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Lateral roots (LRs) are a major determinant of the root system architecture in plants, and developmental plasticity of LR
formation is critical for the survival of plants in changing environmental conditions. In Arabidopsis thaliana, genetic pathways
have been identified that regulate LR branching in response to numerous environmental cues, including some nutrients, salt,
and gravity. However, it is not known how genetic components are involved in the LR adaptation response to cold. Here, we
demonstrate that CYTOKININ RESPONSE FACTOR2 (CRF2) and CRF3, encoding APETALA2 transcription factors, play an
important role in regulating Arabidopsis LR initiation under cold stress. Analysis of LR developmental kinetics demonstrated
that both CRF2 and CRF3 regulate LR initiation. crf2 and crf3 single mutants exhibited decreased LR initiation under cold
stress compared with the wild type, and the crf2 crf3 double mutants showed additively decreased LR densities compared
with the single mutants. Conversely, CRF2 or CRF3 overexpression caused increased LR densities. CRF2 was induced by
cold via a subset of the cytokinin two-component signaling (TCS) pathway, whereas CRF3 was upregulated by cold via TCS-
independent pathways. Our results suggest that CRF2 and CRF3 respond to cold via TCS-dependent and TCS-independent
pathways and control LR initiation and development, contributing to LR adaptation to cold stress.

INTRODUCTION

The plant root system is important for the anchorage of plants in
soil and the uptake of water and nutrients (Hochholdinger and
Zimmermann, 2008). The root system of dicotyledonous plants is
made up of a primary root and lateral roots (LRs). LRs are a major
determinant of the root system architecture in plants (Péret et al.,
2009a). In Arabidopsis thaliana, LRs originate from founder cells
formed from xylem pole pericycle cells primed in the basal meri-
stem and undergo anticlinal and asymmetric division to create
single layered primordia. These cells undergo further anticlinal and
periclinal divisions to generate a dome-shaped LR primordium
(LRP) thatemerges fromtheprimary rootviacell separation (Parizot
et al., 2008; Péret et al., 2009a, 2009b; Lavenus et al., 2013). The
process of Arabidopsis LR development is critically regulated by
auxin, mainly via two AUXIN/INDOLE-3-ACETIC ACID (Aux/IAA)-
AUXINRESPONSEFACTOR (ARF)modules includingSOLITARY-
ROOT/IAA14-ARF7-ARF19 andBODENLOS/IAA12-ARF5 (Fukaki
et al., 2002; Vanneste et al., 2005; De Smet et al., 2010).

Abiotic stresses including cold stress and the availability of
nutrients are known to modulate the root system architecture of
plants. Plants exposed to low temperature produce smaller root
systems and roots of thinner diameter (Pahlavanian and Silk, 1988;

Nagel et al., 2009). Low temperature reduces the biomass in the
basal parts of root systems and in lateral roots and induces smaller
branchinganglesbetween theprimaryand lateral roots (Nagel etal.,
2009).Coldstress inhibits rootbasipetalauxin transportby reducing
the traffickingof theauxineffluxcarrierPIN2andinhibiting the lateral
relocalization of PIN3 in Arabidopsis (Shibasaki et al., 2009). Cold
reduces both root meristem size and cell number, repressing the
division potential of meristematic cells by reducing auxin accu-
mulation (Zhu et al., 2015). Thus, cold stress inhibits root growth
partly by modulating auxin synthesis, transport, and response.
Cytokinin and a subset of a two-component signaling (TCS)

system are involved in cold stress signaling and response (Jeon
et al., 2010; Shi et al., 2012; Jeon and Kim, 2013). In Arabidopsis,
cytokinins use a multistep TCS system that comprises the three
sensor histidine kinases ARABIDOPSIS HISTIDINE KINASEs
(AHKs) AHK2, AHK3, and AHK4 (Inoue et al., 2001; Suzuki et al.,
2001; Ueguchi et al., 2001; Yamada et al., 2001; Kakimoto, 2003),
five HISTIDINE PHOSPHOTRANSFER PROTEINs (AHPs) mediat-
ing the transfer of phosphoryl groups fromAHKs to ARABIDOPSIS
RESPONSEREGULATORs (ARRs) (ToandKieber, 2008), and three
types of ARRs classified into type-A, type-B, and type-C (Pils and
Heyl, 2009). The type-B ARRs (ARR1, 2, 10-14, and 18-21) are
transcription factors that function as positive regulators of cytokinin
signaling (Hwangetal.,2012).Thetype-AARRs(ARR3-9and15-17)
are rapidly and transiently induced by cytokinin treatment and
function as negative regulators of cytokinin signaling (Kiba et al.,
2003;Toetal.,2004;Leeetal.,2007;Hwangetal.,2012).Thetype-C
ARRs (ARR22andARR24) have adomainstructure similar to that of
the type-A ARRs, but their expression is not induced by cytokinins
(Kiba et al., 2004; Horák et al., 2008; Pils and Heyl, 2009). Although
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the role of type-CARRs in cytokinin signaling is unclear, it has been
proposed that ARR22 plays a positive role in the stress tolerance
response (Kang et al., 2012). A subset of the Arabidopsis cytokinin
TCS system is utilized for cold stress signaling and response (Jeon
et al., 2010; Jeon and Kim, 2013; Zhu et al., 2015). ARR1 mediates
the cold signal via AHP2, AHP3, or AHP5 from AHK2 and AHK3 to
express a subset of type-A ARRs, regulating cold stress response
and tolerance alongwith cytokinin (Jeon et al., 2010; Jeon andKim,
2013). ARR1 and ARR12 are also involved in the inhibition of Ara-
bidopsis root growth by low temperature (Zhu et al., 2015).

Analysis of the cold transcriptome affected by ahk2 ahk3 muta-
tions revealed a cold-responsive gene network regulated down-
stream of AHK2 and AHK3. CYTOKININ RESPONSE FACTOR2
(CRF2), encoding a member of the APETELA2 (AP2)/ETHYLENE
RESPONSE FACTOR (ERF) transcription factors, was found to be
downregulated by ahk2 ahk3 mutations in response to cold, in-
dicating that cold-responsive expression of CRF2 is regulated
downstream of AHK2 and AHK3 (Jeon and Kim, 2013). Some CRF
members, such as CRF1, CRF2, and CRF5, play a role in the de-
velopment of thecotyledon, leaf, andembryo (Rashotte et al., 2006).
CRF2, CRF5, and CRF6, but not CRF1, CRF3, or CRF4, were up-
regulatedbycytokinins (Rashotteetal., 2006).Microarrayanalysisof
arr1,12, crf1,2,5, and crf2,3,6 with or without cytokinin benzylade-
nine revealed that some CRF members act in parallel with type-B
ARRs to mediate cytokinin-regulated gene expression and also
coregulate the targetgeneswith type-BARRs (Rashotteetal., 2006).
TheAP2/ERFfamily transcription factorshavebeen implicated in the
response to plant hormones and as mediators of stress responses
anddevelopmentalprocesses(Mizoietal.,2012;Licausietal.,2013).

Here, we show that cold induces the expression of CRF2 and
CRF3, which are involved in LR initiation and LR formation, via TCS-
dependent and TCS-independent signal transduction pathways,
respectively, and that CRF2 and CRF3 promote LR initiation under
cold stress. Cold-responsive CRF2 expression is affected by mu-
tations in AHK2 and AHK3 as well as in AHP2, AHP3, and AHP5,
indicating that the TCS pathway is involved in regulating CRF2 ex-
pression in response to cold. We further showed that ARR1 directly
regulates CRF2 expression by binding to the CRF2 promoter. By
contrast, the cold response of CRF3 expression is not altered by
mutations in the TCS signaling components.Mutations inCRF2 and
CRF3 cause a delay in LR initiation and a reduction in LR formation,
whereas overexpression ofCRF2 orCRF3 in Arabidopsis enhances
LR initiation and LR formation. The crf2 and crf3 single and double
mutants display a hypersensitive response in LR initiation events to
cold stress compared with that of the wild type, whereas over-
expressionofCRF2orCRF3enhancesLRinitiationundercoldstress.
Based on these results, we propose that CRF2 and CRF3 integrate
the environmental cold signal into LR development and mediate the
adaptation to cold stress to influence changes in root system ar-
chitecture and limit the negative effects of cold on root growth.

RESULTS

CRF2 and CRF3 Respond to Cold

The Arabidopsis CRF gene family comprises 12 members
(Rashotte and Goertzen, 2010; Zwack et al., 2012). We first

examined the expression profiling of CRFs using the Geneves-
tigator Web tool, which provides a summary of gene expression
responses to a variety of stimuli, in order to identify theCRF genes
that are responsive to cold. Figure 1A shows the responses of
CRFs to phytohormones and abiotic stresses including cold.
CRF2, CRF3, CRF6, and CRF10 exhibited cold response, and in
particular, CRF2 and CRF3, a close homolog to CRF2, showed
strong induction by cold (Figure 1A). We determined cold-
responsive expression of CRF2 and CRF3 by conducting
RT-qPCR for the plants treated with cold for varying times. CRF2
and CRF3 showed a transient change in gene expression with
maximumresponseoccurringwith4hofcold treatment (Figure1B).
CBF1 was used as a cold marker gene to confirm the effect of
the cold treatment with regard to the induction of gene expression.
Both CRF2 and CRF3 exhibited significant cold-responsive gene
expression in both the shoot and the root, althoughCRF2 showed
higher levels of cold response in the shoot compared with that in
the root (Figure 1C).

CRF2 and CRF3 Are Expressed via Different Cold
Signaling Pathways

To determine whether TCS components are involved in cold-
inducible expression of CRF2 and CRF3, we analyzed the ex-
pression of CRF2 and CRF3 in ahk, ahp, and type-B arrmutants
using RT-qPCR. Plants were treated with cold for 4 h, corre-
sponding to peak expression in wild-type plants (Figure 1B). The
ahk2 ahk3 double mutants exhibited significantly reduced CRF2
expression in response to cold compared with that in the wild
type (Figure 2A). The ahp2 ahp3 ahp5 triplemutants also showed
significantly reduced cold-responsive expression ofCRF2 and the
ahp1 ahp2 ahp3 ahp4 ahp5 quintuple mutants displayed more
reduced CRF2 expression than that in the triple mutants (Figure
2B). All of the mutants are in the Col-0 accession except for
ahp1-1, which is in the Wassilewskija-2 background. Although
there are multiple genetic differences between Col-0 andWs that
could influence the interaction with the quintuple mutant and
CRF2 expression, this is unlikely given the comparison to each
respective wild type (Figure 2B). CRF2 expression was also re-
duced in the type-B arr mutants such as arr1, arr10, and arr12
single mutants and arr1 arr10, arr1 arr12, and arr10 arr12 double
mutants and evenmore reduced in arr1 arr10 arr12 triple mutants,
indicating that ARR1, ARR10, and ARR12 in part redundantly
regulate CRF2 expression in response to cold (Figure 2C). By
contrast, CRF3 expression in response to cold was not altered in
any of these TCS mutants compared with that of the wild type.
These results indicated that TCS is involved in mediating the cold
signal for expressingCRF2, whereas cold-responsive expression
of CRF3 occurs independently of the TCS system.
CRF protein subcellular localization assays have previously

shown that cytokinin rapidly induces the relocalization of CRF2,
CRF3, andCRF6 into the nucleusand thatbothAHPsandcytokinin
receptors are required for the cytokinin-regulated movement of
CRF2 into the nucleus (Rashotte et al., 2006). We analyzed the
subcellulardistributionofEGFP:CRF2andEGFP:CRF3 in thewild-
type Arabidopsis mesophyll protoplasts without or with cold
treatment by confocal scanning lasermicroscopy, showing that
both CRF2 and CRF3 were localized in both the cytosol and the
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nucleus and that cold treatment did not affect the subcellular
distribution of these two CRFs (Supplemental Figure 1).

ARR1 Regulates CRF2 Expression by Directly Binding to the
CRF2 Promoter

As ARR1 in combination with ARR10 and ARR12 are redundantly
involved in cold-responsive expression of CRF2 (Figure 2C) and
ARR1 has been shown to play a key role in cold-responsive ex-
pression of type-A ARRs (Jeon and Kim, 2013), we investigated
whether ARR1 directly regulatesCRF2 expression.We generated
transgenicArabidopsis expressingARR1 taggedwith10copiesof
MYC epitopes in frame with ARR1 N terminus in arr1-3 mutants
(Pro35S:10xMYC:ARR1/arr1-3) to test whether ARR1 expression
rescues the reduced cold-responsive expression of CRF2 in arr1
mutants comparedwith that in thewild type (Supplemental Figure
2). The arr1mutants andPro35S:10xMYC:ARR1/arr1-3plantswere
treated with cold for 0, 2, 4, or 24 h, and CRF2 expression was
determined by RT-qPCR compared with that in the wild type
(Figure 3A). arr1 mutants showed reduced expression of CRF2

after 2 and 4 h of cold treatment, whereas Pro35S:10xMYC:ARR1/
arr1-3 plants exhibited wild-type response ofCRF2 expression to
cold. However, CBF1 was expressed at the same levels in re-
sponse tocold inwild-type, arr1, andPro35S:10xMYC:ARR1/arr1-3
plants. These results demonstrated thatARR1positively regulates
CRF2 expression in response to cold.
To prove whether ARR1 upregulates CRF2 expression via the

CRF2 promoter, we used Arabidopsis protoplast transient gene
expression assays with a reporter plasmid harboring the CRF2
promoter fused to LUC (ProCRF2:LUC ) and an effector plasmid
harboring ARR1 under the control of the CaMV 35S promoter
(Pro35S:V:4xHA:ARR1). ARR1 expression resulted in a 70-fold
enhancement of LUC expression from ProCRF2:LUC, whereas
the coexpression of ProCRF2:LUC with a negative control,
Pro35S:V:3xHA:EGFP, did not enhance LUC expression (Figure
3B). This result demonstrated that ARR1 upregulates CRF2 ex-
pression through the CRF2 promoter. To examine whether ARR1
directly upregulates CRF2 expression, we analyzed CRF2 ex-
pression in transgenic Arabidopsis overexpressing ARR1DDDK
fused with the glucocorticoid receptor hormone binding

Figure 1. Expression Analysis of CRF Genes.

(A)Hierarchical cluster analysis of theCRF genes in response to phytohormones and abiotic stresses. The response of theCRF genes to a given stimulus
was obtained fromGenevestigator. “Early” and “late” indicate the samples which were treated for 30min, 1 h, or 3 h and combined, and the samples which
were treated for 6, 12, or 24 h and combined, respectively.
(B) and (C) RT-qPCR analysis ofCRF2 and CRF3 expression in response to cold in 10-d-old whole plants sampled three times over a 24-h cold exposure
period (B) and in shoot and root tissue isolated from8-d-old plants after a 4-h cold exposure (C). Relative fold changeswere plotted as the ratio of the given
treatment relative to the transcript level at 0 h, after normalization to ACTIN7. Mean6 SE values were determined from n = three biological replicates (each
biological replicate was estimated as the average of two technical RT-qPCR replicates). Asterisks in (B) indicate significant differences compared with the
wild type at 0 h using Student’s t test (*P < 0.05; **P < 0.01; ***P < 0.001). As ameasure of absolute expression levels, the copy numbers at 0 h were 308 for
CBF1, 1082 forCRF2, 931 forCRF3, and 12,833 forACTIN7. Bars with different letters in (C) indicate significant differences at P < 0.05 by two-way ANOVA
and the Tukey’s honestly significant difference test (Supplemental Figure 9).
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domain (GR), but without the ARR1 receiver domain (Pro35S:
ARR1DDDK:GR) in a dexamethasone (DEX)-inducible manner
(Jeon and Kim, 2013). DEX treatment of Pro35S:ARR1DDDK:GR
plants induced the expression of CRF2 by 3-fold compared with
that in mock-treated transgenic plants (Figure 3C). While the
treatment of cycloheximide, a protein synthesis inhibitor, of
Pro35S:ARR1DDDK:GR plants resulted in increased CRF2 ex-
pression, cycloheximide did not prevent the DEX-induced ex-
pression of CRF2. These results indicated that CRF2 is a primary
response gene directly regulated by ARR1 without new protein
synthesis.

We identified eleven putative ARR1 binding sites harboring the
conserved 59-AGATT-39 sequence element in the 2-kb CRF2
promoter region relative to the AUG codon (Figure 3D). To de-
termine whether ARR1 can directly bind to these ARR1 binding
sites in theCRF2 promoter, we first performed an electrophoretic
mobility shift assay (EMSA) using truncated ARR1 recombinant
protein encompassing 300amino acids from theN terminus fused
with GST. We selected a particular region harboring the ARR1
binding site (indicated by the arrowhead A in Figure 3D) and
prepared 29-mer of oligonucleotideDNAprobe (probe A) from the
CRF2 promoter sequences for EMSA. GST-ARR1 was shown to

Figure 2. Expression of CRF2 and CRF3 in Two-Component Signaling Mutants in Response to Cold.

Expression ofCRF2 and CRF3 in wild-type (Col-0 or Ws as indicated) and ahk2-2 ahk3-3 double mutants (A), ahp triple and pentuple mutants (B), and arr
single, double, and triplemutants (C) treated for 0 or 4 h at 1°C. Ten-day-old plants were treated for 4 h at 1°C and subjected to RT-qPCR analysis. Relative
fold changes were plotted after normalization to ACTIN7. Bars with different letters indicate significance at P < 0.01 by two-way ANOVA and the Tukey’s
honestlysignificantdifference test (SupplementalFigure9).All panelsshowmean6SEvaluesdetermined fromn=threebiological replicates (eachbiological
replicate was estimated as the average of two technical RT-qPCR replicates).
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Figure 3. ARR1 Regulates CRF2 Expression by Directly Binding to the CRF2 Promoter.

(A)ExpressionanalysisofCRF2 inarr1-3mutantsandPro35S:10xMYC:ARR1(ARR1OX )/arr1-3plants in response tocold.Mean6 SEvaluesdetermined from
n= threebiological replicates (eachbiological replicatewasestimated as theaverageof two technical RT-qPCR replicates). Relative fold change represents
the ratio relative to the transcript level of the wild type at 0 h. Bars with different letters indicate significance at P < 0.01 by two-way ANOVA and the Tukey’s
honestly significant difference test (Supplemental Figure 9).
(B) Transcriptional activation by ARR1 via the CRF2 promoter in Arabidopsis protoplasts. The values on the y axis represent the relative light units of LUC
activity after normalizing to GUS activity. Mean6 SE values determined from n = three biological replicates (each biological replicate was estimated as the
average of two technical RT-qPCR replicates). Asterisks indicate significance at P < 0.001 using Student’s t test when compared to controls.
(C) Activation of CRF2 expression by ARR1:GR in the presence of cycloheximide. Ten-day-old Pro35S:ARR1DDDK:GR plants were incubated with DEX,
cycloheximide, or DEX and cycloheximide for 2 h under the light.Mean6 SE values determined from n= three biological replicates (each biological replicate
wasestimatedas theaverageof two technicalRT-qPCR replicates). Barswithdifferent letters indicate significant differencesatP<0.01byone-wayANOVA
with the Tukey’s honestly significant difference test (Supplemental Figure 9).
(D) Schematic diagram of CRF2. The nucleotide sequences, 59-AGATT-39, to which ARR1 binds, are indicated by circles in the promoter region. The
arrowhead indicates theprobe regionused forEMSA.P1,P2,P3, andP4 indicate thepromoter regions for theChIPassays (F). Theblackbox indicatesexon.
P1, 21171 ; 21001 nucleotides from AUG; P2, 2738 ; 2552; P3, 2270 ; 2128; P4, 244 ; +79.
(E) EMSA of ARR1 with aCRF2 promoter DNA probe. EMSAwas performed with 250 ng of GST:ARR1 and 400 fmol of the indicated DNA probe. In the left
panel, EMSAwas performedwith increasing quantities of unlabeled probe A at 10-, 50-, 100-, or 200-fold relative to the quantity of radiolabeled probe A. In
the right panel, EMSA was performed with increasing quantities of unlabeled probe B at 10-, 50-, 100-, or 200-fold relative to the quantity of radiolabeled
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bind to probe A (Figure 3E). This binding was easily outcompeted
with increasing quantities of specific probe A but was not affected
by a nonspecific probe B. We also conducted chromatin immu-
noprecipitation (ChIP) assays using two lines of ARR1OX/arr1-3
plants in four different regions fromP1 toP4 in theCRF2promoter
(Figure 3D) with or without cold treatment for 3 h (Figure 3F). The
ChIP assay results showed that ARR1 binds to the CRF2 chro-
matin primarily in the P1 and P2 regions harboring the conserved
ARR1 binding sites, whereas ARR1 did not bind to the P3 and P4
regions which do not have an ARR1 binding site. However, cold
treatment did not affect the binding of ARR1 to the CRF2 chro-
matin. Taken together, these results demonstrated that ARR1
directly binds to the CRF2 promoter in vitro and in vivo and that
cold does not alter the binding of ARR1 to the CRF2 chromatin.

CRF2 and CRF3 Promote Lateral Root Formation

To determine tissue-specific expression patterns of CRF2 and
CRF3, we generated transgenic Arabidopsis harboring the 2-kb
promoter region of CRF2 or CRF3 fused to a EGFP:GUS reporter
gene and conducted histochemical GUS assays for these
transgenic plants. ProCRF2:EGFP:GUS (CRF2:GUS) plants
showed strong GUS expression in both the shoot and root re-
gions, the vascular tissue of leaves and the root, mature LRs, and
LRP (Figures 4A to 4E). ProCRF3:EGFP:GUS (CRF3:GUS) plants
showed GUS expression patterns similar to those of ProCRF2:
EGFP:GUS plants except for GUS expression in the reproductive
organs such as the anther and stigma (Figures 4F to 4L). As we
detected strongGUSexpression in LRPandLR in both transgenic
GUS reporter plants, GUS expression of these transgenic plants
during LRP development was determined at given developmental
stages based on the classification by Malamy and Benfey (1997).
In the case of ProCRF2:EGFP:GUS plants, GUS expression was
detectable at stage I LRP and increased during LRP development
up to LR emergence (Figures 4M). By contrast, GUS expression in
ProCRF3:EGFP:GUS plants was nearly undetectable at stage I LRP
but gradually increased from stage III LRP up to LR emergence
(Figure 4N). Relatively stronger GUS expression was detected up
tostageV inProCRF2:EGFP:GUSplants than inProCRF3:EGFP:GUS
plants.TheseGUSexpressionpatterns indicated thepotential role
of CRF2 and CRF3 during LR development.

In order to investigate the biological role ofCRF2 andCRF3, we
isolated crf2-2, crf3-2, and crf3-3 Arabidopsis T-DNA insertion
mutants and generated crf2-2 crf3-2 and crf2-2 crf3-3 double
mutants. As shown in Supplemental Figure 3, the crf2-2, crf3-2,
and crf3-3 mutants have T-DNA insertions in exon region of
CRF2 or CRF3 and displayed undetectable expression of CRF2
orCRF3 by both RT-PCR andRT-qPCR analysis, demonstrating

that these crf mutants are null. We also produced transgenic
Arabidopsis overexpressing CRF2 or CRF3 tagged with three
copies ofHAepitopes (Pro35S:3xHA:CRF2orPro35S:3xHA:CRF3)
(Supplemental Figure 3). Analysis of the morphological changes
in crf2 and crf3 single and double mutants and overexpression
lines compared with wild-type revealed root phenotypes (Figure
5). Primary root lengths of crf2 and crf3 single mutants were
significantly shorter than thoseof thewild typebutwere similar to
those of crf2 crf3 double mutants (Figures 5A and 5B), indicating
that CRF2 and CRF3 are involved in primary root development
through the same genetic pathway. We found that while the LR
density of crf2-2 single mutants (2.066 0.40) was similar to that
of the wild type (2.08 6 0.34), those of crf3-2 (1.61 6 0.28) and
crf3-3 (1.676 0.34) singlemutants were reduced comparedwith
that of the wild type, and those of crf2-2 crf3-2 (1.116 0.39) and
crf2-2 crf3-3 (1.276 0.40) double mutants were further reduced
compared with those of crf3 single mutants (Figure 5C). The
reduction in LR density of crf3-2 mutants was significantly
rescued by expressing CRF3 under the control of the CRF3
promoter (Supplemental Figure 4C). These results indicated that
CRF3 plays a role in LR formation and thatCRF2 acts withCRF3
to regulate LR formation. Three different transgenic lines over-
expressing CRF2 or CRF3 displayed a significant increase in LR
density comparedwith that of thewild type,whereasprimary root
lengths were slightly reduced in all transgenic overexpression
lines (Figures 5D to 5F). These results together demonstrated
that both CRF2 and CRF3 positively regulate LR formation.

CRF2 and CRF3 Regulate LR Initiation

To identify the steps of LR development in whichCRF2 andCRF3
act, we enumerated LRP densities from stage I to stage VII. Al-
though the mean LRP density at stage I of crf2-2mutants (0.716
0.29) was insignificantly lower than that of the wild type (0.83 6
0.16), the mean LRP densities at stage I of crf3-3 (0.4 6 0.2) and
crf2-2 crf3-3 (0.47 6 0.17) mutants were significantly lower than
that of thewild type (Figure 6A).Wealso showed that the reduction
in LRP density at stage I of crf3-2 mutants was significantly
rescued by expressing CRF3 under the control of the CRF3
promoter (Supplemental Figure 5). Two lines of transgenic Ara-
bidopsis overexpressingCRF2 orCRF3 displayed increased LRP
densities at stages I and II. These results indicated that bothCRF2
and CRF3 are involved in promoting LR initiation. As crf2-2 mu-
tants displayed a similar number of primordia at stage I compared
with that of the wild type, and since the double mutations in crf2
and crf3 did not further increase a delay in LR initiation caused by
crf3 single mutation, we conducted a LR induction experiment
which allows the direct analysis of LR development kinetics rather

Figure 3. (continued).

probe A. GST was used as the negative control protein for EMSA. FP, free probe. A, probe A region (21102;21076 nucleotides from AUG); B, probe B
region (247 ; 219) indicated by the arrowhead in the (D).
(F)ChIPassaysofARR1binding to theCRF2promoter. Thearr1-3andARR1OX/arr1-3plantsgrownon0.53MSagarplates for13dat23°Cwere treated for
3 h at either 23°C (upper panel) or 1°C (bottom panel) before harvesting plant materials. TheACTIN7DNA fragment was used for normalization. Mean6 SD

values were determined from three technical qPCR replicates. Number and ab indicate line number of ARR1OX/arr1-3 transgenic plants and antibody,
respectively.
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than the analysis of the LRP and LRs at a given developmental
stage of plants (Péret et al., 2012; Lee and Kim, 2013). We applied
a gravitropic stimulus inducing initiation of LRs to thewild type, crf
mutants, and transgenic overexpression lines grown vertically for
3 d by rotating the agar plate through 90°. We then measured the
number of newly developed primordia on the convex side of the
curves at 30 and 54 h postgravitropic induction (pgi) and de-
termined the relative distribution of the LRPat stages I to VIII. Both
crf2-2 and crf3-2 mutants showed delayed LRP development in
response to the gravitropic stimuli, and crf2-2 crf3-2 double
mutants displayed more delayed LRP development compared
with that of the corresponding single mutants (Figure 6B).
Moreover, the crf3-2 and crf2-2 crf3-2mutants displayed 20 and
35% blockage (percentage of plants with no primordium), re-
spectively, of LR initiation events compared with that of the wild
typeat 30hpgi (Figure6B).Distributionof theLRPatstages I toVIII
in the crf2-2, crf3-2, and crf2-2 crf3-2 mutants showed that de-
velopmental transitions from stages I to III were inhibited to some
extent at 30 h pgi and the LRP development of these crfmutants
was delayed at 54 h pgi compared with that of the wild type. By
contrast, overexpression of CRF2 or CRF3 in transgenic Arabi-
dopsis stimulatedLRPdevelopmental processes from initiation to
emergence of LRP at both 30 and 54 h pgi compared with that of

the wild type. Taken together, these results demonstrated that
CRF2 andCRF3 positively control LR initiation in different genetic
pathways and that crf3 exhibits a stronger genetic effect on LR
development than does crf2.

CRF2 and CRF3 Are Required for LR Initiation under
Cold Stress

As CRF2 and CRF3 respond to cold (Figure 1) and play a role
during LR initiation and LR development (Figures 5 and 6), we
sought to characterize the role of CRF2 and CRF3 during LR
development when plants are exposed to cold temperatures. We
first determined cold response of CRF2 and CRF3 during LRP
development and in LRs using GUS reporter transgenic plants.
Cold treatment for 8 h enhanced GUS expression in LRP
from stage III to the emerged LRs and elongated LRs of both
ProCRF2:EGFP:GUS and ProCRF3:EGFP:GUS plants (Figures 7A
and 7B). Cold also enhanced GUS staining in leaves of
both ProCRF2:EGFP:GUS and ProCRF3:EGFP:GUS seedlings
(Supplemental Figure 6), which is consistent with the RT-qPCR
data (Figure 1C).
As CRF2 and CRF3 respond to cold during LRP development

and play a role in LR initiation, we investigated whetherCRF2 and

Figure 4. Analysis of Tissue-Specific Expression of ProCRF2:EGFP:GUS and ProCRF3:EGFP:GUS Transgenic Arabidopsis.

(A) to (E)GUSexpression in the shoot apex (A), leaf (B), primary root (C), lateral root (D), and lateral root primordia (E)of 12-d-oldProCRF2:EGFP:GUS (CRF2:
GUS) seedlings. Bars = 50 mm.
(F) to (L)GUSexpression in theshoot apex (F), leaf (G), primary root (H), lateral root (I), and lateral rootprimordia (J)of12-d-oldseedlingsandanthers (K)and
a stigma (L) of 5-week-old ProCRF3:EGFP:GUS (CRF3:GUS) plants. Bars = 50 mm.
(M) and (N)Analysis of GUSexpression inProCRF2:EGFP:GUS (M) andProCRF3:EGFP:GUS (N) transgenic Arabidopsis during LRdevelopment. Seven-day-
old light-grown transgenic plants were incubated for 14 h with 5-bromo-chloro-3-indolyl glucuronide (X-Glu) for GUS staining. Bars = 50 mm.
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CRF3are required forLR initiationwhenplantsareexposed tocold
stress. To this end, 3-d-oldwild-type, crf2-2, crf3-2, crf2-2 crf3-2,
Pro35S:3xHA:CRF2, andPro35S:3xHA:CRF3plantsweresubjected
toa90°gravitropic stimulusand treated for8,10,or12hat4°Cand
then placed back to 23°C while being subjected to a 90° gravi-
tropic stimulus, and LR initiation events were then measured at
30 h pgi (Figure 7C). To detect significant differences between
genotypes and treatments with their respective controls, we first
used two-way ANOVA, combining different cold treatment in-
cubation times with different genotypes, but this did not capture
significant differences, due to the amount of intrinsic variation in
LR development between genotypes. As an alternative statistical
analysis, we conducted one-way ANOVA to capture significant
differences among the different incubation times for cold treat-
ment in a given genotype as indicated by barswith different capital
letters or with primed different capital letters and then conducted
another one-way ANOVA to capture significant differences among
differentgenotypesfor thegivencoldtreatment timeas indicatedby
barswithdifferent small letters orwithprimeddifferent small letters.
The results showed that LR initiation events in the wild type de-
creasedwith increasing timeofcoldtreatmentat4°Candthatcrf2-2
mutants exhibited a further decrease in LR initiation events com-
paredwith thoseof thewild type.TheeffectsofcoldstressontheLR
initiation events of crf3-2mutants were more severe than those of
crf2-2mutants. The crf2-2 crf3-2 double mutants exposed to cold
stress displayed additively reduced LR initiation events compared
with thoseof thecorrespondingcrf singlemutants.Overexpression
ofCRF2orCRF3 in transgenicArabidopsisprevented thedecrease
in LR initiation events caused by cold stress to some extent
compared with the wild type (right panel of Figure 7C). We further
showed that reduction in LR initiation events of crf2-2 or crf3-2
mutants under cold stresswas significantly rescued by expressing
CRF2 or CRF3 under the control of their own promoter in the
corresponding mutants (Figure 7D). These results suggested that
CRF2 andCRF3 are necessary for LR initiation via different genetic
pathways when plants are exposed to cold stress.

DISCUSSION

AsLRsare themajordeterminantof the root systemarchitecture in
plants, the developmental plasticity of LR formation is important
for the survival of plants to continually changing environmental
conditions. In Arabidopsis, the developmental and molecular
mechanisms of LR formation have been well characterized
(Lavenus et al., 2013) and the genetic pathways regulating LR
branching in response to environmental cues such as nutrients
including nitrate and phosphate, salt, and gravity have been

Figure 5. Root Lengths and LR Densities of the Wild Type, crf2-2, crf3-2,
crf3-3, crf2-2 crf3-2, crf2-2 crf3-3 Mutants, and Pro35S:3xHA:CRF2 and
Pro35S:3xHA:CRF3 Transgenic Arabidopsis.

(A) Representative seedlings of the wild-type, crf2-2, crf3-2, crf3-3, crf2-2
crf3-2, and crf2-2 crf3-3 mutants. Plants were grown vertically for 8 d.
Bars = 1 cm.
(B)Root lengthsofwild-type,crf2-2,crf3-2,crf3-3,crf2-2crf3-2, andcrf2-2
crf3-3mutants. Plants were grown vertically for 8 d and root lengths were
measured. Mean 6 SD values were determined from three biological
replicates of 28 seedlings. Bars with different letters indicate significant
differences at P < 0.05 by one-way ANOVA with the Tukey’s honestly
significant difference test (Supplemental Figure 9).
(C)LRdensities ofwild-type, crf2-2,crf3-2,crf3-3,crf2-2crf3-2, andcrf2-2
crf3-3mutants. LR numbers (#) per unit primary root length (cm) measured
from plants grown vertically for 8 d were plotted. Mean 6 SD values were
determined from three biological replicates of 28 seedlings. Bars with
different letters indicate significant differences at P < 0.01 by one-way
ANOVAwith the Tukey’s honestly significant difference test (Supplemental
Figure 9).
(D) Representative seedlings of wild-type, Pro35S:3xHA:CRF2 (CRF2OX ),
and Pro35S:3xHA:CRF3 (CRF3OX ) transgenic plants. Plants were grown
vertically for 8 d. Bars = 1 cm.
(E) Root lengths of wild-type, Pro35S:3xHA:CRF2, and Pro35S:3xHA:CRF3
transgenic plants. Plants were analyzed as described in the Figure 5B

legend. Mean 6 SD values were determined from 30 seedlings. Asterisks
indicate significant differences at P < 0.001 using Student’s t test when
comparing to the wild type.
(F) LR densities of wild-type, Pro35S:3xHA:CRF2, and Pro35S:3xHA:CRF3
transgenic plants. Plants were analyzed as described in the Figure 5C
legend. Mean 6 SD values were determined from 30 seedlings. Asterisks
indicate significant differences at P < 0.001 using Student’s t test com-
pared to the wild type.
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identified (Dastidar et al., 2012; Tian et al., 2014).While cold is one
of thecritical environmental conditions that limitsplantgrowthand
development as well as crop yield (Jeon and Kim, 2013), it is not
known how genetic components are involved in LR adaptation
response to cold. This study demonstrated that CRF2 and CRF3
play an important role during LR development in Arabidopsis and
also integrate the cold signal into LR development for an adap-
tation response to cold stress via signaling pathways as depicted
in the model (Figure 8). A recent study showed that CRF2 and
CRF6 transcriptionally control genes encoding PIN-FORMED
(PIN) auxin transporters such as PIN1 and PIN7, providing a
crosstalk component that fine-tunes auxin transport capacity

downstream of cytokinin signaling to control plant growth and
development (�Simá�sková et al., 2015). Therefore,CRF2 andCRF3
gate endogenous hormone signals, such as cytokinin and auxin,
as well as the environmental cold signal, providing adaptation
versatility to the plants under cold stress. It remains to be
determined whether CRF2 promotes LR initiation under cold
stress through upregulation of PIN gene expression.
This work showed that a subset of the cytokinin TCS system is

utilized for cold signaling to expressCRF2. A significant change in
cold-responsive expression ofCRF2 in ahk2 ahk3doublemutants
was detected (Figure 2A), indicating thatAHK4maybe involved in
the cold response of CRF2 in addition to AHK2 and AHK3.

Figure6. Analysisof LRDevelopmentalKinetics incrf2,crf3, andcrf2crf3MutantsandPro35S:3xHA:CRF2andPro35S:3xHA:CRF3TransgenicArabidopsis.

(A) LR primordia densities of wild-type, crf2-2, crf3-3, and crf2-2 crf3-3mutants and Pro35S:3xHA:CRF2 and Pro35S:3xHA:CRF3 transgenic plants at given
developmental stages. Plants were grown vertically for 8 d and the numbers of LR primordia per root length (#/cm) weremeasured at given developmental
stages before the emergence of LRs.Mean6 SD valueswere determined from 10 seedlings. Asterisks indicate significant differences using Student’s t test
when compared to the wild type (*P < 0.05; **P < 0.01).
(B) LR developmental kinetics of wild-type, crf2-2, crf3-2, and crf2-2 crf3-2 mutants and Pro35S:3xHA:CRF2 and Pro35S:3xHA:CRF3 plants after syn-
chronizationwith a gravitropic stimulus. Three-day-old plantswere subjected to a 90° gravitropic stimulus, and the numbers of LR primordia at stages I-VIII
weredeterminedat30hpgi (whitebars) and54hpgi (blackbars).Mean6 SDvaluesweredetermined fromtwobiological replicatesof 50seedlings.Barswith
different capital letters or with primed different capital letters indicate significant differences among different stages at 30 and 54 hpgi in the given genotype
by one-way ANOVA with the Tukey’s honestly significant difference test at P < 0.05, respectively. Bars with different small letters indicate significant
differences among different genotypes at the given same stage by one-way ANOVA with the Tukey’s honestly significant difference test at P < 0.05
(Supplemental Figure 9). NP, no primordium.
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However, ahp1,2,3,4,5 pentuple mutants also exhibited signifi-
cant levels of CRF2 expression in response to cold (Figure 2B),
suggesting that an additional gene regulatory pathway other than
theTCSpathway is involved incold responseofCRF2.Noneof the

TCS mutants used in this study affected cold-responsive ex-
pression of CRF3 (Figure 2), showing that the cold response of
CRF3 occurs independently of the TCS system. A microarray
analysis conducted on the Arabidopsis mutant harboring

Figure 7. Effect of Cold Stress on GUS Expression and LR Initiation Events.

(A)and (B)GUSexpression inLRprimordiaof 7-d-old light-grownProCRF2:GUSplants (A)andProCRF3:GUSplants (B)at23°C (2cold) or treated for8hat1°C
(+cold). Plants were incubated for 14 h with X-Glu for GUS staining. Bars = 50 mm.
(C)AnalysisofcoldstressonLR initiationeventsofCol-0,Pro35S:3xHA:CRF2 (CRF2OX ), andPro35S:3xHA:CRF3 (CRF3OX ) transgenic linesandcrf2-2,crf3-
2,crf2-2crf3-2mutantsafter synchronizationwithagravitropic stimulus. Three-day-oldplantswere subjected toa90°gravitropic stimulusand treated for8,
10, or 12 h at 4°C, and the LR initiation events from these plants were then determined at 30 h pgi. Mean6 SD values were determined from three biological
replicates of 50 seedlings per replicate. Bars with different capital letters or with primed different capital letters indicate significant differences at P < 0.05
among thedifferent incubation times for cold treatment in the given genotype by one-wayANOVAwith the Tukey’s honestly significant difference test. Bars
with different small letters or with primed different small letters indicate significant differences at P < 0.05 among different genotypes for the given cold
treatment time by one-way ANOVA with the Tukey’s honestly significant difference test (Supplemental Figure 9).
(D) Analysis of cold stress on LR initiation events of ProCRF2:CRF2:3xHA/crf2-2 and ProCRF3:CRF3:3xHA/crf3-2 transgenic Arabidopsis compared with
Col-0, crf2-2, and crf3-2, after synchronization with a gravitropic stimulus. Assayswere conducted as described in the Figure 7C legend.Mean6 SD values
were determined from three biological replicates of 50 seedlings. Bars with different letters indicate significant differences at P < 0.05 by two-way ANOVA
and the Tukey’s honestly significant difference test (Supplemental Figure 9). RT = 23°C.
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a dominantmutation in INDUCEROFC-REPEAT/DEHYDRATION
RESPONSE ELEMENT BINDING FACTOR EXPRESSION1 (ice1)
indicated that CRF3 may be regulated by ICE1 (Lee et al., 2005).
However, our analysiswith loss-of-functionmutants ice1 and ice2
(Fursova et al., 2009) showed that these mutations only slightly
affected cold-responsive expression of CRF3 (Supplemental
Figure 7), suggesting that a gene regulatory network other than
ICE1 may be involved in cold response of CRF3.

arr1,10,12 triplemutations reduced cold-responsive expression
of CRF2 by 60% compared with that in the wild type (Figure 2C),
indicating that ARR1, ARR10, and ARR12 are the main tran-
scription factors regulating thecold responseofCRF2. To identify if

these type-B ARRs directly regulateCRF2 expression in response
to cold, we used a variety of molecular approaches such as
transient gene expression assays, DEX-inducible nuclear trans-
location of GR-fused CRF2, EMSA, and ChIP assays (Figure 3),
demonstrating that ARR1 directly regulates CRF2 expression by
binding to the CRF2 promoter. The ChIP assay results demon-
strated that cold did not enhance the ARR1 binding to the CRF2
promoter in the chromatin (Figure 3F), indicating that cold does not
alter the DNA binding activity of ARR1 in vivo but rather activates
the transactivation potential of ARR1. It will be interesting to de-
termine whether the phosphorelay from AHKs via AHPs in re-
sponse to cold controls the transcriptional activities of ARR1 and
other type-B ARRs. SELEX and EMSA experiments have shown
that ARR1, ARR2, and ARR11 bind to the same or a very similar
nucleotidesequencemotif, 59-(A/G)GAT(T/C)-39 (Sakaietal., 2000;
Hosoda et al., 2002; Imamura et al., 2003). Experiments using
protein binding microarrays have shown that ARR11 and ARR14
preferentially bind to 59-AGATACG-39 or 59-AGATCTT-3 or similar
sequences (Franco-Zorrilla et al., 2014). Thus, ARR10 and ARR12
or other type-B ARRs may directly promote CRF2 expression
throughbinding to thecorecytokinin responsemotif sequencethat
resides in the CRF2 promoter region.
Analysis of a variety of root transcript profiling data sets showed

that a set of 1920 genes display transcriptional changes in the
xylem pole pericycle cells during lateral root initiation (Swarup
et al., 2008). This set of genes included CRF2 but not CRF3
(Swarup et al., 2008). Our GUS expression analysis of ProCRF2:
EGFP:GUSplants showedvariable stainingofGUSat stage I LRP,
probably due to low and/or dynamic expression, as shown in
Figures 4M and 7A. Variable expression of GUS at stage III LRP in
ProCRF3:EGFP:GUS plants was also noted (Figures 4M and 7B).
These results may be due to the stochastic nature of CRF2 and
CRF3expression.Relatively large variations in LRPdensitieswere
noticed in this study (Figure 6A) as well as in the report by Swarup
et al. (2008). Stochastic fluctuations in gene expression havebeen
proposed to underlie the phenotypic variation and cellular vari-
ation in eukaryotic organisms even in fixed genetic and envi-
ronmental contexts (Blake et al., 2003; Raj et al., 2010). Such
stochastic effects in gene expression could have implications in
LR development, as they might generate variation in the distri-
bution of LRP at a variety of different developmental stages.
Analysis of the expression profiling of CRFs in response to

various plant hormones and in a variety of mutant backgrounds
using the Genevestigator Web tool showed that CRF2 weakly
responds to auxin but strongly responds to cytokinins and is
unresponsive to cytokinins in ahk2 ahk3 mutants (Figure 1A;
Supplemental Figure 8), indicating that cytokinin may regulate
CRF2 expression through the AHK2- and AHK3-mediated TCS
pathway. However, cytokinins are known to negatively control LR
formation by preventing the establishment of an auxin gradient
required for LR formation and to act as a paracrine signal regu-
lating LR spacing (Riefler et al., 2006; Laplaze et al., 2007; Bielach
et al., 2012; Chang et al., 2015). Although the role of CRF2 during
the inhibitory action of cytokinin for LR formation remains to be
determined, it is plausible to hypothesize that cold activates
a subset of the TCS pathway to expressCRF2.CRF3 responds to
auxin and is unresponsive to auxin in arf7, arf19, and arf7 arf19
mutant backgrounds (Figure 1A; Supplemental Figure 8),

Figure 8. Model Showing CRF2 and CRF3-Mediated Lateral Root For-
mation in Arabidopsis under Cold Stress.

Regulation of PINs by CRF2 has been reported recently (�Simá�sková et al.,
2015). Solid arrows indicate positive regulation. Dotted arrows indicate
putative signaling pathways. Double asterisks indicate unknown cis-ele-
ments. ER, endoplasmic reticulum; NM, nuclear membrane; PM, plasma
membrane.
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suggesting that auxin may regulate CRF3 expression through
ARF7 and ARF19. The previous studies showed that cold tem-
perature inhibits root basipetal auxin transport and reduces auxin
accumulation, limiting root growth in Arabidopsis (Shibasaki et al.,
2009; Zhu et al., 2015), indicating that cold temperature inhibits
auxin transport, biosynthesis, and response in the root. We
speculate that the expression of CRF2 and CRF3 in response to
coldmaybeanadaptationmechanismofplantsundercold stress,
enabling LR initiation and development to overcome the auxin-
mediated cold-induced inhibition of root growth, thus influencing
changes in root system architecture in response to cold.

Several transcription factors, including LATERAL ORGAN
BOUNDARIES DOMAIN/ASYMEMETRIC LEAVES2-LIKE
(LBD/ASL) proteins such as LBD16, LBD18, LBD29, and LBD33,
are regulated at the transcriptional level downstream of Aux/IAA-
ARF modules in response to auxin to control LR development
(Okushima et al., 2007; Lee et al., 2009a, 2009b; Berckmans et al.,
2011; Goh et al., 2012; Kang et al., 2013; Lee and Kim, 2013; Lee
et al., 2013, 2015). Most single or double lbd mutations or
mutations in other transcription factor genes involved in LR de-
velopment downstream of ARFs identified thus far have not been
associated with a significant reduction in LR initiation, except for
GATA23, which is involved in the specification of the LR founder
cell identity (De Rybel et al., 2010). However, the crf3 single gene
mutation caused a delay in LR initiation (Figure 6), indicating that
CRF3 may play a unique role during LR initiation.

A recent study showed that CRF4 is induced by cold and in-
volved in freezing tolerance (Zwack et al., 2016). crf1,3,5,6 qua-
druple mutants displayed strong inhibition of primary root
elongation comparedwith that of thewild type (Raines et al., 2016).
LR numbers of both crf2,5,6 and crf3,5,6 triple mutants were re-
duced compared with the wild type (Raines et al., 2016). Loss-of-
function mutations in CRF2 or CRF3 or both CRF3 and CRF6 or
CRF2, CRF3, and CRF6 caused reductions in root length, root
meristem size, and LRPdensity, whereas overexpression ofCRF2
orCRF3orCRF6enhancedLRPdensity (�Simá�skováetal.,2015). In
addition, multiple mutations in CRFs result in larger rosettes, de-
layed leaf senescence, and shorter hypocotyls in etiolated seed-
lings (Raines et al., 2016). These recent studies along with our
present results indicate that theCRF genes play roles in regulating
multiple aspects of plant growth and development including root
systemarchitectureandplant response tocoldandfreezingstress.

METHODS

Plant Materials and Growth Conditions

Wild-type and mutant lines of Arabidopsis thaliana were in the Columbia
(Col-0) ecotypeexcept forahp1-1 in theWassilewskija (Ws)ecotype.Plants
were grown on 0.53 MS agar plates or in soil at 23°C with a 16-h pho-
toperiod. The light intensity was ;120 mmol m22 s21. The crf2-2
(SAIL371_D04),crf3-2 (SAIL325_H03), andcrf3-3 (SALK_138253)mutants
were obtained from the ABRC. The homozygous T-DNA insertion mutant
lines were identified by PCR using the primers shown in Supplemental
Table 1. Thecrf2-2crf3-2andcrf2-2crf3-3doublemutantsweregenerated
by crossing crf2-2 (male) with crf3-2 or crf3-3 (female), and the resultant
isolated homozygous lines were verified by PCR. The null mutations of
crf2-2, crf3-2, crf3-3, crf2-2 crf3-2, and crf2-2 crf3-3 were further verified by
RT-PCR and RT-qPCR analysis. The ahk2-2 ahk3-3, ahp2-1 ahp3 ahp5-2,

arr1-3, arr10-5, arr12-1, arr1-3 arr10-5, arr1-3 arr12-1, arr10-5 arr12-1, and
arr1-3 arr10-5 arr12-1mutants have been described previously (Jeon and
Kim, 2013). ahp1-1,2-1,3,4wascrossed to ahp2-1,3,5-2 to generate ahp1-
1,2-1,3,4,5-2 quintuple mutants. To generate transgenic plants over-
expressing the CRF2 and CRF3 genes, the full-length CRF2 and CRF3
coding regions were isolated by PCR fromArabidopsis cDNA and inserted
into pDONRTM221 (Invitrogen) using the Gateway BP Clonase II enzyme
mix (Invitrogen) to yield pDONR221:CRF2 and pDONR221:CRF3, re-
spectively. These constructs were inserted into pGWB515 vector (Naka-
gawa,ShimaneUniversity, Japan)using theGatewayLRClonase II enzyme
mix (Invitrogen), yielding the Pro35S:3xHA:CRF2 and Pro35S:3xHA:CRF3
constructs, respectively. The Pro35S:3xHA:CRF2 and Pro35S:3xHA:CRF3
constructs were introduced into Arabidopsis using the vacuum infiltration
Agrobacterium tumefaciens-mediated transformation method, and T3
homozygous transgenic plants were obtained. To generate the promoter-
GUS transgenic Arabidopsis, the promoter region ofCRF2 encompassing
22005 to 21 bp relative to the AUG initiation codon and the promoter
regionofCRF3encompassing22021to21bp relative to theAUGinitiation
codon were isolated by PCR from Arabidopsis genomic DNA and inserted
into pDONR 221 (Invitrogen) using the Gateway BP Clonase II enzymemix
(Invitrogen) to yield pDONR221:ProCRF2 and pDONR221:ProCRF3, re-
spectively. Theseconstructswere inserted into thepBGWFS7vector using
the Gateway LR Clonase II enzyme mix (Invitrogen), yielding ProCRF2:GFP:
GUS and ProCRF3:GFP:GUS, respectively. The ProCRF2:GFP:GUS and
ProCRF3:GFP:GUS constructs were transformed into Arabidopsis, and T3
homozygous transgenic plants were obtained. To generate ProCRF2:
CRF2:3xHA/crf2-2 orProCRF3:CRF3:3xHA/crf3-3Arabidopsis, we isolated
theCRF2 genomicDNA fragment encompassing from22005 to +1032 bp
relative to AUG initiation codon that includes the promoter and the full-
length CRF2 coding region and the CRF3 genomic DNA fragment en-
compassing from 22021 to +1065 bp region that includes the promoter
and the full-lengthCRF3 coding region from theArabidopsis genomicDNA
byPCRusingPfupolymerase (Stratagene). ThesePCRproductswere then
inserted into pDONR221 (Invitrogen) by BP recombination reaction using
Gateway BP Clonase II Enzyme mix (Invitrogen) and subcloned into the
pGWB513 vector (Nakagawa, Shimane University, Japan) by LR re-
combination reaction, yielding the ProCRF2:CRF2:3xHA and ProCRF3:
CRF3:3xHA plasmids. These constructswere then transformed into crf2-2
or crf3-2 mutants by Agrobacterium-mediated transformation, and T3
homozygous transgenic mutant plants were obtained. To generate
Pro35S:10xMYC:ARR1/arr1-3 transgenicArabidopsis plants, the full-length
ARR1 coding regions were amplified by PCR using Pfu polymerase
(Stratagene) and inserted into pDONR221 (Invitrogen) by BP re-
combination reaction using Gateway BP Clonase II Enzyme mix (In-
vitrogen). This construct was subcloned into the pGWB521 vector
(Nakagawa, Shimane University, Japan) by LR recombination reaction,
yieldingPro35S:10xMYC:ARR1. This construct was transformed into arr1-3
mutants byAgrobacterium-mediated transformation, and T3homozygous
transgenicmutant plants were obtained. All constructs were confirmed via
DNA sequencing prior to plant transformation. The 35S:ARR1DDDK:GR
construct was generously provided by Takashi Aoyama (Sakai et al., 2000)
and confirmed via genotyping prior to usage. Oligonucleotides and PCR
conditions are provided in Supplemental Table 1.

RNA Isolation, RT-PCR, and RT-qPCR

TheArabidopsis plantswere immediately frozen in liquid nitrogen following
treatment and stored at 280°C. Total RNA was isolated from frozen
Arabidopsis samples using TRI reagent (Molecular Research Center).
RT-PCR analysiswas performed usingAccessRT-PCRsystem (Promega)
according to the manufacturer’s instructions. For RT-qPCR analysis, RNA
was isolated using an RNeasy Plant Mini kit (Qiagen) and the real-time
RT-PCRanalysiswas conductedusing aQuantiTect SYBRGreenRT-PCR
kit (Qiagen) in aCFX96TM real-time PCRdetection system (Bio-Rad). Data
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analysis and determination of reaction specificities were performed as
described previously (Jeon et al., 2010). All real-time RT-PCR assays were
conducted in duplicate for the same RNA isolated from each biological
experiment. RT-qPCRanalysiswasperformed for three different biological
experiments and subjected to statistical analysis. Statistics were per-
formedwithSPSS21.OligonucleotidesandPCRconditionsareprovided in
Supplemental Table 1.

Histochemical GUS Assays and Microscopy

Histochemical assays for GUS activity were performed with 5-bromo-4-
chloro-3-indolyl glucuronide, as described previously (Jefferson and
Wilson, 1991).Forwhole-mountvisualization, theseedlingswerecleared in
100% (v/v) ethanol for 24 h, and then mounted in 90% (v/v) glycerol.
Sampleswereobservedunder aLeicaDM2500microscopeat50-, 200-, or
400-foldmagnificationwithdifferential interferencecontrastorwithaNikon
D300 Camera.

Transient Gene Expression Assays with Arabidopsis Protoplasts

In order to construct Pro35S:V:4xHA:ARR1 and Pro35S:V:3xHA:EGFP ef-
fector plasmids, ARR1 or EGFP full-length DNAwas first amplified by PCR
using thePfuDNApolymerase and inserted into thePro35S:GUSplasmid at
SpeI (N terminus) and SacI (C terminus) sites in place of the GUS DNA
fragment, yielding the Pro35S:ARR1 or Pro35S:EGFP DNA construct. A
translational enhancer sequence (V) from theDR5(7X):U:GUSplasmidwas
then inserted into the Pro35S:HA(4X):ARR1 or the Pro35S HA(3X):EGFP
construct at BamHI (N terminus) and SpeI (C terminus) sites upstream of
the translation initiation site, yielding the Pro35S:V:HA(4X):ARR1 or the
Pro35S:V:HA(3X):EGFPDNA construct. Reporter plasmidwas constructed
by replacingGUS ofGal4(3X):GUS vector (Tiwari et al., 2003) with the LUC
DNA fragment. The ProCRF2:LUC reporter construct was generated by
replacing the Gal4(3X) DNA fragment of the Gal4(3X):LUC plasmid (Kang
et al., 2013) with the CRF2 promoter encompassing the nucleotides from
22005 to 21 bp relative to the AUG initiation codon. These promoter
regions were amplified by PCR from the genomic DNA of Arabidopsis
Col-0with primers harboringPstI site at the 59-end andSpeI site at the 39-
end. The 35S:GUS vector was used as a transfection control (Lee et al.,
2008). All the constructs were verified by DNA sequencing. The plasmids
werepurifiedusingaQiagenPlasmidMidi kit prior toprotoplast transfection.
Protoplasts were isolated from rosette leaves of 2- to 3-week-old Arabi-
dopsis plants on an MS plate under a 16-h photoperiod, transfected with
plasmid DNA, and incubated for 18 h in the dark at room temperature, as
described previously (Lee et al., 2008). Total proteins were extracted using
13 Passive Lysis buffer (Promega) according to the manufacturer’s pro-
tocol. LUC activity was then determined using the Dual-Luciferase Re-
porter Assay System (Promega) with the Synergy H1 Hybrid Multi-Mode
Microplate Reader (BIO-TEK Instruments). GUS activity was assayed with
1 mM 4-methylumberlliferyl-b-D-glucuronide in GUS extraction buffer as
described previously (Ulmasov et al., 1997). After terminating the reaction
with 0.2 M Na2CO3, the appearance of the GUS reaction product MU was
measuredwith the Synergy H1HybridMulti-ModeMicroplate Reader (BIO-
TEK Instruments). LUC activity was normalized to the GUS activity.
Transfection was performed in triplicate. Duplicate LUC and GUS assays
were performed for each transfection. Oligonucleotides and PCR con-
ditions are provided in Supplemental Table 1. Statistics were performed
with SPSS21 using Student’s t test.

Preparation of the Recombinant Proteins

TheARR1cDNA region coding for theDNAbindingdomain (1 to 300amino
acids) was amplified by PCR with gene-specific primers and inserted into
the pGEX 4T-1 vector at BamHI (N terminus) and XmaI (C terminus) sites,
yielding theGST:ARR1 plasmid. The recombinant proteinswere produced

inbacterial strainBL21-CodonPlus(DE3)-RILcells (Stratagene) by inducing
the expression of recombinant proteins at 25°C overnight with 0.2 mM
isopropyl-1-thio-b-D-galactopyranoside in a shaking incubator. The cul-
tured bacterial cells were lysed with 13 PBS buffer by sonication with the
Vibra-Cell VCX130 (Sonics and Materials). The GST-fusion proteins were
purified using glutathione-Sepharose 4B (GEHealthcare), according to the
manufacturer’s instructions. The purified proteins were then dialyzed
against the binding buffer (40 mM Tris-HCl, pH 7.5, 100 mM KCl, 0.2 mM
EDTA, 0.5 mM DTT, and 25% glycerol). Oligonucleotides and PCR con-
ditions are provided in Supplemental Table 1.

EMSA

The EMSA was conducted essentially as described previously (Lee et al.,
2013). To prepare DNA probes for EMSA, the oligonucleotides (29-mers)
weredenaturedbyboiling them for 5min, followedbyslowcooling to23°C.
The annealed oligonucleotides were radiolabeled with [a-32P]dCTP by the
standard Klenow fill-in reactions and then purified on G-50 micro columns
(GEHealthcare), according to themanufacturer’s instructions. The binding
reaction was performed in 10 mL of reaction mixture containing 400 fmol
DNAprobes, bindingbuffer (20mMHEPESKOH,pH7.6, 80mMKCl, 1mM
DTT, and 10% glycerol), 200 ng of poly(dI-dC), 4 mg of BSA, and 250 ng of
the purified GST fusion proteins at room temperature for 30 min. The
samples were then analyzed by 4.5% native polyacrylamide gel electro-
phoresis. Sequences for the DNA probes used in EMSA are provided in
Supplemental Table 2.

ChIP Assays

TheChIPassayswereconductedessentially asdescribedpreviously (Jeon
andKim,2011). Fifteen-day-oldseedlingswere treatedwithorwithout cold
for 3 h. DNA from these seedlings was immunoprecipitated with an anti-c-
Myc agarose affinity gel antibody (Sigma-Aldrich). Quantitative PCR
analysis was conducted using SsoFast EvaGreen Supermix (Bio-Rad) on
a CRF96 real-time system machine (Bio-Rad). The PCR primers for qPCR
were designed to amplify the DNA fragments of 100 to 200 bp and are
shown in Supplemental Table 1. The ACTIN7 DNA fragment was used for
normalization.

Phenotypic Analysis

Phenotypic analysis was conducted as described previously (Park et al.,
2002). Root lengths were measured from scans of the roots using the
ImageJ software (Media Cybernetics). The numbers of LRs and LRP were
scored using a Leica DM2500 microscope according to Malamy and
Benfey (1997). LR induction experiments were conducted as described
previously (LeeandKim, 2013). Three-day-old seedlingswere subjected to
a 90° gravitropic stimulus, and the numbers of LRP at stages I-VIII
(emerged) were determined at 30 and 54 h pgi. Statistics were performed
with SPSS21, using Student’s t test or ANOVA with Tukey’s honestly
significant difference test post-hoc analyses.

Accession Numbers

Sequence data from this article can be found in the Arabidopsis Genome
Initiative or GenBank/EMBL database under the following accession
numbers:CBF1 (At4g25490),CRF2 (At4g23750),CRF3 (At5g53290),AHK2
(At5g35750), AHK3 (At1g27320), AHP1 (At3g21510), AHP2 (At3g29350),
AHP3 (At5g39340), AHP4 (At3g16360), AHP5 (At1g03430), ARR1
(At3g16857), ARR10 (At4g31920), ARR12 (At2g25180), ICE1 (At3g26774),
ICE2 (At1g12860), and ACTIN7 (At5g09810). Sequence data used for hi-
erarchical cluster analysis can be found under the following accession
numbers:CRF1 (At4g11140),CRF5 (At2g46310),CRF6 (At3g61630),CRF7
(At1g22985), CRF8 (At1g71130), CRF10 (At1g68550), CRF11 (At3g25890),
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CRF12 (At1g25470), ARR7 (At1g19050), ARR22 (At3g04280), AHK4
(At2g01830), ARF7 (At5g20730), and ARF19 (At1g19220).
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Supplemental Figure 1. Analysis of the Subcellular Distribution of EGFP:
CRF2 and EGFP:CRF3 in Wild-Type Arabidopsis Mesophyll Protoplasts.

Supplemental Figure 2. RT-qPCR Analysis of ARR1 Expression in
arr1-3Mutants and Pro35S:10xMYC:ARR1(ARR1OX )/arr1-3 Transgenic
Arabidopsis in Response to Cold.

Supplemental Figure 3. PCR Analysis of crf2-2, crf3-2, crf3-3, crf2-2
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