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ABSTRACT Gut microbiota play an important role in
animal health. For livestock, an understanding of the
effect of husbandry interventions on gut microbiota helps
develop methods that increase sustainable productivity,
animal welfare, and food safety. Poultry microbiota of
the mid-gut and hind-gut can only be investigated
postmortem; however, samples from the terminal cloaca
may be collected from live animals. This study tests
whether cloacal microbiota reflect cecal microbiota in
European broiler poultry by evaluating total and paired
cecal and cloacal microbiomes from 47 animals. 16S
amplicon libraries were constructed and sequenced with
a MiSeq 250 bp PE read metric. The composition of
cloacal and cecal microbiomes were significantly affected
by the age and location of animals, but the effect was
very small. Bacilli were relatively more abundant in ceca
and Clostridia in cloaca. There was an overlap of 99.5%
for the abundances and 59% for the types of taxa be-
tween cloacal and cecal communities, but the small

fraction of rare nonshared taxa were sufficient to produce
a signal for differentiation between cecal and cloacal
communities. There was a significant positive correlation
between specific taxa abundances in cloacal and cecal
communities (Rho = 0.66, P = 2 X 107'%). Paired an-
alyses revealed that cloacal communities were more
closely related to cecal communities from the same in-
dividual than expected by chance. This study is in line
with the only other study to evaluate the relationship
between cecal and cloacal microbiomes in broiler poultry,
but it extends previous findings by analyzing paired
cecal—cloacal samples from the same birds and reveals
that abundant bacterial taxa in ceca may be reasonably
inferred by sampling cloaca. Together, the findings from
Europe and Australasia demonstrate that sampling
cloaca shows promise as a method to estimate cecal
microbiota, and especially abundant taxa, from live
broiler poultry in a manner which reduces cost and in-
creases welfare for husbandry and research purposes.
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INTRODUCTION

Poultry is a significant source of human dietary pro-
tein, and 1 estimate for the worldwide broiler chicken
population is approximately 23 billion birds (Bennett
et al., 2018). Elucidating methods that increase livestock
health is both desirable from animal welfare and food
safety perspectives and generally aligns with increased
food-supply sustainability. Poultry health status is usu-
ally evaluated by investigating performance, welfare,
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intestinal morphology, and histological features
(Biasato et al., 2016), but there are increasing reports
of the role that gut microbiota play in health and phys-
iology. Some bacterial species are associated with enter-
itis in poultry and are thus considered signs of poor
health status (Yegani and Korver, 2008). These species
typically include Clostridium perfringens, Escherichia
coli, Pasteurella multocida, Erysipelothriz rhusiopa-
thiae, Mycobacterium avium, and several serotypes of
Salmonella (Porter, 1998); in addition, human food-
borne disease agents are found in poultry gut microbiota
(Clavijo and Flérez, 2018).

Microbiota have traditionally been studied using
culture-dependent methods (Shapiro and Sarles, 1949),
and several studies have shown the majority of species
in the poultry gut are not yet culturable (Shang et al.,
2018), but the exact percentage of culturable bacteria
from the avian gastrointestinal tract (GIT) is unknown
(Grond et al, 2018). Next-generation culture
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independent DNA sequencing is now common place and
has been applied to avian intestinal microbiota in several
studies, mainly to investigate the effect of feed ingredi-
ents on microbial communities, including essential oils
(Amerah et al., 2011), pomegranate (Saeced et al.,
2018), and probiotic bacteria such as Lactobacillus
(Nakphaichit et al., 2011; Baldwin et al., 2018). Other
studies have evaluated microbiome differences that
correlate with disease in poultry (Tong et al., 2018)
and the influence of photoperiod in broiler roosters
(Wang et al., 2018).

Ceca are usually targeted in microbiome studies as
they play an important role in bird health and produc-
tivity (Stanley et al., 2015). Ceca are involved in water
regulation, anaerobic carbohydrate digestion, and
fermentation (including cellulose and starch; Clench
and Mathias, 1995; Grant et al., 2018) which are
strongly related to productivity (Diaz Carrasco et al.,
2018). With up to 10" cells per gram, ceca have the
greatest bacterial biodiversity along the chicken GIT
(Grant et al., 2018). Despite the importance of under-
standing microbial communities in this portion of the
gut, cecal contents can only be accessed once an animal
is slaughtered. One option is to sample fecal material to
provide a window into animal GIT microbiota. There are
only a few studies that have investigated the correlation
between cecal and fecal microbiomes in a range of animal
species; for example, there was no correlation between
fecal and cecal microbial communities in mice (Pang
et al., 2012) or pigs (Panasevich et al., 2018), and no cor-
relation was reported between colon and cecal contents
in urban Canadian geese (Drovetski et al., 2018). Ceca
are close to the end of the GIT in birds, and thus, it is
worth evaluating whether microbial communities from
the adjacent gut terminal cloaca reflect cecal micro-
biomes in any way. Because cloaca may be sampled
from live animals, this may potentially provide a method
that avoids unnecessary animal sacrifice. In addition, the
effect of diet or other interventions on the composition of
animal microbiomes may best be answered by taking
repeated samples from the same animal, which is clearly
not possible if ceca are analyzed directly from euthanized
animals. Cloacal sampling from live birds is easy to
perform; moreover, sampling cloaca reduces any ambi-
guity and cross-contamination that are associated with
sampling feces after excretion. While several studies
have sampled cloaca to investigate gut microbiomes in
different bird species (e.g., penguins; Barbosa et al.,
2016; herring gulls; Merkeviciene et al., 2017; and wild
mallards; Ganz et al., 2017), only a very few studies
have focused on correlations between cloacal and cecal
microbiota. Zhang et al. 2017 demonstrated that cloacal
microbiomes in United States wild endangered Att-
water’s Prairie chicken partly reflect microbiome diver-
sity of ileum, cecum, and large intestine, but only 8
birds were analyzed making the statistical power weak.
We are aware of only 1 study comparing cloacal to cecal
communities in broiler poultry. Stanley et al. (2015)
evaluated 163 male Cobb 500 broilers in Australia and
robustly showed significant overlaps with the types of
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species but that species abundances were less well corre-
lated. Currently there are no data on the degree to which
cloacal samples reflect cecal microbial communities in
poultry systems outside of Australia, and here, we eval-
uate European systems with the Aviagen Ross 308 breed
using next-generation culture independent DNA
sequencing approaches to test whether cloacal samples
may be used to evaluate poultry gut microbiomes and
thus reduce experimental costs and unnecessary animal
sacrifice.

MATERIALS AND METHODS
Sampling

Samples were collected from 47 healthy Ross 308
broiler chickens across 8 flocks, each from a separate
farm, from 2 locations 50 km apart in Northern Ireland
and managed under the same production system in
December 2017. All flocks were fed from the same feed
mill and had identical feed regimes: starter 300 g/bird
(day 0-10); grower 900 g/bird (day 10-21); and finisher
as required (day 21—clear). The animals’ age ranged from
19 to 31 d and weighed 1284.5 * 290.4 g (mean *= SD;
Supplementary Table 1), meaning at the time of sam-
pling 2 flocks were on grower and the rest on finisher
feed. Cloacal samples were obtained with a sterile cotton
swab inserted 10 to 12 mm in the cloacal opening and
gently rotated. Cecal contents were collected by opening
the birds immediately after euthanasia, cutting off 1
cecum, and manually squeezing the content over an
exposed sterile swab. Swabs were immediately placed
at —80°C and transported to the laboratory for DNA
extraction.

DNA Extraction and Library Preparation

Total DNA was extracted using the DNeasy Blood
and Tissue kit (Qiagen, Hilden, Germany) following
Hang et al., 2014. The swab tip was cut into a sterile
tube with 450 pL of enzymatic lysis buffer containing
20 mmol/L Tris-HC1 Ph 8.0 (Sigma Aldrich, St. Louis,
MO), 2 mmol/L sodium EDTA (Sigma Aldrich), 1.2%
Triton X-100 (Sigma Aldrich), and 20 mg/mL lysozyme,
and samples were extracted and purified in spin columns
following manufacturer’s instructions. 16S rRNA (V4 re-
gion; 254 bp) amplicons and libraries were constructed
by Earlham Institute (Norwich, UK) and were
sequenced on an Illumina MiSeq instrument with a
250 PE technology. Sequence quality was evaluated
with FastQC (Andrews, 2010). QIIME, version 2, was
used to investigate the microbial communities (Bolyen
et al., 2018). Paired end sequences were denoised by us-
ing dada2 (Callahan et al., 2016). Amplicon sequence
variants (ASV) were clustered using vsearch with an
identity of 0.97 (Rognes et al., 2016). Variance-
stabilizing normalization (Muletz Wolz et al., 2018)
was performed on the raw sequence counts in R
(v1.0.153; R Core Team, 2013) using CSS normalization
with metagenomeSeq and phyloseq package (McMurdie
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and Holmes, 2013; Paulson et al., 2013; Weiss et al.,
2017). Amplicon sequence variants were annotated using
q2-feature-classifier plugin and gg 13 8 otus database
(Bokulich et al., 2018).

Statistical Analysis

All analyses were conducted in R (v1.0.153; R Core
Team, 2013), Shannon’s and Simpson’s indexes
(Shannon, 1948; Simpson, 1949), 2-way full factorial
permutational multivariate ANOVA (PERMANOVA;
Anderson, 2001) on binary, and abundance Jaccard dis-
similarities was calculated using the “vegan” R package
(Oksanen et al., 2018). Indicator species of cloacal sam-
ples were identified by using the indicspecies package
(ver. 1.7.1; Dufréne and Legendre, 1997). Association be-
tween paired samples was investigated calculating pair-
wise binary and nonbinary Jaccard distances in vegan
and relative abundance of taxa in cloaca and cecum
were compared using Pearson’s (Kirch, 2008) and Spear-
man’s correlation coefficient (Hollander and Wolfe,
1973).

Ethics Approval and Consent to Participate

No birds were sacrificed specifically for this study as all
samples were collected from animals that were selected
for routine gut health husbandry assessment checks.
All samples were taken by an authorized Veterinarian.
The protocol was approved by the Committee on the
Ethics of the University of Lincoln (project number CoS-
REC342). All efforts were made to minimize suffering.
Research on animals met the guidelines approved by
the Institutional Animal Care and Use Committee.

Availability of Data and Material

The raw amplicon sequencing data from this study is
publicly available in the NCBI Sequence Read Archive
(SRA; https://www.nchinlm.nih.gov/sra/) under the
BioProject ID: PRINA559084.

RESULTS

A total of 8,396,974 16S rDNA sequences were ob-
tained from 44 cecal and 47 cloacal samples (library con-
struction failed for 3 cecal samples; Supplementary
Table 1) with an average of 92,274 * 22,693 sequences
per sample. The total number of DNA sequence reads
did not differ between cecal and cloacal samples (Krus-
kal-Wallis test, chi-square = 0.250, P = 0.616).

Bacterial Community Composition

Analyses with QIIME 2 revealed a total of 693 ASV
that clustered with 97% similarity, which we refer to as
taxa. Overall, 19 phyla, 34 classes, 58 orders, and 76 fam-
ilies were identified. In terms of taxa numbers, most
belong to Firmicutes (74.75%), and other phyla had
approximately  10-fold lower taxa  numbers:
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Proteobacteria (6.64%); Tenericutes (5.63%); Actino-
bacteria (4.62%); and Bacteroidetes (2.74%). Only 1
taxon was identified as belonging to Archea (Methano-
massiliicoccaceae family, 0.14%). Of the 518 Firmicutes
taxa, 473 belonged to class Clostridia (68.25%) of which
469 were Clostridiales (67.68%). Of Clostridiales, 192
taxa belonged to the family Ruminococcaceae (27.71%)
and 69 to Lachnospiraceae (9.96%). No human pathogens
(Campylobactersp. or Salmonellasp.) were detected, and
the complete ASV breakdown is supplied in
Supplementary Table 2. If taxa abundances are approxi-
mated by read abundances, then Firmicutes was the most
abundant phylum (94.75%), and other phyla only
accounted for a small portion of the abundance: Proteo-
bacteria (2.90%) and Actinobacteria (1.83%) and the
remaining phyla accounted for only 0.51% of abundance.
Despite the high taxa numbers, Clostridiales accounted
for only 13.46% of abundance. Despite the low number
of Bacilli taxa, these accounted for 81.22% of the abun-
dance in the 91 samples. Plots representing the bacterial
communities at phylum, class, order, and family levels are
reported in Supplementary Data file.

Effect of Flock, Bird Age, and Geographic
Origin on Biodiversity

Bird age, location, and flock (farm) origin had no sig-
nificant effect of the numbers, types, or abundances of
bacteria when data from cecal and cloacal samples
from the same bird were combined (P between 0.70
and 0.98, Kruskal-Wallis; Supplementary Table 3).
When cloacal and cecal samples were analyzed sepa-
rately, there was still no significant effect of any of these
factors on the numbers of taxa (P between 0.09 and 0.83,
Kruskal-Wallis; Supplementary Table 3). However,
there was a significant difference in taxa abundance in
both cloaca and ceca by flock origin (R2 = 0.050,
P = 0.0062 and R* = 0.047, P = 0.0006 respectively,
PERMANOVA; Supplementary Table 3), and there
was a significant difference in the types and abundance
of taxa in cecal samples by all factors (R between 0.06
and 0.04 and P between 0.007 and 0.00001, PERMA-
NOVA; Supplementary Table 3). However, where there
were significant differences by age, location, or flock, the
size of these effects is very small: an average of just 5% of
the variance in microbiomes is explained by these factors
(mean R? = 0.04983; Supplementary Table 3).

The Similarity Between Cecal and Cloacal
Bacterial Communities

The main hypothesis under test is whether micro-
biomes from cloacal samples reflect cecal microbiomes
to any reasonable degree. There were significantly
greater numbers of taxa in cecal than cloacal samples
(Kruskal-Wallis test, chi-square = 56.752, P = 5 X
107", and the variance in taxa number from cloacal
samples was significantly greater than in ceca (F-test,
F = 3.3207, P = 1 X 10~ *). Ceca had an average of
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225 * 36 and cloaca an average of 68 = 65 taxa; howev-
er, 58.6% of taxa were common to both ceca and cloaca
(Figure 1). Simple counts of taxa presence/absence do
not consider abundance, and very rare taxa have equal
weight as very abundant taxa. Shannon’s and Simpson’s
diversity indexes do account for differential abundances
but in a simplistic way by the shape of taxa distribu-
tions, and these also show significant differences between
cloacal and cecal communities (1.84 and 3.71 and 0.73
and 0.93 for cloacal and cecal communities respectively;
Kruskal-Wallis test, chi-square = 64.341, P=1 X 1071
and chi-square = 60.947, P = 1 X 10~ '?, respectively).

However, more sophisticated analysis that accounts
for the differential abundances of specific taxa revealed
cecal and cloacal community abundances overlap by
>99%: the 224 of 693 taxa discovered in ceca but not
cloaca comprised just 0.51% of the cecal community
abundance. Figure 2 shows the community composition
of cloaca and ceca at class level appears reasonably
similar. Moreover, analysis of cumulative taxa abun-
dances in cloaca and ceca reveal these were significantly
positively correlated (Spearman’s test, Rho = 0.66,
P =2 X 107 '9); that is, taxa that are abundant in
ceca are also abundant in cloaca (Figure 3).

Despite these significant microbiome similarities,
especially for abundance, standard relatively sensitive
PERMANOVA community ecology tests report both
the types (PERMANOVA, R? = 29.469, P < 0.001)
and abundances (PERMANOVA, R> = 27.009,
P < 0.001) of taxa significantly differ between cecal
and cloacal samples, and this is presumably driven by
difference in the rarer taxa. Table 1 summarizes compo-
nents of the bacterial communities that have greatest
and least similarity in terms of relative abundance in
cloaca and ceca at different taxonomic levels. A full
description of the difference in relative abundance at
multiple taxonomic levels and tests for difference be-
tween cloacal and ceca are reported in Supplementary
Table 4.

Within and Between Bird Analyses

Thus far, the analyses have evaluated overall cecal
and cloacal microbiomes but have not accounted for

These 406 species accounted for
99.51% and 99.71% species abundances
in cecal and ceca samples respectively

63

406

cloaca caeca

Figure 1. Total number of taxa in cloacal and cecal samples. Venn di-
agram showing the total and overlap of species in cloaca and ceca.
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Figure 2. Main bacterial classes recorded in cloacal and cecal sam-
ples. Pie chart showing the similarity in number of species in cloaca (in-
ternal circle) and ceca (external circle) differentiated at class level.
Classes representing less than 0.5% of the total number of species are
collapsed to the “other” category.

the fact that specific paired cecal and cloacal samples
come from the same bird. We therefore investigated
the associations between cecal and cloacal samples
from the same animal to those from all other animals us-
ing pairwise binary (presence/absence) and nonbinary
(abundance) Jaccard distances. Analyses of these simi-
larity ranks show cloaca communities are on average
significantly more similar to the cecal communities
from the same bird than to cecal communities from other
birds for both the types and abundance of taxa (Kruskal-
Wallis test, chi-square = 12.02, P =5 X 10~ * and chi-
square = 8.4659, P =4 X 107 respectively). Thirteen

o _| o
< o
o
3
8 °
L2 °
o ©°
< o oy °
8 o °, csw
— o o
5] 0 %poo’d
2 2 4 ° o o
-
2 o So :%%c
%S o 0°,009 ©
o %80
) o a5 °
< . 2o
ks ° e 2° %oy @
3
< 208 38% o
5 N .
a P & o @
© o ©q 82, ° ©
] ° s o °
= ° % °‘§S° 0% o0
£ w o ° o °o0 & &
o Poa® 0900FS ©° 0
g 07552 g0 o & &°
° %’ g8 oS
3 o g oo h
o o o > & 0o o
5] o °o § @ ®
~ 0° ° °
& o0 g °
2 oo © 0 ®
- o ° o 0o o
° 8° "o o
o °
T T T T
0 5 10 15

log 2 of cumulative abundance of species in cecum

Figure 3. Correlation between cumulative abundances of taxa in
cloacal and cecal samples. The plot represents the correlations between
cumulative abundances of cecal and cloacal samples. Indicator species of
cloacal samples are not included in the present picture. Pearson’s
cor = 0.76, P < 2 X 107, Spearman’s Rho = 0.72, P < 2 X 1076
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Table 1. Taxonomic groups having similar and different relative abundances in cloacal and cecal samples.

Cloacal Cecal
Taxonomic level taxonomic group Avg relative abundance SD Avg relative abundance SD Kruskal-Wallis P(fdr)
Taxonomic groups with most similar abundance (fdr <5 X 10~?)
Phylum Verrucomicrobia 0.064 0.440 0.310 1.665 0.41199 0.54962
Class Flavobacteriia 0.367 2.515 0.113 0.638 0.37969 0.54962
Alphaproteobacteria 16.433 29.062 7.859 12.786 0.50254 0.51139
Actinobacteria 1741.869 1828.78 2656.528 2575.064 1.3261 0.35835
Betaproteobacteria 37.560 100.039 44.557 102.307 1.7064 0.35835
Order My=xococcales 0.717 4.917 0.093914 0.623 0.00097786  0.9751
Xanthomonadales 0.030 0.203 0.152 1.008 0.0039115 0.96043
Desulfuromonadales 0.653 4.474 0.128 0.604 0.37969 0.54962
Flavobacteriales 0.367 2.515 0.113 0.638 0.37969 0.54962
SHA-98 0.734 5.030 0.185 0.881 0.37969 0.54962
Turicibacterales 0.175 1.201 0.099 0.484 0.37969 0.54962
Taxonomic groups with least similar abundance (fdr <5 X 10~%)
Taxonomic groups with greater relative abundance in cloaca (fdr <5 X 10~%)
Phylum  Firmicutes 229452.800 183758.400 24987.86 6029.915  65.107 3x 107
Proteobacteria 7579.893 16863.260 180.677 327.818  33.336 5% 107°
Class Bacilli 215675.700 186524.900 1134.072 871.034  67.435 <2 X 1071¢
Unknown species® 93.831 273.191 0 0 27.71 8 X 1077
Gammaproteobacteria 7521.226 16858.15 113.708 294.592  39.581 3x107°
Order Actinomycetales 1097.602 1258.386 0.827 2.390 72.291 <2 X 1071¢
Bacillales 3134.243 6656.603 56.747 81.855  58.492 5% 107"
Enterobacteriales 7520.116 16858.330 113.130 294.686  39.681 3x107°
Lactobacillales 212541.3 187219.9 1077.226 886.561  67.435 <2 X 1071
Rickettsiales 8.009 21.666 0 0 10.356 4%x1073
Streptophyta 90.845 272.048 0 0 26.192 2 X 107°
Taxonomic groups with greater relative abundance in ceca (fdr <5 X 10~%)
Phylum  Bacteroidetes 118.768 148.397 318.616 289.758  20.894 2X107°
Cyanobacteria 178.086 281.062 680.720 864.613  20.467 3X107°
Tenericutes 25.273 53.891 97.700 95.285  34.38 3Xx10°®
Thermotogae 0 0 0.899 1.816  13.147 1X10°°
Class 4C0d-2 84.255 125.320 680.720 864.613  39.102 4% 107°
Bacteroidia 118.401 148.675 318.503 289.775  20.917 2X107°
Clostridia 13716.210 11504.970 23707.880 5901.790  25.835 2x107°
Coriobacteriia 74.321 125.680 630.425 557.199  57.63 6 X 10713
Deltaproteobacteria 4.674 11.466 14.486 15.543  23.181 7% 1076
Erysipelotrichi 60.904 138.151 145.905 98.019  35.693 2% 1078
Mollicutes 24.665 53.320 96.493 95.143  34.958 3Xx10°®
Thermoplasmata 0 0 0.899 1.816  13.147 3 X 1073
Order Bacteroidales 118.401 148.675 318.503 289.775  20.917 2X107°
Bifidobacteriales 644.267 1139.626 2655.702 2574.645  19.152 5% 1077
Clostridiales 13715.480 11503.070 23707.530 5901.867  25.835 2X107°
Coriobacteriales 74.321 125.680 630.425 557.199  57.63 6x 107"
Desulfovibrionales 3.304 9.873 13.722 15.738  24.648 4%x10°°
Erysipelotrichales 60.904 138.151 145.905 98.018  35.693 3x 108
RF39 24.199 52.812 95.481 95.419  34.764 3 X 107°
Thermotogales 0 0 0.899 1.816  13.147 1Xx 1073
YS2 84.255 125.320 680.720 864.613  39.102 4% 107°

The table summarizes the taxonomic groups with the most and least similar relative abundances between cloaca and ceca, and the groups with greater
abundance either in cloaca or in ceca. Average abundance in the cloacal and cecal samples, SD, Benjamini-Hochberg false discovery rate (fdr) corrections are

included.

*unknown species belonging to phylum Cyanobacteria.

and 12 of the 44 comparisons ranked the cloacal to cecal
communities from the same bird highest for presence/
absence and abundance, respectively, and the probabil-
ity of recovering this by chance if there were no correla-
tion between cloacal and cecal microbiomes from the
same animal is ~4.372°. Another way to understand
this is to ask what the probability of being able to iden-
tify the correct paired cecal sample given a cloacal sam-
ple is. Given that 12 to 13 of the 44 comparisons had the
correct pair ranked highest (for both types and abun-
dances), this corresponds to a ~28% chance of being
able to identify the correct cecal microbiome given a
cloacal microbiome sample, and this rises to ~50%

when the correct pairs are ranked in the top 5. Thus,
the considerable bird-to-bird variance in microbiomes,
especially for cloaca, partially masks the signal for ceca:-
cloaca correlation when the combined data are analyzed,
but the analyses of paired ceca:cloaca microbiomes from
the same bird reveals reasonable correlations.

Having demonstrated that there is a detectable corre-
lation between cecal and cloacal bacterial communities
in the same bird, we next focus on those components of
the community that differed the most to understand dis-
crepancies better. Twenty-two taxa had significantly
greater abundance in cloacal compared with cecal com-
munities (and are thus classed as “indicator species” at
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Benjimni-Hochberg corrected P < 0.005). Figure 4 re-
ports these indicator species and their abundances and
indicates that some Firmicutes and Proteobacteria
may be relatively more abundant in the cloaca. However,
the 10 taxa most overrepresented in cloaca from indica-
tor taxa analysis were also above average abundance in
cecal samples (Figure 4). When the abundance of taxa
that were present in both ceca and cloaca from the
same bird were analyzed, samples from 30 of 44 birds
had positive correlations, sample pairs with the lowest
P-values (P < 0.0001) all had positive correlations,
and all but 2 of the 19 correlations that were significant
(P < 0.05) were positive (Supplementary Table 5).
There was also a positive correlation between Spear-
man’s Rho values and number of taxa recorded in the
cloacal samples (Spearman’s Rho = 0.506, P = 4.6 X
1074) revealing that cloacal samples with greater
numbers of taxa are better estimates of cecal samples
from the same individual.

DISCUSSION

Several studies have described the bacterial commu-
nity compositions of broiler GIT (e.g., Oakley et al.,
2014; Kumar et al., 2018), but the focus of the present
study was whether there is any value in sampling cloaca
to provide an estimate of the cecal microbiomes for cost
and animal welfare reasons. We are aware of only 1 pre-
vious study that has compared cloacal to cecal microbial
communities in broiler poultry, and the findings here are
in-line with those reported in Stanley et al. (2015) in that
there are correlations in terms of types of species be-
tween ceca and cloaca. This study estimates ~60% of
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the taxa identified in ceca were also in cloaca, which is
less than inferred by Stanley et al. (2015), who reported
that ~90% of the sequences were shared in broilers in
Australia. However, the nonshared taxa accounted for
a very low percentage of the total biodiversity in both
studies: 0.49% of the present study and 0.75% in
Stanley et al. (2015). The additional analyses conducted
here, including paired cecal-cloacal analyses, show there
is a significant correlation between taxa abundance in
ceca and cloaca (Spearman’s test, Rho = 0.66, P = 2
X 107'%), and that taxa that are abundant in ceca are
also in cloaca. Rare taxa in ceca were less well repre-
sented in cloaca; we did not evaluate the potential func-
tions of these taxa and so cannot comment on whether
the differences in rare taxa between cloaca and ceca
may or may not lead to inaccurate inferences of cecal
microbiota function.

Several factors are known to influence the composition
of bacterial communities in chicken GIT including diet
and food additives (Forte et al., 2018; Grant et al.,
2018), sex and body weight (Lee et al., 2017), age (Lu
et al., 2003), geography (Videnska et al., 2014; Zhou
et al., 2016), as extensively reviewed in Kers et al.
(2018). Here we found that there was no overall effect
of bird location, age or flock origin, on numbers, type
or abundance of taxa, but that when ceca were analyzed
separately, there was a significant but small (5%) effect
of these factors on the types and abundance of taxa. One
source of this variance may have been due to the differ-
ence in feed in 2 of the flocks (D and F were in grower and
the rest finisher feed). Another influence may have been
because it was difficult to collect the same volume of
sample from both ceca and cloaca. However, rarefaction
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Figure 4. Cloacal indicator taxa. Mean (=SD) log abundance of the indicator species (at adjusted P < 0.005) of cloacal samples (light gray) to

abundances in cecal samples (dark gray).



6068

(discovery) curves analysis of samples show all to
plateau which suggest the various sample volumes
were all efficient at estimating both cloacal and cecal
taxa despite differential sample volumes
(Supplementary Figure 1). Cecal communities were
more variable than cloacal ones, and some of the vari-
ance may be because of the more cecal specific age and
location effects. However, the within bird analyses will
have controlled for this to some extent. A recent study
by Jurburg et al. (2019) demonstrated that age of birds
significantly predicted the taxa richness of fecal samples
and that this stabilizes after 14 d of age. The age of the
animal investigated in the present study ranged between
19 and 31 d posthatch, and thus, our results are in-line
with Jurburg et al. (2019) as we found no significant ef-
fect of animal age on taxa richness in either cecal or
cloacal communities. Ceca had significantly greater mi-
crobial biodiversity than cloaca, which is in line with
several studies showing ceca has the greatest biodiversity
along the chicken gut (Apajalahti et al., 2004; Gong
et al., 2007; Grant et al., 2018).

Family Clostridiaceae was significantly more abun-
dant in cecum samples: members of this family are not
only well-known chicken pathogens (such as C. perfrin-
gens, Van Immerseel et al., 2004) but also some benefi-
cial groups of bacteria (such as Clostridium clusters IV
and XIV; Frank et al., 2007; Sokol et al., 2009). Overall,
the microbial composition of the GIT revealed here re-
flects previous reports. Firmicutes represented nearly
75% of the bacterial taxa and ~95% of the microbial
community in terms of abundance which is in line with
several studies (e.g., Oakley et al., 2014; Kumar et al.,
2018). However, the data here do show small difference
with some avian studies; for example, Mohd Shaufi
et al. (2015) reported class Bacteroidia to represent 17
to 22% of biodiversity in male commercial Cobb 500
ceca, whereas our data showed only about 1%.

Overall, there was a positive correlation between taxa
types and abundances in cloacal and cecal bacterial com-
munities, and when we conducted an analysis that
compared samples from ceca and cloaca from the same
bird, we discovered that these were more similar than ex-
pected by chance given the rest of the samples in the
study. This indicates that cloacal microbiomes reflect
cecal microbiomes from the same animal to a first
approximation, especially for abundant taxa, and thus,
sampling cloaca is a reasonable way to estimate cecal
microbiomes. However, sampling cloaca does not allow
a deep insight into cecal microbiota, and the correlation
with less abundant taxa is poorer. That cloacal micro-
biomes reflect but do not perfectly represent cecal micro-
biomes is an aspect that needs to be balanced with
animal welfare when choosing a study design. Well-
designed studies which include appropriate controls
will likely be able to estimate the relative major changes
in cecal microbiomes via cloacal samples. This approach
may be less valuable for studies that demand very pre-
cisely estimates from a few animals, but it will be
much more valuable for population level larger scale
studies tracking the general response of flocks to changes

ANDREANIET AL.

in husbandry. Together, findings from Europe and Aus-
tralasia demonstrate that sampling cloaca shows prom-
ise as a method to evaluate gut cecal microbiomes from
live broiler poultry, and this will reduce cost and increase
livestock welfare for both husbandry and research
purposes.
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