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Highlights 
 

x Nuclear ultraconserved elements (UCEs) robustly support 
Hoplophryninae as the earliest diverging microhylid subfamily 
 

x The subfamily Chapaerininae was confirmed to be nested within 
Microhylinae 

 
x Phylogenies inferred from UCEs support three clades of subfamilies also 

recovered in previous phylogenomic studies 
 

x The consensus UCE topology is consistent with microhylid anurans 
originating in Africa 
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Abstract 25 

 26 

Narrow-mouthed frogs (Anura: Microhylidae) are globally distributed and 27 

molecular data suggest the rapid evolution of multiple subfamilies shortly after 28 

their origin. Despite recent progress, several subfamilial relationships remain 29 

unexplored using phylogenomic data. We analysed 1,796 nuclear ultraconserved 30 

elements, a total matrix of 400,664 nucleotides, from representatives of most 31 

microhylid subfamilies. Summary method species-tree and maximum likelihood 32 

analyses unambiguously supported Hoplophryninae, as the earliest diverging 33 

microhylid and confirm Chaperininae as a junior synonym of Microhylinae. Given 34 

the emerging consensus that subfamilies from mainland Africa diverged early, 35 

microhylids have likely occupied the continent for more than 66 million years.  36 

 37 

Keywords: Phylogenomics, anurans, Astral-III, global biodiversity   38 
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1. Introduction 39 

 40 

Anuran amphibians of the family Microhylidae are globally distributed and 41 

diverse. While many species have burrowing or subfossorial habits, they have 42 

also evolved other ecologies (Rivera et al., 2017; Targino et al., 2019). They are 43 

one of three anuran radiations thought to have rapidly diversified at the 44 

Cretaceous-Palaeogene boundary (Van Bocxlaer et al., 2006; Feng et al., 2017). 45 

Four microhylid subfamilies contain substantial species richness including 46 

Asterophryinae (345 spp.), Cophylinae (109 spp.), Gastrophryninae (78 spp.), 47 

and Microhylinae (99 spp.) whereas the other are less diverse (Frost, 2020): 48 

Adelastinae (1 sp.), Chaperininae (1 sp.), Dyscophinae (3 spp.), Hoplophryninae 49 

(3 spp.), Kalophryninae (26 spp.), Melanobatrachinae (1 sp.), Otophryninae (6 50 

spp.), Phrynomerinae (5 spp.), and Scaphiophryninae (11 spp.). Several 51 

examinations of within subfamily diversity have been conducted, notably within 52 

Asterophryinae (Rivera et al., 2017), Gastrophryninae (de Sá et al., 2012), and 53 

Cophylinae (Scherz et al., 2016).  54 

 Although early molecular investigations provided little resolution for 55 

inter-subfamily relationships (Van Bocxlaer et al., 2006; Frost et al., 2006; van 56 

der Meijden et al., 2007; de Sá et al., 2012), more recent studies have begun to 57 

resolve these affinities (Peloso et al., 2016; Feng et al., 2017; Tu et al., 2018). This 58 

resolution can likely be attributed to increased sampling of genetic loci with 73, 59 

95, and 121 loci being analysed, respectively. These studies agree on several 60 

inter-subfamily relationships. First, all three found that the American taxa 61 

Gastrophryninae and Otophryninae were monophyletic. Second, all studies 62 

found support for a widely distributed clade that includes Madagascan, Eurasian, 63 

and Australasian subfamilies (Dyscophinae + Microhylinae + Asterophryinae). 64 

Finally, two of the studies (Feng et al., 2017; Tu et al., 2018) found strong 65 

support for the monophyly of two subfamilies from Madagascar (Cophylinae and 66 

Scaphiophryninae). However, there were also many incongruent findings across 67 

these studies, including no clear statistical support for the earliest diverging 68 

subfamily. Notably, most of these studies supplemented their sampling with 69 

mitochondrial data from online databases so that all subfamilies could be 70 

included. This means that several microhylid subfamilies have never had 71 
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phylogenomic data generated for them including some families that have been 72 

supported as early diverging using smaller molecular datasets (e.g. 73 

Hoplophryninae, Van Bocxlaer et al., 2006; de Sá et al., 2012).  74 

Here we analysed a dataset of over 1,700 nuclear loci (more than ten 75 

times as many loci as previously examined), derived from 11 of 13 currently 76 

recognized microhylid subfamilies to investigate inter-subfamily relationships. 77 

We find strong branch support for several subfamilial relationships using both 78 

concatenated maximum likelihood and species-tree analyses. 79 

 80 

2. Material and Methods 81 

 82 

2.1. Ultraconserved elements as phylogenetic markers and study design  83 

We sequenced hundreds of nuclear loci from microhylid frogs using targeted 84 

sequence capture on DNA extractions collected for an earlier study (de Sá et al., 85 

2012) and two samples of Phrynomantis bifasciatus collected by S. Loader from 86 

Tanzania. We captured ultraconserved elements (UCEs, Faircloth et al., 2012), a 87 

class of nuclear markers that is effective for reconstructing phylogenetic 88 

relationships. The use of UCEs as phylogenetic markers in anuran amphibians is 89 

increasing and supports these markers as being phylogenetically informative 90 

(Alexander et al., 2017; Pie et al., 2018; Streicher et al., 2018; Zarza et al., 2018; 91 

Guillory et al., 2020). In addition to taxa sequenced for this study, we also 92 

downloaded UCE data for several taxa previously used in other work: 93 

(Gastrophryne carolinensis, Rana catebeiana, Spea bombifrons; Streicher et al., 94 

2018), (Kaloula baleata, K. indochinensis, K. picta, K. conjuncta, K. mediolineata; 95 

Alexander et al., 2017) and (Xenopus tropicalis; Hellsten et al., 2010). In total, our 96 

sampling included representatives of Hoplophryninae (1 taxon), Kalophryninae 97 

(2 taxa), Phrynomerinae (4 taxa), Otophryninae (1 taxon), Gastrophryninae (16 98 

taxa), Cophylinae (2 taxa), Scaphiophryninae (4 taxa), Asterophryinae (4 taxa), 99 

Dyscophinae (2 taxa), Chaperininae (1 taxon), Microhylinae (13 taxa) and 100 

several outgroups (12 taxa) for a total sampling of 62 taxa (Table 1).  101 

 102 

2.2. Library construction and other laboratory methods 103 



Streicher et al.  

 5 

We used a similar library construction approach to Streicher et al. (2018), which 104 

included the following steps: (1) quantification of DNA concentration using 105 

Quibit® dsDNA High Sensitivity Assay kits, (2) enzymatic digestion of 150-200 106 

ng of DNA using fragmentase (New England Biosciences; NEB), (3) end-repair, a-107 

tailing, adapter ligation using NEB Master Mix kits, (4) pooling of adapter 108 

barcoded samples, (5) size selection on a Blue Pippin electrophoresis kit (Sage 109 

Sciences), (6) PCR amplification of size-selected samples (10 cycles), (7) UCE 110 

hybridisation using the recommended protocol from Ann Arbor Biosciences, and 111 

(8) final post-capture library PCR amplification (18 cycles; using polymerase 112 

from NEB Master Mix kit). To remove buffers, transfer DNAs between steps and 113 

remove excess primers and adapters, we used SeraMag® Speed beads (typically 114 

at a 1.5X concentration to the samples). Quantifications of final pre and post-115 

capture libraries were conducted using an Agilent® TapeStation. Because a 116 

handful of samples (visualised via gel electrophoresis) appeared to have 117 

experienced substantial DNA shearing during storage, we used a broader Blue 118 

Pippin size selection strategy (230-530 base pairs) than employed by Streicher 119 

et al. (2018). The other modifications to the Streicher et al. (2018) protocol were 120 

the use of targeted baits from Mycroarray (now Ann Arbor Biosciences) and 121 

sequencing on an Illumina NextSeq® using intermediate output 150bp kits. We 122 

sequenced our final pooled libraries at the Natural History Museum, London 123 

(NHM core laboratories facility).  124 

 125 

2.3. Quality control, UCE assembly, alignment and phylogenetic analyses  126 

We performed quality control and adapter cleaning using illumiprocessor 127 

(Faircloth 2013). We assembled cleaned raw sequences using velvet 1.2.10 128 

(Zerbino and Birney, 2008) with a kmer value of 31. We then used phyluce 1.6.6 129 

(Faircloth et al., 2012) to identify velvet contigs corresponding to UCE fragments, 130 

assemble, and align UCEs for downstream analysis. For missing data we allowed 131 

up to 60% missing taxa per UCE locus (following Streicher et al., 2018). To 132 

analyse our final datasets in a phylogenetic context, we used RAxML 8.2.8 133 

(Stamatakis, 2014) on the CIPRES Science Gateway version 3.3 134 

(https://www.phylo.org) to infer a maximum likelihood tree from the 135 

concatenated alignment generated by phyluce. We also used the program Astral-136 
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III 5.6.3 (Zhang et al., 2018) to infer a species-tree from individual UCE gene 137 

trees. For this analysis, we first used RAxML 8.2.8 to find the best tree for each of 138 

the 1,796 UCE loci, and then loaded these trees into Astral-III. Support values for 139 

branches in the resulting trees were estimated as bootstrap support (from 100 140 

pseudoreplicates) and local posterior probability for RAxML 8.2.8 and Astral-III 141 

5.6.3 analyses, respectively.  142 

 143 

2.4 Divergence-dating and temporal calibrations  144 

To place our UCE trees in a temporal context, we used treePL 1.0 to estimate 145 

divergence times ȋSmith and O’Meara, ʹͲͳʹȌ. We calibrated our divergence time 146 

estimates using the dates estimated by Feng et al. (2017) for eight nodes in the 147 

phylogeny. This included the four outgroup calibrations (see Table S2; Feng et 148 

al., 2017); (i) Acosmanura (172.6 mya; confidence interval [CI] 162.5Ȃ182.6), (ii) 149 

Xenopus + Pipa (117.6 mya; CI 104.2Ȃ130.9), (iii) Afrobatrachia (82.0 mya; CI 150 

73.7Ȃ89.7), and (iv) Natatanura (64.5 mya; CI 59.1Ȃ69.8), and four ingroup 151 

calibrations; (v) Gastrophryne + Chaismocleis (48.1 mya; CI 42.1Ȃ53.8), (vi) 152 

Anodonthyla + Rhombophryne (32.3 mya; CI 25.2Ȃ39.9), (vii) Asterophryinae 153 

(20.4 mya; CI 17.6Ȃ23.5), and (viii) Kaloula pulchra + Kalula conjuncta (15.0 mya; 154 

CI 11.1Ȃ20.1). We ran treePL 1.0 using the Feng et al. (2017) confidence intervals 155 

as minimum and maximum times for each calibration and a smoothing 156 

parameter of 10,000. We ran two separate divergence-dating analyses, on the 157 

concatenated and species-tree topologies, respectively.  158 

 159 

3. Results  160 

 161 

3.1. Dataset dimensions and major phylogenetic results 162 

There were 3,477 UCEs in the incomplete matrix generated from our assemblies. 163 

On average, we captured or identified 1,148 UCEs from the sampled taxa (Table 164 

1). When applying our criterion of allowing up to 60% missing taxa per UCE 165 

locus, we generated a final dataset of 1,796 UCEs (400, 664 bp when 166 

concatenated). Phylogenetic trees from our analyses are summarised in Fig. 1 167 

and available as Fig. 2A and 2B for the RAxML and Astral-III analyses, 168 

respectively. The RAxML concatenated analysis did not recover Afrobatrachia + 169 
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Natatanura as monophyletic as observed in several other previous studies (e.g. 170 

Feng et al., 2017). Where we had sampled multiple individuals of a subfamily, 171 

only one subfamily was not strongly supported (Scaphiophryninae; bootstrap 172 

support = 61). The remaining nine families were all strongly supported as 173 

monophyletic (bootstrap support η98). The final normalised quartet score for 174 

our species tree analysis was 0.50, indicating high levels of gene tree 175 

discordance. The species tree was mostly congruent with the concatenated tree. 176 

It differed only in the placement of a handful of taxa (placement of Synapturanus 177 

mirandariberoi, Paradoxophyla palmata, Dermatonotus muelleri and 178 

Elachistocleis bicolor) and one of the outgroup relationships (monophyly of 179 

Afrobatrachia + Natatanura). Notably, all of these incongruences corresponded 180 

to low support in the concatenated analysis (<81 bootstrap support). In 181 

agreement with several previous studies, we observed one of the subfamilies 182 

Chaperininae (=Chaperina fusca) to be nested within Microhylinae in both 183 

analyses.  184 

 185 

3.2. Differences between UCE phylogenomics and previous research 186 

Our results for both concatenated likelihood (Fig. 2A) and species-tree (Fig. 2B) 187 

analyses were broadly consistent with previous studies. Typically when our 188 

results differed from previous studies it was associated with low support values; 189 

however, there was one exception. In the gastrophrynine genus Chiasmocleis, 190 

both concatenated likelihood and species-tree analyses supported a sister 191 

relationships between C. shudikarensis and C. bassleri. Together these taxa were 192 

robustly supported as the sister group of C. albopunctata. In contrast, previous 193 

studies, using a smaller molecular datasets (de Sá et al. 2012; 2018; Tu et al. 194 

2018), found that C. shudikarensis and C. albopunctata were more closely related 195 

than either were to C. bassleri. The other difference (not reported in the main 196 

text) included the placement of the microhyline genus Micryletta (the sister 197 

taxon of Glyphoglossus + Microhyla in our concatenated likelihood analysis; 198 

Figure 1) where Micryletta was found to be the sister taxon of Uperodon + 199 

Kaloula in Tu et al. (2018) or all other microhyline genera in de Sá et al. (2012). 200 

However, Peloso et al. (2016) also found Micryletta to be the sister taxon of 201 

Glyphoglossus + Microhyla. Our species-tree analysis (Fig. 2B) placed Micryletta 202 
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as the sister taxon of Glyphoglossus + Microhyla (but with low local posterior 203 

probability, 0.47).  204 

 205 

3.3. Divergence estimation analyses suggest mid-Cretaceous origin of microhylids 206 

Our divergence estimates made using eight calibrations from Feng et al. (2017) 207 

imply the origin of microhylids occurred ~20-30 million years earlier than 208 

hypothesized by Feng et al. (2017).  A mid-Cretaceous origin is suggested by 209 

both analyses (99.2 mya RAxML tree, 114.5 mya Astral-III tree; Fig. 3). When 210 

possible, a comparison of divergence dates for microhylid subfamilies between 211 

our two primary analyses and the results of Feng et al. (2017) are presented in 212 

Table 2. Not surprisingly, the time to most recent common ancestor estimates for 213 

Otophryninae and Scaphiophryninae are substantially different between our two 214 

analyses as these two subfamilies were non-monophyletic in the Astral-III 215 

analysis. In general, non-calibrated nodes were estimated to be older in the 216 

Astral-III topology (Fig. 3B; Table 2).  217 

 218 

4. Discussion  219 

 220 

4.1. UCE phylogenomics of microhylids 221 

Our phylogenetic analyses unambiguously supported Hoplophryninae as the 222 

sister taxon of all other sampled subfamilies (bootstrap support = 100, RAxML 223 

analysis; 1.0 local posterior probability, Astral-III analysis). This is a similar 224 

result to a previous study using fewer loci (de Sá et al., 2012). Our concatenated 225 

analysis (Fig. 1), along with other recent studies (de Sá et al., 2012; Feng et al., 226 

2017; Tu et al., 2018), suggests there are three major derived clades of 227 

microhylid anurans: (i) an endemic American clade consisting of 228 

Gastrophryninae and Otophryninae, (ii) an endemic Madagascan clade consisting 229 

of Cophylinae and Scaphiophryninae, and (iii) a widely distributed clade from 230 

Australasia, Madagascar, and Asia consisting of Asterophryininae, Dyscophinae, 231 

and Microhylinae (Fig. 1). Although we recovered limited support for clades i 232 

and ii, other phylogenomic studies have also recovered these clades (Peloso et 233 

al., 2016; Feng et al., 2017; Tu et al., 2018). The placement of four microhylid 234 

subfamilies, Adelastinae, Phrynomerinae, Kalophryninae, and 235 



Streicher et al.  

 9 

Melanobatrachinae is still unclear. We were missing two subfamilies from our 236 

sampling, Adelastinae and Melanobatrachinae. Adelastinae is monotypic and 237 

endemic to South America (=Adelastes hylonomos) and has only been included in 238 

one molecular study (Peloso et al., 2016), which found it to be closely related to 239 

the other American subfamilies (Gastrophryninane and Otophryninae; see Fig. 240 

6e from Peloso et al., 2016). This is biogeographically parsimonious; however, 241 

we note that the Adelastes sample from Peloso et al. (2016) may have been 242 

contaminated (see commentary in Tu et al., 2018). There are no phylogenomic 243 

data available for Melanobatrachinae, although several phylogenomic studies 244 

have included this subfamily by using mitochondrial DNA and small nuclear 245 

datasets (Peloso et al., 2016; Feng et al., 2017; Tu et al., 2018). Each study 246 

recovered a different sister taxon for Melanobatrachinae; Phrynomerinae 247 

(Peloso et al., 2016), Asterophryinae (Feng et al., 2017), and Kalophryninae (Tu 248 

et al., 2018). Peloso et al. (2016) recovered high support for the placement of 249 

Melanobatrachinae when using a parsimony criterion (their Fig. 6), but not in 250 

their maximum likelihood analyses (their Fig. 3). Furthermore, the placement of 251 

Melanobatrachinae received limited branch support in other studies (bootstrap 252 

support = 34 [Feng et al., 2017], and 74 [Tu et al., 2018]). Thus, the placement of 253 

Melanobatrachinae remains unresolved and it could represent one of the earliest 254 

diverging extant subfamilies. Despite this remaining uncertainty, phylogenomics 255 

(including the UCE-approaches described here) are clearly beginning to clarify 256 

subfamilial relationships among microhylid frogs, lending new insights into their 257 

historical biogeography. 258 

 259 

4.2. Taxonomic and biogeographic implications for Hoplophryninae and 260 

Chaperininae   261 

The basal position of Hoplophryne and its current distribution, restricted to the 262 

Eastern Arc Mountains of Tanzania, is potentially interesting from a 263 

biogeographic perspective. Ancient amphibian lineages are often found in 264 

persistent and stable tropical mountain refugia (Loader et al., 2014; Vijayakumar 265 

et al., 2019). Taxonomically, a better understanding of Hoplophryninae diversity 266 

(e.g., sampling of the genus Parhoplophryne) is needed to fully characterise the 267 

antiquity of this subfamily. Our result that Chaperininae is nested within 268 
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Microhylinae (Fig. 1) is not unprecedented, this placement was also observed by 269 

previous studies (Kurabayashi et al. 2011; Matsui et al. 2011; de Sá et al., 2012; 270 

Tu et al., 2018). Chaperininae was described by Peloso et al. (2016) in light of a 271 

surprisingly divergent sample of Chaperina fusca, however the placement of this 272 

taxon was not consistent across their analyses, with parsimony analyses placing 273 

it outside Microhylinae and likelihood analyses placing it as the sister taxon of 274 

other microhylines. Perhaps because of this, Scherz et al. (2016) questioned the 275 

validity of Chaperininae (see their supplementary material section A.6), however 276 

they refrained from synonymizing Chaperininae with Microhylinae pending 277 

additional data. Despite Tu et al. (2018) finding Chaperina fusca nested within 278 

Microhylinae, they did not comment on this result. Given that we used a novel 279 

dataset of nuclear markers and also found Chaperininae to be nested within 280 

Microhylinae, herein we transfer Chaperininae Peloso et al. 2016 to the 281 

synonymy of Microhylinae Günther 1858.   282 

 283 

4.3. Exploring explanations for low support and variable branch lengths 284 

We noticed that in the RAxML analysis, the samples we included from Alexander 285 

et al. (2017) had shorter branch lengths (Kaloula indochinensis, K. baleata, K. 286 

mediolineata, K. picta, K. conjuncta; Fig. 1). This was not the case in the Astrall-III 287 

analysis (Fig. 2B). The genomic contigs obtained from the Alexander et al. (2017) 288 

samples were on average longer than those obtained from our own sequencing 289 

efforts (average n50 = 292.6 [N = 5, S.D. = 32.5] versus average n50 = 132.60 [N = 290 

53, S.D. = 40.3] for newly sequenced samples), so a potential explanation is that 291 

the shorter branches in the concatenated likelihood analysis were caused by 292 

missing data. However, we note that the phylogenetic relationships within the 293 

genus Kaloula inferred by our analyses are consistent with Tu et al. (2018; whom 294 

sampled many more taxa) and that we included our own sample of Kaloula 295 

pulchra. Thus, we suspect that our topological results are robust to any missing 296 

data related effects.  297 

Among the most notable differences between our RAxML and Astral-III 298 

analyses were the placements of Paradoxophyla palmata and Synapturanus 299 

mirandariberoi. Given that we captured relatively few loci from Paradoxophyla 300 

(256 UCEs) but relatively many from Synapturanus (1208 UCEs), we tested if 301 
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limited overlap or phylogenetic bias in UCE capture might explain the Astral-III 302 

result. We used sqlite3 to identify how many UCEs selected samples shared 303 

(Hipp et al., 2015). Specifically, we used the SELECT * FROM matches WHERE 304 

Taxon A = 1 AND Taxon B = 1 command to determine how many UCEs 305 

Paradoxophyla and Synapturanus shared with select members of their 306 

subfamilies (Table 3). For this test the Taxon A category included Scaphiophryne 307 

spp., Ctenophryne, Chiasmocleis, Stereocyclops, Hamptophryne, Dermatonotus, 308 

Hypopachus and Gastrophryne and Taxon B was either Paradoxophyla or 309 

Synapturanus. We expected that if the number of UCEs shared by two taxa was 310 

random or phylogenetically biased, there would be no overall correlation 311 

between the number of UCEs captured for Taxon A and the number of UCEs 312 

Taxon A shared with Taxon B. However, in both Taxon B cases the number of 313 

shared UCEs was significantly correlated with the number of UCEs captured from 314 

the Taxon A samples (N = 10, rho = 0.88, p < 0.000, Paradoxophyla as Taxon B; N 315 

= 10, rho = 0.87, p = 0.001, Synapturanus as Taxon B; Table 3). This is consistent 316 

with the number of shared UCEs between taxa in our dataset being explained by 317 

overall capture success (= no major bias) and Paradoxophyla sharing as many or 318 

more UCEs with other scaphiophrynines as it did with select gastrophrynine 319 

taxa. 320 

Compared to the RAxML analysis (Fig. 2A), our Astral-III analysis had on 321 

average lower support values (Fig. 2B). The Astral-III analysis also had high 322 

levels of gene tree discordance (normalised quartet score of 0.50). We suspect 323 

that both of these results are explained by relatively low phylogenetic signal per 324 

UCE, which causes poorly resolved input gene trees. A previous study (Streicher 325 

et al., 2018) demonstrated the low per locus phylogenetic signal of UCEs 326 

obtained with our methodology by naively binning loci to dramatically increase 327 

support in species-tree analyses (see their Fig. 2C and D). Thus, a potential future 328 

direction for applying phylogenomics and species-tree methods to microhylids 329 

would be to generate longer UCE contigs or use nuclear loci with greater 330 

phylogenetic signal per locus.       331 

 332 

4.4. Biogeography and the origin of microhylid frogs 333 
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Our study and multiple previous studies find that Hoplophryninae and 334 

Phrynomerinae, the two subfamilies occurring in mainland Africa, are early 335 

diverging branches of the microhylid tree (although there is not a consensus on 336 

the exact placement of Phrynomerinae, divergence levels within the subfamily 337 

may be quite ancient, see Fig. 3; Table 2). A recent Bayesian biogeographical 338 

analysis including most extant anurans reported an 80% probability that 339 

microhylids originated in Africa (Feng et al., 2017). Thus, an “Africa first” origin 340 

of microhylids seems likely, however, we note that the timing of subfamilial 341 

diversification may need to be re-examined. For example, several clades of 342 

microhylid subfamilies are endemic to landmasses that resulted from breakup of 343 

Gondwana (e.g. the radiation in South America; Gastrophryninane + 344 

Otophryninae). This fragmentation began around 180 million years ago (Eagles 345 

and König, 2008), which substantially predates molecular divergence date 346 

estimates (Van Bocxlaer et al., 2006; Feng et al., 2017; this study). If recent 347 

amphibian time trees are correct, how non-vagile, burrowing microhylids have 348 

attained an almost global distribution since the late Cretaceous is difficult to 349 

resolve. However, connections between Gondwanan landmasses (Van Bocxlaer 350 

et al., 2006) and cases of long distance and transmarine dispersal (van der 351 

Meijden et al., 2007; Glaw et al. 2019) have been proposed. Further studies will 352 

clearly be required to reveal this interesting, yet currently intractable, 353 

biogeographic conundrum. Nonetheless, a consensus appears to be forming that 354 

some major radiations diversified in restricted regions (e.g., the American and 355 

Madagascan radiations; Fig. 1), and microhylid frogs have likely occupied what is 356 

now mainland Africa for a substantial amount of time, possibly as early as the 357 

Jurassic or late Cretaceous.     358 
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Figure Legend 517 

Figure 1: Concatenated Maximum Likelihood phylogeny of microhylid 518 

subfamilies resulting from analysis of 400,664 base pairs from 1,796 nuclear 519 

ultraconserved elements. Taxon names listed in grey are outgroups. See Figure 520 

2A for full tree (all outgroups included). Asterisks indicate those branches that 521 

were not supported by the Astral-III analysis; otherwise the topologies were 522 

identical (Figure 2). Black circles indicate branches with bootstrap support 523 

higher than 98, lower support values are printed in plain text. Black stars 524 

indicate our two most salient findings; Hoplophryninae as the sister taxon to 525 

other sampled microhylids (top star) and the nesting of Chaperininae within 526 

Microhylinae (bottom star). Maps depict different geographical regions occupied 527 

by subfamilies. Note that Madagascar appears twice as the three endemic 528 

subfamilies (Cophylinae, Scaphiophryninae and Dyscophinae) belong to at least 529 

two different clades of microhylid subfamilies. 530 

 531 

Figure 2: (A) Concatenated maximum likelihood tree including all outgroups. 532 

Branch support is bootstrap support and branch lengths are in substitutions per 533 

site.  (B) Astral-III tree containing all outgroups. Branch support is local 534 

posterior probability and branch lengths are in coalescent units. 535 

 536 

Figure 3: (A) Divergence times estimated from concatenated maximum 537 

likelihood analysis. (B) Divergence times estimated using Astral-III tree. Both 538 

analyses were calibrated using eight divergence times inferred by Feng et al. 539 

(2017). See text for more information. Calibration points are indicated (C1-C8) 540 

on both topologies. See Table 2 for divergence dates of relevant non-calibrated 541 

nodes.    542 

 543 

Supplementary Material 544 

Table S1: Voucher specimen information. 545 

  546 
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Table 1. Taxonomic sampling, assembly characteristics, and accession numbers 547 

for anurans examined in this study. Bolded text indicates a subfamily, 548 

Chaperininae that we found to be nested within Microhylinae. Data associated 549 

with voucher specimens can be found in Table S1.   550 
Taxon Family Subfamily Contigs UCEs SRA 

      

Hoplophryne rogersi Microhylidae Hoplophryninae 8,179 851 SAMN12721081 

Kalophrynus pleurostigma Microhylidae Kalophryninae 61,297 1223 SAMN12721082 

Kalophrynus interlineatus Microhylidae Kalophryninae 70,299 1061 SAMN12721083 

Phrynomantis bifasciatus 1 Microhylidae Phrynomerinae 59,997 1089 SAMN12721085 

Phrynomantis bifasciatus 2 Microhylidae Phrynomerinae 26,247 1177 SAMN12721086 

Phrynomantis bifasciatus 3 Microhylidae Phrynomerinae 17,177 972 SAMN12721087 

Phrynomantis microps Microhylidae Phrynomerinae 39,395 837 SAMN12721084 

Copiula oxyrhina Microhylidae Asterophyinae 180,585 1257 SAMN12721088 

Cophixalus aff. cheesmanae Microhylidae Asterophyinae 198,888 1442 SAMN12721089 

Oreophryne sp.  Microhylidae Asterophyinae 31,304 1256 SAMN12721090 

Xenobatrachus sp. Microhylidae Asterophyinae 5,310 1765 SAMN12721091 

Dyscophus insularis Microhylidae Dyscophinae 11,801 851 SAMN12721092 

Dyscophus antongilii Microhylidae Dyscophinae 2,786 311 SAMN12721093 

Kaloula pulchra Microhylidae Microhylinae 52,837 1145 SAMN12721094 

Kaloula baleata Microhylidae Microhylinae 30,635 1548 SAMN06008980 

Kaloula conjuncta Microhylidae Microhylinae 26,602 1643 SAMN06009002 

Kaloula mediolineata Microhylidae Microhylinae 20,641 1525 SAMN06008984 

Kaloula picta Microhylidae Microhylinae 43,693 1711 SAMN06008995 

Kaloula indochinensis Microhylidae Microhylinae 28,984 1513 SAMN06008983 

Uperodon variegatus Microhylidae Microhylinae 95,331 1189 SAMN12721095 

Chaperina fusca Microhylidae Chaperinane 59,340 1516 SAMN12721096 

Micryletta inornata Microhylidae Microhylinae 19,141 1753 SAMN12721097 

Micryletta aff. inornata Microhylidae Microhylinae 5,511 485 SAMN12721098 

Glyphoglossus aff. molossus Microhylidae Microhylinae 92,873 1315 SAMN12721099 

Microhyla butleri Microhylidae Microhylinae 197,986 1258 SAMN12721100 

Microhyla heymonsi Microhylidae Microhylinae 37,768 1706 SAMN12721101 

Microhyla aff. pulchra  Microhylidae Microhylinae 182,348 1266 SAMN12721102 

Anodonthyla boulengerii Microhylidae Cophylinae 2,134 278 SAMN12721103 

Rhombophryne testudo Microhylidae Cophylinae 42,004 889 SAMN12721104 

Paradoxophyla palmata Microhylidae Scaphiophryninae 2,547 256 SAMN12721105 

Scaphiophryne calcarata Microhylidae Scaphiophryninae 133,929 949 SAMN12721108 

Scaph. madagascariensis Microhylidae Scaphiophryninae 548,897 1344 SAMN12721106 

Scaphiophryne marmorata Microhylidae Scaphiophryninae 108,084 1560 SAMN12721107 

Synapturanus mirandariberoi Microhylidae Otophryninae 31,503 1208 SAMN12721108 

Ctenophryne barbatula Microhylidae Gastrophryninae 82,813 1402 SAMN12721109 

Ctenophryne geayi Microhylidae Gastrophryninae 7,601 600 SAMN12721110 

Ctenophryne aterrima Microhylidae Gastrophryninae 154,912 1136 SAMN12721112 

Chiasmocleis gnoma Microhylidae Gastrophryninae 3,182 394 SAMN12721113 

Chiasmocleis albopunctata Microhylidae Gastrophryninae 21,889 856 SAMN12721114 

Chiasmocleis bassleri Microhylidae Gastrophryninae 2,675 234 SAMN12721115 

Chiasmocleis shudikarensis Microhylidae Gastrophryninae 14,970 1563 SAMN12721116 
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Stereocyclops incrassatus Microhylidae Gastrophryninae 233,469 1275 SAMN12721117 

Sterocyclops histrio Microhylidae Gastrophryninae 6,536 474 SAMN12721118 

Hamptophryne boliviana Microhylidae Gastrophryninae 6,893 437 SAMN12721119 

Hamptophryne alios Microhylidae Gastrophryninae 74,674 1534 SAMN12721120* 

Dermatonotus muelleri Microhylidae Gastrophryninae 86,378 1324 SAMN12721121 

Elachistocleis bicolor Microhylidae Gastrophryninae 132,550 1483 SAMN12721122 

Hypopachus variolosus Microhylidae Gastrophryninae 18,887 807 SAMN12721123 

Gastrophryne carolinensis Microhylidae Gastrophryninae N/A 1611 SAMN05559936 

Gastrophryne olivacea Microhylidae Gastrophryninae 280,670 903 SAMN12721124 

      

Outgroups       

      

Breviceps mossambicus Brevicipitidae N/A 65,479 982 SAMN12721125 

Afrixalus uluguruensis Hyperoliidae N/A 82,954 1464 SAMN12721126 

Hyperolius spinigularis Hyperoliidae N/A 109,902 1421 SAMN12721127 

Kassina senegalensis Hyperoliidae N/A 106,620 1323 SAMN12721128 

Amietia angolensis Pyxicephalidae Cacosterninane 54,390 1411 SAMN12721129 

Strongylopus fuelleborni  Pyxicephalidae Cacosterninane 33,380 1351 SAMN12721130 

Polypedates leucomystax Rhacophoridae Rhacophorinae 118,612 1202 SAMN12721131 

Rana catesbeiana Ranidae N/A N/A 432 SAMN05559937 

Spea bombifrons Scaphiopodidae N/A N/A 1505 SAMN05559939 

Pipa parva Pipidae N/A 138,896 1401 SAMN12721132 

Xenopus pygmaeus Pipidae N/A 119,251 1174 SAMN12721133 

Xenopus tropicalis Pipidae N/A N/A 1313 Hellsten et al.21 

      

Unless otherwise noted, data generated for this study were uploaded to the SRA post quality 551 
filtering and have all adapter barcodes removed. *Uploaded to SRA prior to quality filtering and 552 
may still contain some barcode contamination (TruSeq adapter + GATCAG barcode).   553 
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Table 2. Time to most recent common ancestor (TMRCA) estimates inferred for 554 

relevant non-calibrated branches of our UCE trees. When possible, both results 555 

are compared to average divergence estimates from Feng et al. (2017) for 556 

context.  557 
TMRCA (mya) RAxML 

(Fig. 3A) 

Astral-III 

(Fig. 3B) 

Feng et al. 

(2017) 

    

Microhylidae 99.2 114.5 67.1 

Phrynomerinae 68.0 83.7 N/A 

Gastrophryninae 66.6 70.0 N/A 

Microhylinae 81.2 94.7 N/A 

Kalophryninae 65.2 88.3 N/A 

Dyscophinae 72.1 79.7 N/A 

Scaphiophryninae 73.5 N/A 47.7 

Scaphiophryninae + Cophylinae 75.9 N/A 56.8 

Otophryninane + Gastrophryninae  82.1 N/A 59.6 

Microhylinae + Dyscophinae + Asterophryinae 84.4 97.5 54.8 

    

  558 
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Table 3. Number of overlapping ultraconserved elements (UCEs) captured for 559 

select microhyid taxa. 560 
Taxon A Paradoxohyla palmata 

(256 UCEs; Taxon B) 

Synapturanus mirandariberoi 

(1208 UCEs; Taxon B) 

   

Scaphiophryne madagascariensis  

(1344 UCEs) 

163 738 

Scaphiophryne calcarata  

(949 UCEs) 

82 373 

Scaphiophryne marmoratus  

(1560 UCEs) 

144 640 

Ctenophryne barbatula  

(1402 UCEs) 

124 584 

Chiasmocleis gnoma  

(394 UCEs) 

53 195 

Sterocylops histrio  

(474 UCEs) 

55 242 

Hamptophryne boliviana  

(437 UCEs) 

43 208 

Dermatonotus muelleri  

(1324 UCEs) 

153 677 

Hypopachus variolosus  

(807 UCEs) 

77 390 

Gastrophryne olivacea  

(903 UCEs) 

71 348 

   

 561 
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