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Abstract

Porcine stool-associated RNA virus (posavirus), and Human stool-associated RNA virus (husavirus) are viruses in the or-
der Picornavirales recently described in porcine and human fecal samples. The tentative group (Posa and Posa-like vi-
ruses: PPLVs) also includes fish stool-associated RNA virus (fisavirus) as well as members detected in insects (Drosophila
subobscura and Anopheles sinensis) and parasites (Ascaris suum). As part of an agnostic deep sequencing survey of animal
and human viruses in Vietnam, we detected three husaviruses in human fecal samples, two of which share 97-98%
amino acid identity to Dutch husavirus strains and one highly divergent husavirus with only 25% amino acid identity to
known husaviruses. In addition, the current study found forty-seven complete posavirus genomes from pigs, ten novel
rat stool-associated RNA virus genomes (tentatively named rasavirus), and sixteen novel bat stool-associated RNA virus
genomes (tentatively named basavirus). The five expected Picornavirales protein domains (helicase, 3C-protease, RNA-
dependent RNA polymerase, and two Picornavirus capsid domain) were found to be encoded by all PPLV genomes. In ad-
dition, a nucleotide composition analysis revealed that the PPLVs shared compositional properties with arthropod vi-
ruses and predicted non-mammalian hosts for all PPLV lineages. The study adds seventy-six genomes to the twenty-
nine PPLV genomes currently available and greatly extends our sequence knowledge of this group of viruses within the
Picornavirales order.
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1. Introduction

The order Picornavirales includes a wide range of viruses that in-
fect a variety of hosts. According to the latest International
Committee on Taxonomy of Viruses (ICTV) classification (ICTV
2017), the order comprises five families: the families
Dicistroviridae and Iflaviridae contain members which infect in-
sects (e.g. cripavirus and deformed wing virus), the family
Secoviridae members which infect plants (e.g. turnip ringspot vi-
rus), the family Picornaviridae members infecting vertebrates
(e.g. enteroviruses) and the family Marnaviridae. The latter con-
tains only Heterosigma akashiwo virus for which algae is the nat-
ural host (Le Gall et al. 2008).

Although members of the Picornavirales are highly diverse,
they share a number of common features, including a single
stranded positive-sense RNA genome and co-linear genes
encoding a helicase, protease, and RNA-dependent RNA poly-
merase (RARP) replication block (Le Gall et al. 2008). The genome
lengths for Picornavirales range from 7.2 to 9.8 kb. Typically, the
encoded polyprotein is cleaved by virus-encoded proteases
(Blom et al. 1996). Generally, members of the Picornavirales are
monopartite, although some members of the Secoviridae have
genomes with two segments (Le Gall et al. 2008).

Increasing improvements in next-generation sequencing
(NGS) has identified a number of divergent members of the or-
der Picornavirales. Porcine stool-associated RNA viruses (posavi-
ruses) were found in the feces of healthy pigs and water
collected from swine farms (Shan et al. 2011, Hause et al. 2015,
2016), fish stool-associated RNA virus (fisavirus) was identified
in the intestinal content of a healthy carp (Reuter et al. 2015),
and human stool-associated RNA virus (husavirus) was identi-
fied in the feces of predominantly healthy humans (Oude
Munnink et al. 2015). Although structually closely related (based
on the genome organisation), these viruses display broad ge-
netic diversity with often less than 40% amino acid identity in
specific coding regions thereby suggesting a deep evolutionary
history of the virus family.

Although posaviruses can be detected at high frequency in
pig fecal samples (21%), a recent study using immunoprecipi-
tation coupled with PCR detection assay showed that posavi-
rus antibodies were infrequently detected (Hause et al. 2016).
The possibility that posaviruses may not infect pigs but rather
infect gut commensal organisms or have a dietary or environ-
mental origin is supported by blast analysis of posavirus se-
quences that showed that some posavirus strains have
greatest sequence similarity to an RNA sequence from the
parasite Ascaris suum (Shan et al. 2011; Wang et al. 2011).
Furthermore, a mRNA sequence from the mosquito Anopheles
sinensis and a virus recently identified in the fruit fly
Drosophila subobscura have been described showing some se-
quence identity to posaviruses (Webster et al. 2016). Although
the viruses have been identifed in samples from different
hosts, the true infection hosts for fisavirus, posavirus, and
husavirus remain to be determined.

As part of a study to define patterns of viral zoonosis in
Vietnam (Rabaa et al. 2015), we performed detailed agnostic
(random-primed) whole-genome deep sequencing (Cotten et al.
2014) on fecal samples from bats, humans, pigs, and rats and
rectal swabs from humans and pigs. We have analyzed these
sequence data for the presence of PPLVs and we describe here a
large set of novel virus genomes from human, rat, pig, and bat
samples that share homology and protein domain architecture
with the previous described posaviruses.

2. Results

For simplicity, we will use the term Posa and Posa-like viruses
(PPLVs) throughout the manuscript. The PPLV category
comprises virus and virus sequences that show >30% amino
acid homology to the existing posavirus and husavirus genome
sequences, do not cluster within the five established
Picornavirales families and show a Picornavirales genome organi-
zation with the expected five Picornavirales protein domains (see
below for further details). A search for PPLV genomes in se-
quences was performed as follows: short read data (3-4 million
250nt paired end reads per sample) were de novo assembled into
longer sequence contigs and a protein sequence based
USEARCH analysis (Edgar 2010) was performed against a data-
base containing all Picornavirales protein entries in GenBank, in-
cluding all known posaviruses sequences. This search
identified three husaviruses, forty-seven posaviruses, ten novel
rasaviruses, and sixteen novel basaviruses genomes. The ge-
nome lengths of the newly identified PPLV genome sequences
varied from 8,262 to 11,318 nucleotides and for all viruses the
read coverage across the genome and G+ C content was deter-
mined. The results of these analyses and the available demo-
graphical data for these samples are summarized in Table 1.

In two human fecal samples, husaviruses (KX673274 and
KX673221) showed high level of amino acid sequence identity to
the previously described husaviruses KT215901, KT215902, and
KT215903 (97-98% amino acid identity). In contrast, an addi-
tional husavirus detected in a human rectal swab (KX673248)
showed only 25% amino acid identity over the entire polypro-
tein with other husaviruses.

Posavirus sequences could be detected in thirty-three (of 189)
pig rectal swabs (17% frequency) and in eight (of 146) pig fecal
samples (5% frequency). In each of four pig rectal swabs (sample
IDs 17189_4, 17819_95, 17668_11_2, and 17668_13), two distinct
strains of posaviruses were identified, while in one sample
(17668_33) three distinct posaviruses were identified. The posa-
virus sequences identified in this study have the closest se-
quence identity to variants detected in farmed pigs in the USA
(Shan et al. 2011, Hause et al. 2015, 2016). Moreover, novel posa-
like genome sequences were found in nine (of 45) rat fecal sam-
ples [provisionally named rat stool-associated RNA viruses
(rasaviruses)], and in thirteen (of 135) bat fecal samples [provi-
sionally named bat stool-associated RNA viruses (basaviruses)].
In one rat (16715_47) and in three bat fecal samples (16715_52,
16715_61, and 16715_71) two distinct rasa/basaviruses were
identified.

The low level of shared nucleotide identity between these
novel viruses made it difficult to perform phylogenetic analyses
at the whole genome level. Therefore, the protein sequence
encoding the most conserved region, a provisional RARP
protein, was identified and used for phylogenetic analysis. This
analysis supported a conclusion that two husaviruses
(KX673221 and KX673274) belonged to a lineage that includes
the previously described husaviruses (KT215901, KT215902, and
KT215903), while husavirus KX673248 was distant (Fig. 1). Based
on this phylogenetic analysis and using a pairwise amino acid
identity cutoff of 40%, twenty-two lineages could be identified.
While most lineages were found in only a single source type of
sample (e.g. all porcine), the Bv_7 lineage comprised basaviruses
and a virus isolated from a fruit fly Drosophila subobscura and the
two lineages Pv_8 and Pv_9 comprised posaviruses and viral se-
quences derived from a parasite (Ascaris suum ; Shan et al. 2011)
(Fig. 1). For each lineage, a representative virus genome (based


Deleted Text: )
Deleted Text: Hause et<?A3B2 show $146#?>al.,
Deleted Text: Wang et<?A3B2 show $146#?>al., 2011,
Deleted Text: s
Deleted Text: 5
Deleted Text: -
Deleted Text: 3
Deleted Text: 47
Deleted Text: 10
Deleted Text: 16
Deleted Text: &percnt;-
Deleted Text:  .
Deleted Text: 33
Deleted Text: 8
Deleted Text: 9
Deleted Text: (
Deleted Text: )
Deleted Text: 13
Deleted Text: (
Deleted Text: )
Deleted Text: 22
Deleted Text: (

3

B. B. Oude Munnink et al.

514 9y $60'TT €10c1dv & syiuow § qems [e109y Sndsawop sns 9nd 0¢SC0eTIda 0vvcoeTIda ¥9Ce /9K 0S 68%/1 snitaesod
101 A% Tee'e €10C 1B £¢C Sjauow § qems 18309y snausawop sns ¥ ad 98%¢0eTYYd 90%20eTYYT €9CEL9XA S 68%/1 snIiaesod
4 cee €82'6 €10z 1dv syauow § qems [e309y9 Snonsaulop sng S ad S¥0coeTddd S/6T0ETdYd C9CEL9XA [¥ 68Y/1 snitaesod
8T cee 01L'6 €10z 1dv syiuow § qems [ej1o9yg Snonsauop sng S Ad 81S¢0eTYdT 8e¥c0eTYdd T9Ce/9XA SV 687/T SNIABSO
(074 S'ee 059'6 €10z 1dv ¢ syauow § qems 18309y Snosauop sng S ad €15coeTddd €ebcoeTIdd 09¢e/9X3 0% 687/1 sniiaesod
S ¥'9¢ [V9'6 €10C 1N L¢C sypuow § qems [ej09yg Snonsaulop sng 1 Ad S8FcoeTddd S0vcoeTddd 6SCEL9X T ¥ 68Y/1 snilaesod
6¢C S'1e 0/6'8 €10C 1IN LT Syjuou § qems [e109y SNo1ISaWop sng ¥ ad S8YC0eTddd S0¥C0eTddd 8SCELIXA ¥ 68%/1 SnIIABSOd
oc¢ S'ee 0%9'6 €10z 1dv € syauow § qems 18309y SNosauop sng S ad S18S¢/1S¥d S18S¢/1S¥d LSTELOXA 6€ 68/1 sniiaesod
[4¢ See 62L'6 €10z 1dv € syauow § qems [e309y9 Snonsaulop sng S ad 0TSC0ETYYET 0€¥COETYYET 9SCEL9XA 9¢ 68¥/1 sniaesod
Sid" S'ee €€L'6 €10z 1dv ¢ syjuou § qems [e3109y Sno1ISawop sng S ad 605C0eTddd 6CvcoeTddd SSCEL9XA SE 68Y/1 SnIIAesoqd
¥81¢ S'1e 0468 ¢roc1dv ¢ syauow § qems 183099 Snosaulop sng S ad 80S¢0eTYYd 8¢hc0eTYYd YSCe/9X Y€ 687/1 sSniiaesod
€6l ¥'9¢ TL9'6 €10z 1dv ¢ syauow § qems 1e309y9 SNoSauop sng T ad 90S¢0€TYYd 9¢yC0eTYdd €9CEL9XA 0€ 687/1 Snilaesod
S9 7ot $78'6 €10z 1dv ¢ syjuou § qems [e109yg Sndisawop sns T ad 70S5c0eTddd LA AN ARN KN CSCEL9XA 8T 68%/1 snIiaesoqd
91 S9¢ €LL'6 €10z 1dv € syauow § qems 183099 SNosauop sng T ad €05C0eTddd (XA ZAUIR R ES TSCEL9XA LT 68Y/1 sniiaesod
11 v'9e £T8'6 €10z 1dv € syauow § qems [e309y9 SNoSauop sng T ad ¢0SC0eTYYdd (44 74U RN S 0SCeL9XA 9T 68¥/1 sniiaesod
LT S'9¢ 586 €T0C 1IN LT syjuou § qems [e109y Sndisawop sns T ad 78¥cocTddd U4 ARN KN 6¥Ce/9XA T 68¥/1 snIiaesod
18 L9 $0C'6 €10C IBN 61 syjuow § qems 18309y Snosauop sng €nd 910C0eTdda 97610 TYYT JAZAYA). S| S STEIT snIiaesod
Sv 8'9% 9626 €10C 1’eIN 6T syauow § qems [e309y9 SNonsauop sng € ad Y1020cTddd Tr610cTddd 9CELOXA € S169T snitaesod
SS cee 0896 C10C 1BIN T¢C sjauow g 18234 Sndisawop sns S ad VN #866/,9491 0CCe/9XA 11 0SCHT snIiaesod
14 oy 1,06 ¢10C 1BIN 9 Sjuow ST 18294 snansawop sns € d VN 187S//d99d3 6T1CEL9XA 6€ 9CCHT sniiaesod
e S9F 0616 ¢10C 1BIN 9 syjuow ST [e29d Snonsaulop sng € d VN 08%S/,943 8TCE/L9XA 8€ 9CTYT sniaesod
set 8'S¢ 62L'6 z1oz 1dv 01 Syuowi 0 18294 Sndisawop sns 1 Ad VN €6¢//Yddd LTCEL9XA 19 ¥¥1CT sniiaesod
144 12474 81E'TT C10C 1eN $T S{auow 5T 18294 snanisawop sns 9 ad VN cobe/yadd 9TCEL9XA Ty /80T sniiaesod
[43 8t 9€0'TT C¢10C 1BN CT uow 1 1e29d SNonsaulop sng 9 Ad VN 00¥e/¥add STCEL9XA 0% £80CT Ssniaesod
L6 €S £20'6 ¥10C31°0¢C s1eah 65 1e29d suaidps owoH T AH €¢SS8e/15493 €CSSC/1Sud VLCEL9XA 6C YYE6T STIIABSNH
LT 8'09 9/5'8 €10C 1eN ¥¢ s1eaf 15 qems 18309y sualdvs owoq (AN £/020€Tddd 60020€TYYT 8¥Ce/9X3 68 ST69T STUIABSNH
ot 8¢S 958'8 €10z 1dv ¢ s1eak/ 18234 sualdps OwoH T AH STPTOETIY SOET0ETIYT TCCeL9XA 65 0/E9T SNIIABSNH
v/C | VA4 o¥Z'6 ¥10C AON CT umouzun [es9d ujyny| snpydo3ods S ad 0T0€0eTdd Pe6Cc0eTIdd 06¢EL9XA 8 618/1 sniiaeseq
L1 6'9% 1/2'6 ¥10C AON CT umouuf 18294 ujyny snjiydojoos S Ad Y00€0eTddd 8¢6¢0eTYYT 68CEL9X C 618/1 snilaeseq
e '8 [ATAS] %10z deS /1 umouxuf 1e29g ujyny snjiydoioos ¥ ad 0¥6T0ETYYT SS8TOETYYT SYCeL9XA ¥6 S¥891 snilaeseq
SS 6'GE (V16 $10¢ dos 8T umouxuf) 1es9d nyny snjiydojoog (A £C610€TYdd CH810ETYYd YCeL9XA 6/ S¥891 snilaeseq
091 cee LES'6 %10z doS 81 umouuf 18294 ujyny snjiydojoos € Aag Pr6e10cTddd 6¢8T0ETYYT EVCELOXA $9 S¥891 snilaeseq
6 (a4 0€5'6 10z unf /1 umouxuf 18294 ujyny snjiydoiods € Aad 0T9T0ETYYT Te¢ST0ETddd CYCeLOXA 98 ST1/91 sniiaeseq
8% 6'9¢ 16€6 yToz unf /1 umouzuf) 18234 uyny snjydozods VAR 809T0€TYYT 61STOETYYT T¥Ce/9XA 8 GT1/91 snilaeseg
8¢ 98¢ 6C8'8 10z unf o1 umouzuf) 18294 uyny snjiydojoos 1 Ag €0910ETYYT P1S10eTHdd 0vCce/9X3 £L S1/91 snilaeseq
6¢C |4 €8%'6 1o un( 11 umouxuf [es9d ujyny snjiydoiods € Ad 86ST0ETYYT 60STOETYYT 6€CEL9X C T/ ST/91 sniiaeseg
cel 6'9¢ 5856 yToz un( 11l umouzuf) 18234 uyny snpydojods VAR 86ST0ETYYT 60STOETYYT 8ECEL9X T/ ST/91  sniiaeseg
1¢ cee 8756 $Toz un( 11l umouzuf [es94 ujyny snjiydojoos € g 96ST0€TYYT £0STOETYYT LECELOXA 69 ST/91 sniiaeseq
80¢ 1A0i74 S90'6 1o un( 11 umouxuf 1es9d ujyny snjiydoiods 9 nd 88ST0ETYYT 66710ETYYT SECELOXA T 19 ST/91 sniireseg
6cl 9'9¢ 9956 10z un( 11 umouxuf) [EEEES ujyny snjiydoiods AR 88ST0ETYYT 66¥10ETYdT YeCce/9XA 19 ST/9T sniireseg
€l eov 9/L'8 ¥10¢ AON CT umouzuf) 1es94 ujyny snjiydojoos 9 nd SeqToeETYdd IFHT0ETYYET 0€Ce/9X S ST/91 snitaeseq
[474 Tce 5856 10z unf /1 umouxuf) 1es9d ujyny snjiydojods € ag Y/S10€Tddd S8YT0ETIYd 6CCEL9XA T /¥ ST/91 sniiaeseg
91T £'9¢ 1656 10z unf o1 umouzun [es9d njyny| snpydo3ods VAR Y/ST0eT9dd S8Y10eTddd 8CCELIXA /¥ ST/91 sniiaeseq
493BIDA0D JO (%) yusyu0d 33U srdwes a3e 2dKy 92INn0Ss 7 duel 1 aue[ Isquinu
adap uerpay D+5H  swousn joayeq 90INn0S ordures ardwes o8eaur] IPQWNUYNT ~ I9QWNUYNF ~ UOISSDDY i eurwny

*Apm3s STy} UL paYnULPT SATAd 9U3 JO MATAISAQ'T (e



Virus Evolution, 2017, Vol. 3, No. 2

4

"621 £q papiarp/awiouss jo

8uaf/ewouasd 1ad paddew speal Jo IsqUINU Y3 SB Pae[NI[ed sem a3eIdA0D 'SSUNIDS [BIO[-IANISUIS-AI2A— (31M ganmog Sutsn swouad [eutj 3} 0} speai pajjonuod Airenb je Surddew Aq pauruialap sem 9312400 Jo Yidap UeIpINE

996 0174 $85'6 $1oz un( 11 umouzuf) [es9d 123uanuabip sn1vy (AR 765101 SOSTOETddd 9€CeL9X £9 ST/9T1 sniiaesey
£606 £ob 6656 10z un( o1 umouxuf 18594 12puannuabiv snvy [N 78ST0ETHYd Sev1oeTddd €ECELOXA [S ST/91 sniiaesey
0§ LYY L6%'8 $10z unf 01 umouufn 18294 12puaanuabiv snvy Ty 6/ST0ETYYT 06%T0ETYYT CeCeL9XA T CS S1/91 sniiaesey
e 8'0% 8/9'8 10z un( o1 umouxuf [e29d 1apuaanuabiv snvy (AR 6/ST0ETYYET 06¥10ETYYdT TECeL9XA TS ST/91 sniiaesey
144 v'ob 7956 ¥10C AON 71 umouzuf 18234 123uannuabiv snvy [N 0/ST0ETYYT 187101 9T £TTEL9XA €% ST/91 sniiaesey
i 10174 619'6 ¥10¢ AON CT umouxuf 18294 1apuaanuabio snvy (AN YESTOETYYT SYProeTadd 9CCELOXA ¥ S1/91 snilaesey
85091 197474 1166 ¥10C AON ¥1 umouuf) 18294 123uanuabip snvy AN €9910€TYYdd AN ARR KN SCCEL9XA 9¢ GT/91 sniiaesey
LT 014 0856 ¥10C AON CT umouzuf) 18534 123uann3uabiv snyvy (AN €eqT0eTg THy10eTdda YCCe/9XA € ST/9T sniiaesey
€8 oy 9096 ¥10¢ AON ¥1 umouuf 18294 1apuaanuabio snvy (AN 9GSTOETYYT L9%T0ETAYT €CCELOXA 8C ST/91 sniiaesey
15¢ [AlY4 1096 ¥10C AON CT umouu) 18294 123uanuabip snvy (AN ¢hST0ETYd €SY10eTddd CCCe/L9XA C1 ST/91 sniiaesey
[44 8'9% LLE'6 €10C 320 /L1 Sjauow § qems 18309y SNosauop sng £ nd 6162¢0€TYYT 0€820eTYYd 88C/9X3 98 899/1 SnIIABSOd
o 6'9% 99¢'6 €10C3°0 LT syauow § qems 1e309y9 SNoSauop sng £ nd 916¢0€TYYT £28c0eTddd £8CEL9XA €8 899/1 sniiaesod
VA% €97 $0%'6 €10C3°0 LT syauow 9 qems [e109yg Snonsaulop sng £ Ad S06C0eTddd 918¢0eTYdT 98CE/9XA T/ 899/1 sniiaesod
66 TSy S6C°TT €10C 3P0 91 S{auow § qems 18309y Snosauop sng 9 Ad €88c0eTddd ¥6/20cTddd S8CEL9XA [y 899/1” SnIiaesod
(03 See 159'6 €10C AeN ¥ syauow § qems [e309yg SNoSauop sng S ad T¥8coeTddd C¢S/20eTYYT SLTELOXA ¥ 899/1 SnIIABSOd
LL A% 86%'6 €10C3°0 91 sjauow 9 qems [e109y Snd1ISaWop sns 6 Ad 698¢0eTYYdd 08/¢0eT¥dd ¥8¢e/9XA € €€ 899/1 snIiaesod
9¢ €97 6826 €10C 3P0 91 syiuow 9 qems 18309y Snonsaulop sng € nd 698¢0€TYYd 08/20€T¥Yd €8CEL9XA C €€ 899/1 sniiaesod
8L SeY TLTTT €10C 3P0 91 syauowr 9 qems 18309y SNosauop sng 9 ad 698¢0€TYYd 08/2¢0€T¥Yd C8CEL9XA €€ 899/1 snIiaesod
4 9% 1116 €10z AeN ¥ sjauom § qems [e109y SNo1ISaWop sng € d 058¢0eT¥dd 19/c0eTddd 18CEL9XA T €1 899/1 SNIIAesOd
159 vee 9996 €10C LeN ¥ Sjauow § qems 18309y SnaLsawop sns S ad 0§8¢0€T¥Yd 19/c0eTddd 08Ce/9X3 €1 899/1 SnIiaesod
8¢ i4 9616 €10z AeN ¥ syauow § qems 183099 SNoSauop sng €d 6¥8¢0€TYYdd 09/20€T¥dd 6/CEL9X C1 899/1 sniiaesod
8T cle 9906 €10z KeN ¥ syiuow § qems [e1o9y Snonsauop sng ¥ ad 8¥8¢0eTYdd 6S5/2¢0eTYdd 8/CE/9XA T T1 899/1 SNIlAesod
00¢ S9¢ 5686 €10z LBN ¥ syiuow § qems [e109y Sndnisawop sns T ad 878¢0eTYYd 6G/20€T¥Yd LLTELOXA 11 899/1  SNIIABSOd
Sl 9'9% 60€'6 €10z AeN ¥ syauow § qems 1e309yg SNoSauop sng € d JACTAU R R ES 8G/¢0ETYYT 9/CEL9XA 0T 899/1 sniiaesod
VA4 8'CE 0456 €10z 1dv 81 syluour § qems [B1o9Y SNo1Isawop sng S ad 19S20eTddd 18%C0eTddd €LCEL9X T S6 68¥%/1 sniiaesod
€st (03 91¢'6 ¢10z 1dv 81 S{auow § qems 183099 Snosauop sng ¥ ad 195¢0ETYdT 187coeTddd CLTELOXA S6 68%/1 SnIIAesod
99 6'9% TLe'e €10z 1dv 81 syauow § qems [e109y9 SNonsaulop sng € d 85SC0ETYYT 8/¥C0eTYYT TLTEL9XA 16 68%/1 sninesod
4’ 9'9% 69%'8 €10z 1dv 81 syluour q qems [B1o9Y Snd1Isawop sng € d £SSC0ETYd LLY20eTddd 0£CEL9XA 06 68%/1 SnIIABSOd
i L9 [47AS €10z 1dv 81 Sjauom § qems 18309y Snosaulop sng € ad $SSC0eTddd ¥/¥C0eTddd 69CE/9X /8 68%/1 SnIIABSOd
LeC L9 €8C'6 €10z 1dv 81 syauow § qems [e309y9 Snonsaulop sng € d €95¢0ETddI [VAZAUARN S 89¢E/9X 98 68%/1 sninesod
4 €£9¢ ¥EV'6 €10C 1N LC syiuow § qems [e1o9yg Snonsaulop sng 1 Ad £8%c0eTddd £0¥c0oeTddd £9CEL9XA £ 68%/1 snilaesod
6€ vee 6586 €10c1dv & sjauow § qems 18309y Snonsaulop sng S ad 0€520eTYYd 0SH20eTYYd 99Ce/9XA 09 687/1 sSniaesod
60¢€ ¥'1ie 98¢'6 €10z 1dv s1eakg qems [e109y9 Snonsaulop sng ¥ ad Te¢SeoeTddd T¥vcoeTadd S9CEL9XA 1S 68¥/1 sninesod
£93BIDA0D JO (%) 3us3U0d a3ua] ordwes ade a2dfy 92IN0Ss z duel T 9ue[ Iaquinu
adap uerpsy D+9H WoudH Jjo ?1eQ 92IN0S srdwes srdwes a8eaur IPquinu yNI Isquinu VNI UOISSIIDY QI eurwnyyy

(penunuod) ‘T s[qe.L



Posavirus 7

B.B. Oude Munninketal. | 5

Picornavirales Outgroup

Posavirus 3 aich virus Marine RNA virus
Poliovirus  .* Rhizosglenia setigera RNA virus
Basavirus 4 ,*‘ Schizochytrium ssRNA virus
L ’
: * ) < . Halastavi arva RNA virus
Posavirus 6 epA virus - “ "Heterosigma akashiwo ANA virus
Parsnip yellow fleck virus
Posavirus 2 == - Rice tungro sphefical virus
B # 5 Fesavirus 1
asavirugs e e | Acute bee paralysis virus
* . Deformed wingvirus
I % Sacbroodvirus
Fisavirus 1
Basavirus 3 : *
Basavirus 2 ! .
Basavirus 7550 N\ .
A. sinensis virus 1 d
Posavirus 9 3
Posavirus 8 W
: Host
Basavirus 6 — y S :
” % Rasavirus 1 B Human
Husavirus 1 ,
S - Pigs
5 i 4
Rasavirus 2 Posavirus 4 . Rats
-
Posavirus 1 B Fish
Husavirus 2
. Bats
. Insects and parasites
0.4
Posavirus 5

Figure 1. Maximum-likelihood phylogenetic tree of the predicted RARP protein domain. The maximum-likelihood phylogenetic tree was constructed in IQtree under
the LG + G+I amino acid substitution model as the best-fitted model with 500 pseudo-replicates. The tree was visualized in FigTree1.4.2. Branches were colored accord-
ing to the enteric samples from the hosts in which viruses were identified (blue: human, red: pig feces, dark green: rat feces, light green: fish intestinal content, brown:
bat feces, and purple: insects and parasites). Significant bootstrap values (>80) are indicated with an *.

on the most complete sequence of the twenty-nine sequences
present in the GenBank database and the newly identified se-
quences) was selected and characterized in more detail
(Supplementary Table S1). The length of these genomic se-
quences ranged from 8,576 nt to 11,318 nt with a G+ C content
of 31.0-53.0%. The twenty-two lineages share, on average, only
9-38% amino acid identity across the entire polyprotein (Fig. 2).

Phylogenetic analysis was also performed on amino acid se-
quences encoding the conserved helicase, 3C protease, capsid I
and capsid Il domains. Due to the high sequence diversity, each
set of sequences was trimmed to the most conserved region of
each identified conserved domain.

Neighbor-joining (NJ) and maximum-likelihood (ML) trees
were constructed individually for each of the conserved domain
set of sequences. The NJ tree topology of the RdRp (left panel
Supplementary Fig. S1A) was relatively consistent with the ML
tree topology of RARP (Fig. 1). However, this relatively consis-
tency was not observed in the NJ versus ML trees in other do-
mains (left panel compared right panel, Supplementary Fig. 1),
probably due to the great sequencing divergence hence chal-
lenging proper ML tree inference.

The prevalence of husaviruses among stools samples from
Vietnamese individuals was 1.4% (1/71) in healthy human rectal
swabs and 0.3% (2/573) in human diarrheal feces. Rasaviruses and
basaviruses were detected in 22 and 9% of the rat and bat fecal
samples, respectively. Pigs also commonly carry these viruses,
with posavirus being found in 17% of the rectal swabs and in 5% of
the fecal samples examined in this study. The frequency of virus
detection was significantly higher in rectal swabs compared to fe-
cal samples for posaviruses (P value=0.002; Chi-squared test).

The frequency of husavirus positive samples was too low to draw
conclusions about the prevalence in rectal swabs compared to fe-
cal samples (P value = 0.59; Fishers’ Exact test).

While members of the Picornavirales typically contain a Hel-
Pro-Pol replication block (Le Gall et al. 2008), some of the recently
identified posaviruses initially appeared to not encode a recog-
nizable conserved protease domain (Shan et al. 2011; Hause et al.
2015, 2016). A local HMMER search (Eddy 2011) using the com-
plete PFAM library (Marchler-Bauer et al. 2015) failed to identify a
recognizable picornavirus 3C protease domain in the majority of
genomes. It was unlikely that these viruses completely lacked
the protease and we suspected that the failure to detect the pro-
tease domain could be due to sequence diversity in the protease
domain of RNA viruses (Koonin and Dolja 1993). Accordingly, a
refined 3C protease HMM profile was constructed including all
newly identified protease domains in posaviruses. A search us-
ing this refined protease domain profile identifed a putative pro-
tease domain in all of the posaviruses (Supplementary Table S1).
In addition, all genomes were found to encode an RNA helicase
domain, an RARP domain and two picornavirus capsid domains
[with the exception of Asv_1 since this GenBank entry is only
partial and posavirus_3 where no conserved RNA helicase do-
main could be identified (Fig. 3)].

The G+C contents for all PPLV sequences were determined
but no specific G+ C content pattern was observed in virus se-
quences from different hosts. The husaviruses showed the
highest G+ C content (50.5-53.0%), followed by posaviruses
(30.9-51.2%), rasaviruses (40.5-44.0%), and basaviruses (32.2-48.2%)
(Table 1 and Supplementary Table S1). As previously described
(Kapoor et al. 2010), nucleotide composition analysis (NCA) can
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Figure 2. Average percentage of amino acid identity across PPLVs lineages. The amino acid sequences of the complete polyprotein of different lineages were individu-
ally aligned against each other using the ClustalW in Geneious. The numbers on the x- and y-axes represent the different lineages (for more detail see Supplementary

Table S1).

be used to predict the host range of members of Supergroup 1
RNA virus, that includes the Picornavirales. Sequences from
105 PPLV genomes obtained in the current study and from pub-
lished sources were analyzed using a pre-trained dataset of refer-
ence genomes from three categories of hosts (arthropod, plant,
and vertebrate; Fig. 4). The analysis revealed that almost all
posaviruses as well as all husa-, basa-, rasa-, fisa-, insect-, and
nematoda viruses clustered within the arthropod group (Fig. 4).
Two basaviruses (lineage Bv_2) cluster within the vertebrate
group of the Picornaviridae and one husavirus (lineage Hv_2)
clustered within the plant virus group of the Picornaviridae.
These observations fell within the 5% error range of the analy-
sis (95% prediction accuracy of the controls, Supplementary
Table S2).

3. Discussion

Here we report the identification of new Picornavirales members
related to sequences previously identified in pig stool

(posavirus) and human stools and/or rectal swabs (husavirus).
In addition, we describe newly identified bat stool-associated
viruses (basaviruses) and rat stool-associated viruses (rasavi-
ruses) which have a similar genomic organization compared to
posaviruses. Posaviruses are known to be widely distributed
geographically with examples found in the USA (Shan et al.
2011) and in China (Zhang et al. 2014), however, this is the first
detection of husavirus in human stools outside the
Netherlands. These Posa and Posa-like virus genomes are col-
lectively referred as PPLVs.

The PPLV genomes were identified based on identity to pre-
viously identified posaviruses and their lack of close protein ho-
mology to any of the Picornavirales families and the presence of
a set of five protein functional domains. Using standard
phylogenetic analyses, the PPLVs formed lineages which are
distinct from the five established Picornavirales families
(Dicistroviridae, Iflaviridae, Marnaviridae, Picornaviridae and
Secoviridae) and the unassigned Picornavirales genome se-
quences. However, there is as much diversity between the
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Figure 3. Genomic organization of different identified PPLVs lineages. The putative conserved protein domains, as determined by a conserved domain search (see
‘Methods’), and their relative position in the viral genome are illustrated. The number next to the lineage name indicates the length of each genome, the Asvl genome
(marked with an *) was only partially (<5,000 nt) sequenced. Peach blocks indicate the presence and position of an RNA helicase domain (superfamily c121455), red blocks
indicate the 3C cysteine protease domain (superfamily cl02893), light blue blocks indicate an RNA-dependent RNA polymerase (RARP) domain (superfamily cl02808) and
dark blue blocks indicate picornavirus capsid domain (superfamily c113999). All identified conserved domains are drawn in scale related to their genome size.

PPLVs as there is between the PPLVs and the established
Picornavirales families.

We used the USEARCH clustering algorithm in an attempt to
determine how close the PPLV genomes are to existing
Picornavirales genomes. All 108 PPLV genome sequences were
combined with all available Picornavirales full genome se-
quences from GenBank (5,766 genomes, excluding those with
stretches if Ns greater than 20). At various levels of homology
(ranging from 60% to 90% nucleotide identities), the PPLV se-
quence clusters were distinct from the clusters formed from the
Picornavirales genomes, i.e. there were no clusters containing
both PPLV sequences and genomes classified in one of the
Picornavirales families (results not shown). Thus we think it is
valid to conclude that none of the PPLVs belong to established
Picornavirales families. The PPLV group is however too diverse to
be classified as a single virus family. Given the pace at which
new virus sequences are becoming available, we believe the
best approach is to deposit these sequences with a tentative
identification as PPLV and as more detailed sequence data be-
come available a better organization of these virus sequences
into well-supported family or families can be made.

Members of PPLV group have now been identified in pigs,
humans, fish, rats, bats, insects (Anopheles sinensis and
Drosophila subobscura), and parasites (Ascaris suum). Based on
phylogenetic analysis of the RARP domain and pairwise com-
parisons of the entire polyprotein, we propose that the PPLVs

comprise twenty-two phylogenetic lineages. These PPLVs could
also be grouped in twenty-two lineages based on the NJ trees
constructed from amino acid sequences encoding other con-
served domains (putative helicase, protease, capsid I, and II,
Supplementary Figs S1A-D).

Consistent with other members of the Picornavirales, most of
the newly described PPLV sequences encoded a Hel-Pro-Pol rep-
lication block. However, in some of the genome sequences, no
recognizable protease domain could be identified using conven-
tional methods with an existing pre-made PFAM domain based
on a limited number of picornavirus protease domains.
However, a more detailed protease domain database based on a
broader set of Picornavirales proteases, including the novel puta-
tive posavirus protease domains, revealed the presence of a pro-
tease domain across the entire range of PPLV genomes (Fig. 3).

In an attempt to infer a putative cellular host for the PPLVs,
a nucleotide composition analysis (NCA) was performed. NCA
incorporates composition measures of dinucleotide frequencies
and has been used to predict the infectious hosts of members of
RNA virus supergroup I (Kapoor et al. 2010). In a set of se-
quences for which the infectious host was known, the analysis
was able to accurately classify viruses as either being of verte-
brate, plant, or arthropod origin in around 95% of the cases
(Koonin et al. 2008). Using this analysis method, the PPLV ge-
nome sequences were found to cluster with viruses from the ar-
thropod group (Fig. 4). The two outliers of the discriminant
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analysis (lineage HV_2 and Bv_2) fall within the 95% confidence
interval, but given their substantial sequence divergence from
other PPLVs it is possible that these viruses infect another
hosts.

The prevalence of husaviruses in fecal samples (0.3%) and rec-
tal swabs (1.4%) in Vietnam was lower than the 3.5% prevalence
observed in a cohort of predominantly healthy HIV-1 positive and
negative individuals (Oude Munnink et al. 2015). Prevalence differ-
ences may be due to differences in RT-PCR detection versus ge-
nome assembly from next generation sequencing, the small
sample numbers and/or true differences between the cohorts.
Of interest, posavirus could be detected significantly more often in
pig rectal swabs compared to pig fecal samples (P =0.002), suggest-
ing that the viruses are enriched on the rectal epidermis. This en-
richment and the clustering of posaviruses with the arthropod
viruses may be consistent. It is known that intestinal parasites
can be found perirectally and can be detected using the scotch
tape test (Enterobius_Vermicularis_Diagnostic_Test). An interest-
ing follow-up analysis would be to determine the scotch tape
virome and our prediction would be that members of the PPLV
group can be found in these samples.

In summary, this study provides a large set of seventy-six
new PPLV genomes, quadrupling the available genomic data for
this broad group viruses. A novel Vietnamese husavirus geneti-
cally distant from the previously described husaviruses was
identified and PPLV members were also detected in rat and bat
feces. In addition, we were able to clarify two additional fea-
tures of posavirus virology: a putative protease domain was de-
tected in all PPLV genomes and NCA revealed that members of

the PPLV group share a conserved nucleotide composition with
viruses infecting members of the arthropod phylum.

4. Methods
4.1 Samples

Fecal material was collected from 135 bats (Scotophilus kuhlii),
573 humans (Homo sapiens), 146 pigs (Sus domesticus), and 45 rats
(Rattus argentiventer). In addition, rectal swabs were collected
from seventy-one humans and 189 pigs. These samples were
collected from a 150 square kilometer area of Dong Thap prov-
ince, a southern region within the Mekong Delta River in
Vietnam. All fecal samples from human enrollees were diar-
rheal patients admitted to Dong Thap Provincial hospital, while
human rectal swabs were taken from healthy farmers and fam-
ily members. Pig fecal samples and rectal swabs were collected
from individual pigs from breeding farms. Rat fecal samples
were collected from rats, which were purchased on the market
or collected from rice-field traps. The disease state of these ani-
mals is unknown. Bat fecal samples were collected from be-
neath roosting sites.

Ethical approval for the study was obtained from the Oxford
Tropical Research Ethics Committee (OXTREC Approval No. 15-
12) (Oxford, United Kingdom), the institutional ethical review
board of Dong Thap Provincial Hospital (DTPH) and the Sub-
Department of Animal Health Dong Thap province (Dong Thap,
Vietnam).
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4.2 Nllumina sequencing

Fecal samples (n=2899) or rectal swabs (n = 260) were centrifuged
for 10 min at 10,000 x g after which the samples were DNase
treated at 37 °C for 30 min (20 U of TURBO DNase, Thermo Fisher
per 100 pl of sample). Nucleic acids were extracted, transcribed
into ¢cDNA and subjected to second strand synthesis (de Vries
et al. 2011, 2012). The resulting dsDNA from each sample was
sheared and fractionated to 400-500bp in length after which
Illumina adapters with a unique barcode were ligated to the
fragments. Resulting libraries were sequenced with the
[llumina MiSeq or HiSeq platforms to generate 1-2 million
150 nt (MiSeq) or 34 million 250 nt (HiSeq) paired-end reads per
sample.

4.3 De novo assembly and complete genome
characterization

Adaptor sequences were removed and sequence reads that
passed quality control were de novo assembled using SPAdes ver-
sion 3.5.0 (Bankevich et al. 2012) followed by improve_assembly
(Page 2012). The resulting contigs were subjected to a modified
protein blast search using USEARCH (Edgar 2010) to identify
novel members of the Picornavirales. To minimize the effects of
[llumina cross-talk, all preliminary contigs were examined and
contigs within a sample with low median coverage (greater than
10-fold lower than the major contig in the sample) were ex-
cluded from the analysis. For all PPLVs reported here, the com-
plete or nearly complete (>8,000nt) genome was obtained and
for all viruses the genome coverage was determined by mapping
all quality controlled sequence reads to the final genome. The
G+C content was determined using Geneious (Kearse et al.
2012). To determine the average percentage amino acid identity
across the PLLV lineages, amino acid sequences were aligned us-
ing the ClustalW in Geneious (Kearse et al. 2012).

To identify conserved protein domains encoded by the new
genomes an RPS-BLAST search (Marchler-Bauer et al. 2015)
against the Conserved Domain Database (CDD) was performed.
The initial screen identified the helicase, RARP, and picornavi-
rus capsid (I and II) domains across almost all genomes.
However, the 3C protease domain was identifed in only a subset
of genomes, suggesting either a true absence or a mis-
identification due to great sequence divergence. A modified 3C
protease domain profile was generated from a protein sequence
alignment of the conserved domain (pfam00548) from the CDD
and used to identify the 3C protease-like regions in the new
PPLV genomes. An updated alignment containing all the puta-
tive protease domains used to create a new HMM index file.
Alocal hmmsearch analysis with this updated 3C protease pro-
file was then performed to identify divergent putative protease
domains in the PPLV genome sequences.

4.4 Discriminant analysis of the dinucleotide bias

Nucleotide composition analysis (NCA) was performed as previ-
ously described (Kapoor et al. 2010) using sequences of mem-
bers of RNA virus supergroup 1 (Koonin et al. 2008) infecting
vertebrates (n=113), arthropods (n=66), and plants (n=172) for
classification. The frequencies of each mononucleotide and di-
nucleotide were used for discriminant analysis to maximize dis-
crimination between control sequences; these canonical factors
were then used to infer the host origin of the RNA virus se-
quences obtained in the current study.
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4.5 Phylogenetic analysis

All PPLV sequences identified in this study combined with all
complete PPLV genomes present in the GenBank database (re-
trieved on 16 July 2016) were aligned using muscle (Edgar 2004).
Amino acids sequences were trimmed to the region encoding
for the conserved domains and alignments were manually in-
spected and trimmed to the most conserved part. Phylogenetic
analyses were performed on the conserved putative conserved
domains using IQtree (Nguyen et al. 2015), under the best-fitted
amino acid model with 500 pseudo-replicates. The resulting
trees were visualized using FigTree v1.4.2 (http://tree.bio.ed.ac.
uk/software/figtree/).

4.6 Statistical analysis

Statistical analysis was performed using the two by two table
from Open Epi (Sullivan et al. 2009). As a measure of association,
the Chi-squared test or the Fishers’s exact test was used.

4.7 GenBank accession numbers

All PPLV genome sequences generated in this study were depos-
ited into the GenBank database under the accession numbers
KX673215-KX673290.
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