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Abstract 18 

Seagrasses occupy a vast geographical area and provide important ecosystem services. They 19 

are characterized by a large diversity of reproductive systems and environments. Some species 20 

are dioecious while others are hermaphrodites or monoecious. Some are fully marine and others 21 

live in freshwater environments. Hence, seagrasses are a perfect group of species to assess the 22 

relative importance of reproductive system and environment in shaping genetic diversity and 23 

test how these factors affect predictions of the Nearly Neutral Theory of molecular evolution 24 

(NNT). In the present study we sequenced the transcriptome of 127 individuals from 27 species 25 

of the order Alismatales.  A well-supported phylogeny confirmed that evolutionary transition 26 

from freshwater to marine life occurred multiple times. Species from freshwater environments 27 

were, on average, more genetically diverse than those from marine environments. This 28 

difference was, in large part, due to the low diversity of dioecious species in marine 29 

environments. The latter could be due to pollen limitation and ensuing Allee effect and/or 30 

biased sex ratio. Selection was more efficient in freshwater environments than in marine ones, 31 

as would be expected under the nearly neutral theory (NNT) and the quantitative fit between 32 

data and the NNT prediction was surprisingly good.  33 

 34 
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 36 

Introduction 37 

In spite of the availability of massive amount of genomic data, understanding what shape 38 

genetic diversity remains challenging. This may not come as a surprise considering the large 39 

number of factors influencing genetic diversity (Ellegren & Galtier, 2016). Some of these 40 

factors are related to the properties of the organism: for instance, genetic factors, e.g.  41 

recombination and mutation, or life history traits, e.g. reproductive system. The reproductive 42 

system can itself be further subdivided into sexual system (e.g. dioecy vs. monoecy) and mating 43 

system (e.g. selfing vs. outcrossing) both of which are expected to have an important influence 44 

on genetic diversity. Others factors are environmental and ecological, for instance, geological 45 

or climatic events, and interaction with other species. To this day, the nearly neutral theory of 46 

molecular evolution (Ohta, 1973), because of its elegant simplicity and its clear and testable 47 

predictions, remains the main theoretical framework under which we may attempt to identify 48 

the factors influencing genetic diversity. The nearly neutral theory posits that there is a fraction 49 

of new mutations of such weak effect that their fixation probabilities are determined by both 50 

selection and random genetic drift (Ohta, 1973). The rate of fixation of such mutations is 51 

expected to depend on the effective population size of species (Ohta, 1992; Ohta & Gillespie, 52 

1996), which in turn depends on most of the factors listed above, such as selection, reproductive 53 

system, generation time or population size (Caballero, 2020). For example, Chen et al. (2017) 54 

demonstrated the strong influence of mating system and generation time on the efficacy of 55 

selection: selfing species and long-term perennials both accumulated more slightly deleterious 56 

mutations than outcrossing annuals. Similarly, sexual system also influences genetic diversity 57 

and, for example, dioecy is associated with high diversity and higher selection efficacy in the 58 

Silene genus (Muyle et al., 2021). Previous tests of the nearly neutral theory showed a rather 59 

good fit to the data when species from different genus were considered (Chen et al., 2017; 60 
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Bastian et al., 2025). However, the fit was weaker when species were more closely related and 61 

biologically similar (Mackintosh et al., 2019) and species with small effective population sizes 62 

fitted better than those with large ones (Chen et al., 2020), possibly because of the larger part 63 

played by favourable mutations in the latter. 64 

 65 

In the present study, we focus on the factors shaping genetic diversity in seagrasses. Seagrasses 66 

are angiosperms living in estuarine or marine environments. They evolved from terrestrial 67 

plants some 70-100 mya (Gomez et al., 2015). Today, seagrasses occupy a vast area (estimated 68 

to be from 600,000 km2 to 1,6 million km2) and provide important ecosystem services 69 

(https://ocean.si.edu/ocean-life/plants-algae/seagrass-and-seagrass-beds). This alone would 70 

make them worth studying. But what makes them particularly interesting from an evolutionary 71 

point of view is the diversity of their reproductive systems and of the contrasted environments 72 

in which they live. Some species are fully marine while others live in freshwater environments. 73 

Many seagrass species live in depths of 1 to 3 meters in the intertidal zone, but some seagrasses 74 

(Halophila decipiens) have been found at depths of up to 85 meters (Den Hartog, 75 

1970). Marine seagrasses have transitioned from a freshwater environment to a submerged 76 

saline environment on at least three independent occasions (Ma et al., 2024). Based on the 77 

comparison of a few selected gene families, Ma et al. (2024) argued that the transition from 78 

the submerged-freshwater to submerged-marine environment did not require major changes, 79 

even if seagrass species did, of course, experience some significant changes such as gain of 80 

salt tolerance and loss of stomata.  81 

 82 

However, Ma et al. (2024) only considered a limited number of species and therefore did not 83 

consider the diversity of reproductive systems that characterize seagrasses. Indeed, in both fully 84 

marine and freshwater environments the sexual system varies and seagrasses can be 85 
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monoecious, hermaphrodites or dioecious. Pollination can be hydrophilous or aerial (in 86 

Enhalus species, for instance), asexual growth is common and some species may form seed 87 

banks. In general, the reproductive system is known to have a profound effect on effective 88 

population size and consequently on the efficacy of selection, recombination and mutation. We 89 

would therefore expect to find a large variation in genetic diversity among seagrass species, as 90 

well as major differences in the distribution of fitness effects of new mutations (DFE). The 91 

impact of reproductive system on genetic diversity is also likely to be strongly affected by the 92 

environment with intertidal and subtidal species being a priori exposed to a much more 93 

variable environment than fully marine species. Therefore, if the variability in the environment 94 

is associated to large fluctuations in population size, one would expect species from the 95 

intertidal and subtidal zones to have lower genetic diversity than those from the full marine 96 

environment. On the other hand, pollination may be less successful in marine than in intertidal 97 

environments, especially for dioecious species due to rarity of either sex or pollen dispersal 98 

problems (Larkum et al., 2006).  99 

 100 

In the present study we first generated Iso-seq full length transcriptome references for 21 101 

species of seagrasses representing the core Alismatids clade of Alismatales and estimated 102 

nucleotide diversity from RNA-Seq data of 27 species of seagrasses for both synonymous and 103 

non-synonymous sites. We then used these data to search for the main determinants of genetic 104 

diversity and test simple predictions from the Nearly Neutral Theory of molecular evolution 105 

(Ohta, 1973), with special emphasis on the effect of sexual system and environment.  106 

 107 

Results 108 

Phylogeny and life history traits of Alismatales 109 
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In total, 27 species were collected from 10 families of the Alismatales order and a ML 110 

phylogenetic tree was inferred. Seventeen species lived in a freshwater environment and ten 111 

were marine species. The phylogenetic tree was based on 2,079 orthologous genes and had 112 

strong bootstrap support (Fig. 1A). Alismatales diverged into Araceae and the core Alismatids 113 

around 96.4 Mya. The latter further split into two major clades about 86.4 Mya, one including 114 

Aponogetonaceae, Posidoniaceae, Cymodoceaceae, Ruppiaceae, Potamogetonaceae, and 115 

Zosteraceae, and the other including Alismataceae, Butomaceae, and Hydrocharitaceae. In 116 

general, the topology is consistent with that obtained with chloroplast genes by Les et al. (1997) 117 

(Note that Najadaceae is now merged into Hydrocharitaceae) and that based on combined 118 

transcriptomic and genomic data (Chen et al., 2022). The phylogeny confirmed that 119 

evolutionary transition from freshwater to marine life occurred multiple times. The topology 120 

of the phylogenetic tree inferred from 127 individuals is consistent with the topology of species 121 

tree (Fig. S1).  122 

 123 

All marine seagrasses of this study are submersed and water-pollinated except Enhalus 124 

acoroides, which is the only known marine species so far that does aerial surface pollination 125 

(Döring, 2022). Eight species are monoecious, 10 are dioecious, and 9 are hermaphroditic (Fig. 126 

1A).  Najas minor and N. marina are annual (Haynes, 1979) and the remaining 25 species are 127 

reported to be perennial. See Table S4 for all details.  128 

 129 

The effects of reproductive system and habitat on genetic diversity and DFE 130 

In this analysis, we excluded Spirodela polyrhiza as it could be a lab strain due to its extremely 131 

low genetic diversity and high GC3 content (Table S4). To avoid bias from paralogs, for each 132 

gene family one of the longest genes, with length over 500bp, was chosen in each species for 133 

all population genetic analyses.  134 
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 135 

Reproductive system traits had a strong impact on nucleotide diversity (Table 1). We first 136 

compared species with different pollination modes. All estimates of nucleotide diversity are 137 

reported per base pair. The median synonymous nucleotide diversity, 𝜋4, was almost twice as 138 

large for species with aerial pollination than for species with hydrophile pollination (3.8310-
139 

3 and 1.8510-3, respectively). Sexual system too influenced nucleotide diversity, with 𝜋4 equal 140 

to 3.3910-3, 1.8510-3, and 4.2510-3 for dioecious, monoecious, and hermaphroditic species, 141 

respectively. However, the largest and most significant genetic diversity difference laid 142 

between freshwater and marine species with a median 𝜋4  of 3.9710-3 and 6.6710-4, 143 

respectively (p-value = 5.5510-3, corrected for the phylogeny). This difference can be 144 

attributed to the dioecious species since the marine dioecious species had much lower genetic 145 

diversity than the freshwater dioecious ones (median 𝜋4= 2.6510-4 versus 4.2310-3, p-value 146 

= 0.0102. Fig. 1B). A lower diversity was also observed in both marine monoecious and 147 

hermaphrodite species than their freshwater counterparts although the difference was not 148 

significant (Table 1). In general, the phylogenetic signal on genetic diversity was negligible 149 

(Pagel’s 7.33 = ߣ10-5, LR test p-value = 1 when comparing to ߣ = 0) while habitat difference 150 

explained 26.9% of the total variance of genetic diversity and the sexual system explained 9.44% 151 

of the variance. 152 

 153 

A low value of the ratio of nonsynonymous to synonymous nucleotide diversity, 𝜋0 /𝜋4, 154 

indicates that selection against deleterious mutations is efficient. The ratio 𝜋0 / 𝜋4,  was 155 

significantly lower in freshwater species than in marine ones (0.248 versus 0.347, p-value = 156 

6.0810-4). The largest difference between freshwater and marine environments was again 157 

observed for dioecious species (0.201 versus 0.431, respectively. p-value = 1.6210-7, Fig. 1C). 158 

In contrast, similar 𝜋0/𝜋4 ratio values were observed in marine and freshwater monoecious 159 
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species (0.307 and 0.283, respectively) while marine hermaphrodites had higher 𝜋0/𝜋4 than 160 

freshwater ones (0.407 versus 0.274), though the difference was non-significant after 161 

correction for phylogeny. In conclusion, selection appears to be more efficient at purging 162 

slightly deleterious mutations in freshwater than in marine environment. To ensure that our 163 

results were not affected by species-specific expressed genes, we also estimated both 𝜋4 and  164 𝜋0/𝜋4 with the 2,079 low copy number orthologous genes that were used to construct the 165 

Alismatales phylogenetic tree. Estimates of 𝜋4 and  𝜋0/𝜋4 obtained with both datasets were 166 

highly correlated (Pearson’s correlation test, r = 0.993, p-value < 2.210-16 for 𝜋4, and r = 167 

0.981, p-value < 2.210-16), and species group comparisons led to the same conclusions.   168 

 169 

For five marine and five freshwater species with a sample size of 10 to 26 alleles, we also 170 

estimated the distribution of fitness effects of new mutations (DFE) using a gamma distribution 171 

for deleterious and neutral mutations and an exponential distribution for beneficial mutations 172 

(Table 2). A low value of the shape parameter of the gamma distribution, ߚ, indicates a large 173 

proportion of slightly deleterious mutations and that purging does not occur when the effective 174 

population size increases. With, on average, a slightly smaller 0.11) ߚ versus 0.153, p-value = 175 

0.998), the marine species had a significantly larger proportion of neutral and slightly 176 

deleterious ( ௘ܰݏ ∈ [−1, 0] ) than the freshwater species (0.346 versus 0.227, p-value = 177 

0.00112). In contrast, the proportion of strongly deleterious ( ௘ܰݏ ∈ [−∞, −10]) and strongly 178 

beneficial mutations ( ௘ܰݏ ∈ [1, ∞]) was larger in freshwater species than in marine ones (0.661 179 

versus 0.534, p-value = 0.0172; 8.42  10-3 versus 7.18  10-5, p-value = 0.00185, respectively. 180 

Fig. S2). The selective strength of beneficial mutations (ܵ௕) was much stronger in freshwater 181 

species than in marine species (16.34 versus 0.174, p-value = 0.471) though not significant. 182 

Table S4 gives all DFE parameter estimates.  183 

 184 
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The effects of generation time, ploidy, inbreeding, and GC3 content  185 

In this study, two species were annual (Najas minor and Najas marina) and three were 186 

tetraploid (Najas minor, Potamogeton crispus, and Potamogeton distinctus). There was no 187 

significant difference between annual and perennial species, nor between diploid and tetraploid 188 

species for the above statistics.  189 

 190 

The inbreeding coefficient ܨூௌ varied from -0.55 in Ruppia maritima to 0.54 in Najas minor 191 

with a median of -0.034. On the average, freshwater species had a very similar inbreeding 192 

coefficient to marine species (median = -0.034 versus -0.043). While monoecious species had 193 

positive ܨூௌ = 0.126, dioecious and hermaphrodite ones, on the other hand, had negative ܨூௌ = 194 

-0.0101 and -0.159, respectively (Table 3). But none of these differences were significant.  195 

Selfing rate was also calculated for hermaphrodite and monoecious species. The monoecious 196 

species had higher selfing rates than hermaphroditic species (0.244 versus 0.0677) and the 197 

freshwater species also had higher selfing rates than marine species (0.174 versus 0.0531). 198 

Neither ܨூௌ nor selfing rate had any significant effect on 𝜋4, 𝜋0/𝜋4 or DFE parameters.   199 

 200 

The distribution of Guanine and Cytosine (G/C) content in the third codon position, GC3, 201 

varied from 0.38 in Zostera marina and 0.39 in Z. muelleri to 0.48 in Colocasia esculenta 202 

(Spirodela polyrhiza was excluded from this analysis because of its extremely high GC3 203 

content, 0.68). The median value of GC3 was 0.455 in dioecious species, and was slightly 204 

higher than the median value in both monoecious (0.448) and hermaphroditic species (0.417). 205 

There was no significant difference in GC3 between marine and freshwater species (0.44 versus 206 

0.434). Neither did we find a correlation between GC3 and ܨூௌ or selfing rate.   207 

 208 
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As GC3 content is generally positively associated to the population recombination rate in plants 209 

(Marais, 2003), we expected a positive correlation between 𝜋4 and GC3 and a negative 210 

correlation between 𝜋0/𝜋4 and GC3. However, the correlation varied with sexual system, i.e., 211 

a significant interaction between GC3 and sexual system was found for both 𝜋4 and 𝜋0/𝜋4 (Fig 212 

S3). In dioecious species, GC3 had a positive effect on 𝜋4 (linear regression coefficient = 31.03, 213 

p-value = 2.15710-5). On the contrary, GC3 had a negative effect on 𝜋4 in hermaphroditic 214 

species (coef. = -38.47, p-value = 1.01110-9). No significant effect of GC3 on 𝜋4 was found 215 

in monoecious species. 𝜋0/𝜋4 was negatively correlated with GC3 in dioecious species (coef. 216 

= -4.65, p-value=0.0498) while a positive correlation was observed in hermaphroditic species 217 

(coef. = 6.087, p-value = 1,0110-3). No significant correlation was identified between 𝜋0/𝜋4 218 

and GC3 in monoecious species. 219 

 220 

The effects of census size and historical Ne 221 

The species distribution range was estimated as the number of observation sites for each species 222 

in 1×1 grid of latitude and longitude. A significantly positive log-log linear correlation was 223 

observed between species distribution range and genetic diversity after correction for 224 

phylogeny: the wider the species range, the higher the genetic diversity (coef. = 0.48, R2 = 225 

0.207, p-value = 0.0143). We further used the inverse of leaf size as an estimate of plant density 226 

and multiplied that with the distribution range to obtain a proxy for species census size ( ௖ܰ), 227 

which in turn was significantly correlated to 𝜋4 (coef. = 0.44, R2=0.433, p-value = 2.7510-5, 228 

Fig. 2A).   229 

 230 

To evaluate the effect of historical ௘ܰ on genetic diversity, trajectories of historical effective 231 

population size changes were first estimated using Stairway Plot 2 based on the SFS of 4-folded 232 

sites. For marine dioecious species, historical population sizes were rather stable but on average 233 
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much smaller (1,000 ~ 10,000) than those of freshwater species except Halophila ovalis, which 234 

had a large and stable population size around 300,000. In contrast, the freshwater dioecious 235 

species had effective population sizes around 5×10,000~2×100,000 about 20,000 years ago 236 

(Fig. 3A). Thereafter the population sizes of Najas marina and Vallisneria natans remained 237 

stable while that of Hydrilla verticillata decreased to 6000 and Ottelia cordata and Egeria 238 

densa continued decreasing to 200 about 100 years ago. The effective population sizes of both 239 

monoecious and hermaphrodite species decreased to the same extent (Fig. 3B, C). We then 240 

calculated the harmonic mean of historical effective population sizes as an estimate of ௘ܰ for 241 

each species (Table 3). The median historical ௘ܰ of marine dioecious species ( ௘ܰ= 3,141) was 242 

much smaller than that of the freshwater dioecious species ( ௘ܰ= 18,627). For both monoecious 243 

and hermaphroditic species, estimates of historical ௘ܰ  were at a very similar level for the 244 

marine and freshwater species, varying from 10,700 to 17,800 (Table 3). Finally, we observed 245 

a good fit of the regression of genetic diversity on historical ௘ܰ (coef. = 1.26, p-value < 2.210-
246 

16, R2 = 0.901, Fig. 2B).  247 

 248 

The 𝜋0/𝜋4 ratio was negatively correlated to the distribution range (coef. = -0.116, p-value = 249 

0.00571, R2 = 0.241), the proxy of ௖ܰ (coef. = -0.107, p-value = 1.7210-6, R2 = 0.499), and 250 

historical ௘ܰ (coef. = -0.21, p-value = 1.4e-9, R2 = 0.634. Fig. 2C, D).  251 

 252 

Differences in evolutionary rate between freshwater and marine species 253 ܭ௔/ܭ௦ was calculated based on the Mfree model, which allows ܭ௔/ܭ௦ ratio to vary freely for 254 

each phylogenetic branch, and averages across all 2,079 ortholog genes after filtering out genes 255 

with ܭ௔/ܭ௦  > 5  or ܭ௦ = 0. Overall, ܭ௔/ܭ௦  values were significantly lower in freshwater 256 

species than in marine species, regardless of the sexual system or pollination mode (ܭ௔/ܭ௦ = 257 

0.0998 and 0.145 for dioecious, 0.08 and 0.134 for monoecious, and 0.0882 and 0.123 for 258 
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hermaphroditic, p-values < 5e-8, Fig. 4A).  A significantly negative log-log linear correlation 259 

was observed between mean ܭ௔/ܭ௦ and the proxy of ௖ܰ (coef. = -0.08327, R2 = 0.492, p-value 260 

= 1.66e-4; Fig. 4C). Similarly, ܭ௔/ܭ௦was also significantly and negatively correlated with 261 

historical ௘ܰ (coef. = -0.133, R2 = 0.281, p-value = 0.0045; Fig. 4D). 262 

 263 

By comparing an evolutionary model allowing two different ܭ௔/ܭ௦  ratios for marine and 264 

freshwater species (M3) to a model with a single ܭ௔/ܭ௦ across all species (M0), we identified 265 

298 OGs evolving at different rates between marine and freshwater species (i.e., the M3 model 266 

had a significantly better performance than the M0 model). Of these OGs, 240 had smaller 267 ܭ௔/ܭ௦  ratios in freshwater species (median = 0.077 versus 0.184, Table S5). They were 268 

functionally enriched in genes related to metal ion homeostasis, photomorphogenesis, stomatal 269 

movement, drought tolerance, and so on (FDR < 0.05, Fig. 4B). On the other hand, the 270 

freshwater species had larger ܭ௔/ܭ௦ values in 58 OGs (Table S6), which were functionally 271 

enriched in GO terms such as response to high light intensity, negative regulation of ethylene-272 

activated signaling pathway, and response to low light intensity stimulus (p-value < 0.05). 273 

However, no significant enriched GO terms were retained after corrected for FDR. Notably, 274 

the ABI five binding protein 3 (AFP3) has a ܭ௔/ܭ௦  ratio significantly larger in the freshwater 275 

species (1.053 versus 0, FDR = 0.024). AFPs are negative regulators interacting with key 276 

components of ABA signaling pathway, including MAP kinases (Lynch et al., 2026).     277 

 278 

Difference in gene copy number and expression between freshwater and marine species  279 

Eight OGs were present in freshwater species but were either absent or not expressed in all 280 

marine species (Table S7). In particular, gene PDV2 is essential for chloroplast division, CLC-281 

E encodes a chloride channel protein in thylakoid membrane and regulates the light reaction of 282 

photosynthesis, and HSA32 encodes a heat-stress-associated protein in pollen tube and seed. 283 
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In total, 39 OGs had larger copy numbers in freshwater species than in marine species (Table 284 

S8, Fig. 5A). Seven of them (e.g., gene AGT, PSBR) have functions related to photosynthesis 285 

and photorespiration and eight (e.g., GOX1, CRPK1, TCF1) are functionally related to plant 286 

response to various external stimuli, such as acidic PH, aluminum / cadmium ion, freezing, salt 287 

stress, insect, fungus, herbivore, oxygen level, and in ammonia and sulfate assimilation, and in 288 

vitamin E biosynthesis as well. Vitamin E is essential for plant response to stress, e.g., to protect 289 

photosystem and maintain the stability of chloroplast under thermal, light or drought stress 290 

(Collin et al., 2008; Hasanuzzaman et al., 2014; Niu et al., 2022). On the other hand, in 25 291 

OGs, marine species had larger copy numbers than freshwater species (Table S9, Fig. 5A). Six 292 

OGs (e.g., PAE8, HBT) are functionally enriched in biological processes related to in root 293 

meristem specification, root cap development, cell wall organization, and pectin biosynthesis 294 

while two (P5CS2 and SOS1) are related to hyperosmotic salinity response, potassium / sodium 295 

ion import, regulation of intracellular pH. Adaptation to the marine environment does not only 296 

require salt tolerance, but also elasticity and structural strength of the cell wall due to strong 297 

water currents (Ma et al., 2024). No genes were found that are specifically expressed in marine 298 

species in this study.  299 

 300 

Additionally, we identified 74 and 51 OGs with gene expression level significantly higher in 301 

marine and freshwater species, respectively (|log2FC| > 1 and FDR < 0.05; Fig. 5B, Table S10). 302 

46 of them were functionally related to plant tolerance to drought, salt, heat, clod, UV, and 303 

oxidative stress while nine were photosynthesis related, including chloroplast development and 304 

positioning. Genes PUB21 and GME had the highest expression level in marine species (FC = 305 

126, FDR = 4.87e-4; FC = 2948, FDR = 3.63e-4, respectively). PUB21 negatively regulates 306 

drought, salinity stress, and immune responses in plant. While the stress signals can up-regulate 307 

the expression of PUB21, the silencing of PUB21 significantly enhances resistance to those 308 
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stresses (Yang et al., 2022; Yi et al., 2024). Gene GME is involved in ascorbic acid (vitamin 309 

C) biosynthesis, which has a vital protective role in plant tolerance to various abiotic stresses. 310 

The photosystem of marine seagrass is more vulnerable to the damage of high-energy 311 

wavelength of light due to the loss of stomata and photoreceptor genes during its complex 312 

evolution (Olsen et al., 2016; Zhao et al., 2021). An elevated ascorbic acid content is widely 313 

observed in seagrass and can protect its photosystem from reactive oxygen species (ROS) 314 

(Zhao et al., 2021; Thiraviyam et al., 2025). Gene CESA1 had the highest expression level in 315 

freshwater species but was barely expressed in marine species (mean TPM = 117.9 versus 316 

0.0083, FDR = 0.0047). The gene plays a crucial role in the synthesis of cellulose and 317 

hemicellulose within plant cell wall that can prevent breakage due to physical forces and is 318 

important for the evolution of land plants (Graham et al., 2000).  Interestingly, for all but seven 319 

differentially expressed genes, regardless of their expression levels, ܭ௔/ܭ௦ values in marine 320 

species were significantly higher than in freshwater species (median = 0.155 versus 0.0899, 321 

respectively).   322 

 323 

Discussion 324 

 325 

Seagrasses live in contrasted environments and have diverse reproductive systems.  The main 326 

aim of the present study was to investigate to what extent these two factors affected seagrasses 327 

genetic diversity. The short answer is that environment most certainly matters and, furthermore, 328 

interacts with the reproductive system. More specifically, diversity is higher in freshwater than 329 

in marine environments and this is principally due to the large difference in nucleotide diversity 330 

of dioecious species between the two environments. Below we shall discuss these results and 331 

their implications for the nearly neutral theory of molecular evolution. But before that, we shall 332 

discuss the relationship between standing genetic diversity and other factors. 333 
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 334 

Genetic diversity is associated to historical effective population size and current census 335 

number  336 

Many factors have been invoked to explain the variation in nucleotide diversity and selection 337 

efficacy, including life history traits (e.g. propagule size, mating system), ecological 338 

characteristics (e.g. distribution range, environment factors) and/or genomic architecture (e.g. 339 

genome size, recombination rate) (Romiguier et al., 2014; Corbett-Detig et al., 2015; Buffalo, 340 

2021; Clark et al., 2023). All these factors can eventually lead to differences in either 341 

demography (census and historical effective population size) or selective strength (e.g. DFE, 342 

hitch-hiking effect) (reviewed in Charlesworth & Jensen, 2022).  343 

 344 

In this study, the largest difference in nucleotide diversity was observed between dioecious 345 

species from marine and freshwater environments, respectively. However, in contrast to 346 

previous studies (Chen, et al. 2017; Burgarella, et al. 2024) effects of mating system (selfing 347 

versus outcrossing), pollination agent, or generation time were negligible. This could simply 348 

be due to the fact that our study lacks species with high selfing rate, even for hermaphroditic 349 

species. Our sampling strategy also limited the effect of clonal reproduction. Similarly, most 350 

species in the present study are perennial and diploid; only two species Najas minor and N. 351 

marina are annual (Haynes, 1979) and three species, Potamogeton crispus, P. distinctus and 352 

Najas minor are possibly tetraploid (Kaplan et al., 2013; Ito et al., 2017).  353 

 354 

Somewhat surprisingly, a crude estimate of census size based on distribution range size and 355 

leaf size is a rather good proxy of genetic diversity in our study. Similarly, the harmonic mean 356 

of historical effective population size change shows a significant association to both 357 

synonymous nucleotide diversity, 𝜋4, and selection efficacy, 𝜋0/𝜋4.  In plants, (Milesi et al., 358 
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2024) studied the Ne-trajectories of seven tree species with large distribution ranges. They did 359 

not estimate the correlation between past ௘ܰ  and the current diversity but showed that Ne-360 

trajectories could be clustered into three groups reflecting the biology and geographical 361 

distribution of the species. For example, the three boreal species (Picea abies, Pinus sylvestris 362 

and Betula pendula) belonged to the same group of species with very large distribution ranges 363 

across Eurasia while Quercus petraea and Fagus sylvatica formed another group with 364 

relatively smaller distributions and similar ice ages refugial locations. In animals, Wilder et al. 365 

(2023) showed that species with smaller historic effective population size had a higher 366 

probability of extinction than larger ones, even though it should be noted that ecological factors 367 

were better predictors of extinction risks. The dependency of current levels of nucleotide 368 

diversity on ancient demographic events captured by effective population size is not surprising 369 

as nucleotide diversity takes time to accumulate and, under a pure drift model, and assuming 370 

an effective population size of 10,000, it will take 4,000 generations for a new allele to reach a 371 

frequency of 0.1, given that it does (Kimura & Ohta, 1973; Slatkin & Rannala, 2000). The 372 

association with the current census number is, in this respect, more surprising, and may suggest 373 

that the census population size did not change drastically recently. In any case, our study has 374 

explicitly pointed out the importance of historical demography for the maintenance of genetic 375 

diversity.  376 

 377 

Fluctuating, yet higher, Ne in estuarine than in marine environments  378 

Freshwater dioecious species experienced stronger natural selection than marine dioecious 379 

ones. One possible cause could be that freshwater environments are more variable than marine 380 

ones. Although intertidal marine species have to deal with stronger water currents, higher 381 

salinity and temporary drought, freshwater species basically live in a more or less terrestrial 382 

environment and have to cope with frost, drought, UV damage, heavy metal contamination, 383 



 16 

various pathogens and herbivores and a host of other stresses (Wassens et al., 2017; Singh et 384 

al., 2023; Daumal et al., 2024). To start to assess whether a more variable environment was a 385 

plausible cause of more intense selection, we retrieved annual temperature experienced by each 386 

species across its distribution range during the 1960-2021 period (Fig. 6). Though the 387 

maximum temperature varied where tropical species live under a higher temperature than 388 

temperate ones, the maximum temperature fluctuation was much higher in freshwater than in 389 

marine environment. When calculating temperature fluctuation, we limited the lowest 390 

temperature to zero for all species, which is rather reasonable for marine species as they are 391 

submerged. However, for freshwater species living in temperate regions, frost could be a major 392 

challenge in the winter while long-term drought and extremely high temperatures are a major 393 

threat in the summer. Previous studies have shown that temporal fluctuating selection on 394 

multiple genes can have a pervasive effect on the maintenance of genetic variation across 395 

genomes of many species (Rees & Ellner, 2019; Kelly, 2022; Johnson et al., 2023; Strickland 396 

et al., 2024).  397 

 398 

On the other hand, we also found lower  ܭ௔/ܭ௦ ratio in in the freshwater species for all three 399 

sexual systems after correction for phylogeny. This could also be explained by the difference 400 

of environmental stability between marine and freshwater habitats. Many of the selected genes 401 

were functionally related to resistance to drought, heat, or disease and with rather drastic gene 402 

expression differentiation between the freshwater and marine species. However, bias towards 403 

high expression genes may exist by using transcriptomic data although the distributions of 404 ܭ௔/ܭ௦ did not show any strong correlation with the expression level.  405 

 406 

The possible effects of sex ratio and sex biased fitness  407 
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The main factor contributing to differences in genetic diversity between species in the present 408 

study is the habitat. But once this is accounted for, the second most important factor is the 409 

reproductive system, with dioecy standing apart from monoecious and hermaphrodite species. 410 

More specifically, dioecious species have a very low diversity in marine environment, but a 411 

similar level to hermaphrodite species in freshwater environment. Studying 15 Silene species, 412 

Muyle et al. (2021) observed that dioecious species were more genetically diverse than Silene 413 

species with other sexual systems. They attributed this difference to an Allee effect in dioecious 414 

species. Dioecious species cannot decline below a given threshold without risking declining to 415 

extinction. Hence, conditioning on survival, this Allee effect contributes to the maintenance of 416 

genetic diversity in dioecious species. It is unclear why such a mechanism would operate in 417 

freshwater and not in marine environment. Instead, the observed collapse of genetic diversity 418 

for dioecious species living in marine environment could be due to factors associated to 419 

pollination or to an increase in sex ratio bias.  Biased sex ratios have indeed been observed in 420 

seagrasses from intertidal and shallow subtidal environments (Williams, 1995; Shelton, 2008; 421 

Shelton, 2010; Buckel et al., 2012; Nguyen et al., 2018). For example, Shelton (2008, 2010) 422 

investigated the marine seagrasses Phyllospadix scouleri and P. serrulatus (surf grasses), 423 

which have some of the most extreme female-biased sex ratios documented (>90% female).  424 

In these two species, sex-ratios were driven by male-biased mortality during the life cycle. It 425 

was speculated that the higher mortality in males than in females could possibly be related to 426 

(i) a weaker attachment of male plants to their substrate or other cause of differential mortality 427 

or (ii) the presence of young sex chromosomes in these species and an exposure of deleterious 428 

mutations in the heterochromatic sex. Without further data it is hard to tell apart these different 429 

hypotheses but we note that, in our study, marine dioecious species did have a much higher 430 𝜋0/𝜋4 ratio than freshwater ones (0.40 vs 0.20). In most seagrass species, the presence of sexual 431 

chromosomes has not been ascertained and the primary sex ratio is not known. It is therefore 432 



 18 

hard to know whether one would expect environment to contribute to the bias and the observed 433 

difference between freshwater and marine environment. Pollen limitation could also contribute 434 

to a smaller effective population size and to low genetic diversity. While sex ratio was also 435 

strongly female-biased in Phyllospadix torreyi (Williams, 1995), this did not seem to have led 436 

to pollen limitation. However, a recent literature survey suggests that pollen limitation may be 437 

a common Allee effect in marine hydrophylous seagrasses, though not in freshwater ones (Van 438 

Tussenbroek et al., 2016). Seed- or fruit-set of marine hydrophilous plants was observed to be 439 

generally lower than in hydrophilous freshwater species.  Whether this is also the case in the 440 

species studied here remains to be seen, but even though it should be pointed out that in some 441 

seagrass species both sex-ratio and pollen limitation have been shown to vary across 442 

populations (Nguyen et al., 2018), this certainly is an interesting aspect to pursue. 443 

 444 

The Nearly Neutral Theory holds in seagrasses  445 

One of the predictions of the Nearly Neutral Theory is that the log values of the efficacy of 446 

selection (𝜋0 /𝜋4 ) and effective population size should be correlated and the slope of this 447 

regression should be equal to the shape parameter of the DFE, ߚ (Welch et al., 2008). In the 448 

present study, the absolute value of the slope r (0.21) was indeed very close to the mean 449 

estimate of (0.206) ߚ. As noted above, the Nearly Neutral Theory held quite well in previous 450 

tests based on a diverse array of species, whether those were based on population data (Chen 451 

et al., 2017; Chen et al., 2020) or on phylogenetic data (Bastian et al., 2025) but less well for 452 

within genus comparisons when species were biologically quite similar (Mackintosh et al. 453 

(2019) compared 38 species of European butterflies (Papilionoidea) with identical mating 454 

systems and environments, at least relative to the diversity observed among seagrasses). In the 455 

present case, differences in sexual system and environment are large enough to generate 456 

significant differences in the DFE across species and allow one to estimate the slope of the 457 



 19 

relationship between  𝜋0 /𝜋4 and Ne. Chen et al. (2017) used both plants and animals and 458 

Bastian et al. (2025) focused on 150 placental mammals. The present study provides a further 459 

test of the Nearly Neutral Theory, in seagrasses this time, and therefore extend the generality 460 

of the mechanism proposed by Ohta to explain levels of genetic diversity across species. As 461 

pointed by Bastian et al. (2025), the good agreement of the data with the nearly neutral theory 462 

suggests that the effective population size does capture the effect of the numerous variables 463 

that impact genetic variation and the efficacy of selection. 464 

  465 
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Material & Methods 466 

Plant material sampling  467 

In total, 127 individuals from 27 species of the order Alismatales were included in this study. 468 

All samples were collected in China and the number of individuals per species varied from 469 

three to 13 (Table S1). In order to avoid collecting clones, we kept a distance over 500 meters 470 

between samples for marine species. For freshwater species we collected one individual sample 471 

per location if possible or otherwise collected multiple samples separated by a distance over 472 

100 meters. Fresh leaves were sampled and immediately frozen in liquid nitrogen and 473 

subsequently stored at −80 °C before sequencing. 474 

 475 

PacBio full-length transcriptomic sequencing and assembly 476 

For 21 species, full-length isoform sequencing using PacBio SMRT technology was applied to 477 

generate reference transcriptomes (see Table S2). Frozen leaves were ground and total RNA 478 

was extracted in TRIzol-CTAB-LiCl reagent on dry ice following the protocol provided by the 479 

manufacturer. The integrity of the RNA was determined with the Agilent 2100 Bioanalyzer 480 

(Agilent Technologies) and agarose gel electrophoresis. The purity and concentration of the 481 

RNA were determined with the Nanodrop (Thermo Fisher Scientific) and Qubit (Thermo 482 

Fisher Scientific). Only high-quality RNA sample (OD260/280=1.8~2.2, OD260/230≥2.0, 483 

RIN≥8, >1 μg) was used to construct sequencing library. About 300ng total RNA was reverse 484 

transcribed into cDNA and amplified by using NEBNext® Single Cell/Low Input cDNA 485 

Synthesis& Amplification Module and Iso-Seq Express Oligo Kit. cDNAs were purified by 486 

ProNex Beads and were used to construct the library by SMRTbell Express Template Prep Kit 487 

2.0 (Pacific Biosciences) with damage repaired, end repaired, A-tailling and ligated to 488 

sequencing adapters. The SMRTbell template was annealed to sequencing primer and bound 489 
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to polymerase and sequenced on the PacBio Sequel II platform using Sequel II Binding Kit 2.0 490 

(Pacific Biosciences). 491 

 492 

Raw reads were processed through the isoseq3 pipeline 493 

(https://github.com/pacificbiosciences/isoseq/, accessed 2025/04/09). Circular consensus 494 

sequences were generated therefrom. Subsequently, these sequences were classified into full-495 

length and non-full-length reads by inspecting the poly(A) signal, as well as 5’ and 3’ adaptors. 496 

Consensus isoforms were identified from full length non-chimera sequences (FLNCs) and 497 

refined using non-full-length reads to yield high quality isoforms (HQ, with predicted 498 

accuracy >0.99). The Illumina RNAseq data from the same individual were employed to 499 

correct the PacBio sequences, with the correction carried out in lordec 500 

(http://atgc.lirmm.fr/lordec/, accessed 2025/04/09) (Salmela & Rivals, 2014). The HQ full-501 

length polished consensus transcripts were then processed using cogent v.8.0.0 502 

(https://github.com/Magdoll/Cogent, accessed 2025/04/09) to identify gene families and 503 

reconstruct the coding genome in the absence of a reference genome. Finally, TransDecoder 504 

v.5.5.0 (Haas et al., 2013) was employed to generate a final dataset of full-length 505 

transcriptomes for 21 species. 506 

 507 

For four species, Colocasia esculenta, Posidonia australis, Spirodela polyrhiza, and Zostera 508 

muelleri, published reference genomes were downloaded from NCBI (Table S1).  509 

 510 

RNAseq transcriptomic sequencing and SNP calling 511 

Of the 127 samples, 39 were RNAseq reads accessed from NCBI SRA, and 88 were Illumina 512 

RNAseq reads (2×150 bp) generated in this study (Table S1). RNA libraries were constructed 513 
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using the NEBNext® UltraTM RNA Library Prep Kit for Illumina® (New England Biolabs, 514 

Ipswich, MA, USA) in accordance with the manufacturer's guidelines. Sequencing was 515 

performed on an Illumina Novaseq 6000 platform, generating 150bp paired end reads 516 

(Novogene, Tianjin, China).  517 

 518 

Quality control of raw RNAseq reads was carried out using Fastp v.0.23.1 (Chen et al., 2018) 519 

with parameters ‘-g -q 5 -u 50 -n 15 -l 150 --min_trim_length 10 --overlap_diff_limit 1 --520 

overlap_diff_percent_limit 10’. Then an in-house Perl script was used to filter out the reads 521 

with extremely high GC-content that could be contaminated by algeas. We employed hisat2 522 

v.2.2.1 (Kim et al., 2019) with default settings to align the clean RNAseq reads of each 523 

individual to the reference genome or the full-length transcriptomes of their own respective 524 

species. It is noteworthy that the short reads of Aponogeton lakhonensis were aligned to the 525 

full-length transcriptome of Aponogeton crispus, and the short reads of Potamogeton crispus 526 

were aligned to the full-length transcriptome of Potamogeton distinctus. Subsequently, 527 

Samtools v.2.2.1 (Danecek et al., 2021) was utilized to convert Sequence Alignment/Map 528 

(SAM) files into Binary Alignment/Map (BAM) files, sort the BAM files, and eliminate 529 

duplicate reads. Only the properly paired reads aligned to a unique position were retained. 530 

 531 

Individual genotypes were generated using HaplotypeCaller and merged with 532 

GenomicsDBImport by means of GATK v.4.5.0.0 (McKenna et al., 2010). Finally, genotypes 533 

were determined using GenotypeGVCFs for both variant and non-variant sites. Hard-filtering 534 

was applied to variant sites based on the genotype summary statistics distributions of ‘QUAL 535 

< 30’, ‘QD <10’, ‘ExcessHet > 3’ of each species. Variant and non-variant sites containing any 536 

missing genotypes were also filtered out.   537 

 538 
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Orthologue identification 539 

Orthofinder v.2.5.5 (Emms & Kelly, 2019) was applied to search for orthologous groups (OGs) 540 

using the longest isoforms in 25 species (4 genomes and 21 full-length transcriptomes) and in 541 

total 21,078 OGs were obtained. Pairwise similarity search using BLASTP (Altschul et al., 542 

1990) was performed between all species pairs within each OG and only the best transcripts 543 

with e-value < 1e-10 were retained. In total, 2,079 orthologous transcripts were retrieved. For 544 

Aponogeton lakhonensis, Potamogeton crispus and all individual samples of RNAseq dataset, 545 

orthologous transcripts were generated by replacing the corresponding reference sites with 546 

species specific genotypes, respectively. Protein sequences were then translated from 547 

orthologous transcripts for each individual and used for the phylogenetic inference. 548 

 549 

Inference of phylogenetic tree of Alismatales 550 

The phylogenetic tree of 27 species in Alismatales was inferred using both concatenation and 551 

coalescent approaches. For the concatenation method, MAFFT v.7 (Katoh et al., 2002) and 552 

trimal v.1.4 (Capella-Gutierrez et al., 2009) were used to align the 2,079 orthologous protein 553 

coding sequences and remove gaps with the parameter setting ‘-gt 0.2 -st 0.001 -cons 85’. 554 

Subsequently, a supermatrix and a partition file were generated using the R package 555 

‘phylotools’ (Revell, 2024). The phylogenetic tree was inferred with the Maximum-likelihood 556 

(ML) method implemented in IQTREE v.2.1.4 (Minh et al., 2020) with 1000 bootstrap 557 

replicates to assess the reliability of the tree topology. The best nucleotide substitution model 558 

was chosen based on BIC value of each model and was carried out automatically by 559 

ModelFinder with the parameter ‘-m MFP’. The coalescent species tree was inferred with the 560 

following two steps: 1) 1,390 orthologous gene that were present in at least three species were 561 

used to generate individual gene trees by IQ-TREE; 2) a species tree was then reconstructed 562 
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based on all gene trees using the coalescent method implemented in ASTRAL v.5.7.8 (Zhang 563 

et al., 2018). Similarly, the phylogenetic trees based on 127 individuals were also generated 564 

based on both methods using the ML and coalescent methods. Two outgroup species 565 

(Colocasia esculenta and Spirodela polyrhiza) were used to root the phylogenetic trees. 566 

 567 

Divergence time estimation  568 

The divergence time of each node in the concatenated ML phylogenetic tree was estimated 569 

using the MCMCTree program implemented in the software PAML v.4.10.7 (Yang, 2007), 570 

which uses an approximate likelihood calculation to improve the computation speed (dos Reis 571 

& Yang, 2011). Four fossil calibration points (Table S3) were used to recalibrated the 572 

molecular clock: (1) 33.9-56 Mya for the Crown for Potamogetonaceae and Zosteraceae; (2) 573 

81.0-82.0 Mya for the crown of Potamogetonaceae, Zosteraceae, Posidoniaceae, Ruppiaceae,  574 

Cymodoceaceae and Aponogetonaceae; (3) 33.9-56 Mya for the crown for Hydrilla and 575 

Vallisneria; (4) 66.0-100.5 Mya for the crown for Araceae.  576 

 577 

The ML species tree was set as the topological constraint and the parameter for the molecular 578 

clock was set to 2 (this allows for independent rates in each branch). The MCMC simulations 579 

were run twice, the first 200,000 iterations were discarded as burn-in and every 10 iterations 580 

were sampled until a total of 200,000 samples were collected. The recalibrated species tree was 581 

visualized in TVBOT v.2.6.1 (Xie et al., 2023) with the divergence time in 95% highest 582 

posterior density (HPD) intervals for all nodes.   583 

 584 

Population genetic analyses 585 
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To avoid the biases caused by possible paralogs, we performed all population genetic analyses 586 

on the longest transcript for each orthologous group of each species and transcripts with a 587 

length short than 500bp were excluded. Pairwise genetic difference (𝜋) was calculated at 0-588 

fold and 4-fold sites, a ratio of 𝜋0/𝜋4 and GC content at the third position of codons were also 589 

calculated for each transcript using in-house perl and R scripts. Each 0-fold and 4-fold sites 590 

were randomly divided into two groups, one for calculation of 𝜋 and the other for calculation 591 

of 𝜋0/𝜋4 ratio. We repeated this step for 1,000 iterations and took the average values of 𝜋4, 𝜋0 592 

and 𝜋0/𝜋4 for each species. We also estimated 𝜋 and 𝜋0/𝜋4 values using the above protocols 593 

with 2,079 orthologous genes that were used to infer phylogenetic tree.  594 

 595 

To polarize the site frequency spectrum, the two closest species were chosen as outgroups. 596 

Orthologous sequences were first aligned as protein sequences and then amino acids were 597 

translated back into nucleotide codons. The inference of ancestral state was performed using 598 

‘est-sfs’ (Keightley & Jackson, 2018). The distribution of fitness effects of new mutations 599 

(DFE) was estimated for each species based on unfolded SFS using polyDFE v.2.0. (Tataru & 600 

Bataillon, 2019). The BFGS method was chosen for parameter optimization and parameters of 601 

basin-hopping algorithm was adjusted to maximize the log likelihood and minimize the 602 

gradient for each run. DFE parameters were estimated and include ancestral state error (eps_an), 603 

selective coefficients for deleterious and beneficial mutations (Sd, Sb), shape parameter (ߚ), 604 

and proportions of beneficial mutations (pb). Numbers of fixed sites with outgroups at 4-fold 605 

and 0-fold sites were provided to estimate the proportion of fixed adaptive mutations (ߙ) with 606 

Sb > 1.  607 

 608 

Stairway plot 2 was applied to estimate historical ௘ܰ changes for each species based on 609 

unfolded SFS. For perennial species, we set the mutation rate (ߤ) to be 2e-8 per site per 610 
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generation and generate time (݃) to be 10 years. Najas marina and N. minor were recognized 611 

as annual (https://plantatlas2020.org/, accessed 2025/04/09) (Les et al., 2015) and both annual 612 

and perennial populations were reported in Ottelia cordata (Huang et al., 2020; Shen et al., 613 

2021). For these three species, Stairway plot 2 was also run with ߤ  = 2e-9 per site per 614 

generation and ݃ = 1 year. To estimate harmonic mean of historical Ne, we filtered out Stairway 615 

plot 2 result with time < 100 years or > 1e6 years. Time (t) and N(t) estimates were taken for 616 

the harmonic mean calculation following the equation: 617 1ܰ௠௘௔௡  = 1௧ܶ௢௧௔௟ ∑ ௜ܰ௜ݐ
௡

௜=1   618 

Where ݐ௜ is the length of ݅th time tile; ௜ܰ is the effective population size over that time tile; 619 ௧ܶ௢௧௔௟  is the total length of time tiles. To capture the major changes of ௘ܰ , time tiles were 620 

merged if the fold change of ௘ܰ was less than two and an arithmetic mean ௘ܰ was taken over 621 

those tiles before the harmonic mean ௘ܰ was calculated across all time tiles.  622 

 623 

The inbreeding coefficient ܨூௌ was calculated for each individual and averaged for each species 624 

using Plink v.1.9 (Chang et al., 2015) based on observed and expected homozygous genotypes. 625 

VCFtools v.4.0 (Danecek et al., 2011) was used to calculate Tajima’s D and Bcftools v.1.16 626 

(Danecek et al., 2011) was used to calculate runs of homozygosity (ROH) for each transcript. 627 

Finally, a random forest sequential model implemented in ROH-selfing was run to estimate 628 

selfing rate for monoecious and hermaphroditic species based on ROH, Tajima’s D and ܨூௌ 629 

coefficient following the authors’ recommendation (Zeitler & Gilbert, 2024).  630 

 631 

Life history traits, distribution ranges, census sizes and temperature data collection 632 

For each species, we gathered data on three continuous and four discrete life history traits. 633 

Specifically, information on plant height, maximum leaf width, maximum leaf length and life 634 

cycles was sourced from databases FRPS (http://www.iplant.cn/frps, accessed 2025/04/09), 635 

https://plantatlas2020.org/
http://www.iplant.cn/frps
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China Wetland Plant Database (https://zgsdzw.com/, accessed 2025/04/09) and Tropicos 636 

(https://tropicos.org/home, accessed 2025/04/09), and plant habitat, sex and pollination were 637 

collected from the research of Les et al. (1997).  638 

 639 

The coordinates of observed occurrence of each species were retrieved from the database of 640 

Global Biodiversity Information Facility (GBIF, https://www.gbif.org/, accessed 2025/04/09). 641 

Only the occurrence of GBIF data based on human observation was kept. The coordinates of 642 

each record were projected to a grid of 1° × 1° in latitude and longitude and the distribution 643 

range of each species was calculated by counting the total number of grids covered. The proxy 644 

of census size was calculated by dividing the distribution range by the maximum leaf length 645 

following the method of Roberts and Josephs (2025).  646 

 647 

The average maximum and minimum temperatures (°C) for each month from 1960 to 2021 648 

were downloaded from WorldClim (Fick & Hijmans, 2017). The minimum water temperature 649 

was set to zero even if the recorded air temperature was far below zero. The mean and standard 650 

error of maximum and minimum temperatures of one species was taken by averaging across 651 

all 1° × 1° grids of its distribution range. The annual maximum temperature fluctuation of one 652 

species was obtained by subtracting the annual minimum temperature from the annual 653 

maximum temperature and averaging across its distribution range.  654 

 655 

Statistical analyses  656 

All statistical analyses were carried out in R. For the regression tests corrected for phylogenetic 657 

sampling bias, a generalized linear mixed model with phylogeny as the random effect was 658 

applied using the r function ‘pglmm_compare’ implemented in the package ‘phyr’ (Ives et al., 659 

2023). Model comparisons and R2 calculation were carried out using r package ‘rr2’ (Ives, 660 

https://tropicos.org/home
https://www.gbif.org/
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2018). We excluded Aponogeton crispus, A. lakhonensis, and Ottelia cordata for the estimation 661 

of distribution ranges and census sizes due to too few occurrences.  Spirodela polyrhiza was 662 

only used for phylogenetic inference but excluded for all other analyses due to its extremely 663 

high homozygosity and low genetic diversity (𝜋4 = 6.35e-5), which suggests that its RNAseq 664 

data from public database may not be sampled from the natural population.   665 

 666 

Estimates of evolutionary rate ܭ௔/ܭ௦ 667 

We used the maximum likelihood method to estimate the evolutionary rate for each species 668 

(߱ =  ௦) as implemented in CodeML program included PAML v.4.10.7 (Yang, 2007). 669ܭ/௔ܭ

2,079 OGs were translated into protein sequences before alignment and then reverse translated 670 

back to CDS sequences using ParaAT (Zhang et al., 2012). To compare the evolutionary rate 671 

of each group of species, we first established a null model with one ߱ value for all species (M0). 672 

Three hierarchical models were also established: 1) a constant ratio model (M0) with one ߱0 673 

value for all branches. 2) a three-ratio model (M3) with one ߱௜௡ value for all internal branches, 674 

and one ߱௠௔ for all external branches leading to marine species, one ߱௙௪  for all external 675 

branches to freshwater species; and 3) a free-ratio model that allows ߱ to vary freely for every 676 

branch (Mfree). To access ߱ values between groups of species for each gene, we compared M3, 677 

and Mfree models to M0 and calculated the significance of rejecting M0 using the log-likelihood 678 

ratio test. False discovery rate (FDR) was performed to correct for multiple testing.  679 

 680 

Gene copy number and expression differentiation 681 

For each OG, we counted the number of gene models and compared the presence or absence 682 

and the copy number difference between species groups using PhyloGLM test (Lai et al., 2023) 683 

followed the method described in Levy et al (Levy et al., 2017).   684 

 685 
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RNAseq short reads aligned to the longest gene model of each OG were counted and 686 

normalized as TPM for all 127 individuals. R function ‘pglmm_compare’ was used to compare 687 

gene expression level and calculate p-value between pairs of species groups with the individual 688 

phylogenetic tree taken as the random effect. And an FDR-corrected p-value threshold of 0.05 689 

and fold change larger than two was applied to select differentiation expressed genes between 690 

species groups of different habitats, sexual systems, and pollination modes, respectively.  691 

 692 

Data availability  693 

All transcriptomic sequencing data used in this study have been deposited in NCBI SRA 694 
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 941 

 942 

Tables 943 

 944 

Table 1 The genetic diversity (࣊૝) and selection efficacy (࣊૙/࣊૝) for sexual system 945 

depending on the habitat and pollination.  946 

 947 𝜋4(× 10−3) / 𝜋0𝜋4 Habitat Pollination 

sex Freshwater Marine Hydrophilous Aerial 

 

Dioecious 

4.23  

(3.99, 4.48) 

 / 0.201  

(0.194, 0.208) 

0.26  

(0.22, 0.31)  

/ 0.431 

(0.339, 0.538)  

2.67  

(2.55, 2.8) 

/ 0.237  

(0.230, 0.248) 

4.23  

(3.99, 4.48) 

/ 0.194 

(0.182, 0.207) 

 

Monoecious 

2.28  

(2.18, 2.38) 

/ 0.283  

(0.262, 0.399) 

1.81  

(1.7, 1.92) 

/ 0.307  

(0.290, 0.344) 

1.83  

(1.72, 1.94) 

/ 0.307 

(0.276, 0.335) 

2.71  

(2.61, 2.81) 

/ 0.310 

(0.282, 0.327) 
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Hermaphrodite 

5.64  

(5.42, 5.86) 

/ 0.274 

(0.244, 0.285) 

2.18  

(2.07, 2.3) 

/ 0.407 

(0.326, 0.493) 

2.18  

(2.07, 2.3) 

/ 0.407 

(0.326, 0.493) 

5.64  

(5.42, 5.86) 

/ 0.274 

(0.244, 0.285) 

Note: 95 % confident intervals were shown in parentheses. Estimates of 𝜋4 are per bp.   948 

  949 
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Table 2 The estimates of DFE parameters for marine and freshwater species.  950 

 951 

  952 

habitat ߚ ܵ௕ ௘ܰݏ [−∞, −10] ௘ܰ10−] ݏ, −1] ௘ܰ1−] ݏ, 0] ௘ܰ0] ݏ, 1] ௘ܰ1] ݏ, ∞] 
Marine 0.11 0.174 0.534 0.0981 0.346 0.0226 7.18e-5 

freshwater 0.153 16.34 0.661 0.0969 0.227 9.06e-4 8.42e-3 

p-value 0.988 0.471 0.0172 0.373 0.00112 0.355 0.00185 
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Table 3 The median values of inbreeding coefficient, GC3 content, census size proxy, and 953 

historical ࢋࡺ for marine and freshwater species of three sexual types  954 

n.a.: not applicable 955 

  956 

Marine / 

freshwater 

 ூௌ Selfingܨ

ratio 

GC3 ௖ܰ ௘ܰ 

(103) 

Dioecious 0.0287 /  

-0.217 

n.a. / 

n.a 

0.45 /  

0.458 

0.273 / 

13.8 

3.14 / 

18.6 

Monoecious -0.396 /  

0.185 

0.183 / 

0.355 

0.386 / 

0.452 

0.818 / 

1.4 

11.3 / 

16.2 

Hermaphrodite -0.159 /   

-0.331 

0.0478 / 

0.0697 

0.429  

/ 0.414 

2.65 /  

1.04 

10.8 / 

17.8 
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Figures 957 

 958 

  959 

 960 

Fig. 1 The phylogenetic tree of 27 Alismatales species and difference between marine and 961 

freshwater species in genetic diversity. (A) The phylogenetic tree of 27 Alismatales species 962 

inferred based on 2,079 orthologous gene families. Blue bars give the 95% HD of divergence 963 

time and the figures above the bars are mean estimates of divergence time. The axis below the 964 

tree is the time in millions of year BP. (B) The distributions of genetic diversity 𝜋4 and (C) 965 

efficacy of selection, 𝜋0/𝜋4 ratio between freshwater and marine species.  Each dot represents 966 

the mean value for a species and the red line is the median and the box is the interquartile range.  967 

 968 

 969 

  970 
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 971 

Fig. 2 Correlation between genetic diversity, the selection efficacy and census size or 972 

historical population size. (A) The log-log linear regression of genetic diversity at 4-fold site 973 

(𝜋4) on the proxy of census size ( ௖ܰ); (B) The regression of 𝜋4 on historical population size 974 

( ௘ܰ); (C) The log-log linear regression of selection efficacy (𝜋0/𝜋4) on the proxy of ௖ܰ; (D) 975 

the regression of 𝜋0/𝜋4 on ௘ܰ. The bars represented 95% confidence intervals and the dots 976 

represented the medians.  977 

 978 

 979 

 980 

 981 

 982 
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 983 

Fig. 3 Estimates of historical population size change curves using Stairway plot 2. (A) 984 

dioecious, (B) monoecious, and (C) hermaphroditic species for marine (blue line) and 985 

freshwater (yellow dotted line) species.  986 
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 987 

Fig. 4 Difference in evolutionary rates between marine and freshwater seagrasses. (A) 988 

The distribution of ܭ௔/ܭ௦ values in log scale for 2079 orthologous groups (OGs) in 25 seagrass 989 

species. The average ܭ௔/ܭ௦ was lower in freshwater than in marine species. (B) Examples of 990 

functionally enriched genes with ܭ௔/ܭ௦  significantly lower in freshwater species than in 991 

marine species. (C, D) The log-log linear regression of ܭ௔/ܭ௦ on the proxy of census size ( ௖ܰ) 992 

and historical effective population size ( ௘ܰ).  993 

 994 

 995 

  996 
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 997 

Fig. 5 Difference in gene copy and expression between freshwater and marine species. (A) 998 

An example of genes with larger copy numbers in either freshwater species (red-yellow 999 

heatmaps) or marine species (blue-white heatmaps); (B) The volcano plot showing 1000 

differentially expressed genes between freshwater and marine seagrasses. Genes have higher 1001 

expression level in freshwater species (yellow dots) or in marine species (blue dots) with the 1002 

fold change larger than two and FDR smaller than 0.05 (the dash line).  1003 

 1004 

 1005 

 1006 

Fig. 6 Temperature difference between marine and freshwater dioecious species. (A) The 1007 

mean and standard error bars of annual maximum temperature and (B) maximum temperature 1008 

fluctuation experienced by dioecious species in freshwater (yellow) and marine (blue) across 1009 

their distribution ranges from 1960 to 2021.  1010 

 1011 

 1012 
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Table legends 1013 

Table 1 The genetic diversity (࣊૝) and selection efficacy (࣊૙/࣊૝) for sexual system 1014 

depending on the habitat and pollination.  1015 

 1016 

 1017 

Table 2 The estimates of DFE parameters for marine and freshwater species of three 1018 

sexual types.  1019 
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historical ࢋࡺ for marine and freshwater species of three sexual types  1022 
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time and the figures above the bars are mean estimates of divergence time. The axis below the 1029 

tree is the time in millions of year BP. (B) The distribution of genetic diversity 𝜋4 and (C) 1030 
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the mean value for a species and the red line is the median and the box is the interquartile range.  1032 
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Fig. 2 Correlation between genetic diversity, the selection efficacy and census size or 1035 

historical population size. (A) The log-log linear regression of genetic diversity at 4-fold site 1036 

(𝜋4) on the proxy of census size ( ௖ܰ); (B) The regression of 𝜋4 on historical population size 1037 

( ௘ܰ); (C) The log-log linear regression of selection efficacy (𝜋0/𝜋4) on the proxy of ௖ܰ; (D) 1038 

the regression of 𝜋0/𝜋4 on ௘ܰ. The bars represented 95% confidence intervals and the dots 1039 

represented the medians.  1040 

  1041 

 1042 

Fig. 3 Estimates of historical population size change curves using Stairway plot 2. (A) 1043 

dioecious, (B) monoecious, and (C) hermaphroditic species for marine (blue line) and 1044 

freshwater (yellow dotted line) species. 1045 

 1046 

Fig. 4 Difference in evolutionary rates between marine and freshwater seagrasses. (A) 1047 

The distribution of ܭ௔/ܭ௦ values in log scale for 2079 orthologous groups (OGs) in 25 seagrass 1048 
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species. The average ܭ௔/ܭ௦ was lower in freshwater than in marine species. (B) Examples of 1049 

functionally enriched genes with ܭ௔/ܭ௦  significantly lower in freshwater species than in 1050 

marine species.  (C, D) The log-log linear regression of ܭ௔/ܭ௦ on the proxy of census size ( ௖ܰ) 1051 

and historical effective population size ( ௘ܰ).  1052 

 1053 

Fig. 5 Difference in gene copy and expression between freshwater and marine species. (A) 1054 

An example of genes with larger copy numbers in either freshwater species (red-yellow 1055 

heatmaps) or marine species (blue-white heatmaps); (B) The volcano plot showing 1056 

differentially expressed genes between freshwater and marine seagrasses. Genes have higher 1057 

expression level in freshwater species (yellow dots) or in marine species (blue dots) with the 1058 

fold change larger than two and FDR smaller than 0.05 (the dash line).  1059 

 1060 

Fig. 6 Temperature difference between marine and freshwater dioecious species. (A) The 1061 

mean and standard error bars of annual maximum temperature and (B) maximum temperature 1062 

fluctuation experienced by dioecious species in freshwater (yellow) and marine (blue) across 1063 

their distribution ranges from 1960 to 2021.  1064 

 1065 
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 1067 

 1068 

 1069 

 1070 

 1071 

 1072 

 1073 

 1074 

 1075 
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 1079 
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Supplementary Figures  1082 

 1083 

 1084 

Fig. S1 The ML tree based on 127 individuals. Dots in the nodes of phylogenetic tree 1085 

represent the bootstrap supporting scores and the colored squares from the inner to the outer 1086 

layers represent the family, habitat, pollination, and sexual system for each species, 1087 

respectively.  1088 

 1089 

 1090 

 1091 
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 1092 

Fig. S2 The distributions of fitness effects of new mutations (DFE) for 10 selected seagrass 1093 

species. (A) Histograms for the proportions of mutations under various selective strength; (B) 1094 

The violin plots for proportions of fixed adaptive mutations (ߙ), (C) the shape parameter (ߚ), 1095 

and (D) the selective strength for beneficial mutations.  1096 

  1097 

 1098 

 1099 

 1100 
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 1101 

Fig. S3 The correlation between ࣊૝  or ࣊૙ /࣊૝  and GC3 content. Dots in (A) and (D) 1102 

represent dioecious species, (B) and (E) for monoecious species and (C) and (F) for 1103 

hermaphroditic species. Blue dots show marine species and orange dots show freshwater 1104 

species. Red lines represent the linear predicted curve and the blue lines are 95% confident 1105 

intervals.   1106 

 1107 

 1108 

 1109 

 1110 

 1111 

Supplementary table legends 1112 

Table S1 Sample collection information for each species 1113 

 1114 

Table S2 Genomic or transcriptomic statistics for each species 1115 

 1116 

Table S3 Details of the four fossils used as calibration points in divergence time estimation 1117 

of Alismatales 1118 

 1119 

Table S4 Traits, distribution ranges, and population summary statistics for all species 1120 
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 1121 

Table S5 The list of genes with ࢙ࡷ/ࢇࡷvalues significantly smaller in freshwater species 1122 

 1123 

Table S6 The list of genes with ࢙ࡷ/ࢇࡷvalues significantly higher in freshwater species 1124 

 1125 

Table S7 The list of genes present in freshwater species but absent in marine species 1126 

 1127 

Table S8 The list of genes with larger number of copy number in freshwater species 1128 

 1129 

Table S9 The list of genes with larger number of copy number in marine species 1130 

 1131 

Table S10 The list of genes with expression levels significantly different between 1132 

freshwater and marine species 1133 

 1134 

 1135 

Supplementary figure legends 1136 

Fig. S1 The ML tree based on 127 individuals. Dots in the nodes of phylogenetic tree 1137 

represent the bootstrap supporting scores and the colored squares from the inner to the outer 1138 

layers represent the family, habitat, pollination, and sexual system for each species, 1139 

respectively.  1140 

 1141 

Fig. S2 The distributions of fitness effects of new mutations (DFE) for seagrasses based 1142 

on sexual system and living environment. (A) Histograms for the proportions of mutations 1143 

under various selective strength from ௘ܰݏ <  −100  to ௘ܰݏ > 1 ; (B) The violin plots for 1144 

proportions of fixed adaptive mutations (ߙ), (C) the shape parameter (ߚ), and (D) the selective 1145 

strength for beneficial mutations.  1146 

 1147 

Fig. S3 The correlation between ࣊૝  or ࣊૙ /࣊૝  and GC3 content. Dots in (A) and (D) 1148 

represent dioecious species, (B) and (E) for monoecious species and (C) and (F) for 1149 

hermaphroditic species. Blue dots show marine species and orange dots show freshwater 1150 

species. Red lines represent the linear predicted curve and the blue lines are 95% confident 1151 

intervals.   1152 

 1153 
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