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Abstract
1.	 Host-associated microbiomes are thought to play a key role in host physiology 

and fitness, but this conclusion mainly derives from systems biased towards ani-
mal models and humans.

2.	 While many studies on non-model and wild animals have characterised the taxo-
nomic diversity of their microbiomes, few have investigated the functional poten-
tial of these microbial communities.

3.	 Functional ‘omics’ approaches, such as metagenomics, metatranscriptomics and 
metabolomics, represent promising techniques to probe the significance of host-
associated microbiomes in the wild.

4.	 In this review, we propose to (1) briefly define the main available functional omics 
tools along with their strengths and limitations, (2) summarise the key advances 
enabled by omics tools to understand microbiome function in human and animal 
models, (3) showcase examples of how these methods have already brought in-
valuable insights into wild host microbiomes and (4) provide guidelines on how to 
implement these tools to address outstanding questions in the field of wild animal 
microbiomes.

5.	 To conclude, we suggest that, building on knowledge derived from cheaper, more 
traditional approaches (e.g. 16S metabarcoding and qPCR), functional omics tools 
represent a promising approach to test hypotheses regarding the ecological and 
evolutionary significance of the resident microbiota in wild animals.
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1  |  INTRODUC TION

Host-associated microbiomes represent complex ecosystems that 
often make fundamental contributions to host health (Sommer & 
Bäckhed, 2013; but see Hammer et al., 2019). For example, mem-
bers of the vertebrate gut microbiome play an important role in 
host nutrient acquisition (Nicholson et al., 2012), disease resistance 
(Round & Mazmanian, 2009) and cognition (Davidson et al., 2020). 
Some host functions are thus fundamentally dependent on the mi-
crobes that colonise them and microbiomes are starting to be con-
sidered as an important contributor to the functional trait make up 
macro-organisms.

The vast majority of research evidencing these contributions 
has been conducted using humans and laboratory animals. Fewer 
studies have focussed on animals living in natural populations where 
hosts are exposed to complex and highly dynamic environmental 
pressures. However, with the advent of affordable high-throughput 
sequencing methodologies and non-invasive sampling techniques, 
there has been a recent proliferation of studies investigating the 
microbiome of wild animals. Through the amplification of micro-
bial marker genes, usually the bacterial 16S rRNA gene, such stud-
ies have uncovered immense microbial taxonomic diversity which 
varies dynamically across host species (Knowles et al., 2019; Song 
et al., 2020; Thomas et al., 2016), populations (Grieneisen et al., 2019; 
Uren Webster et al., 2018) and individuals (Björk et al., 2022; Risely 
et al., 2022; Worsley et al., 2021).

Numerous factors have been shown to contribute to this 
variation in the wild. For example, across taxa, particularly in 
mammals, microbiome compositional dissimilarity is often cor-
related with host phylogenetic distance (a pattern termed ‘phy-
losymbiosis’) (Brooks et  al.,  2016; Groussin et  al.,  2017; Nishida 
& Ochman, 2018; Song et al., 2020; Youngblut et al., 2019). Diet 
has also emerged as a major driver of gut microbiome differ-
ences among host species (Ingala et al., 2021; Song et al., 2020; 
Youngblut et al., 2019). Within populations, a suite of ecological 
factors have been linked to microbiome dynamics, including habi-
tat differences (Fackelmann et al., 2021) and seasonal fluctuations 
in dietary intake (Baniel et  al.,  2021; Björk et  al.,  2022; Michel 
et al., 2018). Furthermore, inter-individual microbiome variation is 
also correlated with a range of host factors including differences 
in host genotype (Davies et al., 2022; Thomas et al., 2016), related-
ness (Baniel et al., 2022; Ren et al., 2017; Wanelik et al., 2023), so-
cial behaviour (Raulo et al., 2021; Tung et al., 2015) and age (Reese 
et al., 2021; Sadoughi et al., 2022).

However, aside from identifying which microbes are found in 
particular hosts and how their abundances vary, a key aim of mi-
crobiome research is to uncover the functional importance of mi-
crobial communities and their impact on host health and fitness 
(Suzuki,  2017). Despite this aim, few wildlife microbiome studies 
have integrated information on microbial function into their anal-
yses (but see Levin et al., 2021; Youngblut et al., 2020). A variety 
of analytical (‘omics’) tools now exist that enable data on microbial 
functions to be collected (see Table 1), giving an additional layer of 

resolution and understanding to microbiome studies. That is, instead 
of asking ‘what is there?’ we can now begin to ask questions like 
‘what does it do?’.

While the gold standard for evaluating host-associated microbial 
function remains experimental manipulation in model systems, sig-
nificant advances have been made by coupling non-invasive sam-
pling with multi-omics approaches in non-experimental systems. For 
example, in the field of human microbiomes, it has been possible to 
identify specific microbial genes, transcripts and metabolites that 
are linked to, and may causally influence, specific disease states such 
as inflammatory bowel disease (IBD; Lloyd-Price et  al.,  2019), dia-
betes (Heintz-Buschart et al., 2016) and cancer (Wang et al., 2020). 
Metagenomic studies have also shed light on the functional and fine-
grained phylogenetic divergence of human and non-human primate 
gut microbiomes providing insight into the processes shaping their 
evolution (Rühlemann et al., 2024; Sanders et al., 2023). Recent at-
tempts to construct functionally annotated gut microbiome data-
bases across wild hosts using shotgun metagenomics have revealed 
enormous functional diversity that varies across animal taxa (Levin 
et al., 2021; Youngblut et al., 2020) and according to key host traits 
such as diet, social structure and lifespan (Levin et al., 2021). Some of 
these microbial functions (e.g. toxin degradation by microbes asso-
ciated with carrion-eaters) have been directly linked to host ecology 
through follow-up experiments (Levin et al., 2021). Thus, we believe 
that functional techniques could be applied to wild animal microbi-
omes to give a better understanding of the mechanisms by which 
microbes influence host ecology and evolution, and the relevance of 
the huge microbial taxonomic diversity observed within and across 
wild systems.

In this review, we have four main aims:

1.	 Highlight different types of functional data that can be gen-
erated (Table  1)

2.	 Illustrate how these have been applied to provide insight into the 
microbiomes of humans and model organisms.

3.	 Propose how these techniques might be transferred into the field 
of wild animal microbiomes to better understand how the micro-
biome, as a functional trait, can influence host health, ecology and 
fitness.

4.	 Discuss the challenges and potential solutions associated with 
collecting and processing functional data from understudied, 
non-model animal systems.

2  |  GENER ATING FUNC TIONAL DATA 
SETS

A variety of omics technologies now exist that enable the charac-
terisation of host-associated microbiomes (Table  1). Each of these 
methods can provide different perspectives on microbiome func-
tionality. In Table 1, we provide an overview of the main technolo-
gies available, including their advantages and limitations. We also 
outline these briefly below.
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2.1  |  DNA metabarcoding

Currently, the most widely used approach for characterising host-
associated microbiomes, particularly in wild systems, is DNA metabar-
coding (Table 1). Here, full length or partial segments of marker genes 
(such as ribosomal RNA genes) are amplified and sequenced, then 
taxonomically assigned using microbial databases. This methodology 
provides information on the identity of microbes, and their relative abun-
dances, within a sample. However, tools have also been developed that 
enable microbial functions to be inferred from these data sets (reviewed 
in Djemiel et al., 2022). Here, functions are estimated based on sequence 
homology to annotated microbial genomes in reference databases. For 
example, PiCRUST2 (Douglas et al., 2020) enables preliminary functional 
prediction from 16S rRNA gene metabarcoding data sets by providing 
rough estimates of KEGG pathways and the metabolic diversity present 
in the overall microbial community. However, the accuracy of DNA me-
tabarcoding and tools such as PiCRUST2 can be limited, because phylo-
genetically similar microbial taxa can provide different functions, even 
within species (e.g. Escherichia coli, Rasko et al., 2008).

2.2  |  Shotgun metagenomics

Shotgun metagenomics (Table 1), whereby total genomic DNA is se-
quenced, can provide information on the taxonomic composition and 
the presence of microbial genes within a sample (reviewed in Quince 
et al., 2017). This, in turn, enables detailed inference about the types 
of enzymes and metabolic pathways that may be expressed by the 
microbiome. High-coverage metagenomic sequencing can also en-
able metagenome-assembled genomes (MAGs) to be constructed, 
potentially allowing the identification of taxa (and their genes) that 
are currently uncharacterised (Quince et al., 2017). A growing num-
ber of metagenomic data sets are becoming publicly available for 
wild animals (e.g. Levin et al., 2021; Rühlemann et al., 2024; Sanders 
et al., 2023; Youngblut et al., 2019).

2.3  |  Metranscriptomics, metaproteomics & 
metabolomics

The presence of a gene does not necessarily mean that it is ex-
pressed or translated in  situ and other tools are needed to deter-
mine whether this is the case. Metatranscriptomics (Table 1) can be 
used to evaluate which genes are actually expressed by microbial 
members (at time of sampling), while metaproteomics (Table 1) and 
metabolomics (Table 1) enable the identification and quantification 
of microbial proteins and metabolites, respectively.

2.4  |  Culturomics

A final, often overlooked, approach that can be used to define mi-
crobial function is culturomics (Table  1). This technique involves 

isolating and culturing microbes associated with host animals and 
identifying them using sequencing approaches. Isolates can then be 
characterised using in vitro assays that directly test their functional 
capacity (e.g. their ability to inhibit the growth of pathogens) (Antwis 
& Harrison,  2018; Lagier et  al.,  2018). Assays can also be paired 
with whole-genome sequencing of isolates potentially allowing the 
identification of genes underlying functions of interest (e.g. Holmes 
et al., 2016; Kwong et al., 2014).

While all methodologies come with limitations (Table  1), com-
bining multiple omics tools (i.e. a ‘multi-omics’ approach) can pro-
vide detailed information on microbiome functionality and genetic 
attributes. Combining such information with data on the genetics 
and ecology of hosts (a so-called ‘hologenomics’ approach) provides 
a powerful means to unpick complex host–microbe interactions 
(Alberdi et al., 2022). In the sections below, we highlight examples of 
where functional approaches have provided additional insight and 
how similar methodologies could be applied in non-model systems 
to probe the functional significance of the microbiome.

3  |  FUNC TIONAL INSIGHTS FROM 
STUDIES OF MODEL ORGANISMS AND 
HUMANS

Over the past decade, functional omics tools (Table  1) have been 
widely employed in a variety of research fields, particularly those 
aiming to understand how human gut microbiomes assemble and 
impact health (e.g. reviewed in Heintz-Buschart & Wilmes,  2018; 
Rojo et al., 2017; Zhang et al., 2019). Our goal here is not to give an 
exhaustive overview of this work. Instead, we aim to highlight key 
examples of how such data sets can provide a deeper understand-
ing of host–microbiome interactions, beyond what could normally be 
achieved using traditional metabarcoding techniques.

One key advantage of using functional omics tools is the poten-
tial to move beyond descriptions of taxonomic structure and glean 
detailed information about the microbial genes, pathways, proteins 
and metabolites that might directly impact host health and disease. 
Such information can provide mechanistic insight and has added 
to our understanding of the contribution of the gut microbiome to 
various diseases, including IBD (Jacobs et al., 2023; Lee et al., 2021; 
Lloyd-Price et  al.,  2019), diabetes (Heintz-Buschart et  al.,  2016) 
and cancer (Wang et al., 2020). Combining multiple omics tools has 
proven to be a particularly powerful approach. For example, a large-
scale, longitudinal study of IBD patients used metagenomics, me-
tatranscriptomics, metaproteomics and metabolomics to determine 
functional changes in the gut microbiome associated with periods 
of increased disease activity (Lloyd-Price et al., 2019). Alongside a 
characteristic increase in the abundance of facultative anaerobic 
bacteria, this study also identified disrupted microbial transcription 
(particularly amongst Clostridia), as well as corresponding changes 
to the abundance of key metabolites (such as key bile acids and bu-
tyrate) that were potentially linked to gut inflammation (Lloyd-Price 
et al., 2019).
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Functional omics tools are also able to provide a more accurate 
approximation of the functional plasticity of a microbiome than 
estimates from metabarcoding. This is evident from human meta-
transcriptomic studies showing that different disease states may be 
associated with changes in microbial gene expression even when 
there are no, or very few, changes to the taxonomic composition of 
the microbiome (Franzosa et al., 2014; Gosalbes et al., 2011; Heintz-
Buschart et  al.,  2016). Similarly, the reconstruction of microbial 
draft genomes (MAGs) via shotgun metagenomics has revealed that 
microbiome-associated disease outcomes are often a consequence 
of specific microbial strains that, because of their unique gene con-
tent, perform different functions within the gut ecosystem (Hajjo 
& Geva-Zatorsky, 2021; Hall et al., 2017; Ward et al., 2016). For ex-
ample, certain bacterial strains are enriched in the gut microbiome 
of IBD patients and carry unique genes involved in bacterial stress 
responses and nutrient utilisation (Hall et al., 2017). Other studies 
have shown that strain-level genetic diversity can contribute to the 
digestion of different dietary components (De Filippis et al., 2019), 
enable microbes to resist antibiotics (Roodgar et al., 2021) and result 
in different immunomodulatory effects on the host (Hajjo & Geva-
Zatorsky, 2021). Adding to this complexity, new strains can rapidly 
evolve in situ without significant changes to a species' relative abun-
dance (Dapa et al., 2023; Roodgar et al., 2021). Since marker genes 
are often identical across strains that are highly divergent at other 
loci across the genome, such complexities would go undetected in 
metabarcoding studies.

Conversely, functional studies may also highlight instances 
where metabarcoding studies overestimate the potential for func-
tion divergence among groups due to functional redundancy 
(Doolittle & Booth, 2017; Louca et al., 2018). This is when different 
microbial taxa perform the same functional role within an ecosystem 
(Louca et al., 2018). Functional studies on various hosts, including 
humans (Turnbaugh et al., 2009; Vieira-Silva et al., 2016) and rumi-
nants (Taxis et al., 2015), have provided evidence that taxonomically 
dissimilar gut microbes can share many metabolic pathways. Such 
redundancy has been hypothesised to increase community resil-
ience in the face of perturbation (Lozupone et al., 2012; Vieira-Silva 
et  al., 2016). These ideas have not been widely tested in the wild 
animal microbiome literature. However, it is possible that at least 
some of the enormous microbiome variation observed across spe-
cies, populations and individuals could be explained by functional 
redundancy.

In summary, research from other fields has shown that the inte-
gration of multiple omics tools can be a powerful way to decipher 
the compositional and functional characteristics of host-associated 
microbiomes. Furthermore, these tools provide a means to better 
understand the mechanisms by which microbiome variation may im-
pact host health. Crucially, the results of such studies also serve as 
an important hypothesis generating tool by identifying possible tar-
gets for future experimental studies and medical intervention (Zhang 
et al., 2019). Such tools could serve a similar purpose in studies of 
the wild animal microbiome. For example, the integration of multi-
omics data sets could provide insight into the functional relevance 

of the taxonomic differences frequently identified between the mi-
crobiome of different host species, populations and individuals. The 
results of these studies could also inform manipulative experiments 
to confirm the contribution of specific microbiome components to 
host health or fitness.

4  |  HOW AND WHERE HAVE 
FUNC TIONAL DATA SETS BEEN USED TO 
ADDRESS QUESTIONS IN THE FIELD OF 
WILD ANIMAL MICROBIOMES?

Microbiomes are usually assumed to play a key role in host physi-
ology and fitness. However, the functional importance of host-
associated microbes has only been causatively demonstrated in 
a handful of model organisms such as corals (Bourne et al., 2016), 
bees (Motta & Moran, 2023), ruminants (O'Hara et al., 2020), mice 
(Clavel et  al.,  2016) and termites (Scharf & Peterson,  2021), al-
though it can reasonably be assumed for many other animal taxa. 
In some cases, particularly in some invertebrates, the microbiome 
might be of less importance to the host (reviewed in Hammer 
et al., 2017). An important question thus arises: Is it common that 
animal hosts rely on a microbiome for certain functions? To high-
light how omics tools could be applied to address this question in 
non-model animals, we summarise some key examples of microbial 
functions that have been dissected using omics tools in different 
wild hosts.

4.1  |  The gut microbiome and host physiology: Diet 
as a key example

Many studies are starting to demonstrate the value of generating 
functional data sets to gain mechanistic insights into the role of 
the microbiome (Table 2). This has been particularly exemplified by 
research aimed at understanding the contribution of microbes to 
host dietary adaptation, and especially herbivory. Historically, this 
has been intensively studied in domesticated ruminants (Mizrahi 
et al., 2021) whereby metagenomics data have helped to better doc-
ument the diverse community of fibre degrading bacteria, and their 
functions, in the rumen microbiome (Xie et al., 2021). Recently, these 
approaches have also been expanded to wild systems. For example, 
Cabral et al.  (2022) used a combination of omics tools to elucidate 
the gut microbial community composition, enzymatic systems and 
metabolic pathways involved in depolymerisation and utilisation of 
plant fibres in wild capybaras (Hydrochoerus hydrochaeris). The study 
initially described microbial taxonomic community composition 
using metabarcoding data, then used metagenomics and metatran-
scriptomics to investigate the genes and gene pathways associated 
with plant fibre degradation, and to identify the microbial agents 
involved in depolymerisation. Finally, using metabolomic data, they 
were able to confirm that these microbial taxa play a role in the con-
version of free sugars into energy that is potentially usable by the 

 13652435, 2024, 11, D
ow

nloaded from
 https://besjournals.onlinelibrary.w

iley.com
/doi/10.1111/1365-2435.14650 by U

ppsala U
niversity L

ibrary, W
iley O

nline L
ibrary on [04/02/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



2336  |    WORSLEY et al.

TA
B

LE
 2

 
Ex

am
pl

es
 o

f w
ild

 a
ni

m
al

 s
tu

di
es

 w
hi

ch
 h

av
e 

ap
pl

ie
d 

fu
nc

tio
na

l o
m

ic
s 

to
ol

s 
an

d 
ho

w
 th

ey
 h

av
e 

ad
de

d 
to

 o
ur

 u
nd

er
st

an
di

ng
 o

f t
he

 w
ild

 a
ni

m
al

 m
ic

ro
bi

om
e.

H
os

t t
ax

a
Fu

nc
tio

n 
st

ud
ie

d
Fu

nc
tio

na
l o

m
ic

s 
us

ed
A

dd
ed

 v
al

ue
 o

f f
un

ct
io

na
l d

at
a

Re
fe

re
nc

e

C
ap

yb
ar

a 
(H

yd
ro

ch
oe

ru
s h

yd
ro

ch
ae

ris
)

H
os

t d
ie

t d
ig

es
tio

n
M

G
X

, M
TX

, M
BX

Id
en

tif
ie

d 
m

ic
ro

bi
al

 ta
xa

 in
vo

lv
ed

 in
 d

ep
ol

ym
er

is
at

io
n 

an
d 

ut
ili

sa
tio

n 
of

 
pl

an
t f

ib
re

s,
 a

s 
w

el
l a

s 
th

e 
en

zy
m

at
ic

 s
ys

te
m

s 
an

d 
m

et
ab

ol
ic

 p
at

hw
ay

s 
in

vo
lv

ed

C
ab

ra
l e

t a
l. 

(2
02

2)

M
id

w
ife

 to
ad

 (A
ly

te
s o

bs
te

tr
ic

an
s)

H
os

t s
ki

n 
di

se
as

e 
m

iti
ga

tio
n

M
G

X
, M

BX
Id

en
tif

ie
d 

fu
nc

tio
na

lly
 re

le
va

nt
 ta

xa
 d

riv
in

g 
di

se
as

e 
ou

tc
om

e 
(s

ee
 a

ls
o 

Bo
x 

1)
Ba

te
s 

et
 a

l. 
(2

02
2)

G
ia

nt
 p

an
da

 (A
ilu

ro
po

da
 m

el
an

ol
eu

ca
)

H
os

t d
ie

t d
ig

es
tio

n
M

G
X

, M
PX

Id
en

tif
ie

d 
fu

nc
tio

na
lly

 re
le

va
nt

 ta
xa

 d
riv

in
g 

di
ff

er
en

ce
s 

in
 b

od
y 

co
nd

iti
on

H
ua

ng
 e

t a
l. 

(2
02

2)

M
am

m
al

s
H

os
t d

ie
t d

ig
es

tio
n

M
G

X
, M

TX
Sh

ow
ed

 th
at

 m
am

m
al

ia
n 

gu
t m

ic
ro

bi
ot

a 
co

m
po

si
tio

n 
an

d 
fu

nc
tio

na
lit

y 
is

 
pa

rt
ia

lly
 s

ha
pe

d 
by

 h
os

t d
ie

ta
ry

 d
iff

er
en

ce
s

M
ila

ni
 e

t a
l. 

(2
02

0)

Ru
dd

y 
Tu

rn
st

on
e 

(A
re

na
ria

 in
te

rp
re

s)
H

os
t m

et
ab

ol
is

m
M

TX
Sh

ow
ed

 th
at

 ta
xo

no
m

ic
 c

om
po

si
tio

n 
of

 th
e 

m
ic

ro
bi

om
e 

an
d 

fu
nc

tio
na

l 
as

pe
ct

s 
of

 th
e 

m
et

at
ra

ns
cr

ip
to

m
e 

sh
ift

 d
ur

in
g 

w
ei

gh
t g

ai
n

G
ro

nd
 e

t a
l. 

(2
02

3)

C
om

m
on

 m
ar

m
os

et
 (C

al
lit

hr
ix

 ja
cc

hu
s)

Va
rio

us
 fu

nc
tio

ns
 s

en
si

tiv
e 

to
 

en
vi

ro
nm

en
ta

l c
ha

ng
e

M
G

X
, M

TX
Fo

un
d 

th
at

 d
iff

er
en

ce
s 

in
 m

ic
ro

bi
al

 g
en

e 
ex

pr
es

si
on

 w
er

e 
m

or
e 

dy
na

m
ic

 
an

d 
se

ns
iti

ve
 to

 e
nv

iro
nm

en
ta

l s
hi

ft
s 

th
an

 th
e 

ab
un

da
nc

es
 o

f m
ic

ro
bi

al
 

ge
ne

s

U
eh

ar
a 

et
 a

l. 
(2

02
2)

W
ild

 (a
nd

 c
ap

tiv
e)

 n
on

-h
um

an
 

pr
im

at
es

H
os

t d
ie

t d
ig

es
tio

n
M

G
X

, M
TX

Id
en

tif
ie

d 
th

at
 c

er
ta

in
 m

ic
ro

bi
al

 ta
xa

 a
nd

 fu
nc

tio
ns

 w
er

e 
en

ric
he

d 
in

 
pr

im
at

e 
sp

ec
ie

s 
w

ith
 d

iff
er

en
t d

ie
ts

Zh
an

g 
et

 a
l. 

(2
02

3)

Ba
le

en
 w

ha
le

 (M
ys

tic
et

i)
H

os
t d

ie
t d

ig
es

tio
n

M
G

X
Sh

ow
ed

 th
at

 b
al

ee
n 

w
ha

le
s,

 w
hi

ch
 p

re
y 

on
 fi

sh
 a

nd
 c

ru
st

ac
ea

ns
, h

ar
bo

ur
 

un
iq

ue
 g

ut
 m

ic
ro

bi
om

es
 w

ith
 s

ur
pr

is
in

g 
pa

ra
lle

ls
 (i

n 
te

rm
s 

of
 fu

nc
tio

na
l 

ca
pa

ci
ty

 a
nd

 ta
xo

no
m

y)
 to

 th
os

e 
of

 te
rr

es
tr

ia
l h

er
bi

vo
re

s

Sa
nd

er
s 

et
 a

l. 
(2

01
5)

Bl
ac

k 
ho

w
le

r m
on

ke
ys

 (A
lo

ua
tt

a 
pi

gr
a)

H
os

t d
ie

t s
hi

ft
M

BX
Sh

ow
ed

 th
at

 fa
ec

al
 m

et
ab

ol
ite

 p
ro

fil
es

 d
iff

er
ed

 b
et

w
ee

n 
se

as
on

s 
an

d 
w

er
e 

st
ro

ng
ly

 a
ss

oc
ia

te
d 

w
ith

 c
ha

ng
es

 in
 p

la
nt

 m
et

ab
ol

ite
 c

on
su

m
pt

io
n.

 
H

ow
ev

er
, f

ae
ca

l m
et

ab
ol

ite
 c

om
po

si
tio

n 
w

as
 n

ot
 s

tr
on

gl
y 

as
so

ci
at

ed
 w

ith
 

m
ic

ro
bi

om
e 

ta
xo

no
m

ic
 c

om
po

si
tio

n

M
al

lo
tt

 e
t a

l. 
(2

02
2)

Tu
rt

le
 a

nt
s 

(C
ep

ha
lo

te
s)

N
itr

og
en

 re
cy

cl
in

g 
(fr

om
 d

ie
t 

an
d 

ho
st

 e
xc

re
tio

ns
)

M
G

X
, M

BX
U

se
d 

M
BX

 to
 s

ho
w

 th
at

 a
 s

pe
ci

al
is

ed
 c

or
e 

gu
t m

ic
ro

bi
om

e 
pr

ov
is

io
ns

 
ni

tr
og

en
 fo

r t
he

 h
os

t b
y 

re
cy

cl
in

g 
N

-r
ic

h 
co

m
po

un
ds

 (e
.g

. u
re

a 
fr

om
 d

ie
t).

 
M

G
X 

th
en

 s
ho

w
ed

 th
at

 th
is

 p
he

no
m

en
on

 is
 li

ke
ly

 c
on

se
rv

ed
 a

cr
os

s 
m

an
y 

an
t s

pe
ci

es

H
u 

et
 a

l. 
(2

01
8)

M
ig

ra
to

ry
 b

ird
 s

pe
ci

es
H

os
t m

et
ab

ol
is

m
 a

nd
 

re
si

st
om

e
M

G
X

Sh
ow

ed
 th

at
 1

0 
m

ig
ra

to
ry

 b
ird

 s
pe

ci
es

 (p
re

do
m

in
an

tly
 w

at
er

fo
w

l) 
va

ry
 

gr
ea

tly
 in

 g
ut

 b
ac

te
ria

l c
om

po
si

tio
n 

bu
t a

re
 s

im
ila

r i
n 

th
ei

r m
ic

ro
bi

om
e 

m
et

ab
ol

is
m

 a
nd

 fu
nc

tio
n

C
ao

 e
t a

l. 
(2

02
0)

W
ild

 v
er

te
br

at
es

, i
nc

lu
di

ng
 fi

sh
, b

ird
s 

an
d 

m
am

m
al

s
Va

rio
us

 fu
nc

tio
ns

 in
cl

ud
in

g 
ho

st
 d

ie
t d

ig
es

tio
n,

 
to

xi
n 

pr
od

uc
tio

n 
an

d 
bi

ol
um

in
es

ce
nc

e

M
G

X
Id

en
tif

ie
d 

ho
st

 tr
ai

ts
 th

at
 c

or
re

la
te

 w
ith

 th
e 

co
m

po
si

tio
n,

 d
iv

er
si

ty
, a

nd
 

fu
nc

tio
na

l c
on

te
nt

 o
f t

he
ir 

m
ic

ro
bi

ot
a.

 F
or

 e
xa

m
pl

e,
 th

ey
 id

en
tif

ie
d 

pr
ot

ea
se

s,
 s

om
e 

pr
ev

io
us

ly
 u

nd
es

cr
ib

ed
, f

ro
m

 th
e 

gu
t o

f g
rif

fo
n 

vu
ltu

re
s 

th
at

 d
eg

ra
de

 to
xi

ns
 p

re
se

nt
 in

 th
ei

r c
ar

rio
n 

di
et

Le
vi

n 
et

 a
l. 

(2
02

1)

Va
m

pi
re

 b
at

s 
(D

es
m

od
us

 ro
tu

nd
us

)
H

os
t d

ie
t d

ig
es

tio
n

M
G

X
C

om
pa

re
d 

th
e 

ta
xo

no
m

y 
an

d 
fu

nc
tio

n 
of

 s
an

gu
iv

or
ou

s 
an

d 
no

n-


sa
ng

ui
vo

ro
us

 b
at

 g
ut

 m
ic

ro
bi

om
es

. T
he

 m
ic

ro
bi

om
e 

of
 v

am
pi

re
 b

at
s 

w
as

 
fu

nc
tio

na
lly

, b
ut

 n
ot

 ta
xo

no
m

ic
al

ly
, d

is
tin

ct
 fr

om
 n

on
-s

an
gu

iv
or

ou
s 

ba
ts

 
su

gg
es

tin
g 

th
at

 is
 h

ig
hl

y 
sp

ec
ia

lis
ed

 to
 it

s 
nu

tr
ie

nt
-p

oo
r d

ie
t

Ze
pe

da
 M

en
do

za
 

et
 a

l. 
(2

01
8)

 13652435, 2024, 11, D
ow

nloaded from
 https://besjournals.onlinelibrary.w

iley.com
/doi/10.1111/1365-2435.14650 by U

ppsala U
niversity L

ibrary, W
iley O

nline L
ibrary on [04/02/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



    |  2337WORSLEY et al.

host, focussing predominantly on short-chain fatty acids, a set of key 
microbial metabolites involved in host health.

Similar functional approaches have been used to better under-
stand the contribution of the microbiota to sanguivory (Zepeda 
Mendoza et al., 2018) and myrmecophagy (Teullet et al., 2023) in other 
mammalian hosts, as well as nitrogen cycling in ants (Hu et al., 2018). 
The broad finding of these studies is that host-associated microbial 
communities harbour some of the enzymatic toolkit needed to de-
grade host dietary molecules (e.g. chitin in insect-eaters) and/or syn-
thesise key molecules unavailable from food (as in the nutrient-poor 
sanguivorous diet of bats, or in the nitrogen-poor diet of turtle ants). 
A key outstanding question in many animal systems is the extent to 
which microbial degradation of the host diet actually contributes to 
host diet energy budget: Is it relatively low as suggested for humans 
(1.8%–12.1%) and mice (21.4%) (Arnoldini et al., 2024) or extremely 
high as in termites (Scharf & Peterson, 2021) or ruminants (>70%, 
Bergman, 1990; Mizrahi et al., 2021)? This question is also of interest 
for diets not mentioned here like carnivory, corallivory (in fish) and 
detritivory. Furthermore, although DNA metabarcoding studies have 
demonstrated microbial taxonomic discrepancies between host taxa 
with different dietary adaptations (e.g. herbivores vs. carnivores 
and omnivores) (Ingala et  al.,  2021; Song et  al.,  2020; Youngblut 
et al., 2019), attempts to compare microbial function across host di-
etary guilds are currently lacking (but see Levin et al., 2021).

4.2  |  How does microbiome variation relate to host 
fitness differences?

Aside from providing mechanistic insight into host adaptations, 
functional data sets could also improve our understanding of the sig-
nificance of the inter-individual microbiome variation present within 
wild populations. Several studies have found correlations between 
microbiome taxonomic variation and host fitness components in 
wild animals, including disease susceptibility (Bates et  al.,  2022; 
Risely et al., 2023), condition (Huang et al., 2022), survival (Davidson 
et al., 2021; Worsley et al., 2021, 2022) and reproduction (Leclaire 
et al., 2022). In many cases, however, it is not known whether shifts 
in the microbiome play a causal role in fitness outcomes or are indi-
rect consequences of changes to host physiology or health status. 
Functional omics tools applied on data collected in situ could provide 
(1) mechanistic insight into the relevance of microbial taxonomic 
differences in relation to host health and fitness outcomes, and (2) 
could also generate hypotheses about causal relationships that can 
be further tested in laboratory experiments.

For example, Huang et al. (2022) used such an approach to bet-
ter understand how seasonal gut microbiome variation in wild giant 
pandas (Ailuropoda melanoleuca) is associated with changes in host 
body mass. Combining in  situ metagenomic and metaproteomic 
techniques with experimental faecal transplants in mice, they at-
tributed wild giant panda body mass gain to butyrate-producing 
microbes. Similarly, Bates et  al.  (2022) integrated metabarcoding, 
metagenomic and metabolomic analyses to better understand links H
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between the skin microbiome and Batrachochytrium dendrobatidis 
(Bd) infection in wild amphibians. Metabarcoding and metagenomic 
data established differences in microbial taxonomic community 
composition associated with Bd infection. Microbe–metabolite inte-
gration analysis was then used to identify functionally relevant taxa 
driving disease outcomes. These examples demonstrate how using 
a multi-omics approach can shed light on the functional relevance 
of shifts in the microbiome for the health outcomes of hosts. Such 
insights could inform wildlife disease monitoring and conservation 
strategies (see Box 1 for more details about amphibians as a model 
for host–microbe–pathogen interactions).

Understanding how microbiome variation is associated with host 
fitness, and if and how microbiome changes might contribute to host 
adaptation in the wild (Alberdi et al., 2016; Rennison et al., 2019), 
is essential if we are to understand the evolutionary and ecological 
importance of the microbiome. Furthermore, since hosts are likely 
to be under strong natural selection to shape their microbiome to 
be functionally beneficial, and microbial functions evolve to enable 
microbes to compete and survive within the host, studying micro-
bial functions provides an important evolutionary perspective that 
may give insight into microbiome assembly mechanisms (Foster 
et al., 2017; Rühlemann et al., 2024). Although functional approaches 

BOX 1 Amphibians as a model for host–microbiome–pathogen interactions

Microbial communities associated with amphibians have been the focus of an enormous amount of research effort in the last decade, 
principally because of their role in defending their hosts from lethal pathogens such as Bd (reviewed in Rebollar et al., 2020) and ra-
navirus. For example, variation in the composition of skin-associated bacterial communities can predict the intensity of Bd outbreaks 
in natural systems (e.g. Bates et al., 2018). Furthermore, recent research has revealed the importance of the early-life gut bacterial 
microbiota for defence against infection by ranavirus in adulthood (Warne et al., 2019), and that skin bacterial diversity correlates 
with survival following ranavirus infection (Harrison et al., 2019). Although the majority of research to date has relied on metabarcod-
ing approaches (see Table 1), combining multi-omic tools has yielded significant insight into the mechanism(s) by which amphibian 
hosts, resident microbes and wildlife pathogens interact.

A key component of amphibian immune defence is the production of antimicrobial peptides (AMPs) by the host, which can pre-
vent infection by inactivating ranavirus virions (Chinchar et al., 2004) and Bd zoospores (reviewed in Varga et al., 2019) (Figure 1a). 
Alongside these host derived defences, metabolites produced by resident bacteria and fungi (Kearns et al., 2017) on the skin can also 
prevent infection (Figure 1b; see Woodhams et al., 2023). Indeed, experimental augmentation of the skin microbiome with a bacte-
rium known to produce anti-Bd metabolites improved survival following Bd challenge by 40% (Kueneman et al., 2016). Furthermore, 
in vitro bacterial challenge assays have shown that more diverse bacterial communities can provide stronger or more consistent 
protection against a broad array of Bd genotypes (Harrison et al., 2020; Piovia-Scott et al., 2017). Other omics tools have provided 
further insight into these microbial defence mechanisms. Using a combination of metabarcoding & shotgun metagenomics Rebollar 
et al. (2018) quantified taxonomy-function associations in skin microbial communities of the amphibian host, Craugastor fitzingerii. 
They found that taxonomic similarity from metabarcoding data predicted similarity in functional profiles from metagenomics, and 
identified genes linked to the production of anti-Bd secondary metabolites in skin metagenomes (Figure 1b). Bates et al. (2022) in-
tegrated metabarcoding, metagenomics and metabolomics to investigate drivers of variation in Bd infection outbreak severity and 
dynamics in several populations of Alytes obstetricans; they found that both skin metagenome composition and metabolome varied 
depending on whether populations showed epizootic dynamics (associated with mass die offs) or more mild enzootic dynamics. 
Finally, metatranscriptomic data from a study investigating host transcriptional responses to viral infection in Rana temporaria have 
been used to discover a novel virus, illustrating the utility of omic data sets for wildlife epidemiology (Parry et al., 2023).

Collectively these studies highlight the power of multi-omic studies for identifying the mechanisms by which host-associated mi-
crobes respond to pathogens. However, several outstanding questions remain. Chief among these is determining how and when 
host-derived AMPs and microbial metabolites interact to determine infection probability and disease severity (Figure  1c). It has 
been hypothesised that amphibian hosts may ‘select’ for specific microbes through modulation of their AMP profiles, and that resi-
dent microbes may stimulate the production of certain AMPs through cross-talk with the host immune system (Figure 1c), though 
data for the latter are especially limited (Woodhams et al., 2023). Crucially, Rebollar et al.  (2018) found several genes involved in 
AMP resistance in metagenomes derived from the C. fitzingerii microbiome, illustrating a genomic mechanism by which symbiotic 
microbes can persist alongside host-derived immune defences. These insights would not be possible without functional multi-omic 
data. Unravelling complex interactions between host and microbial genomes, and how gene expression may shift in response to 
pathogens, requires that we continue to integrate omic approaches (Rebollar et al., 2016). Amphibians and their pathogens continue 
to provide a model system for understanding the interplay between hosts and their microbial symbionts. Using these systems, we can 
generate testable hypotheses about the mechanisms by which microbes drive variation in host life history in other wildlife species.
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have begun to yield valuable insights into the mechanism(s) by which 
microbes shape the life histories of their hosts, several outstanding 
questions remain to be addressed (see Box 2).

5  |  GENER ATING FUNC TIONAL DATA 
SETS FOR NON-MODEL ORGANISMS: 
CHALLENGES AND POTENTIAL SOLUTIONS

5.1  |  Study design and sample collection

The enormous variability of wild systems means that additional 
factors may need to be considered when designing a microbiome 
study in natural populations. For example, host-associated mi-
crobiomes can vary according to host factors (e.g. age and sex, 
Reese et al., 2021; Stoffel et al., 2020) and may also exhibit sea-
sonal (Baniel et al., 2021; Björk et al., 2022) and circadian dynam-
ics (Risely et al., 2021; Schmid et al., 2023). If such variables are 
recorded, it is often possible to control for their effects in down-
stream analyses. However, when sample size is limited by the 
economic cost of omics approaches, high levels of variability can 
mean statistical analyses become underpowered. Furthermore, in 
some cases, microbiome composition and host traits (e.g. repro-
ductive fitness) may co-correlate with another variable (e.g. dif-
ferences in abiotic conditions across years) making it difficult to 

disentangle their relative effects. Thus, for certain research ques-
tions, it could be beneficial to try to minimise ecological variability 
through careful study design. For example, where practical, the 
impact of abiotic variation could be minimised by collecting sam-
ples for all individuals in the same time frame or during the same 
study period. Furthermore, when longitudinal microbiome dynam-
ics are of interest, collecting a greater number of repeat samples 
from fewer individuals (rather than fewer samples from a wider 
range of individuals) could reduce additional noise and lead to a 
more powerful analysis.

Once sampling design has been determined, a critical step in any 
microbiome workflow is preserving collected samples prior to fur-
ther processing and analysis. Techniques that have been developed 
for laboratory systems or human samples may be helpful in some 
cases, however, collecting microbiome samples from wild animals 
comes with its own set of challenges. Often, sampling is undertaken 
in remote field locations without access to specialist equipment, and 
could take place days, or even months, before the samples are pro-
cessed. As such, maintaining sample integrity can be a significant 
issue (Menke et al., 2015), particularly for functional studies that rely 
on biomolecules that are very sensitive to degradation, such as RNA 
or metabolites.

Freezing samples immediately (at −20°C or lower) is often con-
sidered to be the gold standard for preserving microbiome samples 
of all types (Cardona et al., 2012; Song et al., 2016). Indeed, if cultu-
romics is the end goal, samples need to be kept cold for short periods 
in the field (e.g. using ice or a cryoshipper) and frozen as soon as pos-
sible for long-term storage, potentially using a cryoprotectant, such 
as glycerol, to retain cellular integrity (Bircher et al., 2018). However, 
access to freezers is not always possible at remote field sites. As 
such, other alternatives have been extensively evaluated, particu-
larly for DNA-based studies of faecal samples. For example, there 
is some evidence that freeze-drying DNA samples have negligible 
impacts on microbiome community measures when compared to 
frozen samples (Blekhman et al., 2016; Risely et al., 2023). Multiple 
studies also suggest that storage in 95%–100% ethanol or RNAlater 
can be an effective alternative if immediate freezing is not possi-
ble or specialist equipment is not available (Blekhman et al., 2016; 
Hale et al., 2015; Song et al., 2016; Vlčková et al., 2012). RNAlater 
has the added advantage that it can be used to preserve RNA, DNA 
and proteins simultaneously (Mordant & Kleiner,  2021). Such buf-
fers could be particularly useful if limited sample material is available 
and to improve cost-effectiveness. Similarly, pilot studies on human 
faecal samples have shown that buffers such as OMNImet-GUT and 
OMNIgene-GUT can simultaneously preserve both DNA and faecal 
metabolome profiles at room temperature for several days in a way 
that is comparable to flash-freezing (Lim et al., 2020; Ramamoorthy 
et al., 2021; Wang et al., 2018). However, further studies are needed 
to establish the efficacy of these techniques in field-based studies.

The most appropriate method of sample storage will vary de-
pending on the context, the availability of resources and the re-
search question. However, given that virtually all studies on sample 
storage have evidenced considerable variation in the ability of 

F I G U R E  1  Simplified schematic of interactions between 
amphibian hosts, resident skin microbial communities and 
pathogens. Both host-derived antimicrobial peptides (AMPs) (a) 
and metabolites from skin-associated microbes (b) can inactivate 
pathogens and either prevent infection or reduce burdens of 
infection. Although driven in part by host genomic variation, AMP 
composition in the ‘mucosome’ can select for particular suites of 
resident microbes, and microbe-host crosstalk may stimulate the 
production of AMPs (c). Red connecting lines represent inhibition, 
while blue lines represent promotion. Figure created in the Mind 
the Graph platform (mindt​hegra​ph.​com).
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different methods to preserve sample integrity and information 
(Carruthers et al., 2019; Choo et al., 2015; Hale et al., 2015; Mordant 
& Kleiner, 2021; Vargas-Pellicer et al., 2019), using one method con-
sistently within a study and/or system is an important consideration 
when planning a wild microbiome study to ensure results are compa-
rable (Blekhman et al., 2016; Vargas-Pellicer et al., 2019).

5.2  |  Processing samples

Aside from high quality material, shotgun metagenomic sequenc-
ing pipelines also require high yields of DNA to be extracted (often 
tens of nanograms). This can be difficult for samples with low bio-
mass, such as oral, cloacal or skin swabs. While studies have ex-
plored whole genome amplification methods to improve yield prior 
to sequencing such samples (Lasken,  2009; Wang et  al.,  2022), 
the extent to which these techniques impact upon subsequent 
community analysis remains unclear. As such, amplification meth-
ods are not widely applied in metagenomic library preparation 
pipelines. This means that microbiome samples that yield high 

quantities of molecular material may be better suited for metagen-
omic sequencing.

A further consideration for methods that use untargeted shotgun 
sequencing approaches (e.g. metagenomics and metatranscriptom-
ics) is the possibility of host contamination. Untargeted sequencing 
methods produce reads in proportion to the relative concentrations 
of DNA or RNA present within a sample; this means that, if co-
extracted, host molecules can significantly overwhelm signals from 
the microbiome and result in poor sensitivity to detect low abundance 
microbial taxa due to poor coverage (Pereira-Marques et al., 2019). 
The amount of host contamination often varies depending on the 
sampling site. For example, in human studies, skin, saliva and vag-
inal samples suffer from greater levels of host contamination than 
faecal samples (Marotz et al., 2018). A high sequencing depth may 
be necessary to overcome host contamination issues; however, vari-
ous chemical approaches have also been developed that can deplete 
host DNA sequences (Ahannach et  al.,  2021; Heravi et  al.,  2020; 
Marotz et al., 2018). Such depletion methods have mainly been ap-
plied to human clinical samples and, while these may be transferable 
to other vertebrate systems, their general applicability to samples 

BOX 2 Outstanding questions for ecologists and evolutionary biologists in functional microbiome research

Adopting functional omics approaches to study microbial communities, and how they interact with both their wild animal hosts and 
the environment, unlocks a range of questions inaccessible to researchers using metabarcoding approaches alone. Here, we list some 
key unanswered questions that should be addressed as an immediate priority by ecologists and evolutionary biologists studying 
host–microbe interactions, covering both fundamental and applied topics.

	 1.	 Is it common for wild animals to rely on a microbiome for a certain function?
	 2.	 How much of a given function is performed by each microbe under different abiotic or biotic conditions? For example, does 

a stressed or perturbed condition favour microbes which are metabolically independent (i.e. taxa that can independently complete 
all metabolic pathways defining a function)?

	 3.	 How do microbiome functions contribute to key host traits such as diet, thermoregulation, immunity and behaviour (e.g. 
via the gut–brain axis)?

	 4.	 Is the microbiome causally related to variation in host fitness components (condition, survival, reproductive success) 
among individuals and which microbial functions contribute to this relationship?

	 5.	 How much functional redundancy is there in host-associated microbiotas, whereby taxonomically distinct communities 
converge on similar functional profiles?

	 6.	 Does functional redundancy contribute to microbiome resilience in the face of perturbation in the wild?
	 7.	 Is high functional diversity beneficial? For example, does it confer resistance against infection by pathogens, or greater 

tolerance of infection?
	 8.	 What does microbiome functional diversity represent in terms of host ecosystem services? Are microbiomes that are taxo-

nomically rich more likely to contain the one species performing the beneficial function, or is microbiome function an emergent 
property of multiple synergistic interactions among microbes, including bacteria, viruses and fungi?

	 9.	 How does microbiome functional diversity and composition change across animals? For example, can taxonomic patterns 
of phylosymbiosis be extended to functions in different vertebrate groups (e.g. fish, mammals, birds), or does redundancy lead to 
functional homogenisation across taxa?

	 10.	 How important is strain-level diversity for microbiome function in wild animals? How do strains evolve in situ?
	 11.	 How plastic is microbiome function? For example, do changes in microbial transcription enable hosts to rapidly respond to 

abiotic/biotic challenges? Or is compositional turnover and/or strain evolution more important?
	 12.	 How can the functional properties of a microbiota be manipulated, for example, to improve host health outcomes and 

achieve conservation aims?
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from non-mammalian hosts remains to be tested. It should also be 
noted that while it may be desirable to remove host molecules, these 
sequences could add valuable information to a study and dedicated 
tools have been developed for this purpose (Dylus et al., 2024). For 
example, it may be possible to reconstruct host DNA for phyloge-
netic analysis. This approach was recently demonstrated in a study 
on termites (Isoptera) whereby shotgun metagenomics enabled both 
functional profiling of the gut microbiome and reconstruction of 
near-complete host mitochondrial genomes across termite species 
(Arora et al., 2022).

5.3  |  Practicality of sequencing samples

Untargeted shotgun sequencing approaches can provide greater 
taxonomic resolution and functional insight compared to traditional 
metabarcoding techniques. However, the vast increase in sequenc-
ing depth required to achieve this resolution (tens to hundreds of 
millions of read pairs per sample, compared to just thousands of 
reads for metabarcoding studies) means that these approaches are 
also much more expensive (Ranjan et al., 2016; Stothart et al., 2022). 
In wild studies, where large sample sizes may be needed to detect 
small effects due to the noisy nature of the data, such costs can be 
prohibitive. As such, less expensive alternatives could be used to gain 
coarse-level insight into the microbiome before carrying out more 
detailed functional analyses. For example, methods such as qPCR 
and 16S rRNA gene metabarcoding could be used to first establish 
the abundance of microbial communities and broadly characterise 
taxonomic and functional microbiome differences among groups of 
wild individuals. The results could then inform hypotheses to be fur-
ther investigated in metagenomic studies on a more limited sample 
set. Such an approach has been used in several wild metagenom-
ics studies to assess specific functional differences once an initial 
group effect has been established using metabarcoding (e.g. Bates 
et al., 2022; Rojas et al., 2023; Sanders et al., 2015).

As discussed, a disadvantage of the above approach is that me-
tabarcoding data sets do not always reveal the full complexity of 
microbiome differences among samples. This was demonstrated in 
a recent study comparing the gut microbiota of two honey bee spe-
cies; while 16S rRNA gene metabarcoding suggested that both host 
species carried the same, highly conserved bacterial phylotypes, 
metagenomic sequencing revealed that bacterial species and strains 
differed between the two hosts and that this had implications for 
polysaccharide degradation (Ellegaard et al., 2020).

Low coverage (‘shallow’) metagenomic sequencing has been 
proposed as an economical alternative to deep metagenomic se-
quencing. While this approach provides less resolution than deep 
metagenomic sequencing and does not enable the construction 
of MAGs, it provides the capability to carry out species-level mi-
crobial characterisation and enables functional inference via infor-
mation on microbial gene content (Hillmann et al., 2018; La Reau 
et al., 2023). A study using faecal samples from wild Sable Island 
horses (Stothart et  al.,  2022) showed that shallow metagenomic 

sequencing yielded near identical patterns of microbial alpha and 
beta diversity across samples when compared to a successively 
rarefied deep metagenomic sequencing data set. This result was 
obtained despite read depths only reaching hundreds of thousands 
(compared to tens of millions) in the shallow data set. Shallow 
shotgun sequencing also recapitulated microbiome taxonomic 
patterns but yielded further functional insight than the metabar-
coding data set (Stothart et al., 2022). Thus, the accuracy and the 
comparative cost-effectiveness of shallow shotgun sequencing 
suggest that it may be a promising alternative to metabarcoding in 
wild animal studies. However, further studies are needed to vali-
date shallow sequencing across other host taxa and sample types.

5.4  |  Analysis pipelines

In contrast to metabarcoding techniques where relatively well-
standardised pipelines are in place (e.g. Bolyen et al., 2019), numerous 
equivalent and competing bioinformatic pipelines for the analysis of 
more complex omic data have been developed. Choosing the most 
appropriate analysis for a given question and data set is therefore 
not trivial. While we provide examples of such pipelines and tools for 
each omic data type in Table 1, we stress that the choice of pipeline 
requires a good understanding of the underlying methods, especially 
in non-model hosts where benchmarking of tools is usually lack-
ing. Numerous standardised initiatives and studies have emerged 
to compare and benchmark tools and we refer readers to these to 
optimise their analytical tool choice (e.g. Jurado-Rueda et al., 2023; 
Meyer et al., 2022; Sczyrba et al., 2017; Ye et al., 2019). Several pipe-
lines are also accompanied by detailed tutorials including the Web 
of Life Toolkit App (Woltka—https://​github.​com/​qiyun​zhu/​woltka) 
(Zhu et  al.,  2022) and tools available from the Huttenhower lab 
(https://​hutte​nhower.​sph.​harva​rd.​edu/​tools/​​ ) which have been col-
lated into reproducible bioBakery workflows (Beghini et  al., 2021; 
McIver et al., 2018). There are also a wealth of educational resources 
available (e.g. https://​datac​arpen​try.​org/​, https://​metho​ds-​in-​micro​
biomi​cs.​readt​hedocs.​io/​en/​latest/​index.​html) that can help the non-
specialist to navigate through the jungle of non-standardised pipe-
lines for omics data.

Taxonomic and functional profiling techniques rely on aligning 
reads, assembled genomes or metabolic profiles to reference da-
tabases. This means that all omics tools are subject to database bi-
ases and incompleteness (Bundy et al., 2009; Jiang et al., 2016; Sun 
et al., 2020). While this is a limitation facing all microbiome studies, 
it poses a particular issue for understudied wild taxa, given that data-
bases are typically biased towards hosts of clinical or economic inter-
est, such as humans, murine models and ruminants (Sun et al., 2020). 
This is evidenced by the vast amounts of taxonomic novelty identified 
in recent large-scale metagenomics studies of wild animal microbiomes 
(Levin et al., 2021; Youngblut et al., 2020). These results demonstrate 
that microbial databases lack information on the genetic diversity of 
microbes associated with most wild host species and suggest that 
some wild animals may be more amenable to functional studies than 
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others. Indeed, host species that are closely related to those that are 
well represented in databases (e.g. wild primates and mice) may be 
better candidates.

Certain bioinformatic approaches can be used to reduce the 
impact of database incompleteness on results. For example, in 
metagenomic studies, assembly-based (vs. raw-read classification) 
approaches allow recovery of microbial sequences that have not 
yet been isolated or characterised and, thus, are absent from ref-
erence databases (Tamames et al., 2019). Assembly may also yield 
more accurate results because longer sequences are advantageous 
when assessing distant homology (Tamames et al., 2019). However, 
assembly-based methods are still influenced by database complete-
ness to some extent and greater computational resources and higher 
coverage are required to achieve good assemblies. This, in turn, in-
creases the costs per sample. Analytical tools are continuously being 
developed to improve the accuracy and resolution of taxonomic and 
functional profiling. For example, MetaPhlAn 4 now incorporates in-
formation on genome-sequenced isolates and metagenome assem-
blies from diverse environments (human and non-human hosts, as 
well as non-host associated) to enable more comprehensive microbi-
ome taxonomic profiling (Blanco-Míguez et al., 2023).

6  |  CONCLUSION

Huge progress has been made in characterising the taxonomic 
composition and diversity of wild animal microbiomes across many 
host species. However, despite this, we still have a relatively poor 
understanding of the functional characteristics, and importance, of 
the microbiome in non-model and wild hosts. This is largely because 
traditional marker gene profiling only provides limited taxonomic 
resolution and rough estimates of microbial functions.

Building on knowledge derived from more traditional (and less 
expensive) approaches (e.g. 16S, qPCR), microbial functions can be 
probed with multi-omics tools to gain a deeper mechanistic under-
standing of host–microbiome interactions. The continued develop-
ment of sample storage techniques, cheaper sequencing methods, 
analytical tools and reference databases will further widen the ap-
plicability of these approaches to non-model organisms enabling key 
outstanding questions to be answered.
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