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Abstract

Gut microbial communities are complex and heterogeneous and play critical roles for animal
hosts. Early-life disruptions to microbiome establishment can negatively impact host fitness
and development. However, the consequences of such early-life disruptions are unknown in
wild birds. To help fill this gap, after validating the disruptive influence of antibiotic and
probiotic treatments on the gut microbiome in adult Great tits (Parus major) (efficacy
experiment), we investigated the effect of continuous early-life gut microbiome disruptions on
the establishment and development of gut communities in wild Great and Blue tit (Cyanistes
caeruleus) nestlings (field experiment). Despite negative impacts of treatments on microbial
alpha and beta diversities in the efficacy experiment, treatment did not affect the composition
of nestling microbiomes in the field experiment. Independent of treatment, nestling gut
microbiomes of both species grouped by brood, sharing high numbers of bacterial taxa with
both the nest environment and their mother. The distance between nests increased inter-brood
microbiome dissimilarity, but only in Great tits, indicating species-specific influence of
environment on microbiomes. The strong maternal effect, driven by continuous recolonization
from the nest environment and vertical transfer of microbes during feeding thus appear to

provide resilience towards early-life disruptions in nestling gut microbiomes.

Key Words: antibiotics, probiotics, brood feeding, vertical transmission, environmental

microbiomes, Parus major, Cyanistes caeruleus

Introduction
Complex and heterogeneous gut microbial communities affect vertebrate host physiology,
development and behavior, with ramifications for host ecology and evolution [1-5]. Early-life

establishment of a functioning consortium of gut symbionts is critical for microbiome structure
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and function later in life [6—8]. Consequently, disruptions to early-life microbiome assembly
processes can negatively impact host fitness and health by altering immune system
development, increasing the probability of autoimmune diseases, and reducing resistance to
parasitic infections [3, 9—12]. Oviparous birds (class Aves) acquire their initial gut symbionts
after hatching, although the sterile nature of eggs and the transfer of maternal microbiota during
egg formation is still controversial [13]. Post-hatching, parental and nest microbiomes [14, 15]
along with diet [7, 16—18] and habitat [ 19-23] are thought to be the major factors shaping avian

gut microbiomes.

The drivers and trajectory of establishment of the avian gut microbiomes in early life could
rely on developmental patterns, from precocial to altricial species. Precocial chicks leave the
nest area and feed independently shortly after hatching, whereas altricial chicks spend the
brooding period within the nest and are fed directly by the parents [24]. Thus, the gut
microbiome establishment of precocial chicks tends to be strongly influenced by the feeding
environment, resulting in similar microbiome structures within and between broods [25]. In
contrast, gut microbiomes of altricial species tend to be more similar within than between
broods [26-28], possibly influenced by mutually non-exclusive vertical transmission of
bacteria from parents during feeding events [15, 17] and environmental transfer of

microbiomes from food items and the nest [6, 29, 30].

Gut microbiome disruptions have been carried out for decades in the poultry industry by
applying antibiotics [31, 32]. In recent years, probiotics [33] have been used as growth
promoters, where treatments lead to an increase in weight gain and feed efficiency [34].
Comparisons of treatment outcomes between poultry and wild birds are difficult, as living

environments, diets and microbial communities of chickens have been selected by humans for
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decades [5]. Nevertheless, the limited number of studies that have investigated the effect of
antibiotic treatments on wild chick microbiomes have demonstrated an increase in growth rate
(in Magellanic penguins Spheniscus magellanicus [35]), together with a higher food conversion
efficiency (in House sparrows Paser domesticus [36]) similar to in poultry. However, our
understanding of the resilience of wild bird gut microbiomes to disruptions at the
developmental stage is still limited. Such knowledge is important to understand the stability of
host-microbe associations and consequences of microbiome disruptions in a current global
environment where anthropogenic stresses continuously influence wild bird microbiomes [37—

40].

As a step toward filling this gap, we explored the resilience of nestling gut microbiome to
disruptions induced by antibiotics or probiotics during the brooding period in two sympatric
altricial passerine (order Passeriformes) species: the Blue tit (BT: Cyanistes caeruleus) and the
Great tit (GT: Parus major). First, we confirmed the influence of antibiotics and probiotics on
gut microbiomes of adult birds (efficacy experiment). Then, we applied antibiotics and
probiotics to nestlings in the wild and characterized the cloacal microbiomes throughout the
brooding period with MiSeq amplicon sequencing of the bacterial 16s rRNA gene. We
hypothesized that applying antibiotic or probiotic treatments would disrupt gut microbiomes,
and that treated chicks would harbor less diverse and compositionally different microbiomes
compared to control and non-treated chicks. However, if the microbiome transfer from the
parents or the nest environment outweighs the disruptions caused by treatments, we expect the
microbiomes of the chicks to differ less between treatments, prevailing the brood effect [14,

41].

Materials and methods
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94 Study species
95  BTs and GTs are cavity-nesting passerines that readily accept nest-boxes for breeding [42].
96  This facilitates sample collection and, to some extent, homogenization of pre-treatment
97  breeding parameters [43]. Both species are dimorphic and monogamous, with females building
98 the nest, and laying and incubating the eggs, while both parents feed the brood [42, 44, 45].
99  BTs and GTs differ in body size [42] and therefore prey selection [46, 47], which is expected
100  to affect gut microbiomes [23, 48].
101
102 Testing the effects of antibiotics and probiotics (efficacy experiment)
103 The use of antibiotics alters the gut microbial communities of passerine birds compared to
104  controls [36]. To confirm that our treatments influence gut microbiomes of tits, we conducted
105 an efficacy experiment investigating the effect of commonly used broad-spectrum antibiotic
106  Doxycycline (Doxygal 50mg/g) and probiotic Lactobacillus fermentum CCM7158 (Propigeon
107  plv.) on ten GT adults, five per treatment. Experimental birds were mist-netted during winter
108 2020 (December-January) in Brani$ov forest (48°58°48”N, 14°25°23”E) in Ceské Budgjovice
109  (Czech Republic). Birds were ringed, sexed, weighed (Table S1), and transported into a
110  breeding room at the Faculty of Sciences, University of South Bohemia, Ceské Budgjovice
111 (day 0). GTs were housed in individual cages, given fresh water (including vitamins (Acidomid
112 exot®) three times per week) and fed a standard daily diet following a well-established protocol
113 [18]. We surface-sterilized diet content with a UV lamp for 20 min before feeding it to the
114 birds in order to minimize microbial input.
115
116 ~ We handled the experimental GTs once per day in the early morning. Treatment started on day
117 1 and continued for three subsequent days (days 1-3). We supplied 0.5 mg of Doxygal or 6.7

118  mg of Lactobacillus probiotic per gram of body weight based on the weight at mist-netting,


https://doi.org/10.1101/2022.02.20.481211
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.02.20.481211; this version posted February 21, 2022. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC 4.0 International license.

119  following product instructions, diluted in 0.25 ml of water for an adequate oral administration
120  with a syringe. Birds were weighed (electronic scale 0.01 g) and cloacal swabs were taken
121 (minitip Flocked Swab FLOQSwab® 501CS01) from day 1 (initial non-treated microbiome)
122 to day 4, and later on day 8. Additionally, we collected two samples of diets to investigate the
123 potential diet-associated microbial transfer. The handling of GTs and food was strictly done
124 wearing nitrile gloves (cleaned with 70% ethanol between birds). After taking the last sample
125  on day 8, we released GTs back to their original mist-netting location. We preserved swabs in
126 2 ml sterile vials filled with 100 pl of RNAlater® at -80°C until the DNA extractions.

127

128  Manipulation of nestlings and sample collection (Field experiment)

129 The field experiment was conducted in a nest-box population in BraniSov forest. All nest-boxes
130 were inspected during the last week of April 2020. From that day on, BT and GT clutches at
131  the incubation stage were checked daily until hatching. The first ten nest-boxes of each species
132 that successfully hatched were assigned to the experiment (hatching date for each nestling =
133 day 1) (Fig. 1). The first six hatchlings in each nest (average number of hatchlings per nest +
134 SD: BT =11.3 £1.25; GT = 8.9 £ 0.99) were randomly assigned in duplets to three treatments:
135  antibiotic, probiotic, and control (day 1). The rest of the chicks in each nest-box remained
136  untreated. We color-marked them with nontoxic pens for individual identification, took a
137  cloacal swab and weighed them. In the field experiment we followed a slightly modified 16-
138  day protocol compared with the efficacy experiment (Fig. 1). We changed the experimental
139  procedure by administering the treatment every third day instead of daily, to avoid frequent
140  disturbances in the nest. Control hatchlings were provided with water only (Table S2).
141  Breeding parents were captured when entering their nest-boxes to feed the brood (day 10) by
142 blocking the entrance of the nest-box. We sexed them based on plumage coloration and took a

143 cloacal swab. Given the small size of the nestlings’ cloaca, all swabs were lubricated by
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144 immersing them in a vial filled with 2 ml of ultrapure water (IWA 20 IOL) just before use. We
145  wused separate vials per nest and visit and collected a water sample to control for potential
146  microbiome transfer. Bird handling and storage of the cloacal samples was similar to the
147  efficacy experiment.

148

149  DNA extractions and MiSeq amplicon sequencing

150 DNA from cloacal swabs, food samples (from the efficacy experiment) and water samples used
151  to lubricate swabs (field experiment) were extracted using Qiagen DNeasy blood and tissue
152  kit® (Hilden, Germany) following an already validated protocol [49]. The presence of bacterial
153  DNA in samples was validated using primers (SA511 and SB701) targeting bacterial 16S
154  rRNA gene and samples were sequenced on an Illumina MiSeq platform at the Microbiome
155  Core at University of Michigan.

156

157  Data analyses

158  MiSeq amplicon sequences were cleaned and aligned using the DADAZ2 pipeline [50] within
159  QIIME2 [51]. Sequences were clustered into amplicon sequence variants (ASVs) at 100%
160  similarity and assigned to taxonomy using the SILVA 132 bacterial database [52]. All
161  chimeric, archaeal, mitochondrial and chloroplast sequences were removed following the
162  QIIME pipeline. We detected contamination in the water samples used to lubricate the cloacal
163  swabs. These sequences were consistently found across samples and were removed from the
164  full dataset. A rooted bacterial phylogeny was acquired using the align-to-tree-maffi-fasttree
165 command in QIIME2. We also removed samples with less than 3,000 sequences from further
166  analyses. Subsequent analyses were conducted separately for the efficacy and the field
167  experiment.

168
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169  Each dataset was rarefied using the sample with the smallest number of sequences (efficacy
170  experiment: 5,158 and field experiment: 3,037) to correct for differences in sequencing depths
171  using rarefy_even_depth function in the phyloseq package [53] (Tables S3 and S4) and
172 subsequent analyses were conducted in R 4.0 [54]. Using the diversity function in the
173  microbiome package [55], we calculated multiple alpha diversity matrices: observed ASV
174  richness, Shannon’s diversity index, and relative dominance (relative abundance of the most
175  abundant bacterial taxa). We further calculated Faith’s phylogenetic diversity of microbial
176 ~ communities using the picante package [56].

177

178  The effect of experimental treatments on body mass and alpha diversities in the efficacy
179  experiment was assessed by building linear mixed-effect models (LMMs) using the lme4
180  package [57]. We used treatment (antibiotics or probiotics), day of experiment (quadratic term
181  wvia poly function), sex (male or female), and the interaction between treatment and day of
182  experiment as fixed explanatory variables. Bird identity was used as a random intercept
183  variable.

184

185  Inthe field experiment, we conducted separate analyses for BT and GT chicks. We investigated
186  body mass and alpha diversities from day 1 to 16, by building models containing treatment
187  (control, antibiotics or probiotics) and the day of the experiment (quadratic term via poly
188  function) as fixed explanatory variables. We added brood identity as a variable with random
189 intercept because of its grouping nature and modelled the repeatability of chick microbiome
190  sampling with random slopes within day of experiment. We assessed tarsus length, as a proxy
191  for size, at day 16, between all chick groups by building a LMM using the experimental
192  category as a fixed factor (untreated, control, antibiotics, probiotics), and brood identity as a

193  random variable. We additionally compared alpha diversity indexes between all chick groups,
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194  adults and the nest microbial environment at day 16 (last day of experiment) using group as a
195 fixed factor (untreated, control, antibiotics, probiotics, male, female and nest) and brood
196  identity as a random variable. We also conducted analyses comparing alpha diversity indexes
197  between chicks (pulling together the three experimental treatments) and nests at day 1 and at
198  day 16 using group (nest and chick) and the day of the experiment as fixed factors, including
199 their interaction, and brood identity as a random variable. Continuous explanatory variables
200  were centered and, when necessary, the data were log or square root transformed (see Tables
201 S5 and S6). We used the r.squared GLMM function from MuMIn package [58] to compute R?
202 values [59].

203

204  To investigate bacterial community structures (beta diversities) we used Bray-Curtis and
205  weighted UniFrac (accounting for bacterial phylogeny) distances and visualized using non-
206  matric multidimensional scaling (NMDS) and principal coordinate analysis (PCoA) plots. The
207  influence of different treatment types and sample types were assessed using permutational
208  multivariate analyses of variance (PERMANOVAs) with the adonis2 function in the vegan
209  package [60] with the “by” parameter set to “margin” to assess the marginal effect of the tested
210  variables. Pairwise differences in microbial communities were investigated using the
211  pairwiseAdonis wrapper package [61]. To investigate the effect of treatments on associations
212 between microbes in the efficacy experiment, we calculated microbial co-occurrence networks
213 with the trans_network function in microeco package [62] using the SparCC method from the
214  SpiecEasi package [63]. We filtered out ASVs with abundances below 1% from the data set
215 and used 100 SparCC simulations. The network properties were calculated with the igraph
216  package [64] and visualized using Gephi [65].

217
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218  Similarly to alpha diversities, field experiment beta diversities were analyzed separately by
219  host species, for manipulated chicks and for final day samples. To tease apart the parental
220  transmission of microbiomes to chicks, we analyzed microbiomes between adults and 16-day
221  old chicks (treated and untreated). We first evaluated the parental and environmental transfer
222 of ASVs through characterizing shared and unique ASVs between adults (males and females),
223 chicks, and nest environment using UpSet plots in the UpSetR package [66]. Secondly, we
224 investigated the influence of parental and nest microbiomes on core microbiomes (consistent
225  bacterial taxa) of nestlings using the core function in the microbiome package [55]. We
226  assigned an ASV to the core if the ASV was found in abundances of a minimum of 0.001%
227  across >50% of the samples in the same treatment group. We also examined the transfer of
228  microbiomes from the nest through comparing the nest microbiomes with chicks on day 1 (the
229  day a chick hatched), under the assumption that recently hatched chicks do not strongly
230  influence nest microbiomes, but reversely, the nest environment may influence the bacterial
231  communities in the chicks. We conducted similar analyses between chick and nest
232 microbiomes of day 16 to investigate whether chick microbiomes converge similar to nest
233  microbiomes at the end of the brooding period. We further investigated the influence of the
234  distance between nests on microbiome similarity of chicks using a mantel test in the vegan
235  package [60], to evaluate whether the proximity of nests (i.e., similar environmental conditions
236  and diet availability) influence chick microbiomes. We used nest-box GPS coordinates (Table
237  S7) to calculate the distances between them, using the st distance function from the sf package
238  [67]. For this analysis we averaged the chick microbiomes from the final day from each nest.
239

240  Results

241  Notable disruptions to adult gut microbiomes in the efficacy experiment

10
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242 In the efficacy experiment, 47 of the 50 samples passed the quality filtering steps and these
243  samples contained overall 1 799 504 (average = SD = 38 287 + 25 372) bacterial sequences.
244  These sequences were assigned to 4 886 ASVs. GTs lost body mass after 8 days in captivity
245  (average = SD = 12.6 g + 4.97%, n = 10), which is expected from the adaptation to laboratory
246  conditions [68, 69]. Mass loss was only associated with the number of days since the beginning
247  of'the experiment (estimate + SE =-2.714+0.282,t=9.623, p <0.001), independent of treatment
248  (estimate = SE =-0.05 £ 0.270, t = -0.196, p = 0.850) (Fig. 2A). Observed ASV richness and
249  Faith’s phylogenetic diversity declined similarly in both antibiotic and probiotic treated
250  individuals during the experiment (Figs. 2B, S1, and Table S3) while we did not detect any
251  temporal pattern in Shannon’s diversity index or relative dominance (Fig. S1, Table S3).

252

253 At the phylum level, Proteobacteria dominated the microbiomes (50.2%) followed by
254  Bacteroidetes (17.2%), Tenericutes (27.5%), Actinobacteria (9.6%) and Firmicutes (5.2%)
255  (Fig. S2). In both antibiotic and probiotic treated individuals, the relative abundance of
256  Proteobacteria (Antibiotic: Initial = 56.2%, last day = 38.7%; Probiotic: Initial = 53.2%, last
257  day =25.3%) and Bacteroidetes (Antibiotic: Initial = 23.5%, last day = 12.5%; Probiotic: Initial
258 = 22.8%, last day = 2.9%) decreased during the treatment time, while Tenericutes increased
259  notably (Antibiotic: Initial = 4.3%, last day = 28.4%; Probiotic: Initial = 1.3%, last day =
260  60.7%) (Fig. S2). In the probiotic treatment, the relative abundance of Firmicutes had increased
261  from the first to the last day, potentially influenced by the inoculation of lactic-acid bacteria
262  (Fig. S2). Microbial community compositions measured with either distance matrices were not
263  significantly different between sampling days for both treatment groups (antibiotic (Bray-Curtis):
264 F =1.054, R> = 0.1898, p = 0.2516, antibiotic (UniFrac): F = 1.227, R? = 0.2143, p = 0.1139,
265  probiotic (Bray-curis: F = 1.196, R? = 0.2012, p = 0.1316, probiotic (unifrac): F = 1.036, R? =

266  0.1791, p =0.3719; Fig. 2C). However, microbiomes on day 1 exhibited reduced interspecific

11
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267  variation compared to the last day in both treatment groups (Fig 2C), indicating that antibiotic
268  and probiotic treatments increase variability in microbiomes between individuals.

269

270  Microbial network analyses confirmed the effects of antibiotic and probiotic treatment on
271  changing co-occurrence patterns of ASVs between days 1 and 8 (Fig. 1D). The number of
272 ASVs in networks reduced during the period, while the proportion of negative associations
273  between ASVs increased in both groups (Fig. 1D). Overall, this indicates that the influence of
274  antibiotic and probiotic treatments on alpha and beta diversities of microbiomes lead to notable
275  changes in structure of microbial networks.

276

277  We observed the presence of a few food-borne ASVs in the gut communities (Fig. S3A and
278  B), but these ASVs were abundant, as community composition of food microbiomes were
279  similar to some of the gut microbiomes (Fig. S3C). Removal of these food-borne microbes
280  from the dataset did not influence overall community compositions or effects of antibiotic or
281  probiotic treatment, so we retained them in the dataset.

282

283  Treatment does not affect gut microbiomes of manipulated chicks in the wild

284  In the field manipulation experiment, from chicks, we acquired 4 356 709 bacterial sequences
285  from BTs (n =203, average = SD: 21 461 + 10 158) and 6 179 421 sequences from GTs (n =
286 257, average + SD: 24 044 + 11 794), and these sequences were assigned to 14 309 ASVs in
287 BTand 18 796 ASVs in GT samples. Alpha diversity indexes of microbiomes increased overall
288  during chick development in both species (except for the relative dominance index) with major
289  changes occurring between day 1 and day 7 (Figs. 3, S4 and Table S4). Alpha diversity indexes
290 showed a clear negative quadratic effect, stabilizing between day 10 and 16, following the

291  decrease in body growth rate (Figs. 3 and S4). We did not find a clear effect of treatment on

12
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292  the diversity matrices in BTs, but GTs showed a trend for higher observed ASV richness and
293  Faith’s phylogenetic diversity in antibiotic treated chicks than in controls (Fig. 3, Table S4,
294 and S5).

295

296  The increase in body mass during development was similar in antibiotic and probiotic treated
297  chicks as well as controls for both species (Fig. 3, Table S6). However, on day 16, GT probiotic
298  treated chicks tended to be larger than untreated (estimate + SE = 0.27 £ 0.140, t-value = 1.933,
299  p=0.057) and antibiotic treated chicks (Table S7).

300

301  The microbiomes of manipulated chicks were dominated by Proteobacteria (BT: 37.6%, GT:
302  38.1%), Firmicutes (BT: 19.1%, GT: 19.3%), Actinobacteria (BT: 18.1%, GT: 18.0%) and
303  Bacteroidetes (BT: 17.8%, GT: 15.8%) bacterial phyla and the relative abundance of these
304  phyla did not differ between days nor treatments (Fig. S5). The composition of microbiomes
305  (beta diversity) was strongly affected by brood identity and sampling day (Fig. 4, Table 1),
306 irrespective of the distance matrix used. Antibiotic or probiotic treatments did not strongly
307  influence microbiome compositions in developing chicks (Table 1).

308

309  Maternal microbial transfer is important for structuring chick microbiomes

310  From adults, we acquired 283 044 sequences in BTs (males (n = 6): 21 265 + 7 832; females
311 (n=8): 19 432 £ 10 328) and 272 345 sequences in GTs (males (n = 10): 19 342 + 8 496;
312 females (n = 4): 19 729 + 8 496). Overall, the phylogenetic diversity of microbiomes did not
313  differ between chicks at day 16 and adults in both species (Fig. 5A, and S6, Table S8). GT
314  adult male microbiomes showed a lower bacterial richness and Shannon’s diversity index,
315  compared to chicks (Fig. 5A, and S6, Table S8). For adult BTs, we only found a lower

316  Shannon’s diversity index of both males and females than chicks (Fig. 5A, and S6, Table S8).

13


https://doi.org/10.1101/2022.02.20.481211
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.02.20.481211; this version posted February 21, 2022. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC 4.0 International license.

317

318  Of the bacterial ASVs shared between adults and chicks, females shared a higher number of
319  unique ASVs with chicks (BT: 96, GT: 120) than males (BT: 29, GT: 74), indicating a strong
320  effect of maternal microbiome transfer to chicks (Fig. 5B). Overall, core microbiomes were
321  small in all groups, with chicks harboring a larger core microbiome than adults (Fig. 5C). The
322 smaller core microbiomes in adults could be driven by environmental and dietary impacts on
323 microbial variation and/or that fewer adults were examined than chicks [18, 70]. Despite small
324  core microbiomes, chicks shared more core taxa with females (BT: 3 ASVs and GT: 5 ASVs)
325  than males (1 ASV in both BT and GT) (Fig. 5C), underscoring the stronger maternal than
326  paternal effect.

327

328  Adult microbiome compositions differed from the microbiomes of chicks on the last sampling
329 day (Fig. S7A). Relative abundance of major bacterial phyla, such as Proteobacteria,
330  Actinobacteria and Bacteroidetes, were comparable between adults and chicks (Fig. S7A).
331  However, in both bird species, adult birds harbored a larger relative proportion of Tenericutes
332 (BT females: 31.8%; males: 35.8%, chicks: 0.4%; GT females: 26.8%; males: 26.6%, chicks:
333 1.2%), and a lower relative proportion of Firmicutes (BT females: 8.9%; males: 2.5%, chicks:
334 11.4%; GT females: 6.6%; males: 3.5%, chicks: 25.4%) compared to all chicks on the last day
335  (Fig. S7A).

336

337  Microbiome composition was significant different between treatment groups
338 (PERMANOVA 0,000 permutations: BT: Fg = 1.408, R? = 0.1166, p < 0.0001 and GT: Fs = 1.728,
339  R2=0.0975, p <0.0001) (Fig. S7B and C). The pair-wise comparisons confirmed the reduced
340 influence of paternal microbiomes on the composition of chick microbiomes, as we observed

341  differences in microbial community composition between males and chicks (Table S9). Female
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342 microbiome composition did not differ from manipulated chicks but did differ from untreated
343 chicks (Table S9). This suggests that disruptions to the microbiomes increased transfer of
344  maternal microbes to treated chicks. Taken together, these results indicate that maternal
345  transfer of microbes to developing chicks counter disturbances to developing microbiomes, but
346  that only a subset of maternal microbes establish in chick guts.

347

348  Environmental transfer of microbiomes

349  From the nest environment, we acquired 337 615 (n = 10; average + SD = 33 762 + 15 502)
350  bacterial sequences from BTs and 323 275 (n = 10; 32 328 = 13 041) from GTs on day 1, and
351 200 844 sequences from BTs (n = 8; 25 106 £ 4 372) and 252 088 (n = 10; 25 209 £ 6 478)
352 from GTs on the day 16. Bacterial richness, Shannon’s diversity and phylogenetic diversity of
353  nest microbiomes did not differ between the sampling times for GTs, but BT nests increased
354  in bacterial richness and phylogenetic diversity over time (Figs. 6, S8A and B, and Table S10).
355  Nest beta diversity did not differ between days 1 and 16 for neither bird species (Fig. S8C).
356

357  Alpha diversities were significantly higher in nest microbiomes than chick gut microbiomes
358 onday 1 (Fig. 6A and B and Table S10) and on day 16, except for phylogenetic diversity in
359  GTs (Fig. 6A and B and Table S10). We observed increased microbial diversity in chicks
360 towards the end of the brooding period compared to the hatching day. Microbial diversity in
361  chicks on day 16 (just before fledging) became similar to their nests. The microbiome
362  composition of BTs was significantly different between nests and one day old chicks
363  (PERMANOVA 0,000 permutations: F1 = 1.581, R? = 0.0307, p = 0.0013) (Fig. 6C). This was not
364  the case for GTs (PERMANOVA 0,000 permutations: F1 = 1.078, R? = 0.0211, p = 0.2812) (Fig.

365  6D). Despite the significant difference between community composition of day 1 chicks and
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366  nest microbiomes in BTs, the visual inspection of ordination plots indicated that this is driven
367 by higher variability in chick microbiomes than nest microbiomes (Fig. 6C).

368

369  The similarity in average chick microbiome composition on day 1 (per brood) was not
370  associated with distance between nests (Fig. 6E). This was retained in BTs until the last day of
371  sampling (day 16) but there was a strong positive correlation between nest distance and gut
372 microbiome dissimilarity in GTs on day 16 (Fig. 6F), suggesting that the effect of environment
373  varies between species.

374

375  Discussion

376  Here we investigated the influence of continuous disruption on the establishment of the gut
377  microbiomes during development in two altricial wild bird species. Despite the influence of
378  antibiotic and probiotic treatments on gut microbiomes of adult birds, treatments did not
379  negatively impact the diversity and composition of the gut microbiomes of nestlings during
380  development. Consistent with previous studies [14, 26-28, 41], we observed a strong brood
381  effect, driven by the continuous transfer of microbes from the parents and the potential transfer
382  of microbes from the environment (e.g., nest and diet associated microbes). This underlines the
383  importance of environmental and parental transfers, including rescue after disruption, for
384  microbiomes in chicks with plausible influence on both their health and fitness later in life.
385

386  The strong within-brood similarity in chick gut microbiomes underlines the importance of
387  parents in shaping offspring gut communities during the brooding period, through direct (e.g.,
388  feeding events [71, 72]) and indirect (e.g., accumulation of parental microbes in the nest itself
389  [14, 15]) microbial transfer. Parents usually take turns feeding the brood (10 to 40 individual

390 feeding events per hour [46, 71-73]), with similar frequencies in males and females [74, 75].
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391  This should ensure a continuous inoculation of parental microbes to chicks, leading to strong
392  convergence of offspring gut microbiome within a brood, while counteracting disruptions to
393  gut microbiomes during development. However, despite bi-parental care, we observed a
394  stronger effect of maternal than paternal microbiomes on chick gut microbiomes (see also
395  [27]). Females spend more time than males during nest building [42, 76], egg laying [77-79],
396 incubation [80—82], and brooding [42, 83, 84], which could lead to a maternally biased
397  shedding of microbes that can be acquired by the chicks. Indirect transfer of maternal microbes
398  via nest environment has also been shown in Zebra finch chicks (Taeniopygia guttata) [15].
399  Similar mechanisms are likely in both tit species we studied, as we observed comparably stable
400  microbiomes within nests during the brooding period (Figs. 6A, B and S8), higher similarity
401  of maternal and nest microbiomes than paternal and nest microbiomes (Fig. 5B and Table S8),
402  and higher levels of microbiome sharing and convergence between chicks and nests during the
403  brooding period (Fig. 5B).

404

405  The direct and indirect transfer of maternal microbiomes is likely essential for naturally
406  developing chick microbiomes, as they may lose some gut symbionts due to diet and habitat
407  changes, and during infections with natural pathogens or ones associated with anthropogenic
408  activities [16, 23, 38, 85]. Skewed maternal microbial transfer may reduce competition between
409  parental microbial symbionts sharing the same niches within offspring guts, with potential
410  deleterious effects to chicks [86, 87]. However, male microbial symbionts are not completely
411  lost during generational transmission, indicating that colonization of males does not necessarily
412  mean a dead end for microbes. This may thus reflect a bet-hedging situation for optimal access
413  to important symbionts, secured through biparental transfer. However, it appears more likely
414  that the maternal-biased microbial transfer is derived mainly from the dominant role of females

415  during the breeding period, implying that species with more equal biparental contribution
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416  throughout the nest building, incubation and brooding periods should also exhibit more equal
417  transfer of parental microbes to the next generation.

418

419  In GTs, nests located further from each other were more different in gut microbiome structure
420  at the end of the brooding period, highlighting the joint impact of the microhabitat and diet on
421  gut microbiomes. Surprisingly, we did not detect such an association in BTs. Previous work
422 has shown that differences in habitat composition influence wild bird gut microbiomes [23],
423 specifically, the microbiome similarity between prey and predator (caterpillar — tit) is higher
424 when the prey is captured closer to the nest-box [17]. Our observed interspecific differences
425  could originate from differential foraging behaviors or habitat quality of the proximal
426  environment. Tits usually forage within a 25 m radius of the nest-box and increase travelling
427  distances when resources are scarce [88]. GTs are larger and dominant over BTs in competing
428  for nest-boxes [89, 90], which may lead GTs to select nest-boxes in higher-quality habitat
429  patches compared to BTs. Consequently, GTs could forage closer to the nest, which reinforces
430  the association between gut microbiomes and nest-box location. As a result, BT nests might be
431  located in lower-quality habitat patches associated with longer foraging distances [73, 91],
432 reducing the strength of the gut microbiome—location association. Alternatively, or in
433 conjunction with habitat quality, GT is a more generalist species than BT [47, 92], and may be
434  able to exploit multiple food resources near the nest. The more specialist BTs would have to
435  forage further away if their preferred prey is scarce nearby, leading to a reduced influence of
436  nest location on chick gut microbiomes. Overall, this indicates that nest location can also
437  influence the gut microbiome composition of developing chicks, but this effect may depend on
438  prey preference and foraging behavior of the species.

439

440  Conclusions
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441  Disruptions to early-life establishment of gut microbiomes can have negative consequences for
442  the development and fitness of animal hosts. Our gut microbiome manipulation study in natural
443  environments highlights the resilience, yielded by parental feeding and environmental
444 acquisition of microbes from nests, to disruptions of gut microbiomes during early life in two
445  altricial bird species. Despite the counteracting effects of continuous transfer of maternal gut
446  microbiomes during chick development, the influence of nest and diet-associated microbes
447  indicate that chick microbiomes are still vulnerable to the introduction of new bacterial
448  symbionts during brooding. If pathogenic, these newly arriving symbionts occupying niches
449  opened-up by gut disruptions may hinder natural host microbial associations, affecting host
450  development and compromising health. Altogether, our findings indicate that maternal-driven
451  transfer of microbial symbionts is important for the establishment and stability of chick
452  microbiomes, potentially affecting long-term associations between avian hosts and their gut
453  symbionts.
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Table 1. Influence of nest, treatment day and treatment on the composition of gut microbial

communities in the manipulated chicks based on permutational multivariate analyses of

variance (PERMNOVAs) tests. Analyses were conducted through measuring community

composition using both Bray-Curtis and weighted UniFrac distances.

RZ

Species Distance matrix Variable Far p
Great tit Bray-Curtis Nest 12.289 0.2976 <0.001
Day 44914 0.0484 <0.001
Treatment 0.8659: 0.0047 0.838
Weighted UniFrac Nest 2.5949 0.0843 <0.001
Day 2.7394 0.0396 <0.001
Treatment 0.7775; 0.0056 0.911
Blue tit Bray-Curtis Nest 7.4619 0.2517 <0.001
Day 2.5424 0.0381 <0.001
Treatment 0.8697> 0.0065 0.887
Weighted UniFrac Nest 1.8869 0.0797 <0.001
Day 1.7894 0.0381 <0.001
Treatment 0.7986; 0.0075 0.884
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Fig. 1. Location of the study site and schematic representation of the data collection in
the field experiment. (A) The location of the study site (white dot), (B) the distribution of the
experimental nest-boxes (blue dots refer to experimental Blue tit nests, orange dots to
experimental Great tits nests), (C) first Great tit hatchlings in a nest, and (D) the experimental
procedure on chicks in both Great and Blue tit nests (illustrations only represent Great tits).

Day 1 = nestling hatching day.
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diversities of microbiomes during the efficacy experiment. (A) Decline in body mass during
the efficacy experiment in both antibiotic and probiotic treated individuals. Standard errors for
regression lines are indicated with grey shaded area. (B) Observed ASV richness of gut
microbial communities decreased at the end of the treatment period compared to initial
microbiomes. (C) Non-metric multidimensional scaling plot (NMDS) of the gut microbial
communities of antibiotic and probiotic treated individuals (stress = 0.243). Individual
microbiome variation was lower at the beginning of the experiment (Day 1: solid-line ellipse)
in both treatment groups compared to the microbial variation at the end of the treatment (Day
8: dashed-line ellipse). Ellipses represent 95% confident intervals of the data. (D) Microbial
co-occurrence networks of initial microbiomes (Day 1) and at the last sampling day (Day 8)
after the treatments. Nodes represent individual ASVs, and size correspond to the degree of the
ASV (number of interactions each ASV have with other ASVs) in each network. Edges
represent whether association are positive (blue) or negative (red). Network attributes are given

below each network.
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753  treatment, while individuals in B and D are colored according to nest. Shapes indicate day of
754  sampling across all four plots.
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757  Fig. 5. Alpha diversities of parent microbiomes did not differ from chicks, but maternal
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microbiomes contributed notably to the composition of chick microbiomes. (A) Box plots
depicting the observed ASV richness in chicks and adults. (B) Upset plots showing the number
of shared and unique ASVs found between chicks and adults. Unique ASVs found between
chicks and female or male are indicated with colored bars. (C) Flower plots depicting the shared

core microbiome between chicks and adults.
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Fig. 6. Nest microbiomes tend to influence cloacal microbiomes of chicks. Observed ASV
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depicting the compositional differences (measured with Bray-Curtis distances) in chick and

nest microbiomes during first and last sampling days of Blue (C) and Great (D) tits. Association
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770  between distance among nests and average chick microbiome per nest in first (E) and last (F)

771  sampling days. Mantel test statistics are given within each graph.

40



