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Convergent evolutionary shifts in AGT
targeting between mitochondria and
peroxisomes across mammal transitions to
herbivory

Chen Huang 1, BingJun Wang 1,3, Jianglong Yu1,4, Stephen J. Rossiter 2 &
Huabin Zhao 1

Herbivory has evolved multiple times during mammalian diversification,
playing a key role in the success of this globally distributed clade. A central
metabolic challenge for herbivores is the detoxification of glyoxylate. The
enzyme alanine:glyoxylate aminotransferase (AGT) converts glyoxylate to
glycine, preventing the formation of harmful calcium oxalate crystals. AGT
localizes to mitochondria and peroxisomes based on the mitochondrial tar-
geting sequence (MTS) and the peroxisomal targeting signal (PTS1), respec-
tively. While most studies focused onMTS, MTS variation alone does not fully
explain AGT localization patterns. To assess the relative importance of the
PTS1 motif, we combined comparative sequence analyses with functional
assays. We find that multiple herbivorous lineages underwent independent
mutations resulting in disrupted or truncated MTS regions, whereas the PTS1
motif remains functional. Immunofluorescence assays revealed more efficient
peroxisomal localization of AGT in herbivores, with PTS1 often overriding
mitochondrial signals even when the MTS is intact. Additionally, tran-
scriptomic analyses show that several herbivorous lineages preferentially use
downstream transcriptional start sites, producing AGT isoforms lacking the
MTS. Together, our findings reveal a central role of AGT peroxisomal targeting
in evolution of plant-based diets, and demonstrate how increased targeting
efficiency has evolved convergently via the interplay of transcriptional reg-
ulation and targeting signals.

The independent evolution of plant-based diets has occurredmultiple
times throughout the diversification of mammals, and is a key factor
contributing to the evolutionary and ecological success of this group1.
Fossil evidence indicates that early mammals were primarily

insectivorous, as inferred from their jaw and dental morphology, and
that these formed the foundation for numerous subsequent shifts into
novel dietary niches2,3. Herbivory in mammals likely originated ~260
million years ago in groups such as Eleutherodontidae, which fed on
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non-flowering plants4, with further diversification of herbivorous
lineages coinciding with angiosperm evolution in the Cretaceous5.

For successful transitions to plant-based diets, mammals evolved
multiple traits for finding, ingesting, breaking down, andmetabolizing
plant tissues6. Adaptations for hosting symbiotic bacteria for the
breakdown of cellulose7,8, as well as processing simple and complex
carbohydrates9–11, have evolved convergently in multiple groups. One
of the major challenges for mammals that subsist on plants is over-
coming toxins and secondary compounds, many of which have
evolved as defences against herbivory12,13.

The enzyme alanine:glyoxylate aminotransferase (AGT) is pri-
marily located in the mitochondria of liver cells, where it converts
glyoxylate to glycine14. Glyoxylate is a byproduct of metabolism and is
otherwise converted into oxalate, which can accumulate and lead to
the formation of toxic calcium oxalate crystals in the body14. In carni-
vores, the precursor of glyoxylate is hydroxyproline, which is broken
down in the mitochondria15, whereas in herbivores, it is glycolate,
which is produced in peroxisomes16. As a consequence, in some spe-
cies, AGT has also evolved to target peroxisomes via distinct protein
domains and post-translational modifications17. The tendency for AGT
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Fig. 1 | Conservation of the PTS1 region in AGT across herbivores and carni-
vores in 498 mammal species and ancestral nodes. Phylogenetic tree of mam-
mals and related ancestral nodes highlighting species with/without consensus PTS1
and nonfunctional MTS. The outer ring shows the proportion of plant tissue in the

diet based on data obtained from the PHYLACINE 1.2.1 database. Silhouettes of
mammals were taken from phylopic.org. Source data is provided as a Source
Data file.
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to localize in mitochondria in carnivores, and peroxisomes in herbi-
vores, is supported by immunoelectron microscopy studies across
over 70 mammalian species18,19.

AGT’s subcellular localization is directed by a mitochondrial tar-
geting sequence (MTS) of ~22 amino acids at the N-terminus, and a
peroxisomal targeting signal (PTS1), a C-terminal tripeptide within the
mature protein14,20–22. To date, most studies relating AGT to diet have
focused on the dominant role of the MTS in mitochondrial
targeting18,19,23. However, independent MTS losses have been reported
in several lineages, including bats and primates23,24. Many such losses
arise from mutations affecting the 5′ start site of the AGXT, which
disruptMTS function and impairmitochondrial import25–27. Yet despite
these results, MTS integrity alone cannot fully explain the AGT dis-
tribution across mammals. In many species, AGT localization exists
along a continuum between mitochondria and peroxisomes. More-
over, in some species with intact MTS—such as herbivorous domestic
horse (Equus ferus) and omnivorous olive baboon (Papio anubis)—AGT
predominantly targets peroxisomes18.

Compared to the MTS region, the role of AGT’s PTS1 motif is less
well understood. Some have suggested that PTS1 might only function
when theMTS isweakor inactive21; however, thefinding that enhancing
AGTperoxisomal targeting leads to reducedmitochondrial localization
implies that AGT distribution is controlled by a balance between
mitochondrial and peroxisomal import systems28. Studies of other
peroxisome targeting proteins have identified a so-called consensus
PTS1 motif, [S/A/C]-[K/R/H]-[L/M] that confers high peroxisomal tar-
geting efficiency28. However, while comparisons of AGT across verte-
brate groups have recorded this consensus motif in some taxa, its
relationship to diet in mammals is unclear. Indeed, the human AGT
PTS1 sequence, KKL, is unique amonghumanperoxisomal proteins and
is necessary but insufficient for efficient peroxisomal import27,29–31.

In addition to amino acid variation in targeting regions, sub-
cellular localization of AGT across mammals can also reflect differ-
ential use or loss of alternative transcription start sites. The complete
AGXT has two transcription start sites: one upstream of the first
translation start codon, and another located between two translation
start codons14. In cats, mitochondrial AGT derives from the longer
transcript, whereas in rabbits, peroxisomal AGT originates from the
shorter one21. More omnivorous species, such as marmosets and rats
have been shown to express both transcript variants21, suggesting a
link between transcriptional regulation and dietary strategy.

In thiswork, we conduct the large-scale comparative study of AGT
across mammals. By combining cell-based immunofluorescence
assays of natural and mutant proteins with analyses of transcripts and
regulatory regions, we demonstrate that variation in PTS1 sequences
and alternative transcription initiation contribute to differences in
AGT localization and dietary adaptation across species.

Results
Using tBLASTn32, we searched publicly available genome assemblies
from 685 mammal species and retrieved 505 hits, with the remaining
180 genomes showing no hit due to low quality. Of the 505 hits, we
recorded 472 AGT orthologues with an MTS region. In 33 species, the
sequencewas incomplete due to gaps in either themature region and/
or PTS1 targeting region.

Nonfunctional MTS and high-conserved PTS1 occur mostly in
herbivores
We examined the 472 MTS regions and found that 429 were complete
and thus considered putatively functional. MTS sequences showed
significant variation between Eutheria (22 amino acids) and Proto-
theria/Metatheria (33 amino acids), indicating a lack of sequence
homology.

In 43 species (Supplementary Fig. 1), the MTS was inferred to be
non-functional due to the presence of a single non-canonical start

codon (n = 21), premature stop codon (n = 6), or frameshift mutation
(n = 3), or a combination of these (n = 13). Of these species, 35 (81.40%)
are herbivores including 28 strict herbivores, four are omnivores
(9.30%), and four are carnivores (9.30%) including three hypercarni-
vores (species with a diet comprising >70% animal tissue; e.g., Iberian
mole, Talpa occidentalis) (Supplementary Fig. 2). Examples of herbi-
vores with functional losses caused by frameshift mutations include
the common wombat (Vombatus ursinus) from the order Diproto-
dontia, representing the first such case from the Metatheria. Losses
arising from nonsense mutations were seen in lagomorphs, primates,
bats, and several rodents. For example, we identified a shared pre-
mature stop codon (TGA) at nucleotide positions 43–45 in the MTS of
five squirrel species (alpine marmot, Himalayan marmot, Vancouver
Island marmot, woodchuck, and yellow-bellied marmot) and the
mountain beaver (Aplodontia rufa), and a different stop (TAA) at the
same site in the dormouse (Glis glis), Similarly, among the primates,
the MTS of the white-faced saki (Pithecia pithecia) contained a pre-
mature stop codon at nucleotide positions 55–57 which can also be
found in nutrias (Myocastor coypus). Other cases of loss of function
involved missense mutations in the upstream translation start site of
the AGXT, seen in diverse groups such as bats (e.g., Rousettus aegyp-
tiacus) and primates (e.g., Cercopithecusmona) (Supplementary Fig. 1).

In contrast to the MTS, we recorded no cases of loss-of-function
mutations in the PTS1 motif. A total of 498 complete orthologues
contained a PTS1 motif, although the residues varied among species.
We examined in detail the PTS1 motif composition and found that the
consensus motif ([S/A/C]-[K/R/H]-[L/M]) was present in 106 species,
comprising 75 (70.75%) herbivores and 69 (65.09%) strict herbivores
(Figs. 1 and S2 and Supplementary Data 1). Additionally, the PTS1 in
330 species (66.27%) contained the [N/K]-K-L motif, which partially
matches the consensus sequence (Supplementary Data 1). Interest-
ingly, we recorded an overrepresentation of the motifs SRL (n = 17),
SKL (n = 66), and SKM (n = 23), with most examples of the former two
(94.12% and 86.36%, respectively) seen in herbivores, whereas cases of
the latter motif were more common (91.30%) in carnivores (Supple-
mentary Data 1).

We performed ancestral reconstruction of PTS1 motifs across the
mammal tree and identified numerous instances of convergent evo-
lution of known consensus motifs (Fig. 1). Notably, we observed
independent evolution of the GKL motif in all Old World fruit bats
(Pteropodidae) and sloths (Folivora) examined, and the SKL motif in
most members of Artiodactyla and the koala (Phascolarctos cinereus).
Similarly, we observed convergent evolution of the NRL motif in sev-
eral unrelated lineages, including the Hispaniolan solenodon (Soleno-
don paradoxus) and degu (Octodon degus), the SRL motif in the dama
gazelle (Nanger dama), paca (Cuniculus paca), and mouse-deer (Tra-
gulus javanicus), and the HKL motif in carnivorans such as the
domestic dog (Canis lupus familiaris) and banded mongoose (Mungos
mungo), along with non-carnivorans like the Sumatran rhinoceros
(Dicerorhinus sumatrensis) and domestic pig (Sus scrofa). Less com-
mon convergent motifs included HRL seen in the South African
springhare (Pedetes capensis) and Patagonian mara (Dolichotis pata-
gonum), SKM seen in the kinkajou (Potos flavus) and European
hedgehog (Erinaceus europaeus), and GRL in the Indochinese shrew
(Crocidura indochinensis) and nectar bat (Macroglossus sobrinus).
Interestingly, while the majority of these convergent motif changes
occurred in herbivorousmammals, the presence of distinctmotifs was
also seen in some omnivorous and carnivorous species, and no con-
sensus motifs were recorded in primates (Fig. 1).

AGT peroxisomal targeting efficiency correlates with degrees of
herbivory
We conducted cell-based immunofluorescence assays to assess the
mitochondrial and peroxisomal targeting efficiency of themature AGT
protein in 37 mammal species for which immunoelectron microscopy
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data were also available18. Based on co-localization data, we found that
mitochondrial targeting efficiencies ranged from 21.43% in the rhesus
monkey (Macaca mulatta) to 98.66% in the greater horseshoe bat
(Rhinolophus ferrumequinum),whileperoxisomal targeting efficiencies
ranged from 5.66% in the greater horseshoe bat to 92.61% in the rhesus
monkey (Fig. 2a/l and Supplementary Fig. 3). Notably, we observed
generally lower peroxisomal targeting efficiencies in species from the

Carnivora and Chiroptera orders. Within Carnivora, peroxisomal tar-
geting efficiencies varied from 8.06% in the lion (Panthera leo) to
29.40% in the brown bear (Ursus arctos), and only three species—
including the giant panda (Ailuropoda melanoleuca) and the North
American raccoon (Procyon lotor)—showed peroxisomal targeting
efficiencies exceeding 20%. Similarly, in Chiroptera, peroxisomal tar-
geting efficiencies ranged from 5.66% in greater horseshoe bats to
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30.74% in the black flying fox (Pteropus alecto), the only herbivorous
bat species in our sample (Fig. 2a).

To investigate the relationship between the AGT subcellular tar-
geting quantified from our cell-based assays with published data on
diet, we ran phylogenetic Bayesian mixed models (MCMCglmm)33 and
found contrasting effects for peroxisomal and mitochondrial locali-
zation. In a model of peroxisomal targeting efficiency as a function of
dietary plant content, diet had a significant positive effect (posterior
mean=0.28, 95% CI = 0.110–0.430, pMCMC=0.0016, Supplementary
Table 1), consistent with enhanced peroxisomal localization in herbi-
vorous species. An equivalent model assessing mitochondrial target-
ing revealed a negative, but non-significant, association with plant-
based diets (posterior mean = –0.12, 95% CI = –0.280 to 0.037,
pMCMC=0.13, Supplementary Table 1). We also ran phylogenetic
generalized least squares (PGLS) regressions34 and obtained consistent
findings in which herbivory showed a significant positive association
with AGT peroxisomal targeting efficiency (R² = 0.30, p = 4.09 × 10−4,
Fig. 2b and Supplementary Table 2) but not with mitochondrial tar-
geting efficiency (R² = 0.07, p = 0.11, Supplementary Table 2). In both
models, the phylogenetic signal remained strong (Pagel’s λ = 1.00 and
0.97, respectively).

PTS1 is significant in determining the subcellular localization of
full-length AGT
To investigate the impact of PTS1 on peroxisomal targeting ability
in mammals, we also constructed AGT plasmids lacking PTS1 for
our 37 focal species. These plasmids were then used in immuno-
fluorescence assays to assess the subcellular localization of AGT
when only the MTS and mature regions were present. The experi-
mental procedure followed a similar protocol to that described
earlier. By comparing the results with previously obtained perox-
isomal targeting efficiencies, we observed that the peroxisomal
targeting efficiency of AGT in the absence of PTS1 was reduced by
over 50% in most species, with the most marked decreases seen in
herbivorous mammals, ranging from 73.16% in the strict herbi-
vorous koalas to 8.96% in omnivorous olive baboons. In contrast,
carnivorous mammals maintained low peroxisomal targeting effi-
ciencies, with the greater horseshoe bats showing almost no
change (3.71%) in efficiency (Fig. 2a and Supplementary Fig. 4).
Closer examination of these strongly contrasting species showed
that, following removal of PTS1, the peak intensity of AGT in koalas
no longer overlapped with that of peroxisomes (Fig. 2g/j), whereas
AGT in the greater horseshoe bat retained a wildtype condition of
mitochondrial localization (Fig. 2k/l).

We modeled the reduction in peroxisomal targeting efficiency
following PTS1 removal as a function of plant tissue in the diet, and
found a significant positive association after controlling for phylogeny
(posterior mean=0.20, 95% CI = 0.091–0.310, pMCMC=0.0014, Sup-
plementary Table 1). This result was further supported using a PGLS
regression (R² = 0.41, p = 1.88 × 10−5, Fig. 2c and Supplementary
Table 2) with strong phylogenetic signal (Pagel’s λ =0.83). These

results suggest herbivorous species experience a greater loss in tar-
geting efficiency when PTS1 is disrupted.

Because variation in peroxisomal localization among species
likely reflects a balance between the relative efficiencies of PTS1 and
MTS targeting, we also tested whether the greater targeting in herbi-
vores over carnivores wasmainly attributable to their PTS1 sequences,
or might instead also reflect adaptive decreases in MTS targeting
efficiency, as previously suggested for anthropoid lineages24. We
therefore generated AGT constructs lacking the MTS for all focal
species and compared their subcellular localization via immuno-
fluorescence assays with those of our first experiment based on vec-
tors containing full AGT sequences. Our results revealed that deletion
of the MTS led to substantial reductions of mitochondrial targeting
efficiency—over 35% in most mammalian species—ranging from a
31.67% decrease in the crested porcupine (Hystrix cristata) to 71.47% in
the African hunting dog (Lycaon pictus) (Supplementary Figs. 3, 5, and
6). Thus, the MTS contributes significantly to mitochondrial localiza-
tion of AGT, with particularly pronounced effects in members of
Laurasiatheria. However, this was not universally the case. For exam-
ple, in the olive baboon and rhesus monkey, removal of the MTS
resulted in onlymodest (~10%) reduction inmitochondrial localization,
suggesting a reduced role for MTS in mitochondrial targeting without
a compensatory enhancement of PTS1 function. Together, these
findings indicate that the PTS1motif retains the capacity to direct AGT
to peroxisomes even in the presence of a functional MTS, so contra-
dicting earlier suggestions that PTS1 becomes functionally relevant
only when the MTS is absent or compromised21.

Tests of molecular adaptation
To investigate whether positive selection has acted on the AGXT—
particularly within the MTS and PTS1 regions that govern subcellular
localization—weanalyzed separate datasets corresponding to theMTS,
PTS1, and themature region excluding PTS1 across allmammals aswell
within major superorders. For each dataset, we estimated rates of
synonymous and nonsynonymous substitutions (dS and dN, respec-
tively) and the dN/dS ratioω for all branches on the tree under the free-
ratio model.

Across all mammals, we recorded ω values > 1 in 642 out of 854
branches for PTS1 (Supplementary Fig. 7), compared to 465 branches
for the MTS region, and 55 branches for the mature region without
PTS1. Pairwise ω estimates using the modified Nei-Gojobori method35

further supported these results: 62.38% of pairwise comparisons in the
PTS1 region showed dN > dS, compared to 12.90% in the MTS region,
and none in the mature region without PTS1 (Supplementary Fig. 7).
These findings suggest that the PTS1 region of AGXT is subject tomore
positive selection thanboth theMTSand the restof themature protein
sequence. These trends were also seen when analyzing separate
superorders and 37 species in experiments with the PTS1 region
showing the strongest selection pressure compared to the MTS and
the rest of the mature protein sequence in all groups except Mono-
tremata (Fig. 2e/d and Supplementary Fig. 7).

Fig. 2 | Influence of PTS1 on AGT subcellular localization in the presence of
functional MTS. a Comparison of peroxisomal targeting efficiencies with and
without the PTS1 region across 37 mammal species. b PGLS regression analysis of
peroxisomal targeting efficiency versus the proportion of plant tissue in the diet.
c PGLS regression analysis of difference of peroxisomal targeting efficiency
between AGTwith/without PTS1 versus the proportion of plant tissue in the diet. In
(b and c), species left of cut-offs (brown vertical lines) at 0.1 and 0.3 correspond to
hypercarnivores and carnivores, respectively, and species right of cut-offs at 0.7
and 0.95 correspond to herbivores and strict herbivores, respectively. P values
were calculated using two-sided t-tests. d Synonymous (dS) and nonsynonymous
(dN) substitution rates estimated using the free-ratiomodel.e Synonymous (dS) and
nonsynonymous (dN) substitution rates estimated using themodified Nei-Gojobori
method. In (d and e), black vertical lines represent dN/dS = 1. f, g, l, and m are

confocal images showing contrasting patterns of AGT peroxisomal localization in
the koala (P. cinereus) and greater horseshoe bat (R. ferrumequinum), respectively.
For each species, localization is shown for AGT with and without the PTS1 (left and
right, respectively), revealing a strong effect of PTS1 removal in the former species
and negligible effect in the latter. AGT,mitochondria, and peroxisomes are labeled
in magenta, cyan, and green, respectively. All experiments were repeated inde-
pendently three times with similar results. h–k display plot profiles of fluorescence
intensity along dashed lines indicated in (f, g, l, and m), with arrows marking
regions of colocalization. Y-axis represents pixel intensity in arbitrary units (a.u.).
Scale bars: 10μm inmerged images and 1μm inmagnified views. Dietary data were
obtained from the PHYLACINE 1.2.1 database. Source data is provided as a Source
Data file.
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Branch-site tests with herbivore lineages marked in Supplemen-
tary Fig. 8 as the foreground revealed no evidence for positive selec-
tion when applied across mammals as a whole (ω₂ = 1.0; LRT p =0.92,
model A in Supplementary Data 2), nor within Afrotheria orMetatheria
(ω₂ ≈ 1.0–1.3; LRT p ≥0.38, model G/I in Supplementary Data 2). In
contrast, analyses restricted to Laurasiatheria and Euarchontoglires
detected a strongly supported class of codons withω > 1 on herbivore
branches (ω₂ ≈ 33 and 32, respectively; LRT p = 0.001 in both cases,
model C/E in Supplementary Data 2). The inferred proportion of such
sites was extremely small (p2a + p2b ≈0, model C/E in Supplementary
Data 2), indicating that adaptive changes are highly localised. BEB
analysis identified a handful of candidate codons in these two clades,
including 215 I and 286T in Laurasiatheria (PP ≥0.95, model C in
Supplementary Data 2), and 20V and 286 T in Euarchontoglires (PP >
0.8, model E in Supplementary Data 2), whereas no codons had sup-
ported ω > 1 in Afrotheria or Metatheria.

Dietary adaptation is associated with alternative AGT tran-
scription start site usage
To investigate whether dietary strategies influence the transcriptional
regulation of AGT in mammals, we analyzed RNA-sequencing (RNA-
seq) data from normal liver tissue across 172 mammalian species. We
assessed usage of upstream transcription start sites by quantifying the
ratio of read coverage of the upstream versus the downstream trans-
lation start site (ATG1 and ATG2 in Fig. 3b, respectively) and found
differences between species with plant- versus meat-based diets.
Among the 148 species with a complete AGT sequence, 75 species
exhibited a low upstream-to-downstream start site usage ratio (ATG1/
ATG2 ≤0.5, Fig. 3a), including 14 carnivorous and 51 herbivorous spe-
cies (including 12 hypercarnivores and 37 strict herbivores). In con-
trast, 73 species showed higher upstream usage (ATG1/ATG2 >0.5,
Fig. 3a), comprising 50 carnivorous and 18 herbivorous species
(including 47 hypercarnivores and 9 strict herbivores). An additional
24 species lacked a completeMTS but retained themature AGT region
and the PTS1 motif. Of these, five herbivorous species had an ATG1/
ATG2 ratio > 0.5, while the remaining 19 species (3 carnivorous and 15
herbivorous, including 1 hypercarnivore and 14 strict herbivores) had
lower ratios (≤0.5, Fig. 3a).

For species with an intact MTS, we again ran a Bayesian mixed
model to examine upstream AGT transcription start site usage as a
function of dietary plant content. A significant negative association
(posterior mean= –0.29, 95% CI = −0.420 to −0.110, pMCMC=0.0014,
Supplementary Table 1) indicates that herbivorous species are more
likely to initiate AGT transcription from the downstream transcription
start site, bypassing the upstream start codon that includes the mito-
chondrial targeting signal. A significant negative relationship between
the ATG1/ATG2 ratio and dietary plant content was also supported by
the results of PGLS analysis (R² = 0.11, p = 3.53 × 10−5, Fig. 3c and Sup-
plementary Table 2) with some remaining phylogenetic signal (Pagel’s
λ =0.60). These findings independently corroborate the results of the
MCMCglmm model and further support the link between diet and
alternative AGT transcriptional regulation, with plant-rich diets asso-
ciated with reduced usage of the upstream transcript isoform.

Variation in promoter activity across species
We hypothesised that herbivory is associated with reduced usage of
theupstreamAGXTpromoter (ATG1) and compensatory activationof a
downstream start region, which should manifest as weaker upstream
promoter marks/accessibility and lower upstream promoter activity.
To probe the regulatory basis of the start-site shift, we examined liver
ChIP-seq profiles for active promoter marks (H3K4me3, H3K27ac)36

across 13 species (Fig. 3d and Supplementary Fig. 9). In multiple her-
bivores, enrichment was weaker upstream of ATG1 and comparatively
stronger near the downstream start region, whereas dog (Carnivora)
showed extended upstream signal—patterns consistent with reduced

upstream promoter activity in herbivores and greater upstream
activity in some non-herbivores. Consistent with these profiles, RNA-
seq coverageover theAGXT start-site regionwashigher in the dog than
in the herbivores within this subset (Fig. 3d).

We then assessed chromatin accessibility using liver ATAC-seq
(subset of species in Fig. 3d). Herbivores generally showed lower
accessibility upstream of ATG1 with more open chromatin nearer the
downstream start region, mirroring the ChIP-seq profiles, while the
dog showed accessible chromatin extending upstreamof ATG1. Taken
together, concordant shifts in active promoter marks, chromatin
accessibility, and subset RNA-seq coverage support a diet-associated
reduction in upstream promoter activity in herbivores, providing a
mechanistic link to the ATG1/ATG2 usage patterns described above.

To test whether upstream promoter sequence contributes to
these differences, we edited the upstream start codon (ATG1) within
the promoter fragment cloned upstream of luciferase (single base-
triplet substitution ATG→GCG at ATG1; +1..+3 relative to ATG1). The
effect of this mutation on AGT promoter activity was then quantified
using dual-luciferase reporter assays across 19 mammalian species.
The selection of these species was informed by prior immuno-
fluorescence colocalization data, the availability of complete AGT
sequences, and the presence of a functional MTS. When comparing
across mammals, we observed no clear association between diet and
themagnitude of difference in luciferase activity between ATG1-edited
and corresponding wildtype binding sites (p =0.16, Supplementary
Fig. 10 and Supplementary Table 2). However, withinbats,we recorded
lower impacts of ATG1 substitution on promoter activity in the insec-
tivorous species Rhinolophus ferrumequinum andMyotis myotis, and in
the blood-feeding Desmodus rotundus, compared to in plant-feeding
bats (Supplementary Fig. 10). Striking exceptions were also seen,
notably in the donkey (Equus asinus) in which the mutant construct
displayed a strong increase in promoter activity.

Finally, we asked whether transcription factor (TF) binding
architecture differs among lineages. Using motif prediction in the
upstream region for the species with matched RNA-seq/ChIP-seq/
ATAC-seq, canonical liver TF motifs (e.g., HNF1A, C/EBP) were con-
served in position. By contrast, we observed positional shifts for
ZNF454 and VAX2: in ungulates, the predicted ZNF454 motif overlaps
the ATG1 codon, whereas in dog and in both rodents it lies down-
stream; VAX2 shows the opposite pattern (upstream in dog and
rodents, downstream in ungulates) (Supplementary Fig. 11). Given that
Carnivora and Euungulata are sister clades within Laurasiatheria, these
shifts are consistentwith lineage-specific regulatory remodeling on the
branch leading to ungulates. Functional validation (e.g., TF ChIP or
targeted reporter mutagenesis of the predicted sites) will be required
to establish causality for liver regulation of AGXT.

Discussion
We combined immunofluorescence assays of intact and mutant pro-
teins with phylogeneticsmodels and analyses of transcriptomedata to
examine AGT targeting efficiency in relation to diet across mammals.
Our results reveal a significant positive correlation between perox-
isomal localization and plant-rich diets, consistent with findings from
birds and select mammalian groups. While previous studies empha-
sized thedominant role of theMTSand suggested PTS1 is secondaryor
redundant, we show that PTS1 can drive peroxisomal targeting even
when a functional MTS is present.

AGT evolution with PTS1 and MTS during mammal dietary
diversification
Comparison of AGT sequences from498mammals revealed divergent
evolutionary trajectories with some lineages having retained gene
function, and others showing evidence of accruing loss-of-function
mutations in either the mature AGXT or its mitochondrial targeting
region. The finding that the functional MTS region spans 22 amino
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acids in all eutherian species examined, with the exception of the
Middle East blind mole-rat Nannospalax galili (20 amino acids), is
consistent with earlier observations frommuch smaller datasets18,37. At
the same time, we found that the same region spans 33 amino acids in
both prototherians examined (duck-billed platypus and short-beaked
echidna) as well as in the 15 species of marsupial (Metatheria).

Interestingly, although not our focus, we also examinedMTS length in
publicly-available AGT sequences of other vertebrate groups and find a
similar 33-amino-acid MTS region in divergent reptiles such as the
estuarine crocodile (Crocodylus porosus) and painted turtle (Chrysemys
picta). We thus speculate that the 33-amino-acid MTS was present at
the common ancestor of Amniotes, and was retained in non-eutherian
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mammals but evolved to be shorter in the ancestor of Eutheria, with
subsequent lineage-specific modifications.

Our results add to the number of mammals known to have lost
their MTS function, with losses arising via a range of mutations. In
total, 21 species were seen to harbor a non-canonical start codon, six
species exhibited premature stop codons, four had frameshift muta-
tions, and 13 species showed combinations of these defects. Notably,
of the 43 species lacking a functional MTS, five are carnivorous or
omnivorous (e.g., Iberian mole, Talpa occidentalis; Desmarest’s hutia,
Capromys pilorides), while the majority (35 species) are herbivorous.
Herbivorous species include the first documented cases of MTS losses
in Metatheria, with the tammar wallaby (Notamacropus eugenii),
Leadbeater’s possum (Gymnobelideus leadbeateri), and common
wombat (Vombatus ursinus), each found have undergone an inde-
pendent frameshift mutation, two resulting in loss of the upstream
translation site. Marsupials appear to have evolved from a putative
insectivorous common ancestor38, thus further implying adaptive loss
linked to diversification in diet. Additional cases of MTS loss arising
from missense mutations at the upstream translation start site were
seen in diverse species, including bats (e.g.,Rousettus aegyptiacus) and
primates (e.g., Cercopithecus mona). We also identified several
instances of nonsense mutations causing MTS dysfunction in lago-
morphs and rodents, including a shared premature stop codon (TGA)
at positions 43–45 in the MTS of five squirrel species, and a different
stop codon (TAA) at the same site in the dormouse (Glis glis). Similarly,
a premature stop codon (TGA) was observed at positions 55–57 in the
MTSof thewhite-faced saki (Pithecia pithecia),whichcan also be found
in nutrias (Myocastor coypus).

Our reconstruction of PTS1 motifs across mammals revealed
repeated, convergent evolution of canonical targeting sequences.
Many cases—such as SKL in artiodactyls (Giraffa camelopardalis, Bos
taurus, Ovis aries) and the koala (Phascolarctos cinereus), GKL in fruit
bats (Noctilio leporinus) and sloths (Bradypus torquatus), and SRL in the
dama gazelle (Nanger dama), paca (Cuniculus paca) and mouse-deer
(Tragulus javanicus)—occurred in herbivores. However, convergence
was not limited to a single dietary group. Carnivorans such as the dog
(Canis lupus familiaris) and banded mongoose (Mungos mungo)
independently evolved HKL motifs, and rarer variants such as GRL
(e.g., Crocidura indochinensis, Macroglossus sobrinus), HRL (Pedetes
capensis, Dolichotis patagonum), and SKM (Potos flavus, Erinaceus
europaeus) appeared across diverse lineages. These patterns suggest
that while herbivory may drive some convergence in peroxisomal
targeting, broader lineage-specific constraints are also influential. In
contrast, birds appear to have retained a consensus motif that sup-
ports efficient targeting22, consistent with the proposed dietary shift
from carnivory to herbivory during the transition from non-avian
dinosaurs to birds39,40. However, AGT in Afrotheria andMetatheria was
observed to lack significant selection signals in our nested models
(Supplementary Table 2), possibly because these herbivorous lineages
originatedmuchearlier, around 60–70million years ago41,42. Over such
a long period, the initial selection signals from their dietary transitions
may have been masked, whereas stronger selection signals remain
detectable in herbivores of Laurasiatheria and Euarchontoglires,
reflecting their later dietary shifts.

Impacts of PTS1 and MTS on AGT targeting
Immunofluorescence assays conducted on AGT proteins of 37 species,
all with complete MTS regions, revealed wide variation in subcellular
localization. Peroxisomal targeting efficiency was significantly posi-
tively associated with the proportion of plant matter in the diet,
whereas mitochondrial targeting was not significantly explained by
diet. Together, these results support a shift in AGT localization away
frommitochondria and toward peroxisomes in herbivorousmammals,
reflecting a potential convergent adaptation to increased glyoxylate
production from plant-based diets. Notably, several herbivores
showed strong peroxisomal routing despite intact MTS, consistent
with an active contribution of PTS1.

When comparing the degree of peroxisomal targeting in cells
expressing AGTproteinswith andwithout the PTS1motif, we observed
clear differences among species. Overall, species with more plant-rich
diets exhibit significantly greater decreases in peroxisomal targeting
efficiency when the PTS1 motif is removed, indicating a stronger
dependence on peroxisomal localization in herbivores, and a domi-
nant role of the PTS1 in spite of an intact MTS. Indeed, marked
reductions in peroxisomal targeting were seen in the sheep, orangu-
tan, degu, and, most dramatically, the koala, consistent with the latter
species’ need for effective peroxisomal localisation given its specia-
lized and chemically-challenging diet of eucalyptus leaves43,44. Such
dietary specialization may have driven tighter metabolic regulation,
reinforcing the need for efficient peroxisomal targeting and enhancing
relianceon thePTS1pathway. Interestingly, for two species—the rhesus
monkey and olive baboon—we observed high peroxisomal localisation
even after removal of the PTS1, suggesting that additional unknown
mechanisms of targeting might also exist. Furthermore, several spe-
cies with the samePTS1motif (e.g., the horse and cat) showeddifferent
degrees of loss in targeting efficiency following removal of PTS1,
suggesting possible epistatic interactions with other variable parts of
the AGT protein. In contrast to most herbivores, we detected much
smaller reductions in peroxisomal targeting following removal of the
PTS1 for species with animal-based diets, with almost no change seen
in divergent taxa such as insectivorous bats,meerkat, Sunda slow loris,
and short-beaked echidna.

AGT peroxisomal targeting via transcriptional regulation
In addition to an effect of the PTS1 and MTS, we also found that AGXT
in herbivores tends to be transcribed from downstream transcription
start sites, facilitating more effective peroxisomal targeting by avoid-
ing translation from upstream start codons associated with mito-
chondrial localization. This dietary association with alternative
transcription start site usage was supported by phylogenetic models,
and aligns with shifts in AGT localization observed in our functional
assays.

Regulatory differences in transcription start site usage were fur-
ther supported by histone modification patterns. Across the species
subset with epigenomic data, active promoter marks (H3K27ac and
H3K4me3) extended further upstream of the upstream start region
(ATG1) in non-herbivores such as dog, whereas in herbivores enrich-
ment was comparatively concentrated nearer the downstream start
region. This pattern is consistent with the presence of an extended

Fig. 3 | Preference for downstream transcription initiation of AGT in herbi-
vorous mammals. a ATG1/ATG2 ratios obtained from RNA-seq coverage at the
AGT translation start sites across 172mammal species. The average coverage of the
upstream (ATG1) and downstream (ATG2) translation start sites was obtained from
liver RNA-seq data of 148mammals. TheATG1/ATG2 ratio reflects the relative usage
of the upstreamtranscription start site,where a lower ratio indicates reducedusage
of the upstream start site. Standard error bars are shown for species with multiple
biological replicates. Individual data points are overlaid on the bars. The outer ring
shows the proportion of plant tissue in the diet. b Schematic representation of the

upstream (ATG1) and downstream (ATG2) translation start sites within the ATG
encoding sequence. c PGLS regression of the ATG1/ATG2 expression ratio against
the proportion of plant material in the diet, based on species with complete AGT
sequences. P values were calculated using two-sided t-tests. d RNA-seq analysis,
ChIP-seq analysis, and ATAC-seq analysis of liver tissue from 7 mammal species,
showing peaks covering the region within ±250 bp around the translation start site
of AGT gene. Dietary data were obtained from the PHYLACINE 1.2.1 database.
Source data is provided as a Source Data file.

Article https://doi.org/10.1038/s41467-026-70246-0

Nature Communications |         (2026) 17:2161 8

www.nature.com/naturecommunications


upstream promoter region in some non-herbivores, potentially
reflecting divergent regulatory architecture associated with dietary
specialization. Although functional validation via luciferase assays
revealed no clear association between promoter activity and diet
across mammals, we observed that editing the conserved sequence
around the upstream start site significantly reduced AGT promoter
activity in some carnivorous species, including in three divergent bats
that appear to have evolved similar patterns of promoter regulation.
Together, these observations indicate that shifts in transcriptional
architecture can complement changes in targeting signals, with clade-
specific solutions.

Previous studies linking AGT subcellular targeting to alternative
transcription or translation initiation have largely focused on cases
involving loss of canonical start sites25 or humanmutations that result
in mistargeting45. Reports of differential AGT localization arising from
alternative start site usage in otherwise intact proteins with a func-
tional mitochondrial targeting signal (MTS) have been limited to just a
few species26,37. Our results, however, suggest that transcriptional
regulation of AGT targeting via changes in the promoter is likely to be
much more widespread across mammals than previously recognized,
andmight represent a common and evolutionarily-flexiblemechanism
facilitating subcellular relocalization in response to ecological shifts
in diet.

Interplay between multiple mechanisms
Insights into the potential interplay between transcriptional regulation
and AGT targeting signals come from bats and carnivorans, both of
which include species that have evolved plant-feeding. Based on our
cell-based assays, we observed that plant-feeding members of both
groups exhibit low peroxisomal targeting efficiency, suggesting that
their MTS regions have retained strong mitochondrial targeting cap-
ability, possibly reflecting an evolutionary legacy. Yet, at the same
time, in batsweobserved differential usage of alternative transcription
start sites, with animal-feeding bats tending to initiate transcription
upstream, but plant-feeding bats favoring downstream initiation, thus
improving peroxisomal targeting consistent with their need to meta-
bolize glyoxylate. Interestingly, a similar change in start site usage was
not seen in plant-feeding or omnivorous carnivorans, such as the giant
and redpandas, possibly reflecting theirmore recent switches toplant-
feeding. For example, fossil data suggest giant pandas fully switched to
a bamboo diet just 2 million years ago46, with stable isotope analyses
implying this switch could be as recent as a few thousand years ago47.
Both scenarios imply giant pandas might retain metabolic adaptations
for meat eating, including strong mitochondrial targeting with insuf-
ficient time for selection to act on sites underlying transcriptional
regulation.

In some species, transcription start site usage appears to com-
plement targeting signals. For example, in two primate species, the
rhesusmonkey and olive baboon, we recorded a strong preference for
using downstream transcription start sites in AGXT, alongside weak
MTS-directed mitochondrial targeting and strong PTS1-directed per-
oxisome targeting. Moreover, comparisons of proteins with and
without the non-consensus PTS1 motif in these taxa revealed little
change, suggesting other unidentified residues may also contribute to
peroxisomal targeting, as previously reported for humans31. Together,
these results highlight how subcellular targeting can remain robust
through alternative mechanisms, even when classical targeting signals
are lost.

A key finding of our study is that strong peroxisomal targeting of
AGT mediated by PTS1 can often override mitochondrial signals even
when the MTS is intact, and that this pattern is seen in several herbi-
vorous species. To explain this, we propose three potential mechan-
isms. First, AGT may directly interact with the receptor PEX5 in the
cytoplasm via its structural domains, allowing peroxisomal import, as
previously reported in humans29. Second, AGT may transiently enter

mitochondria before being released and redirected to peroxisomes.
Third, AGT could be processed within mitochondria—where the
N-terminal sequence is cleaved—before being imported into peroxi-
somes through PEX5-mediated recognition. Similar dual-targeting
mechanisms have been observed in other metabolic enzymes48,49.
These possibilities highlight the flexibility of subcellular targeting and
open new directions for investigating AGT’s transport dynamics in
diverse species.

Methods
Genome data and gene identification
Genome assemblies for 685 mammal species were obtained from the
National Center for Biotechnology Information (NCBI; https://www.
ncbi.nlm.nih.gov/, accessed February 2, 2023). Details of the genome
assemblies used in this study can be found in the supplementary table
(Supplementary Data 1). To identify the gene encoding AGT, we per-
formed tBLASTn searches using the mouse (Mus musculus) AGT pro-
tein sequence (NCBI accession number: NC_000067.7) as a query.
Coding sequences for each mammal species were determined using
GeneWise50 and were manually verified. Mutations in the 5′ translation
start site, stop codons, or frame shifts in the mitochondrial targeting
signal (MTS) region were considered indicative of a nonfunctional
MTS. The genetic identification results are provided in the supple-
mentary table (SupplementaryData 1). The phylogenetic tree topology
used in this study was derived from previous research51–54.

Assessment of diet composition
For all mammals in our study, we obtained published dietary infor-
mation from the PHYLACINE 1.2.1 database55,56. For each species, we
calculated the proportion of animal tissue (vertebrate prey and/or
invertebrate prey) in the diet. We classified species with diets of ≥70%
animal tissue as carnivores, 70%–30% as omnivores, and ≤30% as
herbivores57. Within these categories, we also defined species with
diets of ≥90% animal tissue as hypercarnivores, and ≤5% as strict her-
bivores (see Supplementary Data 1).

Plasmid construction for assessing AGT mitochondrial and
peroxisomal targeting efficiency
To assess AGT mitochondrial and peroxisome targeting efficiency, we
performed cell-based immunofluorescence assays on natural AGT
orthologues as well as corresponding mutants that lacked either the
MTS or the PTS1. For these assays, we selected 37 mammal species
across 11 orders, representing major branches of all three mammalian
subclasses. All focal species were selected on the basis of having an
available completeAGXT sequence containing an intactMTS, aswell as
available published immunoelectron microscopy data18.

To establish normal targeting, complete orthologues containing
both theMTSandPTS1were synthesized and inserted into themultiple
cloning site of the pMSCV-puro vector. Next, to assess MTS- and PTS-
mediated targeting, we generated constructs containing either the
corresponding non-MTS AGT fused to a N-terminal 3 × FLAG-tag pep-
tide, or the non-PTS1 AGT fused to a C-terminal 3 × FLAG-tag peptide.
Oligonucleotide sequences for these experiments are provided in
Supplementary Data 3. The 3 × FLAG-tag peptide enables confirmation
of the subcellular localization of AGT in subsequent experiments using
specific antibodies, and was chosen because its small size and hydro-
philic properties allow for normal protein folding and biological
activity58,59. Both constructs were produced with Phusion Plus DNA
Polymerase (Thermo Scientific, USA, Cat#F630S) and inserted into the
pMSCV-puro vector.

We also constructed plasmids for establishing AGT co-localization
withmitochondria and peroxisomes. Herewe transfected our cells with
a retroviral vector containing either the mito-DsRed (a mitochondrial
marker), so providing stable expression of red fluorescence, or the
consensus tripeptide sequence of the PTS1 (SKL) fused to a green
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fluorescent protein (GFP), so providing stable expression of green
fluorescence. Finally, because we could not record from both stable
fluorescentmarkers in the same cells, for establishing co-localization of
intact AGT with peroxisomes, we also labelled background peroxi-
somes in the cell by using a pEGFP-N1 vector (MiaoLingPlasmid, China,
Cat#P0133) inwhichwe fused the consensus tripeptide sequence of the
PTS1 (SKL) to the GFP. Oligonucleotide sequences for these experi-
ments are provided in Supplementary Data 3.

In comparisons of peroxisomal targeting efficiency across taxa,
the results from the AGT of human and African clawed toad (Xenopus
laevis) served as positive and negative controls, respectively. The
human AGT protein lacks a functional MTS start codon and has been
shown to exclusively target the peroxisome27,60, whereas the Xenopus
protein exclusively targets the mitochondria61.

In vitro cell culture and transfection
We transiently transfected HeLa cells (CCTCC, China, Cat#GDC0009),
which do not naturally express AGT, with plasmids containing full-
length AGT sequences. HeLa cells were cultured in Dulbecco’s Mod-
ified Eagle’s Medium (Gibco, USA, Cat#C11995500BT) supplemented
with 10% fetal bovine serum (FBS; Excell Bio, China, Cat#FSP500) and
1%penicillin/streptomycin (Gibco, USA, Cat#15140122) at 37 °Cwith 5%
CO2. To facilitate subsequent experiments, circular slides were pre-
treated with Hanks’ balanced salt solution (Monad, China, Cat#14025-
092) and used for cell culture. For transient co-transfection of AGT
expression constructs and EGFP-SKL plasmid, we used Lipofectamine
2000 (Thermo Fisher Scientific, USA, Cat#11668019) and Opti-MEM
medium (Invitrogen, Carlsbad, CA, USA, Cat#51985-034), following the
manufacturer’s instructions.

Immunofluorescence staining for assessing MTS- and PTS1-
mediated targeting efficiency
At 24 h post-transfection, the culture medium was removed, and cells
were fixed with 4% paraformaldehyde (Aladdin, China, Cat#C104188)
for 20min. To enhance antibody permeability, cells were then incu-
bated with 0.1% Triton ×-100 (BioFroxx, Germany, Cat#1139) in
phosphate-buffered saline (PBS; Cytiva, USA, Cat#SH3025601) for
20min. After permeabilization, cells were blocked with 10% FBS in PBS
at room temperature for 1 h. For the subcellular localization of AGT,
the cells were incubated with a primary antibody against AGT (poly-
clonal, Proteintech, China, Cat#22394-1-AP, 1:200) diluted in PBS
containing 10% FBS for 1 h at room temperature. Subsequently, the
cells were incubated with a goat anti-rabbit IgG (H+ L) cross-adsorbed
secondary antibody conjugated with Alexa Fluor® 647 (Invitrogen,
USA, Cat#A-21244, 1:800) for 1 h at room temperature. Fluorescence
visualization was then performed to determine the subcellular locali-
zation of AGT. Localization data for both positive and negative con-
trols were consistent with previous immunoelectron microscopy
findings61,62, validating our approach.

To assess MTS-mediated mitochondrial targeting efficiency and
PTS1-mediated peroxisomal targeting efficiency, cells were first incu-
bated with anti-FLAG rabbit polyclonal antibody (Proteintech, China,
Cat#20543-1-AP, 1:400) for 1 h at room temperature. This was followed
by incubation with Cy3-conjugated Affinipure Goat Anti-Rabbit IgG
(H + L) (Proteintech, China, Cat#SA00009-2, 1:800) and Alexa Fluor®
647-conjugated goat anti-rabbit IgG (H+ L) cross-adsorbed secondary
antibody (ThermoFisher, USA, Cat#A-21244, 1:800). Each incubation
step was followed by three washes with PBS. Finally, slices were
mounted with anti-fading fluorescent mounting medium (YEASEN,
China, Cat#36307ES08) and examined under a confocal microscope
(Leica, TCS SP8).

Confocal microscopy and image processing
Confocal microscopy was performed using a Leica TCS SP8 confocal
laser scanning microscope equipped with a high-resolution 63× oil

immersion objective. Image acquisition and processing were carried
out using LAS AF Lite 2.6 software (Leica Microsystems, Wetzlar,
Germany). To quantify colocalization in confocal fluorescence images,
we employed the EzColocalization plug-in for ImageJ63. For each cell,
the perimeter was manually outlined using the area selection tools,
and colocalization measurements were performed for individual cells.
For each cell, we calculated the mitochondrial and peroxisomal tar-
geting efficiency of AGT, calculated as the percentage of total pixel
intensity for AGT that colocalizedwith, respectivelymitochondrial and
peroxisomal fluorescence. Colocalization analysis was performed
using Mander’s Colocalization Coefficients, applying an automatic
threshold to ensure consistency64,65. To ensure reliable mitochondrial
or peroxisomal targeting results, this was repeated for 20–25 cells per
species and an average taken. A dashed line was drawn across regions
of interest using the Straight Line tool in ImageJ, traversing cellular
compartments with distinct fluorescence signals. Fluorescence inten-
sity values along the dashed line were extracted using the Plot Profile
function in ImageJ.

Molecular evolutionary analysis
We aligned 429 mammal AGXT orthologues in MUSCLE66, after
removing pseudogenes and incomplete gene sequences. To char-
acterize differences in selection pressure across theAGTgene,webuilt
and analyzed separate datasets based on the full AGXT, MTS motif,
Mature Region without PTS1 motif, and PTS1 motif. For each dataset,
we generated Nei-Gojobori estimates of ω (dN/dS ratio) for each pair-
wise species comparison using the modified method implemented in
MEGA735. An ω value < 1 indicates purifying selection, ω = 1 suggests
neutral evolution, and ω > 1 implies positive selection. Next, we also
obtained independent ω estimates for each branch in the tree using
the free-ratio model in PAML 4.967 based on the accepted species
topology51–54.

To test for positive selection in lineages that feed on plant tissue,
we also conducted branch-sitemodels in PAML4.967. We usedModel A
(model = 2, NSsites = 2, fix_omega =0) with herbivore lineages as the
foreground and compared it to the corresponding null model in which
the ω > 1 class is constrained to ω₂ = 1 (fix_omega = 1, omega = 1).
Positive selection on herbivore branches was inferred only when this
one-sided likelihood ratio test was significant (p <0.05) and ω₂ > 1 in
the alternative model; BEB posteriors for sites in classes 2a/2b were
interpretedonlyunder these conditions. All analyseswere repeated for
Laurasiatheria (239 species), Euarchontoglires (159 species), Afrotheria
(10 species), and Metatheria (12 species). Xenarthra was not analyzed
due to insufficient data.

To gain insights into the evolutionary history of herbivory in
mammals, we also reconstructed ancestral protein sequences of the
PTS1 region using the full dataset. Ancestral state inference was con-
ducted usingmaximum likelihood under the JTT substitutionmodel in
PAML 4.9, based on a species tree derived from recent phylogenomic
studies51–54. For downstream analyses, we used the inferred ancestral
sequences with the highest posterior probabilities. Notably, over 95%
of sites in the reconstructed sequences hadhigh confidence (posterior
probability > 0.95).

Subcellular targeting and diet
We modelled subcellular targeting efficiency (peroxisomal and mito-
chondrial) of natural and mutant proteins, as quantified from our cell-
based immunofluorescence assays, as a function of the proportion of
plant tissue in the diet. We applied two approaches that account for
statistical non-independence arising from phylogenetic inertia68. First,
we ran phylogenetically-controlled Markov chain Monte Carlo gen-
eralized linear mixed models33 using the package MCMCglmm33 in
Rstudio (v4.4.1). Phylogeny was fitted as a random effect, with the
covariance matrix generated in the package ape69. The tree topology
and branch lengths were generated using the TimeTree database

Article https://doi.org/10.1038/s41467-026-70246-0

Nature Communications |         (2026) 17:2161 10

www.nature.com/naturecommunications


(http://www.timetree.org/; last accessed April 15, 2025) with manual
editing to add missing taxa51–54. The proportion of plant tissue in the
diet was fitted as a fixed effect using data obtained from the PHYLA-
CINE 1.2.1 database, as previously described. Our priors took the form
of: prior <-list (G = list (G1 = list (V = 1, nu =0.002)), R = list (V = 1, nu =
0.002)). The prior distribution for the variance components was
assumed to be an inverse-Gammadensity, with a small degree of belief
(i.e., nu =0.002). The Heidelberg was used to corroborate con-
vergence of the MCMC runs. MCMCglmm was run with 130,000
iterations, after a burn-in of 30,000 iterations. Values from every 10
iterations were saved.

As a second test approach we used Phylogenetic Generalized
Least Squares (PGLS) regressions, which test for phylogenetic auto-
correlation in the residuals. PGLS allows for more direct modeling of
the evolutionary relationships between species by incorporating a
phylogenetic tree and estimating Pagel’s lambda (λ), which quantifies
phylogenetic signal in the residuals. We ran PGLS in the R package
Caper70, and the significance of each predictor was calculated using
two-sided t-tests.

RNA-seq analysis for transcription start site usage
To determine variation in transcription start site usage, we analysed
transcripts RNA-seq assemblies of liver tissue obtained for 172 mam-
mal species from the NCBI (https://www.ncbi.nlm.nih.gov/, accessed
December 16, 2024). Quality control of the assemblies and trimmingof
low-quality reads were performed using fastp (v0.23.2) and FastQC
(v0.12.1, https://www.bioinformatics.babraham.ac.uk/projects/fastqc/)
with default settings to generate high-quality cleaned reads (Chen
et al., 2018). Reads from each species were aligned to the respective
referencegenomesusingHISAT2 (v2.2.1)71. Coverageof theAGT region
was calculated using Samtools (v1.19)72. For species lacking a reference
genome, de novo transcriptomes were assembled using Trinity
(v2.9.1)73. These Trinity-assembled transcripts were then used to create
databases with makeblastdb in BLAST+ v2.12.0, and the assemblies
were compared to these databases using tBLASTn. Transcripts cover-
ing the upstream translation start site were considered to originate
from the upstream transcription start site, while those covering the
downstream translation start site were derived from both upstream
and downstream transcription start sites. To quantify the usage of the
upstream transcription start site, we calculated the ratio of coverage
(ATG1/ATG2), where ATG1 refers to the coverage at the upstream
translation start site and ATG2 refers to the coverage at the down-
stream translation start site. A higher ratio indicates a greater presence
of longer AGT transcripts originating from the upstream transcription
start site.We assessed ATG1/ATG2 usage as a function of diet using the
same phylogenetic modelling approaches as described earlier.

ChIP-seq, ATAC-seq, and regulatory motif analysis
To investigate the regulatory basis of alternative AGT promoter usage,
we analyzed publicly-available ChIP-sequencing (ChIP-seq) data from
normal liver tissue across 13 mammalian species. These datasets were
retrieved from the NCBI (https://www.ncbi.nlm.nih.gov/, accessed
January 18, 2025). Data processing followed our RNA-seq pipeline,
except that sequencing reads were aligned to each species’ reference
genome using Bowtie2 (v2.5.4). Identification of enriched regions
(peaks) was performed on two biological replicates per species using
MACS2 (v2.2.9.1) with default settings and a p-value cutoff of 0.05
(one-sided Poisson test) for narrow peaks74.

We focused on two histone modifications associated with active
promoter activity: H3K27ac and H3K4me336. Species were included if
they had ChIP-seq data for two of these histone marks, a complete
AGXT model, and a functional mitochondrial targeting signal (MTS).
Visualisation of the identifiedpeaks in relation to gene annotations and
the underlying ChIP-seq signal, was conducted using the Integrated
Genomics Viewer (IGV, v2.8.6)75.

To further assess regulatory architecture, we analyzed publicly
available assay for transposase-accessible chromatin sequencing
(ATAC-seq) data from normal liver tissue across seven mammalian
species (NCBI; accessed 8 September 2025). Data were processed
following the ChIP-seq pipeline, and chromatin accessibility patterns
near AGXT promoters were visualized using IGV.

Finally, we predicted transcription factor binding motifs across
the ~2 kbupstream region (including exon 1) in seven focal specieswith
available RNA-seq, ChIP-seq, and ATAC-seq data. Scans were per-
formed using JASPAR 202476 with a relative score threshold of 80%.
Motif presence, orientation, and position relative to the AGXT trans-
lation start site (ATG) were compared among species.

Luciferase reporter assay
To evaluate the functional consequences of a specific upstream pro-
moter region—identified via ChIP-seq analysis as exhibiting inter-
species variation in activity—we employed a dual-luciferase reporter
assay in HeGp2 cells (Procell, China, Cat#CL-0103). We selected
19 species that represented a range of subcellular localisation patterns,
prioritising those with available ChIP-seq data.

For each species, a ~ 2 kb DNA fragment upstream of the pri-
mary translation start site, including exon 1, was cloned into the
pGL3-Basic vector (MiaoLingPlasmid, China, Cat#P0193) to drive
firefly luciferase expression. The AGT coding region was not
included in the reporter; thus, any AGT triplets in the insert lie in
the reporter 5′ UTR and cannot initiate luciferase translation.
Reporter plasmids (250 ng) were co-transfected with the pRL-TK
Renilla luciferase control plasmid (10 ng, MiaoLingPlasmid, China,
Cat#P0372) using Lipofectamine 2000 in Opti-MEM medium, fol-
lowing the manufacturer’s protocol. After 36 h of incubation in
medium supplemented with 31.6 mM sodium glyoxylate (Macklin,
China, Cat#S923532), luciferase activity was measured using the
Dual-Luciferase® Firefly & Renilla Assay Kit (UElandy, China,
Cat#F6075M) on a GloMax® 20–20 Luminometer (Promega, USA).
Firefly luciferase activity was normalized to Renilla luciferase
activity to calculate relative promoter activity77. Each assay was
conducted in triplicate and averaged across replicates.

To test the contribution of the upstream start-site region, we
introduced a single defined nucleotide substitution at the AGT ATG1
triplet within the promoter insert (overlap-extension PCR): ATG→GCG
(coordinates +1..+3 relative to ATG1; A of ATG1 = +1). This triplet lies
within a predicted motif overlapping the start-site region. Oligonu-
cleotide sequences used for this experiment are provided in Supple-
mentaryData 3.Wild-type andmutant constructswere transfected and
assayed under identical conditions, with luciferase activity measured
in triplicate for each construct.

To test whether the effect of the mutation on promoter activity
varied with diet, we fitted a phylogenetic generalized least squares
(PGLS) model. The response variable was the log-transformed differ-
ence in mean luciferase activity between the mutant and wild-type
constructs. The predictor was the proportion of plant material in the
species’ diet, treated as a continuous variable.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
All data supporting the findings of this study are available within the
article and its supplementary files. The genomic and transcriptomic
data used in our manuscript were obtained from National Center for
Biotechnology Information (NCBI) database, and the corresponding
accession codes have been provided in the Supplementary Data 1.
Plasmids and primers used in this study are available from the corre-
sponding authors upon reasonable request. Any additional requests

Article https://doi.org/10.1038/s41467-026-70246-0

Nature Communications |         (2026) 17:2161 11

http://www.timetree.org/
https://www.ncbi.nlm.nih.gov/
https://www.bioinformatics.babraham.ac.uk/projects/fastqc/
https://www.ncbi.nlm.nih.gov/
www.nature.com/naturecommunications


for information can be directed to and will be fulfilled by the corre-
sponding authors. Source data are provided with this paper.

Code availability
R scripts that were used to analyze datasets and make figures are
available in the GitHub repository https://github.com/Hcheni0131/
Analysis-in-R.git. and archived on Zenodo78.
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