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17  Abstract

18  Relationships between animals and their associated microbiota is dependent on the
19  evolutionary history of the host and on the environment. The majority of studies tend to
20  focus on one of these factors and rarely consider how both determine the community
21  composition of the associated bacteria. One “natural experiment” to test how evolutionary
22 history, shared environments, and the interaction between these factors drive community
23 composition is to compare geminate species pairs. Echinoids separated by the Isthmus of
24 Panama are suitable for this comparison due to the known evolutionary history and
25  differences in oceanographic characteristics of the Caribbean Sea and Pacific Ocean. By
26  comparing the egg-associated microbiota for the Echinometra and Diadema geminate
27  species pairs, we show that both pairs of geminate species associate with distinct bacterial
28  communities in patterns consistent with phylosymbiosis, and that the interaction between
29  the evolutionary history of the host and the environment best explain differences in these
30  communities. Moreover, we find that particular microbial taxa differed considerably
31  between, but not within, oceans and that the microbiota of the two Caribbean Echinometra
32  species were dominated by the phototrophic Oxyphotobacteria.

33
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34 INTRODUCTION

35 Relationships between animals and the microbes with which they associate is
36  generally hypothesized to be driven by two primary factors, the evolutionary history of the
37  host and the environment (Bordenstein & Theis 2015). In the former, animals associate
38  with species-specific microbial communities that often co-vary with host phylogeny
39  (Schmitt et al. 2012, Brooks et al. 2016, Carrier & Reitzel 2018, Pollock et al. 2018,
40  O’Brien et al. 2019, Lim & Bordenstein 2020). In the latter, the composition of host-
41  associated microbiota depends on the abiotic environment, such that bacterial communities
42  may differ due to bacterial physiology or characteristics of the host to form a community
43  with specific functional properties (Soto et al. 2009, Webster et al. 2011, Kohl & Carey
44 2016, Carrier & Reitzel 2017).

45 Studies assessing the relative importance of host’s evolutionary history or the
46  environment suggest that both influence community composition, but one factor is
47  commonly more pronounced. In scleractinian corals (Pollock et al. 2018) and sponges
48  (Easson & Thacker 2014, Thomas et al. 2016), for example, host phylogeny can best
49  explain compositional differences in these microbial communities. Shifts in symbiont
50  composition due to the abiotic environment have been observed for some echinoderms
51  (Carrier & Reitzel 2020), sponges (Webster et al. 2011), and barnacles (Aldred & Nelson
52 2019). In select cases, however, the influence of host’s evolutionary history and the
53  environment are comparably similar (Mortzfeld et al. 2015).

54 Discerning the impacts of evolutionary history and adaptation to different
55  environmental conditions is a challenge in many marine species because of incomplete or

56  unknown phylogenetic relationships and overlapping environments for closely related
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57  species. Geminate species, or sister species pairs resulting from a recent speciation event
58  following a geological event (Jordan 1908), represent insightful systems to compare
59  between these factors to determine how they relate to the associated microbiota (Wilkins
60 et al. 2019). One geographic change that resulted in multiple geminate species was the
61  formation of the Isthmus of Panama. Until ~2.8 million years ago (MY A), the Caribbean
62  Seaand Tropical Eastern Pacific was a continuous water basin with fauna that spanned this
63  region (Lessios 2008, O’Dea et al. 2016). The emergence of the Isthmus of Panama
64  affected the physical conditions of these two oceans, causing multiple groups of marine
65 fauna to undergo independent evolutionary trajectories and to form geminate species pairs
66  (Lessios 2008, O’Dea et al. 2016, Wilkins et al. 2019).

67 Two sets of geminate species that have been particularly well-studied are the
68  echinoids Echinometra and Diadema. As a result of the formation of the Isthmus of
69  Panama, Diadema split into the Pacific D. mexicanum and Caribbean D. antillarum
70 (Lessios et al. 2001, Hickerson et al. 2006, Lessios 2008). Echinometra also diverged into
71  E. vanbrunti in the Pacific and E. lucunter and E. viridis in the Caribbean, with the
72 speciation event for these two Caribbean species occurring after the emergence of the
73 Isthmus of Panama (McCartney et al. 2000, Lessios 2008). Fundamental differences in egg
74  size and biochemical composition (Lessios 1990, McAlister & Moran 2012), larval feeding
75  ecology (McAlister 2008), and reproductive ecology (Lessios 1981, 1984) have occurred
76  since these geminate pairs diverged.

77 The microbiota associated with geminate species pairs was recently hypothesized
78  to have diverged during their independent evolutionary trajectories, either as a product of

79  the host genetics or environmental differences (Wilkins et al. 2019). For the echinoid
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80  geminate species pairs, relatedness of microbial communities would be hypothesized to
81  either mirror host phylogeny or form distinct clades unique to each ocean, regardless of
82  phylogeny (Fig. 1). To test these hypotheses, we sampled eggs of all five Echinometra and
83  Diadema species and used amplicon sequencing to profile the associated bacterial
84  communities.
85
86 MATERIALS AND METHODS
87  Echinoid collections and spawning
88 Adult Diadema mexicanum and Echinometra vanbrunti were collected by SCUBA
89  off Isla Taboguilla near Panama City, Panama. Adults were transferred to and spawned at
90  the Smithsonian Tropical Research Institute’s (STRI) Naos Island Laboratories in Balboa.
91  D. antillarum, E. lucunter, and E. viridis were collected at Galeta Marine Laboratory near
92  Coldn, Panama in the Caribbean Sea. Of the Caribbean species, E. lucunter and E. viridis
93  were brought to and spawned at Naos, while D. antillarum was spawned at Galeta.
94 Adult sea urchins (n=15 per species; Table S1) were spawned by intracoelomic
95  injection of 0.50 M KCI. For all three Echinometra species, eggs were shed into 5.0 pym
96 filtered seawater from their site of origin while Diadema eggs for both species were shed
97  onto and collected from the aboral surface. Approximately ~250 eggs per individual were
98 collected with a sterile pipette, concentrated using a microcentrifuge, preserved in
99  RNAlater, and frozen at -20°C for long-term storage.
100 The environmental microbiota from the seawater where the sea urchins were
101  collected was also sampled. For both Pacific and Caribbean populations, ~0.5-L of

102 seawater was filtered onto a 0.22-um Millipore filter to retain the environmental microbiota
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103 (n=3). Full filter disks were preserved in RNAlater and frozen at -20°C.

104

105  Profiling bacterial communities

106 Total DNA was extracted from sea urchin eggs, seawater samples, and DNA kit/
107  reagent blanks (n=3) using the GeneJet Genomic DNA Purification Kit (Thermo
108  Scientific). DNA was quantified using a Qubit Fluorimeter (Life Technologies) and diluted
109  to 5 ngeul-1 using RNase/DNase-free water. Bacterial sequences were then amplified
110 using primers for the V3/V4 regions of the 16S rRNA gene (Table S2; Klindworth et al.
111 2013). Products were purified using the Axygen AxyPrep Mag PCR Clean-up Kit (Axygen
112 Scientific), indexed using the Nextera XT Index Kit V2 (Illumina Inc.), and then purified
113 again. At each clean up step, flxuorometric quantitation was performed using a Qubit, and
114  libraries were validated using a Bioanalyzer High Sensitivity DNA chip (Agilent
115  Technologies). [llumina MiSeq sequencing (v3, 2x300 bp paired-end reads) was performed
116  in the Department of Bioinformatics and Genomics at the University of North Carolina at
117  Charlotte.

118

119  Computational analysis

120 Raw reads along with quality information were imported into QIIME 2 (v. 2019.1;
121  Bolyen et al. 2019), where adapters were removed, forward and reverse reads were paired
122 using VSEARCH (Rognes et al. 2016), filtered by quality score, and denoised using Deblur
123 (Amir et al. 2017). QIIME 2-generated ‘features’ were analyzed as Amplicon Sequence
124 Variants (ASVs; Callahan et al. 2017) and were assigned taxonomy using SILVA (v. 132;

125  Quast et al. 2013). Sequences matching to Archaea, present in the seawater or in DNA kit/
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126  reagent blanks were filtered from the data table, and samples with less than 1,000 reads
127  were discarded (Table S1). The filtered table was then rarified to 1,027 sequences per
128  sample (i.e., the read count for the sample with the least remaining reads; Fig. S1),

129 To test whether community membership and composition were species-specific,
130  we calculated unweighted and weighted UniFrac values (Lozupone & Knight 2005) and
131  compared them using principal coordinate analyses. Results from these analyses were then
132 recreated in QIIME 1 (v. 1.9.1; Caporaso et al. 2010) and stylized using Adobe Illustrator.
133 We then used a PERMANOVA to test for differences in membership and composition
134  between species and, subsequently, performed pairwise comparisons. We also calculated
135  several measures of alpha diversity: total ASVs, Faith’s phylogenetic diversity, McIntosh
136 dominance, and MclIntosh evenness. We compared these values using a one-way analysis
137  of variance (ANOVA) for Echinometra and a Student’s t-test for Diadema. Lastly, we
138  summarized the bacterial groups associated with all species and the number of shared and
139 species-specific ASVs.

140 Using the weighted UniFrac values, we constructed microbial dendrograms in
141  QIIME 2 and tested for phylosymbiosis by comparing topological congruency with a
142 portion of the cytochrome ¢ oxidase subunit 1 (CO1) gene tree for these geminate species
143 pairs (McCartney et al. 2000, Lessios et al. 2001). The host CO1 tree was constructed using
144  BEAST (v. 1.8.4; Drummond et al. 2012) by starting from a random coalescent tree and
145  running for 107 steps, with recordings every 103 steps. We then used Tracer (v. 1.7.1;
146  Rambaut et al. 2018) to verify that Effective Sample Size values for all parameters
147  exceeded 4,260. A maximum credibility tree, with support of 1 for all nodes, was then

148  estimated using TreeAnnotator (v. 10.10.4). Patterns of phylosymbiosis were tested using
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149  the Robinson-Foulds metric in TreeCmp (Bogdanowicz et al. 2012) and matching cluster
150  metrics with 10,000 random trees. This analysis was performed using the Python script of
151  Brooks et al. (2016).

152 Our QIIME-based pipeline used to convert raw reads to ASVs for visualization is
153  presented in detail in Supplemental Note 1. The 16S rRNA gene reads are accessible on
154  Dryad Digital Repository (doi.org/10.5061/dryad.2z34tmphq).

155

156 RESULTS

157 Community relatedness and diversity

158 The bacterial communities associated with eggs of these two geminate species pairs
159  were species-specific in both community membership and composition, except in one case
160  (unweighted UniFrac: p<0.001; weighted UniFrac: p<0.001; Fig. 2; Table S3). The two
161  Caribbean Echinometra species, E. lucunter and E. viridis, associated with comparatively
162  similar communities in both membership and composition (unweighted UniFrac p=0.05;
163 weighted UniFrac: p=0.095; Fig. 2; Table S3). Relatedness of these bacterial communities
164  suggests that the Pacific E. vanbrunti groups with the Pacific D. mexicanum and Caribbean
165  D. antillarum while the Caribbean E. lucunter and E. viridis group separately (Fig. 2).
166  Moreover, comparison of host phylogeny and bacterial dendrogram suggest that these are
167  congruent and, thus, phylosymbiosis was supported for these geminate species pairs
168  (Robinson-Foulds: p=0.062; Fig. 3; Table S4).

169 Echinometra-associated bacterial communities were, on average, more diverse in
170  individual taxa and phylogenetic breadth than Diadema (Fig. 4A-B; Table S5). Diversity

171  within the eggs of geminate species pairs differed between genera: those of Caribbean
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172 Echinometra were similar to each other but more diverse than the Pacific counterpart
173 whereas those of the Pacific D. mexicanum were more diverse than the Caribbean D.
174 antillarum (Fig. 4; Table S5). Moreover, the bacterial communities of Echinometra were
175  more taxonomically dominant and, thus, less even than Diadema (Fig. 4C-D; Table S5).
176  The eggs of all three Echinometra species were associated with similarly dominant
177  bacterial communities, while the eggs of D. mexicanum had a more taxonomically
178  dominant community than that of D. antillarum (Fig. 4; Table S5).

179

180  Taxonomic representation and divergence

181 Microbiota of both Echinometra and Diadema eggs were primarily composed of
182 two bacterial classes, the Bacteroidia (Bacteroidetes) and Gamaproteobacteria
183  (Proteobacteria) (Fig. 5A). Bacteroidia, on average, represented ~24.2% and ~31.1% of the
184  bacterial community of Echinometra and Diadema, respectively, while the
185  Gammaproteobacteria represented ~31.9% and ~37.9% (Fig. 5A). The eggs of the
186  Caribbean Echinometra, in particular, were also dominated by the Oxyphotobacteria
187  (Phylum: Cyanobacteria), which represented ~24.8% of the community (Fig. 5A). This
188  bacterial group was significantly more abundant in the Caribbean Echinometra than the
189  Pacific E. vanbrunti and represented ~2-3-times more of the community (Fig 5B; Table
190  S6). In addition to these groups, the eggs of Diadema had 8 other bacterial classes that
191  represented between ~1% and ~7.6% of the community, while Echinometra had 7 other
192 bacterial classes that ranged from ~1% to ~5.2% of the community (Fig SA).

193 There were 446 ASVs between the Echinometra geminate species. Of these, 90

194  (20.2%), 78 (17.5%), and 75 (16.8%) were specific to E. vanbrunti, E. lucunter, and E.
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195  viridis, respectively, while 36 (8.1%) were shared between these species (Fig. 5C, S2).
196  Notably, a total of 136 (38.6%) ASVs were shared between the Caribbean E. lucunter and
197  E. viridis, while 41 (9.2%) or 59 (13.2%) ASVs were shared between either species of
198  Caribbean Echinometra and E. vanbrunti (Fig. 5C, S2). The Diadema geminate species,
199  on the other hand, associated with 171 ASVs; 96 and 48 were specific to D. mexicanum
200  and D. antillarum, respectively, and 27 were shared. D. antillarum also associated with the
201  most abundant ASV, which belonged to Kistimonas, represented ~29.9% of the
202  community, and was significantly more abundant in D. antillarum than D. mexicanum (Fig
203  5B; Table S6).

204

205  DISCUSSION

206 The microbiota with which animals associate is often attributed to their
207  evolutionary history or the environment (Carrier & Reitzel 2017, Lim & Bordenstein
208  2020). Studies assessing the relative importance of host’s evolutionary history or the
209  environment suggest that both influence community composition, but one factor is
210  commonly more pronounced. One "natural experiment" to test whether either factor or the
211  interaction between these factors primarily drives community composition is to compare
212 geminate species pairs (Jordan 1908). One example are echinoids separated by the Isthmus
213  of Panama (Lessios 2008, O’Dea et al. 2016, Wilkins et al. 2019).

214 By comparing the egg-associated microbiota for the Echinometra and Diadema
215  geminate species pairs, we reach three main findings. First, both pairs of geminate species
216  associated with distinct bacterial communities that reflect a relationship consistent with

217  phylosymbiosis. Second, the relatedness of these microbiota—based on both membership

10
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218 and composition—supports the hypothesis that the interaction between the animal’s
219  evolutionary history and the environment best explains differences in these communities.
220  Third, particular microbial taxa (e.g., Oxyphotobacteria and Kistimonas) differed
221  considerably between, but not within, oceans.

222 Like the developmental stages of many marine invertebrates, echinoid embryos and
223 larvae associate with species-specific bacterial communities that are composed of hundreds
224 of taxa (Carrier & Reitzel 2018, Carrier & Reitzel 2019a, b, Carrier & Reitzel 2020).
225  Presently, no study has compared the microbiome of echinoids across their evolutionary
226  history, but the microbiota associated with three confamilial echinoids showed a
227  phylogenetic signal (Carrier & Reitzel 2018, Carrier & Reitzel 2019a). Multiple studies do,
228  however, suggest that feeding environment and geographic locations with distinct
229  oceanographic conditions influence the composition of microbiota with which echinoid
230 larvae associate (Carrier & Reitzel 2018, Carrier et al. 2019, Carrier & Reitzel 2019b,
231  Carrier & Reitzel 2020).

232 Since their separation ~2.8 million years ago, echinoid geminate species pairs have
233 diverged in several aspects of their biology and ecology, including egg size and
234 biochemical composition (Lessios 1990, McAlister & Moran 2012), larval feeding ecology
235  (McAlister 2008), and reproductive ecology (Lessios 1981, 1984). In this study, we show
236  that the bacterial communities with which they associate are another biological difference
237  between these species pairs. Specifically, Pacific and Caribbean geminate pairs share
238  between ~10% and ~15% of their microbiota. This fraction of shared bacterial taxa is
239  consistent with differences between the microbiota of Strongylocentrotus droebachiensis

240  larvae from multiple geographical locations (Carrier et al. 2019). Differences in these

11
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241  communities may reflect common taxonomic differences amongst echinoid species and/or
242 between populations.

243 One exception to interspecific differences in egg microbiota is our finding
244  regarding the two Caribbean Echinometra species, E. lucunter and E. viridis. These species
245  diverged from each other less than ~1.6 million years ago (McCartney et al. 2000); after
246  this time interval they still maintain a similarity of ~55% of their bacterial taxa. This lower
247  level of taxonomic divergence has not resulted in a specific-specific bacterial community,
248  which is hypothesized to be a fundamental property of animal-associated microbiota
249  (Gilbert et al. 2012, McFall-Ngai et al. 2013, Bordenstein & Theis 2015). Recently,
250  however, notions for universal rules governing animal-microbe symbioses have been
251  called into question (Hammer et al. 2019). The comparison between these two Caribbean
252 Echinometra species may provide initial evidence against the universality of species-
253 specific microbiota.

254 In marine and terrestrial taxa, the evolutionary history of the host tends to mirror
255  the relatedness of the microbial community (i.e., phylosymbiosis; Brooks et al. 2016, Lim
256 & Bordenstein 2020). When comparing host phylogeny and microbial dendrograms for the
257  Echinometra and Diadema geminate species pairs, we find evidence for phylosymbiosis
258  (Brooks et al. 2016, Lim & Bordenstein 2020). Although these trees were not fully
259  congruent, the evolutionary signal was strong enough to be detected, despite the
260  environmental influence in this system. Relatedness of these bacterial communities did not
261  fully reflect either factor; instead, what was observed was an intermediate between a host-

262  and environment-driven pattern.

12
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263 Symbioses between animals and microbes are a product of the interaction between
264  the host genotype (Gh), the microbial metagenome (Gm), and the environment (E) (Zilber-
265 Rosenberg & Rosenberg 2008, Bordenstein & Theis 2015, Carrier & Reitzel 2017). This
266  tripartite interaction (Gu x Gmx E) was evident in the Echinometra and Diadema geminate
267  species pairs, where the Pacific E. vanbrunti grouped with Diadema geminate species pair
268 and the two Caribbean Echinometra species grouped separately. Provided that both
269  evolutionary history and environment contribute to the composition of echinoid bacteria,
270  the known history of the geminate species can shed light on an unresolved question of
271  bacterial symbiosis: which symbionts have a deeper common history with the host (e.g.,
272 co-speciation; Peek et al. 1998, Funkhouser & Bordenstein 2013, Moeller et al. 2016), and
273  which partnerships formed as the physical and biological properties of these ocean
274  drastically changed (Lessios 2008, O’Dea et al. 2016)?

275 Two potential candidates that may be traced with host evolution or be
276  environmentally relevant are the Oxyphotobacteria and Kistimonas. Oxyphotobacteria are
277  a group of cyanobacteria that perform oxygenic photosynthesis (Soo et al. 2017). In our
278  data, this bacterial class was ~2-3-times as abundant in the Caribbean Echinometra. The
279  Caribbean is oligotrophic relative to the eastern Pacific, which has been hypothesized to
280  drive the evolution of a number of life history traits, presumed to be adaptations to its lower
281  productivity (Lessios 2008). Multiple echinoderms living in oligotrophic seas have been
282  observed to associate with bacterial lineages known to perform photosynthesis (Bosch
283 1992, Galac et al. 2016, Carrier et al. 2018, Carrier & Reitzel 2020); however, the function
284  of these bacteria remain unknown. Kistimonas is a recently identified bacterial lineage

285  known to associate with various marine invertebrates (Choi et al. 2010, Lee et al. 2012,

13
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286  Ellis et al. 2019). The symbiotic functions of the Kistimonas remains unknown, but the
287  dominance of this bacterium on the eggs of D. antillarum, but not D. mexicanum, may
288  suggest some means to cope with an oligotrophic sea.

289 Taken together, data presented here support a hypothesis that the bacterial
290 communities of echinoid geminate species pairs have diverged considerably since the
291  formation of the Isthmus of Panama and may be a product of both the evolutionary history
292 of the host and subsequent evolution in their respective environments. The functional
293  importance of these bacterial communities and, consequently, whether they are adapted for
294  each oceanographic regime remains an open question (Wilkins et al. 2019). Functional
295  potential and expression profiles of these microbial communities may be assessed using
296  meta-genomics and meta-transcriptomics, which may then be coupled with culturing of
297  individual bacterial taxa and performing add-back experiments to test whether performance
298 is enhanced under different environments (Moitinho-Silva et al. 2014, Slaby et al. 2017,
299  Domin et al. 2018, Carrier & Reitzel 2020).

300

301  Acknowledgements. We thank the staff of the Smithsonian Tropical Research Institute and
302  Axel and Ligia Calderon and Laura Geyer for their valuable assistance with experimental
303  logistics; Karen Lopez and Daniel Janies (UNC Charlotte) for sequencing resources and
304  technical assistance with sequencing. T.J.C. was supported by an NSF Graduate Research
305  Fellowship and a Smithsonian Institute graduate student fellowship; H.L. was supported
306 by General Research Funds from STRI; and A.M.R. was supported by a Human Frontier
307  Science Program Award (RGY0079/2016).

308

14


https://doi.org/10.1101/2020.03.30.015578

bioRxiv preprint doi: https://doi.org/10.1101/2020.03.30.015578; this version posted April 1, 2020. 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.

309  Figure legends

310

311  Fig. 1: Hypothesized relationships of microbial communities for geminate species pairs in
312 this study. Hypothetical microbial dendrograms for Echinometra and Diadema geminate
313  species pairs if host genetics (left) or the environment (right) were the primary factor
314  contributing to community assembly.

315

316  Fig. 2: Community relatedness of geminate species pairs. Similarity between the bacterial
317  communities of Echinometra and Diadema geminate species pairs based on membership
318  (unweighted UniFrac; A) and composition (weighted UniFrac; B) with corresponding
319  microbial dendrograms.

320

321  Fig. 3: Phylosymbiosis for geminate species pairs. Gene tree using CO1 for Echinometra
322 and Diadema geminate species pairs and microbial dendrograms based on community
323  composition (i.e., weighted UniFrac). COl sequences for Echinometra are from
324  McCartney et al. (2000) and those for Diadema are from Lessios et al. (2001).

325

326  Fig. 4: Bacterial community diversity of each sea urchin host. Diversity of the bacterial
327  communities associated with eggs of Echinometra and Diadema, as estimated by (A)
328  enumerating total Actual Sequence Variants, (B) Faith’s phylogenetic diversity, (C)
329  MclIntosh dominance, and (D) McIntosh evenness.

330

331  Fig. S: Bacterial taxa of each sea urchin species. (A) Class-level profiles of the bacterial

15


https://doi.org/10.1101/2020.03.30.015578

bioRxiv preprint doi: https://doi.org/10.1101/2020.03.30.015578; this version posted April 1, 2020. The copyright holder for this preprint (which

332

333

334

335

336

337

was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

communities associated with the Echinometra and Diadema species. (B) Differential
abundance in a Kistimonas ASV associated with Diadema species (left) and
Oxyphotobacteria associated with Echinometra species (right). (C) Venn diagrams of

ASVs of the Diadema (top) and Echinometra (bottom) geminate species pairs.
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Fig. S1: Alpha rarefaction curve for Diadema and Echinometra species. Alpha rarefaction curve
for the bacterial community associated with D. mexicanum, D. antillarum, E. vanbrunti, E.
lucunter, and E. viridis eggs. This was based on a rarefaction depth of 1,027 sequences and was
used for all analyses.
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Caribbean Pacific

Fig. S2: Taxonomic differences between the egg microbiota of Echinometra geminate species.
Differences in the taxonomic representation for Echinometra species from the Caribbean (E.
lucunter and E. viridis together) and the Pacific (E. vanbrunti).
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