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Closely related ancient endosymbionts may retain minor genomic distinctions through evolutionary time, yet the biological rel-
evance of these small pockets of unique loci remains unknown. The tsetse fly (Diptera: Glossinidae), the sole vector of lethal Afri-
can trypanosomes (Trypanosoma spp.), maintains an ancient and obligate mutualism with species belonging to the gammapro-
teobacterium Wigglesworthia. Extensive concordant evolution with associated Wigglesworthia species has occurred through
tsetse species radiation. Accordingly, the retention of unique symbiont loci between Wigglesworthia genomes may prove instru-
mental toward host species-specific biological traits. Genome distinctions between “Wigglesworthia morsitans” (harbored
within Glossina morsitans bacteriomes) and the basal species Wigglesworthia glossinidia (harbored within Glossina brevipalpis
bacteriomes) include the retention of chorismate and downstream folate (vitamin B9) biosynthesis capabilities, contributing to
distinct symbiont metabolomes. Here, we demonstrate that these W. morsitans pathways remain functionally intact, with folate
likely being systemically disseminated through a synchronously expressed tsetse folate transporter within bacteriomes. The fo-
late produced by W. morsitans is demonstrated to be pivotal for G. morsitans sexual maturation and reproduction. Modest dif-
ferences between ancient symbiont genomes may still play key roles in the evolution of their host species, particularly if loci are
involved in shaping host physiology and ecology. Enhanced knowledge of the Wigglesworthia-tsetse mutualism may also provide
novel and specific avenues for vector control.

Bacteria adapt to specific environments, including host-associ-
ated niches, through the retention, rearrangement, gain, or

decay of functional capabilities. Research on ancient obligate host
associations (i.e., in which bacteria display an extensive concor-
dant evolution with their host) has demonstrated that microbial
symbiont genome evolution can be influenced by microbial com-
munity dynamics (1–6), in addition to host physiology and ecol-
ogy (7–9). One extreme case has been described within the mealy-
bug, where dual symbiont species and the host have retained
complementary loci that, only when integrated as a symbiotic sys-
tem (i.e., a holobiont) and not as individual species, are capable of
producing specific requisite nutrients (3, 9). Extensive gene purg-
ing is characteristic among ancient bacterial symbionts, as they
challenge the lower limits of genome size (10, 11). These symbi-
onts typically exhibit tremendous genomic stasis between strains
and species, likely due to their environmental isolation, as their
genomes encode only those capabilities necessary for the mainte-
nance of the mutualism (reviewed in reference 10). In contrast,
the genomes of free-living bacteria allow the bacteria to adapt to
their surroundings by encoding a plethora of strain-specific loci,
known as dispensable genes (12), contributing to increased habi-
tat occupancy and their successful viability within alternative en-
vironments (13, 14). With ancient bacterial symbionts, many
fewer pockets of genes unique between species and strains have
been described (15, 16), but to date their functional roles and
potential contributions to host fitness remain unknown.

The tsetse fly (Diptera: Glossina) and its symbionts together
form a valuable model system that can be used to gain deeper
insight into the evolution of host-associated symbioses due to the
low-complexity microbiota of the tsetse fly. In addition to en-
hancing our comprehension of host-associated microbial genome
evolution, the tsetse symbioses also hold public health signifi-
cance, as tsetse flies are the obligate vectors of Trypanosoma spp.,
the causative agents of fatal human African trypanosomiasis

(HAT) and nagana, a veterinary wasting disease. Tsetse flies con-
sistently harbor three bacterial symbionts, the obligate mutualist
Wigglesworthia spp. (17), the commensal Sodalis glossinidius (18),
and members of the parasitic genus Wolbachia (19, 20). Field stud-
ies report a more complex and diverse adult microbiota (21–24),
although the majority is believed to be transient in nature. En-
hanced knowledge of tsetse symbioses may provide novel and spe-
cific avenues for vector control, such as through paratransgenesis,
in which symbionts deliver effector molecules that interfere with
parasite development (25, 26), or the use of a novel class of pesti-
cides aimed at disrupting pivotal symbiont-mediated tsetse fly
metabolic processes.

The low complexity of the tsetse microbiota is believed to be
maintained by facets of tsetse biology, including a sterile diet (i.e.,
a vertebrate blood diet by both sexes) and a unique reproductive
strategy known as adenotrophic viviparity (i.e., live birth), which
excludes larvae from environmental microbial exposure (27). In
adenotrophic viviparity, the majority of larval development oc-
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curs in utero, where the mother provides nourishment, mostly in
the form of amino acids and lipids (28), and vertically transmits
the Wigglesworthia and Sodalis symbionts through highly special-
ized accessory organs, known as milk glands (29, 30). Following
the completion of intrauterine larval development, a late 3rd-in-
star larva is deposited and quickly enters into pupation. The
significant maternal investment results in a low number of
gonotrophic cycles producing few progeny, which offers promise
for tsetse population suppression measures targeting the already
low vector reproductive output.

The tsetse-Wigglesworthia association is believed to have
formed prior to Glossina species radiation. In support of this sug-
gestion, extensive concordant evolution between each tsetse spe-
cies and its specific Wigglesworthia symbiont has been observed
(31). This ancient symbiont is localized intracellularly within a
bacteriome organ at the anterior midgut, while an additional ex-
tracellular population is localized within the milk glands (30, 32).
The functional roles of Wigglesworthia include nutrient provision-
ing (33–36), contributing B vitamins typically lacking in blood,
and influencing host immunological (37, 38) and microbial com-
munity (5, 6, 39) robustness. The importance of the symbiosis is
demonstrated by the loss of female fecundity upon the removal of
Wigglesworthia (20, 40, 41), which can partially be restored
through the provisioning of B vitamins (33) or nutrient-rich yeast
extract (20) in blood meals, providing strong evidence for its nu-
trient supplementation role. The contributory roles of specific
symbiont metabolites toward various aspects of host biology, par-
ticularly those that differ in retention between different Wiggles-
worthia species, remain largely understudied.

The annotated genomes of Wigglesworthia harbored within the
Glossina morsitans (“Wigglesworthia morsitans”) (35) and Glossina
brevipalpis (Wigglesworthia glossinidia) (34) bacteriomes share
features with other ancient symbionts (reviewed in reference 10).
These characteristics include extreme adenine-thymine (AT) bias
and a highly reduced size (�700 kb), with only those genes be-
lieved to be necessary for the maintenance of mutualism being
retained. These Wigglesworthia genomes demonstrate extensive
chromosomal synteny, despite long-term separation and subse-
quent host species codiversification (35). Comparative genome
analyses between the two Wigglesworthia species enable the devel-
opment of hypotheses regarding the functional differences be-
tween these symbionts. Interestingly, one of the few features
unique to the W. morsitans genome relative to the features of the
reference W. glossinidia genome is that it encodes the complete
chorismate biosynthesis pathway (see Fig. S1 in the supplemental
material), which converts phosphoenolpyruvate (PEP) and eryth-
rose 4-phosphate into chorismate, a precursor for the production
of the aromatic amino acids and vitamins (42, 43). W. morsitans is
then able to incorporate chorismate into the p-aminobenzoate
(PABA) biosynthesis branch for downstream folate (vitamin B9)
production. Folate is required for all life, as it is involved in DNA
synthesis, repair, and methylation (44–46) and may be produced
by W. morsitans to supplement the vitamin-poor vertebrate blood
diet of its host.

In the study described here, we aimed to functionally charac-
terize the distinct retention of the chorismate and folate biosyn-
thetic potential by W. morsitans, examine its role in tsetse host
sexual maturation and reproductive biology, and discuss whether
selection likely has preserved these capabilities during host coevo-
lution. To accomplish this, we first performed expression analyses

of various W. morsitans loci involved in chorismate and folate
production, as well as a corresponding tsetse folate transporter
locus within bacteriomes, relative to host sex, physiological devel-
opment, and pregnancy to determine whether these are actively
and differentially transcribed. Assays for the detection of metab-
olites within tsetse bacteriomes were performed to confirm W.
morsitans folate production and to determine if the differences in
symbiont biosynthetic locus expression correspond with relative
folate abundance. Furthermore, functional studies characterized
the impact of inhibiting W. morsitans chorismate and folate pro-
duction on various aspects of G. morsitans biology, specifically,
longevity, digestion, and reproduction. Lastly, we discuss how
these distinct biosynthetic capabilities between ancient mutualists
may have contributed to tsetse ecological variation.

MATERIALS AND METHODS
Tsetse flies. G. morsitans morsitans flies were maintained in the Depart-
ment of Biology insectary at West Virginia University at 24 � 1°C with
55% relative humidity on a 12-h light/12-h dark schedule. The tsetse flies
were fed defibrinated bovine blood (Hemostat Laboratories, Dixon, CA)
every 48 h using an artificial membrane feeding system (47).

Reverse transcription analyses of W. morsitans chorismate and fo-
late biosynthetic loci. To examine the expression of the W. morsitans
chorismate and folate biosynthetic pathway loci (see Fig. S1 in the supple-
mental material), the levels of transcription of aroA (3-phosphoshikimate
1-carboxyvinyltransferase), pabB (aminodeoxychorismate synthase sub-
unit I), and folP (7,8-dihydropteroate synthase) were assessed. Tsetse flies
were sacrificed, and bacteriomes were dissected. Total RNA was isolated
following the TRIzol protocol (Invitrogen, Carlsbad, CA), treated with
DNase I (Ambion), and verified to be free of DNA contamination through
PCR using RNA only as the template. First-strand cDNA synthesis was
performed with �140 ng RNA, a 2 �M primer cocktail of gene-specific 3=
end primers (primers aroAqPCRRev, pabBqPCRRev, folPqPCRRev, and
rpsCqPCRRev; Table 1), and SuperScript II reverse transcriptase (Invit-
rogen). Quantitative PCR (qPCR) was performed with SsoFast EvaGreen
supermix (Bio-Rad, Hercules, CA), 0.4 mM gene-specific primers (Table
1), and 2 �l cDNA template in a Bio-Rad CFX96 real-time PCR detection
system with 30 amplification cycles. Internal standards were constructed
by cloning PCR amplicons from each locus (for the primers, see Table 1)
into the pGEM-T vector (Promega, Madison WI). The amplicons were
quantified by comparison to the quantities on standard curves with Bio-
Rad CFX Manager software (version 2.0), and abundance of the tran-
scripts was normalized to that of the W. morsitans rpsC (30S ribosomal
protein S3) transcript. The species specificity of the primers used for re-
verse transcription was verified by using Sodalis culture DNA as a negative
control. At least three bacteriomes were processed per group, with each
sample being analyzed in triplicate and the results being averaged. Disso-
ciation curves were included in each run in which a single melting peak
was observed. Negative controls were included in all amplification reac-
tions.

Folate detection within bacteriomes. A standard Lactobacillus rham-
nosus microbiological assay (48) was used for folate quantification in wild-
type (WT) flies and aposymbiotic flies (generated by obtaining progeny
from females maintained on blood supplemented with 25 �g/ml tetracy-
cline and 1% [wt/vol] yeast extract [20, 39]). The bacteriomes were dis-
sected, individually placed into 0.1 M K2HPO4-KH2PO4 buffer with 1%
ascorbic acid (pH 6.3), and immediately homogenized to release the bac-
teriocyte contents. To release folate from bound proteins and denature
folate-degrading and interconversion enzymes, samples were placed in an
H2O bath at 100°C for 5 min. Subsequently, bacteriome samples were
incubated with charcoal-pretreated rat plasma (Wistar rat plasma; Inno-
vative Research, Novi, MI), which served as a conjugase of folate polyglu-
tamates to monoglutamates, at 37°C for 30 min. Samples were then ster-
ilized using a 0.22-�m-pore-size filter, and 1:100 dilutions were mixed
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with folate-deficient Difco folic acid casei medium (Becton, Dickinson
and Company, Sparks, MD) supplemented with 20 �g/ml chloramphen-
icol (Chl; Sigma, St. Louis, MO) and inoculated with log-phase L.
rhamnosusChl (chloramphenicol resistant; ATCC 27773) at an optical
density at 600 nm of 0.01. The cultures were incubated for 18 h at 37°C
without aeration. Standard concentrations of folic acid (10 to 125 fmol/
well; Sigma) were also mixed with the L. rhamnosusChl culture to create a
standard curve. A positive control consisting of 300 fmol folic acid and a
negative control consisting of initial buffer only were subjected to the
complete procedure to ensure the retention of the initial folate and a lack
of additional folate, respectively. Moreover, an additional negative con-
trol included only L. rhamnosusChl lacking folate supplementation. The
growth of L. rhamnosus was measured by use of a Biomate3 spectropho-
tometer (Thermo Fisher Scientific, Madison, WI) and absorbance read-
ings at 600 nm. The folate contents of the bacteriome samples were deter-
mined by comparison to the standard curve (for which R2 values of 0.95 to
0.99 were obtained) and expressed as the number of picomoles of folate
per bacteriome. At least 4 bacteriomes were sampled for each group.

Determination of bacteriome Wigglesworthia density. To differen-
tiate whether changes in folate abundance in the bacteriomes were due to
either higher transcriptional levels or an increase in symbiont density,
tsetse flies were sacrificed and DNA was isolated from the dissected bac-
teriomes using the protocol of Holmes and Bonner (49). The density of
Wigglesworthia (i.e., the number of symbiont genomes per host cell) was
determined by qPCR using single-copy Wigglesworthia thiC and G. mor-
sitans chitinase loci, as previously described (6).

Investigation of tsetse folate transporter expression within the bac-
teriome. Expression of the G. morsitans folate transporter (VectorBase
gene accession number GMOY005445), known as the reduced folate car-
rier (RFC), within bacteriome samples was examined using semiquanti-
tative reverse transcription-PCR (RT-PCR) analyses. Bacteriome RNA
was isolated, and reverse transcription was performed as described above
using a cocktail of primers GmBtubrev and GmRFCrev specific for the 3=
end of the gene (Table 1). Primer specificity for G. morsitans RFC was
confirmed in silico using the NCBI Primer BLAST and VectorBase pro-
grams. Second-strand synthesis was performed with primers specific for
the complementary 5= end of the gene (Table 1) and 2 �l cDNA template
for 35 amplification cycles. The products were analyzed using agarose gel

electrophoresis and visualized with Kodak One image analysis software.
Each time point was examined in triplicate. Negative controls were in-
cluded in all PCRs. The constitutively expressed G. morsitans �-tubulin
gene (GenBank accession number DQ377071) was used as a loading con-
trol and to verify RNA integrity.

Impact of chorismate pathway inhibition on G. morsitans biology.
Different concentrations of glyphosate [N-(phosphonomethyl)glycine;
Sigma], a specific competitive enzymatic inhibitor of AroA (50–52), were
administered by incorporation of glyphosate into G. morsitans blood
meals. The impacts of symbiont chorismate pathway inhibition on tsetse
longevity, digestion, reproductive output, and progeny development were
examined as described below.

Longevity. The survival of both WT and aposymbiotic adult flies
(maintained by treatment with 25 �g/ml tetracycline [40] through adult-
hood) was monitored to differentiate between the effects of glyphosate
treatment on tsetse and symbiont biology. The flies were maintained on
diet combinations consisting of blood only or blood supplemented with
10 or 20 mM glyphosate. The number of dead flies was recorded daily for
a duration of 60 days.

Digestion. Flies were maintained on 0 or 10 mM glyphosate-supple-
mented blood meals. At 2 weeks of age, the flies were offered their respec-
tive blood meals for 20 min, and only those with blood-filled abdomens
remained in the study. Blood meal digestion was determined by measur-
ing undigested hemoglobin levels using the cyanmethemoglobin method
(Sigma), as previously described (40). Briefly, tsetse midguts (n � 3 per
time point and treatment) were dissected, homogenized in 2 ml Drabkin’s
reagent (Sigma), and incubated at ambient temperature in the dark for 15
min. Measurements of the absorbance at 540 nm were taken for each
sample. The hemoglobin concentration was determined by comparing
the mean absorbance reading for an unknown to the readings on a stan-
dard curve (R2 � 0.98) created using bovine hemoglobin (Sigma) and was
expressed as the number of milligrams of hemoglobin per gut by convert-
ing the hemoglobin concentrations from milligrams per milliliter to the
number of milligrams per 20 �l (the average volume consumed by tsetse
flies during feeding).

Tsetse reproductive output and progeny development. To examine
whether symbiont chorismate pathway inhibition impacted larval devel-
opment, virgin females were maintained on defibrinated bovine blood

TABLE 1 Primers used in this studya

Primer name Sequence (5=-3=) Ta
b (°C) Length (bp)

aroAqPCRFor GGT ACT GCT ATG CGT TTG C 54.3 128
aroAqPCRRev GCA CCA CCT TGT CTT AAA GC
pabBqPCRFor CGC AAA TTG GAA CCG TAT CAG 50.2 154
pabBqPCRRev CCC GTA ATT GAC CCA CCT G
folPqPCRFor TTT CTG ATG GTG GAC AGT TTA C 51.5 149
folPqPCRRev TCG TTC TGA TTC TTC AAG TTC G
rpsCqPCRFor CAA GAC CTG GAA TAG TAA TCG G 50.1 198
rpsCqPCRRev CAC GCT TCA TTG CTC TAC G
aroAstdFor TTT TAT TAT CGG CGC AAA CC 55.0 457
aroAstdRev AAT GGG GCC ATG ATG AGT AA
pabBstdFor TAA CTG CGC ACC ATT TTC TG 52.0 468
pabBstdRev CCA CAC CAT GCA TTT CTT CT
folPstdFor AAA TGT CAC ACC GGA TTC GT 55.0 498
folPstdRev CCG GGG TCA ATG ATT ATA CG
rpsCstdFor TGG CGT TCT ACA TGG TAT GC 55.0 702
rpsCstdRev TGC ACG AAA AGT GTG TAG GG
GmBtubfor CCA TTC CCA CGT CTT CAC TT 55.0 151
GmBtubrev GAC CAT GAC GTG GAT CAC AG
GmRFCfor CTC AAA GCC ACC ACC TTG TT 55.0 294
GmRFCrev CAA CGA TGA CAA GAC GGC TA
a The qPCR primers used in this study were designed using Beacon Designer software (version 7.2; Premier Biosoft International), and internal standard primers were created using
Primer3 software (http://frodo.wi.mit.edu/).
b Ta, annealing temperature.
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only or defibrinated bovine blood supplemented with 10 mM glyphosate
and/or 500 nM folic acid and mated with WT males after 2 feedings. At 20
days of age, the reproductive tracts (including the spermatheca, oocytes,
and uterus) were removed using a Leica S6D dissection microscope (Leica
Microsystems, Heerbrugg, Switzerland), and images were captured with a
Leica DFC420 digital color camera and Leica Application Suite software
(version 2.8.0). Measurements of the uterus, which contained a develop-
ing larva if the fly was pregnant, were then obtained using ImageJ software
(53) and compared to those of age-matched WT virgin and mated fe-
males. To examine the effect of chorismate inhibition on pupal deposition
and eclosion, virgin females were maintained on the supplemented blood
meals described above and mated with WT males after 2 feedings. Pupa
deposition and maternal fly mortality were monitored for 45 days (�2
gonotrophic cycles). Pupal weights, eclosion rates, and teneral wing area
(obtained using ImageJ software), used as a measure of body size (54, 55),
were also recorded.

Statistical analyses. The statistical significance of the data was ana-
lyzed by Student’s t test or the Mann-Whitney U test using Microsoft
Excel software, with variances being compared using F tests. JMP software
(version 7.0; SAS Institute, Cary, NC, USA) and GraphPad Prism software
(version 5.01) were used to perform analyses of variance (ANOVAs) fol-
lowed by Tukey-Kramer post hoc pairwise comparisons of the means, �2

tests, and survival analyses. Survival curves were created using the Kaplan-
Meier method and compared using the log-rank test (56).

RESULTS
W. morsitans chorismate and folate biosynthetic loci exhibit
differential expression between tsetse sexes during develop-
ment and pregnancy. To begin investigating W. morsitans choris-
mate and folate biosynthetic gene expression within bacteri-
omes relative to host sex, development, and gestation, the

abundance of the aroA, pabB, and folP transcripts was deter-
mined by qPCR, and the levels in male and female tsetse flies
were compared (Fig. 1). Comparison of 2-week-old tsetse flies
revealed higher aroA and pabB transcript levels within the bac-
teriomes of virgin females than in those of age-matched males,
although statistical significance was observed only with the for-
mer (P � 0.02, Student’s t test), and similar levels of folP ex-
pression were observed between the sexes (Fig. 1A). To further
investigate the role of W. morsitans chorismate and folate provi-
sioning during female adulthood and pregnancy, the transcrip-
tional profiles of these loci from the bacteriomes of 5-week-old
virgin flies and similarly aged adult flies during late gestation (i.e.,
while carrying a 3rd-instar larva) were also examined. The expres-
sion of all three loci was significantly higher in the bacteriomes of
pregnant flies than in those of similarly aged virgin females (Fig.
1B; for aroA, P � 0.01, Mann-Whitney U test; for pabB, P � 0.02,
Mann-Whitney U test; for folP, P � 0.03, Student’s t test). Addi-
tionally, the W. morsitans folP transcript abundance was also sig-
nificantly higher in pregnant females than 2-week-old virgins (Fig.
1B; P � 0.05, Student’s t test). Further investigation into choris-
mate pathway expression during distinct gonotrophic cycles re-
vealed that variation in expression between pregnancies, with
higher levels of expression of loci occurring during the second
gonotrophic cycle than during the first one (see Fig. S2 in the
supplemental material). These data indicate that W. morsitans not
only actively transcribes chorismate and folate biosynthesis loci
but also increases their expression during early sexual maturation
and pregnancy.

FIG 1 W. morsitans chorismate and folate biosynthetic loci exhibit differential expression within bacteriomes between the tsetse sexes at age 2 weeks (A) and
through female adulthood and pregnancy (B). Graphs represent the normalized transcript abundance, with error bars signifying 1 standard error of the mean
(SEM). Student’s t tests and Mann-Whitney U tests were performed when variances were equal and unequal, respectively, and statistically significant differences
are indicated above the bars. aroA, 3-phosphoshikimate 1-carboxyvinyltransferase; pabB, aminodeoxychorismate synthase subunit I; folP, 7,8-dihydropteroate
synthase; rpsC, 30S ribosomal protein S3. The sample size (n) is indicated below each group.
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The bacteriome folate content is the highest during early fe-
male adulthood and pregnancy. To move beyond gene expres-
sion analyses, a standard L. rhamnosus microbiological assay was
employed to enable both the detection of folate in single bacteri-
omes and the quantification of folate abundance from single bac-
teriomes. Comparison of the bacteriomes within 2-week-old male
and virgin female adults demonstrated that there are sex-specific
differences in folate content, with virgin female bacteriomes con-
taining significantly more folate (Fig. 2A; P � 0.0006, ANOVA).
To determine whether the higher folate content in 2-week-old
virgin females resulted from increased transcription or differences
in symbiont density, comparisons of the density of W. morsitans
within bacteriomes were performed by qPCR. No significant dif-
ference in the W. morsitans density between 2-week-old males and
virgin females (P � 0.196, Student’s t test; data not shown) was
observed. Previous research has reported that at age 2 weeks, vir-
gin female tsetse flies harbor a significantly larger population of W.
morsitans bacteria than males (57), yet this study examined sym-
biont densities in whole flies, which includes the female milk gland
W. morsitans population. Therefore, the folate content in 2-week-
old virgin female bacteriomes is due to an increase in gene activity,
rather than heightened symbiont densities. Notably, folate was
not detected in the bacteriome samples from 2-week-old aposym-
biotic male and virgin female flies (Fig. 2A), supporting the pro-
duction of this nutrient exclusively by W. morsitans within bacte-
riomes. To further explore folate production within bacteriomes
during reproduction, bacteriome folate contents in age-matched
pregnant and virgin female were also compared, and it was re-
vealed that a significantly higher abundance of folate was harbored
within the bacteriomes of pregnant individuals (Fig. 2A; P �

0.0006, ANOVA). In support of the results of previous research,
which showed that mating does not influence symbiont popula-
tion density within females (57), W. morsitans densities within
3-week-old virgin and mated bacteriomes were found to be com-
parable (P � 0.311, Student’s t test; data not shown). Therefore,
the independent observations of the greater abundance of tran-
scripts for W. morsitans chorismate and folate biosynthesis loci
(Fig. 1A and B) as well as higher folate quantities (Fig. 2A) in the
bacteriomes of young females and pregnant females indicate that
W. morsitans folate production may play crucial roles during early
female sexual development and gestation.

The G. morsitans folate transporter is expressed within bac-
teriomes. To examine the activity of the G. morsitans folate trans-
porter (58), known as the reduced folate carrier (RFC), within the
bacteriome, semiquantitative RT-PCR was performed. The ex-
pression of the RFC is dynamic within adult tsetse bacteriomes
(Fig. 2B), as demonstrated by comparison of age-matched males
and females as well as virgin and pregnant females. The abundance
of the G. morsitans RFC transcript corresponded with the amount
of folate detected within the bacteriomes of the respective sam-
ples, which was the highest in the bacteriomes of pregnant females
(Fig. 2A). Lastly, the bacteriomes of aposymbiotic flies exhibited
no RFC expression (data not shown), suggesting that transporter
abundance may be directly associated with folate levels.

Chorismate pathway inhibition impacts tsetse biology. As
W. morsitans appears to be actively synthesizing folate within bac-
teriomes, with higher levels of production occurring during early
female adulthood and pregnancy, we further examined the role of
this nutrient provisioning in various tsetse fitness parameters, spe-
cifically, tsetse host longevity, blood meal digestion, reproduction,

FIG 2 Folate content and host transporter expression within G. morsitans bacteriomes. (A) Total folate quantity was determined using an L. rhamnosus
microbiological assay. Statistically significant differences between groups, determined using ANOVA (P � 0.0006), are indicated above the bars using different
letters. Error bars represent 1 SEM. The sample size (n) is indicated below each group. nd, samples in which folate was not detected. (B) Semiquantitative RT-PCR
analysis of G. morsitans RFC expression, with G. morsitans �-tubulin serving as a loading control. The results for representative samples (n � 3) are shown for
each group.
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and intrauterine larval development, by enzymatically inhibiting
chorismate biosynthesis through blood meal glyphosate supple-
mentation.

Tsetse host longevity. There have been conflicting reports on
the toxic effects of glyphosate on animals (59–63). Glyphosate
inhibits chorismate production by competitively binding to AroA
(3-phosphoshikimate 1-carboxyvinyltransferase), preventing the
incorporation of PEP (52) and 3-phosphoshikimate to create 5-O-
(1-carboxyvinyl)-3-phosphoshikimate, which is subsequently
converted into chorismate (see Fig. S1 in the supplemental mate-
rial). While the W. morsitans genome encodes the chorismate and
folate biosynthesis pathways, searches for the respective enzymes
within the G. morsitans genome (58) did not produce any homol-
ogous hits, supporting the belief that animals generally lack these
capabilities (42, 64). Therefore, glyphosate should directly impact
symbiont rather than tsetse fly biology, with any negative conse-
quences resulting from treatment likely being alleviated by de-
creasing symbiont populations.

To differentiate between a direct toxic effect of glyphosate on
the tsetse host versus symbiont biology, we examined the survival
of tsetse maintained on glyphosate-supplemented (10 and 20
mM) and/or tetracycline-supplemented (25 �g/ml) blood. Previ-
ously, tetracycline treatments have been shown to nearly clear
symbionts within tsetse individuals (37, 40). Interestingly, only
treatments with tetracycline significantly increased tsetse longev-
ity (for males, P � 0.0001, log-rank test; for females, P � 0.0001,
log-rank test) (Fig. 3), possibly due to the reduction in the costs
required for maintaining the symbiotic association, particularly
within a colony context. The supplementation of 10 mM glypho-
sate did not have adverse effects on longevity, as the survival
curves were similar to those for the controls fed blood only (for
males, P � 0.7547, log-rank test; for females, P � 0.9463, log-rank
test) (Fig. 3). Female tsetse flies administered tetracycline and 10
mM glyphosate had significantly higher survival rates than those
fed blood alone (P � 0.0001, log-rank test) or blood with 10 mM
glyphosate supplementation (P � 0.0001, log-rank test). Al-
though the trend was not statistically significant, a similar trend
was observed in male flies maintained on both tetracycline- and 10
mM glyphosate-supplemented blood, which had increased sur-
vival compared to those fed 10 mM glyphosate (P � 0.4612, log-
rank test) and blood alone (P � 0.2057, log-rank test) (Fig. 3). The

increased survival of tsetse flies maintained on both tetracycline
and glyphosate compared to that of tsetse flies maintained on
glyphosate only suggests that glyphosate mostly impacts symbiont
biology. In contrast to the longevity cost with 10 mM glyphosate
supplementation, 20 mM glyphosate supplementation did result
in a longevity cost in WT flies (see Fig. S3 in the supplemental
material), suggesting that there may be adverse, toxic effects on
the host at a concentration this high. Tsetse maintained on 20 mM
glyphosate supplemented blood had significantly shorter survival
than controls (for males, P � 0.0001, log-rank test; for females,
P � 0.0001, log-rank test) (see Fig. S3 in the supplemental mate-
rial). As 10 mM glyphosate does not appear to be toxic toward the
host with respect to longevity, this concentration was used to fur-
ther investigate the inhibition of chorismate biosynthesis on other
aspects of tsetse biology.

Digestion. During the survival study, visual inspection of tse-
tse abdomens indicated that individuals administered glyphosate
had prolonged blood meal digestion (Fig. 4). Therefore, we fur-
ther examined the impact of glyphosate (10 mM) on digestion by
measuring the hemoglobin levels in the midguts of treated
2-week-old flies. Interestingly, flies maintained on blood alone
took larger blood meals, as represented by higher hemoglobin
levels within the abdomens at 1 h postfeeding, although statistical
significance was observed only in males (Fig. 4; P � 0.001, Stu-
dent’s t test). Even though they took smaller blood meals, males
maintained on 10 mM glyphosate contained significantly more
hemoglobin within their midguts at 48 h postfeeding (P � 0.01,
Student’s t test), indicating compromised digestive capabilities,
with a similar trend being observed in females, although that trend
lacked significance.

Host reproduction. To examine whether chorismate pathway
inhibition and the consequent suppression of downstream folate
production influence intrauterine larval development, mated fe-
males were maintained on specific blood meal regimens (Fig. 5A)
and the reproductive tracts were dissected at 20 days postemer-
gence, a time point associated with late intrauterine larval devel-
opment during the 1st gonotrophic cycle within mated WT fe-
males (65). The mean intrauterine area of the group maintained
on 10 mM glyphosate-supplemented blood was significantly
smaller than that of the mated controls (Fig. 5A; P � 0.0001,
ANOVA) and was similar to that of virgins, suggesting that cho-

FIG 3 Survival curves, created in JMP software (version 7.0) using the Kaplan-Meier method, of WT or aposymbiotic G. morsitans flies maintained on 10 mM
glyphosate-supplemented blood for 60 days. Data are for �30 individuals per treatment. Significant differences between treatment groups, determined using the
log-rank test, are indicated. †, P � 0.035; *, P � 0.0001.
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rismate biosynthesis is critical for larval development. Notably,
the bacteriome folate content, determined using the L. rhamnosus
microbiological assay, of age-matched, mated females maintained
on 10 mM glyphosate-supplemented blood was significantly

lower than that of mated females fed blood alone (P � 0.02, Stu-
dent’s t test) (Fig. 5B). These data demonstrate that glyphosate
supplementation of the blood meal impacts W. morsitans choris-
mate production within bacteriocytes, resulting in decreased

FIG 4 Concentrations of hemoglobin, representing undigested blood, from 2-week-old G. morsitans flies. Significant differences between control and glypho-
sate-treated flies at each time point are indicated. *, P � 0.05; **, P � 0.01. Error bars indicate 1 SEM (n � 3 per time point and treatment group).

FIG 5 Inhibition of W. morsitans chorismate biosynthesis impacts progeny development. (A) Comparison of uterine areas of age-matched (20-day-old) females
(containing developing larva) maintained on the indicated treatments (P � 0.0001, ANOVA). Representative images for each treatment are included at the
bottom. (B) Folate content within bacteriomes of 3-week-old mated females maintained on blood with or without 10 mM glyphosate supplementation. (C to E)
Pupal weight (P � 0.0001, ANOVA) (C), teneral wing area (for females, P � 0.0002, ANOVA; for males, P � 0.0001, ANOVA) (D), and length of the pupal life
stage (E) (for females, P � 0.0035, ANOVA; for males, P � 0.0001, ANOVA) of progeny deposited from females maintained on the specified blood meal
supplementation. Statistically significant differences, determined using Student’s t test or ANOVA, are indicated above the bars. The different letters indicate
statistically significant differences between samples. Error bars signify 1 SEM. n, sample size.
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downstream folate production, which significantly hampers in
utero larval development. When 500 nM folic acid was used to
rescue the reproductive impact of glyphosate administration,
there was an increase in the intrauterine area in mated females
with glyphosate supplementation of the blood meal, which was
significantly larger than that for virgins (P � 0.0001, ANOVA)
and similar to that for mated controls, further supporting the
downstream utilization of chorismate for folate biosynthesis by
W. morsitans and the importance of the folate supply for intra-
uterine larval development. Folic acid supplementation alone re-
sulted in larger uterine areas in mated females than in age-
matched WT flies, further supporting a role for this nutrient
during pregnancy and indicating a deficiency of vitamin B9 even
within typical blood meals. These data demonstrate that although
females maintained on glyphosate remain fecund, glyphosate has
negative impacts on intrauterine larval development as a result of
W. morsitans chorismate pathway inhibition.

To further investigate the necessity of W. morsitans-produced
folate in tsetse reproduction, flies were maintained on the supple-
mented blood meals described above and larval deposition was
observed for 45 days. There were no significant differences be-
tween the treatment groups in the time to first larval deposition
(P � 0.28, ANOVA), the level of larval deposition per mated fe-
male (P � 0.9, ANOVA), or pupal eclosion rates (P � 0.7, chi-
square test) over the period of observation (data not shown). The
weight of pupae (Fig. 5C; ANOVA, P � 0.0001) and the wing areas
of teneral progeny (Fig. 5D; for females, P � 0.0002, ANOVA; for
males, P � 0.0001, ANOVA) from females maintained on blood
only or 500 nM folic acid were significantly greater than those
deposited by mothers fed 10 mM glyphosate with or without 500
nM folic acid, suggesting the importance of W. morsitans folate
production on these host features, in addition to the effect of
insufficient complementation with 500 nM folic acid on these
specific traits. Interestingly, progeny from the group treated with
10 mM glyphosate had a significantly longer pupal life stage than
progeny from the groups treated with blood only or 10 mM
glyphosate plus 500 nM folic acid (Fig. 5E; for females, P � 0.0035,
ANOVA; for males, P � 0.0001, ANOVA), again reflecting a lag in
development due to symbiont folate biosynthesis inhibition (Fig.
5C). These results, coupled with the intrauterine area measure-
ments, suggest that W. morsitans folate production is pivotal for
the developmental progression of tsetse progeny. In addition to a
significantly longer pupal period, the progeny from females ad-
ministered glyphosate were physically smaller in regard to both
pupal weight and teneral wing area, showing that lengthening of
the developmental time within the puparium fails to recover off-
spring size.

DISCUSSION

Ancient bacterial symbionts from closely related host species have
highly similar genomic contents, yet they also possess small pock-
ets of unique loci (35, 66). The preservation of these symbiont
metabolome distinctions through evolutionary time, particularly
given the strong reductive genome pressures encountered by these
symbionts (10), suggests that these may have been selected for and
play a vital part in the biology and evolution of their host species.
Here, we used the tsetse fly, specifically, G. morsitans, and its ob-
ligate mutualist, W. morsitans, to investigate the significance of the
effect of one small set of symbiont species-specific genes on host
biology. Approximately 40% of the coding sequences that are en-

coded by the W. morsitans genome and that are absent in the W.
glossinidia reference genome are involved in chorismate biosyn-
thesis and the downstream incorporation of chorismate into fo-
late production. Although these represent a relatively small num-
ber of genes, given the significance of chorismate and folate as
precursors in thymidylate (dTMP), purine, and amino acid syn-
thesis and their pivotal role in biological processes, such as DNA
production and cell growth (44, 45, 64), the retention of these loci
results in distinctive symbiont metabolomes between tsetse fly
species (35). Here, we demonstrate that the W. morsitans choris-
mate and subsequent folate biosynthesis pathways not only have
remained functionally intact but also maintain significance for
multiple tsetse host fitness parameters. These studies provide the
first pieces of evidence supporting the actual production of the
vitamin folate within the bacteriome by this ancient obligate mu-
tualist and a potential means of dissemination through a synchro-
nously expressed host transporter.

The transcriptional abundance of W. morsitans chorismate and
folate biosynthetic loci during female development and pregnancy
corresponds with the relative amounts of folate detected within
the bacteriomes of females, which appear to be the highest during
intrauterine larval development. Additionally, the differences in
W. morsitans chorismate biosynthetic locus expression observed
between gonotrophic cycles (see Fig. S2 in the supplemental ma-
terial) suggest the depletion of nutrients during each pregnancy
and the necessity for W. morsitans to replenish these resources in
its host following larviposition. Currently, the signals regulating
W. morsitans folate biosynthesis, as well as their origin (i.e.,
Wigglesworthia or tsetse host), remain unknown. The amount of
folate within aposymbiotic flies was nondetectable, providing ad-
ditional evidence for the production of this nutrient within the
bacteriome solely by the W. morsitans symbiont. These findings
further highlight the importance of this mutualism for tsetse host
reproduction, as W. morsitans contributes essential nutrients aid-
ing in the growth and development of intrauterine larvae (20,
33–35). The role of additional Wigglesworthia-produced metabo-
lites in tsetse physiology is also becoming more evident. For ex-
ample, Wigglesworthia vitamin B6 biosynthesis is required for the
recycling of proline (the main energy source for tsetse) from ala-
nine during the generation of ATP via the tricarboxylic acid
(TCA) cycle and through the female lactation period to enable
successful larval development (36).

The sequencing and annotation of the G. morsitans genome
(58) resulted in the identification of a single folate transporter,
known as the RFC (58). Studies performed with other animal
models have shown that the RFC maintains bidirectional proper-
ties (67), being used for both the import and export of folate. The
transcriptional profile of the G. morsitans RFC within bacteriome
samples, in sync with folate abundance, suggests that this trans-
porter may be used to systemically disseminate W. morsitans-pro-
duced folate, although further functional characterization is re-
quired.

To explore the role of symbiont chorismate and downstream
folate production on host biology, flies were administered glypho-
sate, a chorismate biosynthesis pathway inhibitor, within their
blood meals. The administration of a low concentration of
glyphosate (10 mM) did not impact tsetse longevity compared to
that of flies fed blood only (Fig. 3). At this concentration, there
mostly appeared to be Wigglesworthia-specific effects, as symbiont
removal enhanced host survival (Fig. 3), suggesting that an energy
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cost is required for maintenance of the mutualism, at least within
colony flies. Additionally, glyphosate treatment resulted in signif-
icantly decreased folate levels within the bacteriomes (Fig. 5B),
indicating that this compound is able to enter bacteriocytes and
impact W. morsitans biology.

Inhibition of symbiont chorismate production negatively im-
pacted the host in various ways, supporting the hypothesis that
these unique W. morsitans loci retain importance for tsetse biol-
ogy. First, inhibition of the W. morsitans chorismate biosynthesis
pathway resulted in decreased digestion by tsetse, which is similar
to the findings of a previous study describing the phenotype of W.
morsitans-free flies (40), providing additional evidence for this
symbiont’s role in host blood meal digestion. In Drosophila, diges-
tion has been associated with midgut cell turnover (68). The in-
hibited digestive capabilities seen in tsetse maintained on glypho-
sate may be a consequence of cell turnover impairment, as folate,
whose supply is disrupted in the symbiont, is required for cell
generation. The negative effects of glyphosate treatment may be
due to decreased nutrient availability but could also be a result of
the accumulation of shikimate intermediates (specifically, shiki-
mate-3-phosphate), as glyphosate inhibits the action of AroA,
likely contributing to the bloodier abdomens of treated tsetse in-
dividuals over time. Additional studies are needed to more com-
prehensively understand the cause of inhibition of digestive capa-
bilities following the administration of glyphosate. Glyphosate
treatment also negatively impacted intrauterine larval develop-
ment. Although the larvae from glyphosate-treated females were
deposited at the same rate as those from the WT group, the pupae
were smaller and had a significantly longer pupal stage. The re-
duced progeny size and longer developmental time may have neg-
ative impacts on their biology by even further exaggerating the
already slow reproductive cycle of tsetse. These findings corre-
spond with those of past research demonstrating the importance
of folate in the diet of insects for successful reproduction and
growth (69, 70). Interestingly, antifolates administered within the
diet of the buffalo fly (Haematobia irritans exigua), which also
feeds on blood, resulted in adult female sterility and longevity
costs (71). Methotrexate and aminopterin (antifolate and folate
biosynthetic inhibitors, respectively) have also been shown to in-
hibit larval development and induce the sterility of various dipter-
ans (71–73), but these effects can be rescued by the supplementa-
tion of exogenous folate (73). Similar to the results of this study,
increasing the concentration of folic acid within the diet of the
housefly (Musca domestica) also caused an increase in larval
growth (73). This study contributes to the body of work demon-
strating the importance of folate for all animals during reproduc-
tion and supports a role for bacterial symbionts in its production.
At an applied angle, the disruption of pivotal symbiont-mediated
metabolic processes within tsetse offers novel control targets for
public health measures.

While the Sodalis genome also retains the ability to produce
chorismate and folate, W. morsitans appears to be primarily re-
sponsible for this nutrient provisioning. Evidence includes the
findings of past research which showed that flies lacking W. mor-
sitans but still retaining Sodalis are reproductively sterile (40),
demonstrating that Sodalis cannot compensate for the decrease in
provisioned nutrients within the fly. The absence of W. morsitans
through tsetse host generations (in which the host is capable of
reproducing when maintained on yeast extract-supplemented
blood meals) also resulted in the eventual loss of Sodalis (39),

supporting a metabolic dependence of Sodalis on W. morsitans,
which has previously been shown with thiamine (vitamin B1) (5).
Additionally, in the field, Sodalis is not present in all tsetse popu-
lations or individuals (23, 74), indicating that this secondary sym-
biont has been established more recently and does not play a role
as pivotal as that of W. morsitans in tsetse fitness. To ensure that
this study solely examined the contributions of W. morsitans, fo-
late production within the bacteriome organ, which is densely
packed with W. morsitans cells, was measured, and the study also
utilized primers that specifically amplify W. morsitans loci. Future
studies should investigate the Sodalis chorismate and folate bio-
synthetic pathways within G. morsitans to determine whether they
retain functionality or are in the process of being purged from the
genome. In support of the latter hypothesis, the Sodalis genome,
encoding a high number of pseudogenes (75, 76), has undergone
a drastic reduction during the course of adapting to a symbiotic
lifestyle (5, 77, 78). Additional research may also examine
whether these loci retain more significant roles in tsetse species
whose Wigglesworthia symbionts have lost these functional capa-
bilities, leading to further genomic complementation of biosyn-
thetic capabilities, as reported for ancient coresident symbionts
(1, 3, 4, 79).

As folate is essential for all life (44–46), the absence of the
chorismate and folate biosynthesis pathways within the W.
glossinidia genome (34) brings into question how G. brevipalpis
obtains this required nutrient. The loss of the chorismate and
folate biosynthesis capabilities within the W. glossinidia genome
may have initially resulted from stochastic mutations in pathway
genes arising from high levels of genetic drift due to extreme pop-
ulation bottlenecks during transmission (10). Once the biosyn-
thetic pathways were no longer intact, additional loci may have
then been purged from the genome through further relaxed sel-
ection. One alternative mechanism for folate acquisition may be
through cross feeding with Sodalis or another member (albeit mi-
nor) of the gut microbiota, such as Serratia, which has been re-
ported in multiple tsetse species (22–24). Folate secretion has been
reported for multiple Serratia strains (80) within other gastroin-
testinal systems. For example, Serratia grimesii within termite
hindguts is believed to provision the tetrahydrofolate (THF) es-
sential for the growth of both the insect host and a cohabitating
CO2-reducing homoacetogenic Treponema primitia spirochete
(81). Nutrient production may also involve the host, as observed
with the mealybug mutualism and the production of phenylala-
nine (3, 9). It is also worth noting that within the bedbug (Cimex
lectularius), Wolbachia symbionts are localized to bacteriomes and
are associated with nutritional mutualism (82), in stark contrast
to the reproductive parasitism resulting from these infections in
most other insects. Further, significant portions of the Wolbachia
genome have been inserted into the G. morsitans chromosomal
DNA (58, 83). Future analyses should examine whether these hor-
izontal transfer events are associated with metabolic activity and
the extent of these transfers in other tsetse fly species. Alterna-
tively, due to the concordant evolution of Wigglesworthia and its
tsetse host species (31), differences in the feeding ecology between
tsetse species may have resulted from the loss or retention of spe-
cific symbiont capabilities. Multiple lines of blood meal analyses
have identified distinct feeding patterns for the various tsetse fly
species (84–89). The Suidae, particularly warthogs, have been
identified to be the main host of G. morsitans, while hippopota-
mus is preferred by G. brevipalpis. Since the folate content in blood
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has been shown to vary between animals (90, 91) and is largely
dependent on diet (91), measurement of folate levels within ver-
tebrate blood types may provide support for this hypothesis. Ad-
ditionally, while G. brevipalpis is known to have a lower vector
competency than G. morsitans (92–96), the contributing factors
resulting in this phenotype remain unknown but may include
these symbiont metabolome distinctions. The retention of capa-
bilities within specific Wigglesworthia species, such as folate pro-
duction, may have influenced evolutionary and phenotypic vari-
ation within the Glossina lineage.

This study describes the metabolic interdependence of W. mor-
sitans chorismate and folate production on G. morsitans biology.
Here, we show that the retention of these nutrient biosynthesis
capabilities by W. morsitans retains functionality and is important
for host biology, specifically during female sexual maturation and
intrauterine development. The loss of chorismate and folate bio-
synthetic capabilities within W. glossinidia may have been due to
either stochastic losses, possibly influencing the nutritional ecol-
ogy of the tsetse host, or the opposite situation, where G. brevipal-
pis feeding behavior may have influenced the loss of these path-
ways. The evolution of symbiont genomes, which would impact
their metabolic capabilities, may therefore contribute to the phe-
notypic and ecological distinctions among associated host species.
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