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Abstract

Heavy metal pollution is becoming a serious problem in wetland and often co-occurs with
nutrient availability and light conditions variation. We hypothesized that nutrient availability
and light condition can affect the growth of wetland plants under heavy metal stress. To test
this hypothesis, single ramets of a common, clonal wetland plant Hydrocotyle vulgaris were
grown for four weeks at three levels of cadmium with three levels of nutrient availability
under 30% or 100% light conditions. High level of nutrient availability and high light condition
overall promoted growth of H. vulgaris under Cd stress. Under the two light conditions,
responses of H. vulgaris to Cd treatments differed among three nutrient levels. Under 30%
light condition, 2 mg L™ Cd®* treatment decreased total mass at the low nutrient level and
decreased ramet number at the medium nutrient level; 0.5 and 2 mg L™ Cd?* treatments
decreased leaf mass ratio at the low and the medium nutrient levels. Under 100% light con-
dition, 2 mg L™ Cd?* treatments significantly decreased total mass at the high level of nutri-
ents; 2 mg L™ Cd?* treatment decreased ramet number at the medium and the high nutrient
levels and decreased leaf mass ratio at the medium nutrient levels. Our results suggested
that Cd stress can interact with nutrient availability and light condition to affect the perfor-
mance of wetland plants such as H. vulgaris.

Introduction

The release of heavy metals into natural habitats from human activities during the process of
industrialization and urbanization are increasing [1-3]. Some of heavy metals such as cad-
mium (Cd), chromium (Cr), lead (Pb) and mercury (Hg) are toxic and nonessential element
for plant [3-5]. When plants grow in the environment containing a high level of heavy metal
concentration, they may easily absorb such heavy metals and accumulate in the body [6-8].
Excessive heavy metals may adversely affect physiological and biochemical activities in plants
and thus inhibiting plant growth and even lead to death [9, 10]. Wetland is one of ecosystems
with many important environmental functions and habitats for various plants on the earth
[11-14], but is also one of the ecosystems most severely influenced by heavy metals [15, 16].
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Heavy metals are discharged into wetland along with agricultural wastewater and industrial
sewage, and seriously affect growth and community successions of wetland plants [17-19].

Another seriously environmental problem caused by human activities is the discharge of
large amounts of nutrients, such as nitrogen (N), phosphorus (P) and potassium (K) into wet-
lands, which can lead to eutrophication [6, 20, 21]. Nutrient availability is an important factor
for plants which can significantly affect the growth, and may further alter the responses of wet-
land plants to heavy metals [22-24]. Increasing nutrients within a certain range can alleviate
the adverse effects of heavy metals on plants [6, 25-27]. The appropriate added nutrients atten-
uated the reduction in relative growth rate of Pistia stratiotes due to Cr exposure [28]. On the
other hand, the excessive nutrient concentration may have toxic effects, and may exacerbate
the negative effects of heavy metals on plants [28-30]. Thus, more studies are needed to clarify
the effects of nutrient availability on responses of wetland plants to heavy metals.

In addition, shading is a common factor affecting the dwarf herbaceous plants in wetland
ecosystems, as they often co-exist with tall emergent plants and the light may shade by canopy
of those tall plants [27, 31, 32]. Previous studies have indicated that limited light could reduce
the uptake of nutrients by plants, and alter plant response to increased nutrient availability
[33-35]. For instance, the responses of biomass, ramet number and mean stolon internode
length of Salvinia natans to nutrient availability were unimodal under the high light condition,
but bimodal under the low light condition [26]. And the response of biomass allocation to
nutrients also showed a significant difference between the two light conditions [26]. Based on
the above, it is logical to speculate that light and nutrients can both affect plant responses to
heavy metal, which however seems to have been ignored before.

A large percentage of wetland plants can clonal growth [14, 36, 37]. They are usually the
dominant species in communities, and play an important role in wetlands such as purify the
water quality by absorb unnecessary nitrogen, phosphorus etc., and increase dissolved oxygen
in the water by release oxygen through the root system [38-40]. And the responses of clonal
plants to environmental variation and stresses can further profoundly influence composition
and structure of communities in wetland ecosystems [41-43]. Therefore, we need to evaluate
the responses of growth, vegetive propagation and biomass allocation in clonal plants to multi-
ple mixed changes of environmental factors in order to make better utilization of these species
for phytoremediation and vegetation restoration in polluted wetlands.

In this study, we conducted an experiment in greenhouse to examine the effects of cad-
mium stress, nutrient availability and light condition on a wetland clonal plant Hydrocotyle
vulgaris which is common in South China. Ramets of H. vulgaris were subjected to three levels
of Cd concentration crossed with three levels of nutrients availability under low or high light
conditions. Specifically, we examined the following hypotheses: (1) increased cadmium con-
centration can inhibit growth of H. vulgaris; (2) high light condition can promote performance
of H. vulgaris; (3) H. vulgaris can grow better under high nutrient level; (4) high nutrient avail-
ability and light condition can alleviate inhibition of cadmium stress on H. vulgaris.

Materials and methods
Plant species

Hydrocotyle vulgaris L. (Araliaceae) is a perennial clonal herb native to Europe, Southern
North America and Central America [26, 27]. The species was introduced to China as an orna-
mental in the 1990s and was widely distributed in wetlands of regions south of Yangtze River
[27]. With the adaptability and phenotypic plasticity, H. vulgaris can adapt well to a variety of
habitats, from terrestrial, and moist to aquatic [26, 27]. Along plagiotropic stolon that can
grow either under-ground or aboveground, each node can produce a ramet which only has a
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petiolate leaf and adventitious roots [28, 29]. The plants of H. vulgaris we used in the experi-
ment were purchased from a commercial supplier in Zhangzhou, Fujian Province, China.
They were cultivated for several weeks in the greenhouse (36° 34’ N, 114° 29’ E) at Handan
University in Handan, Hebei Province, China, before the commencement of the experiment.

Experimental design

The experiment crossed three Cd treatments (non-Cd, 0.5 and 2 mg L' Cd**) with three nutri-
ent treatments (low, medium and high) and two light treatments (low and high). 90 ramets
that had one leaf (the leaf diameter was about 3.8 cm; the petiole was about 15.8 cm) and sev-
eral adventitious roots were selected and randomly assigned to treatment combinations. Each
ramet was placed in a colonization basket which was fixed on a floating plate in the container,
thus adventitious roots were kept submerged.

For the three nutrient treatments, respectively, plastic containers (11.8 cm in diameter, 7.6
in deep) was filled with 0 mL (low nutrient level), 2 mL (medium nutrient level) or 10 mL
(high nutrient level) of the liquid fertilizer (Miracle-Gro, The Scotts Miracle-Gro Company,
USA:N >4.5gL ", P,0s >1.0gL ", K,0>9.5gL", Mg >0.5gL", Fe > 0.1g L™"). For the
Cd treatments, CdS,0,4-8H,0 was added to the nutrient solution, giving Cd ion concentra-
tions of 0.5 mg L* or 2 mg L'. We chose these nutrient and Cd concentrations based on the
levels of total nitrogen and Cd allowed in municipal effluents and the levels that constitute pol-
lution in the Environmental Quality Standards for Surface Water in China (http://english.mee.
gov.cn/SOE/soechinal997/water/standard.htm). These containers were either placed under
30% ambient light (low light condition) with shade cloth inside the greenhouse or placed
under 100% natural light condition (high light condition) inside the greenhouse. Therefore,
there were 18 treatments in total. Each treatment was replicated five times, making a total of
90 containers.

This experiment was conducted in the same greenhouse in which the plants were initially
cultivated. It started on 30 May and ended on 27 June 2021 and lasted for four weeks. All con-
tainers were randomly placed on a bench in the greenhouse. During the experiment, the mean
air temperature in the greenhouse was 27.4°C and the mean air humidity was 45.5%. The
nutrient solutions were replaced every seven days. Between two operations of nutrient solu-
tions replacements, tap water was added to compensate for the loss due to evapotranspiration
and absorption.

Measurements and data analysis

We harvested the experiment when plants covered the whole water surface in many contain-
ers. At harvest, we counted the number of ramets and measured total stolon length of H. vulga-
ris in each container. The plants were separated into leaves (the leaves in this experiment
include petioles), stolons and roots and then dried at 70°C to a constant weight and weighed.
We also calculated leaf mass ratio (leaf dry mas / total dry mass), stolon mass ratio (stolon dry
mass / total dry mass) and root mass ratio (root dry mass / total dry mass).

We used a three-way ANOVA to test the effects of Cd treatment, nutrient level, light inten-
sity and their interactions on total mass, leaf mass, stolon mass, root mass, ramet number, total
stolon length, leaf mass ratio, stolon mass ratio and root mass ratio of H. vulgaris. We then
used the simple effect test (LSD) to compare the means of each variable among the three levels
of Cd concentration within each of the three nutrient levels under the two light conditions.
Before analysis, all the data were checked for homoscedasticity and transformed as needed to
improve the normality and homoscedasticity of variance: total mass, leaf mass, stolon mass,
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root mass, ramet number and total stolon length were transformed to the natural log. All the
analyses were conducted using SPSS 22.0 (IBM, Inc., Armonk, NY, USA).

Results
Effects of Cd, nutrient and light on biomass

Cd treatments significantly affected total mass, leaf mass and root mass of H. vulgaris

(Table 1). Nutrient availability and light conditions significantly affected biomass (total mass,
leaf mass, stolon mass and root mass, Table 1). In general, the high Cd level decreased total
mass, leaf mass and root mass of H. vulgaris (Table 1, Fig 1A, 1B, 1D). The increased nutrient
levels increased biomass of H. vulgaris (Table 1, Fig 1). H. vulgaris grew better and produced
more biomass under 100% light condition than that under 30% light condition (Table I,

Fig 1). Responses of biomass of H. vulgaris to Cd treatments varied among different nutrient
levels (Fig 1). The interaction between Cd treatments and light conditions significantly affected
stolon mass (Table 1). Under 30% light condition, H. vulgaris produced more stolon mass
under 0.5 mg L' Cd*" treatment at low nutrient level. Under 100% light, H. vulgaris produced
less stolon mass under 0.5 mg L' Cd*" treatment at medium nutrient level. Nutrient availabil-
ity and light had a significantly interactive effect on total mass, leaf mass and root mass

(Table 1). Three-way interactive effects among Cd treatment, nutrient availability and light
condition significantly affected total mass and leaf mass (Table 1). Specifically, under 30% light
condition, 2mg L' Cd treatment significantly decreased total mass at the low nutrient level,
whereas under 100% light condition, 2 mg L™ Cd treatment significantly decreased total mass
at the medium and high levels of nutrient (Fig 1A). Under 30% light condition, leaf mass was
significantly decreased by 2 mg L™ Cd treatment when nutrient levels were low and medium,
whereas under 100% light condition, it was significantly decreased by 2 mg L' Cd treatment at
medium and high nutrient levels.

Effects of Cd, nutrient and light on ramet number and total stolon length

Under 100% light condition, H. vulgaris produced more ramets and total stolon length than
that under 30% light condition (Table 1, Fig 2). Both ramet number and total stolon length
were significantly decreased at the high Cd level (Table 1, Fig 2), whereas this effect was allevi-
ated by increasing nutrient availability (Table 1, Fig 2). Responses of ramet number and total

Table 1. Effects of cadmium concentration, nutrient availability and light condition on biomass, ramet number, total stolon length and biomass allocation of

Hydrocotyle vulgaris.
Variable Cadmium (Cd) Nutrient (N) Light (L) CdxN CdxL NxL CdxNxL

Fa, 72 Fa, 72 P Fi, 72 P Fy, 72 P Fy, 72 P Fy, 72 P Fy, 72 P
Total mass * 8.7 <0.001 58.3 <0.001 114.4| <0.001 3.4 0.013 2.5 0.092 8.9 | <0.001 3.1 | 0.020
Leaf mass * 15.3 <0.001 111.1 <0.001 64.8| <0.001 5.1 0.001 1.2 0.320 16.0 | <0.001 4.1 | 0.005
Stolon mass * 0.3 0.753 9.0 <0.001 79.2| <0.001 2.7 0.036 4.0 0.023 0.9 0.420 09| 0471
Root mass * 23.0| <0.001 8.8 <0.001 142.2 |  <0.001 8.0 <0.001 2.3 0.103 10.2 | <0.001 1.9| 0.125
Ramet number * 12.3 <0.001 81.6 <0.001 98.5 <0.001 5.4 0.001 0.3 0.730 14.2 <0.001 4.2 | 0.004
Total stolon length * 32.2 <0.001 84.2 <0.001 98.9 <0.001 5.0 0.001 2.3 0.106 9.7 <0.001 2.2 0.073
Leaf mass ratio 20.0 <0.001 184.3 <0.001 90.4 <0.001 10.0 <0.001 9.9 <0.001 13.5 <0.001 2.8 | 0.033
Stolon mass ratio 41.0 <0.001 106.9 <0.001 20.3 <0.001 20.7 <0.001 4.1 0.021 11.8 <0.001 1.5 0.197
Root mass ratio 13.2 <0.001 14.8 <0.001 39.4 <0.001 9.5 <0.001 1.6 0.201 <0.1 0.968 1.4 | 0.236
* Natural log transformation. F, P values and degree of freedom (subscript for “F”) are provided. Values are in bold when P < 0.05.
https://doi.org/10.1371/journal.pone.0280449.t001
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stolon length to Cd treatment varied among different nutrient levels (Table 1, Fig 2). Nutrient
availability and light condition had significantly interactive effects on ramet number and total
stolon length (Table 1, Fig 2). Three-way interactive effect among Cd treatment, nutrient avail-
ability and light condition significantly affected ramet number (Table 1). Under 30% light con-
dition, ramet number was significantly decreased by 2 mg L' Cd treatment at medium
nutrient level, whereas under 100% light condition, it was decreased by 2mg L™ Cd treatment
at medium and high nutrient levels (Fig 2A).

Effects of Cd, nutrient and light on biomass allocation

H. vulgaris allocated more biomass to stolon and root and less biomass to leaf under 100%
light condition than that under 30% light condition (Table 1, Fig 3). Overall, 2 mg L' Cd treat-
ment decreased leaf mass ratio and root mass ratio, but increased stolon mass ratio of H. vulga-
ris (Fig 3). Increased nutrient availability tended to increase leaf mass ratio but tended to
decrease stolon mass ratio and root mass ratio (Fig 3). Responses of biomass allocation to Cd
treatments significantly differed among three nutrient levels (Table 1, Fig 3). Both two-way
interactive effects between Cd treatment and light condition and two-way interactive effects
between nutrient availability and light condition significantly affected leaf mass ratio and sto-
lon mass ratio (Table 1). Three-way interaction effects among Cd treatment, nutrient
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availability and light condition significantly affected leaf mass ratio (Table 1). Under 30% light
condition, leaf mass ratio tended to be decreased with 0.5 and 2 mg L' Cd** treatment at low
and medium nutrient levels, whereas under 100% light condition, it tended to be decreased
with 2 mg L' Cd*" treatment at medium nutrient level (Fig 3A).

Discussion

Increased Cd level significantly inhibited growth of H. vulgaris, which is consistent with some
studies on other wetland plant species [6, 44, 45]. For instance, Typha latifolia showed signifi-
cantly negative responses to the high level of Cd concentration (30 mg/kg Cd in wetland soil)
in terms of root and shoot lengths and mass [46]. The shoot and root mass under the high Cd
level was only 13.2-30.9% of that under the treatment without Cd [46]. Cd is a non-essential
element in plants [32, 33]. The adverse effects of Cd on H. vulgaris is likely to be that the exces-
sive Cd is toxic to plants due to its influence on various physiological activities such as inhibiting
chlorophyll synthesis and photosynthesis, then altering the activity of many key enzymes, ham-
pering nutrient uptake and secondary metabolism and then inhibiting plant growth [46-48].

As predicted, high nutrient availability promoted growth of H. vulgaris under Cd stress. Similar
results have been shown in previous studies [6]. Adomako et al. reported that in Cd polluted water
Pistia stratiotes produced 70% - 100% more biomass when a higher level of nutrient was provided
[6]. In another study, regardless of the addition of nitrogen and phosphorus fertilizer alone or com-
bined nitrogen and phosphorus fertilization, the biomass of plants under heavy metal (Cd, Cu and
Pb) treatment was increased [28, 49]. The reason for the positive effect of high nutrient availability
is perhaps that it can dilute Cd concentration in plants and mitigate the toxicity of Cd to plants by
promoting plant growth and reducing uptake and accumulation of Cd in plants [50-54].

High light condition similarly increased growth of H. vulgaris under Cd stress. High light
perhaps enhanced photosynthesis efficiency and then promoted the growth of H. vulgaris to
alleviate the negative effect of Cd stress [55-57]. The low light intensity caused by shading fre-
quently occurs in wetlands [58, 59]. Interactions of light condition and heavy metals have been
well studied on phytoplankton such as Synechocystis sp. and Euglena gracilis [60, 61], but little
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has been studied on herbaceous plant. Our result suggested that light is an important factor
affecting plant response to heavy metals and should be considered when such plants are used

to restore the heavy metal polluted wetlands.
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H. vulgaris produced more total mass at the high level of nutrient availability and light con-
dition than that at other levels of nutrients and light. There were no significant differences
among the three Cd treatments when levels of nutrient availability and light condition were
both high. In addition, under the two light conditions, responses of growth to Cd treatments
varied among different nutrient levels. For instance, under low light condition, high levels of
Cd showed a negative effect on total mass at a low level of nutrient availability, whereas under
high light condition, high levels of Cd significantly reduced total mass at medium and high lev-
els of nutrient availability. These results suggested that the impact of Cd stress on plant growth
could vary with nutrient availability and light condition. However, we do not know the exact
mechanism underlying the three-way interactive effects of Cd stress, nutrient availability and
light condition.

Opverall, increased nutrients and high light can alleviate adverse effects of Cd stress on
growth of H. vulgaris and may improve the adaptability and tolerance of plants to Cd exposure
[49]. Therefore, one potential application is that sufficient nutrients and light can increase the
efficiency of plants to restore the polluted wetland by accumulating heavy metals [6, 23]. In
addition, the increased nutrients and high light may significantly facilitate the expansion of
clonal plants in heavy metal polluted wetlands, which can further affect the interspecific com-
petition and plant community dynamics [45, 62].

We also found that Cd stress interacted with nutrient availability and light condition to
affect leaf mass ratio of H. vulgaris. Biomass allocation is one of the adaptive strategies for bal-
ancing plant growth and resource restriction [62-64]. In this study, H. vulgaris allocate more
biomass to roots but less to leaves under low light condition. A similar response of biomass
allocation was found in another wetland plant Salvinia natans [26]. These results could be
explained by the typical resource-ratio hypothesis, i.e., plants tend to allocate more biomass to
aboveground organs to compete for light when light is limited [65]. Under different light con-
ditions, responses of leaf mass ratio to Cd treatment were different at different nutrient levels.
The results suggested that wetland plants could alter their biomass allocation to adapt to envi-
ronmental stress or variation [56, 66, 67]. The underlying mechanism is unclear and deserves
further studies.

Conclusion

We conclude that Cd stress can interact with nutrient availability and light condition to affect
the performance of wetland plants. Sufficient nutrient availability and light condition can alle-
viate the adverse effect of Cd stress on wetland plants. However, we still lack the specific mech-
anistic understanding of such combined effects. Further studies were needed to examine such
underlying mechanisms to give insights into the impact of Cd stress on performance of wet-
land plants.

Author Contributions

Conceptualization: Chao Si.

Formal analysis: Rui Zhang, Chao Si.

Investigation: Wen-Tao Cui, Shang-Yan Qiu, Zi-Han Qian, Xue-Ge He, Jun-Cai Xin.
Methodology: Rui Zhang.

Supervision: Chao Si.

Writing - original draft: Rui Zhang, Zhi-Huan Chen.

PLOS ONE | https://doi.org/10.1371/journal.pone.0280449 January 18, 2023 8/12


https://doi.org/10.1371/journal.pone.0280449

PLOS ONE

Cadmium interacts with nutrient and light to affect growth

Writing - review & editing: Rui Zhang, Zhi-Huan Chen, Wen-Tao Cui, Shang-Yan Qiu, Zi-

Han Qian, Xue-Ge He, Jun-Cai Xin, Chao Si.

References

1.

10.

11.

12

13.

14.

15.

16.

17.

18.

Augustynowicz J, Tokarz K, Baran A, Pachno BJ. Phytoremediation of water polluted by thallium, cad-
mium, zinc, and lead with the use of macrophyte Callitriche cophocarpa. Arch. Environ. Contam. Toxi-
col. 2014; 66:572-581. https://doi.org/10.1007/s00244-013-9995-0 PMID: 24477868

Mendelssohn IA, McKee KL, Kong TA. A comparison of physiological indicators of sublethal cadmium
stress in wetland plants. Environ. Exp. Bot. 2001; 46:263-275. https://doi.org/10.1016/S0098-8472(01)
00106-X

Nagajyoti PC, Lee KD, Sreekanth TVM. Heavy metals, occurrence and toxicity for plants: a review.
Environ. Chem. Lett. 2010; 8:199-216. https://doi.org/10.1007/s10311-010-0297-8

Bonanno G, Borg JA, Di Martino V. Levels of heavy metals in wetland and marine vascular plants and
their biomonitoring potential: a comparative assessment. Sci. Total Environm. 2017; 576: 796-806.
https://doi.org/10.1016/j.scitotenv.2016.10.171 PMID: 27810764

Torres AM, Barros PM, Campos GCS, Pinto E, Rajamani S, Sayre TR, et al. Biochemical biomarkers in
algae and marine pollution: a review. Ecotoxicol. Environm. Safety. 2008; 71: 1—15. https://doi.org/10.
1016/j.ecoenv.2008.05.009 PMID: 18599121

Adomako MO, Alpert P, Du DL, Yu FH. Effects of clonal integration, nutrients, and cadmium on growth
of the aquatic macrophyte Pistia stratiotes L. J. Plant Ecol. 2020; 13:765-772. https://doi.org/10.1093/
jpe/rtaa068

Li T, Zhong LX, Lu YZ, Yang M. Effects of cadmium stress on growth and nutrient concentration of Ery-
throphleum fordii seedlings. J. W. China Forestry Sci. 2020; 49:136—141. https://doi.org/10.16473/j.
cnki.xblykx1972.2020.04.020

Babula P, Adam V, Opatrilova R, Zehnalek J, Havel L, Kizek R. Uncommon heavy metals, metalloids
and their plant toxicity: a review. Environm. Chem. Lett. 2008; 6:189-213. https://doi.org/10.1007/
$10311-008-0159-9

Audet P, Charest C. Allocation plasticity and plant-metal partitioning: meta-analytical perspectives in
phytoremediation. Soil Environm. Sci. 2008; 156:290-296. https://doi.org/10.1016/j.envpol.2008.02.
010 PMID: 18362044

Song ZZ, Wang L, Jin M, Su YH. Alternanthera philoxeroides might be used for bioremediating heavy
metal contaminated soil. Genomics Appl. Biol. 2011; 30:614—619. https://doi.org/10.3969/gab.030.
000614

Aguilera AG, Alpert P, Dukes JS, Harrington R. Impacts of the invasive plant Fallopia japonica (Houtt.)
on plant communities and ecosystem processes. Biol. Invasions. 2010; 12:1243—-1252. https://doi.org/
10.1007/s10530-009-9543-z.

Travis SE, Marburger JE, Windels S, Kubatova B. Hybridization dynamics of invasive cattail ( Typha-
ceae) stands in the Western Great Lakes Region of North America: a molecular analysis. J. Ecol. 2010;
98:7—16. https://doi.org/10.1111/j.1365-2745.2009.01596.x

Zhang YY, Zhang DY, Barrett SC. Genetic uniformity characterizes the invasive spread of water hya-
cinth (Eichhornia crassipes), a clonal aquatic plant. Mol. Ecol. 2010; 19:1774-1786. https://doi.org/10.
1111/j.1365-294X.2010.04609.x PMID: 20529068

Wang MZ, Li HL, Li JM, Yu FH. Correlations between genetic, epigenetic and phenotypic variation of an
introduced clonal herb. Heredity. 2020; 124:146—155. https://doi.org/10.1038/s41437-019-0261-8
PMID: 31431739

Weis JS, Weis P. Metal uptake, transport and release by wetland plants: Implications for phytoremedia-
tion and restoration. Environm. Int. 2004; 30:685—700. https://doi.org/10.1016/j.envint.2003.11.002
PMID: 15051245

Hoang TK, Probst A, Orange D, Gilbert F, Elger A, Kallerhoff J, et al. Bioturbation effects on bioaccumu-
lation of cadmium in the wetland plant Typha latifolia: a nature-based experiment. Sci. Total Environm.
2017; 618:1284—1297. https://doi.org/10.1016/j.scitotenv.2017.09.237 PMID: 29132718

Tchounwou PB, Yedjou CG, Patlolla AK, Sutton DJ. Heavy metal toxicity and the environment. In: Luch
A. (Ed.), Mol. Clin. Environm. Toxicol. Springer Basel. 2012; 133—164. https://doi.org/10.1007/978-3-
7643-8340-4_6 PMID: 22945569

Mishra VK, Upadhyaya AR, Pandey SK, Tripathi BD. Heavy metal pollution induced due to coal mining
effluent on surrounding aquatic ecosystem and its management through naturally occurring aquatic
macrophytes. Bioresour. Technol. 2008; 99:930-936. https://doi.org/10.1016/j.biortech.2007.03.010
PMID: 17475484

PLOS ONE | https://doi.org/10.1371/journal.pone.0280449 January 18, 2023 9/12


https://doi.org/10.1007/s00244-013-9995-0
http://www.ncbi.nlm.nih.gov/pubmed/24477868
https://doi.org/10.1016/S0098-8472(01)00106-X
https://doi.org/10.1016/S0098-8472(01)00106-X
https://doi.org/10.1007/s10311-010-0297-8
https://doi.org/10.1016/j.scitotenv.2016.10.171
http://www.ncbi.nlm.nih.gov/pubmed/27810764
https://doi.org/10.1016/j.ecoenv.2008.05.009
https://doi.org/10.1016/j.ecoenv.2008.05.009
http://www.ncbi.nlm.nih.gov/pubmed/18599121
https://doi.org/10.1093/jpe/rtaa068
https://doi.org/10.1093/jpe/rtaa068
https://doi.org/10.16473/j.cnki.xblykx1972.2020.04.020
https://doi.org/10.16473/j.cnki.xblykx1972.2020.04.020
https://doi.org/10.1007/s10311-008-0159-9
https://doi.org/10.1007/s10311-008-0159-9
https://doi.org/10.1016/j.envpol.2008.02.010
https://doi.org/10.1016/j.envpol.2008.02.010
http://www.ncbi.nlm.nih.gov/pubmed/18362044
https://doi.org/10.3969/gab.030.000614
https://doi.org/10.3969/gab.030.000614
https://doi.org/10.1007/s10530-009-9543-z
https://doi.org/10.1007/s10530-009-9543-z
https://doi.org/10.1111/j.1365-2745.2009.01596.x
https://doi.org/10.1111/j.1365-294X.2010.04609.x
https://doi.org/10.1111/j.1365-294X.2010.04609.x
http://www.ncbi.nlm.nih.gov/pubmed/20529068
https://doi.org/10.1038/s41437-019-0261-8
http://www.ncbi.nlm.nih.gov/pubmed/31431739
https://doi.org/10.1016/j.envint.2003.11.002
http://www.ncbi.nlm.nih.gov/pubmed/15051245
https://doi.org/10.1016/j.scitotenv.2017.09.237
http://www.ncbi.nlm.nih.gov/pubmed/29132718
https://doi.org/10.1007/978-3-7643-8340-4%5F6
https://doi.org/10.1007/978-3-7643-8340-4%5F6
http://www.ncbi.nlm.nih.gov/pubmed/22945569
https://doi.org/10.1016/j.biortech.2007.03.010
http://www.ncbi.nlm.nih.gov/pubmed/17475484
https://doi.org/10.1371/journal.pone.0280449

PLOS ONE

Cadmium interacts with nutrient and light to affect growth

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Halpern BS, Walbridge S, Selkoe KA, Kappel CV, Micheli F, D’agrosa C, et al. A global map of human
impact on marine ecosystems. Sci. 2008; 319:948-952. https://doi.org/10.1126/science.1149345
PMID: 18276889

Millennium Ecosystem Assessment. Ecosystems and Human Well-Being: Wetlands and Water. Syn-
thesis. Washington, DC: World Resources Institute. 2005.

Carpenter SR, DeFries R, Dietz T, Mooney HA, Polasky S, Reid WV, et al. Millennium ecosystem
assessment: research needs. Sci. 2006; 313:257-258. https://doi.org/10.1126/science.1131946
PMID: 17038608

Sandalio LM, Dalurzo HC, Gémez M, Romero Puertas MC, Rio LA. Cadmium-induced changes in the
growth and oxidative metabolism of pea plants. J. Exp. Bot. 2001; 52:2115-2126. https://doi.org/10.
1093/jexbot/52.364.2115 PMID: 11604450

Bankaji |, Cagador I, Sleimi N. Physiological and biochemical responses of Suaeda fruticosa to cad-
mium and copper stresses: growth, nutrient uptake, antioxidant enzymes, phytochelatin, and glutathi-
one levels. Sci. Pollut. Res. 2015; 22:13058—-13069. https://doi.org/10.1007/s11356-015-4414-x PMID:
25925143

Feng YW, Lei W, Gu R, Zhao P, Ni SJ, Lei NF. Differential effects of ammonium and nitrate on growth
performance of Glechoma longituba under heterogeneous Cd stress. Phyton-Int. J. Exp. Bot. 2020;
89:667—679. https://doi.org/10.32604/phyton.2020.010160

Waraich EA, Ahmad R, Halim A, Aziz T. Alleviation of temperature stress by nutrient management in
crop plants: a review. J. Soil Sci. Plant Nutr. 2012; 12:225-248. https://doi.org/10.4067/s0718-
95162012000200003

Si C, Xue W, Lin J, Zhang JF, Hong MM, Wang YY, et al. No evidence of greater biomass allocation to
stolons at moderate resource levels in a floating plant. Aquatic Ecol. 2020; 54:421-429. https://doi.org/
10.1007/s10452-020-09751-3

Jin'Y, Zhang Q, Zhang LM, Lei NF, Chen JS, Xue W, et al. Distinct responses of frond and root to
increasing nutrient availability in a floating clonal plant. PLoS ONE. 2021; 16:€0258253. https://doi.org/
10.1371/journal.pone.0258253 PMID: 34634063

Di Luca GA, Hadad HR, Mufarrege MM, Maine MA, Sanchez GC. Improvement of Cr phytoremediation
by Pistia stratiotes in presence of nutrients. Int. J. Phytoremediation. 2014; 16:167-78. https://doi.org/
10.1080/15226514.2012.759535 PMID: 24912208

Costa ML, Santos MC, Carrapico F, Pereira AL. Azolla-Anabaena’s behaviour in urban wastewater and
artificial media-influence of combined nitrogen. Water Res. 2009; 43:3743-3750. https://doi.org/10.
1016/j.watres.2009.05.038 PMID: 19559459

Frumin GT, Gildeeva IM. Eutrophication of water bodies—a global environmental problem. Russ. J.
Gen. Chem. 2014; 84:2483-2488. https://doi.org/10.1134/s1070363214130015

Si C, Alpert P, Zhang JF, Lin J, Wang YY, Hong MM, et al. Capacity for clonal integration in introduced
versus native clones of the invasive plant Hydrocotyle vulgaris. Sci. Total Environm. 2020; 745:141056.
https://doi.org/10.1016/j.scitotenv.2020.141056 PMID: 32717606

Wang TT, Cui BS, Liu PP, Lan Y, Han Z, Zhang YT. Effect of floating plants on distributions of emergent
and submerged plants in Baiyangdian Lake. Wetl. Sci. 2013; 11:266—270. https://doi.org/10.13248/j.
cnki.wetlandsci.2013.02.013

ChuY, Yu FH, Dong M. Clonal plasticity in response to reciprocal patchiness of light and nutrients in the
stoloniferous herb Glechoma longituba L. J. Integr. Plant Biol. 2006; 48:400—408. https://doi.org/10.
1111/j.1744-7909.2006.00237.x

ChenJS, LiJ, Zhang Y, Zong H, Lei NF. Clonal integration ameliorates the carbon accumulation capac-
ity of a stoloniferous herb, Glechoma longituba, growing in heterogenous light conditions by facilitating
nitrogen assimilation in the rhizosphere. Ann Bot. 2015; 115:127-136. https://doi.org/10.1093/acb/
mcu207 PMID: 25429006

LiY, Chen JS, Xue G, Peng YY, Song HX. Effect of clonal integration on nitrogen cycling in rhizosphere
of rhizomatous clonal plant, Phyllostachys bissetii, under heterogeneous light. Sci. Total Environm.
2018; 628:594-602. https://doi.org/10.1016/j.scitotenv.2018.02.002 PMID: 29454200

LiHL, Xu YS, Wang YY, Yu NQ, Zhang MX, Lei GC, et al. Does clonal fragmentation of the floating
plant Eichhornia crassipes affect the growth of submerged macrophyte communities? Folia Geobot.
2015; 50:283-291. https://doi.org/10.1007/s12224-015-9226-8

Shen N, Liu C, Yu H, Qu J. Effects of resource heterogeneity and environmental disturbance on the
growth performance and interspecific competition of wetland clonal plants. Global Ecol. Conserv. 2020;
22:e00914. https://doi.org/10.1016/j.gecco.2020.e00914

Westheimer FH. Why nature chose phosphates. Sci. 1987; 235:1173—-1178. https://doi.org/10.1126/
science.2434996 PMID: 2434996

PLOS ONE | https://doi.org/10.1371/journal.pone.0280449 January 18, 2023 10/12


https://doi.org/10.1126/science.1149345
http://www.ncbi.nlm.nih.gov/pubmed/18276889
https://doi.org/10.1126/science.1131946
http://www.ncbi.nlm.nih.gov/pubmed/17038608
https://doi.org/10.1093/jexbot/52.364.2115
https://doi.org/10.1093/jexbot/52.364.2115
http://www.ncbi.nlm.nih.gov/pubmed/11604450
https://doi.org/10.1007/s11356-015-4414-x
http://www.ncbi.nlm.nih.gov/pubmed/25925143
https://doi.org/10.32604/phyton.2020.010160
https://doi.org/10.4067/s0718-95162012000200003
https://doi.org/10.4067/s0718-95162012000200003
https://doi.org/10.1007/s10452-020-09751-3
https://doi.org/10.1007/s10452-020-09751-3
https://doi.org/10.1371/journal.pone.0258253
https://doi.org/10.1371/journal.pone.0258253
http://www.ncbi.nlm.nih.gov/pubmed/34634063
https://doi.org/10.1080/15226514.2012.759535
https://doi.org/10.1080/15226514.2012.759535
http://www.ncbi.nlm.nih.gov/pubmed/24912208
https://doi.org/10.1016/j.watres.2009.05.038
https://doi.org/10.1016/j.watres.2009.05.038
http://www.ncbi.nlm.nih.gov/pubmed/19559459
https://doi.org/10.1134/s1070363214130015
https://doi.org/10.1016/j.scitotenv.2020.141056
http://www.ncbi.nlm.nih.gov/pubmed/32717606
https://doi.org/10.13248/j.cnki.wetlandsci.2013.02.013
https://doi.org/10.13248/j.cnki.wetlandsci.2013.02.013
https://doi.org/10.1111/j.1744-7909.2006.00237.x
https://doi.org/10.1111/j.1744-7909.2006.00237.x
https://doi.org/10.1093/aob/mcu207
https://doi.org/10.1093/aob/mcu207
http://www.ncbi.nlm.nih.gov/pubmed/25429006
https://doi.org/10.1016/j.scitotenv.2018.02.002
http://www.ncbi.nlm.nih.gov/pubmed/29454200
https://doi.org/10.1007/s12224-015-9226-8
https://doi.org/10.1016/j.gecco.2020.e00914
https://doi.org/10.1126/science.2434996
https://doi.org/10.1126/science.2434996
http://www.ncbi.nlm.nih.gov/pubmed/2434996
https://doi.org/10.1371/journal.pone.0280449

PLOS ONE

Cadmium interacts with nutrient and light to affect growth

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

Gao F, Alpert P, Yu F. Parasitism induces negative effects of physiological integration in a clonal plant.
New Phytol. 2020; 229:585-592. https://doi.org/10.1111/nph.16884 PMID: 32846015

Harris NA, Varga S. Intraspecific sexual competition in the clonal gynodioecious herb Glechoma heder-
acea in response to patchy nutrient distribution. Plant Ecol. 2021; 222:1-8. https://doi.org/10.1007/
$11258-020-01087-0

Zhou Y, Jiao L, Qin H, Li F. Effect of environmental stress on the nutrient stoichiometry of the clonal
plant Phragmites australis in inland riparian wetlands of Northwest China. Frontier Plant Sci. 2021;
12:705319. https://doi.org/10.3389/fpls.2021.705319 PMID: 34490007

Zhang LM, Yao SM, Jin Y, Song MH, Lei NF, Chen JS, et al. Effects of clonal fragmentation and nutrient
availability on the competitive ability of the floating plant Salvinia natans. Folia Geobot. 2020; 55:
63-71. https://doi.org/10.1007/s12224-020-09365-5

YuH, WangL, Liu C, Yu D, Qu J. Effects of a spatially heterogeneous nutrient distribution on the growth
of clonal wetland plants. BMC Ecol. 2020; 20:59. https://doi.org/10.1186/s12898-020-00327-1 PMID:
33187504

Wang CY, Wu BD, Jiang K, Zhou JW. Effects of different types of heavy metal pollution on functional
traits of invasive redroot pigweed and native red amaranth. Int. J. Environm. Res. 2018; 12:419-427.
https://doi.org/10.1007/s41742-018-0101-3

Wang Y, Chen C, Xiong YT, Wang Y, Li QJ. Combination effects of heavy metal and inter-specific com-
petition on the invasiveness of Alternanthera philoxeroides. Environm. Exp. Bot. 2021; 189:104532.
https://doi.org/10.1016/J.ENVEXPBOT.2021.104532

Yang Y, Shen Q. Phytoremediation of cadmium-contaminated wetland soil with Typha latifolia L. and
the underlying mechanisms involved in the heavy-metal uptake and removal. Environm. Sci. Pollut.
Res. 2019; 27:4905-4916. https://doi.org/10.1007/s11356-019-07256-7 PMID: 31845259

John RP, Ahmad P, Gadgil K, Sharma S. Heavy metal toxicity: Effect on plant growth, biochemical
parameters and metal accumulation by Brassica juncea L. Int. J. Plant Prod. 2009; 3:65-76. https://doi.
org/10.1101/2021.12.26.474158

Hussain B, Ashraf MN, Abbas A, Li J, Faroog M. Cadmium stress in paddy fields: effects of soil condi-
tions and remediation strategies. Sci. Total Environm. 2021; 754:142188. hitps://doi.org/10.1016/].
scitotenv.2020.142188 PMID: 33254942

Tang GM, Zhang XL, Qi LL, Wang CJ, Li L, Guo JH, et al. Nitrogen and phosphorus fertilization
increases the uptake of soil heavy metal pollutants by plant community. 2021. https://doi.org/10.1007/
s00128-022-03628-x PMID: 36287236

Zhang RR, Liu Y, Xue WL, Chen RX, Du ST, Jin CW. Slow-release nitrogen fertilizers can improve yield
and reduce Cd concentration in pakchoi (Brassica chinensis L.) grown in Cd-contaminated soil. Envir-
onm. Sci. Pollut. Res. Int. 2016; 23:25074-25083. https://doi.org/10.1007/s11356-016-7742-6 PMID:
27677996

An ZZ, Wang XC, Shi WM, Yan WD, Cao ZH. Plant physiological responses to the interactions between
heavy metal and nutrients. Soil Environm. Sci, 2002; 11:392-396. https://doi.org/10.3969/j.issn.1674-
5906.2002.04.017

ZuY, LiY, Bock L, Schvartz C, Colinet G, Wen YH. Interactions between heavy metals and nitrogen
and their ecological effects. J. Agro-Environm. Sci. 2008; 27:7-14.

Nazar R, Igbal N, Masood A, Khan M, Khan NA. Cadmium toxicity in plants and role of mineral nutrients
in its alleviation. Am. J. Plant Sci. 2012; 3:1476—1489. https://doi.org/10.4236/ajps.2012.310178

Rafiq MT, Aziz R, Yang X, Xiao W, Rafiq MK, Ali B, et al. Cadmium phytoavailability to rice (Oryza sativa
L.) grown in representative Chinese soils. A model to improve soil environmental quality guidelines for
food safety. Ecotox. Environm. Safe. 2014; 103:101-107. https://doi.org/10.1016/j.ecoenv.2013.10.
016 PMID: 24418797

Leeflang L, During HJ, Werger MJA. The role of petioles in light acquisition by Hydrocotyle vulgaris L. in
a vertical light gradient. Oecologia. 1998; 117:235-238. https://doi.org/10.1007/s004420050653 PMID:
28308492

Wang N, Yu FH, Li PX, He WM, Liu FH, Liu JM, et al. Clonal integration affects growth, photosynthetic
efficiency and biomass allocation, but not the competitive ability, of the alien invasive Alternanthera phi-
loxeroides under severe stress. Ann. Bot. 2008; 101:671-678. https://doi.org/10.1093/aob/mcn005
PMID: 18250108

Wang P, Lei JP, Li MH, Yu FH. Spatial heterogeneity in light supply affects intraspecific competition of a
stoloniferous clonal plant. PLoS One. 2018; 7:39105. https://doi.org/10.1371/journal.pone.0039105
PMID: 22720041

PLOS ONE | https://doi.org/10.1371/journal.pone.0280449 January 18, 2023 11/12


https://doi.org/10.1111/nph.16884
http://www.ncbi.nlm.nih.gov/pubmed/32846015
https://doi.org/10.1007/s11258-020-01087-0
https://doi.org/10.1007/s11258-020-01087-0
https://doi.org/10.3389/fpls.2021.705319
http://www.ncbi.nlm.nih.gov/pubmed/34490007
https://doi.org/10.1007/s12224-020-09365-5
https://doi.org/10.1186/s12898-020-00327-1
http://www.ncbi.nlm.nih.gov/pubmed/33187504
https://doi.org/10.1007/s41742-018-0101-3
https://doi.org/10.1016/J.ENVEXPBOT.2021.104532
https://doi.org/10.1007/s11356-019-07256-7
http://www.ncbi.nlm.nih.gov/pubmed/31845259
https://doi.org/10.1101/2021.12.26.474158
https://doi.org/10.1101/2021.12.26.474158
https://doi.org/10.1016/j.scitotenv.2020.142188
https://doi.org/10.1016/j.scitotenv.2020.142188
http://www.ncbi.nlm.nih.gov/pubmed/33254942
https://doi.org/10.1007/s00128-022-03628-x
https://doi.org/10.1007/s00128-022-03628-x
http://www.ncbi.nlm.nih.gov/pubmed/36287236
https://doi.org/10.1007/s11356-016-7742-6
http://www.ncbi.nlm.nih.gov/pubmed/27677996
https://doi.org/10.3969/j.issn.1674-5906.2002.04.017
https://doi.org/10.3969/j.issn.1674-5906.2002.04.017
https://doi.org/10.4236/ajps.2012.310178
https://doi.org/10.1016/j.ecoenv.2013.10.016
https://doi.org/10.1016/j.ecoenv.2013.10.016
http://www.ncbi.nlm.nih.gov/pubmed/24418797
https://doi.org/10.1007/s004420050653
http://www.ncbi.nlm.nih.gov/pubmed/28308492
https://doi.org/10.1093/aob/mcn005
http://www.ncbi.nlm.nih.gov/pubmed/18250108
https://doi.org/10.1371/journal.pone.0039105
http://www.ncbi.nlm.nih.gov/pubmed/22720041
https://doi.org/10.1371/journal.pone.0280449

PLOS ONE

Cadmium interacts with nutrient and light to affect growth

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

O’Farrell |, de Tezanos Pinto P. & Izaguirre |. Phytoplankton morphological response to the underwater
light conditions in a vegetated wetland. Hydrobiologia 2007; 578:65—77. https://doi.org/10.1007/
$10750-006-0434-3

Scanga S.E. Effects of light intensity and groundwater level on the growth of a globally rare fen Plant.
Wetlands 2011; 31:773-781. https://doi.org/10.1007/s13157-011-0194-3

Navarro L, Torres-Marquez ME, Gonzalez-Moreno S, Devars S, Hernandez R, Moreno-Sanchez R.
Comparison of physiological changes in Euglena gracilis during exposure to heavy metals of heterotro-
phic and autotrophic cells. Comp. Biochem. Physiol. C: Pharmacol. Toxicol. Endocrinol. 1997;
116:265-272. https://doi.org/10.1016/S0742-8413(96)00202-2

Dong DL, Li HJ, Zhang J, Sun LK. Removal of heavy metals from mine water by cyanobacterial calcifi-
cation. Min. Sci. Technol. (China). 2010; 20:566-570. https://doi.org/10.1016/s1674-5264(09)60245-3

Zhou J, Dong BC, Alpert P, Li HL, Zhang MX, Lei GC, et al. Effects of soil nutrient heterogeneity on
intraspecific competition in the invasive, clonal plant Alternanthera philoxeroides. Ann. Bot. 2012;
109:813-818. https://doi.org/10.1093/aob/mcr314 PMID: 22207612

Xie XF, Hu YK, Pan X, Liu FH, Song YB, Dong M. Biomass allocation of stoloniferous and rhizomatous
plant in response to resource availability: A phylogenetic Meta-Analysis. Front. Plant Sci. 2016; 7:603.
https://doi.org/10.3389/fpls.2016.00603 PMID: 27200071

Yu HW, Shen N, Yu D, Liu CH. Effects of temporal heterogeneity of water supply and spatial heteroge-
neity of soil nutrients on the growth and intraspecific competition of Bolboschoenus yagara depend on
plant density. Front. Plant Sci. 2018; 9:1987. https://doi.org/10.3389/fpls.2018.01987 PMID: 30713544

Cronin G, Lodge DM. Effects of light and nutrient availability on the growth, allocation, carbon/nitrogen
balance, phenolic chemistry, and resistance to herbivory of two freshwater macrophytes. Oecologia.
2003; 137:32—41. https://doi.org/10.1007/s00442-003-1315-3 PMID: 12820064

Outridge PM, Hutchinson TC. Effects of cadmium on integration and resource allocation in the clonal
fern Salvinia molesta. Oecologia. 1990; 84:215-223. https://doi.org/10.1007/BF00318274 PMID:
28312755

Stuefer JF, DeKroon H, During HJ. Exploitation of environmental heterogeneity by spatial division of
labour in a clonal plant. Funct. Ecol, 1996; 10:328-334. https://doi.org/10.2307/2390280

PLOS ONE | https://doi.org/10.1371/journal.pone.0280449 January 18, 2023 12/12


https://doi.org/10.1007/s10750-006-0434-3
https://doi.org/10.1007/s10750-006-0434-3
https://doi.org/10.1007/s13157-011-0194-3
https://doi.org/10.1016/S0742-8413(96)00202-2
https://doi.org/10.1016/s1674-5264(09)60245-3
https://doi.org/10.1093/aob/mcr314
http://www.ncbi.nlm.nih.gov/pubmed/22207612
https://doi.org/10.3389/fpls.2016.00603
http://www.ncbi.nlm.nih.gov/pubmed/27200071
https://doi.org/10.3389/fpls.2018.01987
http://www.ncbi.nlm.nih.gov/pubmed/30713544
https://doi.org/10.1007/s00442-003-1315-3
http://www.ncbi.nlm.nih.gov/pubmed/12820064
https://doi.org/10.1007/BF00318274
http://www.ncbi.nlm.nih.gov/pubmed/28312755
https://doi.org/10.2307/2390280
https://doi.org/10.1371/journal.pone.0280449

