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Abstract: Nonsense-mediated mRNA decay (NMD) removes aberrant transcripts to avoid the
accumulation of truncated proteins. NMD regulates nucleotide-binding, leucine-rich repeat (NLR)
genes to prevent autoimmunity; however, the function of a large number of NLRs still remains
poorly understood. Here, we show that three NLR genes (AT1G72910, AT1G72940, and ADR1-LIKE 2)
are important for NMD-mediated regulation of defense signaling at lower temperatures. At 16 °C,
the NMD-compromised up-frameshift proteinl (upfl) upf3 mutants showed growth arrest that can
be rescued by the artificial miRNA-mediated knockdown of the three NLR genes. mRNA levels
of these NLRs are induced by Pseudomonas syringae inoculation and exogenous SA treatment.
Mutations in AT1G72910, AT1G72940, and ADRI-LIKE 2 genes resulted in increased susceptibility to
Pseudomonas syringae, whereas their overexpression resulted in severely stunted growth, which was
dependent on basal disease resistance genes. The NMD-deficient upf1 upf3 mutants accumulated
higher levels of NMD signature-containing transcripts from these NLR genes at 16 °C. Furthermore,
mRNA degradation kinetics showed that these NMD signature-containing transcripts were more
stable in upfl upf3 mutants. Based on these findings, we propose that AT1G72910, AT1G72940,
and ADR1-LIKE 2 are directly regulated by NMD in a temperature-dependent manner and play an
important role in modulating plant immunity at lower temperatures.
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1. Introduction

Plants integrate external cues, including biotic/abiotic stresses, light, and temperature during
growth and development. Among these environmental cues, temperature affects plant growth,
development, and immunity [1]. Temperature and plant growth interact in an antagonistic manner:
at higher ambient temperatures, growth is favored while immunity is generally compromised [2].
For example, Arabidopsis plants grown at 30 °C are less able to respond to (and restrict the growth of)
bacterial pathogens compared to plants grown at 23 °C [2]. The negative association between plant
immunity and ambient temperature may involve the transcriptional regulation of genes involved in
plant growth [3], but the role of post-transcriptional regulation remains to be explored.

In one type of post-transcriptional regulation, eukaryotes use nonsense-mediated mRNA decay
(NMD) to eliminate aberrant mRNAs from cells, thus preventing the accumulation of truncated proteins.
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Key features of NMD targets include premature termination codons (PTCs) generated by mutations,
transcriptional errors, or alternative splicing (AS) events [4]. The core NMD machinery includes the
conserved proteins UP-FRAMESHIFT PROTEIN1 (UPF1), UPF2, and UPF3, which recognize targets of
NMD [5]. Genome-wide transcriptome analyses showed that transcripts containing upstream open
reading frames (uORFs), long 3’ untranslated regions (UTRs), and introns in 3’ UTRs are targeted
by NMD and that ~21% of endogenous transcripts contain such signatures [6,7]. Consistent with
this global regulation, impairment of NMD causes various developmental defects, including stunted
growth, abnormal leaf morphology, altered flowering time, and enhanced resistance to bacterial
infection [8,9].

The connection between plant immunity and ambient temperature also likely involves plant
hormones, which play key roles in numerous growth/developmental processes and mediate defense
responses against diverse biotic and abiotic stresses [10]. The plant hormones salicylic acid (SA),
jasmonic acid (JA), and ethylene (ET) play critical roles in plant defense against biotic stress.
The levels of these hormones start to increase upon pathogen infection [10]. SA mediates defense
responses against biotrophic pathogens, whereas the JA and ET pathways primarily function in plant
responses to necrotrophic pathogens [11]. In Arabidopsis, two distinct pathways are involved in
SA biosynthesis, i.e., the ICS pathway (involving ISOCHORISMATE SYNTHASEL1 [ICS1]) and the
PAL pathway (involving PHENYLALANINE AMMONIA LYASE [PAL]), both of which use the same
precursor, chorismite. The ICS pathway predominantly contributes to overall SA biosynthesis, as the
ICS1-defective sid2 mutant synthesizes only ~10% of wild-type levels of total SA [12]. However,
inhibiting the PAL pathway also significantly decreases SA levels [13]. SA triggers the monomerization
of NONEXPRESSOR OF PR GENESI (NPR1), leading to its phosphorylation, which is critical for its
nuclear localization, and inducing the expression of defense genes that act downstream of SA [14,15].

The plant immune system has successive layers of defense to restrict pathogen infection.
One layer uses plasma membrane-localized receptors that detect conserved pathogen-associated
molecular patterns (PAMPs). PAMP recognition induces transcriptional reprogramming, referred to
as PAMP-triggered immunity (PTI) [16]. However, virulent pathogens interfere with host defense
programs by secreting various effectors. ENHANCED DISEASE SUSCEPTIBILITY1 (EDS1) functions
with the related protein PHYTOALEXIN DEFICIENT4 (PAD4) in regulating the basal defense layer
and thus restricts the spread of pathogens, in part via the SA defense signaling pathway [17].
Basal resistance is further reinforced by intracellular nucleotide-binding, leucine-rich repeat (NLR)
receptors, which detect specific pathogen effector molecules to confer effector-triggered immunity
(ETI) [18]. ETI employs components of the basal resistance machinery to enhance plant defense,
often resulting in programmed cell death (PCD), which is also referred to as the hypersensitive
response (HR) [19].

Plant NLRs play an important role in pathogen detection. In the absence of the effector, NLRs
are thought to exist in equilibrium between the ON and OFF states. When the effector is present,
it binds to and stabilizes NLRs in the ON state, thus shifting the equilibrium toward an active
form to trigger defense responses [20]. NLR gene activity is also regulated at the transcriptional
and post-transcriptional levels [21], and NLR misexpression triggers autoimmunity characterized by
severe stunting and fitness costs [22]. In addition, AS-coupled NMD constitutes another layer of NLR
regulation. AS can produce NLR transcripts containing NMD signatures that are cleared out by NMD,
which is consistent with the finding that a number of NLR genes act as NMD substrates [23,24].

Although NMD is a common feature of the global surveillance system in plants and is known
to modulate plant immunity via post-transcriptional and post-translational regulation of NLR
genes [23,24], a large number of NLR genes are functionally uncharacterized. Here, we report
that a subgroup of NLR genes (AT1G72910, AT1G72940, and ADR1-LIKE 2) are directly regulated by
NMD in a temperature-dependent manner and are important for the NMD-mediated regulation of
defense signaling at lower temperatures.
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2. Results

2.1. The NMD-Deficient upfl upf3 Mutants Exhibit Autoimmunity at 16 °C

To investigate the role of NMD across a range of ambient temperatures, we analyzed the phenotypes
of upf mutants grown at 16 °C, 23 °C, and 27 °C. At 16 °C, upf1-5 upf3-1 double mutants (hereafter
upfl1/3) showed a severe growth arrest phenotype after generating two cotyledons and a few leaf-like
structures, although the upf1-5 (hereafter upfl) and upf3-1 (hereafter upf3) single mutants successfully
completed their life cycle (Figure 1a). In contrast, the upf1/3 double mutants showed only mild growth
defects at 23 °C and 27 °C. The upfl and upf3 single mutants grown at any of the tested temperatures
did not show such severe growth arrest [9,25,26]. We also found that the arrested growth of upf1/3
mutants could be rescued by shifting the temperature from 16 °C to 27 °C. Two weeks after transfer to
27 °C, the upf1/3 mutants resumed growth and completed their life cycles (Figure 1b) and the fresh
weight of upf1/3 mutants shifted to 27 °C and was restored to the levels of wild-type plants (Figure 1c),
which is consistent with previous reports that the growth defects in NMD-deficient mutants can be
rescued by high temperature [9,23]. As light is an important environmental factor that affects plant
growth and development, we also examined whether light affected the phenotype of upf1/3 mutants.
Notably, dark-grown upf1/3 mutants did not show the growth arrest phenotype at 16 °C (arrow in
Figure 1d), and neither did wild-type plants (Figure 1d).

To explore the mechanism underlying growth arrest of the upf mutants at 16 °C, we performed
RNA-seq analyses using the upf mutants grown at 16 °C and 27 °C and compared the resulting data
with our published transcriptome data of upf mutants at 23 °C (GSE87851) [26]. A large number of genes
were differentially expressed in upf mutants at all tested temperatures (Supplementary Figure Sla—c),
which is consistent with the published transcriptome data of NMD-deficient mutants [24,27,28].
Functional classification of the differentially expressed genes (DEGs) in upf1/3 mutants revealed that
GO terms related to defense, such as immune response, were significantly enriched in upregulated
genes at 16 °C (Supplementary Figure S1d) [27]. In contrast, GO terms related to growth/development
(such as epidermis development) were significantly enriched among downregulated genes in upf1/3
mutants at 16 °C (Supplementary Figure Sle). We listed the top 20 highly enriched GO terms in upf1/3
mutants at each temperature (Supplementary Figure S1d,e) and classified them into three categories:
defense, growth/development, and others. For upregulated genes in the upf1/3 mutants, 14, 3, and 0
terms related to defense were identified at 16 °C, 23 °C, and 27 °C, respectively, whereas no GO terms
related to growth/development were identified at any temperature (Figure 1le). For downregulated
genes in upfl/3 mutants, 11, 2, and 1 terms related to growth/development were identified at 16 °C,
23 °C, and 27 °C, respectively.

We then measured the mRNA levels of defense and growth/development marker genes in
upfl/3 mutants. At 16 °C, we detected a dramatic increase in transcript levels of defense marker genes
(PATHOGENESIS-RELATED1 [PR1], PR5, AVRPPHB SUSCEPTIBLES3 [PBS3], and PHYTOALEXIN
DEFICIENT4 [PAD4]) and a gradual decrease in transcript levels of growth/development marker
genes (EXPANSIN A8 [EXP8], XYLOGLUCAN ENDOTRANSGLYCOSYLASE?7 [XTR7], and SMALL
AUXIN UP RNA19 [SAUR19]) (Figure 1f). These antagonistic expression patterns of genes regulating
defense responses and growth/development suggested that a substantial proportion of resources are
allocated to defense at the expense of growth/development if NMD is impaired at lower temperatures.
These results highlight the importance of functional NMD in regulating the balance between immunity
and growth/development in a temperature-dependent manner.
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Figure 1. NMD (nonsense-mediated mRNA decay)-deficient upfl/3 mutants show growth arrest at 16 °C
(a) Phenotypes of upf mutants grown at 16 °C, 23 °C, and 27 °C in soil (scale bar = 1 cm). (b,c) Growth
phenotypes (b) and fresh weight (c) of upf1/3 mutants shifted from 16 °C to 27 °C. The photographs
were taken 2 weeks after the temperature shift. (d) Phenotypes of upfl/3 mutants grown with or
without light (long days, 16:8 h light:dark) at 16 °C and 27 °C. (e) Gradual increase in the number
of defense-related GO terms among upregulated genes and growth/development-related GO terms
among downregulated genes in upfl/3 mutants at lower temperatures. (f) Expression levels of marker
genes of defense and growth/development in upf1/3 mutants at 16 °C, 23 °C, and 27 °C. The expression
levels are represented as log fold-change values from RNA-seq data. (g) Salicylic acid (SA) levels in
upf1/3 mutants at 16 °C and 27 °C compared with wild type (Col-0) plants. (h) Transcript levels of PRI in
upf mutants at 16 °C and 27 °C. (i) Trypan blue staining of the leaves of upf mutants grown at 16 °C and
27 °C. Note that only leaves of upf1/3 and Isd1-2 mutants showed dark staining. SA-hyperaccumulating
Isd1 mutants and SA biosynthesis-defective sid2 mutants were used as controls. (j) NBT (nitro blue
tetrazolium) staining and DAB (3,3’-diaminobenzidine) staining assays using upf1/3 mutants at 16 °C
and 27 °C. *: p < 0.05; **: p < 0.01; **: p < 0.001; ns: not significant cycle.

NMD-deficient mutants accumulate higher levels of SA [8,9]. Quantification of SA in upf mutants
confirmed significant SA accumulation at 16 °C only (Figure 1g). Moreover, the mRNA levels of PR1
were dramatically induced in upf1/3 mutants at 16 °C only (Figure 1h). Trypan blue staining resulted in
strong dark-blue staining of upf1/3 mutant leaves at 16 °C, suggesting that almost all leaf cells were
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dead (Figure 1i). A similar staining pattern was observed in Isd1-2 mutants at 16 °C, but sid2-1 mutants
did not show strong staining at any temperature. These results suggested that strong hypersensitive
response (HR) was elicited in upf1/3 mutants at 16 °C, eventually leading to death. We also performed
nitro blue tetrazolium (NBT) staining and 3,3’-diaminobenzidine (DAB) staining assays to detect
superoxide and H,O,, respectively, to investigate whether the interplay between SA and reactive
oxygen species (ROS) occurs in upfl/3 mutants [29,30]. We found strongly stained leaves in upf1/3
mutants at 16 °C, indicating that excess superoxide and H,O, are produced in upfl/3 mutants at
16 °C (Figure 1j). The elevated levels of SA in the upf mutants are due to the upregulation of ICS1,
PAL1, 2 and 3, the SA biosynthesis genes (Supplementary Figure S2a). Treating the upfl/3 plants with
1-aminobenzotriazole (ABT), which inhibits the PAL pathway of SA biosynthesis, or introducing
mutation in SA biosynthetic enzyme ICS1/SID2, rescued the HR of upf1/3 mutants grown at 16 °C
(Supplementary Figure S2b,c). Moreover, blocking NLR signaling by introducing mutation in EDS1,
which encodes a basal/TLN-NLR immunity regulator, also rescued the severely stunted phenotype and
PR1 expression (Supplementary Figure S2d,e) [23]. Taken together, these results suggest that NMD
deficiency results in elicitation of a strong temperature-dependent autoimmune response that causes
imbalance between growth/development and defense [23,24].

2.2. Identification of AT1G72910, AT1G72940, and ADR1-LIKE 2 as NLR Genes Regulated by NMD at 16 °C

The facts that (1) SA signaling is downstream of NLRs [31,32], (2) repression of basal/TLN-NLR
immunity resulted in phenotypic rescue of upf1/3 mutants (Supplementary Figure 52d) [9], and (3)
NLRs are regulated by NMD [23], prompted us to check if we can identify some NLR genes that
show upregulation in upfl/3 mutants at 16 °C. Analysis of upf1/3 transcriptome data revealed 38 NLR
genes that are upregulated in upf1/3 mutants specifically at 16 °C (Figure 2a, Supplementary Table
S1). We then analyzed the expression patterns of the 38 NLR genes via conventional RT-PCR at
16 °C, 23 °C, and 27 °C to further narrow down the list of candidate genes. For these experiments,
we first confirmed CHX-induced NMD inhibition by measuring the levels of larger splice variants of
AT2G42500, a known NMD target [6] (Supplementary Figure S3a). The NLR genes were then classified
into seven groups based on their changes in expression levels in CHX-treated seedlings (Figure 2b).
For instance, group 1 NLR genes include AT1G72910, AT1G72940, AT5G41550, and ADR1-LIKE 2,
whose expression levels increased at 16 °C after CHX treatment (Figure 2c). Their read coverage in
CHX-treated wild-type plants (GSE41432) is shown in Figure 2c and RT-PCR results and read coverage
graphs of genes in the remaining groups are shown in Supplementary Figure S3b. We further tested
the temperature-dependent accumulation of group 1 NLR transcripts in CHX-treated plants via qPCR
analyses (Figure 2d). Consistent with the observation, expression levels of the group 1 NLR genes
were altered in upfl/3 mutants at 16 °C (Figure 2e), suggesting them to be the potential targets of NMD.

To test whether these group 1 NLR genes are direct targets of NMD, we searched our RNA-seq data
for any of their transcripts that contained potential NMD signatures. We found out-of-frame transcripts
containing a PTC from three of these NLR genes (Figure 2f); however, we could not detect any NMD
signature-containing transcript of AT5G41550. To further confirm, we performed conventional RT-PCR
and found that their PTC+ transcripts were predominantly expressed in upfl/3 mutants (Figure 2g),
suggesting that these transcripts are indeed the targets of NMD.

To test whether AT1G72910, AT1G72940, and ADRI1-LIKE 2 are direct targets of NMD, we carried
out mRNA degradation kinetics analyses to test the stability of their transcripts after treatment with
the transcriptional inhibitor cordycepin [33]. We observed increased half-lives for PTC+ transcripts
from AT1G72910, AT1G72940, and ADRI-LIKE 2 in upfl/3 mutants (Figure 2h-j). For instance,
PTC+ transcripts of AT1G72910 had a half-life of ~7.5 h in upf1/3 mutants, compared to ~0.8 h in
wild-type plants. These observations suggested that NMD fine-tunes the transcript levels of AT1G72910,
AT1G72940,and ADRI-LIKE 2 in a temperature-dependent manner to prevent the elicitation of immunity
in the absence of invading pathogens.
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Figure 2. Identification of AT1G72910, AT1G72940, and ADR1-LIKE 2 as NLR (nucleotide-binding,
leucine-rich repeat) genes regulated by NMD in a temperature-dependent manner. (a) Venn diagram
highlighting the 38 NLR genes that are upregulated in upf1/3 mutants compared with wild type (Col-0)
at 16 °C. (b) Classification of the 38 NLR genes into seven groups based on their expression patterns
in CHX-treated wild-type plants at 16 °C, 23 °C, and 27 °C. n = the number of NLR genes in each
group. (c) Expression levels of group 1 NLR genes determined by RT-PCR. Read coverage graphs
from the public transcriptome data (GSE41432) upon CHX treatment are shown on the right. (d) qPCR
confirmation of the group 1 NLR genes in CHX-treated wild-type plants. Seedlings were grown
at 23 °C and transferred to each temperature for CHX treatment. (e) Expression levels of group 1
NLR genes in the upf mutants at 16 °C and 27 °C. (f) Map of transcripts with a PTC (PTC+) and
without a PTC (PTC-) identified from the AT1G72910, AT1G72940, and ADR1-LIKE 2 loci. A PTC is
indicated by an orange circle. (g) Confirmation of the presence of PTC+ transcripts (orange asterisk)
from AT1G72910, AT1G72940, and ADRI-LIKE 2 in upfl/3 mutants at 16 °C and 27 °C via RT-PCR.
PP2AA3 was used as an internal control. (h) mRNA degradation kinetics of the PTC+/— transcripts of
AT1G72910, (i) AT1G72940, and (j) ADR1-LIKE 2 in upf1/3 mutants. The half-lives of PTC+ transcripts
shown for Col-0 and upf1/3 mutants. One-way ANOVA with post-hoc Tukey test was used for the
statistical comparison of all genotypes. *: p < 0.05; **: p < 0.01, ***: p < 0.001; ns: not significant. NA:
not available.
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2.3. AT1G72910, AT1G72940, and ADR1-LIKE 2 Are Required for Pathogen Response at Lower Temperatures

Treatment of flg22, a synthetic 22-amino-acid domain in the N terminus of the bacterial flagellin,
induces the expression of a number of NLRs, resulting in an antibacterial response [34]. To check
whether the expression of the group 1 NLRs are also induced by flg22 treatment, we analyzed three
public RNA-seq datasets of flg22-treated WT plants (GSE51720, SRP102215, GSE99936; Supplementary
Table S2). The transcriptome analysis showed strong induction (p-value < 0.001) of AT1G72910,
AT1G72940, and ADR1-LIKE 2 genes in response to flg22 treatment (Figure 3a), whereas AT5G41550
showed only a moderate induction (Figure 3a). A similar expression pattern was observed in the
plants challenged with Pseudomonas syringae (SRP075162, Supplementary Table S2). Pseudomonas
syringae infection induced the expression of the AT1G72910, AT1G72940, ADR1-LIKE 2, and AT5G41550
genes by 5.2-, 7.0-, 9.8- and 3.7-fold, respectively (Figure 3b). The pathogen infection results in the
accumulation of SA [35], which is known to induce the expression of NLR genes in a positive feedback
loop [36-38]. Therefore, to check the effect of exogenous SA on the expression of these group 1
NLR genes, we analyzed two public transcriptome datasets of SA-treated WT plants (GSE125378,
SRP031882, Supplementary Table S2). Consistent with the flg22-treated and bacteria-challenged WT
plants, the exogenous SA treatment also induced the expression of group 1 NLR genes (Figure 3c).
These results suggest that the expression of these group 1 NLRs, especially AT1G72910, AT1G72940,
and ADRI-LIKE 2, are strongly induced upon pathogen infection and that they might be important for
the response to pathogens.
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Figure 3. AT1G72910, AT1G72940, and ADR1-LIKE 2 are important for plant immunity. (a) Expression
of group 1 NLR genes in WT plants in response to flg22 treatment, (b) bacterial inoculation,
and (c) exogenous SA treatment. (d) Decrease in AT1G72910, AT1G72940, and ADR1-LIKE 2 transcript
levels in upf1/3 mutants by darkness at 16 °C. L: light, D: dark. Increased susceptibility to bacterial
pathogen Pst DC3000 (e) and decreased PR1 mRNA levels (f) seen in at1¢72910, at1g72940, and adr1-like
2 mutants at 16 °C. eds1 and sid2 mutants were used as positive controls. dpi: days post-inoculation.
Letters indicate significant difference from one-way ANOVA followed by Tukey’s range tests (p < 0.05)
* p <0.05; **: p <0.01, ***: p < 0.001; ns: not significant.
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Light is a key factor in regulating growth and development of the plant and its response to a
number of environmental stimuli, including defense [39]. It is essential for SA accumulation and
response to bacterial pathogens [40]. Furthermore, we observed that darkness rescued the growth arrest
phenotype of upf1/3 mutants at 16 °C (Figure 1d), which raised the possibility that the expression levels
of group 1 NLR genes were affected by darkness. Indeed, qPCR analyses revealed that AT1G72910
expression was downregulated dramatically (~73-fold) in upfl/3 mutants in the dark (Figure 3d).
In addition, the expression levels of AT1G72940, ADR1-LIKE 2, and AT5G41550 genes were also reduced
by ~36-, ~3-, and ~2.5-fold respectively, in the dark. These results suggested that light is required for
expression of AT1G72910, AT1G72940, ADR1-LIKE 2, and AT5G41550 to ensure the timely elicitation of
plant defense responses.

To validate whether the group 1 NLR genes play a role in defense responses, we isolated T-DNA
mutants of these NLR genes and challenged them with Pst DC3000 at 16 °C and 27 °C, as induction of
these NLR genes under NMD-impaired conditions might indicate their involvement in spontaneous
activation of defense responses. We found that the mutant lines for AT1G72910 (SALK_064034),
AT1G72940 (SALK_109730), and ADRI-LIKE 2 (SALK_056402) were significantly more susceptible to
Pst DC3000 inoculation at 16 °C, compared to Col-0 plants (Figure 3e). Their susceptibility was similar
to that seen in eds1 and sid2 mutants, which were used as positive controls. In contrast, a T-DNA mutant
for AT5G41550 (SALK_040476) showed similar resistance to Col-0 plants at 3 dpi (Figure 3e). At 27 °C,
all genotypes showed similar susceptibility to the bacterial pathogen. Consistent with the increased
susceptibility seen in at1¢g72910, at1g72940, and adr1-like 2 mutants, the induction of PR1 expression
was reduced in these three NLR mutants at 16 °C (Figure 3f). Overall, these results suggested that
AT1G72910, AT1G72940, and ADRI-LIKE 2 are important for the induction of defense in response to
bacterial pathogens in upf1/3 mutants at 16 °C. As at5g41550 mutants showed comparable bacterial
growth with wild-type plants at 16 °C (Figure 3e) and a weak decrease in PRI mRNA levels (Figure 3f),
we excluded AT5G41550 from further analyses.

2.4. Knockdown of AT1G72910, AT1G72940, and ADR1-LIKE 2 Can Rescue the Growth Arrest Phenotype of
upfl/3 Mutants

To test the in vivo function of AT1G72910, AT1G72940, and ADRI-LIKE 2, we used artificial miRINAs
(amiRNAs) to decrease their expression. We designed amiRNAs that target all three NLR genes
(Figure 4a) and expressed them in upf1/3 mutants under the control of the 355 promoter (355::amiR-NLRs
upf1/3). First we confirmed that mRNA levels of AT1G72910, AT1G72940, and ADRI-LIKE 2 were
decreased in the 355::amiR-NLRs upfl/3 plants (Figure 4b). We found that 35S::amiR-NLRs upf1/3
mutants did not show the severe growth arrest (Figure 4c), indicating that knocking down AT1G72910,
AT1G72940, and ADR1-LIKE 2 together partially rescued the upf1/3 phenotype. Consistent with the
phenotypic rescue, PR1 transcript levels were significantly lower in 355::amiR-NLRs upf1/3 mutants
than in upfl/3 mutants (Figure 4d), suggesting that the spontaneous elicitation of defense response
was diminished in 355::amiR-NLRs upf1/3 plants. Despite the phenotypic rescue, PTC+ transcripts of
AT2G45670 accumulated to similar levels in upf1/3 mutants and 355::amiR-NLRs upf1/3 plants (Figure 4e),
suggesting that a similar level of impairment of NMD still occurred in both plants.
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Figure 4. AT1G72910, AT1G72940, and ADRI1-LIKE 2 are NLR genes responsible for the severe
growth defects of upfl/3 mutants at 16 °C. (a) Sequences of amiRNAs. amiRNA1 is designed to
target both AT1G72910 and AT1G72940, whereas amiRNA2 is designed to target ADRI-LIKE 2.
Target sites of amiRNA1 and amiRNA2 are indicated by red and blue lines, respectively. Note that
reverse complementary sequences of amiRNA are shown. (b) Decrease in expression levels of
AT1G72910, AT1G72940, and ADR1-LIKE 2 by amiRNAs in 355::amiR-NLRs upf1/3 plants. (c) Escape from
growth arrest seen in 35S::amiR-NLRs upf1/3 plants at 16 °C. (d) Decrease in PR1 expression levels in
355::amiR-NLRs upfl/3 plants. (e) Increased levels of PTC+ transcripts of AT2G45670 in 355::amiR-NLRs
upf1/3 plants. Letters indicate significant difference from one-way ANOVA followed by Tukey’s range
tests (p < 0.05).

2.5. Overexpression of AT1G72910, AT1G72940, and ADR1-LIKE 2 Results in Autoimmunity in WT Plants

We showed that AT1G72910, AT1G72940, and ADRI-LIKE 2 were upregulated in NMD-deficient
plants (Figure 2e), and mutations in these genes resulted in increased susceptibility to bacterial
pathogens (Figure 3e). Therefore, we expected overexpression of these genes to cause a strong
elicitation of defense response. To confirm this hypothesis, we analyzed the effect of overexpression of
AT1G72910, AT1G72940, and ADR1-LIKE 2 in the wild-type background. For comparison, we introduced
the overexpression cassette of each NLR gene into pad4, eds1, and npr1 mutants. We first confirmed
overexpression of each NLR gene in all genotypes via qPCR (Figure 5a). Overexpression of each of
the NLR genes in the wild-type Col-0 background resulted in severely stunted growth (Figure 5b),
characterized by low fresh weight and small cotyledons (Figure 5c). However, overexpression of
AT1G72910, AT1G72940, and ADR1-LIKE 2 in the pad4 and eds1 mutant background did not induce
growth defects (Figure 5b), as shown by the significantly higher fresh weights and larger cotyledons
(Figure 5c). These results indicated that overexpression of AT1G72910, AT1G72940, and ADR1-LIKE 2
was unable to induce defense responses in the absence of functional PAD4 and EDS1. Overexpressing
AT1G72910, AT1G72940, and ADR1-LIKE 2 in nprl mutants also failed to produce growth defects
(Figure 5b,c). Consistent with the severe growth arrest, mRNA levels of defense marker gene PRI and
SA biosynthesis gene ICS1 increased in WT plants (Figure 5d-f). Taken together, our results suggest
that AT1G72910, AT1G72940, and ADRI-LIKE? play an important role in eliciting constitutive immune
responses in upf1/3 mutant plants at 16 °C in a PAD4/EDS1- and SA-signaling-dependent manner.
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Figure 5. Overexpression of AT1G72910, AT1G72940, and ADR1-LIKE 2 results in autoimmunity in
the WT background. (a) Validation of overexpression of AT1G72910, AT1G72940, and ADR1-LIKE 2
in transgenic lines in T lines at 16 °C. (b) Induction of a growth arrest phenotype by overexpression
of AT1G72910, AT1G72940, and ADRI-LIKE 2 in Col-0 plants at 16 °C. Note that the growth arrest
phenotype was not seen in the pad4, eds, and npr1 backgrounds, although AT1G72910, AT1G72940,
and ADRI-LIKE 2 were overexpressed. (c) Quantification of fresh weight (mg per seedling) and
cotyledon area (cm?) of the transgenic seedlings overexpressing AT1G72910, AT1G72940, or ADR2-LIKE
2 at 16 °C in the Col-0, pad4, eds, and npr1 backgrounds. (d—f) PRI and ICS1 expression in transgenic
seedlings overexpressing AT1G72910 (d), AT1G72940 (e) or ADR2-LIKE 2 (f) at 16 °C in the Col-0, pad4,
eds, and npr1 backgrounds. All of the experiments were conducted at 16 °C under long day conditions.
Letters indicate significant difference from one-way ANOVA followed by Tukey’s range tests (p < 0.05)
**: p < 0.001.

3. Discussion

The NMD mRNA surveillance system prevents translation from aberrant transcripts. NMD is
indispensable for the proper growth and development of eukaryotic organisms as its deficiency
leads to a number of phenotypic defects in animals and plants [9,41]. In plants, NMD regulates a
number of processes including immune response, cell differentiation, and circadian rhythms [27,42,43].
Genome-wide studies revealed that NMD deficiency affects up to 21% of the Arabidopsis
transcriptome [6,7,24,27], indicating that NMD is a global phenomenon. GO term analyses of
upregulated genes in upfl/3 mutants revealed significant enrichment of GO terms related to SA
biosynthesis/signaling and plant defense (Figure 1le, Figure S1), which is consistent with the previous
report [27]. NMD-deficient mutants accumulate higher levels of SA compared to WT plants [8,27];
we found a temperature-dependent increase in the SA levels increased in upf1/3 mutants (Figure 1g),
leading to a strong defense response, consistent with the observed dramatic increase in PR1 transcript
levels (Figure 1h). Higher accumulation of SA has been linked with the upregulation of ICS1 [8,27];
however, our results suggest that not only ICS but also the PAL pathway genes contribute to the higher
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accumulation of SA (Supplementary Figure S2a), which is further supported by the partial phenotypic
rescue of ABT-treated upf1/3 mutants at 16 °C (Supplementary Figure S2b).

Temperature is a key environmental factor that influences growth and development of plants. It is
known to modulate the activation of the defense pathway and ultimately affects the balance between
immune responsiveness and growth in Arabidopsis [22]. ASis a typical example that is affected by
temperature. In Arabidopsis, a number of studies have shown the impact of temperature on AS [23,44].
For instance, AS of circadian clock genes and NLR genes is sensitive to temperature. Some of these
AS events trigger NMD and hence contribute directly to the stability and abundance of transcripts in
response to temperature changes [23,44,45]. Temperature is also known to modulate the growth arrest
phenotype of NMD-deficient mutants, such that at lower temperatures, the NMD-deficient mutants
exhibit a severe growth-arrest phenotype, whereas at higher ambient temperatures they are almost
indistinguishable from WT plants [9,23].

Plant responses to invading pathogens are modulated by a complex network of signaling cascades.
In PTI, NLRs sense effectors from the pathogen and induce downstream defense components through
the EDS1-PAD4 complex. EDS1 and PAD4 are required for SA accumulation [31,32] and SA induces
EDS1 and PAD4 expression, thus amplifying the defense signal via a positive feedback loop [36-38].
NLRs are usually activated upon pathogen effector recognition to trigger innate immune responses.
Their transcript levels must be tightly regulated to avoid autoimmunity, for instance, upregulation
of the SNCI gene results in stunted growth caused by the constitutive defense elicitation [46].
Most of the NLR transcripts contain NMD signatures that trigger NMD machinery resulting in
transcript degradation or translational suppression, to ensure the proper growth and development
under normal conditions [19,28,47]. A recent study reported over 95% of the TNLs and 76% of the
coiled-coil-(CC)-containing NLRs (CNLs) were the potential NMD substrates [24]. However, many NLR
genes have not been functionally characterized. In this study, we identified and characterized
three NLR genes that are post-transcriptionally regulated by NMD in a temperature-dependent
manner to suppress autoimmunity and to keep the proper balance between growth and defense.
AT1G72910, AT1G72940, and ADRI1-LIKE 2 were upregulated only at a low temperature in upf1/3
mutants (Figure 2). Consistent with our idea that AT1G72910, AT1G72940, and ADRI-LIKE 2
mediate the low-temperature-specific growth arrest in NMD-impaired mutants, their T-DNA mutants
showed higher susceptibility to a bacterial pathogen and increased PR1 mRNA levels. Furthermore,
knocking down these three NLR genes in the upf1/3 mutant background rescued the stunted growth of
upf1/3 mutants at 16 °C (Figure 4), suggesting that these NLRs are important mediators of the severe
developmental defects at lower temperatures.

Overexpression of AT1G72910, AT1G72940, and ADRI-LIKE 2 caused stunted growth at 16
°C, and the phenotype required PAD4, EDS1, and NPR1 (Figure 5). Similarly, transgenic plants
overexpressing RPS4, a well-studied NLR, in the Col-0 background conferred resistance against bacterial
pathogen Pst DC3000 in an EDS1-dependent manner, as the RPS4 overexpression was unable to confer
resistance in the absence of EDS1 [48]. Impaired NMD leads to activation of ETI in Arabidopsis [9] and
this process relies on NLR proteins. As the expression of NLRs must be tightly regulated at multiple
levels to prevent the inappropriate activation of immune responses for the proper balance between
growth and immunity [21], it would be interesting to further investigate their temperature-dependent
expression patterns and their molecular mechanisms in low-temperature-specific triggering of plant
immunity in NMD-impaired mutants.

In conclusion, our findings highlight the functional importance of three uncharacterized NLR genes
in the temperature-conditioned plant immunity, such that AT1G72910, AT1G72940, and ADR1-LIKE 2
genes are involved in autoimmunity under the NMD-compromised conditions. Further studies on
NMD-mediated temperature-dependent regulation of AT1G72910, AT1G72940, and ADRI-LIKE 2 genes
and the downstream components should increase our understanding of the mechanisms underlying
the maintenance of the proper balance between growth and defense responses to optimize plant fitness.
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4. Materials and Methods

4.1. Plant Materials and Growth Conditions

The Arabidopsis thaliana upfl-5 (SALK_112922), upf3-1 (SALK_025175), and upfl-5 upf3-1
mutants were previously described [25,26,49]. For phenotyping, RNA-seq analyses, and quantitative
reverse-transcription PCR (qPCR) analyses at different temperatures, 7-day-old seedlings (27 °C),
8-day-old seedlings (23 °C), and 12-day-old seedlings (16 °C) grown under standard long day (LD)
conditions (16:8 h light:dark) were used, as these plants were at identical developmental stages [50].
For dark-grown plants, seeds were germinated on half strength Murashige and Skoog (MS) plates
covered with aluminum foil. 1-Aminobenzotriazole (Sigma) was used to inhibit SA biosynthesis.

4.2. Inhibition of Translation by Cycloheximide (CHX)

To inhibit protein synthesis using CHX, a potent NMD inhibitor, wild-type plants grown at 23 °C
for 6 to 7 days were vacuum infiltrated with 20 uM CHX and transferred to 16 °C, 23 °C, and 27 °C.
Samples were harvested 5 h after the temperature shift and analyzed [49].

4.3. Analyses of Cell Death and Pathogen Assays

Rosette leaves from ~3- to 4-week-old plants were submerged in trypan blue solution
(Sigma-Aldrich, Missouri, USA) for 3 h [51]. To detect superoxide ion (O, ™) and hydrogen peroxide
(H,05), 1 mg/mL nitro blue tetrazolium (NBT) (pH 7.5), and 1 mg/mL 3,3’-diaminobenzidine (DAB)
(pH 5.5) [52] were used, respectively. Pathogen challenge experiments were performed according
to the previously published procedures [53]. All genotypes were groswn at 23 °C under short day
conditions for 4 weeks. They were processed for pathogen assays using the Pseudomonas syringae pv.
tomato bacterial strain DC3000 (Pst DC3000) and were then incubated at 16 °C and 27 °C.

4.4. RNA Sequencing

Approximately 100 seedlings were harvested at Zeitgeber time 16 (ZT16) and pooled for RNA
extraction using Plant RNA Purification Reagent (Invitrogen). For RNA-seq, an Illumina TruSeq
Stranded Total RNA Sample Prep kit was used for library preparation according to the manufacturer’s
instructions. The libraries were sequenced with an Illumina HiSeq 2000 sequencer. The raw sequencing
data are available at NCBI under accession number GSE134538.

4.5. Public Transcriptome Data and Bioinformatics Analyses

A list of public datasets that were used in this study is given in Supplementary Table S2.
Datasets from wild-type seedlings treated with flg22 (GSE51720, GSE146189 and GSE99936) [54-56],
exogenous SA (SRP031882 and GSE125378) [57], and CHX (GSE41432) [6] were used in addition to the
RNA-seq data for upfl, upf3, and upfl upf3 (upf1/3) mutants at 23 °C (GSE87851) [26]. The Fastq files of
RNA-seq data generated in this study (GSE134538) as well as from public datasets, were checked for
quality with FastQC (http://www.bioinformatics.babraham.ac.uk/projects/fastqc). The good-quality
RNA-seq datasets were subjected to adapter trimming using Sickle (https://github.com/najoshi/sickle)
and mapped against the Arabidopsis reference genome TAIR10 using TopHat 2 (https://ccb.jhu.edu/
software/tophat/index.shtml) with the optional parameter “—b2-very-sensitive”. The mapped reads
were assembled and normalized transcript levels were determined using Cufflinks version 2.2.1 [58] with
the optional parameters “—verbose” and “—no-update-check”. The cufflinks option “—library-type”
was set according to the dataset used. For coverage maps, the aligned data in bam format were indexed
and visualized using Integrated Genome Browser (IGB) (http://bioviz.org/). Cuffdiff 2 was used to
identify differentially expressed genes (DEGs) [58] with the parameters “—min-reps-for-js-test” set as
1, and the “—library-type” parameter was set according to the dataset used. The output of Cuffdiff was
further analyzed and visualized using the R package CummeRbund [59]. Heatmaps were generated
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using Papillon (https://github.com/domenico-somma/Papillon). DEGs were defined as genes with
fold-change (FC) values of two or more and fragments per kilobase of transcript per million (FPKM)
values of two or more. GO analysis was performed with BINGO [60] and PLAZA [61].

4.6. gPCR Expression Analyses

qPCR was used to validate the RNA-seq data obtained from the upf mutants. Total RNA was
extracted from seedlings at the identical developmental stage at ZT16 at different temperatures.
Plant RNA purification reagent (Invitrogen) was used for RNA extraction. The DNAse I
treated RNA (~2 pg) was reverse transcribed into cDNA using MMLV enzyme (ELPIS Biotech).
Quantitative expression analysis was performed using 2X A-Star Real Time PCR Master Mix (BioFACT).
Two reference genes, PP2AA3 (AT1G13320) and a SAND family gene (AT2G28390), were used to
normalize the data [62]. All gPCR experiments were conducted in three biological replicates, each with
three technical replicates. The statistical significance of differences in gene expression levels among
samples was assessed using one-way ANOVA with a 0.05 level of significance (95% confidence interval).
Details about the primers used in this study are shown in Supplementary Table S3.

4.7. Quantification of Phytohormones and Chlorophyll Contents

To determine endogenous phytohormone levels of the upf mutants at different temperatures,
gas chromatography (GC) with a mass spectrometry detector (Agilent GC 6890N/MS 5973N) was
performed in SIM mode. The calculations were done based on selected internal standards (d4-SA,
d7-PAA, d6-ABA, d5-IAA, dihydroxy-JA, d2-GA1, d2-GA4, and d2-GA20). The phytohormones were
isolated from 300 mg whole-plant samples from plants grown on MS medium for 3 weeks [63]. Prior to
GC analysis, the samples were methylated and trimethylsilylated as described [64]. All measurements
were done with three biological replicates. Chlorophyll quantification was performed by measuring
absorbance at 665, 649, and 470 nm as described [65].

4.8. Determination of mRNA Degradation Kinetics

Cordycepin (150 pg/mL) was used to inhibit transcription in 3-week-old wild-type and upf1/3
mutants [33]. Leaves were harvested after 0, 1, 2, 3, and 4 h of treatment, and the transcript levels of the
genes of interest were determined via gPCR. The half-lives of the mRNAs were calculated by nonlinear
least-square regression using GraphPad Prism 7.0 as described previously [66]. Briefly, the mean Ct
values for each time point was normalized to the mean Ct value of = 0, to get the normalized Ct
value. Relative abundance for each time point was then calculated as 2 to the power of normalized
Ct value. mRNA decay rate was determined for the relative abundances using non-linear regression
curve fitting in GraphPad Prism.

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/21/21/
7986/s1. Figure S1. RNA-seq analysis of upf mutants at different temperatures. Figure S2. Involvement of SA
and TLN immunity in the severe stunted phenotype of upf1/3 mutants at 16 °C. Figure S3. Expression profiles
and clustering of the selected NLR genes upon CHX treatment at different temperatures. Table S1. List and
fold-change of NLR genes, upregulated in upf mutants compared to WT plants, at 16 °C. Table S2. List of public
transcriptome datasets that were used in this study. Table S3. List of primers used in this study.
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