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2

32 ABSTRACT

33

34 Analysis of genetic divergence in published mitochondrial DNA barcodes from "juniper" and 

35 "cedar" hairstreaks, Callophrys gryneus (Hübner) and C. muiri (Hy. Edwards), together with a 

36 comparison of phenotypic differences in populations from North America, have been used to 

37 address the long-standing controversy regarding subspecies and species assignments in this 

38 confusing group of hairstreaks.  The most recent view holds that C. gryneus is a single polytypic 

39 species comprising 11 nominal subspecies, and that C. muiri from California is a valid species.  

40 An alternative view subdivides C. gryneus into three nominal species, C. gryneus (sensu stricto), 

41 C. siva and C. nelsoni, each with several named subspecies, and retains C. muiri as a full species.

42 Haplotype networks, phylogenetic analysis, and analysis of molecular variance (AMOVA) of 

43 barcodes provided evidence supporting the subspecies scenario.  However, barcodes from 

44 closely-related congeners of C. gryneus (sensu lato) revealed pairwise genetic divergences that 

45 would also support elevating three subspecies—C. g. castalis, C. g. siva, and C. g. nelsoni—to 

46 full species.  The barcode data also raise the question of whether C. muiri warrants full species 

47 status.  Larval hostplant preference as a possible driver of genetic differentiation in western 

48 populations of this group is also briefly discussed. 

49
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1978), differences which are now considered unreliable in separating proposed subspecies of C. 

3

62 INTRODUCTION 

63

64 The nominal taxon Callophrys gryneus (Hübner) encompasses wide-ranging populations of 

65 butterflies commonly referred to as "juniper" and "cedar" hairstreaks (Lycaenidae: Theclinae: 

66 subgenus Mitoura Scudder).  These populations, found throughout the USA, southern Canada 

67 and northern Mexico, have historically been described as subspecies, host races, or distinct 

68 species, which has resulted in taxonomic instability that hinders an understanding of their 

69 evolutionary history and natural history.  Pelham (2023) currently lists 11 subspecies-level taxa 

70 of C. gryneus (Table 1; Fig. 1), but with the caveat that, "There is no easy way to accommodate 

71 the diverse opinions on the specific arrangement in this complex".  For example, others support 

72 subdividing the complex into the nominal species C. gryneus (sensu stricto), C. siva, and C. 

73 nelsoni (Pratt et al., 2011; Davenport, 2018).  The Mitoura subgenus also includes C. muiri (Hy. 

74 Edwards), C. loki (Skinner), C. hesseli (Rawson & Ziegler) and C. dospassosi Clench (Zhang et 

75 al., 2021; Pelham, 2023) (see Table 1).  Taxonomic instability in the subgenus is especially 

76 evident for C. muiri, which in addition to currently being considered a full species, has also been 

77 placed as a subspecies of C. nelsoni, C. siva and C. gryneus (Pratt et al., 2011; BugGuide, 2023). 

78 Several factors have contributed to the sometimes-contentious debate on the 

79 nomenclature of juniper/cedar hairstreaks.  Importantly, traits historically used in classical 

80 taxonomic studies in Lepidoptera have been unable to provide consistent diagnostic characters 

81 for determining species' or subspecies' boundaries in this group.  Many of the proposed 

82 taxonomic names have relied on apparent differences in morphology of genitalia (Johnson 1976, 

83

84 gryneus (Brown, 1983; Robbins, 1990; Gervais & Shapiro, 1999; Nice & Shapiro, 2001; 

85 Forister, 2004).  Also, subspecies designations based solely on wing colour (Clench, 1981) are 

86 suspect owing to substantial variability in this trait within populations.  Finally, most subspecies 

87 of C. gryneus utilize a variety of Juniperus species (Cupressaceae) as a larval host, whereas far-

88 western populations also feed on species in the genera Calocedrus, Cupressus and Thuja 

89 (Johnson, 1976; Nice & Shapiro, 2001; Cary & Toliver, 2022).  Although some of the far-

90 western populations show larval host preferences suggesting genetic differentiation and incipient 

91 speciation (Forister, 2004), these host preferences do not always reflect genetic relationships 

92 among populations (Nice & Shapiro, 2001; Pratt et al., 2011).

Table 1; 
Fig. 1
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93 Only a few molecular studies have been published that might provide insights into 

94 evolutionary relationships and inform taxonomic assignments in this group of hairstreaks (Nice 

95 & Shapiro, 2001; Pratt et al., 2011; Zhang et al., 2021).  Nice and Shapiro (2001) analysed 

96 allozymes and a short segment (460 base pairs [bp]) of the mitochondrial COII (or cox2; 

97 cytochrome c oxidase subunit II) gene in populations of the C. gryneus complex from northern 

98 California.  The COII data showed that most individuals assigned to C. nelsoni, C. muiri and C. 

99 siva possessed the same haplotype, although C. muiri from coastal mountain ranges differed 

100 slightly from the common haplotype.  Allozyme analysis of populations of C. gryneus from 

101 throughout the USA supported subdividing the complex into three nominal species, C. gryneus, 

102 C. siva and C. nelsoni (Pratt et al., 2011).  Allozymes also showed C. loki resolving within the C.

103 gryneus (sensu lato) complex, and that C. muiri was closely related to C. siva (Pratt et al., 2011).  

104 Finally, a recent phylogenomic study of New and Old World species of Callophrys supports the 

105 monophyly of the Mitoura subgenus, and in addition provides evidence for recognizing four 

106 additional subgenera, Callophrys Billberg, Incisalia Scudder, Cisincisalia K. Johnson, and 

107 Greenie Grishin (Zhang et al., 2021).  The three representatives of the Mitoura subgenus in the 

108 genome study were: C. gryneus from Texas [probably subspecies castalis], C. dospassosi searsi 

109 from Sonora, Mexico, and C. hesseli.      

110 Mitochondrial COI (or cox1; cytochrome c oxidase subunit I) barcodes have been used 

111 successfully in phylogenetic studies on the Lycaenidae (Nazari & ten Hagen, 2020; Talavera et 

112 al., 2020), although they generally perform poorly in resolving relationships in lycaenid taxa 

113 above the species level (Talavera et al., 2022).  Mitochondrial introgression is also a potential 

114 problem to consider (Cong et al., 2017).  Barcodes, however, have provided support for the 

115 validity of subspecies designations in a number of different families of Lepidoptera (deWaard et 

116 al., 2010; Wilson et al., 2013; Pfeiler et al., 2020, 2021a;) though they sometimes are unable to 

117 do so (Kodandaramaiah et al., 2012; Proshek et al., 2015; Hill et al., 2018; Nazari & ten Hagen, 

118 2020; Pfeiler et al., 2022).  Additionally, results from the mitochondrial COI gene and the much 

119 larger protein coding nuclear genome generally are concordant in the butterfly family 

120 Hesperiidae (Li et al., 2019).  The apparent lack of published COI barcode studies on the C. 

121 gryneus complex prompted the present study which aims to explore whether barcodes sourced 

122 from the Barcode of Life Data System (BOLD; Ratnasingham & Hebert, 2007) can provide 

123 insight into the contentious taxonomic arrangements proposed for this complex.
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5

124 MATERIALS AND METHODS
125 SAMPLES

126

127 For genetic analyses, 69 complete barcode (COI) sequences (658 bp) for C. gryneus (including 

128 two for C. muiri), obtained from samples collected throughout the USA and southern Canada, 

129 were downloaded from BOLD and used to assess genetic diversity, and to construct haplotype 

130 networks and phylogenetic trees.  Three shorter sequences, CNCBF1031–14 (549 bp), 

131 TAMIC846–10 (576 bp), and ABLCU096–09 (621 bp), were not used in the above analyses, but 

132 contained diagnostic nucleotide sites that were informative.  No barcodes were available in 

133 BOLD or GenBank for C. g. smilacis from coastal Georgia and South Carolina, a taxon very 

134 closely related to C. g. sweadneri (Gatrelle, 2001), or for C. loki and C. dospassosi.  Also 

135 analysed here are published COII sequences (Nice & Shapiro, 2001) downloaded from GenBank 

136 and used for comparison with the COI data set of California populations of C. muiri and C. g. 

137 nelsoni.  Numerous photos of C. gryneus taken by citizen scientists and deposited in the 

138 iNaturalist (2023) website were examined and were instrumental in identifications of putative 

139 species and subspecies, and for assessing their geographical distributions.

140
141 GENETIC DIVERSITY

142

143 Nucleotide sequences for Callophrys were uploaded to MEGA version 5.0.5 (Tamura et al., 

144 2011).  To confirm apparent diagnostic COI nucleotide substitutions in aligned sequences of 

145 putative subspecies of C. gryneus, the original trace files (electropherograms) available from the 

146 BOLD website were examined.  This was especially important for the five sequences assigned to 

147 C. g. castalis in which one second codon position mutation was present (see Results).  Genetic

148 distances (d) among populations of C. gryneus were calculated in MEGA using the uncorrected 

149 p-distance model.  Haplotype networks for both genes were constructed based on statistical 

150 parsimony implemented in TCS version 1.21 (Clement et al., 2000) using the default haplotype 

151 connection limit of 95%.  Analysis of molecular variance (AMOVA) carried out in ARLEQUIN 

152 ver. 3.5.2.2 (Excoffier & Lischer, 2010) was used to test for population structure among COI 

153 haplotype groups identified in the TCS network.  Calculations of COI genetic diversity indices 

154 were performed in DnaSP version 5.10.01 (Librado & Rozas, 2009).
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155
156                                                           PHYLOGENETIC RELATIONSHIPS

157

158 Phylogenetic relationships among COI barcode sequences of named subspecies of C. gryneus, 

159 including C. muiri, were assessed by constructing phylogenetic trees based on the neighbour-

160 joining (NJ) method carried out in MEGA using a matrix of p-distances, and Bayesian inference 

161 implemented in MrBayes v.3.1 (Huelsenbeck & Ronquist, 2001).  The best fit model of 

162 nucleotide substitution in the data set obtained from MODELTEST v.3.7 (Posada & Crandall, 

163 1998), based on the Akaike information criterion, was TrN + G.  Bayesian analyses were run for 

164 1,000,000 generations, sampled every 250th generation (4,000 trees sampled), using the default 

165 random tree option to begin the analysis.  Clade support, expressed as posterior probabilities, 

166 was estimated using a Markov chain Monte Carlo (MCMC) algorithm.  Log-likelihood values 

167 from four simultaneous (MCMC) chains (three hot and one cold) stabilized at about 15,000 

168 generations, resulting in the first 60 trees being discarded from the analysis (burnin = 60).  

169 Outgroups were selected based on results of relationships found from genomic analysis of 

170 Callophrys subgenera (Zhang et al., 2021), and included C. hesseli (subgenus Mitoura), and C. 

171 johnsonii (Skinner) and C. spinetorum spinetorum (Hewitson) from the subgenus Cisincisalia.  

172

173                                                               RESULTS

174

175 In the barcode data set of C. gryneus (including C. muiri), there were 24 variable sites and 19 

176 haplotypes.  Haplotype diversity (h ± SD) was 0.913 ± 0.015; nucleotide diversity (π ± SD) was 

177 0.00869 ± 0.00040.   The TCS network (Fig. 2A) shows that all COI haplotypes resolved in a 

178 single network, which was subdivided into five haplotype groups (groups I–V) based on apparent 

179 diagnostic nucleotide differences, as described below.

180 Haplotype group I from eastern USA and south-eastern Canada corresponds to the 

181 currently recognized nominal subspecies C. g. gryneus (type locality [TL]: Virginia).  Group II 

182 from Florida corresponds to the closely related C. g. sweadneri (TL: St. Augustine, Florida).  

183 Mean p-distance (d) between groups I and II was 0.006 (Table 2).  Groups I and II are also 

184 separated by three apparent fixed nucleotide point mutations in the barcode segment at sites 274, 

185 550 and 658 (Table 3).                    

Fig. 2

Table 2

Table 3
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7

186 Haplotype group III is assigned to C. g. castalis (TL: near Waco, TX), a subspecies found 

187 throughout Texas and north-eastern Mexico, and occasionally recorded from eastern New 

188 Mexico (Cary & Toliver, 2022; iNaturalist, 2023).  Group III shows the largest genetic 

189 divergence between groups I, II, and V (mean d = 0.013–0.014), but is closely related to group 

190 IV (mean d = 0.004) (Table 2).  Individuals in group III, however, differ phenotypically from 

191 those in Group IV—C. g. siva (TL: Wingate, AZ), C. g. chalcosiva (TL: Tooele County, UT), C. 

192 g. juniperaria (TL: Los Angeles County, CA) and C. g. mansfieldi (TL: San Luis Obispo

193 County, CA)—in the presence of two postbasal spots on the ventral hindwing (Fig. 1D), and 

194 possess an apparent diagnostic second codon non-synonymous nucleotide substitution (Table 3).  

195 Although no complete barcode was available for C. g. juniperaria, a short sequence (576 bp) in 

196 BOLD (TAMIC846–10) for a specimen of C. gryneus collected near the type locality of C. g. 

197 juniperaria (Fig. 1G) shows the phenotype of this subspecies and resolves in haplotype group IV 

198 (not shown).  The common haplotype in group IV is widely distributed in the USA, occurring in 

199 Texas, New Mexico, Arizona, Nevada, California, Wyoming and North Dakota (Fig. 2A).  

200 Group V comprises the western subspecies C. g. nelsoni (TL: California), C. g. rosneri 

201 (TL: Kootenay Lake, B.C., Canada), C. g. plicataria (TL: Vancouver Island, B.C., Canada), and 

202 C. muiri (TL: Mendocino County, CA).  Most samples for this group (27 of 31) were collected in

203 British Columbia.  Six of these individuals, labelled in BOLD as C. g. plicataria and C. gryneus, 

204 shared a haplotype with a specimen from Monterey County, California labelled C. muiri.  The 

205 group V haplotype in two California samples included one specimen labelled C. muiri and one 

206 labelled C. gryneus, both collected from north-eastern California.  The remaining California 

207 haplotype is from a specimen labelled C. g. nelsoni from Tulare County.  

208 Owing to the low sample size available for COI haplotype group V from California (n = 

209 4), a haplotype network was also prepared using published sequences from a segment of the 

210 mitochondrial COII gene (Nice & Shapiro, 2001) in populations assigned to C. g. nelsoni, C. g. 

211 siva and C. muiri from northern California (n = 54), and C. g. gryneus from Wisconsin (Fig. 2B).  

212 Three of the five COI haplotypes groups were recovered in the COII data set.  Samples of C. g. 

213 gryneus (haplotype G of Nice and Shapiro) were separated from the common haplotype from 

214 California (haplotype D) by four mutational steps.  Haplotype D consisted mainly of sequences 

215 assigned to C. muiri and C. g. nelsoni.  Haplotypes G and D corresponded to COI groups I and V 

216 of the present study.  One C. g. siva sample (haplotype B) was separated from haplotype D by 
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217 three mutational steps, and is consistent with COI haplotype group IV.  The other three C. g. siva 

218 possessed haplotype D.  Specimens of the juniper-feeding C. g. siva from northern California, 

219 referred to informally as "brown siva" (Gervais & Shapiro, 1999), or C. g. chalcosiva, are very 

220 similar morphologically to C. g. nelsoni (cf. Figs. 1E and I), suggesting that they may have been 

221 misidentified.  All of the C. g. nelsoni, and most of the C. muiri, possessed the same COII 

222 haplotype (haplotype D).  Overall, the COI and COII haplotype networks were generally 

223 concordant, especially in showing a close genetic relationship between C. muiri and C. g. 

224 nelsoni.

225 Neighbour-joining (NJ) analysis (Fig. 3A) shows clustering of haplotypes of C. gryneus 

226 and C. muiri into the five groups seen on Figure 2A.  Relatively strong bootstrap support was 

227 found for four of the five clades (80–86%), but no support (<40%) was found for the clade 

228 comprising group IV sequences.  

229 The Bayesian tree (Fig. 3B) showed similar topology and statistical support for clades as 

230 the NJ tree, including the lack of resolution for a group IV clade.  Also, the group I clade, was 

231 not supported (posterior probability = 0.62).  One barcode from Texas labelled C. g.  gryneus 

232 (BBLSX694-09) did not cluster with any group on the NJ and Bayesian trees owing to a non-

233 diagnostic nucleotide substituion at site 340 (Table 3), but this specimen possessed the remaining 

234 diagnostic site combinations which placed it with haplotype group IV.  Clades of haplotype 

235 groups II and III were highly supported (1.00 and 0.99, respectively).  The clade comprising 

236 haplotype group V was also highly supported (0.99).  The name C. barryi in this clade is 

237 considered a synonym of C. g. plicataria (Warren, 2005).  BOLD photos of the 25 of the 27 

238 specimens from British Columbia in group V show ventral hindwing colouration and maculation 

239 similar to C. g. nelsoni, especially in the presence of a weak, or poorly developed, white 

240 postmedian line in most specimens (cf. Fig. 1 [I, K and L]).  

241 The AMOVA based on the barcode data set of combined populations of C. gryneus and 

242 C. muiri showed significant population structure (overall ΦST = 0.830; P < 0.001).  Pairwise

243 comparisons of ΦST among the five haplotype groups indicated significant population structure 

244 among all groups (Table 4).

245

246

247

Fig. 3

Table 4
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248 DISCUSSION

249

250 Analysis of mitochondrial DNA barcodes presented here has contributed to our understanding of 

251 the evolution of "juniper" and "cedar" hairstreaks, but these molecular markers provided no clear 

252 resolution of the currently unstabilized taxonomy of populations comprising the C. gryneus 

253 complex, including C. muiri.   Results that would appear to support the subspecies scenario for 

254 the C. gryneus complex include: (1) haplotypes of C. gryneus (and C. muiri) resolved in a single 

255 network (Fig. 2A), as would be predicted for a single species; (2) five geographically separated 

256 haplotype groups (groups I–V) were identified within the network (except for groups III and IV 

257 in eastern New Mexico which were sympatric [Fig. 4]); and (3) significant pairwise population 

258 structure was seen among all group comparisons (Table 4).  These results also suggest that C. 

259 muiri be reassigned as a subspecies of C. gryneus, as discussed in more detail below.

260 The barcode results, however, are also consistent with the alternative hypothesis that the 

261 complex comprises additional species-level taxa.  Although exceptions occur, barcode genetic 

262 divergences in the range of 2–3% often delimit separate species (Hebert et al., 2003).  

263 Phylogenomic studies on subgenera of the genus Callophrys have confirmed the species status of 

264 a number of closely-related taxa (Zhang et al., 2021).  Barcode sequences for many of these 

265 species are also available in BOLD and can be used to calculate pairwise genetic distances 

266 among them.  However, only three species of the Mitoura subgenus were studied by Zhang et al. 

267 (2021), including C. gryneus and C. hesseli which show a barcode genetic divergence of 3.4–

268 4.1% (Table 2).  Barcodes were not available for the third species, C. dospassosi, but a single 

269 private sequence in BOLD resolved in the same Barcode Index Number (BIN AAB2586) as C. 

270 gryneus and C. muiri and showed a divergence value (K2P distance) of 2%, only slightly higher 

271 than the pairwise values among C. gryneus haplotype groups (Table 2).  Calculations of pairwise 

272 divergence values in nominal species of other subgenera of Callophrys revealed d values of 1.1% 

273 (C. dumetorum/C. affinis), 1.2% (C. lanoraieensis/C. polios), and 1.5% (C. niphon/C. eryphon), 

274 which agree well with most pairwise divergences among haplotype groups of C. gryneus (Table 

275 2), suggesting species-level differentiation.  Low pairwise genetic divergence (d <2%) also has 

276 been found between phenotypically similar buckeye butterflies (Nymphalidae), Junonia coenia 

277 Hübner and J. grisea Austin & J. Emmel (Pfeiler et al., 2012: Lalonde & Marcus, 2019), which 

278 have been confirmed as distinct species by whole genome analysis (Cong et al., 2020).  

Fig. 4
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279 Haplotype groups of C gryneus that warrant consideration as subspecies (groups I and II), 

280 and those that may represent full species (groups III, IV and V) are discussed in more detail 

281 below.

282
283 HAPLOTYPE GROUPS I AND II

284

285 Barcode analyses provide support for recognizing C. g. gryneus (group I) and C. g. sweadneri 

286 (group II) as valid subspecies.  The two taxa resolve as monophyletic sister taxa on phylogenetic 

287 analysis (Fig. 3), show a mean COI genetic distance (d) of 0.6%, and possess three apparent 

288 diagnostic nucleotide differences (Tables 2, 3).  They are also geographically separated and show 

289 minor phenotypic differences (Gatrelle, 2001).  Although there are no clear guidelines for 

290 establishing genetic divergence values that delimit subspecies (Haig et al., 2006; Braby et al., 

291 2012), mean pairwise d values of 0.3–0.6% are often found among subspecies of Lepidoptera 

292 and other insects (Chapuis et al., 2016; Chen et al., 2016; Pfeiler et al., 2020).  Gatrelle (2001) 

293 also argued that because the southern C. g. sweadneri blends into the northern populations of C. 

294 g. gryneus, they should not be considered distinct species.

295 Because barcodes were not available for C. g. smilacis (TL: Chatham County, Georgia) 

296 (Gatrelle, 2001), its subspecies status requires further study, but is provisionally recognized here.  

297 Adults of C. g. smilacis, are found in a restricted coastal habitat ranging from southern Georgia 

298 to South Carolina, are phenotypically very similar to C. g. sweadneri and utilize the same larval 

299 hostplant, Juniperus silicicola (Gatrelle, 2001).

300
301 HAPLOTYPE GROUPS III AND IV

302

303 Putative subspecies C. g. castalis (group III) and C. g. siva (group IV) were both found in Texas 

304 and New Mexico (Figs. 2A and 4).  Both subspecies typically show green ventral hindwings, 

305 with C. g. castalis characterized by two postbasal white marks (Edwards, 1871) which are absent 

306 in C. g. siva (cf.  Figs. 1D and 1E).  Although barcode samples for Texas are limited (n = 9), 

307 hundreds of photos available in iNaturalist (2023) show that the C. g. castalis phenotype 

308 predominates in Texas, with only several records for the C. g. siva phenotype from western 

309 Texas.  Increased barcode sampling in Texas will be required to confirm if the C. g. castalis 
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310 phenotype continues to show the apparently diagnostic second codon nucleotide composition 

311 that characterizes this subspecies (Table 3).  In New Mexico, the C. g.siva phenotype is common, 

312 with only scarce records for C. g.castalis, all of which are from the eastern portion of the state 

313 (Cary & Toliver, 2022).  Interestingly, the two C. g.siva and one C. g.castalis from New Mexico 

314 (Fig. 4) were collected at the same locality, and on the same date, in Lincoln County.  The C. g. 

315 castalis phenotype is also present in Oklahoma, and in the state of Coahuila, Mexico (iNaturalist, 

316 2023).  Because of morphological similarities between C. g. castalis and C. g. gryneus, the 

317 north-eastern distribution limit of C. g. castalis shown in Figure 4 is only an approximation, and 

318 requires confirmation.   Allozyme data, however, have confirmed the presence of a phenotype 

319 similar to C. g. castalis in Arkansas, and indicate that it is very closely related to C. g. siva (Pratt 

320 et al., 2011).  Although C. g. castalis and C. g. siva are closely related (d = 0.4%; Table 2), the 

321 divergence values of C. g. castalis among all other groups (d = 1.3–1.4%), together with the 

322 unique nucleotide point mutation and the observation that castalis and siva can occur 

323 sympatrically, argue for reinstating C. g. castalis as a full species (Edwards, 1871).  Genetic 

324 divergences between C. g. siva and groups I, II, and V (d = 1.0–1.2%) and geographical 

325 distribution (Fig. 4) also argue for reinstating siva as a full species (Edwards, 1874).

326 The other members of group IV, C. g. chalcosiva, C. g. juniperaria, and C. g. mansfieldi, 

327 were originally described as subspecies of C. siva (Comstock, 1925; Tilden, 1951; Clench, 

328 1981).  Although C. g. juniperaria and C. g. mansfieldi typically show green ventral hindwings 

329 (Figs. 1G and H), as in C. g. siva (Fig. 1E), C. g. chalcosiva was described based mainly on 

330 having coppery brown ventral hindwings (Fig. 1F).  Because this trait is variable, with greenish 

331 specimens sometimes seen (Clench, 1981), it raises doubt whether C. g. chalcosiva should be 

332 considered a valid subspecies.  But given that data are limited, the names C. g. chalcosiva, as 

333 well as C. g. juniperaria and C. g. mansfieldi, should be retained until more information is 

334 available, but if C. g. siva is elevated to a full species, they would be considered subspecies of C. 

335 siva as originally described.

336
337                                                                 HAPLOTYPE GROUP V

338

339 Of the five haplotype groups, the taxonomic status of members of group V—C. g. nelsoni, C. g. 

340 rosneri, C. g. plicataria and C. muiri—is arguably the most contentious.  Two other taxa 
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341 previously proposed for the western group, C. barryi and C. byrnei (Johnson, 1976) are now 

342 considered junior subjective synonyms of C. g, plicataria (= C. barryi) (Warren, 2005) and C. g. 

343 rosneri (= C. byrnei) (Guppy & Shepard, 2001, p, 213).  Genetic divergence between haplotype 

344 group V and the other four groups (d = 1.0–1.4%; Table 2) is consistent with species-level 

345 separations within the genus Callophrys, as mentioned above.  Also, Warren (2005) suggested 

346 the possibility of placing C. g. plicataria as a synonym of C. g. rosneri given that: (a) male and 

347 female genitalia of the holotypes of C. g. rosneri and C. g. plicataria are very similar (Johnson, 

348 1976); (b) the two taxa are sympatric in British Columbia; and (c) no consistent phenotypic 

349 differences in ventral wing colour and maculation are apparent in the two taxa (Figs. 1K and L).  

350 Also, 25 BOLD photos of both taxa show weak, or poorly developed, white postmedian lines, 

351 typical of C. g. nelsoni.  The oldest name available for group V taxa is C. g. nelsoni (Boisduval, 

352 1869; pp. 43–44).  If C. g. nelsoni is reinstated to a full species, C. g. rosneri would be placed as 

353 a subspecies of C. nelsoni.

354 Callophrys g. nelsoni is found throughout mid-elevation mountains, from southern 

355 California to Oregon, where larvae utilize incense cedar (Calocedrus decurrens) as a host.  It 

356 was also previously found on Isla Guadalupe off the Pacific coast of Baja California, Mexico, 

357 probably using the endemic cypress, Hesperocyparis guadalupensis, as a larval host, but that 

358 population may now be extirpated owing to extensive environmental degradation (Pfeiler et al., 

359 2021b).  In captivity, C. g. nelsoni larvae have also been reared on cultivated arborvitae (Thuja 

360 [probably occidentalis]) (Comstock & Dammers, 1932), suggesting that western red cedar 

361 (Thuja plicata) could also be used, as it is in C. g. rosneri (Johnson, 1976).  

362 Callophrys muiri feeds on Sargent's cypress (Cupressus sargentii) and MacNab cypress 

363 (Cupressus macnabiana) in coastal mountains of California and C. macnabiana in the Sierra 

364 Nevada, and is sometime found in close association with Callophrys g. nelsoni (Nice & Shapiro, 

365 2001; Forister, 2004).  Callophrys muiri and C. g. nelsoni also show seasonal differences in 

366 flight times, suggesting they may be genetically isolated (Gervais & Shapiro 1999; Nice & 

367 Shapiro, 2001).  In the laboratory, however, the two taxa show no consistent genitalic 

368 differences, and can interbreed and produce fertile offspring (Nice & Shapiro, 2001; Forister, 

369 2005).  The possible role of natural hybridization and mitochondrial introgression in shaping 

370 genetic divergence and evolution among populations of the C. gryneus complex and C. muiri 

371 (e.g. Shapoval et al., 2021) will require further study.  Also, information is lacking on the 
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372 possible role of bacterial infection by the endosymbiont Wolbachia, especially prevalent in some 

373 groups of Lepidoptera (Silva-Brandão et al., 2021, and references therein) on evolutionary 

374 relationships among the members of the complex needs study.

375 Oviposition preference and larval host performance suggest an early stage of host-

376 associated reproductive isolation may be occurring between Callophrys collected on the two 

377 species of cypress and those from incense cedar (Forister, 2004), which are assumed to represent 

378 C. muiri and C. g. nelsoni, respectively (Forister, 2005).  Variation in larval performance,

379 however, occurred among hosts (Forister, 2004), questioning the overall contribution of host 

380 preference in incipient speciation.  For example, survival of larvae from wild-caught females 

381 collected on incense cedar in northern California was similar whether fed on cedar, juniper, or 

382 the two species of cypress.  Survival of larvae from females collected on coastal cypress, 

383 however, was low when fed on cedar, as would be predicted, but high when fed on both species 

384 of cypress (also as predicted), but interestingly was the highest when fed on juniper.  Callophrys 

385 muiri is also known to be associated with Juniperus californica farther south in San Luis Obispo 

386 County (Nice & Shapiro, 2001), which complicates an understanding on a possible relation 

387 between larval host and reproductive isolation in the two taxa.

388 In the original description of C. muiri (as Thecla muiri), Edwards (1881) stated that this 

389 species was similar to C. g. nelsoni but differed ventrally in having the postmedian white band 

390 on the forewings placed closer to the wing margin and that hindwings were darker than in C. g. 

391 nelsoni (see Figs. 1I and 1J).  The postmedian white band on ventral hindwings is usually better 

392 developed than in C. g. nelsoni, but this character is variable and intermediate phenotypes are 

393 found (Nice & Shapiro, 2001). The very low COII genetic divergence between C. g. nelsoni 

394 (haplotype A) and C. muiri from coastal mountains in California (haplotypes C and D), d = 

395 0.002–0.004 (Nice & Shapiro, 2001), the lack of divergence in Sierra populations of the two taxa 

396 (as also suggested by the limited COI data), and the relatively minor phenotypic differences 

397 between the two taxa suggest that C. muiri does not warrant full species status and should be 

398 placed as a subspecies of either C. nelsoni—if reinstated to a full species—or C. gryneus.

399

400

401

402
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403 CONCLUSIONS

404

405 Overall, mitochondrial DNA barcodes offered little new insight into the subspecies controversy 

406 in the Callophrys gryneus complex.  Barcode analysis provided support for the subspecies status 

407 of C. g. sweadneri, but left open the question of whether three additional subspecies, C. g. 

408 castalis, C. g. siva, and C. g. nelsoni should be elevated to full species.  Also, similarities in 

409 phenotype and barcodes among western populations question whether C. muiri should be 

410 considered a distinct species.  Additional studies using phylogenomic, morphological and life 

411 history data from a larger data set will be required to confidently resolve these taxonomic 

412 uncertainties in this confusing group of hairstreaks.  Finally, additional phylogenomic studies 

413 also offer promise for understanding the adaptive radiation of the C. gryneus complex in North 

414 America.  The scant information currently available for the subgenus Mitoura places C. 

415 dospassosi from Mexico basal to the sister species C. gryneus and C. hesseli (Zhang et al., 

416 2021).  The similarity of ventral wing surfaces of C. dospassosi and C. g. siva (Clench, 1981), 

417 together with the results of Zhang et al. (2021), suggests a Mexico origin for the ancestor of the 

418 C. gryneus complex, an hypothesis that needs to be tested with a more complete genomic dataset.

419
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618 LEGENDS TO FIGURES

619

620 Figure 1.  Photos of live individuals of Callophrys hesseli, putative subspecies of C. gryneus, 

621 and C. muiri from North America downloaded from the iNaturalist (2023) website (except photo 

622 1G, a pinned BOLD voucher TAMIC846–10) showing variability in ventral wing colour and 

623 maculation.  Permissions to use these copyrighted photos provided by Creative Commons 

624 licensing CC BY 4.0 or CC BY-NC 4.0, unless otherwise noted.  (A) C. hesseli Norfolk County. 

625 MA, (c) Nick Block; (B) C. g. gryneus Ontario, Canada, (c) Samuel Brinker (the two postbasal 

626 marks and postmedian line on ventral hindwing are labelled); (C) C. g. sweadneri Dixie County, 

627 FL, (c) Bart Jones; (D) C. g. castalis  Coryell County, TX, (c) Liam Wolff; (E) C. g. siva  

628 Boulder, CO, (c) Steven Mlodinow; (F) C. g. chalcosiva  Tooele County, UT, (c) Andrey 

629 Zharkikh; (G) C. g. juniperaria  Los Angeles County, CA, (c) CBG Photography Group, Centre 

630 for Biodiversity Genomics  (CC BY-NC-SA 3.0); (H) C. g. mansfieldi  San Luis Obispo County, 

631 CA, (c) gilbertj; (I) C. g. nelsoni  San Diego County, CA, (c) B. J. Stacey; (J) C. muiri  Sonoma 

632 County, CA, (c) icosahedron; (K) C. g. rosneri  British Columbia, Canada, (c) Paul Prappas; (L) 

633 C. g. plicataria Galiano Island, British Columbia, Canada, (c) Andrew Simon.

634

635 Figure 2.  (A) TCS haplotype network of the 658 bp COI barcode segment sourced from BOLD  

636 (n = 69) in populations of Callophrys gryneus (including two sequences labelled C. muiri) from 

637 the USA and southern Canada showing relationships among 19 haplotypes and the five main 

638 haplotype groups (I–V).  Numbers within circles represent the number of individuals with that 

639 haplotype.  Each line segment between haplotypes represents a single mutation. Inferred 

640 intermediate haplotypes that were not sampled are shown as black dots.  Size of the circles is 

641 scaled to haplotype frequency.  Geographical locations of samples are given in the coloured key.  

642 (B) Haplotype network of the 460 bp segment of the mitochondrial COII gene in C. gryneus

643 subspecies mainly from northern California constructed from sequence data given in Nice and 

644 Shapiro (2001) using their haplotype identifications (haplotype G was obtained from Wisconsin).  

645 The key to subspecies is given at right.  Roman numerals indicate corresponding haplotype 

646 groups from the present study.

647
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648 Figure 3.  (A) Neighbour-joining (NJ) tree of the COI data set in populations of Callophrys 

649 gryneus and C. muiri showing clustering of the five main haplotype groups (groups I–V).  The 

650 three outgroup taxa are not shown.  Numbers on the branches are bootstrap support values 

651 obtained using 1000 pseudoreplicates (values <80% not shown).  The scale bar indicates 

652 sequence divergence.  (B) Bayesian 50% majority rule consensus phylogenetic tree of COI 

653 barcode sequences of C. gryneus.  Taxa are labelled with BOLD identification codes, followed 

654 by specific or subspecific epithets and geographic region as they appear in the BOLD record.  

655 For the name C. gryneus, only the three sequences from Tennessee (TN) in group I were 

656 assigned specifically to the nominate subspecies in BOLD; C. gryneus was used at the species 

657 level, without subspecies assignments, for the remainder of the entries.  The name C. barryi is 

658 now considered a junior synonym of C. g. plicataria (Warren, 2005).  Outgroups are C. hesseli 

659 (subgenus Mitoura), and C. johnsoni and C. spinetorum (subgenus Cisincisalia).  Standard 

660 abbreviations are used for USA states; Canadian province abbreviations are B.C. (British 

661 Columbia) and Ont. (Ontario).  Statistical support for clades (posterior probabilities) is shown at 

662 the nodes.  The scale represents expected substitutions per site.

663

664 Figure 4.  Map showing sampling locations for Callophrys gryneus in USA and southern 

665 Canada, as defined by this work.  Roman numerals I to V indicate the five main COI haplotype 

666 groups from Fig. 2A.  Coloured shading represents approximate boundaries of haplotype groups 

667 based on diagnostic nucleotide sites (see Table 3) and inferred from photographs available in 

668 iNaturalist (2023); not shown is the distribution of haplotype group V subspecies C. g. nelsoni in 

669 the higher mountain ranges of coastal southern California.  Coloured dots represent numbers of 

670 barcodes analysed from each locality and are scaled to reflect sample size.
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Table 1.  Species of Callophrys (subgenus Mitoura) and COI haplotype group assignments in C. 

muiri and putative subspecies of C. gryneus.

____________________________________________________          
Species/subspecies                                      Haplotype Group

C. gryneus gryneus (Hübner, [1819])      I

C. g. smilacis (Boisduval & Le Conte, [1835])     ?

C. g. sweadneri (F. Chermock, 1945)     II

C. g. castalis (W.H. Edwards, 1871)     III

C. g. siva (W.H. Edwards, 1874)     IV

C. g. chalcosiva Clench, 1981     IV

C. g. juniperaria (J.A. Comstock, 1925)     IV

C. g. mansfieldi (Tilden, 1951)     IV

C. g. nelsoni (Boisduval, 1869)     V

C. g. plicataria K. Johnson, 1976     V

C. g. rosneri K. Johnson, 1976     V

C. muiri (Hy. Edwards, 1881)     V

C. hesseli (Rawson & Ziegler, 1950)

C. loki (Skinner, 1907)

C. dospassosi Clench, 1981
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             Table 2.  Mean (below the diagonal) and minimum (above the diagonal) pairwise 

p–distances (d) among barcode sequences in haplotype groups of Callophrys gryneus 

(including C. muiri) and the putative sister species C. hesseli.  Within group distances 

are highlighted along the diagonal.

             _____________________________________________________________________
Haplotype             I                  II                 III                   IV                   V            C. hesseli
groupa            (n = 11)        (n = 4)         (n = 5)           (n = 18)           (n = 31)         (n = 3)

       I    0.002    0.005    0.011    0.008    0.009                    0.040
      II    0.006    0.001    0.014    0.009    0.009    0.040
     III    0.013    0.014    0.000    0.003    0.009    0.035
     IV    0.011    0.012    0.004    0.001    0.005    0.032
      V    0.014    0.014    0.013    0.010    0.003    0.036
C. hesseli    0.041    0.040    0.035    0.034    0.040    0.000

a Group assignments: group I, C. g. gryneus; group II, C. g. sweadneri; group III, 

C. g. castalis; group IV, C. g. siva, C. g. chalcosiva,, C. g. juniperaria, C. g. mansfieldi;

group V, C. g. nelsoni, C .g. rosneri, C. g. plicataria (and C. muiri).
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    Table 3.  Apparent fixed nucleotide differences in COI barcodes among 

    haplotype groups of Callophrys gryneus.

_______________________________________________________________
Nucleotide Site

_____________________________ ________________
Haplotype Group         5      81     85   274   340   520    550   589   595  658

 I  (n = 11)   C   C   T   C   C   A    A   C   C   C
   II  (n = 4)   C   C   T   T   C   A    G   C   C   T
  III  (n =5)   T   T   T   T   T   T    A   T   T   C
  IV  (n = 18 )   T   C   T   T   T*   T    A   T   T   C
   V  (n = 31)   T   C   C   T   C   T    A   T   C   C

* One group IV specimen from Texas possessed a "C" at site 340.

A second codon position substitution (site 81) results in an amino acid

change (threonine to isoleucine) in samples from group III.  All other

nucleotide changes (one first position change at site 5, and all others at

the third position) are synonymous substitutions.
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      Table 4.  Pairwise comparisons of ΦST among haplotype groups of Callophrys 

gryneus based on COI sequences (below the diagonal), with corresponding 

P-values (above the diagonal).

 Haplotype

    group

     I 

   (11)     

   II 

      (4)

  III

  (5)

   IV

     (18)

     V

   (31)  

     The number of individuals analysed from each haplotype group is shown in 

      parentheses.  

*All pairwise comparisons of ΦST were significant (bold type) at the 0.05 level.

I    -----   0.009 <0.001 <0.001   <0.001

II   0.721*    -----   0.009 <0.001   <0.001

              III   0.886*   0.977*    ----- <0.001     <0.001

              IV   0.849*   0.891*   0.733*    -----   <0.001

V   0.823*   0.830*   0.829*   0.793*  -----
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