Positional cloning of the wheat vernalization

gene VRN1

L. Yan*, A. Loukoianov, G. Tranquillif, M. Helguera®*, T. Fahima$, and J. Dubcovsky*7

Department of Agronomy and Range Science, University of California, Davis, CA 95616

Edited by Steven D. Tanksley, Cornell University, Ithaca, NY, and approved March 6, 2003 (received for review December 5, 2002)

Winter wheats require several weeks at low temperature to
flower. This process, vernalization, is controlled mainly by the
VRN1 gene. Using 6,190 gametes, we found VRN to be completely
linked to MADS-box genes APT and AGLGT in a 0.03-centimorgan
interval flanked by genes Cysteine and Cytochrome B5. No addi-
tional genes were found between the last two genes in the 324-kb
Triticum monococcum sequence or in the colinear regions in rice
and sorghum. Wheat AP71 and AGLGT genes were similar to
Arabidopsis meristem identity genes APT and AGL2, respectively.
AP1 transcription was regulated by vernalization in both apices
and leaves, and the progressive increase of AP1 transcription was
consistent with the progressive effect of vernalization on flower-
ing time. Vernalization was required for AP7 transcription in apices
and leaves in winter wheat but not in spring wheat. AGLG1
transcripts were detected during spike differentiation but not in
vernalized apices or leaves, suggesting that APT acts upstream of
AGLG1. No differences were detected between genotypes with
different VRN1 alleles in the AP7 and AGLG1 coding regions, but
three independent deletions were found in the promoter region of
AP1. These results suggest that AP1 is a better candidate for VRN1
than AGLG1. The epistatic interactions between vernalization
genes VRN1 and VRN2 suggested a model in which VRN2 would
repress directly or indirectly the expression of AP71. A mutation in
the promoter region of AP7 would result in the lack of recognition
of the repressor and in a dominant spring growth habit.

inter wheats differ from spring wheats in their require-

ment for a long period at low temperatures to become
competent to flower. This process, vernalization, prevents the
damage of the cold-sensitive flowering meristem during the
winter. VRNI and VRN2 (unrelated to the genes with similar
names in Arabidopsis) are the main genes involved in the
vernalization response in diploid wheat Triticum monococcum
(1, 2). However, most of the variation in vernalization require-
ment in the economically important polyploid species of wheat
is controlled by the VRNI locus (2, 3). This gene is critical in
polyploid wheats for their adaptation to autumn sowing and
divides wheat varieties into the winter and spring market classes.

The VRNI gene has been mapped in colinear regions of the
long arm of chromosomes 5A (1, 3, 4), 5B (5, 6), and 5D (3). This
region of wheat chromosome 5 is colinear with a region from rice
chromosome 3 that includes the HD-6 quantitative trait locus for
heading date (7). However, it was recently demonstrated that
VRNI1 and HD-6 are different genes (8).

Despite the progress made in the elucidation of the vernal-
ization pathway in Arabidopsis, little progress has been made in
the characterization of wheat vernalization genes. The two main
genes involved in the vernalization pathway in Arabidopsis, FRI
and FLC (9-11), have no clear homologues in the complete draft
sequences of the rice genome (12). This finding may not be
surprising, considering that rice is a subtropical species that has
no vernalization requirement. Because no clear orthologues of
the Arabidopsis vernalization genes were found in rice or among
the wheat or barley ESTs, a map-based cloning project for the
wheat VRNI gene was initiated in our laboratory.

Chromosome walking in wheat is not a trivial exercise because
of the large size of its genomes (5,600 Mb per T. monococcum
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haploid genome) and the abundance of repetitive elements (13,
14). To minimize the probability that these repetitive elements
would stop the chromosome walking, simultaneous efforts were
initiated in the orthologous regions in rice, sorghum, and wheat.
The initial sequencing of rice, sorghum, and wheat bacterial
artificial chromosomes (BACs) selected with restriction frag-
ment length polymorphism marker WG644 [0.1 centimorgan
(cM) from VRNI] showed good microcolinearity among these
genera (14-16). The low gene density observed in the wheat
region and the large ratio of physical-to-genetic distances (14)
suggested that large mapping populations and comparative
physical maps would be necessary for a successful positional
cloning of VRNI.

In this article we report the construction of detailed genetic
and physical maps of VRN in diploid wheat and the comparison
of the sequences from selected BACs from these contigs with the
sequences of colinear regions in rice and sorghum. We also
present the expression patterns of two MADS-box genes com-
pletely linked to VRNI and discuss the evidence supporting one
of these genes as a strong candidate gene for VRNI.

Materials and Methods

Mapping Population. The high-density map was based on 3,095 F,
plants from the cross between 7. monococcum ssp. aegilopoides
accessions G2528 (spring, Vrnl) with G1777 (winter, vrnl).
These two lines have the same dominant allele at the VRN2 locus
and therefore, plants from this cross segregate only for VRNI in
a clear 3:1 ratio (1, 2).

Plants were grown in a greenhouse at 20-25°C without
vernalization and under long photoperiod (16-h light). Under
these conditions, winter plants flowered 1-2 months later than
spring plants. All F; plants were analyzed for molecular markers
flanking VRNI, and progeny tests were performed for plants
showing recombination between these markers. The 20-25
individual F5 plants from each progeny test were characterized
with molecular markers flanking the crossover to confirm that
the observed segregation in growth habit was determined by
variation at the VRNI locus. G2528 and G1777 were included as
controls in each progeny test.

Procedures for genomic DNA extraction, Southern blots, and
hybridizations have been described (17). The first 500 F, plants
were screened with flanking restriction fragment length poly-
morphism markers CDO708 and WG644 (1), which were later
replaced by closer PCR markers to screen the complete mapping
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Fig. 1. (A) Genetic map of the VRN1 region on chromosome 5A™ of T. monococcum. Genetic distances are in cM (6,190 gametes). (B-D) Physical maps of the
colinear VRNT regions in rice, sorghum, and wheat. Regions indicated in red have been sequenced. Double dot lines indicate gaps in the current physical maps.
(B) Sequence of the colinear region in rice chromosome 3. (C) S. bicolor BACs 170F8 (AF503433) and 17E12 (AY188330). (D) T. monococcum physical map. BAC
clones order from left to right is: 49116, 115G1, 136F13, 133P9, 116F2, 89E14, 160C18, 491M20, 32803, 609E6, 393011, 719C13, 454P4, 54K21, 579P2, 601A24,
231A16, 638J12, 52F19, 242A12, 668L22, 539M19, and 309P20 (bold indicates sequenced BACs). Black dots indicate validation of BAC connections by
hybridization. (E) Gene structure of two MADS-box genes completely linked to the VRNT gene (AY 188331, AY188333). Bars represent exons. (F) Sequence
comparison of the APT promoter regions from genotypes carrying the Vrn1 and vrn1 alleles and from two T. monococcum accessions with additional deletions.
The last two accessions are spring but their genotype has not been determined yet. Numbers indicate distances from the start codon. A putative MADS-box

protein-binding site (CArG-box) is indicated in green.

population. Additional markers were developed for the eight
genes present between the PCR markers (Appendix 1, which is
published as supporting information on the PNAS web site,
WWW.pnas.org).

Contig Construction and BAC Sequencing. High-density filters for
the BAC libraries from 7. monococcum accession DV92 (18),
Oryza sativa var. Nipponbare (19), and Sorghum bicolor (20) were
screened with segments from the different genes indicated in Fig.
1. Contigs were assembled by using HindIII fingerprinting and
confirmed by hybridization of BAC ends obtained by plasmid
rescue, inverse PCR (20), or BAC sequencing. Restriction maps
using single and double digestions with eight-cutter restriction
enzymes, pulsed-field electrophoresis, and hybridization of the
Southern blots with different genes were used to order genes
within the BACs, select the fragment sequenced from the
sorghum BAC, and confirm the assembly results from the BAC
sequencing. Shotgun libraries for BAC sequencing were con-
structed as described (15). Complete 7. monococcum BACs
609E6, 719C13, and 231A16 and a 24-kb fragment from sorghum
BAC 17E12 were sequenced. Genes were identified by a com-
bination of comparative genomic analysis, BLAST searches, and
gene-finding programs (15).

Phylogenetic Analysis. A phylogenetic study was performed by
using the two wheat MADS-box genes found in this study and 24
additional MADS-box genes (Appendix 2, which is published as
supporting information on the PNAS web site). Phylogenetic
trees were generated from the CLUSTALW sequence alignments
of the complete proteins by using multiple distance- and parsi-
mony-based methods available in the MEGA 2.1 software package
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(21). Distances between each pair of proteins were calculated
and a tree was constructed by using the neighbor-joining algo-
rithm. The consensus tree and the confidence values for the
nodes were calculated by using 1,000 bootstraps (MEGA 2.1).

RT-PCR and Quantitative PCR. RNA from leaves, undifferentiated
apices, and young spikes was extracted by using the Trizol
method (Invitrogen). RT-PCR procedures were performed as
described (22). Quantitative PCR experiments were performed
in an Applied Biosystems ABI 7700 by using three TagMan
systems for 7. monococcum API and for actin and ubiquitin as
endogenous controls (Appendix 3, which is published as support-
ing information on the PNAS web site). The 274" method (23)
was used to normalize and calibrate the Cr values of wheat AP
relative to the endogenous controls. For the vernalization time
course, RNA was extracted from the youngest fully expanded
leaf of five winter 7. monococcum plants (1 month old) imme-
diately before moving the plants into the cold room, and then
after 2, 4, and 6 weeks of vernalization (4°C). The last sample was
collected 2 weeks after moving plants to the greenhouse (20°C).
Plants kept in the greenhouse were sampled as controls at each
time point simultaneously with the plants from the cold room
(five plants per time point).

Results

Marker Development. In the initial genetic map (1) the VRN gene
was flanked on the distal side by WG644 and on the proximal
side by CDO708. These markers were used as anchor points to
the rice genome sequence to find additional markers.

Distal region. WG644 was previously used to identify rice BAC
3615 that included GENEI at its proximal end (15). BLASTN
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searches of the different rice genome projects using GENE] and
the end sequence of BAC 36I5 (AYO013245) identified the
connected contig CL013482.168 (12). Two additional genes,
Phytochelatin synthetase (PCS, Zea mays AAF24189.1) and Cy-
tochrome B5 (CYBS5, NP_173958.1), were discovered and anno-
tated in this contig. These genes were mapped in wheat by
restriction fragment length polymorphism (Appendix 1).
Proximal region. Restriction fragment length polymorphism
marker CDO708 was mapped 0.9 cM proximal to VRN in the
T. monococcum map. The sequence of this clone (AY245605)
showed a high homology to a putative RNA-binding protein
(AAL58954.1) located in rice BAC AC091811. The end of this
rice BAC also included gene MTK4 (putative protein kinase
tousled, AALS8952.1), which was converted into a PCR marker
and was mapped in wheat (Fig. 1). Rice BAC sequence
AC091811 was then connected through contigs CL039395.93,
CL039395.83, and CL018222.111.1 (12) to rice BAC sequences
AC092556 and AF377947. BAC sequence AC092556 included a
transcriptional adaptor gene (ADA2, AJ430205) that was mapped
in T. monococcum 0.5 cM from the VRNI gene (Fig. 1). The last
rice BAC sequence, AF377947, included genes Phytochrome C
(PHY-C, AAM34402.1), cysteine proteinase (CYS, AAM34401.1)
and MADS-box genes AAM34398.1 and AAM34397.1, desig-
nated hereafter AP and AGLGI (agamous-like gene from
grasses). The rice proximal region included 318 kb of contiguous
sequence.

High-Density Genetic Maps of the VRN1 Region. The PCR markers
developed for GENEI and MTK4 were used to screen 6,190
chromosomes for recombination. Fifty-one recombinant events
were detected, and those plants were further characterized by
using molecular markers for all of the genes present between
these two markers in rice (Fig. 1; Appendix 1). Progeny tests were
performed for 32 of the 51 F, plants to determine the VRNI
genotype of the parental F, plants. Based on the mapping
information, the VRNI locus was completely linked to API and
AGLGI.

On the proximal side, genes PHY-C and CYS flanked the
VRNI locus. The last two genes were completely linked to each
other and separated from VRNI by a single crossover (Fig. 1;
Appendix 1). On the distal side, the CYB5 gene was also
separated from VRNI by a single crossover. Comparison of
genotypic and phenotypic data from all of the F5 plants used in
the 30 progeny tests confirmed that the observed segregation in
growth habit was determined by variation at the VRNI locus.
Unvernalized plants homozygous for the G1777 AP1 allele
flowered 1-2 months later than G2528, whereas the other plants
flowered only 1 week before or after the G2528 control. These
results confirmed the simple Mendelian segregation for vernal-
ization requirement in this cross (1).

Physical Maps. Distal contig. Genes CYBS and GENE were used to
screen the BAC libraries from 7. monococcum, rice, and sor-
ghum. T. monococcum BAC clone 609E6 selected with the CYBS
gene was connected to previously sequenced 116F2 (AF459639)
by four BACs (Fig. 1). The PCS gene hybridized with two
fragments from BAC 609E06 (PCSI and PCS2, Fig. 1) whereas
only one PCS copy was found in the colinear region in rice. No
single-copy probes were found in BACs 609E6 or in the unique
HindIll fragments from the most proximal BAC 393011 to
continue the chromosome walking toward the proximal region.
Proximal contig. Screening of the T. monococcum BAC library with
PHY-C, CYS, API, and AGLG]I yielded 12 BACs organized in
two contigs. The largest contig included eight BACs that hy-
bridized with genes PHY-C, CYS, and API. The four additional
BACs hybridized only with the AGLGI gene (Fig. 1). The
location of the AGLGI contig within the physical map was
determined by the complete linkage between the single-copy
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genes AGLGI and API and the proximal location of AGLGI1
relative to the single-copy gene CYBS5. No additional single-copy
probes were found to close the gaps flanking the AGLG1 contig.

The proximal gap between AGLGI and API was covered by
the current rice sequence. However, the distal gap between
CYBS5 and AGLG1 was also present in the different rice genome
sequencing projects. The screening of the Nipponbare BAC
libraries with probe CYBS5 failed to extend the rice region
because of the presence of a gap in the current rice physical
maps. Fortunately, sorghum BAC 17E12 included GENEI,
PCS1, PCS2, and CYB5 genes from the distal contig, and
AGLGI1,API, and CYS genes from the proximal contig, bridging
the gap present in the rice and wheat contigs (Fig. 1). A
restriction map of sorghum BAC 17E12 (Appendix 4, which is
published as supporting information on the PNAS web site)
indicated that the sorghum genes were in the same order as that
previously found in rice and wheat and that a 24-kb Swal-Swal
restriction fragment spanned the region of the rice and wheat gap
between CYB5 and AGLGI.

Sequence Analysis. Annotated sequences from the three 7. mono-
coccum BACs (AY188331, AY188332, and AY188333) and the
partial sequence of the sorghum BAC 17E12 (AY188330) were
deposited in GenBank. Including BACs 115G01 and 116F02
(AF459639), a total of 550 kb was sequenced. Multiple retro-
transposons organized in up to four layers of nested elements
were the most abundant features, similar to wheat regions
analyzed before (13, 14). Annotated retrotransposons and other
repetitive elements accounted for 78.4% of the sequence,
whereas genes represented only 8.5% of the total. The genes
detected in this sequence were in the same order as the ones
present in the corresponding regions in rice and sorghum,
indicating an almost perfect microcolinearity. The only excep-
tion was the duplication of the PCS gene in sorghum and wheat
relative to the presence of a single PCS gene in the colinear rice
region (Fig. 1).

No additional genes were found in the rice sequence between
the two MADS-box genes corresponding to one of the two gaps
in the wheat physical map. These two genes were also adjacent
in sorghum (Fig. 1; Appendix 4). Similarly, no new genes were
found between CYB5 and AGLGI in the sequence of the 24-kb
Swal-Swal restriction fragment from sorghum BAC 17E12
(AY188330) that covered the other gap in the wheat physical
map. The four genes present in the sorghum sequence were in the
same order and orientation as that previously found in rice and
wheat (Appendix 4).

The absence of new genes in the colinear regions of rice and
sorghum, together with the excellent microcolinearity detected
in this region, suggested that it would be unlikely to find
additional genes in the current gaps of the wheat physical map.
This assumption was also supported by the absence of any new
gene in the 324 kb of wheat sequence flanking these gaps. The
presence of almost uninterrupted series of nested retrotrans-
posons flanking the gaps also explained the failure to find
single-copy probes to close the two gaps.

Classification of the Two MADS-Box Genes. The AP! and AGLGI1
proteins have MADS-box and K domains characteristic of
homeotic genes involved in the flowering process and similar
exon structure (Fig. 1; Appendix 5, which is published as sup-
porting information on the PNAS web site) (24). The consensus
tree for 26 plant MADS-box proteins (Appendix 2) showed that
the closest proteins to wheat AP/ and AGLG1I belonged to the
SQUAMOSA (bootstrap 97) and AGL2 groups (bootstrap 95),
respectively.

The closest Arabidopsis MADS-box proteins to wheat AP1
were the proteins coded by the three related meristem identity
genes AP1, CAL, and FUL (Appendix 2). Two separate clusters
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Fig. 2.  (A) RT-PCR experiment using T. monococcum G3116 (winter growth

habit) and AP1-, AGLGT-, and actin-specific primers. The PCRs for the three
genes were performed by using the same cDNA samples. Lanes 1-5 indicate
leaves. Lane 1, before vernalization; lanes 2-4, 2, 4, and 6 weeks of vernal-
ization, respectively; lane 5, 2 weeks after vernalized plants were returned to
the greenhouse; lane 6, unvernalized apices; lane 7, 6-week vernalized apices;
and lane 8, young spikes. (B) APT transcription levels in leaves relative to actin
measured by quantitative PCR. Lanes 1-5, leaves from plants at the same
vernalization stage as samples 1-5in A. Units are values linearized by using the
2(~ AACT) method, where Cr is the threshold cycle.

were observed in the SQUAMOSA group dividing the Arabi-
dopsis and grass proteins. A similar separation between the
monocot and dicot proteins was found in more detailed studies
of this group (25). The AP! protein from T. monococcum was
98.4% similar to previously described Triticum aestivum WAPI,
formerly TaMADS11 (26, 27) and 96.0% similar to barley BM5
(28). These two putative orthologous genes were described in
papers characterizing the MADS-box family in wheat and barley
but were not mapped or associated with the VRNI gene.

The wheat AGLG1 protein was clustered with members of the
AGL2 subgroup and was closely related with the rice AGLGI
orthologue and with rice OsMADSS5, OsMADS]1, and barley BM7
proteins (bootstrap 87, Appendix 2).

Expression Profiles. No AP/ transcripts were detected in apices
from unvernalized plants of 7. monococcum with strong winter
growth habit (G3116) even after 10 months in the greenhouse
under long-day conditions. However, API transcription was
detected in the apices of plants from the same genotype after 6
weeks of vernalization (Fig. 24, lanes 6 and 7). The same result
was obtained in three independent experiments. These apices
were morphologically at vegetative stage zero according to the
developmental scale of Gardner et al. (29). In T. monococcum
accessions with spring growth habit, API transcripts were ob-
served in the apices without previous vernalization.
Transcripts of API were also detected in the leaves, as
reported for WAPI (26) and BM5 (28). A quantitative PCR
experiment using the endogenous controls actin (Fig. 2B) and
ubiquitin (Appendix 3) demonstrated that transcription of AP in
the leaves of the winter genotypes was also regulated by vernal-
ization. The abundance of API transcripts started to increase
after the first 2 weeks of vernalization and continued to increase
during the 4 additional weeks of the vernalization process (Fig.
2B). API transcripts were also present in the leaves from
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vernalized plants 2 weeks after their transfer to the greenhouse.
At this stage, API transcripts were detected in young and old
green leaves (Appendix 3). Control plants kept in the greenhouse
showed very low levels of AP transcription during the 8 weeks
of the experiment (Fig. 2B). In the genotypes with a spring
growth habit, AP] transcripts were observed in the leaves of
unvernalized plants that were initiating the transition to flowering.

AGLG] transcripts were detected only in young spikes (Fig.
2A, lane 8) but were not observed in the same cDNA samples
from apices after 6 weeks of vernalization where the API
transcripts were already present (Fig. 24). This finding indicates
that AGLG1 transcription is initiated later than API. Transcripts
from AGLGI were not detected in the leaves (Fig. 24).

The expression results, together with the known role of the
API homologues in Arabidopsis as meristem identity genes,
suggested that AP was a better candidate gene for VRN than
AGLGI.

Allelic Variation. Four AP] genes were sequenced from 7. mono-
coccum accessions G1777, G3116, and DV92 carrying the vrnl
allele and G2528 carrying the Vrnl allele (1, 2). The predicted
proteins from DV92 and G2528 were identical and differed from
the predicted proteins from G3116 and G1777 by a single amino
acid (Appendix 5).

Analysis of the 1,024-bp region upstream from the API start
codon and up to the insertion point of a large repetitive element
(AY188331) showed the presence of five polymorphic sites. Two
of them differentiated G2528 from the three accessions carrying
the vrnl allele for winter growth habit. One was a 1-bp insertion
located 728 bp upstream from the start codon, and the other one
was a 20-bp deletion located 176 bp upstream from the start
codon (Fig. 1; Appendix 5). No difference were detected in the
first 600 bp of the API 3’ region between the vrnl and Vinl
alleles.

A PCR screening of a collection of cultivated T. monococcum
accessions with primers flanking the 20-bp deletion region
revealed the presence of deletions of different sizes in agarose
gels (Appendix 5). Sequencing of these lines showed the presence
of two new deletions that overlapped with the 20-bp deletion
from G2528. These new deletions included a putative MADS-
box protein-binding site adjacent to the 20-bp deletion (Fig. 1;
Appendix 5).

No DNA differences were detected between accessions DV92
(vrnl) and G2528 (Vrnl) in the coding region, or the 5’ (365 bp)
and 3’ (583 bp) UTRs of the AGLGI gene.

Discussion

Genetic and Physical Maps of the VRNT Region. Only eight genes
were found in the 556-kb sequence from the 7. monococcum
VRNI region, resulting in an estimated gene density of one gene
per 70 kb. The low gene density observed in this region was
paralleled by a high ratio between physical and genetic distances.
Excluding the two gaps in the physical map, a minimum ratio of
6,250 kb-cM ~! was estimated for the region between WG644 and
PHY-C. This value is two times larger than the average genome-
wide estimate of 3,000 kb-cM~! (30) and four times larger than
the 1,400 kb-cM ! reported for the telomeric region of chromo-
some 1A (31). Previous cytogenetic studies demonstrated that
recombination in the wheat chromosomes decreases exponen-
tially with distance from the telomere (32, 33), predicting an
increase of the ratio between physical and genetic distance in the
same direction. The region studied here is located between the
breakpoints in deletion lines SAL-6 (FL 0.68) and SAL-17 (FL
0.78), in a more proximal location than regions used before to
estimate ratios between physical and genetic distances in wheat.
This result suggests that positional cloning projects in the
proximal regions of wheat will be difficult and would greatly

Yan et al.



benefit from the use of the rice genomic sequence to jump over
large blocks of repetitive elements.

Despite the low recombination rate found in this region, the
large number of evaluated gametes was sufficient to find cross-
overs between most of the genes or at least between pairs of
adjacent genes. This detailed genetic study showed that the
variation in growth habit determined by the VRNI gene was
completely linked to only two genes. Although the possibility
that additional genes would be found in the two current gaps and
unsequenced regions of our 7. monococcum physical maps
cannot be ruled out, this seems unlikely based on the compar-
ative studies with rice and sorghum and the absence of any
additional genes in the 324-kb wheat sequence between CYBS5
and CYS.

The genetic data reduced the problem of the identification of
VRNI to the question of which of the two MADS-box genes was
the correct candidate. However, because no recombination was
found between AGLGI and API it was not possible to answer
this question based on the available genetic results. Therefore,
the relationship between AGLGI and API! with MADS-box
genes from other species was established as a first step to predict
their function from the known function of the related genes.

Phylogenetic Relationships of the VRN1 Candidate Genes. The sim-
ilarity between the wheat API gene and the Arabidopsis meris-
tem identity genes API, CAL, and FUL provided an indication
that the wheat AP gene was a good candidate for VRNI. These
Arabidopsis genes are expressed in the apices and are required
for the transition between the vegetative and reproductive
phases (34). The triple Arabidopsis mutant apl-cal-ful never
flowers under standard growing conditions (34). In wheat, the
VRNI gene is also responsible, directly or indirectly, for the
transition between vegetative and reproductive apices. This
transition is greatly accelerated by vernalization in the wheat
plants carrying the vrnl allele for winter growth habit. There-
fore, it is reasonable to speculate that the sequence similarity
between the wheat API gene and the Arabidopsis meristem
identity genes may indicate similar functions. An evolutionary
change in the promoter region of API may be sufficient to
explain the regulation of API by vernalization in wheat (see
model below).

The close relationship of wheat AGLGI to members of the
AGL2 subgroup suggested that AGLG1 was a less likely candi-
date for VRNI than API because transcripts from genes included
in this group are usually not observed in the apices in the
vegetative phase (25). Expression of Arabidopsis AGL2, AGLA4,
and AGLY begins after the onset of expression of floral meristem
identity genes but before the activation of floral organ identity
genes, suggesting that members of the AGL2 clade may act as
intermediaries between the meristem identity genes and the
organ identity genes (35-37). This seems to be valid also for
OsMADS1, which is more closely related to AGLGI than the
Arabidopsis members of the AGL2 clade. In situ hybridization
experiments of young rice inflorescences with OsMADS1
showed strong hybridization signals in flower primordia but not
in other tissues (38).

If the functions of wheat AP1 and AGLGI were similar to the
function of the related genes from Arabidopsis, the initiation of
transcription of API should precede the initiation of transcrip-
tion of AGLGI in wheat.

Transcription Profiles of the VRN1 Candidate Genes. RT-PCR ex-
periments using RNA samples from vernalized apices showed
transcription of AP but not of AGLG1 (Fig. 2A), indicating that
transcription of AGLG1 occurs after the initiation of transcrip-
tion of API. The similar timing and order of transcription
suggests that the wheat genes might perform similar functions to
the related Arabidopsis genes.
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Fig. 3. A model of the regulation of flowering initiation by vernalization in
wheat.

It could be argued that any gene in the flowering regulatory
pathway would be up-regulated by the initiation of flowering
caused by the vernalization process. However, the up-regulation
of API transcription in the leaves by vernalization (Fig. 2B)
indicated a more direct role of the vernalization pathway in the
regulation of wheat AP1 gene. Four additional characteristics of
the transcription profile of AP paralleled the predicted expres-
sion of a vernalization gene. First, vernalization was required to
initiate API transcription in the plants with winter growth habit
but not in the plants with spring growth habit. Second, API
transcription was initiated after only 2 weeks in the cold room,
and a minimum of 2 weeks of vernalization is required by many
winter wheat varieties to produce any significant acceleration of
flowering (39). Third, the progressive increase of AP transcripts
after the second week of vernalization (Fig. 2B) is consistent
with the progressive effect of the length of the vernalization
period in the acceleration of flowering time (39). Finally, a high
level of API transcripts was observed after the plants were
moved from the cold to room temperature, indicating that AP/
is not just a cold stress-induced gene.

Allelic Variation. No differences were found in the AGLGI coding
region or in its 5’ and 3’ regions between 7. monococcum
accessions G2528 (Vrnl) and DV92 (vrnl), confirming that
AGLGI was not a good candidate to explain the observed
differences in growth habit.

Although no differences were detected in the API coding
sequences and 3’ region, the spring and winter accessions
differed in their promoter sequence. The first 600 bp upstream
from the start codon were identical among the four genotypes
analyzed in this study except for a 20-bp deletion located close
to the start of transcription and adjacent to a putative MADS-
box protein binding site (CArG-box) in G2528 (ref. 40; Appendix
5). Two additional overlapping deletions were discovered in the
same region of the promoter in spring accessions of cultivated 7.
monococcum (Fig. 1). The presence of a putative CArG-box in
this region suggests the possibility that a transacting factor may
bind to this site and repress AP1 transcription until vernalization
occurs. This is similar to the case for FLC in Arabidopsis, which
was recently shown to bind to MADS-box gene SOCI and repress
its transcription before vernalization (41).

A Model for the Regulation of Flowering by Vernalization in Wheat.
The results presented in this study can be included in an
integrated model (Fig. 3) based on the known epistatic interac-
tions between VRN and VRN2 (2) and the available information
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about the evolution of the vernalization requirement in the
Triticeae. The significant epistatic interactions observed be-
tween VRNI and VRN?2 indicate that these two genes act in the
same pathway (2). According to the model presented here (Fig.
3), VRN2 codes for a dominant repressor of flowering that acts
directly or indirectly to repress VRNI. As the vernalization
process reduces the abundance of the VRN2 gene product, VRN1
transcription gradually increases, leading to the competence to
flower (Fig. 3 Middle).

The growth habit of plants homozygous for the recessive vrn2
allele for spring growth habit (Fig. 3 Top) is independent of
variation at the VRNI locus (2). According to this model, the
vrn2 allele represents a null or defective repressor that cannot
interact with the VRNI promoter. Therefore, variation in the
promoter of the VRNI gene would have no effect on flowering
time in homozygous vrn2 plants. This can be illustrated by the
expression pattern of API in T. monococcum DV92 (vrnl vrn2).
In this genotype, the initiation of AP transcription in leaves and
apices did not require vernalization despite the presence of a
recessive vrnl allele. This result indicated that the VRNI gene
acts downstream of VRN2 (Fig. 3).

Conversely, plants homozygous for the Vinl allele for spring
growth habit showed no significant effects of the VRN2 gene on
flowering time (2). According to the model in Fig. 3 Bottom, the
VRN2 repressor will have no effect on flowering in genotypes
carrying the Vrnl allele because of the lack of the recognition site
in the VRNI promoter region. This part of the model can be used
to explain the AP1 expression profile of G2528 (Vrnl Vin2). In this
genotype, transcription of AP in leaves and apices is initiated
without a requirement for vernalization despite the presence of an
active VRN2 repressor. This finding suggested that the active
repressor could not interact with the G2528 API promoter region,
possibly because of the presence of the 20-bp deletion.

This model also provides an explanation for the parallel
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evolution of VRNI spring alleles in three different Triticeae
lineages. A vernalization gene with a dominant spring growth
habit has been mapped in the same map location in diploid wheat
(1), barley (42), and rye (43). Most of the wild Triticeae have a
winter growth habit, suggesting that the recessive vrnl allele is
the ancestral character (44—46). This notion is also supported by
the fact that it is unlikely that a vernalization requirement would
be developed independently at the same locus in the three
different lineages from an ancestral spring genotype. According
to the model presented here, independent mutations in the
promoter regions of winter wheat, barley, and rye genotypes
have resulted in the loss of the recognition site of the VRN2
repressor (or an intermediate gene) and therefore, in a dominant
spring growth habit (Vrnl allele). Because this is a loss rather
than a gain of a new function it is easier to explain its recurrent
occurrence in the different Triticeae lineages.

In summary, this article presents the delimitation of the
candidate genes for Vrnl to API and AGLG1 by a high-density
genetic map, and the identification of API as the most likely
candidate based on its similar sequence to meristem identity
genes, its transcription profile, and its natural allelic variation. A
model is presented to integrate the results from this study with
the previous knowledge about the epistatic interactions between
vernalization genes and the evolution of vernalization in the
Triticeae. Confirmation of the hypotheses generated by the
model presented here will contribute to unraveling the complex
net of relationships responsible for the regulation of heading
date in the temperate cereals.
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