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Abstract

Key message The combination of three non-functional
alleles of the flowering repressor VRN2 results in a
spring growth habit in wheat.

Abstract In temperate cereals with a winter growth habit,
a prolonged exposure to low temperatures (vernalization)
accelerates flowering. Before vernalization, the VRN2 locus
plays a central role in maintaining flowering repression.
Non-functional VRN2 alleles result in spring growth habit
and are frequent in diploid wheat and barley. However, in
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hexaploid wheat, the effect of these non-functional VRN2
alleles is masked by gene redundancy. In this study, we
developed a triple VRN2 mutant (synthetic vrn2-null) in
hexaploid wheat by combining the non-functional VRN-
A2 allele present in most polyploid wheats with a VRN-
B2 deletion from tetraploid wheat, and a non-functional
VRN-D2 allele from Aegilops tauschii (Ae. tauschii) (the
donor of hexaploid wheat D genome). Non-vernalized
vrn2-null plants flowered 118 days (P < 2.8E—07) earlier
than the winter control, and showed a limited vernaliza-
tion response. The functional VRN-B?2 allele is expressed at
higher levels than the functional VRN-D2 allele and showed
a stronger repressive effect under partial vernalization
(4 °C for 4 weeks), and also in non-vernalized plants carry-
ing only a functional VRN-B2 or VRN-D2 in heterozygous
state. These results suggest that different combinations of
VRN-B2 and VRN-D?2 alleles can be a used to modulate the
vernalization response in regions with mild winters. Spring
vrn2-null mutants have been selected repeatedly in diploid
wheat and barley, suggesting that they may have an adap-
tative value and that may be useful in hexaploid wheat.
Spring wheat breeders can use these new alleles to improve
wheat adaptation to different or changing environments.

Introduction

Wheat is an important source of calories and protein world-
wide, and within the cereals is the most widely cultivated.
Wheat’s adaptability to different environments is favored
by a large allelic diversity at the loci that regulate reproduc-
tive development in response to seasonal signals, including
photoperiod and temperature. Wheat flowering is acceler-
ated under long day photoperiods by the PHOTOPERIOD1
(PPD1I) gene (Beales et al. 2007; Wilhelm et al. 2009; Diaz
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et al. 2012). However, even under inductive photoperiods,
wheat varieties with a winter growth habit (winter wheats)
require a prolonged exposure to cold temperatures (vernali-
zation) to become competent to flower. Winter wheats are
planted in the fall, and the vernalization requirement pro-
tects the fragile flowering meristems from being exposed
to freezing temperatures during the winter. By contrast,
spring wheats are usually planted in the spring, and they
have either no vernalization requirement or a very limited
response to vernalization.

The vernalization requirement in the temperate cereals is
controlled by four loci (VRNI, VRN2, VRN3 and VRN-D4)
and natural variation at these loci has been associated with
different levels of vernalization requirement both in wheat
and barley (Yan et al. 2003, 2004a, b, 2006 ; Fu et al. 2005;
Kippes et al. 2014, 2015). Both VRN/ and its paralog VRN-
D4 encode a protein with high similarity to Arabidopsis
meristem identity protein APETALA1 (AP1) (Yan et al.
2003; Kippes et al. 2015). Polymorphisms in regulatory
regions of the promoter or first intron of this MADS-box
gene are associated with loss or reduction of the vernaliza-
tion requirement (Yan et al. 2003, 2004b; Fu et al. 2005;
Hemming et al. 2009; Kippes et al. 2015).

In both wheat and Arabidopsis, the VRNI/API gene is
directly up-regulated by the FLOWERING LOCUS T gene,
which is designated as 7aFT1 or VRN3 in hexaploid wheat
(Yan et al. 2006). The protein encoded by this gene has
been shown to travel through the phloem carrying the pho-
toperiodic signal from the leaves to the shoot apical meris-
tem (Corbesier et al. 2007; Tamaki et al. 2007). Once in the
meristem, FT forms a protein complex with FD and 14-3-3
proteins that binds to the promoter of AP/ homologs
OsMADS15 in rice and VRNI in wheat, resulting in their
transcriptional activation and the initiation of flowering
(Taoka et al. 2011; Li et al. 2015). Natural TaFT]I alleles
with high levels of TaFTI expression overcome the ver-
nalization requirement and are associated with spring grow
habit (Yan et al. 2006). During the fall, 7aFT]I transcript
levels are repressed by the flowering repressor VRN2 (Yan
et al. 2004a). However, the upregulation of VRNI during
the winter prevents the upregulation of VRN2 in the spring
(Chen and Dubcovsky 2012). In the absence of VRN2, the
increase in the length of the days during the spring results
in the induction of TaFTI. TaFTI1, VRNI and VRN2 are part
of a positive regulatory feedback loop that once induced
promotes an irreversibly transition from the vegetative to
the reproductive stage.

The VRN2 locus includes two tandemly repeated genes
named ZCCTI and ZCCT2 that encode proteins carry-
ing a putative zinc finger and a CCT domain (Yan et al.
2004a). The CCT domain is a 43-amino acid region, first
described in the Arabidopsis proteins CONSTANS (CO),
CONSTANS-like (COL) and TIMING OF CABI1 (TOC1)
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(Putterill et al. 1995; Strayer et al. 2000; Robson et al.
2001), and is present in multiple regulatory proteins asso-
ciated with light signaling, circadian rhythms and photo-
periodic flowering (Wenkel et al. 2006). Deletions or muta-
tions involving positively charged amino acids at the CCT
domain are associated with recessive ZCCT! and ZCCT2
alleles for spring growth habit in both diploid and tetra-
ploid wheat (Yan et al. 2004a; Dubcovsky et al. 2005; Dis-
telfeld et al. 2009).

The ZCCT genes act as long day repressors of flow-
ering and their expression is down-regulated by vernali-
zation and short days (Yan et al. 2004a; Trevaskis et al.
2006; Dubcovsky et al. 2006; Chen and Dubcovsky
2012). The GRAIN NUMBER, PLANT HEIGHT AND
HEADING DATE 7 (GHD?7) gene in rice and sorghum
(SbGHD7, Ma6) is the closest homolog to VRN2 and also
works as long day flowering repressor (Xue et al. 2008;
Murphy et al. 2014).

A VRN2 homolog is present in Brachypodium, but it is
not down-regulated by cold; indeed, a survey of several
grasses demonstrated that the down-regulation of VRN2 by
cold is unique to core Pooideae such as wheat and barley
(Woods et al. 2016).

The VRN2 protein interacts in vitro with CO2 (CON-
STANTS2) and with members of the NUCLEAR FAC-
TOR-Y (NF-Y) transcription factor family, but the role of
these interactions in the regulation of wheat flowering time
are still not clear (Li et al. 2011).

Natural variation in VRN2 has been detected fre-
quently in diploid wheat (7. monococcum L. Yan et al.
2004a) and barley (von Zitzewitz et al. 2005) but not
in hexaploid wheat, where gene redundancy likely
masks the effect of recessive vrn2 mutations. A tetra-
ploid wheat line with no functional copies of VRN2 was
previously developed (Distelfeld et al. 2009) by intro-
gressing both a non-functional vrn-A™2 allele from T.
monococcum accession DV92 (Yan et al. 2004a) and a
vrn-B2 allele with a large deletion including ZCCT-BI
and the two ZCCT-B2 copies present in this locus (Dis-
telfeld et al. 2009). Using this genetic stock it was dem-
onstrated that most tetraploid wheat accessions carry a
non-functional VRN-A2 allele with mutations in critical
positively charged amino acids of the CCT domain (Dis-
telfeld et al. 2009). The only exception was T. turgidum
ssp. dicoccoides accession 10-85 collected at Amiad
(Israel), which showed no mutations in the CCT domain
from ZCCT-Al.

Since hexaploid wheat is grown in a wider range of
environments than tetraploid wheat and represents more
than 95 % of the wheat currently grown in the world (Tay-
lor and Koo 2015), a vrn2-null genetic stock in hexaploid
wheat would be a useful tool to test the adaptative value
of VRN2 loss-of-function mutations in the more diverse
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environments where hexaploid wheat is grown. In this
study, we introgressed a non-functional vrn-D2 of Aegilops
tauschii in hexaploid wheat, and combined it with vrn-
A2 and vrn-B2 non-functional loci to generate a vrn2-null
genetic stock in hexaploid wheat. Using this genetic stock
we demonstrate that simultaneous mutations in all three
VRN2 homologs result in a spring growth habit in hexa-
ploid wheat. Using different combinations of functional
and non-functional homoeologs we also show that func-
tional VRN-B2 confers a stronger vernalization requirement
than functional VRN-D2.

Methods
Plant materials

The non-functional vrn-D2 allele was obtained from the
early flowering diploid Aegilops tauschii E1 (Dudnikov
2003). To confirm the presence of the recessive vrn-D2
allele, E1 was crossed with Ae. tauschii AS75, a winter
accession previously described by Luo et al. (2009). The
F, was self-pollinated and an F, segregating population
including 71 individuals was generated. Heading data
from this population was used to validate the recessive
vrn-D2 allele from E1 and to characterize the dominance
of the VRN-D2 allele from AS75. The degree of domi-
nance was calculated using the formula: D = (2X, — X, —
X3)/(X; — X;) (Falconer 1964), where X, X, and X; are
the heading time values of plants homozygous for the
non-functional vrn-D2 allele, the heterozygotes, and
plants homozygous for the wild type late flowering VRN-
D2 allele, respectively.

The diploid E1 line was then crossed with tetraploid
wheat line #3089 (BC;F,-521 x Kronos, Distelfeld et al.
2009) which carries non-functional alleles for vrn-A2
and vrn-B2. Chromosome doubling of the triploid hybrid
resulted in a synthetic hexaploid with no functional cop-
ies of VRN2, designated hereafter as “synthetic vrn2-null”,
which was deposited in the National Small Grain Collec-
tion (PI 676269).

To confirm the effect of the non-functional vrn2 alleles
the synthetic vrn2-null hexaploid was crossed with Good-
streak (PI 632434, Baenziger et al. 2004). Goodstreak is
a hexaploid winter wheat developed by the University of
Nebraska that carries alleles for winter growth habit at the
three VRNI homoeologs and functional copies of VRN-B2
and VRN-D2. The winter wheat line Triple Dirk C (TDC,
Pugsley 1971) and a winter sister line of the synthetic vrn2-
null carrying functional VRN-B2 and VRND?2 alleles were
used to compare the relative transcript levels of these genes
by qRT-PCR.

Growth conditions

Plants were grown in plastic cones (656 ml, 25 cm (9.8 in.)
deep x 6.4 cm (2.5 in.) diameter (Steuwe and Sons, USA).
Evaluations of plant heading times without vernalization
were conducted at UC Davis in a greenhouse with a temper-
ature of 20-25 °C and a photoperiod of 16 h of light (long
day). The natural daylight in the greenhouses was supple-
mented with incandescent lamps at night to extend the photo-
period to 16 h. Vernalization treatments were performed in a
growth chamber at constant 4 °C under long day conditions.

For the partial vernalization experiment, plants were
grown for one week in the greenhouse, and were then trans-
ferred to a 4 °C chamber (16 h of light) for 2, 4 or 6 weeks
of vernalization treatment. Plants included in the different
treatments were planted at intervals of 2 weeks, so all the
plants completed their respective vernalization treatments
at the same time. All plants were then transferred together
to the same greenhouse (20-25 °C, 16 h of light). Head-
ing time was recorded at the time when half of the spike
emerged from the flag leaf.

Molecular markers

Since the recessive vrn-B2 allele is the result of deletion of
all the ZCCT genes in this locus, we designed a cleavage
amplification polymorphism (CAP) marker for the tightly
linked SNF-B2 gene. Primers SNF-B2-3p-F1 and SNFB2-
3p-R2 (Table S1) were used to amplify a 1000-bp product.
Digestion of the amplified product with restriction enzyme
HpyCHA41V yielded two fragments (816 and 184 bp) for the
synthetic vrn2-null and three fragments (626-bp, 188 bp
and 184 bp) for hexaploid winter wheat Goodstreak.

For screening of the non-functional vrn-D2 allele, we
developed a CAP marker using primers ZCCT-DI-E1-
CAPS-F1 and ZCCT-D1-E1-CAPS-R1 (Table S1). These
primers amplified an 800 bp product including the first
exon of ZCCT-D1. Digestion of the amplified product with
restriction enzyme Mboll yielded two fragments of 650 bp
and 150 bp in hexaploid wheat Goodstreak and a single
800 bp product in Ae. tauschii E1. Digestion products were
separated on 6 % polyacrylamide gels stained with 2 %
ethidium bromide. PCR amplifications were performed at
94 °C for 5 min, followed by 40 cycles of 94 °C for 30 s,
annealing at 62 °C for 30 s, and extension at 72 °C for
1 min/kb. A final extension step was carried at 72 °C for
7 min.

For screening of the VRN-AI alleles we used primers
developed by Fu et al. (2005) that detect the presence or
absence of a large deletion in the first intron of VRN-AI.
These primers were used to differentiate the VRN-AI allele
for spring growth habit present in Kronos (intron deletion)
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from the vrn-Al allele for winter growth habit (no intron
deletion) present in Goodstreak.

Identification of mutations in ZCCT1 and ZCCT2
of Aegilops tauschii E1

Genomic sequences of ZCCT-1A", ZCCT-2A™ from
Triticum monococcum, and ZCCT-Al, ZCCT-B1, ZCCT-
D1, ZCCT-A2 from Triticum aestivum were retrieved
from NCBI (http://www.ncbi.nlm.nih.gov/). Additional
sequences of ZCCT-B2 and ZCCT-D2 were retrieved from
the genomic contigs database from the International Wheat
Genome Sequencing Consortium website IWGSC, http://
wheat-urgi.versailles.inra.fr). Complete sequences of the
ZCCTI and ZCCT2 homologs including their 5’ and 3’
UTRs were aligned using T-COFFEE (www.tcoffee.org).

All ZCCTI and ZCCT2 homologs have two exons sep-
arated by a large intron. The two exons from ZCCTI and
ZCCT2 were PCR-amplified separately from Ae. tauschii
accession E1 using primers and conditions listed in Table
S1. Genomic DNA sequences were obtained by Sanger
sequencing using an Applied Biosystems 3730XL DNA
Analyzer, and were assembled using GAP4 v1.5 (Bonfield
et al. 1995).

To confirm different splicing variants detected for
ZCCT-DI in Ae. tauschii E1, RNA was extracted using the
Spectrum™ Plant Total RNA kit (SIGMA) from leaves of
two-week old plants grown without vernalization under
long day photoperiod. cDNAs were produced using the
High Capacity Reverse Transcription Kit (Applied Bio-
systems) according to manufacturer’s instructions. Spe-
cific primers ZCCT-D1-F, ZCCT-D1-R, ZCCT-D2-F, and
ZCCT-D2-R and PCR annealing temperatures are listed in
Table S1. Cloning was performed using NEB® PCR Clon-
ing Kit (New England Biolabs, USA). Positive colonies
were grown and used for colony PCR and the product con-
firmed by Sanger sequencing.

ZCCT?2 transcript levels in hexaploid wheat

Plants were grown for 3 weeks in a PGR15 growth cham-
bers (Conviron) under long day conditions (16 h light/8 h
dark) at a temperature of 20 °C during light period and
18 °C during dark. Samples were collected 4 h after
the lights were turned on (Zeitgeber Time 4). RNA was
extracted from leaves using the Spectrum Plant Total RNA
Kit (Sigma-Aldrich). Quantitative PCR was performed
using SYBR Green and a 7500 Fast Real-Time PCR system
(Applied Biosystems). Primers for ACTIN are described
in Distelfeld et al. (2009) and primers for ZCCT-B2 and
ZCCT-D2 are described in Table S1. Transcript levels are
expressed as linearized fold-ACTIN levels calculated by
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Fig. 1 Effect of VRN2 mutations on flowering time in diploid Ae.
tauschii. Heading time of 71 F, plants from the cross between Ae.
tauschii accessions El (early flowering) and AS75 (late flowering).
A = AS75 allele, B = Ae. tauschii El allele and H = heterozygous.
El = Ae. tauschii E1 and AS75 = Ae. tauschii AS75 indicate parental
controls. Plants were grown under long days in the absence of ver-
nalization. ***P < 0.001

the formula 2UCTIN CT ~ TARGET CT) 4 QE of the mean. The
resulting number indicates the ratio between the initial
number of molecules of the target gene and the number of
molecules of ACTIN.

Results

Validation of the non-functional vrr-D2 allele in Ae.
tauschii E1

We first confirmed the presence of the non-functional
vrn2 allele in the seeds received for Ae. tauschii accession
El. The F, population from a cross between Ae. tauschii
AS75 and El accessions showed the expected 1:2:1 seg-
regation (16:33:22, x> P = 0.51) for VRN-D2. All the F,
plants homozygous for the E1 VRN-D2 allele headed very
early (average 26.1 &= 0.5 d), and those homozygous for the
AST5 allele headed very late (average 102.8 + 2.4 d), con-
firming that the E1 accession has a recessive vrn-D2 allele
(Fig. 1).

The heterozygous plants showed an intermediate flow-
ering time (average 73.3 + 1.3 days), which was slightly
closer to the average of the plants homozygous for the
AS75 allele than to those homozygous for the El allele
(Fig. 1). The degree of dominance of the functional VRN-
D2 allele for heading time was 23 % in this population.
A very similar degree of dominance (26 %) was reported
before in a tetraploid population segregating only for the
functional VRN-B2 allele (Distelfeld et al. 2009).
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Fig. 2 Mutations in the VRN2 locus of Ae. tauschii E1. Multiple
alignments of predicted coding sequences of ZCCT! a and ZCCT2 b
in Ae. tauchii E1 (KM489155 and KM489156), and winter controls
AS75 (KM503042 and KMS503043) and AL8/78 (ACI00354 and
ACI00358). Numbers in parenthesis are GenBank accession num-
bers for ZCCT1 and ZCCT2, respectively. For the ZCCT1 protein

Molecular characterization of ZCCT-DI1 and ZCCT-D2
sequences

To better understand the nature of the recessive vrn-D2
allele in E1, we sequenced the ZCCT-DI and ZCCT-D2
genes from this accession and compared it to the sequence
of winter lines AS75 and ALS8/78. The primers used in this
study are described in supplemental Table S1.

The predicted protein sequence of ZCCT-DI1 from El
(KM489155) showed two amino acid changes (F36C and
Q45H) that differentiated E1 from the two winter lines.

from El1, a 35 amino acid deletion observed in 87.5 % of the cloned
and sequenced cDNAs is underlined (the other 12.5 % of the clones
include an intron region producing a premature stop codon). The
CCT domain is indicated with asterisks in both genes. SNPs are high-
lighted in gray. Critical Arg residues in the CCT domain are high-
lighted in black

A two amino acid deletion at positions 101 and 102 was
observed in both the early flowering E1 and the late flower-
ing ALS8/78, and therefore, is not likely to affect the VRN2
function (Fig. 2a, Fig. S1). According to the SIFT score (Ng
and Henikoff 2001), the amino acid substitution in F36C
has a high probability to alter protein structure or function
(Fig. 2a, Fig. S1). The deletion at positions 101 and 102
(also found in ZCCT-D1, GenBank accession ACI00354) is
absent in the ZCCT-A1 and ZCCT-B1 sequences (Fig. S1).

The genomic ZCCT-DI sequence of El has a 24 bp
deletion located 6 bp before the splicing acceptor site at the
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Fig. 3 Development of a #521 X Kronos

synthetic vrn2-null hexaploid VRN1 vrnA1 vrnB1 VRN1 VA1 vrinB1

wheat. a Introgression of vrn- VRN2 vrnA™2 vrnB2 L g VRN2vrnA2 VB2

A2 and vrn-B2 in the tetraploid — — F1 —

cultivar Kronos. b Production

of synthetic aneuploid to intro- b ‘O

gress vrn-D2, self-pollination to #3089 X Ae. tauschii E1

recover chromosome num-
ber. ¢ Backcross with winter
hexaploid wheat to produce

a segregating line for vrn-A2,
vrn-B2 and vrn-D2 in a winter
background. X represents a
crossing step, arrow represents
a progeny. Non-functional
VRN2 alleles are underlined

3’ end of the single intron that is not observed in the two
winter Ae. tauschii accessions sequenced in this study (Fig.
S2). To test the effect of this intron deletion on splicing, we
cloned and sequenced multiple ZCCT-D1 transcripts from
Ae. tauschii E1 and the winter control AS75. In E1, 21 of
the 24 sequenced clones (87.5 %) showed an alternative
splicing variant that generated a deletion of 35 amino acids
before the CCT domain (region underlined in Fig. 2a). The
other three clones (12.5 %) included a 58-bp region of the
intron producing a premature stop codon and disrupting the
CCT domain. None of the clones obtained from E1 showed
a normal and complete VRN2 transcript, indicating that dif-
ferent acceptor sites were used for all the ZCCT-DI tran-
scripts. By contrast, the winter control AS75 showed a sin-
gle splicing product encoding the complete ZCCT-D1 gene.

The ZCCT-D2 genomic sequence showed one amino
acid change and a 1 bp deletion that were present only
in E1. The 1 bp deletion generates a change in the read-
ing frame that disrupts the CCT domain (Fig. 2b). These
changes were confirmed by sequencing 37 cDNA clones of
ZCCT-D2 from El. Taken together, the molecular and the
genetic data indicate that E1 carries a non-functional VRN2
allele.

Development and characterization of a triple VRN2
mutant in hexaploid wheat

The E1 accession carrying the non-functional VRN2
allele was crossed with tetraploid line #3089 carrying
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VRN1 VrnA1 vrnB1
VRN2 vrnA2 vinB2

VRN1 vrD1
VRN2 ynD2
F1 (2n=21)
lO spontaneous chr. doubling

(o

Goodstreak (winter, hexaploid) X F2 (2n=42)
VRN1 vrnA1 vrnB1 vrnD1
VRN2 vrnA2 VrnB2 VrnD2

VRN1 VA1 vrnB1 vinD1
l VRN2 vrnA2 vinB2 vrnD2

vrn2-null synthetic
A B D

VRN1 vrnA1vrA1 vrnB1vrnB1 vrnD1vrnD1
VRN2 vrnA2vrnA2 vrnB2VrnB2 vrnD2VrnD2

non-functional VRN-A2 and VRN-B2 alleles (Distelfeld
et al. 2009, Fig. 3). The triploid F; hybrids were treated
with colchicine (0.1 % for 7-7:30 h), but they were very
susceptible to colchicine and most of them died. Fortu-
nately, the triploid F; hybrids naturally produced some fer-
tile seeds. Cytogenetic characterization of these seeds con-
firmed the chromosome doubling (2n = 42), which likely
occurred by meiotic restitution.

The resulting synthetic hexaploid carried non-functional
copies of all three VRN2 homoeologs (synthetic vrn2-null),
but it also carried a dominant Vrn-Al allele for spring
growth habit that complicated the analysis. To eliminate
the VRN-A1 allele, the vrn2-null synthetic was crossed with
the winter wheat variety Goodstreak that carries recessive
vrn-Al, vrn-B1, and vrn-D1 alleles (Fig. 3). Both parental
lines carry the non-functional VRN-A2 allele. The F, hybrid
was self-pollinated and the segregating population (93 F,
plants) was genotyped with markers for VRN-B2, VRN-
D2 and VRN-AI. Only two plants were triple homozygous
vrn-Al, vin-B2 and vrn-D2 and both were early flower-
ing. To increase the number of plants segregating for only
for VRN-B2 and VRN-D2, we selected F, plants homozy-
gous for the vrn-Al allele for winter growth habit and het-
erozygous for the two VRN2 genes. In this segregating F
population (69 plants), we identified 6 plants homozygous
for the non-functional vrn-A2, vrn-B2 and vrn-D2 plants.
These plants headed more than 100 days earlier than those
homozygous for at least one of the functional VRN2 alleles
(P < 2.8E-07) in the absence of vernalization (Fig. 4).
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Fig. 4 Effect of mutations in a
VRN-B2 and VRN-D?2 on head-
S L 250-
ing time under non vernalizing
conditions. a Heading times
for the triple mutant. Bars 200+ e
represent mean and error bars g - I — I —=
©
represent the SEM. Dashes S 150- o T
represent mutant alleles, o
wt: wild type alleles and H: £
heterozygous. Lower doses of T 1004
functional VRN2 were enough o
to significantly delay flower- e 504
ing. ¥*P < 0.005 ***P < 0.001.
Arrow indicates that the
experiment was stopped before 0+ T T T T T T
heading. b Maturity differences VRN-A2 - - - - - -
between the triple VRN2 mutant VRN-B2 wit - - - H wt H
(left) and the wild type (right) VRN-D2 wt wt H - - oowt
n 8 2 10 6 7 2 8
Relative effect of VRN-B2 and VRN-D2 on flowering [ | [ ]
time and vernalization response VRN-A2 - - - -
VRN-B2 wt wt - -
In the absence of vernalization, plants carrying only the 150 1 > VRN-D2  wit ) wt )
functional VRN-B2 or the functional VRN-D2 allele in = X
homozygous state exhibited a winter growth habit, and » : & b
showed no significant differences in heading time with = 100- 2
the control plants carrying both functional VRN2 genes g o
(Fig. 4). Plants carrying only the functional VRN-D2 = ¥
allele flowered six days earlier (169 days) than the plants g 50 -
carrying only the functional VRN-B2 allele (175 days), T
but the differences were not significant. Interestingly,
plants carrying only one functional VRN2 allele in het- 2 o
erozygous stage flowered significantly earlier than plants 0 = =T
v L ©

homozygous for any of the functional VRN2 alleles
(Fig. 4). Plants carrying only the functional VRN-B2 allele
in heterozygous state headed 43 d later than plants car-
rying only the functional VRN-D?2 allele in heterozygous
state (144.5 d vs 101.2 d, P = 0.009, Fig. 4). These results
suggest that the functional VRN-B2 allele has a stronger
effect in repression of flowering under long days than the
VRN-D?2 allele (Fig. 4).

The stronger vernalization requirement of the functional
VRN-B2 allele relative to VRN-D2 was also supported by
a partial vernalization experiment. After 2 weeks of ver-
nalization, the heading time differences between the func-
tional VRN-B2 and VRN-D2 alleles were still significant,
but plants with a single functional VRN2 allele flowered
significantly earlier than the control with both functional
alleles (Fig. 5). After 4 weeks of vernalization, plants car-
rying only the functional VRN-B2 allele headed 32 days
later than those carrying the functional VRN-D2 allele
(P =1.34E-)5).

To test if the stronger repressive effect of VRN-B2
relative to VRN-D2 was associated with differences in

W eeks of vernalization

Fig. 5 Effects of mutations in VRN-B2 and VRN-D2 on heading time
under different vernalization treatments. Error bars represent the SE
of the mean of 5 biological replications. Dashes represent a non-func-
tional allele and wt a wild type allele. For each treatment different let-
ters indicate significant differences (Tukey’s test, P < 0.05)

expression, we compared their transcript levels in two
winter wheat lines using qRT-PCR. In a sister line of the
synthetic vrn2-null carrying functional VRN-B2 and VRN-
D2 alleles, the transcript levels of ZCCT-B2 were fourfold
higher than those of ZCCT-D2 (P < 0.001, Fig. 6). A sim-
ilar result was observed in the winter line Triple Dirk C,
where the transcript levels of ZCCT-B2 were sixfold higher
than those of ZCCT-D2 (P < 0.001, Fig. 6).

Finally, after 6 weeks of vernalization all genotypes
flowered very early although the plants carrying the func-
tional VRN-B2 allele flowered later than the other geno-
types (Fig. 5). We do not know the cause of this difference.
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Fig. 6 Transcript levels of ZCCT-B2 and ZCCT-D2 in hexaploid
wheat. ZCCT-B2 levels are 6 and 4 times higher than ZCCT-D2 in
TDC and vrn2-synthetic, respectively. Triple Dirk C (TDC) is a win-
ter hexaploid line and vrn2-synthetic corresponds to the wild type
sister line of the synthetic vrn2-null developed in this study. Bars
represent means of 5 biological and 2 technical replications. Plants
were grown under long day conditions (16 h light) at a temperature of
20 °C day/18 °C night for 3 weeks. Samples were collected at ZT 4
(Zeitgeber Time). *P < 0.001

As in the previous experiment with non-vernalized
plants (Fig. 4), the synthetic vrn2-null showed the earli-
est heading time among the four genotypes for the plants
exposed to 2 and 4 weeks of vernalization (Fig. 5). Inter-
estingly, the synthetic vrn2-null showed a residual response
to vernalization. When these plants were vernalized for
4 weeks, they flowered 20 days earlier (P = 0.001) than
when they were vernalized for 2 weeks (Fig. 5). No sig-
nificant differences in heading time were detected between
synthetic vrn2-null plants vernalized for 4 or 6 weeks
(P = 0.529, Fig. 5), or between those that were vernalized
for 2 weeks (60.8 days) relative to non-vernalized plants
(58.0 days, P = 0.433).

Discussion
VRN2 natural variation in polyploid wheat

In hexaploid wheat, most of the natural variation in growth
habit is associated with dominant mutations in regulatory
regions of the three VRNI homoeologs (Yan et al. 2004b;
Fu et al. 2005; Dubcovsky et al. 2006; Zhang et al. 2008;
Chu et al.2011; Zhang et al. 2012; Muterko et al. 2015,
2016), and less frequently with dominant mutations in
VRN3 (=TaFTI, Yan et al. 2006; Zhang et al. 2008) or
VRN-D4 (a VRN1 paralogue; Kippes et al. 2015). However,
no natural variation in growth habit has been associated so
far with variation at any of the three VRN2 homoeologs in
hexaploid wheat.
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The limited effect of single VRN2 mutations on heading
time in non-vernalized or fully vernalized hexaploid plants
may explain why no vrn2-null spring varieties have been
selected so far in polyploid wheat. By contrast, vrn2-null
spring accessions are frequent in both 7. monococcum (Yan
et al. 2004b) and barley (von Zitzewitz et al. 2005), sup-
porting the hypothesis that functional redundancy among
VRN2 homoeologs in the polyploid wheat species may
have masked the effect of recessive mutations on heading
time from natural or human selection.

Although no vrn2-null spring accessions of hexaploid
wheat have been reported so far, molecular and genetic
studies have revealed allelic variation in ZCCTI and
ZCCT?2 at each of the three VRN2 homoeologs. Since non-
functional mutations in both tightly linked ZCCT! and
ZCCT2 genes are required to generate a recessive VRN2
locus, it is important to describe the allelic variation in both
genes within each locus. The initial studies in 7. monococ-
cum identified ZCCT1I as the functional gene in the VRN-
A™2 locus (Yan et al. 2004a), but a subsequent study in
tetraploid wheat showed that ZCCT2 was the functional
gene in the VRN-B2 locus (Distelfeld et al. 2009).

Most of the VRN-A2 loci show non-functional mutations
in the CCT domains of both ZCCT-Al and ZCCT-A2 in
tetraploid wheat. Only one accession of 7. turgidum subsp.
dicoccoides showed a wild type CCT domain for ZCCT-
Al in a collection of 78 tetraploid wheats including both
wild and domesticated accessions (Distelfeld et al. 2009).
For ZCCT-A2, all 78 accessions have a C16R mutation in
the CCT domain. This mutation was also detected in 15
accessions of 7. urartu and in two accessions of 7. mono-
coccum, suggesting that this mutation was already fixed (or
frequent) before the divergence of these two closely related
diploid species (Distelfeld et al. 2009). In tetraploid wheat
combination of CCT mutations C39R in ZCCT-A1l and
C16R in ZCCT-A2 result in a recessive vrn-A2 allele (Dis-
telfeld et al. 2009). The same mutations are also present in
the early flowering synthetic vrn2-null hexaploid generated
in this study, confirming that this vrn-A2 allele is also non-
functional in hexaploid wheat. Zhu et al. (2011) identified
six accessions of hexaploid wheat where they were unable
to amplify the promoter of ZCCT-A1, suggesting that these
varieties may carry non-functional vrn-A2 alleles. How-
ever, ZCCT-A2 was not characterized in the previous study.

The VRN-B2 locus sequenced in tetraploid wheat car-
ries a non-functional ZCCT-B1 protein (C39R mutation in
37 sequenced T. turgidum subsp. durum), and two recently
duplicated copies of ZCCT-B2 (wild type CCT domain).
The presence of these two ZCCT-B2 copies is sufficient to
confer a strong vernalization requirement (Distelfeld et al.
2009). A complete deletion of all three ZCCT genes present
in VRN-B2 was identified in one accession of 7. turgidum
subsp. dicoccon collected in Turkey (PI470739), and was
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associated with early flowering in a tetraploid wheat segre-
gating population (Distelfeld et al. 2009). In this study, we
confirmed that the VRN-B2 deletion is associated with early
flowering and spring growth habit in the synthetic vrn2-
null hexaploid. A similar deletion in VRN-B2 was recently
reported in the hexaploid wheat variety Jagger, but no sig-
nificant differences in heading time were detected for this
locus in a segregating population tested in the field in Okla-
homa (USA) under natural vernalization conditions (Tan
and Yan 2015).

More limited allelic variation has been described for the
VRN-D2 locus. Ae. tauschii accessions AS75 has a winter
growth habit and the predicted ZCCT-D1 and ZCCT-D2
proteins show no mutations in the conserved amino acids
of the CCT domains (Distelfeld et al. 2009; Tan and Yan
2015). Zhu et al. (2011) identified one accession from
Macedonia (Cltr 17383) with a deletion in the ZCCT-DI
promoter, but this accession was later reclassified in GRIN
as T. turgidum (2n = 28), explaining the absence of the D
genome locus. The limited variability in the D genome of
hexaploid wheat observed in this locus prompted us to look
for variation in Ae. tauschii to identify a non-functional
VRN-D?2 allele.

Ae. tauschii E1 carries a recessive vrn-D2 allele

The early flowering in Aegilops tauschii accession E1 was
previously reported to be linked to isozyme ACO2 locus on
chromosome arm 4DL (recombination fraction 0.32), sug-
gesting that it may correspond to the VRN-D2 locus (Dud-
nikov 2003). The segregating population generated in this
study from the cross between Ae. tauschii spring accession
El and winter accession AS75 confirmed that the differ-
ences in heading time were completely linked to polymor-
phisms in VRN-D2, suggesting that E1 carries a recessive
vrn-D2 allele.

The previous hypothesis was also supported by the pres-
ence of disruptive mutations in both ZCCT-D1I and ZCCT-
D2 in E1 but not in the two Ae. tauschii winter accessions
used for comparison.

For ZCCT-D1, two amino acid changes close to the pre-
dicted zinc finger were observed only in E1. One of these
changes resulted in an additional cysteine in E1 (F36C),
which has the potential to disrupt the zinc finger. Although
the previous amino acid changes may affect the function
of ZCCT1, the most drastic change in this gene was the
presence of altered splice forms probably associated with
a 24 bp deletion in the intron. Although this deletion did
not include the AG splicing site, it is located only six bp
from the splicing acceptor. The deleted region includes
a polypyrimidine tract that is known to be important for
correct splicing and it also alters the distance between
the acceptor site and the putative branch point, which is

also important for the selection of the correct splicing site
(Black 2003). The analysis of the ZCCT-DI transcripts
confirmed that none of them use the canonical acceptor
site. The alternative splice sites were associated either with
a 35 amino acid deletion before the CCT domain or with
the translation of part of the intron encoding a premature
stop codon. For ZCCT-D2, we detected a frame shift muta-
tion that was present only in El, and is predicted to result
in a protein lacking almost the complete CCT domain
(Fig. 2b).

In summary, both ZCCT-D1 and ZCCT-D2 showed dis-
ruptive mutations in E1 that are expected to greatly reduce
or eliminate VRN-D2 function. This hypothesis was con-
firmed by the early flowering of the diploid plants carrying
the E1 vrn-D?2 allele in the diploid segregating population,
and also by the early flowering of the synthetic vrn2-null
synthetic hexaploid including this allele. These results
also confirmed that the protein region adjacent to the CCT
domain is necessary for proper protein function, and that
the intron region adjacent to the acceptor splicing site is
critical for correct splicing of the ZCCT1 transcripts.

Recessive alleles at the three VRN2 homologs results
in a spring growth habit

With the identification of the recessive vrn-D2-null allele
it was possible to develop a triple vrn2-null hexaploid
wheat. This vrn2-null hexaploid line was crossed with the
winter hexaploid wheat Goodstreak to study the effect of
the different vrn-2 alleles in the absence of spring alleles
in the VRN homoeologs. This is important because domi-
nant VRN alleles for early flowering are epistatic to VRN2
and can mask their effect (Tranquilli and Dubcovsky 2000;
Chen and Dubcovsky 2012).

In the absence of dominant VRNI alleles for spring
growth habit, non-vernalized plants carrying non-functional
vrn2-null alleles took roughly 60 days from sowing to
heading, whereas plant carrying either the functional VRN-
B2 or VRN-D?2 alleles (or both) headed more than 100 days
later then the vrn2-null plants (Fig. 5). These large differ-
ences in heading time disappeared when plants were ver-
nalized for 6 weeks (Fig. 5), confirming that the late flow-
ering was associated to a strong vernalization requirement.

Interestingly, synthetic vrn2-null hexaploid plants
showed a residual response to the vernalization treat-
ment. When these plants were vernalized for 4 or 6 weeks
they flowered on average 20 days earlier than when they
were vernalized for 2 weeks or were not vernalized at all.
Although we cannot completely rule out the possibility
that this residual vernalization response is caused by some
functionality of the mutant VRN-A2 or VRN-D2 proteins
(hypomorphic mutations), the presence of similar effects in
other species supports an alternative explanation.
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Vernalization of barley plants in which all the ZCCT
genes have been deleted (vrn2-null) still accelerated head-
ing time by 2 weeks (Hemming et al. 2008). In the same
study, VRNI expression was induced by vernalization in
the presence and absence of VRN2, suggesting that this
gene may contribute to the residual vernalization response
of the vrn2-null plants. Although we do not disregard a pos-
sible contribution of VRNI, it was recently demonstrated
that tetraploid wheat plants, carrying non-functional cop-
ies of both VRNI and VRN2 genes (henceforth, vrnl-vrn2-
null), still flower on average 23 days earlier when they are
vernalized than when they are not (Chen and Dubcovsky
2012). Since the vrnl-vrn2-null plants lack any functional
VRNI and VRN2 genes, these results indicate that wheat
has additional genes that are able to accelerate flowering in
response to vernalization.

ZCCT homoeologs exhibit differential responses
under partial vernalization and when present
in different dosages

The stronger effect of the functional VRN-B2 allele relative
to the functional VRN-D2 allele was evident in the non-
vernalized plants carrying only one functional VRN2 allele
in heterozygous state (Fig. 4). Plants carrying only one
functional copy of VRN-B2 flowered in average 43 days
later than those with only one functional copy of VRN-D2
(Fig. 4, P < 0.009). The stronger effect of the functional
VRN-B2 allele relative to the VRN-D?2 allele was also evi-
dent in the partial vernalization response experiments
(Fig. 5).

The stronger effect of the VRN-B2 locus on heading
time was correlated with four- to sixfold higher transcript
levels of ZCCT-B?2 relative to those of ZCCT-D2 (Fig. 6).
Although these differences in expression are likely suf-
ficient to explain the different effects of these alleles on
heading time, we cannot rule out the possibility of addi-
tional differences in the strength of the encoded ZCCT-B2
and ZCCT-D2 proteins or the presence of residual activity
of the protein encoded by the vrn-D2 recessive allele.

A previous study in tetraploid wheat showed that the
ZCCT2 genes are expressed at 3- to 10-fold higher levels
than the ZCCTI genes (Distelfeld et al. 2009). This may
contribute to the stronger effect of the VRN-B2 allele,
which includes two recently duplicated copies of the wild
type ZCCT-B2 gene (Distelfeld et al. 2009).

Although plants carrying only a single copy of the func-
tional VRN-B2 allele in heterozygous state flowered more
than 40 days later than those carrying only a single copy of
the functional VRN-D?2 allele in heterozygous state, the dif-
ferences were no longer significant when these functional
alleles were in the homozygous state. No further delays in
heading time were observed when both the VRN-B2 and
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VRN-D?2 functional alleles were combined. Taken together,
these results suggest that the repressive effect of VRN2 on
heading time may be saturated beyond two functional cop-
ies of any of the active alleles. The small phenotypic effect
of the non-functional mutations in one of the VRN2 homoe-
ologues limits the effects of natural or human selection on
these alleles. This may explain why no natural vrn2-null
mutants have been identified so far.

Conclusions and potential practical applications

Both the single and double VRN2 mutants generated in this
study may have practical applications. The reduced vernali-
zation requirement associated with the presence of single
VRN-B2 and VRN-D2 mutants under partial vernalization
suggests that these mutants may be useful to modulate the
vernalization response in regions with mild winters (e.g.,
Mediterranean regions) or as global warming reduces the
severity of winters in other locations.

It would be also important to study the effect of the
absence of all functional VRN2 alleles (vrn2-null) on
the duration of the different reproductive phases, and the
effect of these changes on hexaploid wheat adaptation to
different environments. We speculate that this new class of
spring wheat varieties may have practical applications in
some environments based on the relatively high frequency
of vrn2-null spring accession in diploid wheat and barley
species. The non-functional vrn2-null allele was detected
in 80 % of the accessions in a collection of 65 cultivated
T. monococcum ssp. monococcum accessions (Yan et al.
2004a) and is also frequent in barley. Barley varieties carry-
ing the vrn2-null allele have been designated as “facultative
winters” and have been recommended for some of the bar-
ley growing regions (Karsai et al. 2005; Szucs et al. 2007).

Seeds of the synthetic vrn2-null hexaploid wheat with
no functional homoeologues of VRN2 have been deposited
in the National Small Grain Collection (PI 676269). Seeds
from this genetic stock are publicly available and can be
used as a source of non-functional VRN-B2 and VRN-D2
alleles in common wheat breeding programs. These new
VRN?2 alleles provide common wheat breeders new tools to
improve wheat adaptation to new or changing environments.
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