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Abstract Microsporidia are a group of intracellular para-
sites characterized by highly reduced and compact
genomes. The presence of a high gene density had several
consequences for microsporidian genomes, including a
high frequency of overlap between transcripts of adjacent
genes. This phenomenon is apparently widespread in
microsporidia, and strongly correlated with gene density.
However, all analyses to date have focused on one or a few
transcripts from many loci, so it is unclear how diverse the
pool of transcripts at a given locus may be. To address this
question, we characterized initiation and termination points
from 62 transcripts in gene-dense regions in Antonospora
locustae spores using both conventional and Xuorescence-
based RACE-PCR procedures. In parallel, we investigated
the abundance and nature of transcripts along a 6 kb region
surrounding the actin locus of A. locustae using northern
blotting, RACE-PCR and previously characterised EST
sequences. Overall, we conWrmed previous suggestions that
most transcripts in A. locustae spores overlap with the
downstream gene, but that at the 5� end untranslated
regions are very short and overlap is rare. From Xuores-
cence-based RACE-PCR we show that transcription of
most genes (31 out of 34) initiates at a single position,
whereas 35% of loci analyzed with 3� RACE polyadenylate
mRNA at several sites. Finally, we identiWed the presence
of previously unsuspected and very large transcripts in
A. locustae spores. Those transcripts were found to overlap

up to four open reading frames in diVerent strands, adding a
novel layer of complexity in the mRNA transcription of this
microsporidian species.
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Introduction

Microsporidia are a diverse group of obligate intracellular
eukaryotic parasites which are common in arthropods, Wsh
and mammals, including humans (Becnel and Andreadis
1999; Larsson 1999). All recent genomic analyses strongly
suggest that they are specialized and derived relatives of
fungi (James et al. 2006; Keeling 2003; Keeling and
Doolittle 1996; Keeling et al. 2000; Van de Peer et al.
2000). Microsporidian nuclear genomes include the smallest
known: at the extreme the Encephalitozoon intestinalis
genome is only 2.3 Mb, and many other species have
genomes less than 10 Mb (Biderre et al. 1994; Katinka
et al. 2001; Peyretaillade et al. 1998). Genome reduction
has taken place through the loss of many genes involved in
important metabolic pathways, making them highly depen-
dent on the host for energy production (Goldberg et al.
2008; Tsaousis et al. 2008; Vivares and Metenier 2000), as
well as the compaction of the remaining genes. Compaction
has in turn taken place through the reduction in the length
of the genes, as well as the shortening of intergenic regions.
In general microsporidian genomes are characterized by
highly divergent gene sequences (Thomarat et al. 2004),
but highly conserved gene order (Corradi et al. 2007;
Slamovits et al. 2004).
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Intergenic spaces are functionally important in many
ways. They act as buVers between genes during expression,
and also hold regulatory information, such as promoters,
enhancers, terminators and polyadenylation sites (Mignone
et al. 2002). Some of these elements are not included in
transcripts, but many are. In most eukaryotes studied so far,
the 5� untranslated regions (UTRs) of transcripts can be a
hundred or more nucleotides in length, while 3� UTR can
be several kilobases (Mignone et al. 2002). Because
eukaryotic genomes are usually not very compact, even
long UTRs seldom overlap with those of transcripts from
adjacent genes (Gerads and Ernst 1998; Hansen et al.
1998), and when they do overlap they can aVect the expres-
sion of one or both of the aVected genes (Prescott and
Proudfoot 2002). In highly compacted genomes, such as
those of microsporidia and nucleomorphs, the situation
seems to be quite diVerent. SpeciWcally, transcripts from
adjacent genes have been shown to overlap to a great extent
(Corradi et al. 2008; Gilson and McFadden 2002; Slamo-
vits and Keeling 2004; Williams et al. 2005), and to corre-
late with the length of intergenic region. In microsporidia,
the size of UTRs has also been found to vary from a few
base pairs to several hundred (Corradi et al. 2008; Slamovits
and Keeling 2004). There is no correlation between the
size or overlap of UTRs at homologous genes in diVerent
species, suggesting this process is quite Xuid over time
(Corradi et al. 2008).

A number of questions remain to be addressed regarding
the frequency and variability of transcript overlap and, most
importantly, how the process is controlled and whether they
are viable transcripts. To date, the problem has been
addressed by sequencing of expressed sequence tags (EST),
and sequencing of RACE-PCR products (Corradi et al.
2008; Williams et al. 2005). These techniques give a fair
overview of the process, but they do not necessarily allow
for the detection of multiple transcripts, nor do they provide
information on relative transcript abundance, or indeed any
detailed information about transcript variability at any one
locus. Here we apply two additional approaches to detect
rare transcripts in the microsporidian Antonospora locus-
tae. First, we have developed a FAM (5-CarboxyXuores-
cein)-labeled RACE-PCR procedure that unambiguously
discriminates between diVerent transcript endpoints of sim-
ilar size for a given gene. The 3� UTR endpoints were also
identiWed for a subset of those genes using conventional 3�

RACE PCR and ESTs, which conWrmed the previously
observed trends for the species, as well as the reliability of
the Xuorescence-based methodology. In parallel, the tran-
script diversity has been investigated in detail in one region
of the genome, the genes surrounding the A. locustae actin
locus. To do this, we Wrst investigated the frequency of
overlapping transcription using RACE and EST fragments,
and using this data then designed probes for Northern

hybridization. Between the two methods a complex pattern
of transcription around this locus was described. Overall,
these results demonstrate that several independent mecha-
nisms govern mRNA transcription in A. locustae spores,
and that overlapping transcription accounts for a signiWcant
portion of its transcriptome.

Materials and methods

RNA isolation and RACE-PCR procedure

Antonospora locustae spores (M&R Durango, BayWeld,
CO) were disrupted by beating with glass beads, and total
RNA was extracted using an RNAqueous kit (Ambion,
Austin Texas) according to the manufacturer’s intructions.
We have chosen to use spores over intracellular stages to
allow a direct comparison with previous data obtained by
others (Corradi et al. 2008; Slamovits and Keeling 2004;
Williams et al. 2005). Some of the loci used in this study
were identiWed in the A. locustae genome database (http://
gmod.mbl.edu/perl/site/antonospora, A. locustae Genome
Project, Marine Biological Laboratory at Woods Hole,
funded by NSF award number 0135272).

3�- and 5�- RACE was performed using the First Choice
RLM-RACE kit (Ambion, Austin, TX). For 5�-RACE, this
protocol involves sequential treatments with calf intestinal
phosphatase (CIP) and tobacco acid pyrophosphatase
(TAP) prior to an RNA-RNA adaptor ligation with
T4-RNA ligase. This selects for full-length, capped mRNAs.
5� UTRs were ampliWed using gene-speciWc nested primers
(see Table 1). 5�-RACE was performed on 43 loci using
FAM-labelled RACE-inner primers (5�-CGC GGA TCC
GAA CAC TGC GTT TGC TGG CTT TGA TG-3�), and
fragments separated in a polyacrilamide matrix using an
ABI31700 DNA sequencer (Applied Biosystems). The
Xuorescent peaks were scored using Peak Scanner™
(Applied Biosystems) and their size annotated. When using
a conventional RACE-PCR, a total number of 9 5� UTRs
and 20 3� UTRS from 12 loci were identiWed and sequenced.
In this case both 5�- and 3�-RACE fragments were ideally
analysed for a given locus, but in some cases only one
could be ampliWed using various conditions and primers.
When more than a single band was ampliWed through the
PCR reaction, all products were systematically cloned and
sequenced to ensure they are derived from the expected
region of the genome. In cases where they do, their location
and length were included in the Wgures and their DNA
sequence submitted to GenBank. In a few cases, a product
was sequenced but discarded, for example 3� RACE
sequences where the poly-A “tail” was found to correspond
to an A-track in the genome. In total, 47 loci were analyzed in
this study and the 33 cDNA fragments corresponding to
123
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5� and 3� transcriptional ends have been submitted to
GenBank under accession numbers FK250482–FK250514.

Northern blot analysis

Total RNA was extracted from A. locustae spores (M&R
Durango, BayWeld, CO) by bead beating followed by RNA
isolation using the RNAquous kit from AMBION (Austin,
TX). 6 �g of denatured RNA was electrophoresed in a 1.2%
formaldehyde agarose gel and transferred onto a Hybond-
N+ membrane (GE Healthcare, Piscataway, NJ). Northern
hybridization was carried out using the Alkphos Direct
Labeling and Detection System from GE Healthcare
according to the manufacturer’s protocol. A DNA probe
representing 605 bp of the A. locustae actin sequence
labeled with alkaline phosphatase was used for hybridisa-
tion and CDP-star as detection reagent.

Results

IdentiWcation of 5� UTRs in A. locustae 
using FAM-labelled oligos

A total of 43 loci with clearly recognisable upstream
genes were identiWed from the A. locustae genome database

(http://gmod.mbl.edu/perl/site/antonospora). Using 5�-RACE
with FAM-labelled inner-primers, the transcription initi-
ation sites were determined for all genes but nine, for
which RACE products could not be obtained (Table 1,
Fig. 1). Of the remainder, a transcript from one gene encod-
ing a hypothetical Protein (AL06_0160) was found to initi-
ate a few base pairs beyond an upstream gene, and
transcripts from two other genes, encoding a guanine nucle-
otide binding protein (AL08_1100) and a gamma glutamyl
transpeptidase (AL05_1240), were found to start within
upstream genes. Transcripts from the remaining 31 genes
initiated in the upstream intergenic region, in most cases
immediately upstream of the start codon. This of course
does not rule out the possibility that transcripts from these
genes overlap with transcripts from the upstream gene in
cases where the 3� UTR of the upstream gene extends into
the region identiWed here as the 5� UTR of the downstream
gene. Similarly, in only three cases were multiple initiation
sites observed: for two hypothetical proteins (AL11_1390
and AL07_0270), and a gene encoding a coatomer complex
beta subunit (AL_1100). The length of 5� UTRs varied con-
siderably from gene to gene. The shortest corresponded to
capped AUG codons, while the largest was 803 bp long and
started in the middle of an upstream gene, a feature already
reported for the photolyase from this species (Slamovits
and Keeling 2004). The average length of A. locustae

Fig. 1 Examples of 5� RACE 
PCR fragments analysis using 
FAM-labeled oligos and ana-
lyzed using the Peak Scanner™ 
Software v1.0 (Applied Biosys-
tems). The horizontal axis repre-
sents the length of the fragments 
in base pair. The vertical axis 
represents the intensity of the 
Xuorescent probe. To ensure a 
conservative analysis of the 5� 
RACE products, only peaks 
indicated by a “S” have been 
used in the subsequent analyses 
of overlapping transcription. All 
other peaks have been discarded 
because they were correspond-
ing to dimer-primers (D) or be-
cause they showed signal 
intensity lower than half of the 
biggest peak. Other peaks were 
discarded from subsequent ana-
lyzes despite their strong Xuo-
rescence (T), because they may 
have equally reXected a trun-
cated 5� RACE product for our 
gene of interest or, as previously 
identiWed (Corradi and others 
2008), the start of a overlapping 
5� UTR of downstream genes
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5� UTRs was 41 bp (Table 1). Overall, most genes seem to
have a single, clear and well-deWned initiation point within
the upstream intergenic space.

Reliability of the FAM-labelled RACE-PCR and overall 
patterns of transcription at the eight selected loci

The reliability of the FAM-labelled RACE methodology
was tested by selecting eight loci with a range of 5� UTR
length. RACE-PCR was reproduced for those genes using
conventional primers and the products characterised by
cloning and sequencing. The sequence of the selected PCR
products always corresponded to the targeted genomic
region, and their length corresponded to that determined by
analysis of FAM-labelled products. A representation of
these 5� UTRs is shown in Fig. 2.

The loci represented in Fig. 2 represent a number of
other interesting features, such as converging or diverging
genes, and variable lengths of intergenic regions. There-
fore, we further examined the variation in processing points
in these regions using 3� RACE and publicly available EST
data. The RACE procedure identiWed several 3� UTRs, with
variable lengths, most of which overlapped with down-
stream genes. We also identiWed several cases where more
than a single poly-A tail could be isolated. Interestingly, a
few of those UTRs were found to harbor potential consensus

polyadenylation motifs (AAUAAA), located upstream of
the Poly-A tail. However, these motifs were rare among the
3� UTRs we identiWed, and their presence was not linked
with either presence or absence of transcription overlap.

Transcription of the actin gene and close neighbors 
in A. locustae spores

The methods used to date to examine the ends of microspo-
ridian spore transcripts are informative for identifying pro-
cessing points, but it is impossible to link the 5� and 3� data
generated by these methods to completely determine the
extent of any given transcript. To provide a more thorough
picture for one locus and its surrounding genes, we com-
bined data from cDNA ends with Northern blot data on
total transcript length. Total mRNA from A. locustae spores
was probed using a 605 bp region of the A. locustae actin
gene (Fig. 3). This probe recognised two major transcripts
of 1.6 and 3 kb, but three other distinct transcripts were also
observed, ranging in size from 1.4 to over 2 kb. To deter-
mine where these transcripts lay with respect to the actin
gene, we identiWed all open reading frames in approxi-
mately 6 kb of the genome centred on the actin gene. Nine
ORFs, four of which shared high sequence similarity with
E. cuniculi genes were identiWed in this region, as well as a
single putative polyadenylation motif. 5� and 3� RACE was

Fig. 2 Patterns of transcription identiWed among genomic regions in
Antonospora locustae. Grey rectangles represent the position of the
genes in genomic DNA (with gene names inside) and the angle of the
rectangle represents its transcriptional direction. Length and position
of the 3�-RACE fragments are represented by black rectangles and
their respective poly-A tail. Length and position of the 5�-RACE frag-
ments are represented by black rectangles, with the cap represented by
a dot. The blunt part of the rectangles represents the location of the

primer we used to perform the PCR reaction. The length in base pairs
(bp) of the genes and the intergenic regions is shown. The position of
the A. locustae EST fragments (Williams et al. 2005) are represented
by the white rectangles and their respective poly A tail. The length of
the 3� and 5� UTRs, as well as the EST fragments is shown above the
rectangles representing these fragments (bp). The location of polyade-
nylation motifs (AAUAAA) is shown (M)
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performed on the ORFs surrounding the actin locus, and all
EST fragments corresponding to this region of the genome,
and characterized by the presence of a Poly-A tail, were
identiWed in public databases (Williams et al. 2005). This
analysis resulted in the identiWcation of 11 terminators and
3 initiators along the 6 kb long genomic region. Gathering
this data together on the map of this region of the genome
produces a detailed picture of the transcriptional mecha-
nisms occurring in A. locustae spores (Fig. 3). This picture
is consistent with what has been identiWed for other loci in

this study (Fig. 2) and in previous reports (Corradi et al.
2008; Slamovits and Keeling 2004; Williams et al. 2005),
but shows the presence of a previously unsuspected diver-
sity in transcripts. The 1.6 kb major transcript corresponds
in size to a transcript beginning at the major initiation site
identiWed upstream of ORF 4 and ending at the major ter-
mination site downstream of actin. In contrast, there is no
band on the Northern blot that corresponds to the actin tran-
script on its own. The major 3 kb transcript cannot easily be
assigned to any particular location as it is so large.

Fig. 3 a size of mRNAs and their level of expression identiWed by
northern blotting using a DIG-labeled probe encompassing 605 bp of
the actin gene. Sizes of the diVerent transcripts are indicated. The only
transcript identiWed by Northern that has a size consistent with tran-
scripts identiWed by RACE and EST sequencing is highlighted. b Over-
all pattern of transcription along a 6,922 bp genomic region in
Antonospora locustae and identiWed by RACE-PCR and EST sequenc-
ing. Grey and angled rectangles represent the position and direction of
genes showing signiWcant sequence similarity with genes from
Encephalitozoon cuniculi and with the angle representing their tran-
scriptional direction. 1. Caltractin-Like Protein (474 bp); 2.
Anto07_1160 (257 bp); 3. Anto07_1150 (359 bp); 4. Hypothetical
Protein (518 bp); 5. Actin (887 bp); 6. Alpha-Tubulin (incomplete,
>1,403 bp). Black and angled rectangles represent the position of puta-
tive ORFs with no homologies with sequences deposited in public dat-

abases and from which no RACE-PCR product could be obtained. The
position and length of the probe designed on the actin locus is repre-
sented by the black rectangle. Length and position of the 3�-RACE
fragments are represented by black rectangles and their respective
poly-a tail. Length and position of the 5�-RACE fragments are repre-
sented by black rectangles, with the cap represented by a dot. The blunt
part of the rectangles represents the location of the primer we used to
perform the PCR reaction. The length in nucleotides (bp) of the genes
and the intergenic regions is shown. The length of the 3� and 5� UTRs
is shown above the rectangles representing the RACE-PCR products.
The total length and position of the A. locustae EST fragments
(Williams et al. 2005) are represented by the white rectangles and their
respective poly-A tail. The location of a polyadenylation motif
(AAUAAA) is shown (M)
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Discussion

Contrasting transcription initiation and termination
in A. locustae

Distinctive trends in how transcription is controlled at both
the 5� and 3� ends have emerged from analysis of many
A. locustae genes. For example, from 40 initiation points
identiWed in this study, only 3 (7.5%) were located within
or beyond the upstream gene (Table 1, Fig. 2). In contrast,
more than 50% of the 3� UTRs (Figs. 2 and 3) extend well
into or beyond downstream genes. Similarly, only 8% of
the genes have transcripts that initiate at more than one
position, whereas 35% have multiple polyadenylation sites.
The length of 3� and 5� UTRs seem to correlate diVerently
with the length of intergenic regions: there is no clear link
between transcriptional overlap and short intergenic spaces
at the 5� end, but there does appear to be such a correlation
at the 3� end. SpeciWcally, 100% of the genes harboring
intergenic regions shorter than 150 bp had 3� UTRs over-
lapping with downstream genes, as opposed to 18% of 5�

UTRs.
Overall, the short intergenic regions in A. locustae have

aVected initiation and termination of transcription diVer-
ently. Initiation is almost always at a single position within
intergenic regions, and close to the initiation codon, all fea-
tures consistent with tight control. In contrast, polyadenyla-
tion often occurs at several diVerent positions, far from the
end of a gene and within adjacent genes, all suggestive of a
more relaxed system. Canonical polyadenylation sites can
be identiWed in the A. locustae genome, but they are not
common and apparently are frequently unused.

Is the correlation between intergenic regions 
and transcription overlap functionally relevant 
in A. locustae?

Current and previous reports (Corradi et al. 2008; Gilson
et al. 1997; Gilson and McFadden 2002; Williams and oth-
ers 2005) have demonstrated that in the most compacted
nuclear genomes, the probability of overlapping transcrip-
tion is correlated with the length of intergenic regions,
especially in the 3� regions of genes. However, it is still
unclear whether this is a trivial correlation (e.g., transcripts
of equal length are more likely to read into another gene if
the intergenic region is short) or one with functional signiW-
cance (e.g., short intergenic regions contain too little infor-
mation to support termination). If the latter is true, then 3�

UTRs for genes with short 3� intergenic distances should be
longer than average. Analysing the 21 cases now available
for A. locustae, this may be the case: genes with short 3�

intergenic distances have, overall, slightly longer UTRs.
However, the correlation is rather weak and not conclusive

evidence that the reduction of intergenic spaces alone led to
reduced transcription control. Sampling of 3� UTRs from
many hundreds of genes might shed more light on this
question, but at present the data are consistent with the pos-
sibility that the shrinking genome led to changes in the way
transcription termination is controlled. At the 5� end there
is no such correlation: the size of 5� UTRs encompassing
short intergenic regions were neither signiWcantly larger,
nor smaller when compared to the overall UTRs identiWed.

Do A. locustae spore transcripts contain operons?

The actin locus of A. locustae presents an interesting prob-
lem. Actin is abundant in the A. locustae ESTs, and these
cDNAs consistently end at a single position immediately
downstream of actin. Using 3� RACE from actin identiWes
the same position, while 3� RACE from the upstream
unidentiWed ORF identiWes several polyadenylation sites
within actin (Fig. 3). Interestingly, 5� RACE from within
actin consistently identiWed an initiation site at the 5� end of
the upstream unidentiWed ORF (Corradi et al. 2008) and
only and apparently rare initiator upstream of actin (Fig. 3).
Northern blotting is consistent with RACE and EST data,
since the most abundant RNA we identiWed corresponds
exactly with the size expected for a transcript that extends
from the main initiation point upstream of the ORF to the
main polyadenylation point downstream of actin (Fig. 3).

A similar situation appears to be true for other genes
based on RACE data. SpeciWcally, 5� RACE from genes
encoding the ribosomal protein L34 (Williams et al. 2005),
and a polyubiquitin (Corradi et al. 2008) have been found
to entirely overlap with their respective upstream gene.
Thus, although it is clear that most cases of overlapping
transcription in microsporidia do not represent co-expres-
sion of genes from a single mRNA, it is possible that func-
tional co-transcription also happens in a few special cases.

However, to conclude that proteins are co-expressed
from a single mRNA, we need to know that both proteins
are actually expressed, and that they are not represented by
individual mRNAs. In the case of the A. locustae spores,
we Wrst must know that mRNA in the spore is functional,
and this is not presently known since spores likely are not
metabolically active. Assuming the same expression pat-
terns are found in active cells, there are two possibilities.
Taking the actin locus as an example, the present data are
consistent with a model where actin is not expressed at high
enough levels to have been detected by the Northern blot-
ting used here, whereas the upstream ORF is highly
expressed but lacks any termination and polyadenylation
signals in its unusually short 3� intergenic region (40 bp),
and uses one downstream of the actin gene instead. One
might argue that a single mRNA is used for the translation
of both the ORF and actin, or other pairs of genes in the
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same strand for which a 5� initiation site for the down-
stream gene cannot be identiWed (Williams et al. 2005).

Operon-like co-transcription is known in other nuclear
genomes, in particular Caenorhabditis elegans and in
trypanosomes (Blumenthal 1998; Blumenthal 2004;
Blumenthal and Gleason 2003; Gilson et al. 1997; Gilson
and McFadden 2002; Spieth et al. 1993; Zorio et al. 1994),
where it is always associated with post-transcriptional
processing to individual mRNAs. However, these well-
described cases also correlate with the presence of a small
spliced leader at the 5� end of mRNAs, which leads to the
processing of polycistronic mRNAs. No such mechanism is
evident in microsporidia. The Northern blot did reveal sev-
eral abundant transcripts that could not be linked with any
previous observation for this particular region. SpeciWcally,
we identiWed some very large and by necessity multigene
transcripts in A. locustae spores (the largest being 3 kbp in
length and containing up to 4 potential ORFs). The abun-
dance of these RNAs suggests that they are actively
expressed. Importantly, however, none of these large RNAs
can represent a simple operon-like molecule because many
of the ORFs surrounding actin are encoded on opposite
strands. These transcripts more likely represent some other
process adding another level of complexity to transcription
in these genomes.

Concluding remarks

Overall, we identify two independent kinds of mRNA in A.
locustae spores: single-gene transcripts (canonical mRNAs
with the major exception that many include 3� UTRs that
overlap with downstream genes), and very large transcripts
encompassing several ORFs, sometimes located on diVer-
ent strands. It is clear that conventional transcriptional
mechanisms have been maintained in A. locustae, and prob-
ably account for most or all of the gene expression. How-
ever, even in these relatively simple transcripts there are a
large fraction where the 3� UTR overlaps with downstream
genes, and how this does or does not aVect the expression
of those genes remains an interesting problem. The possi-
bility that a small fraction of genes are expressed on poly-
cistronic messages still needs to be formally excluded, and
if this is indeed found to be true, it suggests that mRNAs
are processed post-transcriptionally, or microsporidian
ribosomes are unusually able to recognise more than one
cistron per message (a seemingly unlikely possibility).
Lastly, the presence of abundant and very large RNAs
where no single gene can be identiWed as the target for
expression adds another layer of complexity to these
already complicated and apparently wasteful systems. As a
Wnal note, it is important to stress that to date all analyses of
transcription in microsporidia have been performed on

RNA extracted from spores, where translation is apparently
inactive. This leaves open the possibility that none of these
transcripts are functional in the sense that the genes
encoded on them are ever expressed. The next steps will
have to include both the examination of transcription in
metabolically active cells, as well as identifying the func-
tional roles of each transcript type in A. locustae spores.
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