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ABSTRACT In Toxoplasma gondii, an intracellular parasite of humans and other animals, host mitochondrial association (HMA) is
driven by a gene family that encodes multiple mitochondrial association factor 1 (MAF1) proteins. However, the importance of MAF1
gene duplication in the evolution of HMA is not understood, nor is the impact of HMA on parasite biology. Here we used within- and
between-species comparative analysis to determine that the MAFT locus is duplicated in T. gondii and its nearest extant relative
Hammondia hammondl, but not another close relative, Neospora caninum. Using cross-species complementation, we determined that
the MAFT locus harbors multiple distinct paralogs that differ in their ability to mediate HMA, and that only T. gondii and H. hammondii
harbor HMA* paralogs. Additionally, we found that exogenous expression of an HMA* paralog in T. gondii strains that do not normally
exhibit HMA provides a competitive advantage over their wild-type counterparts during a mouse infection. These data indicate that
HMA likely evolved by neofunctionalization of a duplicate MAFT copy in the common ancestor of T. gondlii and H. hammondi, and that
the neofunctionalized gene duplicate is selectively advantageous.
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GENE duplication is known to underlie the evolution of
new gene functions and ultimately organismal pheno-
types (Ohno 1970; Espinosa-Cantu et al. 2015). The expected
outcome of most gene duplication events is that they will
be lost by nonsense mutation and/or resolution of the locus
(Ohno 1970; Lynch and Conery 2000; Lynch and Force 2000).
However, those that confer a selective advantage through gene
dosage, subfunctionalization, or neofunctionalization, can be-
come fixed in the population (Ohno 1970; Lynch and Conery
2000; Lynch and Force 2000; Espinosa-Cantu et al. 2015). The
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phenotypic impact of locus expansions can be high in both
natural and laboratory settings. When grown in noncompati-
ble human cells, vaccinia virus was found to expand, diversify,
and then contract the K3L locus, resulting in a highly adapted
virus with a single K3L gene that could now disrupt the anti-
viral host protein Protein Kinase R (Elde et al. 2012). Labora-
tory studies with bacteria show that adaptation to selective
conditions (stress or antibiotic exposure) via gene expansion
and diversification occurs much more frequently than via point
mutation (Kugelberg et al. 2006, 2010). Field studies with
Drosophila spp. have identified Cyp6g1 duplication and diver-
sification events as one source of resistance to insecticides such
as dichlorodiphenyltrichloroethane (DDT) (Emerson et al
2008; Cridland and Thornton 2010; Schmidt et al. 2010).
The examples above detail the importance of gene dupli-
cation in the evolution within species both in the laboratory
and in the field. However, less is known about the impact
of gene duplication and diversification events in defining
species-specific traits (or even defining the species themselves,
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which was postulated by Ohno (1970)). Itis certainly clear that
there are specific gene duplication events that distinguish
closely related species (such as humans and chimpanzees)
(Bailey and Eichler 2006), but examples where species-specific
gene expansions have been linked to species-specific traits are
few.

Pathogens provide a unique setting in which to study the
evolution and emergence of novel traits, given their large
population size and the intense selective pressures placed
upon them by the host. We use comparative approaches to
understand the evolution of unique traits in members of
Apicomplexa, a phylum of parasites of great importance in
human and veterinary health. Our main focus is on Toxo-
plasma gondii and its near relatives. T. gondii is an important
pathogen of humans, particularly in HIV/AIDS patients and
the developing fetus. In addition, T. gondii is capable of infect-
ing, causing disease in, and being transmitted by all warm-
blooded animals studied to date (Dubey and Sreekumar
2003). In contrast, Hammondia hammondi and Neospora caninum
have comparatively restricted host ranges and are not patho-
genic in rodents or humans (Goodswen et al. 2013; Walzer
et al. 2013). This is despite a high level of genetic similarity
and genome-wide synteny across these three species (Reid
et al. 2012; Walzer et al. 2013), and in the case of T. gondii
and H. hammondi, extensive conservation of virulence effec-
tors at both the sequence and functional levels (Walzer et al.
2013, 2014).

The unique phenotypic and life cycle features of T. gondii
have most certainly contributed to its near global distribution
and an incidence rate that ranges from 10 to 80% in humans.
However, the genetic bases for these phenotypes are un-
known, and to begin to address this question we have taken
a comparative approach to identify genetic loci that are unique
to T. gondii compared to H. hammondi and N. caninum. In
doing so, we found that a small subset of T. gondii loci have
undergone tandem duplication, expansion, and diversification
only in the T. gondii lineage. Specifically, expanded loci are
poorly conserved between T. gondii and its near relatives, hav-
ing a higher propensity to be either missing, or not similarly
expanded, in either N. caninum or H. hammondi (or both)
(Adomako-Ankomah et al. 2014) than single-copy genes. On
a gene-by-gene basis, expanded and diversified gene families
are known to play important roles in parasite biology and
within-species adaptation in T. gondii and Plasmodium spp.
(reviewed in Reid 2015). For example, members of the var
gene family are distributed throughout the P. falciparum ge-
nome and encode erythrocyte membrane antigens (PfEMPs)
that are secreted into the host red blood cell during infection.
PfEMPs are key determinants of parasite virulence and are
under strong diversifying selection (Freitas-Junior et al.
2000; Deitsch et al. 2001; Pasternak and Dzikowski 2009).
In both the field (Nair et al. 2008) and laboratory (Heinberg
et al. 2013), copy number increases at the gchl locus in
P. falciparum confer resistance to pyrimethamine. In T. gondii,
there are >50 members of the rhoptry protein 2 (ROP2)
superfamily, and they are dispersed throughout the genome
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(Boothroyd and Dubremetz 2008). We recently showed that
many members of the ROP2 superfamily are encoded
by tandemly expanded gene clusters that have diversified
significantly via positive selection (Reese et al. 2011;
Adomako-Ankomah et al. 2014). One such example is the
ROP5 locus, which is crucial for mouse virulence across the
T. gondii phylogeny (Reese et al. 2011; Behnke et al. 2015).
The ROP5 locus harbors multiple paralogs that are under
strong diversifying selection both between and within
strains (Reese et al. 2011). Importantly, individual ROP5
paralogs have synergistic, rather than additive, effects on
mouse virulence, stressing the importance of paralog diver-
sification in conferring the entire locus-driven phenotype
(Reese et al. 2011). Importantly, duplicated and expanded
loci represent a highly significant fraction of the genetic
difference between T. gondii and its nearest relatives (Wasmuth
et al. 2009; Adomako-Ankomah et al. 2014). Based on these
data, our overall hypothesis is that selective locus expansion,
and subsequent selection-driven diversification of individual
paralogs, have played an important role in the evolution of traits
that are unique to T. gondii.

One such locus is mitochondrial association factor 1
(MAF1) (Adomako-Ankomah et al. 2014; Pernas et al
2014). The MAF1 locus is uniquely amplified in T. gondii
relative to N. caninum and H. hammondi (annotated as
Expanded Locus 4) (Adomako-Ankomah et al. 2014) and
is required for host mitochondrial association (HMA) in
T. gondii (Pernas et al. 2014). The MAFI locus encodes a
family of dense granule proteins that associate with the
parasitophorous vacuolar membrane (PVM) that are neces-
sary and sufficient for the HMA phenotype (Pernas et al.
2014), and MAF1 protein expression itself leads to significant
changes in the host immune response to infection. The discov-
ery of the MAF1 gene family as being responsible for HMA
opens the door to solving a long-standing question in T. gondii
biology regarding the importance of HMA in parasite infectiv-
ity and virulence.

In the present study, we use intra- and interspecies com-
parative analyses and molecular genetics to thoroughly trace
the functional evolutionary history of the MAF1 gene in
T. gondii. While the impact of MAF1 on HMA is clear, the
evolutionary history of the MAF1 locus in terms of copy num-
ber and gene content is not, nor is the role of gene duplication
itself in the evolution of the HMA phenotype. The MAF1 locus
provides a unique opportunity to assess the relative impacts
of gene duplication and subsequent diversification on a ro-
bust cellular phenotype. Moreover, the impact of MAF1 on
parasite fitness in vivo has not been thoroughly investigated.
To answer these questions, we have sequenced multiple
MAF1 paralogs from three T. gondii clonotypes as well as
the nearest extant relatives of T. gondii, H. hammondi, and
N. caninum. We have determined that the MAFI locus has
undergone extensive sequence diversification and has been
subjected to positive selection in T. gondii. We show that
MAF1 copy number and gene content vary both between
and within major T. gondii lineages and that not all copies



of MAF1 mediate HMA. Through cross-species complemen-
tation experiments, we show that expression of an “HMA-
competent” T. gondii MAF1 paralog in N. caninum is sufficient
to confer the HMA phenotype in this species, indicating that
the HMA competence of MAF1 emerged only recently in the
parasites in question. Using additional genomic and cross-
species complementation experiments, we also provide
strong support for a model in which the MAF1 locus dupli-
cated one time in a common ancestor of all three species,
diversified one time in an ancestor to H. hammondi and
T. gondii, and then amplified and diversified multiple times
in the T. gondii lineage. Finally, we show that not only do
different MAF1 paralogs differ in their ability to mediate
HMA, but also in their ability to confer a selective advantage
during infection in a mouse model. Taken together our data
link a specific gene duplication and neofunctionalization
event in the evolution of a novel trait (host mitochondrial
association), and in doing so we have uncovered the selective
advantage that likely fixed the MAFI locus in most of the
T. gondii population.

Materials and Methods
Sequence coverage and copy number analysis

Copy number analysis was performed as described previously
(Adomako-Ankomah et al. 2014; Pernas et al. 2014). Briefly,
raw sequence reads from multiple T. gondii strains and
N. caninum (Liverpool strain) (Reid et al. 2012) were down-
loaded from the NCBI trace archive in fasta format (strains
GT1, ME49, and VEG were derived from Sanger-based
shotgun sequencing; MAS, P89, FOU, VAND, and RUB
were generated using Roche 454 technology). T. gondii and
N. caninum reads were aligned to the T. gondii ME49 genome
(ToxoDB version 7.3; www.toxodb.org) using BLAT (param-
eters: -fastMap —minldentity = 95 —minScore = 90) (Kent
2002), and coverage was calculated in each 500-bp window
using coverageBed (from the Bedtools suite) (Quinlan and
Hall 2010). H. hammondi reads (strain HH34) (Lorenzi et al.
2016) were aligned using Bowtie2 (using default parameters
plus —end-to-end) (Langmead and Salzberg 2012), and se-
quence coverage calculations were made using the integrated
genome browser (IGB) (Nicol et al. 2009). All coverage and
annotation data were then plotted using custom scripts in R
statistical software. To do this, start and end coordinates of
regions of the MAF1 locus were noted and data were normal-
ized to the average coverage of ~20 Kb upstream of the locus
(Lorenzi et al. 2016).

Parasite strains and host cell maintenance

All T. gondii and N. caninum strains used in this study were
maintained by regular passage of tachyzoites from freshly
lysed human foreskin fibroblast (HFF) onto new HFF mono-
layers and grown at 37° in 5% CO,. HFF and NRK-mitoRFP
cells (a kind gift from Jennifer Lippincott-Schwartz, NIH,
Bethesda, MD) (Mitra and Lippincott-Schwartz 2010) were

grown in Dulbecco’s modified Eagle’s medium (DMEM) sup-
plemented with 10% FBS, 2 mM glutamine, and 50 pg/ml
each of penicillin and streptomycin.

To produce H. hammondi oocysts, interferon-y KO mice
were fed 10* H. hammondi oocysts and killed ~60 days post-
infection (pi). Muscles from infected mice were then fed to
10- to 20-week-old cats, and feces were collected during days
5-11 postinfection. Unsporulated oocysts were isolated by
sucrose flotation, and the resulting oocysts were allowed to
sporulate at ambient temperature in 2% H,SO,4 (Dubey and
Sreekumar 2003). Oocyst preparations were stored at 4° for
no longer than 6 months. Sporulated oocysts (40-80 million)
were washed four times in Hank’s Buffered Saline Solution
(HBSS) and treated with 10% bleach in PBS for 30 min.
Pellets were resuspended in 4 ml HBSS and vortexed at max-
imum speed along with 1 g of sterile glass beads (710-
1180 pM, Sigma) for 30 sec, allowed to cool for 30 sec,
and then vortexed for 30 sec again. DNA was isolated directly
from the pellet of cracked oocysts (containing sporocysts re-
leased from the oocysts and debris) using the DNAzol reagent
(Invitrogen; Carlsbad, CA).

In other cases, we used the sporocyst preparation to gen-
erate in vitro cultures of H. hammondi. To do this, we exposed
the cracked oocyst preparation to PBS containing trypsin
(Sigma T4799; 12.5 mg/ml) and taurocholic acid (Sigma
T4009; 50 mg/ml) at 37° for 30 min. The reaction was
quenched by the addition of cDMEM (containing 10% FBS)
and we removed debris from the preparation by filtration
through 5-pm syringe filters (Millipore). The resulting spo-
rozoites were used to infect confluent monolayers of HFFs
seeded on 12-mm circle glass coverslips. Samples were fixed
and processed for immunofluorescence (IF) as described
below.

High molecular weight Southern blotting

Southern blotting was performed as previously described
(Adomako-Ankomah et al. 2014). The six strains of T. gondii
used were GT1 and RH (type I), ME49 and PRU (type II), and
VEG and CTG (type III). Genomic DNA from each strain was
digested with Scal restriction enzyme in a 100-pl reaction
volume for ~12 hr and resolved by pulsed field gel electro-
phoresis (Bio-Rad CHEF-DR III system). Resolved fragments
were probed with DIG-labeled (Roche) MAF1-specific probes
followed by chromogenic detection as per manufacturer’s
protocol.

Ampilification and cloning of MAF1 paralogs from
T. gondii, H. hammondi, and N. caninum, and construction
of mutant constructs

Due to the fact that the MAF1 locus exhibits significant copy
number variation across species and strains, we used long-
extension PCR and cloning to identify MAFI paralogs in
T. gondii (strains RH, ME49, and CTG), H. hammondi (strain
HhCatGer041), and N. caninum (strain NC-1). Primer
sequences are listed in Supplemental Material, Table S1.
Long extension PCR was used to minimize the potential for
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chimera formation between different MAF1 paralogs (as de-
scribed in Pernas et al. 2014). For cloned sequences, all poly-
morphisms were validated by querying a local copy of the
sequence read database for the presence of that polymor-
phism along with at least 40 bp of flanking sequence (RH
was compared to GT1; ME49 was compared to ME49; CTG
was compared to VEG) (Lorenzi et al. 2016). This served
three purposes: validation of SNPs specific to a given clonal
lineage, elimination of PCR-derived SNPs, and controlled for
the possibility of generating interparalog chimeric sequences
during PCR amplification when the polymophisms were <40 bp
apart. Since our SNP curation method relied on comparing
between members of the same clonal lineage (e.g., RH vs.
GT1), it is possible that some isolate-specific SNPs were arti-
ficially eliminated during curation. We did not identify any
evidence for chimerism in our sequences although this out-
come cannot be completely ruled out.

Sequence analysis

Coding sequences of MAF1 paralogs from multiple T. gondii
strains and other species were analyzed using algorithms
implemented in MEGA6 (Tamura et al. 2013) as follows:
Specifically, coding sequences were translated into protein
and aligned using Muscle (default settings). Phylogenetic
trees were constructed using maximum parsimony and the
subtree-pruning-regrafting algorithm (Nei and Kumar 2000).
Search level was 1 and the initial trees were obtained by
the random addition of sequences (10 replicates were per-
formed). Branch lengths were calculated using the average
pathway method. All positions containing gaps and missing
data were eliminated, and there were a total of 359 useful
positions in the final dataset.

We calculated pairwise dy/ds ratios for all “b” paralogs
(including the HMA-incompetent b0 paralogs) to determine
if they had been under either positive or purifying selection.
To do this, we used the modified Nei-Gojobori method with
the assumed transition/transversion bias of 2 (Zhang et al.
1998), and as above, all positions containing gaps were elim-
inated. All analyses were conducted in MEGA6 (Tamura et al.
2013) and pairwise P-values for dy/dg ratios were deemed
significant at P < 0.05.

Generation of expression constructs and
transgenic parasites

Generation of pMAF1RHb1 (N-terminally hemagglutinin
(HA)-tagged MAF1b) expression construct has been de-
scribed previously (Pernas et al. 2014). For pMAF1RHa, the
coding sequence for MAF1RHa was amplified from RH cDNA,
cloned, and then used in a splicing by overlap extension (SOE)
PCR reaction to fuse the N-terminal portion of MAFIRHb]
gene and the C-terminal portion of the MAF1RHal gene. The
specific construct contained the MAFIRHbI promoter, start
codon, signal sequence, an HA tag (as in Pernas et al. 2014),
and this was followed by the remainder of the C terminus
encoding portion of the MAF1RHal gene. The TgMAF1RHbO,
TgMAF1RHb1, HhMAF1lal, HhMAF1bl, and NcMAF1 con-
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structs were made using SOE PCR to introduce an HA-tag
following the predicted signal peptide for each isoform. Plas-
mid templates for the first round of PCR were generated from
genomic DNA, which included 1116 bp upstream of the start
site to include the putative promoter. Transgenic parasite lines
were generated by transfecting TGME49Ahpt (MALuc) and
NC-1Ahpt parental strains with 50 pg of HindlIll-linearized
plasmid. Stable expression lines were isolated by selection in
mycophenolic acid (MPA)/xanthine followed by limiting di-
lution in 96-well plates.

TgMAF1RHa1 and T9MAF1RHb1 cloning, protein
production, and purification

A construct encoding the predicted C-terminal domain of
TgMAF1RHb1 (Thrl59 to Asp435) was codon optimized
for Escherichia coli and synthesized by GenScript. A construct
of TgMAFIRHal containing the analogous C-terminal do-
main (TgMAF1RHal; Ser173 to Ser443) was amplified from
T. gondii cDNA. Each construct was subcloned into a modified
pET28a vector encoding an N-terminal hexa-histidine tag
separated from the sequence of interest by a tobacco etch
virus (TEV) protease cleavage site. Constructs were produced
recombinantly in E. coli BL21 cells. Following 4 hr of growth
at 310 K and 12 hr at 303 K, the cells were harvested by
centrifugation, resuspended, and lysed using a French press.
TgMAF1 proteins were purified from the soluble fraction by
Ni-affinity chromatography, the His tag was removed by TEV
protease, and TgMAF1 proteins were further purified by size
exclusion chromatography on a Superdex 75 16/60 HilLoad
column in HBS (20 mM Hepes pH 7.5, 150-300 mM NacCl)
with 1% glycerol and 1 mM dithiothreitol.

Generation of polyclonal antibodies

Female Balb/c mice were injected intraperitoneally (ip) with
100 pg of either TgMAF1RHal antigen or TgMAF1RHb1
antigen (purification described above) suspended in 100 wl
PBS and mixed 1:1 with Sigma adjuvant (Sigma S6322) to a
final volume of 200 pl. Additional injections of 50 pg of the
appropriate antigen mixed 1:1 with Sigma adjuvant to a final
volume of 200 pl were administered 14, 35, and 56 days after
the initial injection. Sera were collected prior to initial injec-
tion, as well as on days 31, 81, and 88. All sera were tested for
reactivity against both TgMAF1RHal and TgMAF1RHb1 by
Western blot prior to use in Western blots or immunofluores-
cence assays.

Immunofluorescence assays and confocal microscopy

HFFs or NRK-mitoRFP cells were seeded on 12-mm coverslips
in 24-well plates and grown to ~80% confluency. NRK-
mitoRFP cells were infected with N. caninum or T. gondii
strains expressing GFP and incubated for 8 hr. For HFFs,
MitoTracker staining was performed as follows: Growth
medium on the HFF monolayer was replaced with DMEM
containing MitoTracker (Red CMXRos, Invitrogen) at a
30-nM concentration and incubated for 30 min at 37°. Cells
were then washed with PBS, infected with parasites in



prewarmed DMEM, and incubated for 4 hr at 37°. After in-
cubation, the infected cells were washed with PBS, fixed
with 3% paraformaldehyde in PBS for 15 min, and blocked/
permeabilized in PBS containing 5% BSA and 0.2% Triton
X-100. Alternatively, NRK-mitoRFP infected cells were fixed
with 3% PFA and either mounted directly or Hoechst
stained prior to mounting followed by visualization. Fixed
cells were then immunostained with rat monoclonal anti-HA
(3F10 clone, Roche) at 1:1000, mouse anti-MAFla/b poly-
clonal antibodies at 1:1000, or mouse monoclonal anti-
MTCO2 (ab110258, Abcam) at 1:500.

Quantification of vacuole coverage

Percent vacuole coverage was determined using confocal
microscopy and ImageJ. Populations transfected with HA-
tagged TgMAF1RHb1 or HhMAF1b1 were fixed and stained
with anti-HA and anti-MTCO2 primary antibodies. Confocal
images were taken in three channels; 594 (anti-MTCO2),
488 (anti-HA), and DIC. All three images were converted to
8-bit images and merged using ImageJ. Vacuoles were
traced while only the DIC and green channels were visible,
and then pixel intensity along the vacuole was measured in
the red channel. Pixel intensities >20 were considered to
be mitochondria. Percent vacuole coverage was calculated
by measuring the length of the vacuole trace with pixel
intensity >20 and dividing it by total vacuole trace length.
Twenty HA-positive vacuoles were measured for both the
TgMAF1RHb1 and HhMAF1b1 populations. Ten HA-negative
vacuoles were measured from each population (20 total) as
a WT control.

Western blot analysis

Parasites were filtered away from host cell debris and lysed in
1X SDS lysis buffer. Proteins were resolved by SDS-PAGE,
transferred onto nitrocellulose membrane, and blocked for
1 hr in 5% (w/v) milk in TBS-Tween20 (TBS-T). Primary
antibody incubation was performed in blocking buffer for
45-120 min followed by three washes in TBS-T. Anti-HA
and anti-MAF1 (Pernas et al. 2014) antibodies were used
at 1:1000 while anti-SAG1 was used at 1:2000 and rabbit
anti-ROP5 (Behnke et al. 2011) was used at 1:40,000. Anti-
TgMAF1RHal and anti-TgMAFRHD1 antibodies generated
for this study were used at a 1:10,000 dilution. Secondary
antibody incubation was performed with horseradish peroxidase-
conjugated secondary antibodies to the respective primary
antibodies in blocking buffer for 45 min. Bands were visu-
alized with SuperSignal West Pico chemiluminescent substrate
(Thermo Scientific). Densitometric analysis was performed
using ImageJ.

Animal experiments

All mouse experiments were performed with 4- to 8-wk-old
BALB/C mice. All animal procedures in this study meet the
standards of the American Veterinary Association and were
approved locally under Institutional Animal Care and Use
Committee protocol no 12010130.

In vitro and in vivo competition assays

In vitro competition assays were performed as follows: An
MEA49 strain engineered to express an N-terminal HA-tagged
type I (RH) MAF1 (ME49:TgMAF1RHb1) was mixed with
ME49:WT in ratios 4:1 and 1:4. These two mixed populations
were used to infect HFFs at an MOI of 3. Flasks were passed
via syringe lysis every 3 days. At the 0-, 4-, and 8-wk time
marks, HFFs grown on 12-mm glass coverslips were infected
at an MOI of 3, and the proportion of HA+ and HA— parasites
was calculated by immunofluorescence using rat o-HA (as
above) and serum from a mouse chronically infected with
T. gondii at 1:1000 dilution. The ratio of HA+ to HA— was
determined by counting at least 200 vacuoles. The entire
experiment was repeated two times, each time with a genet-
ically distinct clone set (WT and complemented).

In vivo competition assays were performed as follows: Us-
ing the same genetically engineered ME49 clone sets, we
again created mixed populations at ratios of 1:4, 1:1, 4:1,
100% ME49:TgMAF1RHb1, and 100% ME49:WT. We in-
jected 10° tachyzoites intraperitoneally of these five popula-
tions into Balb/c mice in 200 wl of PBS (three to five mice per
population). In a separate experiment, we transfected ME49
with the same pTgMAF1RHal, grew the population under
MPA/xanthine selection for 2 weeks, and then injected 10°
tachyzoites of this mixed population into Balb/c mice as
above. On the day of injection, we used the same parasite
preparation to infect HFFs seeded on glass coverslips to quan-
tify the exact input proportions using IF imaging as described
above. Parasite burden and location were assessed daily for
the next 5 days using in vivo bioluminescence imaging
(Walzer et al. 2013) since the parental ME49 strain expressed
click beetle luciferase off of a dihydrofolate reductase pro-
moter (Walzer et al. 2013). On day 5 pi, all mice were killed
and an intraperitoneal lavage was performed to harvest peri-
toneal cells and associated parasites. Samples were spun
down and resuspended in cDMEM and used to infect HFFs.
After one passage, parasites were used to infect HFFs seeded
onto glass coverslips at an MOI of 3 to quantify proportions
using IF imaging as above.

Data availability

All strains and plasmids available upon request. All MAF1
paralog and ortholog sequences obtained for this study have
been deposited in GenBank (accession numbers KU761333-
KU761342).

Results

MAF1 is uniquely expanded in T. gondii and exhibits
inter- and intralineage copy number variation

We previously reported that MAFI is a multicopy locus in
T. gondii, and based on sequence read coverage, exhibits
strain-specific copy number variation between representatives
of the canonical T. gondii lineages (types I, II, and III: GT1,
ME49, and VEG) (Adomako-Ankomah et al. 2014; Pernas et al.
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the locus, the size of the regions flanking the MAFT locus,

Position (bp) Position (bp) and the size of the repeat unit used to estimate copy
B 3612 bp number based on Southern blotting. The most relevant
Scal | Scal T. gondii I\/IE49lgene name is indicated (from ToxoDB
v7.3), although it does not fully match the sequenced
paralogs. (C) Scal-digested gDNA from each of six T. gondii
\_'_I \_’_l strains was resolved by PFGE and probed with a MAF1-
specific probe. The blot shows copy number variation
13645 bp EAa5hp consistent with predictions from sequence coverage
Tvpe | T Il analysis for strain types GT1, ME49, and VEG. Copy num-
c P Y})pe Type 1T ber for each strain was determined based on the sche-
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2014). We have extended these copy number analyses to five
additional T. gondii clonotypes outside of the three major line-
ages and also find that MAF1 is similarly expanded in these
strains (Figure 1A). Similar to types I, II, and III, there is sig-
nificant copy number variation between strains at this locus,
ranging from an estimated 8-10 copies for MAS to 4-6 copies
for P89, FOU, VAND, and RUB (Figure 1A). While these data
provide only an estimate of copy number differences between
strains, they do confirm that the multicopy state of the MAF1
locus is conserved across highly diverse T. gondii isolates.

To further confirm differential expansion of the MAF1 locus
in T. gondii, and to identify differences in MAF1 copy number
between them, we performed high molecular weight South-
ern blot analysis of the MAF1 locus in six Toxoplasma strains.
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These strains comprised two each from the type I (GT1, RH),
type II (ME49, PRU), and type III (VEG, CTG) lineages. Ge-
nomic DNA from each strain was digested with Scal, which
cuts on either side of the entire locus but not within, allowing
for locus size (and therefore copy number) to be estimated
(Figure 1B) (Reese et al. 2011; Adomako-Ankomah et al.
2014). Sequence coverage analysis shows higher copy num-
ber for GT1 compared to ME49 and VEG (Figure 1A), and the
Southern blot was consistent with this observation: GT1 has
the largest MAF1 locus (~44.9 Kb), while the MAF1 loci in
ME49 and VEG were smaller (28.4 Kb; Figure 1C). No other
bands were visible on the blot (which resolved fragments
ranging in size from 4.9 Kb to 53.9 Kb), indicating that the
entire locus was intact for all strains. Moreover, the Scal sites



flanking the expanded locus were conserved in all six strains
tested (Figure S1, A and B), indicating these differences are
not due to mutations within the flanking sequences.

Based on the size of the MAF1 repeat unit (3612 bp) and
the known size of the regions between the locus and the Scal
sites (see Figure 1B), we estimate that there are six copies of
MAF1 in GT1; four in RH, ME49, PRU, and VEG; and two in
CTG. Similar to what we have observed previously at other
expanded loci in T. gondii (Adomako-Ankomah et al. 2014),
MAF1 exhibits copy number variation within members of
the same clonal lineage (i.e., GT1 vs. RH and VEG vs. CTG),
suggesting that expanded loci change more rapidly in size
and copy number compared to the single nucleotide poly-
morphism rate at single-copy.

We also performed copy number analysis of the MAF1
loci in both H. hammondi and N. caninum, two relatives
of T. gondii with distinct virulence and host range pheno-
types (Dubey et al. 2002; Dubey and Sreekumar 2003). For
H. hammondi, copy number analysis suggested the presence
of two copies of MAF1, which is consistent with the presence
of two predicted MAF1 paralogs in the H. hammondi genome
(HHA 220950 and HHA 279100). For N. caninum, we pre-
dicted the existence of one to two copies of MAF1 (Liverpool
strain; Figure 1A; www.toxodb.org). In version 10.0 of the
N. caninum genome there is only a single predicted MAF1
ortholog (NCLIV_004730).

MAF1 paralogs are uniquely divergent and under
diversifying selection in T. gondii

To further characterize the MAF1 locus across strains and
species, we sequenced six PCR-derived MAF1 clones from
each of three representative strains from the type I (RH),
1T (ME49), and III (CTG) T. gondii lineages, 13 clones from
H. hammondi HhCatGer041, and 10 clones from N. caninum
strain NC-1 (Rettigner et al. 2004). We found that in T. gondii,
the MAF1 locus harbors multiple diverse paralogs of the
MAF1 gene, indicating that the locus has both amplified and
diversified. Importantly, all cloned T. gondii MAF1 paralogs
were distinct from those found in existing annotation data-
sets for the T. gondii genome, including the putative MAF1
paralogs TGME49 020950 and TGME49 220950 (Figure
2B). Therefore, we have resorted to a new nomenclature that
can be found in Figure 2B. In addition to a putative signal
peptide, each paralog is predicted to encode a single trans-
membrane domain located in the N-terminal region (Figure
2A). The most significant distinguishing feature across the
sequenced MAF1 paralogs is the presence or absence of a
repetitive stretch of four to seven prolines followed by a ser-
ine (P{4:7}S), as well as the amino acids surrounding the
proline motif (~20 N terminal to the motif and ~10 C termi-
nal to the motif). Importantly, the MAF1 paralog that was
shown previously to complement the host mitochondrial as-
sociation phenotype in type II T. gondii (TgMAF1RHb1) also
harbors this P{4:7}S motif (Pernas et al. 2014). This motif is
either completely missing or repeated up to six times depend-
ing on the paralog (Figure 2B, Figure S2).

ForRH, five of the six sequenced clones contain the P{4:7}S
motif, while all six CTG clones, which represent only two
unique coding sequences, have some form of the repeat motif.
Interestingly, of the six clones sequenced from ME49, three are
pseudogenes with premature stop codons, and all three of
these clones are predicted to encode MAF1 paralogs with the
P{4:7}S motif. Of the remaining three clones, two harbored
the P{4:7}S motif while the other did not. Based on amino
acid identity of 15 nonpseudogenized genes from RH, ME49,
and CTG, we identified a total of eight unique coding
sequences (four for RH, two for ME49, and two for CTG).
However, there is also significant variation across these se-
quences outside of the P{4:7}S motif. We calculated pairwise
dy/ds ratios for all unique T. gondii paralogs, and find signif-
icantly higher dy/ds ratios in TSMAF1RHb3 when compared
to other RH paralogs as well as those from ME49 and CTG
(P < 0.05; Figure 2C). While not significant (P > 0.05),
TgMAF1ME49b1 also shows a higher dy/ds ratio when com-
pared to TgMAF1RHb1 and b2 (Figure 2C).

When we sequenced 13 distinct clones for the H. hammondi
MAF1 locus, we identified only two distinct sequences. One
contained a stretch of 23 prolines in the same region as
the P{4:7}S motif in T. gondii MAF1 paralogs (Figure 2B,
Figure S2; as found in HHA 220950), and the other lacked
this proline-rich region (Figure 2, B and C; similar to
HHA 279100). This suggests that, consistent with the se-
quence coverage analysis and genome annotations, the
MAF1 locus harbors only two paralogs in H. hammondi, but
that these paralogs also differ in the presence or absence of
a proline-rich motif. Finally, based on the current genome
assembly and direct sequencing of 10 clones, the sole
N. caninum MAF1 paralog (NCLIV_004730) is more similar
to the T. gondii and H. hammondi MAF1 paralogs that do not
have a proline-rich region (Figure 2B). A maximum likeli-
hood tree of amino acid sequences for all unique MAF1 paral-
ogs from T. gondii, H. hammondi, and N. caninum is shown in
Figure 2B and illustrates these relationships.

Given this diversity of sequences both within and between
species, we have named the identified MAFI paralogs and
deposited them in GenBank. As shown in Figure 2B, based
on sequence similarity MAF1 has two major groups, and we
have dubbed these “a” and “b,” and all of the “a” paralogs lack
the P{4:7}S motif. For the “b” paralogs, we identified two
sequences without the P{4:7}S motif and have named these
“b0” and then named all other MAF1 paralogs with the
P{4:7}S motif as b1, b2, etc. (Figure 2B). We feel this nomen-
clature accurately reflects the relationships between the var-
ious sequences in terms of broad groupings as well as the
presence or absence of the P{4:7}S motif. From this point
onward, when we use “MAF1” without further indication of
paralog, it is because the exact paralog is unknown or the
statement applies to all known paralogs. Paralogs belonging
to the “a” subfamily are most closely related to TGME49 279100,
and the “b” subfamily is related to TGME49 020950 (www.
toxodb.org). All MAF1 paralogs are located in tandem on chro-
mosome II as shown in Figure 1B, and the locus was previously
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identified as Expanded Locus 4 (EL4) (Adomako-Ankomabh et al.
2014). Individual paralog numbers vary by strain; identified
paralogs are named in Figure 2B. We do not assert that this
represents the full complement of MAF1 paralogs from all que-
ried strains. Indeed, further analysis of sequences and genomic
sequence reads from the strains of interest will be necessary to
determine this.

MAF1a and MAF1b gene families have distinct
interstrain transcriptional profiles

We reported previously that MAF1 transcript levels were of
lower abundance in a type II T. gondii strain (ME49) com-
pared to types I and III (RH and CTG, respectively) (Boyle
et al. 2008; Pernas et al. 2014). The previously reported data
were derived from spotted cDNA microarray experiments,
which would not distinguish transcripts for MAFla and b
paralogs. Therefore we used the sequence alignments shown
in Figure 2 to determine if probes for the MAFla and b
paralog families could be found on the T. gondii Affymetrix
array (Bahl et al. 2010) and therefore could be used to assess
paralog-specific transcript levels. MAF1a was most similar to
TGME49_279100 and the MAF1b family was most similar
to TGME49 220950, respectively (Figure 2B; www.toxodb.
org). Similar to what was reported previously (Pernas et al.
2014 and Figure S3A), we found that MAF1b transcript levels
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(e.g., al, b1, b2, etc.) (C) dy/ds ratio calculations
for all T. gondii "b" MAFT paralogs, including bO0.
* indicates significant evidence for diversifying se-
lection for that particular paralog comparison
(P < 0.05).

were lower in type II strains (ME49 and PRU; www.toxodb.
org and Figure S3, A and B) compared to type I strains (GT1
and RH) and type III strains (CTG and VEG; Figure S3, A
and B). In contrast, we found that transcript levels for
TGME49 279100 (MAFla) were of comparatively high
abundance (>90th percentile; data not shown) across all
six queried T. gondii strain types (Figure S3B). These data
indicate that MAF1a and MAF1b have significantly diverged
in terms of their transcript abundance in the type II T. gondii
lineage.

MAF1a and MAF1b differ in protein expression between
T. gondii strains

We previously demonstrated a lack of MAF1 protein expres-
sion in TgME49 compared to TgRH and TgCTG using a poly-
clonal anti-MAF1 antibody raised against the C terminus of
TgMAF1RHb1 (Pernas et al. 2014). Using this same antibody,
we compared MAF1 protein expression in the six T. gondii
strains examined in the Southern blot analysis and observed
MAF1b expression in the type I and III strains, but did not
detect any MAF1b protein in either of the type II strains
(Figure S3, C and D). Additionally, we observed that MAF1b
protein from both type III strains had a slightly higher appar-
ent molecular weight compared to those in the type I
strains (Figure 3B, Figure S3C). This is consistent with the
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observation that the two clones of MAF1b sequenced from the
CTG strain encode either four or six P{4:7}S repeat motifs,
while the highest number of P{4:7}S repeat motifs in RH was
three (Figure 2B, Figure S2). To determine if types I, II, and
III all express a MAF1a isoform, we generated new polyclonal
antibodies against the C terminus of TgMAF1RHal (Ser173
to Ser443) or TeMAF1RHb1 (Thr159 to Asp435) (indicated
in Figure S2). We exposed two mice to the TgMAF1RHal and
three mice to TgMAF1RHb1. Polyclonal serum from four of
the five mice was specific for the input antigen, while one
mouse exposed to TgMAF1RHb1 harbored antibodies that
bound to both MAF1 paralogs (Figure S3E and data not
shown). Given the amount of similarity between the two
antigens, it is likely that the epitopes recognized by sera from
most of the mice were derived from the dissimilar regions.
Additionally, it is likely that each polyclonal serum is capable
of recognizing multiple “a” or “b” paralogs. In Western blots
against the input antigen, a higher molecular weight band is
detected by all of these antisera in addition to the major
species at the expected molecular weight (Figure S3E). The
antisera recognize the higher MW band with similar specific-
ity as the purified protein. This higher MW band may be a
dimer of the purified protein, as it is approximately twice the
size of the major species, can be seen upon Coomassie stain-
ing, and its quantity is reduced after longer boiling times
of the purified protein (Figure S4). Using antibodies from
mouse 5 for immunofluorescence, we detected MAF1a pro-
tein in all three strains, while once again we did not detect
MAF1b in type II when using antibodies from mouse 1 (Fig-
ure 3A). We also saw a similar pattern of expression by West-
ern blot (Figure 3B). The specificity of the MAF1b antiserum
to MAF1b and not MAF1a was further confirmed by the fact
that the MAF1b antiserum bound to type II T. gondii when
expressing an ectopic copy of TgMAF1RHb1 (Figure 3C).
These data indicate significant strain-specific variation be-
tween major clonotypes in both MAF1 protein level and in
the qualitative nature of the paralogs that are expressed.

T. gondii MAF1 paralogs differ in their ability to mediate
host mitochondrial association in T. gondii and
N. caninum

HMA is a strain-specific trait in T. gondii (lacking in type II
stains; Figure 4A), and this trait is consistent with reduced
MAF1b transcript and protein levels in members of the type II
lineage (Figure 3, Figure S3, A-D). In contrast the MAFla
gene is highly expressed at the transcript and protein level
equally well across multiple T. gondii strains. To determine if
the MAF1a and b genes differed in their ability to confer HMA
in HMA- parasites, we generated N-terminally HA-tagged
clones of the two paralogs that differed in the absence or
presence of the P{4:7}S motif (TgMAFIRHa1l and TgMAF1RHb1,
respectively). To do this, we cloned TgMAF1RHal in place of
TgMAF1RHb1, while retaining the TgMAFIRHb1 promoter in
the construct to ensure equal expression between paralogs.
We expressed these genes in both a type II strain (TgME49)
and in N. caninum (NC-1) (Rettigner et al. 2004) and used
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Figure 3 T. gondii MAF1 paralog expression differs between lineages. (A
and B) Polyclonal antibodies were generated specifically against the C
termini of TgMAF1RHa1 (Ser173 to Ser443) or TgMAF1RHb1 (Thr159
to Asp435). Protein expression was compared by immunofluorescence
across three strains representing clonotypes |, Il, and lll. Based on immu-
nofluorescence and Western blotting, antibodies against TgMAF1RHa1
detected protein in all three strains, while antibodies against TgMAF1RHb1
detected protein only in RH and CTG (and not ME49). (C) Anti-
bodies against TgMAF1RHb1 are able to detect TgMAF1RHb1 ex-
pression in transgenic type Il parasites expressing the TgMAF1RHb1
protein.

confocal microscopy and mitochondrial staining to determine
the impact on HMA. TgMAF1RHb1 expression was sufficient
to mediate HMA in T. gondii strain ME49 (Figure 5A) and also
in N. caninum (Figure 5B) 18 hr postinfection. In contrast,
TgMAF1RHal was unable to mediate HMA in either TgME49
or N. caninum although its protein localization profile was sim-
ilar to that of MAF1RHb1 (Figure 5, A and B, bottom). We also
generated clones of TgME49:MAF1RHb1 and NC-1:MAF1RHb1
for electron microscopy. Both wild-type TgME49 and NC-1 have
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little, if any, HMA (Figure 5C, left). However, when these strains
express MAF1RHb1 they become HMA™ and there is an increase
in host mitochondria directly adjacent to the PVM (Figure 5C,
right).

TgMAF1b1 from T. gondii and H. hammondi can confer
the HMA phenotype in T. gondii type I, while
TgMAF1b0 and HhMAF1a1 cannot

HMA is greatly reduced in the closely related N. caninum
(Figure 4B) (Pernas and Boothroyd 2010), but the HMA phe-
notype of the nearest extant relative of T. gondii, H. hammondi,
is unknown. To test this we assessed HMA in sporozoite-
derived tachyzoites of H. hammondi (strain HhCatEth1)
(Dubey et al. 2013), and found clear evidence for HMA in
this species (Figure 4C). Therefore we hypothesized that
T. gondii and H. hammondi would harbor MAF1 paralogs
that could complement the HMA defect in type II T. gondii,
while N. caninum would not. To test this hypothesis, we
cloned N-terminally tagged MAF1 paralogs from T. gondii,
H. hammondi, and N. caninum. For T. gondii, the coding
sequences for TeMAF1RHbO and TgMAF1RHb1 with the
endogenous promoters were cloned directly from RH strain
genomic DNA. Similar constructs were made for H. hammondi
and N. caninum. Each construct was transfected into the
HMA~ TgME49 strain and the ability of each isoform to
mediate HMA was assessed by immunofluorescence. Simi-
lar to our results with TgMAF1RHal, TgMAF1RHbO was
unable to mediate HMA (Figure 6A), indicating that not
all “b” paralogs are capable of mediating this phenotype.
Importantly, the same was true for HhMAF1al: When trans-
fected into type II T. gondii, this protein did not confer the
HMA phenotype, although it did have an expression profile
that was distinct from other MAF1 paralogs (Figure 6C). In
contrast, both TgMAF1RHb1l (as shown previously) and
HhMAF1b1 could confer the HMA phenotype when ectopi-
cally expressed in type II T. gondii (Figure 6, B and D). We
quantified percent vacuole coverage for 20 vacuoles for each
MAF1 paralog using confocal microscopy and found that para-
sites expressing TgMAF1RHb1 or HhMAF1b1 had significantly
more vacuole membrane associated with host mitochondria
than wild-type type II parasites (Figure 6E). The localization
of TgMAF1RHbO, TgMAF1RHb1, and HhMAF1bl1 are all sim-
ilar. We also performed the same experiment with NcMAF1
(based on NCLIV_ 004730), but we were unable to detect
any protein following multiple (more than three) transfections.
Whether this is due to upstream regulatory sequences or some
other species-specific factor is unknown.

Expression of MAF1RHb1, but not MAF1RHa1, in type Il
T. gondii increases competitive advantage during
infection in vivo

To directly examine the impact of MAF1 in an in vivo infection
system, we infected Balb/c mice with TgME49 wild-type or
a TgMAF1RHb1l-complemented line and measured their
rates of proliferation and dissemination in vivo using biolu-
minescence imaging (Walzer et al. 2013). We used a suble-
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Figure 4 Host mitochondrial association is a feature of T. gondii and
H. hammondi infections, but not N. caninum. (A) NRK-mitoRFP cells were
infected with GFP-expressing type 1, Il, and Ill (RH, PRU, and CTG) para-
sites. Type Il parasites are HMA~, while types I and Il are HMA*. (B) NRK-
mitoRFP cells were infected with N. caninum strain NC-1. Cells were fixed
and counterstained with Hoechst stain. Wild-type N. caninum are HMA™.
(C) HFFs were infected with H. hammondi sporozoites for 8 days before
fixation. Host mitochondria were visualized using an antibody to human
MTCO2. H. hammondi is HMA®*.

thal dose for a type II strain (100 tachyzoites) (Saeij et al.
2005) to allow the mice to survive the full course of the
infection and enable us to detect any subtle differences in
parasite dissemination. We observed marginally higher, but
statistically insignificant, parasite burdens in infection with
TgME49:TgMAFIRHb1 (Figure S5). Given the marginally
higher parasite burden observed in mice infected with
TgME49:TgMAF1RHb1 compared to wild-type TgME49, we
hypothesized that this increase in parasite growth, although
marginal, could provide a competitive advantage during an
infection with a mixed population. To test this hypothesis,
we created mixed populations of TgME49 and TgME49:
TgMAF1RHb1 and infected female Balb/c mice with these
populations of known proportions. Mice were infected with
10° tachyzoites of 1:4 or 4:1 proportions of TgME49 to
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TgME49:TgMAF1RHD1 parasites. Initial population propor-
tions were quantified by immunofluorescence assay (IFA).
Parasite burden was monitored by bioluminescence imaging
for 5 days, after which mice were euthanized and parasites
were collected by peritoneal lavage and the population pro-
portions were determined by IFA. After 5 days the proportion
of TgMAF1RHb1-expressing parasites increased significantly,
regardless of initial proportion (Figure 7A). This competitive
advantage was not observed when mice were infected with a
mixed population of TgME49 and TgME49:TgMAFIRHal
parasites (Figure 7A). While we did not notice any differ-
ences in growth rate in vitro between these strains, we also
constructed mixed populations of TgME49 and TgME49:
TgMAFI1RHb1 and maintained them in HFFs by serial syringe

Figure 5 MAF1RHa1 and MAF1RHb1 differ in their ability
to complement HMA in T. gondii and N. caninum. (A) HFFs
were labeled with MitoTracker and infected with para-
sites transiently transfected with either HA-MAF1RHa1 or
HA-MAF1RHb1. MAF1RHb1 but not MAF1RHa1 is able
to confer the HMA phenotype in TgME49. (B) Identical
results were obtained for N. caninum. Bar, 5.0 um. (C)
HA-MAF1RHb1 was transfected into either TgME49 (top)
or N. caninum (bottom), and HA-positive clones were
isolated by limiting dilution. Wild type (WT, left) and
TgMAF1RHb1 complemented (right) were grown for 18 hr
in HFFs and processed for electron microscopy. Asterisks
indicate host mitochondria. Bar, 500 nm.

lysis and passage in vitro for 8 weeks. Population proportions
were determined by IFA at days 0, 28, and 54-59. In three of
four populations, TgMAF1RHb1-expressing parasites signifi-
cantly increased in proportion compared to their wild-type
counterparts (Figure S6). However the competitive advantage
of TgMAF1RHb1 expression appears much greater in vivo than
invitro, as evidenced by the 15-fold greater percent change per
day of TgMAF1RHDb]1 expressing parasites within the popula-
tion during in vivo compared to in vitro (Figure 7B).

Discussion

One of the many ways in which T. gondii interacts differently
with host cells, compared to its relative N. caninum, is the
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close association formed between the PVM of T. gondii and
the host cell mitochondria during the first hours after inva-
sion (Pernas and Boothroyd 2010). HMA (Jones and Hirsch
1972; de Melo et al. 1992; Sinai et al. 1997) is not unique
to T. gondii and has been described in other intracellular
pathogens including Legionella pneumophila and Chlamydia
psittaci (Horwitz 1983; Matsumoto et al. 1991; Scanlon et al.
2004). However, the biological relevance of HMA in these
pathogens remains unclear partly due to the lack of under-
standing of the molecular mechanisms involved. The T. gondii
gene responsible for this phenomenon is MAF1, and the MAF1
protein appears to mediate interactions not only with
the host mitochondria but also the host immune response
(Pernas et al. 2014). The discovery of MAF1 has removed
initial barriers to understanding the biological relevance of
HMA, yet the impact of MAF1-mediated HMA and host im-
mune alterations on parasite biology has remained unclear.
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Figure 6 N-terminally HA-tagged MAF1 isoforms were
expressed in TgME49 parasites and HMA was assessed
using MitoTracker or immunofluorescence assay using
antibodies against the mitochondrial marker MTCO2.
TgMAF1RHbO and HhMAF1a1 (A and C) did not medi-
ate HMA, while TgMAF1RHb1 and HhMAF1b1 (B and
D) are both able to mediate HMA. (E) Quantification of
percent vacuole coverage, determined by confocal mi-
croscopy. Twenty vacuoles were quantified for each of
the MAFT paralogs indicated, as well as wild-type
TgME49. x? P-values: *0.0144; **0.0005; ***<0.0001.

Here we demonstrate a clear competitive advantage of
expressing an HMA™ paralog of MAF1, providing the first
evidence of selective pressure maintaining HMA within par-
asite populations. During preliminary acute mouse infections
with HMA* and HMA™ parasites, we did not observe any
significant MAF1-dependent alterations in parasite virulence
as assayed by parasite burden and mouse morbidity. This is
consistent with published work showing that deletion of the
MAF1 locus in a type I strain (which abolishes HMA) also had
no dramatic impact on acute parasite virulence (Pernas et al.
2014). However, when we competed strains head to head,
we did observe highly significant growth advantages in
TgMAF1RHb1-expressing type II T. gondii parasites compared
with wild-type controls. During a 5-day mouse infection,
TgMAF1RHb1* parasites outcompeted wild-type parasites
by 7-10% per day (Figure 7). In contrast, when we performed
a similar in vivo experiment with TgMAF1RHal-expressing
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parasites, we observed no competitive advantage in the com-
plemented strain vs. wild type. These data provide strong ev-
idence for a selective advantage of HMA itself, since only
TgMAF1RHb1-complemented parasites, and not TgMAF1RHal-
complemented parasites, had a growth advantage in vivo.

In addition to the selective pressure maintaining HMA
within T. gondii populations, we have traced the evolutionary
history of the MAF1 locus with respect to HMA. We propose a
model in which the MAF1 gene (the “a” paralog) duplicated
initially in a common ancestor to H. hammondi and T. gondii,
and that this duplication event was followed by diversifica-
tion and eventual neofunctionalization of one of the copies
(into the “b” paralog) that had the capacity to mediate HMA.
These data are consistent with the observation that T. gondii
and H. hammondi (Figure 4C) are HMA*, while N. caninum is
HMA ™~ (Pernas and Boothroyd 2010), and that MAF1b paral-
ogs from T. gondii and H. hammondi can confer the HMA
phenotype to type II T. gondii, while their MAFla counter-
parts cannot. It is also possible that N. caninum is HMA~ due
to secondary loss of a functional MAF1b paralog. However,
electron micrographs of intracellular N. hughesi (a close rel-
ative of N. caninum) demonstrate a clear lack of HMA (Dubey
et al. 2001), particularly in comparison to the very tight as-
sociation between host mitochondria and the PVM that we
see in TgMAF1RHb1-expressing T. gondii and N. caninum
(Figure 5C, right). This suggests that N. hughesi is in fact

TgMAF1RHa1-expressing parasites did not
increase during the infection. (B) Percent
change per day was calculated for the pop-
ulations that started with 4:1 TgME49:EV
to TgME49:TgMAF1RHb1 both in vitro and
in vivo by dividing the total percent increase
of TgMAF1RHb expressing parasites within
the population by the number of days of
infection. The first bar of both the in vitro
and in vivo infections represent one clone
set, while the second bar for each represents
a second clone set. (C) Representative im-
ages of a mixed population from A before
and after a 5-day in vivo infection. HA stain-
ing indicates TgMAF1RHb 1-positive vacuoles.

HMA™, providing further evidence for the neofunctionaliza-
tion of MAF1b in T. gondii and H. hammondi after they split
from the Neospora lineage. In addition, we currently do not
know the role that MAF1a protein plays in parasite biology.
However, we do know that the MAFIa gene is maintained
within parasite populations and is expressed at high levels
(Figure 3, Figure S3, A-D), despite evidence that it is not
essential for parasite replication in vitro (Pernas et al.
2014), and that it does not mediate HMA (Figure 5).

It was reported (Nolan et al. 2015) that an N. caninum
strain different from that used in this study (N. caninum
Liverpool) associated with host mitochondria after 24 hr of
infection. However compared to T. gondii strain RH (an
HMA™ strain) (Pernas et al. 2014), mitochondria were fewer
in number, significantly further away from the PV, and did
not accumulate until at least 24 hr postinfection. It may be
that MAF1b paralogs (which are missing from N. caninum
Liverpool) (Reid et al. 2012) mediate a very rapid and early
association with host mitochondria (during the first 24 hr
postinfection) but that mitochondria accumulate on N. caninum
vacuoles due to other as-yet-unidentified factors. Strain differ-
ences between Liverpool and NC-1 also cannot yet be ruled
out. Regardless, our confocal (Figure 5, A and B) and elec-
tron microscopy (Figure 5C) data show that in the first
18 hr postinfection there is a dramatic difference in HMA in
T. gondii and N. caninum, and that we can convert N. caninum
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from being HMA~ to HMA* by complementation with a sin-
gle gene product (TgRHMAF1b1).

While we have performed an extensive survey of the MAF1
paralogs found across multiple T. gondii strains and in two
other species, our PCR-based methods could still be subject to
creating chimeric artifacts during amplification. We did test
for this by comparing sequences with existing Sanger-based
complete genome sequence reads and found no evidence of
chimeric sequences. To determine this with 100% certainty,
however, we would need to clone MAF1 paralogs directly
from T. gondii genomic DNA (as we did for T. gondii ROP5)
(Reese et al. 2011).

In our isolated sequences there are significant sequence
differences between the MAFla and MAFI1b paralogs, the
most striking of which is the existence of a proline-rich repeat
that is interspersed with serines in T. gondii, while H. hammondi
MAF1 encodes a similar proline-rich region but without the
interspersed serines. Some MAF1b paralogs from both species
are functional with respect to HMA, while all MAFI paralogs
tested (whether derived from the “b” or “a” lineage) that lack
this proline-rich region are not HMA competent. Additionally,
there is a great diversity of MAF1 paralogs in T. gondii that
can eventually be exploited to identify key residues that func-
tionally distinguish HMA-competent and incompetent MAF1
paralogs. Structural biology comparisons between paralogs
may also be particularly useful to identify polymorphic resi-
dues that are exposed and to determine the impact of specific
mutations on the overall structure.

What remains to be determined is the relative importance
of MAF1 locus amplification, which occurred only in mem-
bers of the T. gondii lineage and not H. hammondi or
N. caninum. Since H. hammondi is HMA* and harbors a
MAF1 paralog that is capable of mediating HMA in HMA-
parasites (type II; Figure 6) locus expansion (to more than
two copies) is not a prerequisite to drive HMA during infec-
tion, so the question remains as to the utility of having up to
six copies of MAF1 (as shown for GT1; Figure 1C). Moreover
T. gondii strain CTG is also HMA* (Figure 4A) and is pre-
dicted to have only two MAFI1 copies. The duplication of
genes encoding secreted proteins in T. gondii, and impor-
tantly their subsequent diversification and optimization,
may be a means of rapid and flexible adaptation to different
hosts or even niches within a given host. In poxviruses, this
process has been observed in real time under selective pres-
sure at the K3L locus. Under strong host-induced pressure,
K3L copy number increases and individual mutations accu-
mulate in the duplicate copies. Once a mutation in a single
copy of K3L emerges that is highly selective for virus survival,
the locus resolves back to a single copy due to the negative
impact of increased genome size (Elde et al. 2012). Based on
our comparisons of closely related members of the same
clonal lineage using both Southern blotting and sequence
coverage analysis, expanded loci like MAF1 appear to be in
comparatively rapid flux, undergoing multiple rounds of ex-
pansion and contraction on relatively short evolutionary time
scales. It remains to be seen, however, if the changes in MAF1
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locus size (or other T. gondii-specific expanded loci encoding
secreted effectors) (Adomako-Ankomah et al. 2014) are of
functional consequence as for the K3L locus in poxviruses.
The observed differences in locus size (and therefore gene
content) could be driven by selection-driven expansion/di-
versification/contraction as for K3L or simply be a result of
stochastic changes during DNA replication and/or crossing
over that are more common in repetitive DNA regions. A
more detailed characterization of individual MAFI copies,
as well as their impact on HMA and parasite biology, will
be necessary to determine the full impact of the observed
strain- and species-specific features of the MAF1 locus.

We have not yet explored the impact of MAF1 expression in
type II strains (or MAF1 locus deletion in HMA-competent
strains like RH and CTG) on the virulence or persistence of
other life cycle stages, including bradyzoites and sporozoites.
These experiments will be important to fully assess the im-
pact and importance of HMA in T. gondii biology in addi-
tion to the clear selective advantage of MAF1b expression
(and presumably HMA) demonstrated here. It is conceiv-
able that T. gondii contains built-in redundancies, which
allow the parasite to assemble manipulative strategies that
are targeted to specific hosts. For example, the IRG pathway
targeted for neutralization by ROP5 is missing in humans
and other systems where T. gondii is equally capable of surviv-
ing (Niedelman et al. 2012). This seems less likely for MAF1
since HMA occurs in multiple cell types from multiple species
(Pernas and Boothroyd 2010; Pernas et al. 2014).

Finally it is important to note that in the type II strains
examined MAF1b protein is undetectable and this correlates
with the HMA~ phenotype of strains from this lineage. This
demonstrates that while MAF1b expression (and presumably
HMA) is selectively advantageous, it is certainly not essential,
and in the case of type II strains, is dispensable. This unique
phenotype with respect to MAF1b expression and HMA is
consistent with other strain-specific phenotypes in type II
parasites, including a unique lack of ROP16-driven manip-
ulation of the STAT3/6 pathway and a unique ability to
modulate NFkB activation via the secreted effector GRA15
(Saeij et al. 2007; Rosowski et al. 2011). However, in
eukaryotic parasites like T. gondii, it is the collection of
virulence alleles at multiple locations in the genome that
determine overall pathogenicity, and it may be that the si-
lencing of MAF1b expression in the type II lineage may have
been selected for as this strain evolved in a distinct niche. It
will be interesting to determine the mechanism of MAF1b
silencing in type II strains of T. gondii as a first step toward
answering these questions.
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Figure S1. A) Schematic representation of the MAF1 locus showing Scal restrictions sites used to

determine locus size. a, b, ¢ and d represent primers used to verify location of the Scal restriction sites.
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sites were present at the same predicted locations in all strains queried.
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DIDEVPV IRLQTQRSAPHSGR 80

HhMAF1HhGer041b1 1 - - - -MWRVGKS FAA - TA SQ1SGSA ADA -P RNEQQ | FAPBPPRGH 75
TgMAF1IRHbO 1 - - - -MWR I WRC FVT - TA SQMSDSV ADA -S RTEEQVFAPBRPRRH 75
TgMAF1ME49b0 1 - - - - MWR | WRC| FAT - TA SQMSDSV ADA -S RTEEHVFAPBPPRRH 75
TgMAF1IRHb1 1 - - - -MWR | WRC FAT - TA SQMSDSV ADA -S RTEEQAFALBPPRRH 75
TGMAF1RHb2 1 - - - -MWR | WRC FVT - TA SQMSDSV ADA -S PRRH 75
TgMAF1CTGb1 1----M | WRC FAT - T Al SQMSDSV ADA - S PRRH 75
TgMAF1ME49b1 1 - - - - MWR | WRC| FAT - T Al SAMSDSV ADA - S PRRH 75
TgMAF1CTGb2 1 - - - -MWR I WRC FAT - TA SQMSDSV ADA -S RTEEHIFALBPPRRH 75
HhMAF1HhGer041a1 1 - - - -MWRVGKS FAA - TA SQ1SGSA ADA -P RNEQQ | FAPBBPRGH 75
TGVEG_279100 (a1) 1 - - - -MWR IWRC FVT - TA SQMSDSV ADA -S RTEEQAFALBPPRRH 75
TGME49_279100 (a1) 1 - - - -MWR I WRC FAT - T Al SAMSDSV ADA -S PRRH 75
TgMAF1RHal 1 - - - -MWR | WRC FAT - TA SQMSDSV. ADA -S PRRH 75
TGGT1_279100 (a1) 1 - - - -MWR | WRC| FVT - TA SQMSDSV ADA - S 75
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TgMAF1RHbO 76 S§SESL FPRNPEVTARRRRNRR I TL IAT L EPPTRLRTPRPRAPSGQQ 145
TgMAF1ME49b0 76 SSESILFPRNPSVTARRRRNRR | AL | AT L EPPTRLRTPRPRAPSGQQ 145
TgMAF1RHb1 76 SSESLFPRNASVTARRRRNRRI AL | AT \ EPPAPRSVEDPEVLPEEDEASSSLPPPPP 156
TGMAF1RHb2 768 SISESILFPRNPSVTSRRRRNRR I AL IATA L EPPAPRSVEDPEVLAEEDEASSSLPPPPP 156
TgMAF1CTGb1 76 SSESLFPRNPSVTARRRRNRR I AL IATA i EPPAPRSVEDPEVLPEEDEASSSLPPPPP 156
TgMAF1ME49b1 76 §SESLFPRNPSVTARRRRNRR | ALMAT \ EPPAPPPVEDPEVLPEEDEASSSLPPPPP 156
TgMAF1CTGb2 76 SSESLFPRNPSVTARRRRN IALMAT \ EPPAPRSVEDPEVLPEEDEASSSLPPPPP 156
HhMAF1HhGer041a1 76 S§SESLFPRSPSVTARRRRNRR I ALVAT L EPPTRPRTRRFTTPSGQQ -+ =-=-=-==- 145
TGVEG_279100 (a1) 76 S SESLFPRNPSVTARRRRNRR I AL IATA L EPPTRPRTPRPRAPSGQQ - - == === ===~ 145
TGME49_279100 (a1) 76 §SESLFPRNASVTARRRRNRR I AL AT L EPPTRLRTPRPRAPSGQQ - -aa - 145
TgMAF1RHa1 76 SSESLFPRNASVTARRRRNRRI AP IAT L EPPTRLRTPRPRAPSEQQ- - - - - - - 145
TGGT1_279100 (a1) 76 SSESLFPRNASVTARRRRENRR I AL IAT L EPPTRLRTPRPRAPSEQQ - - - - - - - - - - - 145

NCLIV_004730 151 PKAPSQPPTERRDVPTGVRQVGARDL
HhMAF1HhGer041b1 157 PPPPPPPP PPPPPPPPPPVEE
TgMAF1RHbO 146 QPSESEPPAGV
TgMAF1ME49b0 146 - - - -QPSESEPPAGV
TgMAF1RHb1 157 - ---SPPPPPPVED
TGMAF1RHb2 157 PPSPPPPPPVED
TgMAF1CTGb1 157 PPPSPPPPPPVEV
TgMAF1ME49b1 157 PPPSPPPPPPVEV
TgMAF1CTGb2 157 PSPPPPSPPPPSPPPPS- -PPPPSPPPPPPVED
HhMAF1HhGer041a1 146 QPSPSGRPAGY
TGVEG_279100 (a1) 146 - -QPSESEPPAGV
TGME49_279100 (a1) 146 --QPSESEPPAGV
TgMAF1RHa1 - -QPSESEPPAEV
TGGT1_279100 (al) QPSESEPPAEV
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Figure S2. Alignment of select MAF1 sequences from Toxoplasma gondii, Hammondia hammondi and
Neospora caninum. Alignments were performed using CLUSTAL-Omega, and visualized using JalView.
Residues are colored by percent identity. Sequences in bold were used in complementation experiments
in the present study. Portions of proteins used as antigens for antibody production indicated by red

(TgMAF1RHb1) and black (TgMAF1RHal) boxes.
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Figure S3. Transcript and protein expression analyses of MAFla and b paralogs. A) Spotted cDNA
microarray (which would not distinguish MAF1a from MAF1b transcript) data illustrating reduced MAF1a/b
transcript levels in ME49 compared to RH and CTG. Two replicates per strain type are shown. B)
Affymetrix microarray data (derived from probes that were chosen to be unique to each gene, which
therefore would distinguish between MAF1a and b transcript levels) illustrating similar expression of MAFla
across multiple T. gondii strains, and reduced MAF1b transcript levels in Type Il T. gondii (Pru, ME49).
Data downloaded from. C) Levels of MAF1b protein were compared among 2 strains each from the 3
predominant lineages of T. gondii using polyclonal antibodies against the C-terminus of TgMAF1RHDb1.
Expression polymorphism of MAF1 correlates with strain-specificity of the host mitochondrial association
phenotype. SAGL1 is used as a loading control. D) Densitometric analysis of relative levels of MAF1 in the
six strains examined based on the MAF1/SAGL1 intensity ratio. GT1 was setto 1. E) Isolation of paralog-
specific polyclonal mouse antisera against MAFlal and bl. Three mice were exposed to purified
MAF1RHb1 and 2 to purified MAF1RHal and used to probe blots containing the immunizing antigen. All

but mouse 2 had antibodies that were fully specific to the input antigen.
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Figure S4. Higher molecular weight band is reduced upon increased boiling of sample. A) Coomassie
staining of purified TJMAF1RHal C-terminus (Serl73 to Ser443) or TJMAF1RHb1 (Thrl59 to Asp435)
where the sample was boiled for 10 minutes (lanes 1 and 2) or 30 minutes (lanes 3 and 4) before being run
on a gel. The higher MW band is reduced (TgMAF1RHa) or eliminated (TgMAF1RHb1) after 30’ of boiling
compared to 10’. B) Western blot using mouse 5 antiserum against purified TJMAF1Rhal C-terminus boiled
for 10 or 30 minutes before loading the gel. There was no higher MW band observed in this blot, which was
run on the same gel as C. C) Western blot using mouse 1 antiserum against purified TJMAF1RHb1 C-
terminus boiled for 10 or 30 minutes. The higher MW band is reduced after 30’ compared to 10. Additional

break down of the sample is also observed (lower MW band).
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Figure S5. Complementation with TgMAF1RHb1 has does not have a significant impact on acute
virulence in vivo during infection in Balb/c mice. Balb/C mice were infected intraperitoneally with 100
tachyzoites of luciferase-expressing TJME49 complemented with TgMAF1RHb (n=5) or empty vector
(TgME49WT, n=4). Parasite burden was measured using in vivo bioluminescence imaging (BLI) at 24-
hour time-points. (A) Quantitation of parasite burden by in vivo BLI. (B) Representative images of parasite

burden in mice at days 6, 8 and 10 post-infection. Scale: photons/sec/cm?/sr X 10°.
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Figure S6. Expression of TJMAF1RHb1 in Type Il T. gondii increases competitive advantage in vitro. (A)
Mixed populations at the indicated ratios were passed and assayed after 0, 4 and 8 weeks of serial passage
using IF imaging. TgME49:TgMAF1RHb1 consistently outcompeted TgME49:EV (WT) during in vitro co-
infections in HFF cells. TQME49:TgMAF1RHb1 increased an average of 1.8-fold over TQME49:EV at 8

weeks post-infection. *x2 p-value < .05



Table S1. Primers used to generate southern probes, clone isoforms, and tag isoforms.

Forward (5’-3’) Primer
CCGAAGTTGATGGCACATTATACCGG

Reverse (5’-3’) Primer
CCGGCGAAGTAGCAGCCTCCTCCTAG

Purpose

Southern blot probe
for AMA1

CACCaagcttAGGGAT ACGAACAACT
CGCTTATTAAG

GTCttaattaaTCAGTCCAGCATGCTAGCCA
GATACG

Southern blot probe
for MAF1

CAGCTTCCTGCACTCTCTCTGAGG

CGAAACAGTACAGACATATGACC

Verify Scal site at left
flank of MAF1

CGAACAGGTCGAACGCGTTGTGCGAG

TGGCAGCAAGATGGACATGCAC

Verify Scal site at right
flank of MAF1

caccAGGGATACGAACAACTCGCTTAT

CTACCCATGGGTCC AGC ATG CTA
GCCAGATACGT

To clone MAF1 genes
from T. gondii

TGATCaagcttCTGCGACGTGATCGTG

CGCTGCCGCAGCCGCTGCCGACGCAGCT
GCCGCTGCAGCAAGCGAAGACGAAGCC
TCGTC

To create left half of
PCR fragment to
mutate P151-156 and
P158-163 to alanine in
MAF1RHb1.

getgcageggeagetgegteggecageggetgegg
cagcgGTCGAAGATCCGTTGTCGCCG

AGTCttaattaaTCAGTCCAGCATGCTAG

To create right half of
PCR fragment to
mutate P151-156 and
P158-163 to alanine in
MAF1RHb1.

TGATCaagcttCTGCGACGTGATCGTG

ACGGGCGGCGGCGGAGGCGGCGCTGGT
GGAGGCGGCGGTGGAAGCGAAGA

To create left half of
PCR fragment to
mutate S157 to
alanine in MAF1RHb1.

TCTTCGCTTCCACCGCCGCCTCCACCAG
CGCCGCCTCCGLCGLeGeeeaT

AGTCttaattaaTCAGTCCAGCATGCTAG

To create right half of
PCR fragment to
mutate S157 to
alanine in MAF1RHb1.

atgcatATGTGG CGCATCTGGA
GATGCC

GTCttaattaaTCA
GTCGCCTTGCGGAAACTTGTACTTCC

Clone MAF1RHal
from cDNA

CACCaagcttAGGGAT ACGAACAACT
CGCTTATTAAG

TCGCGTAGTCCGGGACGTCGTACGGGTA
ACCGGCGGTCAGAGCGCCCAGC

Amplify left half of
MAF1RHb1 for the
MAF1RHb1/a1
chimera

CGACGTCCCGGACTACGCGATGCATG
GTGGTCTAGGCAGTCAGATGTCGG

GTCttaattaaTCAGTCGCCTTGCGGAAACT
TGTACTTCC

Amplify right half of
MAF1RHal for the




MAF1RHb1/al
chimera

CACCAGGGATACGGACAACTCGCTTAT

AGGTCTAGTGAGCTGGGAAGTAAA

Clone MAF1b genes
from H. hammondi

CACCAGGGATACGGACAACTCGCTTAT

TAAGCACATGAAACCTCATTTCAC

Clone MAF1a genes
from H. hammondi

GGGGGACAAGTTTGTACAAAAAAGC
AGGCTAGGGATACGGACAACTCGCTT
A

CGCGTAGTCCGGGACGTCGTACGGGTAA
CCGGCGGTCAGAGCGCCCAGCAG

Add HA tag to H.
hammondi MAFl1a/b
by SOE (left half)

TACCCGTACGACGTCCCGGACTACGCG
CTAGGCAGTCAGATCTCGGGCTCG

GGGGACCACTTTGTACAAGAAAGCTGG
GTGACCTGTTTTGATTCACAGTAG

Add HA tag to H.
hammondi MAF1la by
SOE (right half)

TACCCGTACGACGTCCCGGACTACGCG
CTAGGCAGTCAGATCTCGGGCTCG

GGGGACCACTTTGTACAAGAAAGCTGG
GTTCAGTCCACCATGCTAGCCAGAT

Add HA tag to H.
hammondi MAF1b by
SOE (right half)

GGGGACAAGTTTGTACAAAAAAGCA
GGCTGTTCGAGAGAGCGGCATGGACG

GGGGACCACTTTGTACAAGAAAGCTGG
GTTCAGCCTTTTCCACCAGACC

Clone MAF1 genes
from N. caninum

CGCGTAGTCCGGGACGTCGTACGGGT
AACCCGGGGCCAGTACGCCCAG

CGCGTAGTCCGGGACGTCGTACGGGTAA
CCCGGGGCCAGTACGCCCAG

Add HA tag to N.
caninum MAF1 by
SOE (along with B1
and B2-containing
primers from above
as outer primers)
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