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Background: To establish an infection in the vagina, Trichomonas vaginalis must adapt to various environmental
cues for survival and further replication. Nutrient competition by lactobacilli, the major normal vaginal flora, is
one of the mechanisms to limit the growth of other microorganisms. Additionally, lactobacilli produce H2O2

that can reduce the genital infections caused by other pathogens. Thus, the ability to overcome the metabolic
stresses, such as glucose restriction (GR), as well as the oxidative stresses, is critical for T. vaginalis to establish
an infection.
Methods: To gain insights into the molecular mechanisms of adaptation to GR, we utilized next-generation RNA
sequencing (RNA-seq) to quantify the gene expression changes upon GR. Autophagy, a cytoprotective re-
sponse to starvation, was monitored by using autophagy-specific staining, autophagy inhibition assay,
and co-localization of autophagosomes with lysosomes.
Results: We demonstrated that GR promotes the survival of T. vaginalis. Besides, GR-cultivated cells exhibit

higher H2O2 resistance. Our RNA-seq data revealed that genes involved in general energy metabolism were
downregulated, whereas genes encoding glutamate metabolism-related aminotransferases were strikingly
upregulated under GR. Furthermore, autophagy was first identified and characterized in T. vaginalis under GR.
Conclusions: These data suggest that GR induces a metabolic reprogramming, enhancing antioxidant ability and
autophagy for cellular homeostasis to maintain survival.
General significance: Our work not only led to significant advances in understanding the transcriptional changes
in response to GR but also provided possible strategies elicited by GR for T. vaginalis to adapt to the vaginal
microenvironment.
© 2013 Elsevier B.V. All rights reserved.
1. Introduction

Nutrient sensing and responses to starvation are tightly regulated
for energetic homeostasis and cell survival. Since glucose is the foremost
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energy source in the majority of eukaryotic cells, many studies have in-
vestigated the effects of glucose restriction (GR) on metabolism, stress
responses, regulation of cell survival and cell death, to understand the
adaptive mechanisms under nutritional stresses [1,2]. Previous studies
reported that decreased glucose availability in the unicellular model
Saccharomyces cerevisiae results in several physiological changes, in-
cluding a metabolic shift from fermentation to respiration [3], transla-
tional suppression [4], enhanced resistance to oxidative stress [5] and
autophagy [6]. However, the mechanisms by which nutritional stresses
trigger adaptive signaling remain poorly understood in protists.

Trichomoniasis is themost commonnonviral sexually transmitted in-
fection (STI) caused by the parasitic protozoan Trichomonas vaginalis,
with more than 170 million cases annually worldwide. Trichomoniasis
leads to serious health outcomes for women, including vaginitis, preterm
delivery, infertility, low birthweight infants, susceptibility to HPV, herpes
virus and cervical cancer [7]. In males, T. vaginalis infection is usually
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asymptomatic, although urethritis and chronic prostatitis are observed in
some cases [8]. It has been reported that T. vaginalis infection is correlated
with increased risk of human immunodeficiency virus transmission [9]
and, more recently, lethal prostate cancer [10].

The main energy source for T. vaginalis comes from fermentative car-
bohydratemetabolism under both anaerobic and aerobic conditions [11].
Within the cytoplasm, glucose is converted to pyruvate that is subse-
quently metabolized by fermentative oxidation in the hydrogenosome.
Hydrogenosome, a double membrane organelle analogous to mitochon-
dria, generates ATP through substrate-level phosphorylation [12]. GR is
a metabolic stress that has been studied in other protists and, in some
cases, is associated with pathogenesis. For instance, PfEMP (var) genes,
key molecules in malaria pathogenesis, are upregulated upon GR [13].
Additionally, GR induces the differentiation of trophozoites into cysts in
Entamoeba invadens [14] and boosts Entamoeba histolytica virulence
[15,16]. T. vaginalis is routinely cultivated in medium [17] containing
high glucose levels (~58 mM), which is around 10-fold than that of
blood.However, it is unlikely that the parasite exposes to such a high con-
centration of glucose in its natural environment. Hence, it prompts us to
uncover the adaptivemechanisms of T. vaginalis under GR, shedding light
onpotential strategies of this parasite to copewith the nutrient stress and
establish an infection.

Autophagy, a lysosome-mediated catabolic process for digesting the
cytoplasmic constituents, is alsowidely regarded to be crucial for cell sur-
vival under nutritional stresses. Recent studies suggest that autophagy
correlateswith the pathogenicity of several protists [18]. For example, au-
tophagy is essential for differentiation and virulence in Leishmania major
[19] and participates in nutritional stress response and differentiation in
Trypanosoma cruzi [20]. Autophagy also plays a key role in the prolifera-
tion anddifferentiation of the enteric protozoan Entamoeba [21].More re-
cently, it has been shown that the self-digestion process is associated
with cell death under nutrient-limited condition in Blastocystis [22],
Trypanosoma brucei [23] and Toxoplasma gondii [24]. Given the impor-
tance of autophagy in these protists and the lack of information on this
process in trichomonads, we aim to unravel the molecular mechanisms
of autophagy under GR.

Recently, high-throughput next generation sequencing (NGS) ap-
proaches have dramatically improved the efficiency of gene discovery,
allowing for the detection of transcripts with very low abundance [25].
The reliable technique provides a great opportunity to dissect the heavily
duplicated genome of T. vaginalis. To better understand the molecular
mechanisms involved in the adaptive responses to GR, we performed
NGS-based RNA sequencing (RNA-seq) to profile genome-wide mRNA
changes prompted by GR.We highlighted themost differentially regulat-
ed genes responsible for the major energy-producing and oxidative
stress-related pathways, hopefully providing insights into the molecular
components required for adaptation to the metabolic stress and the
mechanisms for establishment of an infection.

2. Materials and methods

2.1. T. vaginalis culture conditions

The T. vaginalisATCC30236 trophozoitesweremaintained in YISme-
dium [17], pH 5.8, containing 10% heat-inactivated horse serum and 1%
glucose at 37 °C. For GR experiments, the trophozoites were grown in
the same medium without glucose supplement [16]. Recovery assay
was done by adding 1% glucose to the GR-cultivated parasites. Growth
of the parasites was monitored by using trypan blue exclusion hemocy-
tometer counts.

2.2. Determination of extracellular glucose concentration

The concentration of glucose in glucose-rich (with 1% glucose) andGR
medium was measured by the glucose assay kit (Biovision) according to
the manufacturer's instructions. Medium (2 μl/assay) from the glucose-
rich and GR cultivation was diluted in Glucose Assay Buffer. The reaction
mixture (46 μl Glucose Assay Buffer, 2 μl Glucose Probe and 2 μl Glucose
EnzymeMix) was added to glucose standard and test samples. The reac-
tion was incubated for 30 min at 37 °C in the dark. Glucose enzyme mix
specifically oxidizes glucose to generate a product which reacts with a
dye to generate color (λ = 570 nm). The concentrationwas determined
by measuring the O.D. value 570 nm using the spectrophotometer.

2.3. Glutamate dehydrogenase (GDH) activity assay

GDHactivitywas determinedby theGDHactivity assay kit (Biovision)
according to themanufacturer's instructions. Briefly, 10 μl of NADH stock
solution (10 mM) was diluted with 90 μl of GDH assay buffer, which is
used to plot the NADH standard curve by adding 0, 2, 4, 6, 8, and 10 μl
into a 96-well plate. The final volume was adjusted to 50 μl with GDH
assay buffer. Trophozoites (1 × 106 cells) of test samples were harvested
and homogenized in 200 μl ice-cold assay buffer. 10 μl of sampleswas di-
luted with assay buffer to the final volume of 50 μl. 100 μl reaction mix-
tures (82 μl assay buffer, 8 μl GDH developer, and 10 μl glutamate)
were added to each well containing the test samples and standards. The
reactionwas incubated for 10 min at 37 °C and the GDH activity was de-
termined bymeasuring theO.D. at 450 nm. Thefinal GDHactivity (nmol/
min/ml) was calculated by the equation B/T × V: B is the NADH amount
(nmol). T is the incubation time (min). V is the sample volume (ml).

2.4. Hydrogen peroxide survival assay

Cells grown in glucose-rich or GR medium containing 10% heat-
inactivated horse serum for 24 h at 37 °C were treated with 0,
0.5 mM, and 1 mM freshly-prepared H2O2 (MERCK) for 2 h. The initial
cell density of these conditionswas ~1 × 106 cells/ml. The number of vi-
able cells was determined every 30 min by trypan blue exclusion using
a hemocytometer.

2.5. RNA extraction, cDNA synthesis and quantitative PCR (qPCR)

Total RNA was extracted by using the TRI Reagent® (Molecular Re-
search Center) from GR cultures of various incubation time (12 h, 24 h,
36 h) and cells grown in glucose-rich condition at mid-log phase
(1%_12 h). Reverse transcription (RT) was carried out in a reaction mix-
ture containing 5 μg total RNA, 50 nM RT primer, 0.25 mM dNTPs,
0.75 U/μl ThermoScript™III reverse transcriptase, 0.2 U/μl RNase out,
and 0.05 M DTT (ThermoScript™III RT-PCR System, Invitrogen). The RT
reaction mixture was incubated at 65 °C for 5 min, 50 °C for 60 min
and then stopped at 70 °C for 15 min. qPCRwas performed as previously
described [26]. Briefly, the 20 μl PCR mixtures contain 1 μg reverse tran-
scription product, master mix (Ampliqon), 0.5 μM forward and reverse
primers. Primer pairs used in this study were listed in Table S6.

2.6. Library preparation for RNA-seq

Total RNA from cells cultivated under GR at 12 h, 24 h, 36 h and cells
grown in 1% glucose at mid-log phase (1%_12 h) were isolated as men-
tioned above and stored at −80 °C. Approximately 10 μg of total RNA
was sent to Beijing Genomics Institute (BGI) for mRNA purification
and cDNA library construction as previously described [27]. High-
throughput RNA-seq was conducted on the next-generation sequencer
HiSeq™ 2000 (Illumina) using theHiSeq Flow Cell v3, TruSeq™ PE Clus-
ter Kit v3 Reagent for cluster generation, and TruSeq™ SBS Kit v3 for se-
quencing by synthesis.

2.7. RNA-seq data analysis

Reference transcript sequences and their annotation were
downloaded from TrichDB V1.3 [28]. Paired-end gene reads were
imported and mapped to the T. vaginalis G3 annotated reference



Table 1
Summary of RNA-seq mapping statistics.

Groupa Reads
generated

Mapped
reads

% of
mapped
reads

Average read
length (base)

Total bases

1%_12 h 51,519,438 49,705,292 96.48 89.46 4,608,943,825
GR_12 h 27,374,828 24,728,822 90.33 86.72 2,373,884,281
GR_24 h 26,119,804 22,697,719 86.90 87.21 2,278,033,053
GR_36 h 26,110,496 21,830,466 83.61 87.55 2,285,868,362

a These cDNA libraries were constructed from cells cultivated under 1% glucose at mid-
log phase (1%_12 h) and GR with different incubation time (GR_12 h, GR_24 h,GR_36 h).
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transcripts using CLC GenomicsWorkbench software (Version 5.0.1). The
followingmapping parameterswere used: length fraction = 0.9, similar-
ity = 0.8, minimum distance = 120 and maximum distance = 300.
The mapping reports were exported and summarized in Table 1. The ex-
pression of each gene was normalized as values corresponding to the
number of reads per kilobase per million mapped reads (RPKM). This
strategy makes it possible to use RPKM values for differential gene ex-
pression analysis between RNA-seq datasets since the length of the refer-
ence contig is the same. RPKM values of 32147 expressed genes from
glucose-rich and GR RNA-seq datasets were listed (File S1). Differential
gene expression changes were represented as log2 fold changes (RPKM
of genes at the log phase of GR compared with that of glucose-rich culti-
vation andRPKMof genes at different time intervals of GR comparedwith
GR_12 h). Heatmaps showing the expression patternswere generated by
using MultiExperiment Viewer (Mev).

2.8. Genome-wide survey of autophagy-related (Atg) genes in T. vaginalis

Atg protein sequences in yeast, mice, and human were retrieved
from the Autophagy Database [29] and served as queries to search for
Atg orthologues in T. vaginalis (Table S4) using the local blast algo-
rithm [30] against T. vaginalis protein sequences downloaded from
TrichDB [28]. The E-values of hits lower than 10−10 were considered
significant and further submitted for conserved domain searches to ver-
ify the Atg functional motifs using the NCBI conserved domain searched
engine [31].

2.9. Autophaghy detection

To test for the presence of autophagy in T. vaginalis, cells cultivated
under GR and glucose-rich medium containing 10% heat-inactivated
horse serum were stained with Cyto-ID™ green fluorescent dye
(Enzol) for the detection of autophagic vacuoles as previously described
[32,33]. Approximately 2 × 105 cells cultivated under GR from different
time intervals (12 h, 24 h, 36 h) and 1% glucose at mid-log phase were
harvested. The pelletwas resuspended in 100 μl Dual Detection Reagent
(1 ml of 1× Assay Buffer containing 2 μl of Cyto-ID™ Green Detection
Reagent and 2 μl of Hoechst 33342 nuclear stain) and incubated for
30 min at 37 °C. Fluorescent images were obtained by using a fluores-
cent microscope (Zeiss). Standard GFP, RFP, and DAPI filter sets were
used for imaging the autophagic, lysosomal and nuclei signals, respec-
tively. For autophagy inhibition assay, GR-cultured cells (GR_24 h and
GR_36 h) were treated with 50 μM wortmannin (Invivogen) for 6 h at
37 °C, followed by autophagy detection as mentioned above. To
evaluate the inhibitory effect of wortmannin on autophagy, the average
number of autophagic vesicles per cell was determined by counting the
fluorescent punctate in cells [34] after treatment with wortmannin
compared with the untreated group. A total of 80 cells (40 cells per
group) were examined for each condition.

2.10. Autophagy quantization

Approximately 2 × 105 cells were harvested and the pellet was
resuspended in 0.5 ml of freshly diluted Cyto-ID™ Green Detection
Reagent (4 ml of 1× Assay Buffer containing 1 μl of Cyto-ID™ Green
Detection Reagent). Samples were incubated for 30 min at 37 °C and
the autophagic signal was immediately analyzed and quantified by
using a FASCan flow cytometer (BD Biosciences).

2.11. Confocal microscopy examination of Cyto-ID™ and Lysotracker Red
costaining

For detection of co-localization of autophagosomes with lysosomes,
approximately 3 × 105 cells were harvested and costained with Cyto-ID
™ (1 ml of 1× Assay Buffer containing 2 μl of Cyto-ID™ Green Detection
Reagent, 100 μl/sample) and 100 nM Lysotracker Red DND-99
(Invitrogen) for 30 min at 37 °C. After incubation, 10 μl of the cell sus-
pensionwas applied to POC-R chamber (Zeiss) and overlay with a cover-
slip. Fluorescent images were obtained using a confocal microscope
(Zeiss LSM510). Excitation and emission spectra for Cyto-ID™ green
dye and Lysotracker Redwere 463/534 nm and 577/590 nm, respective-
ly. Quantitation of co-localized fluorescent signals in cells (n = 11) was
presented as the Pearson's correlation coefficient [35] analyzed by LSM
image examiner software.

3. Results and discussion

3.1. GR promotes cell survival in T. vaginalis

We previously demonstrated that carbohydrate metabolism-
related genes and proteins represent the most abundant group in
the transcriptome and proteome of trophozoites grown in the standard
culture medium containing 1% glucose [36], indicating that glycolysis is
one of themost critical processes for T. vaginalis under glucose-rich con-
dition. A previous study showed that themedian level of glucose in vag-
inal secretions of healthy women was approximately 5 mM [37].
However, the exact glucose acquisition for T. vaginalis also remains un-
known. Compared to glucose concentration in vagina secretions
(~0.1%), 1% glucose appears to be more than needed for T. vaginalis to
establish an infection in the vagina. Furthermore, vaginal lactobacilli
limit the growth of other microorganisms by competition for glucose
[38]. Hence, the adaptation to glucose deprivation is likely a critical
strategy for T. vaginalis to establish an infection. To verify the effect of
glucose on the survival of T. vaginalis, we monitored the viability of
cells cultivated inmediumwith 1% glucose (glucose-rich; initial glucose
concentration 58.196 mM) and without additional glucose (GR). Since
serum contains small amounts of blood glucose, the initial glucose con-
centration in GRmediumwas estimated to be 0.352 mM(Fig. S1A). The
number of viable cells in the glucose-rich group reached stationary
phase at 24 h with a cell density of 4 × 106 (cells/ml), followed by a
rapid decline (Fig. 1A). Almost all cells were dead at 42 h under
glucose-rich cultivation. On the other hand, T. vaginalis maintained a
constant survival rate under GR cultivation, with a cell density of
~2 × 106 (cells/ml) from 24 h to 48 h (Fig. 1A), and a cell density of
~5 × 105 (cells/ml) at 108 h. The proportion of dead cells reached
~80% at 36 h under glucose-rich cultivation, whereas it was less than
20% at 36 h and reached ~80% at 72 h under GR (Fig. 1B). The glucose
concentration remained greater than 30 mM in glucose-rich medium
after 24 h cultivation, whereas it was less than 0.1 mM in GR medium
after 12 h (Fig. S1A), implying that the parasite utilizes alternative ener-
gy sources to maintain growth and survival during GR.

To confirm that the prolonged survival was indeed GR-dependent,
we monitored the viability of GR-cultured cells (mid-log phase)
supplementedwith 1% glucose (Fig. 1C). The data indicated that glucose
was a preferential source for cell division, reaching a peak cell density of
~4 × 106 (cells/ml) at 24 h in the glucose-treated group, but followed
by a rapid cell death, again supporting the hypothesis that GR promotes
survival. To test whether cells grown under GR were still physiologically
active, we transferredGR cultures at different time intervals to fresh stan-
dard culture medium and determined the cell division times (Fig. 1D).



Fig. 1.Glucose restriction (GR) promotes survival of T. vaginalis. (A) The effect of GR on the growth of T. vaginaliswas examined. The initial concentration of trophozoites cultivated in YIS
mediumwith 1% glucose (glucose-rich) andwithout additional glucose (GR)was ~2 × 105/ml. The cell density of each groupwasmonitored by using trypan blue exclusion hemocytom-
eter counts. (B) The ratio of dead cells under glucose-rich andGR cultivationwasdetermined. (C) The effect of glucose supplement on the survival of GR-cultivated cells. The viability ofGR-
cultivated cells (mid-log phase) treated with 1% glucose (black line) and the same volume of sterile distilled water (gray line) was monitored. (D) Determination of the division ability of
GR-cultured cells when cultivated in glucose-rich medium. 1 ml cells from GR cultivation at different time intervals (12 h, 24 h, 36 h, 48 h, 60 h) were transferred to 9 ml fresh glucose-
rich medium and the fold increase of cells was monitored after 12 h incubation. All data (A to D) represented the means ± SD of three independent experiments.
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The result indicated that cells cultivated under GR before 36 h have good
division ability with the cell number increasing 6 times within 12 h in
glucose-rich medium, whereas cells grown under GR after 48 h only
can increase 2–4 times.

Dietary restriction has been shown to increase lifespan in organisms
ranging from yeast tomammals [39]. Previous studies in S. cerevisiae in-
dicated that acidic metabolites produced under glucose-rich cultivation
are a primary factor leading to apoptosis-like response and limit the
lifespan of yeast cells [40]. To verifywhether themechanism also occurs
in T. vaginalis, we measured the pH during glucose-rich and GR cultiva-
tion (Fig. S1B). Of note, the pH of glucose-rich cultivation is ~4.6 at 24 h,
reducing to ~4.2 at 36 h, whereas the pH is maintained at ~5.5 during
GR cultivation. The products through GR metabolism appeared to be
not so acidic and thereby T. vaginalis could maintain survival. Indeed,
the vaginal acidic pH maintained by Lactobacillus has been shown to
inhibit the growth of T. vaginalis [41]. Although GR enhances virulence
in Entamoeba [15,16] and Plasmodium [13], the survival of these protists
in response to GR seems to be unaffected. We provided the first evi-
dence that GR induces a longevity-like phenomenon among the protists.
Further investigations of the mechanistic details underlying the phe-
nomenon are likely to reveal new perspectives on the pathogenesis of
this pathogen.
3.2. Extensive transcriptome profiling of T. vaginalis in response to GR by
RNA-seq

Previous analyses of large-scale gene expression in T. vaginalis at dif-
ferent conditions, such as various iron supplement [42] and fibronectin-
induced amoeboid transformation [36], have been carried out mainly
by Expressed sequenced tags (EST) sequencing. These transcriptomic
studies provided useful data for interrogating the biology of T. vaginalis
in response to different environmental cues; however, more in-depth
and extensive analyses are required to dissect the regulation ofmassively
duplicated gene families in the T. vaginalis genome. To better understand
the transcriptional changes modulating the adaptation during glucose
deprivation, we conducted RNA-seq analyses of T. vaginalis under GR
(12 h, 24 h, 36 h) and glucose-rich cultivation (1% glucose at 12 h) to
obtain dynamic gene expression profiles. A total of 51,519,438 and
79,605,128 raw sequencing reads were generated from the glucose-rich
and 3 GR cDNA libraries, respectively (Table 1). Of these reads,
49,705,292 (96.48%) and 69,257,007 (with an average of 86.95%) from
the glucose-rich and GR datasets were matched to the genome of
T. vaginalis, giving rise to 4,608,943,825 and 6,937,785,696 bases, respec-
tively. The reads mapped to a total of 32,147 protein-coding genes in
glucose-rich and GR conditions (File S1). We observed a trend that



Fig. 2. GR induces antioxidant gene expression and enhances H2O2 resistance in T. vaginalis. (A) The genes encoding superoxide dismutase (SOD), thioredoxin peroxidase (TrxP), and
rubrerythrin (Rbr) with significant upregulation upon GR determined by RNA-seq was validated by qPCR. The quantitative expression data was represented as fold induction (GR_12 h-
GR_36 h/1%_glucose 12 h) ± SD of the means of three independent experiments. (B) Determination of the antioxidant ability of cells cultivated under GR compared with glucose-rich condi-
tion. Cells grownunder 1% glucose andGR conditions at late log phase (~24 h)were adjusted to the same cell density (~1 × 106 cells/ml) and followedby treatmentwith 0, 0.5 and 1 mMH2O2.
The number of viable cells was monitored every 30 min by trypan blue exclusion using a hemocytometer. Data represented the means ± SD of three independent experiments.
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several gene copies within a gene family were expressed at very low
levels (RPKM b 10). Although massive paralogue retention has been
considered a unique feature of the T. vaginalis genome [42], the
underlying mechanism remained yet unknown. To validate the RNA-
seq data, we determined the expression levels of 10 upregulated (super-
oxide dismutase, SOD, TVAG_039980; thioredoxin peroxidase TrxP,
TVAG_455310; rubrerythrin, Rbr, TVAG_275660; major facilitator super-
family, MFS, TVAG_193600, TVAG_565650, TVAG_345280; glutamate
dehydrogenase, GDH, TVAG_072100, TVAG_025910, TVAG_201620; ala-
nine dehydrogenase, AlaDH, TVAG_235800) and 2 downregulated genes
(malate dehydrogenase, MDH, TVAG_171090; pyruvate kinase, PK,
TVAG_373720) upon GR by qPCR (Figs. 2A and S2). qRCR analysis
confirmed the expression patterns of these transcripts as observed in
our RNA-seq data. We provided 4 RNA-seq datasets, with hope to exam-
ine effectively the intriguing and sophisticated biology of this parasite
during GR. Metabolic reprogramming is the most important adaptation
under nutrient deprivation in E. histolytica and Plasmodium falciparum
[16,43]. Also, GR has been shown to extend lifespan by modulation of
the oxidative stress response in yeast [44] and Caenorhabditis elegans
[45,46]. Hence, we mainly focused on the expression changes in the
major energy metabolic pathways and antioxidant system in T. vaginalis,
leading to advances in understanding the adaptive mechanisms of the
parasite to survive under the nutritional stress.

3.3. GR modulates oxygen scavenging system

3.3.1. GR induces gene expression responsible for antioxidant ability
Survival extension induced by GR in S. cerevisiae is correlated

with increased superoxide dismutase (SOD) expression and H2O2
levels [44]. To determine whether GR plays a role in the regulation
of antioxidant genes in this parasite, we analyzed the expression
changes prompted by GR of all the putative antioxidant-related
genes identified in the genome [47] (Table S1), some of which
have been proved to express in the hydrogenosome [48]. We
noted that 5 of 6 SOD gene copies were upregulated at the log and
early stationary phases of GR cultivation (total RPKM of 6 gene
copies for glucose-rich, GR_12 h and GR_24 h were 5139, 6594,
and 8722, respectively) (Table S1). The T. vaginalis hydrogenosme
contains a thioredoxin-linked peroxiredoxin antioxidant system
[49] to remove the detrimental effects of reactive oxygen species
(ROS). Thioredoxin peroxidase (TrxP) and rubrerythrin (Rbr) are
the enzymes that exert the same function to convert H2O2 to
H2O in the hydrogenosome. Intriguingly, Rbr paralogues with
RPKM N 10 were strikingly upregulated upon GR (total RPKM
for glucose-rich and GR_12 h and GR_24 h were 246, 1482, and
1518, respectively), whereas TrxP paralogues were only slightly
upregulated at the early stage of GR (Table S1 and File S1). Acti-
vation of SOD and TrxP was observed in T. vaginalis exposed to
different individual stimuli, such as iron deficiency [42] or adher-
ence to fibronectin [36]. However, there does not appear to be a
significant regulation of Rbr in these stress-related conditions,
suggesting the potentially important role of Rbr in GR. We select-
ed these antioxidant genes with significant upregulation upon GR
for validation by qPCR analysis, which is inconsistent with our
RNA-seq data (Fig. 2A). It is tempting to speculate whether
upregulation of these antioxidant genes plays a pro-survival role
in T. vaginalis during the nutritional stress, as proposed in other
model organisms [45,46].

image of Fig.�2


Fig. 3. The effects of GR on differential expression of genes encoding enzymes involved in
central energy metabolism in T. vaginalis. (A) Heatmap visualization of differentially
expressed genes in the glycolytic pathway under GR compared with glucose-rich cultiva-
tion. The gene expression changes were represented as log2 fold changes (RPKM of genes
at the log phase of GR comparedwith that of glucose-rich cultivation. I: GR_12 h/1%_12 h,
and RPKM of genes at different time intervals of GR compared with GR_12 h, II: GR_24 h/
GR_12 h, III: GR_36 h/GR_12 h) based on the RNA-seq analysis. Genes expressed at very
low levels (RPKM b 10) in all conditionswere not included. (B) Identification of the differ-
entially expressed genes upon GR (GR_12 h/1%_12 h) in the glycolytic pathway. Enzymes
shown in red and green color indicate upregulation and downregulation, respectively. GK,
Glucokinase; GPI, Glucose phosphate isomerase; PFK, Phosphofructokinase; ALDO,
Fructose-1,6-bisP aldolase; TPI, Triose-phosphate isomerase; GAPDH, glyceraldehyde 3-P
dehydrogenase, PGK, Phosphoglycerate kinase; PGAM, phosphoglycerate mutase; ENO,
Enolase; PEPCK, Phosphoenolpyruvate carboxykinase, MDH, Malate dehydrogenase; PK,
Pyruvate kinase; ME, malic enzyme; ALT, Alanine aminotransferase; ADH, Alcohol dehy-
drogenase; LDH, Lactate dehydrogenase.
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3.3.2. GR enhances H2O2 resistance in T. vaginalis
To verify whether GR enhances antioxidant ability in T. vaginalis, we

examined the effect of H2O2 on the survival of cells under GR compared
with glucose-rich cultivation (Fig. 2B). Cells grown in glucose-rich and
GR medium for 24 h were challenged with different amounts of H2O2

(0, 0.5 mM, 1 mM) and the cell viability was monitored. Noticeably,
GR-cultivated cells were highly tolerant to killing by H2O2, maintaining
a cell density of ~5 × 105 (cells/ml) after treatmentwith 1 mMH2O2 for
1.5 h. In contrast, almost all cells cultivated under glucose-rich condi-
tion were dead after treatment with 0.5 mM H2O2 for 1.5 h (Fig. 2B).
A general concept of GR is that decreased glucose uptake would lead
to a reduction of metabolic rate, thus promoting the cell survival due
to less ROS production. However, more recent investigations indicated
that ROS formation by GR may trigger cellular signaling resulting in
metabolic health and longevity [50–52]. These beneficial effects elicited
by mild-level stresses, which is so-called hormesis, have been consid-
ered to increase stress resistance and lifespan. Herein,we demonstrated
that GR enhances antioxidant capability, which is a hormesis-like
phenomenon first identified in T. vaginalis.

The toxic and inhibitory effect of H2O2-producing lactobacilli against
the overgrowth of other pathogens in the vagina was demonstrated
[53,54]. Therefore, T. vaginalismust have the ability to overcome the ox-
idative stress andmaintain infection.Our data suggested that T. vaginalis
increases the expression of antioxidant genes in response to GR, which
potentially enhances the resistance toH2O2, implying a possible survival
strategy of T. vaginalis against H2O2 generated in the vaginal ecosystem.

3.4. Metabolic signatures of T. vaginalis under GR

3.4.1. Central energy metabolism
The transcriptomic profiles of genes encoding glycolytic enzymes

under GR and glucose-rich cultivation were shown (Fig. 3 and
Table S2). Obviously, many glycolytic enzymeswere negatively regulat-
ed in the mid-log growth phase of GR cultivation (GR_12 h) compared
with that of glucose-rich condition (1% glucose_12 h). Among the top
20 highly expressed genes in the glucose-rich group, 9 of which were
carbohydrate metabolic enzymes (File S1). However, once grown
under glucose deprivation condition, T. vaginalis drastically reduced
the expression of these genes. For example, 4 of 5 enolase gene copies
with RPKM N 100 under glucose-rich condition were downregulated
upon GR (total RPKM of 9 gene copies were 12,624 and 3956 for
glucose-rich and GR_12 h, respectively), whereas the other 4
paralogues were expressed at very low levels (RPKM b 10) in all condi-
tions. Similarly, 7 of 8 glyceraldehyde 3-P dehydrogenase (GAPDH)
gene copies with RPKM N 100 under glucose-rich condition were
downregulated upon GR (total RPKM were 23,816 and 7924 for
glucose-rich and GR_12 h, respectively). Other glycolytic gene families,
such as fructose-bisphosphate aldolase (ALDO), Triose-phosphate isom-
erase (TPI), phosphoenolpyruvate carboxykinase (PEPCK), and pyru-
vate kinase (PK) also exhibited similar expression patterns that were
negatively regulated at the log phase of GR (Fig. 3B and Table S2).

Even though we observed a remarkable downregulation of many
gene families involved in the glycolytic pathway, a small portion of
paralogous copies, such as ALDO (TVAG_345360), phosphoglycerate
mutase (PGAM) (TVAG_113710), enolase (TVAG_043500), and phos-
phofructokinase (PFK) (TVAG_281070), were found to be distinctly
upregulated uponGR (Fig. 3B and Table S2). The regulation of the differ-
entially expressed paralogues in response to various nutritional stimuli
was also identified by a previous comparative transcriptomic study of T.
vaginalis [42] under iron-rich and iron-restricted conditions, indicating
that one of the four iron-responsive GAPDHparalogues displayed an op-
posite expression pattern to the other paralogues. It is tempting to spec-
ulate whether these paralogues may have specialized functions, as
proposed by the previous reports that some metabolic enzymes, such
as enolase and GAPDH, have been implicated as adhesion proteins in
T. vaginalis [55,56].
Recently, the T. vaginalis hydrogenosome proteome was established
and over 500 proteins were identified [48]. To determine the role of
this energy-producing organelle in response to GR, we analyzed the
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Fig. 3. (continued).
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expression of genes involved in hydrogenosomal energy metabolism
(Table S2). We noted that 6 of 7 genes encoding hydrogenosomal
malic enzyme, which catalyzes the oxidative decarboxylation of malate
to pyruate, were downregulated duringGR (total RPKM for glucose-rich
and GR_12 h were 22,512 and 6881, respectively). Suppression of this
reaction in the hydrogenosome suggested that relatively low levels of py-
ruvate were generated through general energy metabolism under GR.
Another line of evidence also indicated that pyruvate was preferentially
metabolized to end products alanine or lactate due to overexpression of
alanine aminotransferase (TVAG_132440) and lactate dehydrogenase
(TVAG_381310) (Fig. 3B). Acetyl-CoA production catalyzed via pyru-
vate:ferredoxin oxidoreductase is utilized by the following two steps for
ATP production. Particularly noteworthy is that the key enzymes
Acetyl-CoA hydrolase gene family (TVAG_164890, TVAG_395550) (total
RPKM for glucose-rich and GR_12 h were 1299 and 281, respectively)
and succinate thiokinase (TVAG_183500, TVAG_144730, TVAG_259190,
TVAG_047890, TVAG_318670) (total RPKM for glucose-rich and
GR_12 h were 6916 and 5021, respectively), which catalyze ATP synthe-
sis, were also downregulated at the log phase of GR, reaffirming that the
hydrogenosomal energy metabolism was repressed in response to glu-
cose deprivation.
3.4.2. Amino acid metabolism
Amino acids have been shown to sustain trichomonad growth

and survival under carbohydrate-deficient conditions [57]. The argi-
nine dihydrolase pathway has been considered to contribute to
energy metabolism in T. vaginalis [58]. We found that two compo-
nents involving the energy production of this pathway, ornithine
carbamoyltransferase (TVAG_041310; no.13) (total RPKM for
glucose-rich and GR_12 h were 1232 and 2395, respectively) and
carbamate kinase (TVAG_261970; no.14), were upregulated in the
log growth phase of GR-cultivated cells (Fig. 4A and Table S3),
suggesting that this energy-producing pathway was important for
cell division under GR. Methionine catabolism contains two degradation
pathways, including the conversion of methionine to α-ketobutyrate or
homocysteine. Two components involving the conversion of
methionine to homocysteine, S-adenosylmethionine synthetase
(TVAG_252200; no.32, the only paralogue with RPKM N 10 under
glucose-rich condition) and adenosylhomocysteinase (TVAG_405240
and TVAG_210320; no.34), were significantly downregulated at the
log phase of GR cultivation (Fig. 4B and Table S3). Downregulation of
S-adenosylmethionine synthetase, which catalyzes the conversion of
methionine to S-adenosylmethionine with ATP consumption, sug-
gested that the energy-consuming reaction was suppressed during
cell division under GR.
3.4.3. GR induces overexpression of aminotransferases
We noted an intriguing expression patterns of gene encoding

enzymes involved in glutamate-related metabolic pathways that have
not yet been characterized in T. vaginalis (Fig. 4C). Most of these
enzymes are aminotransferases, which catalyze the transfer of
amino group from a donor molecule to a recipient. There are 25



Fig. 4. The effects of GR on differential expression of genes encoding enzymes involved in amino acid metabolism of T. vaginalis. Differentially expressed genes determined by RNA-seq
were mapped to known putative amino acid metabolic pathways in T. vaginalis, including the arginine dihydrolase pathway (A), methioninemetabolism (B), and other amino acids me-
tabolism (C). Thenumbers represented the enzymes catalyzing the reactions and their complete descriptionwas provided in Table S3. Enzymes shown in red and green rectangles indicate
upregulation and downregulation at the log phase of GR (GR_12 h) comparedwith that of glucose-rich cultivation (1%_12 h), respectively, whereas those shown in blue and gray indicate
the gene expression with no significant change or at very low levels (RPKM b 10). White rectangles represented enzymes that were not identified in the T. vaginalis genome.
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aminotransferases identified in the T. vaginalis genome, representing 11
distinct groups [47]. Although a survey of aminotransferase activities
in cell-free extract has been performed [59], the biological impor-
tance of these enzymes remains largely unknown. 7 groups of ami-
notransferase were upregulated at the log growth phase of GR
cultivation, maintaining their high levels of expression at least for
36 h (Fig. 5A and Table S3). For instance, alanine aminotransferase
(TVAG_132440, no.2) and alanine dehydrogenase (TVAG_235800
and TVAG_445130; no.38), which catalyze the reversible conversion
of alanine to pyruvate or glutamate, increased expression more than
10-fold and 50-fold, respectively, at GR_12 h compared with
glucose-rich cultivation. The expression of all aspartate aminotrans-
ferase paralogues (no.3) involved in the conversion of glutamate and
other amino acid, such as aspartate, tyrosine, phenylalanine and
typtophan, was also highly increased. Furthermore, the genes
encoding branched-chain amino acid aminotransferase (TVAG_026740;
TVAG_139240, no. 6), which mediated the conversion of leucine, isoleu-
cine and valine to glutamate, were also significantly induced upon GR
(total RPKM for glucose-rich and GR_12 h were 354 and 1930,
respectively).

3.4.4. Glutamate dehydrogenase (GDH) was dramatically induced by GR
Among the aminotransferases, GDH represented the most

upregulated genes during GR whose expression contributed to ap-
proximately 60% of total aminotransferases under GR (Fig. 5A and
Table S3). GDH is a highly conserved enzyme catalyzing the reversible
oxidative deamination of glutamate into α-ketoglutarate [60]. There
are four GDH (TVAG_TVAG_025980; TVAG_025910; TVAG_072100;
TVAG_201620) isoforms identified in the T. vaginalis genome [47]. GDH
(TVAG_201620) was the major isoform expressed in the log phase
under glucose-rich cultivation. It was highly induced and became the
top 10 most expressed genes at the early stage of GR (before GR_36 h)
(File S1). Other GDH isoforms, which express at very low levels
(RPKM b 10) in the glucose-rich group, also represented the top 100
most expressed genes under GR before 36 h (File S1), suggesting that
all GDH family genes were activated in response to GR. We validated
the expression of GDH family genes by qPCR (Fig. S2). The quantitative
data showed that GDHswere remarkably expressed duringGR, especially
at 36 h. We also evaluated the GDH activity during GR compared with
glucose-rich condition, indicating that GR significantly increased the
level of GDH activity, correlating with its expression levels (Fig. 5B).

GDH is a mitochondrial enzyme that regulates glutamate bio-
genesis and breakdown, linking the carbohydrate and protein me-
tabolisms in the majority of eukaryotic cells. The enzyme is also of
importance for ammonia detoxification and urea synthesis in the
liver [61]. GDH activity is allosterically modulated by the energetic
status of cells [60]. GDP and ADP positively regulate the GDH activ-
ity, whereas ATP and GTP suppress its activity. Hence, under caloric
restriction (CR) or low glucose conditions, GDH is upregulated to
produce α-ketoglutarate that can enter tricarboxylic acid (TCA)
cycle directly for ATP generation [62]. Recently, GDHhas been identified
in the hydrogenosome proteome [48]. However, hydrogenosomes lack
a TCA cycle; thus the upregulation of GDH in energy productionmay in-
volve previously uncharacterized mechanisms. SIRT4, the mammalian
homologues of sir2 that connects metabolism and longevity in sev-
eral model organisms, has been shown to repress the GDH activity
and oppose the effects of CR in pancreatic β cells [62]. GDH is abun-
dantly expressed by P. falciparum and has been recognized as a
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Fig. 5. GDH is overexpressed under GR in T. vaginalis. (A) Heatmap showing the gene ex-
pression patterns of aminotransferases at log phase of GR (GR_12 h) compared with that
of glucose-rich (1%_12 h) cultivation and during stationary phase of GR (GR_24 h,
GR_36 h) compared with log phase (GR_12 h). The gene expression changes were repre-
sented as log2 fold changes of RPKM (I: GR_12 h/1%_12 h, II: GR_24 h/GR_12 h, III:
GR_36 h/GR_12 h) based on the RNA-seq analysis. The detailed gene expression profiles
of aminotransferases were provided in Table S3. (B) Determination of GDH activity
under 1% glucose and GR cultivation.
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marker for malaria infection due to its absence from the host red
blood cell. Therefore, GDH has been proposed as an antimalarial
target [63]. The deamination reaction catalyzed by GDH produces
ammonia, which plays a crucial role in acid/base balance. Hence,
another possible role of GDH in this parasite may be the regulator
of pH homeostasis upon GR. We highlighted the potentially impor-
tant roles of GDH in T. vaginalis during GR; however, more efforts
are needed to elucidate the complex regulatory networks of the
aminotransferase in this parasite.

3.5. Modulation of autophagy in T. vaginalis

3.5.1. Identification of autophagic machinery in T. vaginalis
Autophagy is considered a cytoprotective mechanism that allows

cells to degrade their cytosolic components for survival under nutri-
ent deprivation. Hydrogenosome autophagy has been identified
in Tritrichomonas foetus by ultrastructural analyses using electron
microscopy [64]. However, very little is known about the autophagic
process at the molecular level in trichomonads. To further character-
ize the molecular components of autophagy in T. vaginalis, BLAST
searches for Atg orthologues in the genome were performed
(Table S4). We identified a total of 27 putative Atg sequences in T.
vaginalis, representing 10 distinct Atg genes with sequence similarity
to those in yeast and mammals. Our data, in consistence with previ-
ous genome-wide analyses for Atg orthologues in T. vaginalis [65,66],
indicated that the parasite encodes a limited repertoire of putative
Atg proteins. Additionally, Atg4 and Atg8, key molecules involved
in autophagosome biosynthesis, were characterized by more than
one paralogue. Atg8 requires the activity of two conjugation systems,
Atg5-to-Atg12 and Atg4-Atg7-Atg3, to bind to the autophagosomal
membrane. Of note, T. vaginalis only possesses Atg8-Atg4-Atg7-
Atg3 conjugation system but lacks Atg5-to-Atg12, suggesting the
different autophagy pathway from yeast and mammals. Similar re-
sults have been reported in other protists, including Leishmania
[67], Dictyostelium [68], Entamoeba [21] and T. gondii [69], implying
that Atg8 conjugation system may be evolutionarily older and possi-
bly the minimal machinery required for autophagosome formation.
Atg8 has been widely used as a specific marker for autophagosome
detection. Amino acid sequences of Atg8 from different organisms
were aligned (Fig. S3A), indicating a conserved functional domain
of Atg8 in T. vaginalis (TVAG_486080, TvAtg8a; TVAG_239800,
TvAtg8b) (Fig. S3C). Additionally, TvAtg8 showed sequence identi-
ties less than 50% with other protozoan (Fig. S3B), suggesting a
unique feature of Atg8 in this parasite. Hence, further characterization
of the Atg8-associated core machinery in T. vaginalis will reveal a dis-
tinct autophagy regulatory network in the deep-branching protozoan.
Based on the RNA-seq data, we noticed that Atg4 (TVAG_023970) and
Atg8 (TVAG_486080) represented the most abundant transcript
among their multiple paralogues and their expression levels appeared
to be upregulated upon GR (Table S5); however, further investigations
are needed to clarify the functions of these putative Atg orthologues
in this parasite.

3.5.2. GR induces autophagy in T. vaginalis
To assesswhether GR is able to induce autophagy in T. vaginalis, cells

cultivated under GR at different time intervals (12 h, 24 h, 36 h) and
glucose-rich medium (1% glucose-12 h) were harvested and stained
with Cyto-ID™, a fluorescent autophagy tracker for the rapid detection
of autophagic vacuoles in live cells [32,33,70] (Fig. 6A). This probe is a
cationic amphiphilic tracer dye that has been optimized through the
identification of titratable functional moieties, allowing for minimal
staining of lysosomes while exhibiting bright fluorescence upon incor-
poration into autophagosomes and autolysosomes. The data showed
that almost no autophagosome-like vacuole was detected in cells in
the log phases of glucose-rich and GR cultivation (GR_12 h), suggesting
that autophagy was not triggered under glucose-rich condition. Con-
versely, autophagosome-like vesicles were significantly increased
under GR after 24 h and were maintained at a higher level for at least
36 h. Quantification of autophagic signals by flow cytometric analysis
indicated that the punctuate signals were indeed highly induced from
GR_24 h (Fig. 6A). Hence, we demonstrated for the first time that GR in-
duces autophagy-like response in T. vaginalis. To evaluate that the punc-
tuate structures were indeed autophagosomes, cells cultivated under
GR were treated with the most commonly used autophagy inhibitor
wortmannin and monitored the vesicles by the same approach.
Wortmannin is a well-known fungal phosphatidylinositol (PI) 3-
kinase inhibitor that suppresses the formation of autophagosome in
yeast [71], as well as in several protists, such as E. histolytica [21],
Blastocystis [22], and T. brucei [23]. Consistent with the previous obser-
vations, autophagic vesicles were highly reduced in GR-cultured cells
after treatment with wortmannin for 6 h (the average number of punc-
tate per cell for GR_24 h and GR_36_h cells decreased from 11.9 ± 0.3
and 12.5 ± 2.7 to 5.3 ± 1 and 3 ± 1.3, respectively) (Fig. 6B). Thus,
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Fig. 6. GR induces autophagy in T. vaginalis. (A) Fluorescent images of autophagy detection in cells cultivated under glucose-rich (1% glucose) and GR conditions were
shown. The mid-log phase of glucose-rich (1%_12 h) and GR-cultivated cells (GR_12 h) and the stationary phase of GR-cultivated cells at different time intervals (24 h,
36 h) were stained with Cyto-ID™ autophagic green fluorescent dye for 30 min at 37 °C and viewed under a fluorescent microscopy. Quantitative fluorescent signals
were determined by FASCan flow cytometer. Scale bars = 10 μm. (B) Inhibition of autophagy by wortmannin in T. vaginalis. GR-cultured cells at different time intervals
(24 h, 36 h) were treated with 50 μM wortmannin (wort) for 6 h. The cells were stained with autophagic green fluorescent dye for 30 min at 37 °C and viewed under a
fluorescent microscopy. The average number of autophagic vesicles per cell was determined by manual calculation after treatment with wort compared to the untreated
groups. Data represented the means ± SD of two groups (40 cells per group) for each condition. (C) Co-localization of autophagosomes with lysosomes. Approximately
3 × 105 cells from the glucose-rich cultivation (1%_12 h) and GR_24 h were harvested and co-stained with autophagic green fluorescent dye (AV) and lysosome indicator
Lysotracker Red (Lyso) for 30 min at 37 °C, and then analyzed by using a confocal microscope. Co-localization diagrams of the two representative cells (GR_24 h) showing
the fluorescent intensity of the fluorophores (x axis = Cyto-ID™ green dye; y axis = Lysotracker Red) and their co-localization correlation determined by Pearson's cor-
relation coefficient (R).
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the data suggested a similar regulation pathway for autophagy inhibi-
tion in T. vaginalis.

To evaluate whether the lysosomal-mediated degradation process
exists in T. vaginalis during GR, we detected the co-localization of
autophagic punctuate with Lysotracker Red, a widely used marker for
staining lysosomes [22]. The data indicated that autophagosome-like
vacuoles induced by GR at 24 h remarkably co-localized with lysosomes
(the mean value of the Pearson's correlation coefficient was 0.5 ± 0.07,
n = 11), whereas almost no co-localization signals were observed at
the log phase of glucose-rich cultivation (Fig. 6C). This observation
confirmed the nature of autophagy that autophagosomes fuse with
lysosomes in T. vaginalis. Based on the research platforms established, it
is feasible to investigate themechanistic details of this biologically signif-
icant and distinct process in trichomonads, paving theway for character-
ization of evolution of autophagy in different organisms and possibly for
the development of new therapeutics against trichomoniasis.
4. Conclusions

Altogether, we demonstrated that T. vaginalis possesses several
adaptive mechanisms elicited by GR, including enhancement of cell
survival, antioxidant ability, and autophagy. On the basis of these find-
ings, we proposed a model depicting the possible strategies used by
T. vaginalis to establish an infection in the vagina (Fig. 7). This is the
first report providing an in-depth analysis of the transcriptomic signa-
tures under standard glucose-rich and GR cultivation using RNA-seq,
highlighting genes potentially involved in the adaptive responses to
GR. The highly-induced genes during the metabolic stress may play
pivotal roles for T. vaginalis to establish an infection, and thereby may
be potential drug targets against infection of this common but neglected
human pathogen.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.bbagen.2013.08.008.
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Fig. 7.A proposedmodel for adaptive responses of T. vaginalis to GR. Antioxidant genes, such as SOD, TrxP, and Rbr, were upregulated in response to GR, possibly enhancing the anti-H2O2

capability of T. vaginalis. Additionally, metabolism through GR revealed metabolic shift that maintained the pH suitable for survival. Moreover, GR elicited upregulation of aminotransfer-
ase, such as GDH, which is a proposedmechanism for energetic compensation under nutritional stress. Finally, autophagy, the process responsible for starvation,was triggered upon GR in
T. vaginalis. VEC, vaginal epithelial cells.
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