaceae, Chenopodiaceae, 

Cruciferae, Primulaceae, Cyperaceae, Fabaceae and Convolvulaceae) were identified. 

4.1.1.1. Total weed density and dry biomass (45 DAS) 

Total weed densities (Table 4.1) at 45 DAS were significantly (p≤0.05) lower with 

the different wheat cultivars as compared to the control in both the 2011-12 and 2012-13 

seasons. Significantly lower (66%) weed densities were recorded in plots where wheat 

cultivars, Lasani-2008 and Faisalabad-2008 were sown, and that was on par (p≤0.05) with 

AARI-2011 during first year. However; during 2012-13, 57-59% lower weed densities were 

observed for wheat cultivars, Millat-2011, AARI-2011 and Faisalabad-2008 as compared to 

control. 

Total weed dry biomass (Table 4.1) at 45 DAS was significantly (p≤0.05) lower 

under all wheat cultivars as compared to the fallow plots (control). Highest (93%) 

suppression in total weed dry biomass than the control was recorded in wheat cultivar Millat-

2011. However, in 2012-13, total weed dry biomass was suppressed in a similar manner by 

all. 
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4.1.1.2. Density and dry biomass of broad-leaf weeds (45 DAS) 

Densities of broad-leaf weeds were significantly (p≤0.05) lower in plots of all wheat 

cultivars than fallow plots control (Table 4.1). During 2011-12, lowest broad-leaf weed count 

(63% less than control) was noticed in plots sown with wheat cultivar Faisalabad-2008 which 

was significantly different from Lasani-2008. Broad-leaf weed densities recorded in 

experimental plots of wheat cultivars Millat-2011, AARI-2011 and Lasani-2008 were 

statistically similar (p≤0.05). The latter was, however, at par with Faisalabad-2008 with the 

lowest total broad leaf weed density. During 2012-13, density of broad-leaf weeds was 56% 

less over control where wheat cultivars Millat-2011, AARI-2011 and Faisalabad-2008 were 

sown. Minimum (39%) suppression of broad-leaf weed density compared with the control 

was observed for plots sown with Lasani-2008. 

Broad-leaf weed dry biomass at 45 DAS was significantly (p≤0.05) lower under all 

wheat cultivars than the control except with Lasani-2008 during 2011-12 (Table 4.1). 

Maximum suppression of broad-leaf weed dry biomass (93% and 87% over control) was 

noticed for wheat cultivars Millat-2011 and Faisalabad-2008, respectively, but was not 

significantly different from broad-leaf biomass with AARI-2011. However, in 2012-13, 

broad-leaf weed dry biomass did not vary among different wheat cultivars. 

4.1.1.3. Density and dry biomass of narrow-leaf weeds (45 DAS) 

Narrow-leaf weed densities at 45 DAS were significantly (p≤0.05) lower under all 

wheat cultivars as compared to the control. Plots sown with wheat cultivar AARI-2011 had 

91% lower narrow-leaf weeds than the control, and which was not significantlly different 

from such densities recorded for Lasani-2008 and Faisalabad-2008 during 2011-12. During 

2012-13, narrow-leaf weed density did not vary significantly (p≤0.05) among wheat cultivars 

although it was significantly lower than (87-93%) with the fallow control in this season. 

Narrow-leaf weed dry biomass was significantly (p≤0.05) lower with all wheat 

cultivars as compared to control in both the years of study (Table 4.1). Nevertheless, such dry 

biomass did not vary among wheat cultivars during both the years. Dry biomass of narrow-

leaf weeds was in the range of 81-96% and 87-93% of the control during 2011-12 and 2012-

13, respectively. 
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4.1.1.4. Total weed density and dry biomass (60 DAS) 

A perusal of data (Table 4.2) indicated significant (p≤0.05) differences among wheat 

cultivars regarding total weed density which was significantly suppressed during the first and 

second years of the study as compared to control. In 2011-12, the highest suppression (68%) 

in weed density over control was observed in plots under Lasani-2008, which did not differ 

from AARI-2011. Reduction in weed density recorded for cultivar Faisalabad-2008 (58%) 

and Millat-2011 (56%) was statistically similar. However, in 2012-13, maximum reduction 

(65%) in weed density was observed for wheat cultivar AARI-2011 that was statistically on 

par with Faisalabad-2008, and the latter was not statically different from Millat-2011. 

Data (Table 4.2) revealed that total weed dry biomass at 60 DAS was significantly 

(p≤0.05) lower with all wheat cultivars than with the control. During 2011-12, maximum 

suppression in weed dry biomass (91%) was observed for wheat cultivar AARI-2011 that 

was on par with Millat-2011 (85%) and Lasani-2008 (87%). During 2012-13, suppression of 

weed dry biomass did not vary among wheat cultivars as compared to control.  

4.1.1.5. Density and dry biomass of broad-leaf weeds (60 DAS) 

Total broad-leaf weed densities at 60 DAS were significantly (p≤0.05) lower with all 

wheat cultivars as compared to the fallow (control; Table 4.2). During 2011-12, minimum 

reduction (54%) in total broad-leaf weed density over fallow plots occurred with the wheat 

cultivar Millat-2011 which did not differ from AARI-2011. Broad-leaf weed density under 

Lasani-2008 was 69% the lowest as compared to control and with the exception of 

Faisalabad-2008. Likewise, broad-leaf weed density under Faisalabad-2008 was on par with 

that recorded for AARI-2011. During 2012-13, maximum inhibition in broad-leaf weed 

density (64%) over control was recorded for AARI-2011 which was on par with Faisalabad-

2008. 

Broad-leaf weed dry biomass at 60 DAS was significantly (p≤0.05) lower with all 

wheat cultivars than with the control (Table 4.2). Broad-leaf weed dry biomass did not vary 

among wheat cultivars during both of the growing seasons.  

4.1.1.6. Density and dry biomass of narrow-leaf weeds (60 DAS) 

Narrow-leaf weed densities in all wheat cultivars at 60 DAS were significantly 

(p≤0.05) lower than the control (Table 4.2). During 2011-12, reduction in narrow-leaf weed 

dry biomass varied significantly among wheat cultivars. Densities of narrow-leaf weeds were 
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60, 78, 69 and 52% lower with Millat-2011, AARI-2011, Lasani-2008 and Faisalabad-2008, 

respectively, than with the control. During 2012-13, suppression of narrow-leaf weed density 

remained statistically similar in three wheat cultivars except AARI-2011, which recorded the 

lowest (92%) count of narrow-leaf weeds under field conditions. 

In both seasons, narrow-leaf weed dry biomass at 60 DAS with all wheat cultivars 

was significantly (p≤0.05) lower than with the control (Table 4.2); however, the differences 

amongst wheat cultivars were not significant.  
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Table: 4.1. Influence of different wheat cultivars on density and dry biomass of weeds at 45 DAS 
2011-12 

Wheat cultivars Total weed density 

(m-2) 

Total weed dry biomass (g 

m-2) 

Broad-leaf weed density 

(m-2) 

Broad-leaf weed dry 

biomass (g m-2) 

Narrow-leaf weed density 

(m-2) 

Narrow-leaf weed dry 

biomass (g m-2) 

Control (fallow) 110.50 ±7.09 a  13.02 ± 1.39 a   77.00 ± 5.26 a 8.91 ± 2.39 a  33.50 ± 3.77 a 4.11 ± 0.80 a 

Millat-2011 54.50 ± 3.40 b 0.81 ± 1.31 c   40.00 ±  4.08 b 0.64 ± 0.20 c   14.50 ± 1.49 b 0.17 ± 0.09 b 

AARI-2011   43.00 ± 3.87 bc 2.76 ± 0.88 c  40.00 ± 3.77 b  2.56 ±1.29 bc 3.00 ± 0.41 c 0.19 ± 0.12 b 

Lasani-2008 37.50 ± 2.63 c 7.55 ± 0.96 b    28.50 ± 3.66 bc   6.79 ± 1.55 ab   9.00 ± 1.29 bc 0.76 ± 0.61 b 

Faisalabad-2008  37.50 ± 3.95 c 1.39 ± 0.23 c  28.00 ± 3.89 c 1.11 ± 0.26 c   9.50 ± 1.04 bc 0.28 ± 0.16 b 

LSD p ≤ 0.05 14.036 2.656 11.921 4.496 6.506 1.463 

2012-13 

Control (fallow)   178.00 ± 4.97 a 2.78 ± 0.81 a   170.00 ± 2.71 a 2.63 ± 0.73 a 8.00 ± 1.41 a 0.15 ± 0.08 a 

Millat-2011 72.50 ± 3.77 c    0.66 ± 0.011 b 70.50 ± 2.99 c 0.65 ± 0.12 b 2.00 ± 0.71 b 0.01 ± 0.01 b 

AARI-2011 75.50 ± 4.11 c  0.45 ± 0.09 b 75.00 ± 2.65 c  0.45 ± 0.10  b 0.50 ± 0.18 b 0.01 ± 0.00 b 

Lasani-2008    104.50 ± 3.20 b  0.83 ± 0.14 b    103.00 ± 4.02 b 0.81 ± 0.15 b 1.50 ± 0.29 b 0.02 ± 0.01 b  

Faisalabad-2008  72.00 ± 4.32 c  0.57 ± 0.03 b  71.00 ± 3.14 c 0.56 ± 0.04 b 1.00 ± 0.35 b 0.01 ± 0.01 b 

LSD p ≤ 0.05 12.316 1.064 10.153 0.966 2.150 0.121 

Each value represents mean of four replications (± S.E). Means in a column not sharing a letter differ significantly at 5% probability by LSD test; S.E: standard error  

 

Table: 4.2. Influence of different wheat cultivars on density and dry biomass of weeds at 60 DAS 
  2011-12   

Wheat cultivars Total weed density 

(m-2) 

Total weed dry biomass (g 

m-2) 

Broad-leaf weed density 

(m-2) 

Broad-leaf weed dry 

biomass (g m-2) 

Narrow-leaf weed density 

(m-2) 

Narrow-leaf weed dry 

biomass (g m-2) 

Control (fallow)   172.00 ± 11.43 a  28.16 ± 1.55 a   104.00 ± 3.56 a  20.44 ± 2.29 a 68.00 ± 3.14 a 7.72 ± 0.72 a 

Millat-2011   75.00 ± 4.20 b  4.19 ± 0.63 bc 48.00 ± 4.18 b 3.49 ± 1.04 b 27.00 ± 1.47 c 0.71 ± 0.67 b 

AARI-2011  56.50 ± 9.74 cd 2.58 ± 0.73 c   41.50 ± 3.33 bc 1.97 ± 0.67 b 15.00 ± 1.08 e 0.61 ± 0.47 b 

Lasani-2008 53.50 ± 7.41 d   3.75 ± 0.82 bc 32.50 ± 2.50 d 2.97 ± 0.96 b 21.00 ± 1.68 d 0.77 ± 0.71 b 

Faisalabad-2008  71.00 ± 6.81 bc 4.87 ± 0.64 b   38.50 ± 4.29 cd 3.26 ± 1.16 b 32.50 ± 2.01 b 1.61 ± 0.93 b 

LSD p ≤  0.05 17.052 2.284 7.584 2.927 5.329 1.628 

2012-13 

Control (fallow) 331.00 ± 3.58 a  17.17 ± 1.40 a 317.50 ± 3.07 a 13.89 ± 1.57 a  13.50 ± 0.22 a 3.27 ± 0.55 a 

Millat-2011 136.00 ± 4.10 c 3.25 ± 0.47 b 132.50 ± 4.21 c 3.20 ± 0.48 b 3.50 ± 0.96 b 0.05 ± 0.03 b 

AARI-2011 114.50 ± 4.65 d 2.05 ± 0.22 b 113.50 ± 4.33 d 2.03 ± 0.21 b 1.00 ± 0.35 c 0.03 ± 0.01 b 

Lasani-2008 186.50 ± 4.03 b 3.26 ± 0.73 b 181.50 ± 4.99 b 3.05 ± 0.75 b 5.00 ± 1.00 b 0.21 ± 0.09 b 

Faisalabad-2008   126.50 ± 4.65 cd 2.67 ± 0.31 b  122.00 ± 3.92 cd 2.52 ± 0.33 b 4.50 ± 1.71 b 0.15 ± 0.02 b 

LSD p ≤  0.05 13.592 2.245 11.010 2.522 3.502 0.759 

Each value represents mean of four replications (± S.E). Means in a column not sharing a letter differ significantly at 5% probability by LSD test; S.E: standard error  
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4.1.1.7. Total weed density and dry biomass (75 DAS) 

Total weed density at 75 DAS varied significantly with different wheat cultivars 

(Table 4.3). Maximum reduction (72%) in weed density over control was noticed in plots 

sown with wheat cultivar Faisalabad-2008, AARI-2011 (64%) and Lasani-2008 (65%) 

during 2011-12. During 2012-13, maximum reduction in weed density (71%) over fallow 

plots was noticed with Faisalabad-2008, and was statistically similar (p≤0.05) with 

AARI-2011 (69%). Reduction in total weed density over control, at 75 DAS, with the 

latter cultivar was on par with that (68%) observed for Millat-2011. 

Total weed dry biomass was also significantly (p≤0.05) lower with all wheat 

cultivars at 75 DAS when compared to the control (Table 4.3). Maximum suppression 

(95%) in weed dry biomass was observed with wheat cultivar AARI-2011 during 2011-

12, which was on par with Lasani-2008 and Faisalabad-2008. However, during second 

year suppression of weed dry biomass did not vary significantly (p≤0.05) among the 

different wheat cultivars. 

4.1.1.8. Density and dry biomass of broad-leaf weeds (75 DAS) 

Data (Table 4.3) revealed that densities of broad-leaved weeds at 75 DAS were 

significantly (p≤0.05) reduced with all wheat cultivars when compared to the control. 

During 2012-2013, maximum suppression of broad-leaf weed density over fallow plots 

was observed for wheat cultivar Faisalabad-2008, followed by Millat-2011 and AARI-

2011. During 2011-12, density of broad-leaf weeds was only 32% lower under Milat-

2011 as compared to control where densities with the other cultivars were significantly 

lower than with Millat-2011. 

Broad-leaf weed dry biomass (Table 4.3) at 75 DAS was significantly affected 

(p≤0.05) by all wheat cultivars compared with the control. During 2011-12, highest 

reduction in biomass of broad-leaf weeds (94% and 91%) over fallow plots was recorded 

under AARI-2011 and Faisalabad-2008 but was not significantly different from that with 

Lasani-2008. During 2012-13, broad-leaf weed dry biomass under different wheat 

cultivars was reduced by 95% as compared to the control, but no-significant (p≤0.05) 

differences were observed amongst the cultivars.  

4.1.1.9. Density and dry biomass of narrow-leaf weeds (75 DAS) 

At 75 DAS, significant (p≤0.05) a suppressive effect of wheat cultivars AARI-

2011, Lasani-2008 and Faisalabad-2008 on the densities of narrow-leaf weeds was 

observed as compared to control plots (Table 4.3). Extent of suppression in narrow-leaf 

weed density did not vary among wheat cultivars during 2012-2013.  
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Narrow-leaf weed dry biomass was also significantly (p≤0.05) lower at 75 DAS in 

experimental plots of all wheat cultivars than fallow control plots (Table 4.3). During 

both the years of study, reduction in dry biomass of narrow-leaf weeds ranged from 81 to 

98% (2011-2012) and 89 to 95% (2012-13) as compared to control but the differences 

amongst cultivars were not significantly (p≤0.05). 

4.1.1.10. Total weed density and dry biomass (90 DAS) 

Field-sown plots of all wheat cultivars recorded significantly (p≤0.05) lower weed 

densities at 90 DAS than the fallow plots (Table 4.4). Wheat cultivars AARI-2011 and 

Faisalabad-2008 had 80% lower weed density during 2011-12, which was statistically on 

par with suppression achieved with Lasani-2008. However, during 2012-13, AARI-2011, 

Lasani-2008 and Faisalabad-2008 resulted in similar (p≤0.05) level (76%) of weed 

suppression over control, and were all significantly lower than with Millat-2011. 

Weed dry biomass in both years was significantly (p≤0.05) reduced with all wheat 

cultivars at 90 DAS as compared to control (Table 4.4). However, such a reduction in 

weed dry biomass did not vary among experimental plots of different wheat cultivars. 

4.1.1.11. Density and dry biomass of broad-leaf weeds (90 DAS) 

The response was the same as these obtained for total weed density and biomass. 

4.1.1.12. Density and dry biomass of narrow-leaf weeds (90 DAS) 

Density of narrow-leaved weeds at 90 DAS (Table 4.4) was significantly (p≤0.05) 

lower with all wheat cultivars than with fallow plots during both years of the study. 

During both years, over 80% reduction in narrow-leaf weed density was observed in 

field-grown-plots of different wheat cultivars as compared to fallow plots. However, 

suppression in narrow leaf weed density did not vary under wheat cultivars. 

Dry biomass of narrow-leaf weeds at 90 DAS was significantly (p≤0.05) reduced 

under all wheat cultivars when compared with control (Table 4.4) during both years of 

study. Maximum suppression in narrow-leaf weed dry biomass (92%) was observed for 

wheat cultivar AARI-2011 which was statistically at par with Faisalabad-2008 in 2011-

12. In 2012-13, maximum (89%) suppression was noticed for wheat cultivar Millat-2011. 

The remaining three wheat cultivars did not vary significantly regarding suppression of 

narrow-leaf weed dry biomass. 

4.1.1.13. Weed density and dry biomass (105 DAS) 

Data on total weed densities at 105 DAS (Table 4.5) indicated significant (p≤0.05) 

suppressive effect of all wheat cultivars over control. During 2011-12, maximum (92%) 

suppression in weed density was recorded for wheat cultivar AARI-2011 which was on 
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par with Millat-2011 and Lasani-2008 but higher than Faisalabad-2008. However, in 

2012-13, maximum (89%) suppression in weed density over control was recorded for 

wheat cultivar Faisalabad-2008. Nevertheless, for wheat cultivars Millat-2011, AARI-

2011 and Lasani-2008 also significantly reduced total weed density by 86, 84 and 83%, 

respectively over control. 

Total weed dry biomass at 105 DAS under all wheat cultivars was significantly 

(p≤0.05) lower than that recorded in fallow plots (Table 4.5). During 2011-12 the 

response was similar to that with weed density; with maximum reduction in total weed 

dry biomass over fallow plots was observed in cultivar AARI-2011 that did not differ 

from Millat-2011 and Lasani-2008. During 2012-13, up to 97% suppression in total weed 

dry biomass over fallow plots was recorded which, however, did not vary significantly 

among the different wheat cultivars. 

4.1.1.14. Density and dry biomass of broad-leaf weed (105 DAS) 

Significant (p≤0.05) differences in the densities of broad-leaf weeds were 

observed under the influence of different wheat cultivars as compared to control (Table 

4.5). During 2011-12, all cultivars suppressed weed density with no significant 

differences among cultivars. However, in 2012-13, wheat cultivars differed significantly 

regarding broad-leaf weed density. Maximum inhibition in broad-leaf weed density over 

control was observed for plots sown with Faisalabad-2008. Nevertheless, the lowest with 

the statistically similar (p≤0.05) AARI-2011 and Lasani-2008. 

At 105 DAS, total broad-leaf weed dry biomass with all wheat cultivars was 

significantly (p≤0.05) lower than that recorded for fallow plots Table 4.5). Broad-leaf 

weed dry biomass under wheat-sown plots was 89-96% and 96-98% lower than that 

observed in fallow plots during growing seasons of 2011-12 and 2012-13, respectively. 

All cultivars were equally effective at suppressing broad-leaf weed dry biomass (p≤0.05) 

during both years of study. 

4.1.1.15. Density and dry biomass of narrow-leaf weed density (105 DAS) 

Narrow-leaf weed densities were also significantly (p≤0.05) suppressed with all 

wheat cultivars at 105 DAS when compared to fallow plots (Table 4.5). During 2011-12, 

maximum (85%) reduction in narrow-leaf weed density over control was noticed for plots 

sown with wheat cultivars Lasani-2008, Millat-2011 (78%) and AARI-2011 (82%). 

During 2012-13, maximum (97-98%) reduction in narrow leaf weed density was observed 

for wheat cultivars Lasani-2008, and Faisalabad-2008 which were not significantly 

different from AARI-2011. 
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Total narrow-leaf weed dry biomass at 105 DAS was significantly (p≤0.05) 

reduced with wheat cultivars when compared with control (Table 4.5); however, the 

difference in level of suppression was non-significant amongst cultivars during both 

growing seasons.  
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Table: 4.3. Influence of different wheat cultivars on density and dry biomass of weeds at 75 DAS 

 2011-12  

Wheat cultivars Total weed density 

(m-2) 

Total weed dry biomass  

(g m-2) 

Broad-leaf weed density 

(m-2) 

Broad-leaf weed dry 

biomass (g m-2) 

Narrow-leaf weed density 

(m-2) 

Narrow-leaf weed dry 

biomass (g m-2) 

Control (fallow) 114.00 ± 6.48 a 53.60 ± 5.46 a 99.50 ± 6.08 a 46.67 ± 4.32 a 14.50 ± 5.06 a 6.93 ± 1.64 a 

Millat-2011 73.38 ± 4.75 b 13.66 ± 1.23 b 67.38 ± 7.48 b 12.58 ± 2.70 b 6.00 ± 1.15 ab 1.08 ± 0.51 b 

AARI-2011 41.13 ± 5.49 c 2.81 ± 0.44 c 37.13 ± 3.62 c 2.68 ± 0.45 c           4.00 ± 1.41 b 0.13 ± 0.06 b 

Lasani-2008 39.50 ± 4.86 c 7.05 ± 0.97 bc 37.00 ± 4.20 c 5.42 ± 0.58 bc           2.50 ± 0.96 b 1.63 ± 0.71  b 

Faisalabad-2008 31.75 ± 3.07 c 5.64 ± 0.78 bc 26.75 ± 3.09 c 4.36 ± 0.83 c           5.00± 1.73 b 1.28 ± 0.55 b 

LSD p ≤  0.05 14.002 8.303 11.567 7.853 9.144 2.862 

 2012-13  

Control (fallow) 577.00 ± 3.63 a     132.10 ± 4.91 a 505.00 ± 4.22 a    124.52 ± 3.20 a 72.00 ± 3.37 a 7.58 ± 1.30 a 

Millat-2011 184.50 ± 5.56 c 6.86 ± 1.25 b 179.00 ±  3.70 c 6.40 ± 1.07 b 5.50 ± 1.19 b 0.46 ± 0.34 b 

AARI-2011   179.50 ± 3.86 cd 6.97 ± 1.18 b  172.50 ± 4.99 cd 6.59 ± 1.28 b 7.00 ± 0.91 b 0.38 ± 0.22 b 

Lasani-2008  253.00 ± 6.42 b 8.17 ± 1.00 b 248.50 ± 4.29 b 7.62 ± 1.85 b 4.50 ± 0.50 b 0.55 ± 0.28 b 

Faisalabad-2008 165.50 ± 6.85 d 9.39 ± 1.89 b 161.50 ± 4.65 d 8.60 ± 3.14 b 4.00 ± 0.41 b 0.79 ± 0.17 b 

LSD p ≤  0.05 17.808 7.251 12.924 15.681 5.403 1.832 

Each value represents mean of four replications (± S.E). Means in a column not sharing a letter differ significantly at 5% probability by LSD test; S.E: standard error  

 

Table: 4.4. Influence of different wheat cultivars on density and dry biomass of weeds at 90 DAS 
2011-12 

Wheat cultivars Total weed density 

(m-2) 

Total weed dry biomass (g 

m-2) 

Broad-leaf weed density 

(m-2) 

Broad-leaf weed dry 

biomass (g m-2) 

Narrow-leaf weed density 

(m-2) 

Narrow-leaf weed dry 

biomass (g m-2) 

Control (fallow)  147.50 ± 7.86 a    139.35 ± 5.43 a  131.50 ± 4.99 a    131.37 ± 3.38 a  16.00 ± 2.35 a 7.98 ± 0.87 a 

Millat-2011 44.50 ± 1.96 b 8.24 ± 3.05 b  42.00 ± 5.48 b 5.50 ± 0.90 b 2.50 ± 0.65 b 2.74 ± 1.03 b 

AARI-2011 29.50 ± 3.40 c 3.66 ± 0.61 b 25.00 ± 2.38 c 3.02 ± 1.07 b 4.50 ± 1.85 b 0.64 ± 0.16 c 

Lasani-2008  34.75 ± 2.93 bc 5.80 ± 0.71 b   30.50 ± 3.18 bc 2.79 ± 0.63 b 4.25 ± 0.85 b 3.02 ± 0.69 b 

Faisalabad-2008 29.00 ± 2.08 c 4.06 ± 0.57 b 26.50 ± 1.71 c 2.03 ± 1.02 b 2.50 ± 1.19 b   2.03 ± 0.59 bc 

LSD p ≤ 0.05 13.056 9.216 11.703 5.239 5.024 2.085 

2012-13 

Control (fallow)  190.00 ± 3.37 a   158.29 ± 4.04 a  159.00 ± 2.38 a    143.42 ± 4.08 a 31.00 ± 1.73 a  14.87 ± 1.48 a 

Millat-2011 58.00 ± 3.92 b  10.26 ± 1.89 b 52.00 ± 4.69 b 8.62 ± 1.34 b 6.00 ± 1.08 b 1.64 ± 0.61 c 

AARI-2011 38.50 ± 2.75 c 9.17 ± 1.09 b 31.50 ± 1.71 c 6.94 ± 0.60 b 7.00 ± 1.08 b 2.24 ± 0.69 b 

Lasani-2008 45.50 ± 4.50 c 4.93 ± 0.38 b 38.50 ± 3.23 c 2.75 ± 0.34 b 7.00 ± 0.71 b 2.18 ± 0.85 b 

Faisalabad-2008 43.50 ± 3.86 c 7.86 ± 1.21 b 37.50 ± 2.99 c 5.23 ± 0.86 b 6.00 ± 0.82 b 2.64 ± 0.53 b 

LSD p ≤  0.05 9.748 7.261 9.316 6.375 3.646 2.675 

Each value represents mean of four replications (± S.E). Means in a column not sharing a letter differ significantly at 5% probability by LSD test; S.E: standard error  
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Table: 4.5. Influence of different wheat cultivars on density and dry biomass of weeds at 105 DAS 
2011-12 

Wheat cultivars Total weed density 

(m-2) 

Total weed dry biomass 

(g m-2) 

Broad-leaf weed density 

(m-2) 

Broad-leaf weed dry 

biomass (g m-2) 

Narrow-leaf weed 

density (m-2) 

Narrow-leaf weed dry 

biomass (g m-2) 

Control (fallow)  372.00 ± 7.75 a   109.38 ± 4.98 a   358.00 ± 9.02 a   92.65 ± 4.65 a  14.00 ± 0.71 a  16.73 ± 1.45 a 

Millat-2011  32.00 ± 2.86 bc 7.50 ± 1.04 bc 29.00 ± 1.29b 6.31 ± 0.59 b 3.00 ± 0.91 c 1.19 ± 0.32 b 

AARI-2011 28.00 ±  2.94 c  4.96 ± 0.74 c 25.50 ± 2.06 b 3.34 ± 0.77 b 2.50 ± 0.87 c 1.62 ± 1.04 b 

Lasani-2008  34.50 ± 2.22 bc  10.57 ± 1.07 bc 32.50 ± 2.99 b 7.38 ± 1.40 b 2.00 ± 0.58 c 3.19 ± 1.03 b 

Faisalabad-2008 45.00 ± 4.20 b 14.13 ± 1.26 b 38.00 ± 3.65 b   10.25 ± 1.79 b 7.00 ± 1.29 b 3.88 ± 1.07 b 

LSD p ≤  0.05 14.799 7.364 14.807 7.784 2.420 3.549 

2012-13 

Control (fallow)  773.50 ± 5.33 a    183.24 ± 0.77 a   657.00 ± 2.38 a    161.73 ± 3.76 a    116.50 ± 2.90 a    21.51 ± 1.36 a 

Millat-2011  105.00 ± 2.38 c 5.26 ± 0.62 b 97.50 ± 2.25 c 4.15 ± 0.55 b 7.50 ± 0.96 b 1.11 ± 0.44b 

AARI-2011  120.50 ± 3.77 b 5.02 ± 0.83 b    117.50 ± 2.53 b 3.91 ± 0.61 b   3.00 ± 0.91 bc 1.11 ± 0.05 b 

Lasani-2008  124.50 ± 4.21 b 5.75 ± 1.21 b   121.00 ± 3.42 b 3.81 ± 0.98 b 3.50 ± 0.50 c 1.93 ± 0.52 b 

Faisalabad-2008 85.00 ± 2.80 d 6.11 ± 0.66 b 82.50 ± 3.57 d 6.07 ± 0.95 b 2.50 ± 0.87 c  0.04 ± 0.02 b 

LSD p ≤  0.05 10.970 2.631 8.953 6.082 4.229 2.080 

Each value represents mean of four replications (± S.E). Means in a column not sharing a letter differ significantly at 5% probability by LSD test; S.E: standard error  
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4.1.2. Summed dominance ratio of weeds 

4.1.2.1. Summed dominance ratio of weeds (45 DAS) 

Summed dominance ratios (SDR) of different weeds varied in plots sown with 

different wheat cultivars when compared to fallow plots (control) during both the growing 

seasons (Table 4.6). However, swine cress with a SDR ranging between 38-56% 

dominated all plots when compared to that in control plots (35% SDR for same weed). In 

2011-12, weeds like false daisy and broadleaf dock were not found in plots sown with 

AARI-2011 and Faisalabad-2008 respectively, and same was true for lambquarters and 

canarygrass during 2012-13 for plots sown with AARI-2011. Blue pimpernel was more 

dominant in plots sown with the cultivar AARI-2011 (SDR 25%) in 2011-12; although in 

2012-13, dominance of this weed was less in wheat sown plots (SDR 13-20%) than 

control plots (SDR 22%). Canarygrass was the least dominant weed with a SDR value of 

only 0.90% and 0.21% in plots sown under AARI-2011 during 2011-12 and 2012-13, 

respectively and absent with Millat-2011 in 2012-2013. Floristic composition of weeds 

also differed between both growing seasons so that broadleaf dock, false daisy and 

bermuda grass present during 2011-12 were absent in the experimental plots in 2012-13, 

while opposite was true for nettleleaf goosefoot, fumitory and sweet clover. Purple 

nutsedge was the only sedge present throughout the season during both years of study. 

Dominance of this weed was higher only in plots sown with wheat cultivar Millat-2011 

(SDR 14%) in 2011-12. In 2011-12, field bindweed SDR values were 17 and 23% in 

plots sown with wheat cultivars Lasani-2008 and Faisalabad-2008; while in 2012-13, 

dominance ratio of this weed dropped in plots sown with wheat cultivars relative to the 

control. At 45 DAS, broad-leaf weeds were more dominant than grassy weeds.  

During 2011-12, overall weed dominance ratio averaged regarding cultivar was in 

order for plots sown with Millat-2011: swine cress > purple nutsedge > bermudagrass > 

false daisy > broadleaf dock > field bindweed > blue pimpernel > canarygrass; in plots 

sown with AARI-2011: swine cress > blue pimpernel > broadleaf dock > bermudagrass > 

purple nutsedge > field bindweed > canarygrass; in plots sown with Lasani-2008: swine 

cress > field bindweed > bermudagrass > purple nutsedge > broadleaf dock > blue 

pimpernel > canarygrass > false daisy; in plots sown with Faisalabad-2008: swine cress > 

field bindweed > bermudagrass > blue pimpernel > purple nutsedge > canarygrass > false 

daisy. During 2012-2013, the summed dominance ratio in plots sown with Millat-2011 

was in order: swine cress > blue pimpernel > field bindweed > sweet clover > purple 

nutsedge; in plot sown with AARI-2011: swine cress > blue pimpernel > field bindweed 
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> fumitory >sweet clover > lambsquarters > purple nutsedge > canarygrass; in plots sown 

with Lasani-2008: swine cress > blue pimpernel > fumitory > nettleleaf goosefoot > field 

bindweed > sweet clover > canarygrass > lambsquarters > purple nutsedge; and in plots 

sown with Faisalabad-2008: swine cress > blue pimpernel > fumitory > sweet clover > 

field bindweed > lambsquarters > purple nutsedge > canarygrass. 

4.1.2.2. Summed dominance ratio of weeds (60 DAS) 

Summed dominance ratios for individual weeds calculated at 60 DAS showed that 

it varied in experimental plots sown with wheat cultivars as compared to control during 

both the growing seasons (Table 4.7). During both growing seasons, swine cress was the 

dominant weed in plots sown with wheat cultivars and SDR exceeded that of thecontrol. 

Blue pimpernel was the most dominant in plots sown with AARI-2011 (SDR 11%) 

during 2011-12 and AARI-2011 (SDR 19%) and Lasani-2008 (SDR 20%) during 2012-

13 had higher SDR than the control (18%). The dominance of lambquarters was higher 

only in plots sown with wheat cultivars AARI-2011 (23%) and Faisalabad-2008 (24%) 

than the control (21%) during 2011-12; while in 2012-13, dominance of this weed was 

lower in all wheat sown plots (SDR 4-5%) than in control plots (SDR 16%). Higher 

dominance of purple nutsedge was observed in plots sown with wheat cultivars Lasani-

2008 (SDR 18%) and Faisalabad-2008 (SDR 23%) than control (SDR 15%) during 2011-

12, but in 2012-2013 SDR with all treatments were less than 3 except for Faisalabad-

2011. Canarygrass exhibited lower dominance in plots sown with wheat cultivars during 

both years of study. Some weeds like broadleaf dock, green spurge and fumitory, absent 

in 2011-12, were present in the experimental plots in 2012-13; while, the opposite was 

true for false daisy and bermudagrass. Field bindweed was the most dominant weed in 

plots sown with wheat cultivar Millat-2011 (SDR 12%) and Lasani-2008 (SDR 24%) 

compared to the control (SDR 3%) during 2011-12, and in 2012-2013 it was most 

dominant with wheat cultivar Faisalabad-2008 (SDR 5%). Broadleaf dock and fumitory 

was the least dominant weeds in experimental plots during 2012-13; however, sweet 

clover was the dominant weed for which SDR ranged from 1-8% as compared to control 

(SDR 0.84%). Grasses were less dominant than broad-leaf weeds in all experimental 

plots. 
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Table: 4.6. Sum dominance ratio of different weeds as influenced by wheat cultivars (45 DAS) 
2011-12 

Wheat cultivars Swine cress Blue 

Pimpernel 

Lambquart

ers 

Purple 

nutsedge 

Canarygras

s 

Broadleaf 

dock 

Field 

bindweed 

False daisy Bermuda 

grass 

Nettleleaf 

goosefoot 

Fumitory Sweet 

clover 

Control (fallow) 35.55±5.94 6.73±1.56 11.89±2.97 11.18±2.98 15.08±5.46 2.78±2.78 12.89±6.31 - 3.89±1.58 - - - 

Millat-2011 56.64±16.42 2.43±2.43 - 14.46±7.47 1.27±0.77 4.51±4.51 2.28±1.32 8.31±7.23 10.11±7.46 - - - 

AARI-2011 44.73±7.68 25.74±14.35 - 3.48±2.01 0.90±0.90 14.95±14.95 3.64±2.15 - 6.56±4.22 - - - 

Lasani-2008 38.77±12.65 5.61±2.52 - 10.96±4.75 4.29±3.02 9.10±9.10 17.93±11.04 1.24±1.24 12.09±7.42 - - - 

Faisalabad-2008 42.75±8.27 9.98±4.04 - 5.70±2.02 4.49±3.27 - 23.23±7.44 1.81±1.06 12.04±6.80 - - - 

2012-13 

Control (fallow) 49.48±2.69 22.60±7.36 6.91±3.38 0.58±0.36 3.41±1.79 - 7.98±4.49 - - 5.65±3.45 1.43±0.85 1.18±0.49 

Millat-2011 61.62±9.16 17.00±4.75 - 1.87±1.01 - - 3.67±3.17 - - -  11.97±7.00 2.92±2.92 

AARI-2011 66.60±4.62 18.21±8.19 1.01±1.01 0.48±0.43 0.21±0.21 - 5.69±4.61 - - - 4.70±2.91 3.41±1.21 

Lasani-2008 61.62±5.63 20.29±3.32 1.20±0.76 0.05±0.03 1.97±0.70 - 3.41±2.88 - - 3.42±2.07 5.99±3.55 2.28±1.12 

Faisalabad-2008 61.80±10.00 13.13±5.43 1.69±1.00 0.79±0.43 0.39±0.39 - 4.92±4.47 - - -  10.28±6.03 6.14±2.66 

Each value represents mean of four replications (± S.E), S.E: standard error  

 

 
 

Table: 4.7. Sum dominance ratio of different weeds as influenced by wheat cultivars (60 DAS) 
2011-12 

Wheat cultivars Swine cress Blue 

pimpernel 

Lambquarters Purple 

nutsedge 

Canarygrass Broadleaf 

dock 

Field 

bindweed 

False daisy Bermuda 

grass 

Green 

spurge 

Fumitory Sweet 

clover 

Control (fallow) 39.64±8.55 4.27±2.02 21.79±3.09 14.69±5.18 11.43±1.55 - 3.76±2.96 0.37±0.37 4.05±0.96 - - - 

Millat-2011 36.76±12.48 5.41±2.60 20.49±11.48 14.26±6.50 1.63±1.63 - 12.18±4.72 0.54±0.54 8.72±8.27 - - - 

AARI-2011 41.67±4.07 10.75±4.17 23.41±5.32 13.34±4.02 5.10±5.10 - 1.94±1.94 - 3.21±1.49 - - 0.57±0.57 

Lasani-2008 26.30±8.64 2.97±1.24 17.18±11.04 18.72±6.42 6.47±6.47 - 24.90±10.22 - 1.96±1.96 - - 1.49±0.54 

Faisalabad-2008 34.28±9.09 - 24.98±6.84 23.67±7.33 14.18±9.18 - 2.89±2.89 - - - - - 

2012-13 

Control (fallow) 51.83±6.73 18.12±6.64 16.20±3.18 0.72±0.25 8.72±2.59 0.62±0.62 - - - 0.89±0.89 2.07±1.25 0.84±0.36 

Millat-2011 57.30±11.43 13.90±6.55 5.67±3.03 1.44±1.44 1.25±0.25 8.65±7.56 3.35±3.35 - - - 0.37±0.37 8.05±7.51 

AARI-2011 71.42±5.29 19.20±6.07 4.37±1.32 - 0.95±0.59 1.53±1.53 0.26±0.26 - - - 0.94±0.57 1.32±0.81 

Lasani-2008 63.09±4.31 20.44±4.76 4.83±0.93 0.54±0.32 4.31±1.94 1.35±1.35 0.45±0.45 - - 0.31±0.31 1.61±1.22 3.09±1.67 

Faisalabad-2008 62.12±4.19 13.17±3.84 5.28±0.93 2.84±1.08 2.37±1.01 2.57±1.30 5.66±3.64 - - - 0.53±0.53 5.46±1.98 

Each value represents mean of four replications (± S.E), S.E: standard error  
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4.1.2.3. Summed dominance ratio of weeds (75 DAS) 

Dominance ratios of weeds differed during both years of study in experimental 

plots when compared to control (Table 4.8). At 75 DAS, dominance ratio of swine cress 

dropped (SDR 28-56%) in plots sown with wheat cultivars when compared to those 

observed in control plots (SDR 61-65%) during the growing seasons of 2011-12 and 

2012-13, respectively. Blue pimpernel SDRs of ranged between 4-8% with wheat 

compared with the control (SDR 3%) during 2011-12 and SDRs of 17-42% during 2012-

13 in comparison with the control (SDR 16%). Higher dominance of lambquarters was 

observed in plots sown with wheat cultivars when compared to control during both years 

of study. Purple nutsedge was more dominant in plots sown with the wheat cultivar 

AARI-2011 (SDR 6%) than control (SDR 4%) during 2011-12; while in 2012-13, 

dominance ratio of this weed was less in plots sown with wheat cultivars with the control. 

During 2012-13, weed floristic composition was more diverse than in 2011-12. Weeds 

like green spurge, nettleleaf goosefoot and fumitory absent in 2011-12 were present in 

2012-13 while, the opposite was true for bermudagrass. The dominace ratio of grassy 

weeds was less than that of broad-leaf weeds in all experimental plots. 

4.1.2.4. Summed dominance ratio of weeds (90 DAS) 

At 90 DAS, dominance ratio of swine cress declined (SDR 20-47%) with the 

progress of wheat growth as compared to control plots (SDR 76%) and during both the 

growing seasons, a similar trend was noticed. Blue pimpernel was the dominant weed 

with SDR value of 12, 13, and 10%, and 7, 14 and 11% in plots sown with wheat 

cultivars AARI-2011, Lasani-2008 and Faisalabad-2008 in 2011-12 and 2012-13, 

respectively. Lambquarters was the most dominant weed in all experimental plots sown 

with wheat cultivars ranging with SDR 15-33% than control (SDR 8.21%) in 2011-12 and 

13-29% in 2012-13 as compared to that observed for control plots (SDR 8.68%). 

Dominance of purple nutsedge was higher in wheat-sown plots of all cultivars than the 

control during both the years of the study. Canarygrass was the most dominant grassy 

weed with SDR value of 12-27% and 11-20% over control (SDR 3 and 5%) during 

growing season of 2011-12 and 2012-13, respectively. Nevertheless, the dominance of 

broad-leaf weeds was higher in all experimental plots compared to the grassy weeds. 

Dominance ratio order of weeds also changed with progression of crop towards maturity 

during both years.  

In 2011-12, higher dominance was observed for wheat cultivar Millat-2011 in the 

order: swine cress > lambquarters > purple nutsedge > canarygrass > field bindweed > 
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blue pimpernel > false daisy > sweet clover; for AARI-2011: swine cress > lambquarters 

> purple nutsedge > blue pimpernel > canarygrass > sweet clover > false daisy; for 

Lasani-2008: swine cress > canarygrass > lambquarters > field bindweed > blue 

pimpernel > purple nutsedge > sweet clover; for Faisalabad-2008: swine cress > 

canarygrass > lambquarters > blue pimpernel > purple nutsedge and similar order was 

also observed during 2012-13. 

4.1.2.5. Summed dominance ratio of weeds (105 DAS) 

A perusal of data regarding SDR at 105 DAS depicts variable SDR values of 

different weeds in plots sown with different wheat cultivars as compared to control plots 

during both the years of study (Table 4.10). During 2011-12, swine cress was less 

dominant in plots sown with wheat cultivars with SDR value ranging from 29-56% in 

2011-12 as compared to control (SDR 74%). During 2012-13, it was more dominant in 

plots with AARI-2011 (SDR 55%) than in control plots (SDR 54%). Blue pimpernel was 

the dominant weed with SDR of 9, 12, 12 and 8% (2011-12) and 22, 18, 31 and 16% 

(2012-13) in plots sown with Millat-2011, AARI-2011, Lasani-2008 and Faisalabad-

2008, respectively. Lambquarters was the most dominant in plots sown with wheat 

cultivars with SDRs of ranged (34-39%) than in control (SDR 5%) during 2011-2012 and 

17-27% in 2012-2013as compared to that observed for control plots (SDR 10%). Purple 

nutsedge was the dominant weeds in plots sown with wheat cultivars as compared to 

control plots. Canarygrass was more dominant in plots sown with wheat cultivars Lasani-

2008 (SDR 11%) and Faisalabad-2008 (SDR 11%) during 2011-12 than the control. 

During 2012-13, canarygrass was more dominant weed in plots sown with wheat cultivars 

Millat-2011 (SDR 9%), AARI-2011 (SDR 8%) and Lasani-2008 (SDR 10%) as compared 

to the control (SDR 5%). Similar weed dominance was observed for all wheat cultivars 

that were in order: swine cress > lambquarters > blue pimpernel > canarygrass > purple 

nutsedge and similar trend was observed during 2012-13. 
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Table: 4.8. Summed dominance ratio of different weeds as influenced by wheat cultivars (75 DAS) 
2011-12 

Wheat cultivars Swine 

cress 

Blue 

pimpernel 

Lambquarters Purple 

nutsedge 

Canarygrass Broadleaf 

dock 

Field 

bindweed 

Green 

spurge 

Bermuda 

grass 

Nettleleaf 

goosefoot 

Fumitory Sweet 

clover 

Wild oat 

Control (fallow) 60.72±6.30 3.35±0.78 23.27±5.02 4.74±2.36 6.37±2.15 - - - 1.55±0.72 -  - - 

Millat-2011 56.18±9.89 4.40±0.80 25.19±7.01 3.08±1.24 8.76±5.07 - 0.25±0.25 - 0.30±0.30 - - 1.84±1.12 - 

AARI-2011 48.89±9.38 8.43±2.19 28.80±10.97 6.84±3.03 - 1.83±1.83 3.85±3.85 - 0.53±0.53 - - 0.83±0.83 - 

Lasani-2008 41.83±7.47 6.38±1.37 36.29±10.3 1.30±1.30 9.45±5.57 - 2.29±2.29 - 2.47±2.47 - - - - 

Faisalabad-2008 28.93±2.36 4.68±2.65 44.46±7.08 4.32±2.12 13.23±5.57 1.12±1.12 - - 1.73±1.03 - - 1.52±0.88 - 

2012-13 

Control (fallow) 65.69±3.41 16.57±4.46 6.40±0.88 5.90±2.55 1.67±0.40 0.11±0.07 0.08±0.08 0.96±0.54 - 0.20±0.12 0.20±0.20 2.04±1.15 0.30±0.30 

Millat-2011 52.89±2.09 20.09±6.83 7.51±4.81 1.56±0.19 2.57±2.05 0.49±0.49 2.66±2.66 0.03±0.03 - - 1.37±0.99 10.57±8.15 - 

AARI-2011 54.87±7.74 17.31±4.12 14.64±4.93 2.04±0.81 2.83±2.05 - 0.11±0.11 0.58±0.40 - 1.07±1.07 0.41±0.41 5.99±5.72 - 

Lasani-2008 28.92±4.78 42.30±4.92 8.46±2.65 1.05±0.37 3.95±3.58 1.81±1.08 8.40±8.40 0.13±0.12 - 0.43±0.43 1.64±1.64 5.60±5.43 - 

Faisalabad-2008 43.79±2.39 16.44±3.38 17.10±5.87 1.93±0.69 5.18±3.99 0.42±0.42 13.43±5.72 0.09±0.09 - 0.11±0.11 0.70±0.70 2.64±1.39 - 

Each value represents mean of four replications (± S.E), S.E: standard error  

 

 

 

Table: 4.9. Summed dominance ratio of different weeds as influenced by wheat cultivars (90 DAS) 
2011-12 

Wheat cultivars Swine cress Blue 

pimpernel 

Lambquarters Purple 

nutsedge 

Canarygrass Broadleaf 

dock 

Field 

bindweed 

False daisy Green spurge Sweet clover 

Control (fallow) 76.76±2.56 5.76±2.12 8.21±0.46 2.53±0.95 3.61±0.75 0.34±0.34 - 0.35±0.35 1.94±0.58 0.50±0.34 

Millat-2011 47.21±13.60 3.77±1.49 15.96±7.87 13.55±13.55 12.81±12.81 - 3.94±3.01 1.34±1.34 - 0.88±0.88 

AARI-2011 33.16±4.32 12.58±5.76 33.40±11.35 13.57±13.57 3.64±3.64 - - 1.18±1.18 - 2.48±2.48 

Lasani-2008 20.55±6.81 13.58±3.78 17.63±7.18 3.88±2.32 27.07±10.58 - 13.69±8.27 - - 3.70±2.40 

Faisalabad-2008 38.57±2.27 10.85±3.98 23.40±13.54 2.57±2.57 24.61±14.39 - - - - - 

2012-13 

Control (fallow) 68.93±4.46 5.20±0.86 8.68±1.24 4.95±0.91 5.73±1.97 1.35±1.08 0.93±0.25 0.76±0.15 2.90±0.44 0.57±0.09 

Millat-2011 61.78±13.22 5.99±1.34 13.62±9.43 4.17±0.90 11.05±11.05 - 1.82±1.46 1.07±1.07 - 0.50±0.50 

AARI-2011 42.91±8.79 7.75±2.87 29.30±6.59 5.99±4.28 12.24±7.23 - - 0.62±0.62 0.62±0.62 0.57±0.57 

Lasani-2008 26.14±7.26 14.33±3.82 19.52±5.65 8.10±4.14 20.16±6.85 - 5.59±3.36 - 4.39±3.51 1.77±1.23 

Faisalabad-2008 47.38±2.81 11.69±1.18 15.89±4.02 5.29±1.26 19.75±2.42 - - - - - 

Each value represents mean of four replications (± S.E), S.E: standard error  
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Table: 4.10. Summed dominance ratio of different weeds as influenced by wheat cultivars (105 DAS) 
2011-12 

Wheat cultivars Swine cress Blue 

pimpernel 

Lambquart

ers 

Purple 

nutsedge 

Canarygras

s 

Broadleaf 

dock 

Field 

bindweed 

Bermuda 

grass 

Green 

spurge 

Nettleleaf 

goosefoot 

Fumitory Sweet 

clover 

Control (fallow) 73.75±2.49 5.19±2.03 9.89±1.24 1.37±0.68 7.94±1.45 0.12±0.12 0.16±0.16 1.55±0.76 - - - 0.04±0.04 

Millat-2011 37.38±6.44 9.80±8.70 39.04±8.25 4.65±2.13 5.37±5.37 - - 3.75±3.75 - - - - 

AARI-2011 55.74±15.29 12.89±2.36 17.61±11.32 2.42±1.72 7.92±7.92 - - 2.79±2.79 - - - 0.64±0.64 

Lasani-2008 42.29±14.30 12.61±3.69 24.80±12.86 1.31±0.83 11.27±7.24 - 7.72±7.72 - - - - - 

Faisalabad-2008 28.92±5.22 8.34±3.04 33.64±3.76 2.53±1.00 10.80±6.33 - 7.87±4.57 7.90±2.91 - - - - 

2012-13 

Control (fallow) 54.36±5.09 14.35±4.47 10.18±1.03 7.35±2.83 4.77±1.41 - 0.11±0.06 - 1.39±0.44 0.21±0.13 5.33±3.73 1.95±1.13 

Millat-2011 34.61±5.16 22.31±4.53 26.97±9.00 4.04±1.53 8.79±8.79 - 1.04±0.77 - - - 0.66±0.47 1.58±0.70 

AARI-2011 55.08±14.71 18.49±6.99 14.19±5.27 0.81±0.68 7.83±4.52 - 0.10±0.10 - 0.20±0.20 - - 3.29±2.01 

Lasani-2008 40.12±12.19 30.75±5.58 15.23±7.87 3.01±2.04 10.07±5.82 - - - - - - 0.81±0.50 

Faisalabad-2008 52.72±16.46 15.76±5.72 16.82±6.26 3.04±3.04 - - 1.81±1.46 - - - 0.31±0.23 9.53±5.54 

Each value represents mean of four replications (± S.E). 

S.E: standard error  
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4.1.3. Wheat crop 

4.1.3.1. Crop growth 

4.1.3.1.1. Leaf area index (LAI) 

Patterns of LAI differed with time amongst wheat cultivars under weedy and weed 

free conditions (Fig. 4.1). Highest LAIs for AARI-2011 and Faisalabad-2008 were recorded 

during 2011-12 (5.05 and 5.27 in weed free; 5.07 and 4.26 in weedy, respectively). While 

during 2012-13, Millat-2011 and Lasani-2008 recorded highest values of LAIs (weed free= 

6.33 and 6.36; weedy= 6.05 and 6.08), respectively. 

4.1.3.1.2. Leaf area duration (LAD) (days) 

Leaf area duration increased significantly over time in both weed free and weedy 

plots (Fig. 4.2). LAD was non-significant for all wheat cultivars during both years of study 

(Table 4.11); however, maximum LAD was recorded for weed free plots (249 days) as 

compared to weedy plots (231 days) during 2011-12 (Table 4.11). 

4.1.3.1.3. Total dry matter accumulation (TDM) (g m
-2

) 

An increase in TDM was recorded for all wheat cultivars as the crop proceeded 

towards maturity (Fig. 4.3). Wheat cultivars AARI-2011 and Millat-2011 recorded higher dry 

matter accumulation (1379 and 1394 g m
-2

) than Lasani-2008 and Faisalabad-2008. That was 

lower in weedy plots than weed free plots at maturity during 2011-2012 (Table 4.11). During 

2012-13, higher dry matter accumulation was recorded for weed free plots. TDM at maturity 

was significantly higher (9%) for weed free as compared to weedy plots in growing season of 

2011-12. During 2012-13, TDM at maturity did not differ among wheat cultivars (Table 

4.11). However, it was significantly higher (5%) in weed free plots compared to weedy plots. 

4.1.3.1.4. Crop growth rate (CGR) (g m
-2

 day
-1

) 

Crop growth rate increased until 75-90 DAS then declined subsequently in both weed 

free and weedy plots (Fig. 4.4). During 2011-12, higher CGR were recorded for wheat 

cultivars Millat-2011 and AARI-2011 both in weed free (36 and 41 g m
-2 

day
-1

) and in weedy 

(37 and 38 g m
-2 

day
-1

) plots at 75-90 DAS, respectively. During 2012-13, maximum CGR 

(31 and 29 g m
-2 

day
-1

) were recorded for wheat cultivar Millat-2011 in both weed free and 

weedy plots, respectively at 45-75 DAS. Seasonal CGR was significantly highest for wheat 

cultivar AARI-2011 which was statistically on par with seasonal CGR of wheat cultivar 

Millat-2011 during 2011-12. Higher seasonal CGR (21 g m
-2 

day
-1

) was recorded for weed 
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free plots compared to weedy plots (20 g m
-2 

day
-1

). In 2012-13, seasonal CGR was non-

significant for all wheat cultivars but was higher in weed free than weedy plots of wheat 

(Table 4.11). 

4.1.3.1.5. Net assimilation rate (NAR) (g m
-2

 day
-1

) 

Net assimilation rate was higher at post-anthesis stage compared to pre-anthesis stage 

in both weed free and weed plots (Fig. 4.5). Higher net assimilation rate was recorded for 

weed free plots than weedy plots in both the years of study. Seasonal net assimilation rate did 

not differ among wheat cultivars during both the growing seasons. However, seasonal NAR 

was higher in weed free plots (5.59 and 4.88 g m
-2

 day
-1

) during growing seasons of 2011-12 

and 2012-13, respectively, than in weedy plots (3.45 and 3.56 gm
-2

 day
-1

) (Table 4.11). 
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Fig. 4.1. Patterns of leaf area index of four wheat cultivars under weed free and weedy conditions during 2011-12 

and 2012-13. Vertical bars above means indicates standard error of four replicates 
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Fig. 4.2. Leaf area duration of four wheat cultivars under weed free and weedy conditions during 2011-12 and 2012-

13. Vertical bars above means indicates standard error of four replicates 
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Fig. 4.3. Periodic dry matter accumulation by four wheat cultivars under weed free and weedy conditions during 

2011-12 and 2012-13. Vertical bar above means indicates standard error of four replicates 
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Fig. 4.4. Periodic crop growth rate of four wheat cultivars under weed free and weedy conditions during 2011-12 

and 2012-13. Vertical bar above means indicates standard error of four replicates 
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Fig. 4.5. Net assimilation rate of four wheat cultivars under weed free and weedy conditions during 2011-12 and 

2012-13. Vertical bar above means indicates standard error of four replicates 
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Table: 4.11. Leaf area duration, seasonal crop growth rate, total dry matter accumulation at maturity and seasonal net assimilation rate 

of wheat cultivars during 2011-12 and 2012-13 

2011-12 

 Leaf area duration (days) Seasonal CGR (g m
-2

 day
-1

) 

 

TDM at maturity (g m
-2

) Seasonal NAR (g m
-2

 day
-1

) 

 Weed-free Weedy Mean Weed-free Weedy Mean Weed-free Weedy Mean Weed-free Weedy Mean 

Millat-2011 
237.00± 

11.77 n.s 

222.52± 

7.33 
229.76n.s 

21.48± 

0.28 

19.93± 

0.25 
20.70 ab 

1431.15± 

14.67 

1327.23± 

20.11 

1379.19 

a 

5.99± 

0.28 

3.69± 

0.19n.s 
4.84n.s 

AARI-2011 
262.29± 

16.76 

244.38± 

11.74 
253.33 

22.25± 

0.87 

20.52± 

0.16 
21.38 a 

1451.43± 

51.29 

1337.56± 

12.32 

1394.49 

a 

5.51± 

0.25 

3.40± 

0.20 
4.45 

Lasani-2008 
237.86± 

10.16 

221.23± 

4.48 
229.54 

20.86± 

1.19 

19.26± 

0.44 
20.06 bc 

1368.53± 

73.63 

1262.85± 

31.44 

1315.69 

b 

5.72± 

0.25 

3.51± 

0.28 
4.62 

Faisalabad-2008 
261.47± 

13.56 

237.72± 

10.66 
249.54 

20.79± 

1.14 

18.36± 

0.59 
19.58 c 

1376.03± 

9.80 

1216.65± 

31.36 

1296.34 

b 

5.14± 

0.22 

3.21± 

0.16 
4.18 

Mean  249.66 A 231.46 B  21.35 A 19.52 B  1406.78 A 1286.07 B  5.59 A 3.45 B  

LSD≤0.05 C= n.s. W= 12.942, C×W= n.s C= 0.939 W= 0.664, C×W= n.s C= 55.317, W= 39.115, C×W= n.s C= n.s. W= 0.268, C×W= n.s 

2012-13 

Millat-2011 
275.25± 

15.37n.s 

261.08± 

14.67 
268.17n.s 

21.75± 

0.81n.s 

20.92± 

0.81 
21.33n.s 

1381.15± 

50.39n.s 

1311.15± 

50.39 

1346.15 
n.s 

5.09± 

0.42 

3.70± 

0.29 
4.39 

AARI-2011 
285.34± 

20.77 

270.09± 

20.13 
277.71 

20.67± 

0.96 

19.83± 

0.96 
20.25 

1338.93± 

52.31 

1268.93± 

52.31 
1303.93 

4.79± 

0.45 

3.50± 

0.20 
4.15 

Lasani-2008 
274.18± 

13.54 

259.60± 

13.25 
266.89 

20.45± 

0.49 

19.61± 

0.49 
20.03 

1301.03± 

24.70 

1231.03± 

24.70 
1266.03 

4.77± 

0.20 

3.50± 

0.28 
4.14 

Faisalabad-2008 
278.82± 

23.51 

263.94± 

22.82 
271.38 

21.06± 

0.70 

20.22± 

0.70 
20.64 

1336.03± 

44.40 

1266.03± 

44.40 
1301.03 

4.86± 

0.25 

3.56± 

0.16 
4.21 

Mean 278.39n.s 263.68   20.98 A 20.15 B  1339.28 A 1269.28 B  4.88 A 3.56 B  

LSD≤0.05 C= n.s. W= n.s, C×W= n.s C= n.s. W= 0.657, C×W= n.s C= n.s. W= 35.903, C×W= n.s C= n.s, W= 0.319, C×W= n.s 

Each value represents mean of four replications (± S.E). Means not sharing letter in common differ significantly at 5% probability by LSD test. 

S.E: standard error 

n.s: non-significant 

C: cultivars 

W: weed free and weedy plots 

C×W: cultivars × weed free and weedy plots 
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4.1.3.2. Agronomic traits of wheat 

4.1.3.2.1. Plant height (cm) 

At maturity, there were significant differences in plant height among wheat cultivars 

(Fig. 4.6). Maximum plant height was recorded for Millat-2011 (109 cm in weed free and 

106 cm in weedy plots) during both years of study. 

4.1.3.2.2. Number of tillers (m
-2

) 

Number of productive tillers significantly (p≤0.05) varied among wheat cultivars 

(Table 4.12). During 2011-12, maximum number of productive tillers (599 and 598 m
-2

) was 

recorded for cultivars AARI-2011 and Faisalabad-2008, respectively. Number of tillers was 

higher (586 m
-2

) for weed free plots compared to weedy plots (565 m
-2

). During 2012-13, 

highest number of tillers (504 m
-2

) was recorded for wheat cultivar Faisalabad-2008 which 

was statistically on par with Millat-2011. Nevertheless, number of tillers did not vary 

significantly for weed free and weedy plots during 2012-13. 

4.1.3.2.3. Spikelets per spike 

Spikelets per spike did not vary among wheat cultivars during 2011-12 (Table 4.12). 

However, during 2012-13, more spikelets per spike (17.55) was recorded for wheat cultivar 

AARI-2011 than Millat-2011 and Faisalabad-2008, but spikelets were on par with Lasani-

2008. While spikelets per spike was non-significant for weed free and weedy plots during 

both the years.  

4.1.3.2.4. Number of grains per spike 

Number of grains per spike significantly (p≤0.05) varied among wheat cultivars 

(Table 4.12). However, maximum number of grains per spike (51) was recorded for wheat 

cultivar AARI-2011 during 2011-12 (Table 4.12). During 2011-12, higher number of grains 

(46) was recorded for weed free plots as compared to weedy plots (42). During 2012-2013 

heighest numbers of grains per spike recorded for AARI-2011 in weed free plots and for 

Lasani-2008 in weedy plots which were statistically on par with AARI-2011. However, 

grains per spike were statistically similar among wheat cultivars Millat-2011, Lasani-2008 

and Faisalabad-2008.  
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Fig. 4.6. Plant height of four wheat cultivars during 2011-12 and 2012-13. Vertical bar above means indicate 

standard error of four replicates. Means not sharing a letter in common differ significantly at 5% probability by LSD 

test. 
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Table: 4.12. Number of tillers, spikelets per spike and number of grains per spike of different wheat cultivars during 2011-12 and 2012-13 

season 

2011-12 

 Number of tillers (m
-2

) Spikelets per spike Number of grains per spike 

 Weed-free Weedy Mean Weed-free Weedy Mean Weed-free Weedy Mean 

Millat-2011 570.75± 

19.31n.s 

545.50± 

19.39 
558.13 b 

16.50± 

0.61n.s 

16.57± 

0.57 
16.53n.s 

49.97± 

2.47 n.s 

41.32± 

0.95 
45.64 b 

AARI-2011 604.00± 

12.88 

592.25± 

6.91 
598.13 a 

17.69± 

0.67 

17.22± 

0.37 
17.45 

53.09± 

1.02 

49.82± 

1.08 
51.45 a 

Lasani-2008 558.25± 

8.33 

540.00± 

11.55 
549.14 b 

17.00± 

0.54 

16.86± 

0.51 
16.93 

41.16± 

1.33 

39.21± 

1.94 
40.18 c 

Faisalabad-2008 613.00± 

15.96 

585.75± 

20.65 
599.38 a 

17.56± 

0.79 

16.62± 

0.43 
17.09 

40.16± 

1.99 

39.31± 

1.83 
39.73 c 

 586.50 A 565.88 B  17.19 16.82  46.09 A 42.41 B  

LSD≤0.05 C= 19.291, W= 13.641, C×W= n.s C= n.s, W= n.s, C×W= n.s C= 2.939, W= 2.078, C×W= n.s 

2012-13 

Millat-2011 485.25± 

18.53n.s 

461.75± 

15.68 
  473.50 AB 

16.00± 

0.58 

16.57± 

0.57n.s 
16.28 c 

42.36± 

1.21 bc 

38.45± 

1.05 c 
40.41 b 

AARI-2011 452.25± 

7.60 

447.25± 

3.99 
449.75 B 

18.13± 

0.43  

16.97± 

0.52  
17.55 a 

50.36± 

0.91 a 

40.57± 

1.35 bc 
45.47 a 

Lasani-2008 449.50± 

22.77 

434.75± 

17.82 
442.13 B 

17.00± 

0.54  

17.19± 

0.24 
 17.09 ab 

40.00± 

0.80 bc 

44.24± 

2.25 b 
42.12 b 

Faisalabad-2008 511.50± 

36.63 

498.00± 

7.04 
504.75 A 

17.00± 

0.41  

16.62± 

0.43 
 16.81 bc 

38.13± 

1.37 cd 

34.17± 

0.54 d 
36.15 c 

 474.63  460.44  17.03 16.84   42.71 A 39.36 B  

LSD≤0.05 C= 32.324, W= n.s, C×W= n.s C= 0.674, W= n.s, C×W= n.s C= 2.141, W= 1.514, C×W= 4.283 

Each value represents mean of four replications (± S.E). Means not sharing letter in common differ significantly at 5% probability by LSD test 

S.E: standard error 

n.s: non-significant 

C: cultivars 

W: weed free and weedy plots 

C×W: cultivars × weed free and weedy plots 
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4.1.3.2.5. One thousand grain weight (g) 

The 1000-grain weight remained non-significant (p≤0.05) among wheat cultivars and 

between weed free and weedy plots during 2011-12 (Table 4.13). During 2012-13, 1000-

grain weight also did not differ between weed free and weedy plots; however, it varied 

significantly among wheat cultivars. Higher 1000-grain weight (44 and 47 g) was recorded 

for wheat cultivars Millat-2011 and AARI-2011 during 2012-13 than for Lasani-2008 and 

Faisalabad-2008. 

4.1.3.2.6. Grain yield (t ha
-1

) 

Grain yield of wheat cultivars varied significantly (p≤0.05) during both years of the 

study (Table 4.13). Maximum grain yield (8.5 t ha
-1

) was recorded for wheat cultivar AARI-

2011 during 2011-12 which was statistically similar (p≤0.05) with that of Faisalabad-2008 

(8.22 t ha
-1

). Nonetheless, during 2012-13 grain yield did not vary among cultivars AARI-

2011, Lasani-2008 and Faisalabd-2008. In both the years of study, lowest grain yield was 

recorded for wheat cultivar Millat-2011. Grain yield under weed free plots was about 10% 

higher than that recorded under weedy plots while, statistically did not differ between weed 

free and weedy plots. 

4.1.3.2.7. Straw yield (t ha
-1

) 

During 2011-12, straw yield did not vary among wheat cultivars, while higher straw 

yield (15.78 t ha
-1

) was recorded for weed free plots compared to weedy plots (14.09 t ha
-1

) 

(Table 4.13). During 2012-13, maximum straw yield was recorded for Lasani-2008 (20 t ha
-1

) 

while straw yield was non-significant for weed free and weedy plots.  

4.1.3.2.8. Harvest index (%) 

Harvest index was non-significant (p≤0.05) among all wheat cultivars during both 

years of the study (Table 4.13). During 2011-12, higher harvest index (35.23%) was recorded 

for weed free plots compared to weedy plots. However, harvest index was non-significant for 

both weed free and weedy plots during 2012-13. 

4.1.4. Correlation matrix for different variables 

Correlation analysis showed that weed dry biomass and CGR at 45, 60, 75, 90 and 

105 DAS were strongly and negatively associated for all wheat cultivars during both years of 

the study (Table 4.14). A negative and strong association was also found for weed dry 

biomass with TDM at 45, 60, 75, 90 and 105 DAS during 2011-12 and 2012-13 (Table 4.15). 
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The CGR of all wheat cultivars was strongly and positively associated with TDM (Table 

14.16). Positive and strong correlation was noted between TDM and number of tillers, grain 

yield of all wheat cultivars. The number of tillers and grain yield were also positively 

corelated for all wheat cultivars (Table 4.17). Strong and negative correlations were observed 

between weed dry biomass and number of tillers and weed dry biomass and grain yield of all 

wheat cultivars, during both years of the study. 

Negative association was observed between soluble phenolic contents of wheat-

infested rhizosphere soil with weed density in all wheat cultivar sown plots during both years 

of study (Table 4.18). However, that association was non-significant for control plots during 

growing season of 2012-13. 

 



 

94 
 

Table: 4.13. 1000-grain weight, grain and straw yield and harvest index of different wheat cultivars during 2011-12 and 2012-13 season 
2011-12 

 1000 grain weight (g) Grain yield (t ha
-1

) Straw yield (t ha
-1

) Harvest index (%) 

 Weed-free Weedy Mean Weed-free Weedy Mean Weed-free Weedy Mean  Weed-free Weedy Mean  

Millat-2011 
47.11± 

0.88n.s 

43.37± 

4.47 
  45.24n.s 

6.78± 

 0.43 n.s 

6.21± 

  0.76 n.s 
6.50 c 

16.28± 

1.05 

16.28± 

2.36 
16.28n.s  

35.44± 

1.99n.s 

26.96± 

4.34 
   31.20n.s 

AARI-2011 
50.12± 

1.02 

48.90± 

1.32 
49.51 

8.92± 

0.33 

8.11± 

0.15 
8.51 a 

17.34± 

1.33 

12.84± 

0.86 
15.09 

36.94± 

0.97 

30.36± 

1.66 
33.65 

Lasani-2008 
48.22± 

1.51 

44.24± 

3.69 
46.23 

7.88± 

0.65 

7.06± 

0.65 
7.47 b 

15.25± 

0.88 

13.00± 

1.95 
14.12  

31.06± 

1.88 

24.72± 

3.23 
27.89 

Faisalabad-2008 
47.59± 

1.52 

43.36± 

1.89 
45.47 

8.63± 

0.59 

7.81± 

0.52 
  8.22 ab 

14.25± 

1.36 

14.25± 

1.15 
14.25 

37.47± 

0.48 

30.69± 

5.96 
34.08 

 48.26 44.96     8.05 n.s 7.30  15.78 A 14.09 B  35.23 A 28.18 B  

LSD≤0.05 C= n.s. W= n.s, C×W= n.s C= 0.884. W= n.s, C×W= n.s C= n.s. W= 1.361, C×W= n.s C= n.s. W= 3.179, C×W= n.s 

2012-13 

Millat-2011 
45.61± 

3.14n.s 

43.79± 

2.75 
44.70 a 

6.13± 

0.59 n.s 

5.88± 

1.23 n.s 
  6.00 b 

21.13± 

1.61 

19.88± 

1.61 
20.50 a 

38.28± 

3.12n.s 

33.65± 

6.29 
   35.97n.s 

AARI-2011 
47.47± 

2.29 

46.89± 

2.36 
47.18 a 

7.08± 

0.21 

6.75± 

0.20 
6.91 a 

17.63± 

0.88 

16.38± 

0.88 
17.00 b 

40.05± 

2.46 

35.46± 

2.42 
37.76 

Lasani-2008 
40.33± 

2.62 

39.11± 

1.39 
39.72 b 

7.01± 

0.32 

6.75± 

0.35 
6.88 a 

17.50± 

1.79n.s 

16.25± 

1.79 
16.88 b 

33.45± 

1.94 

29.20± 

1.84 
31.33 

Faisalabad-2008 
39.72± 

3.65 

39.26± 

1.28 
39.49 b 

7.51± 

0.26 

6.31± 

0.28 
6.91 a 

17.25± 

1.36 

16.00± 

1.36 
16.63 b 

44.76± 

1.83 

35.80± 

4.42 
40.28 

Mean  43.28 42.26  6.92 n.s 6.42  18.38 17.13  39.14 33.53  

LSD≤0.05 C= 3.772, W= n.s, C×W= n.s C= 0.601. W= n.s, C×W= n.s C= 1.465, W= n.s, C×W= n.s C= n.s. W= n.s, C×W= n.s 

Each value represents mean of four replications (± S.E). Means not sharing letter in common differ significantly at 5% probability test by LSD. 

S.E: standard error 

n.s: non-significant 

C: cultivars 

W: weed free and weedy plots 

C×W: cultivars × weed free and weedy plots 
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Table: 4.14. Relationship between weed dry biomass and crop growth rate of wheat during 2011-12 and 2012-13 

Variable 1 Variable2 

2011-12 2012-13 

Cultivars 

Millat-2011 AARI-2011 Lasani-2008 
Faisalabad-

2008 
Millat-2011 AARI-2011 Lasani-2008 

Faisalabad-

2008 

WDB 

(45 DAS) 

CGR 

(45 DAS) 
-0.994

***
 -0.976

**
 -0.980

*
 -0.954

**
 -0.997

***
 -0.969

**
 -0.999

***
 -0.999

***
 

WDB 

(60 DAS) 

CGR 

(60 DAS) 
-0.988

**
 -0.999

***
 -0.997

***
 -0.999

***
 -0.963

**
 -0.967

**
 -0.998

**
 -0.969

**
 

WDB 

(75 DAS) 

CGR 

(75 DAS) 
-0.962

**
 -0.986

**
 -0.980

**
 -0.995

***
 -0.986

**
 -0.982

**
 -0.996

**
 -0.975

**
 

WDB 

(90 DAS) 

CGR 

(90 DAS) 
-0.943

*
 -0.977

**
 -0.976

**
 -0.981

**
 -0.960

**
 -0.986

**
 -0.966

**
 -0.957

**
 

WDB 

(105 DAS) 

CGR 

(105 DAS) 
-0.982

**
 -0.955

**
 -0.864

*
 -0.986

**
 -0.981

**
 -0.979

**
 -0.953

**
 -0.991

***
 

*
, 

**
, 

***
 denote significance at 0.05, 0.01, 0.001 probability levels, respectively, CGR: crop growth rate, WDB: weed dry biomass 

Table: 4.15. Relationship between weed dry biomass and total dry matter accumulation of wheat during 2011-12 and 2012-13 

Variable1 Variable2 

2011-12 2012-13 

Cultivar 

Millat-2011 AARI-2011 Lasani-2008 
Faisalabad-

2008 
Millat-2011 AARI-2011 Lasani-2008 

Faisalabad-

2008 

WDB  

(45 DAS) 

TDM  

(45 DAS) 
-0.972

**
 -0.886

*
 -0.989

**
 -0.995

**
 -0.975

**
 -0.999

***
 -0.978

**
 -0.984

**
 

WDB  

(60 DAS) 

TDM  

(60 DAS) 
-0.989

**
 -0.972

**
 -0.991

**
 -0.988

**
 -0.954

**
 -0.957

**
 -0.999

***
 -0.988

**
 

WDB  

(75 DAS) 

TDM  

(75 DAS) 
-0.965

**
 -0.975

**
 -0.959

**
 -0.968

**
 -0.968

**
 -0.972

**
 -0.967

**
 -0.972

**
 

WDB  

(90 DAS) 

TDM  

(90 DAS) 
-0.958

**
 -0.981

**
 -0.978

**
 -0.993

**
 -0.958

**
 -0.978

**
 -0.978

**
 -0.973

**
 

WDB  

(105 DAS) 

TDM  

(105 DAS) 
-0.994

***
 -0.959

**
 -0.981

**
 -0.996

***
 -0.998

***
 -0.992

**
 -0.961

**
 -0.995

***
 

*
, 

**
, 

***
 denote significance at 0.05, 0.01, 0.001 probability levels, respectively, WDB: weed dry biomass, TDM: total dry matter accumulation
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Table: 4.16. Relationship between crop growth rate and total dry matter accumulation of wheat during 2011-12 and 2012-13 

Variable 1 Variable 2 

2011-12 2012-13 

Cultivar 

Millat-2011 AARI-2011 Lasani-2008 
Faisalabad-

2008 
Millat-2011 AARI-2011 Lasani-2008 

Faisalabad-

2008 

CGR (45 DAS) TDM (45 DAS) 0.856* 0.953** 0.982** 0.979** 0.978** 0.983** 0.959** 0.977** 

CGR (60 DAS) TDM (60 DAS)   0.999*** 0.962** 0.984** 0.957** 0.988** 0.995*** 0.987** 0.967** 

CGR (75 DAS) TDM (75 DAS) 0.967** 0.983** 0.952** 0.989** 0.972** 0.981** 0.986** 0.983** 

CGR (90 DAS) TDM (90 DAS) 0.958** 0.983**   0.996***   0.999*** 0.965** 0.943** 0.987** 0.982** 

CGR (105 DAS) TDM (105 DAS) 0.962**   0.990***   0.994*** 0.984** 0.997**   0.995*** 0.984** 0.983** 
*, **, *** denote significance at 0.05, 0.01, 0.001 probability levels, respectively, CGR: crop growth rate, TDM: total dry matter accumulation 

 

Table: 4.17 Relationship between crop growth and grain yield (G.Y) parameters of wheat during 2011-12 and 2012-13 

Variable 1 Variable 2 

2011-12 2012-13 

Cultivar 

Millat-2011 AARI-2011 Lasani-2008 
Faisalabad-

2008 
Millat-2011 AARI-2011 Lasani-2008 

Faisalabad-

2008 

TDM No. of tiller 0.975** 0.994*** 0.985** 0.986** 0.843* 0.971** 0.987** 0.999*** 

TDM G. Y 0.899* 0.993*** 0.996*** 0.967** 0.953* 0.992*** 0.997*** 0.998*** 

No. of tiller G.Y 0.980** 0.961** 0.958** 0.948* 0.985** 0.994*** 0.942** 0.998*** 

WDB No. of tiller -0.972** -0.984** -0.964** -0.982** -0.955** -0.972** 0.991*** -0.997*** 

WDB G.Y -0.973** -0.979** -0.959** -0.999*** -0.984** -0.980** -0.961** -0.961** 
*, **, *** denote significance at 0.05, 0.01, 0.001 probability levels, respectively, TDM: total dry matter accumulation, WDB: weed dry biomass, G.Y: grain yield 

 

Table: 4.18 Relationship between total phenolic compounds of wheat rhizosphere soil and weed density during 2011-2012 and 2012-2013 

Variable 1 Variable 2 Control Millat-2011 AARI-2011 Lasani-2008 Faisalabad-2008 

  2011-12 2012-13 2011-12 2012-13 2011-12 2012-13 2011-12 2012-13 2011-12 2012-13 

Soluble 

phenolics 

WD 
-0.915* -0.162n.s -0.962** -0.897* -0.991*** -0.886* -0.997*** -0.890* -0.979** -0.945* 

*p <0.05, **p <0.01, ***p <0.001, n.s Non-significant, WD: weed density
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4.1.5. Biochemical attributes of wheat 

Results revealed that biochemical attributes and antioxidant activities in leaves of 

wheat cultivars (Millat-2011, AARI-2011, Lasani-2008 and Faisalabad-2008) differed 

(p≤0.05) with plant growth stage (tillering, anthesis and maturity) during both the years 

(2011-2012 and 2012-2013). 

4.1.5.1. Chlorophyll content 

The interaction between wheat cultivar and growth stage was non-significant (p≤0.05) 

for chlorophyll “a”, “b” and total chlorophyll contents while, chlorophyll content was 

significantly varied among wheat cultivars as well as among different growth stages. 

Maximum (33 mg g
-1

 FW) chlorophyll “a” was recorded for wheat cultivar AARI-2011, 

which was statistically on par with Millat-2011 in 2011-12 (Fig. 4.7a). During 2012-13, 

chlorophyll “a” did not vary among wheat cultivars (Fig. 4.7c). Regarding growth stage 

effects, the upper limit of chlorophyll “a” was recorded at anthesis stage during both years 

compared to tillering and maturity stages (Fig. 4.7b and d). Maximum chlorophyll “b” 

content (14 mg g
-1

 FW) was recorded for cultivar AARI-2011, which was statistically on par 

with Millat-2011 and Lasani-2008 (Fig. 4.8a). However, during 2012-13 chlorophyll “b” 

content of Millat-2011, AARI-2011 and Lasani-2008 was statistically (p≤0.05) similar (Fig. 

4.8c). Chlorophyll “b” content was recorded at anthesis stage was higher than at tillering (28 

and 40%) and maturity (75 and 55%) stages during 2011-12 and 2012-13, respectively (Fig. 

4.8b and d). Similar trends for total chlorophyll content were observed with wheat cultivars 

and growth stages during both years of the study. During 2011-12, the heighst total 

chlorophyll content (47 mg g
-1 

FW) was observed for AARI-2011 and the highest (28 mg g
-1 

FW) with Faisalabad-2008 (Fig. 4.9a). Therefore during 2012-13, total chlorophyll content 

did not vary among cultivars Millat-2011, AARI-2011 and Lasani-2008 (Fig. 4.9c), which 

had higer total chlorophyll content than Faisalabad-2008. 

4.1.5.2. Total soluble phenolic contents 

Interactive effect on total soluble phenolic contents of wheat cultivars and their 

growth stages was significant (p≤0.05) during 2011-12, while; non-significant (p≤0.05) 

during 2012-13. At tillering, phenolic content did not vary significantly (p≤0.05) among 

wheat cultivars (Fig. 4.10a). Phenolic contents of Millat-2011 and AARI-2011 at anthesis 

stage were statistically on par with Faisalabad-2008 that was on par with Lasani-2008 at 
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same growth stage (Fig. 4.10a). Upper limit (65 mg g
-1 

FW) of phenolic contents was 

recorded in AARI-2011 at maturity, which was statistically at par with Lasani-2008 and 

Faisalabad-2008. During 2012-13, maximum phenolic content was recorded in AARI-2011, 

which was statistically on par with Millat-2011. However, Millat-2011 was statistically on 

par with Lasani-2008 and Faisalabd-2008 (Fig. 4.10b). The upper limit (72 mg g
-1 

FW) of 

phenolic content was recorded at maturity and the minimum (55 mg g
-1 

FW) recorded at 

tillering (Fig. 4.10d). 
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Fig. 4.7. Effect of wheat cultivar and growth stages on Chlorophyll “a” content during 2011-12 (a and b)and 2012-

13 (c and d). Vertical bar above means denote the standard error of four replicates. Means not sharing a letter in 

common differ significantly at 5% probability by LSD test.  
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Fig. 4.8. Chlorophyll “b” content as affected by wheat cultivars and different growth stages during 2011-12 and 

2012-13. Vertical bar above means denote the standard error of four replicates. Means not sharing a letter in 

common differ significantly at 5% probability by LSD test. 
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Fig. 4.9. Total chlorophyll content in response to wheat cultivar and growth stage during 2011-12 and 2012-13. 

Vertical bar above means indicate standard error of four replicates. Means not sharing a letter in common differ 

significantly at 5 % probability by LSD test. 
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Fig. 4.10. Total soluble phenolic content in response to wheat cultivar and growth stage during 2011-2012 and 

2012-13. Vertical bar above means indicate the standard error of four replicates. Means not sharing a letter in 

common differ significantly at 5% probability by LSD test. 
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4.1.4.3. Lipid peroxidation (MDA) and activity of enzymatic antioxidants 

Interactions between the effects of wheat cultivars and their growth stages were 

significant (p≤0.05) for MDA content during 2011-12 and non-significant (p≤0.05) during 

2012-13. However, significant difference among wheat cultivars as well as for any growth 

stages occured during 2012-13 (Fig. 4.11b and c). At tillering stage MDA content did not 

vary among wheat cultivars in 2011-2012. In 2011-12, maximum MDA content (5.98 nm g
-1

 

FW) was recorded for Millat-2011 at maturity stage that was 113%, 52% and 36% higher 

than AARI-2011, Lasani-2008 and Faisalabad-2008 at same growth stage (Fig. 4.11a). For 

anthesis stage MDA contents did not vary among wheat cultivars that were also statistically 

(p≤0.05) on par with AARI-2011, Lasani-2008 and Faisalabad-2008 at maturity stage. 

During 2012-13, maximum MDA content (4.03 and 3.98 nm g
-1

 FW, respectively) was 

recorded for Millat-2011 and Faisalabad-2008, which was statistically (p≤0.05) on par with 

that of Lasani-2008 (Fig. 4.11b). Regarding growth stages during 2012-13, highest MDA 

content (5.51 nm g
-1

 FW) was recorded at maturity which was 597% and 35% higher than at 

tillering and anthesis stages (Fig. 4.11c). 

Interaction between the effects of wheat cultivars and their growth stages were 

significant (p≤0.05) for SOD and catalase activities during both years and non-significant 

(p≤0.05) for POX activity. The effect of wheat cultivars on SOD activity was variable and 

differed with growth stage during both years (Fig. 4.12a). Maximum SOD activity (219.57 

and 243.82 Units g
-1

 protein) was measured at anthesis stage for Lasani-2008 during both the 

years, respectively. Activity of SOD statistically (p≤0.05) similar at tillering and anthesis 

stage regarding wheat cultivars during 2011-12 and similar trend was recorded during 2012-

13. For catalase Millat-2011 and Lasani-2008 scored higher values in 2011-12 (236.90 and 

223.15 µmol min
-1

 g
-1

 protein) and 2012-13 (286.90 and 293.15 µmol min
-1

 g
-1

 protein) (Fig. 

4.12b). Catalase activity did not vary among wheat cultivars at tillering stage during 2011-12 

although; during 2012-13 catalase activity was statistically (p≤0.05) similar but more than 

2011-12. Catalase activity for all wheat cultivars at anthesis stage was statistically similar 

that was also statistically on par with AARI-2011 and Faisalabad-2008 at maturity stage 

during 2011-12. During 2011-12, maximum POX activity (18.39 µmol min
-1

 g
-1

 protein) was 

determined in Millat-2011 that was statistically on par with that of Lasani-2008 and 

Faisalabad-2008 (Fig. 4.13a). Higher POX activity (21.22 µmol min
-1

 g
-1

 protein) was also 
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recorded with Millat-2011 during 2012-13 that was statistically similar with Lasani-2008 

(Fig. 4.13c). Regarding growth stages, POX activity was 264 and 232% higher at anthesis 

than tillering during 2011-12 (Fig. 4.13b) and 2012-13(Fig. 4.13d). The corresponding 

increase over maturity stage was however only 12 and 15% respectively. Interactive effect of 

wheat cultivars and their growth stages was non-significant for protein during 2011-12, while 

significant during 2012-13 (Fig. 4.14). Soluble protein contents did not vary among wheat 

cultivars during 2011-12 (Fig. 4.14a). Nonetheless, higher soluble proteins (6.69 mg g
-1

 FW) 

were recorded at maturity as compared to tillering (47%) and anthesis (14%) stage (Fig. 

4.14b). In 2012-13, protein contents (7.98 mg g
-1

 FW) were higher at maturity stage for 

Lasani-2008 that was statistically on par with Millat-2011, AARI-2011 and Faisalabad-2008 

for same growth stage and Millat-2011, AARI-2011 and Faisalabad-2008 was on par with 

Millat-2011 and AARI-2011 at anthesis stage (Fig. 4.14c). Nevertheless, soluble proteins did 

not vary among wheat cultivars at tillering stage that was statistically on par with Lasani-

2008 at anthesis stage and as was Lasani-2008 on par with Faisalabad-2008 at anthesis. 

4.1.6. Correlation matrix for different variables 

Correlation analysis showed that relationship between chlorophyll and total soluble 

phenolic content of wheat cultivars at different growth stages was significant during both the 

years, except for AARI-2011, Lasani-2008 and Faisalabad-2008 at maturity stage in 2012-13 

(Table 4.19). Nevertheless, these two traits were negatively associated during 2011-12 and 

2012-13 studies. There was also strong and negative correlation found between SOD activity 

and MDA contents of all wheat cultivars at different growth stages in 2011-12 and 2012-13. 
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Fig. 4.11. Lipid peroxidation (MDA content) in response to wheat cultivar and growth stage during 2011-12 and 

2012-13. Vertical bar above means indicate standard error of four replicates. Means not sharing a letter in common 

differ significantly at 5% probability by LSD test.  
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Fig. 4.12. Superoxide dismutase and catalase activity of wheat cultivars at different growth stages during 2011-

12 and 2012-13. Vertical bar above means indicate standard error of four replicates. Means not sharing a letter 

in common differ significantly at 5% probability by LSD test. 
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Fig. 4.13. Comparative peroxidase activity of different wheat cultivars at different growth stages. Vertical bar above 

means indicate standard error of four replicates. Means not sharing a letter in common differ significantly at 5 % 

probability by LSD test. 
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Fig. 4.14. Soluble protein content of wheat cultivars at different growth stages during 2011-12 and 2012-13. Vertical 

bar above mean indicate standard error of four replicates. Means not sharing a letter in common differ significantly 

at 5% probability by LSD test. 
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Table: 4.19. Correlation coefficents showing strength of association between different variables 
Variable 1 Variable 2  Tillering Anthesis Maturity 

2011-2012 2012-2013 2011-2012 2012-2013 2011-2012 2012-2013 

Chlorophyll Total soluble 

phenolics 

Millat-2011 -0.938* -0.954** -0.904* -0.904* -0.891* -0.952** 

AARI-2011 -0.936* -0.875* -0.936* -0.953** -0.939* -0.804 n.s 

Lasani-2008 -0.983** -0.704 n.s -0.802 n.s -0.965** -0.964** -0.711 n.s 

Fasialabad-2008 -0.941* -0.950** -0.799 n.s -0.938* -0.946* -0.664 n.s 

SOD MDA Millat-2011 -0.994*** -0.168 n.s -0.956** -0.895* -0.995*** -0.920* 

AARI-2011 -0.328n.s -0.951** -0.967** -0.989** -0.974** -0.995*** 

Lasani-2008 -0.965** -0.978** -0.990** -0.863* -0.849* -0.885* 

Fasialabad-2008 -0.908* -0.893* -0.813 n.s -0.993*** -0.991** -0.919* 
*
p <0.05, 

**
p <0.01, 

***
p <0.001, 

n.s
 Non-significant
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4.1.7. Allelochemical and fatty acids profile of wheat cultivars 

4.1.7.1. Allelochemicals detected in wheat herbage (HPLC analyses) 

Chemical analyses of extracts of wheat cultivar herbage collected at different growth 

stages revealed that phytotoxic compounds present in different concentrations (Table 4.20). 

Analyses indicated the presence of Gallic acid, p-hydroxybenzoic acid, syringic acid, 

protacatechuic acid, vanillic acid, ferulic acid, p-coumaric acid and benzoic acid in all wheat 

cultivars. The highesr concentration of gallic acid (32.98 µg g
-1

) was quantified at the 

anthesis stage herbage extract of AARI-2011 and was not detected in Lasani-2008 and 

Faisalabad-2008 herbage at this stage. P-hydroxybenzoic acid was not detected in extracts of 

Millat-2001, Lasani-2008 and Faisalabad-2008 herbage collected at tillering stage and 

Lasani-2008 and Faisalabad-2008 herbage at maturity stage. Higher P-hydroxybenzoic acid 

concentrations (11.32 and 33.66 µg g
-1 

and 11.36 and 75.64 µg g
-1

) were detected in extracts 

of wheat cultivar herbage of Millat-2011 and AARI-2011 collected at anthesis and maturity 

stage, respectively than tillering. Syringic acid present in extracts of all wheat cultivar 

herbage collected at different growth stages except in maturity stage herbage extract of 

Lasani-2008. Higher concentration of syringic acid 3.41, 5.24 and 4.37 µg g
-1

 was detected in 

anthesis stage herbage extract of Millat-2011, AARI-2011 and Lasani-2008, respectively 

than tillering and maturity stages. Vanillic acid, ferulic acid, p-coumaric acid was present in 

herbage extract all four wheat cultivars collected at different growth stages. However, higher 

concentration of vanillic acid was detected in maturity stage herbage extract of wheat cultivar 

Millat-2011 and Lasani-2008 and ferulic acid (15.10 µg g
-1 

and 30.06 µg g
-1

) was detected in 

anthesis and maturity stage herbage extract of Millat-2011 and Faisalabad-2008. Benzoic 

acid was also present in extracts of all wheat cultivar herbage collected at different growth 

stages except in tillering stage herbage extract of AARI-2011 and Lasani-2008. Quantity of 

total phenolics was higher in tillering stage herbage of AARI-2011 (13.02 µg g
-1

) and 

Faisalabad-2008 (9.16 µg g
-1

) than Millat-2011 (5.61 µg g
-1

) and Lasani-2008 (8.14 µg g
-1

), 

anthesis stage herbage of Millat-2011 (44.63 µg g
-1

) and AARI-2011 (85.53 µg g
-1

) than 

Lassani-2008 (25.05 µg g
-1

) and Faisalabad-2008 (24.48 µg g
-1

) and maturity stage herbage 

of AARI-2011 (95.15 µg g
-1

) and Lasani-2008 (88.69 µg g
-1

) than Millat-2011 (60.10 µg g
-1

) 

and Faisalabad-2008 (55.63 µg g
-1

). Relative concentration of all phytotoxins was varied 

among wheat cultivars and their growth stages. The concentration of phytotoxins of wheat  
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Table: 4.20. Allelochemical profile of methanolic extract of wheat herbage collected at different growth stages 
Allelochemicals  

(µg g-1) 

Tillering Anthesis Maturity 

 Millat-

2011 

AARI-

2011 

Lasani-

2008 

Faisalaba

d -2008 

Millat-

2011 

AARI-

2011 

Lasani-

2008 

Faisalaba

d-2008 

Millat-

2011 

AARI-

2011 

Lasani-

2008 

Faisalaba

d-2008 

Gallic acid 0.00 0.00 0.00 0.00 0.98 32.93 0.00 0.00 8.57 1.01 0.68 0.97 

p-hydroxybenzoic 

acid 

0.00 2.73 0.00 0.00 11.32 33.66 2.07 2.03 11.36 75.64 0.00 0.00 

Syringic acid 1.12 1.99 0.97 0.62 3.41 5.24 4.37 0.09 0.62 0.96 0.00 0.61 

Protocatechuic acid 0.00 3.57 0.00 3.10 9.73 3.01 8.79 11.83 8.79 0.00 41.31 12.64 

Vanillic acid 1.32 2.66 2.85 4.54 2.67 2.83 5.51 4.53 24.05 1.03 26.37 4.57 

Ferulic acid 0.01 1.59 3.07 0.00 15.10 6.72 3.06 3.41 6.71 13.75 13.70 30.06 

p-coumaric acid 0.40 0.48 1.25 0.74 1.42 0.98 0.08 0.78 0.01 0.01 0.22 0.35 

Benzoic acid 2.77 0.00 0.00 0.16 0.01 0.16 1.17 1.81 0.00 2.76 6.41 6.43 

Total phenolics 5.61 13.02 8.14 9.16 44.64 85.53 25.05 24.48 60.10 95.15 88.69 55.63 
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cultivars was higher in order: AARI-2011 > Lasani-2008 > Millat-2008 > Faisalabad-2008 

and according to growth stages: maturity > anthesis > tillering. 

4.1.7.2. Oil percentage of wheat herbage 

Oil extraction from herbage of four wheat cultivars collected at different growth 

stages (tillering, anthesis, maturity) was done. Oil percentage of all wheat cultivars was 

higher at anthesis stage than at tillering and declined at maturity stage except for cultivar 

Lasani-2008, which had more oil in herbage collected at maturity stage (Table 4.21). 

4.1.7.3. Fatty acids 

Data regarding fatty acids revealed that production of total saturated and unsaturated 

fatty acids significantly differed among wheat cultivars and their growth stages. 

4.1.7.3.1. Unsaturated fatty acids (%) 

In wheat cultivar herbage collected at different growth stages five unsaturated 

[palmitoleic acid (C16:1), oleic acid (C18:1), linoleic acid (C18:2), linolenic acid (C18:3), 

erucic acid (C22:1)] fatty acids were quantified (Table 4.22). Higher amount of palmitoleic 

acid (1.23 and 1.74%) was determined in herbage of wheat cultivar Millat-2011 and AARI-

2011, respectively. Regarding growth stages higest palmetoic acid was quantified in herbage 

of anthesis stage. The higer amount of oleic acid was detected in Millat-2011 and Lasani-

2008 that was statistically similar. The higest oleic acid quantified in herbage collected at 

maturity. The higher values of linoleic acid were also recorded for maturity stage herbage. 

However, herbage of Lasani-2008 recorded maximum (38.27%) linoleic acid. The highest 

lenolenic acid was recorded for anthesis stage and for wheat cultivar AARI-2011 when 

compared with other cultivars. Erucic acid was not detected in herbage of wheat cultivar 

Millat-2011 collected at tillering, anthesis and maturity stage, except in herbage of AARI-

2011 collected at tillering and Lasani-2008 and Faisalabad-2008 collected at anthesis stage. 

4.1.7.3.2. Saturated fatty acids (%) 

Interactive effect between wheat cultivars and stages of herbage collection was not 

significant for all saturated fatty acids except for steric acid found in herbage of wheat 

cultivars (Table 4.23). Six saturated fatty acids [capric acid (C10:0), lauric acid (C12:0), 

myristic acid (C14:0), palmitic acid (C16:0), stearic acid (C18:0) and arachidic acid (C20:0)] 

were determined in the wheat cultivars herbage collected at different growth stages. Wheat 

cultivars like Millat-2011 and AARI-2011 recorded higher capric acid (1.19 and 0.71%)  
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Table: 4.21. Moisture and oil % of different wheat cultivars herbage at different growth stages 
 Tillering Anthesis Maturity 

Cultivars Oil (%) Oil (%) Oil (%) 

Millat-2011 2.00 2.80 1.20 

AARI-2011 3.40 3.80 1.80 

Lasani-2008 3.80 2.20 5.60 

Faisalabad-2008 3.20 1.60 1.40 

 

Table: 4.22. Unsaturated fatty acids from herbage of four wheat cultivars at different growth 

stages 
Palmitoleic acid (C16:1) (%) 

 Tillering Anthesis Maturity Mean 

Millat-2011 0.89  2.49     0.321 1.233 B 

AARI-2011 2.24  2.61    0.378  1.744 A 

Lasani-2008 0.16  0.36  0.36  0.293 C 

Faisalabad-2008 0.15  0.34  0.25  0.246 D 

Mean  0.86 B 1.45 A 0.33   

LSD≤0.05 C=0.043, G.S=0.037, C×G.S=n.s 

Oleic acid (C18:1) (%) 

Millat-2011 10.65 k 22.55 f 43.21 b 25.47 A 

AARI-2011 6.86 l 23.68 e 44.28 a 24.94 B 

Lasani-2008 12.74 i 21.48 g 42.17 c 25.46 A 

Faisalabad-2008 12.14 j 20.41 h 39.11 d 23.89 C 

Mean  10.60 C 22.03 B 42.19 A  

LSD≤0.05 C=0.260, G.S=0.225, C×G.S=n.s 

Linoleic acid (C18:2) (%) 

Millat-2011 43.58  19.07  37.00  33.27 C 

AARI-2011 11.21  20.02  39.03  23.42 D 

Lasani-2008 29.09  48.56  37.17  38.27 A 

Faisalabad-2008 27.7  46.13  31.21  35.03 B 

Mean  27.91 C 33.44 B 36.14 A  

LSD≤0.05 C=0.203, G.S=0.176, C×G.S=n.s 

Linolenic acid (C18:3) (%) 

Millat-2011 3.07  40.93  2.53  15.51 B 

AARI-2011 45.87  42.98  2.86  30.57 A 

Lasani-2008 19.29  4.21  2.72  8.74 C 

Faisalabad-2008 18.38  4.01  2.01  8.13 D 

Mean  15.51 B 30.57 A 8.73 C  

LSD≤0.05 C=0.113, G.S=0.098, C×G.S=n.s 

Erucic acid (C22:1) (%) 

Millat-2011 0.00 0.00 0.00 0.00 

AARI-2011 6.36  0.00 0.00 2.12 A 

Lasani-2008 0.00 3.63  0.00 1.21 B 

Faisalabad-2008 0.00 3.45  0.00 1.15 C 

Mean  1.59 B 1.77 A 0.00  

LSD≤0.05 C=0.043, G.S=0.037, C×G.S=n.s 

C= wheat cultivars, G.S= growth stages, C×G.S= wheat cultivars × growth stages 

Each number is average of four replicate, means within a column not sharing a letter in common differ 

significantly at 5% probability level by LSD test. 



 

114 
 

regarding growth stages highest capric acid detected in anthesis stage herbage when 

compared with tillering and maturity stage. Higher fractions of lauric acid (1.43 and 1.39%) 

and of myristic acid (4.19 and 1.27%) were recorded for wheat cultivars Millat-2011 and 

AARI-2011. Lauric and myristic acid fractions were higher in herbage of wheat cultivars 

collected at tillering than with anthesis and maturity stage herbage. The highest palmitic acid 

was recorded (13.98 and 12.85%) in wheat cultivar Lasani-2008 and Faisalabad-2008, 

respectively. Higher amount of stearic acid (6.52%) was found in Millat-2011 herbage 

collected at tillering stage. Stearic acid was not detected in Millat-2011 and AARI-2011 

herbage collected at anthesis stage and also in all wheat cultivar herbage collected at maturity 

stage. Arachidic acid was not detected in herbage of Millat-2011; however, the highest value 

of archidic acid was detected in AARI-2011.  

4.1.7.3.3. Total saturated fatty acid (%) 

Total saturated fatty acids were also significantly (p≤0.05) differed among wheat 

cultivars and their growth stages (Table 4.24). Higher saturated fatty acids were detected in 

herbage of Millat-2011 and Lasani-2008; however, the amount of saturated fatty acids was 

similar for cultivar AARI-2011 and Faisalabad-2008. Regarding growth stages higher 

saturated fatty acids were quantified in herbage of tillering stage. 

4.1.7.3.4. Total unsaturated fatty acids (%) 

Interactive effect between wheat cultivars and stages of herbage collection was not 

significant for unsaturated fatty acids (Table 4.24). Maximum quantity of unsaturated fatty 

acids was recorded in herbage of wheat cultivar AARI-2011 when compared with Millat-

2011, Lasani-2008 and Faisalabad-2008. The higher unsaturated fatty acids were quantified 

in herbage anthesis and maturity stage that was similar.  

4.1.7.3.5. Unsaturated and saturated fatty acids ratio (%) 

Ratio of unsaturated to saturated fatty acids was also significantly (p≤0.05) differed 

among wheat cultivars and their growth stages (Table 4.24). Maximum unsaturated to 

saturated fatty acids ratio (4.89 and 5.23%) was recorded for wheat cultivar Millat-2011 and 

AARI-2011 respectively, when compared with Lasani-2008 and Faisalabad-2008 (4.22 and 

4.29%). However, ratio of unsaturated to saturated fatty acids were higher in herbage of 

anthesis (5.17%) and maturity (5.38%) compared with the tillering (3.44).  
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Table: 4.23. Saturated fatty acids from the herbage of four wheat cultivars at different growth 

stages 
Capric acid (C10:0) (%) 

 Tillering Anthesis Maturity Mean 

Millat-2011 1.55 1.83 0.21 1.19 A 

AARI-2011 0.00 1.92 0.22 0.71 B 

Lasani-2008 0.21 0.22 0.23 0.22 C 

Faisalabad-2008 0.00 0.21 0.26 0.16 D 

Mean  0.440 B 1.047 A 0.232 C  

LSD≤0.05 C=0.043, G.S=0.037, C×G.S=n.s 

Lauric acid (C12:0) (%) 

Millat-2011 1.85 2.12 0.31 1.43 A 

AARI-2011 1.63 2.23 0.32 1.39 A 

Lasani-2008 0.71 0.12 0.33 0.39 B 

Faisalabad-2008 0.75 0.11 0.38 0.41 B 

Mean  1.235 A 1.148 B 0.337 C  

LSD≤0.05 C=0.061, G.S=0.052, C×G.S=n.s 

Myristic acid (C14:0) (%) 

Millat-2011 10.88  1.19 0.51 4.19 A 

AARI-2011 1.95  1.25  0.61  1.27 B 

Lasani-2008 0.85  0.44  0.63  0.69 C 

Faisalabad-2008 0.90   0.42  0.73  0.64 C 

Mean  3.65 A 0.83 B 0.62 C  

LSD≤0.05 C=0.091, G.S=0.079, C×G.S=n.s  

Palmitic acid (C16:0) (%) 

Millat-2011 2.13 l 7.80 9.73  6.55 D 

AARI-2011 11.45  8.19  11.87  10.50 C 

Lasani-2008 12.86  16.62  12.49  13.98 A 

Faisalabad-2008 13.54  15.79  9.23  12.85 B 

Mean  9.99 C 12.10 A 10.83 B  

LSD≤0.05 C=0.174, G.S=0.151, C×G.S=n.s 

Stearic acid (C18:0) (%) 

Millat-2011 6.52 a 0.00 0.00 2.17 A 

AARI-2011 0.85 b 0.00 0.00 0.28 B 

Lasani-2008 0.24 d 0.62 c 0.00 0.28 B 

Faisalabad-2008 0.23 d 0.59 c 0.00 0.27 B 

Mean  1.96 A 0.30 B 0.00  

LSD≤0.05 C=0.030, G.S=0.026, C×G.S=0.052 

Arachidic acid (C20:0) (%) 

Millat-2011 6.68  0.00 3.01  3.230 A 

AARI-2011 2.92  0.00 3.45  2.124 B 

Lasani-2008 0.00 2.74  3.63  2.123 B 

Faisalabad-2008 0.00 2.60  3.01  1.872 C 

Mean  2.40 B 1.34 C 3.28 A  

LSD≤0.05 C=0.132, G.S=0.114, C×G.S=n.s 

C= wheat cultivars, G.S= growth stages, C×G.S= wheat cultivars × growth stages 

Each number is average of four replicate, means within a column not sharing a letter in common differ 

significantly at 5% probability level by LSD test. 
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Table: 4.24. Total saturated fatty acids and and total unsaturated fatty acids and ratios of un-

saturated and saturated fatty acid of four wheat cultivars herbage at different growth stages 
Total saturated fatty acids (%) 

 Tillering Anthesis Maturity Mean 

Millat-2011 29.61  12.95  13.78  18.78 A 

AARI-2011 18.80  13.59  16.47  16.29 C 

Lasani-2008 14.87  20.76  17.31  17.64 B 

Faisalabad-2008 15.42  19.72  13.61  16.25 C 

Mean  19.67 A 16.76= B 15.29=C  

LSD≤0.05 C=0.203, G.S=0.176, C×G.S=n.s 

Total unsaturated fatty acids (%) 

Millat-2011 58.19  85.04 83.221  76.00 B 

AARI-2011 72.54  89.29 86.548  82.79 A 

Lasani-2008 61.28  78.24  82.42  74.05 C 

Faisalabad-2008 58.37  74.34  72.58  64.45 D 

Mean  62.61 B 81.73 A 81.63 A  

LSD≤0.05 C=0.259, G.S=0.224, C×G.S=n.s 

Unsaturated:Saturated fatty acids (%) 

Millat-2011 1.97  6.57  6.15  4.89 B 

AARI-2011 3.86  6.57  5.25  5.23 A 

Lasani-2008 4.12  3.78  4.76  4.22 D 

Faisalabad-2008 3.79  3.77  5.33  4.29 C 

Mean  3.44 C 5.17 B 5.38 A  

LSD≤0.05 C=0.052, G.S=0.045, C×G.S=n.s 

C= wheat cultivars, G.S= growth stages, C×G.S= wheat cultivars × growth stages 

Each number is average of four replicate, means within a column not sharing a letter in common differ 

significantly at 5% probability level by LSD test. 
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4.1.8. Enzymatic activities of wheat sown rhizosphere soil 

Results revealed that rhizospheric soil enzyme activities varied with the wheat sown 

rhizosphere soil (Millat-2011, AARI-2011, Lasani-2008 and Faisalabad-2008) and with 

growth stage (tillering, anthesis and maturity) during both years of the study (2011-2012 and 

2012-2013).  

4.1.8.1. Urease activity (NH4-N released g
-1

 soil 24 h
-1

) 

Urease activity of wheat sown hizosphere soil varied significantly (p≤0.05) among 

wheat cultivars as well as among growth stages (Fig. 4.15). Upper limit of urease activity 

was observed at anthesis stage; while, tillering and maturity stages had similar urease activity 

that was lower than with anthesis stage (Fig. 4.15b). Urease activity was higher by 163% and 

160% in field soil taken from plots cropped with wheat cultivar AARI-2011 when compared 

to soil taken from the fallow control during both years, respectively (Fig. 4.15a). During 

2011-12 urease activity of rhizosphere soil sown with wheat cultivar AARI-2011 was 

statistically on par with Millat-2011 and Faisalabad-2008, and Millat-2011 and Faisalabad-

2008 on par with Lasani-2008. However, during 2012-13 AARI-2011 was on par with 

Millat-2011 and Lasani-2008, and Millat-2011 and Lasani-2008 with Faisalabad-2008 (Fig. 

4.15c). 

4.1.8.2. Invertase activity (mg glucose equivalent g
-1

 soil 3 h
-1

) 

Interactive effect of wheat cultivars and different growth stages was also non-

significant (p≤0.05) for invertase activity of rhizosphere soil while, activity was significant 

among wheat cultivars as well as growth stages (Fig. 4.16). Higher invertase activity was 

recorded at maturity stage of crop when compared to tillering and anthesis stage in year 

2011-2012 (Fig. 4.16b). During 2012-13, invertase activity at maturity stage was statistically 

on par with anthesis stage (Fig. 4.15d). Invertase activity ranged from 7-10, 10-12 and 13-14 

mg glucose equivalent g
-1 

soil 3 h
-1

 at tillering, anthesis and maturity in 2011-12 and 7-11, 9-

11, 11-14 mg glucose equivalent g
-1 

soil 3 h
-1 

in 2012-13 , respectively. Upper limit of 

invertase activity by 121% and 203% was recorded for plots sown with wheat cultivar AARI-

2011 when compared to the control during both years, respectively. Invertase activities of 

Millat-2011 sown plots were statistically on par with Lasani-2008 and the latter on par with 

Faisalabad-2008 during 2011-12 (Fig. 4.15a). During 2012-13, invertase activity for plots  
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Fig. 4.15. Urease activity of wheat sown soil at different growth stages. Vertical bar above means indicate standard 

error of four replicates. Means not sharing a letter in common differ significantly at 5 % probability by LSD test. 
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Fig. 4.16. Invertase activity of wheat cultivar sown soil at different growth stages during 2011-12 and 2012-13. 

Vertical bar above means indicate standard error of four replicates. Means not sharing a letter in common differ 

significantly at 5 % probability by LSD test. 
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sown with wheat cultivar Lasani-2008 and Faisalabad-2008 were statistically (p≤0.05) 

similar (Fig. 4.15c). The lowest invertase activity was obtained with the control in both years 

4.1.8.3. Cellulase activity (µg reducing sugar g
-1

 dry soil 24 h
-1

) 

Cellulase activity of rhizosphere soil varied among wheat cultivars at different growth 

stages as compared to control in 2011-12 (Fig. 4.17a). During 2012-13 cellulase activity was 

significant (p≤0.05) among wheat cultivars and also for different growth stages (Fig. 4.17b). 

Maximum cellulase activity (97%) was recorded for AARI-2011-sown soil compared to soil 

taken from the fallow control. Cellulase activity of AARI-2011 was statistically on par with 

Millat-2011, which was, however, on par with Lasani-2008 and Faisalabad-2008, and 

Lasani-2008 and Faisalabad-2008 on par with the control (fallow). For growth stages upper 

limit of cellulase activity was recorded for maturity stage, which was statistically on par with 

anthesis stage and anthesis stage was on par with tillering stage (Fig. 4.15c). 

4.1.8.4. Dehydrogenase activity (µg Formazan g
-1

 soil 24 h
-1

) 

Interactive effect of rhizosphere soil infested by wheat cultivars × growth stages on 

dehydrogenase activity was significant (p≤0.05) (Fig. 4.18a). Dehydrogenase activity was 

higher by 77-80% and 44-50% in field soil taken at maturity stage from plots cropped with 

AARI-2011 and Faisalabad-2008 during 2011-12 and 2012-13, respectively. Dehydrogenase 

activity was statistically similar at anthesis stage with all wheat cultivars during 2011-12 

although; during 2012-13 dehydrogenase activity was also statistically similar but more than 

2011-12. Similar trend was recorded for all wheat cultivars infestation at tillering stage. 

4.1.8.5. Phosphatase activity (µg p-nitrophenol g
-1

 soil h
-1

) 

Regarding phosphatase activity of rhizospheric soil, interaction of wheat cultivar 

infestation with growth stage was significant (p≤0.05) during both years of the study (Fig. 

4.18b). Higher phosphatase activity of rhizosphere soil by 518% was recorded at maturity 

stage for plots cropped with AARI-2011 during 2011-12 and 342-381% higher for Millat-

2011 and AARI-2011, respectively, during 2012-13. Phosphatase activity was increased in 

the soil sown with Millat-2011, Lasani-2008 and Faisalabad-2008 at maturity stage by 344, 

326 and 304% over control; however, that was statistically (p≤0.05) similar with Millat-2011 

and AARI-2011 at anthesis stage during 2011-12. During 2012-13, phosphatase activity in 

the plots sown with Lasani-2008 at maturity stage was statistically on par with Faisalabad- 
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Fig. 4.17. Cellulase activity of wheat cultivar sown soil at different growth stages during 2011-12 and 2012-13. 

Vertical bar above means indicate standard error of four replicates. Means not sharing a letter in common differ 

significantly at 5% probability by LSD test. 
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Fig. 4.18. Dehydrogenase and phosphatase activities of wheat cultivar sown soil at different growth stages during 

2011-12 and 2012-13. Vertical bar above means indicate standard error of four replicates. Means not sharing a letter 

in common differ significantly at 5 % probability by LSD test. 
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2008; while, plots sown with Faisalabad-2008 at maturity stage was on par with AARI-2011 

and Millat-2011 at anthesis stage. 

4.1.8.6. Polyphenol oxidase (Units/mg) 

Polyphenol oxidase activity remained unaffected by different growth stages of wheat 

during both the years; however, the cultivar affect was significant (Fig. 4.19a). Higher 

activity of polyphenol oxidase was noticed for AARI-2011 sown soil than control and that 

was statistically on par with Millat-2011 and Lasani-2008 infestation in 2011-12. 

4.1.8.7. Total soluble phenolic contents (mg g
-1

 soil) 

Interactive effect of wheat cultivar and their growth stages was significant (p≤ 0.05) 

for total soluble phenolic content of soil (Fig. 4.19c). Higher total phenolic content in soil 

was recorded at maturity stage of wheat than at tillering and anthesis stages during both year 

of the study. Maximum phenolic content (185 and 312%) was observed for AARI-2011 sown 

soil when compared to the fallow control in 2011-12 and 2012-13, respectively. 

Nevertheless, phenolic contents remained statistically similar at tillering stage of all wheat 

cultivars and also for anthesis stage; similar trend was notice for both stages during 2012-13. 

4.1.9. Microbiological analysis 

4.1.9.1. Population of bacteria (CFU × 10
4
 g

-1
 soil) 

Significant (p≤0.05) difference was observed in number of bacteria throughout the 

growing season of wheat cultivars at different growth stages as compared to control (Fig. 

4.20a). Maximum number of bacteria was observed in soil cropped by wheat cultivar Millat-

2011 (140 CFU × 10
4
 g

-1
 soil) and AARI-2011 (146 CFU × 10

4
 g

-1
 soil) during 2011-12 and 

AARI-2011 (135 CFU × 10
4
 g

-1
 soil) in 2012-13 at anthesis stage when compared to the 

control. Number of bacteria did not vary among in plots sown with wheat cultivar Millat-

2011 and AARI-2011 at maturity stage in 2011-12. During 2011-12, bacterial population in 

plots sown with AARI-2011 at tillering stage was statistically on par with Lasani-2008 sown 

soil at maturity stage and as was Lasani-2008 statistically on par with Lasani-2008 and 

Faisalabad-2008 at tillering and maturity stage as compared to control, respectively. During 

2012-13, microbial population was statistically similar in rhizosphere soil sown by Millat-

2011 at maturity stage and AARI-2011 at tillering and maturity stage when compared to the 

control.  
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4.1.9.2. Population of fungi (CFU × 10
3
 g

-1
 soil) 

Interactive effect of wheat cultivar and their growth stage was non-significant 

(p≤0.05) for fungal population in field conditions (Fig. 4.20b-e). Highest populations of fungi 

were observed in plots with AARI-2011 during both years when compared to control, 

respectively. Regarding growth stages, maximum number of fungi was recorded at maturity. 

Population of fungi at maturity stage was 35-1% higher in 2011-12 and 28-4% higher in 

2012-13 than tillering and anthesis stage, respectively. 

4.1.9.3. Microbial-biomass-carbon (mg kg
-1

)  

Microbial-biomass-carbon (Cmic) varied significantly (p≤0.05) in plots sown with 

wheat cultivars and at their different growth stages when compared to control (Fig. 4.21a). 

Minimum change in Cmic 8, 10, 6 and 4% during 2011-12 and 16, 22, 15 and 13% during 

2012-13 was recorded in plots sown with Millat-2011, AARI-2011, Lasani-2008 and 

Faisalabad-2008 at tillering stage when compared to control. During both years, higher Cmic 

(37 and 40%, and 55 and 59%) was observed in plots cropped with wheat cultivar Millat-

2011 and ARRI-2011 at maturity stage when compared to Lasani-2008, Faisalabad-2008 and 

the control, respectively. The amount of Cmic was statistically similar in plots cropped with 

wheat cultivar Lasani-2008 and Faisalabad-2008 at anthesis stage during 2011-12; although 

in 2012-13 Cmic was also statistically similar for same cultivar and growth stage but less than 

2011-12. Nevertheless, Cmic in plots sown with wheat cultivar AARI-2011 at anthesis stage 

was statistically on par with Lasani-2008 and Faisalabad-2008 at maturity stage in 2011-12, 

such as in 2012-13 Millat-2011 at anthesis stage was statistically on par with Faisalabad-

2008 at maturity stage. 

4.1.9.4. Microbial-biomass-nitrogen (mg kg
-1

) 

Interactive effect of wheat cultivars and their different growth stage was significant 

(p≤0.05) for microbial-biomass-nitrogen (Nmic) (Fig. 4.21b). During 2011-12 and 2012-13, 

higher Nmic (88% and 127%) was observed in soil of plots cropped with AARI-2011 at 

maturity stage as compared to the control, respectively. In plots cropped with all wheat 

cultivars at anthesis stage Nmic 50, 59, 44 and 43% in 2011-12 and in 2012-13 85, 100, 78 

and 75% was higher when compared to the control. 
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Fig.4.19. Polyphenol oxidase and total soluble phenolic content of four wheat cultivar sown soil at different growth 

stages during 2011-12 and 2012-13. Vertical bar above means indicate the standard error of four replicate. Means 

not sharing a letter in common differ significantly at 5% probability by LSD test. 
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Fig.4.20. Population of bacteria and fungi in wheat sown soil at different growth stages during 2011-12 and 2012-

13. Vertical bar above means indicate standard error of four replicate. Means not sharing a letter in common differ 

significantly at 5% probability by LSD test. 
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Fig. 4.21. Microbial-biomass-carbon and -nitrogen of four wheat cultivar sown soil at different growth stages during 

2011-12 and 2012-13. Vertical bar above means indicate standard error of four replicate. Means not sharing a letter 

in common differ significantly at 5% probability by LSD test. 
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Nevertheless, Nmic in plots infested by wheat cultivar Millat-2011 at anthesis stage 

was statistically similar with Lasani-2008 at maturity during 2011-12 although in 2012-13 

similar trend was noticed for same cultivars at these growth stages. The lower Nmic was 

observed for all wheat cultivars infestation at tillering stage as compared to control; however, 

Millat-2011 was statistically similar with Lasani-2008 with Faisalabad-2008 during both the 

growing seasons. 

4.1.10. Allelochemicals detected in wheat rhizosphere soil (HPLC analyses) 

The HPLC analysis of rhizosphere soil infested with different wheat cultivars 

collected at their different growth stages indicated that Gallic acid, p-hydroxybenzoic acid, 

syringic acid, protacatechuic acid, vanillic acid, ferulic acid, p-coumaric acid and benzoic 

acid were present in different concentrations (Table 4.25). Gallic acid was only present in 

wheat-sown rhizosphere soil extracts during tillering and was absent during later stages of 

growth. P-hydroxybenzoic acid was detected in wheat-sown rhizosphere soil of all growth 

stages. Highest concentrations 26.65 and 34.85 µg g
-1

 was detected at the maturity stage with 

wheat cultivars Millat-2011 and AARI-2011, respectively. Syringic acid, protocatechuic 

acid, vanillic acid were not detected in rhizosphere soil during tillering stage, however, these 

were present during anthesis and maturity stages. Highest concentrations of syringic acid 

(9.10 and 5.42 µg g
-1

) were detected at maturity stage with Millat-2011 and AARI-2011. The 

highes level of protocatecahuic acid and vanillic acid (24.71 µg g
-1

 and 7.29 µg g
-1

) occurred 

at anthesis stage of Lasani-2008 and AARI-2011, respectively. Ferulic acid was present in 

rhizosphere soil of all wheat cultivars at different growth stages. Nevertheless, ferulic acid 

concentration was higher (13.71, 13.75 and 30.06 µg g
-1

) at anthesis stage of AARI-2011, 

and at maturity for Lasani-2008 and Faisalabad-2008, respectively. P-coumaric acid was also 

absent in all wheat cultivar rhizosphere soil during tillering stage and present during anthesis 

and maturity stages. Benzoic acid was detected in rhizosphere soil of all wheat cultivars 

during all growth stage except in Millat-2011 during anthesis stage. Total phenolics were 

higher in rhizosphere soil at anthesis and maturity stages with all wheat cultivars. However, 

higher concentration of total phenolics (7.05 and 6.68 µg g
-1

) was detected in wheat 

rhizosphere soil at tillering stage with Millat-2011 and Faisalabad-2008, and at anthesis (39.3 

and 29.23 µg g
-1

) and maturity stages (75.04 and 47.00 µg g
-1

) with AARI-2011 and Lasani-

2008, respectively. The overall concentration of allelopathic compounds in rhizosphere soil 
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at tillering stage averaged over cultivars was in order: ferulic acid > benzoic acid > p-

hydroxamic acid > gallic acid; at anthesis stage: p-hydroxamic acid > ferulic acid > vanillic 

acid > benzoic acid > p- coumaric acid > syringic acid > protocatechuic acid; and at maturity 

stage: p-hydroxamic acid > ferulic acid > benzoic acid > protocatechuic acid > syringic acid 

> vanillic acid > p-coumaric acid. 

4.1.11. Correlation relationship between rhizosphere variables 

Correlation analysis showed that positive correlation was between total soluble 

phenolic content present in wheat rhizosphere soil collected at different growth stages and 

population of bacteria during 2011-12 and 2012-13 (Table 4.26). There was also positive 

association observed between total soluble phenolic content of rhizosphere soil and 

population of fungi. However, during 2011-12, this association was non-significant for 

Millat-2011 and control plots at tillering stage and for Lasani-2008 and control plots at 

maturity stage. 

During both years of the study, in all wheat rhizosphere soil, populations of bacteria 

were positively correlated with the activity of dehydrogenase at tillering, anthesis and 

maturity stage. There was a strong and positive correlation between population of bacteria 

and with activity of invertase in wheat rhizosphere soil at different growth stages. Likewise, 

population of bacteria also positively correlated with urease in wheat rhizosphere soil at 

different growth stages. 
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Table: 4.25. Allelochemical profile of wheat sown rhizosphere soil sampled at different growth stages 
Allelochemicals (µg g

-1
) Tillering Anthesis Maturity 

 Millat-

2011 

AARI-

2011 

Lasani

-2008 

Faisalab

ad -2008 

Millat-

2011 

AARI-

2011 

Lasani-

2008 

Faisalaba

d-2008 

Millat-

2011 

AARI-

2011 

Lasani-

2008 

Faisalab

ad-2008 

Gallic acid 0.03 2.06 0.26 0.04 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

p-Hydroxybenzoic acid 1.67 0.95 0.03 2.64 2.64 7.84 19.44 12.99 26.65 34.85 4.11 3.19 

Syringic acid 0.00 0.00 0.00 0.00 0.57 0.58 1.39 1.61 9.10 5.42 0.01 0.26 

Protocatechuic acid 0.00 0.00 0.00 0.00 0.00 2.49 0.00 0.00 0.94 0.10 24.71 0.01 

Vanillic acid 0.00 0.00 0.00 0.00 4.17 7.29 0.00 0.00 1.44 4.16 0.92 0.01 

Ferulic acid 2.88 1.58 3.15 1.24 6.72 13.71 3.41 3.16 6.27 15.10 13.75 30.06 

p-coumaric acid 0.00 0.00 0.00 0.00 1.42 0.98 1.67 1.66 1.33 1.33 0.79 1.25 

Benzoic acid 2.47 1.17 1.81 2.76 0.00 6.41 3.32 1.39 9.29 14.08 2.71 0.01 

Total phenolics 7.05 5.76 5.25 6.68 15.52 39.3 29.23 20.83 55.02 75.04 46.99 34.76 
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Table: 4.26. Correlation coefficents showing strength of association between pairs of variables 
Variable 1 Variable 2  Tillering Anthesis Maturity 

2011-2012 2012-2013 2011-2012 2012-2013 2011-2012 2012-2013 

Total soluble 

phenolic 

content 

Population of 

bacteria 
Control  0.805

n.s
 0.968

**
 0.991

***
 0.956

*
   0.992

***
 0.864

*
 

Millat-2011 0.932
*
 0.902

*
 0.947

*
   0.992

***
 0.949

*
 0.912

*
 

AARI-2011 0.879
*
 0.951

*
 0.974

**
   0.996

***
  0.988

**
 0.952

*
 

Lasani-2008 0.883
*
 0.934

*
 0.942

*
 0.926

*
 0.898

*
 0.889

*
 

Faisalabad-2008 0.855
*
 0.940

*
 0.971

**
 0.936

*
 0.992

*
 0.981

**
 

Population of 

fungi 
Control    0.805

 n.s
 0.934

*
 0.879

*
 0.924

*
   0.279

 n.s
 0.916

*
 

Millat-2011    0.288
 n.s

 0.903
*
 0.925

*
  0.987

**
 0.949

*
 0.941

*
 

AARI-2011   0.969
**

 0.950
*
 0.900

*
  0.962

**
   0.991

***
 0.947

*
 

Lasani-2008    0.301
 n.s

 0.941
*
 0.942

*
 0.924

*
   0.279

 n.s
 0.961

*
 

Faisalabad-2008 0.953
*
 0.932

*
 0.902

*
 0.934

*
   0.992

***
 0.932

*
 

Population of 

bacteria 

Dehydrogenase  Control  0.919
*
 0.942

*
 0.889

*
 0.931

*
 0.959

*
 0.975

**
 

Millat-2011  0.975
**

   0.999
***

   0.993
***

   0.995
***

   0.995
***

   0.998
***

 

AARI-2011    0.995
***

   0.999
***

 0.989
**

    0.997
***

  0.988
**

 0.982
**

 

Lasani-2008  0.969
**

  0.975
**

   0.996
***

   0.967
**

   0.996
***

   0.994
***

 

Faisalabad-2008 0.931
*
   0.997

***
 0.964

**
   0.999

***
  0.976

**
   0.995

***
 

Invertase  Control   0.962
**

 0.948
*
 0.977

**
   0.999

***
 0.942

*
 0.952

*
 

Millat-2011 0.931
*
 0.990

**
 0.967

**
 0.977

**
  0.975

**
 0.951

*
 

AARI-2011 0.974
**

 0.965
**

 0.931
*
 0.953

*
 0.916

*
   0.997

***
 

Lasani-2008 0.978
**

 0.955
*
  0.965

**
   0.999

***
 0.926

*
   0.990

***
 

Faisalabad-2008 0.946
*
   0.994

***
   0.993

***
   0.999

***
 0.926

*
   0.990

***
 

Urease  Control  0.930
*
 0.996

***
  0.983

**
 0.982

**
 0.926

*
 0.964

*
 

Millat-2011 0.963
**

 0.934
*
 0.880

*
   0.998

***
   0.996

***
 0.952

*
 

AARI-2011 0.977
**

 0.954
*
 0.890

*
  0.971

**
 0.944

*
   0.994

***
 

Lasani-2008 0.968
**

 0.866
*
   0.999

***
 0.939

*
  0.965

**
 0.957

*
 

Faisalabad-2008 0.969
**

 0.969
**

  0.964
**

   0.992
***

 0.919
*
   0.998

***
 

*
p <0.05, 

**
p <0.01, 

***
p <0.001, 

n.s
 Non-significant
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4.1.12. Discussion 

Variation in individual and total weed density and dry biomass observed in 

experimental plots of different wheat cultivars under field conditions (Tables 4.1-4.5) might 

be attributed to different type and concentration of phytotoxins exuded in soil by these wheat 

cultivars at different growth stages. Wu et al. (2001a) and Ma (2005) reported the production 

of many phytotoxic compounds or allelochemicals, like phenolic acids, hydroxamic acids, 

and short and long chain fatty acids by wheat plants. Chromatographic analyses provided 

additional insight of into wheat allelopathy-mediated weed suppression by establishing 

qualitative and quantitative presence of different phytotoxins in wheat herbage and their 

rhizospheric soil (Table 4.20, 4.25). Our results of HPLC analyses also showed that herbage 

of all wheat cultivars, and their rhizosphere soil contained eight phytotoxic compounds, viz. 

gallic acid, p-hydroxybenzoic acid, syringic acid, protocatechuic acid, vanillic acid, ferulic 

acid, p-coumaric acid and benzoic acid. Unsaturated fatty acids (palmitoleic acid, oleic acid, 

linoleic acid, linolenic acid and erucic acid; Table 4.22) and saturated fatty acids (capric acid, 

lauric acid, myristic acid, palmitic acid, steric acid and arachidic acid; Table 4.23) were also 

quantified in the herbage of these four wheat cultivars. The ratio of unsaturated fatty acids 

was greater than saturated fatty acids and is an important indicator of good herbage quality. 

Quality of herbage effect the decomposition process, good quality herbage decomposed 

slowly and released nutrient for longerf time in soil compared to low quality herbage 

(Kriauciuniene et al., 2012). The results revealed that concentration of these phytotoxic 

compounds and fatty acids varied among wheat cultivars and their infested rhizosphere soil 

with crop growth stage.  

Previous studies documented that the concentrations of phenolic compounds 

(phytotoxic allelochemicals) changed with the plant growth (Batish et al., 2001; An et al., 

2003; Kong et al., 2006; Iannucci et al., 2012). Allelopathic potential of different wheat 

genotypes is also variable (Wu et al., 2000a, d; Belz and Hurle, 2004; Zuo et al., 2007; 

Mahmood et al., 2013). The differential expression and concentration of phytotoxins in 

herbage, and rhizosphere-soil of different wheat cultivars is in part due to variation in the 

secondary metabolism among wheat cultivars. The variable secondary metabolism might be 

due to differences in the efficiency of primary carbon metabolism, which yields variable 

fractions of erythrose-4-phosphate, phosphoenol pyruvate and acetyl CoA for important 



 

133 
 

pathways of secondary metabolism like shikimic acid- (Eisenreich et al., 2004) and malonic 

acid-pathway (Mustafa and Verpoorte, 2007). 

Weed density and dry biomass were significantly reduced in plots sown with all 

wheat cultivars when compared to the fallow plots (without wheat). Wheat cultivars 

suppressed the total and individual weed densities as well as dry biomass at 45, 60, 75, 90 

and 105 DAS when compared to the control by releasing appreciable amounts of phytotoxic 

compounds in the rhizosphere soil. At later growth stages (anthesis and maturity), such weed 

suppression increased up to 90% during both years of study compared to the control. More 

suppression at later growth stage may be due to the accumulation of higher concentration of 

phytotoxic compounds in rhizosphere soil at maturity stage as compared to the tillering stage 

(Table 4.25). The weed suppression may occur due to interference between crop and weed 

plant through either allelopathy and competition or both (Muller, 1969). The competition 

may b for the removal of light, water and nutrients etc. allelopathy is an important 

component of interference between crop and weed plants and it could also be an important 

supplement of chemical weed control. Besides, dense crop canopy closure at anthesis and 

completion of life cycle of many weeds at crop maturity might have reduced the weed 

infestaion further compared with fallow plots.  

Highest concentration of p-hydroxiamic acid and its derivatives in wheat rhizosphere 

soil was found during anthesis and maturity stage. The overall concentration of allelopathic 

compounds in rhizosphere soil was higher in order p-hydroxamic acid > ferulic acid > 

benzoic acid > protocatechuic acid > syringic acid > vanillic acid > p-coumaric acid > gallic 

acid. These compounds may have adversely affected the emergence and subsequent growth 

of weeds in the field. Release and presence of phytotoxic compounds in the rhizosphere alter 

the biochemical and physiological reactions in cell membrane ultra-structure, and interfere 

with membrane permeability and integrity, synthesis of certain compounds and enzymatic 

activities during seed germination (Gniazdowska and Bogatek, 2005). Reduction in weed dry 

biomass might be due to the inhibitory activity of higher concentration of allelochemicals 

exuded from wheat roots that accumulated in the rhizosphere soil. These phytotoxic 

compounds may have inhibitory effect on the growth of weeds by creating physiological 

drought, prevention of cell division and elongation or by the reduction of the stimulatory 

growth (Al-Wakeel et al., 2007). Phytotoxic compounds are also reported to cause alteration 
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in the cell membrane structures and permeability which result in the several other cross-stress 

responses due to reactive oxygen species (ROS) damage (Khaliq et al., 2012) and lipid 

peroxidation (Khaliq et al., 2013).  

Wheat phytotoxic compounds might reduce the nutrient uptake from soil solution 

(Franche et al., 2009), and inhibit photosynthesis either by interfering with the biosynthesis 

of photosynthetic pigments or enhancing their degradation by inducing oxidative stress via 

generation of reactive oxygen species or both of these (Khaliq et al., 2011b). Numerous 

studies documented phytotoxic effect of hydroxamic acid and its derivatives and phenolic 

acids (syringic acid, caffiec acid, vanillic acid, ferulic acid, cinnamic acid, p-coumaric acid) 

and their mode of action and effective suppression of plant growth (Barkosky et al., 2000; 

Sànchez-Moreiras and Reigosa, 2005; Jia et al., 2006; Camusso et al., 2007; Chum et al., 

2010; Schulz et al., 2013). Chum et al. (2010) evaluated the phytotoxic effect of five 

benzoxazinoids [2-benzoxazolinone (BOA), 2-H-1, 4-benzoxazin-3(4H)-one (H-BOA), 3-

Methyl-2-benzoxazolinone (Me-BOA), 6-Hydroxy-2-benzoxazolinone (Hy-BOA) and 6-

Methoxy-2-benzoxazolinone (M-BOA)] on seedling growth of three weeds Phalaris minor, 

Echinochloa crus-galli, and Cassia occidentalis, and found that P. minor and E. crus-galli 

were more sensitive to benzoxazinoides and inhibition recorded was concentration 

dependent. Benzoic acid hydroxyl- and methoxy-ring substituents play an important role in 

the inhibition of nutrient uptake (Yu et al., 2003; Ye et al., 2004; Camusso et al., 2007), and 

plant growth (Crisan et al., 2007). Jia et al. (2006) studied the joint action of binary and 

ternary mixtures of benzoxazinone derivatives DIMBOA, BOA and phenolic acids (vanillic 

acid and ferulic acid) and found that these mixtures performed synergistically, additively and 

antagonistically against Mentha arvensis and Lolium perenne. They further reported that the 

mixture of DIMBOA, ferulic acid and vanillic acid had antagonistic effect against M. 

arvensis and a mixture of MBOA and ferulic acid was antagonistic to L. perenne. Inderjit, 

(2002) studied the joint action of P-hydroxybenzoic acid, ferulic acid and p-coumaric acid in 

binary mixtures of different concentrations and found that these compounds may act 

antagonistically at higher concentration and additively at low concentration. 

Correlation analyses (Table.4.18) revealed the negative correlation between total 

phenolic content in wheat-rhizosphere soil and the total weed density. The difference in yield 

parameters (spikelets per spike, 1000-grain weight, straw yield and harvest index) was less 
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pronounced between the weed free plots and weedy plots. Bertholdsson (2007) concluded 

that there is a negative correlation between allelopathic activity and grain yield in barley, but 

not in wheat. However, in weedy plots grain yield was reduced by 10% and 7.5% as 

compared to weed free plots during growing seasons of 2011-12 and 2012-13, respectively. 

This reduction in yield in weedy plots may be due to the completion between wheat cropand 

weed compare to weed free plots. The enhancement of wheat allelopathic activity is an 

important feature that could help decreasing the yield losses due to weeds, reduce herbicide 

expenses, slow down the herbicide resistance and provide the related benefits to the 

environment. Such as production of allelopathic compounds in plant leaves and exudation in 

to rhizosphere soil may also cause phytotoxicity to plant itself in terms of ‘autotoxicity’ (Wu 

et al., 2007, 2008; Bennett et al., 2012). 

Chlorophyll content in wheat increased at anthesis stage and showed a decline 

towards plant reached. There was a negative correlation between the production of total 

phenolic contents and chlorophyll content in plant leaf (Table 4.19). With the increased 

production of phenolic compounds, a decline in chlorophyll contents was noticed. At 

maturity stage, phenolic compounds were considerably higher. Kar and Mishra (1976) 

reported that the release of the phenolic contents from leaky vacuoles and the liberation of 

the phenolic amino acids from proteolysis might account for the increase of the total phenolic 

compounds during maturity. In the present study, we observed that antioxidant activity varied 

among wheat cultivars and their growth stages. The activity of SOD and POX in the 

rhizosphere increased until anthesis stage and decreased thereafter as plants progressed 

towards maturity. However, activity of CAT continued to increase until crop maturity. The 

increase in the CAT activity and reduction of POX and SOD activity may be induced by the 

allelopathic stress of increasing levels of phenolic compounds that occured at maturity stage, 

and thereby acting as scavenging system against such stresses. The SOD activities increase 

the membrane lipid peroxidation. A negative correlation was recorded for SOD activity with 

lipid peroxidation. Therefore, there is need for enhancement or stimulation of antioxidant 

activities in allelopathic crop plants during development of new allelopathic cultivars and 

that may play a vital role to mitigate the stress of extra production of phenolic compounds 

(avoiding autotoxicity). 
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Soil microflora of any crop is the most important component of the rhizosphere 

ecological system contributing to the nutrient cycling and energy flow (Berendsen et al., 

2012). The microbial activities enhance the availability of carbon, nitrogen and phosphorus 

by converting them into plant available form of minerals (Preston-Mafham et al., 2002). 

Phosphorus is an essential nutrient for plant growth, and is acquired by plants from soil 

solution in the form of phosphate anions. Phosphate anions are extremely reactive and form 

precipitate with cations such as Mg
2+

, Ca
2+

, Al
3+

 and Fe
3+

; which are immobile, insoluble and 

unavailable for plants (Tilak et al., 2005). Consequently, the available form of ‘P’ is often 

limited. A considerably highe concentration of phosphatase is important for mineralization of 

organic ‘P’ in the soil in order to increase the availability of ‘P’ to plants. Higher phosphatase 

activity was recorded in the wheat rhizosphere soil during the anthesis and maturity stages 

compared to fallow-plot-soil (Fig. 4.18). The abundance of phosphatase in rhizosphere soil 

indicated that microflora played a predominant role in their niche. Rawat et al. (2011) 

isolated some bacterial strains from wheat rhizosphere soil and found that genera Bacillus, 

Pseudomonas and Rhizobium are the important phosphorus solubilizers. These authors 

reported that microbial population reached up to maximum at 90 days in wheat infested 

rhizosphere soil, and sidrophore and phosphatase activity was increased at 60 and 90 days of 

wheat infestation. The principal mechanism for mineral phosphate solubilization is the 

production of organic acids, and acid phosphatase mineralizes organic ‘P’ in soil. The 

production of organic acid by solubilizing bacteria has been well documented (Gaur et al., 

2004). 

The analyses of wheat rhizosphere soil revealed that wheat plants exuded 

allelochemicals into the soil. These compounds act as carbon sources for the microorganisms 

(Schmidt and Ley, 1999) and consequently increase the microbial population and activities in 

the rhizosphere soil. To study the stimulatory effect of allelopathic compounds on 

microorganisms as bacterial and fungal abundance, microbial-biomass-carbon and -nitrogen 

content and enzymatic activities were also determined in rhizosphere soil.  

Bacterial and fungal abundance was higher in plots sown with wheat cultivars where 

the quantity of phenolic compounds exceeded those of fallow plots (Fig. 4.20). Previous 

findings suggested that growth of soil microorganisms is stimulated at appropriate 

concentrations of phenolic compounds (Blum et al., 2000; Qu and Wang, 2008). The 
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concentrations of allelopathic compounds are often variable among cultivars of same species 

(Wu et al., 2001a) and plant growth stages (Mogensen et al., 2006). Our chromatographic 

analyses of rhizosphere soil showed that the concentration of allelopathic compounds 

increased at later growth stages as compared to early growth stage (Table 4.25). Such an 

increased concentration of allelochemicals at later growth stage may have influence the 

increase in the bacterial and fungal populations in rhizosphere soil (Table 4.20) presumably 

due to increase in availability of carbonaceous compounds. There was a positive correlation 

between the concentration of soluble phenolic compounds and population of bacteria and 

fungi (Table 4.26). Wachowska et al. (2006), after field investigations on the population 

structure of bacteria and fungi in rhizosphere soils of two wheat cultivars at different 

development stages, reported that populations from the order Actinomycetales and the genus 

Pseudomonas were higher in winter wheat rhizosphere soil mostly at flowering and milk 

stage. Fungi of genus Cladosporium were also common especially at later growth stages of 

winter wheat. Enhanced populations of bacterial and fungal species might have contributed 

to increased grain yield of cereals (Singh and Kapoor, 1999). 

In the present studies, the soil bacteria and fungi responded differentially to the 

phenolic compounds of wheat-rhizosphere soil so that the population of the former was 

higher than that of fungi. de Graaff et al. (2010) reported that differential response of bacteria 

and fungi to phenolic compounds might be due to variations in preferential utilization of 

labile carbon compounds. For example, bacteria are more efficient in their ability to utilize 

the readily available carbon compounds and manifest higher metabolic activities than fungi. 

But, fungi too are able to express their enzymatic activities enabling them to use the complex 

organic compounds for their metabolism (Rinnan and Baath, 2009). Increase in population of 

bacterial community in phenolic amended soils as compared to fungi community is also 

reported elsewhere (Zhou et al., 2012). 

Soil enzymes are important indicators of microbial activities, functional diversity of 

rhizosphere soil and an index of soil fertility (Nannipieri et al., 2002; Yao et al., 2006). 

Results pertaining to the enzymatic activities (urease, invertase, dehydrogenase, and cellulase 

and polyphenol oxidase) in wheat infested rhizosphere soil (Fig. 4.15-4.19) concluded that all 

such enzymatic activities were increased over fallow (control). Nevertheless, such enzymatic 

activities varied among rhizosphere soils of plots sown with different wheat cultivars, and 
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also among different growth stages of wheat as compared to the fallow plot soil. Enzyme 

groups such as hydrolases, oxidoreductases, isomerases, ligases and lyases present in the soil 

perform many biochemical functions in the overall process of energy and material conversion 

in the soil ecosystem (Gu et al., 2009). The first two of these are more vital than the last three 

enzymes. For the oxidoreductase group, dehydrogenase and polyphenol oxidase are the 

typical and commonly found enzymes in rhizosphere soil. Dehydrogenase enzyme is the 

most important indicator of biological activity and microbial population in the soil (Wolińska 

and Stępniewska, 2012), while polyphenoloxidase plays a vital role in catalyzing the 

oxidation of ortho-diphenol compounds to quinine (Dirks-Hofmeister et al., 2014).  

In the hydrolase group, urease and invertase are two important enzymes. Urease is 

important for the hydrolysis of urea to ammonium and carbon dioxide. Ammonium is an 

available form of nitrogen for plant uptake and this ubiquitous activity has a primary role in 

the nitrogen cycle. Urease activity originated with microorganisms and is strongly correlated 

with soil organic matter (Beri et al., 1978). Invertase in the soil enhances the hydrolysis of 

sucrose into glucose and fructose, and activity of this enzyme is considered an important 

indicator of microbial biomass (Makoi and Ndakidemi et al., 2008). Cellulase is an indicator 

of soil fertility as it enhances the degradation of glycosidic bonds of cellulose into 

carbohydrate and non-carbohydrate parts (Shaik et al., 2013). The degradation of cellulose in 

agricultural soils enhances the availability of carbon, which is important substrate for the 

survival of microorganisms (Deng and Tabatabai, 1994). 

Enzymatic activities were also increased with the increase of allelopathic compounds 

and microbial population. Positive correlation was found between the phenolic compounds, 

microbial population and enzymatic activities of wheat rhizosphere soil (Table 4.26). Such an 

understanding of microbial and enzymatic activities under wheat allelopathy would help with 

elucidating the action of allelopathic wheat cultivars in cropping ecosystems. 

4.1.13. Conclusion 

Rhizosphere is the soil surrounding plant roots influenced by the chemistry and biology of 

the plant roots. As the plant roots grow, they produce water-soluble compounds such as 

organic acids, amino acids and sugars that nourish microorganisms. High levels of these 

exudates attract the microorganisms increasing their activities in rhizosphere soil. Phenolic 

compounds in these exudates can potentially act as phytotoxins for receiver plants present in 
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the system inhibiting their growth. The composition and pattern of release of root exudates 

affect weed growth and microbial activity. Crop cultivars and plant growth stages were 

important factors in regulating the weed and microbial communities in rhizosphere soil. 

Microbial population and functional diversity depend upon a number of biotic and abiotic 

factors in soil ecology. This study showed that there were possible correlations between 

compounds present in wheat-rhizosphere soil and microbial and enzymatic activities. 

Molecular characterization of the interactions between wheat root exudates and soil enzymes 

are needed to further explain in wheat-based cropping systems, in this case weeds are serious 

threats to crop productivity, and availability of nutrients is limited due to fixation in soil. 

Current production methods in modern agriculture such as continual use of synthetic 

herbicides, pesticides and fertilizers, that create long lasting environmental and health 

hazards. The use organi ways for weed control not only helpful for weed control also 

improve the soil health by enhancing the biological activities (Microbial and enzymatic) and 

organic carbon. 
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4.2. Pot studies 

4.2.1. Experiment-I A: Effect of wheat cultivar and growth stage on emergence, seedling 

growth and biochemical attributes of canarygrass 

4.2.1.1. Total carbon, nitrogen and soluble phenolics in wheat herbage 

Total carbon (C), nitrogen (N) and soluble phenolics in herbage of all wheat cultivars 

were different, and changed with the growth stages at which herbage was collected (Table 

4.27). Total C and soluble phenolics in all the cultivars increased with advancement in stage 

of collecting the herbage so that maximum of these were recorded at maturity. However, for 

all wheat cultivars, maximum total N was recorded in herbage collected at anthesis stage, and 

declined thereafter towards maturity. Measurement of total C and N revealed C:N ratio that 

was highest at maturity in all the cultivars. Data further revealed that maximum total C (381 

mg g
-1

) and total soluble phenolics (78.88 mg g
-1

 DW) were recorded in herbage of wheat 

cultivar AARI-2011. Similaraly, maximum total N (4.53 mg g
-1

) was recorded at anthesis in 

the same cultivar. Herbage of wheat cultivar Millat-2011 collected at maturity stage depicted 

highest C:N ratio (103.39) and the corresponding ratio for AARI-2011 at this stage was 

98.30. Total soluble phenolic in herbage of different wheat cultivars ranged from 52-78 mg g
-

1
 DW (Table 4.27). 

4.2.1.2. Properties of herbage incorporated soil 

Incorporation of wheat herbage collected at tillering, anthesis and maturity stages 

changed the selected soil properties compared to control (Table 4.28). Total soluble phenolic 

content in soil increased at the time of sowing (7 days after herbage incorporation) and 

declined by harvest. Upper limit of phenolic content at sowing and harvest (24 and 18 mg g
-1

 

soil) was recorded where wheat herbage of AARI-2011 collected at maturity was 

incorporated in soil. This shows an increase of 115 and 130 percent when compared with the 

control at respective stages of determination. Higher organic carbon at the time of sowing 

and harvesting (0.78 and 1.55%, and 0.72 and 1.80%) and available nitrogen (139 and 161 kg 

ha
-1

, and 144 and 183 kg ha
-1

) were recorded where herbage of cultivar AARI-2011 collected 

at anthesis and maturity stage was incorporated into soil (Table 4.28). The pH value of the 

herbage-amended-soil was higher at the time of sowing (7.5-7.7) and harvesting (7.6-7.8) as 

compared to the control (7.2). 
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4.2.1.3. Weed emergence attributes 

Soil incorporation of wheat herbage of four wheat cultivars (Millat-2011, AARI-

2011, Lasani-2008 and Faisalabad-2008) collected at different growth stages (tillering, 

anthesis and maturity) significantly (p≤0.05) affected the emergence attributes of canarygrass 

(Table 4.29). Interactive effect between wheat cultivars and stages of herbage collection was 

non-significant (p≤0.05) for most attributes except for mean emergence time (MET), whereas 

the influence of wheat cultivars was significant (p≤0.05) for time taken to 50% emergence 

only (Table 4.29). Nevertheless, stage of collection of herbage had a pronounced effect on 

emergence dynamics of canarygrass. Time to start emergence and 50% emergence was 

significantly (p≤0.05) delayed by 2 to 3 days as compared to the control. The EI of 

canarygrass dropped by 15 and 30% compared to control, when wheat herbage collected at 

anthesis and maturity stages was soil incorporated (Table 4.29). Significant (p≤0.05) cultivar 

× stages of herbage collection interaction showed that MET did not vary among for herbage 

collected at tillering stage for all wheat cultivars. Nevertheless, such differences were 

pronounced for herbage collected at anthesis and maturity stage and cultivar specific effects 

were also evident (Fig. 4.22). Maximum delay in mean emergence time of canarygrass was 

observed where herbage of wheat cultivar AARI-2011 collected at maturity stage was 

incorporated and that was, however, on par with MET recorded for incorporation of herbage 

of the same cultivar collected at anthesis stage and with that Lasani-2008 collected at 

maturity stage. Soil incorporation of wheat herbage collected at anthesis and maturity stage 

significantly (p≤0.05) suppressed final emergence percentage of canarygrass by 13 and 31% 

more than the control (Table 4.29). Though statistically non-significant, but incorporation of 

herbage collected at tillering had stimulatory effect on emergence attributes of canarygrass as 

compared to control (Table 4.29). 

4.2.1.4. Weed seedling growth 

A significant (p≤0.05) interactive influence of wheat cultivars and stage of herbage 

collection was recorded on seedling growth of canarygrass for all seedling growth parameters 

(Fig. 4.23). Maximum suppression in shoot length of canarygrass was observed with maturity 

stage herbage of AARI-2011 and Lasani-2008 (Fig. 4.23a), that was also statistically similar 

with shoot length recorded for Millat-2011 herbage collected at the same stage. Shoot length 

of canarygrass was rather enhanced (15-24 %) where herbage of both Millat-2011 and 
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Faisalabad-2008 collected at tillering was soil incorporated. Incorporation of herbage of 

wheat cultivars Millat-2011, AARI-2011 and Faisalabad-2008 collected at tillering stage 

stimulated root length of canarygrass by 17, 16 and 29% over control (Fig. 4.23b). Root 

length remained statistically similar with control where herbage of cultivar Lasani-2008 

collected at tillering was soil incorporated. Soil incorporation of herbage of AARI-2011 and 

Lasani-2008 collected at anthesis and maturity recorded highest suppression (34-52% and 

28-54%) of root length of canarygrass over control. Seedling fresh and dry biomass varied 

significantly (p≤0.05) among wheat cultivars as a function of stage of herbage collection. 

Incorporation of herbage of Millat-2011 and Faisalabad-2008 collected at tillering stage 

stimulated the fresh biomass of canarygrass seedlings over that of the control (Fig. 4.23c) as 

against AARI-2011 and Lasani-2008, which did not enhance fresh biomass of canarygrass 

over control. Seedling biomass was suppressed to highest extent with soil incorporation of 

herbage of all wheat cultivars collected at maturity, and the differences among cultivars were 

non-significant. Seedling fresh biomass was only slightly suppressed where herbage of 

cultivar AARI-2011 collected at tillering was incorporated into the soil. Seedling dry 

biomass of canarygrass was significantly (p≤0.05) improved over control where herbage of 

all wheat cultivars collected at tillering stage was incorporation into the soil (Fig. 4.23d). On 

the contrary, the herbage collected at maturity had a suppressive effect on seedling dry 

biomass of canarygrass so that Millat-2011, AARI-2011, Lasani-2008 and Faisalabad-2008 

recorded 82, 88, 85 and 86% reductions in dry biomass as compared to control; the 

differences among these being non-significant. Nevertheless, incorporation of herbage of 

maturity stage resulted in statistically similar suppression of canarygrass irrespective of 

wheat cultivar. 
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Table: 4.27. Chemical properties of wheat herbage from different growth stages used in study 
 Millat-2011 AARI-2011 Lasani-2008 Faisalabad-2008 

Tillering  Anthesis  Maturity  Tillering  Anthesis  Maturity  Tillering  Anthesis  Maturity  Tillering  Anthesis  Maturity  

Total C (mg g-1) 131.54±

0.70 

326.46± 

0.46 

376.34± 

1.28 

142.54± 

0.59 

342.65± 

1.67 

381.44± 

0.87 

122.33± 

0.96 

325.57± 

0.85 

334.77± 

1.23 

122.43± 

1.63 

322.35± 

1.42 

345.68± 

1.30 

Total N (mg g-1) 2.29± 

0.05 

4.09± 

0.06 

3.64± 

0.04 

2.47± 

0.05 

4.53± 

0.05 

3.88± 

0.23 

2.32± 

0.05 

4.40± 

0.06 

3.67± 

0.04 

2.31± 

0.05 

4.01± 

0.07 

3.55± 

0.02 

C:N 57.44 79.82 103.39 57.71 75.64 98.30 52.73 73.99 91.22 53.00 80.38 97.37 

Total soluble phenolics 

(mg g-1 D.W) 

55.45± 

2.42 

61.83± 

3.91 

71.08± 

3.49 

57.89± 

1.76 

60.18± 

2.36 

78.88± 

2.57 

52.32± 

0.87 

60.14± 

1.51 

70.91± 

1.84 

54.68± 

1.22 

58.70± 

1.26 

68.41± 

2.15 

D.W: dry weight 

± S.E 
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Table: 4.28. Total soluble phenolic content, pH, organic carbon and nitrogen of soil incorporated with wheat herbage at different growth 

stages 
 Millat-2011 AARI-2011 Lasani-2008 Faisalabad-2008 

*
At sowing 

**
At harvesting At sowing At harvesting At sowing At harvesting At sowing At harvesting 

Total soluble phenolics (mg g
-1

 Soil) 

Control  11.24±0.85 7.99±1.29 11.24±0.85 7.99±1.29 11.24±0.85 7.99±1.29 11.24±0.85 7.99±1.29 

Tillering 14.01±0.84 10.97±1.16 15.91±0.95 14.91±0.89 14.79±0.89 10.79±0.85 13.68±0.82 9.71±1.04 

Anthesis 17.02±1.02 12.01±0.84 21.70±1.30 15.76±1.30 15.24±0.91 13.76±1.22 14.57±0.87 13.35±1.11 

Maturity 19.84±0.75 16.74±0.85 24.20±1.49 18.40±1.53 18.02±1.08 15.24±0.91 16.24±0.97 14.90±1.66 

 pH 

Control  7.4±0.04 7.2±0.06 7.4±0.04 7.2±0.06 7.4±0.04 7.2±0.06 7.4±0.04 7.2±0.06 

Tillering 7.4±0.05 7.6±0.06 7.5±0.01 7.6±0.05 7.5±0.05 7.7±0.06 7.4±0.01 7.6±0.03 

Anthesis 7.5±0.05 7.7±0.07 7.6±0.07 7.8±0.05 7.6±0.07 7.8±0.01 7.5±0.06 7.7±0.03 

Maturity 7.6±0.08 7.7±0.02 7.7±0.03 7.8±0.01 7.6±0.02 7.8±0.05 7.6±0.04 7.8±0.00 

 Organic carbon (%) 

Control  0.38±0.15 0.14±0.06 0.38±0.15 0.14±0.06 0.38±0.15 0.14±0.06 0.38±0.15 0.14±0.06 

Tillering 0.55±0.09 1.40±0.08 0.59±0.12 1.55±0.07 0.42±0.06 1.44±0.08 0.37±0.09 1.34±0.10 

Anthesis 0.49±0.08 1.52±0.13 0.78±0.11 1.55±0.11 0.65±0.15 1.48±0.07 0.60±0.11 1.39±0.07 

Maturity 0.66±0.12 1.76±0.08 0.72±0.10 1.80±0.11 0.95±0.07 1.71±0.11 0.76±0.13 1.55±0.09 

 Available nitrogen (kg ha
-1

) 

Control  89.23±1.78 51.84±1.65 89.23±1.78 51.84±1.65 89.23±1.78 51.84±1.65 89.23±1.78 51.84±1.65 

Tillering 101.66±1.58 129.95±1.29 122.08±1.41 144.26±2.01 112.06±1.27 134.36±1.97 104.79±1.89 130.09±1.09 

Anthesis 127.39±0.91 152.05±1.16 139.33±1.45 161.96±1.63 125.11±2.30 152.63±1.72 117.61±1.93 150.36±2.12 

Maturity 141.89±1.49 180.85±2.10 144.48±1.86 183.72±2.38 136.60±1.48 176.08±0.87 131.89±1.03 169.32±1.92 

± S.E, 
*
 Soil samples were collected 7 days after wheat herbage incorporation, at the time of sowing, 

**
Soil samples were collected at harvest. 

Each number is average of four replicates. 
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Table: 4.29. Influence of soil incorporation of wheat herbage of different growth stages on 

emergence dynamics of canarygrass 
Growth stages Millat-2011 AARI-2011 Lasani-2008 Faisalabad-2008 Mean 

Time to start emergence (days) 

Control    6.25
n.s

 6.25 6.25 6.25 6.25 B 

Tillering 6.50 6.25 6.50 6.25 6.38 B 

Anthesis 7.75 8.00 8.25 8.00 8.00 A 

Maturity 7.75 8.75 8.75 8.50 8.44 A 

Mean 7.06 7.31 7.44 7.25  

LSD p≤0.05 C=n.s, G.S=0.801, C×G.S=n.s 

Time taken to 50% emergence (days) 

Control    9.23
n.s

 9.23 9.23 9.23 9.23 B 

Tillering 9.31 9.51 9.74 9.36 9.48 B 

Anthesis  10.81 11.79 12.54 12.57 11.93 A 

Maturity  10.55 12.00 11.25 12.17 11.49 A 

Mean   9.97 B    10.63 A    10.69 A    10.83 A  

LSD p≤0.05 C=0.588, G.S=0.588, C×G.S=n.s 

Emergence index 

Control    7.03
n.s

 7.03 7.03 7.03 7.03 A 

Tillering 7.53 7.56 7.57 7.64 7.58 A 

Anthesis 5.38 5.65 5.87 7.15 6.01 B 

Maturity 5.30 4.52 4.51 5.43 4.94 C 

Mean 6.31 6.19 6.24 6.82  

LSD p≤0.05 C=n.s, G.S=0.699, C×G.S=n.s 

Final emergence (%) 

Control   98.75
n.s

 98.75 98.75 98.75 98.75 A 

Tillering 100.00 98.75 100.00 98.75 99.38 A 

Anthesis 80.00 85.00 85.00 91.25 85.31 B 

Maturity 75.00 67.50 71.25 77.50 72.81 C 

Mean 88.44 87.50 88.75 91.56  

LSD p≤0.05 C=n.s, G.S=6.882, C×G.S=n.s 

C= wheat cultivars, G.S= growth stages, C×G.S= wheat cultivars × growth stages, n.s= non-significant. 

Each number is average of four replicates, Main effect means not sharing a letter in common differ 

significantly at 5% probability level by LSD test. 
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Fig. 4.22. Influence of soil incorporation of wheat herbage of different growth stages on mean emergence 

time of canarygrass. Vertical bars above the means denote the standard error of four replicates. Interaction 

means not sharing a letter in common differ significantly at 5% probability by LSD test. Critical value for 

comparision is 0.810. 
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Fig. 4.23. Influence of soil incorporation of wheat herbage collected at different growth stages on seedling growth of 

canarygrass. Vertical bars above the means denote the standard error of four replicates. Interactions means not sharing 

a letter in common differ significantly at 5% probability by LSD test. Critical values for mean comparision are (a) 

2.795, (b) 2.714, (c) 240.792, (d) 10.009, respectively. 
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4.2.1.5. Biochemical attributes 

4.2.1.5.1. Chlorophyll and soluble phenolic contents 

Leaf chlorophyll “a” content of canarygrass grown in soil amended with wheat 

herbage collected at its anthesis and maturity stage was reduced by 52 and 71%, respectively 

over control. The corresponding inhibition in chlorophyll “b” amounted to 36 and 54% 

(Table 4.30). Soil incorporation of herbage collected at tillering stage improved chlorophyll 

“a” and “b” content by 20 and 13% over control. There was an interactive and significant 

(p≤0.05) effect of wheat cultivars and the stage at which herbage was collected on total 

chlorophyll content of canarygrass seedlings. Total chlorophyll content was significantly 

(p≤0.05) higher than control where wheat herbage (Millat-2011 and Faisalabad-2008) 

collected at tillering stage was soil incorporated. Total chlorophyll content of canarygrass 

seedlings was suppressed to a similar extant by herbage collected at anthesis stage of all 

wheat cultivars. Maximum reduction in total chlorophyll content (71%) of canarygrass 

seedling was observed where herbage of AARI-2011 collected at maturity stage was 

incorporated into soil (Fig. 4.24). This treatment combination resulted in (p≤0.05) lower total 

chlorophyll than that realized under the incorporation of maturity stage herbage of Faislabad-

2008 but was similar to those with herbage of Millat-2011 and Lasani-2008. Phenolic content 

in leaves of canarygrass varied significantly (p≤0.05) under the influence of herbage 

collected at different growth stages, and was increased by 30, 22 and 13% with the soil 

incorporation of herbage collected at tillering, anthesis and maturity stages as compared to 

control (Table 4.30). 

4.2.1.5.2. Lipid peroxidation and activity of enzymatic antioxidants 

The MDA content of canarygrass leaves increased by 85 and 142% over the control 

when it was grown in soil wherein herbage collected at anthesis and maturity stages of wheat 

was incorporated. Tillering stage herbage had no effect on MDA content of canarygrass 

seedlings. The highest MDA content was noticed for canarygrass seedlings that were grown 

in pots amended with herbage of AARI-2011 which was no significantly different from 

Lasani-2008. Wheat cultivars and the stage of collection of herbage had a significant 

interaction effect on SOD, CAT and soluble proteins (Fig. 4.25) in canarygrass seedling. 

Activity of SOD was unaffected by incorporation of herbage of all wheat cultivars collected 

at maturity but was stimulated by for herbage collected at tillering and anthesis. However, 
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SOD activity for herbage of Faislabad-2008 collected at anthesis stage was increased by 70% 

over control compared with a 31% increase for Millat-2011. Activity of SOD was highest 

under the influence of herbage collected at tillering than at anthesis for all wheat cultivars 

except Faisalabad-2008 (Fig. 4.25a). Upper limit of SOD activity (141% increase over 

control) was noticed for canarygrass seedling growing in pots amended with herbage of 

wheat cultivar Lasani-2008 that was collected at its tillering. Activity of CAT in canarygrass 

seedlings either became higher (Millat-2011), remained similar (AARI-2011, Lasani-2008) 

or was lower (Faislabad-2008) than control when herbage of these wheat cultivars collected 

at tillering was incorporated into soil (Fig. 4.25b). Interaction of wheat cultivar with stage of 

herbage collection was non-significant for the activity of POX. However, POX activity in 

canarygrass seedling was significantly (p≤0.05) affected differently by wheat herbage of 

different growth stages. Maximum POX activity was noticed when wheat herbage collected 

at tillering stage was soil incorporated, that was on par with the control. However, significant 

(p≤0.05) decline in POX activity of canarygrass seedling was noticed in canarygrass grown 

in pots amended with maturity stage herbage that was, however, on par with pots amended 

with anthesis stage herbage (Table 4.31). Soil incorporation of herbage of Millat-2011 

collected at tillering significantly (p≤0.05) improved soluble protein content while herbage of 

other wheat cultivars was not significantly (p≤0.05) different from control when compared 

for this particular stage of herbage collection. For incorporation of herbage collected at 

anthesis stage of wheat, minimum soluble protein in canarygrass seedling was observed for 

Faislabad-2008 which did not differ from AARI-2011. Soluble protein content of canarygrass 

decreased by 51% where herbage of wheat cultivar AARI-2011 collected at maturity was soil 

incorporated (Fig. 4.25c). 
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Table: 4.30. Influence of soil incorporation of wheat herbage collected at different growth 

stages on chlorophyll “a”, chlorophyll “b” and total phenolic contents of canarygrass 
 Millat-2011 AARI-2011 Lasani-2008 Faisalabad-2008 Mean 

Chlorophyll “a” (mg g
-1

 FW) 

Control 12.23 12.23 12.23 12.23 12.23 B 

Tillering 17.74 13.56 13.12 14.21 14.66 A 

Anthesis 6.37 4.85 6.23 5.92 5.84 C 

Maturity 3.67 2.29 2.72 5.03 3.59 D 

Mean 10.00 8.23 8.58 9.35  

LSD p≤0.05 C=n.s, G.S=1.353, C×G.S=n.s 

Chlorophyll “b” (mg g
-1

 FW) 

Control 5.86 5.86 5.86 5.86 5.86 B 

Tillering 7.26 6.05 6.16 7.10 6.64 A 

Anthesis 4.24 3.30 3.94 3.51 3.75 C 

Maturity 2.90 1.99 2.98 2.78 2.66 D 

Mean 5.06 4.30 4.73 4.81  

LSD p≤0.05 C=n.s, G.S=0.501, C×G.S=n.s 

Total soluble phenolic (mg g
-1

 FW) 

Control 43.79 43.79 43.79 43.79 43.79 C 

Tillering 64.78 57.75 51.06 54.37 56.99 A 

Anthesis 57.19 56.60 48.11 53.01 53.73 A 

Maturity 48.39 54.93 44.90 50.13 49.59 B 

Mean 53.54 A 53.27 A 46.97 B 50.33 AB  

LSD p≤0.05 C=3.989, G.S=3.989, C×G.S=n.s 

C= wheat cultivars, G.S= growth stages, C×G.S= wheat cultivars × growth stages, n.s= non-significant. 

Each number is average of four replicates, Main effect means not sharing a letter in common differ 

significantly at 5% probability level by LSD test. 
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Fig. 4.24. Influence of soil incorporation of wheat herbage collected at different growth stages on total chlorophyll 

contents of canarygrass. Vertical bars above the means denote the standard error of four replicates. Interaction 

means not sharing a letter in common differ significantly at 5% probability by LSD test. Critical value for 

comparision is 2.837. 
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Table: 4.31. Influence of soil incorporation of wheat herbage of different growth stages on peroxidase 

activity and lipid peroxidation (MDA) of canarygrass 

 Millat-2011 AARI-2011 Lasani-2008 Faisalabad-2008 Mean 

MDA (nmol g
-1

 FW) 

Control 0.68 0.68 0.68 0.68 0.68 C 

Tillering 0.76 0.98 0.87 0.76 0.84 C 

Anthesis 1.15 1.35 1.32 1.21 1.26 B 

Maturity 1.40 2.12 1.70 1.38 1.65 A 

Mean 1.00 B 1.28 A 1.14 AB 1.01 C  

LSD p≤0.05 C=0.223, G.S=0.223, C×G.S=n.s 

POX (µmol min
-1

 g
-1

 protein) 

Control 9.77 9.77 9.77 9.77 9.77 AB 

Tillering 12.46 12.10 12.76 12.37 12.42 A 

Anthesis 8.04 8.55 7.62 10.66 8.72 BC 

Maturity 5.45 6.99 6.19 6.95 6.39 C 

Mean 8.93 9.35 9.09 9.94  

LSD p≤0.05 C=n.s, G.S=2.701, C×G.S=n.s 

C= wheat cultivars, G.S= growth stages, C×G.S= wheat cultivars × growth stages, n.s= non-significant 

Each number is average of four replicates, Main effect means not sharing a letter in common differ 

significantly at 5% probability level by LSD test. 
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Fig. 4.25. Influence of soil incorporation of wheat herbage of different growth stages on antioxidant activities of 

canarygrass. Vertical bars above the means denote the standard error of four replicates. Means not sharing a letter in 

common differ significantly at 5% probability by LSD test. Critical value for comparision is (a) 60.632, (b) 19.759, 

(c) 0.624, respectively. 
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4.2.1.6. Correlation matrix for different variables 

Correlation analyses showed that there no correlation existed between final 

emergence percentage (FEP) and seedling dry biomass (SDB) of canarygrass grown in pots 

amended with herbage of wheat collected at tillering. Nevertheless, these two traits were 

positively associated when it was grown in pots amended with wheat herbage collected at 

anthesis and maturity stage. Leaf chlorophyll content of canarygrass manifested a strong 

positive correlation with seedling fresh biomass (SFB) that was true for all experimental 

treatments except for pots amended with tillering stage herbage of Lasani-2008. Negative 

correlation was found between total chlorophyll and soluble phenolic content of canarygrass 

growing in pots where herbage of wheat cultivars collected at different growth stages was 

soil incorporated (Table 4.32). 

Activity of SOD was negatively correlated with shoot length of canarygrass under the 

influence of herbage incorporation collected at anthesis and maturity stages of all wheat 

cultivars, while this relationship was non-significant for tillering stage herbage of AARI-

2011 and Lasani-2008 (Table 4.33) and a positive correlation occurred with Millat-2011 and 

Faisalabad-2008. There was a strong and positive correlation of activities of POX and CAT 

with shoot length of canarygrass under the influence of herbage incorporation of all four 

wheat cultivars and their different growth stages (Table 4.33). Likewise, protein contents 

were also strongly and positively associated with shoot length of canarygrass in pots 

amended with anthesis and maturity stage herbage of all wheat cultivars. When compared for 

tillering stage herbage, such an association was significant only for wheat cultivar Millat-

2011 and AARI-2011 (Table 4.33). 

Activity of SOD had positive and significant correlation with root length of 

canarygrass under the influence of tillering stage herbage incorporation and this was true for 

all four wheat cultivars. However, negative and non-significant correlation was noticed for 

such relationship for pots amended with anthesis and maturity stage herbage of all four wheat 

cultivars (Table 4.33). There was a strong and positive association between the activities of 

POX and CAT with root length of canarygrass under the influence of herbage incorporation 

of all four wheat cultivar and their growth stages except non-significant correlation for CAT 

and root length where herbage of Faisalabad-2008 of tillering and Millat-2011 of anthesis 

incorporated. Protein content was positively correlated with root length of canarygrass in 
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pots amended with herbage collected at anthesis and maturity stage of all wheat cultivars, 

except for pots amended with anthesis stage herbage of Millat-2011. When compared for 

tillering stage herbage, such correlation was significant only for Millat-2011 and Faisalabad-

2008 (Table 4.33). 

There was a strong and positive relationship between SOD activity and seedling dry 

biomass of canarygrass under the influence of herbage incorporation collected at tillering 

stage of all four wheat cultivars. However, such an association was non-significant for all 

four wheat cultivars when compared for anthesis and maturity stage herbage (Table 4.33). 

Activities of POX and CAT were positively correlated with seedling dry biomass of 

canarygrass for pots amended with herbage collected at different growth stages of all wheat 

cultivars except for Faisalabad-2008, there was negative (tillering) and non-significant 

(anthesis) correlation between CAT and SDW. Likewise, protein contents were positively 

correlated with seedling dry biomass of canarygrass under the influence of anthesis and 

maturity stage herbage incorporation of all wheat cultivars. Except for anthesis stage herbage 

of Faisalabad-2008. However, for tillering stage herbage, such correlation was significant 

only for Millat-2011(Table 4.33). 

 

 

Table: 4.32. Correlation coefficient showing strength of association between different 

variables 
Variable 1 Variable 2 Cultivars Growth stages 

Tillering Anthesis Maturity 

FEP SDW Millat-2011    0.426
 n.s

 0.691
*
  0.856

**
 

AARI-2011    0.149
 n.s

 0.714
*
 0.803

**
 

Lasani-2008    0.503
 n.s

 0.661
*
 0.739

*
 

Faisalabad-2008    0.101
 n.s

 0.642
*
   0.796

**
 

Chlorophyll SFW Millat-2011 0.734
*
    0.961

***
    0.995

***
 

AARI-2011 0.695
*
    0.989

***
    0.993

***
 

Lasani-2008    0.461
 n.s

    0.979
***

    0.998
***

 

Faisalabad-2008   0.842
**

   0.847
**

    0.993
***

 

Chlorophyll Total soluble 

phenolics 
Millat-2011 -0.605

*
  -0.804

**
 -0.741

*
 

AARI-2011 -0.628
*
   -0.944

***
    -0.921

***
 

Lasani-2008    -0.918
***

 -0.818
**

   -0.158
 n.s

 

Faisalabad-2008 -0.654
*
   -0.929

***
 -0.746

*
 

*
p < 0.05, 

**
p < 0.01, 

***
p < 0.001, n.s= non-significant, FEP= final emergence percentage, SDW= seedling dry 

weight, SFW= seedling fresh weight 
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Table: 4.33. Correlation coeffiicient showing strength of association between enzyme 

antioxidant and seedling growth 
Variable 1 Variable 2 Cultivars Growth stages 

Tillering Anthesis Maturity 

SOD SL Millat-2011 0.800
*
 -0.906

***
 -0.694

*
 

AARI-2011    0.461
 n.s

 -0.929
***

 -0.826
**

 

Lasani-2008    0.211
 n.s

 -0.985
***

 -0.777
**

 

Faisalabad-2008   0.843
**

 -0.962
***

 -0.745
**

 

POX SL Millat-2011 0.868
**

  0.918
***

 0.856
**

 

AARI-2011 0.872
**

 0.786
**

 0.733
*
 

Lasani-2008 0.879
**

 0.866
**

 0.804
**

 

Faisalabad-2008   0.945
***

 0.765
**

 0.806
**

 

CAT SL Millat-2011   0.947
***

  0.923
***

  0.911
***

 

AARI-2011   0.920
***

  0.959
***

  0.991
***

 

Lasani-2008  0.805
**

  0.975
***

  0.916
***

 

Faisalabad-2008  -0.476
 n.s

  0.959
***

  0.981
***

 

Protein SL Millat-2011 0.707
*
 0.778

**
  0.919

***
 

AARI-2011 0.645
*
  0.932

***
  0.985

***
 

Lasani-2008    0.307
 n.s

  0.967
***

  0.967
***

 

Faisalabad-2008    0.535
 n.s

 0.929
***

  0.952
***

 

SOD RL Millat-2011          0.741
 *
    -0.241

 n.s
 -0.220 

n.s
 

AARI-2011           0.762 
**

    -0.377 
n.s

 -0.339 
n.s

 

Lasani-2008           0.888
 ***

    -0.434 
n.s

 -0.319 
n.s

 

Faisalabad-2008           0.823
 ***

    -0.186 
n.s

 -0.028 
n.s

 

POX RL Millat-2011       0.955
***

    0.906
***

   0.920
***

 

AARI-2011       0.974
***

  0.793
**

 0.797
**

 

Lasani-2008           0.851
**

   0.896
***

 0.837
**

 

Faisalabad-2008           0.777
**

  0.818
**

 0.834
**

 

CAT RL Millat-2011           0.832
**

   0.442
 n.s

 0.875
**

 

AARI-2011           0.864
**

 0.828
**

  0.924
***

 

Lasani-2008           0.689
*
 0.789

**
 0.879

**
 

Faisalabad-2008    -0.288
 n.s

 0.619
*
 0.832

**
 

Protein RL Millat-2011   0.834
**

   0.555
 n.s

  0.895
***

 

AARI-2011    0.201
 n.s

   0.898
***

 0.952
***

 

Lasani-2008   0.439
 n.s

  0.861
**

 0.923
***

 

Faisalabad-2008 0.736
*
 0.626

*
 0.905

***
 

SOD SDW Millat-2011    0.931
***

 -0.166
 n.s

 -0.164
 n.s

 

AARI-2011         0.838
**

 -0.305
 n.s

 -0.308
 n.s

 

Lasani-2008 0.837
**

 -0.349
 n.s

 -0.232 
n.s

 

Faisalabad-2008         0.825
**

   0.210
 n.s

 -0.119
 n.s

 

POX SDW Millat-2011         0.738
*
 0.856

**
 0.866

**
 

AARI-2011 0.862
**

 0.774
**

 0.762
**

 

Lasani-2008 0.829
**

 0.874
**

 0.889
**

 

Faisalabad-2008 0.708
**

   0.931
***

 0.838
**

 

CAT SDW Millat-2011   0.902
***

 0.790
**

 0.850
**

 

AARI-2011 0.702
*
   0.929

***
 0.965

***
 

Lasani-2008 0.817
**

   0.907
***

 0.871
**

 

Faisalabad-2008        -0.686
*
   0.418

 n.s
 0.938

***
 

Protein SDW Millat-2011  0.963
***

   0.909
***

 0.900
***

 

AARI-2011 -0.210
 n.s

   0.923
***

 0.979
***

 

Lasani-2008 0.252
 n.s

   0.933
***

 0.935
***

 

Faisalabad-2008 0.426
 n.s

   0.339
 n.s

 0.965
***

 
*
p < 0.05, 

**
p < 0.01, 

***
p < 0.001, n.s= non-significant 
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4.2.2. Experiment-I B: Effect of wheat cultivar and growth stage on emergence, seedling 

growth and biochemical attributes of lambquarters 

4.2.2.1. Weed emergence attributes 

Soil-incorporated herbage collected at different growth stages (tillering, anthesis and 

maturity) of four wheat cultivars (Millat-2011, AARI-2011, Lasani-2008 and Faisalabad-

2008) significantly (p≤0.05) affected the emergence attributes of lambquarters (Table 4.34). 

Interactive effect between wheat cultivars and growth stages of herbage collection was non-

significant (p≤0.05) for most of the emergence attributes except E50 and MET; whereas, the 

influence of wheat cultivars was significant (p≤0.05) for EI only (Table 4.34). Nevertheless, 

growth stages at which herbage was collected had more pronounced effect on emergence 

dynamics of lambquarters. Time to start emergence (TSE) was delayed beyond 2 days over 

control when herbage of anthesis and maturity stages was soil incorporated. Only the 

maturity stage wheat herbage resulted in a decrease in EI when compared to the control 

(Table 4.34). EI due to incorporation of wheat herbage collected at anthesis stage was 

statistically similar to control. The E50 of lambquarters remained lower than or statistically 

similar to the control with incorporation of tillering stage herbage of wheat cultivars AARI-

20011, Millat-2011, Lasani-2008 and Faisalabad-2008 (Fig. 4.26a). The E50 of lambquarters 

almost similar for all wheat cultivars herbage collected at anthesis and maturity stage, while 

maximum delay in E50 (14 and 12%) was observed for wheat cultivars AARI-2011 and 

Lasani-2008 herbage of same growth stages. The MET of lambquarters remained similar 

with control under incorporation of herbage of wheat cultivar Millat-2011 and AARI-2011 

collected at tillering stage. Significant (p≤0.05) interaction of wheat cultivar × herbage 

collection stage for MET suggested that mean emergence time did not vary among wheat 

cultivars for herbage collected at maturity stage however, this was also true for the pots 

incorporated with anthesis stage herbage of AARI-2011 and Lasani-2008 (Fig. 4.26b). 

Nevertheless, differences were pronounced for herbage collected at tillering and anthesis 

stage and cultivar specific effects were evident. Soil incorporation of wheat herbage collected 

at anthesis and maturity stage significantly (p≤0.05) inhibited the FEP of lambquarters by 3 

and 17% over control (Table 4.34). Herbage of tillering stage had stimulatory effect on TSE 

and EI but not on FEP of lambquarters when compared to control (Table 4.34). 
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4.2.2.2. Weed seedling growth 

Regarding seedling growth of lambquarters, interaction of wheat cultivar with stage 

of herbage collection was non-significant (p≤0.05) for shoot length and dry biomass but not 

root length. Nevertheless, growth stages at which herbage was collected had a pronounced 

effect on seedling growth of lambquarters. Shoot length of lambquarters decreased by 11, 45 

and 78% compared with the control, when herbage collected at tillering, anthesis and 

maturity stages of wheat was soil incorporated (Table 4.35). Soil incorporation of herbage of 

all wheat cultivars at different growth stages significantly (p≤0.05) reduced the root length of 

lambquarters. Tillering stage herbage of cultivar Lasani-2008 significantly (p≤0.05) reduced 

root length and such reduction was statistically on par with that realized for herbage of 

AARI-2011 and Faisalabd-2008 at the same growth stage (Fig. 4.27). For herbage collected 

at anthesis stage, wheat cultivar AARI-2011 was statistically on par with Lasani-2008, as 

was Millat-2011 on par with Faisalabad-2008 regarding root length of lambquarters. Root 

length, however, did not vary among wheat cultivars when compared for maturity stage 

herbage and highest reduction in root length was recorde for this stage. Seedling dry biomass 

of lambquarters was significantly reduced by 65 and 96% by the incorporation of herbage 

collected at anthesis and maturity stages of wheat cultivars when compared to control (Table 

4.35). Nevertheless, seedling dry biomass remained unaffected under the influence of 

tillering stage herbage incorporation as compared to control. 

4.2.2.3. Biochemical attributes of lambquarters 

4.2.2.3.1. Chlorophyll and soluble phenolic contents 

Interactive effect of wheat cultivar with stage of herbage collection was significant 

for Chlorophyll ‘a’, ‘b’ and total chlorophyll contents of lambquarters seedling. Chlorophyll 

‘a’ content of lambquarters declined to lower than the control under the amendment of 

herbage of wheat cultivars Millat-2011, Lasani-2008 and Faisalabad-2008 collected at 

tillering stage but not with herbage from AARI-2011 (4.28). Significantly (p≤0.05) lower 

chlorophyll ‘a’ content was noticed for lambquarters seedlings growing in pots amended with 

herbage of Millat-2011 collected at anthesis stage than the control (Fig. 4.28a). Millat-2011 

was on par with Lasani-2008 and Faisalabad-2008 regarding chlorophyll ‛a’, as Lasani-2008 

and Faisalabad-2008 with AARI-2011 for the herbage of same growth stage. Nevertheless, 

incorporation of herbage of maturity stage resulted in statistically similar reduction of 
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chlorophyll ‛a’ content of lambquarters irrespective of wheat cultivars. Incorporation of 

herbage of wheat cultivars viz. Millat-2011, Lasani-2008 and Faisalabad-2008 collected at 

tillering stage significantly reduced chlorophyll ‛b’ content of lambquarters by 21, 23 and 

27% compared with the control (Fig. 4.28b). Chlorophyll ‛b’ content was unaffected by 

incorporation of herbage of wheat cultivar AARI-2011 collected at the same growth stage. 

Chlorophyll ‛b’ content declined in all wheat cultivars to a similar degree with herbage 

collected at anthesis stage (Fig. 4.28b). Maximum reduction in chlorophyll ‛b’ content of 

lambquarters was recorded where herbage collected at maturity stage of wheat cultivar 

AARI-2011 was soil incorporated. For total chlorophyll a similar trend was noticed as for 

chlorophyll ‛a’ and ‛b’ as compared to control when herbage of wheat cultivars collected at 

tillering stage was soil incorporated (Fig. 4.28c). Reduction in total chlorophyll content of 

lambquarters seedlings by 58% was observed when herbage of Millat-2011collected at 

anthesis stage was soil incorporated (Fig. 4.28c). This treatment combination was 

significantly (p≤0.05) different from reduction in total chlorophyll realized under the 

incorporation of herbage collected at maturity stage of AARI-2011 but was similar with 

herbage of Lasani-2008 and Faisalabad-2008 (Fig. 4.28c). Maximum reduction in total 

chlorophyll (87%) was noticed when herbage of wheat cultivar AARI-2011 collected at 

maturity stage was soil incorporated that was statistically on par with Millat-2011 (Fig. 

4.28c). Interactive effect between wheat cultivars and stages of herbage collection was non-

significant (p≤0.05) for phenolic contents; however, influence of wheat cultivars and stages 

of herbage collection was significant in this regard (Table 4.36). Phenolic content remained 

similar to that the control with incorporation of tillering stage herbage of wheat cultivars 

while, phenolic content increased with the incorporation of herbage of anthesis and maturity 

stage of wheat. Maximum increase (30%) in phenolic content of lambquarters seedlings was 

observed when herbage collected at maturity stage was soil incorporated which was 

statistically on par with the increase observed with anthesis stage herbage incorporation  
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Table: 4.34. Influence of soil incorporation of wheat herbage of different growth stages on 

emergence dynamics of lambquarters 
Cultivars  

Growth stages Millat-2011 AARI-2011 Lasani-2008 Faisalabad-2008 Mean 

TSE (days) 

Control    6.25
n.s

 6.25 6.25 6.25 6.25 C 

Tillering 7.25 6.75 7.00 7.00 7.00  B 

Anthesis 8.00 7.50 8.00 7.50 7.75 A 

Maturity 7.50 8.00 7.50 8.00 7.75 A 

Mean 7.25 7.13 7.19 7.19  

LSD p≤0.05 C=n.s, G.S=0.441, C×G.S=n.s 

EI 

Control    7.44
 n.s

 7.44 7.44 7.44 7.44 B 

Tillering 7.32 8.87 8.33 8.96 8.37 A 

Anthesis 7.27 7.55 7.92 8.03 7.69 B 

Maturity 6.92 6.47 7.10             7.11 6.90 C 

Mean    7.24 B      7.58 AB       7.70 AB    7.89 A  

LSD p≤0.05 C=0.462, G.S=0.462, C×G.S=n.s 

FEP 

Control    95.00
 n.s

 95.00 95.00 95.00 95.00 A 

Tillering 95.00 93.75 93.75 97.50 95.00 A 

Anthesis 87.50 90.00 95.00 93.75 91.56 B 

Maturity 78.75 76.25 80.00 80.00 78.75 C 

Mean 89.06 88.75 90.94 91.56  

LSD p≤0.05 C=n.s, G.S=3.315, C×G.S=n.s 

C= wheat cultivars, G.S= growth stages, C×G.S= wheat cultivars × growth stages, n.s= nonsignificant. Each 

number is the average of four replicates, Main effect means not sharing a letter in common differ significantly at 

5% probability level by LSD test. TSE= time to start emergence, EI= emergence index, FEP= final emergence 

percentage 
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Fig. 4.26. Influence of soil incorporation of wheat herbage of different growth stages on (a) time taken to 50% 

emergence and (b) mean emergence time of lambquarters. Vertical bars above the means denote the standard error 

of four replicates. Interaction means not sharing a letter in common differ significantly at 5% probability by LSD 

test. Critical value for comparision is (a) 0.953, (b) 0.587. 
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Table: 4.35. Influence of soil incorporation of wheat herbage from different growth 

stages on seedling growth of lambquarters 
Cultivars  

Growth stages Millat-2011 AARI-2011 Lasani-2008 Faisalabad-2008 Mean 

 Shoot length (cm) 

Control     23.54
 n.s

 23.54 23.54 23.54 23.54 A 

Tillering 22.47 21.06 19.25 20.54 20.83 B 

Anthesis 14.50 11.20 12.15 13.47 12.83 C 

Maturity 5.67 4.74 5.03 4.70 5.03 D 

Mean 16.54 15.14 14.99 15.56  

LSD p≤0.05 C=n.s, G.S=1.725, C×G.S=n.s 

 Seedling dry biomass (mg) 

Control     461.42
 n.s

 461.42 461.42 461.42 461.42 A 

Tillering 434.20 483.60 466.91 415.12 449.96 A 

Anthesis 185.63 91.99 118.64 164.72 140.24 B 

Maturity 16.10 16.76 29.81 12.95     18.91 C 

Mean 274.34 263.44 269.20 263.55  

LSD p≤0.05 C=n.s, G.S=33.688, C×G.S=n.s 

C= wheat cultivars, G.S= growth stages, C×G.S= wheat cultivars × growth stages, n.s= nonsignificant. Each 

number is average of four replicates, Main effect means not sharing a letter in common differ significantly at 

5% probability level by LSD test. 
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Fig. 4.27. Influence of soil incorporation of wheat herbage of different growth stages on root length of 

lambquarters. Vertical bars above the means denote the standard error of four replicates. Interaction means not 

sharing a letter in common differ significantly at 5% probability by LSD test. Critical value for comparision is 

4.122. 
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Fig. 4.28. Influence of soil incorporation of wheat herbage collected at different growth stages on (a) chlorophyll 

‛a’, (b) chlorophyll ‛b’ and (c) total chlorophyll contents of lambquarters. Vertical bars above the means denote the 

standard error of four replicates. Interaction means not sharing a letter in common differ significantly at 5 % 

probability by LSD test. Critical value for comparision is (a) 0.960, (b) 0.426, (c) 1.202. 

 

 

Table: 4.36. Influence of soil incorporation of wheat herbage of different growth stages on total soluble 

phenolic content of lambquarters 

Total  phenolic (mg g
-1

 FW) 

Cultivars  

Growth stages Millat-2011 AARI-2011 Lasani-2008 Faisalabad-2008 Mean 

Control     31.71 
n.s

 31.71 31.71 31.71 31.71 C 

Tillering 33.22 30.83 34.46 31.90 32.60 C 

Anthesis 41.92 42.65 35.80 35.07 38.86 B 

Maturity 45.15 45.95 37.39 37.37    41.47 AB 

Mean   38.00 A   37.79 A       34.84 AB    34.01 B  

LSD≤0.05 C=3.275, G.S=3.275, C×G.S=n.s 

C= wheat cultivars, G.S= growth stages, C×G.S= wheat cultivars × growth stages, n.s= nonsignificant. Each 

number is average of four replicates, Main effect means not sharing a letter in common differ significantly at 

5% probability level by LSD test. 
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(Table 4.36). Phenolic content was highest with Millat-2011 and AARI-2011 which did not 

differ from that with Lasani-2008. 

4.2.2.3.2. Lipid peroxidation and activity of enzymatic antioxidant 

Interactive effect between wheat cultivar and stage of herbage collection was non-

significant (p≤0.05) for activities of most enzyme antioxidants of lambquarters except SOD 

activity. Activity of SOD varied significantly (p≤0.05) among wheat cultivars as a function 

of herbage collection. Maximum SOD activity of lambquarters was observed for tillering 

stage herbage of AARI-2011, Lasani-2008 was intermediate and Millat-2011 and Faisalabad-

2008 were lowest compared to control (Fig. 4.29). Herbage incorporation of wheat cultivars 

like Lasani-2008 and Faisalabad-2008 collected at maturity stage resulted in the smallest 

increase of SOD activity (130 and 69%) of lambquarters, respectively, over the control (Fig. 

4.29). Significant (p≤0.05) stimulation of SOD activity of lambquarters seedlings was also 

observed for maturity stage herbage of AARI-2011 that was similar with stimulation of SOD 

activity recorded in pots where herbage of same cultivar collected at anthesis stage was soil 

incorporated. Similar trend was observed for cultivar Millat-2011. Soil incorporation of 

tillering, anthesis and maturity stage herbage inhibited the POX activity of lambquarters 

seedling by 28, 53 and 70%, respectively below the control (Table 4.37). Lowest CAT 

activity of lambquarters was observed in pots amended with maturity stage herbage of wheat 

that was on par anthesis stage herbage incorporation. Moreover, inhibition of CAT activity 

remained statistically on par when wheat herbage of tillering and anthesis stages was soil 

incorporated (Table 4.37). Soluble protein content of lambquarters was lowered to an upper 

limit of 70% when maturity stage herbage of wheat was soil incorporated, and was 

statistically on par with anthesis stage herbage incorporation (Table 4.37). The MDA content 

of lambquarters were increased by 143 and 243% over control when herbage collected at 

anthesis and maturity stages of wheat was soil incorporated. Tillering stage herbage had no 

effect on MDA content of lambquarters (Table 4.37). 
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Table: 4.37. Influence of soil incorporation of wheat herbage of different growth stages on 

peroxidase, catalase, soluble protein and lipid peroxidation of lambquarters 
POX (µmol min

-1
 g

-1
 protein) 

Cultivars  

Growth stages Millat-2011 AARI-2011 Lasani-2008 Faisalabad-2008 Mean 

Control     35.34
 n.s

 35.34 35.34 35.34 35.34 A 

Tillering 17.48 28.55 32.93 22.81 25.44 B 

Anthesis 14.99 16.03 17.83 16.90 16.44 C 

Maturity 14.38 5.28 10.60 10.77 10.26 D 

Mean 20.55 21.30 24.18 21.46  

LSD≤0.05 C=n.s, G.S=4.782, C×G.S=n.s 

CAT (µmol min
-1

 g
-1

 protein) 

Control     362.15
 n.s

 362.15 362.15 362.15 362.15 A 

Tillering 141.41 167.66 208.91 103.30 155.32 B 

Anthesis 84.06 116.32 130.90 94.97     106.56 BC 

Maturity 85.34 16.89 32.15 49.14 45.88 C 

Mean 168.24 165.75 183.53 152.39  

LSD≤0.05 C= n.s, G.S=70.40, C×G.S=n.s 

Soluble proteins (mg g
-1

 FW) 

Control       14.14
 n.s

 14.14 14.14 14.14   14.14 A 

Tillering 6.69 7.59 10.40 5.90 7.64 B 

Anthesis 5.49 7.02 6.37 6.42    6.33 BC 

Maturity 5.57 2.06 4.32 4.97 4.23 C 

Mean 7.97 7.70 8.80 7.86  

LSD≤0.05 C=n.s, G.S=2.132, C×G.S=n.s 

MDA (nm g
-1

 FW) 

Control     0.23
 n.s

 0.23 0.23 0.23 0.23 C 

Tillering 0.26 0.53 0.30 0.35 0.36 C 

Anthesis 0.47 0.88 0.54 0.36 0.56 B 

Maturity 0.81 0.93 0.91 0.42 0.77 A 

Mean     0.44 B     0.64 A       0.49 AB    0.34 B  

LSD≤0.05 C=n.s, G.S=0.191, C×G.S=n.s 

C= wheat cultivars, G.S= growth stages, C×G.S= wheat cultivars × growth stages, n.s= nonsignificant. Each 

number is average of four replicates and represents 20 seeds of test specie, Main effect means not sharing a 

letter in common differ significantly at 5% probability level by LSD test. POX= peroxidase, CAT= catalase, 

MDA= 

 

S
O

D
 (

U
n

it
s 

g
-1

 p
ro

te
in

) 

 
Fig. 4.29. Influence of soil incorporation of wheat herbage of different growth stages on superoxide dismutase 

activity of lambquarters. Vertical bars above the means denote the standard error of four replicate. Interaction 

means not sharing a letter in common differ significantly at 5% probability by LSD test. Critical value for 

comparision is 29.813. 
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4.2.2.4. Correlation matrix for different variables 

Correlation analyses revealed positive and strong relationship between final 

emergence and seedling dry biomass of lambquarters for all treatment combinations except 

pots amended with anthesis stage herbage of Lasani-2008 and Faisalabad-2008. Leaf 

chlorophyll content manifested a strong and positive correlation with seedling fresh biomass 

that was true for all experimental treatments except for pots amended with tillering stage 

herbage of Lasani-2008 and Faisalabad-2008. Negative correlation was found between total 

chlorophyll and soluble phenolic content of lambquarters growing in pots where herbage of 

wheat cultivar collected at different growth stages was soil incorporated except for AARI-

2011 and Faisalabad-2008 in which the correlation was not significant (Table 4.38). 

Activity of SOD was negatively correlated with shoot length of lambquarters under 

the incorporation of herbage collected at different growth stages of all wheat cultivars, while 

this relationship was non-significant for tillering stage herbage of Millat-2011 and AARI-

2011 (Table 4.39). Positive and strong correlation was noticed for activities of POX, CAT, 

and protein with shoot length of lambquarters in pots where anthesis and maturity stage 

herbage of wheat was incorporated. Nevertheless, such an association for POX, CAT and 

protein was non-significant for tillering stage herbage of all wheat cultivars (Table 4.39). 

Activity of SOD had strong and negative correlation with root length of lambquarters 

under the incorporation of wheat herbage collected at different growth stages, and this was 

true for all wheat cultivars except for pots amended with tillering stage herbage of Millat-

2011 and Faisalabad-2008. There was strong and positive correlation of POX and CAT with 

root length of lambquarters for pots amended with herbage collected at anthesis and maturity 

growth stages of all wheat cultivars. However, correlation between RL and POX was non-

significant for tillering stage herbage incorporation of Lasani-2008 and Faisalabad-2008, and 

no significant correlation between RL and CAT was appear for Millat-2011 and AARI-2011. 

Likewise, protein content was also strongly and positively correlated with root length of 

lambquarters in pots amended with herbage collected at different growth stages of all wheat 

cultivars, except for pots amended with tillering stage herbage of Millat-2011 (Table 4.39). 

The SOD activity was strongly and negatively correlated with seedling dry biomass 

of lambquarters with the incorporation of herbage collected at anthesis and maturity stages of 

all wheat cultivars. However, such an association was non-significant for all wheat cultivars 
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with tillering stage herbage. Activities of POX and CAT were strongly and positively 

correlated with seedling dry biomass of lambquarters for pots amended with herbage 

collected at different growth stages of all wheat cultivars. Likewise, protein content was 

strongly and positively correlated with seedling dry biomass of lambquarters under the 

influence of anthesis and maturity stage herbage incorporation of all wheat cultivars. 

However, for tillering stage herbage, such correlation was only significant for Millat-2011 

and Faisalabad-2008 (Table 4.39). 

 

 

Table: 4.38. Correlation coefficients showing strength of association between different variables 
Variable 1 Variable 2 Cultivars Growth stages 

Tillering Anthesis Maturity 

FEP SDW Millat-2011 0.647
*
 0.681

*
   0.912

***
 

AARI-2011  0.765
**

 0.693
*
   0.965

***
 

Lasani-2008 0.689
*
     0.166 

n.s
   0.914

***
 

Faisalabad-2008 0.677
*
     0.386 

n.s
   0.914

***
 

Chlorophyll SFW Millat-2011 0.656
*
     0.949

***
    0.990

***
 

AARI-2011 0.687
*
     0.959

***
    0.990

***
 

Lasani-2008    0.421 
n.s

     0.955
***

    0.989
***

 

Faisalabad-2008    0.577 
n.s

     0.978
***

    0.988
***

 

Chlorophyll Total soluble 

phenolics 
Millat-2011 -0.629

*
   -0.854

**
 -0.735

*
 

AARI-2011    -0.289 
n.s

    -0.904
***

 -0.714
*
 

Lasani-2008 -0.611
*
 -0.643

*
 -0.621

*
 

Faisalabad-2008    -0.074 
n.s

 -0.635
*
 -0.667

*
 

*
p < 0.05, 

**
p < 0.01, 

***
p < 0.001, 

n.s
Non-significant, FEP= final emergence percentage, SFW= seedling fresh 

weight, SDW= seedling dry weight 
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Table: 4.39. Correlation coefficients showing strength of association between antioxidant 

enzyme and seedling growth 
Variable 1 Variable 2 Cultivars Growth stages 

Tillering Anthesis Maturity 

SOD SL Millat-2011 -0.032 
n.s

 -0.947
***

 -0.989
***

 

AARI-2011 -0.560 
n.s

 -0.962
***

 -0.991
***

 

Lasani-2008 -0.761
*
 -0.945

***
 -0.984

***
 

Faisalabad-2008 -0.708
*
 -0.968

***
 -0.959

****
 

POX SL Millat-2011    0.402 
n.s

   0.911
***

 0.963
***

 

AARI-2011    0.382
 n.s

   0.910
***

 0.923
***

 

Lasani-2008    0.518 
n.s

   0.908
***

 0.948
***

 

Faisalabad-2008    0.553 
n.s

   0.909
***

 0.948
***

 

CAT SL Millat-2011    0.159 
n.s

 0.716
*
 0.774

**
 

AARI-2011    0.346 
n.s

 0.715
*
 0.831

**
 

Lasani-2008    0.391 
n.s

 0.716
*
 0.809

**
 

Faisalabad-2008    0.334 
n.s

 0.716
*
 0.804

**
 

Protein SL Millat-2011    0.099 
n.s

 0.728
*
       0.768

*
 

AARI-2011    0.322 
n.s

 0.711
*
 0.871

**
 

Lasani-2008    0.466 
n.s

 0.752
*
 0.822

**
 

Faisalabad-2008    0.396 
n.s

 0.719
*
 0.806

**
 

SOD RL Millat-2011 -0.581 
n.s

 -0.972
***

 -0.973
***

 

AARI-2011 -0.747
*
 -0.985

***
 -0.995

***
 

Lasani-2008 -0.883
**

 -0.953
***

 -0.989
***

 

Faisalabad-2008 -0.376
 n.s

 -0.986
***

 -0.976
***

 

POX RL Millat-2011 0.629
*
 0.966

***
 0.932

***
 

AARI-2011 0.795
**

 0.922
***

 0.978
***

 

Lasani-2008   0.543 
n.s

 0.812
**

 0.966
***

 

Faisalabad-2008   0.498 
n.s

   0.935
***

 0.969
***

 

CAT RL Millat-2011   0.475 
n.s

 0.826
**

 0.806
**

 

AARI-2011    0.519 
n.s

 0.788
**

 0.867
**

 

Lasani-2008 0.623
*
 0.767

*
 0.857

**
 

Faisalabad-2008  0.781
**

 0.828
**

 0.844
**

 

Protein RL Millat-2011    0.562 
n.s

 0.832
**

 0.840
**

 

AARI-2011 0.723
*
 0.800

**
 0.911

***
 

Lasani-2008 0.691
*
 0.788

**
 0.869

**
 

Faisalabad-2008 0.733
*
 0.835

**
 0.856

**
 

SOD SDW Millat-2011 -0.228 
n.s

 -0.910
***

 -0.954
***

 

AARI-2011 -0.105 
n.s

 -0.956
***

 -0.976
***

 

Lasani-2008  -0.104 
n.s

 -0.948
***

 -0.973
***

 

Faisalabad-2008  -0.329 
n.s

 -0.943
***

 -0.944
***

 

POX SDW Millat-2011 0.603
*
 0.997

***
 0.967

***
 

AARI-2011 0.660
*
 0.958

***
 0.995

***
 

Lasani-2008    0.919
***

 0.756
*
 0.994

***
 

Faisalabad-2008 0.686
*
 0.958

***
 0.991

***
 

CAT SDW Millat-2011 0.676
*
 0.916

***
 0.869

**
 

AARI-2011 0.643
*
 0.861

**
 0.921

***
 

Lasani-2008    0.466 
n.s

 0.797
**

 0.909
***

 

Faisalabad-2008  0.784
**

  0.898
***

 0.902
***

 

Protein SDW Millat-2011 0.724
*
  0.932

***
 0.904

***
 

AARI-2011    0.381 
n.s

 0.881
**

 0.958
***

 

Lasani-2008    0.453 
n.s

 0.794
**

 0.933
***

 

Faisalabad-2008 0.704
*
   0.921

***
 0.917

***
 

*
p < 0.05, 

**
p < 0.01, 

***
p < 0.001, 

n.s
Non-significant 
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4.2.2.5. Discussion (Exp.-I A & B) 

The differential allelopathic effect exerted by wheat herbage on canarygrass (Tables 

4.29-4.31; Fig. 4.22-4.25), and lambquarters seedlings (Tables 4.34-4.37; Fig. 4.26-4.29) in 

the present study can be attributed to differences in the type and concentration of phytotoxins 

present in herbage of four wheat cultivars that varied at different growth stages (Table 4.28). 

The degree of inhibition and stimulation of emergence attributes and seedling growth may be 

the result of increased concentration of phytotoxic compounds released into soil by 

incorporation of herbage of different wheat cultivars collected at tillering, anthesis and 

maturity stages. Delay of emergence of canarygrass and lambquarters by wheat herbage was 

an indication of the inhibitory activity of allelochemicals released by decomposing wheat 

herbage over time course. Seedling growth of canarygrass and lambquarters was significantly 

suppressed by interactive effect of wheat cultivar × stage of herbage collection. Suppression 

in seedling growth of canarygrass and lambquarters might be due to the inhibitory action of 

allelochemicals either by creating the physiological drought, prevention of cell division and 

elongation, or by reduction of the stimulatory growth (Al-Wakeel et al., 2007). Exposure of 

seeds to the released phytotoxic compounds alters the biochemical and physiological 

reactions in cell membrane ultra-structures, membrane permeability and integrity, synthesis 

of certain compounds and enzymatic activity during germination (Gniazdowska and Bogatek, 

2005). Additionally, these allelochemicals may cause alteration in cell membrane structure 

and permeability which results in several other cross-stress responses due to ROS damage 

(Khaliq et al., 2012) and lipid peroxidation (Zeng et al., 2001). Oxidative stress can alter 

membrane permeability and cause fluxes across the plasma membrane resulting in enzyme 

activation, oxidative stress and root uptake. Plants overcome these changes by the activation 

of their antioxidant system and regulating the enzyme activity (Bogatek and Gniazdowska, 

2007). The increased activity of antioxidant enzymes as observed in present study (Table 

4.31, 4.37; Figs, 4.25, 4.29) affirms this notion. 

Chlorophyll content in the leaves of canarygrass (Table 4.30; Fig. 4.24) and 

lambquarters (Fig. 4.28) decreased with soil incorporation of wheat herbage of all wheat 

cultivars collected at anthesis and maturity. A decline in chlorophyll content may be due to 

the phytotoxic activity of the compounds released from the herbage. Decline in chlorophyll 

content was highly correlated with production of phenolic compounds (Table 4.32, 4.38). 
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Recently, Sumbele et al. (2012) while working with 49 plant species sampled from Greece 

and Australia, reported that photosynthetic capacity was negatively associated with leaf 

phenolic content. Wheat phytotoxic compounds might have inhibited chlorophyll content in 

canarygrass and lambquarters seedlings either by interfering with the biosynthesis of 

photosynthetic pigments or by enhancing their degradation by inducing oxidative stress and 

generation of reactive oxygen species or both. This was substantially supported by 

significantly lower chlorophyll contents and increased activities of enzyme antioxidants 

observed during the course of the present study (Table 4.31, 4.37; Fig. 4.25, 4.29). 

The antioxidant enzymes are often activated under stress conditions. The SOD 

activity of canarygrass and lambquarters seedlings increased when grown in soil amended 

with wheat herbage collected at tillering stage. It was likely helpful in reducing the adverse 

effects of wheat phytotoxic compounds originating from superoxide radicals (O
•
2). The SOD 

is a metalo enzyme and involved in the degradation of superoxide radicals (Apel and Hert, 

2004). The stimulation of SOD activity removes the O
•
2 and produce H2O2 and O2. On the 

other hand, increased activities of POX and CAT are helpful for scavenge H2O2 and O
•
2 into 

H2O and O2. Under lower concentration of phytotoxic compounds, free radicals are easily 

alleviated by scavengers due to less stress conditions (Zhang et al., 2010). In addition, the 

MDA content did not change much compared with control and this may be due to higher 

SOD activity which decreased O
•
2

 
content. Zhang et al. (2010) found that higher SOD 

activity reduced the lipid peroxidation in membranes. The SOD, POX and CAT activities of 

canarygrass and lambquarters were, however, lower when the weeds were grown in soil 

amended with wheat herbage collected at anthesis and maturity stages which may be ascribed 

to higher concentrations of phytotoxic compounds in wheat herbage collected at these stages 

(Table 4.27). Huang et al. (2010) also reported that increasing concentrations of 

allelochemicals inhibited the activity of SOD. The allelochemicals induced oxidative stress in 

the target tissues and hampered their antioxidant mechanism (Aenavoli et al., 2006). It seems 

that wheat phytotoxic compounds cause oxidative stress which stimulating membrane lipid 

peroxidation in stressed canarygrass and lambquarters seedlings as indicated by higher MDA 

contents in such seedlings. 

Inhibition of weed or acceptor plant growth by incorporation of residue depends on 

residue quality, degree of decomposition, nutrient status of residue and microbial activity 
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(Rice, 1984: Inderjit et al., 1996). Herbage of all wheat cultivars collected at different growth 

stages significantly varied in their total carbon and nitrogen content, and carbon/nitrogen 

ratios. Herbage collected at anthesis and maturity stages of wheat cultivars had higher carbon 

and nitrogen content than that collected at tillering. Maximum total carbon (381 and 376 mg 

g
-1

) was recorded in the herbage of AARI-2011 (anthesis) and Millat-2011 (maturity), while 

highest values for nitrogen contents (4.53 and 4.40 mg g
-1

) were determined at anthesis for 

AARI-2011 and Lasani-2008. The herbage collected at tillering stage decomposed rapidly 

compared to that collected at anthesis and/or maturity stages. The nature of the incorporated 

residue affects microbial activity, and cycling of carbon and other nutrients (Sajjad et al., 

2002). Soil microorganisms decompose residue (Inderjit, 2005; Jilani et al., 2008) thereby 

improving their activity by returning the straw of cover crops into the soil using organic 

carbon as an energy source (Hai-Ming et al., 2014). The addition of high C:N plant residue to 

the soil enhances microbial activity, and population (Ruiyu et al., 2007), and the 

microorganisms utilize the nitrogen present in the soil consequently causing temporary 

nitrogen deficiency (Harper, 1977). It can be speculated that the observed inhibitory effect of 

soil incorporation of wheat herbage was due to depletion of nitrogen by rapidly growing 

populations of microbes rather than release of phytotoxic compounds during herbage 

decomposition. Nonetheless, in the present study available nitrogen was higher in herbage-

amended soil as compared to unamended soil (Table 4.28). Our results are in line with 

Sodaeizadeh et al. (2010) who concluded that the negative impact of Peganum harmala L. 

amended soil on growth of Avena fatua L. and Convolvulus arvensis L. was not due to 

nitrogen immobilization. Bonanomi et al. (2011) also reported the inhibitory effects of plant 

litter on Lepidium sativum L. owing to phytotoxicity, rather than N immobilization. Soil 

incorporation of wheat herbage collected at different growth stages increased the nitrogen 

content and pH of the soil over time (Table 4.28). This may be due to the differences in 

herbage composition and release of carbon and nitrogen compounds. Numerous studies have 

reported that the pH-dependent mineralization of carbon and nitrogen (Marschner and 

Kalbitz, 2003; Kemmitt et al., 2006). Lower pH often reduces the mineralization by 

suppressing the activity and survival of microorganisms, and decreasing the solubility of 

dissolved organic compounds (Butterly et al., 2013). 
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The majority of the phytotoxic compounds or allelochemicals produced by wheat are 

phenolic acids, hydroxamic acid, and short and long chain fatty acids (Wu et al., 2001a; Ma, 

2005). These compounds are phytotoxic to weeds as well as other crop plants (Wu et al., 

2001a). Numerous studies reported that allelopathic potential varied among cultivars of same 

species (Zuo et al., 2007; Anjum and Bajwa, 2010), among plant parts (Qasem and Foy 

2001), plant age (Wu et al., 2000b) and environmental conditions (Rice, 1984). Our results 

revealed that herbage of all four wheat cultivars contained different concentration of phenolic 

compounds that increased with advancement in stage of their growth (Table 4.27). Soil 

amended with wheat herbage collected at anthesis and maturity stages resulted in higher 

concentrations of phytotoxic compounds compared to soil amended with herbage at tillering 

stage (Table 4.28), and may explain the poor performance of canarygrass and lambquarters 

with the incorporation of such herbage.
 

4.2.2.6. Conclusion (Exp.-I A & B) 

The present studies allow the conclusion that decomposing wheat herbage had 

inhibitory activity against canarygrass and lambquarters emergence and seedling growth as 

well biochemical attributes that varied with wheat cultivar and the growth stage at which the 

herbage was collected. Phenolic contents increased with stage of development of wheat, and 

soil incorporation of herbage of wheat cultivars AARI-2011 and Lasani-2008 collected at 

anthesis and maturity stage was more phytotoxic than that of Millat-2011 and Faisalabad-

2008. Lower chlorophyll and protein content and increased levels of MDA in canarygrass 

and lambquarters seedlings may have due to stress leading to oxidative nature of damage and 

lipid peroxidation on exposure to increased phenolics in decomposing wheat herbage. 

Scavenging of ROS caused by phytotoxic effects of phenolic compounds was accomplished 

by enhanced activity of enzyme antioxidants like SOD, CAT, and POX in test species. 

However, the scavenging system was not effective at higher levels of phenolics that were 

occurred in wheat herbage collected at maturity. Interestingly, the herbage of all wheat 

cultivars collected at tillering stage had stimulatory effect on emergence and seedling growth 

of canarygrass and lambquarters. This shows the possible dose dependent response of 

phenolics found in wheat herbage and may be indicative of hormesis. 
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4.2.3. Experiment-II: Influence of wheat herbage from different cultivars and growth 

stages on soil microbial biomass and enzymatic activities 

Wheat herbage collected at different growth stages used in this experiment differed 

regarding their chemical composition, carbon and nitrogen content, phenolic content (see in 

section 4.9 Table 4.27) and saturated and unsaturated fatty acids (see in section 4.5 Table 

4.22-4.24). Decomposition of wheat herbage of different growth stages exhibited differential 

pattern with the increased incubation time as compared to control (no herbage). 

4.2.3.1. pH of herbage amended soil 

Incorporation of wheat herbage collected at tillering, anthesis and maturity stage 

changed the pH of soil (Fig. 4.30a). pH of soil was increased after herbage incorporation. 

The pH value of the herbage amended soil was higher after 2- (7.5-7.7) and 6-week (7.6-7.8) 

of incubation as compared to control (7.2). 

4.2.3.2. Available nitrogen (kg ha
-1

) 

Nitrogen content in wheat cultivar herbage-amended soil was increased during 

incubation time as compared to control (Fig. 4.30b). Higher nitrogen content (139 and 161 kg 

ha
-1

, and 144 and 183 kg ha
-1

) was noticed in response to herbage of anthesis and maturity 

stages of wheat cultivar AARI-2011 after 2
nd

 and 6
th

 week of incubation compared to tillering 

stage and control  

4.2.3.3. Total-organic-carbon (%) 

Total-organic-carbon (TOC) was significantly increased during incubation time in 

pots amended with wheat cultivars herbage collected at different growth stages compared to 

control (Fig. 4.31a). TOC gradually increased in all pots amended with herbage during 

6week of incubation compared to control. Higher TOC (1.76 and 1.80%) was observed for 

pots amended with herbage of wheat cultivar Millat-2011 and AARI-2011 collected at 

maturity stage as compared to control. Similar trend was noticed for all wheat cultivars 

herbage collected at tillering and anthesis stage. In control pots, TOC increased after 2weeks 

of incubation then declined after 4
th

 and 6
th

 week of incubation. 

4.2.3.4. Organic-matter (%) 

Wheat herbage incorporation increased the organicmatter as compared to control. 

After 6weeks of incubation, maximum organic-matter (2.61-2.72% and 2.92-3.12%) was 

noticed for soil where Millat-2011 and AARI-2011 herbage collected at anthesis and 
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maturity stages was soil incorporated compared to control (0.20%) and similar trend was 

observed for tillering stage herbage of same cultivars. 

4.2.3.5. Polyphenol oxidase (Units/mg) 

The activity of polyphenol oxidase showed differential pattern of increased and 

decline during 1
st
 to 6

th
 week of incubation (Fig. 4.32a). Polyphenol oxidase activity was 

manifested a rapid increase after 1
st
 and 2

nd
 week of incubation followed by a pronounced 

decline in their activity afterwards. Maximum value of polyphenol oxidase (0.81-1.02 and 

0.89-1.10 Units/mg) was recorded after 2
nd

 week of incubation, for pots amended with 

herbage collected at anthesis and maturity stage of wheat cultivars Millat-2011 and AARI-

2011 as compared to control (0.19 Units/mg). However, polyphenol oxidase activity was 

significantly declined after 4
th

 and 6
th

 week of incubation for all pots amended with wheat 

herbage collected at different growth stages. 

4.2.3.6. Total soluble phenolic contents (mg g
-1

 soil) 

Total soluble phenolic contents significantly increased in all pots amended with 

wheat herbage collected at different growth stages as compared to control (Fig.4.32b). In 

control pots soil phenolic contents were slightly increased after 2
nd

 week of incubation while, 

decline after 4
th

 and 6
th

 week of incubation. After 2
nd

 week of incubation, higher phenolic 

contents in soil amended with wheat cultivars herbage collected at tillering, anthesis and 

maturity stage of Millat-2011 (20.49, 28.76 and 34.88 mg g
-1

 soil) AARI-2011 (26.10, 32.43 

and 41.10 mg g
-1

 soil), Lasani-2008 (22.10, 30.60 and 33.41 mg g
-1

 soil) and Faisalabad-2008 

(22.66, 29.71 and 32.59 mg g
-1

 soil) were recorded as compared to control (12.74 mg g
-1

 

soil), respectively. Nevertheless, soil phenolic contents declined after 4
th

 and 6
th

 week of 

incubation. 
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Fig. 4.30. Influence of decomposing herbage of wheat cultivars collected at different growth stages on pH and available nitrogen (kg ha
-1

) 

following incubation for different time periods. The vertical bars above the mean denote the standard error of four replicates.  
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Fig. 4.31. Influence of decomposing herbage of wheat cultivars collected at different growth stages on organic-carbon (%) and organic-matter 

(%) following incubation for different time periods. The vertical bars above the mean denote the standard error of four replicates.  
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Fig. 4.32. Influence of decomposing herbage of wheat cultivars collected at different growth stages on polyphenol oxidase and total soluble 

phenolic contents following incubation for different time periods. The vertical bars above the mean denote the standard error of four 

replicates. 
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4.2.3.7. Cellulase activity (µg reducing sugar g
-1

 dry soil 24 h
-1

) 

The cellulase activity of soil amended with wheat herbage was increased over an 

incubation period of 4weeks followed by a pronounced decrease in activity after 6weeks 

incubation period (Fig. 4.33a). Maximum cellulase activity (77.14 and 81.08 µg reducing 

sugar g
-1

 dry soil 24 h
-1

) was observed for pots amended with herbage of wheat cultivars 

Millat-2011 and AARI-2011 collected at maturity stage after 2weeks of incubation. After 

6weeks of incubation, cellulase activity 15.90, 19.39, 14.96 and 11.44 µg reducing sugar g
-1

 

dry soil 24 h
-1

 was observed for pots amended with wheat cultivars herbage collected at 

tillering stage of Millat-2011, AARI-2011, Lasani-2008 and Faisalabad-2008, respectively. 

4.2.3.8. Invertase activity (mg glucose equivalent g
-1

 soil 3 h
-1

) 

Incorporation of wheat herbage collected at different growth stages increase the soil 

invertase activity during 1
st
 to 4

th
 week of incubation, followed by pronounced decrease in 

activity after 6weeks incubation period (Fig. 4.33b). After 4weeks of incubation, higher 

invertase activity was recorded in soil amended with herbage collected at anthesis and 

maturity (9.70 and 11.76, 11.23 and 12.09, 8.22 and 9.78 and 6.01 and 9.17 mg glucose 

equivalent g
-1

 soil 3 h
-1

, respectively) of wheat cultivars Millat-2011, AARI-2011, Lasani-

2008 and Faisalabad-2008 over control (1.49 mg glucose equivalent g
-1

 soil 3 h
-1

). 

4.2.3.9. Urease activity (NH4-N released g
-1

 soil 24 h
-1

) 

The changes in urease activity of wheat herbage amended soil during the incubation 

period are presented in Fig. 4.34a. During the incubation period of 1
st
 to 6

th
 week, soil urease 

activity exhibited a pronounced increase as compared to control. In control soil, on the first 2 

week of incubation, a decline was observed, followed by an increase in urease activity after 

4
th

 and 6
th

 week of incubation. Maximum increase in urease activity (0.91, 1.00, 0.85 and 

0.80 NH4-N released g
-1

 soil 24 h
-1

) was observed after 6
th

 week of incubation, in pots 

amended with herbage collected at maturity stage of wheat cultivars Millat-2011, AARI-

2011, Lasani-2008 and Faisalabad-2008 as compared to control, respectively. Urease activity 

was also increased in pots amended with herbage of wheat cultivars collected at tillering and 

anthesis stage over control. However, decline in urease activity was observed after 4
th

 and 6
th

 

week incubation period for pots amended with herbage collected at tillering stage of Lasani-

2008 and Faisalabad-2008. 
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4.2.3.10. Dehydrogenase (µg TPF g
-1

 soil 24 h
-1

) 

Variation in soil dehydrogenase activity during the incubation period was observed as 

compared to control (Fig. 4.34b). Dehydrogenase activity in control decreased during 1
st
 to 

6
th

 week of incubation. After 2
nd

 week of incubation, decline in dehydrogenase activity of 

soil was observed in pots amended with wheat herbage collected at different growth stages. 

Dehydrogenase activity was dramatically increased in 4
th

 week of incubation. After 4
th

 week 

of incubation, increase in dehydrogenase activity was recorded in soil amended with herbage 

collected at tillering (63.84, 71.36, 58.47 and 53.15 µg TPF g
-1

 soil 24 h
-1

), anthesis (86.94, 

91.99, 76.52 and 74.52 µg TPF g
-1

 soil 24 h
-1

) and maturity (93.99, 95.12, 87.39 and 83.13 

µg TPF g
-1

 soil 24 h
-1

) stages of Millat-2011, AARI-2011, Lasani-2008 and Faisalabad-2008, 

respectively. However, dehydrogenase activity noticeably declined after 6
th

 week of 

incubation in pots amended with herbage of all wheat cultivars collected at different growth 

stages. 

4.2.3.11. Phosphatase activity (µg p-nitrophenol g
-1

 soil h
-1

) 

Data (Fig. 4.35) showed increase in phosphatase activity of soil amended with wheat 

herbage collected at different growth stages as compared to control. Phosphatase activity was 

gradually increased during 1
st
 to 6

th
 week of incubation, in all pots amended with wheat 

cultivars herbage collected at different growth stages. Maximum increase in phosphatase 

activity (937 and 936 µg p-nitrophenol g
-1

 soil h
-1

) was observed after 6-week incubation, in 

pots amended with herbage collected at maturity stage of wheat cultivars AARI-2011 and 

Lasani-2008 as compared to control, respectively. Minimum value of phosphatase activity 

was noticed for pots amended with herbage collected at tillering stage of all wheat cultivars. 
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Fig. 4.33. Influence of decomposing herbage of different wheat cultivars collected at different growth stages on cellulase and invertase 

following incubation for different time periods. The vertical bars above the mean denote the standard error of four replicates.  
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Fig. 4.34. Influence of decomposing herbage of wheat cultivars collected at different growth stages on urease and phosphatase activity 

following incubation for different time periods. The vertical bars above the mean denote the standard error of four replicates.  
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Fig. 4.35. Influence of decomposing herbage of wheat cultivars collected at different growth stages on urease and phosphatase activity 

following incubation for different time periods. The vertical bars above the mean denote the standard error of four replicates.  
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4.2.3.12. Microbiological analyses 

4.2.3.12.1. Population of bacteria (CFU × 10
-4

 g
-1 

soil) 

Data (Fig. 4.36a) showed that bacterial abundance was significantly higher for all 

pots amended with wheat herbage collected at different growth stages as compared to 

control. In control pots, populations of bacteria were slightly increased during 1
st
 to 6

th
 week 

of incubation period. Higher populations of bacteria were recorded in pots amended with 

herbage of Millat-2011, AARI-2011, Lasani-2008 and Faisalabad-2008 collected at anthesis 

(103, 126, 119 and 105 CFU × 10
-4

 g
-1 

soil, respectively) and maturity (118, 139, 125 and 

113 CFU × 10
-4

 g
-1 

soil, respectively) stages, after 6 week of incubation period. Similar trend 

was also noticed for tillering stage herbage incorporation of all wheat cultivars. 

4.2.3.12.2. Population of fungi (CFU × 10
-3

 g
-1 

soil) 

Population of fungi were abundant in all pots amended with wheat herbage collected 

at different growth stages as compared to control, during 1- to 6-week of incubation period 

(Fig. 4.36b). Higher population of fungi (71and 85 CFU × 10
-3

 g
-1 

soil, 77-99 CFU × 10
-3

 g
-1 

soil, 63-8310
-3

 CFU g
-1

 soil and 69-82 CFU × 10
-3

 g
-1 

soil) was observed for pots 

incorporated with herbage of wheat cultivars Millat-2011, AARI-2011, Lasani-2008 and 

Faisalabad-2008 collected at anthesis and maturity stages respectively, after 6-week of 

incubation period. Under the amendment of wheat cultivars herbage population of fungi was 

increased in order of AARI-2011 > Millat-2011 > Faisalabad-2008 > Lasani-2008. 

4.2.3.12.3. Microbial-biomass-carbon (mg kg
-1

) 

Data (Fig. 4.37a) represented that incorporation of wheat herbage collected at 

different growth stages was increased microbial-biomass-carbon (Cmic) as compared to 

control during 1
st
 to 6

th
 week of incubation period. In control after 2

nd
 week of incubation, 

Cmic increased while, decreased in 4
th

 and 6
th

 week of incubation. Higher Cmic value (588 and 

602 mg kg
-1

, 488 and 663 mg kg
-1

, 444 and 589 mg kg
-1

, and 529 and 588 mg kg
-1

) was 

observed for pots amended with anthesis and maturity stages herbage of Millat-2011, AARI-

2011, Lasani-2008 and Faisalabad-2008 respectively, after 6 week of incubation period. Cmic 

was also gradually increased in pots amended with all wheat cultivars herbage collected at 

tillering stage as compared to control. 
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4.2.3.12.4. Microbial-biomass-nitrogen (mg kg
-1

) 

Figure (4.37b) showed that microbial-biomass-nitrogen (Nmic) was gradually 

increased in all pots incorporated with wheat herbage collected at different growth stages 

over control. Nevertheless, maximum Nmic was recorded in soil amended with herbage 

collected at tillering, anthesis and maturity stage (235, 461 and 488 mg kg
-1

 and 267, 475 and 

504 mg kg
-1

) of Millat-2011 and AARI-2011 respectively, in 6
th

 week of incubation. In 

control pots Nmic declined with passage of incubation time. 
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Fig. 4.36. Influence of decomposing wheat herbage of different growth stages on microbial population of a) bacteria and b) fungi 

following incubation for different time periods. The vertical bar above means denote the standard error of four replicates. 
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Fig. 4.37. Influence of decomposing herbage of different wheat cultivars collected at different growth stages on microbial-biomass-carbon 

and -nitrogen following incubation for different time periods. The vertical bar above means denote the standard error of four replicates.  
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4.2.3.13. Allelochemicals detected in wheat herbage-amended-soil  

4.2.3.13.1. After 1week of incubation 

High performance liquid chromatographic (HPLC) analysis of wheat-cultivar-herbage 

(collected at different growth stages) incorporated soil after 1
st
 week of incubation showed 

that all assayed allelochemicals were present in soil (Table 4.40). Gallic acid concentration 

was low and only present in pots amended with maturity stage herbage of all wheat cultivars. 

P-hydroxybenzoic acid was quantified in soil of all experimental pots amended with wheat 

herbage collected at different growth stages. However, higher concentration was detected in 

pots amended with wheat cultivar herbage collected at anthesis and maturity stage compared 

to tillering stage herbage. Highest concentrations of p-hydroxybenzoic acid 33.66 µg g
-1

 and 

34.85 µg g
-1 

were detected in pots amended with herbage of AARI-2011 collected at anthesis 

and maturity stages, respectively. Higher concentration of syringic acid and protocatechuic 

acid was quantified in soil amended with wheat cultivars herbage collected at maturity stage. 

The highest concentration of syringic acid (9.10 µg g
-1

) was detected in soil amended with 

herbage collected at maturity stage of AARI-2011 and highest concentration of 

protocatechuic acid (24.71 µg g
-1

)
 
in soil amended with herbage of Lasani-2008 of same 

growth stage. Ferulic acid was not detected in all pots amended with tillering and anthesis 

stage herbage of all wheat cultivars, but was present in pots amended with maturity stage 

herbage. Vanillic acid, p-coumaric acid and benzoic acid were present in all experimental 

pots amended with herbage of all wheat cultivars collected at different growth stages, except 

vanillic was not present in Faisalabad-2008 herbage collected at tillering amended soil. The 

highest concentrations of vanillic acid (7.29 and 7.28 µg g
-1

) were quantified in soil amended 

with herbage collected at maturity stage of AARI-2011 and Faisalabad-2008. The highest 

concentrations of benzoic acid (14.08 and 14.03 µg g
-1

) were detected in soil amended with 

herbage collected at anthesis stage of AARI-2011 and Lasani-2008. The overall 

concentrations of P-hydroxybenzoic acid, protocatechuic acid, vanillic acid and benzoic acid 

were higher in soil amended with herbage collected at maturity stage than other 

allelochemicals and growth stages. The total phenolics were higher in soil amended with 

herbage collected at anthesis and maturity stage of all wheat cultivars as compared to tillering 

stage. Averaged over growth stages, the concentration of allelochemicals in wheat-cultivar-

herbage amended soil increased in order at tillering: AARI-2011 > Lasani-2008 > 
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Faisalabad-2008 > Millat-2011; at anthesis: AARI-2011 > Lasani-2008 > Millat-2011 > 

Faisalabad-2008; and at maturity: Lasani-2008 > AARI-2011 > Faisalabad-2008 > Millat-

2011. 

4.2.3.13.2. After 2weeks of incubation 

Analysis of wheat herbage incorporated soil after 2weeks of incubation showed that 

all tested allelochemicals were present in soil at higher concentration than 1
st
 week incubated 

pots (Table 4.41). Gallic acid was absent in all experimental pots after 2week of incubation 

period, while a small amount was detected in pots amended with herbage of Millat-2011 and 

Faisalabad-2008 of tillering and Lasani at anthesis. P-hydroxybenzoic acid was present in all 

herbage amended pots. However, higher concentrations of p-hydroxybenzoic acid were 

quantified in soil amended with herbage collected at anthesis (13.06, 34.85, 26.61 and 12.99 

µg g
-1

) and maturity (75.64, 123.22, 26.65 and 19.44 µg g
-1

) stages of Millat-2011, AARI-

2011, Lasani-2008 and Faisalabad-2008, respectively. Syringic acid was not detected in pots 

amended with tillering and maturity stage herbage of Lasani-2008 and Faisalabad-2008 

while, the highest concentration (5.42 µg g
-1

) was quantified in pots amended with herbage 

collected at maturity stage of AARI-2011. Protocatechuic acid was absent in pots amended 

with herbage collected at anthesis stage of Millat-2011 and AARI-2011 and maturity stage 

herbage of AARI-2011. Nevertheless, maximum concentrations of protocatechuic acid (8.78 

and 9.73 µg g
-1

) were present in soil amended with herbage collected at maturity stage of 

Millat-2011 and Lasani-2008. Vanillic acid, ferulic acid and p-coumaric acid were quantified 

in all pots amended with wheat cultivars herbage collected at different growth stages except 

for p-coumaric in Faisalabad-2008 herbage at maturity. Higher concentrations of vanillic acid 

(24.85 and 26.37) were quantified in soil amended with herbage collected at maturity stage of 

wheat cultivars AARI-2011 and Faisalabad-2008 and the highest amount of ferulic acid 

(15.00 µg g
-1

) in soil amended with herbage collected at anthesis stage of wheat cultivar 

AARI-2011. Benzoic acid was not present in soil amended with herbage collected at tillering 

stage of wheat cultivars Millat-2011 and Faisalabad-2008, anthesis stage herbage of Millat-

2011 and maturity stage herbage of Millat-2011 and Faisalabad-2008. The highest 

concentration of benzoic acid (6.41 µg g
-1

) was quantified in pots amended with herbage 

collected at maturity stage of wheat cultivars AARI-2011 and Lasani-2008. The consumed 

concentration of p-hydroxybenzoic acid, vanillic acid and ferulic acid was higher than other 
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five allelochemicals in soil amended with herbage collected at anthesis and maturity stages of 

all wheat cultivars. Averaged over growth stages, the concentration of allelochemicals in 

wheat-cultivar-herbage amended soil increased in order at tillering: AARI-2011 > 

Faisalabad-2008 > Lasani-2008 > Millat-2011; at anthesis: AARI-2011 > Lasani-2008 > 

Faisalabad-2008 > Millat-2011; and at maturity: AARI-2011 > Millat-2011 > Lasani-2008 > 

Faisalabad-2008. 
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Table: 4.40. Allelochemical profile of wheat-herbage-incorporated soil extracts after a 1week incubation period 
Allelochemicals (µg g-1) Tillering Anthesis Maturity 

 Millat-

2011 

AARI-

2011 

Lasani-

2008 

Faisalaba

d -2008 

Millat-

2011 

AARI-

2011 

Lasani-

2008 

Faisalaba

d-2008 

Millat-

2011 

AARI-

2011 

Lasani-

2008 

Faisalaba

d-2008 

Gallic acid 0.00 0.02 0.00 0.00 0.00 0.00 0.00 0.00 0.03 2.06 0.27 0.04 

p-Hydroxybenzoic acid 2.87 7.84 4.11 6.80 11.32 33.66 11.36 2.03 26.65 34.85 19.44 12.99 

Syringic acid 0.00 1.98 1.12 0.00 0.44 0.52 0.57 0.26 5.41 9.10 1.61 1.39 

Protocatechuic acid 0.00 0.00 0.00 0.00 0.10 0.94 0.10 0.00 2.84 2.49 24.71 2.83 

Vanillic acid 0.16 0.07 0.32 0.00 1.27 1.67 1.24 1.67 2.54 7.29 4.16 7.28 

Ferulic acid 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 3.15 5.39 4.55 11.42 

p-coumaric acid 0.06 0.08 0.04 0.09 0.14 0.36 0.40 0.18 1.34 1.33 1.03 1.67 

Benzoic acid 2.67 1.39 3.32 0.26 9.29 14.08 14.03 9.21 2.68 0.96 9.02 9.26 

Total phenolics 5.76 11.38 8.91 7.15 22.56 51.23 27.7 13.35 44.64 63.47 64.79 46.88 

Concentrations less than 0.05 µg g
-1

 are considered absent from the extract 

 

Table: 4.41. Allelochemical profile of wheat-herbage-incorporated soil extracts after a 2weeks of incubation period 
Allelochemicals (µg g-1) Tillering Anthesis Maturity 

 Millat-

2011 

AARI-

2011 

Lasani-

2008 

Faisalabd 

-2008 

Millat-

2011 

AARI-

2011 

Lasani-

2008 

Faisalabd-

2008 

Millat-

2011 

AARI-

2011 

Lasani-

2008 

Faisalabd-

2008 

Gallic acid 0.01 0.00 0.00 0.03 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 

p-Hydroxybenzoic acid 0.95 4.28 3.19 6.81 13.06 34.95 26.61 12.99 75.64 123.22 26.65 19.44 

Syringic acid 0.01 0.28 0.00 0.00 1.39 1.61 1.03 1.08 1.62 5.42 0.00 0.00 

Protocatechuic acid 0.10 0.01 0.01 0.94 0.00 0.00 2.83 2.48 8.78 0.00 9.73 3.19 

Vanillic acid 2.54 1.27 1.44 1.00 4.54 2.85 2.66 4.54 5.51 24.05 4.57 26.37 

Ferulic acid 0.88 0.96 1.24 1.67 6.71 15.00 6.71 3.41 13.75 6.71 13.70 6.72 

p-coumaric acid 0.17 0.17 0.32 0.36 1.04 0.46 1.26 0.75 1.26 1.04 0.74 0.00 

Benzoic acid 0.00 2.71 0.15 0.00 0.00 1.17 1.82 2.71 0.00 6.40 6.41 0.00 

Total phenolics 4.66 9.68 6.35 10.81 26.74 56.04 42.93 27.96 106.56 166.84 61.8 55.72 

Concentrations less than 0.05 µg g
-1

 are considered absent from the extract 
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4.2.3.13.3. After 4weeks of incubation 

After a 4week of incubation period, wheat-herbage-amended soil was analyzed for 

detection of profile of allelochemical compounds. Data (Table 4.42) revealed that all tested 

allelochemical compounds except gallic acid were present after 4weeks of incubation. P-

hydroxybenzoic acid was present in all experimental pots, while highest concentrations 

(34.81 and 34.86 µg g
-1

) were detected in soil amended with herbage collected at maturity 

stage of wheat cultivars Millat-2011, AARI-2011 and Lasani-2008. Lower concentrations of 

protocatechuic acid were quantified only in soil amended with herbage collected at maturity 

stage of Millat-2011, AARI-2011 and Lasani-2008. Vanillic acid was present in all 

experimental pots except in pots amended with herbage collected at maturity stage of AARI-

2011, Lasani-2008 and Faisalabad-2008. Highest concentrations of ferulic acid (14.46 and 

13.61 µg g
-1

) were detected in soil amended with herbage collected at anthesis and maturity 

stages of Millat-2011, and in soil amended with herbage collected at maturity stage of 

Lasani-2008 (12.70 µg g
-1

). P-coumaric acid was quantified in all experimental pots, except 

in Faisalabad-2008 herbage at tillering, Millat-2011 herbage at anthesis and Faisalabad-2008 

herbge at maturity were absent. Benzoic acid was quantified in soil amended with herbage 

collected at tillering and an anthesis stage of all wheat cultivar, except for Faisalabad-2008 

herbage collected at tillering and was not detected in soil amended with herbage collected at 

maturity stage of all wheat cultivars. Overall concentrations of p-hydroxybenzoic acid and 

ferulic acid were higher in soil amended with herbage collected at anthesis and maturity 

stages and benzoic acid was higher in soil amended with herbage collected at tillering stage. 

Maximum concentration of total allelochemicals 52.33, 42.55 and 49.04 µg g
-1

 were 

quantified in soil amended with herbage collected at maturity stage of Millat-2011, AARI-

2011 and Lasani-2008, respectively. 

4.2.3.13.4. After 6weeks of incubation 

After 6weeks of incubation, allelochemical profile analyses of soil amended with 

wheat herbage collected at different growth stages showed that gallic acid, syringic acid, 

protocatechuic acid was absent in all experimental pots soil (Table 4.43). Lower level of 

benzoic acid was detected in pots amended with herbage collected at tillering stage of Millat-

2011 and Faisalabad-2008 and at anthesis of Faisalabad-2008. Benzoic acid absent in pots 

amended with herbage ARRi-2011 collected at maturity. P-hydroxybenzoic acid was 
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detected from all soil experimental pots and concentrations were highest (7.84, 12.98, 19.04 

and 13.06 µg g
-1

) in soil amended with herbage collected at maturity stage of Millat-2011, 

AARI-2011, Lasani-2008 and Faisalabad-2008, respectively. Vanillic acid and ferulic acid 

were present in soil amended with maturity stage herbage of all wheat cultivars, while not 

detected in soil amended with herbage collected at tillering stage of all wheat cultivars and in 

soil amended with herbage collected at anthesis stage of Faisalabad-2008, and at maturity 

stage of Millat-2011. Lower quantity of p-coumaric acid was detected in soil amended with 

herbage collected at maturity stage of all wheat cultivars. Lower quantity of p-coumaric acid 

was detected in soil amended with herbage collected at tillering of AARI-2011 and Lasani-

2008 and anthesis stages of Millat-2011. Total allelochemicals were higher in pots amended 

with herbage collected at maturity stage of all wheat cultivars. 

4.2.3.14. Correlation matrix for different variables 

Correlation analyses showed that during the whole period of incubation, positive 

correlation was found between total soluble phenolic content and microbial population 

(bacteria and fungi) of soil amended with herbage collected at different growth stages of 

wheat cultivars and control pots except no significant correlation between soluble phenolic 

content and fungal population for control pots (Table 4.44). Total organic-carbon of soil 

amended with herbage collected at different growth stages of wheat was manifested strong 

and positive correlation with population of bacteria and fungi when compared with control. 

Organic-matter of soil amended with herbage collected at tillering, anthesis and maturity 

stage of all wheat cultivars had positive correlation with population of bacteria and fungi 

while, this association was non-significant for control soil (Table 4.44). 

During whole incubation period, organic-matter had strong and positively correlated 

with activity of phosphatase, cellulase, invertase and dehydrogenase in soil amended with 

herbage collected at different growth stages of wheat cultivars as compared to control (Table 

4.45). The population of bacteria was strong and positively correlated with activity of 

dehydrogenase in soil amended with herbage collected at different growth stages of wheat 

cultivars, during incubation period. Positive correlation was found between population of 

fungi and dehydrogenase activity in soil amended with herbage collected at tillering, anthesis 

and maturity stage of wheat cultivars, during whole incubation period over the (Table 4.46). 
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Table: 4.42. Allelochemical profile of wheat-herbage-incorporated soil extracts after a 4weeks of incubation period 
Allelochemicals (µg g-1) Tillering Anthesis Maturity 

 Millat-

2011 

AARI-

2011 

Lasani-

2008 

Faisalabd 

-2008 

Millat-

2011 

AARI-

2011 

Lasani-

2008 

Faisalabd-

2008 

Millat-

2011 

AARI-

2011 

Lasani-

2008 

Faisalabd-

2008 

Gallic acid 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

p-Hydroxybenzoic acid 1.67 4.27 2.64 6.81 6.81 13.05 4.11 2.87 34.81 34.86 34.86 13.06 

Syringic acid 0.00 0.00 0.00 0.00 0.28 0.57 0.01 0.00 0.00 0.58 0.58 0.00 

Protocatechuic acid 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.93 0.49 0.49 0.00 

Vanillic acid 0.92 1.08 0.85 1.25 1.41 1.08 0.95 0.19 1.70 0.00 0.00 0.00 

Ferulic acid 0.82 0.00 1.04 0.00 14.46 0.00 0.91 1.07 13.61 6.21 12.70 6.72 

p-coumaric acid 0.15 1.32 0.31 0.00 0.00 1.05 0.04 0.04 1.33 0.41 0.41 0.00 

Benzoic acid 9.29 2.68 2.76 0.00 14.00 9.11 14.01 6.41 0.00 0.00 0.00 0.00 

Total phenolics 12.85 9.35 7.6 8.06 36.96 24.86 20.03 10.58 52.38 42.55 49.04 19.78 

Concentrations less than 0.05 µg g
-1

 are considered absent from the extract 

 

 

Table: 4.43. Allelochemical profile of wheat-herbage-incorporated soil extracts after a 6weeks of incubation period 
Allelochemicals (µg g-1) Tillering Anthesis Maturity 

 Millat-

2011 

AARI-

2011 

Lasani-

2008 

Faisalabd 

-2008 

Millat-

2011 

AARI-

2011 

Lasani-

2008 

Faisalabd-

2008 

Millat-

2011 

AARI-

2011 

Lasani-

2008 

Faisalabd-

2008 

Gallic acid 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

p-Hydroxybenzoic acid 0.95 2.64 0.03 0.03 4.28 3.19 2.86 1.67 7.84 19.04 12.98 13.06 

Syringic acid 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Protocatechuic acid 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.04 0.00 0.00 

Vanillic acid 0.01 0.02 0.00 0.01 1.43 2.54 1.27 0.01 0.00 2.66 1.32 2.83 

Ferulic acid 0.00 0.00 0.88 0.00 0.95 0.32 0.07 0.00 1.00 1.24 0.89 0.16 

p-coumaric acid 0.00 0.01 0.01 0.00 0.01 0.00 0.00 0.00 0.86 0.18 0.16 0.19 

Benzoic acid 0.04 0.00 0.00 0.01 0.00 0.00 0.00 0.01 0.15 0.00 0.01 0.03 

Total phenolics 0.92 2.67 0.92 0.05 6.67 6.05 4.20 1.69 9.85 23.16 15.36 16.27 

Concentrations less than 0.05 µg g
-1

 are considered absent from the extract 
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Table: 4.44. Correlation coefficients showing strength of association between total soluble phenolic content, total-organic-carbon, and 

organic-matter with populations of bacteria and fungi 
Variable 1 Variable 2  Tillering  Anthesis  Maturity 

1st week 2nd week 4th week 6th week 1st week 2nd week 4th week 6th week 1st week 2nd week 4th week 6th week 

Total 

phenolic 

contents 

Population 

of bacteria 

Control 0.919* 0.997*** 0.995*** 0.965** 0.919* 0.997*** 0.995*** 0.965** 0.919* 0.997*** 0.995*** 0.965** 

Millat-2011 0.996*** 0.960** 0.992*** 0.899* 0.998*** 0.970** 0.914* 0.933* 0.979** 0.973** 0.960** 0.902* 

AARI-2011 0.896* 0.957** 0.978** 0.975** 0.977** 0.853* 0.977** 0.939* 0.917* 0.991*** 0.971** 0.997*** 

Lasani-2008 0.864* 0.999*** 0.950* 0.966** 0.997*** 0.976** 0.978** 0.976** 0.909* 0.889* 0.880* 0.975** 

Faisalabad-2008 0.962** 0.984** 0.912* 0.962** 0.913* 0.999*** 0.996*** 0.948* 0.893* 0.906* 0.947* 0.981** 

 Population 

of fungi 

Control 0.827n.s 0.923* 0.898* 0.945* 0.827n.s 0.923* 0.898* 0.945* 0.827n.s 0.923* 0.898* 0.945* 

Millat-2011 0.999*** 0.936* 0.880* 0.885* 0.982** 0.996*** 0.937* 0.993*** 0.907* 0.980** 0.958** 0.961** 

AARI-2011 0.977** 0.991*** 0.991*** 0.987** 0.944* 0.979** 0.981** 0.979** 0.999*** 0.975** 0.985** 0.987** 

Lasani-2008 0.929* 0.978** 0.952* 0.951* 0.895* 0.943* 0.996*** 0.991*** 0.882* 0.924* 0.954** 0.980** 

Faisalabad-2008 0.947* 0.863* 0.938* 0.969** 0.989** 0.998*** 0.924* 0.953* 0.999*** 0.998** 0.969** 0.968** 

Total 

organic-

carbon 

Population 

of bacteria 

Control 0.903* 0.964** 0.902* 0.821* 0.903* 0.964** 0.902* 0.821* 0.903* 0.964** 0.902* 0.821* 

Millat-2011 0.968** 0.999*** 0.964** 0.983** 0.997*** 0.961** 0.987** 0.915* 0.896* 0.957** 0.978** 0.941* 

AARI-2011 0.982** 0.998*** 0.966** 0.948* 0.922* 0.974** 0.927* 0.942* 0.981** 0.867* 0.934* 0.986** 

Lasani-2008 0.883* 0.863* 0.993*** 0.940* 0.971** 0.968** 0.990*** 0.909* 0.902* 0.993** 0.994*** 0.998*** 

Faisalabad-2008 0.998*** 0.930* 0.925* 0.997*** 0.925* 0.993*** 0.936* 0.874* 0.934* 0.908* 0.923* 0.931* 

 Population 

of fungi 

Control 0.904* 0.735n.s 0.951* 0.768n.s 0.904* 0.735n.s 0.951* 0.768n.s 0.904* 0.735n.s 0.951* 0.768n.s 

Millat-2011 0.934* 0.948* 0.901* 0.979** 0.968** 0.961** 0.892* 0.999*** 0.906* 0.882* 0.984** 0.936* 

AARI-2011 0.981** 0.997*** 0.984** 0.883* 0.927* 0.982** 0.916* 0.990*** 0.875* 0.922* 0.966** 0.979** 

Lasani-2008 0.871* 0.943* 0.988** 0.966** 0.995*** 0.997*** 0.968** 0.900* 0.958* 0.990** 0.884* 0.951* 

Faisalabad-2008 0.975** 0.921* 0.859* 0.987** 0.844n.s 0.997*** 0.898* 0.981** 0.955** 0.924* 0.974** 0.882* 

Organic-

matter  

Population 

of bacteria 

Control 0.933* 0.990*** 0.913* 0.849* 0.933* 0.990*** 0.913* 0.849* 0.933* 0.990*** 0.913* 0.849* 

Millat-2011 0.982** 0.998*** 0.904* 0.864* 0.936* 0.926* 0.967** 0.926* 0.909* 0.902* 0.937* 0.896* 

AARI-2011 0.915* 0.982** 0.979** 0.954* 0.991*** 0.977** 0.982** 0.976** 0.898* 0.989** 0.991*** 0.910* 

Lasani-2008 0.977** 0.869* 0.988** 0.929* 0.942* 0.949* 0.949* 0.939* 0.922* 0.971** 0.959** 0.999*** 

Faisalabad-2008 0.951* 0.899* 0.981** 0.961** 0.939* 0.999*** 0.994*** 0.949* 0.923* 0.885* 0.964** 0.981** 

 Population 

of fungi 

Control 0.844n.s 0.763n.s 0.909* 0.787n.s 0.844n.s 0.763n.s 0.909* 0.787n.s 0.844n.s 0.763n.s 0.909* 0.787n.s 

Millat-2011 0.958** 0.994*** 0.981** 0.925* 0.992*** 0.927* 0.873* 0.943* 0.906* 0.944* 0.922* 0.996*** 

AARI-2011 0.911* 0.947* 0.952* 0.997*** 0.966** 0.861* 0.945* 0.994** 0.996*** 0.981* 0.994*** 0.926* 

Lasani-2008 0.979** 0.897* 0.984** 0.896* 0.982** 0.998*** 0.923* 0.972** 0.872* 0.966** 0.978** 0.973** 

Faisalabad-2008 0.852* 0.919* 0.989** 0.854* 0.957** 0.998*** 0.916* 0.921* 0.972** 0.961** 0.979** 0.988** 
*
p<0.05, 

**
p<0.01, 

*
p<0.001, 

n.s
 Non-significant 
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Table: 4.45. Correlation coefficients showing strength of association between total soluble phenolic contents, organic carbon, and organic 

matter with population of bacteria and fungi 
Variable 1 Variable 2  Tillering  Anthesis  Maturity 

1st week 2nd week 4th week 6th week 1st week 2nd week 4th week 6th week 1st week 2nd week 4th week 6th week 

Organic-

matter 

 

phosphatase  Control 0.787n.s 0.877* 0.989** 0.957** 0.787n.s 0.877* 0.989** 0.957** 0.787n.s 0.877* 0.989** 0.957** 

Millat-2011 0.989** 0.999*** 0.999*** 0.975** 0.802n.s 0.937* 0.891* 0.931* 0.963 0.976** 0.968** 0.909* 

AARI-2011 0.975** 0.975** 0.968** 0.911* 0.931* 0.975 0.993*** 0.962** 0.999*** 0.997*** 0.888* 0.853* 

Lasani-2008 0.991*** 0.900* 0.999*** 0.880* 0.985** 0.979 0.968** 0.936* 0.869 0.965** 0.903* 0.936* 

Faisalabad-2008 0.938* 0.976** 0.878* 0.965** 0.956** 0.885 0.999*** 0.919* 0.979 0.908* 0.986** 0.959** 

Cellulase  Control 0.865* 0.994*** 0.936* 0.731n.s 0.865* 0.994*** 0.936* 0.731n.s 0.865* 0.994*** 0.936* 0.731n.s 

Millat-2011 0.979** 0.919* 0.976** 0.938* 0.996*** 0.995*** 0.931* 0.947* 0.878 0.947* 0.929* 0.918* 

AARI-2011 0.947* 0.955* 0.913* 0.972** 0.935* 0.925 0.948* 0.901* 0.899 0.945* 0.989** 0.893* 

Lasani-2008 0.921* 0.926* 0.978** 0.981* 0.978** 0.958 0.949* 0.944* 0.916 0.960** 0.897* 0.947* 

Faisalabad-2008 0.984** 0.938* 0.959** 0.896* 0.912* 0.964 0.909* 0.873* 0.979 0.986** 0.973** 0.987** 

Invertase  Control 0.739n.s 0.996*** 0.985** 0.962** 0.739n.s 0.996*** 0.985** 0.962** 0.739n.s 0.996*** 0.985** 0.962** 

Millat-2011 0.929* 0.959** 0.995*** 0.968** 0.971** 0.928 0.926* 0.927* 0.991 0.905* 0.984** 0.997*** 

AARI-2011 0.997*** 0.923* 0.952* 0.906* 0.954* 0.924 0.964** 0.985** 0.955 0.881* 0.884* 0.995*** 

Lasani-2008 0.993*** 0.976** 0.993*** 0.983** 0.860* 0.946 0.966** 0.987** 0.999 0.967** 0.935* 0.934* 

Faisalabad-2008 0.893* 0.967** 0.981** 0.941* 0.988** 0.924 0.993*** 0.892* 0.951 0.896* 0.961** 0.935* 

Dehydrogen

ase  

Control 0.802n.s 0.937* 0.891* 0.931* 0.802n.s 0.937* 0.891* 0.931* 0.802n.s 0.937* 0.891* 0.931* 

Millat-2011 0.912* 0.934* 0.865* 0.979** 0.998*** 0.950 0.962** 0.938* 0.922 0.891* 0.852* 0.896* 

AARI-2011 0.967** 0.958** 0.911* 0.857* 0.991*** 0.969 0.968** 0.949* 0.896 0.902* 0.903* 0.966** 

Lasani-2008 0.938* 0.938* 0.998*** 0.900* 0.992*** 0.969 0.934* 0.993*** 0.909 0.906* 0.935* 0.919* 

Faisalabad-2008 0.918* 0.903* 0.999*** 0.929* 0.972** 0.944 0.949* 0.878* 0.967 0.897* 0.952* 0.922* 
*
p<0.05, 

**
p<0.01, 

*
p<0.001, 

n.s
 Non-significant 
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Table: 4.46. Correlation coefficients showing strength of association between population of bacteria and fungi with dehydrogenase activity 
Independ

ent-

variable 

Dependent-

variable 

 Tillering  Anthesis  Maturity 

1st week 2nd week 4th week 6th week 1st week 2nd week 4th week 6th week 1st week 2nd week 4th week 6th week 

Population 

of bacteria 

Dehydrogen

ase 

Control 0.950* 0.981** 0.883* 0.983** 0.950* 0.981** 0.883* 0.983** 0.950* 0.981** 0.883* 0.983** 

Millat-2011 0.957** 0.865* 0.812* 0.889* 0.914* 0.977** 0.969** 0.886* 0.878* 0.945* 0.981** 0.979** 

AARI-2011 0.958** 0.929* 0.961** 0.947* 0.980** 0.983** 0.939* 0.963* 0.945* 0.928* 0.922* 0.979** 

Lasani-2008 0.905* 0.874* 0.991*** 0.956** 0.967** 0.941* 0.994*** 0.953* 0.998*** 0.965** 0.942* 0.998*** 

Faisalabad-2008 0.949* 0.987** 0.973** 0.952* 0.961** 0.954* 0.978** 0.988** 0.923* 0.947* 0.854* 0.997*** 

Population 

of fungi 

Control 0.991*** 0.994*** 0.988** 0.879* 0.991*** 0.994*** 0.988** 0.879* 0.991*** 0.994*** 0.988** 0.879* 

Millat-2011 0.968** 0.974** 0.997*** 0.935* 0.982** 0.977** 0.923* 0.997*** 0.956** 0.992*** 0.988** 0.869* 

AARI-2011 0.986** 0.956** 0.963** 0.931* 0.984** 0.954* 0.994*** 0.935* 0.928* 0.960** 0.935* 0.977** 

Lasani-2008 0.912* 0.960** 0.989** 0.956** 0.952** 0.953* 0.973** 0.865* 0.974** 0.956** 0.943* 0.964** 

Faisalabad-2008 0.951* 0.999*** 0.988** 0.985** 0.976** 0.959** 0.971* 0.956** 0.986** 0.954* 0.902* 0.911* 
*
p<0.05, 

**
p<0.01, 

*
p<0.001, 

n.s
 Non-significant  
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4.2.3.15. Discussion 

Decomposing wheat residue released phytotoxic compounds in soil and enhanced soil 

microbial activity and abundance, microbial biomass carbon and nitrogen, nutrient status, and 

activity of extracellular enzymes such as cellulase, invertase, urease, dehydrogenase, 

phosphatase and polyphenol oxidase that varied with time of sampling (Fig. 4.30-4.37). The 

rate of residue decomposition depends upon quality and quantity of incorporated residue in 

addition to method and time of residue incorporation (Magdoff and Weil, 2004). The 

presence of higher organic nitrogen and carbon content is important for the decomposition 

rate, and can influence the soil fertility status (Samuel et al., 2013; Goh and Tutua, 2015). 

Plant materials may contain similar substances, but in different concentrations which 

influence the decomposition of plant material (Hadas et al., 2004).  

The quality of residue varies with plant species (Kriauciuniene et al., 2012), and also 

depends upon plant growth stage at which residue/herbage is collected. Plant residue 

collected at early growth stage may contain higher quantities of water-soluble compounds 

such as organic acids, amino acids and sugars, which decompose rapidly compared to 

maturity stage residue, which contain greater proportions of resistant compounds such as 

waxes, cellulose, lignin and phenols (Babu et al., 2014). Furthermore, residue collected at 

maturity stage contained heterogeneous component of plants such as pods, leaves, stem and 

roots with different biochemical properties (Magdoff and Weil, 2004). Residue of post-

harvest stage positively affected the soil physical properties and increased the soil 

permeability (Feiziene et al., 2007). The decomposition of residue not only depended upon 

carbon, nitrogen content and C:N ratio, but was also affected by the contents of lignin present 

in residue (Kriauciuniene et al., 2012). These authors further reported that plant material with 

higher C:N ratio and lignin content decomposed slowly and served as potential source for the 

release of nutrients over a longer time period than plant material with low C:N ratio that 

decomposed rapidly. Results of the present study indicated that carbon and nitrogen contents, 

and C:N ratio of wheat herbage changed with cultivar and their growth stages (Table 4.27), 

and were higher for wheat herbage collected at anthesis and maturity stage compared to the 

tillering stage herbage. Tillering stage herbage depicted low nitrogen content which may be 

rapidly used by the soil microorganisms as compared with the herbage collected at anthesis 

and maturity with relatively slow microbial degradation. 
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The activities of microorganisms showed a variable rate of increase over time when 

herbage of wheat cultivars collected at different growth stages was incorporated into soil. 

Higher population of bacteria and fungi were recorded during whole incubation period in soil 

that was amended with herbage collected at anthesis and maturity stage. This may be due to 

the presence of more organic compounds and their availability for longer period in anthesis 

and maturity stage herbage amended soil than one amended with tillering stage herbage. The 

population of bacteria and fungi rapidly increased during 4
th

 and 6
th

 week of incubation in 

soil amended with herbage of wheat cultivar Millat-2011 and AARI-2011 collected at 

anthesis and maturity stage. Microbial-biomass -carbon and -nitrogen contents were also 

increased during 4
th

 and 6
th

 week of incubation in soil of same experimental pots. 

Activities of microorganisms were related to the presence of allelochemicals in the 

wheat herbage (Table 4.27). The phytotoxic compounds released into soil from decomposing 

herbage might have been a carbon source for microorganisms and enhanced the microbial 

activity (Souto et al., 2000). Data of HPLC analyses showed that the concentration of 

phytotoxic compounds changed over different incubation periods (Tables 4.40-4.43) and with 

growth stage of herbage collection. The phytotoxic compounds declined rapidly in the soil 

amended with tillering stage herbage, while such compounds persisted in the soil amended 

with herbage collected at anthesis and maturity stage implying that release of phytotoxic 

compounds depended upon the rate of herbage decomposition. Persistence, availability and 

biological activity of these allelochemicals may be influenced further by the soil 

microorganisms (Inderjit, 2005). In the present study, positive correlation was observed 

between phenolic compounds and population of bacteria and fungi (Table 4.44). This 

association indicated that biological activity in soil was enhanced with the increase of 

phenolic compounds in the soil. Shafer and Blum (1991) also reported that the addition of 

phenolic compounds into soil stimulates the population of cultureable bacteria which are 

responsible for the degradation and transformation of these compounds. Zhou and Wu 

(2012a) reported that p-coumaric acid enhanced the soil bacterial and fungal populations 

compared to soil without p-coumaric acid. Different studies also found that the mixture of 

phenolic compounds (p-hydroxybenzoic acid, p-coumaric acid, ferulic acid and vanillic acid) 

enhanced the bacteria and fungal populations of rhizosphere soil (Blum et al., 2000; Zhou 

and Wu, 2012b). Increased activities of microorganisms enhanced the availability of 
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nutrients in the soil. Nitrogen availability increased over the incubation period. It may be due 

to the mineralization of organic nitrogen by microorganisms. Soil microbial biomass is 

considered an active pool for nutrient availability, decomposition and recycling in ecosystem 

(De-Lorenzo et al., 2001). Soil microbial population is further helpful in stabilizing the soil 

ecological system due to the ability to recycle nutrients for plant growth (Chauhan et al., 

2006). Any adverse effect on microbial biomass may alter the nutrient cycling and 

availability which directly or indirectly affect soil productivity and soil functions (Wang et 

al., 2008). 

Soil enzymes are important indicators of microbial activities and functional diversity 

in soil (Nannipieri et al., 2002). These are also important for biochemical and chemical 

reactions in soil system and in the processes of transformation of organic matter and nutrient 

cycling in soil (Gianfreda and Bollag, 1996). To explore the functional diversity of 

microorganisms in herbage-amended soil, activities of different enzymes such as 

dehydrogenase, invertase, urease, cellulase and phosphatase were measured. The results 

revealed that activities of different enzyme were gradually increased with incubation period 

(Fig. 4.32-4.35). The enzyme activities in soil varied among wheat cultivars and the growth 

stage at which herbage was collected. Maximum enzyme activities were observed in soil 

amended with herbage collected at anthesis and maturity stage of wheat cultivar AARI-2011 

and Millat-2011. A positive and strong correlation was also noticed between microbial 

population and enzyme activities (Table 4.44-4.45). This indicated that microbial population 

had positive effect on enzymatic activities in soil. In soil, lot of enzymes such as Hydrolases, 

Oxidoreductases, Isomerases, Ligases and Lyases are present, (Gu et al., 2009). 

Dehydrogenase is an important enzyme of the Oxidoreductase group and an indicator of 

microbial biomass (Wolinska and Stepniewska, 2012) because it is present intracellularly in 

microbial cells (Zhao et al., 2010; Moeskops et al., 2010; Yuan and Yue, 2012) and involved 

in microbial oxidoreduction processes (Moeskops et al., 2010). Dehydrogenase enzyme 

oxidizes organic matter by transforming electrons and protons from organic substrate to 

inorganic acceptors (Stępniewska and Wolińska, 2005). Invertase enzyme in the soil 

enhances hydrolysis of sucrose into glucose and fructose, and activity of this enzyme is an 

indicator of microbial biomass (Makoi and Ndakidemi et al., 2008). Cellulase enzyme 

enhances the degradation of glyosidic bonds into carbohydrate and non-carbohydrate parts 
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(Shaik et al., 2013). Various enzymes collectively modify the soil biological status, 

biological equilibrium, and quality and fertility of soil (Srinivasulu and Rangaswamy, 2013) 

by participating in energy metabolism, degradation of various compounds and nutrient 

transformations in soil (Bandick and Dick, 1999; Ekenler and Tabatabai, 2003). 

Organic-matter (OM) and total organic-carbon (TOC) increased gradually with 

incubation period, and varied among wheat cultivars and the growth stages at which herbage 

was collected. Higher OM and TOC were observed during 4
th

 and 6
th

 weeks of incubation in 

pots amended with herbage of wheat cultivar AARI-2011 or Millat-2011 collected at 

maturity stage. Increase in soil organic carbon with advancement in incubation period 

progressed may be due to progressive decomposition of herbage -carbohydrates and -amino 

acids, and release of phenolic compounds (Martens, 2000). The OM enhances the soil 

chemical, biochemical and physical properties because it is a good sink and source of 

nutrients in soil (Salazar et al., 2011). In the present study, positive and strong correlation 

was found between soil OM, microbial population and enzyme activities (Table 4.44-4.46). 

These associations indicated that soil OM matter significantly enhanced the microbial 

population and consequently increased the enzyme production and their activities. Yuan and 

Yue (2012) reported that soil OM increased the microbial population and enzyme activities 

(urease, invertase, dehydrogenase and phosphatase).  

Incorporation of wheat herbage collected at different growth stages altered the soil pH 

compared to soil without herbage incorporation. Butterly et al. (2013) also reported that the 

incorporation of residue increased the soil pH that was reflective of the decomposition of 

residue. Carbon and nitrogen mineralization in residue-amended soils is greatly dependent on 

pH (Marschner and Kalbitz, 2003; Kemmitt et al., 2006). The present studies showed that 

higher pH of herbage-amended soil (7.6-7.8) were recorded during 4
th

 and 6
th

 week of 

incubation. Highest soil biological activities were also observed during this incubation 

period. Several authors reported that soil enzyme activities were increased with increasing 

soil pH (Kamimura and Hayano, 2000; Moeskops et al., 2010; Blonska, 2010). These studies 

suggested that incorporation of wheat herbage affected the soil chemical and biological 

activities that were dependent upon a number of other factors (residue quality, organic 

carbon, organic matter, soil microflora, pH, enzyme activities). 
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4.11.16. Conclusion 

The present study indicated that rate of herbage decomposition depended upon the 

herbage quality because of differences in its chemical composition. The quality of herbage 

varied with plant growth stage. Microbial population and activities depended upon the type 

of decomposing herbage (cultivars and growth stage) and the period of incubation in soil. 

Herbage collected at anthesis and maturity stages decomposed slowly and nutrients remained 

available for a longer time. Herbage of different wheat cultivars and growth stages upon 

decomposition released allelochemicals that enhanced soil microbial- and -enzyme activities 

in the herbage amended soil. Soil pH also increased with the incorporation of wheat herbage. 

Such findings warrant the need to return maturity stage wheat herbage into soil for sustaining 

microbial activities and nutrient recycling as a natural means of crop management. 
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4.2.4. Experiment-III A: Influence of wheat leachates on canarygrass growth and 

changes in soil microbial biomass and enzymatic activities 

4.2.4.1. Allelochemicals detected in leachates of wheat cultivars 

HPLC analyses revealed that phytotoxins Gallic acid, p-hydroxybenzoic acid, 

syringic acid, protocatechuic acid, vanillic acid, ferulic acid, p-coumaric acid and benzoic 

acid were present in leachates of all wheat cultivars (Table 4.47). Protocatechuic acid was not 

quantified in leachates of wheat cultivar AARI-2011 and p-coumaric acid in leachates of 

Faisalabad-2008. P-hydroxybenzoic acid (4.11, 11.36, 7.84 and 2.05 µg g
-1

) was quantified 

in leachates of Millat-2011, AARI-2011, Lasani-2008 and Faisalabad-2008, respectively. 

Higher concentration of syringic acid (5.41 µg g
-1

) in leachates of ARRI-2011, vanillic acid 

(1.68 µg g
-1

) in Lasani-2008 and ferulic acid in AARI-2011(4.51 µg g
-1

) and Lasani-2008 

(5.41 µg g
-1

) was quantified. Benzoic acid was also present in leachates of all wheat cultivars. 

Total allelochemicals of leachates of wheat cultivars were higher in order AARI-2011 > 

Lasani-2008 > Millat-2008 > Faisalabad-2008. 

4.2.4.2. Weed emergence attributes 

Application of wheat cultivar (Millat-2011, AARI-2011, Lasani-2008 and Faisalabad-

2008) leachates had a significant (p≤0.05) effect on time to the start of emergence and time 

taken to 50% emergence of canarygrass compared to control (Table 4.49). Only leachates of 

wheat cultivar AARI-2011 delayed time to start emergence; however, time taken to 50% 

emergence was delayed by all cultivars compared to control. Mean emergence time was 

prolonged only by the application of leachates of AARI-2011. Application of leachates of all 

wheat cultivars dropped the emergence index of canarygrass to lower than the control. 

Leachates of Millat-2011, AARI-2011 and Lasani-2011 significantly inhibited the final 

emergence percentage of canarygrass by 11-14% to less than Faisalabad and all cultivars had 

an FEP that was lower than the control. 

4.2.4.3. Weed seedling growth 

Leachates of wheat cultivars had non-significant (p≤0.05) effect on shoot length of 

canarygrass as compared to control, however, significantly reduce the root length, seedling 

fresh and dry biomass occurred with Lasani-2008 and AARI-2011 leachates (Table 4.50). 

Maximum suppression in root length (33%) of canarygrass was observed by the application 

of leachates of AARI-2011 compared to control. Highest suppression in seedling fresh (24 
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and 23%) and dry biomass (36 and 27%) was observed by the application of leachates of 

AARI-2011 and Lasani-2008 over control, respectively. 

4.2.4.4. Biochemical attributes 

4.2.4.4.1. Chlorophyll and soluble phenolic content 

The leachates of different wheat cultivars had a significant (p≤0.05) effect on 

chlorophyll “a”, “b”, total chlorophyll and total soluble phenolic content of canarygrass 

compared to control (Table 4.51). Maximum reduction in chlorophyll “a” (45%) was 

observed by the application of leachates of AARI-2011 that was statistically on par with 

Lasani-2008 (37%). The leachates of AARI-2011, Lasani-2008 and Faisalabad-2008 reduced 

chlorophyll “b” by 54, 60 and 53% respectively, compared to control. The total chlorophyll 

content was suppressed by 24, 48, 44 and 31% by the application of leachates of Millat-2011, 

AARI-2011, Lasani-2008 and Faisalabad-2008 respectively, over control. Significantly 

(p≤0.05) higher phenolic content (35, 60 and 48% respectively) was recorded under the 

influence of leachates of Millat-2011, AARI-2011 and Lasani-2008 as compared to control 

(Table 4.51). 

4.2.4.4.2. Lipid peroxidation and activity of enzyme antioxidants 

Data (Table 4.52) showed that application of leachates of wheat cultivars significantly 

(p≤0.05) affected the lipid peroxidation (MDA) and enzyme antioxidant activities of 

canarygrass compared to control. Highest MDA content (3.11 nmol g
-1

 FW) in seedlings of 

canarygrass was observed by the application of leachates of AARI-2011 and Faisalabad-2008 

while, minimum MDA contents were observed for Millat-2011 and Lasani-2008 (1.22 and 

1.44 nmol g
-1

 FW) which was statistically on par with control pots (0.5 nmol g
-1

 FW). SOD 

activity reduced by 43, 28, 41 and 40% under the influence of leachates of Millat-2011, 

AARI-2011, Lasani-2008 and Faisalabad-2008 respectively, lower than the control. 

Maximum reduction in POX activity (46%) was observed by the application of leachates of 

AARI-2011 that was statistically on par with Millat-2011 (29%) and Faisalabad-2008 (31%). 

The application of leachates of AARI-2011 and Lasani-2008 significantly (p≤0.05) decreased 

the activity of CAT (73%) as compared to control. Protein content of canarygrass was 

reduced under the influence of leachates from all cultivars to lower than the control. 
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Table: 4.47. Allelochemical profile of wheat leachates 

Allelochemicals  

(µg ml
-1

) 

Millat-2011 AARI-2011 Lasani-02008 Faisalabad-2008 

Gallic acid 0.04 2.09 0.04 0.28 

p-Hydroxybenzoic acid 4.11 11.36 7.84 2.05 

Syringic acid 1.12 5.41 1.61 1.12 

Protocatechuic acid 0.94 - 2.49 2.85 

Vanillic acid 2.54 1.27 1.68 1.24 

Ferulic acid 3.21 4.51 5.41 3.15 

p-coumaric acid 0.18 1.33 1.33 - 

Benzoic acid 2.67 0.27 0.96 1.39 

Total phenolics 14.81 26.24 21.36 12.08 

 

 

Table: 4.48. Biochemical properties of Leachates 

Leachates  pH EC(dSm
-1

) Osmotic potential  

(-MPa) 

Total soluble phenol 

(µg ml
-1

) 

Control  7.1 4.62 0.17 20.27 

Millat-2011 7.4 3.07 0.11 30.34 

AARI-2011 7.6 1.59 0.05 38.45 

Lasani-2008 7.3 2.43 0.08 29.43 

Faisalabad-2008 7.3 2.74 0.09 27.64 

Control: leachates collected from pots without cultivars 

 

 

Table: 4.49. Influence of leachates of wheat cultivars on germination dynamics of canarygrass  
Leachates  TSE (days) E50 (days) MET (days) EI FEP (%) 

Control 6.25±0.25 b 11.59±0.06 c 14.23±0.17 b 9.23±0.30 a 98.25±1.18 a 

Millat-2011 7.50±0.65 ab 12.96±0.21 ab 15.14±0.29 b 7.12±0.37 cd 87.00±1.22 c 

AARI-2011 7.75±0.48 a 13.13±0.24 a 16.76±0.96 a 6.92±0.29 d 84.00±2.45 c 

Lasani-2008 7.00±0.41 ab 12.50±0.00 b 15.15±0.07 b 7.87±0.06 bc 86.50±1.19 c 

Faisalabad-2008 6.75±0.48 ab 13.28±0.27 a 14.96±0.14 b 7.95±0.10 b 92.00±1.22 b 

LSD≤0.05 1.417 0.571 1.395 0.768 4.633 

Each value represents mean of four replications (± S.E). Means not sharing letter in common differ significantly 

at 5% probability by LSD test. ± S.E: standard error, n.s: non-significant 

Control: leachates collected from pots without cultivars 
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Table: 4.50. Influence of leachates of wheat cultivars on seedling growth of canarygrass 

Leachates  Shoot length (cm) Root length (cm) Seedling fresh 

biomass (mg) 

Seedling dry 

biomass (mg) 

Control       11.91±1.01
n.s

  12.47±1.12 a 154.58±2.08 a 20.96±2.27 a 

Millat-2011   10.48±0.35     9.69±1.23 abc 149.24±6.57 a   18.17±1.71 ab 

AARI-2011 9.13±0.28 8.30±0.62 c  116.25± 7.94 b 13.40±0.71 c 

Lasani-2008 9.55±0.33  9.60±0.68 bc 118.98±6.23 b   15.15±0.86 bc 

Faisalabad-2008   10.01±0.88     11.33±0.80 ab 152.03±5.34 a  20.20±1.37 a 

LSD≤0.05 n.s 2.782 17.973 4.508 

Each value represents mean of four replications (± S.E). Means not sharing letter in common differ significantly 

at 5% probability by LSD test. ± S.E: standard error, n.s: non-significant 

Control: leachates collected from pots without cultivars 

 

 

Table: 4.51. Influence of leachates of wheat cultivars on biochemical attributes of canarygrass 
Leachates  Chlorophyll ‘a’ (mg 

g
-1

 FW) 

Chlorophyll ‘b’ (mg 

g
-1

 FW) 

Total chlorophyll 

(mg g
-1

 FW) 

Total soluble 

phenolic content 

(mg g
-1

 FW) 

Control  26.98±2.39 a 11.97±1.05 a 38.95±1.87 a 40.78±2.41 b 

Millat-2011   21.63±1.99 ab 8.05±2.62 ab 29.68±3.56 b 54.99±4.10 a 

AARI-2011 14.74±1.81 c 5.39±0.55 b 20.13±1.28 d 65.21±3.20 a 

Lasani-2008   16.88±2.51 bc 4.74±1.11 b  21.63±2.13 cd 60.47±6.73 a 

Faisalabad-2008  21.07±1.57 ab 5.61±1.12 b 26.68±1.02 bc 41.57±2.26 b 

LSD≤0.05 6.286 4.437 6.518 12.299 

Each value represents mean of four replications (± S.E). Means not sharing letter in common differ significantly 

at 5% probability by LSD test. ± S.E: standard error, n.s: non-significant 

Control: leachates collected from pots without cultivars, FW= fresh weight 

 

 

Table: 4.52. Influence of leachates of wheat cultivars on lipid peroxidation and enzyme 

antioxidants of canarygrass  
Leachates MDA (nmol g

-1
 

FW) 

SOD (Units g
-1

 

protein) 

POX (µmol 

min
-1

 g
-1

 

protein) 

CAT (µmol min
-1

 

g
-1

 protein) 

Protein (mg 

g
-1

 FW) 

Control  0.75±0.12 c 313.67±22.20 a  49.15±5.39 a 213.78±20.08 a 7.85±0.65 a 

Millat-2011    1.22±0.17 bc 176.92±14.83 b 34.53±4.04 bc 128.20±10.91 b 6.06±0.44 b 

AARI-2011 3.11±0.54 a 225.67±12.01 b 26.61±2.01 c 57.43±7.72 c 4.02±0.51 c 

Lasani-2008   1.44±0.11 bc 182.52±16.56 b 40.82±5.63 ab 59.30±7.68 c 3.63±0.40 c 

Faisalabad-2008 1.83±0.39 b 187.01±16.12 b 34.02±1.33 bc 110.41±13.31 b 5.73±0.69 b 

LSD≤0.05 0.949 50.289 12.271 38.559 1.657 

Each value represents mean of four replications (± S.E). Means not sharing letter in common differ significantly 

at 5% probability by LSD test. ± S.E: standard error, n.s: non-significant 

Control: leachates collected from pots without cultivars 

MDA= lipid peroxidation, SOD= superoxide dismutase, POX= peroxidase, CAT= catalase,  
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4.2.4.5. Soil microbial and enzyme activities  

4.2.4.5.1. Soil enzymatic activities and total soluble phenolic contents 

Application of leachates of wheat cultivars was significantly (p≤0.05) increase the 

soil enzyme activities as compared to control except for cellulase in Faisalabad-2008 (Table 

4.53). The activity of urease and invertase was significantly (p≤0.05) increased (80% and 

69%) under the influence of leachates of AARI-2011 as compared to control that was also on 

par with Millat-2011 (55% and 63%) and Lasani-2008 (60% and 36%). Activity of 

dehydrogenase was increased under the application of leachates of all wheat cultivars as 

compared to control. The maximum increase in dehydrogenase activity (104%) was recorded 

with the application of leachate of AARI-2011. Cellulase activity was increased 144, 192 and 

102% by the application of leachates of Millat-2011, AARI-2011 and Lasani-2008, 

respectively over control. Total soluble phenolic content was influenced by the application of 

wheat cultivar leachates except Faisalabad-2008 compared to control (Table 4.53). The 

maximum increase in phenolic content 54% was recorded with the application of leachate of 

AARI-2011. 

4.2.4.5.2. Microbial populations (bacteria and fungi) 

Data (Table 4.54) illustrated that the application of wheat cultivar leachates had 

significant (p≤0.05) effect on the populations of bacteria and fungi compared to control. 

Maximum population of bacteria (99.33 CFU × 10
-4

 g
-1

 soil) was recorded with the 

application of leachate of wheat cultivar AARI-2011 that was statistically on par with Millat-

2011 (91.33 CFU × 10
-4

 g
-1

 soil). Population of fungi was also increased in soil irrigated with 

leachates of wheat cultivar AARI-2011(104%), Millat-2011 (87%) and Lasani-2008 (74%) 

as compared to control. Population of fungi was similar with that recorded for the control in 

pots where leachate of Faisalabad-2008 was applied. 

4.2.4.5.3. Microbial-biomass-carbon and -nitrogen 

The application of wheat cultivar leachates had a significant (p≤0.05) effect on the 

microbial-biomass-carbon and -nitrogen compared to control (Table 4.54). The increase in 

microbial-biomass-carbon (Cmic) 33 and 49% was observed in pots irrigated with leachates of 

wheat cultivars Millat-2011 and AARI-2011, respectively as compared to control. The 

highest value of microbial-biomass-nitrogen (Nmic) 64.90 mg kg
-1

 soil was recorded with the 
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application of leachates of AARI-2011 that was statistically on par with Millat-2011 (58.15 

mg kg
-1

 soil).  

4.2.4.6. Correlation coefficient for pairs 

Correlation analyses showed that the relationship between final emergence and 

seedling dry biomass of canarygrass was non-significant for pots treated with leachates of 

Millat-2011 and Faisalabad-2008 (Table 4.55). However, these two traits were significanty 

correlated for the pots treated with leachates of AARI-2011 and Lasani-2008. Leaf 

chlorophyll content of canarygrass manifested a strong positive correlation with seedling 

fresh biomass for all experimental treatments except for pots treated with leachates of 

Faisalabad-2008. Negative correlation was found between total chlorophyll and soluble 

phenolic content of canarygrass growing in pots irrigated with leachates of wheat cultivars 

Millat-2011, AARI-2011 and Lasani-2008 (Table 4.55). 

Activity of SOD was positively correlated with shoot length of canarygrass under the 

application of leachates of all wheat cultivars. There was a strong and positive correlation of 

activities of POX and CAT with shoot length of canarygrass under the influence of leachates 

of all wheat cultivars. Likewise, protein content was also strongly and positively correlated 

with shoot length of canarygrass under the application of leachates of all wheat cultivars 

(Table 4.55). Activities of SOD, POX and CAT had positive and significant correlation with 

root length of canarygrass under the influence of leachates of all wheat cultivars. Similarly 

protein content was significantly and positively correlated with root length of canarygrass by 

the application of leachates of all wheat cultivars (Table 4.55). There was strong and positive 

correlation was found between activities of SOD, POX and CAT and seedling dry biomass of 

canarygrass under the influence of leachates of all four wheat cultivars except for leachates 

from Faisalabad-2008. Protein content was strongly and positively correlated with seedling 

dry biomass of canarygrass with the application of leachates of all wheat cultivars. 
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Table: 4.53. Influence of leachates of wheat cultivars on enzymatic activities and total soluble 

phenolic contents of soil 

Leachates Urease (NH4-N 

released g
-1

 soil 

24 h
-1

) 

Invertase (mg 

glucose 

equivalent g
-1

 

soil 3 h
-1

) 

Dehydrogenase 

(µg Formazan 

g
-1

 soil 24 h
-1

) 

Cellulase (µg 

reducing sugar 

g
-1

 dry soil 24 

h
-1

) 

Total soluble 

phenol (mg g
-1

 

soil) 

Control   0.40±0.09 c 7.02±0.62 c 16.21±0.84 d 23.08±2.94 d 15.12±1.76 c 

Millat-2011    0.62±0.06 ab   11.46±1.33 ab 27.92±1.10 b 56.31±3.15 b 23.60±1.38 b 

AARI-2011 0.72±0.01 a 11.91±0.71 a 33.14±1.57 a 67.35±3.56 a 28.28±1.61 a 

Lasani-2008   0.64±0.04 ab  9.61±1.05 ab   25.24±0.31 bc 46.73±1.94 c 21.15±2.61 b 

Faisalabad-2008 0.57±0.05 b 9.51±0.58 b 22.50±1.74 c 24.62±2.48 d 16.32±0.79 c 

LSD≤0.05 0.142 2.317 3.142 9.415 4.450 

Each value represents mean of four replications (± S.E). Means not sharing letter in common differ significantly 

at 5% probability by LSD test. ± S.E: standard error, n.s: non-significant 

Control: leachates collected from pots without cultivars 

 

 

Table: 4.54. Influence of leachates of wheat cultivars on microbial populations, microbial 

biomass carbon and nitrogen of soil 

Leachates  Bacteria (CFU × 10
-

4
 g

-1
 soil) 

Fungi (CFU × 10
-3

 

g
-1

 soil) 

Cmic (mg kg
-1

 soil) Nmic (mg kg
-1

 soil) 

Control  46.67±5.55 d  48.67±2.96 c 55.53±4.47 d 42.07±4.05 c 

Millat-2011   91.33±5.04 ab  62.67±2.33 b 73.92±3.05 b   58.15±2.05 ab 

AARI-2011 99.33±6.96 a 74.33±3.53 a 83.01±3.06 a 64.90±2.87 a 

Lasani-2008   84.67±3.76 bc   55.67±3.48 bc   63.06±1.97 cd 55.03±2.85 b 

Faisalabad-2008 77.67±3.53 c 54.00±2.52 c 63.39±1.92 c 53.41±1.83 b 

LSD≤0.05 13.133 7.700 7.793 7.283 

Each value represents mean of four replications (± S.E). Means not sharing letter in common differ significantly 

at 5% probability by LSD test. ± S.E: standard error, n.s: non-significant 

Control: leachates collected from pots without cultivars 

 

 

Table: 4.55. Correlation coefficients showing strength of association between pairs of variables 
Variable 1 Variable 2 Cultivars 

Millat-2011 AARI-2011 Lasani-2008 Faisalabad-2008 

FEP SDW   0.367
n.s

 0.873
**

  0.838
**

 0.532
n.s

 

SOD SL 0.647
*
 0.785

**
 0.642

*
 0.679

*
 

RL 0.700
*
 0.610

*
 0.722

*
 0.783

**
 

SDW 0.814
**

 0.834
**

 0.809
**

 0.688
*
 

POX SL   0.894
***

 0.841
**

   0.946
***

 0.856
**

 

RL 0.739
*
  0.934

***
   0.977

***
  0.927

***
 

SDW   0.888
***

 0.780
**

 0.722
*
 0.852

**
 

CAT SL 0.864
**

 0.895
***

  0.864
**

 0.833
**

 

RL   0.889
***

 0.909
***

  0.867
**

 0.725
*
 

SDW 0.770
**

 0.905
***

  0.878
**

  0.561
n.s

 

Protein SL  0.891
***

 0.907
***

  0.803
**

 0.877
**

 

RL 0.915
***

 0.960
***

  0.879
**

 0.813
**

 

SDW 0.881
**

 0.903
***

  0.898
***

 0.723
*
 

Chlorophyll SFW 0.850
**

 0.877
**

 0.872
**

 0.248
 n.s

 

Phenol -0.956
***

 -0.951
***

 -0.907
***

 -0.415
 n.s

 
*
 P<0.05, 

**
 P<0.01, 

***
 P<0.001, 

n.s
Non-significant 
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4.2.5. Experiment-III B: Influence of wheat leachates on lambsquarters growth and 

changes in soil microbial biomass and enzymatic activities  

4.2.5.1. Weed emergence attributes 

Leachates of different wheat cultivars (Millat-2011, AARI-2011, Lasani-2008 and 

Faisalabad-2008) were significantly (p≤0.05) affected by the emergence attributes of 

lambquarters as compared to control (leachates collected from pots without any cultivar) 

(Table 4.56). The influence of all wheat cultivar leachates was significant (p≤0.05) for time 

to the start of emergence and delayed TSE 1 to 2 days compared to control. The time taken to 

50% emergence and mean emergence time was significantly (p≤0.05) delayed by 2 to 3 days 

as compared to control. The EI of lambquarters was dropped by 27% with the application of 

leachate of AARI-2011 that was also statistically on par with Lasani-2008 and Faisalabad-

2008. Leachates of wheat cultivars Millat-2011, AARI-2011, Lasani-2008 and Faisalabad-

2008 were significantly inhibited the final emergence percentage of lambasquarter by 9, 23, 

15 and 7% respectively, below the control. 

4.2.5.2. Weed seedling growth 

Application of leachates of all wheat cultivars significantly (p≤0.05) suppressed the 

seedling growth of lambquarters compared to control (Table 4.57). Maximum suppression of 

shoot length (61%) of lambquarters was observed with the application of leachates of wheat 

cultivar AARI-2011 that was statistically on par with Lasani-2008 (57%) as compared to 

control. Leachates of wheat cultivars Millat-2011, AARI-2011, Lasani-2008 and Faisalabad-

2008 suppressed root length by 37, 51, 40 and 25% below the control, respectively. The 

highest inhibition of seedling fresh biomass (65%) of lambquarters was recorded with the 

application of leachate of AARI-2011 compared to control. Application of leachates of 

Lasani-2008 inhibited seedling fresh biomass by 52% that was on par (p≤0.05) with 

Faisalabad-2008 (44%) as compared to control. Leachates of wheat cultivars Millat-2011, 

AARI-2011, Lasani-2008 and Faisalabad-2008 resulted in 42, 65, 52 and 44% reduction in 

seedling dry biomass of lambquarters compared to the control. Nevertheless, reduction of 

seedling dry biomass of lambquarters was statistically similar with the application of 

leachates of wheat cultivars Millat-2011, Lasani-2008 and Faisalabad-2008. 
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4.2.5.3. Biochemical attributes 

4.2.5.3.1. Chlorophyll and soluble phenolic content 

Data (Table 4.58) indicated that chlorophyll and soluble phenolic content of 

lambquarters were significantly (p≤0.05) affected by the application of leachates of wheat 

cultivars as compared to control. Chlorophyll “a” content of lambquarters did not vary 

among wheat cultivars AARI-2011, Lasani-2008 and Faisalabad-2008. The suppression of 

chlorophyll “b” content of lambquarters did not vary among all wheat cultivars leachates 

application. Total chlorophyll content of lambquarters was suppressed in a similar manner 

with the application of leachates of AARI-2011, Lasani-2008 and Faisalabad-2008. The 

highest soluble phenolic content (98%) was recorded in seedlings of lambquarters, with the 

application of leachate of wheat cultivar AARI-2011 that was statistically on par with Millat-

2011. Millat-2011 was also on par with Lasani-2008 and Faisalabad-2008. 

4.2.5.3.2. Lipid peroxidation and activity of enzymatic antioxidants 

The application of leachates of different wheat cultivars significantly (p≤0.05) 

affected the lipid peroxidation (MDA) and antioxidant enzymatic activities compared to 

control (Table 4.59). Higher MDA content of lambquarters seedlings was observed (3.99 

nmol g
-1

 FW and 2.00 nmol g
-1

) with the application of leachates of wheat cultivars AARI-

2011, Lasani-2008 and Faisalabad-2008 compared to control. Antioxidant enzymes were 

reduced significantly (p≤0.05) under the influence of leachates of all wheat cultivars as 

compared to control. SOD activity of lambquarters was decreased 58, 46, 26 and 24% by the 

application of leachates of wheat cultivars Millat-2011, AARI-2011, Lasani-2008 and 

Faisalabad-2008 compared to control. Maximum reduction in POX and CAT activities (83%) 

was recorded with the application of leachate of AARI-2011 over control. POX activity of 

lambquarters did not vary with the application of leachates of wheat cultivars Millat-2011, 

Lasani-2008 and Faisalabad-2008. CAT activity was significantly differing among wheat 

cultivars and highest activity was recorded for control pots. Application of leachates of wheat 

cultivars reduced the soluble protein content in lambquarters. Maximum reduction (90-92%) 

was realized for leachates of AARI-2011 and Lasani-2008. 
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Table: 4.56. Influence of leachates of wheat cultivars on germination dynamics of 

lambquarterss 
Leachates  TSE (days) E50 (days) MET (days) EI FEP (%) 

Control 6.50±0.29 b 12.91±0.78 b 14.28±0.54 b 8.18±0.18 a 95.75±2.17 a 

Millat-2011 7.75±0.25 a 13.99±1.02 ab 16.20±0.06 a 6.69±0.12 b 87.00±1.22 b 

AARI-2011 8.50±0.29 a 14.78±0.16 a 16.21±0.04 a 5.96±0.10 c 73.25±1.18 d 

Lasani-2008 8.50±0.29 a 14.13±1.01 ab 16.37±0.08 a 6.14±0.28 bc 81.25±1.25 c 

Faisalabad-2008 7.75±0.25 a 15.19±0.87 a 16.41±0.05 a 6.40±0.32 bc 88.75±1.25 b 

LSD≤0.05 0.826 1.717 0.742 0.655 4.401 

Each value represents mean of four replications (± S.E). Means not sharing letter in common differ significantly 

at 5% probability by LSD test. ± S.E: standard error, n.s: non-significant 

Control: leachates collected from pots without cultivars 

 

 

Table: 4.57. Influence of leachates of wheat cultivars on seedling growth of lambquarters 
Leachates  Shoot length (cm) Root length (cm) Seedling fresh 

biomass (mg) 

Seedling dry 

biomass (mg) 

Control   22.21±1.02 a 27.11±1.64 a 1774.58±67.75 a 88.73±6.98 a 

Millat-2011   13.66±0.78 b 16.99±0.54 c 1035.13±28.93 b  51.76±1.45 b 

AARI-2011 8.71±0.49 d 13.33±0.50 d 624.17±38.40 d 31.21±4.14 c 

Lasani-2008  9.62±0.69 cd 16.24±0.55 c 850.42±52.62 c   42.52±2.63 bc 

Faisalabad-2008    11.55±0.43 bc 20.21±0.50 b  992.42±46.63 bc 49.62±5.07 b 

LSD≤0.05 2.153 2.666 146.585 13.549 

Each value represents mean of four replications (± S.E). Means not sharing letter in common differ significantly 

at 5% probability by LSD test. ± S.E: standard error, n.s: non-significant 

Control: leachates collected from pots without cultivars 

 

 

Table: 4.58. Influence of leachates of wheat cultivars on biochemical attributes of lambquarters 
Leachates  Chlorophyll ‘a’ (mg 

g
-1

 FW) 

Chlorophyll ‘b’ (mg 

g
-1

 FW) 

Total chlorophyll 

(mg g
-1

 FW) 

Total soluble 

phenolic contents 

(mg g
-1

 FW) 

Control  26.01±1.55 a  11.40±2.15 a 37.41±4.55 a 27.73±1.27 c 

Millat-2011 16.92±1.25 b  6.03±2.00 b 22.95±1.62 b   47.69±4.05 ab 

AARI-2011 10.78±0.80 c 4.77±0.60 b 15.55±1.37 c 54.94±3.58 a 

Lasani-2008 11.19±1.15 c 5.80±1.78 b 16.99±2.61 c 46.04±2.17 b 

Faisalabad-2008 12.69±0.54 c 4.02±0.45 b 16.71±1.11 c 42.77±2.51 b 

LSD≤0.05 3.365 2.319 3.884 8.724 

Each value represents mean of four replications (± S.E). Means not sharing letter in common differ significantly 

at 5% probability by LSD test. ± S.E: standard error, n.s: non-significant 

Control: leachates collected from pots without cultivars 
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4.2.5.4. Soil microbial and enzyme activities 

4.2.5.4.1. Soil enzymatic activities and total soluble phenolic content 

Under the influence of leachates of all wheat cultivars, soil enzymatic activities 

increased significantly compared to the control (Table 4.60). Application of leachate of 

AARI-2011 was significantly increased (121%) the activity of urease in soil that was also 

statistically at par with Millat-2011 (91%) and Lasani-2008 (91%). Invertase activity was 

also influenced by the application of leachates of AARI-2011 (43%) that was on par with 

Millat-2011 (29%). Maximum dehydrogenase activity (32.34 µg Formazan g
-1

 soil 24 h
-1

) of 

soil was recorded for the pots treated with leachates of AARI-2011 as compared to control 

(14.74 µg Formazan g
-1

 soil 24 h
-1

). Dehydrogenase activity was increased (52-77%) by the 

application of leachates of wheat cultivars Millat-2011, Lasani-2008 and Faisalabad-2008 

and did not vary statistically in pots treated with leachates of these cultivars. Activities of 

cellulase 51.57, 64.43, 45.13 and 36.18 µg reducing sugar g
-1

 dry soil 24 h
-1 

were recorded 

with the application of leachates of Millat-2011, AARI-2011, Lasani-2008 and Faisalabad-

2008, respectively as compared to control (21.03 µg reducing sugar g
-1

 dry soil 24 h
-1

). Total 

soluble phenolic content was also increased by the application of leachates of all wheat 

cultivars. Higher soluble phenolic content (89%) was quantified in pots treated with leachates 

of AARI-2011 compared to control. However, soluble phenolic content did not vary in pots 

under the influence of leachates of Millat-2011, Lasani-2008 and Faisalabad-2008. 

4.2.5.4.2. Microbial populations (bacteria and fungi) 

Populations of bacteria and fungi were significantly increased under the influence of 

leachates of all four wheat cultivars compared to control (Table 4.61). Highest population 

counts of bacteria (95 CFU × 10
-4

 g
-1

 soil) were recorded in soil treated with leachates of 

wheat cultivar AARI-2011 that was statistically on par with Millat-2011 (87 CFU × 10
-4

 g
-1

 

soil). Likewise, population of bacteria in soil irrigated with leachates of Millat-2011 was also 

on par with Lasani-2008. Maximum fungal colony forming units (70 CFU × 10
-3

 g
-1

 soil) 

were also recorded in soil irrigated with leachates of AARI-2011 compared to control. 

Population of fungi did not vary among soil irrigated with leachates of Millat-2011, Lasani-

2008 and Faisalabad-2008. 
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4.2.5.4.3. Microbial-biomass-carbon and -nitrogen 

Soil application of leachates of two wheat cultivars significantly increased the 

microbial-biomass-carbon (Cmic) and all cultivars enhanced microbial-biomass-nitrogen 

(Nmic) compared to the control (Table 4.61). The Cmic was significantly increased in soil 

under the influence of leachates of Millat-2011 (32%) and AARI-2011 (49%) compared to 

control. Nevertheless, Cmic was remained unchanged with the application of leachates of 

Lasani-2008 and Faisalabad-2008 compared to control. The highest Nmic (62 mg kg
-1

 soil) 

was recorded with the application of leachates of wheat cultivar AARI-2011 compared to 

control. However, the Nmic did not vary in pots under the application of leachates of Millat-

2011, Lasani-2008 and Faisalabd-2008.  

4.2.5.5. Correlation coefficents for pair variables 

Correlation analyses revealed that positive correlation between final emergence 

percentage and seedling dry biomass of lambquarters with the application of leachates of all 

four wheat cultivars (4.62). Leaf chlorophyll content of lambquarters was also positively 

correlated with the seedling fresh biomass with the application of leachates of all wheat 

cultivars. Negative correlation was noticed between total chlorophyll and soluble phenolic 

content of lambquarters growing in pots treated with leachates of all wheat cultivars. 

Activities of SOD, POX and CAT had positive and strong correlation with shoot and 

root length and seedling dry biomass of lambquarters with the application of leachates of all 

wheat cultivars. Likewise, protein content was also strongly and positively correlated with 

shoot and root length and seedling dry biomass of lambquarters with the application of 

leachates of all four wheat cultivars (4.62). 
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Table: 4.59. Influence of leachates of wheat cultivars on MDA contents and enzyme 

antioxidants of lambquarters 

Leachates MDA (nmol g
-1

 

FW) 

SOD (Units g
-1

 

protein) 

POX (µmol 

min
-1

 g
-1

 

protein) 

CAT (µmol min
-1

 

g
-1

 protein) 

Protein (mg 

g
-1

 FW) 

Control   0.46±0.12 d    268.38±15.37 a  54.67±2.74 a   350.61±13.28 a   12.85±0.90 a 

Millat-2011    0.87±0.26 cd 111.48±3.85 d  25.26±3.71 b 159.47±3.34 b 7.85±0.73 b 

AARI-2011 3.99±0.61 a  143.88±12.16 c  9.33±1.24 c 58.58±9.03 d 3.95±0.49 c 

Lasani-2008   1.51±0.21 bc 197.64±3.31 b  16.29±3.02 bc 101.76±3.89 c 5.06±0.60 c 

Faisalabad-2008 2.00±0.16 b 204.08±5.87 b  23.13±3.60 b 149.57±7.04 b 7.03±0.31 b 

LSD≤0.05 0.984 3.365 2.319 3.884 1.918 

Each value represents mean of four replications (± S.E). Means not sharing letter in common differ significantly 

at 5% probability by LSD test. ± S.E: standard error, n.s: non-significant 

Control: leachates collected from pots without cultivars 

 

 

Table: 4.60. Influence of leachates of wheat cultivars on enzymatic activities and total soluble 

phenolic content of soil 
Leachates Urease (NH4-N 

released g
-1

 soil 

24 h
-1

) 

Invertase (mg 

glucose 

equivalent g
-1

 

soil 3 h
-1

) 

Dehydrogenase 

(µg Formazan 

g
-1

 soil 24 h
-1

) 

Cellulase (µg 

reducing sugar 

g
-1

 dry soil 24 

h
-1

) 

Total soluble 

phenolics (mg 

g
-1

 soil) 

Control  0.33±0.06 c 8.63±0.64 c 14.74±1.56 c 21.03±2.67 e 16.26±0.85 c 

Millat-2011  0.63±0.06 ab 11.13±0.27 ab 26.09±2.03 b 51.57±1.11 b 25.72±1.73 b 

AARI-2011 0.73±0.02 a 12.30±0.38 a 32.34±1.35 a 64.43±2.61 a 30.72±1.77 a 

Lasani-2008  0.63±0.04 ab 10.07±0.71 b 23.49±1.48 b 45.13±1.18 c 22.63±1.14 b 

Faisalabad-2008 0.55±0.04 b 10.67±0.54 b 22.43±0.88 b 36.18±2.22 d 22.31±2.73 b 

LSD≤0.05 0.118 1.365 3.857 5.311 4.530 

Each value represents mean of four replications (± S.E). Means not sharing letter in common differ significantly 

at 5% probability by LSD test. ± S.E: standard error, n.s: non-significant 

Control: leachates collected from pots without cultivars 

 

 

Table: 4.61. Influence of leachates of wheat cultivars on microbial populations, microbial 

biomass carbon and nitrogen of soil 

Leachates  Bacteria (CFU × 10
-

4 
g

-1
 soil) 

Fungi (CFU × 10
-3

 

g
-1

 soil) 

Cmic (mg kg
-1

 soil) Nmic (mg kg
-1

 soil) 

Control  43.67±5.36 d 42.33±1.86 c 54.08±3.56 c 38.84±4.40 c 

Millat-2011  87.33±3.93 ab 58.33±2.19 b 71.33±3.20 b 55.07±2.63 b 

AARI-2011       95.00±3.46 a 70.67±4.98 a 80.41±2.91 a 62.88±2.58 a 

Lasani-2008  80.00± 2.89 bc 53.67±2.60 b 59.70±2.21 c 52.46±2.69 b 

Faisalabad-2008       77.00±2.31 c 51.67±2.03 b 59.62±3.94 c 51.85±1.83 b 

LSD≤0.05 9.584 7.595 8.250 7.564 

Each value represents mean of four replications (± S.E). Means not sharing letter in common differ significantly 

at 5% probability by LSD test. ± S.E: standard error, n.s: non-significant 

Control: leachates collected from pots without cultivars 
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Table: 4.62. Correlation coefficients showing strength of association between pairs of variables 

Variable 1 Variable 2 Cultivars 

Millat-2011 AARI-2011 Lasani-2008 Faisalabad-2008 

FEP SDW 0.830
**

 0.836
**

 0.918
***

 0.819
**

 

SOD SL  0.935
***

 0.768
**

 0.956
***

 0.932
***

 

RL  0.934
***

 0.773
**

 0.952
***

 0.880
**

 

SDW 0.883
**

 0.723
*
 0.938

***
 0.896

***
 

POX SL 0.866
**

  0.982
***

 0.982
***

 0.944
***

 

RL  0.938
***

 0.968
***

 0.941
***

 0.880
**

 

SDW 0.879
**

 0.957
***

 0.919
***

 0.896
***

 

CAT SL  0.891
***

 0.956
***

 0.948
***

 0.927
***

 

RL 0.914
***

 0.947
***

 0.931
***

 0.842
**

 

SDW 0.906
***

 0.946
***

 0.927
***

 0.879
**

 

Protein SL 0.807
**

 0.930
***

 0.934
***

 0.892
***

 

RL 0.846
**

 0.929
***

 0.908
***

 0.831
**

 

SDW 0.921
***

 0.963
***

 0.947
***

 0.964
***

 

Chlorophyll SFW 0.906
***

 0.956
***

 0.948
***

 0.939
***

 

Phenolics -0.860
**

 -0.889
***

 -0.878
***

 -0.867
**

 
*
 P<0.05, 

**
 P<0.01, 

***
 P<0.001, 

n.s
Non-significant 
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4.2.5.6. Discussion (Exp.-III A & B) 

The inhibition of canarygrass and lambquarters germination and seedling growth by 

the application of root leachates of different wheat cultivars (Millat-2011, AARI-2011, 

Lasani-2008 and Faisalabad-2008) reflected the allelopathic potential of these cultivars. The 

magnitude of the allelopathic affect varied among studied wheat cultivars (Table 4.20) which 

might be due to the differences in type and quantity of allelopathic compounds present in the 

root leachates of these cultivars. The HPLC analyses of wheat root leachates revealed the 

presence of allelochemicals such as p-hydroxybenzoic acid, syringic acid, vanillic acid, 

ferulic acid, p-coumaric acid, protocatechuic acid, gallic acid and benzoic acid in different 

concentrations (Table. 4.47). P-hydroxybenzoic acid, ferulic acid and vanillic acid were 

present in higher concentration in leachates of Millat-2011, AARI-2011 and Lasani-2008, 

while all of these compounds were also present in lower concentrations in leachates of 

Faisalabad-2008. The allelochemicals may work either individually or jointly in the form of 

mixture and can adversely affect the germination, seedling growth and biochemical reactions 

of receiver plants. Allelopathic interaction resulted from the action of several allelochemical 

compounds that are released from the donor plant (Inderjit and Duke 2003). The interactions 

of these compounds in soil are usually complex, and manifest both synergistic and 

antagonistic effects depending upon the concentration of the mixture. Inderjit et al. (2002) 

and Jia et al. (2006) reported that hydroxamic acid, benzoic acid and its derivatives, and 

phenolic acids also work in binary and tertiary mixtures and perform additively, 

synergistically or antagonistically. Inderjit et al. (2002) also reported that mixtures of two 

phenolic compounds, viz. p-hydroxybenzoic acid and p-coumaric acid, p-hydroxybenzoic 

acid and ferulic acid, and ferulic acid and p-coumaric acid were strongly antagonistic to 

receiver plants. The application of wheat-cultivar-leachates inhibited and delayed the 

germination of canarygrass and lambquarters. The delay was greater with the application of 

leachates of ARRI-2011 and Lasani-2008 than Millat-2011 and Faisalabad-2008. 

Germination may be delayed due to the exposure of seed to allelochemical-rich wheat root 

leachates as compared to the control leachates (leachates collected from pots without wheat). 

Root leachates were reported to have altered the biochemical and physiological reactions in 

cell membrane ultra-structure, and membrane permeability and integrity, synthesis of certain 

compounds and enzyme activities during germination (Gniazdowska and Bogatek, 2005). 
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Such compounds may also reduce the metabolic energy and substrate respiration which is 

necessary for germination (Yarnia, 2009). Speed of emergence is an important indicator of 

the normal seedling growth and its suppression by application of wheat root leachates was an 

indication of inhibitory activity of allelochemicals present in wheat root leachates. 

Suppression of seedling growth might be due to the inhibitory action on cell turgor (El-

Khawas and Shehala, 2005), either by creating physiological drought, prevention of 

developmental activity by reduction of cell division and elongation or synthesis of growth 

hormones (Colpas et al., 2003; Al-Wakeel et al., 2007). Moreover, these compounds may 

cause alteration in the cell membrane structure and permeability which results in several 

other cross-stress responses due to ROS damage (Khaliq et al., 2012) and lipid peroxidation 

(Khaliq et al., 2013). The increased concentration of MDA content observed in the present 

study (Table 4.52 & 4.59) support the occurance of oxidative nature of stress caused by 

wheat allelochemicals that can alter the membrane permeability by inducing lipid 

peroxidation in receiver plants. 

Chlorophyll content in the leaves of canarygrass and lambquarters showed a decline 

under the influence of root leachates of all four wheat cultivars. Reduction in chlorophyll 

content may be due to the phytotoxic activity of allelochemicals. Decline in chlorophyll 

contents was strongly and negatively associated with the production of allelochemicals. 

Sumbele et al. (2012) while working with 49 plant species sampled from Greece and 

Australia, reported that photosynthetic capacity was negatively associated with leaf phenolic 

content. Wheat phytotoxic compounds might have inhibited chlorophyll contents in 

canarygrass and lambquarters either by interfering with the biosynthesis of photosynthetic 

pigment, or enhancing their degradation through oxidative damage. Einhellig et al. (1993) 

reported that the most potent phytotoxic mechanism by allelochemicals is the inhibition of 

photosynthesis and oxygen evolution through interaction with components of Photosystem II. 

The antioxidant enzymes are often activated under stressful conditions and help to 

protect plants from oxidative stress. The SOD-a metalo enzyme is involved in the 

degradation of superoxide radicals (O
•
2) (Apel and Hert, 2004). The stimulation of SOD 

activity removes the O
•
2 contents and produces H2O2 and O2. Increased activity of POX and 

CAT is helpful to scavenge H2O2 and O
•
2 into H2O and O

•
2. Under lower concentration of 

phytotoxic compounds, free radicals are easily deactivated by scavengers due to less stressful 
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conditions (Zhang et al., 2010). The MDA content did not change much compared to the 

control and this may be due to higher SOD activity, which reduced O
•
2

 
content. Zhang et al. 

(2010) found that higher SOD activity reduced the membrane lipid peroxidation. The SOD, 

POX and CAT activities of canarygrass and lambquarters were; however, lower under the 

application of wheat root leachates. The maximum reduction was recorded with the 

application of leachate of AARI-2011 and Lasani-2008, and may be attributed to higher 

concentrations of phytotoxic compounds in wheat root leachates (Table 4.47). The higher 

concentration of phenolic compounds might have exceeded the detoxification potential, 

which then resulted in the accumulation of reactive oxygen species (ROS). Huang et al. 

(2010) also reported that increasing concentration of allelochemicals inhibited the activity of 

SOD. The allelochemicals induced oxidative stress in the target plant tissues and hampered 

the antioxidant mechanism (Aenavoli et al., 2006). It seems that phytotoxic compounds in 

wheat root leachates caused oxidative stress by stimulating lipid peroxidation in canarygrass 

and lambquarters seedlings as higher MDA content were recorded than with the control. 

It may be argued that inhibitory effects of wheat cultivars root leachates might have 

originated due to changes in pH and osmotic potential, and hence make allelopathy and its 

ecological existence and relevance questionable (Conway et al., 2002). In the present study, 

pH of root leachates ranged from 7.3 to 7.6 (Table 4.48) and osmotic potential ranged from -

0.05 to -0.11 MPa, which are unlikely to cause inhibitory effects on plant growth (Mersie and 

Singh, 1987; Aslam et al., 2014). Growth reduction was only due to the presence of 

inhibitors in the growth media. Higher total phenolic content was quantified in root leachates 

of wheat cultivars. Upon entering into soil, these compounds undergo biological 

transformations that are usually mediated by microbes (Jilani et al., 2008). Microbes may 

degrade or transform these allelochemicals from one form to another. Many of these 

transformed products are biologically more active than their native form (Villagrasa et al., 

2009). The 2-amino-3H-phenoxazine-3-one (APO), a degraded form of 2(3H)-

benzoxazolinone (BOA) is more inhibitory than its precursor (Macias et al., 2005a, b). 

The application of wheat root leachates not only affected the canarygrass and 

lambquarters germination, seedling growth and biochemical attributes, but also changed the 

soil microbial population and enzymatic activities. Our results showed that soil enzymatic 

activities of urease, invertase, dehydrogenase and cellulase, and soil bacteria and fungi 
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populations, and microbial-biomass-carbon (Cmic) and -nitrogen (Nmic) content were 

enhanced under the influence of root leachates of all wheat cultivars compared to the control. 

In the present study, increase in the enzymatic activities, Cmic and Nmic, and microbial 

population were not surprising, because phenolic acids as low molecular weight compounds, 

could be used by microbes as carbon sources in soil (Souto et al., 2000). The increase in 

activity of these enzymes and Cmic and Nmic contents indicated that microbial activity is 

increased in soils receiving substantial amounts of allelochemicals. Our findings support the 

previous work stating that phenolic compounds could enhance the growth of soil 

microorganisms (Blum et al., 2000). Mixture of phenolic acids such as ferulic acid, p-

coumaric acid, p-hydroxybenzoic acid in soil increased the microbial population, Cmic and 

Nmic contents and dehydrogenase activity (Zhou et al., 2012). Wu et al. (2009) also reported 

that phenolic acids stimulated the microbial activity and basal respiration. The activity of 

dehydrogenase reflects the microbial population and biological activity in soil (Wolińska and 

Stępniewska, 2012). Invertase enzyme in the soil enhances hydrolysis of sucrose into glucose 

and fructose, and activity of this enzyme serve as an indicator of microbial biomass (Makoi 

and Ndakidemi et al., 2008). Cellulase enzyme enhances the degradation of glyosidic bonds 

into carbohydrates and non-carbohydrate parts (Shaik et al., 2013). Various enzymes, 

indicate the biological soil status, biological equilibrium, and quality and fertility of soil 

(Srinivasulu and Rangaswamy, 2013), participate in energy metabolism, degradation of 

various compounds and nutrient transformation in soil (Bandick and Dick, 1999; Ekenler and 

Tabatabai, 2003). Application of root leachates helped to modify the soil biological activities 

in a positive manner while, the allelochemicals present in such root leachates were 

phytotoxic to canarygrass and lambquarters growth. 

4.2.5.7. Conclusion (Exp.-III A & B) 

Wheat root leachates exhibited inhibitory allelopathic activity against canarygrass and 

lambquarters that varied among wheat cultivars. Root leachate of wheat cultivar AARI-2011 

was more phytotoxic than that of the Millat-2011, Lasani-2008 and Faisalabad-2008. Lower 

chlorophyll and protein contents and increased levels of MDA in canarygrass and 

lambquarters seedlings were indicative of oxidative stress and membrane damage induced by 

exposure to wheat root leachates. Mitigation of phenolic compounds-induced phytotoxic 

effects in test species was accomplished by enhancing the activity of SOD, CAT and POX. 
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However, the scavenging system could not work as efficiently where there was a higher level 

of phenolics in wheat root leachates. Increased microbial community reflected that microbes 

used phenolic compounds as a carbon source. Higher enzyme activities were indicative of the 

abundance of microbes in soil as influenced by the application of wheat root leachates. 

 

4.2.6. Experiment-IV A: Interference of wheat cultivars with emergence and early 

seedling growth of canarygrass 

4.2.6.1. Emergence attributes 

None of the wheat cultivars showed a reduction in emergence attributes in response to 

interference by canarygrass when grown in 1:1 ratio (Table 4.63). Emergence attributes like 

time to start emergence, time taken to 50% emergence and mean emergence time of wheat 

were not affected (p≤0.05) in response to interference by all wheat cultivars as compared to 

control (monoculture canarygrass) (Table 4.63). However, emergence index of canarygrass 

was inhibited 8-25% when grown with wheat cultivars compared to the control, while 

maximum drop in emergence index (25%) was recorded by interference of wheat cultivar 

AARI-2011. Final emergence of canarygrass was inhibited upto 21% by interference of 

wheat cultivars and did not vary among all wheat cultivars. 

4.2.6.2. Seedling growth 

Regarding seedling growth, interference of canarygrass did not affect the shoot length 

and seedling dry biomass of wheat cultivars as compared to control (monoculture wheat 

cultivars) (Table 4.63). However, canarygrass interference significantly (p≤0.05) reduced the 

root length of wheat cultivars AARI-2011 and Lasani-2008 compared to the control. 

Seedling fresh biomass of wheat cultivars Lasani-2008 and Faisalabad-2008 was suppressed 

by interference of canarygrass; seedling fresh biomass of AARI-2011 was increased (13%) as 

compared to control. Seedling growth of canarygrass was significantly (p≤0.05) suppressed 

by the interference of all wheat cultivars as compared to control. Maximum reduction in 

shoot length (39%) of canarygrass was recorded with the interference from wheat cultivar 

AARI-2011 compared to control that was also on par with interference from Lasani-2008 

(28%) (Table 4.64). Root length of canarygrass was decreased upto 30% by the interference 

of all wheat cultivars compared to control. Interference by three wheat cultivars also 

significantly reduced the seedling fresh biomass of canarygrass compared to control. 

Maximum reduction in seedling fresh biomass (64%) was recorded by the interference of 
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AARI-2011 that was statistically on par with Lasani-2008 (60%). Ultimately, maximum 

reduction in seedling dry biomass (79%) of canarygrass was also recorded by the interference 

of wheat cultivar AARI-2011 compared to control. Seedling dry biomass of canarygrass was 

suppressed by wheat cultivars Millat-2011, Lasani-2008 and Faisalabad-2008 in a similar 

manner. 
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Table: 4.63. Influence of different wheat cultivars and canarygrass interference on emergence dynamics and seedling growth of wheat cultivars 
 Millat-2011 AARI-2011 Lasani-2008 Faisalabad-2008 

Monoculture Along with 

canarygrass 

Monoculture Along with 

canarygrass 

Monoculture Along with 

canarygrass 

Monoculture Along with 

canarygrass 

Emergence dynamics 

Time to start emergence (days) 4.00±0.41n.s 3.75±0.25   3.75±0.25 n.s 4.00±0.41 4.00±0.41 n.s 4.00±0.41 4.25±0.25 n.s 3.75±0.25 

Time taken to 50% emergence (days) 6.50±0.07 n.s 6.44±0.04   6.36±0.05 n.s 6.50±0.00 6.69±0.14 n.s 6.48±0.07 6.50±0.00 n.s 6.40±0.04 

Mean emergence time (days) 11.591±0.40 n.s 11.09±0.02   10.690±0.11 n.s 10.94±0.14 11.047±0.28 n.s 11.16±0.02 11.044±0.15 n.s 10.74±0.11 

Emergence index 3.17±0.05 n.s 3.75±0.05   3.37±0.22 n.s 3.45±0.14 3.33±0.20 n.s 3.55±0.04 3.44±0.13 n.s 3.22±0.28 

Final emergence percentage 100±0.00 n.s 100±0.00   100±0.00 n.s 96.25±2.39 100±0.00 n.s 100±0.00 100±0.00 n.s 100±0.00 

Seedling growth 

Shoot length (cm) 21.60±2.00 n.s 20.67±0.71 23.69±0.83 n.s 23.36±1.15 25.61±3.41 n.s 21.75±0.98 21.64±1.04 n.s 19.61±1.90 

Root length (cm) 15.09±0.57 a 13.59±0.77 abc 14.93±0.60 a 12.94±0.84 bc 14.84±0.21 ab 12.76±0.62 c 12.29±0.71 c 11.94±0.74 c 

Seedling fresh biomass (g) 489.63±15.89 bc 447.13±6.15 cd 459.19±6.84 cd 519.19±19.24 b 675.38±10.88 a 509.63± 20.40 b 691.69±21.13 a 441.69±13.79 d 

Seedling dry biomass (g) 42.54±3.64 n.s 42.13±3.48 47.68±4.44 n.s 42.44±3.98 34.76±5.28 n.s 31.38±3.44 35.90±2.82 n.s 34.88±2.23 

Each value represents mean of four replications (± S.E). Means in rows not sharing letter in common differ significantly at 5% probability by LSD test. 

± S.E: standard error 

n.s: non-significant 

 

 

Table: 4.64. Emergence dynamics and seedling growth of canarygrass when grown monoculture and in association with wheat cultivars 
 Monoculture 

canarygrass 

Along with wheat 

cultivar Millat-2011 

Along with wheat 

cultivar AARI-2011 

Along with wheat 

cultivar Lasani-2008 

Along with wheat 

cultivar Faisalabad-

2008 

Emergence dynamics 

Time to start emergence (days) 6.50±0.29 n.s 7.00±0.41 7.25±0.25 7.25±0.25 7.25±0.25 

Time taken to 50% emergence (days) 10.50±0.41 n.s 9.88±1.47 11.25±0.48 10.88±0.24 11.34±0.34 

Mean emergence time (days) 15.57±0.14 n.s 16.73±0.32 16.96±0.61 16.50±0.28 16.85±0.36 

Emergence index 3.72±0.09 a   3.06±0.26 bc 2.79±0.11 c   3.42±0.17 ab   3.48±0.09 ab 

Final emergence percentage 98.75±1.25 a   83.75±3.75 b 77.5±2.50 b   83.75±3.75b  82.5±2.50 b 

Seedling growth 

Shoot length (cm) 19.74±0.70 a  15.31±0.31 bc 11.98±0.21 d 14.07±0.44 cd 17.91±1.34 ab 

Root length (cm) 11.24±0.99 a 9.13±0.37 b 7.79±0.47 b 8.01± 0.69 b           9.34±0.50 b 

Seedling fresh biomass (g)   170.13±17.36 a    159.81±12.70 a   61.06±11.91 c   68.00±3.11 bc    110.94±20.46 b 

Seedling dry biomass (g) 36.31±2.63 a  15.01± 1.43 b 7.50± 1.63 c 13.73±0.85 b 15.06±1.75 b 

Each value represents mean of four replications (± S.E). Means in rows not sharing letter in common differ significantly at 5% probability by LSD test. 

± S.E: standard error 

n.s: non-significant 
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4.2.7. Experiment-IV B: Interference of wheat cultivars with emergence and early 

seedling growth of lambquarters 

4.2.7.1. Emergence attributes 

Emergence attributes of all wheat cultivars were not significantly (p≤0.05) affected 

by the interference of lambquarters when grown in 1:1 ratio (Table 4.65) except time taken to 

50% emergence of all wheat cultivars was significantly delayed with interference of 

lambsquarters. Time to start emergence and time taken to 50% emergence time of 

lambquarters was delayed 1 to 2 days by the interference of wheat cultivars as compared to 

control (monoculture lambquarters) (Table 4.66). However, mean emergence time of 

lambquarters was not significantly affected by the interference of wheat cultivars as 

compared to control. Emergence index of lambquarters was dropped (23%) by the 

interference of wheat cultivars Millat-2011, AARI-2011 and Lasani-2008 compared to 

Faisalabad-2008 and control. Interference of wheat cultivars inhibits the final emergence of 

lambquarters upto18% over control. 

4.2.7.2. Seedling growth 

Shoot and root length of wheat cultivars were significantly (p≤0.05) suppressed by 

the interference of lambquarters as compared to control (monoculture cultivars). Shoot and 

root length of wheat cultivars Millat-2011, AARI-2011, Lasani-2008 and Faisalabad-2008 

was reduced 17, 6, 1 and 4% and 11, 5, 1 and 0.68%, respectively by the interference of 

lambquarters as compared to control. However, seedling fresh and dry biomass of wheat 

cultivars remained non-significant with the interference of lambquarters. In the case of 

seedling growth of lambquarters, significant (p≤0.05) suppression due to interference of 

wheat cultivars occurred (Table 4.66). Higher reduction in shoot length (43%) of 

lambquarters resulted with the interference of wheat cultivar AARI-2011 compared to the 

control (Table 4.66). Suppression of shoot length of lambquarters was similar with 

interference of Millat-2011, Lasani-2008 and Faisalabad-2008. Maximum reduction in root 

length (48%) of lambquarters was observed by the interference of wheat cultivar AARI-2011 

compared to control. Interference of wheat cultivars reduced the seedling fresh and dry 

biomass of lambquarters by 42 and 49%, respectively, compared to the control (Table 4.66). 
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Table: 4.65. Influence of different wheat cultivars and lambquarters interference on emergence dynamics and seedling growth of wheat cultivars 
 Millat-2011 AARI-2011 Lasani-2008 Faisalabad-2008 

Monoculture 

cultivar 

Along with 

lambquarters 

Monoculture 

cultivar 

Along with 

lambquarters 

Monoculture 

cultivar 

Along with 

lambquarters 

Monoculture 

cultivar 

Along with 

lambquarters 

Emergence dynamics 

Time to start emergence (days) 4.25±0.25 n.s 4.25±0.25  4.00±0.00 n.s 4.25±0.25 4.25±0.25 n.s 4.75±0.25 4.25±0.25 n.s 4.50±0.25 

Time taken to 50% emergence (days) 6.52±0.07 bc   7.52±0.46 a 6.03±0.35 c 6.88±0.18 ab  6.25±0.42 bc    6.56±0.04 bc 6.52±0.07 bc    7.00±0.26 ab 

Mean emergence time (days) 11.61±0.43 n.s  11.80±0.40  10.67±0.12 n.s 11.25±0.06   11.01±0.27 n.s 11.50±0.18 11.04±0.17 n.s 11.45±0.22 

Emergence index 3.16±0.06 n.s 3.40±0.13  3.42±0.21 n.s 3.32±0.07 n.s 3.41±0.15 n.s      3.59±0.07 3.43±0.11 n.s 3.33±0.25 

Final emergence percentage 100.00±0.00  n.s    100.00±0.00 100±0.00 n.s 100.00±0.00  100.00±0.00 n.s 100.00±0.00 100.00±0.00 n.s 100.00±0.00 

Seedling growth 

Shoot length (cm) 24.12±0.63 b 19.98±1.05 c 23.98±1.38 b 22.61±0.53 bc 27.00±0.97 a 24.59±0.97 ab   25.12±0.42 ab   22.92±0.89 b 

Root length (cm)  17.29±1.03 bcd 15.29±1.01 e 18.41±0.33 abc 16.41±0.13 de 18.95±0.13 ab 16.95±0.34 cde 19.17±0.35 a    17.17±0.30 cd 

Seedling fresh biomass (g) 84.03±4.57 n.s 81.03±4.55 84.63±5.68 n.s 81.62±4.86 77.38±3.63 n.s 74.38±2.61 83.50±5.64 n.s 84.08±4.73 

Seedling dry biomass (g) 23.71±1.24 n.s 20.67±0.71 23.69±0.83 n.s 23.36±1.15 25.61±3.41 n.s 21.75±0.98 21.86±0.71 n.s 21.64±1.04 

Each value represents mean of four replications (± S.E). Means in rows not sharing letter in common differ significantly at 5% probability by LSD test. 

± S.E: standard error 

n.s: non-significant 
 

 

 

Table: 4.66. Emergence dynamics and seedling growth of lambquarters when grown monoculture and in association with wheat cultivars 
 Monoculture 

lambquarters 

Along with wheat 

cultivar Millat-2011 

Along with wheat 

cultivar AARI-2011 

Along with wheat 

cultivar Lasani-2008 

Along with wheat 

cultivar Faisalabad-

2008 

Emergence dynamics 

Time to start emergence (days) 6.75±0.48 c 7.75±0.25 abc 8.50±0.29 a   8.00±0.41 ab 7.25±0.25 bc 

Time taken to 50% emergence (days)  10.88±0.24 c 11.31±0.31 bc   12.69±0.28 a     12.06±0.60 ab   11.50±0.39 bc 

Mean emergence time (days)   16.05±0.35 n.s           16.57±0.26 17.08±0.36 17.21±0.47           17.04±0.30 

Emergence index 3.23±0.09 a            2.61±0.20 b  2.47±0.04 b  2.56±0.05 b           3.21±0.12 a 

Final emergence percentage  93.75±2.39 a 76.25±2.39 b    77.50±2.50 b    76.25±2.39 b 82.50±2.50 b 

Seedling growth 

Shoot length (cm) 25.15±0.67 a 19.25±0.85 b  14.33±1.14 c  19.71±0.49 b 20.57±0.42 b 

Root length (cm) 20.04±0.58 a 15.38±0.64 c  10.42±0.48 d 14.71±0.52 c 17.58±0.93 b 

Seedling fresh biomass (mg) 38.40±2.01 a 28.01±1.52 b  28.21±1.89 b  24.97±1.05 b 27.83±1.88 b 

Seedling dry biomass (mg) 20.49±1.17 a 11.81±1.04 b 9.48±0.86 b  10.32±0.75 b 10.66±0.31 b 

Each value represents mean of four replications (± S.E). Means in rows not sharing letter in common differ significantly at 5% probability by LSD test. 

± S.E: standard error 

n.s: non-significant 
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4.2.7.3. Discussion (Exp.-IV A & B) 

The present study was conducted to explore the root interference potential of four 

wheat cultivars (Millat-2011, AARI-2011, Lasani-2008 and Faisalabad-2008) with weed 

species (canarygrass and lambquarters). Present study concluded that interference posed by 

all wheat cultivars significantly delayed and inhibited the emergence and seedling growth of 

weed species than control where these weed species was growing alone. The inhibition or 

delay in weed emergence when wheat cultivars and weeds were grown in 1:1 ratio might be 

attributed to the exposure of weed seeds to the allelopathic exudates of wheat roots. 

Germinated wheat seedling might have exuded allelochemicals that accumulated in soil and 

affected the germination of weed seeds. The exposure of weed seeds to these compounds 

inhibited and delayed their germination by reducing metabolic energy and substrate 

respiration required for the germination process (Yarnia et al., 2009). Ghafarbi et al. (2012) 

reported that germination and seedling growth of Rumex crispus L. and Daucus carota L. 

were reduced due to nearby presence of wheat seeds. Numerous studies have reported that 

allelopathic potential varied among wheat cultivars (Wu et al., 2000a, d; Labbafi et al., 2009; 

Mahmood et al., 2013), and concentration of allelopathic compounds also varied among 

plant parts (Wu et al., 2002). Wu et al. (2002) reported that different wheat cultivars differed 

in their abilities to produce and accumulate allelopathic compounds in shoot, root and root 

exudates. They also reported that roots exuded a number of allelochemicals in growth 

medium such as p-hydroxybenzoic acid, vanillic acid, cis-coumaric acid, syringic acid, cis-

ferulic acid, trans-coumaric acid, trans-ferulic acid and DIMBOA. Our results of high 

performance liquid chromatography (HPLC) analyses of root leachates of all four wheat 

cultivars showed the presence of allelopathic compounds p-hydroxybenzoic acid, syringic 

acid, ferulic acid, vanillic acid, protocatechuic acid, p-coumaric acid, benzoic acid and gallic 

acid in different concentrations (Table 4.47). The concentration of these compounds was in 

the order AARI-2011> Lasani-2008 > Millat-2011 > Faisalabad-2008. Several other studies 

documented the phytotoxic interference of wheat root exudates with germination and plant 

growth of other test species (Wu et al., 2000c; Labbafi et al., 2009; Bertholdsson, 2012). 

Seedling growth and dry biomass of both weed species were reduced significantly by 

the interference of accompanying wheat cultivars (Table 4.64, 4.66). Presence of 
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allelochemicals might have reduced the cell turgor (El-Khawas and Shehala, 2005), altered 

the membrane permeability (Gniazdowska and Bogatek, 2005), enzyme activity, 

developmental activity and transpiration (Colpas et al., 2003), synthesis of protein and 

growth regulators (De-Neergard and Porter, 2000; Al-Wakeel., 2007), eventually leading to 

the death of cells or decline in seedling growth. Chum et al. (2010) reported that seedling 

growth of test species was reduced when seeds of P. minor Retz., E. crus-galli L. and Cassia 

occidentalis L. were exposed to hydroxamic acid, benzoic acid and its derivative compounds. 

Inderjit et al. (2002) and Jia et al. (2006) studied the joint action of benzoic acid and its 

derivatives and phenolic compounds in binary and tertiary mixtures. These authors found that 

the antagonistic effects of these mixtures against receiver plants depended upon their 

concentration. Bertholdsson (2012) by using agar medium studied the effect of 40 wheat 

cultivars and lines on herbicide-resistant black grass and found that wheat interfered with 

growth of black grass and reduced its dry biomass. In our studies, all wheat cultivars 

interfered with the emergence and seedling growth of weed species and this was thought to 

be due to exudation of allelochemicals into the soil medium. This phenomenon can be 

helpful for exploring the wheat allelopathy under field conditions for weed management. 

4.2.7.4. Conclusion (Exp.-IV A & B) 

The production and release of allelochemicals via root exudation was variable among 

cultivars of same species. The allelopathic potential of cultivar AARI-2011 was more 

pronounced than the other wheat cultivars. Exudation of allelopathic compounds from the 

wheat roots led to the reduced germination of canarygrass and lambquarters and inhibited 

their seedling growth. Since, the early growth stage is very important aspect of plant stand 

establishment, so it should be targeted for the control and management of these weeds under 

field conditions. Wheat cultivars with greater ability to secrete higher amounts of phytotoxic 

compounds via root exudation can prove beneficial in this regard. 
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4.3. General discussion and conclusions 

A set of experiments were carried out to investigate the allelopathic potential of 

wheat cultivars (Millat-2011, AARI-2011, Lasani-2008 and Faisalabad-2008) at different 

growth stages [tillering (Z30), anthesis (Z60) and maturity (Z90)] under field and wire house 

conditions (Sections 4.1 and 4.2). The aim of the investigations was to ascertain wheat 

allelopathic potential against emergence and establishment of important grassy and broad-

leaved weed species, to characterize soil microbial dynamics and enzyme activities under 

wheat allelopathy, and to characterize the variability in wheat allelopathic potential owing to 

plant age, the cultivar-specific differences and its relevance to the functional diversity of soil. 

Results revealed that herbage of wheat cultivars and rhizosphere soil collected at different 

growth stages from wheat field plots possessed phytotoxic compounds, viz. gallic acid, p-

hydroxybenzoic acid, syringic acid, protocatechuic acid, vanillic acid, ferulic acid, p-

coumaric acid and benzoic acid (Table 4.20, 4.25). Unsaturated fatty acids (palmitoleic acid, 

oleic acid, linoleic acid, linolenic acid and erucic acid; Table 4.22) and saturated fatty acids 

(capric acid, lauric acid, myristic acid, palmitic acid, steric acid, arachidic acid; Table 4.23) 

were also quantified in the herbage of these four wheat cultivars and at different growth 

stages. The results revealed that the concentrations of these phytotoxic compounds and fatty 

acids varied among wheat cultivars and their infested rhizosphere soil with crop growth 

stage. 

Field experiment 

Results from a field experiment (during 2011-12 and 2012-13) showed that wheat 

cultivars significantly (p≤0.05) suppressed the weed density as well as weed dry biomass at 

45, 60, 75, 90 and 105 DAS compared to the control (Table 4.1-4.5). The weed suppression 

was increased upto 90% at anthesis and maturity stages. More suppression at later growth 

stages (anthesis and maturity) was associated with higher accumulation of 

allelopathic/phytotoxic compounds in wheat rhizosphere soil (Table 4.25). Correlation 

analyses (Table 4.18) revealed negative and strong correlation between wheat-infested-

rhizosphere phenolic compounds and weed density. The difference in yield parameters 

(spikelets per spike, 1000-grain weight, straw yield and harvest index) were less pronounced 

between the weed-free plots and weedy plots. However, in weedy plots grain yield was 
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reduced by 10% and 7.5% compared to weed free plots during the growing seasons of 2011-

12 and 2012-13, respectively (Table 4.13). The enhancement of wheat allelopathic activity 

could help decreasing yield losses due to weeds, reduce herbicide expenses, slow down the 

occurance herbicide resistance, and provide related benefits to the environment. 

Analyses of rhizosphere soil showed the presence of wheat exuded allelopathic 

compounds. These compounds significantly (p≤0.05) affected the soil chemical and 

biological characteristics (Fig. 4.15-4.21). Results pertaining to the microbial population 

(bacteria and fungi; Fig. 4.20) and enzymatic activities (urease, invertase, dehydrogenase, 

cellulase and polyphenol oxidase; Fig. 4.15-4.19) in wheat-infested-rhizosphere soil included 

that these were increased over fallow soil (control). Nevertheless, such microbial and 

enzymatic activities varied among rhizosphere soil of plots sown with different wheat 

cultivars, and at different growth stages of wheat compared to the fallow plot soil. These 

activities were also higher at later growth stages of wheat. Regression analyses showed a 

strong and positive correlation between soil phenolic compounds and microbial activities 

(Table 4.26). Increasing microbial population enhanced enzyme profile in the wheat-infested-

rhizosphere soil which was an index of microbial population as well soil fertility (Nannipieri 

et al., 2002; Yao et al., 2006). Understanding of microbial and enzymatic activities under 

wheat allelopathy could help elucidate the action of allelopathic wheat cultivars in cropping 

ecosystems. 

Wheat herbage 

Incorporation of herbage of wheat cultivars collected at different growth stages had 

differential allelopathic effect on canarygrass (Tables 4.29-4.31; Fig. 4.22-4.25) and 

lambquarters (Tables 4.34-4.37; Fig. 4.26-4.29) emergence, seedling growth and biochemical 

attributes. The degree of inhibition and stimulation was strongly related with the release of 

allelochemicals from incorporated herbage into soil. The incorporation of herbage collected 

at anthesis and maturity stage significantly inhibited and reduced the emergence and seedling 

growth of canarygrass and lambquarters as compared to control (no herbage). This was 

attributed to the release of higher concentration of allelochemicals in herbage-incorporated 

soil (Table 4.28). Nevertheless, stimulation of emergence and seedling growth of canarygrass 

(Table 4.29; Fig. 4.23) and lambquarters (Table 4.34-4.35) was recorded for the soil 
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incorporation of herbage collected at tillering stage presumable owing to stimulatory effect of 

low concentration of allelochemicals for such herbage collected at tillering (Table 4.27). 

Concentration-dependent hormetic effects of allelochemicals are reported in many studies 

(Chon et al., 2003a, b; Belz, 2007 and 2004; Liu et al., 2011). Biochemical attributes of 

seedlings of canarygrass and lambquarters were significantly affected by the incorporation of 

herbage of all wheat cultivars collected at different growth stages. Chlorophyll content was 

significantly lower where herbage collected at anthesis and maturity stages was incorporated 

into soil. The antioxidant activity generally increased under allelopathic stress conditions. 

The SOD, POX and CAT activities of canarygrass and lambquarters were, nevertheless, 

lower when these were as grown in soil amended with wheat herbage collected at anthesis 

and maturity stages, such a decline in enzymatic activities might be ascribed to higher 

concentration of phytotoxic compounds in wheat herbage collected at these stages (Table 

4.27). Huang et al. (2010) reported that increasing concentration of allelochemicals inhibited 

the activity of SOD. It seems that wheat phytotoxic compounds caused oxidative stress which 

stimulated membrane lipid peroxidation in stressed canarygrass and lambquarters seedlings 

indicated by higher MDA content in such seedlings (Table 4.31&4.37). A strong and 

negative correlation was found between SOD activity of canarygrass and lambquarters with 

MDA contents. Soil amended with wheat herbage collected at anthesis and maturity stages 

resulted in higher concentrations of phytotoxic compounds compared to that amended with 

herbage collected at tillering stage (Table 4.28), obviously leading to higher phytotoxicity 

towards canarygrass and lambquarters in the former.
 

Results from Experiment-II demonstrated that decomposition pattern of herbage 

depended upon herbage quality. Phenolic compounds, carbon and nitrogen content, and C:N 

ratio of wheat herbage and herbage amended soil changed with cultivar and their growth 

stages (Table 4.27-4.28; Fig. 4.31-4.32). Such traits were higher for wheat herbage collected 

at anthesis and maturity stages compared to the tillering stage herbage. The decomposition of 

wheat herbage collected at anthesis and maturity stages was slow compared to that collected 

at tillering stage due to higher concentration of carbon and nitrogen content in the former. 

Kriauciuniene et al. (2012) reported that plant material with higher C:N ratio and lignin 

content decomposed slowly and served as potential source for the release of nutrients over a 
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longer time period than plant material with low C:N ratio that decomposed rapidly. There 

was a strong and positive correlation between phenolic compounds and microbial population 

(bacteria and fungi) which proved that herbage-released phenolic compounds significantly 

influence microbial activities. Phenolic compounds present in herbage are used by 

microorganisms as labial carbon source. Different enzymatic activities of urease, 

dehydrogenase, invertase, cellulase and polyphenol oxidase were measured to determine the 

microbial diversity. A positive and strong correlation was noticed between microbial 

population and enzyme activities (Table 4.44-4.45) that was indicative of positive influence 

of microbial population on enzymatic activities in the herbage-amended rhizosphere soil. The 

microbial and enzymatic activities also increased gradually over the whole incubation period 

(Fig. 4.32-4.37) and varied with wheat cultivars and the growth stages at which herbage was 

collected. The maximum activity was recorded in soil amended with herbage collected at 

anthesis and maturity stages of Millat-2011 and AARI-2011. This may be due to higher C:N 

ratio in herbage of these cultivars at these stages (Table 4.27).  

Wheat root leachates 

Root leachates of wheat cultivars contained different phenolic compounds such as p-

hydroxybenzoic acid, syringic acid, vanillic acid, ferulic acid, p-coumaric acid, 

protocatechuic acid, gallic acid and benzoic acid in different concentrations (Table. 4.47). 

The inhibition of canarygrass and lambquarters germination and seedling growth by the 

application of root leachates of different wheat cultivars (Millat-2011, AARI-2011, Lasani-

2008 and Faisalabad-2008) reflected the allelopathic potential of these cultivars that varied 

among these cultivars (Table 4.20). Such differences might have arisen due to the differences 

in quality and quantity of allelopathic compounds present in the root leachates of these 

cultivars. Threshhold concentrations of individual allelochemicals might occur in the system 

or achieved by mixture of allelochemicals that are sufficient to have adverse effect on the 

germination, seedling growth and biochemical attributes of receiver plants. Inderjit and Duke 

(2003) reported that allelopathic interaction resulted from the action of several allelochemical 

compounds that are released from the donor plant. The interactions of these compounds in 

soil are usually complex, and manifest both synergistic and antagonistic effects depending 

upon the concentration of mixture. The application of root leachates significantly suppressed 
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the chlorophyll content of canarygrass and lambquarters. Higher phenolic compounds of root 

leachates, caused phytotoxicity in test species, and the weed species tried to survive by 

stimulating the activity of SOD, CAT and POX. However, the scavenging system could not 

work as efficiently where there was a higher level of phenolics in wheat root leachates (Table 

4.47-4.48). Increased microbial community associated with higher concentrations of 

phenolics in different root leachates (Table 4.48) was an indication of use of such compounds 

by microbes as a carbon source. Higher enzyme activities were also indicative of the 

abundance of microbes in soil as influenced by the application of wheat root leachates. 

Wheat-weed interference 

Experiments to explore the root interference potential of wheat cultivars (Millat-2011, 

AARI-2011, Lasani-2008 and Faisalabad-2008) with weed species (canarygrass and 

lambquarters) (Experiment-III A & B) revealed that interference posed by all wheat cultivars 

significantly delayed and inhibited the emergence and seedling growth of weed species than 

control where these weed species was growing alone. The inhibition of weed emergence and 

seedling growth when wheat cultivars and weeds were grown in 1:1 ratio might be attributed 

to the exposure of weed seeds to the allelopathic exudates of wheat roots. Wheat seedlings 

might have exuded allelochemicals that accumulated in soil and affected the germination of 

weed seeds. 

A number of experiments carried out under field conditions and with in a wire house 

demonstrated the allelopathic potential of wheat that varied not only among the wheat 

cultivars but also with the advancement in growth stages. Allelopathic suppression was 

demonstrated both in rhizosphere of wheat field as well as in pot studies wherein interference 

was observed when either of the test species was grown in 1:1 ratio with different wheat 

cultivars. Soil phenolics content, microbial populations, enzymatic activities, and 

biochemical attributes of germinating seedlings of both test species also demonstrated 

allelopathic induction. The extent to which allelopathic modifications were observed in 

different experiments was related to the concentration of allelochemicals. Studies also 

demonstrated a variable pattern of release of allelochemicals owing, not only to differences 

in wheat cultivars, but also of the stage of growth of the crop. The concentration of 

allelochemicals was higher at later growth stages, and the release was slow owing, mainly to 
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higher C:N ratio of the herbage collected at later growth stage. The results suggested that 

wheat allelopathy can be successfully used as a natural means of weed management either 

through incorporation of its herbage or in rotation within wheat-based cropping systems. 

Such a practice will also help improve soil health in the long run.



 

CHAPTER 5 

SUMMARY 

Studies were carried out to evaluate allelopathic potential of four hexaploid wheat (Triticum 

aestivum L.) cultivars, i.e., Millat-2011, AARI-2011, Lasani-2008 and Faisalabad-2008 at 

different growth stages tillering (Z30), Anthesis (Z60) and maturity (Z90). The objectives 

were to ascertain wheat supressive potential against emergence and establishment of 

important grassy and broad-leaved weed species and characterize soil microbial dynamics 

and enzyme activities under wheat allelopathy. The overall attempt was to characterize the 

variability in wheat allelopathic potential owing to plant age, the cultivar-specific differences 

and its relevance with functional diversity of soil. For this purpose a set of one field and four 

wire house experiments were carried out at Student Research Area, University of 

Agriculture, Faisalabad. Soil of the experimental site belongs to Lyallpur Soil Series 

(Aridisol-fine-silty, mixed, hyperthermic Ustalfic, Haplargid in USDA classification, and 

Haplic Yermosols in FAO’s classification scheme). Soil samples collected at 0-15 and 15-30 

cm depth showed pH of saturated soil paste and electrical conductivity of saturation paste 

extract were 7.7 and 7.8 and 1.12 and 1.17 dS m
-1

, respectively. Field studies were carried 

out for two growing seasons i.e., winter 2011-12 and 2012-13. In field experiment, wheat 

cultivars were sown, and weedy as well as weed-free conditions were maintained manually. 

Fallow plots were as control in each experiment. Experiments were laid out in randomized 

complete block design with four replications. The net plot size was 4 m × 10 m. Data 

regarding crop growth, weed density and dry biomass, soil chemical and biological properties 

were recorded following standard procedures. Herbage of wheat cultivars was collected at 

different growth stages (tillering, anthesis and maturity) from respective field grown plots for 

biochemical analysis and use in pot studies. The herbage was dried under shade to constant 

dry weight and incorporated at 8 g kg
-1

 soil in plastic pots (10 cm × 26 cm). Control treatment 

was comprised of soil without herbage. At 7 days after incorporation of herbage, 20 seeds 

each of canarygrass (Phalaris minor Retz.) and lambsquarters (Chenopodium album) were 

sown in each pot including control pots. Separate sets of experiments were carried out for 

both the test species. A similar but separate (blank) experiment was set wherein no weed 

species was grown, to explore the decomposition pattern of wheat herbage and its impact on 

activities of soil microorganisms and extracellular enzymes. The release of phytotoxic 
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compounds was quantified over a 6weeks incubation period. In another set of experiment, 

leachates were collected from wheat-sown and control pots (soil without wheat). Leachates 

were applied to another set of pots wherein canarygrass and lambsquarters were sown. 

Another pot experiment was conducted to appraise the interference potential of wheat 

cultivars on emergence and seedling growth of test weed species. For this purpose, wheat 

cultivars and test species were sown in 1:1 ratio in plastic pots. Control pots contained only 

one seed type (either wheat or weed seed). Allelopathic potential against weed species was 

evaluated on the basis of germination count, seedling growth, biochemical and antioxidant 

enzyme analysis. To determine the rhizosphere ecology (microbial abundance-population of 

bacteria and fungi, soil-microbial-biomass-carbon and -nitrogen) and analysis of extracellular 

enzymes (cellulase, urease, invertase, dehydrogenase, phosphatase, and polyphenol oxidase) 

analyses were performed. All analyses were performed by the authentic protocols as 

mentioned earlier in Chapter 3 (see in section 3.4.). Results obtained from field and pot 

studies are summarized as under. 

Field experiment: Studying wheat allelopathy for weed management, and its impact on 

soil microbs and enzymatic activities 

Weeds 

 Weed density was significantly less (88-91% and 83-89%, respectively) in plots sown 

with wheat as compared to control (fallow plots), during 2011-12 and 2012-13. 

 Floristic composition of weeds varied significantly among experimental plots sown 

with different wheat cultivars and between years.  

 A total of seven broadleaf (swine cress, lambsquarters, blue pimpernel, field bind 

weed, sweet clover, fathen, broadleaf dock), three grassy weeds (canarygrass, 

fumitory and bermuda grass) and one sedge (purple nutsedge) belonging to seven 

distinct families (Poaceae, Chinopodiaceae, Cruciferae, Primulaceae, Cyperaceae, 

Fabaceae and Convolvulaceae) were identified. 

 Bermuda grass and false daisy were present only during 2011-12, while fathen and 

fumitory oredominated during 2012-13. 

 Sum dominance ratio of different weeds was in the order swine cress > lambsquarters 

> blue pimpernel > canarygrass > field bind weed > purple nutsedge > sweet clover 
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during 2011-12 and swine cress > blue pimpernel > lambsquarters > canarygrass > 

field bind weed > purple nutsedge > sweet clover during 2012-13. 

 Sum dominance ratio changed with progress in growing season due to variation in 

emergence of different weeds; sweet clover emerged at 60 DAS and broadleaf dock at 

75 DAS during 2011-12. 

 Sweet clover and broadleaf dock were identified at 45 and 60 DAS during 2012-13, 

although during 2011-12, these weeds were absent at these times. 

 Total weed dry biomass ranged from 0.81-1.39 g m
-2

 during 2011-12 year and 0.45-

0.83 g m
-2

 during 2012-13 in plot sown with wheat as compared to 13.02 g m
-2

 and 

2.78 g m
-2

 realized for fallow plots at 45 DAS, respectively. 

 At 105 DAS, total weed dry biomass was significantly less (4.96-14.13 g m
-2 

and 

5.02- 6.11 g m
-2

) in wheat sown plots as compared to fallow plots (109.38 and 183.24 

g m
-2

) during 2011-12 and 2012-13, respectively. 

Wheat 

Growth parameters 

 Data regarding CGR showed a periodic increase till 75-90 DAS that declined 

subsequently. 

 At 75-90 DAS (booting to anthesis stage), AARI-2011 and Millat-2011 recorded 

higher CGR (36 and 41 g m
-2

 day
-1

) in weed free plots and weedy plots (37 and 38 g 

m
-2 

day
-1

) during 2011-12. During 2012-13, maximum CGR was recorded for wheat 

cultivar Millat-2011 (31 and 29 g m
-2 

day
-1

plots) in both weed free and weedy plots, 

respectively at 45-75 DAS (stem elongation and booting). 

 AARI-2011 and Millat-2011 recorded higher dry matter accumulation (1451 and 

1431 g m
-2

) for weed free plots that was 1337 and 1327 g m
-2

 in weedy plots at 

maturity during 2011-2012. During 2012-13 higher dry matter accumulation was 

recorded for weed free plots. 

 Highest LAIs were attained at 90 DAS for all wheat cultivars during both years. 

Highest LAIs for AARI-2011 and Faisalabad-2008 were recorded during 2011-12 

(5.05 and 5.27 in weed free; 5.07 and 4.26 in weedy, respectively). While during 

2012-13, Millat-2011 and Lasani-2008 recorded highest values of LAIs (weed free= 

6.33 and 6.36; weedy= 6.05 and 6.08), respectively. 
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 LAD did not vary significantly among wheat cultivars during both years. Nonetheless 

maximum LAD was recorded for weed free plots (249 days) as compared to weedy 

plots (231 days) during 2011-12. 

 NAR did not vary significantly among wheat cultivars during both the years of study. 

However, seasonal NAR was higher in weed free plots (5.59 and 4.88 g m
-2

 day
-1

) 

during 2011-12 and 2012-13, respectively  

Agronomic and yield parameters 

 Maximum plant height was recorded for Millat-2011 (109 cm in weed free and 106 

cm in weedy plots) during both the years. 

 Maximum number of productive tillers was recorded for Faisalabad-2008 and AARI-

2011 during 2011-12 in weed free (613-604 m
-2

) and weedy plots (585 and 592 m
-2

), 

respectively. While during 2012-13, Faisalabad-2008 and Millat-2011 number of 

productive tillers stood at 511 and 585 m
-2

, respectively in weed free and 498 and 461 

m
-2 

in weedy plots. 

 Grain and straw yield, as well harvest index did not vary significantly among wheat 

cultivars in 2011-12 and 2012-13. However, during 2011-12 and 2012-13, weed free 

plots gave higher grain yield (10 and 7%, respectively). 

Biochemical attributes of wheat 

 Chlorophyll “a” and “b” contents varied significantly among wheat cultivars and 

declined with age of plant. Maximum total chlorophyll content (47 mg g
-1

 FW) was 

recorded for AARI-2011 as against minimum (28 mg g
-1

 FW) for Faislabad-2008 at 

anthesis stage. 

 Phenolic content did not vary significantly among wheat cultivars at tillering stage. 

Maximum phenolic content was recorded in AARI-2011 at maturity, which was 

statistically at par with Lasani-2008 and Faisalabad-2008. 

 HPLC profile of phytotoxic (allelochemicals) compounds revealed that wheat 

herbage contained eight compounds including gallic acid, p-hydroxybenzoic acid, 

syringic acid, ferulic acid, vanillic acid, protocatechuic acid, p-coumaric acid and 

benzoic acid. 

 Concentrations of allelochemicals varied among wheat cultivars and with 

advancement in stage of growth. 
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 Concentration of total allelochemicals in wheat cultivars was in order AARI-2011 > 

Lasani-2008 > Millat-2008 > Faisalabad-2008, and growth stages maturity > anthesis 

> tillering. 

 GC analyses showed that the herbage had higher ratio of unsaturated fatty acids as 

compared with saturated fatty acids. 

Plant enzymatic activities 

 Enzymatic profiles in leaves differed among wheat cultivars and crop growth stages. 

 For all cultivars, maximum enzymatic activity was recorded at anthesis and maturity 

stage. Activity of various enzymes showed an increasing trend with the advancement 

in growth stage of the plants. 

 During 2011-12, soluble proteins did not vary significantly among wheat cultivars but 

were 14% higher at maturity as compared to anthesis stage. During 2012-13 soluble 

proteins in Millat-2011 and AARI-2011 did not vary at anthesis and maturity. 

Contrary to this, Lasani-2008 and Faisalabad-2008 showed markedly higher protein 

content at maturity (36 and 13%) than anthesis. 

 SOD activity varied significantly among wheat cultivars and between growth stages 

of wheat. Maximum SOD activity (219.57 and 243.82 Units g
-1 

protein) was 

measured at anthesis stage for Lasani-2008 during both the years. 

 Millat-2011 and Lasani-2008 scored higher values for catalase during 2011-2012 

(236.90 and 223.15 µmol min
-1

 g
-1

 protein, respectively) and 286.90-293.15 µmol 

min
-1

 g
-1

 protein during 2012-13, respectively. 

 Maximum POX activity (18.39 and 21.22 µmol min
-1

 g
-1

 protein) was determined in 

Millat-2011 that was statistically at par with Lasani-2008 and Faisalabad-2008 during 

both the years. 

 POX activity was 264 and 232% higher at anthesis than tillering during 2011-12 and 

2012-13. A subsequent increase of 12 and 15%, respectively was recorded towards 

maturity. 

 MDA contents varied significantly amongst wheat cultivars at different growth 

stages. During 2011-12, maximum MDA content (5.98 nm g
-1 

FW) was noticed for 

Millat-2011 at anthesis stage that was 113%, 52% and 36% higher as compared to 

AARI-2011, Lasani-2008 and Faisalabad-2008 at the same growth stage. 
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Soil biochemical attributes 

 Higher total phenolic contents were recorded in soil collected at maturity stage of 

wheat as compared with that collected at tillering and anthesis stages. Maximum 

phenolic contents (185 and 312%) were recorded for soil from AARI-2011 plots as 

compared to fallow (control) during 2011-12 and 2012-13, respectively. 

 HPLC analysis of wheat infested rhizosphere soil showed that it contained root 

exuded phytotoxic compounds in different concentrations that varied with wheat 

cultivars and their growth stages. The concentration of all phytotoxic compounds was 

more as compared to other cultivars. 

 The overall concentration of allelopathic compounds in rhizosphere soil collected at 

tillering stage was in order ferulic acid > benzoic acid > p-hydroxamic acid > gallic 

acid, at anthesis stage p-hydroxamic acid > ferulic acid > vanillic acid > benzoic acid 

> p-coumaric acid > syringic acid > protocatechuic acid. However, at maturity the 

order was p-hydroxamic acid > ferulic acid > benzoic acid > protocatechuic acid > 

syringic acid > vanillic acid > p-coumaric acid. 

 Polyphenol oxidase activity in field soil collected at different growth stages of wheat 

did not vary significantly during both the years. However, cultivar effect was 

significant. Higher activity of polyphenol oxidase (61% higher than fallow plot soil) 

was noticed for AARI-2011 that was statistically on par with Millat-2011 and Lasani-

2008 in 2011-12. Such an activity in soil collected from Faisalabad-2008-sown plots 

did not vary from that collected from fallow plots. 

 Maximum invertase, dehydrogenase, cellulase, phosphatase activities were recorded 

at anthesis and maturity as compared to tillering. These activities manifested a 

temporal increase as soil microbial activity; microbial carbon and nitrogen increased 

at lateral growth stages. 

Pot studies 

Experiment-I A: Effect of wheat cultivar and growth stage on emergence, seedling 

growth and biochemical attributes of canarygrass 

Emergence dynamics of canarygrass 

 The incorporation of herbage of wheat cultivars collected anthesis and maturity stage 

delayed time to start emergence (TSE) and time taken to 50% emergence (E50) of 
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canarygrass by about 2 days, while mean emergence time (MET) was delayed by 2-3 

days as compared to control. 

 Lower emergence index (EI) of canarygrass was recorded where wheat herbage 

collected at anthesis and maturity stage was incorporated in soil as compared to 

tillering stage herbage. Soil incorporation of herbage collected at tillering stage 

showed promotive effect on canarygrass as against the inhibitory effect of herbage 

that were collected at anthesis and maturity stage of wheat. 

 Incorporation of anthesis and maturity stage herbage suppressed the final emergence 

percentage (FEP) by 13 and 31%, respectively. 

Seedling growth of canarygrass 

 Shoot length was suppressed by 43-69% by the incorporation of herbage of wheat 

cultivar AARI-2011 collected at anthesis and maturity stages that was also 

statistically at par with Lasani-2008. 

 Maximum suppression of root length (34-52% and 28-54%) was observed under the 

incorporation of AARI-2011 and Lasani-2008 herbage of anthesis and maturity stage, 

respectively, as compared to control. 

 Seedling dry biomass was significantly reduced by the herbage of anthesis and 

maturity stage that did not vary significantly amongst wheat cultivars. 

 Shoot length, root length and seedling dry biomass were increased by 24, 29 and 

117%, respectively, over control by the incorporation of herbage collected at tillering 

stage. 

Biochemical attributes of canarygrass 

 Soil incorporation of herbage collected at anthesis and maturity suppressed total 

chlorophyll content of canarygrass by 53 and 71% (for AARI-2011), and 41 and 76% 

(for Lasani-2008) over control. 

 Herbage of Millat-2011 and Faisalabad-2008 collected at tillering stage improved 

chlorophyll contents of canarygrass by 46-22% as compared to control.  

 Soil incorporation of wheat herbage collected at tillering, anthesis and maturity stage 

showed an increase in total soluble phenolic contents of canarygrass by 30, 22, and 

13% as compared to control. 
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Antioxidant enzymes in canarygrass 

 Activity of SOD was higher where wheat herbage collected at tillering was 

incorporated into soil as compared to control as well as herbage collected at other 

growth stages; nonetheless such response was variable among wheat cultivars. SOD 

activity was least affected by the incorporation of wheat herbage collected at maturity 

stage. 

 Activity of POX was not influenced by incorporation of herbage of different wheat 

cultivars; however, growth stages had a significant effect. Activity of POX was lower 

(34%) where herbage collected at maturity stage was incorporated into soil, while 

tillering and anthesis stage herbage increased POX by 27 and 10% over control. 

 Catalase activity and soluble protein contents varied significantly among wheat 

cultivars and growth stages of herbage. 

Experiment-I B: Effect of wheat cultivar and growth stage on emergence, seedling 

growth and biochemical attributes of lambsquarters 

Emergence dynamics of lambsquarters 

 Soil incorporation of herbage collected at anthesis and maturity stage of wheat 

delayed TSE and E50 of lambsquarters beyond one and half day over control. 

 Emergence index was 7% lowered where herbage collected at wheat maturity was 

incorporated into soil. 

 Incorporation of anthesis and maturity stage herbage suppressed the final emergence 

percentage (FEP) by 4 and 17%, respectively. 

Seedling growth of lambsquarters 

 Incorporation of wheat herbage of different wheat cultivars did not significantly 

influence shoot length and seedling dry biomass of lambsquarters. However, 

significant differences were noted for the herbage collected at different growth stages 

as compared with control. 

 Maximum reduction in shoot length (78%) and seedling dry biomass (96%) was 

recorded by soil incorporation of herbage collected at maturity as compared to 

control. 

 Root length of lamsquarter was suppressed significantly (86-90%) over control where 

wheat herbage collected at maturity was incorporated into soil. 
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Biochemical attributes of lambsquarters 

 Soil incorporation of wheat herbage collected at its anthesis and maturity stage 

suppressed total chlorophyll content in lambsquarters by 51-58% and 77-87%, 

respectively over control. 

 Significantly higher total soluble phenolic contents (22 and 31%) of lambsquarters 

were recorded as compared to the control where wheat herbage collected at anthesis 

and maturity stage was incorporated into soil. 

Antioxidant enzymes in lambsquarters 

 Activity of SOD was significantly higher where herbage collected at tillering stage 

was incorporated into soil, and such an activity varied amongst the herbage of 

different wheat cultivars. Activity of SOD in lambsquarters was least affected where 

the herbage collected at maturity stage was applied. 

 Activity of POX did not vary significantly amongst herbage of different wheat 

cultivars; however, the differences in POX activity were significant for herbage 

collected at different growth stages. Activity of POX was 71% lower over control 

where herbage collected at maturity was incorporated into soil. 

 Catalase activity and soluble protein contents varied significantly among herbage of 

different growth stages so that the highest values (155.32 and 7.64 µmol min
-1

 g
-1

 

protein, respectively) for both were recorded for herbage of tillering stage. Such 

differences were non-significant amongst the wheat cultivars. 

Experiment-II: Influence of wheat herbage of different growth stages on soil microbial 

biomass and enzymatic activities under the influence of herbage of 

different wheat cultivars 

 Wheat herbage collected different growth stages revealed differences it their chemical 

attributes (total carbon, total nitrogen, total soluble phenolic contents, saturated and 

unsaturated fatty acids). 

 Maximum total carbon and nitrogen was observed for herbage collected at anthesis 

and maturity stage as compared to the herbage collected at tillering. 

 Among wheat cultivars, herbage of AARI-2011 collected at anthesis and maturity 

stage recorded higher carbon contents (342 and 381 mg g
-1

, respectively). 
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 Wheat cultivars AARI-2011 and Lasani-2008 had higher nitrogen contents (4.53 and 

4.40 mg g
-1

) at anthesis stage over other two cultivars and growth stages. 

 The patters of decomposition of herbage collected at different growth stages varied 

significantly with the advancement in incubation time as compared to the control 

(without any herbage). 

 Both of the organic-carbon and organic-matter significantly increased with 

progression in incubation time where wheat herbage was incorporated into soil as 

compared to the control. 

 Highest organic carbon in soil was noticed after 6-weeks incubation for herbage of 

Millat-2011 and AARI-2011 collected at anthesis (1.52-1.55%) and maturity (1.76-

1.80%) while the highest organic matter for both of these cultivars was 2.61-2.72% 

and 2.92-3.12%) for herbage of the aforementioned stages. 

 Polyphenol oxidase activity and total soluble phenolic contents manifested a rapid 

increase during 1
st
 and 2

nd
 week of incubation that decreased thereafter. Highest 

values for both were recorded for herbage of Millat-2011 and AARI-2011 collected at 

maturity. 

 During the 6 week incubation period, soil urease activity exhibited a pronounced 

increase as compared to control. 

 Cellulase activity and invertase activities were higher for herbage of Millat-2011 and 

AARI-201 as compared with other wheat cultivars. Similarly, such activities were 

more pronounced for herbage collected at anthesis and maturity. Cellulase activity for 

all herbage of all wheat cultivars collected at all stages showed an increasing rate upto 

2
nd

 week of incubation and declined thereafter. Invertase activity achieved peek 

values after 4 weeks of incubation and declined thereafter. 

 Population of bacteria and fungi increased with incubation period of herbage of all 

wheat cultivars and the growth stages. Increase in population of bacteria was steeper 

as compared with those of fungi. 

 Initial microbial-biomass-carbon (Cmic) and -nitrogen (Nmic) were highest in herbage 

collected at anthesis and maturity over that collected at tillering stage. Such values for 

these were also higher for herbage of Millat-2011 and AARI-2011 as compared with 

that of Lasani-20018 and Faisalabad-2008. Cmic and Nmic increased gradually as the 
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herbage underwent decomposition and highest values for these were recorded after 6 

week incubation. Nonetheless, the herbage collected at tillering showed an initial raid 

rate of decomposition but the persistence rate was higher for herbage collected at 

anthesis and maturity. 

 Analyses of herbage-amended soil showed that it contained allelopathic compounds 

(gallic acid, p-hydroxybenzoic acid, syringic acid, protocatechuic acid, ferulic acid, 

vanillic acid, p-coumaric acid and benzoic acid) in different concentrations that varied 

for herbage of wheat cultivars, stage of collection of herbage and the incubation 

period. 

 After a 1week of incubation, P-hydroxybenzoic acid, protocatechuic acid, vanillic 

acid and benzoic acid were higher than other allelochemicals in soil amended with 

herbage collected at maturity stage. The order of allelochemical concentration in 

wheat cultivars were: AARI-2011 > Lasani-2008 > Millat-2011 > Faisalabad-2008. 

 After a 2weeks incubation p-hydroxybenzoic acid, vanillic acid and ferulic acid was 

higher as compared to other five allelochemicals in pots amended with anthesis- and 

maturity-stage herbage of all wheat cultivars. Total soluble phenolic contents in 

wheat cultivars were in order: AARI-2011 > Millat-2011 > Lasani-2008 > 

Faisalabad-2008. 

 After a 4weeks incubation p-hydroxybenzoic acid and ferulic acid was higher in pots 

amended with anthesis and maturity stage and benzoic acid was higher in pots 

amended with tillering stage herbage. Maximum total soluble phenolic contents 

(52.33, 42.55 and 49.04 µg g
-1

) were quantified in pots amended with maturity stage 

herbage of Millat-2011, AARI-2011 and Lasani-2008, respectively. 

 After a 6weeks incubation P-hydroxybenzoic acid was detected in all experimental 

pots and concentration was higher (7.84, 12.98, 19.04 and 13.06 µg g
-1

) in pots 

amended with maturity stage herbage of Millat-2011, AARI-2011, Lasani-2008 and 

Faisalabad-2008, respectively. Remaining allelopathic compounds were present in 

very low concentration. 
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Experiment-III A: Influence of leachates of different wheat cultivars on emergence, 

seedling growth and biochemical attributes of (A) canarygrass and 

(B) lambsquarterss 

Emergence dynamics of canarygrass and lambsquarters 

 Application of leachates of different wheat cultivars had a non-significant effect on 

the emergence dynamics (TSE, E50, EI and MET) of both canarygrass and 

lambsquarters as compared to the control. 

 Leachate of AARI-2011 significantly reduced the final emergence (14 and 23%) and 

seedling dry biomass (36 and 64%) of both canarygrass and lambsquarters as 

compared to the control. 

Antioxidant in canarygrass 

 The leachate collected from AARI-2011 and Lasani-2008 pots significantly reduced 

the protein contents (48-53%, respectively) as compared to control. 

 Catalase and POX activity was decreased (272% and 45%, respectively) under the 

influence of leachates of AARI-2011 as compared to the control (213.78 and 49.15 

µmol min
-1

 g
-1

 protein, respectively). 

 Reduced SOD activity was recorded by the application of leachate of all wheat 

cultivars as compared to the control. 

Antioxidant in lambsquarters 

 Application of leachates of wheat cultivars reduced soluble protein contents in 

lambsquarters. Maximum reduction (90-92%) was realized for leachates of AARI-

2011 and Lasani-2008 as compared to the control (7.85 and 16.26 mg g
-1

 FW, 

respectively). 

 Activity of SOD was reduced by 59% over control where leachate of Millat-2011 was 

applied. 

 Application of leachate of AARI-2011 reduced CAT and POX activities by 83 and 

82% as compared to control (350.61 and 54.67 µmol min
-1

 g
-1

 protein, respectively). 

Soil microbial population and enzymatic activities 

 Application of leachates significantly influenced the soil bacteria and fungi 

population as compared to the control. 
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 Maximum increase in microbial population was recorded under the influence of root 

leachates of AARI-2011 in both canarygrass- and lambsquarters- sown pots. 

 Soil enzymatic activities were also enhanced by the application of leachates of AARI-

2011. 

Experiment-IV A: Interference of wheat cultivars with emergence and early seedling 

growth of (A) canarygrass and (B) lambsquarterss 

 None of the wheat cultivars showed reduction in emergence and seedling growth in 

response to interference by canarygrass and lambsquarters when grown in 1:1 ratio. 

 Emergence index and final emergence of canarygrass was inhibited by 25 and 21%, 

respectively when grown with wheat cultivars. Similar results were recorded for 

lambsquarters (23 and 19%, respectively). 

 Reduction in shoot length (39%) and seedling dry biomass (79%) of canarygrass was 

inflicted by interference of wheat cultivars as compared with control. 

 Shoot and root length of lambsquarterss was significantly reduced (43% and 48%, 

respectively) as compared to the control. Interference of wheat cultivars reduced the 

seedling dry biomass of lambsquarters by 49%. Highest reduction was recorded by 

cultivar AARI-2011. 
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Conclusion 

 Results of present investigations concluded that all wheat cultivars demonstrated 

differential allelopathic potential under field conditions, and through the herbage 

utilized in pot bioassays. Such allelopathic potential varied significantly at different 

growth stages. Wheat cultivars AARI-2011, Millat-2011 and Lasani-2008 were more 

allelopathic at anthesis and maturity stage as compared to tillering stage. 

 Presence of allelochemicals in soil, as demonstrated through root exudates/leachates, 

incorporation, and subsequent decomposition of herbage and wheat-weed interference 

studies inhibited the emergence and growth of grassy and broad leaf weeds. Greater 

inhibitory effects of root exudation in rhizosphere soil, incorporation of herbage 

collected at different growth stages into soil, root leachates and interference of wheat 

cultivars on weeds were associated with higher concentration of total phenolics under 

field conditions and in pot experiments. 

 Wheat cultivars and soil incorporation of herbage collected at different stage of crop 

growth inflicted such modifications in microbial communities and enzyme activities 

in rhizosphere soil that were indicative of release of allelochemicals during the 

decomposition process over time. 

 Phenolic contents in herbage increased with advancement in stage of wheat growth 

that was reflected in soil amended with such herbage. 

 Root exudation by wheat cultivars and incorporation of herbage collected at different 

growth stages increased the organic carbon and organic matter in soil that was 

beneficial for the growth of micro-flora and positively affected the soil physio-

chemical properties. 

 Such information suggests the growth inhibitory potential of different wheat cultivars. 

Soil incorporation of herbage of specific wheat cultivars can be used as a natural 

approach for managing weeds of economic significance in wheat based cropping 

systems. Such a practice also improves soil health in the long run. 
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Future research thrusts 

 Molecular basis of allelopathic interactions of the decomposing wheat herbage with 

the studies on soil microflora and test species to be investigated further. 

 Extensive work need to be carried out on the inclusion of strongly allelopathic wheat 

genotypes in varietal development programs. 

 Amount and time of application of wheat herbage should be explored further for 

broadening its efficacy to control weeds. 

 Microbial diversity wheat rhizosphere needs to be investigated under varying agro-

ecological conditions and changing agronomic practices. 
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