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ABSTRACT

The effects of bacteria on the development of bindte nest have been barely
studied under natural conditions and most of owwkadge about this topic derives
from poultry as interactions between potentiallyhpgenic bacteria and chickens have
economic and public health implications. In wildrds, there is scant evidence
suggesting negative effects of gut bacteria onlingsgrowth. However not only gut
bacteria may have effects on nestling growth asrathicrobiota such as those existing
on the nest or on skin could affect developmentilyEdevelopment is a crucial
determinant of fitness in many animals. In birds,addition to some environmental
factors, the body mass at fledging as well as bodgdition and measures of
immunocompetence, have been shown to be reasogabty predictors of individual
post-fledging survival. The main goal of this tlse® to increase our knowledge about
the interactions between growing altricial birdsd amicroorganisms under natural
conditions from an ecological and evolutionary pah view as traditionally nestling
growth has been studied without consideration afrofial effects. Furthermore the
thesis explores potential adverse effects of battgut and skin symbionts on nestling
growth and thereby on fitness. As there may beureseallocation trade-offs between
immunity development and tissue growth, the diffiér@arms of the immune system in
nestlings have also been studied.

Our study system has been the pied flycatckereflula hypoleuca a model
organism in avian ecology. In nestlings, we estgdathe abundances of certain
important types of gut bacteria (enterococci anderebacteria) through culture-
dependent techniques at two different ages, naielyd 13 days after hatching. Most

previous studies have sampled bacterial communitiehicks only once, namely just



before fledging, which does not allow to relate qaddely the development of gut
microbiota with nestling growth. We found that theo types of bacteria showed
different trends with respect to nestling age, Isat twhile enterococci increased in
abundance, enterobacteria decreased. This couldubeto competitive interactions
between different bacterial types for space andienitresources in the nestling gut.
Competition for resources and space among intéstim@robes is a common
phenomenon expressed as chemical conflict througbtebocin production for
example. These changes may be due to age-deperatition in the diet of nestlings
as food constitutes an important source of badter@ulation during development.
The most interesting result was that the bactésed of enterococci at the earliest age
was negatively associated with the growth of thsustmetatarsus between the two
sampling ages, a clear indication of the negatffects for nestling fithess of some gut
bacteria at early ages. Although an experimeneedad to confirm this association, it
suggests that bacteria detracted nutritional ressuior skeletal growth either through a
direct trade-off or through immunity-mediated effec

On the other hand, several factors including clen&od, age and health state
may affect the composition of the gut microbiotarafividual birds. Nutrient richness
in the environment, humidity and temperature hasenbidentified as important factors
affecting growth in bacterial cultures. Therefogat bacterial loads may be affected by
weather conditions such as temperature or pretigmtgiven that body temperature of
nestlings at early ages may depend on local clinzate the strict thermal dependence
of bacterial growth. As expected, loads of bothtéaal types at an early age were
positively associated with mean local temperatbtgthermore, loads of enterobacteria
at an early age were negatively correlated witlorpprecipitation and hatching date.

With respect to the later age, loads of enterocaece again positively correlated with
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mean temperature while enterobacteria loads wereetated to any weather variable
but were negatively associated with hatching dabhe associations of bacterial loads
with breeding phenology may be related to pooreriten of late-hatched brood

allowing fewer resources for gut bacteria. Thusatiwer conditions and breeding
phenology affect gut bacterial populations thromgistling heterothermy at early ages
and date-dependent nutrition and may in this wagtrdmite to modulate nestling

development.

Our previously mentioned studies of gut bacteri@ &mited to culture-
dependent techniques, which imply some limitatiferscharacterizing microbiota. The
use of molecular identifications of bacteria hasagladvantages for certain purposes, so
we have used also molecular analysis with our sesnpspecifically Automated
Ribosomal Intergenic Spacer (ARISA), which desailimacterial communities by
amplifying a sequence of the rRNA intergenic spd&$-23S that varies in length and
sequence according to taxonomic groups. Usingtéuisnique, we obtained the OTUs,
also called phylotype, which are assumed to debatterial lineages or species. The
ARISA technique has been used mainly to charaeteemvironmental bacterial
communities, but is progressively being used tociles bacterial communities
associated with wild and domestic birds. A total9df Operational Taxonomic Units
(OTUs) were found in the gut samples at both a@es.analyses of diversity by means
of the Shannon index resulted in bacterial divgrsitreasing as nestlings grow while
the number of OTUs was not affected by age. Pogssiastling gut microbial
communities were already established at early adpide the abundance of the different
bacterial types may have reached an equilibriumtdw®mpetitive interactions among

bacterial strains before nestlings leave the nest.
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However bacteria colonize any environment that gaaovide them with
sufficient nutritional resources for growth. Aviamests are micro-environments very
likely to be colonized by bacteria due to the pneseof debris, faeces and discarded
food. Furthermore, nests in cavities may offer namestant and suitable environmental
conditions for bacterial growth. On the other haexherimental studies have explored
the importance of nest reuse in cavity nests fthrepod colonization of nests and for
nestling health and growth but the effect of nesttérial communities have not been
hitherto explored. However, bacteria can remaimdont in nests and faeces for several
months, so there may exist an increased risk aiebatinfection for birds breeding in
reuse nests. Therefore we conducted an experirteaving a sample of nest-boxes
without removing old nest materials in 2010 and pared bacterial loads of nest
materials, control inert objects (a square of jdagteviously sterilized with alcohol)
and nestling belly skin in reused nests with thiosaewly constructed nests in 2011.
We found that nestlings raised in reused nestshigiter bacterial loads on their belly
skin than those in new nests, while no differenevben nest types for nest materials
and control inert objects were found. There wasaagmally significant tendency for
wing length before fledging to be lower in reusex$ts. The bacterial loads of nests
showed a negative association with feather grovithestlings as expressed through
wing length. These results indicate an associatietween nest reuse and bacterial
growth on nestling skin not hitherto detected.

Like the relationships between the bacteria remaginn the reused bird nests
and nestling growth, the existence of pathogenienatualistic associations between
skin bacterial communities and nestlings has hitheeceived scant attention. To
remedy this, we estimated the abundance of hetgiat bacteria on a delimited area

of the naked skin of the belly of nestlings at tdifferent ages and their association
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with general growth (measured at 7 and 13 dayjtdBial loads of nestlings at 7 days
were not correlated with any nestling measuremartile on day 13 they were

positively associated with brood size and with lnegtwing length. Larger broods

develop in less hygienic conditions, especiallyrdhdoefore fledging, which could

explain the positive association of brood size wbtcterial loads at this age. Skin
bacteria may favour wing feather growth through petition with harmful bacteria or

faster feather growth may facilitate bacterial gitowthrough accumulation of remains
on skin surrounding growing feathers. Only expertaecan resolve the novel
association found.

Finally, the immune system is highly complex andy&nerally classified into
two main components: innate and acquired immuie. explored the relationships
among different arms of the immune system and tbssiple trade-offs of their
development with nestling growth, although in a{esxperimental setting. For that, we
measured levels of natural antibodies (NAbs) andndigsis, estimated serum
immunoglobulin levels and obtained a measure d¢amimation after inoculation of an
antigen, Phytohemagglutinin (PHA). We found thatimonune variable measured was
associated with any other variable at the indivigual brood levels. This indicates that
different aspects of immunity are independent aificdlt to integrate in a general
measure of immune response capacity in altriciatlimg birds. In nestling birds, some
studies have shown trade-offs between the nutriesgqsired for growth and those
needed to mount an immune response. In our studly NAbs was negatively
associated with tarsus length at the age of 7 daydencing a resource-based trade-off
between nestling growth and immunity. Nestlings experiencing the fastest skeletal

growth before 10 days of age, which possibly exiglavhy the association with NAbs
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was not found at 13 days. Our result confirms mesievidence that Nabs is the most
energetically costly aspect of immunity.

In this thesis, we present descriptive results pagrout the influence of bacteria
in the gut, on nests and skin on nestling growitlrtier researches on the detected

relationships are necessary to distinguish betwaases and effects.
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INTRODUCCION

Antes de que los microorganismos fueran observpdogrimera vez, algunos
autores ya sugirieron que ciertas enfermedades @asadas por unas “criaturas
vivientes invisibles” (Madigaet al 2006). Sin embargo, estas “criaturas invisibles”
serian descritas hasta 1674 por el holandés AranrLgeuwenhoek que con su simple
microscopio, compuesto por dos lentes de cristale&oas montadas sobre platinas de
laton, describid por primera vez los protozoos § laacterias, a los que llamo
“animaliculos” (Russell & Russell 1958). Asi fuerdos primeros pasos de la
microbiologia, que afios mas tarde seguiria cosdohdescubrimientos tan importantes
como la descripcion de la bacteféycobacterium tuberculosipor parte de Koch,
bacteria causante de la tuberculosis (Madeggaal. 2006), o el aislamiento dehermus
aquaticus fuente de la Taq polimerasa que es la base t@gen&a de amplificacion del
ADN (Brock & Freeze 1969, Hollaret al. 1991).

Por otro lado, podemos definir a la ecologia comooajunto de interacciones
entre organismos y de éstos mismos con su entamo cesultado de la busqueda y
obtencion de los recursos necesarios para su sugecia y reproduccion (Moreno
2008). Por consiguiente, es inevitable incluirit#geracciones con las bacterias puesto
gue uno de los aspectos ecologicos mas notabléstae es su adaptabilidad, lo que les
ha permitido colonizar un amplio elenco de hahitd¢sde los ambientes relativamente
benignos y ricos en nutrientes como suelos, lago8anos u otros organismos hasta
ambientes extremos como pueden ser las profundidaelehielo antartico (Horner-
Devineet al 2004, Madigaret al 2006). De modo que todos los organismos eucariota
estdn en constante contacto con las bacterias yepde interactian con ellas,

considerandose éstas una importante fuerza selepir ha actuado sobre la evolucion
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de los mismos (Xu & Gordon 2003). Recientementeeitaergencia de nuevas
enfermedades infecciosas en poblaciones silvedigeaves, y consecuentemente su
amenaza de transmision a los humanos como zooress, generando un interés
creciente en este tema (Longbottom & Coulter 2@#hskinet al 2009). Es por ello
que dichas interacciones constituyen un nuevo casepestudio para los ecélogos en
poblaciones silvestres tal y como demuestran lasem&es articulos publicados
principalmente durante la década pasada. Entreelasiones con bacterias estudiadas
actualmente en poblaciones naturales de aves Isgendos efectos sobre el inicio de
la incubacién o el éxito de eclosion (Pinowskial 1994, Coolet al 2003, Coolet al
2005, Shawkeyet al 2009, Solert al 2011, 2012, Ruiz-de-Castafieefaal 2011a,
2012b) y la degradacion de las plumas (Burtt & dahil999, Goldsteiret al 2004,
Shawkey et al 2007, Ruiz-de-Castafiedat al 2012a), su asociacion con las
enfermedades de transmisién sexual (Lombadal 1999, Poiani & Wilks 2000,
Westneat & Rambo 2000, Kulkarni & Heeb 2007, Whateal 2010) o la relacion
simbidtica entre algunas aves y ciertas bactersadas de la secrecion de la glandula
uropigial (Soleret al 2008, Mglleret al 2009, Ruiz-Rodriguert al 2009, 2012,
Martin-Vivaldi et al. 2010). No obstante, hay que destacar que muyspartitulos se
basan en el efecto de las bacterias sobre el detonde los pollos nidicolas,
crecimiento que puede tener efectos importantese dakeficacia bioldgica tanto en el
nido como durante las subsiguientes etapas juwemitiulta (Birkheadet al. 1999,
Lindsttom 1999, Naguib & Gil 2005, Blounet al. 2006). Los escasos estudios
publicados contemplan en este contexto principalenen las bacterias intestinales
(Lombardoet al 1996, Millset al. 1999, Pottiet al 2002, Morencet al 2003). Sin

embargo, la informacién sobre las asociacione® ettdesarrollo de pollos nidicolas y
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otras comunidades bacterianas como aquellas qidemesn la piel o incluso en el
propio nido es todavia mas escasa.

Esta tesis doctoral se centra principalmente encalocimiento de las
interacciones entre aves y microorganismos en ciamdis naturales desde un punto de
vista ecologico y evolutivo, y mas concretamentéosrefectos de las bacterias sobre el
crecimiento de los pollos en una especie de pa&jeectivoro forestal que nidifica en
cavidades como es el papamoscas cerrgjitedula hypoleuc#®allas. Contempla tanto
las bacterias intestinales como aquellas contergdasl material del nido o existentes
sobre la piel de los pollos. El enfoque es desedpy pretende explorar posibles
interacciones entre bacterias y pollos nidicolag quedan dar lugar a futuros
experimentos. Incluye también una aproximacionadmlas principales respuestas de
estos pollos a las interacciones patogénicas, cesnel sistema inmunitario, cuyo
desarrollo se produce precisamente durante egia d&ala vida. Seran necesarias mas
investigaciones que nos permitan establecer relasiode causa-efecto en las

asociaciones que hemos detectado en esta tesis.

LAS BACTERIAS INTESTINALES Y SU RELACION CON EL

CRECIMIENTO

El tracto gastrointestinal de las aves es estadanmmas eclosionar, aunque la
colonizacion de éste comienza inmediatamente despeéla eclosion del pollo,
pudiéndose encontrar en 24 horas poblaciones @abids de bacterias intestinales
comensales (Shapiro & Sarles 1949, Méisal 1999). Es sabido que las bacterias
colonizan rapidamente cualquier nuevo habitat qea sapaz de suministrarles

nutrientes para su crecimiento y mantenimiento iileeDevineet al. 2004, Apajalahti
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2005). En un estudio sobre la microflora presentelantestino de pollos de corral a
diferentes edades, se observl diseherichia coliaparecido a los dos dias de vida
mientras que los bacilos y cocos Gram-positivosesjieron una vez que habian pasado
4 o 5 dias (Rahner 1901, revisado en Shapiro &eSatB49). Los géneros mas
frecuentes que podemos encontrar en el intestinavee de corral sobactobacillus
Enterococcus Clostridium y algunos de la familigEnterobacteriaceagShapiro &
Sarles 1949). Las vias de adquisicion pueden se&svdesde el mismo ambiente que
los rodea, por medio de la saliva de los progesstaal ser alimentados, por sus
comparfieros en el nido o por el propio materialnigd (Kyle & Kyle 1993, Singleton
& Harper 1998, Lucas & Heeb 2005). Sin embargopredablemente el alimento la
fuente mas importante de inoculacion bacterianadependiendo de la comida
suministrada por los padres asi sera la divergdédd comunidad microbiana (Glunder
2002, Waldenstroret al 2002, Maul & Farris 2005). Asimismo la edad taémbjuega
un papel importante en la composicion y estruatierasta comunidad puesto que como
ya hemos mencionado anteriormente, segun creaadeiduo, se ha observado que
adquiere nuevas especies bacterianas (Etilid. 1999, van der Wieleat al. 2002, van
Dongenet al. 2013). Estos cambios cualitativos en la composigideden deberse a
cambios fisiolégicos o morfoldgicos en el tracttestinal dependientes de la edad, ya
gue a medida que el pollo crece, aumenta el pdsogytud del intestino asi como las
dimensiones de las vellosidades intestinales gneekdugar de adhesion de algunos
tipos bacterianos (veapitulo Il ).

Esta microflora intestinal tiene efectos sobreugricion del hospedador, sobre
su salud e incluso sobre el crecimiento (Barrow2]l®evens & Hume 1998, Torek
al. 2008) al interaccionar con la utilizacion de togrientes y con el desarrollo del

sistema digestivo. Esta interaccion es complejdependiendo de las bacterias que
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estén implicadas, puede tener resultados positivesyativos para el hospedador (Yang
& Choct 2009). Serian negativos en el sentido dedjohas bacterias podrian detraer
recursos nutricionales (Dibner & Richards 2005, eaal 2005), ya que una alta carga
microbiana incrementara los requerimientos enarggfpara su mantenimiento y por lo
tanto implicara una reduccion en la eficiente zaition de los nutrientes para el
correcto desarrollo del hospedador. En relacion losn efectos positivos, ciertas
bacterias son utilizadas como probioticos en lalypeoidon avicola, como es el caso de
Bacillus subtilis En ocasiones los pollos de corral son inoculados: un
homogeneizado de las bacterias nativas de losoadplra de esta forma evitar la
colonizacion por parte d8almonella enteritidien lo que se ha llamado “exclusion
competitiva”, siendo ésta también efectiva frentets especies d8almonellay
Campylobacter(Rantala & Nurmi 1973, Fuller 2001, Steznal. 2001).

A pesar de todo lo mencionado anteriormente, @imiento de las aves, fuera
del mundo avicola, ha sido estudiado sin teneoasideracion los posibles efectos que
puedan tener las bacterias intestinales sobresplldador. Asi en ciertas obras clave no
se abordan los efectos bacterianos sobre el disaeaw el nido (Ricklefs 1979,
O’Connor 1984, Starck & Ricklefs 1998). Recienteteese han hallado en poblaciones
silvestres de aves efectos positivos de las bastedbre el crecimiento como es el caso
de los encontrados por Moremb al. (2003), en los cuales se observaron asociaciones
positivas entreEnterococcus faeciurg la longitud del tarso y peso de los pollos de
papamoscas cerrojillo en ausenciaktgerococcus faecalisAunque también se han
detectado los efectos contrarios mediante un estedperimental con pollos de
pinglino de MagallanesSpheniscus magellanicuen que se les suministré un
antibiotico de amplio espectro (cefalosporina) yobservd un crecimiento mas rapido

que en individuos control (Potet al. 2002). Incluso el mismo género o0 grupo

19



bacteriano puede afectar de diferente forma aimrento de ciertas partes anatomicas
como son la longitud del tarso y el ala (Lombagtial. 1996). Ademas se ha publicado
que la presencia de ciertas bacterias esta asomigdan alto grado de asimetria en la
longitud alar, lo cual podria afectar a la supermiia de los pollos al abandonar el nido
puesto que dicha asimetria dificultaria la capatida vuelo (Millset al 1999).
Igualmente se han encontrado relaciones signi@sitientre dichas comunidades
bacterianas y la calidad fenotipica del pollo elmaién con el reclutamiento a la
poblacion (Ruiz-Rodriguezt al 2009). En relacion con estas asociaciones de la
microbiota intestinal con el crecimiento de loslg®| presentamos una aportacion en el
capitulo | ademas de tratar las posibles repercusiones quoentieiertos factores
climatologicos sobre estas bacterias ecaglitulo Il . Posteriormente en e&pitulo 1
mediante técnicas moleculares estudiamos los essitAmbios en la abundancia de

taxones bacterianos del tracto intestinal en r@hacon la edad.

BACTERIAS HETEROTROFAS EXISTENTES EN EL NIDO Y EN LA
PIEL DE LOS POLLOS Y SU ASOCIACION CON EL

CRECIMIENTO

El nido de las aves tiene una estructura carattaridependiendo de la especie
constructora, pero también se diferencia en cuantaaterial utilizado aun dentro de la
misma especie, pues la composicion del nido depdada disponibilidad de distintos
materiales en la zona de anidamiento (Hansell 200&reno et al. 2009). Se ha
propuesto que el nido en si podria servir paraligaiala calidad o incluso la

disposicion parental por parte del individuo quedmstruye, de manera que su pareja
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puede invertir en un mayor esfuerzo reproductiemiéndose a estas actividades o a su
resultado segun modelos sobre “asignacion difes€n{Moreno et al 1994, 2012,
Soleret al 1996, 1998a, 1998b, 2001, de Neve & Soler 2002).

Por otro lado, algunas especies no construyen @ibiestos cada temporada de
cria, sino que éstos son construidos en las caasdde los arboles o en cajas-nidos si
estan disponibles en la zona. Sin embargo, en@ussisucede que, debido a una baja
disponibilidad de oquedades apropiadas en la zarany consecuencia de una fuerte
competencia entre los individuos para hacerse dohasl cavidades (revisado en
Mazgajski 2007a), ciertos individuos reutilizan o8d ya usados en temporadas
anteriores, dandose en ocasiones incluso una @nefarpor reutilizar estos nidos viejos
frente a la construccion de uno completamente n(@vell et al. 1993, Mappeegt al
1994, Merino & Potti 1995, Olsson & Allander 199acejka & Thompson 1996,
Rendell & Verbeek 1996b). Esta reutilizacion deosidonlleva beneficios puesto que
reduce el tiempo de construccion, el cual puedersepun elevado coste energético
(Morenoet al 2008b, 2010, Mainwaring & Hartley 2013) y de tmoren la basqueda
de material para el individuo constructor, o biemqoe provee a los nuevos ocupantes
de informacion sobre la calidad del territorio (IDret al 1993, Olsson & Allander
1995, Mazgajski 2007, Vergaedt al. 2010). A pesar de estos posibles beneficios, la
reutilizacion de los nidos comporta unos costesvaeos de la carga de ectoparasitos
gue tendran que soportar ya que los nidos viejelesyposeer mayor abundancia de
ectoparasitos frente a los nidos nuevos (RendeNefbeek 1996a). Existe cierta
controversia en cuanto a la reutilizacion de laosiy sus efectos sobre el crecimiento,
salud y mortalidad de los pollos. Mientras unosoma# han encontrado efectos
negativos en relacion al éxito reproductor y laafia bioldgica de los pollos (Oppliger

et al 1994, Tomast al 2007, Garcia-Navast al 2008, Cantareret al. 2013), otros
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han sefalado que no encontraron efectos o éstomnfirecluso positivos (Rendell &
Verbeek 1996, Allander 1998, Bleat al 1999, Mazgajski 2007b, Lépez-Arrabgal.
2012).

Sin embargo no se tiene en consideracion a lashmcen este contexto, a pesar
de que los nidos conforman un microambiente ideed fa colonizacion por parte de
éstas debido a la presencia de restos de excresngnd@ comida que no ha sido
ingerida por parte de los pollos, asi como unasglicmnes microclimaticas constantes y
relativamente favorables. Existen pocos estudiasives a la existencia de bacterias en
nidos y mas concretamente en nidos viejos (Mehetka. 1992, Singleton & Harper
1998, Goodenough & Stallwood 2010). En un estudaizado con nidos viejos de
chochin criolloTroglodytes aedomse encontraron tres géneros de bacterias patdogenas
como sonPseudomona®Bacillus y Staphylococcu¢Singleton & Harper 1998). Estas
bacterias existentes en los nidos viejos podriarerteefectos negativos sobre el
crecimiento de los pollos, teniendo en cuenta gii@séestan en continuo contacto con
el material del nido existiendo como consecuengigdsibilidad de que las bacterias
colonicen su piel. Ademas cabe destacar que laerizse degradadoras del plumaje
(Bacillus licheniformi¥ estarian encuadradas en uno de estos génerastrados en
ciertos nidos aunque no se ha confirmado la presee esta especie bacteriana
concreta. Consecuentemente eosaglitulo IV de esta tesis profundizamos en el efecto
de la reutilizacion de los nidos, desde un puntovidéa microbioldgico, sobre el
crecimiento de pollos nidicolas.

Por otro lado, el mismo plumaje de las aves podoiastituir un ambiente
perfecto para amparar una compleja comunidad bacéer algunos de cuyos
componentes son capaces de degradar la queratlaa plermas (Burtt & Ichida 1999,

Lucaset al 2003, Shawket al. 2003, Ruiz-de-Castafie@a al 2012a). No obstante
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existe poca informacion en la bibliografia sobredéonizacion de la piel de las aves
por parte de las bacterias y mucho menos sobrdgdeaccion de éstas con el desarrollo
de los individuos jovenes. Ello es asi a pesar de, gomo hemos mencionado
anteriormente, las bacterias presentes en el bt nido podrian asentarse sobre la
piel o el plumaje de los ocupantes del nido debidotenso contacto de éstos con aquél
(Mehmkeet al 1992, Goodenough & Stallwood 2010). En uno deskisasos estudios,
Bergeret al. (2003) obtuvieron muestras de la piel de losgsotle estornino europeo
Sturnus vulgaris observando que el niumero de colonias bacterianasentaba a
medida que la temporada avanzaba, aunque no detectena asociacion de la
abundancia bacteriana con el peso de los pollost onartalidad. Este tema sera
estudiado con mas detenimiento ercapitulo V queintenta esclarecer las posibles

asociaciones de dicha microbiota con el crecimidsttos pollos.

RELACIONES ENTRE EL SISTEMA INMUNE Y EL

CRECIMIENTO

Un sistema inmune altamente eficiente es fundarhpata la supervivencia del
individuo puesto que constituye el principal mesaro frente a los agentes patdgenos
(Zuk & Stoehr 2002, Davisoat al 2008). Su accidn se suele clasificar en dos brazo
diferentes: la inmunidad innata y la adquirida é¥eay & Travers 1996, Roitt al
2001). La respuesta innata provee la primera lidea proteccion contra los
microorganismos invasores ya que esta inmediatanuisponible al eclosionar si bien
no conduce a una inmunidad duradera (Ricklefs 1892anius 1998, Roitet al 2001,

Ardia & Schat 2008, Palaciag al 2009). Dicha respuesta es primordial en los pollo
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nidicolas ya que su sistema inmunitario estd pasamollado nada mas eclosionar.
Ademas, al estar constrefiidos a permanecer em@ldoirante el tiempo de desarrollo,
probablemente tengan que enfrentarse a infecclmadsrianas o a otros patdogenos, por
lo que se hace necesario poseer un mecanismo elesdedficaz ya en esta etapa de la
vida. Entre los componentes efectores de dichaiestp inmunitaria se encuentran los
anticuerpos naturales que pueden reaccionar coersds patdgenos y activar el
complemento (Janeway & Travers 1996). Por otro ,lddorespuesta adquirida se
encarga principalmente de controlar a parasitoa ymextracelulares, incluyendo a los
virus y a los ectoparasitos (Roi#t al 2001). Los mecanismos efectores
desencadenados durante dicha respuesta estanpainmente vinculados a la
participacion de las células del sistema inmurataria la produccion de moléculas
solubles proteicas (inmunidad humoral), destacdadanmunoglobulinas, moléculas
producidas y secretadas por los linfocitos B, ctliyacion es el reconocimiento
especifico de los antigenos presentes en los agepatégenos. Pero estas defensas
adquiridas estan poco desarrolladas en los print#assde vida de los pollos nidicolas,
como se deduce de que la produccion propia de iaghoibulinas no empieza en ciertos
paseriformes hasta los 8-10 dias de vida (Pilefagd 2006). Por lo tanto podria existir
un posible compromiso entre la inversion en logrdiites componentes del sistema
inmune durante el desarrollo en el nido, si el tiea de dichos componentes implica
diferentes costes energéticos (Deerenletrg. 1997, Gonzaleet al. 1999, Norris &
Evans 2000, Mgller & Petrie 2002, Bucharsral 2003). Ello predeciria asociaciones
negativas entre diferentes respuestas inmunitaRas.otro lado, se han intentado
desarrollar indicadores fiables de inmunocompeteganeral en base a estudios en
condiciones naturales (Adamo 2004). La inmunocoemmed general, caso de ser

medible, deberia poder obtenerse de diferentesdaedie respuestas inmunitarias si
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existen asociaciones positivas significativas eelles. Es por ello de interés explorar si
dichas asociaciones existen en un contexto no iexgetal. En elkcapitulo VI hemos
abordado ambas posibilidades durante la etapa si@dibos en el nido obteniendo
multiples indicadores de respuesta para relaciosartre si.

A pesar de sus beneficios en cuestion de saluggrgwencia para el individuo
(Horak et al 1999, Ardiaet al 2003, Hanssert al 2004), la respuesta inmunitaria
también conlleva costes que pueden presentarse oemaf de enfermedades
autoinmunitarias (Raberet al 1998), asi como una merma en términos energéiicos
de recursos nutricionales que podrian ser usadasopras funciones como puede ser la
reproduccion (Sheldon & Verhulst 1996, Martiretlal 2003). En algunos estudios se
ha comprobado que existe un compromiso entre logentes que se requieren para el
correcto crecimiento de los pollos y los necesap@as mostrar una eficaz respuesta
inmunitaria (Szép & Mgller 1999, Klasing & Leshcbly 1998, Solert al 2003,
Brommer 2004, Pihlajat al 2006). En ekapitulo VI obtuvimos diferentes medidas
inmunologicas como es la respuesta inflamatoriddA Pediada por los linfocitos T,
aungue parece ser que esta respuesta tambiénarecimponentes de la inmunidad
innata (vease Martin let al. 2006). Otra de las medidas fue la respuesta humora
obtenida a través de la cuantificacion total deunaglobulinas en suero (Martinet
al. 2003). Por ultimo cuantificamos la inmunidad irmnattravés de las respuestas de
aglutinacion (anticuerpos naturales) y lisis (amtidn del complemento). Con estas
medidas, intentamos profundizar en el posible comgo energético que subyace
entre el crecimiento y el desarrollo del sistentaune en esta fase de la vida de las
aves. En los pollos nidicolas el crecimiento saatariza por su rapidez (Ricklefs 1979,
O’Connor 1984, Starck & Ricklefs 1998) lo que pdgdoun rapido abandono del nido

para evitar la depredacién. Al mismo tiempo estodop necesitan invertir en el
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desarrollo de un sistema inmune eficiente para plhudar contra los patégenos que
existan en el entorno inmediato. Por consiguiehésteidio de este posible compromiso
es de vital importancia ya que tanto la condiciéhindividuo como el sistema inmune
son factores determinantes para la superviventimdigiduo una vez que abandona el
nido (Smithet al. 1989, Ringsbyet al. 1998, Horaket al. 1999, Mgller & Saino 2004,

Morenoet al. 2005, Lobatcet al. 2008, Naef-Daenzer & Gruebler 2008)

MATERIALY METODOS

[. ZONAS DE ESTUDIO

La zona de estudio principal es un bosque cadixisituado en los Montes de
Valsain (40° 53" 74N, 4° 01’ O, 1200 m.s.n.m.). ikis montes se localizan en la
vertiente noroeste de la Sierra de Guadarramae(®ésiCentral), en la provincia de
Segovia. El bosque estd compuesto principalmentepies jovenes de roble melojo
Quercus pyrenaicaaunque existen también ejemplares aislados desgiestrePinus
silvestrisy fresnoFraxinus angustifoliaEn cuanto al sustrato arbustivo, esta dominado
por jarasCistus laurifolius(Figura 1).

En esta zona existen un total de 300 cajas nidoatiera, protegidas por malla
metalica y con un tubo de plastico para evitardpredacion por parte de pequefios
carnivoros y de picidos (véase Lambredttal 2010 para mas informacion). Estas
cajas suelen ser utilizadas principalmente poreelehillo comunCyanistes caeruleys

papamoscas cerrojilléicedula hypoleucacarbonero comuiarus majory trepador
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azul Sitta europeaesiendo claramente menor la ocupacion por estasutimsas
especies.

La segunda zona de estudio utilizada, también ebosgue de roble melojo
Quercus pyrenaicaituado en Lozoya, Madrid (40° 58’ N, 3° 48" W1400 m.s.n.m.,
aungue a diferencia de los Montes de Valsain, enzema no encontramos jaras en el

sotobosque. En esta zona existen 100 cajas nidtasamismas caracteristicas que en

Valsain, siendo colonizadas por las mismas espgu&gn la primera zona.

Figura 1. Fotografias de una de las zonas de estudio (Valsain). En la fotografia de la
derecha se puede observar una de las cajas-nido que existen en la zona.

[I. ESPECIES DE ESTUDIO

Esta tesis se centra en el estudio de las relaciente una especie de ave, el
papamoscas cerrojillo, y ciertos tipos bacterisamisciados al sistema digestivo, y a la
piel de los pollos durante su estancia en el nidaespecie aviar y los tipos bacterianos

involucrados en los estudios son presentados @naawtdn, excepto para las bacterias
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del nido y de la piel puesto que éstas se cultivam un medio que nNno nos permite
seleccionar a nivel de familia o género, es deeirestimaron las abundancias globales

de bacterias heterotrofas cultivables en dicho sngéeineral.

[I.1. PAPAMOSCAS CERROJILLO (FICEDULA HYPOLFUCA)

El papamoscas cerrojilléicedula hypoleucaes un paseriforme de pequefo
tamafio (longitud: 12-13 cm, envergadura: 21.5-24peso: 12-13 g). En la Peninsula
Ibérica encontramos la subespdgieedula hypoleuca iberia@Morales 2012).

Es una especie migradora transahariana cuyos lasartse invierno se
encuentran en regiones tropicales del continemigaab. En primavera, migra hacia las
zonas de cria situadas en el norte de Africa y @wofa. Los machos suelen llegar a
partir de mediados de abril, siendo los mas tenggrdms individuos con mayor éxito
reproductor (Potti & Montalvo 1991, Lobatd al 2010), mientras que las hembras
llegan 7-14 dias mas tarde.

El nido es construido principalmente por la hendaraque recientemente se ha
observado que hay machos que también aportan alakrido, poniendo las hembras
de estas parejas huevos de mayor tamafio (MartenézJduentest al 2009). El nido
consiste en una base de material vegetal, la eua dependiendo de su disponibilidad
en el habitat, pudiendo estar constituida por zadale jara, por hojas de roble y hierba
seca 0 por cortecillas de pino en zonas con piNtmsgho et al. 2009). Por dltimo se
habilita un cuenco bien definido y compacto, pud@éste incluir algunos pelos de
mamiferos residentes en la zona, siendo principgbnerines de caballo en la primera
zona de estudio (Valsain).

La puesta del primer huevo suele ocurrir en la sgguuincena de mayo (Potti

et al 1987, Morencet al. 2006). El tamafo de la puesta oscila entre 4 yekds, con
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una media de 5.7 huevos (Moreno & Sanz 1994, S88Z, Morencet al. 2006). Una
vez que eclosionan los huevos, lo cual sucede tutarprimera quincena de junio en
nuestra poblacion, la hembra empolla con intensidadreciente durante 7 dias
aportando el macho la mayor parte del alimentosaplalos (Sanz & Moreno 1995,
Moreno et al. 2011). Este tiempo que pasa la hembra con lo®g@s importante
debido a que los pollos a edades tempranas ncapaices de mantener una temperatura
corporal constante. La capacidad homeotérmicagipdiios aumenta con la edad hasta
ser practicamente total durante la segunda seman&l enido. Los pollos son
alimentados por ambos progenitores y permaneceh eido durante unos 15-16 dias,
produciéndose el abandono en la segunda quincefpaide Nuestro estudio se cifie
exclusivamente a esta etapa de residencia de llos pa el nido, durante la cual hemos
obtenido las medidas biométricas y las muestraehacas a una o distintas edades
segun las necesidades del estudio. Principalmestpedllos han sido medidos a los 7 y
13 dias 6 unicamente a los 13 dias desde su etlgdia 1), siendo las medidas
obtenidas el peso estimado con un dinamdémetro @&¢pécision 0.25¢g), la longitud
del tarso medido mediante un calibre digital (0.610)ny finalmente la longitud alar
medida con una regla con tope (1mm). Si era ndedsamedida de los pollos a dia 7,
entonces éstos eran anillados en este dia passeripr reconocimiento a dia 13, pero

si dicha medida no era necesaria los pollos eréladwos a la edad mas tardia.

[[.2.ENTEROCOCOS

El géneroEnterococcusomo tal no aparece en la primera edicion del Manu
de Sistematica Bacterioldgica de Bergey ya queespecies fueron incluidas en el
géneroStreptococcugn un principio. En 1984 el géneEmterococcudue propuesto

por Schleifer y Kilpper-Balz para incluir en él aslespecieStreptococcus faecalig
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Streptococcus faeciu@iolt 1994). Estudios quimiotaxondmicos postesareluyeron
a otras especies en este género canavium E. casseliffavusE. duransy E.
gallinarum (Collinset al. 1984), casi todos ellos encontrados en muesivasates de
hembras de papamoscas cerrojillo (Ruiz-de-Castaéiedh 2011). Con el paso de los
afios se han descrito nuevas especies, destadangboeniculicolaaislada en la
glandula uropigial de la abubilla arbérea vefdleoeniculus purpureud.aw-Brown &
Meyers, 2003).

Los enterococos son cocos Gram-positivos que sepagren cadenas cortas o
por parejas. Son anaerobios facultativos, no foremmtosporas y su temperatura optima
de crecimiento es de 37°C con un rango de presaleid0 a 45°C (Figura 2).

Ampliamente distribuidos, se localizan habitualneesnt el intestino de animales (Holt

1994).
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Figura 2. De izquierda a derecha: medio selectivo para enterococos y el medio con
unidades formadoras de colonias (CFU) de dicho género.
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[I.3.ENTEROBACTERIAS

La familia Enterobacteriaceaees la mas ampliamente estudiada dentro del
mundo de los microorganismos. Tiene una ampligibligtion aunque la mayoria de las
especies pueden aislarse del intestino de los &sroalel hombre, por lo cual recibe su
nombre griego del intestinentéron(Breedet al 1957). Por este motivo, su presencia
en las aguas es utilizada como indicador de contidn fecal.

Dentro de esta familia se encuentran bacterizs gatbgenas como la
responsable de la fiebre tifoide&ajmonella tiphy la peste Yersinia pestiso la
disenteria bacilarShigella dysenterige Sin duda la especie mas conocida de esta
familia esEscherichia coli descrita por primera vez por Theodore von Escheajuién
la denominé comdacterium coli,pero que posteriormente pasé a ser denominada
Escherichia colien honor a su descubridor. Esta especie bactesiamneentra su habitat
natural en el intestino de animales y humanosaacin como comensal y ayudando asi
a la absorcion de nutrientes. Sin embargo, exisggras de esta especie capaces de
causar diarreas pudiendo ser dichas diarreas deteahemorragico.

Se caracterizan por ser mayoritariamente baciloam@regativos, oxidasa
negativa, pudiendo ser fermentadores de lactoshigual que los enterococos no
forman endosporas. Su rango de temperatura demiesto oscila desde 22°C a 37°C

(Breedet al. 1957).

[II. PROTOCOLO EN EL CAMPO Y PROCESAMIENTO EN

EL LABORATORIO.

En este apartado se describen los aspectos maslgsnge la metodologia utilizada,
centrandose en los protocolos de muestreo de lzectm condiciones naturales y de

analisis en el laboratorio.
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[I[.L1. PROTOCOLO DE MUESTREO BACTERIANO EN BOLSAS
FECALES (CAPITULOS I Y 1I).

En la temporada de 2009 en la zona de Valsaim d@ de edad (dia de
eclosion = 1), los pollos fueron anillados paragpssterior identificacion a dia
13, pesados y medidos (longitud del tarso y al@)ves de obtener las bolsas
fecales de dos pollos escogidos al azar por niébidd al pequefio tamafio de
los pollos no se pudo insertar el hisopo en sucelger o que se muestrearon
bolsas fecales producidas en el momento del mwesB&has bolsas eran
recogidas en tubos Eppendorf esterilizados pataremiialquier contaminacion.
Los tubos con las muestras eran transportados @mewera portatil hasta su
llegada al laboratorio. Una vez alli, en condicede esterilidad, se impregnaba
con la bolsa fecal un hisopo con medio de transpdmies (MEUS S.r.l. Piove
di Sacco, Italia) que permite la supervivencia @s Imicroorganismos.
Posteriormente se almacenaban en camara fria (f@hte 20 dias hasta su
procesamiento debido a las dificultades logistpa® poder procesarlas en los
dias inmediatamente posteriores a la recogida. rasi®mo proceso se realizaba
cuando los pollos alcanzaban la edad de 13 diamaside obtener sus medidas
biométricas (peso, longitud alar y de tarso).

Concluido el trabajo de campo, las muestras eracepadas en un plazo de 20
dias exactos desde de su obtencion. De esta mimgeslas muestras estaban
en las mismas condiciones y por lo tanto nos easitéls el posible efecto
temporal en las estimas de abundancias bacterighdssopo con la muestra
fecal era introducido en un tubo Eppendorf con lilitro (ml) de tampoén
fosfato salino (PBS, pH = 7.2; Quimica Clinica Aplila, Tarragona, Espafa)

para a continuacion realizar diluciones sucesivass@ucion salina (0.85%

32



NacCl). Finalmente, se sembraban 100 microlitgdsde cada dilucidén en placas
con los medios selectivos MacConkey (enterobasesaDCO (enterococos),
siendo estas placas incubadas a 37 * 1°C durante 48 Los conteos se
realizaban en la placa correspondiente a la diyaa la cual se podian contar
de 30 a 300 unidades formadoras de colonia (CFJuoocontador de colonias

(Suntex Instruments Co. Ltd., Taipei County, Taindarbert 1990).

[II. 2. PROTOCOLO DE EXTRACCION DE ADN DE MUESTRAS
FECALES Y OBTENCION DE LAS UNIDADES OPERATIVAS
TAXONOMICAS (OPERATIONAL TAXONOMIC UNITS, OTU)
(CAPITULO IID).

Para este protocolo, utilizamos una parte de lagstras fecales
obtenidas en el apartado Ill.1. Estas muestras @rtnidas a los 7 y 13 dias.
Una vez desarrollado el protocolo del apartaddL,|lB00 pl de la dilucién
original, es decir la que contenia 1 ml de PBS kisbpo con la materia fecal,
fueron traspasados a un tubo de rosca de 1.5 mtapienia aproximadamente
1 ml de medio de congelacion (el cual estaba cosipugor 20 g de leche
desnatada (Difco, Laboratories, Detroit, Ml, USB0g de Triptona (Pronadisa,
CondalLab, Torrején de Ardoz, Madrid), 8 ml de GlidgPanreac Quimica, s.
l., Catellar del Vallés, Barcelona) y 1000 ml deiaglestilada). Posteriormente
fueron congelados a -80°C hasta su procesamient @edraer el ADN
bacteriano.

Para la extraccibon de ADN seguimos el protocoloadefiado por
Martin-Plateroet al. (2007). Antes de empezar con la extraccion, pl00de

nuestra muestra contenida en el medio de congalfw#on lavados dos veces
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con 500ul de PBS y centrifugados con el objetivo de limpgermuestra de
posibles restos fecales. A continuacion el pelemido del paso anterior fue
resuspendido en 10d de buffer TES, centrifugado durante 1 minuto (yren
incubado por 30 min a 37°C. Después las célulanrulksadas, afiadiéndose
600 ul de buffer de lisis e incubandose durante 15 mii@naperatura ambiente.
El lisado fue tratado con 1@ de proteinasa K e incubado por 15 min a 37°C,
incrementando asi la pureza del ADN extraido. Piosteente el tubo se incubd
a 80°C durante 5 min, seguido de un enfriamientd@enin a temperatura
ambiente. Se afiadieron 2Q0de acetato sodico y se mezcl6é todo con vortex
durante 15 seg, enfriandose con hielo durante h5ymentrifugandose otra vez
durante 10 min. El sobrenadante de este ultimo fuestraspasado a otro tubo
limpio, pues dicho sobrenadante contenia los acidaseicos. Estos fueron
precipitados con 600l de isopropanol y centrifugados durante 5 minosteivo

asi un pellet de ADN, el cual fue lavado con 1 mletanol al 70 % y secado a
temperatura ambiente. Finalmente, el ADN fue resodiglo en 20l de 0.5 x
buffer TE. Como medida de comprobacion para verifgue la extraccion habia
sido satisfactoria, fil de la extraccion fueron analizados en un gelgdeasa al
0.7%.

Una vez comprobado que la extraccion era corresgaprocedié a
realizar una reaccion en cadena de la polimeraS&)Ppara amplificar dicho
ADN. Para ello se utilizaron los primers 72 F (bBGCGGCTGGATCTCCTT-
3) vy 38 R (5-[6HEX] CCGGGTTTCCCCATTCGG- 3) marda
fluorescentemente con HEX (6-carboxyhexafluoregc@anjardet al. 2001).
La PCR fue llevada a cabo con un volumen final @@l5ormado por 3ul de

ADN (50 nanogramos), 1x buffer de PCR (QIAGENyl@le MgCh (25 mM),
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5 ul de cada primer (10 pmald), 1 ul de Deoxinucleosido trifosfato (ANTPs, 10
mM), 0.3 ul de Taqg polimerasa (QIAGEN) y por ultimo agua iQllhasta
completar el volumen de 5Ql. El proceso de la PCR consistio en una
desnaturalizacion inicial a 94°C durante 3 minugkgde 1 min a 94°C, 30 seg
a 55°C, y 1 min a 72°C, lo que conllevo 30 ciclesd# la desnaturalizacion
inicial hasta éste ultimo paso. Por ultimo se e@alina extension final a 72°C
durante 5 min. A continuacion, estos productosduoerorridos en un gel de
agarosa al 1% para determinar que la amplificalsédria sido correcta.

Posteriormente a dicha verificacion, b de cada producto de PCR
diluido 15 veces en agua milliQ fue analizado esesluenciador 3130 Genetic
Analyzer (Applied Biosystems) en el Centro de mstentacion Cientifica
(CIC) de la Universidad de Granada.

El secuenciador detectd fragmentos comprendidae évg 100 y 1000
pares de bases (bp), los cuales fueron analizamosl@rograma Peak Scanner
version 1.0 (Applied Biosystems). Una vez obtenithss picos asi como sus
respectivos tamafios y areas, fijamos el tamafadehtana (bin size) y la
variacion (shift) siguiendo el articulo de Ramgf609), dando como resultado
los OTUs correspondientes, mientras que la intedsak la sefal detectada se
considerd un indicador de la abundancia de cada @Tildual que en otros
trabajos (Yannarell & Triplett 2005, Mennereit al. 2009, Whiteet al. 2010,

2011).
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[II.3. PROTOCOLO DE MUESTREO BACTERIANO EN LA PIEL Y
NIDO (CAPITULOS IVY V)

En la temporada de 2011 se trabajé en dos zora=wuliés: Lozoya, en
la cual se realizdé un experimento para estudiposible efecto de las bacterias
residentes en nidos reutilizados en el crecimidettos pollos, y Valsain, donde
se muestrearon las bacterias de la piel de lo®9glise estudid su posible
cambio con la edad asi como el efecto sobre elnietto de los pollos. Por
consiguiente durante esta temporada se llevaronal® aos protocolos

diferentes, los cuales se detallan a continuacion.

[11.3.1. PROTOCOLO EN LA ZONA DE LOZOYA (CAPiTULO
IV)

Durante la temporada 2010, al terminar la époaapi@duccion una
parte de las cajas-nido (aproximadamente 50) sarakejsin limpiar
mientras que del resto se elimind el nido construdtbirante dicha
temporada. Por lo tanto tenemos dos tipos de ocajas{vacias y con
nido viejo) que fueron ocupadas por las parejascgaeon durante 2011.
El mismo dia que eclosionaron los pollos (dia &),irsertdé entre el
material una lamina de plastico amarillo y rugosda@ma de cuadrado
siendo la superficie total de 3 €si contamos ambos lados. Antes de su
colocacion fue esterilizada con alcohol por ambas< para evitar la
posible colonizacion por parte de bacterias amaiest que no
pertenecieran al material del nido o al ambientéadmja-nido. Ademas
para evitar la contaminacién del objeto por padkindvestigador, éste

llevaba guantes de latex esterilizados con alcobatho objeto nos
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servia para descartar que las bacterias pudieraar tea misma
predileccion por un objeto inerte frente a uno oig@ como es el pollo
(Figura 3a).

El investigador llevaba guantes durante dichas pudanciones los cuales
eran continuamente lavados con alcohol entre cadestneo vy
cambiados de un nido a otro para evitar posiblesactinaciones entre
muestras. A dia 13 de los pollos, dos pollos fuestogidos al azar por
cada nido para muestrearles 3%cde la parte del vientre que esta
desprovista de plumas y por consiguiente obterieurss muestra de las
bacterias existentes sobre la piel del pollo, aatiido para ello una
plantilla de plastico rigido transparente en el gueviamente se habia
recortado un rectangulo con esta medida (3).ciBsta plantilla fue
lavada con alcohol a modo de esterilizacion antescolocarla en
contacto con la piel del pollo. Una vez colocadglantilla sobre el
pollo, se pasé un hisopo con medio de transporteeé&impregnado en
PBS estéril durante 30 seg por la superficie dé gnenarcada por la
plantilla, evitando al maximo el posible contactmdas plumas (Figura
3b). Los pollos fueron anillados, medidos (longiwel tarso y ala) y
pesados en este dia después de haber obtenidestraiu

También se muestred el cuenco del nido para obterecuantificacion
de las bacterias heterotrofas existentes en erialatel nido que esta en
contacto con los pollos, utilizando para ello iguahte una plantilla del
mismo material que la de los pollos y esterilizada alcohol. Se coloco
la plantilla sobre las paredes del cuenco, evitdndoexcrementos que

pudiera haber, pasandose a continuacion el hisapo medio de
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transporte Amies impregnado en PBS por la superfae material

enmarcada por la plantilla durante 30 seg (Figaja 3

Figura 3. Muestreo bacteriano. a) objeto
control inerte introducido entre el material
del nido, b)muestreo de la piel de la parte
ventral del pollo a través de una plantilla
de material plastico rigido (las plumas eran
separadas de la zona de muestreo antes de
pasar el hisopo por la piel), c) muestreo del
cuenco del nido de la misma forma que el
realizado para los pollos.

Asimismo se recuper6é de entre el material del mbobjeto control,
recogiéndolo con unas pinzas previamente estatdizdlimpiadas con
alcohol y flameadas) para evitar cualquier positataminacion por
parte del investigador. Para la recogida de bastaque colonizaron el
objeto, se pas6 un hisopo con medio de transpartiesAimpregnado en
PBS por ambas caras del objeto.

Todos los hisopos fueron transportados en una ag@tatil. Una vez

en el laboratorio en condiciones de esterilidadindgt, fueron
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introducidos en tubos de rosca de 1.5 ml que cariemedio de
congelacion (ver apartado Ill. 2 para una composicnas detallada de
este medio) y congelados a -80°C hasta su pospggoesamiento, de tal
forma que las bacterias permanecian viables parapasterior
cuantificacion. El procesamiento consistio en halikeiciones seriadas,
sembrando 10Ql de estas diluciones en un medio general utilizzaia
cuantificar o aislar bacterias aerObicas como esnetlio de Agar
Triptona Soja (TSA, Scharlau, Barcelona) para pmstaente incubarlas
a 25 = 1°C durante 48 = 1h. Transcurrido este tesgcuantificd el n°

de colonias existentes en las muestras.

[11.3.2. PROTOCOLO EN LA ZONA DE VALSAIN (CAPiTULO
V)

En Valsain los pollos fueron muestreados de la migmnera que
en el apartado anterior, pero a diferencia delogaldo que se siguié en la
zona de Lozoya, se realiz6 el muestreo tanto & diamo a dia 13 de
edad con el fin de observar un cambio en la abumndapacteriana
residente en la piel. Para distinguir los pollaspg fueron anillados a dia
7 de tal manera que en el segundo muestreo seutksrg identificar
facilmente.

Otra diferencia radica en que se metieron dos abjedntrol el mismo
dia de eclosion, uno para que fuera el controldéel7 (muestra 1) que
era recogido y muestreado en el mismo dia quedibgspy otro para el
muestreo del dia 13 (muestra 2). Como hemos meambion

anteriormente, este objeto nos serviria a postgréoa verificar que las
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bacterias no tienen la misma predileccion por wyeesdicie inorganica
que por la piel de los pollos (Figura 3a y b). Adsnse obtuvieron las
medidas biométricas (peso, longitud del tarso yaik) de los pollos a
ambas edades. El nido no fue muestreado pues es@uoesia estimar la
abundancia de bacterias sobre la piel de los pylls la influencia del
material del nido sobre dicha abundancia.

Al igual que en el apartado anterior, los hisop@ydn transportados en
una nevera portatil e introducidos en el laboraten tubos de rosca que
contenian medio de congelacion (véase apartad@ plara una
composicion mas detallada), y almacenados a -3®86teriormente se
hicieron diluciones, sembrandose 10Gn medio TSA e incubandose a

25 £ 1°C durante 48 £ 1h para después contar lasies.

[I1.4. PROTOCOLO PARA LA RECOGIDA DE MUESTRAS DE
INMUNIDAD (CAPITULO VI)

Durante la temporada de 2009, los mismos pollobsl@ue se obtuvo
muestra fecal, fueron inyectados intradérmicamentel patagio a dia 12 con
0.02 mg de fitohemaglutinina (PHA, Sigma aldriciguélta en 0.02 ml de PBS
(Figura 4a; Morencet al. 2005). La diferencia entre el grosor inicial y la
respuesta inflamatoria 24 horas mas tarde se &iilmmo la estimacion de la
respuesta inmune celular (Figura 4b).

De estos mismos pollos, se obtuvo una muestra Beayaproximadamente 2
capilares) a los 13 dias de edad (Figura 4c) mimaar las inmunoglobulinas en
suero y la inmunidad innata. Las muestras de sdogren traspasadas de los

capilares a tubos eppendorf, los cuales fueronsp@tados en una nevera
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portatil hasta el laboratorio durante el dia de stree. Una vez en el laboratorio
las muestras fueron centrifugadas para separaadaién celular del suero y
almacenadas a -20°C. A continuacion, describirebmegemente las técnicas

para cuantificar inmunoglobulinas en suero asi ceinarotocolo seguido para

obtener las medidas de inmunidad innata.

Figura 4. a) inyeccién intradérmica de
PHA en el patagio, b) medida con el
espesimetro de la reaccién inflamatoria
a PHA, ¢) extraccién sanguinea con
capilar.
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[11.4.1.  PROTOCOLO PARA LA  MEDICION DE
INMUNOGLOBULINAS EN SUERO.

Para estimar las inmunoglobulinas a partir de seengelado,
seguimos el protocolo desarrollado por Martiaeal. (2003). El primer
paso consisti6 en obtener con un pool de muesteggdas al azar el
rango lineal de la curva y por ende la diluciénirdpt para nuestras
muestras, que seria la dilucion (suero diluido eampidn
carbonato/bicarbonato) més cercana al centro de digngo. Una vez
obtenida la dilucion idonea, 100 de ésta se cargd en placas ELISA
(Maxi-sorp, Nunc, Rochester, NY, USA) y se inculudathte 1 h a 37°C
para luego dejarlo durante toda la noche a 4°CdiAlsiguiente, los
pocillos eran bloqueados con leche en polvo dileid&®BS-Tween (100
ul) durante 1 h a 37°C. Pasado este tiempo, sedéi@@l anticuerpo
conjugado (Sigma A-9046, MO, USA) diluido en PBSeBn,
incubandolo por 2 horas a 37°C (1@0. Después del tiempo de
incubacion, se afiadié la solucion reveladora (ji)0y se volvié a
incubar durante 1 h a 37°C. Finalmente, se leylm®absorbanciasia

405 nm usando para ello un espectrofotémetro.

[11.4.2. PROTOCOLO INMUNIDAD INNATA.

Para obtener ambas medidas de inmunidad inndtai(agion y
lisis), hemos seguido el protocolo desarrolladoMatsonet al. (2005),
el cuél describiremos brevemente en este aparfdlmero se obtuvo
una solucion al 1% de eritrocitos de conejo a pddisangre fresca de

conejo con anticoagulante AlsevéHemoStat Laboratories, Dixon,
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USA). Esta solucion fue guardada en la nevera (4°G# lsasutilizacion
en el mismo dia.

Las muestras de plasma fueron homogenizadas medranex, para
posteriormente pipetear 2B de ésta en las dos primeras columnas de
una placa de poliestireno con fondo redondeadoui@mmente se
afadieron 29l de 0.01 M de PBS en todos los pocillos, exceptdae
primera columna. A partir del contenido de la segumolumna se
hicieron diluciones seriadas hasta la columna 1lkdgndo la dltima
columna como control negativo al contener solamB&8 y la dilucion
de eritrocitos de conejo, que se afadié a todopdeaglos (25ul). Las
placas cubiertas con una pegatina y agitadas psed.@ueron incubadas
durante 90 min en un bafio a 37°C. Una vez trandoueste tiempo, las
placas fueron sacadas del bafio y colocadas comclivacion de 45° a
temperatura ambiente durante 20 min para su postectura con un
scanner. Después de esta primera lectura, se rmivee colocar de la
forma antes descrita durante un periodo de 70 rana jpealizar una

segunda lectura, en la cual se obtenia la maxithadad litica.
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OBJETIVOS

- CAPITULO I: Estimar la abundancia de dos tipos bacterianos

comunes de la flora intestinal (enterococos y ebgterias) durante
el desarrollo de los pollos en el nido asi comoeplas su posible

asociacion con el crecimiento de éstos.

- CAPITULO II: Estudiar el efecto de las variables climatolégica

(temperatura, precipitacion) asi como parametnosidgicos (fecha de
eclosion) sobre la abundancia de ciertos tiposebacis que forman

parte de la microflora intestinal.

- CAPITULO Il11: Estudiar el posible cambio en la composicién de

la comunidad microbiana residente en el intestioo especto a la

edad.

- CAPITULO [V: Comprobar los posibles costes de la reutilizacion

de nidos viejos, asociados a las bacterias exesteati el material del

nido, para el crecimiento de los pollos.

- CAPITULO V: Estimar la abundancia de bacterias heterétraias e

la piel de los pollos y su asociacién con el crésimo.
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CAPITULO VI: Investigar si existen asociaciones negativas

(compromiso) o positivas (inmunocompetencia) et diferentes
brazos del sistema inmune y el posible compromesta dntensidad de

las respuestas con el crecimiento de los pollos.
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RESULTADOS PRINCIPALES

BLOQUE I:

En dicho bloque se agrupan lespitulos I, Il y lll, centrdndose en la
microflora intestinal de los pollos de papamoscasogillo. Concretamente los dos
primeros capitulos abordan dos tipos concretos detebas, enterococos Yy
enterobacterias, las cuales son bastante comunles émactos intestinales de las aves
mientras que en el tercero utilizamos técnicas ocutdees. Ekapitulo | se centra en la
posible asociacion de las bacterias intestinalasetorecimiento de los pollos, mientras
que en etapitulo 1l se estudian los posibles efectos ambientales ged@ep afectar al
crecimiento de dichas bacterias. Finalmente erapitulo Il estudiamos los posibles
cambios cualitativos en la composicion bacteriamaedida que el pollo va creciendo.
A continuacion, se hara una breve descripcion sedsultados mas relevantes de estos

tres capitulos.

CAPITULO I:

En este primer capitulo se estim6 la abundanciadake tipos bacterianos
comunes en el intestino, enterococos y enterobaster diferentes edades de los pollos
(7 y 13 dias desde su eclosion) y las posiblesiagones de estas abundancias con el
crecimiento de ciertas estructuras (tarso y aléd)camo con el peso en pollos de
papamoscas cerrojillo.

Se observé que la abundancia de estas bactemagadih funcion de la edad del
pollo. Asi, mientras unas aumentaban su abundamci@l transcurso del crecimiento

(enterococos), las otras disminuian durante el miperiodo (enterobacterias) (Figura
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5). Posiblemente estos diferentes patrones se delas interacciones competitivas
factibles entre dichos grupos bacterianos por éosirsos y el espacio en el intestino,
para lo que podrian servirse de ciertas molécultimerobianas llamadas bacteriocinas
que son producidas bajo condiciones de estrés ydgnecomo resultado la rapida
eliminacion de las bacterias vecinas que no soruma® o resistentes a su efecto
(Balciunaset al. 2013, Klaenhammer 1988, Morerbal. 2003, Riley & Wertz 2002,
Soleret al. 2009). Complementariamente, estos cambios catimtis en la abundancia
de ambos tipos bacterianos podrian deberse a e®sisimbios en la alimentacion
aportada por los adultos puesto que el alimentdguwenstituir la principal fuente de

colonizacion bacteriana del intestino (Waldensteiral 2002, Maul & Farris 2005).
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Figura 5. Cargas bacterianas a los 7 y 13 dias de edad de los pollos (dia de eclosién = dia
1) de a) enterococos (log CFU/ ml) y b) enterobacterias (log CFU/ ml).

Con respecto a las variables biométricas de ldegqyde observo que las cargas

de enterococos a edades tempranas estaban posititeaoorrelacionadas con el peso y
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la longitud del ala a dicha edad. Por otro lads,dargas de enterococos a dia 13 no
estaban asociadas a ninguna variable biométrica. dPderobacterias no se observaron
asociaciones con las medidas de los pollos a nangdad. En cuanto al crecimiento en
si, es decir la diferencia entre las medidas binoaét tomadas a dia 13 y a dia 7, solo
los conteos de enterococos a dia 7 mostraron un@lamén negativa con el
crecimiento del tarso (Figura 6). Este resultadyiese que las bacterias intestinales no
son solo simbiontes beneficiosos para el indivisino que pueden sustraer los recursos
nutritivos necesarios para el crecimiento de ciepartes anatdmicas. Asimismo estos
resultados apoyan otros trabajos que encontrarenasgociacion negativa entre las
bacterias intestinales y alguna variable biométraaanque hay que destacar que la
mayoria solo han muestreado dichas bacterias emaasdn antes de que los pollos

abandonaran el nido (Lombardbal. 1996, Millset al 1999, Pottet al. 2002).

7 Figura 6.
Correlacién entre
la abundancia de

. enterococci a dia 7
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CAPITULO II:

Una vez obtenidas en el capitulo anterior las estinde enterococos Yy
enterobacterias en el tracto intestinal de losopalle papamoscas cerrojillo, intentamos
desvelar si, y en su caso como, las variables widgicas a las que se encuentran
sometidos los pollos en el nido pueden afectar chadi bacterias. Las bacterias
intestinales podrian verse afectadas por factdiestologicos como la lluvia o la
temperatura ambiental, ya que estas variablesaaiacta la temperatura corporal de los
pollos al no tener éstos una capacidad termorrdgrdaeficiente a tempranas edades.
Por consiguiente esta inestabilidad en la temperatarporal podria repercutir en las
poblaciones bacterianas.

Las variables climatolégicas (temperatura media ngcipitacion) fueron
obtenidas de la estacion meteoroldgica “Casa déala”, situada a dos kildmetros de
nuestra zona de estudio (40° 54’ N, 4° 00’ W, 1.0b%@&.s.l.). Fueron calculadas dos
temperaturas medias por cada nidada, una consistla temperatura media desde la
fecha de eclosion hasta la edad mas tempranaq)/ydi@ segunda la temperatura media
comprendida entre las dos edades de muestreo. &rioca la lluvia se obtuvo la
precipitacion acumulada durante ambos periodos.

La abundancia de enterococos a tempranas edadas cestelacionada
positivamente con la temperatura ambiental. Comacioadbamos anteriormente, esto
podria deberse a la escasa capacidad termorregalddolos pollos a dichas edades
(Starck & Ricklefs 1998), por lo que las fluctuaws térmicas podrian afectar a la
temperatura corporal a la que se desarrollan leetas. Ello a su vez podria modular
el crecimiento bacteriano puesto que éstas tiemen temperatura Optima para su

proliferacion (Holt 1994, Foulquié-Morerat al 2005).
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Con respecto al otro grupo bacteriano, su abundamstuvo asociada
negativamente con la fecha de eclosion a ambaggd@de los pollos de nidos tardios
tengan una menor carga de enterobacterias probabiense deba a que, como ya
hemos mencionado en @&pitulo I, los posibles cambios de alimentacion a lo largo d
la temporada afectan especialmente a este grupaaterias (Lombardet al. 1996,
Brittingham et al 1988, Waldenstronet al 2002). Otra variable que afecté a la
abundancia de enterobacterias en el dia 7 fuenipet@tura, que al igual que para
enterococos, se asocio positivamente con ésta.igmim la precipitacion mostré una
asociacion negativa con la abundancia de entemi@sta esta misma edad, lo cual
también podia achacarse al efecto de enfriamiegitardbiente que produce la lluvia y
a que los pollos a esta edad presentan una esqzseidad de termorregulacion (Starck
& Ricklefs 1998). Por otro lado, la lluvia tambiéene un efecto negativo sobre la
capacidad de busqueda de presas por parte deulbssa@Radforcet al 2001, Geiseet
al. 2008, Arlettazt al 2010), lo que afectaria negativamente a la cadigutricional
del pollo y podria por tanto conllevar una mayompetencia entre bacterias por los
recursos nutritivos. La interaccion significativatre fecha de eclosion y precipitacion
(Figura 7) indica que la lluvia solo tiene efectosgativos sobre la abundancia de
enterobacterias en los nidos que eclosionaronamasetempranas que son aquellos que
se enfrentaron a condiciones térmicas menos benigna

Sin embargo a edades tardias no se han enconmadasociaciones entre las
variables climatoldgicas y las abundancias bactasia siendo la Unica asociacion
hallada aquella entre abundancia de enterococemperatura que fue positiva. Ello
probablemente se explique por el rango de tempardti crecimiento de dicho género

gue oscila desde los 10 a 45°C. El mayor rangoitérde estos microorganismos frente
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al que presentan las enterobacterias podria exkptijoe una leve subida en la

temperatura corporal del pollo afecte a la abundade enterococos.
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Figura 7. Asociacién entre la abundancia de enterobacterias a dia 7 con el dia de eclosién y
la lluvia.

CAPITULO III:

El intestino de las aves al eclosionar es estérib por poco tiempo puesto que
inevitablemente las bacterias lo colonizan con degpipor las diferentes vias de
adquisicion. Asi mismo esta comunidad bacterianpusgle ver afectada por la edad
pues a medida que el pollo crece se dan cambideldgicos y fisiologicos en el tracto
intestinal lo que posiblemente influira en la esmta y composicion de dicha
comunidad.

En estecapitulo Il nos introducimos en las técnicas moleculares plbt@ner

una aproximacion a la comunidad bacteriana resedemtel intestino de los pollos. La
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técnica utilizada para estos fines fue el anaisismatizado del espaciador intergénico
ribosomal (ARISA-PCR). Esta técnica amplifica lagiém intergénica del genoma
comprendida entre los genes 16S y 23S del ADN ¢imoso y se diferencia, con
respecto a otras técnicas como RISA, en que urosdprimers utilizados en la PCR
esta marcado fluorescentemente y por lo tanto s pectroforético se realiza con un
sistema automatizado que proporciona la detec@éméper de los fragmentos de DNA
fluorescentes (Fisher & Triplett 1999, Ranjard 20@&l bien esta metodologia (ARISA)
no nos permite identificar especies, si nos perdifezenciar entre unidades operativas
taxonomicas (OTUs que son las siglas en inglé©pgerational Taxonomic Units
Dichos OTUs equivalen en cierta medida a la tradali categoria de especie
bacteriana. Ademas la intensidad de la sefal @el@abfrece una aproximacion a la
abundancia de cada OTU (Yannarell & Triplett 20@8nneratet al. 2009, Whiteet al.
2010, 2011).

Se extrajo el ADN de un total de 100 muestras éscde las obtenidas en el
capitulo 1, siguiendo el protocolo desarrollado por Martiat®lo et al. (2007) vy
posteriormente se amplific6 mediante ARISA-PCR. Gagmimer resultado se obtuvo
un numero total de 91 OTUs o especies bacteriané® das dos edades que
conformaban el conjunto de las muestras. De edtd3TJs soélo cuatro se encuentran
en el 20% de las muestras analizadas, siendo leamteSE de OTUs encontrados en
cada muestra 5.670 £ 0.383, resultado parecidma ballados en diversos estudios con
aves adultas y pollos de otras especies (Ruiz-Gaosirét al. 2009, Benskiret al. 2010,
van Dongeret al. 2013). En cuanto al cambio con respecto a la esgadncontré que el
namero de OTUs no cambié significativamente de eged a otra. Ello no concuerda
con otros resultados obtenidos con pollos de gaviidactilaRissa tridactyla en los

gue se observd que el nimero de especies bacteramentaba con la edad (van
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Dongen et al. 2013). Nuestro resultado sugiere que probablemkrgepollos de
papamoscas cerrojillo ya han adquirido su micr@bthtrante la primera semana tras la
eclosion debido a que estan confinados en el idosecuentemente pueden adquirir
en un corto periodo de tiempo las bacterias dengarr®. Ello no significa que dicha
microbiota sea ya la definitiva en la etapa adgdtgue pueden adquirir nuevas especies
una vez que abandonan el nido.

Otro resultado fue que la diversidad microbiana idednediante el indice de
Shannon (H'=X p log; (pi), donde pes la abundancia relativa observada de la especie
i) fue mayor antes de abandonar el nido que a taasa de vida. Asi pues, la
comunidad microbiana en el intestino de los podlamenta su diversidad desde una
etapa inicial que esta constituida por unos pos tbacterianos mayoritarios a una
etapa previa al abandono del nido en que la dodaises mayor e incluye un mayor

numero de bacterias comunes.

BLOQUE II:

Este bloque esta formado por leapitulos IV y V, teniendo como objeto de
estudio las bacterias heterotrofas existentes andel y en la piel de los pollos. En
detalle, en etapitulo IV se estudio el efecto que puede tener la reutifinade los
nidos sobre el crecimiento de los pollos como counesecia de una posible mayor
abundancia de bacterias en dichos nidos. Por atim ken etapitulo V se estudiaron
las bacterias de la piel de los pollos, centrangosmo los factibles cambios en su
abundancia durante el desarrollo de los pollosasio la posible asociacion de esta

abundancia con el crecimiento de los mismos.
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CAPITULO 1V:

En ocasiones las aves trogloditas se ven forzadestiéizar los nidos debido a
la falta de disponibilidad de una nueva cavidadpipda que no haya sido utilizada
previamente. Esta tendencia puede estar correltaooon la capacidad que tenga la
especie para excavar nuevas oquedades, con loksiide competencia inter o
intraespecifica por las cavidades o con los afieshgun pasado desde su excavacion
(Mazgajski 2007, Bai & Muhlenberg 2008).

Por eso en 2011 realizamos un experimento para rotap el efecto que
podrian tener las bacterias presentes en nidosapremte utilizados (Singleton &
Harper 1998) sobre el crecimiento de los pollogpdeamoscas cerrojillo. Estimamos
las cargas bacterianas de los nidos (viejos-nueyospbre la piel de los pollos,
concretamente en el vientre, relacionandolas cercdagas presentes sobre un objeto
inerte control para comprobar que no se tratahadamera colonizacion pasiva.

Si bien no existe ninguna diferencia significa@racuanto a la carga bacteriana
del nido dependiendo de si era reutilizado o negesibservé una relaciéon con el tipo de
nido para las bacterias de la piel, presentandonayor carga bacteriana los pollos que
crecieron en los nidos viejos (Figura 8).

Otro resultado destacable fue que la longituddddios pollos muestreados a los
13 dias, debida fundamentalmente a la longitudadetimarias en crecimiento, se vio
afectada por el tipo de nido asi como por la abocidade las bacterias propias del
mismo. Los pollos en nidos reutilizados presentaat@s mas cortas, lo que podria
deberse a las bacterias degradadoras del plumayjg @lchida 1999, Goldsteiet al.
2004, Shawkeyet al. 2009, Ruiz-de-Castafiedd al. 2012) ya que el género al que
pertenecen han sido encontradas en el nido (Somg&tHarper 1998) y también sobre

la piel de pollos (Bergeet al. 2003).
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CAPITULO V:

Este capitulo se centra Unicamente en las bacteiasdtrofas que colonizan la
piel de los pollos, concretamente la piel de laepaentral que esta practicamente
desprovista de plumas a las edades de muestreo.

Observamos que las abundancias de bacterias naacewdn la edad de los
pollos, probablemente porque los pollos ya han isdgula microbiota de la piel
durante los primeros dias de vida por lo que losbias podrian ser mas cualitativos
que cuantitativos, si existen. Ademas la abundadeidichas bacterias a la edad mas
tardia de los pollos estad asociada positivamenteetdamario de la nidada. Ello se
puede deber a que nidadas mayores ensucian mé® el ka cavidad debido a que los
adultos sacrifican su capacidad para mantenerhuesas condiciones higiénicas en el

nido en aras de poder proporcionar suficiente caraidbs pollos. Por consiguiente se
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daria una mayor acumulacion de bolsas fecales s esdos que tendria como
consecuencia un incremento de las poblacionesrizaws de la piel. Asimismo se
observé una asociacion positiva de la abundanatefiana de la piel en el dia 13 con
la longitud alar a esta edad (Figura 9). Este pesdfecto beneficioso de dichas
bacterias sobre el crecimiento de las plumas pudsl®erse a la existencia de
interacciones competitivas entre distintas bactemme llevaria a efectos nocivos de
ciertos linajes bacterianos sobre la abundancaydates degradadores del plumaje. Asi
por ejemplo en las abubillas se ha encontrado gukatteriakE. faecalis produce
sustancias antibacterianas efectivas frenBe Bcheniformis(Soleret al. 2008, Ruiz-
Rodriguezet al 2009). Sin embargo existe otra explicacion plaedbasada en que los
nidos con pollos que tengan una mayor longitud @arian contener mayores recursos
nutritivos para el crecimiento bacteriano alredederlas plumas lo cual beneficiaria
una mayor poblacion bacteriana que terminaria cdodo la piel del vientre, dando
como resultado una mayor carga bacteriana en dutea
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BLOQUE III:

Compuesto unicamente poraoalpitulo VI, se centra en diferentes medidas de la
respuesta inmunitaria en los pollos, la posibilidadque estén asociadas entre si y el
compromiso existente entre la inversion en dichspuesta en fases tempranas del

desarrollo y el crecimiento de los pollos nidicaasel nido.

CAPITULO VI:

Existen varios componentes independientes del nsstenmunitario en
vertebrados, entre los cuales se han encontradiotoiss tipos de relaciones desde
positivas a negativas pasando por inexistentesZ&ezet al. 1999, Mglleret al. 2001,
Mgller & Petrie 2002, Buchanaat al. 2003, Moralest al 2004, Matsoret al 2006,
Mendeset al 2006, Ardia 2007, Rouliet al. 2007, Arriero 2009). En este estudio se
han medido tres componentes de la respuesta iremande pollos de papamoscas
cerrojillo como son el nivel de inmunoglobulinas smero (respuesta humoral), la
reaccion inflamatoria al antigeno fitohemaglutini(RHA, respuesta mediada por
células T; vease Martin dt al. 2006), los niveles de anticuerpos naturales (NAHda
hemolisis (respuesta innata). Observamos que &mtds medidas de inmunidad no
estaban correlacionadas entre si, como ya hanadosttros autores (Tabla 1; Matson
et al. 2006, Mendegt al 2006, Roulinet al 2007). Por consiguiente, es dificil poder
estimar la inmunocompetencia general de un aveasa b una sola medida de algun
componente inmunitario (Adamo 2004, Matsetnal. 2006). Por otro lado, el sistema
inmunitario es costoso de desarrollar y de mant@kising & Leshchinsky 1999,
Adamo 2004). Esto se pone de relieve con el reulbdtenido en este capitulo, ya que
existe una asociacion negativa entre los niveleandieuerpos naturales y la longitud

del tarso a edades tempranas, evidenciando unl@@simpromiso entre crecimiento e

57



inmunidad innata (Solest al 2003, Brommer 2004). Es l6gico que dicho compsomi
se evidencie s6lo a edades tempranas ya que @h@eto esquelético en estos pollos

es especialmente rapido durante la primera senmau@a (Lundberg & Alatalo 1992).

Tabla 1. Modelo lineal mixto con las diferentes medidas inmunolégicas (nivel de IgY,
respuesta 2 PHA y hemaglutinacién) como variable dependiente y un modelo generalizado
mixto para la hemolisis. En ambos modelos, incluimos el nido como factor aleatorio y el dia
de eclosién, tamano de la nidada, longitud del tarso y ala y el peso medidos a dia 7 como
covariables usando la correccién de Satterthwaite para la estimacién de los grados de
libertad. Los modelos minimos fueron obtenidos a partir de los modelos completos
mediante la eliminacién de las variables no significativas (o = 0.05).

Coeficiente df F p
Nivel IgY
Modelo completo
Dia de eclosion -0.000 1,75.4 0.23 0.621
Tamafio nidada -0.009 1,80.6 5.97 0.052
Longitud alar a dia 7 0.002 1,124 1.93 0.313
Peso adia7 -0.007 1,119 1.40 0.157
Longitud tarsal a dia 7 0.006 1,121 0.02 0.364
Respuesta a PHA
Modelo completo
Dia de eclosién -0.001 1,66.8 1.00 0.320
Tamafio nidada -0.000 1,68.1 0.01 0.939
Longitud alar a dia 7 -0.006 1,119 1.50 0.222
Peso adia7 0.015 1,112 2.13 0.146
Longitud tarsal a dia 7 0.013 1,120 0.84 0.362
Hemaglutinacion
Modelo completo
Dia de eclosién 0.007 1,94 0.07 0.790
Tamafio nidada 0.153 1,94 1.40 0.238
Longitud alar a dia 7 0.046 1,94 0.34 0.563
Peso adia7 -0.100 1,94 0.43 0.512
Longitud tarsal a dia 7 -0.408 1,94 3.14 0.079
Modelo minimo
Longitud tarsal a dia 7 -0.367 1,98 5.40 0.022
Hemolisis
Modelo completo
Dia de eclosion -0.045 1,66 0.47 0.497
Tamafio nidada -0.282 1,58.9 0.90 0.348
Longitud alar a dia 7 0.143 1,95.2 0.69 0.409
Peso a dia7 -0.316 1,93.1 0.87 0.353
Longitud tarsal a dia 7 0.068 1,97.9 0.02 0.884
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DISCUSION INTEGRADORA

La mayoria de los estudios que tratan las intevaesi entre bacterias y aves se
basan en la avicultura pues en esta industria tnt&n minimizar las pérdidas
economicas ocasionadas por bacterias patogenas mogden se€Campylobactesspp.

o Salmonellaspp. (revisado en Benskat al 2009). En vivo contraste con la vasta
bibliografia sobre el crecimiento de pollos nidé&so{O’Connor 1984, Starck & Ricklefs
1998) esta el escaso interés mostrado hasta la festre los ornitélogos por las
asociaciones mutualistas o parasitarias entre figte pollos nidicolas con posibles
efectos sobre el crecimiento de éstos en el nigmryende sobre su posibilidad de
supervivencia a corto o largo plazo, una vez fukedanido (ver Lombardet al. 1996,
Mills et al. 1999, Pottiet al. 2002, Morencet al. 2003). Por consiguiente la interaccion
entre aves y bacterias constituye un nuevo campgstaelio para los investigadores que
trabajan con poblaciones silvestres.

El tracto gastrointestinal de los pollos de avbésestres, al igual que en los
pollos de corral, es colonizado por bacterias abg@empo de eclosionar (Malyszkeb
al. 1991, Millset al. 1999, van der Wielert al. 2002). A medida que el pollo crece,
aumentan generalmente las abundancias de lasibadae conforman esta microbiota
(ver capitulo I, Mills et al. 1999). Si bien no debemos olvidarnos de las iotévaes
competitivas que pueden existir entre las bactejugscomponen dichas comunidades,
y que por lo tanto podrian variar las abundanceasaldunos tipos bacterianos. Aparte
de los cambios cuantitativos también se dan canthiabtativos o de composicién en
la comunidad microbiana intestinal (van Dongsnal. 2013). Dichos cambios en
general pueden estar influenciados por diferemtet®fes como pueden ser los cambios

en la alimentacion (Maul & Farris 2005, Waldenstrénal. 2002).
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Otro factor es la variacion ambiental que tambiéhuira en la composicion de
esta comunidad, siendo un ejemplo de los efecttmeamtales directos, los derivados de
dilatados periodos de lluvia durante los cualesalsltos reproductores no son tan
eficientes en la busqueda de alimento (Radébral. 2001, Geiseet al 2008, Arlettaz
et al 2010), lo que repercutiria negativamente solg@ddlaciones bacterianas debido
a la falta de recursos nutritivos 0 a posibles ¢amlen la dieta. Por otro lado, las
inclemencias climaticas tendrian un efecto sobtertgeratura corporal en los pollos a
tempranas edades debido a su escasa capacidachdaagulacion (Starck & Ricklefs
1998). Asi las fluctuaciones en la temperatura antbl terminarian afectando a las
poblaciones bacterianas del tracto intestinal gaeen mejor a temperaturas superiores
ya que su temperatura éptima de crecimiento egaitarno a los 37°C) frente a las que
alcanzarian los pollos en estos periodos de bajageraturas producidos por la lluvia
(Breedet al. 1957, Holt 1994, Madigaset al 2006). En esta tesis hemos encontrado
algunas de las primeras evidencias en aves sigedér que las poblaciones bacterianas
intestinales responden a factores ambientales Ipos@inte mediados por las
condiciones en que se desarrollan los pollosdapitulo I1). Ciertos tipos de bacterias,
como son las enterobacterias en nuestro estudiecggamucho mas sensibles a efectos
ambientales directos que otras como los enterococos

Ademas de los efectos debidos a posibles cambiok esvomposicién del
alimento suministrado por los padres y el efectbiamal sobre la comunidad, también
se dan cambios fisioldgicos o morfoldégicos en dkstino asociados a la edad
(Lumpkinset al. 2010, Uniet al. 1998). Existe también la posibilidad de que lapjas
bacterias establecidas puedan modificar dicho eattavoreciendo o perjudicando el
establecimiento de otras especies bacterianas €Batral. 1972, Fuller 1977, Mead

2000). En un estudio en el cual se obtuvieron magstioacales de pollos de gaviota
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tridactila Rissa tridactyladurante su estancia en el nido, comprendiendoeniogo
total de 25 dias, se observé que el numero de iespgue constituia la comunidad
microbiana intestinal aumentaba a medida que &b jgel hacia mayor (van Dongeh

al. 2013). Sin embargo parece ser que la comunidachbima intestinal en los pollos
de papamoscas cerrojillo se establece en la prisemaana de vida a tenor de los
resultados obtenidos encapitulo Il ya que observamos que no existen diferencias en
el nimero de especies entre las dos edades mulestréste resultado y que difiere de
los obtenidos por otros autores (van Dongeal. 2013), probablemente se deba, como
ya hemos mencionado anteriormente, a que la comdmdcrobiana esté establecida a
edades mas tempranas a las de nuestro muestreccoosezuencia de que los pollos se
encuentran confinados en el nido durante su pededtesarrollo. Por lo tanto debido a
este confinamiento, los pollos se enfrentan a lasmas bacterias desde edades
tempranas a diferencia de los pollos de gaviotidtila que se crian en colonias con
nidos abiertos y por consiguiente con mayor prdig#d de adquirir especies
bacterianas nuevas ya sean ambientales o polirabinbntacto entre componentes de
la colonia. Ademas a esto se sumarian las difaen@n cuanto a pautas
comportamentales, ya que los adultos de papamoscagillo eliminan del nido en la
medida de lo posible los excrementos de los pdlamtarercet al. 2013), evitando de
esta manera una fuente de inoculacion bacteriana.

En relacion al crecimiento en aves silvestreshaeencontrado que ciertas
bacterias intestinales como es el casd&déeciumo del génerd_actobacillusestan
asociadas positivamente con el peso y tamafno despahtes de abandonar el nido
(Lombardoet al 1996, Morencet al. 2003), aunque este ultimo género también tiene
efectos negativos sobre el crecimiento del tarsonfhardoet al. 1996). De hecho, en

avicultura se utilizan las bacterias mencionadasrammente como promotores del
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crecimiento ya que pueden impedir la adherencibadéerias patdgenas ademas de ser
beneficiosas para el desarrollo del pollo en téoside ganancia de peso (Fuller 2001,
Mountzouris et al 2007). Por otro lado, no todas las bacteriasetierfectos
beneficiosos, sino que ciertas bacterias intesngleden tener efectos patogénicos
sobre el hospedador, derivados de la utilizacidacth de los recursos nutritivos del
ave, mientras que ciertas caracteristicas bactexriemmo su adhesion y colonizacion de
la mucosa pueden causar enfermedades inflama{@adiset al. 1996). Efectivamente
se han observado efectos negativos de ciertos bgcterianos 0 géneros, ya que no se
ha llegado a la especie bacteriana, con respdet@alidad fenotipica de los pollos de
especies silvestres antes de abandonar el nidob@amioet al 1996, Millset al. 1999).
Ademas experimentalmente se ha demostrado quesdlmdeterias conllevan costes
para el hospedador puesto que al eliminarlas midien administracion de un
antibiotico, se observo un crecimiento mas rapitosejetos sometidos al tratamiento
(Potti et al. 2002). Por consiguiente las bacterias intestin@esson solo unos
organismos simbiontes que no conllevan ningun cpata el hospedador sino que
repercuten en el uso de los nutrientes que el basioe puede utilizar para el desarrollo
de estructuras esqueléticas o el aumento de maparab Es por ello de vital
importancia estudiar los efectos de las bactentsiinales en el hospedador ya que el
peso antes de volar asi como las medidas de inraomm@tencia son buenos predictores
en cuanto a la supervivencia futura de los indiegduna vez han abandonado el nido
(Cichén & Dubiec 2005, Morenet al. 2005).

Los resultados obtenidos encalpitulo | muestran que ciertos tipos bacterianos
tienen efectos negativos sobre el crecimiento détic® (enterococos) mientras que
otros parece ser que no tendrian ningun efecter@dcterias). Al haber muestreado la

abundancia de estas bacterias a dos edades difedunrante el desarrollo esquelético
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de los pollos, en contraste con otros estudios worsolo muestreo, se han podido
esclarecer los posibles efectos globalmente debeséde algunos tipos bacterianos
sobre el crecimiento. Estos resultados requiergmantente confirmacion experimental

pero sugieren cuales son las bacterias intestimalga abundancia puede retrasar y
coartar el crecimiento de pollos nidicolas en awssctivoras.

Los nidos de las aves proporcionan un ambienteem@ara la proliferacion
bacteriana principalmente porque ofrecen unas cmmgis térmicas relativamente
constantes (Mehmket al 1992, Singleton & Harper 1998, Goodenough & Stadid
2010). Asimismo muchas aves construyen dichos nétiosavidades, reforzando aun
mas el caracter benigno de las condiciones mionaticas para el crecimiento
bacteriano (Goodenough & Stallwood 2011). Es ptw gue el material del nido
constituye una de las vias por las que el polladeuwelquirir la microflora bacteriana
residente sobre la piel, puesto que los polloscelles se ven forzados a pasar la
primera etapa de su vida confinados en éste hastalwgdesarrollo se ha completado lo
suficiente como para poder abandonarlo. La exposial estas bacterias debe ser
importante pues se ha observado que determinagasies de aves introducen en el
nido fragmentos de hierbas aromaticas, las cuabesienen compuestos volatiles
capaces de reducir la riqueza y abundancia denlaumiolad bacteriana de la piel de los
pollos (Gwinner & Berger 2006, Mennegttal. 2009) o del material del nido (Clark &
Mason 1985).

En las aves trogloditas es frecuente la reutil@adile los nidos viejos por
ejemplo por motivos de baja disponibilidad de caslies nuevas. Nuestra especie de
estudio, el papamoscas cerrojillo, reutiliza nidesos pero construyendo un nuevo
cuenco con material fresco encima del antiguoamikl de esta forma a los huevos y

pollos de contactar directamente con el materigjovi La presencia de nidos
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previamente utilizados en las cavidades de nidiifca facilita la permanencia de

poblaciones bacterianas capaces de colonizar aotopantes de nuevos nidos
construidos en la misma cavidad. Puesto que exiséeterias que son capaces de
esporular y asi permanecer en el material del digiante el invierno cuando las

condiciones no son las mas oOptimas para el crecimige sus poblaciones, los nidos
construidos sobre nidos viejos podrian contener mmagor carga bacteriana que
aquellos construidos en una cavidad vacia. Un dasbacterias capaces de formar
endosporas e8. licheniformis (Breed et al 1957), una bacteria degradadora del
plumaje de las aves (Burtt & Ichida 1999, Shawkewl 2003, Ruiz-de-Castafieéa

al. 2012) cuya mayor abundancia podria conllevaresogiara el desarrollo de las
plumas de los pollos.

En el capitulo 1V, mediante un estudio experimental, demostramoslagie
pollos que crecen en nidos construidos sobre nitges presentan ciertamente una
mayor carga bacteriana sobre la piel respecto eellagu crecidos en nidos
exclusivamente con material nuevo. Ademas una malyondancia de bacterias en el
material del nido estuvo asociada a una menor tiethgilar de los pollos. Ello podria
deberse precisamente a la permanencia en el natéxja de bacterias ya sean
degradadoras del plumaje u otros tipos bacteriadosante la temporada no
reproductora, algo que merece un estudio mas adtalen el futuro. Una menor
longitud alar al abandonar el nido podria tenerlizapiones sobre la capacidad de
vuelo de los pollos, y por tanto sobre su supendiedurante los primeros dias como
volantones (Nilsson & Gardmark 2001, Anim BehavD00

Al igual que ocurre con las bacterias del nido efacto sobre el crecimiento de
los pollos, poco se sabe sobre las bacterias doaizan la piel de éstos una vez que

eclosionan. Las bacterias pueden desarrollar odEnaes tanto mutualistas como
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patogenas con sus hospedadores (Coles 1997, Mealet 993, Clarket al. 2010). Si
bien en uno de los pocos estudios que existene mmasontrd ningun efecto de dichas
bacterias sobre el peso de los pollos antes delabanel nido (Bergegt al. 2003), sin
embargo no se puede descartar una posible asocideida abundancia de bacterias
sobre la piel con el crecimiento de estructurasd&s de los pollos como las plumas.
En elcapitulo V profundizamos mas en este tema y esclarecemasilalg asociacion
que pueden tener estas bacterias con el crecimiehtala. Curiosamente las bacterias
cuya abundancia estimamos sobre la piel son apanente beneficiosas para el
correcto desarrollo del ala. Ello podria deberska @ompetencia de éstas con las
bacterias degradadoras del plumaje. Un ejemplctdetipo de relaciones competitivas
entre bacterias se ha encontrado en la abubplapa epopsexistiendo una relacion
simbidtica del ave con poblaciones Hefaecalisresidentes en la glandula uropigial
durante la época de reproduccion. Estas bactenmasapaces de producir bacteriocinas,
las cuales son efectivas contra bacterias Grantisientre las cuales se encueira
licheniformis (Martin-Plateroet al. 2006, Ruiz-Rodriguez 2009, Solet al. 2008).
Queda por esclarecer experimentalmente si cieaetetias de la piel poseen asimismo
la capacidad de contrarrestar los efectos negatieokas bacterias degradadoras del
plumaje durante la permanencia de los pollos enig. Sin embargo a falta de
demostracion de dicha competencia entre bactaripsls nidicolas durante la fase de
crecimiento, existe otra explicacion plausible mdcho resultado consistente en que los
pollos con una mayor longitud alar probablementegyde una mayor cantidad de
bacterias entre las que se pueden encontrar lésribacdegradadoras. Dichas bacterias
por cuestiones competitivas podran colonizar nusugsrficies como puede ser la piel
ventral de los pollos. De esta manera existiraasaoeiacion positiva entre las bacterias

existentes en la piel y la longitud alar.
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Por otro lado, existen evidencias de que el cresitoide los pollos de las aves
puede verse afectado por el desarrollo del sisiamane, ya que éste puede requerir
recursos nutritivos que son también necesarios @lacaecimiento de otros tejidos y
organos (Klasing & Leshchinsky 1999, Mauetkal 2005, Pihlajaet al. 2006, Szép &
Mgller, 1999). Este compromiso entre crecer y apaces de responder a los ataques de
agentes patogenos ha sido demostrado experimentalmee través de estudios
realizados con pollos nidicolas a los que se lesirsstraba metionina, que actua
aumentando la respuesta inmunitaria mediada p@ocitos T, en comparacién con
otros pollos del mismo nido que no recibian estemetante de la respuesta
inmunitaria. Efectivamente se observo que dichd®gaonostraban una menor tasa de
crecimiento durante el tiempo que durd el trataioigpero una alta respuesta al
antigeno PHA, el cudl se utiliza como medida indiica de la respuesta inmune
mediada por los linfocitos T (Brommer 2004, Sod¢ral 2003). Este compromiso
podria explicar nuestro resultado dapitulo VI, en el cual se observo que la longitud
del tarso en pollos de 7 dias de edad estaba daocegativamente con la medida de
anticuerpos naturales, una medida de respuestaitama innata. Cabe destacar que en
la especie estudiada, el esqueleto tiene un crecimrapido durante la primera semana
de vida (Lundberg & Alatalo 1992), lo que puede liegp por qué las medidas
posteriores no muestran ninguna asociacibn con dapuesta inmunitaria.
Indudablemente, este resultado descriptivo debe amifirmado mediante un
experimento.

En dicho capituldambién abordamos las posibles asociaciones eifitrertes
variables de respuesta, cuya existencia permiialarar cualquiera de ellas como
indicador de la inmunocompetencia general del iddiv (Adamo 2004). Posiblemente

debido a las diferentes tasas de desarrollo dalikisitos componentes del sistema

66



inmunitario en pollos nidicolas, no encontramogyuita asociacion entre los diferentes
componentes del sistema inmune que hemos medidoial que se ha encontrado en
estudios de otros autores (Matsgiral 2006, Mendegt al. 2006). Existe sin embargo
evidencia en la especie de estudio de que en padoto la respuesta mediada por
células a la PHA (Morenet al. 2005) como los niveles de inmunoglobulinas (Lol&to
al. 2008) permiten evaluar las probabilidades de raciignto a la poblacion de los
individuos muestreados. Ello sugiere que aunqueeRr@ta ninguna asociacion
significativa entre distintas respuestas inmuratgrivarias de ellas estan relacionadas
con la capacidad de sobrevivir en un medio cargidagentes patdogenos. Es posible
que la culminacion del desarrollo del sistema inamio al completo permitiera

visualizar mejor las asociaciones entre componeanies individuo adulto.
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CONCLUSIONES

- La abundancia de ciertas bacterias intestinalda ¢an la edad del pollo, los

enterococos aumentan mientras que las enterolzctésminuyen.

- La abundancia de enterococos a la edad de 7ddiapollo presenta una
asociacion negativa con el crecimiento de una @sirai esquelética como es el tarso,
mientras que la abundancia de enterobacterias egeqia ninguna asociacion con el

crecimiento en general de los pollos.

- Las variables climatologicas ambientales como tapgratura media y la

precipitacion conjuntamente con la fecha de ecdhpsafectan a la abundancia de

enterobacterias mientras que enterococos solo afee®da por la temperatura.

- El nUmero de especies bacterianas residentes iategtino de los pollos no
varia con la edad. Sin embargo esta comunidadriztees mas diversa a mayor edad

del pollo.

- Los pollos que crecen en nidos construidos sobteriabviejo presentan una

mayor carga de bacterias heterotrofas sobre lacpmparado con los pollos residentes

en nidos compuestos por material exclusivamentemue
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- El crecimiento de la longitud del ala es mayotaanpollos que crecen en nidos
nuevos, y esta longitud es menor cuantas mas lzcestan presentes en el material

del nido.

- La abundancia de bacterias sobre la piel de Idegab varia con la edad de

los mismos. No obstante, esta carga bacterianaasst@ada positivamente con el
namero de pollos de la nidada, probablemente debilds condiciones higiénicas del

nido.

- La carga bacteriana existente en la piel veniedbs pollos esta positivamente

asociada con la longitud alar que a su vez se aeatyecimiento de las plumas.

- Existe un compromiso entre la produccion de antpnge naturales de la

respuesta inmunitaria innata y el crecimiento dedd a edades tempranas, en las cuales

dicha estructura tiene una mayor tasa de crecimient

- No existe ninguna asociacion estadistica entrelidae de la respuesta

inmunitaria innata, humoral y mediada por célulasos pollos.
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Resumen Las bacterias han sido una importante fuerza égeaéh en la evolucion de
muchos aspectos de la biologia aviar, incluyendocrecimiento de los pollos.
Estimamos la abundancia de dos tipos comunes deriagc intestinales en aves
(enterococci YEnterobacteriacegey su correlacion con el crecimiento del tarssopg
ala de 102 pollos (54 nidadas) de papamoscas itler{jicedula hypoleuch en una
poblacion que cria en Espafa. Los pollos fueromadmesy medidos a los 7 y 13 dias
después de eclosionar, ademas a estas edadesigerobtmuestras fecales con el fin
de poder estimar la abundancia de las citadasrizcteas abundancias de ambos tipos
bacterianos no estuvieron correlacionadas entreLad. cargas de enterobacterias
disminuian desde el dia 7 al 13, mientras quedasnterococos aumentaban durante el
mismo periodo. En el dia 7, las cargaskigerobacteriaceaentre hermanos fueron
similares pero no para enterococci. En el dia kfyuma de las cargas de ambos tipos
bacterianos fueron similares para hermanos del misido. Las abundancias de
enterococci estuvieron positivamente correlaciosanm el peso y la longitud alar del
dia 7, pero no a dia 13. El crecimiento del taratreelos dias 7 y 13 estuvo
negativamente correlacionado con la abundanciateoeocci de dia 7.

Abstract- Bacteria have the potential to be important seledorces in the evolution of
many aspects of avian biology, including nestlingwgh. We estimated abundances of
two common gut bacterial types in birds (enteroc@t enterobacteria) and their
correlation with growth in tarsus length, mass andg length of 102 nestlings (54
broods) of the pied flycatcheFi€edula hypoleucain a population of central Spain.
Chicks were weighed and measured on days 7 andté@3hatching, at which ages
faecal samples were obtained for detection anthatitn of abundance of enterococci
and enterobacteria. The loads of the two bactetyples were not correlated.
Enterobacterial loads decreased from day 7 to diywhile loads of enterococci
increased during the same period. On day 7 loads@robacteria among nest mates
were similar whereas loads of enterocomere not similar. On day 13 nest mates did
not have similar loads of either bacterial typead® of enterococci were positively
correlated with body-mass and wing length on dalgut,not on day 13. Tarsus growth
between days 7 and 13 was negatively correlatddlagids of enterococci on day 7.
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Introduction

Bacteria may be important selective forces in awanolution (Sheldon 1993, Nuttal
1997). Knowledge about the prevalence of bactarianatural avian populations is
limited, and their effects on the general healthwifl birds are poorly understood.
Recently, bird-bacteria interactions have receinedth attention, as shown by studies
on the effect of bacteria on avian growth (Lombaetial. 1996, Millset al. 1999, Potti
et al. 2002, Morencet al. 2003, Lucas & Heeb 2005), their association wehkuslly
transmitted diseases (Lombardbal. 1999, Poiani & Wilks 2000, Kulkarni & Heeb
2007), their degradation of feathers (Burtt & Iciti999, 2004, Goldstekt al. 2004,
Gundersoret al. 2009, Ruiz-Rodrigueet al. 2009c), the effect of nest sanitation on
bacteria (Menneraet al. 2009, Peralta-Sanchezt al. 2009) and uropygial gland
secretions as antimicrobial defences (Shawdtegl. 2003, Soleet al. 2008, Mglleret
al. 2009, Martin-Vivaldiet al. 2010).

Early development is a crucial determinant of & many animals. In birds,
in addition to some environmental factors, the bowss at fledging as well as body
condition and measures of immunocompetence, ard gaedictors of individual post-
fledging survival (Cichon & Dubiec 2005, Moremd al. 2005). Nestling growth has
traditionally been studied without consideration roicrobial effects (Ricklefs 1979,
O’Connor 1984, Starck & Ricklefs 1998). Inoculatiohaltricial nestlings with bacteria
is inevitable, either through direct contact witkeit parents, through the food they
receive from their parents (Kyle & Kyle 1993), fratreir siblings in the nest (Lucas &
Heeb 2005), or through direct contact with the nmstterials (Millset al. 1999).
Bacteria colonizing bird guts have been describathiy for poultry (Soerjadiliemet

al. 1984), where continuous efforts are made to mirenhosses due to diseases (Mead
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1997). However, the information concerning gut baat communities in natural avian
populations is scant and information concerningdéeelopment of these communities
during the period of nestling growth extremely lied. Most previous studies have
sampled bacterial communities in chicks only onast before fledging (Lombardet

al. 1996, Pottet al. 2002, Bergeet al. 2003, Morencet al. 2003, Lucas & Heeb 2005).
However, Millset al. (1999) detected cloacal microbes shortly aftetlimgs hatched
and found that the nestlings were colonized by nigpes of microbes as they got
older, indicating that development of gut microlmammunities occurs gradually after
hatching. This study estimates bacterial loads éstlmgs half-way through their
development in the nest and to compare these matemmunities with those present
in nestling guts shortly before fledging. Changesgut bacterial loads during this
crucial period may be correlated with nestling gtownd possibly with survival in the
nest and thereby affect avian life histories. Weehhere analyzed the most prevalent
bacterial types in avian guts, namely Enterococd &nterobacterigBarrow 1994,
Gonzalezet al. 2000, Janigat al. 2007). The gut of chicks is colonized by bacteria
from hatching so it is expected that gut bacteldalds increase with age until the
establishment of an intestinal balance (Malysatoal. 1991, Mills et al. 1999).
However, this balance may be attained at diffegeatvth stages for different bacterial
groups. Thus, loads of enterococci and enterobadteads may change throughout the
nestling period in different ways (Milkst al. 1999).

A related issue is whether chicks in the same desetlop similar intestinal
bacterial communities due to similar inherited denpropensities or to environmental
effects induced by similar parentally-determineetsliGlunder 2002), or alternatively,
if nest-mates are different in this respect duettividual differences induced by sex,

competitive hierarchy in the nest, provisioning different parents, or slight genetic
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differences (Tannock 1997, Morerad al. 2009, Ruiz-Rodrigueet al. 2009a). We
would expect high intra-nest similarities in gut cnobial loads and community
composition in the first case, but not in the secdioreover, similarities could be high
initially due to strong effects of common genes fimmune response or to strong
common-environment effects (Brinkhef al. 1999), and decrease during development
as individual differences in immunity and diet begp show effects on acquisition and
retention of bacterial strains. There is scarcatly aformation available on these
aspects of bird-bacteria symbioses, despite tloe@npial implications for avian fitness.
There is some evidence of negative correlationsntdstinal bacteria with
nestling growth rate in the wild (Lombarad al. 1996, Millset al. 1999, Pottiet al.
2002). In the only experimental study the effedtbacteria on growth in wild birds,
Potti et al. (2002) observed that Magellanic peng@pheniscus magellanicuhicks
that were treated with a wide-spectrum antibiotevwgfaster than control chicks which
were not treated. In another study, Morestal. (2003) found a significantly positive
correlation between nestling mass shortly beforeddging and the presence of
Enterococcus faeciunThese enterococci could be acting as growth pteraghrough
their competitive interactions with facultative pagenic bacteria likdenterococcus
faecalis There is thus scope for both positive and negatorrelations of nestling
growth with bacterial loads and community compositiOur expectation is that some
bacterial types may negatively affect nestling gtoawnd condition, while others may
have positive effects. Moreover, bacterial loadsdifferent strains could operate at
different stages of nestling development. Undeditajmthe timing of effects requires
repeated sampling of the same chicks with respegut bacterial loads throughout

development.
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In this study we explore the effects of intestitacteria on the growth of
altricial nestlings, focussing to that end on a eiegpecies in avian ecology, the pied
flycatcherFicedula hypoleucdLundberg & Alatalo 1992). We have measured mass,
tarsus length and wing length as expressions ofcilmusnd organ growth, skeletal
growth and integumentary growth respectively. Gidédferent patterns of flexibility in
the growth of these traits (Schew & Ricklefs 1998, have analyzed them separately.
We have hypothesized that: (1) enterococci andrBnéeteria may show significant
intra-nest similarities with respect to nestlingeadpe to common genetic, maternal or
environmental effects, (2) bacterial loads will rease with age of the chicks, (3)
bacterial loads will be related to measures of tigment, (4) these relationships will
depend on nestling age, and (5) bacterial loadsbeilcorrelated with growth in mass
and linear measurements between sampling periad$est these hypotheses we have
analyzed the most prevalent bacterial types (eocte and enterobacteria) in avian
guts, sampling nestlings at 7 days (during peakvtitpand at 13 days of age (shortly

before fledging).

Methods

The study was conducted during the 2009 breedi#aga in a deciduous forest of
Pyrennean oakQuercus pyrenaicapt an elevation of 1.200 m a. s. |. in Valsain,
Segovia province (40° 54’ N, 4° 01’ W). A study afpopulation of pied flycatchers
breeding in nest-boxes in that area has been ctewtistnce 1991 (Saret al. 2003).
Nest-boxes are cleaned every year after the brgesiason (for nest-box design and

manipulation see Lambrech&t al. 2010). Nest-boxes were checked daily for nest-
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building activity by pied flycatchers, and the dat# clutch initiation, clutch sizes, and
numbers of fledged young were ascertained.

The pied flycatcher is a small (12-13 g) passehind, which breeds in many
forested areas of the Palaearctic region (Lund@erglatalo 1992). It only stays in
European woodlands for the spring and summer, spgnitie rest of the year on
migration or in the wintering areas in tropical Wedrica. It breeds naturally in tree
cavities, but if nest-boxes are provided, they meferred over natural cavities. Egg
laying in the population under study typically begin late May, and clutch sizes range
from 4 to 7 eggs with a mode of 6 eggs (mean 5066} The female incubates alone
and receives part of her food from her mate (Lungl& Alatalo 1992). Young are
brooded by the female only up to an age of 7 d8gs% & Moreno 1995). Both sexes
feed the young. Young fledge within 14-16 daysatthing. This occurs in the second
half of June in our study area (Moreeioal. 2001).

A sample of 54 broods of four to six chicks wasdusa this study. Of these
nests, we obtained samples from two randomly sedechicks in 43 nests and one
randomly chick in the remaining nests. Nestlinggemmeasured and weighed at the
ages of 7 and 13 days (hatching day = day 1). @h eastling the length of the tarsus
was measured with a digital calliper to the nea@e@1 mm, mass was obtained with a
Pesola® spring balance (precision of 0.25 g) andgwength was measured with a
stopped ruler to the nearest mm. Chicks were bamatedday 7 with numbered
aluminium bands.

Bacterial sampling

As cloacal samples cannot safely be obtained altigetsize of nestling cloacae,

we have sampled freshly produced faecal sacs abstitste. We assume that most

bacteria sampled will be derived from gut cloacammunities. Faecal sacs were
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collected at 7 and 13 days in sterile eppendodgubhese tubes were sterilized prior to
use by being autoclavated at 121°C during 15 miobt@ain sterile conditions. Samples
were transported in a portable cooler until theacgssing in the laboratory (3-6 h after
collection). Once in the laboratory, we introduaet sterile cotton swab in the sterile
eppendorf tube containing the faecal sac during deB8onds trying to uniformly
impregnate the cotton with faecal matter. Then,tnasferred the swabs to transport
media AmiegSterile R, Meus s.r.IRiove di Sacco, Itajyandchilled the samples (4°C)
until processed. All samples were conserved duzihgays.

Swabs were transferred from Transport Media Aniés 1 ml of phosphate
buffered saline (pH = 7.2, Quimica Clinica Aplicadarragona, Spain). Later, 100 pl
of the original sample were sequentially diluted®00 ul of sterile physiological saline
(0.85% NaCl) in order to obtain the optimal ba&kriconcentration for the
quantification (Herbert 1990). For 20 initially tedted samples, we cultured 100 pl of
all serial dilutions from 18 to 10° looking for the optimal range of 30-300 CFU
(Herbert 1990). For the following samples, we aadtl only in the previously
established optimal dilutions, £010°% and 1¢*. We cultured on the Mac Conkey agar
(bioMérieux, Madrid, Spain) and D-Coccosel agaokbérieux, Madrid, Spain). Mac
Conkey agar is a special bacterial growth mediuat ik selective for gram-negative
bacteria and can differentiate those bacteria tr&t able to hydrolyze lactose
(enterobacteria), while D-Coccosel is used for asoh of enterococci. Owing to
problems with D-Coccosel medium delivery, some dam for 7-day samples and 16
for 13-day samples) were cultured on Enterococc@iéto, Detroit, Michigan, USA),
that is selective for enterococci. There were rgniicant differences in bacterial
counts obtained with these two media (botk0.1), so data were pooled. We incubated

plates for 48 + 2 h at 37 + 1°C. All the samplegavanalyzed exactly 20 days after
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collection. The quantifications were made by caumtall the CFU (Colony Forming
Units) present in the plate after the incubatiothvéi colony counter “sensor” (Suntex
Instruments Co., Ltd., Taipei County, Taiwan) by tlame observer (SG-B). CFU
counts represent the number of colonies on thastegppresenting between 30 and 300
colonies (to assure their legibility) multiplied biye dilution factor used to obtain the
viable count of the original sample (Herbert 1999Yotal of 102 chicks were sampled
at the two different ages.
Statistical analyses

Three zero values for enterocooei day 7, six for Enterobactenen day 7 and
four for enterococci on day 13, were eliminatedhey were extreme outlying values (3
corresponded to the same chicks for both bactéyjés). All CFU counts were
normalized through logarithmic transformation. Arsals were conducted with
Statistica 7.0(Statsoft 200l We tested for a correlation between individuatterial
loads of the two bacterial types on day 7 and dayTb test for repeatability among
chicks of the same nest and two different agesferococci and Enterobacteria, we
used repeated-measures ANOVAs with Enterobacteaa lor enterococci load as
dependent variable and age, nest ID, and the oiteraage*nest ID as factors to test
whether bacterial loads changed with age and whéitheterial loads of nestling varied
more among than within broods. As loads of entectavea were similar within nests on
day 7 (see below), we selected one chick per aestomly for analyses of these loads
to avoid pseudoreplication.

To test for the correlations between bacterial $oaad nestling measurements at
two ages, we used the Variance Components moduwa-significant factors were
removed from the final models. In the model, wduded a variable of growth (tarsus

length, wing length or mass) as dependent varianlé,brood size at that age (day 7 or
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day 13), hatching date and bacterial loads (ente@@nd enterobacteria) as covariates,
and nest as random factor. The two bacterial loggle included in the same analysis
because there is no correlation between them (sémvp This module uses the
Satterthwaite correction for estimating degrees frlfedom. For estimating the
correlations of bacterial loads with growth betwekays 7 and 13 (i.e. the difference
between 7 and 13) we also used the Variance compon®dule, introducing bacterial
loads on day 7 as an independent term. This mods|based on the hypothesis that

only bacterial loads at the inception of the obsdrgrowth period were explanatory.

Results

The loads of the two bacterial types were not dared either on day # € 0.116;p =
0.319;n = 75) or on day 13r(= 0.082;p = 0.463;n = 83).The loads on day 7 of
enterobacteridut not of enterococci were significantly similaitiin broods (Table 1).
No similarity was found for loads on day 13 (Tak)e Enterobacterial loads decreased
from day 7 to day 13, while loads of enterococcréased during this period (Table 1;

Fig. 1).

Table 1. Results of repeated-measures ANOVAs with enterococci load or enterobacteria
load as dependent variable and nest, age and their interaction as factors.

Enterococci Enterobacteria
df F p df F p
Nest 1,26 1,407 0,188 1,23 2,850,007
Age 1,1 7,374 0,011 1,1 11,01 0,002
Age*Nest 1,26 1,245 0,284 1,23 2,16 0,035
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Enterococci loads showed positive correlations Witdy-mass and wing length
on day 7 but not on day 13 (Table 2). Hatching dat@ved negative associations with
tarsus length in these analyses, while brood se® ot related to any measurement at
any age (Table 2). Enterobacterial loads were @lated to nestling measurements at
any stage (Table 2). Enterococci loads on day TweHoa negative correlation with
tarsus growth (Fig. 2). Hatching date in these y@®s was also negatively correlated
with tarsus growth (Table 2). Enterobacterial loagse not related to growth in any

trait (Table 2).

Table 2. Variance components analyses of effects of loads of Enterococci and
Enterobacteria, hatching date and brood size, with nest as random factor, on nestling linear
measurements, mass and growth using the Satterthwaite correction for estimating degrees

of freedom.
df F p r

Tarsus length on day 7
Nest 1,52 2.952 <0.001 -0.38
Hatching date 1,52 5.500 0.022 0.44
Body-mass on day 7
Nest 1,50 3.185 <0.001 -0.23
Enterococci on day 7 1,50 6.410 0.013 0.32
Wing length on day 7
Enterococci on day 7 1,50 10.825 0.001 0.32
Nest 1,50 2.285 0.004 -0.29
Growth of tarsus length
Nest 1,49 3.152 <0.001 0.33
Enterococci on day 7 1,49 6.656 0.012 -0.38
Hatching date 1,49 5.747 0.020 -0.47
Growth of body-mass
Nest 1,48 5.193 <0.001 0.12
Growth of wing length
Nest 1,52 6.042 <0.001 0.15
Tarsus length on day 13
Nest 1,51 6.285 <0.001 -0.02
Body- mass on day 13
Nest 1,52 5.269 <0.001 -0.11
Wing length on day 13
Nest 1,52 2.882 <0.001 -0.19
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Figure 2 . Correlation between loads of Enterococci and growth in tarsus length.

Discussion

There is no correlation between loads of the twanngut bacteria. The load of
enterobacteria is similar among nest mates, but ahlyoung ages. These bacterial
loads change throughout the nestling period, ebtaterial loads decrease while
enterococci loads increase during the same pehtmteover, enterococci loads are
positively correlated with mass and wing lengtmestlings on day 7 but not on day 13,
while no correlation is found for enterobacter@ads. Finally, skeletal growth between
days 7 and 13 is negatively related to prior emtecoi loads. We emphasize that the
last result would not have been detected if wedrdy sampled nestlings shortly before
fledging as has been done in other studies (Lonabatdal. 1996, Pottiet al. 2002,

Morenoet al. 2003, Lucas & Heeb 2005).
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Within-nest consistency in Enterobacterial load®agnbrood-mates was found
on day 7, but no significant effect detected on #ayThis result indicates that common
genetic, environmental and food-mediated effeasimportant during the first week of
nestling life but less so shortly before fledgigis change may be attributed to within-
nest individual differences in immunity, sex-rethifferences or possibly differences
in diet correlated with dominance hierarchies amsibings.

Loads ofenterobacteria and enterococci change significahibing the nestling
period. These different tendencies may reveal cditigpe between them, with
enterococci apparently gaining the upper hand. Goitign for resources and space
among intestinal microbes is a common phenomengnesged as chemical conflicts
through bacteriocin production (Klaenhammer 198iyR& Wertz 2002, Soleet al.
2009). Thus, competition among bacteria was useekpdain the contrary effects on
nestling growth of different enterococci in the gittycatcher (Morencet al. 2003).
Another explanation for these changes may be dwartation in the diet of chicks or in
parental saliva when feeding them (Kyle & Kyle 199%300d is an important source of
bacterial inoculation to young hosts and that congion of particular food items may
result in the establishment of specific microbiahununities (Maul & Farris 2005).
Waldestrémet al. (2002) found that the prevalence @ampylobacterspp. was highly
influenced by feeding habits in birds. In insectauss and granivorous species, these
bacteria were rarely or never isolated, while plewee was found to be high in raptors
and opportunistic feeders. A study on the rapiiivus milvusfound differences in
composition, richness and prevalence of faecalofiana associated with diet (Blanco
et al. 2006).

Studies on the correlations of intestinal bactecammunities with nestling

growth are scarce. Most of them have only sampledbgcteria at the end of the
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nestling period (Lombardet al. 1996, Pottiet al. 2002, Morencet al. 2003, Lucas &
Heeb 2005). In the present study, we have sampledngrobial communities at two
stages of the nestling period encompassing the gemaith in passerine nestlings. This
has allowed us to relate bacterial loads not amijnéasurements of chicks at two ages,
but to correlate bacterial loads directly with gtbwi_arger and heavier nestlings at 7
days of age had higher loads of enterococci, ahdah we did not measure microbial
richness but loads of two different groups of baatehis result was in agreement with
the positive correlation between cloacal microbiethness and body condition found in
female spotted towheePRjpilo maculatus(Klomp et al. 2008). Another study found
significant relationships between microbial divgrsand nestling phenotypic traits
related to probability of recruitment in magpiesdagreat spotted cuckoo (Ruiz-
Rodriguezet al. 2009b). Taken together, this may indicate thdialtly more efficiently
provisioned broods were also those with a morengdedevelopment of enterococci.
However, there was no correlation on day 13, indigathat contrary to previous
studies (Lombardet al. 1996, Pottiet al. 2002, Morencet al. 2003, Lucas & Heeb
2005), nestling size is more strongly correlatedhwnitial than with final bacterial
loads.

We have been able to confirm a negative correldbeiveen nestling growth
and bacterial load of enterococci but no relatigmstith enterobacterial loads.
Lombardoet al. (1996) found that enterobacteria showed a negatveeslation with
prefledging mass and a positive one with wing Ieng¥e may expect that bacterial
loads are higher at early ages in heavier chiakistHese higher bacterial loads might do
that chicks grow more poorly, so no correlation fgddoe found at age 13. In any case,
it was tarsus length that correlated with bactdaalls, a trait which has been shown to

affect post-fledging survival in pied flycatcheAldtalo & Lundberg 1986). Potét al.
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(2002) showed experimentally that Magellanic pengehicks grew better after
antibiotic treatment. Morenet al. (2003) found a significant positive effect &f
faeciumon prefledging (at age 13) tarsus length and ro&ssicks if E. faecaliswas
not present in nestling pied flycatchers, whereas data show a significant positive
correlation between body-mass and wing length gn7daut not on day 13. We cannot
unravel in our data the implications of differemterococci, but our results agree with
the notion that high gut bacterial loads competestdostance in the digestive track with
nestling growth. This result suggests that microbjembionts are not only beneficial
for growing altricial birds, but may also slow dowrowth, with negative implications
for postfledging fitness (Alatalo & Lundberg 1988hese effects may be due to direct
food detraction by gut bacteria (Stevens & Hume8l%Ruiz- Rodriguezt al. 2009b)

or through the negative implications of high levefsimmunity necessary to control
intestinal microbes for growth (Ruiz-Rodriguet al. 2009b). The fact that bacterial
loads on day 7 and not on day 13 were correlatatd giowth rate suggests that
sampling bacteria only at the end of the growthqokas normally done in field studies
would not have revealed the link between growth lacterial loads. We recommend
that future studies of bacteria-growth correlatisample bacteria at the beginning of
the peak growth period as well as the end of peaity.

To conclude, growing altricial birds develop baiecommunities in their guts
throughout the nestling period which are only inmest consistent for some bacteria.
Some bacterial types increase while others decrdaseg this period, possibly as an
expression of competitive interactions or due tanges in nestling diet with age.
Finally, nestling growth may suffer from high bacé loads of some bacterial types
like enterococci during the period of peak groviftore studies are needed to clarify the

patterns revealed in the present study.
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Resumen Las cargas bacterianas intestinales en pollesigu verse afectadas por
factores como el clima, la estacionalidad y el famnde la nidada. Sin embargo no
existe nada publicado sobre este tema en avestsdgea pesar de que es importante
para la salud y crecimiento del pollo. Por ellotudamos la asociacion de dichos
factores con las abundancias de dos bacteriagimaties, enterococci y enterobacterias
en pollos de papamoscas cerrojilkicdedula hypoleucaen una poblacién que cria en
Espafia. Para este propdésito, obtuvimos muestrate$ede 54 nidadas (102 pollos) a
los 7 y 13 dias desde su eclosion, estimandoblasdancias de dos tipos bacterianos
(enterococos y enterobacterias). Obtuvimos queblsn@ancia de enterobacterias a
edades tempranas estuvd positivamente correla@onad la temperatura media, y
negativamente correlacionada con la precipitaci@h gia en el cual eclosionaban los
pollos. Si bien, esta asocicacion negativa de ebéeterias con la precipitacion solo fue
encontrada para las nidadas tempranas y a bajaertatmras. Al igual que el otro tipo
bacteriano, la carga de enterococos estuvOo pasiéimge correlacionada con la
temperatura media aunque a diferencia de enterrims;tdicha correlacion se obtuvé a
ambas edades. Por otro lado, la abundancia deobatgeria estuvdé negativamente
correlacionada con el dia de eclosion. Todo edsiesel que enterobacteria podria ser
mas sensitiva a los cambios estacionales y variasien cuanto al clima, posiblemente
debido a cambios en la dieta suministrada a lolgoPor el contrario, enterococos
sb6lo se ve afectada por cambios termales. La adgmhciermoreguladora que va
adquiriendo el pollo reduce los efectos climataiégi que afectan a la abundancia de
enterobacterias.

Abstract- Gut bacterial loads in avian nestlings may becad¢d by factors such as
climate, seasonality and brood size. There is fdighed information on this subject
for wild birds despite its potential importance foestling welfare and growth. We
studied the associations of these factors with dances of two common gut bacterial
types, enterococci andEnterobacteriaceaein nestling pied flycatchers-icedula
hypoleucain central SpainTo that end, we obtained faecal samples from S6ds
(102 nestlings) on day 7 and 13 after hatchingdfetection and estimation of bacterial
abundanceEnterobacteriaceadoads on day 7 were positively correlated with mea
temperature during the preceding seven days anatimely with rainfall and hatching
date. The negative associations Eiterobacteriaceadoads with rainfall were only
found for early broods and at low temperatures.tefxxocci loads on day 7 were
positively associated with mean temperature. Onldainterobacteriaceatads were
negatively correlated with hatching date while emtecci loads were positively
correlated with mean temperatuEnterobacteriaceaare apparently more sensitive to
seasonal changes and climatic variation than esteod possibly in relation with
variation in diet and nutrition. By contrast, em®scci are only sensitive to thermal
variation. The attainment of full thermoregulat@gpacity by nestlings reduces climatic
effects onEnterobacteriaceatads.
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Introduction

The study of host-parasite interactions has beegmwiofary interest for avian ecologists.
However, only recently have bacteria received &tiann this respect (Maul & Farris
2005, Benskinet al. 2009). Associations between birds and bacterig maolve
pathogenic interactions, but also positive symbiatieractions (Martin-Plateret al
2006, Ruiz-Rodrigueet al. 2009). These interactions begin in the nest aay affect
growth and survival of altricial and semialtricra¢stlings (Pottet al. 2002, Morencet
al. 2003, Gonzalez-Braojost al. 2012). The early stage of the posthatch period is
critical for establishment of the gut microbial cownmity. This process starts from a
sterile gastrointestinal environment at the momanhatching and continues toward
establishing a relatively stable status as thelingsages. Thus, Millset al. (1999)
reported that microorganisms colonize nestling «dea shortly after hatching,
suggesting the source of microbes to be adultsal Ibmod items, or their local
environment. Understanding the factors modulatiagtdrial abundances in nestling
digestive tracts could improve our understandingoiofi-bacteria interactions in the
wild.

Several factors including climate, food, age andilthe state affect the
composition of the gut microbiota of individual dér (Brittinghamet al 1988,
Lombardoet al. 1996). Nutrient richness in the environment, hditgiand temperature
have been identified as important factors affectmm@wth in bacterial cultures
(Ratkowsky et al. 1982, Madiganet al. 2006). Nutrient availability for digestive
bacteria may change with seasonal variation in digboth adults and nestling birds
(Blancoet al 2006, Novotnyet al 2007). Nutritional quality may also affect baciér

growth, especially for nestlings competing for péaé food deliveries. Late-breeding
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pairs tend to offer less or poorer quality foodtheir nestlings (Naef-Daenzet al
2000, Rossmanitbt al 2007, Wilkinet al 2009). Nestlings in larger broods may also
suffer nutritionally from stronger competition wittrood mates (Naguibt al. 2004,
Pichorim & Monteiro 2008). Thus, breeding phenol@yy brood size could affect the
growth of bacteria in digestive tracts through legtnutrition in terms of quantity and
quality. It has been shown that gut mass declineonditions of poor nutrition (Brzek
& Konarzewski 2001), possibly driving higher conmipeh among bacteria for space.
To our knowledge, there is no published informatiabout associations of
environmental factors with growth of bacteria instieg digestive tracts. The only
study, to our knowledge, relating gut bacterialvgioto seasonal climate changes did
not include nestlings (Janigat al. 2007). Ambient temperature may affect bacterial
growth through the thermoregulatory capacity afi@hl nestlings which improves with
age until thermal independence from adult broodieaviour (O’Connor 1978, Starck
& Ricklefs 1998). If body temperature of non-thetimandependent offspring fluctuate
more when ambient temperature is low (Starck & Risk1998, Bizeet al 2007),
bacterial growth might suffer accordingly. Thermalhdependent nestlings may offer
more stable thermal regimes for gut bacteria. Rélinfiay affect the foraging capacity
of adults and thereby nestling nutritional conditi®osa & Murphy 1994, Elliott al
2005, Spencer 2005, Geisdral 2008, Morrisoret al 2009, Arlettazt al 2010).

In this study we assessed whether environmentaramodulate the abundance
of two types of gut bacteria (enterococci dfterobacteriacegeat two nestling ages
in the pied flycatcheFicedula hypoleucaEnterococci are widely distributed in animal
gastrointestinal tracts (Foulquié-Moremd al. 2005) and may exist as commensal
organisms of the alimentary tract of chickens (KI2D03) and wild birds (e.g. Moreno

et al. 2003). They have probiotic properties and are &bllimit the colonization of the
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digestive tract by pathogenic bacteria (Mazur-Govida et al 2006). Morencet al
(2003) found a significantly positive associatiogtieeen nestling mass shortly before
fledging and the presence d&nterococcus faeciumEnterobacteriaceaeare also
common in the intestinal microflora of wild birdshus, Winsoret al. (1981) showed
that the most prevalent intestinal bacteria of tjmsup in Turkey vulture€athartes
aura were Escherichia coliand Proteus mirabilis Moreover, Enterobacteriaceae
contribute to the digestion of food and play an amgnt role in controlling other gut
bacteria (Hudaulét al 2001, Reicet al. 2001). It has been shown that both enterococci
and Enterobacteriaceagrow best at temperatures between 22 and 45 °@ (Ra@5,
Martinezet al. 2003, Foulquié-Morenet al. 2005), so thermal fluctuations in thermally
dependent nestlings during parental absences rfest bacterial growth conditions.
Accordingly, we hypothesized that: (1) later broodl have lower bacterial
counts due to poor nestling nutrition, (2) largevdals will have lower bacterial counts
due to poor nestling nutrition, (3) lower ambieetmperatures will result in lower
bacterial growth in non-thermally independent ofitsg (7 days) while having smaller
effects in nestlings about to fledge (13 days), {gher rainfall will induce poorer
bacterial growth due to restricted parental footivdges to nestlings. Finally, (5) we
looked for synergistic effects of rainfall and tezngture in driving bacterial growth in
guts of nestlings, as low nutrition may have egdlgcstrong effects when the costs of

thermoregulation are high.
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Methods

The study was conducted during the 2009 breediagosein a deciduous forest of
Pyrennean OakQuercus pyrenaicapt an elevation of 1.200 m a.s.l. in Valsain,
Segovia province (40° 54’ N, 4° 01’ W), Spain. Tiheal population of pied flycatchers
breeds in nest-boxes and has been under study 88k (Sanzt al 2003). Nest-
boxes are cleaned every year after the breedirspsekor the current study, nest-boxes
were checked daily for nest-building activity, atmé hatching dates and brood sizes
were recorded.

The pied flycatcher is a small (12-13 g) passehind, which breeds in many
forested areas of the Palaearctic region (Lund@erglatalo 1992). It only stays in
European woodlands for the spring and summer, spgniie rest of the year on
migration or in the wintering areas in tropical Wedrica. It breeds naturally in tree
cavities, but if nest-boxes are provided, thesepsederred over natural cavities. Egg
laying in the population under study typically begin late May, and clutch sizes range
from 4 to 7 eggs with a mode of 6 eggs (mean 5066} The female incubates alone
and receives part of her food from her mate (Lungl& Alatalo 1992). Young are
brooded by the female only up to day 8 (hatchingdaay 1) (Sanz & Moreno 1995).
Both sexes feed the young. Young fledge within B4ddys of hatching. This occurs in
the second half of June in our study area (Mossrad. 2001).

A sample of 54 broods of four to six chicks wasdusar this study. Of these
nests, we obtained samples from two randomly sedechicks in 43 nests and one
randomly selected chick in the remaining neststligs were measured and weighed

at two ages (7 and 13 days).
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Bacterial sampling

Bacterial samples were obtained as described ir&en-Braojost al. (2012). Briefly,
we sampled freshly produced faecal sacs and asstimaedhost bacteria contained in
those were derived from gut cloacal communitiegcBhsacs were collected at 7 and
13 days in sterile eppendorf tubes and were predess the laboratory 3-6 h after
collection. Here, we impregnated one sterile cottarab per faecal sac with faecal
matter, transferred this to transport media Anfi&erile R, Meus s.r.IRiove di Sacco,
Italy) andconserved the samples at 4°C until processed aftlipdes were analysed after
exactly 20 days to avoid effects of differencegime elapsed between sampling and
laboratory processing.

Swabs were transferred into 1 ml of phosphate bedfesaline (pH = 7.2, Quimica
Clinica Aplicada, Tarragona, Spain). Optimal baaterconcentration for the
quantification (Herbert 1990, Maiat al 2000) was determined by serial dilution in
sterile physiological saline (0.85% NaCl). The stspvere cultured by plating out 100
ul of the following dilutions: 18, 10% 10* and10°. Samples were cultured on the
following solid selective and differential bactérianedia: Mac Conkey agar
(bioMérieux, Madrid, SpainEnterobacteriacegeand D-Coccosel agar (bioMérieux,
Madrid, Spain; enterococci) or Enterococcosel fd@ famples (Difco, Detroit,
Michigan, USA; enterococci). There were no sigaifit differences in bacterial counts
obtained with the latter two media (bgth>0.1), so data were pooled. Plates were
incubated for 48 + 2 h at 37 + 1°C, after whichoridés were counted using a colony
counter “sensor” (Suntex Instruments Co., Ltd.,€iGounty, Taiwan) by the same

observer (SG-B).
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Environmental data

The data of daily environmental mean temperatuteramfall were obtained from the
meteorological station “Casa de la Mata”, locatddr2from the study area (40° 54’ N,
4° 00’ W, 1.150 m a.s.l.). Two temperature averageese obtained for each brood: (1)
the average of mean temperatures between hatcategadd day 7, and (2) the average
of mean temperatures between days 7 and 13. Fofallaiwe used the rainfall
accumulated (1) between hatching date and dayd7(2rbetween days 7 and 13.
Statistical analyses

Bacterial loads were successfully normalized thhologarithmic transformation prior
to analyses. We first tested for intra-brood regleitity of bacterial loads for the two
bacterial types and two nestling ages separatédyi$8ca 6.0).

Loads of the two types of bacteria and for the tvestling ages were included
separately in four different linear mixed modelsngsSatterthwaite’s correction for
estimating degrees of freedom. Each model inclugddhing date, mean temperature,
rainfall, brood size and their interactions as dixeffects and nest as random effect.
Model selection was based on the Corrected Akaiermation Criterion (AlCc),
which is more suitable than AIC at moderate samjes. We present only models with
a AAIC. smaller than 2 with respect to the best modeldach bacterial type and
nestling age. We also present the sign and streafgtie significant effects included in
the selected models. Linear mixed models were padd in SAS 9.2. For graphical
representation of significant interactions betweanables, we split one of the variables

according to the median and plotted these sepgwratel
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Results

The loads on day 7 d&nterobacteriaceaér = 0.433;p = 0.011), but not of enterococci
(r = 0.229;p = 0.126) were significantly correlated within bdso No significant
within-brood similarity was found for loads on da$ either forEnterobacteriacea¢r

= 0.159;p = 0.192) or enterococ¢r = 0.014;p = 0.468). Thus, we did not calculate

intra-brood average bacterial counts.

Table 1. Linear mixed models of bacterial loads (two bacterial types at two nestling ages) in
relation to mean temperature, rainfall, hatching date, brood size and their interactions.
Nest was included as random effect. Only the best models for each analysis are presented as
no alternative models showed AAIC. lower than 2. K refers to the number of parameters in
each model and weight estimate the probability that the model is the best model in the
model set.

Models K AIC, Weig
ht

Enterobacteriaceae on day 7

H. Date + Rainfall + M. Temperature + H. Date*Ralh+ 6  294.6 0.8
M. Temp*Rainfall

Enterobacteriaceae on day 13

H Date 2 254.2 0.7
Enterococci on day 7

M. Temperature 2 286.7 0.7
Enterococci on day 13

M. Temperature 2 196.3 0.9

For each bacterial type and nestling age, we ptesely the best model as
alternative models showedAICc values higher than 2. The best model for
Enterobacteriaceaen day 7 included hatching date, mean temperatairgall and the
interactions between hatching date and rainfall arehn temperature and rainfall
during the preceding period (Table 1). All variablend interactions included in the
model with lowest AICc were significant (Table )here a negative association of

Enterobacteriaceatads on day 7 with rainfall, but only for earlsobds (Fig. 1).
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Figure 1. Association of Enterobacteriaceae loads on day 7 with rainfall for broods hatched

before or after the median hatching date in the population.

Likewise, rainfall showed a negative associatioth\linterobacteriaceaéoads

on day 7, but only at low ambient temperatures. Gdés&t model foEnterobacteriaceae

on day 13 included only hatching date (Table 1)icwtishowed a negative association

with bacterial loads (Table 2, Fig. 2).

Table 2. Parameter estimates of effects included in the best models (lowest AICc) of

Enterobacteriaceae and enterococci loads at two nestling ages.

Estimate coefficient + SE

df F p

Enterobacteriaceae on day 7
H. Date

M. Temperature

Rainfall

H. Date * Rainfall day 7

M. Temp. * Rainfall day 7
Enterococci on day 7

M. Temperature
Enterobacteriaceae on day 13
H. Date

Enterococci on day 13

M. Temperature

-1.345 £ 0.202
2.852 +0.497

-2.571 £0.792
0.085 +0.017
-0.194 + 0.040

0.127 +0.046

-0.127 £ 0.038

0.162 +0.071

1,74  44.12<0.001
1,74  32.920.001
1,74  10.54 0.001
1,74  23.6%0.001
1,74  22.980.001

1546 7.370.008

1,441 10.760.002

1,91 5.150.025
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The best model for enterococci on day 7 includdg orean temperature (Table
1), which showed a positive association with baatéoads (Table 2). For enterococci
on day 13 included only mean temperature (Tablewl)ich showed a positive

association with bacterial loads (Table 2).
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Figure 2. Association of hatching date (day 1= 1 of April) with loads of Enterobacteriaceae
on day 13.

Discussion
Our results showed thdEnterobacteriaceaeloads were lower in later-hatching
nestlings. We found no association between bromd and loads of either bacterial

type. Ambient temperature was positively correlai@dnterobacteriaceadoads, but

only on day 7. While the temperature, was posiiarrelated with enterococci loads
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at two nestling ages. Higher rainfall resultedawér Enterobacteriaceaéoads on day
7.

Nestlings in late-hatched broods have fe®aterobacteriaceaé their gutsat
both ages than early-hatched nestlings. This effest be due to seasonal changes in
diet. For example, Waldestronet al (2002) found that the prevalence of
Campylobacterspp. in migrating birds was highly influenced bydeng habits. Also,
Lombardoet al (1996) suggested that different feeding habitghinéxplain the greater
prevalence of bacteria in insectivorous than in imonous birds. Blancet al (2006)
found differences in composition, richness and @lewe of faecal microbiota
associated with the diet of adult red kitBlvus milvus Furthermore, they found that
Klebsiellasp. showed a higher prevalence in January th&elnuary whereas Novotny
et al (2007) found that the occurrence Wersinia enterocoliticain adult alpine
accentorsPrunella collariswas high in summer, especially during the nestpegod.

It is possible that late-breeding parents are édfssient at collecting prey, and that late
nestlings may therefore be undernourished. Malsbed nestlings may be able to
sustain lower bacterial growth in their guts dueintestinal shrinkage (Brzek &
Konarzewski 2001) or to lower nutrient input. Howevthe non-significant effect of
brood size suggests that malnourishment inducetbbypetition among siblings is less
important than seasonal changes in diet. In cantoaSnterobacteriacegeenterococci
were not responsive to differences in hatching dekech suggests that they are
relatively insensitive to nutritional effects.

As expected, loads dEnterobacteriaceaend enterococci of chicks at early
nestling ages are positively associated with mearperature while this association for
grown nestlings is only found for enterococci. Al ambient temperatures, poorly

thermoregulating chicks (younger than 7 days) noag relatively more heat, drop their
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body temperature and reduce their metabolism (St&cRicklefs 1998), thereby
negatively affecting bacterial growth in the guedtlings about to fledge maintain body
temperature within a much smaller range than mestlof 7 days (O’ Connor 1984).
The responsiveness of enterococci to temperatutat@tnestling ages indicates the
extreme thermal sensitivity of these bacteria wt@mpared with other gut bacteria.

Enterobacteriaceaénads showed a negative association with rainifait, only
of young nestlings. The negative effects of ralnfah day 7 on loads of
Enterobacteriaceaeould also be explained by poor thermoregulatisrieanperatures
in the nest drop during rain showers. Rainfall dlas a negative effect on the foraging
capacity of adults (Radforet al 2001, Geiseet al 2008, Arlettazet al 2010). This
could adversely affect nestling nutritional conafitji so we would expect a negative
effect of rainfall on the capacity to sustain ladggcterial populations. By contrast,
enterococci were not affected by rainfall at anystliry age. This suggests that
enterococci are less responsive to rainfall-mediatestling nutritional condition than
Enterobacteriaceae

Only early hatched broods experienced nestingrenwients conductive to
strong predicted effectsof high rainfall on baaklvads in nestling guts. In fact, loads
of Enterobacteriaceaen day 7 in early-hatched broods, but not in fe&ehed broods,
showed a negative association with rainfall. Thiaynbe related to poor nestling
nutrition due to low foraging capacity of adultsridg periods of high humidity.
Finally, low temperatures and high rainfall mayenaict synergistically as predicted to
induce thermoregulatory problems for small nesflinghereby inducing reduced
bacterial growth. In contrast, enterococci showedesponse to rainfall at any ambient

temperature.

121



To conclude, growth of important intestinal baaemppears sensitive to
seasonal and climatic factors, presumably medibjedestling diet, thermoregulatory
capacity and nutritional state. Different bactetigles vary in their responsiveness to

environmental and seasonal variation.
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La diversidad bacteriana del tracto gastrointestinal se incrementa con la

edad en los pollos de un paseriforme silvestre, Ficedula hypoleuca

Gut bacterial diversity increases with age in nestlings of a wild passerine,

Ficedula hypoleuca

Sonia Gonzélez-Braojos, Manuel Martinez-Bueno, Rafael Ruiz-de-Castafieda, Juan Moreno

Annales Zoologici Fennici, enviado.
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Resumen.-Las bacterias del intestino juegan un importarseep en la salud de los
animales puesto que éstas tienen efectos en lalogid del intestino, la nutricion o
incluso pueden prevenir la colonizacion de dichactty por parte de bacterias
patogenas. Sin embargo poco se sabe sobre los asarehi cuanto a diversidad
bacteriana debidos a la edad. Por lo tanto, mediani&cnica ARISA hemos obtenido
las diferentes Unidades Taxondmicas Operativas @TOs cuales nos permiten
caracterizar la comunidad bacteriana existentel émestino de los pollos de un ave
paseriforme silvestre como es el papamoscas dkrmj una poblacion de Espafia. Un
total de 100 muestras fueron analizadas, en canbBtnuestras pertenecen a una edad
temprana (7 dias desde su eclosion) y 42 muestas degunda edad (13 dias).
Obtuvimos 91 OTUs, de los cuales solo cuatro fuersontrados en un 20% de todas
las muestras. Finalmente, analizamos la diversidateriana por medio del indice de
Shannon, dando como resultado que la diversidatiata aumenta a medida que el
pollo va creciendo si bien el numero de OTUs no lméanton la edad. Nuestros
resultados muestran que la comunidad bacteriarabastasi establecida a edades
tempranas en el pollo de papamoscas cerrojilloem lgjue una nueva adquisicion
bacteriana fue minima ademas la abundancia defeysmtes tipos bacterianos llegan a
un equilibrio antes de que el pollo abandone a.nid

Abstract.-Gut bacterial play an important role in the healtranimals given that they
have effects in gut morphology, nutrition or caevant that other pathogenic bacteria
colonize intestinal tract. Little is known aboutvd changes the gut bacterial diversity
due to age. Therefore, we have obtained by tecemRISA the different Operational
Taxonomic Units (OTUs) that characterize the baatecommunity in the gut of
nestlings of a wild passerine bird, pied flycat¢chera population of Spain. A total of
100 samples were analyzed, 58 samples at earl{7agdgeys from hatching date) and 42
for the second age (13 days). 91 OTUs were fouli;wonly four were found in over
20% of all samples. Finally, we analyzed the diwgrby means of Shannon index
resulting in bacterial diversity increases as m&gtgrows while the number of OTUs
didn’t change with the age. Our results show that gut microbial community was
almost established at early ages in the pied ftyeator that a new input was minimum
and the abundance of the different bacterial typash equilibrium before the nestling
leaves the nest.
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Introduction

Bacteria are very ubiquitous and can be found irstnemvironments with sufficient
nutrients necessary for growth (Horner-Deviee al. 2004, Madiganet al. 2004).
Animals offer such conditions and are colonizednbbgny bacterial strains. Animal-
bacteria interactions can have important implicatidor individual host fitness for
example in relation to growth of young birds (Lonmti@et al. 1996, Millset al. 1999,
Potti et al. 2002, Morenoet al. 2003, Gonzalez-Braojost al. 2012a, 2012b) or to
reproduction (Lombardo & Thorpe 2000, Westneat &fRa 2000, Whitest al. 2010).
Animal guts constitute an ideal environment for tbaal growth (Barnes 1972,
Madiganet al. 2004). Gut bacteria play an important role in aliimealth through their
effects on gut morphology (Barnes 1972, Shapiroa8e€s 1974), metabolic functions
such as fermentation of non-digestible dietarydwess (Stanlewt al. 2013) protection
against colonization by pathogens suchSasmonellaspp. (Rantala & Nurmi 1973,
Gleesoret al. 1989, Fuller 2001) and stimulation of the immuasponse (Cebra 1999,
Brisbin et al. 2008, Ruiz-Rodrigueet al. 2009a). When birds hatch their gut is sterile,
but quickly acquires a numerous and highly divensaobial community (Barnes 1972,
Mills et al. 1999) that remains stable throughout the adulfesés described by Benskin
et al. (2010) in a study with zebra finché&eniopygia guttataunder controlled
conditions. The acquisition of gut microbiota caccur either by infection from the
environmental surroundings (Lucas & Heeb 2005, Kloet al. 2008), by parents
through saliva when young are being fed (Kyle &eKl993), through contact with
siblings or through the food consumed (Glunder 200&ldensim et al. 2002,
Wienenmannet al. 2011). Acquisition of gut bacteria through foodncaffect the

composition of this community. Thus, Waldefisatret al. (2002) observed that the
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prevalence oCampylobactespp. was influenced by diet, being low in granows or
insectivorous birds. Moreover, certain members tig tommunity may affect its
composition through competitive exclusion througbr fexample the use of
bacteriocines to prevent the establishment of coimpdoacteria (Soerjadi-Lierat al.
1984, Riley & Wertz 2002, Martin-Plateet al. 2006). Finally, age may affect bacterial
community structure and composition due to chanigesighout nestling development
in the morphology and physiology of the intestiti@ct. For example, Millset al.
(1999) have shown that relative abundance of hacitecreased with nestling age with
culture-dependent methods while van Dongeral. (2013) have obtained the same
result with molecular techniques.

The aim of the study is to study the age-dependanation in the number of
operational taxonomic units (OTUs) and communityedsity as measured with the
Shannon index. We expect that the number of OTd®ases as chicks grows (see van
Dongenet al. 2013) and that diversity attains a state of elguiim during nestling
development. To that end we have focussed on ngstbf pied flycatcherEicedula
hypoleuca a species for which there is now some informatanchanges in nestling
gut bacteria (Morenet al. 2003, Gonzalez-Braojct al. 2012a). However, unlike van
Dongenet al. (2013), we have measured OTUs and diversity insdrae nestlings of
pied flycatchers at two different ages. To quan@yUs and diversity we have used a
set of samples used previously for culture-dependealyses (Gonzalez-Braojes al.
2012a). We have used the automated ribosomal energpacer analysis (henceforth
ARISA) technique, which describes bacterial comrtiegiby amplifying a sequence of
the rRNA intergenic spacer 16S-23S that varieseimgth and sequence according to
taxonomic groups (Ranjaret al. 2001). Using this technique, we obtained the OTUs,

also called phylotype, which are assumed to debatterial lineages or species (Atlas
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& Bartha 1997). The ARISA technique has been usetniym to characterize
environmental bacterial communities (e. g. Fishei@plett 1999; Drakare & Liess
2010; Smithet al. 2010), but is progressively being used to desctiaeterial
communities associated with wild and domestic b{@supham 2007; 2009; Whit

al. 2010; Corrigaret al.2011; 2012; van Dongest al.2013).

Methods

The study was conducted in the breeding season00® »n a population of pied
flycatchers nesting in a deciduous forest of PyeamnOak Quercus pyrenaicaat an
elevation of 1.200 m a.s.l. in Valsain, Segoviavijree (40° 54’ N, 4° 01’ W), Spain.
This population breeds in nest-boxes (for detailtto§ nest-boxes see appendix in
Lambrechtset al. 2010), which are cleaned every year after the limgeseason. Nest-
boxes were checked daily for nest-building activapd the hatching dates and brood
sizes were recorded. For details on the study epemnd population see Gonzalez-
Braojoset al.(2012a, b).

Bacterial sampling

We have sampled freshly produced faecal sacs abdditsite for cloacal samples, and
therefore we assume that most bacteria sampled®itierived from gut communities.
A total of 100 faecal sacs between days 7 and 1@ wellected in sterile Eppendorf
tubes. Samples were transported in a portable rcaoiél their processing in the
laboratory (3—6 h after collection). In the laborgt one sterile cotton swab was
introduced in the sterile Eppendorf tube contairthigyfaecal sac for 1-3 seconds trying
to uniformly impregnate the cotton with faecal reatfThen, we transferred the swabs

to transport media Amies (Sterile R; Meus, PioveSdicco, Italy) and chilled the
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samples (4°C) until processed. All samples wersegmwed for 20 days from collection.
Swabs were transferred from transport media Amés 1 ml of phosphate buffered
saline (PBS, pH = 7.2; Quimica Clinica Aplicadasréagona, Spain). Later, 5Q0 were
transferred to screw cap tubes of 1.5 ml that ¢ostd ml of freezing medium (20 g
skim milk (Difco, Laboratories, Detroit, MI, USA)30g Tryptone (Pronadisa,
Condalab, Torrejon de Ardoz, Madrid, Spain), 8 nyddrol (Panreac Quimica, s. I.,
Castellar del Vallés, Barcelona, Spain) and 1000omMdlistilled water). These tubes
were frozen at -80°C until further analysis.

DNA extraction and amplification

To characterize the structure and the diversitgaafterial communities existing in each
gut sample of nestling, we performed automatedsobtal intergenic spacer analyses
(ARISA). This DNA-fingerprinting method is based ¢ime amplification of the 16S-
23S intergenic spacer region (ISR) from the baateRNA operon. The ISR region is
extremely variable in both sequence and lengthditferent prokaryotic species, thus
the DNA amplification profile obtained with ARISAof a given bacterial community
sample allows straightforward estimation of baelediversity.

We extracted bacterial DNA using the protocol depet by Martin-Plateret
al. (2007). Before beginning DNA extraction, 5aQDof our sample were washed two
times with 500ul of PBS and centrifuged at 20.000 g for 60 secléan the sample of
faecal debris. Once this step was made, the pe#stresuspended in 100 of TES-
lysozime buffer and incubated for 30 min at 37°@eAvards the cells were lysed by
adding 600ul of lysis buffer with the tube being gently invedt for mixing and
incubated for 15 min at room temperature. The &sats treated with 1@l of
proteinase K (10 mg/ml) and incubated for 15 mi@#C.This step serves to increase

the purity of the DNA. Then the tube was incubasdB0°C for 5 min followed by
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cooling to room temperature for 10 min. Later, 200f sodium acetate (3M, pH 5.2)
was added and the solution was vortex-mixed fosd& chilled on ice for 15 min and
again centrifuged at 20.000g for 10 min. At lake supernatants from the previous
step, which contains the nucleic acids, were pratgd with 600ul of isopropanol.
This tube was gently inverted several times andrifeged at 20.000 g for 10 min,
obtaining the DNA pellet, which was washed with lLahethanol at 70 % and dried at
room temperature. Finally, the DNA was resuspendedO0 ul of 0.5 x TE buffer.
Subsequently, these samplesuPwere analyzed by 0.7 % agarose gel electroplesres
for 1 h at 100 V.

Once verified that DNA extraction was successfd,performed the polymerase
chain reaction (PCR) to amplify such DNA. The pnmeaised were 72 F (5'-
TGCGGCTGGATCTCCTT-3) and the HEX (6-carboxyhexaflescein)-labeled
primer 38 R (5'-[BHEX] CCGGGTTTCCCCATTCGG- 3') (Rjand et al. 2001). The
PCR was performed in 5@ , with 3 ul of DNA template (50 ng), 1 x PCR buffer
(QUIAGEN), 6 ul MgCl, (25 mM), 5ul of each primer (10 pmoldl), 1 ul of dNTPs
(10 mM), 0.3ul of Taq polymerase (QUIAGEN) and milliQ water teake 50ul. The
amplification reaction was performed using an ahitienaturing at 94°C for 3 min,
followed at 94°C for 1 min, 55°C for 30 sec, 728C I min, a total of 30 cycles from
initial denaturing to this step, and a final extensat 72°C for 5 min. Afterwards, we
carried out 1% agarose gel electrophoreses foatl 100 V with the PCR products in
order to determine that the amplification was sasfid.

Once, we obtained the products of PCR and verifiedamplification, Sul of
our product of PCR diluted 15 times in milliQ wateere analyzed with a sequencer
3130 Genetic Analyzer (Applied Biosystems) at thent de Instrumentacion

Cientifica (CIC) of the University of Granada.
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Analyses of bacterial communities
The sequencer detected fragments ranging fromd.@0QO0 bp in size. These fragments
were analyzed by using Peak Scanner Software vets® (Applied Biosystems). This
software separates DNA fragments according to t#iee@. Once we obtained the peaks
and their respective sizes and area, we followedd®a (2009) to fix the bin size and
get the OTUs. Then, we considered the intensith@fignal detected as a proxy for the
abundance of individual OTUs.

We calculated for each gut sample the Shannondiiyendex, [H' =X p log,
(pi)], where p is the observed relative abundance of OTU i, ugimg R-package
“vegan” (Oksanert al.2011).
Statistical analysis
All variables had a normal distribution. The stiétel procedures were implemented in
the R-software v. 2.12.2 (R Development Core Te2di1l). We performed a mixed
model with the R-package “nlme” (Pinheied al. 2011). For this we included the
Shannon index as dependent variable, age as rdpfater and nest ID as random
factor. The same test was performed for the numab&@TUs including this variable as

dependent.

Results

We identified 91 OTUs from a total sample size 00 hestlings. No OTU was

present in all samples; only four OTUs were presemver 20% of all individuals and

35% of OTUs were found in a single sample. The remad OTUs obtained per faecal

sample averaged 5.670 £ 0.383 (SE, n=100).
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We observed that Shannon diversity index was atebly ageK; s7= 5.239;p
= 0.025), diversity being higher in faecal samplasday 13. There was a slight albeit
non-significant increasd-{ s7= 0.910;p = 0.343) in number of OTUs with age (7 days

(mean + SE): 5.396 £ 0.509; 13 days (mean + SBt6+ 0.584).

Discussion

We obtained 91 OTUs in the faecal samples of mestlof pied flycatcher, with
only four being found in over 20% of the sampleereas 35% of OTUs were found in
a single sample. The number of OTUs or bactemadges (average 5.670 + 0.383) did
not change with respect to age but community dityeess measured by the Shannon
index, increased with nestling age. The averagebeurof OTUs obtained in faecal
samples of nestlingpied flycatcher was similarhose reported for other species such
as zebra finch adults (6 OTUs, Benskinal. 2010), nestlings of magpkica picaand
of great spotted cucko€lamator glandarius(5 and 9 OTUs respectively, Ruiz-
Rodriguezet al. 2009b) and nestlings and adults of kittiwdkissa tridactyla(6 and 9
OTUs, van Dongert al. 2013). The result that 35 % of OTUs were founa isingle
individual contrasts with the results of van Donggral. (2013) where 63% of OTUs
found in nestlings belonged to a single individual.

Our results with respect to the effect of age artbmber of OTUs differ from
those obtained by van Dongenh al. (2013) since they obtained that as nestling grew,
the number of OTUs contained in the gastrointektirzet increased. The absence of
age-dependent effects suggests that nestlings Iheaitlya acquired at a very early age
the environmental bacteria from their surroundiraggl those provisioned by their

parents (Kyle & Kyle 1993, Millset al. 1999, Lucas & Heeb 2005). Nestling pied
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flycatchers unlike kittiwake nestlings are not eai® large colonies with little space
between open nests and thus may experience a praleability of contacting with new
environmental bacterial strains throughout theig sh the nest. Furthermore the diet of
pied flycatcher nestlings is mainly composed ofeqatlars (15-65% in deciduous
forests; Lundberg & Alatalo 1992, Sanz 1998). Im population the food given to
nestlings of 5-7 days was composed of Lepidopteras{ly caterpillars, about 50%)
followed by Hemiptera and Coleoptera (about 20%hpdMorenoet al. 1995). The
specialized diet may explain why nestlings do rmmitinue to incorporate OTUs after
the first week in the nest. Pied flycatchers alsmove faecal sacs from nest cavities
(Cantareroet al. 2013), while kittiwakes are not able to maintai@sin hygiene in
crowded colonies which may imply a source of baatenoculation. Finally, we have
not covered changes during the first week of lidike of article of van Dongeat al.
2013. Thus, Millset al. (1999) found that the percentage of positives iifemdnt
selective media increased during the first daysf@flapproximately 30% at the age of
2-3 days to about 55% on day 7) while the increaae not as marked after the first
week However, the results obtained with cultureesieggent methods are not really
comparable to our results. While molecular techegjwan Dongest al. (2013) have
obtained almost the same results as ours in aasirpériod because the number of
OTUs found in nestlings at 5 days were 4 whereaagat 10, the total average was
around 5-6 OTUs. Therefore, the increase in numbeapecies is in the early days of
life since having sterile gastrointestinal trac¢trapidly colonized by bacteria in the
surrounding environment and the last days spenhennest when diet may be more
similar to the adult while in intermediate peridthages are weak.

The increase in community diversity can be expliiieat early ages one or a

few bacterial strains are more dominant than &rlages. Dominance may gradually
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dilute because bacteria increasingly compete wattheother for space and nutrients.
Effects of this competition was observed by Morena@l. (2003) in nestlings of pied
flycatchers, which showed a negative associatiawdsen scores oE. faecalisand of
the rest of enterococci. In a study on the badtenanmunities found in the ceca of
broilers according to age, it was found that ataysdof life this community was
composed mainly ofSalmonellaspp. (40% of relative abundance) followed by
Lactobacillusspp. (approximately 20 %). Subsequently this comtguwchanged until
the age of 14 days by becoming more homogeneoisneitspecies exceeding 30% in
relative abundance (Amit-Romaehal.2004). These changes in relation to abundances
of bacteria have also been found with the same kesmpith culture-dependent
techniques in relation two types of gut bacteriar{@ilez-Braojost al. 2012a).

More studies on this subject are needed to know Igowv microbiota are
acquired and how they change with age during deweémt by incorporating also the
first days of life of nestlings (2-3 days). Furtlnare, it is recommended that repeated
samples come from the same individual at diffeqgetiods of development because
there may be individual variation in gut microbigienskinet al. 2010) which is not

efficiently controlled through cross-sectional agedies. .
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ResumenlLas bacterias pueden colonizar los nidos de las aire que se sepa las
repercusiones que éstas puedan tener en el cratinyida salud de los pollos, aunque
dichas bacterias del material del nido pueden aonla piel y las plumas en
crecimiento de los pollos. Las aves troglodita®essiones construyen sus nidos sobre
un antiguo nido, debido a la escasez de cavidadereutilizacion de los nidos podria
favorecer la colonizacién por parte de las badediel nuevo material asi como de la
piel del pollo y consecuentemente afectar el crigxito de las plumas de éste. Para
testar estas posibilidades, llevamos a cabo urdiestton el papamoscas cerrojillo
Ficedula hypoleucaen una poblacion que cria en cajas-nido en EspRdia ello
dejamos una muestra de cajas-nidos sin limpiaaderhporada anterior, por lo tanto
contenian el nido viejo de 2010 y se comparo lgachiacteriana del material del nido,
de un objeto control y de la piel de la parte \edrdel pollo en los nidos viejos con las
existentes en los nidos nuevos de 2011. Los pgll@screcieron en los nidos viejos
tuvieron mayores cargas bacterianas en su piel @@dp con los de los nidos nuevos,
mientras que no se encontrd ninguna diferencialparatras medidas tomadas. Se hayo
una tendencia marginalmente significativa con lagitud alar del pollo, siendo dicha
longitud menor en los nidos viejos aunque ningemaléncia se observé para las otras
medidas biométricas. La carga bacteriana del nidstnd una asociacién negativa con
la longitud alar Gnicamente. Este resultado indicea asociacion entre el nido
reutilizado y las bacterias que crecen sobre larmedetectada. También sugiere un
posible deterioro de la capacidad de vuelo delntola mediada por la comunidad
bacteriana del nido que esta en contacto contiondacpiel y plumas en crecimiento.

Abstract. Bacteria may colonize avian nests with unknown meyssions on nestling
growth and health, although bacteria on nest nasemay easily colonize nestling skin
and growing feathers. Cavity nesters may have tll beir nests on top of used nest
materials, given restrictions on cavity availagiliNest reuse may favour bacterial
colonization of nest materials and nestling ski @hereby affect nestling feather
growth. To test these possibilities, we conductextualy of pied flycatcherkicedula
hypoleucabreeding in nest-boxes in central Spain. We leftample of nest-boxes
without removing old nest materials in 2010 and parad bacterial loads of nest
materials, control inert objects and nestling bshin in reused nests with those in new
nests in 2011. Nestlings raised in reused nestshigger bacterial loads on their belly
skin than those in new nests, while no differeneeviben nest types for nest materials
and control inert objects were found. There wasaagmally significant tendency for
wing length before fledging to be lower in reusests, but no trend for mass or tarsus
length. The bacterial loads of nests showed a mnegassociation with feather growth
of nestlings as expressed through wing length butmith tarsus length or mass growth.
These results indicate an association between meste and bacterial growth on
nestling skin not hitherto detected. They also ssg@ possible impairment of flight
capacity at fledging mediated by nest bacterial momities which are in direct contact
with nestling skin and growing feathers.
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Introduction

Altricial birds use nests for incubating eggs aatsing young (Hansell 2000). Avian
nests are micro-environments very likely to be n@ed by bacteria due to the presence
of debris, faeces and discarded food. The factifestang bacterial colonization of nest
environments are still poorly understood. Nestsawnities may offer more constant and
suitable environmental conditions for bacterial vgity so we may expect them to
harbour richer bacterial communities. Only a fewdsts to date have been conducted
on nest bacterial communities in cavity-nestingcggse (Mehmkeet al. 1992, Singleton

& Harper 1998, Goodenough & Stallwood 2010). In e@fi¢hem, Singleton & Harper
(1998) detected the presence of three potentiabghqgenic bacterial genera
(PseudomonasBacillus and Staphylococcysin house wrenTroglodytes aedonests.
Nest composition may affect bacterial colonizatgwen that different nest materials
may offer different microclimatic conditions. Goaurigh & Stallwood (2010) have
studied bacterial assemblages in nest material$ lngéwo common and related hole-
nesting passerines, the greatRérus majorand the blue tiCyanistes caeruleysand
found that the dominant bacteria were again lineagfePseudomonas, Bacilluand
StaphylococcusThe same genera of bacteria were found on EunogialingSturnus
vulgaris nestling skin (Bergeret al. 2003) except Pseudomonas However,
Pseudomonass present in both nest materials and on vertelskin (D’Aloia 1996,
Goodenough & Stallwood 2010, Rematlal. 2011). In this regard, some studies have
also shown that specific materials added to nestg have antibacterial properties,
suggesting a potential deleterious role of nestdvacfor nestling development (Clark
& Mason 1985, Petiet al. 2002, Gwinner & Berger 2005, Menneret al. 2009a,

2009b).
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Nest reuse in birds is rare as most birds constraet nests for each breeding
attempt (Hansell 2000). One reason for not reusiegfs may be avoiding contact of
adults, eggs and nestlings with rich bacterial camittes. However, for cavity-nesting
passerines, nest site availability is one of thennfactors constraining reproduction
(Newton 1994). Given that appropriate cavitiessu@ce, hole-nesting birds may often
reuse those that were occupied in the previousoeeascurring costs caused by an
increase in the risk of predation (see Mazgajski72) or the presence of ectoparasites
(e.g. Loye & Carroll 1998, Mazgajski 2007a, 200Tbmaset al. 2007). Experimental
studies have explored the importance of nest remseavity nests for arthropod
colonization of nests and for nestling health anowgh (Rendell & Verbeek 1996b,
Allander 1998). Moreover, bacteria can remain darimia nests and faeces for several
months (Maieret al. 2000), so there may exist an increased risk ofelat infection
for breeding birds. Indeed, Singleton & Harper @Pfbund SalmonellaandYersinig
two potentially pathogenic bacteria, in old wrerstse Moreover, the behaviour of
removing old nest material that has been obsermesome nests of several cavity-
nesting species (e.g. Merino & Potti 1995, Pacejkal. 1996, Mazgajsket al. 2004)
could function to reduce bacterial loads.

Bacteria are ubiquitous organisms that can intenattt growing nestlings in
many different ways, going from positively (Moreabal. 2003) to negatively (Potét
al. 2002, Gonzalez-Braojost al. 2012). Avian skin is an adequate environment for
bacterial colonization (Rajchard 2010), althoughyJétle is known about the role of
tegumental bacteria during avian development. Rialgn pathogenic bacteria may
colonize the bare skin of growing altricial negglin(Bergeret al. 2003) and affect
feather growth. Effects on plumage developmentestlings may impact survival after

fledging if flight or insulation is somehow impaiteNestling skin is in direct contact
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with nest cup materials and is therefore exposeHaiterial colonization during the
whole nestling period if nest materials harboungigant bacterial communities. It thus
appears plausible that bacteria in nest materialg ecnlonize nestling skin and plumage
in direct contact with the nest-cup. Bergptral. (2003) found no clear association of
skin bacterial loads with nestling biometry and tality although they suggested
deleterious impacts for late nests. This is the @tildy to date relating skin bacterial
loads to nestling fitness.

Given the need for more information concerning #msociation of nest
composition and nest reuse with bacterial coloiomabf nest materials, we have
conducted a study on pied flycatch&isedula hypoleucain which old nests were left
in some nest-boxes and others cleaned accordiagtandardised procedure commonly
used in studies of nest reuse (Pacejka & Thomp986,1Blemet al. 1999, Cavitet al.
1999, Stanback & Dervan 2001, Mazgajski 2007b, Toehal. 2007). Pied flycatchers
in cavities with old nests usually add some nedena to construct the nest cup on top
of old nest material, the largest part of reuseststhus being composed of old material
(Moreno et al. 2010). We assume that new nest cups covering et material are
rapidly colonized by bacteria resident in reusedtema. We have estimated
heterotrophic bacterial loads on nestling skiniremt control object to estimate passive
colonization of objects in nests and on nestingenmtto test the following predictions:
1) Reused nests should harbour larger bacterial popudathan new nests.

2) Nestlings in reused nests should show higher batteyads on the skin and
consequently should grow more poorly given potérgféects of nest reuse on
ectoparasites and bacteria.

3) Nestling mass and size before fledging should beeladed with bacterial loads on

nest or skin.
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4) Feather growth should be more impaired than sketetanass growth given the

close contact of skin with nest materials.

Methods

We conducted the study during the spring of 201k @opulation of pied flycatchers
breeding in artificial nest-boxes in a montane soref Pyrenean oakQuercus
pyrenaica at 1500 m.a.s.l. close to the village of Lozog@antral Spain (40° 58" N, 3°
48 W). The pied flycatcher is a small hole-nestpagsserine of European woodlands
which is frequently used as a model species in \bebeal ecology (Lundberg &
Alatalo 1992). Females are the main nest buil@diatinez-de la Puentet al. 2009).
Egg laying in the population under study typicdigins in late May, and modal clutch
size is six. The female incubates alone and resegpaet of her food from her mate
(Morenoet al. 2011). Young are brooded by the female only ugap 8 (hatching day
= day 1) (Sanz & Moreno 1995). Both sexes feedytheng. Young fledge within 14—
16 days after hatching (Lundberg & Alatalo 1992hisToccurs in the second half of
June in our study area. Nests were followed anchivag dates estimated through daily
visits.

In the study area, there are 100 wooden nest-bekedh are occupied by pied
flycatchers, great tits and blue tits (nest-boxes apened by removing the front; see
Lambrechtset al. 2010 for dimensions, structure and placement)erAfhe breeding
season of 2010, a randomly selected half of theséboxes containing nests of pied
flycatchers, great tits and blue tits were notméshas is usually done after the breeding
season. Of these nest-boxes with old nests, 21 aerepied by pied flycatchers in

2011, while 34 pairs nested in nest-boxes cleanedOi0. Of 21 reused nests, 12
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belonged to pied flycatchers in 2010 and 9 to goeaiue tits. Reused nests refer in this
case to old nest material covered by some freslermmbh{Morenoet al. 2010). As an
inert control available for bacterial colonizatiof objects in nests we have used a
plastic sheet of the same surface as that sampleésilings. The plastic was chosen as
the most suitable material because it was easyashwith alcohol, dried quickly and is
an inorganic material which may function as a stéaddsurface for bacterial
colonization. On the day when nestlings hatchedjntreduced into the nest material
near the nest-cup a square of 1.5 (iotal area of both sides = 3 &nout out of plastic
sleeves with a rough surface, which was previowsighed with alcohol (Fig. 1 a).

On day 13 (hatching day = day 1), we ringed negdliand measured their tarsus
length with a digital calliper to the nearest 0.®n and their wing length with a
stopped ruler to the nearest mm. Nestlings were waisighed with a Pesola spring
balance to the nearest 0.25 g.

Bacterial sampling

On day 13 of nestlings’ life, we sampled two rantioselected nestlings per nest, the
nest cup and the inert control object. Wearingilsteubber gloves, one of us (SG-B)
covered the unfeathered ventral side of nestlihganceforth called belly) with a rigid
plastic sheet where a rectangle of 3 ¢rad been cut out, so the naked skin of the belly
could only be swabbed through this surface (Fig. Ebather patches on the belly were
avoided when covering the belly with the sheet. pdesed the delimited belly area
during 30 s with a sterile cotton swab previouslgistened with sterile phosphate
buffered saline (pH = 7.2, Quimica Clinica Aplicadarragona, Spain). The belly
swabs were then transferred into transport medigedifterile R, Meus s.r.IRiove di
Sacco, Italy). We sampled the nest cup in the sameby applying the sheet to the

nest-cup wall on a randomly selected spot and singbthrough the 3 cmsquare
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during 30 s carefully avoiding contact with faeaesdiscarded prey (Fig. 1c). The
plastic sheets were washed with alcohol betweerpkags, avoiding contamination
between nests. The control object was collecteth ftbe nest material with a sterile
forceps. The control object was swabbed on bothssitliring 30 s in the same manner
as for nestling bellies. Seven control objects werefound (five for new nests and two

corresponding to old nest). All samples were tranggl in a portable cooler until their

processing in the laboratory (3-6 h. after collaa}i

Figure 1. (a) inert control object inserted
into the nest material near the nest-cup, (b)
sampling of unfeathered belly of nestling
through a section not covered by a rigid
plastic sheet (feathers were separated before
swabbing the skin) and, (c) sampling of the
nest-cup in the same way as nestling’s belly.

Once in the laboratory, we transferred the swabgibes containing 1 ml of
freezing medium composed of 20 g skim milk (Difcaporatories, Detroit, MI, USA),
30g Tryptone (Pronadisa, Condalab, Torrején de Arddadrid, Spain), 8 ml Glycerol

(Panreac Quimica, s. |., Catellar del Vallés, Bart® Spain) and 1000 ml distilled
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water. These tubes were frozen at -80 ° C untitgssed less than one month later. The
samples were cultured by plating out 30®f the dilutions 18and 10" on Tryptic Soy
Agar (TSA, Scharlau, Barcelona, Spain). Platesewecubated for 48 + 2 h at 25 +
1°C, and colonies were then counted using a colooynter “sensor’ (Suntex
Instruments Co. Ltd., Taipei County, Taiwan) by Hane observer (SG-B). Bacterial
loads are expressed as colony forming units (CRf)/@SA is a general medium to
estimate abundances of aerobic culturable badfeliles et al. 1999, Cooket al. 2003,
Cook et al. 2005, Soleret al. 2008, Mglleret al. 2009, Shawkeyet al. 2009,
Goodenouglet al.2011).

Statistical analyses

All variables were normally distributed or succedigfnormalized through logarithmic
transformation prior to analyses. Analyses weredooted with Statistica 6.0 (Statsoft)
and SAS (Institute 2001). First, we tested if thge of old nest (moss in tit nests or
leaves and grass in flycatcher nests, Moreinal. 2009) affected bacterial loads on nest
material, inert control object or skin. As thererev@o significant effects (Nedt; 1o =
0.569,p = 0.464,R* adjusted= -0.034; ObjectFy 15= 0.329,p = 0.574,R? adjusted= -
0.043; Skin:F117= 0.143,p = 0.709,R? adjusted= -0.049), both types of reused nests
have been pooled into a single category of reusstbnThen we tested if nest type (old,
new) affected bacterial loads on nest material @rol object while controlling for
hatching date in mixed model analyses. Subsequemltested for effects of nest type
on skin bacterial load as dependent variable ctimgdor hatching date and brood size
at fledging. Then, we tested for effects of negietyon mean nestling biometrical
variables (tarsus length and wing length) and massest as dependent variables with
nest type as factor and hatching date and bro@laszcovariables. Finally, we tested

for associations of biometrical variables of swabbeestlings with skin and nest
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bacterial loads while controlling for hatching dared brood size besides nest type. All
analyses where two samples per nest were introdasedependent variable (skin
bacterial loads, biometrical variables) were ruto ia mixed model while introducing
nest as random factor. Non-significant variablesrewsequentially removed until

obtaining a final model including only significagitfects.

Results

Nest reuse showed no significant effect on nestebat loads when controlling for
hatching date (Table 1, Fig. 2). The bacterial $oad inert control objects were not
affected by nest reuse, nest bacterial load orhiragcdate (Table 1, Fig. 2). The
bacterial loads of nestling skin were associateth wiest type when controlling for
hatching date, brood size and nest bacterial |Idablé 2). Loads of bacteria were

higher on nestling skin in reused nests compardu maw nests (Fig. 2).

Table 1. General lineal model analyses of effects of nest type and hatching on nest bacterial
load, and effects of nest type, hatching date and nest bacterial load on inert control object

bacterial load.

df F p R adjusted

Nest bacterial load

Nest type 1,36 0.178 0.675

Hatching date 1,35 0.668 0.410

Model 2,35 0.106 0.898 -0.052
Inert control object

Nest type 1,36 0.826 0.369

Hatching date 1,36 2.497 0.122

Nest bacterial load 1,25 0.142 0.708

Model 3,25 1.475 0.184 0.076
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Table 2. Mixed model analyses of effects of nest type, nest bacterial load, hatching date
and brood size, with nest as random factor, on belly skin bacterial loads of swabbed
nestlings. Minimal models are obtained from full models by successive backward deletion
of variables when the variance explained does not significantly improve the model (a =

0.05).

Coefficient df F p
Full model
Hatching date 0.070 1,32 1.53 0.224
Brood size 0.349 1,32 3.31 0.077
Nest bacterial load 0.135 1,32 2.08 0.158
Nest type 1.122 1,32 8.79 0.005
Minimal model
Nest type 1.258 1,48 8.19 0.006
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Figure 2. Relationships between loads of bacteria (inert control object = empty triangles,
nestling belly skin = empty circles, nest-cup = empty squares) in relation to nest type (inert
control object: Fi, 3= 0.826, P = 0.369; skin: £y 45 = 4.424, P = 0.041; nest: F1,36= 0.178,
P=0.675).
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Nest reuse showed a marginally significant effeat wing length when

controlling for hatching date and brood size (Tat8e4). There was no effect for mass

and tarsus length (Tables 3, 4).

Table 3. Mean values (+ SE) of biometrical variables of nestling of pied flycatcher.

New Nest Old Nest
Tarsus length 17.304 £0.053 (67) 17.255+0.029 (4
Body-mass 14.213 +0.090 (68) 14.006 + 0.143 (40)

Wing length 45.352 + 0.318 (68)  43.809 + 0.445 (42)

Table 4. Mixed model analyses of effects of nest type, brood size and hatching date on
nestling linear measurements and mass. Minimal models are obtained from full models by
successive backward deletion of variables when the variance explained does not significantly

improve the model (a0 = 0.05).

Coefficient df F p
Tarsus length
Full model
Hatching date -0.014 1,48 0.13 0.710
Brood size 0.092 1,48 0.46 0.496
Nest type 0.022 1,48 0.23 0.627
Body mass
Full model
Hatching date -0.134 1,48 3.49 0.067
Brood size 0.127 1,48 1.30 0.259
Nest type -0.149 1,48 0.78 0.380
Minimal model
Hatching date -0.287 1,52 4.61 0.036
Wing length
Full model
Hatching date 0.046 1,48 1.42 0.239
Brood size 0.432 1,48 1.32 0.255
Nest type 0.213 1,48 1.70 0.198
Minimal model
Nest type 0.264 1,53 3.97 0.051*

* Marginally significant effect
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Wing length was negatively associated with nestdvad loads but not with
skin bacterial loads (Table 5, Fig. 3). No assammt with nest or skin bacterial loads

were found for nestling tarsus length or body n{asble 5).

Table 5. Mixed model analyses of effects of belly skin and nest bacterial loads, brood size,
hatching date and nest type, with nest as random factor, on nestling linear measurements
and mass of swabbed nestlings. Minimal models are obtained from full models by
successive backward deletion of variables when the variance explained does not significantly
improve the model (a0 = 0.05).

Coefficient df F P
Tarsus length
Full model
Hatching date 0.009 1,34 0.13 0.724
Brood size 0.139 1,34 2.84 0.101
Skin bacterial load -0.076 1,34 4.70 0.037
Nest bacterial load -0.038 1,34 0.49 0.488
Nest type -0.064 1,34 0.19 0.665
Body-mass
Full model
Hatching date -0.060 1,35 2.01 0.164
Brood size 0.123 1,35 0.90 0.348
Skin bacterial load -0.095 1,35 2.82 0.102
Nest bacterial load 0.036 1,35 0.18 0.672
Nest type 0.132 1,35 0.32 0.573
Wing length
Full model
Hatching date 0.005 1,35 0.00 0.971
Brood size 0.686 1,35 2.40 0.130
Skin bacterial load -0.188 1,35 0.59 0.448
Nest bacterial load -0.483 1,35 2.82 0.102
Nest type -0.164 1,35 0.04 0.838
Minimal model
Nest bacterial load -0.578 1,42 5.70 0.021
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Figure 3. Correlation between nest bacterial load and wing length of nestlings at 13 days of
age. A randomly selected single nestling per nest has been presented (r = -0.321, P = 0.037,
n = 40).

Discussion

We have found that nestlings raised in reused restshigher bacterial loads on their
belly skin, while this was not the case for samptedt-cups and for inert control
objects. The growth of nestlings with respect tsua length and mass was not affected
by being raised in reused nests. However, thereamasrginally significant negative
effect of nest reuse on wing length before fledgiNpreover and as predicted, the
bacterial loads of nests but not of skin were negitassociated with feather growth of
nestlings as expressed through wing length butwuitbt skeletal or mass growth. These
results indicate an association between nest @u$dacterial load on nestling skin not
hitherto detected. It also points out a possiblpaimment of flight capacity at fledging

mediated by nest bacterial communities which ardiiact contact with nestling skin
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and growing feathers. It should be emphasized hbateria were not determined to
genus level.

Avian nests are colonized by bacterial communiissudged from the scant
information available (Mehmket al. 1992, Singleton & Harper 1998, Goodenough &
Stallwood 2010). Cavity nests offer suitable caod$ for growing bacterial
communities given their stable microclimatic comis. One consequence of a
restricted availability of nesting cavities is thable-nesting birds may be forced to
reuse previously used nests. However, the tendeacyeuse cavities could be
influenced by the ability to excavate, the abililycompete for nest-sites or even how
many years have passed since the hole was excayd@ztasjki 2007c, Bai &
Muhlenberg 2008).The common practice of cleaning nest-boxes aftes every year
removes the possible implications of nest reuseaftihropod communities (Mgller
1989, Pacejka & Thompson 1996, Mazgajski 2007busTlold nests may harbour
larger populations of some ectoparasites (RendeWekbeek 1996a, Rytkonegt al.
1998, Mazgajski 2007b). There is conflicting eviderconcerning the effects of nest
reuse on nestling growth, health and mortality. M/ebome studies have found negative
effects of nest reuse on nestling fitness and depriive success (Oppiglet al. 1994,
Tomaset al. 2007, Garcia-Navast al. 2008), others have found no effects or even
positive effects (Rendell & Verbeek 1996b, Alland@©8, Blemet al. 1999, Mazgajski
2007a, 2007b). The focus of these studies of canefsters has been on ectoparasites
and their higher or lower attraction to old nestenal. Some studies report preferences
of pied flycatchers for nest-boxes with old ne€dse(l et al. 1993, Mappeet al. 1994,
Olsson & Allander 1995) while such a preference has been detected in Spanish
populations (Merino & Potti 1995). This differenceuld be related to climatically-

induced differences in bacterial loads between |atjoms. We have detected a weak
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marginally significant negative effect of nest reum nestling wing length. Nestling
wing length is the only biometrical variable mea&slm our study that is related to nest
bacterial loads, which suggests that this resuly ima related to bacterial effects on
feather growth. In the nests here studied, the musnlof different ectoparasites
(blowflies, fleas and mites) were not associateth eiometric variables of nestlings
(Lopez-Arrabéet al 2012), so the detected effects of nest type agwength should
not be due to ectoparasite loads.

Despite the interest in effects of nest reuse @modkictive success in cavity
nesting birds (Tomast al. 2007; Wiebeet al. 2007; Garcia-Navast al. 2008), their
implications for nest bacterial communities have In@en hitherto explored. We have
been unable to show any effect of nest reuse otefi@cloads of samples obtained
from nest material or a plastic control objects doknown reasons. In the case of nest
material, bacterial loads in new nests have hacertiore to build up than on control
objects or nestling skin thereby potentially difigsany initial differences with old nest
material. Thus, the density of attached bacterifeathers of female great tits increased
between nest initiation and nest completion sugugsa regular build-up of nest
bacterial communities during nest construction ddet al. 2012). However, there was
an effect of nest reuse on bacterial loads of imgskelly skin at the end of the nestling
period. This effect has not been reported earhérraay constitute a further cost of nest
reuse in cavity nesters. Inert control objects sfbva strikingly parallel trend in
bacterial loads to nestling skin, although levetsaviower and the effect of nest reuse
was not significant. This indicates that bacteéonize nestling skin in preference to
inert objects and that a larger sample of nest&ddoave increased the significance of

trends. We may conclude that reused nests do inhiaee higher loads of bacteria
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capable of colonizing nestling skin which our measuof nest and control object
bacterial loads have been unable to detect.

Bacteria present on nest materials may colonizeskire of growing nestlings
soon after hatching as they apparently colonizepthmage of attending adults (Saetg
al. 2011). Bacteria on nestling skin may affect esgbcithe growth of tegumentary
structures like feathers, while they may not beeatol interact with the growth of
internal organs and tissues. It is well known fieathers are consumed by keratinolytic
bacteria likeBacillus (Burtt & Ichida 1999, Goldsteirt al. 2004, Shawket al. 2009,
Ruiz-de-Castafiedet al. 2012), one of the bacterial genera found in n&itggleton &
Harper 1998) and on nestling skin (Bergeral. 2003). Our results support a role for
impairment of feather growth by nest bacteria, @itih not by bacteria on belly skin.
Bacillus and other feather consuming bacteria may constibaty one component of
skin bacterial communities not detected in our samples. Moreover, there may be
differences between bacterial communities on b&lfip and on wing skin and feather
sheaths. It is also possible that bacteria on meserials may be in direct contact with
wing skin and growing feathers without having tdocize belly skin. How bacteria on
nest materials affect feather growth remains telbeidated. In any case, impairment of
wing feather growth may have implications for fligtbility at fledging.

To conclude, our results are the first to show thest reuse may stimulate
bacterial growth on nestling skin. It may also dsgr feather growth on nestlings.
Furthermore, bacteria on nest materials may imfegther growth through unknown
mechanisms. Future studies should address otherndatints and implications of

bacterial colonization of nestling skin and feasher
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ResumenlLa piel de las aves puede albergar una complejaucmad de bacterias
desde edades tempranas, como la etapa de estan@hnédo. La existencia de
asociaciones patogénicas o mutualistas entre lasiidades de bacterias de la piel y
pollos nidicolas ha recibido hasta ahora escaseiate En este estudio estimamos la
abundancia de bacterias heterétrofas en la piepallms y su asociacién con el
crecimiento en peso, longitud de tarso y ala empagamoscas cerrojillé-icedula
hypoleuca Con este fin, muestreamos 40 pollos de 20 nidaasina poblacion
reproductora en el centro de Espafa. Los pollo®fupesados y medidos a los 7 y 13
dias después de la eclosion, edades a las cualbg&tamuestreamos mediante hisopo
un area delimitada de la piel desnuda ventral deptilos ademas del mismo modo
muestreamos un objeto inerte control de la mismzersigcie que el area de piel
muestreada. Las cargas bacterianas de los pollosledia 7 no estuvieron
correlacionadas con ninguna de sus medidas, méerstrdos 13 dias estuvieron
positivamente asociadas con el tamafio de nidada yaclongitud alar. Nidadas mas
grandes se desenvuelven en condiciones menos ibagéan el nido, especialmente
durante sus ultimos dias de estancia en el misngué podria explicar la asociacion
positiva entre tamafo de nidada y carga bacterieas.bacterias de la piel pueden
favorecer el crecimiento de las plumas del alaoatpetir con bacterias degradadoras
del plumaje, o un rapido crecimiento de las plumpadria facilitar el crecimiento
bacteriano por la acumulacion de restos organiocbeeda piel que rodea a las plumas
en crecimiento. Mas estudios son necesarios panarodar dichas posibilidades.

Abstract.Avian skin may harbour a complex community of baatsince early ages,
such as the nestling stage. The existence of patihogr mutualistic associations
between skin bacterial communities and nestlingsHitherto received scant attention.
We estimated the abundance of heterotrophic bacteriskin of nestlings and their
association with growth in body mass, tarsus anmigwength in the pied flycatcher
Ficedula hypoleucaTo that end we sampled 40 nestlings of 20 broodsn a
population breeding in central Spain. Nestlingsemeeighed and measured 7 and 13
days after hatching, at which ages we also swablsdimited area of the naked skin of
the belly and in the same manner an inert contog@dad of the same area inserted in the
nest material. Bacterial loads of nestlings at ysdaere not correlated with any nestling
measurement, while on day 13 they were positivegpaiated with brood size and with
nestling wing length. Larger broods develop in I&ésgienic conditions especially
shortly before fledging, which could explain thesfiive association of brood size with
bacterial loads at this age. Skin bacteria may dawsing feather growth through
competition with harmful bacteria, or faster featlggowth may facilitate bacterial
growth through accumulation of remains on skin @unding growing feathers. Further
studies are needed to test these possibilities.
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Introduction

Bacteria are well-known causes of disease and titgprtahile pathogenic bacteria have
also been isolated from birds in the wild (Lombareib al. 1996, Nuttal 1997,
Brittingham et al. 1998, Mills et al. 1999, Lombardo & Thorpe 2000, Westneat &
Rambo 2000). Thus, bacterial infections have theng@l to be important selective
forces in the evolution of many aspects of aviasidgy (Benskinet al. 2009, Rachjard
2010, Soleet al.2010). Research on bird-bacteria interactions fiasessed mainly on
eggs and feathers. Thus, it has been shown tharlzabave the potential to affect egg
hatchability (Cooket al. 2005a, Wanget al. 2011, Soleret al. 2012). It is also well
known that avian plumage harbours a complex comiywfibacteria, several of which
are capable of degrading feather keratin (Burtt chida 1999, Lucast al. 2003,
Shawkeyet al. 2003, Ruiz-de-Castafiedaal. 2012). Much less is known about the role
of bacterial assemblages on bare skin. Bacterigeoigbrate skin constitute a case of
close coexistence that is expressed by preferatiahization of certain microbial taxa
(Bandyopadhyay & Bhattacharyya 1996, D’Ala@tal. 1996, Bergeet al. 2003). The
effects of these symbiotic bacteria can go fromualigtic to pathogenic (Messiet al.
1993, Coles 1997, Clask al.2010).

Nestling development has frequently been treatethont consideration of
microbial effects (O’Connor 1984, Starck & Ricklef998). However, some studies
have found associations of certain gut bacteri&a wéstling growth (Pottet al. 2002,
Morenoet al. 2003, Lucas & Heeb 2005, Gonzalez-Braabal. 2012a). The effects of
skin bacteria have not been considered althoughmat®rials in close contact with the
bare skin of nestlings could favour microbial comation. Nest materials may be an

important source of bacterial colonization of negtlskin given their rich microbial
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communities (Goodenough & Stallwood 2010). Thugeptally pathogenic bacteria
may colonize the bare skin of growing altricial tiegs and could thereby affect their
growth and development by affecting thermoregulgtimvading other tissues or
degrading growing feathers (Burtt & Ichida 1999aybn 1999, Muzaet al. 2000).
Bergeret al. (2003) sampled bacteria of the naked belly skinesftlings and found that
bacterial abundance did not affect growth. Theinabasion was that a high skin
bacterial load may not necessarily be harmful. HereBergeret al. (2003) did not
show an increase in bacterial colonization of magtskin above the level expected
from passive colonization of inert objects. We dHoaxpect that symbiotic skin
bacteria should show higher loads than those caluginert objects placed in the nest.
Moreover, bacterial loads on nestling skin shoutd correlate with loads on inert
objects placed in the nest if microbial associaianth nestlings depend on elements
other than passive colonization like interactionghwthe nestling immune system,
associations with nestling condition or competitivieractions between bacterial strains
on nestling skin.

It is also unknown if bacterial loads on skin irase throughout the nestling
period or remain constant after initial colonizatioln temperate areas, ambient
temperature tends to increase in the course dbrbeding season and temperature has
positive effects on bacterial growth on eggs (Riez€astafiedat al. 2011a, 2011b)
and in nestling guts (Gonzéalez-Braogisal. 2012b). Thus, we could expect positive
effects of hatching date on skin bacterial loadsaifterial colonization of skin is strictly
ambient-dependent. Alternatively, late-breedingepts are usually of lower parental
quality which could affect bacterial colonizatidwdaugh nest hygiene (see below).

Gonzalez-Braojogt al. (2012c) in a study of the reuse of old nests hytga

nesting birds, found that nestlings raised in adta had higher bacterial loads on their
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belly skin than those raised in freshly built neSise results concerning old nests raise
the possibility that nest hygiene could have effext skin bacterial loads. Nest hygiene
may be affected by the ability of parents to remde#itus and faecal materials, which
in turn may be related to brood food demand anddsize. Moreover, they found that
bacterial loads of nests showed a negative asgmtiith nestling feather growth. The
association with feather growth suggests that &gadlegrading bacteria (FDB) (Burtt &
Ichida 1999) may be able to colonize growing feetladready during the nestling stage.
We could thus expect a deleterious effect of badtabundance on feather growth in
the nest. On the other hand, bacteria that arénmotved in feather degradation could
compete with FDB and, if they themselves are ntiig@genic, have a positive effect on
nestling feather growth. Such competitive effecteng bacteria have been detected in
studies of egg hatchability (Ruiz-Rodriguetzal. 2009, Peralta-Sanchezt al. 2010,
Soleret al. 2010) and nestling growth (Morera al. 2003). On the other hand, FDB
affect feather degradation rather than feather tirowhile feather degradation may not
affect wing length, unless it implies feather bramgdc Nests with nestlings with more
developed wing feathers would also contain greateounts of keratin, fat and other
tissues derived from encircling developing feath@tsese materials would favour the
growth of keratinolitic and other bacteria that nagess nestling belly skin. According
to this possibility, nestlings with more developféthers would also contain more
bacteria on their skin.

The purpose of this study was to explore the péssihanges in abundances of
heterotrophic bacteria on skin and the potentigoeastions of skin bacteria with
nestling growth in altricial birds. To that end, vmave conducted a study on pied
flycatchersFicedula hypoleucain which we have estimated heterotrophic badteria

loads on nestling skin and on inert control objettthe ages of 7 and 13 days. We have
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measured mass, tarsus and wing length as expressfomuscle and organ growth,
skeletal growth and feather growth, respectively. Wdve hypothesized that:

(1) Colonization of nestling skin may occur during firet days after hatching or
gradually throughout the nestling period which vebrdsult in either no changes
in skin bacterial loads from day 7 to day 13 orramease between these ages.

(2) Given that microbial colonization may be temperatdependent and/or that late
breeders are of lower quality, bacterial loads &m should increase with
hatching date if there is a seasonal increasenipéeeature.

(3) Bacterial loads should be positively related todar size if parents of large
broods have reduced capacity to clean nests byvieméaecal sacs or because
these nests are warmer when chicks maintain higly temperatures.

(4) If bacteria on skin affect thermoregulation or afde to invade other tissues,
skin bacterial loads should be negatively assatiatéth general nestling
growth.

(5) Feather development could be related to skin hatteads if bacteria on skin

affect feather growth.

Methods

We conducted the study during the spring of 201k @opulation of pied flycatchers
breeding in artificial nest-boxes in a montane $oref Pyrenean oakQuercus
pyrenaica at 1200 m.a.s.l. in Valsain, central Spain (44° 8, 4° 01' W). The pied
flycatcher is a small hole-nesting passerine ofoRean woodlands (Lundberg &
Alatalo 1992). Egg laying in the population undardy typically begins in late May,
and modal clutch size is six. The female incubatese and receives part of her food

from her mate (Morenet al. 2011). Young are brooded by the female only ugay 8
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(hatching day = day 1). Both sexes feed the yoilegts were followed and hatching
dates estimated through daily visits.

In the study area, there are 252 wooden nest-bokeh are occupied by pied
flycatchers, great tits and blue tits (see appendix.ambrechtset al. 2010 for
dimensions, structure and placement). As an ineritrol available for bacterial
colonization of objects in nests we have used atiplaheet of the same area as that
sampled on nestlings. On the day when nestlingshbdf{ we introduced into the nest
material near the nest-cup two squares of 1.5(ttal area of both sides = 3 &neut
out of plastic sleeves with a rough surface, whigs previously washed with alcohol.
One control object was sampled at each samplimgsidings (7 and 13 days of age).

On day 7 (hatching day = day 1), we ringed nesiliagd measured their tarsus
length with a digital calliper to the nearest 0.®n and their wing length with a
stopped ruler to the nearest mm. Nestling were alsmhed with a Pesola spring
balance to the nearest 0.25 g. On day 13, nestlivege again measured in the same
way.

Bacterial sampling

At age 7 days, we sampled two randomly selectedimgs per nest and one inert
control object in 20 broods. Nestlings were notadticed in a bag before sampling to
avoid contamination. Wearing sterile rubber glovese of us (SG-B) covered the
unfeathered ventral side of nestlings (hencefoatted belly) with a sterile rigid plastic
sheet where a rectangle of 3%chad been cut out, so the naked skin of the bellydc
only be swabbed through this surface. Feather patoh the belly were avoided when
covering the belly with the sheet (Fig 1a). We pdshe delimited belly area during 30
s with a sterile cotton swab previously moisteneith sterile phosphate buffered saline

(pH = 7.2, Quimica Clinica Aplicada, Tarragona, iBpaThe belly swabs were then
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transferred into transport media Amiestdrile R, Meus s.r.lRiove di Sacco, Italy).
One of the control objects was collected from makevith a sterile forceps (Fig. 1b).
The control object was swabbed on both sides d8thg in the same manner as for
nestling bellies. All samples were transported poaable cooler until their processing
in the laboratory (3-6 h. after collection). On di8; we repeated bacterial sampling on
the same nestlings and we collected the other @oabject with a sterile forceps. A
total of 8 control objects were lost (3 on day @ &mwon day 13). One nestling was found

dead in each of two nests.

Figure 1. Pictures shows: (a) sampling of unfeathered belly of nestling through a section

not covered by a rigid plastic sheet (feathers were separated before swabbing the skin) and,
(b) inert control object inserted into the nest material near the nest-cup.

Laboratory work

Once in the laboratory, we transferred the swabsibes containing 1 ml of freezing
medium (20 g skim milk (Difco, Laboratories, DetroMIl, USA), 30g Tryptone
(Pronadisa, CondalLab, Torrejon de Ardoz (Madrid)ai8), 8 ml Glycerol (Panreac
Quimica, s. |., Castellar del Vallés, BarcelonagiSpand 1000 ml distilled water.
These tubes were frozen at -80°C until process=dtten one month later. The samples

were cultured by plating out 100 of the dilutions 18 and 10" on Tryptic Soy Agar
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(TSA, Scharlau, Barcelona, Spain). Plates werebated for 48 + 2 h at 25 + 1°C, and
colonies were then counted using a colony courgensor” (Suntex Instruments Co.
Ltd., Taipei County, Taiwan) by the same observ8G-{B). Bacterial loads are
expressed as density of colony forming units (CEitf?). TSA is a general medium to
estimate abundances of aerobic cultivable bacfbtils et al. 1999, Cooket al. 2003,
Cook et al. 2005b, Soleret al. 2008, Mglleret al. 2009, Shawkeyet al. 2009,
Goodenough & Stallwood 2012).

Statistical analyses

All variables were normally distributed or succedgf normalized through natural
logarithms prior to analyses. Analyses were coratleither with IBM SPSS Statistics
21 (2012) (Table 1-3) or Statistica (Statsoft) (€adh). For testing hypotheses 1-3 for
which bacterial loads are the dependent variab&ehave used a mixed linear model
with repeated-measures by age with bacterial sladd and bacteria of control object as
dependent variable, nest ID as random factor, sarfaestling-plastic) as fixed factor
and brood size and hatching date as covariablésstowhether bacterial abundance
changed with age, the effect of different surfages{ling vs plastic) and the effect of
breeding parameters. For testing hypotheses 4-@Wiiach nestling biometry variables
are the dependent variable, we have used mixedrlmedels to test for associations of
biometrical variables of swabbed nestlings withnskacterial loads at different ages
while controlling for hatching date and brood sireluding nest ID as random factor.
For growth, we have used the Variance componentslulmoin Statistica. Non-
significant variables were sequentially removed|wotitaining a final model including

only significant effects.
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Results

Bacterial loads on skin were significantly highkan those on control objects (Day 7:
skin bacterial loads (mean * SE): 3.652 *+ 0.258 @trol object (mean + SE): 2.747
+ 0.567; Day 13: skin bacterial loads (mean = SE325 + 0.272 and control object
(mean £ SE): 1.449 £ 0.327; Table 1). Bacteriati®did not change with nestling age
either on skin or on control objects (Table 1). Baal loads were positively correlated
with brood size (Table 1, figure 2), but this sfgrance was due only to differences at
age 13 R* = 0.006 for nestling anB® = 0.008 for object control on day 7R*= 0.300
for nestling on day 13 arf’= 0.133 for object control on day 13). Bacterialde were

not correlated with hatching date (Table 1).

df F P Table 1. Mixed linear model with
Bacterial loads repeated  measures  (age)  of
Age 1,81 1.173 0.282 associations of surface, hatching
Surface (nestling-plastic) 1,66 12.000 0.001 date, brood size and nest as random
Brood size 1,15 7.000 0.013 ficror with bacterial loads of skin
Hatching date 1,15 3.000 0.067

and control object.
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Figure 2. Association between skin bacterial loads on day 13 with brood size at the same
age.
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Table 2. Mixed linear models of associations of bacterial skin loads, hatching date, brood
size and nest as random factor with nestling linear measurements and mass on day 7.

Coefficient Df F p

Tarsus length

Full model

Hatching date 0.042 1,12.478 0.691 0.421

Brood size 0.450 1,12.664 3.853 0.072

Skin bacterial loads 0.018 1,27.355 0.049 0.827
Body-mass

Full model

Hatching date 0.064 1,15.907 1.014 0.329

Brood size 0.299 1,15.442 1.421 0.251

Skin bacterial loads -0.015 1,32.606 0.023 0.881
Wing length

Full model

Hatching date 0.095 1,15.528 0.284 0.602

Brood size 0.896 1,15.056 1.622 0.222

Skin bacterial loads 0.114 1,33.988 0.190 0.665

No biometrical variable on day 7 was significandlgsociated with hatching
date, brood size or skin bacterial loads (TableHywever, wing length on day 13
showed a significant positive association with skacterial loads at that age, while
mass and tarsus length showed no association kiittbacterial loads (Table 3, Fig. 3).

For growth, no variable included in the analyses significant (Table 4).

Table 3. Mixed linear models of effects of bacterial skin loads, hatching date and brood
size with nest as random factor on nestling linear measurements and mass on day 13.
Minimal models are obtained by sequentially removing the most non-significant effects

until a model with only significant effects is obtained.

Coefficient df F p

Tarsus length

Full model

Hatching date -0.064 1,16.530 1.040 0.323

Brood size 0.336 1,17.125 1.759 0.202

Skin bacterial loads on day 13 -0.059 1,17.644 .681 0.211
Body-mass

Full model

Hatching date 0.090 1,17.822 1.314 0.267

Brood size 0.457 1,19.235 1.996 0.174

Skin bacterial loads on day 13 -0.026 1,25.780 .06D 0.797
Wing length

Full model

Hatching date 0.012 1,15.119 0.003 0.954

Brood size 0.666 1,16.673 0.552 0.468

Skin bacterial loads on day 13 0.209 1,26.501 45D. 0.505

Minimal model

Skin bacterial loads on day 13 0.554 1,34.496 .3941 0.043
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Table 4. Variance components analyses of associations of skin bacterial loads, hatching
date, brood size and nest as random factor with increases in nestling linear measurements
and mass between days 7 and day 13 using the Satterthwaite correction for estimating
degrees of freedom. Minimal models are obtained by sequentially removing the most non-

significant effects until a model with only significant effects is obtained.

Df F p
Tarsus length growth
Full model
Hatching date 1,12.73 1.084 0.317
Brood size 1,12.83 0.933 0.351
Skin bacterial loads on day 7 1,16.67 1.964 .17
Skin bacterial loads on day 13 1,15.70 0.610 4®.4
Nest 14,12 3.984 0.010
Minimal model
Nest 17,18 6.290 <0.001
Body-mass growth
Full model
Hatching date 1,13.43 0.688 0.421
Brood size 1,13.68 0.343 0.567
Skin bacterial loads on day 7 1,20.86 3.001 0.09
Skin bacterial loads on day 13 1,19.28 0.665 204
Nest 16,14 2.006 0.098
Wing length growth
Full model
Hatching date 1,13.85 0.320 0.580
Brood size 1,14.06 0.024 0.877
Skin bacterial loads on day 7 1,20.11 0.477 0.49
Skin bacterial loads on day 13 1,18.75 0.998 3@.3
Nest 16,14 2.398 0.053
Minimal model
Nest 19,20 2713 0.015
50 Figure 3. Association
® @ between skin bacterial
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wing length at the
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Discussion

We have shown that skin bacterial loads are dusyiobiotic relationships between
bacteria and nestlings and not due to mere passiamization. We have established
that colonization of nestling skin occurs alreadying the first week of nestling life.
The absence of an association of bacterial loadk Watching date suggests that
seasonal thermal effects are not important for dsadt growth on skin. We have
supported the possibility that larger broods imjphproved bacterial growth possibly
through restricted parentally mediated nest hygenkate nestling ages. We have not
confirmed any effect of skin bacteria on generatlivey growth. Finally, we have found
a positive association of skin bacteria with priynfather length. We will discuss these
results in turn.

Bacterial loads on nestling skin were higher tbarcontrol objects. This may be
due to bacteria finding skin more favourable thaerti plastic objects due to more stable
thermal conditions on skin. Brooding and thermofagon may maintain optimal
conditions for bacterial growth on skin (Zwieteriegal1991). Moreover, bacteria will
obtain more nutrients on skin compared to an iserface. Our data thus support that
bacteria colonize nestling skin over and abovdeiiel expected from mere occupation
of a bare surface inserted in the nest.

We did not find any significant change on skin kbael loads between different
ages probably because on day 7 the bacterial commynwas already established.
Bacteria from the nest material, the environmengw@an parents may colonize the skin
of nestlings rapidly in their first few days ofdifand subsequent changes may be more
qualitative than quantitative. Gonzalez-Bracgp®l. (2012a) found that loads of certain

types of gut bacteria changed in their abundaneesden 7 and 13 days. However, gut
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bacteria are influenced by age-dependent changessiting diet and in the amount of
food processed. On the other hand, colonizatiorslkoh may occur rapidly after
hatching given the continuous contact of nestlwgh each other, the nest material and
brooding adults. Unfortunately we have not beele ab study changes in terms of
bacterial taxon diversity and relative abundante&duld be good for future studies to
sample skin bacteria at earlier ages to observegritual acquisition of the microbiota
and molecularly analyze microbial diversity.

We didn't find any association between bacteriabl®of skin and hatching date,
although there is a positive correlation betweeithiag date and temperature for this
year F117= 24.983,p < 0.001,R? adjusted = 0.595). Berget al. (2003) found that
numbers of bacteria on belly skin at 14 days irsedaas the breeding season of
Starlings progressed. Our sampling period may Hazeen too short to detect such
changes as only 8 days elapsed between collectitigedirst and last samples at each
age as compared to one month for the other studweMer, brooding by females and
subsequent development of thermoregulation in ingstimay preclude the operation of
changes induced by ambient temperature. Moreoker|ower parental quality of late
breeders may no affect bacterial colonization stliveg skin.

The result that large broods showed higher battéyads on day 13 may be
explained by the higher parental provisioning istgnat the end of the nestling period,
which may preclude efficient nest sanitation. Thenefaecal sacs containing intestinal
bacteria would accumulate in nests with larger dso@llowing these bacteria to
colonize the skin of nestlings. In 2009 we measuhednumber of faecal sacs in nest-
boxes (nest-cup and nest-box walls) in the samelpbpn of pied flycatchers when we
measured nestlings at 13 days, obtaining that bests with larger broods contained

more faecal sac®R{ adjusted= 0.093;F; 43= 5.552,p = 0.023) providing some support

186



to our explanation. Deficient nest hygiene will Ipably contribute to bacterial

colonization of nestling skin also in other popigdas. In addition to this explanation,
this increase in terms of number of bacteria witbod size may also be affected by
temperature in the nest since the greater numberestiings could lead to thermal
increases given the high body temperatures of thergulating grown nestlings. This
could also benefit the growth of bacteria on thie sk nestlings.

Only wing length on day 13 was associated withidyéa loads of belly skin, i.e
nestlings with longer wings had more bacteria wigathers are growing fast. The lack
of associations of skin bacterial loads with masskeletal growth indicates that skin
bacteria are not removing important resources fowth in these birds, a result also
found by Bergeet al. (2003). It should be noted that these authorsndidiook for a
relationship of skin bacteria with wing length.

A possible explanation for our result concerningigviength may be related to
competition between bacterial strains for space rantdtive resources offered by the
skin. Some bacteria can modify the chemical envivent and create a physicochemical
barrier that impedes the establishment of othetelia¢ using bacteriocines (Riley &
Wertz 2002, Rajchard 2010). This may contributexolude bacteria harmful for the
host in some host-bacteria associations (e.g. M&idteroet al. 2006, Soleret al.
2008, Ruiz-Rodriguert al. 2009). As we have not studied the bacterial dityeimn
skin, we cannot support this possibility. On théweot hand, FDB affect feather
degradation rather than feather growth, while feattegradation may not affect wing
length, unless it implies feather breakage. Neste nestlings with more developed
wing feathers would also contain greater amountkeshtin, fat and other tissues
derived from encircling developing feathers. Thessgerials would favour the growth

of keratinolitic and other bacteria that may acaesstling belly skin. According to this
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possibility, nestlings with more developed featheosild also contain more bacteria on
their skin. We cannot at present test any of thesplanations for the positive
association of feather development with skin baatérads.

Summarising, this is the first study sampling rthkeelly skin of altricial
nestlings at two different ages (7 and 13 days)sdruiving the potential effects of nest
hygiene and the positive association of skin bectgith nestling wing growth. More

studies are needed to clarify the patterns revealdte present study.
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Resumen Los costes inmunoldgicos se cree que juegan unl papertante en la
evolucion de la historia de vida, pero muchos estuecoldgicos de la inmunologia han
considerado solo los aspectos individuales deraidm inmune. Los pollos altriciales
dependen principalmente de la inmunidad innata tyc@rpos maternales para la
defensa inmune. Hemos llevado a cabo un estudimokos de papamoscas cerrojillo
Ficedula hypoleucan el que se midid los niveles de anticuerposralats (NAb) y
hemolisis, se estimo los niveles de inmunoglobsliea suero y finalmente se obtuvo
una medida especifica de la inflamacion despuéka deoculacion de un antigeno,
fitohemaglutinina (PHA). Por lo tanto se obtuviemstimaciones independientes para
explorar las relaciones entre los diferentes brasbsistema inmune. No se encontro
asociaciones entre las variables medidas tanteehindividual como a nivel de nidada.
Esto indica que los diferentes aspectos de la ifgadrson independientes y dificiles de
integrar en una medida general de la capacidadesjguesta inmune en los pollos
altriciales. Se encontré que so6lo NAbs se asoajatineamente con la longitud del tarso
a la edad de 7 dias. Por lo tanto, la evidencialoderecursos basados en los
compromisos entre el crecimiento de los pollos ynlaunidad es débil en nuestra
poblacion de estudio.

Abstract.- Costs of immunity are widely believed glay an important role in life
history evolution, but many studies of ecologicaimunology have considered only
single aspects of immune function. Young of alglidirds are dependent primarily on
innate immunity and maternally derived antibodiesimmune defense. We conducted
a study on nestling pied flycatchdtedula hypoleucén which we measured levels of
natural antibodies (NAbs) and hemolysis, estima@dim immunoglobulin levels and
obtained a specific measure of inflammation afteoculation of an antigen,
Phytohaemagglutinin (PHA). Thus we obtained indeleaih estimates to explore the
relationships among different arms of the immungteay. We found that no immune
variable measured was associated with any othéablarat the individual and brood
levels. This indicates that different aspects ahimity are independent and difficult to
integrate in a general measure of immune respoagacdy in altricial nestling birds.
We found that only NAbs was negatively associaté&tl varsus length at the age of 7
days. Thus, the evidence for resource-based trisieaetween nestling growth and
immunity is weak in our study population.
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Introduction

The immune system of an organism comprises its rmdafence mechanism against
pathogens (Zuk & Stoehr 2002, Davisehal 2008). Besides the obvious benefits in
terms of animal health and survival (Horetkal 1999, Christeet al. 2001, Ardiaet al
2003, Hansseat al. 2004), immune responses also convey costs, imgudhigher risk
of autoimmune diseases (Rabexgal 1998) and the depletion of energy or other
resources that could be used for other organisumctions (Sheldon & Verhulst 1996,
Martin Il et al 2003). Individual immune responses have also lseewn to vary with
environmental conditions during development or odpction (Morale®t al 2004).

The immune system is highly complex and is geng@ddssified into two main
components: innate and acquired immunity (Janewdya&ers 1996)lnnate immunity
is particularly important during the initial stagasd is the primary means of controlling
bacterial infections (Roitet al. 1998), whichincludes factors present in the blood
before antigenic exposure as well as natural adi#soproduced by B cells of the
adaptive branch (Forsmaat al 2010). Acquired immunity is usually classified into
humoral and cell-mediated responses (Ratithl. 1998). The humoral response, which
includes B cells, acts against extracellular paginsgwhile the cell-mediated response
mainly attacks intracellular pathogens (Reital 1998).

Immunocompetence is sometimes defined as “the ramiand effectiveness
of an animal’s immune response” (Adamo 2004), agsgithat a greater magnitude of
an immune response is better for anti-parasitendefealthough a maximum immune
response is not necessarily optimal (Viretyal 2005). Vinkler and Albrecht (2011)
propose to use a more rigorous terminology, definiras the ability to produce anti-

parasite or anti-antigen immune responses. Thetfeus some controversy concerning
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the term “immunocompetence”, although it is meansummarize the effectiveness of
one or more components of the immune system agpotsntial parasite infections.
However, studies in natural populations frequerthaluate it with a single immune
assay, while the reliability of one component ofmiomity to measure the overall
strength and efficacy of the immune system has jeestioned (Norris & Evans 2000,
Adamo 2004, Matsoast al 2006). In the literature, the correlations betmvde diverse
indices of immunity measured have shown differesults at the individual, family or
species level (Matsoet al 2006, Mendest al. 2006, Forsmaet al. 2008). Thus some
authors have found negative correlations among ooents of immunity (Gonzalezt
al. 1999, Mgller & Petrie 2002, Buchananal. 2003), which have been interpreted as
based on energetic trade-offs within the immuneesys However, other studies have
found positive associations between components nohunity, which have been
interpreted as indicating a general ability to figisease and pathogens (Mgkral
2001, Moralest al. 2004, Ardia 2007, Arriero 2009). Furthermore gétg reporting no
significant association between components of imtguiMatsonet al 2006, Mendes
et al 2006, Roulinet al 2007) claim that different immunological respansae
triggered by different types of challenges, and tieyefore be regulated independently
or be under divergent selection and show no assmrtidMany of these studies concern
altricial nestlings (llmoneret al 2003, Moraleset al 2004, Forsmaret al 2008,
Arriero 2009), for which differences in the rateddvelopment of different arms may
preclude any association between measures of intynamd thereby prevent the
establishment of a single measure of immunocompeten

Newly hatched avian nestlings are dependent ornteninamunity and maternal
immunoglobulins (Apanius 1998, Klasing & Leshchinsk999, Pihlajaet al 2006).

Adaptive defenses, on the other hand, are poongldped in nestlings and take more
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time to become fully functional. Differential rateEdevelopment of these main arms of
the immune system are likely explained by the déifé costs and processes involved in
the ontogeny of each component (Klasing & Leshdtyiri©999, Palaciost al 2009). A
trade-off between different components of the imenggstem during nestling growth
would be predicted if the development and mainteeanf different aspects of
immunity implies different costs and compete fosawrces with other physiological
activities (Deerenbergt al. 1997, Norris & Evans 2000). Innate immune functie
especially important to altricial nestlings as thelatively short incubation periods may
result in poorly developed immune systems at hatchind as their stay in the nest may
result in greater exposure to parasites (Rickl®&@2]1 Ardia & Schat 2008). Altricial
nestlings also experience strong selective pressargrow rapidly to fledge (O’Connor
1984). This suggests that the rate of maturationinwhune defenses reflects an
evolutionary trade-off with growth rate and tissuaturity required to fledge (Solet

al. 2003, Tschirren & Richner 2006).

In this study, we explored associations betweeferdit arms of the immune
system at the nestling stage in altricial birdseasmplified by the pied flycatcher
(Ficedula hypoleuch a model organism for eco-immunological studigngnenet al
2003, Kilpimaaet al 2004, Moralest al 2004, Grindstafet al 2006, Moralest al
2006, Morencet al 2008). We also aimed at detecting associatiohsdsn nestling
growth and immune activity, although in a non-expental setting. To these ends, we
measured the activity of natural antibodies (NA&sS) of the complement cascade as
components of the innate immune system. NAbs seEsvecognition molecules capable
of opsonizing invading microorganisms and initigtithe complement enzyme cascade,
which ends in cell lysis (Ochsenbein & Zinkerna@@00). The acquired immune

system was measured through the injection of thegan Phytohemagglutinin (PHA)
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and by quantifying total Immunoglobulin (Ig) level§hese maternally derived
antibodies may have blocking activity by binding datigenic targets and thereby
preventing the stimulation of the neonatal immurechanisms (Apanius 1998, Starck
& Ricklefs 1998, Klasing & Leshchinsky 1999). PHAshbeen used in several studies
in wild birds and has been used to measure thdlTealiated inflammation, thereby
providing a good measure of immune response (Moetrab 1998, Martinet al 2001,
Morenoet al 2001, Tellaet al 2002). Martin llet al. (2006) have confirmed that the
PHA swelling response involves both innate and adamomponents of the immune
system. Moreover, although some mild systemic stoesild be produced, it has been
suggested that PHA does not provoke potential ecodfimg effects associated with

physiological stress (Merinet al 1999).

Methods

The study was conducted during the 2009 breediagosein a deciduous forest of
Pyrennean oakQuercus pyrenaicapt an elevation of 1.200 m. a. s. |. in Valsain,
Segovia province (40° 54’ N, 4° 01’ W), Spain. Audy of a population of pied
flycatchers breeding in nest-boxes in that areabie&@s conducted since 1991 (Sathz
al. 2003). Nest-boxes are cleaned every year aftebitbeding season. Nest-boxes were
checked daily for nest-building activity by pied/datchers, and the dates of clutch
initiation, clutch sizes, and numbers of fledgedryg were recorded.

The pied flycatcher is a small passerine bird, Whitceeds in many forested
areas of the Palaearctic region (Lundberg & Alate#82). It breeds naturally in tree
cavities, but if nest-boxes are provided, they @neferred over natural cavities. Egg

laying in the population under study typically begin late May, and clutch sizes range
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from 4 to 7 eggs with a mode of 6 eggs (mean DBISE). The female incubates alone
and receives part of her food from her mate (Moretral. 2010). Young are brooded by
the female only up to day 8 (hatching day = daySBnz & Moreno 1995). Both sexes
feed the young. Young fledge within 14-16 days afching (Lundberg & Alatalo
1992). This occurs in the second half of June instudy area.

A sample of 78 broods of four to six chicks wasdusa this study. Of these
nests, we sampled two chicks at random in 59 nestsyandomly sampled chick in 14
nests and finally three randomly sampled chickS mests, a total of 148 chicks. Only
nestlings that produced a fecal sample to be usadather study (Gonzalez-Braojeis
al. 2012) were blood-sampled, which explains theeddiit numbers of nestlings per
nest included. Nestlings were measured and weiglietie ages of 7 and 13 days.
Tarsus length was measured with a digital callipethe nearest 0.01 mm, mass was
obtained with a Pesola® spring balance (precisibi®.85 g) and wing length was
measured with a stopped ruler to the nearest mntk€hvere banded on day 7 with
numbered aluminium. Blood was collected from neg#iof pied flycatchers on day 13
by puncturing the brachial vein and collecting thaparinised capillaries, blood being
subsequently transferred into Eppendorf tubes &m@d in a cooling box. In the lab,
we centrifuged the Eppendorf tubes at 12000 rpn2 fiorin during the day of collection.
Plasma and cells were separated and stored at t2@f@nalyses in the lab.
Hemaggluttination-Hemolysis Assay
To estimate the levels of circulating NAbs and ctement, we used the procedure
developed by Matsomet al (2005). The agglutination part of the assay estid® the
interaction between NAbs and antigens in rabbibt)groducing blood clumping. The
lysis part of the assay estimates the action of ptement from the amount of

hemoglobin released from the Ilysis of rabbit emtytes. Quantification of
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agglutination and lysis is achieved by serial ddntin polysterene 96-well assay plates,
using the dilution step at which the agglutinatowrysis reaction is stopped, i.e. column
3 is a score of 3 for hemolysis and column 8 ixares of 8 for agglutinationsée
Matson et al 2005 for more details). Although lysis scoresgeh from 1 to 3,
hemolysis only occurred in 33 out of 108 respon@eamolysis is not a general
phenomenonseeDe Costert al. 2010, Matsoret al 2005). Therefore scores of lysis
were treated as a binary variable, i.e. “0” (scoi@ no lysis), or “1” (score > 0, lysis).
We used fresh rabbit blood with Alsever's anticdagt (HemoStat Laboratories,
Dixon, USA), 96 round well assay plates and an HBt&smart Essential 3.0 scanner
that was set at professional mode, with documegpe tyolour film, 48 bit colour and
300 dpi. Whole rabbit blood was stored at 4°C. Affetermination of the level of
hematocrit, we diluted to obtain a solution of 1f&xythrocytes.

The protocol for hemolysis and hemagglutinationass follows. The plasma
samples were thawed and homogenized using a v@tésequently, 2l of plasma
was pipetted into column 1 and 2 followed by thditn of 25ul of 0.01 M phosphate
buffered saline (PBS) in all wells, except columrnThe contents of the column 2 wells
are serially diluted (1:2) through column 11. Wallmber 12 only contained the
dilution of erythrocytes and PBS, thus serving ag@ative control. Subsequently, 25
of the 1% solution of rabbit blood was added tovadlls. The assay plate was then
covered and shaken for 10 s followed by incubat@r0 min in a bath at 37°C. The
assay plate was then removed from the bath anatleft inclination of 45° at ambient
temperature for 20 min. Plates are then scannddrwdrds, plates were kept at room
temperature for an additional 70 min and scanned &econd time to record maximum

lytic activity. All tests were made blindly by SE-As 40 samples were not usable due
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to insufficient volume of blood plasma, we wereeatd measure samples of only 108
individuals.

I mmunoglobulin assay

To estimate IgY levels in plasma, we used the mhoee developed by Martines al.
(2003). In brief: ELISA plates (Maxi-sorp, Nunc, &mster, NY, USA) were coated
with serial dilutions of serum (1Q0 in carbonate—bicarbonate buffer (0.1M, pH = 9.6,
overnight at 4°C) in order to determine the linearge of the sigmoid curve. Later, the
plates were blocked with defatted milk diluted IBS?Tw buffer for 1 h at 37°C (200
ul). Antichicken conjugates (Sigma A-9046, MO, US#gre added at 1/250 dilution in
PBS-Tw and incubated for 2 h at 37°C (40 The dilution of antichicken antibody
was selected after a previous study to achievenis@mum slope in the linear range. In
addition, antichicken antibodies were diluted with@any protein (i.e. BSA, gelatine,
defatted milk, etc.) which avoids unspecific birglii\fter incubation with a substrate
comprising ABTS (2,2azino-bis (3-ethylbenzthiazoline-6-sulphonic agidand
concentrated hydrogen peroxide diluted to 1/10001fdn at 37°C, absorbances were
measured using a plate spectrophotometé=a405 nm. Under these conditions, we
achieved the maximum values of absorbance. Oncéinbar range of the sigmoidal
curve was achieved for pied flycatcher nestlings,ohose the data obtained using the
serum dilution nearest to the centre of the limaage. We could use 139 samples for
this assay.

Phytohaemagglutinin (PHA) injection

PHA is a plant-derived mitogen that stimulates rideruitment of leucocytes involved
in both adaptive and innate immune responses asitbeof injection, producing a
measurable tissue swelling (Mareghal 2006, Forsmaet al 2010). This is commonly

used in evolutionary ecology to estimate T-cell-ragstl immunity, although it also
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reflects other components of the immune system sashmajor histocompatibility
complex molecules (Morenet al 1999, Moralest al 2006). We used the protocol
without control wing proposed by Smitt al (1999). Nestlings of 12 days were
injected with 0.02 mg of PHA in 0.02 ml of PBS hetleft wing web, after measuring
the thickness at the point of injection. Three meas of thickness were taken with a
digital spessimeter with constant pressure (Mitaté{b47, Tokyo, Japan) to the nearest
0.01 mm. After 24 h, three new measurements ofthekness of wing webs at the
point of injection were taken (repeatabilities wé&.®9). The immune response was
estimated as the difference between the averat@l imnd average final measurements.
All injections and measurements were made by tmeesperson (SG-B.). Only 138
nestlings could be correctly measured (4 were mgsgue to failure to inject the correct
amount, another 4 were not injected by mistakefan@ we could not obtain the pre-
injection measure).

Statistical analyses

IgY levels were normalized by square root transtion. PHA response and
hemagglutination were normally distributed. Scooédysis were treated as a binary
variable, i.e. “0” (score = 0, no lysis), or “1c@e > 0, lysis) (De Costet al 2010).

To explore the relationships among immunologicaliables at the individual
level, we performed mixed model ANOVAs for eachiable with brood ID as random
factor and the other variables as covariates. Eordhysis, we used a GLIMMIX with a
binomial distribution. To examine correlations beém immunological variables at
brood level, we used means per brood in linearetations.

To estimate the association between biometricaadlbbas on days 7 and 13 and
their growth between these ages and each immumalogariable, we used linear mixed

models using Satterthwaite’s correction for estintat degrees of freedom
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(Satterthwaite 1946) with SAS 9.1 (SAS Institute.Jr2002-2003, Cary, NC, USA).
Three linear mixed models were run, with one nolyndistributed immune variable
(IgY level, PHA response, hemagglutination) as depat and hatching date, brood
size, tarsus length, mass and wing length of mgstliat 7 or 13 days of age or the
difference in measures between both ages as indepervariables. In total three
analyses for each variable of immunity and biorsetariables were conducted (7 days,
13 days and the difference in measures betweeinl Z2wlays). Nest was included as a
random factor.

To test lysis, we used a GLIMMIX with a binomialsttibution, with nest as a
random factor and using Satterthwaite’s correctionthis analysis, we included the
same variables as in earlier analyses.

Full models will be presented plus final modelsaitéd by a backward deletion
procedure until final models with only significagffects were obtained: (= 0.05).

Degrees of freedom in the different analyses atéh@same given the different

numbers of samples available for the various imyuneasures (see above).

Results

The variables of acquired and innate immunity, P&lA response, IgY level and
hemolysis-hemagglutination were not correlatechatindividual level (Tables 1, 2) or
at the brood level (Table 3). Hemolysis at the vidiial level was not correlated with
any variable (PHA responsE; ¢37= 0.44,p = 0.509, IgY:F; 727= 2.18,p = 0.144,

HemagglutinationF; gg 3= 0.02,p = 0.885).
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Table 1. Mean and Standard Error (SE) of immune variables.

n Mean SE
IgY levels (absorbance) 139 0.219 0.003

PHA (mm) 138 0.255 0.007
Hemagglutination (titre) 108 7.399 0.119
Hemolysis (titre) 108 0.550 0.093

Table 2. Mixed model ANOVA between different measures of immunity with brood ID as

a random factor.

df F p
IgY level
PHA response 1, 80.8 0.09 0.766
Hemolysis 1,794 0.01 0.926
Hemagglutination 1,63.8 2.12 0.150
PHA response
IgY level 1,805 0.19 0.666
Hemolysis 1, 80.6 0.01 0.939
Hemagglutination 1,64.7 0.02 0.886
Hemagglutination
IgY level 1,81 1.50 0.224
PHA response 1,81 0.03 0.868
Hemolysis 1,81 0.12 0.731

In the analyses of nestling measures on day 7, leatgagglutination was negatively
correlated with tarsus length (Table 4), while othmmune variables were not
correlated with any biometrical measure. None efithmune variables were correlated
with biometrical variables of nestlings at the afel3 days or with growth between 7
and 13 days of age (gl> 0.10). Rank in the mass hierarchy on days 7lanshowed
no associations with any immunity measure at 0.30).

Table 3. Linear correlations between brood means of different measures of immunity; as
hemolysis is not linear, we have used nonparametric Spearman rank correlations. We only
included nests in which we had the three measures of immunity (7=58).

IgY level PHA response Agglutination Lysis
PHA response r =0.038p=0.776
Agglutination r =0.099p=0.455 r =0.018p=0.890
Lysis rs=-0.108p=0.418 r;=0.072p=0.590 r;=0.063p=0.638 ----
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Table 4. Mixed linear model for IgY level, PHA response and hemagglutination as
dependent variables and generalized mixed model for hemolysis. We included nest as a
random factor and hatching date, brood size, wing length, body-mass and tarsus length on
day 7 as covariables using the Satterthwaite correction for estimating degrees of freedom.
Minimal models are obtained from full models by successive backward deletion of variables
when the variance explained does not significantly improve the model (a = 0.05).

Estimate df F p
IgY level
Full model
Hatching date -0.000 1,75.4 0.23 0.621
Brood size -0.009 1,80.6 5.97 0.052
Wing length on day 7 0.002 1,124 1.93 0.313
Body-mass on day 7 -0.007 1,119 1.40 0.157

Tarsus length on day 7 0.006 1,121 0.02 0.364
PHA response

Full model
Hatching date -0.001 1,66.8 1.00 0.320
Brood size -0.000 1,68.1 0.01 0.939
Wing length on day 7 -0.006 1,119 1.50 0.222
Body-mass on day 7 0.015 1,112 2.13 0.146

Tarsus length on day 7 0.013 1,120 0.84 0.362
Hemagglutination

Full model
Hatching date 0.007 1,94 0.07 0.790
Brood size 0.153 1,94 1.40 0.238
Wing length on day 7 0.046 1,94 0.34 0.563
Body-mass on day 7 -0.100 1,94 0.43 0.512
Tarsus length on day 7 -0.408 1,94 3.14 0.079
Minimal model
Tarsus length on day 7 -0.367 1,98 5.40 0.022
Hemolysis
Full model
Hatching date -0.045 1,66 0.47 0.497
Brood size -0.282 1,58.9 0.90 0.348
Wing length on day 7 0.143 1,95.2 0.69 0.409
Body-mass on day 7 -0.316 1,93.1 0.87 0.353

Tarsus length on day 7 0.068 1,97.9 0.02 0.884

Discussion

We did not find any correlation between differergasures of the innate and acquired
immune systems at the individual and brood meareldeWe only showed a negative

correlation between tarsus length on day 7 and gghla@nation, while no other



association between measures of the immune systaploged and biometrical
variables of nestlings at ages of 7 and 13 daydlaidgrowth between these ages were
found.

The first result underlines the problems involvedbtaining a general measure
of immunocompetence, and emphasizes the importaihoeeasuring different aspects
of the immune system due to their statistical irhgjence and their complexity,
including numerous well-defined, but interactingmgmnents (Blountet al. 2003,
Adamo 2004, Matsoet al 2005, Matsoret al. 2006, Salvante 2006). Since different
types of infections (viruses, bacteria, etc.) aomtwlled using different types of
immune responses, a single measure of immunitgtisuificient to evaluate every kind
of immune response (Adamo 2004). Moreover, colimlat between various
immunological variables and resistance to spediigeases appear to be generally
pathogen-dependent (Adamo 2004).

There is conflicting evidence concerning the relathips between different
measures of immunity in adult birds. In relation homoral and cell-mediated
immunity, some authors have reported a positiveetation between these two arms
(Mgller et al. 2001, Moralest al. 2004), while others have shown the opposite trend
(Gonzalezet al 1999, Johnsen & Zuk 1999, Mgller & Petrie 2002,cBananet al
2003, Arriero 2009). In fact, this discrepancy leen found in females of the same
species at three sites and is attributed to diffege in condition between sites (Ardia
2007). Other studies have included measures oftenimmunity (hemagglutination-
hemolysis, plasma bactericidal activity, etc.); sdmave not found correlations between
these different arms of the immune system (Matsbal 2006, Mende®t al 2006).
However, Forsmaret al (2008) found that the humoral immune response was

negatively related to the PHA response and posjtivelated to plasma bactericidal



activity (Escherichia colikilling capacity) in house wren nestlings. Howevére
associations between different measures of immuwéye not significant among
individual nestlings within broods. Palacies al (2009) showed that innate immune
components would develop earlier than adaptive corapts in nestling tree swallows.
The present study shows a lack of correlation betwe measure of innate immunity
(hemagglutination/hemolysis) and two measures aptde immunity (PHA response
and IgY), which implies a lack of constraints, sygiem or trade-offs in these particular
measures in nestlings. This may be due to the rdiffes in onset and rate of
development of different components of the immuystesn which may preclude any
association at the individual level (Palacaisal. 2009). However, an absence of trade-
offs between different arms of the immune systeny rha expected under good
conditions for nestlings with respect to climatetrition or infection.

Innate immunity is particularly expensive to growgiryoung because the
inflammatory response induces anorexia and divertsents needed for growth to the
acute phase response (Klasing 1994, Klasing & Ll@eskky 1999). In nestling birds,
some studies have shown trade-offs between theentgrequired for growth and those
needed to mount an immune response (Klasing & ltesbky 1999, Szép & Mgller
1999, Soleret al 2003, Brommer 2004, Pihlajet al. 2006). Maucket al (2005)
showed that in Leach’s storm-petrel chicks, agghtton titres increased with chick age
and that there was an inverse relationship betWwkdrs and growth rate. It is not clear
that the simple maintenance of immune functionastly in the absence of infection
(Klasing 1998), though maintenance is apparentyflien for the innate immune system
than for the adaptive immune system (Rakergl 2002). The higher cost of the innate
immune system may explain our result that the cadgociation between nestling

biometry and immunity was found for Nabs. This &auff was only detected at 7 days



of age. Nestlings are experiencing the fastestetklegrowth before 10 days of age
(Lundberg & Alatalo 1992), which possibly explamdy the association with NAbs
was not found at 13 days.

Several studies of nestlings have reported a peséssociation of body mass
with PHA response (Sainet al 1997, Brinkhofet al 1999, Héraket al. 2000,
Westneatet al 2004, Morenoet al 2005, Moraleset al 2006, Roulinet al 2007,
Forsmanet al 2010). However other studies have found no aasoni of body mass
with cell-mediated immune response in nestlingsr@i@t al 1999, Martinet al 2001,
Tella et al 2002, Morencet al 2005, Roulinet al 2007). Brzek and Konarzewski
(2007) found that the association between PHA mesp@nd body mass was negative
when food was scarce, positive when resources abumdant while there was no
significant correlation under intermediate condiio However, we found significant
positive associations between nestling mass and R#$ponse in other years (1999,
mean mass on day 13 (SE): 13.68 g (0.18), and 2068n mass (SE): 13.73 g (0.11))
in the same study population, although not betwhegse two variables in another year
(2002, mean mass (SE): 13.20 g (0.14)) (Morenal 2005). Thus, positive growth-
immunity associations are only found when nestlirgsin higher masses before
fledging, which suggests that growth-immunity tradfs may only be detectable under
very poor conditions for breeding, with no sigrgfit association at intermediate
conditions. In 2009, the mean mass (SE) was 13.@51®) which is similar to 2002
and intermediate with respect to nestling growth 2010 nestlings that fledged only
attained 12.53 g (0.30)). It is therefore not sigipg that we did not detect any
association of nestling mass with PHA responsehengresent study. In general, we
found weak evidence for associations between ngstrowth and development of

immune responses in the specific conditions expeeé in the study year.



To conclude, we could not confirm the existence afgeneral axis of
immunocompetence among individual nestlings or ambroods, nor evidence of
resource-based trade-offs among different compsnehtthe immune system. This
absence of associations could be due to differeincit® onset and rate of development
of the different immunity components. We only dé&telcassociations between early
skeletal growth and innate immunity, which mayeefithe higher costs of developing

this arm of the immune system in altricial nestiing
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