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Toxoplasma gondii and its nearest extant relative, Hammondia hammondi, are phenotypically distinct despite their remarkable
similarity in gene content, synteny, and functionality. To begin to identify genetic differences that might drive distinct infection
phenotypes of T. gondii and H. hammondi, in the present study we (i) determined whether two known host-interacting proteins,
dense granule protein 15 (GRA15) and rhoptry protein 16 (ROP16), were functionally conserved in H. hammondi and (ii) per-
formed the first comparative transcriptional analysis of H. hammondi and T. gondii sporulated oocysts. We found that GRA15
and ROP16 from H. hammondi (HhGRA15 and HhROP16) modulate the host NF-�B and STAT6 pathways, respectively, when
expressed heterologously in T. gondii. We also found the transcriptomes of H. hammondi and T. gondii to be highly distinct.
Consistent with the spontaneous conversion of H. hammondi tachyzoites into bradyzoites both in vitro and in vivo, H. ham-
mondi high-abundance transcripts are enriched for genes that are of greater abundance in T. gondii bradyzoites. We also identi-
fied genes that are of high transcript abundance in H. hammondi but are poorly expressed in multiple T. gondii life stages, sug-
gesting that these genes are uniquely expressed in H. hammondi. Taken together, these data confirm the functional conservation
of known T. gondii virulence effectors in H. hammondi and point to transcriptional differences as a potential source of the phe-
notypic differences between these species.

Toxoplasma gondii is a highly successful intracellular parasite,
having infected nearly one-third of the human population (1).

A member of the phylum Apicomplexa, T. gondii is primarily
asymptomatic in healthy adults, but it can cause severe disease in
utero and in immunocompromised humans (2–5). In rare, but
nonetheless important, cases, T. gondii can cause lethal toxoplas-
mosis in immunocompetent adults (6). Importantly, T. gondii can
infect, and cause disease in, nearly all warm-blooded animals
studied to date, including multiple bird species (7–9). Such a vast
host range is rare, if not unprecedented, among the members of
the Apicomplexa, but the molecular basis for this feature is cur-
rently unknown and likely to be driven by multiple genetic mech-
anisms.

T. gondii’s closest extant relative is Hammondia hammondi (10,
11), a fellow coccidian that shares the same definitive host (5). To
date H. hammondi has been isolated in the field from a variety of
animals, including cats, rodents, goats, and roe deer (reviewed in
reference 9). Experimentally, this parasite appears to have a more
restricted host range than T. gondii (e.g., H. hammondi cannot
infect avian species [5]), but in contrast to the extensive work
carried out on T. gondii field isolates (12, 13), there is much less
information from wild H. hammondi isolates to make a definitive
conclusion about the host range of this parasite.

Laboratory mice are often used as experimental models for
both T. gondii and H. hammondi (9) and highlight key phenotypic
differences between the species. While highly virulent T. gondii
infections can be initiated in mice by multiple life stages and in-
fection routes (14, 15), H. hammondi infections in mice can be
initiated only by oocysts and infections are often asymptomatic in
wild-type, immunosuppressed, and interferon gamma knockout

mice (9, 16). Importantly, H. hammondi tissue cysts, which are
predominantly found in muscle (whereas T. gondii tissue cysts can
be found in diverse mouse tissues, including the brain), are not
directly infective to mice by any route (5, 9, 16). In fact, given their
morphological and antigenic similarities (17), the difference in the
ability to be transmitted between intermediate hosts is used to
experimentally distinguish T. gondii from H. hammondi (16).

Recently, a few key effector genes have been identified in T.
gondii. These include the secreted effectors rhoptry proteins 18
and 5 (TgROP18 and TgROP5), which underlie strain-specific
differences in virulence between T. gondii strains (15, 18–23). In
addition, ROP16 and dense granule protein 15 (GRA15) have less
dramatic, but significant, effects on virulence in the mouse and
also significantly alter host cell transcription (24–27). All of the
aforementioned effectors are secreted into the host cell, where
they alter innate immune signaling pathways (via STAT3/6 for
ROP16 and NF-�B for GRA15).

Given their high degree of genetic similarity and genomic syn-
teny (28), T. gondii and H. hammondi provide a unique opportu-
nity for functional comparative genomics studies. We published a
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genomic sequence of a strain of H. hammondi isolated from a cat
in Germany (HhCatGer041) and used this sequence to determine
that the H. hammondi orthologs of the major T. gondii virulence
factors TgROP5 and TgROP18 are functionally conserved in H.
hammondi (28). Specifically, H. hammondi ROP18 and ROP5
could complement mouse virulence defects in select T. gondii
strains (28). This indicates that the mere presence of virulence
factors like ROP5 or ROP18 in the H. hammondi genome is not
sufficient to explain the dramatic differences in mouse virulence
between these two species. In the present study, we used the
HhCatGer041 genome sequence to focus on the signaling effec-
tors GRA15 and ROP16 (25, 27). Here we show that similar to
HhROP5 and HhROP18, the H. hammondi GRA15 and ROP16
orthologs are functionally conserved. By “functionally con-
served,” we mean that when they are expressed in a relevant T.
gondii background, they have effects on host cell signaling similar
to those of their T. gondii orthologs. This provides further support
for the idea that phenotypic differences between T. gondii and H.
hammondi are not due to a lack of effector proteins that manipu-
late the host. Other mechanisms, including differences in the de-
ployment of known effectors, the presence of currently uncharac-
terized “avirulence” effectors, and differences in developmental
stage-switching and regulation, are more likely to underlie these
phenotypic differences than gene content itself. In support of this,
we also show that the transcriptomes of H. hammondi and T.
gondii sporozoites are highly distinct and that their transcriptional
profile differences may be a reflection of different mechanisms of
growth regulation that are particularly apparent during both in
vitro and in vivo growth (9).

MATERIALS AND METHODS
Parasite strains and maintenance. Parasites were used to infect mono-
layers of human foreskin fibroblasts (HFFs) grown at 37°C in 5% CO2.
HFFs were maintained in Dulbecco’s modified Eagle medium with 10%
fetal calf serum, 2 mM glutamine, and 50 �g/ml each of penicillin and
streptomycin (cDMEM). RH, ME49, and CEP were used as representative
type I, II, and III strains, respectively. For H. hammondi HhCatGer041
oocyst production, interferon gamma knockout mice were fed 104 H.
hammondi oocysts and sacrificed 4 to 6 weeks later. For T. gondii VEG
strain oocyst production, Swiss-Webster mice were used. Leg muscle (for
H. hammondi) or brain (for T. gondii) tissues from infected mice were fed
to young cats (10 to 20 weeks old), and feces were collected during days 7
to 11 postinfection. Unsporulated oocysts were isolated by sucrose flota-
tion and allowed to sporulate at 4°C in 2% H2SO4 (9).

DNA isolation from H. hammondi oocysts. Sporulated oocysts (40
million to 80 million) were washed several times in Hanks’ buffered saline
solution (HBSS) and then treated with 10% bleach in phosphate-buffered
saline (PBS) for 30 min. After removal of all traces of bleach by multiple
washes and pelleting at 800 � g in a swinging bucket rotor, pellets were
resuspended in 4 ml of HBSS in a 15-ml Falcon tube, and 1 g of sterile glass
beads (710 to 1,180 �M; Sigma) was added. Parasites were vortexed on
high speed for 30 s, cooled on wet ice for 30 s, and then vortexed for 30 s
more. After the glass beads settled, the supernatant was removed and the
glass beads were washed once with HBSS; this wash was combined with
the supernatant and pelleted at 800 � g. DNA was isolated from this
preparation, containing sporocysts that had been freed from the oocyst
wall by mechanical disruption, using the DNAzol reagent according to the
manufacturer’s instructions. After resuspension of the DNA pellet in ster-
ile water, it was phenol-chloroform-isoamyl alcohol (25:24:1; Sigma) ex-
tracted and reprecipitated. For two different preparations, 8 ng of DNA
was then linearly amplified using the Genomiphi DNA amplification kit
and ethanol precipitated. These preparations were used for PCR amplifi-
cation (described below).

Dual-luciferase reporter assays. Putative promoters for genes derived
from T. gondii and H. hammondi were compared to see how effective they
were at driving firefly luciferase expression. Putative transcriptional start
sites were determined using the T. gondii full-length cDNA database (http:
//fullmal.hgc.jp/index_tg_ajax.html [29]). For GRA15, the primers used
for the H. hammondi promoter were 5=-CACCTAATAAAAATGCTCAT
GCACTGGT-3= and 5=-ATCCATTGCTGAATGTTTGTTTACAAAGT
G-3= (930 bp upstream of the start codon). The primers used for the ME49
GRA15 promoter (928 bp upstream of the start codon) were 5=-CACCT
AATAAAAATGATCAATACACTGGT-3= and 5=-ATCCATTGTTGAAT
GCTGGTTTACAAAGTG-3=. For ROP16, the primers used for the wild-
type (WT) H. hammondi promoter were 5=-CACCTTCTGGGTAGATC
AGCAATAAACA-3= (865 bp upstream of the start codon) and 5=-ATCC
ATCTTGCGACAAACGTAATCACAG-3=. The primers used for the
wild-type ME49 ROP16 promoter (881 bp upstream of the start codon)
were 5=-CACCCTCTGGGTAGAACAGCAATAGACA-3= and 5=-ATCC
ATCTTGCGACAAACAAGATCACAG-3=. PCR fragments were direc-
tionally cloned into the Gateway entry vector pENTR/D-Topo (Invitro-
gen, Carlsbad, CA), and fragments in the proper orientation in the entry
vector were recombined into a destination vector (pDestFire) containing
firefly luciferase and a 3= untranslated region (UTR) from T. gondii dihy-
drofolate reductase (DHFR) (30) using the Gateway LR Clonase II en-
zyme mix (Invitrogen) (31, 32). The forward primers included a CACC
sequence required for directional cloning, while the reverse primers in-
cluded an ATCCAT sequence which contains, in antisense orientation,
the start codon and encodes an aspartic acid (both underlined in the
primer sequences above).

We also used splicing-by-overlap extension (SOE) PCR to create chi-
meric ROP16 promoter luciferase constructs. To delete the 16 bp imme-
diately preceding the putative transcriptional start site in the TgROP16
promoter, we used outer forward primer GGGGACAAGTTTGTACAAA
AAAGCAGGCTCTCTGGGTAGAACAGCAATAGACA-3= (where the
underlined sequence represents a BP Clonase B1 recombination se-
quence) and reverse primer 5=-TGATAAATTTAATGAGTTGACTGCTC
ACGA-3= to amplify the 5= promoter sequence up to the 16 bp to be
deleted. We used forward primer 5=-CATTAAATTTATCAAACATACACG
ATACCA-3=and outer reverse primer 5=-GGGGACCACTTTGTACAAGAA
AGCTGGGTCATCCATCTTGCGACAAACAAGATCACAG (where the
underlined sequence represents a BP Clonase B2 recombination sequence
and the start codon and additional aspartic acid codon are shown in italics) to
amplify the 3= region of the putative promoter, starting just after the 16 bp to
be deleted. Similarly, we inserted the 16 bp from the TgROP16II promoter
into the HhROP16 promoter. To do this, we used outer forward primer 5=-
GGGGACAAGTTTGTACAAAAAAGCAGGCTTTCTGGGTAGATCAGC
AATAAACA-3= (B1 recombination sequence underlined as above) and
reverse primer 5=-CTTCGTTTCCCATTTTAGTTGACTGCTCACGAC
TCG-3= (where the 16 bp from TgROP16 are underlined) to amplify the
promoter sequence up to the location of the 16-bp HhROP16 deletion.
We used forward primer 5=-AAAATGGGAAACGAAG CACTAAATTTA
TCAAACA-3= (where the 16 bp to be inserted is underlined as above) and
outer reverse primer 5=-GGGGACCACTTTGTACAAGAAAGCTGGGT
CATCCATCTTGCGACAAACGTAATCACAG-3= (where the B2 site is
underlined and the start and aspartic acid codons are in italics as above) to
amplify the promoter sequence immediately after the 16-bp HhROP16
deletion. Gel-purified PCR products were used in SOE PCRs with only the
relevant outer forward and outer reverse primers for both TgROP16 de-
letion constructs and HhROP15 insertion constructs, and products were
sequentially cloned into pDONR221 and pDestFire using BP and LR clon-
ing reactions as described above. The additional nucleotide after the start
and aspartic acid codons in the outer reverse primers is necessary for
cloning the fragment in frame with the luciferase gene when using BP
cloning for the first step in Gateway cloning. For direct comparison to the
insertion and deletion promoter constructs, we also generated wild-type
TgROP16 and HhROP16 promoter constructs using the outer forward
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and outer reverse primers, followed by an identical Gateway cloning reg-
imen.

For luciferase assays, constructs were transfected into 15 million to 20
million parasites of the ME49 strain (between 50 and 70 �g) along with 20
�g of a vector containing Renilla luciferase driven by the TUB1 promoter,
used to normalize for the efficiency of plasmid uptake by parasites in
different experiments (32, 33). Parasites were harvested and lysed 24 h
after transfection. Firefly and Renilla luciferase levels were measured using
a dual-luciferase reporter assay system (Promega).

GRA15 cloning and characterization. The H. hammondi GRA15 cod-
ing region plus 930 bp upstream of the start codon was amplified via PCR
(forward, 5=-CACCTAATAAAAATGCTCATGCACTGGT-3=; reverse,
5=-CTACGCGTAGTCCGGGACGTCGTACGGGTATGGAGTTACCGC
TGATTGTGTGCC-3=). The CACC sequence was used for directional
cloning into the pENTR/D-TOPO vector (Invitrogen), and the under-
lined sequence in the reverse primer encodes a hemagglutinin (HA) tag
and contains a stop codon. The sequence was cloned using LR Clonase
recombination with the p-ATT-GRA2 destination vector (28). The p-
ATT-GRA2 vector with the GRA15 insert was transfected into
RH�HXGPRT, and resistant parasites harboring the vector, which con-
tains an HXGPRT minigene, were selected in mycophenolic acid and xan-
thine as described previously (34). Transgenic parasites were cloned by
limiting dilution. Expression of the transgenic construct was validated
using anti-HA immunofluorescence.

ROP16 cloning and characterization. Since the H. hammondi ROP16
promoter (865 bp upstream of the predicted start codon) was not active in
firefly luciferase reporter assays (see Results), the coding region was am-
plified using the following primers: forward, 5=-GTCCATGCAT ATGAA
AGTGACCACGAAACGGCTT -3=, and reverse, 5=-CGTCCCATGGCTT
CCGATGTGAATAAGGTTGGGTAGT-3=. For T. gondii ROP16 (from
the type II strain ME49), we amplified the gene using the following
primers: forward, 5=-GTCAATGCATATGAAAGTGACCACGAAAGGG
CTTG, and reverse, 5=-CTGTCGTACGGGTACATCCGATGTGAAGAA
AGTTCGGTAGT-3=. Underlined sites in the primer represent NsiI and
NcoI sites, respectively, for HhROP16 and NsiI and BsiWI sites, respec-
tively, for TgROP16II. Digested PCR products were ligated into the pGra-
HA-HXGPRT vector (15) in frame with a C-terminal HA tag and down-
stream of the constitutive GRA1 promoter (35). Plasmids were
transfected into ME49�HXGPRT, and stable transfectants were selected
with mycophenolic acid and xanthine and cloned as described above.

Immunofluorescence. Parasites were allowed to invade cell monolay-
ers on circular 12-mm coverslips for 18 or 24 h. The cells were washed
once with PBS before fixation. In most cases, the cells were fixed with 4%
formaldehyde for 20 min, washed twice in PBS, and blocked in PBS sup-
plemented with 5% bovine serum albumin (BSA) and 0.2% Triton X-100
for at least an hour. Coverslips were incubated with primary antibodies for
1 to 3 h or overnight and with fluorescent secondary antibodies for 1 h.
Hoechst dye (2 �g/ml) was used for DNA visualization. Parasite strains
expressing green fluorescent protein (GFP) were fixed in ice-cold metha-
nol for 20 min. Additionally, the procedures for pSTAT6 and NF-�B
staining differed from the above. For NF-�B detection, the cell monolayer
was infected with parasites for 18 h, after which the cells were fixed with
3% formaldehyde for 20 min. The cells were washed twice in PBS and
permeabilized with 100% ethanol for 20 min. The cells were then washed
twice in PBS and blocked in PBS supplemented with 3% BSA and 5% fetal
calf serum for at least an hour. The rest of the procedure followed the
general protocol above. For signal quantification, 10 infected cells were
chosen randomly from each coverslip and photographed with QED In-
Vivo software (Media Cybernetics). Nuclear signal was quantified using
ImageJ.

For pSTAT6 analysis, host cells seeded onto coverslips were serum
starved overnight. The serum-starved monolayer was infected for 24 h,
after which the cells were fixed with 4% formaldehyde for 20 min followed
by ice-cold methanol for 5 min (25). The rest of the procedure followed
the general protocol above. For signal quantification, 10 infected cells

were chosen randomly from each coverslip and were photographed with
AxioVision software (Carl Zeiss, Inc.). For each infected cell, the average
nuclear pSTAT6 signal, as well as the cytoplasmic pSTAT6 signal, was
quantified using ImageJ. For ROP16 nuclear localization, cells were in-
fected for 4 h with either RH�ROP16:TgROP16I-HA or ME49:
HhROP16HA at a multiplicity of infection of 10 or 8, respectively, and then
fixed and stained for HA as described above. For each infection, nuclear
staining was assessed qualitatively for 20 infected cells to determine the
efficiency of nuclear localization. Antibodies used in this study include
3F10 (anti-HA; Roche), anti-TgSAG1 (GenWay), anti-P-Stat6 (phospho-
Tyr641; Cell Signaling Technology), anti-NF-�B p65 (D14E12) XP (Cell
Signaling Technology), and secondary fluorescent antibodies (Invitro-
gen). Monoclonal antibodies to ROP7 and GRA7 were kindly provided by
Peter Bradley (UCLA) (36).

Microarray hybridizations of RNA from H. hammondi and T. gon-
dii sporulated oocysts. Sporulated oocysts from H. hammondi
HhGER041 and T. gondii VEG were produced as described above and
sporulated in 2% sulfuric acid at 4°C. Sporulated oocysts of both species
were kept at 4°C for �20 days prior to RNA harvest. To isolate RNA, �80
million oocysts per species were washed with HBSS and treated with 10%
bleach, and sporocysts were released using glass beads as described above
for DNA isolation. Sporulation efficiency was �40% for both T. gondii
and H. hammondi oocysts. Pellets were resuspended in TRIzol reagent
(Invitrogen) by pipetting and passed serially through 25- and 27-gauge
needles. Preparations were centrifuged for 1 min at 5,000 � g, superna-
tants were chloroform extracted, and RNA was precipitated according to
the manufacturer’s instructions. Pellets were resuspended in RNase-free
water, extracted with phenol-chloroform-isoamyl alcohol (25:24:1), and
reprecipitated with 0.7 volume of isopropanol in the presence of 0.3 M
sodium acetate (pH 5.2). Pellets were washed with 75% ethanol and re-
suspended in RNase-free water. Samples were labeled for array hybridiza-
tion using the Illumina TotalPrep RNA amplification kit (Applied Biosys-
tems, Carlsbad, CA). Labeled cRNA samples were hybridized using
Toxoplasma 169 chips (available through the University of Pennsylvania
Genomics Core Facility) (37). Three separate RNA isolations were per-
formed for each species and hybridized separately.

Microarray data analysis. To permit analysis of hybridization data for
two species, custom Affymetrix chip description files (CDF) were gener-
ated that contained only probes that had perfect matches to sequences in
the T. gondii VEG (ToxoDB) and H. hammondi HhGer041 genomes (28)
using BLASTN (38). The expression module of the chip contains 11
probes for each of 8,058 T. gondii genes, and 6,294 of these genes had at
least one probe that perfectly matched the T. gondii VEG and H. ham-
mondi HhGer041 genomes. A custom script (written in Perl and available
upon request) was written to generate the CDF file. Raw CEL files for the
H. hammondi and T. gondii VEG oocyst hybridizations, as well as those for
the complete life cycle hybridizations for T. gondii strain M4 (GEO acces-
sion number GSE32427 [39, 40]) were analyzed using the Affy package
implemented in R statistical software (41), and all data were normalized
(“constant” method) and log2 transformed using “median polishing”
(42). To identify genes with significantly different abundances between
species, we used Rank Products (43) with a false-discovery rate of 1/100 as
implemented in the MeViewer Module of the TM4 microarray software
suite (44). Genes were deemed to be significantly different in abundance if
the adjusted P value was �0.01. Gene ontology (GO) analyses of differ-
entially expressed transcripts were conducted with GeneMerge (45) as
described previously (46). GO categories were deemed significantly en-
riched if they had adjusted P values of �0.05.

Using cluster analysis of transcripts of higher abundance in H. ham-
mondi than in T. gondii VEG sporozoites along with the T. gondii M4
expression data set (39, 40), we identified two gene clusters of interest: (i)
genes that were more highly expressed in H. hammondi than in T. gondii
VEG oocysts that were poorly expressed in all of the life cycle stages in the
T. gondii M4 data set (“Hh specific”) and (ii) genes that were more highly
expressed in H. hammondi than in T. gondii VEG oocysts that were up-
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regulated during the tachyzoite-to-bradyzoite transition in the T. gondii
M4 data set (“Hh-TgCyst-high”). To identify transcripts with these pro-
files in an unbiased way, the entire data set was analyzed using Pavlidis
template matching (PTM) (47) implemented in TM4 using a P value
threshold of 1 � 10�5 and setting either the “high” values to the maxi-
mum of 1 and the “low” values to a minimum of 0. Significant genes were
subjected to GO analysis as described above.

Microarray and sequence data accession numbers. Raw data for gene
expression analysis have been deposited in the Gene Expression Omnibus
Database under accession number GSE61963. H. hammondi GRA15 and
ROP16 gene sequences have been deposited in GenBank under accession
numbers KM676011 and KM676012, respectively.

RESULTS
GRA15 from H. hammondi activates host cell NF-�B in T. gon-
dii. In Europe and North America several distinct, clonal geno-
types of T. gondii are recognized, including types I, II, III, and IV
(48–50). These strain types have significant phenotypic differ-
ences during infections in vivo and in vitro (51), and strain types I,
II, and III, at least, appear to have arisen from only a few recent
natural genetic crosses (52). Type II strains of T. gondii activate
significantly more NF-�B than type I and III strains, and this is
driven by the type II allele of TgGRA15 (27). The predicted H.
hammondi GRA15 protein shares the most sequence identity with
TgGRA15I and TgGRA15III (80 and 79%, respectively) and shares
an 84-amino-acid insertion (relative to TgGRA15II) with
TgGRA15I and TgGRA15III (see Fig. S2 in the supplemental ma-
terial). However, using the neighbor-joining method based on
percent identity which does not count sequence gaps (Fig. 1A),
HhGRA15 is most similar to TgGRA15II, and this is reflected in
the fact that HhGRA15 encodes the same amino acid as
TgGRA15II at 3 of 6 sites with polymorphisms that are specific to
TgGRA15II, and conversely at none of the 4 polymorphisms spe-
cific to TgGRA15III (see Fig. S2).

We wanted to determine if HhGRA15, similar to its T. gondii
type II strain ortholog, could activate the NF-�B pathway. Since to
date no reliable in vitro culture system exists for H. hammondi, we
used T. gondii as a surrogate for H. hammondi-derived constructs.
We compared the promoter activities of HhGRA15 and
TgGRA15II and found that the H. hammondi GRA15 promoter
was active when expressed heterologously in T. gondii type II,
though it was 4.6-fold � 1.2-fold less active than the TgGRA15II

promoter (Fig. 1B). We reasoned that the observed promoter ac-
tivity for HhGRA15 was significant, in that it was �6,000-fold
above background levels (see Table S1 in the supplemental mate-
rial). To determine if HhGRA15 was functional with respect to
NF-�B activation, we complemented a type I T. gondii strain (RH,
which does not significantly activate NF-�B [27]) with HA-tagged
HhGRA15. Importantly, HhGRA15 protein was efficiently ex-
pressed (Fig. 1C) and colocalized with the dense granule marker
GRA7, indicating that it is appropriately trafficked in T. gondii
(Fig. 1D). As expected, nuclear NF-�B p65 levels in T. gondii type
I-infected cells were nearly equal to background, while levels in T.
gondii type II-infected cells were more than 100 times greater (Fig.
2A and B). T. gondii type I expressing HhGRA15 also activated the
translocation of NF-�B p65 to the host cell nucleus at a level 100
times greater than T. gondii type I (Fig. 2A and B). This activation
by H. hammondi GRA15 was similar to that of T. gondii type II,
suggesting that H. hammondi GRA15 acts similarly to T. gondii
type II GRA15 to effect downstream induction of inflammatory
and anti-apoptotic pathways via NF-�B activation (27).

H. hammondi ROP16 can increase STAT6 activation when
expressed in T. gondii. We identified a clear H. hammondi or-
tholog of T. gondii rhoptry protein 16 (ROP16) in our published
H. hammondi genomic assembly and used these data to clone
HhROP16. When we compared the putative promoter sequences
of HhROP16 and TgROP16II, we identified a 16-bp deletion im-
mediately preceding the predicted TgROP16I,II,III transcriptional
start site (Fig. 3C; see also Fig. S3 in the supplemental material).
When we fused the HhROP16 upstream region to luciferase (as for
GRA15 above) and compared its activity to that of the TgROP16II

promoter in a type II strain, we found that the region 865 bp
upstream of the HhROP16 start codon was 25-fold less effective at
driving luciferase expression than TgROP16II (Fig. 3B), and the
HhROP16 upstream sequence drove luciferase expression that
was only 210-fold above background levels (see Table S1). This
was in contrast to that observed for the HhGRA15 promoter
(above), which had activity that was �6,000-fold higher than the
background. When we deleted the 16 bp from the TgROP16II pro-
moter, this significantly (P 	 0.002) reduced promoter activity
compared to that of TgROP16WT. When we inserted 16 bp from
the TgROP16 promoter into the HhROP16 promoter, promoter
activity increased but was not significantly different from that of
the H. hammondi WT promoter (P 	 0.1). This suggests that the

FIG 1 (A) Neighbor-joining tree based on percent identity between the pub-
lished sequences for GRA15 from T. gondii types I, II, and III (GT1, ME49, and
VEG, respectively) and that sequenced from H. hammondi HhGer041. (B)
Dual-luciferase promoter assay comparing the efficacies of the putative pro-
moters for TgGRA15II and HhGRA15. Data for two trials are shown as the
ratios of firefly luciferase signal to T. gondii tubulin promoter-driven Renilla
luciferase signal. (C) Western blot showing HA-tagged GRA15 (left) and load-
ing control (ROP5). MW, molecular weight, in thousands. (D) Immunofluo-
rescence assay showing colocalization of HA-tagged HhGRA15 with TgGRA7
in T. gondii strain RH.
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HhROP16 promoter is ineffective compared to the syntenic se-
quence in T. gondii type II, and this difference is due, at least in
part, to the deletion of 16 bp relative to the T. gondii promoter 1 bp
upstream of the putative transcriptional start site (Fig. 3C).

The predicted HhROP16 protein is most similar to the T. gon-
dii type II sequence (Fig. 3A), having the same amino acid at 20 of
38 sites encoding polymorphisms that distinguish TgROP16II

from TgROP16I/III (see Fig. S4 in the supplemental material). In T.
gondii, ROP16 is an active kinase that directly phosphorylates both
STAT3 and STAT6, resulting in their translocation to the host cell
nucleus (25, 53, 54). Strain types I and III are known to more
strongly activate STAT3/6 translocation than type II strains, par-
ticularly after 18 h of infection (25). The difference in this ability
between these strains is driven by a polymorphism in ROP16 at
residue 503 (which is a leucine in T. gondii types I and III and a
serine in T. gondii type II [54]), and HhROP16 shares the leucine
residue with T. gondii clonotypes I and III (see Fig. S4).

Because the H. hammondi ROP16 promoter drove weak lucif-

erase expression, we expressed HhROP16 and TgROP16II in a type
II strain of T. gondii using the constitutive TgGRA1 promoter (55).
Importantly, GRA1 promoter-driven HhROP16 trafficked to the
T. gondii rhoptry proteins as expected (Fig. 4A). We also examined
whether, as has been shown for T. gondii ROP16 (25), H. ham-
mondi ROP16 traffics to the host cell nucleus after infection. An
important difference in the H. hammondi sequence is a single
polymorphism in the putative nuclear localization signal (NLS)
which meets the criteria for a monopartite class 4 NLS (Fig. 5D; see
also Fig. S4 in the supplemental material) (56). To compare nu-
clear localizations of TgROP16 and HhROP16, we quantified the
nuclear HA signal in host cells infected with either T. gondii type
I�ROP16:ROP16I-HA (53) or T. gondii type II:HhROP16HA. As
expected, we found that all cells infected with parasites expressing
an HA-tagged version of TgROP16I had visible nuclear HA stain-
ing, while this was the case in only �40% of cells infected with
parasites expressing HhROP16HA (Fig. 5A to C). The NLS in T.
gondii ROP16 (RKRKRKQ) is required for trafficking into the
host cell nucleus (25), although this trafficking is not required for
activation of STAT3/6 (25). The ROP16 NLS is a class 4 NLS with
the consensus sequence (R/P)XXKR(K/R)(^DE), where ^DE
indicates that the terminal residue in the motif cannot be an aspa
rtic or glutamic acid residue (25, 56). Kosugi et al. showed that
when the lysine in position 4 is changed to an arginine in this motif
(the putative NLS of HhROP16 has an arginine at this residue [Fig.
5D]), it reduces the efficiency of, but does not eliminate, nuclear
localization of a model protein in multiple cell types (56). Our
data for HhROP16 were consistent with this observation.

When expressed in a T. gondii type II strain, GRA1 promoter-
driven HhROP16 significantly increased STAT6 nuclear translo-

FIG 2 (A) Immunofluorescence analysis of NF-�B p65 activation. Infection
(multiplicity of infection 	 5) proceeded for 18 h before cells were fixed and
stained for NF-�B p65. Like the T. gondii type II strain, T. gondii type
I:HhGRA15 increases NF-�B translocation to the host cell nucleus. Scale bars:
10 �m. (B) H. hammondi HhGer041 GRA15 significantly increases the trans-
location of NF-�B. The mean fluorescent signal was quantified for 10 ran-
domly chosen infected cells per strain. T. gondii type I-induced levels of NF-�B
p65 were indistinguishable from the background, while levels in cells infected
with T. gondii type II and T. gondii type I:HhGRA15 were similar (P 
 0.05).
***, P � 0.0001 compared to T. gondii type I:empty vector.

FIG 3 (A) Neighbor-joining tree based on percent identity between the pub-
lished sequences for ROP16 from T. gondii types I, II, and III (GT1, ME49, and
VEG, respectively) and that sequenced from H. hammondi HhGer041. (B)
Dual-luciferase promoter assay comparing the efficacies of the putative pro-
moters for TgROP16II WT and HhROP16 WT, as well as TgROP16II with a
16-bp deletion (Tg �16bp) and HhROP16 plus the 16 bp from the Toxoplasma
promoters (Hh Plus 16bp). Data for 3 trials are shown as the ratios of firefly
luciferase signal to T. gondii tubulin promoter-driven Renilla luciferase signal.
Signal for the HhROP16 WT promoter was just slightly above the background.
Means with the same letter are not significantly different (P 
 0.05). (C)
Alignment of the upstream region of the ROP16 gene in T. gondii types I, II,
and III and H. hammondi near the predicted transcriptional start site (arrow).
Asterisks indicate nucleotides that are conserved across all four sequences.
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cation compared to that of the parental type II strain (Fig. 4B and
D). Additionally, we expressed the type II allele of ROP16 in type
II T. gondii using the same plasmid backbone (and GRA1 pro-
moter), and Western blotting showed similar expression levels of
HA-tagged ROP16 in both T. gondii type II:HhROP16 and T. gon-
dii type II:TgROP16II parasites (Fig. 5C). While T. gondii type
II:HhROP16 significantly increased nuclear pSTAT6 compared to
T. gondii type II (P � 0.001), T. gondii type II:TgROP16II infection
did not significantly alter pSTAT6 localization (Fig. 4E). There-
fore, expressing an additional copy of TgROP16II is not sufficient
to significantly increase pSTAT6 nuclear localization, indicating
that the ability of HhROP16 to increase pSTAT6 activation during
infection with type II T. gondii is likely due to differences in pri-
mary amino acid sequence (including leucine 503). With respect

to the lower efficiency of nuclear localization of HhROP16 than
for TgROP16I, these data are consistent with what is known for
TgROP16 (25): that nuclear trafficking of TgROP16 is not re-
quired for STAT6 activation and nuclear translocation. Regard-
less, the coding sequence of HhROP16 appears to be functionally
conserved in terms of its ability to increase STAT6 activation, at
least when driven by a constitutive promoter in a T. gondii type II
strain, and based on its higher efficacy than for TgROP16II, it is
likely most similar in function to the type I and type III ROP16
alleles.

The transcriptional profiles of H. hammondi HhCatGER041
and T. gondii VEG sporulated oocysts are distinct. We com-
pared transcriptional profiles of H. hammondi (HhCatGer041)
and T. gondii (VEG) sporulated oocysts using T. gondii Affymetrix

FIG 4 (A) Immunofluorescence of HA-tagged HhROP16 (driven by the T. gondii GRA1 promoter) showing colocalization with the rhoptry protein ROP7. (B)
Immunofluorescence analysis of pSTAT6 signaling. Infection (multiplicity of infection 	 5) proceeded for 24 h before cells were fixed and stained for pSTAT6.
Similar to the T. gondii type III strain, T. gondii type II:HhROP16 increases translocation of phosphorylated STAT to the host cell nucleus. (C) Western blot
showing expression of HA-tagged TgROP16 and HhROP16 in T. gondii type II and the ROP5 loading control. (D) H. hammondi ROP16 significantly increases
pSTAT6 signaling in T. gondii type II. Nuclear fluorescence intensity was quantified for 10 randomly selected infected cells per strain. Cells infected with type
II:HhROP16 have twice the pSTAT6 signal in their nuclei as cells infected with wild-type type II. Type III induces a greater translocation of pSTAT6 to the host
cell nucleus than all other strains. *, P � 0.05, and ***, P � 0.0001, compared to signal in T. gondii type II. (E) H. hammondi ROP16 significantly increases pSTAT6
nuclear localization compared to T. gondii type II and type II expressing a second copy of ROP16II. Cytoplasmic fluorescent signal was subtracted from nuclear
fluorescent signal for �16 randomly chosen infected cells for each strain. **, P � 0.001 compared to T. gondii type II.
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expression arrays (37). We used sporulated oocysts due to the
difficulties in long-term in vitro culture of H. hammondi
tachyzoites (9, 16). The transcriptional profiles of these species
were comparable but had some striking differences (Fig. 6). Using
statistical analyses, we identified 78 genes of significantly greater
abundance in H. hammondi (“Hh-high” [see Fig. S5 in the sup-
plemental material]) and 80 significantly higher in T. gondii strain
VEG (“Tg-high” [see Fig. S6 in the supplemental material]). Gene
ontology (GO) analysis of these gene sets did not identify any
enriched GO terms in the Hh-high gene set, although 4 significant
GO categories were enriched in the Tg-high set: GO:0003735
(structural constituent of ribosome; P 	 2.60E�08), GO:0006412
(translation; P 	 2.91E�08), GO:0005840 (ribosome; P 	
1.40E�07), and GO:0015935 (small ribosomal subunit; P 	

0.019). The genes in these categories coded for both large and
small ribosomal subunits (see Table S2 in the supplemental ma-
terial) and were 10- to 42-fold more abundant in T. gondii sporu-
lated oocysts than in H. hammondi. In addition to GO categories,
we also analyzed all other currently available ToxoDB gene anno-
tations using GeneMerge. We found that the Tg-high and Hh-
high sets were not significantly enriched for genes in any particular
annotation except the GO categories listed above, including the
presence or absence of a putative signal peptide.

We also compared these transcript data to the previously pub-
lished transcriptional profile from multiple life stages of T. gondii
type II strain M4 (including unsporulated and sporulated oocysts,
tachyzoites, and in vitro and in vivo bradyzoite cysts [39, 40]).
Overall, the majority of the Tg-high set were expressed not only in

FIG 5 (A) Nuclear localization of TgROP16I in cells infected with T. gondii type I�ROP16:TgROP16I 18 h postinfection. Arrows indicate two infected cells that
show significant nuclear HA signal. (B) Inconsistent nuclear localization of HhROP16 in cells infected with T. gondii type II:HhROP16 18 h postinfection. Arrows
indicate two infected cells, one with minimal nuclear anti-HA staining (top arrow) and another with clear nuclear anti-HA staining (bottom arrow). (C)
Quantification of the percentage of infected cells exhibiting visible nuclear HA staining when infected with either T. gondii type I�ROP16:TgROP16I or T. gondii
type II:HhROP16. Data shown from 20 infected cells. sem, standard error of the mean. (D) Alignment of the nuclear localization signal (NLS) in T. gondii type
I, II, and III ROP16 and H. hammondi ROP16 (top 4 sequences) showing the residue at position 4 that is uniquely changed to arginine in H. hammondi ROP16.
The fifth sequence is the consensus sequence for a type 4 NLS, and the last sequence shows alternative amino acids. Uppercase letters indicate permitted amino
acids, and lowercase letters indicate nonpermissible amino acids.
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T. gondii oocyst/sporozoite stages but also in other M4 life stages.
This was in contrast to the Hh-high gene set, and by comparing
these data to the M4 data set, we identified two distinct clusters for
further analysis: one where Hh-high transcripts were low in all T.
gondii VEG and M4 life stages analyzed (“Hh-specific”) and an-
other where Hh-high transcripts were high in T. gondii cyst stages
(“Hh-TgCyst-high”; see Fig. S5). In support of the existence of an
Hh-TgCyst-high set was a significant (P 	 0.0011) overlap be-
tween the Hh-high gene set and an empirically determined gene
set that is upregulated during the transition from tachyzoites to
bradyzoites in vivo and/or in vitro in T. gondii strain M4. To iden-
tify these genes in an unbiased way, we used Pavlidis template
matching (47) at an adjusted P value threshold of 1 � 10�6 and
identified 9 Hh-TgCyst-high genes and 38 Hh-specific genes
(Fig. 7A and B, respectively) that significantly matched the re-
spective templates. GO analysis on both gene sets did not iden-
tify any significant GO category enrichment. However, included
in the Hh-specific set was a predicted AP2 transcription factor,
APVIIB2. Transcript abundance for this gene was low in T. gondii
VEG sporulated oocysts and all M4 life cycle stages (Fig. 7B).
While this was the only AP2 transcription factor family member
that was of significantly higher abundance in H. hammondi than in
T. gondii, among the 53 AP2 family members analyzed on the
microarray, APIX8 and APVIII5 transcript levels were also 6-fold
higher in H. hammondi than in T. gondii VEG sporulated oocysts
(see Fig. S9 in the supplemental material), and these transcripts
are upregulated during the tachyzoite-to-bradyzoite transition in
T. gondii strain M4 (arrowheads in Fig. S9). Genes in the Hh-
TgCyst-high set included genes for a bradyzoite-specific NTPase
and multiple hypothetical proteins (Fig. 7B). In contrast to these
major differences in transcription between T. gondii and H. ham-
mondi, we detected no significant expression differences between
H. hammondi and T. gondii VEG sporulated oocyst transcript lev-
els for T. gondii secreted effectors like ROP5, ROP18, ROP16, and
GRA15 (Fig. 7C). Overall, these data show that H. hammondi spo-
rulated oocysts have a unique expression profile compared to that
of T. gondii sporulated oocysts, and some of these differentially
regulated genes are highly expressed in T. gondii M4 bradyzoites.

DISCUSSION

Our recently published genome sequence of an isolate of H.
hammondi (HhCatGer041 [28]; GenBank accession number

AVCM00000000.1) revealed a high degree of genomic synteny
and conservation with T. gondii, further confirming H. hammondi
as the closest known extant relative of T. gondii (28). Despite this
high sequence similarity, there are dramatic phenotypic differ-
ences between H. hammondi and T. gondii. Unlike T. gondii, H.
hammondi spontaneously converts to slow-growing tissue cyst
stages in vitro and cannot be propagated indefinitely in vitro (9,
16). This has also been shown in vitro for another Hammondia sp.
isolated from foxes (57), now named H. triffittae (58). H. ham-
mondi is relatively avirulent in mice (including interferon gamma
knockouts [9, 16]) and has never been shown to cause disease in
humans. The genetics underlying these phenotypic differences are
unknown. They could be due to differences in gene content due to
gene gain and loss during and after divergence of these species.
The also could be due to distinct transcriptional profiles. Building
off previous work showing that H. hammondi orthologs of the T.
gondii virulence effectors ROP18 and ROP5 are functionally con-
served when expressed in T. gondii (28), in the present study we
examined the efficacy of the syntenic H. hammondi orthologs of
GRA15 (27) and ROP16 (25). Our assay for functional conserva-
tion was 2-fold: (i) was the H. hammondi ortholog effectively ex-
pressed in T. gondii, and (ii) could the H. hammondi ortholog
complement a known cell signaling phenotype?

The H. hammondi GRA15 promoter was functional when ex-
pressed heterologously in T. gondii, while the H. hammondi
ROP16 promoter was far less effective (see Table S1 in the supple-
mental material). The promoters for H. hammondi ROP16 and T.
gondii ROP16 are highly conserved, but there is a16-bp deletion
just upstream of the putative transcriptional start site in the H.
hammondi ROP16 promoter. No such differences exist in the H.
hammondi and T. gondii GRA15 upstream sequences. The dele-
tion in the HhROP16 promoter is similar to previous observations
for the H. hammondi and T. gondii ROP18 promoters. In the
ROP18 gene there is a 107-bp sequence present in T. gondii strains
that actively express ROP18 (such as strain types I and II [15, 23])
as well as HhROP18 (28) but absent in T. gondii strains that do not
express ROP18 (such as members of the type III lineage [15, 23]).
The HhROP18 promoter is fully active in luciferase reporter assays
and drives HhROP18 protein expression in T. gondii, and this
dramatically alters virulence; this 107-bp sequence is both neces-
sary and sufficient for ROP18 promoter-driven reporter expres-
sion (28). In the present study, we found that the 16 bp deleted in

FIG 6 Plots of normalized, log2-transformed hybridization intensities within (A and B) and between (C) species. The plots in panels A and B are derived from
replicate arrays within each species, and the plot in panel C is the mean across the 3 arrays for each species. The intensities for each gene are color-coded based
on the absolute values of the fold difference in transcript abundance as follows: black, �2-fold; blue, between 2- and 4-fold; red, �4-fold. RMA, robust multiarray
average.
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the HhROP16 promoter play an important role in the ability of the
ROP16 upstream sequence to drive reporter gene expression, sug-
gesting that this is an important core promoter sequence for
ROP16. This result further confirms the utility of comparative
genomic analysis to identify regulatory regions that are important
for the expression of T. gondii effector proteins like ROP18 and
ROP16. It is important to note that the lack of activity of the H.
hammondi ROP16 promoter when expressed in T. gondii does not
prove that the H. hammondi ROP16 gene is not expressed in its
native context (i.e., within H. hammondi itself). At least in sporu-
lated oocysts there were no differences in ROP16 transcript abun-
dance between H. hammondi and T. gondii VEG sporozoites, al-
though the ROP16 transcript was detectable in both species.
Transcriptome analyses of H. hammondi tachyzoites will be nec-
essary to determine if this difference in promoter function in a
heterologous expression system is recapitulated in vivo. While

such experiments are significantly hampered by the inability to
grow H. hammondi indefinitely in vitro, deep RNA sequencing
technology will be useful to circumvent this problem.

When expressed in a type I strain of T. gondii, H. hammondi
GRA15 leads to significantly more NF-�B p65 activation than a
wild-type type I strain. It has been shown that the type II allele of
T. gondii GRA15 is a much more potent activator of NF-�B sig-
naling than the alleles from T. gondii clonotypes I and III (27). H.
hammondi GRA15 can increase NF-�B p65 activation in a T. gon-
dii type I strain to levels that are very similar to that of a wild-type
T. gondii type II strain (Fig. 2B), suggesting that H. hammondi
GRA15 behaves like a T. gondii type II GRA15 allele. Our sequence
analysis shows that while overall HhGRA15 is most similar to T.
gondii GRA15 alleles from types I and III, this is quantitatively
driven by the fact that HhGRA15 shares an 84-amino-acid se-
quence with TgGRA15I/III that is deleted in TgGRA15II. These data

FIG 7 Transcript abundance in H. hammondi HhCatGer041 and T. gondii VEG sporozoites for 9 genes of higher transcript abundance in H. hammondi
sporozoites as well as T. gondii cyst stages (Hh-TgCyst-high) (A), a subset of genes of high abundance in H. hammondi sporozoites that were of low abundance
in T. gondii VEG and all M4 life cycle stages (B), and known T. gondii effectors (rhoptry proteins ROP5, ROP16, and ROP18 and dense granule protein GRA15).
Data from a previously published data set profiling the transcriptome of multiple life cycle stages of T. gondii strain M4 (GEO series GSE32427) are shown for
comparison, and gene identifications are based on ME49B7 annotation version 7.2.
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indicate that the sequence in HhGRA15 and TgGRA15I/III relative
to TgGRA15II is ancestral to the T. gondii lineage (and therefore is
likely to be a deletion in TgGRA15II). Moreover, the fact that
expressing HhGRA15 in T. gondii type I increases its ability to
activate NF-�B to levels that are similar to those in type II strains
indicates that the C-terminal deletion in TgGRA15II is not respon-
sible for differences in the ability of T. gondii alleles to activate
NF-�B, a possibility proposed by Rosowski et al. (27). Further
experiments, such as complementing a type I strain with a type I
GRA15 allele and comparing its efficacy to those of HhGRA15 and
TgGRA15II, will be necessary to determine whether HhGRA15
behaves identically to TgGRA15II. If it does, this would implicate
only 3 polymorphisms present in both TgGRA15II and HhGRA15
as being potentially responsible for the significant phenotypic dif-
ferences between TgGRA15II and TgGRA15I/III.

When expressed off a highly active promoter in T. gondii,
HhROP16 is less efficient at trafficking to the host cell nucleus
than TgROP16I, but it still increases STAT6 nuclear translocation
when expressed in a T. gondii type II strain. At the amino acid
level, H. hammondi ROP16 is most similar to T. gondii type II
ROP16, and therefore, the increase in STAT6 activation shown in
Fig. 4D could be due to gene dosage effects (T. gondii type II:
HhROP16 also has an endogenous copy of TgROP16) rather than
HhROP16 being more functionally similar to TgROP16I/III. To
test this, we created a type II T. gondii parasite clone with an ad-
ditional copy of ROP16II (driven by the same TgGRA1 promoter
as HhROP16) and compared STAT6 activation driven by this
strain to those in wild-type type II T. gondii and type II T. gondii
expressing HhROP16. We found that T. gondii type II:TgROP16II

was no more capable of STAT6 activation than T. gondii type
II:WT, while again T. gondii type II:HhROP16 significantly acti-
vated STAT6 (Fig. 4E). These data further support a major role for
residue 503 in HhROP16 and TgROP16I/III, which is a serine in
both HhROP16 and TgROP16I/III and has been shown to be re-
quired for the phosphorylation of STAT3 by TgROP16I/III (and
which is a serine in TgROP16II which does not phosphorylate
STAT3 [25, 54]).

As mentioned above, these data do not address whether the
promoters for H. hammondi ROP16 and GRA15 are actually func-
tional in their native context within H. hammondi during acute
infection. Such an analysis is hampered by the fact that H. ham-
mondi sporozoites spontaneously convert to bradyzoite cysts in
vitro and to date cannot be subcultured (5, 9, 16, 59). This is in
contrast even to T. gondii VEG strain sporozoites, which, although
they also form bradyzoite cysts spontaneously in vitro (60), can be
subcultured and eventually grow as rapidly growing tachyzoites
(60).

The transcriptional data in the present study are from sporo-
zoites isolated from T. gondii and H. hammondi oocysts and rep-
resent the first transcriptional comparison between these species.
These data show that the sporulated oocyst transcriptomes for
these species are highly distinct. Among the genes of greater abun-
dance in H. hammondi than in T. gondii VEG, a subset were highly
expressed only in H. hammondi sporozoites compared to both T.
gondii VEG and M4 sporozoites and multiple M4 life cycle stages.
These “Hh-specific” genes are interesting candidates that may un-
derlie phenotypic differences between these species. Of particular
interest in the Hh-specific gene set was the AP2 transcription fac-
tor AP2VIIB2 (Fig. 7B), which not only is of low abundance in the
M4 data set but also is consistently of low abundance (�40th

percentile) in 15 microarray and transcriptome sequencing ex-
pression data sets from multiple strains and life stages available for
this gene on ToxoDB (v8.2 gene name, TGME49_262000). Given
emerging discoveries regarding the importance of the AP2 tran-
scription factor family in T. gondii developmental processes, par-
ticularly those involving tachyzoite-to-bradyzoite conversion
(61–63)), this is a particularly intriguing candidate gene for me-
diating transcriptional differences between these species, at least
in sporulated oocysts.

Another subset of Hh-high transcripts are developmentally
regulated during the tachyzoite-to-bradyzoite transition in T.
gondii strain M4 (both in vitro and in vivo). Two other AP2 family
members were over 6-fold more abundant in H. hammondi spo-
rulated oocysts than in T. gondii, and while these were not signif-
icantly different, they do appear to also be upregulated in strain
M4 bradyzoites (both in vivo and in vitro). In addition, multiple
members of the Hh-high gene set are at least slightly upregulated
in M4 bradyzoites compared to tachyzoites. This observation,
coupled with their significantly higher expression in H. hammondi
sporulated oocysts than in T. gondii VEG, fits with the dramatic
growth differences between these species both in vitro and in vivo.
The expression patterns of “bradyzoite” genes in H. hammondi
sporulated oocysts may be a reflection of their place on the devel-
opmental spectrum between tachyzoite and bradyzoite. This spec-
trum has been described previously for T. gondii strains that differ
in their growth characteristics in vitro (e.g., VEG compared to RH
[64]) but has yet to be described in multispecies comparisons like
those outlined in the present study.

Transcriptional comparisons between T. gondii and Neospora
caninum, a fellow coccidian that is more diverged from T. gondii
than H. hammondi, have been reported (65). N. caninum
tachyzoites have significantly lower ROP16 transcript levels than
T. gondii, and it was proposed that despite the conserved leucine
residue crucial for ROP16-driven STAT3 phosphorylation in N.
caninum ROP16, this strain of N. caninum would be unlikely to
modulate the STAT3 (or possibly STAT6) pathway (65). This has
yet to be tested empirically, and attempts to align the upstream
regions of NcROP16, HhROP16, and TgROP16 were not possible
given the high divergence of the NcROP16 upstream sequence.
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