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The introgression of a functional nuclear gene
from Poa to Festuca ovina
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Department of Cell and Organism Biology, Genetics, Lund University, Solvegatan 29, 223 62 Lund, Sweden

In sheep’s fescue, Festuca ovina, genes coding for the cytosolic enzyme phosphoglucose isomerase, PGIC,
are not only found at the standard locus, PgiC1, but also at a segregating second locus, PgiC2. We have used
PCR-based sequencing to characterize the molecular structure and evolution of five PgiC1 and three PgiC2
alleles in F. ovina. The three PgiC2 alleles were complex in that they carried two gene copies: either two
active genes or one active and one pseudogene. All the PgiC2 sequences were very similar to each other but
highly diverged from the five PgiC1 sequences. We also sequenced PgiC genes from several other grass
species. Phylogenetic analysis of these sequences indicates that Pg:C2 has introgressed into F. ovina from
the distant genus Poa. Such an introgression may, for example, follow from a non-standard fertilization
with more than one pollen grain, or a direct horizontal gene transfer mediated by a plant virus.
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1. INTRODUCTION

In higher eukaryotes, polyploidy and large duplicated
chromosome segments play an important role in deter-
mining gene number and function, as shown by many
genome sequencing studies (Rubin ez al. 2000; Eichinger
et al. 2005). A change in the copy number of a single gene
is, however, of no less interest, since this phenomenon
results from a combination of a rare molecular event and a
unique selective process that illustrates the smallest step
whereby genome evolution occurs. A new, additional gene
is particularly informative when it is not yet fixed but
segregates in the species, since both the molecular origin
and the selective forces acting on the duplication are
directly available for study (LLootens ez al. 1993; Long et al.
2003).

Extra gene copies for cytosolic phosphoglucose iso-
merase (PGIC) have been reported to segregate in sheep’s
fescue, Festuca ovina L. (Bengtsson er al. 1995; Prentice
et al. 1995). Previous studies showed that this variation is
due to a polymorphic second locus, PgiC2 (Ghatnekar
1999; Ghatnekar & Bengtsson 2000). The two loci, PgiC1
and PgiC2, assort independently and functioning hybrid
enzymes are readily formed by all possible intergenic
heterodimers (Ghatnekar 1999). In southern Sweden, up
to 10% of plants have at least one active gene at the second
locus. The allelic variation at PgiCl is extensive
(Bengtsson er al. 1995). At the second locus, PgiC2, an
investigation based on crosses demonstrated the presence
of two alleles, PgiC2b and PgiC2c, that code for different
allozymes; an additional complex PgiC2 variant codes for
both alleles b and c in close linkage (Ghatnekar 1999). The
possibility that PgiC2 originated via a retrotransposon-
mediated duplication was refuted when we showed that
the genes at this locus have introns (Ghatnekar &
Bengtsson 2000). The same investigation also indicated
that plants lacking active PgiC2 genes do not have any
related but inactivated genes at this locus. This result
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suggests that here evolution is promoting the spread of
new additional active genes at a chromosomal site
normally devoid of PgiC genes.

Here we report on the genetic diversity within and
between the two PgiC loci in F. ovina as revealed by PCR-
based DNA sequencing. Our results show that the two loci
are highly diverged, and we suggest that PgiC2 has entered
F. ovina from the genus Poa via an introgression event.

2. MATERIAL AND METHODS

(a) Plant material

The F. ovina plants analysed belonged to the diploid
subspecies F. ovina ssp. vulgaris (Koch) Sch. & Kell (2n=14).
Plants were collected in southern Sweden (Bengtsson et al.
1995) or were derived from such plants by controlled crosses
(Ghatnekar 1999). For the study of PgiC1, five plants known
to be homozygous for the alleles al, a2, b, ¢ and d were used.
Except for PgiC1 d/d, a natural homozygote for a very rare
allele, the plants were produced in crossing experiments and
were homozygous by descent with respect to PgiCI. Three
F. ovina plants hemizygous for PgiC2 were also studied.
These plants were the result of crossing experiments
(Ghatnekar 1999), and their genotypes with respect to the
two PgiC loci were PgiC1 d/d PgiC2 b/0, PgiC1 d/d PgiC2 ¢/0
and PgiC1 d/d PgiC2 bc/0.

Two additional fescues were included in our phylogenetic
study of PgiC sequences: Festuca polesica and Festuca altissima.
Festuca polesica, like F. ovina, is a diploid outcrossing species
belonging to the group of fine-leaved fescues, whereas
F. alussima (also diploid and outcrossing) belongs to the
broad-leaved fescues. Festuca altissima is, therefore, a more
distant relative of F. ovina than F. polesica (Torrecilla er al.
2004). We also examined Bromus sterilis, Poa supina, Poa
trivialis, Poa chaixii, all diploid outcrossing species, plus Aira
praecox, a diploid self-fertilizing species which according to
Torrecilla er al. (2004) falls in the same monophyletic clade as
the fine-leaved fescues. All these species have 2r=14 (Lid
1979). One plant from each species was included in the

© 2005 The Royal Society



396 L. Ghatnekar and others

The introgression of a nuclear gene

PgiC

1 2 3 4 5 6 7 8 910 1112

HHH—a-EH——a-aH-iH

>2577 82 48 156 97 43 68 8549 7361

131415 16 17 18119 20 21 223
Hia—iH—8—
675754 129 64 74 54 69 90 108 >30

Figure 1. The PgiC gene as exemplified by the d allele of PgiC1 in Festuca ovina. Exons and introns are drawn to scale. Exon sizes
are the same for all genes investigated (except for the pseudogenes that lack 27 bp in exon 13), while intron sizes vary.

Table 1. Differences between PgiC2 sequences. (Base pair positions correspond to GenBank accession no. DQ282377.)

sequence region and position

exon 5 intron 12—-exon 13  exon 15 intron 15 intron 16 intron 17

bp 876 bp 3258-3286 bp 3567 bp 3781 bp 4140 bp 4528
PgiC2b G present G G C G
PgiC2c A present G G C G
PgiC2yb A deletion T A C A
PgiC2yc A deletion T A T A

phylogenetic analyses. All grasses were collected in the same
geographical area in southernmost Sweden.

(b) DNA isolation, PCR amplification and DNA
sequencing

Total genomic DNA was isolated from leaf material using the
Qiagen DNeasy Plant Mini Kit. Primers were constructed
using the software OrLico 4.0 (MedProbe). The published
cDNA sequence for PgiC in maize, Zea mays (GenBank
accession no. U 17225; Lal & Sachs 1995), was used to
construct primers for the initial amplification and sequencing
of allele PgiC1 d from F. ovina. We used information from the
PgiC1 genomic sequence from Clarkia lewisii (Thomas et al.
1993) to infer intron/exon boundaries. Additional primers
used in later amplifications were constructed from the PgiC1
d sequence.

The large length difference in intron 4 between PgiC1 d and
PgiC2 (Ghatnekar & Bengtsson 2000) was used to construct
primers specific for PgiC2: a forward primer 1’ (5'-ATCCT
TATTATTCCTTCAGCTGTTC-3') and a reverse primer,
2" (5’-AATCGGTTCCATCCACTCCA-3'). Both these
primers could be used in combination with other PgiC primers
to generate PgiC2-specific PCR products. In those instances
when F. ovina primers were not satisfactory, we constructed
additional primers for the amplifications of PgiC genes from
other grass species. Information on primers can be obtained
from the authors upon request. A PCR programme with 1 min
at 95°, followed by 30 cycles of 30 s at 95 °C, 1 min at 2 or 3°C
below the T,,, 45-60 s at 72 °C and a final 7 min extension at
72°C, was used. When necessary, PCR fragments were
excised and purified with Ultrafree-DA (Millipore) for
subsequent sequencing.

Tag DNA Polymerase (Roche) was used for most PCR
amplifications up to 2.5 kb, while Expand Long Template
PCR System (Roche) was used for longer fragments. Primer
1’ and a reverse primer annealing to exon 21 (5'-
CCTAGCTCCACTCCCCACTG-3') amplified about 5 kb
of PgiC2. Nested PCRs of this fragment produced fragments
not longer than 1.5-2 kb. PCR products were purified using
the QIAquick PCR Purification Kit (Qiagen). PCR primers
or internal primers were used for sequencing in both
directions. Direct sequencing was performed with an ABI
3100 automated DNA sequencer. Sequences were aligned
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and ambiguous sites resolved using SEQUENCHER v. 3.0
(Genes Codes Corp.).

In order to obtain unambiguous haplotypes for the PgiC2b
and PgiC2c alleles, a PCR product of 5.2 kb was cloned from
the PgiC2 locus using the pGEMR-T Easy Vector System
(Promega). The fragment was amplified with primer 1’ and a
reverse primer in exon 22 (5'-CATGCAACTGTTTCCT-
CACTC-3"). High efficiency competent cells (Epicurian colir
XL blue, AHdiagnostics) were used for transformations with
subsequent ampicillin selection. Screening was done on
S-Gal/LB Agar blend (Sigma-Aldrich). Thirteen colonies
were picked from the PgiC2b and PgiC2c plates, respectively,
and DNA was amplified with Expand Long Template PCR
System (Roche) at 49 °C annealing temperature.

(¢) Phylogenetic analyses

Data on nucleotide substitutions, indels and amino acid
replacements in 1182 bp of exon sequence were assembled
using MacCLADE v. 4.05 (Maddison & Maddison 2000).
Phylogenetic analyses were conducted using maximum
parsimony (MP) and neighbour-joining (NJ) algorithms
implemented in PAUP* v. 4.0b10 (Swofford 1998). For MP
analyses, the branch-and-bound option was used. The NJ
analyses were performed using the Kimura two-parameter
model (Kimura 1980). Relative stability of phylogenetic
trees was assessed with bootstrap analysis using 10 000
replicates.

3. RESULTS

(a) Molecular characterization

All exon sequences have been deposited in GenBank
(accession no. DQ225730-DQ225745) as well as the
exon—intron sequence for PgiC2¢ (DQ282377). For a
graphic description of the PgiC gene, see figure 1. Five
PgiC1 alleles from F. ovina were sequenced for most of
their lengths (ranging from 5277 to 6055 bp). The alleles
were distinctly different, with 1.3% average nucleotide
diversity in exon sequence.

When the two alleles & and ¢ from PgiC2 were
sequenced over the same region (5742 and 6020 bp),
only one nucleotide difference was detected between them
(table 1). Allele b had G and allele ¢ had A at position 876
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Figure 2. Neighbour-joining (NJ) tree based on Kimura two-parameter distances of 11 Festuca, one Aira praecox and three Poa
PgiC exon sequences (1182 bp), using Bromus sterilis as outgroup. Sequences from PgiC1 and PgiC2 of F. ovina are circled with
dotted lines. Nodal support is given by bootstrap values based on 10 000 replications (neighbour-joining/maximum parsimony).

in exon 5. This substitution corresponds to the difference
between glutamic acid and lysine and, presumably, caused
the amino acid change responsible for the electrophoretic
mobility shift. The alleles from PgiC1 and Pg:C2 had the
same number and length of exons (figure 1), while the
length and sequence of their introns differed substantially.

Cloning of PgiC2b and PgiC2c revealed a molecularly
complex structure, in that each allele turned out to consist
of one active gene and one pseudogene. The four
sequences—PgiC2b and its associated pseudogene
PgiC2yb and PgiC2c¢ and its associated pseudogene
PgiC2yc—were very similar except for a 29 bp deletion
covering the junction between intron 12 and exon 13 in
the two pseudogenes (table 1). The PgiC2 allelic variant
with two expressed genes, PgiC2bc, showed no sign of the
deletion characterizing the pseudogenes when sequenced
over the intron 12—exon 13 region (590 bp). This variant
is, thus, presumed to consist of one active allele of each
kind. We could not obtain any PCR products of the region
between the two active PgiC2 genes, and the exact
molecular organization of this complex locus is therefore
still unknown.

From F. polesica, F. alussima, P supina, P trivialis,
P chaixii, A. praecox and B. sterilis, we obtained more than
1180 bp PgiC exon sequence, covering exons 5-11 and
exons 13-21. In all species, the PgiC gene had the same
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organization and lengths of exons, but there were large
differences in the intron sequences. In none of the
investigated species, except F. ovina, did we find evidence
for the existence of more than one locus with PgiC-like
sequences, active or inactive.

(b) Evolutionary characterization

Phylogenetic analyses of PgiCI exon sequences from the
five F. ovina alleles always resulted in star-like trees (data
not shown). The active genes and pseudogenes at PgiC2
exhibited very little sequence variation, as described
previously (table 1).

To compare the sequences from the two PgiC loci with
each other and with sequences from the other investigated
species, phylogenetic analyses based on exons and their
corresponding parts in the non-coding pseudogenes were
performed. NJ and MP methods gave identical tree
topologies. Figure 2 shows the NJ tree based on 1182 bp
of exon sequence from the two F. ovina loci and the single
PgiC sequences from F. polesica, F. altissima, A. praecox,
P supina, B trivialis and B chaixii, with B. sterilis as
outgroup. The tree shows that all PgiC1 sequences from
F. ovina cluster together. The F. polesica sequence occurs
in the same lineage with 100% bootstrap support. The tree
also shows the close phylogenetic relationship between
Aira and the fine-leaved fescues, represented by F. ovina
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and F. polesica, as already reported by Torrecilla et al.
(2004) based on ITS and #rnl-F sequence data.

The surprise in the PgiC tree topology comes from the
large divergence between the sequences from the two PgiC
loci in F. ovina. Their exon sequences differ by a net
divergence of 5.2%, suggesting that they split a long time
ago. The PgiC2 sequences do not group with the alleles
from the F. ovina PgiC1 locus or with any of the other
Festuca sequences, but with the Poa species, in a branch
that is separated from the rest of the analysed grasses by a
bootstrap value of 100%.

4. DISCUSSION

Our study shows that PgiC1 and PgiC2 sequences in
F. ovina are so diverged that they appear to come from
different species. The differences are evenly distributed
along the length of the sequences (data not shown),
implying a long-term accumulation of nucleotide substi-
tutions in introns and exons, as well as of indels in introns.
This pattern indicates that a substantial period of
isolation, rather than a few dramatic events, due to, for
example, transposing elements has caused the PgiCIl-
PgiC2 divergence.

The phylogenetic analyses reveal that the PgiC2
sequences are not closely related to any of the PgiC1 alleles.
Instead, the PgiC2 sequences form a well-supported
lineage together with the PgiC sequences from three diploid
Poa sequences (R chaixii, P supina and R trivialis; figure 2).
According to Catalan ez al. (2004), molecular phylogenetic
analyses based on ITS and #rnlL-F sequences recognize an
early split between the lineage leading to Poa and related
grass genera, and the lineage leading to festucoid grasses.
Later, the second lineage divided into the two lineages of
broad-leaved and fine-leaved types, with genera additional
to Festuca present in both. With the exception of the PgiC2
sequences, our data are in perfect agreement with these
results: the fine-leaved species F. ovina, F. polesica and
A. praecox cluster together; the broad-leaved type
F. alussima falls outside this group; and the combined
festucoid lineage is clearly distinct from the Poa lineage
(figure 2). The unexpected result obtained by us is that the
two genes PgiC1 and PgiC2—today found within F. ovina—
must have started to diverge well before the split between
the fine-leaved and broad-leaved festucoids.

The most likely interpretation of our data is that PgiC2
entered the F. ovina lineage relatively recently from a Poa
species or a closely related genus. Poa is a large genus with
many allopolyploid species that may harbour genomes of
different origins (cf. Patterson er al. 2005). The close
similarity between PgiC2 and the PgiC genes of the three
diploid Poa species excludes, however, the possibility that
PgiC2 is derived from a genome not characteristic for Poa.
In future studies of different Poa species, we hope to find
sequences even more closely related to PgiC2, which will
give us the possibility of identifying the specific donor
genome. From the degree of divergence between PgiC2
and this sequence, we should also be able to obtain an
estimate of when the gene transfer occurred.

An alternative interpretation of our data would be that
the PgiC locus duplicated a long time ago in an early
Festuca lineage and that PgiC2 has continued to exist
within the lineage leading up to present day F. ovina, while
being lost from other lineages and present-day species.
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According to Gottlieb & Ford (1997), such a model
applies to Clarkia, where extant species have either one or
two active loci for PGIC. In the F. ovina case, this
interpretation is unlikely, since PgiC2 is not fixed but
occurs in up to 10% of southern Swedish F. ovina plants.
This fact makes it more difficult to understand how PgiC2
could have existed in the lineage for such an extended
period of time. In addition, we have been unable to find
indications of PgiC2-like sequences in any of the analysed
Festuca plants lacking active PgiC2 genes. Most important,
however, is the fact that the model assuming an old
duplication does not explain today’s close similarity
between PgiC2 and the three PgiC sequences from Poa
species. Thus, we find that the explanation based on an
early duplication is much less likely than an explanation
based on a recent introgression event.

As far as known, hybrids between Poa and Festuca are
not spontaneously formed in nature today (Knobloch
1968; Hegi 1996). The presence of a Poa-like PgiC
sequence in F. ovina must therefore be due to an unusual
and rare event. Such an introgression may, for example,
follow from a non-standard fertilization involving more
than one pollen grain; alternatively, some kind of more
direct horizontal gene transfer may have been mediated by
a plant virus (cf. Bergthorsson ez al. 2003, 2004; Martin
2005). The complex molecular structure of PgiC2, with a
chromosomal arrangement of two closely linked gene
copies, can be taken as a weak indication that the process
that brought PgiC2 into its present chromosomal position
included at least one step involving transposing elements.

Our results are based on sequences of PgiC2 from three
well-separated collection sites. The active sequences and
the pseudogenes were all very similar to each other
(table 1); so were also the sequences from the complex bc¢
allele that presumably has arisen via non-homologous
recombination. Similarly, in a previous population survey
we found no variation among 18 alleles of PgiC2 with
respect to the length of intron 4, whereas much diversity
was observed for PgiCI (Ghatnekar & Bengtsson 2000).
Thus, our data indicate that PgiC2 sequences in southern
Sweden are all very similar to each other. This lack of
variation implies that a recent spread of PgiC2 must have
occurred in F. ovina. More extensive population sampling
will be performed to determine whether the observed
pattern is due to random events during population
expansion after the last glaciation or to natural selection
favouring the new chromosome segment.
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