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SUMMARY

Noncoding polymorphism frequently associates with phenotypic variation, but causation and mechanism are
rarely established. Noncoding single-nucleotide polymorphisms (SNPs) characterize the major haplotypes of
the Arabidopsis thaliana floral repressor gene FLOWERING LOCUS C (FLC). This noncoding polymorphism
generates arange of FLC expression levels, determining the requirement for and the response to winter cold.
The major adaptive determinant of these FLC haplotypes was shown to be the autumnal levels of FLC expres-
sion. Here, we investigate how noncoding SNPs influence FLC transcriptional output. We identify an up-
stream transcription start site (UTSS) cluster at FLC, whose usage is increased by an A variant at the promoter
SNP-230. This variant is present in relatively few Arabidopsis accessions, with the majority containing G at
this site. We demonstrate a causal role for the A variant at —230 in reduced FLC transcriptional output. The G
variant upregulates FLC expression redundantly with the major transcriptional activator FRIGIDA (FRI). We
demonstrate an additive interaction of SNP—230 with an intronic SNP+259, which also differentially influ-
ences uTSS usage. Combinatorial interactions between noncoding SNPs and transcriptional activators
thus generate quantitative variation in FLC transcription that has facilitated the adaptation of Arabidopsis

accessions to distinct climates.

INTRODUCTION

Arabidopsis thaliana accessions have a worldwide distribution
associated with extensive variation in flowering time." Two major
determinants of this natural variation are the floral repressor lo-
cus FLOWERING LOCUS C (FLC) and its transcriptional acti-
vator FRIGIDA (FRI).>™* Variation in FLC expression determines
reproductive strategy, and low expression leads to a rapid-
cycling (summer annual) habit, so flowering occurs without the
need for cold exposure. By contrast, high expression results in
a winter annual habit, where overwintering is required before
flowering.”

FRI confers a winter annual habit by establishing an active tran-
scriptional environment at FL.C, delaying flowering.®” FRl interacts
with many co-transcriptional regulators, such as RNA polymerase
Il (RNA Pol Il) and Mediator subunits, Paf1 complex components,
and histone modification factors.®° FRI function also requires both
subunits of the nuclear cap-binding complex (CBC), CBP80 and
CBP20, which binds to the 5’ cap of mRNAs.'%'" Extensive nucle-
otide sequence variation is found at FRl among Arabidopsis acces-
sions, and most rapid cyclers, such as the common lab strain
Columbia (Col-0), carry nonfunctional alleles of FRI with premature
stop codons or large deletions.>'?

L)

In winter annual accessions, the FRI-upregulated FLC expres-
sion is antagonized by cold in a process called vernalization.”'®
This starts in autumn when temperatures widely fluctuate
over hourly and daily timescales.''® Short-term cold (>3 h to
2 weeks) exposure promotes FRI nuclear condensate formation
sequestering the protein away from the FLC promoter.® This
facilitates downregulation of FLC transcription, which occurs in
parallel with the epigenetic switch to a silenced state. The epige-
netic switching is established and maintained by Polycomb
repressive complex 2 (PRC2)'"~'° and requires VERNALIZATION
INSENSITIVE3 (VIN3) whose expression is induced by cold.””
VINS is a PRC2 accessory protein that facilitates PRC2 nucleation
at FLC, delivering H3K27me3 for long-term epigenetic mem-
ory.'®2921 F| C transcription is also silenced in the warm through
a mechanism involving the RNA binding protein FLOWERING
CONTROL LOCUS A (FCA) and alternative polyadenylation of
COOLAIR, the antisense transcripts at FLC. Proximal polyadenyla-
tion is linked to histone demethylation and PRC2-induced chro-
matin changes over the body of FLC.?*%*

Natural variation in FLC transcription influences FLC expres-
sion both as the plants germinate and during the early response
to cold temperatures (collectively called autumnal FLC
expression). This variation is determined by noncoding cis
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polymorphism at the FLC locus that results in different cold re-
quirements in natural accessions.>*>?° For example, a noncod-
ing single nucleotide polymorphism (SNP) within FLC intron 1
(SNP+259) in the FLC haplotype contained in the Swedish
accession Var2-6 leads to increased FLC transcription and a
requirement for 8 weeks of vernalization, through alteration of
COOLAIR splicing.?” Given that autumn temperatures fluctuate
widely and show extensive year-on-year differences, variable
autumnal FLC expression enables plants to adapt to different cli-
mates influencing when epigenetic silencing initiates. How most
of the SNPs influence FLC autumnal expression, however, has
been largely unexplored.

Here, we investigate this natural variation and discover an up-
stream transcription start site (UTSS) cluster at the FLC locus
important for quantitative regulation of FLC expression in natural
Arabidopsis accessions. Alternative transcriptional initiation is
widely found in eukaryotes.’®*° Generally, there is a cluster of
TSSs rather than one specific site,”®?%*" and large-scale shifts in
TSS usage are commonplace during development and response
to environment,®>=° altering 5 untranslated regions (UTRs),
thereby influencing transcript stability and translation.**~>° In addi-
tion, an upstream TSS frequently inhibits the use of a downstream
TSS.37'38

TSS position can be influenced by DNA motifs, such as the
well-known TATA box and other transcription factor binding
sites.®® Clear TATA-box motifs only occur in ~10% of mamma-
lian promoters®' and ~30% of Arabidopsis genes®“° and tran-
scription factor binding, enhancer-promoter connections, or
epigenetic status have been shown to be modulated through
SNPs in promoter elements.*'~** In plants, such promoter ele-
ments are the Y Patch, GA, and CA elements, which are different
from those in yeast and mammals.*>*® Our natural variation
analysis shows that a G variant at —230 (230 base pairs [bp] up-
stream of ATG) in the FLC promoter of the majority of natural ac-
cessions (>88%) results in higher FLC expression, possibly
through the formation of a binding site for plant-specific NAM,
ATAF1/2, and CUC2 (NAC) transcription factors."”~*° By
contrast, an A variant at this site promotes uTSS usage, reduces
FLC expression, and accelerates flowering, possibly by forming
a CA-rich motif.****® Our genetic evidence further demonstrates
a strong interaction between this SNP and FRI, as well as an ad-
ditive effect with an intronic noncoding SNP at +259. Overall, this
work provides important insights into the synergistic transcrip-
tional control by cis SNPs and trans regulators that have pro-
duced variation in FLC transcription levels, defining adaptively
important FLC haplotypes.

RESULTS

Multiple TSS sites are used at FLC throughout
development

Given autumnal FLC expression is an important variable in
vernalization response in Arabidopsis accessions, we asked
whether FLC transcriptional initiation was affected in different
haplotypes. The FLC TSS was mapped in the Col-0 (fri), Col
FRI (FRI from SF2 accession introgressed into Col-0), and
Var2-6 near isogenic line (NIL), in which FLC from the Swedish
accession Var2-6 had been introgressed into Col FRI.?® Although
the summer annual Col-0 does not need vernalization to flower,
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Col FRI flowers late but has a rapid vernalization (RV) response —
acceleration of flowering is saturated by 6 weeks of cold expo-
sure. The Var2-6 NIL has a slow vernalization (SV) response—
8 weeks of cold exposure is required to fully accelerate flower-
ing.?®2% 5’ rapid amplification of cDNA ends (5 RACE) analysis
using seedlings grown in warm and cold conditions showed
most FLC TSSs are distributed between —60 and —120 from
the ATG, consistent with the annotation in The Arabidopsis Infor-
mation Resource (TAIR) and recently published datasets®®*°
(Figures 1A and 1B). Interestingly, an uTSS cluster at FLC,
100 bp upstream of the major TSS (MTSS) was mapped in
both Col FRI (in the warm and cold) and Var2-6 NIL (in the
cold) (Figures 1A and S1). The failure to detect it in Col-0 by 5’
RACE likely reflects the lower expression, as it is occasionally
detected in cap analysis gene expression sequencing (CAGE-
seq) and TSS sequencing (TSS-seq)***° (Figures 1A and 1B).

We next examined the transcripts produced from uTSS by 3’
RACE and found that the majority produced full-length mature
spliced FLC mRNAs with no alternative splicing sites detected
(Figures S2A-S2D). However, some less abundant proximally
polyadenylated transcripts terminating within FLC intron1 were
found in every genotype (Figures S2A-S2C). A cluster of short
non-polyadenylated transcripts with termination sites in the
FLC 5' UTR and exon1 were also detected with increased abun-
dance in cold-treated samples (Figures S2A and S2B). This is
likely to correspond to the previously described COLDWRAP
noncoding RNA transcribed from even further upstream at a
TSS located ~—315 bp from the FLC ATG.®' Given that COLD-
WRAP is not co-amplified with either unspliced or spliced FLC
mRNA and exhibits an opposite expression pattern to FLC
during vernalization, it is thought to be independent of FLC tran-
scription.®’ Therefore, we conclude that the mapped uTSS
mainly produce FLC mRNA with an extended 5 UTR that has
no potential to contain any upstream open reading frames
(UORFs) (Figure S2E).*%°2

Prematurely terminated transcripts that initiate at a TSS up-
stream of the protein-coding gene can play important roles in
gene expression.”®>** Our previous work has shown that FLC
can be proximally polyadenylated within the first intron in a pro-
cess promoted by FCA and antagonized by FRI and that this sets
FLC expression during embryo development.®® Given the tight
correspondence between the site of transcription initiation and
3’ end selection,® we wanted to know if this proximal polyade-
nylated event was associated with the uTSS. FLC uTSS was de-
tected at all eight stages of embryo development analyzed, in
each contributing around 20% of the total TSS, in contrast to
the decreasing usage of the proximal polyadenylation site
(Figures SSA-S3C). Consistently, compared with Col-0, neither
Col FRI, with less proximally polyadenylated FLC, nor 35S::
FCA, with more proximally polyadenylated FLC, changed uTSS
usage (Figures 1C-1E). In addition, uTSS produces the same
proportion of distal FLC as uTSS + mTSS (Figures S3D and
S3E). Collectively, these data suggest that FLC uTSS is used
during both embryo and seedling stages, and its usage does
not associate with the changed poly(A) site during embryo
development.

We calculated relative uTSS usage from the ratio of the relative
expression level of uTSS FLC to uTSS + mTSS FLC (hereafter
called total FLC) by reverse transcriptase gPCR (Figures 2A
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Figure 1. Characterization of upstream transcription start sites (uTSSs) at FLC

(A) FLC TSS mapped by 5’ RACE in total RNA from seedlings, TUB6 used as control as shown in Figure S1. See also Table S4. Red dots indicate TSS in non-
vernalized (NV) plants, and blue dots for TSS in plants given 2 weeks cold (2WV). Black arrows are mTSS, and pink arrows are uTSS.

(B) Genome browser screenshot of CAGE-seq, n = 3°° and TSS-seq n = 2° showing TSS at FLC in Col-0 seedlings.

(C) 5 end-labeled RNA sequencing read abundance at FLC (n = 3) of Col-0, Col FRI and 35S::FCA early heart embryos.

(B and C) 5 end of FLC gene is shown below. Black triangles show transcriptional direction, blue bars are regions for TSS usage quantification. (A-C) The x axis

indicates the distance in base pairs from ATG.

(D) Ratio of transcripts from uTSS: transcripts from (UTSS + mTSS) in the same samples as in (C).
(E) Proximal poly(A): (proximal + distal) ratio in the same sample as in (C). One-way ANOVA, p values were adjusted with Dunnett’s multiple comparisons tests.

n.s., not significant; * p < 0.05; *** p < 0.001. See also Figures S2 and S3.

and S3D). There is no change in uTSS usage between proximal +
distal and distal FLC transcripts in Col-0 and Col FRI (Figure S3F),
supporting the conclusion that FRI promotes FLC transcription
from both uTSS and mTSS without changing uTSS usage
(Figures 1C and 1D). Expression of FLC from uTSS was signifi-
cantly reduced in both cbp20 fri and cbp20 FRI (Figures 2B
and 2C), the mutant of the small subunit of the nuclear CBC,'°
reinforcing the role of uTSS as a bona fide TSS. The usage of
uTSS was not changed in either cbp20 fri or cbp20 FRI
(Figures 2D-2F), further confirming that FRI via CBP20 promotes
FLC transcription in Col FRI using both uTSS and mTSS.

A naturally occurring A/G variation at -230 changes FLC
uTSS usage

The FLC uTSS was not detected by 5 RACE in warm-grown
Var2-6 NIL seedlings (Figure 1A). A comparative analysis
showed uTSS FLC expression is almost 50% lower in Var2-6
NIL compared with Col FRI, despite a nearly 3-fold higher total
FLC RNA level (Figures 2G-2I). Var2-6 is one of the five major
FLC haplotypes defined by noncoding sequence variation that

confer variable vernalization response®>?%°%5" (Table S1). We
also compared uTSS usage in NILs of the other haplotype
groups including UlI2-5 NIL, Lov-1 NIL2, and Edi-O NIL
(Table S1). They all had low relative uTSS usage and high total
FLC levels (except for Edi-O NIL) in comparison to Col FR/
(Figures 2G-2l), revealing a link between reduced uTSS usage
and higher FLC expression in most accessions.

A 75-bp sequence between —272 and —197 in the uTSS pro-
moter had previously been defined as essential for non-vernal-
ized (NV) FLC expression.’® We found a SNP located within
the uTSS core promoter (230 bp upstream of FLC ATG, hereafter
named SNP-230), and A in Col-0 but G in most other haplotypes
(Figure 3A). Further investigation revealed that the A variant was
present in only four of the 47 A. thaliana accessions that repre-
sent the major FLC haplotypes (Table S1), with the majority hav-
ing a G variant at SNP—230. Of the 1,135 sequenced accessions,
1.6% (18 accessions) have the A variant, while 88.2% have G at
—230, with the remaining small portion 10.2% carrying various
deletions of that sequence (Figure 3B). The geographical distri-
bution of the accessions carrying the A variant (Figure 3B)
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(A) Schematic illustration of full-length FLC transcript from uTSS (expanded below for the 5’ UTR-exon1 region). Black boxes represent exons, and white boxes
represent UTR. Primers for RT are shown by blue arrows. Primer pairs for gPCR are indicated with head-to-head arrows. See also Figure S3.

(B-E and G-H) The relative expression level of FLC transcripts from uTSS (B, D, and G) and uTSS + mTSS (total FLC) (C, E, and H) in the indicated genotypes.
(F and 1) Relative uTSS usage was measured by the ratio of uTSS FLC to total FLC. Data are represented as mean + SEM.

(B, C, and F-I) One-way ANOVA, p values were adjusted with Dunnett’s multiple comparisons tests. (D and E) Unpaired t test (two-tailed) with Welch’s correction.

n.s., not significant; * p < 0.05; ** p < 0.01; *** p < 0.001.

does not suggest any obvious association of the functional con-
sequences of this A variant with a specific climatic variable.
Moreover, most species within the Brassicaceae family contain
the G variant at this site® (Figure 3C), supporting a G variant
as the ancestral state.

The accessions carrying the A variant at —230 had been
classified as rapid vernalizing with lower FLC expression and
early flowering (Table S1; Figure S4). To investigate whether
SNP-230 variation is causal for TSS selection and changed
FLC expression, we generated transgenic plants carrying Col
FLC with a single point A to G mutation at SNP-230
(A-230G). Since the A variant occurred in both accessions
with an active FRI allele and those with inactive FR/
(Figures 3B and S4B), the influence of A-230G on uTSS usage
was tested in both fri and FRI backgrounds (Figures 3D-3F and
S5A-S5D). The G substitution significantly lowered uTSS usage
in both backgrounds but increased FLC expression levels,
particularly in fri background (Figures 3D-3F and S5A-S5D).
This resulted in A-230G fri flowering much later than Col-0,
whereas A-230G FRI flowered at a similar time to Col FLC
FRI (Figures 3G-3l). Overall, these data support the view that
SNP-230 is indeed the SNP responsible for the reduced
uTSS usage in the NILs.
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SNP-230 falls within the distal exon of the COOLAIR tran-
script close to its distal poly(A) site (Figure S5A), so we also
asked whether SNP—230 influences COOLAIR processing.
Except for the alternative splicing event in Var2-6 NIL caused
by SNP+259,%” no alternatively spliced isoforms were detected
in Edi-0 NIL, Lov NIL2, UlI2-5 NIL, or the A-230G transgenic lines,
either in fri or FRI backgrounds (Figures S5E-S5G). However, the
G variant in a fri background increased COOLAIR transcript
levels and promoted distal polyadenylation, like FRI and mutants
such as fca-9°22* (Figures S5H-S5J). Distal COOLAIR RNA
forms elaborate secondary structures in vivo that regulate FLC
expression.®” SNP—230 is located within the H13 of the central
structural domain (Figure S5K), which is highly stable in both
warm and cold conditions.®® The A to G substitution changes
U-G pairing into a stronger C-G pairing, reinforcing the RNA helix
formation (Figure S5K). Therefore, the changed transcriptional
output of FLC in fri by SNP—230 is unlikely to be associated
with a changed COOLAIR structure.

The reduction in uTSS usage by the G variant is independent of
FRI (Figure 3F) suggesting SNP—230 works genetically upstream
of FRI to upregulate FLC. This genetic relationship was also de-
tected in early heart-stage embryos (Figures 3J and 3K). At this
developmental stage, FRI antagonizes FCA-induced proximal
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Figure 3. SNP-230 is causative for changes of FLC uTSS usage and transcriptional output
(A) Sequence alignment of uTSS promoter region in the 5 representative A. thaliana accessions from the major FLC haplotypes in Table S1. —230 (distance from
ATG, bp) indicates the causal SNP. Transgenes Col FLC and A-230G carry the FLC genomic fragment either from Col-0 or with a single A to G substitution at
—230. See also Table S1.
(B) Geographic distribution of the Arabidopsis thaliana accessions carrying A or G variant from the 1,135 accessions in 1001 Genome database (https://
1001genomes.org/). The remaining 116 accessions with various lengths of deletions at this promoter region are not shown. See also Figure S4.
(C) Sequence alignment of the same genomic fragment in (A) within Brassicaceae (data from PlantRegMap®®). The sequence of Arabidopsis thaliana is Col-0
accession. SNP—230 is outlined.
(legend continued on next page)
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polyadenylation of the FLC transcript to maximally increase FLC
expression and delay flowering®® (Figures 1E, S3B, and S3E).
The G variant also has an FRI-like function in promoting the pro-
portion of distal FLC isoforms at the early heart embryonic stage,
linking to alternative TSS usage®’ (Figures 3L and S5L). When the
embryos reach the mature green stage the majority of FLC iso-
forms are distally polyadenylated (Figures S3B and S3E), and
at this stage of development the influence of the G variant and
FRI on polyadenylation site selection is reduced (Figures 3L
and S3E). This could explain the lack of additivity of A-230G
and FRI on total FLC expression in both seedlings and early
heart-stage embryos (Figures 3E and 3J). This epistatic interac-
tion could prevent excessive upregulation of FLC expression in
natural accessions carrying a G variant at —230 and a functional
FRI allele. Consistent with this hypothesis, compared with Col
carrying the A allele at SNP—230, the upregulation of total FLC
by FRI is compromised in both Var2-6 and Ull2-5 containing
the G variant (Figure 3M). By contrast, accessions carrying the
A variant in the absence of FRI show an even earlier flowering
phenotype (Figure S4). The multiple combinations of FR/ allelic
variation and A-230G variation thus have the potential to extend
the flowering time range of Arabidopsis thaliana accessions.

SNP-230 and SNP+259 synergistically upregulate FLC in
Var2-6

Most of the FLC haplotypes, when combined with an active FRI/
allele, showed higher total FLC levels than Col FRI (Figure 2H).
However, the transgene A-230G FRI did not (Figures 3E and 3J),
so we speculated that other SNPs may function in an FRI-indepen-
dent manner to cause an additive effect on FLC transcription. To
find such SNPs, we examined SNPs in Var2-6 FLC, which of all
the NILs shows the highest total FLC expression (Figure 2H). We
had previously determined that SNP+259 located within FLC intron
1 contributes to the high FLC expression in Var2-6 (Figure 4A). A
G/T variantinfluences the choice of splice acceptor site in the large
COOLAIR intron, with a G to T substitution causative for higher
transcription of FLC.?” In addition to Var2-6 NIL, we selected
UlI2-5 NIL, which contains the same G variant as Var2-6 at —230
but the Col-0 G variant at +259 (Figure 4A), enabling us to disen-
tangle the contribution of the different SNPs. UlI2-5 NIL shows
much lower total FLC than Var2-6 NIL but still higher than Col
FRI (Figure 2H). Both UIlI2-5 NIL and Var2-6 NIL were crossed
with Col fri, and both Var2-6 NIL fri and Ull2-5 NIL fri expressed
higher levels of FLC with lower uTSS usage than Col-0, like that
in the FRI background (Figures 4B-4D). This is consistent with
the A to G substitution at —230 causative for the FRI-independent
uTSS usage reduction and total FLC upregulation.

Current Biology

Whether SNP +259 affects FLC expression levels in an FRI-
dependent manner was examined by comparing the Col FLC
allele carrying the G to T substitution at SNP +259 (Col-G259T)
and the reciprocal mutant, i.e., a Var2-6 FLC allele carrying a
T-G substitution (Var-T259G), in both fri and FRI backgrounds
(Figure 4A). Consistent with our hypothesis, Col-G259T gave
rise to higher total FLC independently of FRI, whereas Var-
T259G FRI had an unchanged total FLC level compared with
Col FLC FRI (Figures 4E and 4F). Next, the influence of
SNP+259 on uTSS usage was analyzed. Col-G259T slightly
increased uTSS usage, indicating a different regulatory mecha-
nism from SNP-230 (Figures 3F and 4G), and Var-T259G
showed lower uTSS usage (Figure 4G), resembling A-230G FRI/
(Figure 3F). These data further support that the highest FLC
expression in Var2-6 NIL (Figure 2H) is mainly caused by the G
to T substitution at +259. However, the reduced uTSS usage in
Var2-6 NIL demonstrates the SNP—230 mediated TSS selection
is genetically upstream of SNP+259. In summary, in the Var2-6
NIL, the G variant caused reduced uTSS usage and FRI redun-
dantly activate FLC transcription, while SNP +259 upregulates
FLC independently of FRI. Their combination thus synergistically
affects flowering time.

SNP-230 and SNP+259 regulate FLC uTSS usage
independently of vernalization

Higher FLC levels determine the requirement for overwintering and
vernalization, the cold-induced epigenetic silencing of FLC. We
therefore asked whether and how uTSS usage was influenced dur-
ing vernalization. FLC expressed from uTSS and mTSS progres-
sively decreased with cold exposure in all the genotypes tested
(Figures 5A, 5B, 5D, 5E, 5G, and 5H). Interestingly, relative
uTSS usage increased in all genotypes after cold treatment
(Figures 5C, 5F, and 5I). The difference in FLC expressed from
uTSS between Col FLC and A-230G was smaller after 5 weeks
of vernalization (5WV) compared with NV and 2WV (Figures 5A
and 5D). Thus, the major effect caused by SNP—-230 mediated
TSS selection seems to predominantly influence FLC expression
in warm conditions or after short cold exposure. Consistently,
the upregulation of FLC by SNP+259 is also independent of vernal-
ization, with G to T substitution on Col FLC giving higher FLC
expression without reducing uTSS usage (Figures 5D-5F). The
reciprocal mutant (Var-T259G) behaved the same as A-230G in
all the conditions (Figures 5A-5F).

In addition, the expression level of FLC from uTSS in both Col
FRI and Var2-6 NIL was reduced after cold (Figure 5G) but the
relative uTSS usage in the Var2-6 NIL remained lower than Col
FRI (Figure 5l). The genetic interaction between SNP—230 and

(D-F) Relative expression level of uTSS FLC (D), total FLC (E), and uTSS usage (F) in 10-day-old seedlings. Numbers indicate independent transgenic lines. The
comparison of A-230G fri to Col FLC fri is shown in Figure S5.

(G-1) Flowering phenotype of A-230G transgenic plants. Center lines show the median, box edges delineate the 25th and 75th percentiles, bars extend to
minimum and maximum values, and “+” indicates the mean value. n = 8 plants per genotype in (G) and (H), and n = 13 for A-230G FRI in (1), including #35 (n = 4),
#38 (n = 6), and #49 (n = 3).

(J and K) Expression level of total FLC (J) and relative uTSS usage (K) in embryos at the early heart stage. For A-230G transgenic plants, at least one replicate from
each of the three independent lines in (D)—(F) was pooled.

(L) The relative proportion of distal FLC isoforms (distal FLC/proximal FLC+ distal FLC) in early heart and mature green embryos by RT-gPCR. See also Figure S5.
(M) The fold change of total FLC expression level calculated by the ratio of total FLC in FRI to that in fri within different FLC haplotypes. For example, the fold
change in Col = total FLC in Col FRI/total FLC in Col-0 (fri). For all gPCR, data are represented as mean + SEM.

(D-F, H, and K-M) One-way ANOVA with p values adjusted in Dunnett’s multiple comparisons tests. (I and J) Unpaired t test (two-tailed) with Welch’s correction.
n.s., not significant; * p < 0.05; ™ p < 0.01; *** p < 0.001.
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Figure 4. SNP-230 and SNP+259 cooperate to upregulate FLC in Var2-6

(A) Schematic illustration of SNP—230 and SNP+259 in Col-0, Var2-6, and UlI2-5 FLC haplotypes shown by colored bars. Col-G259T and Var-T259G are the

reciprocal SNP+259 exchange made in Col and Var 2-6 FLC constructs.

(B-G) The relative expression level of uTSS FLC (B and E), total FLC (C and F), and uTSS usage (D and G). For all qPCR, data are represented as mean + SEM. (B
and C) Unpaired t test (two-tailed) with Welch’s correction. (D-G) One-way ANOVA with p values adjusted in Dunnett’s multiple comparisons tests. n.s., not

significant, * p < 0.05; ** p < 0.01; *** p < 0.001.

SNP-+259 would therefore not appear to change during vernali-
zation. Of note, uTSS usage was unaltered by vin3-4 in either
Col FRI or Var2-6 NIL, although FLC expression was universally
increased due to the defective cold-induced epigenetic silencing
of FLC (Figures 5G-5l). Thus, the two SNPs mediate uTSS usage
regulation independently of VINS3. Interestingly, FLC levels were
further increased in vernalized Var2-6 NIL vin3-4 compared
with Var2-6 NIL or vin3-4 and to a milder extent in Ull2-5 NIL
vin3-4 and Edi-0 NIL vin3-4 (Figures 5G-5l and S7). This demon-
strates an additive effect between cis SNPs and the VIN3-
PRC2 silencing pathway, further confirming that SNP+259 and
SNP—-230 regulate FLC expression independently of VINS.
These data reinforce the conclusion that most SNP-induced vari-
ation at FLC affects autumnal FLC expression (VIN3-indepen-
dent pathway) rather than cold-induced epigenetic silencing.*”

DISCUSSION

Arabidopsis thaliana flowering time has emerged as an important
system to explore how noncoding polymorphism mechanistically
alters gene regulation that underpins adaptive variation.?*=’
Here, through analysis of FLC haplotypes, we show how a pro-
moter SNP (SNP—-230) modulates FLC transcription by influ-
encing TSS selection, thus contributing to flowering time

variation (Figure 6). The accessions carrying A or G variants at
this SNP position represent the majority (~90%) of the worldwide
natural accessions. The variants at SNP—230 interact differen-
tially with the transcriptional activator FRI, and these effects
combine additively with variant polymorphisms at SNP+259.
This detailed analysis reveals how combinations of cis SNPs
and trans activators cooperate to quantitatively regulate tran-
scriptional output.®” The —230 and +259 SNP effects are inde-
pendent of the VIN3-mediated epigenetic silencing pathway
that delivers the cold-induced silencing at FLC.">'%2° Thus, the
most variable part of the vernalization mechanism in Arabidopsis
thaliana accessions lies in the autumnal FLC expression.”® Due to
the widely and rapidly fluctuating environmental conditions, as
well as varied lengths of autumn at different latitudes, the inter-
play between SNP—230 and SNP+259 plus the highly variable
and temperature-sensitive FRI function would provide important
plasticity for the plant’s response to the environment.®
Quantitative regulation of FLC via co-transcriptional mecha-
nisms involves many activators (e.g., FRI) and repressors such
as FCA, which is a component of the autonomous floral
pathway.??"24% FRl and FCA antagonistically regulate FLC prox-
imal polyadenylation and set FLC expression during the early
stages of embryo development (Figures 1C-1E and S3). A
connection between transcription termination and transcription
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Figure 5. SNP-230 and SNP+259 regulate FLC uTSS usage independently of vernalization

(A, D, and G) Relative expression level of uTSS FLC with different lengths of vernalization.

(B, E, and H) Relative expression level of FLC transcripts from uTSS + mTSS (total FLC).

(C, F, and |) Relative usage of uTSS measured by the ratio of uTSS FLC to total FLC. Plants were given no cold treatment (NV, non-vernalized) or 2, 4, or 5 weeks of
cold treatment (2WV, 4WV, or 5WV). Data are represented as mean + SEM. Two-way ANOVA with p values adjusted in Sidak’s multiple comparisons tests. In (A)-
(F), all analyses were performed by comparing to Col FLC FRI, and in (G)—(l), Var2-6 NIL was compared with Col FRI and Var2-6 vin3-4 to vin3-4. n.s., not

significant, * p < 0.05; ** p < 0.01; *** p < 0.001. See also Figure S6.

initiation sites has been shown to influence transcriptional
output®®®" and indeed, we did find an association between
the G variant reduced uTSS usage and an increased
proportion of distal FLC transcripts in early heart-stage embryos
(Figures 3J-3L). This would explain the redundancy of the G
variant and FRI in upregulating FLC. However, FLC uTSS usage
is not changed through different embryo developmental stages
in Col-0 or in the presence of FRI or overexpression of FCA
(Figures 1C-1E and S3), suggesting the highly regulated alterna-
tive polyadenylation of sense FLC transcript during embryo
development is not through alternative uTSS usage.

There are several possibilities as to how the A to G substitution
at SNP—230 reduces uTSS usage, resulting in higher FLC tran-
scription.®* The most straightforward explanation is that it affects
a promoter cis element. For example, SNP—230 lies within an
ACGCAA element, which has been shown to function as a core
binding site for NAC transcription factors.””*° The G variant
may also affect the functioning of a CA-rich promoter motif
(AAAACACAAC),**#5:5965 or influence co-transcriptional regula-
tion of FLC regulation through disruption of a gene loop (as it is
close to the COLDWRAP TSS) that shapes the transcription initi-
ation process.’#2:51:66

4388 Current Biology 33, 4381-4391, October 23, 2023

In summary, we identify how a noncoding promoter SNP
is causative for FLC transcriptional variation in different
Arabidopsis accessions. We also demonstrate that the
combinatorial effects of different noncoding SNPs and an
important transcriptional activator provide quantitative varia-
tion in FLC transcriptional output, which is a major determi-
nant underpinning adaptive changes in Arabidopsis thaliana
accessions (Figure 6). An understanding of how natural varia-
tion mechanistically endows transcriptional plasticity is likely
to become even more important in the context of climate
change.
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REAGENT or RESOURCE SOURCE IDENTIFIER
Bacterial and virus strains

NEB 5-alpha Competent E. coli (High Efficiency) New England BioLabs Cat #: C2987
Agrobacterium tumefaciens pGV2260 N/A N/A

Chemicals, peptides, and recombinant proteins

FirstChoice™ RLM-RACE Kit
Cap-Clip™ Acid Pyrophosphatase
T4 RNA Ligase 1 (ssRNA Ligase)
RNaseOUT RNase Inhibitor

TURBO DNA-free Kit

Phenol solution saturated with 0.1 M CIT
Superscript IV Reverse Transcriptase
GoTaq G2 Green Master Mix

T4 DNA LIGASE

pGEM-T Easy Vector System
Lightcycler 480 Sybr Green | Master
Agarose Molecular Biology Grade
Gateway LR Clonase Il Enzyme Mix

ThermoFisher Scientifc
Cambridge Bioscience Ltd
New England BioLabs
ThermoFisher Scientifc
ThermoFisher Scientifc
Merk Life Science UK Ltd
ThermoFisher Scientifc
Promega UK Ltd

New England Biolabs Ltd
Promega UK Ltd

Roche Diagnostics Ltd
Melford Biolaboratories Ltd
ThermoFisher Scientifc

Cat #: AM1700M
Cat #: C-CC15011H
Cat #: M0204S

Cat #: 10777019
Cat #: AM1907

Cat #: P4682

Cat #: 18090050
Cat #: M7823

Cat #: M0202S

Cat #: A1360

Cat #: 04887352001
Cat #: A20080

Cat #: 11791-020

Experimental models: Organisms/strains

Arabidopsis: Col-0 Hepworth et al.?® and Zhao et al.®” N/A
Arabidopsis: Col FRI (FRI-SF2 in Col) Hepworth et al.?® and Zhao et al.®” N/A
Arabidopsis: vin3-4 Hepworth et al.?® and Zhao et al.®” N/A
Arabidopsis: Var2-6 NIL Hepworth et al.>® and Zhao et al.®” N/A
Arabidopsis: UlI2-5 NIL Hepworth et al.”® and Zhao et al.®” N/A
Arabidopsis: Lov NIL2 Hepworth et al.>® and Zhao et al.®” N/A
Arabidopsis: Edi-0 NIL Hepworth et al.® and Zhao et al.%” N/A
Arabidopsis: Var2-6 vin3-4 This paper N/A
Arabidopsis: UlI2-5 vin3-4 This paper N/A
Arabidopsis: Edi-0 vin3-4 This paper N/A
Arabidopsis: 35S::FCA Schon et al.>® N/A
Arabidopsis: cbp20 Geraldo et al.™® N/A
Arabidopsis: cbp20 FRI This paper N/A
Arabidopsis: Col-G259T Li et al.?’ N/A
Arabidopsis: Var-T259G Lietal.”” N/A
Arabidopsis: Col FLC FRI Csorba et al.” N/A
Arabidopsis: Col FLC fri Lietal.?” N/A
Arabidopsis: Col FLC A-230G FRI This paper N/A
Arabidopsis: Col FLC A-230G fri This paper N/A
Oligonucleotides

3’ RACE adaptor (5'-UUUAACCGCATC Liu et al.®® N/A
CTTCTCTCTACCTACCATTGACCTGTT-3')

RT primers for distal FLC isoforms (FLC-RT This paper N/A
(Intron 3): 5'-CTTTGTAATCAAAGGTGGAG

AGC-3'; FLC-RT (Exon 7): 5'-TTTGTCCAG

CAGGTGACATC-3')

RT primers for proximal FLC + distal FLC This paper N/A

isoforms ( FLC - RT (Intron 1) 5": -AGGGG
GAACAAATGAAAACC-3'; FLC - RT (Exon1):
5 -GAGAAGCTGTAGAGCTTGCC G - 3
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REAGENT or RESOURCE SOURCE IDENTIFIER

Recombinant DNA

Plasmid: pSLJ-Col FLC A-230G(A-230G) This paper N/A

Software and algorithms

Microsoft Excel Microsoft Microsoft® Official Site

GraphPad Prism 10 GraphPad https://www.graphpad.com/updates/
prism-1000-release-notes

Integrative Genomics Viewer Robinson et al.®” https://software.broadinstitute.
org/software/igv/

STAR v2.7.3a Dobin et al.”® https://github.com/alexdobin/STAR

Kallisto v0.46.0 Bray et al.”" https://pachterlab.github.io/kallisto/

NanoPARE Analysis Tools v1.1 Schon et al.”® https://github.com/Gregor-Mendel-
Institute/nanoPARE

Cutadapt v1.9.1 Martin”® https://github.com/marcelm/cutadapt

RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Caroline
Dean (caroline.dean@jic.ac.uk).

Materials availability
The plasmids and transgenic plants generated in this study are available from the lead contact upon request.

Data and code availability

® This paper analyzes existing, publicly available data. These accession numbers for the datasets are listed in the method details.
All gPCR data reported in this paper will be shared by the lead contact upon request.

® This paper does not report original code.

® Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Arabidopsis thaliana plants were used in this study. All mutants and transgenic lines were in Columbia (Col) background. The Col FRI/
(FRI-SF2 in Col), vin3-4, Var2-6 NIL, UlI2-5 NIL, Lov NIL2 and Edi-0 NIL were described previously.?>%” The introgressed lines NILs
were then crossed with vin3-4 to generate Var2-6 vin3-4, UlI2-5 vin3-4 and Edi-0 vin3-4. 35S:FCA®® and cbp20'° were the same as
previously reported. Col-G259T and Var-T259G were progenies from the parental transgenic plants generated in Li et al.”” and Col
FLC FRI was described in Csorba et al.”* Col-G259T, genomic fragment of Col-0 FLC with G at +259 substituted by T; and
Var-T259G, genomic fragment of Var2-6 FLC with T at +259 replaced by G (as shown in Figure 4A).

Arabidopsis thaliana plants were grown at the same conditions as previously discribed.® Seeds were surface-sterilized and sown
on Murashige and Skoog (MS) agar plates without glucose or sucrose and stratified at 4 °C for 3 days. For non-vernalization (NV),
seedlings were grown in warm conditions (16 h light, 8 h darkness with constant 20 °C) for 10 days. For cold treatment, seedlings
were pre-grown in warm conditions (16 h light, 8 h darkness with constant 20 °C) for 10 days, and then transferred to cold (8 h light,
16 h darkness with constant 5 °C) for long-term vernalization, such as two weeks and four weeks (2WV and 4WV). For embryonic
gPCR analysis, mother plants were vernalized for four weeks before flowering and ovules at 5 days after pollination (DAP) (early heart
stage) or 11 DAP (mature green stage) were harvested for RNA analysis. For flowering time analysis, plants were pre-grown on plates
in warm conditions for 10 days before being transferred from petri dish to soil and were kept in warm conditions for those with fri. Four
weeks vernalization was applied to those with FRI after the 10-day pre-growth. Rosette leaves were counted until bolting (when
stems reached 2 cm in height).

METHOD DETAILS

Plasmid construction and generation of transgenic lines
Col FLC carrying A-230G substitution was generated by mutagenizing the pENTRY-FLC prom::FLC using Megaprimer method of
site-directed mutagenesis. pENTRY-FLC prom::FLC carrying ~12 kb genomic DNA that comprises ~6 kb of the genomic sequence
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of the FLC (Col) gene with its flanking natural 5’ (~3.5 kb) and 3’ (~2.6 kb) sequences. pENTRY Col FLC A-230G was subsequently
subcloned into a pSLJ-DEST vector (a modified version of the pSLJ series) using Gateway Cloning technology (Thermo Fisher Sci-
entific). The construct was transformed into flc-2 FRI plants by floral dipping to generate Col A-230G FRI. 15 out of 52 independent
transgenic lines had a 3:1 segregation for Basta resistance and were further grown for T3 homozygous lines and used for RNA
expression analysis. All of them complemented the early flowering phenotype of flc-2 FRI and showed reduced uTSS usage. Three
independent lines showing the median or average FLC expression level?” were used for further analysis and were crossed with fic-2
fri to generate Col A-230G fri (numbers with suffix c), of which the F3 and F4 homozygous lines were used for uTSS usage analysis.
The primers used in the genotyping were listed in Table S2.

5'RACE

5' RACE was performed as previously described.®” Sequences of oligos for 5’ RACE are listed in Table S3. At least 48 colonies from
each RNA sample were examined by PCR and at least two colonies from each different sized PCR product were sent to Sanger
sequencing. The clone numbers sequenced for each TSS site were listed in Table S4.

3' RACE

3' RACE was performed as previously described.®® Briefly, 5 ug of total RNA was ligated to 0.5 pg 3' RACE adaptor, a DNA oligonu-
cleotide with the first three nucleotides as UUU and the last nucleotide as 3' inverted deoxythymidine using T4 RNA ligase. Ligated
RNA was converted into cDNA using adaptor primer RT by reverse transcriptase (Figure S2A). Gene-specific primers and adaptor
primers were used for nested PCR (Figure S2A). The PCR products were cloned and sequenced. Sequences of the primers in reverse
transcription and nested PCR are listed in Table S3.

5' end RNA-seq analysis of FLC polyadenylation sites and uTSS usage

FLC RNA5'and 3' ends during embryogenesis were analyzed in previously published Smart-seg2 and nanoPARE RNA-seq datasets,
downloaded from the Gene Expression Omnibus (GEO) under the series accessions GSE132066 (Col-0 time series’®) and
GSE166728 (early heart stage mutants®®). Quantification was performed as previously described for end-labeled Smart-seq2°>°
and nanoPARE,”” respectively.

RNA extraction and RT-gPCR

Unless otherwise stated, seedlings were sampled and RNA was extracted with the hot phenol method followed by lithium chloride
precipitation.”® Genomic DNA contamination was removed by TURBO DNA-free kit (Invitrogen, AM1907) following the manufac-
turer’s guidelines. cDNA was synthesized with SuperScript IV reverse transcriptase (Invitrogen, 18090050) using gene-specific
primers. For analysing the ratio of distal FLC: (proximal FLC + distal FLC) in embryos, two RT-qPCR were conducted separately.
For detection of distal FLC isoforms the primers FLC-RT (Intron 3) and FLC-RT (Exon 7) are used for RT reaction; for proximal
FLC + distal FLC the primers are used for RT reaction. These primers are listed in key resources table. All the primers in other analyses
are listed in Table S5. Standard reference genes UBC and PP2A for gene expression were used for normalization.

Accession numbers

The genes mentioned in this article have been given the following accession numbers by the Arabidopsis Information Resource (TAIR)
database: FLC, AT5G10140); FRI, ATAG00650; COOLAIR, AT5G01675; VIN3, AT5G57380; FCA, AT4G16280; CBP20, AT5G44200;
UBC, AT5G25760; PP2A, AT1G13320. The accession numbers for the CAGE-seq”® and TSS-seq®® datasets are Gene Expression
Omnibus (GEO): GSE136356 and GEO: GSE113677.

QUANTIFICATION AND STATISTICAL ANALYSIS
All the statistical analyses in this study were performed by GraphPad Prism 10. All the statistical details of experiments, including the

statistical tests used, the exact values of sample number, and precision measures, can be found in the figure legends. All compar-
isons and P values were indicated in the figures.
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