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Abstract

Despite their essential role in the process of chromosome segregation in most
eukaryotes, centromeric histones show remarkable evolutionary lability. Not only have
they been lost in multiple insect lineages, but they have also undergone gene duplication
in multiple plant lineages. Based on detailed study of a handful of model organisms
including Drosophila melanogaster, centromeric histone duplication is considered to be
rare in animals. Using a detailed phylogenomic study, we find that Cid, the centromeric
histone gene, has undergone four independent gene duplications during Drosophila
evolution. We find duplicate Cid genes in D. eugracilis (Cid2), in the montium species
subgroup (Cid3, Cid4) and in the entire Drosophila subgenus (Cid5). We show that Cid3,
Cid4, Cid5 all localize to centromeres in their respective species. Some Cid duplicates
are primarily expressed in the male germline. With rare exceptions, Cid duplicates have
been strictly retained after birth, suggesting that they perform non-redundant
centromeric functions, independent from the ancestral Cid. Indeed, each duplicate
encodes a distinct N-terminal tail, which may provide the basis for distinct protein-
protein interactions. Finally, we show some Cid duplicates evolve under positive
selection whereas others do not. Taken together, our results support the hypothesis that
Drosophila Cid duplicates have subfunctionalized. Thus, these gene duplications provide

an unprecedented opportunity to dissect the multiple roles of centromeric histones.
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Author Summary

Centromeres ensure faithful segregation of DNA throughout eukaryotic life, thus
providing the foundation for genetic inheritance. Paradoxically, centromeric proteins
evolve rapidly despite being essential in many organisms. We have previously proposed
that this rapid evolution is due to genetic conflict in female meiosis in which centromere
alleles of varying strength compete for inclusion in the ovum. According to this
‘centromere drive model’, essential centromeric proteins (like the centromeric histone,
CenH3) must evolve rapidly to counteract driving centromeres, which are associated with
reduced male fertility. A simpler way to allow for the rapid evolution of centromeric
proteins without compromising their essential function would be via gene duplication.
Duplication and specialization of centromeric proteins would allow one paralog to
function as a drive suppressor in the male germline, while allowing the other to carry out
its canonical centromeric role. Here, we present the finding of multiple CenH3 (Cid)
duplications in Drosophila. We identified four instances of Cid duplication followed by
duplicate gene retention in Drosophila. These Cid duplicates were born between 20 and
40 million years ago. This finding more than doubles the number of known CenH3
duplications in animal species and suggests that most Drosophila species encode two or
more Cid paralogs, in contrast to current view that most animal species only encode a
single CenH3 gene. We show that duplicate Cid genes encode proteins that have retained
the ability to localize to centromeres. We present three lines of evidence, which suggest
that the multiple Cid duplications have been retained due to subfunctionalization. Based
on these findings, we propose the novel hypothesis that the multiple functions carried
out by CenH3 proteins, i.e., meiosis, mitosis and gametic inheritance, may be inherently

incompatible with one another when encoded in a single locus.
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Introduction

Centromeres are the chromosomal regions that link DNA to the spindle during cell
division, thus ensuring faithful segregation of genetic material. Proper centromere function is
critical for eukaryotic life. Centromeric defects can result in aneuploidy and cycles of
chromosome breakage [1, 2] with catastrophic consequences for genome stability and fertility.
Despite the fact that centromeres are essential for life, centromere architecture is remarkably
diverse [3]. Centromeric DNA sequences [4-6] and centromeric proteins [7-9] also evolve rapidly
in diverse organisms. This diversity and rapid evolution make it nearly impossible to name a
single defining feature of all centromeres. However, the hallmark of many centromeres is the
presence of a specialized centromeric H3 variant called CenH3 (CENP-A in mammals [10, 11],
Cid in Drosophila [12]). Despite being essential for chromosome segregation in most eukaryotes
[13-15], CenH3 evolves rapidly [7, 16] Thus, paradoxically, proteins and DNA that mediate
chromosome segregation in eukaryotes are less conserved than one would expect given their
participation in an essential process. This rapid evolution despite the expectation of constraint is

referred to as the ‘centromere paradox’ [17].

Genetic conflicts provide one potential explanation for the rapid evolution of centromeric
DNA and proteins. In both animals and plants, the asymmetry of female meiosis provides an
opportunity for centromere alleles to act selfishly to favor their own inclusion in the oocyte and
subsequent passage into offspring rather than the polar body. In female meiosis, centromeric
expansions [18] and differential recruitment of centromeric proteins resulting in centromere
strength variation between homologs [19] may provide the molecular basis of segregation
distortion. In males, however, expanded centromeres and centromere strength variation are
thought to result in reduced fertility [18, 20]. This lower fertility is predicted to drive the evolution
of genetic suppressors of ‘centromere drive’, including alleles of centromeric proteins with
altered DNA-binding affinity. Under this model, centromeric proteins evolve rapidly in order to

mitigate fitness costs associated with ‘centromere drive’ [21].

‘Centromere drive’ and its suppression provide an explanation for the rapid evolution of
both centromeric DNA and centromeric proteins. However, it invokes the relentless, rapid
evolution of essential proteins such as CenH3, whose mutation could be highly deleterious [13-
15, 22]. A simpler way to allow for the rapid evolution of centromeric proteins without

compromising their essential function would be via gene duplication. Duplication and
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specialization of centromeric proteins would allow one paralog to function as a drive suppressor
in the male germline, while allowing the other to carry out its canonical centromeric role. Gene
duplication as a way of separating functions with divergent fithess optimums has been
previously invoked to explain the high frequency of duplicate gene retention, including retention
of testis-expressed gene duplicates that carry out mitochondrial functions [23]. Even though
both somatic and testis mitochondrial functions are similar, they have different fithess maxima,
which may not be simultaneously achievable using the same set of genes. For example, the
most important selective constraint shaping mitochondrial function in sperm may be the
increased production of faster-swimming sperm even at the expense of a higher mutation rate.
A high mitochondrial mutation rate in sperm is mitigated by the fact that sperm mitochondria are
not transmitted to offspring, however such a high mutation rate would be deleterious for somatic
tissues. Gene duplications allow organisms to achieve optimal mitochondrial function
simultaneously in somatic tissues and testes. By the same reasoning, if a single-copy gene is
incapable of achieving the multiple fitness optima that are required for multiple centromeric
functions (e.g., mitosis versus meiosis), gene duplication could allow each duplicate to achieve
optimality for different functions, thereby resolving intralocus conflict [23]. The potential for
functional interrogation of intralocus conflict within CenH3 makes the identification and study of

CenH3 duplications intriguing.

At least five independent gene duplications of CenH3 have been described in plants [24-
30]. In most cases, both protein variants are widely expressed and co-localize at centromeres
during cell divisions [26, 27]. However, in barley, one CenH3 paralog is widely expressed while
the other is only expressed in embryonic and reproductive tissues [29]. In cases that have been
examined closely, CenH3 duplicates are subject to divergent selective pressures (i.e. one
paralog evolves under positive selection but the other does not) [25, 27]. Indeed, CenH3
duplications in Mimulus guttatus have been hypothesized to result from centromere-drive

suppression [25].

Despite this evidence of frequent CenH3 duplication in plants, CenH3 duplications have
been sparsely characterized in animals. So far, only three examples of CenH3 duplications have
been described: in the holocentric nematodes Caenorhabditis elegans and C. remanei [31, 32]
(thought to be independent duplications) and in Bovidae (including cows) [33]. Detailed studies
have only been performed on the CenH3 duplicate in C. elegans, and these have yet to

elucidate a clear function [32]. Similarly, only two of the ten cow CenH3 duplicates have
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69 retained open reading frames and all cow duplicates remain poorly characterized [33]. This
70 dearth of data has led to the suggestion that, owing to their propensity to undergo
71  polyploidization events [34, 35], plants are more likely to retain CenH3 duplications than animals
72 [36].

73

74 An alternative explanation is that our perception is skewed because many systems in
75  which CenH3 has been extensively studied (predominant mammalian systems, such as mice
76  and humans, and model organisms like D. melanogaster) have only one copy of CenH3. To
77  address this possibility, we took advantage of the recent sequencing of high-quality genomes
78  from multiple Drosophila species. These genomes are at a close enough evolutionary distance
79  to allow inferences of gains, losses and selective constraints. Despite there being only one copy
80 of CenH3 in D. melanogaster, we were surprised to find that some Drosophila species had two
81 or more copies of CenH3. This motivated our broader analysis of CenH3 duplication and
82  evolution throughout Drosophila. In total, we find at least four independent Cid duplications over
83  Drosophila evolution. Cytological analyses confirm that these Cid duplicates encode bona fide
84  centromeric proteins, two of which are expressed primarily in the male germline. Based on their
85  retention without loss over long periods of Drosophila evolution, and analysis of their selective
86 constraints, we infer that these duplicates now perform non-redundant centromeric roles,
87 possibly as a result of subfunctionalization. Overall, this suggests that Drosophila species
88 encoding a single CenH3 gene may be in the minority. The sheer number of available
89  Drosophila species and their experimental tractability make Drosophila an ideal system to study
90 the evolution and functional specialization of duplicate Cid genes. Our results suggest the
91 intriguing possibility that CenH3 duplications may allow Drosophila species to better achieve
92  functional optimality of multiple centromeric functions (e.g., mitotic cell division in somatic cells

93  and centromere drive suppression in the male germline) than species encoding a single CenH3

94  gene.
95

96 Results
97

98 Four Cid duplications in the Drosophila genus: ancient retention and recent
99  recombination

100

101 Although their N-terminal tails are highly divergent, CenH3 histone fold domains (HFD,
102 ~100 aa) are highly conserved and recognizably related to canonical H3 [37, 38]. Thus,
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103  sequence similarity searches based on either CenH3 or even canonical H3 HFDs are sufficient
104 to identify putative CenH3 homologs in fully sequenced genomes; inability to find homologous
105 genes can be indicative of true absence [39]. To identify all CenH3 homologs in Drosophila, we
106  performed a tBLASTn search using both the canonical H3 and the D. melanogaster CenH3
107  (Cid) HFD as a query against 22 sequenced Drosophila genomes, as well as genomes from two
108 additional dipteran species. We recorded each Cid gene “hit” as well as its syntenic locus in
109  each species (Fig 1A, Table S1). Consistent with previous studies, we found no additional Cid
110 genes in the D. melanogaster genome or in closely related species of the melanogaster species
111  subgroup. In addition, we found that orthologs of the Cid gene in D. melanogaster have been
112  preserved in their shared syntenic location in each of the Drosophila species we examined,
113  except in D. eugracilis where it has clearly pseudogenized (Fig S1). We also found Cid
114  orthologs in the shared syntenic context in a basal Drosophila species, D. busckii, as well as
115 Phortica variegate, which belongs to an outgroup sister clade of Drosophila. Based on these
116 findings, we conclude that an ortholog of D. melanogaster Cidl was present in the common
117  ancestor of Drosophila in the shared syntenic location. We denote this orthologous set of genes
118 in this shared syntenic location as Cid1l.

119

120 Our analysis also identified four previously undescribed Cid duplications in Drosophila
121  (Fig 1A). The first of these was in D. eugracilis, which has a pseudogene at the ancestral Cidl
122 shared syntenic location but also encodes a full-length Cid gene in a new syntenic location (Fig
123 1A, S1). We refer to this gene as Cid2. We sequenced an additional 8 strains of D. eugracilis to
124  see if there were any cases of dual retention of both Cid1 and Cid2 in this species (Data S1). In
125 all cases, we found that Cid1 orthologs were pseudogenized; they all contained a two base pair
126  deletion leading to a frame shift after the first nine amino acids and a stop codon after 12 amino
127  acids. D. eugracilis represents a unique case wherein the ancestral Cid1l was lost and replaced
128 by a recent duplicate, Cid2. Based on additional sequencing (below) it remains the only case of
129  Cidl loss described in Drosophila.

130

131 In addition to the Cid duplicate in D. eugracilis, we found two new Cid paralogs in D.
132 kikkawai, which belongs to the montium subgroup of Drosophila. Thus, D. kikkawai encodes
133  three CenH3 genes: the ancestral Cidl, as well as Cid3 and Cid4 (Fig 1A). Cid3 is located in
134  close proximity to the original Cid1l gene, whereas Cid4 is present at a distinct syntenic location.
135 Cidl, Cid3 and Cid4 are quite different from one another at the sequence level. Their N-terminal

136 tails only share ~25% amino acid identity, whereas pairwise amino acid identity of their HFD
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137  ranges from 80% (Cidl and Cid3) to 55% (Cid3 and Cid4) to 45% (Cid1 and Cid4). To study the
138 age and evolutionary retention of these Cid paralogs, we sequenced these three syntenic loci
139 from 16 additional species of the montium subgroup, for which no genomic sequences are
140  publically available. We found that Cid1, Cid3 and Cid4 have been almost completely preserved
141 in the montium subgroup (Fig 1B) with one exception: the Cid3 ortholog is pseudogenized in D.
142  mayri (Fig 1B, S2). Due to the lack of a complete genome sequence, we cannot rule out the
143  possibility that D. mayri encodes a Cid3-like gene elsewhere in its genome. Based on these
144  findings, we conclude that Cid3 and Cid4 were born from duplication events in the common
145  ancestor of the montium subgroup at least 15 million years ago [40].

146

147 The fourth Cid duplication was found in the three species of the Drosophila subgenus: D.
148  virilis, D. mojavensis and D. grimshawi (Fig 1A, ‘Additional Cid genes’ column). Each of these
149  species encodes Cidl and Cid5, which have an average pairwise amino acid identity of 60% in
150  the HFD but only 15% in the N-terminal tail. To investigate the age and evolutionary retention of
151 Cidl and Cid5, we sequenced both genes from an additional 11 species from the virilis species
152  group. We found that both Cid1l and Cid5 have been completely preserved (Fig 1C). Thus, we
153  conclude that Cid5 was born in the common ancestor of Drosophila subgenus at least 40 million
154  years ago [40].

155

156 To more rigorously test the paralogy and age of the Cid duplicates, we performed
157  phylogenetic analyses (Fig 2). The N-terminal tails of all the Cid proteins were too divergent to
158 be aligned, so we built a codon-based DNA alignment of the HFD of all Drosophila Cid genes,
159 including Cidl orthologs sequenced in a previous survey [41] (for untrimmed sequences see
160 Data S2, for alignment see Data S3). We then used maximum likelihood (Fig 2) and neighbor-
161 joining (Fig S3) analyses to construct a phylogenetic tree based on this alignment. We were
162  able to draw the same conclusions from both trees except for one major difference, which we
163 discuss below. Both phylogenetic analyses were in agreement with expected branching
164  topology of the Drosophila species [40] and concurred with our analyses of shared synteny (Fig
165 1A). For instance, D. eugracilis Cid2 (clade A, orange branch) grouped with Cid1l genes of the
166  melanogaster group with high confidence. Its closest phylogenetic neighbor was the Cidl
167  pseudogene from D. eugracilis, supporting Cid2’s species-specific origin in a recent ancestor of
168 D. eugracilis. We also found that the Cidl and Cid5 genes of the Drosophila subgenus form
169  monophyletic sister clades (clade D is sister to clade E, Fig 2 and S3). We found that D. busckii

170 and D. albomicans encode Cidl genes (clade E), based on phylogeny and shared synteny.
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171 However, whereas D. albomicans also encodes Cid5, D. busckii does not (clade D). The
172  phylogenetic resolution between Cidl and Cid5 clades is strong enough to suggest that the
173  Cid5 duplication may have predated the split between D. busckii and other members of the
174  Drosophila subgenus, but that Cid5 was subsequently lost in D. busckii.

175

176 We also found that the Cid4 genes from the montium subgroup form a monophyletic
177  clade (Fig 2, clade B) that forms sister clade to the montium subgroup Cidl and Cid3 genes
178 (clade C). The melanogaster subgroup Cidl genes (clade A) formed an outgroup to montium
179  subgroup genes Cidl, Cid3 and Cid4 (clade A is an outgroup to clade B and C). This was the
180 only major difference in branching topology between the maximum likelihood and neighbor-
181 joining analyses; the latter (Fig. S3) placed the Cid4 genes from the montium subgroup (clade
182 B) as a sister lineage to the melanogaster subgroup Cidl clade (clade A). Since Cidl is
183  expected to be the ancestral gene in both subgroups, we favor the tree topology suggested by
184 the maximum likelihood analysis. Both analyses reveal an unexpected intermingling of the
185  montium subgroup Cid1/Cid3 genes into a single clade (Fig 2 & S3, clade C). This intermingled
186  phylogenetic pattern could be the result of multiple, independent duplications of Cid3 from Cidl
187 in the montium subgroup. Alternatively, this pattern could reflect the effects of recurrent gene
188  conversion, in which at least the HFD regions of Cidl and Cid3 were homogenized by
189  recombination.

190

191 Gene conversion between Cidl and Cid3 could be facilitated by the close proximity of
192  their genomic locations (see Fig 1A, ‘Cid1 locus’ column), since frequency of gene conversion is
193 inversely proportional to the distance between recombining sequences [42]. We used GARD
194  (Genetic Analysis for Recombination Detection) analyses [43] to formally test for recombination
195  between Cidl and Cid3 from the montium subgroup. Consistent with our hypothesis of gene
196 conversion, we found strong evidence for recombination between Cidl and Cid3 (p = 0.0002)
197  but not between Cidl and Cid4. The predicted recombination breakpoint is at the transition
198  between the N-terminal tail and HFD domains (Fig 3A). Indeed, when we made a maximum
199 likelihood tree from segment 1 alone (consisting primarily of the N-terminal tail), Cid1 and Cid3
200 formed the expected monophyletic clades distinct from each other (Fig 3B). However, when we
201 made a maximum likelihood tree of the HFD, we found evidence for at least three specific
202 instances of gene conversion (Fig 3C, recombination highlighted by asterisks). The HFD is
203 important for Cid’s interaction with other nucleosome proteins as well as for centromere

204 targeting [44-46]. We speculate that such a recombination pattern allows Cidl and Cid3 to
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205  perform distinct functions due to their divergent N-terminal tails whereas the homogenization of
206 the HFD ensures that both proteins retain function and localization to the centromeric
207  nucleosome. This pattern of ancient divergence followed by recurrent gene conversion may also
208  partially explain the discrepant phylogenetic position of the Cid1/Cid3 clade from the montium
209  subgroup relative to the Cid4 clade from the same subgroup (compare Fig 2 to Fig S3).

210

211 Drosophila Cid paralogs localize to centromeres

212

213 There are three possible outcomes following a functional gene duplication event:
214  subfunctionalization, neofunctionalization and redundant functions, which often leads to the loss
215  of one paralog. Because we observe the co-retention of most Cid duplicates for millions of years
216  (with the exception of Cidl loss in D. eugracilis and Cid3 loss in D. mayri), it is unlikely that
217 duplicate Cid genes have been retained for redundant functions. We therefore wanted to
218  distinguish between the possibilities of subfunctionalization and neofunctionalization for
219  duplicate Cid genes.

220

221 It is not unprecedented that a histone variant paralog might develop a new function. For
222 example, in mammals, the H2B variant SubH2Bv acquired a non-nuclear role in acrosome
223  development in sperm [47]. To assess the possibility that the Cid paralogs may have acquired a
224  non-centromeric role (i.e., have become neofunctionalized), we turned to cell biological
225 analyses to determine their localization. Previous studies showed that Cid1 orthologs (including
226  those from D. kikkawai and D. virilis) can fail to localize to D. melanogaster centromeres, due to
227 changes at the interface between Cidl and its chaperone protein CAL1 [48]. We therefore

228 decided to test the localization of selected Cid paralogs in tissue culture cells from the same

229  species.
230
231 Among all montium subgroup species that contain Cidl, Cid3 and Cid4, cell lines were

232  available only from D. auraria (cell line ML83-68, DGRC). We cloned the Cidl, Cid3 and Cid4
233 genes from D. auraria and tagged each with an N-terminal Venus tag to aid in visualization. We
234  then transfected these constructs individually into D. auraria cells. We found that each Venus-
235 Cid paralog localized in a similar manner, in punctate foci in a DAPI-intense region of the cells
236  (Fig 4A). This pattern is highly characteristic of centromere localization [49]. To confirm this, we
237  co-stained the cells with an antibody against CENP-C, a constitutively centromeric protein.

238  Since no D. auraria-specific CENP-C antibodies were available, we first confirmed that the D.

10
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239  melanogaster CENP-C antibody appropriately marked centromeres in D. auraria. Indeed, the D.
240  melanogaster CENP-C antibody recognized foci at the primary constriction of D. auraria
241 metaphase chromosomes (Fig S4). Moreover, we found that Venus-Cidl, Venus-Cid3 and
242  Venus-Cid4 all co-localized with CENP-C in this cell line (Fig 4A). Based on this, we conclude
243  that all the D. auraria Cid paralogs localize to centromeres.

244

245 We similarly tested the localization of D. virilis Cid1 and Cid5 in a D. virilis cell line (WR
246  Dv-1). Unfortunately, the antibody raised against D. melanogaster CENP-C did not recognize D.
247  virilis centromeres likely due to the high divergence between the CENP-C orthologs from the
248  two species. We therefore co-transfected Venus-Cidl and FLAG-Cid5. We found that Cid1 and
249  Cid5 co-localize at nuclear foci, in a staining pattern that is typical of centromeric localization
250  (Fig 4B). Together, these results do not support the hypothesis that the simultaneous retention
251  of multiple Drosophila Cid paralogs is due to non-centromeric function. Moreover, they suggest
252  that despite their divergence, all Cid duplicates retain the ability to be recognized and deposited
253  at centromeres by the existing CAL1-dependent machinery. Alternatively, Cid paralog proteins
254  might achieve centromeric co-localization by forming heterodimers with Cidl. Based on these
255  findings, we next investigated the possibility that subfunctionalization led to the simultaneous

256  retention of all Cid paralogs by looking at tissue-specific expression.

257

258  Testis restricted expression of Cid3 and Cid5

259

260 One means by which subfunctionalization can occur is by tissue-specific expression [50,

261  51]. Duplicate genes could retain different subsets of promoter and enhancer elements from
262  their parent gene, requiring both genes’ expression to fully recapitulate parental gene
263  expression [52]. We therefore wondered whether any of the Cid duplicates showed tissue-
264  specific expression. We expected that at least one Cid paralog in each species must have
265  maintained mitotic function and would therefore be widely expressed in somatic tissues. To test
266 this, we first looked for expression of Cid paralogs in D. auraria and D. virilis tissue culture cell
267 lines, which are derived from embryonic and larval tissues, respectively. We extracted RNA
268  from both cell lines and performed RT-PCR. After 30 cycles of PCR, we detected a faint Cidl
269  band in addition to a robust Cid4 band in the D. auraria cell line (Fig 5A). In the D. virilis cell line,
270  we detected expression of Cid1 but not Cid5 after 30 cycles of PCRs (Fig 5B). We did not detect
271  Cid3 (D. auraria) or Cid5 (D. virilis) in this assay, which suggests that both genes are either not

272  expressed or are expressed at low levels in tissue culture cells. From this analysis, we predict

11
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273 that Cid4 (and possibly Cidl) performs somatic Cid function in D. auraria (i.e., mitotic cell
274  divisions for growth) and that Cid1 performs somatic Cid function in D. virilis.

275

276 To further explore tissue specific expression, we performed RT-qPCR on dissected male
277 and female D. virilis and D. auraria flies (whole fly, head, testes/ovaries, carcass). We
278  performed the same analysis for D. melanogaster, which only encodes a single Cidl gene, for
279  comparison. In D. melanogaster, we found that Cid1 expression is highest in testes and ovaries
280 and is relatively low in head and carcass (Fig S5A). This is not surprising since testes and
281 ovaries contain higher numbers of actively dividing cells than the head and the carcass.
282  Similarly, in D. auraria and D. virilis, we found low expression of Cid paralogs in the head and
283  the carcass of male and female flies (Fig S5B, S5C). Interestingly, we found that the expression
284  of Cid3 in D. auraria and Cid5 in D. virilis was restricted to the male germline (Fig 5C, 5D). We
285 also found that Cidl and Cid4 in D. auraria as well as Cid1 in D. virilis are expressed in both
286 testes and ovaries.

287

288 We wanted to extend our expression analyses of the Cid paralogs to other species
289  containing duplicate Cid genes. We performed RT-gPCR on two additional montium subgroup
290 species (D. kikkawai and D. rufa) and on two additional Drosophila subgenus species (D.
291 montana and D. mojavensis). In all cases, Cid3 or Cid5 expression was detected in testes but
292  not in ovaries. Cidl and Cid4 expression patterns were similar across species too, with the
293  exception of Cidl in D. rufa, which expressed at very low levels in ovaries (Fig 5C, 5D, S4B,
294  S40).

295

296 Our findings are consistent with the hypothesis of tissue-specific specialization of the Cid
297  paralogs in both the montium subgroup and the virilis group. These results also suggest that
298 Cid3 and Cid5 were retained to perform a testis-specific function. In contrast, the other Cid
299  paralogs are expressed in both somatic and germline tissues. However, these analyses lack the
300 cellular resolution necessary to conclude whether the expression patterns are mutually
301 exclusive or overlapping in tissues where multiple Cids are expressed. Moreover, in the
302  montium subgroup, Cid4 is expressed broadly in a pattern similar to D. melanogaster Cidl, and
303 itis the primary Cid duplicate expressed in somatic cells. This suggests that Cid4, and not Cid1,
304  performs canonical Cid function in montium subgroup species.

305
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306 Differential retention of N-terminal tail motifs and the evolution of new motifs following
307  Cid duplication

308

309 Given their sequence divergence and different expression patterns, it seems likely that
310 Cid paralogs may have subfunctionalized to perform distinct functions. Unlike the structural
311 constraints that shape the HFD, the N-terminal tail of Cid is highly variable in length and
312 sequence. We speculated that analyses of selective constraint in the N-terminal tail might
313  present an additional opportunity to determine if subfunctionalization had occurred among the
314 Cid paralogs. Although the specific function of the N-terminal tail has yet to be elucidated for
315 Drosophila Cid, studies in humans and fission yeast have shown that the N-terminal tail is
316 important for recruitment and stabilization of inner kinetochore proteins [22, 53, 54].
317 Furthermore, post-translational modifications of the N-terminal tail have been shown to be
318 important for CENP-A mitotic function [55] and for facilitating interaction between two CENP-A
319  molecules [56].

320

321 Conserved motifs provide an avenue to evaluate differential selective constraint in the N-
322  terminal tail of different Drosophila Cid paralogs [57]. Motifs are regions of high similarity among
323  protein sequences. They represent putative sites of protein-protein interaction and post-
324  translational modification. We reasoned that we might be able to use the presence of certain N-
325 terminal tail motifs as a proxy for various functional domains. We therefore used the motif
326  generator algorithm, MEME [58], to identify conserved motifs in the N-terminal tail from six
327  different groups of Drosophila Cid proteins: melanogaster group Cidl (single copy genes only),
328  montium subgroup Cidl, montium subgroup Cid3, montium subgroup Cid4, virilis group Cid1,
329  and virilis group Cid5 (Fig S6). We then used the motif search algorithm, MAST [59], to search
330 for each motif in all Cid proteins. In total we found 10 unique motifs (Fig S6). Finally, we overlaid
331  our motif analysis with the Drosophila species tree to gain insight into the evolution of N-terminal
332  tail motifs (Fig 6A).

333

334 From this analysis we can make several interesting conclusions. First, motifs 1-4 (Fig
335  6B) are conserved in every Cidl protein when it is the only copy encoded in the genome. These
336  motifs correspond nicely to the motifs we previously identified in the melanogaster group using
337 Block Maker [41]. Although their function remains largely uncharacterized, motif 4 has been
338  shown to be involved in recruitment of mitotic checkpoint protein, BubR1 [60] . Motif 4 could also

339 play a role in histone-DNA interaction because it is located in the region where the N-terminal
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340 tail exits the nucleosome and passes between the two strands of DNA [45]. Motif 4 is the only
341 motif present in all Cid paralogs, which suggests that it performs a general function among all
342  Cids. Given their retention in all single copy Cid-containing Drosophila species, we consider
343  motifs 1 — 4 to be the “core” Cidl motifs (Fig 6B) and speculate that all are required for Cidl
344  function when it is the only centromeric histone protein. Indeed, all Drosophila species contain
345  all of these motifs amongst their various Cid paralogs.

346

347 Next, we observed that some Cid paralogs had evolved and retained ‘new’ N-terminal
348 tail motifs (Fig 6C). We identified three motifs that evolved in Cid paralogs from the montium
349  subgroup; motifs 5 and 6 are found in Cid1l whereas motif 7 is found in Cid4. One might interpret
350 the invention of additional N-terminal tail motifs as evidence of neofunctionalization, e.g. by
351 invention and retention of novel protein-protein interactions. We also found that ‘ancestral’
352  motifs 1-3 appear to have been frequently lost from Cid1l and Cid3 whereas they are completely
353  preserved in Cid4 (Fig 6A, dotted lines indicate motif is absent from ~50% of queried species).
354  Intriguingly, some Cidl and Cid3 orthologs in the montium subgroup appear to have
355  differentially retained motifs 1-3; Cid1l has motif 3 and Cid3 has motifs 1 and 2. This differential
356 retention of an ancestrally conserved subset of core motifs is suggestive of subfunctionalization
357  [567]. Furthermore, our findings support the hypothesis that in the montium subgroup, it is the
358 Cid4 paralog rather than the ancestral Cidl, which performs the canonical functions of
359  centromeric histones carried out by Cid1 in other species, because Cid4 contains all core motifs
360  but montium subgroup Cidl does not. This would also be consistent with our expression
361 analyses, in which Cid4 expresses more robustly than Cidl in somatic cells (Fig 5A).

362

363 This pattern of new motif evolution and ancient motif degeneration is also evident in the
364 Cid paralogs from the virilis group. In this group of species, the Cidl paralog has retained the
365  core set of motifs 1-4 but added motif 8. In contrast, Cid5 paralogs have added motifs 9 and10
366  but lost core motifs 1 and 3. We therefore conclude that the tissue-specific pattern of expression
367 and the differential retention of N-terminal motifs support a general model of
368  subfunctionalization, but that some paralogs may have acquired novel protein-protein interaction
369  motifs perhaps to optimize for new, specialized centromeric functions.

370

371 Different evolutionary forces act on different Cid duplicates

372
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373 Tissue specific expression of some Cid paralogs and differential retention of N-terminal
374  tail motifs supports the hypothesis that Cid paralogs may have subfunctionalized. We therefore
375 considered the possibility that duplicate Cid genes were retained to allow optimization for
376  divergent functions. In the melanogaster group, Cidl (a single copy Cid gene) has been shown
377  to evolve rapidly [7], perhaps due to its interaction with rapidly evolving centromeric DNA and
378  the need for drive suppressors in male meiosis [17]. While this rapid evolution might be required
379 for the ‘drive suppressor’ function, it may be disadvantageous for canonical Cid function (e.g.,
380 mitosis). As a result, selection may act differently on Cid in the male germline than on somatic
381 or ovary-expressed Cid. For instance, some Cid paralogs (e.g., those that are expressed
382  primarily in the male germline and may suppress centromere-drive) might evolve under positive
383  selection while others would not.

384

385 We used maximum likelihood methods using the PAML suite to test for positive selection
386 on each of the Cid paralogs. For montium subgroup Cid1 and Cid3, we performed each analysis
387  separately on GARD segment 1 and 2 (Fig 3). For all other Cid genes we performed PAML
388 analyses on full-length alignments (Data S4, Data S5). Consistent with our prediction, we found
389 that some, but not all, Cid paralogs evolve under positive selection (Fig 7A). For example,
390 PAML analyses reveal that Cid3 segment 1 evolved under positive selection (Table S2, p =
391 0.01). However, we did not find evidence that Cid5, another male germline-restricted paralog,
392  evolves under positive selection. We note, however, that we were unable to unambiguously
393 align a highly variable proline-rich segment in Cid5’s N-terminal tail and excluded this segment
394 from our analyses (Fig 7B). If positive selection was occurring in this region, we would be
395 unable to detect it. We also found that Cid4 evolved under positive selection but montium
396  subgroup Cidl and Cid3 segment 2, and virilis group Cid1, did not (Fig 7A, Table S2).

397

398 For those genes that PAML identified as having evolved under positive selection (Cid3
399 segment 1 and Cid4), Bayes Empirical Bayes analyses identified one amino acid in Cid3 and
400 one amino acid in Cid4 as having evolved under positive selection with a high posterior
401  probability (>0.95). In Cid3, the positively selected site is adjacent to the aN-helix. In Cid4, the
402  positively selected site is in loop 1 of the HFD (Fig 7C, Table S2). Interestingly, these are both
403 places where Cid is predicted to contact centromeric DNA [45]. These results are consistent
404  with the hypothesis that both Cid3 and Cid4 are engaged in a genetic conflict involving
405  centromeric DNA.

406
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407 We next used the McDonald-Kreitman (MK) test to look for positive selection in each of
408 the Cid paralogs. While PAML detects positive selection occurring recurrently at selected amino
409  acid residues across deep evolutionary time, the MK test detects more recent positive selection
410 distributed over entire genes or protein domains. For the montium subgroup, we sequenced and
411 compared Cidl, Cid3 and Cid4 paralogs from 26 strains of D. auraria and 10 strains of D. rufa.
412  For virilis group Cids, we sequenced Cidl and Cid5 paralogs from 10 strains of D. virilis and 21
413  strains of D. montana (Data S6, Data S7). We found an excess of non-synonymous fixed
414  differences between D. auraria and D. rufa Cidl and Cid3, suggesting that both genes evolve
415  under positive selection (Fig 7A, Table S3). Parsing the signal by performing the MK test on just
416 the N-terminal tail or just the HFD domain revealed that Cidl and Cid3 HFD domains evolve
417  under positive selection (Table S3). However, we did not find evidence for positive selection in
418 the N-terminal tails. Most of the non-synonymous fixed differences occur in Loopl, which is
419  predicted to contact centromeric DNA [45]. Interestingly, even though PAML analyses detected
420  ancient recurrent positive selection in montium group Cid4, we found no evidence for more
421 recent positive selection since the D. auraria-D. rufa divergence using the MK test (p=0.08,
422  Neutrality Index = 2.71). We also found no evidence of positive selection having acted on virilis
423  group Cidl or Cid5 using the MK test (Fig 7A, Table S3).

424

425 To summarize our positive selection analyses, we found that Cid3 has experienced both
426 ancient and recent positive selection in protein domains predicted to contact centromeric DNA.
427  Cid4 also has also experienced ancient, recurrent positive selection at putative DNA-contacting
428  sites, but we found no evidence of recent positive selection in a MK test comparison. This could
429  suggest that Cid4 was either relieved of its role in such conflict or that the MK test lacks the
430 power to detect selection acting on only a few residues. Similarly, although PAML analyses
431 failed to identify a pattern of ancient, recurrent positive selection, the MK test did reveal positive
432  selection for montium subgroup Cidl while comparing the entire HFD. In contrast, we did not
433  find evidence for positive selection having acted on Cidl and Cid5 in the virilis group by either
434  test.

435

436 Discussion

437

438 The prevailing model that centromeric histones are encoded by single copy genes likely

439  stems from the fact that model organisms like D. melanogaster have only one copy [12]. Our

440 investigation into Cid duplications in Drosophila has more than doubled the number of known
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441 CenH3 duplications in animals. Based on our detailed analysis of two subgenera (Drosophila
442  and Sophophora), we predict that over one thousand Drosophila species encode two or more
443  CenH3 (Cid) genes [61]. We further conclude that D. melanogaster and other Drosophila
444  species that have only one Cid are the minority; most Drosophila species have multiple Cid
445  paralogs.

446

447 The availability of many high-quality sequenced genomes as well as the comprehensive
448  understanding of phylogenetic relatedness between species make Drosophila an ideal system
449  to study gene duplication and evolution. This facilitated our discovery of four ancient Cid
450  duplications in Drosophila. We found that while Cid1 (previously known as just ‘Cid’) is consrved
451 inits shared syntenic location in all species examined except one, many species encode one or
452  two additional Cid genes. The species of the montium subgroup, including D. kikkawai, have
453  three Cid genes (Cidl, Cid3 and Cid4), which were born from a duplication event ~15 million
454  years ago. The species of the virilis group, as well as D. mojavensis and D. grimshawi (repleta
455  and Hawaiian groups, respectively), have two Cid genes (Cid1l and Cid5), which were born from
456  a duplication event ~40 million years ago. These Cid duplications have been almost completely
457  preserved in extant species. Despite the fact Cid paralogs are divergent from one another at the
458 sequence level, all paralogs have the ability to localize to centromeres when expressed in tissue
459  culture cells.

460

461 Our phylogenetic analyses support our synteny-based conclusions, and reveal recurrent
462  recombination between Cidl and Cid3 in montium subgroup species. This is the first reported
463 case of recombination between CenH3 paralogs. Our results suggest that this recombination
464  results in evolutionary homogenization of the histone fold domain between Cid1 and Cid3, while
465 the N-terminal tails of Cid1l and Cid3 appear to be evolving independently, perhaps maintaining
466 divergent functions. This recombination could be the genetic mechanism by which Cidl and
467  Cid3 maintain function in the centromeric nucleosome via near-identical HFDs despite having
468 divergent N-terminal tails, which facilitates distinct interactions. This pattern of gene conversion
469 s akin to patterns of recombination seen for paralogous mammalian antiviral proteins, IFIT1 and
470 IFIT1B, in which gene conversion homogenizes the N-terminal oligomerization domain but not
471 the divergent C-terminus, which allows IFIT1 and IFIT1B proteins to have distinct anti-viral
472  specificities [62].

473
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474 What is the evidence that Cid paralogs have distinct functions? The strongest evidence
475 s that they have been co-retained in both the montium subgroup and the virilis/repleta/Hawaiian
476  radiation for tens of millions of years. If they performed redundant functions, we predict that one
477  of the paralogs would be lost over this time frame considering the high rate of DNA deletion in
478  Drosophila [63]. Indeed, we observed only two instances of Cid duplication followed by
479  pseudogenization (Cid3 pseudogene in D. mayri and Cidl pseudogene in D. eugracilis) and
480 inferred the possible loss of Cid5 (in D. busckii). Our finding that Cid3 and Cid5 are expressed
481 primarily in the male germline also supports our subfunctionalization hypothesis. Finally,
482  differential retention of N-terminal tail motifs and different selective pressures on different Cid
483  genes further supports the idea that these Cid paralogs do not have redundant roles.

484

485 Interestingly, our expression and motif analyses strongly suggest that Cid4 has taken
486  over the primary function of somatic centromeric histone function in montium subgroup species.
487  Cid4 is the primary Cid gene expressed in D. auraria tissue culture cells and is the only Cid
488 paralog in this species that contains all four of the ‘core’ N-terminal tail motifs. In contrast, the
489  ‘ancestral’ Cidl is expressed at lower levels than Cid4, Cid3 is primarily expressed in the male
490 germline, and neither Cid1l nor Cid3 contain all four ‘core’ motifs. This finding has implications
491  for future experiments taking an evolutionary approach to study Cid function. The correct Cid
492  paralog for such studies must be chosen carefully. Further functional experimentation, such as

493  creating genetic knockouts, will be required to determine the specific function of each Cid

494  paralog.
495
496 We propose that in species with a single-copy Cid gene, the same protein must perform

497  multiple functions including mitotic cell division in somatic tissues and drive suppression in the
498 male germline. These functions might require different selective pressures to achieve functional
499  optimality. For example, we have previously proposed that drive suppression results in rapid
500 evolution of Cid to co-evolve with rapidly evolving centromeric DNA [17] whereas mitotic
501 function might impose purifying selection on Cid, minimizing changes in amino acid sequence.
502  Therefore, it could be advantageous to have two copies of Cid such that each encodes a
503 separate function. Our results suggest that Cid3 and Cid5 are candidate drive suppressors
504 given their male germline-restricted expression. Consistent with this prediction, we detected
505 evidence for positive selection in Cid3. In contrast, we did not find evidence that Cid5 evolves

506 under positive selection. This leaves open the possibility that Cid5 performs an alternative,
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507 centromeric, male germline function independent of potential centromere-drive suppression in
508 meiosis.

509

510 If it is advantageous to have multiple Cid paralogs, why don’t more animal species
511 possess more than one gene encoding centromeric histones? We hypothesize that retention of
512  duplicate Cid genes requires a defined series of evolutionary events and that the cadence of the
513 mutations determines the ultimate fate of the duplicated genes [64]. First, the duplication must
514 not be instantaneously harmful; gene expression must be carefully controlled, as Cid
515 overexpression or expression at the wrong time during the cell cycle can be catastrophic [65,
516 66]. Even though other kinetochore proteins might limit Cid incorporation into ectopic sites [67],
517 a duplicate Cid gene that acquired a strong or constitutive promoter would almost certainly be
518 detrimental. Furthermore, in order for a duplicate Cid gene to be retained, a series of
519  subfunctionalizing mutations must occur (before pseudogenization of either paralog) such that
520  both paralogs are required for complete Cid function. This model, known as duplication-
521 degeneration-complementation [51], most often refers to mutations in the promoters of duplicate
522  genes. However, the same principle could be applied to mutations in coding regions. Since it is
523  easier to introduce a mutation that results in a non-functional Cid gene than a subfunctionalized
524 Cid, most Cid duplicates probably succumb to pseudogenization early in their evolutionary
525 history and, in Drosophila, are quickly lost from the genome [68].

526

527 The existence of Cid duplications in genetically tractable organisms provides an
528  opportunity to study the multiple functions of a gene that is essential when present in a single
529  copy. While we know a lot about the role of Cid in mitosis, its roles in meiosis [69] and
530 inheritance of centromere identity through the germline [70] are less well-characterized.
531  Studying subfunctionalized Cid paralogs may allow for detailed analysis of these
532  underappreciated Cid functions without the risk of disrupting essential mitotic functions. Future
533 functional studies can now leverage the insight provided by duplicate Cid genes, where
534 evolution and natural selection may have already carried out a ‘separation of function’
535  experiment.

536

537 Materials and Methods

538

539 Drosophila species and strains
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540 Flies were obtained from the Drosophila Species Stock Center at UC-San Diego
541  (https://stockcenter.ucsd.edu) and from the Drosophila Stocks of Ehime University in Kyoto,
542  Japan (https://kyotofly.kit.jp/cgi-bin/ehime/index.cgi). For a complete list of species and strains
543  used in this study, see Table S4.

544

545 Identification of Cid orthologs and paralogs in sequenced genomes

546 Drosophila Cid genes were identified in previously sequenced genomes using both D.
547 melanogaster Cidl and H3 histone fold domain to query the non-redundant database using
548 tBLASTn [71] implemented in Flybase [72] or NCBI genome databases. Since Cid is encoded
549 by a single exon in Drosophila, we took the entire open reading frame for each Cid gene hit. For
550 annotated genomes, we recorded the syntenic locus (3-prime and 5-prime neighbor genes) of
551 each Cid gene hit as indicated by the Flybase genome browser track. For genomes that were
552  sequenced but not annotated (D. eugracilis, D. takahashii, D. ficusphila, D. kikkawai and P.
553  variegata), we used the 3-prime and 5-prime nucleotide sequences flanking the putative Cid
554  open reading frame as a query to the D. melanogaster genome using BLASTn. We annotated
555 the syntenic locus according to these D. melanogaster matches. Each Cid gene was named
556 according to its shared syntenic location. It is worth noting that the Flybase gene prediction for
557  D. virilis Cid5 (GJ21033) includes a predicted intron but we found no evidence that Cid5 was
558 spliced in any tissue (data not shown). The results of all BLAST searches are summarized in
559 Table S1.

560

561 Identification of Cid orthologs and paralogs in non-sequenced genomes

562  Approximately 10 whole (5 male, 5 female) flies were ground in DNA extraction buffer (10mM
563  Tris pH 7.5, 10mM EDTA, 100mM NacCl, 0.5% SDS) with Proteinase K (New England Biolabs).
564  Ground flies were incubated for 2 hrs at 55°C. DNA was extracted using phenol-chloroform
565 (Thermo Fisher Scientific) according to the manufacturers instructions. Primers were designed
566 to amplify each Cid paralog based on regions of homology in neighboring genes or intergenic
567 regions. Only Cid paralogs that were predicted to be present in the species based on related
568 species sequenced genomes were amplified. Al PCRs were performed using Phusion DNA
569 Polymerase (New England Biolabs). Appropriately sized amplicons were gel isolated and cloned
570 into the cloning/sequencing vector pCR-Blunt (Thermo Fisher Scientific) and Sanger sequenced
571  with M13F and M13R primers plus additional primers as needed to obtain sufficient coverage of

572  the locus. A complete list of primers used in this study can be found in Table S5. A list of primer
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573  pairs used to amplify Cid paralogs in non-sequenced genomes can be found in Table S6. A list
574  of Genbank accession numbers can be found in Table S4

575

576  Phylogenetic analyses

577  Cid sequences were aligned using the ClustalW [73] ‘translation align’ function in the Geneious
578  software package (version 6) [74]. Alignments were further refined manually, including removal
579  of gaps and poorly aligned regions. Maximum likelihood phylogenetic trees of Cid nucleotide
580 sequences were generated using the HKY85 substitution model in PhyML, implemented in
581 Geneious, using 1000 bootstrap replicates for statistical support. Neighbor-joining trees
582  correcting for multiple substitutions were generated using CLUSTALX [73]. We used the GARD
583  algorithm implemented at datamonkey.org to examine alignments for evidence of recombination
584  [43]. Pairwise percent identity calculations were made in Geneious. Phylogenies were visualized
585  using FigTree (http://tree.bio.ed.ac.uk/software/figtree/) or Dendroscope [75]

586

587 Cloning Cid fusion proteins

588 Cid genes from D. auraria (Cidl, Cid3 and Cid4) and D. virilis (Cid1 and Cid5) were amplified
589 from genomic DNA and cloned into pENTR/D-TOPO (ThermoFisher). We used LR clonase I
590 (ThermoFisher) to directionally recombine each Cid gene into a destination vector from the
591 Drosophila Gateway Vector Collection, generating either N-terminal Venus (pHVW) or 3XFLAG
592  (pHFW) fusion under the control of the D. melanogaster heat-shock promoter.

593

594  Cell culture

595 Cell lines (D. auraria cell line ML83-68 and D. virilis cell line WR DV-1) were obtained from the
596 Drosophila Genomics Resource Center in Bloomington, Indiana (https://dgrc.bio.indiana.edu).
597  D. auraria cells were grown at room temperature in M3+BPYE + 12.5%FCS and D. virilis cells
598  were grown in M3+BPYE + 10%FCS.

599

600 Transfection experiments

601 2 micrograms plasmid DNA was transfected using Xtremegene HP transfection reagent (Roche)
602  according to the manufacturer’s instructions. Cells were heat-shocked at 37°C for one hour 24
603  hours after transfection to induce expression of the Cid fusion protein.

604

605 Imaging
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606 Cells were transferred to a glass coverslip 48 hours after heatshock. Cells were treated with
607  0.5% sodium citrate for 10 min and then centrifuged on a Cytospin Il (Shandon) at 1900rpm for
608 1 min to remove cytoplasm. Cells were fixed in 4% PFA for 5 min and blocked with PBSTx
609  (0.3% Triton) plus 3% BSA for 30 minutes at room temperature. Coverslips with cells were
610 incubated with primary antibodies at 4°C overnight at the following concentrations: mouse anti-
611 FLAG (Sigma F3165) 1:1000, chicken anti-GFP (Abcam AB13970) 1:1000, rabbit anti-CENP-C
612  (gift from Aaron Straight) 1:1000. Coverslips with cells were incubated with secondary
613  antibodies for 1 hour at room temperature at the following concentrations: goat anti-rabbit
614  (Invitrogen Alexa Fluor 568, A-11011) 1:2000, goat anti-chicken (Invitrogen Alexa Fluor 488, A-
615 11039) 1:5000, goat anti-mouse (Invitrogen Alexa Fluor 568, A-11031) 1:2000. Images were
616  acquired from the Leica TCS SP5 Il confocal microscope with LASAF software.

617

618 Expression analyses

619 RNA was extracted from D. auraria cell line ML83-68 and D. virilis cell line WR DV-1 using the
620 TRIzol reagent (Invitrogen) according to the manufacturers instructions. To investigate
621  expression profiles in adult tissues, RNA was extracted from whole bodies, and dissected
622  tissues (heads, germline and the remaining carcasses) from D. auraria, D. rufa, D. kikkawai, D.
623 virilis, D. montana and D. mojavensis flies. All samples were DNase treated (Ambion) and then
624  used for cDNA synthesis (SuperScript Ill, Invitrogen). During cDNA synthesis, a ‘No RT’ control
625 was generated for each RNA extraction in which the reverse transcriptase was excluded from
626 the reaction. For RT-PCR experiments, the presence of genomic DNA contamination was ruled
627  out by performing PCR that amplified the housekeeping gene, Rp49, on each cDNA sample as
628 well as each ‘No RT’ control. 25- (not shown) and 30-cycle PCRs were performed with primers
629  specific to each Cid paralog and samples were run on an agarose gel for visualization. RT-
630 gPCR was performed according to the standard curve method using the Platinum SYBR Green
631 reagent (Invitrogen) and primers designed to each Cid paralog and to Rp49. Reactions were run
632  on an ABI QuantStudio 5 gPCR machine using the following conditions: 50°C for 2 min, 95°C for
633 2 min, 40 cycles of (95°C for 15s, 60°C for 30s). We ensured that all primer pairs had similar
634 amplification efficiencies using a dilution series of genomic DNA. Three technical replicates
635 were performed for each cDNA sample. Transcript levels of each gene were normalized to
636  Rp49. For all primers used in RT-PCR and RT-gPCR experiments, see Table S5 and Table S6.
637

638  Motif analyses
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639  Motifs were identified in six different groups of Cid proteins (Fig S6) using the motif generator
640  algorithm MEME [58] implemented on http://meme-suite.org/ [76]. Several motifs identified in
641 different groups were similar to one another. For example, the motif “TDYLEFTTS” appeared in
642  melanogaster group Cidls, montium subgroup Cid3s and Cid4s and virilis group Cid1ls (Fig S6,
643  underlined residues). To determine which motifs were the same, we used the motif search
644  algorithm MAST [59] to search for the top four motifs from each group against all 86 sequences
645 used for motif generation. In total, we found 10 unique motifs (Fig 6B, 6C, S5). The only
646 instance in which the motifs were not totally independent was for motif 2 and motif 9. Motif 2
647  was contained within motif 9, but motif 9 was significantly longer than motif 2 so we considered
648 it to be an independent motif. We mapped all 10 motifs to the Cid genes in the six groups plus
649  D. eugracilis Cid2, D. mojavensis and D. grimshawi Cid1l and Cid5, D. busckii, and the outgroup
650  species P. variegata Cid1. We considered a motif to be present in a given protein if the MAST p-
651  value was < 10,

652

653  Positive selection analyses

654 We used the PAML suite of programs [77] to test for positive selection on each Cid paralog
655  across deep evolutionary time. Alignments for each Cid paralog were generated and manually
656 refined as described above. Alignments (Data S5) and Cid gene trees were used as input into
657 the CODEML NSsites model of PAML. To determine whether each Cid paralog evolves under
658  positive selection, we compared two models that do not allow dN/dS to exceed 1 (M7 and M8a)
659 to a model that allows dN/dS > 1 (M8). Positively selected sites were classified as those sites
660  with a M8 Bayes Empirical Bayes posterior probability > 95%. We used the McDonald Kreitman
661 (MK) test [78] to look for more recent positive selection at the population level. To implement the
662 MK test for montium subgroup Cid paralogs we compared Cid sequences in 26 strains of D.
663  auraria to 10 strains of D. rufa. In the virilis group, we compared Cid sequences in 10 strains of
664  D. virilis to 20 strains of D. montana.

665

666  Figure legends

667

668  Fig 1. Identification of Cid duplication events across Drosophila evolution

669  (A) A Drosophila species cladogram is presented with Phortica variegata as an outgroup. The
670 genomic context of representative Cid paralogs identified by tBLASTn using previously
671  published genome sequences is schematized to the right of each species. Cid1 is the ancestral

672  locus based on its presence in almost all species, including the outgroup species P. variegata

23


https://doi.org/10.1101/086942
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/086942; this version posted November 11, 2016. 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-ND 4.0 International license.

673  (black arrow, see column labeled ‘Cid1 locus’). In total, we found four Cid duplication events
674  resulting in the birth of the genes Cid2, Cid3, Cid4 and Cid5 (see ‘Cidl locus’ and ‘Additional
675  Cid genes’ columns, dark orange, dark green, dark blue and dark purple arrows). We also found
676 one Cidl pseudogene (‘Cidl locus’ column, empty arrow, dashed outline) in D. eugracilis.
677  Arrows colored in a lighter version of the corresponding Cid gene color represent genes that
678 define the shared syntenic locus of each paralog. White arrows represent genes that are
679  present in a locus, but do not define the locus since they are present in fewer than 50% of the
680 represented species. We do not provide gene names for these ‘white arrow’ genes. Genes that
681  define each syntenic locus are named based on the D. melanogaster gene name. (B) Summary
682 of Cid paralog presence across the Sophophora subgenus with an expanded montium
683  subgroup. The presence (black box) or absence (white box) of each Cid paralog as determined
684 by PCR and Sanger sequencing is displayed next to each species. The lack of a box means
685 that we did not attempt to amplify the locus. Cid1, Cid3 and Cid4 were preserved in almost all
686  montium subgroup species with the exception of a Cid3 pseudogene in Drosophila mayri (black
687  box with a white X). This analysis indicated that Cid3 and Cid4 were born 20 — 30 million years
688 ago. (C) Summary of Cid paralog presence across the Drosophila subgenus with an expanded
689  virilis group. Cid1 and Cid5 were completely preserved in all virilis group species. We conclude
690 that Cid5 was born 40 — 50 million years ago in the common ancestor of the Drosophila
691 subgenus.

692

693  Fig 2. Evolutionary relationship among all Drosophila Cid paralogs

694 We performed maximum likelihood phylogenetic analyses using PhyML with a nucleotide
695 alignment of the histone fold domain of all Cid paralogs. We found that Drosophila subgenus
696 Cidl (clade E), Drosophila subgenus Cid5 (clade D) and montium subgroup Cid4 (clade B) all
697  formed well-supported monophyletic clades suggesting a single origin for these Cid paralogs. In
698  contrast, montium subgroup Cidl and Cid3 grouped together (clade C), consistent with our
699 finding that they may be undergoing recurrent recombination (Fig 3). Selected clades (labeled
700  with letters A — E) are further discussed in the main text. Bootstrap values greater than 50 are
701  shown. The tree is arbitrarily rooted to separate the Sophophora and Drosophila subgenera.
702  Scale bar represents number of substitutions per site.

703

704 Fig 3. Cidl and Cid3 have undergone recurrent gene conversion in the montium

705  subgroup

24


https://doi.org/10.1101/086942
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/086942; this version posted November 11, 2016. 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-ND 4.0 International license.

706  (A) We used the Genetic Algorithm for Recombination Detection (GARD [43]) to test for
707  recombination in the montium subgroup Cidl and Cid3. GARD identified one significant
708  (p=0.0002) breakpoint between the N-terminal tail and the histone fold domain. (B, C) Maximum
709 likelihood phylogenetic trees from an alignment of GARD segment 1 (B) and GARD segment 2
710  (C) were subsequently generated using PhyML. Bootstrap values above 75 are displayed.
711  Asterisks indicate branches along which gene conversion likely occurred. Scale bar represents
712  nucleotide substitutions per site.

713

714  Fig 4. Proteins encoded by Cid paralogs localize to centromeres in cell culture

715  (A) Venus-tagged D. auraria Cid1, Cid3 and Cid4 were transiently transfected in a D. auraria
716  cell line (top, middle and bottom panels, respectively). Cells were fixed and co-stained with a D.
717  melanogaster CENP-C antibody (red in merged image) and anti-GFP (green in merged image).
718  These data show co-localization of all three montium subgroup Cid proteins with CENP-C. (B)
719  We co-transfected Venus-tagged Cidl and FLAG-tagged Cid5 from D. virilis into a D. virilis cell
720  line. Venus-Cidl (red in merged image) and FLAG-Cid5 (green in merged image) both formed
721  co-localized foci in the nucleus. All scale bars indicate a distance of two microns.

722

723  Fig 5. Male germline-restricted expression of some Cid paralogs

724  (A) Left gel: RNA samples used for D. auraria RT-PCR were free of DNA contamination as
725 indicated by performing 35-cycle PCR for Rp49 on cDNA samples generated with (+) and
726  without (-) reverse transcriptase. Right gel: 30-cycle PCR performed with either genomic DNA
727  (gDNA) or cDNA for Cid1, Cid3 and Cid4 from a D. auraria cell line. We detected both Cid1 and
728  Cid4 expression but the Cid4 expression band was more robust than the Cid1 band. We did not
729  detect expression of Cid3 in this cell line. (B) Left gel: as in (A), RNA samples used for D. virilis
730 RT-PCR were free of DNA contamination. Right gel: RT-PCR analyses of Cidl and Cid5 from a
731  D. virilis cell line at 30 cycles revealed only the expression of Cidl. We did not detect Cid5 by
732 RT-PCR. (C) RT-qPCR for Cidl, Cid3 and Cid4 from dissected tissues from three montium
733 subgroup species revealed that Cidl and Cid4 are expressed in both the testes and the ovaries
734  whereas Cid3 expression is testis restricted. (D) RT-gPCR from dissected tissues from three
735  species from the Drosophila subgenus revealed that Cid1 is expressed in the testes and ovaries
736  of all three species whereas Cid5 is only expressed in the testes. All RT-gPCR was normalized
737  using Rp49 as a control.

738

739  Fig 6. Evolution of N-terminal motifs among all Cid proteins

25


https://doi.org/10.1101/086942
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/086942; this version posted November 11, 2016. 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-ND 4.0 International license.

740  (A) A Drosophila species tree with a schematic of N-terminal tail motifs identified by MEME and
741  MAST displayed to right of each species or species group. Each number represents a unique
742  motif that does not statistically match any other motif in the figure with the exception of motif 2
743  and 9 (see methods). Gray boxes indicate ‘core’ motifs 1 — 4, which are present in all single
744  copy Cid genes. White boxes indicate lineage specific motifs. ‘PPP’ indicates the position of the
745  variable proline-rich region in Cid5. Dashed boxes indicate cases in which a given motif was
746  present in ~50% of species. (B) Logos generated by MEME for consensus motifs 1 — 4. (C)
747  Logos generated by MEME for consensus motifs 5 — 10.

748

749  Fig 7. Different Cid paralogs evolve under different evolutionary pressures

750  (A) Summary of tests for positive selection performed on each Cid paralog. Tests that were
751  statistically significant (p<0.05) are indicated with an asterisk. For the McDonald Kreitman test,
752 Neutrality Index (N.1.) is also displayed. N.I. < 1 indicates an excess of non-synonymous fixed
753  differences between species and suggests positive selection. N.I. > 1 indicates fewer non-
754  synonymous fixed differences than expected and suggests purifying selection. (B) A protein
755 alignment of Cid5 from virilis group species. The variable, proline-rich region which was
756  excluded from PAML tests for positive selection is highlighted in blue. (C) A schematic of a
757  representative Cid protein, showing sites evolving under positive selection identified by Bayes
758  Emperical Bayes analyses (posterior probability > 0.95).

759

760  S1 Fig. Cid1 pseudogene in D. eugracilis

761  D. eugracilis genomic sequence at the Cidl syntenic locus. The coding sequence for Cidl
762  neighbor genes, crowded by cid and bb in a box car, are highlighted. Cidl pseudogene
763  sequence is underlined (dashed red line). An early stop codon is indicated with a red hexagon.
764

765  S2 Fig. Cid3 pseudogene in D. mayri

766  D. mayri genomic sequence at the Cidl locus as identified by PCR and Sanger sequencing.
767  DNA sequence from an intron of the Arrow gene is highlighted in blue. Cid3 pseudogene
768  sequence is underlined (dashed blue line). An early stop codon is indicated with a red hexagon.
769

770  S3 Fig. Neighbor-joining phylogenetic tree of Drosophila Cid genes

771 We performed neighbor joining phylogenetic analyses with a nucleotide alignment of the
772  histone fold domain of all Cid paralogs. We found that Drosophila subgenus Cidl (clade E),
773  Drosophila subgenus Cid5 (clade D) and montium subgroup Cid4 (clade B) all formed well-
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774  supported monophyletic clades suggesting a single origin for these Cid paralogs. In contrast,
775  montium subgroup Cidl and Cid3 grouped together (clade C), consistent with our finding that
776  they may be undergoing recurrent recombination (Fig 3). Selected clades (labeled with letters A
777 — E) are further discussed in the main text. Bootstrap values greater than 50 are shown. The
778  tree is arbitrarily rooted to separate the Sophophora and Drosophila subgenera. Scale bar
779  represents number of substitutions per site.

780

781  S4 Fig. D. melanogaster CENP-C staining in D. auraria tissue culture cells

782  (A) D. auraria cell line ML83-68 was fixed and stained with D. melanogaster anti-CENP-C (red
783  in merged image) and imaged using a confocal microscope. DNA (blue in merged image) shows
784  metaphase chromosomes. (B) As in (A) except DNA shows interphase chromosomes.

785

786 S5 Fig. Tissue specific expression of Cid paralogs, full panel

787  (A) RT-gPCR from dissected tissues from D. melanogaster Cidl. (B) RT-gPCR for Cid1, Cid3
788 and Cid4 from dissected tissues from three montium subgroup species. Cidl and Cid4 are
789  expressed in both the testes and the ovaries whereas Cid3 expression is testis-restricted. (C)
790 RT-gPCR from dissected tissues from three Drosophila subgenus species. Cidl is expressed in
791 the testes and ovaries of all three species but Cid5 is only expressed in the testes. In all cases,
792  Cid expression in the head and carcass is very low or undetectable.

793

794  S6 Fig. MEME identified motifs

795  List of motifs in logo format identified by MEME for Cid from six sequence groups. E-value and
796  motif length is displayed to the right of each motif. An example of a motif that was found in
797  several groups (“TDYLEFTTS") is underlined.

798

799  S1 Table. BLAST results

800  List of all Cid-like hits from tBLASTn searches

801

802 S2 Table. PAML results

803 Summary table of M7 vs. M8 and M8a vs. M8 PAML results for each Cid gene or gene
804  segment. P-values less than 0.05 are indicated in bold text. PP=posterior probability.

805

806 S3 Table. McDonald-Kreitman test results
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807  Summary of results from McDonald-Kreitman tests for each Cid gene or gene segment. P-
808 values less than 0.05 are indicated in bold text. Neutrality index > 1 is indicative of an excess of
809  non-synonymous polymorphisms, which suggests negative selection. Neutrality index < 1 is
810 indicative of an excess of non-synonymous fixed changes, which suggests positive selection.
811

812 S4 Table. A list of Drosophila species and strains used in this study

813  Table includes accession numbers for all Cid genes sequenced in this study.

814

815 S5 Table. Primer Sequences

816  List of primer sequences used in this study.

817

818 S6 Table. Primer Pairs

819  List of primer pairs used for various aspects of this study including: identifying Cid in species
820  without sequenced genomes, sequencing Cid in strains of D. auraria, D. rufa, D. virilis and D.
821 montana, RT-PCR, and RT-gPCR.

822

823  S1 Data. D. eugracilis Cid1 and Cid2 sequences

824

825 S2 Data. Cid sequences for phylogenetic analyses

826  Untrimmed sequences used to generate HFD alignments for maximum likelihood and neighbor-
827  joining trees.

828

829  S3 Data. Cid histone fold domain alignment

830  Alignment used to generate maximum likelihood and neighbor-joining trees.

831

832  S4 Data. Cid sequences for maximum likelihood selection analyses

833  Untrimmed sequences used in PAML

834

835 S5 Data. Cid alignments for PAML

836  Trimmed sequence alignments used for PAML.

837

838  S6 Data. Cid sequences used in MK Test

839  Untrimmed sequences used in MK Tests.

840
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841  S7 Data. Alignments used in MK Test

842  Trimmed sequence alignments used in MK Tests.
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PDTNAITEPPPPAP------------------ PQTPSPPQL
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