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Abstract: Elucidating the complex microbial interactions in biological environments requires the
identification and characterization of not only the bacterial component but also the eukaryotic viruses,
bacteriophage, and fungi. In a proof of concept experiment, next generation sequencing approaches,
accompanied by the development of novel computational and bioinformatics tools, were utilized to
examine the evolution of the microbial ecology of the avian trachea during the growth of a healthy
commercial broiler flock. The flock was sampled weekly, beginning at placement and concluding
at 49 days, the day before processing. Metagenomic sequencing of DNA and RNA was utilized
to examine the bacteria, virus, bacteriophage, and fungal components during flock growth. The
utility of using a metagenomic approach to study the avian respiratory virome was confirmed by
detecting the dysbiosis in the avian respiratory virome of broiler chickens diagnosed with infection
with infectious laryngotracheitis virus. This study provides the first comprehensive analysis of the
ecology of the avian respiratory microbiome and demonstrates the feasibility for the use of this
approach in future investigations of avian respiratory diseases.
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1. Introduction

Microbiomes are complex environments consisting of eukaryotic viruses, bacteria,
archaea, bacteriophage, fungi, and protozoa; and microbiomes exist throughout the body
in the oral cavity, intestinal tract, respiratory tract, vaginal tract and skin of both animals
and humans [1,2]. The composition within these different microbiome environments varies
as the microbial communities participate in unique biological functions. These microorgan-
isms often interact in symbiosis, in which the host organism and the microbiota interact
to maintain homeostasis of the host environment [3]. In the bacterial microbiome these
functions can include housekeeping functions necessary for microbial life, processes spe-
cific to the body-site, and specialized functions for each habitat [4]. Mutualistic symbiotes
within the viral microbiome, or virome, have been found to benefit the host by altering
innate immunity to other pathogens, both viral and bacterial. For example, gammaher-
pesvirus 68, was recently found to increase resistance to the bacterial pathogens Listeria
monocytogenes and Yersinia pestis in mice when latent [5,6]. Viruses can also affect infection
by other viral pathogens. This can occur due to interference, a phenomenon by which a
viral infection causes a cell to be temporarily resistant to infection by other viruses. This
type of behavior was observed in a study by Grivel et al. in 2001, in which they found that
persistent infection by human herpesvirus 6 could inhibit HIV-1 infection and progression
in lymphoid tissue [7]. On the other hand, interactions between viruses such as infectious
laryngotracheitis virus, infectious bronchitis virus and New Castle disease virus can lead to
a dysbiosis of the avian respiratory microbiome, leading to respiratory disease [8]. Evidence
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of symbiotic fungi and yeast have also been identified. Saccharomyces boulardii, for example,
has been found to exhibit probiotic behaviors against pathogens such as Escherichia coli,
Vibrio cholera, Salmonella [9] and Clostridium difficile in humans [10] and several animals,
including turkeys [11].

Recent studies attempting to characterize the respiratory microbiome of poultry have
focused primarily on bacteria, as there are well established and rapid methods of sequenc-
ing and analyzing this component [12-17]. The 16S rRNA gene is commonly used to iden-
tify and compare bacteria present in a given sample [18]. Accessible bacterial databases,
such as Greengenes [19] and Silva [20], in addition to well-developed bioinformatics
pipelines are available to facilitate these analyses [21-23]. Glendinning et al. [15] utilized
these 165 rRNA gene amplification approaches to characterize the buccal, nasal and lung
microbiota of chickens. Utilizing similar methods, Shabbir et al. [17] determined that the
lower respiratory tract of healthy flocks of chickens from different farms in Pakistan exhib-
ited high levels of diversity in their microbiota. More recently, Johnson et al. [16] presented
a comprehensive analysis of the core bacterial microbiota in the broiler gastrointestinal, res-
piratory, and barn environments. Although Lactobacillaceae were the predominant bacteria
found in the trachea, similar to the ileum, the dominant Lactobacillus species differed in
relative abundance when tracheal and ileum tissues were compared.

Although the bacterial component provides valuable information about the respira-
tory microbiome, a comprehensive analysis of the avian respiratory microbiota has not been
reported. Unlike bacteria, viruses lack a marker gene that can be sequenced and employed
for taxonomic classification due to their high genetic heterogeneity [24]. With the advance-
ment of next generation metagenomic sequencing technologies, virome characterization
is also possible. Although this method has been successful in identifying viruses [25,26],
robust computational methods for analysis of viral metagenomic data are incomplete. The
lack of comprehensive bioinformatics pipelines and viral genome databases limit efforts to
characterize the virome. Given this limitation and the lack of a comprehensive microbial
environment for the broiler chicken, we developed and employed a bioinformatics pipeline
and bacteriophage, fungal, and avian viral genome databases to examine a healthy flock of
chickens throughout their grow out cycle. These methods were used to detect and quantify
eukaryotic DNA and RNA viruses, bacteria, bacteriophage, and fungi. This study provides
the first comprehensive analysis of the ecology of the avian respiratory microbiome.

2. Materials and Methods
2.1. Sample Collection

A 4000 bird antibiotic-free commercial poultry flock, grown in the Jones Hamilton
Environmental Research House at the University of Delaware Elbert N. and Ann V. Carvel
Research and Education Center, was utilized for this longitudinal study of the broiler
respiratory microbiome. The flock was vaccinated in ovo with a recombinant HVT/NDV
vaccine and at hatch with a coccidiosis vaccine (5 strains) and a multi-component infectious
bronchitis vaccine (Ark, Conn, Delaware type). Birds were grown in the fall on used
litter and sampled weekly, beginning at placement, and concluding at 49 days, the day
before processing. The flock had no disease or health issues during grow out. Production
parameters and health were normal, with total mortality after the first week of 1.4%,
average final body weight of 7.95 Ib, and a feed conversion ratio of 1.76. Ammonia levels
in the house were maintained below 20 ppm. Birds displayed no clinical signs of disease
during grow out and veterinary services (necropsy, serology) were not performed. Tracheal
swabs were collected at placement and at weekly intervals through day 49 (8 time points).
At each time point two samples containing six individual swabs were collected in 3 mL of
buffer PV1 (Qiagen, Germantown, MD, USA), frozen immediately on dry ice and stored at
—80 °C until use.

Tracheal swabs were also collected and pooled from three respiratory clinical samples
submitted to the University of Delaware Poultry Health System (UDPHS) Lasher Labora-
tory at the University of Delaware. The clinical diagnosis of all three samples was infectious
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laryngotracheitis (ILT), or ILT complicated by respiratory disease complex (RDC). All three
flocks tested positive for infectious bronchitis virus (IBV) and ILTV by PCR, and negative
for avian influenza virus (AIV). Tracheal swabs were collected in BHI broth and frozen
immediately at —80 °C.

2.2. Nucleic Acid Extraction and Sequencing

After thawing on ice, the pooled samples were gently homogenized, split into two
tubes and then centrifuged (7000 x g; 5 min; 4 °C) to form pellets. Preliminary experiments
demonstrated insufficient genetic material in the resulting supernatant for library construc-
tion. Total RNA was isolated from one pellet using the Qiagen (previously MoBio) Viral
Nucleic Acid Extraction Kit following the manufacturer’s protocol. DNA was isolated from
the duplicate pellet using the Qiagen Blood and Tissue Kit following the manufacturer’s
protocol. Both DNA and RNA sequencing was performed for each time point using the
Illumina HiSeq platform producing 1 x 100 nucleotide single-end reads by the University
of Delaware Sequencing Core Facility.

2.3. 165 rRNA Amplicon Sequencing and Analysis

The V4 hypervariable region of the bacterial 165 rRNA gene was extracted and
amplified using PCR with primers 515F (‘5- GTGCCAGCMGCCGCGGTAA-3') and 806R
(‘5-GGACTACHVGGGTWTCTAAT-3'), as previously described [16,27]. The conditions of
the first PCR reaction used were an initial denaturation step at 95 °C for 5 min, followed
by 25 cycles of 98 °C for 205, 55 °C for 15 s, and 72 °C for 1 min, with a final extension at
72 °C for 5min. The product was diluted 1:100 and used in a second PCR reaction. The
second PCR reaction consisted of an initial denaturation step at 95 °C for 5 min, followed by
10 cycles of 98 °C for 20 sec, 55 °C for 15sec, and 72 °C for 1 min, with a final extension at
72 °C for 5min. The pooled, size-selected sample was denatured with 0.2N NaOH, diluted
to 8 pM in Illumina’s HT1 buffer, spiked with 20% PhiX, and heat denatured at 96 °C for 2 min
immediately prior to loading. The amplicons were sequenced at the University of Minnesota
Genomics Center (Minneapolis, MN, USA) using an [llumina MiSeq 600 cycle v3 kit.

Following sequencing, samples were sorted by barcode to generate individual fastq
files. Each sample was assessed for quality and assembled into contigs using PEAR’s default
parameters, with the modification that the quality score threshold was set to 30. Samples
were further filtered and analyzed using Mothur version 1.35.1 [23] and MiSeq SOP [28].
OTUs were generated using 97% sequence similarity. Mothur’s implementation of the
SILVA database (v123) was used for classification of OTUs. Alpha-diversity was measured
using the Shannon diversity index [29,30]. Relative abundance, mean relative abundance
and genera frequency were also calculated. These data were represented by pie charts,
phylogenetic trees and networks using the R library GraPhlAn and Cytoscape [31,32]. A
Pearson correlation matrix between bacteria and bacteriophage was constructed using the
R library Corrplot [33].

2.4. Eukaryotic Virus, Bacteriophage and Fungal Analysis

Raw DNA-Seq and RNA-Seq reads were processed using BiomeSeq [34]. Individual
sequence files were first analyzed for per-base sequence quality, per sequence quality,
sequence length distribution, duplicate sequences, and overrepresented Kmers. Reads with
a quality phred score below 30, reads under 100 nucleotides and adapter sequences were
removed. The remaining reads were then aligned to the reference host genome (Gallus
gallus Annotation Release 104) using Bowtie2 alignment algorithm [35,36]. Only unmapped
reads were extracted and analyzed further. This step removes host genome contamination
from the data, increasing analytical efficiency [37]. Determining the amount of host genome
sequence in the library is also required for quantification. The remaining reads were then
aligned to microbial databases including a bacteriophage, a fungal and an avian-specific
viral genome database.



Microorganisms 2021, 9, 721 4 0f 18

The avian-specific viral genome database contains full genome reference sequences of
both DNA and RNA avian viruses obtained from the National Center for Biotechnology
Information (NCBI) reference sequences. The avian DNA viral database contains 48 viral
elements from 9 unique families and the avian RNA viral database contains 77 viral
elements from 13 families (Table 1). The avian DNA and RNA viral databases are organized
by the classification of their viral structure and genome organization and are available upon
authorization at https:/ /sites.udel.edu/aviangenomics (accessed on 30 March 2021). DNA
viruses are organized hierarchically by whether the virus is double- or single-stranded and
whether the virus is enveloped or non-enveloped. RNA viruses are organized hierarchically
by whether the virus is double- or single-stranded, negative or positive sense, segmented
or non-segmented and whether the virus is enveloped or non-enveloped.

Table 1. Avian specific viral genome database structure.

Database Classification Vln.ls Complete
Family Genomes
: Hepeviridae 1
Double/ Smggle Enveloped d —
Stranded ° Hepadnaviridae 1
Genomoviridae 3
Parvoviridae 7
. Non-
le Stranded
Avian DNA Viral Single Strande Enveloped Circoviridae 10
Database .
Smacoviridae
Poxviridae
Double Stranded Enveloped —
Herpesviridae 6
Double Stranded Non- Adenoviridae 14
Enveloped
s g Non- Reoviridae 5
Double Stranded egmente Enveloped Birnaviridae 1
Retroviridae 5
. Non- .
Single Stranded Positive P Segmented Enveloped Flaviviridae 3
Coronaviridae 5
Avian RNA Viral Astroviridae 5
wvian ira
. Non- Non- .
iti Cal d 1
Database Single Stranded Positive Segmented Enveloped aliciviridae
Picornaviridae 17
Orthomyxoviridae 16
Phenuiviridae 1
Single Stranded Negati S ted Enveloped
ingle Strande egative egmente nvelope Bornaviridae 3
Pneumoviridae 1
Single Stranded Negative Non- Enveloped Paramyxoviridae 14
Segmented

2 single stranded, double stranded or single/double stranded DNA and RNA viruses. ® positive-sense or negative-sense RNA viruses.
¢ segmented or non-segmented RNA viruses. ¢ enveloped or non-enveloped DNA and RNA viruses.

The bacteriophage database consists of complete bacteriophage sequences from the
NCBI Reference Sequence databases. The bacteriophage database contains 2212 complete
genomes and is organized hierarchically by taxonomic resolution including order, family,
genera and species. The fungal database consists of complete fungal sequences from the
NCBI Reference Sequence databases. The database contains 1281 complete fungi genomes
and is organized hierarchically by taxonomic resolution including phyla, class, order,
family, genera and species.

A sequence similarity-dependent approach for detecting microbes, such as this, con-
tributes to the rapid detection of known microbes while also allowing for the quantification
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of biodiversity which similarity-independent approaches lack [38]. For each individual sam-
ple, the reads that mapped to each microbe were normalized based on the genome length
of both microbe and reference per 100,000 host cells using the following equation [39]:

2 % number of reads mapped to microbial genome
microbe genome size
number of reads mapped to chicken genome
chicken genome size

microbial abundance =

x 10° 1)

Relative microbial abundance, mean relative abundance and species frequency were
also calculated. These data were represented by pie charts, phylogenetic trees and networks
using the R library GraPhlAn and Cytoscape [31,32]. Alpha diversity was measured
using Shannon diversity index [29,30]. In addition, stacked bar plots and heatmaps were
generated with the R library PhyTools [40]. A Pearson correlation matrix between bacteria
and bacteriophage was constructed using the R library Corrplot [32].

3. Results
3.1. Avian Respiratory Eukaryotic Viral Diversity

As described in Materials and Methods, a healthy antibiotic-free commercial poultry
flock, grown at the University of Delaware Elbert N. and Ann V. Carvel Research and
Education Center, was utilized for this longitudinal study of the broiler respiratory mi-
crobiome. Tracheal swabs were collected at placement and at weekly intervals through
day 49 (8 time points). Tracheal swabs from 12 birds were collected at each time point
as two pools of six swabs. The two pools were combined and used for the extraction of
DNA and RNA. DNA-Seq and RNA-Seq libraries were constructed and sequenced and
the V4 hypervariable region of the 165 rRNA gene was also amplified and sequenced. A
total of 339,319,712 trimmed DNA-Seq reads and 440,442,599 trimmed RNA-Seq reads
were generated from 16 libraries. A total of 78.787 giga base pairs (Gbp) of high-quality
nucleotide sequences were obtained (Table S1). An average of 88% of the DNA reads
mapped to the chicken genome, while an average of 53% of RNA reads mapped to the
chicken genome.

Unmapped DNA and RNA reads from the eight weekly broiler respiratory samples,
each representing a pool of 12 birds, were aligned to an avian specific viral genome database
consisting of 77 complete avian RNA viral genomes and 48 complete avian DNA viral
genomes (Table 1). The 5163 reads which aligned to the avian viral DNA database and the
71,936 reads which aligned to the avian viral RNA database were analyzed as described in
the Materials and Methods.

A total of 11 viral species, representing 9 genera and 8 families, were identified from
the avian respiratory tract during the seven week grow out period (Table S2). Normalized
viral abundance was calculated for each eukaryotic viral species for each week (Figure 1,
Table S3). At placement, or week 0, Gallid herpesvirus 1 was the only DNA virus detected
(Table S3). Relatively small amounts of Meleagrid herpesvirus 1 were detected at week 2,
and Gallid herpesvirus 2 and 3 were detected in small quantities from weeks 3-6. Two other
viral DNA families were detected later during growth. Circoviridae (avian gyrovirus) first
appears in the avian respiratory tract at four weeks of age, while avian adenovirus was
initially detected at week 6. The relative abundance of the DNA viruses of the respiratory
tract can be examined on the basis of their percent relative abundance to the other viruses
in each sample (Figure 2, Table S4) or with respect to the relative distribution of the
specific virus families throughout the 7 week period (Figure 3, Table S5). It is notable
that when Circoviridae and Adenoviridae first appear (Week 4 and Week 6, respectively)
they represent the highest viral abundance in the tracheal sample (88.66% and 53.30%,
respectively, Figure 2). They also represent the highest relative abundance of these virus
families observed during flock growth (57.97% and 88.84%, respectively, Figure 3).

Five eukaryotic RNA virus families were identified in the tracheal samples during
grow out. Since only representative reference sequences were used to construct the avian
eukaryotic virus database, the genome alignment bioinformatics approach was not able



Microorganisms 2021, 9, 721

6 of 18

to determine strain or serotype information. The pattern of RNA virus detection differed
markedly from the observed patterns of DNA virus detection (Figures 2 and 3). As expected,
transcripts from endogenous avian retroelements were detected throughout the growth of
the flock. Coronaviridae sequences were also observed in all of the respiratory samples,
and they were the most abundant virus family found at Week 1 and Week 2 (Figure 2).
Three other RNA virus families were observed in the broiler trachea. Astroviridae and
Picornoviridae were observed transiently and in low numbers during Week1 and Weeks
34, respectively. In addition, relatively low levels of Birnaviridae, infectious bursal disease
virus, were observed in tracheal samples from Weeks 4, 6, and 7.

[ Gallid Alphaherpesvirus 1
[l Meleagrid Alphaherpesvirus 1
[l Gallid Alphaherpesvirus 2&3
o [ Avian Gyrovirus
© ;
[ Fow! Adenovirus
*
o | [E=.

Wo Wl W2 W3 w4 W5 W6 W7

100

60

>
Relative Abundance
40

20

o
=
=
[ chicken Astrovirus
[l Avian Infectious Bronchitis Virus
[l Infectious Bursal Disease Virus
o | [] Avian Endogenous Retrovirus
s3]
, L
Q
§ o
o ©
=
=)
O
B <
2o
<
—
@]
~
O I
I
o — II

WO W1 W2 W3 W4 W5 Wée W7

Figure 1. Normalized relative abundance of detected DNA (A) and RNA (B) viral species at each
time point. * No DNA viruses detected at Week 1.

Figure 4A compares the avian respiratory viral microbiome of newly placed chickens,
correlating with the microbial environment of a commercial hatchery (Week 0), with birds
who have spent 1 week on litter (Week 1) to that of mature broiler chickens at the time
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DNA

of processing (Week 7). An examination of the viral microbiome (Figure 4A, Table 54)
revealed only Coronaviridae and Herpesviridae at hatch. After 1 week, Coronaviridae
are well established in the birds. After 6 more weeks, a more diverse and complex viral
environment was observed, where avian adenovirus, chicken anemia virus and infectious
bronchitis virus dominate. Average normalized abundance was calculated at the family
level (Figure 5A, Table S5). Alpha diversity was also calculated at each week using Shannon
Diversity Index (Table 2). Both RNA viruses and DNA viruses exhibited their lowest
diversity at placement (Week 0, H = 0.041 and H = 0.000, respectively). DNA viruses saw an
increase in diversity at Week 4 and exhibited their highest diversity at Week 7 (H = 0.867).
The RNA virus population exhibited the highest diversity at Week 6 (H = 1.480).

W0 W1 W2 W3 W4 W5 W6 W7

Poxviridae

Herpesviridae | 017 0.04 | 026 | 0.5 | 0.07 | 0.01

O Adenoviridae 53.30 | 6.70

o

@)

Q
O

Hepeviridae
ﬁg Hepadnaviridae
Genomiviridae

Circoviridae 12.05 15.47 | 36.77

Parvoviridae

Smacoviridae

RNA

o—0

Caliciviridae
Picornoviridae 0.17 | 0.01
Retroviridae gum 41.02@ 9.29 | 64.27 | 7.11 | 37.11

E Reoviridae
O . .,
Birnaviridae 0.01 233 | 0.0
——Orthomyxoviridae
Phenuiviridae

Bornaviridae
Pneumoviridae
Paramyxoviridae
Astroviridae 0.74

Flaviviridae

Coronaviridae | o3s | sa76 | 58.95 | 16.28 | 1.88 | 23.60 | 2179 | 1932

Figure 2. Heat map with phylogenetic tree representing the detection frequency of eukaryotic viral families at each

individual week. Color corresponds to the range of relative abundance of each week from 0 to 100%. The sum of each

column, or week, is 100%.

3.2. Bacterial Diversity

A total of 50,181 reads were obtained from sequencing the V4 hypervariable region of
the 165 rRNA gene (Table S1). Week 2 and Week 6 were omitted from analyses due to the
low number of processed reads. Processing and analysis was performed on the samples
following the protocol discussed in the Materials and Methods. Following processing, a
total of 353 operational taxonomic units (OTUs) were obtained.

A total of 24 unique bacterial genera were identified and extended from 4 phyla,
7 classes, 13 orders and 24 families (Table S6). Average abundance was calculated in a
similar manner to the previous analyses. The phyla Firmicutes made up most of the bacteria
with an average abundance of 56.17%, followed by Proteobacteria (39.28%), Actinobacteria
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(24.00%) and Bacteroidetes (5.78%). The average relative abundance of all phyla, classes,
orders, families, genera and species are available in Table S6. Within the Firmicutes phylum,
Bacilli was the most abundant class with an average abundance of 49.02% followed by
Clostridia (7.15%). Within the Proteobacteria phylum, Gammaproteobacteria was the most
abundant class with an average abundance of 36.28% followed by Betaproteobacteria
(3.00%). Actinobacteria (24.00%) was the only class in the Actinobacteria phyla. The
Bacteroidia (3.38%) and Flavobacteria (2.40%) classes made up the Bacteroidetes phyla
(Figure 5B).

W0 W1 W2 W3 W4 W5 W6 W7

Poxviridae
Herpesviridae 24.86 530 | 37.27 | 21.54 | 10.16 | 0.87

O Adenoviridae s5.54 ERT)

RNA

! O O— Parvoviridae

Reoviridae
C i Birnaviridae 0.32 m 4.8

—@— Astroviridae

O

Hepeviridae
% Hepadnaviridae

Genomiviridae

Circoviridae 57.97 | 7.88 | 10.11 | 24.04

Smacoviridae

r——Orthomyxoviridae
—— Phenuiviridae

Bornaviridae
L Pneumoviridae
Paramyxoviridae

Caliciviridae

Picornoviridae 2.94

Retroviridae | 2576 | 1153 | 1063 | 2158 | 241 | 1665 | 188 | 961

Flaviviridae

CoronaV|r|dae 0.19 27.80 | 29.93 8.26 0.96 11.98 | 11.06 9.81

Figure 3. Heat map with phylogenetic tree representing the detection intensity of each eukaryotic viral family from hatching

to processing. Color intensity corresponds to the range of relative abundance of each family from 0 to 100%. The sum of

each row, or viral family, is 100%.

A comparison of the Week 0 to the Week 1 bacterial microbiome (Figure 4B) reveals
that the Bacteroidetes present at hatch (9.00%) are lacking by Week 1 and the Actinobacteria
and Proteobacteria are significantly reduced. The Firmicutes nearly double in abundance
by Week 1 at the expense of these three families. By the end of the grow out cycle more
balanced populations of Proteobacteria (37.20%), Actinobacteria (27.20%) and Firmicutes
(33.40%) are observed. Calculations of Alpha diversity (Table 2) showed a consistently
diverse bacterial population, which is highest at placement and lowest near the end of the
grow out period.

We also investigated the frequency of specific bacterial genera during the grow out
cycle (Table S7). Three different population patterns were observed. At placement, sev-
eral genera from all four phyla are represented. Representing the Actinobacteria are
the Corynebacteriaceae (6%), Brevibacterium (9%), the Brachybacterium (8%) and the Yaniella
(1%). These are observed in lower abundance throughout flock growth. At placement
the Proteobacteria are predominantly represented by the Pseudomonas (13%) which are
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not found in significant levels after Week 1. As shown in Figure 4B, Week 0 is the time
significant numbers of Bacteroidetes are observed (Chryseobacterium, 7% and Alloprevotella
2%). The predominant Firmicutes seen at placement, and consistently observed at high

levels throughout growth are the Lactobacilli (5.1%).

Week 0 Week 1 Week 7

Retroviridae Circoviridae

Coronaviridae

0.38%
]
E Retroviridae
; 44.49%
<
Retroviridae
99.45%
P Actinobacteria
roteobacteria
< Actinobacteria 15.00% Actinobacteria
o 19.10% R
L Proteobacteria Z20%
Q 37.20%
c
[aa)]
P
M
]
1]
o] Myoviridae
< Myoviridae 20.42%
o 21.33%
o
or=l
Ej Myoviridae
“O' 46.35%
3 L
m Siphoviridae
12.54% Siphoviridae
—~
28.29%
(@) Siphoviridae
12.68%

Basidiomycota Basidiomycota

Basidiomycota 0.01%
. 0.02%

0.03%

As;;n;;;:ta Ascomycota
g 99.98%

D) Fungi

Ascomycota
99.97%

Figure 4. Abundance of (A) virus, (B) bacteria, (C) bacteriophage and (D) fungi at Week 0, Week 1 and Week 7. Taxa
represented at family (A,C) and phylum (B,D) level.
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A B Gammaproteobacteria
f Actinobacteria

- 9
Herpesviridae

o o
¢

Birnaviridae Betaproteobacteria
Adenoviridae o ,/' Bacteroidia —
. ’ =" Clostridia
\~\ 'd hatrovirdae Flavobacteriia , .

Circoviridae © /t/% 5
N
L v
~ Picornoviridae
¢ \

Retroviridae I Coronaviridae
Bacilli

C D othideomycets

Podoviridae Lecanoromycetes

Leotiomycetes

Schizosaccharomycetes \\
\
Siphoviridae \\

Agaricomycetes \

.\

Unclassified :

Tremellomycetes bv\_
~.
— > .

Sordariomycetes

9
%,
e, O
o,
&

Myoviridae

Figure 5. Phylogenetic tree of (A) virus, (B) bacteria, (C) bacteriophage and (D) yeast and fungi. Node diameter indicates
average abundance at species (A,C,D) and genera (B) level. Taxonomic levels range from phylum to genera (B), order to
species (C) phylum to species (D). Viruses (A) are organized according to structural classification.

Table 2. Shannon diversity of respiratory microbes in a healthy broiler flock over time.—no data.

Time RNA Virus DNA Virus Bacteria Phage Fungi
Placement 0.041 0.000 2.707 2.218 0.022
Week 1 1.290 0.000 2.468 2.531 0.286
Week 2 1.108 0.000 2111 0.096
Week 3 0.722 0.000 2.251 2.922 0.165
Week 4 0.738 0.013 2.499 2.756 0.151
Week 5 0.910 0.035 1.925 2.294 0.026
Week 6 1.480 0.534 2.134 0.013
Week 7 1.092 0.867 1.935 2.087 0.134

Once established on litter, the avian bacterial respiratory microbiome is consistent for
the first 4 weeks and is dominated by the Lactobacilli, averaging almost 40% of the detected
OTUs. Other Bacillaceae and Staphylococcus from the Firmicutes as well as Actinobacteria
phyla are also consistently observed. By Week 7, a significant shift to the Proteobacteria
and Actinobacteria occurs in the respiratory tract (Figure 4B). While the relative abun-
dance of Lactobacilli drops to 14.8%, significant numbers of Gallibacterium (37%) and
Corynebacteriaceae (22%) are now present (Table S7).
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3.3. Bacteriophage Diversity

The unmapped DNA sequences were also aligned to a bacteriophage database consist-
ing of 3429 complete genome sequences. A total of 504,682 reads aligned to bacteriophage
genomes (Table S1). A total of 31 unique bacteriophage species extended from 1 clas-
sified and 1 unclassified order, 3 classified and 1 unclassified families, and 8 classified
and 4 unclassified genera were identified (Table S8). Normalized abundance, percent
relative abundance and average abundance was calculated similar to the previous analyses
(Tables S8-510). Of the classified families of bacteriophage observed, the Myoviridae
were the most abundant with an average normalized abundance of 70.99%, followed
by Podoviridae (40.19%) and Siphoviridae (31.16%) (Figures 4C and 5C, Table S8). The
most abundant species of bacteriophage was Enterobacteria phage RB55 with an average
normalized abundance of 39.16%.

We also investigated the frequency of specific bacteriophage species observed during
the grow out cycle (Figure 6, Table 510). Salmonella phage RE-2010, Enterobacteria phage
IME10, Enterobacteria phage T7, Enterobacteria phage VT2phi_272, Escherichia phage TL-
2011b, Stx2 converting phage vB_EcoP_24B and Stx2-converting phage 1717 were detected
in all eight weeks whereas Salmonella phage SJ46, Shigella phage SfIV, Enterobacteria
phage lambda, and Enterobacteria phage YYZ-2008 appeared in seven of the eight weeks.
Alpha diversity was calculated at each week using Shannon Diversity Index (Table 2).
Samples exhibited the lowest bacteriophage diversity at Week 2 (H = 2.111) and the
highest diversity at Week 3 (H = 2.922). When comparing bacteriophage families from
hatching to processing, Myoviridae increased by 25.02% while Podoviridae and unclassified
bacteriophage decreased by 23.27% and 3.89%, respectively (Figure 4C).

Correlations between detected bacteria and bacteriophage were analyzed based on
the Pearson coefficient of correlation. A total of 44 correlations were calculated between
4 families of bacteriophage and 11 families of bacteria (Figure 7). Strong, positive corre-
lations were observed between the bacteriophage families and bacterial families present
in the trachea. Siphoviridae (R = 0.459), Podoviridae (R = 0.743) and the unclassified
bacteriophage (R = 0.887) exhibited strong positive correlations with the Dermabacter-
aceae. Podoviridae showed positive correlations with the Brevibacteriaceae (R = 0.802), the
Pseudomonadaceae (R = 0853), Flavobacteriaceae (R = 0.788) and Streptococcaceae (0.812)
which are found in the avian trachea at hatch. Siphoviridae had a positive correlation with
the Staphylococcaceae (R = 0.641), which are found in the trachea throughout growth.

3.4. Fungal Diversity

The unmapped DNA sequences were also aligned to a fungi database consisting
of 1281 genomes. A total of 1964 reads aligned to fungi genomes (Table S1). A total of
61 unique fungal species were identified which extended from 2 phyla, 9 classes, 20 orders,
37 families and 50 genera (Table S11). Normalized abundance, percent relative abundance
and average abundance was calculated similar to the previous analyses (Tables S11-513).
Of the 2 Phyla, Ascomycota was by far the most abundant. The average abundance of
all phyla, classes, orders, families, genera and species are available in Table S11. Within
the Ascomycota phylum, the most abundant class was Saccharomycetes with an average
abundance of 98.76%. Within the Basidiomycota phylum, the most abundant classes were
Agaricomycetes with an average abundance of 0.05% and Tremellomycetes (0.03%).

We also investigated the frequency of specific fungi species observed during the grow
out cycle (Figure 6, Table S13). Laccaria bicolor, Penicillium chrysogenum and Wickerhamomyces
ciferrii were detected in all eight weeks whereas Tetrapisispora phaffii and Aspergillus oryzae
appeared in seven of the eight samples. Twenty-six of the sixty-one fungal species were
only detected in one sample. We also observed no shifts in fungal microbial communities
during the experiment (Figures 4D and 5D). Alpha diversity was calculated at each week
using Shannon Diversity Index (Table 2). The dominance of a single fungal species resulted
in low levels of Alpha diversity at each week.



Microorganisms 2021, 9, 721

Schizosaccharomycetales

Microascales Onygenales
Glomerellales as 9

Chaetothyriales  Xylariales Capnodiales
Peltigerales . Lecanorales
HelQ@les Sordariales
Leotiomycetes
incertae sedis N\ @ °
Onygenales ae=- P P Agaricales N @lcs
o e
o’e Ny 2 [ = Ortervirales
o s—e——Fungi e Diaporthales picornavirales
SO — (6]
o ® g ) L] . u .
o ° °= . ° °
h / y e 6o \%e o RNAVirus .
Saccharomycetales &1 * Tremellales otfisrs —® "o Herpesvirales
\( L
y Pleosporales DNA Viras
Eurotiales
L]
Hypocreales )
®
Others
Healthy
Avian
Others Respiratory
Microbiome
e ©00 Clostridiales Others
g °. ® o, o
L ]
o 0 " e '3
-« ® i ..... /o @
Caudméls o ° Bathriophage o © @ Micrococcales
L) .
o0 _¢o o ) ® Bacteria @
® ® .' Lactoligizies ... o Bacteroidales
@] o ' ® ® e
«® [ I ®
o

Corynebacteriales

Bacillales Streptosporangiales

Flavobacteriales

Figure 6. Microbial network of the complete healthy avian respiratory microbiome including detected RNA viruses, DNA
viruses, yeast and fungi, bacteria, and bacteriophage. Taxa nodes are arranged by order. Node diameter correlates to

taxa frequency.

3.5. Poultry with Respiratory Disease Exhibit a Dysbiosis of the Respiratory Virome

The utility of using a metagenomic approach to study the avian respiratory virome was
evaluated by examining birds diagnosed as being infected with infectious laryngotracheitis
virus, an avian alphaherpesvirus. Tracheal samples from three birds were pooled, nucleic
acids were extracted, and sequencing libraries were constructed, sequenced, and analyzed
using BiomeSeq as described earlier. 32,478 reads were aligned to the avian virome database
(Table 3). As shown in Figure 8, the relative composition of the virome underwent a shift
in these diseased birds. The normal healthy virome consisting predominantly of avian
infectious bronchitis virus and avian gyrovirus went from 55.7% to 8.8% of the relative
virus population. Infectious laryngotracheitis virus, undetected in the trachea of healthy
birds represented 89.1% of the eukaryotic virus population in the trachea of the diseased
birds, confirming the clinical diagnosis.

3.6. The Avian Microbiome

The development of next generation sequencing approaches, accompanied by the
further development of novel computational and bioinformatics tools enabled us to exam-
ine the evolution of the microbial ecology of the avian trachea (eukaryotic virus, bacteria,
bacteriophage, and fungi) during the growth of this commercial flock. Figure 6 is a repre-
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sentation of the complex ecology of the respiratory microbiome of the broiler chicken. In
this microbial network, nodes of bacteria, bacteriophage, eukaryotic viruses, and fungi are
arranged by order, while the diameter of the node depicts taxa frequency from 1-8 samples.
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Figure 7. Correlation matrix comparing bacteria and bacteriophage taxa at the family level. Node diameter corresponds to
level of correlation. Node color corresponds to the Pearson correlation coefficient and ranges from -1 to 1 indicated by red
and blue, respectively.

Table 3. Sequencing data generated by DNA-Seq and RNA-Seq for samples from diseased birds.

Sample Trimmed for Quality Map to Host Not Mapped to Host Map to Virus DB
DNA 23,547,613 21,003,097 2,544,516 32478
RNA 8,680,175 8,217,793 462,382 ’
Healthy Diseased
~_Infectious bursal Avianorz;ovirus Avian gy rnovirus 2
o disease virus ' 7.0%
0.1% Adenovirus
2.0%
avian infectious L ]
PO avian infectious
bronchitis virus o
22.7% bronchitis virus
: 1.8%
Avian Retrovirus

Adenovirus
oo T 44.0%

Avian gyrovirus 2
33.0%

Figure 8. Changes in the eukaryotic viral microbiome associated with avian respiratory disease.

4. Discussion

A detailed characterization of the bacterial microbiota of the commercial broiler
chicken was recently published [16]. This study examined the core bacterial microbiota of
the broiler gastrointestinal, respiratory, and barn environments. Lactobacillus was found
to be the dominant bacterial taxon of the trachea, although the trachea was found to
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also contain Staphylococcus, Streptococcus, Ruminococcus, and Xanthomonas. This study by
Johnson et al. [16] was conducted as a longitudinal study from Day 7 to Day 42 and utilized
multiple flocks so that microbiome composition could be correlated with performance.

The goal of our study was to determine the feasibility of expanding the characteri-
zation of the broiler respiratory microbiome beyond the bacterial component. Although
emphasizing the eukaryotic virome, another objective was to use next generation sequence
data to determine the bacteriophage and fungal composition of the avian respiratory tract.
As expected, the majority of the sequences obtained were generated from chicken RNA
or DNA. In a similar study [39], 95% of reads generated from sequencing human blood
successfully mapped to a human reference genome. Only 0.1% of the reads mapped to
eukaryotic viral sequences. However, the power of utilizing a next generation sequencing
approach enabled the authors to identify human adenovirus at a median of 1 sequencing
read per individual. In our study, pooling samples only allows us to determine and quan-
tify the presence or absence of specific microbial components in the population. Now that
the power and utility of this approach has been confirmed, we are currently extending
our microbiome analysis to individual birds within a flock, enabling the determination
of prevalence.

This required the development of a unique bioinformatics tool (BiomeSeq) that utilizes
a sequence-dependent approach [34]. To determine and quantify the relative abundance
of these microbial elements RNA-Seq and DNA-Seq derived sequences were initially
aligned to the avian genome, followed by aligning the remaining sequences to avian-virus
specific databases, a bacteriophage database, and a fungus database. Alignment to a
host genome sequence followed by alignment to specific microbial databases allows the
microbial community in a given sample to be quantified, a unique property of this sequence-
dependent bioinformatics approach. This does not preclude the use of the same data in a
sequence-independent manner, allowing for a more traditional metagenomics approach
that can be used to create contigs that could then be utilized to identify and sequence novel
viral elements. Using either method, functional genes and metabolic pathways can be
identified using BLASTP and KEGG databases [41].

Previous avian virome studies have focused on the RNA virus community of the avian
gut [42,43]. Tracheal swabs of the avian respiratory tract are not amenable to traditional
viral enrichment strategies such as centrifugation or filtration because of their small volume,
the relatively low viral concentrations in the samples, and the nuclease rich environment
(unpublished data). Although we have successfully determined the composition of the
avian respiratory microbiome from pools of two tracheal swabs, for this proof of concept
study we pooled twelve swabs in two samples to increase viral RNA yield. Swab ma-
terial is collected in a chaotropic buffer that was rapidly frozen in order to preserve the
integrity of viral RNA. In addition, the decision to utilize a sequence-dependent approach
to analyze the sequence data necessitated the development of specific databases. For the
eukaryotic virome, an avian virus-specific whole genome database was developed (Table 1).
Representative whole genomes from 22 viral families (9 DNA viruses, 13 RNA viruses)
are represented in the database. Once chicken genome sequences are removed from the
RNA-Seq and DNA-Seq library fastq files, alignment to the avian-specific viral database
and subsequent analysis is rapid and efficient.

An examination of the avian respiratory viral microbiome confirmed the presence
of a dynamic and diverse community. The commercial broiler flock utilized in this study
was vaccinated in ovo with a live Marek’s disease virus vaccine (SB-1) and a live recombi-
nant herpesvirus of turkeys (HVT) vaccine expressing Newcastle disease virus genes. At
hatch, chicks were also vaccinated by spray with a multivalent infectious bronchitis virus
(avian coronavirus) vaccine before placement (Mass and Ark). The consistent presence
of herpesviruses and coronaviruses in the respiratory tract is consistent with vaccination
with these two live vaccines, coupled with the expected presence of these avian viruses
in the environment. As our avian eukaryotic virus database contains a limited number of
elements we were unable to serotype the infectious bronchitis or infectious bursal disease
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virus strains identified in the healthy flock. Efforts are underway to determine if such
identifications can be made. In cases such as in flocks acutely infected with a respiratory
viral pathogen, where large number of strain- or species-specific sequencing reads are
generated, we have been able to generate de novo the complete sequence of the pathogen
involved (manuscript in preparation).

As predicted, as the birds aged, the complexity and diversity of the viral community
also increased. Of particular note are the appearance of infectious bursal disease virus
(Birnaviridae) at Week 6 and chicken anemia virus (Circoviridae) at Week 4. Broiler breeders
are vaccinated in order to maximize the amount of maternal antibodies to these potential
pathogens in the newly hatched chick. By Week 4 maternal antibody levels should be
reduced to the level where colonization of the respiratory tract by these viruses is likely.
However, by Week 4, the avian adaptive immune system has matured. Consequently, the
initially observed relative abundance of these viruses is the highest level observed (57.97%
of the detected chicken anemia virus sequences, Figure 3). The rapid reduction in the
amount of these viruses in the respiratory tract is most likely due to the activation of the
avian adaptive immune system. A similar observation is seen with the appearance in Week
6 of avian adenovirus in the avian respiratory tract. Avian adenoviruses are commonly
isolated from the avian respiratory tract. Finally, picornaviruses and astroviruses are
commonly found in the digestive tract of chickens [39], not the respiratory tract. However,
it is not surprising that representatives from these virus families would be transiently
observed in the respiratory tract during their initial colonization of the bird.

Once the temporal development of the healthy avian respiratory microbiome had been
determined, efforts were made to compare the respiratory virome of healthy birds to the
virome of birds diagnosed with respiratory disease. Through the auspices of the UDPHS
we were able to obtain tracheal swabs from submissions to the University of Delaware
poultry diagnostic laboratory. These birds were clinically diagnosed with infectious laryn-
gotracheitis and this diagnosis had been confirmed through molecular testing (PCR). The
respiratory virome of these diseased birds was found to be dominated by infectious laryn-
gotracheitis virus (89.1%). ILTV was not identified in the healthy flock at any time during
growth of the flock. The displacement of the normal healthy avian respiratory virome
by ILTV was consistent with the diagnosis and confirmed the ability of the metagenomic
method to detect changes in avian respiratory microbiome composition.

Consistent with the observations of Johnson et al. [16] we observed that the bacterial
microbiome of the avian respiratory tract was dominated by the Lactobacilli. The bacterial
microbiome of the newly hatched chick was more complex than expected. Although
Lactobacilli (6.1%) were the dominant Firmicutes, Bacteroidetes (Chryseobacterium, 7%),
Proteobacteria (Pseudomonas, 13%), and Actinobacteria (Brevibacterium, 9%) were also
observed in significant numbers. The majority of the bacteriophage found in the avian
respiratory tract was Enterobacteria phage RB55 of the Myoviridae family. The presence of
this bacteriophage correlated with Gallibacterium (Pasteurellaceae), an abundant bacterial
species found in the last two weeks of growth. Interactions between bacteriophage and
bacteria are known to have a significant impact on host health (24). Bacteriophages may also
help control bacterial populations, influencing bacterial diversity and contributing to the
dysbiosis of the respiratory microbiota during disease. Little is known about the diversity
and role of fungi in the respiratory tract of the avian and further studies are needed to
determine the relevance of the high normalized relative abundance of the Basidiomycota
observed in this flock.

This preliminary study will be confirmed and expanded by examining the respiratory
microbiome of multiple flocks from multiple companies, by examining multiple grow-out
cycles from the same flock in order to determine seasonal effects and flock consistency, and
by examining flocks grown under different production systems (antibiotic free, organic,
free range and traditional). These results could also be compared with multi-age backyard
flocks from the same geographic area.
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5. Conclusions

Ecological niches such as the avian respiratory tract are complex microbial envi-
ronments consisting of eukaryotic viruses, bacteria, archaea, bacteriophage, fungi, and
protozoa, all of which contribute to its microbial ecology. The introduction of an infec-
tious agent can disrupt this environment, resulting in disease. Most microbiome studies
have focused primarily on bacteria, as there are well established and rapid methods of
sequencing and analyzing conserved ribosomal genes. With the advancement of next gen-
eration metagenomic sequencing technologies, the characterization of other microbiome
components is possible. We developed and employed a bioinformatics pipeline to examine
a healthy flock of chickens throughout their grow out cycle. This report utilized a longi-
tudinal study of one commercial antibiotic-free broiler flock to develop the tools needed
to conduct a comprehensive analysis of the microbial ecology of the avian respiratory
tract (Figure 6). These methods were used to detect and quantify eukaryotic DNA and
RNA viruses, bacteria, bacteriophage, and fungi, and provide the first comprehensive
analysis of the ecology of the avian respiratory microbiome. It was also used to demon-
strate the dysbiosis exhibited in the respiratory virome of birds diagnosed with infectious
laryngotracheitis.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/microorganisms9040721/s1, Table S1: Sequencing data generated by DNA-Seq, RNA-Seq, and
16S-rRNA. Table S2: Average normalized relative abundance of viruses detected. Table S3: Normal-
ized abundance of detected eukaryotic viruses at the species level. Table S4: Normalized percent
relative abundance of detected eukaryotic viruses at the species level. Table S5: Normalized percent
relative abundance of detected eukaryotic viruses at the family level. Table S6: Average relative
abundance of detected bacteria. Table S7: Relative abundance of detected bacteria at the genera
level. (Taxa that could not be assigned a genus are displayed using the highest taxonomic level that
could be assigned to them: * (family), ** (class), or *** (order)). Table S8: Average normalized relative
abundance of detected bacteriophage. Table S9: Normalized abundance of detected bacteriophage at
the species level. Table S10: Normalized percent relative abundance of detected bacteriophage at
the species level. Table S11: Average normalized relative abundance of detected fungi. Table S12:
Normalized abundance of detected fungi at the species level. Table S13: Normalized percent relative
abundance of detected fungi at the species level.

Author Contributions: Conceptualization, C.L.K.J.; Data curation, K.A.M.; Formal analysis, K.A.M.,
TJ.J., BW.W. and C.L.K].; Funding acquisition, C.L.K.J.; Investigation, M.G.R., S.J.K. and C.L.KJ.;
Methodology, KAM., M.G.R, SJ K., TJ.J.,, BW.W. and C.LK]J.; Project administration, C.L.K.J.;
Resources, C.L.K.J.; Software, K.A.M. and B.W.W.,; Supervision, C.L.K.J.; Writing—original draft,
K.AM. and C.L.K]J.; Writing—review and editing, M.G.R,, S.J.K,, T.].]., BW.W. All authors have read
and agreed to the published version of the manuscript.

Funding: This project was supported by Agriculture and Food Research Initiative Competitive
Grant #2015-68004-23131 from the USDA National Institute of Food and Agriculture. Computational
infrastructure support by the University of Delaware Center for Bioinformatics and Computational
Biology Core Facility was made possible through funding from Delaware INBRE (NIH P20 GM103446)
and the Delaware Biotechnology Institute.

Institutional Review Board Statement: The study was conducted according to the guidelines of the
Declaration of Helsinki, and approved by the Institutional Animal care and Use Committee of the
University of Delaware (01-12-15R 062118).

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author at https:/ /sites.udel.edu/aviangenomics (accessed on 30 March 2021).

Acknowledgments: We are grateful for the assistance of Daniel Bautista, Hong Li, Cynthia Boettger,
and Stephen Collier in this study.


https://www.mdpi.com/article/10.3390/microorganisms9040721/s1
https://www.mdpi.com/article/10.3390/microorganisms9040721/s1
https://sites.udel.edu/aviangenomics

Microorganisms 2021, 9, 721 17 of 18

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript. Or
in the decision to publish the results.

References

1.  Human Microbiome Project Consortium. A framework for human microbiome research. Nature 2012, 486, 215-221. [CrossRef]
[PubMed]

2. Human Microbiome Project Consortium. Structure, function and diversity of the healthy human microbiome. Nature 2012, 486,
207-214. [CrossRef]

3. Turnbaugh, PJ.; Ley, RE.; Micah, H.; Fraser-Liggett, C.M.; Knight, R.; Gordon, ]J.I. The human microbiome project. Nature 2007,
449, 804-810. [CrossRef] [PubMed]

4. Shafquat, A.; Joice, R.; Simmons, S.L.; Huttenhower, C. Functional and phylogenetic assembly of microbial communities in the
human microbiome. Trends Microbiol. 2014, 22, 261-266. [CrossRef] [PubMed]

5. Barton, ES.W.D.W,; Cathelyn, ].S.; Brett-McClellan, K.A.; Engle, M.; Diamond, M.S.; Miller, V.L.; Virgin, H.-W. Herpesvirus latency
confers symbiotic protection from bacterial infection. Nature 2007, 447, 326-329. [CrossRef]

6.  Yager, E.J.; Szaba, EM.; Kummer, L.W.; Lanzer, K.G.; Burkum, C.E.; Smiley, S.T.; Blackman, M.A. Gamma-Herpesvirus-induced
protection against bacterial infection is transient. Viral Immunol. 2009, 22, 67-72. [CrossRef]

7. Grivel, ].; Ito, Y,; Faga, G. Suppression of CCR5- but not CXCR4-tropic HIV-1 in lymphoid tissue by human herpesvirus 6. Nat.
Med. 2001, 7, 1232-1235. [CrossRef]

8. Gross, W.B. Factors affecting the development of respiratory disease complex in chickens. Avian Dis. 1990, 34, 607-610. [CrossRef]

9. Hatoum, R.; Labrie, S.; Fliss, I. Antimicrobial and probiotic properties of yeasts: From fundamental to novel applications. Front.
Microbiol. 2012, 3, 421. [CrossRef]

10. McFarland, L.V. Systematic review and meta-analysis of Saccharomyces boulardii in adult patients. World ]. Gastroenterol. 2010,
16, 2202-2222. [CrossRef]

11.  Bradley, G.L.; Savage, TET.K.I. The effects of supplementing diets with Saccharomyces cerevisiae var. boulardii on male poult
performance and ileal morphology. Poult. Sci. 1994, 73, 1766-1770.

12. Bond, S.; Timsit, E.; Workentine, M.; Alexander, T.; Léguillette, R. Upper and lower respiratory tract microbiota in horses:
Bacterial communities associated with health and mild asthma (inflammatory airway disease) and effects of dexamethasone.
BMC Microbiol. 2017, 17, 184. [CrossRef] [PubMed]

13. De Boeck, C.; Kalmar, I.; Dumont, A.; Vanrompay, D. Longitudinal monitoring for respiratory pathogens in broiler chickens
reveals co-infection of Chlamydia psittaci and Ornithobacterium rhinotracheale. |. Med. Microbio. 2015, 64, 565-574. [CrossRef]
[PubMed]

14. Gaeta, N.; Lima, S.; Teixeira, A.; Ganda, E.; Oikonomou, G.; Gregory, L.; Bichalho, R. Deciphering upper respiratory tract
microbiota complexity in healthy calves and calves that develop respiratory disease using shotgun metagenomics. J. Dairy Sci.
2017, 100, 1445-1458. [CrossRef] [PubMed]

15. Glendinning, L.; McLachlan, G.; Vervelde, L. Age-related differences in the respiratory microbiota of chickens. PLoS ONE 2017,
12,11. [CrossRef]

16. Johnson, T.]J.; Youmans, B.P.; Noll, S.; Cardona, C.; Evans, N.P; Karnezos, P.; Ngunjiri, ] M.; Abundo, M.C.; Lee, C.-W. A consistent
and predictable commercial broiler chicken bacterial microbiota in antibiotic-free production displays strong correlations with
performance. Appl. Environ. Micro. 2018, 84, e00362-18. [CrossRef]

17.  Shabbir, M.; Malys, T.; Ivanov, Y.; Park, J.; Shabbir, M.; Rabbani, M.; Yaqub, T.; Harvill, E. Microbial communities present in the
lower respiratory tract of clinically healthy birds in Pakistan. Poult. Sci. 2015, 94, 612-620. [CrossRef]

18. Clarridge, J. Impact of 165 rRNA gene sequence analysis for identification of bacteria on clinical microbiology and infectious
diseases. Clin. Microbiol. Rev. 2004, 17, 840-862. [CrossRef]

19. DeSantis, T.; Hugenholtz, P; Larsen, N.; Rojas, M.; Brodie, E.; Keller, K.; Huber, T.; Dalevi, D.; Hu, P.; Andersen, G. Greengenes, a
chimera-checked 16S rRNA gene database and workbench compatible with ARB. Appl. Environ. Microbiol. 2016, 72, 5069-5072.
[CrossRef]

20. Quast, C; Pruesse, E.; Yilmaz, P; Gerken, J.; Schweer, T.; Yarza, P; Peplies, J.; Glockner, F. The SILVA ribosomal RNA gene
database project: Improved data processing and web-based tools. Nucl. Acids Res. 2013, 41, 590-596. [CrossRef]

21. Meyer, E; Paarmann, D.; D’Souza, M.; Olson, R.; Glass, E.; Kubal, M.; Paczian, T.; Rodriguqz, A.; Stevens, R.; Wilke, A_; et al. The
metagenomics RAST server- a public resource for the automatic phylogenetic and functional analysis of metagenomes. BMC
Bioinform. 2008, 9, 386. [CrossRef]

22.  Caporaso, ].; Kuczynski, J.; Stombaugh, J.; Bittinger, K.; Bushman, E,; Costello, E.; Fierer, N.; Pefia, A.; Goodrich, J.; Gordon, J.;
et al. Qiime allows analysis of high-throughout community sequencing data. Nat. Methods 2010, 7, 335-336. [CrossRef] [PubMed]

23. Schloss, P.; Westcott, S.; Ryabin, T.; Hall, J.; Hartman, M.; Hollister, E.; Lesniewski, R.; Oakley, B.; Parks, D.; Robinson, C.;
et al. Introducing mothur: Open-source, platform-independent, community-supported software for describing and comparing
microbial communities. Appl. Environ. Microbiol. 2009, 75, 7537-7541. [CrossRef]

24. Zou, S.; Caler, L.; Colombini-Hatch, S.; Glynn, S.; Srinivas, P. Research on the human virome: Where are we and what is next.

Microbiome 2016, 4, 32. [CrossRef]


http://doi.org/10.1038/nature11209
http://www.ncbi.nlm.nih.gov/pubmed/22699610
http://doi.org/10.1038/nature11234
http://doi.org/10.1038/nature06244
http://www.ncbi.nlm.nih.gov/pubmed/17943116
http://doi.org/10.1016/j.tim.2014.01.011
http://www.ncbi.nlm.nih.gov/pubmed/24618403
http://doi.org/10.1038/nature05762
http://doi.org/10.1089/vim.2008.0086
http://doi.org/10.1038/nm1101-1232
http://doi.org/10.2307/1591252
http://doi.org/10.3389/fmicb.2012.00421
http://doi.org/10.3748/wjg.v16.i18.2202
http://doi.org/10.1186/s12866-017-1092-5
http://www.ncbi.nlm.nih.gov/pubmed/28835202
http://doi.org/10.1099/jmm.0.000047
http://www.ncbi.nlm.nih.gov/pubmed/25724936
http://doi.org/10.3168/jds.2016-11522
http://www.ncbi.nlm.nih.gov/pubmed/27988122
http://doi.org/10.1371/journal.pone.0188455
http://doi.org/10.1128/AEM.00362-18
http://doi.org/10.3382/ps/pev010
http://doi.org/10.1128/CMR.17.4.840-862.2004
http://doi.org/10.1128/AEM.03006-05
http://doi.org/10.1093/nar/gks1219
http://doi.org/10.1186/1471-2105-9-386
http://doi.org/10.1038/nmeth.f.303
http://www.ncbi.nlm.nih.gov/pubmed/20383131
http://doi.org/10.1128/AEM.01541-09
http://doi.org/10.1186/s40168-016-0177-y

Microorganisms 2021, 9, 721 18 of 18

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Reyes, A.; Haynes, M.; Hanson, N.; Angly, EE.; Heath, A.C.; Rohwer, F.; Gordon, ].I. Viruses in the fecal microbiota of monozygotic
twins and their mothers. Nature 2010, 466, 334-338. [CrossRef] [PubMed]

Schowalter, R.M.; Pastrana, D.V.; Pumphrey, K.A.; Moyer, A.L.; Buck, C.B. Merkel cell polyomavirus and two novel poly-
omaviruses are chronically shed from human skin. Cell Host Microbe. 2010, 7, 509-515. [CrossRef] [PubMed]

Gohl, D.M.; Vangay, P,; Garbe, J.; MacLean, A.; Hauge, A.; Becker, A.; Gould, TJ.; Clayton, ].B.; Johnson, T.J.; Hunter, R.; et al.
Systematic improvement of amplicon marker gene methods for increased accuracy in microbiome studies. Nat. Biotechnol. 2016,
134, 942-949. [CrossRef]

Kozich, J.; Westcott, S.; Baxter, N.; Highlander, S.; Schloss, P. Development of a dual-index sequencing strategy and curation
pipeline for analyzing amplicon sequence data on the MiSeq Illumina sequencing platform. Appl. Environ. Microbiol. 2013, 79,
5112-5120. [CrossRef]

Lemos, L.N.; Fulthorpe, R.R.; Triplett, EW.; Roesch, L.EW. Rethinking microbial diversity analysis in the high throughput
sequencing era. J. Microbiol. Meth. 2011, 86, 42-51. [CrossRef] [PubMed]

Ludwig, J.A.; Reynolds, ].E. Statistical Ecology: A Primer in Methods and Computing; John Wiley & Sons: New York, NY, USA, 2008;
pp- 85-106.

Asnicar, F; Weingart, G.; Tickle, T.; Huttenhower, C.; Segata, N. Compact graphical representation of phylogenetic data and
metadata with GraPhlAn. Peer] 2015, 3, e1029. [CrossRef]

Shannon, P.; Markiel, A.; Ozier, O.; Baliga, N.S.; Wang, ].T.; Ramage, D.; Amin, N.; Schwikowski, B.; Ideker, T. Cytoscape: A
software environment for integrated models of biomolecular interaction networks. Genome Res. 2013, 13, 2498-2504. [CrossRef]
Wei, T.; Simko, V. R Package “Corrplot”: Visualization of a Correlation Matrix (Version 0.84). 2017. Available online: https:
/ /cran.r-project.org/web/packages/corrplot/corrplot.pdf (accessed on 30 March 2021).

Mulholland, K.A.; Keeler, C.L. BiomeSeq: A tool for the characterization of animal microbiomes from metagenomic data. BioRxiv
2019. [CrossRef]

Bellott, D.; Skaletsky, H.; Cho, T.; Bron, L.; Locke, D.; Chen, N.; Galkina, S.; Pyntikova, T.; Koutseva, N.; Graves, T.; et al. Avian W
and mammalian Y chromosomes convergently retained dosage-sensitive regulators. Nat. Genet. 2017, 49, 387-394. [CrossRef]
Langmead, B.; Wilks, C.; Antonescu, V.; Charles, R. Scaling read aligners to hundreds of threads on general-purpose processors.
Bioinformatics 2019, 35, 421-432. [CrossRef] [PubMed]

Daly, G.; Leggett, R.; Rowe, W.; Stubbs, S.; Wilkinson, M.; Ramirez-Gonzalez, R.; Mario Caccamo Bernal, W.; Heeney, J. Host
subtraction, filtering and assembly validations for novel viral discovery using next generation sequencing data. PLoS ONE 2015,
10, 6. [CrossRef] [PubMed]

Herath, D.; Jayasundara, D.; Ackland, D.; Saeed, I.; Tang, S.; Halgamuge, S. Assessing species diversity using metavirome data:
Methods and challenges. Comp. Struc. Biotechnol. J. 2017, 15, 447-455. [CrossRef] [PubMed]

Moustafa, A.; Xie, C.; Kirkness, E.; Biggs, W.; Wong, E.; Turpaz, Y.; Bloom, K.; Delwart, E.; Nelson, K.; Venter, J.; et al. The blood
DNA virome in 8000 humans. PLoS Pathog. 2017, 13, €1006292. [CrossRef]

Revell, L. Phytools: An R package for phylogenetic comparative biology (and other things). Methods Ecol. Evol. 2012, 3, 217-223.
[CrossRef]

Yang, S.; Gao, X.; Meng, J.; Zhang, A.; Zhou, Y.; Long, M,; Li, B.; Deng, W.; Jin, L.; Zhao, S.; et al. Metagenomics analysis of
bacteria, fungi, bacteriophages, and helminths in the gut of giant pandas. Front. Micro. 2018, 9, 1717. [CrossRef]

Day, ].M.; Ballard, L.L.; Duke, M.V,; Scheffler, B.E.; Zsak, L. Metagenomic analysis of the turkey gut RNA virus community. Virol.
J. 2010, 7, 313. [CrossRef]

Day, ].M.; Zsak, L. Recent progress in the characterization of avian enteric viruses. Avian Dis. 2013, 57, 573-580. [CrossRef]
[PubMed]


http://doi.org/10.1038/nature09199
http://www.ncbi.nlm.nih.gov/pubmed/20631792
http://doi.org/10.1016/j.chom.2010.05.006
http://www.ncbi.nlm.nih.gov/pubmed/20542254
http://doi.org/10.1038/nbt.3601
http://doi.org/10.1128/AEM.01043-13
http://doi.org/10.1016/j.mimet.2011.03.014
http://www.ncbi.nlm.nih.gov/pubmed/21457733
http://doi.org/10.7717/peerj.1029
http://doi.org/10.1101/gr.1239303
https://cran.r-project.org/web/packages/corrplot/corrplot.pdf
https://cran.r-project.org/web/packages/corrplot/corrplot.pdf
http://doi.org/10.1101/800995
http://doi.org/10.1038/ng.3778
http://doi.org/10.1093/bioinformatics/bty648
http://www.ncbi.nlm.nih.gov/pubmed/30020410
http://doi.org/10.1371/journal.pone.0129059
http://www.ncbi.nlm.nih.gov/pubmed/26098299
http://doi.org/10.1016/j.csbj.2017.09.001
http://www.ncbi.nlm.nih.gov/pubmed/29085573
http://doi.org/10.1371/journal.ppat.1006292
http://doi.org/10.1111/j.2041-210X.2011.00169.x
http://doi.org/10.3389/fmicb.2018.01717
http://doi.org/10.1186/1743-422X-7-313
http://doi.org/10.1637/10390-092712-Review.1
http://www.ncbi.nlm.nih.gov/pubmed/24283121

	Introduction 
	Materials and Methods 
	Sample Collection 
	Nucleic Acid Extraction and Sequencing 
	16S rRNA Amplicon Sequencing and Analysis 
	Eukaryotic Virus, Bacteriophage and Fungal Analysis 

	Results 
	Avian Respiratory Eukaryotic Viral Diversity 
	Bacterial Diversity 
	Bacteriophage Diversity 
	Fungal Diversity 
	Poultry with Respiratory Disease Exhibit a Dysbiosis of the Respiratory Virome 
	The Avian Microbiome 

	Discussion 
	Conclusions 
	References

