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The Rickettsia actin-based motility effectors RickA and Sca2 
contribute differently to cell-to-cell spread and pathogenicity

Cuong J. Tran,1,2 Zahra Zubair-Nizami,1,2 Ingeborg M. Langohr,3 Matthew D. Welch2

AUTHOR AFFILIATIONS See affiliation list on p. 17.

ABSTRACT Rickettsia parkeri is an obligate intracellular, tick-borne bacterial pathogen 
that can cause eschar-associated rickettsiosis in humans. R. parkeri invades host cells, 
escapes from vacuoles into the cytosol, and undergoes two independent modes of 
actin-based motility mediated by effectors RickA or Sca2. Actin-based motility of R. 
parkeri enables bacteria to enter protrusions of the host cell plasma membrane that 
are engulfed by neighboring host cells. However, whether and how RickA and Sca2 
independently contribute to cell-to-cell spread in vitro or pathogenicity in vivo has 
been unclear. Using live cell imaging of rickA::Tn and sca2::Tn mutants, we discovered 
both RickA and Sca2 contribute to different modes of cell-to-cell spread. Compared 
with Sca2-spread, RickA-spread involves the formation of longer protrusions that exhibit 
larger fluctuations in length and take a longer time to be engulfed into neighboring 
cells. We further compared the roles of RickA and Sca2 in vivo following intradermal (i.d.) 
infection of Ifnar1−/−; Ifngr1−/− mice carrying knockout mutations in the genes encoding 
the receptors for IFN-I (Ifnar1) and IFN-γ (Ifngr1), which exhibit eschars and succumb to 
infection with wild-type (WT) R. parkeri. We observed that RickA is important for severe 
eschar formation, whereas Sca2 contributes to larger foci of infection in the skin and 
dissemination from the skin to the internal organs. Our results suggest that actin-based 
motility effectors RickA and Sca2 drive two distinct forms of cell-to-cell spread and 
contribute differently to pathogenicity in the mammalian host.

IMPORTANCE Rickettsia parkeri, a bacterium in the spotted fever group of Rickettsia 
species, can be transmitted from ticks to humans, leading to symptoms including fever, 
rash, muscle aches, and a lesion at the site of the tick bite. During Rickettsia parkeri 
infection, bacteria invade cells within the animal host, proliferate in the host cell’s 
cytosol, move using a process called actin-based motility, and spread to neighboring 
host cells. Rickettsia parkeri is unusual in having two bacterial proteins that mediate 
actin-based motility. The significance of our research is to reveal that each of these 
bacterial actin-based motility proteins contributes differently to spread between cells 
and to the signs of infection in a mouse model of spotted fever disease. Our results 
are important for understanding the contribution of actin-based motility to mammalian 
infection by Rickettsia parkeri as well as to infection by other bacterial and viral patho­
gens that require this process to spread between cells and cause disease.

KEYWORDS Rickettsia, cell biology, actin-based motility, cell-to-cell spread, animal 
models

R ickettsia are a genus of Gram-negative obligate intracellular alphaproteobacteria 
that include multiple groups of pathogenic species (1, 2). Spotted fever group (SFG) 

species represent the largest group and are primarily transmitted by a tick vector. In 
the Americas, pathogenic SFG species include Rickettsia parkeri and Rickettsia rickettsii, 
the causative agents of milder eschar-associated spotted fever disease (3) and more 
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severe Rocky Mountain spotted fever disease (4), respectively. R. parkeri in particular has 
emerged as a model organism to study rickettsial biology under BSL-2 conditions (5).

SFG Rickettsia are thought to share a common intracellular life cycle. Bacteria invade 
host cells, escape from a membrane-bound vacuole into the cytosol, polymerize host 
actin filaments on their surface, and harness the force generated by actin polymerization 
to drive actin-based motility (6). SFG Rickettsia genomes encode two effector proteins, 
RickA and Sca2, which localize to the bacterial surface and mediate actin-based motility 
(7, 8). RickA mimics class I nucleation promoting factors (9) and directly activates host 
Arp2/3 complex (10, 11), leading to the polymerization of branched actin filament arrays 
(8, 10, 11). Sca2, in contrast, mimics eukaryotic formin proteins by directly nucleating and 
elongating unbranched actin filaments (7, 12, 13).

Using rickA::Tn and sca2::Tn transposon mutants to separately define the functions of 
each protein, it was shown that, in addition to having separate biochemical mechanisms 
of action, RickA and Sca2 play independent roles in actin-based motility during infection 
(8). R. parkeri undergoes two temporally and dynamically different modes of motility 
during their intracellular life cycle (8, 14). RickA-driven motility (RickA-motility) occurs 
early following invasion and escape from the vacuole (<2 h), is slower, and results in 
curved movement paths. Sca2-driven motility (Sca2-motility) occurs later (>5 h), is faster, 
and results in straighter trajectories. However, the separate functions of RickA-motility 
and Sca2-motility during infection in vitro and in vivo are only beginning to be under­
stood.

One central function of bacterial actin-based motility is to promote cell-to-cell spread 
through the movement of bacteria to the cell cortex and into protrusions of the plasma 
membrane that are engulfed into neighboring cells (6). Both rickA::Tn and sca2::Tn 
mutants have been shown to be attenuated in spread as assessed by plaque size and 
infectious focus size assays (8, 15). Furthermore, live cell imaging of cell-to-cell spread 
of wild-type (WT) R. parkeri at 1 day post infection (dpi) has shown bacteria undergoing 
motility and becoming positioned at the plasma membrane, where they enter into short 
protrusions that are engulfed into neighboring cells (16). However, live cell imaging 
studies have not been reported for rickA::Tn or sca2::Tn mutants, so it remains unclear 
how RickA-motility and Sca2-motility independently contribute to cell-to-cell spread.

The contributions of RickA and Sca2 to virulence during SFG Rickettsia infection are 
also poorly understood. A sca2::Tn mutant strain of R. rickettsii was attenuated following 
intradermal (i.d.) infection in a guinea pig model (15), and a sca2::Tn mutant strain 
of R. parkeri was attenuated following i.d. infection of mice carrying mutations in the 
genes encoding the receptors for IFN-I (Ifnar1) and IFN-γ (Ifngr1) (Ifnar1−/−; Ifngr1−/− 

double-knockout [DKO] mice [17]), suggesting that Sca2 is a virulence factor. Studies 
in the Ifnar1−/−; Ifngr1−/− DKO mouse model also suggested that Sca2 is involved in 
dissemination from the skin into the internal organs (17), although the role of Sca2 in 
tissue-level pathology was not investigated. The role of RickA in animal infection has not 
yet been reported.

In this study, we used rickA::Tn and sca2::Tn mutants to assess their individual 
contribution of both actin-based motility effectors to cell-to-cell spread in vitro and 
pathology in vivo. Using live cell imaging, we discovered that RickA-motility propels 
bacteria into longer and more dynamic protrusions, whereas Sca2-motility positions 
bacteria at plasma membranes where they then enter into shorter and less dynamic 
protrusions. Furthermore, using intradermal infections of Ifnar1−/−; Ifngr1−/− DKO mice, 
we found that Sca2 contributes to colonization of and spread within internal organs, 
whereas RickA contributes to eschar formation on the skin. Altogether, our results 
suggest that the two SFG Rickettsia actin-based motility effectors, RickA and Sca2, 
contribute differently to cell-to-cell spread and pathogenicity.
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RESULTS

The rickA::Tn mutant is attenuated in cell-to-cell spread

Previous studies suggested a potential role for RickA-driven motility in cell-to-cell spread 
but with inconsistent results (8, 18). We sought to further clarify the role of rickA in 
spread by assessing the phenotype of the rickA::Tn mutant using plaque and infectious 
focus size assays, which serve as a measure of bacterial replication and cell-to-cell spread. 
Plaque assays were performed by infecting monolayers of African green monkey kidney 
epithelial (Vero) cells and observing plaques at 5 dpi. We observed rickA::Tn bacteria form 
significantly smaller plaques (1.6× smaller) compared with WT bacteria (Fig. 1A through 
C). This is consistent with the isolation of rickA::Tn bacteria in a screen for mutants that 
caused a small-plaque phenotype (18). Infectious focus size assays were performed by 
infecting monolayers of human lung epithelial (A549) cells and visualizing foci at 2 dpi. 
We observed rickA::Tn bacteria form significantly smaller foci (1.4× fewer cells per focus) 
than WT bacteria (Fig. 1D through F), consistent with earlier results (8). The observed 
differences in plaque and infectious focus sizes between rickA::Tn and WT bacteria were 
not due to differences in growth rates, as it was previously shown that rickA::Tn and 
WT bacteria grew at similar rates in Vero cells (8). Altogether, these data suggest that 
RickA-driven motility is important for cell-to-cell spread.

Both RickA-motility and Sca2-motility directly contribute to cell-to-cell 
spread

A previous study documenting the role of actin-based motility in cell-to-cell spread of 
R. parkeri examined this process for WT bacteria only and thus was unable to parse 
any separate roles for RickA-motility versus Sca2-motility in spread (16). To determine 
the separate roles of RickA versus Sca2 in spread, we made use of sca2::Tn bacteria, 
which are only able to undergo RickA-motility, and rickA::Tn bacteria, which are only 
able to undergo Sca2-motility. Mutant bacteria expressing GFPuv from the transposon 
insertion were infected into human lung epithelial A549 cells expressing a plasma 

FIG 1 rickA::Tn bacteria form smaller plaques and infect fewer cells per infectious focus compared with WT bacteria. (A, B) Representative image of plaques 

in Vero cell monolayers at 5 dpi with (A) WT or (B) rickA::Tn bacteria. (C) Quantification of plaque areas from (A) and (B) (n = 2 biological replicates with 45–76 

plaques quantified per replicate). (D, E) Representative images of infectious foci in monolayers of A549 cells at 2 dpi with (D) WT bacteria at a mutiplicity of 

infection (MOI) of 0.005 or (E) rickA::Tn bacteria at an MOI of 0.02. Nuclei were stained with DAPI (blue), and bacteria were stained with α-Rickettsia 14-13 (green). 

(D′, E′) Images from CellProfiler analysis showing nuclei and cell borders (gray), as well as bacteria (green). (F) Quantification of number of infected A549 cells per 

infectious focus in panels D and E (n = 3 independent experiments per strain with 10 infectious foci analyzed per experiment). Scale bars in panels A and B are 

2 mm; scale bars in panels D and E are 10 µm. Error bars are mean ± SD. P values in panels C and F are from two-tailed Mann-Whitney tests.
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membrane marker, TagRFP-t-farnesyl, as well as the filamentous-actin (F-actin) marker, 
LifeAct-3xTagBFP (16). This approach allowed for the simultaneous visualization of 
bacteria, F-actin, and host cell plasma membranes in live cell imaging experiments.

We first tested whether RickA-motility directly contributes to spread by imaging cells 
infected with sca2::Tn mutant commencing at ~5–10 min post infection (mpi), when 
RickA-motility begins (8). We observed that bacteria undergoing RickA-motility were 
propelled against the plasma membrane of the infected “donor” cell and pushed into 
long protrusions of the plasma membrane that extended into neighboring “recipient” 
cells (Fig. 2). Bacteria within protrusions maintained their actin tails. In 12 of 26 examples, 
protrusions containing a bacterium were engulfed into recipient cells and resolved into 
secondary vacuoles, resulting in successful spread to the neighboring recipient cell 
(Movie S1). In 14 of 26 examples, protrusions containing bacteria retracted back into the 
donor cell (Movie S2), resulting in a failure to spread to the neighboring cell. Overall, 
these observations demonstrate a role for RickA-driven motility in mediating cell-to-cell 
spread.

We next tested the role of Sca2-motility in spread by imaging cells infected with the 
rickA::Tn mutant starting at 27 h post infection (hpi) when Sca2-motility is prevalent 
(8) and cell-to-cell spread of WT bacteria had previously been seen (16). We observed 
bacteria undergoing Sca2-driven motility being pushed to the plasma membrane and 

FIG 2 RickA-motility mediates cell-to-cell spread. Still images from a video of A549 cells expressing TagRFP-t-farnesyl (magenta) and LifeAct-3xTagBFP (gray) 

infected with sca2::Tn bacteria (cyan) starting at 5–10 mpi. Timestamps on the left are minutes:seconds. Asterisks indicate the location of a bacterium undergoing 

actin-based motility and cell-to-cell spread. Arrows indicate the location of a protrusion. Dotted lines indicate the approximate boundary between cells. Scale bar 

is 5 µm.
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then becoming immotile for a brief period before entering into short protrusions of the 
donor cell plasma membrane (Fig. 3; Movie S3). In all 10 of 10 examples, protrusions were 
engulfed into neighboring recipient cells (although the short protrusions generated 
during Sca2-spread were harder to definitively image, making it possible that failed 
cell-to-cell events were not captured). Additionally, we imaged A549 cells infected with 
sca2::Tn bacteria at 27 hpi but failed to observe cell-to-cell spread events driven by 
RickA-motility at this timepoint. Taken together, these results demonstrate that RickA-
motility contributes to spread primarily at earlier times, and Sca2-motility contributes to 
spread at later times during infection.

The dynamics of RickA-driven and Sca2-driven cell-to-cell spread differ

We next sought to further describe and compare the dynamics of RickA-driven 
cell-to-cell spread (using the sca2::Tn mutant) and Sca2-driven spread (using the 
rickA::Tn mutant). We quantified parameters including time spent within protrusions, 
protrusion lengths, and bacterial movement within protrusions. To compare time 
spent within protrusions for RickA-spread versus Sca2-spread, we measured the time 
elapsed between protrusion initiation (defined as the moment a bacterium entered an 

FIG 3 Sca2-motility mediates cell-to-cell spread. Still images from a video taken of A549 cells expressing TagRFP-t-farnesyl (magenta) and LifeAct-3xTagBFP 

(gray) infected with rickA::Tn bacteria (cyan) starting at 28 hpi. Timestamps on the left are hours:minutes:seconds. Asterisks indicate the location of a bacterium 

undergoing actin-based motility and cell-to-cell spread. Arrows indicate the location of a protrusion. The yellow box indicates a region that was magnified for the 

bottom rows with timestamps 28:15:40 and 28:17:20. Scale bars for the top two rows and the bottom two rows are both 5 µm.
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indentation in the donor cell plasma membrane) and protrusion engulfment (defined as 
the moment a protrusion resolved into secondary vacuole in the recipient cell). We found 
that the time spent in protrusions was significantly longer (by 2.6×) for RickA-spread 
versus Sca2-spread (Fig. 4A).

FIG 4 RickA-driven and Sca2-driven cell-to-cell spread exhibits different dynamics. (A) Time spent within protrusions for RickA-spread (black) versus Sca2-spread 

(pink). (B) Average protrusion length over time during RickA-spread (black) versus Sca2-spread (pink). (C) All protrusion lengths during RickA-spread (black) 

and Sca2-spread (pink). (D) Maximum protrusion lengths during RickA-spread (black) versus Sca2-spread (pink). (E) Comparison of the fluctuation in the length 

of protrusions during RickA-spread (black) versus Sca2-spread (pink) taken at consecutive 20 s intervals. (F) Quantification of the absolute value of the length 

fluctuations between each consecutive position at 20 s intervals during RickA-spread (black) versus Sca2-spread (pink). (G) Total distance bacteria traveled during 

RickA-spread (black) versus Sca2-spread (pink). (A–F) n = 10 cell-to-cell spread events from 8 to 10 independent experiments. Data in panels A, C, D, and G 

are mean ± SD. Thick lines in panels B and E represent mean values while shaded regions represent mean ± SD. P values for panels A, C, D, F, and G are from 

two-tailed Mann-Whitney test. P values in panels B and E are from a mixed-effects analysis.
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We also measured the length of protrusions over time. In general, protrusions 
elongated to an initial length, then underwent cycles of retraction and further elon­
gation, fluctuating in length over time (Movie S4). We measured the straight-line 
distance between the protrusion origin and the protrusion tip, at 20 s intervals, over 
the entire time course from protrusion initiation to engulfment, for 10 examples each of 
RickA-driven versus Sca2-driven spread (Fig. 4B; Fig. S1). The average protrusion lengths 
over time were significantly different for RickA-spread versus Sca2-spread (Fig. 4B and 
C). We also measured the maximum length of protrusions attained during the time 
interval by measuring the arc lengths (distance between two points along a curve) 
from the proximal base to the distal tip of each protrusion. The maximum lengths 
of protrusions generated during RickA-spread were significantly longer (by 4×) than 
protrusions generated during Sca2-spread (Fig. 4D).

Finally, we compared the dynamic behavior of RickA-generated and Sca2-generated 
protrusions by assessing the fluctuation in the position of the tips of protrusions 
during spread. We quantified differences in the straight-line protrusion lengths between 
consecutive 20 s intervals over the course of spread, with positive numbers indicat­
ing elongation, and negative numbers indicating retraction (Fig. 4E). We observed a 
significant difference, with RickA-generated protrusions exhibiting larger fluctuations in 
length than Sca2-generated protrusions (Fig. 4F). We also quantified the total distance 
traveled by individual bacteria as they fluctuated in position during RickA-spread and 
Sca2-spread by summing the absolute value of the changes in position of the protrusion 
tip between each 20 s interval. Our data revealed that bacteria traveled an average 
total distance of 34 ± 25 µm during RickA-spread, whereas bacteria traveled an average 
distance of 7 ± 5 µm during Sca2-spread (Fig. 4G). Altogether, these data show that the 
parameters and dynamics between RickA-spread and Sca2-spread are different.

The rickA::Tn mutant is not attenuated in lethal infection in vivo

The observation that RickA and Sca2 contribute to different modes of cell-to-cell spread, 
with different timing and parameters, raised the question of how each contributes 
to infection in vivo. We previously reported that Ifnar1−/−; Ifngr1−/− DKO mice, carrying 
mutations in the genes encoding the receptors for IFN-I (Ifnar1) and IFN-γ (Ifngr1), are 
susceptible to eschar-associated rickettsiosis (17). Using this animal model, we previously 
showed that, following i.d. infection, sca2::Tn bacteria are attenuated in lethality (17).

To test the importance of RickA in pathogenesis, we infected Ifnar1−/−; Ifngr1−/− DKO 
mice with 1 × 103 PFU of either WT or rickA::Tn mutant R. parkeri. During a 35 day time 
course, mice infected with WT or rickA::Tn strains had similar survival rates (Fig. 5A), body 
temperature profiles (Fig. 5B), and changes in body weight (Fig. 5C). Thus, we did not 
detect a role for RickA in lethal infection.

FIG 5 RickA is not required for lethal infection. (A) Survival curve following i.d. infection of mice with WT (black) versus rickA::Tn bacteria (pink) over a 35 d 

time course. (B) Temperature changes over time following i.d. infection of mice with WT (black) versus rickA::Tn bacteria (pink) over a 35 d time course. Each line 

represents an individual mouse. (C) Percent changes in weight following i.d. infection of mice with WT (black) versus rickA::Tn (pink) bacteria. Each dot represents 

a single mouse. Solid line represents the average change in weight. All data came from n = 11 mice per strain from three independent experiments. P value in 

panel A was from Mantel-Cox test; P values for panels B and C are from mixed-effects analyses.
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The sca2::Tn mutant, but not the rickA::Tn mutant, is significantly attenuated 
in colonization of internal organs

We previously showed that, following i.d. infection of the skin, sca2::Tn bacteria are 
defective in colonizing the liver and spleen compared with WT bacteria (17). However, 
the phenotype of the rickA::Tn mutant in dissemination to internal organs was not 
previously examined. We therefore sought to directly compare the ability of the WT, 
sca2::Tn, and rickA::Tn strains to colonize internal organs by assessing the bacterial 
burden in the skin, spleen, liver, lung, and brain following i.d. infection of Ifnar1−/−; 
Ifngr1−/− DKO mice. We chose 10 dpi as our endpoint because mice began to succumb 
to infection at this time. We found that similar numbers of WT, rickA::Tn, and sca2::Tn 
bacteria were present in the skin at the site of infection (Fig. 6A). However, sca2::Tn 
mutant bacteria were present in significantly reduced numbers in the spleen, liver, 
lung, and brain tissue, corroborating prior data suggesting that Sca2 is important for 
colonization of liver and spleen (17). In contrast, the numbers of rickA::Tn mutant bacteria 
in internal organs were indistinguishable from WT (Fig. 6B through E). These results 
confirm a role for Sca2 in dissemination to and colonization of internal organs but do not 
reveal a significant role for RickA in this process.

Tissue-level pathology was similar for sca2::Tn, rickA::Tn, and wild-type 
strains, but sca2::Tn showed significantly reduced areas of infection

To determine whether RickA or Sca2 contribute to pathological changes at the tissue 
level during infection, we performed hematoxylin and eosin (H&E) staining as well as 
immunohistochemistry (IHC) on skin, spleen, lung, liver, and brain tissue sections from 
i.d.-infected Ifnar1−/−; Ifngr1−/− DKO mice at 10 dpi with WT, rickA::Tn, and sca2::Tn strains. 
Mice infected intradermally with any of the aforementioned strains exhibited similar 
overall alterations, as well as similar extent and degree of inflammation in all tissues 
(Fig. 7A through E; Fig. S2 and S3). In the skin, the inflammation was generally most 
severe in the subcutis, consisting primarily of necrosuppurative exudate, whereas mixed 
neutrophilic and histiocytic infiltrate variably expanded the deep dermis. Occasional 
vasculitis and thrombosis were present. Rarely, there was also coagulative (ischemic) 
necrosis of the dermis and epidermis. In the spleen, histologic alterations consisted 
primarily of increased extramedullary hematopoiesis in the red pulp and of plasmacy­
tosis in the white pulp, indicative of a systemic cellular and humoral response, respec­
tively, to the rickettsial infection. Rarely, thrombosis and sparse foci of neutrophilic and 

FIG 6 Sca2 contributes to internal organ colonization. Quantification of bacterial burden in the (A) skin, (B) spleen, (C) liver, (D) lung, and (E) brain of mice 

following i.d. infection with 1 × 103 PFU WT (black), rickA::Tn (pink), or sca2::Tn (blue) bacteria for 10 days. Error bars are mean ± SD. For the skin: n = 5 mice 

infected with WT, n = 6 for each rickA::Tn and sca2::Tn strains; data are from two independent biological replicates. For the spleen and liver: n = 7 mice for WT, n = 

8 for rickA::Tn, and n = 6 for sca2::Tn; data are from three independent experiments. For the lung: n = 7 mice for WT, n = 8 for rickA::Tn, and n = 5 for sca2::Tn; data 

are from three independent experiments. For brain: n = 7 mice for WT, n = 8 for rickA::Tn and sca2::Tn; data are from three independent experiments. P values are 

from Dunn’s multiple comparison test.
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FIG 7 Sca2 contributes to spread in the skin, liver, and brain. Inflammation scores from (A) skin, (B) spleen, (C) liver, (D) lung, and (E) brain sections of mice 

infected intradermally with 1 × 103 PFU WT (black), rickA::Tn (pink), or sca2::Tn (blue) bacteria for 10 days. (F) Representative images for IHC scores. Dotted black 

lines indicate areas of anti-Rickettsia staining (brown). IHC scores from (G) skin, (H) spleen, (I) liver, (J) lung, and (K) brain sections of mice infected intradermally 

with 1 × 103 PFU WT (black), rickA::Tn (pink), or sca2::Tn (blue) bacteria for 10 days. (L) Representative IHC images from the skin of mice infected with WT, rickA::Tn, 

or sca2::Tn bacteria for 10 days. Dotted lines indicate areas of anti-Rickettsia staining (brown). Error bars are mean ± SD. n = 5 mice infected with WT, n = 6 for 

rickA::Tn and sca2::Tn strains; data are from two independent experiments. P values are from Dunn’s multiple comparison test. Scale bars in panels F and L are 

500 µm.
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histiocytic infiltrate were also present. The liver had multifocal to coalescing mixed 
neutrophilic and histiocytic inflammation, with variable central fibrin exudation, necrosis, 
and thrombosis. In the lung, there was mixed neutrophilic and mononuclear inflamma-
tory infiltrate, often centered on vessels. The affected vasculature was lined by hypertro­
phied endothelium, with variable adhered and subendothelial infiltrating leukocytes, 
accompanied by multifocal vascular thrombosis as well as hemorrhage and edema of the 
surrounding pulmonary parenchyma. Lastly, in the brain, several of the mice had 
multifocal, often minimal leptomeningeal and rarely subependymal inflammatory 
infiltrates, infrequently with thrombosis and fibrin exudation.

IHC highlighted the presence of bacteria within inflammatory foci in all mice. 
Bacteria were present primarily in neutrophils and histiocytes, including in tissue-res­
ident macrophages, as well as in scattered endothelial cells of intralesional vessels. 
Significantly fewer bacteria were present in the skin, liver, and brain of the sca2::Tn-infec­
ted mice. To quantify the extent of infection in the skin, spleen, liver, lung, and brain, 
we assigned an IHC score based on the percent area of a given tissue section that 
was stained with anti-Rickettsia antibody (Fig. 7F). We found that sca2::Tn bacteria had 
significantly lower immunohistochemistry scores in the skin (Fig. 7G), liver (Fig. 7I), and 
brain (Fig. 7K). In contrast, no differences in immunohistochemistry scores between 
rickA::Tn and WT bacteria were observed in any of the tissues examined (Fig. 7G through 
K). Altogether, these results suggest that Sca2, but not RickA, is important for infecting 
more extensive tissue areas within the skin and internal organs.

The rickA::Tn mutant causes attenuation of eschar formation in the skin

A key outcome of i.d. infection of Ifnar1−/−; Ifngr1−/− DKO mice with R. parkeri is the 
development of eschars starting at 6 dpi, similar to eschars formed in human patients 
(17). Although i.d. infection with sca2::Tn or WT bacteria was previously reported to 
result in eschars of similar severity, the contribution of RickA to eschar formation was 
not reported. To assess the role of RickA to eschar formation, we infected mice i.d. with 
1 × 103 WT or rickA::Tn bacteria and quantified the severity of eschars over the 35 day 
time course using a previously developed scoring guide (17). Mice infected with rickA::Tn 
bacteria presented with significantly lower eschar scores than mice infected with WT 
bacteria (Fig. 8A and B), indicating significantly reduced inflammation and scabbing of 
the skin. Thus, rickA is important for eschar formation in the skin.

DISCUSSION

The roles of the two rickettsial actin-based motility effectors, RickA and Sca2, in infection 
in vitro and in vivo have remained an enigma. In this study, we demonstrate that both 
RickA-motility and Sca2-motility play independent roles in mediating cell-to-cell spread. 
RickA-motility propels bacteria against the host cell plasma membrane to generate 
longer and more dynamic protrusions, whereas Sca2-motility positions bacteria near 
the plasma membrane where they enter into shorter and less dynamic protrusions. 
In a mouse model of infection, RickA is important for severe eschar formation. Sca2, 
in contrast, is required for lethality, internal organ colonization, and spread within the 
skin. Altogether, these results suggest that the two modes of SFG Rickettsia actin-based 
motility contribute differently to cell-to-cell spread in vitro and pathogenesis in vivo.

Whether RickA contributes to cell-to-cell spread had been unclear. In one study, 
rickA::Tn mutants were found to infect fewer cells per infectious focus than WT but 
formed plaques of similar size (8). In another study, rickA::Tn mutants were isolated in 
a qualitative visual screen for small plaque mutants (18). We confirmed that rickA::Tn 
bacteria infect fewer cells per infectious focus and form smaller plaques than WT 
R. parkeri. These findings are consistent with observations of Listeria monocytogenes 
mutants in the actin-based motility gene, actA (19, 20), and Shigella flexneri mutants 
in the actin-based motility gene, icsA (21), which were unable to form plaques. The 
observation that R. parkeri rickA::Tn or sca2::Tn mutants still form plaques (8, 15, 18) 
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suggests that the two proteins may have redundant roles in cell-to-cell spread and 
plaque formation.

Cell-to-cell spread of WT R. parkeri was previously observed to involve actin-based 
motility that positions bacteria near the plasma membrane of an infected donor cell, 
where bacteria cease motility and enter into short protrusions that are engulfed into a 
neighboring recipient cell (16). However, it was unclear whether the observed motility 
and cell-to-cell spread of WT bacteria were mediated by RickA or Sca2. Using live cell 
imaging of the sca2::Tn mutant, which only undergoes RickA-motility, and the rickA::Tn 
mutant, which only undergoes Sca2-motility, we parsed the contributions of RickA-motil­
ity and Sca2-motility to spread. In contrast to what was described for WT R. parkeri (16), 
we observed bacteria at 10–15 mpi undergoing RickA-motility, pushing on the donor cell 
plasma membrane and entering into longer protrusions that exhibited greater ampli­
tudes of oscillations between protrusion and retraction. This form of spread is similar to 
the “fitful” movements observed from protrusions generated during L. monocytogenes 
cell-to-cell spread (22). The duration of spread was also longer than previously described 
for WT R. parkeri (16). RickA-spread is similar to spread during infection with L. monocy­
togenes (16, 22–24) and Shigella flexneri (24–26), which involve both long protrusions 
and durations of spread events compared to what has previously been observed for WT 
R. parkeri infection. Long protrusions are also observed during Mycobacterium marinum 
spread (27). RickA-motility involves the activation of the host Arp2/3 complex (10, 11), 
similar to ActA-motility for L. monocytogenes (28–30), IcsA-motility for S. flexneri (30, 31), 
and MirA-motility for M. marinum (27, 32, 33). Thus, a consistent feature of Arp2/3-driven 
bacterial motility is that it continues following bacterial contact with the donor cell 
plasma membrane to generate long protrusions. In contrast, we observed bacteria at 1 
dpi undergoing Sca2-motility ceased motility near the donor cell plasma membrane and 
spread into neighboring cells via short protrusions that exhibited reduced amplitudes 
of oscillation between elongation and retraction, and required less time to become 
engulfed by neighboring cells. Thus, the motility previously described for WT R. parkeri at 
1 dpi (16) appears to have been mediated by Sca2. These differences demonstrate that 

FIG 8 RickA contributes to eschar formation. (A) (Left) Changes in eschar scores from mice infected intradermally with WT (black) versus rickA::Tn (pink) bacteria 

over a 35 day time course. Solid lines represent average eschar scores, and error bars represent mean ± SD. (Right) Representative images of each eschar score. 

Dotted white lines indicate the area of the eschar. (B) Representative images of an eschar from a mouse infected with WT bacteria (left) and a mouse infected 

with rickA::Tn bacteria (right) at 19 dpi. Dotted white lines indicate the area of the eschar. All data came from n = 11 mice per strain from three independent 

experiments. Scale bars represent 3 mm. P value is from mixed-effects analysis.
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the two modes of R. parkeri motility result in two distinct modes of cell-to-cell spread 
during infection in vitro.

The observed differences in the mechanism and dynamics of RickA-spread versus 
Sca2-spread raise the question of whether there are distinctions with regard to the 
involvement of other bacterial and host factors. Actin-based motility and protrusion 
formation were shown to be sufficient for bacterial cell-to-cell spread by hijacking 
host processes of membrane exchange (34). Studies of L. monocytogenes and S. flexneri 
have since revealed a variety of host proteins that are important for cell-to-cell spread. 
Protrusion formation during infection with L. monocytogenes and S. flexneri is mediated 
by host formins (35, 36) and the exocyst complex (37, 38). Stabilization of protrusions 
requires host plasma membrane proteins (39) and proteins involved in linking the 
plasma membrane to the underlying actin cytoskeleton (40–42). Lastly, the engulfment 
of protrusions is mediated by host kinases (26, 43, 44), regulators of actin disassembly 
(45), and proteins involved in endocytosis (46–49). Whether any of these host proteins 
are differentially involved in RickA-spread and/or Sca2-spread of R. parkeri remains to 
be elucidated. With regard to bacterial factors, R. parkeri utilizes Sca4 to interact with 
vinculin and disrupt its binding to α-catenin, manipulating intercellular tension and 
facilitating protrusion engulfment during Sca2-spread (16). This is similar to manipula­
tion of intercellular tension by L. monocytogenes using the effector internalin C (InlC) to 
disrupt Tuba/N-WASP complexes and dynamin 2 (50, 51), and by S. flexneri using IpaC 
to antagonize β-catenin (52, 53), although these proteins are important for protrusion 
formation. Whether Sca4 or other bacterial factors are required for RickA-spread, perhaps 
by relieving intercellular tension for protrusion formation or resolution, remains unclear.

The differences between RickA-spread and Sca2-spread in vitro suggest that RickA 
and Sca2 may also play different roles in vivo. We previously showed that sca2::Tn R. 
parkeri strains are attenuated in lethality and dissemination from the skin to the liver 
and spleen following i.d. infection of Ifnar1−/−; Ifngr1−/− DKO mice (17), and our current 
results extend these findings to the lung and brain. Attenuated dissemination to the 
spleen and liver was also reported following foodborne (54, 55) infection of animals 
with L. monocytogenes ΔactA mutants. How actin-based motility and cell-to-cell spread 
contribute to dissemination from the site of infection to other organs remains unclear. 
However, within the skin, we found that sca2::Tn bacteria formed smaller foci of infection 
than WT. Similarly, in the placenta of L. monocytogenes-infected pregnant guinea pigs 
(56) and mice (57), and in the brain of neonatal mice (58), ΔactA bacteria form smaller 
foci of infection than WT. Furthermore, in colonic tissue of infant rabbits following 
rectal or oral infection with S. flexneri, ΔicsA bacteria form smaller foci of infection than 
WT (59, 60). It is possible that actin-based motility and cell-to-cell spread within an 
organ facilitate spread to motile immune cells and the vasculature, facilitating further 
dissemination.

In contrast with the sca2::Tn mutant, the rickA::Tn mutant is not distinguishable from 
WT with regard to lethality or the extent of organ colonization. However, infection 
with rickA::Tn R. parkeri produces eschars that are significantly reduced in size and 
severity. R. parkeri mutants in genes encoding outer membrane protein B (ompB::Tn) (17) 
and protein lysine methyltransferases (PKMTs, pkmt1::Tn and pkmt2::Tn) (61) also cause 
smaller and less severe eschars following i.d. infection of Ifnar1−/−; Ifngr1−/− DKO mice. 
Nonetheless, in contrast to the rickA::Tn mutant, these other mutants are attenuated 
in lethality. Future studies comparing inflammation and infection in the skin between 
ompB::Tn, pkmt1::Tn, pkmt2::Tn, and rickA::Tn bacteria may provide insights into the 
specific contributions of bacterial growth, cell-to-cell spread, and inflammation to eschar 
formation.

Our results set the stage for future investigation into the function of RickA-driven 
and Sca2-driven actin-based motility and cell-to-cell spread at the cellular, tissue, and 
organismal scales. Our observations that RickA and Sca2 play differing roles in vivo raise 
the question of whether they may have distinct functions in spread between specialized 
cell types or within specific tissues. Moreover, RickA-motility and Sca2-motility occur 
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in tick cells, but neither factor is implicated in dissemination within the tick host (14). 
Whether they have roles in transmission to the mammalian host remains unclear. Further 
study of RickA and Sca2 will enhance our understanding of the evolution of different 
actin-based motility mechanisms and the roles of actin-based motility during infection.

MATERIALS AND METHODS

Mammalian cell culture

Frozen vials of human lung epithelial cells (A549), African green monkey kidney epithelial 
cells (Vero), and human embryonic kidney cells (HEK293T) were obtained from the UC 
Berkeley Cell Culture facility. All cells were grown at 37°C in 5% CO2. Vials were thawed, 
centrifuged at 350 × g for 5 min, and passaged three times prior to use for experimenta­
tion under the conditions mentioned below. A549 and HEK293T cells were maintained 
in Dulbecco’s modified Eagle’s medium (DMEM) containing D-glucose (4.5 g/L) and 
L-glutamine (Gibco), supplemented with 10% heat-inactivated and filter-sterilized fetal 
bovine serum (FBS) (ATLAS). Vero cells were maintained in DMEM containing D-glucose 
(4.5 g/L) and L-glutamine (Gibco), supplemented with 2% heat-inactivated and filter-
sterilized fetal bovine serum (Gemcell).

Generation of cell lines

To generate A549 cells expressing TagRFP-t-farnesyl, retroviral transduction was 
performed as previously outlined (62) except 400 ng pCL-SIN-Ampho, 400 ng pCMV-
VSVg, and 1,200 ng pCLIP2B+TagRFPT-F (16, 63) were instead used to package viral 
particles. Additionally, polybrene was added directly into the filtered viral supernatant 
prior to transduction. Lastly, cells were selected using 1 µg/mL puromycin (Calbiochem, 
540411), and cells were sorted using the Aria Fusion Cell Sorter (UC Berkeley Flow 
Cytometry Facility) for the top 50% brightest cells expressing TagRFP.

To generate A549 cells expressing TagRFP-t-farnesyl and Lifeact-3xTagBFP, lentivi­
ruses were packaged in HEK293T cells plated 24 h prior as previously described 
(16). Briefly, HEK293T cells were transfected via calcium phosphate transfection with 
400 ng pMDLg-RRE, 400 ng pRSV-Rev, 400 ng pCMV-VSVg, and 800 ng pFCW2IB-Life­
act-3xTagBFP (16). Similarly, cells were transduced as previously described (62), except 
transduced cells were selected using 12 µg/mL blasticidin (Gibco, A1113903) and 
1 µg/mL puromycin (16). Cells were sorted as described above for the top 50% brightest 
cells expressing TagRFP and top 0.1% brightest cells expressing TagBFP.

Bacterial preparation

R. parkeri strain Portsmouth was obtained from the Centers for Disease Control 
and Prevention. The generation of the rickA::Tn and sca2::Tn mutants was described 
previously (18). Bacteria were propagated by infecting multiple T175 flasks containing 
confluent monolayers of Vero cells with ~1–5 × 106 PFU R. parkeri per flask. For wild-type 
and rickA::Tn bacteria, infection progressed for ~5 days, when cells of the monolayer 
would begin to round up and lift off the plate. For sca2::Tn bacteria, infection progressed 
for ~6 days, when cells began rounding up and were beginning to lift off the plate. 
At each endpoint, infected cells were scraped and collected into 50 mL conical tubes. 
Tubes were then centrifuged at 4,000 rpm for 15 min at 4°C to pellet cells. The resulting 
cell pellets were resuspended in K-36 buffer (0.05 M KH2PO4, 0.05 M K2HPO4, 0.1 M 
KCl, 0.015 M NaCl, pH 7) and were Dounce homogenized for ~40 strokes on ice. The 
suspension was then transferred to a 50 mL conical tube and was centrifuged at 200 × 
g for 5 min at 4°C. The supernatant from each tube, which contained bacteria, was then 
overlayed on 30% RenoCal-76 (diluted in K-36 buffer; Bracco Diagnostics, 04H208) in 
ultracentrifuge tubes (Beckman/Coulter, 344058). Tubes were then placed in a SW-32TI 
rotor (Beckman/Coulter) and were centrifuged at 18,500 rpm for 20 min at 4°C. The 
resulting bacterial pellet was resuspended in brain heart infusion (BHI) media (BD, 
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237500) to yield a “30% prep,” which was stored at −80°C. Titers for each “30% prep” 
bacterial stock were determined via plaque assay.

Plaque assays

Monolayers of Vero cells plated on either 6- or 12-well plates were infected with bacteria 
(either from a 30% prep stock, from a homogenized organ, or from lysed cells) that were 
serially diluted in Vero cell media. Plates were then centrifuged at 300 × g for 5 min 
at room temperature, and infection progressed for at least 3 h at 33°C. From 3 to 24 h 
postinfection, media were aspirated and replaced with 4 or 2 mL agarose overlay (0.7% 
agarose in DMEM with 5% FBS) for 6- or 12-well plates, respectively. Infection progressed 
at 33°C until plaques formed (~5–7 days for wild-type and rickA::Tn bacteria, 7–14 days 
for sca2::Tn bacteria). When plaques were first visible, neutral red overlay (0.7% agarose 
in DMEM with 5% FBS and 2.5% neutral red, Sigma-Aldrich, N6264-50 mL) was applied to 
wells containing plaques. Plaques were then counted the following day.

To measure plaque size, 6-well plates containing plaques were scanned 24 h following 
the addition of neutral red overlay. The scanned image was then analyzed using the 
ImageJ/FIJI (ver 1.0) (64) “Analyze Particles” function with the following settings: size = 
0.2 – infinity; circularity = 0.3 – 1; and shows = outlines.

Infectious focus size measurements

For infectious focus size assays, 2.5 × 105 A549 cells were plated onto 12 mm2 glass 
coverslips (Fisherbrand, 12-545-81P) and were grown at 37°C overnight. The following 
day, A549 cells were infected with wild-type or rickA::Tn bacteria at a multiplicity of 
infection (MOI) of 0.005–0.02. Bacteria were subsequently centrifuged at 300 × g for 
5 min at room temperature, and infection was allowed to progress at 33°C. After 3 h, 
gentamycin was added to each well (the final concentration was 10 µg/mL). Infection 
progressed at 33°C for 2 days. Coverslips were then fixed with warm 4% paraformalde­
hyde (Ted Pella Inc., 18505) for 10 min, washed with phosphate-buffered saline (PBS), and 
stained for Rickettsia using mouse anti-Rickettsia 14-13 (1:1,000; gift from Ted Hackstadt) 
(65)and 4′,6-diamidino-2-phenylindole (DAPI; 1:300; Invitrogen, D1306). Coverslips were 
imaged on an Olympus IX71 inverted microscope equipped with an Olympus LUCPlanFL 
N 20×/0.45 objective and optiMOS camera (QImaging). Images were acquired using 
µManager software (ver 1.4.20) (66, 67). Images were taken of 10 infectious foci per strain 
per experiment. Focus sizes were quantified using a customized CellProfiler pipeline (ver 
4.0.4) (68) that identified nuclei based on DAPI intensity and size. Cell boundaries were 
approximated using a fixed distance of 50 pixels from each nuclei, and bacteria were 
identified based on anti-Rickettsia 14-13 staining intensity and size. These data were then 
used to relate bacteria to cell boundaries to identify infected and uninfected cells. The 
number of infected cells per focus was then recorded in Prism 10 version 10.2.3 for data 
visualization and statistics (47).

Live cell imaging of cell–cell spread

To visualize RickA-mediated cell-to-cell spread using sca2::Tn mutant bacteria, A549 cells 
were plated onto 35 mm MatTek dishes (MatTek Corporation, P35G-1.5.20-C), and cells 
were grown overnight at 37°C. For 3 of 10 videos, 12 × 105 A549 cells expressing only 
TagRFP-t-farnesyl were plated onto MatTek dishes and were transiently transfected the 
following day via Lipofectamine 2000 (Thermo Fisher Scientific, 11668027) and 1 µg 
pFCW2IB-Lifeact-3xTagBFP per chamber. The following day, transfected A549 cells were 
infected at an MOI of 10 with sca2::Tn bacteria diluted in Ringer’s buffer (155 mM NaCl, 
5 mM KCl, 2 mM CaCl2, 1 mM MgCl2, 2 mM NaH2PO4, 50 mM HEPES, 10 mM glucose) with 
10% FBS, 1:100 oxyrase (VWR, 101975-866), and 10 mM succinate. For the remaining 7 
of 10 videos, 8 × 105 A549 cells stably expressing TagRFP-t-farnesyl and Lifeact-3xTagBFP 
(described above) were plated onto 33 mm MatTek dishes and were grown for 2 days at 
37°C. Cells were then infected with sca2::Tn bacteria diluted in Ringer’s buffer with 10% 
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FBS, 1:100 oxyrase, and 10 mM succinate by centrifuging bacteria onto cells at 300 × g for 
5 min at room temperature. Immediately afterward, infected cells were imaged using a 
Nikon Ti Eclipse microscope with a 60× (1.4 NA) Plan Apo objective, a Clara Interline CCD 
Camera, a Yokogawa CSU-XI spinning disc confocal, in an environmental chamber set at 
33°C (16). Images were taken at 20 s intervals for times ranging from 45 min to 2 h.

To visualize Sca2-mediated cell-to-cell spread using rickA::Tn bacteria, 8 × 105 A549 
cells expressing TagRFP-t-farnesyl and Lifeact-3xTagBFP (described above) were plated 
onto 33 mm MatTek dishes, and cells were grown overnight at 37°C. The following day, 
rickA::Tn bacteria were diluted in A549 cell media and were used to infect A549 cells at 
an MOI of 3. Cells were infected by centrifuging bacteria onto cells at 300 × g for 5 min 
at room temperature. Infection was allowed to progress at 33°C for 27 h, at which point 
A549 cell media were replaced with Ringer’s buffer with 10% FBS, 1:100 oxyrase, and 
10 mM succinate, and cells were imaged as described above.

To quantify the kinetics of RickA- and Sca2-mediated cell-to-cell spread, videos and 
stills were analyzed using FIJI/ImageJ version 1.0. To measure maximum protrusion 
lengths, still images were collected from videos of successful cell–cell spread events. 
Protrusion length was measured by tracing the protrusion from its base (at the junc­
tion with the rest of the host cell plasma membrane) to its tip (at the distal tip 
of the bacterium) with three technical replicates, and then averaging the three meas­
urements to obtain the reported “maximum length” of the protrusion. To measure 
changes to protrusion length over time, single particle tracking of the protrusion distal 
tip was performed. This analysis resulted in a data set of X- and Y-coordinates from 
the protrusion base (which served as the “origin,” [0, 0]) at each 20 s interval. These 
coordinates were then used to calculate the direct distance from the protrusion tip 
to the protrusion base over time. To quantify the distance traveled by a spreading 
bacterium between each 20 s interval and its directionality over time, we subtracted 
the distance between the protrusion tip and the protrusion base (previously determined 
when calculating changes in protrusion length) at Tn and Tn − 1. The value of the absolute 
length of fluctuations by a bacterium spreading was calculated by measuring the direct 
distance between the protrusion tips at Tn and Tn − 1, which does not include information 
on directionality but includes the absolute value of the distance traveled between each 
consecutive frame. These distances were added to yield the total distance traveled by a 
bacterium during a cell-to-cell spread event. Lastly, the time from initiating a cell-to-cell 
spread to its resolution was determined by measuring the time in between the formation 
of a protrusion (when a bacterium makes an indent on the plasma membrane) to its 
resolution in a recipient cell (when a bacterium is clearly in a secondary vacuole).

Mouse studies

All mice were of the C57BL/6J background and the Ifnar1−/−; Ifngr1−/− DKO genotype 
carrying mutations in the genes encoding the receptors for IFN-I (Ifnar1) and IFN-γ 
(Ifngr1) (Jackson Labs stock # 029098). Mice were between 8 and 20 weeks old and were 
healthy at the time of initial infection. Mice were selected for experiments based on their 
availability, regardless of sex, and both sexes were used for each experimental group. For 
infections, R. parkeri was prepared by diluting 30% prep stocks in cold, sterile PBS on ice, 
to the desired concentration (2 × 104 PFU/mL for intradermal infection) and was kept 
on ice during injections. Mice were anesthetized with 3%–4% isoflurane via inhalation. 
The right flank of each mouse was shaved with a hair trimmer (BrainTree Scientific Inc, 
CLP-41590P), and the skin was wiped with 70% ethanol. Bacterial suspension (50 µL) in 
PBS was injected intradermally using a 30-gauge needle. Mice were monitored until they 
were fully awake. No adverse effects were recorded from the anesthesia. A small aliquot 
of diluted bacteria was also set aside for a plaque assay to confirm the number of viable 
bacteria in the suspension.

All mice in this study were monitored every other day for clinical signs of disease 
throughout the course of infection. Body temperature was monitored using a rodent 
rectal thermometer (BrainTree Scientific Inc, RET-3). Mice were euthanized using CO2 
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followed by cervical dislocation upon presentation of core body temperatures less than 
90°F, and/or severe lethargy, paralysis, facial edema, or necrotic tails. Mice presenting 
with scruffed fur and mild-moderate lethargy were monitored daily for recovery or were 
euthanized if symptoms did not improve after 14 days. Mice presenting with eschars 
at the site of infection but lacking other signs of serious infection were kept alive and 
monitored every other day until a pre-determined endpoint.

To measure the bacterial burden in various organs, mice were euthanized at pre-
determined endpoints and doused with ethanol. Mouse organs were extracted and 
divided in half. One-half of each organ was deposited into a 50 mL conical tube 
containing 30–40 mL 10% neutral buffered formalin (Sigma, HT501128) for histology 
studies (explained in the following section). The other half was deposited into a 
pre-weighed 50 mL conical tube containing 2 mL (brain), 4 mL (for spleen, lung, skin), 
or 8 mL (liver) PBS. These tubes were re-weighed after the organs were deposited to 
determine the weight of the organ itself. Organs were kept on ice and were homogen­
ized for ~10 s using an immersion homogenizer at ~23,000 rpm. Organ homogenates 
were spun down at 260 × g for 5 min at 4°C to pellet tissue debris, and freed bacteria 
in the supernatant were enumerated in plaque assays (described above) to quantify the 
bacterial burden in each organ. After about 1 h of infection, carbenicillin and amphoteri­
cin B were diluted into each well to a final concentration of 50 and 1 µg/mL, respectively. 
The following day, cells were gently washed by replacing the existing media with 500 
µL DMEM containing 2% FBS. The media were then aspirated and replaced with 2 mL 
agarose overlay (0.7% agarose, 5% FBS, and 1 µg/mL amphotericin B). When plaques 
were visible (4–14 days postinfection), 1 mL of agarose overlay containing neutral red 
(0.7% agarose, 5% FBS, 1 µg/mL amphotericin B, and 2.5% neutral red) was added to 
each well. Plaques were counted the following day. In some scenarios, plaque assays 
for a specific mouse’s tissue, such as the spleen, were contaminated and therefore were 
not included in the final data set while results from other plaque assays involving other 
organs from the same mouse were included.

Histology

For histology experiments, half-organs extracted from mice as described above were 
fixed in 10% buffered formalin, embedded in paraffin, sectioned, and stained with H&E. 
Additional serial sections of all tissues were submitted to indirect IHC for the presence 
of Rickettsia using the rabbit anti-Rickettsia I7205 antibody (1:500 dilution; gift from Ted 
Hackstadt). Histology was performed by HistoWiz Inc. (histowiz.com) using a standard 
operating procedure and fully automated workflow. Samples were processed, embed­
ded in paraffin, and sectioned at 4 µm. Immunohistochemistry was performed on a 
Bond Rx autostainer (Leica Biosystems) using standard protocols. Bond Polymer Refine 
Detection (Leica Biosystems) was used according to the manufacturer’s protocol. After 
staining, sections were dehydrated and film coverslipped using a TissueTek-Prisma and 
Coverslipper (Sakura). Whole slide scanning (40×) was performed on an Aperio AT2 (Leica 
Biosystems). Blinded histologic evaluation and semiquantitative scoring were blindly 
performed by a board-certified pathologist. Tissue inflammation was scored as follows: 
0, absent (tissue is unremarkable); 1, minimal (rare finding); 2, mild (finding is more 
noticeable, affecting <25% of the tissue); 3, moderate (finding is prominent, affect-
ing >25% and <50% of the tissue); and 4, marked (finding is striking, affecting >50% of 
the tissue). Immunohistochemical labeling was scored as follows: 0, none; 1, sparse foci 
with few bacteria; 2, multiple foci with several bacteria; 3, coalescing foci with numerous 
bacteria; and 4, abundant bacteria throughout the entire tissue. Links to histological 
images and immunohistochemistry data are available upon requests to the authors.

Statistical analyses

The statistical analyses and significance are reported in the figure legends. Data 
were considered to be statistically significant when P  values were less than 0.05, 
as determined by mixed-effects analysis,  two-tailed Mann-Whitney tests, Dunn’s 
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multiple comparison test, or by log-rank (Mantel-Cox) test.  Error bars indicated 
standard deviation (SD) for all  experiments. Statistical analyses were performed using 
GraphPad PRISM version 10.2.3.
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