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a  b  s  t  r  a  c  t

Feathers  are  essential  for avian  thermoregulation,  communication  or flight  and a reduction  of  plumage
condition  may  alter  these  functions  and  reduce  individual  fitness.  Recently,  descriptive  studies  provided
evidence  that  birds  carry feather-degrading  bacteria  on  their  plumage  that  have  the  ability  to  degrade
feathers  rapidly  under  laboratory  conditions.  If  such  bacteria  reduce  avian  fitness,  natural  selection  should
favour  the  evolution  of anti-bacterial  defences  to  limit  the  effects  of these  detrimental  microorganisms.
Preening  behaviour  and  associated  preen  gland  secretions  have  been  proposed  as the  main  factor  used
by birds  to limit  feather-degrading  bacterial  growth  and  some  recent  in  vitro  studies  provided  evidence
that  uropygial  oil  inhibited  the  growth  of  some  keratinolytic  strains  in passerines.  However,  preen  oil
antimicrobial  properties  remained  to be  experimentally  tested  in  vivo.

We  conducted  an  experiment  with  mallards  (Anas  platyrhynchos) onto  which  we fixed  a removable
mechanism  that  blocked  access  to  the  uropygial  gland  in  a first  group  of  mallards,  whilst  birds  in a  second

group had the  same  removable  mechanism  but  access  to their  gland  and  a third  group  of  birds  had  nor-
mal  access  to their  gland.  We  found  no significant  effect  of  our treatment  on total  and  feather-degrading
bacterial  loads.  Three  hypotheses  may  explain  the  discrepancy  between  our  results  and  previous  in vitro
studies. First,  in  vitro  studies  may  have  over-estimated  the  bactericidal  properties  of  the  preen oil.  Sec-
ond, preen  gland  deprivation  may  have  affected  only  a small  portion  of the  feather-degrading  bacterial

 and  p
community.  Third,  ducks

. Introduction

Feathers are characteristic of birds and are key to their ther-
oregulation (Stettenheim, 2000), communication (Andersson,

994; Shuster and Wade, 2003), and flight (Rayner, 1988). Thus,
 reduction of plumage conditions may  alter these functions and
educe individual fitness (Booth et al., 1993; Swaddle and Witter,
997; Ferns and Lang, 2003; Williams and Swaddle, 2003). Evi-
ence has recently been provided that birds carry bacteria on
heir feathers and that some of them are keratinolytic and can

apidly degrade feathers under laboratory conditions (Burtt and
chida, 1999; Goldstein et al., 2004; Lucas et al., 2005). Feather-
egrading bacteria are a group of bacteria able to decompose
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asserine  oils  might  have  different  bactericidal  properties.
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�-keratin, a protein which represents more than 90% of feather
mass (Onifade et al., 1998; Lucas et al., 2003; Gunderson, 2008).
Given the functional importance of maintaining feather quality, a
number of anti-bacterial defences are expected to have evolved in
birds (Clayton, 1999; Gunderson, 2008).

Anti-bacterial mechanisms, as recently summarized by
Gunderson (2008), could belong to four types: feather struc-
ture and colour (protective value of particular pigments like
melanin against keratinolytic bacteria), sunbathing (sunlight
reducing the number of viable keratinolytic bacteria, Saranathan
and Burtt, 2007), moult (moult may  reduce plumage bacterial
loads, Burtt and Ichida, 1999, but see Giraudeau et al., 2010a)
and preening behaviours (Clayton, 1999; Shawkey et al., 2003;
Grande et al., 2004; Gunderson, 2008). Preening behaviours may
act against feather-degrading bacteria either by the action of anti-
bacterial properties of the uropygial oil compounds (Shawkey et al.,
2003; Jacob et al., 1997), by forming a physical barrier between

feather-degrading bacteria and feather surface (Reneerkens et al.,
2008) or by the presence of antimicrobial substances within the
uropygial gland secreted by symbiotic bacteria (Martin-Platero
et al., 2006; Soler et al., 2008; Ruíz Rodríguez et al., 2009). In

ghts reserved.
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ifferent studies, experimental surgical removal of preen glands
rock doves, Columba livia, Moyer et al., 2003) or temporary block-
ge of preen gland access (mallard, Anas platyrhynchos,  Giraudeau
t al., 2010b)  led to degradation of plumage, consistent with the
ypothesis of preen oil acting against keratinolytic bacteria. In
ddition, in vitro studies on House Finch (Carpodacus mexicanus)
howed that preen oil inhibits the growth of several species of
eather-degrading bacteria (Shawkey et al., 2003). Preen oil of
reen Wood Hoopoe (Phoeniculus purpureus;  Burger et al., 2004)
nd Red Knot (Calidris canutus; Reneerkens et al., 2008) inhibit the
rowth of bacteria such as Bacillus licheniformis. However, these
tudies were carried out in vitro and may  have overestimated the
n vivo anti-bacterial properties of preen oil. In addition, these
tudies tested the potential antibacterial properties of the preen oil
n a single species of keratinolytic bacteria. Since the community
f feather-degrading bacteria consists of a diverse assemblage of
acterial species, these studies may  not be conclusive.

Here, we experimentally quantified the in vivo effect of preen
il on both total and feather-degrading bacterial loads. Using a
ovel design, we temporarily blocked access to the uropygial gland
ecretions with a removable mechanism on captive mallards (A.
latyrhynchos) and we compared bacterial loads between feath-
rs of birds with, or without, access to the preen gland after six
onths of treatment. In accordance with in vitro studies (Shawkey

t al., 2003; Burger et al., 2004), we predicted that birds without
reen gland access would have a higher feather-degrading bacterial

oads on their plumage after six months of experiment compared
o control birds. Moreover, as keratinolytic bacteria represent an
mportant part of total cultivable bacteria (Shawkey et al., 2008;
zirják et al., 2010), we expected a higher total cultivable bacterial

oad on plumage of experimental birds compared to control ones.

. Methods

Experiments were carried out between October 2007 and April
008 at the Centre d’Etudes Biologiques de Chizé (CEBC) in west-
rn France using a semi-captive population of adult mallards (A.
latyrhynchos) descended from individuals caught in the wild. The
irds (3–5 years old, N = 57) were held in a large open enclosure
1 ha with a pool of 25 m2) with free access to water and food ad
ibitum. Housing conditions and experiment were carried out in
ompliance with European legal recruitment and national permis-
ions (European convention, ETS123).

.1. Experimental design

We  randomly assigned and fitted birds in a group with APO
anti-preen-oil mechanism, Giraudeau et al., 2010b,c; N = 13 males
nd 12 females). APO was designed to prevent bill-uropygial gland
ontact and the spread of the preen gland secretions on the feathers.
he device consisted of a rubber tube of 1 cm in diameter and 2.5 cm
n height, glued to the feathers (with loctite super glue-3) and skin
round the small feathered nipple of the uropygial gland. We  rein-
orced this structure with a flexible plastic square (pierced in the

iddle at the tube level) glued to the rubber tube and set around
he uropygial gland (see details in Giraudeau et al., 2010b,c). As a
ontrol, a second group of birds (N = 6 males and 7 females) was
tted with CPO (control preen oil mechanism) which was  identical
o the APO, except the fact that the rubber ring was  not present;
nly the flexible plastic square was used. Thus, bird equipped with
he CPO had access to their preen gland through the hole pierced

n the middle of the flexible plastic square. Finally, a third group of
irds was kept with no device at all (N = 11 males and 8 females).
ucks were visually observed with binoculars at least twice a week

o check that the APO and CPO remained attached. At the end of
l Processes 92 (2013) 1– 5

the experiment the devices were removed by gently pulling the
plastic square. We detected no obvious signs of stress or unusual
behaviour after fitting the birds with the systems (M.  Giraudeau,
pers. observations). Moreover, in preliminary studies, we did not
find any significant effect of APO on preening, courtship, bathing
and foraging time (Giraudeau et al., 2010b,c). Thus, we believe that
our treatments did not lead to a change of bird behaviour during
the experiment.

There was  no significant differences of body condition and size
between birds in the different treatment groups at the start of
the experiment (all P > 0.3). In addition, changes in body condi-
tion during the experiment were not significantly influenced by
the treatments (P > 0.3).

2.2. Bacterial sampling

To quantify plumage bacterial loads, we followed microbiolog-
ical and sampling methods already published by our group and
others (Møller et al., 2009; Czirják et al., 2010; Giraudeau et al.,
2010a). Two  feathers from a standardized position on the back
(3 cm under the base of the neck) were collected at the beginning
and at the end (6 months later) of the experiment and placed in a
sterile 1.5 ml  plastic tube. Birds did not molt during the experiment.
Previous work by our group indicates that sampling two feathers
from each bird at each time period provides suitable data to investi-
gate temporal variations of feather bacterial loads (Giraudeau et al.,
2010a).  In addition, previous studies revealed significant correla-
tions between back, wing-flash and head samples obtained from
the same individuals, indicating that within individuals, bacterial
loads on back feathers are indicative of bacteria intensity in other
plumage areas in mallard (Giraudeau et al., 2010a); as it was  already
shown for passerine species (Shawkey et al., 2008; Gunderson
et al., 2009). Tubes were subsequently kept in a dark envelope at
−20 ◦C until microbiological analyses. We  used only the 2 cm at the
extremity of the feathers because preliminary tests showed that
it was a quantity sufficient to obtain a bacterial suspension count-
able on TSA media (between 30 and 200 CFU per plates). In addition,
Muza et al. (2000) showed that most of the bacteria in the plumage
are on the distal half of the feathers. In order to obtain both the free-
living and attached micro-organisms (Lucas et al., 2005), feather
tips were sonicated three times for 15 min  (5 min  each with 5 min
pause between each) in 0.8 ml  of sterile physiological (0.90%, w/v)
saline solution. After sonication the samples were vortexed for 20 s
and the bacterial suspensions were transferred in a sterile 1.5 ml
plastic tube. One half ml  of sterile physiological saline was added
to the tube with the feather tips and vortexed again for 20 s. The
supernatant was transferred to the same sterile eppendorf, obtain-
ing a ∼1.3 ml  solution. Afterwards, the feathers were dried for 24 h
at 70 ◦C and weighed to the nearest 1 �g on an analytical balance
(AT1 Comparator, Mettler Toledo).

2.3. Microbiological analyses

To quantify cultivable and feather-degrading bacterial loads, we
used two different growth media. Firstly, tryptic soy agar (TSA,
#22091, Fluka) a rich medium on which heterotrophic bacteria
grow, thus enabling assessment of total cultivable micro-organism
load of the feathers. Secondly, we  quantified feather-degrading
bacterial loads using feather meal agar (FMA) containing 15 g l−1

feather meal, 0.5 g l−1 NaCl, 0.30 g l−1 K2HPO4, 0.40 g l−1 KH2PO4,
15 g l−1 agar (Sangali and Brandelli, 2000; Shawkey et al., 2003,
2007). We  inhibited fungal growth by adding 100 mg  mL−1 of cyclo-

heximide to the TSA and FMA  media (Smit et al., 2001).

To measure bacterial counts, we spread 100 �l of each microbial
suspension on 3 plates of the different growth media and the plates
were incubated at 25 ◦C, for 3 days in the case of TSA, and for 14 days
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Fig. 1. Changes of cultivable bacterial abundance on back feathers of mallards dur-
ing  a six-month interval. Treatments consisted of anti-preen-oil mechanism (APO),
control preen-oil mechanism (CPO) and control birds (for details see Section 2).
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Fig. 2. Changes of feather-degrading bacterial abundance on back feathers of

2003; Burger et al., 2004; Reneerkens et al., 2008) but several other
ean (±SD).

n the case of FMA  (Shawkey et al., 2003, 2007; Møller et al., 2009).
hree plates with each media type but without microbial suspen-
ion were also incubated in order to detect any contamination of
edia. After incubation, the number of visible colony forming units

CFU) on each plate was counted. Counts were then corrected by the
nitial volume of the suspension and by feather mass. The microbial
oncentration for each medium type was expressed as CFU per mg
f feather (CFU mg−1). We  used 2 cm-feather tips and only one dilu-
ion because preliminary tests showed that the counts remained
etween 0 and 200 CFU per plate (M.  Giraudeau, unpublished data).
ll counts were performed blindly by one of us (MG).

.4. Statistical analyses

We  calculated a difference of the bacterial counts
etween the end and the beginning of the experiment
bacteriaend − bacteriabeginning). This difference was  consid-
red as an index of the change in bacterial loads during the
xperiment. Since our data were not normally distributed we  used
on-parametric tests to examine the effects of sex and treatments
n bacterial counts at the beginning of the experiment and on
he change of bacterial loads during the experiment. Statistical
nalyses were realized with STATISTICA 6.0 software.

. Results

We found a high repeatability for cells counts of the three plates
f each media (repeatability: 0.97, Lessells and Boag, 1987), indicat-
ng that our method of bacteria quantification is highly repeatable.

Before birds were fitted with APO or CPO, cultivable and feather-
egrading bacteria loads were not significantly different for the
hree groups of birds (TSA: H2,54 = 1.3, P = 0.53; FMA: H2,54 = 4.6,

 = 0.1). However, the two sexes differed in their total and
eather-degrading bacterial load (TSA: H2,54 = 6.5, P = 0.01; FMA:
2,54 = 5.1, P = 0.02); males had more bacteria on their plumage than

emales.
Changes between initial and final sampling of both total

acterial load and feather-degrading bacterial load were not sig-
ificantly affected by our treatments in both sexes (males: TSA:
2,27 = 0.74, P = 0.69; FMA: H2,27 = 1.05, P = 0.59; females: TSA:

2,24 = 5.2, P = 0.08; FMA: H2,24 = 4.2, P = 0.12). Whether mallards
ere able, or not, to use their uropygial oil during six months did
ot impact the bacterial loads on feathers (see Figs. 1 and 2).
mallards during a six-month intervals (see legend in Fig. 1 for a description of
treatments). Mean (±SD).

4. Discussion

Uropygial oil has been proposed as a first line of defence
against feather-degrading bacteria (Jacob et al., 1997; Clayton,
1999; Shawkey et al., 2003; Gunderson, 2008), a hypothesis sup-
ported by in vitro studies (Shawkey et al., 2003; Burger et al., 2004;
Reneerkens et al., 2008). Preen oil may limit feather-degrading
bacteria growth through its bactericidal properties (Shawkey et al.,
2003) and/or by forming a physical barrier that prevented the
enzymes secreted by the bacilli from reaching the feather keratin
(Reneerkens et al., 2008). However, to the best of our knowledge, no
in vivo experimental test had ever been performed to confirm this
hypothesis, and our study is the first longitudinal experiment that
monitors total cultivatable and feather-degrading bacteria loads
with or without preen gland access.

In a previous experiment (Giraudeau et al., 2010b), we showed a
decrease of plumage condition for mallards equipped with an APO
compared to those equipped with CPO, demonstrating the efficacy
of our APO mechanism to prevent the spreading of preen oil on
plumage. In addition, these results showed that preen oil helps
to maintain feathers in good condition. One possible explanation
for these earlier effects could have been that preen oil limited the
growth of feather-degrading bacteria. We  tested this hypothesis in
the present study but unexpectedly, did not detect any significant
differences of plumage bacterial loads (total cultivable and feather-
degrading bacteria) on the plumage of birds with or without access
to their preen gland. Indeed, being able or not to use uropygial oil
during six months did not have any significant impact on feather’s
bacterial loads (Figs. 1 and 2).

Three hypotheses may  explain the discrepancy between our
results and previous in vitro studies which clearly showed that
uropygial oil can inhibit the action of feather-degrading bacteria
(Shawkey et al., 2003; Burger et al., 2004; Reneerkens et al., 2008).
First, in vitro studies may  have over-estimated preen oil effect on
microbial isolates by applying a large quantity of oil which may
not reliably reflect the natural amounts spread by birds on their
feathers (Shawkey et al., 2003; Burger et al., 2004). However, this
criticism does not apply to Reneerkens et al. (2008) where the
amount of oil on each feather was  applied by the birds themselves.
Future in vitro experiments need to address this issue.

Second, preen oil could have bactericidal effect on some bac-
terial strains but not all. Most studies have focused on the genus
Bacillus, and more specifically on B. licheniformis (Shawkey et al.,
species of feather-degrading bacteria occur on plumage (Burtt and
Ichida, 1999; Shawkey et al., 2003, 2007, 2008; Burger et al., 2004;
Reneerkens et al., 2008; Bisson et al., 2009). Absence of preen oil
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n plumage may  have affected only a small portion of the feathers-
egrading bacterial community which may  explain why  we  did
ot detect any effect of preen gland access deprivation on feather-
egrading cultivable bacteria. Further studies focusing on the effect
f preen gland of bacterial community assemblages and identifica-
ion of resistant and susceptible species, could bring support for
his hypothesis.

A third possibility might be that ducks and passerine oils have
ifferent bactericidal properties. This last hypothesis is probable
s Sweeney et al. (2004) showed significant variation in feathers
axes already within families of passerines. There is clearly a need

or assessing microbial community structure and composition in
ore details, using newly available techniques (reviewed in Head

t al., 1998; Kirk et al., 2004; Dorigo et al., 2005; Sessitsch et al.,
006; Bisson et al., 2007; Gunderson, 2008). However, future stud-

es will have to take into account the fact that molecular techniques
ay  also identify DNA of non-living microorganisms which are not

laying an active role on the plumage.
Shawkey et al. (2005) found that Bacillus spp. are dominant in

he plumage of house finch using culture-dependent methods but
olecular phylogenetic methods revealed that Pseudomonas spp.

ominate the plumage bacterial community in the same individ-
als. Their results suggest that culture-dependent methods isolate

 portion of the bacterial community present in the plumage.
hus, future studies should repeat our experiment using culture-
ndependent methods.

In our experiment, we found a significant difference of feather
acterial loads between the two sexes. The most probable expla-
ation for this difference could be a temporal variation of preen oil
omposition between the sexes. Indeed, female mallards, but not
ales, show qualitative shifts from mono- to diester preen waxes

uring courtship and incubation (Kolattukudy et al., 1985) which
re within the sampling periods of our experiment. Reneerkens
t al. (2008) studied the efficacy of both mono- and diester preen
ils of red knots (C. canutus) to limit the action of B. licheniformis and
ound that both were effective at reducing the rate of feather degra-
ation. However, more work is needed to investigate the potential
ifferences of mono and diester preen oil bactericidal effects on the
ntire community of feather-degrading bacteria.

To conclude, this study provides the first in vivo experiment
bout the interaction between preen oil and plumage-associated
acteria, showing an absence of bactericidal effect of preen oil
gainst total cultivable and feather-degrading bacteria in mallards.
n examination of the potential bactericidal effect of preen oil at

he level of the bacterial community could constitute a promising
uture way of the research.
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