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Abstract Apomixis, an asexual mode of reproduction
through seeds, holds much promise for agricultural
advances. However, the molecular mechanisms underlying
this trait are still poorly understood. We previously isolated
several transcripts representing novel sequences differen-
tially expressed in reproductive tissues of sexual and apo-
mictic plants. Here, we report the characterization of two of
these unknown RNA transcripts (experimental codes N17
and N22). Since original fragments showed no significant
homologies to sequences at databases, preliminary geno-
mic PCR experiments were carried out to discard possible
contaminations. RACE extension on flanking regions pro-
vided longer sequences for the candidates and additional
related transcripts, which revealed similarity to LTR ret-
rotransposons carrying short transduplicated segments of
protein-coding genes. Interestingly, some transduplicated
segments corresponded to genes previously associated with
apomictic development. Gene copy number estimations
revealed a moderate representation of the elements in the
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genome, with significantly increased numbers in a sexual
genotype with respect to an apomictic one. Genetic map-
ping of N17 showed that a copy of this particular element
was located onto Paspalum notatum linkage group F3c, at a
central non-recombinant region resembling a centromere.
Expression analysis showed an increased activity of N17
and N22 sense strands in ovules of the sexual genotypes. A
retrotransposon-specific differential display analysis aimed
at detecting related sequences allowed the identification of
a complex family, with the majority of its members rep-
resented in the sexual genotype. Our results suggest that
these elements could be participating in regulatory path-
ways related to apomixis and sexuality.

Keywords Apomixis - Apospory - Asexual reproduction -
Gene expression regulation - Retrotransposon

Introduction

A classic definition for apomixis in angiosperms is
“asexual (agamic) reproduction by seeds, i.e., agamo-
spermy” (Nogler 1984). Apomictic plants generate seeds
containing embryos that are genetically identical to the
maternal parent, in the absence of both meiosis and fer-
tilization. As apomixis produces genetic clones of a given
individual via seeds, it has a great potential for use in
agriculture. If the trait could be transferred to major crops,
it would allow the fixation of heterosis or any given genetic
combination. Exploitation of apomixis in crop plants would
facilitate the indefinite use of hybrid vigor, the survival of
combined genetic resources, the production of true seed
from crops currently propagated vegetatively, and the
establishment of more rapid breeding programs in response
to changing needs and environments (Spillane et al. 2004).
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Agamospermy comprises two major types: adventitious
embryony and gametophytic apomixis. While adventitious
embryony involves the formation of somatic embryos
directly from ovular tissues outside the embryo sac,
gametophytic apomixis is a two-step process involving the
production of non-meiotically reduced megagametophytes
and the generation of an embryo by parthenogenesis. In
gametophytic apomicts, embryo sacs with non-reduced
nuclei (2n) can arise through variable mechanisms. When
the non-reduced megagametophyte originates from the
megaspore mother cell (MMC) itself, after lack or failure
of meiosis, the process is classified as diplospory. Instead,
when the 2n embryo sacs originate from companion
nucellar cells, it is known as apospory. Aposporous indi-
viduals frequently form multiple non-reduced embryo sacs
within the same ovule that can co-exist with the reduced
meiotic ones that originate from the megaspore mother
cell. The endosperm can be generated autonomously or
after polar nuclei fertilization (pseudogamy), depending on
the species (Crane 2002).

Paspalum notatum Fliigge (bahiagrass) is a subtropical
perennial Poaceae native to South America. The common
form of this species is a tetraploid (2n = 4x = 40), apos-
porous, pseudogamous, self-compatible biotype, whose
populations spread from the north of Patagonia to Central
Mexico, including the Caribbean islands (Burton 1948;
Bashaw et al. 1970). Wild diploid (2n = 2x = 20), self-
incompatible, sexual biotypes grow in a limited area in
north-east Argentina (Burton 1946, 1955, 1967; Daurelio
et al. 2004). Occasionally, triploid and pentaploid apo-
mictic genotypes have been collected from natural popu-
lations (Quarin et al. 1989; Tischler and Burson 1995).
Tetraploid sexual plants are not found in nature, but were
produced at the laboratory (Quarin et al. 2001). Segregat-
ing progenies obtained from crosses between artificial
sexual tetraploid mother plants and apomictic tetraploid
pollen donors were used for determining the inheritance of
apospory (Martinez et al. 2003) as well as for the con-
struction of a frame genetic map of the species, where the
locus responsible for apospory was mapped onto a large
non-recombinant genomic region (Stein et al. 2004, 2007).

In a previous work, a comprehensive survey of the
P. notatum inflorescence transcriptome led us to the iden-
tification of 65 unigenes activated or repressed during
aposporous development (Laspina et al. 2008). Out of
them, 45 corresponded to protein-coding plant sequences.
The remaining 20 could not be successfully annotated,
since they showed no significant homologies to sequences
stored at the databases (Laspina et al. 2008). The objective
of this work was to investigate the nature of 2 out of these
20 unknown candidates, named N17 and N22. After full
characterization of the structure, genome representation
and in situ expression, we arrived to the conclusion that
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these sequences are putative LTR retrotransposons which
carry transduplicated copies of protein-coding gene frag-
ments, some of them corresponding to candidates previ-
ously associated with apomixis and sexual development.
Several other related putative retrotransposon elements
were identified.

Materials and methods
Plant material

The plant material used consisted of two tetraploid sexual
genotypes of experimental origin (C4—4x and Q4188:
2n = 4x = 40) (Quarin et al. 2001, 2003) and a natural
aposporous plant (Q4117: 2n = 4x = 40) (Ortiz et al.
1997). A total of 62 individuals from a pseudo-testcross F;
population segregating for apospory, which was generated
by crossing Q4188 x Q4117, were used for mapping
experiments. The F; mapping population had been previ-
ously used to produce a full genetic map of the species
(Stein et al. 2007).

Spikelets collected from immature inflorescences were
used for RNA isolation and in situ hybridization experi-
ments. Typically, the Paspalum notatum inflorescence has
two rachises at the apex of the flowering culm which
produce a Y shape. Each rachis carries two rows of spik-
elets. The developmental stage at which spikelets were
collected was evaluated by analyzing the macromorphol-
ogy of inflorescences and the stage of pollen development,
following the methods and the reproductive calendar
reported in Laspina et al. (2008).

Genomic PCR amplifications

Genomic DNA was extracted from 6 g of young leaves
using the CTAB method (Shagai-Maroof et al. 1984). PCR
were carried out in a final volume of 25 pl including 60 ng
DNA, 0.2 uM specific primers, 1x PCR buffer (Promega),
2.5 mM MgCl,, 200 pM dNTPs, and 1.5 U Taq polymer-
ase (Promega). Cycling was done in an MJ Research
thermocycler and consisted of the following steps: 5 min at
94°C, 40 cycles of 30s at 94°C, 1 min at 55-69°C
(depending on the primer pair used), and 1 min at 72°C. A
final elongation of 10 min at 72°C was also included.
Amplified fragments were loaded onto 5% polyacrylamide
gels, electrophoresed in TBE 1X buffer, and silver-stained.

Construction of a non-cloned cDNA library
A Marathon non-cloned cDNA library (BD Biosciences

Clontech) was prepared from total RNA obtained from
Q4117 spikelets at late pre-meiotic developmental stage I,
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following the P. notatum reproductive calendar reported in
Laspina et al. (2008). This stage is immediately previous to
the onset of the aposporous initials. Total RNA was iso-
lated from inflorescences using the SV Total RNA Isolation
System (Promega). Poly(A) + RNA was purified from
RNA samples using Dynbabeads (Dynal®), according to
manufacturer’s protocol. Poly(A) + RNA was reverse-
transcribed, double-strand ¢cDNA was synthesized and
linked to Marathon cDNA adaptors following the Marathon
cDNA amplification kit (BD Biosciences Clontech)
protocol.

RACE reactions

Two pairs of nested reverse-oriented gene-specific primers
were designed for each candidate sequence in order to
perform 3'- and 5’-RACE (Rapid Amplification of cDNA
Ends) experiments (Chenchic et al. 1996) following the
recommendations of the Marathon ¢cDNA amplification
kit (BD Biosciences Clontech). Primer sequences are
shown in Table 1. Oligonucleotides were 23-28 nucleo-
tides (nt) long and had 50-70% GC content with a melting

Table 1 List of oligonucleotides used as primers in RACE, differ-
ential display, real-time PCR, and mapping experiments

Primer name® Sequence

5'-TTGTGAGTATAGAGTGCGGGAGTCG-3'
5'-CAGTTCTAGGATTGAGTAAAGTTC-3'
5'-AAGTAAGGATGAAATAACAAAGGTAAGA-3
5'-GCATGCACAAGGTTCCCGTAAA-3
5'-CCAACAGAAAGAGGGGCACTGGACACAA-3
5'-CTGCTGGAGGGAGCTGGTAACTTCATCC-3'
5'-AGGGTTCAGCCGCCTCGAATCAGC-3'
5'-ATCAGCCGTCGCCAGAAATCATCAACAG-3'

3R-17 upper 1

3R-17 upper 2
5R-17 lowerl

5R-17 lower 2
3R-22- upper 1
3R-22- upper 2
5R-22- lower 1
5R-22- lower 2

AP1 5'-CCATCCTAATACGACTCACTATAGGGC-3'
AP2 5'-ACTCACTATAGGGCTCGAGCGGC-3'
N20 upper 5'-GTGTGGCAGTAGCGTTGTTGTTCC-3'

5'-TACGGCCGACCCACCATTAGCA-3'
5'-TGAATCTAGTCCATCCGCTTG-3'
5'-TCATCAGGCAGGGAAGCTA-3’
3-CTGGTAACTTCATCC-3'
5'-CCAGAAATCATCAAC-3

N20 lower
GAPDH upper
GAPDH lower
TSDD-22-Fw
TSDD-22-Rv

? Primers SR and 3R were used in 5" and 3’ RACE nested amplifications,
respectively. Primers 3R-17-upperl/5R-17-lower2 and 3R-22-upper1/5R-
22-lowerl were used in cDNA and/or genomic real-time PCR, polymor-
phism detection and/or mapping experiments. AP1 and AP2 are oligo-
nucleotides complementary to the Marathon library adapters. N20 upper
and N20 lower were used to amplify the LORELEI-like GPI-anchored
protein used as reference gene in gene copy number analysis. GAPDH
upper and GAPDH lower were used to amplify the glucose-6-phosphate
dehydrogenase used as control of equal expression in reproductive tissues
of sexual and apomictic plants. TSDD primers were designed on the N22
sequence to be used in the transposon-specific differential display assays

temperature >67°C. PCR were carried out in a 50 pl final
volume containing 2 pl of Marathon library product (BD
Biosciences Clontech), 1x GoTaq activity buffer (Pro-
mega), 200 uM dNTPs, 0.2 uM of the gene-specific pri-
mer, 0.2 uM of adaptor-specific primer (AP1 or AP2), and
1.5 U of GoTaq DNA polymerase enzyme (Promega).
Initial PCR conditions were the following: 94°C for 1 min
followed by 30 cycles of 30 s at 94°C and 4 min at 68°C
(both annealing and polymerization temperatures were
68°C). To obtain the final 3’or 5RACE product, 2-4 PCR
rounds were performed. The cycle temperatures were
optimized according to the Tm of the particular set of
primers used for amplification. Positive and negative con-
trols were included. Positive controls consisted of ampli-
fications with two specific oligonucleotides matching in
opposite sense, which amplified a small segment within the
original sequence fragment. Negative controls consisted of
amplification reactions using specific and adaptor-com-
plementary primers in the absence of template DNA. After
examination by gel electrophoresis, products were isolated
by using the SV Wizard Gel and PCR Clean Up System
(Promega). The transformation protocol was taken from the
Molecular Cloning Laboratory Manual (Sambrook et al.
1989). Plasmids were purified with Wizard Plus SV
Minipreps (Promega). Insert verification was done by PCR
using the M13 forward and reverse primers and the fol-
lowing amplification conditions: 94°C for 1 min, 25 cycles
of 94°C for 30 s, 55-68°C for 1s, 72°C for 1 min.
Sequencing of the 5’ and 3’ RACE clones was done by
Macrogen Inc (Korea). Both strands were sequenced for
several candidates by using M13 Forward and Reverse
primers, in order to control sequencing quality.

Bioinformatic analysis

Vector contaminations were identified and removed by
using the VecScreen tool at the National Center for Bio-
technology Information (NCBI) webpage (http://www.
ncbi.nlm.nih.gov/VecScreen/). Alignments between the
overlapped 3’ and 5 RACE amplification products and the
original sequence were done with Clustal W2 on the EBI-
EMBL website (http://www.ebi.ac.uk/Tools/clustalw2).
Analysis of DNA similarity was carried out using the
BLASTn and BLASTx packages at NCBI (http://www.
ncbi.nlm.nih.gov/BLAST/), the Arabidopsis Information
Resource website (http://www.arabidopsis.org/blast/), and
the Gramene web site (http://www.gramene.org/). Open
reading frames were searched with the ORF finder at NCBI
(http://www.ncbi.nlm.nih.gov/projects/gorf/). Search for
repetitive sequences was done against the Gramineae
repeats TIGR database by using the tools available at the
J. Craig Venter Institute webpage (http://www.tigr.org/db.
shtml) (Ouyang and Buell 2004).
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Real-time PCR experiments

To determine gene copy numbers, RT-PCR were carried
out in a final volume of 25 pl containing 200 nM gene-
specific primers (Table 1), 1x Realmix qPCR (Biody-
namics), and the corresponding quantity of recombinant
plasmid or genomic DNA (see below). Calibration curves
were obtained by including standards of 5, 50, 500, 5000,
and 50000 copies of N17 and N22 fragments cloned in
pGEMTeasy (Promega). Genomic DNA was extracted
from young leaves by using the CTAB method (Shagai-
Maroof et al. 1984). Four different dilutions of genomic
DNA containing 30 x 1072 g/uL, 30 x 107" g/uL, 30 x
1072 g/uL, and 30 x 10~"% g/ul were tested in triplicate.
Only those values comprised in the lineal range of the
curve were considered for analysis. Gene N20, which
encodes a P. notatum GPI-anchored LORELEI-like pro-
tein, was included in the assays as an equal copy number
reference. Non-template controls were incorporated to the
assays. Amplifications were performed in an Rotor-Gene Q
thermocycler (Quiagen), programmed as follows: 2 min at
94°C, 45 cycles of 15 s at 94°C, 30 s at 63°C, 40 s at 72°C.
A melting curve (10 s cycles from 72 to 95°C, where
temperature was increased by 0.2°C after cycle 2) was
produced at the end of the cycling.

RT-PCR was also used in quantitative expression anal-
ysis. Total RNA was extracted from spikelets collected at
early pre-meiosis (stage 0), late pre-meiosis/meiosis (stage
I/IT), and post-meiosis (stage IV/V) according to Laspina
et al. (2008), by using the SV Total RNA Isolation kit
(Promega). The derived cDNA was synthesized with
Superscript II (Invitrogen). RT-PCR were carried out in a
final volume of 25 pl containing 200 nM gene-specific
primers (Table 1), 1x Realmix qPCR (Biodynamics), and
20 ng of reverse-transcribed RNA (prepared by using
Superscript 11, Invitrogen-Life Technologies). Specific
PCR primer pairs were designed by using Primer 3 soft-
ware (http://biotools.umassmed.edu/bioapps/primer3_www.
cgi). Glucose-6-phosphate dehydrogenase was used as an
equal-expression reference, since this housekeeping gene
was reported to be one of the most stable candidates
in reproductive organs of related apomictic and sexual
Brachiaria brizantha, a related aposporous grass (Duarte
Silveira et al. 2009). Oligonucleotides were synthesized by
IDT (Integrated DNA technologies, http://www.idtdna.
com/Home/Home.aspx). RT (—) and non-template con-
trols were incorporated to the assays. All apomictic and
sexual samples and controls were amplified in triplicate.
Amplifications were performed in a Rotor-Gene Q ther-
mocycler (Quiagen), programmed as follows: 2 min at
94°C, 45 cycles of 15 s at 94°C, 30 s at 63°C, 40 s at 72°C.
A melting curve (10 s cycles from 72 to 95°C, where
temperature was increased by 0.2°C after cycle 2) was
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produced at the end of the cycling. Relative quantitative
expression was estimated by using REST-RG (Relative
Expression Software Tool V 2.0.7 for Rotor Gene, Corbett
Life Sciences), considering the take off values and ampli-
fication efficiency for each particular reaction.

Mapping procedure

Specific primers (Table 1) were used to amplify the extended
fragments from genomic DNA, and search for mapping useful
polymorphisms between the parents of the mapping popula-
tion (Q4188 and Q4117). Amplification products were elec-
trophoresed in 5% polyacrylamide gels and silver-stained.
The presence/absence of polymorphic fragments between
Q4188 and Q4117 genotypes was visually determined and
recorded for each progeny. Segregation data were analyzed as
described by Stein et al. (2007). A 7> test was used to deter-
mine the goodness of fit (at P < 0.05) between the observed
and the expected number of genotypes for each class of seg-
regation ratio. Bands that showed segregation ratios corre-
sponding to single-dose markers (1:1) were incorporated to
previously generated marker-segregation matrixes of the
species (Stein et al. 2007). Map units in centimorgan (cM)
were derived from the Kosambi (1944) mapping function.
Linkage analysis was carried out by using MAPMAKER/EXP
3.0 (Lander et al. 1987) at a minimum LOD threshold of 3.0
and a recombination frequency 0 = 0.30.

Reproductive tissue in situ hybridization

In situ hybridizations were performed on reproductive tis-
sues from Q4117 (apomictic genotype) and C4- 4x (sexual
genotype) at developmental stage I (late premeiotic)
(Laspina et al. 2008). Spikelets were fixed in 4% parafor-
maldehyde/0.25% glutaraldehyde in 0.01 M phosphate
buffer pH 7.2, dehydrated in an ethanol series, and
embedded in paraffin. Specimens were cut into 7 um thin
sections and placed onto slides treated with poly-L-lysine
100 pg/ml. Paraffin was removed with a xylene series.
Plasmids containing the selected clones were linearized
using restriction enzymes Ncol or Sall (Promega). Probes
were labeled with the Roche Dig RNA Labeling kit (SP6/
T7), following the manufacturers’ instructions. Template
digested with Sall restriction enzyme was used to produce
a probe from the T7 transcription start. Template digested
with Ncol restriction enzyme was used to produce a probe
from the SP6 transcription start. Probes were hydrolyzed to
150-200 bp fragments. Prehybridization was carried out in
a buffer of 0.05 M Tris—HCI pH 7.5 containing 1 pg/ml
proteinase K in a humid chamber at 37°C for 10 min.
Hybridization was carried out overnight in a humid
chamber at 42°C, in buffer containing 10 mM Tris—HCI pH
7.5, 300 mM NaCl, 50% formamide (deionized), 1 mM
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EDTA pH 8, 19 Denhardt, 10% dextransulphate, 600 ng/
ml total RNA, and 60 ng of the corresponding probe.
Detection was performed following the instructions of the
Roche Dig Detection kit, using anti-DIG AP and NBT/
BCIP as substrates.

Retrotransposon-specific differential display
experiments

Total RNA was obtained from Q4117 (apomictic) and
Q4188 (sexual) panicles by using the SV Total RNA
Isolation kit from Promega. Reverse transcription was
performed using Superscript II reverse transcriptase
(Invitrogen-Life Technologies) as indicated by the manu-
facturers. Differential display experiments were conducted
under the general protocol reported by Liang and Pardee
(1992) with minor modifications. The anchored oligonu-
cleotides used were named DDT1, DDT2, DDT3, DDT4,
and corresponded to the sequence 5'T (15) (ACg) X3/,
where X was A, C, G, or T, respectively. Specific primers
corresponding to the N22 sequence (Table 1) were used to
create primer pair combinations with the anchored oligo-
nucleotides. PCR were carried out in a final volume of
25 ul containing 1x Taq activity buffer (Promega),
1.5 mM MgCl,, 50 uM dNTPs, 0.70 uM arbitrary primer,
2.5 uM anchored primer, 2 U of Taqg DNA polymerase
enzyme (Promega), and 2.5 pl of the reverse transcription
reaction (previously diluted 1/20). All samples (including
controls) were processed in duplicate. Negative control
reactions were performed as follows: (1) using total non-
reverse-transcribed RNA as template, to verify the absence
of chromosomal DNA in the RNA preparations; (2) using
sterile distilled water instead of template, to discard con-
taminations from the reagents. The cycling program con-
sisted of an initial step of 3 min at 94°C, 40 cycles of 20 s
at 94°C, 20 s at 38°C, and 30 s at 72°C, followed by a final
step of 5 min at 72°C. Samples were mixed with denaturing
loading buffer and were treated for 3 min at 95°C and sepa-
rated in a 5% (w/v) polyacrylamide gels. Amplification
products were silver-stained. Bands were scored only in the
middle portion of the gel, where resolution was maximal and
profiles were fully reproducible. Differentially, expressed
bands were cut, eluted, and cloned. Sequencing was done by
Macrogen Korea. Sequences were used in Blastn surveys at
NCBI (green plants non-redundant databases) and TIGR
(Gramineae plant repeats databases). Sequences fragments
(corresponding only to repetitive elements) were analyzed
with the Phylogeny platform (http://www.phylogeny.fr). The
multiple alignment program T-Coffee was used with the
default parameters. For tree construction, the program Fast-
Dist/Protdist + BioNJ/Neighbor (PHYLYP) 3.66 was used
setting 1000 bootstraps. The TreeDyn program was used to
visualize the tree.

Results
Genomic amplification controls

Original N17 and N22 cDNA fragments showed no sig-
nificant homologies in plant databases Blast searches. In
order to investigate the presence of the corresponding
genomic sequences and discard contaminations, oligonu-
cleotides that amplified short internal segments of each
clon were used to produce PCR amplicons from both
aposporous and sexual tetraploid P. notatum genomic
DNA. All amplification reactions generated fragments of
the predicted molecular weight, as well as a few additional

N22 N]7

M
bppSSSSAAAASSSSAAAA

1000

900 -
800 —=
700 -
600
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Fig. 1 Genomic DNA PCR amplification of selected candidates N17
and N22 from the sexual Q4188 (S) and the apomictic plant Q4117 (A).
Two technical replicates were amplified by duplicate. All amplicons
showed a moderate number of bands, suggesting the presence
of different related sequences in the P. notatum genome. A band
originated from N17 was specifically amplified in the sexual genotype
(arrow). M: 100 kb ladder (number of base pairs is indicated)
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bands (Fig. 1). These results indicated that both sequences
occurred in the P. notatum genome and probably involve a
moderate number of repetitive copies. Interestingly, amplifi-
cation of NI17 originated a polymorphic band between
parental plants Q4188 and Q4117, which was used for local-
izing the transcript in the P. notatum genome (see below).

RACE experiments

Both N17 and N22 fragments isolated through differential
display experiments had been amplified from apomictic
samples by using random decamers (Laspina et al. 2008)
and were 476 and 303 nucleotide long, respectively. In
order to extend the flanking regions, two pairs of nested
oligonucleotides (upper and lower) were used in RACE
(Rapid Amplification of cDNA Ends) experiments (Chen-
chic et al. 1996) (Table 1). The specific matching position
for each of the primers as well as the expected size of the
amplification products are indicated in Fig. 2.

Primers designed for sequence N17 allowed to extend it
toward the 3’ end (from 476 to 907 bp). The opposite
extension (5 RACE) did not produce any amplicon.
Primers designed for sequence N22 did not allow to extend
the clone, but amplified several related sequences that
could not be treated as a consensus. Even when the original
oligonucleotides were found located at the edge of the
amplified sequences, the internal overlapped regions did
not match exactly with N22. Instead, they were considered
to be different members of a related transcript family. Five
different related sequences (A43, A44, A45, A46, and A47,
which were 849, 827, 784, 643, and 802 bp long, respec-
tively) were isolated from N22 RACE experiments.

Bioinformatic surveys of original cDNAs and extended
fragments

Each one of the RACE-derived sequences was used to
interrogate public databases, in order to detect similarities
with genes from related and model plant species.

Al17upper1 A17upper 2
- =

N17 surveys at NCBI, Gramene, and TAIR revealed
partial homology to retrotransposons. When compared
against the Gramineae Plant Repeats database at TIGR, the
consensus sequence presented similarity with the LTR
region of ORSiICMCMO00100010 Aboov centromeric LTR-
retrotransposon (eV = 9.2¢7%), from nt 139 to 334.
However, there was a conserved sector within the sequence
(from nt 816 to 878) that presented similarity to gene
051120269700, a hypothetical protein (eV = 2e~ "', iden-
tities 56/64, 87%). Therefore, N17 seemed to be a cen-
tromeric retrotransposon carrying a 62 nt sequence similar
to a plant protein-coding gene. More recent N17 surveys at
TIGR revealed homology with the long terminal repeats
region (LTR) of SRSiTERTOOTO00011 gil13400380Igbl
AZ922097.11AZ922097 HRCot2G11 Sorghum bicolor,
similar to Sorghum bicolor Retrosor-6 retroelement LTR
(E-value 1.7 x 107).

As already mentioned, RACE extension of clone N22
had rendered different related segments that did not overlap
perfectly (A43, Ad4, A45, A46, A47). Therefore, they
could not be assembled in a single contig, but BLAST
surveys were performed for each member independently.
Low-stringency searches at the TIGR Gramineae repetitive
database showed that the original N22 sequence was sim-
ilar to the gag-protein-coding sector (5648-5944 nt) of
ORSIiTERT00200152, a Rire8 Ty3-gypsy-like retrotrans-
poson (E-val: 0.97). Clone A43 showed homology to a
Gypsy20 retrotransposon (gblEUS558521.11 Arabidopsis
lyrata clone Gypsy20 transposon-insertion display,
eV = 8¢ ®) between nt 198-756, while it was highly
similar to Poa pratensis serk2 gene (eV = 36728) between
nt 43—188. Clone A44 showed homology to the same LTR-
retrotransposon (gblEU558521.11, eV = 8e>°) between nt
421-685, while it showed similarity to Zea mays cyto-
chrome P450 (cyt P450) between nt 1-382 (eV = 6e~'%).
Clone A45 revealed homology with the same retrotrans-
poson (gblEUS558521.11, eV = 16_16), but no homologies
to plant genes were detected. Clone A46 showed homol-
ogy with the same retrotransposon (gbl[EU558521.11,

gothp2 306 358
N17 m= LB i -
0 248 : -
Al17lower1t A17lower2 476 Ap2 Ap1
AZ22upperl A2Z2upper2
ip1_ :Ap2 - £ 180 198
N22 I [
0o 5 103 - = 303 -dm
A22lower2 A22lower1 Ap2 Ap1

Fig. 2 RACE amplification strategy. Schematic representation of
candidate initial fragments and oligonucleotides designed to perform
RACE experiments. AP1 and AP2 indicate the position of the primers
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matching the Marathon library terminal adaptors. Nucleotide number
positions corresponding to primer locations were indicated below
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eV = 2e_60) in the 4-60 and 273-569 intervals, and to the
P. pratensis serk2 (eV = 2¢ %) between nt 76 and 255.
Clone A47 presented homology at the TIGR Gramineae
plant repeat database to another retrotransposon (ZRSiT-
ERTOQOT00146, dagaf 576C20-1 retrotransposon, eV =
3e®). These results indicate that all N22-extended frag-
ments might correspond to family members showing
common similarity to retrotransposons, some of them
including transduplicated segments of plant protein-coding
genes. Interestingly, the plant protein-coding fragments
detected corresponded to genes previously associated with
apomixis. Both serk and cytP450 had been reported to be
differentially regulated during apomictic development in
Poa pratensis, Paspalum notatum, and Eragrostis curvula
(Albertini et al. 2004, 2005; Laspina et al. 2008; Cervigni
et al. 2008). A diagram showing features of the N22-related
sequences is shown in Fig. 3.

N17 and N22 gene copy number estimation

An estimation of the number of copies of N17 and N22 in
the genome of sexual and apomictic P. notatum plants was
carried out by performing quantitative real-time PCR
experiments. A protein-coding gene (N20), encoding a
LORELEI-like GPI-anchored protein, was used as an equal
representation reference (Capron et al. 2008). In order to
calculate gene copy number, a weight of 0.6 pg per
monoploid P. notatum genome was considered, since this is

Fig. 3 N22-related sequences 1
amplified by RACE. Sequences N22
displaying similarity to

retrotransposons were

represented as gray boxes.

Sequences displaying similarity

to plant protein-coding genes A43
were represented as fextured

boxes. Sequences with no

similarity were represented as

white boxes. Nucleotide

1 43

numbers are indicated at the top Ad4 -ﬁ*{-‘*‘#‘*‘i‘i

of the represented fragment.
N22 sequence is similar to
sector 5648-5944 of
ORSITERT00200152 (E-val I
0.97), a rire8 Ty3-gypsy-like
e A45
retrotransposon, which in turn
keeps homology to the gag-
protein-coding 56—130 sector of
retrotransposon multiprotein 1 4
AAX95147 A46

60 76

the C value for diploid P. notatum (Jarret et al. 1995). Occa-
sionally, a variable reduction in genome size have been
reported during polyploidization events (Pessino and Martel-
otto 2006). Therefore, a more accurate coy number determi-
nation would be achieved if the actual mass of the monoploid
genome in tetraploid P. notatum were determined.

N17 showed an average copy number/monoploid gen-
ome of 50.4 in the apomictic genotype and 460.4 in the
sexual one. Differences in the copy numbers between
genotypes were highly significant (standard deviations of
11.8 and 49.8, respectively, sexual/apomictic representa-
tion ratio of 9.13). N22 showed an average copy number/
monoploid genome of 16.3 in the apomictic genotype and
53.2 in the sexual genotype. Again, copy numbers were
differential at a highly significantly level (standard devia-
tions of 5.3 and 0.56, respectively, sexual/apomictic rep-
resentation ratio of 3.26). The reference gene N20
(LORELEI-like protein) showed an average copy number/
monoploid genome of 4.33 in the apomictic genotype and
2.83 in the sexual genotype. As expected, N20 copy
numbers were not differential at a significant level (stan-
dard deviations of 0.98 and 0.55, respectively, sexual/
apomictic representation ratio of 0.65). Our results are in
agreement with previous analysis in Arabidopsis thaliana,
where the LORELEI-like family includes only four mem-
ber genes (Capron et al. 2008).

Altogether, these results confirm that N17 and N22 are
members of a repetitive family that is moderately

303

Rire8 Tyv3-gypsy-like retrotransposon

188 198 756 849

Gypsy 20 retrotransposon

382 421 685 827

Gypsy 20 retrotransposon

281 682 784

Gypsy 20 retrotransposon

258 273 569 643

=1 =1l

serk

A47

Gypsy 20 retrotransposon

510 802

Dagaf retrotransposon
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represented in P. notatum. Interestingly, the genomic copy
number is different in the apomictic and sexual plants
analyzed, with a higher representation in the sexual geno-
type. On the contrary, gene N20 (LORELEI-like GPI-
anchored protein) is represented as a low-copy family
(three to four copies) in the monoploid P. notatum genome,
and no differential representation could be observed
between the sexual and the apomictic genotypes. A graphic
representation of the estimated copy numbers for N17,
N22, and reference gene N20 is shown in Fig. 4.

Mapping experiments

Since N17 displayed homology to centromeric retrotrans-
posons, we conducted mapping experiments aimed at
determining its location onto the P. notatum genome.
Previous assays (Fig. 1) had revealed the occurrence of a
polymorphic band useful for mapping between the parents
of the mapping population available at our laboratory
(Q4188 and Q4117). Polymorphism segregation was fol-
lowed in 62 F; individuals of the pseudo-testcross F;
mapping population segregating for apospory previously
used to construct a tetraploid map of the species (Stein
et al. 2007). Presence/absence data were converted to a
binary matrix and processed together with the entire data
file of the P. notatum genetic map (Stein et al. 2007) by
using MAPMAKER 3.0 (Lander et al. 1987).

N17 resulted linked in coupling phase to genetic linkage
group F3c, onto a central low-recombinant region (Fig. 5).
Moreover, N17 was linked in coupling at a genetic distance
of ~30 cM to another gene differentially expressed in
inflorescences of apomictic with respect to sexual plants,

550
500 -
450 -
400 -
350
300
250 A
200 -
150 A
100
» - J-—l
0 T

N17 N22 N20

mQ4117
Q4188

—t—

copy number

Fig. 4 Estimated gene copy number per monoploid genome in an
apomictic (Q4117) and a sexual (Q4188) P. notatum tetraploid
genotypes. Both N17 and N22 are represented at a moderate copy
number typical of repetitive sequences. A higher copy number is
observed in the sexual genotype. Protein-coding gene N20 (which
encodes a LORELEI-like GPI-anchored protein) is equally repre-
sented at a low copy number (three to four copies) in the sexual and
the apomictic genomes
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the kinesin Mc10 (Stein et al. 2007). The position of N17 in
a central low-recombinant chromosomal area is in agree-
ment with sequence similarity bioinformatic surveys,
which indicated homology to centromeric retrotransposons.
Since N17 resulted not genetically linked to the genomic
region governing apospory in P. notatum, it does not
qualify as a primary genetic determinant of this reproduc-
tive system. However, it could be performing a role as a
downstream participant in the reproductive developmental
process.

Lack of polymorphisms produced by N22 between
parental genotypes Q4117 and Q4188 frustrated attempts to
map the sequence onto the P. notatum genome. The
primers used to search for polymorphisms were located
within the original N22 sequence, and therefore, they did
not span transduplicated gene fragments (the original N22
sequence was slightly similar to a Rire8 Ty3-gypsy-like
retrotransposon sequence, but no gene transduplication was
detected within this sequence). SSCP or RFLP analysis
should be conducted in order to generate polymorphisms
useful for mapping.

Reproductive tissue in situ hybridization

Labeled mRNA probes complementary to both nucleotide
strands were used in reproductive tissue in situ hybridiza-
tion experiments, in order to assess differential expression
of the N17 and N22 target sequences (Fig. 6). Original
(non-extended) N17 and N22 clones were used for label-
ing. The developmental phase at which flowers were
examined corresponded to stage I at the P. notatum
reproductive calendar (Laspina et al. 2008). This stage (late
pre-meiotic) immediately precedes the emergence of
apospory initials and/or the MMC in the nucellus. Candi-
date transcripts displaying differential expression had been
isolated from inflorescences of aposporous genotypes at the
same stage (Laspina et al. 2008).

The antisense (Ncol/SP6) N17 probe originated a mod-
erate signal in the anther tapetum and a strong signal in
ovules of the sexual plant, while in the apomictic coun-
terpart no significant signal could be distinguished. The
sense (Sall/T7) N17 probe produced a very faint signal for
both the sexual and the apomictic plants (Fig. 6, left panel).
These results indicated that the sense strand of the putative
N17 retrotransposon was expressed at higher levels in
reproductive tissues of the sexual plant with respect to the
apomictic one.

Similarly, the antisense (Ncol/SP6) N22 probe produced
a very strong signal in anthers and ovules of the sexual
genotype and a strong signal only in anthers of the
apomictic one. Signal in apomictic ovules was absent.
Meanwhile, the sense (Sall/T7) N22 probe generated a
low-intensity identical signal for both the apomictic and the
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Fig. 5 Genomic location of N17 internal fragment as revealed
through mapping experiments. a Segregation observed in a selected
group of 10 apomictic and 10 sexual F; progeny individuals. b P.
notatum linkage group F3c showing the location of the N17 fragment

sexual genotype (Fig. 6, right panel). Again, the sense
strand of the putative retrotransposon was up-regulated in
the sexual plant.

Quantitative expression analysis

A chronological relative quantitation of N22 expression
was achieved by performing real-time PCR. Inflorescences
samples were collected at early premeiotic (0), late pre-
meiotic/meiotic (I/IT), and post-meiotic (IV/V) stages, fol-
lowing the reproductive calendar reported by Laspina et al.
(2008). Primers were designed to specifically amplify the
original N22 fragment. Glucose-6-phosphate dehydroge-
nase (GAPDH) was used as a reference gene, since it was
reported to be one of the most stable housekeeping genes in
apomictic vs. sexual-related reproductive systems (Duarte
Silveira et al. 2009).

Data corresponding to N22 chronological relative
expression levels as revealed by real-time PCR experi-
ments were represented in Fig. 7. Expression ratios were
established with respect to the apomictic plant at early pre-
meiosis (the stage with the lowest expression). In the
apomictic genotype, the expression levels increased to
3.476 at meiosis (Std error: 1.642-8.914) and to 14.64 at

within a low-recombinant central region, close to it, another gene
activated in inflorescences of apomictic plants with respect to sexual
ones was detected (kinesin Mc10). Segregation data of all markers
corresponded to those reported by Stein et al. (2007)

post-meiosis (Std. error: 6.924-33.006). In the sexual
genotype, expression level was low and similar to that of
the apomictic plant at pre-meiosis (1.447, Std error:
0.414-1.133), drastically increased to 22.187 at meiosis
(Std error: 16.052-36.401) and remained with a similar
value at post-meiosis (22.157, Std error: 14.625-32.269).
At the meiotic stage, the expression ratio between the
sexual and the apomictic genotype was 6.38, which is in
agreement with the results observed in the in situ hybrid-
ization experiments. As the real-time PCR experiments do
not allow distinction between sense and antisense expres-
sion, these values should be considered a putative additive
contribution of both transcript types.

Isolation of a family of retroelements differentially
expressed in apomictic and sexual plants

Based on the results obtained from RACE and in situ
hybridization experiments, we hypothesized that complex
families of related retrotransposon sequences might have
been subjected to differential expression regulation during
aposporous and sexual development. As it was stated
before, attempts to extend the N22 sequence by 5" and 3’
RACE had already allowed the detection of a group of
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Fig. 6 Reproductive tissue in situ hybridization from sexual (C4-4X)
and apomictic (Q4117) genotypes. a Sexual genotype hybridized with
the antisense Ncol N17 probe showed a strong signal in the ovule.
b Apomictic genotype hybridized with antisense Ncol N17 probe,
with no signal detected in the ovule. ¢ A closer image of panel A. d A
closer image of panel B. e Anthers from sexual genotype hybridized
with antisense Ncol N17 probe, showing a moderate signal at the
tapetum. f Anthers from apomictic genotype hybridized with
antisense Ncol N17 probe, with no signal detected. g and i Apomictic
genotype hybridized with sense Sall N17 probe with no signal
detected. h Sexual genotype hybridized with sense Sall N17 probe.

related elements similar to gypsy20 retrotransposons,
which carried segments of genes already reported to be
differentially expressed in apomictic and sexual plants
(Albertini et al. 2004; Laspina et al. 2008; Cervigni et al.

40
Q4117
8 oQ4188
30 4
o 25
E 20
15
10
5
0 — |
Premeictic Meiotic Postmeiotic
Stages

Fig. 7 N22 relative expression ratios in the apomictic (Q4117) and
sexual (Q4188). P. notatum genotypes at different ovary develop-
mental stages estimated by real-time PCR. All samples and controls
were amplified in triplicate
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No signal was detected. j Panoramic view of the sexual genotype
reproductive tissues hybridized with antisense Ncol N22 probe.
k Panoramic view of the apomictic genotype reproductive tissues
hybridized with antisense Ncol N22 probe. 1 and n Sexual genotype
hybridized with antisense Ncol N22 probe (closer view). m and
o Apomictic genotype hybridized with antisense Ncol N22 probe
(closer view). p Sexual genotype hybridized with sense Sall N22
probe. No hybridization was detected. q Apomictic genotype
hybridized with sense Sall N22 probe. No hybridization was detected.
Ov ovule, Tp tapetum, Pmc pollen mother cells

2008). Short (15 nt-long) oligonucleotides matching the
N22 sequence were used in combination with polyT-
anchored primers to perform a retrotransposon-specific
differential display experiment on sexual and apomictic
plants, in order to identify additional related retrotranspo-
sons whose expression could be associated with apomixis
or sexuality.

Amplifications conducted in duplicate on the Q4117
(apo) and Q4188 (sex) genotypes produced several apo vs.
sexual polymorphic bands. From a total of 107 bands, 48
(44.85%) were polymorphic. Most of these polymorphic
bands originated from the sexual genotype (34 bands, 77%
of the polymorphic ones). Sequencing of several differen-
tial bands revealed that a high percentage of them
corresponded to gypsy retrotransposons including protein-
coding gene segments of variable length. A section of a
differential display gel is shown in Fig. 8. Sequence sim-
ilarity comparison results originated from bioinformatics
surveys are summarized in Table 2. Our observations point



Sex Plant Reprod (2011) 24:231-246

241

N22 lower primer
DDT1 DDT2 DDT3 DDT4

N22 upper primer
DDT1 DDT2 DDT3 DDT4

MwM

AASSAASSAASS AASS AASSAASSAASSAASS

-
SR -
-
U —
e
- — i
ar — " —
—_ i e - -
e
i
-
«—
< -
«—
- A
— > - "
<

Fig. 8 Retrotransposon-specific differential display. Bands were
produced by amplifying in duplicate cDNAs originated from inflo-
rescences of Q4117 (A, apomictic) and Q4188 (S, sexual) plants with
polyT-anchored oligonucleotides in combination with specific prim-
ers matching retrotransposon N22. Several bands differentially
expressed were detected, cloned, and sequenced. The majority of
differential bands were expressed in the sexual genotype, but a few
bands expressed only in the apomictic plant were detected

toward the existence of a family of related TEs differen-
tially expressed between in the sexual and the apomictic
genotype, from which N22 is only a particular member.
Family members predominate in the sexual genotype.
However, differential display experiments do not allow
assessment of the strand type expressed (sense or anti-
sense), which should be further investigated through in situ
hybridization.

Sequence fragments corresponding to repetitive elements
were analyzed with Phylogeny (http://www.phylogeny.fr/)
in order to produce a tree where sequence similarity among
different members could be easily visualized. Two main
clusters were detected (Fig. 9). However, the biological
significance of this clustering pattern is unknown.

In silico classification of additional unknown sequences
associated with apomixis

The remaining 17 unknown sequences originally isolated
from differential display experiments by Laspina et al.
(2008) were subjected to Blast searches at the TIGR
Gramineae Repeats database. Out of the total 17 clones

analyzed, only two showed significant homology to plant
repeats (Table 3). In one of them, the occurrence of a
conserved short sequence which is part of a functional gene
was detected.

Discussion

In the past few years, several studies have been published
which identify transcripts that are differentially expressed
in reproductive tissues of apomictic and sexual plants
(Rodrigues et al. 2003; Albertini et al. 2004; Laspina et al.
2008; Cervigni et al. 2008; Yamada-Akiyama et al. 2009,
Polegri et al. 2010). All these articles were focused on the
characterization of protein-coding transcripts and presented
valuable evidence indicating that central pathways (i.e.,
ERK signaling, protein degradation, RNA transcription and
DNA modification) were differentially modulated in ag-
amospermic plants with respect to sexual ones. Retro-
transposons were occasionally listed among differentially
expressed sequences (Albertini et al. 2004; Laspina et al.
2008; Cervigni et al. 2008).

In this work, full sequence analysis of two particular
transcripts differentially expressed in inflorescences of
apomictic and sexual P. notatum plants (N17 and N22)
revealed that they might be retrotransposons carrying small
transduplicated protein-coding gene segments. The first
candidate (N17) keeps homology with the LTR region of
retrotransposons. Mapping experiments revealed that at
least one of its copies is located in a non-recombinant
central region of a particular P. notatum linkage group
(F3c), revealing a cetromeric/pericentromeric location.
Moreover, N17 was placed close to another P. notatum
gene differentially expressed in inflorescences of apomictic
and sexual plants (kinesin Mc10). The second candidate
(N22) displayed low similarity to the gag-coding region of
a Rire8 retrotransposon. RACE extension allowed the
isolation of several related sequences homologous to gypsy
retrotransposons, which curiously carried transduplicated
segments of apomixis-related genes (serk, cyt P450).

Real-time PCR quantification showed that both retroel-
ements were represented at an increased number in the
genome of the sexual genotype. Interestingly, results
obtained from reproductive tissues in situ hybridization
indicate that the sense strand of both candidates is up-
regulated in immature ovules of sexual plants with respect
to apomictic ones. The positive correlation between an
increased gene copy number in the genome and a higher
concentration of the retroelement sense mRNA strand
suggest that de novo insertion might be occurring in the
sexual genotype. Recently, the mobilization of various
families of endogenous LTR retrotransposons was reported
in Arabidopsis thaliana ddml mutants (Tsukahara et al.
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Fig. 9 Phylogeny tree showing clustering of reproduction-associated
retrotransposon. Two main groups of differentially expressed retro-
transposons, related to ry3-gypsy and gypsy-20, were detected

2009). A burst of retrotransposition occurred stochastically
and independently for each element, suggesting an addi-
tional autocatalytic process. Furthermore, comparison of
the identified LTR retrotransposons in related Arabidopsis
species revealed that a lineage-specific burst of retro-
transposition of these elements did indeed occur in natural
Arabidopsis populations. The cDNA methylation state of
N17 and N22 should be investigate in order to establish a
correlation among epigenetic modification, transcription
level, and de novo insertion in the genome of apomictic
and sexual plants.

The original N17 and N22 polymorphic bands had been
isolated from the apomictic genotype in differential display
experiments. However, the allegedly contrasting results
between differential display and in situ hybridization
experiments could be justified in terms of balancing con-
centrations of the sense and antisense strand. While in situ
hybridization experiments allow discrimination between
sense and antisense expression, in differential display
experiments a band would be classified as polymorphic
without actual knowledge of its origin (sense or antisense).

Moreover, the hybridization detection reactions are usually
finished synchronically when at least one of the specimens
displays high levels of expression, allowing preferential
detection of the most represented strand (sense or anti-
sense). Meanwhile, in differential display polymorphic
bands could be originated even from rare sense or antisense
transcripts. The evidence presented here indicates: (a) In
the sexual genotype, the sense strands of putative retroel-
ements N17 and N22 are strongly up-regulated; (b) In the
apomictic plant, a strand of unknown origin (sense or
antisense) was detected overexpressed in the differential
display experiments. These observations might support the
hypothesis that the sense strands are being transcribed at
high levels in the sexual genotype, while the antisense
strands are being transcribed at moderate or low levels in
the apomictic one. If it were so, it would be simple to
explain why in the in situ hybridization experiments the
sense probe (detecting the antisense strand) never revealed
a signal: probably the incubation was concurrently finished
for the four specimen (sexual antisense, sexual sense,
apomictic antisense, apomictic sense) as soon as the
detection of the sense strand produced a considerable sig-
nal in the sexual plant.

A retrotransposon-specific differential display aimed at
the isolation of N22-related sequences allowed the identi-
fication of several repetitive family members, most of them
represented in the sexual genotype but some of them in the
apomictic one. These results suggest that families of rela-
ted retrotransposons are differentially expressed in apo-
mictic and sexual genotypes. Interestingly, many of these
particular retroelements carry transduplicated gene frag-
ments, some of which had already been associated with
apomictic development in previous reports (Albertini et al.
2004; Laspina et al. 2008; Cervigni et al. 2008).

Both class-1 (retroelements) and class-2 (DNA mobile
elements) TEs were previously associated with transdu-
plication or readout synthesis of gene fragments (reviewed
in Bennetzen 2005). Regarding retroelements, early studies
in maize had shown that LTR retrotransposons could
acquire specific genic sequences and amplify them across
the genome (Jin and Bennetzen 1994). Numerous instances
of the acquisition of genes by a closely related mobile
DNA, the retroviruses of animals, have also been described
(Malik et al. 2000). The transcriptional activity of chimeric
LTR retrotransposons including genes fragments was
investigated in polyploid wheat and rice (Kashkush et al.

Table 3 Additional sequences differentially expressed in apomictic and sexual genotypes showing homology to repetitive sequences

Transduplicated gene fragment eV

Transduplicated gene fragment description

Clone  Homologous repetitive sequence eV
N43 dbjlAB014755.11 6e~ 12
N82 ZRSiTERTOOT00248 6e> gblEU940865.1l

5¢™*  Zea mays clone 1165244 mRNA sequence
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2003, Kashkush and Khasdan 2007). It was proposed that
during activation, long terminal repeats drive the readout
synthesis of new transcripts from adjacent sequences
including the antisense or sense strands of known genes
(Kashkush et al. 2003, Kashkush and Khasdan 2007).

Regarding class-2 transposons (DNA mobile elements),
transduplication events have been frequently reported for
several families. More than 3000 Pack-MULEs (Mutator-
like elements containing fragments of genes) were found in
the rice genome (Jiang et al. 2004), and at least 5% of them
were found to be expressed. More than 90% of these
expressed Pack-MULEs appeared to have been transcrip-
tionally initiated within the element itself (Jiang et al.
2004). A further work aimed at the characterization of
8274 rice MULEs showed that 1337 of them contained
duplicated host gene fragments (Juretic et al. 2005).
Detailed examination of the 5% of duplicated gene frag-
ments that were effectively transcribed demonstrated that
virtually all of them contained pseudogenic features, such
as fragmented conserved protein domains, frameshifts, and
premature stop codons. In addition, the distribution of the
ratio of non-synonymous to synonymous amino acid sub-
stitution rates for the duplications agreed with the expected
distribution for pseudogenes. These results suggested that
MULE-mediated host gene duplication results in the for-
mation of pseudogenes, not novel functional protein-cod-
ing genes (Juretic et al. 2005). However, the transcribed
duplications possessed characteristics consistent with a
potential role in the regulation of host gene expression
(Juretic et al. 2005). Also helitrons, a class of broadly
distributed DNA mobile elements known to transpose via a
rolling circle process, often capture gene fragments
(reviewed in Bennetzen 2005). Sixty percent of maize
helitrons were found to have taken fragments of nuclear
genes (Yang and Bennetzen 2009). Most acquired gene
fragments are undergoing random drift, but 4% were cal-
culated to be under purifying selection, whereas another
4% exhibit apparent adaptive selection, suggesting bene-
ficial effects for the host or Helitron transposition/retention
(Yang and Bennetzen 2009).

It has been proposed that chimeric retroelement tran-
scripts including transduplicated gene segments could lead
to the creation of novel genes (Jiang et al. 2004, Bennetzen
2005). However, a proven case of gene creation by any
transposable element activity in plants remains to be
demonstrated (Bennetzen 2005). On the other hand, Juretic
et al. (2005) found that all expressed transduplicates with
conserved domains have disablements preventing them
from encoding functional proteins, and their non-synon-
ymous/synonymous aminoacid substitution rates ratios do
not indicate that they have been evolving under purifying
selection. However, transduplicates constitute a large
source of pseudogenes with characteristics suggestive of a

@ Springer

role in regulating host gene expression (Juretic et al. 2005)
It was proposed that many chimeric Helitron or Pack-
MULE RNAs will not only induce their own epigenetic
regulation (e.g., silencing) but also contribute to the epi-
genetic regulation of the intact genes that have donated
gene fragments to the element (Morgante et al. 2005).

A recent article reporting the central role of silencing
mechanisms in the determination of the gametic fate in
Arabidopsis thaliana revealed that retrotransposons might
be involved in the regulation of both sexual and asexual
reproductive development (Olmedo-Monfil et al. 2010).
Inactivation of the A. thaliana PAZ-piwi domain-encoding
gene ago9 forced a decrease in the generation of SRNAs in
the nucellus, and the concomitant differentiation of several
non-reduced enlarged cells expressing gametic markers.
These enlarged companion cells often gave origin to
additional non-reduced embryo sacs that coexisted with the
meiotic megagametophyte within the same ovule.
Regarding the generation of multiple non-reduced embryo
sacs, ago9 mutants present a phenotype that resembles
apomeiosis of aposporous plant (Olmedo-Monfil et al.
2010). Surprisingly, the SRNA fraction associated with the
protein AGO9 was related mainly with retrotransposons
and, at a lesser extent, with miRNAs and protein-coding
genes. Among the different retrotransposon families pro-
cessed by ago9, the best represented was Gypsy (Olmedo-
Monfil et al. 2010). It also was shown that AGO9 can bind
in vitro to 24 nt sRNAs corresponding to Athila retro-
transposons expressed in the ovule prior to pollination
(Duran-Figueroa and Vielle-Calzada 2010). AGO?9 is nec-
essary to inactivate a significant proportion of long termi-
nal repeat retrotransposons (LTRs) in the ovule.
Predominant TE targets are located in the pericentromeric
regions of all 5 chromosomes, suggesting a link between
the AGO9-dependent sSRNA pathway and the heterochro-
matin formation (Duran-Figueroa and Vielle-Calzada
2010). The results presented here are in agreement with
those reported by Olmedo-Monfil et al. (2010) and Duran-
Figueroa and Vielle-Calzada (2010). In ago9 mutants, an
absence of retrotransposon processing due to a failure of
gene ago9 originated a phenotype resembling apospory. In
natural aposporous plants analyzed here, a down-regulation of
N17 and N22-related retrotransposon expression is observed.
Both in artificial Arabidopsis ago9 mutants as well as in
aposporous natural plants, the capacity for retrotransposon
processing appears to be affected, in the first case because the
interference machinery is altered, in the latter because retro-
transposons themselves are not being expressed. The effect of
these differential regulation on the mechanisms of hetero-
chromatin formation and interference regulation in apospor-
ous and sexual plants should be further investigated.

In this article, we present a preliminary characterization
of the activity of a group of retrotransposons during sexual
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and apomictic development. Many of these elements
include transduplicated copies of plant gene fragments. Our
results are consistent with a potential role in the regulation
of host gene expression via interference and/or hetero-
chromatin formation, but further experiments are needed to
investigate this possibility. Efforts should be made to
perform a detailed structural examination of the elements
identified herein, as well as at characterizing their chro-
nological expression at different developmental stages in a
significant number of plants. Functional analyses of the
putative target genes with regard to reproductive modes
should also be carried out. Likewise, the generation of
plants with altered expression levels of each particular
retrotransposon could be used to define what roles they
may play during sexual or apomictic reproduction.
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