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Abstract   

Heavy metals trigger various plant responses that basically vary with the 

intensity as well as duration of stress. Comprehension of the morphological 

and anatomical responses to such stress is essential for a holistic percep-

tion of plant resistance mechanisms to metal-excess conditions in higher 

plants. In the present study, the effects of heavy metals on morpho-

anatomy of Catharanthus roseus (L.) G.Don based on its potential to tolerate 

metal stress has been studied in industrially polluted environments. The 

tissue samples of these plants grown in contaminated and uncontaminated 

soils were processed for analysis under Scanning Electron Microscope 

(SEM). Briefly, harvested tissues were pre-fixed using glutaraldehyde and 

paraformaldehyde in sodium cacodylate (CAC) buffer, followed by post fixa-

tion in osmium tetroxide. Further, the digital micrographs of critically dried 

samples were captured. The analysis of micrographs revealed structural 

changes like cell wall thickening, increased stele diameter, increased root 

and shoot diameter, variations in stomatal number, enlargement of tri-

chomes and salt glands of plants grown in contaminated soil when com-

pared to those grown in uncontaminated soil. The study also provided mi-

croscopic evidence of endophytic colonization of microorganisms within 

surface-disinfected plant tissues. Based on the varied morpho-anatomical 

responses due to heavy metal stress, several physiological and metabolic 

mechanisms of plants were deciphered.    
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Introduction   

Heavy metal stress triggers several plant responses. Plant reactions exist to 

circumvent the potential effects caused by a wide range of heavy metals. 

Heavy metals such as iron, copper, nickel, cobalt, cadmium, zinc, arsenic 

and mercury are for long being amassed in soils near industrial areas. Most 

of these metals are essential micronutrients that control several regular 

processes in plants. However, excess of these metals can elicit varied mor-

pho-anatomical responses in plants (1). Tolerance to metal stress is an intri-

cate parameter in which performance of a plant can be influenced by sever-

al characteristics that are important for plant–water relationships (2), root-

shoot elongation, biomass allocation (3), seed germination and hydraulic or 

stomatal conductance (4, 5). While several plant species were known to ex-
hibit decreased growth, several others exhibited enhanced growth and me-
tabolism under metal excess conditions (6). The responses of plants to metal 
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stress generally alter with the intensity as well as with the 

period of stress. However, plants’ responses to a combina-

tion of metal stress cannot be deduced from their respons-

es to the individual metal stress (7). 

 Comprehending the morphological and physiologi-

cal responses of plants to metal stress is essential for a 

holistic perception of resistance mechanisms against met-

al excess conditions. According to our previous research 

Catharanthus roseus (L.) G.Don when grown in industrially 

polluted soils for 6 months exhibited altered accumulation 

of several phytochemicals that were responsible for 

plant’s stress resistance. These plants also showed in-

creased antioxidant potential and photosynthetic activity 

when compared to plants that were grown in uncontami-

nated soil (Unpublished). The results indicated that not 

only plants could withstand the metal stress up to the lev-

el tested, but they could probably also utilize these metals 

in their physiological processes. In the present study how-

ever, the effects of heavy metals on plant morpho-

anatomy based on its ability to tolerate metal stress has 

been studied in industrially contaminated environments. 

Soil samples collected from Hindustan Shipyard Limited 

i.e., HSL (Visakhapatnam city-India) and garden of Gandhi 

Institute of Technology and Management (Visakhapatnam 

city-India) were chosen as the test and control respectively 

based on the concentration level of few tested metals pre-

sent in the soil (8). Fig. 1A depicts the difference between 

the concentrations of various metals present in the test 

and control soil.    

Fig. 1. Soil heavy metal concentrations and responses of Catharanthus 
roseus to heavy metal stress. (A): Metal concentrations in soil samples. The 
heavy metal concentrations were analysed via. Atomic Absorption Spectro-
metric method (8). The test soil had very high concentrations of metals 
especially copper and zinc in comparison to control soil. Arsenic and Mercu-
ry are less than 0.5 ppm (B): Number of epidermal cells and stomata in con-
trol and test leaves. There was 33% increase in stomatal number per unit 
area in the test sample when compared to control sample. However, the 
number of epidermal cells per unit area showed did not vary. (C): Variations 
in trichomes and salt glands in control and test leaves. The mean length of 
trichomes and salt glands was 52% and 188% greater in test sample when 
compared to control sample. (D): Variations in diameter of stem and pith in 
control and test samples. The stems were 23% thicker with 28% greater 
extent of pith in test plants than the control plants. (E): Variations in root and 
stele diameter in control and test roots. The test roots were 41.7% thicker 
having 16.6% larger stele diameter than control roots. (F): Variations in 
xylem and phloem diameters in control and test roots. The mean diameter of 
xylem and phloem were 14.5% and 15.4% greater in test roots than control 
roots respectively. 
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Materials and Methods   

Physicochemical properties of soil    

Physicochemical properties of soil samples like pH, electri-

cal conductance, organic matter, particle size and mois-

ture were also analyzed and reported as Table 1. Acid di-

gestion was done using the aquaregia digestion method 

for measuring ‘total’ trace elements in the soil (8). To 1g of 

each soil sample 1.5 ml hydrogen peroxide, 4.5 ml hydro-

chloric acid and 1.5 ml nitric acid were added. Hydrogen 

peroxide was used to enhance the degradation of organic 

matter in the soil. The digestion was carried out on an 

electric hot plate. After the process, each aliquot of digest-

ed sample was diluted to100 ml with Milli-Q water and 

analyzed by Atomic Absorbance Spectrophotometry. 

Plant growth and environmental conditioning      

20 days old Catharanthus roseus (L.) G. Don seedlings were 

obtained from nursery of Gandhi Institute of Technology 

and Management and planted into each soil type in sets of 

three. Seedlings were misted wet and placed at 37 0C in a 

dark room for 2 days. Later, the seedlings were allowed to 

grow for 6 months, during which the soil temperature and 

humidity was maintained at 68 F and 40% respectively. 

Seedlings were exposed to light intensity (above 2100 Can-

dela steradian/ square meter) and adequate air move-

ment. Periodic scouting was done to maintain accurate 

soil moisture throughout the growth period.  

Sample processing     

The tissue samples (leaf, stem and root) of 6 months old 

Catharanthus roseus grown in test and control soil were 

harvested and processed immediately. The samples were 

pre-fixed in glutaraldehyde (3.5%) and paraformaldehyde 

(2%) in 0.1 M sodium cacodylate (CAC) buffer (pH 7.2) for 4 

hr at room temperature (9). Samples were post-fixed in 

osmium tetroxide (0.1% w/v) in CAC buffer for 2 hr at room 

temperature. After fixation, the samples were washed with 

distilled water followed by dehydration using graded etha-

nol series (20%, 40%, 60%, 70%, 80%, 90% and 99%) of 10 

min for each ethanol concentration (10). Samples were 

eventually dried in a critical point dryer (Agar Scientific 

Ltd.) with liquid CO2 and mounted on SEM stubs before 

being coated with gold (200 Angstroms) using an Emitech 

K550X sputter coater (Quorum Technologies). Observation 

of tissues was done using Philips XL30 Scanning Electron 

Microscope (SEM) that was operated at 10 kV for capturing 

the digital micrographs.  

 

Results and Discussion   

Growth being one of the most important physiological 

processes is generally linked to nutrient uptake efficiency 

of the plant. The plants grown in soil collected from HSL 

showed increased height, thicker shoot and root system, 

deeper root penetration, larger leaves and enhanced chlo-

rophyll content when compared to plants grown in control 

soil. The anatomical alterations that occurred in leaves, 

stems and roots of plants grown in industrial soil were as-

sessed based on SEM micrographs. The micrographs were 

analysed using ImageJ software (11).  

Analysis of leaf micrographs      

The control and test leaf micrographs are shown in Fig. 2 

and Fig. 3. The leaf epidermis constituted a single protec-

tive layer of cells that served as a barrier to environmental 

factors like loss of water, pathogen attack and herbivory 

(12). Epidermal cells were irregularly shaped throughout 

the observed leaf micrographs. One of the key characteris-

tics of epidermal cells is the biosynthesis of cuticular wax 

layer (13). In general, this cuticle layer is extremely hydro-

phobic. It therefore not only minimizes water loss from the 

plant but also growth of fungi and bacteria on plant surfac-

es. The leaf micrographs revealed random distribution of 

stomata on the entire surface. The test leaf had 33% more 

stomatal apertures per square unit of leaf epidermis than 

control leaf as depicted in Fig. 1B. A plant that has high 

stomatal density generally exhibits high rate of photosyn-

thetic potential. However, the plant controls the photosyn-

thetic rate by managing stomatal aperture as a balancing 

act between transpiration and carbon dioxide inflow. This 

is accomplished by physical openings on the plant surface 

known as guard cells that aid in exchange of gases be-

tween plants and the atmosphere (14).  

 Trichomes in Catharanthus roseus were conical in 

shape with increased mean length by 52% in the test 

leaves than control leaves. Trichomes are known to have 

protective roles in plants. They act as protectors against 

pests, aid in conservation of heat and moisture. They are 

the sites for secondary metabolite production in plants. 

Trichome number within plants is generally regulated by 

same factors that affect the stomatal number (15). The 

leaves had salt gland like structures which apparently 

served as reservoirs of excreted metal (16). The micro-

graphs of test leaf revealed glands that were strikingly 

larger (188%) than those in control leaf. Such glands aid in  

Table 1. Physiochemical properties of contaminated soil samples. The sam-
ples were slightly basic in nature, with electrical conductivity between 0.1 to 
0.3 (8) 

Physicochemical parameters Garden HSL 

pH 7.78 7.47 

Electrical conductivity (EC) 0.29 0.11 

Organic matter(OM-LOI %) 17.6 5.9 

Sand % 13 33 

Silt % 69 58 

Clay % 12 3 

Gravel % 6 16 

Moisture 

(MC%, MF) 
17.508, 

1.175 
7.009, 
1.070 

Metal (in ppm)  

Lead 9.8 33.41 

Nickel 11.0 348.78 

Chromium 12.4 142.73 

Cadmium 1.4 6.5 

Copper 17.8 3187 

Zinc 14.0 2218 

Iron 16.1 249.1 
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Fig. 2. Leaf micrographs of Catharanthus roseus grown in uncontaminated 
soil- Control leaf. (A): The leaf epidermal layer. EC, Epidermal cells; S, Stoma-
ta; Scale bar is 300 µm. (B): Leaf epidermis showing irregularly shaped epi-
dermal cells. SP, Stomatal opening; GC, Guard cells; Scl, Sclerenchyma cells; 
Scale bar is 100 µm. (C): Trichomes magnification showing its conical shape. 
T, Trichome; Scale bar is 20 µm. (D): Leaf tissue showing cuticle wax deposi-
tion and salt glands. Cu, Cuticle; SG, Salt glands. Scale bar is 100 µm. (E): 
Cuticle and salt glands at higher magnification. Scale bar is 50 µm.  

Fig. 3. Leaf micrographs of Catharanthus roseus grown in contaminated soil- 
Test leaf. (A): The leaf epidermal layer. EC, Epidermal cells; S, Stomata; Scale 
bar is 300 µm. (B): Leaf epidermis showing irregularly shaped epidermal cells. 
SP, Stomatal opening; GC, Guard cells; Scl, Sclerenchyma cells; Appearance 
of more number of stomata when compared to Fig. 2(B) Scale bar is 100 µm. 
(C): Trichomes magnification showing its conical shape. T, Trichome; Tri-
chomes were larger than control leaf Fig. 2(C). Scale bar is 20 µm. (D): Leaf 
tissue showing cuticle wax deposition and salt glands. Cu, Cuticle; SG, Salt 
glands. Scale bar is 100 µm. (E): Cuticle and salt glands at higher magnifica-
tion. Salt glands were strikingly larger in test leaf in comparison to control 
leaf Fig. 2(E). Scale bar is 50 µm.  
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transfer the surplus of heavy metals to the outside by the 

plant (17). However, further studies should be carried out 

in order to understand the mechanism behind formation 

of such glands (Fig. 1C). 

Analysis of stem micrographs      

The micrographs of stem transverse sections revealed sev-

eral anatomical changes that occurred during plant 

growth in industrial soil (Fig. 4 and Fig. 5). 

 The stem diameter increased by 23% in test sample 

than control stem sample. Pith was the prominent central 

part of the stem composed of parenchymatous cells which 

enclosed intercellular spaces. The test plants had 28% 

larger mean pith diameter than the control plants (Fig. 1D).  

 The parenchymatous cells in pith stored food and 

helped in transporting nutrients throughout the plant. The 

extent of cortex in the test sample was also greater than 

Fig. 4. Stem micrographs of Catharanthus roseus grown in uncontaminated soil- Control stem. (A): The stem cross section of control plant. Cu, Cuticle; E, Epider-
mis; H, Hypodermis; P, Pith; Par, Parenchyma; Xy, Xylum; Ph, Phloem; MR, Medullary ray; Pe, Pericycle; Co, Cortex; Scale bar is 1000 µm. (B): Parenchyma of pith. 
IS, Intracellular spaces; Scale bar is 200 µm. (C): Vessels revealing endophytes. Ph, Phloem; BC, Endophytic bacterial colonies; Scale bar is 50 µm. (D): the walls of 
vessels showing pits. Pi, Pits; Scale bar is 20 µm  

Fig. 5. Stem micrographs of Catharanthus roseus grown in contaminated soil- Test stem. (A): The stem cross section of test plant. Cu, Cuticle; E, Epidermis; H, 
Hypodermis; P, Pith; Xy, Xylum; Ph, Phloem; Pe, Pericycle; Co, Cortex; Scale bar is 1000 µm. (B): Parenchyma of pith. IS, Intracellular spaces; Scale bar is 200 µm. 
(C): Vessels revealing endophytes. BC, Endophytic bacterial colonies; SP, Sieve plate; Ph, Phloem; the diameter of phloem was larger in test sample than in con-
trol. Scale bar is 50 µm. (D): the walls of vessels showing pits. Pi, Pits; Scale bar is 20 µm. 
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the control sample. It was made up of thin walled angular 

parenchymatous cells that enclosed intercellular spaces. 

The major function of the cortex was to store food (18). 

The medullary rays connected the pith with pericycle and 

cortex. These radial strips were polygonal parenchyma-

tous cells with small intercellular spaces. The cells made 

intimate contact with the conducting cells of both phloem 

and xylem through pits and help in the radial conduction 

of food and water.  

 The phloem and xylem cells were differentiated 

from the cambium layer. Phloem tissue is composed of 

sieve tubes and companion cells. It transports the manu-

factured carbohydrates downward in plant stems. The 

phloem vessel diameter was quite conserved in test and 

control samples. Sieve plate, which is the perforated end 

wall of a sieve tube, is seen in Fig. 5(C). Xylem walls were 

heavily lignified in test samples. Lignification of xylem al-

lows it to withstand alterations in pressure as water moves 

throughout the plant. However, the mechanisms control-

ling the spatial deposition of lignin remains unclear. The 

xylem cells were more than inert tubes. These sophisticat-

ed systems regulate and conduct water to those areas of a 

plant that need water the most (19). This preferential wa-

ter conduction involved the direction of water molecules 

through pits in adjacent cell walls observed in test as well 

as control samples Fig. 4(D) and Fig. 5(D).  

 The pitscomposed of cellulose and pectin were ob-

served in the micrographs. The pit diameter dynamically 

influences the membrane hydraulic resistance and its ca-

pacity to limit the coagulum between the conduits. The 

control of water movement involves pectin hydrogels that 

aid in keeping the adjacent cell walls together. When pec-

tin swells due to imbibition, pore size gets reduced, slow-

ing the water flow. Similarly, the pores open wide when 

the pectin shrink and enable the water to flush across the 

xylem towards the leaves. This exceptional control of wa-

ter movement might allow the plant to respond to abiotic 

stress conditions.  

 The cuticle appeared as a layer outside the epider-

mis of the stem. It played a crucial role in the adaptation of 

plants to abiotic stress by delaying the damage of plants 

from environmental stress (20). Studies suggest that the 

permeability of cuticle depends on wax constitution rather 

than the total wax load in plants (21). 

Analysis of root micrographs    

Mean root diameter varied considerably between test and 
control samples indicating 41.7% thicker root system in 

plants grown in industrial soil. Fig. 6 and Fig. 7. The healthy 

growth of plants was indicative that the root radius influ-

enced nutrient uptake by plants growing in soil. Micro-

graphs suggest that the mean diameter of cortical cells did 

not change between the two root samples, instead mean 

stele diameter (xylem and phloem together) of test roots 

increased by 16.6%, indicating significant contribution of 

stele in increasing root diameter of test plants (Fig. 1E.)  

 The mean vessel diameter in test root was larger 
than in control root. Test root showed 14.5% and 15.4% 

increase in the diameter of xylem and phloem respectively. 

This showed their association with a pronounced radial 

and greater root interception for nutrient uptake in test 
samples. Fig. 1F. The crenulated appearance of the phloem 

Fig. 6. Root micrographs of Catharanthus roseus grown in uncontaminated soil- Control root. (A): The root cross section of control plant. S, Stele; En, Endo-
dermis; Co, Cortex; Aer, Aerenchyma; Ep, Epidermis; the cortex was seen collapsed perhaps during sample dehydration steps. Scale bar is 1000 µm. (B): Root 
stele. Scale bar is 100 µm.(C): Vessels revealing pits and sieve plates. Ph, phloem; SP, Sieve plate; Pi, pits; Scale bar is 20 µm. (D): Vessels revealing endophytes. 
Xy, Xylem; Bac, Endophytic bacteria; Scale bar is 20 µm.  
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end walls suggested formation of sieve elements giving 

rise to sieve plates from the transverse walls of these 

young sieve elements. 

 Aerenchyma is a tissue that is characterized by con-
tinuous gas spaces (22). It is located in the cortex region. 

The structural features of aerenchyma were same whether 

the plants grew in test soil or control soil. The presence of 

the large cells of aerenchyma provide a pathway for the 

diffusion of oxygen from the aerial parts of the plant to 

roots (23). Rhizodermis and exodermis were seen col-

lapsed in the test and control samples perhaps during de-

hydration steps while processing the sample. However, the 

extent of collapse was larger in test root than the control 

root probably due to metal toxicity. 

 Tyloses like structures were observed in the xylem 

vessels of test root. Tyloses are the protoplasmic out-

growths of parenchymatous cells that protrude out 

through pits into the xylem vessels. They generally form 

within xylem vessels in response to several abiotic and 

biotic stress (24). However, further biochemical and ana-

tomical study should be undertaken to confirm these 

structures in Catharanthus roseus. 

 Plants face metal toxicity during their entire period 

of growth. However, most of the plant species become 

adaptable to stressed conditions and exhibit healthy 

growth even while growing under high levels of soil metals 

(25). Plants adopt various mechanisms to deal with such 

environmental stress, for instance, (a) plants can keep 

metal ions from entering into their cells; (b) plants can 

absorb high concentrations of metals and allocate them in 

their organs/tissues (c) plants can detoxify the metals so 

that there is no disruption in plant growth (25). 

 The heavy metal stress in plants can affect the 

plants metabolism leading to several structural and physi-

ological changes (26). Structural changes like lignin for-

mation and thickening of cell walls are among the cellular 

responses to heavy metal stress. Other phenomena like 

increase in the number and size of vessels in plants could 

also be detected under the metal stressed conditions. Our 

previous research on Catharanthus roseus served as a vali-

dation exhibiting enhanced photosynthetic activity, ele-

vated chlorophyll, lignin and pectin content under metal 

stress. (Unpublished). When the root diameter and vascu-

lar density increases, it offers more benefits to physiologi-

cal functions of the roots including improved nutrient 

transport and water uptake (27). The endophytic coloniza-

tion of microorganisms within surface-disinfected plant 

tissues was also observed in this study. Endophytes are 

interesting group of organisms that inhabit various plant 

tissues without causing any apparent plant diseases. Stud-

ies on endophytic alterations within metal stressed plants 

could provide a better prediction of their interactions with 

the host.  

 

Conclusion   

Our investigation revealed the effects of combined metal 

stress on morpho-anatomy of Catharanthus roseus (L.) 

G.Don. Briefly, the data indicated that the increase of soil 

heavy metals induced Catharanthus roseus to produce a 

higher number of stomata, enlarged trichomes and glands, 

increased vessel dimensions and larger diameter of roots 

and shoots. Our work demonstrated the ample morpho-

anatomical differences in leaves, stems and roots of 

Catharanthus roseus grown in contaminated and uncon-

Fig. 7. Root micrographs of Catharanthus roseus grown in contaminated soil- Test root. (A): The root cross section of control plant. S, Stele; En, Endodermis; Co, 
Cortex; Aer, Aerenchyma; Ep, Epidermis; RH, Root hair; the cortex was seen collapsed to a larger extent than in control root Figure 9(A). Scale bar is 1000 µm. (B): 
Root stele. Scale bar is 100 µm. (C): Transverse section of vessels revealing pits and sieve plates. Ph, phloem; SP, Sieve plate; Pi, pits; Scale bar is 20 µm. (D): 
Vessels revealing Tyloses and endophytes. Xy, Xylem; Bac, Endophytic bacteria; Ty, Tyloses. Scale bar is 20 µm.  
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taminated soils.   
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