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Summary

Grapevine (Vitis vinifera) production is limited by
a wide array of abiotic stresses including cold, drought,
and salinity stresses. The regulation of stress response
genes under these conditions is very complex but a com-
mon and essential component of the gene network is the
C-Repeat Binding Factor (CBF) genes. Four unique CBF
genes have been described in grapevine to date and gene
or protein level variation may help explain differences
in stress resistance phenotypes in grapevine. This study
was conducted to evaluate the level of genetic diversity
found at these genes in different wild grapevine species
as well as in a panel of cultivated grapevine varieties.
Examination of the genetic variation at the four CBF
genes in grapevine revealed high sequence variation
with many different alleles in wild and cultivated grape.
However, predicted protein sequence variation of the
different genes revealed a different pattern. Vitis CBF
genes 1, 2, and 3, which play roles in the stress response
to many different stresses, were seen to have high lev-
els of protein sequence variation. In contrast, VCBF4,
which is induced by cold, was seen to have very little
variation across all wild and cultivated grapevine sam-
ples. This contrasting pattern between different gene
family members suggests an essential role of VCBF4 in
grapevine as the protein sequence is highly conserved
between wild North American grapevine species and
cultivated varieties.

Key words: C-Repeat Binding Factor, VCBF4, wild
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Introduction

CBF genes occupy a central role in the best known
example of a cold regulated gene cascade in plants. CBF
genes have been identified in all plants to date, although
copy number and function vary by species. The CBF genes
were first described in Arabidopsis, where 4 different gene
family members have been identified. 4t«CBF1, 2 and
3 are each triggered by exposure to cold conditions, but
the timing and tissue expression levels of these genes are
unique (NoviLro et al. 2007). AtCBF4 shares the character-
istic AP2 binding regions present in At7CBF1, 2, and 3 but
has been shown to be upregulated by exposure to drought

stress and ABA treatments instead of cold (HAAKE ef al.
2002). The nomenclature for this gene family is reversed
in Vitis relative to Arabidopsis. Vitis(V)CBF 1, 2, and 3 are
up-regulated following exposure to dehydration, salt, and
chilling stresses, whereas VCBF 4 is up-regulated only after
chilling (X140 ef al. 2008). VCBF4 is the most similar CBF
gene when compared with Arabidopsis and has the high-
est dissimilarity compared to the other Vitis CBF genes.
Previous studies which examined the differences in gene
expression between VCBF4 in V. vinifera (cold sensitive)
and V. riparia (cold tolerant) did not detect any differences
despite different phenotypes (X140 et al. 2008). However,
this study examined the sequences and expression of just
one tolerant and one sensitive genotype. A broader survey
of genetic variation at the VCBF loci may reveal polymor-
phisms or amino acid substitutions that contribute to differ-
ences in cold hardiness. The objective of this study was to
quantify the levels of genetic and protein sequence varia-
tion for the CBF gene family within and between different
species of the genus Vitis.

Methods

The USDA maintains a living germplasm collection
of wild Vitis species in Geneva, New York. From this col-
lection, we sampled leaf material for DNA extraction and
sequencing of 91 different accessions (Table). Samples in-
cluded three V. aestivalis, five V. cinerea, 17 V. labrusca,
three V. palmata/rubra, nine V. rupestris, and 41 V. riparia.
These genotypes represent examples of cold hardy germ-
plasm. Because V. riparia is frequently used in grapevine
breeding for cold hardiness and is better represented in the
collection, V. riparia sample numbers exceed other species
in this study. Twelve cultivars of V. vinifera collected from
a local vineyard (Ventosa Vineyards) were also included to
represent cold-sensitive genotypes. The survival of V. vinif-
era in the Finger Lakes wine region results from milder en-
vironmental conditions due to proximity to large lakes. The
geographic region from which accessions were originally
collected is included in the Table. DNA was extracted using
Qiagen 96-well plant mini kits (Qiagen, Hilden, Germany).
Following extraction, PCR reactions were run for all sam-
ples and all primer pairs. We amplified and sequenced the
entire coding region of each of the Vitis CBF genes. Prim-
ers for PCR amplification and sequencing for the 4 genes
are as follows: VCBF1, Forward (TTTAGCTGGGCATC-
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Table
GRIN GRIN GRIN
Vitis Accession  Locat- | Vitis Accession  Locat- | Vitis Accession Locat- Abbreviations
Species ion Species ion Species ion
Aestivalis Pl 483137 PA Riparia Pl 255189 NY Riparia PI 588439 MO PA Pennsylvania
PI 483185 NJ PI 483165 PA PI_ 588440 KS NJ New Jersey
PI 588677 MO PI 483166 NY PI_ 588455 MO MO Missouri
. PI 483167 VT PI 588456 KS IL Illinois
Cinerea  PI 588134 L PI 483168 VT PI 588457 IL TX | Texas
PI 588210 TX PI 483169 VT PI 588562 WI | MA | Massachusetts
PI 588222 MO Pl 483171 NY PI 588653 A |NY |New York
PI 588352 MO Pl 483172 NY PI 588711 MAN | CT | Connecticut
PI_588678 MO PI 483175 NH PI 594344 WI | VT | Vermont
P 597232 1L Pl 483177 NY ‘ NE | Nebraska
Labrusca  P1 483130 MA P 483178 PA | Rupestris g—ggg}ji 1/\\/1}({) IA | lowa
PI:483 133 NH PI 483182 NI PI 588160 TX MN Minnesota
PI 483145 PA PI 495622 NE PI 588224 AR ND North Dakota
PI 483147 PA PI 588054 1A PI 588225 OK MT Montana
PI 483150 NH PI 588167 QUE PI 588231 TX CO Colorado
PI 483151 NH PI 588258 MN PI 588330 MO KS Kansas
PI 483156 NH PI 588259 MAN PI 588333 MO WI Wisconsin
PI 483157 NH PI 588260 MAN I 588355 MO AR Arkansas
PI 483159 NH PI 588261 MN — OK Oklahoma
PI 483162 NH PI 588262 MN | piyifora  Cabernet Franc NH | New Hampshire
PI 483163 NY PI 588271 ND Cabernet Sauvignon BC British Columbia (CA)
PI 588307 NJ PI 588275 ND Chardonnay MAN | Manitoba (CA)
PI:S 88583 CT PI 588344 ND Lemberger QUE | Quebec (CA)
PI_588647 CT PI_588345  QUE Merlot
PI_588675 BC PI_588346  MT Noiret
PI_588182 PA PI_588347  IL Pinot Grigio
PI_588145 MO PI_588349  ND Pinot Noir
PI_588350 MT Riesling
Palmata  P1 588155 IL PI_588353 ND Sangiovese
PI 588152 MO PI_588435 CO Syrah
PI 588233 IL PI_588437 CO Friulano
PI 588438 IL

CGTGTC; TTCGCGGACAAAATTCTATGCTTC), Re-
verse (TCCAATAAGCTTGGTGGGTTA; TTATAAG-
CATAGTTGA; GTCAAACTAATCATCA; CCACCGGA-
GAAACTTCCAGA); VCBF2, Forward (GTGTCCAAT-
TCGCGGACAAT; CATCATCGTCATCTTC), Reverse
(GAATGGGTTCGAGTGGCAAA; CAACTGAAGCCT-
TCAC; CTTCCTCGACCCTGCTGACA; ATCCT-
GGACTTCTTAC); VCBF3, (CCCTGACCGCTTCTC-
GATCT; GCCGCCCTAGCATTCAGAG; CAATTTC-
CCCGACTCC), Reverse (CTGATGACAGCGGCAAG-
GAT, GGTTGTGGGAGTTGCATTGG); and VCBFA4,
Forward (CAGAACCGTGTTTGGGAACC; GGATAT-
GGCTGGGGACGTTT), Reverse (CCACCGGATTTAC-
CTCCCAC, CCGCCTTCTGAATGTCCTTG).

Sequence trace files were evaluated for quality using
the alignment software Sequencher (Gene Codes Corpo-
ration, Ann Arbor, MI) and polymorphic sites were called
manually for all sequences using standard ambiguity codes.
Haplotypes were phased using DNaSP 5.0 software (Libra-
do and Rozas 2009). Tests of selection/neutrality (Tajima’s
D, Fu’s F) were performed using Arlequin (Excorrier and
Liscuer 2010). Coding regions were extracted from the to-
tal sequenced lengths of the four genes and translated into
protein sequences using DNaSP 5.0. Allelic variation was
separated for each species tested to determine both the total
number of protein alleles as well as the number of species-
specific alleles. In addition to the samples we sequenced,
VCBF alleles were mined from NCBI-GenBank (http://

www.ncbi.nlm.nih.gov/) to identify novel alleles present
in this germplasm. After predicting amino acid changes,
the program SNAP (BromBErG and Rost 2007) was used
to infer the potential neutrality or non-neutrality of amino
acid substitutions. The program SplitsTree (Huson and
BryanT 2006) was used to infer and visualize evolutionary
relationships among the protein alleles at each locus using
a maximum likelihood protein distance measure and the
neighbor joining method of tree construction.

Results and Discussion

Results of the sequencing of the four VCBF genes re-
vealed interesting patterns of genetic variation both between
different species as well as between the different VCBF
genes. Our original intent was to sequence the promoters
of all four genes; however, the extent of heterozygous in-
dels in the promoter regions prevented resolution of these
regions. As a result, we sequenced 993 bp of the VCBF'I lo-
cus including the coding sequence (753bp), 774 base pairs
ofthe VCBF2 coding sequence, 826 bp of the VCBF3 locus
including the coding sequence (717bp), and 885 bp of the
VCBF4 locus including the coding sequence (663bp). Of
the 91 different grape accessions, 89 were sequenced for
VCBF1, 87 for VCBF3, and all 91 for both VCBF2 and
VCBF4. All sequences have been uploaded to NCBI-Gen-
Bank (accession numbers KF582054-582411).
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Overall structure of the CBF genes:
The Vitis CBF genes are members of the AP2 superfamily
of genes. As has been previously reported (Xiao et al. 2006,
2008), VCBF1, 2, and 3 are closely related to each other,
but distantly related to VCBF4. All four VCBF proteins
possess conserved N-terminal domains for nuclear locali-
zation (NLS) and for DNA binding (AP2). They also con-
tain the DSAWRL and A Domains. The C-terminal of the
genes is more variable but several conserved hydrophobic
clusters (HC) can be identified (WANG ef al. 2005). In addi-
tion to these domains, VCBF1, 2 and 3, contain three con-
served serine repeat clusters with unknown function (X1ao
et al. 2006, 2008). Alignment of the four VCBF genes is
demonstrated in Fig. 1 along with amino acid substitutions
observed in this study.

VCBF I: Analysis of genetic variation at the VCBF]
locus revealed 45 SNPs in the coding region (5.98 % vari-
ation) with 20 synonymous changes and 25 non-synony-
mous changes. Twelve of these SNPs were singletons with
33 informative. The Ka/Ks ratio for this region was 0.39,
suggesting mild purifying selection. Haplotype diversity
ranged from 0.123 in V. labrusca to 0.894 in V. cinerea.
There were a total of 39 different haplotypes at the VCBFI
locus. While Tajima’s D values were not significant, Fu’s
F (F = -13.25; P = 0.004) was significant and negative
at the VCBFI locus when considering the entire dataset.
A significant negative Tajima’s D value was observed for
V. labrusca (D =-1.97548; P=0.008) and V. rupestris (D =
-1.68878; P = 0.039) samples, with a marginal Tajima’s D
for V. riparia (D = -1.38922; P = 0.064) accessions. Nega-
tive values for Tajima’s D indicate there are many singleton
mutations at silent sites and suggest population expansion
in these species or purifying selection. The genetic varia-
tion at the VCBF'I locus results in a total of 28 novel pro-
tein alleles. Thirty alleles were found when including Gen-
Bank published sequences for V. vinifera ‘Chardonnay’ (GI
39578542), V. riparia ‘Thunder Bay’ (GI 39578538), and
V. amurensis (Gl 99029884). Evolutionary relationships
between these alleles as determined by protein maximum
likelihood distance measures are shown in Fig. 2. Six al-
leles were shared between species; the three alleles shared
between V. riparia and V. rupestris reflect the close evolu-
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tionary history of these two species (ARADHYA ef al. 2013).
Two alleles were shared between V. vinifera and V. ripar-
ia. However, one of these two alleles was found only in
V. riparia samples (V. riparia allele 9, V. vinifera allele 7)
which have hermaphroditic flowers. Hermaphroditic flow-
ers are a hybrid trait and this evidence suggests that these
V. riparia are carrying V. vinifera alleles. One allele was
shared between V. labrusca and V. aestivalis.

Of the amino acid substitutions observed at the VCBF]
locus, SNAP predicted that 12 amino acid substitutions are
non-neutral. Of those 12 changes, 8 were singleton sub-
stitution alleles. Of these substitutions, 5 are located in
important functional regions of CRT binding factors. Sub-
stitutions R56G, K72T, and E85K are found in the AP2
binding domain and could affect function (Fig. 1). Substi-
tution R56G results in a positive to nonpolar change, K72T
results in a positive to polar change, and E85K codes for
a negative to positive charge substitution. Substitutions
R56G and K72T are found in a heterozygous state in our
samples and thus are unlikely manifest any major differ-
ence in abiotic stress phenotypes. Substitution ES5K was
present in the GenBank V. vinifera ‘Chardonnay’ sample
and may impact VCBFI function in this genotype. The
other two substitutions that hypothetically impact VCBF1
function are found in the GenBank V. vinifera ‘Chardonnay’
and V. amurensis sequences. ‘Chardonnay’ has a phenyla-
lanine to serine (F202S) substitution in hydrophobic clus-
ter 2 while V. amurensis has a glutamate to valine (E220V)
substitution in hydrophobic clusters 4 in the C-terminal
of the protein that may impact function. However, results
from WANG ef al. (2005) suggest that CBF function in 4ra-
bidopsis is still possible when mutations occur in a single
hydrophobic cluster. Thus any of these substitutions alone
may not significantly impact function.

The other four substitutions predicted to be non-neu-
tral are found in at least two different alleles across our
samples. Two of these substitutions occur in conserved
regions. N106I occurs in V. hybrid ‘Noiret’, V. vinifera
‘Syrah’, and as a heterozygous allele in ‘Cabernet Franc’.
This substitution occurs in the end of the AP2 domain and
may or may not impact function as both asparagine and
isoleucine can function in protein binding domains (BETTs
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Fig. 1: Multiple Alignment of consensus protein sequence for VCBF genes. Conserved Domains highlighted with labeled lines. Dashed
lines indicate conserved serine repeats found in VCBF1, 2 and 3. Colored residues indicate neutral (blue) and non-neutral (red) amino

acid substitutions.
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Fig. 2: Neighbor-Joining Network of protein alleles observed at the VCBF1-4 loci. The sizes of the nodes indicate relative number of
accessions with that allele. The smallest circles indicate alleles found as singleton heterozygous alleles. Square nodes denote GenBank
samples and asterisk alleles indicate an allele from a wild-hybrid genotype. Nodes which are shared between species are indicated by
underline. Labeling of alleles are by species and are as follows: Amurenesis (Am), Aestivalis (A), Cinerea (C), Labrusca (L), Riparia

(Ri), Rupestris (Ru), Palmata (P), Vinifera (V).

and RusseLL 2003). The final substitution occurs in the
HC6/LWSY domain at the C-terminus of the protein and
is an aspartic acid to tyrosine substitution. However, this
substitution was conserved in V. labrusca accessions and
also occurs in V. aestivalis and V. riparia (Xiao0 et al. 2008),
suggesting this change is likely neutral.

VCBF2: The VCBF2 locus had a total of 67 SNPs
in the coding region (8.7 % variation) with 31 synonymous
changes and 29 non-synonymous changes. Additionally,
indel polymorphisms detected at this locus resulted in the
deletion of nine nucleotides that code for three serine ami-
no acids in the N-terminal of the protein as well as two in-
sertion polymorphisms of six nucleotides each, coding for
a glycine-serine addition and an isoleucine-serine addition.
Deletions in the N-terminal were observed in V. rupestris,
V. riparia, V. cinerea, and V. palmata alleles. It was not
detected in V. vinifera alleles, V. aestivalis and most V. lab-
rusca alleles. The insertion polymorphisms were restricted
to one V. labrusca allele and V. vinifera ‘Syrah’ for the ser-
ine-glycine insert, and exclusive to V. vinifera alleles for
the isoleucine-serine insert. The Ka/Ks ratio for this region
was 0.302 again indicating slight purifying selection at
this locus. No evidence for selection was detected with the
Tajima’s D test for the entire dataset or for any individual
species. However, significant Fu’s F values were observed
for the entire dataset (F = -24.01; P=0.001), V. riparia (F
=-12.05; P=0.003) and V. rupestris (F =-5.08; P=0.001)
populations. This result suggests that the number of alleles
present exceeds the number of expected alleles, either due

to population expansion or genetic hitchhiking (Fu 1997).
Haplotype diversity at the VCBF2 locus was high within
species (0.894-0.938) except for V. palmata (0.333).

Seventy-seven different haplotypes were observed
for VCBF?2 and these haplotypes give rise to 46 different
protein alleles, with the greatest number of alleles found
within V. vinifera and V. labrusca. In addition to the
89 sequenced samples, we also compared protein level
variation from published sequences for V. riparia ‘Thunder
bay’ (GI 39578544), V. amurensis (GI 99029886), and
V. vinifera ‘Chardonnay’ (39578550). Evolutionary
relationships between these alleles as determined by
protein maximum likelihood distance measures are shown
in Fig. 2 and closely mirror relationships observed at the
VCBFI locus.

Alleles at the VCBF2 locus were most frequently found
in a heterozygous state with different alleles identified in
every V. vinifera except ‘Merlot” and ‘Friuliano’. Eight al-
leles were shared between species; V. labrusca and V. aes-
tivalis (2), V. labrusca and V. vinifera (3), and V. riparia
and V. rupestris (3). Shared alleles between V. labrusca and
V. vinifera were observed only in V. labrusca samples with
suspected hybrid backgrounds indicated by the presence
of hermaphroditic flowers. Of the three protein alleles ob-
served in V. rupestris, all were shared with V. riparia.

There were a total of 45 potential amino acid substitu-
tions observed for VCBF?2 with 5 substitutions occurring as
multiple changes. SNAP results suggest that only two of the
45 substitutions are non-neutral changes and both changes
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occur in the NLS domain, potentially impacting function
of VCBF2. The SNP at site 46, F46L, was observed only in
the GenBank accession for V. amurensis and the properties
of both phenylalanine and leucine indicate this substitution
is unlikely to change function (BETTs and RusseL 2003).
The second predicted SNP site, R39L is present in 5 dif-
ferent V. riparia alleles including one shared allele with
V. rupestris and may impact NLS domain function in these
individuals.

V'CBF 3: The highest level of genetic variation was
observed at the VCBF3 locus where a total of 64 SNPs
were found in the coding region (8.9 % variation). Of these
SNPs, 19 were synonymous changes while 38 were non-
synonymous, resulting in a Ka/Ks ration of 0.636. This
ratio is higher than that observed at VCBFI and VCBF2,
suggesting less purifying selection and a more neutral
mutation rate than observed at these loci. There was no
evidence of selection at the level of the entire dataset for
Tajima’s D, but significant negative values for Fu’s F (F =
-13.58; P=0.018) were observed. Additionally, significant
negative values for Tajima’s D (D = -1.67573; P = 0.015)
were observed for V. riparia, suggesting purifying selec-
tion or population expansion in this species subset. Varia-
tion at the V'CBF'3 locus resulted in 58 different haplotypes
with haplotype diversity within species ranging from 0.533
(V. palmata) to 1 (V. aestivalis).

In addition to the 87 samples we sequenced for
VCBF3, published sequences for V. riparia ‘Thunderbay’
(GI 39578546), V. amurensis (GI 99029888), V. hybrid
‘Kyoho’ (GI 254952726), and V. vinifera ‘Chardonnay’
(GI 39578548) were compared. Variation at this locus re-
sults in 42 different protein alleles differing by 39 substitu-
tions, with the vast majority of these alleles observed as
singletons and in a heterozygous state, with greatest allelic
diversity present in V. labrusca. Five alleles were shared
between V. labrusca and V. aestivalis (2), V. labrusca and
V. riparia (1), V. labrusca, V. riparia, and V. vinifera (1),
and between V. vinifera and V. rupestris (1). Evolutionary
relationships between these alleles as determined by pro-
tein maximum likelihood distance measures are shown in
Fig. 2. This tree again closely mirrors results observed at
VCBFI and VCBF?2, with V. riparia and V. rupestris close-
ly related and the other North American species well-dif-
ferentiated from V. vinifera.

SNAP analysis suggest that 13 of the 39 substitutions
are non-neutral. Eight of these are found as singletons.
Substitutions R42P, L72R, T74S, are found in the hetero-
zygous state in V. riparia and V. rupestris accessions and
each of these substitutions are located in the NLS and AP2
domains of the protein and may impact function. Addition-
ally, T74S is a threonine to serine substitution that occurs
near the putative binding sites for VCBF-DNA binding
(Oxkamuro et al. 1997). Two other singleton substitutions
(R62L, T77A) are found in a GenBank accession of hybrid
grape, V. labrusca x V. vinifera ‘Kyoho’ (GI: 254952726).
Both substitutions occur in the AP2 domain and the R62L
substitution occurs at a highly conserved putative DNA
binding site, potentially impacting function of VCBF3 in
this accession. Arginine is effective in binding with phos-
phates and likely enhances DNA binding ability. Thus sub-
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stitution of this site to leucine may make this site less reac-
tive and less able to bind to DNA to initiate transcription
(BetTs and RusseLr 2003). One SNP, S114Y, is found in
V. palmata and is a serine to tyrosine substitution that oc-
curs in the serine repeat domain between the DSAWRL and
A domains. It is not known if these serine repeat domains
have important function in the VCBF genes, and thus it
is not clear if this substation would alter protein function.
The final two non-neutral substitutions are a tryptophan
to tyrosine substitution (W57Y) in the AP2 domain and
a premature stop codon at AASS8, adjacent to this muta-
tion. These substitutions are found in a homozygous state
in V. vinifera ‘Lemberger’. One of the two alleles observed
for ‘Lemberger’ also carries other shared SNPs identified
in this gene elsewhere in the sample dataset. This result
suggests that some event may have occurred in ‘Lemberg-
er’ since its selection from other cultivated varieties as the
premature stop codon and tryptophan to tyrosine substitu-
tion is found in both ‘Lemberger’ alleles. Perhaps inacti-
vation from transposon movement or some other double
stranded damage has occurred. As a result, ‘Lemberger’ is
not expected to have a functional VCBF3 gene. Based on
function of this gene in other Vitis studies, some reduction
in abiotic stress pathway activation may occur, though the
resolution of VCBF action in Vitis does not allow us to pre-
dict what processes might be affected (X1ao et al. 20006).
Also, functional redundancy with VCBFI and VCBF2 pro-
teins may allow this mutation to go unselected.

The remaining five substitutions (S26F, H43P, H85Q,
A123G, and M192T) are shared between species or be-
tween accessions within different haplotype groups within
species. All of these substitutions occur in the heterozygous
state within the respective Vitis accessions. Substitution
S26F occurs in a non-conserved region and thus may not
impact function. This substitution is also found only with
the V. aestivalis samples of our study. The remaining four
substitutions occur in the AP2 Domain (2), A domain (1),
and HC2 domains (1) and have the potential to affect func-
tion in these accessions.

VCBF4: Despite comparable levels of genetic
variation at the VCBF4 locus, 48 SNPs (7.2 % variation)
38 polymorphisms were synonymous changes while only
10 were found to be non-synonymous. Thus the Ka/Ks ra-
tio was lowest at the VCBF4 locus at 0.081, suggesting
strong purifying selection at this locus. Haplotype diversity
remained high (0.922) with 54 haplotypes inferred. Tests of
neutrality/ selection indicated a significant negative Taji-
ma’s D (D =-1.471; P=0.047) and significant Fu’s F (F =
-25.54; P < 0.0001) when tested across the entire dataset.
Additionally, a significant Fu’s F (F = -8.491; P=0.001)
was observed for V. riparia accessions. Published sequenc-
es for V. riparia ‘Thunderbay’ (GI 57903606), V. amurensis
(GI324103759), V. hybrid ‘Tamnara’ (GI 163914221), and
V. vinifera ‘Chardonnay’ (GI 92918850) and ‘Muscat of
Hamburg’ (GI 410519343) were available for comparison.
Protein allele variation at the VCBF4 locus was drastically
lower than in the other three CBF genes.

Nine protein alleles were detected in our population
with a tenth allele obtained from GenBank samples. One
allele was shared between V. vinifera, V. riparia, V. rupes-
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tris, V. labrusca, and V. aestivalis and was the most com-
mon allele in the study (53 % of samples). A second allele
was shared between V. riparia, V. cinerea, and V. aestiva-
lis (36 % of samples). The Genbank allele was shared be-
tween V. vinifera ‘Muscat of Hamburg’ and V. amurensis
and was not observed in our germplasm survey. As a result
of the greatly reduced diversity in protein alleles, evolu-
tionary relationships are very different from those at the
other three VCBF genes (Fig. 2) with essentially no species
resolution.

Of the eleven substitutions observed at this locus,
two were predicted to be non-neutral. The first substitu-
tion was observed in V. vinifera ‘Merlot’ in a heterozygous
state. “Merlot’ carries the most common allele as well as a
duplicate allele with a hypothetical premature stop codon
located between the DSAWRL domain and the A domain.
This mutation could result in a protein that is still nuclear
localized, but due to the stop codon would lack the N-ter-
minal translational activation domains required for func-
tion. The second substitution E159G is found as a singleton
in V. rupestris and is located in a non-conserved region of
the gene, likely not impacting function.

Conclusion

In conclusion, variation was high at each of the VCBF
loci in this study. Of the four genes, protein allele diver-
sity was very high for VCBFI, 2, and 3 but very limited
for VCBF4. This result, combined with the lower Ka/Ks
ratios for VCBF4 indicates that selection acts on VCBF4
to reduce changes in protein structure, even across species
boundaries. Neighbor joining trees of VCBFI, 2 and 3 all
resolve previous evolutionary relationships between these
wild species (ArRADHYA et al. 2013), with only VCBF4 hav-
ing a minimal tree dominated by two common alleles. This
result is perhaps not unexpected given the role of VCBF4
in cold response and the survival of these germplasm ac-
cessions in northern New York. At the same time, amino
acid changes in this gene cannot explain differences in cold
tolerance between species as all V. vinifera VCBF4 protein
alleles were also shared with wild North American grape-
vines. This result suggests that differences in amino acid
sequence at this locus are important and tightly conserved
between species and that mutations in this gene have been
eliminated by natural selection. As gene expression differ-
ences do also not appear to contribute to the difference in
phenotype, genes downstream of the VCBF4 regulon are
the more likely candidates underlying variation in CBF-
regulated cold tolerance. Future studies designed to ex-
amine the expression and function of the alleles identified
with potentially non-neutral function should be conducted.

J. P. Lonpo and A. J. GARRIS

Additionally, studies designed to examine the gene varia-
tion of southern wild grapevine species may further eluci-
date the evolutionary forces taking place at the VCBF loci
in Vitis.

Acknowledgements

This work was supported by USDA-ARS CRIS#1910-
21220-006-00D at the Grape Genetics Research Unit. We thank
K. Deys for assistance in sample preparation and DNA sequenc-

ing.

References

ARADHYA. M.; WANG, Y.; WALKER, M. A.; Prins, B. H.; KOoEHMSTEDT, A.
M.; VELASCO, D.; GERRATH, J. M.; DaNGL, G. S.; PREECE, J. E.; 2013:
Genetic diversity, structure, and patterns of differentiation in the ge-
nus Vitis. Plant System. Evol. 299, 317-330.

BEeTTs, M. J.; RusseLL, R. B.; 2003: Amino acid properties and conse-
quences of substitutions. In: R. R. Barnes, I. C. Gray (Eds): Bioin-
formatics for geneticists. John Wiley and Sons, Ltd.

BROMBERG, Y.; RosT, B.; 2007: SNAP: predict effect of non-synonymous
polymorphisms on function. Nucl. Acids Res. 35, 3823-3835.
Excorrier, L.; LiscHer, H. E. L.; 2010: Arlequin suite ver 3.5: A new
series of programs to perform population genetics analysis under

Linux and Windows. Mol. Ecol. Res. 10, 564-567.

Fu, Y. X.; 1997: Statistical tests of neutrality of mutations against popula-
tion growth, hitch-hiking, and background selection. Genetics 147,
915-925.

Haakg, V.; Cook, D.; RiEcHiMANN, J. L.; PINEDA, O.; THoMmasHOW, M. F.;
ZHANG, J. Z.; 2002: Transcription factor CBF4 is a regulator of
drought adaptation in Arabidopsis. Plant Physiol. 130, 639-648.

Huson, D. H.; Bryant, D.; 2006: Application of Phylogenetic Networks
in Evolutionary Studies. Mol. Biol. Evol. 23, 254-267

LiBraDO, P.; Rozas, J.; 2009: DNaSP v5: A software for comprehensive
analysis of DNA polymorphism data. Bioinformatics 25, 1451-
1452.

NoviLro, F.; MEDINA, J.; SaLINAsS, J.; 2007: Arabidopsis CBF1 and CBF3
have a different function than CBF2 in cold acclimation and de-
fine different gene classes in the CBF regulon. PNAS 104, 21002-
21007.

OkAMURO, J. K.; CASTER, B.; VILLARROEL, R.; VAN MoNTAGU, M.; JOFUKU,
K. D.; 1997: The AP2 domain of APETALA2 defines a large new
family of DNA binding proteins in Arabidopsis. PNAS 94, 7076-
7081.

Xi1a0, H.; SiopiQua, M.; BRAYBROOK, S.; NAssuTH, A.; 2006: Three grape
CBF/DREBI genes respond to low temperature, drought and absci-
sic acid. Plant, Cell Environ. 29, 1410-1421.

Xiao, H.; TaTTERSALL, E. A. R.; SibpiQua, M. K.; CRAMER, G. R.; Nas-
suTH, A.; 2008: CBF4 is a unique member of the CBF transcription
factor family of Vitis vinifera and Vitis riparia. Plant, Cell Environ.
31, 1-10.

‘WANG, Z.; TRIEZENBERG, S. J.; THoMASHOW, M. F.; STOCKINGER, E. J.; 2005:
Multiple hydrophobic motifs in Arabidopsis CBF1 COOH-terminus
provide functional redundancy in trans-activation. Plant Mol. Biol.
58, 543-559.

Received September 4, 2013



