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Regulation of flowering by endogenous and environmental signals ensures that reproduction occurs under optimal conditions tomaximize
reproductive success. Involvement of the growth regulator gibberellin (GA) in the control of flowering by environmental cues varies
among species. Arabis alpina Pajares, a model perennial member of the Brassicaceae, only undergoes floral induction during vernalization,
allowing definition of the role of GA specifically in this process. The transcription factor PERPETUAL FLOWERING1 (PEP1) represses
flowering until its mRNA levels are reduced during vernalization. Genome-wide analyses of PEP1 targets identified genes involved in GA
metabolism and signaling, and many of the binding sites in these genes were specific to the A. alpina lineage. Here, we show that the pep1
mutant exhibits an elongated-stem phenotype, similar to that caused by treatment with exogenous GA, consistent with PEP1 repressing
GA responses. Moreover, in comparison with the wild type, the pep1mutant contains higher GA4 levels and is more sensitive to GA prior
to vernalization. Upon exposure to cold temperatures, GA levels fall to low levels in the pep1mutant and in wild-type plants, but GA still
promotes floral induction and the transcription of floral meristem identity genes during vernalization. Reducing GA levels strongly impairs
flowering and inflorescence development in response to short vernalization treatments, but longer treatments overcome the
requirement for GA. Thus, GA accelerates the floral transition during vernalization in A. alpina, the down-regulation of PEP1 likely
increases GA sensitivity, and GA responses contribute to determining the length of vernalization required for flowering and reproduction.

Early physiological analysis of the floral transition
proposed prominent roles for growth regulators. For
example, in Arabidopsis (Arabidopsis thaliana), cytokinin

was found to confer altered cell division patterns at the
shoot meristem during floral induction and increased
levels of GA were implicated in the flowering re-
sponse to photoperiod (Vaughan, 1955; Langridge, 1957;
Corbesier et al., 2003). More recently, molecular-
genetic analyses have implicated GA as well as cyto-
kinin, brassinosteroids, and auxin in aspects of the
floral transition (Domagalska et al., 2007; Li et al., 2010;
Bartrina et al., 2011; D’Aloia et al., 2011; Galvão et al.,
2012; Porri et al., 2012; Yamaguchi et al., 2013). Never-
theless, how these responses are linked to the well-
established transcriptional networks that control the
floral transition in response to environmental cues is
often not clear. Furthermore, how conserved these
processes are among species is generally unknown,
particularly as the role of GA in the control of flowering
can vary from being floral promoting to floral repres-
sive (Mutasa-Göttgens and Hedden, 2009). Here, we
utilize Arabis alpina, an obligate vernalization-requiring
perennial relative of Arabidopsis, to define the role of
GA in the vernalization response.
Genetic analysis of the contribution of GA to the

control of flowering is most developed in Arabidopsis.
It was first described in the context of photoperi-
odic response, where applications of GA were found
to overcome the delay in flowering observed under

1This work was supported by Deutsche Forschungsgemeinschaft
via the Cluster of Excellence on Plant Science (CEPLAS, EXC 1028 to
V.T.), by the Alexander von Humboldt-Stiftung (postdoctoral fellow-
ship) and Argentinean National Council of Sciences (CONICET to
J.L.M.), by the European Research Council (N9339113 HyLife to
G.C.), and by a Core Grant of the Max Planck Society to G.C.

2Present address: Fundación Instituto Leloir, Instituto de Investi-
gaciones Bioquímicas de Buenos Aires (CONICET), Avenida Patricias
Argentinas 435, C1405BWE Buenos Aires, Argentina.

3Author for contact: coupland@mpipz.mpg.de.
4Senior author.
The author responsible for distribution of materials integral to the

findings presented in this article in accordance with the policy de-
scribed in the Instructions for Authors (www.plantphysiol.org) is:
George Coupland (coupland@mpipz.mpg.de).

G.C. and I.L.-D. supervised the experiments; V.T. performed most
of the experiments and analyzed the data; C.V. and V.T. performed
in situ hybridizations; E.M. analyzed data and performed statistical
analyses; E.C. and I.L.-D. performed GA measurements; E.S. per-
formed sequence analysis in different species; G.C., J.L.M., and V.T.
designed the experiments; G.C., J.M., and V.T. conceived the project;
V.T. and G.C. wrote the article with contributions of all the authors.

[OPEN]Articles can be viewed without a subscription.
www.plantphysiol.org/cgi/doi/10.1104/pp.19.00021

Plant Physiology�, July 2019, Vol. 180, pp. 1549–1563, www.plantphysiol.org � 2019 American Society of Plant Biologists. All Rights Reserved. 1549
 www.plantphysiol.orgon September 9, 2019 - Published by Downloaded from 

Copyright © 2019 American Society of Plant Biologists. All rights reserved.

http://orcid.org/0000-0003-1970-6081
http://orcid.org/0000-0003-1970-6081
http://orcid.org/0000-0002-1156-6662
http://orcid.org/0000-0002-1156-6662
http://orcid.org/0000-0001-8257-9156
http://orcid.org/0000-0001-8257-9156
http://orcid.org/0000-0002-9696-2639
http://orcid.org/0000-0002-9696-2639
http://orcid.org/0000-0001-6988-4172
http://orcid.org/0000-0001-6988-4172
http://orcid.org/0000-0003-1970-6081
http://orcid.org/0000-0002-1156-6662
http://orcid.org/0000-0001-8257-9156
http://orcid.org/0000-0002-9696-2639
http://orcid.org/0000-0001-6988-4172
http://crossmark.crossref.org/dialog/?doi=10.1104/pp.19.00021&domain=pdf&date_stamp=2019-06-15
mailto:coupland@mpipz.mpg.de
http://www.plantphysiol.org
mailto:coupland@mpipz.mpg.de
http://www.plantphysiol.org/cgi/doi/10.1104/pp.19.00021
http://www.plantphysiol.org


noninductive short days (SDs; Langridge, 1957). Simi-
larly, mutations that strongly impair GA biosynthesis
almost abolish flowering under SDs but have a less
pronounced effect under inductive long days (LDs;
Wilson et al., 1992). Nevertheless, overexpressing an
enzyme in the shoot meristem that deactivates GA also
significantly delayed flowering under LDs (Porri et al.,
2012). Similarly, blocking GA signaling by combining
mutations in each of the three genes encoding GIB-
BERELLIN INSENSITIVE DWARF1 (GID1) GA recep-
tors strongly delayed flowering under LDs and SDs
(Griffiths et al., 2006). Increased levels of GA4 at the
shoot apex precede the floral transition under SDs, but
no increase in expression of GA biosynthetic enzymes
at the apex was detected (Eriksson et al., 2006). GA12, a
precursor of active GAs, is systemically transported
through the plant (Regnault et al., 2015), and an in-
crease in transport might explain the increase in GA4
detected at the apex under SDs prior to the floral tran-
sition. Alternatively, the increased GA4 at the apex of
older plants might be due to the additive effect of GA
being transported from a higher number of leaves and
thereby passing a threshold at the apex required to in-
duce flowering. DELLA proteins are also important
intermediates in GA signal transduction that influence
flowering time. These proteins interact with and affect
the activity of many transcription factors (Marín-de la
Rosa et al., 2014), but whenGID1 proteins bindGA they
interact with DELLA proteins to promote their pro-
teasomal degradation (Griffiths et al., 2006; Nakajima
et al., 2006). Flowering is repressed by gain-of-function
forms of DELLA that are not efficiently degraded in the
presence of GA (Peng et al., 1997; Dill et al., 2001;
Galvão et al., 2012). Several transcription factors that
regulate flowering, notably in the SQUAMOSA PRO-
MOTER BINDINGPROTEIN-LIKE (SPL) class, interact
with DELLAs (Yu et al., 2012). The promotion of tran-
scription of APETALA1 by SPL9 during the early
stages of floral primordium development is enhanced
by interaction with DELLAs (Yamaguchi et al., 2014),
whereas the transcription of FRUITFULL andMIR172b by
SPL15 during floral induction under SDs is reduced by
interactionwithDELLA (Yu et al., 2012;Hyun et al., 2016).
Thus, destabilization of DELLA by GA positively affects
floral induction via SPL15 but negatively affects flower
development via SPL9. Another example of floral-
promoting transcription factors that are targeted and
negatively regulated by DELLAs are the PHYTO-
CHROME INTERACTING FACTORs (PIFs; de Lucas
et al., 2008; Feng et al., 2008). PIF4 and to some extent
PIF3 promote flowering in response to high temperatures
under SDs, although the significance of their involvement
varies among experiments (Kumar et al., 2012; Galvão
et al., 2015; Fernández et al., 2016). After floral induc-
tion, GA also affects other aspects of reproductive devel-
opment in Arabidopsis, including flower development
(Achard et al., 2004), inflorescencemeristem size (Serrano-
Mislata et al., 2017), and bolting of the inflorescence
(Koornneef and van der Veen, 1980; Griffiths et al., 2006;
Rieu et al., 2008).

In several species, GA biosynthesis is linked to
the flowering response to vernalization. In lisianthus
(Eustoma grandiflorum) and the Brassicaceae species
field pennycress (Thlaspi arvense), precursors of active
GAs are increased in abundance by vernalization, while
in winter canola (Brassica napus), vernalization in-
creased the levels of active GA (Hazebroek et al., 1993;
Zanewich and Rood, 1995; Hisamatsu et al., 2004). In
addition, in radish (Raphanus sativus) and T. arvense,
application of exogenous GAs overcame the require-
ment of vernalization forflowering (Suge andRappaport,
1968; Metzger, 1985). However, genetic analysis in
Arabidopsis did not identify a role for GA in the ver-
nalization response (Chandler et al., 2000). In this spe-
cies, the vernalization response depends on the MADS
box transcription factor FLOWERING LOCUS C (FLC),
which is a floral repressor that blocks flowering until
the plant is exposed to vernalization (Michaels and
Amasino, 1999; Sheldon et al., 1999). During vernali-
zation, transcription of FLC is repressed, allowing
flowering to proceed. Arabidopsis Columbia, the
standard laboratory accession, does not express high
levels of FLC mRNA and therefore flowers rapidly
without vernalization. Therefore, Chandler et al. (2000)
used fcamutants that contain high levels of FLCmRNA
and showed a strong flowering response to vernaliza-
tion. Combining fca with mutations that impair GA
biosynthesis did not affect the vernalization response
(Chandler et al., 2000), suggesting that GA is not re-
quired for flowering under these conditions. Never-
theless, analysis of the genome-wide binding sites (BSs)
of FLC identified several genes involved in GA me-
tabolism and signaling (Deng et al., 2011; Mateos et al.,
2015), suggesting that FLC might inhibit flowering at
least in part by repressing processes related to GA.

A. alpina is a perennial relative of the annual Arabi-
dopsis, providing a comparativemodel system to study
annual and perennial flowering patterns. A. alpina
shows the typical perennial behavior of flowering re-
peatedly with alternating phases of vegetative and
floral development. During the flowering phase, some
shoots remain vegetative, ensuring the survival of the
plant to the next year. Interestingly, the Spanish Pajares
reference accession of A. alpina absolutely requires
vernalization to flower (Wang et al., 2009). Vernaliza-
tion causes transcriptional silencing of PERPETUAL
FLOWERING1 (PEP1), but its expression increases
again after vernalization, repressing the flowering of
any shoots that did not flower in vernalization (Wang
et al., 2009). The roles of PEP1 and FLC during ver-
nalization are similar between their respective species,
but comparison of PEP1 and FLC target genes in
A. alpina and Arabidopsis, respectively, revealed that a
low proportion of them are conserved (Mateos et al.,
2017). Particularly, like FLC, PEP1 binds to GA-
related genes, but many of the genes bound are not
conserved between species (Mateos et al., 2017). Thus,
in both of these species, repression of GA responses
might contribute to the vernalization requirement, but
the precise mechanism appears to differ between them.
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Nevertheless, many genes involved in the regulation of
flowering are present in the conserved group, including
the floral integrator genes SPL15 and SUPPRESSION
OFOVEREXPRESSIONOFCONSTANS1 and the floral
development gene SEPALLATA3 (Mateos et al., 2017).
Here, we exploit the obligate vernalization response

of A. alpina to investigate the interaction between ver-
nalization and GA. We find that PEP1 negatively reg-
ulates GA signaling and reduces GA levels before
vernalization. Also, we use paclobutrazol (PAC), an
inhibitor of GA biosynthesis, and transgenic A. alpina
overexpressing GA catabolic enzymes to show that GA
promotes flowering during vernalization and that this
is particularly important to determine flowering time
and inflorescence development on exposure to short
vernalization periods. We conclude that the GA path-
way contributes to the flowering response ofA. alpina to
vernalization.

RESULTS

PEP1 Binds to and Regulates Genes Involved in GA
Metabolism and Signaling

PEP1 target genes in A. alpina are enriched for genes
involved in GA metabolism and hormone signal-
ing (Mateos et al., 2017). Some of those genes with roles
in GA metabolism and signaling were also differen-
tially expressed in a genome-wide transcriptome anal-
ysis (RNA-sequencing) comparing wild-type and
pep1 mutant plants prior to vernalization (Fig. 1A;
Supplemental Fig. S1). Interestingly, most of the GA-
related target genes were bound by PEP1 in A. alpina
but not by FLC in Arabidopsis. To test whether PEP1
binding to GA-related genes is likely to be conserved in
other closely related species, orthologous sequences of
PEP1 BSs were extracted for several of these species,
aligned to the A. alpina sequence, and the conservation
of CArG-box motifs, which are bound by MADS-box
transcription factors such as PEP1, was assessed.
In Arabis montbretiana, the annual sister species of A.
alpina, CArG-box motifs present in several GA-related
genes were conserved (Fig. 1B), although those present
in GA3OX2 and GA2OX2, genes encoding GA meta-
bolic enzymes, were not conserved. Most CArG-boxes
bound by PEP1 in A. alpina were lost in more distantly
related Brassicaceae species such as Arabidopsis and its
perennial sister species Arabidopsis lyrata or the basal
Brassicaceae species Aethionema arabicum. Also, few of
these sites were conserved in Tarenaya hassleriana, a
member of the Cleomaceae family used as an outgroup.
Although, we cannot exclude that orthologous genes in
which the PEP1-bound CArG-box motif is not con-
served contain another CArG box that is bound by the
FLC ortholog of the second species, this was observed
at only a low frequency in direct comparisons of FLC
and PEP1 BSs in Arabidopsis andA. alpina, respectively
(Mateos et al., 2017). Therefore, this pattern of conser-
vation suggests that direct regulation of GA-related

genes by PEP1 is not highly conserved in other Brassi-
caceae lineages. The BSs in SPL15 were exceptions; this
gene contained two CArG-boxmotifs inA. alpina and at
least one of them was conserved in each of the species
tested (Fig. 1B). SPL15 is an important floral integrator
that is posttranslationally regulated by GA (Hyun et al.,
2016); thus, conservation of SPL15 BSsmight be another
indication that PEP1 and FLC have conserved functions
in the regulation of flowering (Mateos et al., 2017).
To better understand the role of PEP1 in regulating

GA-related processes, PEP1 targets were grouped
according to their functions in the GA pathway. As il-
lustrated in Figure 1C, PEP1 target genes are involved in
different stages of the GA pathway from biosynthesis to
GA signaling (Fig. 1C). Therefore, PEP1 appears to reg-
ulate GA metabolism as well as signaling in A. alpina.

The pep1-1 Mutation and GA Treatments Cause Similar
Stem-Elongation Phenotypes

To test whether GAmetabolism or signalingmight be
affected by the pep1 mutation, the mutant and the wild
type were compared to identify differences in pheno-
types associated with GA responses. The pep1 mutant
had a longer hypocotyl and increased plant height rel-
ative to the wild type (Fig. 2, A and B). Inhibiting GA
biosynthesis by application of PAC caused a strong
reduction in the height of treated wild-type and pep1
mutant plants, and after PAC treatment the difference
in height between the genotypes was no longer detec-
ted, indicating that GA biosynthesis is required for the
taller phenotype of the pep1 mutant (Fig. 2B). No dif-
ferences in plant diameter or chlorophyll content were
detected between the genotypes, although these phe-
notypes are also regulated by GA, as they were affected
by GA or PAC treatments (Fig. 2, C and D). Taken to-
gether, these results suggest that PEP1 negatively reg-
ulates GA metabolism or signaling, but this effect is
specific to certain developmental programs.

PEP1 Reduces GA Sensitivity

PEP1was found to bind and regulate genes encoding
GA signaling components (Fig. 1), suggesting that GA
signaling might be more active in pep1 mutants. To
compare GA signaling in the wild type and pep1 mu-
tants, plants were treated with PAC to inhibit the syn-
thesis of endogenous GA and the effects of application
of defined concentrations of GA3 on GA-related phe-
notypes were scored. Plant height increased more rap-
idly with an increasing concentration of GA in the pep1
mutant compared with the wild type, and these dif-
ferences between genotypes were significant for the
higher concentrations (Fig. 3A). This suggests that the
response to GA in the pep1 mutant is stronger and that
GA signaling is more effective in the mutant. The in-
crease of plant diameter with increasing GA concentra-
tion, however, was similar in both genotypes (Fig. 3B),
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indicating that the stronger GA response in the pep1
mutant is restricted to certain developmental programs,
as observed previously for PAC treatments (Fig. 2).

GA Promotes Floral Induction during Vernalization

The main conserved function of PEP1 and other FLC
orthologs is repression of flowering prior to vernaliza-
tion, which is overcome by a progressive reduction in
transcript levels during vernalization (Michaels and
Amasino, 1999; Sheldon et al., 1999; Wang et al.,
2009). Considering that PEP1 represses GA metabo-
lism and signaling, whether GA has a role during ver-
nalization to promote flowering was tested. To achieve

this, wild-type plants were repeatedly treated with
PAC or the mock treatment (see “Materials and
Methods”) during an 8-week vernalization period and
flowering was scored. PAC treatments strongly re-
duced the proportion of plants that flowered after
vernalization (Fig. 4A). Exposure of plants to 12 weeks
of vernalization further enhances flowering and inflo-
rescence development of wild-type plants (Wang et al.,
2009; Lazaro et al., 2018). Treatment with PAC during a
12-week vernalization had no effect on the proportion
of plants that flowered (Fig. 4A). However, after the
12-week vernalization, PAC treatment resulted in sig-
nificantly delayed flowering, a reduced number of si-
liques on themain inflorescence, and a lower number of
flowering branches (Fig. 4, B–D). To determine whether

Figure 1. PEP1 binds and regulates genes involved in GAmetabolism and signaling. A, List of GA-related genes that were bound
or regulated by PEP1. This list includes all genes that were targeted by PEP1 (directly or indirectly as detected by Mateos et al.
[2017]) and involved in GA metabolism or direct targets that are part of the Gene Ontology category GO:0009739: response to
GA stimulus and have a confirmed function inGA signaling or have a published role in the response toGA. Binding information of
FLC was gained in three previous studies (Deng et al., 2011; Mateos et al., 2015, 2017). For genes that were differentially reg-
ulated in apices of the pep1mutant, the log2 (fold change) and P values are given. *, The chromatin immunoprecipitation (ChIP)-
seq study detected weak binding of PEP1 to GA2OX2 but read enrichment was below the significance threshold. ChIP-qPCR
results shown in Supplemental Figure S1, however, suggest thatGA2OX2 is a significant target of PEP1. B, Heat map showing the
conservation of CArG-boxes in different species. The heat map includes orthologous regions for A. alpina PEP1 BSs associated
with GA-related genes in other species. The color code is as follows: dark blue, CArG-box is conserved; light blue, CArG-box is
present but sequence varies fromA. alpina; dark red, CArG-box is not conserved; andwhite, no orthologous regionwas identified.
Species are as follows: Arabis montbretiana (Am), Arabidopsis (At), Arabidopsis lyrata (Al), Aethionema arabicum (Ae), and
Tarenaya hassleriana (Th). C, Schematic overview of the different steps of the GA pathway. The middle row shows key enzymes
involved in each step, and the bottom row lists genes that are targeted by PEP1 in each step.
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the role of GA is restricted to the vernalization period,
PAC was applied only after vernalization. A reduction
of GA levels after vernalization did not affect flowering
time or the number of siliques and flowering branches
(Supplemental Fig. S2), indicating that the role of GA in
floral induction is restricted to the vernalization period.

Complementary results were obtained by treatment of
wild-type plants with exogenous GA. GA treatment
was not sufficient to overcome the requirement for
vernalization to induce flowering but increased the
proportion of plants that flowered in response to rela-
tively short vernalization periods (Supplemental Fig.
S3). GA treatments had no effect on the proportion of
plants that flowered after exposure to long durations of
vernalization, as observed with PAC treatments. Taken
together, these results indicate that GA promotes floral
initiation and inflorescence development of A. alpina
during vernalization.
The role of GA during vernalization was further ex-

plored in a genetic experiment. To reduce the level of GA,
GA2OX7, which encodes a GA-inactivation enzyme, was
expressed in A. alpina from the KNOTTED-LIKE FROM

Figure 2. GA treatment of wild-type (Wt) plants mimics the effects of
the pep1-1 mutation. Phenotypes of wild-type versus pep1-1 mutant
plants upon GA/PAC treatment are shown. A, Hypocotyl length of
plants grown for 11 d in LD (three independent biological replicates;
n $ 38). B, Height of plants grown for 5 weeks in LD. GA/mock, Three
independent biological replicates, n$ 33; PAC/mock, two independent
biological replicates; n $ 32. C, Plant diameter. Plants were grown
for 3 weeks in LD in two independent biological replicates (n $ 21).
D, Chlorophyll content. Plants were grown for 6 weeks in LD, and
measurements were performed on the seventh true leaf (three inde-
pendent biological replicates; n$ 38). All error bars represent SE. For all
phenotypes, n describes the total number of replicates after combining
all biological replicates. Letters indicate significantly different groups
determined by two-way ANOVA and multiple comparisons using
the Bonferroni t test method that were performed within genotypes
and within treatments. Groups were defined as significantly different at
P # 0.05.

Figure 3. Effects of PEP1 on GA signaling. A, Plant height after
6.5 weeks in LD. B, Plant diameter after 6 weeks in LD. pep1-1 and
wild-type (Wt) plants were treated simultaneously with PAC to inhibit
the synthesis of endogenous GA, and different concentrations of GA3

were applied once per week to investigate the effect of the genotype
on the response to GA. Five independent biological replicates were
used (total number of replicates after combining all biological repli-
cates; n$ 60). All error bars represent SE. Letters indicate significantly
different groups determined by two-way ANOVA and multiple com-
parisons using the Bonferroni t test method that were performed
within genotypes and within treatments. Groups were defined as
significantly different at P # 0.05.
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ARABIDOPSIS THALIANA1 (KNAT1) promoter, which
is specifically expressed in meristems in Arabidopsis,
and this pattern is likely to be conserved inA. alpina but
has not been directly tested (Lincoln et al., 1994; Porri
et al., 2012). Three independent transgenic lines (#3,
#4, and #40) expressing the transgene were selected

(Fig. 4E; Supplemental Fig. S4). Analysis of line #3 was
performed with plants in a segregating population that
were homozygous or heterozygous for the transgene,
because plants homozygous for the transgene were not
self-fertile. For line #4, homozygous plants were fertile
but produced relatively few seeds, so that experiments

Figure 4. The role of GA in the induction of flowering during vernalization. A to D, Effects of PAC treatment on flowering. Wild-
type plants were grown for 5 weeks in LD and then vernalized for 8 or 12 weeks. During vernalization, plants were treated once
per week with PAC or mock (see “Materials and Methods”), and flowering-related traits were scored. A, Percentage of flowering
plants after 8 or 12 weeks of vernalization (n $ 45 grown in two independent biological replicates). B, Time after a 12-week
vernalization treatment until the first flower opened (n $ 79 grown in four independent biological replicates). C, Number of
individual siliques formed on the main inflorescence after a 12-week vernalization (does not include siliques on inflorescence
branches; n $ 55 grown in three independent biological replicates). D, Number of flowering side branches after a 12-week
vernalization (n $ 38 grown in two independent biological replicates). All error bars represent SE. E to J, Effects of the
KNAT1::GA2OX7 transgene on flowering. Data are shown for three independent transformants compared with wild-type (Wt)
Pajares. Plants were grown for 8 weeks in LD and then vernalized for 8, 12, or 16 weeks. Different flowering-related traits were
measured. E, Percentage of flowering plants after different vernalization times. F, Time after vernalization until the first flower
opened. G, Shoots that contained open flowers. Data are shown for each genotype after 8, 12, or 16 weeks of vernalization.
Genotypes are shown using the same color code as for E. Solid portion of each column, Plants that flowered first on the main
shoot; stippled portion of each column, plants that flowered first on a side branch and later on the main shoot; unfilled portion of
each column, plants that only flowered on side branches and not on themain shoot. H, Number of individual siliques on themain
inflorescence (does not include siliques on inflorescence branches). I, Number of flowering branches on themain inflorescence. J,
Number of flowering side branches. Experiments were performed in at least two biological replicates (total n5 33). All error bars
represent SE.
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were performed using heterozygous and homozygous
plants. For line #40, all experiments were performed
with homozygous plants. For lines #4 and #40, the
proportion of plants flowering after 8 weeks of ver-
nalization was strongly reduced, and even after
12weeks of vernalization only around 60% of the plants
flowered (Fig. 4E; Supplemental Fig. S4C). After an
extended vernalization period of 16 weeks, however,
almost all plants flowered (Fig. 4E; Supplemental Fig.
S4C). Line #3 responded in a similar way, but the effect
was weaker (Fig. 4E; Supplemental Fig. S4C). Although
the phenotype of line #3 was the weakest, it contained
the highest amount of GA2OX7 mRNA (Supplemental
Fig. S4B). The explanation for the discrepancy between
the severity of phenotype and GA2OX7 mRNA level is
not clear, but it might be due to spatial differences in
expression among lines, which could also explain why
some lines were infertile as homozygotes while others
were not. The transgenic lines also showed delayed
opening of the first flower, a reduced number of inflo-
rescence branches, fewer siliques on the main inflores-
cence, and a reduced number of flowering branches
(Fig. 4, F–J). As in the wild type treated with PAC, these

traits became less severe with longer vernalization
times, but even after 16 weeks of vernalization, inflo-
rescence development was strongly compromised in
the transgenic plants (Fig. 4G). These results confirm
those obtained with PAC treatments that reduction
in GA levels delays the floral transition during
vernalization.
To understand how GA affects floral induction dur-

ing vernalization, the expression of floral marker genes
was measured by reverse transcription quantitative
PCR (RT-qPCR). Whereas the PAC treatment during
vernalization did not affect PEP1 mRNA levels, in-
duction of the floral meristem identity genes LEAFY
(LFY) and APETALA1 (AP1) was reduced (Fig. 5A).
Similar to the mock-treated samples, in PAC-treated
samples LFY and AP1 mRNAs increased after 8 or
12 weeks of vernalization, respectively, but the incre-
ment was slower in the treated samples, and even after
vernalization these mRNAs remained at lower levels in
PAC-treated plants (Fig. 5A). These results indicate that
PAC treatment reduces the expression levels of LFY and
AP1 either by delaying its induction and lowering the
number of primordia expressing the genes or reducing

Figure 5. Effects of GA on the expres-
sion of floral marker genes during ver-
nalization. A, RT-qPCR analysis of floral
marker gene expression during vernali-
zation in wild-type plants. Plants were
grown as described for Figure 4A. Data
are shown as means 6 SE (n 5 2 bio-
logical replicates). Expression was nor-
malized to PP2A and to expression in the
wild type at the start of the experiment.
On the x axis, 5LD indicates plants
grown for 5 weeks in LD before vernal-
ization, numbers represent weeks in
vernalization, and 1AV represents plants
grown for 1 week after vernalization. B,
In situ hybridization of LFY mRNA in
wild-type plants treated with PAC or
mock during vernalization. Wild-type
plants were grown for 5 weeks in LD
and then transferred to vernalization
conditions. Apices were harvested for
in situ hybridization at 5, 8, or 12 weeks
during vernalization. After 12 weeks of
vernalization, plants were transferred
out of vernalization, and apices were
again harvested 1 week after the end of
vernalization (1wAV). During vernali-
zation, plants were treated weekly with
PAC or mock and flowering-related traits
were measured. Bars 5 100 mm.
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their levels in the same number of developing
primordia.

To understand the effects of PAC treatments on the
spatial distribution of LFY mRNA, in situ hybridiza-
tions were performed in apices that were treated with
PAC or mock during a vernalization time course
(Fig. 5B). After 5 weeks of vernalization, meristems of
nontreated plants were domed, indicating that floral
transition was occurring. By contrast, meristems of
PAC-treated plants were still flat after 5 weeks of ver-
nalization, suggesting that floral transition was
delayed. This delay was also visible after 8 weeks of
vernalization, where flower buds in meristems of
mock-treated plants were more advanced and LFY ex-
pression in the buds was more extensive compared
with PAC-treated plants. After 12 weeks of vernaliza-
tion, apices of treated and nontreated plants contained
similarly advanced flowers.

In summary, these findings suggest that GA acts
during vernalization to promote floral transition and
flower development.

PEP1 Affects the Induction of GA-Related Genes
during Vernalization

To further explore the interaction between PEP1 and
GA in flowering, the expression patterns of PEP1 tar-
gets that are involved in the GA pathway were ana-
lyzed during vernalization. Transcript levels were
tested comparing the wild type and pep1mutant during
vernalization and without exposure to vernalization. In
both genotypes, transcript levels of PEP1 targets en-
coding the GA biosynthesis enzymes GA3OX1 and
GA3OX2 were increased in abundance during the first
weeks of vernalization and then fell again toward the

Figure 6. Effects of PEP1 and vernalization on the expression of GA-related genes. RT-qPCR expression analysis is shown for
genes involved in the GA pathway during vernalization in pep1-1 versus wild-type (Wt) plants. Plants were grown for 5 weeks in
LD, then transferred to 4°C for 12 weeks or kept under control conditions (SD; 21°C), and then shifted back to LD. Apical samples
were taken at Zeitgeber time 8 (ZT8). Data are shown as means6 SE (n5 2 biological replicates). Expression was normalized to
PP2A. Significance was tested using ANOVA. On the x axis, 5LD indicates plants grown for 5 weeks in LD before vernalization,
numbers represent weeks in vernalization, and 1AV represents plants grown for 1 week after vernalization.
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end of vernalization (Fig. 6). PIF3, whose protein pro-
duct is regulated by GA (de Lucas et al., 2008; Feng
et al., 2008), showed a similar pattern. GA2OX2
mRNA, which encodes a GA inactivation enzyme, also
increased during vernalization treatment in the pep1
mutant but not in the wild type, suggesting that in the
wild type PEP1 reduces the transcriptional induction of
GA2OX2. SPL8 and SPL15 showed expression patterns
complementary to PEP1: their expression levels in-
creased during vernalization in wild-type and pep1
plants as well as in nonvernalized pep1 plants but not in
nonvernalized wild-type plants (Fig. 6). This pattern
suggests that they are increased in expression during
floral induction or inflorescence development. TEM-
PRANILLO1 (TEM1) and TEM2 showed a different
pattern. These genes were induced during vernaliza-
tion, but their expression levels decreased again after
vernalization. Unlike themajority of PEP1 targets, these
genes reached higher levels in the wild type (Fig. 6),
indicating that PEP1 activity increases their expression.
In the case of TEM1 and TEM2, this does not appear to
be a direct effect, because they were not detected as
bound by PEP1.
In summary, most GA-related genes tested increased

in expression rapidly in response to cold temperatures
before down-regulation of PEP1, and their expression
increased further in the pep1 mutant, suggesting that
PEP1 modulates their response to cold.

PEP1 Affects GA Levels before But Not
during Vernalization

The findings that GA promotes floral induction
during vernalization (Figs. 2 and 3; Supplemental Fig.
S3) and that genes encoding GA biosynthetic enzymes
were induced during the cold treatment (Fig. 6) sug-
gested that GA levels might increase during vernali-
zation. To test this hypothesis, levels of active GA were
measured in apical samples of wild-type and pep1
mutant plants during vernalization and in control
samples of nonvernalized plants at selected time points.
The pep1mutant contained significantly higher levels of
GA4 when grown for 3 weeks prior to vernalization
(Fig. 7). This difference likely contributes to the in-
creased height of pep1 mutants compared with wild-
type plants detected 5 weeks after germination
(Fig. 2B). After 5 weeks, however, no difference in GA4
levels was detected between wild-type and pep1 plants
(Fig. 7). Surprisingly, during vernalization, GA4 levels
strongly decreased and reached similar trough levels in
both genotypes (Fig. 7). An increase of GA4 levels oc-
curred after plants were shifted back to warm temper-
atures, so that they reached levels similar to those
present prior to cold exposure. The increase in GA4
did not coincide with the timing of floral induction in
A. alpina, which occurs during vernalization, but rather
with the outgrowth of the inflorescence. GA1, which is
synthesized by a parallel pathway to GA4 through early
13-hydroxylation and shows lower biological activity

(Cowling et al., 1998; Magome et al., 2013), did not
strongly change between conditions or genotypes and
accumulated to higher levels than GA4 (Fig. 7). Also,
precursors or degradation products of active GAs did
not show patterns that might suggest higher GA levels
during vernalization or in the pep1 mutant at later
stages, although in PEP1 plants GA12 and GA34 seemed
to fall progressively in abundance during vernalization,
similar to the pattern of PEP1 mRNA repression
(Supplemental Fig. S5).
Lower GA levels during vernalization correspond to

increased expression of GA2OX2 in cold temperatures
(Fig. 6); however, two genes encoding GA biosynthetic
enzymes, GA3OX1 and GA3OX2, were also induced
during vernalization. To test whether this induction
might be due to feedback regulation of the decreased
GA levels, expression levels were tested in response to
GA and PAC treatment. Indeed, expression levels of
GA3OX1 and GA3OX2 were reduced by GA treat-
ment and increased by PAC treatment, respectively,
suggesting that they are susceptible to negative feed-
back regulation (Supplemental Fig. S6). In contrast,
GA2OX2 expression responded positively to GA levels

Figure 7. Effects of PEP1 and vernalization on levels of active GA.
Levels of active GAs in apices of pep1-1 and wild-type (Wt) plants are
shown. Plants were grown for 5 weeks in LD, then transferred to 4°C for
12 weeks or kept under control conditions (SD; 21°C), and then shifted
back to LD. Apical samples were taken at ZT8. Data are shown as
means6 SD (n5 3 biological replicates, except the wild type and pep1-
1 at 5 weeks of LD, where n 5 2). Asterisks indicate significant differ-
ences between genotypes at the same time points (*, P# 0.05, Student’s
t test). FW, Fresh weight.
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(Supplemental Fig. S6). Several genes involved in GA
signaling showed a similar pattern to the genes in-
volved in GA biosynthesis (Supplemental Fig. S6),
suggesting that low GA levels also positively affect
their expression.

In conclusion, PEP1 appears to negatively affect GA
levels before vernalization to regulate plant height, but
during vernalization GA levels were strongly de-
creased and not affected by PEP1, suggesting that PEP1
regulation of GA levels does not contribute to the con-
trol of floral induction during vernalization.

DISCUSSION

We investigated the involvement of GAs in the
flowering response ofA. alpina to vernalization. PEP1, a
transcription factor that confers the vernalization re-
quirement, bound to and regulated genes encoding
enzymes for GA metabolism or components of the
signaling pathway prior to and during vernalization.
The pep1 mutant contained more GA4 than wild-type
plants before vernalization and was more sensitive to
treatments with bioactive GA. During vernalization,
GA4 levels strongly decreased upon exposure to cold,
reaching similar levels in wild-type and pep1 mutant
plants, but nevertheless PAC treatments and analy-
sis of transgenic plants overexpressing GA 2-oxidase
demonstrated that GA was required to promote floral
induction during short vernalization periods. As the
GA-related target genes for PEP1 are different from
those of FLC, and its BSs in these genes are not con-
served across the Brassicaceae, novel linkages between
the vernalization response and the GA pathway appear
to have evolved recently in the Arabis lineage.

Integration of the GA Pathway and the Obligate
Vernalization Response of A. alpina

Floral induction ofA. alpina Pajares only occurs in the
cold during vernalization (Wang et al., 2009, 2011). This
response occurs because PEP1 expression prior to ver-
nalization fully blocks flowering, while during vernal-
ization PEP1 transcription is reduced, allowing floral
induction to proceed, and then after vernalization its
transcription is rapidly reactivated, preventing flower-
ing of any meristems that did not undergo floral in-
duction during vernalization. Thus, flowering of this
perennial species relies upon pathways that act in the
cold. Recently, we showed that under these environ-
mental conditions, a pathway including the transcrip-
tion factor SPL15 is essential for a successful flowering
response and that mutations in SPL15 prevent the
flowering of A. alpina in response to vernalization
(Hyun et al., 2019). In Arabidopsis, SPL15 activates the
transcription of MIR172b, which negatively regulates
the expression of APETALA2-like transcription factors
(Hyun et al., 2016). A screen for mutants of A. alpina
Pajares that flower independently of vernalization
identifiedmutations in theAP2ortholog,PEP2, suggesting

that this floral repressor plays a critical role in blocking
flowering of A. alpina prior to vernalization (Bergonzi
et al., 2013; Lazaro et al., 2019). As PEP1 directly binds
to SPL15 to repress its transcription and AaSPL15
transcription rises in vernalization (Mateos et al., 2017;
Hyun et al., 2019), these data suggest that upon ver-
nalization of A. alpina increased expression of SPL15
activates MIR172b transcription that in turn allows the
repression of PEP2 and flowering. The effectiveness of
this pathway may be dependent on GA, as DELLA
proteins interact with SPL15 to reduce its transcrip-
tional activity at the posttranslational level (Hyun et al.,
2016). Thus, the presence of GA in the shoot meristem
may be a requirement for SPL15 to activate its targets
and for an efficient flowering response to short ver-
nalization periods. Our observation that many plants
with reduced GA levels in the apex do not flower in
response to short vernalization periods, but that all
flower in response to longer vernalization periods
(Fig. 3A), suggests that the repression of SPL15 activity
by DELLA can eventually be overcome, perhaps be-
cause SPL15 levels increase during vernalization or
because DELLA interaction does not completely abol-
ish SPL15 activity.

The relationship between GA and the vernaliza-
tion response was tested genetically in Arabidopsis
(Chandler et al., 2000). The vernalization response of
fca-1 mutants was unaffected in fca-1 ga-1 double mu-
tants, and this may be explained by floral induction of
these plants occurring after vernalization rather than
during the cold exposure, as occurs in A. alpina. Stable
repression of FLC transcription by vernalization in
Arabidopsis allows flowering to occur after the return
to warm LDs through the photoperiodic pathway
(Hyun et al., 2019). Under these LD conditions, the ef-
fects of spl15 and GA biosynthetic mutations on flow-
ering aremuch reduced (Wilson et al., 1992; Hyun et al.,
2016). Previous work indicated that in Arabidopsis, GA
is most strongly required for flowering under nonin-
ductive SDs (Wilson et al., 1992; Chandler et al., 2000),
which supports the importance of the interaction be-
tween DELLA and SPL15, as spl15 mutants in the Co-
lumbia accession also exhibit their strongest delay on
flowering under SDs (Hyun et al., 2016). It remains to be
tested whether GA plays a role in the vernalization
response of Arabidopsis under conditions in which
flowering occurs in the cold through the SPL15
pathway.

In addition to delaying the earliest stages of floral
induction, such as meristem doming, reduction of GA
levels in vernalization by PAC treatment or introduc-
tion of the KNAT1::GA2ox7 transgene also impaired
inflorescence development, so that plants produced
fewer flowers (Figs. 4 and 5). This reduction was
probably due to a slower transition to flowering during
vernalization in the presence of lower GA levels, so that
the inflorescence meristem was not completely transi-
tioned when plants were returned to warm tempera-
tures and PEP1 transcription was reactivated. The
reduction in GA would therefore effectively extend the
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time plants need to be exposed to cold temperatures for
a full vernalization response. In support of this con-
clusion, the reduction of GA levels with PAC applica-
tions after vernalization did not affect inflorescence
development (Supplemental Fig. S2). Thus, depletion of
GA levels during vernalization indirectly affected out-
growth and development of the inflorescence after
vernalization.

Regulation of GA Metabolism and Signaling by PEP1 and
Related MADS Box Transcription Factors

Unexpectedly, the levels of GA4 fell in apices of
A. alpina during vernalization when flowering occurred
but increased again after vernalization. By contrast, the
levels of GA1 were unchanged during or after vernali-
zation and appeared higher overall than those of GA4.
These patterns appeared to differ from those described
in apices of Arabidopsis during floral induction under
SDs, when GA4 levels rose sharply prior to flowering
and were higher than those of GA1 (Eriksson et al.,
2006). Thus, in Arabidopsis, GA4 is believed to be the
active GA in the promotion of flowering, and GA1 is
less bioactive than GA4 in Arabidopsis and rice (Oryza
sativa; Cowling et al., 1998; Magome et al., 2013). Dur-
ing vernalization of A. alpina, local changes in GA4
levels, for example only in some meristematic cells,
might promote floral induction and not be detected by
the sampling methods used here. A clear relationship
between GA levels and flowering in vernalization
has been described in other species. For example, in
T. arvense, vernalization induced the production of
precursors of active GA causing bolting (Hazebroek
et al., 1993), while in winter canola, GA levels in-
creased toward the end of vernalization (Zanewich and
Rood, 1995). In R. sativus and T. arvense, application of
exogenous GA overcame the requirement for vernali-
zation (Suge and Rappaport, 1968; Metzger, 1985),
whereas in A. alpina, it did not overcome the vernali-
zation requirement but reduced the duration of ver-
nalization required for a full flowering response.
Furthermore, GA4 levels increased again after vernali-
zation inA. alpina but GA levels in vernalized apices did
not exceed those in nonvernalized apices, and this
moderate increase was substantially lower than was
detected in apices of Arabidopsis during the floral
transition in SDs (Eriksson et al., 2006). Similar to A.
alpina, a moderate increase of active GAs at the end of
vernalization was associated with bolting in winter
canola (Zanewich and Rood, 1995). In other species,
levels of precursors of active GAs increased during
vernalization (Hazebroek et al., 1993; Hisamatsu et al.,
2004), although levels of several GA precursors were
also not elevated in A. alpina in response to vernaliza-
tion (Supplemental Fig. S5).
PEP1 binds to and regulates genes that encode pro-

teins in the GA pathway from biosynthesis to down-
stream signaling (Fig. 1C). The transcript levels of some
of those target genes are up-regulated in the pep1

mutant prior to vernalization, such as GA3OX1, SPL15,
and SPL8 (Fig. 6). Furthermore, the pep1 mutant ex-
hibits elevated GA levels and increased sensitivity to
GA prior to vernalization that contribute to the elon-
gated internodes of the mutant. The Arabidopsis
ortholog of PEP1, FLC, is closely related to the MADS
box transcription factor SHORT VEGETATIVE PHASE
(SVP), which was previously shown to repress tran-
scription of the GA20OX2 gene, which encodes an en-
zyme involved in GA biosynthesis (Andrés et al., 2014).
The svp mutant also contains elevated levels of GA in
the shoot apex. Thus, the repression of GA levels ap-
pears to be a shared function of this class of MADS box
transcription factors. In addition, pep1 showed higher
levels of several GA signaling genes that might cause
the elongated internodes and promote flowering. Two
SPL genes that are known to affect flowering in Ara-
bidopsis showed higher expression levels in the pep1
mutant. SPL8 is involved in flower development
(Zhang et al., 2007) and SPL15 is a floral integrator gene
at the shoot meristem (Hyun et al., 2016). The GID1B
gene encodes a GA receptor that most likely causes a
general increase in GA signaling that could cause dif-
ferent phenotypes (Griffiths et al., 2006; Nakajima et al.,
2006). PIF3 was shown to be involved in hypocotyl
elongation (Feng et al., 2008) and to promote flowering
in the ambient temperature pathway (Kumar et al.,
2012; Galvão et al., 2015). Deregulation of GA-related
processes in the pep1 mutant is associated with elon-
gated internodes and increased height of the plant, so in
wild-type A. alpina PEP1 confers a compact phenotype
that might be advantageous in the cold alpine envi-
ronments in which it grows (Bliss, 1962).
During vernalization, additional GA-related genes

are expressed at higher levels in the pep1mutant than in
the wild type, such as GA2OX2, while those expressed
at higher levels prior to vernalization remain differen-
tially expressed. Thus, several GA-related genes are
negatively regulated by PEP1 during vernalization
(Fig. 6), as shown previously for many cold stress-
related genes (Mateos et al., 2017). Also, although
PEP1 acts almost exclusively as a transcriptional re-
pressor (Mateos et al., 2017), the GA-related gene
MYB21 is bound by PEP1 and down-regulated in the
pep1 mutant during vernalization (Fig. 6). This effect
might be an indirect consequence of PEP1 also regu-
lating genes upstream of MYB21. In Arabidopsis,
MYB21 is induced by GAs during stamen development
and a triple myb mutant exhibited short stamens and
was sterile (Cheng et al., 2009). TEM1 and TEM2 are
also down-regulated in the pep1 mutant during ver-
nalization. TEM genes encode negative regulators of
floral induction that directly repress GA3OX1 and
GA3OX2 (Castillejo and Pelaz, 2008; Osnato et al.,
2012). Thus, they might be responsible for the up-
regulation of GA3OX1, which is not a direct PEP1 tar-
get, in the pep1 mutant.
The observation that GA4 levels are increased in

the pep1 mutant compared with wild-type plants prior
to vernalization initially led us to propose that the
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repression of PEP1 transcription during vernalization
might cause GA levels to increase and thereby promote
flowering. However, in cold temperatures, GA levels
fell to similarly low levels in the wild type and pep1
mutants. Similarly, at the time PEP1mRNA levels were
repressed in cold temperatures, there was no corre-
sponding increase in GA levels. The reduction in GA
levels in cold temperatures might be due to reduced
activity of biosynthetic enzymes at low temperature.
Strikingly, genes encoding for GA biosynthetic en-
zymes and not GA degradation enzymes are up-
regulated during vernalization in A. alpina. Expression
levels of these genes are complementary to GA levels
and not PEP1 expression levels, and PAC treatment
caused similar changes in gene expression. Thus, these
gene expression changes are most likely caused by feed-
back regulation of lowGA levels and not by vernalization
through PEP1. Low GA levels were also described to
positively feedback on expression levels of genes encod-
ing GA biosynthetic enzymes in Arabidopsis (Chiang
et al., 1995; Phillips et al., 1995; Mitchum et al., 2006;
Achard et al., 2008; Rieu et al., 2008), and increased ex-
pression of those genes was observed during vernaliza-
tion in E. grandiflorum and T. arvense (Hazebroek and
Metzger, 1990; Hazebroek et al., 1993; Mino et al., 2003).

A reduction of GA content in response to prolonged
cold treatment was previously detected in R. sativus
(Nakayama et al., 1995). In Arabidopsis, a short cold
treatment was found to induce the expression of
GA2OX genes and thereby decrease GA levels, which
caused repression of growth (Achard et al., 2008).
Similarly, the decrease in PEP1 expression during ver-
nalization does not seem to cause an increase in GA
levels. GA biosynthesis might be required for flowering
to proceed in vernalization but may not increase during
vernalization, so that GA has a permissive rather than a
regulated role in the process. Another possibility is that
the increased GA sensitivity detected prior to vernali-
zation in pep1 mutants might also occur during ver-
nalization to trigger flowering after PEP1 repression.
Several GA signaling genes that were associated with
the promotion of flowering in Arabidopsis (Griffiths
et al., 2006; Nakajima et al., 2006; Zhang et al., 2007;
Suzuki et al., 2009; Galvão et al., 2015; Hyun et al., 2016)
were induced during vernalization in A. alpina. Thus,
the effect of GA on floral induction during vernalization
might also be caused by changes in the expression of
GA signaling genes, and their roles could be tested by
reverse genetic approaches based, for example, on
CRISPR-Cas9. Alternatively, small changes in GA
levels in somemeristematic cells during floral induction
might not be detectable by the method we used in this
study, but they might cause the phenotypic changes in
flowering time and flower development. Cellular
markers for GA levels that can be detected in vivo may
more sensitively detect changes in GA levels during
vernalization (Rizza et al., 2017). Application of such
approaches will extend our understanding of how GA
contributes to the flowering pathway that promotes
floral induction in the cold during vernalization.

MATERIALS AND METHODS

Plant Material and Growth Conditions

The Arabis alpina Pajares accession that was used as the wild type and
the pep1-1 mutant were described previously in Wang et al. (2009). The
KNAT1::GA2OX7 transgene was described to promote meristem-specific ex-
pression of Arabidopsis (Arabidopsis thaliana) GA2OX7, which encodes a GA
inactivation enzyme. In Arabidopsis, the transgene caused strongly decreased
GA levels and associated phenotypes (Lincoln et al., 1994; Schomburg et al.,
2003; Porri et al., 2012). Here, this construct was transformed into the pep1-1mu-
tant by floral dip (Clough and Bent, 1998). T1 plants were crossed to Pajareswild-
type plants, and F3 plants homozygous for wild-type PEP1 were identified by
genotyping using a cleaved-amplified polymorphic sequence marker. PCR using
the primersHY88 andHY89was followed by a restriction digest with the enzyme
AseI (New England Biolabs) for gel electrophoresis analysis. The presence of the
KNAT1::GA2OX7 transgene was identified based on the strong GA-deficient
phenotype (dwarf and dark green).

Seeds were stratified on moist soil at 4°C in darkness for 3 d. Plants were
grown at a light intensity of about 200 mmol m22 s21 under LD conditions (16 h
of light/8 h of dark) at 21°C and 60% to 70% humidity. For vernalization, adult
plants (5–8 weeks old) were shifted to 4°C under SD conditions (8 h of light at
17 mmol m22 s21/16 h of dark). For all experiments, trays where shifted weekly
to avoid positional artifacts.

ChIP

For ChIP experiments, wild-type and pep1-1 mutant plants were grown for
2 weeks in LD and 2 g of aboveground tissue was harvested at ZT8. One mi-
croliter of PEP1 antiserum (Albani et al., 2012) was used for immunoprecipi-
tation. ChIP was performed as previously described in Gendrel et al. (2002). For
ChIP-qPCR, three independent biological replicates were performed, and
samples were purified using the PCR Clean-Up Gel purification kit (Macherey-
Nagel) and eluted in 20 mL of water. Samples were diluted 1:10, 3 mL was used
for qPCR with the SYBR Green master mix (Bio-Rad), and primers are listed in
Supplemental Table S1. qPCR was performed in three technical replicates for
each biological replicate. Data are represented as fold change of immunopre-
cipitate (IP) divided by input [2(2IP/input)]. Significance of the differences
between genotypes was defined as P# 0.05 after Student’s t test. ChIP-seq data
were obtained from previous publications (Deng et al., 2011; Mateos et al.,
2017).

Analysis of Gene Expression

For gene expression analysis, samples were collected at ZT8. For apical
samples, apex-enriched tissue of 16 plants was combined. For leaf samples of
juvenile plants, leaves of five plants were pooled. RNAwas extracted using the
RNAeasy Plant Mini Kit (Qiagen), and samples were treated with RNase-free
DNase (Ambion) according to the manufacturer’s instructions. Five microliters
of RNA was used for complementary DNA synthesis using the SuperScriptII
DNA polymerase (Invitrogen). Three microliters of complementary DNA (di-
luted 1:10) was used for qPCR with my-budget Taq-DNA-Polymerase and
EvaGreen Dye (Biotium) for detection in a 10-mL reaction volume. Primers are
listed in Supplemental Table S1. qPCR was performed in three technical rep-
licates for each biological replicate in a CFX384 Touch Real-Time PCR System
(Bio-Rad) using PP2A as the housekeeping gene. At least two biological repli-
cates were performed, and mean and SE were calculated for normalized data
(for details on individual experiments, see figure legends). Genome-wide ex-
pression data were obtained from Mateos et al. (2017).

Analysis of CArG-box Conservation in Related Species

To identifyorthologous sequences inother specieswithvarying evolutionary
distances (Koch et al., 2001; Clauss and Koch, 2006; Couvreur et al., 2010; Hu
et al., 2011; Karl et al., 2012; Willing et al., 2015), BSs were aligned to ortholo-
gous regions. Therefore, orthologs of genes associated with the BSs were
identified by reciprocal BLAST, and these genes, including 5 kb upstream of the
transcriptional start site and 3 kb downstream of the transcriptional end site,
were extracted as orthologous loci. Finally, the best alignment of the BS in the
orthologous locus was obtained by local Smith and Waterman alignments
(Smith and Waterman, 1981), and the percentage identity between the BS and
the orthologous sequence was calculated. Genome assemblies and annotation
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files of Arabidopsis lyrata (A. lyrata v1.0; Hu et al., 2011) were downloaded from
Phytozome v11.0. Assemblies and annotations of the genomes of Aethionema
arabicum (Haudry et al., 2013) and Tarenaya hassleriana (Cheng et al., 2013) were
downloaded from https://genomevolution.org/coge/. The Arabis mon-
tbretiana genome assembly and annotation were kindly provided by Wen-Biao
Jiao and Korbinian Schneeberger prior to publication.

CArG-box motifs in the BSs of PEP1 target genes were identified with the
MEME software (Bailey and Elkan, 1994; Bailey, 2011) using the zoops (motif
occurrence zero or one per sequence) model. Parameters were set to identify the
10 most significantly enriched motifs of a length between five and 20 nucleo-
tides. In addition, a manual search for the sequence MYHWAWWWRGWWW
was performed. Alignments of PEP1 BSs with orthologous sequences were
performed with the LAGAN program in mvista (Frazer et al., 2004). These
alignments were then checked for conservation of the CArG-box motifs iden-
tified in the A. alpina sequence.

Phenotypic Analysis

Plant height and diameter weremeasured using a ruler. Chlorophyll content
was measured using the SPAD-502 leaf chlorophyll meter (Markwell et al.,
1995). For each data point (one plant of one biological replicate), the average
of three technical repetitions of measurements on the same leaf was created.
Measurements were performed on the seventh true leaf. Flowering time was
determined by the number of days until the first flower opened. Furthermore,
flowering was scored by counting the number of individual siliques at the main
shoot without including siliques at side branches and by counting the number
of flowering inflorescence branches and flowering side branches. All experi-
ments were performed in independent biological replicates. The numbers of
technical and biological replicates for each experiment are indicated in the
figure legends. All data points are represented as means 6 SE. ANOVA was
performed using the SigmaStat 3.5 software.

Application of Exogenous GA and PAC

Plants were sprayedweekly with 20 mMGA4 (Sigma-Aldrich; stock solution:
100 mM in ethanol and 0.1% [v/v] Silwet L-77 [Loveland Industries]) or mock
(0.1% [v/v] ethanol and 0.1% [v/v] Silwet). The GA biosynthesis inhibitor PAC
(Sigma-Aldrich) was dissolved in dimethyl sulfoxide (stock concentration,
100mgmL21), and plantswere sprayedweeklywith 1mgmL21 PAC, 0.1% (v/v)
Silwet, or 1% (v/v) dimethyl sulfoxide, with 0.1% (v/v) Silwet as the mock
treatment. Unless indicated otherwise, treatment was started after germination
and continued throughout the experiment. For theGAsensitivity test, plantswere
sprayed weekly with PAC as described above to inhibit the biosynthesis of en-
dogenous GA. In addition, different concentrations of GA3 (Sigma-Aldrich) were
directly added to the soil with water once per week. Therefore, 200 mL of GA3

solution (different concentrations dissolved in ethanol) was added to 1 L of water
to yield final concentrations of 0, 0.01, 0.1, 1, and 10 mM GA3. The experiment was
performed in two biological replicates. Data of five biological replicates were
combined to yield a total n of at least 60.

In Situ Hybridization

LFY mRNA in situ hybridization was performed on apical samples as de-
scribed previously in Wang et al. (2009).

Quantification of GA

Plants were grown in LDs for 5 weeks, then vernalized for 12 weeks, and
finally transferred back to LDs. Between 100 and 200 mg fresh weight was
harvested in liquid nitrogen per sample. Samples were harvested at ZT8 in three
biological replicates, andGAswere quantifiedat IBMCPasdescribedpreviously
in Seo et al. (2011). The thoroughly ground tissue was suspended in 80% (v/v)
methanol and 1% (v/v) acetic acid containing internal standards and mixed by
shaking for 1 h at 4°C. The extract was kept at 220°C overnight and then
centrifuged, and the supernatant was dried in a vacuum evaporator. The dry
residuewas dissolved in 1% (v/v) acetic acid and passed consecutively through
a reverse-phase column Oasis HLB (30 mg; Waters) and a cationic exchange
Oasis MCX eluted with methanol, as described in Seo et al. (2011). The final
residues were dried and dissolved in 5% (v/v) acetonitrile and 1% (v/v) acetic
acid, and the hormones were separated byUHPLCwith a reverse Accucore C18
column (2.6mm, 100mm length; Thermo Fisher Scientific) with a 2% to 55% (v/v)

acetonitrile gradient containing 0.05% (v/v) acetic acid at 400 mL min21 over
21 min. The hormones were analyzed with a Q-Exactive mass spectrometer
(Orbitrap detector; Thermo Fisher Scientific) by targeted selected ion monitoring
(capillary temperature, 300°C; S-lens RF level, 70; resolution, 70,000) and elec-
trospray ionization (spray voltage, 3 kV; heater temperature, 150°C; sheath gas
flow rate, 40 mL min21; auxiliary gas flow rate, 10 mL min21) in negative mode.
The concentrations of GAs in the extracts were determined using embedded
calibration curves and the Xcalibur 2.2 SP1 build 48 and TraceFinder. The internal
standards for quantification of each of the different GAs were the deuterium-
labeled [17,17-2H]GAs (purchased from OlChemim). Data are represented as
means of three biological replicates6 SD, and Student’s t testwas employed to test
for significant differences between genotypes for all time points.

Accession Numbers

The sequences of theA. alpina genes used in this study are available at www.
arabis-alpina.org in version 4 of the A. alpina genome sequence using the gene
identifiers shown in Figure 1A and the coordinates shown in Figure 1B.

Supplemental Data

The following supplemental materials are available.

Supplemental Figure S1. ChIP-qPCR to detect PEP1 binding to GA2OX2.

Supplemental Figure S2. The role of GA in flower development after
vernalization.

Supplemental Figure S3. Exogenous GA application during vernalization
accelerates flowering.

Supplemental Figure S4. Transgenic plants expressing KNAT::GA2OX7 in
the Pajares background.

Supplemental Figure S5. Effect of PEP1 and vernalization on levels of
precursors and degradation products of active GA.

Supplemental Figure S6. Feedback of GA levels on the expression of GA-
related genes.

Supplemental Table S1. Primers used in this study.
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