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ABSTRACT 

This work was aimed at identifying genes that show altered expression profiles in response to changes in ploidy and/or 
reproductive mode (from sexual to apomictic) in the African grass Eragrostis curvula. A differential display analysis 
was performed on leaf and flower transcriptomes from a series of genetically related euploid plants, including tetraploid 
apomictic, diploid sexual, and tetraploid sexual plants. More than 100 primer combinations were used to generate 
11,864 total markers, yielding 1293 differential bands. Of these bands, 11.84% to 6.74% were related to ploidy and 
0.71% to 2.17% to the reproductive mode, depending on the tissue. A small percentage of bands showed similar expres- 
sions between the tetraploid apomictic and the diploid sexual plants. Expression-based similarity dendrograms were 
constructed. Our data suggested that ploidy is more decisive than tissue type in defining the transcriptome structure. Out 
of 102 fragments sequenced, 50 showed strong homology to known genes. The differentially expressed genes were 
mapped in silico onto maize chromosomes. Several candidates mapped within the linkage group syntenic to the Trip- 
sacum dactyloides diplospory-governing region. The evidence indicates that expression of genes located around the 
diplospory-associated region may be strongly influenced by ploidy and may be silenced in the apomictic genotype. 
These findings are discussed in the context of diplospory molecular control and its connection with ploidy. 
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1. Introduction 

Apomixis is an asexual reproduction mode, which gene- 
rates clonal seeds with embryos genetically identical to 
the mother plant [1]. This trait has been described in 
more than 400 species belonging to 40 angiosperm fami- 
lies [2]. Apomixis is frequently associated with poly- 
ploidy [3] and might have arisen through the de-regula- 
tion of the sexual developmental pathway by a mecha- 
nism that could comprise both genetic and epigenetic 
components [4]. Either the temporal or spatial regulation 
of sexual reproductive development is altered, resulting 
in heterochronic or ectopic expression of its core pro- 
grams [5-9]. 

Eragrostis curvula has a basic chromosome number of 
x = 10 [10]. Most natural populations are polyploid, 
ranging from 4x to 7x [11]. Diploid cytotypes are infer- 
quent [12]. While rare diploid cytotypes are sexual, 
polyploid ones are diplosporous apomicts [12]. The cul- 
tivars most valuable as forage grasses are the diplospor- 
ous tetraploids [11]. Initially, E. curvula was classified as 
having an Antennaria-type embryo sac [13], but later it 
was re-classified as it’s own type, the Eragrostis-type,  

because it contains only four non-reduced nuclei at ma- 
turity instead of eight, as occurs in the Antennaria-type 
[14]. Embryos are formed by parthenogenesis, and fer- 
tilization of the polar nuclei (pseudogamy) is strictly re- 
quired for endosperm development. 

In grasses, diplosporous apomixis is genetically con- 
trolled by several independent loci, which separately 
govern apomeiosis (formation of a non-reduced mega- 
spore), parthenogenesis, and endosperm development [7, 
15-19]. In Erigeron annuus, apomeiosis and partheno- 
genesis are controlled by genes that map to independent 
linkage groups [15-17]. In Taraxacum officinale (dande- 
lion), apomeiosis is controlled by a dominant allele at a 
single locus located on the satellite chromosome, while 
parthenogenesis and autonomous development of the 
endosperm are governed by different genes that segregate 
independently [18,19]. Strong suppression of recombina- 
tion was observed at the apomeiosis-specific regions in 
Erigeron and Tripsacum [17,20], but not in Taraxacum 
[19]. It was reported that the non-recombinant region 
associated with apomeiosis in Tripsacum is syntenic to a 
portion of the maize 6 L chromosome [20,21]. Some of  
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the genes located in this particular area are duplicated in 
other regions of the maize genome, particularly on chro- 
mosomes 3 and 8 [22]. 

Several lines of evidence suggest that apomixis may 
be epigenetically regulated. It has been shown that the 
apomixis-governing locus is a heterochromatic region 
enriched in retrotransposons and repetitive DNA [23-26]. 
A parent-of-origin effect of meiosis on expression of 
apomixis was reported [27]: in segregating populations, 
the apomixis locus was not inherited in a functional state 
(i.e., it could not induce apomixis) when transmitted 
through a reduced female gamete, but it remained func-
tional when transmitted via male meiosis. More evidence 
for a possible epigenetic basis of apomixis came recently 
from the analysis of Arabidopsis thaliana plants with a 
defective ARGONAUTE9 (AGO9) gene [28]. AGO pro- 
teins cleave endogenous mRNAs during either micro- 
RNA (miRNA) or short interfering RNA (siRNA)- 
guided post-transcriptional silencing. AGO9 disruptions 
affect the specification of precursor cells of the gametes 
in the Arabidopsis ovule in a dominant manner, giving 
rise to a multiple-spore phenotype that resembles apo-
spory [28]. The AGO9 protein is not expressed in the 
gamete lineage; instead, it is expressed in cytoplasmic 
foci of somatic companion cells. This suggests that small 
RNAs (sRNAs), which participate in silencing, must 
move out of somatic companion cells to control specifi-
cation of gametic cells [28]. Interestingly, the siRNA 
fraction associated with AGO9 consisted mainly of 24- 
nucleotide sequences derived from retrotransposons. 
AGO9 is also responsible for silencing of transposons in 
the female germ line, as AGO9 mutants show transposon 
reactivation in the egg. Moreover, the Zea mays mutant 
Dominant nonreduction 4 (Dnr4) produced a phenotype 
that mimics diplospory [29]. Dnr4 encodes the AGO104 
protein, which accumulates in somatic tissues surround-
ing the female meiocytes, thus acting through a non-cell- 
autonomous pattern similar to that observed for the re-
lated Arabidopsis gene, AGO9. AGO104 controls non- 
CG DNA methylation at centromeres and knob hetero-
chromatin. Interestingly, the AGO104 locus maps to a 
region on maize chromosome 6 that is syntenic to the 
region containing the apomixis locus in Tripsacum [20]. 
In maize, inactivation of the DNA methyltransferases 
DMT102 and DMT103, which are expressed in the ovule, 
results in phenotypes that are strongly reminiscent of 
apomictic development, including the production of un-
reduced gametes and the formation of multiple embryo 
sacs [30]. 

For the last five years, our group has worked on the 
identification and characterization of transcripts involved 
in the reproductive pathways of E. curvula. We have also 
examined the molecular basis of the association between 

apomixis and polyploidy. For these purposes, we estab- 
lished a series of genetically related euploid plants with 
different ploidy levels and reproductive modes [31]. This 
series consists of a natural tetraploid apomictic plant (cv. 
Tanganyika, T), a diploid sexual plant (D) obtained from 
Tanganyika through in vitro culture, and two tetraploid 
highly sexual plants derived from the diploid after col- 
chicine treatment (C and M). This series of plants is use- 
ful to identify genetic alterations and transcriptome re- 
patterning that occurs immediately after a modification at 
the ploidy level, as well as for detecting genes associated 
with the expression of apomixis.  

Previous analysis of this series showed that all tetrap- 
loid plants (sexual or apomictic) shared a similar genetic 
structure, which differed to that of the diploid (sexual) 
plant [32]. These results suggested that the genome re- 
sponse to ploidy variation was specific and conferred a 
genetic structure characteristic of a given ploidy level 
[32]. Changes in cytosine methylation were detected in 
plants of this series, with the diploid plant exhibiting a 
lower methylation level than that of the tetraploids [33]. 
To determine whether the genomic variation observed 
during polyploidization was associated with transcrip- 
tional re-patterning, a comparative expression analysis 
based on Expressed Sequence Tags (ESTs) was carried 
out [34,35]. The regulation of 112 genes was associated 
with the reproductive mode (apomictic vs. sexual) and/or 
the ploidy level [35]. However, we obtained only ~12,000 
ESTs, which did not represent complete cover- age of the 
transcriptome. Therefore, the 112 identified candidates 
probably corresponded only to genes expressed at rela-
tively high levels in the tissues analyzed. To improve 
detection of differentially expressed genes, either further 
sequencing or a more sensitive method allowing detec-
tion of rare candidates should be used. 

Differential display (DD) [36] is an alternative method 
for mRNA profile analysis that allows detection of can- 
didates expressed at low levels [37]. In classical DD 
methods, the success of product amplification depends 
on the arbitrary primer matching to the corresponding 
cDNA. Even rare transcripts can be represented on a fin- 
gerprint as defined bands if arbitrary primers match their 
sequences perfectly [37]. Here, we present a detailed 
differential display analysis of the E. curvula leaf and 
flower transcriptomes, involving a total of 11,869 tran- 
scripts. This study complements the ESTs sequencing 
project data, allowing the characterization of 102 addi- 
tional differentially expressed candidates. In silico map- 
ping analysis of the candidates isolated here and in our 
previous EST sequencing research indicated that the 
transcription of the E. curvula genomic region syntenic 
to the Tripsacum dactyloides DIP locus is affected during 
ploidy conversions. 
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2. Materials and Methods 

2.1. Plant Material 

Plants used in this study were obtained as previously re- 
ported [31]. Briefly, flowers from the apomictic cv. Tan- 
ganyika (genotype T, 2n = 4x = 40) just emerging from 
the flag leaf were cultured on MS medium [38] supple- 
mented with 2,4-diclorophenoxyacetic acid (2,4-D) and 
6-benzylaminepurine (BAP). Out of 23 R0 plants, one 
had half of the normal chromosome number (genotype D, 
2n = 2x = 20). After treatment of seeds of one diploid R1 
plant with 0.05% colchicine and 2% DMSO, two highly 
sexual plants with 40 chromosomes (genotype C and M, 
2n = 4x = 40) were rescued. 

For the DD experiments, inflorescences just emerging 
from the flag leaf were collected at the same time of the 
day (9:00 AM), from plants growing in a greenhouse 
under identical conditions. Collection conditions were 
carefully standardized, taking into account the size and 
exomorphological aspect of the raceme, and by conduct- 
ing microscopic observations of ovaries and anthers. A 
few central spikelets were fixed in formalin-acetic acid- 
alcohol (ethanol 50% v/v, formaldehyde 10% v/v, acetic 
acid 5% v/v), dehydrated in an ethyl alcohol-tertiary bu- 
tyl alcohol series, and then embedded in Paraplast Plus 
(McCormick Scientific, St Louis, MO, USA). Serial lon- 
gitudinal sections (10 μm) were cut and stained with sa- 
franin-fast green [39] before microscopic observation. 
When spikelets at archesporal stages were detected, a short 
section of the inflorescence surrounding it was used for 
RNA extraction. 

Young leaves (10 cm long) from fully developed plants 
were also collected for RNA extraction. Five leaves from 
different tillers from the same plant were pooled for 
analysis. 

2.2. Differential Display Analysis 

Total RNA was isolated from flowers and leaves using 
the SV Total RNA Isolation kit (Promega, Madison, WI, 
USA). Reverse transcription was performed using Su- 
perscript II reverse transcriptase (Invitrogen, Carlsbad, 
CA, USA). DD experiments were conducted largely as 
described by Liang and Pardee [34] with minor modifi- 
cations. The anchored oligonucleotides, designated as 
DDT1, DDT2, DDT3, and DDT4, corresponded to the 
sequence 5’T(12) (ACg) X3’, where X was A, C, G or T, 
respectively. Decamers from the British Columbia Uni- 
versity RAPD Primer Synthesis Project (sets 3 and 4) and 
the above-mentioned anchored oligonucleotides were 
used to create primer pair combinations. PCR reactions 
were prepared in duplicate in a final volume of 25 L 
containing 1  Taq activity buffer (Promega), 1.5 mM 
MgCl2, 50 M dNTPs, 0.70 M arbitrary primer, 2.5 M  

anchored primer, 2 U Taq DNA polymerase enzyme (Pro- 
mega) and 2.5 L reverse transcription reaction mix 
(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- 
tamination from the reagents. The cycle 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, treated for 3 min at 95˚C and 
separated on a 5% (w/v) polyacrylamide gel. Amplifica- 
tion products were silver-stained following the DNA 
Silver Staining System procedure (Promega). Bands were 
scored only in the middle portion of the gel, where reso- 
lution was maximal and profiles were fully reproducible. 

2.3. Dendrogram Construction 

Bands were counted and data were converted into a bi-
nary matrix, in which 1 and 0 indicated band presence 
and absence, respectively, at a particular position. Failed 
amplification or equivocal results were coded as missing 
data. Matrices were analyzed to determine the similarity 
coefficients between pairs of individuals and to evaluate 
clusters. The Jaccard’s coefficient (J) was used [40]. Clus- 
tering analysis was performed using the unweighted pair- 
group method with arithmetic averages (UPGMA) using 
the Infostat computational pack (http://www.infostat.com.ar, 
FCA-UNC, Argentina). 

2.4. Isolation of Differential Fragments 

Differentially expressed fragments were carefully excised 
from the gels with a sterile scalpel, and then eluted over- 
night in 0.5 M ammonium acetate/1 mM EDTA buffer 
(pH = 8.0). The DNA was precipitated in ethanol, and re- 
amplified using the same PCR conditions described above. 
Fragments were cloned using the pGEM®-T Easy Vector 
system (Promega). 

2.5. Sequence Data Analysis 

Sequencing of the differential cDNA clones was per- 
formed by Ibiotec (INTA Castelar, Argentina). Sequence 
similarities were investigated by conducting BLAST 
searches at the National Center for Biotechnology Infor- 
mation webpage (http://www.ncbi.nlm.nih.gov/). The 2.2.20 
BLASTN and BLASTX programs [41,42] were used to 
compare nucleotide sequences with those in the nucleo- 
tide collection (nr/nt) and non-redundant protein sequence 
(nr) databases, respectively. 
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2.6. Validation of Differential Expression 

Differential expression of 15 selected candidates was 
validated by real-time PCR. Real-time PCR reactions 
were prepared in a final volume of 25 µL containing 500 
nM specific primers, 1  SYBR Green Master mix (PE 
Biosystems) and 100 ng reverse-transcribed RNA (pre- 
pared using Superscript II, Invitrogen, following the 
manufacturer’s instructions). Gene specific primers were 
designed using Primerquest from IDT Scitools  
(http://www.idtdna.com/). Primers were synthesized by 
IDT (Table 1). Actin was used as the control gene equal- 
ly expressed in apomictic and sexual plants, to check for 
identical amplification between samples. Actin primers 
were designed based on the Eragrostis curvula EST se- 
quence EC02_d_3393 (GeneBank: EH189701.1) that 
perfectly matches Zea mays actin1 (GeneBank: ACG- 
39191.1, NCBI BASTX nr protein, score: 308, e-value: 
1e−81, max identity: 98%). Amplification efficiency was 
controlled to be equivalent for samples and the corre- 
sponding internal control. RT (−) and non-template con- 
trols were included in these analyses. For the first ten 
candidates (Table 1), reactions were conducted in three 
technical replicates of bulked RNA isolated from three 
different plants. For the last five candidates, two bio- 
logical and three technical replicates were used. The 

iCycler iQ™ Real-Time PCR Detection System (BioRad, 
CA, USA) was programmed as follows: 3 min at 95˚C, 
45 cycles of 15 s at 95˚C, 30 s at 57˚C, 20 s at 72˚C and 
10 s at 78˚C, next 5 min at 72˚C. Finally, a melting curve 
was constructed (86 cycles of 10 s from 65˚C to 90˚C, 
increasing the temperature by 0.3˚C after cycle 2). 

Relative gene expression was assessed using the 2-ΛΛCT 
method [43]. Differences between mean values were 
evaluated by Student’s t-tests. P values of < 0.05 were 
considered significant. The cycle threshold (CT) indi- 
cates the fractional cycle at which the amplified target 
reaches its threshold. The CT was determined from the 
exponential phase of the PCR by iQ5 Real Time Detec- 
tion System Software. The ΛCT value for a sample was 
calculated by subtracting the CT of each gene from that 
of the internal reference gene. The ΛΛCT of a gene was 
calculated by subtracting the ΛCT of each sample from 
the ΛCT of the control genotype (Tanganyika). 

2.7. In Silico Mapping onto Maize Genome 

The differentially expressed sequences identified in this 
work as well as those reported previously [35] were 
mapped in silico onto maize chromosomes. This analysis 
was performed using the tools provided at the Maize se- 
quence webpage (http://maizesequence.org/). The posi-  

 
Table 1. Primer pair sequences used for real-time PCR validation of differentially expressed sequences. 

Sequence Forwarda Tm (˚C)e Reverseb Tm (˚C)e Amplicon size

ECDD(F)20 AAGCTTGCCTCAGCTGTCTACCTT 60.1 CAGCAAATGCCCAGTTCGCATACA 60.0 178 bp 

ECDD(F)23 ACGCCCGAGGAAAGATCATTAGCA 60.1 TGCTCGGATTGTATGAGGACAGCA 59.9 139 bp 

ECDD(F)32 ACAAGACAGCCAAGGAGTGAAGGA 59.9 ACCAGTTCAGTTTACCACCACCGA 60.0 131 bp 

ECDD(F)36 TCGATTAGCGAAGGACAAGGTGGA 59.5 TGGCAAGACCATCACTTTGGAGGT 60.4 197 bp 

ECDD(F)46 GAATTACAAGCAAGCCCGCAAGGT 60.1 GCAATAGCATTTGCCGGCTGAGAA 60.1 195 bp 

ECDD(L)10 TTGTCAATTGGCAGACGGTACGGA 60.3 TAAGTGCACGGCCAAACTTCTCCA 60.6 84 bp 

ECDD(L)12 AACCTCGAGACGCTGTCGGTTTA 59.9 AGATGTAGGTGAGGTTGGAGCAGT 59.3 88 bp 

ECDD(L)18 AAAGAGTCCACCCTGCACCTTGTT 60.6 ACCTCCAAAGTGATGGTCTTGCCA 60.4 92 bp 

ECDD(L)19 TTCCTCAGCTCTCCCAACTTGTGT 59.9 AATCGTGTCGATGCGGTCATCAGT 60.3 116 bp 

ECDD(L)40 GCCCATGCATTGTTTGGTGACCTT 60.4 ACAAGCACCTTCTGGTCTCAACGA 60.1 199 bp 

ECDD(F)22c ATTGAAGGGTGGACTGCTAGGCTT 60.1 AACACCTTGCCACCAACGTTCTTC 59.9 122 bp 

ECDD(F)28c TATGGACCCGAACCTGGGTGATTT 59.9 TAGCTCTGGGTTCGAGTGGCATTT 60.1 140 bp 

ECDD(F)30c ACGTCACTGCGTGCGGTTTATTTC 59.9 CACCGCAGTCAGTTTAAGCCCAAT 59.6 136 bp 

ECDD(F)33c TCCGCGTAAAGGCCTTACATCCAA 60.3 TGAGGTACATGAACCGCCTTCAGA 59.6 84 bp 

ECDD(F)54c GCAGAGCACCTTGGAATGGTTGAT 59.6 TGGTCTGGCAGTGGGTTGATCTTA 59.7 194 bp 

Actind AAGATCAAGGTGGTTGCTCCTCCA 60.0 ATCTGCTGGAATGTGCTGAGGGAT 60.1 89 bp 

a,bPrimer sequences are in 5’ to 3’ direction from left to right; cSequences used for second round of real-time PCR validation; dControl gene used for real-time PCR 
alidation; eTm, melting temperature. v 
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tion of related sequences on the maize genome was de- 
termined after a BLASTN analysis with the BLAST tool 
on the Maize sequence webpage with a maximum E- 
value for reported alignments of 0.001. The “allow some 
local mismatch” option was chosen. The sequence of the 
csu68 RFPL marker (GeneBank gi: 409635), asso- ciated 
with the Trypsacum apomeiosis locus [21], was used as a 
landmark to calculate the physical distances between the 
region associated with diplospory and the differential 
sequences obtained by our group. 

3. Results and Discussion  

3.1. Gene Expression in Flowers and Leaves 

Figure 1(a) illustrates a typical inflorescence of E. cur- 
vula, showing spikelet detail. The development of the E. 
curvula panicle is typically heterochronic. Within a pani- 
cle, branches at the top usually display later stages of 
development with respect to branches at the base. In con- 
trast, within a branch, spikelets at the top are less deve- 
loped than those at the base. Basal flowers within a 
spikelet are more developed than flowers at the top of the 
spikelet. RNA samples were taken from spikelets at the 
archesporal stage (Figure 1(b)). This developmental stage 
is concurrent with the presence of pollen mother cells 
within the anthers (Figure 1(c)). Since we were inter-
ested in isolating candidate genes that trigger diplospory, 
we selected an early stage of development for molecular 
analysis.  

In the inflorescence DD experiments, we used 116 
primer combinations that yielded high-quality amplifica- 
tion products to generate a total of 4242 markers. For the 
experiments on leaves, 111 primer combinations were 
used and 7622 markers were amplified. Figure 2(a) shows 
a portion of a typical differential display gel.  

Ploidy-related transcripts were readily identified be- 
cause they produced a clear differential signal between 
2x and 4x samples. Transcripts related to the reproduc- 
tive mode were represented by bands that were present or 
absent in either sexual or apomictic lanes. Most of the 
isolated bands showed a presence-absence pattern. Some 
of the bands showing clear quantitative differences were 
cut, eluted, and amplified. Table 2 summarizes the 
number of changes detected. From the recorded bands, 
11.84 and 6.74% were related to ploidy and 0.71 and 
2.17% to the reproductive mode in flowers and leaves, 
respectively. Surprisingly, leaves showed a higher per- 
centage of polymorphic bands between sexual and apo- 
mictic plants, compared with reproductive tissues. A 
small percentage of bands (0.5% and 0.78% in flowers 
and leaves, respectively) showed a pattern designated as 
“unexpected” because it was similar between the 
tetraploid apomictic and the diploid sexual plants. This 
particular type of expression pattern was present in both  

 

Figure 1. (a) Architecture of a typical inflorescence (panicle) 
of E. curvula showing spikelet detail; (b) Ovule and (c) an-
ther developmental stages at which differential display 
studies were conducted. Bars at the bottom references the 
scale. 
 
flowers and leaves, and had already been detected in a 
previous work [35]. The proportion of polymorphic 
bands associated with the reproductive mode in inflores- 
cences was relatively low (0.71%). These results agree 
with previous reports on the aposporous apomictic grass 
P. notatum [44], where a similar percentage (1.2%) of 
differentially expressed genes associated with apospory 
in premeiotic inflorescences was detected using DD. 
Therefore, the number of genes displaying altered ex- 
pression in flowers during apomictic development shows 
a similar order of magnitude for aposporous and dip- 
losporous apomixis. On the other hand, while we de- 
tected 11.84% polymorphic bands related to ploidy in the 
present study, other authors [45] observed only 1.35% 
polymorphic bands in an analogous system of P. notatum, 
suggesting that the level of the transcriptome response to 
autopolyploidization might be species-specific, and that 
it is considerably higher in E. curvula. 

Figure 2(b) shows a similarity dendrogram corre- 
sponding to expression data from flowers and leaves. The 
dendrogram clearly shows the difference between diploid 
and tetraploid expression patterns, suggesting that ploidy 
level is more decisive than tissue type in defining the 
transcriptome structure. These results are consistent with 
those obtained previously [35]. Moreover, in a previous 
work [32], revertant behavior of molecular markers 
(RAPDs and AFLPs) following changes in ploidy was 
observed, suggesting that the genetic structure of all 
tetraploid plants is similar and differs from that of the   
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Table 2. Type and percentage of bands counted in Differential Display gels from flower and leaf samples from a series of E. 
curvula euploid plants. 

Genotype Flowers Leaves 
Typea 

T(4x)Apo D(2x)Sex C(4x)Sex 
Description 

No. of bands P (%) No. of bands P (%)

1/1/1 1 1 1 Monomorphic 3688 86.95 6883 90.31

1/0/1 
0/1/0 

1 
0 

0 
1 

1 
0 

Polymorphic 
ploidy-related 

284 
218 

11.84 
277 
235 

6.74 

1/0/0 
0/1/1 

1 
0 

0 
1 

0 
1 

Polymorphic 
diplospory-related 

11 
19 

0.71 
125 
43 

2.17 

0/0/1 
1/1/0 

0 
1 

0 
1 

1 
0 

Polymorphic unexpected 
6 

16 
0.5 

23 
36 

0.78 

a1 and 0 indicate presence or absence of band, respectively, in the corresponding genotype (T, D, C). 
 

 

Figure 2. Expression profile comparisons. (a) Differential 
display gel representing a portion of the transcriptome 
from E. curvula flowers. Banding patterns correspond to 
plants T (4x apomictic), D (2x sexual), and C (4x sexual). 
Each sample was processed in duplicate. Each band set was 
generated from a single primer combination. Similarity 
between amplification profiles obtained from tetraploid 
plants T and C is clearly visible. Arrows at the left mark 
polymorphic bands. Arrows at the right mark weight in 
base pairs; (b) Dendrogram graphic corresponding to a 
combination of flower and leaf expression data of an E. 
curvula euploid series of plants with different ploidy levels 
and reproductive modes (T (4x apomictic), D (2x sexual) and 
C (4x sexual). F: flowers; L: leaves. 
 
diploid sexual plant. Revertant changes in cytosine me- 
thylation were also observed in plants of this series [33]. 

In the particular case of the colchiploid genotype, an 
obvious and critical question is whether the use of col- 
chicine and tissue culture techniques might have affected 
the genome structure, and therefore, are the origins of at 
least some of the polymorphisms observed. Reports in 
the literature indicate that tissue culture techniques/col- 
chicine treatments used to generate autopolyploids do not  
cause changes in the genetic constitution of genotypes; 
however, epigenetic modifications and phenotypic varia- 
tions can be detected. In an analysis of DNA sequence 
variation in plants generated from embryogenic callus of 
grapefruit stored in vitro by slow-growth culture methods, 
no RAPD polymorphisms were detected with 102 prim-
ers (provided that the ploidy level had remained constant) 
[46]. However, methylation-sensitive amplification poly- 

morphism analyses showed DNA methylation changes in 
the stored samples compared with the controls [47]. 
Similar results were obtained in hop plants regenerated 
from sequential subcultures of organogenic calli [48]. In 
E. curvula, tissue culture followed by colchicine treat- 
ment did not generate genetic polymorphisms between 
genotypes, since colchiploids obtained from parallel po- 
lyploidization events showed an almost identical genetic 
structure [32]. However, consistent with the results re- 
ported for hop and citrus, the same genotypes showed 
differences in their general methylation patterns [33]. 
Moreover, in wheat, several synthetic allopolyploids 
exhibited the same pattern of sequence modifications, 
whether they had been generated by tissue culture or 
colchicine treatment [49]. Taken together, these results 
suggest that genetic modifications are probably induced 
by polyploidization itself and appear to involve diverse 
mechanisms in different taxa with various rates of poly- 
morphisms. Genetic modifications could be related to a 
general phenomenon of stabilization of the new poly- 
ploids. 

In a previous work using the same plant series, we ob- 
served that expression patterns of tetraploid plants were 
closely related, while global gene activity in the diploid 
genotype was significantly different [35]. This expres- 
sion behavior correlated very well with the genetic and 
epigenetic structure of the series in classical and partial 
Mantel tests [32,33]. However, a particular group of 
genes showed a curious behavior, in that they were 
mostly silenced in both the 2x sexual and the 4x apomic- 
tic plants. Genes showing this expression pattern were 
also detected here. Since 2x sexual and 4x apomictic 
plants differ in both ploidy level and reproductive mode, 
the expression pattern of these genes is intriguing. Most 
of these “unexpected” candidates were over-expressed in 
the 4x sexual plant but repressed in the 4x apomictic and 
the 2x sexual genotypes. To explain the existence of this 
particular candidate group, we hypothesize that main- 
taining sexuality at the 4x level would require the spe- 
cific activation of a group of genes during the 2x to 4x  
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conversion, and that this activation would be blocked in 
the 4x apomictic plant [35]. 

3.2. Molecular Characterization of Isolated  
cDNAs 

Gel sectors including polymorphic bands were cut, eluted, 
and re-amplified. We cloned and sequenced 60 bands 
from flowers and 42 from leaves, corresponding to 
10.83% and 5.68% of the total differential bands from 
flowers and leaves, respectively (554 and 739 bands). 

Of the 60 sequences characterized from flowers, 36 
(60%) showed similarity to genes of known function. 
Only sequences with significant similarity to known 
genes are shown in Table 3. The remaining 24 clones 
(40%) represented novel sequences. Sequences were 
compared against those in databases using the BLASTX 
algorithm. Sequencing of 42 clones from leaves showed 
14 (33.33%) that were homologous to genes of known 
function (Table 3) and 28 (66.66%) that represented 
unknown sequences. Only one gene (corresponding to 
polyubiquitin) was differentially expressed in both tis- 
sues (flowers and leaves) of the tetraploid plants com- 

pared with the diploid plant (ECDD(F)36 from flowers 
and ECDD(L)18 from leaves). However, it is worth 
pointing out that only a limited number of transcripts 
were sequenced. A more detailed examination could re- 
veal other genes that are differentially expressed in both 
tissues. 

BLAST analyses of the differentially expressed genes 
from panicles and leaves against the 12,295 ESTs of Er- 
agrostis curvula annotated at Gene Bank (EH183417 to 
EH195711) revealed that out of the 60 sequences ob- 
tained from panicles, 15 matched with 222 ESTs (E- 
value ≤ 1 × 10−5). Four of them (two hypothetical pro- 
teins, one adenosine kinase, and one putative calcium- 
transporting ATPase) showed expression patterns that 
corresponded exactly between the ESTs and DD experi- 
ments. Of the 40 sequences obtained from leaves, 6 
matched with 37 ESTs when using the same parameters 
used for panicle sequences. The expression pattern of one 
of these genes (a putative serine carboxypeptidase II) 
coincided exactly between both experiments. We had 
anticipated that there would be more genes showing ex- 
actly the same expression pattern in both experiments. 

 
Table 3. Differentially expressed genes* in flowers (F) and leaves (L) of a euploid series of E. curvula plants with different 
reproductive modes and ploidy levels. 

Clone 
Name 

Clone 
Size (bp) 

T (4x) 
Apomictic 

D (2x ) 
Sexual 

C (4x)
Sexual

Acc. no. Description Organism Score E-value

Diplospory- 
related 

         

ECDD(F)28 429 0 1 1 ABR26094 Retrotransposon protein Oryza 122 2e−26

ECDD(F)20 232 0 1 1 BAA06629 Plasma membrane H+ ATPase Oryza 126 1e−27

ECDD(F)54 411 0 1 1 BAC79202 Putative phospholipase D beta 1 Oryza 179 1e−43

ECDD(F)53 518 1 0 0 BAD67774 Phosphogluconate dehydrogenase Oryza 331 2e−89

ECDD(L)10 275 1 0 0 ABF97406 Putative retrotransposon protein Oryza 103 7e−21

ECDD(L)37 697 1 0 0 AAX94970 Putative retrotransposon protein Oryza 139 1e−31

ECDD(L)39 352 1 0 0 AAL75999 Putative polyprotein Zea 130 7e−29

Unexpected          

ECDD(F)52 816 0 0 1 BAI68037 Ribosomal protein L2 Oryza 223 1e−56

ECDD(F)4 596 0 0 1 EES16622 Hypothetical protein Sorghum 154 3e−36

ECDD(F)60 518 0 0 1 EAZ04360 Hypothetical protein Oryza 59.3 2e−7

ECDD(F)3 606 0 0 1 EEE60221 Hypothetical protein Oryza 174 3e−42

ECDD(F)5 392 0 0 1 EER99392 Hypothetical protein Sorghum 116 1e−24

ECDD(F)12 374 0 0 1 BAB92466 Hypothetical protein Oryza 175 2e−42

ECDD(L)25 490 0 0 1 BAD05450 Clathrin-coat assembly protein-like Oryza 164 3e−39

ECDD(L)35 370 0 0 1 BAD44833 Putative protein kinase Oryza 98.2 4e−19

ECDD(L)41 616 0 0 1 EES16278 Hypothetical protein Sorghum 394 2e−108
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Continued 

Ploidy-related          

ECDD(F)6 382 0 1 0 AAL76001 Putative gag-pol polyprotein Zea 94.7 4e−23

ECDD(F)8 436 0 1 0 ABY59656 Putative protein kinase Triticum 91.3 4e−17

ECDD(F)13 537 0 1 0 BAD27978 Putative calcium-transporting ATPase Oryza 262 1e−68

ECDD(F)14 701 0 1 0 AAL76001 Putative gag-pol polyprotein Zea 184 3e−45

ECDD(F)17 546 0 1 0 EER98855 Hypothetical protein Sorghum 141 3e−32

ECDD(F)23 471 0 1 0 BAD19264 Putative leucine aminopeptidase Oryza 277 4e−73

ECDD(F)30 367 0 1 0 ABA99626 Protein kinase Oryza 232 1e−59

ECDD(F)33 333 0 1 0 ACG32694 60S ribosomal protein L12 Zea 81.6 4e−14

ECDD(F)40 513 0 1 0 EEC68453 Hypothetical protein Oryza 152 2e−35

ECDD(F)42 395 0 1 0 BAD45138 Protein kinase ADK1-like Oryza 48.9 3e−4

ECDD(F)44 234 0 1 0 EER93157 Hypothetical protein Sorghum 119 2e−25

ECDD(F)43 301 0 1 0 BAJ93226 Predicted protein Hordeum 71.2 5e−11

ECDD(F)47 379 0 1 0 BAD83479 Hypothetical protein Nicotiana 79.7 6e−22

ECDD(F)18 748 1 0 1 AAV43957 Putative serine carboxypeptidase II Oryza 76.3 1e−12

ECDD(F)22 289 1 0 1 ACG24846 40s Ribosomal protein S15a Zea 155 2e−36

ECDD(F)24 455 1 0 1 BAC83627
Putative hydroxyproline-rich  

glycoprotein 
Oryza 81.3 5e−14

ECDD(F)31 784 1 0 1 ACG37481 Speckle-type POZ protein Zea 264 4e−69

ECDD(F)32 409 1 0 1 AAF07182 H2A protein Oryza 76.6 1e−12

ECDD(F)36 311 1 0 1 ACG25128 Polyubiquitin Zea 201 4e−50

ECDD(F)39 271 1 0 1 CAA04677 Put. Transcription repressor HOTR Hordeum 135 3e−30

ECDD(F)45 471 1 0 1 EER89094 Hypothetical protein Sorghum 189 9e−47

ECDD(F)46 583 1 0 1 ABA95621 MATE efflux family protein Oryza 230 5e−59

ECDD(F)48 531 1 0 1 AAQ56285 Putative gag-pol protein Oryza 106 1e−21

ECDD(F)49 290 1 0 1 AAO20067
Putative cleavage and polyadenylation 

protein 
Oryza 126 1e−27

ECDD(F)55 363 1 0 1 ABA95797 Putative retrotransposon protein Oryza 163 9e−39

ECDD(F)57 639 1 0 1 ACG38908
Pyruvate dehydrogenase E1 component 

alpha subunit 
Zea 168 2e−40

ECDD(L)40 918 0 1 0 ABA99535 NB-ARC domain containing protein Oryza 320 3e−86

ECDD(L)4 441 0 1 0 ABA97273 Protein kinase domain containing Oryza 62.4 2e−8

ECDD(L)19 609 0 1 0 AAV43957 Putative serine carboxypeptidase II Oryza 269 9e−71

ECDD(L)20 347 0 1 0 T02955 
Probable cytochrome P450  

monooxygenase 
Zea 148 3e−34

ECDD(L)28 872 0 1 0 ABE77191
Putative non-LTR retroelement  

reverse transcriptase 
Sorghum 80.5 2e−15

ECDD(L)36 279 0 1 0 ABF95633 Aspartyl protease family protein Oryza 67.8 5e−10

ECDD(L)12 264 1 0 1 EEF41286
Putative receptor protein kinase 

CLAVATA1 precursor 
Ricinus 117 6e−25

ECDD(L)18 317 1 0 1 ABR25718 Polyubiquitin Oryza 202 1e−50

*
  Only sequences with significant homology to known genes are shown. 
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real-time PCR can originate from sense or antisense strands, 
whereas DD allows differential detection of sense and 
antisense strands. 

However, several factors can lead to differential repre- 
sentation of sequences in data sets obtained using both 
techniques, such us incomplete coverage, differential 
targeting (ESTs sequencing preferentially detects abun- 
dant transcripts, while DD equally detects both common 
and rare transcripts), sense-antisense sensitivity (only DD 
reveals sense-antisense differential expression), among 
others. 

3.4. In Silico Mapping of Differentially  
Expressed Genes onto Maize Genome 

The The differentially expressed genes (as determined 
from DD analysis and EST sequencing data) were posi- 
tioned onto the corresponding maize physical map by in 
silico comparison of orthologous sequences. A total of 46 
genes (35 from flowers and 11 from leaves) were suc- 
cessfully mapped in silico onto the ten chromosomes of 
maize. The genes were scattered among the chromo- 
somes, indicating that genes encoding differentially ex- 
pressed transcripts are evenly distributed throughout the 
whole maize genome. We were interested in detecting 
sequences located close to the chromosomal regions syn- 
tenic to the diplospory-governing locus, which is well- 
characterized in maize. Since the maize relative Tripsa- 
cum dactyloides is a diplosporous apomictic plant, maize- 
Tripsacum hybrids have been used to detect genetic de- 
terminants for apomixis [21,50]. Apomixis in Tripsacum 

3.3. Validation of Gene Expression by Real-Time  
PCR 

Real-time PCR reactions were carried out using material 
from plants with different ploidy levels and/or reproduc- 
tive modes (T, D, and C) to amplify 15 randomly chosen 
genes and one internal control gene (actin). Of the 15 
genes, 13 were successfully validated (Figure 3), con- 
firming the results shown in Table 2. Two genes could 
not be validated, indicating that a low percentage of false 
positives could be expected. However, sense-antisense 
differential expression should be confirmed via in situ 
hybridization analysis before these candidates are classi- 
fied as false positives, because amplicons obtained by 
 

 

Figure 3. Real-time PCR validation of genes differentially expressed among plants in the E. curvula isogenic series with 
different reproductive modes and ploidy levels. The Y-axis represents relative expression compared with control genotype. 
Black bars correspond to the 4x apomictic genotype (T). Bars with squares and stripes correspond to 2x (D) and 4x (C) sexual 
genotypes, respectively. Differences between mean values were evaluated using Student’s t-tests with paired samples (P < 
0.05). Standard deviations are indicated at the top of the bars. *Samples that were not validated. 
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is controlled by a non-recombinant region, which may 
comprise several mega base-pairs. Two RFLP markers 
reported to be linked to the trait in Tripsacum (csu68 and 
umc28) are located at a distal position on maize Chr 6 L 
(close to the telomere), at 0 cM from each other [21]. 
Interestingly, the AGO104 locus (whose disruption causes 
a phenotype that mimics diplospory) maps within this 
particular region [20]. In other species, the apomixes- 
governing regions were also detected to be large chro- 
mosomal areas with suppressed recombination, i.e., in 
Pennisetum squamulatum and Paspalum notatum, the 
apospory-governing locus involves a non-recombinant 
fragment of 50 Mbp and 36 Mbp, respectively [51,52]. 

Figure 4(a) shows the chromosomal location of the 
differentially expressed genes mapped onto maize Chr 6. 
Nineteen genes from the DD analysis and 10 from our 
ESTs sequencing project [35] were successfully mapped 
based on homology with maize sequences. The landmark 
csu68 was located at a distal (subtelomeric) position on 
the maize 6 L chromosome. All the differentially ex- 
pressed sequences, except for contig 44 (hypersensitive- 
induced response protein, unexpected group), were lo- 
cated between csu68 and the centromere. It is interesting 
to note that out of a total of 29 differentially expressed 
genes located on maize Chr 6, 3 were related to the re- 
productive mode, 16 were ploidy-related and 10 were in 
the “unexpected” group (showing similar expression in 

the 2x sexual and the 4x apomictic plants). Of the 29 
total candidates, 17 were located within a 50.1 Mbp re- 
gion surrounding markers previously associated with 
diplospory [21]. Most of the transcripts mapped to this 
particular region were affected by ploidy changes (equally 
expressed in both 4x genotypes, but differentially ex- 
pressed in the 2x genotype, 8 transcripts) or alternatively, 
were in the “unexpected” group (equally expressed in the 
2x sexual and the 4x apomictic genotypes, differentially 
expressed in the 4x sexual genotype, 8 transcripts). Only 
one gene mapping to this region (ECDD(F)28, retrotrans-
poson protein, at 33.8 Mbp of the csu68 marker) was 
associated with the reproductive mode, being up-regu- 
lated in both sexual plants (diploid and tetraploid) and 
down-regulated in the apomictic one (tetraploid). These 
observations indicate that the expression of genes located 
in this region might be strongly influenced by ploidy 
changes, and that some particular subregions fail to re-
spond to ploidy changes in the diplosporous geno- type. 
However, local rearrangements of the E. curvula genome 
with respect to the maize one may complicate the detec-
tion of the expression scenario in this genomic area. 

Figures 4(b) and (c) shows a similar in silico mapping 
analysis involving transcripts located on maize chromo- 
somes 8 and 3, reported as syntenics for the diplospory 
region [22]. Five genes from the DD analysis and 14 
ESTs could be successfully mapped on chromosome 8 

 

 

Figure 4. In silico mapping diagram. (a) Maize chromosome 6 showing the 50.1 Mbp region surrounding the csu68 marker, 
which was linked to the DIP locus in Tripsacum (Leblanc et al. 1995); (b) Maize chromosome 8 showing 59.6 Mbp region sur-
rounding the csu68 marker; (c) Maize chromosome 3 showing the 67.3 Mbp region surrounding the csu68 marker. Distances 
from in silico mapped sequences to marker are represented in scale. (+) unexpected sequences; (−) ploidy-related sequences, 
*) sequences associated with reproductive mode. (   
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(Figure 4(b)). From a total of 19 differentially expressed 
genes located on maize Chr 8, 3 were diplospory-related, 
9 were ploidy-related and 7 were unexpected genes. As 
in Chr 6 L, this region could be perceived as a ploidy- 
controlled region. Out of eight genes mapped within a 
59.6-Mbp region, three were associated with the repro- 
ductive mode (two downregulated and one upregulated in 
the apomictic genotype), three were ploidy-regulated (two 
upregulated in the diploid genotype), and two belonged 
to the unexpected group. Unexpected genes in this region 
were downregulated in the apomictic and diploid plants. 
On chromosome 3 (Figure 4(c)) seven (7) genes from 
the DD and 19 ESTs could be successfully mapped. From 
a total of 26 differentially expressed genes located on 
maize Chr 3, three were diplospory-related, 15 were ploidy- 
related, and 8 were unexpected genes. As in Chr 6 L and 
8 L, this region could be perceived as a ploidy-controlled 
region. Out of eight genes mapped within a 67.3 Mbp re- 
gion, none was associated with the reproductive mode, 
five were ploidy-related (three upregulated in the diploid 
genotype), and three belonged to the unexpected group. 
Two of the unexpected genes in this region were down- 
regulated in the apomictic and diploid plants.  

If we consider the expression status of these genes in 
the apomictic, diploid sexual, and tetraploid sexual ge- 
notypes, and the total number of genes mapped in silico, 
silencing predominates in the apomictic genotype with 
respect to the sexual ones. 

Differentially expressed sequences included repetitive 
elements, protein kinases, ribosomal proteins, transcrip- 
tion factors, elongation factors, proline-rich proteins, pr- 
oteins responsive to stress, cell cycle proteins, proteins 
with domains to bind or alter DNA, and cytochrome 
P450 family proteins. Sequences with similar annotations 
have been reported to be associated with apomixis and/or 
polyploidy for various other species, including Poa pra- 
tensis [53], Paspalum notatum [44,45], potato [54], Pen- 
nisetum squamulatum and Cenchrus ciliare [25], Pani-
cum maximum [55], and Paspalum simplex [24,56]. Tak-
ing into account our previous results in E. curvula [32, 
33,35], the results of the present study, and those re- 
ported for other species by other authors, there are many 
commonalities among the different species with respect 
to apomixis. Despite the variations in developmental pat- 
terns among the different species, apomixis appears to  
display conserved features at the molecular level. For 
example, annotation comparisons among sequences dif- 
ferentially expressed in P. pratensis [53] and P. notatum 
[44] revealed 5 genes with identical predicted function: 
outer membrane LRR receptor kinase, kinesin motor 
protein, GPI anchored protein, UDP glucose glucosyl 
transferase and ribosomal protein S12 [44]. Several of 
the candidates differentially expressed in both species 
seem to be involved in a signal transduction cascade of 

the ERK type, with deviations controlled by a Ras or- 
tholog and phospholipase C [44].  

Analyses of the differentially expressed genes among 
transcriptomes provide evidence for an association be- 
tween a group of genes and a particular trait. However, 
further experimental evidence is required to confirm that 
the identified candidates participate in reproductive de- 
velopment and/or are regulated by ploidy changes. In the 
near future, the identified fragments will be used to per- 
form genetic transformation in E. curvula using sense, 
antisense, and/or hairpin technology, to investigate their 
functional role in reproductive development. 
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