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Transfer RNAs (tRNAs) are central to protein synthesis and are increasingly recognized as dynamic regulators of gene

expression whose abundance and chemical modifications are subject to precise biological control. Here, we systemati-

cally investigate how two distinct dietary interventions, low-protein and high-fat diets, reshape the tRNA landscape

across multiple mouse tissues, using RNA mass spectrometry and ordered two-template relay sequencing (OTTR-seq)

to comprehensively profile cytosolic and mitochondrial tRNAs at single-nucleotide resolution. We reveal pronounced

tissue-specific biases in tRNA isodecoder expression, including the unexpected presence of full-length cytosolic tRNAs in

mature sperm with a distinct isotype composition. In somatic tissues such as liver and heart, dietary conditions alter both

tRNA abundance and key modifications known to regulate decoding efficiency, whereas in reproductive tissues diet pri-

marily affects the abundance of select tRNAs with comparatively limited changes in modification profiles. We further

demonstrate that mitochondrial tRNAs are subject to diet-responsive changes in both abundance and modification sta-

tus and that even subtle differences in dietary fat composition are sufficient to alter tRNA modification signatures.

Together, these findings establish the tRNA epitranscriptome as a sensitive and tissue-specific sensor of nutritional state

and provide a resource for understanding how dietary cues interface with translational regulation in somatic and repro-

ductive tissues.

[Supplemental material is available for this article.]

Transfer RNAs (tRNAs) play a central role in protein synthesis by
decoding messenger RNA (mRNA) information into correspond-
ing amino acid sequences, thereby translating the genetic code
into functional proteins. Eukaryotes have two pools of tRNAs: cy-
tosolic tRNAs encoded by the nuclear genome and 22 mitochon-
drial tRNAs (mt-tRNAs) encoded by the mitochondrial genes.
Notably, most cytosolic tRNAs are encoded by multiple genes, ex-
panding the repertoire of tRNA molecules available for each type
and allowing for fine-tuned regulation of translational dynamics.
Accordingly, tRNAs are broadly categorized into isotypes (each
charged with one of the 20 standard amino acids), isoacceptors
(tRNAs with different anticodons that carry the same amino
acid), and isodecoders (tRNAs sharing the same anticodon but dif-
fering in sequence elsewhere in the molecule). tRNAs are also
among the most extensively modified RNA species in the cell,
with more than 100 distinct chemical modifications identified to
date and an average of about 13 modifications per tRNA molecule
(Zhang et al. 2022). These post-transcriptional modifications are
essential for proper tRNA folding, structural stability, and accurate
decoding during translation.

Recent studies report that tRNA abundance varies across dif-
ferent mouse tissues (Dittmar et al. 2006; Torres et al. 2019;
Pinkard et al. 2020; Yu et al. 2023). Furthermore,many tRNA-mod-
ifying enzymes are expressed in a tissue-specific manner.
Comparative analysis of the expression of RNA-modifying pro-
teins across various tissues revealed that certain proteins are specif-
ically expressed in the reproductive tract (Begik et al. 2020),
including the testis and the epididymis, an organ in which sperm
undergo posttesticular maturation and become motile. For exam-
ple, NSUN7, a 5-methylcytosine (m5C) modifying enzyme, is
expressed during the late stages of spermatogenesis in the
spermatocytes and spermatids (Begik et al. 2020) and is required
for male fertility (Harris et al. 2007). Another member of the fam-
ily, NSUN2, is also required for the meiotic progression of germ
cells in the testis (Hussain et al. 2013). NSUN2 and NSUN7 are en-
riched in the proximal region of the epididymis (caput epididymis)
but not in the distal epididymis (cauda epididymis), indicating seg-
ment-specific expression of these proteins in the epididymis.
Moreover, the epididymis was reported to be specifically enriched
in two additional tRNA modifying enzymes: TRDMT1 (previously
known as DNMT2), am5Cmethyltransferase known tomodify po-
sition 38 in specific tRNAs, and METTL1, a N7-methylguanosine
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reproductive tract tissues have differential tRNAmodification pro-
files compared with other tissues remains unknown.

Stress and other external factors can also influence tRNA
abundance and modifications (Chan et al. 2010; Pang et al.
2014; Huang and Hopper 2016). For instance, high reactive oxy-
gen species conditions in Escherichia coli cells can lead to elevated
tRNA Tyr-QUA-II m5C levels at position 49 (Valesyan et al. 2024).
The addition of hydrogen peroxide (H2O2) to yeast cells has been
shown to increase the levels of specific posttranscriptional modifi-
cations, including m5C, N², N²-dimethylguanosine (m²,²G), and
2′-O-methylcytidine (Cm) (Chan et al. 2010). Similarly, arsenite
exposure increased queuosine levels, which were associated with
the upregulation of proteins encoded by codon-biased genes in-
volved in energy metabolism (Huber et al. 2022). tRNA thiolation
is downregulated in response to sulfur starvation (Laxman et al.
2013). Moreover, the gut microbiome has been reported to regu-
late tRNA abundance andmodifications in the host in a tissue-spe-
cific manner (Huang et al. 2021). Conversely, diet can influence
tRNA abundance and modifications in the gut microbiome com-
munities (Schwartz et al. 2018). In addition to their role in transla-
tion, tRNAs can be cleaved to generate tRNA-derived RNAs (tDRs)
(Holmes et al. 2023), also known as tRNA-derived small RNAs
(tsRNAs) or tRNA fragments (tRFs), which have been proposed to
play key roles in various cellular processes (Anderson and Ivanov
2014; Magee and Rigoutsos 2020). Exposure to low-protein (LP)
or high-fat (HF) diets leads to alterations in the levels of specific
tDRs in sperm (Chen et al. 2016; Sharma et al. 2016). Whether
diet alters the levels and modifications of mature tRNAs has not
been examined systematically. Determining the effects of various
internal and external factors on tRNAs is important as alterations
in tRNA abundance and/or modifications can lead to selective
translation of codon-biased mRNAs (Chan et al. 2010).

Major advancements in identifying and understanding the
dynamic nature of tRNA modifications were made possible
through the development of liquid chromatography–tandem
mass spectrometry (LC-MS/MS) methods to measure RNA nucleo-
tide modifications accurately (Thüring et al. 2016; Wetzel and
Limbach 2016). Despite these advances, MS-based methods can-
not provide single-molecule-level information. Similarly, accurate
measurement ofmore than 400 distinctmouse tRNAmolecules by
deep sequencing has been challenging owing to the extensive
structural and chemical modifications in tRNAs and an inability
to distinguish between isodecoders. However, overcoming these
challenges, various new methods for mature tRNA sequencing
and analysis have been developed recently (Padhiar et al. 2024), in-
cluding demethylase-thermostable group II intron reverse tran-
scriptase (TGIRT) tRNA sequencing (DM-tRNA-seq) (Zheng et al.
2015), AlkB-facilitated RNA methylation sequencing (ARM-seq)
(Cozen et al. 2015), hydrolysis-based tRNA sequencing (Hydro-
tRNAseq) (Gogakos et al. 2017), Y-shaped adapter-ligated mature
tRNA sequencing (YAMAT-seq) (Shigematsu et al. 2017), long hair-
pin oligonucleotide-based tRNA high-throughput sequencing
(LOTTE tRNAseq) (Erber et al. 2020), quantitative mature tRNA se-
quencing (QuantM-tRNAseq) (Pinkard et al. 2020), modification-
induced misincorporation tRNA sequencing (mim-tRNAseq)
(Behrens et al. 2021), Nanopore-based tRNA sequencing (Nano-
tRNAseq) (Lucas et al. 2024), and ligation-independent detection
of all types of RNA (LIDAR-seq) (Scacchetti et al. 2024).

Some of the above methods use enzymatic treatment to re-
move modifications that pause or stop reverse transcription, in-
cluding N1-methyladenosine (m1A), N3-methylcytidine (m3C),
and N1-methylguanosine (m1G) (Cozen et al. 2015; Zheng et al.

2015; Pinkard et al. 2020; Shi et al. 2021; Scheepbouwer et al.
2023). In addition, high processivity reverse transcriptase (RT) en-
zymes have been used to allow sequencing of highly modified
tRNAs. High processivity RT enzymes often misincorporate nucle-
otides at certain modified bases, thus providing single-nucleotide
resolution of putative modified positions in tRNAs. One such
method, DM-tRNA-seq, involves treating tRNA with the E. coli
demethylase AlkB in combination with the TGIRT enzyme to al-
low more efficient full-length tRNA sequencing (Zheng et al.
2015). Recently, ordered two-template relay sequencing (OTTR-
seq) was developed, which uses an engineered recombinant non-
LTR retroelement RT that adds both adaptors to the cDNA in a sin-
gle reverse transcription step by template jumping (Upton et al.
2021), allowing the generation of low-bias small RNA (sRNA) se-
quencing libraries. This method has been successfully applied to
sequence full-length tRNAs from yeast and mice (Gustafsson
et al. 2025). Importantly, OTTR-seq provides site-specific informa-
tion on modified nucleotides through RT misincorporation signa-
tures, overcoming prior technical challenges owing to extensive
base modifications in tRNAs and the difficulty of adapter ligation
(Upton et al. 2021; Gustafsson et al. 2025).

Although it is increasingly appreciated that various internal
and external factors alter tRNA abundance and modifications,
the influence of dietary alterations on cellular tRNAs has largely re-
mained unexplored. Here, we systematically examine how dietary
inputs shape tRNA abundance andmodification landscapes across
mouse tissues. We first use LC-MS/MS to assess whether tRNA
modifications are dynamic, varying across tissues and in response
to dietary perturbation. Building on these observations, we then
apply OTTR-seq to generate a comprehensive, tissue-resolved re-
source of tRNA abundance andmodification-associated signatures
across LP andHF dietary conditions. Together, these data provide a
rich resource for understanding how environmental cues interface
with tRNA biology across somatic and reproductive tissues.

Results

Mass spectrometric analysis reveals dynamic changes in tRNA

modifications across tissues and upon dietary perturbation

To examine whether tRNA modifications are regulated in a tissue-
specific manner, we quantified specific RNA modifications at the
level of individual modified nucleosides (mononucleotides), fol-
lowing enzymatic digestion of bulk tRNAs and sRNAs isolated
from epididymis and liver tissues, using LC-MS/MS (Fig. 1A). We
focused on these two tissues to compare RNA modifications in re-
productive and nonreproductive tract tissues, given that specific
RNA-modifying enzymes are more abundant in the reproductive
tissues (Begik et al. 2020). sRNAs ranging from 16 to 40 nucleotides
(nt; primarily consisting of tDRs) and RNAs ranging from 70 to 90
nt (corresponding to mature tRNAs) were isolated from total RNA
by size fractionation on a polyacrylamide gel (Supplemental Fig.
S1A,B) and processed for RNA nucleotide modification analysis
using LC-MS/MS for 24 known RNAmodifications (Supplemental
Fig. S1C). Nine out of 24 (36%) modifications were differentially
abundant between the two tissues (significance cutoff used: P-
value ≤0.05, fold change ≥1.5, two-sample t-test). For example,
in the sRNA fraction, the levels of m2,2G were higher in the liver,
whereas m3U were higher in the epididymis (Fig. 1B). In the 70–
90 nt fraction, which was primarily composed of mature tRNAs
as determined by DM-tRNA-seq (Supplemental Fig. S1D), galacto-
syl-queuosine (galQ) and 2′-O-methyladenosine (Am) were higher
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in the epididymis, and 5,2′-O-dimethyluridine (m5Um) was rela-
tivelymore abundant in the liver (Fig. 1C). The differences inmod-
ification levels between the two tissues may reflect the distinct
tRNA composition of each tissue (Supplemental Fig. S1E), as indi-
vidual tRNAs can carry unique combinations of modifications.
However, in the case of galQ modification, higher galQ levels in
the epididymis were not correlated with tRNA-Tyr abundance

(the only tRNA known to have this modification) (Supplemental
Fig. S1F; Zhang et al. 2020).

Next, we examined whether diet can alter the levels of RNA
modifications in the liver and epididymis tissues. We fed male
mice either a LP diet (10%protein), a HF diet (60% fat), or a control
(C) diet (18%protein, 7.1% fat) fromweaning until 10weeks of age
(Fig. 1A). As expected, mice fed a HF diet gained significant weight

A B

C
D

E F

G H

Figure 1. Liver and epididymis exhibit alterations in specific tRNA modifications in response to dietary alterations. (A) Schematic of the experimental
design. Three-week-old male mice were fed one of three diets for 7 weeks: low-protein (LP), high-fat (HF), or control (C). Liver and epididymis (Epi) tissues
were collected for downstream analyses. (B) Volcano plot of sRNA (16–40 nt) modification levels in the epididymis relative to the liver. Modifications de-
tected at significantly differential levels between the two tissues are labeled on the plot (modifications that showed log2FC≥0.585 and −log10(P-value) >
1.3). The color scale represents the fold change. Dot size reflects the −log10(P-value). n=6 replicates. (C ) Volcano plot showing significantly altered tRNA
modifications (70–90 nt) in the epididymis relative to the liver (n=6). (D–G) Volcano plots illustrating RNA modifications significantly altered by LP or HF
diets in the liver and epididymis tissues (HF sample n=3; control and LP sample n=6). (H) Schematic of tissue-specific and diet-sensitive tRNAmodifications
identified by LC-MS/MS, annotated with positional information on the tRNA.
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by the end of the intervention (Supplemental Fig. S1G), with no
change in the weight of LP diet-fed mice, consistent with previous
observations (Sharma et al. 2016). Modification levels in 16–40 nt
sRNAs were primarily unaffected by either LP or HF diets
(Supplemental Fig. S2A–D). In contrast, in full-length tRNAs,
46% of modifications (11 out of 24) exhibited diet-induced alter-
ations (significance cutoff used: P-value≤0.05, fold change
≥1.5, two-sample t-test) (Fig. 1D–G). The liver showed robust
changes in response to dietary alterations, consistent with its
central role in metabolism, digestion, and nutrient storage (Fig.
1D,E). Several RNA modifications were altered similarly under
the two dietary conditions in the liver: galQ, N4-acetylcytidine
(ac4C), N6-methyl-threonylcarbamoyl adenosine (m6t6A), m3C,
2′-O-methylguanosine (Gm), inosine (I), and N6-isopentenylade-
nosine (i6A) were upregulated, and m5Um was downregulated
(Fig. 1D,E). In addition to these shared changes with LP diet, HF
livers also showed an increase in pseudouridine (Ψ) and N2, N2,
N7-trimethylguanosine (m2,2,7G) and downregulation of 2,8-
dimethyladenosine (m2,8A) (Fig. 1E). These findings suggest that
LP andHF diets impact overlapping and distinct pathways, leading
to shared and unique alterations in hepatic tRNA modification
landscapes. Additionally, the detection of alterations in m2,8A
and m2,2,7G, which are typically enriched in rRNAs (Giessing et
al. 2009) and snRNAs (Cheng et al. 2020), respectively, suggests
that dietary interventions may influence RNA modifications
across multiple RNA species not just tRNAs. The epididymis exhib-
ited amodest response to dietary changes comparedwith the liver,
with an increase inm6t6A andm2,8A levels in the LP condition and
Ψ levels in the HF condition (Fig. 1F,G). As Ψ was upregulated in
both the epididymis and liver tissues under HF and m6t6A upon
LPdietary challenge, these diets potentially drive systemic changes
in some tRNA modifications and may regulate key metabolic
processes.

As shown in Figure 1H, many tRNA modifications altered by
tissue type or dietary conditions have been reported to regulate
translation fidelity and efficiency, whereas others play important
roles in tRNA structural stability (Suzuki 2021). Together, these
findings indicate that dietary metabolites can drive systemic and
tissue-specific changes in modification levels.

Reproductive tract tissues and sperm show unique cytosolic

and mitochondrial tRNA profiles

Although LC-MS/MS remains the gold standard for quantifying
RNA modifications with high sensitivity and precision, it does
not provide information on the specific tRNA species that are dif-
ferentially modified, limiting insight into the transcript-level reso-
lution of these changes. Therefore, to comprehensively profile
tRNA abundance and modification status at single-nucleotide res-
olution, we sequenced tRNAs from various tissues using OTTR-seq
(Gustafsson et al. 2025). To more robustly capture diet-induced
changes, we further refined our experimental design for OTTR-
seq (Fig. 2A). First, we extended dietary exposure to 6 months to
better reflect long-term nutritional effects. Second, we introduced
a more appropriate control for the HF diet, ensuring that the HF
diet and its corresponding control diet (C_HF) differed only in
fat content. Third, rather than analyzing the epididymis as awhole
(as done in LC-MS/MS analysis), we separately examined the prox-
imal caput and distal cauda segments of the epididymis, which are
known to exhibit distinct gene expression patterns, including dif-
ferential expression of RNA-modifying enzymes, and to play spe-
cialized roles in sperm maturation (Johnston et al. 2005; Begik

et al. 2020; James et al. 2020; Rinaldi et al. 2020). Fourth, we broad-
ened the scope of our tRNA expression and modification analysis
to include additional tissues, namely, the heart, testis, and mature
sperm, to assess systemic and tissue-specific responses to dietary
interventions.

Mice were subjected to the dietary interventions described
above; total RNA was isolated from tissues; and sequencing librar-
ies were generated using OTTR-seq. OTTR-seq data were analyzed
using tRNA analysis of expression (tRAX), an analytical pipeline
designed for comprehensive profiling of tRNAs and modified nu-
cleotides (Supplemental Table S1; Supplemental Fig. S3A,B; Chan
et al. 2025). The relative abundance of different RNA types differed
markedly across tissues (Supplemental Fig. S3C), with piRNAs be-
ing most enriched in the testis, consistent with their known germ-
line-specific expression (Aravin et al. 2006; Girard et al. 2006;
Kirino and Mourelatos 2007). Cauda epididymides showed the
highest percentage of fragments of rRNAs (rsRNAs), as reported
previously (Sharma et al. 2018; Shi et al. 2021). The most striking
differencewas inmt-tRNAs, with heart tissues exhibiting the high-
est proportion ofmt-tRNA reads. This enrichment alignswith prior
studies (Pinkard et al. 2020; He et al. 2021; Yu et al. 2023; Ando
et al. 2025) and reflects the heart’s high mitochondrial demand.
At the level of specific sRNAs, OTTR-seq captured well-established
tissue-specific miRNA expression patterns (Supplemental Fig.
S3D). For example, miR-122 and miR-192 were highly enriched
in liver tissue (Raut and Khanna 2016), whereas miR-499 and
miR-1a-1 were detected exclusively in the heart (Dong et al.
2009). Likewise, miR-465 (Wang et al. 2020) and miR-34c (Bao
et al. 2012) were most abundant in the testis, consistent with pre-
vious findings. Together, these results validated the sensitivity and
accuracy of OTTR-seq in detecting tissue-specific sRNA expression.

To investigate tissue-specific and diet-induced changes in
tRNA abundance and modification, we focused on >65 nt reads
mapping to tRNAs, which comprise full-length and near-full-
length tRNAs, hereafter referred to as tRNAs. For clarity, individual
tRNAs are labeled throughout according to their anticodon se-
quence (written 5′–3′) rather than to the corresponding decoded
mRNA codon. tRNA reads were summed by their respective amino
acid decoding pool into 22 amino acid classes (tRNA isotypes) (Fig.
2B), and coverage of reads along the length of the tRNAswas exam-
ined (Supplemental Fig. S4A). Next, to count isoacceptors, al-
though not double-counting genes, tRNA reads for which all
mappings belonged to the same isoacceptor were counted toward
that isoacceptor, yielding read counts per isoacceptor, and their
relative abundance across tissues was measured (Supplemental
Fig. S4B). These analyses revealed differential isoacceptor abun-
dance among these tissues, suggesting tissue-specific translational
tuning.

We focused on the tissue-specific expression patterns of
tRNAs that share an anticodon but differ in the sequence outside
of the anticodon (tRNA isodecoders) to determine whether these
additional tRNAs could serve tissue-specialized roles. A tissue spe-
cificity index (tsi) score (Yanai et al. 2005)was calculated, revealing
the distinct tissue-biased abundance of several tRNA isodecoders
(Fig. 2C,D). The testis exhibited the most and highest-scoring tis-
sue-biased tRNAs. These findings are consistent with the testis be-
ing a tissue with uniquely high gene expression diversity and
specificity (Soumillon et al. 2013; Djureinovic et al. 2014).
Moreover, previously identified brain-specific isodecoders of
tRNA-alanine (tRNA-Ala-TGC-5, -6, -7, and -8) (Pinkard et al.
2020) showed the highest testis-biased expression. These results
corroborate previous studies highlighting molecular and
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biochemical similarities between the brain and testis (Guo et al.
2005; Matos et al. 2021).

To examine sequence features distinguishing tissue-enriched
tRNAs, we analyzed the predicted secondary structures of a subset
of isodecoders displaying tissue-specific expression (Fig. 2E). tRNA-
Thr-AGT-5, which is highly expressed in the heart (Fig. 2C,D), ex-
ists as a single orphan copy in the mouse genome. This tRNA con-
tains several unique nucleotides within the acceptor stem that are
not present in other AGT isodecoders (Fig. 2E, highlighted in red),
suggesting potential effects on tRNA folding stability or structural
dynamics. Alanine TGC isodecoders, tRNA-Ala-TGC-5, tRNA-Ala-
TGC-6, tRNA-Ala-TGC-7, and tRNA-Ala-TGC-8, are enriched in
the testis (Fig. 2C,D). These tRNAs share distinctive sequence fea-
tures among alanine tRNAs, including an adenosine at position
26 and a uridine at position 60 (Fig. 2E). The presence of A26 pre-
vents formation of the m²,²G modification at position 26, a mod-
ification otherwise present in other TGC tRNAs and many other
isoacceptors, suggesting that these testis-enriched TGC tRNAs
may be selectively excluded from this modification pathway. We
also examined tRNA-Lys-CTT-1, another testis-enriched tRNA
that exists as a single-copy gene in the mouse genome (Fig. 2C).
This tRNA contains several unique nucleotides relative to other
CTT isodecoders, including a G at position 26, which permits
the presence of the m²,²G modification, in contrast to the change
in alanine TGC tRNAs in the same tissue described above. In addi-
tion, an A at position 59 is unique in this isodecoder (Fig. 2E).
Together, these structural features highlight sequence variation
among tissue-enriched tRNA isodecoders that may influence
tRNA folding and modification potential, suggesting a possible
mechanism for tissue-specific regulation of tRNA function.

Following protamination, it is believed the paternal genome
becomes transcriptionally and translationally inert and gets tight-
ly compacted within the sperm nucleus (Gardiner-Garden et al.
1998; Wykes and Krawetz 2003). In the absence of cytosolic trans-
lational activity, it is expected that sperm lack mature tRNAs.
However, we detected multiple full-length tRNAs in sperm
(Supplemental Fig. S4A), with the isotype composition of sperm
tRNAs notably distinct from somatic and other reproductive
tissues (Fig. 2B). Studies have detected nuclear-encoded mRNAs
in mature sperm, likely transcribed during spermatogenesis
(Ostermeier et al. 2004; Sun et al. 2021).Moreover, a prior study re-
vealed that mitochondrial ribosomes direct the translation of nu-
clear-encoded genes in sperm; inhibition of this pathway leads
to substantial reductions in sperm motility, actin polymerization,
the acrosome reaction, and in vitro fertilization efficiency (Gur
and Breitbart 2006). Thus, our findings of full-length tRNAs in
mature sperm suggest that these tRNAs could be involved in
translation of proteins important for proper sperm function.
tRNA-Sec-TCA-1 showed the highest sperm-biased expression
(Fig. 2C,D). This tRNA is responsible for incorporating selenocys-
teine into selenoproteins. Selenoproteins have been implicated
in maintaining sperm quality and male fertility, particularly by
protecting sperm from oxidative stress during spermatogenesis
(Watanabe and Endo 1991; Kaur and Bansal 2005; Qazi et al.
2019). The elevated levels of tRNA-Sec-TCA-1 in spermmay reflect
a heightened demand for selenoprotein biosynthesis, supporting a
specialized antioxidant environment crucial for maintaining
sperm viability and function.

We also observed tissue-biased expression of specific mt-
tRNAs (Fig. 3A–C) and detected full-length mt-tRNAs in sperm
(Fig. 3B), consistent with recent reports (Scacchetti et al. 2024;
Tomar et al. 2024). mt-tRNA-Trp-TCA showed liver-biased expres-

sion, andmt-tRNA-Ser-TGA exhibited testis-biased expression (Fig.
3C,D). Although sperm and cauda generally showed similar tRNA
expression patterns (Supplemental Fig. S5), mt-tRNA-His-GTG dis-
played sperm-biased expression (Fig. 3A–D). As mitochondrial ri-
bosomes are actively involved in protein translation (Gur and
Breitbart 2006; Gur and Breitbart 2008), a high abundance of
mt-tRNA-His-GTG in sperm suggests a potential role in regulating
sperm mitochondrial biology. Histidine supplementation has
been reported to protect against lead-induced reproductive toxici-
ty by stabilizing mitochondrial function (Ommati et al. 2019).
Higher levels of mt-tRNA-His-GTG could enhance mitochondrial
protein synthesis, aiding the cellular response to oxidative stress
and preserving sperm function. Taken together, these data demon-
strate the presence of mature, full-length cytosolic and mitochon-
drial tRNAs in sperm and reveal a distinct expression profile that
warrants further investigation for its potential role in sperm
biology.

Tissue-specific signatures of tRNA modifications revealed

by mismatch profiling

The RT used inOTTR-seq can read through certainmodified nucle-
otides more efficiently than other enzymes, which often stall at
these sites. However, it frequently introduces errors by incorporat-
ing incorrect nucleotides or skipping bases at those positions.
These misincorporation signatures in the sequencing reads can
be used to infer the presence and location of specific tRNAmodifi-
cations (Kuksa et al. 2017). Indeed, we detected misincorporations
at known tRNA modification sites (Mathlin et al. 2020; Behrens
et al. 2021; Suzuki 2021; Lucas et al. 2024), including at positions
9 (m1G), 26 (m2,2G), 34 (m3C and I), 37 (m1G, m1I, and others),
and 58 (m1A) (Fig. 4A). We also detected misincorporations at
previously reported mt-tRNA modification sites (Suzuki et al.
2020) and new, previously uncharacterized modified nucleotides
(Fig. 4B). Notably, the m1A9 modification has been identified in
most mt-tRNAs (Suzuki et al. 2020) and is crucial for proper
tRNA folding (Helm et al. 1999). Consistent with these reports,
we detected mismatch signatures at position 9 in most mt-tRNAs
(Fig. 4B). We also detected misincorporation at positions 26, 32,
and 37 in a subset of mt-tRNAs previously reported to be modified
in humans (Fig. 4B; Supplemental Fig. S6; Suzuki et al. 2020). For
instance, mt-tRNA-Pro and mt-tRNA-Leu, which harbor m1G at
position 37 in humans, showed clear mismatch signals in mouse
tissues (Supplemental Fig. S6). Similarly, mt-tRNA-Tyr, -Trp, and
-Phe, known to carry ms2i6A at position 37 in humans, exhibited
misincorporation at this site. At position 32, mismatches were ob-
served exclusively in mt-tRNA-Ser and -Thr, consistent with re-
ported m³C modifications in humans. In contrast, position 26
showed broader misincorporation across mt-tRNA-Gln, -Glu,
-Leu, and -Lys in our mouse data, whereas human data identified
m²G or m²,²G modifications primarily in mt-tRNA-Ala, -Glu,
-Arg, and -Ile. These results suggest species-specific differences ex-
ist in the modification landscape, whereas manymt-tRNAmodifi-
cation sites are conserved.

Examination of modified positions per tRNA revealed that al-
though the majority of tRNAs have two modified bases, a few had
as many as six modified bases (Fig. 4C), indicating substantial het-
erogeneity in modification density across tRNAs. As the specific
misincorporation pattern at modified bases depends on the se-
quence context, the type of RT enzyme used, and other influenc-
ing factors (Hauenschild et al. 2015), absolute modification
levels cannot be inferred solely from mismatch frequency.
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However, relative differences in basemisincorporation across sam-
ples can be used to examine changes in modification status at spe-
cific positions. A comparison of misincorporation levels across
tissues revealed 31 unique tRNA positions with differential misin-
corporation rates between tissues (significance cutoff used: P-val-
ue <0.05, Mann–Whitney U test) (Supplemental Table S2). For
instance, an unmodified adenosine at position 58 is read correctly
as “A” with near-perfect accuracy, whereas a m1A modification
typically results in a mismatch (A to T, A to C, or A to G) or dele-
tion. In some cases, however, RT reads through the modification
and incorporates an “A,” leading a subset of reads to still report
A at fully modified bases. We observed tissue-specific variation in
the mismatch signature at A58 (Fig. 4D,F; Supplemental Fig.
S7A–D), including modest differences across isoacceptors such as
tRNA-Val-CAC and tRNA-Val-TCA (Supplemental Fig. S7A,B). For
example, the misincorporation rate in tRNA-Glu-CTC-1 at A58
was significantly higher in testis and cauda epididymis (Fig. 4D,
F). In contrast, tRNA-Glu-TTC-1 and tRNA-Glu-TTC-2 were mini-
mally modified at A58 and highly modified at position 9 (Fig.
4F), revealing isoacceptor-specific modifications in this tRNA.

In addition to position A58, we observed tissue-specific mis-
incorporation signatures at other known modification sites, in-
cluding position 9 (m1G) (Fig. 4E–G). In tRNA-Glu-CTC-1, the
mismatch rate at position 9G was markedly higher in the testis
compared with other tissues (Fig. 4F). Similarly, for tRNA-Gly, we
detected high levels of misincorporation at position 9 in testis tis-
sue; however, unlike tRNA-Glu, this patternwas observed across all
sequenced isoacceptors (Fig. 4E,G). This pattern is consistent with
previously reported high expression levels of the m1G methyl-
transferase enzyme TRMT10A in the testis, suggesting a potential
link between enzyme expression and tRNA modification at this
site (Guo et al. 2023). We also observed tissue-specific mismatch

profile at nine unique mt-tRNA positions (Supplemental Table
S3). For example, sperm exhibited the lowest levels of m1A at
position 9 in mt-tRNA-His-GTG compared with other tissues
(Supplemental Fig. S7E). These tissue-specific modification signa-
tures could regulate translation, tRNA stability, biogenesis of frag-
ments, or interactions with other proteins in a tissue-specific
manner.

To explore whether misincorporation levels, which reflect
underlying tRNA modifications, are associated with the abun-
dance of the corresponding tRNAmolecules, we examined the cor-
relation between mismatch rates and tRNA expression levels at
frequently modified positions: positions 9, 26, 32, 34, 37, and
58. This analysis revealed that although some tRNAs show correla-
tion between misincorporation frequency and tRNA abundance,
the majority do not exhibit such a correlation across tissues
(Supplemental Fig. S8). This analysis indicates that most of the ob-
served changes in modifications are not simply explained by al-
tered transcript abundance but rather reflect regulation at the
level of modification itself. Although the possibility that such rela-
tionships may exist at the single-molecule level cannot be ruled
out, this suggests that distinct mechanisms likely govern tRNA
abundance versus modification and that modifications can be se-
lectively regulated independent of the transcript levels, likely via
tissue-specific expression of RNA-modifying enzymes.

Dietary composition modulates tRNA abundance in a tissue

specific manner

Next, we assessed the impact of dietary interventions on tRNA ex-
pression. Overall, liver and heart tissues showed a more robust re-
sponse to dietary changes compared with reproductive tract tissue
(DESeq2 analysis, significance cutoff: fold change >1.5 and
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adjusted P-value <0.05) (Fig. 5), likely reflecting the central meta-
bolic roles of these organs and their heightened sensitivity to die-
tary nutrient availability. A LP diet led to decrease in expression of
tRNA genes in most tissues, except for caput, in which numerous
tRNAs were upregulated (Fig. 5A–F). A HF diet, on the other
hand, led to increased tRNA expression in all tissues, except for

sperm, which showed downregulation of specific tRNAs (Fig.
5G–L). Moreover, some of these changes led to overall alteration
at the tRNA isoacceptors (Supplemental Fig. S9), changing the an-
ticodon pool and potentially translational output. For example,
there is an overall reduced abundance of tRNA-CAC, tRNA-AAC,
and tRNA-TAC in LP heart tissue, corresponding with reduced

A B C

D E F

J K

G H

L

I

Figure 5. Dietary alterations influence tRNA abundance. (A–F ) Volcano plots showing significantly altered tRNAs in low-protein diet (LP) condition rel-
ative to the control diet (C). (G–L) Volcano plots showing significantly altered tRNAs in high-fat diet (HF) condition relative to control for high-fat diet (C-
HF). Differentially expressed tRNAs are highlighted in red (upregulated) and blue (downregulated), with the top 10 differentially expressed tRNAs labeled.
The significant changes were determined using DESeq2 analysis with a cutoff of a log2 fold change of >1.5 and adjusted P-values < 0.05.
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levels of tRNA-Val-CAC-2, tRNA-Val-AAC-1, tRNA-Val-AAC-5, and
tRNA-Val-TAC-1 isodecoders in this tissue. In other cases, al-
though the levels of a specific isodecoder are altered (e.g., tRNA-
Arg-CCG-3 is down in both LP liver and heart), those changes do
not result in changes in tRNAs isoacceptor levels, indicating trans-
lation-independent downstream effects.

Among the reproductive tissues, caput exhibited the most
changes in response to dietary challenge, with several tRNAs con-
sistently upregulated in both LP and HF caput tissues: tRNA-Glu-
CTC-1, tRNA-Glu-CTC-2, tRNA-Glu-TTC-1, tRNA-Glu-TTC-2,
tRNA-Pro-AGG-1, tRNA-Pro-CGG-1, tRNA-Pro-TGG-1, and tRNA-
Pro-TGG-2 (Fig. 5D,J). These alterations at the isodecoder level
contributed to an overall increase in tRNA isoacceptors containing
CTC, TTC, CGG, and TCC anticodons in both LP and HF diet
groups relative to controls (Supplemental Fig. S9D,J). These shared
changes suggest activation of common molecular pathways in re-
sponse to both nutritional challenges, irrespective of the chal-
lenge. Testis, cauda, and sperm showed only a few changes in
response to these dietary challenges, but these changes were not
consistent across diets and did not lead to isoacceptor-level chang-
es. Together, these findings highlight the caput as the most diet-
sensitive reproductive tissue in our analysis and suggest that in ad-
dition to regulating sperm fertility it may also play a role in sensing
metabolic status.

Diet alters tRNA-mismatch signature across mouse tissues

To identify tRNAmodification changes in response to dietary chal-
lenges, we next analyzed misincorporation rates among tissues
from the LP and HF groups relative to their controls. Analysis of
mismatch rates at individual tRNA positions identified 17 unique
tRNA sites with significantly altered misincorporation rates in re-
sponse to dietary challenges (Mann–Whitney U test comparing
mismatch rates across replicates between conditions; P<0.05)
(Supplemental Table S2). The most frequently affected modifica-
tion was m1A at position 58, which is known to be present in
the majority of tRNAs. For example, in the liver and heart tissues,
tRNA-iMet-CAT-1 exhibited a lower misincorporation rate at A58
(reflecting lower m1A58 levels) in LP compared with the control
group (Fig. 6A). In the LP heart tissues, there was also a significant
decrease in the levels of misincorporation at A58 in tRNA-Glu-
CTC-1, tRNA-Asp-GTC-2, tRNA-Gly-CCC-1, tRNA-Gly-GCC-1,
tRNA-Gly-GCC-2, and tRNA-Gly-TCC-1 (Fig. 6B). Given that
m1A58 modification in tRNA-Glu-CTC-1 is also regulated in a tis-
sue-specific manner (Fig. 4D,F), it is tempting to speculate that
this site is highly dynamic and can be controlled by intrinsic
and extrinsic factors. Moreover, as we detected reduced m1A58
in initiator tRNA-iMet-CAT-1 in both tissues, dietary challenge po-
tentially leads to a systemic effect on translation initiation
(Anderson et al. 1998; Kadaba et al. 2004; Liu et al. 2016).
m1A58 and m1G9 modifications contribute to stabilizing tRNA
structure and, thereby, its stability (Helm et al. 1999; Voigts-
Hoffmann et al. 2007). Thus, a reduction in these modifications
in response to dietary protein restriction may compromise tRNA
structure, potentially affecting translation efficiency and fidelity.

As modest but coordinated shifts across multiple tRNAs may
not reach significance in site-specific analyses when effect sizes are
small relative to interreplicate variability, we next assessed global
mismatch patterns across tRNAs in response to dietary alterations
at positions 9 and 58. For each tRNA position, we calculated the
median mismatch rate across replicates for LP and HF conditions
relative to their respective controls. This analysis revealed wide-

spread changes inmismatch signatures, with broad shifts observed
in the heart at position 9 under LP and HF conditions (Wilcoxon
signed-rank test comparing median mismatch rates across tRNAs
between dietary conditions and matched controls, P<0.05) (Fig.
6C,D). At position 58, heart, liver, testis, and cauda tissues showed
significant changes in mismatch rate in response to the LP diet
(Fig. 6E) and cauda tissue under HF conditions (Fig. 6F). We found
that tissues from animals exposed to the two control diets (C and
C_HF) also showed differences in modification levels at position 9
and 58 (Supplemental Fig. S10), indicating that the two control di-
ets differ in their impact on tRNA modifications. A comparison of
their compositions revealed substantial differences in both fat
source and fatty acid profile: The C diet is soybean oil based and
rich in polyunsaturated fatty acids, whereas C_HF contains lard
as its primary fat source, resulting in higher levels of saturated
and monounsaturated fatty acids. Importantly, each dietary inter-
vention was compared exclusively against its matched control
diet, ensuring that the LP versus C and HF versus C_HF compari-
sons remain internally valid and properly controlled. The observa-
tion that these compositional differences alone are sufficient to
alter tRNA modification signatures demonstrates that the tRNA
epitranscriptome is exquisitely sensitive to dietary fat quality
and not just overall macronutrient quantity, even in the absence
of an overt dietary challenge. Together with the LP and HF diet
comparisons above, these findings reveal that tRNAmodifications
respond to a broad spectrum of nutritional inputs.

Dietary conditions alter mitochondrial-tRNA abundance

and modifications

Given the observed alterations in cytosolic tRNAs, we next inves-
tigated whethermt-tRNA levels andmodifications are also affected
by dietary changes. The mitochondrial genome encodes 22 dis-
tinct tRNAs, each representing a unique isotype (D’Souza and
Minczuk 2018). Similar to cytosolic tRNAs, liver and heart tissues
showed the most pronounced diet-induced changes in mt-tRNA
abundance in response to the LP diet (Fig. 7A,B,G,H). Notably, sev-
eral tRNAs, including mt-tRNA-Thr-TGT and mt-tRNA-Tyr-GTA,
were consistently downregulated in both LP liver and LP heart,
suggesting sharedmetabolic responses to protein restriction (as ob-
served for a subset of cytosolic tRNAs). Although the cytosolic
tRNA-Val-TAC was downregulated in the LP heart (Fig. 5B,D,F),
mt-tRNA-Val-TAC was upregulated in this tissue (Fig. 7B). These
data suggest differential control of tRNA levels for pairs of isoaccep-
tors partitioned between mitochondria and the nucleus, as ob-
served previously in response to cellular stress (Pang et al. 2014).
Differential abundance of the same isoacceptors in the cytosol
and mitochondria may enable distinct translational regulation of
protein restriction response in each compartment. In contrast to
the liver and heart, reproductive tissues exhibited limited changes
in mt-tRNA expression in response to dietary interventions (Fig.
7C–F,I–L). Specifically, mt-tRNA-Ser-TGA was downregulated in
HF testis (Fig. 7I), mt-tRNA-Asp-GTC was downregulated in the
LP caput (Fig. 7D), and mt-tRNA-Leu-TAG was down, whereas
mt-tRNA-Trp-TCA increased in HF sperm (Fig. 7L). Although the
functional significance of these alterations remains to be investi-
gated, previous studies have implicated mt-tRNAs in transmission
of paternal HF dietary effects to offspring (Tomar et al. 2024).

Next, we examined mismatch signatures in mt-tRNAs to as-
sess the impact of dietary perturbations. Analysis of mismatch
rates at individual tRNA positions identified six mt-tRNA sites
with significantly altered misincorporation rates in response to
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A B

C D

E F

Figure 6. Dietary alterations impact tRNAmodification levels. (A) Mismatch rates at position 58 of tRNA-iMet-CAT-1 in C and LP liver and heart samples,
with nucleotide percentages represented by different colors and reference bases as A. Liver_C_1 was excluded from analyses owing to insufficient coverage
(fewer than 20 reads at position 58). (B) Heatmap showing mismatch rates at all positions in specific tRNA isodecoders in heart tissues under LP and C diet
conditions. (C,D) Histograms show the number of tRNAs and the difference in median mismatch rates at position 9 in LP tissues relative to C (C) and HF
tissues relative to C_HF (D). (E,F) Histograms show the number of tRNAs and their medianmismatch rates at position 58 in LP tissues relative to C (E) and HF
tissues relative to C_HF (F). AWilcoxon signed-rank test comparingmedianmismatch rates across tRNAs between dietary conditions andmatched controls
was performed to identify significant changes (P<0.05).
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Figure 7. Diet-induced changes in mitochondrial-tRNA abundance. (A–F) Volcano plots showing significantly altered mt-tRNAs in low-protein diet (LP)
condition relative to the control diet (C). (G–L) Volcano plots showing significantly altered mt-tRNAs in high-fat diet (HF) condition relative to control for
high-fat diet (C-HF). Differentially expressedmt-tRNAs are highlighted in red (upregulated) and blue (downregulated), with the top 10 differentially expressed
tRNAs labeled. The significant changes were determined using DESeq2 analysis with a cutoff of a log2 fold change of >1.5 and adjusted P-values < 0.05.
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dietary challenges (Mann–Whitney U test comparing mismatch
rates across replicates between conditions; P<0.05) (Fig. 8A,B;
Supplemental Fig. S11; Supplemental Table S3). For instance, the
LP diet led to increased m1G at position 9 in mt-tRNA-Cys-GCA
and decreased m1G9 levels in mt-tRNA-Ile-GAT in both liver and
heart tissues (Fig. 8A,B). To detect subtle coordinated shifts across
mt-tRNAs, we next analyzed global mismatch patterns. For each
tRNA position, we calculated themedianmismatch rate across rep-
licates for LP and HF conditions relative to their respective con-
trols. This analysis revealed widespread changes in mismatch
signatures at position 9, with broad shifts observed in the heart
and cauda epididymis under LP conditions, as well as alterations
in the testis under HF exposure (Wilcoxon signed-rank test com-

paring median mismatch rates across mt-tRNAs between dietary
conditions and matched controls, P<0.05) (Fig. 8C). Together,
these findings indicate that, akin to cytosolic tRNAs, dietary com-
position modulates mt-tRNA abundance and modification status.

Discussion

Using LC-MS/MS for bulk modification quantification and OTTR-
seq for single-nucleotide resolution profiling, we provide a com-
prehensive, tissue-resolved map of both cytosolic and mitochon-
drial tRNA expression and modification landscapes across
somatic and reproductive tissues and demonstrate that both are re-
shaped by dietary composition.
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formed to identify significant changes (P<0.05).
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Pioneeringwork frommany groups has established that tRNA
abundance and modifications are highly dynamic under both
healthy and disease states (Zaborske et al. 2009; Goodarzi et al.
2016; Pinkard et al. 2020; Huber et al. 2022; Zhang et al. 2022;
Scacchetti et al. 2024; Gustafsson et al. 2025), and recent studies
have begun to uncover the tRNA landscape of specific mouse tis-
sues (Dittmar et al. 2006; Pinkard et al. 2020; Scacchetti et al.
2024; Gustafsson et al. 2025). Here, we extend this foundation
by comprehensively profiling tRNAs across multiple somatic and
reproductive tissues, including the liver, heart, testis, caput and
cauda epididymis, and mature sperm, adding to the growing ap-
preciation of the unique tRNA profiles in the male reproductive
tract (Scacchetti et al. 2024; Gustafsson et al. 2025). Among the tis-
sues examined, the testis showed the highest number of tissue-bi-
ased tRNA isodecoders, including expression of brain-specific
isodecoders of tRNA-alanine (tRNA-Ala-TGC-5, tRNA-Ala-TGC-6,
tRNA-Ala-TGC-7, and tRNA-Ala-TGC-8) (Pinkard et al. 2020), con-
sistent with the well-documented molecular similarities between
these two tissues (Guo et al. 2005; Matos et al. 2021).

A particularly striking observationwas the detection ofmulti-
ple full-length cytosolic tRNAs in mature sperm by OTTR-seq, de-
spite sperm being transcriptionally and translationally inactive.
This is consistent with numerous studies demonstrating that
sperm retain a complex and selectively regulated RNA comple-
ment, including mRNAs, miRNAs, piRNAs, and tRNA- and rRNA-
derived fragments, established during spermatogenesis and fur-
ther remodeled during epididymal maturation (Ostermeier et al.
2002, 2004; Peng et al. 2012; Sharma et al. 2016; Sun et al.
2021). The detection of multiple tRNA species in sperm, together
with a distinct isotype composition of sperm tRNAs relative to
somatic and other reproductive tissues, likely reflects selective re-
tention or differential stability of specific tRNA species rather
than residual translational activity and may contribute to sperm
maturation or postfertilization processes. Notably, tRNA-SeC-
TCA-1 showed the highest sperm-biased expression among all ex-
amined tRNAs, which may be related to the role of selenoproteins
in protecting sperm from oxidative stress (Kaur and Bansal 2005;
Qazi et al. 2019). Selenocysteine incorporation into proteins is a
highly specialized and tightly regulated process that requires a
SECIS element in the 3′ UTR together with dedicated elongation
factors and accessory proteins, ensuring selective recoding of
UGA codons and limiting inappropriate stop codon readthrough
(Forchhammer et al. 1989; Zinoni et al. 1990; Berry et al. 1991;
Hubert et al. 1996). In this framework, the elevated abundance
of tRNA-SeC-TCA-1 observed in sperm is most parsimoniously
interpreted as supporting the known requirement for robust
selenoprotein synthesis during spermatogenesis, in which seleno-
proteins play established roles in protecting germ cells from oxida-
tive stress andmaintaining spermquality. Together, these data add
to the growing body of evidence that sperm RNA content is highly
structured and nonrandom, and they provide a reference for future
studies aimed at defining the origin, regulation, and potential sig-
nificance of full-length tRNAs in mature sperm.

In addition to tissue-specific tRNA abundance patterns, we
identified tissue-enriched tRNA modification signatures using
both LC-MS/MS and OTTR-seq mismatch profiling. LC-MS/MS
data revealed that galQ modification is higher in the epididymis
relative to the liver. Given that Q modification has been reported
to suppress oxidative stress (Pathak et al. 2008), elevated galQ in
the epididymis may reflect the heightened antioxidant require-
ments of this tissue during spermmaturation, although its precise
functionwarrants further investigation.OTTR-seq further revealed

that m1A58 andm1G9 levels are elevated in an isodecoder-specific
manner in the testis relative to other tissues, suggesting that tissue-
specific expression of tRNA-modifying enzymes contributes to a
distinct modification landscape that may support the unique
translational demands of spermatogenesis.

The role of diet in shaping gene expression is well established
(Farris et al. 2024; Rashad and Marahleh 2025); our findings ex-
tend this observation andhighlight tRNA regulation as a potential-
ly critical mediator of tissue-specific translational-dependent and
-independent adaptation to dietary inputs. The liver and heart
showed the most pronounced changes in tRNA abundance in re-
sponse to dietary alterations, consistent with the centralmetabolic
roles of these organs and their heightened sensitivity to fluctua-
tions in amino acid supply and lipid availability. Both tissues
must rapidly adjust protein synthesis programs in response to
changing nutrient availability, and the observed alterations in
tRNA pools, including changes in specific isoacceptors that shift
the overall anticodon repertoire, provide a plausible mechanism
through which dietary composition could influence translational
output in a codon-specific manner. Significant alterations were
also detected in specific tRNAs in the caput epididymis in response
to different diets, with limited effects in the testis, cauda epididy-
mis, and sperm. The caput epididymis represents a highly special-
ized segment of the male reproductive tract that has a
transcriptional profile that is distinct from the cauda epididymis
and plays a central role in early sperm maturation (Rinaldi et al.
2020). In this context, the selective sensitivity of proximal caput
epididymal tRNA profiles to dietary perturbation may reflect the
unique cellular composition and metabolic responsiveness of
this region (Rinaldi et al. 2020). For example, in a HF diet model,
increased expression of the tRNA methyltransferase TRDMT1
was observed specifically in the caput epididymis, but not in cauda
or testis, in association with diet-induced alterations in sperm
sRNA profiles (Zhang et al. 2018). Similarly, sRNA changes in re-
sponse to HF diet were observed in the epididymal but not testic-
ular germ cells (Tomar et al. 2024). A more comprehensive
investigation is needed to understand the biological consequences
of these alterations on sperm function.

We observed that tRNA abundance was predominantly down-
regulated under LP conditions across tissues, whereas a HF diet led
to increased levels of specific tRNAs. These opposing directional re-
sponses are consistent with the distinct nutrient-sensing pathways
engaged by each dietary challenge. Under protein restriction, re-
duced amino acid availability likely activates nutrient-sensing path-
ways such as GCN2–EIF2A signaling (Dong et al. 2000; Falcón
et al. 2019), leading to coordinated suppression of translational
capacity, including downregulation of tRNA transcription, as an
adaptive mechanism to limit ribosomal stalling and conserve re-
sources. In contrast, HF feeding may increase metabolic and mito-
chondrial demands, potentially engaging mTOR signaling (Jacinto
and Hall 2003; Chen et al. 2022) to promote compensatory upregu-
lation of translational machinery, including tRNA expression, in
support of protein turnover and metabolic remodeling. The com-
parativelymuted tRNA expression responses in reproductive tissues
likely reflect the stringent bufferingmechanisms that protect germ-
line stability from environmental fluctuations.

Dietary challenge also drove robust changes in tRNA modifi-
cation status across tissues, adding a further layer of nutritional
regulation beyond transcript abundance. LC-MS/MS analysis iden-
tified altered levels of 11 modifications in the liver in response to
LP or HF diet, with a substantial subset of changes shared between
the two dietary conditions. Among these, modifications such as
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m6t6A, i6A, and galQ are well-characterized enhancers of tRNA de-
coding efficiency and translational fidelity (Kimura et al. 2014;
Lamichhane et al. 2016; Zhao et al. 2023), suggesting that diet-
driven modification changes may tune translational output in re-
sponse to shifts in nutrient availability or metabolic demand
(Zaborske et al. 2014; Sharma and Rando 2017). OTTR-seq mis-
match profiling provided single-nucleotide resolution of dietary
effects, revealing that LP diet reduced m1A58 levels in the initiator
tRNA-iMet-CAT-1 in both the heart and liver, with potential con-
sequences for translation initiation. Concurrently, m1G9 levels
were decreased in mt-tRNA-Ile-GAT and increased in mt-tRNA-
Cys-GCA in response to a LP diet, indicating that mt-tRNA modi-
fications are also subject to nutritional regulation. As m1A58 and
m1G9 play established roles in tRNA structural stability (Voigts-
Hoffmann 2007; Wang et al. 2008), their diet-dependent
modulation may influence tRNA folding, stability, and ultimately
translational fidelity. A striking finding to emerge from our analy-
sis was that the two control diets used in this study, C (soybean oil-
based, rich in polyunsaturated fats) and C_HF (lard-based, higher
in saturated and monounsaturated fats), themselves produced
detectable differences in tRNA modification profiles, despite
both being nutritionally adequate control conditions. Critically,
each dietary intervention was compared exclusively against its
matched control diet throughout our analyses, ensuring that the
LP versus C and HF versus C_HF comparisons are each properly
controlled and internally valid and that the observed diet-induced
modification changes cannot be attributed to differences between
the control groups. This observation reveals that fatty acid quality,
independent of overall macronutrient quantity or caloric load, is
sufficient to reshape the tRNA modification landscape. Future
studies using systematically varied dietary fat compositions will
be well placed to dissect the specific fatty acid species and down-
stream signaling pathways that drive these modification changes.

As illustrated in Figure 1H, many of the tRNA modifications
regulated in a tissue-specific manner or altered by LP and HF diets
cluster around the anticodon loop and stem, consistent with roles
in decoding efficiency and translational fidelity. Importantly, in
many instances the observed changes occurred at the level of indi-
vidual tRNA isodecoders without corresponding shifts in overall
isoacceptor abundance, suggesting that these alterations are un-
likely to broadly impact codon-dependent translation. Instead,
isodecoder-specific regulation may reflect translation-indepen-
dent functions of tRNAs, including roles in cellular signaling, in-
teractions with RNA-binding proteins, and the generation of
tRNA-derived fragments with regulatory activity (Torres et al.
2019; Avcilar-Kucukgoze and Kashina 2020). This isodecoder-level
specificity opens the possibility that individual tRNA variants,
rather than entire isoacceptor pools, serve as precise regulatory
nodes linking nutritional state to gene expression programs.

Overall, our study establishes that the tRNA epitranscriptome
is dynamically and precisely regulated by both tissue identity and
dietary composition, across both cytosolic and mitochondrial
tRNA compartments. These findings lay a foundation for future in-
vestigation into the functional consequences of diet-driven tRNA
dynamics in cellular adaptation and metabolic disease.

Methods

Mouse husbandry

Wild-type FVB/NJ mice were used in the study. Male mice were
used exclusively, as a primary aim of this study was to characterize

the tRNA landscape of the male reproductive tract, including the
testis, epididymis, and mature sperm.Whether equivalent diet-in-
duced tRNA changes occur in female somatic tissues remains an
important question for future investigation. All animal care and
use procedures were approved by the University of California,
Santa Cruz institutional animal care and use committee. Mice
were group-housed (maximum of five per cage) with a 12 h/12 h
light–dark cycle (lights off at 6 p.m.) and free access to food andwa-
ter ad libitum. Animals were raised on one of three diets for Figure
1 and Supplemental Figures S1 and S2: control diet (BioServ AIN-
93g F3156), a LP diet based on AIN-93g (10% of protein rather
than 18%, remaining mass made up with sucrose, BioServ
S3156), or HF diet (60% of fat calories rather than 16%, BioServ
S3282). For the data for OTTR-seq,micewere fed on the above diets
with one additional diet (7.2% fat calories, BioServ S4031) as a con-
trol diet for the HF diet. Littermates were split into the treatment
diet and its corresponding control diet.

Mouse tissue collection and RNA isolation

Allmouse tissue sampleswere isolated fromwild-type FVB/NJmice
using procedures approved by the University of California, Santa
Cruz institutional animal care and use committee. Samples were
rapidly frozen in liquid nitrogen and stored at −80°C until use.
Then, 1 mL of TRIzol (Invitrogen 15596026) was added per 100
mg of dissected whole tissue, and samples were disrupted in
TRIzol buffer using a homogenizer until the suspension was
completely homogeneous. We performed homogenization using
the following settings: medium speed for three to five cycles (10
sec per cycle) at 4°C. Cell debris was removed by centrifugation
at 12,000g for 10 min, followed by phase separation and isopropa-
nol precipitation (as described above). RNApellets were resuspend-
ed in nuclease-free water and stored at −80°C until use.

Sperm preparation and RNA isolation

Epididymis dissection, sperm isolation, and RNA isolation were
performed following a previously described protocol (Sharma
et al. 2016). Caput and cauda epididymis tissues were dissected
out from an adult mouse and transferred to a 35mm dish contain-
ing 1 mL of prewarmed Whitten’s media (100 mM NaCl, 4.7 mM
KCl, 1.2 mM KH2PO4, 1.2 mMMgSO4, 5.5 mM glucose, 1 mM py-
ruvic acid, 4.8 mM lactic acid [hemicalcium], and HEPES 20 mM).
Sperm were obtained by first making two incisions at the caput or
cauda and then gently squeezing the tissue to release fluid. After a
15 min incubation at 37°C, only cauda sperm–containing media
were transferred to a new tube for an additional 15min incubation.
Sperm-free epididymis tissues were frozen directly in liquid nitro-
gen. After a 30 min incubation at 37°C, sperm were collected by
centrifugation at 2000g for 2 min, washed with 1× PBS, and then
washed with lysis buffer for 10 min on ice to remove somatic cell
contamination. The sperm sample was finally washed with 1×
PBS and pelleted after centrifugation at 2000g. The resulting sperm
pellets were then subjected to RNA extraction. For sperm RNA ex-
traction, previously flash-frozen samples were first thawed, and to-
tal volume was adjusted to 60 μL with filtered water. Then 33.3 μL
of lysis buffer (6.4 M guanidine HCl, 5% Tween 20, 5% Triton, 120
mM EDTA, and 120 mM Tris at pH 8.0), 3.3 μL Proteinase K (>600
mAU/mL, Qiagen 19131), and 3.3 μL 0.1MDTT were added to the
sample. The sperm pellet was disturbed physically using a pipette
tip and then incubated, with shaking, for 15min on an Eppendorf
thermomixer at 60°C. One volume of water (100 μL) was then add-
ed, and the samples were subjected to phase separation using TRI
reagent (Invitrogen) and 40 μL 1-bromo-2 chloropropane (BCP,
Sigma-Aldrich). Samples were vortexed for 5 min to ensure
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complete breakdown of the sperm, followed by centrifugation at
12,000g for 4 min. The aqueous phase was then removed and
transferred to a low-binding RNase/DNase-free microcentrifuge
tube, followed by the addition of 20 μg of GlycoBlue
(Invitrogen) and 1 volume of isopropanol. The RNA was then pre-
cipitated for ≥30 min at −20°C, followed by centrifugation at
18,000g for 30min at 4°C and onewashwith 70% cold ethanol fol-
lowed by centrifugation at 12,000g for 10 min at 4°C. Finally, the
RNA was reconstituted in nuclease-free water.

LC-MS/MS based RNA modification analysis

For LC-MS/MS nucleoside analysis, RNA samples were digested to
nucleosides using a previously describedmethod (Jora et al. 2018).
Briefly, the RNA samples were denatured for 3min at 95°C and im-
mediately cooled. Samples were incubated for 2 hwith nuclease P1
(0.1 U/μg RNA; Sigma-Aldrich) in 0.01 M ammonium acetate. The
samples were then incubated for 2 h at 37°C with snake venom
phosphodiesterase (1.2 × 10−4 U/μg RNA) and bacterial alkaline
phosphatase (0.1 U/μg RNA; Worthington Biochemical corpora-
tion) in 1/10 volume of 1 M ammonium bicarbonate. A TSQ
Quantiva triple quadrupole (Thermo Fisher Scientific) coupled to
a Vanquish flex quaternary (Thermo Fisher Scientific) with an
Acquity UPLC HSS T3, 1.8 μm, 1.0 mm×100 mm column
(Waters) at 30°Cwas used for analysis. The nucleosides were eluted
with 5.3 mM ammonium acetate (pH=4.5; mobile phase A) and
5.3 mM ammonium acetate (pH=4.5) in 40% acetonitrile (mobile
phase B) using a previously described LC elution method (Kelley
et al. 2022). A selected reaction monitoring method was used to
quantify RNA modifications in samples with predetermined SRM
transitions. Analysis was done in positive polarity with an H-ESI
source. The Q1 and Q3 resolution was 0.7, and a dwell time of
300 msec. For collision-induced dissociation (CID), nitrogen gas
was used at 1.5 mTorr. The global parameters used were sheath
gas, auxiliary gas, and sweep gas of 35, 10, and 0 arbitrary units, re-
spectively; ion transfer tube temperature of 325°C; vaporizer tem-
perature of 275°C; and spray voltage of 3.8 kV. Data acquisition
and processing for relative quantification was done with
Xcalibur 4.2 (Thermo Fisher Scientific). Modification levels were
quantified by normalizing each modified base (e.g., m1G) to the
level of its corresponding unmodified canonical base (e.g., G).

PNK and deacylation of RNA sample for sequencing

For PNK treatment, 1 μg of total RNA was treated with 5 U PNK
(NEB M0201S) in 5× PNK buffer (350 mM Tris-HCl at pH 6.5, 50
mM MgCl2, 5 mM DTT) with 10 U RNase inhibitor (Invitrogen
AM2694). The reaction was incubated for 30min at 37°C in a ther-
mocycler. To deactivate T4 PNK, 0.5 M EDTA was added, and the
samples were incubated for 15 min at 65°C. To deacylate acylat-
ed-tRNA, 3.5 μL of 100 mM Na2B4O7·10H2O (sodium borate or
sodium tetraborate, borax) was added to raise pH to ∼9 and incu-
bated for 30 min at 45°C. Next, RNA purification was performed
using phase separation followed by isopropanol precipitation, as
described previously.

Ordered two-template relay sequencing

Five biological replicates per dietary group per tissue were used for
OTTR-seq. OTTR was performed as previously described (Upton
et al. 2021). Briefly, input RNA was labeled at the 3′ end using N-
terminally truncated B. mori R2 RT (termed BoMoC) (Upton
et al. 2021) by incubation in buffer containing ddATP for 90 min
in 30°C, followed by an addition of ddGTP and another incubation
for 30 min at 30°C. The reaction was stopped by incubating for 5
min at 65°C, followed by the addition of 5 mM MgCl2 and 0.5

units of shrimp alkaline phosphatase (NEB M0371S) for 15 min
at 37°C, stopped by the addition of 5 mM EGTA, and incubated
for 5 min at 65°C. Samples were then incubated in templated
cDNA synthesis buffer, adaptors, and dNTPs for 20 min at 37°C,
followed by heat inactivation for 5 min at 65°C and RNase A/H
treatment. cDNAwas size-selected on a 10% PAGE urea gel tomin-
imize adaptor dimers. Size-selected cDNAwas PCR amplified for 12
cycles with Q5 high-fidelity polymerase (NEB M0491S). The final
PCR product was cleaned up with AMPure XP beads (Beckman
A63881) and finally separated by 6% TBE gel to remove adaptor di-
mers. The desired product was excised from the gel and eluted in
400 μL elution buffer (300 mM NaCl, 10 mM Tris at pH 8, 1 mM
EDTA) overnight at −20°C, followed by isopropanol precipitation
and resuspension in 9 μL nuclease-free H2O.

sRNA sequencing analysis

The sRNA sequencing data were subjected to tRAX analysis pipe-
line. Briefly, sequencing reads were trimmed with cutadapt with
adapter “‐‐no-indels -O 15 -m 2 -a GATCGGAAGAGCACACGT
CT” and further trimming the final TRPT base with “cutadapt -u
-1” and removal of theUMIwith “cutadapt -u 7.” Sequencing anal-
ysis was done using a modified version of the tRAX analytical tool
(Chan et al. 2025) with default parameters except for a minimum
non-tRNA read size of 16 and using the Ensembl gene set
(Martin et al. 2023), the GRCm38 (mm10) piRNA gene set from
a previous study (Li et al. 2013), and ribosomal RNA repeats from
UCSC RepeatMasker (Jurka 2000) as the gene set. In tRAX, reads
were mapped to the mouse mm10 genome combined with tRNA
sequences taken from gtRNAdb (Chan and Lowe 2016). All ribo-
somal repeat sequences were taken from the UCSC Genome
Browser RepeatMasker track for ribosomal RNAs. To create a se-
quence database formature tRNA sequences, intronswere removed,
CCA tails were added, and “G” base was added to the start of histi-
dine tRNAs. tRNA reads were defined as any reads whose best map-
ping includes a mature tRNA sequence. The tRAX pipeline uses
Bowtie 2 with the options “-k 100 ‐‐very-sensitive ‐‐ignore-quals ‐‐
np 5 –very-sensitive” and from that mapping extracts all best map-
pings from those results with exceptions for tRNA reads. For reads
that mapped best to tRNAs, the non-tRNA reads were removed to
prevent reads from redundantly mapping both to the mature se-
quence and the genome locus. Readmappingswere processed to en-
sure a single primary mapping for each read was marked, and only
this primary mapping was used to calculate percentages of total
reads for gene types and acceptor types to prevent double counting
of gene types and lengths.Notably, epididymis tissues showed fewer
full-length tRNA reads compared with the testis, heart, and liver. As
all samples were treated the same way, the epididymis likely has a
higher abundance of ribonucleases.

Normalized read counts, adjusted P-values and log2 fold
change were calculated using DESeq2 (Love et al. 2014) with de-
fault parameters as a component of the tRAX pipeline. Counts
for isotypes, acceptor types, and individual decoderswere analyzed
and normalized separately within each category in order to calcu-
late relative change. Plots were generated with ggplot2 and Prism.
MismatchU-test P-valueswere calculated by usingMann–Whitney
U tests to test for significance by comparing if all mismatch rates of
a sample were greater than another, with 10% added to all samples
to increase the stringency of the test. All mismatch tests excluded
any samples with under 20 reads.

Data access

OTTR-seq raw and processed sequencing data generated in this
study have been submitted to the NCBI Gene Expression
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Omnibus (GEO; https://www.ncbi.nlm.nih.gov/geo/) under the
accession number GSE300004.
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