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9 SUMMARY

10 Structurally complex genomic regions can foster evolutionary convergence by repeatedly generating
11 gene duplications that yield similar expression patterns and traits across lineages. Focusing on the
12 primate amylase locus, we leveraged high-quality genome assemblies from 53 primate species and
13 multi-tissue transcriptomes from Old World monkeys to reconstruct the evolutionary history of recurrent
14 duplications. We show that lineage-specific long terminal repeat retrotransposon insertions may be
15 associated with initial structural instability, while subsequent duplications are primarily driven by
16 non-allelic homologous recombination. Independent duplications in rhesus macaques, olive baboons, and
17 great apes produced distinct amylase copies with convergent expression in pancreas and salivary glands
18 and signals of episodic diversifying selection, consistent with emerging functional divergence. Our
19 analyses indicate that an ancestral gene with dual pancreas and salivary expression in Catarrhini
20 duplicated in great apes, facilitating subfunctionalization and regulatory rewiring. These findings illuminate
21 how modular structural and regulatory variation drives evolutionary innovation and molecular
22 convergence.
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27 INTRODUCTION

28 Convergent evolution, the independent emergence of similar traits in distinct lineages, has long intrigued
29 evolutionary biologists seeking to understand how similar phenotypes arise from different genetic starting
30 points™2. Recent advances in long-read sequencing have allowed us to characterize structurally complex
31 genomic regions accurately at the nucleotide resolution, revealing that these regions frequently undergo
32 recurrent structural variation®®, including gene duplications, that can drive major shifts in biological
33 function™. Integrating these insights, an emerging model posits that structurally complex loci, through
34 repeated gene duplications and regulatory rewiring, can serve as substrates for molecular convergence
35 51213 |n particular, such loci may produce similar spatial expression patterns of gene families in
36 phylogenetically distant lineages. Yet, the specific mutational mechanisms that give rise to these
37 duplications, the evolutionary forces shaping nucleotide variation among paralogs, and the processes by
38 which regulatory elements are reshuffled during structural rearrangements remain largely unresolved.
39 These questions are at the heart of understanding how structural and regulatory complexity contributes to
49 evolutionary innovation and the repeated emergence of similar traits across lineages.

41 The amylase locus is one of the most intriguing structurally complex regions in mammalian genomes,
42 notable for its exceptionally rapid structural evolution. It is one of the fastest-evolving loci in the human
43 genome, despite being essential in starch metabolism™. Amylase in mammals is primarily expressed in
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44 the pancreas. However, in some lineages, the gene has undergone a regulatory shift to include
45 expression in the salivary glands'". Variation in amylase copy number has been proposed to relate to
46 dietary starch intake in several lineages. In humans, salivary amylase (AMY1) copy number shows
47 population-level associations with starch-rich diets®*'®'° albeit the evolutionary and functional
48 interpretation of this relationship remains an area of active investigation®. Similar patterns of amylase
49 gene duplications and concordant expression shifts of the duplicated copies have evolved multiple times,
50 independently in different mammalian lineages, thus suggesting convergent mechanisms in response to
51 dietary shifts'”1%?"22 However, the mutational mechanisms underlying the independent gene duplications
52 in the amylase locus and proximate regulatory sequences remain unexplored. Investigating these
53 processes, using this locus as a model, could provide key insights into fundamental aspects of genomic
54 evolution, including neofunctionalization, subfunctionalization, and gene expression dosage regulation.

55 In humans, saliva amylase is the most abundantly secreted enzyme in the oral cavity?®, with expression
56 levels 6-8-fold higher than in other great apes'®?*?°. This heightened expression was considered a
57 human-specific trait'®'"'®, However, across the primate phylogeny, other species also exhibit high salivary
58 amylase expression, including Old World monkeys?® and capuchins'’. The prevailing model suggests that
59 the ancestral amylase gene was expressed initially in the pancreas, and was duplicated independently in
60 different primate lineages, where some duplications acquired expression in the salivary glands. In apes,
61 where this process has been best studied, the shift to salivary expression of one AMY1 duplicate has
62 been attributed to the insertion of an endogenous retroviral element (ERV) upstream of AMY 1772729 |n
63 humans, additional AMY7 duplications led to increased saliva expression levels®. In other nonhuman
64 primates, the genetic and regulatory mechanisms underlying salivary-gland-specific amylase expression
65 remain unknown.

66 Therefore, we compared the evolutionary history of the amylase locus in great apes and Old World
67 monkeys, offering an ideal framework for investigating how rapidly evolving, structurally complex regions
68 can give rise to convergent gene expression patterns. Specifically, we asked whether the recurrent gain
69 of salivary gland expression of AMY in these lineages is driven by shared mutational mechanisms and
70 regulatory shifts, or by distinct molecular events that lead to similar outcomes. To address this, we
71 leverage 244 high-quality primate genome assemblies and transcriptome data from pancreas, liver, and
72 salivary glands of rhesus macaques (Macaca mulatta) and olive baboons (Papio anubis). Using this data,
73 we identified features of the amylase locus associated with salivary gland expression, characterize the
74 mutational processes underlying lineage-specific gene duplications, and examine how structural and
75 regulatory variation is linked to AMY function and expression. In doing so, our study not only advances
76 understanding of amylase locus evolution and regulation in primates but also provides a broader model
77 for investigating how gene duplications in complex genomic regions can drive convergent evolution of
78 tissue-specific expression.

79 RESULTS

80 Ancestral and recurrent independent duplications shape primate amylase genetic structural
81 diversity

82 Previous studies have documented extensive structural variation within the human amylase locus,
83 identifying multiple independent copy number changes and inversions®*. To determine if similar structural
84 complexity extends across non-human primates, we analyzed 244 primate genomes, successfully
85 curating continuous contigs spanning the amylase locus in 53 species (total 69 genomes, Table S1 & 2;
86 see Methods). For 16 species, multiple high-quality genome assemblies (ranging from 2 to 4 genomes
87 per species) exist, allowing us to assess within-species variation (Table S3). In the remaining 174
88 genomes, the amylase locus could not be completely resolved within a single contig, underscoring the
89 challenges of assembling this complex region, even with high-quality long-read data. Nevertheless, the
90 69 curated genomes provided a robust framework for reconstructing AMY structural variation across
91 primates, documenting the expansions and contractions of the copy number variation of AMY genes, and
92 predicting the ancestral structural states (Figure 1A, Table S4, see Methods).
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93 Our results confirmed previous work'”?" that identified an ancestral duplication of the amylase locus in the
94 Catarrhini lineage (Catarrhini: the parvorder comprising Old World monkeys and apes; indicated by a
95 purple star in Figure 1A), lineage-specific duplications in New World monkeys, and a loss of a single
96 AMY gene in leaf-eating monkeys'”. The recently available high-quality genome assemblies analyzed in
97 this study provide sequence-level resolution of lineage-specific copy number variations and led to the
98 discovery of novel duplication events. These include a burst of duplications in the orangutan lineage, a
99 previously noted' but uncharacterized copy number increase in bonobos relative to chimpanzees
100 (Figure 1B), and recurrent independent duplications within Old World monkey genera, as described
101 below. In addition, we found copy number variation among lesser ape species (i.e., in gibbons) (Figure
102 1A; Figure S1; Table S5), yet it remains unclear whether this variation reflects an ancestral loss followed
103 by lineage-specific gains, independent lineage-specific losses, or incomplete lineage sorting (Figure S2),
104 posing an intriguing question for future research

105 Lemurs provide an ideal outgroup for studying the rest of the primate phylogeny. We found that all (n=11)
106 but one of the analyzed lemur species harbor a single AMY gene per haploid genome, a structure shared
107 with several non-lemur primates, suggesting that this configuration likely represents the ancestral
108 amylase haplotype in primates. One exception is Microcebus murinus, which carries an additional AMY
109 copy (Figure 1C). Taken together, our findings illustrate a complex evolutionary history of the amylase
110 locus characterized by recurrent independent duplications and losses, thus contributing a remarkable
111 structural diversity in primates. These patterns are consistent with the amylase region behaving as a
112 mutational hotspot across primates as defined by*'*. More genomes from additional species and more
113 comprehensive dietary data would be required to robustly test the relationship between diet and AMY
114 copy number in primates. Our study sets the stage to more comprehensively analyze the evolution of
115 functional variation within a hotspot of genomic variation within closely related primate species with
116 distinct dietary habits.

117 Reconstruction of the amylase duplications in catarrhini

118 To further elucidate the mutational basis of AMY structural variation in primates, we closely examined the
119 rhesus macaque and olive baboon genomes, contrasting their evolutionary histories with recent findings
120 from human haplotypes*. Previous studies leveraged Old World monkeys as an outgroup to explore AMY
121 copy number expansions in the human lineage®. These analyses successfully identified an ancestral
122 Catarrhini duplication event, followed by a great ape-specific duplication featuring a lineage-specific 5’
123 ERV retrotransposon associated with salivary expression? (Figure 2). In addition, recent assemblies
124 available for these species suggested lineage-specific duplications within rhesus macaque and olive
125 baboon genomes that were undetected in earlier work.

126 Our findings provide phylogenetic evidence indicating that the primate ancestor possessed a single
127 amylase gene, orthologous to human AMY2B (Figure 1A). In the Catarrhini ancestor, after the
128 divergence of new world monkeys, an insertion of the 3’ untranslated region of a y-actin pseudogene
129 insertion occurred 5 upstream of the ancestral amylase gene, followed by the duplication of the
130 y-actin-AMY2B segment, thereby generating a new amylase copy (AMY71’) (Figure 2). Later in the great
131 ape lineage, an endogenous retrovirus (ERV) was inserted into the y-actin region flanking AMY71’. This
132 combined y-actin~ERV-AMY1’ segment duplicated into AMY1 and the precursor of AMY2A in great
133 apes. Eventually, the progenitor of AMY2A underwent an ectopic deletion of a portion of the ERV
134 element, leading to its current structure as described further along with mutational mechanisms (Figure
135 2). Our observations within the great ape lineage builds upon previous findings reported by Meisler &
136 Ting® but provides a more granular picture. The observation that AMY71’ represents the ancestral copy
137 leading to great ape AMY2A and AMY1 is remarkable because these genes have distinct functions with
138 specialized expression in pancreas and salivary glands, respectively.

139 Lineage-specific duplications in rhesus macaques:
140 In Old World monkeys, we found that baboons and rhesus macaques retain both the ancestral AMY2B

141 gene as well as the derived AMY71’ gene, which originated in the Catarrhini ancestor (Figure 2A).
142 Additionally, we identified one lineage-specific duplicate in macaques and two additional, species-specific
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143 duplicates in baboons (Figure 1A). To better understand these events, we assessed the gene orthologies
144 of these duplicates and resolved the duplication breakpoints relative to the ancestral Catarrhini and great
145 ape haplotypes (Figure S3).

146 The novel lineage-specific duplication in rhesus macaques, which we termed AMYm, is located between
147 AMY2B and AMY1’ (Figure 3A). Sequence comparisons indicated that AMYm exhibits the highest
148 similarity to AMY2B, suggesting its origin from the ancestral AMY2B gene. AMY1’in rhesus macaques on
149 the other hand, shares orthology with great apes’ AMY2A and AMY1, although without clear one-to-one
150 orthology with either gene, suggesting that AMY7’ represents the ancestral state from which AMY1 and
151 AMY2A evolved.

152 By comparing the ancestral Catarrhini haplotype (i.e., two-copy haplotype in Figure 3A) (see Methods)
153 with the rhesus macaque (Macaca mulatta) haplotype, we resolved the breakpoints of the duplicated
154 sequences (Figure 3B). We identified non-allelic homologous recombination (NAHR) as the primary
155 mechanism driving the segmental duplications. NAHR, in this case, is characterized by two key
156 signatures: first, AMYm is flanked by segmental duplications, AMY2B at the 5' end and AMY1’ at the 3'
157 end; and second, the duplicated segment containing AMYm exhibits mosaic characteristics derived from
158 both flanking regions (Figure S3). Additionally, the duplication breakpoints overlap with the y-actin
159 insertion element, suggesting a possible role of this element in having facilitated the duplication events
160 via NAHR. Among macaques, we were further able to determine that the duplication is specific to sinica
161 and fascicularis groups, and must have occurred after the divergence of the silenus group (Figure 3B),
162 dating this duplication to the relatively tight window of 4.5 to 5 million years ago based on the previously
163 published phylogenetic dating of this clade®*. Based on these findings, we constructed what we believe to
164 be the most plausible model that explains the mutational mechanism underlying this macaque-specific
165 duplication event (Figure S4).

166 Species-specific duplications in olive baboons:

167 We conducted a similar comparative analysis of the olive baboon amylase locus to identify shared and
168 lineage-specific amylase gene duplications and the mechanisms through which they arise. Specifically,
169 we investigated the structural configuration of the amylase locus by comparing the olive baboon
170 haplotype carrying four gene copies to the ancestral Catarrhini haplotype. We identified two
171 lineage-specific amylase copies in Papio anubis flanked by AMY2B on the 5 and AMY71’ on the 3
172 (Figure 3C), which we termed AMYp1 and AMYp2.

173 These two novel genes were absent from other Old World monkey genomes, consistent with independent
174 duplication events specific to the Papio lineage. To infer the sequential order of these duplications, we
175 first decomposed the olive baboon amylase locus into four duplicated segments (see Methods). These
176 analyses showed that the segment harboring AMYp7 is a mosaic of the ancestral AMY2B- and
177 AMY1-containing blocks, whereas the segment carrying AMYp2 is nearly identical to the AMYp1
178 segment, consistent with a second NAHR event duplicating a pre-existing AMYp7-containing block. An
179 initial inspection of the Guinea baboon (Papio papio) amylase locus revealed six identical tandem
180 amylase segments in addition to the ancestral AMY2B and AMY1’ (see Methods and Figure S5), thus
181 we treated these redundant copies as unreliable for ordering the duplication events. Instead, we relied on
182 the internal segmental architecture of the olive baboon locus, together with competitive mapping among
183 the four olive baboon AMY paralogs, to establish that AMYp1 represents the first duplication derived from
184 the ancestral AMY2B-AMY1’ configuration, whereas AMYp2 arose later as a second, likewise olive
185 baboon-specific duplication, both highlighted in orange in Figure 3C.

186 Based on the data sources available to us and our findings outlined above, the most parsimonious
187 mutational model for these olive baboon-specific duplications to be as follows: The ancestral haplotype,
188 containing AMY2B and AMY1', underwent an initial non-allelic crossover between these two genes, giving
189 rise to the novel AMYp1 copy. Subsequently, haplotypes carrying AMY2B, AMYp1, and AMY1'
190 experienced a second recombination event, this time between AMY2B and AMYp1, resulting in the
191 emergence of the second novel copy, AMYp2, which is now positioned between AMY2B and AMYp1 in
192 the extant olive baboon haplotype (Figure 3C). Collectively, our reconstructions indicate that AMYp1
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193 predates AMYp2 and that both duplications arose after the complete split from Guinea baboons (Papio
194 papio). The divergence between olive and Guinea baboons has been dated to approximately 1.85 million
195 years ago based on previously published estimates®*?¢, indicating that both AMYp?1 and AMYp2 are
196 younger than this split and originated within the olive baboon lineage.

197 Taken together, our findings highlight lineage-specific duplications in rhesus macaques and olive baboons
198 that occurred independently of one another through NAHR and within approximately 10 million years of
199 evolutionary divergence. Two major questions remain, which we address in the next two sections. First,
200 what was the initial mutational driver of these duplications? Second, what could be the adaptive and
201 functional impact of these lineage-specific duplications?

202 Mechanistic inference of NAHR

203 Our inference of NAHR is based on multiple convergent lines of evidence assessed against the
204 established diagnostic criteria for NAHR, MMBIR and NHEJ® . First, each lineage-specific duplicate
205 (AMYm in macaques; AMYp1 and AMYp2 in baboons) is a chimeric copy whose 5' and 3' blocks derive
206 from different flanking paralogues, with a single transition point, the hallmark of a strand exchange
207 between misaligned paralogous sequences (Figure S3). Second, pairwise alignments reveal that the
208 flanking homologous tracts far exceed the ~300-500 bp minimal efficient processing segment (MEPS)
209 established for meiotic NAHR*, providing ample substrate for homologous recombination. Third, the
210 recurrence of independent events at the same flanking segments across macaques, baboons, bonobos
211 and great apes is itself diagnostic; NAHR characteristically produces clustered, recurrent breakpoints
212 mediated by a fixed pair of segmental duplications, whereas replication-based mechanisms (MMBIR)
213 generate non-recurrent rearrangements with unique breakpoint footprints®’=°. Finally, we observe neither
214 the complex junction architecture, embedded triplications, inversions, or 2-5 bp microhomology-supported
215 junctions, expected under MMBIR nor the short insertions, short duplications at the break junctions or
216 blunt joins without flanking homology that are characteristic of NHEJ®. These observations collectively
217 and robustly support NAHR as the main driver of structural variation in the primate amylase locus.

218 The abundance of long terminal repeats (LTRs) correlates with gene copy number gains in
219 the amylase locus

220 The amylase locus is exceptional in that it has evolved rapidly through independent structural
221 rearrangements across the tree of life, including in species such as fruit flies, mice, rats, and dogs'"?24142,
222 Several studies have linked this extensive variation to dietary adaptations''8?2, As described above, the
223 mutational mechanisms driving additional duplications, following the initial structural changes in the
224 Catarrhini ancestors, have been characterized as non-allelic homologous recombination (NAHR).
225 However, the origins of primary duplications, which arose from a single-copy ancestral haplotype (likely
226 representing the ancestral state in primates), remain poorly understood.

227 Our previous work' identified lineage-specific insertions of transposable elements coinciding with AMY
228 gene duplications across various mammalian taxa. The association between transposable elements
229 (TEs) and structural variation has been explored in multiple contexts, and recent studies have shown that
230 TE-mediated rearrangements can arise through diverse molecular mechanisms and induce structural
231 instability**#4. Building on these observations, we hypothesized that TEs elements might contribute to the
232 formation of primary duplications in primates, thereby predisposing the amylase locus to structural
233 instability. To test this hypothesis, we used a standardized primate repeat dataset to annotate
234 transposable elements across 53 primate genomes, thereby minimizing genome-specific biases (Table
235 S6; see Methods for details).

236 Our analyses revealed a wide range of transposable element content in the amylase locus across
237 species, from 25.23% in the northern greater galago (Otolemur garnettii) to 59.52% in the Bornean
238 orangutan (Pongo pygmaeus) (Figure 4A). In contrast to our expectations, we found that the amylase
239 locus is generally depleted in transposable elements compared to genome-wide averages; nevertheless,
240 we observe an enrichment in LTRs (Figure 4B & 4C). The general depletion is primarily driven by
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241 reduced representation of common, active, short retrotransposons such as Alu sequences (Figure 4B),
242 suggesting that the locus is not broadly permissive to transposable element retention.

243 While other common transposable elements were underrepresented within the amylase locus in most
244 primate species, we observed an enrichment of LTR transposons (Figure 4, panels C and D). The
245 proportion of LTR elements in the locus, even after accounting for phylogenetic relatedness, correlates
246 with the number of amylase genes, (p < 10%, R? = 0.62; Figure S6). This correlation is most significant
247 within Catarrhini, where the majority of amylase gene gains and losses were observed, supporting the
248 hypothesis that LTRs contribute to structural instability in the amylase locus. If indeed LTRs are driving
249 the structural changes, we would expect to find LTRs proximal to the breakpoint junctions, as exemplified
250 by the AMYp2 duplication in olive baboons (Figure S7). We also detected a strong negative correlation
251 between amylase gene copy number and the presence of DNA transposons, particularly Charlie and
252 Tigger elements (p = 1.4e® and p = 0.0005 respectively; Figure S8), further raising the possibility that
253 non-LTR transposons might have limited retention in the locus. Together, these findings point to a
254 transposable element-specific pattern of enrichment and depletion within the amylase locus, with these
255 dynamics showing strong correlations with amylase gene copy number variation across primates.

256 To further assess the relationship between LTRs and segmental duplications, we identified orthologous
257 LTR insertions across primates, clustered them into orthogroups, and reconstructed ancestral
258 presence/absence states on the primate phylogeny (Figure S9 & S$10). This analysis revealed elevated
259 LTR gain events on the branch leading to Catarrhini, coinciding with the initial amylase duplication events
260 in this lineage. Importantly, for the LTRs discussed above, the structural evidence indicates that the LTR
261 copies were part of the ancestral segment that was subsequently duplicated by NAHR, rather than
262 secondary insertions into pre-existing duplicates. Although we cannot conclusively demonstrate LTRs as
263 the direct cause of structural rearrangements, we hypothesize that their insertion may contribute not only
264 to structural instability but may also facilitate functional changes in regulatory regions as suggested
265 earlier®. Due to their role in regulatory rewiring, their retention may generate long stretches of
266 homologous sequence, which in turn may cause subsequent NAHR events. Such dynamics in primates
267 may explain both the recurrence of amylase gene duplications, as well as their functional changes in
268 tissue expression.

269 Signals of selection suggest potential functional variation among primate amylase paralogs

270 While human amylase paralogs in general appear to evolve under negative selection without significant
271 amino acid divergence from each other*, recent studies highlighted potentially functional variations
272 among human paralogs®. To identify such functional differences and signals of potential positive
273 selection, we aligned the coding sequences of all identified paralogs from olive baboons and rhesus
274 macaques with paralogs from ape genomes.

275 Our analysis yielded three major insights (Figure 5A & 5B). First, we identified a significant positive
276 selection signal on the internal branch leading to baboon and rhesus macaque paralogs compared to
277 great ape paralogs (aBSREL, p = 0.038). Second, we detected a premature stop codon mutation in the
278 ancestral AMY2B gene copy within baboons, previously unannotated in the NCBI database (Figure 5A).
279 Third, we detected strong evidence for positive selection specifically on AMYpZ2 in olive baboons,
280 supported by both aBSREL (p < 10%) and RELAX analyses (p < 0.0001). Additionally, we identified six
281 codons exhibiting episodic positive selection that likely contribute to this overall selection signal
282 (Methods; Figure S11). The concurrent presence of a premature stop codon in AMY2B and positive
283 selection in AMYp2 is remarkable. It has been shown previously that following gene duplications, one of
284 the copies may become pseudogenized and the other one retains the original function*®“’. Thus, it is
285 plausible here that the newly derived gene (AMYp2) functionally compensates for the observed loss of
286 function in the ancestral gene (AMY2B).

287 Next, we analyzed the functional annotations of primate amylase amino acid sequences, including known
288 glycosylation sites, streptococci-binding motifs, catalytic and active sites, and calcium-binding domains
289 (Figure 5C, see Methods). To evaluate whether the observed amino acid substitutions might affect
290 protein structure or function, we generated AlphaFold2 models for the amylase gene products of each
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291 paralog, with a particular focus on the baboon-specific AMYp2 sequence, which showed the strongest
292 signal of positive selection (Figure S12). The functional predictions suggest that most of the positively
293 selected substitutions do not overtly disrupt the protein fold, glycosylation motifs, or key catalytic
294 residues. However, subtle impacts on substrate affinity or protein stability cannot be ruled out (see Table
295 S7 for predicted pathogenic and neutral substitutions). Notably, we identified one strongly selected site (p
296 = 0.01, MEME) in AMYp2, involving a threonine-to-serine substitution at the position 178 predicted as an
297 active site by NLM’s conserved domain database*®, which may reflect fine-tuned functional divergence in
298 the olive baboon lineage. Collectively, our findings suggest that, unlike reported for humans*, Old World
299 monkey amylase gene duplications involve significant amino acid diversification, indicative of potential
300 neofunctionalization.

301 Reconstructing the evolution of salivary gland-specific expression

302 To investigate the expression patterns of lineage-specific amylase gene paralogs, we generated
303 transcriptome data from parotid, sublingual, and submandibular salivary gland, as well as liver and
304 pancreas tissues from six rhesus macaques and five olive baboons (Table S8). We also leveraged our
305 previously published transcriptomic data from the corresponding human salivary gland tissues*, and
306 added data for pancreas and liver tissues from the GTEx database. Taking advantage of sequence
307 differences among paralogs within each species, we used Kallisto® to quantify transcript abundance of
308 each gene, as it offers high sensitivity and accuracy for distinguishing among closely related gene
309 copies® (see Methods for more detailed discussion). These findings led us to form several hypotheses to
310 explain the regulation of amylase duplicates.

311 The first clear pattern we observed in both baboons and rhesus macaques is that, similar to humans, the
312 last gene (at the 3’ end) in the amylase cluster consistently shows elevated expression (parotid vs.
313 pancreas log,FC: rhesus AMY71°=6.08, baboon AMY171=1.91) in salivary tissues relative to the other
314 paralogs (Figure 5D). However, in contrast to humans, where AMY1 is exclusively expressed in saliva,
315 this gene in baboons and rhesus macaques retains expression (pancreas vs. liver log,FC: rhesus
316 AMY1'=0.40, baboon AMY1’=3.48) in the pancreas and liver, indicating broad expression patterns
317 (Figure 5E). Additionally, the relative contribution of each amylase paralog to total salivary expression
318 differs among species (Figure 5D). In humans, AMY1 accounts for nearly all salivary gland expression
319 (parotid vs. pancreas log,FC: AMY1A=14.71, AMY1B=9.74, AMY1C=14.35). The lineage-specific
320 duplications AMYm and AMYp2 also contribute to the overall salivary expression in rhesus macaques
321 and olive baboons, respectively.

322 Given that AMY1’ in Old World monkeys represents the ancestral gene from which the great ape AMY1
323 and AMY2A genes evolved (Figure 2A), it offers a valuable framework for investigating how
324 tissue-specific expression arose in these newly duplicated genes. In humans, AMY71 is expressed
325 exclusively in salivary glands, while AMY2A is expressed only in the pancreas (Figure 5E). Our
326 transcriptomic analyses in rhesus macaques and baboons shows that AMY71’ is expressed in both
327 pancreas and salivary glands, likely reflecting the ancestral state for Catarrhini (Figure 5D & 5E). Based
328 on these observations, the most parsimonious explanation is that the ancestral AMY71’ gene had already
329 acquired expression in both the pancreas and salivary glands, particularly the parotid gland, prior to the
330 divergence of great apes. Following duplication in the great ape lineage, subfunctionalization occurred:
331 AMY1 retained salivary gland expression, while AMY2A lost salivary expression and became restricted to
332 the pancreas. This shift may have been facilitated by an ERV insertion, as previously proposed?%,
333 Together, these findings support a subfunctionalization model for the great ape AMY7 and AMY2A
334 following their divergence from AMY1’.

335 Multifactorial regulation of tissue-specific expression of amylase paralogs

336 To investigate how regulatory elements contributed to the evolution of amylase gene expression in
337 primates, we examined transcription factor binding sites across paralogs and species. Using in silico
338 predictions of transcription factor binding sites and promoter regions for amylase paralogs in rhesus
339 macaques, olive baboons, and humans, we identified 262 distinct binding sites (consisting of 108 unique
340 TFBS) across the promoters of the nine annotated amylase gene paralogs analyzed (Table S9).
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341 A simplistic model of tissue-specific expression assumes that the presence of a specific transcription
342 factor binding site determines tissue specificity. If this were the case, we would expect the transcription
343 factor binding motifs among primate amylase paralogs to cluster according to their expression in either
344 salivary glands or pancreas. However, we found no such pattern: paralogs with known tissue-specific
345 expression did not show consistent enrichment of salivary- or pancreas-biased motifs (Figure 6). Instead,
346 our results suggest a partial conservation in promoter binding site composition among primate paralogs,
347 where all three rhesus macaque paralogs (AMY2B, AMYm, and AMY1’) share a similar binding site
348 profile with olive baboon AMY1’and AMYp2. In contrast, the promoter regions of the pseudogenized olive
349 baboon AMY2B and the human paralogs (AMY2B, AMY2A, and AMY1s) exhibit a distinct transcription
350 factor binding sequence composition, consistent with the lineage-specific evolution of these gene copies
351 (Figure 2A).

352 FOXC1 is a key transcription factor involved in salivary gland development and expression®'. Notably, we
353 found that all primate AMY paralogs, regardless of whether they are salivary gland- or pancreas-biased,
354 contain FOXC1 binding sites, with the exception of human AMY2B and the pseudogenized olive baboon
355 AMY2B. This observation suggests that the presence of a salivary-biased regulatory motif alone is
356 insufficient to dictate tissue-specific expression. Instead, expression patterns of AMY genes may be
357 further shaped by context-dependent factors such as chromatin accessibility, competitive binding, or the
358 presence of co-regulators. For example, despite containing a FOXC1 binding site, human AMY2A is
359 primarily expressed in the pancreas, highlighting the complexity of regulatory control at this locus.

360 These findings suggest that the presence or absence of salivary gland or pancreas-biased transcription
361 factor binding sites alone does not fully account for the observed tissue-specific expression patterns,
362 highlighting the potentially combinatorial nature of transcriptional regulation, an observation consistent
363 with previous findings from other tissue-specific systems*.

364 DISCUSSION

365 In this study, we used the amylase gene locus as a model to investigate within the primate lineage how
366 structurally complex loci contribute to molecular convergence. Convergent evolution, where similar traits
367 arise independently across lineages, is a hallmark of adaptive evolution and highlights non-random
368 patterns shaped by natural selection. Structurally complex regions have recently emerged as key players
369 in this process, and it is thought that independent gene duplications might play an important role in this
370 context. Focusing on the amylase locus, which is one of the most structurally dynamic regions in the
371 human genome®, we expanded prior work in humans to include the broader primate phylogeny. We
372 identified multiple lineage-specific amylase gene duplications, including previously uncharacterized
373 expansions in bonobos, orangutans, lemurs, and New World monkeys. This comprehensive analysis of
374 amylase evolution enabled us to dissect the interplay between mutational mechanisms, positive selection,
375 and regulatory divergence underlying functional convergence.

376 Our findings revealed that NAHR-mediated rearrangements in baboons, macaques, and humans
377 occurred through distinct breakpoints, underscoring the recurrent nature of duplication events. Given that
378 NAHR relies on existing homologous sequences, we asked how primary duplications arise in the first
379 place. We observed a strong correlation between amylase copy number and LTR abundance across
380 species, consistent with the hypothesis that lineage-specific transposable element insertions may
381 contribute to the homology required for initiating structural instability. While we cannot exclude a
382 bidirectional relationship, in which segmental duplications create a permissive genomic context for
383 additional TE accumulation, the synteny-based evidence is consistent with LTRs providing additional
384 stretches of shared sequence that facilitate NAHR. This provides preliminary evidence for a broader
385 hypothesis, that transposable elements may be a plausible contributor in priming structurally complex loci
386 for recurrent evolution, a compelling direction for future studies across mammalian genomes.

387 Beyond structural variation, we detected signatures of positive selection at specific codons, suggesting
388 functional divergence among amylase paralogs in a species-specific manner. Such changes may be of
389 functional relevance because they can alter the conformation of the protein and change or create motifs
390 governing posttranslational modifications. Evidence supports that human AMY paralogs differ in
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391 glycosylation potential and may influence oral microbiota composition®2. The interplay of nucleotide-level
392 and structural variation lays the groundwork for future population-level studies in closely related species
393 with differing diets or pathogen pressures, offering a powerful framework to investigate the adaptive
394 relevance of AMY variation.

395 By integrating genomic variation, gene expression, and transcription factor motif analyses, we show that
396 AMY paralogs have independently evolved tissue-specific expression, particularly in salivary glands.
397 Rather than relying on distinct, tissue-specific transcription factors, expression biases appear to result
398 from varying combinations of binding motifs among paralogs and across species. This regulatory rewiring
399 is linked to structural rearrangements at the locus, including duplications, inversions, and deletions, that
400 reshape the genomic context of regulatory elements. Our findings, thus, highlight the likely importance of
401 distal regulatory elements beyond core promoters in mediating tissue-specific expression. Future
402 functional assays such as ATAC-seq, ChIP-seq, or Fiber-seq will be essential to fully resolve the evolving
403 regulatory landscape of the amylase locus.

404 A vivid example of the co-evolution of gene duplication and regulatory rewiring is seen in the great ape
405 AMY2A and AMY1 genes. Our results show that these paralogs arose from an ancestral gene (AMY1’)
406 with dual expression in the pancreas and salivary glands. Following duplication, AMY2A and AMY1
407 subfunctionalized into largely pancreas- and salivary gland-specific expression, respectively. This
408 instance of regulatory and functional co-divergence exemplifies the distinct evolutionary innovation at the
409 primate amylase locus, ranging from fixed duplications (as in macaques and baboons), to extensive
410 intraspecific variation (as in humans), and even gene loss (in leaf-eating monkeys).

411 Notably, we found no species lacking the amylase gene entirely, suggesting that while the locus tolerates
412 considerable structural and regulatory flexibility, it remains under consistent functional constraint. This
413 balance, between mutational plasticity and adaptive necessity, places the amylase locus in what Ponting®
414 has termed the “evolutionary twilight zone”. It is within this zone that convergence has repeatedly
415 emerged during primate evolution, driven by distinct molecular mechanisms acting on a structurally
416 complex genomic landscape.

417 We propose that structurally complex loci across mammalian genomes are hotspots of molecular
418 convergence, harboring exceptional evolutionary potential. Their structural complexity not only promotes
419 gene copy number expansion and contraction but also enables regulatory innovation, fueling expression
420 divergence and functional diversification of duplicated genes.

421 Limitations of the study

422 Several limitations of this study should be noted. First, our analyses rely on a limited number of genome
423 assemblies (at most 4) per species. While parsimony-based reconstruction of copy number evolution
424 shows clear phylogenetic concordance and we confirmed structural configurations on multiple assemblies
425 for 16 species, we cannot exclude within-species copy number polymorphism in the amylase locus.
426 Population-level surveys, analogous to what has been achieved for humans®**%, will be essential to
427 characterize the full extent of structural variation at this locus across primates.

428 Second, genome assembly quality can influence TE annotation, particularly in repetitive regions. We
429 showed that LTR annotations are broadly consistent between short-read and long-read assemblies for
430 the same species and that the significant correlation between assembly N50 and genome-wide TE
431 content is primarily driven by satellite sequences rather than LTRs. Further, we identified one case in the
432 Guinea baboon (Papio papio) in which local misassembly of the amylase locus substantially affected TE
433 estimates. We resolved this issue by performing targeted local reassembly using the original long reads
434 and re-annotating transposable elements on the corrected locus. Despite these efforts, we cannot entirely
435 rule out similar, undetected local assembly errors in other species, though no additional outliers were
436 observed.

437 Third, the causal direction between LTR enrichment and amylase gene copy number gains remains
438 ambiguous. In SD-rich regions, NAHR can both expand copy number and create a genomic context
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439 permissive to additional TE accumulation, making it difficult to disentangle cause from consequence. Our
449 synteny-based evidence indicates that LTR insertions were present in the ancestral segment before
441 duplication, consistent with a seeding role; however, we acknowledge that TE insertions and segmental
442 duplications likely influence each other bidirectionally at this locus.

443 Finally, our regulatory analysis is based on in silico TFBS prediction and does not directly measure
444 chromatin accessibility or transcription factor occupancy. The finding that FOXC1 motifs are present in
445 most AMY promoters regardless of tissue-specific expression underscores the insufficiency of
446 motif-based prediction alone and highlights the need for functional assays (e.g., ATAC-seq, ChlIP-seq,
447 Fiber-seq) to resolve the regulatory architecture of the amylase locus.
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484
485 Figure 1. Structural evolutionary history of the amylase locus across primates.

486 (A) Contractions and expansions in the amylase locus reconstructed from 69 high-quality genomes
487 representing 53 primate species (Table S2 & S4). Lineages are color-coded by clade: purple for tarsiers
488 (outgroup), yellow for leaf-eating monkeys, green for Old World monkeys, dark blue for great apes, red
489 for lesser apes (gibbons), cyan for New World monkeys, and orange for lemurs. Red dots indicate
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490 independent contractions in the amylase locus. Yellow dots indicate expansions. Cyan dots mark lineages
491 retaining the ancestral single-copy configuration, inferred as the ancestral primate state. Independent
492 contraction events are observed in the gibbon, leaf-eating monkey, and New World monkey genera.
493 Numbers inside the dots give the total number of AMY gene copies detected in each species (per haploid
494 genome).

495 (B) Synteny comparison between bonobo (Pan paniscus) and chimpanzee (Pan troglodytes) at the
496 amylase locus. The copy number increase in bonobo, previously reported'®, is shown here to involve a
497 chimeric duplication. The 5' flanking region of the duplicated segment resembles the downstream region
498 of AMY1. The internal genic region corresponds to a full duplication of the AMY1 coding sequence. The 3'
499 flanking region aligns with the upstream flanking region of AMY2A. This chimeric architecture is
500 consistent with a nonallelic homologous recombination mechanism.

501 (C) Comparison of the amylase locus in ring-tailed lemur (Lemur catta) and gray mouse lemur
502 (Microcebus murinus). The gray mouse lemur harbors a tandem duplication of the amylase gene,
503 including both upstream and downstream flanking regions. This is the only duplication identified among
504 the lemur species analyzed.
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506 Figure 2. Evolutionary origins of the amylase locus in primates.

507 Model of amylase locus evolution across primates adjusted from Samuelson et al. 1990%”. The ancestral
508 primate genome contained a single-copy amylase gene (AMY2B). In the Catarrhini lineage, a y-actin
509 insertion occurred upstream of AMY2B (~43 MYA), followed by duplication of the y-actin-AMY2B
510 segment, generating a second gene (AMY1'). In great apes, a retroviral (ERV) insertion occurred (~39
511 MYA), followed by retroviral ectopic deletion in the human lineage, giving rise to AMY2A. In humans, a
512 stepwise triplication of the salivary-expressed amylase gene (AMY1) generated AMY1A, AMY1B and
513 AMY1C. The right panel summarizes the inferred regulatory and structural events, showing independent
514 gains of salivary expression in New World monkeys, Old World monkeys and great apes, with
515 subfunctionalization of AMY1 and AMYZ2A in humans.
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517 Figure 3. Independent duplication events and structural evolution of the amylase locus in Old
518 World monkeys.

519 (A) Schematic reconstruction of the amylase locus in the Catarrhini ancestor, rhesus macaque (Macaca
520 mulatta), olive baboon (Papio anubis), and human reference genome (which is also shown to be the
521 ancestral human arrangement* (hg38). The Catarrhini ancestor contains two genes: AMY2B and AMY7',
522 the latter derived from a duplication of AMY2B. In rhesus macaques (Macaca mulatta), the locus includes
523 AMY2B, AMYm , and AMY1'. In olive baboons (Papio anubis), the locus consists of AMY2B , AMYp2 and
524 AMYp1 , and AMY1'. AMYp1 is annotated as a pseudogene in NCBI, and is indicated with a dashed
525 outline. AMYp1 and AMYp2 arose from independent duplication events with distinct breakpoints from
526 those of AMYm. In the human reference genome, the locus contains AMY2B , AMY2A and three AMY1
527 paralogs, AMY1A, AMY1B, and AMY1C. The AMY2B genes are one-to-one orthologs across species.
528 AMY1' in macaques, baboons and the Catarrhini ancestor is orthologous among Old World monkeys and
529 represents the ancestral precursor to human AMY2A and AMY1 genes.

530 (B) Synteny analysis and phylogenetic context of the rhesus macaque-specific duplication. AMYm
531 (orange) is located between AMY2B (purple) and AMY1' (pink), and is present only in the fascicularis and
532 sinica macaque groups, but absent in the silenus group. This distribution dates the duplication to
533 approximately 4.5-5 million years ago. The gene structure of AMYm is identical for coding sequence to
534 AMY2B, but differs on the 5’ untranslated region. Breakpoint analysis indicates a nonallelic homologous
535 recombination (NAHR) mechanism.

536 (C) Synteny comparison across Papionini species reveals two independent NAHR-mediated duplication
537 events in olive baboons (Papio anubis). The first duplication generated AMYp1 (orange), and the second
538 produced AMYp2 (orange); both events must have occurred after the complete split from Guinea baboon
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539 (Papio papio), within the ~1.85-million-year window inferred for Papionini divergence. Because of local
540 misassembly in the amylase locus in Guinea baboon (Papio papio), we carried out the synteny analysis
541 using closely related Theropithecus gelada and Mandrillus leucophaeus which are members of the
542 Papionini group, supporting this reconstruction. Species are indicated by Latin names; the corresponding
543 common names and clade memberships are listed in the Table S5.
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545 Figure 4. The transposable element landscape in the primate amylase locus.
546 (A) Transposable element (TE) content (given as the total TE in bp/the total length of the locus in bp, see
547 Methods for more) in the amylase locus relative to genome-wide TE proportion across 53 primate
548 species. Each point represents a species, with the size of the circle scaled by the respective amylase
549 copy number and the color indicating enrichment status. The dashed line marks the 1:1 expectation. The
550 maijority of species show depletion of TEs in the amylase locus compared to genome-wide levels.

551 (B) TE family-specific enrichment (log, transformed) in the amylase locus across primates for SINEs,
552 Alus, MIRs and LINE1s, alongside total TE content (“All TEs”) (Table S6). Bars represent enrichment
553 (green) or depletion (pink) relative to genome-wide TE representation. Short retrotransposons (e.g. Alus
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554 & SINEs) are consistently depleted from the amylase locus, suggesting that this region might have limited
555 retention of active mobile elements across lineages.

556 (C) Relationship between genome-wide and amylase locus-specific LTR content across primate species.
557 Each point represents a species, with the circle size indicating AMY gene copy number and the color
558 representing phylogenetic clade. The dashed line indicates a 1:1 ratio. Most species show an enrichment
559 of LTRs at the amylase locus relative to genome-wide levels. (D) Log,-transformed enrichment and
560 depletion of LTR content at the amylase locus across 53 primate species, organized by phylogeny. Bars
561 indicate whether LTR representation in the locus is higher (green) or lower (pink) than genome-wide LTR
562 proportions. Several species with reported amylase gene duplications, such as olive baboon, exhibit
563 pronounced LTR enrichment.
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565 Figure 5. Functional divergence and tissue-specific expression of amylase paralogs in olive
566 baboons, rhesus macaques and humans.

567 (A) ldentification of a premature stop codon in AMY2B of olive baboon. A schematic of the disrupted gene
568 structure (top) shows the location of the nonsense mutation (red box) within the ninth exon.

569 (B) A maximum likelihood phylogeny of amylase coding sequences from olive baboon, rhesus macaque
570 and great apes, highlighted branches under significant episodic diversifying selection (dark red) affecting
571 the lineage leading to Old World monkey paralogs (aBSREL, p = 0.038).

572 (C) OIld world monkey and baboon-specific variants and their overlap with predicted functional sites
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573 across the amylase protein. Tracks show the position of catalytic and calcium-binding residues,
574 glycosylation sites, positively selected codons (FUBAR, MEME), Old World monkey-specific mutations
575 and baboon-specific mutations in AMYp2. A MEME- and FUBAR-identified site (codon position 178)
576 involves a threonine-to-serine substitution overlaps an active site.

577 (D) Differential expression of amylase paralogs across tissues in olive baboons, rhesus macaques and
578 humans. The scatterplot shows log,-fold change for each paralog across tissue comparisons (pancreas
579 vs parotid, sublingual or submandibular glands and pancreas vs. liver). The size of the circle corresponds
580 to the base mean expression level. In baboons and macaques, lineage-specific genes (AMYp2, AMYm)
581 contribute to salivary expression, unlike in humans where AMY1 is the dominant/primary salivary paralog.
582 Arrows represent the structure and orientation of amylase paralogs across species, colored by paralog
583 identity: AMY2B (purple), AMY2A (light orange), AMY1 (light pink), AMY1' (pink), AMYm, AMYp1 and
584 AMYp2 (orange).

585 (E) Pie charts showing proportional expression of each amylase paralog in salivary glands (parotid,
586 submandibular, sublingual) and pancreas. Expression levels of AMY1' in both salivary glands and
587 pancreas in macaques and baboons supports subfunctionalization as the likely evolutionary mechanism
588 for the tissue-specific roles of AMY71 and AMYZ2A in humans.
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589

590 Figure 6. Predicted transcription factor binding sites (TFBS) associated with salivary-gland and
591 pancreatic expression across amylase gene paralogs.

592 Circos plot showing in silico predictions of salivary (pink) and pancreatic (purple) TFBS across promoter
593 regions (~170 bp upstream of the start codon and annotated promoter) of amylase paralogs in rhesus
594 macaques (Macaca mulatta), olive baboons (Papio anubis) and humans. Colored arrows represent gene
595 orientation. Dots adjacent to each gene denote the presence of TFBS (pink for salivary, purple for
596 pancreatic). Ribbon links connect paralogs to TFBS categories. Pie charts summarizing relative gene
597 expression across tissues: PAR (parotid), SM (submandibular), SL (sublingual), and PANC (pancreas).
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598 The color of each slice corresponds to the proportion of total expression of the given gene in each tissue,
599 following the same color scheme used for the gene annotation arrows. All three rhesus macaque
600 (Macaca mulatta) paralogs (AMY2B, AMYm, AMY1') share similar TFBS profiles with olive baboons
601 (Papio anubis) AMY1'and AMYp2. In contrast, AMY2B in olive baboon and human exhibit distinct TFBS
602 composition. The salivary gland-biased transcription factor FOXC1 is present in most paralogs, but
603 absent from human and olive baboon AMY2B, both of which lack salivary expression.
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857
858 EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

859 Macaque and Baboon salivary glands samples were obtained from Texas Biomedical Institute through
860 their established IACUC protocols and by expert veterinary staff. The samples were obtained
861 opportunistically during planned euthanasia from animals that are 7 to 18 years old (Table S8).

862 METHOD DETAILS

863 Primate Genome Assemblies and Locus Extraction

864 To capture the phylogenetic diversity of the amylase locus across primates, we analyzed 244 high-quality
865 genome assemblies representing 222 species (Table S1). To assess copy number variation and
866 structural organization, we first delineated the locus using two flanking, non copy-number-variable anchor
867 sequences: one upstream (5') of the AMY2B gene corresponding to the RNPC3 genic region, and one
868 downstream (3') of the AMY1C gene. Both sequences were derived from the human GRCh38 reference
869 genome and used as queries in blastn (v. 2.14.1+)% searches against each assembly.

870 We automated this analysis using a custom SLURM-based Bash pipeline. The script identified
871 assemblies where both anchors mapped to a single contig or scaffold, extracted the intervening locus
872 using samtools faidx (v. 1.22)® and generated reverse complements with seqtk (v. 1.5-r133;
873 https://github.com/lh3/seqtk) for loci located on the reverse strand. Only assemblies in which the full
874 amylase locus was contained within a single contig were retained for downstream analyses; loci
875 fragmented across multiple scaffolds were excluded but recorded. The queried sequences and the
876 SLURM-based Bash pipeline have been deposited in Zenodo; see Data Availability.

877 Synteny Analyses and Gene Annotation

878 To characterize the structural composition and assess synteny of the amylase locus across primates, we
879 analyzed the 70 assemblies in which the complete locus was successfully extracted as a single
880 contiguous sequence. Each locus was aligned to the human H1%.1 haplotype, which carries a single
881 AMY1 gene and represents the ancestral configuration in great apes, using NUCmer (v. 3.1)* and
882 LASTY. Dotplots were then generated using mummerplot (v. 3.5)% and visually inspected to identify
883 structural rearrangements relative to the human reference.

884 To further investigate patterns of structural evolution both within and between genera, we performed
885 additional pairwise alignments among species of the same genus, as well as representative comparisons
886 across genera. These alignments were again generated with NUCmer (v. 3.1) and visualized using
887 dotplots and miropeats-style plots. For the latter, we used custom scripts to convert NUCmer coordinate
888 files into PAF format and visualized the alignments using the R package SVbyEye (v. 0.99.0)%,

889 To annotate amylase gene copies across primates, we employed a multi-step approach combining
890 reference annotations, CDS mapping, and manual curation. For each genome assembly with a
891 contiguous extracted amylase locus, we first retrieved available NCBI gene annotations for that species
892 and used exonerate (v. 2.4.0)* to map the corresponding coding sequences (CDS) to the extracted
893 regions. In assemblies lacking gene annotations, we utilized CDS from closely related sister species and
894 mapped them to the respective genomes using the same exonerate-based pipeline, which is well-suited
895 for aligning sequences in the presence of sequence divergence and detecting partial exons.

896 To identify putative orthologs and resolve paralogous relationships, we implemented a recursive
897 reciprocal BLAST approach. Putative amylase gene models from each species were queried against one
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898 another using blastn (v. 2.14.1+) and reciprocal searches were used to establish one-to-one or
899 one-to-many orthology/paralogy relationships. In a one-to-one orthology relationship, reciprocal BLAST
900 searches yield the same gene pair as the top hit in both directions e.g. gene X from species 1 identifies
901 gene Y from species 2, and gene Y reciprocally returns gene X. By contrast, a one-to-many pattern arises
902 when duplication has occurred in only one lineage, and this can appear in two complementary ways. If
903 species 2 experienced the duplication, a single gene in species 1 matches several genes in species 2,
904 and each of those paralogs reciprocally lists the original query gene as its best hit. Conversely, if the
905 duplication occurred in species 1, multiple paralogs in that species all identify the same ortholog in
906 species 2 as their top hit, while the lone gene in species 2 reciprocally aligns most strongly to just one,
907 commonly the most conserved, of the copies in species 1. Either configuration reveals a one-to-many
908 orthology generated by a lineage-specific duplication event. This approach allowed us to confidently
909 distinguish ancestral copies (e.g. AMY2B) from lineage-specific duplications.

910 Lastly, in olive baboons (Papio anubis), we detected a premature stop codon within the AMY2B gene,
911 suggesting likely pseudogenization. This mutation is absent from the NCBI annotation and was not
912 present in the CDS of Guinea baboon (Papio papio), but was consistently identified in both haploid
913 assembilies of olive baboons.

914 Transposable Element Annotation and Quantification

915 All 53 primate assemblies that yielded a contiguous amylase locus were analyzed using RepeatMasker
916 (v. 4.1.5; http:// repeatmasker.org) with the -species primates flag and default parameters. This approach
917 applies a uniform primate-specific repeat library to every genome, avoiding the inconsistencies that would
918 arise from mixing lineage-specific libraries. However, this choice can systematically underestimate
919 species-restricted transposable element (TE) families absent from the reference library, an acknowledged
920 limitation of our approach. RepeatMasker output files (.tbl and .out) were parsed to calculate
921 genome-wide TE content for each assembly. Assembly quality introduces additional bias to these
922 estimates, as chromosome-level assemblies often recover TE-rich centromeric and telomeric regions that
923 incomplete or nearly-complete assemblies commonly miss, thereby inflating total TE proportions.

924 To analyze TE content within the amylase locus, we applied RepeatMasker separately to the extracted
925 amylase sequences from each of the 53 species. These sequences were bounded by non
926 copy-number-variant RNPC3 5' and AMY1C 3’ flanks (detailed in the previous section) and restricted to
927 loci assembled as single, gap-free contigs/scaffolds, as a prerequisite to avoid potential segmental
928 duplication collapse. Masking isolated locus sequences, rather than extracting annotations from
929 whole-genome GFF3 files, prevented coordinate errors and ensured that every species was compared
930 across identical boundaries.

931 TE abundance was quantified as the proportion of masked bases (bp masked / region length) for both
932 genome-wide and locus-specific analyses. This normalization accounts for length variation introduced by
933 gene duplications. All downstream statistical analyses and visualizations were conducted in R (v. 4.3.3).
934 For each species, we compared the percentage of masked sequence in the amylase locus to its
935 genome-wide percentage. For each TE family, we calculated log2-enrichment, defined as log2(% in
936 locus)/(% genome-wide). This metric was then merged with amylase copy number estimates and clade
937 assignments. Enrichment or depletion was assessed with a two-sided Wilcoxon signed-rank test across
938 the 53 species in which the locus was contiguous; family-specific analyses (e.g. Alu, LTR, DNA
939 transposons) were performed analogously. P-values were adjusted for multiple testing using the
940 Benjamini-Hochberg procedure, considering FDR<0.05 significant.

941 We assessed the potential confounding effect of assembly contiguity (scaffold N50/Assembly N50) on TE
942 content estimates. Assembly N50 showed a strong positive correlation with genome-wide TE content
943 (Spearman p=0.554, P<0.001; n=53). However, this relationship was primarily driven by assembly length.
944 After controlling for total assembly length, the association between N50 and TE content remained
945 significant but was substantially reduced (partial correlation p=0.327, P=0.018), indicating that assembly
946 quality has a modest independent effect on TE detection beyond simple genome size effects.


https://doi.org/10.1101/2025.08.14.670395
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2025.08.14.670395; this version posted February 24, 2026. 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 4.0 International license.

947 To directly evaluate the impact of sequencing technology on TE estimation, we leveraged two species for
948 which both short-read-based and long-read-based assemblies are available (Semnopithecus entellus and
949 Macaca nemestrina). For each species, we ran RepeatMasker on both assemblies with identical
950 parameters and quantified the genome-wide proportion of sequence annotated as major TE classes
951 (LINEs, SINEs, LTR retrotransposons, DNA transposons, satellites/low-complexity). Across both species,
952 total TE content and the relative contributions of LINEs, SINEs and LTR retrotransposons were highly
953 similar between short-read and long-read assemblies, whereas the long-read assembly in Macaca
954 nemestrina recovered a higher fraction of sequence annotated as satellites and related tandem repeats,
955 consistent with improved representation of centromeric and pericentromeric regions in more contiguous
956 genomes (Table $S10 & S11).

957 To test whether TE abundance predicts amylase gene copy number while accounting for shared ancestry,
958 we fit phylogenetic generalized least-squares (PGLS) models in R (nlme 3.1 and caper 1.0.1). A
959 ultrametric primate tree pruned to the 53 focal species was obtained from TimeTree (accessed January
960 2025). The response variable was amylase gene copy number while the predictor was locus-specific TE
961 proportion (total or by family). Pagel’s A was estimated by maximum likelihood and retained if significantly
962 different from zero. Model fit was evaluated by R? and residual diagnostics. All scripts for TE analysis,
963 including those used to reproduce Figure 4, are available in a Zenodo repository (see Data Availability)

964 LTR Orthogroup Analysis and Ancestral-State Reconstruction

965 To assess the evolutionary dynamics of individual LTR insertions at the amylase locus across primates,
966 we identified orthologous insertions using a reciprocal flanking-sequence approach. For each LTR
967 element annotated by RepeatMasker within the extracted amylase locus of each species, we extracted
968 1kb flanking sequences on both sides and used reciprocal BLAST to identify orthologous insertions
969 across species. Elements sharing orthologous flanking context were clustered into orthogroups. A binary
970 presence/absence matrix (214 orthogroups x 53 species) was then constructed and analyzed on the
971 pruned primate phylogeny.

972 We computed parsimony steps per orthogroup using phangorn v.2.12% and retained orthogroups
973 requiring <10 changes across the tree which included all trees (n=214). For each retained orthogroup, we
974 reconstructed ancestral states using maximum-likelihood discrete-character analysis (ace function in ape
975 v.5.8)%" under an equal-rates (ER) model. MAP ancestral states were assigned to internal nodes, and
976 branch-wise gains and losses were tallied by comparing parent-child state pairs across all edges and
977 orthogroups. Results were visualized by painting branch colors proportional to the total number of LTR
978 gains or losses on the primate phylogeny (Figure S9 & S$10). All scripts are deposited in the Zenodo
979 repository (see Data Availability).

980 Structural Variant Inference and Duplication Mechanism Analysis

981 To investigate the mechanisms underlying the duplication in the amylase locus, we extended our
982 annotation of the region beyond the existing annotations available on NCBI. We utilized BISER (v. 1.4)%?
983 to identify segmental duplications in the olive baboon amylase locus, analyzing the masked and
984 unmasked genome to capture all duplicated units, irrespective of functional annotation. This approach led
985 to the identification of 43 distinct duplicated segments (Table S12). Additionally, we identified four IncRNA
986 sequences within the locus, positioned downstream of each gene with reverse orientations relative to the
987 genes. Using self-alignments, dotplots, and BLAST searches, we partitioned the amylase locus into four
988 distinct segments, each corresponding to a single duplicon (Figure S13A). Each segment includes the
989 coding sequence of an amylase gene and extends to the terminal sequence of an adjacent IncRNA. This
990 partition enables a systematic examination of duplicated regions across the locus.

991 We then compared the four distinct segments to one another using pairwise NUCmer alignments and
992 visualized these comparisons with dotplots. Query coverage and sequence similarity metrics allowed us
993 to infer the order of duplication events. A closer examination of the nucleotide sequences further informed
994 us of the duplication mechanisms involved. Namely, the third segment (containing the amylase gene
995 AMYp1) appears to be a composite of the fourth segment (encompassing AMY7’) and the first segment
996 (encompassing AMY2B) (Figure S13B). Meanwhile, the second segment is nearly identical to the third,
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997 with the only difference being a ~10 kb deletion within the third segment (Figure S13C). Because this
998 interval is bounded by long stretches of Ns in the olive baboon assembly, we cannot determine whether it
999 represents a true biological deletion or a local misassembly/scaffolding artifact, and we therefore do not
1000 interpret this feature further. Taken together, the sequence-similarity patterns indicate that two non-allelic
1001 homologous recombination (NAHR) events duplicated the ancestral AMY2B and AMY1' blocks, yielding
1002 the present-day amylase locus structure in olive baboons (Figure S$13).

1003

1004 To delineate precisely the novel duplications in the olive baboon amylase locus, we utilized closely related
1005 Papionini and Old World monkey species that still retain the ancestral Catarrhini two-copy configuration
1006 (AMY2B and AMY1'). Continuous contigs spanning the locus were available for gelada (Theropithecus
1007 gelada), drill (Mandrillus leucophaeus), sooty mangabey (Cercocebus atys), and crested macaque
1008 (Macaca nigra). We extracted the orthologous intervals (RNPC3 5' flank to AMY1C 3' flank; see above)
1009 and aligned each of them against the olive baboon amylase locus with NUCmer (v 3.1; default settings),
1010 visualising the results with mummerplot and extracting the corresponding coordinates. Between these
1011 species, uninterrupted collinearity was observed across the junctions that define the “first segment” and
1012 “fourth segment” as defined above. The “second segment” and “third segment” were then mapped
1013 separately against the ancestral two-copy configuration, allowing us to delineate the exact breakpoints
1014 introduced by the first and second non-allelic homologous recombination events. The sequence that is
1015 contiguous in olive baboons but split in the two-copy genomes corresponds to the novel duplications.
1016 These alignments confirmed that no additional rearrangements in the olive baboon amylase locus and
1017 that the derived AMYp71 and AMYp2 blocks are absent from the ancestral Catarrhini two-copy
1018 configuration, validating the BISER-based segmentation. We additionally aligned the olive baboon locus
1019 to that of its sister species Guinea baboon (Papio papio). Although the Guinea baboon assembly contains
1020 six tandem amylase copies, in addition to the ancestral AMY2B and AMY1’, all of these extra copies are
1021 identical in nucleotide sequence, strongly suggesting an assembly artifact caused by assembly
1022 over-expansion rather than true structural variation in the locus (see Methods). Because Guinea
1023 baboons retain only the ancestral two-copy configuration, both AMYp1 and AMYp2 appear to be olive
1024 baboon-specific. Consequently, the two NAHR events that generated these duplications must have
1025 occurred after the complete split from Guinea baboons, within the ~1.85 MYA window inferred for
1026 Papionini divergence

1027 To investigate the macaque-specific duplication, we applied the same segmentation and alignment
1028 workflow to the rhesus macaque locus. Self-alignments (dotplots) and pairwise NUCmer comparisons
1029 partitioned the region into three paralogue segments, each corresponding to a single duplicon: segment 1
1030 harbouring AMY2B, segment 2 carrying AMYm (the novel copy), and segment 3 harbouring AMY1".
1031 Pairwise comparisons showed that AMYm shares extensive 5' homology with AMY1' and 3' homology
1032 with AMY2B, with crossover points falling within the intergenic sequence upstream the novel gene. The
1033 preserved orientation and high identity of the flanks, together with these shared blocks, implicate NAHR
1034 as the duplication mechanism (Figure S3). In parallel, BISER (v. 1.4) identified 26 unique duplicons
1035 within the macaque locus (Table S$13), which we treat as the smallest repeat units; by contrast, the three
1036 segments defined above represent the largest repeated modules spanning each paralogue block across
1037 the locus.

1038 We then aligned orthologous contiguous amylase locus from multiple Macaca species representing the
1039 three major clades (fascicularis, sinica, silenus). AMYm is present in the fascicularis and sinica groups
1040 but absent from the silenus group, placing the duplication after the silenus split and before diversification
1041 of the fascicularis and sinica clade, i.e. approximately ~4.5-5 MYA. All AMYm-harbouring loci were
1042 recovered on single, gap-free contigs with identical breakpoints across species and no additional
1043 rearrangements, supporting a single NAHR event that generated the three-segment architecture in
1044 macaques (Figure S4).

1045 Targeted Local Reassembly of the Guinea Baboon Amylase Locus
1046 The original Guinea baboon (Papio papio) genome assembly (GCA_028858775.2) contained six identical

1047 tandem amylase copies in addition to AMY2B and AMY1'. To evaluate whether this expansion reflects
1048 true structural variation or an assembly artifact, we adopted a targeted local reassembly approach. We
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1049 extracted an extended bait region spanning from 150 kb upstream of the RNPC3 5' flank to 150 kb
1050 downstream of the AMY1C 3’ flank, providing sufficient unique flanking context for unambiguous read
1051 recruitment. The full PacBio Revio HiFi read dataset (~97 Gb) was mapped to this bait region using
1052 minimap2 (v. 2.29)%, retaining only primary alignments with mapping quality 220 and minimum aligned
1053 length =7 kb. Coverage was assessed in 20 kb windows across the extracted locus. A sharp drop in read
1054 depth was observed precisely over the region corresponding to the six tandem copies, inconsistent with a
1055 genuine six-copy expansion and instead indicative of assembly over-expansion.

1056 To confirm this interpretation, the filtered reads were extracted and reassembled locally using both Flye
1057 (v. 2.9.6)* and hifiasm (v. 0.25.0)%. Across mapping quality thresholds from MQ 10 to MQ 30 and
1058 minimum aligned lengths from 6 kb to 10 kb, hifiasm consistently produced a single continuous contig
1059 spanning the entire locus, containing only two amylase genes (AMY2B and AMY1") corresponding to the
1060 ancestral Catarrhini configuration. Flye occasionally fragmented the locus at tandem repeat boundaries
1061 but never supported more than two gene copies. As an additional control, the analysis was repeated
1062 using the gelada (Theropithecus gelada) amylase locus as an independent bait reference; uniform
1063 coverage and a two-copy local assembly were again recovered. Based on the locally reassembled locus,
1064 transposable element annotations for the Guinea baboon amylase region were recalculated using
1065 RepeatMasker with the same parameters applied to all other species, and all downstream analyses were
1066 updated accordingly to reflect the TE composition of the reassembled locus.

1067 Transcriptomic Data Generation and Processing and Differential Expression Analysis

1068 Biopsies (parotid, submandibular, sublingual, pancreas and liver) from five olive baboons (Papio anubis)
1069 and six rhesus macaques (Macaca mulatta) were flash-frozen in liquid nitrogen immediately after
1070 collection and stored at -80°C. These samples were collected at Texas Biomedical Institute by
1071 veterinarians from 7-18 year old animals right after planned euthanization for health reasons. Samples
1072 are kept at -20°C. Library preparation and standard lllumina HiSeq RNA sequencing (2x150bp)
1073 experiments were carried out following standard operating procedures by GENEWIZ/Azenta. Publicly
1074 available adult human salivary gland dataset*® was downloaded as FASTQ files and processed similarly
1075 to the olive baboon and rhesus macaque RNAseq samples from the quality-control step onwards. The
1076 pancreas and liver expression datasets were obtained from GTEx v8 and normalized as detailed below.
1077

1078 Quality assessment of raw reads was performed with FastQC (v. 0.12.1)% and summarised with MultiQC
1079 (v. 1.25)%7. Adapter sequences, low quality bases at the 3’ and 5’ end of the read, and reads shorter than
1080 36 bp were removed using Cutadapt (v. 3.5)%. To investigate tissue-specific expression, trimmed reads
1081 were aligned to the olive baboon (Papio anubis Annotation Release 104) and rhesus macaque (Macaca
1082 mulatta Annotation Release 103) transcriptomes, and transcript abundances were quantified with Kallisto
1083 (v. 0.51.1)%°. Transcript-level transcripts per million (TPMs) were summarized to the gene level. The
1084 gene-level quantifications were further normalized using the "lengthScaledTPM" method, for consistency
1085 in downstream analyses. These data were then filtered to include only high-confidence gene expression
1086 estimates (minimum of ten reads across all samples). The normalized gene expression profiles were
1087 used for differential expression analysis and visualization. For differential expression analysis, we utilized
1088 DESeq2 (v. 1.46.0)%° to compare gene expression profiles between tissues within species. We applied a
1089 Wald test to detect significant expression differences between groups. Genes with an adjusted p-value
1090 (FDR < 0.05) were considered significantly differentially expressed.

1091

1092 Human salivary gland reads*® were quantified with Kallisto against the NCBI Homo sapiens Annotation
1093 Release 110 transcriptome. Pancreas and liver read-count tables were obtained from GTEx v8. Before
1094 combining these data with the Kallisto-derived human salivary gland quantifications, we removed
1095 Ensembl version suffixes from every gene ID, retained only genes present in all samples and rounded
1096 Kallisto’'s fractional estimates to integers so that every entry represented a raw count compatible with
1097 DESeq2. A DESeq2 object was then created using tissue as the design factor, and size factors were
1098 estimated with the default median-of-ratios procedure to generate library-normalised counts.
1099 Variance-stabilising transformation was applied for PCA-based quality control (GTEx pancreas, GTEx
1100 liver or each salivary gland tissue) to confirm that batch effects did not dominate the variance structure.
1101 The resulting size-factor-normalised count matrix was used for all subsequent differential-expression
1102 analyses.
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1103 In parallel, we developed a polymorphism-aware pipeline to achieve higher resolution quantification of
1104 gene expression across tissues. This pipeline leverages nucleotide polymorphisms within RNA-seq reads
1105 to partition expression into transcript-specific contributions. We first aligned all human, rhesus macaque,
1106 and olive baboon transcripts, accounting for alternative splicing isoforms, to identify coding-sequence
1107 polymorphisms. For each species, we generated a single consensus FASTA sequence that captured the
1108 shared polymorphisms across the different transcripts within species. We then extracted RNA-seq reads
1109 previously mapped to each genome using HISAT2 (v. 2.2.1)", retaining only those overlapping the
1110 amylase locus, and realigned them to the corresponding species-specific consensus FASTA with BWA (v.
1111 0.7.19-r1273)". NCBI annotations were curated for known polymorphic regions in the olive baboon and
1112 rhesus macaque transcripts, and the data were integrated with species-specific annotations to refine the
1113 analysis.

1114

1115 Using Old World Monkeys transcripts as outgroups, we assigned the detected polymorphisms as
1116 ancestral, derived, or lineage-specific. Using custom Python scripts we extracted and quantified reads at
1117 these polymorphic sites, enabling paralog-specific expression estimates (scripts have been deposited to
1118 Zenodo:https://doi.org/10.5281/zenodo.16809248). By focusing on transcript- and paralog-level variation,
1119 our approach aimed to reveal tissue-specific expression patterns that would otherwise remain obscured
1120 in conventional bulk RNA-seq data. To ensure robust detection of gene-level differences, we specifically
1121 utilized polymorphisms that distinguish one paralogous gene from another. In the rhesus macaque
1122 genome, for instance, three paralogous genes, AMY2B, AMYm and AMY1’, are annotated in that order.
1123 For each paralogous gene, we selected four polymorphisms: two located toward the proximal (5') end
1124 and two toward the distal (3') end of the coding region. At positions 93 and 111, AMY2B carries the
1125 polymorphisms G, T, AMYm carries A, G, and AMY1’ carries A, T (Figure $14). At positions 737 and 753,
1126 AMY2B carries A, T, AMYm carries T, T, and AMY1’ carries T, C respectively. The polymorphism-aware
1127 pipeline allowed us to unambiguously assign reads to individual paralogs and confirmed the accuracy of
1128 Kallisto’'s expression estimates. It was used only as an internal validation step and did not contribute to
1129 the differential expression analyses or any other downstream analyses reported here.

1130

1131 Finally, we queried all annotated long-non-coding RNAs located within, or immediately flanking, the
1132 amylase locus in the rhesus macaque and olive baboon genome builds. The Kallisto-derived TPMs for
1133 every such IncRNA were below ten reads in every tissue, indicating negligible expression; they therefore
1134 cannot account for the tissue-specific patterns described in Results.

1135 ddPCR-Based Copy Number Estimation in Individuals Included in the Transcriptomics Analysis
1136

1137 To determine whether within-species variation in amylase copy number could confound paralog-specific
1138 expression comparisons, we quantified genomic amylase copy number by droplet digital PCR (ddPCR) in
1139 the same five olive baboons (Papio anubis) and six rhesus macaques (Macaca mulatta) for which
1140 RNA-seq data were generated from parotid, submandibular, sublingual, pancreas, and liver biopsies (see
1141 RNA-seq sample description above). Genomic DNA was isolated from each individual and analyzed
1142 using ddPCR, targeting a sequence conserved across amylase gene homologs in Old World monkeys.
1143 Copy number was calculated relative to a single-copy reference locus used in our previous work'” (Table
1144 S14). The assay used the following oligonucleotides: forward primer  (5-3')
1145 GAGCACTTGTCTTTGTGGATAA; reverse primer (5-3') TCCCAGAAGGTAAGAATAGAGG; and
1146 hydrolysis probe (5'-3') CCATGACAATCAACGAGGACATGGG. Because the target region is shared
1147 among paralogs, this approach provides an aggregate estimate of total amylase copy number and does
1148 not resolve paralog-specific contributions to copy number variation.

1149 Positive Selection Analyses

1150 Coding sequences (CDS) from the two Old World monkey species analysed here (olive baboons and
1151 rhesus macaques) together with orthologous CDS from all extant Great Ape species (human,
1152 chimpanzee, bonobo, Sumatran and Bornean orangutan) were aligned at the amino-acid level with
1153 MAFFT (v. 7.515)", back-translated to codons with PAL2NAL (v. 14)7, and manually trimmed to preserve
1154 reading frame. We assessed the sequences for internal stop codons and removed any truncated CDS. A
1155 maximum-likelihood gene tree was inferred with IQ-TREE (v 2.4.0)™ using the MG+F3X4+R2 model and
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1156 was input to all HyPhy analyses. All selection analysis results are provided in Supplementary Tables
1157 $15-S18.

1158 Branch-level tests (aBSREL)

1159 To identify entire lineages that experienced bursts of adaptive change we ran the adaptive Branch-Site
1160 Random-Effects Likelihood (aBSREL) model in HyPhy (v. 2.5.48)"® with default settings. aBSREL
1161 compares for every branch, a null model in which all sites evolve neutrally or under purifying selection (w
1162 <1) to an alternative model that allows a proportion of sites on that branch to have w>1. Likelihood-ratio
1163 tests are corrected for multiple comparisons with the built-in Holm procedure. Foreground branches were
1164 not pre-specified; instead HyPhy evaluates each branch in turn. The aBSREL p-values were corrected for
1165 multiple testing with HyPhy’s built-in Holm-Bonferroni procedure (Table $15).

1166 Site-level episodic diversifying tests (MEME)

1167 Codon-specific episodic diversifying selection was evaluated with the Mixed-Effects Model of Evolution
1168 (MEME) in HyPhy®. MEME allows the selective regime (w) at a site to vary among branches, thus
1169 detecting positive selection that operates only on a subset of lineages. We used the default significance
1170 cut-off of p<0.10 after applying the False Discovery Rate (FDR) correction using the Benjamini-Hochberg
1171 procedure (Table S16).

1172 Site-level pervasive tests (FUBAR)

1173 Pervasive, site-wide selection was assessed with the Fast, Unconstrained Bayesian AppRoximation
1174 (FUBAR) implemented in HyPhy’’, which estimates posterior probabilities for w>1 under a Bayesian
1175 framework that assumes a constant selection regime across the tree. Analyses were run for 5 million
1176 MCMC iterations (burn-in=1 million); codons with posterior probability larger than 0.90 were considered
1177 positively selected (Table $17).

1178 Relaxation or intensification of selection (RELAX)

1179 To test variation in selective pressures across specific lineages, we applied RELAX™. The baboon AMYp2
1180 branch was assigned as foreground and all other branches as background. RELAX fits two models
1181 differing by a scaling parameter K that inflates (K>1) or deflates (K<1) the background w distribution;
1182 significance is assessed by a likelihood-ratio test (Table S18).

1183 Structural Modeling and Functional Domain Prediction

1184 The coding sequence for AMYp2 was modelled in silico using AlphaFold2 (v. 2.3.1)" via the ColabFold
1185 implementation with the “monomer_ptm” preset and default recycling.The top-ranked model by pLDDT
1186 was retained; predicted-aligned-error (PAE) matrices were inspected to verify global fold confidence.
1187 Annotated PDB files were generated in Chimera (v. 1.19) and used for all subsequent structure-based
1188 alignments.

1189 Active, catalytic and calcium-binding sites were identified using the NCBI Conserved Domain Database
1190 (CDD, accessed March 2025). Calcium and chloride binding sites were further cross-referenced with the
1191 identified binding sites by Ramasubbu et al.®8', Glycosylation candidates were predicted with NetNGlyc
1192 1.0%2 and cross-referenced to the proposed glycosylation sites reported by Kamitaki et al.*.

1193 Regulatory Motif Analysis

1194 Promoter sequences for the amylase paralogs in humans and rhesus macaques were defined as the
1195 170-bp window spanning 100 bp upstream to 70 bp downstream of the experimentally supported TSS
1196 recorded in Eukaryotic Promoter Database (EPD)®. When an EPD entry was unavailable, we took the
1197 RefSeq transcription-start site (TSS) from the corresponding annotation (NCBI Papio anubis Release
1198 104, Macaca mulatta Release 103, and Homo sapiens Release 110) and defined the promoter as the
1199 region 100 bp upstream to 70 bp downstream of that TSS. We retrieved these windows for every amylase
1200 paralog in humans, rhesus macaques, and olive baboons. In parallel, we analyzed the 50 most highly
1201 expressed salivary gland genes in each species (ranked by TPM) and annotated their promoter
1202 sequences. Each promoter was scanned with MEME (MEME-suite v. 5.5.7)% for de novo motif discovery
1203 to identify novel, enriched sequence motifs.
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1204 The identified motifs were then annotated with Tomtom (MEME-suite v. 5.5.8)% against the JASPAR 2024
1205 CORE non-redundant vertebrate library®, retaining hits with P<10* to identify potential transcription
1206 factors (TFs). To assess specificity, we conducted parallel analyses using promoter sequences from 50
1207 randomly selected genes per species, which did not show significant motif enrichment for the motifs
1208 identified with the salivary gland dataset, supporting the specificity of our results. The resulting TF list was
1209 cross-referenced with salivary- and pancreas-specific transcription factors with enriched expression from
1210 the FANTOM5 database (P<0.05 and log,y(relative expression over median)>1.3)¥” and the salivary gland
1211 TF catalogue from Michael et al.®'. TFs present in either salivary gland set and absent from the
1212 pancreatic set were labelled salivary-gland-biased, while the converse defined pancreatic-biased TFs,
1213 with the remainder classed as core. The amylase-paralog promoter windows were then scanned with
1214 FIMO® against the JASPAR 2024 CORE library to identify TFBS within each promoter; only hits with
1215 P<10* were retained. These TFBS were subsequently grouped into core, pancreatic-biased, and
1216 salivary-gland-biased categories based on the above TF assignments.

1217 ADDITIONAL RESOURCES

1218 Analysis scripts, pipelines and input data: https://doi.org/10.5281/zen0do.16809248 and
1219 https://doi.org/10.5281/zenodo.18689074
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