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W) Check for updates

The ultimate database to (re)set
the evolutionary history of primate
genital bones

Federica Spani*2*, Maria Pia Morigi**, Matteo Bettuzzi**, Massimiliano Scalici?,
Gabriele Gentile® & Monica Carosi?™*

Scientific literature concerning genital bones in primates consists of both ancient works (dating

back to the nineteenth century) and more recent revisions/meta-analyses, which, however, are not
always so detailed or exhaustive. Based on a thorough analysis, several conflicting data, inaccurate
references, and questionable claims have emerged. We generated a binary matrix of genital bone
occurrence data, considering only data at the species level, based on (1) a rigorous literature search
protocol, (2) raw data (collected exclusively from primary literature), (3) an updated taxonomy (often
tracing back to the species taxonomic history) and (4) new occurrence data from scanned genitals

of fresh and museum specimens (using micro-computed tomography-micro-CT). Thanks to this
methodological approach, we almost doubled available occurrence data so far, avoiding any arbitrary
extension of generic data to conspecific species. This practice, in fact, has been recently responsible
for an overestimation of the occurrence data, definitively flattening the interspecific variability. We
performed the ancestral state reconstruction analysis of genital bone occurrence and results were
mapped onto the most updated phylogeny of primates. As for baculum, we definitively demonstrated
its simplesiomorphy for the entire order. As for baubellum, we interpreted all scattered absences as
losses, actually proposing (for the first time) a simplesiomorphic state for the clitoral bone as well.
The occurrence data obtained, while indirectly confirming the baculum/baubellum homology (i.e., for
each baubellum a baculum was invariably present), could also directly demonstrate an intra-specific
variability affecting ossa genitalia occurrence. With our results, we established a radically improved
and updated database about the occurrence of genital bones in primates, available for further
comparative analyses.

The metaphor ‘standing on giants’ shoulders’ perfectly elucidates the main aim of a literature review'. The meta-
phor was transferred to scientific knowledge by Isaac Newton? who, in a letter to Robert Hooke in 1675, wrote:
“If I have seen further it is by standing on the shoulders of Giants™. Therefore, when reconstructing the accu-
mulated knowledge (i.e., the ‘giant’) in a specific domain, the search of the original literature represents the first
fundamental and crucial step of a study which likely allows to “see beyond™.

One of the first mentions of both baculum and baubellum in primates was in 1871 by the French naturalist
Alfred Grandidier®. Afterwards, several authors dedicated their studies to the genital anatomy in primates® and
some of them were specifically interested in genital bones’**. Recently, some authors shifted the attention from
the descriptive anatomy to the evolution and adaptive meaning of such bones in several mammal orders, primates
included®-%. Based on different datasets and analyses, these studies obtained conflicting results.

The wide distribution of baculum occurrence throughout the order of Primates had been interpreted as a
primitive condition'8-2%25%, nevertheless, the first phylogenetic reconstructions of the character state for genital
bones have not been available until Schultz et al.?, and in the same year, immediately afterwards, Brindle and
Opie?. Within a comparative framework, the rationale of the study of Schultz et al.*® was to investigate the incon-
sistency of hypotheses based on functional explanations and selective forces driving the evolution of baculum
in mammalian class®®*'*. In their study, Schultz et al.?® found an almost equal number of gains and losses of
the baculum (9 gains, and 10 losses), to finally conclude that bacula are indeed not homologous structures in
mammals. This conclusion, the authors stated, might well support the difficulty in finding a shared function and
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evolution of bacula among taxa. Though not focused on the primate order, the study by Schultz et al.?® presented

an unresolved ancestry for baculum in this clade. However, the presence of baculum as an ancestral condition in
primates was found by Brindle and Opie?, who went even further, suggesting that baculum first arose between
the split of non-placental/placental mammals and the most recent common ancestor of primates and carnivores.

The female counterpart of male penile bone, the baubellum, although targeted by several publications on
several mammalian taxa'®*->! could still be labeled as a neglected topic in recent primatology. In fact, no
hypotheses about primate baubellum evolution have been put forward, and only accounts of its occurrence
were reported>”$10:111617.21,2345,53-63 tooether with mentions of its developmental homology with the bacu-
lum?18:19:2557.6465 (the latter, however, experimentally demonstrated for non-primate mammals only®®®). The
limited data about baubellum in primates were almost all confined to the anatomical records in old publications
(e.g.7®101118) "The most recent new data goes back to 2001%.

Only recently, occurrence data for baubellum in mammals have been used to investigate the evolutionary
history of the trait in a phylogenetic framework?. Findings, though referred to mammals in general, were use-
ful twofold for the present study: (i) in the same species, baubellum occurrence matched 100% with baculum
occurrence and in no species, baubellum presence matched with baculum absence); (ii) no evolutionary pat-
tern, in terms of ancestry, was found, except what has been interpreted as a baubellum evolutionary “lability”,
based on the significantly higher number of gains and losses if compared to the baculum data. Thus, although
primates were not the specific focus of the discussion, the few data analyzed would suggest both a baculum and
a baubellum ancestry in primates (23 out of 27 primate species with occurrence data for both genital bones®).

Conflicting results among studies might be partly a consequence of the use of different analytical approaches.
Nevertheless, our initial inspection of genital bone presence/absence datasets used**-** drew our attention to
unexpected differences found in both sample size and references used. We hypothesized three possible factors
contributing to this: (a) different data retrieval strategies were probably adopted, therefore affecting sample size
and generating some of the inconsistencies found between datasets (e.g., conflictual occurrence data and inac-
curate data-reference match), (b) sample size was often (but not always) constrained by the aims of the study
(e.g., baculum in association to baubellum data®’; baculum associated to penile spine data?’), and (c) the different
phylogenetic frameworks in which the analyses were performed (a mammal supertree, including the primate
phylogeny by Perelman et al.%%, used by Schultz et al.?® and Lough-Stevens et al.?’; a posterior distribution of
10,000 molecular Bayesian MCMC phylogenies® for analyses on primates used by Brindle and Opie®).

When the target topic is anatomy, primary literature mostly consists of old publications, scientific treatises,
and books. The information therein can be dispersed and retrieving data may be challenging. For example, Burt*®
dated the discovery of genital bones in primates approximately in the Seventeenth Century, and no reference
was given. Efforts in considering primary literature may prevent pitfalls that might jeopardize an exhaustive
dataset construction such as (i) the involuntary omissions, miscitations or misinterpretations of more recent
and easily accessible reviews, and (ii) all controversial cases of taxonomical incongruences and conflicting data
at the species level due to taxonomic reviews of the primate order across the years. With this work, we took one
step backward from current conclusions of studies of genital bone evolution in primates and firstly redefined the
bone occurrence dataset by relying on original primary literature data only. By doing so we aimed at compensat-
ing involuntary inaccuracies. Secondly, we acquired new original micro-CT data (coming from both fresh and
museum specimens), and the enforced database resulting from the combination of the two data sources was
finally used to reconstruct the ancestral character state of both baculum and baubellum in primates.

Results

After a thorough literature search, we obtained data of genital bone occurrence, at either genus or species level
shown in Supplementary Table S1. The scanning of original samples by museum and fresh specimens supported
the occurrence of genital bones in 29 primate faxa never investigated so far (Supplementary Table S2). Summing
up data deriving from both literaure and scanned samples we finally obtained an occurrence database including
N =280 species for baculum, and N =78 species for baubellum (see below).

Baculum and baubellum occurrence databases. Strictly at the species level, literature search allowed
to record 25 absences, 242 presences, and one doubtful case for the baculum (N =268 species), and 13 absences,
42 presences, and 3 doubtful cases for the baubellum (N =58 species). Likewise, micro-CT scanning allowed to
record 6 absences, 9 presences, and 4 doubtful cases for the baculum (N =11 species and one subspecies; N=12
additional species with new data), and 25 absences and 1 presence for the baubellum (N=19 species and one
subspecies; N =20 additional species with new data).

Our baculum occurrence dataset (literature plus scanned sample data) covered 60% of extant primate species
(N'=280 out of N=467) recognized by the International Union for Conservation of Nature Red List Data (IUCN
Red List”). The remaining primate species (i.e., 40%) were classified as ‘omitted data’ Our baubellum occurrence
dataset (literature plus scanned sample data) covered 16.7% of extant species (N =78 out of N =467) recognized
by IUCN Red List”. The remaining primate species (i.e., 83.3%) were classified as ‘omitted data’ For both genital
bones, species classified as “omitted data” included: (a) those present in the literature, only described at the genus
level; (b) those present in the literature (e.g., in anatomical treatises, either as dissected specimens or as figures)
for which, however, neither presence nor absence of the baculum was reported (i.e., omissis); and (c) those absent
both in the literature and in museum collections explored for the present study.

Figure 1 shows the distribution of genital bone occurrence data mapped onto Springer’s phylogeny’’, there-
fore providing a quick glimpse at our data coverage throughout the primate order, comparing baculum and
baubellum data.
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Figure 1. State of the knowledge of baculum and baubellum occurrence. Comparison between our baculum
(left) and baubellum (right) occurrence data coverage of primate phylogeny. Green lines indicate the presence
of ossa genitalia. Red lines indicate the absence of ossa genitalia. Grey lines stand for ‘omitted data’ (i.e., all those
species for which neither absence nor presence of genital bones was ever stated). Phylogeny by Springer”,
dropped. Figure generated in R (v. 4.0.3, https://www.R-project.org/)'!.

Ancestral character state analysis: baculum and baubellum stochastic character mapping. The
D statistics for both baculum and baubellum showed a strong phylogenetic signal (Table 1).

Results of the first stochastic mapping analysis for baculum (including five outgroups, see Supplementary
Fig. S3 for a coloured tree) indicated a mean state change equal to 11. Changes were of two kinds: (1) from
absence to presence (2.4 times); (2) from presence to absence (8.8 times). The mean total time spent in each
state was 13.4% for absence and 86.6% for presence. Based on this, baculum was gained at least 2 times and was
lost at least 8 times in at least 50% of the 1000 iterations of stochastic mapping. Results from the second analysis
(not including five outgroups) showed a mean state change of 8.8 between baculum presence and absence. The
Springer’s and Timetree phylogenies’? produced almost identical results (Supplementary Table S$4, Supplementary
Fig. S5). The mean total time spent in each state was 8.2% for absence and 91.8% for presence. Thus, baculum
evolved just once (or twice) along primate phylogeny (character state change from absence to presence) and was
lost 7 times (character state change from presence to absence) in at least 50% of the 1000 iterations of stochastic
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N states
Phylogeny AB PR N permutations D P1 Po
Baculum
Springer 22 222 1000 -0.18 0 0.77
TimeTree 19 205 1000 -0.28 0 0.82
Baubellum
Springer 37 35 1000 0.09 0 0.38
TimeTree 33 33 1000 0.07 0 0.42

Table 1. D statistic for phylogenetic signal. Calculation of D statistic for the phylogenetic structure of two
binary variables (i.e., baculum and baubellum) considering both phylogenies by Springer”! and Timetree’
Counts of states (either absence—AB or presence—PR), total number of permutations (N permutation), sum
of changes in estimated nodal values of both binary traits along edges in the phylogeny (D), a p value giving
the result of testing whether D is significantly different from one (p,), a p value giving the result of testing
whether D is significantly different from zero (p,).
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Figure 2. Ancestral character state reconstruction of baculum excluding outgroups. Results from 1000
stochastic character maps (where the character analyzed is the baculum occurrence) displayed in aggregate
(outgroups were excluded from the analysis). The colour of edges in the tree gives the posterior probability
(computed as the relative frequency across stochastic maps) of each baculum state through the history of the
clade. Green indicates a high posterior probability of baculum presence and numbers in green (or red) boxes
indicate the proportion of iterations that mapped baculum occurrence to those particular branches. The length
of the legend also gives a scale for the tree branch length (in this case in Millions of Years Ago). Phylogeny by
Springer”!, dropped. Figure generated in R (v. 4.0.3, https://www.R-project.org/)'“.

mapping. The root of the coloured tree (Fig. 2) appeared as total-green, attesting to a high probability of bacu-
lum presence in the primate ancestor. Losses involved 5 families: Tarsidae (the few species available); Pithecidae
(Pithecia irrorata Gray, 1842, and the Chiropotes + Cacajao clade); Atelidae (Ateles clade and Lagothrix clade—if
we exclude the doubtful case of L. lagothricha [Humboldt, 1812]); Hominidae (Homo sapiens Linnaeus, 1758);
Cercopithecidae (Pygathrix nigripes [A. Milne-Edwards, 1871]).
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Similarly, results of the first stochastic mapping for baubellum (including five outgroups, see Supplementary
Fig. S6 for a coloured tree) indicated a mean state change equal to 19.3. From absence to presence, character
changes occurred at least 8 times, whereas from presence to absence, changes occurred at least 11 times. The
mean total time spent in each state was 52.97% for absence and 47.03% for presence. Based on this, baubel-
Ium was gained 8 times and was lost 11 times in at least 50% of the 1000 iterations of stochastic mapping (see
Supplementary Fig. S6), sufficient to reach convergence. Results from the second analysis showed a mean state
change of 16.7. The mean total time spent in each state was 46.34% for absence and 53.6% for presence. Accord-
ing to these data, baubellum evolved 7 times along primate phylogeny and was lost 9 times in at least 50% of the
1000 iterations of stochastic mapping. Figure 3 reports the coloured tree. While haplorrhine species showed a
shared absence of baubellum, except for Cebus genus and Hylobatidae family, strepsirrhine species showed a
clear ancestry of baubellum, except for three punctual losses observed (Lepilemur ruficaudatus A. Grandidier,
1867, Loris clade and G. senegalensis). With respect to the Springer’s tree”’, the Timetree phylogeny’* produced
slightly higher mean of state changes, but almost identical results when transitions were plotted on the tree
(Supplementary Table S4, Supplementary Fig. S7).

Finally, by comparing data on baculum and baubellum, we found an occurrence overlap corresponding to
71 primate species out of 72 species for which baubellum occurrence data were available. In this case, Loris lyd-
ekkerianus Cabrera, 1908 was excluded because it was the only species for which the baculum occurrence was
omitted (Fig. 4). Our dataset confirmed that for all species having a baubellum, a baculum was always recorded
while the opposite was not always the case. Our dataset confirmed also that a species having a baubellum but no
baculum is yet to be found.

Discussion

Our data search strategy, the use of primary literature, cautious criteria for attributing occurrence data to the
species, and the high number of micro-CT scanned specimens, allowed the generation of a large and robust
dataset for both baculum and baubellum occurrence in primates, with data rigorously verified at the species level.
Such a dataset added new species to those used by the most recent and extensive studies on baculum and bau-
bellum evolution published so far (for baculum, additional 176 species to Schultz et al.’; additional 178 species
to Brindle and Opie?; for baubellum, additional 51 species to Lough-Stevens et al.??) and allowed us to finally
demonstrate the symplesiomorphy of the baculum in the entire order of Primates'$-2*2>2%3_ With a more complex
(and unresolved) picture, we also may hypothesize the ancestry of the baubellum limited to the strepsirrhines.

Our results, irrespectively of phylogeny used and although relying on a different dataset, well support baculum
ancestry in the primate order stated in Brindle and Opie®®, however, our data contrast the uncertain ancestral state
found by Schultz et al.?. In the latter, two of 9 independent trait transitions of baculum in mammals, are the gains
found in primates, namely in Strepsirrhini and Simiiformes, which prevented from resolving the ancestry. We
also found at least two possible gains of baculum in our first analysis of baculum transitions (outgroups included).
The second analysis (outgroups excluded), however, showed that only one of those two baculum acquisitions
affected the common primate ancestor, while the other occurred outside the primate order (in fact, the total
number of acquisitions decreased by excluding outgroups). In conclusion, what emerged from our results was
a single evolution at the base of the primate tree and 8 losses afterwards.

Among catarrhines, H. sapiens and P. nigripes seemed to be the only species without a baculum. The presence
of a bone in the human penis has been reported several times”>~”7, however, whereas interpreted in the earlier
literature as a constant morphological character appearing intermittently’®, the bone was subsequently invari-
ably considered (and described) as a pathological condition”>~¢. Since no fossils of human penile bone have
been found until now, the loss of baculum could be considered a distinctive trait for the entire genus. Not so for
Pygathrix genus, in which the baculum presence has been reported for two species: in P. nemaeus (Linnaeus,
1771)?° and P. cinerea Nadler, 1997, as an inferred datum (it was considered a subspecies of P. nemaeus in the
past; present study).

In platyrrhines, those families (i.e., Atelidae and Pitheciidae) known to include taxa with an overall tendency
to baculum size reduction (compared to Catarrhines'®-2*2%%%), also showed most of the absences reported in the
primate order. In the two Atelidae subfamilies, losses were limited to Atelinae, with a long-known absence of
baculum in the Ateles clade, and a presence/absence condition in the Brachyteles + Lagothrix clade. The old and
only record about baculum presence in Brachyteles”, has been recently confirmed by dissection of a hybrid B.
hypoxanthos x B. arachnoides®*, while the case of Lagothrix was somewhat more controversial. Pocock'? verified
the absence of baculum in Lagothrix poeppigii Schinz, 1844 (= L. infumata) and, both Hill*” and Dixson® con-
firmed the absence for other three congeneric species, that were L. lugens Elliot, 1907, L. flavicauda (Humboldt,
1812) (= Oreonax flavicauda), and L. lagothricha. For the latter, however, Machida and Giacometti® made a
general statement, reporting “All primates thus far studied [including a sample of L. lagothricha, ndr] have a
short rod of bone or cartilage, the baculum, at the distal end of the septum that joins the two corpora cavernosa
penis” (p. 50). Neither explanations nor species distinctions between either bone or cartilage were present any-
where in the paper. Although we included this presence in our trait transition analysis, not to lose the datum,
it is nevertheless strongly recommended the exploration of additional L. lagothricha specimens to confirm that
general statement. In the two Pithecidae subfamilies, losses were limited to Pithecinae, with baculum lacking in
the monophyletic clade of Chiropotes and Cacajao, and one punctual loss reported in only one out of five Pithecia
species (P, irrorata'®; see Supplementary Table S1).

Finally, Tarsidae showed an absence of baculum (100% of posterior probability that their ancestor didn’t
have a baculum) despite its position in the primate phylogeny (i.e., as the sister group of Simiiformes showing
a 100% of posterior probability that the common ancestor had a baculum). Their condition of baculum absence
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Figure 3. Ancestral character state reconstruction of baubellum excluding outgroups. Results from 1000
stochastic character maps (where the character analyzed is the baubellum occurrence) displayed in aggregate
(outgroups were excluded). The colour of edges in the tree gives the posterior probability (computed as the
relative frequency across stochastic maps) of each baubellum state through the history of the clade. Green
indicates a high posterior probability of baubellum presence and numbers in green (or light green) boxes
indicate the proportion of iterations that mapped baubellum presence to those particular branches. The length
of the legend also gives a scale for the branch tree length, (in this case in Millions of Years Ago). Phylogeny by
Springer”!, dropped. Figure generated in R (v. 4.0.3, https://www.R-project.org/)'“.
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Figure 4. Comparison between baculum and baubellum ancestral character state reconstructions, displayed in
aggregate. In this case, only primate species having both baculum and baubellum data were selected to make a

comparison. Green indicates a high posterior probability of ossa genitalia presence. The length of the legend also

gives a scale for the branch tree length (in this case in Millions of Years Ago). Phylogeny by Springer”’, dropped.
Figure generated in R (v. 4.0.3, https://www.R-project.org/)''*.

was well supported in the literature by different authors that clearly stated the absence of bone inside the penis,
supporting their data with dissected specimens'#42,

If limited to baculum losses, our results well overlapped with those reported in Schultz et al.* (H. sapiens,
Ateles clade, Lagothrix clade, Cacajao + Chiropotes clade, and Tarsius clade). In addition, for the 99 species shared
by both Schultz’s and our datasets (representing the whole data analyzed by Schultz and collaborators®), we only
differed in: (a) attributing baculum presence in L. lagothricia (Machida and Giacometti®® reported a presence—see
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above—while Schultz and collaborators®® reported an absence based on Hill%; (b) a few discordances in the
taxonomy, that we based on IUCN Red List”® and ITIS (Integrated Taxonomic Information System®*) (e.g.,
since 2005, Cacajao rubicundus is no longer considered a species but a subspecies of Cacajao calvus (1. Geoftroy
Saint-Hilaire, 1847); since 2002, Cebus apella turned into Sapajus genus; since 2005 Cercopithecus aethiops turned
into Chlorocebus genus; since 2001, Galago demidovii turned into Galagoides demidoff (G. Fischer, 1806); correct
spelling for Mico argentata is Mico argentatus (Linnaeus, 1771); since 2005, Presbytis senex turned into a subspe-
cies of Semnopithecus vetulus (Erxleben, 1777); and (c); considering that the datum reported for T. spectrum?®’
actually belongs to Tarsius tarsier (Erxleben, 1777; T. spectrum is no longer used), while Schultz et al.? attributed
it to Tarsius syrichta (Linnaeus, 1758) instead (the only Tarsius species present in the phylogeny they used).

More complex is the comparison of our results with those of Brindle and Opie?® whose dataset of 301 species
was based on 4 references (8.7% out of 46 references of ours). A detailed comparison with our dataset and asso-
ciated literature showed that their data unlikely reflect the state of knowledge about the occurrence of primate
bacula. In fact, only 32% of their data (N =97 species) are reported in their cited literature (and overlapped with
our occurrence data), while the remaining 68% (N =204 species) are actually not reported in their cited litera-
ture at the specific level. Moreover, this last portion of data mostly corresponds to species that are actually data
deficient (omissis) in the literature. By using the literature data inclusively (e.g., family or genus data extended
to all species of that taxon) Brindle and Opie®® involuntarily brought down the omitted data in the literature
from N =117 species (as resulting from our search) to only N =49 species. We do not recommend this practice.
By doing so, the risks of data inflation (i.e., over-increasing the phylogenetic signal) were high. To verify these
risks, we plotted onto the Springer’s phylogeny’’ the genital bone occurrence reported in Brindle and Opie®
and compared it with our state of knowledge (Fig. 1) as shown in Supplementary Fig. S8. Expectedly, there was
incomplete concordance between their and our baculum occurrence data at both the genus and the species levels.
For example, Brindle and Opie?® reported two absences at the genus level in Lagothrix and Alouatta, while we
found four presences at the species level within those genera, such as: L. lagothricha“, A. caraya (Humboldt,
1812)%, A. guariba (Humboldt, 1812)°, and A. seniculus (Linnaeus, 1766) (one of our original scanned specimens,
American Museum of Natural History [AMNH] wet primate collection). Similarly, Brindle and Opie®® reported
a presence in both Pithecia and Pygathrix genus, while we found one absence in P, irrorata'® and in P, nigripes (3
scanned adult penises). In conclusion, the interspecific variation affecting both occurrence and morphology of
mammal genital bones?>?%4348658586 would definitively be flattened by the a priori hypothesis that congeneric
species share baculum state (see also®®). That hypothesis should therefore be rejected. Nevertheless, the wide
distribution of the baculum throughout the entire primate order, as truly thoroughly demonstrated by our occur-
rence dataset, brought Brindle and Opie® to a correct conclusion as well.

The sample size is known to give analytical strength, and the overall incomplete data availability for genital
bone occurrence has certainly represented an obstacle in primates, but especially so for the study of the baubel-
lum. For example, in the description of both male and female genital anatomy made by Hill in one of the widest
anatomical treatises on primates'®, the frequency of female genital dissections and searches for a genital bone
did not equal the males’ Surprisingly, in most studies on external female genitals (though including dissections)
either the presence or the absence of a baubellum was omitted as well (e.g.57*"%). Several other authors incurred
such omissions, generating most of the ‘omitted data’ about this topic (e.g.,17'18’87). Also, and as a consequence
of this, the paucity of baubellum occurrence data rigorously matched with the absence of baubellum functional
hypotheses and adaptive meanings in the literature. Interestingly, a substantial male sex bias also persisted in
live-collected and subfossil mammal museum collections, with males outnumbering females in primate collec-
tions as well. A range of plausible factors which might have been facilitating a biased sampling focused on males
in the history of field expeditions could be those contributing to higher male visibility and detectability due to
sexual dimorphisms, in terms of (1) behaviour, (2) body mass, and (3) wider male geographic ranges (mainly
increasing chances of detection of fossils)®.

If compared to the thus far available dataset on baubellum occurrence in primate species, our dataset almost
triplicated the number of species (27 species in*’, 78 species in this study). Namely, new reports of occurrence in
the present study were in the Hylobatidae fam. (Hylobates clade, and Hoolock clade), the Cebidae fam. (Sapajus
clade), the Callitrichidae fam. (Callithrix clade), and several species in sparse nodes of strepsirrhines. We also
differed in some data interpretation as those reported as presence even if based on cartilage, such as the case of
baubellum presence in Loris tardigradus (Linnaeus, 1758), and the case of polymorphism (i.e., absence-presence
within a species) in Galago senegalensis E. Geoffroy Saint-Hilaire, 1796°%1,

We nevertheless have to highlight that some of the incongruencies in the occurrence data found at both the
inter- and intra-specific levels, might indeed reflect an actual variability affecting both genital bones. Thanks to
our methodological approach (micro-CT scan) that conferred high reliability for absence data, we were able to
establish, for the first time, the existence of variability in the occurrence of both baculum and baubellum at the
intra-specific level (as recently presumed for baculum by Jakovli¢®®). For example, by comparing scanned versus
literature occurrence data we found: baculum absence versus presence in 14 species; baculum presence versus
absence in 1 species (i.e., one more species with baculum); baubellum absence versus presence in 6 species;
baubellum presence versus absence never occurred. Even when limited to scanned samples only, we also found
either presence or absence of baculum in several specimens belonging to the same species, that are: Callithrix
jacchus (Linnaeus, 1758), Cercopithecus albogularis Sykes, 1831, Chlorocebus pygerythrus (Cuvier, 1821), Colobus
guereza Rippel, 1835, Lemur catta Linnaeus 1758, Macaca fascicularis (Raftles, 1821), Macaca fuscata (Blyth,
1875), Macaca mulatta (Zimmermann, 1780), Otolemur garnettii (Ogilby, 1838), Pan troglodytes (Blumenbach,
1775), Papio hamadryas (Linnaeus, 1758), Papio ursinus (Kerr, 1792).

In our study, all museum and fresh samples have undergone the same analytical investigation®! with no
exceptions. We acknowledge that although micro-CT scan is a well-known reliable technique to detect bones
inside soft tissues (i.e., bones usually totally radiopaque to X-rays), the actual presence of genital bones have
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traditionally derived (but see??) from direct pieces of evidence (i.e., invasive dissection and/or histochemistry).
However, since all our doubtful cases were limited to museum samples, invasive techniques were not allowed.

Although based on a much larger dataset, our analysis could not clarify whether the common primate ancestor
possessed a baubellum (i.e., the posterior probability was 52%). In particular, while the ancestor of strepsirrhines
could have perhaps possessed a clitoral bone (73% of posterior probability), the heterogeneity of haplorrhine
data (31 absences and 12 presences), did not allow the detection of a clear pattern of baubellum evolution for
this clade (54%). In contrast, the analysis performed by Lough-Stevens et al.?’ seemed to strongly support bau-
bellum ancestry in the primate order (although not discussed in the study; but see primate node colour of their
Fig. 2). The unresolved ancestry based on our bigger dataset compared to the apparent clear output based on
their smaller dataset was, at the very least, unexpected. Nevertheless, a possible explanation perhaps lies in the
higher proportion of absences compared to the total amount of data in this study, that is 51% (i.e., 37 absences
out of 72 data points) versus the lower proportion in Lough-Stevens et al.?%, that is 17% (i.e., four absences out
of 23 data points).

In agreement with Lough-Stevens et al.?’ (see also?*>%?), we confirmed the univocal pattern of baubellum
presence consistently associated with baculum presence at the species level (but not the opposite). Genital bones
did share high levels of state correlation, that is they were either both present or absent in 44 out of the 71 species
investigated (62%). Indeed, this correspondence pattern was not unexpected considering the well-established
homology between baculum and baubellum (see for primates'®!*2>°76+%; for non-primates®®’). Interestingly, and
similar to baculum, the results of analyses for baubellum seem largely independent of the phylogeny here used.

The concept of homology, at this point, needs to be deepened also considering the results of the most recent
publications about genital bones in mammals questioning about it (for baculum?®; for baubellum?®). They reported
that since the baculum has evolved independently 9 times in mammals (two of which in primates), then the
assumption of homology was violated. According to the most used terminology (reviewed in®*), the non-homol-
ogy should reflect either “parallelism” or “convergent evolution’, raising the question of whether the baculum
might have arisen via different genetic and developmental pathways®**. Conversely, both parallelism and con-
vergent evolution could be considered as two sides of the same coin, that is homoplasy. Homoplasy and homol-
ogy could be intended as the extremes of a continuum “reflecting deep or more recent shared ancestry based on
shared cellular mechanisms and processes and shared genes and gene pathways and networks™”’. Based on this,
if the rationale of Schultz et al.?® and of Lough-Stevens et al.?® was valid and applied to baculum and baubellum
evolution in primates, we could not easily explain the following facts: (a) the baculum is always placed inside the
penis and always surrounded by the same tissues”!>#1%, (b) the baubellum (when present) is always placed inside
the clitoris (homologous to the penis) and always associated to the baculum intra-species?®*’ (this study), and (c)
baculum and baubellum share the same regulatory mechanism of gene expression during development®**’. On
the contrary, if we start from these well-known pieces of evidence, and despite the data available for baubellum so
far are still inadequate to reflect its evolutionary history across the primate order (especially in haplorrhines), we
can re-interpret our baubellum ancestry output. With this view, we ultimately propose that the scattered absences
of baubellum in the haplorrhines are, indeed, losses. In this perspective, baubellum evolution might well agree
with primate baculum ancestry®® (this study).

This study provided the most up-to-date and solid evidence contributing to address the evolution of genital
bones in primates. With this study, we aimed at encouraging future research to put more effort into the genera-
tion of databases as reliable as updated. For the time being, it is important to both acquire additional occurrence
data by exploring primate museum collections and apply the most rigorous methodological protocol available
for detecting absences with as much certainty as possible. In addition, updated distribution of ossa genitalia in
primates (also supported by more comprehensive primate phylogenies), as well as comparative morphometric
studies (e.g.,”?), would allow to better understand both their evolutionary history and adaptive function in a
sexual selection framework.

Methods

The present work aimed at (i) updating the dataset resulting from both literature search and new records of
primate genital bones (by the sampling of both fresh and museum specimens); (ii) establish a renewed/robust
starting point for further studies about the evolution of these bones by offering an exhaustive dataset of the genital
bone occurrence in primates at the species level; (iii) performing the genital bone ancestral state reconstruction
within the primate clade, based on the largest and updated dataset currently available.

The primary literature search. The primary literature considered in this work consisted only of papers,
books and texts reporting explicitly and for the first time either the presence or the absence of genital bones in
a primate specimen. To collect data about the occurrence of both baculum and baubellum, our literature search
followed some significant ‘steps. We applied the ‘berry picking’ model for information retrieval'® which started
from a general query to make the user able, by examining research results, to easily identify specific teams work-
ing on this topic. Then, by selecting a few papers that answered (totally or partially) the main query, six specific
tactics had to be followed:

1. backward chaining or footnote chasing, by following references (and footnotes) in books and articles of
interest, and moving backwards through a chain of the reference list;

2. forward chaining or citation searching, by starting with a citation, finding out who cites it, and following the
chain in a forward direction;

3. journal run, hand searching relevant journals;

4. area scanning, browsing materials physically collocated and accessible;
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Parameter Setting (ITA) | Setting (USA)
Voltage (kV) 60-100 Auto

Beam current (pA) 80-200 Auto

Al filter (mm) None/1 None/2

No projections 900 1500-1800
Total rotation angle | 360° 360°
Exposure time (s) 0.7-1 1

Voxel size (um) 9.16-14 18

Table 2. Micro-CT setups. Micro-Computed Tomography setups used for scanning both Italian and
American specimens of primate external genitals (auto = set automatically).

5. subject searches, in bibliographies and abstracting and indexing (A & I) services, considering that many
bibliographies and most A & I services are arranged by subject;
6. author searching, to understand if the author has done any other work on the same topic.

Furthermore, we also added the reading of anatomy papers, treatises, and books, which described primate
external genitals, even if not resulted from the web search. By following this protocol, we were able to browse
publications ranging from 1871 to 2012 (for a total of N=117 references) to generate our occurrence dataset
for both baculum and baubellum named Supplementary Table S1. It is important to stress that Supplementary
Table S1 strictly reflects the literature investigated. How we treated specific taxonomic and uncertainty issues is
explained in detail in the subsequent paragraphs.

Genital bone sampling. We collected 148 specimens as a whole (either genital samples N =45, or entire
corpses, N=103) for 68 primate species and 2 subspecies, as well as a few specimens identified only at the
genus level (i.e., 3 primate genera) (Supplementary Table S2). Samples were of two kinds: (1) fresh samples
(N'=16; 9 clitorises and 7 penises) and (2) museum wet samples (N =132; 1 baculum, 23 clitorises, 92 penises,
8 female whole bodies, 8 male whole bodies). Fresh samples were obtained from fresh cadavers of primate
specimens, dead for natural causes, before necropsy investigations (in collaboration with Italian Istituti Zoopro-
filattici Sperimentali, see®! for further details). Museum wet samples were obtained from (i) the «Museo di Zoo-
logia dell'Universita di Torino» (MZUTT, Turin, IT, theriological collection'™; N=1); (ii) the Natural History
Museum «La Specola», (NHMLS, Zoological Section, Florence, IT, non-human primate collection' N=1);
(iii) the American Museum of Natural History (AMNH, New York, USA, Vertebrate Collection Database avail-
able at http://sci-web-001.amnh.org/db/emuwebamnh/index.php; N =46); (iv) the National Museum of Natural
History (NMNH, Washington, D.C., USA, Mammal Collection Database available at https://collections.nmnh.
si.edu/search/mammals/; N =84).

In order to obtain data about the genital bone either presence or absence, the 3-step methodological protocol
proposed by Spani et al.”! was applied (i.e., palpation method, X-rays, and micro-CT scanner). Three different
micro-CT scanners have been used depending on the location of collected samples, whether Italy (same used by
Spani et al.’!) or USA. (PHOENIX V|TOME|X S, available at AMNH, and PHOENIX V|TOME|X M, available
at NMNH) and machine settings have been reported in Table 2.

Taxonomicalissues. The increasing number of primate species since the 1990s was the result of the descrip-
tions of newly discovered species and subspecies, as well as taxonomic revisions, molecular studies and growing
usage of the Phylogenetic Species Concepts'®1%, Most old anatomical treatises were based on a primate tax-
onomy which sometimes did not match with the current taxonomy’~##!. Taxonomical issues might increase the
potential of wrong occurrence data assignments as when a species has been split into two species, or a subspecies
has been elevated to species level, or simply species synonyms were used. To overcome this potential source of
confusion, we relied on two well established taxonomical databases that offer standardized nomenclature to cre-
ate easily accessible and reliable information on species names and their hierarchical classification: (i) [IUCN Red
List on-line database (467 extant primate species, as of the year 20197) (ii); ITIS on-line database (508 extant
primate species, as of the year 2020%). The [IUCN Red List database”® was our primary source consulted to disen-
tangle taxonomical incongruences and to reconstruct the species-specific nomenclature history. Double checks
were done by searching controversial species names also on ITIS database®. Both the original and current names
have been reported into the ‘Notes” column of Supplementary Table S1. Once the correct link between old and
current nomenclature at the specific level was created, we chose the following criteria to adapt the original data
to the present nomenclature, trying to avoid data loss: (a) current species derived from the split of the original
species found in old literature, were given the same occurrence data as in the original species; (b) subspecies of
the original species found in old literature, now ‘upgraded’ to the species level, were given the same occurrence
data as in the original subspecies; (c) junior synonyms of the original species found in old literature were given
the same occurrence data as in the original earlier synonym. These cases have been labeled as ‘inferred’ in the
‘References’ column in Supplementary Table S1 and accounted for 36.9% of all species for baculum presence/
absence data, and 36.2% for baubellum presence/absence data.
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Macaca fuscata Papio ursinus
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Chlorocebus pygerythrus

Cercopithecus mitis albogularis

Figure 5. Doubtful cases of baculum occurrence in micro-CT scanned samples. Reconstructed micro-CT slices
of doubtful cases of baculum occurrence: specimens showing a baculum on the left (A,C,E,G,I); in specimens
(A,G) the penile bone was extracted from soft tissues) compared to conspecific doubtful cases highlighted with
dashed yellow lines on the right (B,D,EH,L). Not to scale. Figure generated in myVGL (v. 3.0, https:// https://
www.volumegraphics.com/).

Doubtful cases of occurrence. During the generation of our data matrix, we tackled a variety of doubtful
cases of occurrence, which overall might be summarized around three main kinds.

Some authors! 83782105 attributed presence/absence data to the genus simply relying on observations made
on one or a few specimens, whose species name, however, was not mentioned in the text. In such cases, we first
checked if any text figures, showing genital sections, included any species name in the figure caption. If so, we
assigned presence/absence data to that species. On the contrary, if neither figure legends were helpful, nor more
recent references for one/more species belonging to that genus were available, the datum of occurrence was
recorded in the column ‘P/A gen, relative to genus level, but not in the column ‘P/A sp;, relative to species level.
It is important to note that column ‘P/A gen’ of Supplementary Table S1 was not included in the data matrix
used for the reconstruction of the ancestral state of the character (see “The presence/absence binary matrix and
the trait transition analysis ” paragraph below), however, was recorded in the table for completeness of data.

We also handled conflicting information found in the literature about a certain degree of supposed intraspe-
cific/interindividual variability in the occurrence of ossa genitalia associated with different mentions as to whether
the structure found was either bone or cartilage. For example, Hill*®* reported that the baculum is absent in L.
lagothricha, while Machida and Giacometti®® reported the presence of a “short rod bone or cartilage” We found
similar cases regarding the baubellum: (i) G. senegalensis was reported by Petter-Rousseaux® as lacking it, while
Butler® reported the presence of a “cartilaginous clitoral bone”; (ii) L. tardigradus was reported by Hill** as lack-
ing it, while Machida and Giacometti®* reported the presence of a “cartilaginous baubellum”; (iii) Ateles paniscus
(= Ateles ater) (Linnaeus, 1758) was reported by Pehrson'” as lacking it (dissection), while later Harms'® generi-
cally referred to whole genus Ateles as having a “clitoral cartilage” (but the only species mentioned in a figure
caption was A. belzebuth E. Geoffroy, 1806), followed by loannou!” referring to a generic ‘Ateles’ and stating “a
baculum [read baubellum] may be present”; (iv) Hoolock hoolock (Harlan, 1834) was reported by Matthews™ as
lacking it, while Geissmann and Lim?' found a very small os clitoridis in one female specimen of H. hoolock. All
conflicting results are reported as such in the synthetic Supplementary Table S1. For the analyses, however, we
only considered the most conservative data, i.e., the explicit mention of a bone only at the species level (bacu-
lum was set as present in L. lagotricha and baubellum was set as present in H. hoolock), discarding cartilaginous
structures (baubellum was set as absent in G. senegalensis, L. tardigradus, A. belzebuth, and A. paniscus).

The last kind of doubtful cases of genital bone occurrence emerged from micro-CT scanned samples (for
methodological details please see’'). We classified these cases as ‘doubtful’ (noted with ‘?’ in Supplementary
Table S2, columns ‘Present study data—micro-CT’) because reconstructed slices showed a ‘shadow’ (where
the baculum is usually placed) characterized by grey levels which were intermediate between those typical of a
bone absence and those typical of a presence. Figure 5 showed some examples of doubtful cases and compared
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reconstructed CT slices belonging to two individuals of the same species (1 presence vs. 1 doubtful occurrence).
In these cases, for the trait transition analyses, we considered the character present in a species when either
documented in the literature or resulting from CT-scanned samples.

Ancestral character state analysis: occurrence binary matrix and stochastic character map-
ping. Based on both Supplementary Tables S1 and S2, a presence/absence database on the occurrence of
baculum and baubellum in primate species was generated by using a binary code (1 = presence, 0=absence) for
analysis. The binary database ready for analytical purposes differed from exhaustive Supplementary Tables S1
and S2, as it only included species-specific “data certa”, i.e., never attributing the genus datum to corresponding
congeneric species (therefore risking data inflating), and never swapping out data between species. We chose a
robust molecular phylogeny that included 70 primate genera and 367 primate species based on a concatenation
of 69 nuclear gene segments (54 of them were taken from Perelman et al’s*® nexus file with some modifications)
and ten mitochondrial gene sequences (see’! for more details about chosen primate phylogeny). This was the
most complete and robust available phylogeny to our knowledge. However, neither all species appearing in the
phylogeny (N =367) had an occurrence datum, nor all species with genital bone data (N =280 for baculum, and
N =78 for baubellum, as a total deriving from the sum of both literature and scan data) were included in the
reconstructed molecular phylogeny, therefore we limited the analyses to the species included in the phylogeny
by finally using binary matrixes of N =244 species for baculum and N =72 species for baubellum. Once data were
mapped onto the Springer’s primate phylogeny”’, the analyses were performed separately for both baculum and
baubellum. To unlink our investigation from the tree topology of Springer et al., we repeated the analysis using
the primates tree as provided by the Timetree resource’”. Timetree provided an ultrametric, quasi-fully resolved
tree with 364 species. The tree was based on 52 molecular phylogeny studies of primates and polytomies were
resolved as described in Hedges et al.'®. The pruning procedure that we applied on the Timetree phylogeny
allowed us to retain 224 of the original 364 species in the tree.

We investigated the trait evolution using the stochastic character mapping method!?”1%. The method allows
sampling possible histories of a discrete character state from their Bayesian posterior probability distribution.
Using a large number of maps it is possible to use the variability among sampled histories to account for the
uncertainty about trait evolution across a phylogeny. The method has also the desirable property to accommodate
uncertainty in the phylogeny of the group when mapping characters. The stochastic maps are constrained to be
consistent with the observed character states. Because the stochastic character mapping analysis results in a large
number of discrete character histories on a phylogeny, proper visualization may be obtained by applying Method
1 presented by Revell'®. This is a technique to visualize the posterior density of character histories obtained by
aggregating the results from a set of stochastic character maps. We first used the function make . simmap wth
argument Q = ‘mcmc), of the phylogenetic R package ‘phytools!® to run 1000 iterations of stochastic mapping
(i.e., 1000 trees were built with the same character state on tips as observed in the input tree, but with differ-
ent histories). The process is regulated by a rate matrix that carries the information to calculate the transition
probabilities. These are the probability that the process of transition along a branch ends in a certain state after
a certain number of transitions, having started from a different state. In this procedure, each branch of the tree
was fractioned and the posterior probability of the character state being 0 (absent) or 1 (present) was computed,
for each fraction of the branch, as the relative frequency across all stochastic maps. Visualization was obtained
using the function densityMap of the phylogenetic R package ‘phytools?'°. In this way, it was possible to plot
the cumulative probability of the character state transition on the tree branches by using a colour map for trans-
lating the probability to a plotted colour. The result was a continuous colour changing along branches of the tree
that expressed the posterior probability. The trait transition analyses were run for both baculum ad baubellum.
We first ran an analysis by including five outgroups’' whose data of genital bone occurrence were derived from
Schultz et al.*® for baculum and Lough-Stevens et al.” for baubellum. Subsequently, to evaluate to what extent the
condition of the character state in the outgroups could influence the trait transition across primates, we repeated
the analyses without the five outgroups.

Crucial for the analysis of trait evolution is the selection of the proper evolutionary model for the matrix Q
that describes the rates of transition between states. The All-Rates-Different and Symmetrical models (ARD and
SYM, respectively'!!) were tested using the function pchisq in the R package ‘stats. The two models for discrete
character evolution are specific cases of the Mk model'!? which applies to a discrete character having ‘K’ unor-
dered states and involves state transition between these k states. In the SYM model, the rate of change between
any two-character states is the same forwards as it is backward. The ARD model allows every possible type of
transition to have a different rate. The choice of using the SYM model was based on the results of the likelihood
test conducted on baculum and baubellum. In fact, for baculum, the ARD model was only marginally preferred
over the SYM model, as the twice-the-difference in likelihoods (4.3065,ingers 5376 rimetrees 1df) between the two
models laid in the largest 5% of values rightmost tail of the y* distribution, but not in the most conservative
largest 1%. For baubellum, the SYM model was preferred over the ARD, as the twice-the-difference in likelihoods
(0.071gpringers 0-007imerrees 1df), was not statistically significant.

Following an independent approach, we investigated also the level of character dispersion on the phylogenetic
tree (phylogenetic signal strength) by estimating the D statistic'’®. The statistic is based on the sum of sister-
clades differences in terms of the presence/absence of a specific trait (character state). The D statistic results in
a higher value if the character state is overdispersed across a phylogeny, whereas it shows lower values when the
character state is strongly clumped.
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