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Antimicrobial chemicals in hoopoe
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symbiotic bacteria
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Animals frequently use metabolites produced by symbiotic bacteria as agents against pathogens and para-

sites. Secretions from the preen gland of birds are used for this purpose, although its chemicals apparently

are produced by the birds themselves. European hoopoes Upupa epops and green woodhoopoes Phoeniculus

purpureus harbour symbiotic bacteria in the uropygial gland that might be partly responsible for the

chemical composition of secretions. Here we investigate the antimicrobial activity of the volatile fraction

of chemicals in hoopoe preen secretions, and, by means of experimental antibiotic injections, test whether

symbiotic bacteria living within the uropygial gland are responsible for their production. Hoopoes produce

two different kinds of secretions that differ drastically in their chemical composition. While the malodorous

dark secretions produced by nestlings included a complex mix of volatiles, these chemicals did not appear in

white secretions produced by non-nesting birds. All volatiles detected showed strong antibacterial activity,

and a mixture of the chemicals at the concentrations measured in nestling glands inhibited the growth of

all bacterial strains assayed. We found support for the hypothesized role of bacteria in the production of

such antimicrobial chemicals because experimental clearance of bacteria from glands of nestlings with anti-

biotics resulted in secretions without most of the volatiles detected in control individuals. Thus, the

presence of symbiotic bacteria in the uropygial gland provides hoopoes with potent antimicrobials for

topical use.

Keywords: antimicrobial substances; chemical defence; coevolution; symbiotic bacteria;

Upupa epops; uropygial gland
1. INTRODUCTION
The biosynthetic ability of animals is limited, so they

frequently use chemical substances obtained from other

organisms to increase their fitness. For instance, some

barriers against parasites and pathogens depend on sub-

stances that animals ingest in order to mount an

adequate immune response. This is the case with caroten-

oids from plants or prey (Møller et al. 2000; Blount et al.

2003), or with vitamins derived from the metabolism of

gut bacteria (Hooper & Gordon 2001; Dillon & Dillon

2004). Moreover, antimicrobials, anti-helmintic products

or insecticides produced by plants, fungi or bacteria are

frequently directly used either in the diet or topically

(see review in Lozano 1998).

Antimicrobial substances that animals use by spread-

ing them onto their body surface include resins

(Gompper & Hoylman 1993) or fruit juices (Baker

1996) produced by plants, whole plants (i.e. leaves,
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Clark & Mason 1985) or even animals (e.g. anting behav-

iour, Longino 1984; Ehrlich et al. 1986), as well as

mineral substances such as iron oxides (Arlettaz et al.

2002). Animals may also use chemicals they produce,

such as those from external glands, for external appli-

cation. Birds, for instance, synthesize a secretion in their

uropygial gland which is spread over the skin and feath-

ers, and among other purposes, is used to fight against

external pathogens (Bandyopadhyay & Bhattacharyya

1996; Shawkey et al. 2003; Reneerkens et al. 2008).

The uropygial secretion has a complex chemical com-

position that varies, among species and seasonally (e.g.

Reneerkens et al. 2002), but usually includes mono- or

diester waxes of fatty acids and alcohols, sterols and

hydrocarbons (Jacob & Ziswiler 1982). All these chemi-

cals are considered to be secreted directly by uropygial

cells after processing substrates available in the bird’s

diet. However, European hoopoes (Upupa epops, Upupi-

dae) and green woodhoopoes (Phoeniculus purpureus,

Phoeniculidae) produce preen secretions with an unusual

brown colour and pungent odour, which have been inter-

preted as reducing the risk of predation (Cramp 1998;

Ligon 2001; du Plessis et al. unpublished cited in
This journal is q 2009 The Royal Society
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Burger et al. 2004). In addition, the uropygial secretion of

European hoopoes inhibits growth of the feather-

degrading bacterium Bacillus licheniformis (Soler et al.

2008), and consequently, the particular secretion of

these species may have both anti-predator and

antimicrobial functions.

Another peculiarity of uropygial gland secretions of

both woodhoopoes (Law-Brown & Meyers 2003) and

hoopoes (Martı́n-Platero et al. 2006; Soler et al. 2008)

is that they harbour symbiotic Enterococcus bacteria,

although this only occurs during the breeding season in

the European hoopoe (Soler et al. 2008; Martı́n-Vivaldi

et al. 2009). Interestingly, in experimental studies with

both woodhoopoes and hoopoes in which the symbiotic

bacteria were eliminated by means of antibiotics, the

special characteristics (i.e. colour and odours) of

secretions changed (Law-Brown 2001 cited in

Law-Brown & Meyers 2003; Martı́n-Vivaldi et al.

2009), suggesting a role of bacteria in mediating these

particular secretions. Enterococci, as most bacteria, are

able to produce antimicrobial chemicals and, conse-

quently, we hypothesized that the antimicrobial power

of hoopoe uropygial secretions may be mediated by the

presence of bacteria in the uropygial gland. The use of

bacterial metabolites with defensive roles by animals,

plants or even eucariotic unicellular organisms is

common (Piel 2004; Schmidt 2008), but, among ani-

mals, it is mainly restricted to invertebrates (reviewed in

Piel 2004). Therefore, the system formed by the hoopoe

and its symbionts is one of the few cases described

where vertebrates may use defensive products derived

from bacteria. We have shown that Enterococcus living in

the uropygial gland of hoopoes produce in vitro at least

two different bacteriocins, active against a variety of

bacteria strains (Martı́n-Platero et al. 2006). Symbiotic

bacteria, however, may even be responsible for some

other antimicrobial chemicals of the secretion.

The chemical composition of woodhoopoe secretions,

but not that of European hoopoes, has already been

studied. Burger et al. (2004) found in woodhoopoes, a

complex mix of volatile compounds usually not present

in other species. For instance, they considered that

some of these chemicals (indole, benzaldehyde, together

with short-chain acids or dimethyl disulphide) are

responsible for the particular pungently unpleasant

smell of the secretion of this species (Burger et al.

2004). The presence of these chemicals also suggests a

role for symbionts in the composition of the secretion,

given that some of these chemical products such as

indole are known to be metabolites of bacteria (Leitão &

Rios 2000).

The hypothetical role of bacteria in explaining the pro-

duction of these potential antimicrobial and antipredator

substances by Upupiformes has, to our knowledge, never

been tested, and such a test is the main purpose of this

article. Here we (i) test the antimicrobial properties of

the volatiles found in dark secretions of European

hoopoes, and (ii) compare the composition of uropygial

secretions of antibiotic-treated birds and two control

groups. If bacteria were responsible for the production of

chemicals with antimicrobial activity in the dark secretion

of hoopoes, we would expect an effect of the antibiotic

treatment on the chemical composition of secretions,

particularly for chemicals with antagonistic properties.
Proc. R. Soc. B (2010)
2. MATERIAL AND METHODS
(a) General methods

The field study was performed during the breeding season in

2007 in Hoya de Guadix (378180 N, 388110 W), southern

Spain, where hoopoes breed in nest-boxes installed in trees

and on buildings (for a more detailed description of the

study area see Martı́n-Vivaldi et al. 1999).

Nest-boxes were visited twice per week from mid-

February to the end of July to record laying dates, clutch

size and hatching dates. Incubation usually starts with the

first or second egg, followed by complete hatching asyn-

chrony in which eggs hatch every 24 h or at even greater

intervals (Cramp 1998). This generates a marked size hierar-

chy within the brood that can be used to deduce hatching

order (Martı́n-Vivaldi et al. 2006). For recognition, nestlings

were individually painted with permanent markers on their

tarsus every 2 days until they were ringed with numbered

metal rings.

(b) Sampling of secretions

The birds used for chemical analyses of preen secretions were

sampled in the laboratory early in the morning. The

secretions were sampled from birds in the laboratory and,

afterwards, they were released back into the nest-box in

which we captured them (nestlings), or in the surroundings

(adults) a few hours after having been caught by hand (nest-

lings) or with mist-nets (adults). Samples were taken using a

10 ml micropipette, with the tip gently introduced through

the opening of the papilla after the circlet and surrounding

skin was softly washed with a cotton swab soaked in ethanol

to reduce the risk of contamination of the secretion with

external bacteria. The amount of secretion obtained was esti-

mated by the number of times that the pipette was filled with

a particular volume. A maximum of 15 ml per bird was used

for the extraction in 100 ml of dichloromethane. For individ-

uals with less than 15 ml available, the entire secretion

obtained was used after the volume was estimated with

the micropipette. From the quantification of volatiles in

each extraction, we estimated the concentration of each

compound per microlitre of the original secretions.

The antibiotic experiment was performed with seven

broods from which we analysed the secretions of one ran-

domly selected nestling per treatment. In one brood, only

two nestlings survived until the end of the experiment (the

antibiotic and the saline-water treated ones). This brood

was not included in the global analysis, but was used for

post hoc paired comparisons among treatments (the results

were similar when excluding this brood), and, therefore,

sample size differs among paired comparisons.

(c) Chemical analysis

The volatile fraction of constituents in hoopoe uropigial

secretion was analysed by gas-chromatography and

mass-spectrometry (GC-MS) (appendix S1, electronic sup-

plementary material). Extracts were injected immediately

after sampling of glands of birds in the laboratory to avoid

possible alteration of the composition during storage or

transport.

The volatile organic compounds found in the chromato-

grams were identified comparing spectra and retention

times with the list of compounds previously identified in

the descriptive analysis of the secretions of a set of 11

hoopoe nestlings from 11 broods (for a detailed description,

see appendix S1 in the electronic supplementary material).

http://rspb.royalsocietypublishing.org/


Symbiont-produced preen antimicrobials M. Martı́n-Vivaldi et al. 125

 on 23 November 2009rspb.royalsocietypublishing.orgDownloaded from 
(d) Antibiotic experiment

In order to determine whether there is an association

between the presence of volatile compounds found in

hoopoe secretions and the presence of symbiotic bacteria,

we performed an experiment in which we compared the

chemical composition of secretions of antibiotic treated and

control nestlings. The microscopic study of the dark

secretion produced by hoopoe nestlings and females during

their stay within the nest showed that it harbours bacteria

at a very high density (Soler et al. 2008; Martı́n-Vivaldi

et al. 2009). These symbiotic bacteria are concentrated in

the cavity of the papilla, where the secretion is stored by

the bird until used, while they are not found within the tis-

sues surrounding this cavity (Soler et al. 2008) nor in the

tubules of the secretory lobes (M. Martin-Vivaldi 2006,

unpublished data). Therefore, the papilla of the gland is

the place where the antibiotic acts to kill symbiotic bacteria.

Nestlings of the antibiotic group were injected with

0.04 ml of amoxyciline diluted in saline water

(100 mg ml21, Clamoxyl GlaxoSmithKline, South Africa)

in their uropygial gland. Half of this volume (0.02 ml) was

injected through the wall of each of the two secretor lobes,

directly into the secretory tissues. In all cases, a small part

of the antibiotic solution poured out of the papilla, which

ensured that the papilla was full of antibiotic. A second

group of nestlings (control) was injected with 0.04 ml of

saline solution. A third group (uninjected) was handled in

the same way, but was not injected with any solution. Hatchl-

ings in each nest were ranked according to their body mass

and randomly assigned to the three experimental groups.

Nestling glands start to have visible lobes and to produce

secretion after the fourth day of life (Cramp 1998). We

started the experiment when the oldest nestling in the nest

was 11 days old and all nestlings were injected daily for 6

days. The evening of the second day after the last injection,

nestlings were transported to the laboratory in an empty

nest-box, which allowed us to perform chemical analyses

the next day early in the morning. We always left at least

one nestling in the nest of origin, either on its own or from

a different brood to avoid nest desertion by parents. After

sampling of the secretion, and until their return to the orig-

inal nest some (i.e. 3–5) hours later, experimental nestlings

were hand-fed with crickets.

In a previous experiment with antibiotics, we showed that

injection of amoxyciline in nestling glands drastically reduced

the prevalence of Enterococcus bacteria (Martı́n-Vivaldi et al.

2009). Thus, to maximize the available volume of secretion

for the chemical analyses, we did not check the effectiveness

of the antibiotic injection in killing bacteria in experimental

nestlings, but, given previous results, we assumed a similar

effect. Such effect, however, does not mean complete disap-

pearance of bacteria from glands. The antibiotic treatment in

our previous study did not completely eliminate bacteria

and there was still some bacterial growth in 21 per cent of

nestlings. Nevertheless, there was a highly significant

reduction in bacterial load of antibiotic treated nestlings in

comparison with their control nest-mates (comparison of

the number of colonies grown per ml of secretion in specific

medium for Enterococci, Wilcoxon matched pair test using

averages per treatment within nests, z ¼ 2.76, p ¼ 0.0058,

n ¼ 12; antibiotic group: median (min–max) ¼ 0 (0–26);

control group: median (min–max) ¼ 179 (0–1600)).

Such reduction in bacterial load was enough to cause

very evident changes in the colour of secretions
Proc. R. Soc. B (2010)
(Martı́n-Vivaldi et al. 2009), which should be the result of

changes in its chemical composition.

(e) Antimicrobial properties of chemical volatiles

We tested the antibacterial activity of pure commercial stan-

dards of the identified compounds against 15 bacterial strains

(including Gram-positive and Gram-negative ones) widely

used as indicator strains in studies of antagonistic ability of

bacteriocin producers. Afterwards, we estimated the mini-

mum inhibitory concentration of each compound against a

selection of five Gram-positive and two Gram-negative

pathogenic strains and compared it with the concentration

found in the secretions of nestling hoopoes. Finally, we

tested the antimicrobial activity of experimental chemical

mixtures reflecting (median of concentration values) the

volatile fraction of the secretion composition of antibiotic-

treated and uninjected birds against a battery of 19 indicator

strains.

The determination of the minimum inhibitory concen-

tration of each compound and differences in the activity of

the volatile fractions of control and experimental groups

were carried out on micro-plates (Corning 96-Well Plates,

Sigma-Aldrich, Germany). Briefly, each well of the micro-

plate containing 200 ml of growth medium inoculated with

approximately 5 � 106 cfu ml21 of the indicator strain was

added to the amount of each compound needed to obtain

the desired concentration in the final volume of the well.

Plates were incubated at 378C overnight and checked for

growth of bacteria which was confirmed by the turbidity of

the medium.
3. RESULTS
(a) Chemical volatiles in hoopoe secretions

A typical ion chromatogram obtained from a GC-MS

analysis of dark uropygial secretions of hoopoe nestlings

is shown in figure 1b. The profile shows several peaks at

short elution times (below 21 min), corresponding to

volatile compounds.

The chromatogram profile of white uropygial

secretions corresponding to non-nesting adult birds is

quite different (figure 1a). Profiles of all seven adult

non-breeding individuals monitored differed from those

of dark secretions of nestlings, as seen in figure 1a,b.

Most peaks detected in the brown secretion corresponded

to volatile chemicals; however, they were absent in white

secretions.

(b) Antibiotic experiment

The experimental antibiotic injections in the uropygial

gland during nestling development produced drastic

changes in the composition of hoopoe nestling uropygial

gland secretions. The profile of the chromatograms of

antibiotic-treated nestlings lacked most peaks of the

most volatile compounds present in both kinds of control

birds (figure 1). We found statistically significant differ-

ences among treatments in the concentration of seven

out of 10 chemicals found in control secretions

(table 1). Butanoic acid, 2-methyl butanoic acid,

4-methyl pentanoic acid, unidentified compound, indole,

3-phenyl propanoic acid and 4-chloro indole were signifi-

cantly less concentrated in antibiotic treated birds than

in either uninjected or control-injected birds (table 1).

In two out of the remaining three volatiles (phenol and

http://rspb.royalsocietypublishing.org/
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Figure 1. Chromatograms of hoopoe preen secretions. (a) The white preen secretion of a non-breeding adult, (b–d) dark
secretions of three nestling hoopoes of the same brood after a 6 day treatment with (b) only manipulation, without injection,
(c) saline water injected within uropygial gland lobes and (d) amoxyciline injected within uropygial gland lobes. Peaks are num-

bered according to the list of compounds detected in the descriptive analysis of brown secretions (appendix S1, electronic
supplementary material), and their identity is shown in table 1.
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phenyl acetaldehyde), the concentrations were also lower

for the antibiotic group, although not significantly so and

only benzaldehyde was unaffected by the clearance of

bacteria from nestling glands (see concentrations in

appendix S2, electronic supplementary material).

(c) Antimicrobial activity

All volatiles found in hoopoe dark secretions inhibited

growth of some of the bacterial strains assayed when

using pure commercial standards (appendix S3, electronic

supplementary material), but only five of them were

found in hoopoe secretions in concentrations sufficiently

high to reach the minimum inhibitory concentration

necessary for inhibiting growth of between one and five

indicator strains (table 2). However, when testing the

antimicrobial effects of the volatiles in combination (i.e.

median concentrations of the compounds), the mix of

volatiles simulating the natural combination found in

uninjected nestlings was effective in inhibiting the

growth of all 19 bacterial strains assayed (table 2). Inter-

estingly, the mix of volatile chemicals at the
Proc. R. Soc. B (2010)
concentrations found in hoopoe nestlings, whose uropy-

gial glands were treated with antibiotics during nestling

development (with experimentally reduced loads of sym-

biotic bacteria), was not effective against any bacterial

indicator strain (comparison of the number of strains

inhibited between control and experimental mixtures,

Fisher’s exact test p , 0.0001; table 2).
4. DISCUSSION
Our main results were that: (i) there is a different chemi-

cal composition of dark and white secretions of uropygial

glands of hoopoes, with abundant volatile compounds in

dark, but not in white secretions; (ii) these volatiles show

antimicrobial activity against a wide set of bacterial

strains; and (iii) most volatiles disappear from secretions

of individuals experimentally injected with antibiotic

during development, suggesting a central role of bacteria

in the presence of these compounds.

We have shown evidence of a relationship between

presence of bacteria in uropygial glands (experimental

http://rspb.royalsocietypublishing.org/


Table 1. Comparison of the concentration of chemical volatiles in the secretions of antibiotic-treated (AB), saline water-

treated (SA) and uninjected (NAT) nestlings of the same brood. (The paired comparisons for phenol (in parentheses) were
analysed with the sign test owing to the high rate of zeros in the two groups. Compounds are numbered in elution order from
descriptive analyses (appendix S1, electronic supplementary material).)

Friedman ANOVA
n ¼ 6, d.f. ¼ 2 Wilcoxon matched pairs test

x2 p-value
AB-SA,
p-value (n ¼ 7)

AB-NAT,
p-value (n ¼ 6)

SA-NAT,
p-value (n ¼ 6)

(1) butanoic acid 9.33 0.009 0.018 0.028 0.345
(2) 2-methyl butanoic acid 7.91 0.019 0.018 0.043 0.753
(4) benzaldehyde 4.33 0.115 0.310 0.345 0.345
(5) phenol 3.00 0.223 (0.480) (0.480) (0.480)
(6) 4-methyl pentanoic acid 8.44 0.015 0.028 0.028 0.345

(7) phenyl acetaldehyde 2.33 0.311 0.128 0.116 0.916
(8) unidentified 7.64 0.022 0.018 0.046 0.144
(9) indole 9.00 0.011 0.018 0.028 0.600
(10) 3-phenyl propanoic acid 8.09 0.018 0.018 0.043 0.917

(11) 4-chloro indole 7.91 0.019 0.028 0.028 0.917
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treatment) and the presence of antimicrobial volatile sub-

stances. In a previous experiment with antibiotics, we

found that body condition, growth rate and immune

response to a novel antigen were not affected by antibiotic

injections in uropygial glands of nestlings (Martı́n-Vivaldi

et al. 2009); therefore, the differences found in chemical

composition of secretions were not caused by an indirect

effect of the antibiotic on general condition or health of

birds. Interestingly, we found that the mixture of volatile

compounds in individuals with bacteria in their uropygial

gland, but not in that of individuals with experimentally

induced bacterial clearance, demonstrated antagonistic

capacity against all bacterial strains tested, which include

the feather-degrading bacilli B. licheniformis (Burtt &

Ichida 1999) and Bacillus cereus (E. H. Burtt Jr 2009,

personal communication), and several potentially patho-

genic bacteria. These compounds were not of a peptide

nature, and, therefore, our results suggest that not only

bacteriocins (Martı́n-Platero et al. 2006), but also a var-

iety of chemical defensive products of the uropygial

secretion are of bacterial origin. The antimicrobial effects

of these symbiont-produced chemicals would even be

higher when in combination with other compounds of

the secretion such as antimicrobial peptides (bacteriocins)

owing to synergistic effects (e.g. Ananou et al. 2007).

Therefore, the antagonistic activity shown in our exper-

iments by the combination of chemicals would

underestimate the real antimicrobial power of uropygial

secretions.

We have used a wide-spectrum antibiotic during six

consecutive days of the growth period that probably

killed any strain of bacteria living in hoopoe glands.

Despite the fact that the most common cultivable

hoopoe gland symbionts are Enterococcus faecalis, other

Enterococcus species are frequently isolated (Soler et al.

2008). Furthermore, given that most bacterial strains are

not cultivable with standard methods (Pace 1997), we

cannot ignore the possibility that other non-enterococcal

species may live within hoopoe glands and that they pro-

duce some of the detected chemicals that are not

common for enterococci. For example, 4-methyl pentanoic

and 3-phenyl propanoic acids are considered typical

metabolites of Clostridia (Arellano et al. 2000), which
Proc. R. Soc. B (2010)
may also be present in hoopoe glands. In any case, and

independently of whether detected volatiles were from

one or several bacterial groups, our experiment demon-

strates a link between the presence of symbiotic bacteria

and detection of volatile chemicals with antimicrobial

properties in the uropygial secretion of hoopoes.

These results further support a symbiotic association

between hoopoes and bacteria living in their uropygial

gland that is maintained by the benefits that bacteria

provide to the birds in their chemical defence against

feather-degrading bacteria and pathogens. This interpret-

ation is further supported by previous findings of

enhanced antimicrobial activity of brown secretions and

bacteriocin production by the strains isolated from hoopoe

glands (Martı́n-Platero et al. 2006; Soler et al. 2008).
(a) Seasonal and interspecific differences in

chemical composition of uropygial gland secretions

We have found that the chemical composition of uropy-

gial secretions of European hoopoes changed drastically

between the breeding and the non-breeding seasons.

Chromatogram profiles of white secretions produced by

both sexes outside the breeding season were similar to

those shown in most bird species, mainly including

waxes (Jacob & Ziswiler 1982), but completely lacking

volatile chemicals. By contrast, dark secretions produced

by breeding females and nestlings include a variety of

volatiles only found in secretions of the closely related

woodhoopoes (Phoeniculidae, Burger et al. 2004;

Feduccia 1975). These components are probably respon-

sible for the unpleasant smell of the very special uropygial

secretion of both species. Contrary to the exaggerated

seasonal changes, not only in colour and odours

(Martı́n-Vivaldi et al. 2009), but also in chemical profile

detected in European hoopoes, woodhoopoe secretion

does not appear to vary during the annual cycle (Burger

et al. 2004). Previous studies have described seasonal

changes in the chemical composition of secretions

in several groups of birds such as ducks (e.g. Kolattukudy

et al. 1987), shorebirds (Piersma et al. 1999;

Reneerkens et al. 2002, 2005, 2008) or passerines

(Bhattacharyya & Chowdhury 1995; Haribal et al. 2005;

http://rspb.royalsocietypublishing.org/
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Soini et al. 2007), which are considered adaptations to

variation in selection pressures from parasites or predators

among seasons. In most cases, however, the changes

affect the kind of waxes present in the secretions but

not the presence of volatile substances, except in the

dark-eyed junco Junco hyemalis, for which more volatile

compounds such as organic acids and alcohols are incor-

porated into the secretions in the breeding season (Soini

et al. 2007). These studies, however, have not found phe-

nolic or indolic compounds and the short-chain organic

acids present in hoopoe secretions during the stay

within the nest, which suggests that the presence of

bacteria is at least partially responsible for the drastic

change in composition found in European hoopoe

uropygial secretions.

As in European hoopoes, some volatile chemical

compounds in the woodhoopoe secretion could be a sec-

ondary product of symbiotic bacteria living in their

uropygial gland. This suggestion is based on the effect of

experimental injections of antibiotics on secretion colour

(Law-Brown 2001, cited in Law-Brown & Meyers 2003).

The cultivable bacteria in both species are Enterococcus

sp., but the new species E. phoeniculicola found in wood-

hoopoes (Law-Brown & Meyers 2003) was not detected

in samples of European hoopoes (Soler et al. 2008). There-

fore, it is possible that interspecific differences in volatile

chemicals of secretions can be explained by different

bacterial communities living within their glands.

We conclude that the composition of uropygial gland

secretions of European hoopoes is a result of the combined

action of the birds and symbiotic bacteria living within their

uropygial glands that provide nestlings and breeding

females with a variety of antimicrobial chemicals for their

fight against feather-degrading bacteria and pathogens.
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