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Summary

� Different life stages frequently respond to the same environmental cue to regulate develop-

ment so that each life stage is matched to its appropriate season. We investigated how inde-

pendently each life stage can respond to shared environmental cues, focusing on

vernalization, in Arabidopsis thaliana plants.
� We first tested whether effects of rosette vernalization persisted to influence seed germina-

tion. To test whether genes in the vernalization flowering pathway also influence germination,

we assessed germination of functional and nonfunctional alleles of these genes and measured

their level of expression at different life stages in response to rosette vernalization.
� Rosette vernalization increased seed germination in diverse ecotypes. Genes in the vernal-

ization flowering pathway also influenced seed germination. In the Columbia accession, func-

tional alleles of most of these genes opposed the germination response observed in the

ecotypes. Some genes influenced germination in a manner consistent with their known effects

on FLOWERING LOCUS C gene regulation during the transition to flowering. Others did not,

suggesting functional divergence across life stages.
� Despite persistent effects of environmental conditions across life stages, and despite

pleiotropy of genes that affect both flowering and germination, the function of these genes

can differ across life stages, potentially mitigating pleiotropic constraints and enabling inde-

pendent environmental regulation of different life stages.

Introduction

Because different life stages have different environmental toler-
ances, plants must regulate the timing of developmental transi-
tions such that each life stage is exposed only to environmental
conditions that permit its survival and growth. In short, each life
stage must be matched to its appropriate season. The appropriate
timing of developmental transitions requires accurate sensing of
seasonal cues. To effectively coordinate developmental transitions
across the life cycle, however, each separate life stage must
respond optimally to each cue, although frequently different life
stages sense and respond to the same environmental cue. It is of
interest to know if environmental cues experienced by one life
stage carry over to influence following life stages, and if different
life stages use the same genetic pathways of environmental sens-
ing and response to regulate distinct developmental transitions
across the life cycle.

In annual plants, two key developmental transitions are the
transition from vegetative to reproductive status (flowering) and
the transition from seed to seedling (seed germination). The tim-
ing of both transitions can be under intense natural selection (re-
viewed in Donohue et al., 2010; Mungu�ıa-Rosas et al., 2011;
Ehrl�en, 2015) and exhibit strong environmental regulation, with

both responding to temperature, light quality, photoperiod and
other environmental factors (reviewed in Simpson & Dean,
2002; Amasino, 2004; Michaels et al., 2005; Holdsworth et al.,
2008; Baskin & Baskin, 2001).

To understand how independently these two life stages are reg-
ulated by shared seasonal environmental factors, it is first neces-
sary to evaluate the degree to which environmental conditions
experienced at one life stage influence subsequent life stages. It is
commonly observed that environmental conditions experienced
by maternal parents influence the behavior of progeny (Marshall
& Uller, 2007; English et al., 2015). Such ‘maternal environmen-
tal effects’ are well documented in plants (Gutterman, 1982;
Donohue & Schmitt, 1998; Donohue, 2009). For instance, in
Arabidopsis thaliana, low temperatures experienced before or dur-
ing seed maturation reduce germination propensity, alter seed
responses to chilling and water availability during imbibition,
and reduce seed longevity, demonstrating that environmental
conditions experienced at one life stage can influence subsequent
developmental transitions (Kendall & Penfield, 2012; Penfield &
Springthorpe, 2012; Chen et al., 2014; He et al., 2014; Auge
et al., 2015; Burghardt et al., 2015; MacGregor et al., 2015;
Coughlan et al., 2016; Edwards et al., 2016). These effects of
temperature also persist as seeds after-ripen (lose primary
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dormancy over time) and undergo dormancy cycling (Auge et al.,
2015; Burghardt et al., 2015; Edwards et al., 2016).

In addition to such persistent effects of environmental condi-
tions experienced by prior life stages or generations, individual
life stages also should respond appropriately to environmental
factors that they experience directly for adaptive phenology to be
expressed. It is therefore important to know how genetically inde-
pendent environmental sensing and response pathways are across
the life cycle. Pleiotropy occurs when one gene regulates more
than one trait, potentially facilitating the evolution of coordi-
nated responses of complex integrated phenotypes, or alterna-
tively, imposing evolutionary constraints on each trait attaining
its own adaptive optimum (Fisher, 1958; Atchley, 1984; Wagner,
1988; Barton, 1990; Crespi, 2000; Orr, 2000; Griswold &Whit-
lock, 2003; Brakefield, 2006; Wagner et al., 2008; Walsh &
Blows, 2009). For traits that are regulated by the environment
and determined by pleiotropic genetic pathways, environmental
responses of one trait or life stage may be associated with environ-
mental responses of other traits or life stages. In this manner,
pleiotropy may constrain the expression of adaptive life cycles by
preventing independent environmental responses of different life
stages. Pleiotropy is expected to be strongest when entire genetic
pathways are shared among traits. However, constraints of
pleiotropy may be mitigated if genes in the pathway are regulated
independently at different life stages. Pleiotropy can also be miti-
gated if genetic pathways diverge, such that different downstream
genes, each with their own environmental responses, regulate dif-
ferent traits. It is consequently of interest to know whether
pleiotropy exists in the regulation of different developmental
transitions, and if so, whether pleiotropic genes operate in the
same manner and in the same genetic pathways at multiple life
stages.

Here we investigate the independence of the environmental
regulation of flowering and seed germination, focusing on an
important environmental cue for flowering: chilling at the vegeta-
tive stage (rosette vernalization). Temperatures experienced by
maternal parents are known to influence seed germination, as
mentioned earlier (Kendall & Penfield, 2012; Burghardt et al.,
2016). Regarding pleiotropy, the major flowering regulator,
FLOWERING LOCUS C (FLC), has been previously shown to
be pleiotropic, regulating both flowering (Michaels & Amasino,
1999) and germination (Chiang et al., 2009; see later Fig. 5a).
FLC is a major repressor of flowering in the family Brassicaceae,
and it is induced by FRIGIDA (FRI), the FRI-complex and other
genes such us VERNALIZATION INDEPENDENCE3 (VIP3)
(Zhang et al., 2003; Michaels et al., 2004; Choi et al., 2009;
reviewed in Ream et al., 2012). FLC represses the floral integra-
tors FT, SOC1 and FD, thereby delaying flowering and setting
the requirement for vernalization. When plants are vernalized by
winter chilling, FLC is epigenetically silenced via histone modifi-
cation mediated by genes such us VERNALIZATION
INSENSITIVE3 (VIN3) and VERNALIZATION2 (VRN2)
(Gendall et al., 2001; Sung & Amasino, 2004; reviewed by Ream
et al., 2012). Consequently, FT, SOC1 and FD expression is de-
repressed, and flowering is induced. FLC silencing is reset during
fertilization, re-imposing the vernalization requirement in the

next generation (Sheldon et al., 2000; Michaels et al., 2003). FLC
and some genes downstream of it also influence germination.
Seeds of A. thaliana with high-expressing FLC alleles show higher
germination propensity than seeds with weak or null alleles, and
FLC appears to regulate germination through other downstream
genes of the flowering pathway, such as FT, SOC1 and AP1 (Chi-
ang et al., 2009). It has also been shown that FT is involved in
seed germination responses to maternal temperature by affecting
phenylpropanoid deposition in, and consequently permeability
of, the seed coats (Chen et al., 2014). Thus, FLC and genes
downstream of it pleiotropically influence both flowering and
germination. Here, we test whether upstream regulators of FLC
expression, and specifically genes involved in the vernalization
flowering response, also influence germination.

To examine the independence of the environmental regulation
of flowering and germination, we first tested whether pre-
reproductive rosette vernalization also influences seed germina-
tion. Next we tested whether genes known to regulate flowering
responses to vernalization also regulate germination and how ver-
nalization affects germination of the progeny. We also provide
evidence to distinguish whether pleiotropic genes influence both
flowering and germination through the same genetic pathways.
We address the following specific questions: Does vernalization
of maternal parents influence germination behavior in diverse
ecotypes, and is this effect persistent as seeds after-ripen? Do
genes known to regulate flowering responses to vernalization also
influence germination? Do these genes influence germination in a
manner that is consistent with their roles as regulators of FLC
during the transition to flowering, or is there evidence that these
genes influence germination through different mechanisms? To
address these questions, we examined germination behavior of
seeds from vernalized and nonvernalized plants using diverse eco-
types and mutants of genes in the vernalization flowering path-
way, and we quantified the expression of vernalization genes both
at the pre-reproductive stage and during seed maturation in
plants that had been vernalized or remained nonvernalized.

Materials and Methods

Plant material and growth conditions

To test whether rosette vernalization of maternal plants influ-
ences seed germination in diverse ecotypes and in the standard
laboratory accession, Columbia (hereafter Col), 21 accessions of
A. thaliana (L.) Heynh. (Supporting Information Table S1;
Fig. S1) were selected to encompass variation in both flowering
time (Shindo et al., 2005, 2006) and germination (Chiang et al.,
2009). Each ecotype was scored for FRI and FLC functionality
and latitude of collection based on previously published data
(Michaels et al., 2003; Lempe et al., 2005; Shindo et al., 2005;
Atwell et al., 2010; Lovell et al., 2013).

Seeds were sowed in 2.5-inch pots with soil (Metromix 360;
Scotts Sierra, Marysville, OH, USA) and placed in EGC GCW-
30 plant growth chambers (Environmental Growth Chambers,
Chagrin Falls, OH, USA) in a 12 h photoperiod at 22°C for 1 wk
to allow germination. Seed-sowing was staggered to synchronize
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seed harvest across treatments and ecotypes – to schedule the
staggered planting, bolting times were estimated in a prelimi-
nary experiment that used at least three replicate plants of each
of the accessions, grown in the same conditions used in the
experiment described here. Seedlings were either left in those
conditions (nonvernalized plants, NV) or vernalized for 4 wk at
4°C with a 12 h photoperiod (vernalized plants, V). After the
vernalization treatment, V plants were placed in the same condi-
tions as NV plants until all plants, V and NV, bolted (floral
bud emergence). After bolting, plants were transferred to a
chamber set at 15°C in an 8 h photoperiod until harvest. Six
plants of each ecotype for both V and NV treatments were har-
vested on the same date, and the seeds were kept in dry storage
(Secador 4.0 Auto-Desiccator Cabinets, Bel-Art Products,
Pequannock, NJ, USA) at room temperature until used for ger-
mination assays.

To test whether genes that regulate flowering responses to ver-
nalization are also involved in germination responses to vernaliza-
tion, we assessed germination in several genotypes that had
altered expression or function of genes in the flowering-time ver-
nalization pathway. These included near-isogenic lines (NILs) in
the Col background that contained different combinations of
functional and nonfunctional FRI and FLC alleles, as well as T-
DNA insertion mutants (Col background) of inducers of FLC –
namely FRI and VIP3 – and repressors of FLC – namely VIN3
and VRN2 (Table S2). Plants of all genotypes were grown in the
same conditions as described earlier, and seed-sowing was stag-
gered to synchronize the harvest of seeds across treatments and
genotypes. Seeds from 12 plants for each of the mutants/NILs
and their reference genotypes in each treatment were harvested
on the same date and kept in dry storage until used for
germination assays.

Germination assays

For the experiments with the ecotypes, fresh seeds (3 d after har-
vest) and seeds after-ripened for 4, 8, 14, 27, 39 and 50 wk were
used for germination assays. Six biological replicates (different
mother plants), with 20 seeds per replicate for each ecotype and
maternal vernalization treatment, were sowed in 0.6% (w/v) agar
plates and immediately incubated in a 12 h photoperiod at 10 or
22°C in EGC Model GC8-2 Plant Growth Chambers (Environ-
mental Growth Chambers). Germination was recorded every
week for 4 wk, when germination reached a clear plateau.

For the assays with the NILs and mutant genotypes, 12
biological replicates (different mother plants), with 20 seeds per
replicate, were sowed in duplicate agar plates and incubated in
the same conditions as described earlier for the ecotypes. Germi-
nation was recorded every week for 3 wk after the beginning of
the incubation, at which point germination had plateaued.
Because synchronization failed between some of the NILs and
mutants, three seed batches were harvested, with each batch
including NILs or mutants with their respective reference geno-
type for each maternal treatment. This blocking ensured that all
seeds from each genotype pair that was compared were harvested
simultaneously.

For both experiments, the final germination proportion (at 4
and 3 wk after the beginning of incubation for the ecotypes and
for the NILs and mutants, respectively) was calculated as the
number of germinated seeds (seeds showing radicle protrusion)
divided by the total number of viable seeds.

Tissue sample collection and qRT-PCR

To test whether rosette vernalization altered gene expression dur-
ing life stages that are critical for germination regulation (silique
development), we measured the expression of vernalization-
pathway genes in vernalized and nonvernalized plants of three
ecotypes that had strong germination responses to maternal ver-
nalization. Four biological replicate samples were collected from
vernalized and nonvernalized plants of Alc-0, Ra-0 and Tu-0 eco-
types. Five developmental time points were sampled: early, pre-
bolting leaf (hereafter ‘EL’: collection occurred during weeks 1–4
of growth, depending on the ecotype’s vegetative phase length;
for vernalized plants, this was immediately after vernalization);
late, prebolting leaf (hereafter ‘LL’: 1 wk before the estimated
bolting date for both vernalized and nonvernalized plants); and
three silique stages (15–20 siliques each) during the reproductive
growth stage (early, ‘ES’: first five siliques (1–5) after fruits first
became visible; medium, ‘MS’: silique numbers 11–15; and yel-
low, ‘YS’: mature yellow, but not dry, siliques).

RNA from three to four independent biological replicates of
each ecotype from each maternal treatment was extracted with
the Master Pure DNA and RNA extraction kit (Epicentre). Total
RNA (500 ng) was used in the reverse transcription (RT) reaction
(Superscript III, Life Technologies) and 1 ll of ½ diluted cDNA
was used as template in the quantitative polymerase chain reac-
tion (qPCR) using KAPA PROBE FAST qPCR Master Mix
(KapaBiosystems, Wilmington, MA, USA). Pre-designed Taq-
man assays (Life Technologies) were used to quantify expression
of the following genes: TIP41-like, AT4G34270 (probe number
At02249834_g1); PP2AA3, AT1G13320 (At02284835_g1);
FLC, AT5G10140 (At02272495_g1); FRI, AT4G00650
(At02207149_g1); VIP3, AT4G61150 (At02336841_g1);
VIN3, AT5G57380 (At02267707_g1); and VRN2, AT4G16845
(At02222277_g1). Three technical replicates per sample were
run in a StepOne cycler (Life Techonologies) in standard running
conditions. If technical replicates were more variable than 1.0 Ct
value, the most aberrant values were excluded. Gene expression
was assessed by calculating the mean DDCt value� SE for each
developmental time point using TIP4-like or PP2AA3 as refer-
ence genes. For this, we first validated the assays following Livak
& Schmittgen (2001), which let us assess if primers and probes
for different genes had similar amplifying efficiency. As the slopes
of the fitted log10-transformed Ct values across a dilution set for
the genes of interest and the reference genes were close to 0, the
assumption that the efficiencies were similar held, allowing us to
calculate the DDCt values and analyze our data. Late pre-bolting
leaf samples from nonvernalized plants (NV-LL) were used as the
reference for leaf samples, and medium silique samples from non-
vernalized plants (NV-MS) were used as reference samples for
siliques. Since the results that were standardized by each of the
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housekeeping genes were similar, the results presented in the
Results section correspond to the DDCt values calculated using
only TIP41-like as reference gene. Results based on PP2AA3 as
the reference gene are presented in the Supporting Information.

Statistical analyses

All statistical analyses were conducted using R v.3.2.3 (R Core
Team, 2015). To test for effects of maternal vernalization (Vern)
on germination, and to test how that effect differed among eco-
types (Eco), incubation temperatures (Temp) and after-ripening
times (AR), we fit generalized linear models with logit link func-
tions using ‘GLM’, and then performed type-III likelihood ratio tests
using the ‘ANOVA’ function in the ‘CAR’ package (Fox & Weisberg,
2010). A logit link function was used because germination is a
binomial trait, and the dependent variable was therefore in the
form of proportions. A correction for multiple comparisons was
conducted when appropriate, using the Holm method of ‘P.ADJUST’
in ‘STATS’ package. Vern, Temp and AR, as well as Eco, were
treated as fixed factors. A full model that included all interactions
was analyzed first; the four-way interaction was significant
(Table S3), so we conducted submodels to interpret ecotypic differ-
ences in the interactions by analyzing each ecotype separately. As
the three-way interaction Vern9Temp9AR did not improve the
model for almost all the ecotypes in a preliminary test (the excep-
tions were Bil-7 and Tu-0), those interactions were dropped, and
results for the test of the two-way interactions are presented.

To test for contributions of genes in the vernalization pathway
to germination and its response to vernalization, we used the
same statistical procedure as described earlier for the ecotypes,
with Vern, Temp and genotype (Geno) as fixed factors. For the
NILs with different combinations of FRI and FLC alleles, a full
model that included all interactions was analyzed to test for a sig-
nificant Geno9 Vern9 Temp interaction. To interpret this sig-
nificant interaction (see the Results section), we tested for effects
of vernalization for each genotype separately at each temperature,
and we tested for differences among specific genotypes within
each vernalization and temperature treatment separately. For the
NILs, we tested for an effect of FLC variation in functional (FRI/
FLC vs FRI/flc) or nonfunctional (fri/FLC vs fri/flc) FRI back-
grounds. In addition, we tested for an effect of FRI variation in
functional (FRI/FLC vs fri/FLC) or nonfunctional (FRI/flc vs fri/
flc) FLC backgrounds. For the mutants, the tests compared ger-
mination of the mutant genotypes in VIP3, VIN3 or VRN2 with
the wild type Col.

To test whether FRI and FLC functionality and combination
predicted germination in diverse ecotypes, in addition to testing
their effect in the Col laboratory strain just described, we used the
same procedure as described earlier, with ecotypic mean germina-
tion in each treatment as the unit of analysis, and with Vern,
Temp, AR and allele functionality as fixed factors. A full model
that included all interactions was analyzed first to test for a signifi-
cant four-way interaction. We next analyzed submodels at each
Temp to interpret interactions, and tested for effects of FLC on
functional and nonfunctional FRI backgrounds, or effects of FRI
on functional and nonfunctional FLC backgrounds, as just

described. See the Supporting Information for results of these
analyses.

To test for significant associations between germination and
flowering responses to vernalization, and between germination
and latitude, we estimated correlations using the function
‘COR.TEST’ in the ‘STATS’ package. Pearson correlation estimates,
‘R VALUES’ and significance levels were calculated for the associa-
tions between germination response (germination of seeds from
vernalized minus nonvernalized plants) and flowering response
(leaf number at bolting for vernalized minus nonvernalized
plants), between germination response and latitude, and between
flowering response and latitude.

To test for effects of vernalization on gene expression across
development, we used the ‘AOV’ function in the ‘STATS’ package to
perform an ANOVA. Relative gene expression of each gene was
the dependent variable, and Eco, Vern and developmental time
point (DevTime) were fixed factors. We tested for
Vern9DevTime9 Eco interactions in a full model for each
gene, and then tested for Vern effects at each developmental stage
separately.

Results

Vernalization of mother plants influenced germination of
the progeny in diverse ecotypes

Rosette vernalization of mother plants increased seed germina-
tion in many ecotypes (Figs 1, S2). Seeds from vernalized plants
germinated more (significant effect of Vern) and lost dormancy
faster (significant Vern9 AR interaction) than seeds from non-
vernalized plants in several ecotypes (Table 1), although this
response varied greatly among them (significant Eco9Vern and
Eco9Vern9 AR interactions in the full model; Table S3). The
effect of maternal vernalization on germination also depended on
the incubation temperature, but ecotypes differed in whether the
maternal effect was more pronounced when seeds were incubated
at 10 or 22°C (significant Eco9 AR9 Vern9 Temp in the full
model, Table S3; significant Vern9 Temp in analysis of individ-
ual ecotypes, Table 1).

The vernalization effect on germination could be observed
even in ecotypes with no vernalization requirement for flowering
(e.g. Ct-1, Oy-0 and Tu-0; Fig. 1), and the association between
flowering and germination responses to vernalization was not sig-
nificant (Table S4a). Moreover, even though the flowering
response of maternal plants was strongly correlated with latitude
(Pearson correlation estimate =�0.196, P = 0.002), the
progeny’s germination response to maternal vernalization was
not, with the only exception being germination of seeds after-
ripened for 14 wk and incubated at 22°C (Table S4b).

Genes in the flowering vernalization pathway influence
progeny germination responses to maternal vernalization

To test whether FLC has a role in the germination response to
maternal vernalization, we compared genotypes (NILs in Col
background) with high or low FLC activity on functional or
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nonfunctional FRI backgrounds. First, vernalization masked
genotypic differences in germination at both incubation tempera-
tures (Fig. 2; Table 2a). Second, the effect of maternal vernaliza-
tion on germination depended on the genotype (Table 2a). In
contrast to the response of most ecotypes described earlier
(Fig. 1), seeds with both the strong FRISf-2 allele and functional
FLCCol (FRI/FLC) germinated less when parental plants were
vernalized than when they were not vernalized, and this was con-
sistent in both incubation temperatures (closed black squares in
Fig. 2; Table 2a,b). In a functional FRI background, disruption
of FLC (FRI/flc) reduced, and even slightly reversed, the response

to maternal vernalization by reducing germination of seeds from
NV plants (Table 2b,c). Active FLC therefore appears to increase
germination of seeds from NV plants. By contrast, disruption of
FLC in the nonfunctional fri (fri/flc) background either had no
effect on germination (at 22°C) or was associated with slightly
increased germination in seeds from NV plants (marginally sig-
nificant at 10°C, Table 2c). Thus, opposing the effect of vernal-
ization observed in the diverse ecotypes discussed earlier, FLC
appears to promote germination of seeds from NV plants when it
is partnered with an active FRI (upregulator of FLC), but not if
FRI is nonfunctional.

G
er

m
in

at
io

n 
pr

op
or

tio
n

Fig. 1 Effect of vernalization of the mother plant on seed germination of the progeny in diverse Arabidopsis thaliana ecotypes. Graphs show the
proportion of seeds that germinated (mean� SE) from nonvernalized (NV, orange) and vernalized (V, blue) plants during the course of after-ripening (x-
axis). Each panel shows the results of a single ecotype at each incubation temperature (10°C on left, 22°C on right).
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Regarding the contribution of FRI to germination, FRI is an
inducer of FLC expression at the pre-reproductive stage. If it also
contributes to germination via regulation of FLC, disruption of
FRI is expected to decrease germination (especially in nonvernal-
ized plants, in which the effect of FLC is most pronounced). As
predicted, disruption of FRI on a functional FLC background
(closed black vs closed gray squares in Fig. 2; Table 2c) reduced
germination, especially in seeds of nonvernalized plants. On a
nonfunctional FLC background, however (open black vs open
gray squares in Fig. 2; Table 2c), disruption of FRI was associated
with increased germination, especially in seeds of NV plants (sig-
nificant only at 22°C). Therefore, active FRI promotes germina-
tion when FLC is functional, but it has a slight inhibitory effect
on germination when FLC is nonfunctional. This result suggests
the existence of a weak FLC-independent pathway whereby FRI
inhibits germination of seeds from nonvernalized plants – a
response that reflects the vernalization response observed in the
diverse ecotypes. In the ecotypes, allelic effects of FRI and FLC
did not always reflect those observed in the NILs in the Col back-
ground. See the Supporting Information (Fig. S3; Tables S5, S6;
Notes S1) for a discussion of these differences.

To test whether other genes in the vernalization flowering
pathway influence germination, we compared the responses of T-
DNA insertion mutants of the FLC inducer VIP3 and the FLC
repressors VIN3 and VRN2 to their wild-type Col background
(Fig. 3; Table 3). The response of Col wild type to maternal ver-
nalization varied across batches and ranged from having no
response (in all batches assayed at 10°C, plus the control for vin3

Table 1 Effects of maternal vernalization, incubation temperature and after-ripening time on germination of 21 natural ecotypes of Arabidopsis thaliana

Ecotype Vern Temp AR Vern9 Temp Vern9 AR Temp9AR

Ag-0 4.16 276.34*** 45.92*** 77.33*** 7.05 5.19
Alc-0 109.23*** 17.72** 19.15*** 59.82*** 13.61** 8.17
Bil-7 8.92 50.15*** 0.70 5.86 0.01 56.41***
Col 0.16 13.67* 4.89 0.02 6.75 14.09*
Ct-1 4.75 13.56* 92.86 8.75 19.96*** 13.88*
Cvi 0.98 11.21* 225.44*** 4.15 81.10*** 1.18
Edi-0 0.43 296.98*** 1.97 3.48 14.66* 6.18
Hs-0 1.91 527.47*** 92.51*** 27.12*** 7.69 32.03***
Kon 0.92 226.93*** 80.73*** 0.52 22.03*** 34.28***
Ler 13.14* 7.84 21.15*** 2.87 8.67 15.13*
Lip-0 78.47*** 29.01*** 78.07*** 3.51 0.03 6.69
Oy-0 172.65*** 6.65 178.98*** 2.10 2.58 24.88***
Ra-0 65.94*** 179.80*** 77.17*** 1.07 3.73 15.88**
Rsch-4 0.04 8.57 116.68*** 0.01 2.99 2.53
Se-0 0.08 313.22*** 41.08*** 96.19*** 123.12*** 8.46
Sf-2 33.92*** 311.64*** 158.32*** 3.94 5.27 16.96**
Tu-0 12.42* 81.40*** 45.59*** 0.92 66.49*** 33.91***
Wa-1 47.87*** 146.64*** 108.90*** 0.12 0.29 82.16***
Wei-0 7.77 171.54*** 103.63*** 47.99*** 12.813* 1.52
Ws-0 3.96 448.56*** 122.18*** 22.71*** 3.346 11.05*
Zdr-6 0.35 65.82*** 47.07*** 10.48 0.332 62.25***

Tests for effects of vernalization (Vern), incubation temperature (Temp), after-ripening time (AR) and their two-way interactions on progeny germination,
for each ecotype separately, based on type III analyses of likelihood ratios from a generalized linear model with a logit link function (three-way interactions
were dropped from the test as preliminary analyses showed they did not improve the models). v2 values are shown in the table. See Supporting
Information Table S3 for results of the full model. Asterisks and bold numbers show significant effects: *, P < 0.05; **, P < 0.01; ***, P < 0.001.

0.00

0.25

0.50

0.75

1.00

Fig. 2 Effect of vernalization of Arabidopsis thaliana mother plants on
the germination of progeny of near-isogenic lines (NILs) with different
combinations of FRI and FLC wild-type (WT) and mutant alleles.
Graphs show the proportion of seeds that germinated (mean� SE)
for seeds from nonvernalized (NV) and vernalized (V) plants
incubated at 10°C (left) and 22°C (right). Black closed square, FRI/
FLC contains FRISf-2 (strong) and FLCCol; black open square, FRI/flc
contains FRISf-2 (strong) and the flc-3 knockout mutant; gray closed
square, fri/FLC contains both Columbia WT alleles for FRICol
(nonfunctional) and FLCCol (weak); and gray open square, fri/flc
contains FRICol and the flc-3 knockout mutant (see also Supporting
Information Table S2).
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seeds incubated at 22°C), decreased germination of seeds of ver-
nalized plants (control to vip3 seeds at 22°C) or increased germi-
nation of seeds of vernalized plants (control to vrn2 at 22°C;
Vern effect in Table 3). Thus, the effect of maternal vernalization
on seed germination appears to be sensitive to conditions during
maternal growth and/or seed germination. The effect of maternal
vernalization on germination was stronger when seeds were incu-
bated at 22°C than at 10°C (significant Vern9 Temp interac-
tions in Table S7), as were genotypic differences in response to
vernalization (Fig. 3; significant Vern9 Temp9Geno interac-
tions in Table S7), so the results discussed later correspond to
22°C unless otherwise stated.

Like FRI, VIP3 is an inducer of FLC expression at the pre-
reproductive stage; if it behaves similarly in the germination path-
way, disruption of VIP3 is expected to decrease germination
(especially for seeds from nonvernalized plants, where FLC has
the larger influence, Fig. 2). Contrary to expectation, the vip3
mutant germinated more than Col wild-type in seeds from

vernalized plants at both incubation temperatures, although the
effect was significant at 22°C only (Fig. 3). Moreover, when
VIP3 was disrupted, seeds from vernalized plants germinated
more than seeds from nonvernalized plants (Table 3). Thus,
functional VIP3 appears to reduce germination of seeds from ver-
nalized plants, which is in opposition to the effect of vernaliza-
tion observed in the diverse ecotypes (namely, increased
germination of seeds from vernalized plants). Moreover, the lack
of effect of vip3 on germination of seeds from nonvernalized
plants, in which an effect of FLC was observed, suggests that
VIP3 influences germination through a mechanism that differs
from its regulation of flowering.

VIN3 is upregulated by vernalization and is a repressor of FLC
expression in the flowering pathway; if it operates in a similar
manner to regulate germination, disruption of VIN3 would be
expected to increase germination, especially in seeds from vernal-
ized plants. Consistent with this expectation, seeds of vin3 germi-
nated more than Col wild-type seeds at 22°C, but it did so only
in seeds from vernalized plants (Fig. 3). Therefore, functional
VIN3 appears to reduce germination of seeds from vernalized
plants, which is in opposition to the effect of vernalization
observed in the diverse ecotypes.

VRN2 also represses FLC expression in the flowering pathway,
and the expectation is therefore that disruption of this gene
would increase germination (especially in seeds from vernalized
plants). At 22°C, contrary to prediction, vrn2 mutant seeds from
vernalized plants germinated less than Col (Fig. 3). This differ-
ence reflected a pronounced enhancement of germination of
seeds from vernalized plants compared with nonvernalized plants
in Col but not in the mutant. Therefore, at 22°C, active VRN2
appears to strongly promote germination of seeds from vernalized
plants – the response that was observed in the diverse ecotypes.
At 10°C, the vrn2 mutant seeds from nonvernalized plants ger-
minated significantly less than Col (Fig. 3), indicating that func-
tional VRN2 promotes the germination of seeds from
nonvernalized plants at that temperature. Thus, VRN2 appears to
contribute to the germination response that was observed in the
ecotypes at 22°C, but oppose it at 10°C.

Gene-expression responses to vernalization vary across
development

If known gene expression responses to vernalization at the pre-
reproductive stage persist throughout seed development, the
expectation is that vernalized plants would exhibit lower expres-
sion of FLC, FRI and VIP3 and higher expression (or unchanged,
when gene expression that is enhanced by vernalization returns to
low levels after vernalization) of VIN3 and VRN2 than nonver-
nalized plants. To test these predictions, we quantified gene
expression of these genes in three ecotypes that showed a pro-
nounced effect of maternal vernalization on progeny germination
(Alc-0, Ra-0 and Tu-0; Fig. 1). Results based on the TIP41-like
reference gene, presented here, are similar to those based on the
PP2AA3 reference gene (Fig. S4).

Consistent with expectation, FLC expression was in general
higher in nonvernalized than in vernalized plants at most life

Table 2 Effects of maternal vernalization, incubation temperature and
genotype on the germination behavior of the near isogenic lines (NILs)

(a) LR v2 d.f.

Genotype 93.00*** 3
Vern 0.47 1
Temp 215.28*** 1
Geno9 Vern 56.53*** 3
Geno9 Temp 19.84*** 3
Vern9 Temp 0.32 1
Geno9 Vern9 Temp 4.81 3

(b)
LR v2 (Vern)

Genotype 10°C 22°C

FRI/FLC 44.21*** 26.88***
FRI/flc 7.69* 15.10***
fri/FLC 0.47 0.04
FRI/flc 7.69* 15.10***
fri/flc 13.30** 0.001

(c)
LR v2 (Geno)

NV V

Geno1 Geno2 10°C 22°C 10°C 22°C

FRI/FLC FRI/flc 9.05** 29.79*** 0.56 5.25*
fri/FLC fri/flc 3.95* 1.98 0.066 2.34
FRI/FLC fri/FLC 15.95*** 30.95*** 0.21 12.99***
FRI/flc fri/flc 1.79 4.59* 1.01 0.36

Test for effects of vernalization (Vern), genotype (Geno) and their
interactions with incubation temperature (Temp) on the germination
behavior of the near isogenic lines (NILs) containing contrasting FRI and
FLC alleles. (a) Results for the full model based on Type III analysis of likeli-
hood ratios from a generalized linear model with a logit link function to test
for effects of Vern, Temp, Geno and their interactions on progeny germi-
nation. (b) Effect of vernalization on each genotype at each incubation
temperature. (c) Test for differences in germination for each pair of geno-
types, for nonvernalized and vernalized maternal treatments at each incu-
bation temperature. Asterisks and bold numbers show significant effects:
*, P < 0.05; **, P < 0.01; ***, P < 0.001.
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stages, with some exceptions (Fig. 4; Table 4). This result is also
consistent with our observation that disruption of FLC influ-
enced seeds only from nonvernalized plants, supporting the
hypothesis that FLC increases germination of seeds from nonver-
nalized plants.

We found no evidence that FRI expression during silique
development was greater in nonvernalized plants (Fig. 4;
Table 4). Instead, expression of FRI in siliques did not respond to
vernalization, even though its levels were affected by vernalization
at the pre-reproductive stage. Likewise, VIP3 expression was not
higher in siliques of nonvernalized plants, except for a small dif-
ference in the Alc-0 ecotype. Pre-reproductive expression of VIP3
did not closely correspond to expression levels in siliques.

Counter to expectation, expression of VIN3 in siliques was
sometimes higher in nonvernalized than in vernalized plants
(Fig. 4), suggesting that predicted enhancement of VIN3 expres-
sion induced during vernalization at the pre-reproductive stage
does not persist for long, and instead, vernalization appears to

reduce VIN3 expression in siliques in some ecotypes. VRN2
expression was highly variable across ecotypes and varied over
development (Fig. 4; Table 4).

In summary, with very few exceptions, the effect of vernaliza-
tion on gene expression varied across development, such that
enhanced or reduced gene expression at the pre-reproductive
stage caused by vernalization did not persist into seed develop-
ment. Only FLC expression in Alc-0 had a consistent response to
vernalization at both the pre-reproductive and silique stage; in
other cases, the response to vernalization was reversed across life
stages (FLC in Ra-0, VIP3 in Alc-0, and VRN2 in Alc-0 and Ra-
0); in most cases, only one life stage responded to vernalization.
Therefore, gene expression in response to vernalization does not
appear to be correlated across life stages.

Discussion

Vernalization of the mother plant early in the life cycle influ-
enced progeny germination, even if developing seeds them-
selves did not experience cold. Thus, vernalization has a dual
effect on development: a short-term effect on flowering time
that is reset during fertilization, and a trans-generational effect
that modifies progeny seed germination. These two effects are
somewhat independent, since the maternal effect on germina-
tion is expressed even in ecotypes that do not require vernal-
ization for flowering. Genes in the vernalization flowering
pathway pleiotropically regulate seed germination. Frequently,
however, the effect of these genes on germination is not con-
sistent with their function in the flowering pathway, and the
expression of these genes in response to vernalization is not
correlated between early and late life stages. Therefore, despite
persistent effects of vernalization on subsequent life stages,
and despite pleiotropy of the regulation of flowering and ger-
mination, these vernalization genes appear to be able to regu-
late different life stages with some degree of independence.

Fig. 3 Effect of vernalization of Arabidopsis thalianamother plants on progeny germination of T-DNA insertion mutants of the genes VIP3, VIN3 and
VRN2. Graphs show the proportion of seeds that germinated (mean� SE) for seeds from nonvernalized (NV) and vernalized (V) plants incubated at 10°C
(left) and 22°C (right). Mutants (gray squares) are compared with the reference genotype Columbia (black squares) in the same maternal treatment.
Asterisks show significant genotype effects on germination of mutants compared with Col: *, P < 0.05; ***, P < 0.001.

Table 3 Effect of maternal vernalization on the germination response of
Arabidopsis thaliana Col, vip3, vin3 and vrn2mutants

LR v2 (Vern)

Genotype 10°C 22°C

Col 0.07 17.33***
vip3 25.00*** 16.09***
Col 0.47 0.04
vin3 8.09* 30.79***
Col 0.28 78.63***
vrn2 24.40*** 9.51**

Effect of vernalization (Vern) on the germination response of Col and the
mutants vip3, vin3 and vrn2 at each temperature based on Type III analy-
sis of likelihood ratios from a generalized linear model with a logit link
function. Asterisks and bold numbers show significant effects: *, P < 0.05;
**, P < 0.01; ***, P < 0.001.
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Effects of vernalization of maternal parents persist to
influence germination of progeny

Accurate cuing of individual life stages to seasonal conditions is
necessary to match each life stage to appropriate seasonal condi-
tions. Both flowering and germination are regulated by the sea-
sonal cue of temperature (Amasino, 2004; Michaels et al., 2005;
Kendall & Penfield, 2012; Burghardt et al., 2016). To test how
independently each life stage responds to this same environmen-
tal factor, we tested whether effects of vernalization experienced
at the pre-reproductive life stage persisted to influence seed ger-
mination. Although seeds did respond directly to temperatures

that they themselves experienced, we found that the temperature
experienced much earlier, by maternal parents, also influenced
seed germination. Specifically, in a sample of diverse ecotypes,
seeds from vernalized mother plants germinated more than seeds
from nonvernalized plants. The germination pattern depended
on the ecotype, with some responding strongly across all the
tested seed conditions, while others responded more in certain
incubation temperatures and after-ripening treatments. In addi-
tion, dormancy breakage via after-ripening modified the expres-
sion of the maternal vernalization effect in some ecotypes. In
general, however, when a maternal effect was apparent, maternal
vernalization consistently increased seed germination, and this

Fig. 4 FLC, FRI, VIP3, VIN3 and VRN2 expression during the course of development in nonvernalized (NV) and vernalized (V) Arabidopsis thaliana plants.
Graphs show the mean DDCt values� SE calculated for each gene and developmental time point using TIP41-like expression as reference gene. NV late
leaf (before bolting, NV-LL) and NV medium silique (NV-MS) were used as reference samples for leaves and siliques, respectively. Pre-reproductive life
stages: EL, early leaf; LL, late leaf. Post-reproductive life stages (siliques): ES, early siliques; MS, medium siliques; YS, yellow siliques. Asterisks show
significant effects of vernalization on expression: *, P < 0.05; **, P < 0.01; ***, P < 0.001.

Table 4 Effect of maternal vernalization,
developmental time and ecotype on gene
expression

Source d.f. FLC FRI VIP3 VIN3 VRN2

Vern 1 36.02*** 0.6 0.41 2.37 0.06
DevTime 4 27.1*** 12.58*** 18.11*** 1.24 19.02***
Eco 2 56.5*** 12.13*** 32.79*** 0.14 20.61***
Vern9DevTime 4 7.82*** 1.63 8.59*** 1.26 2.77*
Vern9 Eco 2 2.45 3.53*** 1.73 0.73 0.52
DevTime9 Eco 8 12.45*** 5.8*** 10.07*** 0.52 8.64***
Vern9DevTime9 Eco 7 20.8*** 1.78 6.22*** 0.59 5.87***

Effect of vernalization (Vern), developmental time (DevTime), ecotype (Eco) and their interactions
on FLC, FRI, VIP3, VIN3 and VRN2 expression, based on an ANOVA of relative gene expression.
F-values are shown in the table. Asterisks and bold numbers show significant effects: *, P < 0.05;
***, P < 0.001.
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effect frequently persisted in progeny for several weeks of after-
ripening.

The environment experienced by the mother plant frequently
affects germination of the progeny by modifying dormancy levels
(Penfield & Springthorpe, 2012; He et al., 2014; Auge et al.,
2015; Burghardt et al., 2016; Edwards et al., 2016; Leverett et al.,
2016). Changes in the maternal environment can do so even if
developing seeds themselves do not experience those changes, as
observed here. In contrast to the pattern we observed in the
diverse ecotypes, a previous study of the Ler genotype showed
that plants grown at lower temperatures before bolting produced
seeds that were more dormant than seeds from plants grown at
higher temperatures (Chen et al., 2014). This maternal effect was
shown to be mediated by the gene FT and by regulation of syn-
thesis of proanthocyanidins (PAs) in the seed coats, such that
increased PA synthesis was associated with decreased seed-coat
permeability and higher dormancy levels (Chen et al., 2014;
MacGregor et al., 2015). It should be noted that the temperature
used in that experiment to assess maternal effects on germination
(16°C) could be well above the temperature threshold for vernal-
ization (Wollenberg & Amasino, 2012), and was much higher
than that used in our study. Thus, vernalization per se may influ-
ence seed germination differently from lower ambient tempera-
ture.

Maternal vernalization affects the life cycle in two distinct
ways: a short-term effect on flowering time, and a longer-term
effect on progeny germination behavior. The combined effects
probably influence the seasonal expression of life cycles under
natural conditions. Based on our results, winter annuals that
experience vernalization are expected to produce seeds with lower
dormancy and potentially earlier germination. This would be
particularly important in locations where the growing season is
short and in which fast germination could permit the establish-
ment of cold-hardy rosettes before the onset of winter. By con-
trast, spring germinants that do not experience vernalization are
expected to produce seeds with more dormancy and potentially
later germination. Plants that germinate and flower in autumn,
and thereby do not experience vernalization, are expected to pro-
duce seeds with higher dormancy as well, potentially postponing
germination until the following spring or later. Field studies
across a geographic range are necessary to test how natural sea-
sonal conditions influence life-cycle expression in diverse eco-
types, and the conditions and locations under which these life
histories would be adaptive (if any). The lack of association
between flowering and germination responses to vernalization,
and the fact that not every ecotype here tested exhibited a germi-
nation response to vernalization, however, suggests some poten-
tial for the independent adaptation of vernalization responses at
these two life stages.

Some flowering-time vernalization genes antagonize the
observed germination response to vernalization, and others
promote it

In the Col background, many genes in the flowering-time vernal-
ization pathway seem to oppose the vernalization response that

was observed in the diverse ecotypes, since active forms of those
genes promoted germination of seeds from nonvernalized plants
or repressed germination of seeds from vernalized plants. Specifi-
cally, active FLC and FRI enhanced germination of seeds from
nonvernalized plants, in opposition to the observed effect of ver-
nalization on germination observed in the ecotypes, but consis-
tent with previous reports on the effect of FLC on germination
(Chiang et al., 2009). However, when FLC was not functional,
active FRI weakly inhibited germination of seeds from nonvernal-
ized plants, consistent with the effect of vernalization observed in
the ecotypes.

VIP3 and VIN3 both seem to impede germination of seeds
from vernalized plants, since their disruption led to higher germi-
nation of those seeds. As with FRI and FLC, this effect is in oppo-
sition to the effect of vernalization on germination observed in
the ecotypes. By contrast, VRN2 appears to promote germination
of seeds from vernalized plants when incubated at 22°C, which
reflects the vernalization response of the ecotypes (but not when
incubated at 10°C).

In summary, most genes in the flowering-time vernalization
pathway that we studied in the Col background appear to oppose
the vernalization response that we observed in the ecotypes. Only
VRN2 (at 22°C) strongly contributed to that pattern, while FRI
contributed weakly but only when FLC was not functional. These
results suggest that the ecotypes that exhibited increased germina-
tion after maternal vernalization may have the function of FLC,
VIP3 or VIN3 disrupted. Alternatively, even if those genes are
functional in those responsive ecotypes, the direction of effects of
those genes may depend on alleles at other genes contained in
those ecotypes, just as FRI suppressed the observed germination
response to vernalization when FLC was functional, but pro-
moted it when FLC was nonfunctional.

Pleiotropic vernalization genes do not always act in the
same manner at different life stages

Pleiotropy can constrain adaptive evolution, since the evolution
of one trait causes correlated evolution of the other trait, some-
times in a maladaptive direction (Fisher, 1958; Wagner, 1988;
Barton, 1990; Crespi, 2000; Orr, 2000; Griswold & Whitlock,
2003; Walsh & Blows, 2009). For traits that are regulated by
common genetic pathways of environmental perception and
response, it is expected that environmental responses of one
developmental transition would be associated with responses of
other developmental transitions. In this manner, the coordina-
tion of environment-dependent development across the life cycle
could be constrained. If those pathways diverge soon after the
environmental inputs, however, or if genes are regulated differ-
ently in distinct life stages, each life stage could respond indepen-
dently to the same environmental cue, allowing greater flexibility
of life-cycle regulation in response to environmental conditions.

Although genes in the vernalization flowering pathway had
pleiotropic effects on germination, the contribution of those
genes to germination was not always consistent with their func-
tion in the flowering pathway as regulators of FLC expression.
Previous work has demonstrated that increased FLC activity is
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associated with higher germination (Chiang et al., 2009). If ver-
nalization genes influence germination by regulating FLC expres-
sion in the same manner as they do in the transitions to
flowering, the expectation is that mutational disruption of
enhancers of FLC expression – FRI and VIP3 – would result in
reduced germination while disruption of repressors of FLC
expression – VIN3 and VRN2 – would increase germination
(Fig. 5).

As predicted, disruption of FRI decreased germination, sug-
gesting that FRI has a conserved molecular function at both the
pre-reproductive and the seed-maturation stage (Fig. 5). This
interpretation is supported by the observation that the effect of
FRI was greater in nonvernalized plants, in which the effect of
FLC was also evident. In agreement with this observation, eco-
types with functional FRI and FLC alleles showed higher germi-
nation in seeds from nonvernalized plants (Fig. S3; see Notes S1
for a more detailed account of the responses by allele functional-
ity). However, FRI also appears to act through another weaker
pathway that is independent of its role in regulating FLC expres-
sion, since mutational disruption of FRI altered germination even
when FLC was nonfunctional. Interestingly, this alternative path-
way influences germination in the opposite direction as FLC,
repressing germination in nonvernalized plants. Also, as pre-
dicted, disruption of VIN3 increased germination. However, the
effect of VIN3 was apparent only in seeds from vernalized plants,
in which FLC did not influence germination (Fig. 5).

Contrary to prediction based on the function of VIP3 as an
enhancer (Zhang et al., 2003) and VRN2 as a repressor (Bastow
et al. 2004) of FLC expression in the flowering pathway, disrup-
tion of VIP3 increased germination, and disruption of VRN2
decreased germination (Fig. 2). These results suggest that these
genes may influence germination through pathways

independently of FLC (Fig. 5). Alternatively, the environmental
regulation of these genes may differ between pre-reproductive
and dormancy-inducing life stages, a possibility that is consistent
with the fact that pre-reproductive responses of gene expression
to vernalization did not reflect the response of gene expression at
the stage that imposes seed dormancy. Another possibility is that
these genes may regulate FLC expression in opposing directions
at the pre-reproductive vs seed-maturation stage. Further studies
determining the relationship between VIP3 or VRN2 function
and FLC expression would be needed to distinguish among these
possibilities.

Conclusions

Environments experienced at one life stage can have persistent
effects on subsequent life stages. In diverse ecotypes, vernalization
experienced by maternal plants increased seed germination of
progeny, even though those seeds never experienced the low tem-
perature. Moreover, many genes in the vernalization flowering
pathway also influenced seed germination and its responses to
maternal vernalization. Except for VRN2, functional alleles of
most of these genes seem to negatively affect the germination
response to vernalization that was observed in the ecotypes, either
by enhancing germination of seeds from nonvernalized plants or
by impeding germination of seeds from vernalized plants. Some
genes influenced germination in a manner that is consistent with
their known effects of FLC regulation during the transition to
flowering. Others did not, suggesting that they influence germi-
nation by regulating FLC differently at different life stages or by
acting in pathways that are independent of FLC. Therefore,
despite persistent effects of environmental conditions across life
stages, and despite pleiotropy of genes that affect both flowering
and germination, the function of these genes and the pathways
through which they act can differ across development. Differ-
ences in gene functions across developmental stages, whether
through differences in stage-specific regulation of gene expression
or through interactions with stage-specific genetic pathways,
could act to mitigate pleiotropic constraints and enable more
independent expression and environmental regulation of differ-
ent life stages. In seasonal environments, such independent regu-
lation of different life stages could be critical for expressing
adaptive life cycles.
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