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ABSTRACT Toxoplasma gondii is an apicomplexan parasite that causes fatal and de-
bilitating brain and eye disease. Endochinlike quinolones (ELQs) are preclinical com-
pounds that are efficacious against apicomplexan-caused diseases, including toxo-
plasmosis, malaria, and babesiosis. Of the ELQs, ELQ-316 has demonstrated the
greatest efficacy against acute and chronic experimental toxoplasmosis. Although
genetic analyses in other organisms have highlighted the importance of the cyto-
chrome bc1 complex Qi site for ELQ sensitivity, the mechanism of action of ELQs
against T. gondii and the specific mechanism of ELQ-316 remain unknown. Here, we
describe the selection and genetic characterization of T. gondii clones resistant to
ELQ-316. A T. gondii strain selected under ELQ-316 drug pressure was found to pos-
sess a Thr222-Pro amino acid substitution that confers 49-fold resistance to ELQ-316
and 19-fold resistance to antimycin, a well-characterized Qi site inhibitor. These find-
ings provide further evidence for ELQ Qi site inhibition in T. gondii and greater in-
sight into the interactions of Qi site inhibitors with the apicomplexan cytochrome
bc1 complex.
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Toxoplasma gondii is a prolific apicomplexan parasite that infects birds and mam-
mals, including one-third of humans (1). T. gondii causes fatal or debilitating brain

and eye disease in fetuses and the immunocompromised. In healthy individuals, the
prevalence and severity of ocular disease varies geographically, with T. gondii eye
disease observed in up to 20% of infected people in areas of Brazil (2). Current first-line
therapy with pyrimethamine and sulfadiazine has a high rate of toxic side effects and
does not eradicate latent infection from the host (3). These shortcomings are signifi-
cant, considering that prolonged courses of therapy are required for the treatment of
toxoplasmosis in AIDS patients, stem cell transplant patients, and infants. More effec-
tive and better-tolerated treatment for toxoplasmosis is needed.

The cytochrome bc1 complex has been a successful drug target for combatting
diseases caused by apicomplexans, including T. gondii (4, 5). Located in the inner
mitochondrial membrane, cytochrome bc1 is part of the electron transport chain,
involved in reducing cytochrome c, transferring protons to the intermembrane space,
and generating ubiquinone for pyrimidine biosynthesis. The bc1 complex has two
active sites, the Qo site that oxidizes ubiquinol and the Qi site that reduces ubiquinone
(6). Atovaquone, a cytochrome bc1 Qo site inhibitor, is combined with proguanil for the
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prophylaxis and treatment of malaria (5). Atovaquone is a first-line treatment in
combination with azithromycin for mild-to-moderate babesiosis and is an alternate
treatment and prophylactic for toxoplasmosis (7, 8). Inhibitors of the cytochrome bc1 Qi

site, such as antimycin, an antifungal compound made by Streptomyces species, have
long been known, but Qi site inhibitors have not been used clinically (9). Recently,
antimalarial pyridones, which inhibit the Qi site, were advanced for the first time to
human studies but were withdrawn due to cardiotoxicity in rats that was related to
activity against host cytochrome bc1 (10). The endochinlike quinolone (ELQ) series of
4(1H)-quinolone-3-diarylethers are suspected to target the Qi site and have been
optimized to avoid human cytochrome bc1 inhibition (11).

ELQs are efficacious against malaria, babesiosis, and acute and latent experimental
toxoplasmosis (11–13). Among the large panel of ELQs that we have synthesized,
ELQ-316 was found to have the greatest efficacy against T. gondii and did not inhibit
human cytochrome bc1 at concentrations up to 10 �M. Previous genetic mutations in
Saccharomyces cerevisiae and Plasmodium falciparum suggest that ELQ-271 and ELQ-
300, respectively, inhibit the apicomplexan cytochrome bc1 Qi site (10, 12, 14). However,
no direct experimental evidence for the mechanism of action of ELQs in T. gondii or of
ELQ-316 has been described. Whereas ELQ-271 inhibited S. cerevisiae growth and
cytochrome c reduction, allowing for the investigation of ELQ-271 against a series of S.
cerevisiae strains with cytochrome b gene (Cytb) mutations, ELQ-316 did not inhibit S.
cerevisiae growth or cytochrome c reduction. This difference in activity is likely related
to limitation of the interaction with the Qi pocket of S. cerevisiae due to the bulkier
substituents at the sixth and seventh positions of ELQ-316 and ELQ-300 (Fig. 1). An
Ile22-Leu mutation in the P. falciparum cytochrome bc1 Qi site was associated with
ELQ-300 resistance but not with resistance to ELQ-271 or ELQ-316 (14). In addition, the
crystal structures for apicomplexan cytochrome bc1 have not been solved, hindering
molecular modeling of compounds directly with the parasite cytochrome bc1. More-
over, targeted mutagenesis of apicomplexan mitochondrial genes has not yet been
achieved, preventing definitive evidence of ELQ’s mechanism of action through the
introduction of single-base-pair mutations. To better understand the mechanism of
action and the interaction of ELQ-316 with the cytochrome bc1 Qi site in T. gondii, we
selected ELQ-316-resistant T. gondii organisms and characterized the resistant clones.
We show that a T. gondii strain possessing a mutation in the Cytb gene that causes a
Thr222-Pro amino acid substitution is resistant to ELQ-271 and ELQ-316, as well as the
Qi site inhibitor antimycin.

RESULTS
Selection of an ELQ-316-resistant mutant. ELQ-316-resistant clones of T. gondii

were isolated following mutagenesis with N-nitroso-N-ethylurea (ENU) and subsequent
exposure to ELQ-316. T. gondii strain RH Δuprt was used for the selection of ELQ-
resistant (ER) clones after attempts to isolate T. gondii organisms with sustained ELQ

FIG 1 Chemical structures of cytochrome bc1 inhibitors. ELQ, endochinlike quinolone.
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resistance proved unsuccessful, similar to reports of the selection of T. gondii clones
resistant to the apicomplexan inhibitor 1-hydroxy-2-dodecyl-4(1H) quinolone (HDQ)
(15, 16). T. gondii organisms from the flasks containing 150 nM and 200 nM ELQ-316
were found to have an increased 50% effective concentration (EC50) against ELQ-316
compared to that of the parental strain. Clones ER1 and ER2 were isolated by limiting
dilution from each flask for Cytb sequencing and susceptibility testing against inhibi-
tors.

Analysis of Cytb sequence. Cytochrome b mRNA transcripts of the parental RH
Δuprt strain, an ME49 strain, and the ELQ-316-resistant clones (ER1and ER2) were
sequenced by reverse transcriptase PCR using primers based on the nucleotide se-
quence and annotation of the GenBank record with accession number AF015627.1. ER1
Cytb was also sequenced after 45 days (9 passages) of growth without ELQ-316. There
are three annotated T. gondii Cytb sequences in GenBank. The T. gondii Cytb sequence
with accession number AF015627.1 contains an additional 5= 117-bp segment com-
pared to the other two sequences, which have accession numbers AF023246.1 and
JX473253.1. The 117-bp segment includes an alternative start codon that is 27 bp in
frame and upstream from the start codon denoted in the sequence with accession
number AF023246.1. The sequence with accession number AF023246.1 was generated
by 3= and 5= rapid amplification of cDNA ends (RACE) (17). The sequence with accession
number JX473253.1 was generated by PCR from DNA using primers based on the
sequence with accession number AF023246.1 (18).

In this study, Cytb amplification from mRNA, using reverse transcriptase PCR, re-
sulted in a single PCR product, indicating that the 27-bp sequence prior to the start
codon denoted in the sequence with accession number AF023246.1 is transcribed. The
additional 9 N-terminal amino acids are consistent both in length and in the highly
conserved arginine within the N-terminal sequence of Cytb proteins of S. cerevisiae,
Gallus gallus, and Bos taurus (Fig. 2). Accordingly, we have included the 9 N-terminal
amino acids that are excluded from the sequence with accession number AF023246.1
in the putative cytochrome b protein sequence and numbering.

Other than the additional 5= 27 bp, the Cytb sequences from ER1, ER2, ME49, and the
parental RH Δuprt strain were identical to the sequences with accession numbers
AF015627.1 and JX473253.1, with the exception of a point mutation of adenine to
cytosine at position 664 that results in a Thr222-Pro substitution in ER1 and ER2 (Fig. 2).
The Thr222-Pro substitution is located in the Qi site of Cytb adjacent to the highly
conserved Asp223 residue and is analogous to the Lys228-Met substitution in S.
cerevisiae that causes resistance to the Qi site inhibitors antimycin and HDQ (16). In the
context of prior evidence indicating that ELQs act at the Qi site, the association of
Thr222-Pro in the Qi site with ELQ and antimycin resistance is highly suggestive that the

FIG 2 Cytochrome b protein sequence alignment. (A) Qi site, �-helix E protein sequence alignment
between wild-type T. gondii, T. gondii strain ER1, Plasmodium falciparum, Saccharomyces cerevisiae, and
human (Homo sapiens) cytochrome b. The Thr222-Pro substitution is in boldface. (B) Putative T. gondii
cytochrome b N terminus.
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mechanism of action of ELQ-316 is inhibition of ubiquinone reduction at the Qi site. The
presence of Thr222-Pro in the absence of ELQ-316 selection pressure for 45 days of
replication indicates that Thr222-Pro is a durable amino acid substitution.

The 222nd amino acid position of cytochrome b is highly conserved across organ-
isms but varies between members of the Apicomplexa (see Fig. S2 in the supplemental
material). A broad comparison across organisms, including vertebrates, fungi, plants,
insects, and nonapicomplexan Alveolata, reveals that this position is occupied by lysine
and adjacent to aspartate at position 223. However, in the suborder Eimeriorina that
includes the pathogenic genera Toxoplasma, Sarcocystis, Neospora, Besnoitia, Eimeria,
Cyclospora, and Isospora, this position is a threonine. In the order Haemosporida that
includes the genus Plasmodium, the analogous amino acid is a leucine. In Piroplasmida,
Babesia spp. have a serine or cysteine, while Theileria spp. have a serine or asparagine.
The highly divergent cytochrome b of kinetoplastids has an arginine at this position.
While the totality of this observation is limited by the breadth and completeness of Cytb
sequences available across species, the differing amino acids at this position may
contribute to the selectivity of ELQs for apicomplexans over other organisms. In
addition, it reveals other apicomplexan pathogens that may be susceptible to ELQs.

Comparison of susceptibilities to ELQ-316, ELQ-271, antimycin, and atova-
quone. The ELQ-316-selected clone ER1 demonstrated an EC50 of 197 nM against
ELQ-316, compared to 4 nM for the parental RH Δuprt strain, a 49-fold difference in
susceptibility (Fig. 3). Because ER1 and ER2 were found to have equivalent EC50s against
ELQ-316 and both of them had the Thr222-Pro amino acid substitution, ER1 was used
for further EC50 testing. ER1 had 6-fold resistance to ELQ-271 (EC50s of 5 nM for the
parental strain and 30 nM for ER1) and 19-fold resistance to the Qi site inhibitor
antimycin A (EC50s of 39 nM for the parental strain and 645 nM for ER1), but no
significant resistance to atovaquone. Cross-resistance between ELQ-271, ELQ-316, and
antimycin in the ER1 clone further supports Qi site inhibition as the mechanism of
action of ELQs against T. gondii.

Comparison of T. gondii cytochrome bc1 susceptibilities to inhibitors. Isola-
tion of T. gondii mitochondrial membrane fragments provides a means to measure
cytochrome c reduction by the T. gondii cytochrome bc1 and chemical inhibition of
cytochrome bc1. ELQ-316 inhibited the ER1 cytochrome bc1 with an EC50 of 95 nM,
compared to 0.041 nM for wild-type cytochrome bc1 isolated from the parental RH Δuprt
strain, resulting in a 2,300-fold difference in inhibition. Antimycin inhibited the ER1 cyto-

FIG 3 Resistance to cytochrome bc1 inhibitors. Strain ER1, which possesses a Thr222-Pro substitution, is
resistant to Qi site inhibitors but not atovaquone compared to the resistances of the parental strain. *,
P � 0.05; **, P � 0.01; ***, P � 0.001; n.s., not significant; error bars show standard deviations.

Alday et al. Antimicrobial Agents and Chemotherapy

February 2017 Volume 61 Issue 2 e01866-16 aac.asm.org 4

http://aac.asm.org


chrome bc1 with an EC50 of 98 nM, compared to 2.5 nM for wild-type cytochrome bc1,
resulting in a 39-fold difference in inhibition. The steady-state cytochrome c reduction rates
were 22 (standard error of the mean [SEM], �3) �mol cytochrome c mg protein�1 s�1 for
the parental cytochrome bc1 and 12 (SEM �2) �mol cytochrome c mg protein�1 s�1 for
ER1, suggesting that the Thr222-Pro mutation decreases the cytochrome bc1 catalytic
rate.

DISCUSSION

The association of a Thr222-Pro substitution with resistance to ELQ-316, ELQ-271,
and antimycin is highly suggestive that ELQ-316 and ELQ-271 inhibit the cytochrome
bc1 Qi site of T. gondii. This mechanism is further supported by previous experiments in
S. cerevisiae, Bos taurus, and Babesia microti. A Met221-Gln mutation in the S. cerevisiae
cytochrome b Qi site causes resistance to ELQ-271 (12). The Lys228-Met substitution in
S. cerevisiae, which is analogous to position 222 in the T. gondii cytochrome b, confers
resistance to antimycin, and cocrystallization of antimycin with Bos taurus cytochrome
b has shown that the analogous Lys227 forms a key bond with antimycin via a water
molecule (16, 19). In addition, a serine-to-tyrosine substitution at the same position in
B. microti was associated with the development of ELQ-271 resistance in vivo (13). The
degree of resistance associated with Thr222-Pro is consistent with Qi site inhibition
being the primary mechanism of action of ELQ-316. The lack of a change in the growth
rate of ER1 indicates that this mutation does not alter the fitness of T. gondii under
standard in vitro culture conditions. Despite the cumulative evidence for ELQ inhibition
of cytochrome b, the inhibition of other enzymes that use ubiquinone as a substrate
cannot be fully excluded. Electron transport chain inhibitors with similar structures have
been shown to be promiscuous, targeting the Qi site of cytochrome b, dihydroorotate
dehydrogenase (DHOD), and NADH:ubiquinone oxidoreductase (14, 15). In addition,
the use of chemical mutagenesis raises the possibility of unidentified resistance mu-
tations elsewhere in the genome. However, the resistance of ER1 to antimycin and
ELQ-316 observed in the cytochrome c reductase assays makes this possibility less
likely. Additionally, the lack of resistance to atovaquone indicates that a generalized
mechanism of resistance to cytochrome b inhibitors, such as increased production of
cytochrome b, does not account for resistance to ELQs.

The resistance conferred by the Thr222-Pro substitution provides insight into the
specificity of ELQs for the apicomplexan Qi site. Threonine is conserved at this position
among T. gondii and other medically important coccidian protozoa, such as Neospora,
Eimeria, Isospora, Cyclospora, and Sarcocystis. Plasmodium spp. and Babesia spp. possess
leucine and serine or cysteine, respectively. In contrast, lysine is broadly conserved at
this position across the great majority of organisms. The change from lysine at this
position to a smaller residue without a positive charge likely contributes to the
selectivity of ELQ-316 for apicomplexans over their host species by allowing bulkier
ELQs to occupy the Qi site. This is further supported by the observation that, unlike
ELQ-316, ELQ-271 inhibits S. cerevisiae and human cytochrome b, as well as the
apicomplexan cytochrome b, and the Thr222-Pro substitution has a much smaller effect
on ELQ-271 susceptibility. Prior studies have explored the significance of this amino
acid position in the Qi site. Lys228 in S. cerevisiae is proposed to form a water-mediated
hydrogen bond with ubiquinone and participate in the Qi site proton uptake pathway
(20). If the Lys228 residue does function in this manner, the apicomplexan Qi site has
an alternate mechanism of proton uptake, given the tolerance of proline, serine,
threonine, asparagine, cysteine, or leucine at this position. Cocrystallization of bovine
cytochrome bc1 with 4(1H)-pyridones suggests that the pyridone carbonyl forms a
hydrogen bond with the highly conserved adjacent aspartic acid, which has also been
proposed to interact with ubiquinone (10, 21, 22). In silico modeling of ELQ-300 docking
in this structure suggests similar positioning of ELQ-300 within the Qi pocket (10).
Although this in silico model provides insights into possible ELQ positioning, it does not
reflect the lack of mammalian cytochrome bc1 inhibition. The change from threonine,
a polar residue, to the nonreactive proline suggests either that the reactive hydroxyl
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group of threonine is involved in ELQ-316 binding in the Qi site or that proline alters
the structure of the Qi pocket. The potent activity of ELQ-316 against P. falciparum,
which possesses the nonpolar leucine residue at this position, favors the latter possi-
bility.

Qi site inhibitors are a new mechanistic approach for the treatment of
apicomplexan-caused diseases. ELQs have excellent efficacy against toxoplasmosis, and
the association of Thr222-Pro mutation with resistance to ELQs and antimycin provides
evidence that ELQ-316 and ELQ-271 target the T. gondii cytochrome bc1 Qi site. These
studies offer further insight into structural interactions of the apicomplexan cyto-
chrome b with Qi site inhibitors and a tool for the evaluation of compounds suspected
to act by a similar mechanism.

MATERIALS AND METHODS
Chemicals and T. gondii strains. ELQs were synthesized as previously described, identified by

proton nuclear magnetic resonance (1H-NMR), and determined to be �99% pure by reversed-phase
high-performance liquid chromatography (HPLC) (11). Atovaquone and antimycin were obtained from
Sigma-Aldrich. The T. gondii RH Δuprt strain, which contains a replacement of the uracil phosphoribosyl
transferase (UPRT) gene with the dihydrofolate reductase gene, was kindly provided by David Sibley. The
RH and ME49 T. gondii strains were kindly provided by Vern Carruthers.

Selection of ELQ-316-resistant mutants. N-Nitroso-N-ethylurea (ENU) chemical mutagenesis and
ELQ-316 selective pressure were applied to the RH Δuprt strain of T. gondii to select for ELQ-resistant
clones as previously described (15, 23). The RH Δuprt strain was used after several attempts to select
ELQ-316-resistant clones of RH strain T. gondii resulted in the isolation of clones without sustained
resistance. A T25 flask of human foreskin fibroblast (HFF) cells (from American Type Culture Collection)
was inoculated with 1 � 107 T. gondii organisms and incubated for 18 h. The medium was replaced with
Dulbecco modified Eagle medium (DMEM) containing 0.1% fetal bovine serum (FBS) and 7 mM ENU.
After 6 h, T. gondii organisms were collected, washed in phosphate-buffered saline (PBS), and divided
into 4 T25 flasks. ELQ-316 at concentrations of 50 nM, 100 nM, 150 nM, and 500 nM was added after 15
h. Parasite replication was observed at 50 nM, 100 nM, and 150 nM. T. gondii organisms in the 100 nM
flask were cultured for two passages in 200 nM ELQ-316. Tachyzoites from the 150 nM and 200 nM flasks
were tested for ELQ-316 susceptibility. Because T. gondii organisms from both flasks demonstrated
ELQ-316 resistance, a T. gondii clone from the 150 nM flask (clone ER1) and one from the 200 nM flask
(clone ER2) were isolated by limiting dilution in a 96-well plate containing 150 nM and 200 nM ELQ-316,
respectively.

Cytochrome b gene sequence and analysis. DNA was isolated from the resistant clones ER1 and
ER2, the parental strain RH Δuprt, and strain ME49 of T. gondii using the DNeasy blood and tissue
purification kit (Qiagen). RNA from these strains was extracted with the Aurum total RNA fatty and fibrous
tissue kit (Bio-Rad). RNA was also obtained from the ER1 strain after 9 passages (45 days) without
exposure to ELQ-316. cDNA was amplified using the iScript select cDNA synthesis kit (Bio-Rad). The Cytb
coding sequences were amplified from genomic DNA and cDNA by PCR with primers 5=ATGGTTTCGA
GAACACTCAGT and 3=GTATAAGCATAGAACCAATCCGGT and Phusion DNA polymerase, yielding a single
PCR product visualized on an agarose gel. Control PCRs without DNA or with RNA did not yield PCR
products. Amplicons were sequenced using sequencing primers 5=CTACCATGGGGACAAATGAGTTTCTG
GGGTGCTACAGT and 3=ACCATTCTGGTACGATATGAAGTGGTGTTAC. The nucleotide sequence was sub-
mitted to GenBank under accession number KX595194. Protein alignment was performed with MUSCLE
(Multiple Sequence Comparison by Log-Expectation) using sequences obtained from UniProtKB.

T. gondii growth inhibition. The fibroblast lysis assay, like viral plaque assays, measures the death
of infected host cells, providing a simple, inexpensive method for comparing drug susceptibility between
strains that do not have transgenic markers for growth measurement. Fibroblasts lysed by T. gondii
detach from the bottom of the wells, while intact fibroblasts remain attached. The remaining fibroblasts
are stained with crystal violet and quantified by image analysis to determine the EC50 for cell lysis.

Compounds were evaluated for comparative growth inhibition of the ELQ-316-exposed clones and
the parental RH �uprt T. gondii strain using a 96-well-plate plaque assay that measures T. gondii host cell
lysis. ELQ-316, ELQ-271, and atovaquone were dissolved in dimethyl sulfoxide (DMSO), and antimycin
was dissolved in ethanol. Compounds were serially diluted across 96-well plates, leaving the final column
with medium only. The final concentrations of DMSO and ethanol in the columns containing the highest
inhibitor concentrations were 1.25% (vol/vol). Immediately after the addition of inhibitors, 10,000 T.
gondii tachyzoites were added to each well, and plates were incubated for 7 days at 37°C in a humidified
5% CO2 incubator. The supernatant was removed, and wells were washed with PBS. HFF cells were fixed
with 5% paraformaldehyde for 5 min at room temperature and then stained with crystal violet solution
for 5 min. The crystal violet staining solution consisted of 12.5 g crystal violet dissolved in 125 ml ethanol
mixed with 500 ml 1% ammonium oxalate in H2O. After removal of the crystal violet solution, wells were
rinsed twice with PBS and air dried. The 96-well plates were inverted, placed on a white light filter
transilluminated by UV light, and imaged by using a Bio-Rad Gel Doc imager. The images were analyzed
using Image J and the Image J plugin ColonyArea (24). The EC50 based on cell lysis was determined by
nonlinear regression analysis of the percentage of cell lysis per well using GraphPad Prism software. The
assay was performed in triplicate.
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Cytochrome bc1 inhibition. T. gondii tachyzoites were harvested from lysed HFF cell culture, filtered
through a 3-�m polycarbonate filter, and centrifuged at 3,000 � g for 5 min. The T. gondii pellet was
resuspended in PBS containing 1 mM phenylmethylsulfonyl fluoride (PMSF) and centrifuged at 3,000 �

g for 10 min. The pellet then was resuspended in ice-cold lysis buffer (75 mM sucrose, 225 mM mannitol,
5 mM MgCl2, 5 mM KH2PO4, 1 mM EDTA, 1 mM PMSF, 5 mM HEPES, pH 7.4). This suspension was
homogenized in an ice-cold glass Dounce homogenizer. Cell debris was removed by centrifugation at
500 � g for 5 min. The supernatant was then centrifuged at 20,000 � g for 30 min to pellet mitochondrial
membrane fragments. The pellet was resuspended in storage buffer (50 mM tricine, 100 mM KCl, 2 mM
NaN3, 2.0% N-dodecyl-�-D-maltoside, 30% glycerol, pH 8.0). The total protein concentration was deter-
mined by using the bicinchoninic acid assay kit (Thermo Fisher). Aliquots of mitochondrial fragments
were frozen in liquid nitrogen and stored at �80°C until needed.

Cytochrome c reduction was monitored as the difference between absorbance at 550 nm and at
542 nm with an Agilent diode array 8453 spectrophotometer. T. gondii mitochondrial membrane
fragments (1.5 �g total protein) were added to a cuvette containing 50 �M oxidized cytochrome c
(horse heart; Sigma-Aldrich), 50 �M decylubiquinol, 2 mM KCN, 100 mM KCl, and 50 mM tricine at
pH 8.0. ELQ-316 was dissolved in DMSO. Decylubiquinone was reduced to decylubiquinol with an
excess of sodium borohydride, which was subsequently quenched with hydrochloric acid. Antimycin
was dissolved in ethanol. The initial rates of cytochrome c reduction in the presence and absence
of inhibitors were measured after the addition of mitochondrial protein and after sufficient time to
measure the background reaction between decylubiquinone and cytochrome c. Three replicates
were performed at each drug concentration. Plots of log[inhibitor] versus the normalized reduction
rate were made in GraphPad Prism software. To determine the EC50 of enzyme inhibition, data were
fit to a variable slope model of the Hill equation in which the top and bottom were constrained to
1 and 0, respectively.

Molecular phylogenetic analysis by maximum-likelihood method. To evaluate amino acid vari-
ation at the Thr222 position across cytochrome b sequences, 1,714 reviewed protein sequences from
UniProtKB identified by gene name mtcyb, cob, or Cytb were aligned using MUSCLE within the MEGA
(Molecular Evolutionary Genetics Analysis) software platform (25). In addition, the NCBI database of
nonredundant protein sequences within the taxons Alveolata, Apicomplexa, Kinetoplastida, and Eugle-
nozoa was queried using the T. gondii Cytb protein sequence and Domain Enhanced Lookup Time
Accelerated BLAST (26). The NCBI taxonomy browser was used as a taxonomy reference for BLAST
queries. The unpublished Cytb sequence from Babesia duncani was obtained from Choukri Ben Mamoun
and is included in Fig. S1 in the supplemental material. Partial sequences that did not include the area
of interest or that were not annotated as cytochrome b protein sequences were discarded. The resulting
sequences from NCBI were aligned using the Constraint-Based Alignment Tool. BLAST was repeated
within each query with a representative sequence from each genus. Amino acid variability was identified
manually and by using Microsoft Excel software.

The evolutionary history was inferred by using the maximum-likelihood method based on the
Whelan and Goldman model (27). The bootstrap consensus tree, inferred from 100 replicates, is
taken to represent the evolutionary history of the taxa analyzed (28). Branches corresponding to
partitions reproduced in less than 50% of bootstrap replicates are collapsed. The initial tree(s) for the
heuristic search were obtained automatically by applying the Neighbor-Join and BioNJ algorithms to
a matrix of pairwise distances estimated using a JTT model and then selecting the topology with
the superior log-likelihood value. A discrete gamma distribution was used to model evolutionary
rate differences among sites (5 categories [�G, parameter � 2.1801]). The rate variation model
allowed for some sites to be evolutionarily invariable ([�I], 6.8759% of sites). The analysis involved
39 amino acid sequences. All positions with less than 95% site coverage were eliminated. That is,
fewer than 5% alignment gaps, missing data, and ambiguous bases were allowed at any position.
There were a total of 308 positions in the final data set. Evolutionary analyses were conducted in
MEGA7 (29).

Accession number(s). Sequence data have been deposited in GenBank under accession number
KX595194.

SUPPLEMENTAL MATERIAL

Supplemental material for this article may be found at https://doi.org/10.1128/
AAC.01866-16.

TEXT S1, PDF file, 1.0 MB.
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