:' frontiers ‘ Frontiers in Microbiology

‘ @ Check for updates

OPEN ACCESS

Lifeng Zhu,
Nanjing University of Chinese Medicine, China

Jun-Bo Luan,

Shenyang Agricultural University, China
Geoffrey Michael Attardo,

College of Agricultural and Environmental
Sciences, The University of California, Davis,
United States

Rita V. M. Rio
rita.rio@mail.wvu.edu

This article was submitted to
Microbial Symbioses,

a section of the journal
Frontiers in Microbiology

25 January 2023
21 March 2023
11 April 2023

Lee MH, Hu G and Rio RVM (2023) Symbiosis
preservation: Putative regulation of fatty
acyl-CoA reductase by miR-31a within

the symbiont harboring bacteriome through
tsetse evolution.

Front. Microbiol. 14:1151319.

doi: 10.3389/fmicb.2023.1151319

© 2023 Lee, Hu and Rio. This is an
open-access article distributed under the terms
of the Creative Commons Attribution License
(CC BY). The use, distribution or reproduction
in other forums is permitted, provided the
original author(s) and the copyright owner(s)
are credited and that the original publication in
this journal is cited, in accordance with
accepted academic practice. No use,
distribution or reproduction is permitted which
does not comply with these terms.

Frontiers in Microbiology

Original Research
11 April 2023
10.3389/fmicb.2023.1151319

Symbiosis preservation: Putative
regulation of fatty acyl-CoA
reductase by miR-31a within the
symbiont harboring bacteriome
through tsetse evolution

Mason H. Lee!, Gangqing Hu? and Rita V. M. Rio'*

!Department of Biology, Eberly College of Arts and Sciences, West Virginia University, Morgantown, WV,
United States, 2Department of Microbiology, Immunology, and Cell Biology, West Virginia University
School of Medicine, Morgantown, WV, United States

Tsetse flies are the sole vectors of African trypanosomes. In addition to
trypanosomes, tsetse harbor obligate Wigglesworthia glossinidia bacteria that
are essential to tsetse biology. The absence of Wigglesworthia results in fly
sterility, thus offering promise for population control strategies. Here, microRNA
(miRNAs) and mRNA expression are characterized and compared between
the exclusive Wigglesworthia-containing bacteriome and adjacent aposymbiotic
tissue in females of two evolutionarily distant tsetse species (Glossina brevipalpis
and G. morsitans). A total of 193 miRNAs were expressed in either species,
with 188 of these expressed in both species, 166 of these were novel to
Glossinidae, and 41 miRNAs exhibited comparable expression levels between
species. Within bacteriomes, 83 homologous mMRNAs demonstrated differential
expression between G. morsitans aposymbiotic and bacteriome tissues, with
21 of these having conserved interspecific expression. A large proportion of
these differentially expressed genes are involved in amino acid metabolism and
transport, symbolizing the essential nutritional role of the symbiosis. Further
bioinformatic analyses identified a sole conserved miRNA::mRNA interaction
(miR-31a::fatty acyl-CoA reductase) within bacteriomes likely catalyzing the
reduction of fatty acids to alcohols which comprise components of esters
and lipids involved in structural maintenance. The Glossina fatty acyl-CoA
reductase gene family is characterized here through phylogenetic analyses to
further understand its evolutionary diversification and the functional roles of
members. Further research to characterize the nature of the miR-31a::fatty acyl-
CoA reductase interaction may find novel contributions to the symbiosis to be
exploited for vector control.
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Introduction

Tsetse flies (family Glossinidae) are strict vertebrate blood
feeders found in sub-Saharan Africa. Tsetse are the biological
vectors of the medically and economically significant African
trypanosomes (Trypanosoma spp.), the etiological agents of
Human African Trypanosomiasis (HAT) and Animal African
Trypanosomiasis (AAT), respectively, (Krafsur, 2009). Due to
the high antigenic variation displayed by trypanosomes coupled
with the lack of safe therapeutics to address infections within
their mammalian hosts (Cross, 1978), the suppression of African
trypanosomiasis relies heavily on tsetse population control.

All tsetse flies harbor a monoculture of an obligate mutualist,
the Gammaproteobacterium Wigglesworthia glossinidia (Aksoy,
1995), within a bacteriome organ located at the anterior midgut.
Here, Wigglesworthia is intracellular within specialized epithelial
cells known as bacteriocytes. The ancient Wigglesworthia-tsetse
symbiosis dates back 50-80 million years and likely enabled
tsetse’s dietary ecology (Chen et al, 1999). Wigglesworthia is
necessary to fulfill important biological roles for tsetse, including
supplementing B-vitamins lacking in the blood-only diet and
for immunological priming of larvae (Weiss et al, 2012;
Michalkova et al., 2014; Snyder and Rio, 2015; Rio et al,
2019). Importantly, the absence of Wigglesworthia results in tsetse
sterility (Nogge, 1976). Even as we expand our understanding
of the functional significance of the critical tsetse- Wigglesworthia
symbiosis, fundamental questions remain about how interspecies
homeostasis is maintained throughout development and during
energetically expensive life events such as pregnancy and
trypanosome infection, as these events are associated with
differences in metabolic demands. It is likely that homeostasis is
coordinated by a multitude of mechanisms including epigenetic
regulation mediated by microRNAs (miRNAs) (Feng et al,, 2018,
2019; Sun et al., 2022).

MiRNAs are small (~22 nt) non-coding RNAs involved in post-
transcriptional regulation. Regulation occurs by miRNA binding to
mRNAs through complementary base pair interactions, typically
at the 3’ untranslated region (UTR) by the miRNA’s seed region
(i.e., the 2nd-7th nucleotides at the miRNA 5 end), enabling
the formation of an RNA-induced silencing complex (RISC) and
typically resulting in mRNA instability and degradation (Zhang
et al,, 2015). MiRNAs have been implicated in nearly all biological
contexts with high conservation observed across eukaryotes (Song
et al,, 2004)which eases their identification into large families based
on homology. MiRNAs have additionally emerged as potential
regulators of insect-bacteria homeostasis (Zhang et al., 2015; Feng
et al,, 2018, 2019; Mukherjee et al., 2020; Sun et al., 2022).

In this study, we use high-throughput Illumina sequencing to
identify and characterize tsetse miRNAs and mRNAs expression
landscapes in the bacteriome compared to aposymbiotic tissue
in two evolutionary distant species of tsetse flies (Glossina
brevipalpis and G. morsitans) under the nutrient stress of
pregnancy. Putative miRNA:mRNA interactions are predicted
“in silico” and their significance toward fly biology and the
tsetse- Wigglesworthia symbiosis discussed. We hypothesize that
miRNA:mRNA interactions conserved between these distant tsetse
species and differentially expressed in the bacteriome of pregnant
flies relative to aposymbiotic and virgin tissue are candidates for
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regulatory mechanisms and biological pathways significant to the
maintenance of Wigglesworthia during host reproduction. Here,
we report on a putative fatty acyl-CoA reductase (FAR) gene
(identified as GMOY009401 and GBRI041870 in G. morsitans
and G. brevipalpis, respectively), likely regulated by miR-31a and
playing a significant role in the symbiosis during tsetse fecundity.
This finding prompted subsequent phylogenetic and structural
analyses of the FAR gene family within Glossinidae to expand on its
evolution and function. The discovery of these miRNAs::mRNAs-
based regulatory pathways provide novel avenues for further
functional analyses, and, ultimately targets for impeding tsetse fly
fitness and trypanosome transmission.

Materials and methods

Insect rearing

G. morsitans and G. brevipalpis are maintained in an insectary
at the West Virginia University Department of Biology on a 12-
h day and light schedule. Flies are fed defibrinated bovine blood
(Hemostat, Dixon, CA, USA) through an artificial membrane every
48 h (Moloo, 1971). Pupae were placed in individual containers to
ensure age and mating status at time of RNA isolation.

Dissection, purification of RNA, and
library preparation

Bacteriome and aposymbiotic tissues (consisting of the crop
and proventriculus immediately anterior to the bacteriome) were
collected from age-matched females of known mating status and
pooled to generate samples for RNA sequencing. To ensure
that the miRNAs and mRNAs expressed throughout pregnancy
were adequately profiled, an equivalent number of tissues from
females containing 1st-3rd instar larva in utero were obtained.
With G. brevipalpis, only tissues of mated females were collected,
as pregnancy was the state of interest in this study coupled
with the fastidious colony rearing of this species making sample
acquisition more challenging in comparison to G. morsitans. The
bacteriomes or aposymbiotic tissues of 20 tsetse females were
pooled for one biological sample, resulting in a total of 9 biological
samples within our analyses. Samples were dissected and stored in
RNAlater Stabilization Solution (Invitrogen, Carlsbad, CA, USA)
following the manufacturer’s instructions prior to RNA isolation.
The bacteriomes and aposymbiotic tissue were homogenized using
mechanical pestles, and total RNA was isolated using the PureLink
RNA Mini Kit (Ambion, Austin, TX, USA) following the “Purifying
RNA from Animal Tissues” protocol and subsequently treated with
Turbo DNAse I (Invitrogen, Carlsbad, CA, USA). RNA quality
was determined with an Agilent 2,000 Bioanalyzer RNA Nano
chip before sequencing. mRNA libraries were built using KAPA-
stranded mRNA library prep (Roche Diagnostic, Indianapolis, IN,
USA) starting with 300-500 ng total RNA and 9 cycles of PCR.
Pair-End Tags (PETs) with 50 bps on each end were sequenced
on an Illumina HiSeq 2,500 (Marshall Genomics Core Facility).
Small RNA libraries were built using NextFlex V3 Kit from Bioo
Scientific (PerkinElmer Waltham, MA, USA) starting with 100 ng
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total RNA, 1/3rd adapter dilution, followed by 18 cycles of PCR.
These samples were sequenced on an Illumina HiSeq 2,500 with
single end 40 bp reads. Raw sequencing data were submitted to
National Center for Biotechnology Information (NCBI) Sequence
Read Archives (SRP408059).

Data analysis

Adapter sequences were identified with FastQC and removed
using TrimGalore v0.4.3.1

mMRNA analyses

Paired-end tags (PETs) from each RNA-Seq library were
mapped to the corresponding reference genome of G. morsitans
(GenBank: GCA_001077435.1) or G. brevipalpis (GenBank:
GCA_000671755.1) by using subread v 2.0.12 (Liao et al., 2013).
Reads not mapping to the Glossina genomes were removed
from further downstream analyses. To identify genes differentially
expressed within the bacteriomes of both tsetse species relative
to aposymbiotic tissue libraries, a custom bioinformatics pipeline
was designed and implemented (Figure 1). Gene expression was
quantified by RPKM (number of Reads Per Kilobase pairs of exon
model per Million reads) taking the transcription annotation from
VectorBase® as a reference. Differential expression (DE) analyses
comparing tissue, fly species and mating status were performed
using edgeR (Empirical analysis of digital gene expression data
in R). Significant differences in gene expression were determined
with a false discovery rate of <0.05 and a fold-change of >1.5
(Robinson et al,, 2010). Once genes of interest were identified in
G. morsitans, only those with a known or 1:1 homolog predicted in
VectorBase were examined in G. brevipalpis. Using Bioconductor,
quantile normalization was applied to the libraries allowing for
direct comparative analyses of gene expression between species
(Bolstad et al., 2003). To understand the major putative functions
for these genes of interest, eggNOG 5.0 was used to designate
cluster of orthologous group categories (COGs) (Huerta-Cepas
et al, 2016). High-quality (cutoff e-value <1.0e>) assignments
were given, if possible, with the remaining assigned based on the
next best e-value.

miRNA analyses

The miRNA-expressing genomic regions within tsetse tissues
of interest were initially identified using miRDeep2 (default
thresholds) which maps small RNAs to a reference genome and
considers hairpin structures characteristic of miRNAs (Friedlander
et al,, 2008). Due to the selectivity of the software with a multiple-
step read mapping process, the efficiency of miRDeep2 allows for
consideration in both the sense and antisense directions and can

1 https://www.bioinformatics.babraham.ac.uk/projects/trim_galore/
2 http://subread.sourceforge.net/

3 https://vectorbase.org/vectorbase/app
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exclude Argonaute-bound small RNAs lacking these characteristics
features (Friedlinder et al, 2008). Subsequently, precursor and
mature miRNAs from miRbase were used as a reference to quantify
the expression level of high confidence orthologs of the predicted
tsetse miRNAs based on sequence identity (Figure 1; Griffiths-
Jones et al., 2008).

Predicting unique miRNAs

The miRbase software identifies miRNAs through comparison
to a public repository of miRNA sequences with representation
from 271 different species, though only 11% of the total miRNAs
represented have an insect origin (Griffiths-Jones et al., 2008).
These miRNA annotations are thus cataloged from other species,
which inhibits the identification of unique miRNAs present in
the tsetse fly. Some of these unique miRNAs may share seed
regions with other miRNAs but originate from different precursors.
Therefore, miRNAs identified by miRDeep2 based on structure
and mapping to the genome, but lacking homologs within
miRbase were analyzed to determine whether these may represent
evolutionarily conserved unique Glossinidae miRNAs crucial to the
ancient Wigglesworthia symbiosis. To determine the significance
and likelihood of these miRNAs being present rather than artifacts
of sequencing, we used a miRDeep2 threshold score of 4 (true
positive rate >0.76) which is consistent with previous insect
research (Feng et al,, 2018). This provides a signal-to-noise ratio
of~50:1 in G. brevipalpis and~30:1 in G. morsitans, respectively.

Predicting miRNA::mRNA interactions

The 3’ UTRs of the mRNAs predicted to have conserved
differential expression in the bacteriome of mated and virgin flies
and between the bacteriome and the aposymbiotic tissue within the
two tsetse species of interest were used to identify potential miRNA
binding sites through RNAhybrid and RNA22 (Rehmsmeier et al,,
2004; Kriiger and Rehmsmeier, 2006). Initially, 3 UTRs were
defined as 1,000 bp downstream from the stop codon, as within
related Drosophila melanogaster, 1,000 bp downstream of the stop
codon encompasses >75% of all 3 UTRs (Wang et al., 2019).
Similarly, miRNAs showing conserved differential expression
between bacteriomes and aposymbiotic tissue in both species were
analyzed “in silico” for binding affinity as determined through
free energy hybridization to the differentially expressed mRNAs
using RNAhybrid and the pattern-based approach of RNA22.
RNAhybrid v.2.1.2 analyses were performed with miRNA::mRNA
binding energy <-14 kcal/mol and the helix constraint set from
bases 2-7 with no preset p-value cutoff used (Setrom et al,, 2005).
In RNA22 v. 2.0, the following settings were used: (a) sensitivity
of 63, specificity of 61%, (b) seed size of 7, allow a maximum of
0 unpaired bases in seed region, (c¢) minimum number of paired-
up bases in heteroduplex, 12, (d) maximum folding energy for
heteroduplex (Kcal/mol), —12, and (e) maximum number of G:U
wobbles allowed in seed region, 2.

After identifying putative miRNA:mRNA interactions, the
bioinformatics pipeline was further developed to refine the
UTR predictions from our transcriptome assemblies through the
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(from G. brevipalpis and G. morsitans)

Small RNA
Sequencing

v

189 miRNAs in at

miRDeep2 and least one library

miRBase Prediction

v

127 mRNA transcripts
DE between mated and
virgin G. morsitans

mRNA EdgeR
Quantification

v

1:1 Orthologs 83 mRNA transcripts
Identified 1:1 orthologs in G.
brevipalpis

v

41 miRNA transcripts
<2 fold DE between
species

Similar Expression
Patterns Identified

21 mRNA transcripts
<1.5 fold DE between
species

Similar Expression
Patterns Identified

Putative miRNA and mRNA binding targets from RNA22

and RNAhybrid

3 mRNAs interacting with 3 miRNAs

glycine synthase::miR-31a, miR-275, miR-316

solute carrier anion transporter family member:miR-31a, miR-316
fatty acyl-CoA reductase::miR-31a, miR-316

(within 1000 bps following STOP codon)

3' UTR reevaluation using EXUTR

1 miRNA::mRNA interaction of interest identified
Fatty Acyl-CoA Reductase:miR-31a

FIGURE 1

A simplified flowchart of the bioinformatic pipeline used to generate miRNA and mRNAs of interest. Three genes with multiple mRNA::miRNA
interactions were predicted, with only miR-31a::fatty acyl CoA-reductase remaining following final evaluation with ExUTR. DE, differentially

expressed.

ExUTR package which predicts 3 UTR regions after determining
open reading frame (ORFs) from transcriptome data (Huang
and Teeling, 2017). Bacteriome and aposymbiotic tissue mRNA
libraries were assembled and mapped with HISAT2 (Kim et al,
2019)using the latest Glossina reference genomes FASTA files
on Vectorbase (G. morsitans GmorY1 and G. brevipalpis Gbrell
VectorBase release 57) and selecting default parameters with
option —dta-cufflinks. After conversion to BAM format and sorting
and indexing with Samtools (Li et al., 2009), Cufflinks was used
with default settings and provided the Vectorbase-release 57 gft
files for each tsetse species used to assemble transcriptome files
(Trapnell et al, 2010). For processing in EXUTR, FASTA files
are required, however, an artifact of this pathway causes the
multifasta generation from gff using GftRead to fail due to an
issue with clipped bases, which was circumvented by employing the
Cufftrim Perl script that truncates coordinates in a small number
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of sequences (Aechchiki, 2022). From transcripts of the mRNAs
of interest, ORFs were identified through NCBI's Open Reading
Frame Finder and nucleotide BLAST (Wheeler et al., 2003). These
translated ORFs could then serve as inputs for ExXUTR 3" UTR
retrieval which was run with default settings (Huang and Teeling,
2017). Expression patterns at the 3" UTRs of interest were further
examined by using Integrated Genome Browser to identify paired

etal., 2016).

Phylogenetic analyses

Genes sharing the same Enzyme Commission (EC) numbers
as genes implicated in the miR-31a miRNA:: fatty acyl-CoA
reductase mRNA interactions were compiled and amino acid
sequences aligned using Clustal Omega for various insects
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(Sievers and Higgins, 2014). These genes were identified using a
VectorBase search strategy that relied on Gene Ontology and
the EC designation with additional homologs identified using
BLASTp (Madden, 2002) or InsectBase 2.0 (Mei et al., 2022).
Once aligned phylogenetic analyses were performed in a Maximum
Likelihood framework using the IQ-TREE v. 1.6.12 webserver
(Nguyen et al,, 2015; Trifinopoulos et al., 2016) with the best
model determined by ModelFinder (Kalyaanamoorthy et al., 2017).
To assess phylogenetic robustness, 1,000 replicates of ultrafast
bootstraps (UFB) (Hoang et al., 2018) and the SH-like approximate
likelihood ratio test (SHaLRT) (Guindon et al, 2010) were
performed. Clades with UFB>95 and SHaLRT>80 are considered
to have strong support (Minh et al,, 2021). Trees were visualized
using the online tool available from the Interactive Tree of
Life (iTOL) v5 (Letunic and Bork, 2021). Pseudogenization was
predicted by visualization of the Pfam predicted domains using
Simple Modular Architecture Research Tool (SMART) (Schultz
etal., 2000; Letunic and Bork, 2018; Letunic et al., 2021) and NCBI’s
Conserved Domain Database (CDD) (Marchler-Bauer and Bryant,
2004; Lu et al,, 2019) with genes lacking one or more domains
characteristic of fatty acyl-CoA reductases predicted to have a loss
of function attributed to this gene family.

Results

A total of 9 mRNA libraries were constructed from the
bacteriomes or adjacent aposymbiotic tissues of age-matched
G. brevipalpis or G. morsitans females of known mating
status (Supplementary Table 1). We obtained an average of
19,409,921 + 998,479 (Std. dev.) paired-end reads per library. As
expected, many reads mapped back only to their corresponding
genomes serving as a control for specificity (~69%; G. morsitans;
~75%; G. brevipalpis). A large portion of reads that did
not map to tsetse stemmed from Wigglesworthia (data not
shown). Consistently, the percentage of unmapped reads was
significantly higher within the bacteriome (~45%) compared to the
aposymbiotic libraries (~15%). Reads not mapping to the Glossina
genomes were excluded from further downstream analyses.

An initial edgeR comparison identified a total of 127
differentially expressed mRNA transcripts between mated and
virgin bacteriomes of G. morsitans. A total of 83 of these
G. morsitans genes had a 1:1 homolog in G. brevipalpis, as identified
through VectorBase. Using Bioconductor, quantile normalization
was applied to the libraries allowing for direct comparative
analyses of gene expression between species (Bolstad et al., 2003).
A total of 21 of the 83 genes exhibited conserved interspecific
expression patterns of <1.5-fold difference upon a comparison of
G. brevipalpis and G. morsitans bacteriomes to their corresponding
aposymbiotic libraries (Supplementary Table 2). To understand
the major putative functions for these genes, eggNOG was used
to designate cluster of orthologous group categories (COGs)
(Huerta-Cepas et al,, 2016). A large portion of COGs (n = 6 of
15 assignments, representing~40% of the assigned COGs) was
associated with metabolism and transport functions (Figure 2),
concurring with the metabolic roles attributed to the bacteriomes
(Snyder and Rio, 2015; Bing et al., 2017; Medina Munoz et al., 2017;
Rio et al., 2019). Most genes (n = 17) had at least one high-quality
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COG assignment (Figure 2; Supplementary Table 2). Nearly half
(46.7%) of these assignments have predicted roles in amino acid
metabolism and transport which supports the significance of amino
acid provisioning by either the tsetse fly or the blood diet to
the mostly auxotrophic Wigglesworthia symbiont (i.e., incapable
of synthesizing 15 of the 20 proteogenic amino acids). Except
for the solute carrier organic anion transporter family member
(GMOY004042/GBRI042772), all these genes were significantly
upregulated in the bacteriomes of mated relative to virgin females
(Supplementary Table 2).

MiRNA characterization

In both tsetse species, the raw small RNA read number
in bacteriomes averaged ~23,087,190 but was reduced to
approximately ~225,400 reads after filtering of low-quality reads,
rRNA, and symbiont RNA (Supplementary Table 3). A total of
2,179 putative miRNAs were identified using miRDeep2 and the
miRBase database to have expression in at least one bacteriome
or aposymbiotic tissue library, which was then significantly
collapsed to 395 miRNAs when homologs within seed families were
eliminated. Additionally, low abundance miRNA transcripts were
filtered out by removing miRNAs with lower than 10 raw reads
in all libraries (Meki et al., 2018) resulting in 189 miRNAs with
66 of these miRNAs never described within Dipterans represented
in miRbase (Supplementary Table 4). Further, when comparing
the 189 miRNAs obtained in this study with the Glossinidae
miRNA repository hosted on VectorBase, 162 miRNAs (~86%)
were identified as novel to the family (Figure 3). A total of 41
miRNAs were either under- or overexpressed by >2-fold RPKM
upon the comparison of the small RNA libraries of the bacteriome
to those of aposymbiotic tissue of mated flies with four of these
miRNAs exclusively expressed within the bacteriome (Figure 3;
Supplementary Table 5). Interestingly, one of the 189 predicted
miRNAs, were observed only in one Glossina species. MiR-339
was identifled only within a single Glossina morsitans library.
Further, a total of one miRNA with no known homolog, thereby
classified as “unique” was identified in G. morsitans, and three
“unique” miRNAs were identified in G. brevipalpis of which
none were shared either outside of Glossina or between species
(Supplementary Table 6) precluding further investigation.

Predicting miRNA::mRNA interactions

A total of 26 miRNAs expressed within tsetse bacteriomes are
predicted to interact with 19 of the 21 differentially expressed
genes of interest in their 3 UTR regions (Supplementary
Table 7). A total of six of these miRNAs, (miR-11, miR-184b,
miR-275, miR-316, miR-31a, and miR-956-5p) interacted with
eight mRNAs in both species at a total of 13 predicted binding
sites (Supplementary Figure 1). Of these eight genes, three
have binding targets of multiple miRNAs, suggesting a potential
importance to their regulation within the bacteriome. These
genes were glycine synthase (amt) (GMOY001137/GBRI044528),
fatty acyl-CoA reductase (far) (GMOY009401/GBRI041870), and
a solute carrier organic anion transporter (OAT) family member
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COG Assignment of the 21 Differently Expressed mRNAs

D, Cell eycle control, cell divisi

H, Coenzyme metabolism

1, Lipid metabolism
3, Transiation

K, Transcription

L Replication and repair

M, Cell walimembrane/envelope biogenesis

COGs Present

0, Posttransiational modification, protein turnover, chaperone functions
P.Inorganic on transport and metabolism

. Signal transdustion

V. Defense mechanism

2, Cytoskeleton

FIGURE 2

COGs assignments acquired from eggNOG 5.0. A total of 15 COG assignments are predicted for the 21 differentially expressed mRNAs between
virgin and mated bacteriomes of G. morsitans with some mRNAs receiving multiple COG assignments. An enrichment of COG assignments in
metabolism and transport functions (P, E, F, G, H, and |, noted with red bars) is observed for these mRNAs, with nearly half of these (47%) involved in
amino acid metabolism and transport. S, Function unknown is not included.

3 4 5 5 7

Number of Times Identified

Bl New to Glossinidae
3 Previously described

FIGURE 3

Donut charts for the miRNAs identified within tsetse bacteriome and aposymbiotic tissue. (A) The vast majority of identified miRNAs (86%) have not
been previously documented in the Glossinidae family. (B) Most miRNAs identified were not differentially expressed between the bacteriome and
aposymbiotic tissue (~78%) while 22% showed differential expression. A total of 4 miRNAs (2%) had exclusive expression within bacteriomes. The 4
putative miRNAs considered to be unique to Glossina (1 in G. morsitans and 3 in G. brevipalpis) are not included in these numbers.

o Exclusive expression
within bacteriome

&3 Differentially expressed
from aposymbiotic tissue

@0 Nondiffertially expressed
from aposymbiotic tissue

(GMOY004042/GBRI042772) with strong sequence and protein
similarity to OATP5A (Figure 4). The glycine synthase (amt)
and fatty acyl-CoA (far) genes were significantly upregulated in
the bacteriomes of mated relative to virgin females, while the
solute carrier organic anion transporter family member (OAT)
was downregulated (Figure 4). These putative miRNA:mRNA
interactions were further examined by comparing the initial
predictions of the 3’ UTR (i.e., 1,000 bp from STOP codon) with
those predicted with ExXUTR and VectorBase (Giraldo-Calderon
et al,, 2015; Huang and Teeling, 2017). The sole miRNA:mRNA
interaction converged upon by these independent models was fatty
acyl-CoA reductase (far) binding to miR-31a which is predicted
to bind in approximately the same location past the STOP codon
(58 nucleotides past STOP in G. brevipalpis and 56 nucleotides past
STOP in G. morsitans) (Figures 5A, B). miR-31a has a significantly
higher expression within bacteriomes relative to the aposymbiotic
tissue in both tsetse species (30 fold-difference in G. morsitans and
104 fold-difference in G. brevipalpis) (Figure 5C).

Phylogenetic analyses

The functional role(s) of far predicted by COG classification
(i-e., lipid metabolism) was further characterized by identifying
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and analyzing orthologous and/or syntenic genes in VectorBase
and those sharing an EC 1.2.1.84 designation (corresponding to
alcohol-forming fatty acyl-CoA reductases). By examining the
phylogenetic relationships of these genes, expansions, reductions,
and the possibility of functional divergence within gene families
may be deduced. VectorBase currently identifies three orthologs
to GBRI041870 in G. brevipalpis and two to GMOY009401 in
G. morsitans. As fatty acyl-CoA reductases are known to be
much more abundant in closely related Drosophila species (Finet
et al, 2019), VectorBase was searched for G. morsitans and
G. brevipalpis genes classified with an EC number 1.2.1.84. A total
of 21 and 23 genes had an EC number 1.2.1.84 assignment in
the G. morsitans and G. brevipalpis genomes, respectively. Further
examining whether synteny is preserved between these genes
and those characterized as fatty acyl-CoA reductases within the
D. melanogaster genome reveals that several of the predicted
tsetse genes either had a higher UDP-glucuronosyltransferase EC
prediction projected from Uniprot and/or were syntenic to a
UDP-glucuronosyltransferase gene, therefore reducing the total
number of fatty acyl-CoA reductase orthologs to 17 in G. morsitans
and 18 in G. brevipalpis more closely resembling the number
found in Drosophilidae members. Maximum likelihood analyses
indicate that 12 fatty acyl-CoA reductases from D. melanogaster
have orthologs in the two Glossina species with high support
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FIGURE 4

Plot showing the relative log2 fold change (x-axis) with significance (log10 adjusted p-value; y-axis) of the 21 mRNAs with differential expression
between mated and virgin (mated/virgin) bacteriomes of G. morsitans and showing conserved expression patterns between G. morsitans and

G. brevipalpis flies. Glycine synthase (AMT), a solute organic anion transporter family member (OAT), and fatty acyl-coA reductase (FAR) are
predicted to be regulated by multiple miRNA interactions. The glycine synthase (amt) and fatty acyl-CoA genes (far) were significantly upregulated in
the bacteriomes of mated relative to virgin females, while the solute carrier organic anion transporter family member (OAT) was downregulated

for these clades (Figure 6A). Notable gene family expansion is
observed for Glossina species to the ortholog of D. melanogaster
protein DMEL-31522 (CG4020). Sequences of the syntenic gene
and additional genes within Sarcophaga bullata (flesh fly) identified
as Fatty acyl-CoA reductase, along with the absence of an ortholog
within Stomoxys calcitrans (stable fly), suggests that the expansion
of CG4020 clade is unique within the Glossinidae rather than
generalized to Calyptratae (Figure 6A).

As mentioned above, VectorBase identifies
only' GMOY009983/GBRI029939/GBRI1029940, and
GMOY011618/GBRI041143 as orthologous to

GMOY009401/GBRI041870. GBRI041143 and GMOYO011618
form a clade with CG1143, a gene known as waterproof (wat) in
D. melanogaster, that reduces long chain fatty acid to fatty alcohols
used in the hydrophobic inner tracheal lining and essential to
gas exchange (Jaspers et al,, 2014). GMOY009983, GBRI1029940,
and GBRI029939, interestingly, do clade together but appear
to lack a syntenic gene to D. melanogaster and no ortholog in
S. calcitrans, suggesting a FAR gene duplication event (Figure 6A).
Of these three genes, two lack the Sterile domain (GBRI029940
and GBRI029939), and only GMOY009983 retains the two
domains associated with FARs suggesting pseudogenization or the
acquisition of a novel function in GBRI029940 and GBRI029939
(Figure 6B).

Our genes of interest that are likely regulated by miR-
31a, GBRI041870 and GMOYO00941, clade
D. melanogaster CG5065 and preserve the domain architecture of
most FARs by retaining NAD Binding 4 and Sterile domains
(Figure 6B). Additional phylogenetic analyses including
GMOY009401, GBRI041870 and syntenic orthologs within four
other Glossina species (G. austeni, G. fuscipes, G. pallidipes, and

strongly with

G. palpalis), D. melanogaster, S. calcitrans, Musca domestica, Aedes
aegypti, Rhodnius prolixus, Pediculus humanus, Cimex lectularius
and a non-syntenic Apis mellifera protein previously identified
as the Apis CG5065 (AMEL-100576414) (Teerawanichpan et al,
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2010) further validate the clade of GMOY009401 and GBRI041870
within CG5065 (Supplementary Figure 2). Despite the previous
characterization, the A. mellifera Far protein does not appear to be
a member of CG5065 clade.

Discussion

MiRNAs have emerged as potential regulators of homeostasis
between insects and members of their microbiota (Aksoy et al,
2016; Feng et al., 2018, 2019; Mukherjee et al., 2020; Sun et al,,
2022). Some miRNAs have been found to be associated with the
bacteriomes in the aphid-Buchnera nutritional mutualism although
the role of these miRNAs is still being evaluated (Feng et al,
2018, 2019). A miRNA, identified as novel-m0780-5p, in a similar
obligate symbiosis in the white fly, Bemisia tabaci, impacts the
horizontally transferred genes panBC involved in pantothenate
(B5) production by reducing expression and impacting the titre of
the Portiera symbiotic bacteria. MiRNAs are also known to play
significant roles within various tsetse-microbial interactions. For
example, the reduction of miR-275 upon trypanosome infection
(or likewise the introduction of their surface coat Variant Surface
Glycoprotein) disrupts the function of the peritrophic matrix
(PM) by interfering with the regulation of the Wnt pathway and
the Iroquois/IRX family of transcription factors (Aksoy et al,
2016; Yang et al., 2021). Trypanosomes do not harbor a chitinase
enzyme within their genomes to degrade the PM, leading to the
significance of the VSG, miR-275, and PM interaction toward
facilitating trypanosome establishment. This PM disruption can be
phenocopied either through the oral introduction of miRNA-275
antagomirs or through their production by genetically modified
gut bacteria Sodalis glossinidius (Aksoy et al,, 2016; Yang et al,
2021) within the tsetse midgut. Lastly, tsetse infections with
asymptomatic (latent, no fitness cost) versus symptomatic Salivary
Gland Hypertrophy Virus (GpSGHV; family Hytrosaviridae)
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FIGURE 5
The predicted heteroduplex formations of fatty acyl-coA reductase in (A) G.

brevipalpis (GBRI041870) and (B) G. morsitans (GMOY009401) and (C)

the relative expression patterns of miR-31a to gapDH in the libraries examined. Nucleotides in pink represent the seed region and heteroduplex

formation, | represents binding, and : represents a wobble.

display differences in their miRNA profiles (Meki et al., 2018)
suggesting roles in the immunological interpretations of these viral
infections.

It is likely that the extensive co-evolutionary history of tsetse
and Wigglesworthia, dating back 50-80 million years, arose before
Glossinidae radiation likely enabling the limited tsetse dietary
ecology of vertebrate blood (Chen et al,, 1999). In this study,
total RNA was extracted from aposymbiotic and Wigglesworthia-
containing organs in two distantly related species of tsetse flies. By
comparing G. brevipalpis, an early diverging tsetse species (Krafsur,
2009; Attardo et al., 2019), to G. morsitans, a more recent species,
it is likely that trends observed in mRNA:miRNA interactions
within bacteriomes conserved across tsetse evolution may signify
functional relevance toward the Wigglesworthia-tsetse symbiosis
preserved through time. Differentially expressed RNAs within
bacteriomes relative to aposymbiotic tissue are likely instrumental
to the tsetse- Wigglesworthia symbiosis and may be regulated
through epigenetic mechanisms including the action of miRNAs.

Frontiers in Microbiology 08

Ultimately, a single interaction between mir-31a and a putative
fatty acyl-CoA reductase shows evidence of conservation in both
tsetse species during pregnancy. Both mir-31a and fatty acyl-CoA
reductase show increased expression in mated bacteriomes relative
to the adjacent aposymbiotic tissue, and therefore may play a
role in maintaining the Wigglesworthia-tsetse symbiosis. This fatty
acyl-CoA reductase further shows increased mated bacteriome
expression compared to virgin bacteriome expression. As miRNAs
are usually involved in the downregulation of genes, this implies
that a level of regulation of this gene is required, potentially
toward scaling relative to increased gene expression in pregnant
flies. Family members of miR-31 with identical seed regions have
been studied in various insects. For example, mir-31-5p plays a
role in cold tolerance in wood-boring beetles, while in Drosophila
miR-31 is needed for proper gliogenesis in the adult brain, larval
segmentation and has roles in the downregulation of the wntless
(wls) regulator of the Wnt pathway. The Wnt pathway has diverse
roles in cell fate determination, cell renewal, cell proliferation,
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FIGURE 6

Phylogenetic and structural analyses of Glossina fatty acyl-CoA
reductases. (A) A maximum likelihood tree for Glossina amino acid
sequences identified as having fatty acyl-CoA activity by VectorBase
in Glossina morsitans (n = 17) or Glossina brevipalpis (n = 18), genes
identified as syntenic in D. melanogaster and S. calcitrans, and
genes identified as S. bullata fatty acyl-CoA reductases in
InsectBase v2. The LG+F+G4 substitution model was used. Genes
are labeled by the first letter of genus name followed by first three
letters of species name and the NCBI gene ID if available. For
Glossina species or S. bullata this data is unavailable, therefore the
respective VectorBase or InsectBase ID is used. Support values
correspond to SHaLRT support (%)/ultrafast bootstrap support (%).
Genes identified as pseudogenes or that may have acquired a novel
function are italicized and indicated with a *. The Glossina fatty
acyl-CoA genes predicted to interact with miR-31a are indicated in
bold. The gene identified as GMOY007084 was identified as likely to
be two genes, with the predicted sequences identified as -1 or -2,
respectively, based on domain and revised STOP codon prediction.
The scale bar corresponds to the number of substitutions per site.
The D. melanogaster orthologs are indicated in blue, the CG4020
clade which indicates a Glossina specific gene expansion is boxed
in purple, while the green box indicates GMOY009983,
GBRI029940, and GBRI029939 which lack a Drosophila syntenic
gene. (B) Representative Pfam domains predicted for fatty acyl-CoA
reductase genes in G. brevipalpis and G. morsitans through SMART
and NCBI CDD predictions.
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embryonic development, and neural development (Binziger et al,,
2006).

Although fatty acyl-CoA reductase is characterized in many
other insects including moths, Drosophila, and honeybees; the
general function remains the same, to convert fatty-acyl precursors
to alcohols which may serve as either pheromones or components
of esters and lipids (Moto et al., 2003; Antony et al., 2009; Jaspers
etal, 2014; Finet et al,, 2019). The impact of odors on tsetse flies are
well known, with olfactory attractants serving a vital role in trap-
based tsetse control. Fatty acyl-CoA reductase-dependent insect
cuticular hydrocarbons (CHCs), which function both as short-
range recognition pheromones and to prevent desiccation, have
already been explored for a link to the microbiota, with significantly
higher expression of CHCs in wildtype compared to aposymbiotic
tsetse flies (Engl et al., 2018; Finet et al., 2019).

Interestingly, Glossina has previously been characterized as
highly reliant on tri- and diglycerides for energy, adapting to
a reduction in carbohydrate metabolism to accommodate for
its strict blood-feeding dietary ecology (International Glossina
Genome Initiative, 2014). The phylogenetic evidence suggests
that Glossina species have undergone multiple gene expansions
within fatty acyl-CoA reductase genes, as was stated in the initial
genome description (International Glossina Genome Initiative,
2014). Despite this, there is also a loss of multiple fatty acyl-
CoA reductases characterized in Drosophila melanogaster (Finet
et al, 2019). In contrast to concerted evolution, the fatty acyl-
CoA reductase gene family is predicted to follow a “birth and
death” model of evolution, in which duplications and subsequent
diversification lead to gene family expansions (Ota and Nei,
1994; Finet et al.,, 2019). Here, despite duplications, the number
of functional genes typically remains consistent with many
duplications becoming nonfunctional and remaining only in
a pseudogenized state or eventually purged from the genome
following the accumulation of further deleterious mutations
(Thomas, 2007). Furthermore, genes undergoing the “birth and
death” model of evolution can be identified as “stable” or “unstable”
with the former persisting as single copy genes over evolutionary
distant organisms while the latter undergo frequent birth and
death events leading to many duplications (Thomas, 2007). The
duplicates also provide opportunities for novel functions to arise,
separately or concurrently with the original function (Force et al,,
1999).

In a previous study 17 FARs were identified in D. melanogaster,
five of which were identified as unstable and 12 which were
identified as stable across the Drosophila family (Finet et al., 2019).
Glossina appears to have lost four of the five D. melanogaster
genes identified as unstable (CG17562, CG14893, CG13091, and
CG17560). In addition, the stable Drosophila gene CG18031, fatty
acyl-CoA reductase in oenocytes (farO), which reduces very long
chain fatty acids and is localized to and prevents overgrowth
of larval oenocytes is seemingly lost in Glossina likely as an
adaptation to “in utero” growth by tsetse larvae (Cinnamon et al,,
2016; Finet et al, 2019). Unstable FARs have previously been
assumed to be involved in CHC production with rapid evolution
within Drosophila species enabling their diversification (Finet et al,,
2019). Three of the unstable genes lost (CG17562, CG14893, and
CG13091) and the one stable gene lost (CG18031, farO) within
tsetse, are not lethal if disrupted in Drosophila larva as supported
through RNAi knockdown (Finet et al., 2019). Interestingly, the
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last unstable gene apparently lost in Glossina, CG17560 results in
a lethal phenotype in Drosophila larvae (Finet et al., 2019). In adult
D. melanogaster and D. serrata, RNAI silencing of CG17560 leads to
a reduction of short-chain CHCs resulting in increased long-chain
CHC production and thereby influencing mating success (Bosco-
Drayon et al, 2012). Pheromone production is an important
role for CHCs, and some CHCs coordinate male sexual behavior
in tsetse flies (Langley et al, 1975; Carlson et al, 1978, 1984;
Huyton et al.,, 1980; Engl et al,, 2018). Though pheromone and
odorant research in tsetse remains in its infancy, the capacity
for pheromone production by tsetse may be decreased relative
to Drosophila. In support, the trichoid sensilla of the antennae
of G. morsitans demonstrate decreased sensitivity to only the
insect sex pheromone methyl laurate when six pheromones known
from other dipterans were applied, though animal odorants, most
significantly the alcohols 2-pentanol, and 1-hexen-3-ol, showed
strong responses, demonstrating a functional shift toward odorant
reception in general rather than the more pheromone focused
trichoid sensilla in Drosophila (Soni et al., 2019).

In this study, the fatty acyl-CoA reductases GMOY009401
and GBRI041870 were identified as likely regulated by miR-31a.
These genes are orthologs of the Drosophila gene CG5065, a gene
classified as stable as it is required for successful larval development
in Drosophila (Finet et al, 2019). RNAi analyses across the
genome of Drosophila suggests that the product of CG5065 activity
may be an epithelial cuticular hydrocarbon (CHC) as follicular
epithelium development is disrupted following knockdown (Berns
et al, 2014). The specialized nature of the tsetse bacteriome to
exclusively house the obligate mutualist Wigglesworthia paired with
the differential patterns of GMOY009401/GBRI041870 expression,
however, suggest a role in mediating the symbiosis during
mating. This may manifest in a role for this specific far
gene toward the structural integrity of the bacteriome organ
itself, which is itself composed of specialized epithelium cells.
Tsetse reproduction (particularly given the adenotrophic viviparity
reproductive mode) is metabolically expensive and necessitates
increased nutrient provisioning from Wigglesworthia which may
require developmental changes in the bacteriome for adjustment
to these provisioning demands (Rio et al.,, 2006; Snyder and Rio,
2015).

These results establish a basis for future miRNA:mRNA
research in the tsetse fly. With a putative miRNA 3la:fatty
acyl-CoA reductase interaction within bacteriomes, experimental
disruption of this binding may elucidate a more defined role
in symbiosis. Antagomirs, antisense miRNAs which bind to the
miRNA with greater affinity than the mRNA target due to specific
and complementary design to the miRNA, are a good next step
(Velu and Grimes, 2012) to uncover the biological significance
of this interaction. Previous research has demonstrated that
blood meal provided antagomirs can successfully downregulate
miRNA expression in the tsetse fly (Aksoy et al,, 2016). If this
interaction is essential to the tsetse- Wigglesworthia symbiosis,
phenotypic changes may be observed in important markers of
fitness such as tsetse reproductive output, bacteriome integrity,
and Wigglesworthia vertical transmission and population density.
An abundant number of miRNAs and mRNAs were found to
be differentially expressed in the bacteriome suggesting their
importance in the symbiosis. Despite these findings, only a
very small number of genes were initially predicted to be
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both differentially expressed in the bacteriome and targeted
by differentially expressed miRNAs within two evolutionarily
divergent tsetse species, supporting the utility of bioinformatic
approaches to narrow targets for downstream experimental
analyses. Ultimately, this line of research may aid in the
development of novel tsetse control mechanisms which aim to
disrupt the essential Wigglesworthia symbiosis resulting in tsetse
sterility and population suppression.
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SUPPLEMENTARY FIGURE 1

The six miRNAs (circles) predicted to interact with eight genes at their 3’
UTRs in both tsetse species following RNA22 and RNAHybrid analyses.
Predicted miRNA::mRNA interactions are indicated with arrows.

SUPPLEMENTARY FIGURE 2

A maximum likelihood tree of amino acid sequences of genes predicted as
orthologs to GMOY009401/GBRI041870,
GMOY009983/GBRI029939/GBRI1029940 and GMOY011618/GBRI041143
under the LG+F+G4 substitution model. Included are the syntenic
orthologs from VectorBase including the corresponding G. fuscipes,

G. pallidipes, G. austeni, G. palpalis, D. melanogaster, M. domestica, and
S. calcitrans sequences. In addition, the NCBI sequences for the top ten
BLASTP results for GMOY009401 and GBRI041870 (excluding Glossina
species), and the P. humanus, C. lectularius and A. mellifera proteins are
included. Genes are labeled by first letter of genus name followed by first
three letters of species name then either the NCBI or VectorBase gene ID.
In two cases the locus number is used for proteins that do not yet have a
gene assignment (ZBOG-KAH8420979 and SBUL-TMW48389). Support
values correspond to SHaLRT support (%)/ultrafast bootstrap support (%).
Genes identified as pseudogenes or that may have acquired a novel
function are italicized and indicated with a *. The genes predicted to
interact with miR-31a are indicated in bold. The scale bar corresponds to
the number of substitutions per site.
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SUPPLEMENTARY TABLE 1

A summary of the mRNA libraries from G. brevipalpis mated females
(bacteriomes; n = 2, aposymbiotic tissue; n = 1), G. morsitans mated
females (bacteriomes; n = 2, aposymbiotic tissue; n = 1) and G. morsitans
virgin females (bacteriome; n = 2, aposymbiotic tissue; n = 1).

SUPPLEMENTARY TABLE 2

A table of mRNAs with significant differential expression between

G. morsitans mated and virgin bacteriomes and their designated COGs. For
specific MRNAs in the absence of any COGs reaching the 1e~>C threshold,
the next lowest COG is listed.

SUPPLEMENTARY TABLE 3

Summary of G. morsitans and G. brevipalpis small RNA libraries following
quality filtering, rRNA removal, and bacterial RNA removal. miRDeep2 was
used to map small RNA reads to respective tsetse species genomes.
Numbers assigned to samples.

SUPPLEMENTARY TABLE 4

Predicted tsetse fly miRNAs showing expression of >10 raw reads in at least
one library (n = 189). miRNA designations not previously observed within
Diptera represented in miRBase are shown in red (n = 66).

SUPPLEMENTARY TABLE 5

Predicted tsetse fly miRNAs showing conserved expression patterns of
either over expression (>2-fold DE) or under expression (<2-fold DE) in
bacteriomes relative to aposymbiotic tissue. Seed regions are shown in red.
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