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The closely related species Rickettsia conorii and R. africae are both etiological agents of rickettsiosis, a tick-borne
serious infective disease. The laboratory diagnosis is based on serology, but remains not enough speciﬁc to
provide the diagnosis at the species level. Here, we attempted to identify speciﬁc proteins that would enable the
discrimination of R. africae sp from R. conorii sp infections.
We screened 22 R. africae- and 24 R. conorii-infected sera at diﬀerent course of infection using a traditional
immunoproteomic approach. In parallel, we focused on the technical development of a “relatively new technique” named a proximity ligation assay coupled to two-dimensional Western blotting.
The top range markers of R. africae early infection were rpoA, atpD, and acnA, ORF0029, R. africae active
infection were rOmpB β-peptide, OmpA, groEL and ORF1174, early R. conorii infection was prsA, RC0031, pepA,
R. conorii active infection were ftsZ, cycM and rpoA.
They are candidates for serodiagnosis of rickettsioses.

1. Introduction
The spotted fever group (SFG) Rickettsia are obligate intracellular
bacteria associated with arthropods [1]. The SFG group is composed of
several closely related Rickettsia species [2,3], such as, R. conorii, R.
africae, R. massiliae, R. slovaca and others.
Rickettsia africae is responsible for African tick bite fever (ATBF),
which was initially considered to be caused by R. conorii [4–7], the
etiological agent of Mediterranean spotted fever (MSF). These two
distinct tick-transmitted diseases, ATBF and MSF, respectively, co-exist
in sub-Saharan Africa [8] are transmitted by two distinct ticks. R.
africae is transmitted by non-host-speciﬁc hard ticks of the genus Amblyomma, frequently infesting wild ungulates and cattle, but also feeds
readily on humans, often with multiple inoculation eschars [8]. R.

conorii is transmitted by the brown dog tick Rhipicephalus sanguineus,
relatively host-speciﬁc, exceptionally feeding on people with a characteristic inoculation eschar namely, a blackspot, rarely multiple
[9,10]. Tick- borne diseases were long considered as an endemic in
tropical zones. However, climate changes, as well, as human activities,
modiﬁed geographical distribution of tick-borne diseases [11,12]. At
present, R. africae is probably the most frequent in sub-Saharan Africa
with ca. 50% of seroprevalence against Rickettsia spp. in healthy rural
populations, the French West Indies [13,14] Oceania [15], and has also
been recently reported in Union of Comores [16]. R. conorii is mainly
endemic in Mediterranean countries of North Africa and Southern
Europe [12,17]. Both R. africae and R. conorii were detected in ticks
removed from humans in Turkey [18], also in ticks from Kenya [19]
and should be considered as potential pathogens [20]. However, the
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successfully applied to a whole cell pathogen approach [46].
Consequently, we introduced this “relatively new”, sensitive and
speciﬁc technique to identify antigens suitable for serodiagnosis of
rickettsioses due to R. conorii and R. africae. We could simultaneously
evaluate RCA-based detection in PLA WB with this based on horseradish peroxidase conjugated (HRP), used in classical WB. Finally, although surface exposed proteins rOmpB, rOmpA which have been already proven as suitable diagnostic antigens [47–50], we identiﬁed
potential new targets that allow quite good discrimination of both
Rickettsia spp. at diﬀerent course of infection (acute and convalescent
phase);

cases with R. africae in Europe are all imported by travelers from endemic zones [21–23,7]. ATBF is usually a benign disease, but perhaps
more severe for the elderly population [24]. Indeed, MSF is usually a
mild disease, can lead in about 10% of cases to severe multiorgan
dysfunction, often resulting from delayed diagnosis [10]. Flu-like
symptoms are also common to both diseases [10].
A human case of rickettsiosis is not always easy to diagnose from its
clinical picture as the typical symptoms may not always be present,
instead of the presence of fever, which is only one apparent clinical sign
[20,25]. A deﬁnitive diagnosis is made by serology (IFA, immunoﬂuorescence assay) and molecular tools like diﬀerent polymerase chain
reaction (PCR) systems are used [26,27] or cell culture [28]. In all
cases, isolation and identiﬁcation of causative agent from clinical
sample, gives a deﬁnitive diagnosis, but is limited to the laboratories
with BSL3 facilities, which is always fastidious. Consequently, isolates
available from clinical samples are rare. Indeed, serological cross-reactions among diﬀerent species hamper a correct identiﬁcation of the
speciﬁc rickettsiosis by serology [3].
Our laboratory, the French National Reference Center for Rickettsia,
Coxiella and Bartonella, treats the serum samples received from diﬀerent
regions of World. A gold diagnostic standard for rickettsioses is immunoﬂuorescence assay (IFA) followed by real-time PCR [29,30]. The
diagnosis by the IFA is conﬁrmed by seroconversion or by a fourfold
rise in titers between acute and convalescence serum samples [25,29].
The IFA faced the diﬃculty that a detectable level of antibodies against
Rickettsia sp. does not appear in the blood until day 7 or 10 after the
onset of the disease [20,32]. Therefore, PCR is very useful for diagnosis
at early stages of infection characterized by negative serology [20,27].
Molecular detection has been simpliﬁed by directly using eschar swab
samples [26,27,31]. Diagnosis by real-time PCR has gained sensitivity
and speciﬁcity by using new generation primers [27,30].
Despite the progress made in diagnosis of rickettsiosis last decade,
we noticed in our laboratory a recurrent problem to discriminate R.
conorii from R. africae at early stage of infection.
The IFA allows the diagnosis of genus Rickettsia spp., but it is insuﬃcient for identifying the etiologic agent at the species level.
Furthermore, it is important to note that suﬃcient serological titers in
ATBF appear later than in other rickettsioses [6,25,32]. Western blotting and antigen adsorption have also been used routinely and are
considered to be a powerful serodiagnostic tools for seroepidemiology,
especially when used in questionable cases, they allow the conﬁrmation
of serologic diagnoses obtained by conventional methods [3,29]. Notwithstanding this fact, the whole cell antigens used in this method is
limited and cross-reacts with diﬀerent Rickettsia, making it diﬃcult to
identify the deﬁnitive etiological agent [25,33].
In this context, the objective of our work was to propose new diagnostic alternatives that discriminate R. conorii from R. africae infections, possibly with a focus on the early stages. Consequently, we have
undertaken a challenge to develop a method which combines in some
way, serology and PCR. Here, we have applied the in situ proximity
ligation assay (PLA) in 2-D Western blotting. In situ PLA is based on
simultaneous recognition of individual or complexes of protein molecules by two oligonucleotide labeled antibodies (PLA probes), which
then give rise to a ligation-dependent ampliﬁable DNA molecule. Signal
ampliﬁcation generated by each detected pair of probes [34–41], is
possible by e.g. real-time PCR for detection of proteins in solution, or by
isothermal rolling circle ampliﬁcation (RCA) of circularized reporter
DNA strands for localized detection of target proteins previously
transferred onto nitrocellulose membrane [42]. These dual antibodies
recognition allows the discrimination between closely similar proteins
[34,35,43], which means to overcome obstacles encountered in traditional WB. The PLA WB was already documented in the early 1990 s,
but was abandoned for years [44]. The rebirth of one-dimensional PLA
WB was observed in 2000 and coincided with immuno-PCR (iPCR)
development [34,37,42]. Indeed, iPCR allowed diagnosis in our laboratory of Q fever at the early stage [45]. In situ PLA WB has been

2. Material and methods
2.1. Human sera
We used for this study, sera from 22 patients (Rco: S1-S22) infected
by R. conorii and sera from 24 patients diagnosed with R. africae infection (Raf: S1-S24). All patients who had participated in this study
were diagnosed at the French National Reference Center (FNRC)
(Marseille, France) after giving informed consent. The diagnosis was
based on clinical picture, serology, and more rarely on isolation or
molecular identiﬁcation of the causative agent from blood or skin
samples [25].

2.1.1. Indirect immunoﬂuorescence assay
We used the reference method, indirect immunoﬂuorescence assay
(IFA) using R. conorii and R. africae antigens puriﬁed from L929 cells as
previously described [3,29]. As a negative control, previously tested
serum from a healthy blood donor was used and as a positive control, a
serum from a patient with proven IgG and IgM end-point titres of 1/128
and 1/256, respectively, to R. conorii or/and R. africae [25,29].

2.1.2. PCR assay
DNA was extracted from sera, skin biopsy or skin swab [26,31],
using QiAMP DNA Mini Kit (Qiagen) according to manufacturer’s instructions. The quality of DNA extraction was checked by using quantitative real-time PCR (qPCR) (Light Cycler 2.0, Roche) for a housekeeping gene encoding beta-actin [52]. All DNA samples were screened
by qPCR using the 1029 system based on the RC0338 gene (referenced
by R. conorii genome AE006914) encoding a hypothetical protein that is
present in all tick-borne rickettsiae [31]. For the positive case with
Ct < 35, a second species-speciﬁc qPCR was performed and targetRC0743 for R. conorii or a fragment of the RAF ORF0659 gene encoding adenine methylase for R. africae [52]. Any sample with CT value
≤ 35 is considered as positive [52].

2.1.3. Cases deﬁnition
Case was deﬁned by the association of clinical symptoms (fever,
eschar, lympho-adenopathy) with the serologic criteria IgM titres
≥1:64 and/or IgG titres ≥1:128, and/or a fourfold increase in two sera
within a 2–4 week interval, seroconversion, and/or a positive PCR on
sera or skin sample. We classiﬁed the patients into 2 groups:
(i) Patients with early infection due to R. conorii (eRco) (S1–4, S6,
S8, S16, S22) or to R. africae (eRaf)(S1-15, S17, S19, S23) had a negative serology at the time of experience and had received ﬁnal diagnosis based on clinical picture and/or laboratory diagnosis. (ii) R.
conorii (Rco) (S5, S7, S9–15, S17–21) and R. africae (Raf) (S16, S18,
S20, S21, S22, S24) convalescent patients with positive serological titers. All cases are detailed in Supplementary material 1.Ten pooled sera
from anonymous healthy blood donors were included as control group.
They were probed either on R. conorii (HBD Rco) or R. africae membrane (HBD Raf).
18
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2.2. Growth of Rickettsiae

2.5. Proximity ligation assay-based Western blotting (PLA WB)

Rickettsia africae (strain ESF-5) and Rickettsia conorii (strain Seven
Malish, ATCC VR-630) were propagated in a conﬂuent monolayer of
murine ﬁbroblast L929 cells [51] and puriﬁed on a discontinuous renograﬁn gradient as previously reported [53]. Puriﬁed bacteria were
washed in PBS (10,000 × g, 10 min, and 4 °C) and stored at −80 °C
until further use. All puriﬁcation steps were checked by Gimenez
staining [54].

The whole rickettsial proteins (15 μg) were resolved by 2D gel
electrophoresis (7 cm, pH 3–10) and transferred onto nitrocellulose
membranes (Bio-Rad) using a semidry transfer unit (Hoeﬀer Scientiﬁc)
as described previously [56]. Membranes were then blocked in PBS
supplemented with 0.2% Tween 20 (PBST) and 5% non-fat dry milk
(PBST-milk) for 1.5 h at room temperature before incubation with sera
from infected patients (diluted 1:100 in PBST-milk). After washing, the
membrane was incubated for 1 h at RT with gentle rotation with Duolink® II PLA Plus probes (OLINK Bioscience) as described by the manufacturer. The detection probes (0.2–1 μg/ml) were diluted in PLA
probe diluent buﬀer (0.5 mg/ml BSA, 5 μg/ml salmon sperm DNA,
5 mM EDTA, 0.05% Tween 20 in TBS buﬀer). The mem/brane was then
brieﬂy rinsed, washed twice for 10 min and incubated with a gentle
orbital rotation for 40 min at 37 °C with T4 DNA ligase (Fermentas)
(0.01–0.03 U/μl) and backbone and splint oligonucleotides (1–90 nM)
supplied by the manufacturer (OLINK Bioscience) and diluted in oligo
ligation buﬀer. The membrane was then washed for 5 min in PBST and
then incubated with phi29 DNA polymerase (GE Healthcare)
(0.01–0.125 U/μl) in a rolling circle ampliﬁcation buﬀer for 1 h at 37 °C
(OLINK Bioscience). After two rinses, the membrane was incubated
with Cy5 dye (5–45 nM) (Integrated DNA Technologies) in a detection
buﬀer (2x SSC, 0.5 mg/ml BSA, 2 μg/ml salmon sperm DNA, 0–5%
formamide, 0.05% Tween 20) for 30 min at 37 °C. Finally, the membrane was rinsed twice, washed 3 times for 10 min in PBST and then
rinsed quickly in PBS to remove Tween 20. Fluorescence signals were
captured using a Typhoon™ FLA 9000 imager (PMT, 450 V) (GE
Healthcare).

2.3. Preparation of crude extracts for 2-D gel electrophoresis
Puriﬁed bacteria were lysed by sonication in a rehydration solution
(7 M urea, 2 M thiourea, 4% w/v CHAPS) and centrifuged (10,000 × g,
20 min, 4 °C) to remove cell debris and unbroken cells. The whole cell
protein extract was precipitated using the PlusOne 2-D Clean-Up Kit
(GE Healthcare). The ﬁnal pellet was resuspended in rehydration solution, and the protein concentration was determined using a modiﬁed
Bradford method [55].
All IEF (Immobiline DryStrips gels (7 cm, 13 cm or 18 cm, pH 3–10,
GE Healthcare) rehydrated with 15 μg (7 cm), 30 μg (13 cm) or 200 μg
(18 cm) of solubilized proteins) and 2-D electrophoresis steps were
performed as previously described [56]. The proteins were resolved by
electrophoresis through a 10% SDS-polyacrylamide gel (EttanTM DALT,
GE Healthcare) at 5 W/gel for 30 min, followed by 17 W/gel for 4–5 h.
Following electrophoresis, the gels were either silver-stained or transferred onto nitrocellulose membranes. Digital images were generated
using transmission scanning (Image Scanner, GE Healthcare). Spots
were excised from the gel manually and identiﬁed by peptide mass
ﬁngerprinting using a MALDI-TOF MS Bruker Ultraﬂex I spectrometer
(Bruker Daltonics) as previously described [56]. In-gel trypsin digestion
(sequencing-grade modiﬁed porcine trypsin, Promega) was performed
as previously described [56]. Mass spectra were internally calibrated
using autolytic peptides from trypsin. Tryptic peptide mass lists were
computed using a Mascot 2.4 internal server with the following parameters: peptide tolerance (monoisotopic mass) equal to 90 ppm, one
missed cleavage allowed, ﬁxed carbamidomethyl (C), and variable
oxidation (M). Searches were performed against non-redundant R.
africae ESF-5, R. conorii Malish 7 and Mus musculus sequences (NCBI
RefSeq). Proteins were validated with a Mascot score superior to the
calculated signiﬁcance threshold (p < 0.05). The protein spots were
identiﬁed in at least two replicates. The identiﬁed immunogenic proteins are shown in Supplementary material 1.

2.6. Statistical analysis
To visualize the discriminant proteins from diﬀerent groups of sera
used in the present study (as shown above), we performed a partial least
squares-enhanced discriminant analysis (PLS-EDA) using Multibase
2015, which is an Excel add-in tool (Numerical Dynamics) [57]. PLS
regression is a statistical method akin to principal components (PC)
regression; it creates a linear regression model by projecting the predicted variables and the observed variables into a new space [57]. In
addition to the groups established as described in Section 2.1.3., we
included for statistical analysis, the groups with sera tested by PLA WB:
iRco (S16i–19 i), iRaf (S16 i–20 i) as well as, sera screened for crossreaction: cRco (S20c–S22 c), R. conorii sera probed on R. africae membrane and cRaf (S21c–24 c), R. africae sera probed on R. conorii membrane, respectively. The statistical analysis takes into account the individual partitioning.

2.4. Western blotting
3. Results
Rickettsial proteins (either R. conorii or R. africae) resolved by 2D
gel electrophoresis (13 cm, pH 3–10) were transferred onto nitrocellulose membranes (Trans-blot Transfer Medium, pure
Nitrocellulose Membrane 0.45 μm, Bio-Rad). Membranes were then
blocked in PBS supplemented with 0.2% Tween 20 and 5% non-fat dry
milk (PBS-Tween-milk) for 1.5 h at room temperature before incubation
with sera from infected patients (diluted 1:100 in the blocking buﬀer).
We used a dilution of 1:100 for Western blotting performed with a pool
of 5 sera (we pooled 10 μl of each individual serum) from healthy blood
donors. After 1 h of incubation, the membranes were washed three
times with PBS-Tween and probed with horseradish peroxidase-conjugated goat anti-human IgG (1:5000; GE Healthcare). After treating
with the secondary antibody, each membrane was washed three times
as indicated above. Immunostained spots were visualized using a
commercially available chemiluminescence kit (ECL™ Western Blotting
Analysis System, GE Healthcare). Then, the membranes were exposed
to Hyperﬁlm™ ECL and subsequently developed using an automated
ﬁlm processor (Hyperprocessor™, GE Healthcare).

3.1. Immunoreactivity patterns revealed by traditional 2-D WB
Protein proﬁles of silver-stained 2-D gels (18 cm, pI 3–10) were very
similar for both Rickettsiae, R. conorii (Fig. 1A) and R. africae (Fig. 1B).
In total, 1100 spots /1374 ORFs [58] and 920 spots/1030 ORFs [58]
were detected on R. conorii and R. africae 2-D gels, respectively. The
immunoproteomic proﬁles obtained for both Rickettsia spp. were similar and homogeneous. The majority of immunoreactive spots were
clustered around a narrow pH range of 3.5–4.5 distributed over MWs of
30–195 kDa. The major dominant spot in this zone corresponded
mainly to the rOmpB isoforms and clusters of R. conorii spots
(Fig. 2A–C; fusA, def3, sdhA, dnaK, atpA, RC0185) and R. africae spots
(Fig. 2D–F; thrS, dnaK, fusA, ftsZ, ORF0226, ORF1113, htrA, atpD).
Other major immunoreactive spots were groEL, tuf, sucC, pepA, and
lpxD for R. conorii and groEL, rpsA, pepA, sucB, tuf, and lpxD for R.
africae. The most basic identiﬁed immunoreactive proteins were (pH
8–10) lpDx, frr, RC1281, prsA, and RC1282 (R. conorii) and rOmpB β19
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Fig. 1. A silver-stained 2-D map of whole-protein extracts from A) R. conorii and B) R. africae. The proteins (200 μg) were resolved on a 10% polyacrylamide gel. The
major protein spots identiﬁed in this study, most of which reacted with the patient sera, are annotated using either the gene name or the name of the locus tag.

3.2. Immunoreactivity patterns revealed by 2-D PLA WB

peptide, rOmpA, ORF1174, and ORF1175 (R. africae). Some of them
have previously been described as immunogenic [55,59,60]. Thus, we
probed 3 R. conorii and 4 R. africae sera against R. africae and R. conorii
proteomes, respectively, with the aim of improving speciﬁcity (Table 1,
Fig. 2). Here again, the zone of high reactivity was the cluster of spots in
pH range 3–4.5 with the major rOmpB spot.

Here, we adapted in situ PLA technique to detect rickettsial proteins.
To determine whether in situ PLA can provide enhanced WB sensitivity,
we compare 2D PLA WB to traditional 2D WB. The immunoreactivity
proﬁles obtained by 2D PLA WB were very similar to those obtained
with traditional WB. Mainly, the zone in the pH range 3–4.5 was highly

Fig. 2. Example of immunoreactivity proﬁles obtained with traditional 2D WB (pI 3–10, 13 cm): (A) R. conorii IFA-positive serum (1:100e) on R. conorii-resolved 2D
proteome (30 μg). (B) R. conorii IFA-negative serum (1:100e) on R. conorii-resolved 2D proteome (30 μg). (C) R. africae IFA-negative serum (1:100e) on R. conoriiresolved 2D proteome (30 μg) (cross-reaction). (D) R. africae IFA-positive serum (1:100e) on R. africae-resolved 2D proteome (30 μg). (E) R. africae IFA-negative
serum (1:100e) on R. africae-resolved 2D proteome (30 μg). (F) R. conorii IFA-positive serum (1:100e) on R. africae-resolved 2D proteome (30 μg) (cross-reaction).
20
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Table 1
The best protein markers for R. conorii and R. africae infections.
category of sera/technique

Serological markersa

Statistical markersb

Narrow-selected markersc

R. conorii (all sera) (n = 22)

ftsZ, cycM, rpoA, RC0071, prsA

ftsZ, cycM, rpoA

early stage R. conorii infection
(n = 7)
IFI positive R. conorii infection
(n = 12)
R. africae (all sera) (n = 24)

prsA, RC0071, nuoF, RC0031, pepA, lpxD

ftsZ, cycM, htpG, mdh, lipA, RC1221,
RC0760
mdh, htpG, lipA, lpxD, pepA, prsA,
RC0031
rpsA, rpsB, RC0113, RC0603
tsf, ppa, grpE, ORF0785, pepA,
ORF0094, lpxD
ORF1113i, sca4, ORF0029, rpsB,
acnA, rpsA
tsf, ppa, grpE, ORF0785

rOmpB β-peptide, OmpA, groEL,
ORF1174, lpxD
rpoA, htrA, ORF0029, atpD, acnA,

early stage R. africae infection
(n = 17)
IFI positive R. africae infection
(n = 3)

rpsA, rpsAi, pnp, cycM, rpoA
rOmpB β-peptide, OmpA, groEL, ORF1174, thrS,
ORF1113, dnaK, lpxD
rpoA, htrA, ORF0029, atpD, acnA
RC1282, lpxD, frr, cycM RC0185, rpsA, RC1282i, sdhA,
RC1281, atpA, def3

prsA, RC0031, pepA, lpxD
rpsA

RC1282, lpxD

Selection of the best protein markers according to a the value of the serological parameters and b the statistical analysis by PLS-EDA.
Based on a and b, we selected the best markers with narrow speciﬁcity c. The selected markers common to both approaches are highlighted in bold.

Fig. 3. Example of immunoreactivity proﬁles obtained with PLA 2D WB (pI 3–10, 7 cm): (A) PLA 2-D WB of R. conorii (15 μg) probed with R. conorii IFA-positive
serum (1:100e). (B) Traditional 2-D WB of R. conorii (15 μg) probed with R. conorii IFA-positive serum (1:100e). (C) PLA 2-D WB of R. africae (15 μg) probed with R.
africae (1:100e) IFA-positive serum (1:100e). (D) Traditional 2-D WB of R. africae (15 μg) probed with R. conorii IFA-positive serum (1:100e). (A, B) the same R.
conorii serum; C), D) the same R. africae serum. Some of the immunoreactive proteins are annotated with the name of the locus tag as compared to the silver-stained
gel.

stage R. conorii infection was better than with IFA-positive R. conoriiinfected sera (Tables 2, multimedia component 3). Thus, the mean
value of detected spots for early sera was 19 compared to 14 for IFApositive sera.
With R. africae early-stage infection, the mean value of detected
spots was 13 compared with 16 for IFA-positive R. africae-infected sera.

reactive to the major rOmpB spot. In general, we obtained better spot
detection sensitivity and speciﬁcity in PLA WB when the proteins were
probed with IFA R. conorii- or R. africae-positive sera (Fig. 3).
3.3. Sensitivity of screening early-stage infection sera by 2-D classical WB
The sensitivity of spot detection on 2-D WB performed with early21
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conversely, we probed 4 R. africae-infected sera (S21, S22, S24 (IFA
positive)), ((S23, (IFA negative)) against the 2-D resolved proteome of
R. conorii. The cross-reactivity was noteworthy, indicating that the most
prominent spots were situated in the rOmpB zone, including the best
markers for R. conorii (ftsZ and cycM) (Fig. 2C). The cross-reactivity
against ftsZ (1/4), cycM (1/4), rpoA (1/4) was noticeable. No reactivity
against the early R. conorii infection markers (RC0031, pepA) was observed with exception of prsA cross-reacting with unique R. africae IFI
negative serum. Two sera were cross-reacted with the active R. conorii
infection marker rpsA. The reactivity was similar for R. africae and was
concentrated in the zone of rOmpB spots (thrS, ORF0094, ORF1113,
ftsZ, dnaK) (Fig. 2F). Only one R. conorii IFA-positive serum cross-reacted with the best R. africae protein markers: rOmpB β-peptide, OmpA
and ORF1174. groEL was cross-reacted with IFI negative serum. No
reaction was observed for either for rpoA, ORF0029 or acnA, all markers of early R. africae infection. Unique R. conorii IFI negative serum
was cross-reacted with atpD and htrA, both markers of early R. africae
infection.

Table 2
The best protein markers for early and conﬁrmed infections with R. conorii and
R. africae according to the values of their serological parameters.
Sea

Spb

PPVc

The best R. conorii early infection (IFA -) (n = 7)
prsA
67
93
67
RC0071
50
93
60
nuoF
50
100
100
RC0031
50
90
50
pepA
67
83
44

NPVd

Le

protein markers
–
10
–
7,5
–
–
–
5
–
4

Λf

0,36
0,53
0,50
0,55
0,4

The best R. conorii active infection (IFA+) (n = 12) protein markers
rpsA
38
95
83
–
8,8
rpsAi
38
95
83
–
8,8
pnp
46
91
75
–
5,3
lpxD
54
83
64
–
3,0
cycM
69
69
56
–
2,3
rpoA
38
83
55
–
2,2

0,64
0,64
0,59
0,55
0,44
0,74

The best R. africae early infection (IFA -) (n = 17)
rpoA
41
94
87
htrA
35
94
85
ORF0029
23
94
80
atpD
41
88
78
acnA
41
88
77

protein markers
–
7
–
6
–
4
–
3,5
–
3,5

0,62
0,69
0,81
0,67
0,67

The best R. africae active infection (IFA+) (n = 3) protein markers
RC1282
50
100
100
–
15
rpsA
50
100
100
–
15
RC1282i
50
100
100
–
15
lpxD
50
97
67
–
15
frr
50
97
67
–
15
cycM
50
97
67
–
15
RC0185
50
97
67
–
15
sdhA
50
93
50
–
7,5
RC1281
50
97
50
–
7,5
atpA
50
93
50
–
7,5
def3
50
93
50
–
7,5

0,50
0,50
0,50
0,52
0,52
0,52
0,52
0,53
0,77
0,53
0,53

3.6. The best discriminant proteins revealed by serological parameters
When taking into account the value of the test operating serological
parameters (Tables 2, 3, and Supplementary material 2), the best serological markers for R. conorii were ftsZ and cycM, with sensitivity
values greater than 70% and a speciﬁcity of 92%. An L value indicates
protein contribution to the diagnosis. The value greater than 10 indicates its strong contribution. Indeed, for these antigens the L value
was greater than 10. The L value for rpoA (5 < L < 10) shows its
lower contribution to diagnosis; this was also observed for the remaining “top range” antigens: lpxD, pepA, tufA, and pnp (0 < L < 5).
They showed relatively weak sensitivity (ca. 40%) and speciﬁcity in the
range of 70%. Other immunoreactive spots detected in R. conorii
showed both a very good sensitivity (90–100%) and a very low speciﬁcity (< 10%), for example rOmpB, showed the highest rate of crossreactivity. A contrario, some spots were speciﬁc enough (85–100%) (i.e.,
RC1282i, RC0760, serS, RC0603, RC0031) but had very low sensitivity,
meaning that only one or two sera reacted with them.
For R. africae, the top range antigens were selected: pnp, acnA,
atpD, rpoA and htrA.
They showed an excellent speciﬁcity (80–100%), but lower sensitivity (35–47%)(Table 2, Supplementary material 2).Some spots
showed a high rate of cross-reactivity (e.g., rOmpB, groEL, dnaK), as
was the case for R. conorii.

The parameters of calculation: aSensitivity (Se), positive result with patients/
total number of patients; bSpeciﬁcity (Sp), negative result with the control
group/total number of control group individuals; cPositive predictive value
(PPV), TP/(TP + FP); true positive (TP), false positive (FP); dNegative predictive value (NPV), TN/(TN + FN); true negative (TN), false negative (FN);
e
L = Se/(1-Sp) = (TP/patients) (FP/control group individuals); fΛ = (1-Se)/
Sp = (FN/patients) (TN/control group individuals).

3.4. Comparison of the sensitivity of early-stage infection sera screened by
2D WB and 2D PLA WB
Among R. conorii patients with early infection, only one serum was
screened in parallel with classical WB and PLA WB. Clearly, we obtained better spot detection with PLA WB (43%) than with traditional
WB (33%), indicating slightly better sensitivity of PLA WB. It is important to highlight that due to the costly reagents used for PLA WB, we
were limited to screening only the sera of R. conorii- and R. africaeinfected patients. Therefore, we used traditional WB performed with
healthy blood donors as the control group. The best markers of early R.
conorii infection were prsA, RC0031, and pepA (Table 2, Supplementary
material 2).
In the case of R. africae early infection, the sensitivity was comparable for both techniques (in range of 35%). Based on the lack of
reactivity among pooled sera from healthy blood donors used with
classical WB, the best markers of early R. africae infection were rpoA
htrA, ORF0029, atpD and acnA (Table 2, Supplementary material 2).

3.7. The best discriminant proteins revealed by statistical analysis
The partial least squares-enhanced discriminant analysis (PLS-EDA)
was an interesting tool that enabled us to show the common and different features of the reactivity proﬁles in the patient groups included
in the present study (Supplementary material 4). The values of the
principal components were as follows: PC1, 19%; PC2, 12%; PC3, 7%.
The immunoreactivity proﬁles of all groups included in this study
were similar if we consider the most prominent results, meaning PC1
versus PC2. We observe the clusters of mainly R. conorii infected and
closely co localized together sera: Rco, cRaf, eRco, iRco, in opposite to
the cluster of R. africae infected sera regrouping categories: Raf, iRaf,
eRaf, cRco. WB performed with 10 pooled sera from healthy blood
donors and probed against the R. conorii and R. africae proteomes did
not co-localize with patient sera, which is highlighted in the graphical
representations of samples (scores) PC1 versus PC2 and PC2 versus PC3.
When we analyzed the corresponding graphics of variables (spots),
we found the same projection of spots. If we consider these two major
groups of sera (cluster R. conorii versus cluster R. africae), the best
contributory spots to discriminate these two groups were cycM, ftsZ,
prsA, pepA, tufA for cluster R. conorii and tsf, ppa, grpE, ORF0785,
pepA, ORF0091 and lpxD for cluster R. africae. The best contributory

3.5. Contribution of cross-reacted WB in the present study
Considering the high rate of cross-reactivity among closely genetically related rickettsial species, our aim was to determine the mostconserved highly cross-reacting R. conorii and R. africae proteins. We
probed 3 R. conorii-infected sera (S20, S21 (IFA positive) and S22 (IFA
negative) against the 2-D resolved proteome of R. africae, and
22
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and acnA with sensitivities of 40% and excellent speciﬁcities of
88–94%. All of the best markers had an excellent speciﬁcity (in the
range of 90%) and variable sensitivity (40–70 %).
Considering late apparition of serological titers in ATFB [6,25,32]
and diﬃcult species speciﬁc diagnosis of rickettsiosis, these 3 proteins
remain promising for an early stage R. africae diagnosis and they might
be a future target for serodiagnosis development. The best markers of R.
conorii infection were cycM and ftsZ spots, detected in both early-stage
sera (5/7 eRco) and IFA-positive sera (10/12 Rco). Indeed, cycM did
not cross-react with healthy blood donors (HBD) sera, but cross-reacted
with one R. africae serum. ftsZ cross-reacted with 8/24 R. africae sera.
Moreover, these 2 proteins were also been shown to be strong contributors in PLS-EDA. However, we should carefully consider them,
because they are located in high density and poorly resolved zone,
which potentially may be a source of error. The remaining best R.
conorii marker was lpxD (5/7 eRco; 6/12 Rco) and rpoA (5/7 eRco; 4/
12 Rco), respectively. The R. conorii lpxD did not crossed reacted with
R. africae sera.
In this study, we evaluated a new technique named in situ PLA 2D
WB for rickettsial protein targets screening. It enabled us to select
several species-speciﬁc markers of rickettsial disease at diﬀerent stages
of infection. The most eﬃcient R. africae early infection markers were
rpoA, htrA, atpD, acnA and ORF0029 described here for the ﬁrst time.
The best R. africae active infection markers were: rOmpB β-peptide,
OmpA, groEL and newly described here hypothetical protein ORF1174.
The most promisisng markers of early R. conorii infection was prsA,
lpxD, pepA,RC0031 and R. conorii active infection markers (ftsZ and
cycM) which were all selected for the ﬁrst time. The newly reported
rickettsial diagnostic markers deserve further consideration for serodiagnosis improvements. ELISA performed with recombinant proteins
is a valuable tool to enable the evaluation of the best targets [47]. We
could include larger cohort of patients and controls.

spots are shown in Table 2 and Supplementary material 4.
4. Discussion
Currently, we attempted to identify the best protein values for discriminating the serodiagnosis of R. conorii and R. africae infections.
Considering the frequent diﬃculties in accurately diagnosing earlystage R. africae infection in our laboratory [20,29], we undertook a
challenge to discover rickettsial markers using two approaches: traditional 2D-immunoproteomics and in situ PLA-2D WB. The ﬁrst step for
both approaches used here was traditional 2D technology. The spots
detected by both methods were matched with a silver-stained gel and
excised for MALDI-TOF identiﬁcation. Thus, the reference 2-D gels were
common for both approaches. We decided to work in the pH range 3–10
to cover a global proteome; thus, the identiﬁcation and detection of
spots clustered in this zone was our major limitation. Therefore, feature
studies should be performed with a wide pH range rickettsial proteome
(pH 3–5) to better resolve the majority of interesting spots.
Considering that the in situ PLA-2D WB, oﬀers increased detection
sensitivity (20–50-fold) over traditional WB, along with the ability to
identify the interacting proteins [61,62], our ﬁrst goal was to adapt this
approach for Rickettsiae species-speciﬁc discrimination. Secondly, by
using two diﬀerent detection systems, RCA versus classical HRP-based,
respectively, we raised an opportunity to evaluate their sensitivity [63].
Thus, the speciﬁcity is conferred by a ﬁrst antibody from serum.
However, we obtained the enhanced sensitivity only in cases of R.
conorii early infection. Thus, the limit of detection was reached in the
traditional WB, resulting in missing frr and RC1281 spots. We also
observe a type of “bleaching” of the signal in the strongly reactive zone
(cluster of spots with rOmpB) in PLA WB.
Indeed, due to the relatively high ﬂuorescence background in 2D
PLA WB, we missed some spots with a weak signal. In summary, excepting encouraging results obtained with R. conorii early infection, our
results showed that within the limits of patient sera used, the HRP
based detection system was comparable to R ca. In general, in situ PLAbased detection method is considered as much more sensitive than
classical methods [42] except for Warford et al., who reports un-usefulness of in situ PLA in immunohistocytochemistry (IHC) [63]. The kitbased in situ PLA is constraining and costly to use. Thus, gains of sensitivity of 10% are rather questionable and far from 20 to 50 fold
change [42,61,64]. Although, in situ PLA-based methods are described
as highly sensitive, not fortuitous, we did not obtain the results that we
had been expected. Thus, the future use of in situ PLA technology
seemed to be compromised for Rickettsia spp.
We considered both techniques, PLA 2D WB and traditional WB,
together to select the best diagnostic values. Moreover, to enhance the
stringent choice for diagnostic value, we ﬁrst calculated the test operating serological parameters and performed a statistical analysis to resolve diﬀerent patient groups and corresponding spots.
Interestingly enough, we did not obtain exactly the same results
when calculating the test operating serological parameters (Table 2).
This is expected considering the fact that the best statistical contributors were highly speciﬁc but had lower sensitivity. When taking
into account the test operating serological parameters for cases of R.
africae infection, all immunoreactive proteins showed either good
speciﬁcity (> 75%) and a weak value for sensitivity (range of 15–30%)
or, inversely, a good value for speciﬁcity (> 75%) and a weak value for
sensitivity. The top range R. africae markers were rOmpB β-peptide,
OmpA, groEL, and ORF1174. They had sensitivities of 80–100% and
speciﬁcities of 92–100%. They are useful for diagnosis considering that
most of the commercial bacterial serodiagnostic kits reach the value of
75% for both sensitivity and speciﬁcity [29,65].The spots indicated by
the statistical analysis characterized only 3 R. africae IFA-positive sera
(S16, S18, S20). Thus, the results for IFA-positive sera are most probably underestimated.
The best markers of early-stage R. africae infection were rpoA, atpD,
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