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ABSTRACT: Pathogen-host protein-protein interaction systems examine the interactions between the protein repertoires of 2 distinct organisms.
Some of these pathogen proteins interact with the host protein system and may manipulate it for their own advantages. In this work, we
designed an R script by concatenating 2 functions called rowDM and rowCVmed to infer pathogen-host interaction using previously reported
microarray data, including host gene enrichment analysis and the crossing of interspecific domain-domain interactions. We applied this script
to the Toxoplasma-host system to describe pathogen survival mechanisms from human, mouse, and Toxoplasma Gene Expression Omnibus
series. Our outcomes exhibited similar results with previously reported microarray analyses, but we found other important proteins that could
contribute to toxoplasma pathogenesis. We observed that Toxoplasma ROP38 is the most differentially expressed protein among toxoplasma
strains. Enrichment analysis and KEGG mapping indicated that the human retinal genes most affected by Toxoplasma infections are those
related to antiapoptotic mechanisms. We suggest that proteins PIK3R1, PRKCA, PRKCG, PRKCB, HRAS, and c-JUN could be the possible
substrates for differentially expressed Toxoplasma kinase ROP38. Likewise, we propose that Toxoplasma causes overexpression of apoptotic

suppression human genes.
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Introduction

Because infectious diseases are a major health problem world-
wide, understanding the molecular mechanisms among patho-
gen-host interactions (PHIs) is key in addressing this concern.
The design of an appropriate strategy to combat a specific
pathogen depends on our understanding of the specific PHI.
Most studies have focused on identifying protein-protein
interactions (PPIs) within a single organism (intraspecies PPI
prediction). It is difficult to infer new PPIs between 2 different
species (interspecies PPI prediction) because the development
of an interaction database depends on experimentally verified
PHI data that are costly in time, equipment, and budget to
produce.! Therefore, the design of computational strategies is
worthwhile to elucidate infection mechanisms when experi-
mental PHI data are scarce. The interactions between patho-
gen proteins and their hosts allow the pathogens to manipulate
host cellular mechanisms for their own advantage, such as
escaping from host immune responses. For instance, the
Toxoplasma gondii pathogen can manipulate and control a vari-
ety of host processes due to secreted factors that interact with
the host cell proteins.>= For example, rhoptry proteins are vital
for the Towoplasma infection process and its survival. Most of
the virulence of T gondii strains relies on their polymorphic
rhoptry kinases, secreted protein effectors that target host tran-
scription factors and other proteins with antimicrobial func-

tions. The ROP18 and ROP5 cooperatively interact with the

murine IFN-y—induced immunity-related GTPases (IRGs).0-8
ROP16, another polymorphic kinase, is correlated with viru-
lence because it is involved in constitutive activation of the host
STAT transcription factors.3*? Likewise, expression-level dif-
ferences in ROP38, another secreted rhoptry kinase, mediate
differences in gene activation along the MAP kinase pathway
in the host cell.1%1 After the genome sequence of T gondii
became available, gene expression profiles at different develop-
mental stages were investigated by microarray expression anal-
yses.1271> This technology allows examining genome-wide
expression changes in tissues under different conditions. This
information was useful in identifying differential expression
patterns in human and mouse cell cultures relative to infection
by different Toxoplasma strains, revealing that either polymor-
phic or overexpression effector proteins from rhoptry or gran-
ule dense organelles are the main elements responsible for
modulating host gene expression.>1%11 Although significant
progress has been made regarding Tvxoplasma infection mech-
anisms through microarray analysis, additional research is nec-
essary to learn and decipher the interspecific PPI between
toxoplasma and its hosts. Expression profiling indicates
whether a particular gene is expressed in a particular condition
(by measuring messenger RNA levels), but to determine
whether it is involved in a particular cell process, the protein
(the product of the gene) must also be examined. Protein
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domains are the basic building blocks that determine the struc-
ture and function of proteins, and interactions between domains
mediate (PPI). Domain-domain interaction (DDI)-based
approaches are often used to predict both intraspecies and
interspecies PPI. Several different databases store lists regard-
ing experimentally confirmed and predicted DDIs, such as
iPfam'® and DOMINE?; this information would be useful if
integrated with expression data to infer pathogen-host PPIs.
Therefore, we have developed an R script that integrates dif-
terential gene expression calculations, enrichment analysis, and
the crossing of interspecific DDI to predict interactions
between host and pathogen proteins. We applied this script to
examine the Toxoplasma-host system and identify human pro-
teins that can potentially interact with a specific protein domain
of T gondii. We focused on this parasite because it is a ubiqui-
tous obligate intracellular protozoan that can invade and repli-
cate in almost all cells of a broad range of warm-blooded
animals and is estimated to infect approximately one-third of
the world population.181?

Materials and Methods
Data sets

All microarray data used in this work for Toxoplasma and host
were downloaded from the NCBI (National Center for
Biotechnology Information) Gene Expression Omnibus
(GEO) database (www.ncbi.nlm.nih.gov/gds, Toxoplasma series
GSE44189, GSE16115, GSE24905, GSE20145, GSE22315;
human series GSE44191, GSE32104, GSE25468, GSE81016;
mouse series GSE55298 and GSE27972). The series are inter-
preted as matrices in which columns are conditions and rows are
gene expression values for each condition (all the series are
already normalized). All GEO series are included as txt. file in
Additional file 1.

To predict DDI, we downloaded the collection of known
and predicted DDIs from the database DOMINE v2.0
release 2010.177 We converted the lists “INTERACTION”
into comma-separated value files. This list is included in
Additional file 1.

Because each Towoplasma strain exhibits unique characteris-
tics and gene expression signatures in the host cell, an appropri-
ate way to exploit this information would be to identify the genes
that are more variable for each strain compared with another
across microarrays. Conversely, in microarray data, it is common
to observe asymmetric gene expression distributions with
extreme values. Generally, microarray expression data exhibit
similar means (and medians) but heterogeneous dispersion. This
fact suggests that dispersion measurements are appropriate to
describe the gene expression profiles. For a set of 7 observations
X, where X ={x,,x,,...,,}, the standard deviation (s), the
mean deviation (D,), and the coefficient of variation
(CV =s/%) are 3 useful dispersion measurements when the
chosen central tendency measurement is the mean . However,
because the median is robust in asymmetric distributions with

extreme values, 2 more appropriate dispersion measurements are
the Meda and the coefficient of median variance. For the set of
n observations X, their corresponding order statistics are given
by X = {x3),%(2)5- - -» %, hwhere xy = Minimum{x,,x,,...,x,}
and x, :~Maximum{x1,x2,...,xn}, respectively. The middle
value of X is the median of X, denoted by Q, is that
value which separates the upper 50% of values from
the lower 50%. Considering now the set of deviations
D, = {lqy =Q, sl %) = Qs |-+ ] %,y = Q5 |}, the Meda is given
by the median of D, ie, remember Meda = Medizm{DQ} that
the mean deviation of X is given by D, = z;| x,—x|/n.
However, analogous to the coefficient of variation, the coeffi-
cient of median variation can be defined given by the quotient

CV, ., = Meda/Q, as a dispersion index based on the median.
The algorithm

We implemented 2 new functions in R named: “rowDM,”
which estimates the mean deviance for each row in a matrix
and “rowCVmed,” which estimates the median variation coef-
ficient for each row in a matrix. The output of both functions is
a numerical vector ordered from the highest variability to 0;
then, a percentile threshold is defined for each vector to choose
a set of genes with extreme variability, ie, a desired amount of
differentially expressed genes, such that its variability is greater
than the percentile chosen.

The procedure used to identify PHI based on microarray
and DDI data is explained in the following steps:

Step 1. Functions rowDM and rowCVmed are applied on
the GEO data set matrix and the set of genes with extreme
variability are select according to appropriate percentile
thresholds to obtain submatrices ranking from the most
variable rows to the fewer ones (ID probes) in both the
pathogen and host microarray experiments.

Step 2. 'The pathogen (toxoplasma) ID probes obtained
from step 1 are mapped to the database “ToxoDB release
26” (www.toxodb.org).

Step 3. The host ID probe sets obtained from both func-
tions (in Step 1) are mapped to gene symbols and Pfam
entries using the hgul33plus2.db and mouse4302.db
packages.?021 We also included a collection of human illu-
mina IDs to map into gene symbol. This list is included in

Additional file 1.
Step 4. Subsequently, functional enrichment analysis (FEA)

was performed with the different gene sets obtained from

Step 3, using the FGNet enrichment package.?

Step 5. We included the sqldf package in our R script, as well
as the DDI list “INTERACTIONS” to map all domains
obtained from the previous host enrichment gene sets
(in Step 4), which could interact with the representative
domains in Toxoplasma proteins. “INTERACTIONS” list
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is included in Additional file 1.

Step 6. The result displays a vector list with gene symbols that
can interact with a specific domain (for our case, PF00069
kinase domain from toxoplasma).

Step 7. Finally, we remapped the gene symbols for the
(KEGG) signaling pathway (www.genome.jp/kegg) to
identify all genes that could interact with PF00069 into a
specific cell-signaling pathway.

The R script is provided in the Supplementary Information
S11.

Results and Discussion
Application of rowDM and rowCVmed functions

Toxoplasma GEO series analysis. On implementing the pro-
gram, we sought to evaluate its performance in a descriptive
manner, comparing it against the GEO2R tool (www.ncbi.
nlm.nih.gov/geo/geo2r), which was used by other authors.
The GSE44191 and GSE16115 series include RNA expres-
sion values for 3 type 1 toxoplasma strains (RH-ERP, RH-
JSR, and GT1) from human foreskin fibroblasts (HFFs)
infected for 24 hours with each of these strains. To evaluate
the performance of the R program, we applied this code script
to identify the Toxoplasma genes most differentially expressed
in both microarrays. Once we applied the rowDM and row-
CVmed functions to the GSE44191 series with critical values
of 1.0 and 0.142, respectively, we obtained 2 sets of 29 and 30
genes for each function with the most variable Toxoplasma
genes, according to their RNA expression levels and observed
that ROP8 and ROP38 were differentially expressed between
the toxoplasma strains RH-ERP versus GT1. Similar results
were observed by the original authors of this microarray data
under GEO2R2 in which ROP8 and ROP38 were found to
be differentially expressed between RH-ERP and GT1
strains; likewise, 30% of the differentially expressed genes
identified from our R script overlapped with the original
results.?? Furthermore, no remarkable differences were
observed between the output data from rowDM and row-
CVmed functions (Table 1 and Supplementary Information
S1A and S1B). For the GSE16115 series, we applied the
critical values 0.83 and 0.65 for both functions to obtain 104
and 113 Toxoplasma genes with the highest variability in
RNA levels, respectively. We found similar results as the orig-
inal authors, who proposed those hypothetical proteins and 3
members of ABC transporters as the most variable genes in
their RNA expression among Toxoplasma type 1 strains by
GEO2R.** By applying our functions, we also found the
ROP38 with high variability in its expression for this micro-
array analysis (Table 1 and Supplementary Information S2A
and S2B). Now, we analyzed the GSE24905 series that con-
tain the RNA expression values from 49 recombinant proge-
nies and their parental Toxoplasma type I (GT1) and type 11

(MEA49) parasites. Using our R script, we created a submatrix
with the parental type I and type II RNA expression data
only. By applying critical values of 2.0 and 0.56 for rowDM
and rowCVmed, 2 groups of 42 and 49 genes, respectively,
were obtained. Interestingly, the ROP5 Tvxoplasma protein
was observed in both groups (Table 1 and Supplementary
Information S3A and S3B). Although ROPS5 has no kinase
activity, it is known as one of the most important virulence
factors in Toxoplasma, but it is less expressed in type I strains
due to lack of some copies of this gene in type I strains. The
authors of this series also highlight ROP5 as one of the most
important genes differentially expressed between these 2
strains by means of GEO2R.? Likewise, we observed more
ROP kinases, such as ROP8, ROP1, ROP29, ROP39,
ROP21, and ROP16, as important representative groups with
the most variable gene expression and possibly related to vir-
ulence strain dependence (Table 1 and Supplementary Infor-
mation S3A and S3B). The ROP16 kinase has been associated
with virulence in type I and III strains due to its ability to
phosphorylate STAT3/6 host transcription factors.>*?

Thereafter, we examine the GSE22315 series, which con-
tains RNA values for 6 more representative toxoplasma
strains (type I: GT1 and RH, type II: ME49 and Prugniaud,
and type III: CTG and VEG), taken 12 hours after infection
in HFF cells. For this series, we used the critical values in
both functions to obtain a list with the 100 most variable
genes in their RNA values (Table 1). Among them, we found
that the ROP18 protein considered along with ROP5 as the
main virulence factors in the toxoplasma type I genetic back-
ground. The ROP18 gene has low expression in the type 111
strains, considered less virulent, at least in the mice hosts.3°
Similarly, as in the other toxoplasma series, ROP38 along
with ROP8, ROP46, ROP20, and ROP19A were also
found with high variability in their expression, which was also
observed with GEO2R (Table 1 and Supplementary
Information S4A and S4B). Finally, we analyzed the
GSE20145 series, which compares the RNA values for the 3
canonical Toxoplasma strains (type I [RH], type II [Prugniaud],
and type III [VEG]) after infecting HFF cells. As with the
series examined above, ROP18 and ROP38 appear as the
most differentially expressed genes among the 3 Toxoplasma
strains during the infection process in HFF cells. We also
observed other differentially expressed ROPs such as ROP14,
ROP15, ROP1, ROP7, ROP40, ROP31, ROP20, ROPS,
ROP11, and ROP29 confirmed with GEO2R (Table 1 and
Supplementary Information S5A and S5B). In summary,
agreeing with other authors, the most representative groups
of proteins with the highest variability of RNA expression
among canonical Toxoplasma strains are the ABC transport-
ers, hypothetical proteins, and rhoptry kinase protein (ROP)
family, especially ROP38, which was observed as a differen-
tially expressed gene in most of the Toxoplasma strains com-
pared (Table 1 and Supplementary Information).
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Host GEQ series (human and mouse) and FEA. Continuing with
the descriptive performance analysis of our script, we examined
the host gene response during Zoxoplasma infection. We chose
the GSE44189 series that includes RNA expression values for
HFF infected with 3 type 1 toxoplasma strains. The GSE44189
series was also structured as a matrix in which columns were
treatments (Zoxoplasma infections with 3 strains) and rows
were RNA expression values for each human gene for each
treatment. After applying both functions with critical values
rowDM >0.51 and rowCVmed >0.093, we obtained 2 HFF
gene sets (ID probes) with the greatest variability in the micro-
array experiment for each function with 80 and 81 genes,
respectively. We observed differentially expressed human genes
because of Toxoplasma type I infections; these are IRF7,1ISG15,
1SG20, MX1, MX2, OAS1, and OASL. After applying an
FEA for the 2 gene sets, we confirmed that these genes are
altogether activated by interferon type I, as proposed by Yang
et al?® (Table 1 and Supplementary Information S6A). Differ-
ential expression for those genes was also observed by GEO2R
(Supplementary Information S6B). We also analyzed the
GSE25468 series which comes from HFF cells infected with
the type II (Prugniaud) and type III (CEP) canonical Toxo-
plasma strains. We applied both functions with critical values to
obtain 2 subsets with 120 genes each. In this array, we found
variably expressed human genes such as ILB1, IRF1, and
NFKB1 which are important molecules in the host inflamma-
tory response against pathogens. It seems to be modulated by
differential expression genes among Tvxoplasma strains (Table
1 and Supplementary Information S7A). The differential
expression for these 3 genes was also confirmed by GEO2R
(Supplementary Information S7B). The original authors for
the GSE25468 series reported that toxoplasma type II strains
interfere in the nuclear factor kB (NF-«xB) pathway.?¢ Like-
wise, it was shown that the activity of this transcription factor
is modulated during Toxoplasma infection.?? Now, we examine
the GSE32104 series that contains the HFF RNA level in 2
infections: one of them is a wild-type RH type I strain and the
other is the same strain but knockout for ROP5 gene. We did
not find interesting human variably expressed genes with our
script for this series. The author for the GSE32104 series only
reported the SERPINB3 as the most differentially expressed
gene related to the knockout ROP5 condition.?” This gene was
also observed in our set among the first 5 genes with the high-
est variability in their RNA expression (MEOX1, MMP10,
SERPINB3, SERPINB4, and IL1RN) (Table 1). Although
ROPS5 alleles are significantly related to infection in the host
specifically because of interaction with IRGs,# the ROP5
gene does not seem to modulate host gene expression.

After exploring 7Toxoplasma infection in mouse mac-
rophages, the data are contained in the GSE55298 series show
RNA values from RAW264.7 cells infected with Toxoplasma
RH strain versus uninfected cells. We looked for the first 5
most variable genes in this array and found the MARCKS and

HBEGF genes also proposed by the original authors of this
microarray as the most differentially expressed genes because
of toxoplasma RH infections in mouse cells.?® By applying our
functions, we expanded the search for the first 50 genes with
the greatest variability in RNNA expression and found the
c-Myc transcription factor in this gene set, which was reported
as a gene regulated by Toxoplasma RH infection, producing dif-
ferential expression for the following genes: MARCKS,
HBEGF, SLC7A2, SOCS2, EGR3, and others (Table 1 and
Supplementary Information S8A). The differential expression
for these 5 genes was also corroborated via GEO2R
(Supplementary Information S8B).%

After that we examine the GSE27972 series that compares
the RNA levels from mouse bone marrow—derived mac-
rophages (BMdMs) infected with 7"gondii type I RH strain for
6hours versus the BMdM uninfected. By taking the first 70
most variably expressed genes in this series, we found the
cytokine signaling suppressor groups, such as CISH, SOCS1,
SOCS2, and SOCS3, which are involved in inhibiting the
JAK-STAT signaling pathway (Table 1, Supplementary
Material S9A and S9B); the highest differential expression for
those 4 genes were also observed via GEO2R (Supplementary
Material S9C). Evidence exists that Toxgplasma mediated the
induction of the suppressor cytokine signaling protein 1
(SOCS1), which contributes to the inhibition of IFN-B
immune response, proven to be critical to control parasite rep-
lication in the host.? Finally, we executed our script in the
GSE81016 series that contains RNA values for WERI-Rb-1
human retinal cells infected with toxoplasma for 2, 6, and
24 hours compared with uninfected control. Thus far, no infor-
mation has been reported about this series. We found variabil-
ity in the RNA levels after 2hours of Toxoplasma infection for
genes related to both regulations of MAPK cascade and kinase
activity. In addition, we observed genes involved in macroau-
tophagy regulation after 6hours of infection; interestingly,
autophagy has been demonstrated to be an antitoxoplasmacidal
cell process.3! We also observed that after 24 hours of infection,
apoptotic and cell death processes were also altered. Apoptosis
has also been shown as a cell immune mechanism to control
Toxoplasma growthin the host cell3! (Table 1 and Supplementary
Information S10B).

Mapping toxoplasma Gene Ontology terms to Pfam

entries

It was observed that ROP kinases in the Toxoplasma genome
were the most differentially expressed genes among the
Toxoplasma strains when they infect and grow inside the host
cell (Table 1). This means that Toxoplasma strains have differ-
ent molecular mechanisms to survive, which is correlated with
the infectiveness of the strain. The outstanding protein domain
for Toxoplasma was the protein kinase domain “Pkinase” (Pfam
entry: PF00069), present in active ROP kinases. The ROP38
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seems to be the most interesting gene found with high expres-
sion variability among strains in 4 of 5 toxoplasma arrays ana-
lyzed (Table 1). It has been demonstrated that ROP38 can
activate host genes associated with the MAPK signaling path-
way and NF-«B,!%23 indicating that ROP38 may interact with
some host proteins.

DDIs: “Pkinase PFO0069 versus gene set domains”
and mapping to the KEGG signaling pathways
04630 (JAK-STAT), 04064 (NF-XB), and 04010
(MAPK)

The previous human and mouse gene sets obtained with our
functions from the GSE44189, GSE25468, GSE27972, and
GSE81016 series were also mapped to Pfam domain entries to
identify functional domains that could interact with the
Toxoplasma Pkinase domain PF00069 found in Toxoplasma
ROP38.

In addition, because the differential expression of ROP38
influences HFF gene expression associated with the MAPK,
JAK-STAT, and NF-«B signaling pathways,'%? we remapped
the gene sets obtained with both functions from the GSE44189,
GSE25468, GSE27972, and GSE81016 series to the KEGG
pathway IDs 04630, 04064, and 04010 to identify possible tar-
gets involved in some of these signaling pathways.

We observed interesting transcription factors such as the
NFKB1 p105 subunit in the GSE25468 series and the NFKB
inhibitor zeta (NFKBIZ) in the retinal human GSE81016
series. These 2 proteins contain inhibitory ankyrin repeat
domains, which have been shown to interact with kinase activ-
ity proteins3? (Table 2). Likewise, we also found suppression of
SOCS2 and SOCSS5 cytokine signaling in the GSE81016
series; these proteins are regulators of the JAK/STAT signaling
pathway. Both SOCS2 and SOCS5 contain SH2 domains that
can be phosphorylated by JAK proteins®33* (Table 2). We saw
important kinase proteins, such as PIK3R1, PRKCA, PRKCG,
PRKCB, and the GTPase HRAS, that have been reported as
key molecules in the MAPK signaling, which activate antia-
poptotic genes.>® In our list, we evidenced the presence of
inflammasome activator MAP2K3 and the proapoptotic pro-
teins NFKBIZ, MAP3KS5, as well the c-JUN transcription fac-
tor (Table 2).

After all of these results, our hypothesis is that the lower
expression of ROP38 in type I Toxoplasma is correlated with
the high expression of these survival genes, which could sup-
press the activation of the c-JUN transcription factor and
avoid cell death via the activation of apoptosis suppressors.3®
Likewise, proapoptotic genes such as NFKBIZ, MAP3KS5,
and c-JUN were downregulated, compared with the unin-
fected controls in the human retinal cells (Figure 1). Unlike
type 1, overexpression of ROP38 in Toxoplasma type III
upregulates proapoptotic factors leading Toxoplasma clearance
in the host.?® ROP38 may interact transiently with some
members of this group of MAPK kinases or mimic these

proteins and, consequently, the alteration of the MAPK signal
pathway in retinal human cells. In summary, according to
these results, we propose that 7" gondii can control immunity
mechanisms, such as the apoptosis keeping overexpression of
apoptotic repressors through the secretion of ROP kinases
such as ROP38 (Figure 1).

Because there is no gold standard consensus to identify dif-
ferentially expressed genes in array experiments,’” most of the
methodologies to identify differentially expressed genes in
array experiments are based on a variety of statistical tests, such
as analysis of variance3¥-40 or false discovery rate.*=* We tried
to evaluate the performance of our R script differently; first, we
proposed critical values to obtain a free chosen output of dif-
ferentially expressed genes; second, we compare the outputs
obtained through our functions against those reported by other
authors. It was shown that with our functions we could repro-
duce similar outcomes to those previously reported, even with
a smaller gene set than that proposed by the original authors
(Table 1). Similarly, all the differentially expressed gene sets
obtained with our functions were also evidenced by the
GEO2R tool. The aforementioned demonstrated that our R
script can be used by other researchers, even those with no
knowledge of R programming, and can be applied to other
pathogen-host coexpression experiments to predict more PHI
for specific domains. Our R script does not seek to compete
with other approaches, such as GSEA,* or other R packages,
such as limma or GSEABase*#; rather, we wrote an R script
code to identify plausible pathogen genes involved in patho-
genesis, particularly those with high expression variability.
Furthermore, using their functional domains, we aim to iden-
tify the host domains that are differentially expressed and
potential interactors, as well as map the different cellular

pathways.

Conclusions

Predicting interactions between host and pathogen proteins is
a never-ending problem with important implications for public
health. We have presented an R script that integrates differen-
tial gene expression calculations, enrichment analyses, and the
crossing of interspecific DDI to predict interactions between
pathogen and host proteins (PHI). When applied to the
Toxoplasma-host interaction system, the R script outcome
exhibits similar results with previously reported microarray
analyses, thus validating our approach. The R script for human
retinal cells suggested that apoptosis inhibitors, such as
PIK3R1, PRKCA, PRKCG, PRKCB, and HRAS, or the
¢-JUN transcription factor directly could be the possible sub-
strate for the differentially expressed ROP38 Towoplasma
kinase. This approach will help researchers determine the
number of interspecific candidates for each interaction and
reduce the number of experiments required for confirmation;
in addition, mapping with the different pathways and cell pro-
cesses could help to infer the parasite’s survival mechanisms in
the host cell.
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Figure 1. Suggested proteins belonging to the MAPK signaling pathway (KEGG 04010) that could potentially interact with the Pkinase domain (PF00069),
as observed in ROP38. On the left is a heat map showing ROP38 toxoplasma; this was the most differentially expressed gene among type | (RH), type Il
(Prugniaud), and type Il (VEG). On the right, up/downregulated genes in human WERI retinal cells (GSE81016 series); these proteins contain domains to
interact with PFO0069 and are mapped for the MAPK signaling pathway.

Author Contributions
AFA and GES designed the approach and implemented the
algorithm. JEG-M contributed to the discussion and revision

of the manuscript. All authors read and approved the final

manuscript.

Availability of Data and Material

Additional file 1 contains all the additional information.

REFERENCES

1.

10.

11.

12.

13.

14.

15.

Iyer VR, Horak CE, Scafe CS, Botstein D, Snyder M, Brown PO. Genomic
binding sites of the yeast cell-cycle transcription factors SBF and MBF. Nature.
2001;409:533-538.

Melo MB, Jensen KD, Saeij JP. Toxoplasma gondii effectors are master regulators
of the inflammatory response. Trends Parasitol. 2011;27:487-495.

Sacij JPJ, Boyle JP, Coller S, et al. Polymorphic secreted kinases are key virulence
factors in toxoplasmosis. Science. 2006;314:1780-1783.

Sacij JPJ, Coller S, Boyle JP, Jerome ME, White MW, Boothroyd JC. Toxo-
plasma co-opts host gene expression by injection of a polymorphic kinase homo-
logue. Nature. 2007;445:324-327.

Behnke MS, Khan A, Wootton JC, Dubey JP, Tang K, Sibley LD. Virulence dif-
ferences in Toxoplasma mediated by amplification of a family of polymorphic
pseudokinases. Proc Natl Acad Sci U S 4. 2011;108:9631-9636.

Fentress SJ, Behnke MS, Dunay IR, et al. Phosphorylation of immunity-related
GTPases by a Toxoplasma gondii secreted kinase promotes macrophage survival
and virulence. Cel/ Host Microbe. 2010;8:484-495.

Steinfeldt T, Konen-Waisman S, Tong L, etal. Phosphorylation of mouse
immunity-related GTPase (IRG) resistance proteins is an evasion strategy for
virulent Toxoplasma gondii. PLoS Biol. 2010;8:¢1000576.

Niedelman W, Gold DA, Rosowski EE, et al. The rhoptry proteins ROP18 and
ROP5 mediate Toxoplasma gondii evasion of the murine, but not the human,
interferon-gamma response. PLoS Pathog. 2012;8:¢1002784.

Rosowski EE, Saeij JP. Toxoplasma gondii clonal strains all inhibit STAT1 tran-
scriptional activity but polymorphic effectors differentially modulate IFNy
induced gene expression and STAT1 phosphorylation. PLoS ONE. 2012;7:¢51448.
Peixoto L, Chen F, Harb OS, et al. Integrative genomic approaches highlight a
family of parasite-specific kinases that regulate host responses. Cel/ Host Microbe.
2010;8:208-218.

Melo MB, Nguyen QP, Cordeiro C, etal. Transcriptional analysis of murine
macrophages infected with different toxoplasma strains identifies novel regula-
tion of host signaling pathways. PLoS Pathog. 2013;9:¢1003779.

Blader IJ, Manger ID, Boothroyd JC. Microarray analysis reveals previously
unknown changes in Toxoplasma gondii-infected human cells. J Bio/ Chem.
2001;29:24223-24231.

Radke JR, Behnke MS, Mackey AJ, Radke JB, Roos DS, White MW. The tran-
scriptome of Toxoplasma gondii. BMC Biol. 2005;3:26.

Bahl A, Davis PH, Behnke M, et al. A novel multifunctional oligonucleotide
microarray for Toxoplasma gondii. BMC Genomics. 2010;11:603.

Behnke MS, Radke JB, Smith AT, Sullivan W] Jr, White MW. The transcrip-
tion of bradyzoite genes in Toxoplasma gondii is controlled by autonomous pro-
moter elements. Mo/ Microbiol. 2008;68:1502-1518.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Finn RD, Miller BL, Clements J, Bateman A. iPfam: a database of protein fam-
ily and domain interactions found in the Protein Data Bank. Nucleic Acids Res.
2013;42:D364-D373.

Yellaboina S, Tasneem A, Zaykin DV, Raghavachari B, Jothi R. DOMINE a
comprehensive collection of known and predicted domain-domain interactions.
Nucleic Acids Res. 2011;39:D730-D735.

Flegr J, Prandota J, Sovickova M, Israili ZH. Toxoplasmosis—a global threat.
Correlation of latent toxoplasmosis with specific disease burden in a set of 88
countries. PLoS ONE. 2014;9:¢90203.

Goémez-Marin JE, de-la-Torre A, Angel-Muller E, et al. Colombian multicen-
tric newborn screening for congenital toxoplasmosis. PLoS Negl Trop Dis.
2011;5:€1195.

Carlson M. hgul33plus2.db: Affymetrix human genome U133 Plus 2.0 array
annotation data (chip hgul33plus2). R package version 3.2.2; 2016.

Carlson M. mouse4302.db: Affymetrix Mouse Genome 430 2.0 Array annota-
tion data (chip mouse4302). R package version 3.2.3; 2016.

Aibar S, Fontanillo C, Droste C, De Las Rivas J. Functional gene networks: 1/
Bioc package to generate and analyze gene networks derived from functional
enrichment and clustering. Bioinformatics. 2015;31:1686-1688.

Yang N, Farrell A, Niedelman W, et al. Genetic basis for phenotypic differences
between different Toxoplasma gondii type 1 strains. BMC Genomics. 2013;14:467.
Khan A, Behnke MS, Dunay IR, White MW, Sibley LD. Phenotypic and gene
expression changes among clonal type I strains of Toxoplasma gondii. Eukaryotic
Cell. 2009;8:1828-1836.

Behnke MS, Khan A, Wootton JC, Dubey JP, Tang K, Sibley LD. Virulence dif-
ferences in Toxoplasma mediated by amplification of a family of polymorphic
pseudokinases. Proc Natl Acad Sci U S 4. 2011;108:9631-9636.

Rosowski EE, Lu D, Julien L, etal. Strain-specific activation of the NFKB
pathway by GRA15, a novel Toxoplasma gondii dense granule protein. | Exper
Med. 2011;208:195-212.

Behnke MS, Fentress SJ, Mashayekhi M, Li LX, Taylor GA, Sibley LD. The
polymorphic pseudokinase ROP5 controls virulence in Toxoplasma gondii by reg-
ulating the active kinase ROP18. PLoS Pathog. 2012;8:¢1002992.

Franco M, Shastri AJ, Boothroyd JC. Infection by Toxoplasma gondii specifically
induces host ¢c-Myc and the genes this pivotal transcription factor regulates.
Eukaryotic Cell. 2014;13:483-493.

Blader IJ, Saeij JP. Communication between Toxoplasma gondii and its host:
impact on parasite growth, development, immune evasion, and virulence.
APMIS. 2009;117:458—-476.

Shwab EK, Jiang T, Pena HF, Gennari SM, Dubey JP, Su C. The ROP18 and
ROPS5 gene allele types are highly predictive of virulence in mice across globally
distributed strains of Toxoplasma gondii. Int J Parasitol. 2016;46:141-146.
Krishnamurthy S, Konstantinou EK, Young LH, Gold DA, Saeij JPJ. The
human immune response to 7oxoplasma: autophagy versus cell death. PLOS Par-
hog. 2017;13:¢1006176.

Kummer L, Parizek P, Rube P, et al. Structural and functional analysis of phos-
phorylation-specific binders of the kinase ERK from designed ankyrin repeat
protein libraries. Proc Natl Acad Sci U § A. 2012;109:E2248-E2257.

Yasukawa H, Misawa H, Sakamoto H, etal. The JAK-binding protein JAB
inhibits Janus tyrosine kinase activity through binding in the activation loop.
EMBO J. 1999;18:1309-1320.

Croker BA, Kiu H, Nicholson SE. SOCS regulation of the JAK/STAT signal-
ling pathway. Semin Cell Dev Biol. 2008;19:414—-422.

Reyland ME. Protein kinase C isoforms: multi-functional regulators of cell life
and death. Front Biosci. 2009;14:2386-2399.

Bossy-Wetzel E, Bakiri L, Yaniv M. Induction of apoptosis by the transcription
factor c-Jun. EMBO J. 1997;16:1695-1709.



10

Bioinformatics and Biology Insights

37.

38.

39.

40.

41.

Zhang ZH, Jhaveri DJ, Marshall VM, et al. A comparative study of techniques
for differential expression Analysis on RNA-Seq data. PLoS ONE.
2014;9:€103207.

Draghici S, Kulaeva O, Hoff B, Petrov A, Shams S, Tainsky MA. Noise sam-
pling method: an ANOVA approach allowing robust selection of differentially
regulated genes measured by DNA microarrays. Bioinformatics. 2003;19:
1348-1359.

Nadon R, Shoemaker J. Statistical issues with microarrays: processing and analy-
sis. Trends Genet. 2002;18:265-271.

Tarca AL, Romero R, Draghici S. Analysis of microarray experiments of gene
expression profiling. Am J Obstet Gynecol. 2006;195:373-388.

Benjamini Y, Hochberg Y. Controlling the false discovery rate: a practical and
powerful approach to multiple testing. J Royal Stat Soc B. 1995;57:289-300.

42.

43.

44,

45.

46.

Pawitan Y, Michiels S, Koscielny S, Gusnanto A, Ploner A. False discovery rate,
sensitivity and sample size for
2005;21:3017-3024.

Reiner A, Yekutieli D, Benjamini Y. Identifying differentially expressed genes
using false discovery rate controlling procedures.  Bioinformatics.
2003;19:368-375.

Subramanian A, Tamayo P, Mootha VK, et al. Gene set enrichment analysis: a
knowledge-based approach for interpreting genome-wide expression profiles.
Proc Natl Acad Sci U S A. 2005;102:15545-15550.

Ritchie ME, Phipson B, Wu D, etal. Limma powers differential expression
analyses for RNA-sequencing and microarray studies. Nuc Acid Res. 2015;43:¢47.
Morgan M, Falcon S, Gentleman R. GSEABase: gene set enrichment data
structures and methods. R package version 1.32.0.

microarray  studies.  Bioinformatics.



