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Abstract The intestinal microbiota have now been shown

to largely affect host health through various functional

roles in terms of nutrition, immunity, and other physio-

logical systems. However, the majority of these studies

have been carried out in mammalian hosts, which differ in

their physiological traits from other taxa. For example,

birds possess several unique life history traits, such as

hatching from eggs, which may alter the interactions with

and transmission of intestinal microbes compared to most

mammals. This review covers the diversity of microbial

taxa hosted by birds. It also discusses how avian microbial

communities strongly influence nutrition, immune func-

tion, and processing of toxins in avian hosts, in manners

similar to and different from mammalian systems. Finally,

areas demanding further research are identified, along with

descriptions of existing techniques that could be employed

to answer these questions.
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Introduction

Vertebrate animals maintain complex and intimate associ-

ations with a diverse community of microbes residing in

their intestinal tracts (Ley et al. 2008b). Previously, it was

believed that the main benefit of hosting these microbes was

to be able to utilize novel food sources, such as cellulose.

However, recent research has revealed that these microbes

play a large role in many aspects of an animal’s physiology,

including proper development of intestinal morphology and

digestive function, as well as immune function (Leser and

Mølbak 2009). Though the diversity of microbes, as well as

their roles and importance in mammalian physiology have

been elucidated, the biological significance of intestinal

microbes in birds remains largely unknown.

Birds represent interesting study systems in which to

investigate the roles of intestinal microbes, because they have

extremely complex and unique diets, physiological traits, and

developmental strategies. Additionally, the capacity for flight

has been a strong selective pressure on many aspects of their

physiology, perhaps changing the nature of their intestinal

fauna. Many studies on microbial community function have

been conducted on domestic bird species, which allow us to

infer the biological role of intestinal microbes in wild birds.

Taken together, results suggest that intestinal microbes have

large effects on the nutrition, immune function, and devel-

opment of their avian hosts. This review examines and com-

pares microbial relationships between birds and mammals in

order to highlight gaps in knowledge and identify experi-

mental questions for the future.

Diversity of avian intestinal microbes

There have been several efforts to characterize the micro-

bial diversity of the avian gut; however, the majority of

these studies use selective, culture-based techniques to

investigate microbial species of interest, and largely focus

on identifying potentially pathogenic microbes (Craven

et al. 2000; Gaukler et al. 2009). These techniques are not

ideal, especially for the study of mutualistic microbial

diversity, as it is estimated that 99% of microbial species
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cannot be cultured under laboratory conditions (Rappe and

Giovannoni 2003). Fortunately, advances in culture-inde-

pendent methods have allowed for more complete inven-

tories of the intestinal microbial community.

The ideal method to conduct a microbial inventory is

through 16S rDNA sequence analysis, which has only been

carried out on the gut contents of eight avian taxa

(Table 1). In contrast, a single study conducted inventories

on 60 mammalian species (Ley et al. 2008a). For the most

part, microbial communities at higher taxonomic levels are

very similar between birds and mammals; most studies

show 2 phyla, Firmicutes and Bacteroidetes, as dominant

out of 75 known microbial phyla. This dominance is not

surprising: it is believed that the common ancestor of

amniotes (reptiles, birds, and mammals) maintained a

microbial community mostly comprising Firmicutes and

Bacteroidetes (Costello et al. 2010). At this point, com-

paring the abundance of microbes across studies is not

possible due to the limited number of species, varied

sources (feces vs. crop), and different techniques. It would

be useful to adopt standardized approaches for future

inventories of avian species (see Ley et al. 2008a for an

example) to investigate the effects of host diet, taxonomy,

and gut anatomy on intestinal microbial communities.

All phyla detected from birds using 16S sequencing

have also been identified in mammalian microbial com-

munities, suggesting that birds may not harbor unique

microbial phyla. However, a recent study on the hoatzin

crop, using DNA microarray techniques, documented for

the first time the presence of phyla such as Aquificae,

Coprothermobacteria, Thermodesulfobacteria and Caldi-

thrix in a vertebrate gut system (Godoy-Vitorino et al.

2010). These techniques will need to be replicated on

mammalian gut contents to determine if these phyla are

unique to the hoatzin crop. At lower taxonomic levels,

there are genera and species unique to birds. For example,

16S rDNA inventory of the hoatzin revealed that 94% of

the phylotypes present represented completely novel

microbial species and genera (Godoy-Vitorino et al. 2008).

Additionally, researchers have found host-specific species

in both the gull (Larus spp.) and Canada goose (Branta

canadensis) (Lu et al. 2008, 2009).

In addition to bacteria, members of the domain Archaea

are present in the intestinal communities of many birds.

However, not all studies listed in Table 1 investigated the

presence of Archaea. Targeted investigations have since

shown the presence of Archaea in the hoatzin crop (Wright

et al. 2009) and chicken cecum (Saengkerdsub et al. 2007).

These isolates are often methanogens, which are important

for removing the excess hydrogen ions produced by fer-

mentation. The presence and functional roles of Archaea

are often overlooked in basic microbial inventories (Baker

et al. 2006), but should be investigated in avian systems.

Interactions between symbiotic microbes and avian

physiology

In mammals, gut microbial communities are determined by

host taxonomy, diet, and gut anatomy (Ley et al. 2008a),

and the functions of these communities can be predicted

based on 16S rDNA sequence inventories (Muegge et al.

2011). However, due to variability in gene content between

even closely related strains of microbes (Nelson et al.

2010), as well as potential novelty in understudied avian

systems, it may be difficult at this stage to assign putative

functions to microbial populations based on avian 16S

inventories alone. There have been several studies inves-

tigating the physiological functions and host interactions of

microbes in wild birds and many well-developed experi-

ments using germ-free chickens to investigate impacts on

the hosts themselves. Results have elucidated that intestinal

microbes play large roles in the nutrition, immune function,

and processing of toxins of avian hosts; these results are

described in greater detail below.

Nutrition

In many mammals, microbes aid in the host’s ability to

utilize plant polysaccharides, such as cellulose, as energy

sources (Dehority 1997). However, in birds, the presence

of fibrolytic microbes depends greatly on gut location and

host phylogeny. Like mammals, some birds such as the

hoatzin (Grajal et al. 1989) and ostrich (Matsui et al. 2010)

maintain large, fibrolytic fermentation chambers. In these

species, fermentation end products can supply large pro-

portions of their total energy budgets (75% in the ostrich

and 80% in ruminant mammals, compared to only 10–20%

in other domestic fowl; Jozefiak et al. 2004). Cellulolytic

microbes have also been isolated from the pigeon crop

(Shetty et al. 1990), but due to low residence time in this

chamber extensive fiber metabolism is not likely.

Microbes residing in the intestines of other bird species,

however, are simply saccharolytic rather than cellulolytic,

and thus only aid the avian host in utilization of substrates

which it could otherwise digest itself (Vispo and Karasov

1997). Amylase activity, which is presumably microbial

due to limited activity of salivary amylase in birds (Stevens

and Hume 2004), has been detected in the crops of the

chicken and turkey (Bolton 1965; Pinchasov and Noy

1994). Additionally, amylolytic, but not cellulolytic,

microbes have been isolated from the crop of the green-

rumped parrotlet (Forpus passerinus) (Pacheco et al.

2004). The ceca of most Galliformes are not thought to be

extensive fibrolytic chambers, but do contain saccharolytic

bacteria (Vispo and Karasov 1997). These microbes may

conduct microbial fermentation of starches and simple

sugars, which provides relatively less energy to the host

592 J Comp Physiol B (2012) 182:591–602

123



T
a

b
le

1
A

b
u

n
d

an
ce

s
o

f
m

ic
ro

b
ia

l
ta

x
a

fr
o

m
th

e
g

u
t

co
n

te
n

ts
o

f
p

re
v

io
u

sl
y

st
u

d
ie

d
b

ir
d

s
an

d
m

am
m

al
s

S
p
ec

ie
s

A
d
el

ie

P
en

g
u
in

G
u
ll

C
an

ad
a

G
o
o
se

O
st

ri
ch

T
u
rk

ey
C

h
ic

k
en

H
o
at

zi
n

P
ar

ro
ts

M
o
u
se

C
o
w

H
o
rs

e

P
yg

o
sc

el
is

a
d
el

ia
e

L
a
ru

s
sp

p
.

B
ra

n
ta

ca
n
a
d
en

si
s

S
tr

u
th

io
ca

m
el

u
s

M
el

ea
g
ri

s
g
a
ll

o
p
a
vo

G
a
ll

u
s

g
a
ll

u
s

O
p
is

th
o
co

m
u
s

h
o
a
zi

n
V

ar
io

u
s

sp
ec

ie
s

M
u
s

m
u
sc

u
lu

s
B

o
s

ta
u
ru

s
E

q
u
u
s

fe
ru

s
S

o
u
rc

e
F

ec
es

F
ec

es
F

ec
es

C
ec

u
m

C
ec

u
m

C
ec

u
m

C
ro

p
C

lo
ac

a
C

ec
u
m

R
u
m

en
H

in
d
g
u
t

M
ic

ro
b
ia

l
p
h
y
la

%
o
f

C
o
m

m
u
n
it

y

F
ir

m
ic

u
te

s
3
9
.2

5
4
.6

7
1
.6

5
0
.9

3
2
.3

7
0

6
6
.3

7
2
.9

5
8
.9

2
2
.3

3
6
.8

B
ac

te
ro

id
et

es
1
4
.7

1
.1

1
0
.1

3
9
.4

5
4
.2

1
.9

2
9
.9

0
.2

2
4
.1

4
5
.2

4
7
.4

A
ct

in
o
b
ac

te
ri

a
3
2
.3

6
.4

7
.0

–
\

0
.1

4
.9

0
.8

1
2
.0

–
–

–

P
ro

te
o
b
ac

te
ri

a
9
.8

2
3

1
0
.4

–
3
.4

2
1
.5

1
.6

1
4
.9

2
.6

2
6
.9

–

T
en

er
ic

u
te

s
3
.9

8
.9

0
.2

–
–

\
0
.1

0
.2

–
1
3
.9

–
–

F
ib

ro
b
ac

te
re

s
–

–
–

6
.5

–
–

–
–

–
3
.6

–

D
ef

er
ri

b
ac

te
re

s
–

–
–

–
2
.6

–
–

–
–

–
–

S
p
ir

o
ch

ae
te

s
–

1
.1

–
1

–
–

0
.2

–
–

0
.5

3
.5

F
u
so

b
ac

te
ri

a
–

0
.7

–
–

–
–

–
–

–
–

–

P
la

n
ct

o
m

y
ce

te
s

–
0
.4

–
–

–
–

–
–

–
–

–

C
y
an

o
b
ac

te
ri

a
–

0
.4

–
–

–
–

–
–

–
–

–

V
er

ru
co

m
ic

ro
b
ia

–
–

–
0
.3

–
–

\
0
.1

–
–

–
8
.8

S
y
n
er

g
is

te
te

s
–

–
–

–
–

–
0
.2

–
–

–
–

T
M

7
–

–
0
.1

–
–

–
\

0
.1

–
–

–
–

L
en

ti
sp

h
ae

ra
e

–
–

–
–

–
–

\
0
.1

–
–

–
–

A
rc

h
ae

a
–

–
–

1
.9

–
–

–
–

–
1
.5

3
.5

U
n
k
n
o
w

n
–

3
.4

0
.5

–
7
.3

1
.7

0
.6

–
–

–
–

S
o
u
rc

e
(B

an
k
s

et
al

.

2
0
0
9
)

(L
u

et
al

.

2
0
0
8

)

(L
u

et
al

.

2
0
0
9
)

(M
at

su
i

et
al

.

2
0
1
0

)

(S
cu

p
h
am

et
al

.
2
0
0
8

)

(Z
h
u

et
al

.

2
0
0
2
)

(G
o
d
o
y
-V

it
o
ri

n
o

et
al

.
2
0
0
8
)

(X
en

o
u
li

s

et
al

.
2
0
1
0
)

(K
ib

e
et

al
.

2
0
0
4
)

(A
n

et
al

.

2
0
0
5
)

(Y
am

an
o

et
al

.
2
0
0
8
)

J Comp Physiol B (2012) 182:591–602 593

123



than hydrolysis by endogenous enzymes (Stevens and

Hume 2004), but may still increase absolute energy

extraction for the host.

Though present, these cellulolytic and saccharolytic

microbes make up just a small proportion of the avian

microbial community. Rather, microbes capable of

degrading uric acid are much more abundant (Mead 1989).

Uric acid is the main product of nitrogen metabolism in

birds and can be moved into the lower intestinal tract and

ceca through retrograde peristalsis. Here, it can be con-

verted to microbially synthesized amino acids that can be

reabsorbed by the host (Vispo and Karasov 1997). The

process of uric acid metabolism by microbes is thought to

be especially important for conserving nitrogen, especially

in species with low protein diets. Indeed, uric acid

metabolizing microbes have been isolated from the intes-

tinal tract of the chicken, turkey, guinea fowl, duck,

pheasant, and hummingbird (Barnes 1972; Preest et al.

2003). It is especially remarkable that these microbes have

been isolated from the hummingbird because humming-

birds lack ceca and have extremely fast digesta throughput

(Stevens and Hume 2004), which could make colonization

by microbes challenging. However, whether this metabolic

capability represents a significant contribution to the

nitrogen economy of avian hosts remains to be explored.

Microbes are also known to increase nutrient absorption

in mammals (Tennant et al. 1971). For example, gnotobi-

otic mice colonized with a single species of microbe

(Bacteroides thetaiotaomicron) exhibited 2.6 times higher

intestinal expression of the sodium-glucose transporter

protein (SLGT-1) compared to germ-free mice (Hooper

et al. 2001). However, colonization of the gut also greatly

increases the integrity of the epithelial wall through

upregulation of many cross-bridging proteins, presumably

to decrease invasion by pathogenic microbes or absorption

of endotoxins (Hooper et al. 2001). This epithelial fortifi-

cation may actually inhibit nutrient absorption in avian

species. Due to the selective pressure of flight, birds have

decreased intestinal surface area compared to non-flying

mammals, and rely more heavily on paracellular absorp-

tion, the process by which water-soluble nutrients are

transferred between epithelial cells (Caviedes-Vidal et al.

2007). Studies with germ-free chickens have indeed shown

that colonization by microbes decreases total absorption of

glucose and vitamins (Ford and Coates 1971). The mech-

anisms of trade-offs between microbial colonization and

nutrient absorption in birds remain to be explored.

Immune function

Intestinal microbes are known to greatly influence the cost,

development, and effectiveness of mucosal and systemic

immune responses in mammalian systems (Macpherson

and Harris 2004). This trade-off is well evidenced by the

fact that germ-free mammals overall have depressed

immune functions. They have decreased cytokine produc-

tion, systemic immunoglobulin levels, intraepithelial lym-

phocyte counts, and relative amounts of gut-associated

lymphoid tissue (GALT). As a result, these animals are

more susceptible to infection (O’Hara and Shanahan 2006).

Interactions between intestinal microbes and the immune

systems of avian hosts are often assumed to be similar to

mammals, yet they have been largely undescribed (Brisbin

et al. 2008). The relative lack of information on microbe–

host immunity interactions is especially remarkable given

that birds have many unique and interesting characteristics

of their immune systems.

One unique aspect of the avian immune system is the

bursa of Fabricius, the primary site of B cell development.

Mammalian B cells develop in the bone marrow, far

removed from the intestinal tract and commensal microbes.

While sampling and transport of microbial antigens from

the intestinal lumen have been shown in mammalian sys-

tems (Owen et al. 1986), the bursa of Fabricius is a

diverticulum of the intestinal tract itself and is known to be

colonized by microbes shortly after hatching (Kimura et al.

1986). These microbes may act as antigens themselves or

induce production of cytokines, increasing the proliferation

and maturation of bursal B cells (Ratcliffe 2006). When the

bursal duct is experimentally ligated prior to hatching,

chickens exhibit lower natural antibody production, sug-

gesting that gut microbes can have systemic effects on

immunity through this structure (Ekino et al. 1985). Like-

wise, infusion of killed bacterial antigens into the ligated

bursal lumen recovered natural antibody production to

greater than that of control chickens (Ekino et al. 1985).

Further research must be done to determine if gut microbes

play an increased role in B cell development in birds

compared to mammals due to their intimate association

with the bursa of Fabricius.

Birds also differ from mammals in several aspects of

cell-mediated immunity. For example, birds have fewer

gene families of the T-cell receptor gene (Lahti et al.

1991), which may influence the diversity of peptides rec-

ognized by T cells (Mwangi et al. 2010). Through normal

development, the repertoire of T-cell receptors (TCR)

shifts from polyclonal (recognizing many antigens) to oli-

goclonal (recognizing only a few antigens). This shift is

thought to occur through the deletion of T cells that are

reactive to food or commensal microbes so as to avoid

costly or detrimental immune responses (Probert et al.

2007). However, this process depends on the presence of

intestinal microbes, since germ-free rats maintain a poly-

clonal TCR repertoire, while those inoculated with

microbes shift to an oligoclonal repertoire (Helgeland

et al. 2004). In mammals, the shift from polyclonal to
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oligoclonal could presumably take place during any life

stage, as evidenced by the dominance of oral tolerance

(uninducibility of the intestinal adaptive immune system by

oral antigens) (Friedman 2008). Birds, on the other hand,

have a very confined period of developmental oral toler-

ance, usually only about a week post-hatch (Friedman

2008). Germ-free chickens develop and maintain a poly-

clonal repertoire early in life (Mwangi et al. 2010). Thus,

delayed colonization of microbes may permanently alter

the TCR repertoire, causing costly and detrimental immune

responses to harmless microbes later on (Probert et al.

2007). Interestingly, the complexity of the microbial

community also greatly influences TCR repertoires, sug-

gesting that variation in microbial species colonizing the

chicken gut may greatly influence epithelial and systemic

immune responses (Mwangi et al. 2010). In mammals,

weaning affects the TCR repertoire, presumably through

alterations of the microbial community (Probert et al.

2007). Chickens have a constant diet through development,

and so it might be informative to investigate TCR patterns

in avian species that undergo natural diet shifts during

development.

Other components of the gut environment, sometimes

considered innate immune defenses, also differ between

mammals and birds and can have profound effects on the

interactions between commensal microbes and the host.

For example, mucins are glycosylated proteins produced

by the intestinal tissues that serve as lubricants and pro-

tectants of the intestinal epithelium (Johansson et al.

2011). Mucins also provide nutrition and locations for

adherence for commensal microbes (Deplancke and Ga-

skins 2001). These molecules vary in structure between

birds and mammals (Verma et al. 1994), resulting in

different host–microbe interactions. For instance, chicken

mucins, but not human mucins, are able to mitigate the

virulent properties of Campylobacter jejuni, causing it to

assume a commensal role in avian tissues (Byrne et al.

2007). Additionally, it is believed that glycans, oligo-

saccharides produced by epithelial tissue, regulate

microbial communities depending on their diversity and

structure (Hooper and Gordon 2001). The presence of

certain glycan structures vary between bird species

(Ellström et al. 2009), and the avian fucosyltransferase

gene important in determining glycan structure has only

50% sequence homology to mammals (Lee et al. 1996).

Moreover, avian hosts produce novel defensins, a type of

antimicrobial peptide, compared to mammals (Lynn et al.

2004). Allelic variants of avian defensin genes that differ

in only several amino acids show functional differences in

antimicrobial activities (Hellgren et al. 2010), and so

larger differences in sequences between mammals and

birds may correspond to functional differences. Together,

these differences may regulate gut microbial diversity

depending on specificity of their microbial targets and

may result in colonization by novel microbes compared to

mammals.

Detoxification

Birds consuming plants or invertebrates often ingest sec-

ondary metabolites that may act as toxins when absorbed

(Karasov and Martinez del Rio 2007). Metabolizing these

compounds is energetically expensive, and so it has been

proposed that hosts may house detoxifying microbes to

save energy (Dearing et al. 2005). Bacteria that degrade

saponins have been found in the crop of the hoatzin

(Garcia-Amado et al. 2007), and the microbial community

of the chicken intestine has been found to metabolize

several mycotoxins (Young et al. 2007). However, some

microbes also express enzymes that make plant toxins

more toxic to the host. For example, many microbes are

able to cleave glycosides and glucosinolates, releasing a

toxic compound (Hur et al. 2000). These toxic compounds

then become more easily absorbed by the host, as shown by

an experiment where control chickens absorbed signifi-

cantly more glucosinolates compared to cecectomized

chickens (Slominski et al. 1988). However, there has not

been enough research to determine the role of avian com-

mensal microbes in detoxification, or whether microbes

play a role in diet diversification over evolutionary time

(Dearing et al. 2005).

Additive effects

Microbes in the avian intestinal tract affect nutrition,

immunology, and detoxification. However, bacteria seem

to have both positive and negative effects in each of these

areas, such as liberating nutrients yet decreasing absorp-

tion, inducing helpful yet energetically costly immune

responses, and either reducing or increasing the toxicity of

dietary toxins. Hence, studies with increased host taxonomic

diversity must be conducted to elucidate the trade-offs

involved in microbial colonization of birds, and specifically

which functional roles are most important in terms of

individual fitness.

Body temperature

Temperature can influence microbial communities due to

differential growth rates and tolerances between microbial

species (Mohr and Krawiec 1980). Birds maintain a higher

body temperature compared to mammals (Clarke and

Rothery 2008). Body temperature also varies between

higher groups of birds; ratites show low body temperatures

and passerines exhibit some of the highest (Clarke and

Rothery 2008). It is likely that the higher body temperature
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of birds selects for or inhibits the growth of certain

microbial species. This notion is supported by the fact that

Borrelia garinii, a Lyme’s disease-causing agent hosted

primarily by birds, is able to grow at higher tempera-

tures compared to mammalian-hosted Borrelia species

(Hubálek et al. 1998). This is thought to be an adaptation

of the microbe to its avian host (Comstedt et al. 2011).

However, studies have not yet investigated the role of

body temperature in determining gastrointestinal micro-

bial communities.

Variability in intestinal microbes in birds: a potential

mechanism for developmental and phenotypic plasticity

Although they are illustrative experimental systems,

germ-free animals do not occur in the natural world.

Rather, there might be variation in the types and abun-

dances of microbes that colonize individuals of a given

host species. In mammals, the gut microbial community is

‘inherited’ from the mother through contact with fecal and

vaginal microbes during the birthing process (Palmer

et al. 2007). The importance of this one-time exposure is

highlighted by differences in the microbial community

structure of conventionally and cesarean-delivered

humans from infancy up to at least 7 years of age

(Dominguez-Bello et al. 2010; Salminen et al. 2004). Birds

however, hatch from eggs, which are presumed to be

internally sterile (van der Wielen et al. 2002), and so they

may have many different potential sources of microbes.

Microbial communities that inhabit eggshells may serve as

sources of inoculum and can be modified by parental

nesting behavior (Cook et al. 2005; Peralta-Sánchez et al.

2010; Ruiz-De-Castañeda et al. 2011). Additionally,

vertical transmission may occur in birds that are fed via

regurgitation, in which receiving transferred microbes

from their parents is necessary for survival (Godoy-Vit-

orino et al. 2010; Kyle and Kyle 1993). Juvenile ostriches

have been known to engage in consumption of adult feces,

which may also aid microbial colonization (Cooper 2004).

Yet chickens and turkeys are able to develop normal adult

microbiota when hatched completely separately from

adults and so they must obtain microorganisms from their

surrounding environment (Lu et al. 2003; Scupham 2007).

Thus, avian hosts may experience increased variation in

the diversity and abundances of microbes that colonize

their intestinal tract. This variation may have life-long

effects on the phenotype of the host, mediated through

altered microbial roles in host physiology discussed

above.

With contrasting routes of colonization, the develop-

mental succession of the intestinal microbiota of birds and

mammals is also expected to differ. In most mammals and

birds, the intestinal microbiota slowly transition to a stable

adult-like community. In mammals, large changes in the

microbial community structure are observed at points of

weaning and transition to solid food (Palmer et al. 2007).

However, in developing chickens and turkeys fed a con-

stant diet, large shifts in microbial diversity still occur,

presumably due to development of the intestinal environ-

ment (Lu et al. 2003; Scupham 2007). Interestingly, the

crops of juvenile hoatzins fed by regurgitation have a

microbial community with higher diversity compared to

chicks and adults (Godoy-Vitorino et al. 2010), suggesting

that successional profiles may also differ based on devel-

opmental or feeding strategies.

Development of a normal microbial community may be

widely influenced by both genetics and environmental

variation. For example, in Adelie penguins (Pygoscelis

adelie), microbial community similarity is negatively cor-

related with both host genetic distance and geographic

distance (Banks et al. 2009). Furthermore, a cross-foster

experiment between great tits (Parus major) and blue tits

(P. caeruleus) revealed that the environmental factors

associated with a shared nest were more important than

host species in determining microbial community structure

(Lucas and Heeb 2005). However, at some point avian host

genetic differences can have larger effects on the micro-

biota. For example, nestlings of a brood parasite, great

spotted cuckoos (Clamator glandarius), and their host,

magpies (Pica pica), sharing the same nest and parents

have drastically different microbial communities (Ruiz-

Rodrı́guez et al. 2009a). In mammals, host phylogeny

seems to determine the intestinal microbial community

more than environmental factors, as shown by similar

microbial communities within mammalian host species

housed in different zoos or even different continents (Ley

et al. 2008a).

Environmental variation in the intestinal microbial

community may have long-term effects on the developing

avian and mammalian hosts. For example, artificial envi-

ronmental variation in mammalian microbes was con-

ducted by colonizing germ-free rabbits with mouse cecal

microbes. These mouse-colonized rabbits have decreased

body mass, lower digestibility, and are more susceptible to

disease compared to those colonized with rabbit cecal

microbes (Boot et al. 1985). However, in mammals, the

strong vertical transmission of microbes reduces natural

variation in community composition. Thus, in birds, natural

selection may act on the parental behaviors which inocu-

late nestlings with optimal intestinal microbes (Soler et al.

2010). Abundances of certain intestinal microbes in nes-

tlings have been correlated with several host phenotypic

conditions such as wing asymmetry (Mills et al. 1999),

nestling size (Moreno et al. 2003), body condition,

and immune responses (Ruiz-Rodrı́guez et al. 2009b),
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suggesting a significant role of specific intestinal microbes

in avian development. In mammals, exposure to microbes

early on can have developmentally plastic (i.e., irrevers-

ible) effects on phenotypic parameters such as immune and

stress responses (Boissé et al. 2004; Shanks et al. 2000).

These parameters have also been shown to be develop-

mentally plastic in birds (Love and Williams 2008; Pitala

et al. 2007), but the role of microbes in their development

remains unclear.

Additionally, birds may experience variation in intesti-

nal microbes as adults. Adult passerine birds show differ-

ences in their microbial communities due to geographic

location, diet, and season (Klomp et al. 2008; Maul et al.

2005). These differences may simply be due to shifts in

relative abundances of microbial species, and not neces-

sarily inoculation of new microbes. However, as the cloaca

serves as both an excretory, as well as copulatory organ,

microbes can be transmitted between mates during sexual

contact (White et al. 2010). Inoculation of new microbial

species may cause host phenotypic variation through

altered microbial roles in nutrition or immunity, and thus

females may select for males with certain microbial

assemblages (White et al. 2010). Though, in order for

sexually transmitted microbes to colonize the adult avian

intestinal tract, an immune response must be avoided.

Developing oral tolerance is the most common way to

avoid an immune response to new microbes, but this per-

iod, measured in chickens, is only a week in duration

(Friedman 2008). Introduction of new microbes and their

avoidance of an immune response in passerine birds clearly

demands future study.

Future directions

16S rDNA sequence inventories

Many studies on the intestinal microbial communities of

avian hosts use methods that underrepresent diversity. The

majority of studies presented in this review used culture-

based or molecular fingerprint techniques to correlate

microbial diversity with various phenotypic traits. How-

ever, both of these techniques are known to underestimate

microbial abundance and diversity. Culture-based experi-

ments usually focus on microbial taxa of interest and

cannot detect the 99% of microbes estimated to be uncul-

turable. Molecular fingerprinting methods such as dena-

turing gradient gel electrophoresis (DGGE) and automated

ribosomal intergenic spacer analysis (ARISA) make use of

differences in sequence integrity or length between

microbial taxa to create molecular banding patterns, which

can be used to characterize a community. However, simi-

larities in sequence integrity or length between members of

disparate microbial taxa often result in large underesti-

mates of diversity (Fisher and Triplett 1999; Smalia et al.

2007).

In order to more finely detect differences in microbial

communities, investigators should rely on molecular

cloning and sequencing of the 16S rDNA gene. The 16S

rDNA sequence has a slow rate of change, is rarely

transferred between microbial species, and is of sufficient

size for bioinformatic and phylogenetic analysis, making

sequence analysis a robust method for the characterization

of microbial diversity (Head et al. 1998). To date, 16S

rDNA inventories have only been conducted on 10 avian

species (Table 1). There have been many microbial

inventories of mammalian intestinal microbes, including

one study alone that inventoried 60 mammalian species

(Ley et al. 2008a). Additionally, advances in pyrose-

quencing now allow for large-scale inventories at relatively

low costs (Dowd et al. 2008), but with increased error rates

and shorter sequence lengths. Due to the potential novelty

of avian microbes, researchers should also continue to

create full-length, robust sequence libraries via Sanger

sequencing.

Meta-‘‘omics’’

Due to the wide variation in genome content between even

closely related strains of microbes (Nelson et al. 2010), it is

difficult to assign putative functions to microbial popula-

tions based on 16S sequence inventories alone. To better

deduce microbial functions, researchers now use metage-

nomic sequencing. This technique employs high-through-

put, non-specific microbial DNA sequencing to inventory

the many genes present in an environmental sample, and

allows researchers to compare microbial functional diver-

sity rather than solely taxonomic diversity. Recovered gene

sequences can be assigned to functional categories (car-

bohydrate metabolism, membrane transport, xenobiotic

metabolism, etc.), and the representation of different

functional categories can be directly compared between

samples. To date, metagenomic sequencing has only been

conducted on the domesticated chicken (Qu et al. 2008).

Metagenomic sequences represent only the ‘potential’ of

a microbial community and not necessarily the actual

function. To monitor what genes are expressed, researchers

now utilize metatranscriptomics and metaproteomics.

Metatranscriptomics utilizes similar technology as me-

tagenomics, but instead sequences microbial mRNA tran-

scripts (via cDNA). However, differences in transcript

abundances could be due to changes in either gene

expression or different levels of microbial representation.

To circumvent this problem, researchers must conduct

a parallel metagenome to normalize abundances with

transcript:gene ratios. Metaproteomics compares protein
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abundances between environmental samples by separating

proteins and sequencing those that have differential rep-

resentation. However, due to limitations in technology,

metaproteomics often focuses only on these differentially

represented proteins (Wilmes and Bond 2006), making it

useful for comparative studies, but not for gaining insight

into the function of a whole microbial community.

There has also been interest in developing meta-meta-

bolomics, the inventory of small molecule networks

existing in an environmental sample (Turnbaugh and

Gordon 2008). This technique involves identification of

metabolites using nuclear magnetic resonance (NMR) or

mass spectrometry (MS). In terms of microbe–host inter-

actions, it is perhaps most relevant to investigate the host

metabolome, because these profiles affect host physiology.

For example, it has been found that colonization by

microbes strongly influences the metabolomic profile of

mammalian blood (Wikoff et al. 2009), but this has not yet

been studied in avian species.

Physiological performance

Meta-‘‘omics’’ approaches are often conducted to under-

stand the staggering complexity of intestinal microbial

communities. However, these metrics alone only allow

insight into the potential metabolic capabilities of the

microbiota. Therefore, investigators should continue to

pursue other experimental methods to determine the func-

tions of avian microbial communities and their roles in

physiological performance.

Removal of microbial communities by antibiotic treat-

ment, followed by nutrient supplementation has been used

extensively to understand the function of microbial sym-

bionts in insects. For example, microbe-free aphids show

reduced growth and survival on diets lacking certain

essential amino acids, while aphids with symbionts are less

affected (Dadd and Krieger 1968; Mittler 1971). Likewise,

bedbugs treated with antibiotics show decreased growth

and survival, but these effects are reduced when diets are

supplemented with B vitamins (Hosokawa et al. 2010).

Microbial colonization is thought to be necessary for the

growth and survival of passerine birds (Kyle and Kyle

1993), but nutrient supplementation of young birds hatched

in sterile environments might reveal specific nutritional

roles of the avian microbiota. In addition, there are bird

species (e.g., hummingbirds, sunbirds) that feed on nutri-

tionally incomplete diets. Insects feeding on such diets

possess vertically transmitted microbes that are critical to

their survival (Mittler 1971). It is possible that birds too

have such obligate symbionts.

The use of germ-free organisms has also furthered the

understanding of how microbial communities influence host

physiology. Comparisons of germ-free and conventionally

raised birds have been used to investigate numerous physi-

ological processes (discussed above), but not all potential

processes have been studied (stress response, behavior, etc.).

Additionally, gene expression patterns in the intestines

(Hooper et al. 2001) and livers (Claus et al. 2011) vary

between conventionally raised and germ-free mice. How-

ever, similar gene expression studies using germ-free and

conventional birds have not been conducted.

Stable and radioactive isotopes are additional tools for

tracking compounds or nutrients of interest in microbial

communities. One method for this technique is to expose

complex microbial communities to labeled substrates.

Microbes that are able to utilize the substrates of interest

incorporate the labeled atoms into their DNA, and this

‘heavy’, labeled microbial DNA can easily be separated

from other DNA by density gradient centrifugation. Iso-

lated DNA can then be functionally or taxonomically

characterized by sequence analysis (Radajewski et al.

2000). Labeled compounds have also been used to inves-

tigate the rates of oxidation of various nutritional com-

pounds in birds (McCue et al. 2010). Comparing the fates

and oxidation rates of labeled nutrients, toxins, and other

compounds between conventional and germ-free birds

would help to elucidate what role microbes play in the

routing of nutrients and toxins.

Integrative approaches and utilizing host taxonomic

diversity

Simultaneously conducting 16S inventories, meta-‘‘omics’’

and physiological performance assays synergistically

advances the knowledge gained in a single experiment. For

example, correlating the abundance of a microbial species

(based on 16S inventories) with host gene expressions or

physiological assays can lead to hypotheses of how abun-

dances of certain microbes influence host physiology

(Claus et al. 2011).

Additionally, future research should embrace the diverse

physiological strategies of avian hosts. Much of what we

know about interactions between microbes and avian hosts

are derived from studies on domesticated chickens. How-

ever, dietary strategies and gut anatomies vary widely

between avian taxa. Pigeons (Columbiformes), parrots

(Psittaciformes) and many fowl (Galliformes) are all gra-

nivorous, yet only Galliformes maintain cecal chambers

that house microbes (DeGolier et al. 1999). Similarly,

eagles, hawks, and falcons (Falconiformes) and owls

(Strigiformes) share similar carnivorous diets, yet only

owls maintain ceca (DeGolier et al. 1999). Comparative

approaches between taxa will illustrate how dietary strat-

egy, gut anatomy, as well as how variation in microbial

communities might influence host–microbe relationships in

avian taxa.
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Summary

Our knowledge of the role of intestinal microbes in avian

hosts lags far behind our understanding of mammalian

systems. Studies that have been done, mostly in chickens,

show that intestinal microbes play large roles in terms of

host nutrition, immunity, and development. Researchers

should now embrace host phylogenetic diversity, as well as

quickly advancing methods to study avian intestinal

microbial ecology. With a broader knowledge of avian

hosts, we may be able to compare and contrast solutions of

terrestrial vertebrate hosts to various physiological chal-

lenges, perhaps gaining insight into the evolution of the

intestinal microbiota in a broader sense.
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Ermund A, Subramani DB, Holmén-Larsson JM, Thomsson KA,

Bergström JH, van der Post S, Rodriguez-Piñeiro AM, Sjövall H,
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