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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 GA, fell in apices of
A. alpina during vernalization when flowering occurred
but increased again after vernalization. By contrast, the
levels of GA; were unchanged during or after vernali-
zation and appeared higher overall than those of GA,.
These patterns appeared to differ from those described
in apices of Arabidopsis during floral induction under
SDs, when GA, levels rose sharply prior to flowering
and were higher than those of GA; (Eriksson et al.,
2006). Thus, in Arabidopsis, GA4 is believed to be the
active GA in the promotion of flowering, and GA; 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 GA,
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 in A. alpinabut 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 pepl
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mutant prior to vernalization, such as GA30X1, SPL15,
and SPL8 (Fig. 6). Furthermore, the pepl 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 GA200X2 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, pepl 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 pepl
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; Galvéo et al., 2015). Deregulation of GA-related
processes in the pepl 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 pep] mutant than in
the wild type, such as GA20X2, 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
MYB?21 is bound by PEP1 and down-regulated in the
pepl 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 TEM? are
also down-regulated in the pepl mutant during ver-
nalization. TEM genes encode negative regulators of
floral induction that directly repress GA30X1 and
GA30X2 (Castillejo and Pelaz, 2008; Osnato et al.,
2012). Thus, they might be responsible for the up-
regulation of GA30X1, which is not a direct PEP1 tar-
get, in the pepl mutant.

The observation that GA, levels are increased in
the pep]l mutant compared with wild-type plants prior
to vernalization initially led us to propose that the
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