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Zinc (Zn) is an essential micronutrient but in excess is highly toxic to plants. Plants regulate Zn homeostasis and withstand
excess Zn through various pathways; these pathways are generally tightly regulated by a specific set of genes. However, the
transcription factors involved in excess Zn tolerance have yet to be identified. Here, we characterized a Populus ussuriensis heat
shock transcription factor Ada (PuHSFAA4a) that acts as a positive regulator of excess Zn tolerance in P. ussuriensis. We used
overexpression (PuHSFA4a-OE) and chimeric dominant repressor (PuHSFA4a-SRDX) lines to identify the targets of PuHSFA4a.
PuHSFA4a transcription is specifically induced in roots by high Zn. Overexpression of PuHSFA4a conferred excess Zn tolerance
and a dominant repressor version of PuHSFA4a increased excess Zn sensitivity in P. ussuriensis by regulating the antioxidant
system in roots. PuHHSFA4a coordinately activates genes related to abiotic stress responses and root development and directly
binds to the promoter regions of glutathione-s-transferase U17 (PuGSTU17) and phospholipase A, (PuPLA,). PuGSTU17
overexpression significantly increased GST activity and reduced reactive oxygen species levels in roots while PuGSTU17-
RNA interference lines exhibited the opposite phenotype. Furthermore, PuPLA, overexpression promoted root growth under
high Zn stress. Taken together, we provide evidence that PuHSFA4a coordinately activates the antioxidant system and
root development-related genes and directly targets PuGSTU17 and PuPLA, thereby promoting excess Zn tolerance in

P. ussuriensis roots.

Zinc (Zn) is an essential micronutrient but its excess
in soil is highly toxic to plants (Broadley et al., 2007;
Wang et al., 2009). To cope with Zn toxicity, plants have
evolved complex adaptive responses to allow them to
tolerate, acclimate to, or avoid excess Zn stress (Lin and
Aarts, 2012; Schvartzman et al.,, 2018). Numerous
studies have shown that, after exposure to stress due to
the presence of excess Zn, the expression levels of many
genes significantly increase or decrease, indicating that
transcriptional reprogramming plays an important role
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in adaptive responses to Zn stress (Lin and Aarts, 2012;
Luo et al., 2016).

At the cellular level, high Zn accumulation induces
oxidative stress by producing reactive oxygen species
(ROS). Elevated ROS levels create a strongly oxidizing
environment, causing membrane lipid peroxidation
and activating signaling pathways that lead to cell
death (Lin and Aarts, 2012). Plants respond to such
stresses by activating antioxidant enzymes (Wang et al.,
2009). In tomato (Solanum lycopersicumy), increased as-
corbate peroxidase (APX) activity eliminates H,O,
caused by Zn accumulation in the roots (Xu et al., 2008).
Another study in green bean (Phaseolus vulgaris) found
that enhanced glutathione reductase activity in leaves
may be a response to Zn-induced oxidative stress
(Chaoui et al., 1997). Similarly, the enzymes glutathi-
one-s-transferase (GST) and glutathione peroxidase use
glutathione as a substrate to detoxify H,O, and se-
quester Zn by acting as a precursor for synthesis of
phytochelatins (Garg and Kaur, 2013). In addition,
several genes have been shown to be involved in excess
Zn detoxification. These include: Arabidopsis (Arabi-
dopsis thaliana) AtHMA4 (Verret et al., 2004) and
AtMTP1 (Desbrosses-Fonrouge et al., 2005), rice (Oryza
sativa) OsHMA?2 (Takahashi et al., 2012) and OZT1 (Lan
et al., 2013), Saccharomyces cerevisine ZRC1 (Miyabe
et al., 2001), Populus alba AQUA1 (Ariani et al., 2016),
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and cyanobacteria (Synechococcus PCC 7942) SmtA (Xu
et al., 2010). Moreover, in both Drosophila and humans
(Homo sapiens), the Zn finger transcription factor (TF)
metal-responsive TE-1 appears to confer excess Zn tol-
erance (Laity and Andrews, 2007). Although these
studies have identified many genes involved in Zn
detoxification and tolerance, the TFs that regulate the
mechanisms of Zn detoxification have not yet been
characterized in plants.

Heat shock transcription factors (HSFs) regulate the
transcription of genes related to heat and other abiotic
stresses (von Koskull-Doring et al., 2007). HSFs are
divided into three categories—A, B, and C—based
on their structures. HSFA4, a class A HSF, is found in a
variety of plant species and confers tolerance to cer-
tain environmental stresses. For example, estradiol-
dependent induction of Arabidopsis AtHSFA4a confers
enhanced tolerance to salt and oxidative stress by inter-
acting with MPK3/MPK6 signaling (Pérez-Salamo et al.,
2014). Overexpression of CmHSFA4 enhances salt toler-
ance by regulating Na* /K* ion and ROS homeostasis in
Chrysanthemum (Li et al., 2018). Ectopic overexpression
of Brassica napus BnHSFA4a in Arabidopsis improved
desiccation tolerance (Lang et al., 2017). Overexpression
of wheat TaHSFA4a conferred cadmium (Cd) tolerance
and rice OsHSFA4a knockouts showed Cd hypersensi-
tivity (Shim et al., 2009). However, to date no studies
have assessed whether HSF TFs are involved in regu-
lating tolerance to excess Zn stress.

The genus Populus (Populus spp) comprises decidu-
ous hardwood trees that are mainly distributed in the
northern hemisphere. Populus has been recognized as a
suitable tree for phytoremediation due to its rapid
growth, high biomass, extensive root system, and ease
of propagation (Luo et al.,, 2016). Some studies have
performed transcriptomic analysis and genetic manip-
ulation to examine the molecular mechanisms respon-
sible for Cd, copper (Cu), and Zn remediation in
Populus species, including Populus euphratica (Han et al.,
2014), Populus trichocarpa X deltoides (Kohler et al.,
2004), Populus canescens (Luo et al., 2016), and Populus
nigra (Bittsanszky et al., 2005). Populus spp have been
reported to uptake several inorganic pollutants in-
cluding Zn, but their capacity for heavy metal tolerance
may be capable of further improvement (Bittsanszky
et al., 2005).

The forested areas in the northeast of China are rich in
Zn mineral resources. Years of mining activities have
caused the destruction of surface vegetation near Zn
mines in these regions (Hu et al., 2013). Populus ussur-
iensis, belonging to Populus sect. Tacamahaca in the Sal-
icaceae, is a unique tree species native to the forested
regions of northeastern China. It is one of the fastest
growing tree species—especially in the young forest
stage of forest succession—and is thus one of the main
tree species used for forest renewal in parts of north-
eastern China (Su et al., 2001). Thus, P. ussuriensis is an
excellent candidate for forest restoration in former Zn
mining areas in northeastern China. In this study, we
characterized PuHSFA4a, a P. ussuriensis TF belonging
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to the Class A4a subgroup of the HSF family. We
demonstrate that PuHHSFA4a specifically confers toler-
ance to excess Zn in transgenic P. ussuriensis. We also
provide evidence that PuHSFA4a affects antioxidant
scavenging and root development-related gene ex-
pression by directly targeting PuGSTUI17 to eliminate
ROS in roots and PuPLA; (phospholipase A) to promote
root growth under excess Zn. This study improves our
understanding of the physiological and molecular re-
sponses to Zn exposure in Populus roots.

RESULTS
PuHSFA4a Is Specifically Induced in Roots by Excess Zn

The expression profiles of P. ussuriensis Class A HSF
genes in response to abiotic stress were investigated
using reverse transcription quantitative PCR (RT-
gqPCR). Among the Class A PuHSF genes assessed, only
PuHSFA4a was substantially upregulated specifically
in roots in response to high Zn stress (Fig. 1A;
Supplemental Fig. S1A). The expression of PuHSFA4a
was higher in roots than in leaves under control con-
ditions (Fig. 1A). The expression level of PuHSFA4a in
roots did not significantly increase in response to Cd,
Cu, iron (Fe), PEG6000, abscisic acid (ABA), and NaCl
stresses. (Supplemental Fig. S1B).

Next, the 2,203-bp PuHSFA4a promoter was fused to
the GUS (uidA) gene, and the ProPuHSFA4a:GUS
construct was transformed into P. ussuriensis. No GUS
activity was observed under normal culture conditions
(Fig. 1B). However, under high Zn stress, strong GUS
activity was detected in whole roots but not in shoots
(Fig. 1B). These observations suggest that PuHSFA4a
functions specifically in root in response to high Zn
stress.

Cloning and Sequence Characterization of PuHSFA4a

The full-length PuHSFA4a gene was obtained from
P. ussuriensis. Phylogenetic analysis was performed on
PuHSFA4a and similar HSFA4a proteins found in other
plant species. The results of these comparisons showed
that PuHSFA4a belongs to the HSF ClassA4a subgroup,
where it clustered with AtHSFA4a, BnHSFAA4a,
MsHSFA4a, CmHSFA4a, OsHSFA4a, and TaHSFA4a
(Fig. 2A). Multiple alignment results revealed that
PuHSFA4a shares ~40% to 56% of its amino acid se-
quence identity with homologous proteins in other
plants species (Fig. 2B). Structure analysis showed that
PuHSFA4a is a typical class A HSF and contains motifs
typical of that class of proteins, including a predicted
nuclear localization signal (NLS) domain and a nuclear
export signal (NES) that is responsible for nuclear and
cytoplasmic localization (Lyck et al., 1997; Li et al.,
2018). However, the conserved DNA-binding domain
(DBD) of PuHSFA4a does not contain the amino acids
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Figure 1. Relative expression of PuHSFA4a in roots and leaves of
P. ussuriensis and histochemical analysis of the expression of the PuHS-
FA4a promoter in P. ussuriensis tissues as visualized by glucuronidase
staining under excess Zn. A, Relative expression of PuHSFA4a in roots
and leaves under excess Zn. Two-week-old plants were grown in media
supplemented with 1.2 mm of ZnSO, for 0-48 h and 1 week. Data are
presented as means of three biological replicates, and error bars = sp. B,
GUS activity staining of ProPuHSFA4a:: GUS transgenic plants that were
grown on half strength Murashige and Skoog (MS) medium supplemented
with or without 1.2 mm of ZnSO, for 1 week. Scale bars = 1 cm.

Ala-31 and Leu-42, two changes linked to Cd tolerance
in TaHSFA4a (Shim et al., 2009).

PuHSFA4a Is Localized in the Nucleus and the Cytoplasm
and Functions as a Transcriptional Activator

We generated a 35S:PuHSFA4a-GFP plasmid by
inserting a GFP tag at the 3'end of the Pul{SFA4a gene.
The fusion genes 35S5:PuHSFA4a-GFP and 35S::GFP
were transiently transformed into P. ussuriensis leaves,
after which we performed an immunoblot analysis
using an anti-GFP antibody (Supplemental Fig. S2). The
results of this experiment revealed two bands dis-
tinguishing the PuHSFA4a-GFP and GFP proteins,
thereby confirming that PuHSFA4a-GFP was a fusion
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protein (Supplemental Fig. S2). Subcellular localization
of the PuHSFA4a protein was examined by expressing
a GFP fusion construct that was introduced into onion
(Allium cepa) epidermal cells. The results showed that
the control (i.e. construct only containing GFP) was
distributed throughout the cell. In contrast, the
PuHSFA4a-GFP fusion protein was observed only in
the nucleus and the cytoplasm (Fig. 3A). These results
are similar to LIHSFA1, which is localized primarily in
the nucleus, but is also present in the cytoplasm (Gong
et al., 2014). PuHSFAA4a has six domains. These include
an N-terminal DBD, a hydrophobic heptad repeat re-
gion for oligomerization, a nuclear import signal (NLS),
a Leu-rich NES, and the transcriptional activator do-
mains activator of Hsp90 ATPase 1 (AHA1) and AHA2.
Correspondingly, we divided PuHSFA4a into six parts,
with each part containing a structural domain (Fig. 3B).
To measure the transactivation activity of PuHSFA4a,
various versions of PuHSFA4a (Fig. 3B) were con-
structed and inserted into pGBKT7 vectors before
transformation into AH109 yeast strains. The trans-
activation activity of PuHSFA4a was examined by
assessing yeast transformant growth on a selection
medium (SD/-Trp-His-Ade) or determined by assess-
ing B-galactosidase (B-gal) activity. Expression of the
PuHSFA4a full-length fusion protein in yeast resulted
in high expression of the reporter gene, demonstrating
that PuHSFA4a had strong activity as a transcription
activator. Deletion of the region between amino acids
214 and 278 decreased the transactivation activity of
PuHSFA4a, while deletion of other domains did not
alter this activity. B-gal activity assays further con-
firmed these results. Taken together, these findings re-
veal both that PuHSFA4a acts as a transcriptional
activator and that the region between amino acids 214
and 278—which contains the AHA1 domain—was re-
quired for transcription activation (Fig. 3B).

PuHSFA4a Positively Regulates Root Growth under Excess
Zn in P. ussuriensis

To investigate the function of PulHSFA4a, we generated
overexpression PuHSFA4a transgenic lines of P. ussuriensis
(PuHSFA4a-OE). We also generated PuHSFA4a dominant
repressor lines (PuHSFA4a-SRDX) of P. ussuriensis using
Chimeric Repressor Silencing Technology by fusing the
full-length PuHSFA4a gene in frame with the SRDX re-
pression domain (for SUPERMAN repression domain;
Chai et al., 2014). The elevated expression of PuHSFA4a
was confirmed in independent PuHSFA4a-OE lines and
the elevated expression of PuHHSFA4a-SRDX fusion gene
was confirmed in independent PuHSFA4a-SRDX lines
by RT-qPCR (Supplemental Fig. S3, A and B). Under
normal conditions, both PuHSFA4a-OE and PuHSFA4a-
SRDX transgenic plants showed the same phenotype
relative to the wild type (Fig. 4; Supplemental Fig. S3C).
After exposure to high Zn stress, the PuHSFA4a-OE lines
had higher root dry weight and plant height than wild-
type plants (Fig. 4, A-C; Supplemental Fig. S3C), while
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Figure 2. Phylogenetic tree and multiple sequence alignments of HSF proteins. A, Phylogenetic tree of HSF proteins. The number
next to the branches is the percentage of trees that relate to taxa clustered together. B, Multiple sequence alignment of the HSFA4a
amino acid sequence in P. ussuriensis (PuHSFA4a), Arabidopsis (AtHSFA4a), Triticum aestivum (TaHSFA4a), rice (OsHSFA4a), B
napus (BnHSFA4a), Medicago sativa (MsHSFA4a), and Chrysanthemum (CmHSFA4a). PuHSFA4a contains six domains: the DBD,
the hydrophobic heptad repeat region for oligomerization (HR-A/B), the NLS, the transcriptional activators AHAT and AHA2, and
the Leu-rich NES domains (underlined in black).
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PuHSFA4a-SRDX lines displayed significantly inhibited
root growth (Fig. 4, A-C).

After two months of growth in normal soil followed
by four weeks of growth while being irrigated with
5 mMm of ZnSO, solution (Fig. 5A), the root dry weight,
plant height, and chlorophyll content of leaves from
PuHSFA4a-OE line plants were all significantly higher
than those of wild-type plants (Fig. 5, A-D). In con-
trast, the root dry weight and chlorophyll content of
PuHSFA4a-SRDX plants were significantly lower than
in wild-type plants (Fig. 5, A-D). The root Zn con-
centration was significantly higher in PuHSFA4a-OE
lines and lower in PuHSFA4a-SRDX lines relative to
wild-type roots when irrigated with 5 mm of ZnSO,
solution (Fig. 5E). By contrast, after two weeks, above-
ground and root growth were similar in PuHSFA4a-
OE, PuHSFA4a-SRDX, and wild-type plants exposed
to high Cu, Fe, Cd, ABA, NaCl, and PEG6000 stress
(Supplemental Fig. 54).

PuHSFA4a Overexpression Decreased ROS Production in
Roots under Excess Zn

Electrolyte leakage (EL) and malondialdehyde (MDA)
are two widely used indicators of damage caused by
abiotic stress. Under normal growth conditions, EL and
MDA content was similar in transgenic lines and wild-
type roots. However, under excess Zn, PuHSFA4a-OE
lines showed decreases of ~37% in EL and ~35% in
MDA content in roots compared to wild-type plants
(Fig. 4D; Supplemental Fig. S3D). In addition, PuHSFA4a-
SRDX plants displayed a higher EL and MDA than the
wild type in roots (Fig. 4D; Supplemental Fig. S3D). Next,
hydrogen peroxide (H,O,) levels were compared in roots
among PuHSFA4a-OE, PuHSFA4a-SRDX, and wild-type
plants under excess Zn (Fig. 4, E and F). No visible dif-
ferences in H,O, levels were detected between transgenic
lines and wild-type roots under control conditions. In the
presence of excess Zn, PuHSFA4a-OE lines were stained
lighter compared with wild type, while PuHSFA4a-SRDX
lines were stained darker than wild type (Fig. 4E). These
results were further confirmed using quantitative mea-
surements (Fig. 4F), implying that the roots of PuHSFA4a-
OE plants had significantly less H,O, content compared
with wild-type plants, whereas PuHSFA4a-SRDX plants
had significantly higher HO, content than wild-type
plants (Fig. 4, E and F).

PuHSFA4a Regulates Genes Involved in Abiotic Stress
Responses and Root Development

To identify genes regulated by PuHSFA4a in response
to Zn-induced stress in roots, we performed RNA se-
quencing (RNA-seq) experiments using PuHSFA4a-OE
and wild-type plant roots that were either treated with
1.2 mm of ZnSO, for two weeks or were mock-treated as
a control. We found 733 upregulated and 708 down-
regulated genes when comparing control and excess
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Zn-stressed wild-type plants (false discovery rate
[FDR]-adjusted P value < 0.01), and 485 upregulated
and 479 downregulated genes when making the same
comparison of PuHSFA4a-OE plants (FDR-adjusted
P value < 0.01; Supplemental Tables S1 and S2).
Pairwise comparisons of relative expression data
revealed that 33 genes showed substantially differ-
ences in expression between PuHSFA4a-OE and
wild-type plants including three common genes
(FDR-adjusted P value < 0.01). These genes included
17 genes under normal conditions and 19 genes un-
der excess Zn treatment (Fig. 6A; Supplemental
Tables S3 and S4). Gene Ontology term enrichment
analysis was performed on the 33 differentially
expressed genes (DEGs) between PuHSFA4a-OE and
wild-type roots. Our results showed enrichment
of genes in pathways related to: cellular responses
to hypoxia, monocarboxylic acid biosynthetic pro-
cesses, and lateral root formation. In general, these
pathways are involved in defense and root growth
(Supplemental Fig. S5). We found that over-
expressing PuHHSFA4a resulted in the upregulation of
16 abiotic stress-related genes. We validated our
RNA-seq results via RT-qPCR analysis. The results of
this validation for the expression levels of these 16
upregulated stress-response DEGs are shown in
Figure 6B. All selected genes showed similar ex-
pression patterns in our RT-qPCR and RNA-seq
analyses (Supplemental Tables S3 and 54).

PuHSFA4 Binds To the Promoter Regions of PuGSTU17
and PuPLA,

We used the PlantCARE and Plant PAN databases to
search for putative heat shock elements (HSEs) in the
~2-kb promoter regions of each of the 16 selected genes
that were upregulated in PuHSFA4a-OE plants. From
these searches, we found 13 genes that contained
enriched HSE elements in their promoter regions
(primers shown in Supplemental Table S5). Chromatin
immunoprecipitation (ChIP)-PCR assays with anti-GFP
from 35S::PuHSFA4a-GFP plants were used to test the
capacity of PuHHSFA4a to bind to the promoters of these
13 predicted target genes. ChIP-PCR showed robust
enrichment of PuHSFA4a-GFP in the promoter regions
of PuGSTU17 and PuPLA,, but not in the promoters of
the other 11 genes (Supplemental Fig. S6). Another
ChIP-gqPCR analysis with anti-GFP antibody verified
that the PuGSTU17 and PuPLA, promoters showed
significantly higher PuHSFA4a binding enrichment at
binding sites relative to a control (Fig. 7A). Yeast one-
hybrid (Y1H) assays showed that when fused
PuGSTU17-AbAi or PuPLA,-AbAi was coexpressed
with PuHSFA4a-AD in yeast, the two strains could
grow on SD/-Ura/-Leu/AbA plates (Fig. 7B). This re-
sult revealed that PuHSFA4a bound specifically to the
promoters of the PuGSTU17 and PuPLA, genes in vivo.
A luciferase reporter (LUC) assay showed that coex-
pression of 355::PuHSFA4a with ProPuGSTU17::Luc or
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ProPuPLA,::Luc led to an obvious increase in lumi-
nescence intensity (Fig. 7C), thus confirming that
PuHSFA4a interacts with the promoters of PuGSTU17
and PuPLA,. Additionally, an electrophoretic mobility
shift assay (EMSA) showed that PuHSFA4a bound
to a DNA probe containing a typical HSE motif
(GAACTTTC or TTCAAGAA) was out-competed by
an unlabeled DNA probe. In contrast, PuHSFA4a failed
to bind to a mutant probe (Fig. 7D). A further RT-qPCR
experiment showed that the expression of PuGSTU17
was significantly reduced under Zn stress in the roots of
PuHSFA4a-SRDX lines relative to wild-type plants
(Fig. 7E). Taken together, these results demonstrate that
PuHSFA4a positively regulates PuGSTU17 and PuPLA,
expression in response to high Zn stress by binding
directly to their promoter regions.

PuGSTU17 Positively Regulates Zn Tolerance and ROS
Scavenging Capacity in Roots

To determine whether PuGSTU17 confers Zn toler-
ance, we generated 355:PuGSTU17 (PuGSTU17-OE)
lines of P. ussuriensis, and also generated PuGSTU17-
RNA interference (RNAI) lines of P. ussuriensis (PuG-
STU17-RNAi). The expression of PuGSTUI17 was
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SD/-Trp/-His/-Ade

Populus HSFA4a Protects Roots from Zinc Toxicity

Figure 3. Subcellular localization and trans-
activation assay of PuHSFA4a. A, Subcellular lo-
calization of GFP fusion PuHSFA4a protein in
onion epidermal cells. Images were obtained in a
dark field to detect green fluorescence, and again
in bright light to observe the morphological
characteristics of the cells. Bars = 50 um. B,
Transactivation assay of PuHSFA4a in yeast cells.
The full-length construct and several partial de-
letion constructs of PuHSFA4a were fused to
GAL4 DBD and expressed in the yeast strain
AH109 Gold. Transformed yeast was grown in
either SD/-Trp or SD/-Trp/-His/-Ade media.
pGBKT7 was used as a negative control. LacZ
activity was observed in SD/-Trp medium con-
taining X-a-Gal.

SD/-Trp+
X-a-Gal

confirmed in transgenic lines by RT-qPCR
(Supplemental Fig. S7). Under normal culture condi-
tions, PuGSTU17-OE and PuGSTU17-RNAi plants
showed the same phenotype as wild-type plants
(Supplemental Fig. S7). When plants were cultured on
media containing 1.2 mm of ZnSO, for two weeks, plant
heights were not significantly different between PuG-
STU17 transgenic lines and wild-type plants. However,
the root dry weight of PuGSTU17-OE plants was sig-
nificantly higher than that of wild-type plants, while
PuGSTU17-RNAI lines displayed significantly inhibited
root growth (Fig. 8, A and B). Moreover, PuGSTU17-OE
plant roots had lowered EL and MDA content than wild-
type plants when exposed to high Zn stress while
PuGSTUI17-RNAi plants displayed a higher EL and
MDA than the wild type in roots (Fig. 8, C and D). Our
results showed that PuGSTU17-OE plants suffered less
cell membrane damage than wild-type and PuGSTU17-
RNAi plants. In addition, quantitated H,O, content data
indicated that roots of PuGSTU17-OE plants displayed
lower, and PuGSTU17-RNAi plants had higher, ROS
levels than wild type under Zn stress (Fig. 8E).

We quantified the GST activity of roots of PuGSTU17-
OE, PuGSTU17-RNAI, and wild-type plants. Under excess
Zn stress, the GST activity of the roots of PuGSTU17-OE
plants was higher than the activity of the roots of
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Figure 4. Phenotypes of wild-type, PuHSFA4a-overexpression (A4a-OE3 and A4a-OE8), and PuHSFA4a-SRDX dominant re-
pressor (A4a-SRDX1 and A4a-SRDX6) P. ussuriensis plants. A, Phenotypes of A4a-OE3, A4a-OE8, A4a-SRDX1, A4a-SRDX6, and
wild-type (WT) plant roots grown with or without 1.2 mm of ZnSOy for two weeks. Scale bars = 2 cm. B and C, Root dry weight (B)
and plant height (C) of A4a-OE3, A4a-OE8, A4a-SRDX1, A4a-SRDX6, and wild-type plants with or without 1.2 mm of ZnSO,.
Each value represents the mean of 30 plants, and error bars = sb. D, Measurement of EL in A4a-OE3, A4a-OE8, A4a-SRDX1, A4a-
SRDX6, and wild-type plants with or without 1.2 mm of ZnSO,. Data are presented as means of six biological replicates, and error
bars = sp. E and F, In situ accumulation of H,O, in wild-type and transgenic plants, as revealed by histochemical staining with
DAB with or without 1.2 mm of ZnSO, (E). Scale bars = 500 wm. Measurement of the H,O, content of roots in wild-type and
transgenic plants by luminol assay as described in the “Materials and Methods” (F). Data are presented as means of three bio-
logical replicates, and error bars = sp. In (B), (C), (D), and (F), Asterisks indicate significant differences as determined by a Stu-
dent’s ttest, *P < 0.05 and **P < 0.01.
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Figure 5. Phenotypes of PuHSFA4a-OE, PuHSFA4a-SRDX
dominant repressor, and wild-type (WT) P. ussuriensis plants
after transplantation in soil under excess Zn. A, Phenotypic
comparison of PuHSFA4a transgenic and wild-type plants
with respect to above-ground parts, leaves, and roots after
irrigation with 5.0 mm of ZnSO, for four weeks. Scale bars =
5 cm. B and C, Root dry weight (B) and plant height (C) of
A4a-OE3, A4a-OE8, A4a-SRDX1, A4a-SRDX6, and wild-
type P. ussuriensis plants in response to excess Zn. Each
value represents the mean of 40 plants, and error bars = sp.
D, Chlorophyll content of leaves of PuHSFA4a transgenic
and wild-type plants with or without excess Zn treatment. E,
Zn content of PuHSFA4a transgenic and wild-type plants
roots under excess Zn treatment. Two-month-old plants
were treated with 5.0 mm of ZnSO, for four weeks. Data are
presented as means of three biological replicates, and error
bars = sp. Asterisks indicate significant differences as de-
termined by a Student’s t test, *P < 0.05 and **P < 0.01.
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Figure 6. Transcriptome analyses of
PuHSFA4a overexpression and wild-
type (WT) P. ussuriensis plants under
high Zn stress. A, Venn diagrams com-
paring the DEGs among the PuHSFA4a-
OE and wild-type P. ussuriensis lines
with or without 1.2 mm of ZnSO,.
“Untreated” represents the DEGs be-
tween wild-type and PuHSFA4a-OE
under control conditions. “Zn stress”
represents the DEGs between wild-type
and PuHSFA4a-OE under high Zn
stress. Red and blue colors indicate
upregulated and downregulated genes,
respectively. B, RT-qPCR analysis of the
transcript levels of PuHSFA4a target
genes with or without 1.2 mm of ZnSO,.
Data are presented as means of three
biological replicates, and error bars = sp.

Relative expression

A.

Untreated

Zn stress

Relative expression

4 Control  1.2mM ZnSO4
PulPl
=1 =
g3 k=
2 2
Z Z
= e
5 g
= k|
o] o]
ez -
1
0
Control 1.2 mM ZnSO4
3
PuPLAl 259
g £ 20
2, 2
Z £ 13
3 3
= z
L = 104
& &
54
0 0
Control 1.2 mM ZnSOa4
=0 PuPIF3 R
5 E
215 2
£ £10
5 H
210 H
= =
o )
& 205
0.5
0.0 0.0

Control 1.2 mM ZnSOs4

wild-type plants (Fig. 8F). After inhibiting the expression
of PuGSTU17, the GST activity in roots was lower com-
pared with wild type (Fig. 8F). In addition, we assessed
GST activity in the roots of PuHSFA4a-OE, PuHSFA4a-
SRDX, and wild-type plants. The results showed
PuHSFA4a-OE lines displayed significantly higher,
and PuHSFA4a-SRDX lines had lower, root GST ac-
tivity than wild type under high Zn stress (Fig. 8G).
The root Zn concentration was higher in PuGSTU17-OE
lines and lower in PuGSTU17-RNAI lines relative to
wild-type roots when irrigated with a 1.2-mm ZnSO,
solution (Supplemental Fig. S7D). Next, we compared
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plant tolerance to CdCl,, PEG6000, and NaCl stresses in
PuGSTU17-OE and wild-type plants. These compari-
sons revealed no phenotypic differences between
PuGSTU17-OE and wild-type plants in response to
these stresses for 2 weeks (Supplemental Fig. S8, A-D).

PuPLA, Overexpression Increased Root Growth under
Excess Zn

We then wused the plant expression vector
35S::PuPLA, to overexpress PuPLA; (PuPLA,-OE) in
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Figure 7. Verification of the PuHSFA4a
target genes PuGSTU17 and PuPLA,.
A, ChIP-qPCR analysis of PuHSFA4a
binding to PuGSTU17 and PuPLA2
promoter fragments using anti-GFP tag
antibody. Schematic diagrams showing
the PuHSFA4a binding sites in the re-
gions 2,000 bp upstream of the tran-
scriptional start (ATG) sites of the
PuGSTU17 and PuPLA, genes. Trian-
gular arrowheads indicate PuHSFA4a
binding sites (P1, P2, P3, and P4). B,
Y1H assay of PuHSFA4a binding to
PuGSTU17 and PuPLA; promoter frag-
ments. C, Binding of PuHSFA4a to the
promoters of PuGSTU17 and PuPLA; as
assayed using the dual luciferase sys-
tem. D, EMSA analyses showing the
binding of PuHSFA4a to the DNA
probes of the PuGSTU17 and PuPLA;
promoters in vitro. The free and bound
DNAs (arrows) were separated by ac-
rylamide gel electrophoresis. The unla-
beled probes were used as competitors,
and mutated probes were produced
by replacing the HSE motifs with
GGGGGGGQG. E, Relative expression
levels of PuGSTUI17 in PuHSFA4a-
SRDX and wild-type plants assessed
under excess Zn conditions and nor-
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P. ussuriensis. The expression levels of PuPLA, were sig-
nificantly increased in PuPLA, overexpression (PLA,-OE2,
PLA,-OE3) lines than in wild-type plants (Supplemental
Fig. S9A). Under normal culture conditions in vitro,
PuPLA,-OE plants had larger root systems than wild-type
plants (Fig. 9, A and B). In contrast, plant height did not
significantly differ between PuPLA,-OE and wild-type
plants (Fig. 9C). When cultured on media containing
1.2 mm of ZnSOy, for 2 weeks, root growth and plant
height of both transgenic and wild-type plants were
suppressed. However, under high Zn stress, PuPLA,-
OE lines showed higher root dry weight and plant
height than wild-type plants (Fig. 9, A-C; Supplemental
Fig. S9B). To further determine the role played by
PuPLA,; in the Zn stress response, we assessed the
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expression of the auxin signaling-related gene
Phytochrome-Interacting Factor 3 (PuPIF3), which was
upregulated in PuHSFA4a-OE plants under Zn stress
(Supplemental Table S4). We then found that, in re-
sponse to excess Zn, PuPIF3 showed increased expres-
sion in PuPLA,-OE lines relative to wild-type plants
(Fig. 9D).

DISCUSSION

Plant HSFs are known to be involved in abiotic stress
responses, including to heat, salt, oxidative, drought, Cd,
and starvation stresses (Panchuk et al., 2002; von Koskull-
Doring et al., 2007; Shim et al., 2009; Pérez-Salamo et al.,
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Figure 8. Phenotype of PuGSTU17-overexpression (GSTU17-OE3 and GSTU17-OE4), PuGSTU17-RNAi (GSTU17-RNAIT and
GSTU17-RNAI7), and wild-type (WT) P. ussuriensis plants under excess Zn. A, Phenotypic comparison of the roots of PuGSTU17-
OE, PuGSTU17-RNAi, and wild-type plants in response to excess Zn. Scale bars = 2 cm. B, Root dry weight of PuGSTU17-OE,
PuGSTU17-RNAI, and wild-type plants with or without Zn treatment. Each value represents the mean of 30 plants, and error
bars = sp. C, Measurement of EL in PuGSTU17-OE, PuGSTU17-RNAi, and wild-type plants with or without Zn treatment. D,
Measurement of MDA in PuGSTU17-OE, PuGSTU17-RNAi, and wild-type plants with or without Zn treatment. E, Measurement
of the H,O, content in PuGSTU17-OE, PuGSTU17-RNAI, and wild-type plants with or without Zn treatment. F, Measurement of
GST activity in PuGSTU17-OE, PuGSTU17-RNAI, and wild-type plants with or without Zn treatment. G, Measurement of GST
activity in PuHSFA4a-OE, PuHSFA4a-SRDX, and wild-type plants with or without Zn treatment. In (C) to (G), data are presented
as means of three biological replicates, and error bars = sp. Asterisks indicate significant differences as determined by a Student’s

ttest, *P < 0.05 and **P < 0.01.

2014). However, to date there are no reports of plant HSFs
that are specifically involved in the Zn stress response. In
this study, we characterized PuHSFA4a, an HSF found in
P. ussuriensis that acts as a positive regulator of excess Zn
tolerance in roots. PuHSFA4a is specifically induced in
root tissues by excess Zn. When exposed to excess Zn, a
dominant repressor version of the PuHSFA4a lines
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(PuHSFA4a-SRDX) decreased Zn tolerance and root
growth, while PuHSFA4a overexpression (PuHSFA4a-
OE) significantly increased Zn tolerance and root growth.
Moreover, we also found that PuHSFA4a contributed to
excess Zn tolerance by directly regulating PuGSTU17 to
control ROS levels in roots. PuHSFA4a overexpression
was also found to enhance Zn tolerance by largely
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upregulating target PuPLA; transcript levels, and thus
promoting root growth when exposed to high levels of
Zn. These results demonstrate that PuHSFA4a functions
positively in regulating excess Zn response.

Because roots are the first tissue confronted by excess
heavy metal content in the soil, toxic symptoms of ex-
cess exposure to heavy metals are more common in
roots than in other tissues (Chang et al., 2005). The
primary response to Zn toxicity is growth inhibition,
often characterized by reduced root growth, increased
root thickening, and impaired cell division/elongation
(Barcel6 and Poschenrieder, 1990; Vaillant et al., 2005).
For instance, overexpression of the ACS gene in Ara-
bidopsis improves tolerance to excess Fe by protecting
growing roots (Li et al., 2015). Moreover, in response to
stress caused by exposure to excess Cd, suppression of
GPL4 in Arabidopsis results in increased root biomass
and tolerance to Cd (Khare et al., 2017). Overexpression
of MAN3 in Arabidopsis in response to excess Cd also
results in larger roots (i.e. roots with heavier root fresh
weights) and enhanced Cd tolerance (Chen et al., 2015).
In this study, under excess Zn, PuHSFA4a-OE trans-
genic line plants showed lower root ROS, MDA, and EL
levels and stronger root systems than wild-type plants,
whereas PuHSFA4a-SRDX plants had higher root ROS,
MDA, and EL levels and weaker roots than wild-type
plants. Previous studies have reported mechanisms by
which plants have evolved to cope with excess ROS

Plant Physiol. Vol. 180, 2019
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Figure 9. Phenotype of PuPLA,-OE and wild-type
(WT) P. ussuriensis plants with or without Zn
treatment. A, Phenotypic comparison of the roots
of PuPLA; transgenic and wild-type plants with or
without excess Zn. Scale bars = 2 cm. B and C,
Root dry weight (B) and plant height (C) of
PuPLA,-OE and wild-type plants under excess Zn
stress. Each value represents the mean of 30
plants, and error bars = sp. D, The relative ex-
pression levels of PuPIF3 in PuPLA,-OE and wild-
type plants assessed under excess Zn conditions,
and a comparison of the relative expression of
PuPIF3in PuPLA,-OE lines compared to wild-type
plants. All values are normalized to PuActin
(MH644084). Data are presented as means of
three biological replicates, and error bars = sp.
For (B)—(D), Asterisks indicate significant differ-
ences as determined by a Student’s ¢ test, *P <
0.05 and **P < 0.01.

PuPIF3

induced by Zn stress, mainly by activating antioxidant
enzymes and by producing nonenzymatic compounds
(Chaoui et al., 1997; Wang et al., 2009). For example,
overexpression of HvAPX1 in barley alleviated Zn
toxicity-induced damage in Arabidopsis by limiting
oxidative damage (Xu et al., 2008). Based on these
findings, we speculate that PuHSFA4 confers tolerance
to excess Zn by regulating ROS levels and membrane
lipid peroxidation to ensure root cell integrity.
Transcriptomic analysis of PuHSFA4a-OE and wild-
type Populus roots identified many genes whose ex-
pression was substantially regulated by PuHSFA4a
overexpression. Consistent with the observed pheno-
type changes, expression of genes related to abiotic stress
response and root growth were increased substantially
by high Zn stress in roots. In the last decade, many
studies have improved our understanding of the mo-
lecular mechanisms that regulate excess Zn tolerance.
For example, MTP1 from P. trichocarpa X P. deltoides
(Blaudez et al., 2003), AtHMA1 (Kim et al., 2009),
AtHMA3 (Morel et al, 2009), AtMTP1 (Desbrosses-
Fonrouge et al., 2005), AtMTP3 (Arrivault et al., 2006),
AQUAT (Ariani et al., 2016), OZT1 (Lan et al., 2013), the
cyanobacterial metallothionein gene SmtA (Xu et al.,
2010), and HvAPX1 (Xu et al.,, 2008) have all been
found to contribute to the detoxification of excess Zn in
diverse species. In this study, transcriptomic analysis
revealed that overexpression of PuHSFA4a did not affect
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the expression of any previously identified Zn stress
response genes. In addition, studies of various other
plant species have identified target genes regulated by
HSFA4as, including the Arabidopsis HSP17.6A (Pérez-
Salam¢ et al., 2014) and yeast MT (Shim et al., 2009)
genes. However, our RNA-seq data did not reveal any
known target genes that were affected by PuHSFA4a
expression. Collectively, our results suggest that those
genes that are differently expressed in response to
PuHSFA4a expression are independent of both previ-
ously defined Zn stress response genes and known
HSFA4a target genes found in P. ussuriensis roots. Fur-
ther functional study of downstream genes will help to
clarify this issue.

The antioxidative enzyme GST was reported to play
an important role in abiotic stress resistance by reduc-
ing ROS toxicity (Jiang and Yan, 2018). In Juglans regia,
overexpression of JrGSTTaul confers chilling stress
tolerance by decreasing ROS accumulation and thereby
reducing cell damage (Yang et al., 2016). Ectopic ex-
pression of rice OsGSTU4 improves tolerance to salinity
and oxidative stresses in Arabidopsis by enhancing
GST activity, thereby suppressing ROS accumulation
(Sharma et al., 2014). In our study, a tau class PuGST
(PuGSTU17), homologous to Arabidopsis AtGSTU17,
was identified as a direct target of PuHHSFA4a by RT-
qPCR, ChIP-qPCR, Y1H, and LUC assays, and by
EMSA. Furthermore, ROS accumulation was signifi-
cantly decreased in PuGSTU17 overexpressing lines but
obviously increased in the PuGSTU17-RNAi lines
compared with wild type under excess Zn. Accord-
ingly, overexpression of PuHSFA4a significantly in-
creased GST activity in roots under excess Zn, while a
dominant repressor version of PuHSFA4a decreased
GST activity. Taken together, our results demonstrate
that PuHSFA4a can activate the target gene PuGSTU17
to promote GST activity to eliminating excess
Zn-induced ROS in roots and thereby improve Zn tol-
erance. This finding agrees with previous studies
showing that overexpression of tau GSTs from Pyrus
pyrifolia increased tolerance to Cd (Liu et al., 2013), tau
GSTs from Gly soja and Salicornia brachiata enhanced
salt tolerance, and tau GSTs from G. soja improved
drought tolerance in tobacco (Nicotiana benthamiana; Ji
et al., 2010; Jha et al., 2011). However, we found that
both PuHSFA4a and PuGSTUI17 overexpression spe-
cifically improves plant resistant to excess Zn but does
not confer tolerance to some other heavy metal stresses.
In this regard, the relationship between PuHSFA4a and
PuGSTU17 under Zn stress remains to be clarified.

The developmental plasticity of root shape is im-
portant for root function and plant survival after ex-
posure to toxic heavy metals (Lin and Aarts, 2012). PLA
enzymatic hydrolysate free fatty acids were reported to
be second messengers that are involved in auxin func-
tions such as activation of elongation and cell division
(Holk and Scherer, 1998). In previous studies, PLA was
identified as a regulator of plant growth and develop-
ment (Wang et al., 2000; Holk et al., 2002; La Camera
et al., 2005; Schvartzman et al., 2018). For instance,

2266

Arabidopsis AtPLAIVA-null mutants have reduced
lateral root development by reduced auxin signaling
(Schvartzman et al., 2018). In this study, ChIP-qPCR,
Y1H, and LUC assays and EMSA confirmed that
PuPLA, was also a direct target gene of PuHSFA4a
(Fig. 7; Supplemental Fig. S6). Under excess Zn, both
the PuPLA,-OE and PuHSFA4a-OE lines displayed
similar phenotypes with respect to root growth com-
pared to wild-type plants. In addition, PuPIF3 expres-
sion was upregulated by both PuHHSFA4a overexpression
and PuPLA, overexpression under excess Zn conditions.
Previous studies reported that PIFs are involved in the
regulation of auxin signaling and auxin biosynthesis in
plants. For instance, Arabidopsis PIF3 lies downstream
of PHYB and RGL3, and has been shown to reduce the
inhibitory effect of nitric oxide on root growth in Ara-
bidopsis (Bai et al., 2014). Arabidopsis PIF4 also regu-
lates hypocotyl growth by directly targeting the auxin
biosynthesis gene Y UCCAS and the auxin signaling gene
IAA29 (Sun et al.,, 2012, 2013), and regulates root growth
by modulating the expression of the auxin biosynthesis
genes TAAT and CYP79B2 in response to high temper-
atures (Franklin et al., 2011). These results suggest that
PuHSFA4a might confer excess Zn tolerance partly by
regulating PuPLA; to promote the expression of PIF3
and thereby influencing the auxin signaling pathway,
thus contributing to root growth. Further elucidation of
the mechanisms underlying PuHSFA4a regulation of
PuPLA; and PuPIF3 expression under Zn stress should
be a focus of future work.

Based on our findings, we propose a model of action
for PuHSFA4a in response to excess Zn in roots (Fig. 10).

Excess Zn

i

4 PuHSFA4a )
PuGSTU17 PuPLA2

N = i

/

Zn tolerance

Figure 10. A proposed model illustrating excess Zn tolerance regulated
by the PuHSFA4a. PuHSFA4a is induced by high Zn content in
P. ussuriensis roots. Under excess Zn stress, PuHSFA4a activates PuG-
STU17 expression by binding with its promoters, followed by enhanc-
ing GST activity, which resulted in enhancing tolerance by reducing
ROS. Meanwhile, overexpression of PuHSFA4a promotes root growth
by directly binding with the PuPLA, promoter to activate its transcrip-
tion under Zn stress. Thus, PuHSFA4a functions as a positive regulator of
excess Zn tolerance by activating the antioxidant system and promoting
root growth in P. ussuriensis.

Root response
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In this article, we have provided evidence that the root-
specific-induced gene PuHSFA4a positively regulates
high Zn tolerance in roots of P. ussuriensis by coordi-
nately activating the antioxidant system and root de-
velopment genes and that it directly targets PuGSTU17
and PuPLA,. This study thus identifies PuHHSFA4a as a
positive and specific regulator of excess Zn tolerance in
P. ussuriensis and provides insight into the mechanisms
of excess Zn tolerance in Populus roots.

MATERIALS AND METHODS
Plant Materials and Growth Conditions

Populus ussuriensis clone Donglin plants were grown in vitro under 16-h—
light/8-h—dark cycles at 46 umol photons m~2 s~ ! irradiation at 25°C. Plants were
grown on half-strength MS plates with 0.6% (w/v) agar and 2% (w/v) Suc for two
weeks followed by culturing on a medium supplemented with 1.2 mm of ZnSO,
for 0, 3, 6,12, 24,48 h, and 1 week, respectively. The plants were also exposed to
80 um of CdCly, 100 uM of CuSOy, 1.0 mm of FeSOy, 7% (w/v) PEG6000, 30 um of
ABA, and 150 mm of NaCl treatments for 0, 12, and 24 h, respectively. At the end
of the experimental period, leaf and root tissues were collected, frozen in liquid
nitrogen, and stored at —80°C. For gene expression and physiology analysis,
plants were grown in a growth chamber at 25°C, in a 16-h-light,/8-h—dark
photoperiod with a light intensity of 46 umol photons m~2 s~

RNA Extraction and RT-qPCR Analysis

Total RNA was extracted using the cetyltrimethylammonium bromide
method (Zhang et al., 2015), and reverse-transcription was performed using the
PrimeScript RT First Strand cDNA Synthesis Kit (Toyobo). First-strand cDNA
synthesized from 0.5 ug of purified RNA was reverse-transcribed using a Re-
verse Transcriptase Kit (TaKaRa). RT-qPCR was performed with primers cor-
responding to sequences from the UniGene database developed from a
nonparametric RNA-seq of P. ussuriensis. RT-qPCR was carried out using a
TransStart Top Green qPCR SuperMix (TransGen Biotech) with PCR conditions
following the manufacturer’s instructions. We also used a qTOWER 3G Cycler
and qPCR software (Analytik) to perform RT-qPCR and analyze data. The
P. ussuriensis Actin (PuActin) gene was used as an internal control. The 2~ AACt
method was used to determine the relative abundance of transcripts. All
primers used in this study are listed in Supplemental Table S5.

Phylogenetic Analysis and Protein Domain Identification

The HSF proteins were searched against the NCBI database (http://www.
ncbinlm.nih.gov/). A phylogenetic tree was constructed based on HSF amino
acid sequences using the neighbor-joining method in the software MEGA v5.0
(Tamura et al., 2011) and a bootstrap test with 1,000 iterations. Multiple se-
quence alignment of the full-length protein sequences was performed using the
software BioEdit v7.1 (Hall, 1999).

Generation of Transgenic Plants

A 2,203-bp genomic promoter sequence upstream of the coding region of
PuHSFA4a was cloned into a pCAMBIA1301 binary vector instead of the cau-
liflower mosaic virus 35S promoter. The full-length coding sequences (CDSs) of
PuHSFA4a and PuGSTU17 were amplified by PCR and cloned into the pBI121
vector containing the cauliflower mosaic virus 35S promoter to generate the
35S::PuHSFA4a and 35S:PuGSTUI17 constructs, respectively. A 27-bp DNA
sequence encoding the SRDX repression domain (Chai et al., 2014) was fused
in-frame to the 3" end of the PuHSFA4a coding regions and then cloned into the
pBI121 vector to generate the 35S::PuHSFA4a-SRDX constructs, respectively.
The coding region of the PuPLA, gene was cloned into a pCAMBIA1300 vector.
For the PuGSTU17 RNAI construct, a 179-bp specific fragment beginning with
an ATG starting at base 507 and ending at base 685 from PuGSTU17 was PCR-
amplified using primers PuGSTU17-RNAi-F and PuGSTUI17-RNAi-R. The
resulting PCR product was cloned into a pENTR vector (Invitrogen) and was
subsequently transferred into the RNAI destination vector pH7GWIWG2(II);
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Karimi et al.,, 2005). The vectors constructed included ProPuHSFA4a::GUS,
35S::PuHSFA4a-GFP, 35S::PuHSFA4a-SRDX-GFP, 35S::PuGSTU17-GFP,
PuGSTU17-RNAI, and 35S:PuPLA,-GFP. These were introduced into Agro-
bacterium strain EHA105 before transformation by leaves. Transformants were
selected on media containing 40 mg L~! kanamycin except ProPuHSFA4a::GUS,
PuGSTU17-RNAi, and PuPLA,-OE plants, which were selected on media
containing 4.0 mg L~! hygromycin. All transgenic plants were confirmed
by genomic PCR and by RT-qPCR. At least 10 transgenic lines were used
for phenotypic observations. From these lines, data were obtained from
four or more transgenic lines that showed a common and stable pheno-
type. All primer sequences used in this study are listed in Supplemental
Table S5.

Abiotic Stress and Zinc Tolerance Assays

Seven-day-old in vitro plants (wild type, PuHHSFA4a-OE, PuHSFA4a-SRDX,
PuGSTU17-OE, PuGSTU17-RNAI, and PuPLA,-OE) were transferred to half-
strength MS medium containing 1.2 mm of ZnSOy, 70 uM or 80 uM of CdCl,,
100 uM of CuSQOy, 1.0 mm of FeSOy, 7% (w/v) PEG6000, 30 uM of ABA, and
150 mm of NaCl for 2 weeks, respectively, unless otherwise specified. In addi-
tion, 2-month-old soil grown plants were irrigated with 5.0 mm of ZnSOj for
four weeks under the same light regime in soil. In a preliminary experiment, we
evaluated the effect of different concentrations of ZnSO, on in vitro and soil
grown P. ussuriensis. The results showed that 1.2-mm and 5-mm Zn concentra-
tions could reduce but not abolish in vitro and soil grown P. ussuriensis, re-
spectively. Thus, 1.2-mm and 5-mm Zn concentrations were used as moderate
excess Zn stress treatment for in vitro and soil grown plants in this study,
respectively.

Measurement of EL, MDA Content, ROS Accumulation,
and GST Activity

Seven-day-old in vitro plants were cultured on half-strength MS medium
with or without 1.2 mm of ZnSO,, respectively. After 2 weeks of culture, the
roots were collected and used for analysis.

MDA content was quantified as described by Metwally et al. (2003). About
50 mg of roots were ground in liquid nitrogen and homogenized in 1 mL of 0.1%
(w/VvTCA for 10 min and centrifuged at 10,000 for 15 min at 4°C. A quantity of
0.2 mL of the supernatant was reacted with 0.8 mL of 20% (w/v) TCA con-
taining 0.5% (w/v) thiobarbituric acid. The mixture was boiled for 20 min and
cooled immediately, then centrifuged at 10,000¢ for 5 min at 4°C. The absor-
bance of the supernatant was measured in 532 and 600 nm, respectively. The
concentration of MDA was calculated using the extinction coefficient of 155
mmol™! L™ em™! and expressed as nmol g~! fresh weight (Hossain et al.,
2017).

Measurements of EL were performed as described in Duan et al. (2017) with
some modifications. Briefly, three entire roots were immersed in 150-mL tubes
containing 80 mL of deionized water. After 15 min of vacuum treatment and
shaking at 140 rpm for 2 h at room temperature, the conductivities (C1) were
determined with an electrical conductivity meter (DDS-307A; Hinotek). The
samples were then boiled for 15 min. After cooling to 25°C, the conductivities of
the roots (C2) and deionized water (CO) were determined again. The relative ion
leakage% = (C1-C0) / (C2-C0)*100% was subsequently calculated.

For histochemical detection of H,O, accumulation, the roots were treated
with 3, 3’-diaminobenzidine (DAB) solutions (1.0 mg mL~! DAB-HCl at pH 3.8;
Sigma-Aldrich; Zhang et al., 2014). The stained roots were bleached in acetic
acid-ethanol (1:3, v/v) solution at 25°C for 3 h, and then stored in a glycerol-
ethanol (1:4, v/v) solution. Pictures were taken with SZ Stereo Microscopes
(Olympus).

H,0, was quantified by chemiluminescence (CL) with luminol as described
by Konig et al. (2014). About 100 mg of roots were pulverized with a mortar and
pestle in liquid nitrogen, and then mixed with 0.5 mL of 5% (w/v) TCA at 4°C.
The samples were placed in the dark for 40 min and centrifugated at 10,000¢ for
10 min at 4°C. After dilution with 0.1-m sodium carbonate buffer, 50-uL aliquots
were incubated with 100 U of catalase (bovine liver; Sigma-Aldrich) or with the
same volume of water for 30 min at 30°C as a control. H,O, was determined by
CL with luminol. The sample (5 ©L) was added to 100 uL of reagent solution.
The emitted photons were counted over 7 s with a Synergy H1 Hybrid Multi-
Mode Microplate Reader (BioTek). The difference between catalase-treated and
untreated samples (ACL) was considered as H;O,-specific CL. A standard
curve was generated using appropriate dilutions of 30% (w/v) H,O, (Farooq
et al., 2016).
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For detection of GST activity, frozen roots were ground in a liquid-nitrogen
prechilled mortar containing 50 mm of phosphate-buffered saline at pH 7.2,
1 mm of EDTA, 8% (w/v) polyvinylpolypyrrolidone, 2 mm of DTT, and 0.01%
(v/v) Triton 100-X. The extract was passed through Miracloth and then
centrifuged at 23,000¢ for 30 min at 4°C (Davoine et al., 2006). The supernatants
were used for GST activity analysis by using a GST (glutathione-ST) Assay Kit
(Nanjing Jiancheng Bioengineering Institute) according to the manufacturer’s
instructions. The total proteins in the samples were quantified by using a
Bradford Protein Assay Kit (Solarbio) according to the manufacturer’s
instructions.

Chlorophyll and Zn Content Analyses

Two-month-old soil grown plants were irrigated with or without 5.0 mm of
ZnSO, for 4 weeks.

The third leaf was collected for measurements of chlorophyll and the whole
roots were collected for measurements of Zn content, respectively.

For total chlorophyll quantification, ~20-30 mg leaves were ground in liquid
nitrogen and thoroughly mixed with 2.5 mL of 80% (v/v) acetone by vigorous
vortexing. The samples were then incubated in darkness overnight at 4°C. The
mixtures were centrifuged at 10,000¢ for 20 min at 4°C. The absorbance of su-
pernatant was measured at 663 and 645 nm (Porra, 2002). Total chlorophyll
content was calculated and expressed as mg g~! fresh weight.

The concentration of Zn in roots was analyzed as described by Cho et al.
(2003) with some modifications. The roots were harvested, briefly washed using
deionized water, and dried at 60°C until their weights remained constant.
About 500 mg of dry homogeneous sample was digested with 5-mL 65% (v/v)
HNO; at 150°C until complete solubilization of the sample occurred. The
cleared extracts were then diluted with ultra-pure water to 25 mL and analyzed
by inductively coupled plasma optical emission spectrometry (Agilent
Technologies).

Histochemical GUS Staining

Histochemical GUS-staining assays were performed as described in
Jefferson et al. (1987) with minor modifications. Two-week-old Pro-
PuHSFA4a::GUS plants were treated with or without ZnSO, (1.2 mm) for 7 d.
After this treatment all plants were incubated in a solution for ~16 h at 37°C in
100 mm of sodium P buffer (pH 7.0) containing 0.6 g of 5-bromo-4-chloro-3-
indolyl-B-p-GlcA cyclohexylammonium salt, 5 mm of potassium ferrocyanide,
5 mwm of potassium ferricyanide, 0.1 m of EDTA disodium salt, and 0.1% (v/v)
Triton X-100. Tissues were fixed with fixative solution (glacial acetic acid-
absolute ethanol, 1:3 [v/v]) and then immersed in transparent solution (glyc-
erin-absolute ethanol, 1:4). GUS activity was imaged using at least three
replicates.

Subcellular Localization and Transcriptional Activation
of PuHSFA4a

Subcellular localization was performed by expressing 35S:GFP and
35S::PuHSFA4a-GFP in onion (Allium cepa) tissue epidermal cells via a biolistic
bombardment method (Lee et al., 2008). GFP fluorescent signals for the fusion
protein were examined with a LSM 710 Meta confocal microscope (Zeiss) at an
excitation wavelength of 488 nm and an emission wavelength of 509 nm.
Plasma membrane localization was confirmed by plasmolysis after onion epi-
dermal cells were treated with 30% (w/v) Suc solution for 20 min. To estimate
PuHSFA4a transcriptional activation, full-length and six partial CDSs of the
PuHSFA4a gene were cloned into the Ncol and Sall sites of the pGBKT? vector to
fuse with the GAL4 DBD (Aoyama and Chua, 1997). The vector was then
transformed into the yeast strain AH109 (Clontech). The transformed yeast was
spread on SD/-Trp, SD/-Trp/X-a-Gal, and SD/-Trp/-His/-Ade media
(Coolaber) and incubated at 30°C for 3-5 d. The negative control, a pGBKT7
empty vector in AH109, was treated the same way. The primer sequences for
vector construction and six partial CDSs are shown in Supplemental Table S5.

Protein Extraction from Transgenic Lines and
Immunoblot Analysis

355::GFP and 35S::PuHSFA4a-GFP reporter constructs were transiently
expressed in P. ussuriensis leaves as described in Takata and Eriksson (2012).
Total proteins were extracted from infected leaves expressing either GFP or
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PuHSFA4a fused with GFP using protein extraction buffer (10 mwm of Tris-Cl at
pH 7.5; 150 mm of NaCl; 0.5 mm of EDTA; 1 mm of phenylmethanesulfonyl
fluoride; 0.5% [w/v] Nonidet P-40). We detected GFP and PuHSFA4a-GFP
protein abundance by using a rabbit anti-GFP antibody (Abcam) and a goat
anti-rabbit IgG H&L (HRP; ab205718; Abcam) secondary antibody. Immuno-
reactive polypeptides were visualized by using the western ECL blotting sub-
strate BeyoECL Moon (Beyotime). Imaging was performed using a model no.
LAS-4000 Imaging System (Fijifilm).

Transcriptome Analysis

To assess PuHSFA4a-mediated excess Zn tolerance in P. ussuriensis using
RNA-seq experiments, in vitro cuttings of PuHSFA4a-OE and wild type were
grown for 7 d in half strength MS medium, and were then transferred to half
strength MS medium supplemented with 1.2 mm of ZnSOj for two weeks. A
separate cohort of plants was grown in half strength MS medium for all three
weeks as a control. Total RNA isolation, library construction, and sequencing
were performed by Anoroad Technologies. In total, 2 ug RNA was prepared for
library construction. Sequencing was performed on a HiSeq 4000 (Illumina).
Obtained reads were mapped to the P. trichocarpa genome (http:/ /phytozome.
jgi.doe.gov) using the software TopHat2 (http://ccbjhu.edu/software/
tophat/index.shtml; Kim et al.,, 2013), differential expression analysis was
conducted using the programs Cuffdiff (http://cole-trapnell-lab.github.io/
cufflinks/) and DEseq2 (https://bioconductor.org/packages/release/bioc/
html/DESeq2.html; Love et al.,, 2014). Heatmaps were generated using the
software GENE (https:/ /software.broadinstitute.org/GENE-E/). Ontology
enrichment was analyzed using the software BINGO (https:/ /www.psb.ugent.
be/cbd/papers/BiNGO/Home.html). Finally, our RNA-seq results were ver-
ified by RT-qPCR and all primers used are shown in Supplemental Table S5.

ChIP Assays

In vitro cuttings of PuHSFA4a-OE and wild type were grown for 7 d in half
strength MS medium, and were then transferred to 1/2 MS medium supple-
mented with or without 1.2 mm of ZnSO, for 2 weeks. Then, the roots of
PuHSFA4a-OE transgenic plants were harvested for analysis using ChIP-PCR
(Li et al., 2014) and ChIP-qPCR (Huang et al., 2017). GFP antibodies (Beyotime)
bound to Protein-A agarose beads (Sigma-Aldrich) were used for the ChIP
assays. A rabbit anti-hemagglutinin antibody was used as a negative control
(Mock), and PuActin was used as a control. The degree of enrichment of pro-
moter fragments over 13 genomic fragments were determined by PCR and RT-
qPCR. The primers used for these analyses are listed in Supplemental Table S5.

Y1H Assays

The promoters of PuGSTU17 (1,654-bp) and PuPLA, (1,673-bp) were PCR-
amplified and inserted into a pAbAi-BR yeast integrating vector (bait-reporter;
Clontech) and the PuHSFA4a gene was cloned into the pGADT7-rec vector
(Clontech) in frame with the GAL4 activation domain. The pPGADT7-PuHSFA4a
and pAbAi-ProPuGSTU17 or pGADT7-PuHSFA4a and pAbAi-ProPuPLA,
vectors were cotransformed into yeast YIHGold strain using a Matchmaker
One-Hybrid Library Construction and Screening Kit (Clontech). Cotrans-
formed yeast cells were selected on SD/-Ura-Leu (a synthetic dropout medium
lacking Ura and Leu) with or without AbA (0.6 mg L™!; Sigma-Aldrich), and
were then incubated for 3-5 d at 30°C. The Y1H assay was conducted as de-
scribed in Wang et al. (2014). Both positive (pGAD-p53+p53-pAbAi) and
negative (pGADT7-AD+ProPuGSTU17-pAbAi or ProPuPLA,-pAbAi) controls
were carried out in the same manner. The primers used for these analyses are
listed in Supplemental Table S5.

Dual LUC Assay

The promoters of PuGSTU17 (1,654 bp) and PuPLA; (1,673 bp) were cloned
into pGreenII0800-LUC vectors as reporters. Full-length open reading frames of
PuHSFA4a were cloned into pBI121-GFP vectors as the effector. The effector and
reporter vectors were cotransformed into leaves of Nicotiana benthamiana as
previously described by He et al. (2013). Detection of dual LUC activity was also
carried out according to He et al. (2013). A Synergy H1 Microplate Reader (Bio-
Tek) and a Dual-Luciferase Assay Kit (Promega) were used to detect the firefly
LUC and Renilla luciferase activities according to the manufacturer’s instruc-
tions. The primers used for these analyses are listed in Supplemental Table S5.
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EMSA

The full-length CDS of PuHSFA4a was inserted into vector pET32a (Nova-
gen) for production of recombinant PuHSFA4a protein in Escherichia coli BL21.
Transformed E. coli were then grown in liquid media to an OD600 nm of 0.5,
treated with 0.6 mm of isopropyl-b-b-thiogalactopyranoside for 7 h at 30°C, and
then collected by centrifugation. The His-PuHSFA4a fusion protein was puri-
fied using PureCube Ni-NTA Agarose (Cube Biotech). The probes were labeled
with biotin using an EMSA Probe Biotin Labeling Kit (Beyotime) with all pro-
cedures performed as per the manufacturer’s instructions, and an unlabeled
probe was used as the competitor. EMSA was conducted using a Chemilumi-
nescent EMSA Kit (Beyotime). Reactions were incubated at 25°C for 30 min after
the addition of 2 ug of protein from the His purification eluate. Four probes
were generated for PuGSTU17 and PuPLA, promoters using the same oligo-
nucleotides described in Supplemental Table S5.

Statistical Analysis

Stress treatments were repeated at least three times. The statistical signifi-
cance between two means (except for microarray data) was determined using
ANOVAs followed by posthoc ¢ tests to examine pairwise differences. All tests
were reported such that asterisks indicated a significance level of P < 0.05and **
indicated P < 0.01.

Accession Numbers

Nucleic acid sequences of PuHSFA4a, PuGSTU17, and PuPLA, from P.
ussuriensis have been deposited into GenBank with accession numbers of
MH668277, MH668278, and MH668279. The raw sequence data of RNA-seq
experiments reported in this study have been deposited in the Gene Expression
Omnibus with accession numbers of GSE117778.

Supplemental Data

The following supplemental materials are available.

Supplemental Figure S1. RT-qPCR analysis of Class A of HSFs expression
under Zn stress and PuHSFA4a and PuGSTU17 expression under abiotic
stresses.

Supplemental Figure S2. Inmunoblot analysis used anti-GFP antibody to
verify PuHSFA4a-GFP fusion protein expression.

Supplemental Figure S3. Phenotypes and RT-qPCR confirmation of
PuHSFA4a-overexpression (A4a-OE3 and A4a-OE8) and a dominant re-
pressor version of PuHSFA4a (A4a-SRDX1 and A4a-SRDX6) P. ussurien-
sis plants.

Supplemental Figure S4. Phenotypes of wild type, PuHSFA4a-
overexpression  (PuHSFA4a-OE),  and  PuHSFA4a-suppression
(PuHSFA4a-SRDX) transgenic P. ussuriensis plants under various abiotic
stresses.

Supplemental Figure S5. Gene Ontology categorization of PuHSFA4a-
binding genes under excess Zn stress.

Supplemental Figure S6. ChIP-PCR analysis of PuHSFA4a binding to
PuGSTU17 and PuPLA, gene promoters.

Supplemental Figure S7. Phenotypes and RT-qPCR confirmation of
PuGSTU17-overexpression (PuGSTU17-OE) and PuGSTU17 suppression
(PuGSTU17-RNAI) in P. ussuriensis.

Supplemental Figure S8. Phenotypes of wild-type and PuGSTUI17-
overexpression (PuGSTU17-OE) transgenic P. ussuriensis plants under
different abiotic stresses.

Supplemental Figure S9. RT-gPCR analysis to confirm PuPLA,-overex-
pression transgenic lines and phenotypic observation of plants.

Supplemental Table S1. DEGs in wild-type P. ussuriensis plants with or
without excess Zn stress (log, Fold Change > 1, P value < 0.01).

Supplemental Table S2. DEGs in PuHSFA4a-overexpression (PuHSFA4a-
OE) transgenic P. ussuriensis plants with or without excess Zn stress (log,
Fold Change > 1, P value < 0.01).
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Supplemental Table S3. DEGs between wild-type and PuHSFA4a-
overexpression (PuHSFA4a-OE) transgenic P. ussuriensis plants under
control conditions (log, Fold Change > 1, P value < 0.01).

Supplemental Table S4. DEGs between wild-type and PuHSFA4a-
overexpression (PuHSFA4a-OE) transgenic P. ussuriensis plants under
excess Zn conditions (log, Fold Change > 1, P value < 0.01).

Supplemental Table S5. Primers used in this study.
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