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Abstract

Anaplasma marginale is an obligate intraerythrocytic alpha-proteobacterium that causes bovine anaplasmosis, which
is responsible for economic losses in the livestock industry worldwide. Although the mechanism of A. marginale
infection in tick cell lines has been extensively studied, replication dynamics have not been investigated so far.
This study presents the replication kinetics of A. marginale in the RBME-6 tick cell line derived from Rhipicephalus
microplus over time. Cell cultures were infected with corpuscles of A. marginale isolated from bovine blood. The
replication curve was generated by the number of copies of the msp7S gene obtained by reverse-transcription
quantitative PCR (RT-gPCR) using complementary DNA (cDNA) synthesized from RNA. An initial lag phase and an
exponential replication phase were recorded. A subsequent death phase was observed, with rapidly decreasing
numbers of A. marginale msp1f copies. The surviving population of A. marginale entered a long-term stationary
phase from 13 dpi until 29 dpi. Light microscopy was used to monitor the infection in the cells. The propagation
kinetics of A. marginale in RBME-6 cells were shown to be essential for guiding future studies aimed at unraveling
the crosstalk between this bacterium and its biological tick vector.
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Resumo

Anaplasma marginale é uma alfa-proteobactéria intraeritrocitica obrigatéria que causa anaplasmose bovina,
responsavel por perdas econdmicas na industria pecudria mundial. Embora o mecanismo de infeccdo por A.
marginale em linhagens celulares de carrapatos tenha sido extensivamente estudado, a dinamica de replicacdo néo
foi investigada até o momento. Este estudo apresenta a cinética de replicacdo de A. marginale na linhagem RBME-6
derivada de Rhipicephalus microplus ao longo do tempo. Culturas de células foram infectadas com corpusculos de A.
marginale isolado de sangue bovino. A curva de replicagdo foi gerada pelo nUmero de copias do gene msp1f3 obtidos
por PCR quantitativa de transcri¢ao reversa (RT-qPCR) por meio DNA complementar (cDNA) sintetizado a partir do
RNA. Uma fase inicial e uma fase de replicacdo exponencial foram registradas. Uma fase subsequente de morte foi
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observada, com rapida diminuicdo do nimero de cépias de msp1f de A. marginale. A populacao sobrevivente de
A. marginale entrou em fase estacionaria de longo prazo de 13 dpi até 29 dpi. Microscopia de luz foi utilizada para
monitorar a infeccdo nas células. A cinética de propagacdo de A. marginale nas células RBME-6 mostrou-se essencial
para orientar estudos futuros visando desvendar o crosstalk entre esta bactéria e seu carrapato vetor biolégico.

Palavras-chave: Cinética de replicacdo, Anaplasma marginale, linhagem celular de carrapatos, RBME-6.

Introduction

Anaplasma marginale (Rickettsiales: Anaplasmataceae) is an obligate intraerythrocytic alpha-proteobacterium that
causes bovine anaplasmosis, which is responsible for significant economic losses in the livestock industry worldwide
(Kocan et al., 2004; Cabezas-Cruz et al., 2019). The disease can be transmitted transplacentally during gestation,
mechanically by fomites or blood-sucking flies and biologically by tick vectors during their blood meal (Kocan et al.,
2010). About 20 tick species worldwide, mainly those belonging to the genera Rhipicephalus and Dermacentor, have
been pointed as vectors of A. marginale (de |la Fuente et al., 2007a). In Brazil, the cattle tick Rhipicephalus microplus
(Canestrini, 1888) is considered its main vector (Passos, 2012). While erythrocytes represent the only known niche
of A. marginale replication in cattle, the cycle in ticks seems to be more complex, with pathogen migration through
various organs, from intestinal cells to salivary glands (Kocan et al., 2004; Cabezas-Cruz et al., 2016).

The main method for controlling anaplasmosis include arthropod control through chemical acaricides, treatment
with antibiotics to prevent clinical anaplasmosis, and vaccination (Kocan et al., 2010). The use of chemical acaricides
and antibiotic therapy has long-term disadvantages because they are expensive and contribute to selection of
resistant ticks and bacteria, respectively (Byaruhanga et al., 2020). Vaccines are economically and ecologically
favorable alternatives for the control of bovine anaplasmosis. However, although live and inactivated vaccines have
been tested for over 20 years (Rodriguez et al., 2000; de la Fuente et al., 2001; Kocan et al., 2003), there is still no
commercially effective vaccine available (Salinas-Estrella et al., 2022). Since then, many vaccine candidates have been
evaluated, with significant advances, but challenges persist (de la Fuente et al., 2017; Salinas-Estrella et al., 2022).

The first tick cell line, derived from nymphal tissues of Rhipicephalus appendiculatus Neumann, 1901, was
established in 1975 (Varma et al., 1975). Many tick cell cultures have been developed, most of them obtained from
egg masses, and are widely used for isolation and propagation of several pathogens. The first in vitro continuous
culture system for A. marginale was established at the end of the last century, using the IDES tick cell line from
Ixodes scapularis Say, 1821 (Munderloh et al., 1996). Since then, different studies on tick-pathogen interactions,
using tick cell lines as in vitro systems have reduced the use of cattle in research (Bell-Sakyi et al., 2007; 2018).
Indeed, tick cell lines have also been used for the isolation and propagation of several economically important
tick-borne pathogens (Baéta et al., 2015).

Propagation of A. marginale in cell lines derived from different tick species has been successfully established over
the past three decades (Munderloh & Kurtti, 1989; Baéta et al., 2015; Husin et al., 2021). The infected cell lines were
originated from the following tick species: Dermacentor variabilis Say, 1821; Rhipicephalus sanguineus (Latreille, 1806)
(Hidalgo etal., 1989); Dermacentor andersoni Stiles, 1908; I. scapularis (Munderloh et al., 1994; 1996; Blouin et al., 1998;
Zweygarth et al., 2006; Baéta et al., 2015); and R. microplus (Esteves et al., 2009). The mechanisms of A. marginale
infection in tick cell lines have been well documented (Hidalgo et al., 1989; Munderloh et al., 1994; 1996; Blouin et al.,
1998; Rodriguez et al., 2000; Kessler, 2001; de la Fuente et al., 2001; Kocan et al., 2004; Cabezas-Cruz et al., 2016;
Hove et al., 2022), but studies on the replication kinetics of this pathogen in different tick cell lines are scarce. The
IDE8 cell line, originating from /. scapularis, was used to propagate A. marginale for the first time, remaining infective
to cattle after several passages in culture (Munderloh et al., 1996; Blouin & Kocan, 1998), in addition to isolating and
propagating other strains of the bacterium (Blouin et al., 2002; Bastos et al., 2009; Baéta et al., 2015). In the ISE6
line, originating from the same tick species (I. scapularis), strains of Anaplasma phagocytophilum were successfully
isolated and propagated (Woldehiwet et al., 2002; Silaghi et al., 2011). Furthermore, ISE6 cells have also been used
to evaluate the effects of antibiotics on A. marginale (Alonso et al., 2020). These two cell lines (IDE8 and ISE6) played
an essential role in studies of differential gene transcription and expression of outer membrane proteins, in the
search for vaccine candidates against A. marginale (Brayton et al., 2006).

The present study aimed to evaluate the replication dynamics of A. marginale in the RBME-6, a tick cell line
derived from a Brazilian strain of R. microplus in a closed system, without replacement of tick cells. Understanding
the replication kinetics is essential to unravel the interaction between A. marginale and R. microplus cell lines, in
addition to guiding future experimental infection studies using this biological model.
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Material and Methods

RBME-6 tick cell line

Mycoplasma-free R. microplus (RBME-6) cell cultures (Lima-Duarte et al., 2021) were maintained in 25 cm? culture
flasks (Corning, NY, USA) containing 4 mL of Leibovitz culture medium (L15-B) (Vitrocell Embriolife, SP, Brazil)
supplemented with 10% tryptose phosphate broth (TPB) (BD DIFCO, MD, USA), Lipoprotein (Gibco, ThermoFisher,
MA, USA), Vitamins (Vitrocell Embriolife, SP, Brazil) and L-Glutamine (Vitrocell Embriolife, SP, Brazil), added to 20%
heat-inactivated fetal bovine serum (FBS) (Vitrocell Embriolife, SP, Brazil). The flasks were stored in an incubator
at 30 °C. The medium was replaced once a week.

Infection of RBME-6 cells with Anaplasma marginale

Anaplasma marginale (Jaboticabal strain) was isolated from cryopreserved blood of a highly parasitized calf, from
the municipality of Jaboticabal (Dall’Agnol et al., 2021), state of Sdo Paulo, Brazil (21°15'18"S; 48° 19' 20" W), under
authorization from the Animal Ethics Committee (No. 296/22). Infected blood was collected in tubes containing
EDTA (BD Vacutainer, NJ, USA) from the splenectomized calf under aseptic conditions. The blood was aliquoted into
1.5 mL cryotubes blood vials (Corning, NY, USA), with addition of 5% Dimethyl Sulfoxide (DMSO) (Sigma-Aldrich,
MO, USA), and was frozen in a -80 °C freezer for 24 hours, then transferred to liquid nitrogen at -196 °C until use.

Before infection, “MOPS medium"” was prepared. For this purpose, pure L15-B medium (without supplements)
was prepared and 10 mM organic buffer 3-(N-morpholino) propanesulfonic acid (MOPS) (Sigma-Aldrich, MO, USA),
0.25% NaHCO3 (Sigma-Aldrich, MO, USA) (Munderloh et al., 1996) supplemented with 5% iron-enriched FBS (HyClone,
Fisher Scientific, ThermoFisher, MA, USA) were added. Separately, MOPS medium without serum (serum-free) was
also prepared only for the following washing steps.

A diagram shows how the A. marginale inoculum was prepared for infection (Figure 1). Briefly, 10 cryotubes were
manually thawed and transferred to 50 mL Falcon tubes (KASVI, PR, Brazil). An aliquot of the blood was stored in a
-20 °C freezer for molecular analyses. Then, MOPS serum-free medium was added to each tube and submitted to
centrifugation for 20 minutes at 4000 x g at 10 °C (1st wash). The supernatant was carefully discarded, and the pellet was
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Figure 1. Preparation of Anaplasma marginale inoculum for infection into Rhipicephalus (Boophilus) microplus cell line (RBME-6).
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resuspended with MOPS serum-free medium. A tris-ammonium chloride solution (1 Tris-HCI: 9 Ammonium Chloride)
was added and the tube was heated in a water bath at 37 °C for approximately 5 minutes. After resuspension, the
tube was submitted to centrifugation under the same conditions described previously (2nd wash). The supernatant
was discarded. Carefully, the pellet containing A. marginale corpuscles was transferred to a new Falcon tube and MOPS
serum-free medium was added to complete the volume to 50 mL. Again, centrifugation was performed under the same
conditions described above (3rd wash). The supernatant was carefully discarded, and the pellet was resuspended in
approximately 5 mL of MOPS medium (with 5% iron-enriched FBS). Thus, the inoculum was now ready for infection.

For infection, a total of 60 flasks of cells from passages 29 and 30 (P29 and P30) contained normal culture medium
(L15-B with FBS) removed completely and were infected with the inoculum containing A. marginale corpuscles, 2.5 mL
of MOPS medium with 5% FBS enriched with iron totaling 3 mL in each flask. A MOI (Multiplicity of Infection) =1 was
used for RBME-6 cells. The infected cells flasks were kept in an incubator at 34 °C until the day of collection. Cell
adhesion was observed using an inverted microscope (Eclipse TS100, Nikon, Tokyo, Japan) daily. For the control group,
the same amount of cell flasks non-infected were maintained in MOPS medium with 5% FBS enriched with iron and
kept at 34 °C. Twenty-four hours post-inoculation, over a period of 29 days post-infection (dpi), two infected flasks
were removed from the experiment and submitted to RNA extraction. For the flasks that continued in the trial, the
culture medium was completely changed once a week, but without RBME-6 cells added. For non-adherent cells, 3 mL
of MOPS medium was collected, and the content was transferred to identified 1.5 mL. Then, 3 mL of MOPS medium
was added, and the adherent cells were scraped (Corning, NY, USA) and transferred to identified 1.5 mL Eppendorf
microcentrifuge tubes. After all samples were collected, they were centrifuged at 12,000 RPM for 5 minutes, and
after discarding the supernatant, the pellet was resuspended in 200 pL of RNAlater (Sigma-Aldrich, MO, USA).

Extraction of DNA, RNA and cDNA synthesis

DNA was extracted from an aliquot of the blood using the DNeasy Blood & Tissue Kit (Qiagen, Hilden, Germany),
while total RNA from adherent and non-adherent cells was extracted using the ReliaPrep RNA Mini Cell Prep System
(Promega, WI, USA), both following the manufacturer's recommendations. One microliter of RNA extracted from
each sample was aliquoted for complementary DNA (cDNA) synthesis using the GoScript Reverse Transcription
System (Promega, WI, USA), according to the manufacturer’s instructions. The concentration and purity of DNA
and RNA were estimated using the spectrophotometer Nanodrop 2000c (ThermoFisher, MA, USA).

Quantitation of Anaplasma marginale msp1[3 gene and replication curve

The number of copies/pL obtained from the amplification of 95 bp of the “major surface protein” (msp1pB) gene
of A. marginale (Carelli et al., 2007) was quantified using a reverse-transcription quantitative PCR (RT-gPCR) assay
(Table 1). The RT-gPCR was performed on synthesized cDNA samples synthesized from RNA to confirm bacterial
survival and replication through absolute quantification of the number of copies/pL of the target fragment.

The amplification reactions were carried out in duplicates in 96-well plates (Bio-Rad, CA, USA). Amplification
reactions were performed using a final volume of 10 pL, containing a mixture of 1 pL of extracted cDNA, 0.2 yM
of primers, 5 pL of PCR buffer (GoTaq Probe gPCR Master Mix, Promega, WI, USA) and 0.2 pL of hydrolysis probe
(Integrated DNA Technologies, IA, USA), 5 pL of PCR buffer (GoTag gPCR Master Mix, Promega, WI, USA) and
sterilized ultrapure water (Nuclease-Free Water, Promega, WI, USA) g.s.p. 10 pL. Sterile ultrapure water was used
as a negative control for the reaction. The cycles were performed under the following conditions: 95°C for 10
minutes and 40 cycles of 15 seconds at 95°C and 1 minute at 60°C. The amplification reactions were conducted
in a CFX96 Thermal Cycler (Bio-Rad, CA, USA). The reaction efficiency was calculated by serial dilutions made to
construct a standard curve with different concentrations of plasmid DNA containing the target sequence (2.0 x 107
copies/pL to 2.0 x 10° copies/pL). The number of plasmid copies was determined according to the formula (Xg/pL

Table 1. Oligonucleotide primers and hydrolysis probe sequences for target gene used in qPCR assay in RBME-6 cells.

Agent Target gene Fragment size Primer sequences (5'-3") Reference
Anaplasma msp1B 95 bp AM-F (TTGGCAAGGCAGCAGCTT) Carelli et al. (2007)
marginale

AM-R (TTCCGCGAGCATGTTGCAT)
AM-probe (6FAM-TCGGTCTAACATCTCCAGGCTTTCAT-BHQ1)
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DNA/ [plasmid size (bp) x 660]) x 6,022 x 10% x plasmid copies/pL. The replication curve of A. marginale in RBME-6
cells was constructed based on the number of msp18 gene copies of the pathogen obtained from the samples.

Light microscopy of RBME-6 infected cells

Replication rate of A. marginale infection in RBME-6 cells was monitored by examination of Giemsa-stained
cytocentrifuge smears prepared at the time-points of 1, 2, 3, 5, 11 and 15 dpi. Briefly, 100 pL of the suspension
containing adherent cells were centrifuged for 5 min at 1000 x g (Cytospin 4, ThermoFisher, MA, USA). The smears
were fixed in methanol and Giemsa-stained. The number of parasitized cells (i.e. presenting A. marginale morulae
or inclusion corpuscles) was counted, using a light microscope BX53 (Olympus, Tokyo, Japan) coupled to a digital
camera DP73 (Olympus, Tokyo, Japan).

Transmission electron microscopy (TEM) of RBME-6 cells

Adherent uninfected and A. marginale-infected RBME-6 cells were collected at 3, 5, 7 and 11 dpi. The tick cells
were fixed in Karnovsky's solution for 2 h at 4 °C and subsequently post-fixed in 1% osmium tetroxide solution in
the same buffer for 1 h at 4 °C. Dehydration was carried out using a graded ethanol series (70-100%). Following
dehydration, the samples were infiltrated with a 1:1 mixture of propylene oxide with Epon resin for 2-3 h. The cell
suspensions were transferred to a BEEM capsule containing pure resin and centrifuged at 900 x g for 5 min. After
replacing the resin, the samples were centrifuged again, and the capsules containing the cell pellets were polymerized
at 60 °C for 2-3 days. Ultrathin sections (60-70 nm) were obtained, mounted on copper grids, and stained with
2% aqueous uranyl acetate for 10 min, followed by lead citrate for 3-5 min. The cells were then examined under
a transmission electron microscope (LEO 906E, Zeiss, Oberkochen, Germany). Images were captured with a CCD
camera (Mega View lll, Olympus, Tokyo, Japan) and processed with iTEM software (Universal TEM Imaging Platform,
Olympus Soft Imaging Solutions GmbH) at the Electron Microscopy Laboratory of the Institute of Biosciences, Sdo
Paulo State University (UNESP, Rio Claro, SP, Brazil).

Statistical analysis

To estimate the numbers of A. marginale msp1f3 gene copies in RBME-6 adherent and non-adherent cells, statistical
analyses were performed considering four biological replicates for each time point. Prais-Wisten regression analysis
was conducted following the model of Antunes & Waldman (2002), using the statistical software R, to examine the
temporal trend. The angular coefficient and its standard error were used to calculate the rate variation and the
95% confidence interval using the t-distribution multiplier. The adherent cells were compared with the number of
the non-adherent cells. A comparison was conducted using nonparametric analysis for longitudinal data (Brunner
& Langer, 2000). The analysis was performed in R using the nparLD package.

To avoid the problem of multiple comparisons, these analyses were replaced by nonparametric ANOVA for
repeated measures, which allows for all comparisons of both factors (treatments and time points) to be made
simultaneously, in addition to circumventing the problem of the lack of Gaussian distribution in some of the data.

Results

Quantitation and replication curve of Anaplasma marginale in RBME-6 cells

The estimated quantification of A. marginale present in the inoculum was 2.60 x 10° copies/pL. The efficiency,
R2, slope and y-axis intercept of the reaction were 104.2%, 0.991, 3.243 and 32.988, respectively. Preliminary tests
showed that when inoculated 130 pL (~ 3.38 x 103 copies) in 3 mL of MOPS medium with 5% FBS enriched with
iron, RBME-6 cells in monolayer remained adhered to the bottom of the flask. On the other hand, when inoculated
with 250 pL of inoculum (~ 6.5 x 103 copies), the cells adhered to the bottom of the flask detached within 2 hours.
For this reason, the subsequent experimental infection was performed using the first amount of A. marginale. In
adherent cells, the replication curve demonstrated that there was an initial lag phase (1-7 dpi). This phase was
followed by an exponential replication phase (7-11 dpi). On 11 dpi, the highest mean number of copies was recorded
as 82.82 + 27.49 copies/pL. Figure 2 shows the replication curve of A. marginale in RBME-6 cell line. The temporal
trend analysis for the quantity DNA copies of A. marginale in adherent cells showed an increase of 108.21% from
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Figure 2. Replication curve of Anaplasma marginale in RBME-6 cells estimated by absolute quantifications obtained by qPCR. Lag
phase (1-7 dpi), exponential phase (7-11 dpi), death phase (11-13 dpi) and a long-term stationary phase (13-29 dpi).

the lag phase to the log phase (95% Cl: 23.85 to 250.03; p = 0.013). The mean generation time for A. marginale in
these cells was 0.69 days (or 16.56 hours). A subsequent rapid decrease in DNA copies of A. marginale quantification
was observed (11-13 dpi), thus characterizing the death phase. After 13 dpi, the bacteria entered a long-term
stationary phase, such that the number of pathogens remained low until 29 dpi. The inverse was observed in the
quantifications of A. marginale in non-adherent cells when 24 h post-infection, the number of copies reached its
maximum (51.83 + 9.33 copies/yL), while the number of DNA copies of A. marginale in RBME-6 monolayer cells
was 0.48 + 0.14 copies/uL. The temporal trend analysis for non-adherent cells showed a decrease of 42.39% in the
quantity of A. marginale from day 1 to day 13 (95% Cl: -57.54 to -21.85; p = 0.004), and of 21.28% from day 15 to
29 (95% Cl: -31.42 to -9.65; p = 0.005). The estimated quantification of A. marginale showed statistically significant
differences (p < 0.05) between the number of copies in non-adherent and adherent cells.

Light microscopy of RBME-6 infected cells

The number of A. marginale corpuscles in adherent and non-adherent cells of the RBME-6 line during the 29-day
period is shown in Figure 3. The presence of A. marginale colonies (morulae) was observed on day 1 post-infection
(Figure 3A) in the cytoplasm of some cells. On day 2 (Figure 3B) and day 3 post-infection (Figure 3C) there was an
increase in the number of infected cells and colonies in the cytoplasm and around the nuclear region were observed.
At 5 dpi (Figure 3D), large colonies at the periphery of the cytoplasm were observed, and at 11 dpi (Figure 3E) a
large amount of A. marginale was observed in cells which presented vacuolated cytoplasm. Once most cells had
been infected, they entered the death phase (apoptosis) at 11 dpi, with collapse of the cytoskeleton, loss of cellular
contours, disassembly of the nuclear envelope and fragmentation of nuclear DNA. Between 15 dpi (Figure 3F)
and 29 dpi, only a few infected cells were observed, and the remaining uninfected cells seemed to multiply again.
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Figure 3. Replication of Anaplasma marginale in the RBME-6 cells monitored through examination of Giemsa-stained cytocentrifuge
smears: (A) 1 day post infection (dpi); (B) 2 dpi; (C) 3 dpi; (D) 5 dpi; (E) 11 dpi; and (F) 15 dpi. The presence of corpuscles of A.
marginale forming colonies (small black points) is represented by the black arrow. Abbreviations: C, corpuscles of Anaplasma;
mb, RBME-6 cell membrane. Scale bars: 10 ym.

Transmission electron microscopy of RBME-6 cells

Transmission electron microscopy (TEM) of non-infected and infected RBME-6 cells are shown in Figure 4. Once
non-infected cells were inoculated (Figures 4A, 4B), the bacteria invade the cells and begin to multiply 3 dpi and
produce colonies within the membranes (morulae) (Figure 4C). At 5 and 7 dpi the infected cells were filled with
A. marginale corpuscles (Figure 4D, 4E). When infected after 11 days (Figure 4F), binary division of numerous cells
was observed, with the appearance of electron-dense forms.

Discussion

Microbial replication dynamics is a fundamental aspect of modern microbiology and biotechnology, since it is
crucial for understanding host-pathogen interactions. This knowledge is particularly important for studying A. marginale
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Figure 4. Transmission electron microscopy (TEM) images of the RBME-6 cells, non-infected and infected with A. marginale
according to the day post infection (dpi). A-B: Cells from control group (non-infected), longitudinal and transverse cuts, respectively,
with mitochondria and Golgi reticulum. C: RBME-6 cells 3 dpi with morulae formed vesicles (arrows), there are two membranes
evolving the A. marginale corpuscules. D-E: Infected cells 5 dpi and 7 dpi filled with A. marginale corpuscles inside and out vesicles,
respectively (arrows). F: Binary fission of bacteria 11 dpi. Abbreviations: Mem, membrane; Mit, mitochondria; N, nucleus; Gr,
golgi reticulum. Scale-bars: A, C, E: 100 nm; B, D: 500 nm; F: 1000 nm.

infection in the R. microplus RBME-6 tick cell line, providing a basis for future studies using this biological model. To our
knowledge, this is the first study to monitor the replication kinetics of A. marginale in RBME-6 cells over a 29-day period.

The replication curve was constructed by estimating the bacterial load using the number of copies/pL of the
target fragment (msp 1 gene) of A. marginale in adherent cells using a RT-gPCR assay. This technique was based on
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bacterial cDNA synthesized from RNA, providing an absolute quantification of viable pathogens compared to DNA
quantification, avoiding overestimation caused by extracellular or degraded DNA, as bacterial transcripts degrade
rapidly after cell death (Richards et al., 2008). It is important to emphasize that this gene was used because it is
commonly used in the laboratory. However, interpretation of msp1 transcript abundance should be cautious,
as transcript levels from a single gene are not necessarily proportional to the number of pathogenic cells. Gene
expression can vary independently of replication due to transcriptional regulation, environmental conditions, or
metabolic state, and RNA stability is not constant. In parallel, transcriptome analysis of RBME-6 cells infected with
A. marginale was performed during the period of the present study, enabling characterization of the transcriptional
response of the cells to the pathogen (unpublished data). The results indicated that significant differential expression
of genes occurred, associated with bacterial replication and persistence, thus providing evidence of progression of
the infection over time. Changes in the expression of genes related to the immune response, cellular metabolism
and signaling processes were also observed, suggesting that the host cells were adapting to the presence of the
pathogen. These findings confirm the susceptibility of the RBME-6 lineage to infection by the bacteria and provide
insights into the molecular mechanisms involved in the tick-pathogen interaction.

Under optimal conditions, bacterial replication typically progresses through five phases: lag, exponential (log),
stationary, death, and long-term stationary phases (Finkel, 2006; Rolfe et al., 2012). In our study, the replication of
A. marginale in RBME-6 cells exhibited four distinct phases: a lag phase (1-7 dpi), an exponential replication phase
(7-11 dpi), a rapid death phase (11-13 dpi), and a long-term stationary phase (13-29 dpi). During the lag phase,
bacteria adapt to the replication environment, while the exponential phase is characterized by constant cell division
driven by DNA replication, transcription, and translation (Madigan et al., 2019). Variations in replication kinetics
are influenced by medium, temperature, and host cell species (Klumpp et al., 2009; Barros-Battesti et al., 2018).

Munderloh et al. (1996) reported replication of A. marginale in an IDES tick cells 34 days after infection, with
infection rates increasing over successive passages. In contrast, RBME-6 cells showed rapid infection, with A.
marginale colonies (morulae) visible as early as 1 dpi. By 3 dpi, ~50% of cells were infected, and electron-dense
forms -indicative of infectious stage (Kocan et al., 1992) - were present.

Considering the global diversity of A. marginale strains, which differ in morphology, virulence, and transmission
dynamics (Bastos et al., 2009; Passos, 2012; Baéta et al., 2015), future studies should focus on the infection dynamics
of different strains in tick cell lines. The IDE8 and ISE6 cell lines derived from [. scapularis have supported the
replication of multiple strains of A. marginale and other pathogens (Munderloh et al., 1999; Zweygarth et al., 2006).
Munderloh et al. (2004) found that an A. marginale strain obtained from endothelial cells, when propagated in ISE6
cells, caused cell apoptosis and pathogen release into the supernatant after one week of infection. These same
cells expressed heat shock proteins (HSPs) when infected with Anaplasma spp., pointing to the possibility of post-
transcriptional mechanisms induced by the bacterium to control the tick response to infection (Villar et al., 2010).
When infected with A. phagocytophilum, an inhibition of genes involved in the modulation of apoptosis pathways
in ISE6 cells was observed, suggesting the use of bacterial mechanisms to facilitate cell infection (Alberdi et al.,
2016). This hypothesis was confirmed when Villar et al. (2015) and Cabezas-Cruz et al. (2017a, b) verified, through
transcriptomic, proteomic and metabolomic analyses, that this pathogen affects amino acid and carbohydrate
pathways of infected ISE6 cells. They suggested that A. phagocytophilum alters these pathways, facilitating its
infection and replication in tick cells. Kalil et al. (2017) observed that in A. marginale-infected IDE8 cells, the immune-
associated metabolism of these cells can be manipulated by the pathogen to escape the deleterious effect of the
oxidant-based immune response. Additionally, the in vitro culture technique of these A. marginale-infected cells has
been used in functional research, discovering genes and proteins that exhibit distinct expression patterns within
tick cells after infection (de la Fuente et al., 2007b; Kocan et al., 2009).

The first propagation of a Brazilian isolate of A. marginale (strain UFMG?1) in R. microplus BME26 cells demonstrated
slow infection dynamics, with intracellular colonies forming in the second passage (Esteves et al., 2009). In contrast,
our study using RBME-6 cells revealed rapid infection dynamics without cell replacement, highlighting the need
for further research on strain-specific interactions in tick cells.

Nutrient-rich media plays a crucial role in bacterial replication. Transition metals such as iron are essential
for cellular functions, as 30% of bacterial proteins depend on metal cofactors (Zhang & Zheng, 2020). Iron
supplementation has been shown to support the replication of A. marginale in D. andersoni tick cell lines
(Solyman et al., 2022) and other rickettsial pathogens (Barros-Battesti et al., 2018). However, prolonged exposure
to high iron concentrations can damage tick cell lines. To balance cell growth and viability, we used MOPS medium
supplemented with 5% iron-enriched FBS for A. marginale inoculation.
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While the average generation time for A. marginale in RBME-6 cells under our experimental conditions was
0.69 day (16.5 hours), 0.9 days were reported for Rickettsia raoultii in IDE8 cells (Husin et al., 2021). Notably, the
stationary phase was absent in the experiment due to RBME-6 cells depletion, as it was decided not to add new
cells to the infected flasks. This decision allowed to observe the behavior of A. marginale in the adherent and
non-adherent cells. However, the medium was changed weekly to ensure the bacteria did not lack nutrients. This
observation highlights the obligate intracellular nature of A. marginale, which relies on host cells for replication.

Light and electron microscopy provided insights into the dynamics of A. marginale infection in RBME-6 cells. At
2 dpi, infected cells exhibited colonies near the nuclear region, with large colonies observed at 5 dpi. During the
exponential phase, intracellular pathogens, such as Rickettsia rickettsii, manipulate host cell pathways (e.g., NF-kB)
to delay cell death and support replication (Clifton et al., 1998). At 11 dpi, extensive cytoplasmic vacuolization and
cell lysis were evident, correlating with bacterial dissemination and the onset of the death phase.

Conclusions

Our results describe the replication dynamics of A marginale (Jaboticabal strain) in RBME-6 cells, estimated from
the number of copies/pL for the msp1B gene based on absolute quantification of cDNA using a reverse-transcription
quantitative PCR (RT-gPCR) assay, and emphasize the critical role of cell line selection and experimental conditions on
understanding tick-pathogen interactions. Although it used mRNA, it was possible to conclude that there was bacterial
replication. These findings reinforce the importance of complementary analyses for evaluating A. marginale multiplication
in cellular models. The RBME-6 cell line, maintained in MOPS medium supplemented with 5% iron-enriched FBS at 34 °C,
supported infection and propagation of A. marginale for at least 29 consecutive days without RBME-6 cells or pathogen
replacement. Under these conditions, the replication curve exhibited four distinct phases: a lag phase (1-7 dpi), an
exponential replication phase (7-11 dpi), reaching the highest mean copy number, a rapid death phase (11-13 dpi),
and along-term stationary phase (13-29 dpi). The absence of a stationary phase immediately following the exponential
phase in this closed system suggests that nutrient availability alone is insufficient to sustain bacterial replication without
RBME-6 cells replacement. This study provides a robust in vitro model to investigate interactions between A. marginale
cells and ticks and serves as a valuable framework for future experimental research on rickettsial infections.
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