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ABSTRACT Apoptosis is an innate immune response induced by infection in eukar-
yotes that contributes significantly to protection from pathogens. However, little is
known about the role of apoptosis in the interactions of arthropod vectors with the
rickettsiae that they transmit. Rickettsia spp. are vector-borne obligately intracellular
bacteria and display different degrees of virulence in their eukaryotic hosts. In this
study, we found that infection with Rickettsia parkeri (Rp) activated the apoptosis
pathway in an Amblyomma americanum tick cell line (AAE2), as evidenced by the
loss of phospholipid membrane asymmetry and DNA fragmentations. Additionally,
infection with Rp also led to apoptosis activation in cell lines of different tick species.
Interestingly, suppressing apoptosis decreased Rp infection and replication, while the
activation of apoptosis increased Rp accumulation at the early stage of infection.
Moreover, mitochondrion-dependent apoptosis was essential for Rp infection and
replication in vector cells, and apoptosis induction required intracellular rickettsia
replication. We further showed that Rp utilizes two different survival strategies to
modulate apoptosis in the arthropod vectors and mammalian host cells. There was
no direct correlation between apoptosis activation in vector cells and rickettsial path-
ogenicity. These novel findings indicate a possible mechanism whereby apoptosis
facilitates infection and replication of a Rickettsia sp. in an arthropod vector. These
results contribute to our understanding of how the vector's responses to pathogen
infection affect pathogen replication and therefore transmission.

IMPORTANCE Rickettsioses, infections caused by the genus Rickettsia, are among the
oldest known infectious diseases. Ticks are essential arthropod vectors for rickettsiae,
and knowledge about the interactions between ticks, their hosts, and pathogens is
fundamental for identifying drivers of tick-borne rickettsioses. Despite the rapid de-
velopment in apoptosis research with rickettsiae, little is known regarding the role of
apoptosis in the interactions between Rickettsia spp., vertebrate hosts, and arthropod
vectors. Here, we demonstrated that mitochondrion-dependent apoptosis is essential
for rickettsial infection and replication in vector cells and that apoptosis induction
requires intracellular rickettsial replication. However, rickettsial pathogenicity is not
linked with apoptosis activation in tick cells. Our findings improve understanding of
the apoptosis mechanism in arthropods exploited by rickettsiae and also the poten-
tial to discover specific targets for new vaccines and drugs to prevent or treat rick-
ettsial infections.

KEYWORDS tick, apoptosis, mitochondria, Rickettsia pathogenesis, Rickettsia, tick-
borne pathogens

ickettsioses, infections caused by obligate intracellular bacteria belonging to the
genus Rickettsia (family Rickettsiaceae, order Rickettsiales), are among the oldest
known infectious diseases (1). Currently, more than 30 identified species in the genus
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Rickettsia and various uncharacterized strains cause diseases and exert an enormous
impact on human, animal, and ecosystem health globally (2). Members of the genus
Rickettsia are classified into four or more groups, including the spotted fever group
(SFG), the typhus group (TG), the transitional group (TRG), and the ancestral group
(AG), according to phylogenetic characteristics (3, 4). One of the SFG members is
Rickettsia rickettsii, the causal agent of Rocky Mountain spotted fever, which is the
most severe of all tick-borne rickettsioses and remains the most frequently reported
fatal tick-borne infection in the United States (5). Previous studies indicated that R. rick-
ettsii affects diverse cellular functions, such as directly influencing gene transcription of
the NF-kB pathway, manipulating the host cell cytoskeleton, activating signaling path-
ways, and regulating programmed cell death for subsequent intracellular multiplica-
tion (6-9). Members of the SFG rickettsiae have different effects on eukaryotic cells,
and unlike for R. rickettsii, little is known regarding how they survive in the arthropod
vectors and facilitate their own multiplication and transmission.

Apoptosis is a highly regulated process that maintains homeostatic cellular balance
and is also well studied as a defense mechanism in immune reactions (10). The evolu-
tionarily conserved apoptosis features include blebbing, cellular shrinkage, nuclear
fragmentation, chromosomal DNA fragmentation, global mRNA decay, and activation
of caspases (11). A growing number of discoveries reveal that pathogens have evolved
a series of molecular mechanisms to modulate apoptosis and overcome a final chal-
lenge: how to stay alive, replicate, and spread (12). In some cases, induction of apopto-
sis promotes bacterial survival by increasing tumor necrosis factor alpha (TNF-a)-pro-
ducing cells, activating caspase-1, binding caspase, and activating protease, which
inhibits cellular survival pathways and directly releases cytochrome ¢, thus downregu-
lating antiapoptotic protein expression (13-15). In other cases, prevention of apoptosis
favors bacterial infection and replication by protecting mitochondrial potential and in-
hibiting cytochrome c release. This activates survival pathways and directly regulates
cytokine synthesis, thus blocking caspase-activation and upregulating antiapoptotic
molecular signals (16-19). The dual activity of bacteria in manipulating apoptosis
depends on the bacterial taxon, the duration of infection, the host cell type, and other
factors.

Among pathogenic prokaryotes, the facultatively and obligately intracellular bacte-
ria face a particularly difficult problem: overcoming host cell barriers to invasion, repli-
cation, and transmission (20). To meet those challenges, some have developed a vari-
ety of strategies modulating host defenses, including apoptosis, such as Shigella
flexneri, Listeria monocytogenes, Legionella pneumophila, Anaplasma phagocytophilum,
and Mycobacterium tuberculosis (21). A prime example of intracellular bacteria regulat-
ing apoptosis is A. phagocytophilum (Rickettsiales: Anaplasmataceae). It does so by pre-
venting cytochrome c release, blocking cell surface Fas, and upregulating the Bcl-2
family members (22, 23). Similarly, R. rickettsii protects infected vascular endothelial
cells from apoptosis through the activation of the NF-kB signaling pathway, targeting
anti-/proapoptotic proteins, and using the clAP2-independent mechanism (24-26).
However, the role of apoptosis in the interactions between Rickettsia spp., vertebrate
host cells, and arthropod host cells is poorly understood and not as well characterized
as for A. phagocytophilum.

Since the discovery of salivary gland apoptosis in ticks (27, 28), a growing body of
evidence supports the significance of apoptosis in maintenance of multicellular organ-
isms and host-pathogen interactions (29-31). Nevertheless, little is known regarding
apoptosis mechanisms in arthropod vectors and how they affect pathogen transmis-
sion. For example, questions regarding whether other Rickettsia spp. trigger or inhibit
apoptosis in their arthropod vectors, and what the apoptotic molecular responses are,
remain unanswered. We do not know the key Rickettsia effectors involved in modulat-
ing the apoptosis responses in various hosts and vectors. To address these questions,
we utilized one SFG species, Rickettsia parkeri (Rp), that causes mild or moderate dis-
ease in North and South America (32) and whose life cycle and ability to invade host
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cells are similar to those of R. rickettsii (33, 34). Here, we show that mitochondrion-de-
pendent apoptosis is essential for Rp infection and replication in vector cells and that
apoptosis induction requires intracellular rickettsial replication. However, rickettsial
pathogenicity is not linked to apoptosis activation in tick cells. These results improve
understanding of the apoptosis mechanism in arthropod vectors exploited by rickett-
siae and fill a critical void in our knowledge of vector-rickettsia-host molecular
interactions.

RESULTS

Apoptosis is activated in tick cells during Rp infection. Loss of plasma membrane
asymmetry is one of the earliest morphological features of apoptosis (35). Annexin V, a
phospholipid-binding protein retaining its high affinity for phospholipid phosphatidyl-
serine (PS), is broadly used in conjunction with propidium iodide (PI) for analyzing cells
undergoing apoptosis (36). We determined whether Rp infection can trigger apoptosis
in a cell line from a suspected natural vector, the lone star tick, Amblyomma ameri-
canum. This tick has been shown to naturally harbor Rp and to acquire it during
cofeeding with closely related Gulf Coast ticks, Amblyomma maculatum, in a laboratory
setting (37). AAE2 cells infected with wild-type Rp were cultured for 4 days, and unin-
fected cells served as controls. Infected AAE2 cells were then double-stained with
annexin V-fluorescein isothiocyanate (FITC) (green signal) and PI (red signal) to distin-
guish cells in different apoptosis phases by confocal microscopy.

More apoptotic cells were observed after Rp infection than in uninfected AAE2 cells
(Fig. 1A and B; panel 1, early phase of apoptosis, annexin V-FITC positive and Pl nega-
tive; panels 2 to 4, late phase of apoptosis, both annexin V-FITC and PI positive; panels
5 and 6, terminal [dead cells] phase of apoptosis, annexin V-FITC negative and PI posi-
tive). Furthermore, we examined the expression level of 5 apoptosis-related genes in
AAE2 cells (caspase-1, caspase-3, cytochrome ¢, b-cell ymphoma-2, and inhibitors of apo-
ptosis protein) after Rp infection (Fig. 1C to G). Caspase-1 and caspase-3 act as initiator
and effector caspases to activate apoptosis (38); cytochrome c is involved in the initia-
tion of apoptosis by its release from mitochondria into the cytosol (39); bcl-2 protein
inhibits apoptosis via interactions with proapoptotic proteins; and inhibitors of apopto-
sis (lap) can act to block caspases (40). Real-time PCR results showed that the expres-
sion level of caspase-3 and cytochrome ¢ genes increased, while bcl-2 and iap expres-
sion levels were significantly reduced upon Rp infection relative to control. To further
verify that apoptosis was induced by Rp infection, DNA fragmentation in the AAE2 cells
was examined using terminal deoxynucleotidyl transferase (TdT)-mediated dUTP nick-
end labeling (TUNEL) (41). This method also showed that more apoptotic cells were
present in Rp-infected cultures than in controls (Fig. TH and 1), and gel electrophoresis
demonstrating DNA laddering indicated the presence of internucleosomal DNA frag-
ments in Rp-infected AAE2 cells as well (Fig. 1J). Thus, these data strongly suggest that
apoptosis is activated during the later stage of Rp infection (4 days postinfection [p.i.])
in AAE2 cells.

Cell-type-specific differences in the host-pathogen interaction led us to suspect
that apoptosis induction might be specific to its vector tick cell line. To test this hy-
pothesis, we used cell lines from three other tick species not considered vectors of Rp,
ISE6 (Ixodes scapularis; black-legged ticks), BME26 (Boophilus microplus; cattle tick), and
IRE11 (Ixodes ricinus; European sheep tick), to monitor apoptosis during the later stage
of Rp infection (4 days p.i.). Unexpectedly, we found that results were consistent with
those obtained with AAE2 cells: infection with Rp led to apoptosis activation, as indi-
cated by TUNEL and DNA laddering gel assay (see Fig. S1 in the supplemental mate-
rial). Colocalization experiments with TUNEL (green signals) and pRAM18dSFA-trans-
formed Rp (red signals) on the same sample showed that apoptosis was activated in
the presence of Rp (Fig. S2). These results confirmed that the activation of apoptosis is
strongly correlated with Rp infection in cell lines from different tick species, suggesting
a fundamentally conserved response.
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FIG 1 Rickettsia parkeri (Rp) infection induces apoptosis in AAE2 cells. Cells infected with Rp after 4
days were fixed and stained by a combination of fluorescein annexin V-FITC (green) and propidium
iodide (PI, red). Blue DAPI staining corresponds to the nuclei. (A) Uninfected AAE2 cells. (B) Different
labeling patterns of Rp-infected cells with both annexin V-FITC and PI-positive cells. 1, early apoptotic
cells, annexin V-FITC positive and Pl negative; 2 to 4, necrotic or late apoptotic cells, both annexin V-
FITC and PI positive; 5 and 6, dead cells, annexin V-FITC negative and PI positive. (C to G) The relative
expression level of apoptosis-related genes was tested by gqRT-PCR in uninfected (control) and wild-
type-Rp-infected AAE2 cells; expression of gapdh was used as the internal control. (H) Rp-infected
AAE2 cells were fixed and labeled with TUNEL (green). Bar, 20 um. Blue DAPI staining corresponds to
the nuclei. (I) Percent apoptotic cells (number of TUNEL-positive cells/number of DAPI-positive cells)
in different fields. (J) DNA laddering assay. Rp induced apoptotic DNA fragmentation in AAE2 cells by
gel electrophoresis. A 100-bp ladder was the marker used to indicate the internucleosomal DNA
fragments (arrows). In panels C, D, E, F, G, and |, data are means and standard deviations (SD), and
different letters above the columns indicate significant differences.

Apoptosis is required for Rp infection and replication in tick cells. Pathogen sur-
vival requires modulation of the host's immune response to allow colonization and
replication and achieve transmission to a new host (42). Apoptosis is one of the pro-
grammed cell death pathways affected by intracellular bacterial pathogens such as R.
rickettsii and is thought to mediate successful colonization of vertebrate host cells (24).
To determine the possible effect of apoptosis on Rp infection and replication, we
infected AAE2 cells with host cell-free wild-type Rp (multiplicity of infection [MOI]=1)
and collected samples at different time points. Giemsa staining (Fig. 2A) illustrated the
replication dynamics of Rp for 120 h postinfection. Additionally, we determined Rp
genomic DNA abundance using quantitative PCR (qPCR), which confirmed results
using Giemsa-stained cell preparations; i.e., the level of Rp genomic DNA increased rap-
idly and peaked at 120 h (Fig. 2B). These results supported our observation that Rp
replicated and accumulated within AAE2 cells.

The observation that Chlamydia exerts both proapoptotic and antiapoptotic effects
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FIG 2 Time course of apoptosis activation in response to Rp infection. (A) Dynamics of Rp replication (indicated by red
arrowheads) in AAE2 cells. Bar =20 um. (B) Rp genomic DNA abundance in AAE2 cells measured by qPCR using gltA as
a reference. (C) AAE2 cells were fixed and labeled with TUNEL (green). Bar, 20 um. Blue DAPI staining corresponds to
the nuclei. (D) Percent apoptotic cells (number of TUNEL-positive cells/number of DAPI-positive cells) in different
fields. Data are means and SD, and different letters above the columns indicate significant differences. (E) DNA
laddering assay to assess Rp-induced apoptotic DNA fragmentation in AAE2 cells by gel electrophoresis.
Internucleosomal DNA fragments are indicated by arrows. Lane L, 1-kb Plus DNA ladder.

at different infection stages suggested a specific strategy of intracellular bacteria in
manipulating host cell apoptosis (43, 44). To determine whether pro- and antiapoptotic
activities are manifested during different stages of Rp infection, we tested for the pres-
ence of apoptotic cells from 0 h to 120 h p.i. Compared to the later stage of infection
(96 and 120 h), the percentage of apoptotic tick cells was significantly lower in the
early infection stage (from 24 to 72 h) (Fig. 2C and D). In addition, the DNA laddering
assay detected internucleosomal DNA fragments at 96 h and 120 h (Fig. 2E), corrobo-
rating activation of the apoptosis pathway at the later stage. Interestingly, Rp genomic
DNA content began to increase after 24 h p.i., corresponding to the time when apopto-
sis was activated. We also monitored apoptosis responses after Rp time course infec-
tion in cell lines from three other tick species (Fig. S3). Similar to previous observations
for AAE2 cells, more apoptotic cells were observed in BME26 and ISE6 at the later stage
of infection (96 and 120 h) relative to the early stage of infection (from 24 to 72 h),
whereas in IRE11, there was only a slight increase of the percentage of apoptotic cells
after 72 h p.i.; however, the difference between the early and later stage of infection
was quite consistent, as seen in AAE2 cells. These results suggested that Rp might
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FIG 3 Effects of apoptosis inhibitors on Rp infection and replication. AAE2 cells were treated with the apoptosis inhibitor Z-VAD-
FMK or sabutoclax or with a DMSO control and then infected with host cell-free Rp for 72 h and 120 h before being collected for
analysis. (A) Rp-infected AAE2 cells were fixed and labeled with TUNEL (green) and DAPI (blue). Bar, 20 um. Blue DAPI staining
corresponds to the nuclei. (B) Percent apoptotic cells (number of TUNEL-positive cells/number of DAPI-positive cells) in different
fields of view. (C) Rp infection rate (number of Rp-infected cells/number of total cells) was determined by Giemsa staining. (D)
The relative level of Rp genomic DNA abundance measured by qPCR using gltA as a reference control. In panels B, C, and D, data
are means and SD, and different letters above the columns indicate significant differences (ANOVA, followed by Bonferroni test).

display antiapoptotic activity during the early stage of the infection but exerts a proa-
poptotic activity in the later stage of infection.

To determine whether apoptosis triggered by Rp would facilitate infection and rep-
lication of rickettsiae in tick cells, we tested for different infection rates and quantities
of Rp by treating infected AAE2 cells with Z-VAD-FMK [carbobenzoxy-valyl-alanyl-
aspartyl-(O-methyl)-fluoromethylketone; a pan-caspase inhibitor], sabutoclax (a pan-
Bcl-2 inhibitor), or DMSO (dimethyl sulfoxide; a solvent control) (Fig. 3). The percentage
of apoptotic tick cells upon sabutoclax treatment (Fig. 3A and B) was significantly
lower than that in untreated AAE2 cells. At the same time, the infection rate (Fig. 3C)
and the quantities of Rp (Fig. 3D) were sharply reduced upon sabutoclax treatment at
72 h and 120 h. In contrast, the number of apoptotic cells only slightly decreased in
the presence of Z-VAD-FMK relative to untreated AAE2 (Fig. 3A and B). Interestingly,
while Z-VAD-FMK treatment markedly reduced the infection rate, the numbers of Rp
organisms were minimally reduced (Fig. 3C and D). Overall, these data were consistent
with the TUNEL assay and suggested that inhibition of apoptosis led to a decrease of
Rp replication in AAE2 cells. The different effects on Rp replication seen when two
chemical inhibitors of apoptosis were applied, one that inhibits pan-caspases (Z-VAD-
FMK) and another that interferes with Bcl-2 (sabutoclax), suggested that apoptosis
mechanisms linked to Bcl-2 family proteins might regulate Rp replication.

To further verify the relationship between apoptosis and Rp replication, two chemi-
cal inducers, etoposide (an inhibitor of DNA topoisomerase Il) (45, 46) and PAC-1 (a
potent procaspase-3 activator) (47), were used to treat infected AAE2 cells (Fig. 4). The
percentage of apoptotic cells (Fig. 4A and B) was significantly increased relative to
untreated AAE2 after etoposide and PAC-1 treatment at 24 h and 72 h. Quantities of
Rp were significantly increased only upon treatment with PAC-1 relative to untreated
AAE2 cells at 24 h. In contrast, the quantities of Rp were unaffected by treatment with
etoposide at 24 h (Fig. 4C), suggesting that caspase-3 might be the key player partici-
pating in Rp-induced apoptosis in tick cells. Interestingly, neither etoposide nor PAC-1
treatment affected the replication of Rp at 72 h, and both even reduced the quantities
of Rp, perhaps reflecting Rp premature death due to excessive apoptosis of tick cells
induced by chemical treatment. Thus, these data strongly indicate that early induction
of apoptosis could facilitate Rp replication, while inhibition of apoptosis led to the
decrease of Rp replication.

The intrinsic apoptosis pathway is activated in response to Rp infection.
Changes in the mitochondrial membrane potential (A¥Wm) leading to the opening of
the mitochondrial permeability transition pore are distinctive features of the intrinsic
apoptosis pathway. Later, mitochondrial permeabilization and subsequently release of
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FIG 4 Effects of apoptosis inducers on Rp replication. AAE2 cells were treated with the apoptosis inducer PAC-1 or etoposide
or with a DMSO control and then infected with host cell-free Rp for 72 h and 120 h before being collected for analysis. (A) Rp-
infected AAE2 cells were fixed and labeled with TUNEL (green). Bar, 20 um. Blue DAPI staining corresponds to the nuclei. (B)
Percent apoptotic cells (number of TUNEL-positive cells/number of DAPI-positive cells) in different fields. (C) The relative level
of Rp genomic DNA measured by qPCR and gltA as a reference control. In panels B and C, data are means and SD, and
different letters above the columns indicate significant differences (ANOVA, followed by Bonferroni test).

cytochrome ¢ could initiate the activation cascade of caspases. The cleavage of cas-
pase-3 promotes DNA fragmentation and leads to apoptotic cell dismantling (48). JC-1,
a cationic carbocyanine dye, detects A¥m and can be used to assess the state of the
mitochondrial polarization in healthy and apoptotic cells (49). As shown in Fig. 5A,
uninfected AAE2 cells showed healthy mitochondria containing polarized inner mem-
branes and exhibited orange fluorescence (colocalized red and green fluorescence). In
contrast, the Rp-infected cells exhibited a significantly reduced orange fluorescence
and remarkable increased green fluorescence. Mitochondrial depolarization was also
indicated by a significant reduction in the red/green fluorescence intensity ratio in Rp-
infected cells and carbonyl cyanide 3-chlorophenylhydrazone (CCCP; positive control)
treated cells (Fig. 5B) relative to uninfected AAE2 cells. A similar effect was seen in Rp-
infected ISE6 cells (Fig. S4); i.e,, more green fluorescence and a reduction of the red/
green fluorescence intensity ratio were observed.

We investigated further whether cytochrome ¢ was released from mitochondria
into the cytosol after infection with Rp at 72 h p.i. in AAE2 cells. Pearson’s correlation
coefficient (PCC) and overlap coefficient determined according to Manders’ calcula-
tions (MOC) (Fig. 5C) were analyzed following established guidelines (50, 51). Although
the PCC value remained unchanged, a decreasing MOC value demonstrated that the
degree of colocalization of cytochrome ¢ and mitochondria declined, suggesting that
Rp infection induced cytochrome c release into the cytosol. As expected, in uninfected
AAE2 cells (Fig. 5D, top row), mitochondria (Fig. 5D, panel 1, red signal) colocalized
with FITC-labeled cytochrome c (Fig. 5D, panel 2, green signal), resulting in yellow fluo-
rescence in the merged (Fig. 5D, panel 3, blue signal; DAPI-stained nuclei) and
enlarged (Fig. 5D, panel 4, yellow signal) images. This suggested a higher colocalization
level than in infected AAE2 cells (Fig. 5D, bottom row), indicating a lack of cytochrome
c release to the cytosol. Meanwhile, Rp-infected AAE2 cells also exhibited higher levels
of caspase-3/7 enzyme activity than uninfected cells, reflecting the activation of the
caspase cascade (Fig. 5E and F). These results strongly suggested that the intrinsic apo-
ptosis pathway is activated in tick cells in response to Rp infection.

Apoptosis induction requires Rp intracellular replication. Chlamydia psittaci, an
obligately intracellular organism, induces apoptosis at a later stage of infection in an
intracellular replication-dependent manner (44). To investigate whether Rp intracellular
replication is required for apoptosis induction, we used two types of antibiotics (doxy-
cycline, which inhibits intracellular rickettsial growth, and gentamicin, which kills
extracellular rickettsiae) (52) to treat infected AAE2 cells. AAE2 cells were incubated
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FIG 5 Mitochondrion-dependent apoptosis is required for Rp replication. Live cells were stained with MitoPT JC-1 (A and
B). (A) Uninfected (left) and Rp-infected (right) AAE2 cells. (B) The ratio of red/green fluorescence in uninfected AAE2 cells
(control), uninfected AAE2 cells treated with CCCP (positive control), and Rp-infected cells was measured using a
fluorescence plate reader. Cytochrome c release from mitochondria into the cytosol after Rp infection in AAE2 (C and D).
(C) Changes of Pearson’s correlation coefficient (PCC) and overlap coefficient according to Manders (MOC) resulted in a
decrease in colocalization of cytochrome ¢ and mitochondria. (D) Mitochondria (red signal) colocalized with FITC-labeled
cytochrome ¢ (green signal) in uninfected AAE2 cells (top row) and Rp-infected AAE2 cells (bottom row). The white boxes
indicate the areas of the enlarged images. (E) Rp-infected AAE2 cells showed increasing red intensity as caspase activity
and apoptosis progressed, relative to uninfected AAE2 cells. Bar, 20 um. Blue DAPI staining corresponds to the nuclei. (F)
Upregulated caspase-3/7 enzyme activity in Rp-infected AAE2 cells detected by the fluorescence plate reader is shown
relative to uninfected AAE2 cells. In panels B (ANOVA, followed by Bonferroni test), C, and F, data are means and SD, and
different letters above the columns indicate significant differences.

with host cell-free Rp at 4°C for 2 h to achieve synchronized infections, and cold expo-
sure did not generate extra stress to induce apoptosis in infected AAE2 cells (Fig. S5).
Treatment with gentamicin or doxycycline at early time points after infection (0, 2, and
4 h) significantly decreased the Rp infection rate measured at 72 h and 120 h p.i. rela-
tive to untreated cells (Fig. 6A). The percentage of apoptotic cells was reduced sharply
upon gentamicin or doxycycline treatment compared to that in untreated cells
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FIG 6 Effects of antibiotics on apoptosis activation and Rp replication. AAE2 cells were infected with
host cell-free Rp for 0, 2, and 4 h, then treated with gentamicin or doxycycline, and collected at 72 h
and 120 h for analysis. (A) Rp infection rate identified with Giemsa staining. (B) Rp-infected AAE2 cells
were fixed and labeled with TUNEL (green). Bar, 20 um. Blue DAPI staining corresponds to the nuclei.
(C) Percent apoptotic cells (number of TUNEL-positive cells/number of DAPI-positive cells) in different
fields. In panels A and C, data are means * SD, and different letters above the columns indicate
significant differences (ANOVA, followed by Bonferroni test).

(Fig. 6C) by TUNEL assay (Fig. 6B) but was similar to that in uninfected cells (date not
shown). Interestingly, there was no significant difference among 0-, 2-, and 4-h-postin-
fection time groups regarding the apoptotic rate, perhaps suggesting that apoptosis
induction might occur after replication commences. Meanwhile, the quantities of Rp
were significantly higher in untreated cells than in gentamicin- or doxycycline-treated
cells. The significant differences in the quantities of Rp, which were higher in

March/April 2021 Volume 6 Issue2 e01209-20

mSystems’

msystems.asm.org 9


https://msystems.asm.org

Wang et al. @Sysfemsn

A

72h

100um

168h

100um

120h
100um >

w
(g}

iR
790 ) 1 AAE2 +R.p =3 Vero+R.p mm RF/6A+R.p
b b
;\3100* T ]
s
2 80
°
120h B o
3
©
6 404 b
(9]
g
c 20+
168h g a . a a a a
z =S N
72h 120h 168h

FIG 7 No later stage of apoptosis is observed in RF/6A and Vero cells after Rp infection. (A) RF/6A
and Vero cells were infected with host cell-free pRAM18dSFA-transformed Rp (72, 120, and 168 h)
and observed under a fluorescence microscope for infection and replication. Bar, 100 um. (B) Rp-
infected AAE2, RF/6A, and Vero cells were fixed and labeled with TUNEL (green). Bar, 20 um. Blue
DAPI staining corresponds to the nuclei. (C) Percent apoptotic cells (number of TUNEL-positive cells/
number of DAPI-positive cells) in different fields. In panel C, data are means and SD, and different
letters above the columns indicate significant differences (ANOVA, followed by Bonferroni test).

gentamicin-treated cells than doxycycline-treated cells, reflected the differences
between the antibiotic mechanisms of gentamicin and doxycycline (Fig. S6).
Mitochondrial membrane potential changes are also indicated by a significant increase
in the red/green fluorescence intensity ratio (Fig. S7) relative to untreated AAE2 cells,
suggesting that antibiotic treatments reduced Rp replication and therefore apoptosis
induction. These results indicated that Rp intracellular replication was required for apo-
ptosis induction, while apoptosis facilitated Rp replication.

Apoptosis is not observed in mammalian cells during later stages of Rp
infection. A previous study indicated that R. rickettsii protects infected vascular endo-
thelial cells from apoptosis through the activation of the NF-kB signaling pathway (24).
To discern the difference in apoptosis response after Rp infection between mammalian
and tick cells, we investigated whether apoptosis was induced after Rp infection in
Vero cells (a standard cell line used in rickettsiology) and RF/6A cells (monkey endothe-
lial cells; SFG members mainly infect mammalian endothelial cells) compared with
AAE2 cells, using plasmid-transformed Rp expressing a red fluorescent protein (53).
Even though transformed Rp replicated quickly, resulting in high rates of infection after
72 h in Vero and RF/6A cells (Fig. 7A), there was no significant change in the number
of apoptotic cells at any stage of Rp infection relative to that in uninfected cells
(Fig. S8). In contrast, the percentage of apoptotic cells was remarkably lower than that
in Rp-infected AAE2 cells (Fig. 7B and C). The apoptosis response is distinctly different
in tick and mammalian cells, suggesting that Rp might utilize two different survival
strategies to modulate apoptosis in arthropod vectors and mammalian hosts.

Human pathogenicity of spotted fever group rickettsiae is not linked to
apoptosis activation. To examine whether a correlation exists between apoptosis
induction and rickettsial pathogenicity with different Rickettsia spp. we tested
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FIG 8 Mammalian pathogenicity is not required for apoptosis activation among SFG species. IRE11 or AAE2
cells were infected with host cell-free R. monacensis, R. amblyommatis, and R. helvetica and then collected at 72
h and 120 h for analysis. (A to C) R. monacensis infection rates were identified with Giemsa staining (A). (B) R.
monacensis-infected AAE2 or IRE11 cells were fixed and labeled with TUNEL (green). Bar, 20 um. Blue DAPI
staining corresponds to the nuclei. (C) Percent apoptotic cells (number of TUNEL-positive cells/number of DAPI-
positive cells) in different fields after R. monacensis infection. (D to F) R. amblyommatis infection rates were
identified with Giemsa staining (D). (E) R. amblyommatis-infected AAE2 or IRE11 cells were fixed and labeled
with TUNEL (green). Bar, 20 um. Blue DAPI staining corresponds to the nuclei. (F) Percent apoptotic cells
(number of TUNEL-positive cells/number of DAPI-positive cells) in different fields after R. amblyommatis
infection. (G to I) R. helvetica infection rates were identified with Giemsa staining (G). (H) R. helvetica-infected
AAE2 or IRE11 cells were fixed and labeled with TUNEL (green). Bar, 20 um. Blue DAPI staining corresponds to
the nuclei. (I) Percent apoptotic cells (number of TUNEL-positive cells/number of DAPI-positive cells) in different
fields after R. helvetica infection. In panels A, C, D, F, G, and |, data are means and SD, and different letters
above the columns indicate significant differences.

apoptosis responses in tick vector cells to three other spotted fever group rickettsiae
that differed in pathogenicity for humans: Rickettsia monacensis IrR/Munich and
Rickettsia helvetica strain COP9, which are both associated with the European sheep
tick (Ixodes ricinus), the first being of uncertain pathogenicity and the second a human
pathogen, and Rickettsia amblyommatis AaR/SC, a nonpathogenic species symbiotically
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associated with the lone star tick, Amblyomma americanum. At the same infection
stage (72 h and 120 h p.i.), there was no significant difference in the infection rates of
IRE11 and AAE2 cells between the three rickettsial species (Fig. 8A, D, and G). However,
the apoptosis responses of the tick cells to the three rickettsial species were distinctly
different. Neither R. monacensis (Fig. 8B and C) nor R. helvetica (Fig. 8H and I) infection
triggered a significant increase in apoptotic rate in IRET11 or AAE2 cells, unlike our pre-
vious observations for Rp (Fig. 2; Fig. S3). R. amblyommatis did not induce apoptosis in
AAE2 cells but exhibited apoptosis activation in IRE11 cells, as indicated by TUNEL
assay (Fig. 8E and F). Together, these results suggested no direct correlation between
apoptosis activation and rickettsial pathogenicity in SFG rickettsiae.

DISCUSSION

Intracellular bacteria have to constantly battle with the host and vector for survival
and replication, and they have developed complex and highly efficient strategies to
overcome innate and adaptive immune responses (54). As part of the innate immune
response, apoptosis plays an essential role in regulating intracellular bacterial invasion
and survival (55). As obligately intracellular parasites, rickettsiae have evolved a variety
of strategies modulating host apoptosis by activating survival pathways and directly
regulating cytokine synthesis, blocking caspase activation, and upregulating antiapop-
totic molecular signals (22-24, 30, 55). Despite the widespread recognition of the im-
portance of apoptosis in host-pathogen interactions, little is known regarding whether
and how rickettsiae modulate apoptosis of their arthropod vectors for their own sur-
vival and replication. This study shows that infection of tick cells by SFG rickettsiae
significantly activates the apoptosis pathway and that the activation of apoptosis
facilitates rickettsial infection and replication. We further reveal that the mitochond-
rion-dependent apoptosis activated by the rickettsiae is likely to rely on intracellular
replication. Furthermore, we show that there is no direct correlation between rickett-
sia pathogenicity and apoptosis activation in tick vectors.

The ability of intracellular bacteria to fine-tune the balance between anti-and proa-
poptotic roles has been revealed in Chlamydia and Mycobacterium (43, 44, 56, 57).
Similarly, Rp exhibited both anti- and proapoptotic roles during different stages of tick
cell infection (Fig. 2). The early stage of infection demonstrated antiapoptotic activity,
perhaps suggesting a protective role in maintaining the metabolic balance of the
infected cells, as shown previously for Chlamydia and Mycobacterium (43, 57). Because
Rp intracellular replication was required for proapoptotic activity, subsequent activa-
tion of apoptosis at the later stage of infection might promote rickettsial cell-to-cell
spread. Different cell lines from different tick species have different morphologic char-
acteristics and ontogenies (58). Interestingly, Rp-induced apoptosis is independent of
cell type, suggesting that apoptosis is a fundamentally conserved response in tick vec-
tors. Therefore, revealing homologies in the apoptosis machinery of diverse tick spe-
cies and evaluating their evolution trajectories will provide more valuable explanations
for tick evolutionary biology.

Mitochondrial membrane permeabilization and cytochrome c release into the cyto-
sol after Rp infection reflected apoptosis activation by the intrinsic pathway (Fig. 5).
Although mitochondrion-dependent apoptotic pathways are well-known in arthro-
pods, the role of cytochrome ¢ has been considered controversial. For example, cyto-
chrome c failed to activate Drosophila caspase and was not involved in apoptosis (59),
whereas it was required for Spodoptera frugiperda, Spodoptera litura, and Lymantria dis-
par apoptosis (60-63). We found that tick cell apoptosis activated by Rp allowed leak-
age of cytochrome c into the cytosol accompanied by its decline in the mitochondria.
However, another rickettsial agent, A. phagocytophilum, manipulates multiple defense
systems of its tick vector in specific tissues at different times to ensure successful acqui-
sition and transmission by upregulating the JAK/STAT pathway in tick midguts and
also preventing the release of cytochrome c in salivary glands (30). This appears to be
a conserved mechanism, as A. phagocytophilum utilizes several mechanisms to inhibit
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apoptosis in tick cells derived from different species, such as targeting the JAK/STAT
pathway and decreasing FAS expression, interfering with the endoplasmic reticulum
(ER) and glucose metabolism, and changing molecules directly to induce mitochondrial
stress (55). Unlike the Anaplasmataceae, the Rickettsiaceae are not confined in an intra-
cellular compartment and are in direct contact with host cell cytoplasm. We speculate
that these differences may contribute to the different tick cell responses to pathogens
they transmit, but much more research is needed to fully explain how apoptosis is
modulated, as different SFG rickettsia species or even strains within the same species
caused different cellular responses (64; this paper). Undoubtedly, the growing number
of available rickettsial genome sequences will help to improve understanding how
diverse rickettsiae prompt different responses from vectors and hosts.

The apoptosis regulatory molecules (ARMs) produced by intracellular bacteria,
including secreted exoproducts (e.g., exotoxins) and nonsecreted endoproducts (e.g.,
structural moieties and lipoteichoic acid), could target host cells and trigger apoptosis
pathways through multiple molecular mechanisms (65). However, little is known
regarding how rickettsial ARMs manipulate apoptosis in tick vectors. As far as we are
aware, our study is the first attempt to examine the key factors to trigger apoptosis
activation by an SFG rickettsia in its tick vector. Two antibiotics, gentamicin (which
inhibits rickettsiae while they are extracellular) and doxycycline (which can act on intra-
cellular rickettsiae), significantly decreased the rate of apoptosis in infected tick cells,
suggesting that rickettsial intercellular replication is required for apoptosis activation
(Fig. 6), as previously seen in C. psittaci (44). However, rickettsial intercellular replication
does not activate apoptosis in mammalian host cells (Fig. 7), reflecting another strategy
in modulating apoptosis response, possibly similar to R. rickettsii (24). Much progress
has been made in understanding how rickettsiae survive and replicate in host cells,
including the role particular bacterial effectors play to manipulate host cells by rear-
ranging the cytoskeleton, polymerizing host actin, altering host phagosome trafficking,
and forming a membrane-bound compartment (54, 66). In the future, it will be impor-
tant to identify novel factors and effectors that participate in manipulating host apo-
ptosis and to determine whether they function in a rickettsia-specific manner or induce
globally conserved responses in their arthropod vector.

The explosion of studies focused on bacterium-induced apoptosis and diverse apo-
ptotic response mechanisms of host cells highlights the critical role apoptosis plays in
bacterial pathogenesis and antibacterial immune response (67). Members of the genus
Rickettsia exhibit a range of virulence characteristics, from harmless endosymbionts
harbored by invertebrates and protozoa to the causative agents of severe disease (4).
By comparing the apoptosis responses of tick cells to rickettsiae of uncertain pathoge-
nicity (R. monacensis), a human pathogen (R. helvetica), and a nonpathogenic symbiont
(R. amblyommatis), we found no direct correlation between rickettsial pathogenicity
and apoptosis activation. Nevertheless, the severe human pathogen R. rickettsii has
been reported either to have little effect on survival of its tick vectors or to kill them
(68-71), possibly depending on the strain examined. Obviously, this finding further
demonstrates that rickettsiae might utilize two different survival strategies to modulate
apoptosis in arthropod vectors and mammalian hosts (Fig. 7). The opposite apoptosis
response to R. amblyommatis, i.e., induction of apoptosis in its natural vector tick-
derived cell lines while inhibiting apoptosis in cells from other tick species, may indi-
cate that the endosymbiont may present a way to control the natural vector.

Here, we investigated the mechanisms of apoptosis activation by SFG rickettsiae in
tick vector cells and comprehensively analyzed how apoptosis regulates SFG rickettsia
survival in tick versus vertebrate hosts. Our findings also provide evidence that Rp, an
SFG rickettsia, triggers mitochondrion-dependent apoptosis in its tick vector cells, pro-
moting rickettsial infection and replication in the vector cells. Intracellular replication is
required for triggering apoptosis; however, whether toxins or virulence factors pro-
duced by Rp during replication play a role in activating apoptosis remains to be
determined.
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During their life cycle in nature, rickettsiae must overcome a more complex system
of innate barriers to infection and persistence in ticks than in vitro. These include struc-
tural features, such as the peritrophic matrix that separates the infectious blood meal
from gut epithelium (72), and the immune responses of specific target tissues in differ-
ent species of ticks reacting to a broad range of Rickettsia species. For instance, how
does Rp “tinker” with the tick’s apoptosis pathway to infect or to suppress or regulate
immune responses to its own benefit? Is induction of apoptosis associated with spe-
cific tissues (salivary glands, gut, and reproductive systems), and what are the essential
tick immunity factors that induce apoptosis? The knowledge gained from studies
addressing these questions will improve our understanding of the modulation of apo-
ptosis in arthropod vectors by rickettsiae. Although apoptosis mechanisms have been
investigated in the order Rickettsiales at an accelerating pace, especially in the family
Anaplasmataceae, what is currently understood about apoptosis induced by the family
Rickettsiaceae is merely the tip of the iceberg. Findings from this study fill a critical void
in our understanding of vector-rickettsia-host molecular interactions and provide valu-
able clues for designing new strategies to block the transmission of arthropod-vec-
tored pathogens, particularly the family Rickettsiaceae.

MATERIALS AND METHODS

Cell cultures. All tick cells (cell lines ISE6, IRET1, BME26, and AAE2) were cultured at 34°C in complete
medium (L-15C300, 5% fetal bovine serum [FBS], 5% tryptose phosphate broth, and 0.1% lipoprotein
concentrate) as reported previously (73). RF/6A (a choroid-retina endothelial cell line) and Vero cells
were cultured at 34°C in complete RPMI 1640 medium with 10% FBS.

Rickettsia strains, growth, and purification. All Rickettsia strains (listed in Table S1) were added to
tick cell cultures in complete medium with 10% FBS and additionally supplemented with NaHCO, and
HEPES buffer as described elsewhere (74). Infected cells were transferred to 2.0-ml Eppendorf tubes con-
taining 60/90 grit silicon carbide, vortexed at maximum speed for 30s, and purified by passage through
a Whatman 2.0-um filter. Host cell-free rickettsiae were was collected by centrifugation at 13,000 x g for
5 min at 4°C and resuspended in complete medium. Viable rickettsiae were counted using a Petroff-
Hausser chamber, as previously described (74). Culture flasks (25 cm?) were inoculated with Rp at an
MOl of 1.

RNA isolation and qRT-PCR. Total RNA was isolated from cells using TRI reagent (Sigma) and purified
using an RNA Clean & Concentrator kit (Zymo Research). The quantity and quality of RNA were evaluated
using a DS-11 series spectrophotometer/fluorometer (DeNovix). cDNA was synthesized using the SYBR
PrimeScript reverse transcription-PCR (RT-PCR) kit Il (TaKaRa). The expression levels of apoptosis-related
genes in different treatments were determined using gPCR on the Mx3005P real-time system (Stratagene)
with SYBR green detection (Agilent Technologies). Primers used in this study are listed in Table S2.

DNA extraction and laddering gel. Total DNA was extracted from infected cells using the Gentra
Puregene cell kit (Qiagen), following the manufacturer's instructions for DNA purification from cultured
cells. The purified DNA was eluted with Tris-EDTA buffer, and quantity and quality were evaluated using
a DS-11 series spectrophotometer/fluorometer (DeNovix). DNA was electrophoretically separated on
1.2% agarose gels.

Rickettsia DNA extraction and real-time PCR. Genomic DNA was extracted from Rp-infected cells
using the Puregene Core A kit (Qiagen, Valencia, CA) according to the manufacturer's protocol for Gram-
negative bacteria. The quantity and quality of purified genomic DNA were evaluated with a DS-11 series
spectrophotometer/fluorometer (DeNovix), and qPCR was used to estimate the copy number of the sin-
gle-copy rickettsial citrate synthase (g/tA) gene as previously described (53). Primers are listed in
Table S2 (75).

Annexin V/PI staining. The early versus later stage of apoptosis was analyzed using an annexin V-
FITC apoptosis staining/detection kit (Abcam). Wild-type Rp organisms were used to infect AAE2 cells for
4 days, and uninfected cells served as controls. Cells were collected by centrifugation (500 x g for 5 min),
resuspended in 1x binding buffer, and incubated with FITC-conjugated annexin V, Pl, and NucBlue live
cell stain (ReadyProbes reagent; Thermo Fisher Scientific) in the dark for 15 min at room temperature.
The cells were then deposited onto microscope slides (Cytospin centrifuge; Thermo Fisher), and imaged
on an Olympus BX61 DSU confocal microscope fitted with a 60x objective. Cells were observed using a
multiwavelength filter (4',6-diamidino-2-phenylindole [DAPI], excitation at 365nm and emission at
480 nm; FITC, excitation at 495 nm and emission at 519 nm; mCherry, excitation at 550 to 590 nm and
emission at 550 to 650 nm). All treatments were replicated three times.

TUNEL assay. Apoptotic cell death was analyzed using the in situ cell death detection kit (Roche).
Cells were immobilized onto slides, fixed in 4% paraformaldehyde for 1 h at room temperature, perme-
abilized with 0.1% Tween 20 (in phosphate-buffered saline [PBS]), and then incubated with the TUNEL
reagents (TdT enzyme-dUTP, 1:10) for 1 h at 37°C. The slides were mounted in Fluoroshield mounting
medium with DAPI (Vector Laboratories) and analyzed under an Olympus BX61 DSU confocal micro-
scope with a 60x objective. Dual fluorescence properties were observed using a multiwavelength filter
as described above. All treatments were replicated three times.
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Mitochondrial membrane depolarization detection by JC-1. Loss of mitochondrial A¥m was
detected using a cationic fluorescent redistribution dye, 5,5',6,6'-tetrachloro-1,1",3,3'-tetraethylbenzimi-
dazolocarbocyanine iodide (JC-1; Immunochemistry) following the manufacturer’s instructions. Host
cell-free Rp (MOl =1) organisms were used to infect cells for 72 h; uninfected cells served as negative
controls, and uninfected cells with CCCP served as the positive control. All samples were incubated with
JC-1 dye and analyzed for a shift in emission from red (~590 nm) to green (~529 nm) using a fluores-
cence plate reader (Biotek M3). JC-1-stained cells were immobilized onto slides and analyzed under an
Olympus BX61 DSU confocal microscope using a 60x objective. Dual fluorescence properties were
observed using a multiwavelength filter as described above. All treatments were replicated three times.

Caspase 3/7 enzyme activity assay. Caspase enzyme activity was detected using the Magic Red
caspase-3/7 assay kit (Immunochemistry), following the manufacturer's instructions. Host cell-free Rp
(MOI'=1) organisms were used to infect cells for 72 h, and uninfected cells served as controls. All sam-
ples were incubated with Magic Red substrate and then immobilized onto slides. Specimens were
mounted in Fluoroshield mounting medium with DAPI and imaged under an Olympus BX61 DSU confo-
cal microscope using a 60x objective. Dual-fluorescence properties were observed using a multiwave-
length filter as described above. All treatments were replicated three times.

Colocalization assay. Host cell-free Rp (MOl = 1) organisms were used to infect cells for 72 h, and
uninfected cells served as controls. Cells were incubated with 50 M MitoTracker deep red, immobilized
onto slides, and fixed in 4% paraformaldehyde for 1 h at room temperature. They were then permeabil-
ized with 0.1% Tween 20 (in PBS), incubated with FITC-conjugated antibody to cytochrome ¢, mounted
in Fluoroshield mounting medium with DAPI, and imaged under a Nikon A1si spectral confocal micro-
scope using a 60x objective. Triple-fluorescence properties were observed using a multiwavelength fil-
ter (DAPI; FITC; Cy5, excitation at 647 nm and emission at 665 nm). Images were processed using the pro-
gram NIS-Elements View 4.50 (University Imaging Centers at the University of Minnesota, Twin Cities,
MN). All treatments were replicated 3 times. The colocalization of cytochrome ¢ in mitochondria was
assessed qualitatively and quantified by determining the degree of the area of two signals overlapping,
according to Pearson’s coefficient and overlap coefficient according to Manders’ calculations by Image
Fiji JaCoP plugin and Colocalization Threshold plugin).

Monitoring time course of apoptosis activation in response to Rp infection. Host cell-free Rp
(MOI'=1) organisms were used to infect AAE2 cells, and then the infected samples were collected at 6
different time points (from 0 h to 120 h); uninfected cells served as controls. The replication dynamics of
Rp was examined by Giemsa staining. The Rp numbers were measured by qPCR compared with citrate
synthase (gltA) gene copies. TUNEL was used to analyze the time course of apoptosis response to Rp
infection at different time points. All treatments were replicated three times.

Treatment with apoptosis inhibitors and inducers. Z-VAD-FMK (30 ©M), sabutoclax (50 M), PAC-
1 (100 M), and etoposide (100 «M) working solutions were prepared in DMSO, diluted in 1x PBS, and
then used separately to treat AAE2 cells. Next, host cell-free Rp (MOl = 1) organisms were used to infect
the inducer- or inhibitor-treated cells, and the samples were collected at 72 h and 120 h, with untreated
cells serving as controls. The infection rate (number of Rp-infected cells/number of total cells) was identi-
fied by Giemsa staining (images not shown), while the quantities of Rp organisms were determined by
qPCR in comparison with citrate synthase (g/tA) gene copies. TUNEL was used to detect apoptotic cells
in cultures treated with the respective inhibitors or inducers. All treatments were replicated three times.

Treatment with antibiotics. Host cell-free Rp (MOl = 1) organisms were incubated with AAE2 cells for
0, 2, and 4 h at 4°C, and residual, nonadherent rickettsiae were washed away by centrifugation.
Gentamicin (16.7 wg/ml) and doxycycline (20 ug/ml) working solutions were prepared in water, diluted in
1x PBS, and used separately to treat rickettsia-challenged cells for 0, 2, and 4 h. Cultures were sampled at
72 h and 120 h, with uninfected and untreated cells serving as controls. The infection rate was monitored
by Giemsa staining (images not shown), while the quantities of Rp were determined by qPCR compared
with gltA gene copies. The effects of antibiotics on apoptosis were examined by carrying out TUNEL and
analyzing mitochondrial membrane depolarization. All treatments were replicated three times.

Monitoring the time course of apoptosis activation in response to Rp infection in mammalian
cells. Host cell-free pRAM18dSFA-transformed Rp (MOl = 1) organisms were used to infect Vero and RF/
6A cells. After 72 h, 120 h, and 168 h, infected samples were collected and imaged under a Nikon
Diaphot inverted phase-contrast microscope fitted for fluorescence microscopy; uninfected cells served
as controls. To discern the difference in apoptosis response after Rp infection between mammalian and
tick cells, host cell-free Rp (MOl =1) organisms were used to infect AAE2, Vero, and RF/6A cells. Infected
samples were then collected at 72 h, 120 h, and 168 h, and uninfected cells served as controls. TUNEL
was used to detect apoptosis in different cell lines. All treatments were replicated three times.

Monitoring the time course of apoptosis activation in response to Rickettsia sp. infection. Host
cell-free R. monacensis, R. amblyommatis, and R. helvetica (MOl = 1) were separately used to infect AAE2
and IRE11 cells. The infected samples were then collected at 72 h and 120 h; uninfected cells served as
the controls. The infection rate was monitored by Giemsa staining (images not shown). TUNEL was used
to detect apoptosis induced by the different Rickettsia spp. All treatments were replicated three times.

Statistical analysis. We applied one-way analysis of variance (ANOVA) for analysis of all data on
gene expression, percentages of apoptotic cells, the quantities of Rp DNA, infection rate, the ratio of
red/green fluorescence, and the colocalization coefficient. This was followed by Bonferroni analysis
when there were =3 treatments. Student’s two-tailed t test was applied when there were only two treat-
ments. Differences were judged significant when the P value was <0.05.
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