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Abstract 61 
Vampire bats are the only tetrapods that feed exclusively on blood. To uncover the molecular 62 
basis of this extreme dietary specialization, we generated six new reference genomes, including 63 
genomes of all three vampire bat species, and integrated comparative analyses of gene sequence 64 
evolution (selection signatures, duplications, and losses) with transcriptomic data from six major 65 
organs to identify shifts in gene expression. Our integrative analyses reveal sequence or 66 
expression changes in 150 genes that illuminate the genetic mechanisms underlying sanguivory. 67 
Through comparative analyses and experiments, we show that the enlarged vampire bat stomach 68 
has increased connective tissue content enabling extreme expansion, is pH-neutral, and exhibits 69 
reduced mucus production, together providing molecular insights into its shift from a digestive to 70 
an absorptive organ for water, electrolytes, and vitamins. We further uncover pathway-level 71 
molecular changes underlying altered gastrointestinal motility; trypsin-dependent protein 72 
digestion; upregulated amino acid catabolism with key aspects diverging from other mammals; 73 
impaired dietary fat digestion counterbalanced by increased fatty acid synthesis; defective sugar 74 
metabolism and natural insulin deficiency; enhanced heme iron absorption; and adult splenic 75 
erythropoiesis. Together, these findings reveal the molecular adaptations that enable one of the 76 
most extreme dietary transitions among vertebrates. 77 
 78 
 79 
 80 
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Introduction 81 
Extreme dietary specializations impose strong and persistent selective pressures in nature, 82 
forcing organisms to reconcile severe nutritional imbalances with existing physiological and 83 
metabolic constraints. Deciphering how genomes adapt to such conditions reveals general 84 
principles of the evolutionary processes that remodel metabolism and physiology, with potential 85 
biomedical relevance (1–6). Obligate blood feeding (sanguivory), characterized by extreme 86 
nutrient bias, chronic caloric limitation, and metabolic states resembling features of human 87 
disorders such as insulin resistance, provides a powerful natural experiment for understanding 88 
the evolutionary mechanisms of extreme dietary adaptation. 89 
 90 
Among more than 30,000 tetrapod species, obligate sanguivory has evolved only once and is 91 
restricted to three species of vampire bats (7, 8): the common vampire bat Desmodus rotundus, 92 
the white-winged vampire bat Diaemus youngii, and the hairy-legged vampire bat Diphylla 93 
ecaudata (bat family Phyllostomidae, subfamily Desmodontinae). Vampire bats have long 94 
fascinated scientists for their extreme dietary specialization, which affects morphology, 95 
physiology, metabolism, and behavior. 96 
 97 
Morphologically, these strictly nocturnal bats have well-developed terrestrial locomotion skills to 98 
approach prey, razor-sharp enamel-less upper incisors, salivary anti-coagulants to maintain blood 99 
flow, as well as advanced low-frequency hearing and infrared radiation sensing abilities (9–11). 100 
Their stomach transformed from a digestive to a distensible organ, used primarily for short term 101 
storage of large blood meals and rapid fluid absorption (12, 13).  102 
 103 
Physiologically, vampire bats have adapted to the high iron content and extreme nutrient bias of 104 
blood, which contains mostly protein (93%) and very little lipids (1%) and carbohydrates (1%) (14, 105 
15). To compensate for the low caloric content of their 78% water-containing diet, they consume 106 
large volumes in a single meal, often approaching half their body weight (14). Their low 107 
carbohydrate intake resulted in low basal insulin levels and a reduced glucose-stimulated insulin 108 
secretion response, resembling human type 2 diabetes (16). Limited glycogen and lipid stores 109 
make them very sensitive to starvation, with death occurring after 48–72 hours of fasting (17). 110 
Abundant dietary amino acids are their primary energy source and are rapidly used to fuel 111 
exercise such as running (18). 112 
 113 
Behaviorally, vampire bats show exceptional social and cognitive adaptations. To mitigate risk of 114 
starvation, they regurgitate blood to roost mates that failed to forage, preferentially sharing with 115 
individuals recognized by social bonds formed through allogrooming and long-term social memory 116 
(19–21). They also adopt non-kin orphaned offspring and maintain long-lasting social bonds, even 117 
after captive bats are released into the wild (22, 23). These advanced social behaviors are 118 
consistent with their large relative neocortical volume (24). 119 
 120 
Several studies have shed light on the molecular basis of vampire bat adaptations to sanguivory, 121 
revealing signatures of selection in genes involved in digestion, fat and vitamin metabolism, and 122 
immunity, a reduction of bitter taste receptor genes, and the loss of trehalase, the enzyme that 123 
digests the insect sugar trehalose (25–29). Comparative genomic studies also identified gene 124 
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losses unique to the common vampire bat that relate to insulin secretion, glycogen storage, gastric 125 
function and their exceptional cognitive abilities (30).  126 
 127 
However, previous studies have several limitations. First, almost all genomic studies focused on 128 
Desmodus rotundus, the only vampire bat species with a sequenced genome so far, leaving it 129 
unclear whether observed patterns are shared with Diaemus youngii or Diphylla ecaudata. 130 
Second, the lack of high-quality genomes of other phyllostomid bats limits taxonomic 131 
representation, with many studies often lacking the closest sister species of vampire bats. Third, 132 
previous work focused on single aspects of genomic change, such as positive selection or gene 133 
loss, leaving other types of molecular changes important for adaptations, such as changes in 134 
gene expression, unexplored. Consequently, the molecular basis of sanguivory in vampire bats 135 
remains incompletely understood. 136 
 137 
Here, we present high-quality genomes of six phyllostomid bats, including new haplotype-138 
resolved assemblies of all three vampire bat species (for readability, we use the unique genus 139 
names Desmodus, Diaemus and Diphylla in the following). Our integrative analyses discovered 140 
changes in gene sequence and expression, inferred from transcriptomics data of six major 141 
organs, revealing molecular underpinnings of their enlarged, non-acidic, absorptive stomach; 142 
altered gastrointestinal motility; trypsin-dependent protein digestion; upregulated amino acid 143 
catabolism; impaired digestion and increased de novo synthesis of fatty acids; defective sugar 144 
metabolism and natural insulin deficiency; enhanced heme iron absorption; and adult splenic 145 
erythropoiesis, providing a comprehensive view of the molecular adaptations underlying 146 
sanguivory in vampire bats.  147 
 148 
 149 
 150 
Results 151 
 152 
Reference genomes of all three vampire bats 153 
To sequence the Diphylla and Diaemus genome, we generated 42X and 39X coverage of PacBio 154 
HiFi reads and 61X and 66X Arima Hi-C data. For Desmodus, we generated 43 GB of additional 155 
HiFi data (increasing the total coverage to 57X) and re-assembled the new and existing read data 156 
(30). For all three species, we used Hifiasm in Hi-C mode and YaHS to generate haplotype-157 
resolved chromosome-level assemblies (31, 32), and performed dual haplotype curation to 158 
resolve remaining scaffolding and haplotype-sorting errors in the joint Hi-C map of both 159 
haplotypes. The haplotype assemblies of Diphylla and Diaemus have contig N50 values between 160 
33 and 44 Mb, and at least 98.2% and 92.7% of these assemblies are contained in chromosome-161 
level scaffolds (Fig. 1A-C, Supplementary Figure 1, Supplementary Table 1), matching the 162 
described karyotype of these species (33). Using the HiFi reads and Merqury (34), we estimate 163 
high base accuracies with QV values between 69 and 72, indicating only ~1 error per 10 164 
megabases. We note that these values represent an upper bound as the HiFi reads were used 165 
for assembly. In comparison to the previous Desmodus assembly, our new assembly improved 166 
both contig N50 (9 vs. 6.8 Mb and 11.3 vs. 8 Mb for haplotypes 1 and 2) and base accuracy (QV 167 
values 69 vs. 64 for both haplotypes). 168 
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 169 
Since assembly quality and completeness is important for comparative genomic analysis (35–37) 170 
and taxonomic coverage is key to understand which changes truly occurred in vampire bats, we 171 
generated three additional high-quality genomes of bats that cover other phyllostomid subfamilies, 172 
Carollia perspicillata (Carolliinae), Glossophaga soricina (Glossophaginae), Micronycteris 173 
megalotis (Micronycterinae). For these species, we assembled primary genomes, having contig 174 
N50 values between 27 to 78 Mb and chromosome-level scaffolds (Fig. 1A-C, Supplementary 175 
Table 1). 176 
 177 
To evaluate gene completeness, we used TOGA (Tool to infer Orthologs from Genome 178 
Alignments) (38) to classify 17,648 ancestral placental mammal coding genes into those that have 179 
an intact open reading frame, those with inactivating mutations (such as frameshifts, stop codon, 180 
exon deletions), and those with missing coding exons, often caused by assembly gaps. The new 181 
genomes contain between 16,486 and 16,570 intact genes (Fig. 1D, Supplementary Table 2), 182 
which is comparable or better than previous long and short read genomes (26, 28, 39–42). 183 
Applying compleasm (43) with the mammalia_ODB12 set of 12,277 near-universally conserved 184 
mammalian genes to our new genomes revealed a consistently high gene completeness ranging 185 
from 99.45% to 99.57% (Supplementary Table 1).  186 
 187 
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 188 
Figure 1: Comparative genomic and transcriptomic analyses illuminate extreme 189 
dietary adaptation in vampire bats. 190 
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(A) Phylogeny of the bat species analyzed in this study. New genomes are in red and purple fonts. 191 
All nodes have 100% bootstrap support. Insets show Desmodus (Photo credit Brock Fenton), 192 
Diaemus (©MerlinTuttle.org), and Diphylla (José G. Martínez-Fonseca). 193 
(B,C) Visualization of contig and scaffold sizes. 194 
(D) TOGA classification of ancestral placental mammal genes. 195 
(E) Illustration of comparative genomic and transcriptomic analyses to discover vampire bat 196 
changes in gene sequence and expression. 197 
(F) Newly-generated and existing organ transcriptomics data. 198 
(G) Significance (left) and total number (right) of differentially expressed genes identified across 199 
six organs, highlighting some of the genes discussed in the text. 200 
(H,I) Significant enrichments of genes with sequence (H) and expression changes (I) relevant to 201 
the discussed metabolic and physiological alterations in vampire bats. Supplementary Tables 9 202 
and 10 show all enrichments. 203 
 204 
 205 
Integrative analyses to discover genes involved in vampire bat adaptations 206 
To elucidate the molecular basis of sanguivory, we compared the genomes of the three vampire 207 
bat species with those of 12 other phyllostomids and five non-phyllostomid bats. By including their 208 
sister and outgroup species, we were able to identify changes specific to the vampire bat lineage. 209 
To obtain a phylogeny of these bats, we used TOGA (38) to obtain a set of 15,481 1:1 orthologous 210 
genes and used coalescence analysis (44, 45) to infer a highly-supported, time-calibrated species 211 
tree (Fig. 1A, Supplementary Table 3).  212 
 213 
Adaptations to sanguivory in vampire bats likely involve changes in both the sequence and 214 
expression of protein-coding genes. To identify gene sequence changes, we (i) used TOGA (38) 215 
to detect gene losses and duplications, (ii) applied the branch-site method aBSREL (46) to infer 216 
episodic positive selection, and (iii) used RELAX (47) to detect genes evolving under relaxed or 217 
intensified selective pressure to preserve the protein sequence (Fig. 1E, Supplementary Table 4). 218 
To uncover gene expression changes, we generated 77 RNA-seq datasets from six organs 219 
relevant for metabolism and physiology (stomach, small intestine, liver, pancreas, kidney, spleen) 220 
obtained from eight Desmodus and six Diphylla individuals (Fig. 1F, Supplementary Figure 2, 221 
Supplementary Table 5). We combined these datasets with available tissue-matched 222 
transcriptomes from one Desmodus and four non-vampire phyllostomid species (3). Principal 223 
component analysis showed that newly-generated and published data clustered by tissue 224 
(Supplementary Figure 3), supporting organ-level expression coherence across species. We then 225 
used kb-python (48) to quantify gene expression and DESeq2 (49) to identify orthologous genes 226 
significantly up- or downregulated in one or both vampire bats, with many of these genes showing 227 
coherent expression shifts across both species (Fig. 1G, Supplementary Tables 6-8). Collectively, 228 
these integrative analyses provide a comprehensive view of gene sequence and expression 229 
changes in vampire bats. 230 
 231 
Functional enrichments highlight many metabolic and physiological processes that are altered in 232 
vampire bats (Fig. 1H,I, Supplementary Tables 9-10). Specifically, genes lost or evolving under 233 
relaxed selection in vampire bats are enriched for pancreas, colon, and stomach expression and 234 
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functions related to digestion, taste perception, and glucose tolerance. Genes evolving under 235 
intensified selection are enriched in amino acid and lipid transport and lipid metabolism. Genes 236 
upregulated in the liver are enriched in amino acid catabolism and fatty acid synthesis, whereas 237 
downregulated genes are enriched in lipid and sugar catabolism. In the pancreas, downregulated 238 
genes are enriched in insulin response and type 2 diabetes–associated pathways. In the stomach, 239 
upregulated genes are enriched in extracellular matrix organization, vasculature development, 240 
and sodium and vitamin absorption (Supplementary Note 1), whereas downregulated genes are 241 
enriched in mucus production and gastric acid secretion. Finally, spleen-upregulated genes are 242 
enriched for erythropoiesis. 243 
 244 
Guided by these functional enrichments and corroborated by new experiments, we reveal in the 245 
following sections the mechanisms by which 150 genes with sequence and/or expression 246 
changes in vampire bats (Supplementary Table 11) contribute to their remodeled stomach, 247 
changes in gastrointestinal motility, adaptations in protein, fat, carbohydrate and iron metabolism, 248 
and splenic erythropoiesis. For all presented genes, we also show sequence alignments, amino 249 
acid and nucleotide substitution rates, and detailed gene expression profiles in Supplementary 250 
Data 1. 251 
 252 
Structural and size adaptations in the stomach 253 
Vampire bats exhibit a markedly enlarged stomach (Fig. 2A). Among the most significantly 254 
upregulated genes in the vampire bat stomach are three stem cell marker genes, LGR5, MSI1, 255 
and CD34 (rank 8, 17 and 24) (Fig. 2B). LGR5 is expressed in mature pyloric glands and a 256 
subpopulation of chief cells, where it contributes to renewal of the gastric epithelium (50, 51). 257 
CD34-expressing cells promote the maintenance of LGR5-expressing intestinal epithelial stem 258 
cells (52). MSI1, a gastric stem cell marker, controls the switch of the intestinal stem cells from 259 
the quiescent to the active state and is required for regeneration of gastric mucosal epithelium 260 
upon injury (53, 54). Upregulation of these genes likely contributes to the distinct cell-type 261 
composition of the vampire bat stomach that has acinar rather than deep tubular gastric glands 262 
and fewer parietal and chief cells (55) (Supplementary Figure 4). Furthermore, since all three 263 
genes promote maintenance of stem cell identity, their upregulation likely also contributes to their 264 
exceptionally enlarged stomach. 265 
 266 
Upregulated genes in the vampire bat stomach are strongly enriched for functions related to 267 
"extracellular matrix (ECM) structural constituent", “basement membrane”, “collagen formation”, 268 
and “elastic fiber formation” (Fig. 1I). Many of these genes are normally expressed in connective 269 
tissue: ECM1 acts as “biological glue” for various ECM and basement membrane components 270 
(56), fibronectin (FN1) forms fibrillar networks crucial for cell adhesion and ECM organization (57), 271 
elastic fiber components (EMILIN1, EMILIN2) contribute to tissue elasticity (58), fibulins (FBLN2, 272 
EFEMP1) associate with elastic fibers and stabilize basement membranes (59, 60), LOXL3 273 
enhances ECM stiffness by crosslinking collagen and elastin (61), TGFB3 regulates ECM and 274 
cellular adhesion components and contributes to ECM stiffness (62), and numerous collagen 275 
genes (Fig. 2B).  276 
 277 
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To investigate the basis of these gene upregulations, we performed histological comparisons of 278 
the stomachs of Desmodus, Diphylla, the fruit-eating phyllostomid bat Artibeus lituratus, and the 279 
insect-feeding bat Myotis nigricans. Image analysis and quantification revealed that vampire bats 280 
have significantly increased connective tissue content, including within the muscular layer, and 281 
reduced mucosal thickness (Fig. 2C-D, Supplementary Figure 5, Supplementary Table 12). This 282 
marked increase in connective tissue likely confers greater structural integrity and resilience, 283 
enabling the extreme stomach expansion that occurs when vampire bats ingest blood volumes 284 
approaching 60% of their body weight (15) (Fig. 2E). Together, our analysis provides molecular 285 
insights into structure and size adaptations of the vampire bat stomach. 286 
 287 
 288 
  289 

 290 
Figure 2: Molecular mechanisms underlying the enlarged, non-acidic, and 291 
absorptive vampire bat stomach. 292 
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(A) Stomach size and morphology, drawn to scale based on (63, 64), comparing the omnivorous 293 
Phyllostomus discolor with vampire bats. Inward arrows indicate esophagus, outward arrows 294 
duodenum.  295 
(B) Differential gene expression in the stomach, showing fold change (X-axis), expression level 296 
(normalized TPM as a color gradient) and significance (circle size). Genes are ordered as 297 
discussed in the text.  298 
(C) Histology (Toluidine blue staining) of stomach walls. Yellow arrows highlight connective tissue 299 
content. Scale bar is 50 µm for all images. 300 
(D) Comparison of quantified connective tissue content and mucosa thickness, assessing 301 
differences with two-tailed Welch’s t-tests.  302 
(E) Fed Desmodus individual, illustrating the expanded blood-filled stomach (photo credit Jon 303 
Flanders). 304 
(F) Illustration of sequence and expression changes of genes involved in reduced gastric acidity, 305 
mucus production and absorption.  306 
(G) pH meter measurements show that vampire bats have a significantly higher stomach pH that 307 
is neutral. Two-tailed Welch’s t-test was used.  308 
(H) Illustration of gene changes relevant for mucus neck cells (left) and general mucus production 309 
(right).  310 
(I) Histological analysis with Periodic acid-Schiff/Alcian blue staining shows reduced mucus 311 
production in the vampire bat stomach. 312 
 313 

 314 
Non-acidic stomach  315 
In most mammals, the stomach is an acidic digestive organ. We found that ATP4A, the catalytic 316 
subunit of the gastric H+,K+-ATPase proton pump responsible for gastric acid secretion (65), 317 
evolves under relaxed selection in vampire bats (Fig. 2F). Furthermore, genes downregulated in 318 
the vampire bat stomach are enriched for “gastric acid secretion” (Fig. 1I), including those 319 
encoding the K⁺ channel KCNQ1 and its regulatory subunit KCNE2, which replenish luminal K⁺ 320 
(66), the histamine-stimulated chloride/bicarbonate exchanger SLC26A7, which mediates parietal 321 
cell chloride uptake (67), and the parietal cell receptors for the gastric acid secretagogues gastrin 322 
(CCKBR) and histamine (HRH2) (68) (Fig. 2B,F). Inhibition or knockout of all these genes impairs 323 
gastric acid secretion, and CCKBR knockout reduces parietal cell number (69–73), corroborating 324 
previous anatomical studies reporting fewer parietal cells without canaliculi and fewer gastrin-325 
producing cells (12, 74, 75).  326 
 327 
Together, these genomic and transcriptomic signatures suggest reduced stomach acidity in 328 
vampire bats; however, the stomach pH of bats is generally unknown. We therefore measured 329 
stomach acidity in Desmodus (n=4), Diphylla (n=5) and, as a control, in the phyllostomid bat 330 
Artibeus lituratus (n=3). Indeed, we found that vampire bats have a neutral pH (average 7.36 ± 331 
0.29), while Artibeus has a weakly acidic stomach (average 5.67 ± 0.71, two-tailed Welch’s t-test 332 
P=0.048, Fig. 2G, Supplementary Table 13). 333 
 334 
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Three factors likely underlie the reduced stomach acidity. First, because blood has a high 335 
buffering capacity, achieving acidity in the enlarged vampire bat stomach requires the production 336 
of large acid quantities, which is likely energetically prohibitive. Second, the altered gastric mucus 337 
profile (below) likely makes the stomach vulnerable to acid-induced damage. Third, and probably 338 
most important for vampire bats, their stomach shifted from a digestive to an absorptive organ 339 
(below).  340 
 341 
Remodeled gastric mucus profile 342 
Gastric mucus protects the stomach epithelium. Our integrative analysis revealed losses and 343 
downregulation of several genes related to mucus composition and function (Fig. 2B,F,H, 344 
Supplementary Figure 6), supporting the enrichment of stomach-downregulated genes in mucin 345 
production and glycosylation (Fig. 1I). MUC5AC, the most abundant mucin in a typical mammalian 346 
stomach (76), is not expressed in the vampire bat stomach. The other major gastric mucin, MUC6, 347 
is robustly expressed; however, its co-expressed binding lectin TFF2 (77, 78) is lost in vampire 348 
bats. Interactions between TFF2 and MUC6 are required to stabilize the inner mucus layer and 349 
TFF2-deficient mice exhibit reduced mucus viscoelasticity and mucosal thickness (79, 80). TFF2 350 
binds specifically to an α1,4GlcNAc–capped glycan on MUC6 (77). Consistent with TFF2 loss, 351 
the α1,4GlcNAc-capping enzyme A4GNT is downregulated in the vampire bat stomach. 352 
 353 
Several other genes normally expressed in gastric mucus-producing cells (81) show evidence of 354 
loss, relaxed selection, or downregulation in the vampire bat stomach (Fig. 2B,F,H, 355 
Supplementary Figures 7-11, Supplementary Notes 2-3). These include the protease CTSE (82), 356 
the endocytosis regulator REP15 (83, 84), the gastric mucosal defense factor CAPN9 (85), the 357 
mucus glycosylation enzymes FUT1, FUT2 and GALNT5 (86–89), and the disulfide isomerase 358 
AGR2, which is essential for mucus production (90). Furthermore, vampire bats lost ERN2, an 359 
endoplasmic reticulum (ER) stress sensor that regulates the unfolded protein response factor 360 
XBP1 (91), likely reflecting reduced ER stress due to diminished production of large glycoproteins 361 
such as the 5,654 amino acid MUC5AC. 362 
 363 
Changes and losses of these genes predict reduced gastric mucus production. To experimentally 364 
investigate this, we performed histological analyses of the fundic stomach region in Desmodus, 365 
Diphylla, Artibeus lituratus, and Myotis nigricans. Periodic acid-Schiff/Alcian blue staining, which 366 
stains mucus-secreting cells, showed the expected abundance of mucus-producing cells in A. 367 
lituratus and M. nigricans, but a markedly reduced staining in Desmodus and Diphylla (Fig. 2I).  368 
 369 
Several factors likely account for the altered gastric mucus profile in vampire bats. First, the 370 
protective function of mucus against abrasive food and gastric acid is largely obsolete in species 371 
that consume only liquid food and lack an acidic stomach. Second, mucin synthesis is 372 
energetically costly (92), which may contribute to the absence of MUC5AC expression. Third, 373 
because vampire bats lack both the mucus-crosslinking factor TFF2 and MUC5AC, which forms 374 
a stiff, highly branched, viscoelastic mucus network (78, 80, 93) (Fig. 2H), their gastric mucus 375 
likely has reduced viscoelasticity. This reduction facilitates extreme stomach distensibility (Fig. 376 
2E) and may be required for their unique ability to absorb water in the stomach (below). Hence, 377 
remodeling the gastric mucus profile is likely adaptive from an evolutionary perspective. 378 
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Functional shift of the stomach from digestion to absorption 379 
Unlike other mammals, the highly-vascularized stomach of vampire bats can efficiently absorb 380 
water, which facilitates rapid water extraction and excretion (94–96); however, the underlying 381 
molecular mechanisms remained unclear. Our transcriptome data suggest that vampire bats 382 
primarily utilize the aquaporin AQP5, a water channel normally expressed mainly in salivary, 383 
lacrimal and sweat glands, and the respiratory tract (97, 98), for water absorption in the stomach 384 
(Fig. 2B,F). Whereas AQP5 expression is very low in the stomach of non-vampire bats (average 385 
rank 10362), it is the top upregulated gene in the vampire bat stomach (943-fold increase) and 386 
ranks as the 23th most highly expressed gene in this organ. Another water channel, AQP1, is 9-387 
fold upregulated in the vampire bat stomach. Since expression of AQP5 or AQP1 induces cellular 388 
water permeability (99, 100), the gain of expression of these water channels provides a plausible 389 
mechanism for water absorption in the vampire bat stomach.  390 
 391 
We further discovered additional gene expression changes that support a transformation of the 392 
vampire bat stomach from a digestive to an absorptive organ for electrolytes. Blood has an 393 
exceptionally high sodium content, ~34-fold higher than a typical human diet (Supplementary 394 
Note 4), and common vampire bats excrete most dietary sodium through urine within the first hour 395 
after feeding (101). This rapid excretion indicates that dietary sodium is already absorbed in the 396 
stomach along with water. Indeed, consistent with the enriched term “sodium ion transport” (Fig. 397 
1I), our transcriptome data show that both subunits of the sodium/potassium ATPase (ATP1A1, 398 
ATP1B1) and all three subunits of the epithelial sodium channel αβγ-ENaC (SCNN1A, SCNN1B, 399 
SCNN1G), which are normally important for intestinal absorption and renal reabsorption of sodium 400 
(102), are highly upregulated in the vampire bat stomach (Fig. 2B,F). Interestingly, the δ-ENaC 401 
subunit (SCNN1D), which can replace the α subunit to form δβγ-ENaC, is downregulated in the 402 
stomach. This can be explained by the pH-neutral environment in the vampire bat stomach, 403 
because the downregulated δβγ-ENaC is inactive at pH>6.5, whereas the upregulated αβγ-ENaC 404 
exhibits maximal activity under pH-neutral conditions (103, 104). High ATP1A1/ATP1B1 405 
expression further aligns with previous observations of a high sodium/potassium ATPase activity 406 
in the common vampire bat, and sodium absorption could create an osmotic drive that enhances 407 
the water absorption (94). High rates of sodium cation uptake raise the question of how vampire 408 
bats maintain electroneutrality. We found the chloride transporter gene SLC26A9 (105, 106) to 409 
be 10-fold upregulated and among the most upregulated genes in the vampire bat stomach (Fig. 410 
2B,F); this upregulation likely enhances chloride anion absorption to facilitate electroneutrality.  411 
 412 
In addition to electrolytes, we detected expression shifts indicating uptake of the essential 413 
vitamins B1, B9, and B12 in the stomach (Fig. 2B,F), consistent with the enrichment of “vitamin 414 
digestion and absorption” (Fig. 1I). Intestinal uptake of vitamin B1 (thiamine) is mediated by 415 
SLC19A3 (107, 108). We found this gene to be upregulated in the vampire bat stomach, indicating 416 
that thiamine uptake also occurs in this organ. Intestinal uptake of vitamin B9 (folate) requires 417 
FOLH1, which hydrolyzes the dietary form of folate (polyglutamate-folate), enabling 418 
monoglutamate-folate uptake across the brush border membrane by SLC46A1 and SLC19A1 419 
(109, 110). All three genes are upregulated in the vampire bat stomach. These genes are also 420 
highly expressed in the intestine, with FOLH1 being the third-most strongly upregulated gene 421 
(602-fold) in this organ. Finally, TCN2, encoding the vitamin B12 transport protein transcobalamin 422 

.CC-BY-NC 4.0 International licenseavailable under a 
(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 

The copyright holder for this preprintthis version posted July 24, 2026. ; https://doi.org/10.64898/2026.07.24.740446doi: bioRxiv preprint 

https://doi.org/10.64898/2026.07.24.740446
http://creativecommons.org/licenses/by-nc/4.0/


 

13 

II (111), is upregulated in the stomach. Together, these findings indicate enhanced folate and 423 
vitamin B12 absorption in vampire bats, which is likely important for their elevated erythropoiesis 424 
(see below). 425 
 426 
Finally, PTGS1 and PTGIS, encoding the two enzymes that produce platelet-inhibiting 427 
prostacyclins, are upregulated in the vampire bat stomach (Fig. 2B), which likely helps to prevent 428 
clotting of the ingested blood and could facilitate regurgitating blood to roost mates. Overall, these 429 
expression shifts provide strong evidence that the vampire bat stomach has been evolutionarily 430 
repurposed into an absorptive organ. 431 
 432 
Altered gastrointestinal motility 433 
We identified losses of several genes regulating gastrointestinal motility in vampire bats 434 
(Supplementary Figures 12-13). The gene encoding the peptide hormone motilin (MLN) is lost in 435 
Diaemus and Diphylla, and the motilin receptor gene MLNR is lost in Desmodus and Diaemus 436 
and exhibits a strong signal of relaxed selection in vampire bats. In most mammals, motilin 437 
regulates fasting state gastrointestinal motility by initiating phase III contractions of the migrating 438 
motor complex, which clear the intestinal lumen during the interdigestive period (112). Consistent 439 
with losses of MLN and MLNR, motilin-producing endocrine cells are absent from the 440 
gastrointestinal tract of Desmodus (113), suggesting that intestinal cleansing is less important for 441 
species adapted to an exclusively liquid blood diet with little indigestible material. In addition, the 442 
galanin receptor GALR2, which stimulates gastrointestinal motility (114, 115), is lost in all vampire 443 
bats. Together, these gene losses indicate altered gastrointestinal motility in vampire bats.  444 
 445 
To experimentally investigate this, we examined gastrointestinal movement in Desmodus (n=3) 446 
and Diphylla (n=2), alongside three control species. In contrast to Phyllostomus discolor (n=2), 447 
Artibeus lituratus (n=2), and mice (n=3), vampire bats exhibited no detectable gastrointestinal 448 
motility (Supplementary Videos 1-5). We deliberately stimulated motility using neostigmine (0.5 449 
mg/mL), a cholinesterase inhibitor that induces gastrointestinal motility in mammals. Whereas 450 
neostigmine elicited the expected robust movements in Artibeus lituratus, Phyllostomus discolor, 451 
and mice, vampire bats showed no response (Supplementary Videos 1-5). Together, these 452 
experiments reveal that, in adaptation to their exclusively liquid diet, vampire bats have altered 453 
gastrointestinal motility. 454 
 455 
Reduction of protein digestive enzymes and increased trypsin dependence 456 
Our analyses uncovered losses or relaxed evolutionary constraint on several genes encoding 457 
zymogens that digest dietary proteins (Fig. 3A, Supplementary Figures 14-17). PGC, encoding 458 
the inactive pepsinogen C precursor secreted by gastric chief cells, evolved under relaxation in 459 
vampire bats (Fig. 2F). Since pepsinogen C requires an acidic environment (pH<5) for 460 
autocatalytic activation (116), the neutral stomach pH in vampire bats provides an explanation for 461 
relaxation. Among the digestive enzymes secreted by the exocrine pancreas, chymotrypsinogen 462 
B2 (CTRB2) and the chymotrypsin-like protease (CTRL) are lost in all vampire bats. Elastase-1 463 
(CELA1) is lost in Diaemus, evolves under relaxation in all vampire bats, and is not expressed in 464 
the Desmodus pancreas (FDR=2.5e-8, Supplementary Table 7). Pancreatic carboxypeptidase A2 465 
(CPA2) is lost in Diphylla only. Although the reduced repertoire of protein-digestive enzymes in 466 
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vampire bats may seem counterintuitive, blood provides a limited diversity of readily digestible 467 
proteins, dominated by the soluble globular proteins hemoglobin and albumin. Hence, the larger 468 
enzyme repertoire required to digest the protein complexity contained in other diets may be 469 
unnecessary for vampire bats. 470 
 471 
In contrast to losses of digestive proteases, we found that the pancreatic trypsin-encoding gene 472 
PRSS1 expanded into two copies in Diphylla and Diaemus and three copies in Desmodus. 473 
Interestingly, gene tree analysis revealed a complex duplication history with independent trypsin 474 
duplications in the Desmodus/Diaemus and in the Diphylla lineage, followed by another 475 
duplication in Desmodus (Fig. 3B, Supplementary Figure 18). All trypsin copies are expressed in 476 
the pancreas of Diphylla and Desmodus (Fig. 3C,D), likely increasing the trypsin pool. 477 
Furthermore, because CTRB2 and CTRL can cleave and degrade trypsinogens (117, 118), their 478 
loss could also contribute to an increased trypsin pool. Finally, SPINK1, a serine protease inhibitor 479 
that protects the pancreas from prematurely activated trypsinogen (119), is upregulated in the 480 
vampire bat pancreas (FDR 1.3e-5, Supplementary Table 6). Overall, our analysis indicates that 481 
while the importance of several digestive proteases decreased, trypsin became increasingly 482 
important for vampire bats, likely reflecting the low diversity and high digestibility of blood proteins. 483 
 484 
 485 

 486 
Figure 3: Protein digestion and independent trypsin duplications. 487 
(A) Evolution and changes in protein digestive enzymes in the stomach and pancreas. Trypsin 488 
(PRSS) gene colors match panels B-D. 489 
(B) Maximum likelihood tree generated with IQ-TREE v1.6.12 (120) showing that the phyllostomid 490 
ancestor possessed a single pancreatic trypsin that is co-orthologous to human PRSS1-3. This 491 
gene independently duplicated in vampire bats. Myotis myotis exhibits an independent trypsin 492 
duplication, supported by its sister species Myotis daubentonii (not shown). 493 
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(C,D) Genome browser screenshots showing the expanded trypsin genes in Desmodus (C) and 494 
Diphylla (D) (top) and that they are all expressed in pancreas. Segmental duplications (bottom) 495 
were inferred with BISER (121).  496 
 497 
 498 
Increased reliance on intestinal absorption and renal reabsorption of amino acids 499 
After protein digestion, amino acids are absorbed in the small intestine by multiple transporters 500 
(122). We found that in vampire bats many intestinal amino acid transporters show slightly 501 
elevated expression, with SLC6A20 and SLC16A10 significantly upregulated, and multiple 502 
transporters evolve under intensified selection (Fig. 4A). Notably, SLC6A19, encoding the only 503 
neutral amino acid transporter at the apical membrane of enterocytes, shows strong intensified 504 
selection and is the most highly expressed amino acid transporter in the small intestine of bats. 505 
SLC6A19 is essential for intestinal absorption of branched-chain and aromatic amino acids, which 506 
is severely impaired in humans or mice lacking this gene (122, 123). In the large intestine, two 507 
additional transporters for neutral amino acids (SLC1A5) and glycine, proline, alanine (SLC36A1) 508 
are also under intensified selection. 509 
 510 
To prevent amino acid loss in urine, the kidney reabsorbs amino acids using transporters often 511 
shared with the intestine (124). The three intestinal transporters under intensified selection 512 
(SLC6A19, SLC1A5, SLC36A1) also function in renal reabsorption, with SLC6A19 and SLC1A5 513 
being the most highly expressed kidney transporters in bats (Fig. 4B). Furthermore, we observed 514 
intensified selection on three additional renal transporters: SLC6A18 (transporting glycine and 515 
alanine), SLC7A6 (arginine and lysine) and SLC6A12 (alanine) (124, 125). Together, these 516 
intensified selection signatures and expression shifts indicate increased importance of intestinal 517 
absorption and renal reabsorption of amino acids in vampire bats. 518 
 519 
 520 
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 521 
Figure 4: Amino acid transport and catabolism. 522 
(A-B) Expression of intestinal (A) and renal (B) amino acid transporters, ordering genes by 523 
vampire bat expression levels, and highlighting genes under intensified selection. Asterisks in (B) 524 
highlight intensified transporters mediating both intestinal absorption and renal reabsorption. 525 
(C) Amino acid frequency in all human protein-coding genes in comparison to the most abundant 526 
whole blood proteins in mammals and birds. Amino acids are ordered according to cattle 527 
hemoglobin A. 528 
(D) Illustration of the initial steps of branched-chain amino acid catabolism, showing the liver 529 
upregulation of BCAT1 in Desmodus and BCAT2 in Diphylla at the bottom. 530 
(E) Upregulation of CRYM (bottom), the key enzyme in the pipecolate lysine-catabolizing 531 
pathway. The saccharopine lysine-catabolizing pathway likely has reduced activity, as it depends 532 
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on mitochondrial NADPH and the mitochondrial NADP-generating enzyme NADK2 is the fourth 533 
most significantly downregulated liver gene (12-fold). 534 
(F) Differential expression of genes involved in amino acid catabolism, showing fold change (X-535 
axis), expression level (normalized TPM as a color gradient) and significance (circle size). 536 
(G) Intensified selection on the glutamine transporter SLC38A3, which is highly expressed in the 537 
liver and kidney of all studied bats. In the liver, SLC38A3 imports glutamine into periportal 538 
hepatocytes for hydrolysis to glutamate and ammonia and urea-cycle entry, and exports 539 
glutamine from perivenous hepatocytes that condense scavenged ammonia with glutamate via 540 
glutamine synthetase. In the kidney, SLC38A3 imports glutamine into proximal tubule cells, where 541 
it is metabolized to generate ammonia for urinary ammonium excretion and bicarbonate, which is 542 
returned to the blood for pH restoration. 543 
 544 
 545 
Upregulated amino acid catabolism 546 
Amino acids are the main energy source for vampire bats (18). Our analyses provide molecular 547 
insights into this energy metabolism shift by revealing upregulation and intensification of key 548 
genes in multiple amino acid catabolic pathways, especially those metabolizing amino acids 549 
abundant in blood (Leu, Val, Lys; Fig. 4C). 550 
 551 
Unlike other amino acids, the initial step of branched-chain amino acid (leucine, valine and 552 
isoleucine) catabolism does not occur in liver, because this organ normally lacks the 553 
transaminases BCAT1 and BCAT2 that catalyze the first reaction (126, 127). In contrast to other 554 
mammals, we detected liver expression of BCAT1 in Desmodus and BCAT2 in Diphylla (Fig. 4D), 555 
indicating active utilization of branched-chain amino acids as fuel molecules. 556 
 557 
Lysine, the fourth most abundant amino acid in blood (128), is catabolized via two distinct 558 
pathways. The mitochondrial saccharopine pathway predominates in extracerebral tissues, while 559 
the pipecolate pathway is restricted to the adult brain (129, 130). However, the saccharopine 560 
pathway enzyme AASS is strictly dependent on NADPH (129, 130) and mitochondria of vampire 561 
bat liver cells are likely highly deficient in NADP/NADPH, as the mitochondrial NADP-generating 562 
enzyme NADK2 is severely downregulated (Fig. 4E). Because mutations in human NADK2 impair 563 
lysine degradation and cause hyperlysinemia (131), the saccharopine pathway likely plays a 564 
minor role in vampire bats. Compensating for this, we discovered that CRYM, a key enzyme in 565 
the pipecolate pathway, is upregulated in both liver and intestine (Fig. 4E). Although CRYM is 566 
also NADPH-dependent, it is located in the cytoplasm, where NADPH is not restricted in vampire 567 
bats (below). Therefore, the pipecolate pathway may have replaced the saccharopine pathway 568 
as the major mechanism for lysine degradation in vampire bats. 569 
 570 
While histidine is the second rarest amino acid in human whole body proteins (132), it is an 571 
abundant amino acid in blood (Fig. 4C). Consistent with vampire bats having a greater 572 
dependence of histidine as an energy source, UROC1 and FTCD, two enzymes in the histidine 573 
catabolism pathway, are upregulated in the liver (Fig. 4F). Cysteine is a frequent amino acid in 574 
albumin (~6% of the mature human or cow albumin residues are Cys), an abundant blood plasma 575 
protein (Fig. 4C). The rate-limiting cysteine catabolizing enzyme is CDO1, which prevents 576 
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oxidative stress and cytotoxicity caused by abnormally elevated cysteine levels (133, 134). While 577 
CDO1 is highly expressed in the liver of all analyzed bat species, we found an upregulation of 578 
CDO1 in vampire bats in all five non-hepatic tissues examined (intestine, stomach, pancreas, 579 
kidney, spleen) (Fig. 4F). Cysteine catabolism produces toxic sulfite. Sulfite oxidase (encoded by 580 
SUOX) detoxifies sulfite to sulfate (135) and is upregulated in the vampire bat intestine. Together, 581 
this indicates an enhanced importance of cysteine catabolism in non-hepatic tissues. Finally, 582 
tryptophan is primarily catabolized via the kynurenine pathway, and TDO2 (tryptophan 2,3-583 
dioxygenase), which encodes the first and rate-limiting enzyme of this pathway, is under 584 
intensified selection (Supplementary Table 4). 585 
 586 
High reliance on amino acid catabolism imposes two systemic challenges: (i) ammonia toxicity 587 
and (ii) metabolic acidosis from catabolized ketonic and sulfur-containing amino acids (136, 137). 588 
We found that SLC38A3, a glutamine transporter essential for both processes (138–140), evolved 589 
under intensified selection in vampire bats (Fig. 4G). Since the ancestor of phyllostomid bats lost 590 
the related SLC38A5 transporter gene (Supplementary Figure 19), vampire bats rely particularly 591 
on the conserved SLC38A3 to avoid ammonia toxicity and metabolic acidosis. 592 
 593 
Impaired fat digestion 594 
Vampire bats consume an extremely fat-poor diet. We uncovered losses, relaxation and 595 
downregulation of key genes required for fat digestion (Fig. 5A-D, Supplementary Figures 20-21). 596 
The LIPF gene, encoding the gastric lipase that is secreted by the gastric chief cells, is lost in all 597 
phyllostomid bats analyzed in this study. The carboxyl ester lipase (CEL) is downregulated in the 598 
vampire bat pancreas. Most strikingly, pancreatic triglyceride lipase (PNLIP), the primary enzyme 599 
for dietary fat digestion, is lost in Diaemus and not expressed in the pancreas of Diphylla and 600 
Desmodus. PNLIP also exhibits a polymorphic stop codon in Desmodus, a potential indication of 601 
an early stage of PNLIP loss. Overall, the lack of the major enzyme for dietary fat digestion 602 
evolved independently in all three vampire bats. 603 
 604 
Triglyceride digestion results in fatty acids and monoacylglycerol, which enterocytes absorb and 605 
reassemble into triglycerides. DGAT1, encoding the enzyme catalyzing the final triglyceride 606 
reassembly step (141), is under relaxed selection in vampire bats (Fig. 5A). Taken together, these 607 
results indicate a substantially reduced capacity for fat digestion in adult vampire bats. 608 
 609 
Notably, major enzymes responsible for digesting milk fat in infants (pancreatic lipase related 610 
protein 2 (PNLIPRP2) and CEL (142, 143)) are intact in vampire bats. Genes in the bile acid 611 
synthesis pathway are also intact and expressed at normal levels (Supplementary Figure 22), 612 
which likely ensures the absorption of fat-soluble vitamins (A, D, E, K), cholesterol, and essential 613 
fatty acids, and excretion of the heme degradation product bilirubin (144, 145).  614 
 615 
 616 

.CC-BY-NC 4.0 International licenseavailable under a 
(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 

The copyright holder for this preprintthis version posted July 24, 2026. ; https://doi.org/10.64898/2026.07.24.740446doi: bioRxiv preprint 

https://doi.org/10.64898/2026.07.24.740446
http://creativecommons.org/licenses/by-nc/4.0/


 

19 

 617 
Figure 5: Impaired fat digestion and upregulated fatty acid synthesis 618 
(A) Illustration of intestinal triglyceride digestion and vampire bat changes in key enzymes.  619 
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(B) Downregulated pancreas expression of CEL and PNLIP. 620 
(C) Visualization of the coding exons of PNLIP in Diaemus showing gene-inactivating mutations 621 
inferred by TOGA.  622 
(D) Polymorphic stop codon in PNLIP exon 11, found in haplotype 1 of our Desmodus assembly 623 
and the previous assembly of a different individual (25). 624 
(E) Illustration of hepatic fatty acid synthesis, highlighting genes with expression changes and 625 
intensified selection.  626 
(F) Liver expression of ACACB, upregulated in both vampire bats, and ACACA, upregulated in 627 
Diphylla.  628 
(G) Differential expression of genes involved in fatty acid synthesis in the liver, showing fold 629 
change (X-axis), expression level (normalized TPM as the color gradient) and significance (circle 630 
size). Genes are ordered as discussed in the text.  631 
 632 
 633 
Highly active hepatic de novo fatty acid synthesis 634 
Since their diet is extremely poor in fat, vampire bats must synthesize fatty acids from non-lipid 635 
precursors. Here we show that de novo fatty acid synthesis to be drastically upregulated. This 636 
process occurs in the cytosol and requires two main substrates, acetyl-CoA and NADPH.  637 
 638 
The first substrate (cytosolic acetyl-CoA) is mainly derived from citrate exported from 639 
mitochondria. In vampire bats, the enzyme-encoding genes that convert citrate to the fatty acid 640 
palmitate (ATP citrate lyase (ACLY), acetyl-CoA carboxylase (ACACB), fatty acid synthase 641 
(FASN)) are strongly upregulated in the liver (Fig. 5E-G). FASN also evolved under intensified 642 
selection and another acetyl-CoA carboxylase, ACACA, is upregulated in Diphylla (Fig. 5F). SCD, 643 
which elongates FASN-generated palmitate into longer fatty acids, is also upregulated. Consistent 644 
with enhanced fatty acid synthesis, THRSP, a nuclear factor that induces ACLY, FASN and malic 645 
enzyme (ME1, discussed below) expression (146, 147), is the third-most upregulated gene in the 646 
vampire bat liver. Additionally, SLC13A5, a high-capacity transporter importing extracellular 647 
citrate into the cytoplasm (148), evolved under intensified selection. 648 
 649 
Acetyl-CoA can also be generated from catabolism of blood-abundant leucine (Fig. 3F), which 650 
yields both acetyl-CoA and the ketone body acetoacetate. In the cytosol, acetoacetate can be 651 
converted by AACS into acetoacetyl-CoA (consisting of two acetyl-CoA molecules) to fuel de novo 652 
fatty acid and cholesterol synthesis (149, 150). We found that AACS evolved under intensified 653 
selection and is one of the most significantly upregulated genes in the vampire bat liver (36-fold; 654 
rank 5, Fig. 5E,G), while being barely expressed in other bats. AACS also contributes to the 655 
elongation of polyunsaturated fatty acids via elongases (151), and we found the elongase gene 656 
ELOVL6 upregulated in the vampire bat liver. While the AACS pathway plays a minor or condition-657 
specific role in human and mouse (150), intensified selection and upregulated AACS expression 658 
indicate that leucine-derived acetoacetyl-CoA is a major substrate for fatty acid and cholesterol 659 
synthesis in vampire bats. 660 
 661 
The second substrate for fatty acid synthesis (cytosolic NADPH) can be generated from three 662 
main sources: (i) the pentose phosphate pathway, which generates two NADPH molecules, (ii) 663 

.CC-BY-NC 4.0 International licenseavailable under a 
(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 

The copyright holder for this preprintthis version posted July 24, 2026. ; https://doi.org/10.64898/2026.07.24.740446doi: bioRxiv preprint 

https://doi.org/10.64898/2026.07.24.740446
http://creativecommons.org/licenses/by-nc/4.0/


 

21 

IDH1, which converts isocitrate to α-ketoglutarate, and (iii) ME1, which converts malate to 664 
pyruvate (152). The vampire bat liver exhibits a significant upregulation of PGLS, PGD and RPE 665 
in the pentose phosphate pathway, IDH1 as well as ME1, indicating that all three sources 666 
contribute to NADPH production (Fig. 5E,G). Whereas the substrates for the pentose phosphate 667 
pathway and IDH1 are primarily derived from glucose, which is limited in the vampire bat diet, the 668 
ME1 substrate (malate) is readily produced by catabolism of abundant dietary amino acids via 669 
the urea cycle. This likely explains why the malate-consuming ME1 is the most upregulated of 670 
these three pathways (17-fold, rank 4). Together, intensified selection signatures and coordinated 671 
transcriptional upregulation indicate that fatty acid synthesis is considerably elevated in vampire 672 
bats, likely as an adaptation to their fat-poor diet. 673 
 674 
The only mechanism of de novo NADP(H) generation is the phosphorylation of NAD+, which is 675 
executed by NADK in the cytosol and by NADK2 in mitochondria (153). While NADK is broadly 676 
expressed and shows no expression difference in vampire bats, NADK2, which is highly 677 
expressed in the liver of humans and non-vampire bats, is drastically downregulated in the 678 
vampire bat liver (12-fold, rank 4) (Fig. 4E,5E,5G). Furthermore, IDH2, encoding the mitochondrial 679 
NADP+-dependent enzyme that generates NADPH during isocitrate to α-ketoglutarate 680 
conversion, is also downregulated in the vampire bat liver. This suggests a highly unusual 681 
situation of low mitochondrial but high cytosolic hepatic NADP(H) levels. Low mitochondrial 682 
NADP(H) provides a mechanism to inhibit DECR1, the rate-limiting NADPH-dependent enzyme 683 
crucial for β-oxidation of polyunsaturated fatty acids (154, 155), which may indirectly increase the 684 
cytosolic NADPH pool and thereby enhance fatty acid synthesis. 685 
 686 
The promiscuous FASN enzyme can utilize side products of branched-chain amino acid 687 
catabolism, such as methylmalonyl-CoA or ethylmalonyl-CoA, in place of acetyl-CoA, thereby 688 
producing branched-chain fatty acids that get incorporated into phospholipids and perturb 689 
membrane fluidity. ECHDC1, encoding the enzyme preventing branched-chain fatty acid 690 
formation (156), is highly upregulated in the vampire bat liver (rank: 12, Fig. 5E,G), likely because 691 
of increased branched-chain amino acid catabolism. 692 
 693 
Decreased reliance on sugar as an energy source 694 
While sugars are a major energy source for many mammals, blood contains extremely low levels 695 
of carbohydrates (1%) (14, 15), indicating that vampire bats depend less on sugar as energy 696 
source. Our integrative analysis revealed genetic mechanisms underlying vampire bats’ 697 
decreased capacity to digest, metabolize, and store sugars. 698 
 699 
SI, encoding the intestinal brush border sucrase-isomaltase enzyme that cleaves dietary 700 
disaccharides into glucose and fructose (157), is lost in Diphylla and exhibits polymorphic gene-701 
inactivating mutations in Diaemus (Fig. 6A, Supplementary Figure 23). The rate-limiting step of 702 
aerobic glucose oxidation is catalyzed by the pyruvate dehydrogenase complex (PDC), which 703 
converts pyruvate to acetyl-CoA and connects cytosolic glycolysis with the mitochondrial TCA 704 
cycle and oxidative phosphorylation (158–160). We found PDHA1 and PDHB, which encode the 705 
catalytic PDC subunits, to evolve under relaxed selection in vampire bats (Fig. 6B). Notably, 706 
numerous mutations affecting the PDC, particularly the PDHA1 gene, cause lactic acidosis in 707 
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humans, which is treated with a ketogenic diet to avoid the glycolytic overproduction of the PDC 708 
substrate pyruvate (158, 159, 161); this therapeutic strategy resembling the natural low-sugar 709 
vampire bat diet. Genes involved in fructose catabolism (KHK and TKFC) are downregulated in 710 
the vampire bat liver and kidney (Fig. 6C,D), reflecting the extremely low fructose content of blood, 711 
with concentrations even lower than glucose (162). 712 
 713 
Glucose is primarily stored as glycogen. Protein phosphatase 1 promotes glycogen synthesis and 714 
inhibits glycogen breakdown by dephosphorylating glycogen synthase and glycogen 715 
phosphorylase, respectively (163, 164). The regulatory subunit of protein phosphatase 1 encoded 716 
by PPP1R3E, previously found to be lost in Desmodus (30), is independently lost in all vampire 717 
bats (Supplementary Figure 24), consistent with reduced glycogen synthesis. Supporting this, we 718 
observed hepatic downregulation of GYS2, encoding the liver glycogen synthase, PYGL, 719 
encoding the liver form of glycogen phosphorylase, and PGM1 (phosphoglucomutase 1), which 720 
interconverts glucose-1-phosphate and glucose-6-phosphate for glycogen synthesis and 721 
glycogen breakdown (Fig. 6B,D). Together, these changes provide a molecular explanation for 722 
the markedly low glycogen stores in Desmodus, which are ~85% lower than in fruit-eating bats 723 
and ~60% lower than in other mammals fed on high-protein diets (17, 165). 724 
 725 
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 726 
Figure 6: Impaired sugar and insulin metabolism 727 
(A-C) Losses, relaxation and downregulation of genes for intestinal sucrose digestion (A), glucose 728 
oxidation and glycogenesis (B), and fructose catabolism (C). 729 
(D) Differential expression of genes involved in sugar metabolism, showing fold change (X-axis), 730 
expression level (normalized TPM as the color gradient) and significance (circle size). 731 
(E) Sequence and expression changes in genes important for insulin storage and secretion. 732 
Schematics as in (A). 733 
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(F) Expression level of insulin and genes involved in insulin secretion.  734 
(G) Mutations in insulin and insulin receptor. Sequence logos represent the relative frequency of 735 
residues. The Diphylla Y103H and N110D INS mutations occur in no and only one other bat 736 
species. Highlighted mutations in vampire bat INSR are also never observed in other bats.  737 
(H) Cryo-EM structure of the homodimeric insulin receptor extracellular domain bound to insulin 738 
(PDB 6PXV). Close-up views highlight insulin-binding pockets, showing the residues differing 739 
between human (Y103 and N110) and Diphylla (H103 and D110) INSR with carbon atoms colored 740 
grey and yellow, respectively. The transmembrane and intracellular domains are unresolved in 741 
the cryo-EM structure; a simplified membrane is therefore shown at the base of the extracellular 742 
domain. 743 
 744 
 745 
Decreased importance of insulin 746 
Vampire bats have smaller pancreatic islets with a reduced beta cell mass, lower insulin levels 747 
than other mammals, and exhibit a reduced glucose-stimulated insulin secretion response (16, 748 
166). Here, we uncover molecular underpinnings of their insulin secretion deficiency, revealing 749 
that several genes critical for insulin production and secretion are lost, relaxed or downregulated 750 
(Fig. 6E-F, Supplementary Figures 25-26). PCSK1, encoding the prohormone convertase that 751 
processes proinsulin into mature insulin (167, 168), is under strong relaxed selection in vampire 752 
bats. KCNJ11, encoding a glucose sensitive potassium channel that triggers membrane 753 
depolarization and insulin release (169, 170), is downregulated in the vampire bat pancreas. 754 
SLC30A8, encoding the major beta-cell zinc transporter required for the formation of zinc-insulin 755 
crystals (the main insulin storage form) (171, 172), was previously found to be lost in Desmodus 756 
(30). Our analysis revealed an independent loss in Diaemus and a downregulation in the Diphylla 757 
pancreas. Similarly, FFAR1, encoding a G-protein-coupled receptor that senses circulating free 758 
fatty acids and amplifies glucose-stimulated insulin secretion (173, 174), is lost in Desmodus and 759 
Diaemus, unexpressed in Diphylla, and exhibits strongly relaxed selection in vampire bats.  760 
 761 
Importantly, we found a pronounced decrease in insulin gene expression in the vampire bat 762 
pancreas (Fig. 6F). In addition, the alpha chain of vampire bat insulin exhibits amino acid 763 
mutations at otherwise highly conserved positions (Fig. 6G). Notably, Diphylla exhibits a mutation 764 
(Y103H) that occurs in no other bat species. Mutations affecting INS residues 97, 98, and 103 765 
have been reported in human patients with permanent neonatal diabetes (175, 176). The crystal 766 
structure of the insulin receptor shows that Y103 is located at the interaction surface with the 767 
receptor (insulin-binding pocket 2, Fig. 6H), suggesting that it could influence insulin conformation 768 
and receptor interaction. Interestingly, INSR, encoding the insulin receptor, showed a signature 769 
of positive selection, driven by several consecutive vampire bat–specific amino acid changes, 770 
including an insertion. The affected residues lie directly upstream of the transmembrane domain 771 
in the extracellular region of INSR, a region critical for insulin-induced structural rearrangements, 772 
receptor internalization, and ligand degradation (177, 178). Notably, distinct INSR mutations have 773 
also been identified in Mexican tetra cavefish populations, another system exhibiting naturally 774 
evolved insulin resistance (179). Together, reduced insulin expression and sequence changes in 775 
both insulin and its receptor point to attenuated insulin signaling in vampire bats. 776 
 777 
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Finally, insulin normally suppresses gluconeogenesis while promoting lipogenesis in the liver, 778 
leading to an inverse regulation of the two processes. Consistent with insulin deficiency in vampire 779 
bats, we observed a positive correlation between the liver expression of PCK1, the first-step 780 
enzyme of gluconeogenesis, and key lipogenesis genes ACACB, ACLY and FASN (Fig. 6I), 781 
indicating a synchronized regulation of gluconeogenesis and lipogenesis. This resembles the 782 
situation in type 2 diabetic patients, where insulin resistance impairs the suppression of 783 
gluconeogenesis, leading to both gluconeogenesis and lipogenesis occurring at the same time 784 
(180). For vampire bats, this regulatory paradigm shift is likely favorable, because unlike most 785 
mammals that use gluconeogenesis for energy supply during fasting, they use gluconeogenesis 786 
to convert amino acids to glucose after feeding. 787 
 788 
Upregulated heme iron absorption 789 
Compared to other diets, blood contains considerably higher iron (about 800-fold higher than a 790 
typical human diet (181)), primarily as heme-bound iron. Although iron absorption normally occurs 791 
in the small intestine, our results indicate that the vampire bat stomach has also acquired this 792 
capacity. Specifically, their stomach shows an upregulation of the heme transporter genes 793 
SLCO2B1 and SLC46A1 (182, 183), and heme oxygenase 1 (HMOX1), the rate-limiting enzyme 794 
that degrades heme to ferrous (Fe2+) iron and biliverdin (184) (Fig. 7A,B). Notably, SLCO2B1 and 795 
HMOX1 are also upregulated in the intestine. We also observed increased stomach expression 796 
of ferroportin (SLC40A1), the only mammalian iron exporter transporting iron from cells into the 797 
bloodstream (185), and the liver downregulation of hepcidin (HAMP), a hormone that lowers 798 
circulating iron levels by promoting ferroportin degradation (186). Both changes likely contribute 799 
to elevated blood iron levels observed in vampire bats (30). Finally, increased stomach expression 800 
of two ferroxidase enzymes hephaestin (HEPH) and ceruloplasmin (CP), which convert ferrous 801 
(Fe2+) to ferric (Fe3+) iron, enables transferrin-mediated iron transport in the bloodstream (187). In 802 
contrast to the upregulation of heme iron–absorbing genes, CYBRD1, the plasma membrane 803 
ferrireductase required for absorbing free dietary iron (188), is ~53-fold downregulated in the 804 
intestine (Fig. 7A,B). Whereas most mammals rely on free iron uptake as the main iron source 805 
and thus require CYBRD1, the abundance of heme iron likely reduces its importance in vampire 806 
bats. Together, these findings indicate that both the stomach and intestine of vampire bats 807 
adapted to efficiently absorb and metabolize dietary heme-bound iron. 808 
 809 
Two intracellular ferrireductases involved in iron recycling exhibit notable changes in vampire 810 
bats: CYB561A3 evolved under positive selection on the ancestral vampire bat branch and 811 
STEAP3 is upregulated in the intestine and spleen (Fig. 7A,C). Both enzymes generate 812 
bioavailable ferrous iron in macrophages that engulf defective erythrocytes and recycle iron to 813 
sustain erythropoiesis (189). In addition, STEAP3 is found in endosomes of erythroid cells, where 814 
it is required for efficient erythropoiesis (190, 191). 815 
 816 
While a previous study described an expansion of iron-storing ferritin genes in Desmodus (25), 817 
our reanalysis revealed a single ferritin heavy chain ortholog across bats as well as an ancient, 818 
non-vampire bat-specific duplication of the ferritin light chain gene (Supplementary Figures 27-819 
29, Supplementary Table 14). We attribute the previously-reported ferritin expansion to processed 820 
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pseudogene copies. Importantly, ferritin processed pseudogenes occur in all analyzed 821 
phyllostomid and outgroup bats, hence are unlikely to be related to the iron rich vampire bat diet.  822 
 823 
Overall, our findings indicate that vampire bats have evolved mechanisms that promote, rather 824 
than limit, the absorption of dietary heme-bound iron. 825 
 826 
 827 

 828 
Figure 7: Upregulated heme iron absorption and splenic erythropoiesis. 829 
(A) Differential expression of genes involved in iron absorption, showing fold change (X-axis), 830 
expression level (normalized TPM as the color gradient) and significance (circle size). 831 
(B-C) Illustration of sequence and expression changes of genes involved in heme and free iron 832 
absorption (B) and iron recycling (C).  833 
(D) Volcano plot showing genes up- and downregulated genes in the vampire bat spleen, 834 
highlighting in blue genes directly involved in erythropoiesis.  835 
(E) Expression levels of key erythropoietic genes in adult spleen and bone of vampire (red font) 836 
and control bats (black font), visualized as per-gene Z-scores of log2(normalized TPM + 1). 837 
 838 
 839 
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Vampire bat spleen is an erythropoietic organ 840 
Red blood cell production (erythropoiesis) requires large amounts of iron, vitamin B9, and vitamin 841 
B12 (192); all appear to be absorbed at elevated levels in vampire bats. In most placental 842 
mammals, erythropoiesis occurs primarily in the bone marrow, with the spleen performing 843 
erythropoiesis only during fetal development or under stress and pathological conditions in adults 844 
(193, 194).  845 
 846 
Strikingly, we found strong evidence that the spleen is a major erythropoietic organ in adult 847 
vampire bats. Specifically, genes upregulated in the spleen are highly enriched for heme and 848 
hemoglobin biosynthesis, and erythrocyte differentiation (Fig. 1I). Of the 50 most significantly 849 
upregulated genes, 26 are directly involved in erythropoiesis (Fig. 7D,E). These include genes 850 
required for erythroid differentiation (erythropoietin receptor (EPOR), hemogen (HEMGN), 851 
TRIM10, TCN2, GATA1, GATA2, TAL1, KLF1, GFI1B, NPRL3, ZFPM1), erythrocyte membrane 852 
stability (DMTN, EPB42, SPTB, ANK1, GYPA, ADD2, TMOD1, YPEL4) and cell volume regulation 853 
(KCNN4), iron uptake and hemoglobin synthesis (STEAP3, HMBS, Mitoferrin-1 (SLC25A37)), 854 
blood group antigen expression (RHCE), erythrocyte metabolism (PKLR, AMPD3, CA2) (195–855 
198). Nearly all heme biosynthesis genes (ALAD, HMBS, UROS, UROD, CPOX, PPOX, FECH) 856 
are significantly upregulated. Furthermore, NMNAT3, encoding the main NAD+ producing 857 
enzyme required for erythrocyte glycolysis and energy metabolism (199, 200), is upregulated in 858 
the spleen. Transcriptional regulators of megakaryocyte and platelet development (GFI1B, NFE2) 859 
are also upregulated.  860 
 861 
To test whether bone marrow remains an erythropoietic site in vampire bats, we generated ten 862 
additional RNA-seq datasets from skull and humerus bones, which are typical sites of adult 863 
erythropoiesis, in Desmodus, Diphylla, and three non-vampire bat species (Supplementary Table 864 
5). As expected, non-vampire bats showed high expression of the erythropoietic gene program 865 
(Fig. 7E). For vampire bats, erythropoietic gene expression in bone marrow was generally low in 866 
Desmodus but high in Diphylla, indicating that the spleen became the primary erythropoietic organ 867 
in Desmodus and that both spleen and bone marrow likely contribute to erythropoiesis in Diphylla. 868 
Although the reasons for splenic erythropoiesis in vampire bats remain to be investigated, the 869 
spleen may provide a favorable site by spatially coupling macrophage-mediated erythrocyte 870 
clearance, iron recycling, and erythrocyte production within a single organ. 871 
 872 

 873 

 874 
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Discussion 875 
Our high-quality reference genomes of all three vampire bat species enabled integrative 876 
comparative genomic and transcriptomic analyses that uncovered molecular adaptations 877 
underlying obligate sanguivory in vampire bats, the only tetrapods to have evolved this extreme 878 
diet. We identified molecular mechanisms underlying a radical transformation of the vampire bat 879 
stomach from an acidic, digestive organ into an enlarged, non-acidic chamber that exhibits an 880 
altered mucus profile and is specialized for water, electrolyte, vitamin and heme absorption. 881 
Upregulation of connective tissue–related genes matched our histological evidence of increased 882 
connective tissue content, likely providing structural support for extreme stomach expansion 883 
during a single feeding bout.  884 
 885 
The extreme dietary specialization of vampire bats is mirrored by extensive molecular remodeling 886 
in key metabolic pathways. Consistent with their fat-poor diet, digestive lipases are lost or evolve 887 
under relaxed selection, whereas lipogenic enzymes and genes generating the lipogenic 888 
substrates (acetyl-CoA and NADPH) are under intensified selection and transcriptionally 889 
upregulated. Low dietary sugar content is reflected by loss, relaxation, or downregulation of genes 890 
involved in carbohydrate metabolism and insulin signaling, revealing molecular insights into the 891 
evolutionary origins of natural insulin deficiency in vampire bats. Notably, the naturally low-fat, 892 
low-sugar vampire bat diet parallels the therapeutic diets prescribed to manage human metabolic 893 
disorders caused by deficiencies in DGAT1, PDHA1, or INSR (161, 201, 202), genes that are also 894 
altered in these bats. Adaptation to a protein-rich diet is supported by independent duplications 895 
of trypsin genes, as well as by intensified selection and upregulation of genes involved in intestinal 896 
absorption, renal reabsorption, and catabolism of amino acids. Our results also indicate that key 897 
aspects of amino acid catabolism in vampire bats diverge from those of other mammals, including 898 
(i) hepatic catabolism of branched-chain amino acids, (ii) a shift in lysine catabolism, with the 899 
normally brain-restricted pipecolate pathway expanded to liver and intestine, and (iii) use of 900 
leucine-derived acetoacetyl-CoA as a major substrate for fatty acid synthesis. Although many 901 
molecular changes are shared between Desmodus and Diphylla, they also sometimes deploy 902 
distinct but functionally equivalent genes, such as BCAT1/BCAT2 and ACACA/ACACB, revealing 903 
different genetic routes to the same metabolic solution. 904 
 905 
Most genes lost in vampire bats are associated with gastric mucosal function, gastrointestinal 906 
motility, and nutrient digestion. Many of these losses likely reflect relaxed selection on functions 907 
that became obsolete with their exclusive blood diet. In line with the “use it or lose it” principle 908 
(203), most of these genes were lost independently across vampire bats, and our haplotype-909 
resolved assemblies revealed polymorphic inactivating mutations in several genes (CTSE, 910 
MLNR, SI, PNLIP), indicative of ongoing gene erosion. However, gene loss can also confer 911 
adaptive benefits (4, 203–205). For instance, the loss of the 24S-hydroxycholesterol-degrading 912 
enzyme CYP39A1 may have contributed to their exceptional social behavior and cognitive 913 
abilities (30). Consistent with this, we found CYP39A1 to be among the few genes already 914 
inactivated in the common ancestor of vampire bats (Supplementary Figure 30). 915 
  916 
Comparative genomic analyses uncover gene sequence changes such as gene losses, 917 
duplications, and signatures of selection, but they often highlight individual loci and therefore 918 
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provide a fragmented view of adaptation. Our study shows that incorporating comparative 919 
transcriptomic data across multiple organs adds a complementary layer by revealing coordinated 920 
sequence and expression changes across pathways and molecular processes. This integrative 921 
approach was essential for obtaining a comprehensive view of the molecular adaptations 922 
underlying sanguivory in vampire bats. More generally, our work demonstrates how genome-923 
wide, integrative analyses can yield deep insights into the molecular mechanisms underlying 924 
adaptive traits. 925 
 926 
 927 
 928 
 929 
 930 
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Materials and Methods 931 
Sample collection, ethical statements and permits 932 
Tissue samples for genome sequencing of the three vampire bat species were obtained from the 933 
Royal Ontario Museum mammal collection, where samples were kept frozen since their collection. 934 
Samples of a Desmodus rotundus male individual (F63247) were collected at Sabajo, Para, 935 
Suriname on 2017-09-26. Samples of a Diaemus youngii male individual (F50745) were collected 936 
at the Ceiba Biological Center in Guyana on 2001-10-16. Samples of a Diphylla ecaudata male 937 
individual (F37596) were collected at the Parque Nacional Yasuni (66 km S of Pompeya Sur) in 938 
Napo, Ecuador on 1995-10-15. All three vampire bat samples are from male individuals caught in 939 
the wild.  940 
 941 
Samples of Carollia perspicillata for genome sequencing were obtained on 2018-02-21 from a 942 
captive breeding colony in Frankfurt, Germany, in accordance with the guidelines of the 943 
Darmstadt Regional Council. The colony was established in 1980 from founding animals that were 944 
caught at Hacienda La Pacifica, Guanacaste in Costa Rica. Samples of a Glossophaga soricina 945 
juvenile were obtained on 2018-02-20 from a captive breeding colony in Berlin, Germany, that 946 
was established in 1987 from founding animals that were caught in central Mexico. The orphaned 947 
juvenile had been permanently abandoned by the mother and therefore had to be euthanized, in 948 
compliance with the institutional animal welfare regulations. We observed half-coverage of PacBio 949 
reads only for scaffold 9, which aligns to the human X chromosome, indicating that the juvenile 950 
was a male. A liver sample of a Micronycteris megalotis male adult individual was collected from 951 
the wild on 2019-03-14 in Santa Maria, Boyaca, Colombia. 952 
 953 
All samples were flash frozen in liquid nitrogen after being collected and stored at -80℃ until 954 
further processing. The ethical statements of collecting and processing tissue samples for each 955 
species followed the procedures required by the following permits: 956 

● Diphylla ecaudata (ROMM105272) – Permit number 048IC from the Instituto Ecuatoriano 957 
Forestal y de Áreas Naturales y Vida Silvestre 958 

● Diaemus youngii (ROMM113765) – Permit number 20011025 from the Guyana 959 
Environmental Protection Agency, Natural Resources Management Division 960 

● Desmodus rotundus (ROMM126221) – Permit number 12049 from the Suriname Forest 961 
Service, Nature Conservation Division 962 

● Micronycteris megalotis (Mm_FF)– Permit number DECRETO 1076 DE 2015 (Mayo 26) 963 
issued by the The Ministry of Environment and Sustainable Development of Colombia 964 
(Spanish: Ministerio de Ambiente y Desarrollo Sostenible de Colombia)  965 

 966 
To perform transcriptomics, we obtained wild Desmodus and Diphylla individuals from a farm in 967 
Divinesia, Minas Gerais, Brazil, and a wild Artibeus obscurus individual from Vicosa, Minas 968 
Gerais, Brazil under the sampling and capturing permit SISBIO 91340-3. The access of these 969 
genetic resources from Brazil is registered at SISGEN under the number A3D3AA5. A 970 
Leptonycteris yerbabuenae individual was obtained from a captive breeding colony in Tübingen, 971 
Germany that was established in 1988 from founding animals that were caught in Mexico. 972 
 973 
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To perform histology, stomach pH measurements, and gastrointestinal motility assessments, we 974 
obtained wild Desmodus and Diphylla individuals from a farm in Divinesia, Minas Gerais, Brazil, 975 
wild Artibeus lituratus and Myotis nigricans individuals from Vicosa, Minas Gerais, Brazil (permit 976 
number CEUA 33/2025). Captive Phyllostomus discolor individuals were obtained from a captive 977 
breeding colony at St. Andrews, UK.  978 
 979 
Transcriptome sequencing 980 
All tissue samples for transcriptome sequencing were immediately stored in RNAlater to ensure 981 
RNA preservation. The only exceptions are the Leptonycteris yerbabuenae skull and spleen 982 
samples, which were flash-frozen. Total RNA was extracted using the RNeasy Plus Mini Kit 983 
(Qiagen) according to the manufacturer’s instructions. RNA concentration was measured using 984 
fluorometric quantification, and RNA integrity was assessed prior to library preparation using an 985 
Agilent TapeStation instrument. Polyadenylated RNA was enriched from total RNA by oligo-dT 986 
priming and reverse transcribed into first- and second-strand cDNA followed by indexing adaptor 987 
ligation. Strand-specific RNA sequencing libraries were prepared with the Illumina Stranded 988 
mRNA Library Prep protocol (Illumina), according to the manufacturer’s instructions. Library 989 
quality and fragment size distribution were evaluated, libraries were quantified, and equimolar 990 
amounts of each library were pooled for sequencing. Libraries were sequenced on an Illumina 991 
platform using paired-end sequencing (2x150 bp), generating approximately 20 million read pairs 992 
per sample. 993 
 994 
Genome sequencing 995 
For Diaemus and Diphylla, we generated PacBio HiFi and Dovetail Omni-C data according to the 996 
following protocols. To extract high molecular weight genomic DNA, we followed the protocol of 997 
(206). DNA concentration and DNA fragment length were assessed using the Qubit dsDNA BR 998 
Assay kit on the Qubit Fluorometer (Thermo Fisher Scientific) and the Genomic DNA Screen Tape 999 
on the Agilent 2200 TapeStation system (Agilent Technologies), respectively. For each species, 1000 
one SMRTbell library was prepared according to the instructions of the SMRTbell Express Prep 1001 
Kit v2.0 with a final size selection using AMPure PB beads. Quality control of the final libraries 1002 
was performed on the Agilent 2200 TapeStation system (Agilent Technologies). Total input DNA 1003 
was approximately 1.5 µg per library. The library of each species was loaded three times on the 1004 
Sequel System IIe in CCS mode, using 30 hours of movie time with two hours of pre-extension 1005 
and sequencing chemistry v2.0. The on-plate concentration for each Sequel IIe run was 80 pM 1006 
using diffusion loading. For Desmodus, we used existing HiFi and Omni-C data (30), and to further 1007 
improve the assembly, we generated additional HiFi data from one SMRT cell, constructing the 1008 
SMRTbell library according to the instructions of the SMRTbell Express Prep Kit v3.0. 1009 
 1010 
To generate long-range data for Diaemus and Diphylla for scaffolding, we used the Dovetail Omni-1011 
C kit (Dovetail Genomics, Scotts Valley, CA, USA) following the manufacturer's protocol (manual 1012 
version 1.2 for mammalian samples). We used approximately 30 mg (Diphylla) and 60 mg 1013 
(Diaemus) of liver tissue from the same individual used for PacBio sequencing. Fragment size 1014 
distribution and concentration of the Dovetail Omni-C libraries were assessed using the 1015 
TapeStation 2200 (Agilent Technologies) and the Qubit Fluorometer and Qubit dsDNA HS 1016 
reagents Assay kit (Thermo Fisher Scientific, Waltham, MA), respectively. The libraries were 1017 
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sequenced on the NovaSeq 6000 platform at Novogene (UK) using 150 bp paired-end 1018 
sequencing to about 60X coverage totaling 120 Gb. 1019 
 1020 
For Micronycteris megalotis, HMW gDNA was extracted and PacBio HiFi data was generated as 1021 
follows. HMW gDNA was extracted from liver tissue according to the Circulomics Nanobind Tissue 1022 
Big DNA Kit (PacBio / Circulomics, Handbook v1.0 (11/2019)). Briefly, snap-frozen liver tissue 1023 
was finely minced with a scalpel and homogenised on ice in chaotropic buffer using the Tissue 1024 
Ruptor (Qiagen). Tissue lysis was performed by adding Proteinase K and cell debris was removed 1025 
by centrifugation. The released gDNA was bound to a Nanobind disk after the addition of salt 1026 
buffer and isopropanol. After several washes, the gDNA was eluted from the Nanobind disk. 1027 
Genomic DNA concentration was determined using the Qubit dsDNA BR (Broad Range) assay 1028 
kit (ThermoFisher, USA). The purity of the sample was measured using the NanoDrop by 1029 
evaluating the curve shape and the 260/280 nm and 260/230 nm values. Pulse-field gel 1030 
electrophoresis (PFGE) using the Pippin PulseTM instrument (SAGE Science) revealed HMW 1031 
DNA molecules <200 kb in length. The HMW gDNA was post-purified with Ampure beads and 1032 
entered into library preparation using the PacBio HiFi library preparation protocol “Preparing HiFi 1033 
Libraries from Low DNA Input Using SMRTbell Express Template Prep Kit 2.0”. Briefly, gDNA 1034 
was sheared to 20 kb using the MegaRuptor device (Diagenode) and 3.9 µg of sheared gDNA 1035 
was used for library preparation. Fragments shorter than 3 kb were removed using Ampure beads 1036 
size selection. The size-selected library was prepared for loading according to the instructions 1037 
generated by the SMRT Link software and the ‘HiFi Reads’ application. The HiFi library was 1038 
sequenced on 8M SMRT™ Cells for 30 hours with the Sequel® II Binding 2.0 and the Sequel® II 1039 
Sequencing 2.0 chemistry on the Sequel® II. Circular Consensus sequences were called using 1040 
PacBio ccs (v6.0.0). 1041 
 1042 
For Carollia perspicillata and Glossophaga soricina, we generated PacBio CLR and 10x 1043 
Genomics data as follows. High molecular weight (HMW) genomic DNA (gDNA) was extracted 1044 
according to the Bionano Prep Animal Tissue DNA Isolation Soft Tissue Protocol (document 1045 
number 30077, document revision C). Briefly, 20-40 mg of snap-frozen spleen (Carollia 1046 
perspicillata) and liver (Glossophaga soricina) tissues were thawed and chopped into small 1047 
pieces. Tissues were homogenised on ice in a homogenisation buffer using a tissue grinder to 1048 
isolate nuclei. These were washed in ice-cold ethanol, enriched by centrifugation and embedded 1049 
in 2% agarose plugs. The plugs were further treated with Proteinase K and RNase A, and then 1050 
washed with 1X Wash Buffer from the kit and home-made 1X TE buffer (pH 8.0). Ultra-long gDNA 1051 
was recovered from the plugs and finally purified by drop dialysis against the TE buffer (pH 8.0). 1052 
gDNA concentration was determined using the Qubit dsDNA BR (Broad Range) assay kit 1053 
(ThermoFisher, USA). Sample purity was measured with the NanoDrop by evaluating the shape 1054 
of the curve and the 260/280 nm and 260/230 nm values. The integrity of the HMW gDNA was 1055 
determined by pulse-field gel electrophoresis using the Pippin PulseTM device (SAGE Science). 1056 
The majority of the long and ultra-long gDNA was between 50 and 500 kb in length. All pipetting 1057 
steps of the ultra-long gDNA were performed very carefully with wide-bore pipette tips. 1058 
 1059 
To sequence PacBio CLR for both species, long insert libraries were prepared as recommended 1060 
according to the ‘Guidelines for preparing size-selected >30 kb SMRTbell templates making use 1061 
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of the SMRTbell express Template kit 1.0. Briefly, ultra-long gDNA was sheared to 60 kb 1062 
fragments with the MegaRuptor1 device (Diagenode) and 4-5 µg of sheared gDNA was used for 1063 
library preparation. The PacBio SMRTbell library was size-selected for fragments larger than 30 1064 
kb (Carollia perspicillata) and larger than 25 kb (Glossophaga soricina) with the BluePippinTM 1065 
device according to the manufacturer's instructions. All size-selected libraries were sequenced 1066 
for 10 hours on the Pacbio Sequel® on 1M SMRT™ cells v2 using the Sequel® Binding 2.1 and 1067 
the Sequel® Sequencing 2.1 v2 chemistry at the DcGC, Germany. 1068 
 1069 
Ultra-long gDNA from Carollia perspicillata and Glossophaga soricina was used for 10x genomic 1070 
linked read sequencing according to the manufacturer’s instructions (10x Genomics Chromium 1071 
Reagent Kit v2, revision B). Briefly, 1 ng of ultra-long gDNA was loaded into 10x Genomics GEM 1072 
droplets (Gel Bead-In-EMulsions) using the Chromium device. Genomic DNA molecules were 1073 
amplified in these individual GEMS in an isothermal incubation using primers containing a specific 1074 
16 bp 10x barcode and the Illumina R1 sequence. After breaking the emulsions, pooled amplified 1075 
barcoded fragments were purified, enriched and used for Illumina sequencing library preparation, 1076 
as described in the protocol. Sequencing was performed either on a Nextseq 500 High Output 1077 
flow cell using the 2x150 cycles paired-end regime plus 8 cycles of i7 index at the DcGC, Germany 1078 
and on a NovaSeq 6000 S1 flow cell using the same sequencing regime at the MPI of Molecular 1079 
Genetics, Germany. 1080 
  1081 
Chromatin conformation capture (Hi-C) was performed using the Arima Hi-C kit for Carollia 1082 
perspicillata and Glossophaga soricina and Arima Hi-C High Coverage kit for Micronycteris 1083 
megalotis according to the Arima documents (User Guide for Animal Tissues, part number 1084 
A160132 V00 and part number A160162 v00). Briefly, 75 mg of flash-frozen liver tissue from 1085 
Carollia perspicillata, 40 mg flash-frozen brain tissue from Glossophaga soricina, and 15 mg of 1086 
flash-frozen muscle tissue from Micronycteris megalotis were chemically crosslinked. The 1087 
crosslinked genomic DNA was digested with a cocktail of two (Carollia perspicillata and 1088 
Glossophaga soricina) and four (Micronycteris megalotis) restriction enzymes. The 5’-overhangs 1089 
were filled in and labelled with biotin. Spatially proximal digested DNA ends were ligated, and the 1090 
ligated biotin-containing fragments were enriched and used for Illumina library preparation 1091 
according to the Arima user guide for library preparation using the Kapa Hyper Prep kit (Arima 1092 
document part number A160139 v00). The barcoded Hi-C libraries were run on S2 and S4 flow 1093 
cells of an Illumina NovaSeq 6000 at 2x150 cycles at the DcGC, Germany. 1094 
 1095 
Genome assembly 1096 
For the three vampire bats, we produced haplotype-specific assemblies from HiFi reads using 1097 
Hifiasm (for Desmodus v.0.16.1, Diaemus v.0.16.1, Diphylla v.0.19.3 ), integrating Hi-C reads for 1098 
phasing (31). Both haplotypes were subject to filtering procedure using Foreign Contamination 1099 
Screen (FCS) (207). Contamination filtered assemblies were then polished to remove 1100 
unambiguous heterozygous sites. Specifically, we mapped HiFi reads back to each assembly with 1101 
minimap2 v.2.26 (208), removed duplicates using picard MarkDuplicates tool v.3.1.0 1102 
(http://broadinstitute.github.io/picard), and called variants using DeepVariant v1.5.0 (209). We 1103 
then filtered for sites with genotype 1/1 and a 'PASS' filter value, meaning that all or nearly all 1104 
reads support an alternative sequence at this position and passed DeepVariants internal filters. 1105 
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Finally, we corrected corresponding nucleotide sites in the assembly with bcftools consensus 1106 
v.1.13 (210). 1107 
 1108 
To scaffold the polished haplotype assemblies of vampire bats, we first mapped the Omni-C reads 1109 
to each of the two assemblies independently using chromap v.0.2.5 (211) and then used YaHS 1110 
v1.1a (32). Finally, we performed manual curation of the two scaffolded haplotypes jointly 1111 
analyzing them in PretextView v.0.2.5 (https://github.com/wtsi-hpag/PretextView). To this end, we 1112 
remapped the Hi-C reads to both haplotype assemblies concatenated together using again 1113 
chromap but allowing for multi-mapping reads (-q 0) to avoid discarding information in regions 1114 
identical between two haplotypes. We also identified telomeric sequences with tidk v.0.2.31 1115 
(https://github.com/tolkit/telomeric-identifier) and where necessary corrected wrong contigs 1116 
orientations to have telomeres in the ends of resulting scaffolds. To finalize changes made via 1117 
manual dual haplotype curation, as recently proposed by the Vertebrate Genome Project and 1118 
Darwin Tree of Life Project, we used the rapid curation framework (https://gitlab.com/wtsi-1119 
grit/rapid-curation/-/tree/main) from the Genome Reference Informatics Team (212).  1120 
 1121 
For Micronycteris megalotis, we generated a primary assembly. Contigs were assembled using 1122 
PacBio HiFi reads and Hifiasm (v0.15.4-r347) (31) with argument -l2. Retained haplotigs were 1123 
removed from the contig assemblies using Purge_Dups (v1.2.6, parameter -e) (213). For 1124 
scaffolding, Hi-C reads were first mapped to the contig assembly using bwa (v0.7.17, parameter 1125 
-B8) (214) and the Arima mapping pipeline (https://github.com/VGP/vgp-1126 
assembly/blob/master/pipeline/salsa/arima_mapping_pipeline.sh). The resulting bam file was 1127 
used as input for SALSA2 (v2.3, parameters -e GATC,GANTC,CTNAG,TTAA -s 2000000000) 1128 
(215). To manually curate the scaffolded assembly, Hi-C reads were mapped using bwa (v0.7.17, 1129 
parameter -SP5M), followed by filtering, sorting and deduplication with pairtools (v0.3.0). The 1130 
resulting pairsam file was then split to bam and converted to .cool and .mcool files using pairx 1131 
(v0.3.7) and cooler (v0.8.11). Finally, the resulting map was visualised using HiGlass (v1.11.7) 1132 
and missing or false joins were corrected manually. To close gaps in the scaffolded assembly, we 1133 
mapped raw subreads to the genome using pbmm2 (v1.7.0, parameters --preset SUBREAD -N 1134 
1). Consensus sequences 2 kb upstream and downstream of each gap were then called using 1135 
PacBio's gcpp (v2.0.2) and for gap regions which were filled entirely with capital letter 1136 
substitutions and no gaps (i.e. a high confidence gap fill), the sequences were inserted into the 1137 
genome around the gap sequences. To correct base errors, the PacBio HiFi reads were mapped 1138 
using pbmm2 (v1.7.0, parameters: --preset CCS -N 1) and variants were called using DeepVariant 1139 
(v1.2.0, parameter --model_type=PACBIO) (209). The resulting vcf was then filtered with bcftools 1140 
(v1.16) view with parameter 'FILTER="PASS" && GT="1/1"' and finally a consensus sequence 1141 
called with bcftools consensus.  1142 
 1143 
Mitochondrial assemblies were created using MitoHiFi (v2.0) (216), but MitoHiFi failed to 1144 
assemble a mitochondrial genome from the Diaemus and from the Micronycteris HiFi data. To 1145 
estimate the assembly base accuracy for the HiFi-based assemblies, we used Merqury (34) with 1146 
the HiFi reads. It should be noted that the QV estimates represent an upper bound as they are 1147 
based on the HiFi reads used for assembly.  1148 
 1149 
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For Carollia perspicillata and Glossophaga soricina, we generated primary genome assemblies 1150 
using the DAmar v1 pipeline (https://github.com/MartinPippel/DAmar/blob/master-v1), which 1151 
orchestrates all assembly steps, including contig building, error correction, and scaffolding. 1152 
Specifically, the initial contig assembly was performed with the MARVEL assembler (217) and the 1153 
PacBio CLR reads. MARVEL employs a two-phase read-correction procedure that maintains the 1154 
integrity of long PacBio CLR reads during assembly. Haplotypic duplications were identified and 1155 
removed with Purge_Dups v1.0.1 (213). To increase base level accuracy, we conducted two 1156 
rounds of error correction using the PacBio data and gcpp (previously known as Arrow; git commit 1157 
974589f; https://github.com/PacificBiosciences/gcpp). Subsequently, two additional rounds of 1158 
error correction were performed using 10x Genomics linked-read data. To this end, 10x linked 1159 
reads were mapped to the genome using LongRanger v2.2.2 1160 
(https://github.com/10XGenomics/longranger) and variants were called using freebayes v1.3.2 1161 
(https://github.com/freebayes/freebayes/) with argument “-g 600” to ignore regions with coverage 1162 
over 600X. The variants were filtered using bcftools view (v1.12) with argument: '-i 'QUAL>1 && 1163 
(GT="AA" || GT="Aa")' and consensus called using bcftools consensus with argument: '-Hla'.  1164 
 1165 
Scaffolding of the Carollia and Glossophaga assemblies was carried out in two stages. First, 1166 
Bionano optical map data were used with Bionano Solve (version Solve3.3_10252018; 1167 
https://bionano.com/software-downloads/). Second, the resulting scaffolds underwent further 1168 
scaffolding using Hi-C data and SALSA2 (git commit 974589f) (215). The assembly was phased 1169 
using LongRanger v2.2.2 and the 10x linked-read data. To correct scaffolding errors (missing or 1170 
false joins), we manually curated the assembly by using HiGlass and a HiC map generated with 1171 
https://github.com/VGP/vgp-assembly/blob/master/pipeline/salsa/arima_mapping_pipeline.sh. 1172 
 1173 
To assess gene completeness, we used compleasm v0.2.7 1174 
(https://github.com/huangnengCSU/compleasm) (43) with the BUSCO mammalia_ODB12 set of 1175 
12,277 near-universally conserved mammalian genes and the TOGA classification of ancestral 1176 
genes (below). 1177 
 1178 
Repeat masking 1179 
To align newly-sequenced genomes, we generated for each genome a de novo repeat library 1180 
assembly using RepeatModeler 2.0.5 (218). We then used the resulting library and RepeatMasker 1181 
v.4.0.9 (parameters: -engine crossmatch -s) to soft-mask the genome.  1182 
 1183 
Pairwise genome alignments 1184 
To infer orthologous genes with TOGA (below), pairwise alignments between a reference and a 1185 
query genome are needed. We used the human (hg38) assembly as a reference and generated 1186 
pairwise genome alignments to the newly-sequenced genomes and other species. Briefly, we 1187 
used LASTZ 1.04.15 (219) with parameters (K = 2400, L = 3000, Y = 9400, H = 2000, default 1188 
scoring matrix) that are sensitive enough to detect alignments between orthologous exons across 1189 
placental mammals (220). The resulting local LASTZ alignments were then chained using 1190 
axtChain(221) (default parameters, except setting linearGap=loose), followed by using 1191 
RepeatFiller (222) (default parameters) to add missed repeat-overlapping local alignments to the 1192 
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alignment chains and chainCleaner (223) (default parameters, except setting 1193 
minBrokenChainScore = 75,000 and -doPairs) to improve alignment specificity. 1194 
 1195 
Orthology inference and codon alignments 1196 
To identify orthologous genes, we used TOGA v1.1.4 (38) (https://github.com/hillerlab/TOGA) 1197 
with the human hg38 genome and GENCODE V38 annotation (224) as the reference and the 1198 
generated pairwise alignment chains to annotate coding genes and infer orthologs across all 1199 
considered bat genomes.  1200 
 1201 
Multiple codon alignments were used for phylogenomics and screens for selection signatures. To 1202 
this end, we extracted 1:1 orthologs from TOGA, taking the longest transcript of each gene. 1203 
Leveraging that TOGA is aware of exon-level orthology (38), we used an exon-by-exon strategy 1204 
that aligns each orthologous exon individually with MACSE v2 (225) and default parameters, 1205 
followed by concatenating exon alignments into complete codon alignments.  1206 
 1207 
Phylogenetic and divergence time estimation 1208 
To generate a phylogeny that includes both newly sequenced and existing genomes, we used 1209 
codon alignments of 1:1 orthologous genes. We applied a coalescent-based approach to infer 1210 
gene trees from each alignment, which were then used to reconstruct a species tree. We included 1211 
only orthologs classified by TOGA as I (intact), PI (partially intact), or UL (uncertain loss). We 1212 
excluded codon alignments that were missing sequences for any vampire bat or for more than 1213 
three non-vampire bat species, and we removed codons that were present in fewer than 50% of 1214 
species. With these filters, we obtained codon alignments for a total of 15,481 orthologous genes. 1215 
 1216 
For each gene alignment, we inferred maximum-likelihood trees with RAxML v.8.1.16 (226) under 1217 
a GTR+GAMMA model, using three independent replicates and the rapid hill climbing algorithm. 1218 
Then, we used ASTRAL v.5.5.9 (44, 45) to estimate a species tree, using default settings and 1219 
100 bootstrap replicates to calculate node support. 1220 
 1221 
To estimate a time-calibrated tree, we used a penalized likelihood method implemented in treePL 1222 
(227, 228) and five fossil calibration points (Supplementary Table 3). We first carried out an 1223 
analysis to determine the optimal optimization parameters for treePL, and subsequently ran a 1224 
second analysis incorporating these optimized settings. Fossil calibrations were applied to 1225 
constrain minimum divergence times at relevant nodes. 1226 
 1227 
Gene losses 1228 
We used TOGA’s gene classification to identify inactivated (lost) genes based on the presence of 1229 
gene-inactivating mutations (frameshifts, premature stop codons, splice site disruptions, and 1230 
deletions of entire coding exons). We extracted all genes containing at least one inactivating 1231 
mutation within the middle 80% of the coding region (TOGA status L=loss or UL=uncertain loss) 1232 
and retained those showing evidence of gene loss in at least one vampire bat species but in no 1233 
more than five non-vampire bat species. We allowed apparent gene losses in non-vampire bats 1234 
to avoid false negatives caused by low genome assembly quality. To ensure accuracy, we 1235 
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manually verified each candidate by examining inactivating mutations, codon alignment plots, 1236 
genomic context, and alignment chains (Supplementary Data 1). 1237 
 1238 
Positive selection using aBSREL 1239 
We used the aBSREL method in the HyPhy v2.5.51 package (46) to identify genes under positive 1240 
selection in the vampire bats. This method implements a sensitive branch-site model to detect 1241 
phylogenetic branches under positive selection. We used the same codon alignments of 15,481 1242 
orthologous genes described in the phylogenomics section above, and ran aBSREL with default 1243 
parameters, except setting the environmental parameter 1244 
ENV='TOLERATE_NUMERICAL_ERRORS=1'. In addition, we applied the MEME method in 1245 
HyPhy with default parameters to detect codons under episodic positive selection. 1246 
 1247 
We extracted all genes with a significant positive selection signal (corrected P-value < 0.05) on 1248 
any of the five branches in the vampire bat lineage. We manually curated the list of candidate 1249 
genes to ensure accuracy (Supplementary Data 1). Specifically, we excluded genes that contain 1250 
inactivating mutations in vampire bats. We also excluded genes where the selection signal 1251 
appeared to come from problematic alignment regions (e.g. caused by fast-evolving protein 1252 
regions or potentially mis-annotated exons), as such alignment regions can create spurious 1253 
signals in aBSREL analyses. 1254 
 1255 
Relaxed and intensified selection using RELAX 1256 
We used the RELAX method (47) in the HyPhy v2.5.51 package to identify genes evolving under 1257 
relaxed or intensified selection in the vampire bat lineage. Like aBSREL, RELAX analyzes codon 1258 
alignments of orthologous genes, but it compares two user-defined sets of branches (a test and 1259 
a reference branch set) to determine whether selection to preserve the encoded protein sequence 1260 
is relaxed or intensified in the test branches relative to the reference branches. In our analyses, 1261 
the five branches in the vampire bat lineage were defined as the test set, and all other branches 1262 
in the phylogeny were defined as the reference set. We generated codon alignments as described 1263 
in the phylogenomics section above, with one key difference of including remnant sequences of 1264 
genes classified as lost in the codon alignments. Applying the same filters yielded 16,094 codon 1265 
alignments, a higher number than in the phylogenomics and aBSREL analysis. 1266 
 1267 
For each gene, RELAX was run with parameters “CPU=1 --starting-points 100 --grid-size 2000 --1268 
models Minimal”. We obtained the k value to infer the direction of selection, with k < 1 indicating 1269 
relaxation and k > 1 indicating intensification, and the P-values, which we corrected for multiple 1270 
testing over the genes using the Benjamini-Hochberg method. Genes with corrected P-values < 1271 
0.05 for relaxation or intensification were retained. Because RELAX results can exhibit stochastic 1272 
variation, we repeated the analysis ten times and merged the resulting gene lists to generate our 1273 
final set. We then manually curated this gene list by examining the codon alignment visualizations 1274 
(Supplementary Data 1). As for aBSREL, we removed genes with problematic alignment regions. 1275 
We also removed genes lost in nearly all species. Finally, we excluded genes that are 1276 
“hyperconserved” across all species and contain only very few mutations overall, because their 1277 
alignments provide limited information for reliable inference of relaxation or intensification. 1278 
 1279 
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Differential expression analysis 1280 
RNA-seq reads were quality-checked using FastQC v0.11.9 1281 
(https://www.bioinformatics.babraham.ac.uk/projects/fastqc/) and MultiQC v1.12 (229). Read 1282 
pairs were filtered using Trimmomatic v0.39 (230) setting the following parameters: 1283 
“ILLUMINACLIP:TruSeq3-PE.fa:2:30:10 LEADING:3 TRAILING:3 SLIDINGWINDOW:4:15 1284 
MINLEN:36”. 1285 
 1286 
To quantify gene-level expression, we used kb-python (v0.29.5) (48), a wrapper that leverages 1287 
the pseudoalignment algorithm implemented in kallisto (231) to map sequencing reads directly to 1288 
transcript sequences rather than performing genome-based alignment. We used TOGA coding 1289 
sequence annotations as input transcripts. To reduce spurious read assignments, we included 1290 
the genome sequence with hard-masked coding regions as decoy. Kb-python outputs two 1291 
expression measures for each gene: read count and transcripts per million (TPM). Read counts 1292 
were used for differential gene expression analysis in DESeq2 (below). To visualize gene 1293 
expression across tissues, we normalized TPM values with the median-of-ratios method in 1294 
DESeq2. 1295 
 1296 
To identify genes differentially expressed in different organs between vampire and non-vampire 1297 
bats, we used DESeq2 v1.46.0 (232). We excluded genes with 1:many or many:many orthology 1298 
relationships according to TOGA, and excluded genes with a median TPM < 0.5 in both vampire 1299 
and non-vampire bats. Genes with a log2 fold change > 1.5 and adjusted P-value < 0.01 were 1300 
considered differentially expressed genes. 1301 
 1302 
Functional enrichment analysis 1303 
Gene lists obtained from our comparative genomic and differential expression analyses were 1304 
subjected to functional enrichment analysis using Metascape (database update: 2025-07-01) 1305 
(233). The following ontological categories were included in the analysis: GO Biological Process, 1306 
GO Molecular Function, GO Cellular Component, KEGG Pathways, WikiPathways, Canonical 1307 
Pathways, Reactome, Cell Type Signatures, DisGeNET and PaGenBase. We only considered 1308 
enrichments with an adjusted P-value < 0.05. The complete enrichment results are provided in 1309 
Supplementary Tables 9 and 10.  1310 
 1311 
Insulin and insulin receptor analysis 1312 
To analyze the prevalence of mutations in INS and INSR in an extended set of mammals, we 1313 
used TOGA2 (https://github.com/hillerlab/TOGA2) to identify 1:1 orthologs of both genes in 1314 
available mammalian genomes, which includes bat species that represent all 21 currently 1315 
recognized bat families (42). A multiple alignment was generated with Prank (234).  1316 
 1317 
To examine the location of INS mutations in an INS-INSR structural model, we used the crystal 1318 
structure of the extracellular domain of the insulin receptor bound to insulin (PDB 6PXV), refined 1319 
using the Protein Preparation Wizard in the Maestro suite (235, 236). Missing side chains and 1320 
loops were built using the Prime module. 1321 
 1322 
 1323 
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Visualization 1324 
Schematics in the main figures were created using BioRender.com. Sequence logos for INS and 1325 
INSR were generated with the R package ggseqlogo (https://cran.r-1326 
project.org/web/packages/ggseqlogo/index.html). 1327 
 1328 
Histological analysis of stomach 1329 
We used histological methods to investigate three aspects of vampire bat stomach: connective 1330 
tissue content, mucosa thickness and mucus secretion profile. For this purpose, we captured four 1331 
Desmodus, two Diphylla, five Artibeus lituratus and four Myotis nigricans individuals. Animals 1332 
were euthanized by decapitation, and the digestive tract was dissected. Fragments of the fundic 1333 
stomach were washed in saline, then fixed in buffered formalin for 24 h, and stored in 70% ethanol 1334 
until processing. Fragments were dehydrated in alcoholic solutions of increasing concentration 1335 
(80/90/100%; 30 min each), immersed in glycol methacrylate resin overnight followed by 2 h in 1336 
fresh resin. Fragments were subsequently embedded using plastic molds and resin with added 1337 
polymerizer (hardener). The resulting blocks were sectioned using a rotary microtome and glass 1338 
blades. The sections obtained were 3 μm thick, with ten semi-serial sections per histological slide 1339 
(30 μm between sections). Two slides were prepared for each fragment; one was stained with 1340 
Toluidine blue, and the other with Periodic acid-Schiff conjugated with Alcian blue (PAS-AB). The 1341 
slides were dried and mounted with coverslips using Entellan resin. Photomicrographs were 1342 
acquired using a microscope with a camera and image capture system. 1343 
 1344 
Images from Toluidine blue-stained slides were used to quantify the connective tissue content 1345 
and mucosa thickness, as illustrated in Supplementary Figure 5. Images were annotated for 1346 
connective tissue, mucosa and muscle using QuPath v0.6.0 (237). Connective tissue content was 1347 
measured both as (i) the percentage of the stomach wall area, and (ii) connective tissue thickness 1348 
as a percentage of the muscular region (Supplementary Figure 5). Differences between vampire 1349 
bats and control species were tested using two-tailed Welch’s t-tests. Images from PAS-AB-1350 
stained slides were used to assess the mucus secretion profile, with vacuoles showing magenta 1351 
and blue colors indicating neutral and acidic mucus, respectively. 1352 
 1353 
Stomach pH 1354 
We measured the stomach pH in Desmodus (n=4), Diphylla (n=5), and Artibeus lituratus (n=3). 1355 
Animals were euthanized by decapitation. For each animal, stomach contents were removed with 1356 
a small spatula and transferred to an Eppendorf tube, which was then filled with water to the 2 1357 
mL mark. The material was further diluted to 20 mL in a test tube for pH measurement using a pH 1358 
meter. The pH meter recordings are provided in Supplementary Table 13 and shown in the main 1359 
text figure.  1360 
 1361 
Gastrointestinal motility 1362 
We examined and video-recorded gastrointestinal motility in Desmodus (n = 3), Diphylla (n = 2), 1363 
Artibeus lituratus (n = 2), Phyllostomus discolor (n = 3), and Mus musculus (n = 3). Animals were 1364 
euthanized by decapitation or overdose of isoflurane, and then dissected to expose the abdominal 1365 
cavity. Gastrointestinal motility was recorded before and after administration of neostigmine (0.5 1366 
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mg/mL), a cholinergic stimulant of gastrointestinal motility in mammals. Videos of the recordings 1367 
are provided in Supplementary Videos 1–5. 1368 
 1369 
Ferritin processed pseudogene copies 1370 
Motivated by a previous study that identified an expansion of ferritin genes in the common vampire 1371 
bat genome (25), we reanalyzed ferritin genes in our extended set of genomes. As shown in 1372 
Supplementary Figures 27-29, we analyzed FTL and FTH1 orthologs detected by TOGA and 1373 
inspected the alignment chains in the FTL and FTH1 locus, which revealed a single FTH1 1374 
ortholog, an ancient FTL duplication, and for all analyzed bats a large number of processed 1375 
pseudogene copies. To determine whether there is a vampire bat specific expansion of ferritin 1376 
processed pseudogene copies, we compared the three vampire bats with four other species that 1377 
have long read-based genomes, representing non-vampire phyllostomid bats (Micronycteris 1378 
megalotis, Carollia perspicillata, Glossophaga soricina) and the outgroup Mormoopidae family 1379 
(Pteronotus mesoamericanus). Since RepeatModeler may detect processed pseudogenes as an 1380 
unknown repeat family if they have several hundred copies in an assembly, we removed any soft-1381 
masking corresponding to repeat families with sequence similarity to FTL or FTH1 before 1382 
computed alignment chains. To systematically compare the number of processed pseudogene 1383 
copies, we leveraged a new functionality of TOGA2 (https://github.com/hillerlab/TOGA2) to detect 1384 
processed pseudogenes and determine whether they have an intact open reading frame. To 1385 
detect all processed pseudogenes, we lowered the minimum chain score from 15,000 to 5,000 1386 
for these TOGA2 runs. The number of detected processed pseudogenes and how many have 1387 
intact reading frames are listed in Supplementary Table 14. 1388 
 1389 
 1390 
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