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Cadmium and lead exposure

Forty-five days old plants were exposed to cadmium at concentrations of 0, 2, 5, 7, and 10 mg/L
and to lead at 0, 10, 20, 30, and _ The metals were supplied
through Hoagland’s nutrient medium, with 200 mL of solution provided per pot. Pots receiving
only the nutrient mixture without the addition of Cd or Pb served as controls. The pH of all the

solutions was checked daily and adjusted to remain between 5.5 and 5.8.

Biomass evaluation

After 50 days of growth, the plants were collected at the 50% flowering stage, a period known for
the maximum yield and quality of essential oils. Following harvest, the roots were rinsed with
deionized water to eliminate any cadmium or lead residues from their surface. At this stage, stem
and root lengths were recorded, and the fresh biomass of both shoots and roots was determined via
a digital balance. The plant material was then oven-dried at 60 °C [ORRI2BNONE until a constant
weight was achieved, after which the dry mass was measured. The data are presented as the means

of three independent replicates for each treatment.

Quantification of Heavy Metals

The tissue samples were first oven dried at 60 °C for 72 hours and subsequently ground into a fine
powder. Approximately 0.5 g of powdered tissue was digested in 25 mL of 65% nitric acid and
heated at 250 °C for 24 hours in open vessels. After partial evaporation of the acid, 5 mL of 30%

hydrogen peroxide was added to complete the digestion process. The concentrations of Cd and Pb

were determined via flow-injection atomic absorption spectrometry (Perkin Elmer 700) following

the protocol described by Sekabira et al. (2011). _
Factor (TF), and Transfer Coefficient (TC) were calculated according to the methodology

Measurement of proline content

The proline content was measured according to the methods of (Bates et al., 1973). Fresh tissue
(0.5 g) was extracted with 3% sulfosalicylic acid, reacted with acid ninhydrin and glacial acetic
acid, and incubated at 95 °C for 1 h, and the absorbance of the toluene phase was recorded at 520
nm via a UV—Vis spectrophotometer _ Proline levels were calculated

from an L-proline standard curve and expressed as pmol g' FW.
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Quantification of soluble and reducing carbohydrates

Soluble and reducing sugars were extracted from 0.5 g of fresh tissue with 80% ethanol and
quantified via the anthr one method (Houshmandfar and Asli, 2011). One milliliter of extract was
reacted with 4 mL of anthrone reagent and incubated in boiling water for 10 min, and the
absorbance was read at 620 nm. The sugar content was calculated from a glucose standard curve

and expressed as mg g' FW.

Determination of chlorophyll content

Photosynthetic pigments were extracted from 0.2 g samples with 7 mL of 80% acetone and
centrifuged at 3400 x g for 20 min at 4 °C (IEC 215, USA). The absorbance of the supernatant was
measured at 664, 647, and 470 nm via a UV—Vis spectrophotometer (Shimadzu Mini-1240, USA),
and the chlorophyll and carotenoid concentrations were subsequently calculated Adelusi et al.
(2006).

Chiorophyll = [(13.19 A o/ BTGNSV

)

V=AA content (mg. AAE/g), C=ascorbic acid concentration extracted from the standard curve

(mg/ml), V=volume of sample extract (ml) and M=sample extract weight (g).

Determination of catalase (CAT) and peroxidase (POD) activities
Fresh leaves (0.5 g) were ground in 5 mL of ice-cold 50 mM phosphate buffer (pH 7.0) containing
1% polyvinylpyrrolidone (PVP). The homogenate was centrifuged at 12,000 x g for 15 min at 4
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°C, and the resulting supernatant was used as the enzyme extract. CAT activity was determined by
monitoring the decrease in absorbance at 240 nm due to the decomposition of 10 mM hydrogen
peroxide over 3 min. POD activity was measured as the increase in absorbance at 470 nm resulting
from guaiacol oxidation (20 mM) in the presence of 40 mM hydrogen peroxide. The enzyme
activity for both CAT and POD was expressed as one unit, defined as a 0.01 change in absorbance

per minute under assay conditions.

Statistical analysis

3. Results

Cadmium (Cd) exposure induced a marked inhibitory effect on both the biomass and longitudinal

growth of S. bachtiarica in a dose-dependent manner (Table 1). In control plants, the stem and root
dry weights were recorded at 43.9 mg and 4.7 mg, respectively, with shoot and root lengths
measuring 27.5 cm and 10.2 cm. Increasing Cd concentrations significantly suppressed these
growth metrics. Specifically, exposure to the highest Cd concentration (10 mg L") resulted in a
48% reduction in stem dry weight and a 59% decline in root dry weight. Similarly, shoot length
progressively decreased from 27.5 cm in the control to a minimum of 10.3 cm at 10 mg L' Cd,
representing a 63% reduction. Root length followed a comparable inhibitory pattern, decreasing to

5.2 cm at the highest Cd level, which corresponds to an approximately 49% reduction.

Alterations in proline, carbohydrate, and vitamin C levels under cadmium stress
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187  terms of carbohydrate metabolism, exposure to 10 mg L™ Cd led to the accumulation of soluble
188 and reducing carbohydrates in shoots (109.2 and 44.4 mg g™* FW, respectively; increases of ~75%
189 and ~131% over the control), while root tissues exhibited values of 72.20 and 29.6 mg g FW
190 (increases of ~123% and ~77%, respectively).
191 Vitamin C levels also demonstrated a significant response in aerial parts; the highest vitamin C
192 content (122 mg/100 g FW) was recorded under 10 mg L' Cd, representing an increase of
193 approximately 94% (nearly two-fold) compared to the control (6.3 mg/100 g FW). Conversely,
194 variations in vitamin C levels within the root tissues under Cd stress were statistically non-
195  significant, remaining almost constant (4.0-5.0 mg/100 g FW) across all treatments (Table 1).
196
197
198
199
Traits
. . Soluble Reducing Vitamin C
Organ Treatments I(DIfly/v}v)T;iil)t lenPtllelngzm) (E?ligfl C(_)ln 12?;) carbohydrates carbohydrates (mg 100 coﬂf:r\l;y(getlils'l)
s ¢ s (mgg'FW)  (mgg'FW)  g'FW) 5
Control 43.942.28 27.5+1.32 1.39+0.2¢ 62.3+4.85¢ 19.20+2.1¢ 6.340.45¢ 0°
s Cd2 37.1x1.8° 24.2£1.2° 2.79+0.254 70.2+5.8¢ 26.2+2.1¢ 6.2+£0.42¢ 80.2+6.24
= Cd5 34.2+1.7° 20.5+1.2¢ 3.240.3¢ 82.35+6.9¢ 33.6+3.3¢ 7.9+0.47° 94.94+7.2¢
«» Cd7 31.5+1.7¢  16.4+0.92¢ 4.12+0.42° 95.7+9.5° 40.2+4.13> 9.7+0.87° 111.12£10.1%
Cdl10 22.8+1.5°  10.3+0.66¢ 4.6+0.5° 109.24+10.65° 44.4+4.1° 12.2+1.12 141.21+13.4°
Control 4.740.728 10.2+0.612 1.21£0.22¢ 32.40+3.1¢ 16.74+1.42¢ 4.0+0.382 0°
< Cd2 3.940.70° 8.0+0.62° 1.9+0.22¢ 52.12+4.94 17.3+1.6¢ 4.040.352 1159.2+44 34
g Cds 3.0+0.65°¢ 7.840.41° 3.240.22¢ 60.3£6.2¢ 20.6+2.2¢ 4.0+0.382 2359.2+71.3¢
Cd7 2.1+0.444 6.020.40¢ 4.15+0.220 65.2+7.1° 24.8+2.3b 4.4+0.332 4324.2+100.3°
Cd10 1.9+0.20¢ 5.240.22¢ 4.8+0.222 72.20+£8.2% 29.6£3.12 5.0+0.39* 6549.2+154.32
200
201
202
203

N
o
N

205  Similarly, lead (Pb) stress significantly impaired the growth metrics of S. bachtiarica in a dose-
206  dependent manner (Table 2). In control plants, the dry weights of stems and roots were recorded at
207  43.9 mg and 4.7 mg, respectively. The highest Pb concentration (40 mg L") induced a 46.5%
208  decrease in stem dry weight and a 59% decline in root dry weight relative to the control (Table 2).
209  Moreover, exposure to 40 mg L' Pb resulted in the lowest stem length (8.2 cm) and a significant
210  50% reduction in root length (4.5 cm) compared with non-treated plants. In contrast, the 10 mg L™
211 Pb treatment did not significantly affect stem length.
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213 Alterations in proline, carbohydrate, and vitamin C levels under lead stress

214 Lead (Pb) treatment induced substantial under modifications in S. bachtiarica, consistent with the
215 stress responses observed under Cd exposure (Table 2). Proline levels significantly increased in
216 both roots and shoots; notably, the 40 mg L~ Pb treatment induced approximately a 4.3-fold
217 increase in root proline content (from 1.11 to 4.78 pmol g FW) relative to the control.
218 Carbohydrate concentrations were also markedly elevated, with the highest levels of soluble and
219 reducing carbohydrates under 40 mg L' Pb recorded in shoots (89.8 and 40.4 mg g FW) and
220 roots (69.3 and 34.75 mg g' FW), respectively. Similar to Cd, Pb stress influenced antioxidant
221 synthesis in shoots, whereas variations in root vitamin C content remained statistically non-
222 significant (4.0-4.9 mg/100 g FW; Table 2).
223
224
225
226
Traits
Proline . Vitamin C
. Soluble Reducing 9
Organ Treatments lgnrzgflv);:;iil)t Plarztcrlgl gth (ufr(l)rrrl:(flrl ;_1 carbohydrates carbohydrates (mgFl\)(;g)g colif;riy(rrrr:ztlilgS:‘)
FW) (mg g FW) (mg g FW)

Control 43.8+2.32 27.5+1.3 1.45+0.34¢ 60.7+6.9° 19.7+2.44¢° 6.2+0.54 0°
2 Pb10 37.2+1.7° 25.341.3% 2.38+0.49¢ 68.2+7.354 22.3+2.54 6.4+0.544 80.2+5.134
s Pb20 33.0+1.6° 21.5+0.9° 3.3+0.75¢ 74.6+8.1° 29.6+3.3¢ 7.3£0.6° 129.94+9 4¢
@ Pb30 27.1+1.4¢ 14.4+0.81¢ 4.140.9% 78.9+8.32° 34.2+3.73P 8.9+0.9° 174.12410.2b

Pb40 23.9+1.3¢ 8.2+0.524 4.7+1.1° 89.8+9.2¢ 40.4+4 22 11.3+1.20 205.21+16.22

Control 4.7+0.42° 10.3+0.7° 1.11+0.12¢ 29.1242.74¢ 16.74+1.7¢ 4.£0.30* 0°
- Pbl10 3.540.33° 9.0+0.52° 2.7+0.34 35.143.54 22.341.94 4.24+0.35° 1174.2+61.24
é Pb20 3.040.34¢ 7.3+0.4% 3.6+0.4¢ 41.85+4.8¢ 25.842.4¢ 4.45+0.3° 2466.24+99.7¢

Pb30 2.1+0.22¢ 6.1+0.3¢ 4.35+0.520 55.44+5.75b 30.3£2.9° 4.5+0.4* 4523.2+125.3b

Pb40 1.9+0.12¢ 4.540.22¢ 4.78+0.8° 69.346.5% 34.7543.58 4.9+0.42° 6751.2+180.9%
227
228
229
230

231  Cadmium and lead uptake and translocation

232 After two weeks of exposure, the contents of Cd and Pb in the shoots and roots of S. bachtiarica
233 increased significantly in response to increasing metal concentrations in the growth media -
234 I). More than 90% of the absorbed Cd was retained in the roots (Figure 1A), reaching 98% at 10 mg
235 L', whereas more than 90% of the Pb accumulated in the roots, reaching 97% at 40 mg L' (Figure

236 1B). The bioaccumulation factor (BF), reflecting the plant’s overall capacity to accumulate metals
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Alterations in _ levels under cadmium and lead stress

Exposure to increasing concentrations of Cd and Pb caused significant decreases in the chlorophyll
a, chlorophyll b, and _ contents of S. bachtiarica (Figure 2A, B, D). In the control plants,
the chlorophyll a and b contents were 1.08 and 0.68 mg/g FW, respectively, decreasing to 0.34—
0.60 mg/g FW under 10 mg/L Cd and to 0.51 and 0.31 mg/g FW under 40 mg/L. Pb (Figure 2A,
B). The (GaIOIGNOIAS content also decreased from 0.42 mg/g FW in the control under metal stress.

Among the Cd treatments, no significant differences were detected between the 2 mg L' Cd

treatment and the control, nor among the 5, 7, and 10 mg L' Cd treatments (Figure 2D). -
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Antioxidant enzyme activities under cadmium and lead stress

Figure 3 shows the specific activities of the antioxidant enzymes CAT and POD in the leaves of S.
bachtiarica under progressive Cd and Pb exposure. CAT activity increased significantly (p < 0.05)
in response to both metals. The highest CAT activity (80) was recorded in plants exposed to 40
mg/L Cd (Fig. 3A), representing a 2.3-fold increase compared with that of the control and a 1.7-
fold increase compared with that of the 10 mg/L Cd treatment. Interestingly, no significant
difference was observed between the 5 and 7 mg/L Cd treatments. Similarly, POD activity in
response to 2 mg/L Cd did not differ significantly from that in the control, but POD activity
increased markedly at higher concentrations, reaching a maximum of 80 at 10 mg/L Cd. Under Pb
stress, POD activity also increased significantly from the lowest applied concentration to 40 mg

L™, where it reached 87 (Figure 3B).

A Catalase (CAT)
— 100 a
-
E 80
€ 60
(=]
= 40
=0
E 20
=
=~ 0
Cadmium
Treatments
B Peroxidase (POD)
100 a a
[}
= 80 c b c
E d d
= 60 d S
2 40
= 20
E
5,; 0 = 1 w - = = = = =
E 8 8 5 Z|§E £ §8 7 %2
= o = = = = =
] ]
Cadmium Lead

Treatments

e o o0 357 v 1mE1) 0103050 4 s s o 15

11



285
286
287
288
289
290
291
292
293
294
295
296
297
298
299
300
301
302
303
304
305
306
307
308
309
310
311
312
313
314

Journal of Agricultural Science and Technology (JAST), 29(4)
In Press, Pre-Proof Version

Discussion

12



315
316
317
318
319
320
321
322
323
324
325
326
327
328
329
330
331
332
333
334
335
336
337
338
339
340
341
342
343
344
345

Journal of Agricultural Science and Technology (JAST), 29(4)
In Press, Pre-Proof Version

Brassica nigra, are able to take up and accumulate high concentrations of heavy metals, suggesting
their potential use in phytoremediation (Al-Khayri et al., 2023; Carrubba and Scalenghe, 2012).
High Cd and Pb levels can severely impair plant growth and even lead to mortality by disrupting
photosynthesis, respiration, water status, and nutrient uptake. Cd and Pb reduce plant dry biomass
primarily by impairing photosynthesis through chlorophyll degradation and damage to PSII
reaction centers, while their preferential accumulation in roots limits the uptake and translocation
of essential micronutrients such as Zn, Fe, and Cu, further disrupting photosynthesis and respiration
(Rahman et al., 2024). Cd and Pb affected shoot length more than root length, causing reductions
even at low concentrations, while the highest concentrations (10 mg L™ Cd and 40 mg L' Pb)
significantly decreased both shoot and root lengths (Table 1). This effect is partly attributed to Cd
and Pb inhibiting cell elongation by disrupting proton pump activity. Additionally, decreased cell
water potential, reduced membrane permeability, and lower aquaporin-mediated hydraulic
conductivity contribute to the inhibition of root and shoot elongation. Cd and Pb can disrupt the
ultrastructure of meristem cells, impair ribosome biogenesis, and thereby inhibit root growth
(Hamim et al., 2018). Even low concentrations of Cd and Pb can markedly inhibit shoot growth in
medicinal plants such as Merwilla natalensis and Centella asiatica. This reduction is often
accompanied by decreased chlorophyll content, highlighting its role as a sensitive bioindicator of
heavy metal toxicity (Biswas et al., 2020; Street et al., 2009).

In the present study, Cd and Pb stress significantly reduced the chlorophyll a, chlorophyll b, and
total chlorophyll contents in S. bachtiarica (Figure 2A—C). The decline in chlorophyll content
under Cd and Pb stress may result from the inhibition of chlorophyll biosynthesis enzymes (e.g.,
d-aminolevulinic acid and protochlorophyllide reductase) and the disruption of the Mg and Fe
availability required for chlorophyll synthesis. The reduced chlorophyll content under Cd exposure
is also attributed to the inhibition of carbonic anhydrase due to Cd-induced Zn>" deficiency and the
replacement of Mg?" in the tetrapyrrole ring of chlorophylls (Adil et al., 2020). Hu et al. (2023)
reported that increasing Cd levels led to decreases in chlorophyll a, chlorophyll b, and carotenoid
contents in the leaves of Phlox divaricata. Similarly, Fattahi et al. (2021) reported that Pb and Cd
stress reduced chlorophyll and carotenoid concentrations in coriander leaves.

Enzymatic antioxidants, including catalase and peroxidase, play crucial roles in mitigating Cd- and
Pb-induced oxidative stress by decomposing H>O>. In this study, Cd and Pb exposure stimulated
the activity of antioxidant enzymes (Figure 3). CAT and POX activities were significantly elevated

13



346
347
348
349
350
351
352
353
354
355
356
357
358
359
360
361
362
363
364
365
366
367
368
369
370
371

372
373

374
375
376

Journal of Agricultural Science and Technology (JAST), 29(4)
In Press, Pre-Proof Version

under Cd and Pb exposure (Figure 3A), which is consistent with previous reports of increased
antioxidant enzyme activity in various plant species, including wheat varieties, Saccharum
officinarum, Crotalaria juncea, Pogonatherum crinitum seedlings, Arabidopsis thaliana, and
Solanum lycopersicum fruits, under heavy metal stress (Guo et al., 2019).

Proline acts as a key stress-responsive molecule that accumulates in plant tissues to mitigate the
adverse effects of Cd and Pb. In addition to its role as an osmolyte, proline stabilizes proteins,
scavenges ROS, maintains redox homeostasis, and can increase the activities of antioxidant
enzymes such as SOD, CAT, and APX (Singh et al., 2015). It also contributes to metal
detoxification by forming proline—metal complexes that protect enzymes from heavy metal
inhibition and can directly neutralize ROS, including H>O», hydroxyl radicals, and singlet oxygen.
In the present study, the proline content in S. bachtiarica increased significantly with increasing
Cd and Pb concentrations (Table 1, 2), which is in agreement with reports from Brassica juncea
(Wang et al., 2022), Pisum sativum (Zdunek-Zastocka et al., 2021), and other plants (Siddique et
al., 2018) under heavy metal stress. Soluble sugars are key osmoprotectants that accumulate under
heavy metal stress (Sharma et al., 2019). In the present study, Cd and Pb exposure progressively
increased soluble and reducing sugars in both the roots and shoots of S. bachtiarica (Table 1, 2).
Similar responses have been reported in Spirodela polyrhiza and Festuca arundinacea under Cd
and PDb stress (Lou et al., 2017; Qiao et al., 2012). The accumulation of carbohydrates supports
stress tolerance by scavenging ROS, maintaining redox balance, and protecting cellular structures
such as membranes and macromolecules (Afzal et al., 2021).

Finally, while this study focused on physiological and biochemical defense mechanisms, the impact
of heavy metal stress on the secondary metabolic profile of S. bachtiarica remains an essential area
for future research. Specifically, subsequent studies should investigate how Cd and Pb
accumulation influences essential oil yield and the composition of bioactive compounds (such as
carvacrol and thymol) to further clarify the pharmacological quality and therapeutic safety of this

species when cultivated in metal-impacted environments.

4. Conclusions

B
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