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Abstract:

Early life microbial colonizers shape and support the immature vertebrate immune system. Microbial
colonization relies on the vertical route via parental provisioning and the horizontal route via
environmental contribution. Vertical transmission is mostly a maternal trait making it hard to
determine the source of microbial colonization in order to gain insight in the establishment of the
microbial community during crucial development stages. The evolution of unique male pregnancy in
pipefishes and seahorses enables the disentanglement of both horizontal and vertical transmission,
but also facilitates the differentiation of maternal vs. paternal provisioning ranging from egg
development, to male pregnancy and early juvenile development. Using 16s rRNA amplicon
sequencing and source-tracker analyses, we revealed how the distinct origins of transmission
(maternal, paternal & horizontal) shaped the juvenile internal and external microbiome
establishment in the broad-nosed pipefish Syngnathus typhle. Paternal provisioning mainly shaped
the juvenile external microbiome, whereas maternal microbes were the main source of the internal
juvenile microbiome, later developing into the gut microbiome. This suggests that stability of niche
microbiomes may vary depending on the route and time point of colonization, the strength of
environmental influences (i.e., horizontal transmission), and potentially the homeostatic function of

the niche microbiome.
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34
35 Introduction:

36  The coevolution of the host with its microbiome permitted the intimate physical integration of
37  microbes shaping development, nutrition and digestion (1—4), but also influencing behaviour (5,6)
38 and immune functions (7-10). Microbes may even provide their hosts with evolutionary novelties
39 facilitating the co-option of new lifestyles and the colonization of new habitats (11). Often these
40  microbial communities are highly species, tissue, and development stage-specific, others may form
41  complex long-lasting interactions with their host (12,13). Acquisition of specific microbes can be of
42  horizontal source (environmental or close contact with conspecifics), vertical through gestation or
43 incubation, or a mix of both transmission modes (11,14-16). In horizontal transmission interests of
44 hosts and microbe may frequently oppose each other fostering antagonistic interactions (17,18,19).
45  This is in stark contrast to vertical transmission, where the transmission of the microbe is directly
46  linked to the reproductive success of its host favouring cooperation (15,17,20-22) and ensuring
47  consistent transmission of the same lineage of microbe across generations (23). For the host and its
48 symbiont to evolve as a unit, the coexistence of the host-microbe association with matching host-
49  microbe genotype on evolutionary timescales is a prerequisite (17,23). Vertical transmission not only
50 facilitates coexistence across host generations (24,25) but the coevolution of host and microbe can
51 evoke closer host dependence, as demonstrated over the loss of host fitness upon removal of
52  vertically vs. horizontally transmitted symbionts (23). Even without close host dependence, as a
53  temporary partner that only has a small transient contribution, a vertically transmitted microbe was

54  proposed to be able to play out its evolutionary role (11).

55  To date, only a few studies have assessed the microbial communities of parents, gametes, and
56  offspring in marine organisms in depth (26—36). Vertical transmission pathways are numerous and
57  range from the deposition of microbes into the oocytes (26,37) or embryos (38,39), over smearing of
58  microbes onto the egg during oocyte development and oviposition (40,41), to a variety of intimate
59  parental-offspring interactions, e.g., pregnancy, birth and physical contact (10,42—47). The multitude
60  of vertical transmission routes and the fact that most transmission routes are intermingled within the
61  maternal line (but see: (29)) make the study of vertical transmission a demanding task hindering the
62  disentanglement of synergistic, additive or antagonistic transmission dynamics and their impact on

63  the host physiology.
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64  Upon colonization, members of the microbiome build the first line of defence as microbial biofilm,
65  preventing detrimental microorganisms from attachment, replication and colonization. Becoming a
66  member via horizontal transmission, can thus be a challenging task given strong within host microbe-
67  microbe competition (14,48-50). Early niche colonizers prime and boost the immature vertebrate
68  immunity (51) becoming adjuvants to the immune system supporting host humoral and cellular
69  immune defence and competing against potentially virulent microbes (52,53). The immune system
70  can learn to differentiate between friend and foe and develop in order to maintain a symbiotic

71  relationship (54,55).

72  To gain insight into the development of the microbial community, we need to unravel the source of
73 the microbial symbionts and assess niche colonization and expansion during different developmental
74  stages. Spotting early colonizers inherited from parents through vertical transmission routes is
75  particularly crucial. The unique male pregnancy evolution in pipefishes, seahorses and seadragons
76  (the syngnathids) offers a differentiation of the intermingled routes of vertical transmission. While
77  syngnathid females may deposit microbes into the oocytes, males may contribute microbes to the
78  next generation throughout the brood pouch (27). To unravel how the maternal vs. the paternal
79  routes of vertical transmission, as well as the horizontal route, drive embryonal and juvenile
80  microbiome development, we conducted two experiments with the broad-nosed pipefish
81  Syngnathus typhle spanning from egg development throughout male pregnancy and ending with the
82  first days post juvenile release. These two experiments were conducted to gain insight into the
83  nature of the maternally and paternally inherited microbes, the horizontal contribution and the
84  microbiome establishment during the first few days of juvenile development. The first experiment
85  aimed to identify differences in microbial community composition in both a-diversity and B-diversity,
86 as well as defining key microbes and tracking microbial source before fertilization, during male
87  pregnancy and during development in the paternal brood pouch. To shed light on the route of
88  vertical transmission and to determine how the route of microbial transmission (maternal, paternal
89 and horizontal) shapes microbiome establishment in distinct offspring niches, we sampled
90 unfertilized eggs (surface sterilized or unmanipulated), male and female hindguts, male brood
91  pouches, testes and embryos (surface sterilized and unmanipulated) at three time points during the
92  pregnancy for microbial 16rRNA genotyping including environmental samples. Through the direct
93  comparison of internal (surface sterilized) and external microbial community in both unfertilized eggs
94  and developing embryos, we could elucidate the origin of organ specific microbial communities
95  during embryogenesis and pregnancy and their contribution to the establishment of the internal vs.

96 external microbiome.

97 In the second experiment, we assessed the microbial community of juvenile broad-nosed pipefish

98  during the first 12 days post-release (dpr) from the brood pouch by calculating the same above-
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99  mentioned diversity indexes and indicator species analyses. Inferring about gut vs. whole body
100  microbiome, this experiment illuminated the development of the microbiome from birth throughout
101  the first environmental microbial contact through swimming and feeding, highlighting how the
102  supposedly maternally and paternally vertically transmitted microbes play out when horizontal

103  transmission routes take over in establishing the pipefish microbiome.

104  This study permits to pinpoint specific microbial genera in the parental organs, throughout different
105 phases of pregnancy, and assess their contribution to offspring microbial colonization. The insights
106  will advance our knowledge about how distinct routes of vertical transmission interact in microbial
107 colonization and development. This will permit the initiation of experimental microbial manipulation
108 in S. typhle with the aim to investigate the role of microbes in offspring development and immunity,
109  and ultimately enlighten how microbes influence the unique lifestyle evolution in male pregnant

110  syngnathids.

111

112 Methods

113 Sample collection:

114  Adult Syngnathus typhle were caught in Orth on Fehmarn (54°26'N 11°02'E) and brought to our
115 aquaria facilities at GEOMAR Kiel, for breeding. Fish were kept in a flow-through aquaria system at
116  18°C with 18h day/6h night light regime and fed with live Artemia salina and frozen Mysidae spp.
117  twice a day. In each aquarium three males and three females were kept together to allow mating.
118  After the onset of breeding, fish were randomly sampled, regarding their sex and gravity stages, on
119 five days between the end of May 2019 and end of June 2019. We sampled 89 mature S. typhle (18
120 females, 16 early pregnant males, 19 mid pregnant males, 18 late pregnant males and 19 non-
121  pregnant males). Pregnancy stages (early, mid and late pregnancy) were defined according to (56). In
122 order to detect microbial transfer from parental gonads and pouch tissue to the juveniles, we
123 sampled testes and endometrial inner pouch lining tissue as well as fertilized larvae from the three
124  pregnancy stages in male fish. In female fish, we sampled unfertilized eggs to assess potentially
125 deposited microbes into the eggs or on their surface. The hindgut was sampled irrespective of sex. To
126  investigate maternal microbial transfer through the cytoplasm, we surface-sterilized half of the
127  unfertilized eggs from each female in a bath of 0.5% Polyvinylpyrrolidone-iodine (PVP-I, Solution in
128  sterile-filtered Phosphate buffered Saline (PBS)) for 5 min with subsequent washing three times with
129 500l sterile-filtered PBS (adapted from (57)). To sample the cytoplasm of surface-sterilized eggs
130  (sterilized eggs) without contamination through the chorion, the egg was squished in the collection

131  tube. The same sterilization treatment was applied to larvae (sterilized juveniles) of different
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132 pregnancy stages to discriminate between external and the internal microbiome. Non-sterilized eggs
133 (untreated eggs) and larvae (untreated juveniles) were directly placed in the collection tubes. We
134  pooled three juvenile and eggs sample from each of the pregnancy stages and sterilization
135 treatment. All sampled organs were collected into collection microtubes from the DNeasy96 Blood

136  and Tissue Kit from Qiagen (Hilden, Germany) and stored immediately at -80 °C.

137  Juvenile microbiota development:

138 Pregnant male S. typhle were caught in Orth on Fehmarn (54°26'N 11°02'E) in late spring 2019,
139  transferred to the aquaria system, kept individually in a flow-through system with 18h day/6h night
140  cycle and fed twice a day with live Mysidae spp. After parturition, free-swimming juveniles of each
141  male were kept in a distinct aquarium and fed ad libitum twice per day with live Artemia salina. First
142 sampling took place after release from the brood pouch, sampling was then continued in 2-3 day
143 intervals. During each sampling three juveniles per family tank were collected individually in a
144  collection tube for the analysis of whole-body microbiome (whole juveniles) development. To test for
145  development of internal vs. external microbiome another three juveniles from the same family tank
146 were euthanized by immersion in MS222 and the gut was removed in a sterile manner (juvenile gut)

147  and collected individually. At each sampling day, controls of water and food samples were taken.
148 RNA extraction, library preparation and amplicon sequencing:

149 Both datasets have been treated with the same DNA extraction and 16S rRNA sequencing protocols.
150 DNA extraction was done with DNeasy Blood & Tissue Kit (QIAGEN, Germany) following the
151 manufacturers protocol including a pre-treatment for Gram-positive bacteria with ameliorations
152  from (58). See Supplementary Material 1 for further details. Library preparation was done by the
153  institute for experimental medicine (UKSH, Campus Kiel) with 20ul of sample DNA from each sample.
154  Amplicons of the V3-V4 hypervariable region (341f/806r) were sequenced using the lllumina MiSeq
155  platform (lllumina, USA) with 2x 300-bp paired-end read settings at the IKMB, Kiel University.

156  Data analysis:

157 Demultiplexed sequences were processed using DADA2 implemented in the Qiime2 platform
158 (version 2021.8(59)) for primer cutting, timing, quality control, merging, chimera removal and
159 denoising. Taxonomy was assigned using the Silva 132 classifier for Qiime 2 (Version 2019.10) for the
160  V3/V4 hypervariable region. Mitochondrial and chloroplast sequences were removed before further
161  analyses. Further sorting and statistical analysis of exported Amplicon sequence variants (ASV) were
162 conducted in R (Version 4.1.0, (60)) using the phyloseq package (Version 1.36.0,(61)). The two

163  experiments were analysed separately using the same parameters. After removal of ASV's with non-
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164  definite taxonomic classification (NA) in phylum, family and genera, we applied a prevalence filter of

165 2% and agglomerated the sequences on genus level.

166 FaithPD represents a-diversity (“microbiome”, version 1.14.0, (Lahti et al.,2012-2019)). Hypothesis
167  testing using an aov (“stats”, version 4.1.0, (60)) with either blocked ANOVA for the adult treatment
168  (x ~ gravity + organ, data =adult) or a repeated measures ANOVA for the juvenile data set (x™
169  treatmentAW*timepointAW, strata = familyAW, data = juvenile). In case of significant effects in the

170  ANOVA a TukeyHSD test using false-discovery rate was applied as a post-hoc test.

171 B-diversity was tested on Bray Curtis dissimilarity matrix (BCdM) and UniFrac distance matrix (UFdM).
172 The first calculates presence and absence and infers information about the numerical composition
173 within / between microbial communities, the latter includes phylogenetic distance between the ASV
174  and thus provides insight into the phylogenetic spread of a microbial community. B-diversity was
175  tested in a two factorial blocked PERMANOVA (“vegan” version 2.5.7, (63)) (vertical transmission;
176  adonis(x_brayCurtis~organ+gravity, data= adult, permutations 10000)) or a two factorial repeated
177  measures PERMANOVA (juvenile development; adonis (x_brayCurtis™ treatmentAW* timepointA,
178  data= juvenile, strata=familyAW, permutations 10000)) on BCdM and UFdM. Pairwise.adonis2
179  (version 0.4, (64)) was used as a post-hoc test to detect pairwise differences. False discovery rate was
180  used for p-value adjustment to multiple testing. Data were visualized using a principal coordinate

181  analysis of the 50 most abundant ASVs including 95% confidence ellipses.

182  An indicator species analysis (multipatt (“indicspecies”, version 1.7.9, (65)) was run on both datasets
183 independently to identify more abundant genera in either single levels of each factor or level
184  combinations. To estimate the proportion of ASV originating from parental organs (vertical
185  transmission) and from environmental factors (juvenile development), we applied Bayesian
186  community-level microbial source tracking (sourcetracker2 1.0.1,(66)), defining parental organs and

187  control samples as source and sterile and non-sterile juveniles as sink microbiomes.
188

189 Results:

190 Vertical transfer of microbiota

191  During denoising and filtering 12 samples (#23 mid testes, #4 & #21 none testes, #14 early sterilized
192  juveniles, #19 & # 48 early pregnant testes, 2 PVP-1 controls, #50 late pregnant sterilized juveniles,
193  #54 sterilized unfertilized eggs, #70 mid sterilized juvenile, #74 non pregnant hindgut) were removed
194  from the downstream analysis. After removing sequences with no taxonomic information (NA), 2%

195  prevalence filtering and taxonomic agglomeration 278 unique genera have been identified. The most
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196  prevalent phyla were Proteobacteria (56.83%), Bacteroidetes (19.78%), Firmicutes (8.2%) and
197  Actinobacteria (4.68 %).

198  Differences in phylogenetic diversity measured by the FaithPD existed between the organs
199  irrespective of gravity (blocked ANOVA: Faith PD: organ: Fg3ss = 6.741, p<0.001 ***, gravity: F4 355 =
200  0.611, p>0.05) (Figure 1). Sterilized eggs and sterilized juveniles had a lower phylogenetic diversity
201  than untreated juveniles and the placenta. No differences in phylogenetic diversity were found
202  between the untreated juveniles and the placenta or testes. Further, the placenta had a higher

203  phylogenetic diversity than untreated eggs and the testes.

204  B-diversity, calculated from both the UFdM and the BCdM, differed for the organs (untreated
205  juveniles, sterilized juveniles, untreated eggs, sterilized eggs, testes, placenta and hindgut) and
206  gravity stages (female, non-pregnant, early, mid and late pregnant) (blocked PERMANOQOVA; Bray-
207  Curtis dissimilarity matrix: organ: Fosss = 6.13, p<0.001 *** R® = 0.13, gravity: F4sss = 2.31 p<0.001
208 Hkk R? = 0.02; unweighted Unifrac: organ Fg3s4 = 4.65, p<0.001 ***, R? = 0.1, gravity: Fs3s4 = 1.57
209  p<0.05 *, R* = 0.01) (Figure 2). In the factor organ, pairwise comparisons of the UFdM revealed
210  distinct microbiota composition between untreated juveniles and sterilized juveniles (p-value<0.01),
211  untreated eggs (p-value<0.01), sterilized eggs (p-value<0.01) and water (p-value <0.05). However, a
212 similar phylogenetic microbial setup was suggested in untreated juveniles and the placenta (p-
213 value>0.05). Apart from this, all organs differed in their microbial composition. Pairwise comparisons
214  of the BCdM, showed in addition to the aforementioned results a difference between untreated

215  juveniles and the placenta (p-value placenta: untreated juveniles <0.01).

216  Effects of the gravity stage on the phylogenetically weighted B-diversity (UFdM) were found between
217  females and late, mid and non-pregnant males (p-value female:late<0.05, f:mid<0.05, f:early<0.01).
218  Additionally, late pregnant males differed from early pregnant males (p-value<0.01). The non-
219  phylogenetically weighted BCdM also revealed differences between females and non-pregnant males
220  (p-value 0.01) and late pregnant males (p-value<0.01) but also differences between late pregnant
221  males and both early (p-value<0.01) and mid-pregnant males (p-value<0.01). For all statistical

222 information see Supplementary Table 1.

223 Differences in the microbiome composition between organs or gravity stages were established with
224  an indicator species analysis on all 278 genera. Details are presented in Supplementary Table 2 and

225  Supplementary Table 3.

226 We could identify distinct groups of genera belonging to different organs. Specific groups were
227  identified for the hindgut (4 genera)), untreated eggs (3 genera) and untreated juveniles (2 genera).

228 Further, a large proportion of genera (18) was associated with the placenta. Untreated juveniles and
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229  the placenta shared 30 genera belonging mainly to the Proteobacteria and Bacteroidetes. Four
230 genera associated with the male reproductive organs, testes and placenta all belonged to the
231  Alphaproteobacteria. Unfertilized eggs, irrespective of their sterilization treatments were
232 characterized by Alishewanella. We further identified a group of four genera (Thalassotalea, OM27
233  clade, Octadecabacter, Olleya) prevalent in untreated eggs, untreated juveniles and the placenta. 12
234  genera were associated with the male reproductive organs and untreated juveniles. Amongst which
235  there were Sulfitobacter and Lewinella. Granulicatella was the only indicator shared by sterilized and
236  untreated juveniles. Untreated eggs and untreated juveniles shared one genus of the OM182 clade
237  Gammaproteobacteria. Both genera, Bacteroides and Pseudomonas were prevalent in all organs and

238 gravity stages assessed.

239 Indicator species analysis of the gravity stages has shown 12 genera associated with late pregnancy,
240  belonging to the phyla Bacteroidetes and Proteobacteria, and three genera associated with non-
241  pregnant males. Five genera in this group (Aureispira, Ahrensia, Pseudahrensia, uncultured
242  Flammeovirgaceae and Parvularcula) were specific (A=1) to the male sex, these all belonged to either
243 Alphaproteobacteria or Bacteroidia. In contrast, no genera specific to female organs were identified

244 (sterilized and untreated eggs).

245  We conducted a source tracker analysis computing the proportion of juvenile microbiota (sterilized
246  juveniles and untreated juveniles) originating from source microbiomes (all parental organs
247  (sterilized eggs, untreated eggs, hindgut, placenta, testes) and the controls (PVP-I, PBS and water)
248  (Figure 3). Proportions seen in Supplementary Table 4. Sterilized juvenile microbiome originated
249  mostly from sterilized eggs, with some samples including also the hindgut, placental and untreated
250  eggs. During male pregnancy, the overall picture of the distribution of source microbiome in the
251  sterilized juveniles was rather consistent. In the untreated juveniles, the supposed source of the
252  microbiome changed substantially over the course of pregnancy. In early pregnancy, results suggest
253  that the microbiome was predominantly sourced from the sterilized eggs, however, this was in
254  tandem with an increasing microbial contribution from the testes. Throughout pregnancy, the
255  microbiome of the untreated juveniles changed from known sources of either sterilized or untreated
256  eggs, placenta, testes and hindgut to a more unknown source of microbiome. In late pregnancy
257  untreated juveniles, microbiome contributions from an unknown source was highest, followed by
258  placenta, testes and untreated gonads. The proportion of microbes with a suggested source in

259  seawater and the controls for PVP-l and PBS remained low in all samples.
260

261  Juvenile Development:
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262  To determine the course of development of the microbial community in juveniles up to 12 dpr, we

263  sequenced 16S rRNA from whole body and gut of juveniles in interval of 2-3 days.

264  After removing sequences with no taxonomic information (NA), 2% prevalence filtering and
265  taxonomic agglomeration at genera level we identified 495 unique genera. The most prevalent phyla
266  over all samples were Proteobacteria (48.29%), Bacteroidetes (16.97%), Actinobacteria (6.27%) and

267 Firmicutes (6.06 %).

268  a-diversity:

269  We used FaithPD as o-diversity measure between whole body and gut microbiota over sampling
270  time. The repeated measures ANOVA (strata = family) showed an effect of parental origin on the
271  treatment (whole body or gut) (repeated measures ANOVA FaithPD: treatment: Fyss; = 1314.708,
272 p<0.001 ***, timepoint: Fs3s; = 1.973, p>0.05 interaction terms: Fg3s; = 3.341, p<0.01 **). FaithPD
273  showed a higher phylogenetic diversity in whole-body juvenile microbiome compared to juvenile gut
274  (p-value < 0.001), as well as differences in microbiomes of water and juvenile samples (p-value
275  water-whole body < 0.01, water-juvenile gut<0.001) and differences between artemia and whole-
276  body juveniles (p-value <0.001) (Figure 4). No significant differences in phylogenetic diversity of the
277  sampled juvenile gut microbiome and artemia were detected (p-value >0.05). The phylogenetic

278 microbiome diversity was not affected by sampling timepoint.
279  B-diversity:

280  We computed a two-factorial repeated measures PERMANOVA on BCdM UFdM using timepoint of
281  sampling and treatment as factors with family as strata. We identified differences in B-diversity
282  between microbial communities in juvenile gut and whole-body juvenile over time in accordance
283  with the influence of family on B-diversity of (repeated measures PERMANOVA: BCdM: treatment:
284  Fasse = 34.08, R>=0.2007, p<0.001 ***, timepoint: Fgss; = 5.146, R°=0.061, p<0.001 ***, interaction
285 terms: Fg3s1 = 2,875, R2=0.034, p<0.001 ***; UFdM: : treatment: F33s9 = 73.198, R2=O.353, p<0.001
286  ***, timepoint: Fgss; = 4.276, R*=0.0413, p<0.001 ***, interaction terms: Fg3s; = 2,785, R*=0.027,
287  p<0.001 ***). According to post-hoc testing in BCdM, differences between whole-body juveniles and
288  juvenile gut irrespective of the timepoint sampled were identified (p-value: whole-body (Odpr-
289 12dpr):gut (0dpr-12dpr)<0.001). The microbial B-diversity of whole-body juveniles differed among all
290 timepoints (p-value < 0.01, see supplementary Table 5) except from 2dpr to 4dpr (p-value>0.05),
291  Adpr-6dpr (p-value >0.05), 6dpr to 8dpr (p-value >0.05) and 8dpr-10dpr (p-value >0.05). The B-
292  diversity of the juvenile gut microbiome differed between day of release and all other sampling
293  timepoints (gut Odpr: gut (2-12dpr) <0.01), further differences were found between 2dpr and 4dpr
294  (p-value< 0,05), 2dpr and 6dpr (p-value <0.05) and 2dpr and 10dpr (p-value<0.01). Samples from
295  Adpr differ in their B-diversity from samples from 10dpr (p-value<0.01) and samples from 4dpr and
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296  6dpr differed from 12dpr (4dpr: 12dpr: p-value<0.05, 6dpr:12dpr p-value<0.05). Additionally, B-
297  diversity of juvenile gut microbiome between 8dpr to 12dpr differed (p-value<0.05). All samples,
298  irrespective of timepoint and treatment had a distinct B-diversity than both water (p-value <0.01)
299  and artemia (p-value <0.01) (Figure 5). Similar results were found in the post-hoc test of the
300 phylogenetically weighted UFdM analysis. In contrast to the BCAM results, there were no significant
301  differences in the whole-body juveniles between 2dpr and 4dpr (p-value<0.05) and between 4dpr
302 and 6dpr (p-value<0.01). However, the juvenile gut microbiome seemed to be more constant over
303  time. As such, 2dpr did not differ from any other timepoint except 10dpr (p-value < 0.05) and the
304  microbial B-diversity of the 8dpr juvenile gut was similar to the microbial B-diversity of the 12dpr

305  juvenile gut.
306 Indicator species analysis

307  We could identify ten groups of genera indicative of water, artemia, whole body juveniles or juvenile
308  gut or a combination of the four. The largest group was indicative of water samples which included
309 175 genera, further, we found indicator species of artemia (13 genera), whole body juveniles (24
310 genera) and juvenile gut (3 genera). 7 genera were specific for the whole-body microbiome of
311  developing juveniles irrespective of timepoint and 34 genera specifically charactered water and
312  whole-body juveniles. Within the indicator species group of the juvenile gut there were three
313  species, Yersinia, Pelomonas and Aeromonas with a high specificity estimate (A> 0.95). Indicator
314  species analysis of the timepoints irrespective of treatment was more diverse. Most genera were
315 indicative of several timepoints and built an indicator group with either water or artemia. One genus,
316  Sandaracinus, was specific to the intermediate time points 2dpr -12dpr. One genus (order
317  Granulosicoccales) was specific for all timepoints except the release day. The genera specific to the
318  water sample were the same as in the indicator analysis of the factor treatment. Results can be

319  found in Supplementary Table 6 and Supplementary Table 7.
320
321  Discussion:

322  To unravel how the maternal vs. paternal routes of vertical transmission and the environmental
323 contribution via the horizontal route drive embryonal and juvenile microbiome development in the
324  broad-nosed pipefish Syngnathus typhle, we have assessed 16s rRNA microbial diversity in a range of
325  maternal and paternal organs, and in different stages of the developing offspring, as well as in the

326 environment.

327 In the first part, we have evaluated changes in microbial composition throughout reproduction and

328  male pregnancy comparing the developing larval microbiome to the unfertilized maternal egg, the
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329  paternal testes and the paternal placenta-like tissue of S. typhle (1). To determine maternal
330  microbial contribution, we compared the egg surface microbiota, the egg-internal microbiota and
331  both surface sterilized and untreated larvae at three timepoints during pregnancy. To detect paternal
332 origin, we compared placenta-like structure and testes of non-pregnant males to untreated larvae at
333  three timepoints throughout the pregnancy. In addition, surrounding waters were assessed to
334  understand the environmental (horizontal) microbial contribution to the offspring. In the second
335 part, we have sampled juveniles (full sibs) over the first days post-release to understand microbial
336  establishment (2). Here, we differentiated between the juvenile gut microbiome and the whole-body
337  juvenile microbiome. In doing so, we aimed to resolve the development of the early microbiome in
338  order to distinguish the importance of environmental and parental microbiota. In the third part, we
339  have compared the indicator species analyses from both datasets to identify key microbial genera
340  both during pregnancy and early microbiota development in free swimming juveniles. With this, we
341 aimed to determine microbial genera that are shared between the juveniles during pregnancy and
342  identify microbial genera associated with early development that should be studied in future

343  microbial manipulation experiments (3).
344
345 1. Parental transfer of microbes:

346  To assess offspring microbiome development across the gravity stages, microbial compositions in
347  females, non-pregnant, early, mid and late pregnant males are discussed first disregarding organ
348  specificity. While microbial a-diversity was not affected by gravity stage, B-diversity has shown both
349  phylogenetic (UFdM) and compositional (BCdM) differences in microbial diversity. Non-pregnant
350 males and females differed in their microbial composition indicating a sex-specific microbiome
351 mainly driven by the reproductive organs (female gonads and male testes and placenta-like system)
352  as no sex-specific effect was found in the hindgut. Late pregnant microbial composition differed from
353  the early and mid-pregnancy indicating a shift in microbial composition over time. This shift supports
354  previous insights into the parental microbiome of S. typhle (27) and matches a similar pattern in the
355  human vaginal microbiome during the course of mammalian pregnancy (67). The transfer of eggs
356 into the brood pouch influenced the microbial composition in the brood pouch, as indicated by a
357  missing phylogenetic difference in the microbial community of female eggs and early pregnant
358 males, in contrast to the phylogenetic microbial difference between female eggs and mid, non and
359 late pregnant males. This suggests the transfer of maternal microbes to “feminized” the male brood
360 pouch at the onset of the pregnancy, while subsequently the male microbiome was restored in mid

361  and late pregnancy.
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362 To gain insight into organ-specific microbes, we compared the microbial community composition
363  across organs (placenta-like tissue, testes, hindgut, sterilized and unsterilized eggs, sterilized and
364  unsterilized juveniles) irrespective of the stage of pregnancy. The placenta-like tissue has a higher a-
365 diversity than any other organ except untreated juveniles (Figure 1). This high microbial diversity in
366  the placenta-like structure as the central brooding organ, might be adaptive by protecting the highly
367  vulnerable developing juveniles from potentially virulent microbes (68). This is essential at the onset
368 of pregnancy when eggs are transferred into the brood pouch, but also during the last third of the
369  pregnancy when the brood pouch becomes more permeable and thus sensitive to environmental
370 influence (27). As the place of paternal vertical transfer, a diverse microbiome in the placenta-like
371  tissue might be favourable for the unborn juveniles, permitting a diverse initial microbial
372 colonization. Evidence for such vertical transfer can be found in the similar Faith PD Index and
373  phylogeny incorporating UFdM of both placenta-like system and untreated juveniles hinting towards
374  aphylogenetically similar microbiome in both organs (Figure 1 & 2B). Interestingly, there was no such
375 grouping in the non-phylogenetically BCdM indicating similar ASVs with distinct numerical
376  compositions in the placenta-like tissue and untreated juveniles. This suggests that paternally
377  influenced juvenile microbial composition still needs to develop in terms of numerical proportions of
378  microbial genera possibly influenced by the presence and abundance of maternally transferred

379  ASV's.

380  Maternal microbial transfer could be identified comparing untreated juveniles with both surface
381  sterilized juveniles and sterilised/ unsterilised eggs. Considering, that mouth opening only occurs at
382  the end of pregnancy (69), previous paternal vertical transfer to the internal microbiome of the
383  juvenile is unlikely. Microbial communities identified in the surface sterilised juvenile might thus
384 likely have maternal origin as a main source. The possibility of maternal transovarial transfer of the
385  microbiome was supported by a similar microbiome in both untreated and sterilized eggs and
386  sterilized juveniles as suggested in both o and B-diversity (Figure 1 & 2B). In sterilized eggs, the
387  source tracker analysis identified a microbial contribution from natural sources that consisted
388  through the pregnancy stages (sterilised and untreated eggs) (Figure 3). This permits to speculate
389 that transovarial maternal microbes contribute to the initial gut microbiome before first feeding.
390 Opposed to the rather constant microbiota composition of the surface sterilized juveniles, the
391 microbiota of the untreated juveniles, i.e., the whole-body microbiome, underwent severe changes
392  throughout pregnancy regarding the suggestive source of the microbiome. In early pregnancy larval
393  stages, the contribution of sterile egg microbiota resembled those of the sterilized juveniles as a key
394 microbiome source suggesting a delay in the paternal vertical transfer through the placenta at the
395 onset of pregnancy. During the course of pregnancy, a shift in the source microbiome of the

396  untreaded juvenile is indicated by rising proportion of paternally originated microbiome (placenta-
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397  like tissue) and decreasing influence of maternal source (eggs). Following the hatching of the pipefish
398 embryos in the brood pouch (56), the paternal microbial influence on the juveniles must have
399 increased (Figure 3), supporting our previous results (27). In late pregnancy, to accommodate for
400  juvenile growth, the brood pouch becomes more permeable increasing the likelihood of horizontal
401  transmission of the juvenile microbiome through environmental seawater. While the microbiota of
402  untreated juveniles can be traced back to paternal organs as source microbiota in early and mid-
403 pregnancy, untreated juveniles in late pregnancy exhibit a higher proportion of unknown microbial
404  source probably of environmental origin indicating the development towards a parentally

405  independent microbial community (Figure 3).

406  Our data suggests an important role of transovarial microbial transfer in the establishment of the
407  internal juvenile microbiome potentially developing further into the gut microbiome. Paternally
408  transferred microbial communities rather contributed to the surface external juvenile microbiome,
409 potentially having a priming and protective effect on the unborn juvenile, with a gradually decreasing

410  influence towards parturition.
411
412 2. Juvenile microbial community development:

413  During pregnancy, the brood pouch microbiome, in tight interplay with the paternal immune system,
414 s protecting the highly vulnerable juveniles from exposure to virulent infections. At birth, the release
415  of the juveniles into the surrounding waters suddenly changes the requirements on the function of
416  the juvenile microbiome. These environmental microbes will from now on be the main source of
417  colonization and are supposed to shape the offspring microbiome and immune system. The second
418 part of our study provides insights into the gut vs. the whole-body microbiome of pipefish juveniles

419  over the first 12 days post-release from the brood pouch.

420  Already in freshly released juveniles, the internal gut microbiota and whole-body microbiota can be
421  clearly distinguished (as indicated by the a-diversity and the B-diversity) (Figure 6B). This suggests
422  that the priming effect provided by the vertically transmitted maternal and paternal microbes was
423 essential for early microbial niche colonization permitting the establishment of an initial gut

424  microbiome in S. typhle juveniles.

425  The B-diversity of the gut microbiome of newly released juveniles was less variable and has shown
426  only little changes over early juvenile development compared to the whole-body microbiome (Figure
427 5 and Figure 6B). Statistically, most of the differences in the interaction term could be assigned to the

428  substantial changes of the whole-body microbial community changes during early free-living
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429 development (Figure 6C, Figure 6D), indicating a higher influence of horizontally transferred

430  microbiota on the whole-body microbiome during the first few days after paternal release.

431  Inthe whole-body juvenile microbiome, we could detect two critical microbial shifts after parturition
432  (Figure 6C). The first shift in B-diversity occurred between 0 and 2 dpr, supposedly imposed by the
433  first contact to seawater and the start of feeding. At this stage, the microbiome of the whole-body
434  juvenile was, in addition to the vertically transmitted genera, further enriched by horizontally
435  transmitted microbes of food and seawater. The second shift occurred between 2 & 4 dprand 6, 8 &
436 10 dpr. Cyanobacteria and Acidobacteriota were key bacteria groups defining the microbiota
437  community of freshly released juveniles (Supplementary Table 7). In contrast, the juvenile
438  microbiome 6-10 dpr was defined by the genus Rubitalea from the phylum Verrucomicrobiota,
439  interestingly, a genus also abundant in the hindgut of adult S. typhle and in untreated juveniles
440  during pregnancy. An acclimatization phase of the internal microbiome to environmental microbes
441  (food and water) could explain why Rubitalea is present in the juvenile during pregnancy but not in
442  the first dpr. The decrease in intraindividual variation of the whole-body microbiome at 12 dpr is
443  explained by the establishment of a stable core microbiome as represented by a set of microbial taxa
444  shared by most S. typhle, and supported by cases in the human microbiome (70). A core microbiome
445  can be temporally induced and remain stable over a certain life stage such as e.g., pregnancy or
446  juvenile development (71). Insights into temporal core microbiomes will facilitate further
447  investigations about the function of certain microbes ultimately permitting the identification of the
448  host-adapted core microbes influencing host fitness (72) that have a high probability to be vertically
449  transmitted (73).

450 3. Early life key microbial communities

451 We aimed to identify key microbial genera in S. typhle development that are important in the
452  establishment of a stable microbiome. These will be candidate genera for future manipulation
453  experiments permitting the identification of their functions in male pregnancy, juvenile development
454  and immune system maturation. To identify key microbial genera, we conducted four indicator
455  species analyses (one for each factor in both data sets; adult organ (male and female reproductive
456  organs, sterilized and untreated juveniles), adult gravity (females or male pregnancy stages), juvenile
457  treatment (gut or overall microbiome) and juvenile timepoint (0 -12 dpr, water and artemia control)
458  over all genera identified in both experiments (vertical transfer and juvenile development). We
459  searched for genera present in two or more indicator species analyses. We have identified three
460  bacterial genera (Corynebacterium, Streptococcus, Yersinia) present in the gut of free-swimming
461  juveniles and either treated eggs or juveniles (Table 1). One of these, Corynebacterium was specific

462  for treated eggs and the juvenile gut and is thus a strong candidate for transovarial transfer to the
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463  juvenile gut microbiome. The other two, Streptococcus and Yersinia were indicator genera of
464  sterilized eggs and sterilized juveniles, and the juvenile gut microbiota, they were also present in the

465  placenta-like tissue and the testes as well as in untreated eggs and juveniles.

466  We suggest Planktotalea, Dokdonia, Croceitalea and Candidatus Megaira as key genera for paternal
467  microbial transfer, as they were indicator species of the untreated juveniles and the placenta, as well
468 as of the whole-body microbiome of the juveniles. Genera indicative of both male reproductive
469  organs and untreated juveniles and whole-body juveniles could serve as candidates for a potential S.
470  typhle core microbiome. Of special interest are nine of these 17 genera (Lewinella, Sulfitobacter,
471 Thalassotalea, Neptunomonas, Crocinitomix, Owenweeksia, Ulvibacter, Kiloniella and Fabibacter),
472  which have already been identified as potential candidates for vertical transmission (27). Most
473  bacterial genera with an involvement in paternal transfer to untreated juveniles and the whole-body
474  microbiome of free-swimming juveniles were present in all pregnancy stages and were identified in
475  most timepoints in free-swimming juveniles. Croceitalea and Kiloniella, however, were only indicative
476  of late pregnancy and during the first few sampling timepoints of free-swimming juveniles, rendering
477  them candidates for primary horizontal colonizers of the juvenile microbiome. An additional group of
478  bacterial genera (Sphingorhabdus and Defluviimonas) were indicative of the placental microbiome in
479  either all pregnancy stages or only the late pregnancy stage (Flavobacterium), as well as the whole-
480  body microbiome of free-swimming juveniles. Their presence in the placenta and their absence in
481  untreated juveniles suggests a potential colonization during juvenile release from the brood pouch.
482 In comparison with previous studies, two microbes (Ruegeria and Ahrensia) have been already
483  proposed to be possible candidates for parental microbial transfer in S. typhle (27). Here, in contrast,
484  they were not only indicative of the placenta in each pregnancy stage but were associated with both

485 artemia or seawater and whole-body microbiomes (Table 1)

486  The close contact of pipefish juveniles with their father over the placenta-like system during male
487 pregnancy provided an opportunity for the evolution of bi-parental trans-generational microbial
488  transfer. In this study, we provide evidence for distinct routes in maternal vs. paternal transmission
489  of microbes to pipefish juveniles that potentially provide synergistic effects. We highlight that the
490 paternal influence shapes predominantly the external microbiome of the juvenile during male
491 pregnancy. In contrast, we suggest transovarial transferred maternal microbes as a main source of
492  the internal juvenile microbiome that eventually establishes the gut microbiome. The maternally
493  transferred microbes established a stable community that persisted also in the gut of free-swimming
494  juveniles suggesting early transovarial transmission to provide essential microbes with long-lasting
495 influence in life of pipefish juveniles. Their early transmission as well as their colonization of internal
496  niches may have provisioned the transovarial transmitted microbes with an advantage against later

497 colonizers due to strong competitive abilities and their hiddenness from subsequent environmental
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498 influences. We thus suggest colonization of niches and the subsequent stability of niche microbiomes
499  to depend on the route of transmission, the timepoint of colonization and the susceptibility to
500 environmental influences (including the impact of horizontal transmission). Evaluating the
501 combination of these factors separately for multiple intermingled but potentially synergistic routes of
502  transmission will facilitate the assessment of host colonization and microbiome establishment, and
503  ultimately foster our understanding of what defines differences in homeostatic functions across

504 distinct niche microbiomes.

505 Future studies should restrict sampling to the here suggested crucial timepoints, and instead, follow
506  the juvenile development post paternal release for a longer period. Further, the dissection of the
507 juvenile gut should be established already during pregnancy, to enable an earlier differentiation
508 between the gut and the whole-body microbiome providing a more detailed insight into gut
509  microbiota establishment and the specific impact of maternal vertical microbiota transfer.
510  Altogether, this will provide a higher resolution of the maternal vs. paternal role in microbial transfer
511  in contrast to the horizontal transfer and on the development of the juvenile microbiome. To
512  disentangle parental (maternal vs. paternal) from horizontal microbial colonization in more depth
513 and follow niche colonization and microbe-microbe competition, we require data of the parental,
514  larval and juvenile from several pipefish generations in order to find persistent members of the core
515  microbiome. For a detailed investigation of the microbial colonization of pipefish eggs, larvae and
516  juveniles, and an assessment of the functions of key microbial species strains, the time for
517  experimental microbial manipulation of the maternal and paternal microbiome has arrived. Tracing
518  key microbes from the parents to the offspring through genetic fluorescent marking will ensure their
519  route of vertical vs. horizontal transfer. By removing and adding bacterial strains and investigating
520 their physiological impact on the host-side, we can bridge the route of transfer to other physiological

521  traits of the pipefish life, such as their development and their immune system.
522

523 Figures and Tables:
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Figure 1: Faith Phylogenetic diversity: vertical transmission organ
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525 Figure 1: a-diversity index of organs important in parental transfer of microbiota in S.typhle. Violin plot of calculated Faith’s

526 phylogenetic diversity. Boxes represent interquartile ranges between the first and the third quartile (25% and 75%) and
527 horizontal lines define the median with a surrounding data probability density. Colours represent different organs, hg=
528 hindgut, te= testes, pl= placenta, juv= untreated juveniles, ster juv= surface sterilized juveniles, eggs= untreated eggs, ster
529 eggs= sterilized eggs, PVPI= Propidium lodide, PBS= Phosphate buffered saline solution. Significant differences after post-

530 hoc testing are shown using asterisks over connecting lines.
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Figure 2: Betadiversity 50 most abundant genera: vertical transfer
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537 Figure 2 Principal component analysis (PCA) of the 50 most abundant microbial genera during S. typhle pregnancy. The first

538 two principal components, Dim1 explaining 18.6% of the total variance and Dim2 explaining 12.9% of the total variance are
539 shown together with 95% confidence ellipses (shaded area) around a centre of gravity (big points). Samples are indicated as
540 small points. (A) Colours represent gravity stages associated top 50 microbial genera. (B) Colours represent organ

541 association of top 50 microbial genera.
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Figure 3: Sourcetracker analysis: vertical transmission
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550 Figure 3: SourceTracker analysis of juvenile microbial community during pregnancy in S. typhle. Proportion of each source

551 microbial community after 100 Gibbs samplings represented as partial circle in each sink sample. Sink samples were defined
552 as untreated and surface sterilized juveniles during the different pregnancy stages (early, mid and late pregnancy). nss

553 eggs= non-surface sterilized, untreated eggs/gonads and ss eggs= surface sterilized eggs/gonads
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562 Figure 4: a-diversity index of juvenile whole body and gut microbial community development in S.typhle. Violin plot of

563 calculated Faith’s phylogenetic diversity. Boxes represent interquartile ranges between the first and the third quartile (25%
564 and 75%) and horizontal lines define the median with a surrounding data probability density. Colours represent different

565 sampling timepoints and treatment. Significant differences after post-hoc testing are shown using asterisks over connecting

566 lines.
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Figure 5. Betadiversity 50 most abundant genera
juvenile development
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Figure 5: : Overall principal component analysis (PCA) of the 50 most abundant microbial genera during S. typhle juvenile
development. The first two principal components, Dim1 explaining 14.9% of the total variance and Dim2 explaining 6.9% of
the total variance are shown together with 95% confidence ellipses (shaded area) around a centre of gravity (big points).
Samples are indicated as small points. colours represent treatment (juvenile gut or juvenile whole body microbial
community) and timepoint of sampling as days post-release (dpr) associated top 50 microbial genera.
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597 Figure 6: Specific principal component analysis (PCA) of the 50 most abundant microbial genera during S. typhle juvenile

598 development. Included are the first two principal components of the top 50 most abundant ASV together with 95%
599 confidence ellipses (shaded area) around a centre of gravity (big points). Samples are indicated as small points. (A) & (B)

600 Dim1l explaining 14.9% of the total variance and Dim2 explaining 6.9% of the total variance. (A) PCA of the effect of

601 temporal change on the top 50 most abundant microbial genera during S. typhle juvenile development irrespective of
602 treatments. (B) PCA of the effect of sampled organ, juvenile whole body or juvenile gut, on the top 50 most abundant
603 microbial genera during S. typhle juvenile development irrespective of sampling timepoints. (C) PCA of the temporal change
604 on the top 50 most abundant microbial genera in juvenile whole-body microbiome. Dim1 explaining 13.6% of the total

605 variance and Dim2 explaining 8% of the total variance. (D) PCA of the temporal change on the top 50 most abundant
606 microbial genera in juvenile gut microbiome. Dim1 explaining 15.4 % of the total variance and Dim2 explaining 10% of the

607 total variance.
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609
610
611 Table 1: Key Microbial genera for vertical transfer and juvenile development:
612 Microbial genera present in more than two indicator species analysis (multipatt) of microbial community of either parental
613 organs and parental gravity stages or juvenile treatment and timepoint in comparison important microbial genera identified
614 in previous studies. Abbreviations used are hg = hindgut, te = testes, pl = placenta, nj = untreated juveniles, sj = surface
615 sterilized juveniles, ng = untreated eggs / female gonads, sg = sterilized eggs / female gonads. Fe = female, no= none
616 pregnant, ear=early pregnant, wb= whole-body, art = artemia
vertical transfer juvenile development
genera organ gravity treatment timepoint (dpr)
sg|ng|sj|nj|pl|te|hg|fe|no|ear | mid |late | wb | gut | water |art 6|8|10| 12| water |art
Corynebacterium
Photobacterium
Ruegeria
Ahrensia
Planktotalea
Lewinella

Sulfitobacter
Dokdonia
Colwellia
Rubidimonas
Thalassotalea
Neptunomonas
Crocinitomix
Lentilitoribacter
Granulosicoccus
Sphingorhabdus
Aureispira
Defluviimonas
Owenweeksia
Ulvibacter
Croceitalea
Flavobacterium
Cand_Meggira
Kiloniella
Fabibacter
Marinicella
Bdellovibrio
Hoefleg
Erythrobacter
Streptococcus
Plaurocapas
Marinomonas
Yersinia

617

Literature

(27)

gonads
pregnancy

most abund

gonads

gonads, late

pregnancy

pregnancy

late

gonads

gonads

late

late

gonads

gonads
gonads

most abund

pregnancy


https://doi.org/10.1101/2023.01.31.526426

bioRxiv preprint doi: https://doi.org/10.1101/2023.01.31.526426; this version posted February 1, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

618
619
620  Acknowledgements:

621  We thank Silke-Mareike Maarten, Diana Gill and Katja Cloppenborg-Schmidt for their support in the
622  laboratory and for library preparation, Fabian Wendt and Johannes Hasse for fish tending and
623  aquaria facility maintenance, Soren Franzenburg and his team for lllumina MiSeq Sequencing. We
624  want to thank Arseny Dubin for general data curation and help during data analysis and Jamie Parker
625  for proof-reading of this manuscript. We are grateful for the never-ending support by Thorsten
626  Reusch who has hosted the pipefish group from 2009-2021 at GEOMAR, it was a blast. We thank the
627 MarEvol group and members of the CRC 1182 Origin and Function of Metaorganism for fruitful

628  discussions creating an excellent host-microbe environment at Kiel University.
629
630  Funding:

631  This work was supported by funding from the European Research Council (ERC) under the European
632 Union’s Horizon 2020 Research and Innovation Program [Grant Agreement No: 755659 — acronym:
633 MALEPREG] and the German Research Foundation (DFG) [RO 4628/3-1] to OR. IST was supported by
634  a stipend from the Inge Lehmann Fond GEOMAR. Library preparation for 16sRNA genotyping was

635  supported by the CRC1182 Origin and Function of Metaorganism.
636
637  Author contribution:

638  OR and IST have initiated and planned this project; IST and JS have conducted the experiments and
639  the laboratory work; IST and YS have analysed the data. IST and OR have interpreted the data and

640  written this manuscript.

641

642  Supplementary Material:

643  Supplementary Table 1: B-diversity vertical transfer

644  Supplementary Table 2: Indicator analysis vertical transfer; organs

645  Supplementary Table 3: Indicator analysis vertical transfer; gravity stages

646  Supplementary Table 4: SourceTracker proportions


https://doi.org/10.1101/2023.01.31.526426

bioRxiv preprint doi: https://doi.org/10.1101/2023.01.31.526426; this version posted February 1, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

647

648

649

650

651

652
653

654
655

656
657

658
659
660

661
662
663

664
665
666

667
668
669

670
671

672
673
674

675
676
677
678

679
680

681
682
683

Supplementary Table 5: : B-diversity juvenile development

Supplementary Table 6: Indicator analysis juvenile development; treatment

Supplementary Table 7: Indicator analysis juvenile development; timepoints

Supplementary Material 1: DNA Extraction Protocoll

References

10.

11.

12.

Douglas AE. The microbial dimension in insect nutritional ecology. Funct Ecol. 2009 Feb
1;23(1):38—47. Available from: https://doi.org/10.1111/j.1365-2435.2008.01442 .x

Fraune S, Bosch TCG. Why bacteria matter in animal development and evolution. BioEssays.
2010 Jul 1;32(7):571-80. Available from: https://doi.org/10.1002/bies.200900192

Moran NA, Ochman H, Hammer TJ. Evolutionary and ecological consequences of gut microbial
communities. Annu Rev Ecol Evol Syst. 2019;50(1):451-75.

Hacquard S, Garrido-Oter R, Gonzalez A, Spaepen S, Ackermann G, Lebeis S, et al. Microbiota
and Host Nutrition across Plant and Animal Kingdoms. Cell Host Microbe. 2015;17(5):603—16.
Available from: https://www.sciencedirect.com/science/article/pii/$1931312815001675

Sherwin E, Bordenstein SR, Quinn JL, Dinan TG, Cryan JF. Microbiota and the social brain.
Science (1979). 2019 Nov 1;366(6465):eaar2016. Available from:
https://doi.org/10.1126/science.aar2016

Cryan JF, Dinan TG. Mind-altering microorganisms: the impact of the gut microbiota on brain
and behaviour. Nat Rev Neurosci. 2012;13(10):701-12. Available from:
https://doi.org/10.1038/nrn3346

Hooper Lv, Littman DR, Macpherson AJ. Interactions Between the Microbiota and the
Immune System. Science (1979). 2012 Jun 8;336(6086):1268—73. Available from:
https://doi.org/10.1126/science.1223490

Ahern PP, Maloy KJ. Understanding immune—microbiota interactions in the intestine.
Immunology. 2020 Jan 1;159(1):4—14. Available from: https://doi.org/10.1111/imm.13150

Ivanov Il, Honda K. Intestinal Commensal Microbes as Immune Modulators. Cell Host Microbe.
2012;12(4):496-508. Available from:
https://www.sciencedirect.com/science/article/pii/$1931312812003162

Kalbermatter C, Fernandez Trigo N, Christensen S, Ganal-Vonarburg SC. Maternal Microbiota,
Early Life Colonization and Breast Milk Drive Inmune Development in the Newborn . Vol. 12,
Frontiers in Immunology . 2021. Available from:
https://www.frontiersin.org/articles/10.3389/fimmu.2021.683022

Bordenstein SR, Theis KR. Host biology in light of the microbiome: Ten principles of holobionts
and hologenomes. PLoS Biol. 2015;13(8):1-23.

Larsen A, Tao Z, Bullard SA, Arias CR. Diversity of the skin microbiota of fishes: evidence for
host species specificity. FEMS Microbiol Ecol. 2013 Sep 1;85(3):483-94. Available from:
https://doi.org/10.1111/1574-6941.12136


https://doi.org/10.1101/2023.01.31.526426

bioRxiv preprint doi: https://doi.org/10.1101/2023.01.31.526426; this version posted February 1, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

684  13. Latz MAC, Kerrn MH, Sgrensen H, Collinge DB, Jensen B, Brown JKM, et al. Succession of the

685 fungal endophytic microbiome of wheat is dependent on tissue-specific interactions between
686 host genotype and environment. Science of The Total Environment. 2021;759:143804.

687 Available from: https://www.sciencedirect.com/science/article/pii/S0048969720373356

688 14. Leftwich PT, Edgington MP, Chapman T. Transmission efficiency drives host—microbe

689 associations. Proceedings of the Royal Society B: Biological Sciences. 2020 Sep

690 2;287(1934):20200820. Available from: https://doi.org/10.1098/rspb.2020.0820

691  15. Ebert D. The Epidemiology and Evolution of Symbionts with Mixed-Mode Transmission. Annu
692 Rev Ecol Evol Syst. 2013 Nov 23;44(1):623—-43. Available from:

693 https://doi.org/10.1146/annurev-ecolsys-032513-100555

694 16. Yeoman CJ, Chia N, Yildirim S, Miller MEB, Kent A, Stumpf R, et al. Towards an Evolutionary
695 Model of Animal-Associated Microbiomes. Vol. 13, Entropy. 2011. p. 570-94.

696 17. Douglas AE, Werren JH. Holes in the Hologenome: Why Host-Microbe Symbioses Are Not
697 Holobionts. mBio. 2016 Mar 31;7(2):e02099-15. Available from:

698 https://doi.org/10.1128/mBio.02099-15

699 18. Coyte KZ, Schluter J, Foster KR. The ecology of the microbiome: Networks, competition, and
700 stability. Science (1979). 2015 Nov 6;350(6261):663—6. Available from:

701 https://doi.org/10.1126/science.aad2602

702 19.  Afkhami ME, Rudgers JA, Stachowicz JJ. Multiple mutualist effects: conflict and synergy in
703 multispecies mutualisms. Ecology. 2014 Apr 1;95(4):833—44. Available from:

704 https://doi.org/10.1890/13-1010.1

705  20. Frank SA. Models of symbiosis. American Naturalist. 1997;80-99.

706 21 Frank SA. Models of Parasite Virulence. Q Rev Biol. 1996 Jan 28;71(1):37—78. Available from:
707 http://www.jstor.org/stable/3037829

708 22.  Yamamura N. Vertical Transmission and Evolution of Mutualism from Parasitism. Theor Popul

709 Biol. 1993;44(1):95-109. Available from:

710 https://www.sciencedirect.com/science/article/pii/S0040580983710208

711 23. Fisher RM, Henry LM, Cornwallis CK, Kiers ET, West SA. The evolution of host-symbiont

712 dependence. Nat Commun. 2017;8(May):1-8. Available from:

713 http://dx.doi.org/10.1038/ncomms15973

714 24 Roughgarden J, Gilbert SF, Rosenberg E, Zilber-Rosenberg |, Lloyd EA. Holobionts as Units of
715 Selection and a Model of Their Population Dynamics and Evolution. Biol Theory.

716 2018;13(1):44-65. Available from: https://doi.org/10.1007/s13752-017-0287-1

717 25. Suarez J. El holobionte/hologenoma como nivel de seleccién - (The holobiont/hologenome as
718 a level of selection. Theoria: An International Journal for Theory, History and Foundations of
719 Science. 2021 Jan 27;36(1):81-112. Available from: https://www.jstor.org/stable/26979855

720  26. Russell SL. Transmission mode is associated with environment type and taxa across bacteria-
721 eukaryote symbioses: A systematic review and meta-analysis. Vol. 366, FEMS Microbiology
722 Letters. Oxford University Press; 2019.


https://doi.org/10.1101/2023.01.31.526426

bioRxiv preprint doi: https://doi.org/10.1101/2023.01.31.526426; this version posted February 1, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

723 27. Beemelmanns A, Poirier M, Bayer T, Kuenzel S, Roth O. Microbial embryonal colonization

724 during pipefish male pregnancy. Sci Rep. 2019;9(1):1-14. Available from:

725 http://dx.doi.org/10.1038/s41598-018-37026-3

726 28. Bright M, Bulgheresi S. A complex journey: Transmission of microbial symbionts. Nat Rev
727 Microbiol. 2010;8(3):218—30. Available from: http://dx.doi.org/10.1038/nrmicro2262

728 29. Baldassarre L, Levy S, Bar-Shalom R, Steindler L, Lotan T, Fraune S. Contribution of Maternal
729 and Paternal Transmission to Bacterial Colonization in Nematostella vectensis. Vol. 12,

730 Frontiers in Microbiology. 2021. Available from:

731 https://www.frontiersin.org/articles/10.3389/fmicb.2021.726795

732  30. Sipe AR, Wilbur AE, Cary CS. Bacterial Symbiont Transmission in the Wood-Boring Shipworm
733 Bankia setacea (Bivalvia: Teredinidae). Appl Environ Microbiol. 2000 Apr 1;66(4):1685-91.
734 Available from: https://doi.org/10.1128/AEM.66.4.1685-1691.2000

735 31.  Sharp K, Distel D, Paul V. Diversity and dynamics of bacterial communities in early life stages
736 of the Caribbean coral Porites astreoides. ISME J. 2011 Nov 24;6:790-801.

737 32 Leite D, Ledo P, Garrido A, Lins U, Santos H, Pires D, et al. Broadcast Spawning Coral

738 Mussismilia hispida Can Vertically Transfer its Associated Bacterial Core. Front Microbiol. 2017
739 Feb 7;8.

740 33. Bernasconi R, Stat M, Koenders A, Paparini A, Bunce M, Huggett MJ. Establishment of Coral-
741 Bacteria Symbioses Reveal Changes in the Core Bacterial Community With Host Ontogeny .
742 Vol. 10, Frontiers in Microbiology . 2019. Available from:

743 https://www.frontiersin.org/articles/10.3389/fmicb.2019.01529

744 34, Damjanovic K, Menéndez P, Blackall LL, van Oppen MJH. Early Life Stages of a Common

745 Broadcast Spawning Coral Associate with Specific Bacterial Communities Despite Lack of

746 Internalized Bacteria. Microb Ecol. 2020;79(3):706—19. Available from:

747 https://doi.org/10.1007/s00248-019-01428-1

748 35. Oliveira BFR, Lopes IR, Canellas ALB, Muricy G, Dobson ADW, Laport MS. Not that close to
749 mommy: Horizontal transmission seeds the microbiome associated with the marine sponge
750 plakina cyanorosea. Microorganisms. 2020 Dec 1;8(12):1-24.

751 36. Igawa-Ueda K, lkuta T, Tame A, Yamaguchi K, Shigenobu S, Hongo Y, et al. Symbiont

752 Transmission onto the Cell Surface of Early Oocytes in the Deep-Sea Clam Phreagena okutanii.
753 Zoolog Sci. 2021 Feb 1;38(2):140-7. Available from: https://doi.org/10.2108/2s200129

754 37. Ikuta T, Igawa K, Tame A, Kuroiwa T, Kuroiwa H, Aoki Y, et al. Surfing the vegetal pole in a

755 small population: extracellular vertical transmission of an “intracellular” deep-sea clam

756 symbiont. R Soc Open Sci. 2016 May 1;3(5):160130. Available from:

757 https://doi.org/10.1098/rs0s.160130

758 38. Braendle C, Miura T, Bickel R, Shingleton AW, Kambhampati S, Stern DL. Developmental Origin
759 and Evolution of Bacteriocytes in the Aphid—Buchnera Symbiosis. PLoS Biol. 2003 Oct

760 13;1(1):e21. Available from: https://doi.org/10.1371/journal.pbio.0000021

761 39. Schmitt S, Weisz JB, Lindquist N, Hentschel U. Vertical Transmission of a Phylogenetically
762 Complex Microbial Consortium in the Viviparous Sponge Ircinia felix. Appl Environ Microbiol.
763 2007 Apr 1;73(7):2067—78. Available from: https://doi.org/10.1128/AEM.01944-06


https://doi.org/10.1101/2023.01.31.526426

bioRxiv preprint doi: https://doi.org/10.1101/2023.01.31.526426; this version posted February 1, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

764  40. Salem H, Florez L, Gerardo N, Kaltenpoth M. An out-of-body experience: the extracellular

765 dimension for the transmission of mutualistic bacteria in insects. Proceedings of the Royal
766 Society B: Biological Sciences. 2015 Apr 7;282(1804):20142957. Available from:

767 https://doi.org/10.1098/rspb.2014.2957

768 41, Hosokawa T, Hironaka M, Inadomi K, Mukai H, Nikoh N, Fukatsu T. Diverse Strategies for
769 Vertical Symbiont Transmission among Subsocial Stinkbugs. PLoS One. 2013 May

770 31;8(5):e65081. Available from: https://doi.org/10.1371/journal.pone.006508 1

771 42. Kwong WK, Medina LA, Koch H, Sing KW, Soh EJY, Ascher JS, et al. Dynamic microbiome
772 evolution in social bees. Sci Adv. 2023 Jan 28;3(3):e1600513. Available from:

773 https://doi.org/10.1126/sciadv.1600513

774 43. Funkhouser LJ, Bordenstein SR. Mom Knows Best: The Universality of Maternal Microbial
775 Transmission. PLoS Biol. 2013;11(8):e1001631. Available from:

776 https://dx.plos.org/10.1371/journal.pbio.1001631

777 44 Nunez N, Réot L, Menu E. Neonatal immune system ontogeny: The role of maternal

778 microbiota and associated factors. how might the non-human primate model enlighten the
779 path? Vaccines (Basel). 2021;9(6):1-25.

780  45. Rosenberg E, Zilber-Rosenberg I. Reconstitution and transmission of gut microbiomes and
781 their genes between generations. Microorganisms. 2022;10(1).

782 46.  Collado MC, Rautava S, Aakko J, Isolauri E, Salminen S. Human gut colonisation may be

783 initiated in utero by distinct microbial communities in the placenta and amniotic fluid. Sci Rep.
784 2016;6(1):23129. Available from: https://doi.org/10.1038/srep23129

785  47. Seferovic MD, Pace RM, Carroll M, Belfort B, Major AM, Chu DM, et al. Visualization of

786 microbes by 16S in situ hybridization in term and preterm placentas without intraamniotic
787 infection. Am J Obstet Gynecol. 2019;221(2):146.e1-146.e23. Available from:

788 https://www.sciencedirect.com/science/article/pii/50002937819306222

789  48. Barton GM, Kagan JC. A cell biological view of Toll-like receptor function: regulation through
790 compartmentalization. Nat Rev Immunol. 2009;9(8):535-42. Available from:

791 https://doi.org/10.1038/nri2587

792 49.  Lamkanfi M, Dixit VM. Mechanisms and Functions of Inflammasomes. Cell. 2014;157(5):1013—
793 22. Available from: https://www.sciencedirect.com/science/article/pii/50092867414004759
794 50. XuH,YangJ, Gao W, LiL, Li P, Zhang L, et al. Innate immune sensing of bacterial modifications
795 of Rho GTPases by the Pyrin inflammasome. Nature. 2014;513(7517):237-41. Available from:
796 https://doi.org/10.1038/nature13449

797 51.  Arrieta MC, Stiemsma LT, Amenyogbe N, Brown EM, Finlay B. The Intestinal Microbiome in
798 Early Life: Health and Disease . Vol. 5, Frontiers in Immunology . 2014. Available from:

799 https://www.frontiersin.org/articles/10.3389/fimmu.2014.00427

800 52. Hepworth MR, Fung TC, Masur SH, Kelsen JR, McConnell FM, Dubrot J, et al. Group 3 innate
801 lymphoid cells mediate intestinal selection of commensal bacteria—specific CD4+ T cells.

802 Science (1979). 2015 May 29;348(6238):1031-5. Available from:

803 https://doi.org/10.1126/science.aaad812


https://doi.org/10.1101/2023.01.31.526426

bioRxiv preprint doi: https://doi.org/10.1101/2023.01.31.526426; this version posted February 1, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

804 53. Gomez de Agliero M, Ganal-Vonarburg SC, Fuhrer T, Rupp S, Uchimura Y, Li H, et al. The

805 maternal microbiota drives early postnatal innate immune development. Science (1979). 2016
806 Mar 18;351(6279):1296—302. Available from: https://doi.org/10.1126/science.aad2571

807 54 Belkaid Y, Hand TW. Role of the microbiota in immunity and inflammation. Cell.

808 2014;157(1):121-41. Available from: http://dx.doi.org/10.1016/j.cell.2014.03.011

809  55. McGuckin MA, Lindén SK, Sutton P, Florin TH. Mucin dynamics and enteric pathogens. Nat Rev
810 Microbiol. 2011;9(4):265-78. Available from: https://doi.org/10.1038/nrmicro2538

811 56.  Schneider RF, Woltering JM, Adriaens D, Roth O. A comparative analysis of the ontogeny of
812 syngnathids (pipefishes and seahorses) reveals how heterochrony contributed to their

813 diversification. Developmental Dynamics. 2022 Nov 9;n/a(n/a). Available from:

814 https://doi.org/10.1002/dvdy.551

815 57. Milligan-Myhre K, Charette JR, Phennicie RT, Stephens ZW, Rawis JF, Guillemin K, et al. Study
816 of Host—Microbe Interactions in Zebrafish. Methods Cell Biology. 2011;87-116.

817 58.  Korsch M, Marten SM, Walther W, Vital M, Pieper D, Détsch A. Impact of dental cement on
818 the peri-implant biofilm-microbial comparison of two different cements in an in vivo

819 observational study. Clin Implant Dent Relat Res. 2018 Aug 20;20.

820 59. Bolyen E, Rideout JR, Dillon MR, Bokulich NA, Abnet CC, Al-Ghalith GA, et al. Reproducible,
821 interactive, scalable and extensible microbiome data science using QIIME 2. Nat Biotechnol.
822 2019;37(8):852—7. Available from: https://doi.org/10.1038/s41587-019-0209-9

823  60. R Core Team. R a language and environment for statistical computing. R Foundation for
824 Statistical Computing; 2021.

825 61. McMurdie PJ, Holmes S. phyloseq: An R Package for Reproducible Interactive Analysis and
826 Graphics of Microbiome Census Data. PLoS One. 2013 Apr 22;8(4):e61217. Available from:
827 https://doi.org/10.1371/journal.pone.0061217

828  62. Lahti LSS, Sudarshan Shetty, Tuomas Borman, Hector Corrada Bravo. Tools for microbiome
829 analysis in R. Version.. URL: http://microbiome.github.com/microbiome.

830 63. Oksanen J, Simpson GL, F. Guillaume Blanchet FG, Roeland Kindt, Pierre Legendre, Peter R.
831 Minchin, et al. Community Ecology Package. 2020.

832 64.  Arbizu MP. pairwiseAdonis: Pairwise multilevel comparison using adonis. R package version
833 0.4.2020.

834 65. DeCaceres M, Sol D, Lapiedra O, Legendre P. A framework for estimating niche metrics using

835 the resemblance between qualitative resources. Oikos. 2011 Jan 28;120(9):1341-50. Available
836 from: http://www jstor.org/stable/23014982

837 66. Knights D, Kuczynski J, Charlson ES, Zaneveld J, Mozer MC, Collman RG, et al. Bayesian

838 community-wide culture-independent microbial source tracking. Nat Methods.

839 2011;8(9):761-3. Available from: https://doi.org/10.1038/nmeth.1650

840 67. Aagaard K, Riehle K, Ma J, Segata N, Mistretta TA, Coarfa C, et al. A Metagenomic Approach to
841 Characterization of the Vaginal Microbiome Signature in Pregnancy. PLoS One. 2012 Jun

842 13;7(6):e36466. Available from: https://doi.org/10.1371/journal.pone.0036466

843 68. Coscia A, Bardanzellu F, Caboni E, Fanos V, Peroni DG. When a neonate is born, sois a
844 microbiota. Life. 2021;11(2):1-28.


https://doi.org/10.1101/2023.01.31.526426

bioRxiv preprint doi: https://doi.org/10.1101/2023.01.31.526426; this version posted February 1, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

845 69. Sommer S, Whittington CM, Wilson AB. Standardised classification of pre-release

846 development in male-brooding pipefish, seahorses, and seadragons (Family Syngnathidae).
847 BMC Dev Biol. 2012;12.

848 70. Turnbaugh PJ, Ley RE, Hamady M, Fraser-Liggett CM, Knight R, Gordon JI. The Human

849 Microbiome Project. Nature. 2007;449(7164):804—10. Available from:

850 https://doi.org/10.1038/nature06244

851 71. Caporaso JG, Lauber CL, Walters WA, Berg-Lyons D, Lozupone CA, Turnbaugh PJ, et al. Global
852 patterns of 16S rRNA diversity at a depth of millions of sequences per sample. Proc Natl Acad
853 Sci US A.2011;108 Suppl(Supplement_1):4516-22. Available from:

854 http://www.pnas.org/content/108/Supplement_1/4516.short

855 72.  Shapira M. Gut Microbiotas and Host Evolution: Scaling Up Symbiosis. Trends Ecol Evol.
856 2016;31(7):539-49. Available from:

857 https://www.sciencedirect.com/science/article/pii/S0169534716000859

858  73. Risely A. Applying the core microbiome to understand host—microbe systems. Journal of
859 Animal Ecology. 2020;89(7):1549-1558https://doi.org/10.1111/1365-2656.13229.

860 74. Beemelmanns A, Roth O. Bacteria-type-specific biparental immune priming in the pipefish
861 Syngnathus typhle. Ecol Evol. 2016;6(18):6735-57. Available from:

862 http://dx.doi.org/10.1016/j.z001.2016.06.002

863  75. Beemelmanns A, Roth O. Grandparental immune priming in the pipefish Syngnathus typhle.
864 BMC Evol Biol. 2017;17(44):2-14.

865 76. Roth O, Beemelmanns A, Barribeau SM, Sadd BM. Recent advances in vertebrate and

866 invertebrate transgenerational immunity in the light of ecology and evolution. Heredity

867 (Edinb). 2018;121(3):225-38. Available from: http://dx.doi.org/10.1038/s41437-018-0101-2
868 77. Roth O, Klein V, Beemelmanns A, Scharsack JP, Reusch TBH. Male pregnancy and biparental
869 immune priming. Am Nat. 2012 Dec [cited 2013 Mar 1];180(6):802—-14. Available from:

870 http://www.ncbi.nlm.nih.gov/pubmed/23149404

871 78. Keller IS, Bayer T, Salzburger W, Roth O. Effects of parental care on resource allocation into
872 immune defense and buccal microbiota in mouthbrooding cichlid fishes. Evolution (N Y).
873 2018;1-15.

874 79.  Keller IS, Salzburger W, Roth O. Parental Investment Matters for Maternal and Offspring
875 Immune Defense in the Mouthbrooding Cichlid Astatotilapia burtoni. BMC Evol Biol. 17;1-20.

876


https://doi.org/10.1101/2023.01.31.526426

