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Abstract
A total of 946 sets of comparative data were collected from 20 publications and a meta-analysis performed to evaluate the responses of growth,

photosynthetic capacity, oxidative stress and antioxidants in Populus females and males under exposure to heavy metals, like Cu, Mn, Zn, Pb and

Cd.  It  was  found  that  heavy  metals  have  negative  effects  on Populus growth  and  photosynthetic  capacity,  as  the  average  total  biomass,  leaf

biomass, stem biomass, root biomass and height decreased by 29.78%, 33.41%, 27.22%, 35.30% and 34.83%, respectively. Furthermore, total chl,

Pn, gs, E, Ci decreased  by  23.30%,  26.03%,  40.49%,  23.76%  and  18.24%,  respectively.  In  addition,  heavy  metals  increased  oxidative  stress  and

antioxidant enzyme activities: the average values of TBARS, H2O2,  and MDA increased by 51.39%, 55.79%, 64.67% and 48.92%, respectively,

and proline, APX, NPT, POD, CAT and SOD increased by 68.91%, 64.81%, 68.40%, 57.34%, 77.30% and 49.01%, respectively. However, there were

sex-specific responses to heavy metals: females suffered more negative effects, as they had significantly greater decreases in root biomass, R/S

ratio,  height  and  total  chl,  and  significantly  smaller  increases  in  NPT  and  POD  activities  than  males.  The  present  meta-analysis  shows  the

responses of Populus females and males to heavy metals on a regional scale, which is crucial for understanding the patterns of sexual dimorphism

and sex ratio biases in Populus with increasing heavy metal pollution in the future.
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 Introduction
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Industrialization  and  urbanization  have  increased  the  emis-
sion of heavy metals, which has become a global problem due
to  the  adverse  effects  on  biosystems  and  public  health[1−4].
Heavy  metals,  e.g.  cadmium  (Cd),  lead  (Pb),  chromium  (Cr),
copper (Cu),  manganese (Mn) and zinc (Zn),  are major  sources
of soil pollution and they receive increasing attention[5−8]. It has
been widely reported that heavy metal stress negatively affects
plant growth, decreases photosynthesis and disturbs biochemi-
cal and physiological processes[4,9,10]. Heavy metal stress usually
increases  the  production  of  ROS,  such  as  and  H2O2,  result-
ing  in  oxidative  stress.  Such  increasing  levels  of  ROS  lead  to
lipid  peroxidation  and  the  damage  of  cell  structure  and
membranes[11−14].

Plants  act  as  bioaccumulators  that  extract  and  concentrate
heavy  metals  from  the  soil  and  water[13,15,16],  and  they  have  a
series of defense mechanisms to cope with heavy metals. Plants
commonly  allocate  heavy  metals  into  the  roots  and  stems,
restrict transportation to the leaves and protect the photosyn-
thetic  cells  from  heavy  metal  damage[7,13,17,18].  In  addition,
plants  can  modify  gene  expression[19],  upregulate  antioxidant
enzymes, such as APX, CAT and POD, scavenge ROS and allevi-
ate the oxidative damage induced by heavy metals[14,20].  Many
studies have previously investigated plants' responses to heavy
metals;  however,  the  knowledge  is  limited  concerning  quanti-
tative  assessment  at  regional  and  global  levels,  especially  in
dioecious plants.

Renner[21] reported  that  there  are  15,600  dioecious  angio-
sperm  species  that  account  for  5%−6%  of  all  plant  species.
Under  unfavorable  conditions,  the  greater  reproduction  costs

of females to produce flowers, seeds and fruits result in higher
sensitivity and worse performance compared to males[22−25].  In
addition, the different responses in females and males may lead
to  sex  ratio  biases  that  potentially  affects  the  structure  and
stability of ecosystems[23,24,26]. Thus, especially dioecious plants
may be at risk and vulnerable to environmental changes due to
the sex-specific  responses in  growth,  physiology and morpho-
logy  under  stress  conditions,  which  further  reinforces  the
spatial sexual segregation[27−29].

Populus species generally have fast growth rates and they are
distributed in the Northern Hemisphere. The small genome size,
clonal propagation and commercial values have made Populus
species  excellent  model  plants  to  study  trees'  responses  to
environmental  stresses[29−33].  In  addition, Populus species  are
dioecious, and separate female and male individuals may have
different  responses  under  unfavorable  conditions[34−37].  For
example, P.  cathayana males  have  higher  plasticity  in  photo-
synthetic  activity,  and  females  show  more  severe  damage  to
cellular  ultrastructure  under  Pb  stress[38]. P.  deltoides females
suffer greater negative effects under Cd stress and show higher
levels  of  leaf  symptoms,  lipid peroxidation and damage to the
cellular ultrastructure[39]. Despite some previous research activ-
ity,  there is  still  limited quantitative information on the region
patterns  of  the  responses  of  dioecious Populus trees  to  heavy
metals.

In the present study, we performed a meta-analysis with 946
sets  of  comparative  data  from  20  publications  to  evaluate  the
responses  of  biomass  accumulation  and  allocation,  photosyn-
thetic  capacity,  oxidative  stress  and  antioxidants  in Populus
females  and  males  under  heavy  metal  exposure,  such  as  Cu,
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Mn,  Zn,  Pb  and  Cd.  We  aimed  to  answer  the  following  ques-
tions: (1) Whether Populus females and males also exhibit differ-
ent  responses  to  heavy  metals  on  a  regional  scale?  If  yes,  (2)
whether Populus males  perform  better  and  have  higher  resis-
tance compared to females under heavy metal exposure?

 Materials and methods

 Data collection
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Peer-reviewed  articles,  other  academic  papers,  and  book
chapters  reporting  the  effects  of  heavy  metals  on  antioxidant
enzyme activities and on the concentration of heavy metals in
different  organs  of  male  and  female  poplars  published  before
May 2023 were searched in Web  of  Science and China  National
Knowledge  Infrastructure (CNKI).  We  used  the  following
keywords  ('sexual'  OR  'male  and  female'  OR  'sex-related')  AND
('heavy metal' OR 'Cd stress' OR 'Zn stress' OR 'Mn stress' OR 'Pb
stress'  OR  'Cu  stress'  OR  'aluminum'  OR  'uranium')  AND  ('enzy-
matic  activity'  OR  'reactive  oxygen  species'  OR  'ROS'  OR  'MDA'
OR  'CAT'  OR  'POD'  OR  'SOD'  OR  'NPT'  OR  ' '  OR  'H2O2' )  AND
('poplars'  OR  'Populus')  AND  ('biomass'  OR  'Height'  OR  'chloro-
phyll  content'  OR  'photosynthetic  activity'  OR  'gs' OR  'E').  We
applied  the  following  criteria  to  select  the  primary  studies:  (1)
The experiments were controlled experiments,  which also had
a control treatment; (2) At least antioxidant enzyme activities or
ROS or growth or photosynthetic capacity were reported in the
included papers; (3) Each paper reported at least one type of a
heavy  metal  treatment;  (4)  Parameters  detected  in  fewer  than
six  data  units  were  eliminated  from  the  analysis  to  retain  the
variability  in  each  observation;  (5)  The  average  values  and
sample sizes of variables, such as growth characters, photosyn-
thetic capacity, and heavy metal content in different organs of
poplar trees are directly reported or can be calculated.

O−2

The data are mainly extracted from the main text and tables
of  the  primary  studies,  The  GetData  Graph  Digitizer  (version
2.26, www.getdata-graph-digitizer.com)  was  used  to  extract
data  from  figures.  After  extraction  and  compilation,  we  had
collected  a  total  of  946  sets  of  comparative  data  (32  for  MDA,
36 for , 26 for H2O2, 16 for TBARS, 52 for SOD, 24 for CAT, 52
for POD, 22 for NPT, 40 for APX, 24 for proline, 18, 22, 10, six and
10  for  leaf  Cd,  Pb,  Zn,  Mn  and  Cu,  respectively,  10,  22,  10,  six
and six for stem Cd, Pb, Zn, Mn and Cu, respectively, 12, 22, 10,
six  and six  for  root  Cd,  Pb,  Zn,  Mn and Cu,  respectively,  42  for
total  biomass,  60 for  leaf  biomass,  58 for  stem biomass,  60 for
root biomass, 20 for height, 30 for R/S ratio, 24 for total chl, 54
for Pn,  40  for  gs,  44  for E,  and  14  for Ci)  from  20  publications.
These were included in our database (Supplemental Table S1).
The data distribution for all  variables was normal (Supplemen-
tal  Figs  S1, S2, S3).  We consider  that  our  data  set  was  suitable
for the present analysis.

 Data analysis
We  calculated  the  effect  of  the  heavy  metal  stress  on  the

growth,  photosynthesis  capacity,  antioxidant  capacity,  and
heavy metal content in different organs of poplar trees. Natural
log  response  ratios  (lnRR)  for  each  pairwise  comparison  were
derived using the following equation[40−42]:

LnRR =
 Xt

Xc

 (1)

Xt XcWhere  and  are  the  means  of  the  growth,  photosynthesis
capacity,  antioxidant  capacity,  and  heavy  metal  content  in

different  organs  in  heavy  metal  treatment  and  control  groups,
respectively.  Because  numerous  primary  studies  in  our  database
failed  to  report  standard  deviations  or  standard  errors,  we  used
the  number  of  replicates  associated  with  each  lnRR  as  a
weight[43−44]. The used formula was then as follows:

Wr = (Nc×Nt)/(Nc+Nt) (2)
where Wr is the weight associated with each lnRR, and Nt and Nc
are  the  number  of  repeats  in  heavy  metal  and  control  groups,
respectively.

We calculated the weighted mean effect sizes (lnRR++) for the
growth, photosynthesis, antioxidant capacity, and heavy metal
concentration  in  different  organs.  We  employed  linear  mixed-
effects  models  exclusively  focusing  on  the  intercept.  The
response  variable  for  these  models  was  represented  by  lnRR.
Furthermore,  we  incorporated  the  identity  of  primary  studies
from which the data were collected as a random-effects factor.
This  factor  enabled  us  to  address  any  potential  non-indepen-
dence  of  observations  derived  from  the  same  primary
study[44,45].  The  implementation  of  the  linear  mixed  effect
model and meta-regression was conducted using the restricted
Maximum Likelihood Estimation (MLE) method within the lme4
software  package[46].  To  aid  the  interpretation  of  results,  we
back-transformed  lnRR++ and  the  associated  95%  confidence
intervals  (CI)  using  the  equation  of  (elnRR++-1)  ×  100%[43].  All
relevant  statistical  analyses  were  performed  in  R  version
4.3.1[47].  All  figures  were  prepared using Origin  9.0  (OriginLab)
software.

 Results

 Heavy metal effects across sexes
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Heavy  metals  were  found  to  have  positive  effects  on  the
concentrations of Cu, Mn, Zn, Pb and Cd as well as on oxidative
stress  and  antioxidant  enzyme  activities,  but  negative  effects
on growth and photosynthetic capacity (Fig. 1). The concentra-
tions of heavy metals significantly increased in different organs,
except  the  Cu  concentration  of  roots  (Fig.  1a).  Under  heavy
metal exposure, the total biomass, leaf biomass, stem biomass,
root  biomass,  height  and  R/S  ratio  decreased  by  29.78%,
33.41%,  27.22%,  35.30%,  34.83%  and  6.50%,  respectively.
Furthermore,  total  chl, Pn, gs, E and Ci decreased  by  23.30%,
26.03%,  40.49%,  23.76%  and  18.24%,  respectively  (Fig.  1b).
Oxidative stress variables TBARS,  H2O2,  and MDA increased
in leaves by 51.39%, 55.79%, 64.67% and 48.92%, respectively.
The antioxidant enzyme activities,  including proline, APX, NPT,
POD,  CAT  and  SOD,  increased  in  leaves  by  68.91%,  64.81%,
68.40%, 57.34%, 77.30% and 49.01%, respectively (Fig. 1c).

 Sexual differences in heavy metal concentrations,
growth and antioxidants

Heavy metals significantly increased leaf Cu concentration in
males, leaf Cd concentrations in both sexes, stem Zn concentra-
tions in both sexes, and root Pb and Cd concentrations in both
sexes  (Fig.  2).  There  were  no  significant  differences  in  the
concentrations of heavy metals between females and males.

Root  biomass,  R/S  ratio  and height  decreased in  females  by
36.43%, 17.15% and 33.87%, respectively,  while these parame-
ters  decreased  in  males  by  21.63%,  1.11%  and  9.85%,  respec-
tively  (Fig.  3).  In  addition,  total  chl, Pn, gs and E in  females
decreased by 29.21%, 32.71%, 48.77% and 36.80%, respectively,
while in males these parameters decreased by 16.63%, 28.00%,
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Fig. 1    Overall effects of heavy metals on the concentrations of (a) Cu, Mn, Zn, Pb, Cd in leaf, stem and root; (b) total biomass, leaf biomass,
stem biomass, root biomass, height, R/S ratio, total chl, Pn, gs, E and Ci; (c) proline, APX, NPT, POD, CAT, SOD, TBARS, H2O2,  and MDA. Values
are  means  with  95%  confidence  intervals.  The  number  of  observations  for  each  variable  is  shown  in  parentheses.  The  blue  color  indicates
significant positive effects, and the red color indicates significant negative effects.*p < 0.05,**p < 0.01,*** p < 0.001.
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Fig. 2    Impacts of sex on the effects of heavy metals on the concentrations of Cu, Mn, Zn, Pb and Cd in (a) leaf, (b) stem and (c) root. Values are
means with 95% confidence intervals. The blue color indicates significant positive effects.*p < 0.05,**p < 0.01,*** p < 0.001.
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47.79% and 39.52%, respectively (Fig. 4). Compared with males,
Populus females showed significantly greater declines (p < 0.05)
in  root  biomass,  R/S  ratio,  height  and  total  chl  under  heavy
metal exposure.

O−2
Heavy metals significantly increased oxidative stress in both

sexes,  except  TBARS  in  males.  and  MDA  of  females
increased  by  85.41%  and  51.54%,  respectively,  whereas  these
parameters  were  significantly  lower  (p <  0.05)  in  males,  in
which they increased by 44.70% and 17.09%, respectively (Fig.
5).  In  addition,  NPT  and  POD  increased  in  females  by  60.79%
and 33.16%, respectively, while in males they were significantly
higher (p < 0.05) and increased by 127.12% and 74.53%, respec-
tively (Fig. 6).

 Discussion

 Heavy metal accumulation and allocation
In  the  present  study,  heavy  metal  treatment  significantly

increased average concentrations  of  Cu,  Mn,  Zn,  Pb  and Cd in
different organs, except Cu in roots (Fig. 1a), which agreed with
previous reports showing that Populus trees, as the bioaccumu-
lators, can extract heavy metals from contaminated soils[38,48,49].
In addition, Populus can inhibit heavy metal transport to leaves
and allocate more into stems and roots[39,50,51]. Our results were
in  line  with  the  above  statements.  Leaf  Cu  concentration  in
males  increased  significantly  more  than  that  in  females  under

Cu  exposure.  The  reason  was  that  the  transpiration  stream  is
the  main  way  for  Cu  transport  from  roots  to  shoots[50,52,53].  At
the same time, the average stem and root Cu concentrations of
males  increased  by  170.28%  and  63.20%,  respectively,  while
these  of  females  increased  by  258.33%  and  207.47%,  respec-
tively, implying males having a better ability to inhibit Cu trans-
portation.

We  found  that  Pb  concentrations  of  roots  in  both  sexes
significantly  increased,  while  Pb  concentrations  of  leaves  and
stems  showed  no  significant  differences  compared  with  the
control treatments. These results indicated that the Pb accumu-
lation  was  higher  in  roots,  which  is  consistent  with  previous
studies[54−56].  Cd  is  a  highly  toxic  heavy  metal  for  both  plants
and humans.  A  recent  study  have  found that  Cd translocation
and reallocation was sex-dependent  and that  females  showed
greater  upward  transport  of  Cd,  whereas  males  had  greater
downward  transport,  indicating  males  had  greater  capacity  to
restrict  Cd transportation and protect  the photosynthetic  cells
from  heavy  metal  damage[8].  Some  earlier  studies  have
reported that Cd absorption and accumulation are affected by
nitrogen  levels[8,57] and  plant-plant  interactions[18],  which  indi-
cate  the  complex  nature  of  heavy  metal  absorption  and  accu-
mulation and may explain the non-significant differences in the
concentrations  of  heavy  metals  between Populus females  and
males shown by the present meta-analysis.

Effects of sex

Changes in percentage (%)

p = 0.002

p = 0.029

p < 0.001

 
Fig.  3    Impacts  of  sex  on  the  effects  of  heavy  metals  on  total
biomass,  leaf  biomass,  stem  biomass,  root  biomass,  R/S  ratio  and
height.  Values  are  means  with  95%  confidence  intervals.  The p-
values  indicate  differences  between Populus sexes,  and  the  red
color indicates significant negative effects.*p < 0.05,**p < 0.01,*** p
< 0.001.

Effects of sex

Changes in percentage (%)
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Fig. 4    Impacts of sex on the effects of heavy metals on total chl,
Pn, gs , E and Ci.  Values  are  means  with  95% confidence intervals.
The p-values indicate differences between Populus sexes,  and the
red  color  indicates  significant  negative  effects.*p <  0.05,**p <
0.01,*** p < 0.001.
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 Growth and photosynthetic capacity affected by heavy
metals

Similarly  as  documented  elsewhere[7,8,20,50,53,55,56],  we  found
that heavy metals have negative effects on plant growth, total
chl,  and  photosynthetic  capacity  in  both  sexes.  On  the  other
hand, root biomass and height in females decreased by 36.43%
and 33.87%, respectively,  while these parameters decreased in
males  less,  namely  by  21.63%  and  9.85%,  respectively  (Fig.  3).
Compared  with  males,  females  had  significantly  greater
decreases in root biomass, R/S ratio and height, indicating that
females  may  be  more  sensitive  and  suffer  greater  negative
effects,  which  was  in  accordance  with  earlier  studies[50,53,55].
Previous  studies  have  demonstrated  that  plant  roots  play  key
roles  in  the  absorption  of  nutrients  and  water[58−60].  Females
with  smaller  root  biomass  and  R/S  ratio  may  have  a  lower
capacity  to  absorb  resources,  and  this  could  explain  the  more
negative effects observed in females under heavy metal stress.
Previous  studies  have  reported  that  Pb  and  Cd  stress  induced
more severe damage and decreased number of chloroplasts in
females[38,53],  which  may  explain  that  females  had  a  signifi-
cantly  greater  decline  in  total  chl  (Fig.  4),  and  implying  that
Populus males have more efficient heavy metal responses. Thus,
the  photosynthetic  pigments  of  males  may  be  better
protected,  while  the  photosynthesis  machinery  of  females  is
more sensitive to heavy metal stress[50].

 Oxidative stress and antioxidants affected by heavy
metals

O−2
O−2
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It is well known that heavy metals can result in an enhanced
ROS  accumulation,  and  they  can  cause  oxidative  damage  to
cellular  membranes  and  proteins[21,35,61].  We  discovered  in  the
present  study  that  heavy  metals  induce  oxidative  stress,  for
instance,  the levels  of  TBARS,  H2O2,  and MDA increased by
approximately  50%.  Furthermore,  and  MDA  in  females
increased  by  85.41%  and  51.54%,  respectively,  whereas  these
parameters  increased  significantly  less  in  males,  namely  by
44.70% and 17.09%, respectively (Fig. 5). Previous studies have
reported that MDA usually indicates lipid peroxidation levels in
plants and  is used to assess the levels of oxidative damage
under  stress  conditions[37,60,62,63].  The  results  of  the  present
analysis indicated that heavy metals induce more serious oxida-
tive  damage  on Populus females,  which  agreed  with  previous
reports that males are more tolerant to heavy metals[50,53−56].

On  the  other  hand,  plants  usually  upregulate  their  antioxi-
dant  enzyme  activities  to  cope  with  heavy  metals.  We  found
that  the  levels  of  APX,  NPT,  POD,  CAT  and  SOD  increased  by
64.81%,  68.40%,  57.34%,  77.30%  and  49.01%,  respectively,
which  closely  correlated  with  oxygen-scavenging  and  indi-
cated  important  roles  for  antioxidant  enzymes  when  dealing
with abiotic stress[32,60,62,63]. In addition, NPT and POD increased
significantly more in males than females. The above statements

Effects of sex
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p = 0.003
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Fig.  5    Impacts  of  sex  on  the  effects  of  heavy  metals  on  the
concentrations  of  TBARS,  H2O2, ,  and  MDA.  Values  are  means
with  95%  confidence  intervals.  The p-values  indicate  differences
between Populus sexes,  and  the  blue  color  indicates  significant
positive effects.*p < 0.05,**p < 0.01,*** p < 0.001.
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Fig.  6    Impacts  of  sex  on  the  effects  of  heavy  metals  on  the
concentrations of proline, APX, NPT, POD, CAT and SOD. Values are
means  with  95%  confidence  intervals.  The p-values  indicate
differences  between Populus sexes,  and  the  blue  color  indicates
significant positive effects.*p < 0.05,**p < 0.01,*** p < 0.001.
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collectively  demonstrated  that Populus males  have  higher
antioxidant  enzyme activities,  better  abilities  to  scavenge ROS
and  a  more  effective  antioxidant  defense  system  under  heavy
metals[7,8,50,51].

Previous studies have demonstrated that sexual dimorphism
in Populus may lead to niche segregation, bias in sex ratios, and
spatial  segregation of  the  sexes  (SSS)  across  different  environ-
mental gradients[22,28,29]. Less stress and resource-rich areas are
usually  with female-biased sex ratios,  whereas males are more
abundant under adverse and stressful conditions[22]. Thus, dioe-
cious  plants  are  more  vulnerable  under  the  future  climate
change due to SSS across environmental gradients[27]. The sex-
specific  responses  and  adaptive  strategies  of Populus may
result in a situation that one sex is more prone to future climate
change  than  the  other  one.  These  results  are  important  for
understanding  sexual  dimorphism,  spatial  sexual  segregation
and  sex  ratio  biases,  which  may  be  reinforced  in Populus with
the increasing heavy metal pollution in the future.

 Conclusions and perspectives

O−2

In the present meta-analysis, we quantified the responses of
growth,  photosynthetic  capacity,  oxidative  stress  and  antioxi-
dants in Populus females and males to heavy metals at a region
scale.  Heavy  metals  have  negative  effects  on Populus growth
and  photosynthetic  capacity,  and  increased  oxidative  stress
and  antioxidants.  Although  we  did  not  discover  significant
differences  in  the  concentrations  of  heavy  metals  between
females and males, there were still some sex-specific responses
to  heavy  metals.  Females  suffered  more  negative  effects,  as
they  showed  significantly  more  increased  and  MDA  levels,
significantly  less  increased  NPT  and  POD  activities,  a  signifi-
cantly  more decreased root  biomass  and R/S  ratio,  height  and
total  chl.  Our study is  the first  to present how Populus females
and males respond to heavy metals on a regional scale. In addi-
tion,  it  is  needed  to  investigate  sexual  responses  to  heavy
metals  in  the field.  Further  studies  are essential  to  explore the
adopted  strategies  and  mechanisms  of Populus females  and
males to cope with different heavy metal stress. Previous stud-
ies  have  reported  that  selenium  and  silicon  addition  can
improve plant tolerance, and more research is needed to clarify
the  mechanism.  Multi-omics  technologies,  i.e.,  transcritomics,
metabolomics,  proteomics,  etc.  as  well  as  more  metabolite
databases  and  advanced  analytical  tools  can  improve  our
understanding  of  sex-related  molecular  mechanisms  in  the
future.

 Author Contributions

The  authors  confirm  contribution  to  the  paper  as  follows:
study  conception  and  design:  Yu  L,  Li  C;  data  collection:  Yu  L,
Tang  S,  Kang  J;  analysis  and  interpretation  of  results:  Yu  L,
Korpelainen  H,  Li  C;  draft  manuscript  preparation:  Yu  L,
Korpelainen  H,  Li  C;  All  authors  reviewed  the  results  and
approved the final version of the manuscript.

 Data availability

The data that support the findings of this study are available
from the corresponding author upon reasonable request.

Acknowledgments

The authors thank Dr. Chaoxiang Yuan for assistance in data
analysis. This work was supported by the Natural Science Foun-
dation  of  China  (32001287)  and  the  Talent  Program  of  the
Zhejiang University (0022112).

Conflict of interest

The  authors  declare  that  they  have  no  conflict  of  interest.
Chunyang Li is the Editorial Board member of Forestry Research
who  was  blinded  from  reviewing  or  making  decisions  on  the
manuscript.  The  article  was  subject  to  the  journal's  standard
procedures,  with  peer-review  handled  independently  of  this
Editorial Board member and his research groups.

Supplementary  Information accompanies  this  paper  at
(https://www.maxapress.com/article/doi/10.48130/FR-2023-0025)

Dates

Received  15  August  2023;  Accepted  6  October  2023;
Published online 24 October 2023

References

Siddiquee  S,  Rovina  K,  Al  Azad  S,  Naher  L,  Suryani  S,  et  al. 2015.
Heavy  metal  contaminants  removal  from  wastewater  using  the
potential filamentous fungi biomass: a review. Journal of Microbial
& Biochemical Technology 7:384−93

1.

Masindi V, Muedi KL. 2018. Environmental contamination by heavy
metals. In Heavy Metals, eds. Saleh HM, Sayed R. London, UK: Inte-
chOpen. http://dx.doi.org/10.5772/intechopen.76082

2.

Singh R, Ahirwar N, Tiwari J, Pathak J. 2018. Review on sources and
effect of heavy metal in soil: its bioremediation. International Jour-
nal of Research in Applied, Natural and Social Sciences 2008:1−22

3.

Briffa  J,  Sinagra  E,  Blundell  R. 2020.  Heavy  metal  pollution  in  the
environment  and  their  toxicological  effects  on  humans. Heliyon
6:e04691

4.

Adrees  M,  Ali  S,  Rizwan  M,  Zia-ur-Rehman  M,  Ibrahim  M,  et  al.
2015.  Mechanisms  of  silicon-mediated  alleviation  of  heavy  metal
toxicity in plants: a review. Ecotoxicology and Environmental Safety
119:186−97

5.

Feng Z, Ji S, Ping J, Cui D. 2021. Recent advances in metabolomics
for  studying  heavy  metal  stress  in  plants. Trends  in  Analytical
Chemistry 143:116402

6.

Liu M, Wang Y, Liu X, Korpelainen H, Li C. 2021. Intra- and intersex-
ual interactions shape microbial community dynamics in the rhizo-
sphere of Populus cathayana females and males exposed to excess
Zn. Journal of Hazardous Materials 402:123783

7.

Zhao W, Lin X, Wang Y, Yang Q, Liu M. 2023. Nitrogen level induces
sex-specific  cadmium  phloem  remobilization  and  cell  wall  segre-
gation  in Populus  cathayana. Science  of  The  Total  Environment
890:164184

8.

Nagajyoti  PC,  Lee KD,  Sreekanth TVM. 2010.  Heavy metals,  occur-
rence  and  toxicity  for  plants:  a  review. Environmental  Chemistry
Letters 8:199−216

9.

Nnaji  ND,  Onyeaka  H,  Miri  T,  Ugwa  C. 2023.  Bioaccumulation  for
heavy metal removal: a review. SN Applied Sciences 5:125

10.

Sharma P,  Jha AB,  Dubey RS,  Pessarakli  M. 2012.  Reactive oxygen
species,  oxidative damage,  and antioxidative defense mechanism
in plants under stressful conditions. Journal of Botany 2012:217037

11.

Emamverdian  A,  Ding  Y,  Mokhberdoran  F,  Xie  Y. 2015.  Heavy
metal stress and some mechanisms of plant defense response. The
Scientific World Journal 2015:756120

12.

 
Responses of dioecious Populus to heavy metals

Page 6 of 8   Yu et al. Forestry Research 2023, 3:25

https://www.maxapress.com/article/doi/10.48130/FR-2023-0025
https://doi.org/10.4172/1948-5948.1000243
https://doi.org/10.4172/1948-5948.1000243
http://dx.doi.org/10.5772/intechopen.76082
https://doi.org/10.1016/j.heliyon.2020.e04691
https://doi.org/10.1016/j.ecoenv.2015.05.011
https://doi.org/10.1016/j.trac.2021.116402
https://doi.org/10.1016/j.trac.2021.116402
https://doi.org/10.1016/j.jhazmat.2020.123783
https://doi.org/10.1016/j.scitotenv.2023.164184
https://doi.org/10.1007/s10311-010-0297-8
https://doi.org/10.1007/s10311-010-0297-8
https://doi.org/10.1007/s42452-023-05351-6
https://doi.org/10.1155/2012/217037
https://doi.org/10.1155/2015/756120
https://doi.org/10.1155/2015/756120


Ghori  NH,  Ghori  T,  Hayat  MQ,  Imadi  SR,  Gul  A,  et  al. 2019.  Heavy
metal stress and responses in plants. International  Journal  of  Envi-
ronmental Science and Technology 16:1807−28

13.

Bi J, Liu X, Liu S, Wang Y, Liu M. 2020. Microstructural and physio-
logical  responses  to  cadmium  stress  under  different  nitrogen
forms in two contrasting Populus clones. Environmental and Experi-
mental Botany 169:103897

14.

Celik Sh, Yucel E, Celik S, Gucel S, Ozturk M. 2010. Carolina poplar
(Populus  x  canadensis Moench)  as  a  biomonitor  of  trace elements
in  the  West  Black  Sea  region  of  Turkey. Journal  of  Environmental
Biology 31:225−32

15.

Ozturk  M,  Altay  V,  Karahan  F. 2017.  Studies  on  trace  elements  in
Glycyrrhiza taxa  distributed  in  Hatay-Turkey. International  Journal
of Plant and Environment 3:1−7

16.

Rascio  N,  Navari-Izzo  F. 2011.  Heavy  metal  hyperaccumulating
plants:  how  and  why  do  they  do  it?  And  what  makes  them  so
interesting? Plant Science 180:169−81

17.

Chen  J,  Duan  B,  Xu  G,  Korpelainen  H,  Niinemets  Ü,  et  al. 2016.
Sexual  competition  affects  biomass  partitioning,  carbon–nutrient
balance,  Cd  allocation  and  ultrastructure  of Populus  cathayana
females  and  males  exposed  to  Cd  stress. Tree  Physiology
36:1353−68

18.

Polle  A,  Klein  T,  Kettner  C. 2013.  Impact  of  cadmium  on  young
plants of Populus euphratica and P. × canescens, two poplar species
that differ in stress tolerance. New Forests 44:13−22

19.

Liu M, Bi J, Liu X, Kang J, Korpelainen H, et al. 2020. Microstructural
and  physiological  responses  to  cadmium  stress  under  different
nitrogen levels in Populus cathayana females and males. Tree Phys-
iology 40:30−45

20.

Renner  SS. 2014.  The  relative  and  absolute  frequencies  of
angiosperm sexual systems: dioecy, monoecy, gynodioecy, and an
updated online database. American Journal of Botany 101:1588−96

21.

Juvany  M,  Munné-Bosch  S. 2015.  Sex-related  differences  in  stress
tolerance in dioecious plants: a critical appraisal in a physiological
context. Journal of Experimental Botany 66:6083−92

22.

Hultine KR, Bush SE, Ward JK, Dawson TE. 2018. Does sexual dimor-
phism predispose dioecious riparian trees to sex ratio imbalances
under climate change? Oecologia 187:921−31

23.

Song H, Lei Y, Zhang S. 2018. Differences in resistance to nitrogen
and  phosphorus  deficiencies  explain  male-biased  populations  of
poplar  in  nutrient-deficient  habitats. Journal  of  Proteomics
178:123−27

24.

Scheuerell  RP,  LeRoy  CJ. 2023.  Plant  sex  influences  on  riparian
communities and ecosystems. Ecology and Evolution 13:e10308

25.

Petry  WK,  Soule  JD,  Iler  AM,  Chicas-Mosier  A,  Inouye  DW,  et  al.
2016.  Sex-specific  responses  to  climate  change  in  plants  alter
population sex ratio and performance. Science 353:69−71

26.

Hultine KR,  Grady KC,  Wood TE,  Shuster  SM,  Stella  JC,  et  al. 2016.
Climate  change  perils  for  dioecious  plant  species. Nature  Plants
2:16109

27.

Xia  Z,  He  Y,  Yu  L,  Lv  R,  Korpelainen  H,  et  al. 2020.  Sex-specific
strategies  of  phosphorus  (P)  acquisition  in Populus  cathayana as
affected  by  soil  P  availability  and  distribution. New  Phytologist
225:782−92

28.

Yu L,  Huang Z,  Li  Z,  Korpelainen H,  Li  C. 2022.  Sex-specific  strate-
gies of nutrient resorption associated with leaf economics in Popu-
lus euphratica. Journal of Ecology 110:2062−73

29.

Ellis B, Jansson S, Strauss SH, Tuskan GA. 2010. Why and how Popu-
lus became  a  "model  tree".  In Genetics  and  Genomics  of  Populus,
eds. Jansson S, Bhalerao R, Groover A. New York, NY: Springer. pp.
3−14. https://doi.org/10.1007/978-1-4419-1541-2_1

30.

Polle  A,  Douglas  C. 2010.  The  molecular  physiology  of  poplars:
paving  the  way  for  knowledge-based  biomass  production. Plant
Biology 12:239−41

31.

Polle  A,  Chen S. 2015.  On the salty  side of  life:  molecular,  physio-
logical  and  anatomical  adaptation  and  acclimation  of  trees  to
extreme habitats. Plant, Cell & Environment 38:1794−816

32.

Xia  Z,  He  Y,  Zhu  Z,  Korpelainen  H,  Li  C. 2022.  Covariations  and
trade-offs  of  phosphorus  (P)  acquisition  strategies  in  dioecious
Populus euphratica as affected by soil water availability. Functional
Ecology 36:3188−99

33.

Chen  L,  Zhang  S,  Zhao  H,  Korpelainen  H,  Li  C. 2010.  Sex-related
adaptive responses to interaction of drought and salinity in Popu-
lus yunnanensis. Plant, Cell & Environment 33:1767−78

34.

Melnikova  NV,  Borkhert  EV,  Snezhkina  AV,  Kudryavtseva  AV,
Dmitriev AA. 2017. Sex-specific response to stress in Populus. Fron-
tiers in Plant Science 8:1827

35.

Guo  Q,  Liu  J,  Yu  L,  Korpelainen  H,  Li  C. 2021.  Different  sexual
impacts  of  dioecious Populus  euphratica on  microbial  communi-
ties and nitrogen cycle processes in natural forests. Forest Ecology
and Management 496:119403

36.

Yu  L,  Tang  S,  Guo  C,  Korpelainen  H,  Li  C. 2023.  Differences  in
ecophysiological  responses  of Populus  euphratica females  and
males  exposed  to  salinity  and  alkali  stress. Plant  Physiology  and
Biochemistry 198:107707

37.

Han Y,  Wang L,  Zhang X,  Korpelainen H,  Li  C. 2013.  Sexual  differ-
ences in photosynthetic activity, ultrastructure and phytoremedia-
tion potential of Populus cathayana exposed to lead and drought.
Tree Physiology 33:1043−60

38.

Chen L,  Zhang D, Yang W, Liu Y, Zhang L, et al. 2016. Sex-specific
responses of Populus deltoides to Glomus intraradices colonization
and Cd pollution. Chemosphere 155:196−206

39.

Hedges  LV,  Gurevitch  J,  Curtis  PS. 1999.  The  meta-analysis  of
response ratios in experimental ecology. Ecology 80:1150−56

40.

Peng  Y,  Yuan  C,  Heděnec  P,  Yue  K,  Zhu  G,  et  al. 2022.  Effects  of
transforming  multiple  ecosystem  types  to  plantations  on  soil
carbon,  nitrogen,  and  phosphorus  concentrations  at  the  global
scale. Plant and Soil 481:213−27

41.

Tufail  MA,  Ayyub  M,  Irfan  M,  Shakoor  A,  Chibani  CM,  et  al. 2022.
Endophytic  bacteria  perform  better  than  endophytic  fungi  in
improving plant growth under drought stress: a meta-comparison
spanning 12 years (2010–2021). Physiologia Plantarum 174:e13806

42.

Lin  G,  McCormack  ML,  Ma  C,  Guo  D. 2017.  Similar  below-ground
carbon  cycling  dynamics  but  contrasting  modes  of  nitrogen
cycling  between  arbuscular  mycorrhizal  and  ectomycorrhizal
forests. New Phytologist 213:1440−51

43.

Yuan C,  Wu F,  Wu Q,  Fornara DA,  Heděnec P,  et  al. 2023.  Vegeta-
tion restoration effects on soil carbon and nutrient concentrations
and  enzymatic  activities  in  post-mining  lands  are  mediated  by
mine type, climate, and former soil properties. Science of The Total
Environment 879:163059

44.

Yue K, De Frenne P, Van Meerbeek K, Ferreira V, Fornara DA, et al.
2022.  Litter  quality  and  stream  physicochemical  properties  drive
global  invertebrate  effects  on  instream  litter  decomposition.
Biological Reviews 97:2023−38

45.

Bates D, Mächler M, Bolker B, Walker S. 2015. Fitting linear mixed-
effects models using lme4. Journal of Statistical Software 67:1−48

46.

R Core Team. 2023. R: A Language and Environment for Statistical
Computing.  R  Foundation  for  Statistical  Computing,  Vienna,
Austria.

47.

Jiang  H,  Korpelainen  H,  Li  C. 2013. Populus  yunnanensis males
adopt  more  efficient  protective  strategies  than  females  to  cope
with excess zinc and acid rain. Chemosphere 91:1213−20

48.

Chen  F,  Zhang  S,  Zhu  G,  Korpelainen  H,  Li  C. 2013. Populus
cathayana males  are  less  affected  than  females  by  excess
manganese:  comparative  proteomic  and  physiological  analyses.
PROTEOMICS 13:2424−37

49.

Peng  S,  Wu  L,  Seyler  BC,  Pei  X,  Li  S,  et  al. 2020.  The  combined
effects of Cu and Pb on the sex-specific growth and physiology of
the  dioecious Populus  yunnanensis. Environmental  Research
184:109276

50.

Li X, Yang Z, Li Y, Zhao H. 2022. Different responses to joint expo-
sure  to  cadmium  and  zinc  depends  on  the  sex  in Populus
cathayana. Ecotoxicology and Environmental Safety 248:114297

51.

Responses of dioecious Populus to heavy metals
 

Yu et al. Forestry Research 2023, 3:25   Page 7 of 8

https://doi.org/10.1007/s13762-019-02215-8
https://doi.org/10.1007/s13762-019-02215-8
https://doi.org/10.1007/s13762-019-02215-8
https://doi.org/10.1016/j.envexpbot.2019.103897
https://doi.org/10.1016/j.envexpbot.2019.103897
https://doi.org/10.1016/j.envexpbot.2019.103897
https://doi.org/10.18811/ijpen.v3i02.10431
https://doi.org/10.18811/ijpen.v3i02.10431
https://doi.org/10.1016/j.plantsci.2010.08.016
https://doi.org/10.1093/treephys/tpw054
https://doi.org/10.1007/s11056-011-9301-9
https://doi.org/10.1093/treephys/tpz115
https://doi.org/10.1093/treephys/tpz115
https://doi.org/10.1093/treephys/tpz115
https://doi.org/10.3732/ajb.1400196
https://doi.org/10.1093/jxb/erv343
https://doi.org/10.1007/s00442-018-4190-7
https://doi.org/10.1016/j.jprot.2017.11.013
https://doi.org/10.1002/ece3.10308
https://doi.org/10.1126/science.aaf2588
https://doi.org/10.1038/nplants.2016.109
https://doi.org/10.1111/nph.16170
https://doi.org/10.1111/1365-2745.13952
https://doi.org/10.1007/978-1-4419-1541-2_1
https://doi.org/10.1111/j.1438-8677.2009.00318.x
https://doi.org/10.1111/j.1438-8677.2009.00318.x
https://doi.org/10.1111/pce.12440
https://doi.org/10.1111/1365-2435.14193
https://doi.org/10.1111/1365-2435.14193
https://doi.org/10.1111/j.1365-3040.2010.02182.x
https://doi.org/10.3389/fpls.2017.01827
https://doi.org/10.3389/fpls.2017.01827
https://doi.org/10.1016/j.foreco.2021.119403
https://doi.org/10.1016/j.foreco.2021.119403
https://doi.org/10.1016/j.plaphy.2023.107707
https://doi.org/10.1016/j.plaphy.2023.107707
https://doi.org/10.1093/treephys/tpt086
https://doi.org/10.1016/j.chemosphere.2016.04.049
https://doi.org/10.1890/0012-9658(1999)080[1150:TMAORR]2.0.CO;2
https://doi.org/10.1007/s11104-022-05632-w
https://doi.org/10.1111/ppl.13806
https://doi.org/10.1111/nph.14206
https://doi.org/10.1016/j.scitotenv.2023.163059
https://doi.org/10.1016/j.scitotenv.2023.163059
https://doi.org/10.1111/brv.12880
https://doi.org/10.18637/jss.v067.i01
https://doi.org/10.1016/j.chemosphere.2013.01.041
https://doi.org/10.1002/pmic.201200365
https://doi.org/10.1016/j.envres.2020.109276
https://doi.org/10.1016/j.ecoenv.2022.114297


Burkhead  JL,  Gogolin  Reynolds  KA,  Abdel-Ghany  SE,  Cohu  CM,

Pilon M. 2009. Copper homeostasis. New Phytologist 182:799−816
52.

Chen L,  Han Y,  Jiang H,  Korpelainen H,  Li  C. 2011.  Nitrogen nutri-

ent  status induces sexual  differences in responses to cadmium in

Populus yunnanensis. Journal of Experimental Botany 62:5037−50

53.

Chen L, Gao S, Zhu P, Liu Y, Hu T, et al. 2014. Comparative study of

metal resistance and accumulation of lead and zinc in two poplars.

Physiologia Plantarum 151:390−405

54.

Chen  L,  Hu  X,  Yang  W,  Xu  Z,  Zhang  D,  et  al. 2015.  The  effects  of

arbuscular mycorrhizal fungi on sex-specific responses to Pb pollu-

tion in Populus cathayana. Ecotoxicology and Environmental  Safety
113:460−68

55.

Chen  J,  Han  Q,  Duan  B,  Korpelainen  H,  Li  C. 2017.  Sex-specific

competition  differently  regulates  ecophysiological  responses  and

phytoremediation of Populus cathayana under Pb stress. Plant and
Soil 421:203−18

56.

Yang Y, Xiong J, Tao L, Cao Z, Tang W, Zhang J, et al. 2020. Regula-

tory  mechanisms  of  nitrogen  (N)  on  cadmium  (Cd)  uptake  and

accumulation in plants:  a review. Science of The Total  Environment
708:135186

57.

Brunner I, Godbold DL. 2007. Tree roots in a changing world. Jour-
nal of Forest Research 12:78−82

58.

Portsmuth A, Niinemets Ü. 2007. Structural and physiological plas-
ticity  to  light  and  nutrients  in  five  temperate  deciduous  woody
species  of  contrasting  shade  tolerance. Functional  Ecology
21:61−77

59.

Wang  B,  Zhang  J,  Pei  D,  Yu  L. 2021.  Combined  effects  of  water
stress and salinity on growth, physiological, and biochemical traits
in two walnut genotypes. Physiologia Plantarum 172:176−87

60.

Gupta  DK,  Huang  HG,  Corpas  FJ. 2013.  Lead  tolerance  in  plants:
strategies  for  phytoremediation. Environmental  Science  and  Pollu-
tion Research 20:2150−61

61.

Yu  L,  Dong  H,  Li  Z,  Korpelainen  H,  Li  C. 2020.  Species-specific
responses  to  drought,  salinity  and  their  interactions  in Populus
euphratica and P.  pruinosa seedlings. Journal  of  Plant  Ecology
13:563−73

62.

Yu L, Huang Z, Tang S, Korpelainen H, Li C. 2023. Populus euphrat-
ica males exhibit  stronger drought and salt  stress resistance than
females. Environmental and Experimental Botany 205:105114

63.

Copyright:  © 2023 by the author(s).  Published by
Maximum  Academic  Press,  Fayetteville,  GA.  This

article  is  an  open  access  article  distributed  under  Creative
Commons  Attribution  License  (CC  BY  4.0),  visit https://creative-
commons.org/licenses/by/4.0/.

 
Responses of dioecious Populus to heavy metals

Page 8 of 8   Yu et al. Forestry Research 2023, 3:25

https://doi.org/10.1111/j.1469-8137.2009.02846.x
https://doi.org/10.1093/jxb/err203
https://doi.org/10.1111/ppl.12120
https://doi.org/10.1016/j.ecoenv.2014.12.033
https://doi.org/10.1007/s11104-017-3450-3
https://doi.org/10.1007/s11104-017-3450-3
https://doi.org/10.1016/j.scitotenv.2019.135186
https://doi.org/10.1007/s10310-006-0261-4
https://doi.org/10.1007/s10310-006-0261-4
https://doi.org/10.1111/j.1365-2435.2006.01208.x
https://doi.org/10.1111/ppl.13316
https://doi.org/10.1007/s11356-013-1485-4
https://doi.org/10.1007/s11356-013-1485-4
https://doi.org/10.1007/s11356-013-1485-4
https://doi.org/10.1093/jpe/rtaa043
https://doi.org/10.1016/j.envexpbot.2022.105114
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

	Introduction
	Materials and methods
	Data collection
	Data analysis

	Results
	Heavy metal effects across sexes
	Sexual differences in heavy metal concentrations, growth and antioxidants

	Discussion
	Heavy metal accumulation and allocation
	Growth and photosynthetic capacity affected by heavy metals
	Oxidative stress and antioxidants affected by heavy metals

	Conclusions and perspectives
	Author Contributions
	Data availability
	References

