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Abstract

Many different evolutionary processes may be responsible for explaining natural variation within
genomes, some of which include natural selection at the molecular level and changes in population
size. Fungi are highly adaptable organisms, and their relatively small genomes and short generation
times make them pliable for evolutionary genomic studies. However, adaptation in wild populations
has been relatively less documented compared to experimental or clinical studies. Here, we analyzed

DNA sequences from 502 putative single-copy orthologous genes in 63 samples that represent seven
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recently diverged North American Amanita (jacksonii-complex) lineages. For each gene and each
species, we measured the genealogical sorting index (gsi) and infinite-site-based summary statigtics,
suchast, 8,,, and D 7% N coding and intron regions. MKT-based approaches and likelihood-ratio-test

K, /K, models were used to measure natural selection in all coding sequences. Multi-locus
(Extended) Bayesian Skyline Plots (eBSP) were used to mode intraspecific demographic changes
through time based on unlinked, putative neutral regions (introns). Most genes show evidence of
long-term purifying selection, likely reflecting a functional bias implicit in single-copy genes. We
find that two species have strongly negatively skewed Tajima's D, while three other have apositive
skew, corresponding well with patterns of demographic expansion and contraction. Standard MKT
analyses resulted in a high incidence of near-zero a with a tendency towards negative values. In
contrast, a estimates based on the distribution of fitness effects (DFE), which accounts for
demographic effects and dlightly deleterious mutations, suggest a higher proportion of sites fixed by
positive selection. The difference was more notorious in species with expansion signatures or with
historically low population sizes, evidencing the concealing effects of specific demographic histories.
Finally, we attempt to mitigate Gene Ontology term overrepresentation, highlighting the potential

adaptive or ecological roles of some genes under positive selection.

Key wor ds: Amanita jacksonii, comparative population genomics, ectomycorrhizal, exon-targeted

sequencing, Extended Bayesian Skyline Plot, molecular evolution

Introduction
Understanding the nature of genomic variation can help illustrate how natural selection and
demography balance out throughout the history of a species. The neutral theory of molecular

evolution (Kimura 1986; Ohta 1992) postulates that most mutati ons contributing substantially to the
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genetic pool of a population will be either neutral or nearly so. Behind this reasoning is the
assumption that changes that alter the amino acid composition of a protein will tend to be deleterious
and selected against, while those that are advantageous will be rare. In this framework, one can test
whether DNA variation at a given locus fits the expectations under the neutral equilibrium model
(Tajima 1989; Fu and Li 1993, 1999). These models primarily allow for explicit testing of neutrality
departures, however different kinds of evolutionary processes, such as selective sweeps,
recombination, and demographic changes, can mimic similar results (Bachtrog and Andolfatto 2006;
Ramirez-Soriano et al. 2008). Nonetheless, selection is likely to affect specific regions through the
fixation of linked neutral variation —a process known as hitchhiking or selective sweeps—, while

demographic changes are more likely to have genome-wide effects (Andolfatto 2001; Nielsen 2001).

Natural selection at the molecular level is detectable in protein-coding DNA. This can be
accomplished by looking at the relationship between functional (amino acid-changing or non-
synonymous) and silent (neutral or synonymous) variation. A widely use test of selection isthe
McDonald-Kreitman test (MKT, McDonald and Kreitman 1991), which is based on the comparison
between the ratio of functional (m,,) and silent (1) mutations within a species (polymorphism) and
theratio of fixed K,, and K, mutations between species (divergence). If both polymorphism and
divergence were solely driven by mutation and drift, one would expect their ratio to equal one. This
model assumesthat all K; mutations are neutral and that K,, mutations are either strongly deleterious,
neutral or strongly advantageous (Smith and Eyre-Walker 2002). In this framework, advantageous
mutations are more likely to contribute to divergence due to their high fixation probability, while
deleterious mutations are likely to be found at lower frequencies due to the effects of purifying
selection. On the other hand, the vast majority of segregating mutations are likely to be neutral, as

they will tend to persist in the population for longer periods until they eventually go to fixation by
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random genetic drift (Sella et al. 2009). However, the proportion of adaptive mutations can be under-
or overestimated under certain demographic scenarios combined with weak selection (Smith and
Eyre-Walker 2002; Eyre-Walker 2006; Messer and Petrov 2013a). For instance, in species with
reduced population sizes, dightly deleterious mutations are effectively neutral, thusthey are at higher
frequency in the population resulting in an underestimation of the proportion of adaptive mutations.
Similarly, a recent population expansion will tend to decrease polymorphism, confounding sweep-
driven positive selection (Nielsen 2001; Nielsen et al. 2005; Wright and Gaut 2005). Furthermore,
another approach isto quantify selection directly as the ratio of substitution rates at K,, and K sites
(Kimura 1977; Huges and Nei 1988; Goldman and Yang 1994). In a neutral scenario, K,, /K, or w
should approximate 1, with values above indicating diversifying (positive) selection, and values
below indicating purifying (negative) selection (Nielsen 1997; Yang and Nielsen 2000; Nielsen

2001).

Detecting genome-wide patterns of selection and demography is now feasible through the growing
availability and accessibility of whole-genome data; the field now known as population genomics
(Charlesworth 2010). Most studies addressing questions such as genome-wide effects of selection
have usually focus on a number of model organisms (Hough et al. 2013; Ellegren 2014), most of
which have good reference genomes and well-documented annotations, while for the vast majority of
species, empirical evidenceis still lacking (Cutter and Payseur 2013). Nonetheless, lowering
sequencing costs and more efficient bioinformatics tools are making these types of approaches

accessible to non-model organisms (Ekblom and Galindo 2011; Aguileta et al. 2010).

Fungi play multiple essential rolesin the environment, mainly as decomposers of organic matter, but

also as pathogens, commensals, and mutualists. Not only due to their diverse ecology (Selbmann et
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97  a. 2013), but also because of their genetic machinery (Anderson et al. 1992; Schoustra et al. 2007),
98 fungi are regarded as highly adaptable organisms. Most evidence comes from experimental studiesin
99  vyeasts (Suutari et al. 1990; Davies et al. 1995; Piper et al. 2001; Liu 2006; Dettman et al. 2007;
100  Anderson et al. 2010; Gerstein et al. 2014), drug resistance (Kontoyiannis and Lewis 2002; Anderson
101  2005), and the evolution of virulence in pathogens (Bentrup and Russell 2001; Becher et a. 2010;
102  Fisher et a. 2012). In spite of being great candidates (mostly due to relatively smaller genomes and
103  short generation times) to study evolutionary genomics (Gladieux et al. 2014), adaptation in wild
104  fungal populations and species has been scarcely explored. However, recent work in few fungal
105  species has evidenced adaptive mechanisms molecularly and experimentally in the wild. For
106 instance, in Neurospora, environmental factors such as temperature and latitude are contributing
107  components of genome divergence and adaptation in wild populations (Ellison et al. 2011).
108 Moreover, Aguileta et al. (2012) and Gladieux et al. (2013) highlight the importance of selection and
109  molecular adaptation during host switches and host specialization in Botrys and Microbotryum.
110  Finaly, Branco et a. (2015) explores patterns of genome divergence in two populations of the
111  ectomycorrhizal (EM) —root-associated symbionts— fungus Suillus adapted coastal and montane
112 environments. These studies are few recent examples that evidence genome-wide adaptive
113 mechanismsin wild fungal populations.
114
115  The genus Amanita comprises 500-1000 species (Tulloss 2005), most of which live as EM symbionts
116  (Wolfeet a. 2012). The Caesar’ s mushrooms (sect. Caesareae) form a clade of edible EM Amanita
117  distributed worldwide, and are particularly diverse in North America (Sanchez-Ramirez et al. 2015a).
118  Withitseight to seven species, the A. jacksonii complex is an example of one of two continental
119  Plio-Pleistocene radiations, leading to variable demographic histories and geographic ranges

120  (Sanchez-Ramirez et al. 2015b; Fig. 1). Here we sought to disentangle demographic from adaptive
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121  processes in a multi-species comparative framework, mining a data set of 502 putative-single-copy
122 genes produced by exon-target sequencing. We also explore functional enrichments of genes under
123 sdection and speculate about their role in adaptive and ecological processes.

124

125 Results

126  Targets, sequence data, and bioinformatics

127  Reciprocal BLAST hits between predicted proteomes in the draft genomes of A. jacksonii and A.
128 badi identified 3,427 putative single-copy candidate genes. The total number of structural genes
129  compared was of 8,511 in A. jacksonii and 5,878 in A. basii. From the set of 3,427, we selected genes
130  based on acriterion of a stretch of 60 bp of conserved DNA and a minimum number of four probes
131  per gene. Most genes exceeded the minimum number criterion by having 7 to 8 non-overlapping
132  probes. Thisresulted in 3,887 probes hybridizing to 502 genes.

133

134  Thetotal number of reads per sample ranged between 1,787,146 and 24,316,811, with a mean of
135  9,157,472. The percentage of on-target reads per sample ranged between 56.6% and 96.3%, with an
136  average of 81%. The average number of on-target reads per sample varied between 3,078.6 and
137  45,760.5 per gene, with amean of 14,720 across samples. All 502 genes were recovered for all 63
138  samples, except for samples RET 109-4 and FCM E12243 where one gene was nhot recovered, and
139  sample FCMES528 where two genes were not recovered.

140

141 Thegenesranged in size from 1,136 to 13,720 bp, with an average length of 4,950 bp. Introns were
142  smaller in size than exons[coding DNA (CDS)], with an average of 68.56 compared to 258.69 bp in
143  CDS. Each gene had about 14 introns and 15 CDS on average. Eighty percent of the data

144  corresponded to CDS, while only 20% corresponded to introns. In total, the data represented


https://doi.org/10.1101/107326
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/107326; this version posted February 9, 2017. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY-NC-ND 4.0 International license.

145 2,483,742 nucleotide sites. We measured the amount of missing data in the alignments given that low
146  mapping quality regions and/or regions with no coverage resulted in missing data (e.g. Ns). Wefind
147  that both the amount of missing data and the number of variable sites (across all 7 species) is

148  correlated with gene size (Supplementary Fig. S1).

149

150  Genealogical sorting and reciprocal monophyly

151  Inorder to measure how well genes supported previous speci es delimitations (Sanchez-Ramirez et al.
152 2015b) and to assess the relative contribution of phylogenetic conflict (e.g. dueto introgression

153  and/or ancestral polymorphism) to polymorphism patterns, we constructed Bayesian trees and

154  calculated the genealogical sorting index (gsi, Cummings et al. 2008). The gsi measures the degree of
155  co-ancestry within labeled groups and cannot distinguish between introgression and ancestral

156  polymorphism (i.e. incomplete lineage sorting). However, it provides an overall view of how

157  consistent gene trees are with species divergences (the index goes from 1 to 0). Measures of gsi

158 indicate that the vast maority of gene trees support the monophyly of at least six species, which all
159  have median gs values above 0.8 (Fig. S2 and S3 in Online Supplementary Data). In contrast,

160  species A. sp-jack5 and A. sp-jack6, delimited as distinct speciesin Sanchez-Ramirez et al. 2015b,
161 had median gsi values between 0.6 and 0.4 suggesting some degree of phylogenomic conflict

162  between them. When considered as a single unit the gs value increased to 0.82 (Fig. S3in Online
163  Supplementary Data). For thisreason, datafrom A. sp-jack5 and A. sp-jack6 were hereafter regarded
164  asA. sp-jack5/6 and considered in the following analyses as a single species.

165

166  DNA polymorphism

167  Thehighest 77, was found in A. sp-F11 with amean of 0.0119, while the lowest mean, 0.0029, was

168  foundin A. sp-jack3 —a 3 order magnitude difference (Table 1). As expected due to selective
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169  constrain, it,, was lower in comparison with mean values ranging from 0.0005 in A. sp-jack3 to

170  0.0013in A. sp-F11 and A. sp-jack5/6 (Table 1). The mean 8, ranged from 0.0098 in A. sp-jack5/6 to
171 0.0027 in A. sp-jack3, while the mean 8,, ranged from 0.0012 in A. jacksonii to 0.0005 in A. sp-jack3
172 (Table 1). On average, higher polymorphism was observed in synonymous sites compared to intronic
173  dites(Table 1). We find that on average, two species (A. jacksonii and A. sp-jack5/6) had a negatively
174  skewed TgimasD (D), in particular A. jacksonii; two other species (A. sp-jack2 and A. sp-jack3) had
175 average D values close to O; and three other (A. sp-jackl, A. sp-T31, and A. sp-F11) had positively
176  skewed Dy, values (Fig. 2a). D, was on average lower than D;. In contrast, Fu and Way's H (Fu and
177  Way 2000), which measures the skewness of the derived (polarized by ourgroup) site-frequency

178  spectrum (SFS), was lower in synonymous sites than in non-synonymous sites (Table 1). Dueto

179  potential biasin frequency-based estimators of polymorphism, such as Tgjima's D, caused by

180  ancestral polymorphism and/or gene flow (Stadler et a. 2009; Cutter and Choi 2010; Cutter et al.
181  2012), we looked at the relationship between gsi values and D. With the expectation that a strong
182  effect would show alinear relationship between low gsi values and D, we found that genes with

183  gignificant amounts of within-species phylogenetic conflict do not skew estimates compared to those
184  that fully support monophyly within species (gs = 1; Fig. $4 Online Supplementary Data).

185

186  Divergence and rates of adaptive evolution

187  Divergence (K) cons stently varied between speciesin the order of 10% for synonymous sites and 2%

188  for non-synonymous sites (Table 1). The ratios between #,,and 7 (ﬁ"/ﬁ ) and K,,and K (Kn/ x)

189  were quite close to each other, both within and between species (Fig. 2b). Thisresulted in neutrality
190  index (NI) valuesthat ranged on average from 0.977 in A. sp-F11t0 1.614 in A. sp-jack3, and «

191  valuescloseto zero with atendency of negative values (Fig. 2c). Negative o values can be caused
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192
193
194
195

Table 1. Polymor phism, divergence, and codon usage bias estimationsfor 502 genesin the A. jacksonii complex. N, sample size; S,
segregating sites; «r, nucleotide diversity; 0, Watterson’stheta; H, Fay and Wu's H; NI, neutrality index; CAl, codon adaptation
index. Sub-indices'n’, 's, and 'int' represent non-synonymous, synonymous, and intronic sites.

A. jacksonii A. sp-jack56 A. sp-jack2 A. sp-jack3 A. sp-jackl A. sp-T31 A. sp-F11
N 44 26 18 14 8 8 8
Sn 16 (3-39) 17 (4-39) 12 (1-29) 5(0-14) 5(0-12) 4(0-11) 9 (1-23)
Ss 25 (6-62) 29 (12-52) 22 (5-52) 7 (1-20) 8 (1-18) 7(1-18) 19 (442)
Sint 17 (2-48) 19 (3-45) 15 (1-41) 5 (0-15) 5 (0-15) 5(0-14) 13 (1-35)
. 0.0008 0.0013 0.001 0.0005 0.0007 0.0006 0.0013
n (0.0001-0.00212) (0-0.0025) (0-0.0024) (0.0002-0.0013)  (0.0002-0.0015)  (0.0003-0.0017)  (0.0001-0.0032)
o 0.0059 0.0088 0.0081 0.0029 0.0051 0.0047 0.0119
Ts (0.0013-0.0157)  (0.0041-0.0154) (0.0021-0.0172)  (0.0003-0.0077)  (0.0012-0.011) (0.0007-0.0109)  (0.0034-0.0232)
~ 0.0034 0.0049 0.0048 0.0018 0.0028 0.0027 0.0067
Tint (0.0005-0.0097)  (0.0017-0.0099)  (0.0006-0.0121) (0-0.0055) (0-0.0077) (0-0.0074) (0.0014-0.0148)
~ 0.0012 0.0015 0.0011 0.0005 0.0006 0.0005 0.0011
On (0.0003-0.0027)  (0.0005-0.0029)  (0.0002-0.0023) (0-0.0012) (0-0.0013) (0-0.0013) (0.0002—-0.0026)
o 0.0073 0.0098 0.0079 0.0027 0.0044 0.0038 0.0096
Os (0.0022-0.0166)  (0.0049-0.0166) (0.0023-0.0161) (0.0003-0.0067)  (0.001-0.0094) (0.0006-0.0087) (0.0029-0.019)
~ 0.0042 0.0054 0.0046 0.0016 0.0024 0.0022 0.0054
Oine (0.0009-0.0106)  (0.0021-0.0099)  (0.0008-0.0111) (0-0.0044) (0-0.0065) (0-0.006) (0.0012-0.0118)
i -0.1198 -0.0635 -0.0274 -0.0589 0.0137 -0.0114 0.0246
n (-0.6092-0.1929) (-0.2935-0.1128) (-0.1759-0.1143) (-0.3115-0.9992) (-0.1256-1.2172) (-0.2371-1.2172)  (-0.078-0.5348)
i -2.2802 -0.1197 -0.0444 -0.1074 0.0006 -0.02 -0.0163
s (-5.4425-1.1004) (-0.3405-0.0735) (-0.1897-0.0858) (-0.2942-0.9992) (-0.131-0.0789) (-0.1177-0.0774) (-0.0539-0.0326)
K 0.0215 0.0203 0.0216 0.0221 0.0201 0.0213 0.0214
n (0.0077-0.0415)  (0.007-0.0404) (0.0079-0.04) (0.0081-0.0404)  (0.0076-0.0378) (0.008-0.039) (0.0082-0.0402)
K 0.1394 0.1369 0.1439 0.1533 0.1508 0.1624 0.1541
s (0.0884-0.1876)  (0.0892-0.1887)  (0.0927-0.1878)  (0.103-0.2056)  (0.1011-0.2037)  (0.1075-0.2168) (0.21009-0.203)
NI 1.1798 1.185 1.0788 1.614 1.3401 1.271 0.9777
(0.3653-2.6753)  (0.4161-2.2767)  (0.2228-2.6991) (0-4.6016) (0-3.9734) (0-3.5996) (0.2139-2.2241)
CA 0.419 0.4167 0.4138 0.4045 0.3973 0.3991 0.4105
(0.2787-0.5453)  (0.2794-0.5331) (0.2725-0.5288) (0.2619-0.5255) (0.2674-0.5242)  (0.2577-0.5174)  (0.2641-0.5274)

'9Suadl| [euolreulau] 0’ AN-ON-Ad-00®e
Japun a|qejrene apew si 1| ‘Ainadiad ul uudaid ayy Aejdsip 01 asuadl| B AixHolq pajuelb sey oym ‘1spunyioyine ayl si (mainai 1aad Aq palyined
10U sem yaiym) uiidaud siyy 1oy Japjoy ybuAdod ayl "/T10Z ‘6 Arenigad palsod uoisIaA SIYl (92€/0T/TOTT 0T/B10°10p//:sdny :1op uldaid Aixyolq
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196 by strong purifying selection, resulting in 7Tn/ﬁ > K“/ Kk asdeleterious variant will not contribute to
N N

197  divergence, but will be found at lower frequencies as polymorphism (Nielsen 2001; Egea et a. 2008).
198 Toexplorethispossbility, we performed likelihood-ratio-test (LRT) of codon-based substitution

199 modes (Yang and Nielsen 2002) between species and found that most genes (278, 55%) fitted a

200  model that supports purifying selection (the nearly-neutral model, M1a, with parameters w = 1 and
201  w < 1), whileonly 10% (48) were supported by a diversifying selection model (the positive selection
202  model, M2a, with parametersw = 1, w < 1, and w > 1). For genes fitting the nearly-neutral and
203  diversifying selection models, the mean w across sites was 0.23 + 0.09 and 0.27 = 0.12, respectively.
204  Therest (176, 35%) did not significantly (0.05 significance level) fit either model, so were deemed to
205  beunder stronger purifying selection, given that w <« 1 (mean w 0.18 =+ 0.1). Moreover, genes with

206  longer than expected coalescence times (i.e. ancestral polymorphism or introgression) can also lead

207 to aﬁn/ﬁs > K"/ K, effect by increasing the frequency of weakly deleterious variants, or variants

208  under balancing selection (Charlesworth 2009), causing negative a values. However, wefind no

209  relationship between gsi and a (Fig. S5 Online Supplementary Data). A third possibility is that weak
210  selection at synonymous coding (e.g. codon usage bias) is reducing synonymous relative to non-

211  synonymous diversity, however we find no such pattern (Table 1 and Fig. S6 Online Supplementary
212  Data).

213

214  The MKT issusceptible to violations of the standard neutral model. In particular, demographic

215 change and the segregation of slightly deleterious mutations can bias a estimates unworldly or

216  downwardly (Eyre-Walker 2006; Messer and Petrov 2013a). One way that we accounted for this bias
217  was by excluding low-frequency variantsin the standard MKT. The other way was by calculating a

218 and w using the distribution of fitness effects (DFE: a4, and w,) (Eyre-Walker and Keightley 2007,
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219  2009). Notably, the proportion of adaptive fixations, « ,, resulted in higher estimations based on the
220  standard MKT test (Fig 3A). We also note higher between species variation, both with respect to « 4.
221  and w,(Fig. 3). Mean «a 4, values ranged from 63% in A. jacksonii to 11% in A. sp-jackl (Fig. 3A).
222  Given that results based on the DFE indicate an underestimation of «, it would be conservative to
223  consider geneswith ¢ > 0 under positive selection. The number of genes with at least one adaptive
224  mutation per 1,000 bp (i.e. a > 0.1%) were 286 in A. sp-F11, 280 in A. sp-jack2, 240 in A. jacksonii,
225 216in A. sp-jack5/6, 213 in A. sp-jackl, 203 in A. sp-T31, and 151 in A. sp-jack3. Besides « 4, and
226  wg, the DFE can aso be used to estimate the proportions of deleterious mutations under different
227  selection strengths (scaled by the effective population size, N, s). The DFE estimates up to four

228  different categories, namely N,s < 1,1 < N,s < 10,10 < N,s < 100,andN,s > 100. Most
229  species had ahigher proportion of mutations with very strong effects (Fig. 4; e.g. N.s > 100), with
230  proportions between 0.4 and 0.8 (except A. sp-T31, which had a median lower than 0.4). Amanita
231  jacksonii and A. sp-T31 had the highest proportion of mutations with intermediate effects (10 <

232 N,s < 100), while categorieswith N,s < 10 had proportions of less than 0.2 for all species (Fig.
233 4.

234

235  Historical population sizes

236  Weinferred the demographic history of each species using extended Bayesian skyline model (eBSP,
237  Heed and Drummond 2008) implemented in BEAST v1.8.2 (Drummond et al. 2012). We opted for
238  reducing our data set in demographic history estimation for several reasons. (1) it has been shown
239 that 16 informative genes or more should be sufficient to estimate accurate population size histories
240  (Heled and Drummond 2008); (2) some of the genes we sampled are contiguous and possibly linked,
241  biasing the assumption of free recombination between loci; and (3) to improve Bayesian parameter

242 mixing and convergence times, which increases with more data (Suchard and Rambaut 2009).
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243

244  The eBSP analyses supported at least one demographic change within the 95% posterior density
245  distribution (PDD) in al seven species. The species with the highest mean number of demographic
246  changeswas A. sp-F11 with 1.37 [1, 2 95% PDD], while the lowest wasin A. sp-jackl with 0.3 [0, 1
247  95% PDD]. Demographic trends of population size expansions were observed in A. jacksonii, A. sp-
248  jackbl6, A. sp-jack2, and A. sp-F11, and to some extent in A. sp-T31, while A. sp-jack3 and A. sp-
249  jackl had arather constant demographic trend (Fig. 5). The most abrupt demographic expansions
250  werefound in A. jacksonii and A. sp-jack5/6 with anear 6 to 7-fold increase in population size within
251 thelast ca. 2 Myr (Fig. 5). Smilar estimates were found in the two-phase demographic model in the
252 DFE analysis.

253

254  Gene Ontology

255  Dueto functional constrain, single-copy genestypically fall within specific functional groups, for
256  instance, in binding and catalytic activities (Aguileta et a. 2008; Han et a. 2014). Wefind asimilar
257  functional bias (Fig. 6A), where alarge proportion included proteins involved with energetic and
258  metabolic processes (ATP binding, GO:0005524) and protein-protein interactions (protein binding,
259  GO:0005515, Fig. 6). To less extent proteins related directly or indirectly with gene expression

260  regulation (i.e. nucleotide [GO:0000166], nucleic acid [ GO:0003676], and DNA [GO:0003677]

261  binding; zinc ion binding [GO:0008270]; regulation of transcription, DNA-dependent

262  [GO:0006355]), transport and signaling (i.e. protein phosphorylation [ GO:0006468], phosphorylation
263 [GO:0016310], protein kinase activity [ GO:0004672, GO:0004712], trans-membrane transport

264 [GO:0055085], protein trangport [ GO:0015031]), metabolic processes (i.e. oxidation-reduction

265  processes [G0O:0055114], oxidoreductase activity [GO:0016491], carbohydrate metabolic process

266  [G0O:0005975], hydrolase activity [GO:0016787]), and homeostasis (calcium ion binding
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267  [GO:0005509]) were also found in the mix. Nonetheless, we accounted for overrepresented Gene
268  Ontology (GO) terms by adding up the positive selection signal (e.g. a and the proportion of sites
269  with w > 1) across genes and species and then scaling by the total number of unique GO terms (see
270  Materias and Methods). Some of the GO terms found in genes under strong directional selection
271 included proteins related to transcription activities, cellular transport, and metabolic activities (Fig.
272  6B). Interestingly, GO term composition of genes under diversifying selection varied from that of
273  genesunder directional selection (e.g. a > 0), finding stronger selection in proteins with functions
274  related to biosynthetic and other metabolic processes (Fig. 6b). From the 474 genes across all species
275 werefound witha > 0, 17 were found exclusively in A. sp-F11, followed by 10 in A. sp-T31 and
276  sp_jack5/6, 8in A. jacksonii and A. sp-jack2, 7 in A. sp-jackl, 6 in A. sp-jack5/6. Information about
277  their GO and annotation can be found in Table S1 Online Supplementary Data.

278

279 Discussion

280 Interpreting DNA variation from an evolutionary perspective has been along-standing goal for

281  population geneticists, both doing empirical and theoretical work. The neutral equilibrium theory of
282  molecular evolution (Kimura 1977, 1986) provides a null framework to test hypotheses about natural
283  selection and other processes acting on the genome. While the core of population genomic research
284  hasdeveloped around coal escent-based theory in asingle —or at least a pair— of species (Hough et al.
285  2013; Charlesworth 2010), there are clear benefits in integrating comparative and phylogenetic data,
286  in multi-species multi-locus assessments (Cutter 2013).

287

288  The exon-targeted sequence-capture approach

289  Before and early into the “whole-genome sequencing” era, most population genomics studies relied

290 on PCR and Sanger sequencing of individual genesfor data production. Some classic studies
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291 included data ranging from tensto few hundreds of genes, in what were then called “whole-genome”
292  approaches. Exon-targeted sequencing takes advantage of the rapid and massive data production of
293  next-generation sequencing, while focusing on specific genes of interest. Although any class of gene
294  can be potentially targeted, we opted for single-copy genes, attempting to avoid potential spurious
295  DNA hybridizations with paralogues, which can bias diversity estimates. However, targeting single-
296  copy genes has the disadvantage of characterizing genome-wide diversity based on asingle “class’ of
297  genes, which may not necessarily represent a heterogeneous sample from the genome. Nonetheless,
298 thedegree of variation and distribution of the data within each species, in combination with our

299  results, suggeststhat our sample of 502 genes maybe a good representation genome-wide variation.
300  Furthermore, this method has been proven successful when DNA material isonly availablein low
301 quantities (Hancock-Hanser et a. 2013), or from degraded samples (Templeton et al. 2013). All of
302  our samples came from dried museum specimens and FTA plant saver cards (Dentinger et al. 2010),
303  which would not reach quantity/quality standards for other popular downstream genomic applications
304  such aswhole-genome resequencing or reduced-library representation approaches (e.g. RAD-tag,
305 GBYS). Inparticular, reduced-library representation approaches are practical for sampling genome-
306  wide SNPs, however the shortness of the fragments makes it impossible to conduct codon-based
307  divergence and polymorphism assessments. Therefore, exon-targeting methods are a practical and
308 efficient strategy for scoring many loci and complete structural genes in non-model organisms.

309

310  Effects of selection and demography on genomic variation

311  Studiesin flies (Smith and Eyre-Walker 2002; Bierne and Eyre-Walker 2004; Sella et al. 2009),

312  plants (Slotte et al. 2010), and humans (Fay et al. 2001) have suggested that the rate of adaptive

313  substitution can reach high proportions (20-40%), even in the presence of high levels of selective

314  constrain or purifying selection (Williamson et al. 2014; Slotte et al. 2010). The rate of adaptive
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315 evolution isthought to be even higher in microorganisms, such as bacteria (Charlesworth and Eyre-
316  Walker 2006). In contrast, in these Amanita species, a seems to be consistently underestimated (Fig.
317  2C). A number of different factors can explain potentially low levels of adaptive evolution. Among
318  them, we will discuss how specific evolutionary scenarios such as purifying selection, relaxed

319  selective constrain, and demographic history can contribute to this pattern, highlighting evidence in
320 favor or against such factors.

321

322  Strong selective constraint is expected in protein coding DNA, largely because the majority of amino
323  acid changing mutations are likely to be deleterious (Ohta 1992; Andolfatto 2005). One possible

324  explanation for values of a~0 is purifying selection. If non-synonymous substitutions are not being

325  fixed between species, it islikely that they were deleterious early in the evolution of alineage, and

326  thus purged from the population (Fay and Wu 2003), typically leading to alow ratio of K"/ k- Both
S

327  polymorphism (Table 1) and divergence (Fig. 2B) data overall support high selective constraint in the
328 A jacksonii complex. Similarly, codon LRTs indicate that 90% of the genes favor a model in which
329 themgority of sites are under long-term purifying selection. Most species also resulted with high
330  proportions of new (deleterious) mutations under strong selective effects (e.g. N.s > 10; Fig. 4). We
331 Dbdievethat this strong signal of high purifying selection could, in part, be areflection of afunctional
332 biasinsingle-copy genes (Fig. 6). Many single-copy genes are thought to be under strong selective
333  constrain for duplication, which is also linked to functional constrain (De Smet et al. 2013). Other
334 studiesin plants and fungi have characterized single-copy genes under conserved cellular functions,
335  such ashbinding and metabolism (Aguileta et al. 2008; Han et al. 2014).

336

337 Moreover, mixed genome-wide signals of positive and negative selection are not uncommon

338  (Williamson et a. 2014; Fay et a. 2001), and our results also show evidence of positive selection.
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339  Whilewefind little support for extensive diversifying selection, as only 10% of genes supported
340 mode M2a (site classwith w > 1), more genes were found under directional selection within and
341  across species. On average each species had about half the total number of genes (ca. 230 from 502)
342  witha > 0, and about 94% (474) of al 502 genes had at least one specieswith a > 0. However,
343  only 25 genes where found with a > 0 for al seven species, which isanumber closer to the number
344  of genesfound under diversifying selection. The diversifying selection model requires selection in

345  favor of dldic diversity, which may rarely happen in genes under functional constraint (Yang et al.

346  2000). Nonetheless, molecular adaptation is possible, even when K”/ k. <1 (Kryazhimskiy and

347  Plotkin 2008).

348

349  Thefate of adaptive and slightly deleterious mutations is highly affected by N, (Ohta 1992; Eyre-
350 Walker and Keightley 2007; Charlesworth 2009). Standard MKT approaches are generally

351 insengtive to the presence of dightly deleterious mutations and/or demographic changes, which can
352  biasa estimates (Smith and Eyre-Walker 2002; Eyre-Walker and Keightley 2009; Messer and Petrov
353  2013a). Methods such as the DFE model can both account for slightly deleterious (non-synonymous)
354  mutationsthat tend to contribute more to polymorphism than to divergence, as well as demographic
355  changes (Eyre-Walker and Keightley 2007, 2009). Our results show that a (standard MKT) islargely
356  underestimated across all species (Fig. 3). Thisis more apparent in species that have undergone

357  recent population expansions (Fig. 5). Slightly deleterious polymorphisms are more likely to result in
358  underestimation of « in specieswith low N, or that have undergone a population contraction (Smith
359  and Eyre-Walker 2002; Charlesworth 2009; Eyre-Walker and Keightley 2009). We note that

360 effectively neutral non-synonymous mutationswith N,s =~ 1 arelessthan 20% in al species (Fig. 4),

361 however, a (standard MKT) is strongly underestimated in species with historically low N, (Fig. 5).


https://doi.org/10.1101/107326
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/107326; this version posted February 9, 2017. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY-NC-ND 4.0 International license.

362

363

364  Untangling the effects of demography and selection on patterns of polymorphism is difficult

365 (Andolfatto 2001). In particular, because certain demographic scenarios, such as population

366  expansions, can result in ssmilar polymorphism footprints. Nevertheless, demographic events are
367 morelikely to affect the whole genome rather than individual loci in the case of selection (Stagjich and
368 Hahn 2005). We found marked differencesin Tajima's D between species indicating different levels
369  of skewnessin the site frequency spectrum (SFS), in particular, the negative skew found in A.

370  jacksonii (Fig. 24). In this species, a previous study has evidenced an increase in population size

371 linked to northward population expansion (Sanchez-Ramirez et al. 2015b). Here we corroborate with
372  alarger genomic sample that this expansion signature (Fig. 5) islikely to be legitimate, but also note
373  that it may be exacerbated by the effects of positive selection (Fig. 3). Overall, specific patterns of
374  demographic history are consistent with Tgjima's D values. For instance, species with positive

375 Taimas D values tended to have more constant and smaller population sizes. In comparison, species
376  with negative D had expansion signatures and larger population sizes (Fig. 2A, 5). Sanchez-Ramirez
377 etal. (2015b) found expansion signaturesin A. sp-jack2 and A. sp-jack5/6, which are also supported
378 by our results at a higher genomic scale (Fig. 5). Similarly, we find consistent demographic scenarios
379 inA. sp-jack3, A. sp-jackl, and A. sp-T31, as reported in Sdnchez-Ramirez et al. (2015b). We find
380  particularly interesting contrasting demographic and molecular evolution patternsin two species. A.
381 jacksonii and A. sp-F11. On one side, they have opposite site frequency skews. While A. jacksonii
382  hastendency for low and high frequency variants (anegative D and H; Fig. 2aand Table 1), A. sp-
383  F11 only has atendency for intermediate frequency variants (positive D; Fig. 2a). This alone could
384 beexplained by differences in their demographic history (Fig. 5), where the former has suffered a

385  bottleneck previousto a dramatic expansion northward, while the latter has had a more stable range


https://doi.org/10.1101/107326
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/107326; this version posted February 9, 2017. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY-NC-ND 4.0 International license.

386  and demography, with comparatively high N, (Fig. 1 and 5). While these differences are clear, both
387  gspecieshavethe highest ayg, valuesin the complex (Fig. 3), suggesting high proportions of adaptive
388 evolution. One possibility for this apparent contradiction isthat, in A. jacksonii, population size

389  expansion could have led to the fixation of dlightly deleterious mutations, contributing

390 disproportionally to divergence and overestimating ayg. (Eyre-Walker and Keightley 2009). Another
391 explanationisthat glacial cycles during the Pleistocene could have acted as fluctuating episodes of
392  sdection, which can lead to high levels of adaptive evolution (Huerta-Sanchez et al. 2008; Bell 2009;
393  Gossmann et al. 2014). This group most likely diversified within the last 5 Myr (Fig. 1B; Sanchez-
394 Ramirez et al. 2015b), during a period that is characterized by a series of abrupt temperature

395 oscillations that have deeply affected the genetic diversity of many populations and species (Hewitt
396 1996, 2000, 2004; Hoffmann and Sgro 2011)

397

398  Functional bias, adaptive genes, and the EM habit

399 Thegenesthat were assayed here were not selected for their specific functions. In fact, they were
400  selected due to their single-copy nature, which facilities bait homology and specificity in exon-

401 targeting procedures, and lowers the rate of alignment artifacts. Nonetheless, single-copy genes are
402  known to be functionally constrained (De Smet et al. 2013), which can introduce noise when

403  assessing functional enrichments of genes under selection. In order to reduce the effect of

404  overrepresentation of GO term due to this functional bias, we devised a measure to scale down the
405  amount of selection in overrepresented genes (see Material and Methods). Differences in abundance
406  of GO termsin the overall data set (Fig. 6A) and GO terms found in genes under selection (Fig. 6A,
407  B), suggest that the overrepresentation was mitigated. Overall, protein functions of genes under

408  selection seem to be divided into three general categories; those related to (1) gene

409  transcription/expression activities, (2) signalling and transport, and (3) metabolic oxidative processes
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410 (Fg. 6). Many of these functions coincide with divergent regions in the genome of another EM

411  fungus (S brevipes) that are also thought to be under selection (Branco et al. 2015). We also noted
412  some functions related to carbohydrate metabolism, specifically with catalytic and hydrolytic

413  activities (Fig. 6A, B). These may be compelling because all EM fungi depend on external

414  carbohydrate sources that are generally supplied by their hosts (Nehls et al. 2007). Throughout the
415  evolution of the EM symbiosis, many species have suffered from a convergent loss of decay

416  mechanisms, while retaining moderate gene repertoires with lignocellulitic capabilities (Kohler et al.
417  2015). Adaptation in proteins related to carbohydrate metabolism, such as hydrolase activity, could
418  alow for amore efficient breakdown of complex polysaccharides during periods of stress and/or low
419  photosynthetic activity. Also worth mentioning, proteins with telomeric template reverse

420  transcriptase activity were found under diversifying selection (Fig. 6C). Studies suggest that the

421  dynamic nature of telomeric and subtelomeric regions are likely to contribute to rapid evolution of
422 fungi during biotic interactions (Aguileta et al. 2009).

423

424  Material and Methods

425  Samples and whole-genome data

426  Sixty-three dried specimens, representing eight species (Sanchez-Ramirez et al. 2015b) were

427  processed from collections made in various locationsin North America, all deposited in fungal

428  herbaria(Table S2). DNA was extracted from ca. 30-50 mg of dried fungal tissue (gill) and extracted
429  using amodified standard CTAB/proteinase K/chorophrom:isoamilic alcohol protocol (van der Nest
430 etal. 2014) . In addition, whole-genome 454 sequences were produced by the Duke Center for

431  Genomic and Computational Biology for a North American species outside the A. jacksonii complex

432 A basi. These sequences were mapped onto the A. jacksonii TRTC168611 draft genome (van der
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433  Nest et al. 2014), with the purpose of building a whole-genome draft assembly of an outgroup

434  species.

435

436  ldentification of single-copy orthologs, probe design, and gene selection

437  Structural genes were predicted in A. jacksonii and A. basii using AUGUSTUS v3.0.3 (Stanke et al.
438  2006). All CDS in each species were reciprocally aligned against each other using command-line
439  (standalone) BLASTN, creating two filesin tabular format (-outfmt 7). Next, a custom perl script

440  (rbh.pl, available from: https://sites.google.com/site/santiagosnchezrmirez/home/software/perl) was

441  used tofind reciprocal single-copy hits, putting each pair in asingle FASTA file. Each single-copy
442  pair was aligned using MUSCLE v3.6 (Edgar 2004). Probes for target hybridization were designed
443  based on conserved (identical) CDS regions, 60bp long, across both species. Only genes with four or
444  more non-overlapping regions were chosen. Two PCR primers (5’ -

445 TAATACGACTCACTATAGGG-3 and 5'-CTATAGTGTCACCTAAATC-3') were added to the 5°
446  and 3’ ends of the 60bp probe target, for atotal of 100bp per oligonucleotide probe.

447

448  Sequence capture, library preparation, and sequencing

449  Custom oligos probes were synthesized by LCScience

450  (http://www.lcsciences.com/applications/genomics/oligomix/) using DNA microchip technology

451 (Gao et al. 2004). The synthesized probes were then PCR amplified as needed for downstream

452  applications. Probes were later transcribed into RNA using MegaScript T7 Kit (Invitrogen, Carlsbad,
453  CA) and Biotin-dUTP to produce labeled oligos. The DNA was sheared and a standard Illumina
454  TruSeq V2 DNA library kit was prepared, multiplexing al 46 samples. Sequence captures (probe-
455  target hybridization) were performed with 200ng of library, 500ng of biotinylated probes, and

456  Steptavidin beads (Invitrogen, Dynabeads M-270, CAT65305). The capture procedure was repeated
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457  atleast twice. The details of the protocols can be found in Supplementary file 1. All target captures
458  weredirectly sequenced in asingle Illumina Hi-Seq 2500 lane.

459

460  Bioinformatics

461 Read alignments, sequence phasing, and quality control. Sequences were de-multiplexed into

462  individual fastQ files and each one mapped onto the targets’ whole-gene sequences from A. jacksonii
463  using the Burrows-Wheeler Aligner’s (BWA v0.7.12) agorithm BWA-MEM (Li and Durbin 2010).
464  Theresulting SAM files were then filtered with view in SAMtoolsv0.1.19 (Li et al. 2009) for off
465  target reads, low quality mapping (< 30), and PCR duplicates, and converted to BAM files. The

466  reference sequences were indexed and the BAM files sorted. We used HapCompass (Aguiar and
467  Istrail 2012), which uses a read-based graph algorithm, to generate haploid sequences from BAM and
468 VCFfiles. The VCEF file was produced by “piping” mpileup, bcftools' view, calling the “-cg” flags
469  for genotype likelihood computing, and varFilter in vcfutils.pl, only keeping SNPs with Fred quality
470 > 20. The SAM files produced by HapCompass were then converted to BAM and sorted. Consensus
471  fastQ files were produced by “piping” mpileup, bcftools' view, and vef2fq in vefutils.pl, in asimilar
472  way asabove. A custom perl script (OrderFromSamtools.pl) was used to convert fastQ files to fastA
473  format and to produce by-gene alignments from by-sample files. A second perl script

474  (getPhasedGenome.pl) parsed those fastA files to produce “a’ and “b” allelic variants per haploid
475  sequence. All missing datawas scored as Ns, while unsorted polymorphisms were either left as

476  IUPAC ambiguity codes or scored as Ns, depending on the analysis.

477

478  Phylogenomics and lineage sorting. We used MrBayes v3.2 (Ronquist et a. 2012) to generate

479 individual genetrees based on the general time reversible (GTR) model and among-site rate

480  heterogeneity modeled as a gamma distribution (+G). For each gene, we ran two parallel runs each
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481  with eight Metropolis-coupled Markov Chain Monte Carlo (MC?) chainsand 1 million generations.
482  We sampled every 100" state and discarded the 10% initial states as burnin. We assessed

483  convergence by making sure that the average standard deviation of split frequencies was < 0.01.

484  Posterior trees were summarized onto a majority-rule consensus tree compatible with clades with
485  frequencies> 0.5. The summary trees were imported into R using ape (Paradis et al. 2004) where the
486  genealogical sorting index (gsi, Cummings et al. 2008) was calculated. The gsi measures, in arange
487  from Oto 1, the degree of exclusive ancestry in labeled terminal groups, where 1 signifies group

488  monophyly. These groups can represent any type of biological association, such as species or

489  populations.

490

491  Analyses

492 DNA polymorphism and divergence. Within species all sites were bi-allelic. Coding regions were
493  based on the annotation of A. jacksonii (van der Nest et a. 2014). In coding regions, sites were

494  separated into synonymous (4-fold, 3-fold, and 2-fold degenerate sites) and nonsynonymous (0-fold
495  degenerate sites) using the method of Nei and Gojobori (1986). Polymorphism was measured as the
496  average number of pairwise nucleotide differences per site between any two random DNA sequences
497  or #t (Ne and Li 1979; Nei 1987), or the Watterson's estimator 8,,, which is measured as the

498  proportion of segregating sites S in a sequence of length L divided by the (n — 1)th harmonic mean
499  number. Both 7 and 8,, were estimated using SFS counts based on formulae in Campos et al. (2014).
500 To measure the skewness of SFS we calculated Tgjimas D (Tgima 1989) and Fay and Wu's H,

501  which measures skewness in the derived frequency spectrafollowing Zeng et a. (2006). We measure
502  codon usage bias by calculating the codon adaptation index (CAl, Sharp and Li 1987). Divergence K
503  was measured as the Kimura-2-parameter (Kimura 1980) proportion of sites fixed in theingroup

504 compared to the outgroup (A. basii), considering transitions and transversions separately. In order to
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505 control for low-frequency ascertainment biases, we excluded segregating sites with a frequency of
506  1/N within species, where N is the total number of sequences per species. All calculations were
507  performed using the script poly+div_sfs.pl, available at

508  https://sites.google.com/site/santiagosnchezrmirez/home/software/perl. For comparison, estimations

509  werealso computed in DnaSP v5 (Librado and Rozas 2009) and Polymorphorama (Bachtrog and
510  Andolfatto 2006,

511 http://ib.berke ey.edu/labs/bachtrog/data/polyM ORPHOrama/polyM ORPHOrama.html).

512

513  McDonald-Kreitman tests. We estimated the degree of adaptive evolution in CDS for each species by
514  measuring the amount of polymorphism (within species DNA changes) and divergence (fixed DNA
515  changes between species) leading to non-synonymous and synonymous substitutions. We used the
516  McDonad-Kreitman test (MKT) (McDonald and Kreitman 1991) to estimate the Neutrality Index
517  (NI),

Dn/Ds
d,/d

518 Wherep, and p are, respectively, the within-species proportion of non-synonymous and

519  synonymous segregating sites per non-synonymous and synonymous site, and d,, and d, the

520  proportion of fixed non-synonymous and synonymous substitutions per non-synonymous and

521 synonymous site. Values closer to 1 indicate neutrality, those close to O indicate positive selection,
522  andthose > 1 suggest either negative purifying selection or balancing selection. We used the formula
523  derived by (Smith and Eyre-Walker 2002) to estimate the proportion of amino acid substitutions

524  under positive selection:
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525 Thismodel assumes that mutations are either strongly deleterious or neutral, thus model violations
526  can arisein the presence of dlightly deleterious mutations. Likewise, demographic changes can also
527  cause a to be under or overestimated (Eyre-Walker 2006). In order, to account for demography and
528  dlightly deleterious mutations we used the approach by Eyre-Walker and Keightley (2007, 2009),
529  which uses a maximum likelihood approximation based on the distribution of fitness effects

530 (Keghtley and Eyre-Walker 2010; http://www.homepages.ed.ac.uk/pkeightl//dfe_alpha/dfe-alpha-
531 download.html). Here, estimated the derived SFS for each gene and for each species by polarizing
532  dlelesusing the outgroup (A. basii). Wefirst used est_dfe on the folded "neutral” and "selected” (e.g.
533  synonymous and non-synonymous sites) SFS to estimate the DFE based on a two-stage demographic
534  mode fixing the N; to 100 and optimizing N». The mean selection coefficient s and the § parameter
535  were also optimized using as starting values -0.1 and 0.5 respectively. We then ran est_alpha_omega
536  gpecifying "neutral” and "selected" counts of diverged (fixed) sites. We applied Jukes-Cantor

537  correction for multiple hits when estimating divergence and removed polymorphism contributing to
538 divergence. In order to generate confidence intervals, we re-estimated parameters by bootstrapping
539 100 times 100 randomly sampled SFS. Every time the 100 SFS were summarized for each allélic bin.
540

541 Codon-based model selection. Models that solely rely on K, /K (w) ratios are also robust and

542  popular methods for detecting natural selection at the molecular level (Nielsen 2001; Yang and

543  Nielsen 2002). Essentially, CDS regions that have an equal number non-synonymous and

544  synonymous mutations are thought to evolve under effective neutrality, having aw = 1. Deviations
545  from thisratio indicate purifying selection if w < 1 and diversifying (positive) selectionif w > 1
546  (Yang 1998; Anismovaet al. 2001). We used likelihood ratio tests (LRT) to discriminate between
547  three codon-based models: (1) a site-wise model with asingle w ratio; (2) asite-wise “nearly neutral”

548 model wherethereisaproportion of sitesp, with w, < 1, and a proportion of sitesp, with w, = 1.
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549  Thisservesasanull model for athird that considers an additional category of sites with p, with

550 w, > 1. Inthelast two models, p, and p, arefixedasp, =1 —p,andp, =1 —p, — py,

551  respectively. All models are based on Goldman and Yang's (1994) codon substitution model and

552  were estimated usng maximum likelihood in PAML v4.8a (Y ang 2007) using codeml. Because w
553  ratios assume that mutations are fixed differences between species and because popul ation

554  polymorphisms may potentially bias w estimates (Kryazhimskiy and Plotkin 2008), we selected only
555  onesequence per Species per gene.

556

557  Historical demography. To infer the demographic history of each species, we applied the multi-locus
558 eBSP mode (Heled and Drummond 2008) using the Kimura-2-parameter (K80) model with gamma
559  distribution asthe substitution model, implemented in BEAST v1.8.2 (Drummond et al. 2012). As
560 data, we selected 29 intron regions that complied to a series of filters, namely alength size of at least
561 400 bp and locationsin different linkage groups. This last filter was done to ensure that loci are not in
562  linkage disequilibrium, asthe eBSP model assumes free between loci recombination. In each species,
563  weincluded an alignment the translation elongation factor 1 alpha (tef1), which has been used as
564  molecular clock proxy with a substitution rate of 0.00194 substitution/site/Myr (Sanchez-Ramirez et
565  al. 2015b). The substitution rate in the other genesis scaled based on the fixed rate. Each of the eBSP
566  analysesran for 100 million generations, with a sampling rate of 10%, and a burnin of 10%. We

567  assessed convergence and mixing by looking at likelihood per generation trace plots and effective
568 samplesizevaluesin Tracer 1.6 (Rambaut et al. 2013). Population size valuesin eBSP were

569  produced directly from the analysesin CSV format.

570

571  Sructural and functional annotations. Whole-gene sequences from A. jacksonii were translated into

572  amino acids and then imported into Blast2GO (Conesa et al. 2005), which was used as an annotation
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573  tool. The main amino acid sequence annotation was taken from the non-redundant (nr) protein
574  databasein NCBI using BLASTp, only keeping the best 10 matches. In addition, we ran

575  InterProScan v5 (Zdobnov and Apweiler 2001) to identify functional domains, from which we
576  extracted GO terms. For visualization purposes, we used advanced “word clouds’ in

577  http://lwww.wordle.net/advanced, where scaled GO terms were laid out. M olecular function,

578  biological processes, and cellular component, were marked by different colors. For the scaling
579  proportion, we used:
x k

2.0,/

x=1k=1
580 where « isthe value of the amount of adaptive evolution (a or P,;) summed over k species which
581 havefound a > 0 and summed over x times a given GO term was found. In the case of a k and x can
582  beminimaly 1, however for P,,, which isthe proportion of siteswith w > 1, thereisonly asingle
583  value per gene (i.e. k always equals 1), but x can be > 1.
584
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858  divergence times with relation to the outgroup (modified from Sanchez-Ramirez et al. 2015b).

859  Branches show posterior probability support.

860

861  Figure 2. Polymorphism and divergence data for 502 genes. A, box-plots of Tgima's D separated by
862  site-classes (non-synonymous, white; synonymous, light grey; introns, dark grey) for the A. jacksonii
863  complex. B, box-plots of the ratios of non-synonymous to synonymous polymorphism and

864  divergence. C, a values from the standard MKT test.

865

866  Figure 3. Estimates of (A) the proportion of adaptive substitutions (o) and (B) the rate of adaptive
867  evolution (o) based on the distribution of fitness effects.

868

869  Figure4. The proportion of deleterious mutations under four different Nes categories based on the
870  didtribution of fitness effects model.

871

872  Figure5. Demographic trends through time for each species based on the eBSP moddl. Grey shading
873  represents 95% posterior confidence intervals (Cl). Solid lines represent mean population size values
874  and dotted lines represent median values.

875

876  Figure 6. Gene Ontology terms Wordles for (A) all genesin the data set, (B) geneswith o > 1, and
877  geneswith asignificant proportion of sites under diversifying selection. The size of theterm is

878  equivalent to the extent of selection and how often the term was found across genes and species.

879

880
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884  Supplementary data

885 Table S1. GO terms of singleton geneswith o > 1.

886  Table S2. Species, specimen voucher name, and geographic location data for all samples.

887  Figure S1. Variable sites and percentage of missing data plotted against gene lenght.

888  Figure S2. Sample of 100 genealogies from 502 estimated trees. Terminal colorsindicate different
889  species.

890  Figure S3. Distribution of gs valuesfor all genes and species. Species with higher amounts of
891  conflict are highlight.

892  Figure $4. Scatterplot of Tgjima's D in synonymous and non-synonymous sites against the gsi. Grey
893  points highlight reciprocally monophyletic genes.

894  Figure Sb. Scatterplot of o values against the gsi.

895  Figure S6. Scatterplot of o values and synonymous nucleotide diversity against codon usage bias
896  (CAI).

897


https://doi.org/10.1101/107326
http://creativecommons.org/licenses/by-nc-nd/4.0/

Lon

-110

-100 -90 -80 -70

1.0

I A. sp-jack5/6

0.58

1.0

A. sp-jack3

0.95

——  A. sp-jack2

0.48

’* ——— [ A. jacksonii

1.0

A. sp-jack1

e M A sp-T31
A. sp-F11

A. basii (outgroup)

15

10 5 0 Ma


https://doi.org/10.1101/107326
http://creativecommons.org/licenses/by-nc-nd/4.0/

- - - - Bl - o _
IEs % e e | C %
x ¥ “ o,
. I e el I _H ........... 4 7
it i 0O m s i w I _ \m/,\,
|

aCC-BY-NC-ND 4.0 Internationa

MIVIRATV PITpPHINL Uul. TP o 7Uul.UTy/ AV, LAV LI LU T oL U, LUlo VEIOIUI PUOSLTU TrTlualy J,
certified by peer review) is the author/funder, who has granted bioRxiv a license to
T
|
I
|
|
I
L
T
|
I
|
|
1

Y
3 _ ow\,Q
————— -——d el 4 §
Piaaes R ] N g B s
>3 T----f_HDl | @\,Q
2 E --— - - e - - - - Qq
s EmmT | e~ el BRS g R
PSS - - - - - - : %

m C o | | @
D I = SR 4 - S | “
c o & A Ry —— S e - IDE - - | Y ., %

I“Tlllu_Hﬁ_.ll F---OJ--4 - B 1 .\N\O%
OO0m ! ! %o%
_ I ﬂ I _ _ | | _ _ ﬂ _ _ _ 7
c l 0 - ¢ 90 0 A0 00 l 0 - c €-

A

a .sewile] m oney O 0


https://doi.org/10.1101/107326
http://creativecommons.org/licenses/by-nc-nd/4.0/

0.0
-0.2

0.4 -

0.15
0.10
0.05
0.00



https://doi.org/10.1101/107326
http://creativecommons.org/licenses/by-nc-nd/4.0/

suonejnw Jo uolodold

sp-jackb\6  sp-jack2 sp-jack3 sp-jack1 sp-T31 sp-F11

jacksonii


https://doi.org/10.1101/107326
http://creativecommons.org/licenses/by-nc-nd/4.0/

Population size (0)

2 3 4 5 6

1

0

jacksoni

2 3 4 5 6

sp-jack5/6

-2.0

-1.5

-1.0

-0.5

- © - - ©
L o 4 sp-jack2 TS
- < - <
L ™ )
— N - N
! T T - I I I I I - I I I I I
-1.0 -05 0.0 20 15 -10 -05 0.0 20 15 -10 -05 0.0
© - © L
w 4 sp-jacki L 6 sp-jack3 L
< - I L
[So o L
N - o~ o L
] — |

-2.0

-15 10 -05 0.0

Time (Ma)

|
-2.0

| |
-1.5 -1.0

| |
-0.5 0.0


https://doi.org/10.1101/107326
http://creativecommons.org/licenses/by-nc-nd/4.0/

heme binding === mcul ion bmmnq

nucleic_acid binding= Q[gtgﬂlp binding
: gox1dat|on-reduct|on“procg§§ i
A TP binding ==
)udoreductase activity
‘s aiPrOtEIN phoSphorylation

_ o
Tl S R Sy
e s S nucleotide-excision wu-\

ation factor activityendon Im\easgactw\ty
iz, RNA dihydrouridine synthase acti
rarspor

i ATE 2 Sty ot mespaisn

_L'L'“.“...m,a%ruwmmm inirass city

shosphati i TTGshate b
o Dhimge

tRNA processin process
ol m&mmmg s

e Ty Hiseome
e mRNA licing, via i
e R S R LA e

amino acid binding process via i
telomerlc template RNA reverse transcrlptase actlwty
= ‘threoni hetic process

protei kmsscactwl( PR AL



https://doi.org/10.1101/107326
http://creativecommons.org/licenses/by-nc-nd/4.0/

