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NPR1 mediates a novel regulatory pathway in cold
acclimation by interacting with HSFA1 factors
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NON-EXPRESSER OF PATHOGENESIS-RELATED GENES 1 (NPR1) is a master regulator of plant response to pathogens that
confers immunity through a transcriptional cascade mediated by salicylic acid and TGA transcription factors. Little is known,
however, about its implication in plant response to abiotic stress. Here, we provide genetic and molecular evidence supporting
the fact that Arabidopsis NPR1 plays an essential role in cold acclimation by regulating cold-induced gene expression inde-
pendently of salicylic acid and TGA factors. Our results demonstrate that, in response to low temperature, cytoplasmic NPR1
oligomers release monomers that translocate to the nucleus where they interact with heat shock transcription factor 1 (HSFA1)
to promote the induction of HSFA1-regulated genes and cold acclimation. These findings unveil an unexpected function for
NPR1in plant response to low temperature, reveal a new regulatory pathway for cold acclimation mediated by NPR1and HSFA1
factors, and place NPR1 as a central hub integrating cold and pathogen signalling for a better adaptation of plants to an ever-

changing environment.

affects growth and development of plants, determines their

geographic distribution and limits crop productivity. Many
plants from temperate regions, including Arabidopsis, have evolved
an adaptive process whereby their constitutive freezing tolerance
increases after being exposed to low non-freezing temperatures'.
This process, named cold acclimation, is complex and involves
many physiological and biochemical changes’. Research over the
last decades has shown that most of these changes are controlled by
low temperature through changes in gene expression. Arabidopsis,
for instance, reprograms its transcriptome during cold acclimation,
involving more than 3,000 genes®. Unfortunately, however, the role
that the vast majority of these genes play in this adaptive process
and the signalling pathways through which they operate remain to
be explained.

In plants, accumulating evidence indicates that low tempera-
ture interacts with other environmental cues. Interestingly, sev-
eral studies support that cold signals are closely associated with
defence responses. Thus, a number of pathogenesis-related (PR)
proteins, such as p-1,3-glucanases, endochitinases and thaumatin-
like proteins, accumulate in winter rye during cold acclimation®”.
It is worth mentioning that these proteins, in addition to having a
role in freezing tolerance, function in pathogen resistance’. How
low temperature induces their accumulation and triggers pathogen
resistance is still largely unknown. In Arabidopsis, some cold-regu-
lated transcription factors, including the plasma membrane-bound
NAC transcription factor NTL6 and the C2H2-type zinc finger
transcription factor AtZAT6, have been reported to directly bind
to the promoter regions of PR genes, thus inducing PR expression
and enhancing resistance to pathogen infection™®. Other cold-
related proteins from Arabidopsis, such as the vascular plant one-
zinc-finger proteins (VOZ), the mediator subunit SFR6/MED16
and the DREB and EAR motif protein 1 (DEAR1), also control PR
expression and promote tolerance to pathogens’''. Nonetheless, the
molecular mechanisms whereby these cold-related proteins control

|_ow temperature is a major environmental stress that adversely

the expression of PR genes to induce defence responses remains to
be uncovered. It has been proposed that the accumulation of PR
proteins under low-temperature conditions ensures an adequate
strategy of defence against the pathogens that frequently propagate
during cold seasons®. All these data indicate the existence of a wide
range of signalling crosstalk between cold and pathogen responses.

NPR1 is a master regulator of basal and systemic acquired resis-
tance in plants, which confers immunity through a transcriptional
cascade leading to massive induction of antimicrobial genes'. In
unchallenged Arabidopsis, NPR1 is sequestered in the cytoplasm as
an oligomer maintained by redox-sensitive intermolecular disulfide
bonds. The oligomerisation of NPRI is preserved by S-nitrosylation
through S-NITROSOGLUTATHIONE (GSNO)". On pathogen
challenge, the levels of salicylic acid increase, inducing the expres-
sion of NPRI gene and the accumulation of the NPRI protein'?. In
addition, the increase in salicylic acid levels generates changes in
the cellular redox state, which, in turn, leads to the reduction of the
disulfide bonds in NPR1 oligomers. The released NPR1 monomers
subsequently translocate to the nucleus where they activate PR gene
expression'’. The salicylic-acid-induced NPR1 oligomer-to-mono-
mer reaction is catalysed by THIOREDOXINS H3 and H5 (TRXH3,
TRXH5)", while the nuclear import of NPR1 monomers is medi-
ated by the SNF1-RELATED PROTEIN KINASE 2.8 (SnRK2.8)".
The NPR1 protein holds at least two domains involved in protein—
protein interactions, the BTB/POZ (broad-complex, tramtrack,
and bric-a-brac/Pox virus and zinc finger) and the ankyrin-repeat
domains, and also a nuclear localization sequence, but it does not
contain a canonical DNA-binding domain'>. Consistent with this
structure, monomeric NPRI acts as a transcriptional coactiva-
tor interacting with bZIP transcription factors of the TGA family.
These factors have been shown to directly bind to TGACG elements
in the promoters of PR genes, thus inducing their expression and
the ensuing defence response'”. In addition to interacting with TGA
factors, NPR1 also interacts with NONINDUCIBLE-IMMUNITY-
INTERACTIN (NIMIN) proteins to attenuate PR gene expression'c.
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Monomeric NPR1 is specifically targeted for degradation by
the CUL3 E3 ligase and its adaptors, the NPR1 paralogs NPR3
and NPR4".

Despite the tight connections existing between cold and patho-
gen responses in plants, any implication of NPRI in plant response
to low temperature has been overlooked. In this study, we show that
Arabidopsis NPRI1 positively regulates cold acclimation by promot-
ing cold-induced gene expression independently of salicylic acid
and TGA factors. Our results demonstrate that the expression of
NPRI is induced in response to low temperature and this induc-
tion is followed by an increase of NPR1 protein that accumulates
in the nucleus in its monomeric form. There, NPR1 interacts with
HSFA1 transcription factors, the master regulators of heat shock
response, to activate the expression of HSFA1-regulated genes and,
as a consequence, cold acclimation. Collectively, the data reported
here uncover an unanticipated function for NPR1 in cold response,
triggering a new transcriptional cascade through its interaction
with the HSFA1 factors to activate cold acclimation. NPR1, there-
fore, represents an integration node for pathogen and cold signal-
ling, allowing plants to better respond and adapt to a fluctuating
environment.

Results

NPRI1 accumulates in response to low temperature and promotes
cold acclimation. Given the close relationship that exists between
cold and pathogen signalling in plants, we examined whether the
master regulator of pathogen response, NPR1, could also play a
role in cold response. Results from the eFP Browser database (bar.
toronto.ca) indicated that the expression levels of NPRI gene from
Arabidopsis (At1G64280) increase in response to low tempera-
ture'®. Quantitative polymerase chain reaction (QPCR) experiments
confirmed that NPRI mRNAs accumulated transiently in 2-week-
old Col-0 (WT) plants exposed to 4°C, reaching a peak after 6h
of treatment (Fig. 1a). This accumulation was mainly observed in
the leaves of adult Arabidopsis plants (Fig. 1b). NPRI transcripts,
however, did not increase in plants exposed to other related abiotic
stresses, such as drought (300mM sorbitol) or high salt (150 mM
NaCl) (Supplementary Fig. 1a,b).

To further investigate the accumulation of NPRI transcripts
in response to low temperature, we generated Arabidopsis trans-
genic lines containing a fusion between a NPRI promoter frag-
ment (NPR10; -1986 to+3) and the f-GLUCURONIDASE (GUS)
reporter gene (NPRI,,,-GUS). Three independent transgenic lines
(L2.4, L3.7, L4.9) containing a single copy of the fusion in homo-
zygosity were analysed. In all cases, the levels of GUS mRNAs
increased significantly when exposed to 4 °C, mirroring the expres-
sion pattern of the endogenous NPRI gene (Fig. 1¢c). As expected,
transgenic lines showed weak GUS activity under control condi-
tions, but after 6h of exposure to 4°C strong GUS staining was
detected in the leaves of all lines (Fig. 1d). These data showed that
the accumulation of NPRI mRNAs by low temperature is regulated
at the transcriptional level.

Because the expression of NPRI is induced by salicylic acid®,
whose levels have been described to increase under cold condi-
tions", we tested the possibility that the accumulation of NPRI
mRNAs by low temperature could be mediated by salicylic acid. We
analysed the content of NPRI transcripts in WT plants and sid2-1
and sid2-2, two Arabidopsis mutants deficient in salicylic acid®,
which were exposed to 4°C for 6h. We also analysed the content
of NPRI transcripts in cold-treated transgenic Arabidopsis express-
ing NahG, a bacterial gene encoding a salicylate hydroxylase that
converts salicylic acid to catechol”. No significant differences were
found between WT, sid2 and NahG plants (Supplementary Fig. 1c),
showing that messengers corresponding to NPRI accumulate
in response to low temperature independently of salicylic acid.
In addition, we investigated whether the cold induction of NPR1

was dependent on the C-REPEAT BINDING FACTORS (CBF)
transcription factors and/or on abscisic acid (ABA), which medi-
ate the two main signalling pathways controlling cold-induced
gene expression”. Expression analyses in cold-treated CBF- and
ABA-deficient Arabidopsis mutants (cbf123-1 (ref. °) and aba2-11
(ref. °) revealed that the increase of NPRI transcripts under low-
temperature conditions was also independent of CBF and ABA
(Supplementary Fig. 1c). Next, we assessed if the cold accumulation
of NPRI mRNA was followed by an increase in the corresponding
protein. Western blot (WB) experiments using Arabidopsis plants
containing a single copy of a functional genomic fusion NPRI ;.-
NPRI-MYELOCYTOMATOSIS ONCOGENE (MYC) (c-nprla;
see later) showed that the levels of NPR1-MYC protein were more
abundant after 3h of cold treatment, correlating with those of NPR1
transcripts (Fig. 1e). These results indicated that the levels of NPR1
augment under low-temperature conditions independently of sali-
cylic acid, ABA and CBE.

These results suggest that NPR1 could be involved in the response
of Arabidopsis to low temperature. To test this assumption, we exam-
ined the capacity of two NPRI loss-of-function mutant alleles, nprI-
I (ref. **) and npr1-2 (ref. *°), to cold acclimate. Two-week-old mutant
plants were cold acclimated (7d, 4°C) and subsequently exposed
for 6h to different freezing temperatures. Survival was scored after
10d of recovery under control conditions. Cold-acclimated nprl
mutants exhibited a significantly lower freezing tolerance than cold-
acclimated WT plants—the LT, (temperature that causes 50% of
lethality) values were —9.4°C and —10.1°C, respectively (Fig. 1f).
nprl-1 mutants transformed with the NPR1,,,-NPRI-MYC fusion
were also analysed for their ability to cold acclimate. Three indepen-
dent transgenic lines (c-nprla, c-nprlb, c-nprlc) containing a single
copy of the fusion in homozygosity were tested. All of them dis-
played a freezing tolerance similar to WT plants (Fig. 1g), validating
the fusion and establishing that the decreased capacity of npri-1and
nprl-2 mutants to cold acclimate was a direct consequence of the
absence of NPRI function. Furthermore, we evaluated the capac-
ity to cold acclimate of an Arabidopsis nprl-1 mutant containing a
358:NPRI-GREEN FLUORESCENT PROTEIN (GFP) construct'.
The overexpression of NPRI significantly increased the freezing tol-
erance of cold-acclimated Arabidopsis (Fig. 1g). The LT}, value of
358:NPRI-GFP plants was estimated to be about —10.5°C.

Although NPRI transcripts did not accumulate in Arabidopsis
plants exposed to drought or high salt, we also explored a possible
role of NPR1 in Arabidopsis tolerance to these cold-related abiotic
stresses. Drought and high salt tolerance was assayed in 5-day-
old nprl-1 and nprl-2 seedlings, 1 week after being transferred to
plates containing 300 mM sorbitol or 200 mM NaCl. In both cases,
mutants showed similar tolerance to WT seedlings, as revealed
by the quantification of their fresh weights and main root lengths
(Supplementary Fig. 2a-c). These data provide genetic evidence
that NPR1 functions specifically in cold acclimation by positively
regulating this adaptive response in Arabidopsis.

Low-temperature-induced monomerization and nuclear import
of NPR1 are required for full development of cold acclimation.
As mentioned earlier, in response to pathogens, cytoplasmic NPR1
oligomers release monomers by the action of TRXH3 and TRXH5".
Subsequently, these monomers translocate to the nucleus through
SnRK2.8-mediated phophorylation'® where they activate PR gene
expression. We therefore investigated the possibility that low tem-
perature could also trigger the monomerisation and nuclear trans-
location of NPR1. First, we studied the subcellular distribution of
NPRI1 in Arabidopsis plants exposed to control or low-tempera-
ture conditions by cell fractionation followed of WB experiments.
Cytoplasmic and nuclear protein extracts were obtained from con-
trol and cold-treated c-nprla plants, and the NPR1-MYC fusion
protein was detected immunologically in each fraction. In plants
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Fig. 1| NPR1 accumulates in response to low temperature and positively regulates cold acclimation in Arabidopsis. a,b, Expression of NPR1 in leaves
from 2-week-old Col-0 plants (a) and in leaves, roots, stems and flowers from 6-week-old Col-0 plants (b), exposed to 4 °C for the indicated hours (h).

¢, Expression of NPRTand GUS in leaves from 2-week-old Col-O (WT) plants and NPR1.,,-GUS lines, respectively, exposed to 4 °C for the indicated hours.
d, Histochemical analysis of GUS activity in 3-week-old plants from the NPRT,,,-GUS line L4.9 grown under control conditions (20 °C) or exposed to

4°C for 6 h. e, Levels of NPR1-MYC fusion protein in 2-week-old c-npria plants exposed to 4 °C for the indicated hours. a-Tubulin (a-TUB) was used as

a loading control. Numbers below the blot indicate the quantification of the NPR1-MYC signals in each lane represented as the NPR1-MYC/a-TUB ratio
relative to this ratio at time 0. f,g, Freezing tolerance of 2-week-old Col-0 (WT), npr1-1and npr1-2 plants (f) and WT, 35S:NPR1-GFP, c-nprla, c-nprib and
c-npric plants (g) exposed to the indicated freezing temperatures for 6 h after being acclimated for 7d at 4 °C (upper panels). Freezing tolerance was
estimated as the percentage of plants surviving each specific temperature after 10d of recovery under control conditions. Lower panels show the freezing
tolerance of representative cold-acclimated plants. In a-¢, transcript levels, determined by gPCR, are represented as relative to the values of leaves at O h.
Data represent the mean of three independent experiments. Asterisks indicate significant differences (*P<0.05, **P<0.01, ***P < 0.001, ****P<0.0001)
between cold-treated and control (O h) plants, as determined by one-sided t-test. In d and e, results are representative of three independent experiments.
In f and g, data represent the mean of six independent experiments. Asterisks indicate significant differences (*P<0.01, **P<0.001, ***P<0.0001) to WT
plants, as determined by one-sided t-test. In all cases, error bars show the standard deviation (s.d.).

grown under standard conditions, NPR1 was primarily localized (see Methods) and snrk2.8-1"° mutants expressing the NPRI .-
in the cytoplasm. After cold exposure, however, NPR1 was clearly NPRI-MYC construct (Fig. 2b), evidencing that TRXH3, TRXH5
detected in the nuclear fraction (Fig. 2a). The cold-induced nuclear —and SnRK2.8 are critical for its nuclear import in response to low
accumulation of NPR1 was practically disrupted in trxh3trxh5 temperature. Second, we performed WB assays with total protein
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Fig. 2 | Monomerisation and nuclear localization of NPR1 depends on TRXH3, TRXH5 and SnRK2.8, and are required for cold acclimation. a,b, Levels

of NPR1-MYC fusion protein in cytoplasmic (Cyt) and nuclear (Nuc) fractions from 2-week-old c-npria plants (a) and from 2-week-old c-npria plants

and trxh3trxh5 and snrk2.8-1 mutants containing the NPRT,,o-NPRT-MYC fusion (b) grown under control conditions (20 °C) or exposed to 4 °C for 24 h. a
-TUB and Histone H3 (H3) were used for control of fractionations. Numbers below the blots indicate the quantification of the NPR1-MYC signals in each
lane represented as the NPR1-MYC/a-TUB or NPR1-MYC/H3 ratios for the Cyt and Nuc fractions, respectively, relative to the ratios in the corresponding
fractions at 20 °C (a) or in the corresponding c-npria samples at 20 °C (b). ¢, Levels of oligomeric and monomeric NPR1-MYC fusion protein in 2-week-old
c-npria plants and trxh3trxh5 and snrk2.8-1 mutants containing the NPR1,,,-NPR1-MYC fusion grown under control conditions (20 °C) or exposed to 4 °C
for 24 h. a-TUB was used as a loading control. Numbers below the bands indicate the quantification of the NPR1-MYC signals in each lane represented as
the NPR1-MYC/a-TUB ratio relative to this ratio in c-npria at 20 °C. d, Freezing tolerance of 2-week-old Col-0 (WT), trxh3trxh5, snrk2.8-1 and npr1-1 plants
exposed to —10 °C for 6 h after being acclimated at 4 °C for 7d (left panel). Freezing tolerance was estimated as the percentage of plants surviving each
specific temperature after 10 d of recovery under control conditions. Data represent the mean of six independent experiments and error bars show the s.d.
Asterisks indicate significant differences (***P < 0.001) from WT plants, as determined by one-sided t-test. The right panel shows the freezing tolerance of
representative cold-acclimated plants. In a-c, results are representative of three independent experiments.

extracts from control and cold-treated c-nprla plants under non-
reducing conditions to determine if low temperature promoted
accumulation of monomeric NPR1. After 24 h of exposure to 4°C,
the levels of monomeric NPR1 were notably higher than at 20°C
(Fig. 2c). When these assays were carried out with extracts from
trxh3trxh5 and snrk2.8-1 plants containing the NPRI,,,-NPRI-
MYC fusion, the cold-induced accumulation of monomeric NPR1
was not detected (Fig. 2c), therefore manifesting that it was medi-
ated by TRXH3, TRXH5 and SnRK2.8.

The results described earlier suggest that the monomerisation
and nuclear import of NPR1 may be necessary for proper devel-
opment of the cold acclimation response. To test this hypothesis,
we analysed the freezing tolerance of 2-week-old cold-acclimated
(7d,4°C) WT plants and nprl1-1, trxh3trxh5 and snrk2.8-1 mutants.
After 6h at —10°C, trxh3trxh5 and snrk2.8-1 mutants exhibited
a survival rate significantly lower than WT plants, similar to that
shown by npri-1 mutants (Fig. 2d). These data demonstrated that
TRXH3, TRXH5 and SnRK2.8 are required to ensure full develop-
ment of cold acclimation and, therefore, that the low-temperature-
induced monomerisation and nuclear import of NPR1 are needed
for its function as a positive regulator of the adaptive response.

We also examined whether, as described in response to patho-
gens’®”, NPR1 needs to be phosphorylated at its Serll and Serl5
residues and sumoylated at its SIM3 motif to function in cold

response. The ability to cold acclimate of nprl-2 mutant plants
expressing phospho-mimic (35 S:npr1S!¥/**P-GFP), phospho-null
(35S:npr1S"/*A-GFP) or SIM3 (35S:npr1¥™-GFP) versions of
NPR1** was, in all cases, similar to that of npr1-2 mutants express-
ing 35S:NPRI-GFP (Supplementary Fig. 3), indicating that those
post-translational modifications are not essential for NPR1 to pro-
mote cold acclimation.

NPR1 activates the cold-induction of HSFAl-regulated genes
independently of the TGA transcription factors. The question was
how NPRI1 positively regulated cold acclimation. Since cold accli-
mation involves an extensive transcriptome reprogramming® and
NPR1 has been implicated in regulating gene expression”, we con-
sidered the possibility that it could activate the adaptive response by
promoting cold-induced gene expression. High-throughput RNA
sequencing (RNAseq) was used to estimate the impact of the npri-1
mutation on the transcriptome of Arabidopsis plants exposed to
4°C for 24 h. To this, we sequenced cDNA libraries prepared from
cold-treated npril-1 and WT plants. The resulting reads (2.6 Gb per
sample) were mapped to the Arabidopsis genome (TAIR10 version)
and gene expression changes in the mutant were evaluated. The top
200 downregulated genes in nprl-1, based on fold change ratios
with respect to their corresponding controls, were considered for
analysis. The expression levels of these genes in mutant plants were
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Fig. 3 | NPR1 activates the cold-induction of HSFA1-regulated genes. a, Expression of different cold-inducible genes in 2-week-old Col-0 (WT), npri-1
and npr1-2 plants grown under control conditions (C) or exposed to 4 °C for 24 h. b, First five gene ontology (GO) terms enriched in the 71 cold-inducible
genes downregulated in npri-1 mutant exposed to 4 °C for 24 h. Significantly enriched GO terms (P <2 x10°) were established using the Benjamini-
Hochberg corrected hypergeometric test. ¢, Expression of cold-inducible genes belonging to the HSFAT regulon in 2-week-old WT, npr1-1and npr1-2
plants grown under control conditions or exposed to 4 °C for 24 h or 6 h. In a and ¢, transcript levels, determined by gPCR, are represented as relative

to their corresponding values in WT plants under control conditions. Data represent the mean of three independent experiments and error bars show
the s.d. Asterisks indicate significant differences (*P <0.05, **P<0.01, ***P < 0.001, ****P < 0.0001) between nprl mutants and WT exposed to 4°C, as

determined by one-sided t-test.

decreased at least two-fold compared with the WT (Supplementary
Table 1). Remarkably, 71 out of the 200 downregulated genes
(35.5%) had been reported to be induced (> two-fold) in response
to cold" (Supplementary Table 2) and, therefore, could account for
the impaired capacity of nprl-1 to cold acclimate. Among these
genes, neither the CBF nor genes involved in ABA biosynthesis or
signalling were found (Supplementary Table 2). RNAseq results
were validated analysing the expression of several downregulated
cold-inducible genes in independent RNA samples from WT, nprl-
I and nprl-2 mutant plants grown at 20 °C or subjected to 4°C for
24h by means of qPCR experiments (Fig. 3a). We concluded that
NPR1 is required for cold-induced gene expression.
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In response to pathogens, NPR1 interacts with class II redundant
TGA transcription factors (TGA2, TGA5 and TGA®6) to foster PR
gene expression'’. To determine whether the role of NPR1 in pro-
moting cold-induced gene expression was also mediated by the TGA
factors, we evaluated the cold induction of the genes whose downreg-
ulated expression in #nprl we had validated by qPCR assays (Fig. 3a)
in tga2-1tga5-1tga6-1 (tga2/5/6) triple mutants®. Results showed that
the cold induction of all genes, including PR2 whose expression by
pathogens is mediated by NPR1 through the TGA factors’, was not
significantly affected in the triple mutant (Supplementary Fig. 4a).
These observations indicated that NPR1 activates cold-induced gene
expression independently of the class II TGA transcription factors.
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GO analysis revealed that a significant number of the 71 cold-
inducible genes whose expression was downregulated in nprl
mutants were related to the response to heat stress. Out of the first
five enriched GO categories, ‘response to heat’ (GO: 0009408) had
the highest fold enrichment (fold change=12.2; P=1.2 X 10°)
(Fig. 3b). This category consisted of nine heat stress-inducible genes,
including HSFA2, HSP101, DNAJ, HSP90.1, HSP17.6 A, HSP70,
HSP17.611, FES1A and WRKY33. It is worth noting that the expres-
sion of all these genes, except that of WRKY33, had been described
as being regulated by the class Al heat shock factors (HSFA1s)¥,
a family of four partially redundant transcriptional activators in
Arabidopsis (HSFAla, HSFA1b, HSFA1d, HSFAle) that work as
master regulators of the heat shock response®. A detailed analysis
of the 71 cold-inducible genes downregulated in nprI mutants also
unveiled that 16 (22.5%) (Supplementary Table 3) belonged to the
HSFA1 regulon™. That these genes were indeed downregulated in
nprl mutants in response to low temperature, as indicated by the
RNAseq data, was confirmed by analysing their expression in inde-
pendent RNA samples from WT, nprl-1 and nprl-2 mutant plants
grown at 20°C or exposed to 4°C for 24h through qPCR assays
(Fig. 3¢). Furthermore, the cold-induction of these genes was inde-
pendent of the TGA transcription factors because it was not affected
in any case in tga2/5/6 triple mutants (Supplementary Fig. 4b). These
results provide evidence that NPR1 promotes the cold induction of
HSFA1-regulated genes independently of the class II TGA factors.

HSFAL1 transcription factors positively regulate cold acclima-
tion by inducing heat stress-responsive gene expression under
low-temperature conditions. HSFA1 factors have been reported to
play essential roles in other abiotic stress responses than heat shock,
such as water and salt stress responses, by mediating the induction
of heat stress-responsive genes®. Given the very close relationship
existing between these responses and that to low temperature, and
the results described earlier, we considered the possibility that the
HSFA1 factors could be involved in cold acclimation by promot-
ing the cold-induced expression of heat stress-responsive genes.
This assumption was first assessed by comparing the expression
levels of the 16 cold-inducible genes that were downregulated in
cold-treated nprl mutants and belonged to the HSFA1 regulon in
a hsfala/b/d/e quadruple knockout mutant (QK)* and WT plants
(Wassilewskija (Ws) for hsfala and hsfalb mutants and Col-0 for
hsfald and hsfale) subjected to 4°C for 24h. The cold induction
of all genes was significantly lower in the QK mutant than in WT
plants, indicating that the HSFA1 factors mediated the induction of
heat stress-responsive genes during cold acclimation (Fig. 4a). The
cold induction of NPR1 and CBF genes, however, was not mediated
by these factors (Supplementary Fig. 5a, b).

The implication of the HSFA1 factors in cold acclimation was
ultimately established by examining the capacity of different hsfal
mutant plants to cold acclimate. Because of the very small size and
pleiotropic phenotype of 2-week-old QK mutants®, we used the four
triple mutants, hsfalb/d/e (aTK), hsfala/d/e (bTK), hsfala/b/e (dTK)
and hsfala/b/d (eTK), which do not show significant morphological
differences with WT plants®. The prefixed letters in the triples rep-
resent the remaining functional HSFAI gene. All mutants displayed
significantly reduced freezing tolerance compared to WT plants
after being acclimated at 4°C for 7d and subsequently exposed
to —10°C for 6h (Fig. 4b). The impaired ability to cold acclimate
exhibited by all triple mutants was consistent with the proposed
partial functional redundancy for the HSFA1 factors*”. Nonetheless,
the different mutants showed different abilities, the most affected
was the eTK mutant (Fig. 4b). The low ability of the eTK mutant to
cold acclimate suggested that factors HSFAla, HSFA1b and HSFA1d
should play a prominent role in the adaptive process. Moreover, a
considerable part of the NPR1-mediated cold acclimation appears
to be due to the activation of the HSFA1 regulon.

Our data demonstrated that the HSFA1 factors would act as posi-
tive regulators of cold acclimation by inducing the expression of heat
stress-responsive genes. The heat stress-responsive gene expression
regulated by these factors was involved in cold acclimation, which
was determined by analysing the ability to acclimate of two null
mutant alleles for HSFA2, hsfa2-1 and hsfa2-2 (ref. **). HSFA2 is one
of the 16 cold-inducible genes downregulated in cold-treated nprl
mutants (Fig. 3c), a target of HSFA1 factors™, and encodes a sec-
ondary regulator of the heat shock response®. Compared to WT,
cold-acclimated (7d, 4°C) hsfa2-1 and hsfa2-2 mutants showed a
significantly lower percentage of survival (x~20%) after being sub-
jected to —10°C for 6 h (Fig. 4c), showing that the cold-induced heat
stress-responsive gene expression mediated by the HSFA1 factors is
essential for full development of cold acclimation. Taken together,
these results demonstrated that HSFA1 factors positively regulate
cold acclimation in Arabidopsis by promoting heat stress-responsive
gene expression under low-temperature conditions.

NPRI1 interacts with HSFA1 transcription factors to activate
cold-induced heat stress-responsive gene expression and cold
acclimation. Considering that NPR1 functions as a coactivator of
gene expression'” and the capacity of the HSFA1 factors to activate
transcription and interact with other proteins®, we hypothesized
that NPR1 could activate cold-induced heat stress-responsive gene
expression, and consequently the cold acclimation process, by inter-
acting with HSFA1 factors. This interaction was first studied by
means of pull-down assays using recombinant purified HIS-HSFA1
fusion proteins and extracts from c-nprla plants grown under con-
trol conditions or subjected to 4°C for 24 h. Results revealed that
NPR1 was clearly pulled down by all HIS-HSFA1 proteins, and the
efficiency was higher when using extracts from cold-treated c-npria
plants (Supplementary Fig. 6a). An in vivo interaction between
NPR1 and HSFAL transcription factors was verified through bimo-
lecular fluorescence complementation (BiFC) analysis in Nicotiana
benthamiana leaves exposed to 4°C for 24h. As shown in Fig. 5a,
a significant proportion of cells co-transformed with nYELLOW
FLUORESCENT PROTEIN (nYFP)-NPR1 and cYFP-MYC-
HSFAla, cYFP-MYC-HSFAlb, cYFP-MYC-HSFAld or cYFP-
MYC-HSFAle and displayed intense yellow fluorescence, denoting
interaction between these proteins. Consistent with the subcellular
localization of NPR1 in response to low temperature (Fig. 2a, b),
NPR1-HSFAIs interactions were mainly observed in the nucleus
of cold-treated N. benthamiana cells (Fig. 5a). These interactions
were also detected under control conditions but, as observed in the
pull-down experiments, they were less evident than those noticed
in the cold (Fig. 5a). However, no interaction was detected between
NPR1 and LSMS8, a nuclear protein® used as a negative control
in the experiments (Supplementary Fig. 6b). Similar expression
of NPR1, HSFA1 and LSMS8 proteins with or without cold treat-
ment was established by WB experiments (Supplementary Fig. 6¢).
In consonance with the observations from the BiFC analyses, we
found that, similar to NPR1, the HSFA1 factors localized prefer-
entially in the nucleus when transiently expressed in leaves of N.
benthamiana under low-temperature conditions (Supplementary
Fig. 7a). Additional evidence that NPRI interacts with HSFA1
factors in vivo was obtained by co-immunoprecipitation (co-IP)
experiments in N. benthamiana plants infiltrated with MYC-NPR1
and HA-HSFA1 fusion proteins and exposed, or not, to 4°C for
24h. Confirming the results from the BiFC assays, we observed
a physical interaction between NPR1 and all HSFAI factors, and
this interaction was more pronounced in plants subjected to 4°C
(Fig. 5b). All these data show that NPRI interacts in planta with
HSFA1 factors and that this interaction is favoured in the presence
of low temperature. Consistent with this interaction and with the
presumption that it is required for cold acclimation completion, we
found that the overexpression of HSFA1 factors in nprl-1 mutants
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Fig. 4 | HSFAT1 factors promote cold acclimation by inducing heat stress-responsive gene expression under low-temperature conditions. a, Expression
of cold-inducible genes belonging to the HSFAT regulon in 2-week-old Col-0 (WT), Wassilewskija (Ws) and QK plants grown under control conditions or
exposed to 4 °C for 24 h or 6 h. Transcript levels, determined by qPCR, are represented as relative to their corresponding values under control conditions.
Data represent the mean of three independent experiments and error bars show the s.d. Asterisks indicate significant differences (*P<0.05, **P < 0.01,
***P<0.001, ****P<0.0001) between QK mutants and WT and Ws exposed to 4 °C, as determined by one-sided analysis of variance (ANOVA)
(Bonferroni's post hoc test). No significant differences between WT and Ws plants were observed in any case. b,¢, Freezing tolerance of 2-week-old plants
from WT, Ws, aTK, bTK, dTK and eTK (b) and WT, hsfa2-1 and hsfa2-2 (¢) exposed to —10 °C for 6 h after being acclimated at 4 °C for 7d (left panels).
Freezing tolerance was estimated as the percentage of plants surviving —10 °C after 10 d of recovery under control conditions. Data represent the mean
of six independent experiments and error bars show the s.d. Asterisks indicate significant differences (*P<0.05, **P < 0.01, ***P < 0.001) between TK
mutants and WT and Ws, as determined by one-sided ANOVA (Bonferroni's post hoc test) (b), and between hsfa2 mutants and WT (***P < 0.001), as
determined by one-sided t-test (c). No significant differences between WT and Ws plants were observed in any case. Right panels show the freezing

tolerance of representative cold-acclimated plants.

(Supplementary Fig. 7b) did not rescue their impaired ability to
cold acclimate (Supplementary Fig. 7c).

Our results strongly suggest that the NPR1/HSFAls interac-
tion is essential for the cold induction of heat stress-responsive
gene expression mediated by the HSFA1 transcription factors and,
therefore, for full development of cold acclimation. To provide fur-
ther support for this interpretation, the expression levels of the 16
cold-inducible genes downregulated in cold-treated nprl mutants
that belonged to the HSFA1 regulon were analysed in trxh3trxh5
and snrk2.8-1 plants, which were deficient in NPR1 oligomer-to-
monomer transition and nuclear translocation (Fig. 2b,c), exposed
to 4°C for 24h. In all cases, the cold induction of these genes was
significantly lower in trxh3trxh5 and snrk2.8-1 than in WT plants
(Fig. 5¢), indicating that the nuclear localization of NPRI1 and,
therefore, its interaction with HSFA1 factors is necessary to activate
cold-induced heat stress-responsive gene expression. Overall, these
findings demonstrated that NPR1 interacts with HSFA1 transcrip-
tion factors to promote cold-induced heat stress-responsive gene
expression and the cold acclimation response.
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Discussion

Until now, the expression of NPRI has been considered to be
exclusively induced in response to pathogen infection. Expression
analyses presented in this work revealed that in Arabidopsis NPR1
transcripts also accumulate in response to low temperature. This
accumulation is transient and seems to be stress-specific because
NPRI transcripts do not accumulate by other cold-related
stresses such as drought or high salt. In contrast to the response
to pathogens, salicylic acid does not mediate the increase
of NPRI mRNAs by low temperature. Furthermore, the lev-
els of NPRI transcripts in CBF- and ABA-deficient mutants
exposed to 4°C are identical to those in WT plants, denoting
that they increase in response to low temperature through a
CBF- and ABA-independent pathway. We show that the
cold accumulation of NPRI mRNAs is regulated at the tran-
scriptional level and that the cis-acting element(s) implicated
are contained within its proximal promoter region (<2kb).
This region, however, does not contain any described low-
temperature responsive element.
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Fig. 5 | NPR1 interacts with HSFA1 factors to activate cold-induced heat stress-responsive gene expression. a, In vivo interactions between NPR1 and
HSFAT1 proteins by BiFC assays in N. benthamiana leaf cells under control (20 °C) or cold conditions (4 °C, 24 h). Reconstitution of YFP is shown. Scale bars,
75um. b, In vivo interactions between NPR1 and HSFA1 proteins by co-IP experiments in N. benthamiana. Input lanes contain protein extracts from plants
grown at 20 °C or exposed to 4 °C for 24 h, expressing individual HA-HSFATs fusion proteins and the MYC-NPR1 protein. co-IP lanes contain the same
extracts used for inputs after being incubated with MYC antibody-conjugated Dynabeads (MYC-NPR1 lane), or extracts from plants expressing individual
HSFA1s-HA fusion proteins and the MYC epitope alone (MYC lane). MYC-NPRT and HA-HSFA1 fusion proteins were detected by immunoblotting

with anti-MYC and anti-HA antibodies, respectively. Anti-a-TUB antibody was employed to verify equal amounts of protein extracts in inputs lanes.

¢, Expression of cold-inducible genes belonging to the HSFAT regulon in 2-week-old Col-0 (WT), trxh3trxh5 and snrk2.8-1 plants grown under control
conditions or exposed to 4 °C for 24 h or 6 h. Levels, determined by gPCR, are represented as relative to their corresponding values in WT plants under
control conditions. Data represent the mean of three independent experiments and error bars show the s.d. Asterisks indicate significant differences
(*P<0.05, **P< 0.01, ***P< 0.001, ****P < 0.0001) between mutants and WT exposed to 4 °C, as determined by one-sided t-test. In a and b, results are
representative of three independent experiments.

NPRI expression is positively regulated by pathogen-induced temperature is mediated by NPR1 (Supplementary Table 2),
WRKY transcription factors during the activation of the plant suggesting that they could also mediate the cold induction of
defence response”. The Arabidopsis genome contains 29 WRKY  NPRI. Still, wrky33-1 (ref. **) and wrky46-3 (ref. *°) mutants are
genes whose expression is cold-induced'. The expression of not affected in cold induction of NPRI (Supplementary Fig. 8a),
two of these genes, WRKY33 and WRKY46, in response to low demonstrating that this is not the case. Understanding the
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Fig. 6 | Proposed model for the function of NPR1in cold acclimation response. The expression of NPR1is induced in response to low temperature and is
followed by an increase of the NPR1 protein, which accumulates in the nucleous in its monomeric form through a TRXH3/TRXH5-SnRK2.8-dependent
pathway. In the nucleolus, NPR1 interacts with different transcription factors, including HSFATs, to promote cold-induced gene expression and cold
acclimation. The interaction of NPR1 with HSFAT factors induces the expression of heat stress-responsive genes encoding chaperones that would minimize
the impact of low temperatures and are essential for full development of the cold acclimation process.

molecular mechanisms underlying the induction of NPRI tran-
scripts by low temperature, including the implication of some
WRKY factors, awaits further investigation. As expected from
the expression data, the levels of NPR1 protein also increase after
cold treatment, mirroring those of NPRI transcripts. In agree-
ment with previous reports", we found that at 20 °C NPR1 pref-
erentially localizes to the cytoplasm of Arabidopsis cells in its
oligomeric form. Furthermore, because it happens after pathogen
infection'”, when plants are exposed to low temperature, it accu-
mulates chiefly in the nucleus as a monomer. In this case, how-
ever, both redox modifications and phosphorylation of NPR1 by
thioredoxins TRXH3/TRXH5 and SnRK2.8 kinase, respectively,
are necessary for the oligomer-to monomer transition and its sub-
sequent nuclear translocation. The implication of thioredoxins in
the conformation of NPR1 seems to be related to the redox state
of the cells”. Indeed, trxh3trxh5 double mutants exhibit higher
levels of reactive oxygen species (ROS) than WT plants under
both control and cold conditions (Supplementary Fig. 8b), sug-
gesting that TRXH3/TRXHS5 contribute to controlling the cellular
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redox status and to attenuating the oxidative stress generated by
low temperature, allowing the reduction of NPR1 oligomers and
the release of NPR1 monomers.

Consistent with the accumulation of NPR1 in response to low
temperature, our genetic analyses provide evidence that it acts as
a positive regulator for cold acclimation. Loss-of-function nprl
mutants show a significantly lower capacity to cold acclimate
than WT plants. In line with these results, Arabidopsis plants with
increased levels of NPR1 display increased capacity to cold accli-
mate. Our preliminary data suggest that NPR1 also positively reg-
ulates Arabidopsis constitutive freezing tolerance (Supplementary
Fig. 8¢), indicating that it would be involved in both intrinsic and
cold-induced tolerance to freezing temperatures. Deciphering the
signalling pathways through which NPR1 promotes constitutive
freezing tolerance represents an engaging challenge for future
research. NPR1, however, does not seem to be implicated in the
ability of Arabidopsis to tolerate other important abiotic stresses,
such as drought and high salt. It therefore does not play a gen-
eral role in Arabidopsis tolerance to abiotic stresses but seems to
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have a specific function in freezing tolerance. The cold induction
of NPR1 is independent of salicylic acid, which strongly suggests
that this phytohormone does not mediate the role of NPRI in
cold acclimation. This assumption is further supported by the
fact that salicylic acid levels do not increase during cold accli-
mation in Arabidopsis, and that Arabidopsis mutants deficient in
salicylic acid are not affected in their capacity to cold acclimate
(Supplementary Fig. 9a,b). Still, the role of NPR1 in cold acclima-
tion requires its monomerisation and subsequent nuclear translo-
cation because Arabidopsis mutants deficient in TRXH3/TRXH5
and SnRK2.8 activities show impaired cold acclimation ability,
similar to that of nprl mutants.

Global transcriptome profiles indicate that NPR1 positively reg-
ulates cold acclimation in Arabidopsis by promoting cold-induced
gene expression. After 24h of exposure to 4°C, 71 cold-inducible
genes display lower induction (>two-fold) in #nprl than in WT
plants. The reduced levels of the corresponding transcripts should
account for the reduced capacity of the nprl mutants to cold
acclimate. Unexpectedly, almost one-quarter (16) of the 71 cold-
inducible genes, whose induction was mediated by NPR1, corre-
sponded to heat stress-responsive genes belonging to the HSFA1
regulon. In Arabidopsis, there are four partially redundant HSFA1
transcription factors (HSFAla, HSFA1b, HSFA1d, HSFAle) that
function as the master regulators of the heat shock response®. The
corresponding genes are constitutively expressed’, and it has been
estimated that more than 65% of the heat-stress-induced genes are
HSFA1-dependent®. It is worth noting that one of the 16 NPR1-
mediated cold-inducible genes that belong to the HSFA1 regulon
is HSFA2, a direct target of the HSFA1 factors which encode a
secondary regulator of the heat shock response’*. In addition to
activating the heat shock response, HSFA1 and HSFA?2 factors have
been described as enhancing the plant response to other adverse
environmental conditions, including anoxia, salt and osmotic
stresses™’; however, the implication of these transcription factors in
plant response to low temperature has still not been documented.
Here, we show that Arabidopsis plants deficient in HSFA1 or
HSFA?2 are unable to cold acclimate properly, demonstrating that
they also play a positive role in regulating cold acclimation and
that heat stress-responsive gene expression mediated by the HSFA1
factors is required for full development of this adaptive process.
In this regard, it has been proposed that the heat shock proteins
mainly operate as molecular chaperones, facilitating the synthesis
and ensuring the structural stability of other intracellular proteins
under harsh environments*. Accordingly, during cold acclimation
they would act as buffers to limit misfolding and resolve aggregates,
minimizing the impact of the low temperatures on the proteome.
Heat shock proteins in plants have also been linked to signalling,
protein targeting and degradation''~**, and they could carry out any
of these functions in response to cold. HSFA1 and HSFA2 therefore
represent molecular integrators of plant responses to extreme tem-
peratures. In the case of HSFALI factors, consistent with their func-
tional redundancy, all of them work in promoting cold acclimation
although their contribution to the process is not the same. Our
results suggest that HSFAla, HSFA1b and HSFA1d have a more
relevant role than HSFAle.

As already mentioned, Arabidopsis NPR1 does not contain a
canonical DNA-binding domain and must interact with other tran-
scription factors to enhance gene expression'”. To date, NPR1 has
only been described as interacting with transcription factors from
the TGA family, principally with TGA2, TGA5 and TGAS, after
pathogen attack to induce PR gene expression and the subsequent
defence response’’. The data obtained in this work reveal that the
NPR1 function in cold response promoting cold-induced gene
expression is fully independent of class II TGA factors. Indeed, the
cold-induced gene expression that is promoted by NPR1 during
cold acclimation is not affected in tga2/5/6 triple mutants, indicating

that NPR1 must interact with factor(s) different from TGAs to oper-
ate in this process. We present compelling evidence that the HSFA1
factors constitute novel clients of Arabidopsis NPR1 through which
cold acclimation is established. In line with these results, tomato
HSFA1 factors have also been reported as being able to interact
with different proteins to induce transcription®. Our findings dem-
onstrate that NPRI interacts with the four HSFA1 transcription
factors in the nucleus in response to low temperature to promote
cold-induced heat stress-responsive gene expression and cold accli-
mation in Arabidopsis. Nevertheless, in addition to promoting the
induction of HSFA1-regulated genes under low-temperature condi-
tions, NPR1 also fosters the induction of other genes related to cold
response, indicating that it must have additional roles in cold accli-
mation through different regulatory pathways. A detailed study of
the transcriptomic data does not offer any clue for identifying these
roles and pathways. Deciphering their nature and the corresponding
underlying molecular mechanisms requires additional investigation.

Based on the data described here, a hypothetical model for
NPR1 function in Arabidopsis cold acclimation is proposed in
Fig. 6. In response to low temperature, the expression of NPRI
would be induced independently of salicylic acid, ABA and CBE
Concomitantly with this induction, there would be an increase of
NPR1 protein that would translocate to the nucleus in its mono-
meric form in a TRXH3/TRXH5-SnRK2.8-dependent pathway.
In the nucleus, monomeric NPR1 would operate, promoting cold-
induced gene expression and cold acclimation by interacting with
different transcription factors, including the HSFA1s. The interac-
tion of NPR1 with the HSFA1 factors would induce the expression
of numerous heat stress-responsive genes, mainly encoding chap-
erones that would act as powerful buffers to minimize the impact
of low temperatures, and would be essential for the full develop-
ment of the cold acclimation process. Interestingly, several of the
71 genes whose cold induction is mediated by NPR1, such as PR2,
WRKY46, DMR6, ANAC019 or CRK®6, (Supplemental Table 2), have
been implicated in pathogen response’*. Considering that plant
pathogens often propagate during cold seasons’, it is tempting to
speculate that in response to low temperature NPR1 would also
promote increasing levels of PR proteins to prepare plants from
possible pathogen attacks, in addition to promoting the accumu-
lation of heat shock proteins. Hence, NPR1 seems to serve as a
regulatory hub where pathways mediating biotic and abiotic stress
responses converge and integrate to guarantee the precise develop-
ment of Arabidopsis tolerance to adverse conditions. Identifying
the complete repertoire of clients through which NPR1 mediates
cold acclimation, and the molecular mechanisms that determine
NPRI involvement in pathogen and/or cold signalling, constitutes
a remarkable goal for future studies that will provide new insights
on how plants respond and adapt to fluctuating, and often adverse,
natural environments.

Methods

Plant materials. Arabidopsis thaliana Col-0 and W's ecotypes, and mutants

nprl-1 (ref. ), sid2-2 (ref. *°), trxh3 (SALK_111160), trxh5 (SALK_144259),
snrk2.8-1 (SALK_073395), hsfa2-1 (SALK_008978) and hsfa2-2 (GK-650B06)
were obtained from the Nottingham Arabidopsis Stock Centre. The trxh3trxh5
double mutant was generated by crossing trxh3 and trxh5 single mutants, and
homozygous lines were confirmed by PCR amplification with suitable primers
(Supplementary Table 4). Plants containing the fusion 35 S:NPRI-GFP and the
358:NPR1-GFP, 35S:NPRI"-GFP, 35S:NPRI'""*A-GFP, 35 S:NPRI'"'*-GFP
fusions in npri-1 (ref. '*) and nprl-2 (refs ***’) backgrounds, respectively, as well as
the npri-1 (ref. **) and cpr5 (ref. °°) mutants were provided by X. Dong. The sid2-1
mutant’’ was procured by R. Solano. The aba2-11 mutant* was received from

P. Rodriguez. The tga2-1tga5-1tga6-1 triple mutant” was obtained from X. Li.

The aTK, bTK, dTK, eTK and QK mutants™ were supplied by Y.-Y. Charng. NahG
transgenic plants’' were furnished by M.E. Alvarez. The cbf123-1 mutant’ was
obtained from J.-K. Zhu. The wrky33-1 (ref. **) and wrky46-3 (ref. *°) insertion
mutants were provided by I. Somssich. To generate the NPR1,,-GUS fusion,
a1989-bp (1986 to +3) promoter fragment from NPRI was amplified with
appropriate primers (Supplementary Table 4) and cloned into the pMDCI162 binary
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vector (Invitrogen). The NPR1,,,-NPRI-MYC fusion was obtained by amplifying
the NPRI genomic region, including the NPR1,,, fragment, with pertinent
primers (Supplementary Table 4) and cloning the resulting PCR product into

the pGWB616 binary vector™. The NPR1,,-GUS fusion was then introduced

to WT plants, and the NPR1,,,-NPRI-MYC fusion to nprl-1, trxh3trxh5 and
snrk2.8-1 mutants via Agrobacterium tumefaciens (GV3101 strain) using the
floral dip method™. For NPRI,-NPRI-MYC fusion in nprI-1 mutant, three
independent transgenic lines (c-nprla, c-nprlb, c-npric) were used for analyses.
All transgenic lines were genetically determined to have the fusions integrated

at a single locus in homozygosis. Full-length cDNAs corresponding to NPRI,
HSFAla, HSFA1b, HSFA1d, HSFAle and LSM8 genes were amplified with suitable
primers (Supplementary Table 4) and the resulting PCR products cloned into

the pDONR207 vector (Invitrogen) to be subsequently tranferred to different
destiny vectors. For BiFC assays, they were transferred to the pYFN43 vector™

to generate the nYFP-NPRI fusion or to a modified pYFC43 vector™, to which we
added an MYC epitope (pYFC43-MYC) to generate the cYFP-MYC-HSFA1s and
cYFP-MYC-LSMS fusions. For subcellular localization, the HSFA1 cDNAs cloned
in pDONR207 were transferred to the pMDC43 vector (Invitrogen) to obtain
GFP-HSFAI fusions. For co-IP and pull-down assays (see later), the HSFAI cDNAs
in pDONR207 were transferred to the pGWB15” or pDEST17 (Invitrogen) vectors
to generate HA-HSFA1 or HIS-HSFA1 constructs, respectively. The NPRI cDNA
cloned in pDONR207 were transferred to the pGWB618> vector to generate the
358:MYC-NPRI construct used in co-IP experiments. Plasmids containing the
HSFA1s cDNAs fused to YFP, GFP and HA, the LSM8 cDNA fused to YFP*,

and the 35S:MYC-NPRI construct were introduced into Agrobacterium strain
GV3101 for agroinfiltration in 3-week-old N. benthamiana leaves (see later).
Furthermore, the pGWB15™ binary vectors containing the HSFAI cDNAs were
used to transform nprl-1 mutants via Agrobacterium (see earlier) and to obtain
358:HSFA1 Arabidopsis plants. pGWB vectors were provided by T. Nakagawa.

All constructs used in this work were made using Gateway technology and were
validated by sequencing.

Growth conditions and treatments. Seeds were surface-sterilized, germinated
and grown under standard conditions (20 °C under long-day photoperiods [16h
light, of cool-white fluorescent light, photon flux of 90 pmol m=*s7']) in pots
containing a mixture of organic substrate and vermiculite (3/1, v/v) or in Petri
dishes containing Murashige and Skoog medium supplemented with 1% sucrose
(GM) and solidified with 0.9% (w/v) plant agar. Low-temperature treatments

for gene expression and immunoblot analyses were performed by transferring
plants growing in pots or Petri dishes under standard conditions to a growth
chamber set at 4 °C for different times under a long-day photoperiod (16h of
cool-white fluorescent light, photon flux of 40 pmol m= s™'). Water and salt

stress treatments for gene expression assays were accomplished by transferring
plants growing in Petri dishes under standard conditions to plates containing

GM medium supplemented with 300 mM sorbitol or 150 mM NaCl, respectively,
for different periods of time. In all cases, tissue samples were frozen in liquid
nitrogen after treatment and stored at —80 °C until use. For histochemical analysis
of GUS activity, cold treatments were performed on 2-week-old plants expressing
the NPR1,,,-GUS fusion grown under standard conditions and subsequently
transferred to a growth chamber set at 4 °C for one additional day. For freezing
tolerance assays, seeds from the different genotypes, each one coming from the
same parent and collected at the same time, were sown in soil-containing pots
and allowed to develop for 2 weeks under control conditions. Afterwards,

several plants from each pot were removed in order to have a similar number
(=25) of individuals uniformly developed and distributed in all pots. Constitutive
freezing tolerance was assessed by exposing plants to 4 °C for 30 min in darkness
and subsequently decreasing the temperature at a rate of —1°C per 30 min until
reaching —6°C. Six hours later, temperature was increased to 4°C at the same rate
and thawing was allowed for 12 h before returning plants to control conditions
under long-day light regime for recovering. To determine freezing tolerance

after cold acclimation, plants were acclimated at 4 °C for 7d under long-day
photoperiod and subsequently subjected to freezing in the dark by progressively
decreasing the temperature (—1°C per 30 min) until attaining the desired freezing
temperature. After exposing plants to the appropriate freezing temperature for
6h, temperature was gradually increased to 4°C (+1°C per 30 min). Twelve hours
later, plants were transferred to 20 °C under long-day light regime for recovering.
In all cases, survival rate was evaluated after 10d of recovering. Tolerance to water
and salt stresses was assessed on 5-day-old seedlings grown on GM medium under
standard conditions and then transferred to new plates containing GM medium
supplemented with 300 mM sorbitol or 200 mM NaCl for 1 week. In both cases,
tolerance was estimated as the percentage of the main root length and fresh weight
of the plants after treatments. All data reported about tolerances are expressed as
standard deviations of the means of at least three independent experiments with
50 plants each. In each experiment, pots or plates were randomly positioned in the
growth or treatment chambers.

Gene expression analysis and RNAseq experiments. For gene expression, total

RNA was obtained using Purezol reagent (Bio-Rad) according to the manufacturer’s
instructions. RNA samples were treated with DNase I (Roche) and quantified with a
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Nanodrop spectrophotometer (Thermo Scientific). cDNA was synthesized from each
sample with the iScript cDNA synthesis kit (Bio-Rad), and qPCRs were performed
with SsoFast EvaGreen Supermix (Bio-Rad) in a Bio-Rad iQ2 thermocycler. In all
cases, the relative expression values were calculated using the At4¢24610 gene as

a reference™. Primers used are listed in Supplementary Table 4. All reactions were
carried out in triplicate employing three independent RNA samples.

For RNAseq experiments, total RNA was obtained from 2-week-old WT and
nprl-1 plants exposed to 4 °C for 24 h using TRIzol Reagent (Invitrogen) and
cleaned with the RNeasy Plant Mini Kit (Qiagen). cDNA libraries were generated
from three independent RNA preparations each. RNA quality, library preparation
and subsequent sequencing were performed by the staff of Life Sequencing
(Spain). RNAseq reads were aligned to the TAIR10 WT reference genome
using TopHat2* with default parameters. Uniquely mapped reads (Supplementary
Table 5) were counted per representative gene model (excluding introns) according
to the TAIR10 annotation using custom R scripts. Only genes with reads per
kilobase per million > 1 in at least one sample were used for differential expression
analysis between WT and nprI-1 plants using DEseq2”". This package internally
estimates size factors for each sample, calculates dispersion for each gene and then
fits a negative binomial generalized linear model to detect differentially expressed
genes, taking into account the size factors and dispersion values.

The Expression Browser tool of the Bio-Analytic Resource for Plant Biology
(http://bar.utoronto.ca) was used to determine the genes from our RNAseq
data that were cold induced and also downregulated in the nprI-1 mutant.
Selected settings were ‘AtGenExpress-stress series” as data set and ‘cold stress’ as
research area'®. All tissue types, growth stages and time points were considered,
output options were set to ‘Average of replicate treatments relative to average of
appropriate control, and induction was only contemplated when fold change was
equal to or higher than two-fold. GO categorization was done with the ThaleMine
data mining tool from Araport (www.araport.org). Significantly enriched GO
terms (P<2x 107°) were established using the Benjamini-Hochberg corrected
hypergeometric test.

BiFC assays and microscopy analysis. Transient expression of fusion proteins
for BiFC assays and for subcellular localization of HSFA1 factors was analysed
by confocal microscopy, 3 days after agroinfiltration in leaves of 3-week-old

N. benthamiana plants exposed to 20 °C or 4°C for 24h, as reported™. Similar
expression of fusion proteins in BiFC assays was confirmed by WB experiments.
Microscopy images were collected using a TCS SP2 confocal laser spectral
microscope (Leica Microsystems). The excitation lines for imaging GFP and
YFP fusions were 488 and 514 nm, respectively. All microscopy analyses were
performed at least in triplicate with independent samples.

Immunoblot analysis and subcellular fractionation. Total proteins were extracted
from 2-week-old c-nprla plants grown under control conditions or exposed to
4°C for different periods of time. Plants were ground in extraction buffer (50 mM
Tris pH 7.5, 150mM NaCl, 5mM EDTA, 0.1% Triton X-100, 0.2% Nonident P-40)
with inhibitors (40 pM MG132, protease inhibitor cocktail EDTA-free (Roche),
0.6 mM phenylmethyl sulfonyl fluoride, PMSF), and cell debris were pelleted by
centrifugation (16,000, 4°C, 20 min) to obtain clear protein extracts. Protein
concentration was determined by Bradford, using the Bio-Rad Protein Assay
(Bio-Rad). Loading buffer containing 6 mM beta-mercaptoethanol was added

to protein extracts for visualizing total NPR1 protein (reducing conditions).

To visualize both monomeric and oligomeric NPR1 forms, we used loading buffer
without beta-mercaptoethanol (non-reducing conditions). Proteins (50 pug)

were resolved by electrophoresis on 12% sodium dodecyl sulfate (SDS)-
polyacrylamide gels and transferred to Hybond P 0.45 polyvinylidene difluoride
membranes (Amersham), according to the manufacturer’s protocol. To detect
NPR1-MYC, cYFP-MYC-HSFA1s and cYFP-MYC-LSM8 fusion proteins, we
used anti-c-MYC monoclonal antibody (sc-40; Santa Cruz Biotechnology).
HA-HSFA1s and nYFP-NPR1 fusion proteins was detected by anti-HA
monoclonal antibody (sc-7392; Santa Cruz Biotechnology) and anti-GFP
antibody (ab190584; Abcam), respectively. a-TUB, employed as a protein

loading control, was detected using anti-a-tubulin monoclonal antibody

(T60T4; Sigma). Western blots were quantified using the Image] software
(https://imagej.nih.gov/ij/). The intensities of the band signals were corrected
with respect to the corresponding loading controls and represented as relative

to a given control lane.

Subcellular fractionation was performed as reported previously*” using extracts
from 2-week-old c-nprla plants and transgenic trxh3trxh5 and snrk2.8-1 plants
containing the NPRI ,,,-NPR1-MYC fusion grown under control conditions or
exposed to 4°C for 24 h. Isolated proteins were fractionated by electrophoresis,
transferred to membranes as described earlier and analysed by immunoblotting
using anti-a-tubulin monoclonal (see earlier) and anti-Histone H3 polyclonal
(Ab1791, Abcam) antibodies for control of the cytoplasmic and nuclear fractions,
respectively.

In all cases, horseradish peroxidase-conjugated secondary antibodies were
used for primary antibody detection. Signals were detected with the ECL Western
Blotting Detection Kit (Amersham) and assays were performed in triplicate using
three independent protein samples.
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co-IP assays. co-IP assays were conducted as previously described®. Briefly,
plasmids containing the 35S-HA-HSFAla, 35S-HA-HSFA1b, 35S-HA-HSFA1d,
358-HA-HSFAle, 355-MYC-NPRI and 35S-MYC constructs (see earlier) were
introduced into A. tumefaciens. Three-week-old N. benthamiana plants were

then co-infiltrated with two Agrobacterium cultures, one expressing a HSFAI
construct and the other the 355-MYC-NPRI fusion. The 35S-MYC construct was
co-infiltrated in negative controls. For agroinfiltration, cultures were at an optical
density of 0.2 in infiltration buffer (10 mM MES, pH 5.6, 10 mM MgCl and 200 pM
acetosyringone). Three days after agroinfiltration, tobacco leaves were collected
under control conditions or after being exposed to 4 °C for the last 24 h and total
proteins extracted with co-IP buffer (50 mM Tris-HCI, pH 7.5, 150 mM NaCl,

10% glycerol, 5mM EDTA, 1 mM DTT, 0.1% Triton X-100, 2mM Na,;VO,, and
2mM NaF, 1 mM PMSE, protease inhibitor cocktail EDTA-free (Roche) and 50 pM
proteasome inhibitor MG132). Debris were removed by centrifugation at 12,000g
for 10 min, and 3 mg of total protein extracts were mixed with anti-MYC (SC-40,
Santa Cruz Biotechnology) antibody-conjugated Dynabeads® Protein G (10003D,
Invitrogen), following the manufacturer’s instructions, and gently shaken overnight
at 4°C. Afterwards, beads with immunoprecipitates were extensively washed three
times with co-IP buffer and resuspended in Laemmli buffer. Proteins were resolved
in 12% SDS-PAGE gels. As an input, 6% of the total protein extracts was loaded.
Immunodetections were performed with monoclonal antibodies anti-MYC and
anti-HA (see earlier). We used anti-a-tubulin monoclonal antibody (see earlier) to
confirm equal protein loading from control and cold-treated plants. In all cases,
co-IP assays were performed in triplicate using three independent protein samples.

Reporting summary. Further information on research design is available in the
Nature Research Reporting Summary linked to this article.

Data availability

The data that support the findings of this study are available from the
corresponding author upon request. All primers used in this study are described
in Supplementary Table 4. Sequence data from the genes mentioned in this article
can be found in the GenBank/EMBL data libraries under the accession numbers
listed in Supplementary Table 6. The full names of these genes are also included in
Supplementary Table 6. The RNAseq data from this article have been submitted to
the Gene Expression Omnibus database (www.ncbi.nlm.nih.gov/geo) and assigned
the identifier accession GSE101483.
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Goat-a-Rabbit-HRP, cat. SC-2004, Santa Cruz Biotechnology #F2116, dilution 1:5,000.
Goat-a-Mouse-HRP, cat. SC-2005, Santa Cruz Biotechnology #0312, dilution 1:5,000.

All antibodies were tested with controls

o]
Q
=3
C
=
@)
=
(D
W
()
Q
=
(@)
o
=
D
o
[}
=
2
(@]
(2]
c
3
3
Q
=
S




	NPR1 mediates a novel regulatory pathway in cold acclimation by interacting with HSFA1 factors

	Results

	NPR1 accumulates in response to low temperature and promotes cold acclimation. 
	Low-temperature-induced monomerization and nuclear import of NPR1 are required for full development of cold acclimation. 
	NPR1 activates the cold-induction of HSFA1-regulated genes independently of the TGA transcription factors. 
	HSFA1 transcription factors positively regulate cold acclimation by inducing heat stress-responsive gene expression under l ...
	NPR1 interacts with HSFA1 transcription factors to activate cold-induced heat stress-responsive gene expression and cold ac ...

	Discussion

	Methods

	Plant materials
	Growth conditions and treatments
	Gene expression analysis and RNAseq experiments
	BiFC assays and microscopy analysis
	Immunoblot analysis and subcellular fractionation
	co-IP assays
	Reporting summary

	Acknowledgements

	Fig. 1 NPR1 accumulates in response to low temperature and positively regulates cold acclimation in Arabidopsis.
	Fig. 2 Monomerisation and nuclear localization of NPR1 depends on TRXH3, TRXH5 and SnRK2.
	Fig. 3 NPR1 activates the cold-induction of HSFA1-regulated genes.
	Fig. 4 HSFA1 factors promote cold acclimation by inducing heat stress-responsive gene expression under low-temperature conditions.
	Fig. 5 NPR1 interacts with HSFA1 factors to activate cold-induced heat stress-responsive gene expression.
	Fig. 6 Proposed model for the function of NPR1 in cold acclimation response.




