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54  Abstract

55 A new and uniquely structured matrix of mammalian phenotypes, MaTrics (Mammalian

56  Traits for Comparative Genomics) is presented in adigital form. By focussing on mammalian
57  species for which genome assemblies are available, MaTrics provides an interface between
58 mammalogy and comparative genomics.

59 MaTrics was developed as part of a project to link phenotypic differences between mammals
60 todifferencesin their genomes using Forward Genomics. Apart from genomes this approach
61 requiresinformation on homologous phenotypes that are numerically encoded (presence-

62  absence; multistate character coding*) in amatrix. MaTrics provides these data, links them to
63 atleast onereference (e.q., literature, photographs, histological sections, CT-scans, or

64  museum specimens) and makes them available in a machine actionable NEXUS-format. By
65 making the data computer readable, MatTrics opens a new way for digitizing collections.

66  Currently, MaTrics covers 147 mammalian species and includes 207 characters referring to
67  structure, morphology, physiology, ecology and ethology. Researching these traits revea ed
68 substantial knowledge gaps, highlighting the need for substantial phenotyping effortsin the
69 genomic era. Using the trait information documented in MaTrics, previous Forward Genomics
70 screensidentified changesin genes that are associated with various phenotypes, ranging from
71 fully-aguatic lifestyle to dietary specializations. These results motivate the continuous

72  expansion of phenotype information, both by filling research gaps or by adding additional

73 taxaand traits. MaTricsis digitally available online within the data repository Morph-D-Base
74 (www.morphdbase.de).

75
76
77
78
79
80 Key words hard tissue, visceral & life history traits, museum specimens, character states,

81 numerical coding
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107
108 Introduction
109 Background
110  Knowing and understanding the organisms around us has always been important for mankind
111  and thus describing and comparing phenotypes has a long tradition that goes beyond the
112  emergence of academic disciplines (e.g., Pruvost et a. 2011). The phenotype of an organism
113 refersto its observable constituents, properties, and relations that can be considered to result
114  from the interaction of the organism’s genotype with itself and its environment and include
115 theanatomical organization of an organism, its physical properties, behaviour, ecological
116 features, and lifestyle traits. They characterize an organism and contribute to biodiversity.
117  Morphological* and anatomical* data usually make up the largest part of the phenotypic data
118 available for a species. In mammalogy, specific skeletal, dental as well as body plan, visceral
119 and physiological traits are traditionally used for differentiating species and for describing
120 their inter- and intraspecific variability. Depending on preservation, this can also be applied to
121  fossil species.
122
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123 Advances in molecular biology and genetics over the last decades identified many
124  genes and molecular mechanisms that are required for the development of many traits. This
125  work relied primarily on studying model organisms such as the fruit fly (Drosophila

126  melanogaster), the zebra fish (Danio rerio) or the mouse (Mus musculus). These models

127  provided decisive insights into the genes behind basic developmental processes, including
128  organ function and morphogenesis (Meunier 2012). Comparing developmental processes

129  from model to non-model organisms opened the field for evolutionary developmental biology
130 and explained the molecular basis of processes such as body plan evolution. However, there
131  are some limitations on what model organisms can tell (Bolker 2012). For instance, insights
132 from experiments on model organisms are restricted to the phenotypes present in that

133  particular species. For example, rodents such as mice do not have canine teeth, making mouse
134  aninappropriate model to study the molecular mechanisms required to make canine teeth.
135 Furthermore, even if model organism research would reveal all genes that are associated with
136  agiven phenotype (e.g., the digestive system), it remains unknown which of these genes were
137  altered during evolution and contributed to phenotypic changes between related species (e.g.,
138  mammals that specialized on particular diets).

139

140 With the development of sequencing technologies, sequencing and assembly of whole
141  genomes became possible; the first was published in 1995 (of the bacteria Haemophilus

142  influenzae, Fleischmann et al. 1995) and the mouse genome “only” was published in 2002
143  (Waterston et al. 2002). Due to advancements in high-throughput DNA sequencing, there are
144  anincreasing number of species for which sequenced nuclear genomes are available (e.g.,
145 Genome 10K Community of Scientists 2009; Teeling et a. 2018; Feng et al. 2020; Zoonomia
146  Consortium 2020). This wealth of genomes provides a basis for comparative genomics*

147  (“defined as the comparison of biological information derived from whole-genome

148  sequences’ and as discipline / methodology thus only started in 1995 (de Crécy-Lagard and
149  Hanson 2018)). While comparative genomics often aims at identifying genomic elements that
150 are conserved across species and thus likely have an evolutionarily important function

151  (Nobrega and Pennacchio, 2004), comparative genomics can also be used to detect

152  differencesin functional genomic elements and associate them with phenotypic differences of
153  species. For example, targeted analyses of genes associated with the formation of dentin

154  (DSPP) and enamel (AMTN, AMBN, ENAM, AMELX, MMP20) across Mammalia and

155  Sauropsida (including Aves, Crocodylia, Testudines, Squamata) showed an association

156  between the loss of these genes and the loss of teeth (Meredith et al. 2009, 2014). Another
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157 example arelosses of chitinase genes (CHIAS), enzymes that digest chitin, which

158 preferentially occurred in mammalian species that have non-insectivorous diets (Emerling
159  2018).

160

161 Recent advances in comparative genomics follow the idea that convergent phenotypic
162  evolution can be associated with convergent genomic changes e.g., gene loss (Lamichhaney et
163  al., 2019). This assumption is one conceptual foundation of the general Forward Genomics
164  approach that performs an unbiased screen for genomic changes that are associated with

165 convergent phenotypic traits (Hiller et al. 2012; Prudent et al. 2016). This approach employs
166  phenotype matrices and genome alignments to search for associations between convergent
167  phenotypic traits and genomic signatures. These genomics signatures (e.g., candidate genes)
168  need to be subjected to functional analyses to explain their association with the phenotype of
169 interest. Forward Genomics identified many new links between genomic changes in genes as
170  well asregulatory elements and various phenotypic changes such as adaptations to fully-

171  aquatic lifestyles in cetaceans and manatees (Sharma et al. 2018a), echolocation in bats and
172  toothed whales (Lee et al., 2018), reductions and losses of the mammalian vomeronasal

173  system (Hecker et a., 2019a), the evolution of body armour in pangolins and armadillos

174  (Sharmaet al. 2018a), the absence of testicular descent (Sharma et a. 2018b), and the

175 reduction of eye sight in subterranean mammals (Roscito et al., 2018; Langer and Hiller

176  2018).

177

178  Development of MaTrics

179 A key requirement Forward Genomics is comprehensive and digitally-avail able phenotypic
180  knowledge of species considered in the genomic screen. However, in contrast to genomic

181 data, phenotypic data are not readily available in such adigitized form that it can be used by
182  computer programs, not even for well-characterized species such as mammals with sequenced
183  genomes. Research in Zoology and related fields assembled a rich body of phenotypic

184  knowledge. But the information assembled over centuries is usually documented using natural
185 language and thus in the form of texts unstructured for computer-programs and so the

186 information is not machine-actionable* (Vogt et al. 2010). Whereas thisis what researchersin
187  Zoology and related fields used, and still use effectively, it limits research in other disciplines
188  where substantial time investments are required to search and extract relevant phenotypic data
189  from published descriptions. As aresult, thisimportant cultural and scientific heritageis

190  underutilized in genomics and some disciplines of biomedical research.
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191

192  Here, we address the need for digitally-available trait information by creating a phenotypic
193  character matrix. Since the genome “encodes’ al traits that have a genetic basis, genomes of
194  many related species (such as mammals) enable Forward Genomic screens for many different
195 traits with convergent changes. Thus, comprehensive information of many traits can be stored
196 inamatrix form, where rows represent species and columns represent traits.

197

198  Constructing a comprehensive phenotypic matrix poses several challenges. While “simple’
199  phenotypesthat can be compiled relatively easily across several mammals, more complex
200 phenotypes require experienced researchers in morphology, anatomy, physiology, veterinary
201 science or related fields, since interpreting the collected information on phenotypes requires
202  specialized knowledge on the terminology and taxon of interest. For example, the exact

203  meaning of specialized terms might depend on the described taxon, the author, and the time of
204  publication. Additionally, some terms might refer to spatio-structural properties, othersto
205 common function or presumed common evolutionary origin, or to amixture of both. All this
206 iswell understandable to the experts, but, difficult for non-experts and even more so for

207  computer algorithms. Thus, integrating the information on phenotypes in machine actionable
208 form with other sources of data becomes exceedingly challenging and time-consuming

209 (Lamichhaney et al. 2019; Vogt 2019). For integrative research away is sought to exploit that
210  knowledge without involving experts in each project.

211

212 To enable simpler use (and exploitation) of expert knowledge, more and more

213  information is being digitized, stored, and made accessible online such as current journals or
214  even older and classic books (Biodiverstiy Heritage Library). There are severa databases for
215  storing, editing and publishing information on phenotypes (mainly on morphological ones)
216  covering various taxa (Table 1). All of them have their own purpose and relevance, but none
217  of them so far fulfils the requirements of Forward Genomics and other efforts to link

218  phenotypic to genomic differences; most neither provide information on the same character
219  across the selected species nor is the information numerically coded to be directly useful to
220  other computer analysing programs. However, tables on morphological traits for phylogenetic
221  analysesfulfil these requirements, but do not focus on extant mammals with sequenced

222  genomes. Furthermore, while inference of homologies in genomic data (nucleotide sequence
223 aignment) is fully automated, homology analyses (character alignment) of phenotypic data

224 cannot be executed by computer algorithms so far. Thisis irrespective of the type of basic
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225 information available (digitized literature, 2D/3D scans of museum specimens). Matrices
226  usableto link phenotypic differences between species to genomic loci fixst need to provide
227  homology information.

228

229 To enable the full use of Forward Genomics, atrait matrix of mammalian phenotypes
230 wasdeveloped that fulfils the above-mentioned criteria. Here, we introduce MaTrics

231 (Mammalian Traits for Comparative genomics), the first and newly established matrix

232 providing information on phenotypic traits of mammals.

233

234

235 Design and coding* principles of MaTrics

236  MaTrics, version 1.0, release January 2021 (in the following still referred to as MaTrics only)
237  isimplemented in the online data repository* Morph-D-Base (www.morphdbase.de, Grobe
238 and Vogt 2009) and publicly available.

239

240 Principles and data entry

241  MaTrics meets all requirements of Forward Genomics.a We primarily focused on mammalian
242  species for which genome sequences are available. Some basic principles of MaTrics are

243  described herein, adetailed user’s guideis available online (Wagner et al. 2020). Different
244 types of phenotypic traits were considered (see below) and in each case homology was

245  assured.

246

247 In case a phenotypic trait has several different expressions, it must be coded as a

248 multistate character. According Sereno (2007), the character part in a multistate character
249  comprises not only the locator but additionally a variable (V — the aspect that varies) and a
250 variable qualifier (q—the variable modifier). The character states of a multistate character in
251 MaTricsare numerically coded by 2 to n (Fig. 1B, Table 2). For example, the height of the
252  mandibular canine teeth in relation to the level of the occlusal height (averaged) of the cheek
253  teeth are coded as short (2), occlusal height (3) or long (4) (Fig. 1B).

254

255 According to Sereno (2007), a (phenotypic) trait of an operational taxonomic unit

256 (OUT; here the selected mammalian species) can be represented in a character statement that
257 iscomposed of two parts: character and statement, and can be divided into four types of

258 logical components (Sereno 2007:Table 4): one or more locators, avariable, and avariable
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259 qualifier as parts of the character and a character state as the statement. Not all these

260 components are needed in any case, but alocator and a character state are the minimum

261 (representing character and statement). Thus, each character consists of at least one locator
262 (L —the morphological structure, the structure bearing the trait) and the statement of the

263 character state (v —mutually exclusive condition of a character) (Fig. 1). Specifying alocator
264 and acharacter state is sufficient in case of absent-present character statements*

265 (numerically coded by 0/1; Fig. 1A, Table 2). Following Sereno’s (2007) coding scheme, each
266 character in MaTricsis named with alabel starting with asingle locator or a sequence of

267 locatorsstarting with L, to L; (the trait bearing structure), which provide all information

268  necessary for unambiguously identifying and locating the trait within the OTU. The sequence
269 of locators (Lnto L; asillustrated in Fig. 1) in the character label is hierarchically organized.
270  While Sereno (2007) developed his coding scheme primarily for structural traits, we extended
271 ithereand applied it also to ecological or behavioura traits.

272

273 In case a phenotypic trait has several different expressions or patterns, it must be

274  coded as a multistate character. According Sereno (2007), the character part in a multistate
275  character comprises not only the locator but additionally a variable (V —the aspect that

276  varies) and avariable qualifier (q—the variable qualifier). The character states of a

277  multistate character in MaTrics are numerically coded by 2 to n (Fig. 1B, Table 2). For

278  example, the height of the mandibular canine teeth in relation to the level of the occlusal

279  height (averaged) of the cheek teeth are coded as short (2), occlusal height (3) or long (4)

280 (Fig. 1B).
281
282 A key consideration when generating MaTrics wasto clearly document the source(s)

283  for each phenotypic entry. In MaTrics, the character part of each character statement

284  therefore possesses a short textual definition that is taken from published sources (journals,
285  text books, online references) and includes references to relevant ontology terms from various
286  biomedical ontologies (the following online resources were used for identifying adequate

287  terms. Ontology Lookup Service, OLS, https://www.ebi.ac.uk/ols/index, Jupp et al. (2015);
288  Ontobee, https://www.ontobee.org, Xiang et al. (2011); Bioportal,

289  https://bioportal.bioontology.org, Musen et al. (2012)). If no adequate definition was

290 available, we provided our own definitions and clearly marked them as such.

291
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292 The dimensions of MaTrics are defined by the number of rows (OTUs) and columns
293  (characters) that result in a specific number of cells (rows x columns). These cells primarily
294  contain the character states. Morph-D-Base enables the addition of further information such as
295  references, photos, illustrations, or museum specimen IDs to each matrix cell. All character
296  statesrecorded, thus each cell of MaTricsislinked to at least one supporting reference. This
297 refers either to citations from the literature (e.g., published journal articles, books, reliable
298  scientific online resources) or to primary data sources. These data sources can cover |1Ds of
299  museum specimens or direct links to media (e.g., photographs; microscopic and electron

300 microscopic (TEM and SEM) images, magnetic resonance (MRI), computed tomography (,
301 uCT), or even synchrotron data) which are directly uploaded in MDB. As aresult, researchers
302 using MaTrics can trace the information to at least one original source.

303 Phenotypic traits coded in MaTrics represent by default adult states. Fetal structures or
304 traitsthat belong to perinatal or not yet fully-grown stages are explicitly indicated as “fetal”
305 (fetal isused aslocator L, in the character label). Traits referring to other ontogenetic stages
306 canbecodedinasimilar way.

307

308 Phenotypic traits included in MaTrics represent by default adult stages. Fetal

309  structures, or traits that belong to perinatal or not yet fully-grown stages are explicitly

310 indicated by placing “fetal” in front of the locator L, in the character label. Traits referring to
311 other ontogenetic stages could be considered in asimilar way.

312

313 The MaTrics or individual characters can be exported as a Nexus* file that provides
314 datain astructured way and can be used asinput in various software analysis tools.

315

316

317  Specificities of MaTrics

318 The primary motivation to generating MaTrics was to create aresearch tool for linking

319 phenotypic differences between species to differences in their genomes. Thisisthe main
320 reason why intraspecific variations of traits such as sexual dimorphism were not considered.
321  Another specificity isthat character states (presence/absence; multistate) do not encode
322  character polarity. Researchers can decide for each project individually whether to use and
323  determine polarity or not. The characters might be further analysed (e.g., polarity analyses
324  using out-group comparison) if considered for phylogenetic studies or gene loss analyses.

325 Finaly, character dependencies were not specifically accounted for during the choice and

10
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326  coding of traits. For each research question, specific characters of interest were added to

327 MaTrics. Similarly, for different projects, characters can be selected individually to be

328 retrieved from MaTrics for other use. Character dependencies can be avoided or reduced in
329 thisway, if needed.

330

331

332  Current status: MaTrics

333 Todate, MaTrics contains 207 characters for 147 mammalian species to date, resultingin a
334  total of 30,282 documented character states. 153 of the 207 characters (74%) are described as
335  absent-present characters and the remaining 53 (26%) are multistate characters. The

336 mammalian species considered in MaTrics include two representatives of Monotremata, five
337 of Marsupialiaand 140 of placental mammals (supplementary material Table S1). The

338 number of species from each order neither represents the respective diversity nor the

339  morphological disparity of mammalian orders, as the primary criterion for theinclusionin
340 MaTrics was the availability and suitable quality of whole genomes. The charactersin

341 MaTrics cover structural, ecological, ethological, and physiological phenotypic traits (Table
342  3). All, but one character (organum vomeronasale), refer to the adult stage. For one character
343 (osjugale), therecording is 100%, so all cells contain coded and referenced character states.
344  Some traits were specifically included for the study in subsets of the listed mammals, and
345 therefore the recording purposely is less complete (for coding status see Table S2).

346

347

348 Notes on application

349  The primary motivation for creating MaTrics was to provide fully referenced phenotypic
350 information for applications in comparative genomics, especially the Forward Genomics
351 approach. The creation and filling of MaTrics and studies applying Forward Genomics were
352 developed in parallel within the mentioned project. So, phenotypes were coded in MaTrics
353  were partially successfully used in earlier studies and simpler shorter tables e.g. by Sharma et
354  al. (2018a) who identified various convergent gene losses associated with some specific

355  convergent mammalian phenotypes. They showed convincingly that tooth and enamel loss are
356  associated with the loss of ACP4 (a gene that is associated with the enamel disorder

357 amelogenesis imperfecta), and that the presence of scales is associated with the loss of the
358 gene DDB2 (which detects substances resulting from UV-light and helps to induce DNA

359  repair). Thefully aguatic lifestyle is associated with the loss of MM P12, a gene associated

11
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360  with breathing adaptation. The documented loss of these genes in some mammalian speciesis
361 functionally explainable either as a consequence of trait loss (the genes ACP4 and DDB2

362 have no function after trait 10ss) or as putative adaptive genomic alteration, causing novel

363  phenotypes (MM P12-loss is associated with novel lung functions in aguatic mammals)

364 (Sharmaet al. 2018a). Such results might help to better understand some related human

365  diseases, as for examplein the case of DDB2 whaose mutations cause xeroderma pigmentosum
366  which manifestsin hypersensitivity to sunlight (Rapic-Otric et al. 2003).

367

368 Another study investigated the gene losses associated with the reduction of the

369 vomeronasal system (VNS) in several mammals. A genomic comparison of 115 mammalian
370  genomes confirmed thatTrpc2 is an indicator for the functionality of the VNS (Hecker et al.
371  2019a). Moreover, it indicated aloss of functionality of the VNS in seals (Phocidae) and

372  otters (Lutrinae). Morphological datais scarce for seals and thereis no data for otters (Hecker
373 etal. 2019a; Zhang and Nikaido 2020). A study to test the accuracy of the suggested

374  predictability isunder way. This study is an example for testing genotype-phenotype

375  associationsin non-model organisms and shows the potential of the combination of

376  comparative morphological and genomic approaches.

377

378 However, the relevance of MaTrics is by no means restricted to the Forward

379  Genomics approach. Characters were also included in MaTric for the usagein the

380 contemporary study to explore evolutionary conditions associated with the loss of genes

381 related to convergent evolution of herbivorous and carnivorous diet in mammals (Hecker et
382 al. 2019b). This study included 52 placental species and suggests that the lipase inhibitor gene
383 PNLIPRPL is preferentially lost in herbivores, whereas the xenobiotic receptor NR1I3 is

384  preferably lost in carnivores. Even though the authors put forward hypotheses, the lack of
385  accessible data on mammalian diet preferences made it difficult to test whether gene losses
386  areassociated with dietary fat content and diet-related toxins. Investigating whether

387  convergent geneloss is associated with similar dietary preferences may additionally hold

388 information on whether gene losses might be adaptive (Albalat and Carfiestro 2016).

389  Consequently, an ongoing study records dietary categoriesin MaTrics that alow a semi-

390 quantitative of dietary fat content (associated with PNLIPRP1) and diet-related toxins

391 (associated with NR1I3) (Wagner et al. ####). This study provided evidence that the

392  convergent loss of both genes is associated with the convergent evolutionary change of

393 dietary preferences, i.e. the consumption of a diet with reduced fat and toxin contents. The
12
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394  hypotheses of Hecker et al. could be refined and also the evolutionary setting could be

395  reconstructed.

396

397 Future analyses using MaTrics have the potential to test how gene losses and dietary
398 composition are related to the presence/absence of structures or organs associated with

399 digestive processes. Even further, it allows investigating whether evolutionary changesin diet
400 composition are not only associated with the loss/presence of single molecules (e.g., lipase
401 inhibitor, xenobiotic receptor), but also with changes in complex structures and their

402  associated gene. For instance, it is interesting to note that first statistical investigations

403  (methods given in document S3) have not yet proven a significant association between the
404  presence of agall bladder and the diet (p=0.74) aswell as the lipase inhibitor gene PNLIPRP1
405  (p=0.49). This observation motivates the further development of MaTrics, i.e. by adding

406  further traits and species.

407

408 These two studies show how genomic and morphological studies are entangled:

409  current knowledge of morphology serves as basis for creating phenotypic trait matrices like
410 MaTrics which — on the other hand — forms the basis of genomic research, especialy the

411  Forward Genomics approach. Hypotheses associated with findings of candidate loci, may in
412  turninspire further morphological research.

413

414 The most obvious application are morphological studies. Although mammal dentitions
415 arewell studied and alot is known about teeth number, form, and shapein particular in

416 relation to dietary specialization (see Thenius 1989; Hillson 2005; Ungar 2010), we till have
417  many gaps of knowledge, e.g., concerning functional adaptations and evolutionary

418 transformations. Thus, Sole and Ladevéze (2017) aimed to put forward new ideas on how the
419  basic mammalian tribosphenic molar was transformed to sectorial teeth in hypercarnivorous
420 mammals. They (Sole and Ladeveze 2017) included only carnivores as defined by flesh-

421  eating and the presence of carnassia teeth, representatives of the living Carnivoramrpha

422  (including the extinct Nimravidae) and Dasyuromorphia, as well as from the extinct

423  Sparassoodonta, Oxyaenodonta, and Hyaenodontidain their study. Comparing the cusp

424 pattern/morphology of the upper and lower molars of these species Sole and Ladevéze

425  (2017:fig. 4) derived ascheme for the morphological evolution of the sectorial teeth in

426  hypercarnivorous mammals. They also aimed at providing new arguments to discuss the

427  developmental aspects of the evolution of hypercarnivory by associating their morphological
13
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428  observations with ontogenetic studies. The latter highlighted the importance of the expression
429  of ectodysplasin A (Eda): increased levels are able to modify the number, shape, and position
430  of cuspsin mice during tooth development (Kangas et al. 2004). Further, Haé&ra et al.

431  (2012:3189) showed — again in mice— that “Fgf20 is a mgor downstream effector of Eda and
432  affects Eda-regulated characteristics of tooth morphogenesis, including the number, size, and
433  shape of teeth. Fgf20 function is compensated for by other Fgfs’. Inspired by the observations
434  and the model of Solé and Ladevéze (2017), we started a study with a subsample of Carnivora
435 (Table S3) collected in MaTrics with two aims: firstly, to test the suitability of MaTricsin
436  comparative morphological studies and, secondly to set the basis to proceed with genome
437  wide searches for genomic causes correlated with the loss of cusps. This seems to be

438 promising with the development of new methods to include searches for regulatory elements
439  (seebelow).

440

441 For the selected Carnivora (Table $4) the absence and presence of individual tooth
442  cusps for the fourth upper premolar (P*) and all molar teeth were recorded in MaTrics. The
443  nomenclature of the cusps followed Thenius (1989, exemplified in Fig. 2). The detailed

444  descriptions of cusp patterns for the species are given in the supplementary document S5 and
445  examplesareillustrated in Fig. 3 and detailed in Table S6. Some of our results confirmed the
446  observations of Solé and Ladevéze (2017), who focused on carnivores as defined by the

447  presence of carnassials. We confirm that parastyle and protocone of the P* are generally

448  reduced in hypercarnivorous carnivorans. Interestingly, both structures are more reduced in
449  the Canidae and the polar bear (Ursus maritimus) than in the members of the Felidae and

450 Hyaenidae. Solé and Ladeveze (2017) reported that in the upper molars protocone, paraconule
451  and metaconule are reduced in hypercarnivorous mammals which is aso in line with our

452  findings.

453 These structures are reduced in the Canidae, and totally absent in the Felidae and

454  Hyaenidae. Solé and Ladeveze (2017) also found, that metaconid and talonid are generally
455  lost in hypercarnivorous mammals, especially felid-like and hyaenid-like hypercarnivores.
456  Based on our study, we found that metaconid and talonid are completely reduced only in the
457  Felidae (except the cheetah, Acinonyx jubatus) and the spotted hyena (Crocuta crocuta). Like
458  inthe Canidae and the striped hyena (Hyaena hyaena), both structures are also present in

459  Ursus maritimus. The specialized hypercarnivorous diet of several Feliformialead to an

460 extreme reduction of the tribosphenic molar, whereas the Canidae and Ursus maritimus also

461  eat fruits and vegetables and therefore need crushing structures. The presence of protocone
14


https://doi.org/10.1101/2021.01.17.426960
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.01.17.426960; this version posted January 19, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

17865606-file00.docx 04.01.2021

462  and talonid seems to be necessary for an omnivorous diet (Solé and Ladeveze 2017), but

463  based on our study we can confirm that thisis aso true for herbivorous species (e.g., red

464  panda, Ailurus fulgens; giant panda, Ailuropoda melanoleuca).

465

466 Except for the Pacific walrus (Odobenus rosmarus) at least 10 specimens per species
467  were analysed (Table S3); and for several species, exceptions of the common pattern in the
468  presence of cusps were observed (Table 4). MaTrics was not designed to take intraspecific
469  variability into account, therefore only the most common cusp patterns for each species were
470  recorded. Deviations from the cusp patterns are present in several cusps in domestic dog,

471  brown bear (Ursus arctos) and for one cusp in the red fox (Vulpes vulpes). Such exceptions
472  areimportant as they might indicate evolutionary trends. However, variations within a species
473  cannot be reflected in MaTrics as maximally one character state is given for each character
474 representatively for a species here. Only in this way the (common) absence or presence of a
475  trait can be compared with the genome of again one representative of a species. Studies on
476  intraspecific variability of certain characters would need additional matrices with different
477  intentions.

478

479

480 Conclusion and Futur e Perspectives

481 Recent advancesin molecular techniques lead to arapid increase in the assembly and

482  publication of genomes from various organisms. However, knowledge of the genome

483  sequencesisonly afirst step to understand the relationships between genomic changes, the
484  phenotype of an organisms and phenotypic differences between different organisms (Hardison
485  2003). The systematic description of phenotypic information in matrix form likein MaTricsis
486 necessary to understand the genome information and to deal with questions related to

487  evolutionary biology and biomedicine. Thisis not restricted to mammals as the coding

488  principles of MaTrics, which comply with the requirements of molecular research, can serve
489 asatemplate for matrices comprising trait knowledge of other vertebrate and non-vertebrate
490  groups. The establishment of trait matrices for various taxa could lead to a broad

491  documentation of phenotypes for applications in comparative genomics, and, hence, enable a
492  systematic exploration of genotype-phenotype associations.

493

494 However, trait collections such as MaTrics aso revealed atremendous research gap on

495  phenotypic data. In fact, filling MaTrics with information on different phenotypic traits across

15
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496 mammals showed that detailed information on structural, physiological, or life history traits
497  was often not available for many species, even with intensive literature research. For example,
498  reductions of the vomeronasal system (VNS) are clearly documented in several mammals and
499  our previous genomic comparison of 115 mammalian genomes uncovered several genes

500 whoselossisassociated with areduced or non-functional VNS (Hecker et a. 2019a). This
501 genomic screen also revealed that seals (Phocidae) and otters (Lutrinae) have lost some of
502 these genes, indicating areduced VNS. However, to the best of our knowledge, information
503  concerning the vomeronasal organ of Phocidae and Lutrinaeis not available. Indeed, the

504  recording statusin MaTrics for the character “vomeronasal organ” with the states

505  absent/present is only 37%. Another example of a character, that would be assumed to be

506  well-known, is the absence/presence of the gall bladder (“Vesica bilaris’), with arecording
507  status of 70%. In other words, the recording status of the charactersin the MaTrics

508 demonstrate the lack of information on phenotypic traitsin several species. These research
509  gaps can only be filled by specimen-based research (e.g. Thier and Stefen 2020). Although
510 individual studies are valuable scientific contributions, they may not suffice to close the

511 substantial research gapsin short time. The authors see the need for more basic zool ogical
512  research complementing the systematic exploration of the genomic basis of biodiversity, i.e.
513  research activities on biodiversity genomics could be assisted by research initiatives on

514  biodiversity phenomics (= systematically phenotyping animalsin matrices like MaTrics).

515

516 Most of the genomic studies mentioned above identified protein coding genes

517  associated with complex body plan changes (e.g., aguatic and aerial lifestyle of cetaceans and
518 bats, respectively). However, evolutionary theory predicts that changes in cis-regulatory

519 genetic elements are probably more important for morphological changes than protein-coding
520 genes. For instance, Roscito et al. (2018) stated that the loss of morphological traits is (often)
521  associated with the decay of the cis-regulatory elements. Consequently, the Forward Genomic
522  approach has been further devel oped to include methodologies that can be successfully

523  associate phenotypes with the loss or presence of regulatory elements (e.g., Langer et al.

524  2018; Langer and Hiller 2019). In awareness of these developments, the phenotype matrix
525  presented here aready provides a whole bunch of morphological characters that will be

526  subject to further exploration in the near future. Thus, the phenotypic information compiled in
527  MaTricswill be of increasing importance. This applies for instance to those referring to tooth
528  morphology and tooth cusps discussed above. In fact, tooth characters are known to be the

529  result of acomplex signalling network involving timely graded activation and deactivation of

16
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530 genes controlled by regulatory elements (e.g., Jernvall and Thesleff 2000; Thesleff et al.

531  2001).

532

533 A last aspect to be mentioned refers to the way how phenotypic information is

534  documented. So far, filling MaTrics with information is still mostly conducted by hand;

535 experienced scientists have to control the content and to check for homology. However, some
536  recent developments may open the door to the partial automation of this work. First, the

537 implementation of ontologies and semantic phenotypes in the platform Morph-D-Base. The
538 development of a respective semantic description moduleis aready initiated (Vogt and Baum
539  2019; Vogt 2019). Thisis expected to alow the development of computer agorithms to mine
540  data on homologous structures to establish matrices more automatically (Vogt 2018).

541

542 MaTricsis anew and unique data collection of phenotypic traits of mammalian

543  species. By including homologous phenotypic traits across (an increasing number of) species,
544  MaTrics and similar matrices can serve as basis for a variety of research fields as illustrated
545  herein. The recorded phenotypic traits are well defined and fully referenced (characters as
546  well the character state for each species). Not only literature data are accepted for the latter,
547  but also references to specimens in collections, which contributes in a specific way to the

548 digitalization of collection material. MaTrics data are directly useful in genomic studies since
549 the character states are numerically coded and hence can be extracted as NEXUSfile to be
550 machine-actionable. The scientific potential of digitized phenotype matrices is apparent and
551  motivates thinking about future development.

552

553
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749  Glossary
750 Anatomy - "The demonstrable facts of animal structure, or also, by transference to the object,
751  the structure or even thetissue of the animal itself." (Snodgras 1951:173). In other words,
752  anatomy isthe part of the phenotype of an organism that refers to its physical and structural
753  properties. At the sametime, it refers to the science of anatomy, with anatomical data being
754  facts about the anatomy of organisms.
755
756  Character Coding — The parameterized description of a quality or relation of an operational
757  taxonomic unit.
758
759  Character Statement — see Sereno 2007
760
761 Datarepository — A large database infrastructure that collects, manages, and stores data sets
762  for dataanalysis, sharing and reporting. A data repository is aso known as adatalibrary or
763  dataarchive. NCBI GenBank is an example of a data repository for a sequence database.
764
765  Machine actionable — Data and metadata that are structured in a formalized and consistent
766  way so that machines (i.e. computers) can read and use them with algorithms that were
767  programmed against this structure. Machine-actionability of data and metadata includes for
768 instance the use of persistent identifiers for data creators (e.g. ORCIDSs), organizations and
769  funding agencies, but also open accessibility of data for machines through a corresponding
770  application programming interface (API), and basic semantics that allow algorithmsto
771  distinguish different categories of information and apply rules to them. Machine-actionability
772  inthis sense goes beyond machine-readability which only requires data and metadata to be

773  readable by a machine, i.e. data and metadata must be provided in a machine-readable format.
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774  Machine-readability does not necessarily require data and metadata to provide basic semantics
775  for alowing algorithms to distinguish different categories of information contained in them.
776

777  Morphology — “Our philosophy or science of animal form, a mental concept derived from

778  evidence based on anatomy and embryogeny, usually incapable of proof, attempting to

779  discover structural homologies and to explain how animal organization has come to be asit
780 is.” (Snodgrass (1951:173). In other words, morphology refers to the interpretations of

781 anatomical facts within theories and hypotheses such as homology.

782

783 NEXUSfile—A file format widely used in bioinformatics. It stores information about taxa,
784  phenotypic characters, trees, and other information relevant for phylogenetics. Several

785  phylogenetic programs such as PAUP, MrBayes, and Mac Clade use this format.

786

787  Phenotypic trait — A particular part of the phenotype of an organism. The Phenotype of an

788  organism refers to its observable constituents, properties, and relations that can be considered
789  to result from the interaction of the organism’s genotype with itself and its environment.

790  Anatomy isthe part of the phenotype that refers to the physical and structural properties of the
791  organism.

792

793  Ontology — Ontologies are dictionaries that can be used for describing a certain reality. They
794  consist of labeled classes and relations between classes, both with clear definitions that are
795 ideally created by experts through consensus and that are formulated in a highly formalized
796  canonical syntax and standardized format with the goal to yield alexical or taxonomic

797  framework for knowledge representation (Smith 2003). Each ontology class and relation (also

798  called property) possesses its own Uniform Resource Identifier (URI*) through which it can
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799  beidentified and individually referenced. Ontologies contain expert-curated domain

800 knowledge about specific kinds of entities together with their properties and relations in the
801 form of classes defined through universal statements (Schulz et al. 2009, Schulz and Jansen
802 2013). Ontologies in this sense do not include statements about particular entities (i.e.,

803 empirical data). (Vogt et al. 2019)

804  URI — A Uniform Resource Identifier (URI) is astring of characters that follows a specific
805  structure and unambiguously identifies a particular resource. The URI can aso serveas a

806 URL (web address), and can be resolved to an I P address (see the example URI below).

807  http://purl.obalibrary.org/obo/CL_0000255 (for eukaryotic cell)

808

809
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810 Tables
811 Table 1 Examples of datarepositories in which phenotypic data of different vertebrate taxa
812 arecollected. Thetable lists the projects with their URL and aim and/or type of information
813 thatisstored and, if available, references in which the project is introduced.
814
Project Link Aim, type of information Reference
Morphobank | http:/mwww.mor | Homology of phenotypes over the web; O'Leary and
phobank.org building the Tree of Life with phenotypes, | Kaufmann
publicly accessible containing imagesand | 2011
matrices
Digimorph http://mwww.digi | A National Science Foundation Digita
mor ph.org Library at The University of Texas Austin,
adynamic archive that holds high-
resolution X-ray computed tomography of
biologica specimens
Morphbank | http:/mwww.mor | A continuously growing database of
phbank.net Biological Imaging and stores images that
scientists use for international
collaboration, research and education
Morphologi- | http://people.pw Asher 2007
cal Image f.cam.ac.uk/rja5
database 8/database/morp
hsite bmc07.ht
ml
Phenoscape | http://kb.phenos | Dataresource that is ontology-driven and | Ruzicka et
cape.org contains information about mutant al. 2015;
zebrafish (Danio rerio) phenotypes curated | Edmunds et
by the zebrafish model organism database, | al. 2015
ZFIN at http://zfin.org
TOFF http://toff- An open source repository focusing on fish | Lecocq et al.
proj ect.univ- functional traits. It aimsto combine 2019
lorraine.fr behavioural, morphological, phenological,
and physiological traits with environmental
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measurements

815

816

817

818 Table 2 The numerical coding options for (A) absent/present and (B) multistate characters in
819 MaTrics. The numerals 0 and 1 refer to the character states *absent’” and ‘present’, thus, the

820 coding for multistate character states starts at 2 and continues to

821
State State name Description
(A) Absent/present characters
? missing Information is missing
- inapplicable Refers to traits which are part of a structural
complex which is absent in a species (e.g., alp
recording of roots in a toothless species)
0 absent Absence of thetrait
present Presence of the trait
(B) Multistate characters
? missing Information is missing
- inapplicable Refers to traits which are part of a structural
complex which is absent in a species (e.g., trait
“prehensile tail” in atailless species)
2 state 2 Lowest expression (or absence) of the character
variable
3,4,5 ..,n dsae3 4,5, ... Each different state of increasing expression of
the character variable, either nominal or scaled,
is given with a number starting with 3
822
823
824
825

826  Table 3 Gross categories of 206 charactersincluded in MaTrics and number of charactersin
827  these categories
28


https://doi.org/10.1101/2021.01.17.426960
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.01.17.426960; this version posted January 19, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

17865606-file00.docx 04.01.2021
828
Gross category Subcategory n
Anatomy/Morphology 164
Body plan 1
Cranial skeleton 30
Dentition 94
Gastrointestinal tract 5
Head
Integument
Postcranial skeleton 26
Sense organs 1
Ecology 30
Ethology
Physiology 6
Embryonic 1
Total 206
829
830

831 Table 4 Deviationsin cusp patterns in the studied Carnivora. Abbreviations: M1-3, upper
832  (indicated by number in superscript)/lower molar tooth (indicated by subscript); P* — upper 4™
833 premolar

834

Species Deviation from common cusp pattern for species

Canisfamiliaris M etaconid and hypoconid at M>
Small cusp mesial of paracone at P*
Entoconulid (mesial of entoconid) at M

Additional fourth lower molar

Vulpes vulpes Small cusp mesial of paracone at P*
Ursus arctos Second cusp palatinal at P!
Third lingual cusp a M»

Three metaconid-cusps at M»
Third palatinal cusp at M*

835
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836 Figurelegends

837

838 Fig. 1 Schematic illustration showing how phenotypic traits are reflected in character

839 statements and in the character labelsin MaTrics. The basic nomenclature is based on Sereno
840 (2007: table 4, Scheme 3), see Al and B1. A) lllustrates the structure for characters which can
841  be described with only two character states: absent and present. B) Illustrates the structure for
842  characters which require more than two character states (multistate characters). A2 and B2
843  givetheterminology for the examples from MaTrics named in A3/B3. Sereno’s (2007)

844  terminology recognizes character statements (CS) consisting of characters (C) and

845  statements (S). The character is represented by a (list of) locators (L, ...L1; hierarchically
846  organized and forming the structure tree) and optionally the variable (V) and the variable

847 qualifier (g). The different expressions of the variable are given as character states (v, ... to
848 v, representing the statement. A4/B4 are examples how this nomenclature is given in the

849 character label in MaTrics. The character states are defined in the “states” field and assigned
850 toeach cell of MaTrics. Whether a character can be described by the two states absent/present
851 or severa statesisindicated in the character label by the addition [a/p] and [m], respectively.
852

853

854  Fig. 2 Some examples for the presence of cuspsin the studied Carnivora. A) the spotted hyaen
855  Crocuta Crocuta MTD B4936, B) the red panda Ailurus fulgens MTD B17478, C) the panda
856  Ailuropda melanoleuca ZMB_Mam_17246 and D) the Weddell seal Leptonychotes weddellii
857 MTD B5029. For each species the upper P4 and molars (1, 2) and lower molars (3, 4) are

858 illustrated as present and the cusps labelled. The teeth are photographed in lateral (1, 3) and
859  occlusal (2, 4) view. Abbreviations alphabetically: En® — entoconid, Enl® — entoconulid, Hy —
860  hypocone, Hy"— hypoconid, Hyl® — hypoconulid, M e — metacone, M ec — metaconule, M & —
861  metaconid, Mes— mesostyle, Ms— metastyle, Pa — paracone, Pac — paraconule, Pa® —

862  paraconid, Pr — protocone, Pr® — protoconid and Ps — parastyle

863

864

865 Fig. 3 The presence and absence of cuspsin P* and M* exemplified in A) the spotted hyaena
866  Crocuta Crocuta, B) the red panda Ailurus fulgens, C) the panda Ailuropda melanol euca and
867 D) the Weddell seal Leptonychotes wedddllii (teeth illustrated in Fig. 3). Abbreviations as
868  they appear in table: Ps— parastyle, Pa — paracone, Pr — protocone, M s— metastyle, Hy —
869  hypocone, M es — mesostyle, M e — metacone, M ec — metaconule, and Pac — paraconule
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871 Supplementary Material

872 Table S1 List of the mammal species allocated to order, sorted alphabetically, included in

873 MaTrics so far (as of December 2020)

874

875

876  Table S2 Recording status of MaTrics as of December 2020.

877  A) recording progress of the 30,282 cells for the specific character traits (absent/present, a/p;
878  or multistate, m) aswell as missing and inapplicable. Missing is the default setting and can
879 mean a) the cell has not been treated, the information on the character state for the taxon is not
880  known, or the information is known, but currently not retrievable (for example aspecimen is
881 known in adistant collection). The number of relevant cells as well as the percentageis given.
882  B) Recording progress of the 206 characters for the 147 mammalian speciesincluded in

883 MaTrics. Thetable lists the number of cells which are recorded to 100% (i.e., for all species),
884 andto at least 75% and 50% of the species, respectively.

885

886 A
Character dates n %
Recorded data (a/p and m) 18,389 60.7
missing 8,982 29.7
inapplicable 2,911 9.6

887

888 B
Recording progress (147 species) n (traits) % (of total number of traits)
100% (all species) 1 0.5
> 75% (> 111 species) 71 34
> 50% (> 74 species) 129 63
< 50% (<74 species) 77 37

889

890

891 Supplementary Material document S3 Brief description of statistical methods, samples and
892  observed p-values mentioned in the text

893

894
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895  Supplementary Material Table $4 Species and the assigned material studied in the different
896 collections (SNSD — Senckenberg Naturhistorische Sammlungen Dresden, MfN — Museum
897  fUr Naturkunde Berlin) for the test study on Carnivora.

898

899

900

901 Supplementary Material document S5 Description of the tooth cusp patterns in 20 selected
902 Carnivora

903

904

905 Supplementary Material Table S6 Absence (0) and presence (1) of the analyzed cuspsin the
906 studied teeth of the carnivoran species

907

908
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absent-present character statement
CS

character statement

/\

C S

character statement

| \‘\ / \
CC Ls Ls L4 Ls L:

character category locators chai acter statcs

Anatomy/  Ossa, Skull, Cranium, Ossa Viscero- d present § absent
Morphology, cranii, cranium, jugale

multistate character statement
CS

character statement

/\

C S
character statement
CC Ls L L2 La \% V4
character category locators variable . qualzf ier chamcter states

Morphology, caninus height to occlusal
superior, level of

Anatomy/  Ossa, Skull, Dentes, Dens relative in relation :[3iVii; occlusal i long
tooth row
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P
Trigon Talon
Family Genus Species Diet Ps| Pa| Pr {Ms| Hy | Ps [Mes| Ms | Pa | Pr | Me | Pac |Mec| Hy
Ailuridae Ailurus fulgens herbivorous 1 1 1 1 1 1 1 1 1 1 1 1 1 1
Canidae Canis lupus carnivorous 0 1 1 1 0 0 0 0 1 1 1 1 1 0
Canidae Canis familiaris carnivorous 0 1 1 1 0 0 0 0 1 1 1 1 1 0
Canidae Vulpes vulpes carnivorous 0 1 1 1 0 0 0 0 1 1 1 1 1 1
Mustelidae |Mustela putorius omnivorous 1 1 1 1 0 0 0 0 1 1 1 0 0 0
_?;é Phocidae Leptonychotes |weddellii piscivorous 0 1 0 0 0 0 0 0 0 1 0 0 0 0
©
L'.)% Procyonidae |Bassariscus astutus omnivorous 1 1 1 1 1 0 0 0 1 1 1 1 1 1
Procyonidae |Nasua nasua omnivorous 1 1 1 1 1 0 0 0 1 1 1 1 1 1
Procyonidae |Procyon lotor omnivorous 1 1 1 1 1 0 0 0 1 1 1 1 1 1
Odobenidae |Odobenus rosmarus X X X X X X X X X X X X X X
Ursidae Ailuropoda melanoleuca herbivorous 1 1 1 1 1 0 0 0 1 1 1 0 0 1
Ursidae Ursus arctos omnivorous 0 1 1 1 0 0 0 0 1 1 1 0 0 1
Ursidae Ursus maritimus hypercarnivorous 0 1 1 1 0 0 0 0 1 1 1 0 0 1
Felidae Acinonyx jubatus hypercarnivorous 1 1 1 1 0 0 0 0 1 1 0 0 0 0
Felidae Felis catus hypercarnivorous 1 1 1 1 0 0 0 0 1 1 0 0 0 0
o |Felidae Panthera leo hypercarnivorous 1 1 1 1 0 0 0 0 1 1 0 0 0 0
B Felidae Panthera tigris hypercarnivorous 1 1 1 1 0 0 0 0 1 1 0 0 0 0
% Felidae Puma concolor hypercarnivorous 1 1 1 1 0 0 0 0 1 1 0 0 0 0
[N,
Hyaenidae Crocuta crocuta hypercarnivorous 1 1 1 1 0 0 0 0 1 0 0 0 0 0
Hyaenidae Hyaena hyaena hypercarnivorous 1 1 1 1 0 1 0 0 1 1 1 0 0 0
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