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Morpho-Anatomical Responses of Trigonella foenum graecum Linn.
to Induced Cadmium and Lead Stress
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Effect of different concentrations of cadmium (0, 5, 15, 30, 50 pg/g of soil) and lead (0, 25, 50, 100, 200 ug/g of soil) on
morphological and anatomical features of Trigonella foenum graecum Linn. was studied at pre-flowering, flowering
and post flowering stages. Morphological attributes, like number of leaves per plant, total leaf area of the plant and
single leaf area, dry mass of stem, root and leaf, length of shoot, root and plant, size of stomata and stomatal pore,
and the density of stomata on both epidermises were significantly reduced under metal stress at all the developmen-
tal stages. Trichome length on both epidermises increased while their density decreased under metal stress. Under
cadmium stress, proportion of pith and vasculature decreased but cortex increased in the stem. Under lead stress,
proportion of pith and vasculature increased but cortex decreased in the stem. In the root, proportion of vasculature
and pith increased and cortex decreased in response to both cadmium and lead stresses. Dimensions of vessel ele-
ment and xylem fibre in the wood of stem and root decreased under the cadmium and lead stresses. Decrease in
density of vessel element in the stem and root with advancement of age was more pronounced in plants grown under
cadmium and lead stresses.
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Increasing environmental pollution with heavy met- anatomical features of the species at different stages
als has sharpened focus on their impact on various of development.
organisms including plants. Among non-nutrient heavy
metals, Cd and Pb are the most widespread that result

from human economic activities, like burning liquid MATERIALS AND METHODS
and solid fuels, smelting and foundry works, sewage
high in Pd and Cd, and soil-applied chemicals includ- Healthy seeds of T. foenum graecum were procured
ing fertilizers (Sanita di Toppi and Gabbrielli, 1999). from Indian Agricultural Research Institute (IARI),
When bound on the cell surface and also within the New Delhi, and were sown in earthen pots containing
cell, Cd and Pb ions interact with the functional 10 kg of sterilized soil. Sludge and farm compost (2 kg
groups of proteins, nucleic acids and polysaccharides per pot) were used as manure and mixed thoroughly
and substitute other metal ions already bound to with soil at the time of sowing. Plants were treated at
these functional groups that can lead to various meta- the seedling stage after one month since sowing with
bolic disorders and reduction in growth (Costa and different concentrations of cadmium chloride (5, 15,
Spitz, 1997; Skorzynska-Polit and Baszynski, 1997; 30, 50 ug/g of soil) and lead acetate (25, 50, 100,
Seregin and Ivanov, 2001). 200 pg/g of soil). Untreated plants served as control.
Trigonella foenum graecum Linn. (Leguminosaceae), The seeds were sown in August when the monthly
an important plant in traditional medicine, is grown in mean temperature ranged from 24 to 33°C. Replicate
temperate regions of India usually on marginal lands plant samples were collected at the pre-flowering
which are contaminated to varying extents with heavy (two and half months after sowing), flowering (after
metals due to industrial activities. In view of adverse four months of sowing) and post-flowering (five and
effects of heavy metals on growth and development half months after sowing). Samples were oven dried
of plants, present studies were carried out to investi- at 80°C for 48 h to measure dry weights. Height, shoot
gate the influence of cadmium and lead on morpho- length, number of leaves and number of kranches

were recorded in 10 replicate plants in each treat-
ment. Total foliar and single leaf area was estimated
with digital Leaf Area Meter (3000A, LICOR, USA).
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For anatomical studies, samples were fixed in FAA
(formyl aceticalcohol) and preserved in 70% ethanol.
Transverse sections were obtained with a sliding
microtome (Reicherts, USA). After dehydration with
ethanol series, the sections were stained with safranin
and haematoxylin solutions and mounted in Canada
balsam on glass slides. Relative proportions of various
tissue zones (cortex, vasculature, and pith) were cal-
culated from these sections under a compound light
microscope. For measuring the dimensions of xylem
fibres and vessel elements, tissues were macerated by
treating with hot HNO; (Chouse and Yunus, 1972).
The epidermal peels were also obtained using hot
HNO; (Chouse and Yunus, 1972). The peels were
then processed in the customary ethanol series for
dehydration, stained with iron-aluminium haemotaxy-
lin or Bismarck brown (Sass, 1958), and mounted in
Canada balsm. Various dimensions of stomata and tri-
chomes were measured under a binocular micro-
scope using a calibrated ocular-micrometer scale.
Concentration of cadmium and lead in different plant
parts was determined with an Atomic Absorption
Spectrometer (Thermo Jarrel Ash, USA). Significance
level was determined using Student’s t test.

RESULTS

Although the magnitude of increase was signifi-
cantly lower with the increasing concentration of the
metals, increase in the shoot length, rcot length and
total plant height was also observed with increasing
age of the plant (Table 1).

The data summarized in Table 2 present a compar-
ative account of the foliar features, such as number of
leaves, average leaf area and number of branches per
plant, in the plants grown under control and metal
stressed conditions. All the above parameters registered
increase with the age of the plants under control con-
ditions. Under the metal stress, magnitude of increase
was significantly lower compared to the untreated con-
trol plants. Decline in all the above mentioned became
more pronounced with increasing concentration of
the metals. Similar trend was observed in the dry
weight (Table 3).

Data on foliar epidermal traits at various develop-
mental stages are summarized in Tables 4-7. Stomatal
density, length and width declined under metal stress
at all the stages of development. Trichome dimensions
(Tables 4-7) also showed variation under the influence
of cadmium and lead, however, trichome length in
adaxial and abaxial epidermis increased even under

the metal stress conditions but the magnitude of
increase was significantly lower. Trichome density in
both epidermal layers decreased with increasing age
of the plant under the control condition and the stress
conditions. The decline was most pronounced at the
highest metal concentration.

Increase in the proportion of vascular tissue and
decrease in the proportion of the other two tissues
were apparent with increasing age of the plant. How-
ever, the vasculature decreased during pre-flowering
and post-flowering stages except at 5 ug cadmium
and 25 ug lead treatments. Thereafter, continuous
increase during post-flowering stage at all the concen-
trations of these metals, except at 200 ug of lead, was
observed (Table 8).

Decrease in the proportion of pith was apparent with
the age of the plants in control and treated conditions.
Maximum decline was recorded at 50 pg cadmium
and 200 ug lead during pre-flowering and post-flow-
ering stages and 200 ug lead during flowering stage.

Decrease in the cortex was apparent with the age of
the plants in control and the treated plants. Propor-
tion of cortex was higher in the metal treated plants
compared to the control. Maximum variation was
observed at 50 pg cadmium and 200 pg lead.

Cell lengths in the third internodes of stem from the
base of plants are presented in Tables 10 and 11.
Under untreated conditions, length and width of
xylem fibres consistently increased with the age of the
plants. In the treated plants, however, increase in the
length and width of fibres was relatively lesser as com-
pared to control. Length of vessel elements increased
as the developmental stage advanced in control plants.
The same pattern persisted under the metal stress
conditions, but the length of vessel elements was less
in the metal-treated plants. Decline in the length of
vessel elements became more pronounced with
increasing concentration of the metals used. Width and
area of the vessel elements increased with the age of
the plants under controlled conditions. Though simi-
lar trend was recorded under the metal stress condi-
tion, the increase was markedly lower than the control
plants. Decline in the vessel width was enhanced with
increase in the metal concentration. Vessel density in
the stem wood decreased with the age of the plants
in the controlled condition. The same pattern was also
observed under metal stress but vessel density was sig-
nificantly lower in the treated plants compared to that
of control plants. Reduction in the vessel density was
more pronounced with increasing concentrations of
the metals.

Effect of heavy metal stress on the extent of root
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Table 1. Length of different plant parts (cm) at different developmental stages of T. foenum graecum Linn. under Cd and Pb

stress. Mean £ S.D. is based on ten replicates. Parentheses include percent variation.

J. Plant Biol. Vol. 48, No. 1, 2005

Cadmium chloride (ug/g of soil)

Parameters/Developmental stage

0 5 15 30 50
Shoot length
Pre—flowering 26.78 £1.37 20.90%£1.29 15.28 £1.46 14.37 £1.42 11.00 £1.00
(21.96)** (42.94)** (46.34)** (58.92)*
Flowering 42.00+4.63 35.00+1.00 28.40£5.85 21.80%4.08 18.60 £2.40
(16.67)* (32.38)** (48.09)** (55.71)"*
Post-flowering 59.60 £ 1.14 5440 1.14 4400+ 1.58 43.40+2.07 38.00£1.58
(8.72)** (26.17)** (27.18)** (36.24)"*
Root length
Pre-flowering 16.40 £ 1.14 9.16 £0.24 6.50+0.50 4.66 £ 0.60 2.80x083
(44 15)** (60.37)** (71.59)** (83.93)"*
Flowering 17.30 £ 2.58 10.00 £ 2.07 6.60 £0.54 4.60 +0.54 2.80£1 83
(42.20)** (61.85)** (73.41)** (83.82)~*
Post-flowering 17.60£1.14 10.60 £ 1.14 9.20£1.30 740+ 1.14 404114
(39.77)** (47.73)** (57.95)** (75.00)*
Plant length
Pre-flowering 43.18+3.22 30.06 +£3.28 21.78+£2.26 19.00 % 2.26 13.80 £ 2.84
(30.38)** (49.56)** (60.00)** (68.04)**
Flowering 54.20x5.76 44,00 + 2.65 35.00+5.96 26.40t4.34 21.40+2.30
(18.82)* (35.42)** (51.29)** (60.52)**
Post—flowering 76.80 £ 2.86 64.80+2.84 53.20%£2.30 50.80+£2.79 42.40 £ .51
(15.63)** (30.73)** (33.85)** (44.79)*
Lead acetate (ug/g of soil)
0 25 50 100 200
Shoot length
Pre—flowering 26.78 £1.37 24,04 +£1.26 19.06 £ 1.24 17.02£1.63 13.04 £ .71
(10.23)** (28.83)** (36.45)** (51.31)**
Flowering 42.00+4.63 57.60%2.07 33.00£1.41 3240%1.14 21.80+ .30
(10.48)" (21.43)** (22.86)** (48.10)**
Post-flowering 59.60x1.14 59.20%+2.48 52.60%+1.34 46.00 £ 2.23 43.00+£ .58
0.67)™ (11.74)** (22.82)** (27.85)**
Root length
Pre-flowering 16.40 £ 1.14 12.46 £0.27 7.12+0.66 6.28+0.19 296xC.16
(-24.02)** (56.59)** (61.71)** (81.95)**
Flowering 17.30£2.58 11.60+£0.54 10.20£0.28 9.40 £ 0.54 5.60 £ (.54
(32.95)** (41.04)** (45.66)** (67.63)**
Post—flowering 17.60x1.14 16.40%£1.10 1411 £1.67 13.80£1.48 11.60 % 1.14
(6.82)™ (19.82)* (21.59)** (34.09**
Plant length
Pre-flowering 4318 +3.22 36.00x3.22 26.18+3.57 23.30%2.57 16.00 £ 2.80
(16.63)* (39.37)** (46.04)** (62.95 **
Flowering 54.20%x5.76 49.00+3.73 43.20+2.64 41.80%2.64 27.80+ 2.30
(9.600 (20.30)** (22.88)** (48.71 **
Post-flowering 76.80 £ 2.86 75.20%£3.03 67.80+2.68 59.80+3.42 54.60 + 2.51
(2.08)N (11.72)** (22.14)** (28.91**

**Significant at 1% level; *Significant at 5% level;

NS, non-significant.
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Table 2. Yield attributes at different developmental stages of T. foenum graecum Linn. grown under Cd and Pb stress. Mean
S.D. is based on twenty five replicates. Parentheses include percent variation.

Parameters/Developmental stage

Cadmium chloride (ug/g of soil)

Control 0 5 15 30
Number of leaves/plant
Pre-flowering 92.60+9.21 82.20+8.77 44.60%7.67 41.60 + 8.05 35.60+9.14
(11.23)N (51.84)** {55.08)** (61.56)**
Flowering 151.60+11.14 144.00+11.91 132.40+12.07 115.40+14.517 107.00%11.00
(5.0 (12.66)* (23.88)** (29.42)**
Post-flowering 277.60+£15.14 203.80+11.42 146.40+12.07 142.20+11.92 130.40+11.15
(26.59)** (47.26)** (48.78)** (53.03)**
Average leaf area (Cm-?)
Pre-flowering 250.62 £ 13.10 195.66+£13.21  79.62+13.07 48.73+13.03 32.87+13.05
(21.93)** (68.23)** (80.56)** (86.88)**
Flowering 356.11£13.84 187.47+14.39 167.17+13.82 147.56+13.62 73.69+13.79
47 .36)** (53.06)** (58.56)** (79.31)%*
Post-flowering 2183.26 £ 36.63 1889.22+£34.70 1576.76+34.34 654.08£34.79 456.99 + 34.84
(13.47)%* (27.78)** (70.04)%* (78.66)**
Number of branches/plant
Pre-flowering 5.20+1.30 4.80 £ 0.84 4.60+0.55 4.40+1.14 3.00+1.00
(7.69)N (11.54)N (15.38)N° (42.31)*
Flowering 5.80+0.84 4.80 £ 0.84 4.60 £ 0.45 4.40+1.14 3.60+1.14
(17.24)N (20.69)* (24.14)* (37.93)*
Post-flowering 8.40+1.14 5.40%1.14 540+ 1.14 4.80+0.84 4.60+0.55
(35.71)** (35.71)%* (42.86)** (45.24)%*
Lead acetate (ug/g of soil)
0 25 50 100 200
Number of leaves/plant
Pre-flowering 92.60 £9.21 64.40 + 8.36 40.20+8.27 34.20 £9.92 27.60+9.78
(30.45)** (56.59)** (63.07)** (70.19)**
Flowering 151.60+11.14 145.60+15.12 114.05+4.05 103.40+13.67 8.00+13.98
(3.96)" (24.67)%* (31.79)** (47.23)%*
Post-flowering 277.60+15.14 151.00+12.58 132.00+12.74 126.30+12.58 122.00+13.43
(45.61)** (52.45)** (54.50)** (56.05)**
Average leaf area (Cm-?
Pre-flowering 250.62+13.10 171.60+12.65 72.29+12.52  42.87+13.08 23.64+12.13
(31.53)** (71.16)** (82.89)** (90.57)**
Flowering 356.11+13.84 185.24+12.49 108.70+13.50 67.33 £12.45 33.02+12.52
(47.98)** (69.48)** (81.09)** (90.73)**
Post-flowering 2183.26 £36.62 1655.65+37.47 1215.90+35.25 610.70+34.92 328.40 +33.38
(24.17)y%* (44.31)%* (72.03)** (84.96)**
Number of branches/plant
Pre-flowering 5.20+1.30 5.00 £ 1.00 3.80£0.83 3.40+0.74 3.40£0.94
(3.85)N (26.92)* (34.62)* (34.62)*
Flowering 5.80 £ 0.84 5.60 + 0.96 5.25+1.67 5.00+1.63 3.60+1.14
(3.45)N 9.48)™° (13.79)N (37.93)*
Post-flowering 8.40+1.14 7.230+1.30 6.20 £ 0.84 5.20+0.84 3.60+0.84
(14.29)N (26.19)* (38.10)** (57.14)%*

**Significant at 1% level; *Significant at 5% level;

NS, non-significant.
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Table 3. Dry weight of different plant parts (g) at different developmental stages of T. foenum graecum Linn. grown under Cd
and Pb stress. Mean £ S.D. is based on ten replicates. Parentheses include percent variation.

Parameters/Developmental stage Cadmium chloride (ug/g of soil)
0 5 15 30 50
Shoot dry weight
Pre-flowering 0.50+0.08 0.42 £0.01 0.26 £0.03 0.13+£0.02 0.08 + (.01
(16.00)** (48.00)** (74.00)** (84.00,**
Flowering 0.85x£0.04 0.37 £0.01 0.34£0.02 0.31 £ 0.01 0.22 £ (.01
(56.47)** (60.00)** (63.53)** (74.12**
Post-flowering 4.07 £0.11 2.62%0.64 1.60£0.80 1.54£0.15 1.86 (.13
(35.63)** (60.69)** (62.16)** (73.96 **
Root dry weight
Pre-flowering 0.08 £0.01 0.05£0.02 0.04 £0.01 0.03 £0.01 0.01£0.05
(37.50)** (50.00)** (62.50)** (87.50 **
Flowering 0.11+0.02 0.09 £0.01 0.04 £0.02 0.03+0.01 0.02£0.07
(18.18)™ (63.64)* (72.73)* (81.81)*
Post-flowering 0.71£0.04 0.32£0.02 0.15+0.02 0.12+0.02 0.09 = (.01
(54.93 )** (78.89)** (83.10)** (88.32 **
Plant dry weight
Pre-flowering 5.26£1.30 0.95+ 0.02 0.55+0.02 0.33+£0.08 0.19 +£ (.03
(24.60)** (56.35)** (73.81)** (84.92 **
Flowering 5.80+£0.84 095+ 0.15 0.889 £ 0.11 0.78+£0.13 0.56£0.12
(41.36)** (45.68)** (51.85)** (65.43 **
Post-flowering 8.06 £1.14 4.83+£0.46 2.87£0.42 2.58+£0.48 1.71+0.46
(40.07)** (64.39)** (67.99)** (78.78 **
Lead acetate (ug/g of soil)
0 25 50 100 200
Shoot dry weight
Pre-flowering 0.50 +0.08 0.47 +0.01 0.33 £0.02 0.29 +£0.01 0.13 £0.01
(6.00™° (34.00™ (42.00)** (74.00 **
Flowering 0.85 £0.04 0.45 £ 0.01 0.34£0.01 0.33 £0.01 0.29 £ (.01
(47.06)** (60.00)** (61.18)** (65.88 **
Post-flowering 4.07 £0.11 3.19£0.15 2.63 £0.11 2.50£0.11 1.37+£0.13
(21.62)** (35.38)** (38.57)** (66.34 **
Root dry weight
Pre-flowering 0.08 £0.01 0.06 £0.01 0.05 £ 0.01 0.05+0.01 0.03 £ (.01
(25.00)* (37.50)** (37.50)** (62.50 **
Flowering 0.13+£0.04 0.10+0.08 0.09 £0.01 0.08 £ 0.01 0.04 £ 0.02
(23.08)** (30.77)** (38.46)** (69.23 **
Post-flowering 0.71+£0.04 0.33+0.02 0.17 £0.01 0.13+0.02 0.11 £ 0.01
(53.52)** (76.06)** (81.69)** (84.51 **
Plant dry weight
Pre-flowering 5.20£1.30 5.00£1.00 3.80+£0.83 3.401£0.74 3.401£0.94
(3.85™° (26.92)* (34.62)* (34.62)*
Flowering 5.80x0.84 5.60 £0.96 5.25%1.67 5.00+£1.63 3.60£7.14
(3.45)" (9.48)" (13.79™ (37.92)*
Post-flowering 8.40x1.74 7.20x1.30 6.20+0.84 5.20+0.84 3.60£0.84
(14.29N (26.19)* (38.10)** (57.14)*

**Significant at 1% level; *Significant at 5% level; NS, non-significant.
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Table 4. Epidermal traits (lower epidermis) at different developmental stages of T. foenum graecum Linn. grown under Cd
stress. Mean = S.D. is based on twenty five replicates. Parentheses include percent variation.

Parameters/Developmental stage Cadmium chloride (ug/g of soil)

0 5 15 30 50
Length of the stomata (um)
Pre-flowering 58.24 £6.01 54.36 £5.08 49.36 + 2.06 44.38 £ 3.04 39.41£2.09
(6.66)* (15.25)** (23.80)** (32.33)**
Flowering 60.26 £ 6.05 54.22 +7.03 50.28 £5.03 46.28 + 3.06 41.26 £ 4.06
(10.02)** (16.56)** (23.20)** (31.53)**
Post-flowering 61.22£8.02 55.10£3.03 51.09+4.08 4711+7.02 43.15+6.05
(9.99)** (16.55)** (23.05)** (29.52)**
Width of stomata (um)
Pre-flowering 45.26 £ 5.63 40.65 £ 7.47 37.10+5.25 32.70+£4.92 28.40£3.38
(18.66)** (17.01)** (27.75)** (37.25)**
Flowering 43.12+6.84 39.24+£549 36.70 £ 3.50 37331445 27.02+252
(8.98)* (14.87)** (27.33)** (37.32)*
Post-flowering 41.62+6.10 38.60 £ 4.65 34.29+£3.52 29.87 £5.08 26.64 £4.13
(7.26)** (17.67)** (25.23)** (35.99)**
Length of stomata (um)
Pre-flowering 45.10%£6.23 42.14 £ 4.02 40.19£5.02 38.32 £3.01 36.65+2.03
(6.56)* (10.89)** (15.03)** (18.74)**
Flowering 4416 £5.12 41.10 £ 4.01 39.12 + 3.01 37.31+£1.05 35.4912.02
(6.93)* (11.47)** (15.57)** (19.63)**
Post-flowering 43.20+4.23 40.07 £5.01 38.11£4.02 36.21 £ 3.05 34.36+2.03
(7.25)* (11.78)** {16.18)** {20.46)**
Stomatal density (per microscopic field)
Pre-flowering 33.20£3.60 29.21+2.18 27.201£2.02 2519 +£1.06 2217 £2.05
(11.48)** (17.58)** (23.67)** (32.82)**
Flowering 34.40£23.00 30.18+£1.04 28.18+£2.04 26.19+£1.05 23.18+£2..03
(12.27)** (23.65)** (39.27)** (32.08)**
Post-flowering 35.60£5.50 31.17 £ 2.03 27.18+2.07 2518+ 1.05 2418+ 2.05
(12.44)** (23.65)** (24.27)** (32.08)**
Length of trichome (um)
Pre-flowering 201.70+5.48 202.58+519 232.96+t4.56 263.49%+7.85 275.6016.76
(-0.4TN {-15.56)** {-30.63)** (-36.67)**
Flowering 213.29+£5.02 223.78%6.12 54.01£4.83 274.61+5.14 290.11+4.40
(-4.92)%* (-19.09)** (-26.18)** (-32.78)**
Post-flowering 223.48+8.30 235.59%£9.79 226.61+4.89 21899+5.64 296.74%6.72
(-5.42)** (-19.30)** (-26.18)** (-32.78)**
Trichome density {per microscopic field)
Pre-flowering 10.07 £1.35 9.92 £2.01 8.80+1.56 7.80+£1.05 6.20+1.25
(149N (12.61)** (22.54)** (38.43)**
Flowering 9.99+2.20 8.80+£2.42 7.60%£2.96 6.20£1.05 5.20£2.00
(11.91)™ (23.92)** (37.94)** (47.95)%
Post-flowering 8.97 £2.35 8.01£243 7.01+£242 525+1.30 4.80+1.50
(10.70° (21.85)** (41.47)*> (46.49)**

**Significant at 1% level; *Significant at 5% level;

NS, non-significant.
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Table 5. Epidermal traits (lower epidermis) at different developmental stages of I. foenum graecum Linn. grown under Pb
stress. Mean £ S.D. is based on twenty five replicates. Parentheses include percent variation.

Parameters/Developmental stage

Lead acetate (ug/g of soil)

0 25 50 100 200
Length of stomata (um)
Pre-flowering 58.24 £ 6.01 54.00 £4.50 50.75 x 3.50 46.00+ 2.20 40.50%2.10
(7.28)** (12.86)** (21.02)** (30.46)**
Flowering 60.26 £ 6.05 56.25 £ 5.50 52.50 1+ 4.00 48.00 £ 3.25 41.50+2.50
(6.65)* (12.88)** (20.35)** (31.7 3)**
Post-flowering 61.22+8.02 57.00 £ 4.50 55.2515.75 53.50+£3.25 42.00+£2.20
(6.89)* (9.75)* (12.61)** (31.539)**
Width of stomata (um)
Pre-flowering 45.26 +5.63 41.52£6.48 38.27 £5.36 36.78+3.38 32.75+2.48
(8.26)* (15.44)** (18.74)** (27 04)**
Flowering 43.11+6.48 40.27 £ 3.26 37.01£4.23 35.98 £50.26 31.74£6.26
(6.59)™ (14.15)** (16.54)** (26.57)%*
Post-flowering 41.62+6.10 38.20x4.21 36.51 +4.21 34.48 £3.25 30.86 +6.26
(5.18)* (12.28)** (17.16)*%* (25.85)**
Length of stomata (jtm)
Pre-flowering 45.10%£6.23 41.40+4.03 39.59+3.04 36.98 +4.04 32.60 +5.04
(8.20)* (12.22)** (18.00)** (27.72)**
Flowering 4416+ 5.21 40.30£6.02 38.37£3.03 35.95+4.05 31.96 +6.05
(8.74)* (13.11)** (18.59)** (27.63)%*
Post—flowering 43.20+4.23 40.21 +£5.01 37.34+5.02 34.65 +3.58 30.44 +3.03
(6.92)* (13.56)** (149.79)** (29.54)**
Stomatal density (per microscopic field)
Pre—flowering 33.20+3.20 28.80% 2.86 26.40+3.46 24.20+1.88 22.60+2.76
(12.73)** (20.00)** (26.67)** (31.52)%*
Flowering 34.40 £3.00 30.40 £ 20.64 28.80%1.49 26.60x3.46 23.52 +£2.80
(11.63)** (16.28)** (22.67)** (31.€3)**
Post-flowering 35.60 £ 5.50 32.00%£2.08 30.00£4.87 28.60 £ 3.85 25.20 £2.15
{10.11)** (15.73)** (19.66)** (29.21)**
Length of trichome (um)
Pre-ﬂowering 201.70£5.48 235.56+£6.33 253.33+4.15 270.72£5.36 289.66 + 8.48
(-16.79)** (-25.60)** (-34.22)** (-43.57)**
Flowering 213.29+5.02 249.27 £4.53 268.65 £ 6.02 286.49 +7.32 304.75+7.83
(-16.87)** (-25.96)** (-34.32)** (-42.38)**
Post-flowering 223.48+8.30 260.56+7.77 279.58+7.01 297.58 +7.01 315.34 +8.02
(-16.59)** (-25.10)** (-32.93)** (-14.10)**
Trichome density (per microscopic field)
Pre-flowering 10.07 £1.35 9.65+1.50 8.62+2.50 7.21+1.65 6.3122.65
417N (14.40)* (28.40)** (37.24)**
Flowering 9.99 £ 2.02 9.02+1.99 8.10 £ 1.60 6.99 £ 2.01 5.9222.02
(9.71)N (18.92)** (30.03)** (40,7 4)%*
Post—flowering 8.97 £2.35 8.02£2.35 7.91+£1.25 6.12+1.01 5.2021.98
(10.59™ (11.82)N (31.77)** (42.03)%*

**Significant at 1% level; *Significant at 5% level;

NS, non-significant.
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Table 6. Epidermal traits (upper epidermis) at different developmental stages of T. foenum graecum Linn. grown under Pb
stress. Mean + 5.D. is based on twenty five replicates. Parentheses include percent variation.

Parameters/Developmental stage

Lead acetate (ug/g of soil)

0 25 50 100 200
Length of the stomata (um)
Pre-flowering 55.23 £5.05 50.20£4.04 4418+3.03 39.18 £ 6.02 35.16£5.05
(9.11)* (20.01)** (29.06)** (36.34)**
Flowering 58.17 £7.05 52.16 £5.20 47.154+3.04 42.16+£4.02 38.16 £6.19
(10.33) (18.94)** (27.52)** (34.40)**
Post-flowering 59.20 £ 6.04 54.13 £7.01 50.15 £ 6.01 46.15+5.03 40.14 +4.02
(8.56)* (15.29)*> (22.04)*> (32.20)**
Width of stomata (im)
Pre-flowering 26.80£2.86 21.80£2.84 17.20£2.30 15.80 £2.79 13.40 £ 2.51
(18.66)** (35.82)** (41.04)y** (50.00)**
Flowering 264.20+5.76  19.00 £2.65 16.00 £5.96 14.40£4.34 12.40+£2.30
(27.49)** (33.88)** (40.50)** (48.76)**
Post-flowering 23.18+£3.22 18.06 £ 3.25 15.78£2.26 13.00 £ 2.62 11.80+2.84
(22.08)** (31.92)** {43.92)** (49.09)**
Length of stomata (um)
Pre-flowering 3656570  32.85+4.95 28.81£3.65 2590+ 2.71 22.50+3.60
(10.15)* (21.20)** (29.16)** (30.25)**
Flowering 34.25 +4.65 31.26 £2.65 27.47 +3.30 2435+2.10 20.68 £2.15
(8.41)* (19.51)** (28.66)** (37.59)**
Post-flowering 3225+ 4.65 29.09+5.45 2698 +£3.15 23.93£2.10 20.68£2.15
(9.80)* (16.34)** (26.11)** (35.88)**
Stomatal density (per microscopic field)
Pre-flowering 28.15+2.23 25.60 £3.24 20.80£2.76 17.60£1.35 15.201£2.40
(9.06)** (26.11)** (37.48)** (46.00)**
Flowering 30.32 £ 2.62 27.60+£1.99 22.00x£2.94 18.20£1.57 16.20+£2.49
(8.97)y* (27.44)** (39.97)** (46.57)**
Post-flowering 31.50x£2.79 28.20£2.29 24.80£2.00 20.80 £ 3.94 17.80+2.10
(10.48)** (21.27)** (33.97)** (43.49)**
Length of trichome (jm)
Pre-flowering 196.56 £3.76  206.68 £4.35 230.06+24.80 254.74£6.05 296.40+£7.70
(-5.15)** (-17.84)** (-29.60)** (-50.79)**
Flowering 201.32+£31.20 216.90+4.49 25647 +6.68 285.15+5.49 228..60+8.89
(-7.74)** (-27.39)** (-14.64)** (-63.22)**
Post-flowering 221.02+4.63 238461698 265.1115.40 301.44+6.45 332.00+5.95
(-7.90)** (-19.95)** (-36.39)** {(-50.27)**
Trichome density (per microscopic field)
Pre-flowering 15.75+£2.27 13.25+1.20 12,50+ 1.70 10.75+£2.25 9.00£2.15
(15.87)** (20.63)** (31.75)** (42.86)*>
Flowering 14.75+2.30 12.85+1.62 11.62 £2.50 9.00£1.00 8.37 £2.56
(12.88)** (21.22)** (38.98)** (43.25)**
Post-flowering 13.00£1.11 11.50+2.33 10.50+1.84 8.37+£2.02 712+ 1.50
(11.54)** (19.23)** (35.62)** (45.23)**

ignificant at 1% level; ignificant at 5% level;
**Signif t 1% level; *Signifi 5% level

NS, non-significant.
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Table 7. Epidermal traits (upper epidermis) at different developmental stages of T. foenum graecum Linn. grown under Cd
stress. Mean + S.D. is based on twenty five replicates. Parentheses include percent variation.

Parameters/Developmental stage Cadmium chloride (ug/g of soil)

0 5 15 30 50
Length of stomatal (um)
Pre-flowering 55.23£5.05 51.27 £4.08 45.27 £3.04 38.24£2.02 32.23£5.11
(7.17)*x* (18.03)** (30.76)** (41.64)**
Flowering 58.17 £7.05 52201 4.04 46.17 £ 3.08 39.18 £5.05 36.20£7.05
(10.26)** (20.63)** (32.65)** (37.77)**
Post-flowering 59.201£6.04 54.131£6.03 48.12£5.02 4214 £4.02 38.15+6.07
(8.56)** (18.72)** (28.82)** (35.56)**
Width of stomata (um)
Pre-flowering 26.80%2.86 22.20+3.03 20.80 £ 2.86 17.80£3.42 15.60 £ 2.51
(17.16)** (22.39)** (33.58)** (41.79)**
Flowering 2420£5.76 21.00£3.73 19.20 £ 2.64 16.80 = 2.64 14.80 £ 2.30
(13.22)** (20.66)** (30.58)** (36.48)**
Post-flowering 23.18+£3.22 20.00£3.22 18.18 £3.57 15.30£2.57 13.00 £ 2.80
(13.72)%* (21.57)** (33.99)** (42.92)**
Length of stomata (um)
Pre-flowering 36.56 £5.70 31.60+£4.30 28.60 £ 4.92 27.80+4.38 23.60 £ 5.51
(13.57)** (21.77)** (23.96)** (35.45)**
Flowering 3413 £4.62 30.20+£2.92 27.20+£2.28 26.80%2.92 22.20£2.92
(11.51)** (20.30)** (21.48)** (34.95)**
Post-flowering 3225+ 4.65 29.40£2.14 26.20£3.89 24,60+ 2.07 20.00t£4.18
(8.84)* (18.76)** (23.72)** (37.98)**
Stomatal density (per microscopic field)
Pre-flowering 28.15+2.23 25.97+2.33 21.93£3.32 18.30£2.35 15.12+4£3.29
(7.74)** (22.10)** (34.99)** (46.29)**
Flowering 30.32+£2.62 27.73£3.59 24.03 £2.09 20.66 £ 1.56 18.51£2.79
(8.54)** (2.75)** (31.86)** (38.95)**
Post-flowering 31.50+2.79 28.74 £2.65 25.08£3.48 22.39+2.54 19.14 £3.69
(8.76)** (20.38)** (28.92)** (39.24)**
Length of trichome (um)
Pre-flowering 196.56 £3.76 219.20x5.56 224.00%2.80 247.20£3.08 269.40%6.39
(-11.50)** (-13.96)** (-33.23)** (-25.76)**
Flowering 201.32+£3.20 222.20%5.65 234.40+8.03 25940%£4.60 259.00%£4.87
(-10.37)** (-16.43)** (-28.65)** (-4€.53)**
Post-flowering 221.02+4.63 243.00£580 265.80+4.77 219.40+8.25 306.0)x£6.78)
(-9.94)*= (-20.26)** (-31.84)** (-38.45)**
Trichome density (per microscopic field)
Pre-flowering 15.75+2.27 13.62£2.32 11.00 + 1.02 9.50+1.02 8.75+2.50
(13.52)** (30.16)** (39.68)** (44 44)+
Flowering 14.75%2.30 12.27 £1.57 10.25+£2.05 8.50+1.25 7.22%2.75
(6.81)** (30.51)** (44.07)** (51.05)**
Post-flowering 13.00 £ 1.11 11.12+£2.60 9.00+2.25 7.00x1.75 6.12+2.85
(14.46)** (30.77)** (46.15)** (52.92)**

**Significant at 1% level; *Significant at 5% level;

NS, non-significant.
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Table 8. Relative proportion of vasculature, pith and cortex (%) of stem at different developmental stages of T. foenum
graecum Linn. grown under Cd and Pb stress. Parentheses include percent variation.

Developmental stage

Cadmium chloride (ug/g of soil)

0 5 15 30 50

C=0.384 C = 0.89(-5.95) C=138(-64.29) C=211(-151.19) C = 2.74(-226.19)
Pre-flowering V =9330 V =5.60(-5.66) V = 4.99(5.85) V = 4.29(19.06) V = 4.50(23.58)

P =93.00 P =93.50(0.37) P =93.62(0.25) P = 93.59(0.28) P = 93.20(0.69)

C=0.69 C=077(-11.59) C =1.23(-78.26) C=1.98(-186.96) C = 2.77(-301.44)
Flowering V =5.66 V = 6.03(-6.37) V = 5.35(5.48) V = 4.75(16.08) V = 4.55(19.61)

P =93.64 P =93.10(0.58) P =93.41(0.25) P =93.26(0.41) P =92.67(1.04)

C=20.56 C =0.70(-25.00) C =1.05(-87.50) C=2.42(-332.14) C = 2,83(-405.36)
Post-flowering V =6.37 V = 6.85(-7.54) V = 6.24(1.98) V = 5.87(7.85) V = 5.84(8.32)

P =93.06 P =9244(0.67) P =92.70(0.39) P =91.70(1.46) P =91.32(1.87)

Lead acetate (ug/g of soil)
0 25 50 100 200

C=0.84 C =0.804.76) C =1.48(-76.19) C=2.79(-232.14) C = 3.18(-278.57)
Pre-ﬂowering V =5.30 V = 5.44(-2.64) V =5.05(4.72) V = 5.23(1.32) V = 4.72(10.94)

P =93.00 P =93.750.11) P =93.46(39.00) P = 91.97(2.00) P = 92.09(1.88)

C=0.69 C = 0.66(4.35) C=096(-39.13) C=191(-176.81) C = 2.44(-253.62)
Flowering V =5.66 V = 5.86(-3.53) V = 5.86(0.71) V =5.22(7.77) V = 5.18(8.40)

P =93.64 P =9347(0.18) P =93.41(0.24) P =92.86(0.83) P =92.37(1.36)

C=0.56 C =097(-73.21) C = 1.07(91.56) C=1.33(-137.50) C = 1.45(-155.36)
Post-flowering V =6.37 V =7.62(-19.62) V =7.73(-21.35) V = 7.50(-17.74) V = 7.31(-14.76)

P =93.06 P =9140(1.78) P =91.22(1.98) P =91.16(2.04) P = 91.25(1.94)

C, cortex; V, vasculature; P pith.

Table 9. Relative proportion of vasculature, pith and cortex (%) of root at different developmental

graecum Linn. grown under Cd and Pb stress. Mean £ S.D. is based on ten replicates.

Developmental stage

Cadmium chloride (ug/g of soil)

0 5 15 30 50
C=6.92 C=15.78(10.69) C=436(36.99) C=4.1340.32) C = 3.68(46.82)
Pre-flowering V=90.30 V=291.08(-0.86) V =92.66(-2.61) V =95.09(-2.72) V = 93.16(-3.17)
P =268 P =273(1.87) P =296 (-10.44) P = 3.10(-15.67) P = 3.15(-17.54)
C=5.30 C =5.02(5.28) C = 2.85(46.23) C = 2.78(47.55) C = 2.73(48.49)
Flowering V=9259 V=9269-0.11) V =94.79(-2.38) V =94.81(-2.39) V = 95.07(-2.68)
P =210 P =2.38(-8.57) P =2.35(-11.90) P = 2.40(-14.29) P = 2.56(21.90)
C=4.53 C =3.72(17.88) C =2 83(37 53) C = 1.90(58.05) C =1.61(64.46)
POSt-ﬂowering V=9347 V =9414(-0.72) V = 94.90(-1.53) V = 95.81(-2.50) V = 96.03(-2.74)
P =199 P =2.13(-7.04) P =2.26(-13.57) P =2.30(15.58) P = 2.35(-18.67)
Lead acetate (ug/g of soil)
0 25 50 100 200
C=6.92 C =5.49(20.66) C =4.84(30.06) C = 4.58(33.82) C = 4.09(40.90)
Pre—flowering V=9030 V=91.75(-1.61) V =92.16(-2.06) V =92.28(-2.19) V = 92.68(-2.64)
P =268 P =276(299 P =299(-11.57) P = 3.13(-16.79) P = 3.22(-20.15)
C=5.30 C =3.73(29.62) C =3.62(31.70) C = 3.54(33.21) C = 2.94(44.53)
F|Owering V=9259 V=9395-147) V =9396(-148) V =93.97(-1.49) V = 94.49(-2.52)
P=210 P =231-10.100 P =2.41(-14.76) P = 2.49(-18.57) P = 2.56(21.90)
C=4.53 C =3.60(20.53) C =2.70(40.40) C=1.78(60.71) C = 1.40(69.09)
POSt—ﬂowering V =93.47 V =94.24(-0.82) V =94.99(-1.63) V = 95.80(-2.49) V =96.10(-2.81)
P =1.99 P = 2.15(-8.04) P =230(-15.58) P =241¢-21.11) P = 2.50(-25.63)

C, cortex;

V, vasculature;

P pith.
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Table 10. Stem anatomical features at different developmental stages of T. foenum graecum Linn. grown under Pb stress.
Mean + S.D. is based on twenty five replicates. Parentheses include percent variation.

Parameters/Developmental stage

Lead acetate (ug/g of soil)

0 25 50 100 200
Length of vessel element (um)
Pre-flowering 17.65+£258 17344128 1436+225 12.64+250 11.73+2.90
(1.76)" (18.64)** (28.39)** (33.54)**
Flowering 19.50+2.41 1898271 17.48%£1.06 16.95+258 13.25+1.26
(267 (10.36)* (13.08)* (32.05)**
Post-flowering 19.90+£2.12  19.00+252 1857+1.58 1855+1.09 17.48+1.85
(4.52)™ (6.73)N° (6.78)N* ("2.16)*
Width of stem vessel element (um)
Pre-flowering 16.50+£2.77 1635+2.49 1421+1.12 14.06+133 12.02+1.76
(0.91)N (13.88)* (14.79)** (27.15)**
Flowering 19.28+2.95 1667149  1569+251 1423+154 14.32£1.32
(13.54)* (18.62)** (26.19)** (25.73)%*
Post-flowering 2110+£166 1763187 1617161 1650+145 14.34+£1.23
(16.45)** (20.81)** (21.81)** (32.04)**
Area of stem vessel element (um)
Pre-flowering 18.63%£1.37 1748+1.88 1630%1.14 16.23+1.14 1448+1.14
(6.17) (12.57)** (12.88)** (22.28)**
Flowering 2045+212 19424234 19.13+£251  19.08+2.64 15.2242.28
(5.04)N (6.45)N (6.70)3 (25.57)%*
Post-flowering 2074106  1959+156 19.22+111 19124212  17.73+2.23
(5.54) (7.33)* (7.81)* (17.471)%*
Density of stem vessel element (per microscopic field)
Pre-flowering 79.81+1033 7227£982 61.83£7.75 5866+9.61 56.80+5.60
(9.45)N (22.53)** (20.50)* (23.83)**
Flowering 66.80 £ 13.97 65.66+13.74 59.70+13.67 5810+17.55 54.40%11.49
(1.7 (10.63)™ (13.02)N (18.56)*
Post-flowering 50.55+8.87 4526+9.20 4350%8.07 43.23+1045 39.32+10.23
Length of xylem fiber (um) (10.46)" (13.95 (14.48)™° (z2.22)*
Pre-flowering 343.00 £72.92 306.50+71.92 289.14 £52.04 270.30+26.61 234..4+29.70
(10.46)N° (15.70)N (21.20)* (31.68)**
Flowering 371.63£56.47 311.08+41.91 303.18+41.20 288.78 +52.91 261.23 +53.29
(16.08)* (18.42)* (22.29)* (29.71)**
Post-flowering 447.25+62.60 353.34 £37.83 317.47 +£36.97 299.02 £38.51 269.44 +46.19
(21.00)** (29.02)** (33.14)%* (32.76)**
Width of vessel elements (um)
Pre-flowering 22494£221 21324193 2113£272  2004+1.64 18.61+2.71
(5.20) (6.05)N (10.89)* (155.36)**
Flowering 24624222 2209+1.71  2167%1.73 21.24+168 21.16+1.18
(10.28)* (11.98)** (13.73)** (1-4.05)**
Post-flowering 43.45+5.00 3838%1.00 2568+4.20 2553%3.39 22.96+1.96
(11.67)** (40.90)** (41.24)%* (47.16)**

**Significant at 1% level;

*Significant at 5% level;

NS, non-significant.
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Table 11. Stem anatomical features at different developmental stages of T. foenum graecum Linn. grown under Cd stress.
Mean £ S.D. is based on twenty five replicates. Parentheses include percent variation.

Parameters/Developmental stage Cadmium chloride (ng/g of soil)

0 5 15 30 50
Length of vessel element (um)
Pre-flowering 17.65%£258  1544+160 1508£150 1502+£159  14.03+1.29
(12.52)* (14.56)* (14.90)* (20.51)**
Flowering 19.50+2.41  17.72+1.64 1647+£1.42 1555193  14.62+1.39
(9.13) (15.54)** (20.26)** (25.03)**
Post-flowering 19.90+2.12  19.05+1.94 17.08+185 16.15+1.40 1537+2.091
(2.0 (14.17)* (18.84)** (22.76)**
Width of vessel element (um)
Pre-flowering 16.50£2.77  1563+257 1355+1.05 10.85+1.01 10.32+1.37
(5.27)™ (17.88)** (34.24)** (37.45)%*
Flowering 19.284295  17.76+1.19  1765+1.37  1490+£1.03  14.35+2.00
(7.88)N (8.45)** (22.72)** (25.57)**
Post-flowering 21.1041.66 20024190 18454140 1750+1.05 14.77+1.15
(5.12)™ (12.56)** (17.06)** {30.00)**
Area of stem vessel element (um)
Pre-flowering 18.63+1.37  16.26+1.99  1559%£1.01  1522+1.41  12.23+1.23
(12.72)* (16.32)** (18.30)** (34.35)**
Flowering 2045+212 17.87+272  15.72+157  1540+£1.80 13.29+1.64
(12.62)* (23.13)** (24.69)** (35.01)**
Post-flowering 2074+1.06  17.89+1.11  16.04+2.00 1697280 13.92+1.18
(13.74)%* (22.66)** (18.18)** (32.88)**
Density of vessel element (per microscopic field)
Pre-flowering 13560 £4.90 128.90+5.84 11090£5.68 106.20+£3.01 99.58+4.35
(4.94)** (18.22)** (21.68)** (26.56)**
Flowering 125.56+19.48 110.63£8.60 107.83+7.10 105.80+14.61 99.13+11.97
(11.89)* (14.12)* (15.74)* (21.05)*
Post-flowering 123.00+£20.86 111.40+13.72 107.20+£9.81 105.50+14.88 95.30+18.61
(9.43)N5 (12.85)* (14.23)* (22.52)**

Length of xylem fiber (um)
Pre-flowering

Flowering
Post-flowering

Width of vessel elements (um)
Pre-flowering

Flowering

Post-flowering

343.00£72.92

371.63 £56.47

447.25 +62.60

22.39+4.21

24.62+£4.22

43.45£5.00

334.51 £85.24
(2.48)N
342.32 £50.78
(7.89)"°
360.54 +47.10
(19.39)*

21.06+4.77
(6.36)N°
22.32+4.93
(9.34)N
25.24£7.15
(41.97)**

311.36 £51.27
9.22)N
340.21 £ 60.08
(8.45)NS
345.45 + 49.07
(22.76)%*

20.97 +4.18
(6.76)™
21.12+2.72
(14.22)*
2520+ 4.22
(42.00)**

295.68 + 35.48
(13.80)™
325.22 £ 54.79
(12.48)™
335.38+71.60
(25.01)*

20.04 + 5.04
(10.89N°
20.08 £ 4.63
(18.44)*
24.64+3.16
(43.29)%*

204.88 £63.35
(40.27)**
301.33 £56.73
(18.92)**
305.48 £ 72.61
(31.70)**

18.78 £3.64
(16.50)*
18.81£2.71
(23.60)*
21.64+£3.23
(50.20)**

**Significant at 1% level;

*Significant at 5% level;

NS, non-significant.



76 Ahmad et al.

vasculature and other histological zones is presented
in Table 9. Increase in the vascular tissue and decrease
in the pith and cortex with age was noticed under both
control and treated conditions. However, proportion
of vascular tissue reduced at all the concentrations of
cadmium and lead. Proportion of pith decreased with
increasing age of the plants in either with or without
metal stress. But the proportion of pith at all the metal
concentrations was higher than the one in the con-
trols. The maximum proportion of pith was obtained
at 50 pug cadmium and 200 pg lead. The proportion
of cortex also registered a decline with the age of
plants under both control and metal treatments.
Overall, the proportion of cortex was lesser in the
metal-treated plants compared to the control.

Reduction in the length and width of xylem fibres
was also noticed under metal stress (Tables 12 and
13). The reduction became more pronounced as the
metal concentration increased. Width and area of
vessel elements in the roots increased gradually with
age in both control and metal-treated plants, but the
magnitude of increase in the metal-treated plants was
significantly lower at all the developmental stages.
Density of vessels in the root wood decreased as the
plant grew. In the metal-treated plants, the vessel
density decreased more significantly compared to the
control. Reduction in vessel density was getting larger
as the metal concentration increased.

Concentrations of cadmium and lead in different
plant parts increased as the concentration of the metal
in the medium increased in all the developmental
stages assayed. Maximum concentrations of Cd** in
the leaf (21.76 pg), stem (23.21 ng) and root (48.70
ug) were recorded during the post-flowering stage at
50 pg CdCl, in the medium. For Pb**, the maximum
levels in the leaf (87.10 pg), stem (93.10 ug) and root
(195.00 pg) were detected during the post-flowering
stage at 200 pg PbCH;COO" in the medium (Table
14).

DISCUSSION

Data on various growth attributes tabulated in
Tables 1-3 are indicative of significant impact of both
cadmium and lead at all the stages of growth in gen-
eral, and during pre-flowering stage, in particular. In
comparison to control, all the metal treatments did
reduce plant length, root and shoot length, dry weight
of root and shoot, leaf area and number of leaves and
branches per plant but the impact was more pro-
nounced at highest concentrations of metals used.
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Cadmium treatment of 50 ug/g of soil had much
higher negative influence on shoot and root length
than lead at 200 pg/g of soil. However, lead at its
highest concentration had comparatively more dele-
terious impact on average leaf area, number of leaves
and branches per plant. Root and shoot drv weight of
the presently investigated species exhibited marked
decline under highest cadmium treatment of 50 ug/g
of soil in comparison to highest lead treatment of
200 pg/g of soil. These findings are in conformity with
similar findings of Sudha et al. (2001), who also
recorded increased growth inhibition at higher con-
centrations of heavy metals. Such inhibition has also
been shown to occur even at very low concentrations
of heavy metals (Allaway, 1986) as has been recorded
in the present study as well. Growth inhibition has
been attributed to a variety of causes viz., partial root
damage (Turner, 1973), injury to enzyme systems (Page
et al., 1972), reduction of cell water content and/or
cell wall elasticity (Lane et al., 1978; Barcelo and
Poschenrieder, 1990), smaller size of plant cells and
intercellular spaces (Barcelo et al., 1988), aiteration in
the nutrient uptake (Greger and Bertell, 1992) and
inhibited photosynthesis and CO, assimilation leading
to reduced carbohydrate content of cells (Greger and
Bertell, 1992). Dry matter production vis-a-vis heavy
metal pollution has been used, by some workers, as a
key attribute to evaluate the response of the crops to
such stress because fundamental metabolic processes
of photosynthesis and respiration have beer: shown to
result in adverse influences on plant biomass (Page et
al., 1972; van Assche and Clijsters, 1993; Tabassum
et al., 2001). Moreover, the impact of metal stress was
more pronounced during the pre-flowering stage
(seedling stage) which is in accordance with the find-
ings of Rauno et al. (1988). Decline in leaf area under
both cadmium and lead treatments during the
present study needs to be emphasized as it has impli-
cations for related processes of photosynthesis and
transpiration and thereby growth and yield. Decreased
leaf area with increased metal concentration draws
support from similar observations in ruriner bean
(Skorzynska-Polit and Baszynski, 1997), raclish (Khan
and Frankland, 1983). Phaseolus vulgaris (Folson and
Adams, 1970), and mung bean (Singh et al., 1994).
Bharadwaj and Mascarenhas (1989) also observed
marked leaf area reduction with increase in concen-
tration of the heavy metal in the medium. Besides leaf
area, significant decrease was observed in the num-
ber of leaves, single leaf area and total leaf area of the
presently investigated species at all its developmental
stages, which draws support from similar observa-
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Table 12. Root anatomical features at different developmental stages of T. foenum graecum Linn. grown under Pb stress .
Mean £ S.D. is based on twenty five replicates. Parentheses include percent variation.

Parameters/Developmental stage

Lead acetate (ug/g of soil)

0 25 50 100 200
Length of vessel element (um)
Pre-flowering 21.77+£2.14 16.95+£2.39 15.38 +1.53 12.13+£2.16 10.23 £3.96
(22.14)** (29.35)** (44.28)** (53.01)**
Flowering 25.40 + 3.58 17.38 £ 2.54 15.51+3.18 12.324£2.43 11.12+2.15
(31.57)** (38.94)** (51.50)** (56.22)**
Post-flowering 25.67 +3.41 20.23 £2.50 18.80 £ 2.03 18.55 £ 2.01 15.11 £ 1.00
(21.19)** (26.76)** (27.74)** (41.44)**
Width of vessel element (um)
Pre-flowering 22.74+2.86 20.51 £ 1.41 17.97+£1.43 15.15+2.98 13.24 +1.32
(9.81)* (20.98)** (33.38)** (41.78)**
Flowering 21.84+2.43 18.25+2.39 15.05+3.84 13.00+£2.50 11.03+£2.46
(16.44)** (31.09)** (40.48)** (49.50)**
Post-flowering 16.79£1.12 15.18+£1.76 12.83 £2.25 11.61+£1.40 10.62+1.13
(9.59)* (23.59)* (30.85)** (36.75)**
Area of stem vessel element (um)
Pre-flowering 18.42 £ 2.90 17.28£1.12 16.57 £2.03 14.71+£1.91 12.27+1.78
(6.19) (10.04)™ (20.14)* (39.82)**
Flowering 2298+ 3.92 22011270 19.04 £ 2.61 15.03+£1.20 13.83+1.78
(4.22)" (17.15)* (34.60)** (39.82)**
Post-flowering 34.18 £4.33 2216+ 2.74 20.13 £ 3.85 16.51 £ 1.50 14,43 £1.67
(35.17)** 41.11)* (51.70)** (57.78)**

Density of vessel element (per microscopic field)

Pre-flowering 3479312425 346.06 £29.14 321.63+£17.93 286.59%26.47 166.43+£9.71

(0.54)N (7.56)* (17.63)%* (52.17)**
Flowering 296.36 112,11 233.70+35.66 177.46+34.00 167.00+12.39 156.90+17.53
(21.14)** (40.12)** (43.65)** (47.06)**
Post-flowering 2064611273 192,07 29.69 164.61+22492 152.23+28.44 142.24+29.21
(6.97)* (20.27)%* (26.27)** (31.11)%*
Length of xylem fiber (um)
Pre-flowering 211.66 £42.02 208.40+66.84 202.02+44.66 171.58+23.47 154.62+29.24
(1.54)N (4.56)° (18.94)* (26.95)*
Flowering 232.20+101.91 228.40+55.21 208.85+38.36 185.66 £36.42 163.73 £25.24
(1.64)N (10.06)™° (20.04)™° (29.49)*
Post-flowering 294.93 £ 94.18 248.65+89.84 220.96+57.85 200.78 +38.38 140.89 +33.23
(15.69)N (25.08)* (31.92)* (52.23)**
Width of vessel elements (um)
Pre-flowering 25.05+3.37 2259225 18.06+295 14.11+3.78  12.03+2.57
(9.82)N (27.90)** (43.67)** (57.98)**
Flowering 2442+223  2458+340 2039295 17.14+4.09  14.59+2.50
(13.51)* (28.25)** (39.69)** (48.66)**
Post-flowering 32.54+528 28.78+456 25381450 20.52+350 16.43£5.44
(11.28)" (22.00)** (36.94) (49.51)**

**Significant at 1% level;  * Significant at 5% level; NS, non-significant.
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Table 13. Root anatomical features at different developmental stages of T. foenum graecum Linn. grown under Cd stress.
Mean £ S.D. is based on twenty five replicates. Parentheses include percent variation.

Parameters/Developmental stage Cadmium chloride (ug/g of soil)

0 5 15 30 50
Length of vessel element (um)
Pre-ﬂowering 21.77 £2.14 16.76 £2.19 16.69 £1.79 18.60 £ 2.78 13.00x1.62
(23.01)** (23.33)** (37.53)** (40.28)**
Flowering 25.40%+3.58 22,20+ 2.71 18.89 £4.94 15.70+2.05 14.03£2.92
{12.60)* (25.63)** (38.19)** (42.70)**
Post-flowering 25.67 £ 3.14 23.77 £2.08 20.08+3.68 19.78 £ 2.36 15.09£2.72
(7.40™ (21.78)** (22.95)** (41.22)**
Width of vessel element (um)
Pre-flowering 22.74+2.86 20.30+2.24 18.13£2.64 17.72 £1.47 1233147
(10.73)* (20.27)* (22.08)** (22.08)**
Flowering 21.84 1243 17.90£2.93 17.32 £1.32 15.02£1.52 10.62 £ 1.35
(18.04)* (20.70)** (31.23)** (51.37)**
Post—ﬂowering 16.79 £1.12 15.17£1.75 12.83+£1.25 12.60 £ 2.39 10.52+£1.29
(9.65)** (23.59** (24.96)** (37.46)*
Area of stem vessel element (um)
Pre-flowering 18.42+£2.90 14.28 £ 1.48 14.20£1.08 11.77 £1.93 9.2 +1.29
(22.48)** (22.91)** (36.10)** (46.89)**
Flowering 2298 £3.92 18.75 £ 1.02 15.45+£2.23 12.66 £ 1.49 10.21£1.23
(18.41)* (32.77)** (44.91)** (55.57)**
Post—flowering 3418 +4.33 21.37 £2.96 18.09 £ 2.13 17.27 £ 2.66 16.34 £ 2.65
(37.48)** (47.07)** (49.47)** (52.19)**

Density of vessel element (per microscopic field)

Pre-flowering 34793 £24.25 314.63 £18.01 234.93£35.85 212.25+£23.01 184.30%24.08

(9.55)* (32.48)** (38.97)%* (47.03)**
Flowering 296.36 1211 274.56+33.00 192.90+17.25 184.22+33.79 161.23 +32.92
(7.36)N (34.97)** (37.84)** (45.60)**
Post-flowering 206.46 £12.73 194.27 £17.22 188.27 £23.10 174.36+17.09 160.54 £ 23.28
(5.90N° (8.81)* (15.55)** (22.24)%*
Length of xylem fiber (um)
Pre-flowering 211.66£42.02 156.09+37.65 151.94+36.42 142.44+26.00 112.7:4 + 29.09
(26.25)* (28.22)* (32.70)%* (46.74)%*
Flowering 232.20+£101.91 206.82 £52.03 172.08 £21.37 139.69£29.01 112.74+32.19
(10.93)™ (25.89)"° (39.84)* (57 .45)*
Post-flowering 294,93 +£94.81 256.50+52.63 219.31+84.89 162.40+23.97 141.23 +24.89
(13.03)N (25.64)N° (44.94)** (52.11)%*
Width of vessel elements (um)
Pre-flowering 25.05+3.37  21.43+3.62 81.71+£232 16.80%6.69 13.42+3.59
(14.45)* (25.31)** (32.93)** (46 43)**
Flowering 28.42+2.23 2498249 2000+427 1851321  14.65%3.41
(12.10)** (29.63)** (34.87)%* (48 45)**
Post-flowering 32544528 29.96+547 2630+4.41 24.72+3.17  22.84+562
(7.93)N (19.18)** (24.03)** (29 .81)**

**Significant at 1% level;  *Significant at 5% level; NS, non-significant.
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Table 14. Concentrations of cadmium and lead (ug/g dry weight) in different plant parts at different developmental stages of
T. foenum graecum Linn. The values represent mean + 5.D. is based on three replicates

Parameters/Developmental stage Cadmium chloride (ug/g of soil)

0 5 15 30 50

Leaf

Pre-flowering 0.00 £+ 0.00 0.72+ 0.12 3.01+£1.09 6.72t1.10 12.76 £ 1.40

Flowering 0.00 £ 0.00 1517+ 0.1 525+ 1.12 10.50 £.10 18.00 £2.19

Post-flowering 0.00 £ 0.00 2.30% 0.10 6.76 £1.14 17.25+£2.11 21.76 £1.65
Stem

Pre—flowering 0.00 £ 0.00 0.76 £ 0.13 3.74 £2.00 6.00 £ 2.09 13.56 £ 2.40

Flowering 0.00 £0.00 2,22+ 0.09 6.12 £1.18 9.00 £ 2.16 13.14 £1.92

Post—flowering 0.00 £0.00 371+ 0.16 7.517 £1.01 16.50 £ 2.15 23.21x3.10
Root

Pre-ilowering 0.00 £0.00 520+ 0.17 8.25 £2.05 15.76 £3.50 27.28 +£2.01

Flowering 0.72£0.06 7.26x 0.12 9.76 £0.81 23.21+£3.40 36.76 £1.78

POSt—flowering 0.73 £0.08 10.60£0.13 14.26 £2.11 24.20 £ 3.01 48.70+ 3.10

Lead acetate (ug/g of soil)
0 25 50 100 200

Leaf .

Pre-flowering 0.00 = 0.00 529 +1.12 9.72 £ 1.20 24.00 = 2.10 51.02 = 3.39

Flowering 0.00 = 0.00 7.75 £ 0.92 15.79 = 3.16 33.75 £ 3.29 72.00 = 2.41

Post—ﬂowering 0.00 = 0.00 9.75 = 1.86 21.00 = 2.15 48.01 £ 1.96 87.10 £ 3.16
Stem

Pre-flowering 0.00 = 0.00 6.00 = 2.02 12.00 = 1.72 21.00 = 1.66 54.00 = 3.91

Flowering 0.00 = 0.00 9.05 x2.72 19.50 = 1.69 28.50 £ 2.99 54,75 £ 4.01

Post-flowering 0.00 = 0.00 12.01 = 1.96 23.29 = 2.92 51.00 = 3.92 93.10 = 3.05
Root

Pre-flowering 0.00 = 0.00 15.75 = 2.51 2549 £ 222 48.76 = 3.96 108.01x3.29

Flowering 0.00 £ 0.00 22.50 = 2.39 27.76 = 1.96 71.26 = 4.29 147.00= 4.06

POSt—flowering 0.00 = 0.00 30.00 = 3.16 44,25 + 3.01 73.50 = 4.22 195.00% 4.25

tions made in Cajanus cajan under Cd stress (Khudsar
et al., 2000).

Present investigations also revealed significant reduc-
tion in stomatal length and width under induced
metal stress (Tables 4-7). Irrespective of the metal
used, reduction was more pronounced in adaxial epi-
dermis at highest metal concentration. However,
reduction did not vary significantly at different stages
of development. Such results have been reported by
Puckett et al. (1977) and Khudsar et al. (2000). Den-
sity of stomata in the presently investigated species
also declined under heavy metal stress. Such response
has been suggested to be a common mechanism
adopted by the plants to cope with the pollution load
(Khudsar et al., 2000). Reduction in leaf size in the
treated plants, as discussed earlier, indicates not only
retarded growth but also results in reduction in green
surface area and thereby accommodation of lesser
number of stomata. Sharma and Tyree (1973) and

Palaniswamy et al. (1995) showed similar trend in the
stomatal response. In addition, reduced stomatal den-
sity has been reported to occur under other types of
stresses as well, such as elevated CO, concentration,
particularly, in expanding leaves of upper portion of
poplar clones (Ceulemans et al., 1995). Length of sto-
matal pore in the presently investigated species was
also significantly reduced at all the three developmen-
tal stages under Cd’* and Pb?" stress and such
response was concentration dependent. Partial sto-
matal closure on exposure to Cd?* (Bazzaz et al,
1974) and Pb’* (van Assche et al., 1980) has also
been reported earlier with possible impairment of leaf
transpiration and CO, fixation. A direct effect on in
vivo stomatal regulation has been postulated for Cd*”,
Ni*?, and Pb?* by Carlson et al. (1975). The stomatal
closure and reduced stomatal pore dimensions have
been related to decrease in net photosynthesis and
inhibition of transpiration (Carlson et al., 1975; Sheo-
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ran et al., 1990a, b). The mechanism of stomatal clo-
sure is also related to abscisic acid (ABA) accu-
mulation whose consequent effects on water relations
of expanding bean leaves has been suggested to result
in the stomatal closure under heavy metal treatment
(Poschenrieder et al., 1989). In contrast, the studies
conducted by Rauser and Dumbroff (1981) indicated
that excess Ni*?, CO** and Zn?*, though may increase
ABA content but without any adverse effect on plant-
water relations and hence the stomatal closure. Thus,
it has been suggested that inhibition of stomatal open-
ing in plants exposed to Cd** may depend on metal
concentration, exposure time and also on the degree
of toxicity suffered by plants (Barcelo et al., 1988).
Apart from stomatal closure, reduction in stomatal
opening under metal stress, as observed during the
present studies, is also not uncommon (Garg and
Varshney, 1980; Varshney, 1985). Rauser and Dum-
broff (1981) indicated that in R vulgaris the direct
effect of heavy metals on stomatal opening might be
caused by the alteration of K* fluxes through the
membrane. The changes in the inter anticlinal walls of
the guard cells have been shown to be induced by Pb
stress; in that these walls which line the stomatal aper-
ture become more thickened in the leaves of Pb
treated plants than in the control plants. Notwithstand-
ing the varying underlying causes of reduced stomatal
pore dimensions under metal stress as observed dur-
ing the present investigation, it has been regarded as a
protective measure against the pollutants (Gupta and
Ghouse, 1987) and decrease in size of stomatal aper-
ture or the stomatal closure resulting from an inhibi-
tory action of a pollutant may, in fact, represent an
avoidance mechanism (Kimmerer and Kozlowski,
1981; Igbal et al., 1996)

In cadmium and lead treated plants of T. foenum
graecum, length of trichomes increased where as
density of trichomes in both leaf epidermal surfaces
decreased significantly at all the developmental stages.
Decrease intensified with increasing concentration of
the metal. Decline in trichome density in response to
air pollution is well on record (Palaniswamy et al.,
1995). Lower trichome density on both epidermises
has been reported in Peristrophe bicalyculata, Ruellia
tuberosa, and Trymphetta rhombipodea (Nighat, 1998)
under pollution stress.

The present observations of reduction in xylem tis-
sue are consistent with the earlier findings of Igbal et
al. (19873, b) on Cassia occidentalis, Cassia tora, and
Lantana camara. It has been suggested that a series of
important physiological events such as inhibition of
photosynthesis and synthesis of hormonal growth reg-
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ulators, followed by decrease in the amount of carbo-
hydrates and transport of hormones to the lower part
of the stem and then to the root system (Kozlowski
and Constantinidou, 1986), lead to such decreased
wood production in stem and root. Furthermcre, dur-
ing the present investigation the proportion of vascu-
lar tissue did not increase in roots with growing age of
the plant when exposed to cadmium and lead as it
did under control conditions. Similar observations
have been made in Croton bonplandianum (Chouse
et al., 1986a) and Cajanus cajan (Igbal et al., 1986a,
b). Though not much literature exists on the effect of
heavy metals on anatomical and histological reatures
of plants but plausible conclusions can be drawn on
the basis of studies conducted to study the influence
of other pollutants on such features. A highly significant
correlation between the amount of xylem increment
in trees and the degree of coal firing in brick produc-
tion complex indicated that SO, and fluorine: inhibit
the cambial growth (Gilbert, 1983). Fluorine dust and
effluents from a copper smelter also reduced the xylem
production in Pinus sylvestris and Pinus monophylla,
respectively (Thompson, 1981). The pollutants, besides
reducing xylem increment in Picea abies. Abies sp., P
sylvestris. Populus tremuloides and Betula pendula,
may also alter wood structure (Eckstein et al., 1981;
Kozlowski and Constantinidou, 1986). On the con-
trary, increase in the area occupied by vasculature
under the stress of environmental pollution has also
been reported and has been regarded as an adaptive
response to ensure the maintenance of water uptake
particularly during the flowering and fruiting stages of
Sida spinosa (Mahmooduzzafar et al., 1986), Cleome
viscosa (Ahmad et al., 1987), Lantana camara, C. tora,
C. occidentalis (Igbal et al., 1987a, b), Amaranthus
viridis, Euphorbia hirta (Usmani, 1990), and (. cajan
(Khudsar et al., 2000).

The distortion of cell shape in root cortex, observed
during the present investigations in lead treated plants,
might have resulted from disorientation of microfibrillar
arrangement in the cell walls. The cellulose micro-
fibrils arise from some granular material situated on
outside of the plasma membrane. As Pb** is reported
to bind with membranes, it probably causes separa-
tion of the granular material from the plasma mem-
brane, thus, inhibiting growth of polysaccharide chains
that ultimately lead to disorientation of cellulose
microfibrils. Cadmium ions are also reported to attack
various cellular components, including cell walls and
membranes (Yu, 1998), resulting in differential alter-
ations that ultimately lead to their disorganisation.
Structural changes in the plant axis have also been
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correlated to disfunctioning of root system due to
insufficient supply of essential nutrients (Prasad and
Hagemeyer, 1999) and hormones from the roots
(Davies, 1992). Thus, it can be safely concluded that
heavy metals affect both cell division and cell elonga-
tion in plants (Setia and Bala, 1994), which is bound
to cause considerable decrease in the girth and length
of root and stem.

In the present study, stem and root fibres of T. foe-
num graecum were significantly shorter in the metal
exposed plants than in plants growing without any
stress. This finding is in conformity with the observa-
tions made in Croton bonplandianum (Chouse et al.,
1986b), Datura innoxia (Igbal et al., 1986a), and
Psorelea corylifolia (Ali, 1998) under the impact of coal
smoke pollution in which lead is an important constit-
uent. Vessel element length and width decreased sig-
nificantly and consistently in the stem and root of the
metal treated samples of Trigonella. Development of
short vessels in plants growing under stressed condi-
tions has also been reported in Polygonum glabrum
(Khan et al., 1984), Calotropis gigentia (Igbal et al.,
1986b), Euphorbia hirta (Usmani, 1990), Lagerstro-
emia reginae, and Alstonia scholaris (Jabeen and Abra-
ham, 1998), and Peristrophe and Ruellia (Nighat, 1998;
Khudsar et al., 2000). Such variations can have severe
physiological and metabolic implications for the plants
as Lamoreaux and Chaney (1977) reported reduced
relative water conductivity in excised stem sections of
Cd-treated silver maple. The reduction was due to
decrease of xylem tissue available for water conduc-
tivity, reduced size of vessel and tracheids and a par-
tial blockage of xylem elements. Cd** disturbance of
water balance has been attributed to its influence on
stomatal function and on the size and number of trac-
heary elements (Barcelo et al., 1988).

Present observation of marked reduction in vessel
density draws support from similar findings recorded
by Khudsar et al. (2000) in stem and root of C. cajan.
Other stresses like those caused by air pollutants also
lead to substantial decrease in the number of vessels
per unit area of xylem as has been reported in C.
bonplandianum (Chouse et al., 1986a), Sida spinosa
(Mahmooduzzafar et al., 1986), C. tora and C. occi-
dentalis (Igbal et al., 1987a), and Psoralea corylifolia
(Ali, 1998). Though pollutants in general reduce
incremental xylem development (Gilbert, 1983), but
in some cases, the amount of vasculature also increases
under pollution stress, thereby serving as an adaptive
response, particularly, during the flowering stage and
beyond when it may help in uptake of water so that
plants can withstand the continuous pollution load

during these critical phases of life history.

In the present investigation, heavy metal (Cd** and
Pb**) content in different plant parts (root, stem and
leaf) of T. foenum graecum at different developmen-
tal stages increased with the enhanced metal levels in
the soil. The accumulation of metal was higher in root
than in shoot. In the previous studies, the Cd** con-
centration in roots and shoots showed positive corre-
lation (Costa and Spitz, 1997; Hernandez et al., 1998)
both in long term as well as in short term experi-
ments, although the rate of metal accumulation in
plants has been reported to vary between species
(Rolfe, 1973) and between different soils (John and
van Laerhoven, 1972; Miller, 1974). The uptake of
Cd** and Pb** by plants has been reported to increase
with their increasing concentration either in soil or
nutrient solution (Piotrowska and Dudka, 1994).

The present study revealed that the translocation of
Cd** and Pb** in T foenum graecum to stem and
leaves was much less resulting in higher concentration
in roots as has also been observed in previous studies
conducted by Rolfe (1973). Cd** is less readily immo-
bilized in soil and absorbed passively (Cutler and
Rains, 1974) due to which is more readily available to
the plant (Miller et al., 1974). In comparison, avail-
ability and translocation of Pb?* to the plant prima-
rily depends upon the soil type and its pH (Miller et
al., 1975a, b). However, in general, roots accumulate
more lead than leaves as observed in the present
study also. The higher accumulation of Cd** and Pb**
in the roots of T. foenum graecum as compared to the
shoots might be suggestive of the avoidance strategy
employed by these plants. Such avoidance mecha-
nisms are not uncommon and have been seen in other
plants by Lozano-Rodrigerez et al. (1997). Others have
argued it to be a tolerance mechanism (Vogeli-Lange
and Wagner, 1990; Fett et al., 1994), being associated
with the cross-linking of Cd** and Pb?* to carboxyl
groups of cell wall proteins (Barcelo and Poschenrieder,
1990) and/or because of interaction with the thiol
group of soluble proteins and non-protein thiols.

The present study is thus indicative of significant
changes in morphological as well as anatomical fea-
tures of T foenum graecum due to Cd** and Pb?*
stress that are, in fact, manifestations of altered physi-
ological and metabolic functioning of the plant.
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