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Abstract

The extent to which the avian microbiome is shaped by host phylogeny relative to other factors is largely unknown. In this
study, we examine microbial biodiversity across multiple body sites of 211 bird species sampled in Malawi. Microbial community
dissimilarity differed significantly across body sites, which included blood, buccal cavity, gizzard, intestine, cloaca, liver, and
spleen. With these data, we tested the hypothesis that the avian microbiota follow a Species-Area Relationship by using
a comparative phylogenetic method to examine the correlation between microbiota richness and host weight. Using Pagel’s
lambda, we confirmed that bird mass is significantly correlated with host phylogeny but found that few microbial diversity
metrics showed such a correlation. Phylogenetic Generalized Least Squares identified a significant but weak negative correlation
between host weight and microbial richness of the blood and a similarly significant but weak positive correlation between the
cloacal microbiota and host weight among birds within the order Passeriformes. Taken together, these results suggest that the
avian microbiome does not follow a traditional species-area relationship when phylogenetic relatedness is considered, rather,
microbial diversity is influenced by factors beyond host phylogeny and size.

INTRODUCTION

Microbiomes are both a trait of the host (Benson et al., 2010) and ecological communities comprised of mi-
croorganisms capable of complex and dynamic interactions (Kodera et al. 2022). Ecological theory provides
specific hypotheses for testing and inferring rules of life that apply to all organisms (Koskella, Hall, & Met-
calf, 2017), and ecological processes are essential to understanding the composition, stability, and evolution
of the microbiome (Miller, Svanbäck, & Bohannan, 2018). The Theory of Island Biogeography (MacArthur
& Wilson, 2001) is an ecological theory that relates the size of an island and its biodiversity through pa-
rameterizing factors such as immigration and extinction (MacArthur & Wilson, 2001). With larger islands,
extinction events are predicted to be less likely to occur due to the greater availability of space and resources.
With more isolated islands, the arrival of new immigrants is predicted to be less likely and thus fewer new
species come into the space. Conceptualizing hosts as “islands” is reasonable: both geographic islands and
vertebrate hosts harbor complex biological communities that are connected by ecological processes (e.g.,
dispersal and immigration) and that are limited by resources and space. Communities can be significant-
ly impacted by random environmental events and follow successional processes in the face of disturbance
(Karl et al., 2018). The difference is scale. Another ecological theory, Metacommunity Theory (Leibold et
al., 2004), incorporates scale in how communities interact with local and regional processes (Miller et al.,
2018). According to Metacommunity Theory, communities exist in patches that are connected by dispersal
and are hierarchically nested within larger patches. Importantly, both (1) properties of the physical space
and (2) traits of the organisms within the community impact successful colonization of a new habitat and
probability of survival (Miller & Bohannan, 2019).

The consideration of hosts and their specific body sites as patches of biodiversity that are affected by processes
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shared by all life is a powerful way to test and identify “universal” rules of life (Ma & Li, 2018; Li et al.,
2020; L. Li & Ma, 2016). Body size has been shown to positively correlate with bacterial richness, implying
adherence to Species-Area Relationships (Sherrill-Mix et al., 2018), although the non-independence of host
species was not accounted for in this case. The Theory of Island Biogeography has been demonstrated in
the human lung microbiota, where sites farther from the “mainland source” are less diverse (Dickson et al.,
2015) and tests of microbial composition against a neutral assembly model have identified diseased lung
microbiomes as under selection (Venkataraman et al., 2015).

Birds (class: Aves) are important members of Earth’s biosphere and to fully understand their biology requi-
res knowledge of their microbiota. Furthermore, bird body sizes span five orders of magnitude by weight,
making them an excellent clade for exploring species-area relationships in host-associated microbiota. Larger
birds exhibit a greater area for microorganisms to occupy than smaller birds, which may provide increased
ecological niches and lead to fewer extinction events as bacteria are less likely to compete for resources.
Microbial colonization may also be higher in larger birds due to intrinsic qualities and life history traits
(e.g. greater food requirements, larger territories), leading to increased exposure to diverse microorganisms.
Alternatively, higher immune cell output of larger birds (Ruhs, Martin, & Downs, 2020) may inhibit the
establishment of new microbial colonizers.

The microbiome is not only an ecological community, it is also a trait of its host (Benson et al., 2010).
To understand the evolution of any trait in a comparative context, we must also consider the underlying
phylogeny (Felsenstein, 1985), as many organismal traits are not independent of evolutionary relationships. To
appropriately test the relationship between island size and (micro)biodiversity, and to ensure any correlations
are not simply a factor of the relatedness of the host species, we use phylogenetic comparative analyses. Five
body sites were the focus of our analyses: four are distinct sites along the gastrointestinal tract connected
to each other through digestion (buccal, gizzard, intestines, cloaca) and the fifth is blood. These sample
types encompass diverse environmental conditions and may follow Island Biogeography principles more or
less strongly. The buccal, gizzard, intestine, and cloacal samples are frequently exposed to external microbes
through the intake of food containing distinct microbiota that may be able to newly colonize those areas.
The blood (and liver and spleen) sample types are in contact with new microbes rarely and thus will have
fewer potential “immigrants” into their microbial communities.

There were several goals of this paper. First, we describe the taxonomic composition and diversity of the
microbiomes of hundreds of wild birds at various body sites. Second, we compare the microbiota of the body
sites, and identify conserved and unique members. Third, we estimate the phylogenetic signal of microbiome
diversity using Pagel’s lambda, and fourth, we address the relationship between host body size and microbio-
me diversity using a phylogenetically controlled method. Together, these aims expand what is known about
the microorganisms, the birds and the processes structuring the avian microbiome.

METHODS

Sampling and Sequencing

Sampling was conducted as previously described (Lutz et al., 2015). Briefly, birds were collected using a
combination of mist-netting and ballistic capture in 2009 and 2011. Blood samples were obtained via brachial
venipuncture; oral (buccal) and cloaca samples were collected by swabbing with sterile cotton swabs; liver,
spleen, and intestinal tracts were dissected from euthanized animals. All samples were stored in cryogenic
vials and flash-frozen in liquid nitrogen until nucleic acid extraction. Samples collected for this project were
processed following the Earth Microbiome Project standard processing protocols (Thompson et al., 2017).
Briefly, DNA was extracted using 96-well PowerSoil PowerMag DNA extraction plates (Qiagen), which
were homogenized using a TissueLyser beadbeater (Qiagen). From eluted DNA, triplicate PCRs using the
515f/806r EMP primers amplified the V4 region of the 16S rRNA gene, pooled amplicons were sequenced on
Illumina MiSeq and HiSeq instruments, and data were uploaded to the Qiita web-based microbiome analysis
platform for initial processing (made available previously via QIITA ID 11166 by (Song et al., 2020). All
sequences were demultiplexed and quality filtered using the Qiime2 pipeline (Bolyen et al., 2019) and forward
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and reverse reads were joined and processed using Deblur to remove sequencing errors and refine sequences
to amplicon sequence variants (ASVs) (Amir et al., 2017). Deblurred ASV tables and sample metadata were
further processed using Qiime2 (Bolyen et al., 2019). To assess the presence of artefactual batch effects
associated with microbiota diversity, statistical significance of the plate on which the samples were placed
on were calculated on each sample type using the adonis2 function (PERMANOVA) from the vegan package
using unweighted UniFrac and weighted UniFrac (McArdle & Anderson, 2001); (Oksanen et al., 2018). Only
the unweighted UniFrac distances of the intestine samples showed significant (p <0.05) differences due to
plate (platename R2= 1.714%, p = 0.05).

Data analysis

Rarefaction : Statistical analyses were conducted using the programming language R version 4.1.1 (Team,
2021). Rarefaction curves from the vegan package (Oksanen et al., 2018) were produced to find the number
to which to rarefy for sufficient sequencing depth. For microbial analyses and visualization of results, the
phyloseq and ggplot2 packages were used (McMurdie & Holmes, 2013); (Wickham, 2009). For initial sample
analyses, all samples were combined. They were pruned and rarefied to 4,000 sequences per sample leading
to 1,606 samples. For sample-type specific analyses, all samples were divided into one of seven sample types,
pruned, and rarefied at a sample-type specific value (Blood: 4,030 sequences, Buccal: 10,961 sequences,
Cloaca: 10,329 sequences, Intestines: 9,094 sequences, Gizzard: 22,306 sequences, Liver: 8,658 sequences,
Spleen: 11,701 sequences). Rarefaction curves are available in the supplementary material (Supplemental
Fig. S1).

Taxonomic composition: Taxonomy was assigned using the Qiime2 naive Bayes feature classifier trained
against the Greengenes 13_8 reference (DeSantis et al., 2006). Phylum level taxonomic information was
exported to Microsoft Excel version Microsoft Office Professional Plus 2016 to create bar plots and determine
phylum percentages; phyla represented at less than 10% of the sequences in each distinct sample were grouped
into the “other phyla” category.

Alpha diversity: We calculated alpha diversity using the Observed number of ASVs (richness), the Shannon
diversity index (Shannon & Weaver, 1949), and the Simpson Diversity Index (Simpson, 1949); these were
calculated using the phyloseq package (McMurdie & Holmes, 2013). The three alpha diversity measurements
that will be used are observed ASVs, the Shannon index (Shannon & Weaver, 1949), and the Simpson index
(Simpson, 1949). Observed ASVs informs how many different types of operational taxonomic units (OTUs)
are within the sample without accounting for abundance. Both the Shannon index and the Simpson index
account for both the quantity of distinct OTUs and the abundances of those OTUs. However, the Shannon
Index quantifies the amount of randomness within the dataset by considering the amount of distinct OTUs
and how evenly the abundance of sequences are distributed across them and the Simpson index investigates
the proportion of OTUs in the samples.

Beta diversity: Non-metric Multidimensional Scaling (NMDS) visualized unweighted UniFrac and weighted
UniFrac distances (Lozupone & Knight, 2005). Statistical significance was determined using the adonis2
function (PERMANOVA) within the vegan package (McArdle & Anderson, 2001); (Oksanen et al., 2018).

Differential abundance: Plots showing the logarithmic differences in the quantities of taxa between sample
types were created using the package DESeq2 in R (Love, Huber, & Anders, 2014). Each sample type pair
was rarefied to the lower rarefaction point used for the sample types separately (i.e. comparisons between
Blood and Buccal samples were rarefied to 4,030 sequences per sample). An alpha cutoff of 0.01 was used.
Venn diagrams were created using BioVenn (Hulsen, 2021).

Phylogenetic comparative analyses: BirdTree.org was used to create phylogenetic trees of the bird species
represented in each sample type (Fig. 1) (W. Jetz, Thomas, Joy, Hartmann, & Mooers, 2012), (Walter Jetz
et al., 2014). Hackett All Species was used within this tool (Hackett et al., 2008). To quantify phylogenetic
signal in the microbiome, Pagel’s lambda was estimated for the three alpha diversity metrics (observed ASVs
(after rarefying), Shannon and Simpson), using phytools in R and the phylogeny of the species estimated
from birdtree.org (Revell, 2012).
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To compare two host traits (bird size and microbiome diversity) while controlling for phylogeny, Phylogenetic
Generalized Least Squares (PGLS) was performed independently on each of the rarefied sample types.
Average weight for each species was calculated using averaged field measurements of all birds sampled within
each species in the entire dataset. For species that had no recorded weight, the average species weight in Birds
of the World (Billerman, Keeney, Rodewald, & Schulenberg, 2020) was used. Following that, the samples
were divided by body site and the samples were rarefied as described above. Alpha diversity metrics were
calculated for each sample and then averaged for every species, resulting in one Observed, one Shannon, and
one Simpson value for each species within each body site.

First, each alpha diversity metric was plotted against the average species weight without controlling for host
phylogeny. Pearson’s correlation coefficient, measuring the linear correlation between two variables, was used
to determine the correlation between the two variables with a 95% confidence interval (Freedman, Pisani, &
Purves, 2007). Next the same variables were tested against each other while controlling for phylogeny using
a Phylogenetic Generalized Least Squares analysis in R using the package Geiger (Pennell et al., 2014).

Because the phylogenetic signal of bird size varies when analyzing size across orders and within orders (Har-
mon et al., 2010), each sample type was further subset to include only the largest bird order, Passeriformes.
The new subsets were tested using the same methods as above.

RESULTS

Sequencing and Taxonomy

Following sample processing, sequencing, and quality control, a total of 1,740 16S rRNA amplicon sequence
libraries were generated, with an average read depth of 65,595 reads per library (standard devion [SD]. +/-
47,441 reads). A total of 1,606 libraries were retained for analyses following rarefaction (Supplemental Table
S1). All subsequent results were derived from rarefied data. Taxonomic composition across all body sites was
dominated by Proteobacteria and Firmicutes, although relative abundance of these and other phyla differed
between body sites (Fig. 2, Supplemental Table S2).

Diversity and Abundance

Three independent measures of alpha diversity (observed number of ASVs, the Shannon Diversity Index,
and the Simpson Index) were largely congruent and revealed no significant differences in alpha diversity
between body sites (Fig. 3). Samples from different body sites (i.e. sample types) were then combined to
investigate beta diversity of the data as a whole (Fig. 4). For this combined dataset, samples were pruned
and rarefied to 4,030 sequences resulting in a comparison among 606 blood samples, 353 buccal samples,
369 cloacal samples, 213 intestines samples, and 45 gizzard samples for a total of 1586 samples. Sample
type significantly explained the variation of the microbiomes in both metrics tested (both p =0.001) but the
variation explained varied: unweighted UniFrac R2 = 6.7%, weighted UniFrac R2 = 17%.

To assess differential abundance of microbial taxa between body sites, we conducted pairwise comparison
of individual sites (excluding liver and spleen due to low sample counts), rarefying to the lower value of
rarefaction between each of the two sample types being compared in each case. Overall, 56 genera were
differentially abundant across all comparisons (Fig. 5, 6).

Pagel’s Lambda

To assess whether our traits contained phylogenetic signals, Pagel’s lambda was calculated for bird weight
and for each alpha diversity metric in each dataset. Bird weight was always significantly different from 0 (p
<0.0001) and lambda was between 0.9 and 1.0 (Supplemental Table S3). The exception was the Passeriformes-
only gizzard dataset (lambda = 0.63, p =0.27), but we note that this dataset has extremely low sample size
(N=9 individuals from 8 species).

Five microbiota diversity lambdas were significantly different from zero in the full dataset: Blood-observed,
Blood-Shannon, Buccal-Shannon, Intestines-Shannon, Intestines-Simpson (Table 1). Three were significantly
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different from zero in the Passeriformes-only dataset: Buccal-observed, Buccal-Shannon, Cloaca-observed
(Table 1).

Phylogenetic Generalized Least Squares

Samples analyzed by sample type and each alpha diversity measurement (observed, Shannon, and Simpson)
from all samples from the same species were averaged together to get a single set of measurements per
host species. In the full dataset, the non-phylogenetically controlled regression found a single test to be
marginally significant (cloaca, Simpson, p =0.048); all other tests had p >0.05 (Table 1, Supplemental
Fig. S2). Using PGLS on the full dataset, all three alpha diversity metrics for the blood microbiota were
significantly associated with bird mass (p <0.001); all other comparisons were not significant (p >0.17). When
looking at the Passeriformes-only dataset, the non-phylogenetically controlled regression found a single test
to be marginally significant (cloaca, Shannon, p =0.022); all other tests hadp >0.05 (Table 1, Supplemental
Fig. S3). Using PGLS on the Passeriformes-only dataset, all three alpha diversity metrics for the cloacal
microbiota were significantly associated with bird mass (p <0.05). Two of the gizzard microbiota tests were
also significant (p <0.05) but we note that this dataset has extremely low sample size (N=9 individuals from
8 species). All other comparisons were not significant.

DISCUSSION

Biological understanding of vertebrates is incomplete without a thorough knowledge of the microbiome. One
of the specific goals of evolutionary biology is to discover and describe biodiversity (see (Hird, 2017)); herein,
1740 samples from 779 wild birds expand what we know about both birds and their associated microbes.
These samples, from a total of seven body sites, provide a fundamental description of the microbiomes of
diverse and previously undescribed body sites in over 200 species. The cloacal and intestinal microbiome
results support many previous studies that show a dominance of Proteobacteria and Firmicutes (Figure 2,
Supplemental Table S2, reviewed in (Grond, Sandercock, Jumpponen, & Zeglin, 2018)).

The avian blood microbiome has only been characterized in chickens, where it was shown to be compri-
sed of 60.58% Proteobacteria, 13.99% Bacteriodetes, 11.45% Firmicutes, 10.21% Actinobacteria, and 1.96%
Cyanobacteria (Mandal et al., 2016). Our blood samples exhibited over 20% more Proteobacteria, with cor-
respondingly smaller percentages of the remaining phyla (Fig. 2, Supplemental Table S2). The differences
between the two findings may be unsurprising given that wild birds tend to have higher percentages of Pro-
teobacteria (Grond et al., 2018). Clostridium was more abundant in the blood than in the cloaca, intestines,
and buccal cavity (Fig. 6a, b, c) and is known to cause infections in birds (Crespo, Fisher, Shivaprasad,
Fernández-Miyakawa, & Uzal, 2007). Janthinobacterium was more abundant in the blood than in the cloaca
and buccal cavities (Fig. 6a, b). This genus has previously been identified in the cloaca of shorebirds (Santos
et al., 2012). Known to contain pathogenic species, Mycobacterium was more abundant in the blood than in
the cloaca, intestines, gizzard, and buccal cavity (Fig. 6a, b, c, d) , potentially showing that some birds were
infected in this study or that non-pathogenic species are part of the healthy microbiota (Dhama et al., 2011).
Phenylobacterium was also more common in the blood than in the cloaca, intestines, gizzard, and buccal
cavity and has been previously shown to be in the uropygial glands of house sparrows with malaria (Fig. 6a,
b, c, d) (Videvall et al., 2021).Legionella was more abundant in the blood than in the cloaca and the buccal
cavity (Fig. 6a, b). This genus has been found in the cloaca of birds and is known to cause opportunistic
infections in humans (Santos et al., 2012; Fields, Benson, & Besser, 2002). Parvibaculum (more abundant in
the blood than in cloaca, intestines, gizzard, and buccal cavity and more abundant in the buccal cavity than
in the cloaca (Fig. 6a, b, c, d, e)), Planctomyces(more abundant in the blood than in the cloaca, intestines,
and buccal cavity (Fig. 6a, b, c)) and Sediminibacterium (more abundant in the blood than in the cloaca,
intestines, gizzard, and buccal cavity (Fig. 6a, b, c, d)) were abundant in this study but are not commonly
described members of the avian microbiota.

The buccal microbiome contained over 50% Proteobacteria and smaller percentages of Firmicutes, Actino-
bacteria, Tenericutes, and Bacteriodetes (Fig. 2, Supplemental Table S2). These results are similar to what
was found in the oral microbiome of the Great Tit (Kropáčková et al., 2017) but are quite different from
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those found in the Cooper’s hawk, which contains higher relative abundance of Firmicutes than the quanti-
ties of Actinobacteria, Bacteriodetes, and Tenericutes (Taylor et al., 2019). Further sampling is required to
determine how uniform the oral microbiome is in wild birds. Hylemonella was more abundant in the buccal
cavity than in the blood, gizzard, intestines, and cloaca (Fig. 6a, e, f, g). This genus has been identified in
the skin microbiome of vultures, raising the possibility of preening transferring skin and buccal microbes
(Zepeda Mendoza et al., 2018). Gallibacterium was more abundant in the buccal cavity than in the blood,
gizzard, intestines, and cloaca (Fig. 6a, e, f, g) and has been identified in the respiratory tract of healthy
and unhealthy birds (Bisgaard, 1977), (Mushin, Weisman, & Singer, 1980). Leucobacter was more abundant
in the buccal cavity than in the blood or cloaca in this dataset (Figure 6a, e) and has been identified in the
feces of swiftlets (Sien, Lihan, Yee, Chuan, & Koon, 2013). Rothia was more abundant in the buccal cavity
than in the gizzard or cloaca (Figure 6e, g) and is also a common member of the human saliva microbiome
(Tsuzukibashi et al., 2017).

The gizzard samples were composed mostly of Firmicutes, Proteobacteria, and Cyanobacteria (Fig. 2, Sup-
plemental Table S2). This is not consistent with the only published study on gizzard microbiomes that were
mainly composed of Bacteroidetes, Cyanobacteria, Planctomycetes, Verrucomicrobia, and Alpha and Gam-
maproteobacteria (Garćıa-Amado et al., 2018). The liver and spleen microbiomes were both dominated by
Firmicutes and Proteobacteria (Fig. 2, Supplemental Table S2); this is similar to the microbiome of wild
mouse spleens which are also composed primarily of Firmicutes and Proteobacteria (Ge, Guo, Ge, Yin, &
Yin, 2018). The relative abundances of these two phyla were very different in the liver and spleen, as com-
pared to the blood. Spleens filter blood, so similarities between these two sample types may be expected.
However, the vast differences between them show that these environments may be hospitable to different
communities of bacteria, although this requires further confirmation, as our spleen and liver sample sizes
were quite low.

The majority of our samples were of the blood, buccal, gizzard, intestines, and cloaca. These sample types
were significantly different from each other in all three beta diversity metrics measured (p <0.001) and the
variation explained by each of these metrics was relatively high (6.7%- 17%). This shows that the types of
taxa in each sample type are different from each other and that taxa those that are more phylogenetically
distinct are more abundant. These measurements are lower than some other bird body site studies (Grond,
Guilani, & Hird, 2020), but perhaps to be expected as this study incorporates dozens to hundreds of bird
species that may have distinct microbiomes.

Many ornithologists are interested in studying the microbiome without harming the bird and therefore many
have asked whether non-destructive sampling (e.g., oral swabs, cloacal swabs, feces) is adequate to describe
the gut microbiome (Videvall, Strandh, Engelbrecht, Cloete, & Cornwallis, 2018). At the ASV level, our
cloacal and intestine samples had substantial, and roughly equivalent, unique components; however, at the
level of the sequencing reads, almost all the diversity was shared (Fig. 5b). Therefore, the unique ASVs
contribute far less to the total microbiota than the shared ASVs. Compositionally, ten genera were more
abundant in the cloaca than in the intestines: Acinetobacter , Aerococcus ,Cloacibacterium , Cupriavidus
, Limnohabitans ,Micrococcus , Propionibacterium , Rheinheimera ,Staphylococcus , and Stenotrophomas
(Figure 5a). Notably,Cloacibacterium has been found in avian blood (Mandal et al., 2016),Micrococcus in
healthy conjunctiva and nasal passages (Silvanose, Bailey, Naldo, & Howlett, 2001), and Staphylococcus can
cause infections in birds (Hermans, Devriese, De Herdt, Godard, & Haesebrouck, 2000). Six genera were
more abundant in the intestines than in the cloaca: Balneimonas , Enterococcus ,Lactobacillus , Lactococcus
, Psychrobacter , andRickettsiella (Figure 5a). Enterococcus has been found in the cloaca of birds (Jørgensen
et al., 2017) andPsychrobacter has been found in the throats and guts of birds (Kämpfer et al., 2015),
(Kämpfer et al., 2020).Lactobacillus and Lactococcus have been previously identified in the cloaca of birds
(Allegretti et al., 2014; Gunasekaran, Trabelcy, Izhaki, & Halpern, 2021), but we found them at higher
abundances in the intestines, which is similar to previous comparative studies (Hird et al., 2015; Capunitan
et al., 2020). Enterococcus was more abundant in the intestines than the cloaca, gizzard, blood, and buccal
cavity and more common in the blood than the gizzard (Figs. 5a, 6c, d, f, i). This genus has been found in the
cloaca of chickens (Jørgensen et al., 2017).Lactobacillus similarly was more common in the intestines than

6



P
os

te
d

on
A

ut
ho

re
a

25
Ja

n
20

22
|T

he
co

py
ri

gh
t

ho
ld

er
is

th
e

au
th

or
/f

un
de

r.
A

ll
ri

gh
ts

re
se

rv
ed

.
N

o
re

us
e

w
it

ho
ut

pe
rm

is
si

on
.

|h
tt

ps
:/

/d
oi

.o
rg

/1
0.

22
54

1/
au

.1
64

31
44

87
.7

15
63

31
1/

v1
|T

hi
s

a
pr

ep
ri

nt
an

d
ha

s
no

t
be

en
pe

er
re

vi
ew

ed
.

D
at

a
m

ay
be

pr
el

im
in

ar
y.

the cloacal, gizzard, blood, and buccal cavity (Figs. 5a, 6c, f, i). This matched a finding in parrots that found
Lactobacillus in their cloaca (Allegretti et al., 2014). In a comparison of body site microbiota in ostriches,
several families that include our differentially abundant intestinal microbes were also significantly higher at
internal gastrointestinal sites, as compared to the cloaca (Lactobacillaceae ,Streptococcaceae , Enterococcaceae
; Videvall et al., 2018).

The comparison of body sites also identified many additional taxa common to bird microbiomes and/or which
are known pathogens:Campylobacter(Kapperud & Rosef, 1983; Hird et al., 2018),Cloacibacterium(Mandal
et al., 2016).Comamonas (Kropáčková et al., 2017), Enhydrobacter(Kreisinger, Č́ıžková, Kropáčková, &
Albrecht, 2015), Methylotenera(Boukerb et al., 2021),Pseudomonas (Oprea, Crivineanu, Tudor,  lOGOE, &
Popa, 2010), Psychrobacter(Kämpfer et al., 2015), (Kämpfer et al., 2020).Sphingobacterium(Gunasekaran
et al., 2021),Streptococcus(Devriese et al., 1994),Curtobacterium(Giorgio, De Bonis, Balestrieri, Rossi, &
Guida, 2018), Kocuria(Braun, Wang, Zimmermann, Boutin, & Wink, 2018), Brevundimonas(Giorgio et
al., 2018), Kingella (Foster et al., 2005), Micrococcus(Silvanose et al., 2001),Staphylococcus(Hermans et al.,
2000),Lactococcus(Gunasekaran et al., 2021).Methylobacterium was found to be more abundant in the blood
and buccal cavity more than the gizzard and more abundant in the buccal cavity than in the intestines and
cloaca (Figure 6d, e, f, g). This is noteworthy as methylobacterium is known to be a contaminant in kits
(Salter et al., 2014).

Although alpha diversity did not vary significantly across anatomical sites, we did identify specific microbial
taxa that were differentially abundant between sites. (Fig. 3). Together with the beta diversity results, this
shows that while the sample types contain similar levels of diversity, the composition of those communities
is different across the body sites.

The microbiome is a trait of the host that may not be independent of the underlying phylogeny. Strictly
speaking, phylogeny describes the evolutionary history of organisms. For a variety of reasons, phylogeny
captures more than just evolutionary history and more closely related organisms frequently have more similar
traits (“phylogenetic signal”). Therefore, comparisons of microbial “traits” across species need to control for
phylogeny of the hosts.

Bird weight and one third of the alpha diversity measurements contained significant phylogenetic signal, as
assessed by Pagel’s Lambda (Table 1: two blood, one buccal, two intestine). When subsetting to include
only Passeriformes, only three of the 15 tests contained significant phylogenetic signal: two buccal and one
cloacal (although the three gizzard tests were likely affected by extremely low sample size). This shows an
inconsistent or low level of association between phylogeny and microbiota richness and diversity, meaning
that factors beyond phylogeny impact the microbial communities. This is similar to previous comparative
work that found a White Noise model (of no phylogenetic signal) may fit the avian microbiome better than
a neutral model or a model that includes selection (Capunitan et al., 2020).

How does size of a host influence the richness and diversity of the microbiota? Birds can be conceptualized
as “islands” containing communities of microorganisms and their composition could potentially be driven by
the Theory of Island Biogeography. We found eight significant correlations between bird size and microbiota,
when using phylogenetic comparative methods (Table 1). In the full dataset, the blood samples show a
significant negative correlation between their microbial diversity and the average host weight for all three
of the diversity metrics (p <0.001), indicating that larger birds actually have significantly lower diversity in
their blood than smaller birds.

Because bird orders diversified quickly, there can be different associations of host traits within and across
orders (Harmon et al., 2010). Therefore, we restricted analyses to a single order (Passeriformes) and reran
the PGLS analyses. In the subset data, all three of the microbiome metrics for the cloacal samples exhibited
significant negative correlations (p <0.05) (Table 1, Supplemental Fig. S3). The Theory of Island Biogeo-
graphy predicts that larger islands will house more diversity; our results appear to show the opposite: either
a significant negative correlation or no correlation at all.

In broader terms, our results show that as host “islands” increase in size, the number of microbial taxa
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immigrating decreases and/or the number of extinction events grows larger, indicating that regulatory me-
chanisms associated with host body size may be influencing the Species-Area Relationship. For example,
avian microbiomes may be more prone to colonization by bacteria that inhibit conspecific proliferation, the
immune systems of the host may be more sensitive to new “immigrant” members of the microbiome, different
anatomical sites may be limited by nutrients, or other possibilities may be working to prevent a significant
and large difference in alpha diversity due to host average weight. However, and importantly, even when
thep -values showed there was a negative or positive significant correlation between average host weight and
alpha diversity, the value was small in every case. This suggests that there are only minor significant changes
in the alpha diversity corresponding to average host weight. Taken together, our findings do not support an
unexamined application of traditional Species-Area Relationships to the avian microbiome.
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Hosted file

image2.emf available at https://authorea.com/users/457250/articles/554075-body-size-poorly-
predicts-host-associated-microbial-diversity-in-wild-birds

Figure 1: Phylogeny of all of the bird species represented in this study (left) and a table with gray cells to
indicate which sample types were sampled from each bird species (right).

Hosted file

image3.emf available at https://authorea.com/users/457250/articles/554075-body-size-poorly-
predicts-host-associated-microbial-diversity-in-wild-birds

Figure 2: Phylum level bar plots of all samples grouped by body sites ordered by sample type and, within
that, by average species size.

Hosted file

image4.emf available at https://authorea.com/users/457250/articles/554075-body-size-poorly-
predicts-host-associated-microbial-diversity-in-wild-birds

Figure 3: Box plots of Alpha Diversity metrics (A) Observed ASV, (B) Shannon, and (C) Simpson for all
samples used in this study and separated by Body Site. All samples were rarefied to 4,000 for comparison
among the samples.

Hosted file

image5.emf available at https://authorea.com/users/457250/articles/554075-body-size-poorly-
predicts-host-associated-microbial-diversity-in-wild-birds

Figure 4: Non-metric Multidimensional Scaling Ordination constructed from unweighted UniFrac and
weighted UniFrac matrices of wild bird microbiomes collected from Malawi. Colors represent the five body
sites sampled; results from the adonis tests for significance of body sites are shown.

Hosted file

image6.emf available at https://authorea.com/users/457250/articles/554075-body-size-poorly-
predicts-host-associated-microbial-diversity-in-wild-birds

Figure 5: Comparison of cloacal and intestine samples after rarefaction to 9,000 sequences per sample. A.
DESeq2 Plot showing differential abundance of ASVs, alpha=0.01, B. Venn diagram of shared and unique
ASVs (left) and sequencing reads (right).
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Hosted file

image7.emf available at https://authorea.com/users/457250/articles/554075-body-size-poorly-
predicts-host-associated-microbial-diversity-in-wild-birds

Figure 6: Differential abundance of ASVs between sample types using an alpha of 0.01: A. Blood and
buccal, rarefied to 4,000 sequences. B. Blood and cloaca, rarefied to 4,000 sequences. C. Blood and intestine,
rarefied to 4,000. D. Blood and gizzard, rarefied to 4,000 sequences. E. Cloaca and buccal, rarefied to 10,000
sequences. F. Intestine and buccal, rarefied to 9,000 sequences. G. Gizzard and buccal, rarefied to 10,000
sequences. H. Cloaca and gizzard, rarefied to 9,000 sequences. I. Intestine and gizzard, rarefied to 9,000.

SUPPLEMENTAL MATERIAL

Figure S1. Rarefaction curves for each sample type with red dotted line indicating the number of sequences
to which the samples were rarefied: A. blood, B. buccal, C. cloaca, D. intestine, E. gizzard, F. liver, G. spleen.

Figure S2. Correlations between microbiota alpha diversity and average bird weight using Observed (upper
left), Shannon (upper right), and Simpson diversity (bottom left) metrics; correlation and significance values
with and without controlling for phylogeny are also reported (bottom right) for the (A) blood, (B) buccal,
(C) cloaca, (D) intestine, (E) gizzard body sites for all samples.

Figure S3. Correlations between microbiota alpha diversity and average bird weight using Observed (upper
left), Shannon (upper right), and Simpson diversity (bottom left) metrics; correlation and significance values
(in green) with and without controlling for phylogeny are also reported (bottom right) for the (A) blood, (B)
buccal, (C) cloaca, (D) intestine, (E) gizzard body sites for only samples belonging to the order Passeriformes.

Table S1 . Metadata for all samples, including FMNH#, species, body site and raw reads.

Table S2. Relative abundance of bacterial phyla for the seven body sites. Phyla that were represented at
below 10% of the sequences within the sample were placed in the “Other” category. Samples are separated
by sample type.

Table S3. Pagel’s lambda (and significance) for bird weight, using the species in each of the body site
specific datasets.
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