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ABSTRACT
In order to examine the toxic effect of heavy metals (cadmium and nickel) on
morpho-anatomy and physiology of two macrphytes Pistia stratiotes L. and Eichhornia
crassipes (Mart.) Solms have been collected randomly from contaminated waters. Plants of
both species were subjected to metals (Cd, Ni and combination of Cd+Ni) stress. The levels
for Cd2+, Ni2+ and Cd2++Ni2+ combined was 0, 50, 100 and 150 mg/L in aqueous medium.
The data was recorded for different morpho-physiological and anatomical attributes. The
growth of the both plant species was reduced under metal stress. A significant reduction in
photosynthetic parameters was noted in E. crassipes and P. stratiotes under metal stress.
Organic osmolytes generally increased by metal stress however, E. crassipes accumulated
proline and total proteins in higher amount under Ni stress while P. stratiotes showed same
response under Cd stress. Ions like K + and Ca2+ were severely affected by both metals in E.
crassipes. Metals improved uptake of both Ca2+ and K + in shoot and roots under metal stress
in P. stratiotes. However Na+ and Cl- was not affected by metal stress. E. crassipes is better
accumulator of both Ni and Cd however; Ni in root was more in P. stratiotes when applied in
combination with Cd. Root area, root pith area and pith cell area, root xylem area, metaxylem
area and endodermal cell area generally increased in E. crassipes under metal stress. Root
epidermal cell area, cortical region cell area and its thickness and aerenchymatous area
increased in both P. stratiotes and E. crassipes under metal stress. However, phloem area
increased only in P. stratiotes under all stresses. Leaf anatomical characteristics like adaxial
or abaxial epidermal cell area were relatively more responsive to Cd stress when applied
alone or in combination with Ni in P. stratiotes. However, trichome number and length
increased at lower levels of stress in P. stratiotes. Stomatal density on both leaf surfaces and
bundle sheath cell area generally increased in E. crassipes under metal stress. Other leaf
characteristics like aerenchymatous area, vascular bundle area, stomatal area, sclerenchyma
area, chlorenchymatous area, xylem area, phloem area and lamina thickness generally
decreased under metal stress. It is concluded thatE. crassipes is relatively more sensitive to
Cd than Ni, whereas P. stratiotes is more sensitive to Ni than Cd. Both species are metal
accumulators and can be used for phytoremediation of metal effected soils and water.

xi

CHAPTER 1
INTRODUCTION
Heavy metals are significant environmental contaminants that even their small
quantities are very poisonous. Toxic waste of this planet with lethal metals has increased
significantly by the establishment of industries. Foundations of this contamination are the
combustion of remnants, smelting and mining of metals, fertilizers, pesticides, public trashes
and manure (Memon et al., 2001; Zhou et al., 2008; Melo et al., 2009). Microbes have not
the ability to degrade these metals therefore they accumulate in their surroundings and are
basis of environmental stress (Oncel et al., 2000; Kenskinkan et al., 2003; Odjegba and
Fasidi, 2007).
Heavy metals are usually non- lethal at specific limit but after a certain limit they are
lethal and a few of metallic cations are essential for plants enlargement and development like
nickel, copper, zinc, iron, cobalt, molybdenum and manganese (Hussain et al., 2013; Silva et
al., 2013). Heavy metals have a density more than 5 g/cm3 and the basis of their solubility
under different physiological conditions. There are seventeen heavy metals that are
accessible for individuals that have significance in living things. Amongst these metals, iron,
manganese and molybdenum are significant micronutrients, although nickel, copper, zinc,
vanadium, cobalt, tungsten and chromium are lethal components with excessive or little
significance as trace elements. In contrast, silver, lead, cadmium, uranium, mercury, arsenic,
and antimony have no role as nutrients and are poisonous to vegetation (Odjegba and Fasidi,
2007).
In developing countries mainly in Pakistan, India, Bangladesh and China, mud and
liquid effluence is insufficient because little industries dumping their raw emissions in the
shallow pipes, that watering neighboring farming grounds. In these countries, untreated
manure is frequently applied to commercial areas and that is further used to produce
vegetation from this untreated manure (Ragnarsdottir and Hawkins, 2005).
Toxicity results when heavy metal binds to sulfhydryl groups that form the main
structure of enzymes or in their catalytic action. These metals ions are toxic because they can
1

replace, substitute or scarcity of necessary cations from metalloproteins. Moreover, cadmium
cations are source of oxidative stress by production of reactive oxygen species (Bhalerao et
al., 2015; Vestena et al., 2011).
Cadmium has not identified role in living creatures except in sea diatoms and ranked
seventh out of the twenty venoms (Fatur et al., 2003). Cadmium is recycled and traded
worldwide as a chemical composite and as a metallic throughout Africa, Europe, Asia,
America and Australia (Morel, 2008; Parmar et al., 2013). Cadmium is recycled in the
production of dyes (Cd-yellow), as a preservative for production of polyvinyl plastics, in CdNi batteries, electroplating and in manufacturing of phosphate fertilizer Cd is a byproduct
(Silva et al., 2013). Half life of Cd is twenty to forty years in living structure therefore it can
easily accrue in living parts and boost the mutagens (Fatur et al., 2003).
Plant roots are major organ that absorb Cd and when cross specific limit disturb
metabolic system that are respiration and photosynthesis (Mishra and Tripathi, 2008;
Vestena et al., 2011). In living organism Cd has not identified role and is poisonous to
organisms even at very minor bid. Cadmium disrupts ionic balance, photosynthetic process,
that ultimate retard plant enlargement and progression (Hasan et al., 2007; Silva et al., 2013).
Nickel, initially separated by the Cronstedt in 1751 that was Swedish chemist, is the
22nd richest constituent in the soil's coating, that is founds in molten rock as bounded with
Fe or as an exposed metal. Perceptibly, in soil Ni magnitudes is 100 ppm and in shallow
liquids is 0.005 ppm (Chen et al., 2009).
Naturally nickel is present in molten rocks and muds. Ni and its compounds are
utilized in numerous engineering bids such as in aircraft parts, vehicle, arrays, silvers,
foundations, electroplating, steel, spark plugs and are recycled widely in the manufacturing
of Ni-Cd series at engineering level. It becomes part of water physically by enduring of rocks
and muds and by leaking of the minerals. Ni compounds that dissolve in liquid are the cause
of pollution in water structures. Enameling and dye formulation productions release Ni
containing runoffs to their surroundings water (Wong et al., 2000). Nickle is found in
cigarettes, as gaseous complex generally recognized as nickel carbonyl (Gautam et al., 2014).
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Nickle is a vital micronutrient for plant development and part of the urease enzyme
that is essential for nitrogen metabolism in developed plants. Nickle and Ni-products have
much industrial and commercial utilization and the advancement of factories has led to
amplified release of chemicals into the environment. It is taken up and reallocated in florae
by cation or metal binding ligand complex passage system. It is highly phytotoxic at elevated
concentration (Gardea-Torresdey et al., 2005), and in numerous plants nickle caused
modification in movement of antioxidant enzymes i.e. Ascorbate peroxides, superoxide
dismutase and catalase. Most regular signs of nickle injuriess in plants are reduction in
progression, initiation of yellowing, necrosis and wilting. Nickle has high influence on
metabolic system in flora and has the capacity to produce Reactive Oxygen Species (ROSs)
that are the source of oxidation stress (Romero-Puertas et al., 2007).
A huge part of either Ni-Cd or Ni- metal hydride batteries are disposed of in compost
dumps. Once dumped, these metals become a threat for the atmosphere since there is
possibility to reach water bodies and thus these metals influence water quality (Rydh and
Karlstrom, 2002).
Industries and public deeds are responsible for metal impurities in neighboring
liquids at their peak level (Meagher, 2000). These impurities destroy liquid bodies through
several paths that involve manure runoff, industrial releases, municipal and farming overflow,
etc. Macrophytes have capacity to take impurities from their neghibouring and abrorb and
retain in their body parts is a broadly known process that have many vital properties
(Miretzky et al., 2010; Hadad et al., 2011).
Phytoremediation is biological sewage treatment process (Roongtanakiat et al., 2007;
Gupta et al., 2012) and application of plants for removing impurities from impure water and
mud entitled as phytoremediation. It is cheaper technology that is extensively utilized by the
past ten years. In rhizofiltration, elimination of contamination from the impure liquid by
collecting in plants structures (Prasad and Freitas, 2003) and using of microbes and
macrophytes to eradicate impurities from countryside. The principle of phytoremediation
method is purifying polluted liquid that includes detection and placing of competent
macrophyte; absorption of impurities and metal ions by macrophytes; and in return favorable
utilization of macrophytes formed in result of remediation technique (Gupta et al., 2012).
3

In pytoremediation procedure significant feature is the choice of suitable plant
(Prasad and Freitas, 2003; Jamuna and Noorjahan, 2009) that have greater capacity for
absorption of both carbon-based and mineral contaminants, propagate fastly in contaminated
liquid can be organized easily in circulated spreading (Singh et al., 2003). Absorption plus
gathering of impurities differ among dissimilar floras from species to species in one genus
(Stefani, 2011). The financial achievement of phytoremediatory procedure mostly is
contingent with progression of plants and photosynthetic activity (Gupta et al., 2012) and on
the type of impurities (Memon et al., 2001; Roongtanakiat et al., 2007).
Utilization of metal tolerating macrophytes that eliminate impurities from polluted
loams and liquids has many benefits like minor charges, production of a decomposable
metal-rich deposit, useful for a series of lethal metals and radionuclides, negligible
ecological ruckus, exclusion of subordinate liquefied and gaseous trashes, and municipal
approval (Xia and Ma, 2006).
Cadmium is such type of heavy metals recognized to be very lethal for all living
creature. An excellent Cd collector can collect>hundred μg/g dry weight of metal (Vestena et
al., 2011; Das et al., 2016), has increased biomass, fast progress, and has translocation factor
and bioconcentration factor values >one (Luo et al., 2005). Translocation factor is the
leaf/root absorption ratio (Garbisu and Alkorta, 2001; Sbihi et al., 2012) and BCF is the
capacity of the specific plant to collect a specific metallic cation that is present in
neighbouring mud or liquid area (Deckert, 2005)
Metals can not be breakdown into simpler compounds therefore remains as such in
biosphere. Practices are being employed in which living material is utilized that remove
these impurities from biosphere. Macrophytes have such ability to collect impurities from
neighbouring. Most plants have capacities that they can collect impurities by changeing in
their structure (Jamali et al., 2007). Tolerance capability of plants to uptake metallic cation is
possible due to the presence of particular enzymes, phytochelatins and stress proteins. When
metal level reached at their maximum level alteration in function and structure takes place
with also production of enzymes that have sulfhydral group (Singh et al., 2011; Rolli et al.,
2013). Recently metallic pollution is major issue all around ecosphere (Espinoza-Quinones et
al., 2009; Parmar et al., 2013).
4

Literature shows that numerous macrophytes have been recognized and experienced
for elimination of impurities from the contaminated mud and liquid like, Calamus (Lepironia
articulata (Retz.) Domin), sharp dock, water hyacinth, duck weed, pennywort, water lettuce
and water dropwort (Oenathe javanica (Blume) DC.) (Dhote and Dixit, 2009; Dipu et al.,
2011).
Macrophytes are essential component of water system that helps in purification of
liquid by changing in their physiology and anatomy. These can survive, resist, uptake, and
accumulate lethal metallic cations. These specific features make these plants best candidate
for removal of impurities from polluted water (Sood et al., 2012). Water hyacinth and water
lettuce competently eliminates lethal metallic cation and other contaminant with greater
replication, competency and survival in contaminated liquids (Cardwell et al., 2002; Prasad
and Freitas, 2003; Gupta et al., 2012). Salvinia herzogii, Pistia stratiotes and Eichhornia
crassipes (Mart.) Solms, are such water plants that have metal exclusion capability from
impurities and are frequently used in unhygienic zones developed for sewage management
(Mufarrege et al., 2010; Hadad et al., 2011).
Eichhornia crassipes (Mart.) Solms, usually identified as water hyacinth member of
Pontederiaceae family is a watery wild plant, flowering, monocot initially innate to South
America of their subtropical and tropical areas. It is wild perennial herb that have thirty to
forty centimeter in height, with minute stem and hairy roots and swaying plants that have
roots dips in water (Qaisar et al., 2005). Eichhornia name derived from J. A. F. Eichhorn that
was familiar Prussian politician of 19th century. It reached Australia, India, Malaysia
Zimbabwe and Republic of the Congo in 1895, 1902, 1910, 1937 and the in 1952
respectively. Frequently present in India, Bangladesh and Asia (Gupta et al., 2012).
Scattered in all the provided sites but establishing frequently in the hot area of biosphere
(Wilson et al., 2005; Das et al., 2016).
At the last of nineteen century and in eraly twenties water hyacinth extend over the
globe (Agunbiade et al., 2009). A characteristic of this plant is rounded, erect, glossy
emerald leaves, mauve flowers that have dense root structure (Lissy and Madhu, 2010),
higher reproduction rate (Gupta et al., 2012) and take only nine to ten months in production
of about seven lacs individuals (Dhote and Dixit, 2009). Because of their intricate roots,
5

greater reproduction rate, they form structure like knitting carpets. Replication in this occur
both by vegetative and sexual modes (Lissy and Madhu, 2010; Dar et al., 2011).
Quick growth, greater replication and uptaking capacity of impurities like metals or
metalloids e.g. arsenic (Pilon-Smits and Freeman, 2006), cadmium (Jayaweera et al., 2008),
chromium (Mishra and Tripathi, 2008), copper (So et al., 2003), iron (Agunbiade et al.,
2009), lead (Smolyakov, 2012), nickel (Lu et al., 2004), silver (Alvarado et al., 2008) and
zinc (Das et al., 2016) make this plant vital for vacuming the swamp. Eichhornia crassipes
utilized to develop the water quality, wastewater treatment systems and also decreases
impurities from sewage system (Das et al., 2016), so it can be used in remediatory process
that takes place by plants. Phytoremediation is such technique that utilzed such specific
plants to eliminate impurities from their neighbouring (Hadad et al., 2011). Utilization of
such specific plant like E. crassipes in removal of contaminated wastes from liquids is only
due to its inexpensive spreading and greater ability to hyperaccumulate lethal elements (Das
et al., 2016).
Pistia stratiotes species of family Araceae also called as water lettuce is used in
phytoremediation. Roots of this floating plant hanging underneath their leaves (Williams and
Hecky, 2005; Gupta et al., 2012). P. stratiotes is identified from South America but this is
not their native site that is unsure. Egyptian in 77 A. D utilized this as fodder for their
domestic animals while African utilized this as a medicine from centuries. From 1970s it has
extended in some Asian parts, all over Africa and along the Australian sites (Silva et al.,
2013). It has no stem and leaves length is about fifteen centimeter with parallel veins. Light
green leaves are with curvy boundaries that give specific bin shaped structure in which
flowers are present, dioecious, tiny hairs on leaves that assist in taking air that finally raising
the plant’s flexibility. Replication occurs sexually and vegetatively (Williams and Hecky,
2005; Dipu et al., 2011).
Lettuce duplicate in about five days, threefold after ten days and quadruples in about
three weeks, in one month it replicates their number multiplied by a factor of nine. This
development showed that only one month is enough for propagation of this plant at specific
site. Fast reproduction and quick decomposition is closely associated to its attentive
organization through monthly dumping of biomass created (Zhou et al., 2008).
6

Water lettuce species displays valuable characteristics for instance greater capacity of
uptaking and tolerating impurities, richness, extensive spreading under controlled
surroundings.

Inexpensive

for propagation,

tissues and

cells

can be examined

microscopically easily those assist in observing the structures that disturb by contaminants
(El-Gendy et al., 2005; Dipu et al., 2011). Predominantly in tropical or subtropical areas, P.
stratiotes is used in phytoremediation water systems (Silva et al., 2013). In comparison to
inherent plants, this weedy plant species shows greater mineral elimination competency, high
uptaking capability and rapid progression (Irfan, 2015).
The mechanism that contributes to heavy metal reception depends directly on metal
nature and specificity of plant. Introduction of metallic chelaters and metallothionein
proteins that altering metabolic rate of cell, enhancing uptaking capability to metal cations
(Memon et al., 2001; Gupta et al., 2012). It has been established that metal tolerating plant
species can store lethal metallic cations in proportion to one hundred or one thousands times
in comparison to none tolerating plants (Thomine et al., 2000; Irfan, 2015).
When metallic cation for instance Cd2+ go into the cell of plant through specific cell
membrane passages that is specified for necessary cations like Fe2+. Phytochelation
development started as the metallic cation is identified by Phytochelatins synthase activity.
That exploits glutathione that is present in milimolar quantity in cytosol. Peptides are
prepared that bound to metallic cation and chelate form that inactivates all lethal metallic
cation that are present in cytosol earlier it disturb the enzymes of specific metabolic
processes. Phytochelation although protect cells from lethal metallic ions, remains ionic
stability in all cells of plants. In plants there are specific genes that code for MT- like proteins.
These metallothioneins proteins have a fundamental part in cleansing by isolating metallic
cations in plant cells (Memon et al., 2001; Irfan, 2015).

7

OBJECTIVES
Main objectives of the present studies are:
•

To examine morpho-anatomical- and physiological-based responses in Eichhornia
crassipes (Mart.) Solms and Pistia stratiotes L. to metal stress

•

To explore adaptive components of tolerance in E. crassipes and P. stratiotes
formetal toxicity

•

To

draw correlation among

morphological,

anatomical and

physiological

characteristics under normal and stressed environments
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CHAPTER 2
REVIEW OF LITERATURE
Methods utilizing flora to eliminate metallic cations from polluted liquid is termed as
phytoremediation process (Sood et al., 2012). Floras with greater metallic tolerancy and
uptaking competency to lethal metallic cation above extensive duration of time are valuable.
From many flora macrophytes are recognized that absorb a huge quantity of impurities by
surface adsorption or absorption and to integrate these lethal ions into their body parts (Singh
et al., 2011; Sbihi et al., 2012).
Metallic cations disturb many vital processes of plants for instance retardation in
progression, respiration, pigmentation and ionic imbalance. These metallic cations also
disrupt specific tissues of plants that are responsible for anatomical alteration. Though, this
significant literature in relative to morphology and physio- anatomical is reviewed here.
Rising level of trace elements in our surroundings should be of serious concern in this part of
the earth both to the public and the government (Odjegba and Fasidi, 2006).
Phytoremediation is beneficial so their application in fields is eco friendly that purify
pollued water and it produces dumps that can be recyclable as it contain metal residue with
negligible ecological interruption (Abubakar et al., 2014).

2.1. Metal-affected areas in the world, and in Pakistan
The sites that flooded by polluted water has amplified considerably at approximately
twenty mha contributing at about forty percent of the diet production globally (WHO, 1997).
Water is necessary component on this biosphere require by all creature.for their survival.
From all the existing water, 3% is used for industrial, about 6% water for household
activities and about ninety percent of existing water is utilized in agricultural processes.
Pakistan severly facing water sufrace shortage (Malla et al., 2007; Espinoza-Quinones et al.,
2009). Polluted water comprises of carbon-based and inorganic components necessary for
better growth of flora but there is a mixing of impurities that are toxic for living creature
when their amount rosed above specific limit (Hadad et al., 2006; Khan et al., 2013).
9

Our liquid system is impuring frequently by metallic cations that is a serious matter
all over the globe. Industrial development, advancing life structure in urban areas and over
crowding areas are the major causes of disturbance in our surrounding (Dhote and Dixit,
2009). In polluted water the contents of metallic cations i.e. copper, cadmium, manganese
and nikel was greater than their protected limits (Aurangzeb et al., 2014). Heavy metals
uptake occurs directly from polluted water while its uptake from mud occurs slowly.
Concentration of metallic cations was found greater in foliage than fruitlet (Malla et al.,
2007; Khan et al., 2013).
The ecological contamination increasing fastly due to establishment of many
industries, dwellings and public tranport system etc. Main causes of contamination are
factories, vehicular exhausts and warm air power plants. Impurities from these areas
discharged directly into their surrounding in the form of poisonous gases or particulate
matter. These impurities disturb air, liquid structure of surrounding area and ultimate affect
that living creature depend on that specific water or air (Kashif et al., 2009).
In our country Pakistan inhabitants is about or greater than one hundred and fifty
million and like other some nations fully reliant only on solitary river structure for its entire
farming water requirement. Cultivated communities in water-scarce area gradually depend
on polluted water. Untreated polluted water is usually considered undesirable for direct use
because of potential health risks ( Dzomba et al., 2012). Farmers used this untreated
industrial/sewage water for vegetable production mainly in peri- urban areas (Khan et al.,
2011).
Sewage water samples from different areas of Pakistan contain excessive
concentration of heavy metals for instance lead, cadmium, manganese and copper found in
wastewater trials from Peshawar (Ehsan et al., 2011) and Pb, Zn, Cu, Ni, Cd Cr and in
sewage water samples from Rawalpindi Area (Jagtap et al., 2010) and industrial wastes of
Faisalabad (Ensik et al., 2007) and Attok area also contain different concentration of these
heavy metals (Lone et al., 2008).
The metallic cations recognized from various factories emissions are zinc, nickel,
chromium, cadmium, copper, lead and silver. These metallic cations are damaging as it
10

remains persistent for extensive period and not easily decomposed into simlper compounds
with greater half life (Chen et al., 2009) and their capacity to accumulate in various body
parts ( Singh et al., 2003; Khan et al., 2011). Many metallic cations are more lethal because
they can easily dissolve in liquid that are more damaging. These metallic ions even in
milimolar amount are very dangeours for living creature as there is no recognized
phenomenon for their exclusion. These metallic cations have fundamental utilization in
factories but factories waste also releases these lethal cations that disturb its neighbouring
(Dzomba et al., 2012).

2.2. Impact of metal stress on plants
2.2.1. Morphological traits
Phytotoxicity by metallic cations on the basis of plant progression parameters are
arsenic (As5+) < arsenic (As3+) < chromium (Cr6+) < cobalt (Co2+) < zinc (Zn2+) < nickel
(Ni2+) < copper (Cu2+) < titanium (Ti+ ) < mercury (Hg2+) < cadmium (Cd2+) < silver (Ag+ )
(Hussainet al., 2013). When metallic cations go beyond the permeation limit of 459 and
2773 mg/kg for zinc (Zn), 268 and 2152 mg/kg for cadmium (Cd), 229 and 1850 mg/kg for
nickel (Ni) and 381 and 3372 mg/kg for copper (Cu) in their stem and roots, correspondingly,
it can cause structural abnormality (Valipour et al., 2010).
All trace elements are concentrated to lesser amount in shoots while in higher amount
in roots in hyperaccumulator plants. Accumulation of trace element in body tissues depends
directly on the amount of metallic cations in providing medium and time of their exposure. A
competent plant species named as Eichhornia crassipes utilized for elimination of impurities
natural and sewage liquids with low contents of zinc, nickel, chromium, cadmium, copper,
lead and silver (Aurangzeb et al., 2014). Eichhornia crassipes possess greater capacity for
elimination of massive amount of contaminants from dirty water. That is because of their
inter- locking, knitting, hairy root system and great progression rate that make them effective
for removal of contamination from impure sewage water and enhanced liquid values by
reducing its poisonous compounds (Maine et al., 2006; Odjegba and Fasidi, 2007).
Eichhornia crassipes hyper accumulated phytotoxic amount of cadmium in aboveground tissues. Translocation ratio from roots to leaves for cadmium was hundred percent
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effective for all levels of cadmium exposure (Das et al., 2016). Absorption competency for E.
crassipes was 0.25 kg/ha for cadmium, 14.01 kg/ha for nickle, 22.60 kg/ha for copper and
27.27 kg/ha for zinc (Abubakar et al., 2014; Li et al., 2015).
Pistia stratiotes have the capability to accumulate different metallic cation like,
nickel, lead and chromium. However, it accumulates nickel in higher amounts in comparison
other metallic cations. Both Pistia stratiotes and Eichhornia crassipes are hyper accumulator
to metals (Abubakar et al., 2014) because heavy metals imposed no significant reduction in
above ground biomass (Hadad et al., 2011).
At the higher Cd treatment Eichhornia crassipes started wilting, however no
yellowing or dryness was observed while leaves of Pistia stratiotes showed discoloration and
withered from the leaf edges and roots decay (Liao and Chang, 2004; Ahmad et al., 2007).
The adverse consequence of cadmium is depends dirctly to its absorption and period of
exposure. Observable indicators for instance roots dryness, necrosis and chlorosis under Cd
stress in Pistia stratiotes were observed by Rolli et al. (2013). The greater amount of nickel
has damaging properties for flora that disturb progression of crops. Disturbances in yielding
of vaious crops of cucumber (Gonçalves et al., 2007) and mungbean (Rolli et al. 2013; Li et
al., 2015) were recorded.
Borker et al. (2013) observed that morphological parameters for instance root
extention, area of foliage and growth productions of E. crassipes were badly disturbed at all
doses of Cd. It was perceived that foliage area was 12.37 cm2 and 7.05 cm2 in control and
under stress respectively. Singh and Pandey (2011) found that Pistia stratiotes treated by
nickle expressed visible toxicity symptoms, for example drooping, yellowing in juvenile
foliage, burning of root margins and rotten roots and higher nickel concentration in root
(794.44g g1 dry weight) than leaves (116.23g g1 dry weight).
Alfadul and Al-Fredan (2013) reported that reduction in gowth occur because
metallic cations disrupt many functional pathways for instance disturbance in carnonyl
compounds, alteration in gaseous exchange indicators, respiration and ultimately on
photosynthetic processes in Phragmites australis.
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2.2.2. Physiological traits
2.2.2.1. Effect of metal stress on photosynthetic parameters
Macrophytes (Azolla filiculoides Lam, Pistia stratiotes L., Salvinia auriculata Aubl.,
and Salvinia minima Baker) absorb heavy metals from polluted nutrient solution. Cadmium
applied plants showed relative water content of foliage reduced and greater stomatal
resistance. Pistia stratiotes showed maximum bioacumulation competency and huge
progression in contrast to other water plants (Veselý et al., 2011). Photosynthetic and Ci/Ca
rates rise under lead stress that expressed tolerance capacity to metal stress in E. crassipes
(Hasan et al., 2007).
Cadmium toxicity caused disturbance in gas exchange parameters such as stomatal
conductance (Pereira et al., 2014). Imbalance of different gaseous takes place that increased
the amount of CO 2 inside cells in result photosynthetic process disturb that decresed
photosynthesis were noted in different tomato varaties grown under various cadmium levels
(Dong et al., 2005). Stomata close under lead (Pb) and cadmium (Cd) stress that leads to
restriction of available CO 2 (Seregin and Ivanov, 2001).
When Ni and Cd was applied in combination to Arundo donax L. phothosynthesis not
affected at their different levels of 5, 50 and 100 ppm (Chatterjee and Chatterjee, 2000), but
increase in net assimilation rate and progression occurs up to 50 % in Lolium perenne and
30% in Lolium mutiforum under controlled experiment of cadmium with high level of carbon
dioxide (Kaznina et al., 2005).
Declining in photosynthesis, foliage area and yellowing was perceived by the
application of lead (Pb) stress on oat and barley (Jia et al., 2010). Dropping of phosynthesis
and stomatal conductance was observed in Bacopa monniera by the combined effect of
cadmium (Cd) and zinc (Zn) application (Ali et al., 2003). Decline in transpiration rate and
enhancement in the relative water contents was observed in foliage structure of Brassica
oleracea varity botrytis cultivar Maghi when treated under copper cobalt and chromium
stress (Papazoglou et al., 2005).
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2.2.2.2. Effect of metal stress on photosynthetic pigments
Cadmium stress caused a gradual decrease in pigments for instance carotenoid, chlorophyll
and soluble protein reduction in leaves and increase in oxidation of lipids in E. crassipes
(Das et al., 2016). However there was increasein chlorophyll level under lower concentration
of cadmium in the same plant as reported by Odjegba and Fasidi, (2006). In E. crassipes Ni
showed the most lethal effects on chlorophyll concentration (Hadad et al., 2011). The
reduction in pigment in P. stratiotes to cadmium stress was owed to disruption of main
enzymes linked to pigment development, oxidation of membranes of specific pigment like
chlorophyll that is due to oxidative stress persuaded by heavy metal and development of
metallic relieved chlorophyll (Rolli et al., 2013). Chlorophyll contents were decreased
successively with the increasing stress of Cd in E. crassipes (Borker et al., 2013).
Ali et al. (2003) documented his experiment on Salix acmophylla uder different
metallic cation i.e. Cu, Ni and Pb that disturbing their pigment structure for instance
chlorophyll a and chlorophyll b. Same observation was noted on same pigments in
cauliflower when treated with different metallic cations like copper, cobalt and chromium
applied in sand in which cauliflower was grownup (Chatterjee and Chatterjee, 2000).
P. stratiotes is used as phytoremediation and used as indicator to higher metallic
cations like nickel in waterland (Singh and Pandey, 2011). Li et al. (2015) investigated that
stomatal conductance and the photosynthetic rate were decreased when subjected to
cadmium stress in P. stratiotes and E. crassipes. Pigments affected by metallic cation i.e.
nikel that disrupt total chlorophyll and also chlorophyll a, b that consequences yellowing in
P. stratiotes. But low concentration of metallic ion like Ni promotes pigmentation and
increased their photosynthesis.

2.2.2.3. Organic osmotica
Heavy metals caused significant reduction in protein and starch contents. These
effects were closely related to metal nature, its concentration and time of analysis (Odjegba
and Fasidi, 2006).
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Cadmium caused oxidation of different structures via creation of (ROS) i.e. reactive
oxygen species. This oxidative stress interfere all biocomponent of cell like disturbs all lipid;
protenacious compound and nucleic acid structure that ultimately destroy enzyme activity
(Romero-Puertas et al., 2007) and interrupt cellular homeostasis. Lessening in biochemical
content of P. stratiotes is also by disruption of enzyme structure (Rolli et al., 2013). In E.
crassipes leaf soluble protein contents decreased. This decline may be due to breakdown by
proteases due to Cd (Das et al., 2016).
Metallic cation is responsible for the generation of a ntioxidants for instance
peroxidase activity and proline content is proportional to Ni absorptions, while activities of
catalase were reduced in P. stratiotes. The low level of nickel grade stimulates antioxidative
attributes (Singh and Pandey, 2011).
Veselý et al. 2011 stated that amino acid content enhanced in foliage but reduced in
roots in response to metal stress. The amino acids enhanced in P. stratiotes foliage and roots
at higher arsenic application while, a steady reduction in amino acid amount was perceived
with the further rise in arsenic aplication (Farnese et al., 2014). At lower metal level of Cd
and Pb, rise in proline, protein and sugar content was detected but these contents were
reduced as stress level increased. Absorption of heavy metals was concentration and time
dependent (John et al., 2008).
Metallic cations are liable for production of superoxide dismutase, peroxidase and
catalase action in P. stratiotes and E. crassipes but stimulus is variable between metallic
cations and also between species. In E. crassipes level of antioxidant enzymes was greater
than P. stratiotes. These observations directed that E. crassipes endured greater metallic
cations than P. stratiotes (Odjegba and Fasidi, 2007).The proline content in E. crassipes
remains increased with exposure time under Cd stress. While, the proline content in P.
stratiotes firstly increased but decreased with exposure time in response to cadmium
exposure (Borker et al., 2013). Proline contents and polyphenol enhanced in E. crassipes in
response to toxic effects of cadmium (Li et al., 2015).
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2.2.2.4. Ionic content
Sodium, potassium, calcium, magnesium, copper, zinc, iron and manganese are such
familiar metallic cations that is critical for progression and vital components of many
progressive processes (Seregin and Kozhevnikova, 2001; Taiz and Zeiger, 2002). Nickel
features are identical to other metallic cation for instance magnesium, zinc, iron, manganese,
calcium, and copper so can easily compete with these cations and absorbed by plants in the
same pathways specific to essential cations and ultimately enters the cell and caused
distortion in cell structure (Ahonen-Jonnarth and Finlay, 2001). Nickel disturbs the
absorption capacity of iron and magnesium that leads to reduction in sprouting and
progression in many plants (Seregin and Kozhevnikova, 2001; Papazoglou et al., 2005).
Potassium contents were reduced as nickel amount extends and while cadmium
cations increased the potassium absrbance (Kukkola et al., 2000). Arundo donax L. showed
greater competency at higher amount of nickel and cadmium cations (Ahmad et al., 2007).
Greater absorption of zinc, copper and lead was recorded in leaves of Brassica juncea L.
(Clemente et al., 2005). Mustard plant showed higher absorbance of cadmium and zinc
(Jadia and Fulekar, 2009) and also alfalfa grass absorb and uptake higher amount of copper,
nickel, lead, cadmium and zinc (Sridhar et al., 2005).
There was rise in concentration of cadmium in Echinochloa polystchya, whereas
Corchorus olitorius captivate different metallic cations like lead, aluminium, cadmium and
copper (Solis-Dominguez et al., 2007) while lead and cadmium absorbance was greater as
compared to other cations (Soleimani et al., 2009). Shoots and roots structure was identified
to detect the impact of lead and nickel in Bermuda grass (Cynodon dactylon), it was resulted
that lead accumulation was seen in shoot and root parts nickel accumulation was only present
in roots (Mazen et al., 2004).
2.2.3. ANATOMICAL TRAITS
The capacity of plants to take up impurities from liquids depends on their structure.
Macrophytes have ability to change their root internal features when grown under infected
mud or liquid (Hadad et al., 2011). Reduction in root perimeter, conducting ducts was
observed in reaction to metal toxicity in P. stratiotes (Mufarrege et al., 2010).
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Root dermal tissues improved their wideness while shortage in arenchymatous area
of foliage was detected in P. stratiotes (Silva et al., 2013). This species acts as a bioindicator
species as it was absorbent of pollutants. While, in E. crassipes there was reduction in
epidermis cells lacking cuticle in most cases, increase in aerenchymatus tissues, reduction in
vascular tissue and absorbing structures in response to pollutant stress (Qaisar et al., 2005).
Kasim, (2006) evaluated their experiment on Sorghum bicolor to detect the influence
of copper and cadmium and observed that both metallic cation either in combination or alone
disrupt foliage thickness, root perimeter, cortical and parenchymatous tissues, conducting
area and distribution of stomata. More disruption was seen when both cations were applied
collectively.
No toxic symptoms were recorded in leaf anatomy of E. crassipes treated under lead
(Pb) stress but stomatal modifications and thickness of the spongy and palisade parenchyma
was prominent. Similarly, no toxic effects were seen in root anatomy but modifications were
observed in xylem and phloem as well as there was enlargement in apoplastic barriers. These
all modification in anatomical characteristics showed E. crassipes tolerance to metal stress
(Pereira et al., 2014).
Modification was seen in all parts of plants i.e. in foliage, shoots and roots (Sridhar et
al., 2007) by the application of zinc and cadmium in barley and distortion in epidermal
tissues, conductiong vessels and in aerenchymatous area was dominent when treated with
zinc was found while at very high concentration cadmium induced structural changes only in
roots.

2.3. Mechanism of metal tolerance in plants
2.3.1. Uptake of metal
Absorption of metallic cations by plants occurs in various ways. Heavy metal goes
into cell parts by specific passgaes that are specified for their crucial ions for example: Cd2+
enter plant cell by Fe2+ transporter (Thomine et al., 2000). AtNramps code for specific cation
carrier that uptake both essential ions and metallic cation found in Arabidopsis (Memon et
al., 2001).
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2.3.2. Toxic effects of metal
In plants toxic effect of heavy metal is due to binding of metallic cation with
carbonyl compounds. These metallic cations inactivate important enzymes that involved in
hydrolysis for instance RNAse, phosphatase, α amylase and proteins. By the replacement of
metallic cations from metaloenzyme whole structure of enzyme modified. Metallic cation
like Cd have adverse effects on development (Khan et al., 2013; Raza et al., 2013), causes
structural modification in chloroplast that reduced photosystem II activity, lowers stomatal
conductance so availability of carbon dioxide reduced and thus decreases photosynthesis,
then ultimately reduces glycol, neutral and total lipids that obstruct membrane permeability
and decrease leaves respiration (Agarwal, 2002; Khan et al., 2013).

2.3.3. Mechanism of heavy metal tolerance
Plants concentrate lethal metallic cation in their roots and in foliage and these
metallic cation also changed into their non-toxic form that it can be deposited and reutilized
for further circulation. Away from sensitive areas these metallic cations are bound with cell
wall of root and foliage and also deposited in vacules. Then these stored metallic cations
stimulate metal chelators then phytochelatons forms that inactivate lethal cation and alters
metabolism of cell that increase tolerance capability of specific plants. All living creature
also have some low molecular weight protein termed as metallothioneins. In plant cells
theise protein are utilised for detoxification of lethal metallic cations (McGrath and Zhao,
2003; Hassan and Aarts, 2011).
2.4. Phytoremediation
Use of plants to eliminate, inactivate, or degrade toxic environmental contaminants is
known as phytoremediation (Andleeb et al., 2010). It is reasonable, eco- friendly, artistically
attractive technology and appropriate for developing nations (Capuana, 2011; Aurangzeb et
al., 2014). Pakistan is also a developing nation and this technology is best remedy for sewage
treatment and purification of liquids (Vangronsveld et al., 2009).
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2.4.1. Importance of aquatic plants in metal tolerance
Macrophytes have ability to uptake and concentrate lethal metallic cation in their
body tissues from impurities present at their neighbouring (Memon et al., 2001; Vymazal
and Kropfelova, 2008). Utilization of these water plants for purifying impurities from mud or
sewage water is beneficial because of reasonable price; eco- friendly, community approval,
removes secondary released compounds, applied to lethal metallic cations and radionuclides
and dumps can be easily reprocessed that is a vital source of metal residue (Mishra and
Tripath, 2008; Aurangzeb et al., 2014).
Literature revealed that aquatic plants like Spirodela polyrhiza remove arsenic
(Rahman et al., 2007), Azolla caroliniana and Hydrilla verticillata remove Fly ash and
uranium, correspondingly (Lu et al., 2011). Micranthemum umbrosumis used for As and Cd
deduction (Agunbiade et al., 2009; Mokhtar et al., 2011), Oenothera picensis is used for
removal of copper (Gonzalez et al., 2014). Eichhornia crassipes remove metallic cations like
As, Cd, Pb, and Cr (Srivastava et al., 2010) zinc (II) and cadmium (II) (Hasan et al., 2007)
and P. stratiotes successfully removed Pb, Cu from contaminated water Kabata and Pendias
(2001), Pandey (2012) and Islam et al. (2015).
2.5. Selection of selected plant species
Specific plant that can be easily grown at dirty places, greater progression rate, more
absoption capcity and have more surface area contacted with surrounding water (Upadhyay
et al., 2009). Such plants that not even absorb lethal impurities from their surroundings also
showed resistance to toxic metallic ions. These plants showed resistance to impurities has not
damging effects in their body parts, absorb, uptake and transport lethal ions and accumulate
them in their vacuoles or their developing parts for instance in leaves.
Eichhornia crassipes is weedy plant that can survive in polluted land and uptake
lethal metallic ions and showed resistance in their survival (Abou-Shanab et al., 2007). This
macrophyte captivate, uptake and concentrate lethal metallic cation in their tissues, due to
these properties it is best candidate for pollution removal from sewage liquids and from
factories that contain liquid rich in cadmium, chromium, cobalt, nickel, lead and mercury
(Ebel and Evangelou, 2007; Nazir et al., 2011). E. crassipes have capability to eliminate
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poisonous compounds except metallic cation for example cyanide and also used in detection
of gold in gold mining zones (Maine et al., 2006; Skinner et al., 2007).
Likewise P. stratiotes is best applicant utilized in phytoremediation (Salt and Kramer,
2000; Mishra and Tripath, 2008; Aurangzeb et al., 2014). The rapid progression and fast
replication of P. stratiotes makes it an excellent applicant for phytoremediation (Mokhtar et
al., 2011). Lone et al. 2008 concluded that P. stratiotes successfully removed Pb and Cu
70.7% and 66.5% respectively that indicate that P. stratiotes is hyperaccumulator plant
(Skinner et al., 2007 and Lu et al. (2011).
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CHAPTER 3
MATERIALS AND METHODS
The current experiment was carried out to study the adaptive components of metal
tolerance in aquatic species. The experiment was carried out at the Botanic Garden Research
Area, Department of Botany, University of Agriculture, Faisalabad.
Two species Pistia stratiotes L. and Eichhornia crassipes (Mart.) Solms were
selected for their degree of tolerance to metal stress and morpho-physiological and
anatomical mechanism of adaptation against metal stress. These two species were first
established in the Botanic Garden Research Area, University of Agriculture, Faisalabad for a
period of one year in water. Young plants were separated that was mature and grown in tubs
that contain approximately twenty liters water. In these pots loam and sand were filled in
equal quanity and filled with water. The experiment was plotted during summer season in the
month of June and July 2014 and temperature range was 37- 42 o C at day time and 25-27 oC
were recorded at night time. Photoperiod ranged from 14 to 17h while the relative humidity
ranged from 47.0 to 60.2%.
3.1. Selection of plant species
Two aquatic species Pistia stratiotes L. and Eichhornia crassipes (Mart.) Solms were
selected for the experiment; these species were taken from Sheikhupura-Lahore road, where
roadsides were heavily affected by industrial effluents. Plants were applied with nickel and
cadmium stress when they were fully grown in Faisalabad atmosphere to estimate their
tolerance capacity and mechanism of resistance and tolerance under control condition.
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3.2. Experimental design
The material was first established at Faisalabad environment for one year. Medium
for the treatment was half filled sand and loam (1:1) mixed in equal quantity and flooded
with water. Three separate experiments were conducted for the present studies. They were
subjected to metals (Ni, Cd and Ni+Cd) stress after their establishment in the Faisalabad
environments by applying the NiSO 4 .6H2 O and 3CdSO 4 .6H2 O as water treatment.
In the first experiment, four cadmium levels were applied after their establishment for
two month viz., 0 (control with no cadmium treatment), 50 mg/L, 100 mg/L and 150 mg/L
3CdSO4 .6H2 O. In second experiment, four levels of nickel viz; 0 (control with no nickel
treatment), 50 mg/L, 100 mg/L and 150 mg/L NiSO 4 .6H2 O were maintained. The third
experiment was established to measure the combined effect of cadmium and nickel. Four
levels of cadmium and nickel combination viz; control (no cadmium and nickle treatment),
25 mg/L + 25 mg/L, 50 mg/L + 50 mg/L and 75 mg/L + 75 mg/L were maintained. The plants
were carefully collected washed thoroughly with distilled water for various morphophysiological and anatomical characteristics. Morphological parameters, plant size, leaf area,
fresh and dry biomass, root length, number of leaves per plant, physiological parameters,
ionic contents, proline, total soluble proteins, soluble sugar, and free amino acids, as well as
anatomical parameters including the occurrence and extent of dermal, parenchymatous,
mechanical and conducting tissue, were assessed.
3.4. Physiological characteristics
3.4.1. Photosynthetic parameters
Measurements of stomatal conductance (gs), net CO 2 assimilation rate (A) and
transpiration (E) were recorded via portable infrared gas analyzer LCA-4 ADC (Analytical
Development Company, Hoddesdon, England).
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3.4.2. Photosynthetic pigments
The carotenoids and chlorophyll a, b measured following procedure of Arnon (1949).
3.4.3. Organic osmotica
Proline measured following procedure of (Bates et al., 1973). Total soluble sugars measured
following procedure of (Yemm and Willis, 1954). Total soluble proteins measured following
procedure of (Lowry et al., 1951). Total free amino acids measured following procedure of
(Moor and Stein, 1948).
3.4.4. Ionic content of root and leaf
Dried roots and leaves were ground (1/2 g) was digested with H2 SO 4 and H2 O2 and
for measuring of various ions (Na+, K + and Ca2+) measured following procedure of Wolf
(1982) by utilizing flame photometer (Jenway, PFP-7). Ni and Cd concentration in root and
leaf (mg/g dry. wt.) measured in the acid digests of roots and leaves via Atomic Absorption
Spectrophotometer (AAnalyst-300, Perkin Elmer, Germany).
3.5. Water Relation Parameter
The shoot of the each plant with the six replicates were utilized to measured shoot
water potential. The quantities were taken early morning at 8 to 10 a.m. using Scholander
type pressure chamber.
But it was not possible for us to measure leaf water or osmotic potential under available
resources. The apparatus used for measuring these parameter unable to record value of
aquatic succulents like P. stratiotes and E. crassipes.

3.6. Anatomical characters
For the anatomical studies, a short portion of leaf and root of about two centimeter
was utilized of same plants that were utilized for other morphological and physiological
features. The material was fixed in formalin acetic alcohol, fixative for two days and then
moved to acetic alcohol solution for preservation. Slides were made by free-hand sectioning
using different grades of ethanol for dehydration also utilized safranine and fast green stains.
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Camera equipped with light microscope (Nikon 104, Japan) by utilzing an ocular µm
calibrated with a stage µm used for taking photographs and its measurements.
3.6.1. Root anatomy
i.

Root diameter

ii.

Dermal tissue (epidermis cell area and thickness)

iii.

Parenchyma tissue (cortex cell area and thickness, pith area)

iv.

Sclerenchyma (cell area and thickness)

v.

Vascular tissue (vascular area, xylem and phloem area)

3.6.2. Leaf anatomy
i.

Dermal tissue (epidermis cell area and thickness, stomata area, stomatal density )

ii.

Sclerenchyma (cell area and thickness)

iii.

Parenchyma (mesophyll cell area, cortical cell area and thickness)

iv.

Vascular tissue (vascular area, xylem snd phloem area)

Area is calculated using following formula:
Area = 0.785 x maximum length x maximum width

3.7. Statistical analysis
The experiment was planned in completely randomized design (CRD). The data were
subjected to statistical analysis using Microsoft Excel software and Minitab statistical
software for analysis of variance (ANOVA) and LSD for comparison of mean values.
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CHAPTER 4
RESULTS
4.1. Morphological characteristics
Table 1 shows F-ratio values for morphological, gas exchange, photosynthetic
pigment, organic osmotica, ionic and metal contents from ANOVA.
Plant height adversely affected by metal stress when applied solely or in combination.
Eichhornia crassipes and Pistia stratiotes showed a significant reduction in height with
increase in Ni or Cd levels, particularly when applied in combination. The highest levels of
both metals severely affected plant height, and when applied in combination (75 mgL-1 Cd +
75 mgL-1 Ni), this proved to be more toxic (Fig. 9).
Root length generally decreased along with increase in metal level with very few
exceptions. It remained constant in E. crassipes at the lowest Ni level, but it significantly
reduced at higher levels of Ni or Cd. The effect was more severe when metals applied in
combination, particularly at the highest level. In P. stratiotes, reductions in root length under
all levels of heavy metal stress were recorded, when applied solely or in combination. The
highest level of combined treatment was even more toxic (Fig. 9).
Leaf area of both species adversely affected by metal stress either applied singly or in
combination. This characteristic was more affected by Cd levels in E. crassipes and by Ni in
P. stratiotes. Combined metal treatment was more toxic than single metal treatment, but both
species showed similar response (Fig. 9).There was a significant decrease in number of
leaves per plant in both E. crassipes and P. stratiotes by increasing metal stress when applied
alone or in combination, however, the effect was not as severe as was recorded in case of
leaf area (Fig. 9).
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A significant reduction in shoot fresh and dry weights was recorded in both E.
crassipes and P. stratiotes species in response to metal stress either applied alone or in
combination. Cd was relatively more toxic to E. crassipes than Ni, whereas Ni was more
harmful for P. stratiotes. Ni and Cd in combination were even more toxic to both plant
species (Fig. 10).
A differential response of root fresh weight was recorded for both species, E.
crassipes showed a consistence decrease along with increasing metal stress when applied
alone or in combination. In P. stratiotes, root fresh weight remained stable up to 100 mg L-1
Cd level, but Ni or Ni+Cd combination resulted in a consistent decrease. Root dry weight
was relatively less affected in P. stratiotes under metal stress when applied singly or in
combination. Cd at induction in growth medium even boosted root dry weight, but higher
levels resulted in a decrease. Ni stress, in contrast, showed a consistent decrease in root dry
weight. Root dry weight was not affected at lower level of metal combination, but severely
affected by higher levels (Fig. 10).

4.2. Physiological parameters
4.2.1. Photosynthetic parameters
Net CO2 assimilation rate generally decreased in E. crassipes and P. stratiotes as
metal levels increased. In E. crassipes in response to nickel stress, this parameter decreased
significantly by induction of nickel in growth medium, but thereafter remain constant at
higher levels. Similar response was recorded when Ni a nd Cd applied in combination (Fig.
11).
Cd stress alone or in combination with Ni resulted in a consistent increase in
transpiration rate in E. crassipes, but 50 mg L-1 Ni level showed no change in this parameter.
The higher levels, however, resulted in a consistent increase. Lower levels of Ni and Cd
separately or in combination did not alter transpiration rate. Higher levels of both Cd and Ni
when applied solely or in combination significantly increased transpiration rate in both
species (Fig. 11).
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Sub stomatal CO 2 concentration decreased invariably in E. crassipes with increase in
Ni, Cd or Ni+Cd levels. Cd alone had no impact on this parameter in P. stratiotes, but lower
levels of Ni when applied individually or in combination with Cd resulted in a n increase in
CO2 concentration. The highest levels of both treatments were, however, toxic (Fig. 11).
Stomatal conductance decreased perpetually in E. crassipes and P. stratiotes with increase in
Ni, Cd or Ni+Cd levels. Lower level (50 mg L-1 ) had not impact on stomatal conductance in
P. stratoites, but higher levels severely affected this parameter (Fig. 11).
Water use efficiency slightly but not significantly affected in E. crassipes in response
to metal treatment when applied singly or in combination. Induction of Ni and Cd in
combination decreased water use efficiency, but thereafter there was no change in this
parameter at higher concentrations. In P. stratiotes metal treatment individually or in
combination showed significant reduction in water use efficiency. Cd and Ni in combination
were even more toxic to this species (Fig. 11).
4.2.2. Photosynthetic pigments
Chlorophyll a significantly decreased in E. crassipes by Cd treatment, either applied
singly or in combination with Ni. Ni alone, however, in lower concentration enhanced
Chlorophyll a, which thereafter showed a consistent decrease. Cd at lower concentration (50
mg L-1 ) had no impact on this parameter in P. stratiotes, but higher levels resulted in a
significant reduction. Ni either applied individually or in combination with Cd was toxic to P.
stratiotes showed a significant decrease (Fig. 12).
Cd induction in growth medium significantly increased Chlorophyll b pigment in E.
crassipes, which then decreased at higher levels. Ni when applied singly or in combination
with Cd resulted in a consistent decrease. Cd and Ni alone in lower concentration (50 mg L 1)

significantly increased chlorophyll b pigment in P. stratiotes, but higher concentrations

adversely affected this parameter. Ni and Cd when applied in mixture did not alter this
parameter at all (Fig. 12).
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Total chlorophyll significantly increased in E. crassipes at lower Ni level (50 mg L-1 ),
but Cd at this concentration had no impact. Higher levels of Ni and Cd were toxic, showing a
significant reduction. Ni and Cd combination showed a consistent decrease in this parameter
in E. crassipes. Cd application in lower concentration enhanced tota l chlorophyll in P.
stratiotes, while higher stress levels resulted in a decrease. Ni when applied singly or in
combination with Cd was toxic to P. stratiotes, showing a significant decrease (Fig. 12).
Carotenoids significantly increased in E. crassipes at lower Cd or Ni levels (50 mg L1)

when applied singly, the higher levels however, showed a reduction. Ni and Cd

combination was toxic to both E. crassipes and P. stratiotes, resulting in a consistent
reduction in carotenoid content. Cd stress had no effec t on this parameter, whereas Ni
showed a consistent reduction (Fig. 12).
4.2.3. Organic osmotica
Proline content was not altered up to 100 mg L-1 Cd level in E. crassipes, but
increased significantly at the highest level. Ni alone or in combination with Cd did not alter
proline content at lower concentrations, but a significant increase was recorded at higher
levels along with increasing stress levels. Lower concentration of both metals had no effect
on proline content in P. stratiotes, however, a consistent increase was noted at higher levels
(Fig. 13).
Total soluble protein consistently increased in E. crassipes along with increasing
stress levels, whether applied individually or in combination. P. stratiotes showed a similar
trend in response to Cd stress, as was recorded in case of E. crassipes. Lower level of Ni
when applied singly or in combination with Cd did not change protein content, but thereafter
this parameter increased significantly at higher levels (Fig. 13).
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Cd application when applied singly was ineffective at lower concentration on total
soluble sugars in E. crassipes, but a consistent increase was recorded at higher levels. This
parameter was affected up to Cd 75 mg L-1 + Ni 75 mg L-1 level, but at the highest level it
increased significantly. Sugar content increased only at higher levels of Cd (100 and 150 mg
L-1 ) in P. stratiotes. Induction of Ni showed a significant decrease in sugar content, which
then increased consistently at higher levels. Combined effect of Cd and Ni, however, resulted
in a consistent increase in this parameter along with increasing stress level (Fig. 13). A
consistent but significant increase in total free amino acids was observed in both species,
when Ni or Cd applied individually or in combination (Fig. 13).
4.2.4. Tissue ionic content
Root K + and Ca2+ content showed significant decrease in E. crassipes as metal levels
increased when applied solely or in combination, however, Cd stress affected K + content
relatively more that recorded for Ni stress. In P. stratiotes, lower levels of Ni and Cd (50 and
100 mg L-1 ) showed increased K + content. Both metals when applied in combination
severely affected K + content in this species, particularly at higher concentrations (Fig. 14).
Root Ca2+ increased consistently in response to increasing levels of Cd stress in P. stratiotes.
Ni induction significantly increased Ca 2+ content in this species, but higher levels proved to
be toxic. Ni and Cd in combination severely affected Ca2+ content, a consistent decrease was
recorded. Root Na+ and Cl- contents remained unchanged in both E. crassipes and P.
stratiotes in response to Ni and Cd, whether applied individually or in combination (Fig. 14).
Leaf K + and Ca2+ content generally decreased in E. crassipes along with increasing
stress levels, whether metals applied singly or in combination. P. stratiotes, however,
showed differential response to metal stress. Cd depicted an increase in shoot K + and Ca2+ at
lower concentrations (50 mg L-1 ). Ni had no effect on shoot K + up to 100 mg L-1 level,
whereas shoot Ca2+ decreased consistently. Lower concentration of Ni+Cd did not affected
shoot K +, but shoot Ca2+ reduced significantly along with increasing stress levels (Fig. 15).
Leaf Na+ and Cl- remained unchanged in response to Ni or Cd stress when applied solely or
in combination (Fig. 15).
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Root and leaf Cd2+ content progressively but significantly increased with increased in
cadmium levels in the growth medium when applied solely or in combination in both E.
crassipes and P. stratiotes. Similar trend was observed in root and leaf Ni2+ content (Fig. 16),
where a consistent increase was noted along with increase in Ni, Cd or Ni+Cd stress.

4.3. Anatomical parameters
4.3.1. Root anatomical characteristics
The data for root anatomical characteristics was recorded from Fig. 24-29.
Table 2 shows F-ratio values for root and leaf anatomical characteristics from
ANOVA. The root cross sectional area showed variable response to increasing stress level in
both species. A significant increase noted in E. crassipes by Cd induction in growth medium,
but higher levels had no prominent impact. Ni showed a consistent increase in root area up to
100 mg L-1 level, but the highest level proved to be toxic. A consistent increase along with
increasing stress levels noted in this parameter when both metals applied in combination.
Various levels of Cd had no impact on root cross-sectional area in P. stratiotes, whereas Ni
when applied singly or in combination with Cd was detrimental only at the highest level (Fig.
17).
Cd treatment showed no prominent change on epidermal cell area in E. crassipes,
whereas 100 mg L-1 Ni level resulted in a significant increase. Combined treatment of Ni and
Cd increased epidermal cell area at lower concentration, which then decreased at higher
levels. In P. stratiotes, this parameter increased significantly at lower Cd levels and
decreased at the highest level. Lower levels of Ni had a slight influence on epidermal cell
area, which thereafter decreased at the highest level. Combined treatment of Ni and Cd
resulted in a consistent increase up to Cd+Ni (50 mg L-1 each), which then significantly
decreased at the highest level (Fig. 17).
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Cd showed a slight effect on cortical region thickness that remained very much
constant in both E. crassipes and P. stratiotes. Ni induction resulted in an increase in cortical
thickness in both species, but in P. stratiotes, this parameter decreased significantly at the
highest level. Ni and Cd combination showed a consistent increase in this parameter along
with increasing levels only in E. crassipes, but there was no prominent effect on P. stratiotes
(Fig. 17).
Cortical cell area remained unchanged in E. crassipes by Cd, whether applied singly
or in combination with Ni. Cd alone significantly increased only at 100 mg L-1 , which
thereafter remained constant. Pistia stratiotes was more responsive to metal stress, in which
lower level of Ni significantly increased cortical cell area, when applied singly or combined
with Cd. Cd alone had a little impact on this species (Fig. 17).
Aerenchyma area remained unchanged in E. crassipes under Cd stress, but
consistently increased up to 100 mg L-1 Ni level. A significant decrease was recorded in this
parameter at the highest level. Combination of Ni and Cd significantly increased aerenchyma
formation along with increasing stress levels. In P. stratiotes, aerenchymatous area
consistently increased under Cd stress, but decreased when Cd applied in combination with
Ni. Ni stress resulted in a consistent increase in this parameter, but up to 100 mg L-1 level.
The highest level showed a significant reduction in aerenchymatous area in this species (Fig.
18).
Cd treatment showed no effect on pith area in E. crassipes, but when applied in
combination with Ni, this parameter significantly increased by lower levels. The highest
level, however, resulted in a considerable decrease. Pith area under Ni treatment consistently
increased up to 100 mg L-1 level, but thereafter it decreased significantly. In P. stratiotes,
pith area consistently decreased when Ni applied solitarily or in combination with Cd. Cd
alone showed a significant increase at 50 mg L-1 level, but then it decreased consistently (Fig.
18).
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Pith cell area remained unchanged in E. crassipes by Cd treatment, but Ni induction
in growth medium showed a significant increase in this parameter. Pith cell area remained
unaffected in this species at higher Ni levels. A significant increase in pith cell area recorded
by induction of Ni+Cd treatment, but thereafter a consistent decrease noted at higher levels.
Lower level of Ni and Cd when applied individually significantly increased pith cell area in
P. stratiotes. Higher levels of both metals, however, resulted in a consistent decrease. A
significant increase in this parameter recorded only at 50 mg L-1 Ni+50 mg L-1 level, but the
highest level depicted a significant decrease (Fig. 18).
Endodermal area was not affected in E. crassipes under metal stress, whether Ni or
Cd applied individually or in combination. P. stratiotes, however, showed a consistent
reduction in endodermal cell area when both metals applied singly or in combination. Cd
alone or in combination with Ni did not affect cell area at lower level, but higher levels
proved to be toxic (Fig. 18).
Cd and Ni when applied singly, significantly increased metaxylem area in E.
crassipes. This characteristic remained unchanged when both metals applied in combination.
P. stratiotes was more responsive to metal stress, either each metal applied individually or in
combination. Cd resulted in a consistent increase in this parameter up to 100 mg L -1 stress
level, which then decreased significantly at the highest level. Metaxylem area increased at 50
mg L-1 Ni, thereafter a consistent decrease was recorded. Combination of Ni and Cd,
however, was more toxic showing a consistent decrease along with increasing stress levels
(Fig. 19).
In E. crassipes, xylem area increased significantly by induction of Cd in growth
medium. This parameter remained unchanged at higher levels of Cd. A consistent increase
up to 100 mg L-1 Ni and 50 mg L-1 Cd + 50 mg L-1 Ni was recorded in xylem area, which
then significantly decreased at the highest level. Cd or Ni when applied alone significantly
increased xylem area in P. stratiotes at 50 mg L-1 level, but thereafter a consistent decrease
was observed. Combination of Ni and Cd resulted in a consistent decrease of xylem area in
this species (Fig. 19).
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In E. crassipes, phloem remained more or less unchanged area under metal stress,
when both metals applied singly or in combination. A consistent increase in phloem noted up
to 100 mg L-1 level of Cd in P. stratiotes, but thereafter this parameter severely affected at
the highest level. Ni had no effect on phloem are a in this species. Phloem area significantly
increases by Cd+Ni combination, but thereafter a consistent reduction recorded at higher
levels (Fig. 19).
4.3.2. Leaf anatomical characteristics
The data for leaf anatomical characteristics was recorded from Fig. 30-35.
Adaxial epidermal cell area remained unchanged at 50 mg L-1 Cd and Ni levels in E.
crassipes, and then it increased continuously along with Cd levels and decreased with Ni
levels. Combination of Ni and Cd resulted in a consistent decrease in adaxial epidermal cell
area along with increasing metal levels. In P. stratiotes, 50 mg L-1 Cd and Ni application
when applied individually had no effect on adaxial epidermal cell area, and thereafter it
decreased continuously at higher Cd or Ni levels. Epidermal cell area decreased only at 50
mg L-1 Cd + 50 mg L-1 Ni level (Fig. 20).
In E. crassipes, no significant effect on abaxial epidermal cell area noted at all levels
of Cd application when applied individually or in combination with Ni. This parameter
showed an increase only at 50 mg L-1 Ni level, but other levels did not make any impact. Cd
when applied individually, and in combination with nickel, abaxial epidermal cell area
increased at lower concentration in P. stratiotes, which then decreased consistently at higher
levels. This parameter increased significantly at 50 mg L-1 Ni level, and then decreased only
at the highest level (Fig. 20).
Leaf thickness showed no variation in response to increasing Cd stress, either applied
singly or in combination with Ni in E. crassipes. This parameter remained constant up to 100
mg L-1 Ni level, and at 150 mg L-1 Ni level, a slight increase noted. In P. stratiotes, this
parameter increased at lower Cd level when applied singly or in combination with Ni, and
thereafter a consistent decrease recorded in this parameter. Ni induction in growth medium
showed no impact on leaf thickness, but a significant decre ase noted at higher levels (Fig.
20).
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A significant decrease in aerenchymatous area and vascular bundle area was noted in
E. crassipes along with the increasing Cd or Ni when applied individually or in combination.
P. stratiotes responded differently to metals stress, where no change observed in
aerenchymatous area at lower levels of Cd alone or in combination with Ni. Higher levels,
however were detrimental for this characteristic. Ni showed a consistent decrease along with
increasing stress levels in aerenchymatous area. There was a decrease in vascular bundle area
at lower levels of Ni, Cd or combination of Ni and Cd, but thereafter no prominent change
observed at higher levels (Fig. 20).
Bundle sheath cell area remained unchanged by Cd application in E. crassipes. An
increase in this parameter noted only at 100 mg L-1 Ni, which then decreased at highest level.
A significant increase in cell area observed at 25 mg L-1 Cd + 25 mg L-1 Ni level, and
thereafter a consistent decrease recorded along with further increase in stress level (Fig. 21).
Sclerenchymatous area decreased continuously along with increasing Cd and Ni levels in E.
crassipes. Combine application of Ni and Cd caused no effect on this parameter at lower
levels, and then decreased at the highest level. A continuous decrease in chlorenchymatous
thickness noted up to 100 mg L-1 Ni or Cd levels in E. crassipes. Combined application of Ni
and Cd resulted in a consistent decrease in this parameter along with increasing metals
concentration (Fig. 21).
E. crassipes, xylem and phloem area decreased consistently with the increase in Cd
and Ni concentrations, whether applied singly or in combination (Fig. 21). Lamina thickness
was not affected in P. stratiotes by the application of Ni solely or in combination with Cd.
This parameter was not changed at 50 mg L-1 Cd and then decreased along with further
increase in Cd concentration (Fig. 21).
A continuous increase in number of trichomes noted up to 100 mg L-1 Ni level and
then it decreased at the highest level in P. stratiotes. Induction of Cd in growth medium
resulted in a significant increase in trichome number, but at higher levels, this parameter
remained constant. Ni and Cd at lower levels significantly increased number of trichomes,
which then severely affected at the highest stress level. Trichome length showed an increase
in P. stratiotes at lower metal levels, when Cd or Ni applied solely or in combination, but
higher levels proved to be toxic, showing a significant decrease (Fig. 22).
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4.3.3. Stomatal density and area
The data for stomatal characteristics was recorded from Fig. 36-38.
In E. crassipes stomatal density increased significantly at lower levels of Cd alone or
in combination with Ni. The highest level proved to be harmful showing a significant
reduction in this parameter. Stomatal density remained stable at lower level of Ni, but then
decreased significantly at the highest level. Stomatal area decreased significantly in response
to Cd stress, but only at the highest level. Ni did not show any impact on this characteristic,
but when both metals applied in combination, lower level resulted in a significant increase. A
substantial decrease recorded at the highest level only (Fig. 23).

4.3.4. Subsidiary cell area
The data for subsidiary cellcharacteristics was recorded from Fig. 39-41.
In P. stratiotes, subsidiary cell increased by induction of Cd or Ni in growth medium. Higher
level showed a consistent decrease in this parameter. Subsidiary cell area decreased
consistently when Ni and Cd applied in combination, however, the decrease was not much
prominent (Fig. 23).
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CHAPTER 5
DISCUSSION
A very serious environmental issue in recent era is the accumulation of heavy metals
(HMs), which are polluting terrestrial as well as aquatic habitats at an alarming rate. HMs
have beyond the toxic limit may seriously impose detrimental impact, not only for
agricultural crops and human beings, but may also affect the whole ecosystem (Ghelich et
al., 2013). Metal- induced alterations often resulted in a noticeable structural modification,
whether at cellular or tissue level (Singh and Sinha, 2004).
One of the vital responses due to high concentrations of HMs is the formation of
(ROS) i.e. reactive oxygen species (Gill, 2014). This might be due to interruption of
metabolic functions at cellular or molecular level. As a consequence, several morphological,
physiological or biochemical abnormalities may occur (Emamverdian et al., 2015). Plants
may adopt a variety of mechanisms to neutralize HM toxicity, such as formation of metal
complexes (Memon et al., 2001; Yadav, 2010), storing away from metabolically active
tissues (Hassan and Aarts, 2011), and dumping off in vacuoles (McGrath and Zhao, 2003).
5.1. Morphological characteristics
All morphological characteristics were adversely affected by metal stress (Cd, Ni and
Cd+Ni), showing a significant reduction in almost all characteristics. Combined application
of Ni and Cd was even more toxic. Roots are sensitive parts that bear metal stress (Sharma
and Dubey, 2005). High concentrations of metals like Cd and Ni are resulted in root
deformity, which seriously hampers transport of solutes to aerial parts of a plant (Irfan,
2015). Reduction in biomass i.e. fresh and dry weights have also been resulted by Singh et al.
(2012) in Hydrilla verticillata and Raza et al. 2013 in sugarcane. Root biomass in P.
stratiotes showed little resistance to high levels of toxic metals, which might be a typical
response of hyper-accumulators of Ni or Cd that counteract lipid peroxidation, protein
disintegration and destruction of photosynthetic pigments (Päivöke and Simola, 2001).
Another reason for reduction in biomass is the production of ROS, either in cell wall
or inside the cells, and as a result chlorosis or necrosis may appear on aerial plant parts in
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many species (Mascher et al., 2002). This will effect photosynthetic activity, enzyme
functioning and membrane permeability, and as a consequence deterioration in micronutrient
translocation (Shaibur et al., 2009).
5.2. Physiological characteristics
Among gas exchange characteristics, photosynthetic rate and stomatal conductance
invariably decreased along with metal toxicity, which also measured by Agarwal (2002).
Cadmium is uptake occur via plasma membrane transporters (Kim et al., 2002) and then
transported to shoots, causing disturbances in photosynthetic efficiency and hence retardation
in growth (Parmar et al., 2013). Zhou and Han (2005) reported an increase in photosynthetic
rateof E. crassipes plants in response to lead toxicity. In the present study, E. crassipes
maintained photosynthetic rate under Ni stress. According to Pereira et al. (2014),
photosynthesis is regulated mainly by two factors, availability of light and carbon dioxide,
and more specifically the CO2 capture capacity. Anatomical characteristics like stomatal
index, size, area and orientation, and leaf succulence may be immensely important for CO 2
capture in leaves (Zhou and Han 2005).
Photosynthetic activity is also affected by metal- induced growth retardation, decrease
in leaf number and area, shoot and root biomass and root elongation, increased necrosis and
chlorosis and reduced size of stomatal aperture (Ozyigit and Akinci, 2009; Rai, 2016).
Another important factor that affects photosynthetic rate is the destruct ion of chlorophyll
pigments, which in present case severely reduced under high stress levels in both species.
Reduction in chlorophyll and carotenoids has been regarded the initial symptom of metal
toxicity by Guimarães et al. (2012) and Farnese et al. (2014). HMs causes oxidative toxicity
in plants, and stability in chlorophyll pigments under stress that indicated its tolerance
behaviours (Macfarlane and Burchett, 2001; Farnese et al., 2014).
Accumulation of organic osmotica is a general response to os motic stress due to
environmental factors like HMs (Hassanein et al., 2012). Organic osmolytes generally
increased by metal stress when applied alone or in combination; however, E. crassipes
accumulated proline and total proteins in higher amount under Ni stress while P. stratiotes
under Cd stress showed the same response. Stress resistance can be judged by amino acid
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accumulation. Metabolites such as glutathione in response to environmental stresses use
amino acids as a precursor. Metal stress has a direct impact on nitrogen content of plants, and
this will hamper the concentration of amino acids (Less and Galili, 2008). Proline synthesis is
vital in addition to maintain turgor in plants under osmotic stress caused by metal toxicity
(Hayat et al., 2012). It also increases metal detoxification capability of plants, which again is
a vital component of measuring degree of tolerance to HMs (Emamverdian et al., 2015).
Ions like K + and Ca2+ were severely affected by either metals alone or in combination
in E. crassipes. Cd increase uptake of both Ca2+ and K+ in roots and shoot up to moderate
stress levels in P. stratiotes. Metal sensitive species responded other ways, in which lipid
peroxidation is induced by HMs due to free radicle formation. This may cause damage to
plasma membranes, and as a result high amount of K + leakage may occur (Upadhyay and
Panda, 2009; Farnese et al., 2014).
5.3. Anatomical characteristics
5.3.1. Root anatomy
Root area, root pith area and pith cell area, root xylem area, metaxylem area and
endodermal cell area generally increased in E. crassipes under metal stress when applied
alone or in combination, whereas in Pistia stratiotes responded to Cd stress alone in a similar
way. Silva et al. (2013) also reported similar finding in P. stratiotes.
Root growth and root anatomical traits were inhibited by Cd. Many researchers
reported a reduction in root growth, and this might be chiefly due to reduced rate of cell
division. Another prominent feature is the inhibited activity of rooting hormones like auxins
in response to HMs- induced stress (Stohs et al., 2000; Schilcher et al., 2005; Sharma and
Dietz, 2006).
Root epidermal cell area, cortical cell area and thickness, aerenchymatous area
increased in both E. crassipes and P. stratiotes under metal stress when applied alone or in
combination. Large epidermal cells along with thicker outer tangential walls offer resistance
to pollutants like HMs to penetrate metabolically active cells inside the plant body (Gostin,
2009). Endodermis and exodermis (sclerenchyma) act as an apoplastic barriers, which is of
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critical importance in combating environmental stress like HMs (Marques et al., 2011; Silva
et al., 2013). These tissues provide tolerance to radial flow of toxic metals and also prevent
softer tissues from desiccation (Lux et al., 2004; Enstone et al., 2003).
Phloem area increased only in P. stratiotes under all stresses, whereas xylem areas
(and metaxylem area) increased in most of the cases. Enlarged proportion of vascular tissue
has the increased capability of water and nutrient conduction along with the photosynthates
in plants (Pereira et al., 2014). E. crassipes and P. stratiotes exhibited capability to raise the
water and nutrient transport from roots to shoots, and this can ensure the health of plants, and
healthy plants are generally more tolerant to every stressful environment. Any increase in
phloem area under metal stress may contribute to stress tolerance as it increases
phtoassimilate flux towards roots, roots under Pb toxicity expressed stress tolerance
mechanism, as its ability to increase the photoassimilate flux towards roots, and this will
promote root growth (Pereira et al., 2014).
Metal stress severely hampers root growth an elongation, and as a counter effect, root
diameter increased (Vollenweid et al., 2006). Current investigation showed, higher metal
concentration resulted in reduction in root dry and fresh wt. and height of root. Many of
previous studies reported similar finding, in which reduction in cell division and this
ultimately hinder root biomass (Bosabalidis et al., 2004; Sharma and Dubey, 2005; Heidari et
al., 2011). These studies mostly dealt with sensitive species, but metal accumulators like P.
stratiotes and E. crassipes responded otherwise. Increased diameters of roots has also been
reported by Bosabalidis et al. (2004) and Soares et al. (2011) in response to metal toxicity,
that was primarily due to increase in vascular tissue proportion.
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5.3.2. Leaf anatomy
Plants exhibit anatomical changes when exposed to metal-polluted environments (AlSaadi et al., 2013), which includes reduced leaf thickness, parenchymatous cell size and
vascular tissue, and increased aerenchyma formation resulted by Al-Saadi et al. (2013). In
recent research, reduction was noted in aerenchyma formation under all levels of metal
stress. Al Saadi (2013) conducted his studies on Potamogeton species, which is a submerged
hydrophyte and may totally depend on aerenchyma formation for its survival. E. crassipes
and P. stratiotes are floating species, than may absorb oxygen directly from environments
and hence, aerenchyma formation is not vitally important for the survival.
In P. stratiotes leaf anatomical characteristics like adaxial or abaxial epidermal cell
area were relatively more responsive to Cd stress when applied alone or in combination with
Ni. Thickness of epidermis, when thickened on both leaf surfaces, is extremely important for
water conservation, as it minimizes water loss through leaf surface. Gomes et al. (2011)
reported a relationship of thick leaf epidermis with greater leaf blade turgor in metal-polluted
environments.
Any increase in mesophyll tissue ensures enhanced CO 2 uptake under Cd-containing
medium, and therefore it is capable of higher CO 2 retention (Pereira et al., 2016), and as a
result there will a significant increase in photosynthetic rate. Mesophyll thickness under Ni
and Cd contaminated waters enables a plant to utilize efficiently radiation that is required for
photosynthesis resulted by Pereira et al. (2017). Same results were estimated by Shi and Cai
(2009) in Arachis hypogaea. Stability in leaf anatomical characteristics including mesophyll
under metal-polluted waters is an indication of strong resistance against metal toxicity
(Pereira et al., 2014).
Metaxylem vessels are the main solute conducting elements within the vascular
tissue, and any reduction in the size of vascular bundle under metal toxicity may also affect
metaxylem vessel diameter (Ortega et al., 2006). Size of vascular bundle is linked
positivelywith amount of water and minerals conduction, and therefore, reduction in vascular
bundle size may significantly reduce growth and growth related parameters (Ceccoli, 2011).
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Bundle sheath cells are the characteristics feature of C4 plants, which is related to
enhanced photon capture capability (Chen et al., 2006). E. crassipes showed an increase in
this parameter under Ni stress, and this may be the reason for relatively more stability of
biomass production in this species in Ni-polluted environments.
Stomatal density area was not much affected under metal stress, but showed increased
value in most of the cases. Stomatal density is directly related to CO 2 capture. Grisi et al.
(2008) and Pereira et al. (2014) measured rise in stomatal characteristics (especially density)
under stressful conditions in more resistant plants, quite similar to that recorded in case of E.
crassipes. The highest level of Ni alone or in combination with Cd severely affected stomatal
density and area in E. crassipes, and same results were reported by (Pietrini et al., 2010) and
(Parmar et al., 2013), that measured stomatal density/unit area under Cd stress, and this will
significantly lower photosynthetic rate as reported by Perfus-Barbeoch et al. (2002).
Furthermore, stomata area and density are also responsible for transpiration control (Pereira
et al., 2014).
5.4. General Discussion
Eichhornia crassipes is relatively more sensitive to Cd than Ni, whereas Pistia
stratiotes is more sensitive to Ni than Cd. Both Ni and Cd affected growth and development
in E. crassipes and P. stratiotes, but combined stress is more detrimental in both species.
Combined stress is more damaging for growth and development in both species. All
morphological characteristics were adversely affected by metal stress (Cd, Ni and Cd+Ni),
however, root dry weight showed little variation in P. stratiotes thatshowed an increase at
lower Cd levels.
Among gas exchange parameters, photosynthetic rate and stomatal conductance
invariably decreased along with increase stress levels when applying solely or in
combination, however transpiration rate increased at higher stress level and sub-stomatal CO 2
concentration generally increased under lower metal levels in P. stratiotes only. Chlorophyll
pigments generally decreased under Ni stress, however, Chla increased at lower Ni levels in
E. crassipes, while increased at lower Cd level in P. stratiotes. Increase in carotenoides was
little affected by lower levels of nickel and cadmium in both species, but combined stress
was detrimental. Organic osmolytes generally increased by meta l stress when applied alone
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or in combination, however, E. crassipes accumulated proline and total proteins in higher
amount under Ni stress while same results was observed in P. stratiotes under Cd stress.
When Ni and Cd were applied in combination, both species accumulated all organic
osmolytes in significantly higher quantity.
Ions like K + and Ca2+ were severely affected by either metals alone or in combination
in E. crassipes. Cd increased uptake of both Ca2+ and K+ in roots and leaf up to moderate
stress levels in P. stratiotes. However, K + in root and leaf increased either by lower level of
Ni or in combination with Cd in this species. E. crassipes is better accumulator of both Ni
and Cd while applying alone or in combination, however, an exception Ni in root was more
in P. stratiotes when applied in combination with Cd.
Root area, root pith area and pith cell area, root xylem area, metaxylem area and
endodermal cell area generally increased in E. crassipes under metal stress when applied
alone or in combination. Root epidermal cell area, cortical cell area and thickness, cortical
and aerenchymatous area increased in both E. crassipes and P. stratiotes under metal stress
when applied alone or in combination. However, phloem area increased only in P. stratiotes
under all stresses.
Leaf anatomical characteristics like adaxial or abaxial epidermal cell area were
relatively more responsive to Cd stress when applied alone or in combination with Ni in P.
stratiotes. However, trichome number and length increased at lower levels of stress when
applied solely or in combination in P. stratiotes. Stomatal density on both leaf surfaces and
bundle sheath cell area generally increased in E. crassipes under metal stress when applied
alone or in combination. Stomatal area on lower leaf surface, however, increased only when
metals applied in combination. Other leaf characteristics like aerenchymatous area, vascular
bundle area, stomatal area, sclerenchyma area, chlorenchymatous area, xylem area, phloem
area and lamina thickness generally decreased under metal stress when applied alone or in
combination with few exceptions.
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5.5. Conclusions
In conclusion, the present study on the tolerance to metal toxicity on E. crassipes and
P. stratiotes confirms that the E. crassipes is relatively more tolerant to Ni than Cd, whereas
P. stratiotes is more sensitive to Ni than Cd. Both species can tolerate high concentration of
Ni or Cd toxicity. Both species are metal accumulator and utized for phytoremediation in
metal-affected soils. Morpho-physiological and anatomical based markers can be
incorporated in other metal sensitive plants to increase tolerance level.
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Chapter 5

SUMMARY

Heavy metals are increasing at a rapid rate in water system due to human activities
and factories effluents. Cadmium and nickel are such lethal heavy metals that concentrated in
body parts and disturb metabolic pathways by disturbing the sturucture of enzyme. Capacity
of macrophytes to survive, absorb, and uptake lethal metal ions is vital process that have gain
attention in this era. Two aquatic species P. stratiotes and E. crassipes were selected for the
experiment; the plant material was collected from Sheikhupura- Lahore road. The material
was first established at Faisalabad environment for one year. Medium for the treatment was
half filled sand and loam (1:1) mixed in equal quantity and flooded with water.
Three separate experiments were conducted for the present studies. They were
subjected to metals (Ni, Cd and Ni+Cd) stress after their establishment in the Faisalabad
environments by applying the NiSO 4 .6H2 O and 3CdSO 4 .6H2O as water treatment. In 1st
experiment, four cadmium levels were maintained after their establishment for two months,
viz., 0 (control with no cadmium treatment), 50, 100, and 150 mg/L 3CdSO 4 .6H2 O. In second
experiment, four levels of nickel viz; 0 (control with no nickel treatment), 50, 100 and 150
mg/L NiSO 4 .6H2 O were maintained. The 3rd experiment was plotted to investigate the
combined effect of cadmium and nickel. Four levels of cadmium and nickel combination viz;
control (no cadmium and nickle treatment), 25 mg/L + 25 mg/L, 50 mg/L + 50 mg/L and 75
mg/L + 75 mg/L were maintained. The plants were carefully collected washed thoroughly
with distilled water for various morpho-physiological and anatomical characteristics.
Both Ni and Cd affected growth and development in E. crassipes and P. stratoires,
but combined stress is more detrimental in both species. All morphological characteristics
were adversely affected by metal stress (Cd, Ni and Cd+Ni). Among photosynthetic
parameters, photosynthetic rate and stomatal conductance reduced along with increase stress
levels when applying solely or in combination. Photosynthetic pigments generally decreased
under Ni stress,while increased at lower Cd level in P. stratoites. Carotenoides increased or
little affected by lower levels of nickel and cadmium in both species, but combined stress
was detrimental. Both species accumulated all organic osmotica in significantly higher
quantity.
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Ionic contents like K + and Ca2+ severely affected by either metals alone or in
combination in E. crassipes. Cd increase uptake of both Ca2+ and K+ in roots and shoot up to
moderate stress levels in P. stratoites. However, K + in root and shoot increased either by
lower level of Ni or in combination with Cd in this species. E. crassipes is better accumulator
of both Ni and Cd while applying alone or in combination, however, an exception Ni in root
was more in P. stratoites when applied in combination with Cd.
Root area, root pith area and pith cell area, root xylem area, metaxylem area and
endodermal cell area generally increased in E. crassipes under metal stress when applied
alone or in combination. Root epidermal cell area, cortical cell area and thickness, and
aerenchymatous area increased in both E. crassipes and P. stratoites under metal stress when
applied alone or in combination. However, phloem area increased only in P. stratoites under
all stresses.
Leaf anatomical characteristics like aerenchymatous area, vascular bundle area,
stomatal area, sclerenchyma area, chlorenchymatous area, xylem area, phloem area and
lamina thickness generally decreased under metal stress when applied alone or in
combination with few exceptions. Stomatal density on both leaf surfaces and bundle sheath
cell area generally increased in E. crassipes under metal stress when applied alone or in
combination. Stomatal area on lower leaf surface, however, increased only when metals
applied in combination. Other leaf characteristics like adaxial or abaxial epidermal cell area
were relatively more responsive to Cd stress when applied alone or in combination with Ni in
P. stratoites. However, trichome number and length increased at lower levels of stress when
applied solely or in combination in P. stratoites.
In conclusion, the present study on the tolerance to metal toxicity on P. stratiotes and
E. crassipes confirms that the E. crassipes is relatively more sensative to Cd than Ni,
whereas P. stratiotes is more tolerant to Cd than Ni. Both species can tolerate high
concentration of Ni or Cd toxicity. Both species are metal accumulator and utilized for
phytoremediation in metal-affected soils. Morpho-physiological and anatomical based
marker can be incorporated in other metal sensitive plants to increase tolerance level.
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