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Abstract
Eight serotypes of human astroviruses (the classic human astroviruses) are causative agents of
diarrhea. Recently, five additional astroviruses belonging to two distinct clades have been
described in human stool, including astroviruses MLB1, MLB2, VA1, VA2 and VA3. We report
the discovery in human stool of two novel astroviruses, astroviruses MLB3 and VA4. The
complete genomes of these two viruses and the previously described astroviruses VA2 and VA3
were sequenced, affording 7 complete genomes from the MLB and VA clades for comparative
analysis to the classic human astroviruses. Comparison of the genetic distance, number of
synonymous mutations per synonymous site (dS), number of non-synonymous mutations per non-
synonymous site (dN) and the dN/dS ratio in the protease, polymerase and capsid of the classic
human, MLB and VA clades suggests that the protease and polymerase of the classic human
astroviruses are under distinct selective pressure.
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Introduction
Astroviruses are well-established causative agents of gastroenteritis in many mammalian
and avian hosts. The first human astrovirus was identified in 1975 (Madeley and Cosgrove,
1975). Since then, 8 serotypes of human astrovirus (referred to hereafter as “classic human
astroviruses”) have been identified and characterized (Kjeldsberg, 1994; Sakamoto et al.,
2000) which together account for about 10% of sporadic diarrhea cases (Kirkwood et al.,
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2005; Soares et al., 2008). Very recently, two other phylogenetic clades of astroviruses have
been identified in human stool. The first clade contains MLB1 and MLB2, which were
initially identified in pediatric stool specimens from Australia (Finkbeiner et al., 2008) and
India (Finkbeiner, 2009a), respectively. The second clade contains VA1, VA2 and VA3
(also known as HMO-A, HMO-B and HMO-C). VA1 was first identified in an unexplained
outbreak of gastroenteritis (Finkbeiner et al., 2009b). VA2 and VA3 were identified in a
cohort of children with diarrhea in India (Finkbeiner, 2009a); HMO-A, B, and C were
simultaneously described in stools from Nigeria, Pakistan and Nepal (Kapoor et al., 2009).
More recently, a virus very similar to astrovirus VA1/HMO-C was detected in brain tissue
from an immunocompromised child with encephalitis (Quan et al., 2010). The discoveries of
these viruses provide not only novel candidate agents of human disease, but also enable
comparative genomic analyses that may shed insight into the evolutionary history and
functional constraints of astroviruses.

Astroviruses are positive sense RNA viruses that typically range in size from 6.1–7.9 kb
(Mendez and Arias, 2007). The genome contains two nonstructural genes, ORF1a and 1b,
and a capsid gene, ORF2, as well as short 5′ and 3′ UTRs. The ORF1a of astroviruses
contains a serine protease with a highly conserved catalytic amino acid triad (His, Asp, Ser).
The ORF1b, which is translated via a ribosomal frameshifting mechanism, encodes a RNA
dependent RNA polymerase (RdRp) with a conserved catalytic domain (Gly, Asp, Asp)
(Steitz, 1999) that is responsible for replication and transcription of the viral RNA. Finally
the astrovirus ORF2 encodes the viral capsid protein which is translated from a subgenomic
RNA. The subgenomic RNA is transcribed from a highly conserved promoter sequence
AUUUGGAGNGGNGGACCNAAN5-8AUGNC (the ORF2 start codon is italicized)
(Mendez and Arias, 2007). In addition, in many astroviruses, a conserved stem loop
structure of unknown function, referred to as stem-loop II (s2m) is present in the 3′UTR
(Monceyron et al., 1997).

Here we describe the discovery and complete genome sequencing of two additional novel
astroviruses during efforts to define the prevalence of the recently discovered astroviruses
by consensus RT-PCR. Furthermore, the complete genomes of the previously described
VA2 and VA3 were also sequenced, providing a total of four VA-clade genomes and three
MLB-clade genomes for comparative analysis between and within clades. Using these
genomic sequences and analyses of genetic distance and synonymous and non-synonymous
mutations, we determined that the nonstructural genes of the classic human astrovirus clade
are under evolutionary pressure that restricts their mutation rate compared to the
corresponding regions in viruses in the newly described VA and MLB clades.

Material and methods
Stool samples from a cohort of Indian children

A previously described cohort (Holtz et al., 2011a) of 400 specimens collected from children
experiencing acute diarrhea and 400 stool specimens collected from the same children while
asymptomatic was analyzed using an astrovirus consensus RT-PCR assay (Finkbeiner et al.,
2009). The 400 diarrhea samples were negative for the following enteric pathogens:
rotavirus by ELISA and PCR; norovirus using PCR; bacterial pathogens (Vibrio cholerae,
enteropathogenic Escherichia coli, Salmonella, Shigella, Aeromonas and Plesiomonas) by
culture, biochemical reactions and serogrouping where appropriate; and parasitic pathogens
using routine saline and iodine preparations and modified acid fast stain (Ajjampur et al.,
2008). The 400 asymptomatic stool samples were screened for rotaviruses by ELISA.
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Stool samples from a cohort of Nepalese children
Stool specimens were collected from children age 3 months to 5 years with acute diarrhea
who were treated at a hospital in Nepal. All the stool specimens were tested using
microscopy for ova and parasite; standard microbiology methods for common bacterial
enteric pathogens (Salmonella, Shigella, Vibrio, Aeromonas, Plesiomonas) and
commercially available EIA assays for Giardia, Cryptosporidium (ProSpecT, Oxoid, UK),
rotavirus, astrovirus and adenovirus (Ridascreen, R-Biopharm, Darmstadt, Germany);
diarrheagenic E. coli (EIEC, EPEC, ETEC, EAgg, STEC) using DNA hybridization;
norovirus using RT-PCR. 196 stool specimens without any identifiable pathogen were
screened for astrovirus using the same consensus RT-PCR as in the Indian cohort.

Screening of astroviruses from stool samples
For consensus RT-PCR screening of the Indian cohort, total nucleic acids were extracted
from 200 μl of a ~20% fecal suspension using the Boom method (Boom et al., 1990) and
were then eluted with 40 μl water. For the Nepalese cohort, nucleic acids were extracted
from 300 μl of a 10% stool suspension using silica particles (NucliSens, bioMérieux) based
on Boom chemistry and were then eluted in 75 μl of elution buffer. For all samples, primers
SF0073 (5′-GATTGGACTCGATTTGATGG-3′) and SF0076 (5′-
CTGGCTTAACCCACATTCC-3′) that target a conserved region of the RNA-dependent
RNA polymerase were used as described (Finkbeiner et al., 2009). Positive PCR amplicons
from Indian and Nepal samples were cloned into pCR4-TOPO vector (Invitrogen) and pSC-
A-amp/kan vector (StrataClone), respectively, and were then sequenced using standard
Sanger chemistry.

Full genome sequencing
For each virus, nucleic acids from selected samples positive in the RT-PCR screening were
randomly amplified as previously described (Wang et al., 2003). The amplified products
were subsequently sequenced by Roche/454 pyrosequencing. Sequence reads with
detectable similarity to known astroviruses were identified using a computational pipeline as
described (Finkbeiner et al., 2008). Contigs were generated using the Newbler assembler.
For each virus (VA2, VA3, VA4 and MLB3), the complete genome was elaborated from the
initial contigs by a combination of RT-PCR, 5′ rapid amplification of cDNA ends (RACE)
and 3′RACE. High quality consensus genomes were defined by sequencing multiple
overlapping RT-PCR amplicons.

5′ and 3′ rapid amplification of cDNA ends (RACE)
Stool filtrates were pretreated with 0.2 μg/ml proteinase K (Invitrogen) at 37 °C for 30
minutes before being extracted using RNAbee (Tel-Test, Inc.). Thermoscript RTase
(Invitrogen) was used to reverse transcribe the viral RNA at 65 °C for 45 minutes and then
inactivated by heating to 85 °C for 5 minutes. Viral cDNA was purified by a Zymo column
(Zymo Research) to remove primers and free nucleotides. cDNA terminal poly(C) tailing
was performed in 10 mM Tris-HCl (pH 8.0), 25 mM KCl, and 1.5 mM MgCl2 by incubating
with terminal transferase enzyme (Thermo) and 2mM dCTP at 37 °C for 10 minutes.
Terminal transferase enzyme activity was inactivated by heating for 10 min at 65 °C. PCR
was performed by an abridged anchor primer (5′-GGCCACGCGTCGAC
TAGTACGGGGGGGGGG-3′) and a viral gene specific primer (GSP2). Successful RACE
PCR products were visible on a 1% agarose gel. 3′ RACE was performed by reverse
transcription of the viral cDNA with a dT-adaptor primer (5′-
GGCCACGCGTCGACTAGTACTTTTTTTTTTTTTTTTT-3′). Viral cDNA was also
purified by Zymo column (Zymo Research) to remove primers and free nucleotides.
Subsequently, the 3′ cDNA ends were amplified by PCR with a gene specific primer and an
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adaptor primer (5′-GGCCACGCGTCGACTAGTAC-3′). 5′ and 3′ RACE products were
cloned and sequenced using standard Sanger chemistry.

Genome annotation
For each genome, ORF1a was predicted using NCBI ORF Finder. Because ORF1b is
generated by ribosomal frameshifting, the conserved heptameric slippery sequence
(AAAAAAC) (Jiang et al., 1993), which is perfectly conserved in all astroviruses, including
MLB3, VA2, VA3 and VA4, was found by manually searching the full genome sequence.
The nearest stop codon upstream of the slippery sequence in the -1 frame was identified, and
the codon triplet immediately 3′ to the stop codon was selected as the start codon of ORF1b.
For ORF2, the start codon was defined by manually identifying the broadly conserved
promoter region of subgenomic RNA sequences (Mendez and Arias, 2007)
(AUUUGGAGNGGNGGACCNAAN5-8AUGNC, start site for ORF2 is italicized) near the
stop codon of ORF1b.

Sequence alignments and phylogenetic analysis
Nucleotide sequences from the 5′ and 3′ UTRs of the MLB-clade and VA-clade viruses
were aligned using ClustalX (version 1.83). Complete protein sequences of ORF1a, ORF1b
and ORF2 of astroviruses were downloaded from Genbank and aligned by MUSCLE. Best-
fit models of astrovirus protein evolution were selected by Prottest (version 2.4)(Abascal et
al., 2005) and maximum-likelihood trees were generated by Phyml (version 3.0)(Guindon et
al., 2010). The number of bootstrap trials was set at 1000 replicates. Genetic p-distance,
defined as the fraction of divergent amino acids, was calculated based on pairwise deletion
(i.e. gaps were deleted in each pair of sequences compared) using MEGA5 (Tamura et al.,
2011). The genetic distance matrix was made from those viruses for which both full length
capsid and polymerase sequences from the same isolate were available. Statistical analysis
of paired capsid to protease and capsid to polymerase genetic distance ratios among VA,
MLB, avian and classical human astrovirus clades were performed by ANOVA test (SAS
8.0). Post hoc analysis was done using the SNK (Student-Newman-Keuls) test in SAS. The
number of synonymous substitutions per synonymous site (dS) and nonsynonymous
substitutions per nonsynonymous site (dN) from averaging over all sequence pairs were
calculated using the Nei-Gojobori model (Nei and Gojobori, 1986) in MEGA5.

Sequence accession numbers
Complete genome sequences have been deposited in Genbank for VA3 (JX857868), VA4
(JX857869), and MLB3 (JX857870).

The sequences used to generate the phylogenetic trees are as follows:

Protease—Turkey Astrovirus 1: CAB95005; Turkey Astrovirus 2: NP_987086; Chicken
Astrovirus: NC_003790; Ovine Astrovirus: CAB95002; Mink Astrovirus: NP_795334;
Huma Astrovirus 8: AAF85962; Human astrovirus 6: ACV92105; Human Astrovirus 5:
AAY46272; Human Astrovirus 4: AAY84777; Human astrovirus 3: AEN74892; Human
Astrovirus 2: L13745; Human Astrovirus 1: NC_001943; Sea lion astrovirus 9: AEM37629;
Sea lion astrovirus 5: AEM37617; Sea lion astrovirus 4: AEM37614; Bovine astrovirus
B76: AED89607; Bovine astrovirus B18 AED89598; Porcine Astrovirus 5: AER30001;
Porcine Astrovirus 4: AER30007; Porcine Astrovirus 2: AER29998; Mouse Astrovirus
M-52: YP_004782205; Duck Astrovirus 1: ADB79805; Wild boar Astrovirus: AEZ67024;
Astrovirus MLB1: YP_002290966; Astrovirus MLB2: YP_004934008; Astrovirus VA1:
YP_003090287; Astrovirus VA2: ACX83590.
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RNA dependent RNA polymerase—Turkey Astrovirus 1: CAB95006; Turkey
Astrovirus 2: NP_987087; Duck astrovirus 1: ADB79809; Chicken astrovirus: AEE88304;
Avian Nephritis: Q9JGF2; Ovine Astrovirus: CAB95003; Mink Astrovirus: NC_004579;
Human Astrovirus 1: NP_059444; Human Astrovirus 2: L13745; Human Astrovirus 3:
AEN74891; Human Astrovirus 4: AAY84778; Human Astrovirus 5: AAY46273; Human
astrovirus 6: ADJ17722; Human Astrovirus 8: AAF85963; Sea lion Astrovirus 4:
AEM37615; Sea lion Astrovirus 5: AEM37618; Sea lion Astrovirus 10: AEM37636; Bat
Astrovirus AFCD337: ACF75864; Bat Astrovirus LD38: ACN88707; Bat Astrovirus LD71:
ACN88711; Rat Astrovirus: ADJ38393; Wild boar Astrovirus: AEZ67025; Astrovirus
MLB1: YP_002290967; Astrovirus MLB2: YP_004934009; Astrovirus VA1: NC_013060;
Astrovirus VA2: ACX69838;

Capsid—Turkey Astrovirus 1: CAB95007; Turkey Astrovirus 2: NP_987088; Turkey
Astrovirus 3: AAV37187; Chicken Astrovirus 1: NP_620618; Chicken astrovirus 2:
BAB21617; Duck astrovirus: ACN82429; Fowl Astrovirus: AFF57968; Pigeon Astrovirus:
CBY02488; Avian Nephritis Virus 2: AEB15604; Ovine Astrovirus: CAB95004; Mink
Astrovirus: NP_795336; Human Astrovirus 8: AAF85964; Human Astrovirus 7:
AAK31913; Human Astrovirus 6: CAA86616; Human Astrovirus 5: AAY46274; Human
Astrovirus 4: AAY84779; Human Astrovirus 3: AAD17224; Human Astrovirus 2: L13745;
Human Astrovirus 1: NP_059444; Porcine astrovirus: BAA90309; Dolphin Astrovirus:
ACR54280; Sea lion Astrovirus 1: ACR54272; Sea lion Astrovirus 2: ACR54274; Feline
astrovirus: AAC13556; Bat astrovirus LC03: ACN88720; Bat astrovirus LD71: ACN88712;
Bat astrovirus LD38: ACN88708; Bat Astrovirus AFCD337: ACF75865; Porcine Astrovirus
2: AER30006; Swine Astrovirus: ADV16836; Canine Astrovirus: AEX00102; Bovine
Astrovirus B76: AED89609; Rabbit Astrovirus: AEV92822; Wild boar Astrovirus:
AEZ67026; Astrovirus MLB1: YP_002290968; Astrovirus MLB2: YP_004934010.1;
Astrovirus VA1: YP_003090288; Astrovirus VA2: ACX83591.

Results
Identification and complete genome sequencing of MLB3 from children in India

Astrovirus consensus RT-PCR screening has identified multiple novel astrovirus species
(Finkbeiner, 2009; Finkbeiner et al., 2009a). Here, consensus RT-PCR screening of 400
stool specimens from children in India with diarrhea and 400 stool samples from
asymptomatic children yielded five positive samples with amplicons that, when sequenced,
shared only ~81% nucleotide identity with astrovirus MLB2. Because of the extent of
divergence in this locus located within the RdRp, this virus has tentatively been named
MLB3. Four of the MLB3 positive stool samples were from patients with diarrhea while
only one was from an asymptomatic child (Table 1). However, there was no statistically
significant association of MLB3 with diarrheal cases (McNemar’s Test; OR 4.00, 95% CI
0.39 – 196.90, p=0.371).

One specimen positive for MLB3 was subjected to high-throughput Roche/454
pyrosequencing and the resulting reads were assembled to yield a contig of 6112 nucleotides
(nt). To obtain the 5′ and 3′ ends of the virus, RACE was performed to generate a complete
genome of 6124 nt (Table 2). Sequencing of a second MLB3 sample yielded two contigs
that totaled approximately 4.5 kb; these contigs shared 99% nucleotide identity to the
completely sequenced MLB3 strain (data not shown).

VA4 from children in Nepal
The same RT-PCR screening strategy applied to a cohort of 196 children with diarrhea in
Nepal yielded two positive samples that shared ~75% nucleotide identity to VA2. This virus
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has tentatively been named VA4. Specimens positive for VA4 were subjected to high-
throughput Roche/454 pyrosequencing and the resulting reads were assembled yielding a
contig of 6327 nt. Finally, RACE was performed to obtain a complete genome of 6518 nt
(Table 2).

Complete genome sequencing of VA2 and VA3
We had previously described the discovery of VA2 and VA3 (Finkbeiner, 2009a). However,
we were only able to obtain partial sequences of VA2 and VA3 due to the limited specimen
availability. One stool sample from a child in India in the current study was positive for
VA3. High throughput sequencing generated a contig of 6135 nt for VA3, which was
extended by 5′ and 3′ RACE to a complete genome of 6581 nt. We also extended the
previously published partial VA2 sequence of 5977 nt (Genbank GQ502193) using 5′ and
3′ RACE to generate a complete genome of 6531 nt. Gene prediction generally yielded very
similar results for each of the viruses. For VA3, the presence of an ATG near the very 5′
end of the genome yielded a slightly larger ORF1a than in the other VA-clade astroviruses.
Based on the gene predictions in the other VA-clade astroviruses, we used the second ATG
of VA3 as the putative start codon as this gave a predicted ORF that was more consistent
with the other VA-clade astroviruses.

Phylogenetic analysis of novel astroviruses ORFs
To characterize the phylogenetic relationships of these newly identified astroviruses, we
performed maximum likelihood phylogenetic analysis of all three ORFs. The phylogenies
showed that MLB3 is most closely related to MLB2 with strong bootstrap support for a
monophyletic MLB-clade. The MLB-clade was consistently most closely related to the
classic human astroviruses and some sea lion astroviruses in ORF1a and ORF1b (Fig. 1).
VA4 was most closely related to VA2, and this pair diverged from the VA1/VA3 branch
consistently for all three ORFs. The four viruses in the VA-clade were most closely related
to ovine astrovirus, mink astrovirus and bat astrovirus.

The evolutionary pressures exerted on the protein coding sequence are highly indicative of
the role and functions of viral genes. With the additional complete genome sequences
generated in this study (MLB3, VA2, VA3 and VA4), it was possible to compare the extent
of divergence within each clade. Visual inspection of the phylogenetic trees (Fig. 1)
demonstrated that the branch lengths within the classic human astrovirus clade were shorter
in ORF1a and ORF1b compared to ORF2, whereas both the MLB and VA clades had more
similar branch lengths in ORF1a and ORF1b compared to ORF2. Hence, we rationalized
that by comparing the genetic distance between the three genes, we would be able to
determine if these viruses have been evolving under the same selective pressure. In order to
quantify this difference, we calculated the pairwise sequence divergence for viruses within a
clade, which was defined by using genetic p-distance for the MLB, VA, classic human
astrovirus and avian astrovirus (composed of chicken, turkey 1, turkey 2, and duck) clades
(Fig. 3). From each pairwise comparison, we then calculated the ratio of the genetic distance
of the capsid to the genetic distance of the protease. We also calculated the ratio of the
genetic distance of the capsid to the genetic distance of the polymerase. The average value
of each ratio was then determined for each clade (Table 3). The magnitude of the average
ratio varied considerably, and both the average ratio of capsid to protease genetic distance
and the average ratio of capsid to polymerase genetic distance in the classic human
astrovirus clade were statistically different (ANOVA, p<0.01) from the average ratios in the
MLB, VA and avian astrovirus clades.

To further evaluate factors that might contribute to the high genetic distance ratios observed
in the classic human astrovirus clade, the overall mean number of synonymous mutations
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per synonymous site (dS), the number of non-synonymous mutations per nonsynomous site
(dN) and the ratio of dN/dS in each protein in the classic human, MLB and VA clades were
calculated (Table 4). Due to saturation of dS in the avian clade, we did not analyze the avian
clade. In the capsid, the dN/dS ratio was similar in all three clades. However, in the
polymerase, the classic human astrovirus clade had much lower values of dN/dS, dN and dS
compared to the other clades. Similarly, the dN/dS, dN and dS values of the protease of the
classic human clade were lower than in the other clades. These observations suggest that
there has been limited evolution in the classic human astrovirus nonstructural genes.

Conserved sequences in the 5′ and 3′ UTRs
The MLB3 5′ UTR was determined to be 14 nt in length (Table 2). Sequence alignments
demonstrated that the 11 nt at the very 5′ end of MLB3 were perfectly conserved with the 5′
termini of MLB2 and MLB1 (Fig. 2A). The 5′ UTRs of the MLB-clade viruses were much
shorter than that of the classic human astroviruses, which range from 80 to 85 nt in length;
nevertheless, there were 8 out of 11 nt conserved at the very 5′ end between the three MLB-
clade viruses and the 8 classic human astroviruses. By contrast, no sequence conservation in
the 5′ UTR was detected among the four viruses in the VA-clade.

Viruses in the MLB clade had 3′ UTRs ranging from 38 to 58 nt (excluding the polyA tail)
in length (Table 2). There was no clear conservation in sequence or secondary structure
among different MLB viruses. However, the VA-clade astroviruses had much longer 3′
UTRs varying from 95 to 117 nt (excluding the polyA tail) in length. Within the 3′ UTR of
the VA astroviruses there was a strictly conserved 33 nt sequence (Fig. 2B) which forms the
conserved s2m RNA secondary structure that has been described in many astroviruses and
other positive sense RNA viruses (Jonassen et al., 1998; Monceyron et al., 1997).
Interestingly, none of the MLB-clade viruses possess the s2m motif.

Discussion
In this study, we identified two novel astroviruses, MLB3 and VA4, in pediatric stool
specimens collected in India and Nepal. The full genome sequences of MLB3, VA4, and the
previously reported viruses VA2 and VA3, were defined by using a combination of high-
throughput 454 pyrosequencing and traditional Sanger sequencing. The presence of these
viruses in stool samples from children with diarrhea raises the possibility that they may play
roles in causing human diarrhea. In the Indian cohort, MLB3 was present in four diarrhea
stools and one asymptomatic stool. Based on the sample size, there was, however, no
statistically significant association of MLB3 with diarrhea. VA3 was identified in one
diarrhea sample from India, and VA4 was found in two diarrhea samples from Nepal.
Because stool is not a sterile site, it is not possible to directly conclude from the detection of
VA4 and MLB3 in human stool samples that these viruses cause bona fide human infection.
It is possible that these viruses are present due to dietary ingestion, for example. However,
we note that previous studies have detected members of both the VA-clade and MLB-clade
of astroviruses in sterile sites in the human body. MLB2 was detected in serum of a febrile
child (Holtz et al., 2011b) while VA1/HMO-C was detected in brain tissue of a child with
encephalitis (Quan et al., 2010). Serological evidence of human infection by VA1/HMO-C
has also been described (Burbelo et al., 2011).

With the identification of MLB3 and VA4, there are now three members of the MLB-clade
and four members of the VA-clade of astroviruses. Comparison of the sequences within and
between the clades provided multiple interesting observations. First, there was conservation
of the most terminal 11 nt in the 5′ UTR of the MLB-clade astroviruses but not in the 5′
UTR of the VA-clade astroviruses. This motif is also partially conserved with the 5′ UTR of
the classic human astroviruses, suggesting that there is likely to be a functional role for this
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conserved element. Conserved elements in the 5′ and 3′ UTR of positive sense RNA viruses
are frequently cis-acting elements important for viral replication, transcription or translation.

The VA-clade viruses, but not the MLB-clade viruses, shared a perfectly conserved stem
loop motif in the 3′ UTR, the s2m motif. As with the conserved 5′ UTR sequence motif in
the MLB-clade viruses, the possible role of the s2m structure in the life cycle of the VA-
clade viruses needs to be further characterized.

Phylogenetic analysis demonstrated strong bootstrap support in all three ORFs for both a
MLB-clade and a VA-clade of viruses. In ORF1a, the MLB-clade formed a monophyletic
group with the classic human astroviruses and various sea lion astroviruses.

The VA-clade of the viruses clustered consistently with mink and ovine astroviruses. In
ORF1b and ORF2, Bat astrovirus LD71 was also included within the clade (sequence of
ORF1a of Bat astrovirus LD71 was unavailable). The distinct evolutionary relationship of
the VA-clade and the MLB and classic human astrovirus clades suggests that multiple
introductions of astrovirus into the human population occurred.

In the classic human astrovirus, MLB, VA and avian astrovirus clades, the average ratio of
the genetic distance of the capsid to polymerase was greater than one, consistent with the
notion that the RNA dependent RNA polymerase is more highly conserved than the capsid
protein, presumably due to functional constraints on evolution of the polymerase. However,
the magnitude of the ratio observed for the classic human astrovirus clade was much larger
than that observed for the MLB, VA or avian astrovirus clades. This observation, coupled
with the classic human astrovirus polymerase possessing the lowest dS, dN and dN/dS
values among all the clades, suggests that there has been more limited rates of mutation in
the polymerase gene rather than elevated levels of mutation of the capsid. Analysis of the
protease yielded similar evidence of constrained evolution. It is unclear at this time the
underlying root of the limited mutation rate in the protease and polymerase of the classic
human astrovirus clade compared to the MLB and VA astrovirus clades. One possibility is
that there may be cryptic overlapping ORFs or RNA secondary structures present in the
protease and polymerase region of the classic human astroviruses that are absent in the same
region of the other clades. Another possibility entails the selective sweep of a single or a few
closely-related nonstructural genes in the classic human astroviruses which replaced the
previously-existing, nonstructural genes, via recombination. We note that recombination
near the classic human astrovirus polymerase and capsid junction has been reported (Walter
et al., 2001). Mechanistically, the difference in the ratios may reflect distinct types of
immune pressure on the various clades of virus, perhaps due to unique tissue and/or host
tropisms.

Astroviruses are commonly accepted as causative agents of gastroenteritis of both
mammalian and avian species. In this study, we identified two novel astroviruses, MLB3
and VA4, from pediatric stools, expanding the diversity of astroviruses that are known to be
present in human stool specimens. The discovery of these two viruses and their complete
genome sequences enabled us to better define characteristic properties of members of the
MLB and VA astroviruses subclades and to compare them to the classic human astroviruses.
These comparisons yielded the unexpected observation that the nonstructural region of the
classic human astroviruses has undergone much more limited mutation than that of other
clades. As exemplified here, the ever-increasing number of virus genomes being discovered
and sequenced will greatly facilitate comparative genomic analysis that can generate novel
insights into the function and evolution of viral proteins.
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Highlights

• Discovered and sequenced complete genomes of two novel astroviruses in
human stool.

• Identification of these viruses enabled comparative analysis between
astroviruses.

• Classic human astrovirus nonstructural genes are evolutionarily constrained.
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FIG. 1.
Phylogenetic analysis of the astrovirus open reading frames. Phylogenetic trees were
generated by the maximum likelihood method with 1000 replicates based on amino acids
alignments. Significant bootstrap values (>700) are shown. (A) ORF1a serine proteinase.
(B) ORF1b RNA dependent RNA polymerase (RdRp). (C) ORF2 capsid protein. Scale bars
represent the number of differences in each ORF.
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FIG. 2.
Conserved motifs in the 5′ UTR of MLB clade astroviruses and the 3′ UTR of VA clade
astroviruses. (A) Multiple sequence alignment of the 30 nt at the very 5′ end of each MLB
clade astrovirus genome. (B) 150 nt from the 3′ terminus of each of the VA clade
astroviruses were aligned. The portion of the alignment containing a perfectly conserved 33
nt stretch is shown.
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FIG. 3.
Pairwise genetic p-distance comparisons for MLB, VA, avian and classic human
astroviruses. TAstV: turkey astrovirus, HAstV: human astrovirus. TABLE 1:
Epidemiological data
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TABLE 3

Average genetic distance ratio of the capsid to the polymerase within the clades

Clade
Genetic distance ratio (Mean±Standard deviation)

capsid/protease capsid/polymerase

Classic human 6.35±3.39 8.15±4.27

MLB 1.23±0.32 1.26±0.18

VA 1.29±0.28 1.59±0.39

Avian 0.86±0.17 1.59±0.44
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