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Abstract: In nature, plants are exposed to a range of climatic conditions. Those negatively impacting
plant growth and survival are called abiotic stresses. Although abiotic stresses have been extensively
studied separately, little is known about their interactions. Here, we investigate the impact of
long-term mild metal exposure on the cold acclimation of Salix viminalis roots using physiological,
transcriptomic, and proteomic approaches. We found that, while metal exposure significantly
affected plant morphology and physiology, it did not impede cold acclimation. Cold acclimation
alone increased glutathione content and glutathione reductase activity. It also resulted in the increase
in transcripts and proteins belonging to the heat-shock proteins and related to the energy metabolism.
Exposure to metals decreased antioxidant capacity but increased catalase and superoxide dismutase
activity. It also resulted in the overexpression of transcripts and proteins related to metal homeostasis,
protein folding, and the antioxidant machinery. The simultaneous exposure to both stressors resulted
in effects that were not the simple addition of the effects of both stressors taken separately. At
the antioxidant level, the response to both stressors was like the response to metals alone. While
this should have led to a reduction of frost tolerance, this was not observed. The impact of the
simultaneous exposure to metals and cold acclimation on the transcriptome was unique, while at the
proteomic level the cold acclimation component seemed to be dominant. Some genes and proteins
displayed positive interaction patterns. These genes and proteins were related to the mitigation and
reparation of oxidative damage, sugar catabolism, and the production of lignans, trehalose, and
raffinose. Interestingly, none of these genes and proteins belonged to the traditional ROS homeostasis
system. These results highlight the importance of the under-studied role of lignans and the ROS
damage repair and removal system in plants simultaneously exposed to multiple stressors.

Keywords: abiotic stress; heavy metals; frost; transcriptomics; proteomics; antioxidant system;
integrative biology

1. Introduction

As sessile organisms, plants are exposed to changing environmental conditions. When
these environmental conditions negatively impact plant growth and primary production,
they are called abiotic stresses [1].

To cope with adverse conditions, plants have evolved a wide network of molecular
mechanisms that allow them to respond to stress by adjusting their metabolism [2]. These
metabolic changes are made possible by fine-tuning gene transcription and protein abun-
dance and activity. During the last few decades, substantial progress has been made in
the identification of stress-related genes and proteins and uncyphering the mechanisms
involved in stress responses. However, a large majority of these studies have been carried
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out in laboratories under controlled conditions. Under natural conditions, plants are sel-
domly exposed to one single stress at a time [3]. An increasing amount of evidence from
field and molecular studies have shown that plants respond to combinations of stresses in a
non-additive manner, resulting in interacting effects that cannot be predicted from studies
focusing on single stress exposure [3,4].

Another issue is the temporal scale and the degree of exposure used in stress-related
studies. For example, heavy metal stress-related studies often focus on short-term responses
with metal concentrations exceeding ecologically relevant concentrations [5]. However, it
has been observed that plants exposed to long-term heavy metal stress present a different
metabolic profile than plants exposed to acute stress [6].

Despite the specificity of stress responses at a gene and protein level, some common
processes have been observed in the response to different stresses, including the production
of reactive oxygen species (ROS) and the accumulation of hormones such as abscisic acid
(ABA) and jasmonic acid (JA). Among those, [4] identified the antioxidant defence machin-
ery as an underlying pathway leading to tolerance to stress combinations. Unravelling the
crosstalk existing between the responses to different stresses could pave the way to the
breeding of multiple-stress-resistant plants.

A few years ago, our team observed that Salix viminalis grown in pots in a soil polluted
by a mixture of heavy metals were more winter-tolerant than plants grown in unpolluted
soil (unpublished results). S. viminalis, known as basket willow, is a fast-growing pioneer-
ing shrub with a wide Eurasian distribution. When fully cold-acclimated, its twigs can
withstand up to −196 ◦C [7]. Given the extreme frost tolerance of its aboveground organs,
it was hypothesized that the difference in winter-tolerance was the consequence of an
increased frost-tolerance at the root level.

In this present study, we investigated how exposure to a mild polymetallic stress
was able to increase cold acclimation and frost hardiness in the roots of S. viminalis. Our
hypothesis was that the exposure of the roots to a low concentration of heavy metals would
prime its antioxidant system, resulting in higher antioxidative capacity, itself leading to a
higher root frost hardiness, in a way analogous to how cold priming alleviates acute metallic
stress [8]. In order to test this hypothesis, we characterised the long-term effects of exposure
to cold and a mild polymetallic contamination, combined and separate, at the transcriptome
and proteome level. We also measured the enzymatic activity and the concentration of
several compounds involved in redox homeostasis in the roots of S. viminalis. The aim of
the present study was to compare the effects of a mild polymetallic mixture and/or cold
acclimation on the antioxidant defence system, with an emphasis on systems displaying
interaction patterns.

2. Results
2.1. Plant Material

Plants were exposed to cold and/or a polymetallic mixture, resulting in four temperature–
polymetallic contamination combinations possible: control soil temperate (CT), control soil
cold acclimated (CC), metal-polluted soil temperate (MT), and metal-polluted soil cold
acclimated (MC).

Plants exposed to the polymetallic mixture were smaller and showed a sickly habit
(Figure 1). Their leaves were chlorotic, and some necrotic spots could be observed. In
addition, some of the older leaves dried on the plants. Upon cold exposure, plant growth
slowed down in plants cultivated in contaminated and uncontaminated soil. No further
growth was observed after three weeks of cold acclimation.
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Figure 1. Phenotype of Salix viminalis exposed to a polymetallic mixture and/or cold-acclimated. 

Plants were exposed to metals for two months before being cold-acclimated at 7 °C/5 °C for one 

month. 

2.1.1. Chlorophyll Fluorescence 

The chlorophyll fluorescence of young leaves was measured at several time points 

during the four weeks of cold exposure, and the Fv/Fm ratio was calculated. The Fv/Fm ratio 

of plants in the CT group stayed relatively stable, with an average value of 0.82 (Supple-

mentary Table S1). The Fv/Fm ratio of MT plants was lower, with an average value of 0.71, 

but it fluctuated more, as shown by its standard deviation of 0.15. 

Upon cold exposition, Fv/Fm values temporarily decreased in plants cultivated in con-

trol and polluted soil. The average Fv/Fm ratio of plants exposed to cold was 0.80 and 0.65 

for plants cultivated in control and polluted soil, respectively.  

The effects of cold and polymetallic exposure on the Fv/Fm ratio were assessed with a 

two-way ANOVA. The polymetallic exposure had a significant (p-value < 0.001) impact 

on the Fv/Fm ratio, but no effect of cold exposure (p-value = 0.340), sampling date (p-value 

= 0.456), or interaction between cold and polymetallic exposure (p-value = 0.590) could be 

detected.  

2.1.2. Root Frost Tolerance 

Cold acclimation significantly decreased root electrolyte leakage (REL) at −2 °C (two-

way ANOVA, p-value < 0.001). Indeed, while REL was over 75% in non-cold acclimated 

roots exposed to −2 °C, indicating that the roots were not frost-tolerant, it remained below 

40% for cold-acclimated roots (Supplementary Table S2). 

On the other hand, exposure to heavy metals (HM) did not significantly impact REL 

at −2 °C (two-way ANOVA, p-value = 0.228). However, it must be noted that exposure to 

HM reduced root growth and that material from only one plant could be harvested for 

plants at the control temperature, while only two biological replicates could be measured 

Figure 1. Phenotype of Salix viminalis exposed to a polymetallic mixture and/or cold-acclimated.
Plants were exposed to metals for two months before being cold-acclimated at 7 ◦C/5 ◦C for
one month.

2.1.1. Chlorophyll Fluorescence

The chlorophyll fluorescence of young leaves was measured at several time points
during the four weeks of cold exposure, and the Fv/Fm ratio was calculated. The Fv/Fm
ratio of plants in the CT group stayed relatively stable, with an average value of 0.82
(Supplementary Table S1). The Fv/Fm ratio of MT plants was lower, with an average value
of 0.71, but it fluctuated more, as shown by its standard deviation of 0.15.

Upon cold exposition, Fv/Fm values temporarily decreased in plants cultivated in
control and polluted soil. The average Fv/Fm ratio of plants exposed to cold was 0.80 and
0.65 for plants cultivated in control and polluted soil, respectively.

The effects of cold and polymetallic exposure on the Fv/Fm ratio were assessed
with a two-way ANOVA. The polymetallic exposure had a significant (p-value < 0.001)
impact on the Fv/Fm ratio, but no effect of cold exposure (p-value = 0.340), sampling date
(p-value = 0.456), or interaction between cold and polymetallic exposure (p-value = 0.590)
could be detected.

2.1.2. Root Frost Tolerance

Cold acclimation significantly decreased root electrolyte leakage (REL) at −2 ◦C
(two-way ANOVA, p-value < 0.001). Indeed, while REL was over 75% in non-cold accli-
mated roots exposed to −2 ◦C, indicating that the roots were not frost-tolerant, it remained
below 40% for cold-acclimated roots (Supplementary Table S2).

On the other hand, exposure to heavy metals (HM) did not significantly impact REL
at −2 ◦C (two-way ANOVA, p-value = 0.228). However, it must be noted that exposure
to HM reduced root growth and that material from only one plant could be harvested for
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plants at the control temperature, while only two biological replicates could be measured
for HM plants at low temperature. Although values for the latter measurements indicate
that combined exposure to cold and HM further decreased REL compared to cold alone, no
significant interaction could be detected (two-way ANOVA, p-value = 0.728). This needs to
be reassessed.

The effects of cold and polymetallic exposure were assessed with a two-way ANOVA.
The polymetallic exposure had a significant (p-value < 0.001) impact on the Fv/Fm ratio, but
no effect of cold exposure (p-value = 0.340), sampling date (p-value = 0.456), or interaction
between cold and polymetallic exposure (p-value = 0.590) could be detected.

2.2. Impact on the Antioxidant System
2.2.1. Antioxidant Capacity

Antioxidant capacity is divided into two components: the antioxidant capacity of the
hydrophilic fraction (containing glutathione, ascorbic acid, and flavonoids compounds)
and the antioxidant capacity of the lipophilic fraction (containing tocopherol, zeaxanthin,
and carotene, amongst others [9]). Of the three tested conditions, none significantly affect
the lipophilic antioxidant capacity (Figure 2, Table 1(1)). Nevertheless, cold-acclimated
samples tend to have a higher lipophilic antioxidant capacity, while metal exposure roots
have a lower lipophilic antioxidant capacity. In the hydrophilic fraction, metal exposure
has a significant negative impact on antioxidant capacity (Figure 2, Table 1(1)). On the other
hand, cold acclimation has no significant effect on the hydrophilic antioxidant capacity.
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Figure 2. Impact of cold acclimation and heavy metals on root antioxidant system. First row:
impact of cold and metals on the antioxidant capacity of the whole extract, hydrophilic fraction,
and lipophilic fraction. Second row: impact of cold and metals on the activity of catalase (CAT),
superoxide dismutase (SOD), and glutathione reductase (GR). Third row: impact of cold and metals
on total glutathione (GSH), reduced glutathione, oxidised glutathione (GSSG), and the fraction of
reduced glutathione.
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Table 1. Impact of cold acclimation and heavy metals on root antioxidant system.

(1)

Factor TAC Hydro. Lipo.

Temperature 0.175 0.366 0.157

Heavy metals 0.031 * 0.002 * 0.112

Interaction 0.84 0.668 0.914

(2)

Factor CAT SOD GR

Temperature 0.017 0.562 0.003 *

Heavy metals 0.004 * 0.015 * 0.446

Interaction 0.09 0.345 0.004 *

(3)

Factor GSH Tot. GSH Red. GSSG Perc. GSH

Temperature <0.001 * 0.007 * 0.0127 * 0.746

Heavy metals 0.258 0.529 0.1877 0.132

Interaction 0.723 0.704 0.939 0.58
Two-way ANOVA of the factors explaining antioxidative system variation. Values given are p-values. 1. Impact of
cold acclimation (CA) and heavy metals (HM) on total antioxidant capacity (TAC), antioxidant capacity of the
hydrophilic (Hydro.), and lipophilic (Lipo.) fractions. 2. Impact of CA and HM on catalase (CAT), superoxide
dismutase (SOD), and glutathione reductase (GSH) activity. 3. Impact of CA and HM on total glutathione (GSH
tot.), reduced glutathione (GSH red.), glutathione disulfide (GSSG) concentrations, and on the percentage of
reduced glutathione over total glutathione (Perc. GSH). *: statistically significant. p < 0.05

When the antioxidant capacity of both fractions was summed up, only metal exposure
has a significant and negative impact on the total antioxidant capacity (TAC) of the roots
(Figure 2, Table 1(1)). While cold increased the average TAC of the root samples, the high
variability observed makes this trend non-significant.

2.2.2. ROS Scavenging Enzymes Activity

The activity of three ROS scavenging enzymes was studied. (1) Catalase (CAT) activity
is significantly and negatively affected by cold acclimation, while it increases significantly
after exposure to heavy metals (Figure 2, Table 1(2)). The exposure to both conditions
simultaneously does not have any significant interaction effect on the CAT activity. (2) The
activity of glutathione reductase (GR) is not significantly affected by exposure to a single
stress, but simultaneous exposure has a significant interaction effect (Figure 2, Table 1(2)).
(3) Superoxide dismutase (SOD) activity is significantly and negatively affected by metals
(Figure 2, Table 1(2)), but not by cold acclimation.

2.2.3. Glutathione

As shown in Figure 2, cold acclimation has a strong and significant effect on the total
glutathione content. While metals tend to increase the total glutathione concentration, its
effect is non-significant.

Similar results can be observed for glutathione (GSH) and oxidized glutathione (GSSG)
(Figure 2, Table 1(3)). Cold acclimation significantly increases their concentration. However,
while metals also tend to increase GSSG content, they have the opposite effect on GSH.
Interestingly, no significant result could be observed for the ratio between oxidised and
total glutathione content (Figure 2, Table 1(3)), but metals tend to decrease the percentage
of reduced GSH.
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2.3. Transcriptomics
2.3.1. De Novo Transcriptome Assembly, Functional Annotation, and Mapping

The de novo transcriptome of S. viminalis was obtained by merging and assembling
the reads obtained by sequencing cDNA libraries of fine roots exposed to cold and/or a
polymetallic mixture.

A total of 607,614,886 of 150-base pair-sequence reads were obtained, with libraries
ranging from 40 to 57 million reads. After trimming and filtering, approximately 480 million
reads remained. The merging and filtering of the de novo assembled transcriptomes
generated 86,843 unique contigs. Of those, approximately 75% (64,173) were successfully
annotated using S. purpurea as reference. More than 75% of the filtered reads mapped back
to the de novo assembled transcriptome, indicating a good quality assembly [10]. Between
17% and 20% of the reads mapped to multiple contigs. This large proportion of reads
mapped to multiple contigs likely arises from the whole-genome duplication event, known
as the “salicoid” duplication, which occurred 58 Mya [11].

2.3.2. Differentially Expressed Genes

In order to determine differentially expressed genes (DEGs), the R-based package
edgeR (v. 3.28.1 [12]) was used. As recommended, low-expressed contigs were filtered out
because they have a low probability of playing a biological role and by necessity due to
statistical approximations used by the edgeR algorithm. The filtering threshold was fixed
at 0.5 counts per million (representing on average 20 counts per library) in at least three
libraries. After filtering, 43,169 contigs remained.

Multidimensional scaling analysis of the data resulted in a good separation of the
treatments (Figure 3a). Cold acclimation and exposure to metals appeared to have a distinct
effect on gene expression. Based on this analysis, the effect of exposure to both stresses
generated a distinct expression profile compared to the other conditions.
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Figure 3. (a) Multidimensional scaling plot of the top 500 most significant DEGs. (b) Venn diagram of
the DEGs in the three conditions investigated. Upper numbers are upregulated genes, lower numbers
are downregulated genes.

Of the 43,169 contigs analysed, 6722 contigs were differentially expressed (FDR-
adjusted p-value < 0.01) compared to the control in at least one of the conditions (Figure 3b).
In CC roots, 1059 and 457 transcripts were down- and upregulated; in MT roots, 3016 and
1321 transcripts were down- and upregulated; and in MC roots, 1233 and 1194 transcripts
were down- and upregulated. BLAST analysis of these 6722 unique contigs against the
TAIR database resulted in 3960 annotations. For these, a TAIR name was obtained.
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Only 67 contigs were significantly regulated at the intersection of the three conditions
(Figure 3b). From the three conditions, exposure to heavy metals impacted the expression of
the most genes (4337 genes up- or downregulated), followed by the simultaneous exposure
to the polymetallic mixture and cold acclimation (2427) and cold acclimation (1516). It
seems that cold acclimation reduced the impact of exposure to the polymetallic mixture on
gene expression.

2.3.3. Gene Ontology Analysis

In order to identify the ontologies most involved in each condition, a gene ontology
(GO) enrichment analysis was performed using clusterProfiler (v. 3.14.3 [13]). All three
conditions of interest showed significant GO term enrichment (p < 0.05) for genes both
down- and upregulated (Figure 4).
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Figure 4. Dot plot of gene ontology (GO) enrichment analysis relative to the CT condition showing
the five most over-represented biological processes for each category. Point size is determined by the
proportion of all transcripts within a category that were annotated with the GO term (GeneRatio).
Colours are based on the adjusted p-value of the enrichment analysis.

Using the 3960 contigs for which a GO annotation was obtained, the GO enrichment
analysis revealed that processes related to the response to sucrose, catabolism of organic
aromatic and cyclic compounds, and response to water deprivation were downregulated
in plants exposed to cold (Figure 4). Conversely, processes related to polysaccharide
catabolism were upregulated, along with mRNA metabolic processes.

In the roots of willows exposed to metals, processes related to the catabolism of organic
aromatic and cyclic compounds as well as responses to sucrose and processes related to
cell cycle regulation and gene silencing were downregulated. Upregulated GO terms were
associated with response to water deprivation, cell death, metal ion homeostasis, and
detoxification (Figure 4).

In plants exposed to both stresses, the GO terms that were significantly downregulated
corresponded to those downregulated by cold acclimation alone, with the addition of the
cell death GO term. Contrastingly, upregulated processes were similar to those upregu-
lated in willows exposed to single conditions. These processes were related to metal ion
homeostasis, carbohydrate catabolism, plant-type hypersensitive response, and cell death
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(Figure 4). Interestingly, when filtering GO terms to levels 6 and 7, it appeared that root
hair cell development was downregulated under all three conditions.

2.4. Proteomics

A total of 895 proteins (884 with TAIR annotation) were identified using our in-house
database and the criteria described in the Section 4. Of those, 390 proteins (387 with TAIR
annotation) were found to be significantly differentially abundant (absolute log FC ≥ 1.5
and FDR adjusted p-value ≤ 0.05).

In order to unravel the effect of cold acclimation and long-term polymetallic exposure
on the root proteome, these proteins were clustered. Protein abundance was normalised by
the average control abundance, then Eisen’s cosine as a distance metric was used, followed
by hierarchical clustering with complete linkage. Using a correlation threshold of 0.75,
seven clusters were obtained (Figure 5a).
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Figure 5. (a) Hierarchical clustering of proteins displaying interaction patterns. Clusters were made
by cutting at a correlation level of 0.75. For better visualisation, protein abundance was normalised
by the protein abundance of CT roots. For each condition, a technical replicate, whose name ends in
0, was made by mixing an equal protein amount of each biological replicate. (b) Dot plot of gene
ontology (GO) enrichment analysis showing the five most over-represented biological processes for
each protein cluster. Point size is determined by the proportion of all proteins within a cluster that
were annotated with the GO term (GeneRatio). Colours are based on the adjusted p-value of the
enrichment analysis.

Cluster 1 is composed of proteins that are downregulated in all conditions. Although
it is composed of only three proteins (NRT2.1, GAPDH C2, and a calcineurin-like metallo-
phosphoesterase protein), clusterProfiler determined that GO terms associated with re-
sponse to nitrate, gluconeogenesis, and cadmium (Cd) ions were significantly enriched in
this cluster (Figure 5b, Supplementary Figure S1).

Cluster 2 comprises proteins that are more abundant in MT roots but relatively stable in
CC and MC roots. GO terms associated with response to insects, and nucleobase-containing
small molecule metabolic processes, are enriched in this cluster (Supplementary Figure S2).

Opposite to cluster 2, cluster 3 is characterised by a lower protein abundance under MT
and an abundance close to the control level under CC and MC. Its GO terms can be divided
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into three distinct groups: those related to brassinosteroid biosynthetic processes, those
related to negative translation regulation, and those related to the proteasome catabolic
process (Supplementary Figure S3).

The abundance of proteins in cluster 4 was significantly increased under CC and
MC, while it decreased under MT. As shown in Figure 5b, GO terms related to response
to Cd, ribosome assembly, and metal ion homeostasis are significantly enriched in this
cluster. In addition, GO terms related to aromatic amino acid metabolism are also enriched
(Supplementary Figure S4).

Cluster 5 presents a similar abundance profile as cluster 4. It is characterised by GO
terms associated with response to Cd and ribosome assembly, but also to acetyl-CoA,
nucleotides, flavonoid and phenylpropanoid metabolism, translation elongation, and
proton transmembrane transport (Figure 5b and Supplementary Figure S5).

The abundance of proteins in cluster 6 remains relatively close to the control level.
In this cluster, GO terms related to protein refolding and amino acid metabolism are
significantly enriched. In addition, as shown in Supplementary Figure S6, GO terms related
to response to Cd, fatty acid metabolism, response to fungus, and glucose metabolism were
also enriched.

The proteins in cluster 7 have a positive interaction: while CC and MT roots have
protein abundance close to the control level, protein abundance in MC roots significantly
increases. GO terms enriched in this cluster can be divided into five groups: those related
to cold acclimation, response to Cd, response to ROS, phenylpropanoid metabolism, and
JA metabolism (Supplementary Figure S7).

3. Discussion

Salix viminalis can withstand various abiotic stresses, amongst which are exposure
to high concentrations of metals and freezing. In this study, cuttings of three-month-old
S. viminalis clones were exposed to either cold, a polymetallic mixture, or the combination
of both in a controlled environment to reduce experimental variation. Aboveground
organs were monitored during the cold exposure to evaluate the progression of the cold
acclimation process.

3.1. Impact of Cold Acclimation

Cold exposure was sufficient to reduce and even stop plant growth, as previously
observed in poplar [14], and Juniperus chinensis [15], amongst others. Although the Fv/Fm
reduction was significant, it was smaller than in poplar exposed to 4 ◦C [14]. The roots were
able to cold acclimate, as shown by the decrease in REL at −2 ◦C (Supplementary Table S2).
However, the gain in frost hardiness was lower than what has been reported previously [16].
This can originate from two factors. First, the plants used in this study were young cuttings
that had almost exclusively fine white roots. Younger plants tend to cold acclimate to a
lesser degree than older ones, and fine roots are more frost sensitive than coarse roots [17].
Second, to focus on the effect of cold, the photoperiod was kept at 16 h/8 h, while under
natural conditions the temperature decrease leading to cold acclimation coincides with a
reduction of the photoperiod. Although the photoperiod does not directly impact roots, it
could play a role in root cold acclimation by changing the source-sink relationship between
roots and aboveground organs [18].

Cold acclimation increased the abundance of various proteins (in clusters 4, 5, 6,
and 7 in Figure 5a). These include heat-shock proteins (HSP) 70 and 90, molecular
chaperones during cold stress; dehydrins and proteins related to polyamines synthesis
(S-adenosylmethionine synthetase), known to stabilise membranes and proteins during
cold stress; and peroxidase involved in ROS detoxification. Proteins related to the energy
metabolism, such as sucrose synthase, GAPDH, ATPase, and alcohol dehydrogenase, in-
creased in abundance. These proteins are more abundant in cold-exposed chicory roots [19]
and poplar [14], amongst others.
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Few studies focus on long-term cold-induced transcriptomic changes. However, GO
enrichment analysis is consistent with what is observed in previous studies. Starch and
polysaccharide catabolism GO terms were expected as cold acclimation is associated with
the conversion of starch into simple sugars [14,15,20]. Cold acclimation is also associated
with a transient increase in the basal metabolism followed by a reduction of it. GO terms re-
lated to “response to water” were expected, as an essential function of cold acclimation is to
mitigate upcoming frost-induced osmotic stress [16,21]. Although they play a predominant
role in cold acclimation [22,23], no CBFs (genes commonly linked to cold signalling) were
found in the DEGs. This might be because CBFs are highly induced upon cold perception
but gradually return to control levels as exposure time increases. Kreps et al. [24] observed
that CBF1, 2, and 3 were induced (respectively 2.5-fold, 22-fold, and 30-fold), in roots of
Arabidopsis thaliana 3 h after cold exposure, but only 0.73-fold, 2.5-fold, and 7-fold after 27 h.

Cold acclimation did not significantly increase CAT and SOD activity. This is contrary
to observations in the roots of cold acclimated Cichorium intybus [19], Triticum aestivum [25],
and Cicer arietinum [26]. Nevertheless, GR activity and GSH levels significantly increased
in cold acclimated roots (Figure 2), as observed in Pinus banksiana [27].

3.2. Impact of Long-Term Metal Exposure

Exposure to the polymetallic mixture strongly impacted plant growth and habit
(Figure 1). Plants exposed to metals were shorter and chlorotic, as previously observed
in multiple species [28–30]. The exposure to the polymetallic mixture also significantly
lowered Fv/Fm, consistent with what has been observed previously in the same clone [31]
and other Salix species [32].

Several protein families were more abundant in HM-exposed roots. These proteins,
grouped in clusters 2, 6, and 7 (Figure 5a), were involved in protein synthesis and folding
(HSPs 70 and 90 and ribosomal proteins), membrane transporters, SAM-related proteins,
and Kunitz trypsin inhibitors. All these proteins were already found to be more abundant
in poplar exposed to Cd for 56 days [28] and in various S. fragilis × alba clones exposed to
metal-contaminated sediments [32]. Sulphite reductase, involved in sulphate assimilation,
was also more abundant in MT roots. Sulphur compounds play an important role in miti-
gating various stresses, including metal stress, via their action on ROS detoxification and
metal chelation and sequestration [33]. Interestingly, some transcripts related to sulphate
assimilation were more abundant in MC roots than in MT roots and followed a positive
interaction pattern. Various sulphur assimilation-related proteins have been reported to
be more abundant in the roots of A. thaliana [34] and Triticum aestivum [35] under Cd
stress. Peroxidase, CAT, and glutathione-S-transferases were also more abundant in MT
roots, as previously reported in poplar [28]. Chromatin remodelling proteins (histones, TF
jumonji family protein, pds5-related proteins) were also more abundant in MT roots. The
accumulation of these proteins is consistent with the impact of metals on the expression of
the genes involved in the cell cycle and histone modification, as observed in the transcrip-
tomics analysis (Figure 4). Metals, and in particular Cd, are known to impact the cell cycle.
Monteiro et al. observed that the root cells of Lactuca sativa exposed to 1 µM Cd tended to
be blocked at the G2 checkpoint [36], and Hendrix et al. similarly observed that Cd inhibits
cell division and endoreduplication in the leaves of A. thaliana exposed to 5 µM Cd [37].
Several proteins involved in cell wall biosynthesis (cellulose synthase 1, 4, and 6, GPAT8)
were also more abundant. The cell wall can play a barrier role against Cd and reduce Cd
absorption and translocation, via Cd chelation, in several plant phyla [38,39].

GO terms associated with metal ion homeostasis, detoxication, cell death, and water
deprivation were enriched in MT roots. The first three terms are the direct consequence of
the toxicity of the polymetallic mixture and the different mechanisms used by the plant to
reduce the deleterious effects of exposure [33,40]. On the other hand, water deprivation is
often observed in metal-exposed plants and could be the result of the impact of metals on
root growth and aquaporins [39].
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Exposure to the polymetallic mixture significantly increased CAT and GR activity and
decreased SOD activity. A decrease in SOD activity was observed in Cd-exposed poplar [28],
where it was hypothesised to be due to a lower Cu and Zn uptake induced by Cd exposure.
However, in this study, Cu and Zn were also supplemented in the soil, indicating that the
reduction in SOD activity is not linked to a decreased availability of Cu and Zn. Smeets
et al. observed no significant variation in SOD activity in the roots of A. thaliana exposed
to Cd and/or Cu [41]. In addition, they observed that CAT activity was not significantly
influenced by the simultaneous exposure to Cd and Cu but that such exposure significantly
reduced GR activity, contrary to what was observed here. Conversely, Tauqeer et al. [42]
observed an increase in APX, CAT, POD, and SOD capacity in the roots of Alternanthera
bettzickiana exposed to Cd for eight weeks, although this tended to be lower after exposure
to 2 mM Cd than after exposure to 1 mM Cd. Similar results were observed in four cultivars
of alfalfa exposed to Zn [43]. This indicates that plants have different strategies to cope
with long-term metal stress. The exposure to metals also significantly reduced TAC, as
observed in Solanum tuberosum and Allium cepa grown in metal-contaminated soil [44]. This
decrease in TAC was not linked to reduced GSH levels as there is no difference in reduced
GSH concentration between CT and MT roots.

3.3. Simultaneous Exposure to Cold and Metals

The simultaneous exposure to cold and metals did not further decrease plant growth,
nor was there a further increase in chlorosis. In addition, no interaction effects could be
observed in Fv/Fm. Likewise, no increase in REL at 4 ◦C was observed, although metals
are known to increase electrolyte leakage via lipid peroxidation [42,45,46]. No significant
difference in REL at −2 ◦C between CC and MC could be observed. This contrasts with
what Talanova et al. [47] reported in Cd-exposed wheat. They observed that exposure to
Cd and cold significantly increases the frost hardiness of wheat leaves after one day, but
frost hardiness returned to control levels after three days.

Contrarily to what was hypothesized, the increased frost tolerance that was previously
observed in S. viminalis roots exposed to cold and the polymetallic mixture could not be
explained by a priming effect of heavy metals on the ROS detoxification capacity of the roots.
Indeed, based on the measures of the antioxidant system, it seems that the polymetallic
mixture impacted more strongly and more negatively the antioxidant system than cold
acclimation did (Figure 2). In addition, CAT, GR, GSH1, and GSH2 were not induced at
a transcriptomic or proteomic level, and while SOD transcripts were upregulated in MT
and MC roots, it did not result in an increase in SOD activity. Other processes that could
explain the increased frost hardiness were investigated.

Frost hardiness is a complex trait that can arise from multiple metabolic adaptations.
The most commonly proposed metabolic changes leading to increased frost hardiness are
(1) the increase in the concentration of small saccharides (glucose, fructose, and trehalose),
(2) modification of the cell wall, (3) an increase in the unsaturation of the membrane lipids,
(4) an increase in the activity of the ROS homeostasis machinery, and (5) the production of
protective molecules such as polyamines and dehydrins [21]. The potential impact of these
mechanisms on cold acclimation in the roots of plants exposed to a polymetallic mixture
will be assessed based on our transcriptomic, proteomic, and enzymatic activity results.

With the increase in the ROS homeostasis machinery being ruled out as a possible
explanation, we will now focus on the four remaining candidate processes related to frost
hardiness. Given the vast amount of data generated by this study, a special emphasis
will be placed on the interactions observed between cold acclimation and metal exposure.
Indeed, the impact of metals on roots being stronger on the antioxidant capacity than the
impact of cold acclimation, we wanted to find processes that could explain the recovery of
frost hardiness despite the strong negative impact of metals on ROS homeostasis. Several
nomenclatures to describe interaction patterns have been established; for the sake of clarity,
the one described by Rasmusen et al. [48] will be used.
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When looking at the transcriptome, different gene response patterns can be distin-
guished. These patterns are as follows: combinatorial (genes respond similarly for single
conditions but not when exposed to both), cancelled (genes respond to at least one condi-
tion, but there is no response when exposed to both conditions), prioritised (both single
conditions have an opposite effect and one response is prioritised when exposed to both
conditions), independent (one single and the simultaneous exposure lead to the same
response, the other condition does not influence gene response), and similar (all responses
are similar).

Similarly to what Rasmusen et al. [48] observed in Arabidopsis exposed to multiple
stresses, the cancelled, independent, and combinatorial responses were the most common,
representing 63.1%, 19.2%, and 16.3% of the DEGs, respectively. The cancelled pattern
corresponds to an antagonistic response at the expression level. Similarly, the prioritised
(0.4%) pattern reflects an antagonist response where the response to one stress is prioritised
over the other. Conversely, combinatorial and similar (1%) patterns represent positive
interactions in the responses to different stresses. Finally, the independent pattern is
observed in genes whose activation is entirely due to one stress and not the other. The
difference between the prevalence of the cancelled response in this study and what was
observed in Arabidopsis (30.6%) likely comes from a methodological difference. While
Rasmusen et al. [48] used the top 500 DEGs for the 11 conditions studied, we used all the
DEGs, even those with a low abundance. Once this difference is considered, our results are
in line with the results of Rasmusen et al. [48].

While a large proportion of the DEGs is specific to simultaneous exposure to both
metals and cold, no new biological process GO term arose in the GO analysis of the
transcriptome. Therefore, the combinatorial pattern was not observed at the GO level,
suggesting a high level of functional overlap at the gene level. Most GO terms had an
independent or similar pattern (present 9 and 4 times in the 30 most significant GO terms,
respectively). This is because most GO terms were enriched in only one of the single
exposure conditions.

The prioritised pattern was the least represented at the transcriptome level; however,
three GO terms displayed this pattern. Nine GO terms presented the cancelled expression
pattern. Interestingly, out of those, seven were downregulated by metals and upregulated
in the interaction group. Together, this indicates that while it is generally impossible
to predict the interaction pattern of a single transcript, at the functional level, based on
“biological process” GO terms, the predictability increases. Finally, four GO terms could
not be classified as they were found to be simultaneously up- and downregulated.

The relationship between correlated and anti-correlated genes and proteins exhibits a
similar pattern. While only five TAIR annotations were observed in both positively and
negatively correlated genes and proteins, most of the GO terms found in the negatively
correlated group were also found in the positively correlated group. Two exceptions to this
observation are the GO terms associated with protein folding and chemical homeostasis.

When applying the same classification pattern to the clustered proteomic data, the
following results were obtained: cluster 1 is similar, cluster 2 is independent, cluster 3 is
cancelled, clusters 4 and 5 are prioritised, and cluster 7 is combinatorial. Proteins in cluster
6 remain close to control values in all conditions but show significant differences between
the treatments; these do not show an interaction pattern. Generally, the proteome profile
of MC roots was closer to that of CC roots than that of MT roots. Indeed, both conditions
had similar protein abundance in clusters 1, 3, 4, 5, and 6, representing a total of 286 out
of 335 proteins (Figure 5a). This might partially explain why MC roots have REL values
similar to CC roots at −2 ◦C.

Several proteins were most abundant in roots simultaneously exposed to both stresses.
These proteins were found in clusters 4, 5, 6, and 7 (Figure 5a). Of those clusters, the last
is of particular interest as it shows a strong synergetic interaction pattern, indicating that
simultaneous exposure increased the abundance of these proteins more than expected from
a mere additive effect. These proteins are of interest as their overexpression could lead
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to plants more resistant to frost and heavy metals simultaneously. When looking at the
precise GO terms associated with this cluster (Supplementary Figure S7), five major groups
can be highlighted: cold acclimation (associated with response to water and carbohydrate
catabolic process), response to Cd, response to ROS, phenylpropanoid biosynthetic process,
and JA biosynthetic process.

The first two GO terms, cold acclimation and response to Cd, are responses to cold
and HM treatment, respectively. Since these proteins show a strong synergetic effect, they
could be important in the resistance to multiple stresses. The proteins associated with
the cold acclimation GO term were AT1G56070 (LOS, translation elongation factor 2-like
protein), AT1G20450 (ERD10, dehydrin), AT1G10760 (SEX1, α-glucan water dikinase), and
AT3G02360 (6PGD2, 6-phosphogluconate dehydrogenase). The proteins associated with
the response to the Cd ion GO term were AT1G56450 (PBG1, beta subunit G1 of the 20S
proteasome), AT3G48000 (ALDH2, aldehyde dehydrogenase), AT1G60710 (ATB2, aldo-keto
reductase), AT1G07920 (a protein belonging to the elongation factor-tu family), AT1G77120
(ADH1, alcohol dehydrogenase), and AT4G39230 (PCBER1, a phenylcoumaran benzylic
ether reductase).

The three remaining GO terms were associated with a more general abiotic stress
response. The first of those was the response to oxidative stress GO term. Initial disturbance
in the ROS homeostasis, followed by an increase in the ROS scavenging capacity, has been
observed in response to most abiotic stresses [49,50]. The five proteins associated with
this GO term were AT5G67400 (RHS19, a protein with expected peroxidase activity),
AT5G58400 (a peroxidase), AT3G13160 (RPPR3B, a ribosomal pentatricopeptide repeat
protein), AT1G77120 (ADH1, also related to cold acclimation), and AT2G06050 (OPR3, a
12-oxophytodienoate reductase, also involved in JA biosynthesis).

Similarly, the biosynthesis of JA has been observed as a response to multiple abiotic
stresses. Furthermore, the external application of JA increases plant resistance to chilling,
freezing, and heavy-metal stress, as reviewed [51]. The proteins associated with this GO
term were AT2G06050 (OPR3, also found in response to oxidative stress) and AT1G55020
(LOX1, a lipoxygenase catalysing the first step of JA biosynthesis).

The least-significant GO term, phenylpropanoid biosynthesis, has also been observed
in response to several stresses, including cold [52] and heavy metals [53]. The proteins
linked to this GO term were AT3G13610 (F6’H1, an oxoglutarate-dependent dioxygenase),
AT4G39230 (PCBER1, also found in response to Cd), AT3G53480 (ABC G3, an auxin
transporter involved in the export of phenolic compounds), and AT1G64160 (DIR5, a
protein involved in the synthesis of pinoresinol). Gutsch et al. observed that the cell wall
proteome of M. sativa exposed to long-term Cd exposure is enriched in proteins related to
the phenylpropanoid pathway and lignification [54]. However, they also observed that
while the phenylpropanoid pathway was induced in alfalfa stems exposed to long-term Cd,
this resulted in the accumulation of secondary metabolites, such as lignan and flavonoids,
rather than in increased lignification [54]. In this current study, the synthesis of lignans
seemed to be favoured, as shown by the overabundance of PCBER1 and DIR5. PCBER1 is
known to be abundant in the xylem of poplar [55] and DIR proteins could play a role in the
lignification of casparian strips [56]. In addition, based on our transcriptomics data, the
genes involved in the first steps of the phenylpropanoid pathway were not upregulated in
MC roots. However, the first two genes involved in the flavonoid biosynthetic pathway
(CHS and CHI) were downregulated while the genes leading to the formations of lignans
(including HCT, CAD, PCBER1, and DIR5) were upregulated. Altogether, this indicates a
shift from the biosynthesis of flavonoids toward the production of lignans.

Of the five tolerance mechanisms mentioned above, four have been encountered in
the presented data so far: the adaptation of the ROS homeostasis machinery, the modi-
fication of the cell wall (potentially via PCBER1 and DIR5), the production of protective
molecules including dehydrins (ERD10), and small saccharides (through SEX1 and 6PGD2).
Interestingly, transcript coding for raffinose synthesis (DIN10 and SIP1), an oligosaccharide
whose accumulation is related to root frost hardiness in alfalfa [57], were found to be more
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abundant in MC roots, while they were downregulated in the roots exposed to the other
treatments, although the difference was non-significant. A similar pattern was observed in
the transcripts coding for trehalose-6-phosphate synthase (TPS) and trehalose-6-phosphate
phosphatase (TPP). These are involved in the production of trehalose, a disaccharide with
strong frost-protecting effects [21].

In addition to these mechanisms, more general stress responses were observed in
the proteome data, namely the accumulation of the 20S proteasome subunit, HSP 90, and
translation elongation factors. 20S proteasome is involved in ubiquitin-independent protein
degradation and plays an important role during oxidative stress [58]. HSPs are molecular
chaperones that prevent protein misfolding. They are known to be important in multiple
stresses, including cold and heavy metals [59]. Finally, translation elongation factors
function in protein synthesis, but they also have chaperone activity and participate in the
26S proteasome [60,61]. All these proteins support the importance of the protein repair and
removal mechanisms during multiple stress exposure, leading to increased ROS burden, as
highlighted by Mittler [49]. Furthermore, transcripts related to sulphate assimilation were
also found to be more abundant in MC roots and followed a positive interaction pattern.
As mentioned above, sulphur compounds are known to play an important role in several
stress-tolerance mechanisms [33].

4. Materials and Methods
4.1. Plant Materials

Cuttings of 10 cm from one individual S. viminalis were rooted in containers filled with
a mix of 25 kg of potting soil and 17.5 kg sand under a controlled environment (23/20 ◦C,
60% relative humidity, 16/8 h photoperiod). After three weeks, plantlets were transferred
to individual pots. Half of those pots contained soil that had been spiked with a mixture of
heavy metals provided in the form of metal chlorides (final concentrations of 1.5 mg/kg
of dry soil Cd, 175 mg/kg of dry soil Cu, 30 mg/kg of dry soil Ni, 500 mg/kg of dry soil
Zn). After 40 days, half of the plants were randomly chosen and cold-acclimated (7/5 ◦C,
60% relative humidity, 16/8 h photoperiod), while the remaining plants were kept under
control conditions. A total of four temperature–polymetallic contamination combinations
were obtained, namely control soil temperate, control soil cold acclimated, metal-polluted
soil temperate, and metal-polluted soil cold acclimated. Three biological replicates per
stress combination were analysed. During the four weeks of cold treatment, chlorophyll
fluorescence was measured at several time points, and the Fv/Fm ratio was calculated.
After four weeks, plants were uprooted and the roots were rinsed. Approximately one
gram of roots was used to determine root frost tolerance and the remaining was snap-frozen
in liquid nitrogen and stored at −80 ◦C until subsequent use.

Root frost tolerance was assessed using root electrolyte leakage [62]. Briefly, for each
biological replicate roots were washed using Elix-purified water, divided into five (100 to
350 mg), and placed into capped test tubes, and a drop of Elix-purified water was added
to prevent desiccation and supercooling. For each biological replicate, one sample was
kept at 4 ◦C and the remaining were exposed to 0 ◦C for 2 h. After that, the temperature
was decreased at a rate of 5 ◦C h−1 to a minimum temperature of −10 ◦C. After reaching
the selected temperature, the test tubes were removed and placed at 4 ◦C for thawing.
After 2 h thawing, each tube was supplemented with 12 mL of Elix-purified water and
left overnight at room temperature on a shaker. The conductivity of the bathing solution
(E1) was measured using a conductivity probe (CyberScan CON 400, Eutech Instrument,
Thermo Scientific, Villebon-Sur-Yvette, France). Root samples were then autoclaved at
121 ◦C for 10 min, and the conductivity of the bathing solution (E2) was re-measured the
next day. The electrical conductivity of the Elix-purified water was also measured (E0).
Root electrolyte leakage was calculated as:

REL =
E1 − E0
E2 − E0



Int. J. Mol. Sci. 2024, 25, 1545 15 of 21

4.2. Impact on the Antioxidant System
4.2.1. Antioxidant Capacity

Analysis of the antioxidant capacity was performed using the ferric-reducing antioxi-
dant power (FRAP) assay on hydrophilic and lipophilic fractions [63]. Briefly, 1 mL of 80%
extraction buffer was added to 75 mg finely ground roots, vortexed, placed on ice, and
centrifuged (18,000× g, 30 min, 4 ◦C). Antioxidant capacity was measure at 593 nm after
10 min, using TPTZ (2,4,6 Tris (2 pyridyl) s-triazine) as a substrate and trolox (6 Hydroxy-
2,5,7,8 tetramethylchrommane-2-carboxylic acid) as a standard. Total antioxidant capacity
was calculated as the sum of the hydrophilic and lipophilic fractions.

4.2.2. ROS Scavenging Enzymes Activity

The enzymatic activity of catalase, glutathione reductase, and superoxide dismutase
were determined spectrophotometrically. Briefly, approximately 100 mg of roots were finely
ground in liquid nitrogen and added to 2 mL of extraction buffer (0.1 M Tris-HCl at pH 7.8,
1 mM DTT, 1 mM EDTA). After homogenisation, samples were filtered and centrifugated
(10 min, 13,500× g, 4 ◦C). Enzyme activity was measured by colorimetry at 25 ◦C in the
supernatant. Catalase activity was measured as the rate of decomposition of hydrogen
peroxide during 10 min, measured at 240 nm, GR activity was measured at 340 nm based
on the reduction of GSSG using NADPH, and the activity of SOD was measured at 550 nm
using the xanthine/cytochrome c method [64].

4.2.3. Glutathione Redox Couples

Glutathione redox couples were measured by spectrophotometry, as described in [65].
Glutathione was extracted from finely ground roots under acidic conditions using 200 mM
HCl. Extracts were centrifuged (20,000× g, 10 min, 4 ◦C) and the pH of the supernatant was
brought to 4.5 using 200 mM of NaH2PO4. Each sample was separated into two fractions;
one of these was incubated with 2-vinylpyridine to determine GSSG concentrations. The
other was used for total glutathione concentration, determined using the kinetics of 5,5′-
dithiobis-(2-nitrobenzoic acid) reduction followed at 412 nm.

4.3. Transcriptomics
4.3.1. RNA Extraction, Library Preparation, Sequencing, and De Novo
Transcriptome Assembly

The precise procedure can be found in Supplementary Materials and Methods. Briefly,
root samples (250 mg) were ground into a fine powder using a mortar and pestle in liquid
nitrogen. Total RNA was extracted following a modified CTAB buffer extraction proto-
col [66] and cleaned using the RNeasy plant mini kit (Qiagen, Leusden, The Netherlands),
according to the manufacturer’s instructions, using an extra DNAse I treatment to remove
genomic DNA. RNA purity and quantity were assessed using a Nanodrop ND1000 spec-
trophotometer (Thermo Scientific) and total RNA integrity was assessed using the RNA
Nano 6000 assay (Agilent Technologies, Diegem, Belgium) and a 2100 Bioanalyzer (Agilent
Technologies). All RNAs had RIN above 7.

Libraries were prepared from 5 µg of total RNA using a SMARTer Stranded RNA-Seq
kit (Takara Bio Inc., Mountain View, CA, USA), following the manufacturer’s instructions.
After ligation of the cDNA to an Illumina Indexing Primer Set (Takara Bio Inc.), an enrich-
ment step was carried out using 13 cycles of PCR. The pooled libraries were sequenced on
an Illumina NextSeq500 (Illumina NextSeq 500/550 High Output Kit v2.5 (300 cycles)) to
generate 150 base-pair pair-end reads. Raw sequences have been deposited at the Gene
Expression omnibus as accession GSE218490. The generated FASTQ files were imported
into CLC Genomics Workbench v.11.0.1. Sequences were filtered and trimmed before
transcriptome assembly.

De novo assembly was performed using the CLC genomics Workbench (v. 11.0.1)
and Trinity [10,67], and the obtained assemblies were merged and filtered using cd-hit-
est [68,69]) and TransDecoder (v. 5.5.0, https://github.com/TransDecoder/TransDecoder,
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accessed on 19 October 2021). The thus-selected transcripts were blasted against the
annotated S. purpurea transcriptome (US Department of Energy Joint Genome Institute,
Berkeley, California, USA), obtained from Phytozome (v. 12.1 [70], https://phytozome.jgi.
doe.gov/, accessed on 19 October 2021). Top hit sequences were filtered at 10−5. Finally,
filtered reads were mapped against the de novo assembled transcriptome using the CLC
genomics Workbench. A summary of the result of these steps and their optimization can be
found in Supplementary Table S3.

4.3.2. Differentially Expressed Genes and Gene Ontology Analysis

To identify DEGs, count tables generated by CLC genomics were analysed using
edgeR after filtering out low-expressed transcripts (count per million < 0.5). Two statistical
models were used depending on the aim of the analysis. To detect DEGs, the following
model was used:

Direct effect = Condition of interest − CT

where Condition of interest is either CC, MT, or MC.
Genes were considered differentially expressed when the absolute value of their

adjusted fold-change was greater than 2 and their FDR-adjusted p-value was lower than
0.01. Gene ontology enrichment analysis was performed on DEGs using clusterProfiler to
highlight significantly regulated biological processes (FDR-adjusted p-value < 0.05).

4.4. Proteomics
4.4.1. Protein Extraction and Gel-Free Proteomics

Soluble protein extraction was carried out as described previously [71], with modi-
fications. The precise procedure can be found in Supplementary Materials and Methods.
An amount of 400 mg of root were powdered in liquid nitrogen, suspended in ice-cold
10% TCA in acetone with 0.07% DTT, and centrifuged. The pellets were washed thrice
with ice-cold acetone, dried, and resuspended in 1.4 mL SDS buffer/Tris-saturated phenol
(pH 8.0, 1:1 v/v). After centrifugation, 5 volumes of ice-cold 0.1 M ammonium acetate in
methanol were added to the upper phase. After 2 h at −20 ◦C, proteins were precipitated by
centrifugation and washed twice with ice-cold 0.1 M ammonium acetate in methanol and
twice with 80% ice-cold acetone before being dried. Dried samples were then re-solubilised
in labelling buffer. Protein concentration was determined with the Bradford method [72].

Total proteins were loaded and separated for a short time of migration on 1D gels
(Criterion, Bio-Rad, Temse, Belgium). Gels were stained with Instant Blue (Gentaur BVBA,
Kampenhout, Belgium). Each sample was divided into two halves (bands of A—high
molecular weight and B—low molecular weight), which were destained, reduced, alkylated,
and digested using trypsin. The peptides were analysed using a NanoLC 425 Eksigent
System (Sciex, Foster City, CA, USA) coupled to a TripleTOF 6600 mass spectrometer (Sciex).
A MS survey scan from 300 to 1250 m/z with 250 ms of accumulation time was followed by
30 MS/MS scans (mass range 100–1500 m/z).

4.4.2. Data Analysis

Raw data were imported into Progenesis QI for Proteomics data analysis software
(v. 4, Nonlinear Dynamics, Waters, Newcastle upon Tyne, UK). Spectra were processed
by Mascot (v. 2.6.0, Matrix Science, London, UK) by searching against a custom-built
database using our de novo-assembled transcriptome with the following search parameters:
peptide tolerance of 20 ppm; fragment mass tolerance of 0.5 Da; carbamidomethylation of
cysteine as fixed modification; and oxidation of methionine, N-terminal acetylation, and
tryptophan to kynurenine as variable modifications. Proteins identified with a confidence
of 95% were kept for further analysis. The fractions A and B were subsequently recombined.
Proteins were considered significantly different between conditions when there were at
least 2 significantly identified peptides per protein, of which one is unique, for the identified
protein, ANOVA p-value < 0.05 and a fold change > 1.5.
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The mass spectrometry proteomics data have been deposited at the ProteomeXchange
Consortium via the PRIDE [73] partner repository with the dataset identifiers PXD030968
and 10.6019/PXD030968.

5. Conclusions

Our study investigated the interactions in the responses of S. viminalis roots to cold
acclimation and/or exposure to a polymetallic mixture. The plants were exposed to
ecologically relevant temperatures and heavy metal concentrations, at a temporal scale
emphasising a long-term stress response.

While roots exposed to heavy metals are known to have a higher degree of electrolyte
leakage, simultaneous exposure to both stresses resulted in a root electrolyte leakage level
comparable to cold-acclimated roots. However, unlike the hypothesis that was the basis of
this work, the low root electrolyte leakage was not linked to a metal-priming effect on the
ROS scavenging capacity. Indeed, the antioxidant system of roots simultaneously exposed
to both stressors was highly similar to the one of roots exposed to the polymetallic mixture
alone. To understand how the roots simultaneously exposed to cold and a polymetallic
mixture were still able to increase their frost tolerance despite the reduced ROS scavenging
capacity, we studied their responses at the transcriptome and proteome level. A special
focus was put on genes and proteins displaying interactive patterns.

At the level of the individual genes, the impact of simultaneous exposure to both
stresses could not be predicted based on the analysis of the gene expression of roots exposed
to each stress alone, thereby confirming that the effects of exposure to multiple stresses
are not the mere addition of effects of single stresses. However, from a biological function
perspective, represented by biological process GO terms, a higher degree of predictability
is obtained. However, this observation requires further study and should include more
diverse stress treatments.

When looking at the proteome, cold acclimation appears to be the dominant deter-
minant in roots exposed to both conditions simultaneously. A cluster of 33 proteins was
of particular interest as their abundance increased in roots exposed to both conditions
simultaneously but was close to the control level in roots exposed to a single condition.
Roots simultaneously exposed to the two stressors also had a higher level of PCBER and
DIR5 (two proteins involved in the lignans biosynthetic pathway) and a lower level of
transcripts coding for CHS and CHI, the first two proteins involved in the isoflavonoid
biosynthetic pathway. This indicates a shift from the production of isoflavonoids towards
the production of lignans. In addition, two transcripts of the proteins involved in the
production of raffinose (DIN10 and SIP1) and two transcripts involved in the biosynthesis
of trehalose (TPS and TPP) had their level restored to the control level, although they were
downregulated in the roots exposed to cold and metals alone. Finally, the proteins involved
in the mitigation and repair of ROS damage during oxidative stress displayed a strong
synergetic interaction pattern. These proteins were HSP 90, two elongation factors, and
the beta subunit G1 of the 20S proteasome. This could indicate that roots simultaneously
exposed to cold and metals rely more on repairing frost-induced oxidative damage when
it occurs rather than going through long-term metabolic adjustment to avoid damage, as
is observed in the aboveground parts of Petunia × hybrida [74]. These proteins might be
specifically implicated in the tolerance to multiple stresses and could be targeted for further
characterisation and targeted breeding.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ijms25031545/s1.

Author Contributions: Conceptualization, V.A., J.-F.H., J.R., S.L., A.C. and K.S.; methodology, V.A.,
M.J., S.L., S.P. and K.S.; data acquisition, V.A., S.L., C.C.L., S.P. and M.J.; formal analysis, V.A., M.J.,
C.C.L., S.L. and S.P.; data curation, V.A., M.J., C.C.L. and S.L.; writing—original draft preparation,
V.A., A.C. and K.S.; writing—review and editing, all co-authors; supervision, A.C., K.S., J.-F.H. and



Int. J. Mol. Sci. 2024, 25, 1545 18 of 21

J.R.; project administration, A.C., J.-F.H. and K.S.; funding acquisition, V.A. and K.S. All authors have
read and agreed to the published version of the manuscript.

Funding: This work was funded by the Luxembourg National Research Fund (FNR) through the
project Xpress AFR PhD/17/SR 11634190.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Raw sequences from the transcriptome experiment have been submitted
at the Gene Expression Omnibus as accession GSE218490. The mass spectrometry proteomics data
have been deposited at the ProteomeXchange Consortium via the PRIDE [73] partner repository with
the dataset identifiers PXD030968 and 10.6019/PXD030968. All other data is either provided in the
text or as supplemental material.

Acknowledgments: The authors want to thank Aude Corvisy, Laurent Solinhac, and Ann Wijgaerds
for their technical assistance.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Lichtenthaler, H.K. The Stress Concept in Plants: An Introduction. Ann. N. Y. Acad. Sci. 1998, 851, 187–198. [CrossRef]
2. Zhu, J.K. Abiotic Stress Signaling and Responses in Plants. Cell 2016, 167, 313–324. [CrossRef]
3. Rizhsky, L.; Liang, H.; Shuman, J.; Shulaev, V.; Davletova, S.; Mittler, R. When Defense Pathways Collide. The Response of

Arabidopsis to a Combination of Drought and Heat Stress. Plant Physiol. 2004, 134, 1683–1696. [CrossRef]
4. Suzuki, N.; Rivero, R.M.; Shulaev, V.; Blumwald, E.; Mittler, R. Abiotic and Biotic Stress Combinations. New Phytol. 2014, 203,

32–43. [CrossRef]
5. Arruda, M.A.Z.; Azevedo, R.A. Metallomics and Chemical Speciation: Towards a Better Understanding of Metal-Induced Stress

in Plants. Ann. Appl. Biol. 2009, 155, 301–307. [CrossRef]
6. Hédiji, H.; Djebali, W.; Cabasson, C.; Maucourt, M.; Baldet, P.; Bertrand, A.; Boulila Zoghlami, L.; Deborde, C.; Moing, A.;

Brouquisse, R.; et al. Effects of Long-Term Cadmium Exposure on Growth and Metabolomic Profile of Tomato Plants. Ecotoxicol.
Environ. Saf. 2010, 73, 1965–1974. [CrossRef]

7. Burke, M.J.; Gusta, L.V.; Quamme, H.A.; Weiser, C.J.; Li, P.H. Freezing and Injury in Plants. Plant Physiol. 1976, 27, 507–528.
[CrossRef]

8. Hossain, M.A.; Li, Z.G.; Hoque, T.S.; Burritt, D.J.; Fujita, M.; Munné-Bosch, S. Heat or Cold Priming-Induced Cross-Tolerance to
Abiotic Stresses in Plants: Key Regulators and Possible Mechanisms. Protoplasma 2018, 255, 399–412. [CrossRef]

9. Bielen, A.; Remans, T.; Vangronsveld, J.; Cuypers, A. The Influence of Metal Stress on the Availability and Redox State of
Ascorbate, and Possible Interference with Its Cellular Functions. Int. J. Mol. Sci. 2013, 14, 6382–6413. [CrossRef]

10. Haas, B.J.; Papanicolaou, A.; Yassour, M.; Grabherr, M.; Blood, P.D.; Bowden, J.; Couger, M.B.; Eccles, D.; Li, B.; Lieber, M.; et al.
De Novo Transcript Sequence Reconstruction from RNA-Seq Using the Trinity Platform for Reference Generation and Analysis.
Nat. Protoc. 2013, 8, 1494–1512. [CrossRef]

11. Dai, X.; Hu, Q.; Cai, Q.; Feng, K.; Ye, N.; Tuskan, G.A.; Milne, R.; Chen, Y.; Wan, Z.; Wang, Z.; et al. The Willow Genome and
Divergent Evolution from Poplar after the Common Genome Duplication. Cell Res. 2014, 24, 1274–1277. [CrossRef]

12. Robinson, M.D.; McCarthy, D.J.; Smyth, G.K. EdgeR: A Bioconductor Package for Differential Expression Analysis of Digital
Gene Expression Data. Bioinformatics 2009, 26, 139–140. [CrossRef]

13. Yu, G.; Wang, L.G.; Han, Y.; He, Q.Y. ClusterProfiler: An R Package for Comparing Biological Themes among Gene Clusters. Omi.
A J. Integr. Biol. 2012, 16, 284–287. [CrossRef]

14. Renaut, J.; Lutts, S.; Hoffmann, L.; Hausman, J.F. Responses of Poplar to Chilling Temperatures: Proteomic and Physiological
Aspects. Plant Biol. 2004, 6, 81–90. [CrossRef]

15. Bigras, F.J.; Paquin, R.; Rioux, J.A.; Therrien, H.P. Influence de La Photopériode et de La Température Sur l’évolution de La
Tolérance Au Gel, de La Croissance et de La Teneur En Eau, Sucres, Amidon et Proline Des Rameaux et Des Racines de Genévrier
(Juniperus Chinensis L. ’Pfitzerana’). Can. J. For. Res. 1989, 69, 305–316. [CrossRef]

16. Sakai, A.; Larcher, W. (Eds.) Frost Survival of Plants: Responses and Adaptation to Freezing Stress; Sakai, A.; Larcher, W. (Eds.)
Springer Science & Business Media: Berlin, Germany, 2012; ISBN 9783642717475.

17. Ryyppö, A.; Repo, T.; Vapaavuori, E. Development of Freezing Tolerance in Roots and Shoots of Scots Pine Seedlings at
Nonfreezing Temperatures. Can. J. For. Res. 1998, 28, 557–565. [CrossRef]

18. Smit-Spinks, B.; Swanson, B.T.; Markhart III, A.H. Effect of Photoperiod and Thermoperiod on Cold Acclimation and Growth of
Pinus Sylvestris. Can. J. For. Res. 1985, 15, 453–460. [CrossRef]

19. Degand, H.; Faber, A.M.; Dauchot, N.; Mingeot, D.; Watillon, B.; Van Cutsem, P.; Morsomme, P.; Boutry, M. Proteomic Analysis of
Chicory Root Identifies Proteins Typically Involved in Cold Acclimation. Proteomics 2009, 9, 2903–2907. [CrossRef] [PubMed]



Int. J. Mol. Sci. 2024, 25, 1545 19 of 21

20. Regier, N.; Streb, S.; Zeeman, S.C.; Frey, B. Seasonal Changes in Starch and Sugar Content of Poplar (Populus Deltoides × Nigra Cv.
Dorskamp) and the Impact of Stem Girdling on Carbohydrate Allocation to Roots. Tree Physiol. 2010, 30, 979–987. [CrossRef]
[PubMed]

21. Ambroise, V.; Legay, S.; Guerriero, G.; Hausman, J.F.; Cuypers, A.; Sergeant, K. The Roots of Plant Frost Hardiness and Tolerance.
Plant Cell Physiol. 2020, 61, 3–20. [CrossRef] [PubMed]

22. Jia, Y.; Ding, Y.; Shi, Y.; Zhang, X.; Gong, Z.; Yang, S. The Cbfs Triple Mutants Reveal the Essential Functions of CBFs in Cold
Acclimation and Allow the Definition of CBF Regulons in Arabidopsis. New Phytol. 2016, 212, 345–353. [CrossRef] [PubMed]

23. Park, S.; Gilmour, S.J.; Grumet, R.; Thomashow, M.F. CBF-Dependent and CBF-Independent Regulatory Pathways Contribute to
the Differences in Freezing Tolerance and Cold-Regulated Gene Expression of Two Arabidopsis Ecotypes Locally Adapted to Sites
in Sweden and Italy. PLoS One 2018, 13, e0207723. [CrossRef] [PubMed]

24. Kreps, J.A.; Wu, Y.; Chang, H.; Zhu, T.; Wang, X.; Harper, J.F.; Mesa, T.; Row, M.; Diego, S.; California, J.A.K.; et al. Transcriptome
Changes for Arabidopsis in Response to Salt, Osmotic, and Cold Stress. Plant Physiol. 2002, 130, 2129–2141. [CrossRef] [PubMed]

25. Scebba, F.; Sebastiani, L.; Vitagliano, C. Protective Enzymes against Activated Oxygen Species in Wheat (Triticum Aestivum L.)
Seedlings: Responses to Cold Acclimation. J. Plant Physiol. 1999, 155, 762–768. [CrossRef]

26. Nayyar, H.; Chander, S. Protective Effects of Polyamines against Oxidative Stress Induced by Water and Cold Stress in Chickpea.
J. Agron. Crop Sci. 2004, 190, 335–365. [CrossRef]

27. Zhao, S.; Blumwald, E. Changes in Oxidation-Redution State and Antioxidant Enzymes in the Root of Jack Pine Seeding during
Cold Acclimation. Physiol. Plant. 1998, 104, 134–142. [CrossRef]

28. Kieffer, P.; Dommes, J.; Hoffmann, L.; Hausman, J.F.; Renaut, J. Quantitative Changes in Protein Expression of Cadmium-Exposed
Poplar Plants. Proteomics 2008, 8, 2514–2530. [CrossRef]

29. Luo, Z.B.; He, J.; Polle, A.; Rennenberg, H. Heavy Metal Accumulation and Signal Transduction in Herbaceous and Woody Plants:
Paving the Way for Enhancing Phytoremediation Efficiency. Biotechnol. Adv. 2016, 34, 1131–1148. [CrossRef]

30. Di Baccio, D.; Galla, G.; Bracci, T.; Andreucci, A.; Barcaccia, G.; Tognetti, R.; Sebastiani, L. Transcriptome Analyses of
Populus × Euramericana Clone I-214 Leaves Exposed to Excess Zinc. Tree Physiol. 2011, 31, 1293–1308. [CrossRef]

31. Ambroise, V.; Legay, S.; Guerriero, G.; Hausman, J.F.; Cuypers, A.; Sergeant, K. Selection of Appropriate Reference Genes for
Gene Expression Analysis under Abiotic Stresses in Salix Viminalis. Int. J. Mol. Sci. 2019, 20, 4210. [CrossRef]

32. Evlard, A.; Sergeant, K.; Ferrandis, S.; Printz, B.; Renaut, J.; Guignard, C.; Paul, R.; Hausman, J.F.; Campanella, B. Physiological
and Proteomic Responses of Different Willow Clones (Salix Fragilis × Alba) Exposed to Dredged Sediment Contaminated by
Heavy Metals. Int. J. Phytoremediation 2014, 16, 1148–1169. [CrossRef] [PubMed]

33. Samanta, S.; Singh, A.; Roychoudhury, A. Involvement of Sulfur in the Regulation of Abiotic Stress Tolerance in Plants. In
Protective chemical agents in the amelioration of plant abiotic stress: Biochemical and Molecular Perspectives; Wiley: Hoboken, NJ, USA,
2020; pp. 437–466.

34. Howarth, J.R.; Domínguez-Solís, J.R.; Gutiérrez-Alcalá, G.; Wray, J.L.; Romero, L.C.; Gotor, C. The Serine Acetyltransferase Gene
Family in Arabidopsis Thaliana and the Regulation of Its Expression by Cadmium. Plant Mol. Biol. 2003, 51, 589–598. [CrossRef]
[PubMed]

35. Khan, N.A.; Samiullah; Singh, S.; Nazar, R. Activities of Antioxidative Enzymes, Sulphur Assimilation, Photosynthetic Activity
and Growth of Wheat (Triticum Aestivum) Cultivars Differing in Yield Potential under Cadmium Stress. J. Agron. Crop Sci. 2007,
193, 435–444. [CrossRef]

36. Monteiro, C.; Conceicao, S.; Pinho, S.; Oliveira, H.; Pedrosa, T.; Dias, M.C. Cadmium-Induced Cyto- and Genotoxicity Are
Organ-Dependent in Lettuce. Chem. Res. Toxicol. 2012, 25, 1423–1434. [CrossRef] [PubMed]

37. Hendrix, S.; Keunen, E.; Mertens, A.I.G.; Beemster, G.T.S.; Vangronsveld, J.; Cuypers, A. Cell Cycle Regulation in Different Leaves
of Arabidopsis Thaliana Plants Grown under Control and Cadmium-Exposed Conditions. Environ. Exp. Bot. 2018, 155, 441–452.
[CrossRef]

38. Le Gall, H.; Philippe, F.; Domon, J.M.; Gillet, F.; Pelloux, J.; Rayon, C. Cell Wall Metabolism in Response to Abiotic Stress. Plants
2015, 4, 112–166. [CrossRef]

39. Poschenrieder, C.; Barceló, J. Water Relations in Heavy Metal Stressed Plants. In Heavy Metal Stress in Plants; Springer: Berlin,
Heidelberg, 1999; pp. 207–229.

40. Cortés-Eslava, J.; Gómez-Arroyo, S.; Risueño, M.C.; Testillano, P.S. The Effects of Organophosphorus Insecticides and Heavy
Metals on DNA Damage and Programmed Cell Death in Two Plant Models. Environ. Pollut. 2018, 240, 77–86. [CrossRef]

41. Smeets, K.; Opdenakker, K.; Remans, T.; Van Sanden, S.; Van Belleghem, F.; Semane, B.; Horemans, N.; Guisez, Y.; Vangronsveld,
J.; Cuypers, A. Oxidative Stress-Related Responses at Transcriptional and Enzymatic Levels after Exposure to Cd or Cu in a
Multipollution Context. Plant Physiol. 2009, 166, 1982–1992. [CrossRef]

42. Tauqeer, H.M.; Ali, S.; Rizwan, M.; Ali, Q.; Saeed, R.; Iftikhar, U.; Ahmad, R.; Farid, M.; Abbasi, G.H. Phytoremediation of Heavy
Metals by Alternanthera Bettzickiana: Growth and Physiological Response. Ecotoxicol. Environ. Saf. 2016, 126, 138–146. [CrossRef]
[PubMed]

43. Dai, H.P.; Shan, C.J.; Zhao, H.; Li, J.C.; Jia, G.L.; Jiang, H.; Wu, S.Q.; Wang, Q. The Difference in Antioxidant Capacity of Four
Alfalfa Cultivars in Response to Zn. Ecotoxicol. Environ. Saf. 2015, 114, 312–317. [CrossRef] [PubMed]



Int. J. Mol. Sci. 2024, 25, 1545 20 of 21

44. Zeneli, L.; Daci-Ajvazi, M.; Daci, N.M.; Hoxha, D.; Shala, A. Environmental Pollution and Relationship between Total Antioxidant
Capacity and Heavy Metals (Pb, Cd, Zn, Mn, and Fe) in Solanum Tuberosum L. and Allium Cepa L. Hum. Ecol. Risk Assess. 2013, 19,
1618–1627. [CrossRef]
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