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and metal translocation in two populations of Hylotelephium
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Abstract
The interactions between Cd and Zn in their effects on plants are inconsistent and difficult to predict. A hydroponic
experiment was conducted to investigate the effects of Cd and Zn and their interactions on root morphology and metal
translocation in two populations of Hylotelephium spectabile (Boreau) H. Ohba (Crassulaceae, HB1 and HB2). Both
populations showed relative tolerance to high levels of Cd and Zn, except that the leaf biomass of HB1 significantly
decreased by 44.6% with 5-mg/L Cd plus 10-mg/L Zn. Root growth was inhibited in both populations by addition of
20-mg/L Zn under Cd stress, while 10-mg/L Zn showed little impact on the root growth inhibition of HB2. Roots with
diameter 0.1–0.4 mm contributed most of the total root length (RL) and root surface area (RSA) of H. spectabile. In
both populations, these root parameters showed greater suppression with the combined stress of Cd plus Zn than under
Cd or Zn single stress, except by adding 10-mg/L Zn under Cd stress. Moreover, HB2 maintained relatively higher RL
and RSA than HB1 under the different treatments, which implied that HB2 might possess a more effective mechanism
than HB1 for coping in response to Cd and Zn stress. The addition of Zn not only affected the absorption of Cd but
also significantly affected the distribution of Cd in different tissues of H. spectabile. A low level of Zn led to
increased Cd in the stem of HB2, but an increase in Cd in the leaf and root of HB1. Addition of 10-mg/L Zn led
to a significant increase by 188% and 170% in Cd accumulation in aboveground part of HB2 under 2- and 5-mg/L Cd
stress, whereas the addition of Zn had little effect on Cd accumulation in HB1. Thus, strong positive interactions of
Cd and Zn occurred in HB2, which showed great potential for application in phytoremediation of soil contaminated
with both Cd and Zn, warranting further investigation under field condition.
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Introduction

Cadmium (Cd) is one of the most toxic trace metals in the
environment. Cd inhibits plant growth, reduces chlorophyll
content, raises levels of reactive oxygen species in cells, and
disrupts nutrient absorption (Choppala et al. 2014; Tran and
Popova 2013). Cd is easily accumulated in organisms via the
food chain and poses a threat to human health due to its high
mobility and non-degradability (Sarwar et al. 2014). Zinc
(Zn), an element in the same metal family (group IIB) as Cd,
is an essential micronutrient for plants and participates in
many metabolic processes, such as chlorophyll synthesis,
photosynthesis, and protein metabolism (Aravind and Prasad
2004; Emamverdian et al. 2015; Hajiboland and Amirazad
2010; Hänsch and Mendel 2009). However, excessive Zn in-
hibits the key steps of photosynthesis and can lead to micro-
element deficiency such as Fe, Mg, and Mn in plant (Qiu et al.
2011).

There has been much research on the effects of Cd or Zn
stress on plants; however, heavy metal contamination in the
environment rarely occurs as one metal alone. Cadmium nat-
urally exists in Zn ores and is often released accompanying Zn
with mining and smelting these ores (Green et al. 2017). Cd
possesses similar electron configurations and ionic radii as Zn,
resulting in similar geochemical and environmental character-
istics between the two elements (Li et al. 2009). Therefore, Cd
might act as a competitive ion for Zn absorption by plant roots
and interfere with the normal functions of Zn in metabolism
(Hassan et al. 2005; Sarwar et al. 2015). The interactions of Zn
and Cd on plant growth and metal translocation may be either
synergistic or antagonistic, depending on the plant species,
environmental conditions, or the Zn/Cd ratios in the medium
(Sarwar et al. 2015; Wang et al. 2017).

Phytoremediation, that is, using plants to extract and accu-
mulate heavy metals from contaminated soil, has been pro-
posed as an environmentally friendly and cost-effective tech-
nique for soil remediation (Guo et al. 2017). The root system
is the primary interface for ion exchange between the plant
and the soil; it is the most sensitive to heavy metal stress in the
environmental medium and directly influences the metal
translocation of phytoaccumulators (Li et al. 2009). Plants
might change their root morphology to cope with unfavorable
growth conditions under Cd stress, and studies of root mor-
phology might provide more valuable parameters than a focus
simply on quantitative root parameters (Aravind and Prasad
2003; Wei and Zhou 2006). Hyperaccumulating and non-
hyperaccumulating ecotypes of Sedum alfredii Hance exhib-
ited significant differences in root morphology and metal
translocation in response to Zn and Cd interactions (Li et al.
2009).

Hylo t e l eph ium spec tab i l e (Boreau ) H . Ohba
(Crassulaceae), a perennial ornamental plant, was proved to
be a Cd accumulator with considerable Cd phytoextraction

capacity (Guo et al. 2017). Previous studies on the mechanism
of Cd tolerance and accumulation of H. spectabile focused
mainly on the subcellular distribution of Cd and the antioxi-
dant system, while little information is available about the
effects of Cd/Zn interactions on root morphology and metal
translocation (Guo et al. 2018; Yang et al. 2018).

The main aim of this study was to determine the root mor-
phology and Cd/Zn translocation of two populations of
H. spectabile in response to Cd and/or Zn treatments and their
interactions. We aimed to provide a more comprehensive un-
derstanding of the morphological characteristics associated
with variations in Cd accumulation among different popula-
tions of H. spectabile.

Materials and methods

Plant preparation

H. spectabile is usually propagated by cuttings rather than
seeds. Two populations (HB1 and HB2) ofH. spectabilewere
obtained from the Institute of Geographic Sciences and
Natural Resources Research, Chinese Academy of Sciences,
Beijing, China. These two populations displayed remarkable
differences in the plant morphologies and Cd absorption in
aboveground part (Fig. S1). Moreover, these two populations
also exhibited some differences in Cd accumulation capabili-
ties and detoxification mechanisms in our previous research
(Guo et al. 2018). The third-generation tillers were grown on
the non-polluted medium to ensure that they are free of heavy
metal pollution. The obtained tillers were initially pre-cultured
on the artificial substrate for 15 days, and then cuttings with
uniform morphology were selected for hydroponic
experiments.

Experimental design and plant growth

The tillers were transplanted into 1-L pots containing 400-mL
Hoagland’s solution (half strength) with the following com-
position: 2.5-mmol/L Ca(NO3)2, 2.5-mmol/L KCl, 5-μmol/L
KH2PO4, 0.5-mmol/L MgSO4, 25-μmol/L H3BO3,
2.25-μmol/L MnSO4, 1.9-μmol/L ZnSO4, 0.15-μmol/L
CuSO4, 0.05-mmol/L (NH4)6Mo7O24, and 5-μmol/L Fe-
EDTA acid (EDTA). The treatments were control (CK), 2-
mg/L Cd (Cd2), 5-mg/L Cd (Cd5), 10-mg/L Zn (Zn10), 20-
mg/L Zn (Zn20), 2-mg/L Cd + 10-mg/L Zn (Cd2 + Zn10), 2-
mg/L Cd + 20-mg/L Zn (Cd2 + Zn20), 5-mg/L Cd + 10-mg/L
Zn (Cd5 + Zn10), and 5-mg/L Cd + 20-mg/L Zn (Cd5 +
Zn20), with four tillers per pot and four replicate pots for each
treatment. Cd and Zn were supplied as CdCl2·2.5H2O and
ZnSO4·7H2O (guaranteed reagents) at the desired concentra-
tions. The pH of the nutrient solutionwas adjusted to pH 6.0 ±
0.1 with 0.1-mol/L NaOH. Plants were cultured under
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greenhouse condition at temperatures of 30/20 °C (day/night)
with a photoperiod of 16 h, approximately 300-mE/m2/s light
intensity and 60% average relative humidity. The tillers were
grown in hydroponic culture for 16 days with continuously
aeration, and the nutrient solution was renewed every 3 days.
Hydroponic culture was conducted in a greenhouse located at
the Center for Environmental Remediation, Institute of
Geographic Sciences and Natural Resources Research,
Chinese Academy of Sciences, Beijing, China.

Plant morphology analysis

The harvested plants were first washed with tap water and
then with 10-mmol/L EDTA for 5 min to remove metal ions
from the root surface, and finally rinsed three times with ul-
trapure water.

The cleaned plants were separated into leaves, stem, and
roots. The root segments were first placed on a root scan
apparatus (Epson Perfection V700) in a transparent plastic
tray filled with ultrapure water, and a white plastic plate served
as image background. The image was recorded at a resolution
of 400 dpi and images were saved as TIFF (tagged image file
format). The WinRHIZO™ 2000 software was used to recog-
nize the root digital images and analyze root morphological
parameters. For a better understanding of the root morpholog-
ical characteristics, the root diameter (d) of each sample was
defined as 10 classes, which were 0–0.1 mm, 0.1 < d <
0.2 mm, 0.2 < d < 0.3 mm, 0.3 < d < 0.4 mm, 0.4 < d <
0.5 mm, 0.5 < d < 0.6 mm, 0.6 < d < 0.7 mm, 0.7 < d <
0.8 mm, 0.8 < d < 0.9 mm, and d > 0.9 mm. Root length
(RL), root surface area (RSA), root volume (RV), average root
diameter (ARD), and numbers of root tips (RT) were deter-
mined for each diameter class. For each replicate, the roots of
the four plants were analyzed.

After root morphology analysis, the leaves, stem, and roots
were oven dried at 65 °C to a constant weight for determina-
tion of biomass and Cd concentration. The dry weight of each
tissue was recorded separately using an electronic balance
(0.1-mg accuracy).

Elemental analysis

The oven-dried samples were separately ground in a mill, and
then digested with conc. HNO3 and HClO4 (5:1, v/v). Cd and
Zn concentration was determined by using inductively
coupled plasma mass spectrometry (ICP-MS, Elan DRC-e,
Perkin Elmer, USA). Quality control was addressed by rou-
tinely analyzing plant standard reference materials for bush
twigs and leaves (GBW07603: GSV-2), including blanks in
digestion batches. The recovery of standard for each element
ranged between 95 and 105%.

Calculation of growth potential and Cd translocation

The tolerance index (TI) was used to evaluate the growth
response of H. spectabile under different Cd and Zn stresses.
Transfer factors (TF) were used to evaluate the efficiency of
H. spectabile in translocating the accumulated metal from
roots to shoots. The TF from stem to leaf (named TF1) was
defined as the ratio of metal concentration in plant leaf to that
in stem, and the TF from root to stem (named TF2) was de-
fined as the ratio of metal concentration in plant stem to that in
root. The calculation equations were:

TI ¼ Wm

Wck

where Wm represents the dry biomass of H. spectabile under
different Cd and Zn stress treatments and Wck represents the
dry biomass of H. spectabile under the control treatment.

TF1 ¼ Cleaf

Cstem

TF2 ¼ Cstem

Croot

where Cleaf (mg/kg), Cstem (mg/kg), and Croot (mg/kg) repre-
sent the metal concentration in the dried leaf, stem, and root of
H. spectabile, respectively.

Statistical analysis

All experiment results in the tables and figures were analyzed
using the SPSS 19.0 package. Data in the texts and tables were
expressed as means with standard deviation, and error bars in
the figures indicate standard deviations. The statistical signif-
icance of the differences between groups was evaluated by
analysis of variance (ANOVA) and compared using the LSD
test at P < 0.05, n = 4.

Results

Plant growth

The dry biomass of different H. spectabile tissues under var-
ious treatments of Cd, Zn, or Cd + Zn are presented in Table 1.
Significant differences were recorded in the shoot and root
biomasses between the two populations. Under various single
stress conditions with Cd or Zn, both HB1 and HB2 popula-
tions grew normally without showing any toxic symptoms in
the aboveground parts, expect that the leaf biomass of HB1
was significantly decreased by 44.6% under Cd5 + Zn10 treat-
ment. The root growth of both HB1 and HB2 was significant-
ly inhibited under 5-mg/L Cd or Cd + Zn combined treatments
compared with the control, and the Cd + Zn combined stress
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showed stronger inhibition than single Cd stress. Moreover,
the root biomass of HB2 was not decreased under the single
stress of added Zn, while in HB1, the root biomass was sig-
nificantly decreased by 60.0% under 20-mg/L Zn.

Root morphology

Both two populations ofH. spectabile showed obvious chang-
es in the root morphologies with different addition doses of Cd
and Zn (Fig. S2). The results for RL, RSA, ARD, RV, and
numbers RT under various treatments of Cd/Zn or Cd + Zn are
presented in Table 2. The RL, RSA, and RVof both HB1 and
HB2 showed a decreasing trend, while none of them reached
the statistically significant trend. In addition, high level of Zn
(20 mg/L) significantly decreased the RL and RSA of HB1
while showing little effect on those of HB2. The combined

stress of Cd with 20-mg/L Zn exhibited a stronger inhibitory
effect on the RL, RSA, and RV of both populations than Cd
and Zn single stress, while no significant decrease was record-
ed under Cd stress with 10-mg/L Zn addition. The RL, RSA,
and RV in HB1 and HB2 were lowest under 5-mg/L Cd + 20-
mg/L Zn. For ARD, no significant differences were observed
among the different treatments in either population.

Root diameter distribution

Ten root diameter classes were defined at intervals of 0.1 mm.
The RL and RSA was predominantly found in the diameter
classes 0.1–0.2 mm, 0.2–0.3 mm, and 0.3–0.4 mm for both
populations under different Cd and Zn stress, which accounted
for 70.1–85.3% of the total RL and for 63.3–83.0% of the total
RSA (Fig. S3 and Fig. S4). The RL and RSA for root diameter

Table 1 Effect of different Cd and Zn additions to the nutrient solution on the biomass of two populations of H. spectabile

Populations Treatments Leaf (g/plant) Stem (g/plant) Shoot (g/plant) Root (mg/plant) TI (%)

HB1 CK 0.65 ± 0.02ab 0.65 ± 0.32a 1.30 ± 0.33ab 14.93 ± 3.91a

Cd2 0.52 ± 0.11bc 0.43 ± 0.08a 0.95 ± 0.08b 11.53 ± 0.58ab 73.4

Cd5 0.57 ± 0.22abc 0.46 ± 0.09a 1.04 ± 0.25ab 9.07 ± 1.17bc 80.1

Zn10 0.45 ± 0.1bc 0.4 ± 0.2a 0.85 ± 0.29b 11.47 ± 3.69ab 65.2

Zn20 0.51 ± 0.17bc 0.43 ± 0.12a 0.95 ± 0.26b 5.97 ± 1.79cd 73.0

Cd2 + Zn10 0.59 ± 0.04ab 0.64 ± 0.16a 1.23 ± 0.11b 8.15 ± 0.67bc 94.9

Cd2 + Zn20 0.8 ± 0.08a 0.66 ± 0.03a 1.46 ± 0.09a 4.87 ± 1.4cd 112.6

Cd5 + Zn10 0.36 ± 0.13c 0.75 ± 0.41a 1.10 ± 0.49ab 7.7 ± 2.12bcd 85.2

Cd5 + Zn20 0.45 ± 0.1bc 0.53 ± 0.24a 0.98 ± 0.33ab 3.57 ± 1.4d 75.7

HB2 CK 0.75 ± 0.16a 0.74 ± 0.17a 1.50 ± 0.33a 23.43 ± 4.24a

Cd2 0.78 ± 0.11a 1.07 ± 0.29a 1.85 ± 0.39a 15.77 ± 2.63abc 123.4

Cd5 0.79 ± 0.09a 0.9 ± 0.12a 1.69 ± 0.13a 11.23 ± 1.32bcd 112.9

Zn10 0.71 ± 0.21a 0.97 ± 0.27a 1.68 ± 0.47a 19.43 ± 8.72ab 112.6

Zn20 0.85 ± 0.49a 1.13 ± 0.61a 1.98 ± 1.08a 15.5 ± 7.86abc 132.3

Cd2 + Zn10 0.82 ± 0.29a 0.99 ± 0.14a 1.81 ± 0.19a 16.03 ± 1.54abc 121.0

Cd2 + Zn20 0.87 ± 0.38a 1.05 ± 0.5a 1.93 ± 0.87a 7.87 ± 3.55cd 128.7

Cd5 + Zn10 0.76 ± 0.28a 0.78 ± 0.18a 1.54 ± 0.46a 13.7 ± 4.37bc 103.0

Cd5 + Zn20 0.59 ± 0.17a 0.81 ± 0.13a 1.40 ± 0.04a 4.4 ± 0.61d 93.5

Analysis of variance

Populations 13.664** 22.864*** 21.743*** 21.582***

Cd 1.280 0.480 0.861 14.396***

Zn 0.530 0.208 0.152 17.209***

Cd*Zn 1.439 0.268 0.666 0.616

Populations*Cd*Zn 0.659 1.895 1.192 0.404

TI, tolerance index

Biomass values are dry weight; mean with standard deviation (n = 4). Within each population, HB1 or HB2, different letters in the same column denote
significant differences between the treatments (P< 0.05)

The effects of Cd/Zn dose and differences between populations were analyzed by three factors analysis of variance

*P< 0.05

**P< 0.01

***P< 0.001
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class (0.1 mm–0.4 mm) are shown in Figs. 1 and 2. The RL of
HB1 in the three diameter classes were on decline with in-
crease of Cd or Zn stress, although the differences are not
significant. In contrast to HB1, the RL in the diameter classes
0.1–0.2 mm and 0.2–0.3 mm of HB2 slightly increased under
2-mg/L Cd and significantly increased under 10-mg/L Zn.
However, the negative effect of the combined stress of Cd +
Zn on the RL between diameter classes 0.1–0.4 mm was
greater than Cd/Zn single stress for both populations, except
for Cd2 + Zn10 and Cd5 + Zn10 treatments. The roots in
diameter classes 0.1–0.2 mm, 0.2–0.3 mm, and 0.3–0.4 mm
contributed the most to the total RSA of the two populations
(Fig. 2). The effect of different Cd, Zn, or Cd + Zn treatments
on the RSA in these three diameter classes of HB1 and HB2
was also consistent with the results for RL.

Cd and Zn uptake and translocation

The Cd concentrations in different tissues of both populations
increased with increasing Cd stress and were in the order of
root > stem > leaf (Fig. 3). The stem Cd concentration of HB1
was 3.85 and 3.39 times higher than that of HB2 under 2- and
5-mg/L Cd, respectively (P < 0.05). The combined stress of
Cd + Zn decreased the leaf Cd concentration of HB1, except
for Cd5 + Zn10 treatment, which significantly increased the
leaf Cd concentration by 41.4%, as compared with 5-mg/L Cd
treatment. Under 5-mg/L Cd stress, the stem Cd concentration
of HB1was significantly decreased by adding 10-mg/L Zn but
significantly increased by addition of 20-mg/L Zn. In contrast
to HB1, the stem Cd concentration of HB2 was significantly
increased with addition of Zn under Cd stress and was highest
under 5-mg/L Cd + 10-mg/L Zn treatment. For both popula-
tions, the root Cd concentrations were significantly increased
by adding Zn under Cd stress.

There were no significant differences in Zn concentrations
in different tissues between HB1 and HB2 (Fig. 3). Addition
of Cd significantly decreased the Zn concentration in stem of
HB1 and HB2 as compared with 20-mg/L Zn. The root Zn
concentrations of the two populations were also significantly
decreased under Cd + Zn treatments in comparison with Zn
single stress.

The Cd and Zn transfer factors in different parts of
H. spectabile are shown in Fig. 4. The transfer factor from
stem to leaf (TF1) for Cd in HB2 was significantly higher than
that in HB1 under Cd stress conditions, but a sharp decrease
was observed in HB2 with the addition of Zn (Fig. 4A). In
contrast to HB2, the TF1 for Cd in HB1 significantly in-
creased under Cd5 + Zn10 treatment. The transfer factor from
root to stem (TF2) for Cd in HB1was significantly higher than
that in HB2 under 2-mg/L Cd but was greatly decreased with
increased Cd stress or the addition of Zn (Fig. 4B). For HB2,
the TF2 for Cd significantly increased by adding 10-mg/L Zn
under 2- or 5-mg/L Cd stress but significantly decreased withTa
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addition of 20-mg/L Zn. There was no significant effect of
different Zn or Cd + Zn treatments on the TF1 for Zn in either
population ofH. spectabile (Fig. 4C). The TF2 for Zn in HB1
was significantly decreased with increased Zn stress but was
not affected by adding Cd under Zn stress (Fig. 4D).

Metal accumulation

Results for Cd and Zn content in both populations of
H. spectabile under various Cd or Cd + Zn treatments are
presented in Fig. 5. The Cd accumulations in shoot and root
were much higher in both populations under Cd and Cd + Zn
treatments than in the control, while no significant differences
were observed for HB1 under different Cd or Cd + Zn stress.
In addition, the Cd accumulation in shoot and root of HB2
were significantly increased by adding 10-mg/L Zn under 2-
or 5-mg/L Cd stress. Moreover, the Cd accumulation in
aboveground part of HB2 was significantly increased by
188% and 170% under Cd2 + Zn10 and Cd5 + Zn10 treat-
ments, respectively, and was significantly higher than in HB1.

Zn accumulation in different tissues of both populations
was greatly increased with increased Zn in medium (Fig. 5).
The leaf Zn accumulation in HB1 was significantly increased
by 71.3% under Cd2 + Zn20 treatment. Addition of Cd ex-
hibited a negative effect on Zn accumulation in the stem of
HB2, which was significantly decreased under Cd5 + Zn20

treatment as compared with 20-mg/L Zn. The Zn accumula-
tion in the root of HB2 was significantly higher than in HB1,
and that of both populations was significantly reduced by the
addition of Cd.

Discussion

The most obvious characteristic of plants suffering from Cd
stress is growth inhibition (Jamali et al. 2014). In this study,
both populations of H. spectabile were tolerant of high levels
of Cd and Zn stress without significant decline in the biomass
of aerial parts, except that applying Cd plus Zn significantly
decreased the leaf biomass of HB1. Various previous studies
reported that the effects of Cd and Zn on plant growth varied
with the plant genotype and the dose of Cd or Zn exposure
(Rizwan et al. 2016). Although a relatively low level of Zn
alleviated Cd-induced oxidative stress, the addition of high
concentrations of Zn may make the inhibitory effect of Cd
on plant growth aggressive (Ammar et al. 2015; Sarwar
et al. 2014). The root biomasses for both populations of
H. spectabile were relatively low, and the root/shoot ratios
ranged from 0.003 to 0.016. It was known that the higher
root/shoot ratio contributed in higher tolerance to heavy
metals and their translocation to the shoot (Lavres et al.
2019; Lin et al. 2015; Tang et al. 2016; Xu et al. 2018; Yu
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et al. 2017). The results might be explained that the tillers of
H. spectabile used in this study were based on cutting propa-
gation without initial roots and were just cultured for 1 month
under hydroponic condition including preculture. In contrast
with hydroponic results, the root biomass of H. spectabile in
our previous pot experiment accounted for 27–40% of total
biomass (Guo et al. 2017). Similarly, the root biomasses of
S. alfrediiwere quite low when cultured with Cd and Zn stress
of hydroponic condition for 14 days and counted far lower of
the total biomass than that of pot experiment (Li et al. 2009,
2011). Nevertheless, some information may still be obtained
from the changes of root growth and morphology under dif-
ferent Cd and Zn stress. Root growth in our study was more
severely affected by metal stress than aerial parts. Addition of
Zn aggravated the stress of Cd on root growth inhibition of
HB1; however, that of HB2 was rarely affected by adding low
level of Zn (10 mg/L). Therefore, the interaction of Cd and Zn
on the growth of H. spectabile varies among different popu-
lations and HB1 might be more sensitive to Cd and Zn stress
than HB2.

The root morphological characteristics might reveal more
information about the impact of Cd and Zn interaction on
H. spectabile than does simply root biomass (Benáková
et al. 2017; Li et al. 2009). Results from the present study
showed that the RL, RSA, RV, and RT of both populations

ofH. spectabilewere severely suppressed under high levels of
Cd or Zn, while no significant inhibition was found with low
levels of Cd or Zn. Moreover, the combined effects of Cd plus
Zn aggravated the toxicity and significantly decreased the root
morphological characteristics of both populations of
H. spectabile, except by adding 10-mg/L of Zn under Cd
stress. This observation was consistent with previous results
(Cheng et al. 2018). A high level of Cd might lead to inhibi-
tion of mitosis in cells of root tips, decrease in root hair pro-
duction, and the formation of asymmetrical epidermal and
cortical cells, as well as intercellular air spaces (Benáková
et al. 2017; Lux et al. 2011). An appropriate level of Zn, as a
physically, chemically, and geologically similar element to
Cd, alleviated Cd toxicity through the increase of antioxida-
tive enzyme activity and enabled maintenance of normal plant
growth under Cd stress (Balen et al. 2011; Hassan et al. 2005;
Taspinar et al. 2011). However, a high level of Zn might in-
terrupt the signaling pathways critical for induced accumula-
tion of metallothioneins (MTs), which contributed to Cd
accumulation and tolerance in roots (Sekhar et al. 2011).
Despite these results, the interaction of Cd and Zn varied with
different populations of H. spectabile, which was in accor-
dance with a previous review (Rizwan et al. 2016).
Furthermore, although the root biomass of both populations
was significantly decreased with addition of Cd and/or Zn, the
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root morphological parameters of HB2 were less severely af-
fected than those of HB1, which implied that HB2 might
possess a more effective coping mechanism than HB1 in re-
sponse to Cd and/or Zn stress.

The length and surface area of root are the most important
parameters which determined the extent of root extension and
the nutrients absorption range of root, respectively. Therefore,
the interaction effect of Cd + Zn on root morphologywas most
pronounced in the distribution of RL and RSAwith different
root diameters (Figs. 1 and 2). In the present study, the total
RL and RSAwere mainly accounted for by roots with diam-
eters 0.1–0.4 mm in both populations of H. spectabile.
Moreover, the RL and RSA varied with population, the dose,
and ratio of Zn and Cd exposure. The RL and RSA for root
diameters 0.1–0.4 mm inHB1 showed a decreasing trend with

increase in Cd and Zn stress, while the decreasing trend is
relatively less on those of HB2 especially at low level of Cd
and Zn. In addition, the interaction of Cd and Zn showed little
additional toxicity effect on the RL and RSA of HB2 by
adding low level of Zn as compared with single Cd stress,
while addition of Zn significantly decreased root growth under
Cd stress in HB1. These results indicate that the root system of
HB2 might be more specialized in maintaining a large and
widely branched root system that is able to cope with the toxic
effects of Cd and Zn. This difference between the two
H. spectabile populations in response to Cd and Zn might be
ascribed to differences in plant hormones and exudates, con-
sequently affecting root morphology and metal uptake (Li
et al. 2009). Furthermore, the Cd/Zn showed lesser inhibitory
effect on RL and RSA of HB2 than HB1, which allowed HB2
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to preserve more root biomass available for Cd uptake, imply-
ing great potential for using HB2 in practical applications in
phytoremediation of soils polluted by heavy metals.

The combined effects of Cd and Zn on the uptake and
transport of the metals by plants are difficult to predict, despite
being an active research topic (Cheng et al. 2018). In the
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present study, we found a synergistic effect of Cd plus Zn on
Cd absorption by the roots in both populations of
H. spectabile. As Zn is an essential component of antioxidant
enzymes, adding Zn at low concentrations might decrease Cd-
induced oxidative stress by increasing antioxidative enzyme
activity in the roots (Balen et al. 2011; Hassan et al. 2005;
Taspinar et al. 2011). Nevertheless, excessive addition of Zn
aggravated the Cd-induced oxidative stress and enhanced root
membrane permeability, thereby increasing the Cd absorption
of the roots in H. spectabile (Cherif et al. 2011). In contrast to
the results of moderate level of Zn increased in some cases of
Cd concentrations of H. spectabile, Cd showed little effect on
Zn concentrations and even inhibited Zn absorption of HB2
(Table S1 and Table S2). Moreover, adding of 10-mg/L Zn
significantly increased the transfer factor of Cd from stem to
leaf of HB1, while significantly decreased that of HB2.
However, the opposite was observed for the transfer factor
of Cd from root to stem. That means that in HB1, addition
of Zn inhibited Cd transport from root to stem, while it facil-
itated that from stem to leaf, leading to increased Cd toxicity
in leaves and inhibition of leaf growth. The results might be
attributed, at least partly, to a relatively high level of Zn in the
stem accelerating the transport of Cd to the leaf. Cd and Zn in
protoplasts was proved to be compartmentalized in vacuoles,
as a result of the activity of Cd and Zn transporters at the
tonoplast, such as CAX, HMA, and CDF (Verbruggen et al.
2010). However, the vacuoles in the stem of HB1 might be
saturated with sequestered Zn, leading to the expression of
MTP1 being switched off, and so the excess Cd would be
more likely to be transferred to the leaf (Hendrik and
Kochian 2010). For HB2, in contrast, a low concentration of
Zn promoted Cd transport from root to stem, as well as
inhibited transfer into the leaf. It was reported that the trans-
location of Cd relies on the formation of complexes with
phytochelatins (Cd-PC) and their sequestration in the vacuole
of root cells, thereby limiting Cd translocation (Hassan et al.
2005). However, moderate addition of Zn might compete with
Cd for PC to form Zn-PC complexes and thus increase the
amount of free Cd, ultimately facilitating Cd translocation
from root to stem (Sarwar et al. 2015). Furthermore, the sub-
stantial difference in Cd translocation between the two
H. spectabile populations under the combined stress of Cd
plus Zn might be attributed to a novel and specialized trans-
porter in the plasma membrane system that is induced by
addition of Zn (Li et al. 2009). Cd combinedwith Zn exhibited
an antagonistic effect on Zn uptake in both populations of
H. spectabile, and no difference was observed between the
two populations. This result was in agreement with a previous
report (Benáková et al. 2017). A possible reason for this effect
might be that Zn and Cd share a common transporter at the
root plasma membrane, which might have a higher affinity for
Cd than Zn, consequently restricting Zn translocation into the
root in the presence of Cd.

The effects of Cd and Zn, when in combination, were re-
ported to show very different impacts on plant growth, root
morphology characteristics, oxidative stress, and metal trans-
port and accumulation (Cheng et al. 2018; Cherif et al. 2011;
Cojocaru et al. 2016). The influence of Zn on Cd accumulation
of S. alfredii varied in different ecotypes: Zn significantly in-
creased Cd accumulation in a Cd/Zn hyperaccumulating eco-
type but decreased that of a non-hyperaccumulating ecotype (Li
et al. 2009). The results of the present study also showed obvi-
ous differences between the two populations ofH. spectabile in
response to the combined effect of Cd and Zn stress. A moder-
ate level of Zn significantly increased Cd accumulation in the
root and shoot of HB2, while it had little effect in HB1. In
contrast, a high concentration of Zn showed no significant in-
fluence on Cd accumulation in either H. spectabile population.
Therefore, not only the varietal differences but also the individ-
ual concentrations of Cd and Zn should be taken into account
when attempting to clarify the interactions of Cd and Zn
(Benáková et al. 2017). Furthermore, addition of Cd decreased
Zn accumulation in the root in both populations of
H. spectabile, whereas Zn accumulation in the root of HB2
was significantly higher than that of HB1 under the different
Cd or Zn treatments. A higher Zn content might contribute to
alleviating the oxidative stress induced by Cd and enhance Cd
tolerance (Aravind et al. 2009), consequently enabling the
higher Cd accumulation of HB2.

Conclusions

Our results indicated that the interactions of Cd and Zn in
H. spectabile depended on the different individual concentra-
tions of Cd and Zn as well as different populations, although
both two tested populations showed relative tolerance to high
levels of Cd and Zn. The HB2 population appears to be more
specialized than HB1 in maintaining normal root growth and
root morphological characteristics, enabling it to cope with the
toxic effects of Cd and Zn. The interactions of Cd and Zn not
only affected the absorption of Cd but also significantly af-
fected the accumulation of Cd in different tissues of
H. spectabile. A low level of Zn led to more Cd accumulating
in the stem of HB2, while it distributed more Cd in leaf and
root of HB1. We found strong positive interactions between
Zn and Cd on Cd accumulation by adding low level of Zn in
HB2, while it had little effect in HB1. In conclusion, HB2
showed great potential for application in phytoremediation
of soil contaminated with both Cd and Zn, warranting further
investigation under field condition.
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