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ARTICLE INFO ABSTRACT

Keywords: Malabsorption syndrome (MAS) is an economically important disease of young, commercially reared broilers,
Enteric disorders characterized by growth retardation, defective feather development and diarrheic faeces. Several viruses have
Virome

been tentatively associated to such syndrome. Here, in order to examine potential associations between enteric
viruses and MAS, the faecal viromes of 70 stool samples collected from diseased (n = 35) and healthy (n = 35)
chickens from seven flocks were characterized and compared. Following high-throughput sequencing, a total of
8,347,319 paired end reads, with an average of 231 nt, were generated. Through analysis of de novo assembled
contigs, 144 contigs > 1000 nt were identified with hits to eukaryotic viral sequences, as determined by
GenBank database. A number of known and unknown representatives of Adenoviridae, Anelloviridae, Astroviridae,
Caliciviridae, Circoviridae, Parvoviridae, Picobirnaviridae, Picornaviridae and Reoviridae, as well as novel un-
characterized CRESS-DNA viruses, were identified. However, the distribution of sequence reads of viral genomes
identified in diseased or healthy birds revealed no statistically significant differences. These findings indicate no
association between the occurrence of MAS and enteric viruses. The viral genomes reported in the present study,

Broiler chickens
High-throughput sequencing

including a variety of novel viruses, seem part of the normal intestinal microbiota of chickens.

1. Introduction

Malabsorption syndrome (MAS), also known as runting-stunting
syndrome, is an economically important disease of broilers character-
ized by growth retardation, defective feather development and diarrhea
(Songserm et al., 2002). The condition has been reported in chickens
worldwide since the seventies (Sellers et al., 2010). Its economic impact
is primarily related to inefficient food conversion, decreased meat
production, immune dysfunctions and increased mortality rates (Day
and Zsak, 2013).

For decades, efforts have been made in attempting to identify the
aetiology of MAS. However, to date, the causative agent (or agents)
remains undetermined (Zsak et al., 2013). Although bacteria, raising
conditions and environmental factors seem associated to disease de-
velopment, viruses have been pointed out as major players in MAS
aetiology (Day et al., 2010; Kang et al.,, 2012). Among these,
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astroviruses (Baxendale and Mebatsion, 2004; Pantin-Jackwood et al.,
2008, 2011), parvoviruses (Day and Zsak, 2010; Koo et al., 2015; Zsak
et al., 2009, 2008), reoviruses (Chen et al., 2014; Songserm et al., 2000)
and rotaviruses (Otto et al., 2006; Spackman et al., 2010) have, on
different occasions, been linked to the occurrence of MAS. However,
such viruses can be detected in both healthy and diseased birds, making
it difficult to establish direct causal relationships (Devaney et al., 2016;
Palade et al., 2011).

More recently, viral metagenomics has been successfully applied to
characterize viral populations in different hosts and environments
(Bexfield and Kellam, 2011; Rosario and Breitbart, 2011). These studies
have allowed discovery of a impressive numbers of previously unknown
agents in various tissues and organs, including the gastrointestinal tract
of broilers and other animals (Cheung et al., 2015, 2013; Day et al.,
2010, 2015; Kim et al., 2012; Lima et al., 2017; Ng et al., 2015a; Shah
et al., 2014; Shan et al., 2011; Zhang et al., 2014). Metagenomics has
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also been employed to investigate the etiology of diseases where no
previously defined causative agents had been reported (Cox-Foster
et al., 2007; Mihalov-Kovacs et al., 2014; Victoria et al., 2008, 2009).
Here, metagenomics was employed to characterize the intestinal
virome of chickens with and without MAS, in a case-control study.
Faecal samples were collected from diseased and healthy birds, raised
under the same conditions, and examined comparatively.

2. Results
2.1. Viral metagenomics

Faecal samples from MAS-affected chickens (n = 35) and healthy
controls (n = 35) were pooled according to the farm of origin and
clinical condition (named G1 to G7 “R”, runt, or “H”, healthy), resulting
in 14 pool. The randomly enriched nucleic acids of each pooled sample
were used to prepare the viral metagenomic libraries. A total of
8,347,319 paired end reads, with an average of 231 nt, were generated
using the Miseq sequencing platform (Table S1, available in the online
Supplementary Material). Through analysis of de novo assembled con-
tigs, 144 contigs > 1000 nt were identified with hits to eukaryotic viral
sequences, as determined by BLASTx analysis. The percentage of eu-
karyotic virus reads detected in each group was 22.1% in the MAS-
affected against 14.5% in the healthy group. Sequences identified were
assigned to nine known viral families, including Adenoviridae,
Anelloviridae, Astroviridae, Caliciviridae, Circoviridae, Parvoviridae,
Picobirnaviridae, Picornaviridae and Reoviridae. In addition, a range of
novel CRESS-DNA viruses was also identified. Their relative frequencies
in each faecal pooled sample from MAS-affected and healthy chickens
are shown in Fig. 1a. In addition, Fig. 1b shows the distribution of the
viral reads related to members of the Picornaviridae family, which were
detected in greater numbers in the present study.

2.2. Evaluation of associations between viruses and MAS

In order to determine the numbers of reads corresponding to the
sequence of a specific viral genome (or genome fragment), viral contigs
were used to match reads in each pool. For this, contigs were identified
with hits to eukaryotic viral sequences following BLASTx analysis. Next,
very closely related contigs were concatenated and used to enumerate
matching raw reads in samples from diseased and healthy birds.

Differences in distributions of viral reads matching the different
eukaryotic viruses found in this study were compared using Mann-
Whitney tests (Fig. 2). In the MAS-affected group, higher numbers of
viral reads were identified for megrivirus and sicinivirus, followed by
rotavirus D, astroviruses, galliform aveparvovirus, avian adeno-asso-
ciated virus, chicken-associated cyclovirus 2 (ChCyV 2) and fowl
aviadenoviruses (blue bars in Fig. 2).

In healthy animals, a greater amount of CRESS-DNA virus and
DuCyV reads were detected, as well as gyrovirus, chicken picobirna-
virus, rotavirus F and chicken calicivirus (red bars in Fig. 2). However,
no statistical significance (p-value < 0.05) was detected when com-
paring the amount of reads for each of the viruses between MAS-af-
fected and healthy broilers (Fig. 2).

In order to assess the relatedness and the overall taxonomic simi-
larities between genomic sequences identified in diseased and healthy
animals, hierarchical clustering analyses was performed. The hier-
archical clustering analysis on both groups resulted in a dendrogram
with intermingled branches, evidenced no clear separation between
samples from either diseased or healthy groups of birds. Additionally, a
heat map data generated with the relative amount of reads did not
reveal any distinct pattern that could be - positively or negatively -
associated to either diseased or healthy groups of birds (Fig. 3).
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2.3. Complete and partial viral genome sequences

Sequences corresponding to complete or partial genomes of putative
viruses identified in diseased and healthy birds were selected for further
analysis. The selection of viral genomes was based on sequences that
either represent novel genotypes not previously been detected in the
country, or sequences with a significant divergence (< 90% aa identity)
to previously described viruses. Next, a brief report is provided on the
sequences recovered from such selected viruses identified in MAS-af-
fected and healthy birds.

2.3.1. Adenoviridae

Ten contigs > 1000 nt matched to different regions of fowl avia-
denovirus D (FAVD) genome were identified in this study. These contigs
ranged from 1017 to 2422nt in length and displayed among 93 to
100% aa identity to other FAVD deposited in GenBank, as shown in
Table S2. Sequence analysis of DNA polymerase confirms its close re-
lationship with other FAVD sequences (Fig. S1).

In addition, forty-six contigs < 1000 nt-long related to FAV E
(FAVE) were found (data not shown). These contigs were concatenated
and used to measure the number of matching reads.

2.3.2. Anelloviridae

Four gyrovirus-related contigs > 1000 nt were recovered (Fig S2a
and Table S2). The first contig corresponds to a complete genome of
chicken anemia virus (CAV); this was shown to share 99% deduced aa
identity to the VP1 protein of a CAV genome of Chinese origin
(GenBank no. ac. KU645522). The second contig represents the full
genome of avian gyrovirus 2 (AGV2) with 99% identity to the putative
nucleocapsid of the prototype sequence (GenBank no. ac. NC_015396).
Two other contigs matched to gyrovirus 4 (GyV4) and showed 97-99%
identity to VP1 protein of a GyV4 recently reported in chicken faeces
(GenBank no. ac. KY024580). Phylogenetic analysis of the VP1 nu-
cleotide sequences confirmed the close relationship between gyro-
viruses reported here and its previously described counterparts (Fig.
S2b).

2.3.3. Astroviridae

Nine contigs were detected with similarity to genomes of members
of the Avastrovirus genus, specifically to avian nephritis virus (ANV) and
chicken astrovirus (CAstV), which currently comprise the Avastrovirus 1
species (Smyth, 2017). One complete ANV genome (RS/BR/15/6R,
6,890 nt-length) was recovered, with three open reading frames (ORFs)
putatively coding for a nonstructural protein, a RdRp and a capsid
protein (Fig. S3a). Such viral genome (ANV RS/BR/15/6R) showed
78% aa identity to the non-structural polyprotein of pigeon avian ne-
phritis virus (GenBank no. ac. HQ889774). Two shorter sequences,
corresponding to the partial CDS of ANV non-strutural and capsid
proteins, were also identified (Table S2, Fig. S3a).

The CAstV-related contigs (n = 6) were 1425 to 3204 nt long and
consist of full or partial CDS of capsid and non-structural proteins. The
genetic maps of these sequences are displayed in Fig. S3a.

Contigs showing identity to the capsid protein of CAstV were se-
lected to build a phylogenetic tree. The ML phylogenetic analysis sup-
ports the classification of the avastroviruses reported in this study at the
species level (Fig. S3b).

2.3.4. Caliciviridae

A total of thirteen contigs of chicken calicivirus were found (Table
S2). Two of these encompassed a complete genome of two novel gen-
otypes of chicken calicivirus (ChCaV RS/BR/15/1R-1 and 6R), resulting
in 8374 and 8,187-bases sequences, respectively (Fig. S4a). The genome
deduced from these contigs revealed typical features of previously re-
ported ChCaV genomes, with a major ORF encoding the putative
polyprotein and a minor ORF encoding the putative VP2 protein. ML
phylogenetic analysis based on the RdRp aa sequence revealed that
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Fig. 1. Virus family assignment of sequence reads detected in stool samples from MAS-affected and healthy chickens. (a) Bar charts represent relative amounts of
reads assigned to different eukaryotic viral families. (b) Bar charts showing the distribution of the viral reads related to members of the Picornaviridae family. MAS-

affected (G1 to G7R) and healthy (G1 to G7H) chickens.

these two genomes clustered in the proposed Bavovirus genus along
with other ChCaV reported in Brazil (Lima et al., 2017), Fig S4(b).

2.3.5. Circoviridae

Five full genomes of cycloviruses (1778 nt to 1905 nt-long) were
recovered in this study (Fig. 4a). The major ORFs (putative Rep and Cap
proteins) are arranged in opposite directions and are separated by an
intergenic region that contains the putative origin of replication. Four
sequences (named duck associated cyclovirus, DuCyV_RS/BR/15/4R,
28, 4S and 5S) shared 98-99% deduced aa identity to the Rep protein of
duck associated cyclovirus (GenBank no. ac. NC_034977). The other
cyclovirus contig showed only 48% aa identity to the putative Rep of
dragonfly associated cyclovirus 6 (GenBank no. ac. KC512918) and was
provisionally named chicken associated cyclovirus 2 (ChCyV 2 RS/BR/
15/4R).

The phylogenetic analysis of the cyclovirus Rep protein mentioned
here is shown in Fig. 5. A maximum-likelihood phylogenetic analysis
confirmed that sequences DuCyV described here are closely related to
duck associated cyclovirus, with which it forms a monophyletic cluster.
On the other hand, ChCyV 2 remained in a separated branch, suggesting
that this may be the genome of a divergent cyclovirus.

2.3.6. CRESS-DNA viruses
Seven complete circular genomes of CRESS-DNA viruses were
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detected. Such genomes encode a Rep and a Capsid protein bidir-
ectionally organized and varying in size from 2161 nt to 3173 nt. The
genome characteristics are shown in Fig. 4(b). Table S2 presents the
deduced aa similarity with their matches deposited in GenBank.

A maximum-likelihood phylogenetic tree was reconstructed based
on alignments of the putative Rep aa sequences (Fig. 5). One Rep se-
quence (chicken stool-associated gemycircularvirus, ChSGmV, RS/BR/
15/58S) clustered with members of the recently described Genomoviridae
family (Krupovic et al., 2016), while other four sequences (chicken
associated smacovirus, ChSmV, RS/BR/15/1R-1 to 4) were more clo-
sely to members of the Smacoviridae family (Ng et al., 2015b; Varsani
and Krupovic, 2018). The two remaining sequences (chicken stool as-
sociated circular virus, ChSCV, RS/BR/15/1R-1 and 2) were more
closely related a distinct cluster of CRESS-DNA viruses reported in
faecal samples from Peruvian patients with diarrhea (Altan et al.,
2017).

2.3.7. Parvoviridae

2.3.7.1. Aveparvovirus. Three contigs corresponding the full CDS of
galliform aveparvovirus (GaPV/RS/BR/15/1R, 4R and 6S) genomes
were assembled (Fig. 6a). The overall genomic organization of these
sequences is similar to other GaPV, with three predicted ORFs, which
encode the putative non-structural (NP1 and NS1) and capsid (VP1)
proteins. In addition, GaPV/RS/BR/15/1R (5265 nt-long) and 4R
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(5256 nt) contain an inverted terminal repeat (ITR) sequences at both
the right and left genomic termini. These sequence shared among 99
and 100% identity to NS1 of other GaPV previously described (Table
S2).

2.3.7.2. Chapparvovirus. Three contigs showed higher similarity to
“Protoparvovirus HK-2014” (GenBank ac.no. KM254174) recovered
from chicken faeces, which has been recently classified in the genus
Chapparvovirus. Among these sequences, a 1930 nt-long contig (named
chicken chapparvovirus, ChCPV 1 RS/BR/15/6S) contains a partial CDS
of the NS1 protein and shared 99% aa identity to KM254174. Two other
contigs correspond to the complete (ChCPV 2 RS/BR/15/2S, 4432 nt in
length) and partial (ChCPV 2 RS/BR/15 5S, 4228 nt-long) coding
regions of NS1 and capsid proteins, and showed 75 and 74% aa identity
to NS1 of the KM254174 genome, respectively. The genomic
organization of these sequences is shown in Fig. 6a.

2.3.7.3. Dependoparvovirus. A near-complete genome comprising the
full coding region of a avian adeno-associated virus (AAAV/RS/BR/15/
1R) were identified with 4062 nt in length and 94% aa identity to VP1
of the AAAV (GenBank ac.no.GQ368252) (Fig. 6a).

The ML phylogenetic analysis performed with NS1 nucleotide se-
quences from parvoviruses described in this study confirmed their
genus classification. Interestingly, ChCPV 2 RS/BR/15/2S and 5S
clustered on a separate branch, suggesting they form a distinct lineage
from the other two chapparvovirus identified in chickens (Fig. 6b).

2.3.8. Picobirnaviridae

Twenty-four contigs of picobirnavirus (PBVs) were assembled.
Complete or nearly complete CDS encoding a capsid protein were
generated in twelve contigs (Table S2). These sequences showed iden-
tity at the aa level ranging from 32 to 56% to capsid protein of PBVs of
swine, dromedaries, otarines and humans (Banyai et al., 2014; Woo
et al., 2014, 2016). Other twelve contigs correspond to full or partial
CDS of the RNA-dependent RNA polymerase (RdRp) protein and shared
between 61 and 89% aa identity to the RdRp of PBVs identified in
different mammals species (Fig. 7a, Table S2).

Through phylogenetic analysis of RdRp sequences, the PBV gen-
omes identified here were classified in genogroups I and II. In view of
this, RdRp-contigs here reported were used for maximum-likelihood

24,401 1.0000 viruses in MAS-affected and healthy
119 0.7221 birds. Mean differences* refers to the
71 07772 average of reads from diseased minus
33.977 08478 the average of the healthy group of
12348 0.4364 animals. Color bars represent group
’ 487 1.0000 mean differences: Blue bars represent
S3a 1' 0000 those above average and red bar those
: below average of read numbers in MAS-
-L,385 Qa0 affected or healthy chickens. Mann-
-6,287 0.9362 Whitney test p-values indicate whether
2,364 1.0000 the red or blue values are statistically
-2,117 0.7221 significant (p > 0,05).
-318 0.4770
-87 0.3369
-4,415 0.1994
1,872 0.7221
242 0.8103
-1,157 0.3603
733 0.6077
3 1.0000
-192 0.4770
628 0.9435
8 0.7221
75 0.7658

(ML) phylogenetic analyses, which revealed that only two sequences
belong to PBV genogroup II. The additional ten RdRp-sequences clus-
tered to genogroup I and were widely scattered in the tree presented in
Fig. 7(b).

2.3.9. Picornaviridae

2.3.9.1. Megrivirus. A total of eleven contigs ranging in size from 1226
to 9577 nt were identified based on protein similarity (Table S2).
Complete or nearly complete genomes were generated in four contigs,
named ChMGV/RS/BR/15 2R, 3R, 5R and 3S/2 (Fig. 8a). The ChMGV/
RS/BR/15-2R, 3R and 3S/2 showed 96%, 93% and 98% identity at
amino acid (aa) level to the polyprotein of chicken proventriculitis virus
(Genbank ac. n0.KJ690629), respectively. The ChMGV/RS/BR/15 5R
displayed 96% aa identity to chicken megrivirus polyprotein (Genbank
ac. no. KF961186).

2.3.9.2. Sicinivirus. Seven complete (9075nt to 9874 nt) and one
partial (8710nt) coding sequence (CDS) of sicinivirus were detected
(Fig. 8a). Fourteen shorter partial genomes were also identified (Table
S2).

2.3.9.3. Phacovirus. Two phacovirus-related contigs were detected.
One of these sequences (ChPhV/RS/BR/15/1R-1, 4,104-nt-long)
contained 5'UTR and encode the first half of the phacovirus genome
(Table S2). A second contig (ChPhV/RS/BR/15/1R-2, 3,925-nt-long)
contained the 3’UTR corresponding to the final portion of the
phacovirus genome (Fig. 8a). At the deduced aa level, ChPhV/RS/
BR/15/1R-1 displayed 87% identity to polyprotein of chicken
phacovirus (GenBank ac. no. KT880670), while ChPhV/RS/BR/15/
1R-2 shared 99% aa identity to the same genome.

2.3.9.4. Gallivirus. A 2226 nt-long contig (ChGV/RS/BR/15/2R) of
chicken gallivirus was detected (Fig. 8a). The sequence shows a
3'UTR and encoding a partial polyprotein which shares 99% aa
identity to the prototype strain of chicken gallivirus 1 (GenBank ac.
no. NC_024770).

The sequences described here were compared to sequences of pi-
cornaviruses from different genera and used for phylogenetic analysis
performed using 3D polymerase amino acid sequences. The phyloge-
netic tree shown in Fig. 8b support its genera assignments into genera.
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Fig. 3. Hierarchical clustering of MAS-affected and healthy animal groups. Hierarchical clustering of the number of sequence reads matching eukaryotic viruses in
each sample. The columns represent the analyzed samples (G1-G7R and G1-G7S), while the rows represent the distribution of reads associated to each of the listed
viruses. The clustering tree of samples is shown at the top. Colors refer to the amount of reads matching a particular virus, from white (higher number of maches) to

red (lower number of matches).

2.3.10. Reoviridae

A total of twenty-six contigs related to members of the family
Reoviridae were found (Table S2). These include members of three ro-
tavirus species: Rotavirus D (15 contigs, ranging in size from 1017 to
3302 nt), Rotavirus F (9 contigs, 1011 to 2726 nt) and Rotavirus A (1
contig, 1016 nt). The phylogenetic analysis of the VP2 nucleotide se-
quences confirms their species assignment (Fig. S5).

Another contig (1157 nt-long) was detected which mapped to avian
orthoreovirus (GenBank no. ac. KF741696), with 99% amino acid
identity to lambda-A protein (Table S2). The phylogenetic analysis of
such sequence supports its relatedness to avian orthoreoviruses (Fig.
S6).

3. Discussion

A case-control study was conducted here in search for viruses that
might be involved in the pathogenesis of MAS. So far, to the knowledge
of the authors, previous viral surveys in MAS-affected chickens (with
the exception of virus culturing attempts before molecular biology be-
came more widely available) were predominantly focused on PCR-

based approaches (Day and Zsak, 2010; De la Torre et al., 2018; Koo
et al.,, 2015; Pantin-Jackwood et al., 2008, 2011; Spackman et al.,
2010). However, this depends on previous knowledge on the genome
sequences of one or more virus(es), whose presence in samples could
then be investigated. With such approach, no previously unidentified
agents would be encountered. Previous studies using metagenomic
approach, based on sequence-independent amplification and deep se-
quencing on a high throughput platform, have revealed novel and
highly divergent viruses in the gut of poultry (Boros et al., 2016; Lima
et al., 2017).

Among the enteric viruses detected in high numbers of reads in
MAS-affected broilers (megrivirus, sicinivirus, chicken-associated cy-
clovirus 2 (ChCyV 2), rotavirus D, astroviruses, galliform aveparvo-
virus, avian adeno-associated virus and fowl aviadenoviruses — only
rotaviruses, astroviruses, galliform aveparvovirus and fowl aviadeno-
viruses), have previously been associated to enteric disorders in
chickens (Chen et al., 2014; Day and Zsak, 2010; Kang et al., 2012; Otto
et al., 2006; Palade et al., 2011; Pantin-Jackwood et al., 2008, 2011).
Here, no association could be made between any particular virus and
MAS, since the distribution of reads related to such viruses in diseased
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Fig. 4. Genome organization of cycloviruses and CRESS-DNA viruses identified in faeces of MAS-affected and healthy chickens. (a) Putative genome maps of
gemycircularvirus, smacoviruses and chicken stool associated circular viruses. (b) Putative genome organization of chicken associated cycloviruses.

and healthy broilers revealed no statistically significant differences.
Other authors have proposed associations between these viruses and
MAS (Kang et al., 2012; Zsak et al., 2013). The finding reported here
indicate no association between the occurrence of MAS and such
agents, therefore providing evidence in support that these viruses are
part of normal intestinal microbiota. On the other hand, one of the
limitations of the study is that the data generated comes from pooled
samples, rather than from individuals. The authors are aware that this
reduces the strength of the study in its potential to evaluate different
virus prevalences/viral loads, since the viral reads could have been
biased by such a procedure. However, this approach allows access to
diversity of viral genomes present in the feces of these populations,
including hitherto unknown viruses.

In healthy animals, a great number of reads corresponding to gen-
omes of CRESS-DNA viruses and DuCyV were detected, as were gyro-
viruses, rotavirus F, chicken picobirnaviruses and chicken caliciviruses.
Similarly, when comparing the amount of sequence reads of these
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viruses, again no significant differences were found among MAS-af-
fected and healthy animals. These findings support the hypothesis that
there seems not to be a specific viral agent associated with the occur-
rence of MAS.

As a final comment, it must be mentioned that cycloviruses and
CRESS-DNA genomes have been detected from a diversity of in-
vertebrates and vertebrates specimens including insects (Dayaram
et al., 2013), birds (Feher et al., 2017; Li et al., 2011; Lima et al., 2017),
mammals (Li et al., 2015, 2011; Male et al., 2016; Rosario et al., 2017),
as well as in plants and sewage (Kraberger et al., 2015; Krupovic et al.,
2016; Phan et al., 2015). It seem likely that such agents may be com-
mensals in the birds intestinal virome. However, as postulated pre-
viously, it is also possible that such viruses might be acquired through
food consumption (Delwart and Li, 2012; Rosario et al., 2012).

Although the evidences presented in this report suggest that viral
genomes reported here most likely correspond to commensal viruses, its
apparent non-pathogenicity must be examined with caution, since other
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Fig. 5. Maximum likelihood phylogenetic tree reconstructed with the substitution model VT + I+ G on Rep aa sequences from different CRESS-DNA viruses. The
branch support is evidenced only for the clades with an aLRT greater than 70%. The CRESS-DNA viruses and cycloviruses identified here are highlighted in bold.

variables involved may play important roles in pathogenicity. Previous
studies have demonstrated that genetic background may change sus-
ceptibility to MAS. The intensive genetic selection of poultry for fast
body weight gain may result in unfavourable indirect selection, which
might affect general resistance of birds leading to inadequate adapta-
tion to food changes, intestinal disorders and/or disease susceptibility
(Bayyari et al., 1997; Li et al., 2000). Differences in gene expression
related to the immune system and nutrient absorption were identified
in broiler lines that differ in MAS susceptibility. However, whether such
genes could be used as markers to predict or prevent MAS susceptibility
in chickens needs to be further investigated (Rebel et al., 2006).

4. Concluding remarks

In this study the faecal virome of MAS-affected and healthy chickens
were analyzed comparatively. Genomes of a number of previously
known and some as yet unreported viral genome sequences were
identified in diseased and healthy birds. It was not possible to associate
any particular virus or viruses with MAS, nor its relative abundancy (as
revealed by the numbers of reads recovered) in diseased or healthy
broilers. Future longitudinal studies may aid in attempting to define the
aetiology of MAS.
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5. Material and methods
5.1. Biological samples

Samples consisting of pooled chicken feces were collected in 2015
(May to December) from seven different commercial poultry farms in
Rio Grande do Sul State, Brazil. Seventy, 3-5 weeks old chickens (35
from MAS- affected birds; 35 from healthy ones) were collected. Five
birds presenting clinical signs suggestive of MAS (retarded growth,
apathy, diarrhea and defective feather development) were selected in
each flock. Control sample pools were collected from five randomly
collected, clinically healthy broilers, at the same age and from the same
flocks. The average weight of MAS-affected birds was 0.89 kg; this re-
presents 491% less than the average weight of healthy broilers
(1.75kg). The birds were euthanized, the intestinal tracts removed and
frozen at —80 °C until processing. All procedures were performed in
compliance with the Brazilian College of Animal Experimentation
(COBEA) and approved by the Commission of Ethics on Animal Use of
the Veterinary Research Institute Desidério Finamor (CEUA - IPVDF) —
No. 21/2014.

5.2. Sample preparation, nucleic acids enrichment and high throughput
sequencing

The total intestinal contents of the birds were processed in pools.
From each of the seven farms, one pool comprising five stool samples
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Fig. 6. Schematic representation and phylogenetic analysis of parvovirus genomes. (a) Putative genome organization
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from MAS-affected birds (named groups 1 to 7 “runt”, or G1 to G7 R).
Equivalent pools were prepared from control birds, collected from the
same flocks (named G1 to G7 “healthy”, or G1 to G7 H). Each pool was
comprised by one gram of each stool sample was diluted q.s.p. 10 ml in

PBS (pH 7.2) and each five (collected from a same farm) were pooled.
Such pools were vigorously vortexed for five minutes and clarified at
3000 x g for 30 min at 4 °C. Subsequently, the supernatants were fil-
tered through a 0.45 um filter (Millipore) to remove bacteria and cell

16



D.A. Lima et al.
(a) ChPBV_RS_BR_15_6S_3
ChPBV_RS_BR_15_6R_5
ChPBV_RS_BR_15_6R_4
ChPBV_RS_BR_15_6R_3
ChPBV_RS_BR_15_5S_6
ChPBV_RS_BR_15_5S_5
ChPBV_RS_BR_15_5S_4
ChPBV_RS_BR_15_5S_3
ChPBV_RS_BR_15_5R_1
ChPBV_RS_BR_15_4S_4
ChPBV_RS_BR_15_4S_3
ChPBV_RS_BR_15_1S_1

Virus Research 261 (2019) 9-20

200 400 600

RdRp CDS
RdRp CDS
RdRp CDS
RdRp CDS
RdRp CDS
RdRp CDS
RdRp CDS
RdRp CDS
RdRp CDS

RdRp CDS
RdRp CDS

RdRp CDS

800 1,000 1,200 1,400 1,674

0,86

HM070240_PPBV
NC_029802_PPBV
ChPBV_RS_BR_15_5S_4
ChPBV_RS_BR_15_1S_1
KM254161_PBV_HK
®  ChPBV_RS_BR_15_45_4
ChPBV_RS_BR_15_5R_1
ChPBV_RS_BR_15_5S_5
KP941111_FoxPBV
ChPBV_RS_BR_15_5S_3
MF071281_FePBV
KF823811_FoxPBV
KM573799_DPBV
0,93 KY214430_PPBV
1 ChPBV_RS_BR_15_4S_3
KM573806_DPBV

Genogroup I

1 - KU729761_OPBV
E KU729764_OPBV
KM573807_DPBV
KT934307_WPBV
NC_035206_PBVD
ChPBV_RS_BR_15_55_6
KT934308_WPBV

KY214431_PPBV
ChPBV_RS_BR_15_6R_5

0,85~ ChPBV_RS_BR_15_6S_3
0,98 ChPBV_RS_BR_15_6R_3
KM254165_PBV_HK

ChPBV_RS_BR_15_6R_4

Genogroup II

1 | KP984805_PPBY
i N KR827418_HPBV
AB517738_HPBV

KJ663814_HPBV

0.2
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debris. These were then centrifuged at ~150,000 X g for 4h at 4°C
(Sorvall AH629 rotor). The resulting pellets were resuspended in ul-
trapure water and treated with 2 uL. DNase (2 Units/pL, Turbo DNase,
Ambion), 5L RNase A (20 mg/mL), Invitrogen) and 0,5 puL benzonase
(25 Units/pL, Novagen). Such mixes were incubated at 37 °C for 2h to
digest nucleic acids unprotected by capsids (Shan et al., 2011). Viral
RNA was extracted with TRIzol LS (Ambion) and reverse transcribed to
generate cDNA libraries with a commercial kit (SeqPlexRNA Amplifi-
cation Kit; Sigma Aldrich), following manufacturer’s instructions. Viral
DNA extraction was performed with a standard phenol-chloroform
protocol (Sambrook and Russel, 2001) and enriched by multiple dis-
placement amplification (MDA) with (29 DNA polymerase (Dean et al.,
2002).

The randomly enriched nucleic acids of each original pools were

mixed in equimolar amounts (enriched cDNA plus enriched DNA) and
purified with a DNA-cleaning kit (Genomic DNA Clean & Concentrator;
Zymo Research). The quality and quantity of DNA preparations were
determined in a L-Quant spectrophotometer (Loccus Biotechnology)
and in a Qubit fluorometer (Invitrogen). For high throughput sequen-
cing, DNA fragment libraries were prepared with 50 ng of the purified
viral derived, enriched nucleic acids, using a Nextera DNA sample
preparation kit (Illumina). Sequencing was performed in an
Illumina®MiSeq instrument using the Illumina v2 reagent kit (2 x 250
paired-end reads). Supplementary data (sample pools identification and
number of reads obtained from each library) are presented in Table S1.
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5.3. Bioinformatics pipeline

Low-quality sequencing reads with a Phred quality score < 20 were
trimmed using PRINSEQ version 0.20.4 (Schmieder and Edwards,
2011). The paired-end sequence reads were de novo assembled in con-
tigs using metaSPAdes 3.10.1 (Nurk et al., 2017). The assembled con-
tigs and singlet sequences were analysed by BLASTx against a viral
protein database. Sequences with the best BLAST scores (E values
<1072) were selected and assigned into known viral families and,
where applicable, to the respective CRESS-DNA current classification.
Contigs > 1000 nt were confirmed by mapping reads and selected to
perform ORF predictions and genome annotations using the Geneious
software (version 9.1.8). For the purposes of the present study and for
sake of brevity, only contigs > 1000 nt are described, with the excep-
tion of those of fowl adenovirus E, for which no contigs > 1000 nt were
detected.

5.4. Assessment of viral abundance

Numbers of raw reads matching selected viral sequences were
measured with the Geneious software with all raw data output reads in
medium-low sensitivity/fast mode. The amount of virus-specific reads
detected in individual pooled sample were divided by the total number
of reads generated from each sample, according to the methodology
described by Kapusinszky et al (2017). The read numbers were ex-
pressed as percentages of viral reads.

Significant differences among the distribution of sequences
matching viral contigs in MAS-affected and healthy groups were com-
pared using Mann-Whitney tests (GraphPad Prism software version 5).
In order to examine overall taxonomic similarities between metagen-
omes, hierarchical clustering and heat map analyses were performed
using the Gplots package in the RStudio software.

5.5. Phylogenetic analyses

Sequences representative of known viral families, as well as CRESS-
DNA genomes, were obtained from GenBank and then aligned with the
sequences identified in the present study using either MUSCLE or
MAFFT software (Edgar, 2004; Katoh and Standley, 2013). These were
used to generate maximum-likelihood phylogenetic trees using PHYML
(Guindon et al., 2010) with best fit substitution models determined by
Smart Model Selection (Lefort et al., 2017). Statistical significance
analyses of tree topologies were performed with the approximate like-
lihood branch support test (aLRT) (Guindon and Gascuel, 2003).

5.6. Nucleotide sequences accession numbers

Complete or partial viral genome sequences identified in this study
were submitted to GenBank under the accession numbers presented in
Table S2.
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