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Abstract The development and application of molecular
methods in oats has been relatively slow compared with
other crops. Results from the previous analyses have left
many questions concerning species evolutionary relation-
ships unanswered, especially regarding the origins of the B
and D genomes, which are only known to be present
in polyploid oat species. To investigate the species and
genome relationships in genus Avena, among 13 diploid
(A and C genomes), we used the second intron of the
nuclear gene FLORICAULA/LEAFY (FL int2) in seven
tetraploid (AB and AC genomes), and five hexaploid (ACD
genome) species. The Avena FL int2 is rather long, and
high levels of variation in length and sequence composition
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were found. Evidence for more than one copy of the FL
int2 sequence was obtained for both the A and C genome
groups, and the degree of divergence of the A genome
copies was greater than that observed within the C genome
sequences. Phylogenetic analysis of the FL int2 sequences
resulted in topologies that contained four major groups;
these groups reemphasize the major genomic divergence
between the A and C genomes, and the close relationship
among the A, B, and D genomes. However, the D genome
in hexaploids more likely originated from a C genome
diploid rather than the generally believed A genome, and
the C genome diploid A. clauda may have played an
important role in the origination of both the C and D
genome in polyploids.

Introduction

The genus Avena L. (Poaceae) belongs to the tribe Aveneae
and forms a distinct polyploid series ranging from diploid
through tetraploid to hexaploid with a basic chromosome
number of seven. Baum (1977) presented a taxonomic
treatment of Avena with seven sections and 27 species.
Diploid species have either the A or C genome, tetraploids
have either the AC or AB genome, and hexaploids have the
ACD genome designation. The classification of these
cytologically distinct genomes was based on their karyo-
types and the pairing behavior of their hybrids (Rajhathy
and Thomas 1974; Baum 1977; Thomas 1992). The A
genome is structurally different from the C genome.
Diploid species with the A genome have, in general,
isobrachial chromosomes, while the C genome diploid
species have mostly subterminal chromosomes. Subscripts
describing A and C genome diploids indicate structural
differentiation and rearrangements of chromosomes. Minor
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genic differences have been reported between the A, B, and
and D genomes (Oinuma 1952; Leggett and Markhand
1995; Katsiotis et al. 1997; Linares et al. 1998; Irigoyen
et al. 2001). It is important to note that no diploid species
containing either the B or the D genomes are currently
known in the oat collections.

The evolution of the genus Avena remains a matter of
debate despite numerous observations made of chromo-
some pairing (Rajhathy 1966; Rajhathy and Thomas 1974;
Baum 1977; Thomas 1992; Leggett and Thomas 1995),
genomic in situ hybridization (GISH; Chen and Armstrong
1994; Jellen et al. 1994a), in situ hybridization using
molecular probes (Murai and Tsunewaki 1987; Fominaya
et al. 1995; Katsiotis et al. 1996; Linares et al. 1998;
Irigoyen et al. 2001), the use of molecular markers
(Sanchez de la Hoz and Fominaya 1989; O’Donoughue
et al. 1995; Alicchio et al. 1995; Ronald et al. 1997;
Kianian et al. 1999; Jin et al. 1999; Nocelli et al. 1999; Li
et al. 2000a, b; Loskutov and Perchuk 2000; Drossou et al.
2004; Fu and Williams 2008; Li et al. 2009), and the
comparison of nucleotide sequences (Cheng et al. 2003;
Irigoyen et al. 2006; Nikoloudakis et al. 2008; Nikoloudakis
and Katsiotis 2008; Peng et al. 2008).

The application of different molecular techniques has
provided further information concerning the relationships
between the Avena genomes. There is now good evidence
of a close relationship between the A and D genomes
(Chen and Armstrong 1994; Jellen et al. 1994a; Leggett
and Markhand 1995; Linares et al. 1996, 1998; Loskutov
2008), as well as between the A and B genomes (Leggett
and Markhand 1995; Katsiotis et al. 1997). Molecular
probes differentiated the D genome (Linares et al. 1998)
and the B genome (Irigoyen et al. 2001) from the A gen-
ome. Species relationships have been largely confirmed
using various molecular techniques; however, phylogenetic
information for oat species remains scarce. Initial research
suggested the involvement of A. strigosa in the A genome
origin of the tetraploid and hexaploid oats (Chen and
Armstrong 1994; Jellen et al. 1994a, b; Leggett and
Markhand 1995; Linares et al. 1996). Later studies pro-
posed that A. canariensis (Li et al. 2000b; Loskutov 2008)
or A. weistii (Li et al. 2000b; Fu and Williams 2008) were
the A genome progenitors. More recently, the possibility
that A. longiglumis is the donor of the A genome in AC
tetraploids and ACD hexaploids was suggested (Rodionov
et al. 2005; Nikoloudakis et al. 2008). As for the AB
genome species, either A. hirtula, A. wiestii (Rajhathy and
Thomas 1974; Irigoyen et al. 2006), or A. strigosa
(Fominaya et al. 1988a; Irigoyen et al. 2001, 2006) could
be the progenitor of the AABB tetraploids. All of the
diploid C genome species have been proposed as being
the putative donor of the C genome in the hexaploids
(Rajhathy and Thomas 1974; Chen and Armstrong 1994;
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Jellen et al. 1994a, b; Cheng et al. 2003; Nikoloudakis and
Katsiotis 2008). There is no information concerning the
origin of the D genome because no D genome diploid
species has ever been identified. Many studies have sug-
gested that the D genome may have originated from an A
genome diploid, since there is close relationship between
these two genomes (Ladizinsky and Zohary 1968;
Ladizinsky 1988; Katsiotis et al. 1996; Leggett 1996;
Drossou et al. 2004). However, this is still a hypothesis
because no such A genome diploid has ever been found.
Thus, the research regarding the origin of different
genomes in the polyploidy species has been inconclusive.

One of the advantages of using molecular data (espe-
cially nucleotide sequences) over morphological data in a
phylogenetic study is that a larger number of characters can
be incorporated (Hillis 1987). During the past decade, a
remarkable number of new sources of data and phyloge-
netic hypotheses have been accumulated using molecular
characters at various taxonomic levels in plant systematics
(Soltis and Soltis 1998). DNA sequences of the chloroplast
genome and nuclear ribosomal DNA region are widely
used at the different levels of molecular plant systematics
(e.g., Wendel 2000; Soltis et al. 2003; Liu et al. 2006).
However, these markers exhibit low levels of sequence
variation in many lineages of angiosperms, resulting in
unresolved relationships or weak support (Potter et al.
2000; Roalson et al. 2001; Baldwin et al. 2001). In par-
ticular, the internal transcribed spacers (ITS1 and ITS2) are
sometimes unsuitable for phylogenetic studies, due to high
sequence divergence (Wilson 2003), extensive length
variation between copies (Liston et al. 1996), paralogy
problems (Baker et al. 2000), or lack of resolving power
(Whitcher and Wen 2001). Therefore, in plant systematics,
there is a need for more nuclear gene sequence information
in order to resolve phylogenetic relationships on the gen-
eric and specific level and to provide independent gene
trees next to chloroplast phylogenies. Some alternative
nuclear genes, perhaps suitable for phylogenetic studies of
angiosperms at lower taxonomic levels, have recently been
examined as a source of additional characters (e.g., Mason-
Gamer et al. 1998; Small et al. 1998; Bailey and Doyle
1999; Mason-Gamer 2001; Tank and Sang 2001). These
studies not only showed that the nuclear genes provided
additional characters, but also proved that they are phylo-
genetically useful; i.e., they often contain higher percent-
ages of phylogenetically informative characters than either
ITS or chloroplast DNA data.

LEAFY is a homeotic gene that regulates the establish-
ment of the identity of the floral meristem as well as
flowering time in Arabidopsis (Blazquez et al. 1997,
Weigel 1995). It was first described as FLORICAULA in
Antirrhinum majus L. (Coen et al. 1990), then as LEAFY in
Arabidopsis thaliana (L.) Heynh. (Schultz and Haughn 1991).
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Although the various orthologues have different names
in different genera [e.g., NFL in Nicotiana tabacum L. (Kelly
etal. 1995) and WFL in wheat (Shitsukawa et al. 2006)], in this
paper we will maintain the name FLO/LFY for all orthologs
of FLORICAULA and LEAFY.

The structure of this gene is relatively simple and well
conserved in seed plants. There are three exons and two
introns, and the locations of the two introns are well con-
served (Frohlich and Meyerowitz 1997; Archambault and
Bruneau 2001). In contrast to the conserved coding regions
of FLO/LFY, the second intron may contain a phylogenetic
signal on the infrageneric level. However, between genera
it might be too variable: Frohlich and Meyerowitz (1997)
surveyed the size of this intron from 12 species of seed
plants and found that it ranges from 88 bp in Peperomia
(Piperaceae) to 7,946 bp in Platanus (Platanaceae). They
suggested that the second intron of LEAFY might, there-
fore, have evolved at a high rate, making it useful for
phylogenetic reconstructions of closely related species.

The development and application of molecular methods
in oat has been relatively slow compared to other crops.
Presently, there is little evidence at the nucleotide level to
suggest how Avena species evolved. The analyses of
chloroplast and nuclear ITS sequence data left many
questions concerning infrageneric relationships in Avena
unanswered, particularly concerning the origins of the B
and D genomes. Therefore, we investigated the utility of
using the second intron of FLO/LFY (hereafter abbreviated
as FL int2) to clarify the genome origins of allopolyploid
species of Avena, as well as the relationships amongst those
genomes. The phylogenetic utility of FL inf2 within the
Avena genus was also investigated.

Materials and methods
Plant materials and DNA isolation

Twenty-four Avena species, representing 13 diploid, 7
tetraploid, and four hexaploid taxa with different genomic
combinations (A, C, AB, AC, and ACD), were included in
this study (Table 1). All seed materials were provided by
Agriculture and Agri-Food Canada (AAFC) or the National
Small Grains Collection, Agriculture Research Service,
United States Department of Agriculture (USDA, ARS),
except for the three accessions of A. insularis, which were
kindly provided by Dr. Rick Jellen, Brigham Young
University, Provo, UT, USA. Genomic DNA was extracted
from leaf samples of single plants following the modified
CTAB procedure (Doyle and Doyle 1987), or, for a few
samples, using a DNeasy extraction kit from QIAGEN.

FL int2 sequence amplification and sequencing

Primers used for amplifying FL int2 in this study involved
several trials and a set of primers from the literature (Flint2
F1, Flint2 R1; Grob et al. 2004). Information for all primers
used in this study is presented in Table 2. A schematic
drawing of the FLO/LFY gene and the location of the
primers relative to the position of the second intron are
depicted in Fig. 1. Using these multiple primers, we
amplified the region from the second to the third exon of
FL int2 from the different species. PCR amplification was
carried out in a reaction volume of 50 pl containing
approximately 0.2 pg template DNA; 2.5 units Takara Exo
Taq™ polymerase with high fidelity (Takara Bio, Inc.,
Kyoto, Japan); 0.3 uM each primer; 200 nm each of dATP,
dCTP, dGTP, and dTTP (Takara Bio, Inc., Japan); 1.5 mM
MgCl, and 1x PCR buffer. PCR amplifications were
carried out in a PTC-240 thermocycler (Genetic Technologies,
MIJ Research, USA). The PCR reaction conditions were:
95°C for 5 min, followed by 30 cycles of 94°C for 30 s,
65°C for 1 min, and 73°C for 2 min, with a final extension
at 72°C for 10 min. Amplified products were directly
visualized by gel electrophoresis in 1% agarose gels.
Images were photographed and captured using a Gel Doc
2000™ system (Bio-Rad, USA). The bands of interest
were purified from gels using the QIAquick Gel Extraction
Kit (QIAGEN). The purified PCR products were cloned in
the pCR4 TOPO vector (Invitrogen) according to the
TOPO TA Cloning Kit protocol. Transformants were
plated on LB agar (with blue/white screening ability)
containing ampicillin. Clones carrying inserts were identified
using blue/white colony selection. PCR was used to double
check that positive clones contained an insert. Selected
colonies were incubated overnight in LB broth containing
ampicillin. Plasmid DNA was extracted using the QIAprep
Spin Miniprep Kit from QIAGEN, following the manu-
facturer’s instructions. 264 clones of 53 accessions belong
to 24 Avena species were first sequenced using the uni-
versal M13 forward and reverse primers. Because the
length of the LF int2 sequence is too long to obtain using
the MI13 primers, we adopted the primer walking
sequencing method which is using the end of the sequenced
strand as a primer for the next part of the long LF int2
sequence. All these fragments are then assembled as a
whole LF int2 sequence. Both strands of the templates were
sequenced. The number of clones sequenced per species is
noted in Table 1. Nucleotide sequences of 210 different FL
int2 haplotypes were submitted to GenBank at NCBI
(National Center for Biological Information, Bethesda,
MD, USA), and the GenBank accession number for each is
listed in Table 1.
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Table 1 Plant materials of Avena L. used in the present study

Species 2n Haplome Accession no. Origin No. of sequenced GeneBank accession no.
clones/haplotypes

A. abyssinica 28 AB Pl 411163 Seraye, Eritrea 8/6 GQ979781-GQ979786
PI 411173 Tigre, Ethiopia
PI 411359 Eritrea

A. agadiriana 28 AB CN 25856 Africa: Morocco 7/4 GQ979787-GQ979790
CN 25869 Africa: Morocco

A. atlantica 14 As CN 25864 Africa: Morocco 9/8 GQ979717-GQ979724

A. barbata 28 AB PI 337802 Izmir, Turkey 12/11 GQ979791-GQ979794
PI 367322 Beja, Portugal

A. brevis 14 As Ciav 9113 Europe 11/9 GQ979725-GQ979733

A. canariensis 14 Ac CN 23029 Canary Islands, Spain 4/2 GQ979734-GQ979735
CN 26172 Canary Islands, Spain

A. clauda 14 Cp CN 19205 Iran 12/11 GQ979903-GQ979913
CN 21378 Greece
CN 24695 Turkey

A. damascena 14 Ad CN 19457 Syria 8/6 GQ979736-GQ979741

A. eriantha 14 Cp Ciav 9050 England, United Kingdom 715 GQ979914-GQ979918

A. fatua 42 ACD PI 447299 Gansu, China 15/13 GQ979838-GQ979850
PI 544659 South Dakota, United States
PI 560776 Van, Turkey

A. hirtula 14 As CN 21674 Corsica, France 6/4 GQ979742-GQ979745

A. hispanica 14 As CN 25778 Portugal 97 GQ979746-GQ979752
CN 25787 Portugal

A. insularis 28 AC Sn Sicily, Mt. Bubonia, Italy 17/17 GQ979804-GQ979820
6-B-22 Sicily, Gela, Italy
INS-4 Sicily, Gela (reselection), Italy

A. longiglumis 14 Al Ciav 9087 Oran, Algeria 10/10 GQ979753-GQ979762
Ciav 9089 Libya

A. lusitanica 14 As CN 25885 Morocco 8/8 GQ979763-GQ979770
CN 26441 Spain

A. maroccana 28 AC Ciav 8330 Morocco 12/12 GQ979821-GQ979832
Ciav 8331 Khemisset, Morocco

A. murphyi 28 AC CN 21989 Spain 8/5 GQ979833-GQ979837
CN 25974 Morocco

A. occidentalis 42 ACD CN 23036 Canary Islands, Spain 24/20 GQ979851-GQ979870
CN 25942 Morocco
CN 26226 Canary Islands, Spain

A. sativa 42 ACD PI 258663 Krym, Ukraine 27/20 GQ979871-GQ979890
PI 258666 Armenia
PI 258677 Ankara, Turkey
PI 258726 Sakhalin, Russian Federation
PI 258734 Kirov, Russian Federation
PI 636013 Heves, Hungary
PI 636073 South Australia, Australia

A. sativa (hulless) 42 ACD Ciav 9009 Ontario, Canada 9/6 GQ979891-GQ979896

A. sterilis 42 ACD PI 411503 Alger, Algeria 12/6 GQ979897-GQ979902
PI 411656 Tigre, Ethiopia

A. strigosa 14 As PI 158246 Lugo, Spain 4/2 GQ979771-GQ979772
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Table 1 continued

Species 2n Haplome Accession no. Origin No. of sequenced GeneBank accession no.
clones/haplotypes

A. vaviloviana 28 AB PI 412761 Eritrea 6/2 GQ979802-GQ979803
PI 412766 Shewa, Ethiopia

A. ventricosa 14  Cv CN 21405 Algeria 9/8 GQ979919-GQ979926
CN 39706 Azerbaijan

A. wiestii 14 As PI 299112 Chile 10/8 GQ979773-GQ979780
Ciav 9053 Ontario, Canada

The seed materials of A. insularis were obtained from Dr. Eric N. Jellen, Brigham Young University, Provo, UT, USA. The accessions with CN
were obtained from Agriculture and Agri-Food Canada (AAFC), and the remaining accessions were obtained from USDA, ARS, National Small

Grain Research Facility, National Small Grains Collection

Table 2 The sequence of

primers used in LF int2 PCR Primer name

Position of primer

Sequence Reference

amplification 2 1F Exon II
2_1IR Exon III
2_2F Exon II
2 2R Exon III
Flint2 F1 Exon I
Flint2 R1 Exon III
T1F Exon II
TR Exon III
T2F Exon II
TR Exon III
TLFYF Exon II
TLFYR Exon IIT

agaacgggctBgactacctSttcc The present paper
ttSYtSgcgtaccKgaacacctgg
aacgggctBgactacc
cttgggcettgttgatgtag
cttccaYctStacgagcagtg

The present paper

Grob et al. (2004)
tettgggcttgttgatgtage
gagcacccBttegtggtSacVgag The present paper
cacgtagtgccgcatcttgggctt
ttcgtggtSacVgageeceggegaggt The present paper
cacgtagtgccgcatcttgggctt
agcagtgecgeStcettectg The present paper

gtaccKgaacacctggttSgtcac

Fig. 1 Schematic drawing of
the FLO/LFY gene. The
minimum and maximum lengths
of the exons and introns as
found in Angiosperms are given
according to Grob et al. (2004).
The amplified region is drawn
below, including the sequence

intron 1

intron 2
\ 4
83-7947bp

|2 2¢ +| |LFingF1 |

[eaGAGCACCCET TOETGETCACAGAGCOCGHE

information, the position of the
second intron in Avena and the
location of the primers used in
this study

T ——————————]

CAGGECCARGAAGAACGEGCT TGACTACCTCT TOCATCTGTACGAGCAGTGCOGCGTCTICCTGETE
| TLFYF 1

P i

T2 |

[P

| AGGTGACCAACCAGGT 6T TCOGGT ACGOCAAGAAGT GLGE0G0GAGCTACAT CAACAAGC CCARGAT GLGGCACTACGT GCACTGLTACGCGCT GEACTOOCTGE

Phylogenetic analysis

The 210 FL int2 sequences were verified, corrected, and
the complementary strands assembled using the program
‘DNAMAN’, version 4.0 (Lynnon Biosoft Company). To
confirm if the sequences were FLO/LFY homologs, the
coding regions were compared with the FLO/LFY gene
sequences available in GenBank using BLAST searches
(Altschul et al. 1990). To confirm that the sequence matrix
only included the second intron region, the exon regions

D — 3] FinZR1

o

and exon/intron boundaries were identified. Sequences
were aligned using the program ‘ClustalW’ (Thompson
et al. 1994), then optimized using ‘SeaView’, version 4.1
(Galtier et al. 1996). The alignments were then manually
refined using the program ‘GeneDoc’ (Nicholas et al.
1997).

A first series of analyses was performed using the sec-
ond intron regions of all haplotypes in all taxa (210
sequences). In this first series, gaps were treated as missing
values. Phylogenetic analyses were conducted using the
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distance methods as implemented in ‘PAUP*’, version 4.0
(Swofford 1998). The matrix of aligned sequences was
very large and prohibitive for MP and ML analyses of the
entire data set; therefore, we next carried out a neighbor-
joining (NJ) analysis using the Jukes-Cantor and Kimura
two-parameter distance estimates (Kimura 1980; Saitou
and Nei 1987).

In order to obtain a concise phylogram that could clearly
reflect the species relationships in each clade, a second
series of analyses was performed using only the noncoding
sequences from the reduced matrix. Based on the result of
the NJ analysis of the whole sequence matrix, we carried
out the alignment of variable sequences from different
clones for every species. Then, upon visual examination of
the alignments, we determined groups of similar sequences
in every clade among the 210 sequences in the NJ tree. The
sequences in a clade were not necessarily identical, but
sufficiently close in pattern to determine sequence types
found in each species. Subsequently, we calculated the
consensus sequence for each type found within each spe-
cies. In so doing, we reduced the 210 sequences to a 65
sequences matrix, with each species represented by one or
more sequence types. Phylogenetic analyses based on the
consensus sequence types of each species were conducted
using parsimony and distance methods using PAUP* 4.0
(Swofford 1998). Maximum parsimony (MP) analyses
were performed by heuristic search, tree bisection recon-
nection (TBR) branch swapping, and RANDOM stepwise
addition with 1,000 replicates.

To find the evolutionary model that best fits given the
data, we subjected the alignment of the consensus
sequences to jModelTest (Posada 2008) version 0.1.1. The
parameters of the best fitting model were then used as input
for a maximum likelihood analysis. To carry out a boot-
strap analysis with heuristic search, it was necessary to
change the search criterion from “likelihood” to “dis-
tance”. We set the “NegBrLen” to “Prohibit” and subse-
quently calculated the likelihood trees in memory then used
the Shimodaira and Hasegawa (1999) test to select for the
best tree. Finally, we subjected the consensus data to an
ML analysis with heuristic search, setting the number of
replicates to 100, swapping to TBR but limited to 100
while imposing the limits separately for each addition-
sequence replicate.

Results
Characteristics of FL int2 sequences in Avena
We were able to amplify and sequence FL int2 regions

from the different Avena species successfully using the
multiple primers listed in Table 2. The sequences have
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been deposited in Genbank and the accession numbers are
GQ979717 to GQ979926. BLAST searches, looking at the
coding region of each sequence, confirmed the cloned
sequences to be homologous to the FLO/LFY orthologues
found in GenBank. The Avena Flint2 sequences are rather
long and demonstrate a high level of variation in length and
sequence composition. Different clones ranged in length
from 1,484 to 3,281 bp. These lengths are equal to or
greater than the FLO/LFY second intron sequences found in
Zea mays (Bomblies and Doebley 2005).

There were some difficulties in amplifying and
sequencing the FL int2 of Avena. In most species, diploid
or polyploid, more than one copy of FL int2 was found, and
in some cases, amplification of FL int2 yielded two prod-
ucts of different length. Evidence for more than one copy
of FL int2 was obtained for both the A and C genome
groups. Two very different FL int2 sequences, A-1 and A-2
groups, were obtained from the A genome. Sequences
differing by various numbers of nucleotide substitutions
and indels were amplified from the majority of A genome
diploids. The majority of the sequences from polyploids
containing the C genome fell into more than one C genome
subgroup, and in each subgroup, the sequences from the
same accession were closely related, but not identical,
indicating the presence of several copies of FL int2 in the C
genome. However, the degree of divergence of the A
genome sequences was greater than that seen amongst the
C genome sequences.

Phylogenetic analysis of the entire set of FL int2
sequences

The FL int2 sequences of Avena, including all the different
clones from all the individuals sampled (210 new FL int2
sequences from 53 accessions of 24 species), were sub-
jected to phylogenetic analysis. The sequences clustered
into four major groups (Fig. 2). Groups I (62 sequences)
and II (50 sequences), hereafter referred to as the A gen-
ome group (although it may include the B genome group),
contained sequences from the AA genome diploids, the
AABB tetraploids, two AACC tetraploids (A. maroccona
and A. insularis), and the AACCDD hexaploids A. sativa
and A. fatua. Because all species belonging to these clades
contain the A genome, we named these two clades A-1 and
A-2.

Group III, together with the outgroup referred to as the
C genome group, contained 82 sequences from the CC
genome diploids A. clauda and A. ventricosa, and all of the
AACC tetraploid and AACCDD hexaploids included in
this study. The sequences in the C genome group were
clearly divided into three subgroups. One subgroup con-
tained sequences from the C genome diploid A. clauda and
all the polyploids containing the C genome. Unexpectedly,



Theor Appl Genet (2010) 121:985-1000

991

&§¥§§§;gg=§e 55
N e
f*@augagizgﬁﬁgzm

8585
]
S,

o
caiazanss
8n 22 a ZpN
o B
HANSRAY

35
0

A-11]

BBE0Es TTaTLro0E
B AR
B TFCRLRENTY
E

n
we 12137
mar6226
e 12136
ch 3036
FEE
&) e
— eri% 49
23
en
a3 v
e ?
en3652 D?
100} cla327
<8981
da32 11
da28 15
Sal 8985
mur6326
ch 26
50196 60
sat% b4
a9 42
914
Sal5 49
sasess
miz
%55
ins1L12
i
5
L] 531 9218
St9 50
tdl6
911
ns3L 17
lon3 73
lon 2324
jon.
lon 53 40
Ton'53 25
a7 -
s |A210
can24 1
can %29
aby 14
A
a
o) Hr3a
vav 1159
vav 11624
aby18
bar 196
hird4 34
dam 32
gyt dam B 4
dam 331
202813
his 50 48
his 5136
his30 41
iz
his 5042
wie 121 5
his5045
his5053
123
da324
713839
113848
1213843
13811
138 10
B2
ins 3524
ins 3526
ins337
ins 3521
ns 210
ns 256
ins223
ns 16
nsiSh
100]" ins
ns18 _
& | C-1
ins 1L13
fat 38 41
8991
e 26
S0 1093
ste10933
Tat395
11072
| cla 28 14
Wie 12275
27018
occ7031
wie 12251
Rt 17
o0c 7042
s 8994
b #1397
occ7030
cc 7021
2] |l occ7n s
occ7022
mur
SRk
st
06c6953
e m
ocz 7243
occ6328
occ7242
occ 6931
7238
occ 6030
oce7249
DecE9 27
occ7250
occ7244
swer2ds
mur
9, mur | B‘E
mur,
i C-2
Ste 11069
mar5227
mar6aL 33
mare1
mar
o
o |f mere230
‘mar
ol mar 627
maré1 11
mar61 16
mar629
T oble
ven 11742
ven 11738
il
ven
n117 37 C-3
1736
il
8

EECH
23333

Fig. 2 Neighbor joining gene tree inferred from the FL int2 sequences.
Numbers above branches indicate bootstrap values above 50%

two sequences from the previously assigned A genome
species A. wiestii were found in this clade. The second
subgroup contained another (C-type of) sequence from the
AACC and AACCDD species. Thus, we labeled these two
C genome branches as C-1 and C-2. The third subgroup
only contained sequences from the Cv genome species
A. ventricosa.

Between the two A genome clades A-1 and A-2, there is
a different clade supported with 100% bootstrap value
containing sequences from the CC genome diploids
A. clauda and A. eriantha, the AACC genome species
A. murphyi, and the hexaploid A sativa. This was desig-
nated group IV. It is noteworthy that, although group IV
contains16 sequences from the C genome species that
differ from A genome-type clades, it also shows a close
relationship between them. Since the D genome is close
related to A genome, and since the previous suggested D
genome donor species A. clauda and A. murphyi are
together in this group, we tentatively deduced that this
clade represents D genome sequences, and labeled it as
“D?” because it is not certain.

Phylogenic analysis based on consensus sequences

We obtained 65 consensus sequences in which each species
contained one or more sequence types. The model that best
fits the given data was found to be TVM + G, selected by
both the Akaike Information Criterion (AIC, Akaike 1974)
and AICc (AIC corrected) using the following parameters:
nucleotide  frequencies A = 0.2890, C =0.2167,
G =0.2129, T = 0.2815; rate matrix AC = 0.9736,
AG = 26065, AT = 0.9659, CG = 1.2796, CT = 2.6065,
GT = 1.0; Gamma distribution with shape = 1.814. By
examining the summary of the AICc values and Akaike
weights for the models optimized on the NJ tree, we found
that 19 out of 56 models received good support from the
data (Table S1). The model averaging gene trees computed
as strict and majority rule (Figs. S1, S2) displayed the same
general topology as the ML gene tree (Fig. 3b).

The resulting MP tree and the ML trees in the different
analyses all included four main groups that are in general
accordance with the tree based on the entire set of 210
DNA sequences, and, so, we also labeled these groups as
A-1, A-2, C-1, C-2, and D (Fig. 3). In addition, there is a
subclade in A-2 with high bootstrap support value that only
contains A genome diploids and AB genome tetraploids,
which has been labeled as “B?”.

One of the A genome groups (A-1) was divided into four
subgroups, including either two sequences from A. brevis
and A. maroccana (MP tree) or A. wiestii and A. maroc-
cana (ML tree). The latter two sequences are sufficiently
differentiated from other sequences in the four subclades as
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Fig. 3 Phylogenetic trees a
inferred from the reduced

FL int2 gene sequence matrix.
a Majority-rule consensus tree
of most parsimonious trees
(Tree length = 3202,

CI = 0.77, RI = 0.96),

b maximum likelihood gene tree
inferred from the reduced
matrix, numbers above branches
indicate bootstrap values above
50%

to be referred to as two distinct branches. The A genome
diploid sequences were interspersed with tetraploid and
hexaploid sequences, each subclade containing several AA
diploids together with one to three AABB species, one AC
genome tetraploid species, and one or two AACCDD
species. Thus, it is not clear which A genome diploid
contributed to the evolution of the different polyploids.
Only A. longiglumis showed a close relationship with
A. agadiriana, which is an AB genome species.

The A genome FL int2 sequences of the A-2 clade could
be clearly subdivided. One large subgroup, that we have
designated as “B?”, comprises the A genome diploid
A. hirtula and the AABB species A. abyssinica, A. barbata,
A.vaviloviana, A. damascena, and A. agadiriana. The rest of
the species in the A-2 clade did not clearly cluster; however,
the close relationships between A. atlantica and A. barbata,
A. insularis and A. sativa, and among the three As genome
diploid species A. hispanica, A. strigosa, and A. wiestii,
should not be discounted, because these species clustered to
form the smaller subclades with 100% bootstrap support
values.

The C genome sequences were also divided into sub-
groups. There were two major subgroups, one of which
comprised the C genome diploid A. clauda and all the
AACC and AACCDD polyploids included in this study.
The second major subgroup contained most of the polyp-
loids that carry the C genome. The sequences from the Cv
genome species A. ventricosa differed from most of C
genome sequences and can be referred to as a distinct
sequence. The D genome sequences included sequences
from the Cp genome species A. eriantha and A. clauda, the
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Discussion

The genus Avena comprises species with different degrees
of ploidy (2x, 4x and 6x) and diverse genomic compo-
sition (A, B, C, and D), and includes cultivated oats, which
contain the A, C, and D genomes (Thomas 1992). The
evolved allopolyploids may have had structural changes in
their chromosomes, which could have caused their partial
homology (Baum et al. 1973; Rajhathy 1966). In addition,
the presence of a genetically controlled regulatory mech-
anism in Avena that prevents homoeologous chromosome
pairing (Ladizinsky 1973; Rajhathy and Thomas 1974;
Ladizinsky 1974), along with the chromosomal rear-
rangements among the oat genomes (Chen and Armstrong
1994; Jellen et al. 1994a; Jiang and Gill 1994; Fominaya
et al. 1995; O’Donoughue et al. 1995; Leggett and
Markhand 1995; Linares et al. 1996, 1998), could lead to
an underestimation of the actual relationships between
different species at the cytological level, and complicate
the unraveling of the phylogeny and the identification of
ancestral species for Avena polyploids.

The origin of the A genome in polyploids

The A genome origin of polyploids is a most complex and
controversial problem. The numerous translocations and
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unknown levels of homology among the various diploid
genomes (Leggett and Thomas 1995) and high affinity
between the chromosomes of the A, B, and D genomes
complicates the unraveling of the phylogeny and the
identification of the ancestral species giving rise to Avena
polyploids. All potential hybrids between the A genome
diploids and the hexaploids have been produced (Leggett
and Thomas 1995); however, none of these hybrid com-
binations exhibited the level of chromosome homology that
would suggest one of them to be the donor of the A
genome.

The A-genome diploids were originally subdivided into
the As genome (A. strigosa) and modified A-genome spe-
cies (Ac, Ad, Al, and Ap) according to their karyotypes
(Rajhathy and Thomas 1974; Leggett 1987). Considerable
work has been done in an attempt to determine which of the
A genome diploids was the progenitor of the polyploid
species of Avena; however, many of the results are con-
tradictory. Table 3 provides a summary of the evidence
accumulated for and against any one particular A genome
species being said progenitor. Our results, together with
this other accumulated evidence, seem to suggest that
various A genome diploid species might have been
involved in the evolution of the A genome in polyploid
oats. The A genome FL int2 sequences could be clearly
divided into two groups. Each group included almost all of
the AA and AABB genome species used in this study, as
well as some of the AACC tetraploids and AACCDD
hexaploids. The A genome diploid sequences were inter-
spersed among the tetraploid and hexaploid sequences,
meaning these data are not informative in the search for the
A genome ancestor(s) of polyploidy Avena. This justifies
the suggestion that tetraploid AABB, AACC, and hexa-
ploid AACCDD species could have obtained the A genome
from any of the diploid A genome species included in this
study (Cheng et al. 2003).

The results of the present study also call into question
the previous subdivision of A genome species, as do
studies using random amplified polymorphic DNA (RAPDs)
and restriction fragment length polymorphisms (RFLPs;
Nocelli et al. 1999; Li et al. 2000b). Other AsAs genome
species share similar characters with the mode AsAs spe-
cies A. strigosa, but some of them also show specific traits
that differ from A. strigosa. The diploid species A. atlan-
tica yielded fertile offspring when crossed with A. strigosa,
so it was classified within the As genome group. Later, this
was confirmed by karyological studies (Leggett 1987),
while A. atlantica is regarded as a wild analog of
A. strigosa instead of A. hirtula (Rajhathy and Morrison
1959). However, in the present research, A. atlantica and
A. hirtula are dispersed from the genome subclade con-
taining the three AsAs species A. hispanica, A. strigosa, and
A. wiestii. RAPD and RFLP analysis (Nocelli et al. 1999),
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as well as a study based on the polymorphisms of
satellite, minisatellite and microsatellite DNA (Li et al.
2000b), support our result. In addition, studies of rDNA
sequences (Nikoloudakis et al. 2008) and structural
divergence (Badaeva et al. 2005), as well as RAPD and
AFLP analyses (Drossou et al. 2004), also showed that A.
hirtula was separate from the other As genome species.
In addition, two clones from As-genome diploid species
A. wiestii are found in the C genome clade unexpectedly,
which indicate this species is different from other A
genome species to some extent. This is verified by the
ITS sequence data, because A. wiestii (GenBank acces-
sion no. EU833830-EU833837) had novel ITS sequences
which were different from the rest A genome species.
But why A. wiestii is different from other A genome
species remains unknown. Perhaps an intensive study
with more population material of this species based
on morphological, cytological, and molecular evidence
would help clarify this question.

Considering the non-As genome species, almost com-
plete chromosome pairing is documented in A. damasce-
na x A. longiglumis hybrids (Nocelli et al. 1999), but,
even though these species are morphologically very simi-
lar, they are almost geographically isolated and differ
karyotypically by at least three translocations (Leggett
1984a). The low level of genetic similarity between
A. damascena and A. longiglumis reflects their reproductive
isolation (Rajhathy and Baum 1972; Leggett 1984a).
Leggett and Thomas (1995) reported that A. damascena is
more closely related to the A. strigosa group than A. lon-
giglumis, as did Drossou et al. (2004). The meiotic
behavior of hybrids between As genome diploids and
A. damascena (Leggett 1989) and A. longiglumis (Rajhathy
and Thomas 1974) supports these results, but other studies
have reported that A. longiglumis has genetic similarities
with A. strigosa (Linares et al. 1998; Li et al. 2000b;
Loskutov 2001). In AFLP study based on 163 accesion of
25 Avena speices, the As genome species A. lusitanica
showed more related to A. damascena with the Ad genome
and A. longiglumis with the Al genome (Fu and Williams
2008). Ac-genome species A. canariensis shared higher
genetic similarity with Avena wiestii (AsAs) (Li et al.
2000b). Thus, the previous subdivision of A-genome spe-
cies appears to be in need of review.

The origin of the B genome in AABB tetraploids

Derivation from the A versus B genome in the tetraploid
could not be determined. It was possible that sequences
may have been derived from both A and B genomes for
AABB tetraploids and indicate multiple copies of each
genome, or tetraploids of AABB origin could be expected
to carry only A genome specific sequences, since all AABB
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species belong to the A genome clades, and it is considered
that the B genome was derived from the A genome as most
research has suggested (Oinuma 1952; Sadasivaiah and
Rajhathy 1968; Fominaya et al. 1988b; Leggett and
Markhand 1995; Leggett and Thomas 1995; Katsiotis et al.
1996; Leggett 1996; Katsiotis et al. 1997). However, the
A and B genomes have been distinguished using an A
genome-specific repetitive sequence from A. strigosa
(Irigoyen et al. 2001). In our result, there is a subclade in
the A-2 clade that includes only the AABB species and two
A genome diploids, that may represent the B genome
group. If this is true, the B genome of the AABB species
A. abyssinica, A. barbata and A. vaviloviana [the inter-
fertile barbata group (Rajhathy and Thomas 1974)] should
be derived from the diploid A. hirtula. That A. hirtula is
closely related to the AABB tetraploids is supported by the
work of others (Rajhathy and Thomas 1974; Irigoyen et al.
2006). The work of Peng et al. (2008) also found that the B
genome units were embedded as a branch within the A
genome units. That the AABB species A. agadiriana is
different from the other three is in accordance with the ITS
sequence results of Nikoloudakis et al. (2008).

The origin of the C genome in AACC and AACCDD
species

There was little evidence favoring any of the three diploid
species included in previous studies as being the progenitor
of the C genome in AACC tetraploids or in AACCDD
hexaploid species. It is noteworthy that, during most of the
studies using molecular markers and nucleotide sequences, it
has been observed that all Avena allopolyploids cluster with
the A-genome diploids, and the dominance of A-genome
over C-genome rRNA sequences complicates phylogenies
(Jellen et al. 1994b; Fominaya et al. 1995; Yang et al. 1999;
Shelukhina et al. 2007; Peng et al. 2008; Nikoloudakis and
Katsiotis 2008; Li et al. 2009). Therefore, identification of
the C-genome species contributing to the speciation of cul-
tivated oats was not possible. Furthermore, there is no
information based on cytoplasmic sequences available that
would permit us to unravel the evolution of the AACC and
the AACCDD polyploid species because the plastid genome
is maternally inherited in grasses (Ge et al. 1999), and many
studies have suggested that the C genome taxon was not the
maternal donor of the polyploids (Nishiyama and Yabuno
1975; Leggett 1984b; Nishiyama 1984; Murai and
Tsunewaki 1987; Rines et al. 1988; Nikoloudakis and
Katsiotis 2008; Li et al. 2009). As a result, the ancestry of the
C genome in polyploids remains uncertain.

On the basis of karyotype, the three diploid C genome
species have been separated into two genome types: Cv and
Cp (Leggett and Thomas 1995). Both types have been
proposed as the putative donors of the hexaploid C genome

(Rajhathy and Thomas 1974; Chen and Armstrong 1994;
Jellen et al. 1994a, b). Murai and Tsunewaki (1987) ana-
lyzed cpDNA of the most representative Avena species
using RFLPs, and, although both A. eriantha and A. clauda
were assigned the Cp genome, they, along with the Cv
genome diploid A. ventricosa, belong to different cpDNA
types. Numerous studies have shown that the C genome is
essentially unchanged through all ploidy levels, thus being
considered one of the basic genomes in oats (Li et al.
2000b) and referred to the easy detection of the C genome
donor of polyploidy species. In the present study, the Cp
genome diploid A. clauda was shown to share higher
genetic similarity with the AC-genome tetraploids and the
hexaploids than with the A-genome diploids, as all of the
AACC and AACCDD species were found to be included in
the C genome clade. A. ventricosa formed an outgroup,
leading us to the conclusion that A. clauda should be
considered the C genome donor of the AACC and
AACCDD species rather than A. ventricosa, as is generally
believed (Rajhathy 1966; Fu and Williams 2008; Nikolo-
udakis and Katsiotis 2008). This conclusion is supported by
Cheng et al. (2003) who also proposed that A. clauda was
the C genome progenitor of AACC tetraploids and is jus-
tified by chromosome pairing results that showed that
A. eriantha is unlikely to have participated in the formation
of the tetraploid A. maroccana (Leggett 1998).

Tentative presumption of the D genome origin
in AACCDD species

The cultivated oat A. sativa is a natural allohexaploid that
contains three genomes (A, C, and D). It has been sug-
gested that its evolution involved two distinct steps. The
first step involved the establishment of a tetraploid
(AACC) by the hybridization of two diploid species (AA
and CC) followed by doubling of the chromosome number.
The second step involved hybridization of this tetraploid
with a third diploid species to form a hexaploid by the
doubling of the chromosomes of the resulting triploid
hybrid (Rajhathy 1991; Thomas 1992).

Although the identification of the diploid species con-
tributing to the evolution of the hexaploids is still contro-
versial, evidence from studies of chromosome pairing in
hybrids between hexaploid and tetraploid oat (Ladizinsky
and Zohary 1971; Ladizinsky and Fainstein 1977,
Ladizinsky 1974, 1998), isoenzyme analysis (Sanchez de la
Hoz and Fominaya 1989), and molecular studies (Drossou
et al. 2004; Fu and Williams 2008; Nikoloudakis et al.
2008)favors the involvement of the tetraploid oats
A. maroccana, A. murphyi, and A. insularis (Ladizinsky
1998).

Most research supports the hypothesis that an AACC
tetraploid hybridized with another diploid species with
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subsequent chromosome doubling to form a hexaploid, yet
no diploid species containing the D genome have been
found. There is some evidence that the A and D genomes
are very closely related (Ladizinsky and Zohary 1968;
Ladizinsky 1988; Chen and Armstrong 1994; Leggett et al.
1996; Leggett and Markhand 1995; Linares et al. 1996,
1998; Li et al. 2000a, b; Loskutov 2008). The close rela-
tionship of the A and D genomes together with the absence
of DD genome diploid species supports the hypothesis that
an A genome diploid species could have been the donor of
both the A and D genomes of hexaploid oat (Ladizinsky
and Zohary 1968; Ladizinsky 1988; Leggett 1996;
Loskutov 2008). If this is true, there should be one
A-genome diploid species sharing higher genetic similarity
with the hexaploid species but lower genetic similarity with
the AC genome tetraploid species. No such A genome
diploid was found in previous studies.

Linares et al. (1998) differentiated the A and D genomes at
the diploid level based on the southern blot analysis, with
A. canariensis and A. damascena as putative D-genome
diploids. However, their probe picked up repeated sequen-
ces; when the copies are low they will not be picked up under
the assays conditions outlined in their paper. Furthermore,
the reverse was not carried out and could not have been
carried out because there was no known D-genome-specific
probe. In the present study, we were able and fortunate to find
a possible clue of the D genome origin based on DNA
sequencing. In the phylogenetic analyses of the FL int2
sequences, the two A genome products behaved quite dif-
ferently: all phylogenetic analyses of FLint2 failed to place
the two types of A genome sequences as sisters. Instead, the
assigned D genome sequences clade was found between the
two A genome groups. This demonstrates that D genome
sequences are related to the A genome sequences to a certain
extent. However, the diploid species belonging to the D
genome clade are the C genome diploids A. clauda and
A. eriantha, as opposed to any of the A genome diploids. The
AC genome species A. murphyi also belongs to the D genome
clade. This result is in general agreement with the 5S rRNA
gene diversity study that found the short D1 class unit that
was assigned to the D genome not only from all hexaploids,
but also from the diploid A. clauda and tetraploid A. murphyi
(Peng et al. 2008). The FL int2 sequences of A. clauda are
scattered through the C and D clades, as was found in the
study of 5S rRNA gene diversity (Peng et al. 2008) and in the
study using ccSSR markers (Li et al. 2009). A. clauda is more
divergent than the other two C genome species A. eriantha
and A. ventricosa, as demonstrated by the clustering of some
A. clauda accessions with AA, AABB, and AACCDD spe-
cies (Li et al. 2009). Many studies have suggested that
A. murphyi is different from the other two AACC species
A. maroccana and A. insularis (Ladizinsky 1999; Shelukhina
et al. 2007; Peng et al. 2008) and that it shows the closest
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relationship with the hexaploid species (Li et al. 2000a, b;
Cheng et al. 2003).

Information concerning the differentiation of the 5S
rDNA unit classes (Peng et al. 2008) and the interpretation
of the possible origin of the D genome in the present study
shed new light on the evolution of the genus Avena. The
genome assignment of Avena species, which is mainly
based on karyotypes and chromosome pairing in interspe-
cific hybrids, may need further verification based on a
comprehensive revision using combined evidence. Because
there is a genetically controlled regulatory mechanism that
prevents homoeologous chromosome pairing in the Avena
(Ladizinsky 1973, 1974; Rajhathy and Thomas 1974), and
because of the numerous translocations and unknown
levels of homoeology among the various diploid genomes
(Chen and Armstrong 1994; Jellen et al. 1994a; Fominaya
et al. 1995; O’Donoughue et al. 1995; Leggett and
Markhand 1995; Leggett and Thomas 1995; Linares et al.
1996, 2000), all could lead to an underestimation of the
actual relationships at the cytological level between the
different genomes.

Phylogenetic utility of FL int2

FLO/LFY has been reported as a single copy gene in most
diploid angiosperms studied to date (Hofer et al. 1997,
Theissen 2000; Frohlich and Parker 2000; Schliiter et al.
2007). Frohlich and Parker (2000) suggested that FLO/LFY
was duplicated on the stem lineage leading to seed plants,
but that one copy was lost in angiosperms, making it a
single-copy gene in diploid angiosperms.

Although no diploid bearing functional duplicated
copies is known, pseudogenes have been found in some
individuals (Southerton et al. 1998; Frohlich and Parker
2000); and in polyploids, the copy number can vary to
different extents (Kelly et al. 1995; Frohlich and Parker
2000; Wada et al. 2002). Considering that most nuclear
genes are members of multigene families (Vision et al.
2000; Martin and Burg 2002), and differences between two
products within 1 taxon could be attributed to differences
in the intron only as some other studies indicated (Grob
et al. 2004), establishing the number of copies of FLO/LFY
in the genus Avena is an important consideration in the
future work.

Although we expected to find a single copy of FLO/LFY
in Avena, tree topology and the degree of divergence
between the FL int2 clones suggest conclusively that more
than one copy of the second intron region is present in most
Avena species. The multiple products gave us very
important phylogenetic information that neither chloroplast
nor rDNA sequences could have. As our data show, results
from phylogenetic analysis of FL int2 are useful in per-
centage of informative characters, overall homoplasy
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levels, number of well-supported clades in the consensus
trees, and resolution of ingroup relationships within Avena.
The present study justifies using the FL int2 intron as a
phylogenetic character and confirms that it can be a valu-
able tool for phylogenetic studies at lower taxonomic levels
(Ahearn et al. 2001; Hoot and Taylor 2001; Oh and Potter
2003, 2005; Archambault and Bruneau 2004; Grob et al.
2004; Howarth and Baum 2005; Schliiter et al. 2007).

In conclusion, the present study extends the knowledge
of the phylogenetic relationships within the genus Avena
and that of the genome origin of allopolyploids, particu-
larly as pertains to the origin of the B and D genomes. The
results reemphasize the major genomic divergence between
the A and C genomes, and the close relationship among the
A, B and D genomes. However, our data suggest that the D
genome in hexaploids may have originated from a previ-
ously assigned C genome diploid rather than from the
generally believed A genome. The necessity of reviewing
the genome differentiation and assignment of Avena spe-
cies is suggested, and the important role of A. clauda in the
evolution of the C and D genomes in polyploids is
discussed. Further research in oat with large mapping
populations, genome-specific primers, and (or) large-
fragment clones will be important to clarify the phy-
logentic relationship of Avena speices and the polyploid
origin.
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