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Abstract

Plant tolerance to freezing temperatures is governed by endogenous components and environmental factors. Exposure 
to low non-freezing temperatures is a key factor in the induction of freezing tolerance in the process called cold ac-
climation. The role of nitric oxide (NO) in cold acclimation was explored in Arabidopsis using triple nia1nia2noa1-2 
mutants that are impaired in the nitrate-dependent and nitrate-independent pathways of NO production, and are thus 
NO deficient. Here, we demonstrate that cold-induced NO accumulation is required to promote the full cold acclima-
tion response through C-repeat Binding Factor (CBF)-dependent gene expression, as well as the CBF-independent 
expression of other cold-responsive genes such as Oxidation-Related Zinc Finger 2 (ZF/OZF2). NO deficiency also 
altered abscisic acid perception and signaling and the cold-induced production of anthocyanins, which are additional 
factors involved in cold acclimation.
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Introduction

When facing low non-freezing temperatures, plants respond by 
expressing a wide array of cold-responsive genes and by repro-
gramming metabolism and diverse non-metabolic processes that 
include the production of cryoprotective proteins and metabol-
ites, changes in membrane structure and function, and growth 
arrest (Pollock and Eagles, 1988; Fowler and Thomashow, 2002; 
Cook et al., 2004; Renaut et al., 2004; Hannah et al., 2005; Lee 
et al., 2005; Chinnusamy et al., 2007; Kaplan et al., 2007; Guy 
et al., 2008). Tolerance to freezing is the result of endogenous 

components of the plant and inducible environmental factors. 
Among the environmental factors that enhance freezing toler-
ance, the previous exposure of plants to low non-freezing tem-
peratures, or cold acclimation, is likely the most efficient way 
to induce further freezing tolerance (Thomashow, 1999; Knight 
and Knight, 2012). Cold acclimation is an adaptive process that 
allows plants to survive freezing winters. It is mainly controlled 
by changes in gene expression that are mostly regulated at the 
transcriptional and post-transcriptional levels (Barrero-Gil 
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and Salinas, 2013; Miura and Furumoto, 2013). Among the 
cold-induced signaling pathways, the one mediated by the 
C-repeat binding factors (CBFs)/dehydration-responsive ele-
ment binding factors (DREBs) is probably the most important 
and the best characterized (Gilmour et al., 2004; Medina et al., 
2011). This pathway is controlled by inducer of CBF expres-
sion 1 (ICE1), a MYC-type transcriptional activator that con-
fers increased freezing tolerance upon binding to the promoters 
of CBF genes (Chinnusamy et al., 2003). The CBF regulon is 
regulated by the ICE1–CBF pathway as well as other transcrip-
tion factors that are rapidly induced by cold and work as a com-
plex regulatory network only partially dependent on CBFs (Shi 
et al., 2018). Both CBF-dependent and -independent pathways 
converge onto the activation of cold-responsive (COR) genes 
(Gilmour et al., 1998) that are critical for cold acclimation and 
the enhancement of freezing tolerance. COR genes code for 
dehydrins, heat shock proteins, glucanases, and chitinases that 
are important to prevent membrane alterations and protein ag-
gregation commonly by altering water properties (Ferreira et al., 
2018). Moreover, some of the antifreeze properties of these in-
trinsically disordered proteins seem to be due to the effect on 
slowing the growth of ice crystals and avoiding recrystallization 
(Griffith et al., 2005).

As mentioned above, in addition to being determined genet-
ically, cold acclimation is also controlled by environmental fac-
tors such as temperature and photoperiod (Kohn and Levitt, 
1966; Weiser, 1970) that, in turn, regulate plant hormone bio-
synthesis and signaling (Adams and Carré, 2011; Atamian and 
Harmer, 2016). Besides abscisic acid (ABA), whose quantitative 
and qualitative contribution is decisive (Nakashima et al., 2014), 
other phytohormones, including jasmonates, salicylates, aux-
ins, cytokinins, gibberellins, and brassinosteroids, have impor-
tant functions in this adaptive process (Jeon et al., 2010; Miura 
and Ohta, 2010; Rahman, 2013; Richter et al., 2013; Sharma 
and Laxmi, 2015; Eremina et al., 2016). Sugars have been also 
reported to enhance freezing tolerance of plants by stabiliz-
ing protein structure (Arakawa and Timasheff, 1982), and by 
avoidance of freezing through supercooling mechanisms in 
Arabidopsis (Reyes-Díaz et  al., 2006). Other non-hormone 
regulatory molecules such as polyamines, lipids, anthocyanins/
flavonoids, reactive oxygen species and nitric oxide (NO) have 
been described as being involved in freezing tolerance and cold 
acclimation (Cuevas et al., 2008; Zhao et al., 2009; Puyaubert 
and Baudouin, 2014; Chen and Thelen, 2016; Takahashi et al., 
2016; van Buer et al., 2016). In addition, anthocyanins/flavo-
noids have been characterized as essential factors to achieve full 
development of cold acclimation in Arabidoopsis (Catalá et al., 
2011; Schulz et al., 2016; Perea-Resa et al., 2017) because of 
their antioxidative functions protecting from photoinhibition 
(Krol et al., 1995; Harvaux and Kloppstech, 2001; Korn et al., 
2008; Schulz et al., 2016).

We previously reported that NO-deficient nia1nia2noa1-2 
mutant Arabidopsis plants displayed an enhanced constitu-
tive freezing tolerance due to the accumulation of osmolytes, 
antioxidants, and hormones such as ABA and jasmonates 
(Costa-Broseta et al., 2018), thus pointing to NO as a negative 
regulator of constitutive freezing tolerance. In turn, genetic and 
pharmacological approaches allowed the proposal of a positive 

regulatory role for NO in cold acclimation in Arabidopsis that 
was achieved through NO-regulated expression of CBF genes 
(Zhao et  al., 2009, 2011; Cantrel et  al., 2011; Puyaubert and 
Baudouin, 2014; Fan et  al., 2015). Since the contribution of 
NO produced independently of nitrate to cold acclimation has 
not been sufficiently addressed, in this work we have studied 
the capacity to cold acclimate of triple nia1nia2noa1-2 mutant 
plants that are impaired in nitrate-dependent and nitrate-inde-
pendent nitric oxide associated 1 (NOA1)-associated path-
ways (Lozano-Juste and León, 2010). We found that, besides 
the already reported regulation of CBF gene expression, NO 
can also promote cold acclimation trough CBF-independent 
pathways involving altered ABA perception and anthocya-
nin/flavonoid accumulation and likely through the CBF-
independent expression of other cold-responsive genes such as 
the Oxidation-Related Zinc Finger 2 (ZF/OZF2).

Materials and methods

Plant materials and growth conditions
The Arabidopsis Col-0 ecotype was the wild-type genetic background 
used in this work. Seeds from nia1nia2 and noa1-2 alleles were obtained 
from the NASC seed bank (N2356 and T-DNA insertion SAIL_507_
E11, respectively). The triple nia1nia2noa1-2 mutant seeds were obtained 
by crossing as previously reported (Lozano-Juste and León, 2010). To en-
sure that triple homozygous mutant plants were used, every seed stock 
obtained was genotyped by PCR and cleaved amplified polymorphic 
sequences (CAPS) as described previously (Lozano-Juste and León, 2010) 
by using specific primers (Supplementary Table S1 at JXB online). Seeds 
were grown in peat substrate:vermiculite (3:1)-containing pots and al-
lowed to develop for 7 d under a long-day photoperiod (16 h light at 
21 °C: 8 h darkness at 20 °C, cool-white fluorescent light, photon flux 
of 100 μmol m−2 s−1) light regime as previously described (Castillo and 
León, 2008). Experiments were performed with 2-week-old plants.

Freezing tolerance assays
Seeds from the different genotypes were sown and grown as described in 
the previous section. Plants were removed from each pot to leave a similar 
number (25–30) of plants, homogeneously distributed in all pots. Before 
being subjected to freezing temperatures, plants acclimated at 4 °C for 7 d 
were exposed for an additional 1 h to 4 °C in the freezing chamber. Then, 
temperature was progressively decreased (−1 °C/30 min) until reaching 
the indicated freezing temperatures. After exposing plants to the appro-
priate freezing temperature for 6 h, temperature was gradually increased 
to 4 °C (+1 °C/30 min). One hour later, plants were transferred to 21 °C 
under a long-day photoperiod as described above for recovery and sub-
sequent survival evaluation 7 d later. Freezing tolerance was determined 
as the percentage of surviving plants after exposure to different freezing 
temperatures for 6 h. LT50, defined as the freezing temperature causing 
50% lethality in a plant population, was calculated after plotting survival 
rates versus temperature.

RNA isolation and quantitative transcript analysis
Total RNA was isolated from 10- to 12-day-old seedlings, separated, and 
analysed by RT-qPCR techniques as previously described (Castillo and 
León, 2008) with specific primers. Supplementary Table S1 shows the 
oligonucleotide sequence, the identity and full name annotation of every 
gene analysed in this work. For microarray-based transcriptomic analyses, 
Col-0 and nia1nia2noa1-2 seedlings were grown for 14 d as described 
above. Then, plants were either kept at the above described growing con-
ditions (control non-acclimated) or incubated at 4 °C (acclimated) in a 
freezer chamber at similar light conditions to control plants for 1 h. After 
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that, non-acclimated and cold-acclimated plant samples were collected, 
frozen in liquid nitrogen and RNA was extracted with the Nucleo Spin 
RNA Plus kit from Macherey-Nagel (Düren, Germany). RNA integ-
rity was assessed with a 2100 Bioanalyzer (Agilent). Three independent 
biological replicates for each genotype and condition were used for the 
trancriptomic analyses. Total RNA samples of 0.5 μg were amplified and 
labelled with the Agilent Low Input Quick Amp Labelling Kit in a two 
color design. Hybridization was performed on an Agilent Arabidopsis 
(V4) Gene Expression 4×44K Microarray. After washing and drying, 
slides were scanned in an Agilent G2565AA microarray scanner, at 5 μm 
resolution using the double scanning, as recommended. Image files were 
analysed with Feature Extraction software 9.5.1. with GeneSpring 11.5 
software.

NO detection by fluorescence and confocal microscopy
The endogenous levels of NO in shoots were determined by staining 
with 10 µM 4-amino-5-methylamino-2′,7′-difluorofluorescein diacetate 
(DAF-FM DA) as described (Guo et al., 2003) with some modifications. 
Plants were grown in soil under standard long day phoroperiod light 
conditions and 21  °C for 6 d. Then, plants were either maintained at 
standard non-acclimated growing conditions or cold acclimated at 4 °C 
for 7 d. At day 13, plants were sprayed with DAF-FM DA to run-off, 
kept under darkness for 1  h, and later, after extensive washing, trans-
ferred to growing conditions at either 4 or 21 °C for an additional 23 h. 
Fluorescence was detected by confocal microscopy with a Leica TCS 
SP5 confocal laser scanning microscope, using unchanged parameters for 
every measurement. The specificity of NO-related fluorescence detection 
was assessed by treatment with 0.5 mM of the NO scavenger 2-phenyl-
4,4,5,5-tetramethylimidazoline-1-oxyl-3-oxide (cPTIO, Sigma-Aldrich, 
USA). The DAF-FM DA fluorescence intensities were analysed using 
Adobe Photoshop by quantifying green pixels in three to six replicate 
images taken from independent plants in at least three different pots for 
every genotype and condition.

Quantification of anthocyanins
Anthocyanins were spectrophotometrically determined in methanolic 
extracts by reading their absorbance at 530 nm as described (Solfanelli 
et al., 2006).

Phytohormone quantification
Four independent biological replicate samples of around 150–200  mg 
fresh weight of either non-acclimated or cold-acclimated Col-0 and 
nia1nia2noa1-2 whole seedlings were suspended in 80% methanol–1% 
acetic acid containing internal standards and mixed by shaking for 1 h at 
4 °C. The extract was kept a −20 °C overnight, centrifuged, the super-
natant dried in a vacuum evaporator, and the dry residue was dissolved in 
1% acetic acid and passed through an Oasis HLB (reverse phase) column 
as described in Seo et al. (2011). The dried eluate was dissolved in 5% 
acetonitrile–1% acetic acid, and the hormones were separated using 
an autosampler and reversed phase UHPLC chromatography (2.6  µm 
Accucore RP-MS column, 50 mm length×2.1 mm i.d., Thermo Fisher 
Scientific) with a 5–50% acetonitrile gradient containing 0.05% acetic 
acid, at 400 µl min−1 over 14 min. The phytohormones were analysed 
with a Q-Exactive mass spectrometer (Orbitrap detector, Thermo Fisher 
Scientific) by targeted selected ion monitoring. The concentrations of 
hormones in the extracts were determined using embedded calibration 
curves and the Xcalibur 2.2 SP1 build 48 and TraceFinder programs. The 
internal standards for quantification of each of the different plant hor-
mones were the deuterium-labelled hormones.

In silico analyses of gene ontology and transcriptome profiles
Gene Ontology (GO) enrichment of functional categories in gene 
lists was performed by the Gene Ontology Consortium tools (http://
www.geneontology.org/) and the GO Analysis Toolkit and Database for 
Agricultural Community (AgriGO, http://bioinfo.cau.edu.cn/agriGO/

analysis.php). Comparison of transcriptome profiles with publicly avail-
able datasets was performed with the AtCAST3.1 tool (http://atpbsmd.
yokohama-cu.ac.jp/cgi/atcast/search_input.cgi).

Results

Impaired accumulation of NO in nia1nia2noa1-2 
mutant plants correlated with defective cold 
acclimation

Wild-type but not NO-deficient nia1nia2noa1-2 mutant plants 
responded to the incubation at 4 °C by increasing their en-
dogenous NO content (Fig. 1). Significant changes in en-
dogenous NO content could not be detected by an incubation 
time as short as 1 h (Fig. 1). However, by 1 d at 4 °C, Col-0 
leaves accumulated slightly less than 2-fold NO over the levels 
detected in plants growing at 21 °C, and, as expected, no sig-
nificant increase was observed in nia1nia2noa1-2 mutant leaves 
(Fig. 1). After exposure for 7 d at 4 °C, wild-type leaves accu-
mulated 16-fold more NO compared with leaves grown under 
non-acclimated conditions. In turn, cold-acclimated nia1ni-
a2noa1-2 leaves did not accumulate significantly different NO 
from leaves growing at 21 °C (Fig. 1).

The analysis of the freezing tolerance of cold acclimated (7 
d at 4 °C) Col-0 and NO-deficient nia1nia2noa1-2 plants re-
vealed significant differences. As previously reported, nia1ni-
a2noa1-2 plants display reduced size with a smaller rosette and 
shorter roots than Col-0 plants when growing under control 
conditions (Lozano-Juste and León, 2010), but both had re-
tarded growth on exposure at 4 °C (Fig. 2A). Cold-acclimated 
mutant plants exhibited a significantly lower capacity to tol-
erate freezing temperatures than cold-acclimated wild-type 
plants, the LT50 being −8.3 °C and −9.8 °C, respectively (Fig. 
2B). Moreover, since changes in NO content were already sig-
nificant by 1 d upon cold treatment (Fig. 1), the earliest pro-
cesses involved in NO-mediated low temperature-induced 
freezing tolerance should occur from minutes to a few hours 
after treatment.

Cold-induced expression of CBF genes in wild-type 
and NO-deficient Arabidopsis

We analysed whether the impaired ability to cold acclimate 
of nia1nia2noa1-2 plants might be due to a reduced cold in-
duction of the CBF genes as reported for the nia1,2 mutant 
(Zhao et al., 2009). Figure 3A shows that, after 6 h of exposure 
to 4 °C, the induction of CBF1, 2, and 3 in nia1nia2noa1-2 
was significantly lower than in wild-type plants. This re-
duced induction was specially accentuated in the case of the 
CBF1 gene. Accordingly, COR15A, LTI65, and LTI78 genes, 
which are well characterized targets of CBFs (Thomashow, 
1999), were significantly less induced upon cold treatment in 
nia1nia2noa1-2 than in Col-0 plants (Fig. 3B). These data con-
firm that NO functions as a positive regulator of cold accli-
mation likely by promoting the cold-induced expression of 
CBF genes and their corresponding gene targets. However, it 
is noteworthy that NO-deficient nia1nia2noa1-2 plants were 
not fully blocked in cold-induced CBF expression (Fig. 3A), 
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thus suggesting CBFs might be also up-regulated by cold inde-
pendently of NO, and also that NO-regulated cold acclimation 
might proceed through CBF-independent pathways.

Early events in gene expression during cold 
acclimation

To unveil early NO-related factors and processes involved in 
low temperature triggering cold acclimation, we performed 
a transcriptomic analysis of 2-week-old Col-0 and nia1ni-
a2noa1-2 plants after 1  h exposure to 4  °C in comparison 
with the corresponding plants grown under control condi-
tions. Supplementary Table S2 shows that extensive changes in 
their transcriptomes (P-value corrected for false discovery rate 

(FDR) lower than 0.05 and fold change>|1.5|) were detected 
by 1 h after the 4 °C treatment, with a significant attenuation 
of the low temperature response in the NO-deficient geno-
type. Of the 5927 genes that respond differentially to the cold 
treatment compared with plants maintained at 21  °C, 2805 
were up-regulated and 3122 were down-regulated (Fig. 4). In 
turn, 3670 differentially expressed genes (1631 and 2039 up- 
and down-regulated, respectively) were detected when com-
paring cold-treated with control nia1nia2noa1-2 plants (Fig. 
4). The transcript levels of randomly selected differentially ex-
pressed genes were quantified by qRT-PCR from independent 
RNAs extracted from samples under the same conditions as 
those used to perform the transcriptome analysis. We observed 
22 out of 28 genes tested by qRT-PCR correlated with data 

Fig. 1. NO levels in cotyledons of Col-0 and nia1nia2noa1-2 plants in response to low temperature. Plants were either maintained at standard 21 °C 
growing conditions or exposed for different times to 4 °C. The fluorescence of DAF-FM DA-treated plants was detected by confocal microscopy. As 
controls for checking that fluorescence was due to NO, plants exposed to 4 °C were treated with 0.5 mM of the NO scavenger cPTIO. Images shown are 
representative of four to six different analysed plants per genotype and condition, and the quantification values are the mean ±standard error. Asterisks 
indicate significant differences between nia1nia2noa1-2 and wild-type plants in Student’s t-test (*P<0.05, **P<0.01). Scale bars: 75 μm.
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obtained from the microarray analysis (Supplementary Table 
S3), thus suggesting microarray data were truly representative 
of the transcriptomes of each genotype and condition. Around 
40% and 70% of the differentially expressed genes in cold-
treated versus untreated wild-type and NO-deficient plants 
were common for Col-0 and nia1nia2noa1-2 (Fig. 4), thus sug-
gesting that both genotypes shared most targets affected by 
cold. However, wild-type plants showed 1640 up-regulated 
genes and 1799 down-regulated genes that were not differ-
entially expressed in cold-treated NO-deficient plants (Fig. 4). 
Moreover, nia1nia2noa1-2 plants displayed 466 up-regulated 
genes and 716 down-regulated genes that were not differen-
tially expressed in Col-0 plants (Fig. 4). These subsets of genes 
likely include specific regulatory targets that might explain 
the different capacity of wild-type and NO-deficient plants to 
cold acclimate.

To identify potential early factors or processes impairing 
cold acclimation in nia1nia2noa1-2 plants, we first performed 
GO analyses of the differential transcriptomes and the above 

mentioned gene subsets. Cold exposed Col-0 and nia1ni-
a2noa1-2 plants overrepresented functional categories related 
to cold responses and other ABA-related abiotic stress pro-
cesses among up-regulated genes (Supplementary Table S4). 
Among the down-regulated genes, the GO analysis showed 
a significant enrichment of light and phytohormone related 
stimuli as well as photosynthesis in Col-0 plants, whereas 
sulfur and glucosinolate metabolism was over-represented in 
nia1nia2noa1-2 plants (Supplementary Table S4). The GO ana-
lysis for genes differentially expressed only in wild-type plants 
yielded similar functional categories of enrichment to the 
above mentioned for the global analysis with the exemption 
of the category of ATP binding among up-regulated genes and 
RNA-related processes and regulation of transcription among 
down-regulated genes (Supplementary Table S4). For those 
genes differentially expressed exclusively in NO-deficient 
triple mutant plants, only the categories related to nucleosome 
and chromatin organization and to cytoskeleton components, 
were differentially overrepresented among down-regulated 

Fig. 2. Cold acclimation capacity of Col-0 and nia1nia2noa1-2 plants. (A) Representative 7-day-old wild-type and mutant plants grown under standard 
conditions before being shifted to 4 °C for an additional 7 d (cold-acclimated) or kept for 7 d more at 21 °C (non-acclimated as control). (B) Freezing 
tolerance of 2-week-old plants exposed for 6 h to the indicated freezing temperatures after being acclimated for 7 d at 4 °C. In all cases, freezing 
tolerance was estimated as the percentage of plants surviving each specific temperature after 7 d of recovery under control conditions. Data are 
expressed as means of three independent experiments with around 50 plants each ±standard deviation. *Significant differences between nia1nia2noa1-2 
and wild-type plants in Student’s t-test (P<0.05). The right panel in (B) shows a representative image of cold-acclimated plants from both genotypes after 
exposure to −11 °C for 6 h and recovery under control conditions for an additional 7 d. Close-up images corresponding to the framed areas are included. 
Scale bars: 5 mm (A) and 1 cm (B). (This figure is available in color at JXB online.)

http://academic.oup.com/jxb/article-lookup/doi/10.1093/jxb/erz115#supplementary-data
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genes (Supplementary Table S4). Despite the differences de-
scribed above in the GO categories represented in Col-0 and 
nia1nia2noa1-2 plants upon cold treatment, we found that the 
categories more over-represented among the up-regulated 
genes in both genotypes were those related to ABA-regulated 
abiotic stress responses and those involved in phenylpropa-
noid-derived synthesis of flavonoids and anthocyanins (Fig. 4; 
Supplementary Table S4). Interestingly, some of the genes in 
those categories were only up-regulated in wild-type but not 
in NO-deficient plants, thus suggesting that ABA signaling and 
flavonoid/anthocyanin production might be key differential 
factors in NO-modulated cold-triggered responses.

NO regulates the sensitivity of Arabidopsis to ABA in 
response to low temperature

As mentioned above, the early responses to cold in wild-
type and NO-deficient plants included different ABA-related 
genes. Table 1 shows the differentially expressed ABA-related 
genes upon cold treatment in both genotypes. Among the 

up-regulated genes, only wild-type plants showed enhanced 
expression of genes encoding negative ABA regulatory com-
ponents such as the phosphatases PP2C5 and HAI1 and the 

Fig. 4. Up- and down-regulated genes in cold-treated and non-treated Col-0 
and nia1nia2noa1-2 plants. Venn diagrams show the intersection between 
genes differentially expressed in plants of the indicated genotypes exposed 
1 h to 4 °C. Gene Ontology analysis of the genes remaining out of the 
intersection was performed at the Gene Ontology Consortium and AgriGO 
Platform Analysis. The most significant functional categories are shown.

Fig. 3. Expression levels of the CBFs and their target genes in Col-0 and 
nia1nia2noa1-2 plants exposed to 4 °C for different times. (A,B) CBF1, 
CBF2, CBF3 (A) and COR15A, LTI65, and LTI78 (B) transcript levels were 
quantified by RT-qPCR from total RNAs isolated from the indicated plants 
at the indicated times of exposition at 4 °C. Values are the mean of three 
independent biological replicate samples for each genotype and condition 
±standard error. *Significantly different with P≤0.05 in Student’s t-test.

http://academic.oup.com/jxb/article-lookup/doi/10.1093/jxb/erz115#supplementary-data
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transcription factor ANAC002/ATAF1, which activates the 
expression of the ABA biosynthetic gene NCED3 (Jensen 
et  al., 2013) but negatively regulates the expression of ABA-
related stress responsive genes (Lu et  al., 2007) (Table 1). In 
turn, only NO-deficient plants displayed enhanced expres-
sion of the Ninja family AFP3 and AFP4 transcription factors, 
which act as repressors of ABA response (Lynch et al., 2017). It 
is noteworthy that only Col-0 plants showed down-regulated 
expression of several ABA receptor encoding genes such as 
PYL5, PYL6, PYL7, and PYL9 (Table 1). As many of the genes 
differentially expressed by cold only in one of the genotypes 
coded for either receptors or regulatory components of ABA, 
our findings suggest that perception and/or signaling of ABA 
might be altered in NO-deficient plants. To check this hypoth-
esis, we first analysed whether the altered ABA-related response 

might be due to changes in ABA homeostasis in NO-deficient 
plants. Figure 5A shows that, although nia1nia2noa1-2 plants 
have enhanced basal ABA content relative to Col-0 plants, 
both wild-type and NO-deficient plants increased their ABA 
content after exposure to 4 °C reaching values that were not 
significantly different, thus suggesting the ABA homeostasis 
was not significantly altered in NO-deficient plants during the 
early events of the cold acclimation process.

We examined the capacity of nia1nia2noa1-2 mutants to cor-
rectly sense and signal ABA by analysing the levels of different 
ABA-related signaling transcripts. As shown in Fig. 5B, the tran-
scripts of two closely related genes coding for the ABA receptors 
PYL5 and PYL6 were strongly down-regulated in response to 
4 °C exposure in wild-type plants. In turn, no such repression 
by cold was observed in the nia1nia2noa1-2 plants, which indeed 

Table 1. ABA-related genes differentially expressed upon cold treatment in Col-0 and nia1nia2noa1-2

Probe name Fold change 4 °C versus 21 °C AGI Gene name

 Col-0 nia1nia2noa1-2   

A_84_P12528 9.844977 n.s.d. AT2G40180 ATHPP2C5, PP2C5

A_84_P203128 n.s.d. 11.643681 AT3G29575 AFP3

A_84_P760385 6.7814 817 n.s.d. AT3G55610 P5CS2

A_84_P21026 6.094576 n.s.d. AT2G33380 AtCLO3, RD20

A_84_P12575 n.s.d. 8.8540325 AT2G23030 SNRK2.9, SNRK2-9

A_84_P11248 4.8641524 n.s.d. AT5G59220 HAI1, SAG113

A_84_P275730 n.s.d. 4.1209784 AT3G02140 AFP4, TMAC2

A_84_P12143 4.412484 n.s.d. AT5G45340 CYP707A3

A_84_P18843 3.659796 n.s.d. AT5G66400 ATDI8, RAB18

A_84_P13815 3.4428418 n.s.d. AT4G19030 ATNLM1

A_84_P23021 3.3664775 n.s.d. AT2G29090 CYP707A2

A_84_P861274 3.212613 n.s.d. AT5G66400 ATDI8, RAB18

A_84_P172093 n.s.d. 3.030949 AT1G12480 SLAC1, OZS1, RCD3

A_84_P19986 3.0502687 n.s.d. AT1G01720 ANAC002, ATAF1

A_84_P10329 2.8910208 n.s.d. AT5G65280 GCL1

A_84_P807853 2.580678 n.s.d. AT2G36530 ENO2, LOS2

A_84_P23380 2.5109425 n.s.d. AT5G01540 LECRKA4.1

A_84_P11990 n.s.d. 1.9472115 AT4G34240 ALDH3, ALDH3I1

A_84_P809296 n.s.d. 1.8705412 AT2G05520 ATGRP3

A_84_P531660 n.s.d. 1.4853065 AT4G21670 ATCPL1, CPL1, FRY2

A_84_P20725 1.7062953 n.s.d. AT5G63980 ALX8, ATSAL1, FRY1

A_84_P23165 1.6769094 n.s.d. AT3G50500 SNRK2.2

A_84_P593088 1.4889517 n.s.d. AT5G13680 ABO1, AtELP1, ELO2

A_84_P23632 −1.4289963 n.s.d. AT1G35670 ATCDPK2, CPK11

A_84_P14981 −1.543499 n.s.d. AT5G46240 KAT1

A_84_P14532 −1.6045026 n.s.d. AT1G01360 PYL9, RCAR1

A_84_P808612 n.s.d. −2.3673778 AT3G26520 GAMMA-TIP2

A_84_P816097 −1.7132156 n.s.d. AT1G01360 PYL9, RCAR1

A_84_P10468 −1.9757272 n.s.d. AT1G05630 5PTASE13, AT5PTASE13

A_84_P20389 −2.0552506 n.s.d. AT4G01026 PYL7, RCAR2

A_84_P23439 −2.1560888 n.s.d. AT5G23350 ABA-responsive protein

A_84_P795995 −3.5029442 n.s.d. AT3G26520 GAMMA-TIP2

A_84_P23593 −5.856309 n.s.d. AT5G08350 ABA-responsive protein

A_84_P813773 −5.9837146 n.s.d. AT1G75380 ATBBD1, BBD1

A_84_P10533 −6.5018597 n.s.d. AT1G75380 ATBBD1, BBD1

A_84_P174151 −6.7487288 n.s.d. AT2G40330 PYL6, RCAR9

A_84_P852047 −12.006997 n.s.d. AT5G05440 PYL5, RCAR8

A_84_P817892 −13.558136 n.s.d. AT5G05440 PYL5, RCAR8

A_84_P146199 −14.759594 n.s.d. AT5G05440 PYL5, RCAR8

n.s.d, not significantly different.
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showed levels in control plants comparable to those detected 
under cold conditions in Col-0 plants (Fig. 5B), thus confirming 
the above mentioned transcriptome data (Table 1). The levels of 
SnRK2.9 transcripts in nia1nia2noa1-2 plants were more than 
20-fold higher than in Col-0 plants after cold treatment (Fig. 5B),  
thus also confirming the microarray data (Table 1).

NO activates anthocyanin accumulation in Arabidopsis 
during cold acclimation

The cold-regulated transcriptomes of Col-0 and nia1nia2noa1-2 
plants also contained an over-representation of flavonoid and 
anthocyanin biosynthetic and metabolic genes (Supplementary 
Table S4). However, as shown in Supplementary Table S2, only 
wild-type plants up-regulated the MYB75/PAP1 gene coding 
for the master regulator of flavonoid and anthocyanin biosyn-
thesis (Borevitz et al., 2000), as well as several other early and late 
flavonoid/anthocyanin biosynthetic genes (Petroni and Tonelli, 
2011) coding for the UDP-glycosyltransferases UGT75C1, 
UGT78D3, UF3GT and UGT89C1; the dihydroflavonol 
4-reductase DFR/TT3; the caffeic acid/5-hydroxyferulic acid 
O-methyltransferase OMT1; the flavonoid 3′-monooxyge-
nase CYP75B1/TT7; and the ANAC078/NAC2 transcrip-
tion factor that regulates flavonoid biosynthesis under high 
light (Morishita et al., 2009). Hence, we analysed the content 
of anthocyanins in nia1nia2noa1-2 and Col-0 plants after they 
were exposed to 4 °C for 24 h. Wild-type plants increased their 
anthocyanin content more than 4-fold in response to low tem-
perature (Fig. 6A). In contrast, nia1nia2noa1-2 plants did not 
accumulate anthocyanins when exposed to cold (Fig. 6A). As 
expected from these findings, the cold induction of several 
genes involved in anthocyanin biosynthesis, such as CHS, DFR, 
and TT7, was blocked in the NO-deficient plants (Fig. 6B).

NO activates cold acclimation also through CBF-
independent signaling

The results reported above indicated that NO regulates the 
process of cold acclimation in Arabidopsis by modulating CBF 
expression, ABA sensitivity and anthocyanin accumulation, 

indicating that it mediates this adaptive process through several 
independent pathways. It has been recently reported that the 
cold-induced expression of the CBF regulon requires an exten-
sive co-regulation by other so-called first wave transcription fac-
tors (Park et al., 2015). We analysed the transcript levels of some of 
those genes in wild-type and nia1nia2noa1-2 plants exposed to 21 
and 4 °C. Three of them, RAV2/TEM2, AXR5, and ZF/OZF2, 
were differentially expressed upon cold treatment in both geno-
types. Figure 7 shows that the RAV2/TEM2 gene was down-
regulated (0.3-fold) upon cold treatment in wild-type plants but 
the down-regulation was abolished in the nia1nia2noa1-2 plants. 
Conversely, the AXR5 gene was up-regulated (2.5-fold) upon 
cold treatment in wild-type plants but not in nia1nia2noa1-2 
plants (Fig. 7). Finally, reduced levels of ZF/OZF2 transcript 
were detected in nia1nia2noa1-2 compared with wild-type plants 
both at 21 °C and at 4 °C, and the up-regulation by cold treat-
ment was significantly higher in nia1nia2noa1-2 (10.3-fold) than 
in Col-0 (2.8-fold) plants (Fig. 7). Differential expression was 
specific for those genes, as other members of the first wave tran-
scription factors described by Park et al. (2015) such as HSFC1, 
RAV1, CRF2, DEAR1, ZAT10, DOF1.10, MYB44, ATHB2, 
and ANAC62 were similarly regulated by cold in wild-type and 
NO-deficient plants (Supplementary Fig. S1).

Although we found a differential expression pattern in 
nia1nia2noa1-2 and Col-0 plants for RAV2/TEM2, AXR5, and 
ZF/OZF2 genes under both control and cold conditions, an 
in silico analysis with data from the AtGenExpress Visualization 
Tool (http://jsp.weigelworld.org/expviz/expviz.jsp) showed 
that only ZF/OZF2 was largely induced by cold treatment in 
both shoots and roots (Supplementary Fig. S2A), and specifi-
cally induced by ABA (Supplementary Fig. S2B).

Discussion

NO promotes cold acclimation through CBF-
dependent and CBF-independent processes and ABA 
perception and signaling

Genetic and pharmacological approaches suggest NO is re-
quired for plants to cold acclimate (Zhao et  al., 2009, 2011; 

Fig. 5. ABA homeostasis and signaling in cold-treated wild-type and NO-deficient plants. (A) Quantification of ABA in control (light gray) and cold-treated 
for 24 h at 4 °C (dark gray) Col-0 and nia1nia2noa1-2 plants. Values represent the mean values of four independent biological replicate samples for each 
genotype and condition ±standard error. (B) The transcript levels of the ABA signaling genes PYL5, PYL6, and SnRK2.9 were quantified by RT-qPCR 
from three independent total RNAs isolated from control plants and plants exposed to 4 °C for 24 h. Values are the mean of three independent biological 
replicate samples for each genotype and condition ±standard error. *Significantly different with P≤0.05 in Student’s t-test.

http://academic.oup.com/jxb/article-lookup/doi/10.1093/jxb/erz115#supplementary-data
http://academic.oup.com/jxb/article-lookup/doi/10.1093/jxb/erz115#supplementary-data
http://academic.oup.com/jxb/article-lookup/doi/10.1093/jxb/erz115#supplementary-data
http://academic.oup.com/jxb/article-lookup/doi/10.1093/jxb/erz115#supplementary-data
http://jsp.weigelworld.org/expviz/expviz.jsp
http://academic.oup.com/jxb/article-lookup/doi/10.1093/jxb/erz115#supplementary-data
http://academic.oup.com/jxb/article-lookup/doi/10.1093/jxb/erz115#supplementary-data
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Cantrel et al., 2011; Puyaubert and Baudouin, 2014; Fan et al., 
2015). Nevertheless, our knowledge of the early events occur-
ring in plants during the exposure to low temperatures and, 

more specifically, on the NO involvement in that process is 
rather limited. Here, we have used nia1nia2noa1-2 triple mu-
tant plants, which are impaired not only in nitrate reductase-
mediated but also in nitrate-independent NOA1-associated 
production of NO (Lozano-Juste and León, 2010), to ex-
plore differential fast responses upon cold exposure of wild-
type and NO-deficient plants (Fig. 1). We first confirmed 
that nia1nia2noa1-2 plants are also impaired in their ability 
to cold acclimate (Fig. 2). Then, transcriptome changes in 
wild-type and NO-deficient plants were analysed as soon 
as 1 h after cold exposure of plants to identify potential tar-
gets involved in NO-regulated activation of cold acclimation. 
Besides genes related to cold-triggered responses, a significant 
enrichment of the functional categories related to the con-
trol of transcription and transcription factors occurred only 
in wild-type plants among the cold up-regulated genes (Fig. 
4; Supplementary Table S4). The process of cold acclimation 
involves many physiological and biochemical changes, most 
of them being controlled through changes in gene expression 
(Knight and Knight, 2012). In Arabidopsis, the best character-
ized and, likely, the most relevant is the pathway mediated by 
the CBFs. Regarding this, the reduced capacity of nia1,2 plants 
to cold acclimate has been proposed to be due to an impaired 
cold-induced expression of genes coding for the CBF tran-
scription factors and their downstream targets (Cantrel et al., 
2011). Our data with nia1nia2noa1-2 plants further support 
an important function of NO in promoting the induction of 
CBFs in response to low temperature (Fig. 3), but also sug-
gest that NO controls the process of cold acclimation through 
CBF-independent regulatory pathways. A  significant contri-
bution to the transcriptional control of cold acclimation in 
nia1nia2noa1-2 plants could come from the altered expression 
pattern of some of the so-called ‘first wave’ genes coding for 
transcription factors that participate in the co-regulation of 
CBF-independent cold triggered processes (Park et al., 2015). 
In particular, RAV2/TEM2, AXR5, and ZF/OZF2 were dif-
ferentially regulated by cold acclimation in Col-0 and nia1ni-
a2noa1-2 plants (Fig. 7). The in silico analysis of the transcript 
levels of those genes in the cold treatment experiments in 
shoots and roots (Kilian et al., 2007) showed a strong up-regu-
lation of the ZF/OZF2 gene in both shoots and roots and to 
a lesser extent of RAV2/TEM2 and AXR5 only in roots or 
shoots, respectively (Supplementary Fig. S2A). Our previous 
transcriptome analysis of the non-acclimated nia1nia2noa1-2 vs 
Col-0 plants (GEO database identification number GSE41958; 
Gibbs et  al., 2014) showed that neither RAV2/TEM2 nor 
AXR5 was differentially expressed in nia1nia2noa1-2 plants 
but, in turn, the ZF/OZF2 transcript levels were significantly 
down-regulated (−2.86-fold and P-value corrected for FDR 
of 0.00007) in nia1nia2noa1-2 plants. This is consistent with 
the reduced ZF/OZF2 transcript levels we detected in nia1ni-
a2noa1-2 plants both at 21 °C and at 4 °C (Fig. 7).

It has been reported that OZF2 is involved in ABA-triggered 
responses through ABI2-mediated signaling (Huang et al., 2012), 
thus suggesting the potential involvement of OZF2 connecting 
the deficient cold acclimation phenotype of nia1nia2noa1-2 
plants with ABA signaling. By using AtCAST (Arabidopsis 
thaliana: DNA Microarray Correlation Analysis Tool) 3.0  

Fig. 6. Effects of low temperature on anthocyanin biosynthesis 
in Col-0 and nia1nia2noa1-2 plants. (A) Anthocyanin content was 
spectrophotometrically quantified. Data represent the means of three 
independent experiments with 25 and 10 plants each. (B) Transcript 
levels of anthocyanin biosynthetic genes chalcone synthase (CHS), 
dihydroflavonol reductase (DFR), and flavonol 3-hydroxylase (TT7/F3H) 
were quantified by RT-qPCR from total RNAs isolated from plants of the 
indicated genotype grown under control conditions (light gray) or exposed 
to 4 °C for 24 h (dark gray). Values are the mean of three independent 
biological replicate samples for each genotype and condition ±standard 
error. *Significantly different with P≤0.05 in Student’s t-test.

http://academic.oup.com/jxb/article-lookup/doi/10.1093/jxb/erz115#supplementary-data
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(Kakei and Shimada, 2015), we found that the ZF/OZF2 gene 
was also up-regulated by hypoxia, different ABA-related abi-
otic stresses, and darkness. Both ABA- and hypoxia-related pro-
cesses are targets of the regulation exerted by changes in the 
endogenous NO content (Gibbs et al., 2014). Regarding this, 
the expression of the OZF2 gene was strongly up-regulated by 
ABA treatment (Supplementary Fig. S2B; Huang et al., 2012). 
Thus our findings suggest ZF/OZF2 might be an important 
node in the NO- and ABA-related regulation of cold acclima-
tion responses through a complex network of CBF-dependent 
and -independent processes. It is noteworthy that our tran-
scriptome analysis pointed to a significant over-representation 
of functional categories related to ABA-modulated processes 
and flavonoid/anthocyanin biosynthesis and metabolism in 
both wild-type and NO-deficient plants (Fig. 4). However, a 
number of genes in those subsets were specifically regulated by 
cold only in wild-type plants, thus suggesting that somehow 
NO-deficient plants were partially impaired in proper signaling 
of those regulators. We previously reported that nia1nia2noa1-2 
plants display an ABA hypersensitive phenotype in seed ger-
mination, root elongation, and stomatal closure (Lozano-Juste 
and León, 2010). This work confirmed that ABA perception 
and signaling, but not homeostasis, were altered in nia1ni-
a2noa1-2 plants under low temperature conditions (Fig. 5). We 
found a differential expression pattern of several genes encod-
ing positive regulators of the ABA core signaling pathway, such 
as the PYL5 and 6 receptors and the SnRK2.9 kinase, in nia1ni-
a2noa1-2 compared with wild-type plants, suggesting that the 
NO control on ABA perception and signaling is also a relevant 
factor for cold acclimation.

Anthocyanins/flavonoids are key antioxidant factors for 
NO-triggered cold acclimation

Besides the regulation of CBF gene expression and the modu-
lation of ABA perception and signaling, NO also positively 
regulates the induction of genes involved in anthocyanin/
flavonoid biosynthesis and, consequently, the biosynthesis of 

these pigments in a differential way in nia1nia2noa1-2 plants 
(Fig. 6). It is well documented that, in response to low tem-
perature, anthocyanins accumulate to protect photosystems 
from photoinhibition, avoiding the concentration of high 
levels of reactive oxygen species (Krol et  al., 1995; Harvaux 
and Kloppstech, 2001; Korn et al., 2008; Schulz et al., 2016). 
Consistent with these results, it has been shown that the ex-
pression of genes coding for critical enzymes in the antho-
cyanin and flavonoid biosynthetic pathway are induced by low 
temperature, and that the accumulation of these pigments is 
required to ensure full development of cold acclimation in 
Arabidopsis (Catalá et al., 2011; Schulz et al., 2016; Perea-Resa 
et al., 2017). Under low temperature conditions, the reduced 
ability to cold acclimate of nia1nia2noa1-2 plants could be due 
to the reduced content of anthocyanins and flavonoids, which 
as efficient antioxidants, usually prevent the accumulation of 
reactive oxygen species.

It has been previously reported that anthocyanins accumu-
late under conditions of deficient nitrogen assimilation (Diaz 
et  al., 2006) by up-regulating transcription factor-encoding 
genes for positive (MYBs) and negative (LBDs) regulators of 
the flavonoid pathway (Soubeyrand et  al., 2014). A  search for 
MYB- and LBD-encoding genes among cold-regulated plants, 
specifically in wild-type but not in NO-deficient plants, indi-
cated MYB102, MYB75, MYB31, MYB4, MYB44, and MYB38 
that were up-regulated and MYBC1 that was down-regulated 
by cold treatment only in Col-0 plants, and LBD41, LBD37, 
and LBD38 that were down-regulated by cold also only in wild-
type plants (Supplementary Table S5). Impaired cold acclimation 
of NO-deficient plants correlated with the lack of up-regulation 
of genes encoding MYB75/PAP1 (Supplementary Table S5), 
which has been characterized as a major determinant of fla-
vonoid production and freezing tolerance (Borevitz et al., 2000; 
Schulz et al., 2016). Besides the major role of MYB75/PAP1, it 
has been reported that MYB96 integrates cold and abscisic acid 
signaling to activate the CBF–COR pathway in Arabidopsis 
(Lee and Seo, 2015). However, it is not likely to be a target of 
NO in regulating cold acclimation as we found up-regulation 

Fig. 7. Effect of cold treatment on the transcript levels of cold-related RAV2/TEM2, AXR5, and ZF/OZF2 transcription factors in Col-0 and 
nia1nia2noa1-2 plants. Transcript levels were quantified by RT-qPCR from three independent RNAs for each genotype grown under control conditions 
(light gray) or exposed to 4 °C for 1 h (dark gray). Values are the mean of three independent biological replicate samples for each genotype and condition 
±standard error. *Significantly different with P≤0.05 in paired Student’s t-test.

http://academic.oup.com/jxb/article-lookup/doi/10.1093/jxb/erz115#supplementary-data
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by cold-treatment in both wild-type and NO-deficient plants 
(Supplementary Table S5). MYBC1 negatively regulates freezing 
tolerance in Arabidopsis (Zhai et al., 2010), and we found that 
only wild-type plants down-regulated the MYBC1 gene upon 
cold treatment (Supplementary Table S5), thus suggesting this 
transcription factor may be relevant for NO-triggered cold ac-
climation. MYB44 has been reported to interact with the PYL9 
ABA receptor modulating the interaction of the receptor with 
the phosphatase ABI1 and thus modulating ABA signaling (Li 
et  al., 2014), which represents an interesting functional link 
between NO, cold acclimation responses and ABA signaling. 
Moreover, MYB44 has been characterized as an enhancer of 
tolerance to abiotic stresses presumably through an improve-
ment in the antioxidative capacity of the stressed plants (Persak 
and Pitzschke, 2014), thus representing also a potential link of 
NO-induced cold acclimation with the oxidative status of the 
plant. Regarding LBDs, LBD37 and LBD38 have been already 
characterized as negative regulators of anthocyanin biosyn-
thesis in Arabidopsis (Rubin et al., 2009). All these data suggest 
that the full disability of NO-deficient plants in up-regulating 
anthocyanin biosynthetic genes and, consequently, in producing 
anthocyanins in response to low temperatures (Fig. 6) support the 
essential requirement of NO for the cold-induced anthocyanin 
accumulation and further enhanced plant freezing tolerance.

Deficient nitrate assimilation may account also for 
impaired cold acclimation of NO-deficient plants

Although our findings suggest a decisive role for NO in regu-
lating different pathways involved in promoting cold-induced 
freezing tolerance, we cannot rule out the possibility that some 
of the effects we observed in nia1nia2noa1-2 plants exposed to 
4 °C are actually due to defective nitrogen assimilation and/or 
increased C:N ratio. Under low temperature conditions, pro-
tein turnover is potentiated (Wang et al., 2012, Guiboileau et al., 
2013). The degradation of key positive regulators of cold accli-
mation in NO-deficient mutant plants may be a determinant of 
the impaired capacity to cold acclimate of nia1nia2noa1-2 plants. 
We have observed that wild-type shoots produced more NO 
when growing in nitrate-containing media than when grow-
ing on nitrite or ammonium as unique N sources, or subjected 
to N starvation (Supplementary Fig. S3). This enhanced NO 
production in nitrate-grown plants was dependent on nitrate 
reductase activity as it was attenuated in nia1,2 mutant plants 
(Supplementary Fig. S3). Since nitrite also induces NO accumu-
lation, although to a lesser extent than nitrate (Supplementary 
Fig. S3), an alternative nitrate-independent biosynthesis of NO 
cannot be ruled out. Mitochondrial electron transport chain-
derived NO production from nitrite has been reported under 
low oxygen conditions (Igamberdiev et al., 2014). Therefore, the 
N status of the plants is likely relevant for the NO-modulated 
cold acclimation process.

Regulation of cold acclimation through NO-triggered 
post-translational modifications

Data presented above suggest that NO seems to regulate cold 
acclimation through different signaling pathways. However, a 

question remains unanswered: how is NO exerting those regu-
latory roles? NO regulates plant physiology and metabolism 
mainly through post-translational modification of proteins 
such as S-nitrosylation of cysteines and nitration of tyrosines 
(Astier and Lindermayr, 2012). We have previously reported 
the identification of more than 120 in vivo nitrated proteins 
in Arabidopsis (Lozano-Juste et al., 2011). Among them, more 
than 60% of the identified nitrated proteins were involved in 
primary and secondary metabolism. Nitration of those enzymes 
potentially alters their activities, suggesting that NO-triggered 
nitration of enzymes represent a new level of metabolic regu-
lation. Interestingly, in our proteomic analysis (Lozano-Juste 
et  al., 2011) we found nitrated the anthocyanin/flavonoid-
related enzyme quercetin-3-O-methyltransferase 1, supporting 
the regulatory action of NO on altered anthocyanin/fla-
vonoid levels reported in this work. Moreover, we have pre-
viously reported that NO performs a negative regulation on 
ABA signaling through the post-translational nitration of key 
Y residues of the PYR/PYL/RCAR ABA receptors, which 
makes them inactive in the inhibition of type 2C phosphatases 
upon ABA binding (Castillo et al., 2015). ABA receptors such 
as PYR1 and PYL4 were degraded by the proteasome after 
being nitrated through a NO-dependent mechanism (Castillo 
et  al., 2015), which may be relevant for ABA-regulated pro-
cesses such as cold responses. Therefore, our data suggest that 
NO would regulate metabolism and hormone signaling and 
homeostasis, presumably through post-translational modi-
fications of key regulatory proteins in the different signaling 
pathways. However, more work will be necessary to document 
whether the NO-dependent nitration of CBFs or other tran-
scription factors, such as ZF/OZF2, occurs also during cold 

Fig. 8. Proposed model for the function of NO in cold acclimation.
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acclimation, and if these modifications are relevant to activate 
cold acclimation through the different proposed pathways.

Together, our findings suggest that NO regulates cold accli-
mation at the transcriptional level, through CBF-dependent and 
CBF-independent likely ZF/OZF2-mediated pathways, at the 
metabolic level, by regulating the production of anthocyanins and 
flavonoids, and at the hormonal level, by modulating the sensitivity 
to hormones such as ABA (Fig. 8). The functional interactions 
between NO and ABA do not apply only to cold-triggered re-
sponses but are relevant for many other stress-triggered responses 
and developmental processes in plants (León et al., 2014; Prakash 
et  al., 2019). We have previously reported that NO-deficient 
nia1nia2noa1-2 plants are constitutively more freezing tolerant 
than wild-type plants (Costa-Broseta et al., 2018). The opposite 
roles of NO as a negative and positive regulator of constitutive and 
cold acclimation-induced freezing tolerance allow the suggestion 
that the endogenous NO levels might function as a sensor deter-
mining the levels of freezing tolerance in plants.
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