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Heavy metal (HM) contamination resulting from industrialization and urbanization during

the Anthropocene along with plant invasion can severely threaten the growth and

adaptation of local flora. Invasive alien plant species generally exhibit a growth pattern

consistent with their functional traits in non-contaminated environments in the introduced

range. However, it remains unclear whether invasive alien plants have an advantage

over native plants in contaminated environments and whether this growth pattern is

dependent on the adaptation of their leaf functional traits. Here, we selected two

congeneric pairs of invasive alien and native grasses that naturally co-exist in China and

are commonly found growing in contaminated soil. To evaluate the effect of cadmium

(Cd) on the structural and physiological leaf traits, we grew all four species in soil

contaminated without or with 80 mg/kg Cd. Invasive plants contained significantly

higher concentrations of Cd in all three organs (leaf, stem, and root). They displayed

a higher transfer factor and bioconcentration factor (BCF) of shoot and root than

natives, indicating that invasive species are potential Cd hyperaccumulators. Invasive

plants accumulated polyphenol oxidase (PPO) to higher levels than natives and showed

similar patterns of leaf structural and physiological traits in response to changes in

Cd bioconcentration. The quantifiable leaf structural traits of invasive plants were

significantly greater (except for stomatal density and number of dead leaves) than

native plants. Leaf physiological traits, chlorophyll content, and flavonoid content were

also significantly higher in invasive plants than in natives under Cd stress conditions

after 4 weeks, although nitrogen balance index (NBI) showed no significant difference

between the two species. Chlorophyll fluorescence parameters decreased, except for
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FIGURE 11 | Shoot BCF (bioconcentration factor) (A), Root BCF (bioconcentration factor) (B), and transfer factor (C), the two group of invasive and native species

under Cd 80 mg/kg level. Values are means ± standard error (SE).

FIGURE 12 | Polyphenol oxidase in leaf (A) and in root (B) in the two group of invasive and native species under Cd 80 mg/kg level. Values are means ± standard

error (SE).

of Cd on leaf chlorophyll content was less in invasive plants
than in native plants, which suggests that invasive plants have
high physiological adaptation to Cd stress. This result was also
in line with the higher Cd accumulation in invasive plants,
particularly in the roots. Similarly, Ageratina adenophora, a
widely invasive plant species, can quickly accumulate Cd in its
roots in metal-contaminated areas (Lux et al., 2011; Dai et al.,
2020). These results indicate that invasive plants exhibit greater
resistance to high Cd levels than native plants. Besides, Cd
serves as a non-biological inducer of flavonoid synthesis in plants
(Ibrahim et al., 2017). Previous research has shown that Cd
present in the soil has amajor impact on the content of flavonoids

in the leaves of Robinia pseudoacacia seedlings, implying that
the effect of Cd on flavonoid biosynthesis is species-specific.
Furthermore, an important association between total flavonoid
and soluble sugar contents in leaves revealed that Cd regulates
the main metabolites and increases the total flavonoid content of
leaves (Zhang et al., 2021). Similarly, flavonoid content increased
dramatically at different time points during the experimental
period (1–7 weeks). However, invasive plant species showed
a greater increment in flavonoid content than native species
(Figure 6B). The effect of Cd on flavonoid synthesis is species-
dependent (Gondor et al., 2014; Zoufan et al., 2020). As a result,
our findings indicate that invasive plant species with higher
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total flavonoid content and activity can endure Cd stress better
than native plant species. Enrichment of HM in the root affects
the accumulation of N, which further alters the NBI (Yadav
et al., 2015). Consistent with this finding, the NBI values of
invasive and native plants were reduced under Cd stress in this
study (Figure 6C). The effect of change in plant photosynthetic
activity on NBI values has been observed at the elevated level of
HM in soil (Chapin III and Eviner, 2003). The NBI values are
closely linked to C and N metabolism, and these nutrients allow
plants to potentially growth and development (Zheng, 2009).
Therefore, these results indicate that NBI can be used to predict
plant growth.

Response of the Leaf Functional Traits of
Invasive and Native Plants to Cd Stress
The height and other morphological characteristics of plants
play the important roles in determining their competitive ability
in stress environments (Gross et al., 2007; Thomson et al.,
2011). Our results showed that invasive plants grew taller than
native plants when exposed to Cd stress (Figure 2C), which
is consistent with the previous studies (Wang et al., 2018a,b).
Greater height may confer a higher competitive ability to
invasive plants for resource acquisition, especially for sunlight,
one of the most important ecological factors required for
plant growth, reproduction, and survival (Meng et al., 2014;
DeMalach et al., 2017). Consequently, invasive plants exhibited
superior functional traits, such as plant height and leaf shape
in a metalliferous environment, which facilitated their spread
and successful invasion. Furthermore, the number of leaves of
invasive and native plants decreased with the increase in Cd
concentration, and native plants showed a greater reduction
in leaf number than invasive plants (Figure 2A). High Cd
concentrations result in brownish or yellowish leaves and dry
shoots, resulting in leaf litter, which is positively associated
with plant biomass production (Gomes et al., 2011; Mirshekali
et al., 2012). In a previous study, high Cd concentration in soil
caused chlorosis, development inhibition, and leaf senescence
(Mohanpuria et al., 2007). Similarly, we observed that high
Cd concentration increased the senescence rates of leaves in
both native and invasive species, although to a greater extent
in native plants than in invasive plants (Figure 2B). Moreover,
Cd stress affected the leaf traits to a greater level in native
plants than in invasive plants (Figures 4A,B). As recorded in
studies on Avena sativa, Hordeum vulgare, Brassica campestris,
and Apium graveolens, high HM content in soil changed the
morphological and functional traits of leaves, reducing plant
growth and biomass (Gross et al., 2007). Additionally, under
HM stress, plants exhibited phytotoxicity symptoms such as
chlorosis, leaf necrosis, and decreased production of plant roots,
stems, and leaves (Bini et al., 2000). Therefore, our results
indicate that leaf traits of invasive plants ensure better survival in
metalliferous conditions compared with native plants (Table 2).
Similarly, invasive plants exhibited superior leaf functional traits
and performed better than native plants under HM stress, which
could accelerate their subsequent invasion ability by improving
resource acquisition (Bai et al., 2020).

Response of the Physiological
Fluorescence Parameters of Invasive and
Native Plants to Cd Stress
Plant growth is commonly inhibited because of reduction
in leaf photosynthetic rate under stress conditions. This
inhibition of photosynthesis is caused by the damage to
chlorophyll fluorescence parameters (Tanyolaç et al., 2007;
Rodríguez-Serrano et al., 2009). In this study, chlorophyll
fluorescence parameters, including Fv′/Fm′ and Fv/Fm, of
invasive and native plant species, were significantly affected
by Cd stress (Figure 7). High foliar Cd concentration
dramatically decreased the chlorophyll fluorescence parameters
in a previous study (Baumann et al., 2009). Consistently,
values of Ft, F0, Fv/Fm, and Fv′/Fm′ decreased significantly
under Cd stress conditions in this study (Figures 7A,D).
Furthermore, previous studies showed that F0 reduced PSII
(photochemical ability) and was correlated with the leaf
chlorophyll content (Calatayud et al., 2006; Fu et al., 2012).
Therefore, a greater decline observed in the chlorophyll
fluorescence parameters of native plants compared with invasive
plants indicates that physiological traits of invasives are tolerant
to Cd stress.

The 8PSII values represent the performance and
photochemistry of plants at different photosynthetic photon
flux density (PPFDs) (Maxwell and Johnson, 2000; Baker
and Rosenqvist, 2004). Fv/Fm, qP, and NPQ have been
extensively used to investigate PSII activities in plants
(Liu et al., 2014). In our study, plants exhibited relatively
low values of Fv/Fm and 8PSII in the Cd treatment,
indicating that electron transfer at the acceptor side of
PSII was impeded under Cd stress. This suggests that Cd
stress causes great damage to the photosynthetic apparatus
in leaves and increases 8PSII and qP (Figures 8A,C).
However, we found that chlorophyll fluorescence parameters
including (Fv′/Fm′ – NPQ), (Fv/Fm – QN), and (NPQ –
QN) were significantly positively correlated under Cd stress,
whereas (F0 – 8PSII) and (Ft – 8PSII qP) were extremely
negatively correlated (Figure 9). Previous studies also reported
negative correlations among qP, NPQ, 8PSII, and NPQ
(Massacci et al., 2008; Fu et al., 2012). Our results are
consistent with a previous study on cucumber (Jin et al.,
2017). Moreover, the reduction in NPQ and QN values,
accompanied by an increase in 8PSII and qP values, in
the Cd stress treatment was in line with the results of
a previous study (Gururani et al., 2015). This approach
could be used to increase the photochemical competence
of plants and protect them from photo-oxidation under
stress conditions. Therefore, our results indicate that the
photosynthetic parameters of plants are severely affected by
Cd stress.

Response of the Morphological and
Structural Traits of Invasive and Native
Plants to Cd Stress
Cd stress had a significant effect on stomatal traits, i.e., stomatal
area, length, and width (p ≤ 0.001) (Table 1). Previous research
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has shown that plants in metalliferous environments have less
stomatal areas than those in non-metalliferous environments
(Khosropour et al., 2019). We found that the stomatal traits
of invasive and native species were negatively affected by Cd
stress, although invasive plants showed a better response than
native plants (Figure 3). The greater decline in the stomatal
density and stomatal area of native plants indicates that the
development and growth of stomata were affected to a greater
extent in native plants than in invasive plants in metalliferous
environments (Dineva, 2004). Additionally, in contaminated
environments, changes in stomatal traits and structure have
been reported in various plant species (Ghouse et al., 1980;
Baruah et al., 2014). Stomatal length was found to be negatively
linked to increasing stress exposure in a recent study (Aasamaa
et al., 2001). In this study, both native and invasive plant
groups showed a clear increment in stomatal density under
Cd stress, although the increase in stomatal density was
greater in native than in invasive plants (Figure 5). This result
demonstrates that contamination levels alter stomatal density
as an adaptation (Verma et al., 2006; Shiv and Ila, 2014).
Moreover, previous studies demonstrated that stomatal density
increased whereas the length and width of stomata decreased
under HM contamination (Alves et al., 2008; Gostin, 2009).
Therefore, this study results suggest that the morphological
structure of epidermal cells and guard cells changes under
Cd stress.

Cd Bioaccumulation and Translocation in
Invasive and Native Plants
Our results suggest that invasive species could potentially be
used for the phytoremediation of Cd-contaminated soil. Invasive
plants showed high bioaccumulation of Cd (Figure 10) and
high shoot BCF, root BCF, and transfer factor (Figure 11). The
high shoot and root BCFs are the two important indicators
that reflect the pertinence of species for phytoremediation.
The transfer factor shows the competence of plants to transfer
HM from belowground organs to aboveground plant parts
(Marques et al., 2009; Rascio and Navari-Izzo, 2011). However,
in previous studies, plant species with shoot BCF and transfer
factor > 1 have been accepted as HM hyperaccumulators. In
our study, invasive plants exhibited greater BCF and transfer
factors than natives. The shoot and root BCF were 3.64
for invasive plants and 1.90 for native plants, whereas the
transfer factor values were 0.87 and 0.59 for invasive and
native species, respectively (Figure 11). The shoot and root
BCF were greater than the commonly recognized threshold
(Marques et al., 2009; Ali B. et al., 2013). Additionally, higher
PPO activity in invasive plant species suggest that plants
exhibit great defense in response to Cd stress (Figure 12).
Similarly, in a previous study, Salicornia plants were found
to be more resistant to HM stress than other plants based
on the PPO activity (Adamski et al., 2012; Khalilzadeh et al.,
2020). These results suggest that invasive plant species are more
effective in bioaccumulating and translocating Cd and avoiding
Cd stress.

CONCLUSION

This study revealed that invasive plant species could be employed
as potential Cd hyperaccumulators as they had higher Cd
levels in all three plant parts (leaf, stem, and root) and
showed higher shoot and root BCF than native plant species.
Similarly, the increased activity of PPO in invasive plants may
comprise the adaptive defense system against Cd toxicity, which
shows that invasive plants are hyperaccumulators of HMs and
more resistant to metalliferous conditions. The quantifiable leaf
functional traits of invasive plants were significantly higher
than that of native plants under Cd stress which indicates
that invasive plants can spread further as their ability to
capture resources increases. This is particularly true as they
have more access to sunlight and soil nutrients as the length
of the plant parts shows increasing trend both in root and
shoot system. Furthermore, chlorophyll fluorescence parameters
provide additional insights into the responses of invasive and
native plants to HM and can identify a variety of conditions
suitable for the partial reversal of photo-inhibitory damage.
However, native plants showed a greater decline in chlorophyll
fluorescence parameters than invasive plants. This implies that
elevated Cd concentrations reduce the photosynthetic ability of
native plants and impact their physiological and biochemical
processes. We conclude that invasive plants grow better and
show greater adaptation to metalliferous environments than
native plants. Based on our results, we propose that Pennisetum
purpureum and Paspalum dilatatum are the bioaccumulators of
Cd and can be recommended for plantation in Cd-contaminated
soil. Our study further emphasizes that the potential invasion
by alien plants in contaminated soil environments is occurring
within the introduced range. Therefore, alien non-invasive plants
and native plants should be recommended to facilitate land
phytoremediation in contaminated environments.
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