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Poplar (Populus spp.) is a tree species considered for the remediation of soil contaminated by metals, including zinc (Zn). To
improve poplar’s capacity for Zn assimilation and compartmentalization, it is necessary to understand the physiological and
biochemical mechanisms that enable these features as well as their regulation at the molecular level. We observed that the
molecular response of poplar roots to Zn excess overlapped with that activated by hypoxia. Therefore, we tested the effect of Zn
excess on hypoxia-sensing components and investigated the consequence of root hypoxia on poplar fitness and Zn accumulation
capacity. Our results suggest that high intracellular Zn concentrations mimic iron deficiency and inhibit the activity of the
oxygen sensors Plant Cysteine Oxidases, leading to the stabilization and activation of ERF-VII transcription factors, which are
key regulators of the molecular response to hypoxia. Remarkably, excess Zn and waterlogging similarly decreased poplar
growth and development. Simultaneous excess Zn and waterlogging did not exacerbate these parameters, although Zn
uptake was limited. This study unveils the contribution of the oxygen-sensing machinery to the Zn excess response in
poplar, which may be exploited to improve Zn tolerance and increase Zn accumulation capacity in plants.

Zinc (Zn) is the second most abundant transition
metal, after iron, in living organisms (Broadley et al.,
2007), where it is considered an essential micronutrient
required to complete the life cycle. In particular, Zn
is the only metal represented in all six enzyme clas-
ses (oxidoreductases, transferases, hydrolases, lyases,
isomerases, and ligases; Coleman, 1998; Broadley et al.,
2007; Bouain et al., 2014) and plays a structural, cata-
lytic, or cocatalytic role in more than 300 proteins
(Broadley et al., 2007; Ricachenevsky et al., 2015). Plants
acquire Zn from the soil as free Zn2+, whose availability
depends mainly on the soil composition and pH
(Bouain et al., 2014). Furthermore, some plant species

are able to release organic metal chelators in the rhi-
zosphere in order to take the metal up more efficiently
(Ricachenevsky et al., 2015). From the roots, Zn is dis-
tributed to stems and leaves through the xylematic flux
(Sinclair and Krämer, 2012). Although Zn levels in eu-
karyotic cells stand in the range of 100 mM, the con-
centration of free Zn2+ in the cytosol is usually
maintained below the nanomolar range, thus prevent-
ing interferencewithmetal-associated proteins (Sinclair
and Krämer, 2012). This tight control of Zn2+ concen-
tration is achieved through Zn high-affinity binding to
phytochelatins, metallothioneins, and organic acids in
the cytosol and through compartmentalization of this
metal into cell vacuoles (Broadley et al., 2007;
Ricachenevsky et al., 2015; Sharma et al., 2016).

Zn concentrations above 300 mg g21 induce visible
toxicity symptoms, including root and shoot growth
impairment, leaf chlorosis, and interference with P, Mg,
and Mn uptake (Broadley et al., 2007; Yadav, 2010). Zn
accumulates in soils and water as a consequence of
anthropogenic activities such as mining, smelting, and
fertilization with sewage sludge, thereby leading to Zn
contamination (Broadley et al., 2007; Yadav, 2010;
Sinclair and Krämer, 2012; Shi et al., 2015). Currently,
phytoremediation is a cost-effective technology to clean
up Zn-polluted soils, exploiting the natural capacity of
some plants to absorb and transport heavy metals from
the soil to the vegetative tissues (Pilon-Smits, 2005).
Among plants, Populus spp. (poplar) are among of the
most suitable for metal phytoremediation, due to their
rapid growth rate, large aboveground biomass, deep
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root penetration, and, depending on the species, the
ability to accumulate a broad range of metal concen-
trations (Shi et al., 2015). Depending on the cultivar,
poplar trees are either tolerant or sensitive to the excess
of heavy metals, which ultimately influences their ac-
cumulation capacity (Pajevi et al., 2016). In this work,
we selected two poplar species: Populus alba ‘Villa-
franca’ clone, which is comparatively Zn tolerant, and
the hybrid poplar Populus 3 canadensis (Populus del-
toides 3 Populus nigra) ‘I-214’ clone, which displays Zn
sensitivity (Romeo et al., 2014). The phenotypic re-
sponse of both varieties to Zn excess has been well
characterized previously (Di Baccio et al., 2003, 2005,
2009; Romeo et al., 2014, 2017).
Poplar trees thrive in several habitats from forests to

riparian ecosystems (Müller et al., 2013), the latter of
which are regularly flooded, and therefore, this tree
species is considered as waterlogging and flooding
tolerant (Kreuzwieser et al., 2002). Flooding is typi-
cally considered as a stress factor due to the reduction
of gas diffusion in water as compared with that in air.
Indeed, a drop in oxygen levels occurs in waterlogged
terrains, and it is exacerbated by competitive micro-
organism respiration (Sasidharan et al., 2018). Low
oxygen levels in the soil affect the development and
performance of roots, since the establishment of hy-
poxic conditions impairs mitochondrial respiration,
oxidation, and oxygenation processes (Kreuzwieser
et al., 2002), and consequently the fitness of the
whole plant.
The response of plants to low oxygen availability has

been extensively characterized and proposed to be
regulated by the concerted action of group VII Ethylene
Response Factors (ERF-VIIs) and Plant Cysteine Oxi-
dase (PCO) enzymes (Banti et al., 2013; vanDongen and
Licausi, 2015). Briefly, under normoxia, constitutively
expressed ERF-VIIs are constantly degraded by virtue
of a conserved N-terminal sequence (MCGGAI) that
acts as a degradation-stimulating domain, namely
N-degron (Gibbs et al., 2011; Licausi et al., 2011;
Varshavsky, 2019). In the presence of oxygen and nitric
oxide, oxidation of the exposed Cys in the ERF-VII
degron (Gibbs et al., 2014; Weits et al., 2014) generates a
potential substrate for arginylation by arginyl trans-
ferases (ATE) and subsequent polyubiquitination by
the E3 ubiquitin-ligase PROTEOLYSIS6 (PRT6; Graciet
and Wellmer, 2010). As a final result of these post-
transcriptional modifications, ERF-VIIs are targeted to
the 26S proteasome complex to be degraded. Cys oxi-
dation is catalyzed by oxygen-dependent PCOs so that
when oxygen availability decreases, PCO activity is
impaired and therefore the ERF-VIIs are stabilized,
leading to their accumulation in the nucleus, where
they regulate specific molecular responses to anaero-
biosis (Kosmacz et al., 2015; Gasch et al., 2016). In
Arabidopsis (Arabidopsis thaliana), two ERF-VII tran-
scription factors, namely RAP2.2 and RAP2.12, have
been shown to be required to activate this molecular
adaptation by binding to a conserved AAAACCA[G/
C][G/C]GC DNA element defined as the Hypoxia

Responsive Promoter Element (HRPE; Bui et al., 2015;
Gasch et al., 2016).
Interestingly, floodplain wetlands, which are com-

mon habitats for poplars, are more often contaminated
by heavy metals than dry soils, due to increased metal
availability from the soil (Abdullah, 2015). As a conse-
quence of ore extraction and processing in particular,
heavy metal residuals are often discharged into river
waters, and subsequent flood events can promote
remobilization of the metals and dispersal into the
surrounding areas (Ciszewski and Grygar, 2016).
Since flooding and metal contamination are often

joint environmental cues, the possibility to apply a
plant-based remediation approach must rely on species
that can adapt to both conditions. In this work, we in-
vestigated the overlap of the molecular response of
poplar roots to Zn excess and low-oxygen conditions.
We elucidated the potential of this genus to cope with a
combination of the two stresses from a molecular and
physiological perspective, in order to evaluate its fit-
ness and its performance regarding Zn accumulation.

RESULTS

Zn Excess Induces Low-Oxygen Gene Responses in
Poplar Roots

Themolecular response underlying the physiological
sensitivity of P. canadensis (‘I-214’ clone) to excess Zn
has been characterized by Ariani et al. (2015) through
an RNA sequencing analysis in roots. By looking at this
data set, we were struck by the apparently high oc-
currence of genes previously associated with the an-
aerobic response in different plant species. Inspired
by this, we carried out a thorough comparison of
the transcriptional response to Zn stress with that of
gray poplar (Populus 3 canescens) roots subjected to
prolonged waterlogging (Kreuzwieser et al., 2009), a
condition involving insufficient oxygen provision.
Thirty-nine percent of the 77 genes regulated by Zn
excess were also differentially expressed in the water-
logging data set. The expression pattern of these 30
Zn- and hypoxia-responsive genes in poplar seems to
follow the same regulation as their Arabidopsis ortho-
logs under hypoxic conditions (Licausi et al., 2010, 2011;
Fig. 1A; Supplemental Table S1). In particular, the
highest similarity in the transcriptional regulation pat-
tern between poplar and Arabidopsis was observed
among the up-regulated genes.
The overlap observed between the two transcrip-

tional adaptations could still be observed by looking at
a broader data set of poplar Zn-responsive genes
obtained by Ariani et al. (2015) and applying less
stringent parameters (x2 test, not corrected P value).
However, in this case, only 4% of the total Zn-related
genes (20 out of 502) responded also to low-oxygen
conditions (Fig. 1B; Supplemental Table S2).
Swapping perspective, we observed that 17 (35%)

genes of the 49 that constitute the core molecular
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response identified by Mustroph et al. (2009) were
regulated by Zn excess in poplar (Fig. 1C; Supplemental
Table S3).

Considered together, these observations inspired the
hypothesis that Zn excess, in addition to the activation
of mechanisms dedicated to metal homeostasis and
reactive oxygen species scavenging (Yadav, 2010), ei-
ther contributes to the reduction of oxygen availability
in poplar tissues or interferes with cell signaling to elicit
hypoxia-like responses at the transcript level. To ad-
dress this question, we compared the oxygen concen-
tration in the hydroponic solution where poplar plants
were subjected to Zn treatment or to control conditions
(Fig. 1D). The molecular oxygen dissolved in the two
solutions was not significantly different, suggesting
that Zn treatment itself did not increase oxygen con-
sumption in poplar roots.

To test whether the activation of anaerobic genes
under Zn stress is part of the stress symptoms man-
ifested by these plants or is rather activated to with-
stand high concentrations of this metal, we compared
the gene response to Zn excess in two poplar clones
characterized by different tolerance extent to this stress:
the P. canadensis ‘I-214’ used by Ariani et al. (2015) and
P. alba ‘Villafranca’, a poplar clone characterized as Zn

tolerant (Romeo et al., 2014). After 21 d of Zn treatment
(1 mM ZnSO4), we observed the induction of three hy-
poxia marker genes, namely Alcohol Dehydrogenase
(Pop_ADH), PCO (Pop_PCO), and Hypoxia Responsive
Attenuator1 (Pop_HRA1), in the roots of both clones
(Fig. 2; Supplemental Fig. 1). Moreover, the induction of
the Zn-stress marker gene ZRT, IRT-like Protein2
(Pop_ZIP2) confirmed the effectiveness of the treatment
(Fig. 2). Since the induction of anaerobic genes did not
show a clear difference between the tolerant and in-
tolerant clones, we favored the hypothesis of poplar
activating hypoxic genes as a generic response to Zn
excess.

The ERF-VII Pop_ERFB2-1 Can Activate
Hypoxia-Responsive Genes in Poplar

Since the molecular response to low oxygen levels in
Arabidopsis has been shown to mainly rely on the ERF-
VII transcription factors RAP2.2 and RAP2.12 (Bui
et al., 2015; Gasch et al., 2016), we further evaluated
whether similar transcriptional regulators are respon-
sible for the observed molecular response to hypoxia
under Zn stress in poplar. A systematic comparison of

Figure 1. Molecular response to Zn
overlaps with low-oxygen transcrip-
tion regulation in poplar. A, Heat map
showing common differentially ex-
pressed genes (DEGs) in poplar roots
under 1 mM Zn(NO3)2 (Ariani et al.,
2015; data set defined by x2 test,
Bonferroni corrected P , 0.1) and
those genes altered after 168 h of soil
hypoxia (Kreuzwieser et al., 2009)
compared with their Arabidopsis
orthologs after 1.5 or 4 h of hypoxia
(1% [v/v] oxygen/N2; Licausi et al.,
2010, 2011). Red indicates hypoxia
core genes. B, Percentage of hypoxia-
affected genes identified among the
total Zn DEGs (Ariani et al., 2015; data
set defined by x2 test, not corrected P
value). C, Percentage of Zn-regulated
genes in poplar that are also part of
the core hypoxia-response genes. D,
Oxygen concentration (% v/v) mea-
sured in the hydroponic solution under
control and 1mM ZnSO4 conditions for
7 d. Data are presented as means 6 SD

(n = 150).
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the ERF-VIIs from Arabidopsis (Licausi et al., 2010) and
Populus trichocarpa (Zhuang et al., 2008) in terms of
amino acid sequence occurrence and position of con-
served motifs (CMVII) identified by Nakano et al.
(2006) allowed us to identify the relatedness between
different group members (Fig. 3A). PtERFB2-1 was se-
lected as the closest ortholog of AtRAP2.2-12, due to
its high sequence similarity to the Arabidopsis tran-
scription factors accompanied by the occurrence of
eight out of nine CMVIIs (Supplemental Fig. S2;
Supplemental File S1). Furthermore, we assessed the
transcriptional regulation of ERF-VII in poplar roots
under anoxic conditions and observed that Pop_ERFB2-
1/Pop_ERFB2/Pop_ERFB3/Pop_ERFB4 and Pop_ERFB2-
5/Pop_ERFB6 followed the same expression pattern as
AtRAP2.2-12-3 and HRE1-2, respectively (Licausi et al.,
2010; Fig 3B; Supplemental Table S4).

To verifywhether Pop_ERFB2-1 can actually regulate
hypoxia-responsive genes in poplar, we assessed its
ability to regulate a synthetic promoter bearing a five-
time-repeated HRPE (5xHRPE; Gasch et al., 2016),
whichwas also identified in the genomic regionupstreamof
the poplar anaerobic genes assessed before (Supplemental
Fig. S3). To this end, we transfected poplar mesophyll pro-
toplasts with a 35S:GFP:Pop_ERFB2-1 cassette and a re-
porter plasmid carrying the 5xHRPE synthetic
promoter fused to the firefly (Photinus pyralis) luciferase
(PpFluc) gene (Fig. 3C), whereby luminescence was
measured as a readout of promoter activation. The
PpFluc activity was normalized over that of sea pansy
(Renilla reniformis) luciferase (35S:RrLuc) encoded by
the same reporter vector. GFP:Pop_ERFB2-1 was in-
deed able to strongly activate the 5xHRPE promoter in
poplar protoplasts (Fig. 3D). Remarkably, the relative
luciferase activity was significantly reduced when a
stabilized version of Arabidopsis RAP2.12, lacking
the first 13 amino acids, was cotransfected with the
same synthetic promoter in poplar protoplasts
(Fig. 3E). On the other hand, both stabilized forms
of Pop_ERFB2-1 and RAP2.12 were seen to induce
HRPE in Arabidopsis protoplasts (Fig. 3F). Thus, we
concluded that Pop_ERFB2-1 is likely accountable for
the induction of anaerobic genes in poplar, albeit the
transactivation capacity of ERF-VII from different
species relies on alternative protein partnership and
regulation.
We also attempted transgenic complementation of an

Arabidopsis pentuple T-DNA insertion mutant almost
entirely devoid of ERF-VII activity (Abbas et al., 2015;
Giuntoli et al., 2017), with consequent inhibition of the
transcriptional response to low-oxygen conditions. Al-
though the expression level of the Pop_ERFB2-1 was
confirmed in four independent transgenic lines by re-
verse transcription quantitative PCR (RT-qPCR), hy-
poxic gene expression induction after 6 h of hypoxia
(1% [v/v] oxygen) was not restored (Fig. 3G). There-
fore, the above results supported our hypothesis that
there is different regulation imposed onto ERF-VIIs and
their partners in poplar and Arabidopsis.

Pop_ERFB2-1 Stability Is Enhanced by Zn in Protoplasts

Bearing in mind that Zn excess in poplar alters the
expression of hypoxia-responsive genes, which are
likely under the control of Pop_ERFB2-1, we further
investigated whether Zn promoted the anaerobic re-
sponse through Pop_ERFB2-1. First, we measured
Pop_ERFB2-1 expression in poplar roots subjected to Zn
stress and observed that its transcriptional level did not
change over the course of the stress treatment
(Supplemental Fig. S4).
Similar to other ERF-VII proteins characterized by a

conserved N-terminal consensus, the stability of
Pop_ERFB2-1 protein is expected to be controlled by the
N-degron pathway. To test this assumption, we fused
the entire coding sequence (CDS) of Pop_ERFB2-1 to

Figure 2. Zn excess promotes the molecular response to low oxygen in
poplar. Induction of hypoxia (Pop_ADH, Pop_PCO, and Pop_HRA1)
and Zn (Pop_ZIP2) marker genes is shown in a Zn-sensitive (P. cana-
densis ‘I-214’ clone) and a Zn-tolerant (P. alba ‘Villafranca’ clone)
poplar species following 1 mM ZnSO4 treatment for 21 d. Data are
presented as means6 SD (n = 5); two-tailed Student’s t test: *, P, 0.05
and **, P , 0.01.
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PpLuc to generate a posttranscriptional reporter and
transfected a vector bearing this construct into Arabi-
dopsis protoplasts of the wild type and of mutants
lacking components of the N-degron pathway (ate1 ate2
and prt6). Here, higher relative luciferase activity was
measured in mutant protoplasts as compared with that
in wild-type protoplasts, suggesting increased stability
of the chimeric protein in the former cells (Fig. 4A).
Consequently, we investigated whether its constitutive
proteolysis is inhibited by exposure to Zn excess using a
transient transformation system based on poplar me-
sophyll protoplasts. First, we verified whether ERF-VII
activity is enhanced by Zn treatment also in this system
by looking at the activation of the synthetic reporter

pHRPE:PpLuc in the presence of 200 mM ZnSO4. Sixteen
hours of Zn supplementation was necessary to ob-
serve an increase in ERF-VII activity, whereas a short
exposure to high concentrations of this metal did not
affect its expression (Fig. 4B). Next, we used the same
Pop_ERFB2-1:PpLuc cassette to transfect poplar proto-
plasts supplemented with a range of Zn concentra-
tions spanning from 0 to 800 mM for 16 h (Fig. 4C). We
observed a significant increase in the luciferase activity
for Zn concentrations above 100 mM, showing that
Pop_ERFB2-1 protein stability was enhanced under Zn
excess in protoplasts. Comparably, a chimeric reporter,
consisting of the first 28 amino acids of AtRAP2.12
fused to the N terminus of PpLuc, was stabilized in

Figure 3. Characterization of the poplar ERF-VII protein, Pop_ERFB2-1. A, Phylogenetic relationship between Arabidopsis ERF-
VIIs and their closest poplar orthologs (Zhuang et al., 2008), generated from a multialignment processed via the maximum-
likelihood algorithm. The ERF-VII common motifs (CMVIIs) are shown on the right of each sequence. B, Heat map showing the
relative expression of Pop_ERFB2s under normoxic (21% [v/v] oxygen) and anoxic (0% [v/v] oxygen, 4 h) conditions in poplar
roots. C, Schematic representation of the experiment conducted to collect the data shown in D to F. D, Effect of D13RAP2.12 on
the synthetic hypoxia-responsive promoter fused to the firefly luciferase (pHRPE:PpLuc) in poplar protoplasts. Data are presented
as means6 SD (n = 4); **, P , 0.01, as calculated by two-tailed Student’s t test. E, Effect of GFP-Pop_ERFB2-1 on pHRPE:PpLuc
luciferase in poplar protoplasts. Data are presented asmeans6 SD (n = 4); **, P, 0.01, as calculated by two-tailed Student’s t test.
F, Effect of D13RAP2.12 and GFP-Pop_ERFB2-1 on pHRPE:PpLuc luciferase in Arabidopsis protoplasts. Data are presented as
means 6 SD (n = 4); different letters indicate statistically significant difference (P , 0.01), as calculated by two-tailed Student’s
t test. G, Complementation of the Arabidopsis pentuple erf-VII mutant by the constitutive expression of Pop_ERFB2-1 and
AtRAP2.12. Expression levels of Pop_ERFB2-1, AtADH1, AtPCO2, and AtHRA1 are shown under aerobic (white bars) and 6 h of
1% (v/v) oxygen (red bars) conditions in the erf-VII background and in Pop_ERB2-1- or AtRAP2.12-expressing plants. Data are
presented as means + SD (n = 4), where values for erf-VII complemented lines correspond to the means of four independent lines.
Different letters indicate statistically different averages as assessed by two-way ANOVA followed by the Holm-Sidak posthoc test
(P , 0.05).
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Arabidopsis protoplasts treated with 100 or 200 mM Zn
for 16 h (Fig. 4D). Thus, we concluded that the up-
regulation of hypoxia-responsive genes following Zn
stress in poplar was explained by the increased stabil-
ity, and thereby activity, of Pop_ERFB2-1 and possibly
other poplar ERF-VIIs.

Zn Inhibits PCO Activity in Vitro

In view of the capacity of Zn excess to cause
Pop_ERFB2-1 stabilization under aerobic conditions,
we assumed that one of the steps of the N-degron
pathway should be hindered by Zn itself. Among the
enzymes involved in addressing ERF-VII toward pro-
teolysis, PCOs are dioxygenases that catalyze the oxi-
dation of the conserved Cys at the N terminus of the
ERF-VIIs (White et al., 2017). Since PCO activity seems
to rely on the presence of Fe(II) in the active site (White
et al., 2017, 2018), we hypothesized that the bivalent
cation Zn2+ could compete with Fe(II) for the active
site of the enzyme and impair its activity. We therefore
used the AtPCO1 amino acid sequence as a query
to identify putative PCO orthologs encoded in the
P. trichocarpa genome and found eight that clustered

together with their Arabidopsis counterparts to gener-
ate twomain clades (Fig. 5A; Supplemental File S2). We
chose one poplar PCO for each cluster, specifically
Potri.017G079400 and Potri.012G057400 as closest
orthologs of AtPCO1-2 and AtPCO3-4-5, respectively,
and we measured their Cys oxidation activity on a 14-
amino acid peptide, corresponding to the N terminus of
Pop_ERFB2-1. First, we tested in vitro whether the ac-
tivity of the two poplar PCOs could be affected by an
excess of three different cations (Zn2+, Ca2+, and Cd2+)
dissolved in the enzymatic solution and free to access

Figure 4. Zn effect on Pop_ERFB2-1 stability and activity. A, Relative
luciferase activity of PpLuc fused to Pop_ERFB2-1 in protoplasts of wild-
type Columbia-0 (Col-0) and ate1 ate2 and prt6Arabidopsis mutants. B,
Effect of 200 mM Zn on PpLuc expression driven by the pHRPE promoter
after 4 or 16 h of treatment in poplar protoplasts. C, Effect of an over-
night treatment with a range of Zn concentrations (from 0 to 800 mM) on
Pop_ERFB2-1-PpLuc activity in poplar protoplasts. D, Relative lucifer-
ase activity of PpLuc fused to the first 28 amino acids of Arabidopsis
RAP2.12 after an overnight treatment with 100 or 200 mM Zn in Ara-
bidopsis protoplasts. Data are shown as means 6 SD (n = 5). Different
letters indicate significant differences (P , 0.05, one-way ANOVA
followed by the Holm-Sidak posthoc test).

Figure 5. Zn2+ exerts an inhibitory effect on poplar PCOs in
vitro. A, Phylogenetic tree of PCO proteins from Arabidopsis and
P. trichocarpa generated from a multialignment processed via the
maximum-likelihood algorithm. B, Activity inhibition of poplar PCOs
Potri.012G057400 and Potri.017G079400 by different cations (Zn2+,
Ca2+, and Cd2+) using poplar Pop_ERFB2-1 14-amino acid N-terminal
peptide as a substrate. Reactions were performed using 0.1 mM PCOs,
1mM ERF, and 100mMmetals for 2min. Data are presented asmeans6
SE (n = 3). Results were analyzed by one-way ANOVA followed by
Tukey’s posthoc test, and different letters indicate significant differences
(P , 0.05). C, Zn2+ IC50 fitting curves for poplar Potri.012G057400 and
Potri.017G079400 activity on Pop_ERFB2-1 14-amino acid N-terminal
peptide. Zn2+ effect on PCOs is expressed as enzyme activity (%) com-
pared with that in the control (100%). Reactions were performed using
0.2 mM PCOs for 2 min, and metal concentrations are indicated in loga-
rithmic scale. Data are presented as means 6 SE (n = 3).
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the active sites. Although all three metals could inhibit
PCO activity, Zn exhibited the strongest effect (Fig. 5B).
Indeed, in the presence of 100 mM Zn, Potri.017G079400
and Potri.012G057400 activity was reduced by 81% and
82%, respectively. We also evaluated the extent of such
inhibition, in terms of IC50 (half maximal inhibitory
concentration) values (Fig. 5C). We measured the ac-
tivity of the enzymes in the presence of a wide range of
Zn concentrations from 10 nM to 100 mM, compared
with that under control conditions (100% of activity).
For both Potri.017G079400 and Potri.012G057400, the
IC50 values were comparable at 181.7 and 255.6 mM,
respectively. We therefore favored the hypothesis that
Zn excess promotes ERF-VII stabilization and the con-
sequent induction of anaerobic genes by inhibiting the
oxidase enzymes that target these proteins for protea-
somal degradation.

Zn Excess Mimics Fe Deficiency to Induce
Hypoxia-Responsive Genes

Several genes involved in iron deficiency signaling
and homeostasis, such as Natural Resistance Associated
Macrophage Protein1 (NRAMP1) and NRAMP6, basic
Helix-Loop-Helix (bHLH)038, and Zig Suppressor2 (ZIP2;
Ariani et al., 2015), responded to Zn stress in poplar
(Fig. 1A). Since PCOs require Fe2+ to oxidize N-terminal
Cys (White et al., 2018), we speculated that Zn excess
may mimic iron starvation in vivo in terms of ERF-VII
transcription factors. To test this hypothesis, we

generated transgenic Arabidopsis plants that express
the RAP2.121-28-PpLuc construct under the control of
the 35S-Cauliflower mosaic virus promoter. Firefly lu-
ciferase activity was significantly stimulated in 5-d-old
seedlings treated with 1 mM Zn for 72 h (Fig. 6A),
confirming the results obtained with transiently trans-
formed protoplasts (Fig. 4D). Moreover, Zn stress and
hypoxia (1% [v/v] oxygen) exhibited the same induc-
tive effect on the synthetic promoter pHRPE (Weits
et al., 2019) in the roots of 10-d-old plants (Fig. 6B).
Next, we tested whether iron starvation could stabilize
ERF-VII proteins and indeed measured higher lucifer-
ase in iron-starved RAP2.121-28-PpLuc seedlings as
compared with that in seedlings supplied with iron
(Fig. 6C). Additionally, iron deficiency also induced
higher expression of several hypoxia-responsive genes
(Fig. 6D; Supplemental Table S5). Considered together,
these results supported the hypothesis that ERF-VII
transcription factors are stabilized when PCOs are
inhibited by substrate (oxygen) or by cofactor (Fe2+)
shortage, the latter being caused by actual low iron
levels or Zn competition.

ERF-VII-Responsive Genes Improve Tolerance to Zn
Excess in Arabidopsis

Once we observed that Zn excess or iron starvation
enhanced the expression of hypoxia-responsive genes
through inhibiting PCO in poplar and Arabidopsis,
we wondered whether ERF-VII activity provides

Figure 6. Zn excess and iron starvation similarly
induce hypoxia-like responses in Arabidopsis. A,
Effect of 1 mM Zn on PpLuc activity in 8-d-old
Arabidopsis seedlings stably expressing the MC-
degron reporter RAP2.121-28-PpFluc (Weits et al.,
2014). Data are shown as means6 SD (n = 5); ***,
P, 0.01, as assessed by two-tailed Student’s t test.
B, Laser-scanning confocal images of GFP driven
by the hypoxia-responsive synthetic promoter
HPRE (pHRPE:GFP) in Arabidopsis roots under
control (Air control), hypoxia (1% [v/v] oxy-
gen, 48 h), and Zn excess (1 mM ZnSO4, 48 h).
Bars = 100 mm. C, Effect of iron starvation on lu-
ciferase activity in 6-d-old RAP2.121-28-PpFluc
transgenic seedlings. Data are shown as means 6
SD (n = 5); ***, P, 0.001, as assessed by two-tailed
Student’s t test. D, Heat map showing relative ex-
pression of hypoxia and Zn excess marker genes in
6-d-old Arabidopsis Col-0 seedlings under control
and iron-starvation conditions.
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protection against Zn stress. Thus, we compared erf-VII
mutant and wild-type seedlings after 3 d of Zn sup-
plementation at different concentrations. Remarkably,
the erf-VII mutant exhibited higher sensitivity to Zn, as
also demonstrated by reduced growth and total chlo-
rophyll accumulation (Fig. 7, A and B), which was ac-
companied by reduced expression of ERF-VII genes
induced by Zn excess (Fig. 7C; Supplemental Table S6).
These results support the idea that induction of
hypoxia-responsive genes by ERF-VII also contributes
to Zn tolerance, at least in Arabidopsis.

Zn Stress and Waterlogging Affect Poplar Fitness

Poplar trees can be used for phytoremediation of
heavy metals in riparian areas, which are regularly
subjected to flood events, since they are able to grow in
waterlogged, and thereby hypoxic, soils (Isebrands and
Richardson, 2014; Ciszewski and Grygar, 2016). Con-
sidering themolecular cross talk between Zn excess and
hypoxia in this species, we were interested in moni-
toring the plant physiological response and fitness un-
der the combination of Zn stress and waterlogging. We
therefore subjected P. alba ‘Villafranca’ poplar plants for
4 and 10 d to four different hydroponic conditions:
aerated control solution, Zn excess (1 mM ZnSO4),

waterlogging, and a combination of the two stresses.
After 4 d, plants did not show any significant difference
in terms of fresh and dry biomass as compared with
that under the control condition (Supplemental Tables
S7 and S8).
Conversely, after 10 d of growth in the conditions

described above, Zn-stressed and waterlogged plants
displayed a similar symptomatic phenotype when
compared with that of control plants, specifically
chlorosis in the younger leaves and reduced growth
(Fig. 8A). We therefore quantified the chlorotic phe-
notype in terms of total chlorophyll content (SPAD
units), which revealed a significant decrease in chlo-
rophyll under all three stress conditions as compared
with that in the control (Fig. 8B). Ten days of treat-
ment caused a decrease in total biomass compared
with that in the controls, as shown by a significant
decrease in fresh weight (Fig. 8C; Supplemental Table
S9) followed by the same trend in dry weight, albeit
this result was not significant (Fig. 8D; Supplemental
Table S10).
These results prompted us toward two main specu-

lations. First, both Zn excess and waterlogging exert a
similar repressive effect on poplar growth and thereby
possibly impact on similar molecular mechanisms.
Moreover, since the combination of the two stresses
did not impair biomass production and chlorophyll

Figure 7. ERF-VIIs contribute to Arabidopsis tol-
erance to Zn excess. A, Five-day-old wild-type
and erf-VII Arabidopsis seedlings were subjected
to a range of Zn concentrations (from 0 to 2,000
mM) for 3 d. Photographs were taken at the end of
the treatments and show a representative sample
for each treatment. Bar = 0.5 cm. B, Total chlo-
rophyll quantification in wild-type and erf-VII
seedlings at the end of the treatment described
in A. Data are presented as means 6 SD (n = 6).
Different letters indicate statistically significant
differences (P , 0.05, as assessed by two-way
ANOVA followed by the Holm-Sidak posthoc
test). FW, Fresh weight. C, Heat map displaying
differential expression of hypoxia marker genes in
response to 1 mM Zn in wild-type and erf-VII
seedlings at the end of the treatments as de-
scribed in A.
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accumulation more than each single treatment, the re-
duction in growth rate could be considered as an
adaptive strategy to cope with unfavorable environ-
mental conditions.

Waterlogging Affects Zn Accumulation in Poplar Roots

Once we established that root hypoxia and Zn excess
share similarities in their phenotypic adaptations as
well as in the molecular response, we tested whether
waterlogging may impact on Zn accumulation and
thereby affect the performance of the Zn-tolerant pop-
lar ‘Villafranca’ clone in phytoremediation. Leaves and
root tissues were collected from plants subjected to the
growth conditions described above to evaluate their Zn
content. As expected from the phenotypes described
above (Fig. 8), substantial Zn accumulation occurred
after 10 d in plants subjected to Zn treatment both un-
der aerated and waterlogged conditions (Fig. 9).
However, we recorded a significant reduction of Zn
levels in the roots of Zn-treated plants when these were
also subjected to waterlogging, as compared with that
resulting from Zn treatment under aerated conditions.
Surprisingly, such an effect of waterlogging on Zn ac-
cumulation was not detected in the leaves (Fig. 9A),

despite the likely occurrence of ATP shortage under
waterlogging (Gibbs and Greenway, 2003), which
would have been expected to impact on the active
loading of Zn into the xylem and thereby on its distri-
bution to the shoot (Olsen and Palmgren, 2014). Nev-
ertheless, in agreement with the reduced radical
accumulation of Zn, we detected a significant reduction
in the expression of genes involved in metal acquisition
and transport in root tissues under waterlogged con-
ditions (Fig. 9B; Supplemental Table S11). Among
these, Nicotianamine Synthase4 (Pop_NAS4) contributes
to the production of nonproteinogenic amino acid
that chelates cations to facilitate their uptake in the
roots and their translocation through the vessels
(Schuler and Bauer, 2011; Tsednee et al., 2014). On the
other hand, Pop_ZIP4.2 encodes for a membrane Zn
transporter, whereas Pop_CAX1.2 and Pop_MTP1.1
encode for two vacuolar Zn-H+ antiporters. We spec-
ulated that underwaterlogging, the plants reduced root
Zn accumulation by decreasing the Zn uptake (via
Pop_ZIP4.2 and nicotianamine chelation) and limit-
ing its compartmentalization into the vacuole (via
Pop_CAX1.2 and Pop_MTP1.1). Taken together, these
results suggested that poplar can fine-tune Zn uptake
in the root to cope with unfavorable soil conditions,
such as waterlogging.

Figure 8. Effects of waterlogging and Zn stress on
poplar phenotype. A, ‘Villafranca’ poplars were
subjected to 1 mM ZnSO4 stress, to waterlogging,
and to a combination of the two for 10 d. Photo-
graphs were taken at the end of the treatments and
show a top view and a side view of a representa-
tive plant for each treatment. Images of different
plants were digitally extracted and combined for
comparison. Bars = 15 cm. B, Total chlorophyll
(SPAD units) in leaves at the end of 10 d of the
treatments described in A. Data are presented as
means 6 SD (n = 10). C, Fresh weight of the total
biomass of plants after 10 d of the treatments de-
scribed in A. Data are presented as means 6 SD

(n= 5). D, Dryweight of the total biomass of plants
after 10 d of the treatments described in A. Data
are presented as means6 SD (n = 5). For B and C,
different letters indicate statistically significant
differences as assessed by two-way ANOVA fol-
lowed by the Holm-Sidak posthoc test (P, 0.05).
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DISCUSSION

In this work, we investigated the convergence of
molecular and physiological responses of poplar trees
to Zn excess and waterlogging and proceeded to ex-
amine the adaptation to the combination of these two
stresses. So far, this aspect has remained overlooked,
despite its relevance for soil Zn remediation and poplar
physiology. Indeed, the recently increased frequency
of flooding events intensifies the probability that con-
taminants, including metals, are remobilized from
the river banks to the surrounding riparian areas
(Ciszewski and Grygar, 2016). For this reason, phytor-
emediation of these areas has focused on employing
plant species that thrive in naturally flooded areas and
tolerate high amounts of metals, such as poplars (Pilon-
Smits, 2005; Müller et al., 2013).
By comparing the transcriptional responses of poplar

roots to Zn stress (Ariani et al., 2015) and waterlogging
(Kreuzwieser et al., 2009), we observed a remarkable
overlap between Zn-regulated genes and hypoxia-
responsive ones. The hypoxia-like response activated
under Zn stress appeared to be part of the adaptive
response of the plants to Zn stress, rather than being
induced by an actual reduction in oxygen availability in
the roots, in response to Zn excess (Fig. 1). The simi-
larity between these responses was conserved irre-
spective of the Zn tolerance of the poplar variety, as
demonstrated by its occurrence in two poplar cultivars
characterized by different sensitivity to Zn stress (Fig. 2;
Romeo et al., 2014).
In Arabidopsis, the transcriptional response to hy-

poxia is regulated mainly by the ERF-VII transcription
factors RAP2.2 and RAP2.12, whose aerobic instability
is ensured by the N-degron pathway (van Dongen
and Licausi, 2015). Additional control by light, potas-
sium, and sugar availability has been reported to im-
pact on the stability and activity of these proteins
(Abbas et al., 2015; Shahzad et al., 2016; Loreti et al.,

2018). Unbalanced metal homeostasis is likely to di-
rectly or indirectly affect these regulatory pathways. In
this study, we focused on the control exerted by PCOs,
responsible for the oxidation of the Cys in the second
position of the ERF-VIIs that precedes their degradation
(Weits et al., 2014). PCOs were recently shown to re-
quire molecular oxygen and Fe2+ to oxidize the Cys
(White et al., 2017, 2018). Interestingly, we observed
that divalent cations were able to inhibit the enzyme
activity in vitro, and Zn2+ was especially effective in
this regard (Fig. 5). We therefore speculated that Zn2+
may also outcompete Fe2+ for PCO binding in vivo.
Indeed, prolonged iron starvation also caused stabili-
zation of an ERF-VII reporter and induced hypoxia-
responsive genes in Arabidopsis seedlings (Fig. 6, C
and D). This is in agreement with the transcriptional
response of Arabidopsis roots to 2 d of iron limitation
reported by Dinneny et al. (2008). The very high Zn
concentrations required for PCO inactivation in vitro, in
the micromolar range, induced us to question the
physiological relevance of this phenomenon. On the
one hand, the activity of other enzymes, such as Car-
boxypeptidase A and Kallikreins, has been shown to be
inhibited at similar metal concentrations (Maret, 2013).
On the other hand, cytosolic and nuclear Zn levels of
poplar root cells exposed to Zn excess in the soil are
still unknown. Pioneering endeavors in assessing sub-
cellular Zn2+ levels through a genetically encoded
Förster resonance energy transfer-based sensor have
been conducted using Arabidopsis root cells, although
the saturation of the sensor did not allow the detec-
tion of Zn concentrations above the nanomolar range
(Lanquar et al., 2014). However, in balanced nutrient
conditions, Arabidopsis mesophyll vacuoles contain Zn
in the micromolar range (Lanquar et al., 2010). Con-
sidering that soil Zn content reaches levels up to thou-
sands mg kg21 in contaminated soils (Long et al., 2003),
it is not unlikely that the intracellular concentration of
this metal in root cells may reach the concentrations

Figure 9. Zn uptake decreases in roots under water-
logging. A, Zn concentration (mg kg21 dryweight [DW])
in poplar roots and basal leaves after 10 d of treatment of
1 mM ZnSO4 stress, waterlogging, and a combination of
the two. B, Relative expression levels of Zn transporters
in poplar roots after 10 d of the treatments: Pop_NAS4
(Potri.004G193400), Pop_ZIP4.2 (Potri.001G160400),
Pop_CAX1.2 (Potri.009G045800), and Pop_MTP1.1
(Potri.014G106200). All data are presented as
means 6 SD (n = 5). Different letters indicate statisti-
cally significant differences as assessed by two-way
ANOVA followed by the Holm-Sidak posthoc test
(P , 0.05).
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compatible with PCO inhibition. It is also worth con-
sidering that prolonged exposure to Zn excess was
necessary to activate the hypoxia-like response in
poplar roots, since Zn supplementation for 4 h was
unable to activate the ERF-VII reporter in protoplasts
(Fig. 4). We therefore speculate that PCO enzymes
might be especially sensitive to Zn inactivation during
their biogenesis at the time when the metal ion is in-
corporated. During chronic exposure to Zn excess, such
as in our experimental conditions, this would lead to
the accumulation of inactive PCOs over time.

Despite acting as a cofactor or structural element for
several proteins, Zn2+ represents a threat to many iron-
containing enzymes. Indeed, among biogenic metal
species characterized by positive divalent charge and
ionic radius similar to iron, Zn possesses higher ligand-
coordinating strength according to the series of Irving
andWilliams (1948) and is therefore likely to formmore
stable complexes. In light of this, despite metallopro-
teins having evolved to preferentially accommodate the
cognate cation that ensures their biological function
and to protect the binding sites from the attack of un-
desired metal contenders, Zn can easily displace and
substitute iron (Dudev and Nikolova, 2016). It is
therefore the responsibility of the cell machinery to
maintain Zn homeostasis at a level that prevents com-
petition with Fe2+. In this regard, the inactivation of
poplar PCO enzymes at cellular Zn concentrations be-
low or in the proximity of toxic levels, as demonstrated
by the survival and limited reduction in the growth
rate (Fig. 8), is surprising: this specific molecular
mechanism is rather Zn sensitive for a plant species able
to accumulate high intracellular Zn levels (Sebastiani
et al., 2014). Thus, we speculated that this enzy-
matic sensitivity to moderate Zn levels might rather
have a signaling function in poplar, via ERF-VIIs or
other transcription factors controlled by the N-degron
pathway.

Induction of ERF-VII-regulated genes appeared to be
beneficial for the tolerance of Zn excess in Arabidopsis
(Fig. 7). Future studies should be aimed at under-
standing whether the whole anaerobic response is re-
quired for Zn tolerance or if some genes play a
major role.

Additional mechanisms may be activated by Zn
or low iron-induced inactivation of PCOs. Four bHLH
transcription factors, namely bHLH38/bHLH39/
bHLH100/bHLH101, have been identified as being
involved in iron sensing in Arabidopsis (Sivitz et al.,
2012). All four bHLHs are characterized by a con-
served Cys residue in the penultimate position that
makes them potential N-degron substrates. Poplar
orthologs of these genes are also transcriptionally up-
regulated in response to Zn excess, suggesting their
potential involvement in the adaptive response to this
stress (Ariani et al., 2015). Future experimental efforts
may be aimed at addressing whether posttranslational
stabilization via PCO inhibition is involved in the in-
duction of their activity. Moreover, the involvement of
MC proteins in the response to Zn excess and iron

deficiency might suggest a common evolution of nu-
trient homeostasis mechanisms that over time diverged
into the ERF-VII and bHLH families.

As mentioned before, the inhibition of PCO activity
under limiting oxygen conditions has been associated
with the up-regulation of hypoxia-related genes via
the stabilization of ERF-VII (Weits et al., 2014). Here,
we observed that Pop_ERFB2-1, a close RAP2.12/
RAP2 ortholog in poplar, is able to activate hypoxia-
responsive genes (Fig. 3). In agreement with the
proposed inactivation of PCO activity by Zn, this
transcription factor is stabilized by Zn excess at nor-
moxic oxygen levels (Fig. 4). Despite the high sequence
similarity between RAP2.12 and Pop_ERFB2-1, the
latter failed to restore the molecular response to
anaerobiosis in the Arabidopsis pentuple erf-VII
mutant (Fig. 3). This could be explained by small
differences in the amino acid sequences between the
two ERF-VIIs that hindered or altered the interaction of
Pop_ERFB2-1 with the Arabidopsis ERF-VII partners
that enable recruitment of the transcriptional complex
on the promoters of target genes. Moreover, RAP2.12
was unable to activate anaerobic genes when tran-
siently expressed in poplar protoplasts (Fig. 3E). Pre-
vious protein interaction surveys identified ERF-VII
interactors involved in transcriptional regulation in
Arabidopsis: RAP2.2 was shown to bind to theMediator
complex subunit Med25, which likely serves as a scaf-
fold for the assembly of RNA polymerase II and general
transcription factors, and the chromatin-remodeling
ATPase BRAHMA (Ou et al., 2011; Vicente et al., 2017).
Additionally, interaction with transcription factors be-
longing to different protein families, which maymediate
binding to additional targets under specific conditions,
was also reported (Lumba et al., 2014). The failure of
PpSPAb or OsSPA1 from Physcomitrella patens and rice
(Oryza sativa), respectively, to complement the light-
sensing negative regulator spa Arabidopsis mutant
(Ranjan et al., 2014) is another example of the interaction
specificity required for a transcription factor to exert its
function.

The overlap between the transcriptional response to
Zn and low oxygen observed in poplar is of great in-
terest, since these species are not unlikely to experience
a combination of these two stresses for the reasons
mentioned above. Remarkably, 10 d of 1 mM Zn sup-
plementation or waterlogging exerted a similar effect
on the tolerant P. alba ‘Villafranca’. Both treatments
reduced biomass accumulation with concomitant
chlorosis of the younger leaves (Fig. 8). The apparent
discrepancy with the previously reported absence of
toxicity symptoms in the ‘Villafranca’ plants exposed to
1 mM Zn (Romeo et al., 2014) is likely explained by the
different anion used in our experimental conditions:
ZnSO4 instead of Zn(NO3)2. Additionally, we put for-
ward two explanations for the observed toxic effect of
Zn. First, this metal could compete with iron to be taken
up in the roots via low-affinity transporters, such as
IRT1 (Sinclair and Krämer, 2012). Consequently, Zn-
induced iron starvation might repress chlorophyll
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biosynthesis, since heme synthesis requires iron and Zn
is likely to replace Mg2+ in the porphyrin ring (Tripathy
and Pattanayak, 2012). Alternatively, stabilized ERF-
VII proteins, induced by either Zn excess or water-
logging, could be involved in active repression of
chlorophyll biosynthetic genes, as reported by Abbas
et al. (2015).
Since the combination of Zn excess and waterlogging

did not enhance leaf chlorosis and biomass reduction as
compared with that resulting from the single stresses
(Fig. 8), we concluded that the two environmental cues
impact to the same extent on these regulatory and bi-
osynthetic pathways. Instead, we observed a decrease
in Zn accumulation in poplar roots under Zn stress and
waterlogging, compared with that under Zn excess,
concomitant with the repression of genes involved in
Zn uptake and vacuolar compartmentalization (Fig. 9).
This can be interpreted as a conservative strategy to
limit Zn accumulation before it reaches toxic cellular
concentrations when the plant metabolism is already
dedicated to coping with oxygen deficiency at the
root level.
In conclusion, in this work, we shed new light on the

cross talk in the molecular and physiological responses
of poplars to two environmental stresses: Zn excess and
waterlogging. From a phytoremediation perspective,
understanding the adaptive responses of plants to this
specific combination of environmental cues is funda-
mental to identify agronomic practices and breeding
strategies that will make this approach more effective,
reliable, and widely applicable.

MATERIALS AND METHODS

Plant Material and Growth Conditions

Plantlets of Populus alba ‘Villafranca’ clone were maintained in in vitro
conditions in Magenta vessels on 0.7% (w/v) agar woody plant medium at pH
5.7 (Lloyd and McCown, 1980). Four-week-old plantlets, derived from in vitro
culture (one-half-strengthwoody plant medium), were transferred to pots filled
with perlite (Laterlite) and closed in plexiglass boxes to maintain 100% hu-
midity. The plantlets were acclimatized for 4 weeks under controlled envi-
ronmental conditions (23°C/18°C day/night temperature, 65% to 70% relative
humidity, and 16-h photoperiod at a photosynthetic photon flux density of
400 mmol m22 s21 supplied by fluorescent lights). Hoagland solution (Arnon
andHoagland, 1940) was supplied as a nutrient solution, and relative humidity
was gradually reduced from 100% to 65% to 70%. After the acclimation period,
plants were transferred into plastic pots containing 4 to 8 mm diameter ex-
panded Agrileca clay (Laterlite) and grown in Hoagland solution with con-
tinuous aeration by aquarium pumps (250 L h21).

Woody cuttings of ‘Villafranca’ and Populus 3 canadensis ‘I-214’ clone were
provided by Centro di Ricerche Agro-Ambientali Enrico Avanzi. After rooting,
cuttings were transferred into plastic pots, containing 4 to 8 mm diameter ex-
panded Agrileca clay (Laterlite), and acclimated to a hydroponic system under
controlled environmental conditions, as described before. At the end of the
acclimation process, plants were pruned and maintained at unique stem
growth.

Seeds of the Arabidopsis (Arabidopsis thaliana) erf-VII mutant, described by
Abbas et al. (2015), were provided by Michael Holdsworth. Seeds of prt6-5
(SALK_051088) and ate1 ate2 mutants were previously described by Gibbs
et al. (2011) and Licausi et al. (2011), respectively. The Col-0 ecotype was
used as a wild-type reference. Arabidopsis seeds were sown in moist soil,
stratified at 4°C in the dark for 48 h, and germinated at 22°C/18°C day/night
with a 16-h photoperiod. For in vitro seedling cultivation, seeds were sterilized

and, subsequently, germinated in 2 mL of liquid one-half-strength Murashige
and Skoog (MS) medium (Murashige and Skoog, 1962) supplemented with 1%
(w/v) Suc (Duchefa), on six-well plates (Euroclone) with shaking at 90 rpm.

Cloning of the Various Constructs

The full CDS of the closest Arabidopsis RAP2.12 gene (At1g53910) homolog
in poplar (Potri.003G071700, named PtERFB2-1 according to Zhuang et al.
[2008]) was cloned from P. alba ‘Villafranca’ using Phusion High Fidelity
DNA-Polymerase (NewEngland Biolabs)with primers designed on the Populus
trichocarpa genome. The high similarities between ‘Villafranca’ (Pop_ERFB2-1)
and P. trichocarpa (PtERFB2-1) sequences at the nucleotide and amino acid levels
are shown in Supplemental File S3.

The Pop_ERFB2-1 amplicon was cloned into pENTR/D-TOPO (Life Tech-
nologies) and then recombined into p2GW7, p2GWL7, and pGWB514 (Life
Technologies) destination vectors using the LR reaction mix II (Life
Technologies).

The CDSs of two ‘Villafranca’ poplar PCOs (Potri.012g057400 and
Potri.017g079400) were isolated using primers designed on the P. trichocarpa
genome and carrying NdeI and XhoI sites at the 59 ends of forward and reverse
primers, respectively. The NdeI/XhoI fragments were ligated into pET28a(+)
vector, suitable for protein expression and purification through an N-terminal
His6 tag. All the primers used for cloning of the described fragments are listed in
Supplemental Table S12.

Luciferase Transactivation and Protein Stability Assay

‘I-214’ mesophyll protoplasts were isolated and transfected according to
Yoo et al. (2007). Two and a half micrograms of each plasmid was used to
transfect 100 mL of protoplasts in suspension. After overnight incubation in the
dark at 23°C, the firefly (Photinus pyralis) luciferase activity was measured and
normalized with the sea pansy (Renilla reniformis) luciferase signal (PpLuc/
RrLuc) using the Dual-Luciferase Reporter Assay System (Promega) according
to the manufacturer’s protocol. For each sample, five independent replicates
were used.

Low-Oxygen and Zn Treatments

After 10 d of hydroponic solution, woody cuttings of poplar plants were
randomized in groups of five plants and subjected to the following treatments.
‘Villafranca’ and ‘I-214’ cuttings were treated with 1 mM ZnSO4 (1 mM as a
control) for 21 d. The total amount of ZnSO4 given in 21 d was 0.78 g per plant.
‘Villafranca’ poplars acclimated in vitro, instead, were treatedwith 1mMZnSO4

(1mM as a control), waterlogging, or a combination of the two stresses for 4 or 10
d. The total amount of ZnSO4 given in 10 d was 0.43 g per plant.

Poplar mesophyll protoplasts were incubated overnight with different
concentrations of ZnSO4 (0, 100, 200, 400, and 800 mM) dissolved in WI solution
(0.5 mM mannitol, 4 mM MES-KOH at pH 5.7, and 20 mM KCl).

Four-day-old Arabidopsis seedlings were subjected to a 6-h partial sub-
mergence treatment provided by the addition of 3mL of fresh one-half-strength
MS (1% [w/v] Suc) in the dark to avoid oxygen release by photosynthesis,
without shaking. Control seedlings were kept in the dark under shaking
conditions.

Five-day-old Arabidopsis seedlings cultivated on liquid one-half-strength
MS, supplemented with 1% (w/v) Suc, were transferred to control medium
(0 mM ZnSO4) or to medium supplemented with ZnSO4 (200, 500, 1,000, or
2,000 mM) for 3 d.

For confocal microscopy observations, 7-d-old Arabidopsis seedlings were
grown on square plastic plates (12-cm sides) containing 50 mL of one-half-
strength MS, supplemented with 1% (w/v) Suc and 0.8% (w/v) plant agar.
Subsequently, plates were treated with 1% (v/v) oxygen for 6 h or with 1 mM

ZnSO4, dripped on the root surface, for 48 h.

Germination under Iron-Starvation Conditions

Arabidopsis seeds were germinated and grown for 6 d under control (one-
half-strength MS containing 50 mM FeNaEDTA and supplemented with 1%
[w/v] Suc) or iron starvation (one-half-strength MS, 0 mM FeNaEDTA, and 1%
[w/v] Suc) conditions.
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Oxygen Measurement

Molecular oxygen measurements in hydroponic solution were performed
through the optical oxygen meter FireStingO2 (PyroScience), using the
OXF500PT fiber-optic micro sensor, according to the manufacturer’s protocol.

Chlorophyll Quantification

The relative chlorophyll concentrations were estimated using a SPAD-502
chlorophyll meter (Minolta) on 10 fully expanded ‘Villafranca’ poplar leaves
randomly selected among the four treatments after 10 d of the Zn and water-
logging combined experiment.

Eight-day-old Col-0 and erf-VII Arabidopsis seedlings were frozen and
ground, and the resulting powder was incubated with 100% (v/v) methanol
overnight at 4°C in the dark. After centrifugation, the supernatant was sepa-
rated from the pellet and the absorbance of the extract was spectrophotomet-
rically measured at 665.2 and 652.4 nm. Chlorophyll concentrations were
calculated according to Lichtenthaler (1987).

Zn Concentration Analysis in Poplar

The total concentration of Zn in poplar dry root and leaf, after 4 or 10 d, was
determined after digestion with concentrated nitric acid (HNO3) by atomic
absorption spectrophotometry (model 373; PerkinElmer). One analytical ref-
erence standard of Zn was used as a control (WEPAL IPE; Wageningen
University).

Plant Transformation and Genotyping

Arabidopsis erf-VII stable transgenic plants were obtained using the floral
dip method (Clough and Bent, 1998). T0 seeds were screened for hygromycin
resistance; two independent transgenic lines were identified (35S:Pop_ERFB2-
1 lines #2 and #3), and the presence of Pop_ERFB2-1 cDNA was tested via PCR
using GoTaq DNA polymerase (Promega) using the primers listed in
Supplemental Table S12.

Identification of Poplar PCOs

Identification of PCO protein sequences in P. trichocarpa was performed by
searching the Phytozome database (www.phytozome.net) using the BLAST
algorithm (Altschul et al., 1990) and Arabidopsis PCO1 (At5g15120) as a query.
The obtained proteins were then aligned back against the Arabidopsis protein
database to ensure that they represent the closest homologs of AtPCOs.

Phylogenetic Analysis

Phylogenetic analysis was performed using MEGAX (Kumar et al., 2018).
The phylogenetic trees were obtained aligning Arabidopsis and poplar PCOs
and ERF-VIIs using the MUSCLE algorithm (Edgar, 2004). The maximum-
likelihood method was applied to build the phylogenetic trees, using a boot-
strapping method based on 100 replicates.

PCO Purification and in Vitro Inhibition Assay

P. alba ‘Villafranca’ PCOs (Potri.012g057400 and Potri.017g079400) were
purified using Ni2+ affinity chromatography, following the protocol described
by White et al. (2018). Cys oxidation activity of PCOs was measured toward a
14-amino acid peptide (ERFB2-12-16, H2N-CGGAIISDFIAPTT-COOH), corre-
sponding to theN terminus of PtERFB2-1 protein (Potri.003G071700). Themetal
inhibition assays were performed in 30 mL of buffer: 20 mM NaCl, 20 mM

HEPES, 1 mM tris(2-carboxyethyl)phosphine, and 1 mM L-ascorbic acid, at pH
7.5. Buffer was supplemented with 25 nM enzyme, 1 mM substrate, and 1 mM

inhibitor (ZnCl2, CaCl2, or CdCl2). The reactions were run for 1.5 min at 25°C
and stopped by quenching 5 mL in 45 mL of 1% (v/v) formic acid.

For the Zn IC50 assays, a wide range of Zn2+ (ZnCl2) concentrations (10 nM,
100 nM, 1 mM, 10 mM, 100 mM, 250 mM, 750 mM, 1 mM, 10 mM, and 100 mM) were
tested. The enzymes were incubated on ice with the metal for 30 min before
performing the reactions for 2 min. All the samples were analyzed by HPLC
coupled with quadrupole-time of flight-mass spectrometry (Xevo G2-XS QTof)
as previously described by White et al. (2018).

RNA Extraction and RT-qPCR Analysis

Poplar total RNAwas isolated from 80 to 100mg of frozen and ground roots
using the Spectrum Plant Total RNA Kit (Sigma-Aldrich), according to the
manufacturer’s protocol.

For Arabidopsis RNA extraction, a phenol-chloroform extraction protocol
was employed, as described byWeits et al. (2014). One microgram of RNAwas
subjected to DNase treatment alongwith cDNA synthesis, both performedwith
the Maxima First Strand cDNA Synthesis Kit for RT-qPCR with dsDNase
(Thermo Scientific).

qPCR was carried out with the ABI Prism 7900 sequence detection system
(Thermo Scientific), using the SYBR Green PCRMaster Mix (Thermo Scientific).

UBIQUITIN10 (At4g05320) and b-Tubulin (Potri.011G162500) were used as
housekeeping genes for Arabidopsis and poplar samples, respectively. All
poplar primers were designed on the P. trichocarpa genome, and the primer
sequences for the genes analyzed are listed in Supplemental Table S13.

Relative quantification of the expression of each gene was performed using
the comparative threshold cycle method as described by Livak and Schmittgen
(2001). Two technical replicates were used for each of the five biological sam-
ples, and the data are representative of at least two independent experiments
giving comparable profiles.

Confocal Imaging

Roots of 7‐d‐old seedlings were observed with the 203 objective of an
Olympus FluoView1000 inverted confocal microscope. GFP fluorescence was
excited with 488‐nm laser light (laser transmissivity, 26%; photomultiplier
voltage, 650 V) and collected between 495 and 540 nm with a long‐pass emis-
sion filter. Propidium iodide stain marking plant cell walls was excited at
488 nm (laser transmissivity, 26%; photomultiplier voltage, 550 V) and col-
lected at 590 to 680 nm. Scanner and detector settings were kept unchanged
during the whole experiment. Images were analyzed with the Olympus Fluo-
View FV1000 software.

Statistical Analysis

Statistical analysis was performed using GraphPad Prism version 6.00.
According to the data sets, Student’s t test and one-way or two-way ANOVA
were conducted, and differences between means were considered significant at
P , 0.05. In one-way ANOVA, the multiple comparisons of means were per-
formed with Tukey’s method, whereas in two-way ANOVA, they were per-
formed via the Holm-Sidak method.

Accession Numbers

The CDS of ERFB2-1 from P. alba ‘Villafranca’ clone reported in this article
can be found in the GenBank data libraries under accession numberMK814744.
All other Arabidopsis or poplar sequences can be retrieved from the Phytozome
database (https://phytozome.jgi.doe.gov/pz/portal.html).

Supplemental Data

The following supplemental materials are available.

Supplemental Figure S1. Core hypoxia-responsive genes are responsive to
low oxygen in poplar.

Supplemental Figure S2. Occurrence of common motifs in poplar and
Arabidopsis ERF-VII proteins.

Supplemental Figure S3. Identification of the HRPE in the promoter of
poplar hypoxia-responsive genes.

Supplemental Figure S4. Transcriptional regulation of Pop_ERFB2-1 under
Zn stress.

Supplemental Table S1. List of differentially expressed genes in poplar or
Arabidopsis under Zn excess and low-oxygen conditions.

Supplemental Table S2. List of hypoxia-affected genes identified under Zn
excess.

Supplemental Table S3. List of core hypoxia-responsive genes affected by
Zn excess.
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Supplemental Table S4. Transcriptional regulation of poplar ERF-VIIs un-
der anoxia.

Supplemental Table S5. Transcriptional regulation of Arabidopsis
hypoxia-responsive genes after 6 d of germination of Col-0 seeds, under
iron starvation conditions.

Supplemental Table S6. Transcriptional regulation of Arabidopsis
hypoxia-responsive genes under control and 1 mM Zn conditions for 2
d, in Col-0 and erf-VII mutant plants.

Supplemental Table S7. Fresh weight of P. alba ‘Villafranca’ plants under
control, 1 mM Zn, waterlogging, and a combination of 1 mM Zn and
waterlogging conditions, for 4 d.

Supplemental Table S8. Dry weight of P. alba ‘Villafranca’ plants under
control, 1 mM Zn, waterlogging, and a combination of 1 mM Zn and
waterlogging conditions, for 4 d.

Supplemental Table S9. Fresh weight of P. alba ‘Villafranca’ plants under
control, 1 mM Zn, waterlogging, and a combination of 1 mM Zn and
waterlogging conditions, for 10 d.

Supplemental Table S10. Dry weight of P. alba ‘Villafranca’ plants under
control, 1 mM Zn, waterlogging, and a combination of 1 mM Zn and
waterlogging conditions, for 10 d.

Supplemental Table S11. Relative expression levels of metal transporters
in poplar roots under Zn stress and waterlogging conditions.

Supplemental Table S12. List of forward (59→39) and reverse (59→39)
primer sequences for poplar CDS cloning.

Supplemental Table S13. List of forward (59→39) and reverse (59→39)
primer sequences for poplar and Arabidopsis RT-qPCR analysis.

Supplemental File S1. Alignment of Arabidopsis and poplar ERF-VII
proteins.

Supplemental File S2. Alignment of Arabidopsis and poplar PCO
proteins.

Supplemental File S3. Protein alignment of ERFB2-1 in P. trichocarpa and
P. alba ‘Villafranca’.
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