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GENERAL ABSTRACT 

 

Positive effects of plant-derived smoke on plant growth and development are known 

since three decades. These promotry effects of plant-derived smoke solution is due to 

plant growth hormones like nature. To examine the effect of plant-derived smoke on 

maize, experiments were conducted to study: i) morphological responses of maize seeds 

pre-soaked for 0, 6, 12, and 18 h in concentrated and 2000 ppm plant-derived smoke 

solution; ii) biochemical analysis of maize seedlings  pre-soaked for 0, 6, 12, and 18 h 

in concentrated and 2000 ppm plant-derived smoke solution; iii) gel-free/label-free 

proteomic responses of 4 days maize shoot pre-soaked for 6 h in 2000 ppm plant-

derived smoke; iv) immuno-blotting  analysis of 4 days maize shoot pre-soaked in 1000, 

2000 and 4000 ppm plant-derived smoke; v) enzymatic analysis of 4-days old maize 

shoot. Imbibition of seeds, seed germination (%), root/shoot length and fresh weight 

were significantly increased in maize seeds pre-soaked for 0, 6 and 12 h in plant-derived 

smoke. The content of chlorophyll (‘a’ and ‘b’), total carotenoids and total soluble 

proteins were increased in seedling treated with smoke dilution. Proteomic analysis 

shown that total of 69 proteins were significantly changed by plant-derived smoke in 

4-days old maize shoot. Proteins related to biological functions, biosynthetic processes, 

response to stimulus, cellular components and carbohydrates were changed. 

Cytoplasmic, chloroplastic, nucleus and cell membrane related proteins were also 

altered by plant-derived smoke treatment. Beside these, catalytic, signalling, metal and 

nucleotide binding proteins were also changed. Proteins related to sucrose synthase, 

nucleotides synthesis, photosynthesis, signalling and glutathione were significantly 

increased; however, lipids and amino acid degradations related proteins were decreased 

in maize shoot. Based on proteomic and immune-blot analyses, RuBisCO large subunit 

(LSU) and small subunit (SSU) were increased by treatment 1000 ppm while decreased 

by 4000 ppm plant-derived smoke. Similarly, abundance of ascorbate peroxidase was 

increased by plant-derived smoke in reactive oxygen scavenging system. Ascorbate 

peroxidase enzyme activity was increased by 1000 ppm plant-derived smoke solution. 

It is concluded from these results that plant-derived smoke solutions have positive 

effects on plant physiological and biochemical growth parameters. The results also 

suggested that plant-derived smoke also enhanced different metabolic and catalytic 

processes related protein which are helpful for overall plant growth and development.             
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In future, plant-derived smoke solution might be used in large scale in different fields 

of agriculture for early and better growth of different plant species. It is also necessary 

to study the whole plant response at proteomic level to plant-derived smoke solution to 

understand possible mode of action and mechanism.  

Keywords: Cymbopogon jawarncusa, maize, plant-derived smoke, photosynthetic 

pigments, proteomics 
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Chapter 1           GENERAL INTRODUCTION 

1.1. Fire 

The history of fire on earth is as old as the earth itself. Hence, fire has been part 

of the ecosystem for millions of years, and its role as a major evolutionary force on 

shaping global vegetation pattern is one of the oldest observations of the natural world 

[1]. It is a common disturbance regime world-wide, which derives processes that induce 

vegetation change through direct effects on biota and/or indirect effects on the 

environment [2, 3]. Fire is playing a key role in the diversity and distribution of 

terrestrial plant communities [4]. It has been commonly assumed that certain plant 

species are frequently eliminated by the physical heat of burning, which changes the 

relative frequency of species occurrence, and new plant species adapted to fire are 

introduced into burned ecosystems [5, 6]. Fire helped the new plant species in better 

growth and survival in a new habitat.  

In fire-prone ecosystems, many plants have evolved adaptations that protect 

them from being destroyed by fire or allow them to survive in the presence of fire [7, 

2]. Species adaptations to fire can be thought of as the evolution of morphological and 

behavioural traits which, allow for reproduction and the continuance of species. 

Regeneration strategies related to fire include morphological and physiological traits 

such as the production of propagules (seeds, tillers and rhizomes) capable of surviving, 

germinating, sprouting and flowering following after a fire [8, 9]. Hence, seed 

germination and seedling establishment of the local flora (as important plant traits in 

community structure) promoted by fire [3, 10]. Fire stimulated germination of seeds in 

all type of environments weather fire-prone or non-fire prone.  

1.2. Effects of fire on seed germination 

Fire is generally known to cause germination in plant species belonging to both 

fire-prone and non-fire prone ecosystems [11, 12]. Post-fire germination may be 

triggered by many factors directly or indirectly related to fire. From the literature 

surveyed, the most commonly cited factors are; a) the heat from fire, b) the charred 

wood left on the ground after fire) the greater light intensity that would reach the seeds 

once the canopy has burned) nitrogenous compounds [13, 14], and smoke [12, 15, 16]. 

The indirect effects of fire which, enhanced germination are light availability, soil 
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moisture potential, soil temperature, changes in nutrient status (nitrogen) and soil 

microorganisms. In addition to these, the combined role of post-fire increases space 

availability, resource availability, reduction in seed predators and creating favourable 

conditions for enhancing seed germination and seedling growth [2, 11]. Often, different 

intensities or doses of these treatments are applied and hence results may differ 

depending on the intensities, doses and concentrations [12]. However, Van Staden et al 

[12] reported that there is no proven evidence that up to which extent fire related factors 

influencing seed germination in plants. Furthermore, there is limited experimental 

evidence of fire-cued germination and investigating the role and importance of heat 

and/or smoke as germination stimulants for various plant communities [17, 18].  

Fire decreased the phenomena of competition in plants and may be it is the main 

cause of post-fire increase in germination and seedling growth [19]. Fire burns many 

plants, weeds and grasses allowing space and environment to other species to 

germinate, flourish and grow. Fire-stimulated germination is attributable to many fire-

related variables which may act singly or in groups for stimulating seed germination 

[19]. Fire provide the following cues/stimulants to the environment which may causes 

plant seed germination and growth. 

1.2.1. Temperature 

The most common and well-studied physical factors associated with fire are 

referred as heat shock and soil temperature [12]. An increase in soil temperature is often 

experienced due to the direct heat following a fire event which exposes the surface to 

better illumination [20]. These increases in soil temperature and net radiation are most 

apparent on the top soil (0-5 cm), where seeds of most grass species occur in seed banks 

[8]. The magnitude of such increases in soil temperature depends on soil depth [21, 22]. 

Hence the effect of fire on seeds can be lethal or stimulatory depending on the location 

of the seeds as either on the surface or buried [22, 23]. The role of heat in breaking 

dormancy is related to softening of the outer covering structures of seeds [24]. The role 

of heat shock on germination of seeds, particularly hard-seeded species such as 

leguminous, woody and herbaceous species is well studied [25-27] observed the effect 

of heat shocks on germination and found that heat increased seed germination process 

in plant species. These studies differed from one another in temperature applied 
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treatments, often ranging between 70-120°C and the duration of heat exposition ranging 

between 3-10 min.  

The phenomena of germination is stimulated by heat-shock in species from the 

Mediterranean Basin [18, 26], Californian Chaparral [28], Australia Kwongan/Mallee 

[29], South African Fynbos [15, 30] and other fire-prone ecosystems. These studies 

collectively suggested that the dry heat generated from fire may break dormancy of 

hard-seeded species by providing a heat-shock that triggers the embryo of seeds to 

germinate directly [31], subsequently facilitating embryo imbibition by rupturing the 

seed coat layer and leading to radicle expansion. The quest for dry or moist heat has 

also been a subject of great debate in the literature. It has shown that the presence of 

moisture combined with heat was optimum for germination rather than dry heat alone. 

It is generally suggested that there should be an important linkage between heat and 

moisture availability in stimulating germination [32]. Post-fire environments are 

characterized by the removal of litter, shrubs and canopies which continuously 

increases the quantity of light/ heat reaching the surface of the soil. The amount of light 

received by ground surface basically depends on nature of the fire itself and the type of 

vegetation [22]. The significance of light as a factor in seed germination is well 

recognised [33].  

Germination of many herbaceous perennial seeds is cued to light and the quality 

determines the subsequent fate of seeds to germinate under different levels of light or 

shading [33, 34]. Studies by Flint and Mcalister [35] and Borthwick et al [36] showed 

that the responsiveness of seeds to changes in light is mediated by the presence of 

phytochrome (compound which absorbs light) in seeds. Hence germination depends 

upon the ratio of red: far-red in the light impinging upon the seed [37]. Sunlight filtered 

through a leaf canopy may be depleted in red light which causes germination inhibition 

[33]. Removal of vegetation increases the red and far red ratio of light at the ground/soil 

surface, which subsequently causes increases in germination and changes in growth 

patterns [38]. 

1.2.2. Chemical cues in fire 

Post-fire environments are also typified by changes in the chemical properties 

of the soil [39]. Phytomass combustion produces many volatile and non-volatile 

chemical cues that potentially influence canopy and soil-stored seeds. Most common 
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chemical cues associated with fire are ethylene, nitrogenous compounds (nitrites, 

nitrates and ammonia), charred wood and ash. The role of ethylene as a possible cue in 

regulating dormancy release and germination is well studied [40, 41]. Ethylene 

promoted seed germination in many plant species [31, 42]. Hence, it was mainly 

believed that the main active compound is ethylene produced after fire which causes 

stimulation of seed germination [43]. According to Buhk and Hensen [41], ethylene 

only serves as an indirect signal that indicates water availability. Charred wood stems 

of Adenostoma fasciculatum Hook. triggered seed germination of Californian Chaparral 

annual Emmenanthe penduliflora Benth. [44]. However, Baskin et al [3] reported that 

charred wood and ash treatment have no prominent effect on seed germination of 

Mediterranean species. Post-fire habitats are also characterised by changes in 

availability of nitrogenous compounds in the soil [34, 45].  

The literature shows that the effect of fire on nutrient availability, especially 

Nitrogen is less predictable. In the long-term, fire may cause severe nitrogen losses due 

to volatisation and soil leaching [45, 46]. In the short-term however, slight increases in 

available nitrogen following a fire incidence are common in nature [34, 45]. Nitrogen 

is added in the form of ammonium or organic nitrogen which is subsequently converted 

to nitrate by nitrifying bacteria. Numerous studies revealed that nitrite and nitrates like 

nitrogenous compounds are used in the removal of dormancy in many species [31, 47]. 

Thus, in those areas having commonly known for fire have association with nitrogen 

induced seed germination [48]. As fire-derived ash also contained nitrates and 

ammonium ions have been suggested as the main causes of germination by ash [49]. It 

is reported that oxides of nitrogen (nitrogen oxide and nitric oxide) in fire-derived 

smoke induced 100% germination of a California Chaparral Emmenanthe penduliflora 

similar to that of smoke solution [47, 50]. Though not as effective as smoke solution, 

the germination of several Chaparral [50] and Western Australian [29] species has also 

responded positive to KNO3 treatment. However,  Light and van Staden [51] studied 

the effects of two nitrogenous oxides on lettuce seed germination and observed that 

these compounds have no rule in germination, suggesting that nitrogen oxide may not 

play any role in the process of seed germination increase due to smoke. Later on, the 

researcher found no association between nitrates and mean germination enhancement 

on 53 representative Mediterranean species in Central Eastern Spain [52]. The effect of 

ammonium ions in breaking seed dormancy, enhancing germination and seedling 
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emergence is also well recognised [49]. For instance, ammonium treatment of seeds of 

Phacelia grandiflora and Salvia mellifera effectively promoted germination [48]. 

Hence, it has been proposed that fire contained ammonia or ethylene which are the main 

germination cues [40]. However, later on van Staden et al [53] and Jäger et al [54] 

confirmed these compounds have no rule in germination of lettuce seeds. 

1.3. Plant-derived smoke solution 

A number of different cues (heat, temperature and ash) are linked with fire or 

post fire environment known to triggered seed germination of different species [55]. In 

all different fire related cues, smoke produced during burning of plants was considered 

a vital germination stimulants in post-fire plant communities [56, 57]. It was found that 

smoke derived from plant is important germination cue having intricate nature and 

possessing thousands of compounds effecting positively plant growth and other 

developmental processes [58]. It is reported that plant derived smoke solution have 

positive effects on plant species associated with fire prone environment [59]. After the 

discovery and positive nature of smoke solution, plant physiologist started discussion 

about nature of plant-derived smoke solution that; what are the active constituents in 

smoke? Smoke solution contain single or group of compounds? Is smoke having more 

than one active constituents? What is the mode of action of plant-derived smoke? Are 

each and every smoke is promotry to plant growth? Do sources of smoke determine the 

chemical nature of the smoke generated? To answer all these questions many plant 

scientist/physiologist conducted many experiments on smoke solution to find out the 

nature/mode of  action of smoke and how plant derived smoke solution breaking seed 

dormancy, promote seed germination process and in fire-dependent and fire-

independent species [60].  

1.3.1. Chemistry of smoke solution 

After the discovery that smoke solution is vital germination agent [56], many 

plant physiologist and research groups started attempts to isolate and depict the 

chemical structure/nature of the smoke-derived compounds causes the phenomenal 

promotion of germination. These smoke derived compounds are active and less than 

1pg (picu gram) is needed for single seed germination [57] and the smoke obtained 

from burning cellulose of plant usually contains thousands of active chemicals [57]. 

Isolation of the active component(s) from smoke solution is very difficult because of 
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the several thousand compounds present [61]. Researcher isolated six compounds in 

smoke solution and identified as nitrogen dioxide [47], 1, 8-cineole [62], 3-methyle-2-

H-furo [2,3-C pyran-2-one (Butenolide) [63, 64], 3, 4, 5-trimethylfuran- 2(5H)-one  

[65], glyceronitrile, cyanohydrin [66] and hydroqunine [67].  

Among these compounds, butenolides are the most active chemical compound 

present in plant-derived smoke solution triggering seed germination in plants. Physical 

properties of butenolides revealed that it is water soluble, long lasting, thermo stable 

and active at 10−7 M concentration [12]. As butenolide are isolated from plant-derived 

smoke so some time they are named karrik (A word used for smoke) [68, 69].  

 

 

Fig 1.1. Chemical structures of Karrikins (Butenolide, KAR1-KAR6 [70]. 

Structurally, butenolide (karrikins) consist of 2 rings, one five membered butenolide 

ring bonded to a six-membered pyran ring. There are six analogues of karrikins (KAR1-

KAR6) (Fig 1) differing with respect to methyl substitutions. The most active 

butenolides are KAR1 and KAR3 stimulating seed germination of large number of plant 

species [71]. 
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Smoke-infused water obtained from burning of cellulose of plants is used for 

KAR1 isolation [72]. Besides these, few synthetic analogs of karrikins have also been 

prepared [71, 73, 74] having similar properties with those derived from plant-derived 

smoke solution [75]. On the basis of combustion experiments, pyranose sugar is the 

source of KAR1 [72, 76]. Up till now, KAR1 are tested on 5% known plant-derived 

smoke solution responsive species [75] and they all responded positively [77-79]. It is 

estimated that 2-5 g of KAR1 is fulfilled the requirement of 1 ha land [69]. The possible 

genotoxic and mutagenic effects of KAR1 were studied using Ames assay test [80]. It 

is also reported the mentioned usage concentration of KAR1 is enough to increased 

morphological growth in many plant species. Beside this, KAR1 also helped the seed 

to with stand against water and temperature stresses [81, 82]. 

Another major seed germination stimulant compound is cyanohydrin 

(glyceronitrile) isolated from plant-derived smoke [72]. Several allied cyanohydrins 

which are acetone cyanohydrin, 2, 3, 4-tri-hydroxy-butyronitrile and mandelonitrile 

also enhanced seed germination [72]. The positive nature of these compounds is due to 

the presence of cyanide playing positive role in the post-fire restoration of plant 

communities [72]. The stimulating effects of cyanide seed germination of wide variety 

of plant is also previously reported by different plant ecologist [83, 84]. The presence 

cyanohydrins in plant-derived smoke solution strengthen the fact that cyanide is a vital 

seed germination stimulant in post-fire habitats [84]. 

On the other hand, few compounds which are present in higher concentrations 

in plant-smoke solution have inhibitory effects on plant growth [64, 63, 85]. One well 

known plant growth inhibiting compound is 3, 4, 5-trimethyl-2(5H)-furanone (TMB) 

found in smoke solution which suppressed germination of tested plant species [65, 86]. 

TMB is isolated from smoke solution which decreased the growth-promoting nature of 

KAR1 [65]. Up till now the inhibitory effects of 3, 4, 5-trimethyl-2(5H)-furanone are 

only reported in lettuce seeds [65].  

1.3.2. Possible mechanism of plant-derived smoke action  

Since the discovery of plant-derived smoke as a plant growth stimulant [56] and 

the presence of the large number of germination cues (compounds), many researcher 

worked on it to understand the possible mechanism of plant-derived smoke solution 

and its derived compound (butenolide) action on plant growth. Though presently, the 
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mechanism of smoke and/or butenolide action is not fully known, however, there are 

three postulates proposed as possible mechanisms of smoke action. These are: a) 

scarification of seed coat by chemicals present in smoke; b) activating of germination 

with help of nutrients supplied by plant-derived smoke; and c) plant-derived smoke 

solution triggered the signals related with stimulation of germination. It is also reported 

that smoke treatments decreased the thickness of cuticle [87]. Though there is no 

consensus on the site/location and mode of plant-derived smoke action on physiological 

growth, it is becoming clearer that smoke may influence seed coat scarification 

mechanically which facilitates imbibition [64, 88].  

Studies have been conducted on the response of seedlings growth to smoke 

solution [89, 90]. Results revealed that plant-derived smoke solution treatment of maize 

seeds supressed stresses in the primary stage of germination which helped the seeds to 

adopt themselves to environmental stress occurring during germination and ultimately 

enhancing in better and vigorous seedling growth [89, 90]. Plant-derived smoke 

solution have physiological, biochemical and molecular effects on plant growth which 

are as follows; 

1.3.3. Morphological and physiological responses of plants to plant-derived smoke 

Since 1990s, the majority of the research has been conducted and reported on 

morphological and physiological aspects of plant growth and development. In these 

studies, plant-derived smoke solution effects were found on seed germination, seedling 

vigor, seedling biomass and breaking of seed dormancy. Though many species are 

responsive to smoke but not all or at least not to the same degree [9, 69, 92]. Plant-

derived smoke solution or the derived active compounds from smoke enhanced 

significantly seed germination (%), seedling length and seedling mass of large number 

of plant species. Plant-derived smoke solution is a vital germination trigger and its 

positive effects are reported on different genera and families of angiosperms and 

gymnosperms [12, 64]. These positive effects were observed on commercial crops and 

different medicinal plants [93, 94]. 

Plant-derived smoke solution positively effects germination of various plant 

species from different regions including Cape Erica species [15], Fynbos plant species 

[95], western Australian Plants [91, 96], fire free and fire prone habitats species [97], 

Australian native plant species [58], Western Australian Banksia woodland [98], 
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California chaparral plants [50], Australian native plants [99], seven species from south 

western Australia [100], nine species form Sydney [101], cape floristic regions [30], 

few species of family Poaceae [102], forage legumes [103], plants from Asteraceae 

family [77], annual weeds [104], soil forming species [55], Orobanche  and Striga 

species [105], germination of Central Anatolian steppe herbaceous species [106], South 

African Mesic grassland species [107], medicinal plants [108], grassland species [109], 

germination of Australian native plants [110], germination of six leguminous shrubby 

species [111], 40 species from Japan [112], different Solanum species [68], 

Mediterranean basin flora [18], short grass prairie species [113], five eastern 

Mediterranean woody species [114], forages [115], 13 species from China [116], 10 

interior west Penstemon species  [117], four herbaceous species of Europe [118], 12 

eastern Mediterranean species [119], different weeds species [120] and Hungarian 

species [121]. Besides trees and medicinal plants, plant-derived smoke solution have 

also positive effects on seed germination of cereal crops like maize [93, 122-125], rice 

[78, 126-128] and wheat [120]. 

Plant-derived smoke solution have post germination effects on plant growth. 

Many studied reported that smoke solution has positive effects on seedling length, 

seedling weight and crops yield of different plants including celery, okra, tomato, onion 

[129-131], Albuca pachychlamys (Jacq), Merwilla natalensis (Planch), and Tulbaghia 

violacea (Harvi) [132]. It has positive effects on roots initiation of Vigna radiate L. 

[133] Lycopersicon esculentum Mill. [81, 134], pollen germination/tube growth of 

different plant species [135], agricultural weed [136] and somatic embryogenesis of 

Baloskion tetraphyllum Labill [137]. Plant-derived smoke solution also has positive 

effects on post germination growth parameters of cereal crops like rice [78, 126-128, 

138, 139], wheat [120] and maize [93, 124, 125]. Plant-derived smoke has also been 

reported to remove dormancy of seeds of California chaparral plants [50], seven species 

from South Western Australia [140], Apium graveolens L. [129], Lactuca sativa L.  

[141], Avena fatua L. [142], Arctostaphylos pungens (Kunth) [143] and Arabidopsis 

thaliana L. [144].  

1.3.4. Biochemical responses of plants to plant-derived smoke 

Literature revealed that the positive effects of plant-derived smoke solution are 

also link with biochemical parameters of plant that in turn can boost the whole plant 
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growth related with physiology and reproduction. Plant pigments play a key role in 

photosynthesis process through which organic food is prepared. Pigments captured 

sunlight energy and convert to chemical energy through photosynthesis process. It is 

reported that plant-derived smoke solution treated seedling are vigorous and healthy 

[145] resulting more chlorophyll and doing better photosynthetic activity. There may 

be some positive role of plant-derived smoke solution on the enzymes related with 

photosynthesis. Plant-derived smoke solution enhanced gaseous exchange, 

photochemical activities and CO2 fixation which could induce an increase in 

photosynthesis. Plant-derived smoke-solution (1:1000) increased photosynthetic rate, 

transpiration rate and stomatal conductance of Isatis indigotica seedlings, which 

confirmed that treatments of smoke solution control opening of stomata for gaseous 

exchange [146]. Plant-derived smoke solution enhanced the amount of chlorophyll ‘a’, 

‘b’ and total carotenoids having key role in photosynthesis in rice [127, 128].  

Phenolic compounds are important secondary metabolites playing vital role in 

plant protection against the severe ultra-violet rays [147]. It also protected plants and 

crops from different herbivores and insects [148]. The more amount of flavonoid and 

total phenolic content in plants show more antioxidant activities [149]. Plant-derived 

smoke solution increased the amount of secondary metabolites (flavonoid and total 

phenolic content) in medicinal plants [150]. Based on molecular evidence, it has been 

established that smoke solution boost up the phenyl propanoid reactions and genes 

related with flavonoid thereby enhancing phenolic biosynthesis [151, 152]. 

It is documented that phytochemical contents in plants enhanced by smoke 

solution [153]. Phenolic, flavonoid and condensed tannin contents in T. ludwigiana 

were increased by smoke solution. The level of phytochemicals in plants is often 

associated with resultant biological activity and their survival [154]. The stimulatory 

effect of smoke solution on some photochemicals (indigo, phenolics and flavonoids) in 

several species has been reported [153, 155]. Phenolic content in smoke solution treated 

(1:1000) Tulbaghia ludwigiana was approximately 2-fold higher than the control 

seedlings. Flavonoids have vital role in the legumes plant roots rhizobium and others 

plant-soil pathogen interactions. Furthermore, they also take part in developmental 

processes such as root hair growth, allelopathic responses, pollen germination, auxin 

transport and resistance against pathogen [156]. Similarly, about a 2, 4 fold higher level 

of flavonoids was detected in Tulbaghia ludwigiana supplemented with smoke 

solution. 
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It is reported that smoke solution increased levels of nitrogen and magnesium 

contents significantly in seedling as compare to control [157]. Karrikins is active 

compound present in plant-derived smoke and assumed that it have stimulatory effects 

on the production or/and metabolism of other plant hormones [63, 64, 75]. Nitrates 

concentration is higher at burned sites as compared to un-burned sites [48]. Initially, it 

was believed that soil nitrite and nitrate enhanced seed germination of Emmenanthe 

penduliflora, a post-fire annuals shrubs [50] but later on Light and van Staden [51] 

reported these two nitrogenous oxides have no role in seed germination in lettuce, 

suggesting that nitrogen oxide may not play any role in the process of seed germination 

increased by smoke solution. Smoke derived from plants increased total soluble 

proteins and nitrogen contents in rice and maize [125, 127]. Plant-derived smoke 

solution treatments also enhanced the mass, size, and chemical composition (ascorbic 

acid, total soluble solids, b-carotene and lycopene) of fruits [130]. 

1.3.5. Molecular responses of plants to plant-derived smoke 

Plant-growth processes are controlled by various signalling molecules which 

may act independently or in coordination with many other molecules, both 

endogenously and exogenously, and result in variety of responses. There have been 

several attempts to unravel the mystery of mechanism of smoke action on various plant 

growth processes [124]. Molecular studies of plant treated with smoke solution have 

been started recently and much helpful in understanding the mode of smoke solution 

action. Lettuce seeds were treated with smoke solution and distilled water to find gene 

expression changes [89]. Results revealed that smoke solution treatments causes 

differential expression of numerous sequence tags (ESTs) [81]. The isolated genes were 

related to germination, cell wall expansion, translation regulation, cell division cycle, 

metabolism of carbohydrates and regulation of abscisic acid. Real-time polymerase 

chain reaction (PCR) results showed that smoke solution treatments up-regulated short-

chain dehydrogenase/reductase and late embryogenesis abundant proteins [89].  

In another experiment, same approach was used to investigate transcriptomic 

changes in maize treated with smoke solution [90], which revealed changes in a number 

of genes with potent response towards smoke treatment. These comprised of abscisic 

acid (ABA) and stress-responsive genes that were over-expressed in smoke treated 

maize seedlings. This over-expression of genes suggested that infusion of ABA and 
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other stress-related genes in the early time of post-germination phase after smoke 

treatment may helped the plant in a better adaptation to abiotic stresses during seed 

germination and finally results in better seedling growth [90]. Microarray investigations 

were carried out in Arabidopsis thaliana seeds imbibed with KAR1 before germination 

[158]. Light-induced genes, ABRE-like promoter motifs and putative HY5-binding 

targets were among the most prominent of the genes with increased expression in 

response to KAR1. Imbibition with KAR1 improved germination in Arabidopsis seed 

at lower fluences of red light [158]. It is concluded that karrikins have an important role 

in light responses in the growing seedling and suggested that karrikins might affect post 

fire ecology [158]. A differential pattern of gene expression and protein ubiquitination 

was observed [151] in maize in response to KAR1 and smoke solution. Plant-derived 

smoke increased the protein ubiquitination and activated the genes related with protein-

degradation; however, KAR1-treated kernels showed different responses where an 

aquaporin gene significantly up-regulated.  

Now the question arise that although karrakins are active compounds present in 

the plant-derived smoke solution; but why the plants responses vary to smoke solution 

and karrkins? Also that whether karrikins/smoke has some specific signal transduction 

pathway or it share a part or whole of other hormonal transduction mechanism? A 

possible answer to these question is that although karrakins are active compounds of 

the plant derived smoke solution but they only make a part of whole chemistry of 

smoke; on the other hand smoke solution is a combination of various compounds 

including karrikins along with many other compounds whose effects are yet to be 

investigated. Here, we discuss some of the investigations which cover the various 

responses of smoke and karrikin treated plants. 

Using crystallographic techniques and ligand-binding experiments for KAI2 

recognition of karrikins revealed that the parts of the KAI2–KAR1 complex seem to 

adjust a KAI2 interactions with downstream component of the karrikin-signalling 

pathway in a ligand reliant manner [159]. The mutual usage of site-directed 

mutagenesis, protein X-ray crystallography and active binding measurements offers 

confirmations and evidences that make KAI2 fit to place inside the signal transduction 

pathway related to the perception of smoke-isolated chemical signals such as KAR1. 

This was supported by investigations on karrikins unresponsive mutants in the typical 

plant Arabidopsis thaliana where they identified certain genetic constituents 

fundamental karrikins’ perception and signalling [76, 160]. However, with a decreasing 
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involvement of KAI2 in karrikins perception by stating that conformational alteration 

occur in KAI2 at the entrance of the active position due to the KAR1 binding [159]. 

 

 1.3.6. Smoke/ karriikins interaction with phyto-hormones 

Gibberellic acid (GA) and abscisic acid (ABA) are the important plant 

hormones playing opposite roles in the germination phenomena. Gibberellins enhanced 

seed germination, while ABA has negative effects on germination and causes dormancy 

[161,162]. It is also reported that plant species responsive to KAR1 are stimulated by 

GA treatments. Results indicated that smoke solution act like plant growth hormones 

and having interaction with all plant hormones [104]. Some physiologist suggested that 

promotry nature of smoke solution is due to internal interaction with plant growth 

hormones [75, 163]. Higher concentrations of GA3 also promoted germination of 

Anthocercis littorea (Solanaceae) like karrikins [164]. Beside this, Karrikin and GA 

both caused germination of many plant species belonging to family Asteraceae [77]. 

Reports revealed that germination of nine agricultural weeds, in which seven responded 

to KAR1 and GA increased germination of all nine tested species [79]. Many studies 

highlighted the relation between GA and KAR1 as germination stimulants. 

Plant-derived smoke solution and GA also promoted germination in lettuce and 

Nicotiana attenuata seeds [53, 165]. Gibberellins biosynthesis inhibitors reduced the 

promotry effects of plant-derived smoke and up-regulated putative bioactive level of 

GA levels during germination of lettuce seeds in the dark. These results suggested that 

smoke-solution promoted biosynthesis of GA during germination [166]. Gibberellins 

biosynthesis inhibitor supressed germination of Nicotiana attenuata after imbibition 

activated by smoke solution [165]. Karrikins-1 treatment did not affect Arabidopsis 

mutants defective in GA biosynthesis (ga1-3, ga3ox1 andga3ox2) [167]. Karrikins-1 

has no rule in increasing sensitivity of ga1-3 seeds to exogenous GA. These results 

showed that karrikins has positive effects on the production of active GAs which in turn 

increases germination process. Two genes (GA3ox1 and GA3ox2) were expressed by 

karrikins playing key in biosynthesis of GA [167].  

 

1.4. Applications of plant-derived smoke in plant sciences 

It is a recognised fact that fire is an important ecological factor in different plant 

communities. Different derivatives of fire like ash and smoke were frequently used in 
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drying and storing of seeds [122, 123]. However, after the discovery of plant-derived 

smoke and butenolide, they were commonly used in different fields of horticultural, 

agricultural, conservation and ecological restoration [124, 168]. Current uses of plant-

derived smoke solutions include agricultural, horticulture, habitat restoration and weed 

control programmes. Furthermore, smoke is being widely used as a useful tool in 

various ecological studies in determining the size, extent [92, 169], composition [170], 

and seasonal dynamics [25, 170] of soil seed banks. 

1.4.1. Application of plant-derived smoke in agriculture 

Smoke solution obtained from burning of plants is a proven growth promoter 

and could be used actively in different field of agriculture [168]. Over the last decade, 

the germination of several agricultural crops [78, 93] has been tested with various 

smoke solutions using different methods of smoke application. For instance, seeds of 

rice treated with smoke solutions germinated faster and higher percentages than control 

[78, 138]. Experiment was conducted to find the effect smoke-derived from burning of 

plants on different seed storage methods of two traditional maize landraces and it was 

found that smoke solution increased seed germination rate/final germination as 

compared to control [122, 123]. Furthermore, seeds placed above the fireplace 

produced bulky vigorous, heavier and taller seedlings then untreated seeds. Thus, fire 

or/ and smoke treated seed storing techniques increased germination percentage and 

germination rate of many beneficial crops. Research efforts are continuously being 

made on seeds of various agricultural crops to enhanced economically important traits 

like faster germination, radicle emergence, drought resistant, earlier flowering and 

harvesting by the use of smoke solution [171].  

1.4.2. Application of plant-derived smoke in horticulture 

The potential use of plant-derived smoke in improving horticultural crop 

production has been highlighted [168]. It is investigated that light plant-smoke solution 

have positive effects on growth of lettuce seeds [172]. In a similar study conducted by 

Thomas and Van Staden [129] reported the germination of common vegetable crop i.e. 

celery (Apium graveolens L.) were enhanced by smoke solution. In these studies, it was 

found that smoke solution might fulfilled the light requirements of some particular 

seeds [129, 172]. Due to their rapid germination response (often < than 24 h) and 

sensitivity to environmental changes, lettuce is commonly used as a model plant for 
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finding germination activity of various smoke solutions. Okra, tomato, bean and maize 

seeds were treated with plant-derived smoke and butenolide and were found that these 

treatments increased growth in the tested plant species [124]. The already germinated 

seeds of tomato and okra showed positive response to foliar application of smoke 

solution and butenolide [130]. Similarly, tomato and onion treated with smoke solution 

and butenolide shown positive effects on various growth stages [131]. Smoke-solution 

treatment resulted in maximum plant height, increases stem thickness, expand leaf size, 

increase leaf number and biomass of onion and tomato [131]. 

1.4.3. Application of plant-derived smoke in habitat restoration and conservation 

The seed bank is a central topic for plant community restoration and 

conservation [8, 173]. Seed bank also called diaspore banks [174] consist of seeds, 

fruits and vegetative parts which, provide an immediate source of propagules for 

recruitment after disturbance. From a conservation perspective the soil seed bank also 

preserves seeds of species of a local species pool [13]. With the expansion of urban 

areas, industrialization, mining and construction of new roads, many habitats have 

become degraded and new re-vegetation techniques and approaches are required. In 

such areas, where fires are not desirable, smoke technology can be used to enhance the 

germination of native species [12]. The possible use of smoke technology in habitat 

restoration has been studied [58, 175, 176]. In Australia, pioneering work on smoke as 

a restoration tool has been done at Kings Park Botanical Gardens [58, 91]. This research 

group has developed a practical technique using smoke-water for restoration, which is 

now widely used in broader scales. Plant-derived smoke solution is also used for the 

restoration and reestablishment of the western forests Australian [58]. This research 

group applied aerosol smoke and smoke-water on unmined, mined and broadcasted 

seeds which resulted in many fold increases in germination followed by marked 

increases in plants species richness in all the areas studied.  

The efficiency of smoke and heat application were evaluated on germination of 

seeds present in soil and reestablishment of native forest, South Wales, Australia [92]. 

It was found that smoke application increased the density of total emergent, and soil 

seed bank have a role in re-vegetation process. Soil seeds shown similar response to 

smoke treatments and it changed with specific intervals in the same year [176]. Another 

study by Rokich et al [175] suggested that smoke-solution application on soil surface 
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can be used as an effective strategy for woodland restoration. Smoke solutions 

application is also useful to saved and protect threatened species [177]. These studies 

collectively demonstrate that smoke solutions and butenolides not only used in the 

sustainable conservation of already existing populations, but could be also helpful in 

the development and maintenance of new emerging populations [30, 64]. 

1.4.4. Application of plant-derived smoke in weed control 

In arable fields where the majority of weeds are annuals, the seed bank is the 

prime factor for the renewal of populations and hence the main source of fresh weed 

infestation [178]. Therefore, knowledge of the contents of the soil seed bank is of prime 

importance as it is used to predict the potential weed and alien species infestation [179]. 

Literature reveals that plant-derived smoke is a proven germination stimulant and used 

as an active agent for breaking seed dormancy of annuals weed to reduce soil weed seed 

banks [79, 104]. These studies have shown smoke solution to be a useful tool for 

obtaining much higher germination efficiencies of weeds which occupy the surface as 

well as the soil seed bank. For instance, smoke-solution or butenolide treatment of seeds 

from agricultural weeds such as Avena fatua (Wild oats), Brassica tournefortii (Wild 

turnip) and weeds of restoration areas e.g. Acetosa vesicaria (ruby dock) has resulted 

in several-fold greater germination percentages [69, 104, 178].  

It was investigated that 6 out of 13 smoke-stimulated species were weeds grown 

on 12-year-old topsoil of rehabilitated bauxite mines [180]. Comparing the 

effectiveness of crude smoke solution and butenolide, it was observed that arable weeds 

are more responsive in terms of germination and seedling growth to butenolide than the 

smoke solution [104]. Butenolide also has stimulatory effects on seed germination of 

parasitic plants (weeds) such as Orobanche aegyptiaca and Striga [105]. Smoke 

solution treatments also increased germination O. aegyptiaca seeds at lower 

concentrations [181]. These results collectively suggested that plant-derived smoke 

solutions is a key biological factor in the control and management of weeds in plant 

communities. Smoke-aided weed seed bank stimulation is thought to be promising in 

reducing the cost of herbicides or physical labour needed for weed eradication [178]. 

In short, plant-derived smoke solution is studied at morphological, 

physiological and biochemical level. This is the first attempt to study plant-derived 

smoke at proteomic level. Plant-derived smoke might produce some differential 
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changes in maize proteins, which may play some role in plant morphological and 

physiological processes. The basic objective of this research was to find the mode of 

action of plant-derived smoke action through these proteomic changes. 

1.5. Justification of the study 

Since 1990s, effects of plant-derived smoke solution are studied at 

morphological, physiological and biochemical level. There is not enough reports about 

the molecular mechanism and action of plant derived smoke on plant growth. To know 

this missing link and mechanism, this project was organized to study plant derived 

smoke solution at proteomic level and found that how plant-derived smoke effects 

different proteins related with growth parameters of plants. It is the first ever study at 

proteomics level to understand the effects of plant-derived smoke on plant growth.    

Cymbopogon-derived smoke solution was selected after screening of large number of 

different plant-derived smoke solution while maize was selected because it is very 

common and fruitful crop to the society.   

1.6. Hypothesis 

Plant derived smoke solution might affect proteomic responses of maize 

seedlings. 

1.7. Objectives 

 To evaluate the effect of plant-derived smoke solution on morphology of maize 

 To investigate photosynthetic pigments and total soluble proteins in maize 

seedlings treated with smoke solution 

 To determine the effect of  smoke solution on protein profiling of maize shoots 

 To find out accumulation of enzymes in maize shoot treated with plant-derived 

smoke solution through western blot analysis 
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Chapter 2      MATERIALS AND METHODS 

 

2.1. Collection of plant material  

Leaves of Cymbopogon jwarancusa (Jones) Schult. were obtained from 

surroundings of Kohat University of Science and Technology, Kohat, KP, Pakistan. 

Plant material (leaves) were semi dried for preparation of smoke solution. 

2.2. Preparations of plant-derived smoke solutions 

 Smoke solution from of C. jawarncusa was prepared by a method described by 

De Lange and Boucher [56] and modified by Baxter and van Staden [145] and Dixon 

et al [91] with slight modifications i.e. window of the furnace was cover by aluminium 

foil to minimize the chances of smoke leakages and also exhaust pipe was fitted with 

furnace for the flow of smoke towards water (Fig. 2.1). In order to generate heat for 

burning the plant materials, an electric heater was used beneath the furnace. Semi-dried 

plant material weighing (333 g) was heated in a furnace and smoke was bubble through 

distilled water (1 L) to obtain smoke solution (pure smoke solution) [96]. For 

experimentation, plant-derived smoke solution was diluted to 2000 and the remaining 

was stored at 4oC.  

 

Fig 2.1. Locally prepared furnace  
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2.3. Collection of seeds for experiments 

 Maize (Zea mays L., Variety Azam) seeds were collected from Research 

Agriculture Station Sara-e-Naurang, Lakki Marwat, Khyber Pakhtunkhwa, Pakistan. 

Surface sterilization of maize seeds were done by 70% ethanol solution for 5 min and 

washed three times with distilled water. 

2.4. Experimental procedures 

To investigate the physiological and biochemical responses of maize to smoke 

solution on, maize seed were pre-soaked for 0, 6, 12 and 18 h in respective treatments 

i.e. distilled water/control (Cont), concentrated (Conc.) and 2000 ppm smoke dilution 

before germination. Seed imbibition rate was investigated by weighing the seeds (50 

seeds) before pre-soaking and after pre-soaking in distilled water/control (Cont), 

concentrated (Conc.) and 2000 ppm plant-derived smoke solution. The difference 

between these two stages is the increase in imbibition. Direct sowing (without pre-

soaking) seeds were moistened with respective solution i.e. (distilled water/control, 

concentrated and 2000 ppm smoke solution) while the pre-soaked (6, 12 and 18 h) seed 

were supplied with distilled water when required. In each experiment, 3 replicates were 

used with 10 seeds per replica. All the experiments were conducted at 28±3oC for 8 

days. The data for germination was taken after each 12 h for 2 days. After 8 days of the 

sowing, seedling length and fresh weight were measured.  

For biochemical analysis, same experimental designed were used. Chlorophyll 

“a”, “b” and carotenoids were determined in leaves and total soluble proteins were 

analysed in maize root and leaves after 8 days of sowing. 

For proteomic analysis, maize seeds were soaked for 6 h in 2000 ppm smoke 

solution, and then grown in 450 mL silica sands with water in seedling case (150 mm 

× 60 mm × 100 mm) in growth chamber. The growth chamber was adjusted at 25°C 

with 60% humidity and illuminated with white fluorescent light (160 μmol m−2 sec−1, 

16 h light period/ day). Each replica contained 20 maize seeds. Shoot was collected 

from 3 biological replicates for proteomic analysis.  
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For immuno-blotting analysis, maize seeds were soaked for 6 h in 1000, 2000, 

and 4000 ppm smoke solution and grown for 4 days in sands. Shoot was collected from 

3 biological replicas for immune-blotting analysis. Each replica of maize was sown on 

alternate days. The whole sketch of the experimental procedure and morphological, 

biochemical, proteomic and immuno-blotting analyses are given at the end of this 

chapter (Fig. 2.2). 

For enzymatic analysis, maize seeds were soaked for 6 h in 1000, 2000, and 

4000 ppm plant-derived smoke and grown for 4 days in sands. Shoot was collected 

from 3 biological replicas for ascorbate peroxidase and peroxiredoxin activities. Each 

replica of maize was sown on alternate days. Each replica contain 15 maize seeds. The 

experimental conditions were the same as in the above experiments. 

The whole sketch of the experimental procedure and morphological, 

biochemical, proteomic and immune-blotting analyses are given at the end of this 

chapter 

 The whole sketch of the experimental procedure and morphological, 

physiological, proteomic and immuno-blotting analyses are given at the end of this 

chapter (Fig. 2.2). 

2.5. Determination of photosynthetic pigments 

               Maize shoot were collected after 8 days of sowing. Total sample (25 mg dried 

shoot) was taken in a test tube followed by addition of Magnesium Oxide (MgO) (25 

mg). Sample was mixed by shaker (2 h) after adding Methanol (5 mL). Now the extract 

was centrifuged at 25oC for 5 min at 4000 rpm. After this, 666, 653 and 470 nm wave 

length were used to find out absorbance readings of supernatants against a solvent blank 

in spectrophotometer (UV-2600). Chlorophyll “a”, “b” and total carotenoids were 

measured according to the formula [182]. 

Chlorophyll “a”= 15.65 A666 – 7.340 A653  

Chlorophyll “b”= 27.05 A653 – 11.21 A666  

Total Carotenoids = (1000 A470 – 2.860 Chl a – 129.2 Chl b)/ 245 
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2.6. Determination of total soluble protein  

The method of Bradford [183] were used to determined total soluble proteins in 

maize seedlings. A sample (100 mg) of fresh shoot and root was grind separately in 1 

mL phosphate buffer having pH 7 using electrical homogenizer. This sample/crude 

materials was centrifuged at 4000 rpm at 15 min. After centrifugation, a mixture of 20 

µL sample extract, 2 mL distilled water and 0.5 mL Bradford reagent were put in 

cuvette to check absorbance. Double beam spectrophotometer (UV-2600) was used to 

calculate absorbance at 595 nm wavelength of light. Bovine serum albumin was used 

as standard and the below formula was used to measured total proteins in maize 

seedlings.  

Total Soluble Protein (mg g-1) = C x V/VT x W  

C=Absorbance value 

 V=Volume of phosphate buffer  

VT=Volume of sample extract  

W=Plant weight 

2.7. Extraction of protein  

For proteomic analysis, a sample (300 mg) was ground for 60 times in filter 

cartridge after dividing into small pieces.  An amount of 50 µL of lysis buffer containing 

7 M urea, 2 M thiourea, 5% CHAPS, and 2 mM tributylphosphine was added and 

ground for more 30 times. Furthermore, it was ground for more 30 times after adding 

50 µL of lysis buffer and suspension was obtained. After incubating the suspension for 

2 min at 25°C then centrifuged at 25°C at 15000 x g for 2 min.  Total proteins were 

collected as supernatants after removing filter cartridge. 

 For immuno-blotting analysis,  a shoot sample (100 mg) was homogenised with 

a mortar and pestle in SDS-sample buffer consisting of 2% SDS, 10% glycerol, 60 mM 

Tris-HCl (pH 6.8) and 5% 2-mercaptoethanol [184]. The mixture was centrifuged 2 

times for 10 min at 15000 ×g and protein extract was collected as supernatant. 
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2.8. Protein enrichment, reduction, alkylation and digestion 

Extracted protein (100 µg) final volume were adjusted at 100 uL using lysis 

buffer. After the addition of 400 µL methanol to each sample, chloroform (100 µL) and 

300 µL of water was added and mix. The mixture was mixed and centrifuge at 20000 x 

g for 10 min to get phase separation, 300 µL of methanol was carefully added to the 

lower phase after removing the upper phase. Centrifugation of lower phase occur for 

10 min at 20000 x g. Soluble fraction of proteins were collected in pellets form [185].  

After that 50 mM NH4HCO3 were used for resuspended of proteins, added 50 

mM dithiothreitol for 30 min at 56C for reduction, and added 50 mM iodoacetamide 

at 37C for 30 min in the dark for alkylation. Trypsin and lysyl endopeptidase (Wako, 

Osaka, Japan) at a 1:100 enzyme/protein ratio for 16 h at 37C were used to digest these 

alkylated proteins. Mono Spin C18 Column (GL Sciences, Tokyo, Japan) was used to 

desalted peptides. After formic acid (pH < 3) was used to acidified the peptides and 

now these peptides were ready to analyzed by nano-liquid chromatography (LC) mass 

spectrometry (MS)/MS. 

2.9. Measurement of protein and peptide concentrations 

The method of Bradford [184] was used to determine the protein concentration 

with bovine serum albumin used as the standard with the help of Direct Detect 

Spectrometer.  

2.10. Protein identification using nano LC-MS/MS 

The peptides were loaded onto the LC system (EASY-nLC 1000; Thermo Fisher 

Scientific, USA) equipped with a trap column (Acclaim PepMap 100 C18 LC column, 

3 µm, 75 µm ID x 20 mm; Thermo Fisher Scientific) equilibrated with 0.1% formic 

acid and eluted with a linear acetonitrile gradient (0-35%) in 0.1% formic acid at a flow 

rate of 300 nL/min. The eluted peptides were loaded and separated on the column 

(Easy-Spray C18 LC column, 3 µm, 75 µm ID x 150 mm; Thermo Fisher Scientific) 

with a spray voltage of 2 kV (Ion Transfer Tube temperature: 275oC). MS (Orbitrap 

Fusion EDT MS; Thermo Fisher Scientific) in the data-dependent acquisition mode 

with the installed Xcalibur software (version 4.0; Thermo Fisher Scientific) was used 
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for detection of peptide ions. Full-scan mass spectra were acquired in the MS over 375 

- 1500 m/z with resolution of 120000. The most intense precursor ions were selected 

for collision-induced fragmentation in the linear ion trap at normalized collision energy 

of 35%. Dynamic exclusion was employed within 90 sec to prevent repetitive selection 

of peptides [186]. 

2.11. MS data analysis 

The MS/MS searches were carried out using the Mascot (version 2.6.1, Matrix 

Science, London, U.K.) and SEQUEST HT search algorithms against the UniProtKB 

Viridiplantae protein database (2017-07) using Proteome Discoverer 2.1 (version 

2.1.1.21; Thermo Scientific). The workflow for both algorithms included spectrum 

selector, Mascot, SEQUEST HT search nodes, percolator, ptmTS, event detector, and 

precursor ion area detector nodes. Carbamido methylation of cysteine was adjusted as 

a fixed modification while oxidation of methionine was set as a variable modification 

and. MS and MS/MS mass tolerance were set to 10 ppm and 0.6 Da, respectively. 

Trypsin was specified as the protease and a maximum of one missed cleavage was 

allowed. Target-decoy database searches used for calculation of false discovery rate 

(FDR) and for peptide identification FDR was set at 1%. Label-free quantification was 

also performed with Proteome Discoverer 2.1 using precursor ions area detector nodes. 

2.12. Using MS data analysis for differential proteins  

The freely available software PERSEUS (version 1.6.0.7 DOI: 

10.1038/nmeth.3901) was used to determine the relative abundance of different 

proteins and peptides. Proteins and peptides intensities were transferred into log2 scale. 

Three biological replicates of each sample were grouped and a minimum of 3 valid 

values was required in at least one group. Normalization of the intensities was 

performed to subtract the median of each sample. Missing values were imputed based 

on a normal distribution (width=0.3, down-shift=2.2). Significance was assessed using 

student’s t-test analysis. 
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2.13. Immuno-blotting analysis 

Proteins (10 µg) was separated in SDS-sample buffer using SDS-

polyacrylamide gel electrophoresis (17%). By using semi-dry transfer blotter, the 

separated proteins were shifted onto a polyvinylidene difluoride membrane. The blotted 

membrane was blocked by a buffer and a blocking solution free for 1 h. After blocking 

for 1 h, different primary antibodies i.e anti-ascorbate peroxidase antibody [189], anti-

peroxyredoxin antibody [190], anti- ribulose-1,5-bisphosphate carboxylase/oxygenase 

(RuBisCO) large and small subunits antibodies [191], and anti-RubisCO activase 

antibody for 1 h [192] were diluted 1:1000 diluted and incubated with membrane for 

an hour, and then washed 4 times with buffer. Anti-rabbit IgG conjugated with 

horseradish peroxidase was used as secondary antibody for 1 h after using the primary. 

The ImageJ software (version 1.46) was used to find the relative intensities of bands.  

2.14. Enzymatic analysis 

For ascorbate peroxidase (APX) analysis, a maize shoot (1 g) of was ground in 

liquid nitrogen. This grinded mixture was homogenized in 50 mM potassium phosphate 

buffer (pH 7.0) containing Ascorbic acid, Ethylene di-amine tetra-acetic acid (EDTA) 

and hydrogen peroxide [193]. The hydrogen peroxide-dependent oxidation of Ascorbic 

acid was followed by monitoring the decrease in absorbance at 290 nm assuming an 

absorption coefficient of 2.8 mM–1 cm-1. 

For peroxiredoxin (PRX) analysis, the mixture contained 100 mM potassium 

phosphate-buffer (pH 7.0), 0.3–3 µM PRX, 100 µM H2O2 in a total volume of 1000 

µL. The reaction was stopped with 800 µl TCA (12.5%) to an aliquot of 50 µl of mixture 

solution. After adding of 200 µL, 10 mM Fe (NH4)2(SO4)2 and 100 µL 2.5 M KSCN, 

the absorbance at 480 nm was measured to quantify the H2O2 contents was calculated 

[194] and modified by Nakano and Asad [195]. 

2.15. Functional categorization  

Ami gene ontology database (http://amigo1.geneontology.org/cgi-

bin/amigo/blast.cgi) was used to sequence the altered proteins on the basis of Lan10 

strain. The corresponding Ami gene ontology terms were extracted from the most 

homologous proteins using a Perl program. The Ami gene ontology database annotation 

http://amigo1.geneontology.org/cgi-bin/amigo/blast.cgi
http://amigo1.geneontology.org/cgi-bin/amigo/blast.cgi
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results were plotted by the Web Gene Ontology Annotation Plot 

http://wego.genomics.org.cn/cgi-bin/wego/index.pl) tool by uploading compiled Web 

Gene Ontology Annotation Plot native format files containing the obtained Ami gene 

ontology terms. Proteins were grouped on the basis of their functions using MapMan 

bin codes (http://mapman.gabipd.org/) [187]. MapMan software (version 3.6.0 RC1) 

was used for the visualization of protein abundance [188]. MapMan website 

(http://mapman.gabipd.org/web/guest/mapman) were used for the mapping of 

Gmax_109_peptides.  

2.16. Data analyses 

Data were analysed by one-way ANOVA followed by Tukey’s multiple 

comparison among multiple groups using SPSS (version 22.0; IBM). A p-value of less 

than 0.05 was considered as statistically significant.  

http://mapman.gabipd.org/
http://mapman.gabipd.org/web/guest/mapman
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Fig. 2.2. Experimental design for the morphological, enzymatic, proteomic and 

immune-blotting analyses of maize treated with smoke solution. For morphological and 

biochemical analyses, maize seeds were pre-soaked for 0, 6, 12 and 18 h in smoke 

solution (2000 ppm). For proteomic analysis, maize seeds were soaked for 6 h in 2000 

ppm smoke soluton. Shoot was collected after 4 days. Proteins were extracted, reduced, 

alkylated, digested, and analysed by nano LC-MS/MS. For western blotting and 

enzymatic analyses, maize seeds were soaked for 6 h without or with different 

concentration of smoke solution and grown in sand. Shoot was collected and proteins 

were extracted after 4 days for immuno-blotting and enzymatic analyses. 
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Chapter 3 

PHYSIOLOGICAL AND BIOCHEMICAL RESPONSES 

OF MAIZE (Zea mays L.) TO PLANT-DERIVED  

SMOKE SOLUTION 

 

Abstract 

Plant-derived smoke solution is a vital plant growth regulator by stimulating plant 

growth and developmental processes. Current research highlighted the physiological 

and biochemical responses of maize to smoke solutions. Maize seeds were pre-soaked 

in distilled water (as control), concentrated and 2000 ppm) smoke solution of 

Cymbopogon jwarancusa (C. jwarancusa) plant for 0, 6, 12 and 18 h. Significant 

increase (p<0.05) in seed germination, seedling length and biomass with increased pre-

soaking time (0, 6 and 12 h) was observed. Inhibitory effects of concentrated smoke 

solutions were higher with the increase in pre-soaking hours. The content of chlorophyll 

(‘a’ and ‘b’) pigments, total carotenoids and total soluble proteins were enhanced in 

maize seedling treated with 2000 ppm smoke solution. These results suggested that 

smoke solution have positive effects on plant physiological and biochemical growth 

parameters and smoke solution has potential applications in agriculture since it is 

economical and environment friendly. 

Key words: Cymbopogon jawarncusa, Photosynthetic pigments, Smoke solution, Seed 

germination, Seedling growth, 
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3.1. Introduction 

Smoke solution derived from plant materials has been reported for positive 

effects on plant flowering, [196], somatic embryogenesis [197], seeds germination [59, 

198], seedling length/ mass [18, 124, 198], pollen performance and elongation of pollen 

tube [199]. These effects of plant-derived smoke solution are attributed to the presence 

of active compounds i.e. butenolide and few more like cyanohydrins and hydroquinone 

[63, 66]. Plant-derived smoke solution contains compounds which are heat stable, water 

soluble and effective at low concentrations [63, 64]. It is reported that plant-derived 

smoke and plant growth hormones have endogenous relation during effecting plant 

growth [12] and initiating cell cycle activities which assist early emergence of the 

radicle [81].  

Maize (Zea mays L.) belongs to family Poaceae. It is a profitable, stable and 

dependable agricultural crop in Pakistan [200]. However, the yield of maize in Pakistan 

is very low comparing to the world [201]. Little work is documented on post germination 

effects of smoke solution on plant growth. In this paper, we evaluated post germination 

effects of smoke solution on physiological/morphological and biochemical growth 

parameters of maize crop. 

3.2 Materials and Methods 

See chapter 2 for materials and methods 

 

 

 

 

 



29 
 

3.3. Results 

3.3.1. Effect of smoke solution on imbibition rate of maize seeds 

Sees imbibition is important process because it help the seed to germinate early 

and faster. To check that whether plant-derived have effects on seed imbibition of maize 

seeds, 50 seeds were pre-soaked for different time intervals (0, 6, 12 and 18 h) in 

distilled water/control, concentrated and 2000 ppm smoke dilution (Table 3.1). Seeds 

weights were measured before and after imbibition. Results indicated that diluted 

smoke solution (1:500 or 2000 ppm) significantly increased imbibition of maize seeds 

as compared to concentrated smoke and control (Table 3.1). 

 

Table 3.1. Showing imbibition rate of 50 seeds imbibed for 0, 6, 12 and 18 h in plant-derived smoke 

Imbibition 

Time (h) 

            Control  

Before     After    Increased 

Conc. Smoke Solution  

Before    After       Increased 

Smoke Solution (2000 ppm) 

Before     After         Increased 

0 9.5g ---- ------ 10.7g ---------

- 

-------- 10.3g ------- ----- 

6 9.5g 12.3g 2.8g 

(29.4%) 

10.7g 13.1g 2.4g 

(22.42%) 

10.3g 14.9g 4.6g 

(44.66%) 

12 9.5g 12.9 3.4g 

(35.7%) 

10.7g 13.6g 2.9g 

(27.11%) 

10.3g 16.0g 5.7g 

(55.29%) 

18 9.5g 13.6g 4.1g 

(43.5%) 

10.7g 14.3g 3.6g 

(33.66%) 

10.3g 17.0g 6.7g      (65%) 

 

3.3.2. Effect of smoke solution on seed germination of maize 

Germination of seeds is a vital physiological phenomena in the life cycle of 

plants. Germination insured the survival of any plant in the environment. For this 

purpose, to study effects of smoke solution on seed germination of maize, four different 

experiments were conducted based on pre-soaking time of maize seeds. In the first 
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experiment, seeds were directly sown (Without Pre-soaking i.e., W.P) without any pre-

soaking process. The obtained results showed no germination after 12 h in control and 

plant-derived smoke dilution. Significant increase in germination of seeds was 

observed at 2000 ppm plant-derived smoke solution treated seeds as compared to 

control after 24 h (Fig. 3.1A). Similar results were recorded after 36 and 48 h showing 

enhanced seed germination by plant-derived smoke solution. Concentrated smoke 

solution significantly decreased germination percentage of maize after different time 

intervals of soaking (Fig. 3.1 A). Concentrated smoke solution delayed the process of 

germination till 36 h of sowing (Fig. 3.1 A).  

In the second experiment, seeds of maize were soaked for 6 h in control, 

concentrated and 2000 ppm plant-derived smoke solution. Seed germination was 

recorded in control and 2000 ppm smoke dilution after 12 h, however, seeds pre-soaked 

with smoke dilution significantly increased germination percentage (Fig. 3.1 B). 

Promotry effects of smoke dilution on germination of maize seeds were also observed 

after 12, 24 and 36 h. Concentrated smoke solution delayed the process of germination 

and slow down the process of seed germination in maize (Fig. 3.1 B) but it was noted 

that pre-soaked for 6 h in concentrated smoke solution have faster germination as 

compared to directly sown seeds.  

Maize seeds were pre-soaked in control, concentrated and 2000 ppm plant-

derived smoke solution for 12 h in third experiment. It was observed that 12 h pre-

soaked seeds germinated early as compared to without and 6 h pre-soaked seeds. Smoke 

dilution significantly increased seed germination of maize after 12, 24 and 36 h. Seed 

germination was slow in seeds pre-soaked in concentrated smoke solution and 

germination started after 36 h (Fig. 3.1 C). 

In the fourth experiment, seeds of maize were pre-soaked for 18 h in control, 

concentrated and 2000 ppm plant-derived smoke solution. It was observed that 18 h 

pre-soaking has positive effects on the early germination process but it has no 

significant effects when germination data were recorded after 24, 36, 48 and 60 h. It 

was found that seed germination started (15%) just after the completion of 18 h seeds 

pre-soaking in 2000 ppm smoke dilution. Results showed that smoke dilution 

significantly increased seed germination (Fig. 3.1 D). It was observed that the 

germination process was very fast as compared to 6 and 12 h seed pre-soaking in control 
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and 2000 ppm plant-derived smoke (Fig. 3.1 D). Concentrated smoke solution 

significantly decreased maize seeds germination it was slow then 6 and 12 h soaking.  
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Fig. 3.1. Effect of distilled water/control (Cont.), Concentrated (Conc.) and 2000 ppm 

smoke solution on seed germination of maize. Maize seeds were pre-soaked for 0 (A), 

6 (B), 12 (C) and 18 h (D) in distilled water/control (Cont), concentrated (Conc) and 

2000 ppm plant-derived smoke. Vertical error bar (I) indicates standard deviation. 

Alphabets represent significant difference between treatments with control as per least 

significance difference. 

3.3.3. Effect of smoke solution on seedling length of maize 

Plant having vigorous shoot helping the plants in the process of photosynthesis 

which is the main food producing phenomena while strong roots helping in the 

anchoring and absorption of minerals and water from soil. To check effects of smoke 

derived on plants on maize seedlings, post-germination growth parameters were studied 

under smoke solution. Smoke solution treatment 2000 ppm significantly increased 

shoot length and its positive effects increases with the increases of pre-soaking hours 

(0, 6 and 12 h) except 18 h pre-soaking (Fig. 3.2 A and Fig. 3.3 A, B, C and D). 

Concentrated smoke solution showed negative effects on shoot length and it increases 

with the increase of pre-soaking hours. Similar effects were observed on root length of 

maize. Plant-derived smoke solution (2000 ppm) significantly increased root length 

after 0, 6 and 12 h of pre-soaking while concentrated smoke solution decreased root 

length with the increase of pre-soaking hours (Fig. 3.2 B and Fig. 3.3 A, B, C and D).  
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Fig. 3.2. Effect of distilled water/control (Cont.), Concentrated (Conc.) and 2000 ppm 

plant-derived smoke solution on (A) shoot and (B) root length of maize. Maize seeds 

were pre-soaked for 0, 6, 12 and 18 h in distilled water/control (Cont.), concentrated 

(Conc.) and 2000 ppm smoke solution. Shoot and root length were measured after 8 

days. Vertical error bar (I) indicates standard deviation. Alphabets represent significant 

difference between treatments with control as per least significance difference. 
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Fig.3.3. Images representing maize seedlings of 0 (A), 6 (B), 12 (C) and 18h (D) pre-

soaked seeds in distilled water/control (Cont.), concentrated (Conc.) and 2000 ppm  

smoke solution after 8 days of sowing. 

3.3.4. Effect of smoke solution on fresh weight of maize seedling  

Plant growth and development can be determined from the mass of shoot and 

root. Plant-derived smoke solution was applied o maize seedling to check its effect on 

fresh biomass. Pre-soaking of seeds has positive effects on fresh weight of maize. It 

was found that shoot fresh weight of maize was increased by 2000 ppm smoke solution 

after 0, 6, 12 and 18 h pre-soaking. Concentrated smoke solution decreased shoot fresh 

weight as compared to control (Fig. 3.4 A). Similar effects were also observed on root 

fresh weight of maize. Plant-derived smoke solution (2000 ppm) has positive effects on 

fresh weight of root and it increases with the increase of pre-soaking hours (0, 6, 12 and 

18 h) (Fig. 3.4 B). Concentrated smoke reduced fresh root weight as compared to smoke 

dilution (2000 ppm) and control (Fig. 3.4 B). 
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Fig. 3.4. Effect of distilled water/control (Cont.), Concentrated (Conc.) and 2000 ppm 

diluted smoke on shoot (A) and root (B) fresh weight of maize. Maize seeds were pre-

soaked in distilled water/control (Cont), concentrated (Conc.) and 2000 ppm smoke 

solution for 0, 6, 12 and 18 h and incubated for germination at 25oC. Shoot and root 

fresh weights were measured after 8 days. Vertical error bar (I) indicates standard 

deviation. Alphabets represent significant difference between treatments with control 

as per least significance difference. 

3.3.5. Effect of plant-derived smoke solution on pigmentations of maize 

Plant having the capacity of synthesing more pigments can produce more food 

during the process of photosynthesis. Plant-derived smoke were applied on maize 
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seedling to check its effects on different pigments like chlorophyll “a”, “b” and 

carotenoids. Plant-derived smoke solution treatment (2000 ppm) have positive effect 

on amount of chlorophyll (a and b) and carotenoids after 0, 6, 12 and 18 h of seed pre-

soaking in control and smoke dilution. The positive effects of 2000 ppm plant-derived 

smoke solution was significant as compared to control on different pigments (Fig. 3.5 

A, B and C). Concentrated smoke solution has inhibitory effects on chlorophyll a, b 

and carotenoids contents (Fig. 3.5 A, B and C). 
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Fig. 3.5. Effect of distilled water/control (Cont.), Concentrated (Conc.) and 2000 ppm 

plant-derived smoke on chlorophyll a, chlorophyll b and carotenoids. Maize seeds were 

pre-soaked for 0, 6, 12 and 18 h in distilled water/control (Cont.), Concentrated (Conc.) 

and 2000 ppm plant-derived smoke solution. Pigmentations were calculated after 8 

days. Vertical error bar (I) indicates standard deviation. Alphabets represent significant 

difference between treatments with control as per least significance difference (LSD). 

3.3.6. Effect of smoke solution on total soluble proteins in maize seedlings 

Proteins are playing key role in the structural development of plant body. It is 

primary metabolite and parts of different important compounds form plant body. Total 

soluble proteins (TSP) were measured in maize seedlings treated with 2000 ppm smoke 

solution. The amount of TSP was dependent on pre-soaking hours of seeds (0, 6 and 12 

h). It was found that total soluble proteins in maize seedlings enhanced by 2000 ppm 

smoke solution treatment as compared to control (Fig. 3.6 A and B). It is also observed 

that roots have more total soluble proteins as compared to shoots. Concentrated smoke 

solutions reduced the amount of soluble proteins both in shoot and root (Fig. 3.6 A and 

B) 
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Fig. 3.6. Effect of distilled water/control (Cont.), Concentrated (Conc.) and 2000 ppm 

smoke solution on maize shoot and root total soluble proteins after 8 days. Maize seeds 

were pre-soaked for 0, 6, 12 and 18h in distilled water/control (Cont.), concentrated 

(Conc.) and 2000 ppm plant-derived smoke solution. Vertical error bar (I) indicates 

standard deviation. Alphabets represent significant difference between treatments with 

control as per least significance difference. 
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3.4. Discussion 

In this study, physiological and biochemical growth responses of maize to 

smoke solution were evaluated. It was observed that maize seeds imbibed more 2000 

ppm plant-derived smoke solution than distilled water (control) (Tab. 3.1), which might 

have resulted in early and higher seed germination. The rate of imbibition is higher in 

smoke solution treated maize seeds may be due to more softening the seed coat as 

compared to control treated maize seeds. This study proved that 2000 ppm smoke 

solution has promotry effects on seed germination of maize (Fig. 3.1 A, B, C and D). 

Seeds priming with plant derived smoke solution might have reduced germination time 

by the possibility of having hormones like compounds which help in the early seeds 

germination. Quicker germination may possibly be due to increased water uptake (Tab. 

3.1) in seeds which in turn accelerated the germination related enzymes. These findings 

are parallel to [93] who reported that smoke dilution enhanced germination process 

while concentrated smoke solution reduced seed germination.  

The present results also revealed that concentrated smoke solution have 

negative effects on seed germination of maize. This inhibitory effect of smoke solution 

is possibly due to the presence of compound 3, 4, 5-trimethylfuran-2 (5H)-one) isolated 

recently which significantly decreased the promotry effects of related compound 

present in smoke solution [65]. Furthermore, the positive effects on germination of 

maize seeds may be due to activating related genes or proteins (alpha amylase). These 

stimulatory effects of smoke solution are well known on seed germination for last two 

decades [20, 127]. Similar results were also observed by Dayamba et al [202], that 

smoke solution obtained from burning of plants and the isolated active compounds from 

smoke solution have positive effect on seed germination and shorten the overall time 

of seed germination. Studies revealed that smoke solution have positive effects on 

germination by stimulating GA [165] which is germination promoter [162]. 

3.4.1. Enhanced seedling length and biomass  

Seedling growth is an important growth indicator of plant health because strong 

roots help in anchoring while green and developed shoots are the main source of food 

production. Plant-derived smoke solution have promotry effects on seedling of maize, 

okra, bean and tomato [124, 130]. Our results indicated that smoke dilution (2000 ppm) 
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increased seedling length as compare to control after different time intervals of seed 

pre-soaking (Fig. 3.2A, B, C and D and Fig. 3.3 A, B, C and D). Plant-derived smoke 

solution has the potential to affect various aspects of plant growth like seed 

germination, seedling vigor, seedling biomass [78, 132, 203] and flowering [194]. Our 

data is also supported by [90], who reported that pre-treatment of seeds with smoke 

solution have vigorous and lengthy seedling then the non-treated seeds in maize. Plant-

derived smoke solution treated maize seedling produced more roots as compare to 

control treated seedlings [124]. It is also reported that the plant-derived smoke solution 

behave like cytokinin and auxin which help in cell division and improved seedling 

growth [163]. Our results showed that smoke dilution promoted seedling growth of 

maize (Fig. 3.2 A and B).  

It is suggested that the smoke solution behave like plant-growth hormones [137] 

and affects plant growth parameters by interaction with other plant growth hormones 

[12]. Plant-derived smoke solution helped the plant to produce more leaves which 

increases seedling mass [204]. Our results are also accordance to the previous studies 

[81, 120] that smoke dilution significantly increased seedling mass. Our results 

elucidated that fresh seedling mass increases with the increase of pre-soaking hours (0, 

6 and 12 h) in the plant-derived smoke dilution (Fig. 3.4 A and B) while concentrated 

smoke solution have negative effects on seedling mass. These results are similar to 

previous study which reported that smoke dilutions increased fresh mass of rice [127]. 

As plant-derived smoke solution priming helps the seeds to germinate early which in 

turned produced better seedling and more seedlings mass.  

Plant-derived smoke solution application also increased root and shoot growth 

in different South African plant species [132]. We might conclude that smoke solution 

play key role in increasing seedling mass by producing vigorous seedlings. Similar 

results were obtained by Amin et al [205] when onion seedling were treated with IBA 

and get more fresh weight then control. Therefore, it is observed smoke solution and its 

derived compounds have similar mode of action. It is also reported that plant-derived 

smoke increased rice seedlings which alternately have more seedling mass [78]. 
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3.4.2. Improved pigments contents and total soluble proteins 

 Photosynthetic pigments are important for whole plant growth due to regulators 

of photosynthesis [206]. Photosynthetic pigments (especially chlorophylls a, b and 

carotenoids) are important factors of photosynthetic processes and are very important 

for plants growth and development [207]. Our results indicated that plant-derived 

smoke dilution has promotry effects on chlorophylls a, b and carotenoids (Fig. 3.5 A, 

B and C). It is reported that plant-derived smoke and phytohormone (cytokinin) had 

similar effects and playing important role in plant development [208]. Gibberellins is 

well known hormone and its application increased protein content, chlorophyll content 

and produced the highest yield [209] and it is now common fact that plant-derived 

smoke solution has GA like nature and maybe it is the main cause of more chlorophyll 

content in the smoke treated shoot.  

Similarly, auxin has also positive effects on amount of chlorophyll [210, 211]. 

Our results indicated that concentrated smoke solution decreased the amount of plant 

pigments (Fig. 3.5 A, B and C). It is assumed that concentrated smoke solution has 

some role in reducing the catalytic activities of chlorophyll and carotene synthesizing 

enzymes or negative effects on pigmentation due to the higher concentration of 

inhibitory compound in it. Now it is common fact that plant-derived smoke solution 

have promotry effects on shoot growth and those plants having better shoot growth has 

maximum amount of chlorophyll. 

Proteins are important primary metabolites that play a key role in plant life. 

Smoke solution application significantly increased nitrogen (N) level in plants [157] 

and nitrogen is the basic part of amino acids which are building blocks of proteins. 

Plant-derived smoke solution (2000 ppm) significantly increased total soluble proteins 

as compare to control after 6, 12 and 18 h of pre-soaking (Fig.3.6 A and B). The 

increased in the amount of protein might be due to the growth nutrients (Nitrogen) 

involved in proteins synthesis [127]. It may be due to the active growth regulator like 

compounds in plant-derived smoke solution while inhibitory compounds in the 

concentrated form of smoke solution [127]. It is also reported that gibberellin played 

an important role in biosynthetic activity of proteins [212]. Plant-derived smoke 

solution promoted endogenous GA [75] which increases protein content biosynthesis 

in plants [213]. 
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3.5. Conclusions 

This study highlighted the plant growth promoting potential of smoke solution 

on physiological/morphological and biochemical growth parameters of maize. 

Furthermore, maize seeds have more imbibition rate when pre-soaked in smoke 

solution as compared to control. Plant-derived smoke solution helped maize seeds to 

germinate earlier and faster, increased seedling length, biomass and amount of pigments 

with total soluble proteins. 
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Chapter 4 

PROTEOMIC ANALYSIS OF THE EFFECT OF PLANT-

DERIVED SMOKE SOLUTION ON MAIZE  

GROWTH 

 

Abstract 

Plant-derived smoke solution is well known for its regulatory effects on plant growth. 

A gel-free/label-free proteomic technique was used to find out the molecular 

mechanism of action of smoke solution on maize. Proteomic analysis shown that 

abundance of 69 proteins were significantly changed by 2000 ppm smoke solution in 

4-days maize shoot. Proteins related with biological functions, biosynthetic processes, 

response to stimulus and carbohydrates, cellular components were changed. 

Cytoplasmic, chloroplastic, cell membrane, cell wall and mitochondrial proteins were 

also altered by 2000 ppm plant-derived smoke solution treatment. Similarly, catalytic, 

signalling, metal binding and nucleotide binding proteins were also changed. Proteins 

related to sucrose and nucleotides synthase, signalling and glutathione were 

significantly increased; however, lipids, cell wall and amino acid degradations related 

proteins was decreased in maize shoot. The immune-blot analysis revealed that 

RuBisCO LSU and SSU were increased by 1000 while 4000 ppm decreased abundance 

of these enzymes. Similarly, plant-derived smoke solution did not changes abundance 

of ascorbate peroxidase while decrease peroxiredoxin enzymes in reactive oxygen 

scavenging system. Enzymatic activities results shown that plant-derived smoke 

increased ascorbate peroxidase. These results revealed that smoke solution has positive 

effects on proteins related to metabolic processes, catalytic activity, signalling and 

reactive oxygen species while inhibiting proteins related with lipids and few cell wall 

proteins. It is also possible that plant-derived smoke might use as bio-fertilizer in future. 

Keywords: proteomics, maize, plant-derived smoke, shoot 
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4.1. Introduction  

Maize is highly commercial crop being a major source of food, feed, biofuel, 

and industrial products [214]. It is the most diverse crop analyzed at morphological 

and molecular levels [215]. Maize is an ideal crop for genomic studies because it 

exhibits high level of genetic diversity and structural variations [216]. These characters 

play vital role in the phenotypic structure of maize [217]. The genome size of maize is 

2300 Mb having complex organization [218] and large genome size compared to other 

sequenced plants [219]. These findings indicate the importance of maize genetic 

diversity for manipulation of new resistant and high yielding varieties.  

Fire is documented as ecological factor in ecosystems, because many forest 

plant species life cycles depended upon fire [220]. Fire products, which are heat, 

chemicals, ash, and smoke, commonly recognised as germination cues for different 

species belongs to fire-prone and non-fire prone communities [221]. Plant-derived 

smoke solution contains active compounds to promote seed germination of crops [84]. 

The karrikins and cyanohydrins are identified as germination stimulants present in 

smoke [84]. These compounds have extensive application in weed control, 

conservation, restoration and horticulture [222]. Plant-derived smoke solution is plant 

growth stimulant obtained from burning of wide variety of biotic sources including leaf, 

shoot, and straw [91]. These results shown that smoke solution and the derivative 

compounds of smoke are main stimulants for germination and plant growth. 

Plant-derived smoke solution stimulated germination of seeds in large number 

of plant species belongs to different genera of various families [222] including crops 

[124], medicinal plants [204], and fruit [223]. Positive effects of plant-derived smoke 

are independent of seed size, shape, and type [91]. Addition to stimulating seed 

germination, plant-derived smoke solution enhanced seedling length/weight of 

different crops [18] and pollen germination/tube elongation of flowers belonging to 

various plant families [135]. Smoke derived from plants inducing changes in seeds 

including seeds-phytohormones relationship [224] and increased permeability by soften 

the seed coat [87]. These findings highlight the positive effects of smoke solution on 

plant morphology.  
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Plant-derived smoke solution increased phytochemical contents in plants [153]. 

Plant-derived smoke enriched gaseous exchange, photochemical activities, carbon 

dioxide fixation, transpiration rate, and stomatal conductance, which increased 

photosynthesis in Isatis indigotica seedlings [146]. Plant-derived smoke solution 

enhanced the amount of total nitrogen, total soluble proteins, chlorophyll a/b, and total 

carotenoids having key role in photosynthesis of rice seedlings [127]. It is observed that 

plant-derived smoke solution enhanced α-amylase activity in grass seeds [225]. Plant-

derived smoke improved level of phenolics, flavonoids, and tannin contents [155]. 

Promotive nature of plant-derived smoke solution is due to internal interaction with 

plant growth hormones [75]. Despite these findings, the mechanism underlying these 

physiological changes remains unclear and needs proper study to find smoke solution 

effects on plants physiological processes. 

Various morphological and physiological studied were conducted to analyze 

plant-derived smoke solution effects on plants growth; however, mechanism of smoke 

solution action on plant growth is not yet investigated. To study the proper mechanism 

of smoke solution, gel-free/label-free proteomic analysis were conducted. For this 

purpose, early-stage maize was treated with plant-derived smoke. In addition, for 

confirming proteomic results, immuno-blotting analysis was carried out of specific 

proteins. It is the first ever attempt to study plant-derived smoke solution at proteomic 

level to find some clues about its mode of action.  

4.2. Materials and Methods  

See chapter 2 for materials and methods  
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4.3. Results  

4.3.1. Proteins classification changed by smoke solution in maize shoot on the 

basis of their function 

Proteomic analysis were performed to identify plant-derived smoke treated 

maize proteins. A gel-free/label-free proteomic technique were used to analyse the 

proteins extracted from the shoots of 4-day old maize treated with smoke solution (Fig. 

2.2 Chapter 2). Criteria with more than 2 matched peptides and a p-value less than 0.05 

were applied to identify significantly changed proteins in maize shoot. (Table 4.1).  
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Table 4.1. List of maize shoot proteins changed by smoke solution. 

No Accession Description Fold change 
Functional 

category 
Biological process 

Cellular 

component 

Molecular 

function 

1 B4FTX3 Profilin  7.22 Cell NA cell part NA 

2 B9RWF4 elongation factor 1-alpha 6.79 Protein NA cell part Binding 

3 A0A1D6B

QY9 

Tubulin beta chain  4.91 Cell NA NA NA 

4 C5XR12 Uncharacterized protein  4.89 NA NA NA catalytic activity 

5 K7TFA7 putative oxidoreductase, 

aldo/keto reductase family 

protein 

4.17 Redox biosynthetic process cell part catalytic activity 

6 C9VWQ3 Actin  3.99 Cell NA NA NA 

7 A0A1D6D

ZR9 

AICARFT/IMPCHase 

bienzyme family protein  

3.11 nucleotide 

metabolism 

NA NA NA 

8 C5YEF7 Uncharacterized protein  2.91 NA NA cell part adenyl nucleotide 

binding 

9 B6T289 Glucan endo-1,3-beta-

glucosidase 7  

2.55 NA carbohydrate metabolic 

process 

NA catalytic activity 

10 A0A1B6Q

AM8 

Uncharacterized protein  2.36 major CHO 

metabolism 

NA NA NA 

11 B4FTR5 Uncharacterized protein  1.95 NA cell communication cell part NA 
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12 C8ZK16 Malic enzyme (Fragment)  1.37 tricarboxylic acid 

cycle 

NA NA NA 

13 C0PG78 Monocopper oxidase-like 

protein SKU5  

0.91 Development NA NA Binding 

14 A0A1D6

M373 

Mannosylglycoprotein 

endo-beta-mannosidase  

0.91 Misc NA NA NA 

15 A0A0P0X

334 

Os07g0176900 protein 

(Fragment)  

0.89 Photosynthesis NA NA NA 

16 B4FH75 4-hydroxy-

tetrahydrodipicolinate 

reductase 2 chloroplastic  

-0.51 amino acid 

metabolism 

amine biosynthetic 

process 

cell part Binding 

17 B4FAW7 Histidinol-phosphate 

aminotransferase 2 

chloroplastic  

-0.70 amino acid 

metabolism 

amine biosynthetic 

process 

NA Binding 

18 A0A1D6K

WD0 

Lysine--tRNA ligase  -0.85 Protein NA NA NA 

19 A0A1D6L

T87 

Ras-related protein 

RABA1d  

-0.89 Signalling NA NA NA 

20 O24574 Ribulose bisphosphate 

carboxylase small chain  

-1.05 Photosynthesis biosynthetic process cell part carbon-carbon lyase 

activity 

21 Q5I204 Brain acid soluble protein 

1 

-1.08 RNA NA cell part Binding 
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22 A0A1Q0Y

Q12 

Oil body-associated 

protein 1B  

-1.25 NA NA NA NA 

23 A0A1D6I

8U5 

Flowering time control 

protein FPA  

-1.31 RNA NA NA NA 

24 K7UK47 Clathrin interactor EPSIN 

2  

-1.69 NA NA NA NA 

25 A0A0E0C

RT7 

Uncharacterized protein  -1.80 Cell NA NA NA 

26 A0A0D9X

RV3 

Adenosylhomocysteinase  -1.88 amino acid 

metabolism 

NA NA NA 

27 A0A1D6

MQK0 

Rab escort protein 1 -1.89 Signalling NA NA NA 

28 B6TBI9 Pyridoxamine 5-phosphate 

oxidase family protein 

-1.95 NA NA NA Binding 

29 A0A0E0J

EZ9 

Uncharacterized protein  -1.96 NA NA NA NA 

30 B4FTH5 Xyloglucan 

endotransglucosylase/hydr

olase  

-2.06 cell wall carbohydrate metabolic 

process 

apoplast  catalytic activity 

31 B4FZJ2 Beta-glucosidase 11  -2.13 Misc carbohydrate metabolic 

process 

NA catalytic activity 

32 B6TUP8 Zinc finger homeodomain 

protein 1  

-2.21 RNA NA NA Binding 
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33 A0A1D6H

8U6 

3-oxoacyl-[acyl-carrier-

protein] reductase 

chloroplastic  

-2.31 lipid metabolism NA NA NA 

34 A0A1D6E

Z65 

Uncharacterized protein  -2.38 NA NA NA NA 

35 A0A1D6G

LX4 

DEK domain-containing 

chromatin associated 

protein  

-2.54 NA NA NA NA 

36 B6TQH7 THA4 -2.63 NA cellular process cell part protein transporter 

activity 

37 C5WUG0 Mitogen-activated protein 

kinase  

-2.75 Signalling NA NA adenyl nucleotide 

binding 

38 A0A0K9P

CU0 

RPM1-interacting protein 

4-like protein  

-2.80 NA NA NA NA 

39 B6TIG8 protein arginine N-

methyltransferase 1  

-2.80 Misc cellular macromolecule 

metabolic process 

NA catalytic activity 

40 B6TR82 Thioredoxin F-type  -2.81 Redox biological regulation NA catalytic activity 

41 K3Y2G0 Uncharacterized protein  -2.83 Redox catabolic process cell part NA 

42 A0A0D3G

FF5 

Uncharacterized protein  -2.85 Stress NA NA NA 

43 B6TYK8 Putative uncharacterized 

protein  

-2.87 NA NA NA NA 
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44 A0A1D6F

Y68 

SIT4 phosphatase-

associated family protein  

-2.95 NA NA NA NA 

45 A0A1E5V

130 

Uncharacterized protein  -3.01 NA NA NA NA 

46 A0A0N7K

SP9 

Os11g0247300 protein 

(Fragment)  

-3.18 Cell NA NA NA 

47 A0A1D6J

R65 

alcohol dehydrogenase-

like 2  

-3.22 Misc NA NA NA 

48 B6SW97 Putative uncharacterized 

protein  

-3.28 Protein NA NA NA 

49 B6U581 ribosome-like protein  -3.31 Protein biosynthetic process cell part structural 

constituent of 

ribosome 

50 K4BGM2 Uncharacterized protein -3.40 Protein biological regulation cell part Binding 

51 B5QSJ9 Acetyl-coenzyme A 

carboxylase  

-3.53 lipid metabolism biosynthetic process NA acetyl-CoA 

carboxylase activity 

52 A0A1D6L

558 

PLASMODESMATA 

CALLOSE-BINDING 

PROTEIN 2  

-3.67 Misc NA NA NA 

53 A0A0K9N

NM0 

Cysteine proteinase 

cathepsin F  

-3.69 Protein NA NA NA 
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54 C0P3K6 Aspartic proteinase A1  -3.75 Protein lipid metabolic process NA aspartic-type 

endopeptidase 

activity 

55 J3LDT9 Uncharacterized protein  -3.76 NA anatomical structure 

morphogenesis 

cell part NA 

56 B9MSV5 Tubulin alpha chain 

(Fragment)  

-3.77 Cell cellular component 

assembly 

cell part Binding 

57 A0A068U

VK8 

Chlorophyll a-b binding 

protein, chloroplastic  

-3.84 Photosynthesis cellular macromolecule 

metabolic process 

cell part Binding 

58 B6SZR1 Chlorophyll a-b binding 

protein, chloroplastic  

-3.97 Photosynthesis cellular macromolecule 

metabolic process 

cell part Binding 

59 A0A1D6L

JZ2 

30S ribosomal protein S16 

chloroplastic  

-4.00 Protein NA NA NA 

60 B4FV94 Chlorophyll a-b binding 

protein, chloroplastic  

-4.06 Photosynthesis cellular macromolecule 

metabolic process 

cell part Binding 

61 E9KIP1 Photosystem I P700 

chlorophyll a apoprotein 

A1  

-4.13 Photosynthesis cellular macromolecule 

metabolic process 

cell part 4 iron, 4 sulfur 

cluster binding 

62 A0A061E

VS4 

Nascent polypeptide-

associated complex 

subunit beta  

-4.23 RNA biological regulation NA NA 

63 A0A1D6II

C3 

Nuclear transport factor 2 

(NTF2) family protein 

-4.38 Protein NA NA NA 
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with RNA binding (RRM-

RBD-RNP motifs) domain 

64 A0A1D5

WFY2 

Small ubiquitin-related 

modifier  

-4.40 Protein NA NA NA 

65 A0A1D6P

YA1 

60S ribosomal protein L17  -4.61 Protein NA NA NA 

66 Q8H6N0 Tubulin beta chain  -4.76 Cell cellular component 

assembly 

cell part Binding 

67 A0A1D5A

HD9 

Ribulose bisphosphate 

carboxylase large chain 

(Fragment)  

-4.79 Photosynthesis NA NA NA 

68 A0A1D1Z

067 

Elongation factor 1-alpha  -6.21 Protein NA NA NA 

69 A0A097PJ

F2 

structural maintenance of 

chromosomes protein 1 

-9.99 Cell cell cycle process cell part adenyl nucleotide 

binding 

 

Accession, according to UniProtKB Viridiplantae protein database; Fold change, relative abundance of known proteins in maize shoot 

treated with 2000 ppm plant-derived smoke solution compared to untreated plants; Functional category, protein function categorized using 

MapMan bin codes. Abbreviations are as follows: cell, cell organization/division/vesicle transport; protein, protein 

synthesis/degradation/post-translational modification/targeting; CHO, carbohydrate; RNA, RNA processing/transcription/binding; misc, 

miscellaneous; NA, Function not assighned 
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Results revealed that 2000 ppm plant-derived smoke solution significantly 

changed abundances of 69 proteins in the shoots of 4-days old maize. The data also 

shown that in total 69 proteins were altered. In biological category, biosynthetic and 

metabolic processes associated proteins were main categories, whose proteins were 

increased and decreased (Fig. 4.1). In cellular category, proteins associated to 

chloroplast and cytoplasm were significantly responsive by showing its abundance 

(Fig. 4.1). Proteins having function of catalytic activities were significantly altered then 

others in molecular function, (Fig. 4.1).  

 

 

Fig. 4.1. GO categories of different proteins with different level of abundance in 4-days 

maize shoot treated with 2000 smoke solution. Gel-free/label-free proteomic technique 
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was used to identify the extracted shoot proteins. Proteins were grouped in 3 big 

categories including biological, cellular, and molecular with differential abundance by 

WEGO according to the GO terms. A total of 69 proteins identified in maize were 

analysed by WEGO. A category having zero proteins are marked with (−). 

A software named MapMan bin codes were used to find out the function of 

different proteins responsive to plant-derived smoke (Fig. 4.2). It was found that 1 

protein was increased and 11 proteins were decreased in protein synthesis related 

category. A total of 3 proteins in transport and 4 in signalling were increased 

respectively by in maize shoot by plant-derived smoke treatment. Besides these, 1 

metabolism related protein and 2 proteins associated with cell wall were decreased (Fig. 

4.2). 

 

Fig. 4.2. Showing proteins functional categories/groups in maize treated with 2000 ppm 

plant-derived smoke. Proteins were extracted from 4-days old maize shoot. A gel-

free/label-free proteomic technique was used to identify proteins. Proteome Discoverer 

software were applied to compared significantly (p ˂ 0.05) changed proteins. Using 
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MapMan bin codes, 69 identified proteins were categorised functionally. Functional 

categories that contained zero proteins are marked with (−). All the categories are same 

as in Table 4.1. The new category ‘Others’ includes proteins related to response to 

stimulus, fermentation, N-metabolism, cytoplasm, cellular homeostasis, DNA, metal 

ion binding and nucleotide binding. 

4.3.2. Pathway analysis of proteins identified in maize shoot under plant-derived 

smoke treatment 

Plant-derived smoke solution treatment significantly changed some proteins. To 

examined and visualized these proteins, MapMan software were used (Fig. 4.3). 

Proteins associated to glutathione/ascorbate, starch/sucrose, and nucleotide 

biosynthesis were significantly increased; while, lipids, cell wall and amino acids 

degradation related proteins were decreased in maize shoot (Fig. 4.3). 

 

Fig. 4.3. Proteins identified in 4-days old maize shoot treated with 2000 ppm plant-

derived smoke related to different metabolic pathways. The proteins were grouped on 

the basis of abundance changes into different functional categories using MapMan 
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software. The red and green color shows the fold change value of the changed proteins 

compared with untreated one. In the pathway the abbreviations used are follows: TCA, 

tricarboxylic acid cycle, OPP, pyrophosphate, CHO, carbohydrate. 

4.3.3. Immuno-blotting analysis of proteins involved in photosynthesis and redox 

homeostasis 

Immuno-blotting technique was conducted for ribulose-1, 5-bisphosphate 

carboxylase/oxygenase (RuBisCO) large and small subunits, RuBisCO activase, 

ascorbate peroxidase, and peroxyredoxin in maize shoot to study the abundance of these 

enzymes. For this purpose, seeds of maize were pre-soaked for 6 h treated without or 

with 1000, 2000, and 4000 ppm plant-derived smoke solution. After that, proteins were 

extracted from 4-days old maize shoot (Fig. 2.2, chapter 2). Abundance of RuBisCO 

activase (37 kDa) was positively effected by 2000 ppm and 4000 ppm while 4000 ppm 

did not affect its abundance and it was similar to control. Similarly, RuBisCO LSU and 

SSU enzymes were enhanced by 1000 ppm while 4000 ppm smoke solution decreased 

abundance of these enzymes (Fig. 4.4).  
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Fig. 4.4. Effect of smoke solution on photosynthesis related proteins in maize shoot 

treated with different concentrations of plant-derived smoke. Proteins were extracted 

from 4-days old maize shoot. SDS-polyacrylamide gel electrophoresis technique was 

used for protein separation and the separated proteins were shifted onto polyvinylidine 

difluoride membranes. The membranes were treated with anti-RuBisCO activase and 

anti-RuBisCO large/small subunits. The ImageJ software were used to calculate the 

relative intensities of bands. Data are shown as means ± Standard Deviation. collected 

from 3 independent biological replicates. Different letters specify the statistical 

significance as determined by one-way ANOVA followed by Tukey’s multiple 

comparison (p ˂ 0.05). 
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On the other hand, abundance of 55 kDa ascorbate peroxidase was not effected 

by all plant-derived smoke concentrations while 37 kDa peroxyredoxin was decreased 

by 4000 ppm as compared to control (Fig. 4.5).  

 

 

Fig. 4.5. Effect of plant-derived smoke on redox-homeostasis related proteins in maize 

shoot after 4 days. Maize seeds were treated without or with different smoke solution 

concentrations. Proteins from maize shoot were extracted after 4 days. SDS-

polyacrylamide gel electrophoresis technique was used for protein separation and the 

separated proteins were shifted onto polyvinylidine difluoride membranes. The 

membranes were treated with anti-ascorbate peroxidase and anti-peroxiredoxin 

antibodies. The ImageJ software were used to calculate the relative intensities of bands. 
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Statistical significance was determined by one-way ANOVA followed by Tukey’s 

multiple comparison (p ˂ 0.05). 

4.3.4. Effect of plant-derived smoke solution on enzymatic activities of maize 

The responses of scavenging enzymes were investigated in maize shoot under 

smoke solution treatment. For this purpose, seeds of maize were pre-soaked for 6 h in 

smoke solution concentration and maize shoot was collected for 4 days after sowing 

(Fig. 2.2). Results showed that ascorbate peroxidase (APX) activity was significantly 

increased by 1000 ppm while decreased by 4000 ppm smoke solution (Fig 4.6). On the 

other hand, plant-derived smoke did not affect activity of peroxiredoxin in maize shoot. 

Peroxiredoxin enzyme shown no response to any applied concentration of plant-derived 

smoke in maize shoot as compared to control (Fig. 4.6).     
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Fig. 4.6. Effect of plant-derived smoke on enzymatic activities in maize shoot treated 

with different concentrations of plant-derived smoke solution. Proteins were extracted 

and enzymes activities were determined after 4 days. Different letters indicates the level 

of significance calculated by one-way ANOVA followed by Tukey’s multiple 

comparison (p ˂ 0.05). 
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4.4. Discussion 

4.4.1. Effect of plant-derived smoke solution on photosynthesis in maize 

RuBisCO is the most abundant protein playing key role in photosynthesis 

having CO2 fixation function [226]. Strong reduction was observed in activity of 

RuBisCO under drought stress [227, 228]. Another study reported that RuBisCO is 

responsive to stresses and loss its activity rapidly by drought in sunflower [229]. Beside 

drought, cold stress also reduced the activity of RuBisCO, suggesting damage to the 

chloroplasts and a decrease in the rate of photosynthesis under these conditions [192]. 

Present immune-blotting results revealed that RuBisCO activase activity was increased 

by 2000 ppm smoke solution; while, RuBisCO LSU and SSU was increased by 1000 

ppm and not decreased by 4000 ppm smoke solution. The positive effect of smoke 

solution might be due to playing role in the synthesis of these photosynthetic enzymes. 

Higher concentration of plant-derived smoke solution (4000 ppm) might have some 

inhibitory compounds not positively effecting the amount of RuBisCO LSU and SSU. 

Present study showed that plant-derived smoke solution is solution playing positive role 

to photosynthetic related enzymes. These enzymes are mandatory for the process of 

food synthesis.  

4.4.2. Positive effect of plant-derived smoke solution on cell skeleton related 

proteins in maize 

With treatment of plant-derived smoke, the fold change of cell skeleton related 

proteins such as profilin and actin was significantly increased compared to protein 

abundance of untreated plant (Table 4.1). The plant cytoskeleton have a vital role in 

different biological processes, including cell expansion, organogenesis, cell division, 

tip growth, and intracellular signaling [230]. The actin cytoskeleton proteins are 

concerned with the establishment and maintenance of cell polarity, and responses to 

numerous environmental stimuli [231]. Profilin promoted F-actin elongation which 

played important role in the mobility and cell contraction during cell division [232]. 

Profilins are multifunctional proteins according to their abundance and locations [233]. 

Furthermore, profilin is linked with plasma membrane during development of 

microspores, pollens, and playing key role in signal transduction [234]. It is concluded 
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from these results that the plant-derived smoke solution promoted cytoskeleton proteins 

which are necessary for cell division, signaling, and pollens development. 

4.4.3. Effect of plant-derived smoke solution on ascorbate/glutathione pathway in 

maize 

Ascorbate and glutathione are main antioxidants in maize leaf [235]. The 

fundamental role of these compounds is linked with large number of reactive oxygen 

species generated under stress conditions in plants [236]. It is important in the 

elimination of hydrogen peroxide during stress condition [237]. Drought stress 

increased amount of glutathione in rice [238]; however, flooding stress decreased 

ascorbate peroxidase in soybean [239]. Ahmad et al [240] reported that ascorbate 

peroxidase significantly decreased when mungbean plant were subjected to 

waterlogging stress. Glutathione is playing role plants vigour and survival [241]. 

Glutathione synthesis is also required for pollen germination and growth of pollen tube 

[242]. The present proteomic results revealed that glutathione is increased by plant-

derived smoke which may be helpful for the development of pollens and producing 

tolerance in plants against different stresses. On the other hand, western blotting results 

indicated that smoke solution increased slightly the amount of peroxiredoxin enzymes. 

This enzyme protecting the plant from hard environmental conditions.  

4.4.4. Response of enzymatic activities in maize shoot to plant-derived smoke 

Ascorbate peroxidase and peroxiredoxin are important enzymes present in plant 

kingdom, practically in all subcellular compartments [243]. Reactive oxygen species 

(ROS) such as, hydrogen peroxide (H2O2), and hydroxyl radical (OH) produced in 

plants at unfavourable environmental conditions [244]. The ROS detoxification process 

in plants is essential and occurred by different enzymes like ascorbate peroxidase and 

peroxiredoxin in plant cells and their organelles [244]. Ascorbate peroxidase reduce 

H2O2 to water through AsA as specific electron donor [245]. Experimental evidence 

proven that during metabolism process, antioxidant enzymes are also produced to 

balance metabolism [246]. On the other hand, peroxiredoxins is also known for H2O2-

decomposing antioxidant enzymes [247]. It is reported that plant-derived smoke 

solution altered scavenging enzymes activity in maize [125]. The present results are in 

similar to the previous findings and showed that smoke solution significantly increased 



64 
 

activities of ascorbate peroxidase while peroxiredoxin activities were not affected 

which means that smoke solution is growth promoter and stress suppressor.  

Antioxidants are symbolically expressed to cope with stressed situation and 

their expression has no use if plant is not facing stress rather its growth is promoted by 

some growth promoter [248, 249]. In our study, we can explain our results by this very 

phenomenon that production of antioxidants is increased or not affected by growth 

promoting agents (Fig.4.6). In present study, plant-derived smoke is behaving as growth 

promoter and thus increased antioxidant enzyme because of the increased metabolic 

rate (Fig. 4.6). So it might be suggested from the results that treatment with plant-

derived smoke could markedly enhance the capacity of metabolic activities and defence 

against oxidative damage in normal growth in maize seedlings. 
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4.5. Conclusions 

Gel-free/label-free proteomic technique was applied to examine the effects of 

plant-derived smoke solution on maize growth after 6 h pre-soaking. Main results of 

this study are as follow; (i) Nucleotide, starch degradation and glutathione related 

proteins were increased; (ii) protein degradation/synthesis, cell division/organization 

proteins were changed by plant-derived smoke solution treatment; (iii) Cell wall, lipids, 

photosynthetic, and amino acid degradations related proteins ware decreased in maize 

shoot after 6 h presoaking in 2000 ppm plant-derived smoke solution; (iv) plant-derived 

smoke solution increased cytoskeleton proteins in maize; (v) RuBisCO LSU and SSU 

were increased by plant-derived smoke solution; (vi) Higher concentration of plant-

derived smoke solution decreased activity of ascorbate peroxidase and peroxiredoxin 

enzymes while low concentrations increased APX activity. It is concluded from these 

results that 6 h pre-soaking changed different proteins controlling various metabolic 

and catabolic processes in maize plant. It is possible that smoke derived from plants 

function as plant growth promoter effecting different metabolic processes. In future, 

smoke solution might use as plant growth regulator or as bio-fertilizer in agricultural 

fields. 
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