
Impact of tRNA-induced proline-to-serine mistranslation on 
the transcriptome of Drosophila melanogaster
Joshua R. Isaacson  ,1 Matthew D. Berg  ,2 William Yeung,1 Judit Villén,2 Christopher J. Brandl,3

Amanda J. Moehring  1,*

1Department of Biology, Western University, London, Canada, N6A 5B7
2Department of Genome Sciences, University of Washington, Seattle, WA 98195, USA
3Department of Biochemistry, Western University, London, Canada, N6A 5B7

*Corresponding author: Department of Biology, Western University, 1151 Richmond Street, London, ON, Canada, N6A 5B7. Email: amoehrin@uwo.ca

Mistranslation is the misincorporation of an amino acid into a polypeptide. Mistranslation has diverse effects on multicellular eukaryotes 
and is implicated in several human diseases. In Drosophila melanogaster, a serine transfer RNA (tRNA) that misincorporates serine at 
proline codons (P→S) affects male and female flies differently. The mechanisms behind this discrepancy are currently unknown. Here, 
we compare the transcriptional response of male and female flies to P→S mistranslation to identify genes and cellular processes that 
underlie sex-specific differences. Both males and females downregulate genes associated with various metabolic processes in response 
to P→S mistranslation. Males downregulate genes associated with extracellular matrix organization and response to negative stimuli 
such as wounding, whereas females downregulate aerobic respiration and ATP synthesis genes. Both sexes upregulate genes associated 
with gametogenesis, but females also upregulate cell cycle and DNA repair genes. These observed differences in the transcriptional 
response of male and female flies to P→S mistranslation have important implications for the sex-specific impact of mistranslation on dis-
ease and tRNA therapeutics.
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Introduction
Accurate and efficient translation of mRNA into proteins is required 
for correct cell function and organism development. Errors during 
translation can decrease lifespan, induce neurodegeneration, and 
cause behavioral issues and developmental defects (Lee et al. 
2006; Liu et al. 2014; Lu et al. 2014; Reverendo et al. 2014). Transfer 
RNAs (tRNAs) play a major role in determining the fidelity of trans-
lation, as do aminoacyl-tRNA synthetases (aaRSs) that aminoacy-
late tRNAs with their corresponding amino acid (reviewed in Pang 
et al. 2014). aaRSs recognize specific bases, base pairs, or motifs in 
their cognate tRNAs to ensure accurate aminoacylation (Hou and 
Schimmel 1988; Francklyn and Schimmel 1989; Normanly et al. 
1992; Xue et al. 1993; Larkin et al. 2002). Since tRNA decoding poten-
tial is determined by the anticodon (the nucleotides at positions 34– 
36 of the tRNA that base pair with mRNA codons), the anticodon is 
an identity element for many tRNAs (Schulman and Pelka 1989; 
Jahn et al. 1991; Ruff et al. 1991; Tamura et al. 1992; Kholod et al. 
1997; Giegé et al. 1998; Zamudio and José 2018; Giegé and Eriani 
2023). However, some aaRSs do not use the anticodon to recognize 
their cognate tRNA. For example, tRNASer and tRNAAla are recog-
nized through an elongated variable arm and a G3:U70 base pair, re-
spectively (McClain and Foss 1988; Francklyn and Schimmel 1989; 
Achsel and Gross 1993). Because of this, anticodon mutations in 
tRNASer or tRNAAla genes cause the tRNA to decode noncognate 
mRNA codons and misincorporate serine or alanine in place of 
the amino acid normally specified by that codon. This error leads 

to mistranslation: the incorporation of an amino acid not specified 
by the standard genetic code. Mistranslation normally occurs at a 
rate of once per 103–106 codons (Joshi et al. 2019; Mordret et al. 
2019), but tRNA variants or mutant aaRSs can dramatically in-
crease mistranslation (Zimmerman et al. 2018; Berg, Zhu, et al. 
2019; Zhang et al. 2021).

Humans have ∼66 tRNA variants per person, some of which 
cause mistranslation (Berg, Giguere, et al. 2019; Lant et al. 2021; 
Hasan et al. 2023; Davey-Young et al. 2024). Mistranslation induces 
aberrant phenotypes in a variety of organisms, including slow 
growth in yeast, deformities and decreased lifespan in flies, and 
cardiac abnormalities and neurodegeneration in mice (Liu et al. 
2014; Lu et al. 2014; Berg, Zhu, et al. 2019; Berg, Isaacson, et al. 
2021; Isaacson et al. 2022). Previous work in Saccharomyces cerevisiae 
demonstrated that mistranslation affects various biological pro-
cesses, including translation, stress response, carbohydrate me-
tabolism, and DNA replication (Paredes et al. 2012; Berg, Zhu, 
et al. 2021). The impact of mistranslation is likely more complex 
in multicellular organisms as codon usage and gene expression 
vary by tissue and developmental stage (Moriyama and Powell 
1997; Dittmar et al. 2006; Vicario et al. 2008; Allen et al. 2022). 
Transient expression of mistranslating serine tRNA variants in 
zebrafish embryos upregulated stress response and DNA repair 
pathways (Reverendo et al. 2014), whereas transfection of human 
cells with mistranslating tRNAs upregulated protein folding and 
small-molecule catabolism genes (Hou et al. 2024). Some 
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mistranslating tRNA variants reduce overall protein synthesis 
(Lant et al. 2021) and alter expression of other tRNAs (Hou et al. 
2024). Not surprisingly, mistranslating tRNAs have been linked 
to disease (Goto et al. 1990; Shoffner et al. 1990; reviewed in 
Abbott et al. 2014; Lant et al. 2019).

Drosophila melanogaster is a popular model to study how defects in 
translational machinery affect developmental processes. Included 
in these are the Minute loci that code for the ribosomal proteins 
and when mutated extend development and reduce fertility 
(Bridges and Morgan 1923; Saeboe-Larssen and Lambertsson 1996; 
Marygold et al. 2007). Similarly, other aspects of translational control 
have been shown to impact fly development and behavior (e.g. Dorn 
et al. 1993; Lachance et al. 2002; Wilhelm and Smibert 2005; Fan et al. 
2010). Flies have been used to study the physiological effects of mis-
translation caused by mutant tRNA or aaRS genes (Laski et al. 1989; 
Garza et al. 1990; Lu et al. 2014). However, sex remains an understud-
ied but important influence on organismal response to mistransla-
tion, as male and female physiology differ dramatically due to 
different metabolic and reproductive requirements (reviewed in 
Millington and Rideout 2018). Supporting this idea, we previously 
found that a tRNASer variant, which causes proline-to-serine (P→S) 
mistranslation, increased morphological defects and impaired 
climbing performance in female fruit flies more than males 
(Isaacson et al. 2022). The mechanisms underlying this difference 
in male and female response to mistranslation are unknown. The 
goal of this work is to characterize the impact of P→S mistranslation 
on the transcriptome of male and female D. melanogaster to identify 
and compare genes and cellular processes that are disrupted in 1 or 
both sexes. Using a fly line containing a serine tRNA variant 
(tRNASer

UGG, G26A) that induces P→S mistranslation, we found male 
mistranslating flies primarily downregulate metabolic, developmen-
tal, and extracellular matrix organization genes and upregulate 
genes associated with spermatogenesis. Female mistranslating flies 
downregulate genes associated with metabolism and ATP synthesis 
and upregulate genes associated with gametogenesis, cell cycle 
regulation, and DNA repair. As tRNA variants influence disease 
and are also being assessed as possible therapeutics (reviewed in 
Anastassiadis and Köhrer 2023 and Coller and Ignatova 2024; Hou 
et al. 2024), it is vital to understand differences in how males and fe-
males respond to mistranslating tRNA variants.

Methods
Fly stocks and husbandry
All fly stocks were maintained on standard Bloomington 
recipe food medium (Bloomington Drosophila Stock Center, 
Bloomington, IN, USA) under a 14:10 light:dark cycle at 24° and 
70% relative humidity. The tRNA insertion lines used in this study 
were the same as those described in Isaacson et al. (2022). Two fly 
lines were used: a line containing the wild-type tRNASer

UGA and a line 
containing the P→S mistranslating tRNASer

UGG, G26A (Isaacson et al. 
2022). The lines have the same genetic background and only differ 
in the type of tRNA transgene that was inserted. The genotype of 
both lines is as follows: w1118; P{CaryP}attP40[v+=tRNA]/CyO, 
P{w+mC=2xTb1-RFP}CyO; MKRS/TM6B, Tb1. Note that the lines 
used in this study are heterozygous for the inserted tRNA. The 
attP40 landing site was selected as it is relatively inert while allow-
ing for strong expression of transgenes (Markstein et al. 2008).

RNA extraction, library preparation, and 
sequencing
Adult, virgin flies were aged 1–3 days and separated by sex. Ten 
flies were aspirated into a vial and flash frozen using liquid 

nitrogen. Males and females from the tRNASer
UGA and tRNASer

UGG, 

G26A (P→S) lines were collected and processed at the same time. 
Three replicates were collected in this manner for each genotype. 
RNA was extracted from fly tissue using the protocol outlined in 
Allen (2016), though volumes of all reagents were halved to ac-
count for using less tissue than the protocol specified. Following 
TRIzol extraction, RNA was measured in a NanoPhotometer 
P300 (Implen, Inc.) and concentration, 260/280 ratio, and 260/ 
230 ratio were recorded to assess purity (Supplementary 
Table 1). To ensure RNA was free of genomic DNA, the remaining 
25 µL of RNA was treated with dsDNAse (New England Biolabs 
Inc.) for 30 min at 37°. RNA was recovered through a second 
TRIzol extraction, and samples were assessed again using the 
NanoPhotometer to ensure the RNA remained pure. Up to 20 µg 
of RNA was loaded into RNA-stabilizing tubes, vacuum dried, 
and shipped to GeneWiz (South Plainfield, NJ, USA) for total RNA 
sequencing. If the total amount of RNA was less than 20 µg, 
then the entire sample was sequenced. Illumina HiSeq 2 × 150 
bp RNA libraries with polyA selection were prepared from each 
sample. Number of raw reads obtained from each sample ranged 
from 12.7 million to 68.7 million.

RNA sequence data processing
Analysis of RNA sequencing data was performed using similar 
methods to those described in Berg, Zhu, et al. (2021). Short and/ 
or low-quality reads were filtered out using a custom bioinformat-
ics pipeline that utilized Trimmomatic v0.39 (Bolger et al. 2014) 
and FASTQC v0.11.9 (Andrews 2010) to produce filtered libraries 
containing 8.4–35.4 million reads per sample. Reads were aligned 
to the D. melanogaster reference genome (release r6.41_FB2021_04, 
downloaded from FlyBase.org; Öztürk-Çolak et al. 2024) using 
STAR v2.7.9a (Dobin et al. 2013). Read count data for each gene 
were summarized using featureCounts v2.0.0 (Liao et al. 2014). 
Only protein-coding genes were included in further analysis. List 
of protein-coding genes was based on the fly genome assembly 
BDGP6.46 (Celniker et al. 2002; Celniker and Rubin 2003). 
Parameters and commands used for this pipeline can be found 
in the extended methods section of Supplementary File 2.

Gene expression and Gene Ontology analysis
Statistical tests, principal component analysis (PCA), and 
RNA-seq data analyses were conducted using R Studio 
v1.2.5001. RNA sequencing sample normalization and differential 
gene expression analysis were performed using the DESeq2 R 
package (v1.26.0; Love et al. 2014), with a Benjamini–Hochberg 
false discovery rate (FDR) P-value cutoff < 0.05. To control for 
the batch effect identified by the PCA, we specified sample collec-
tion day as a covariate in the statistical model fit by ComBat-seq 
(Zhang et al. 2020). Analysis of differentially expressed genes 
was performed using WebGestalt’s 2024 release (Liao et al. 2019). 
Lists of down- or upregulated genes were processed by ViSEAGO 
to produce Gene Ontology (GO) term heatmaps clustered by se-
mantic similarity using Wang’s method (Wang et al. 2007; 
Brionne et al. 2019; Gene Ontology Consortium et al. 2023). 
Significantly enriched GO terms were identified by ViSEAGO using 
the “weight01” algorithm and assessed with Fisher’s exact test. 
Background gene lists composed of all genes with nonzero read 
counts for a given sample set (e.g. all female tRNASer

UGA and tRNASer
UGG, 

G26A samples) were provided to WebGestalt and ViSEAGO during 
enrichment analysis of that sample set as recommended by 
Timmons et al. (2015) and Wijesooriya et al. (2022). Figures were 
produced using RStudio and Inkscape v1.0.1.
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Validation of RNA sequencing results using 
RT-qPCR
RNAs from 3 new replicates of 10 male or female virgin flies con-
taining tRNASer

UGA or tRNASer
UGG, G26A (P→S) aged 1–3 days were ex-

tracted using the protocol described above. cDNA was 
synthesized from RNA using a Maxima H- First Strand cDNA 
Synthesis Kit (Thermo Scientific). Quantitative PCRs were per-
formed on 3 independent replicates in duplicate using 10 ng/µL 
cDNA template, 500 ng/µL primers, and 1× PowerUp SYBR Green 
Master Mix for qPCR (Applied Biosystems) in a Bio-Rad CFX96 
Touch Real-Time PCR Detection System (Bio-Rad Laboratories, 
Inc.). The Ct values of experimental genes were compared to the 
Ct values of αTub84B (FBgn0003884) for normalization and statis-
tical analysis, which was performed by the Bio-Rad CFX Manager 
3.0 software (Bio-Rad Laboratories, Inc.). A full list of qPCR primers 
can be found in Supplementary Table 2.

Clustering analysis
Clustering analysis was performed on the relative fold change of 
gene expression for tRNASer

UGG, G26A (P→S) compared to control 
tRNASer

UGA lines and the relative fold change of gene expression be-
tween treatment lines and controls within the microarray data 
described in Zhou et al. (2012). Normalized count data were ob-
tained for all samples, and relative fold changes compared to con-
trols were calculated for each gene within each treatment. 
Duplicate genes, genes with <10 normalized reads, or genes with 
a relative fold change > |5| were excluded from analysis as 
Z-score transformation is sensitive to outliers. Relative expression 
fold change values within each sample were Z-transformed and 
clustered using the ComplexHeatmap package in RStudio (Gu 
et al. 2016) using Ward’s method (Ward 1963). Male and female 
data were clustered separately.

Results
Identifying mistranslation-induced differentially 
expressed genes
To analyze the transcriptomic response to serine mistranslation 
at proline codons in D. melanogaster, we sequenced polyA-enriched 
RNA from 1–3-day-old virgin adult male and female flies contain-
ing a single copy of either a wild-type tRNASer

UGA or a tRNASer
UGG, G26A 

variant that mistranslates proline to serine at a frequency of 
∼0.6% per codon (Isaacson et al. 2022). The secondary G26A 
mutation was included in the mistranslating tRNASer variant as 
it disrupts a key modification in tRNASer species, reducing mis-
translation to survivable levels based on work in yeast (Berg, 
Isaacson, et al. 2021; Boccaletto et al. 2022) and flies (Isaacson 
et al. 2022). tRNA insertion lines were maintained as heterozygotes 
because naturally occurring mistranslating tRNA variants are 
likely to arise as single alleles. PCA was performed on the male 
and female tRNASer

UGA and tRNASer
UGG, G26A (P→S) transcriptomic 

data (Supplementary Fig. 1). The first 2 principal components 
(PC1 and PC2) summarize ∼55% of the variance of both male 
and female data. The variation in PC1 captures the batch effect re-
lated to the day each sample was collected, as RNA from replicate 
1 was harvested a day before replicates 2 and 3. Samples belong-
ing to tRNASer

UGA or tRNASer
UGG, G26A (P→S) cluster together along the 

PC2 axis, indicating that the variance explained by PC2 likely repre-
sents differences due to the mistranslating tRNA (Supplementary 
Fig. 1a and b). We corrected the batch effect using ComBat-seq 
(Zhang et al. 2020), and the resulting PCA plots show that samples 
cluster well and PC1, which represents presence of mistranslation, 

explains 30–35% of the variance in the data (Supplementary Fig. 1c 
and d).

Differentially expressed genes between tRNASer
UGA and tRNASer

UGG, 

G26A (P→S) were identified using the R package DESeq2 (Love et al. 
2014). Male and female samples were analyzed separately to deter-
mine the effects of tRNASer

UGG, G26A (P→S) on each sex. We evaluated 
13,202 genes with nonzero total read counts in male samples, 
whereas 12,893 genes were evaluated in female samples. MA plots 
constructed from male or female RNA sequencing data show that 
the majority of genes have a log2 fold change near zero, as expected 
(Fig. 1a and b). RNA sequencing revealed substantial sex-specific al-
terations to gene expression in response to mistranslation, as 426 
genes were downregulated and 566 genes were upregulated 
uniquely in males, whereas 507 genes were downregulated and 
432 genes upregulated uniquely in females (Wald test performed 
by DEseq2, Benjamini–Hochberg-adjusted P < 0.05, Fig. 1c and d). 
Only 20 genes were upregulated in both male and female flies con-
taining tRNASer

UGG, G26A (P→S) (Fig. 1c), whereas 340 genes were down-
regulated in both sexes in the mistranslating line (Fig. 1d). As shown 
in Fig. 1e, the relative expression of many of the differentially ex-
pressed genes differed substantially between the sexes. To identify 
genes that showed a significant interaction between sex and pres-
ence of tRNASer

UGG, G26A (P→S), we analyzed the RNA sequencing 
data of both males and females simultaneously and found that 
transcriptional response to mistranslation of 251 genes significant-
ly depended on fly sex (Supplementary File 1). These results show 
that P→S mistranslation disrupts expression of largely different 
sets of genes in males and females.

To provide further support for the transcriptomic data, we con-
firmed differential expression of 6 genes using RT-qPCR with RNA 
extracted from 3 independent replicates of both male and female 
flies. We analyzed 3 genes that were downregulated in both sexes 
(CG12057, CG11911, and fiz), 1 gene that was upregulated in both 
sexes (CG4650), 1 gene significantly upregulated in males (Pif1A), 
and 1 gene that was differentially expressed between males and fe-
males (CG1503). All genes showed the same pattern of expression in 
both qPCR and RNA sequencing analyses for both sexes except for 
CG11911, where the difference between flies containing tRNASer

UGA 

or tRNASer
UGG, G26A (P→S) was nonsignificant (Supplementary Fig. 2). 

This rate of nonconcordance matches the nonconcordance rate of 
15–19% between RNA sequencing and RT-qPCR analysis observed 
by Everaert et al. (2017), who also found nonconcordance was 
more common for short 1-exon genes such as CG11911.

Proline-to-serine mistranslation causes 
sex-specific transcriptional responses
We analyzed the lists of differentially expressed genes using 2 dif-
ferent tools to identify cellular processes affected by the presence 
of tRNASer

UGG, G26A (P→S). WebGestalt (Liao et al. 2019) was used to 
identify the 10 most enriched GO terms in the list of genes affected 
by tRNASer

UGG, G26A (P→S). We also used ViSEAGO (Brionne et al. 2019) 
to construct a heatmap of enriched (GO) terms for males and fe-
males, allowing for visualization of sex differences in the fly re-
sponse to P→S mistranslation. All enriched GO terms, their 
associated P-values, and the genes identified in our analysis that 
belong to those categories are reported in Supplementary File 1. 
The list of GO terms produced by WebGestalt showed similarities 
and differences between male and female responses to P→S mis-
translation. Both males and females downregulated various 
metabolic processes (Fig. 2a), with females primarily downregu-
lating aerobic respiration (e.g. ox, ND-23, ND-24, UQCR-6.4, 
Cyt-C1, and COX4) and males downregulating lipid and fatty acid 
metabolism (e.g. Lip4, Lsd-1, Hacl, FASN1, and CDase).
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There was limited overlap in the biological processes enriched 
in the upregulated genes shared between males and females, 
consistent with our observation that relatively few genes were 

upregulated in both sexes (Fig. 2b). Females upregulated genes as-
sociated with cell cycle regulation and cell division (e.g. CycA, 
CycB, Cdc16, APC7, and Mink) as well as genes involved in response 
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Fig. 1. Differentially expressed genes in male or female flies containing tRNASer
UGG, G26A (P→S). a) MA plot visualizing the relationship between transcript 

abundance and the difference in fold change of expression between male tRNASer
UGG, G26A (P→S) and control tRNASer

UGA samples. Blue points represent genes 
that are significantly differentially expressed between mistranslating tRNASer

UGG, G26A (P→S) and control tRNASer
UGA samples, whereas gray points represent 

genes where the expression change was not statistically significant. Triangular points at the edge of the y-axis indicate genes that have a fold change 
exceeding the limits of the y-axis. b) MA plot visualizing the relationship between transcript abundance and fold change of expression difference between 
female tRNASer

UGG, G26A (P→S) and control tRNASer
UGA samples. Red points represent genes that are significantly differentially expressed between 

mistranslating tRNASer
UGG, G26A (P→S) and control tRNASer

UGA samples. c) Venn diagram showing the number of significantly upregulated (FDR-adjusted 
P < 0.05) genes unique to tRNASer

UGG, G26A (P→S) males, females, or genes upregulated in both sexes. d) Venn diagram showing the number of 
significantly downregulated (FDR-adjusted P < 0.05) genes unique to tRNASer

UGG, G26A (P→S) males, females, or genes downregulated in both sexes. e) 
Scatterplot showing male vs female relative expression for all 1,705 genes that were identified as differentially expressed and not filtered out from 
analysis in either sex. Blue points represent genes that have higher relative expression in mistranslating males compared to females (log2 fold change 
difference > 0.5); red points represent genes with higher relative expression in mistranslating females compared to males. Genes that demonstrate 
sex-biased patterns of relative expression (log2 fold change difference > 1) in response to tRNASer

UGG, G26A (P→S) are labeled. CG12057 is also labeled due to 
its strong downregulation in both sexes. The dashed line represents identical fold changes in expression for both males and females.
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to DNA replication (e.g. DNAlig1, PolA1, Prim1, RecQ4, and Fen1). 
Only 3 biological processes were significantly enriched in the list 
of upregulated genes in male tRNASer

UGG, G26A (P→S) flies. This may 
arise because most upregulated genes (438 of 586) are uncharac-
terized (Supplementary File 1). The 3 enriched male terms all cor-
respond to male gamete generation and development (e.g. fan, 
ProtA, Pif1A, and ntc).

We next used ViSEAGO to construct heatmaps of GO terms en-
riched in the set of genes down- or upregulated gene in tRNASer

UGG, 

G26A (P→S). ViSEAGO clusters GO terms by semantic similarity, so 
GO terms corresponding to similar biological processes are near 
each other in the dendrogram (Brionne et al. 2019). Functional en-
richment was determined using Fisher’s exact test. Figure 3a fur-
ther emphasizes the downregulation of genes involved in 
metabolic processes in response to P→S mistranslation, with dif-
ferent aspects of metabolism being affected in each sex (Fig. 3a). 
In agreement with the WebGestalt results, females downregu-
lated genes associated with oxidative phosphorylation and ATP 
synthesis whereas males downregulated genes involved in fatty 
acid and carboxylic acid catabolism. In addition, both males and 
females downregulated genes involved in chemical or ion trans-
port (e.g. nrv2, blw, rumpel, and snu). In contrast, biological pro-
cesses such as response to negative stimuli like wounding (e.g. 
Atg2, PPO2, Hml, and Tg) and extracellular structure organization 
(Cad99C, LanA, LanB1, LanB2, Col4a1, and vkg) were downregulated 
only in males. Females uniquely downregulated genes associated 
with muscle function and development, such as myosin (Mhc, 
Mlc1, and Mlc2), troponin (up and wupA), and tropomyosin (Tm1
and Tm2) genes.

When examining the lists of genes upregulated in male or fe-
male flies containing tRNASer

UGG, G26A (P→S), ViSEAGO did not iden-
tify any GO terms that were significantly enriched in both males 

and females though we note that gametogenesis and metabolic 
processes were affected in both sexes (Fig. 3b). Of the upregulated 
genes with identified function, only genes associated with sperm-
atogenesis, protein localization to microtubules, the electron 
transport chain, and maltose metabolism were enriched in males. 
For females, in addition to genes associated with cell cycle regula-
tion and DNA repair (discussed above), genes associated with pro-
tein and mRNA localization (e.g. Nup154, Elys, and Fmr1), 
development (e.g. glu, mor, and fz), and regulation of gene expres-
sion (e.g. bcd, Marf1, and pum) were upregulated. Genes involved in 
antibacterial immune response (e.g. DptA, Dro, AttA, and BomS5) 
were also upregulated in females but not males. These results em-
phasize that the cellular response to P→S mistranslation differs 
between male and female flies, and that the difference is particu-
larly pronounced when comparing upregulated genes.

tRNA-induced P→S mistranslation clusters with 
heat shock and nutrient stress
Clustering analysis groups genes or treatments based on similar-
ity and is useful to predict functions of uncharacterized genes or 
identify treatments that produce similar cellular effects (reviewed 
in Oyelade et al. 2016). To identify which environmental or physio-
logical conditions resemble tRNA-induced P→S mistranslation in 
flies, we clustered the gene expression data from male and female 
flies containing tRNASer

UGG, G26A with the microarray gene expres-
sion data from Zhou et al. (2012), containing the transcriptional re-
sponse of male and female flies from the same genetic 
background exposed to 20 different nutritional, chemical, and 
physiological conditions (Fig. 4).

As the transcriptomic data acquisition method differed be-
tween this study and Zhou et al. (2012), we used Z-transformed 
relative fold changes to compare these data sets. Clustering 
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analysis of male data revealed that tRNA-induced P→S mistrans-
lation induced a transcriptional response most resembling starva-
tion (Fig. 4a). Mistranslating males also clustered with 
temperature or chemical stressors such as heat shock, chill 
coma, and ethanol exposure. In females, the transcriptional re-
sponse of tRNA-induced P→S mistranslation most resembled flies 
reared on high yeast or high sugar and high yeast diets (Fig. 4b). 
Both male and female flies containing tRNASer

UGG, G26A (P→S) clus-
tered with treatments affecting nutrition, which aligns with our 
observations that various metabolic processes are affected by 
tRNASer

UGG, G26A (Fig. 2a).

Discussion
Proline-to-serine mistranslation exerts 
sex-specific transcriptomic effects
In this study, we examined how D. melanogaster males and females 
alter their transcriptome when exposed to a mistranslating 
tRNASer

UGG, G26A variant that causes P→S mistranslation. While 
some biological processes such as carboxylic acid metabolism, 
chemical transport, and germ cell production were affected in 
both sexes, we observed a disparity between male and female 
transcriptional responses to P→S mistranslation. This result is 
consistent with the different physiological and nutritional re-
quirements of male and female flies. Female flies are larger, re-
quire a greater quantity and variety of nutrients, and store more 

triglycerides and glycogen than male flies (Bakker 1959; Wu et al. 
2020, reviewed in Millington and Rideout 2018). These require-
ments are largely due to the increased cost of gamete production 
in females, which also affects virgin flies as they still devote re-
sources to egg production and laying (Partridge et al. 1986; Wu 
et al. 2020). Disruptions to proteostasis, such as mistranslation, 
would exacerbate this discrepancy between males and females, 
as maintaining proteostasis requires a substantial proportion of 
all energy produced by the cell (Buttgereit and Brand 1995; 
Lahtvee et al. 2014). The relatively mild phenotypes previously ob-
served in male flies containing tRNASer

UGG, G26A (P→S) compared to 
females (Isaacson et al. 2022) may in part be due to having more 
cellular resources available to maintain homeostasis.

One notable group of sex-specific upregulated genes in females 
was associated with DNA repair and cell cycle regulation. Genes in-
volved with DNA repair are often upregulated in response to cellu-
lar stress (Mendez et al. 2000; Pregi et al. 2017; Sottile and Nadin 2018; 
Clementi et al. 2020). Our observation that DNA repair and cell cycle 
genes are disrupted in mistranslating flies is consistent with the 
genetic instability observed by Kalapis et al. (2015) in response to 
mistranslation in yeast. Genetic interactions with mistranslation 
in yeast and transcriptional responses to mistranslation in human 
cells also identified the importance of genes involved in cell cycle 
and DNA damage response (Shcherbakov et al. 2019; Berg, Zhu, 
et al. 2021). Furthermore, mistranslation causes aneuploidy and ab-
errant nuclear division in yeast species and increases mutation rate 
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in Escherichia coli (Al Mamun et al. 2002; Balashov and Humayun 
2002; Kimata and Yanagida 2004; Silva et al. 2007). Mistranslation 
caused by tRNASer

UGG, G26A may be exerting similar effects in female 
flies. Interestingly, female flies are less susceptible to sources of 
DNA damage such as oxidative stress or radiation and are better 
able to decompose reactive oxygen species than male flies 
(Parashar et al. 2008; Edman et al. 2009; Moskalev et al. 2011; 
Niveditha et al. 2017). The upregulation of DNA repair genes in mis-
translating females may result from their observed increased re-
sistance to stress and DNA damage relative to male flies 
(reviewed in Pomatto et al. 2018). Future studies should examine if 
flies containing tRNASer

UGG, G26A (P→S) show similar genome instabil-
ity as mistranslating yeast or E. coli.

Similarity to other transcriptomic studies of 
tRNA-induced mistranslation
Other studies have examined the transcriptomic effects of 
tRNA-induced mistranslation on organisms including yeast 
(Paredes et al. 2012; Berg, Zhu, et al. 2021), zebrafish (Reverendo 
et al. 2014), and human cells (HEK293; Hou et al. 2024), though 
none investigated how males and females differ in their response 
to mistranslation. Paredes et al. (2012) engineered a tRNASer variant 
that mistranslates leucine to serine in yeast and observed upregu-
lation of stress response chaperone genes and downregulation of 
protein synthesis. When clustered with various environmental 
stresses, the mistranslating yeast transcriptome most resembled 
nutrient stresses such as nitrogen deprivation and amino acid star-
vation, which agrees with our results in flies. Zebrafish embryos 
transiently expressing mistranslating tRNASer variants similarly 
downregulate protein synthesis and upregulate stress response 

genes and genes associated with DNA damage and repair 
(Reverendo et al. 2014). Human cells transfected with mistranslat-
ing tRNAArg variants upregulate genes involved in protein folding 
and endoplasmic reticulum stress (Hou et al. 2024). Interestingly, 
some mistranslating tRNAArg variants have minimal effects on 
the transcriptome. While we did not observe significant downregu-
lation of genes involved in protein synthesis in males or females 
containing tRNASer

UGG, G26A (P→S), female flies containing tRNASer
UGG, 

G26A upregulated genes involved in DNA damage and repair, which 
aligns with the previous studies. Overall, our data are consistent 
with previous work characterizing the transcriptomic effects of 
mistranslation in other organisms while uncovering novel sex- 
specific differences in these general responses.

Future work and conclusions
These transcriptomic results provide intriguing avenues for fu-
ture research. Drosophila melanogaster tissues have different codon 
usages and tRNA expression profiles and thus might be differently 
susceptible to tRNASer variants that cause P→S mistranslation 
(Dittmar et al. 2006; Allen et al. 2022). A focused transcriptomic ap-
proach centered on specific cell types, such as neurons or muscle, 
could reveal trends that are difficult to observe from whole fly 
transcriptomics. Testing other life stages could also reveal stage- 
specific transcriptomic responses to mistranslating tRNA variants. 
Different types of mistranslation exert unique cellular effects 
(Berg, Zhu, et al. 2021; Cozma et al. 2023; Davey-Young et al. 2024; 
Hou et al. 2024), so testing other amino acid substitutions will un-
cover which cellular responses are common to mistranslation 
and which are unique to specific substitutions.
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The differentially expressed genes identified in this analysis 
can be targeted using available D. melanogaster knockout lines to 
determine which are necessary for the fly response to mistransla-
tion. The uncharacterized gene CG12057 is worthy of further in-
vestigation as its expression was reduced >25-fold in both male 
and female tRNASer

UGG, G26A (P→S) flies. CG12057 is primarily ex-
pressed in the midgut, and its expression is impacted by various 
stresses, including hypoxia, infection, and mitochondrial dys-
function (Carpenter et al. 2009; Fernández-Ayala et al. 2010; 
Mosqueira et al. 2010; Moskalev et al. 2015; Krause et al. 2022). 
Determining the function of CG12057 could provide insight into 
how flies cope with cellular stress. Further investigation into the 
cellular processes disrupted by P→S mistranslation may elucidate 
the genetic and physiological mechanisms behind sex-specific re-
sponse to mistranslation and the striking phenotypes observed in 
mistranslating adult flies (Isaacson et al. 2022). Overall, this study 
demonstrates that sex strongly affects response to mistranslation 
and must be considered when studying mistranslation in sexually 
dimorphic organisms.
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