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The unicellular protozoan Histomonas meleagridis is notorious for being the causative

agent of histomonosis, which can cause high mortality in turkeys and substantial

production losses in chickens. The complete absence of commercially available curative

strategies against the disease renders the devising of novel approaches a necessity. A

fundamental step toward this objective is to understand the flagellate’s virulence and

attenuation mechanisms. For this purpose we have previously conducted a comparative

proteomic analysis of an in vitro cultivated virulent and attenuated histomonad parasite

using two-dimensional electrophoresis and MALDI-TOF/TOF. The current work aimed to

substantially extend the knowledge of the flagellate’s proteome by applying 2D-DIGE and

sequential window acquisition of all theoretical mass spectra (SWATH) MS as tools on the

two well-defined strains. In the gel-based experiments, 49 identified protein spots were

found to be differentially expressed, of which 37 belonged to the in vitro cultivated virulent

strain and 12 to the attenuated one. The most frequently identified proteins in the virulent

strain take part in cytoskeleton formation, carbohydrate metabolism and adaptation to

stress. However, post-translationally modified or truncated ubiquitous cellular proteins

such as actin and GAPDH were identified as upregulated in multiple gel positions. This

indicated their contribution to processes not related to cytoskeleton and carbohydrate

metabolism, such as fibronectin or plasminogen binding. Proteins involved in cell division

and cytoskeleton organization were frequently observed in the attenuated strain. The

findings of the gel-based studies were supplemented by the gel-free SWATHMS analysis,

which identified and quantified 42 significantly differentially regulated proteins. In this case

proteins with peptidase activity, metabolic proteins and actin-regulating proteins were the

most frequent findings in the virulent strain, while proteins involved in hydrogenosomal

carbohydrate metabolism dominated the results in the attenuated one.

Keywords: Histomonas meleagridis, protozoa, 2D-DIGE, SWATH MS, attenuation, virulence factors, comparative
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INTRODUCTION

The unicellular microaerophilic poultry parasite Histomonas
meleagridis, first classified in 1920 (Tyzzer, 1919), is a member
of the order Tritrichomonadida (Cepicka et al., 2010). In
gallinaceous birds, the flagellate is responsible for histomonosis,
also known as infectious enterohepatitis or blackhead disease
(reviewed in Hess, 2017). In the course of the disease the parasite
invades the caecum, then it gains access to the circulatory
system through which it travels to the liver and other organs.
The necrosis of the liver, which is frequently seen in turkeys,
can lead to high mortality (reviewed in McDougald, 2005). In
chickens, this gross pathological finding is less common, but
severe clinical signs including significant drop in egg production
were recorded (Hess and McDougald, 2013). In recent years
histomonosis re-emerged, due to the withdrawal of previously
effective anti-histomonad drugs and the gaining popularity of
free-range poultry farming (reviewed in Hess et al., 2015).

The establishment of a mono-eukaryotic H. meleagridis
culture derived from a single cell and its successful stable
attenuation after numerous in vitro passages opened the road
for the development of innovative strategies against the flagellate
(Hess et al., 2006; Sulejmanovic et al., 2013). Such attenuated
parasites which are propagated in vitro in a mixed bacterial
content, termed as xenic culture, were proven to be safe and
effective as a vaccine (Liebhart et al., 2011, 2013). Among the
known prevention and therapeutic approaches that have been
considered against H. meleagridis, live attenuated vaccination
was recognized to be the most promising, albeit not yet
commercially available (reviewed in Liebhart et al., 2017). The
further development of themono-eukaryotic culture by replacing
the mixed bacterial flora with Escherichia coli DH5α, showed no
effect on the attenuation process (Ganas et al., 2012) and was an
important tool for detailed molecular studies.

Despite its importance for poultry health only limited
knowledge is available on the parasite’s molecular biology, a
precondition to develop new protection strategies or improve
existing ones. A number of molecular studies determined the
phylogenetic relationship of H. meleagridis and enriched the
collection of available sequences (reviewed in Hess et al., 2015). A
non-comparative two-dimensional electrophoresis (2-DE) study
on H. meleagridis proteome revealed 17 out of 19 identified
proteins as actin (Pham et al., 2016). A recent comparative 2-DE
proteome analysis of the virulent and attenuated H. meleagridis

Abbreviations: 2-DE, two-dimensional electrophoresis; 2D-DIGE, two-
dimensional differential gel electrophoresis; DTT, dithiothreitol; ECM,
extracellular matrix; ESI, electrospray ionization; FBAL, fructose-bisphosphate
aldolase; Fd, ferredoxin; FDR, false discovery rate; FN, fibronectin; GAPDH,
glyceraldehyde-3-phosphate dehydrogenase; HPLC, high performance liquid
chromatography; IAA, iodoacetamide; IEF, isoelectric focusing; IPG, immobilized
pH gradient; IS, internal standard; LC-MS/MS, liquid chromatography coupled
to tandem mass spectrometry; MALDI-TOF/TOF MS, matrix-assisted laser
desorption/ionization time-of-flight/time-of-flight mass spectrometry; Mr,
molecular mass; NK, Natural killer cells; PEPCK, phosphoenolpyruvate
carboxykinase; PFOR, pyruvate ferredoxin oxidoreductase; PFP, pore-forming
protein; PLG, plasminogen; SDS-PAGE, sodium dodecyl sulfate polyacrylamide
gel electrophoresis; SOD, superoxide dismutase; SPB, surfactant protein B;
SWATH, sequential window acquisition of all theoretical mass spectra.

culture, identified 49 significantly differentially expressed protein
spots between the two strains, corresponding to 31 unique
H. meleagridis proteins (Monoyios et al., 2018). In that study,
mass spectrometric identification of significant protein spots
was supported by the recent de novo transcriptome sequencing
of the virulent and attenuated parasite, which was the latest
contribution toward the enrichment of H. meleagridis sequence
data (Mazumdar et al., 2017).

As the evolution in mass spectrometric identification methods
and gel image analysis continued, the popularity of 2-DE has
risen and the technique was favored for the separation of
complete proteins at high resolution (reviewed in Rabilloud
et al., 2010). The introduction of immobilized pH gradient (IPG)
gel strips and a new 2-DE protocol, offered the advantage of
reproducibility (Görg et al., 2009). However, with conventional
2-DE, only one protein sample can be visualized per gel, while
reproducibility issues remained due to the gel-to-gel variation
(reviewed inMiller, 2012). From this aspect, the two-dimensional
differential gel electrophoresis (2D-DIGE) was considered to be
an improvement of 2-DE since it allows for the resolution of
three different samples in parallel on the same gel, which are
labeled with different fluorescent dyes (reviewed in Miller, 2012).
These can include two protein samples to be compared and
an internal standard (IS). The latter is used to quantitatively
normalize all protein spots, which are included in the experiment,
a feature that increases accuracy in detecting differential protein
expression (reviewed in Baggerman et al., 2005). In addition,
the sensitivity of the 2-DE silver staining protocol and 2D-
DIGE minimal labeling are unparalleled since the former can
detect 1 ng of protein per 2D spot and the latter as low
as 0.1 ng of protein per 2D spot (reviewed in Sitek et al.,
2006).

Nevertheless, from all the proteins present in a complex
sample, only 30–50% can be resolved in a 2-DE gel depending
on their abundance and physicochemical properties (reviewed
in Baggerman et al., 2005). As a consequence the same group
of proteins will be repeatedly visualized and a “déjà vu”
of reported results, can be expected (Petrak et al., 2008).
Some of the limitations of gel-based methods can be tackled
by shotgun proteomic techniques that have the capability
of identifying over 10,000 proteins in a sample through a
data-dependent approach (Huang et al., 2015). Nonetheless,
even with the current technology, challenges arise when
reproducible, sensitive, and accurate quantification is required
among multiple samples that cover wider proportions of the
proteome (Gillet et al., 2012). Acquisition of MS/MS data
by the Triple-TOF high-resolution mass spectrometer allowed
the development of a new quantification approach called
sequential window acquisition of all theoretical mass spectra
(SWATH), which is a data-independent acquisition method with
the aim of analyzing the fragmentation products of all ions
(reviewed in Crutchfield et al., 2016). Label-free quantification
of protein abundance with SWATH technology demonstrated
high precision, reproducibility, and accuracy (Huang et al., 2015).
The usefulness of this approach was recently demonstrated in
the comparative proteomic analysis of a fish bacterial pathogen,
with the prospect of comprehending its virulence mechanisms
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(Kumar et al., 2016). However, to the extent of our knowledge
very few, if any, comparative proteomic studies on protozoa have
utilized the SWATHMS technology.

In the present study, 2D-DIGE gel-based experiments were
complemented by the gel-free, label-free proteomic technique
which involved nano-scale liquid chromatography coupled
with a hybrid high-resolution mass spectrometer and SWATH
MS technology. The main objective was to resolve proteome
differences or similarities between the in vitro cultivated virulent
and attenuated H. meleagridis strains in greater detail in a
comprehensive setting.

MATERIALS AND METHODS

Cultivation and Collection of Virulent and
Attenuated H. meleagridis Parasites
The experiments were performed using virulent and attenuated
H. meleagridis parasites which were propagated in vitro
as monoxenic mono-eukaryotic cultures designated as H.
meleagridis/turkey/Austria/2922-C6/04-10x/DH5α and H.
meleagridis/turkey/Austria/2922-C6/04-290x/DH5α, respectively
(Ganas et al., 2012). The incubation took place at 41◦C in a
standard medium consisting of Medium 199 (GibcoTM, Vienna,
Austria), 15% heat-inactivated fetal bovine serum (GibcoTM),
and 0.22% of sterilized rice starch (Carl Roth GmbH + Co.
KG, Karlsruhe, Germany). Parasites were passaged every 3
days (Ganas et al., 2012) and at the final passage 1ml of E.
coli DH5α liquid culture (colony forming units (CFU): 5 ×

108 bacterial cells/ml), which was grown overnight at 37◦C,
was added to the cultures. Subsequently, the virulent low-
passaged parasites were harvested at passage number 25 and
the attenuated high-passaged parasites at passage number 303.
A purification protocol consisting of consecutive washing and
centrifugation steps was used to collect H. meleagridis cells
and to remove most of the bacteria as previously described
(Monoyios et al., 2018). Pellets of collected parasites were
stored at −80◦C until further use. The quality of purification
and parasite numbers were evaluated using Trypan Blue Stain
(GibcoTM, Invitrogen, Vienna, Austria) as previously described
(Zaragatzki et al., 2010).

Protein Sample Preparation for 2D-DIGE
and SWATH MS
In total four biological replicates and four technical replicates
were used in the 2D-DIGE experiment. For each sample protein
was extracted from 6 × 107 purified parasites, which were co-
cultivated in tissue culture flasks with E. coliDH5α. Four separate
virulent and attenuated H. meleagridis cultures were harvested
on the same day at passage number 25 and 303, respectively
(Figure S1). Two parasite cultures from each strain were pooled
together prior to the protein extraction resulting in two samples
for the virulent strain 25a and 25b and two for the attenuated
strain 303a and 303b (Figure S1). In that way, a higher number
of parasites was obtained and at the same time higher biological
variability was introduced in each sample. In order to obtain a
second group of four protein samples (25a, 25b, 303a, 303b),
the cultivation and the extraction schemes from above were

repeated using H. meleagridis parasites, which were cultivated
and harvested at a different time point. For both experiments,
protein extraction of the first biological replicate was performed
on the day 1 (sample a) and the second biological replicate
on the day 2 (sample b), and as a result four protein samples
were included in each of the two 2D-DIGE experiments: 25a,
25b, 303a, 303b (Figure S1). In each 2D-DIGE experiment, each
of the two biological replicates of a given strain (e.g., 25a and
25b) was swap labeled with the fluorescent dyes (e.g., 25a with
G-Dye200 and 25a with G-Dye300, Table 1) and the acquired
fluorescent images represented technical replicates for the 2D-
DIGE protocol (Figure S1). The protein sample preparation
procedure, described below, was applied to all eight samples.
Two pellets of collected parasites were resuspended in extraction
buffer [50mM Tris-HCl pH 8.8, 5mM EDTA, 100mM KCl,
1% (w/v) dithiothreitol (DTT)] containing a complete protease
inhibitor cocktail (Roche Applied Science, Roche Diagnostics,
Mannheim, Germany) and sonicated (power: 30%, duration:
10 s, cycle (pulsation): 5 × 10%, Bandelin Sonopuls HD2070,
Bandelin electronic, Berlin, Germany) three times on ice with
a 30 s rest period in between. Consequently, a centrifugation
step was performed at 18,000×g for 15min at 4◦C. The pellets
containing rice starch particles were discarded. The supernatants
were then mixed with lysis buffer (pH: 8.5) containing 7M urea,
2M thiourea, 4% (w/v) CHAPS, 30mM Tris-HCl (Arnal et al.,
2015) to which complete protease inhibitor cocktail was added.
Protein concentration was measured using the 2-D Quant kit
(GE Healthcare Life Sciences, Sigma-Aldrich Handels GmbH,
Vienna, Austria) based on the manufacturer’s instructions. The
2-D Clean up kit (GE Healthcare Life Sciences) was used for
further protein purification. The resulting protein pellet was
resuspended in the lysis buffer described above and stored at
−80◦C.

The first group of four protein samples was used for the
shotgun proteomic analysis and in a 2D-DIGE experiment,
designated as 2D-DIGE-α. The second group was used in
a repetition of the 2D-DIGE experiment, referred to as
2D-DIGE-β.

Protein Labeling With G-Dye Fluorophores
and 2D-DIGE Protocol
The protein concentration of all four protein samples was
measured with the 2-D Quant kit to ensure accurate sample
application and labeling. The G-Dye100 (G100), G-Dye200
(G200), and G-Dye300 (G300) lysine fluorescent dyes, included
in the Refraction-2DTM kit (NH DyeGNOSTICS GmbH, Halle,
Germany) were reconstituted and used for the minimal labeling
of protein samples according to manufacturer’s instructions.
Each 2D-DIGE experiment consisted of four 2-DE gels. In each
gel, three samples were visualized, namely 25a or 25b, 303a
or 303b and the IS (Table 1). The IS sample, labeled with G-
Dye100, contained an equal amount of all four protein samples.
To exclude preferential labeling bias, the four protein samples
were individually labeled with 400 pmol of G-Dye200 or G-
Dye300 dye using dye-swap correction (Table 1). In each gel, 150
µg of protein was resolved in the first dimension by conducting
isoelectric focusing (IEF) and in the second dimension by SDS-
PAGE.
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TABLE 1 | Experimental design for the 2D-DIGE-α and 2D-DIGE-β experiments.

Gel Nr. Fluorescent dyes

G-Dye100 G-Dye200 G-Dye300

1 IS (50 µg) 25a (50 µg) 303b (50 µg)

2 IS (50 µg) 25b (50 µg) 303a (50 µg)

3 IS (50 µg) 303b (50 µg) 25a (50 µg)

4 IS (50 µg) 303a (50 µg) 25b (50 µg)

IS, Internal standard.

25a, Biological replicate 1 of virulent Histomonas meleagridis parasites, of passage

number 25, protein extraction on day 1.

25b, Biological replicate 2 of virulent H. meleagridis parasites, of passage number 25,

protein extraction on day 2.

303a, Biological replicate 1 of attenuated H. meleagridis parasites, of passage number

303, protein extraction on day 1.

303b, Biological replicate 2 of attenuated H. meleagridis parasites, of passage number

303, protein extraction on day 2.

Previous to IEF, 18 cm IPG strips with a linear pH range 4–
7 (ReadyStripTM IPG strips, Bio-Rad R©, Vienna, Austria) were
rehydrated for 16–17 h at room temperature in rehydration
buffer [7M urea, 2M thiourea, 4% (w/v) CHAPS, 0.002% (w/v)
bromophenol blue] to which 0.4% (w/v) DTT and 0.5% (v/v)
SERVALYTTM 3–10 Carrier Ampholytes (Serva Electrophoresis,
Heidelberg, Germany) were added (Arnal et al., 2015). The
sample application was performed according to the anodic cup-
loading technique. In the first dimension, the proteins were
focused using PROTEAN R© IEF Cell (Bio-Rad R©) at 20◦C with
an electric current limitation of 50 µA/IPG strip. Isoelectric
focusing was performed in six steps with the following voltage
settings and duration: (i) 150V for 1.5 h, (ii) 300V for 1.5 h, (iii)
600V for 1 h, (iv) linear voltage increase to 8,000V for 0.5 h, (v)
final focusing step at 8,000V for a total of 45,000 Vh, (vi) 500V
resting step. Following this, all four IPG strips that belonged to
the same 2D-DIGE experiment were stored at−80◦C.

Prior to the separation of focused proteins by SDS-PAGE,
the reduction of the thawed IPG strips was performed in
equilibration buffer (6M urea, 0.375M Tris-HCl pH 8.8, 2%
SDS, 20% glycerol) containing 2% (w/v) DTT for 15min at room
temperature. Then the IPG strips were alkylated under the same
conditions and in the same equilibration buffer which contained
2.5% (w/v) iodoacetamide (IAA) instead of DTT.

For the second dimension, vertical slab gels [resolving gel
dimensions: width × height × thickness = 18.3 cm × 16.3 cm
× 1.5mm, 1.5M Tris-HCl pH 8.8, 10% SDS, (total monomer
concentration) T = 10%, (percentage of crosslinker) C = 3.33%]
were casted simultaneously using the PROTEAN R© II multi-
gel casting chamber (Bio-Rad R©) according to manufacturer’s
instructions. Subsequently, the equilibrated IPG strips were
placed on top of a polymerized stacking gel (18.3 cm × 3 cm ×

1.5mm) using 0.5% pre-warmed agarose, containing 0.05% of
bromophenol blue dye, which was used for tracking purposes.
The second dimension was carried out using Protean R© II xi cell
(Bio-Rad R©) with a current of 15 mA/gel at 4◦C until the tracking
dye ran off the bottom of the gels. Fifteenmicroliters of molecular
marker [SpectraTM Multicolor Broad Range Protein Ladder, 10–
260 kDa, Thermo ScientificTM, Fisher Scientific (Austria) GmbH,

Vienna, Austria] was applied for approximate estimation of
protein molecular mass (Mr).

The fluorescent labeled gels were scanned with Typhoon 9400
scanner (GE Healthcare Life Sciences) at a resolution of 100µm.
After scanning, protein patterns were additionally visualized
following published silver staining protocols (Blum et al., 1989;
Miller and Gemeiner, 1992).

Computational Image and Statistical
Analysis of Fluorescent Proteome Patterns
Twelve fluorescent gel images were obtained from each 2D-DIGE
experiment and included in the computational image (Figure S2)
and statistical analysis which was performed with the Delta2D
software version 4.7 (Decodon GmbH, Greifswald, Germany)
(Berth et al., 2007). The investigations were characterized
as multiplex experiments. The 12 fluorescent images were
categorized into three groups consisting of four images each.
The three groups were termed “virulent 25,” “attenuated 303,”
and “IS.” The categorization was performed by assigning
gel, sample and channel information to each image. The
“in gel standard” warping strategy was chosen to coordinate
corresponding spot regions across all gel images and to eliminate
positional deviations due to technical reasons. The “union
fusion” algorithm was applied to combine all gel images in a
single fusion image based on their common region. IS images
were excluded from this step as they do not add information to
the consensus protein spot pattern of the parasites. Spot detection
was performed once on the fusion image. The consensus spot
pattern information was transferred to all gel images, including
the IS images, allowing for the acquisition of complete expression
profiles for a given spot across all 12 fluorescent gel images.

The statistical analysis of expression profiles was carried out
with TIGRMultiple Experiment Viewer (MeV) which is included
inDelta2D software version 4.7 (DecodonGmbH). The IS images
were not included in the statistical analysis but were taken
into account for the normalization of protein spots visualized
on gel images belonging to the virulent (passage number 25)
and attenuated (passage number 303) group. In all four gels
of a given 2D-DIGE experiment, the same sample served as
the IS; therefore, all spots were reliably normalized to the same
sample. Hypothesis testing was performed using a permutation
Student’s t-Test by assuming unequal group variances and by
applying the following false discovery rate (FDR) correction
in order to address the multiple hypothesis testing problem
(Benjamini and Hochberg, 1995): with a confidence level of
95% the number of accepted false positive expression profiles
was ≤20. Protein spots with significant (P < 0.05) differences
in the mean normalized volumes (%V), between virulent and
attenuated gel image groups, were submitted for identification by
MALDI-TOF/TOF or LC-MS/MS.

Identification of Differentially Abundant
Protein Spots by MALDI-TOF/TOF
Significantly (P < 0.05) differentially abundant protein spots that
could be located on silver-stained fluorescent gels were excised
and processed for identification. Protein spots were pooled

Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 4 November 2018 | Volume 8 | Article 407

https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles


Monoyios et al. Histomonas meleagridis Comparative Proteomic Analyses

from two or more gels to obtain sufficient material for mass
spectrometric analysis. After washing and de-staining, reduction
of spots with DTT and alkylation with IAA was conducted
(Gharahdaghi et al., 1999; Jiménez et al., 2001). Consequently,
in-gel digestion with trypsin (Trypsin Gold, Mass Spectrometry
Grade, Promega, Madison, USA) was performed according to
Shevchenko et al. (1996). The peptides were then extracted
and dried using a vacuum concentrator (Eppendorf, Hamburg,
Germany). Afterwards, de-salting and concentrating of tryptic
peptides was performed to increase the sensitivity of MS using
µ-Zip Tips C18 (Millipore, Billerica, USA) according to the
manufacturer’s instructions.

A 0.5 µl aliquot of de-salted peptides was added to 0.5 µl of
the matrix solution [α-cyano-4-hydroxycinnamic acid, saturated
in acetonitrile–0.1% trifluoroacetic acid (30:70, v/v)] and 1 µl
of the resulting mixture was spotted on a ground steel MALDI
target plate (Bruker Daltonics, Bremen, Germany) and allowed to
dry at room temperature. Spectra data were acquired in MS and
MS/MS modes by performing MALDI-TOF/TOF MS (Ultraflex
II, Bruker Daltonics). FlexAnalysis 3.0 and Biotools 3.2 software
(Bruker Daltonics) were used for spectra processing and peak
annotation. Processed spectra were submitted to an in-house
Mascot server (version 2.3, Matrix Science, Boston, USA) using
the ProteinScape 2.1 software (Bruker Daltonics). Subsequent
searches were performed in an amino acid database of E.
coli proteins (UnitProt DB, taxonomy 562 EcolX1) combined
with a database containing conceptually translated contigs from
the H. meleagridis reference transcriptome (size: 3356 unique
contigs; study accession number PRJEB191092) (Mazumdar
et al., 2017) and common Repository of Adventitious Proteins
(cRAP) database3. The H. meleagridis contigs were annotated
based on their homology to known genes (Mazumdar et al.,
2017). The parameters for the search were: fixed modifications
= carbamidomethylation (C); variablemodifications= oxidation
(M), deamidation (NQ), pyroglutamic acid formation; enzyme
specificity = trypsin; charge state (Z) = +1; maximum missed
cleavages allowed = 2; peptide mass tolerance = 100 ppm (150
ppm in some cases); fragment mass tolerance = 1.0 Da. Mascot
identifications having at least one peptide with a Mascot score
>20 were regarded as statistical significant (P < 0.05), while in
ProteinScape 2.1 software, protein scores >80 were considered
as significant.

Identification of Differentially Abundant
Protein Spots by LC-MS/MS
Five and three protein spots from the 2D-DIGE-α and 2D-
DIGE-β experiment, respectively, could not be identified by
MALDI-TOF/TOF MS and were analyzed by LC-MS/MS.
For this, proteolytically generated peptides were separated
by a high-performance chromatography system (nano-HPLC
Ultimate 3000 RSLC system, Dionex) and analyzed with a
high-resolution hybrid triple quadrupole time-of-flight mass

1http://www.uniprot.org/
2http://www.ebi.ac.uk/ena/data/view/PRJEB19109
3ftp://ftp.thegpm.org/fasta/cRAP/crap.fasta

spectrometer (TripleTOF 5600+, Sciex, USA) connected via
nano-electrospray ionization (ESI) interface.

Remainders of the de-salted peptides after in-gel digest
were evaporated and reconstituted in 0.1% aqueous TFA for
injection into LC-MS. Sample pre-concentration and de-salting
was accomplished with a 5mm Acclaim PepMap µ-Precolumn
(300µm inner diameter, 5µm particle size, and 100 Å pore
size) (Dionex). As a mobile phase 2% ACN in ultra-pure H2O
with 0.05% TFA was used for loading and de-salting of peptide
samples with a flow rate of 5 µl/min. For peptide separation
a 25 cm Acclaim PepMap C18 column (75µm inner diameter,
3µm particle size, and 100 Å pore size) was used operated
at a flow rate of 300 nl/min. The gradient started with 4%
B (80% ACN with 0.1% formic acid) and increased to 35%
B in 60min. It was followed by a washing step with 90% B.
Mobile Phase A consisted of ultra-pure H2O with 0.1% formic
acid. Mass spectra of HPLC-separated peptides were acquired
using an information dependent data acquisition mode (IDA).
MS1 spectra were collected in the range of 400–1,500 m/z for
250ms. The 25 most intense precursors with charge state 2–
4, which exceeded 100 counts per second, were selected for
fragmentation. MS2 spectra were acquired in the range of 100–
1,800 m/z for 110ms. Precursor ions were dynamically excluded
from reselection for 10 s. The nano-HPLC system was operated
by Chromeleon 6.8 using DCMS-Link (Dionex) and the MS by
Analyst Software 1.6 (Sciex).

Database searches of raw data were performed using
ProteinPilot 5.0 (Sciex) in the combined database of E. coli
and H. meleagridis as described above in: Identification of
differentially abundant protein spots by MALDI-TOF/TOF.
Mass tolerance in MS mode was set with 0.05 and 0.1
Da in MSMS mode for the rapid recalibration search, and
0.0011 Da in MS and 0.01 Da in MSMS mode for the
final search. Parameters for database search: trypsin digestion,
cysteine alkylation set to iodoacetamide, search effort set to
rapid ID. FDR was performed using the integrated tools in
ProteinPilot. Global FDR was set to <1% on protein as well
as on peptide level. Following the generally applied so-called
“two-peptide rule” only proteins with at least two peptides
were further considered as identified (Taylor and Goodlett,
2005).

Shotgun Protein Identification Using
LC-MS/MS
For identification of the H. meleagridis proteins by LC-
MS/MS without previous gel electrophoretic separation, protein
digestion was performed using a two-step in-solution digestion
protocol with a combination of LysC and trypsin according to
the manufacturer’s recommendation4). For each sample 10 µg of
total protein were diluted with 8M urea in 50mM Tris pH 8.0, to
a total volume of 10 µl. Proteins were reduced with 50mM DTT
(30min, 37◦C) and alkylated with 200mM IAA (30min, 25◦C)
before stepwise digestion with Trypsin/LysCmix (Promega) (4 h,
37◦C; dilution with 50mM Tris; 8 h, 37◦C). After acidification

4https://www.promega.com/-/media/files/resources/protocols/technical-
manuals/101/trypsinlysc-mix-mass-spec-grade-protocol.pdf?la=en
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with concentrated TFA, samples were frozen at−20◦C until mass
spectrometric analysis. An aliquot of peptides was analyzed by
LC-MS/MS as described above in the section Identification of
Differentially Abundant Protein Spots by LC-MS/MS.

Label-Free Quantification and Statistical
Analysis With SWATH MS
Technology—Creation of SWATH Ion
Library
LC parameters for data independent SWATH quantification
analyses were the same as described above for IDA injections.
MS parameters were adapted for SWATH. MS1 spectra were
collected in the range of 400–1,500 m/z with an accumulation
time of 50ms. Product ion spectra were collected in 34
windows in the range of 400–1,250 m/z with a fixed width

of 25 Da. For each window ions were accumulated for
80ms.

IDA identification results (see section Shotgun Protein
Identification Using LC-MS/MS) were used to create the
SWATH ion library with SWATH Acquisition MicroApp 2.0
in PeakView 2.2 (both Sciex, USA). Peptides were chosen
based on a FDR rate <1%, excluding shared and modified
peptides. Up to 6 peptides per protein and up to 6 transitions
per peptide were used. Calculation of peak areas of SWATH
samples was performed with MarkerView 1.2.1 (Sciex, USA)
after retention time alignment and normalization using total area
sums.

Further statistical evaluations were based on the normalized
peak areas. Two different software tools were used: R
programming language (R Development Core Team, 2014)
as well as MarkerView (Sciex).

FIGURE 1 | Position of protein spots detected as significantly (P < 0.05) differentially expressed by the 2D-DIGE-α (A) and 2D-DIGE-β (B) experiment. Protein spots

found to be significantly upregulated in the fluorescent images of the cultivated virulent strain (passage number 25) by the 2D-DIGE-α (Ai) and 2D-DIGE-β (Bi)

experiment are highlighted with red color and are indicated by red arrows. Fluorescent gel images with codenames Gel4-25b-G300 (Ai) and Gel3-25a-G300 (Bi) were

chosen as the representative gel images for spot visualization. Protein spots found to be significantly upregulated in the fluorescent images of the cultivated attenuated

strain (passage number 303) by the 2D-DIGE-α (Aii) and 2D-DIGE-β (Bii) experiment are highlighted with green color and are indicated by green arrows. Fluorescent

gels images with the codenames Gel2-303a-G300 (Aii) and Gel2-303a-G300 (Bii) were chosen as the representative gel images for spot visualization. The position of

identified protein spots is additionally displayed on the corresponding silver-stained fluorescent gels (Figures S6, S7). The arrows at the x-and y- axis in each gel are

indicating the direction of protein mobility according to their pI (x-axis) and Mr (y-axis). 2D-DIGE, two-dimensional differential gel electrophoresis; 25, virulent

H. meleagridis parasites harvested at passage number 25; 303, attenuated H. meleagridis parasites harvested at passage number 303; 25a and 25b, protein samples

extracted from virulent H. meleagridis parasites on day 1 and day 2, respectively; 303a and 303b, protein samples extracted from attenuated H. meleagridis parasites

on day 1 and day 2, respectively; G300, protein samples labeled with G-Dye 300; Mr, molecular mass; pI, isolelectric point.
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Label-Free Quantification and Statistical
Analysis With SWATH MS
Technology—MarkerView
After principal component analysis (PCA), groups were defined
and a t-Test was performed. Proteins with at least two peptides
were considered differential if the p-value was below α = 0.00001
and the absolute fold change was at least two (fold change <

−2 or > +2). As MarkerView does not differentiate between
technical and biological replicates an additional statistical
evaluation with R was performed.

Label-Free Quantification and Statistical
Analysis With SWATH MS Technology—R
Programming Language
cRAP proteins and proteins quantified with just one peptide
were removed from the MarkerView normalized raw protein list
before further processing. Raw peak areas were log2-transformed
to approach a normal distribution. On a logarithmic scale,
technical replicates were aggregated by arithmetic mean before
application of statistical tests.

Differential expression of proteins was assessed using two-
tailed t-Test for independent samples for each protein. To adjust
for multiple testing, the method of Benjamini and Hochberg
was used to control the FDR (Benjamini and Hochberg, 1995).
Protein expression was considered differential if the adjusted p-
value was below α= 0.08 and the absolute fold change was at least
two (fold change < −2 or > +2).

Protein-Function Network Graphs
Constructed for H. meleagridis-Specific
Proteins
The open source software platform Cytoscape version 3.5.1
(Shannon et al., 2003) was used to display the link between
identified H. meleagridis-specific proteins and their proposed
function. The identified proteins were found to be significantly
differentially expressed between the two strains by the 2D-
DIGE-α, 2D-DIGE-β, and SWATH MS experiments. The
proposed functions were attributed to identified proteins
based on their Gene Ontology terms, InterPro entries and
existing literature. The fold upregulation values, which were
acquired from Delta2D software version 4.7 (Decodon GmbH)
and SWATH MS quantification measurements, were mapped
to certain colors. In this way, the H. meleagridis-specific
proteins, which were represented by source nodes, were
visually characterized and their level of expression was
indicated.

RESULTS

Fluorescent Protein Patterns of the in vitro

Cultivated Virulent and Attenuated
H. meleagridis Parasites
Protein spots were distributed within a pH range of 5–7 and a
Mr of 15–140 kDa (Figures S3, S4). The landmark spot, which
was distinctive at pI 5 and aMr of∼50 kDa (Figures S3, S4), was

known to be actin ofH. meleagridis origin based upon a previous
study (Monoyios et al., 2018). The visualization of this actin spot
with yellow color was an indication that it was not differentially
expressed between the in vitro cultivated virulent and attenuated
parasites (Figure S3). This observation was later on confirmed by
the statistical analysis of the fluorescent proteome patterns. The
projection of virulent and attenuated protein spots with pseudo-
colors revealed that high Mr proteins (50–140 kDa) were more
abundant in the attenuated strain (Figures S3, S4). In contrast to
this, proteins of lowMr (15–50 kDa) were more numerous in the
protein samples of the virulent strain (Figures S3, S4).

Detection of Significantly Differentially
Abundant Protein Spots by 2D-DIGE
Initially, 937 and 1297 protein spots were detected on the
fusion images, which were generated by the 2D-DIGE-α
and 2D-DIGE-β computational image analysis, respectively.
Artifacts and faint spots were removed by setting a spots’
quality threshold and by performing manual spot editing.
As a result, 563 and 762 protein spots were included in
the statistical evaluation of fluorescent proteome patterns
obtained by the 2D-DIGE-α and 2D-DIGE-β experiment,
respectively.

In the 2D-DIGE-α experiment, the statistical analysis
detected a total number of 33 protein spots as differentially
expressed (Figures 1Ai,Aii and Figure S5A). The fold
change in their expression levels ranged between 1.234 and
3.458 (Table 2). Twenty-six out of the 33 protein spots
were significantly overexpressed in gel images containing
proteins of the virulent culture (Figure 1Ai). However,
three out of these could not be located on silver-stained
fluorescent gels obtained by the 2D-DIGE-α experiment
(Figure S6A). The seven remaining protein spots, out of the
total 33, were found overexpressed in the gel images that
contained proteins of the attenuated culture (Figure 1Aii).
All seven spots were located at a Mr of 50 kDa and above
(Figure 1Aii, Figure S6B). In contrast, only four out of the
26 protein spots, with overexpression in the gel images of
the virulent culture, were located above 50 kDa (Figure 1Ai,
Figure S6A).

In the 2D-DIGE-β experiment the statistical analysis detected
a total number of 21 protein spots as differentially expressed
(Figures 1Bi,Bii and Figure S5B). The fold change in their
expression levels ranged between 1.255 and 3.443 (Table 3).
Sixteen out of the 21 differentially expressed protein spots
were detected in gel images containing proteins of the virulent
culture (Figure 1Bi). Identifying two out of these spots from
silver-stained fluorescent gels was not possible (Figure S7A). In
agreement with the 2D-DIGE-α experiment, only two out of
the 16 protein spots were located above 50 kDa (Figure 1Bi,
Figure S7A). The five remaining spots, out of the total 21, were
detected in the gel images of the attenuated culture (Figure 1Bii).
As it was observed in the 2D-DIGE-α experiment for this strain,
all five spots were located at a Mr of ≥50 kDa (Figure 1Bii,
Figure S7B).
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Identification of Proteins Detected as
Significantly Differentially Abundant by the
2D-DIGE Experiments
Thirty and 19 protein spots, which were detected as significantly
(P < 0.05) overexpressed by the 2D-DIGE-α and 2D-DIGE-
β analysis, respectively, matched with entries from the
aforementioned databases (see the section Identification of
Differentially Abundant Protein Spots by MALDI-TOF/TOF)
(Tables 2, 3 and Tables S1, S2). In the 2D-DIGE-α experiment
the 23 spots, which displayed upregulation in the gel images
of the virulent culture, were shown to correspond to 13
different proteins (Table 2, Figure 2A), while in the 2D-
DIGE-β experiment the 14 protein spots from the same
culture were identified as 10 unique proteins (Table 3,
Figure 2A). Between the two experiments the common
proteins, with overexpression in the virulent strain, were:
actin, glyceraldehyde 3-phosphate dehydrogenase (GAPDH)
and phosphoenolpyruvate carboxykinase (PEPCK) (Tables 2,
3 and Figure 2A). In the 2D-DIGE-α experiment, the seven
upregulated protein spots from the attenuated culture, were
identified as six different proteins (Table 2, Figure 2B), while
in the 2D-DIGE-β experiment the five protein spots, which
exhibited overexpression in the fluorescent gel images of
the same culture, represented four unique proteins (Table 3,
Figure 2B). In the attenuated culture, the common unique
proteins between the two experiments were: coronin and
GAPDH (Tables 2, 3 and Figure 2B).

Identification of Protein Spots Detected as
Significantly Overexpressed in Fluorescent
Gel Images of the Virulent H. meleagridis

Culture
In the 2D-DIGE-α experiment 20 out of the 23 identified protein
spots, with overexpression in the virulent culture, corresponded
to 10 H. meleagridis-specific proteins (Table 2). Based on their
proposed functions these identified proteins can be attributed
to eight different categories (Figure 3A). The most frequent
identified proteins were actin, followed by GAPDH and PEPCK
(Table 2, Figure 3A). As shown by the color-coded source nodes,
the protein spots with the highest upregulation were identified as
GAPDH (63528, 63529, 63536), actin (63527), and 14-3-3 protein
(219386) (Table 2, Figure 3A). Nine identified protein spots
corresponded to two unique proteins, namely actin, represented
by five spots (63512, 63624, 63527, 63646, 78829) and GAPDH,
represented by four spots (63528, 63529, 63530, 63536) which
might be associated with alternative functions (Figure 3A). The
four GAPDH spots, which were aligned at a Mr of ∼40 kDa,
exhibited slight differences in their pI but were all mapped to
contig449 (Table 2 and Figures S8Ai,Aii). The five actin spots
demonstrated shifts in their pI and were dispersed at the low
Mr area between 25 and 50 kDa (Figures S8Ai,Aii). All actin
spots could be mapped to contig2112 (Table 2). The statistical
analysis, clustered the actin spots together with a Rab11 isotype
(cluster 1), heat shock protein 70 (Hsp70) (cluster 3), legumain-
like cysteine peptidase (CP) (cluster 4), and the four GAPDH
protein spots (cluster 5) (Figure S5A). The clustering indicates
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FIGURE 2 | Number of unique and shared identifications for proteins detected as significantly upregulated in the virulent (A) and attenuated (B) cultivated

H. meleagridis strain by the 2D-DIGE-α, 2D-DIGE-β, and SWATH MS experiments. Venny 2.1.0 tool (Oliveros, 2015) was used to summarize the findings with venn

diagrams. The same extracted protein samples were analyzed by the 2D-DIGE-α and SWATH MS experiment. Based on the analyses the following identified proteins

were found to be common between experiments: � = actin, GAPDH and PEPCK (A); N = Clan CD, family C13, asparaginyl endopeptidase-like CP (A); � = GAPDH

(B); � = Coronin (B). 2D-DIGE, two-dimensional differential gel electrophoresis; CP, cysteine peptidase; SWATH MS, sequential window acquisition of all theoretical

mass spectra mass spectrometry; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; PEPCK, phosphoenolpyruvate carboxykinase.

co-regulation of the above proteins. The remaining three spots,
found to be overexpressed in the gel images of the virulent
culture, represented three proteins of E. coli origin that seem to
be associated with metabolism and adaptation to stress (Table 2).

In the 2D-DIGE-β group 12 out of the 14 identified protein
spots, with upregulation in the gel images of the virulent culture,
represented eight uniqueH. meleagridis proteins (Table 3). Based
on their proposed functions, the H. meleagridis-specific proteins
could be connected with four different categories (Figure 3B).
The most frequent identified proteins were GAPDH, in three
spots out of the total 12 (509, 524, 526), followed by actin, which
was represented by two spots (535, 627) (Table 3, Figure 3B).
According to the color-coded network, protein spots exhibiting
the highest upregulation were identified as actin (535, 627),
fructose-bisphosphate aldolase (FBAL) (610), GAPDH (526), and
actin family protein (386163) (Table 3, Figure 3B). It should be
noted that eight out of the 12 H. meleagridis-specific protein
spots displayed an upregulation level, which was above the
median value (Table 3, Figure 3B). Five out of the eight unique
H. meleagridis proteins could be connected with carbohydrate
metabolism (509, 524, 526, 610, 640, 63267, 202345) (Figure 3B).
Six protein spots corresponded to three unique proteins, namely
GAPDH (509, 524, 526), actin (535, 627), and FBAL (610)
(Figure 3B). Although unrelated, they might be associated
with alternative functions. In agreement with the 2D-DIGE-α
experiment the three GAPDH protein spots, were also mapped
to contig449 and were aligned at a Mr of ∼40 kDa with minor
differences in their pI (Table 3 and Figures S8Bi,Bii). The actin
spot with identification number 627, displayed a Mr which was
∼15 kDa lower and a pI value which was approximately one unit
larger in comparison to the 535 actin spot (Figures S8Bi,Bii). In

the statistical analysis, these two actin spots (535, 627) clustered
with a GAPDH spot (509), the FBAL spot (610), a Clan MG,
family M24, aminopeptidase P-like metallopeptidase (42635),
and with other proteins of the carbohydrate metabolism, namely
PEPCK (202345) and phosphoglycerate mutase (PGlyM) (640)
(cluster 3, Figure S5B). Additionally, another GAPDH spot
(524) clustered with an actin family protein (386163) (cluster
1, Figure S5B). The remaining two spots originated from the
bacterial background and were connected with stress adaptation
and carbohydrate metabolism (Table 3).

Identification of Protein Spots Detected as
Significantly Upregulated in Fluorescent
Gel Images of the Attenuated
H. meleagridis Culture
In the 2D-DIGE-α experiment, six out of the seven analyzed
spots, which were upregulated in the gel images of the attenuated
culture, corresponded to five proteins of the protozoan (Table 2).
These proteins can be connected with five different categories
(Figure 4A). As demonstrated by the protein network, the
protein spots with the highest upregulation were identified as a
Cdc48-like protein (63266, 63274) and a Clan MH, family M20,
peptidase T-like metallopeptidase (63369) (Table 2, Figure 4A).
The two Cdc48-like protein spots were found to be closely
associated at aMr of∼110 kDa (Figures S9Ai,Aii). In contrast to
the virulent strain, GAPDHwas identified in a single significantly
upregulated spot (63509), which was located at a position that
corresponded to its calculated pI (Table 2 and Figures S9Ai,Aii).
The same single GAPDH spot was also visible in the gel images of
the virulent culture at the same pI value (Figures S8Ai,Aii), albeit
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FIGURE 3 | Protein-function network graphs of Histomonas meleagridis-specific proteins detected as significantly overexpressed in the virulent strain by the

2D-DIGE-α (A), 2D-DIGE-β (B), and SWATH MS (C) experiments. The protein identifications are displayed as color-coded source nodes, with their edges connected

to gray colored target nodes which represent the proposed functions. The numbers in parentheses represent the identification numbers assigned to each protein by

Delta2D software version 4.7 (Decodon GmbH, Greifswald, Germany) and SWATH MS experiment. In each panel, the dialogs on the right lower corners are the

yellow-orange-red gradient which was selected to represent the fold upregulation values of overexpressed proteins from the virulent strain. The source nodes were

color-coded based on the fold upregulation data associated with each significantly differentially expressed protein (Tables 2–4). The network layout was manually

determined. The reader is referred to Tables 2–4 for explanation of abbreviated protein names. 2D-DIGE, two-dimensional differential gel electrophoresis; SWATH MS,

sequential window acquisition of all theoretical mass spectra mass spectrometry.

in the attenuated strain it exhibited a slightly higher upregulation
(Table 2). The only spot that did not belong to the protozoan was
identified as bovine serum albumin (Table 2). This spot exhibited
the highest upregulation in the gel images of the attenuated strain
but its presence originated from the culture medium (Table 2).

In the 2D-DIGE-β group, four out of five spots, which
demonstrated upregulation in the gel images of the attenuated
culture, represented three proteins of H. meleagridis (Table 3).
These proteins can be associated with four different categories
(Figure 4B). As shown in the protein network, the protein spots
with the highest upregulation were a transketolase family protein

(587944) and coronin (408) (Table 3 and Figure 4B). Coronin
was also identified in a second spot (409) but was mapped to
a different contig (Table 3). The two coronin spots displayed
similar fold upregulation values and were visible, as a pair, at
a position that corresponded to their correct pI but at ∼20
kDa higher than their calculated Mr (Figures S9Bi,Bii). The
same prominent GAPDH protein spot (495), which displayed a
significant upregulation in the 2D-DIGE-α experiment, was also
detected as overexpressed here at a position that corresponded to
its correct pI (Table 3 and Figures S9Bi,Bii). Due to its size and
position, this spot was distinguishable from its post-translational
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FIGURE 4 | Protein-function network graphs of Histomonas meleagridis-specific proteins detected as significantly overexpressed in the attenuated strain by the

2D-DIGE-α (A), 2D-DIGE-β (B), and SWATH MS (C) experiments. The protein identifications are displayed as color-coded source nodes, with their edges connected

to gray colored target nodes which represent the proposed functions. The numbers in parentheses represent the identification numbers assigned to each protein by

Delta2D software version 4.7 (Decodon GmbH, Greifswald, Germany) and SWATH MS experiment. In each panel, the dialogs on the right lower corners are the green

colored gradient which was selected to represent the fold upregulation values of overexpressed proteins from the attenuated strain. The source nodes were

color-coded based on the fold upregulation data associated with each significantly differentially expressed protein (Tables 2–4). The network layout was manually

determined. The reader is referred to Tables 2–4 for explanation of abbreviated protein names. 2D-DIGE, two-dimensional differential gel electrophoresis; SWATH MS,

sequential window acquisition of all theoretical mass spectra mass spectrometry.

modifications which were upregulated in the gel images of the
virulent culture (Figures S8Bi,Bii). In contrast with the findings
of the 2D-DIGE-α experiment for the attenuated strain, one
overexpressed spot exhibited homology with an E. coli protein
and was associated with purine metabolism (Table 3).

Identification of Proteins Detected as
Significantly Differentially Regulated by
SWATH MS
An average number of 832 and 878 proteins were identified in
the protein samples which were obtained from the virulent (25a
and 25b) and attenuated (303a and 303b) H. meleagridis culture,
respectively. The statistical analysis detected 42 significantly
differentially expressed proteins of which four proteins fulfilled
the significance criteria of MarkerView, 10 proteins fulfilled
the criteria of R programming language and 28 proteins were
detected as statistical significant by both methods (Table 4).
From these differentially regulated proteins, 22 originated from

the virulent and 20 from the attenuated H. meleagridis culture
(Table 4, Table S3).

The fold change in upregulation values ranged between
2.0 and 17.8 for proteins of the virulent strain and between
2.0 and 3.4 for proteins of the attenuated one (Table 4 and
Figures 3C, 4C). The 22 upregulated proteins in the virulent
culture corresponded to 16 different proteins, one of which
was also found to be significantly overexpressed in the 2D-
DIGE-α experiments and identified as Clan CD, family C13,
asparaginyl endopeptidase-like CP (Figure 2A). Based on their
proposed functions, the 22 proteins could be connected with
12 different categories (Figure 3C). Peptidase activity was the
largest category, which was represented by eight identifications
each mapped to a different contig (Table 4, Figure 3C). The
most frequent identification was a group of four proteins with
unknown function termed hypothetical, followed by clan CA,
family C1, cathepsin L-like CP which was represented by three
proteins (Table 4, Figure 3C). The four hypothetical proteins
were encoded by different contigs and that was also the case for
the three proteins identified as cathepsin L-like CP (Table 4).
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Proteins with the highest upregulation were a hypothetical
protein (907) and a clan CA, family C1, cathepsin L-like CP
(220). In this strain, most of the identified proteins displayed a
mediocre fold upregulation level which was below the median
value (Table 4).

The 20 overexpressed proteins in samples of the attenuated
culture represented 15 different proteins, out of which only
coronin was shown to be also significantly upregulated in the
gel-based experiments (Table 4, Figure 2B). The upregulated
coronin protein, reported by SWATH MS, was mapped to a
contig which was different from the one to which the coronins,
reported by the 2D-DIGE experiments, were mapped (Tables 2–
4). The 20 overexpressed proteins could be connected with
seven different categories based on their proposed functions
(Figure 4C). Carbohydrate metabolism constituted the largest
category, which was represented by nine identifications each
mapped to a different contig (Table 4, Figure 4C). Within this
group, iron hydrogenases were the most frequently identified
proteins (Figure 4C). The four iron hydrogenases were encoded
by different contigs and could be separated into two groups based
on their annotation (Table 4). The second largest category was
a group of six proteins that are involved in other metabolic
processes (Figure 4C). The range of fold upregulation values
for these 20 proteins was narrower in comparison to the one
reported for the virulent strain (Table 4). Nevertheless, as for
the virulent strain, most of the 20 proteins from the attenuated
one demonstrated mediocre upregulation which was below the
median value (Table 4, Figure 4C). Proteins with the highest
upregulation belonged to categories such as cell division (879),
carbohydrate metabolism (429), and metabolic processes (171)
(Table 4, Figure 4C).

In contrast to the gel-based experiments, none of the above
42 significantly differentially expressed proteins belonged to E.
coli DH5α. However, an average number of 151 and 158 proteins
were identified to be of bacterial origin in protein samples
obtained from the in vitro cultivated virulent (25a and 25b) and
attenuated (303a and 303b) strains, respectively.

DISCUSSION

2-DE and 2D-DIGE Experiments
Despite substantial differences between 2-DE and 2D-DIGE, such
as in the experimental design, the applied amount of protein,
influence of technical variation and protein spot detection, the
protein patterns obtained by the two techniques showed a
high level of similarity. The observed distribution of protein
spots in the 2D-DIGE-α and 2D-DIGE-β experiments was in
agreement with previously published conventional 2-DE gels
of H. meleagridis cultures (Monoyios et al., 2018). In the
conventional 2-DE study as well as in the 2D-DIGE, a noticeable
difference in the Mr distribution of proteins between virulent
and attenuated culture samples was revealed (Monoyios et al.,
2018). In particular, low Mr proteins were more numerous in
the gel images of the virulent strain, while high Mr proteins
were more abundant in the gel images of the attenuated one.
This could be attributed to a stronger proteolytic activity that
might have occurred within the virulent H. meleagridis parasites.
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Evidence for this, could be found in the shotgun proteomic
analysis, in which a number of CPs were found to be significantly
upregulated in protein samples of the virulent strain, one of
which exhibited the second highest upregulation value among all
others.

A number of proteins which were found to be significantly
overexpressed in the 2-DE study were re-detected in the two 2D-
DIGE experiments, a finding that underscores their importance.
Interestingly, these proteins were also mapped to the same
contigs. In the virulent strain proteins such as 14-3-3, Hsp70,
multiple actin proteins of lowMr and the legumain-like CP were
re-discovered as significantly upregulated. The latter protein
was also detected as upregulated in the same strain by the
SWATH MS experiment but was mapped to a different contig.
Nevertheless, knowing that this CP was consistently detected in
the virulent strain by three independent proteomic experiments
verifies its implication in virulence mechanisms. On the other
hand, in the fluorescent gel images of the attenuated strain,
the Cdc48-like protein, enolase, and coronin were re-detected.
Coronin, a protein implicated in actin cytoskeleton remodeling,
was also found overexpressed in the attenuated strain by the
SWATHMS experiment but mapped to a different contig.

2D-DIGE and SWATH MS Experiments
Notwithstanding their utility, gel-based techniques cannot
visualize complete proteomes (reviewed in Rabilloud et al., 2010).
In a given 2-DE gel only specific proteins can be visualized
depending on a number of factors such as: solubility, pI, relative
abundance,Mr, gel size, and pH gradient used (Görg et al., 2004;
reviewed in Baggerman et al., 2005). The utilization of a gel-
free, label-free shotgun proteomic approach with SWATH MS
technology complements the 2D-DIGE gel-based experiments,
since the resolution and detection of significant proteins is not
depended on the pH gradient of the IPG strip, the length of the
IPG strip or the polyacrylamide gel. A characteristic observed
in our study as well. However, in spite of their resolving power,
shotgun proteomic methods are preoccupied with the analysis of
peptides and cannot conclude if a given identified protein was
subjected to proteolysis or post-translational modifications as
information on their experimental pI and Mr is lost (Görg et al.,
2004). This feature was observed in the case of actin and GAPDH
identifications, whose multiple spots were found upregulated in
the virulent strain in both 2D-DIGE experiments, but SWATH
analysis missed to detect them.

Proteins With Plasminogen and
Fibronectin-Binding Potential
Although they are traditionally connected with non-virulent
mechanisms, proteins such as actin, GAPDH and FBAL
demonstrated the highest upregulation in fluorescent gel images
of the virulent strain. Actin is an essential component of
cytoskeleton with involvement in cell motility and cellular shape
maintenance (reviewed in Dominguez and Holmes, 2011). In
anaerobic protozoa such as Trichomonas vaginalis, GAPDH
and FBAL participate in the glycolytic part of carbohydrate
metabolism, which takes place in the cytoplasm (Huang et al.,
2014).

The upregulated actin and GAPDH proteins displayed pI
and Mr values, which were different from those displayed by
the prominent actin and GAPDH proteins that were visualized
on the same gels. Interestingly, regardless of their gel position,
the actin and GAPDH proteins were all mapped to the same
contigs. This finding supports the view that these multiple
post-translationally modified or truncated proteins might be
components of other mechanisms which are not related with
cytoskeleton or carbohydrate metabolism. The experiments of
Lama and coworkers demonstrated that GAPDH is a fibronectin
(FN)-, plasminogen (PLG)- and collagen-binding protein with
localization on T. vaginalis surface (Lama et al., 2009). Insoluble
FN is a large glycoprotein of the extracellular matrix (ECM) that
connects, via integral membrane proteins known as integrins,
cellular surfaces with collagen (Hynes and Yamada, 1982;
Bachman et al., 2015). It was theorized that the association of
T. vaginalis with ECM components can promote colonization of
the host (Lama et al., 2009).

Common characteristics of actin, FBAL and GAPDH are their
alternative localization on parasites’ surface and the ability to
bind PLG (Lama et al., 2009; González-Miguel et al., 2015).
PLG binding to these surface proteins, is an important step
for its activation to plasmin and for maintaining its activation
(reviewed in Plow et al., 1995). Lysine residues that are externally
localized in PLG surface receptors are usually implicated in
PLG binding (González-Miguel et al., 2015). Interestingly, in
H. meleagridis actin the presence of a domain with similarities
to a proposed PLG-binding domain of other organisms was
discussed (González-Miguel et al., 2015; Monoyios et al., 2018).
Plasmin degrades ECMand can help parasites that reside in blood
vessels such as Dirofilaria immitis, to avoid blood clots due to its
fibrinolytic activity (González-Miguel et al., 2015). Considering
that H. meleagridis can spread via blood vessels to the liver and
to other organs during the final stages of the disease (Singh et al.,
2008), the ability to bind PLG might be of equal importance for
this flagellate.

Cytolytic Factors
The SWATH MS experiment identified a pore-forming protein
(PFP), namely surfactant protein B-like (SPB-like), being
overexpressed in the virulent strain. SPB contains a motif of
six cysteine periodically located residues, which is commonly
found in proteins of the saposin-like family (reviewed in
Hawgood et al., 1998). This saposin motif is also found in
molecules with antibacterial activity such as the lysin of Natural
Killer cells (NK-lysin) and the PFPs of Entamoeba histolytica,
termed amoebapores (reviewed in Hawgood et al., 1998). In
addition to structural similarities, the proteins mentioned above,
demonstrate similar mode of action. This involves attachment
to membranes that possess negatively charged phospholipids,
following the lysis or fusion of such membranes (reviewed in
Hawgood et al., 1998). Once PFPs penetrate the lipid bilayer of
the target cell, death occurs by osmotic lysis (reviewed in Hirt
et al., 2011). The activity of PFPs depends on the pH of the
micro-space which is created between the parasite and the host’s
cell, following amoeboid transformation and cytoadherence
(reviewed in Hirt et al., 2011). Based on the above, it is evident
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that SPB-like can be an effective virulence factor. Nevertheless, in
the in vitro environment the protein might also contribute to the
lysis of bacteria and through this to nutrient acquisition.

A clan CA, family C1, cathepsin L-like and a clan CD, family
C13, asparaginyl endopeptidase-like CPs were significantly
upregulated in the virulent low-passaged H. meleagridis parasite.
In T. vaginalis almost half of the predicted peptidases
contain cysteine as an active site similar to H. meleagridis
transcriptome in which CPs were the most represented group
of peptidases (reviewed in Hirt et al., 2011; Mazumdar
et al., 2017). This category of peptidases participates in
T. vaginalis virulence mechanisms such as cytoadherence,
nutrient acquisition, hemolysis and apoptosis of human vaginal
epithelial cells (reviewed in Hirt et al., 2011). Aside from this,
the proteolytic activity of cathepsin L-like CPs, secreted by
Trichomonas gallinae, was connected to the cytopathogenic effect
on permanent chicken liver cells indicating their role in virulence
of this avian parasite (Amin et al., 2012). The differential
expression of cathepsin L-like CP was detected comparing 2-
DE gels of high- and low-virulence T. vaginalis isolates (De
Jesus et al., 2009). However, in contrast to our finding, the
T. vaginalis clan CD, family C13, asparaginyl endopeptidase-like
CP did not exhibit differential expression among these isolates
(De Jesus et al., 2009). It was theorized that T. vaginalis CPs are
involved in the lysis of erythrocytes and through this action can
obtain lipids and iron, which cannot be synthesized otherwise
(Rosset et al., 2002). Considering, that the in vitro growth of
H. meleagridis can be significantly enhanced by the presence of
supplemental cholesterol (Gruber et al., 2018) one cannot exclude
the involvement of CPs in similar processes.

Rab11-isotypes, one of which was detected to be
overexpressed in the virulent strain by 2D-DIGE, could be
implicated in the secretion of CPs. E. histolytica parasites
which were overexpressing a Rab11 isotype, demonstrated
augmentation in the amounts of intracellular and secreted CPs
(Mitra et al., 2007). The overexpression of this isotype, was
not connected with higher production of CPs, but rather with
an increase in transportation (Mitra et al., 2007). While Rab-
GTPases modulate the contact of membranes, SNARE proteins
participate in the actual act of fusion and lipid bilayer mixing
(Ungermann and Langosch, 2005). In this context, the detection
of an overexpressed SNARE domain-containing protein in the
virulent parasite could increase the fusion of CP-containing
vesicles with the plasma membrane and the release of CPs.

Cytoadherence Mechanisms
The SWATH experiment identified the α subunit of the
heterotrimeric membrane-associated G protein as upregulated
in the virulent strain. The G protein subunits can activate
other molecules, including phospholipase C (InterPro entry5).
The activity of phospholipase C on phospholipids can alter
the negative surface charge of T. vaginalis, and as a result the
interaction of this human parasite with the host’s cells is initiated
(reviewed in López et al., 2000). Additionally, the creation of
cytoplasmic extensions such as pseudopodia and filopodia is

5http://www.ebi.ac.uk/interpro/entry/IPR000367

necessary for initiating parasite contact with epithelial surfaces
and for the maintenance of cytoadhesion (reviewed in López
et al., 2000). In addition to the above described mechanisms,
proteins such as adhesins and CPs directly contribute to the
parasite’s cytoadherence (reviewed in López et al., 2000). It was
theorized that the activity of CPs on cell surface molecules can
elicit the synthesis of adhesins (reviewed in López et al., 2000).
Nonetheless, one of the five known adhesin proteins, called AP65,
was detected as overexpressed in the attenuated H. meleagridis
strain by the SWATH experiment. It should be mentioned that
AP65 is also a malic enzyme and the presence of an initial peptide
sequence can direct this protein to the hydrogenosome where
it exhibits a different function (Alderete et al., 1995; Engbring
and Alderete, 1998). Taking into account that several other
hydrogenosomal enzymes were detected as overexpressed in the
attenuated parasite, the hydrogenosomal function of the above
protein seems more likely.

Survival Mechanisms
Two NlpC/P60 superfamily domain-containing proteins showed
increased expression in the virulent H. meleagridis parasite by
the SWATH analysis. T. vaginalis possesses nine Clan CA,
family C40 NlpC/P60 papain-like peptidases of the cysteine
type that are involved in the cleavage of bacterial cell walls
(Carlton et al., 2010; reviewed in Hirt et al., 2011). Considering
that H. meleagridis utilizes co-cultivated E. coli DH5α as food
source, proteins like the above might contribute to its in vitro
survival. In the same strain, the SWATH analysis identified
an overexpressed lysin motif (LysM)-containing protein. This
motif is found in enzymes that, in addition to chitin-binding,
also degrade bacterial cell walls (InterPro entry6). Additionally,
the LysM-containing protein, possesses a glycoside hydrolase 19
domain, typically found in chitinases (InterPro entry7). The cyst
of the protozoan parasite Entamoeba spp. is encircled with chitin
and its main element are proteins with chitin-binding domains,
such as chitinases (Van Dellen et al., 2006). Under nutritional
restricted conditions amoeboid T. vaginalis parasites, undergo a
pseudocyst stage characterized by morphological changes such as
round shape and internalized flagella (De Jesus et al., 2007). On
the protein level, T. vaginalis pseudocyst stages were consistently
overexpressing several actin proteins which were mapped to
a single accession, PEPCK and a Rab11 isotype, whereas the
expression of hydrogenosomal enzymes was shut down (De Jesus
et al., 2007).

The overexpression of the above proteins in the gel
images of the virulent H. meleagridis was accompanied by
the absence of hydrogenosomal enzyme overexpression. In
recent detailed investigations on H. meleagridis morphology,
a genuine encystation process was not observed (Gruber
et al., 2017). However, as it was the case for T. vaginalis, the
flagellate was capable of defending itself by forming cyst-
like stages under adverse in vitro conditions characterized
by rounded morphology and double cell membrane
(Zaragatzki et al., 2010; Gruber et al., 2017). The upregulation

6https://www.ebi.ac.uk/interpro/entry/IPR018392
7https://www.ebi.ac.uk/interpro/entry/IPR000726
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of the above proteins in the virulent parasite, which
is less adapted to the in vitro environment, indicates
the existence of these defense mechanisms on a protein
level.

Glycolytic and Hydrogenosomal Proteins
of the Carbohydrate Metabolism
Overall, six enzymes of the glycolytic pathway (7 GAPDH spots,
5 PEPCK spots, 1 FBAL spot, 1 PPDK spot, 1 ADH spot, 1
PGlyM spot) and one protein (ADK protein) that acts in the
hydrogenosome were shown to be overexpressed in the virulent
strain by the gel-based and gel-free experiments. Except from the
single GAPDH spot and ADH, the detected overexpression of
two other glycolytic proteins (2 PFK proteins, 1 enolase spot), as
well as six hydrogenosomal enzymes (2 iron hydrogenase 64 kDa
proteins, 2 iron hydrogenase proteins, 1 NADH dehydrogenase
51 kDa protein, 1 malic enzyme) was the exclusive property of
the attenuated parasite.

In amitochondriate anaerobic protozoa, such as T. vaginalis
and H. meleagridis, carbohydrate metabolism is fermentative.
The part of the glycolytic pathway that takes place in the
cytoplasm results in pyruvate or malate production, which are
further converted to hydrogen, carbon dioxide and acetate
in double-membrane organelles called hydrogenosomes (De
Jesus et al., 2007). Key hydrogenosomal enzymes that are
involved in the latter process are the pyruvate ferredoxin
oxidoreductase (PFOR), electron transporter ferredoxin (Fd),
and hydrogenase (reviewed in Müller, 1993). Hydrogenosomal
enzymes contain iron-sulfur clusters and iron is considered
to be an essential element for their function, structure and
transcription (De Jesus et al., 2007). Iron depletion can lead
to the downregulation of several T. vaginalis hydrogenosomal
enzymes, including Iron hydrogenase-1 (50 kDa), -2 (64
kDa), and -3 (Beltrán et al., 2013). Interestingly, in this
human parasite the downregulation of hydrogenosomal enzymes
due to iron starvation was accompanied by an upregulation
of certain glycolytic enzymes, including PEPCK (De Jesus
et al., 2007), which was detected as overexpressed at multiple
gel positions in the virulent H. meleagridis. The authors
theorized that the overexpression of PEPCK under such
conditions by T. vaginalis is part of an energy compensation
mechanism (De Jesus et al., 2007), and one could argue
that the same could apply for the virulent H. meleagridis.
However, under in vitro conditions H. meleagridis should
not experience a compromised hydrogenosomal activity due
to iron deprivation since the fetal bovine serum, which is
used as nutritional element, contains high levels of the iron-
storage protein ferritin (Kakuta et al., 1997). Nonetheless,
the in vitro environment might not be entirely optimal for
this microaerophilic protozoan, considering that after each
passage H. meleagridis comes in contact with atmospheric
oxygen. It is known that T. vaginalis is sensitive to oxygen
levels above those normally encountered in the host’s vaginal
environment (Ellis et al., 1994). In other trichomonads, such
as Tritrichomonas foetus, the activities of PFOR and iron
hydrogenase were negatively affected by oxygen with the latter

showing higher sensitivity compared to the former (Lindmark
and Müller, 1973). On the transcriptome level, oxygen protective
molecules were found in both H. meleagridis strains, albeit
the sequence encoding for superoxide dismutase (SOD), which
is an important oxidative stress defense in T. vaginalis,
was only reported in the attenuated one (Ellis et al., 1994;
Mazumdar et al., 2017). Based on the above, the detected
overexpression of hydrogenosomal enzymes in the attenuated
strain might indicate the ability of this strain to cope better
with the in vitro fluctuating oxygen levels. Alternatively, the
fact that the overexpressed iron hydrogenases were mapped to
different contigs can itself constitute a coping mechanism that
protects hydrogenosomal metabolism from oxygen and might
explain the higher adaptation of this strain to the in vitro
environment.

CONCLUSION

This study corroborated, and to a greater extent supplemented
the findings of the first H. meleagridis proteomic analysis that
utilized conventional 2-DE (Monoyios et al., 2018). Results
obtained from both 2D-DIGE experiments overlapped in the
majority of identified proteins; however the SWATHMS analysis
contributed to the identification of a completely new set of
proteins. Overall, both gel-based and gel-free investigations
displayed the poor adaptation of the low-passaged virulent strain
to the in vitro conditions in comparison to the high-passaged
attenuated strain. This was manifested by the upregulation
of proteins related with stress response in the former and
the overexpression of cell division proteins in the latter.
Additionally, the upregulation of different components of the
carbohydrate metabolism between these strains might further
support this view. Molecules that are part of the virulence
arsenal of other related parasites such as CPs and PFPs
were detected in the virulent strain, a feature in large part
identified by the SWATHMS experiment. Finally, both gel-based
experiments identified multiple modifications of ubiquitous
proteins such as actin and GAPDH in the virulent strain,
whichmight indicate alternative functions and localizations. This
finding was supported by the conventional 2-DE comparative
study and should be addressed in greater detail by future
investigations.
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