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A B S T R A C T

Previously, we observed that the transcripts of Invertebrate iridescent virus 6 (IIV6) are not polyadenylated, in
line with the absence of canonical poly(A) motifs (AATAAA) downstream of the open reading frames (ORFs) in
the genome. Here, we determined the 3′ ends of the transcripts of fifty-four IIV6 virion protein genes in infected
Drosophila Schneider 2 (S2) cells. By using ligation-based amplification of cDNA ends (LACE) it was shown that
the IIV6 mRNAs often ended with a CAUUA motif. In silico analysis showed that the 3′-untranslated regions of
IIV6 genes have the ability to form hairpin structures (22–56 nt in length) and that for about half of all IIV6
genes these 3′ sequences contained complementary TAATG and CATTA motifs. We also show that a hairpin in
the 3′ flanking region with conserved sequence motifs is a conserved feature in invertebrate-infecting
iridoviruses (genus Iridovirus and Chloriridovirus).

1. Introduction

Eukaryotic cells use three RNA polymerases to transcribe genes,
each with specific mechanisms of initiation, elongation and termination
(Richard and Manley, 2009). Precursor protein-encoding transcripts
(pre-mRNAs and/or hnRNAs) are produced by RNA polymerase II
(RNAP II). These pre-mRNAs undergo several processing events before
they reach their mature mRNA form (Gromek and Dvir, 2010; Moore
and Proudfoot, 2009). The first step is the co-transcriptional addition
of a methylated-guanosine cap to the 5′-end of the transcript. In the
next step, introns may be removed by splicing and the growing
transcript will be packaged with RNA-binding proteins. Finally, the
majority of eukaryotic RNAP II transcripts are cleaved at a predeter-
mined site and become polyadenylated at their 3′-end. The resulting
poly(A) tail plays an important role in nucleo-cytoplasmic export and is
important for mRNA stability and translation efficiency (Moore and
Proudfoot, 2009).

The processing of the 3′ end of most eukaryotic pre-mRNAs is
dependent on a canonical polyadenylation signal, present downstream
of the translational stop codon and found upstream of the cleavage and
polyadenylation site. This signal is represented by the hexanucleotide
AAUAAA in 80% of the mammalian pre-mRNAs and slight variants
thereof, may also be used (see e.g. Birnstiel et al., 1985; Edwalds-
Gilbert et al., 1997). The AAUAAA motif is often accompanied by a U-
or GU-rich element located downstream of the cleavage site (Chen and

Wilusz, 1998; McLauchlan et al., 1985). These motifs are recognized by
the cleavage and polyadenylation specificity factor (CPSF) (see e.g. the
review by Richard and Manley (2009) and Elkon et al. (2013)), which
cleaves typically between 10 and 30 nucleotides (nt) downstream of the
poly(A) motif (Sachs and Wahle, 1993). After the cleavage, a stretch of
200–300 adenines is added by the enzyme polyadenylation polymer-
ase. Poly(A)-binding protein (PABP) binds to this poly(A) tail to protect
the new mRNA from exonuclease activity. The poly(A)tail also plays an
important role in translation re-initiation, which also involves PABP
(Eliseeva et al., 2013; Moore and Proudfoot, 2009).

Previously we observed non-polyadenylated mRNAs for Insect
iridescent virus 6 (IIV6) in the genus Iridovirus, family Iridoviridae
(Nalçacioğlu et al., 2003). In line with this observation, the 3′-
untranslated regions of the 211 predicted IIV6 open reading frames
(ORFs) (Eaton et al., 2007) do not contain canonical eukaryotic
polyadenylation signals (AATAAA) or close variants thereof. The
question thus is, how the 3′-ends of IIV6 transcripts are determined
and whether they use another strategy to prevent exonuclease activity.

Non-polyadenylated mRNAs are rare in eukaryotes. The best-
known examples are the metazoan histone transcripts synthesized in
the S-phase of the cell cycle (Marzluff et al., 2008). The mature histone
mRNAs have a conserved sequence 25–26 nt in length, consisting of a
stem–loop structure with a 6 nt base stem and a 4 nt loop, followed by
5 additional nucleotides before the transcript ends (Marzluff et al.,
2008). The histone downstream element (HDE), present in the pre-
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mRNA is required for 3′ end cleavage and associates with U7 small
nuclear (sn) RNA via base pairing (Marzluff et al., 2008). The CPSF
subunit 73 is responsible for histone pre-mRNA cleavage (Dominski
et al., 2005; Mandel et al., 2006). The stem-loop structure interacts
with the stem–loop-binding protein (SLBP) to form a complex, thereby
stabilizing the mRNA (Marzluff et al., 2008; Richard and Manley,
2009). Several authors also reported alternative, non-canonical signals
to determine mRNA 3′-ends (Wilusz et al., 2008; Wilusz and Spector,
2010; Yang et al., 2011). In that case, the pre-mRNA processing was
mediated by enzymes normally involved in tRNA biogenesis or pre-
mRNA splicing.

In the current study, we used a universally applicable RT-PCR
method (Ligation-based amplification of cDNA ends, LACE) that we
have described previously (İnce et al., 2013) to determine the 3′-ends
of non-polyadenylated transcripts This method was applied to the
transcripts of the 54 previously determined IIV6 virion protein genes
(İnce et al., 2010). In addition, we analysed the 3′-flanking regions of
all IIV6 ORFs in silico (as well as those of the related viruses IIV3, IIV 9
and IIV31) for sequence motifs that are more frequently present in
these areas than would be expected from the overall nucleotide
composition of the genome in order to identify conserved motifs that
may play a role in transcript 3′ end formation.

2. Results

2.1. Many IIV6 virion protein transcripts terminate after a CAUUA
motif

To determine the 3′-end of IIV6 transcripts, we recently developed
a method, called LACE that can be applied to non-polyadenylated
mRNAs (İnce et al., 2013). In the first step, a phosphorylated DNA
oligonucleotide is added to the 3′-ends of the total pool of transcripts
using RNA-ligase. This linker sequence is then used to anneal to a
linker-specific primer, which allows cDNA synthesis followed by gene
specific PCR-amplification. Using this method, viral transcripts ampli-
fied from IIV6 infected Drosophila S2 cells over the course of infection,
were analysed. The transcripts from the 54 structural virion proteins of
IIV6 (İnce et al., 2010) were selected for this analysis. In this way, we
made sure that we only tested functional ORFs. This analysis was
successfully performed for 46 out of the 54 analysed ORFs.
Remarkably, 26 of the analysed transcripts ended after a CAUUA motif
(Table 1; CATTA in cDNA). For ORF 309L and 380R, the transcripts
ended after the CAUUA-variants CUUUA and CAUAA, respectively
(Table 1; CTTTA and CATAA in cDNA). The transcript of ORF 285L
had an additional adenosine at the 3′-end (CAUUAA). These results
suggest that the CAUUA motif plays an important role in 3′-end
formation in the majority of the IIV6 gene transcripts. The other 17
transcripts for which we were able to experimentally determine the 3′-
end had no CAUUA sequence in their 3′-untranslated regions. These
transcripts ended after various UA-rich motifs, of which UUAAA was
most frequently found (Table 1).

2.2. Enriched CATTA and TAATG motifs downstream of IIV6 ORFs

Next, the IIV6 genome-wide screen was performed to identify
sequence motifs that were enriched in the 100 and 200 bp regions
downstream of all predicted IIV6 ORFs (Eaton et al., 2007). When
searching for 4-mer motifs, the ATTA motif was strongly enriched. The
in silico analysis of pentanucleotide motifs showed that the CATTA
motif was most prominently enriched, appearing 136 times in the 100
nt downstream regions out of the 211 non-overlapping ORFs recog-
nized by Eaton et al. (2007), with a 2.4-fold enrichment as compared to
the whole IIV6 genome (Table 2). The complementary TAATG motif
was observed 131 times in the 100 nt downstream (with an enrichment

factor of 2.3). Various TA-rich motifs also showed up during the
analysis with ATTAA and the complementary TAATT motif being most
enriched (Table 2). These motifs occur very often in the whole genome
as well (2548 times each), which may be in part a reflection of the AT-
rich (71.4%) nucleotide composition of the genome. In the experi-
mental analysis 17 out of the 46 transcripts that we analysed ended
after AU-rich motifs (see Table 1). When we performed the in silico
analysis with 3′-flanking regions of 200 nt instead of 100 nt, the
CATTA and TAATG motifs were found 200 and 192 times in these
downstream regions, respectively, with relative enrichments of 2.8 and
1.7. As we analysed 215 ORFs, and seen the outcome of our experi-
mental analysis, these high numbers may indicate that some ORFs are
followed by more than one of these motifs. The ATTAA and TAATT
motifs found in the 200 nt may only in part represent functional motifs,
as their appearance of over 400 times by far exceeds the number of
analysed ORFs (Table 2). When searching for 6-mer motifs down-
stream of the translational stop codons various CATTA and TAATG
containing sequences were found to be enriched (Table 2). The sixth
nucleotide showed versatility. For example, when 100 nt long 3′
flanking regions of the tested ORFs were examined, CATTAA and the
complementary TTAATG (appearing 102 and 111 times, enriched 4.2
and 3.9 fold, respectively) and CCATTA and the complementary
TAATGG (49 and 55 times, with enrichment factors of 3.0 and 3.4,
respectively). As the range of conservation did not extend beyond the 5-
nt of the CATTA and TAATG motifs, we did not run the analysis for
heptanucleotides.

The computational analysis that we performed has the limitation
that it does not show whether the CATTA motifs are correlated to
individual ORFs or that some regions downstream of ORFs have these
motifs more than once. Neither does this method provide information
on how often CATTA and TAATG occur together in the same 3′-
flanking regions, nor whether they appear in a specific order. The same
holds true for the complementary AU-rich motifs. So, this finding does
not imply that 131 (or even 192 ORFs when looking at 200 nt) are
followed by downstream CATTA and TAATG motifs, but only that a
considerable number of ORFs are expected to carry both the CATTA
and the complementary TAATG sequence in the 3′-flanking regions.
Despite these limitations, the data suggests a tendency for both the
CATTA and TAATG motifs to be present together. If both motifs are
present in close proximity, a hairpin structure may form in the native
transcript (pre-mRNA) and may be also present in the mature mRNA,
depending on the position of these two motifs compared to the mRNA
3′ends. We have not carried out a similar analysis for ORFs without
CATTA motifs, since it is difficult to predict which AT-rich element will
be used in this case.

2.3. Stem-loop structures in 3′ untranslated regions of IIV6 genes

When we looked more closely at the experimentally determined
3′ UTRs (Table 1), we noted that the TAATG sequence was present
upstream of the CATTA motif in 24 out of the 26 cDNA sequences
ending with CATTA (Table 1, red letters). For ORFs, where the cDNA
ended with an AT-rich sequence, no TAATG/CATTA motif was found
upstream of the 3′-ends. Inspection of all IIV6 ORFs by eye revealed
that 110 of the 215 analysed genes had CATTA motifs in their 3′-
regions (Table S1), suggesting that the CAUUA sequence plays an
important role in IIV6 mRNA 3′ end determination. The distance of
the CATTA motif from the translational stop codon varied from 10 to
133 nt with an average of 40 nt (Fig. 1A). Next we examined the
sequence between the stop codon and the CATTA motif and noted
that this motif was very often preceded by the complementary
TAATG sequence (in 104 out of the 110 ORFs with 3′-flanking
regions carrying CATTA (Table S1)). This result is in line with the
high enrichment values found for both sequence motifs in the in
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Table 1
The 3′ends of the IIV6 virion protein transcripts as determined by LACE*. UTR sequences represented as cDNA sequence. The indications L and R refer to the orientation of the gene
on the genome (L-being on the complementary strand). Sequences in red represent TAATG motifs, complementary to the CATTA variant at the end. Three examples of co-variance were
also observed (blue text/blue boxes).

(continued on next page)
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silico analysis (Table 2). The nucleotide distance between the
TAATG and CATTA pentanucleotides varied between 5 and 10 nt,
with a median of 9 nt (Table S1, Fig. 1B). Three 3′-flanking regions
had double CATTA motifs separated with 8 and 1, or 9 and 2 nt from
the TAATG sequence. In these cases, the calculations were based on
the longest distance. These data suggest that many IIV6 mRNAs may
have a 3′-terminal hairpin structure with UAAUG and CAUUA
motifs at the base of the stem. For ORF 142R a CATTA motif
preceded by a TAATG is present within 70 nt after the stop, and it
could be folded into a hairpin structure as well, but this motif was
not experimentally confirmed as the 3′-end (Table 1). This might be
due to the presence of two types of 3′-end motifs for this ORF that
might compete with each other.

2.4. The occurrence of co-variance

If the AUUAG/CAUUA hairpin structure is an important determinant
for mRNA 3′-end formation, and possibly for mRNA stability, then
changes in the genomic CATTA motif might be compensated by
mutations in the TAATG pentamer to preserve secondary structure (co-
variance). In the case of ORF 309L, the experimentally determined
CTTTA 3′-end of the cDNA was preceded by the complementary TAAAG,
and similarly for ORF 380R the CATAA alternative was partnered by
TTATG (Table 1, blue sequences). Also for ORF195L the variant CATTAA
was accompanied by a TTAATG motif. These typical examples of co-
variance further hint towards the functional importance of a secondary
RNA structure involving both the UAAUG and CAUUA motifs.

2.5. The length of the inverted repeats extends beyond the UAAUG/
CAUUA motifs

The 3′-flanking regions of the ORFs, for which the transcripts were
found to terminate after CAUUA motifs, were folded in silico using
‘mfold’ software to search for 2D-structures with optimal base-pairing
(Zuker, 2003). This exercise showed that the CAUUA motifs indeed had
a preference to base-pair with the upstream UAAUG motifs and that
the hairpin structure could often be extended beyond this core
sequence towards the tip of the hairpin (Fig. 2A, Table S1). The

analysis also indicated that in primary transcripts (pre-mRNA) the
predicted base-pairing region might start upstream of the UAAUG
motif and extend beyond the CAUUA sequence. Thus, the length of the
hairpin stem could be extended towards the tip and the base (Fig. 2A).
The length of the total putative stem varied per transcript and some-
times side-loops were predicted, either on one or both sides of the
stem. The transcripts that showed co-variance in the UAAUG/CAUUA
motives (see above) were also folded in silico (Fig. 2B), confirming our
hypothesis that this co-variance conserves the stem-loop structure. A
few transcripts ending with UA-rich motifs were also analysed with
‘mfold’ software, showing that they were also able to form stem-loop
structures in the 3′ flanking regions, with the 3′-end motifs in the stem
of the hairpins found at the 3′ends of the transcripts (Fig. 2C). This
finding is not surprising considering the fact that complementary AT-
rich motifs occur with similar frequencies in 3′ flanking regions as
TAATG and CATTA motifs (Table 2). Finally, we folded a transcript
with a determined CAUUA end motif that was not accompanied by an
upstream UAAUG. Surprisingly, in this case, it could form a hairpin
with a UAAUG motif downstream of CAAUA, apparently again
conserving the recognition as a pre-mRNA cleavage or termination
point. This transcript also had an upstream CAUUA motif in its 3′ UTR
that appeared to be present in a non-paired loop and was not
recognized as the 3′-end (Table 1, Fig. 2D).

2.6. Transcription termination in other iridoviruses

The conservation of RNA processing enzymes prompted us to
investigate whether or not the TAATG/CATTA-containing motifs and
other structures with the ability to form stem-loop structures were
conserved in the 3′- flanking regions of other iridoviruses. We first
analysed the pill bug iridovirus (IIV31) isolated from Armadillidium
vulgare (Order Isopoda) (Piégu et al., 2014), which has not yet been
assigned to a genus but appears to be the closest known relative to IIV6
(Piégu et al., 2015). The 3′-flanking regions in the IIV31 genome were
indeed enriched in both TAATG and CATTA motifs (Supplementary
Table S2), appearing 107 and 110 times in these areas with a relative
enrichment of 2.9 and 3.0, respectively. The total number of analysed
IIV31 ORFs was 203. Visual inspection showed that these two motifs

Table 1 (continued)
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again appeared in pairs, suggesting a similar 3′-end strategy as found
for IIV6. In addition, also various AU-rich motifs were enriched in
these areas, again with ATTAA and TTAAT as most prominent, as in
IIV6.

Next, we performed a similar computational analysis for two other
insect infecting iridoviruses, Wiseana iridescent virus (IIV9, genus
Iridovirus) and the more distantly related mosquito iridescent virus
(IIV3, genus Chloriridovirus) (Delhon et al., 2006; Wong et al., 2011).
For IIV9 CATTA motifs were found 90 times, TAATG was found 74
times (2.5. and 2.1 times enriched in the 3′regions of the 193 ORFs
analysed.). The ATTAA and TAATT were each present more than 200
times (Supplementary Table S2). For IIV3 CATTA and TAATG motifs
occurred less frequently (33 and 34 times within the 127 analysed
ORFs; enrichment factor of 3 and 2.9). Instead a variety of AT-rich
motifs was observed, which appeared to form complementary pairs
when 6-nt motifs were analysed: e.g. AATTAA and TTAATT (present 44
and 42 times); ATTAAA and TAATTT (70 and 69 times), TTTTTA and
TAAAAA (92 and 91 times). Considering the apparently similar
numbers of complementary motifs this may also hint towards a
hairpin-based 3′-end determination for viruses in the genus
Chloriridovirus.

We also included FV3 (Frog virus 3, genus Ranavirus, Iridoviridae)
in the analysis since it is known that its transcripts are also non-
polyadenylated (Willis and Granoff, 1976). For FV3, 5- mer TGTGT
and GTGTG were considerably enriched in the 3′ flanking regions and
present 44 and 39 times in these areas with a relative enrichment of 5.5
and 4.5, respectively. Also,6-mer TGTGTG and GTGTGT were con-
siderably enriched in the 3′flanking regions and present 31 and 35
times, in these areas with a relative enrichment of 6.2 and 6.0,
respectively (Supplementary Table S3). These TG-rich elements may
be longer than 6 nt as they also appear in the 7-mer analysis

(TGTGTGT (31 times)) and GTGTGTG (35 times) and may in fact
reflect the same motif (data not shown), present in various lengths.
CATTA motifs were found only eight times, while TAATG motifs were
completely absent in these areas. Possibly, the UG-repeat motifs in FV3
transcripts have a similar function as the U/UG-rich regions in cellular
pre-mRNAs, although they are not accompanied by poly(A)-motifs. In
conclusion, it seems that hairpin-based mRNA 3′-end formation is a
conserved feature of invertebrate iridoviruses, but that this feature is
absent in ranaviruses.

3. Discussion

It has been known for several years that IIV6 transcripts cannot be
converted into cDNA by using an oligo-dT primer (Nalçacioğlu et al.,
2003). Similar results have been reported for FV3 (genus Ranavirus)
(Willis and Granoff, 1976), indicating that iridovirus mRNAs are non-
polyadenylated and it has been reported that the dyad symmetry at the
3′ untranslated region of FV3 transcripts may form a hairpin, which
may play a role in transcription termination (Rohozinski and Goorha,
1992).

In our current study, we found that transcripts of a considerable
number of IIV6 ORFs terminated after a CAUUA motif. In about half of
the IIV6 transcripts a RNA hairpin was predicted containing a stem
with highly paired UAAUG/CAUUA motifs (Table S1). Although more
variation was seen outside of this 10 nt conserved structure, the length
of the base-paired stem is often extended towards the tip of the hairpin,
leaving only small numbers of unpaired nucleotides in the transcripts
(Table S1). The remaining IIV6 transcripts also appear to have the
ability to form stem-loop structures at the end of the 3′ UTRs based on
complementary AU-rich elements. For eighteen ORFs we found that
the transcripts indeed ended after an AU-rich motif (Fig. 2B). We also

Table 2
Relative enrichment of penta- and hexanucleotide motifs in the 100 and 200 nucleotides downstream of IIV6 ORFs.

5-mers
100 nt

5-mers 200 nt

Motif Occurrence
in genome

Real
versus
expected
(%)

Occurrence
downstream

Real
versus
expected
(%)

Relative
enrichment

Motif Occurrence
in genome

Real
versus
expected
(%)

Occurrence
downstream

Real
versus
expected
(%)

Relative
enrichment

CATTA 1145 112.5 136 269.2 2.4 CATTA 1145 112.5 200 198.0 2.8
ATTAA 2468 101.7 288 239.1 2.4 ATTAA 2468 101.7 449 186.4 1.8
TTAAT 2468 99.0 285 230.2 2.3 TTAAT 2468 99.0 427 172.4 1.7
TAATG 1145 119.1 131 276.2 2.3 TAATG 1145 119.9 192 202.4 1.7
TTAAA 3525 145.3 380 315.5 2.2 TTAAA 3525 145.3 586 243.2 1.7
TTTAA 3525 141.4 377 304.5 2.2 TTTAA 3525 141.4 581 234.6 1.7
TAAAA 3331 141.1 327 279.0 2.0 TAAAA 3331 141.1 521 222.3 1.6
TTTTA 3331 130.0 313 245.9 1.9 AAATT 3333 137.4 498 206.7 1.5
AAATT 3333 137.4 307 254.9 1.9 AATTT 3333 133.7 498 201.1 1.5
AATTT 3333 133.7 307 248.0 1.9 ATTTA 2413 96.8 352 142.1 1.5

6-mers
100 nt

6-mers 200 nt

Motif Occurrence
in genome

Real
versus
expected
(%)

Occurrence
downstream

Real
versus
expected
(%)

Relative
enrichment

Motif Occurrence
in genome

Real
versus
expected
(%)

Occurrence
downstream

Real
versus
expected
(%)

Relative
enrichment

TTAATG 527 172.8 111 646.8 4.2 TTAATG 527 172.8 141 410.8 2.7
CATTAA 527 179.0 102 573.3 3.9 CATTAA 527 179.0 135 379.6 2.6
TAATGG 325 66.2 55 836.6 3.4 TAATGG 325 66.2 325 562.8 2.3
TCATTA 398 184.0 61 333.8 3.1 ATTAAA 1236 427.0 1236 314.8. 2.2
CCATTA 325 75.1 49 657.2 3.0 CCATTA 325 75.1 325 456.0 2.1
ATTAAA 1236 427.0 278 419.8 2.9 TCATTA 398 184.0 398 218.9 2.0
TTTAAT 1236 451.1 176 392.9 2.9 TAAAAT 1071 427.0 1071 240.6 1.9
TAAAAT 1071 427.0 145 342.0 2.7 TTAAAA 1670 427.0 1670 370.3 1.9
TTAAAA 1670 427.0 218 514.1 2.6 AAAATT 1425 427.0 1452 313.7 1.8
TTTAAA 1670 451.1 211 471.0 2.5 TTTTAA 1670 451.1 1670 332.6 1.8

*Only motifs occurring at least 49 times in downstream sequences are shown. Motifs containing CATTA or TAATG are printed in bold and shaded.
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folded the 3′-flanking regions of the primary transcripts of several
genes without CATTA motifs in the mfold program and noted that
these internally base-paired to a high extent around the mRNA 3′ ends
as well (Fig. 2C). When the experimental results for the 3′-ends of the
transcripts were compared with the timing of expression of the
encoded genes (Table 1), we could not find a correlation between the
motif present at the 3′- end and whether a gene was expressed
immediate early, delayed early or late in infection. Thus, IIV-6 appears
to use a hairpin-based mechanism for mRNA 3′-end formation, where
the presence of a CATTA motif, preceded by the complementary
TAATG, forms a clear 3′-end signal, that appears to be used for about
50% of the transcripts (see Fig. 3 for a model). Further experiments
with constructs carrying mutated 3′ hairpin structures are envisioned
to prove the role of these structures in iridovirus mRNA 3′ end
formation.

In the viral DNA, the inverted repeats are longer, allowing extension
of the base-paired region to the base of the stem in the putative pre-

mRNAs (Fig. 2, Fig. 3). Base-pairing appears to be important for 3′-end
determination in IIV6 as shown, not only by the striking level of
conservation, but also by the existence of co-variance for at least three
IIV6 ORFs (CAAUA variants were compensated though nucleotide
replacements on the other side of the stem, Table 1, blue motifs). The
CAUUA motif as part of the stem-loop structure is likely to determine
the pre-mRNA cleavage, or alternatively the direct termination point
(Fig. 3). Compared to the histone transcripts, IIV6 shows more variation
in the length of the base-paired region as well as in the size and sequence
of the loop at the 3′ end of the transcript. There are no unpaired
nucleotides following the stem-loop in IIV6 mRNAs, in contrast to the 5
unpaired nucleotides at the 3′ end of histone transcripts. It is therefore
questionable whether the CPSF-73 subunit, responsible for histone pre-
mRNA cleavage (Dominski et al., 2005; Mandel et al., 2006), also cleaves
IIV6 pre-mRNAs. The 3′terminal stem-loop of IIV6 mRNAmay stabilise
the mature transcripts by protecting them against nuclease attack,
comparable to the 3′ end structure of histone mRNAs. It might be that

Fig. 1. Variation in the position of the CATTAmotif relative to the stop codon and to the TAATG motif. The distribution in length of the predicted 3′ UTR (A) is depicted for the 110 IIV6
transcripts with predicted CATTA end-motifs. The distance between TAATG and CATTA is depicted (B) as the frequency of the appearance of the number of nucleotides (nt) in between
these motifs. For ORFs with two CATTA motifs, the longest distance was chosen.
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Fig. 2. Examples of predicted base-pairing of putative 3′ pre-mRNA sequences for experimentally analysed transcripts. A 70 nt RNA sequence starting with the stop codon was folded
using the mfold webserver (Zuker, 2003). The predicted structures with the lowest energy (ΔG) are shown. A) Base-paired structures for two transcripts (ORF117L and 268L) containing
a CAUUA motif (blue boxes) with a complementary upstream UAAUG sequence. B) An example of a transcript with co-variance (380R). D) Two transcripts for which AT-rich 3′ends
have been found. C) A 3′ region with CAUUA motif paired with downstream UAAUG (042R). The experimentally determined 3′-ends are indicated with red arrows.
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the stem-loop binding protein (SLBP) protects these transcripts from
decay, in a similar way as for histone transcripts (Marzluff et al., 2008;
Richard and Manley, 2009).

The lack of poly(A)-tails in viral mRNA transcripts is rare, but
certainly not unprecedented, particularly in RNA viruses. For example,
a select number of positive-strand RNA viruses have 3′terminal RNA
structures, e.g. hairpins (Flaviviruses, Turnip crinkle virus) (Markoff
et al., 2003; Brinton and Basu, 2015) or tRNA-like structures
(Bromoviridae) (e.g. Barends et al., 2004). In addition, the mRNAs
of the segmented dsRNA viruses, e.g. those in the family Reoviridae are
also not polyadenylated (McCrae and Woodland, 1981). In general, the
lack of polyA tails can be seen as a strategy to allow synthesis of viral
proteins under conditions of (partial) shut off of host mRNA transla-
tion, but it remains to be investigated whether or not this is also the
case in IIV6 infection. The use of alternative 3′-end rules by viruses,
rather than those found for most cellular mRNAs may provide the virus
with extra strategies to specifically down-regulate host gene expression.
Examples are for instance enteroviruses like coxsackie virus (Family
Picornaviridae) that cleave the poly(A) binding protein PABP
(Joachims et al., 1999; Kerekatte et al., 1999), thereby presumably
affecting stability and translation efficiency of cellular mRNAs, which is
also hampered by cleavage of eIF4G by this picornavirus (Lamphear
et al., 1993). eIF4G is needed for translation initiation of capped
mRNAs and also an interacting partner of PABP in translation re-
initiation. Whether CIV has the ability to interfere with the host mRNA
processing machinery or with the proteins interacting with poly(A) tails
as host shut off strategies is unclear at this moment, but provides an
interesting topic for future investigation.

IIV6 replication starts in the nucleus, while assembly and subse-
quent maturation of virions occur in the cytoplasm (Goorha, 1982).
IIV6 may therefore have access to cellular RNAP II and to cellular RNA
processing enzymes, at least in the early phase of infection. Although
IIV6 DNA is probably not methylated, in contrast to FV3 DNA (Willis
et al., 1989), initiation of IIV6 transcription also requires a (yet
unknown) viral activation factor (Cerutti et al., 1989). In later stages,
IIV6 transcription and mRNA processing probably rely to a large extent
on viral proteins. IIV6 encodes a multi-subunit DNA-directed RNA
polymerase (DdRp) for which ORF 176R encodes a homologue of the
largest RNAP II subunit (Schnitzler et al., 1994). The DdRp most likely
also contains the products of 343L, 428L and 454R (Jakob et al., 2001;
Jakob and Darai, 2002). The 107L protein, which also belongs to the
RNA polymerase N family (pfam01194), may also be part of this
complex as well as a homologue of transcription elongation factor
TFIIS (ORF349L). A number of proteins that may assist in processing
viral transcripts are also encoded in the IIV6 genome. An example is an
Xrn1-exoribonuclease homologue (012L), which may be responsible
for degradation of 3′-RNA fragments remaining after cleavage of pre-
mRNAs (Fig. 3C), similar to the function of nuclear Xrn-2 (West et al.,
2004). The presence of this gene in the iridovirus genome may favour
the hypothesis of pre-mRNA cleavage over the idea of direct RNA
polymerase termination after the CATTA motif.

The conservation of genes for RNA polymerase and RNA processing
enzymes in iridoviruses provided the basis for the search for conserved
hairpin structure in 3′flanking regions of in the genomes of other insect
iridoviruses (may be with slightly different motifs). First, we inspected
the genome of Armadillidium vulgare iridescent virus in silico and by
eye, revealing the frequent appearance of TAATG/CATTA motifs in 3′-
flanking regions. The TAATG/CATTA complementary motifs were also
observed for about half of the IIV9 3′ flanking regions, and 25% of
those of IIV3. Most IIV3 transcripts appear to rely on AU-rich end-
motifs that occurred with their complementary counterparts in the
genome as shown in the computational analysis. So, hairpin-based 3′
end formation is predicted for invertebrate iridoviruses (genera
Iridovirus and Chloriridovirus). The fact that the enriched 3′-motifs
in FV3 (genus Ranavirus) have other characteristics (TG rich) may not
be very surprising in view of the considerable evolutionary distance
between invertebrate and vertebrate iridoviruses (Piégu et al., 2015).
FV also does not encode an Xrn1-like RNAse (Tan et al., 2004), in
contrast to invertebrate iridescent viruses, further supporting the
prediction of a different transcript termination strategy among these
two virus groups.

The gene content of iridoviruses varies considerably, suggesting
input from various genetic origins. Among the IIV6 genes with
homologues in all iridoviruses (the ‘core’ genes) some have CATTA
motifs while others have not. In addition, even for homologous genes,
the 3′-end motifs may vary between invertebrate iridoviruses. An
example is the IIV6 274L gene, encoding the major capsid protein
uses the CATTA sequence. In fact, a hairpin structure was already
predicted before for the 3′untranslated region of the IIV6 274L
transcript (Salem et al., 2008). The IIV9 homologue WIV010R also
has a TAATG/CATTA duplet in the 3′-flanking regions, but the
corresponding genes in IIV31 (134R) and in IIV3 (MIV014L) lack
such motifs.

In conclusion, IIV6 appears to rely at least for about half of its genes
on a UAAUG-CAUUA hairpin for mRNA 3′-end formation. The other
genes also appear to have transcripts with 3′end hairpins, in this case
based on AU-rich paired-motifs. There is no discernible correlation
between presence or absence or the type of motif with the timing of
expression or whether the gene is an iridovirus core gene or not. The
relatively high abundance of paired TAATG-CATTA motifs in the ORF
3′ flanking regions in the genome is not a conserved feature among all
invertebrate iridoviruses. These motifs are quite common for the
related IIV6 and IIV31 viruses and to a lesser extent for IIV9, but
they are not common in IIV3, although some genes carry such motifs
also in this virus.

A model for IIV mRNA 3′end formation is presented in Fig. 3. In
this hypothetical model, a hairpin will be formed in the primary
transcripts and particular sequence motifs in these hairpins determine
where the primary transcripts will be cleaved (Fig. 3A). The resulting
mRNAs have a shorter hairpin at their 3′ends (Fig. 3B). The rest of the
pre-mRNA downstream of the cleavage site may be degraded by
nuclease, such as the iridoviral XRN1 (Fig. 3C). Alternatively, the

Fig. 3. Model of the 3′ end formation of invertebrate iridovirus mRNAs with UAAUG/CAUUA hairpin structures. A similar model applies for AU-restricted end motifs. A stem-loop
structure in the primary transcript (pre-mRNA) might be recognized by a yet unknown enzyme and cleaved after the CAUUA sequence (A) to obtain a mature mRNA (B) that still
contains a short hairpin. The remaining 3′ end (C) may be degraded by iridoviral Xrn1 (encoded by IIV6 ORF 012L). In an alternative model (not shown), the RNA polymerase may stop
elongating the mRNA after adding the nucleotides of the CAUUA motif in that case the end product is as also as shown in B.
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RNA polymerase may stop as soon as the CAUUA nucleotides have
been incorporated in the mRNA. The shorter hairpin that remains in
the mRNAs (Fig. 3B) may have a role similar to the poly(A) tail by
providing stability to the mature mRNA and/or contributing to
translation efficiency. Hairpin formation at the 3′ ends of transcripts
appears to be a very common feature for all invertebrate iridoviruses
and the fact that the xrn1 gene is also conserved among IIVs may hint
towards a model that involves cleavage of pre-mRNAs.

4. Material and methods

4.1. Viral infection of S2 cells and RNA isolation

The IIV6 isolate was originally from Dr J. Kalmakoff (University of
Otago, Dunedin, New Zealand) and kindly supplied by Dr C.J. Funk
(USDA-ARS Western Cotton Research Laboratory, USA). Wax moths
(Galleria mellonella) were used to amplify the virus. The virus titre was
determined as described before (İnce et al., 2015). Drosophila
Schneider S2 cells were grown in Express Five serum-free medium
(Invitrogen) at 27 °C in T25 flasks to a confluency of 80–90% (about
107 cells) and infected with IIV6 at a multiplicity of infection MOI >
10 infectious units per cell. Infected cells were harvested at various
time points post infection (1, 3, 6, 12, 24 and 48 h). The cells were
pelleted at 1500 rpm for 2 min, and washed twice with 0.1 M Tris-HCl,
pH 7.6 containing 0.1 M DTT. Total RNA samples were prepared using
Trizol reagent (Invitrogen) according to the manufacturer's instruc-
tions and subsequently pooled to be able to detect wide range of
transcripts from the early to the late transcripts.

4.2. LACE analysis to determine 3′ends of transcripts

To determine the 3′ end of the mRNAs the ligation-based ampli-
fication of cDNA ends (LACE) technique was applied as described in
detail before (İnce et al., 2013). In short a 5′-phosphorylated DNA
oligonucleotide (P1) was ligated to the 3′ end of the RNA molecules to
generate a pool of transcripts with a uniform 3′-end. In the next step
first strand cDNA synthesis was performed using a primer (P2) that
annealed to the uniform 3′-end extensions. In the next step gene-
specific primers (See Table 1) were used in combination with P2 that
would lead to amplification of approximately 500 bp fragments. After
optimization, resulting in unique RT-PCR products per gene, this
procedure was performed to analyse the 3′-ends of the transcripts of
the 54 IIV6 virion protein genes. The LACE products were sequenced
(Macrogen Inc., Korea).

4.3. Determination of sequence motifs enriched in downstream of
IIV6 ORFs

In order to identify sequence motifs with a potential regulatory role
in mRNA 3′-end formation, the 100 and 200 bp regions downstream of
the 211 non-overlapping IIV6 ORFs (Eaton et al., 2007) were analysed
for the relative enrichment of sequence motifs, in comparison to the
sequence of the genome as a whole using the genome sequence
provided by Jakob et al. (2001). This analysis was done in a similar
way as before, when screening the sequences upstream of the IIV6
ORFs for conserved promoter elements (Nalçacioğlu et al., 2003). The
occurrence of possible 4- to 6-mer sequence motifs in the regions
downstream of the ORFs regions was compared to their prevalence in
the whole genome taking into account the predicted number of
occurrences based on the GC content of the IIV6 genome (Jakob and
Darai, 2002) (GenBank: AF303741.1). The analysis was performed
using modified versions of the scripts in Perl (http://www.perl.com/)
that we described previously (Marks et al., 2006). The scripts were re-
programmed in order to be able to calculate with the regions extending
from the 3′end of ORFs instead of the 5′ flanking regions. For the
homemade data library used in this analysis which originally contained

the data for the start and stop nucleotides (nt) of the ORFs, the start
was artificially set at the original translational stop codon plus 100 or
200 nt. The stop, which in the original file determines the end of the
ORF, was set arbitrary at the stop codon plus 300 or 400 nt,
respectively, giving artificial 200 nt sequence blocks that served as
artificial ORFs, which were preceded by the 100 or 200 nt present
downstream of the real IIV6 ORFs. For the ORFs on the
complementary strand, the start was set at the translational stop
minus 300 or 400 nt, and the artificial stop at the original ORF stop
minus 100 or 200 nt. The artificial ORFs did not interfere with the
analysis as no further calculations were based on the sequence of the
ORFs (real or artificial). Scripts were run for 4, 5, and 6 nt sequence
motifs and only motifs occurring at least 50 times in the 3′-end
downstream regions (so at least in approximately 25% of the ORFs)
were taken into account. A similar strategy was applied to Aedes
taenriorhunchus iridescent virus (species Insect iridescent virus 3 or
IIV3, genus Chloriridovirus), Wiseana iridescent virus (species Insect
iridescent virus 9 or IIV9; genus Iridovirus), an iridovirus isolated
from Armadillidium vulgare (IIV31; unassigned), and to frog virus 3
(FV3, a vertebrate infecting iridovirus belonging to the genus
Ranavirus) (Delhon et al., 2006; Piégu et al., 2014; Tan et al., 2004;
Wong et al., 2011). The Genbank numbers for the genomes that we
analysed were [NC_008187.1] (IIV3); [NC_015780] (IIV9); [HF92-
637.1] (IIV31) and [NC_005946] (FV3).

4.4. 2D-structure predictions

To explore the prevalence of CAUUA motifs over different tran-
scripts and the ability of 3′-flanking regions to form stem-loop
structures all the 215 currently assigned IIV6 ORFs (Eaton et al.,
2007) were analysed individually by hand for CATTA motifs and
upstream complementary TAATG motifs. The location of the CATTA
motif was then used to predict the size of the 3′-UTRs. The 3′-flanking
regions were also screened for larger inverted repeats that extended
beyond the hairpin that is present in the mature transcripts. The
program ‘mfold’ (Zuker, 2003) (http://mfold.rna.albany.edu/?
q=mfold/rna-folding-form) was used to predict the 2D structure of
the 3′-regions of the pre-mRNAs of the IIV6 virion protein genes with
default settings.
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