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Abstract

The capacity to respond to environmental challenges ultimately relies on phenotypic
variation which manifests from complex interactions of genetic and non-genetic
mechanisms through development. While we know something about genetic variation and
structure of many species of conservation importance, we know very little about the non-
genetic contributions to variation. Rhizophora mangle is a foundation species that occurs in
coastal estuarine habitats throughout the neotropics where it provides critical ecosystem
functions, and is potentially threatened by climate change. Several studies have
documented landscape level patterns of genetic variation in this species, but we know

virtually nothing about the inheritance of non-genetic variation. To assess one type of non-
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genetic variation, we examined the patterns of DNA sequence and DNA methylation in
maternal plants and offspring from natural populations of R. mangle from the Gulf Coast
of Florida. We used a reduced representation bisulfite sequencing approach (epi-
genotyping by sequencing or epiGBS) to address the following questions: a) What are the
levels of genetic and epigenetic diversity in natural populations of R. mangle? b) How are
genetic and epigenetic variation structured within and among populations? ¢) How
faithfully is epigenetic variation inherited? We found low genetic diversity but high
epigenetic diversity from natural populations of maternal plants in the field and that a large
portion (up to ~25%) of epigenetic differences among offspring grown in common garden
was explained by maternal family. Therefore, epigenetic variation could be an important
source of response to challenging environments in the genetically depauperate populations

of this foundation species.

Key words: coastal ecosystems, conservation genomics, epigenetic inheritance, foundation
species, mangrove

Running title: Epigenetic inheritance in red mangrove



https://doi.org/10.1101/2020.10.24.353482
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.10.24.353482; this version posted October 25, 2020. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY 4.0 International license.

60 1. Introduction

61  Preserving the ability of populations to respond to environmental challenges is critical to

62  conservation efforts. This ability ultimately depends on phenotypic variation (Norberg et al.,
63  2001; Bjorklund et al., 2009; Henn et al., 2018), and consequently conserving genetic

64  variation has been championed by numerous researchers studying conservation in recent

65  decades. However, the focus on genetic variation must be interpreted with caution (Hufford
66  and Mazer, 2003) considering the misplaced emphasis on the concept that only variation in
67  DNA sequence matters (Keller, 2002, 2014; Sultan, 2015; Bonduriansky & Day, 2018). In
68  fact, Sultan (2015) argued that as modern biologists our task is to restore the context

69  dependence of gene expression and trait variation which has become particularly relevant in
70  the context of anthropogenic alterations to natural ecosystems. In the framework of re-

71  evaluating the mapping of genotype to phenotype (Pigliucci, 2010; Keller, 2014), we can now
72 use the concepts of Evo-Devo to explore plasticity and structure within populations, as well
73  as examine how these processes are impacted by climate change (Campbell, Adams, Bean, &
74  Parsons, 2017).

75 Natural epigenetic variation (e.g., alterations to DNA methylation, small RNAs, and
76  chromatin remodeling) has been associated with phenotypic and functional diversity in

77  plants, emerging both as a molecular-level mechanism underlying phenotypic plasticity and
78  as a potentially important non-genetic source of heritable variation (Medrano, Herrera, &

79  Bazaga, 2014; Cortijo et al., 2014; Balao, Paun, & Alonso, 2018; Banta & Richards, 2018;
80  Zhang, Latzel, Fischer, & Bossdorf, 2018). There is increasing evidence that suggests that

81  environmentally-induced epigenetic variation can be heritable, particularly in plants (e.g.

82  Verhoeven, Jansen, Van Dijk, & Biere, 2010; Richards et al., 2012; Herrera et al., 2017) but
83  this contention is not universally supported (reviewed in Richards & Pigliucci, in press). This
84  source of variation may be imperative for sessile organisms as they cope with a broad range
85  of environmental conditions without the ability to migrate away from stressors (Balao, Paun,
86 & Alonso, 2018). Further, rapid phenotypic alterations mediated by epigenetic mechanisms
87  may be especially important for the persistence of plant populations in dynamic ecosystems
88  that endure significant natural and anthropogenic environmental variability, such as those in
89  coastal and alpine regions (Nicotra et al., 2015; Burggren, 2016).

90 Much of what is presently known about the functionality of epigenetic variation

91  predominantly comes from studies of model organisms (Richards et al., 2017; Balao, Paun, &
92  Alonso, 2018). For instance, epigenetic differences in Arabidopsis thaliana have been linked

93  toresponse to temperature (Kawakatsu et al., 2016) and biotic stressors (Dowen et al., 2012;
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94  reviewed in Zogli & Libault, 2017). Additionally, inheritance of epigenetic variation has been
95  observed in 4. thaliana (Lang-Mladek et al., 2010; Blevins et al., 2014) as well as in several
96  crop species (e.g. DNA methylation in maize and Fragaria vesca; Li et al., 2014; de Kort et
97  al., 2020; and small RNAs in Brassica rapa; Bilichak et al., 2014). Our understanding of how
98  epigenetic variation behaves in ecological contexts is far more limited, however. Common
99  garden studies of non-model plant species have elucidated changes in DNA methylation that
100  are linked to community composition (van Moorsel et al., 2019) and responses to temperature
101  and nutrient stress (Verhoeven, Jansen, Van Dijk, & Biere, 2010; Nicotra et al., 2015).
102  Moreover, methylation modifications in natural plant populations are known to be associated
103 with response to habitat and environmental variation (Foust et al., 2016; Gaspar, Bossdorf, &
104  Durka, 2019), hybridization and allopolyploidization (Salmon, Ainouche, & Wendel, 2005;
105  Sehrish et al., 2014; reviewed in Mounger, et al., 2020), fluctuations in salinity and nutrient
106  levels (Lira-Medeiros et al., 2010), light availability (Schulz et al., 2014), and biotic
107 interactions (e.g. herbivory; Herrera & Bazaga, 2011; reviewed in Alonso, Ramos-Cruz, &
108  Becker, 2018). However, other studies have shown that epigenetic variation accumulated
109  following single genetic mutations (Becker et al., 2011; Dubin et al., 2015; Sasaki et al.,
110 2019) and many authors have argued that epigenetic variation is ultimately explained by
111  genetic variation (Alvarez et al., 2020; Robertson et al., 2020).
112 Understanding the mechanisms of response in coastal foundation species has become
113 increasingly important for conservation and management strategies as these species must
114 cope with rising sea levels and increased warming due to climate change (Osland, Enwright,
115  Day, & Doyle, 2013; Osland et al., 2017b). Worldwide, mangrove forests perform significant
116  ecosystem services including buffering storm surges and tidal wave action, reducing erosion,
117  sequestering an estimated 34.4 Tg of carbon per year (Mcleod et al., 2011), and providing
118  habitat for economically important marine fauna (Alongi, 2008). These forests also play
119  important roles in nutrient and sediment dynamics that are integral to the ecosystem
120  processes of several marine systems, notably coral reefs and seagrass flats (Alongi, 2008;
121 Polidoro et al., 2010). Despite their importance, the distribution and persistence of mangrove
122 tree species are threatened by historic and current land-use change as well as by pollution
123 from agriculture and urban runoff, sewage effluents, hazardous materials spills, and other
124  contaminants from human activities (Ellison, Farnsworth, & Moore, 2015). The Food and
125  Agriculture Organization of the United Nations (FAO) estimates that approximately 35% of
126  global mangrove forest habitat has been destroyed since roughly 1980 for the development of
127  human settlements, agriculture and aquaculture, and industrial shipping harbors (FAO 2007;
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128  Polidoro et al., 2010; Ellison et al., 2015). In some regions, mangrove trees are also harvested
129  for wood and charcoal (Ellison et al., 2015), resulting in habitat fragmentation and isolation
130  of existing remnant fragments (Haddad et al., 2015; Friess et al., 2012).

131 While most mangrove species are not considered to be threatened, 16% of true

132 mangrove species (as defined by Tomlinson, 2016) have qualified for listing on the Red List
133 of Threatened Species of the International Union for Conservation of Nature (IUCN) (Alongi,
134 2008; Polidoro et al., 2010; Tomlinson, 2016), despite restoration efforts and governmental
135  protections (Lai et al., 2015; Ferreira & Lacerda, 2016). Besides, habitat loss continues to be
136  aserious threat, with current average annual rates of loss of 1-2% (Alongi, 2008; Polidoro et
137 al., 2010). The resultant loss of diversity could pose risks for these coastal foundation species
138 in the future, particularly as sea levels are projected to rise between 0.2 and 2 m over the next
139  century due to anthropogenic climate change (Melillo, Richmond, & Yohe, 2014). Although
140  mangrove tree species may not be at immediate risk of extinction, the degradation and loss of
141  high-quality mangrove forests negatively impacts ecosystem processes, trophic states, and
142 food availability, which in turn threatens biodiversity within these systems (Carugati et al.,
143 2018). On the other hand, evidence has suggested that populations of many mangrove species
144  have historically moved along the intertidal zone and poleward at pace with changes in sea
145  level, reduced incidence of winter frost, and a variety of other abiotic conditions (Alongi,

146  2008; Osland et al., 2017a). The mechanisms that allow for this migration are not well

147  understood (Osland, Enwright, Day, & Doyle, 2013; Osland et al., 2017b) and coastal

148  development poses a significant barrier to these species’ abilities to colonize landward

149  (Polidoro et al., 2010; Schuerch et al., 2018; reviewed in Godoy & Lacerda, 2015).

150 To date, broad surveys of genetic diversity across the expansive ranges of mangrove
151  species are lacking, and virtually no studies have directly addressed the importance of non-
152  genetic variation for the persistence of coastal plant species. However, genetic variation has
153  been investigated in limited geographic regions in order to assess patterns of evolution (Duke,
154 Lo, & Sun, 2002), hybridization and introgression (Cerén-Souza et al., 2010), genetic

155  population and subpopulation structure (Arbelaez-Cortes Castillo-Cardenas, Toro-Perea, &
156  Cardenas-Henao, 2007; Ceron-Souza et al., 2010; Albrect Kneeland, Lindroth, & Foster

157  2013; Bruschi et al., 2014; Chablé¢ Iuit et al., 2020), and to evaluate range expansion as a

158  result of climate change (Sandoval-Castro et al., 2012; Kennedy et al., 2016) in Rhizophora
159  mangle.

160 Rhizophora mangle populations appear to vary tremendously in genetic variation

161  across their range. For example, populations along the Pacific coast have greater genetic
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162  diversity than those sampled elsewhere within their range across the Western Hemisphere
163 (Arbelaez-Cortes et al., 2007; Cerén-Souza, Bermingham, McMillan, & Jones, 2012; Bruschi
164  etal., 2014). Other studies also suggest that R. mangle populations are not panmictic, and

165 instead tend to form somewhat isolated groups (Pil et al., 2011). Populations of R. mangle
166  can become genetically isolated both at range ends and in areas of limited tidal flow

167  (Sandoval-Castro et al., 2012; Kennedy et al., 2016), and its poleward expansion is limited by
168  freezing events (its current northern range limit is roughly 29° N latitude; Kennedy et al.,

169  2016). Populations at these peripheries could require particular conservation attention since
170  they have been shown to have greater genetic differences among populations and reduced
171  genetic diversity (Polidoro et al., 2010; Sandoval-Castro et al., 2012; Kennedy et al., 2016),
172 which has been attributed to limits in dispersal ability, low effective population size, a

173 reduction in pollinators, and increased environmental pressures (Sandoval-Castro et al.,

174 2012). In addition, increased warming as a consequence of climate change could result in

175  either the relaxation or amplification of some of these biotic and abiotic limitations at range
176  ends (Devaney, Lehmann, Feller, & Parker, 2017).

177 In this study, we used the reduced representation bisulfite sequencing approach

178  epigenotyping by sequencing (epiGBS; van Gurp et al., 2016) to measure genetic and DNA
179  methylation differentiation among red mangrove populations near the northern limit of this
180  species in the Tampa Bay region. We took advantage of the unusual biology of R. mangle
181  that allows for collecting viviparous propagules that are still attached to the maternal plant.
182  From six populations we collected leaves from maternal trees and their offspring propagules
183  to answer the following questions: a) What are the levels of genetic and epigenetic diversity
184  in natural populations of R. mangle? b) Are genetic and epigenetic variation structured among
185  populations of this species in the wild? c) To what extent does epigenetic variation in the

186  offspring correlate with the maternal plants?

187

188 2. Materials and Methods

189 2.1 Study Species

190 The red mangrove, Rhizophora mangle L. 1753 (Malpighiales, Rhizophoraceae), is an
191  estuarine tree species present along the tropical and subtropical coasts of the Americas,

192  eastern Africa, Bermuda, and a handful of outlying islands in the South Pacific (Tomlinson,
193 1986; Proffitt & Travis, 2014; DeYoe et al., 2020). Rhizophora mangle typically grows in the
194  intertidal regions of sheltered coastlines, but can also be found in estuaries, tidal creeks, and

195  occasionally along the edges of hypersaline salt pans (Duke, 2002; DeYoe et al., 2020). It is a
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196  dominant mangrove species across its range, including along peninsular Florida (DeYoe et
197  al., 2020). Like other mangrove species, R. mangle functions as a foundation species by

198 altering environmental conditions, providing nursery grounds for numerous fish species, and
199  serving as a crucial primary producer within tropical and subtropical estuarine environments
200  (Proffitt & Travis, 2005).

201 Rhizophora mangle is considered a self-compatible species (Nadia & Machado,

202 2014). Pollination in this species is mediated by both insects and wind (ambophilous pollen
203  dispersal), which has been shown to effectively promote outcrossing and long-distance gene
204  flow, but these outcrossing events are thought to be rare (Cerdén-Souza et al., 2012).

205  Rhizophora mangle produces viviparous propagules that mature for up to six months on

206  maternal trees to lengths of 15-20cm (Goldberg & Heine, 2017; DeYoe et al., 2020). These
207  propagules have considerable longevity at sea, surviving up to 3-4 months in the water

208  column (Duke, 2002; Rabinowitz, 1978). However, propagules frequently recruit either

209  directly underneath or nearby to maternal trees (Sengupta et al., 2005; Sousa et al., 2007;

210  Goldberg & Heine, 2017) and maximum tidal action via king tides and major weather events
211  is likely required to move propagules significant distances (Goldberg & Heine, 2017).

212

213 2.2 Field sampling

214  We sampled six populations of R. mangle between June 9 and June 26 of 2015, in the west
215  coast of central Florida (USA) within the following county and state parks: Anclote Key

216  Preserve State Park (AC), Fort De Soto Park (FD), Honeymoon Island State Park (HI), Upper
217  Tampa Bay Conservation Park (UTB), Weedon Island Preserve (WI), and Werner-Boyce Salt
218  Springs State Park (WB) (Figure 1). At each population, we collected leaf tissue and 20

219  propagules directly from each of 10 maternal trees separated by at least 10 m from each other
220  to maximize the range of genetic variation sampled within each population (Albrecht et al.,
221  2013). With this design, propagules from each maternal tree were at least half-siblings but
222 they could be more closely related due to the high selfing rate of R. mangle in the study area
223 (Proffitt & Travis 2005). We maintained leaf tissue of maternal trees on ice until transported
224  to the Richards laboratory at the University of South Florida and then stored samples at -80 C
225  (N=60). We refrigerated the propagules at 4° C for up to 14 days until we planted them in the
226  greenhouse at the University of South Florida Botanical Gardens. In the greenhouse,

227  propagules from four of the maternal trees at AC and nine of the maternal trees at FD failed

228  to establish, so we returned to sample propagules and maternal tissue from 8 new maternal
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229  trees at FD on August 12 and 29, and from the same original maternal trees at AC on October
230  17.

231 We planted propagules in 11.4 cm pots with a 50:50 sand and peat soil mixture and
232 grew them for 9 months in the greenhouse at 18-29° C as part of a large common garden

233 randomized block design experiment. We watered the plants daily with tap water until mid-
234 October when we started applying salinity (15 ppt and 45 ppt reflecting the range of salinity
235  measured in the field populations) and nutrient (no N amendment and high N, amended at
236  approximately 3 mg N per pot each week, which is equivalent to a rate of 75 kg N per hectare
237  per year) treatments twice per week in a full factorial randomized complete block design (N=
238 6 populations x 10 maternal families x 4 treatment combinations x 4-5 blocks x 1

239  replicate/block = 1150 plants, Langanke, 2017). Some families x treatment combinations

240  were not represented in all five blocks due to limitations in the number of viable propagules.
241 We harvested one block of plants per day between 2-7 May 2016, storing leaf tissue from
242 each plant in paper envelopes, which we dried in a large glass container with silica gel

243 (N=841 plants with leaves at the end of the experiment, ranging from 97-183 offspring per
244  population). To assess genetic variation and structure, we chose 187 individuals representing
245 46 maternal families across the 6 populations (5-10 families per population). Since epigenetic
246  variation can be induced by environmental variation, we selected plants from the low salinity,
247  no nitrogen amendment treatment for the most part. We increased replication of some

248  families for genetic (not epigenetic) diversity analyses with 29 plants that had received either
249  high salt or high nitrogen treatments. By population, in the final group of samples that made
250 it through the filtering process these 29 samples included AC (3 of 10 individuals), FD

251  (5/47),HI (3/19), UTB (8/49), WB (4/24), WI (6/38).

252

253 2.3 Laboratory Methods

254  For genetic and epigenetic analyses, we isolated total genomic DNA from a total of 247

255  samples, including 60 maternal trees from the field and 187 offspring grown in the

256  greenhouse. First, we disrupted approximately 80 mg of leaf tissue using stainless steel beads
257  ina Qiagen TissueLyser II. Then, we extracted the DNA using the Qiagen DNeasy Plant

258  Mini Kit following the manufacturer instructions with slight modifications that included an
259  extended lysis step, a post-extraction clean-up with Buffer AW2, and elution in molecular
260  grade water. The final concentration of DNA was quantified using the Qubit 3.0 Fluorometric
261  dsDNA BR assay kit (Life Technologies).
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262 We prepared libraries for epigenotyping-by-sequencing (epiGBS) following the

263  methods outlined in van Gurp et al., (2016). In brief, we digested 400 ng of genomic DNA
264  from each sample with the methylation-sensitive restriction enzyme Pstl, and ligated

265  methylated, non-phosphorylated barcoded adapters to the resulting fragments. We

266  concentrated the libraries (NucleoSpin™ Gel and PCR Clean-up Kit), and size selected the
267  fragments using 0.8x SPRI beads (Agencourt AMPure XP, Beckman coulter). We performed
268  nick translation, bisulfite converted the fragments (EZ Lightning methylation kit, Zymo

269  Research), and performed PCR amplification with the KAPA HIFI Uracil+ Hotstart Ready
270  Mix (Roche). Finally, we quantified the libraries using the Qubit dsDNA assay kit, pooled
271  them with equimolar concentrations (each sequenced library consisted of 96 multiplexed

272  samples), and assessed their quality by analyzing 1 pl on a High Sensitivity DNA chip using
273  an Agilent 2100 Bioanalyzer. We prepared libraries and sequenced paired-end reads of the 60
274  maternal plant samples and 36 randomly chosen offspring at the University of Florida

275  Interdisciplinary Center for Biotechnology Research on one lane of the Illumina HiSeq 3000
276 (2 x 150bp) in February 2017. In August 2017, we prepared separate libraries for an

277  additional 151 offspring and sequenced them at Novogene (HK) Company Limited in Hong
278  Kong on two lanes of the [llumina HiSeq X-Ten System (2 x 150 bp): one lane contained 96
279  offspring samples, a second lane held 55 offspring samples along with 40 samples of another
280  species prepared with the same protocol for another study (Ceratodon purpureus; Boquete, et
281  al., unpublished).

282

283 2.4 Data processing

284  We processed the raw sequencing files using the pipeline provided by van Gurp et al., (2016)
285 asin van Moorsel et al., (2019), available on https://github. com/thomasvangurp/epiGBS,
286  with a bug-fix modification (https://github.com/MW Schmid/epiGBS Nov 2017 _fixed).

287  Briefly, we demultiplexed, quality trimmed sequencing reads, and removed the barcode

288  sequences, then used the processed reads for de novo reference construction. We mapped the
289  reads to the de novo reference and called strand-specific single nucleotide polymorphisms
290  (SNPs) and methylation polymorphisms (SMPs). De novo reference sequences were

291  annotated with DIAMOND (protein coding genes; NCBI nonredundant proteins as reference;
292 wversion 0.8.22; Buchfink, Xie, & Huson, 2015) and RepeatMasker (transposons and repeats;
293  Embryophyta as reference species collection; version 4.0.6; Smit, Hubley, & Green, 2013—
294  2015). This annotation was used to classify the genetic variants (SNPs) and epigenetic

295  variants (SMPs) into the different genomic features including genes, repeats, and transposons.
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296 SNPs and SMPs were filtered to include only loci with a minimum coverage of 5 (i.e.
297 5 sequencing reads mapping to each locus) within each individual and across at least 5

298  individuals with a maximum coverage of 10,000 in at least five samples per population and
299  type (maternal trees and offspring). Samples for which fewer than 60% of the SNP or SMP
300 sites passed this filter were removed. This removed 59 samples from the original design, one
301  maternal tree from FD, and 58 offspring spread across populations. The final design includes
302 59 maternal trees and 129 offspring (between 7 and 39 offspring per population from 3-10
303  maternal trees per population). Data were filtered again with the final design using the same
304  criteria as before, resulting in 48,964 SMPs and 62,944 SNPs.

305

306 2.5 Data analysis

307  We separated each of the filtered SNP and SMP datasets into two distinct datasets comprising
308  maternal trees and offspring respectively. Thus, all analyses were performed on the maternal
309 trees and on the offspring datasets separately. We did not directly compare both datasets due
310  to the fact that the resulting filtered data sets from the maternal trees and the offspring did not
311  overlap for the most part, reflecting technical differences in sample storage between the

312  maternal trees and the offspring (i.e. frozen vs. dry), and that their libraries were prepared and
313 sequenced at different times. All the analyses were performed in R version 3.5.1 (R Core

314  Team 2018).

315

316  2.5.1 Genetic analyses

317  We calculated mean and standard deviation of observed gene diversity and observed

318  heterozygosity per locus for each population in the maternal trees (N= 59 maternal trees from
319 6 populations x 9-10 maternal trees per population) and offspring datasets (N=129 offspring
320  from 6 populations x 7 to 39 offspring per population) based on SNPs with no missing values
321 (49,796 and 885 SNPs in maternal trees and offspring respectively) using the function

322  basic.stats within the R package hierfstat (Goudet, 2005).

323 We tested for genetic differentiation within and among populations of R. mangle

324 using several methods. With the maternal trees data, we tested for differentiation among

325  populations with three different approaches. First, we used an analysis of molecular variance
326 (AMOVA) within the function poppr.amova in poppr (Kamvar, Tabima, & Griinwald, 2014)
327  and the model y ~ population. To test the significance of the model we ran a randomization
328  test with 999 permutations on the output of the AMOVA using the function randtest from the

329  ade4 package (Dray and Dufour, 2007). Second, we obtained overall Fy; and pairwise F
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330  wvalues using the functions wc and genet.dist respectively from the package hierfstat, and

331  calculated the confidence intervals of the pairwise Fy values using the function boot.ppfst,
332 from the same package, with 999 permutations to determine whether Fs; values were

333 significantly different from zero, i.e. to find evidence of significant population differentiation.
334  Finally, we calculated the G-statistic using the function gstat.randtest with 999 simulations
335 implemented in the package hierfstat. For this analysis, we subsampled 3,000 from 49,796
336  SNPs with no missing values for the maternal trees. Finally, to identify SNPs that could be
337  under selection, we tested for outliers with bayescan (version 2.1, Fischer et al., 2011; Foll
338  and Gaggiotti, 2008). SNPs were identified as significant if the FDR was below 0.05.

339 For the offspring data, we tested for differentiation among families (i.e. among

340  maternal trees) within populations and among populations using only families with at least
341  three members, and populations with more than one family (i.e. N= 90 offspring individuals
342  across 24 families from 5 populations: 8 FD, 2 HI, 4 UTB, 3 WB, and 7 WI families). As
343  with the maternal tree data set, we performed an analysis of molecular variance (AMOVA)
344  with the model: y ~ population + family(population). We also completed overall and pairwise
345  Fy as well as G-statistics analyses using all 3,786 SNPs with no missing values for the

346  offspring dataset.

347 We quantified the relationship between genome-wide genetic variation and population of
348  origin in the case of the maternal trees, and population and family in the case of the offspring
349  (N=90), using redundancy analysis (RDA). RDA is an ordination technique that summarizes
350  the main patterns of variation in the response matrix, i.e. the scaled allele frequency matrix
351  created from the SNP data (obtained using the function scaleGen from adegenet with

352  NA.method set to “mean”; Jombart, 2008), which can be explained by our explanatory

353  wvariables, i.e. population (for the maternal trees) or population and family (for the offspring).
354  We used the function rda implemented within the vegan package (Oksanen et al., 2017) to fit
355  the following models:

356 1) maternal trees allele frequency matrix ~ population;
357 2) offspring allele frequency matrix ~ population + family.
358

359  We tested the significance of the variation explained by our explanatory variables using a
360  Monte Carlo permutation test with 999 permutations and obtained adjusted R? using the
361 function RsquareAdj from the vegan package. We corrected p-values for multiple testing
362  using the false discovery rate (“fdr”) method implemented with the p.adjust function in the
363  base package of R.

364
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365  2.5.2 Epigenetic analyses

366  For both maternal trees (N=59) and offspring plants (N=90), we calculated the DNA

367  methylation level at each SMP and individual sample as the number of reads mapping to one
368  position showing evidence of methylation divided by the total number of reads mapping to
369  that position.

370 We used a multivariate test for homogeneity of dispersions to estimate epigenetic

371  diversity, i.e. variation in DNA methylation levels, for the maternal trees and offspring

372  datasets following the approach of Anderson et al. (2006), which measures the average

373  distance from each individual observation unit to their group centroid in a multivariate space
374  using a dissimilarity measure. In line with this interpretation, we argue that the distance from
375  each individual sample to its population centroid in a multivariate space generated using an
376  epigenetic distance matrix provides an estimate of the extent of the variation in DNA

377  methylation, i.e. epigenetic variation. Then, the average distance of each population can be
378  compared to look for significant differences in the amount of epigenetic variation among
379  populations. To do so, we generated pairwise epigenetic distance matrices for maternal trees
380 and offspring by calculating the average difference in DNA methylation level across all

381  cytosines between each pair of samples. Then, we used this matrix to calculate the distance
382  between each individual sample and its population centroid using the function betadisper
383  from the vegan package. We tested for differences in dispersion among populations using a
384  permutation-based test of multivariate homogeneity of group dispersions on the output of
385  betadisper with 9999 permutations. When this test was significant, we used the Tukey's

386  Honest Significant Difference test to check which populations differed in their average

387  distance to the centroid, i.e. in their levels of epigenetic variation. Finally, to compare genetic
388  and epigenetic diversity levels, we used this approach to calculate the distance from each
389  sample to its population centroid using genetic distance matrices. Genetic distances were
390 calculated as the average distance of all per-SNP differences between two individuals. For
391  each SNP, the distance was set to 0 if both alleles were identical, 1 if both alleles were

392  different, and 0.5 if one allele was different.

393 We tested for differences in overall DNA methylation levels, i.e. the average percent
394  DNA methylation per individual, and its standard deviation. We calculated average and

395 standard deviation of percent DNA methylation for each separate sequence context (ie. CG,
396 CHG and CHH) or across all sequence contexts, and then we used a general linear model
397  (functions Im and anova) to test for significant differences among populations (maternal trees

398  data) or among populations and families nested within populations (offspring data).

12


https://doi.org/10.1101/2020.10.24.353482
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.10.24.353482; this version posted October 25, 2020. The copyright holder for this

preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY 4.0 International license.

To assess the effect of population (for the maternal trees), and population and family (for
the offspring) on genome-wide epigenetic variation, for each separate sequence context (i.e.,
CG, CHG and CHH) or across all sequence contexts, with and without accounting for their
genetic structure, we used RDA and partial constrained RDA, respectively. Partial
constrained RDA allows for “conditioning” the analysis of epigenetic variation with genetic
data which we summarized with principal component analysis (PCA). The use of the
“family” term in this analysis represents a composite of the maternal genetic and non-genetic
contributions to the offspring epigenetic patterns since this term is not simply defined by
maternal sequence patterns. Instead the “family” term is a categorical representation such that
data for the propagules is explained by the association with the maternal tree more generally.

For the RDA, we used only SMPs with complete data, i.e. no missing values across
samples: 41,164 (3,416 in CG, 10,432 in CHG, and 27,316 in CHH) for maternal trees and
9,038 SMPs (766 in CG, 2,549 in CHG, and 5,723 in CHH) for offspring. Similar to the
genetic analyses, we only used families with at least three members, and populations with
more than one family. First, we summarized the genetic data into principal components
(PCs). We used the first 13 PCs for the maternal trees data which combined explained ~31%
of the genetic variation in each of the three contexts. For the offspring, we used 12, 13 and 12
PCs for CG, CHG and CHH contexts respectively which explained 31, 30 and 31% of the
variation respectively. Then, we ran the three following models to predict DNA methylation

in the maternal trees:

1) maternal trees DNA methylation matrix ~ population;

2) maternal trees DNA methylation matrix ~ PCs from maternal trees genetic data;

3) maternal trees DNA methylation matrix ~ population + Condition(PCs from maternal trees genetic
data).

We ran five similar models to predict DNA methylation in the offspring plants:

1) offspring DNA methylation matrix ~ population;

2) offspring DNA methylation matrix ~ family;

3) offspring DNA methylation matrix ~ PCs from offspring genetic data;

4) offspring DNA methylation matrix ~ population + Condition(PCs from offspring genetic data);
5) offspring DNA methylation matrix ~ family + Condition(PCs from offspring genetic data).

As for the genetic data, we tested the significance of the variation explained by our
explanatory variables using a Monte Carlo permutation test and obtained adjusted R?, and
adjusted p-values for multiple testing using the FDR method.

To test how much of the epigenetic (methylation) differentiation could be attributed to
differences among populations, and how much of the epigenetic variation was associated
with the populations after controlling for differences in sequence variation physically linked

to the epigenetic variation, we modelled the average DNA methylation level of each 50-250

13


https://doi.org/10.1101/2020.10.24.353482
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.10.24.353482; this version posted October 25, 2020. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY 4.0 International license.

438  bp long fragment in response to the sequence context (CTXT), the population (POP) and its
439  interaction with context (CTXT:POP), and the genotype of the fragment (GENO) and its

440  interaction with context (CTXT:GENO) fitted in this order (percent methylation ~ CTXT +
441  POP + CTXT:POP + GENO + CTXT:GENO). We then compared this result to an alternative
442 model in which GENO and POP and their interactions with CTXT were switched (percent
443  methylation ~ CTXT + GENO + CTXT:GENO + POP + CTXT:POP). We ran these models
444  in R with the function anova() that uses type-I (i.e. sequential) tests.

445 Therefore, the first model tests for epigenetic differentiation between populations

446  irrespective of the underlying sequence differences, and the second model tests whether there
447  was epigenetic differentiation between populations that could not be explained by the

448  underlying DNA sequence. For the offspring, we used similar models but further included the
449  family term. We only used fragments which passed the coverage filters described above.

450  Models were calculated with the functions Im and anova in R (version 3.6.1). Results from all
451  reference sequences were collected and P-values for each term were adjusted for multiple
452  testing by the FDR method (Benjamini & Hochberg, 1995). As noted previously (van

453  Moorsel et al., 2019), this model is a good proxy for close-cis associations. However, given
454  that it doesn't account for far-cis or trans associations, it tends to overestimate the proportion
455  of epigenetic variation that is unlinked to genetic variation.

456 Finally, we identified differentially methylated cytosine positions (DMPs) between
457  pairs of populations for the maternal trees and the offspring datasets using DSS (Feng,

458  Conneely, & Wu, 2014) and adjusting for false discovery with FDR. This package models the
459  DNA methylation level at each position within each group using a beta-binomial distribution
460  with arcsine link function, and then performs Wald tests to detect differential methylation
461  between groups at each position.

462

463 3. Results

464 3.1 Population genetics

465  We found overall low levels of genetic diversity among populations, with observed gene

466  diversity values ranging between 0.009-0.012 and heterozygosity between 0.010-0.014 for
467  the maternal trees, and 0.039-0.051 and 0.050-0.064 for the offspring (Table 1). We used

468  three methods to examine genetic structure of the maternal trees, which all provided evidence
469  of significant genetic differentiation among field populations of R. mangle. The

470  randomization test performed on the output of the AMOVA was highly significant (Table 2),
471  similar to the Monte Carlo permutation test carried out on the output of the RDA (Table 3),
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472  and the test on the significance of the G-statistic (G-stat = 39.9; p = 0.048). Yet, the amount
473  of variation explained by the population of origin was rather low. According to the AMOVA,
474  the bulk of the genetic variance is found within (99.4%) rather than among (0.63%)

475  populations. Similarly, the RDA showed that population explains only 0.14% of the genetic
476  variation. We found evidence for significant genetic differentiation between all population
477  pairs except AC-HI and UTB-WI (Figure 2), the overall Fs was very low (0.003) and

478  pairwise Fy values ranged between 0.0005 (UTB-WI) and 0.0081 (WB-WI; Figure 2).

479 We visualized the genetic data by means of PCA using the complete SNP dataset as
480  well as the 5% most differentiated SNPs, finding that a clear separation among populations
481  was only possible when using the 5% most differentiated loci (Figure 3). We found that the
482  significant genetic differentiation among maternal trees of R. mangle yielded by our

483  statistical analyses was principally due to the distinctness of WB, and possibly of HI, from
484  the rest of the populations. The separation of WB from all other populations was also

485  reflected in the higher pairwise Fs; values between WB and the others (Figure 2). Finally, our
486  analysis yielded 277 SNPs showing significant signs of differences among maternal trees of
487  R. mangle collected in the field. The 277 SNPs were located in 111 different sequence

488  fragments, out of which 26 had a high sequence similarity to known genes (descriptions in
489  Table S2).

490 Results of the genetic analyses on the offspring are similar to that found for the

491  maternal trees; the AMOVA showed significant genetic differentiation among families but
492  this predictor explained only 1% of the genetic variance. The majority of the variance was
493  found within families (99%) and population did not significantly explain any proportion of
494  the genetic variation of the offspring (Table 2). On the other hand, the RDA model with

495  population and family did not explain any of the variation of the offspring genetics (Table 3).
496  The G-tests for differentiation between families within populations were significant in two
497  out of five tested populations (WI: G-stat = 171.6, p = 0.001, UTB: G-stat=131.5,p =

498  0.005). Again, the overall F value was very low (0.022) and pairwise Fy ranged between -
499  0.0023 and 0.0515 (Figure 2).

500

501 3.2 Population epigenetics

502 DNA methylation across all contexts was around 9% for all populations in the maternal trees
503  dataset whereas for the offspring this value ranged between 11-17% (Table 4). Similarly,
504  DNA methylation levels in CG, CHG and CHH contexts were close to 28, 23, and 1%

505  respectively for all populations in the maternal trees dataset and slightly higher in the
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506  offspring (29-33%, 25-30%, and 4-9% for CG, CHG and CHH contexts respectively). The
507  average distances from each sample to its population centroid estimated as a proxy of the

508  amount of epigenetic variation range between 0.02 and 0.03 in the maternal trees and

509  between 0.05 and 0.08 in the offspring (Figure 4). The tests for homogeneity of multivariate
510  dispersions were significant for both the maternal trees and the offspring datasets (F = 23.5, p
511  <0.001; F=16.0, p <0.001 respectively) revealing significant differences in the levels of
512 epigenetic diversity among populations in both datasets. The multiple pairwise comparisons
513  within each dataset showed that these differences were due to the greater epigenetic diversity
514  found in WB in the maternal trees. In the offspring, FD, HI and UTB showed higher levels of
515  epigenetic diversity than UTB and WI (Figure 4). The average distances to centroid estimated
516  with the genetic data were an order of magnitude lower for the mothers (ranging between

517  0.007 and 0.01), and between 2.5x and 4x times lower for the offspring (data not shown).

518 The linear models that test for differences in average DNA methylation levels and
519  standard deviation in DNA methylation showed that population of origin significantly

520  explains 75% of the variation in average and 52% of the variation in standard deviation for
521  the maternal trees if data from all sequence contexts were used. Within individual contexts,
522 the numbers were similar but there was no significant association between population of

523  origin and average DNA methylation in the CG context (Table S1). Among the offspring,
524  family alone significantly explained 79% of the variation in average and 74% of the variation
525 instandard deviation if data from all sequence contexts were used. At least half could be

526  attributed to differences between population (47% of the variation in average and 37% of the
527  variation in standard deviation). Within individual sequence contexts, the results were similar
528  for the average DNA methylation levels. However, the association between population of
529  origin and variation in standard deviation in CG and CHG context were not significant (Table
530  S1).

531 The RDA analysis on the effect of population (for the maternal trees), and population
532 and family (for the offspring) on genome-wide epigenetic variation showed that epigenetic
533  wvariation is significantly structured in both datasets. Population significantly explained 1.96
534  of the total epigenetic variation across all sequence contexts in the maternal trees and 2.6% of
535  the epigenetic variation in offspring; family explained 6.4% of the total epigenetic variation
536  across all sequence contexts in the offspring. Additionally, population explained 2.77, 1.04,
537  and 0.94% of the epigenetic variation in CG, CHG and CHH respectively for the maternal
538  trees (Table 3). For the offspring, family explained again a greater percent of epigenetic
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539  wvariation with 26.99, 3.28, and 2.82% in CG, CHG and CHH respectively against the 5.7, 2.1,
540  and 2.5% in CG, CHG and CHH respectively explained by population (Table 3).

541 The partial RDA in which the same models were conditioned on the maternal and
542  offspring genetic data (based on PCs) showed similar results for the effect of population in
543  maternal trees (explaining 1.92% of the variation) and offspring (2.8%), and of the family
544  term in the offspring (5.7% ; Table 3) across all sequence contexts. However, when

545  examining each context separately, the effect of population only remains significant in the
546  CG context for the maternal trees and explains 2.97% of the variation (Table 3). For the

547  offspring, both population and family remain significant in all contexts after accounting for
548  the offspring’s genetic component; population explains similar levels of the variation in CG,
549  CHG and CHH contexts respectively, while family explains 25.5, 2.7, and 2.3% of the

550  wvariation in CG, CHG and CHH contexts respectively. The genetic component does not

551  significantly explain any of the epigenetic variation in either the maternal or the offspring
552  data or across all contexts and each sequence context separately (Table 3).

553 The differential methylation analysis with DSS comparing DNA methylation levels at
554  individual cytosines between pairs of populations yielded between 0.02 and 1.1% significant
555  cytosines in the maternal trees and between 0.1 and 4.5% significant cytosines in the

556  offspring. Gene annotations of these DMPs are shown in Tables S3 and S4. For maternal
557  trees, the most pronounced differences were found between WB vs. WI (1.13% significant
558  Cs) and between WB vs. UTB (1.08% significant Cs). Almost no differences were found
559  between AC vs. FD, HI, UTB, and between UTB vs. FD, HI, WI (<0.05% significant Cs). In
560  the offspring the higher number of significant Cs were found between WI vs. FD (4.5%), W1
561  vs. HI (2.7%), and UTB vs. HI (1.8%). The smallest differences in the offspring were found
562  between UTB vs. FD, WB, WI and between FD vs. WB (between 0.1% and 0.8% significant
563  Cs). Comparing family pairs in the offspring resulted in between 0.4 and 14.7% significant
564  Cs. On average, family pairs differed significantly in 3.3% of all cytosines. The greatest

565  differences were found between family WB6 and all other 23 families (between 10.2 and
566  14.7% significant Cs; Table S5).

567 We detected individual fragments in which the epigenetic variation was unlinked to
568  sequence variation on the same reference fragment (i.e., in close-cis). In the maternal trees,
569  we found that population and its interaction with the sequence context (POP & CTXT:POP)
570  could significantly explain differences in DNA methylation in 19.3% of all fragments (FDR
571  <0.05). However, if the terms testing for population were fitted after the factor accounting

572  for the sequence of the fragments (GENO & CTXT:GENO), only 5.9% of all fragments were
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573 still significant for POP & CTXT:POP indicating that differences in these fragments could
574  not be explained by the underlying sequence differences in close-cis. In the offspring, POP &
575  CTXT:POP was significant for 82.7% of all fragments if fitted first. In addition, terms testing
576  for differences between families (MOTHER & CTXT:MOTHER) were also significant for
577  68.2% of all fragments. Notably, even if GENO & CTXT:GENO was fitted first, POP &

578  CTXT:POP and MOTHER & CTXT:MOTHER were significant in 60.5 and 45.8% of all
579  fragments, respectively.

580

581 4. Discussion

582  Conservation biologists strive to preserve biodiversity and face the enduring challenge of
583  doing so in the context of changing environmental conditions. While the capacity to respond
584  to environmental challenges ultimately relies on phenotypic variation, deciphering the

585  mechanisms that contribute to phenotypic variation is a challenging task that requires a better
586  understanding of the complex interactions of genetic and non-genetic mechanisms. DNA

587  methylation has been associated with regulation of gene expression (and therefore phenotype)
588  in some contexts, and has been proposed to contribute to phenotypic variation, particularly in
589  populations with low genetic diversity (Verhoeven & Preite 2014; Douhovnikoff & Dodd
590  2015; Richards et al., 2017; Xie et al., 2019; Mounger et al., 2020). Investigating biodiversity
591  at these different molecular levels can contribute to our understanding of response in

592  foundation species like mangroves, which inhabit dynamic coastal landscapes and are

593  constantly under threat from various anthropogenic challenges.

594 Populations of R. mangle around Tampa Bay are near the species northern limit,

595  dictated largely by periodic freezing events (Kennedy et al., 2016). In addition, they could be
596  more vulnerable to changing conditions due to increased isolation and reduced genetic

597  diversity (Polidoro et al., 2010; Sandoval-Castro et al., 2012; Kennedy et al., 2016), resulting
598  from inbreeding, limitations in dispersal ability, and increased environmental pressures

599  (Sandoval-Castro et al., 2012). Our study confirmed that these populations had low genetic
600 diversity, but we also found that differences among populations explained very little of the
601  variation. On the other hand, there was considerable epigenetic variation and more of the

602  epigenetic variation was explained by differences among populations for both the maternal
603  trees and offspring, while maternal family explained the largest percentage of the variation in
604  epigenetic variation in the offspring plants. This pattern of DNA methylation in the offspring
605  plants suggests that propagules maintain some level of epigenetic variation inherited from the

606  maternal plant or maternal environment even when they are grown under common garden
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607  conditions, which could have important implications for how these propagules can respond to
608  environmental challenges.

609

610 4.1 Red mangrove population genetics

611 While high levels of diversity in both heterozygosity and allelic number have been
612  reported from populations of R. mangle along the Pacific coast of Nicaragua (Bruschi et al.,
613  2014), and Colombia (Arbelaez-Cortes et al., 2007), Pil et al., (2011) compared these

614  findings to populations of R. mangle along the Brazilian coast and determined that genetic
615  diversity was lower in Brazil. They also found considerable genetic structuring between the
616  northern and southern Brazilian populations, possibly resulting from the last glacial period
617  (Piletal., 2011). Studies at the current range edge have also reported much lower levels of
618  diversity (Polidoro et al., 2010; Sandoval-Castro et al., 2012; Kennedy et al., 2016). In our
619  study, we found overall low levels of diversity, and that most of the genetic variation was
620  found within populations and even more so within families. This type of genetic structure
621  follows from the known levels of inbreeding of the species followed by mixing of the

622  populations through the dispersal of propagules (Pil et al., 2011; Francisco et al., 2018).

623  Although differences among populations explained very little of the genetic variation, almost
624  all pairwise comparisons showed significant fine scale genetic differentiation except for the
625  Anclote Key (AC) to Honeymoon Island (HI) and Upper Tampa Bay (UTB) to Weedon

626  Island (WI) comparisons. The lack of differentiation specifically between these pairs of

627  populations might be explained by spatial proximity and propagule dispersal. UTB and WI
628 are the only two populations sampled that are within the mouth of the bay. AC and HI are
629  both barrier islands that are geographically close to one another and therefore have a

630  conceivably greater chance for dispersal between these two islands than between other

631  populations (Figure 1).

632 A study by Albrecht et al., (2013) provides insight for interpreting our findings in the
633  context of the larger range of the species, since they compared genetic diversity among

634  Florida and Caribbean populations. They found high genetic structuring among the

635  populations, and that populations from the Gulf Coast of Florida had much higher structuring
636  compared to those along the Atlantic Coast suggesting that there is limited gene flow along
637  the Gulf Coast and across to other parts of the species range, including the Caribbean islands
638  and throughout Florida (Albrecht et al., 2013). They suggest that genetic structuring and loss
639  of genetic diversity in some populations are related to habitat loss via human development

640  (e.g. the Atlantic Coast of Florida has experienced more extensive habitat loss than the Gulf
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641  Coast). While our findings of minimal genetic diversity among populations run contrary to
642  those in Albrect et al. (2013), this could in part be explained by significant urbanization and
643  resultant habitat loss in the Tampa Bay region.

644 Our findings of limited genetic variation in R. mangle are similar to other studies in
645 this part of the species range, but contrast with several other foundation coastal species of the
646  southeastern U.S.A., which are outcrossing grasses or rushes that exhibit much higher levels
647  of genetic diversity. Studies on native southeastern U.S. Spartina alterniflora populations
648  have reported diversity levels that are comparable to other outcrossing grasses, despite the
649  fact that this species also spreads prolifically by clonal reproduction (Richards et al., 2004;
650  Foustetal., 2016, Robertson & Richards, 2017). Tumas et al., (2019) found greater genetic
651  diversity in Gulf of Mexico than Atlantic coast populations of the salt marsh foundation plant
652  Juncus roemerianus, but like in R. mangle, measures of genetic diversity varied dramatically
653  across the range. The authors suggest this could be the result of differences in plant

654  community and disturbance regimes or reflect a relationship with population size.

655

656 4.2 Population epigenetics

657 The limited genetic diversity in these populations of R. mangle might be cause for
658  concern considering the important ecosystem functions provided by this foundation species,
659  but what really matters is how the species can maintain phenotypic response to challenging
660 environments. Like in several other studies of coastal foundation species, we found

661  epigenetic variation was high in R. mangle (based on test for dispersion; see also Lira-

662  Medeiros et al., 2010; Foust et al., 2016; Robertson et al., 2017; Alvarez et al., 2020).

663  Further, this variation was significantly associated with population for both maternal trees
664  and offspring plants, and even more significantly associated with family for the offspring
665  plants. Although, using a categorical family term in the analysis does not allow for

666  prescribing effects specifically to the mother’s genetic, epigenetic, or other non-genetic

667  contributions to the offspring epigenetic matrix, the family term does represent a holistic
668  contribution from the maternal tree to offspring and in our study explains the largest portion
669  of the variation (approximately 6% overall and 25% of the variation in the CG context). This
670 provides some of the first evidence for epigenetic inheritance in a coastal foundation species.
671 While it has been established that genetic variation can have considerable effects on
672  epigenetic variation (Becker et al., 2011; Dubin et al., 2015; Sasaki et al., 2019), we found
673  significant epigenetic structure in both maternal trees and offspring that could not be

674  explained by the genetic sequence (i.e. genetic variation in close cis) of the fragments.
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675 Instead, population of origin explained more of the variation in DNA methylation than for
676  sequence variation. This finding was true not only in the field collected plants, but also in the
677  propagules grown in a common garden. Several other studies have found that epigenetic

678  patterns that are associated with habitat can persist in common gardens, suggesting that

679  environmentally induced epigenetic differences can be inherited, and contribute to diversity
680  (Richards et al., 2012; Xie et al., 2015; Robertson et al., 2020). However, in our study, we
681  collected the propagules from the field and they had already matured on the maternal plants.
682  Therefore, some important early developmental responses would reflect the maternal

683  environment. Further study is required to truly control for environmental, maternal, and

684  genetic effects which may not be possible in such a long-lived tree species.

685 These findings suggest that epigenetic variation could contribute to heritable

686  differences in R. mangle, but this would depend also on which propagules survive the various
687  stages of selection before establishment in the field. A recent study of propagule recruitment
688 in R. mangle at its range edge near Jacksonville, Florida found that just two maternal trees
689  contributed 79% of propagules that reached branching stage. Propagule survival was higher
690  in populations within the range core compared to the range edge, even though there was a
691  longer propagule development period and greater reproductive output among trees at the

692  range edge (Goldberg & Heine, 2017). So far, very little is known about how this or any

693  coastal foundation species survives the different selection pressures across the various stages
694  of establishment and spread. Variation in these selection pressures will be amplified by the
695  pressures attendant to anthropogenic climate change.

696

697 5. Conclusions

698  The field of conservation biology relies on identifying the capacity of organisms to respond
699  to environmental challenges which ultimately relies on the manifestation of phenotypic

700  variation through complex interactions of genetic and non-genetic mechanisms. We know
701  that documenting the levels and structure of genetic variation is one piece of information that
702 is important for conservation, but how that information is translated into function largely

703  remains an enigma. We have provided another piece of the puzzle for the coastal foundation
704 plant Rhizophora mangle that epigenetic variation (namely DNA methylation) is inherited
705  and could be an important component of diversity for this species. However, our

706  interpretation of how this variation might be involved is limited due to the small portion of
707  the genome sample with our RRBS approach and the limited genomic resources (see also van

708  Moorsel et al., 2019; Alvarez et al., 2020; Robertson et al., 2020). We look forward to the
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709  future of integrating novel molecular tools that can probe more deeply into the molecular

710  underpinnings of response, as they will help shed light on the processes of development in the
711  context of climate change.

712
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751

752  Figure 1: Map of six collection sites (aka populations) within the greater Tampa Bay region
753  (FL, USA) generated in ArcGIS. We collected Rhizophora mangle leaves and propagules
754  from ten maternal trees in Werner-Boyce Salt Springs State Park (WB), Anclote Key

755  Preserve State Park (AC), Honeymoon Island State Park (HI), Upper Tampa Bay

756  Conservation Park (UTB), Weedon Island Preserve (WI), and Fort De Soto Park (FD).

757
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Figure 2: Pairwise Fs values between field populations of Rhizophora mangle in the maternal
tree data (a), and between families within populations in the offspring data (b). Bars
correspond to the 2.75 and 97.5% confidence intervals obtained using bootstrapping. Stars at

the top of the graph highlight significantly genetically differentiated population pairs, i.e. Fy

values different from 0.
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769  Figure 3: Visualization of the genetic structure of the maternal trees of Rhizophora mangle

770  using only the 5% of the most differentiated SNPs.
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Figure 4: Distance from each individual sample to its corresponding population centroid calculated
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using epigenetic distance matrices for the maternal trees (A) and offspring datasets (B). Lines within

the violin plots mark the 25, 50, and 75% quartiles of the distribution; letters inside the graphs

summarize the results of the multiple pairwise comparisons where populations sharing letters do not
differ significantly in epigenetic diversity; red stars: average distance to centroid for each population.
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778  Table 1: Mean and standard deviation (Std. Dev.) of observed gene diversity (Hs) and observed
779  heterozygosity (Ho) per locus for each population in the maternal trees and offspring datasets calculated based
780  on SNPs with no missing values. N: number of samples included in the analysis.

781
N Observed g(i'ns diversity Observed heterozygosity (Ho)
Dataset Population (# families) Mean Std. Dev. Mean Std. Dev.
Maternal trees AC 10 0.012 0.044 0.014 0.068
FD 9 0.011 0.045 0.013 0.067
HI 10 0.011 0.043 0.013 0.066
uTB 10 0.009 0.041 0.011 0.066
wB 10 0.010 0.041 0.011 0.065
Wi 10 0.009 0.041 0.010 0.065
Overall 59 0.010 0.043 0.012 0.067
Offspring AC 7 (3) 0.048 0.111 0.056 0.155
FD 39 (10) 0.050 0.098 0.064 0.169
HI 12 (6) 0.047 0.103 0.055 0.148
uTB 25 (9) 0.041 0.098 0.050 0.159
wB 16 (6) 0.045 0.102 0.057 0.166
Wi 30 (8) 0.039 0.097 0.055 0.176
Overall 129 (42) 0.045 0.102 0.056 0.162
782
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Table 2: Analysis of molecular variance (AMOVA) carried out on the maternal trees and offspring
datasets separately. Sigma: amount of genetic variance found among and within the predictor
(population or family); Percent (%): percentage of genetic variance found among and within the
predictor (population or family); Phi (¢): estimate of the extent of genetic differentiation among

populations. ***: p<0.001; ns: not significant.

Sigma Percent (%) Phi (¢)
Maternal Among populations 1.6789 0.629 0.0063™
trees
Within populations 265.40 99.37
Offspring Among populations 0.0684 0.016 0.0002"
Among families 4.4994 1.026 0.0103™
Within families 433.95 98.96 0.0104™
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Table 3: Results of the redundancy analysis (RDA) showing the percentage of genetic and epigenetic
variance explained by population (in maternal trees data set), and population and family (in offspring data
set) with and without adjusting for the variance explained by the genetic component. The output of the
Monte Carlo permutation test (F value and significance) is also shown. Context: sequence context for DNA
methylation; df: degrees of freedom. % var. expl. (adj. R?): percent of variance explained as the R* adjusted
for multiple comparisons; MG: maternal trees genetic matrix; ME: maternal trees epigenetic matrix;
PCs_MG: matrix of principal components summarizing the maternal trees genetics; PCs_OG: matrix of
principal components summarizing the offspring’s genetics; **: p<0.01, *: p<0.05, ns: not significant.

o]
Dataset Context model df  Fvalue A)(;/gji? s;;))l.
Maternal -~ _ MG ~ population 5 1.016™ 0.139
trees
Overall ME ~ population 5 1.232** 1.96
ME ~ population + Condition(PCs_MG) 5 1.178** 1.92
CG ME ~ population 5 1.330** 2.77
ME ~ population + Condition(PCs_MG) 5 1.274** 2.97
ME ~PCs_MG 12 0.868 ns -
CHG ME ~ population 5 1.122** 1.04
ME ~ population + Condition(PCs_MG) 5 1.080ns -
ME ~PCs_MG 12 0.923 ns -
CHH ME ~ population 5 1.110** 0.94
ME ~ population + Condition(PCs_MG) 5 1.052ns -
ME ~PCs MG 12 1.051ns -
offspring - OG ~ population 4 0.992ns -
Overall OE ~ population 4 1.605** 2.6
OE ~ population + Condition(PCs_0OG) 4 1.528** 2.8
CG OE ~ population 4  2.346* 5.7
OE ~ population + Condition(PCs_0OG) 4 1.506** 2.2
CHG OE ~ population 4 1.478** 2.1
OE ~ population + Condition(PCs_0OG) 4  2.058** 5.4
CHH OE ~ population 4 1.469** 2.5
OE ~ population + Condition(PCs_0OG) 4 1.435** 2.3
- OG ~ family 23 1.012ns 0.286
Overall  OE ~ family 23 1.264* 6.4
OE ~ family + Condition(PCs_0OG) 23  2.092* 5.7
CG OE ~ family 23 1.193* 26.99
OE ~ family + Condition(PCs_OG) 23 2.092** 25.50
OE ~PCs_OG 12 0.737 ns -
CHG OE ~ family 23 1.131* 3.28
OE ~ family + Condition(PCs_0OG) 23  1.088* 2.71
OE ~PCs_0OG 12 0.54ns -
CHH OE ~ family 23 1.112* 2.82
OE ~ family + Condition(PCs_OG) 23 1.076* 2.32
OE ~PCs_OG 12 0.653 ns -
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802  Table 4: Average DNA methylation levels for each context and across all contexts for each population
803  for maternal tree and offspring separately.

804
Dataset Population CG CHG CHH ALL
Maternal trees AC 27.6 23.2 0.7 8.7
FD 27.9 23.4 0.9 8.9
HI 27.7 23.3 0.8 8.7
UTB 27.6 23.3 0.9 8.8
WB 28.2 23.5 1.1 9.1
WI 27.7 23.2 0.7 8.7
Offspring FD 33.2 29.1 8.8 16.0
HI 33.5 29.5 9.5 16.6
UTB 30.1 259 4.5 12.1
WwB 32.0 27.9 7.3 14.6
WI 29.4 25.4 3.8 11.4
805
806
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807  Supplementary Tables (provided on-line at the ManscriptOne for review)

808

809  Table S1: Analysis of variance of average DNA methylation and standard deviation of DNA
810  methylation for each separate sequence context (ie. CG, CHG and CHH) or across all

811  sequence contexts. For the offspring data, "Population" was tested against "Mother" (nested
812  design or mixed model with Mother as random term).

813

814  Table S2: Genes mapped by fragments with SNPs showing signs of selection (sequence and
815  description retrieved from the NCBI non-redundant protein database). From 111 fragments,
816 26 matched to genes. Note that one fragment may map to multiple genes.

817

818  Table S3: Differential cytosine methylation between populations using the mother data set.
819  The first three columns fragment number ("chr"), the position within the fragment ("pos"),
820  and the sequence context ("context"). Columns with the pattern FDR_<X> vs <Y> contain
821  false discovery rates of a test comparing population X with population Y. Average DNA
822  methylation levels for each population are given in the columns "AC", "FD", "HI", "UTB",
823  "WB", and "WI". The remaining columns contain the annotation of the fragment, for example
824  whether it matches to a gene and if yes, the gene name ID and description are provided.

825

826  Table S4: As S3 but using the offspring data set.

827

828  Table S5: As S4 but comparing the families instead of the populations (available here:

829 https://www.icloud.com/iclouddrive/06gMNwnNaIBsEQ-MpT-_h873g#S5%5FDSSwithGeneAnnotation.offspringFams )
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