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Abstract

Coxiella burnetii (Cb) is an obligate intracellular pathogen in nature and the causative agent of acute Q fever as well as chronic dis-
eases. In an effort to identify genes and proteins crucial to their normal intracellular growth lifestyle, we applied a ‘reverse evolution’
approach where the avirulent Nine Mile Phase II strain of Cb was grown for 67 passages in chemically defined ACCM-D media and
gene expression patterns and genome integrity from various passages was compared to passage number one following intracellular
growth. Transcriptomic analysis identified a marked downregulation of the structural components of the type 4B secretion system
(T4BSS), the general secretory (Sec) pathway, as well as 14 out of 118 previously identified genes encoding effector proteins. Addi-
tional downregulated pathogenicity determinants genes included several chaperones, LPS, and peptidoglycan biosynthesis. A general
marked downregulation of central metabolic pathways was also observed, which was balanced by a marked upregulation of genes
encoding transporters. This pattern reflected the richness of the media and diminishing anabolic, and ATP-generation needs. Finally,
genomic sequencing and comparative genomic analysis demonstrated an extremely low level of mutation across passages, despite

the observed Cb gene expression changes following acclimation to axenic media.

Keywords: Coxiella burnetii, reverse evolution, type 4B secretion system, effector proteins, intracellular survival

Introduction

Coxiella burnetii (Cb), the causative agent of acute and chronic Q
fever (Maurin and Raoult 1999, McQuiston et al. 2002, Arricau-
Bouvery and Rodolakis 2005, Raoult et al. 2005, Miller et al. 2006,
van Schaik et al. 2013), is an obligate intracellular pathogen
that infects macrophages, and successfully propagates in a para-
sitophorous vacuole termed the Coxiella containing vacuole (CCV)
(Heinzen et al. 1999, Voth and Heinzen 2007, Rudolf Toman 2012 et
al. 2012). Cb has evolved multiple strategies to tolerate and thrive
in the CCV, in spite of the prevailing low pH (~4.5), low O, content,
oxygen radicals, and high level of degradative host factors such
as acid hydrolases and defensins (Hackstadt and Williams 1981,
Heinzen et al. 1999, Brennan et al. 2004, Omsland et al. 2009). Such
remarkable ability has been the subject of a wide range of studies
that employed a plethora of biochemical, genetic, imaging, and —
omics-based approaches. Further, Cb employs a type 4B secretion
system (T4BSS) to deliver effector proteins into the host through-
out infection (Heinzen et al. 1999, Voth and Heinzen 2007, Voth
and Heinzen 2009, Rudolf Toman 2012 et al. 2012, van Schaik et
al. 2013). Cb effector proteins identified so far mediate a variety
of biochemical activities and are known to target and modulate a
broad array of host functions (Beare et al. 2011, Newton et al. 2013,
van Schaik et al. 2013, Beare et al. 2014, Newton et al. 2014, Larson
etal. 2015, Larson and Heinzen 2017, Crabill et al. 2018). Prior stud-
ies have employed bioinformatic tools (Chen et al. 2010), transpo-

son mutagenesis (Beare et al. 2011, Carey et al. 2011, Weber et al.
2013, Martinez et al. 2014, Crabill et al. 2018), microscopic local-
ization studies (Howe et al. 2003, Chen et al. 2010, Morgan et al.
2010, Voth et al. 2011), and cloning and infectivity testing to iden-
tify and characterize effector proteins. In addition, Legionella pneu-
mophila, a close genetic neighbour of Cb with a very similar T4BSS
(Segal and Shuman 1999, Sexton and Vogel 2002, Nagai and Ku-
bori 2011), is known to use T4BSS-effector protein duality to infect
its natural host cell, the amoeba. Legionella pneumophila has been
extensively used as a proxy to identify putative effector proteins
and propose molecular pathogenesis mechanisms in Cb (Zamboni
et al. 2003, Zusman et al. 2003, Vogel 2004, Segal et al. 2005, Pan
et al. 2008). Indeed, research on L. pneumophila has identified the
structural features of the T4BSS, the nature of effector proteins se-
creted through the system, and possible function of some of these
effectors.

Growth of Cb in an axenic media was first reported in 2009 us-
ing the undefined Acidified Citrate Cysteine Media (ACCM) (Oms-
land etal. 2009). Increased replication rates in the somewhat more
defined ACCM-2 medium soon followed in 2011 (Omsland et al.
2011). Subsequently, a nutritionally fully defined media (ACCM-
D) with an even greater replication rate and physiologic paral-
lels to intracellular bacteria was developed (Sanchez et al. 2018).
Growing Cb in axenic media is opening new venues for investigat-
ing mechanisms of Cb molecular pathogenesis (Beare et al. 2012,

Received 6 February 2023; revised 17 April 2023; accepted 15 May 2023

© The Author(s) 2023. Published by Oxford University Press on behalf of FEMS. All rights reserved. For permissions, please e-mail:

journals.permissions@oup.com


https://orcid.org/0000-0002-1067-1647
mailto:ed.shaw@pcom.edu
mailto:journals.permissions@oup.com

2 | Pathogens and Disease, 2023, Vol. 81

Rudolf Toman et al. 2012, Beare and Heinzen 2014, Martinez et al.
2015, Sandoz et al. 2016, Beare et al. 2018, Crabill et al. 2018). The-
oretically, when grown in axenic media, the expression of genes
required for intracellular survival and host cell manipulation is
no longer required for Cb viability. Therefore, continuous mainte-
nance and passaging the bacterium for extended periods of times
under axenic conditions could potentially remove the powerful
selective pressure exerted by the host cell, thus potentially min-
imize/silence expression in such genes. As such, we evaluated
whether transcriptomic analysis of gene expression patterns as
well as genomic identification of mutation and gene loss patterns
in axenic grown versus Cb cultures derived from intracellular
growth could be employed for identifying putative involvement
of specific genes, as well as identification of novel genes neces-
sary for Cb pathogenesis and survival in an intracellular environ-
ment. Similarly, continuous passaging could also lead to the prop-
agation of mutations, DNA fragment losses, and rearrangements
in genes/loci associated with intracellular survival, pathogenesis,
and host cell manipulation. Such patterns could be regarded as
‘reverse evolution’,i.e. the opposite of the natural evolution trajec-
tory of Cb from a free-living ancestor to an obligate intracellular
pathogen. Specifically, we hypothesized that: (1) changes in gene
expression within the first few passages upon transition from in-
tracellular to axenic media growth would be observed, and such
differences would be more pronounced in genes involved in sub-
verting and coopting host metabolism, as well as genes enabling
general adaptation to physiological conditions prevalent in its in-
tracellular vacuolar environment, and (2) Cb could acquire and
accumulate DNA mutations upon transition from intracellular to
axenic media growth after repetitive passages since certain bac-
terial genes/proteins are no longer required for successful growth.

In this study, we transitioned Cb Nine Mile phase II from cell
cultures into axenic defined media ACCM-D and subcultured it in
long-term successive passages. We conducted transcriptomic and
genomic sequencing on replicate samples at different time points
(passages) to document temporal changes in gene expression pat-
terns, as well as DNA mutations associated with adaptation to an
axenic extracellular lifestyle.

Materials and methods

Microorganism and growth conditions

Coxiella burnetii (Cb) avirulent strain Nine Mile phase II (NMII),
clone 4 (RSA439) was cultivated in rabbit epithelial RK13 cells
(CCL-37; American Type Culture Collection) grown in Dulbecco’s
modified Eagle medium DMEM (ThermoFisher Scientific) supple-
mented with 5% fetal bovine serum (FBS) in T75 culture flasks.
This method of collecting cells was adapted from Coleman et al.
(2004). Briefly, the infected cell line was split into multiple non-
vented and capped T150 culture flasks that were incubated at
37°Cin 5% CO, for a week until confluent growth was observed.
These flasks were then screwed tightly shut and left at room tem-
perature for 2 weeks to induce cells to switch to the small cell
variant (SCV) form. The cells were pelleted by ultracentrifugation
(12000 x g, 15 minutes) in 250 ml Nalgene round bottom tubes,
scrapped off the round bottom tubes by using sterile 1x phos-
phate buffered saline (PBS), and then lysed by using Dounce ho-
mogenize. The lysed cells in PBS were then spun via centrifuga-
tion using Oakridge tubes in an ultracentrifuge at 12000 x g for
15 minutes. The SCV pellets obtained were stored in SPG freezer
media (0.7 M sucrose, 3.7 mM KH,POy4, 6.0 mM K,HPO4, 0.15 M KC],
5.0 mM glutamic acid, pH 7.4) at —80°C.

Axenic growth in defined ACCM-D media

Cb cultures propagated intracellularly in rabbit epithelial RK13
cells were used to inoculate ACCM-D media (Sunrise Science Prod-
ucts, San Diego, CA). Approximately 10° genome equivalents per
ml was used as an inoculum [determined using the RT-PCR pro-
cedure as previously described (Brennan and Samuel 2003)]. Cul-
tures were grown in a T25 cell culture flasks at 5% O,, 5% CO,,
and 37°Cin a trigas incubator (Panasonic, MCO-170ML) for 7 days.
Subsequent passages were achieved via a 1:1000 (6 ul into 6 ml)
inoculum into freshly prepared ACCM-D media and incubation
for 7 days. Axenically grown Cb cultures were routinely (every five
passages) subjected to contamination check by inoculation into
LB broth medium incubated under microaerophilic (5% O,, 5%
CO,) conditions, LB broth medium incubated aerobically at 37°C,
as well as ACCM-D medium incubated aerobically at 37°C.

Measuring growth and host cell infectivity

To determine the infectivity of axenic or intracellularly grown
Cb; HeLa cells (CCL-2; American Type Culture Collection) were
seeded onto 96-well culture plates at a density of 10* in Roswell
Park Memorial Institute (RPMI) medium containing 2% FBS for 16
hours. Cb cultures grown in ACCM-D were pelleted at 12000 x g
at 4°C for 15 minutes. Serially passaged Cb were diluted in RPMI
to normalize the number of genomes per volume, and 50 ul from
various dilutions were inoculated onto the HeLa cell containing
wells and centrifuged at 600 x g for 15 minutes at room temper-
ature (Luedtke et al. 2017). Immediately following centrifugation,
the inoculating media was replaced with 200 !l of fresh RPMI con-
taining 2% FBS. The plates were incubated at 37°C and 5% CO,
for 72 hours, fixed with ice-cold methanol for 10 minutes, then
examined using indirect fluorescent antibody microscopy analy-
sis as described previously (Luedtke et al. 2017). Briefly, Cb was
stained using rabbit whole anti-Cb NMII antibody diluted 1:1000
in PBS containing 3% bovine serum albumin (BSA) as a blocking
agent. Primary antibodies were detected using Alexa Fluor 488 la-
belled goat anti-rabbit IgG antibodies diluted 1:1000 in PBS con-
taining 3% BSA (Invitrogen). Total DNA was stained using 4’,6-
diamidino-2-phenylindole (DAPI) diluted 1:10000 in PBS contain-
ing 3% BSA (Molecular Probes) to illuminate host cell nuclei. The
methanol fixed and stained cultures were visualized on a Nikon
Eclipse TE2000-S and the number of maturing CCVs were counted
and calculations performed to ascertain the number of fluores-
cence forming units, which indicates the infectivity of the Cb NMII
in the ACCM-D samples.

Transcriptomics
RNA extraction

Cells from axenic media growth passages 1, 3, 5, 10, 12, 16, 21,
31, 42, 51, 61, and 67 were harvested for transcriptomic analy-
sis. RNA was extracted using a combination of hot Trizol treat-
ment (Moormeier et al. 2019) and the RNeasy Mini kit (Qiagen,
Germany). Briefly, bacteria in 12 ml of ACCM-D culture (ODgoo
~ 0.3-0.4) were pelleted, resuspended in 700 ul of Trizol (Ther-
moFisher Scientific), boiled at 90°C for 10 minutes, and vortexed
vigorously. Two hundred ul of Chloroform was then added, fol-
lowed by centrifugation at 12000 x g at 4°C for 10 minutes. Af-
ter separation, 300 ul of 100% ethanol was added to the aqueous
phase, which was then quickly transferred to the spin column pro-
vided in the RNeasy mini kit. On-column DNA digestion was con-
ducted by adding 80 wl [10 ul 1 Unit/ul RNase free DNase I, (Ther-
moFisher Scientific) in 70 ul reaction buffer from the Master Pure
Yeast RNA Purification kit, Epicenter| of DNase preparation. The



RNeasy mini kit's protocol was followed for washing and eluting
RNA. RNA quality was assessed visually on a gel as well as using
RNA screen tape (Agilent) and RNA integrity number (RIN) value
measurements using Tapestation and Bioanalyzer systems (Agi-
lent).

Transcriptome sequencing and assembly

RNA sequencing (RNA-Seq) was conducted on the Illumina plat-
form, using Nextseq 500 sequencer at the Oklahoma State Uni-
versity Genomics and Proteomics core facility. After checking the
quality of the reads using FastQC (Andrews 2010), Trimmomatic
v0.38 (Bolger et al. 2014) was used to process raw reads and
remove Illumina adapter sequences. HISAT2 v2.1.0 (Kim et al.
2019) was used to map the trimmed reads to the Chromosome
(GenBank accession number: CP020616.1) and Plasmid (GenBank
accession number: CP020617.1) of Cb NMII RSA 439. StringTie
v2.1.4 (Kovaka et al. 2019) was used to assemble reads align-
ments into potential transcript and to generate a nonredundant
set of transcripts. The Python script prepDE.py supplemented
with StringTie tool was used to convert transcripts per kilobase
million (TPM) and fragments per kilobase million (FKPM) to gene
level raw count matrix. The raw count table was imported to DE-
Seq2 package (Love et al. 2014) from Bioconductor in R program-
ming language for further analysis. Comparison in expression
patterns in replicates was assessed by using ' PCAtools’ package
inR.

Identification and analysis of differentially expressed genes
(DEGs)

The overall strategy for comparative transcriptomics analysis
is outlined in Fig. 1. DESeq2 was used to compute the fold
change expression levels (reflected by logarithmic 2-fold ex-
pression change, i.e. L2fc) and its statistical significance (ad-
justed P-value, padj henceforth referred to as P-value) for ev-
ery gene between passages when compared to passage one. DE-
seq? tests the differential expression using negative binomial dis-
tribution and internally normalizes the counts by library size
(Anders and Huber 2010). Genes with a P-value < .05 were
labelled as significantly expressed. Only genes with TPM val-
ues > 10 in at least one passage were considered to minimize
noise from minimally expressed genes. In most cases, DEGs in
our temporal analysis were significantly expressed in more than
one sampling point. In the few cases where differential expres-
sion was observed as a single spike in only one time point,
a threshold of L2fc > 2 was considered as differentially ex-
pressed. Patterns of differential expression in DEGs was anal-
ysed and visualized by constructing plot count graphs using
the function ‘plotCounts’ in DESeq2 package. The package ‘En-
hancedVolcano’ was used to visualize gene expression patterns as
volcano plots.

An empirical classification of differential expression patterns
was implemented for grouping genes identified as exhibiting sta-
tistically significantly differential regulation (using the criteria
described above). Expression levels of all DEGs were plotted as
a function of time (see cartoon in Fig. 1) to identify tempo-
ral patterns. Verdicts are made based on observing the trend-
line in these expression graphs for individual genes. Using such
patterns, DEGs were classified into (1) Early up/downregulated:
Genes where upregulation/downregulation was observed early
and the levels were sustained in subsequent late passages
(Fig. 1). ‘Early’ is defined as occurring before Passage 31, while
‘late’ is defined as occurring after Passage 31. (2) Continu-
ously up/downregulated: Genes where a constant/gradual in-
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crease/decrease in the magnitude of L2fc was observed through-
out the sampling process (Fig. 1). (3) Late up/downregulated:
Genes where differential expression was observed at or af-
ter Passage 31. (4) Variable: Genes where expression levels
were significantly higher than passage one in some timepoints
and significantly lower than passage one in other time points

(Fig. 1).

Metabolic analysis and pathway mapping of DEGs

The subcellular protein localizations of proteins encoded by
DEGs were predicted by using PSORTb (Yu et al. 2010). Trans-
porter Classification Database (TCBD) was queried to find the
putative transporter proteins. Pfam database (Mistry et al. 2020)
was used to identify putative protein families for hypotheti-
cal proteins. BlastKOALA (Kanehisa et al. 2016) was used for
functional annotation and assign KEGG Orthology (KO) num-
bers for the selected DEGs; and KEGG mapper (Kanehisa and
Sato 2020) was then used to reconstruct metabolic pathway
to visualize the DEGs in each pathway. The gene involvement
in specific metabolic pathways were inferred from KEGG brite
hierarchy file. Cluster of Orthologous genes (COGs) database
(updated 2020) (Galperin et al. 2021) downloaded from NCBI,
was used to classify the effector proteins into functional
categories.

Genomics

DNA extraction and sequencing

Eight mls of Cb passaged cultures grown in ACCM-D for 7 days
were pelleted by centrifugation at 12000 x g and 4°C for 15 min-
utes. DNA extraction was conducted using Pure Link® Genomic
DNA Kits (ThermoFisher Scientific) following the manufacturer’s
instructions. Sequencing was conducted at the Oklahoma State
University Genomics and Proteomics core facility using lllumina’s
NextSeq® 500 System. DNA quality was assessed visually on a gel
as well as using DNA Screentape and Bioanalyzer systems (Agi-
lent).

Genome assembly and quality control

The KBase platform (Allen et al. 2017), which implements and in-
tegrates multiple bioinformatic tools, was used for DNA sequence
data handling. Quality check was done using FastQC v0.11.5 (An-
drews 2010). Trimmomatic v 0.36 (Bolger et al. 2014) was used to
trim the Illumina adapter sequences. Assembly of Illumina reads
to contigs was attempted using four different assemblers [Spades
v3.13.0, Velvet v1.2.10, and IDBA-UD v1.1.3 and Unicycler (Davis
et al. 2020)]. The quality of genome assemblies from these four
assemblers were assessed using QUAST v1.4 (Gurevich et al. 2013)
and the best assemblies were selected using metrices such as total
length, largest N50, lesser number of contigs, and less Ns. CheckM
(Parks et al. 2015) was used to assess quality and completion of
genomes (Fig. 1).

Analysis of mutation frequencies

Breseq (Deatherage and Barrick 2014) was used to identify muta-
tions/changes in the genome assemblies obtained, with Passage
1 used as a reference. The occurrence and frequency of both sin-
gle nucleotide polymorphisms (SNPs) and deletion-insertion poly-
morphisms (DIPs) were examined (as outlined in Fig. 1). Breseq
was run in polymorphism mode, which identifies the mutations
occurring in a fraction of a population in addition to consensus
mutations in the entire population in a sample. This allows for
the visualization of the propagation of a particular mutation as a
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Figure 1. Flowchart representing the overall comparative transcriptomics and genomics strategy employed in this study. Cb NM II strain was grown
and passaged in an axenic media for 67 times. DNA and RNA were extracted to study the changes in gene expression and genetic mutations for 12 of
these passages. For transcriptomics, the reads were assembled and aligned to this strain of Cb. The expression levels of all other passages were
compared to Passage 1 and differential gene expressions were designated early/late up, early/late down, continuous up/down, and variables based on
their gene expression trends and using Passage 31 as midpoint (for ‘early’ versus ‘late’ differentiation) as shown in the figure. The gene expression
changes in various pathways and metabolic systems were further analysed in detail. For genomics, reads from pooled replicates for 12 passages were
assembled. To study and characterize the different types of genomic mutations occurring in later passages, their reads were aligned to the Passage 1
genome and the mutations (SNPs and DIPs) were identified using several bioinformatics tools.

frequency of evolved alleles and genetic diversity in the popula-
tion.

Nucleotide sequences accession number

The whole-transcriptome and genome shotgun sequences were
deposited in GenBank under the BioProject PRJINA796300 and
BioSample accession numbers SAMN24840407-SAMN24840437
and SAMN24847762-SAMN24847773. The 31 transcriptomic as-
semblies were deposited in the SRA under project accession
number SRX13723330-SRX13723360. Reads for 12 genomic as-

semblies can be found under SRA with accession SRX13726189—
SRX13726200.

Results

Coxiella burnetii infectivity but not viability
decreases with continuous passaging in axenic
media

Following anecdotal observations, we sought to quantitatively
assess whether serially passaged Cb infect cultured cells less
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Figure 2. Infectivity and viability of Cb NMII in axenic media.
Intracellular and axenic growth from three biological replicates of
passaged ACCM-D growth (A) FFUs counts of infections of HeLa cells
normalized by Cb genomes from passages 1, 3, 5, and 10. Significance
between different passages are indicated by lines and «P < .001. (B) CFU
enumeration of passages 1, 3, 5, and 10 Cb spread on ACCM-D plates
normalized to genomes. No statistically significant difference was
observed between groups.

readily than cell derived bacterial stocks. Using C. burnetii NMII
serially passaged 1, 3, 5, and 10 times in ACCM-D, we initiated
infections of Hela cells with bacterial dilutions normalized by
the number of genomes in each sample. When the number of
fluorescence forming units (FFU) per sample were calculated,
they revealed a decrease in the number of C. burnetii filled vac-
uoles in tissue culture cells as the bacteria from subsequent pas-
sages were analyzed, respectively, resulting in a nearly two-log de-
crease between Passages 1 and 10 (Fig. 2A). This indicated that
there were fewer bacteria per genome that were capable of ini-
tiating a typical infection following multiple passages in axenic
media.

Next, we sought to determine if the decrease in infectivity of tis-
sue culture cells was associated with a decrease in in vitro viability
of the C. burnetii as measured by colony forming units on ACCM-D
agar. To address this question, we plated dilutions of Passages 1,
3,5, and 10 on ACCM-D agar plates and performed colony counts.
Contrary to the decrease in infectious units (Fig. 2A), the colony
counts indicated that there was no significant change in viable
bacteria relative to genomes as the organism was serially pas-
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saged (Fig. 2B). This indicated that the number of live and replica-
tive bacteria did not change during axenic growth, and therefore
bacterial death was not responsible for the decrease in Cb infec-
tivity of the cultured eukaryotic cells observed.

Transcriptional activity

To determine whether gene transcript expression levels changed
in Cb during continuous axenic propagation, RNA sequencing was
conducted on 12 different passages (1, 3, 5, 10, 12, 16, 21, 31,42, 51,
61, and 67) with triplicates for all passages (except Passage 1, 3,
and 5, which were conducted in duplicates). In general, a pattern
where replicates from a single passage clustered together was ob-
served, and principal component analysis indicate that replicate
sampling were highly similar (Supplementary Fig. S1). A total of
162.2 Gb data were obtained, with 6.05-22.57 million reads per
sample (Average = 10.14 million reads). Transcripts representing
each of the 2217 genes in C. burnetii NMII strain (genome and plas-
mid) were identified in all samples, attesting to the depth of the
sequencing effort conducted.

Expression level and overall pattern (early up, continuous up,
late up, early down, continuous down, late down, variable) for ev-
ery gene in the Cb genome is shown in Supplementary Table S1.
A total of 845 genes were differentially expressed in at least one
passage, with 464 upregulated and 371 downregulated (Fig. 3A)
genes. The number of DEGs per passage ranged between 25 and
807 (Fig. 3B). A general pattern of an increasing number of DEGs
per passage was observed through Passage 51, after which the
number of DEGs dropped in Passage 61 and 67 (Fig. 3B). The ratio of
upregulated to downregulated genes in each passage ranged be-
tween 0.14 (in Passage 5) and 1.26 (in Passage 3). Of the 371 down-
regulated genes, 249 expressed an early down pattern, 48 were
continuous down, 43 were late down, and 31 were down in only
one passage. Of the 464 upregulated genes, 288 were early up, 38
were continuous up, 85 were late up, and 53 were up in only one
passage (Fig. 3C). Of the 845 DEGs, 81 were differentially regulated
in 8-11 of the passages, 144 in 5-7 of the passages, 526 in 2—4 of
the passages, and 84 in only 1 passage (Fig. 3D).

Visualization of DEGs patterns using volcano plots was used
to provide an overview of the overall level of expression changes
(Fig. 4). Transcript expression levels from each passage were com-
pared to passage one. The labelled boxes within each plot analysis
represents the 10 highest differentially expressed transcripts (i.e.
smallest P-value). Visual inspections demonstrate that chaperons
and T4BSS machinery proteins consistently represent an impor-
tant component of highly downregulated genes in all passages.
Below, we provide a more detailed assessment on differential ex-
pression patterns for various genes and pathways.

Secretory pathways are significantly
downregulated in axenic growth media

The defective in organelle trafficking/intracellular multiplication
(Dot/Icm) T4BSS in Cb has been shown to secrete protein effec-
tors/pathogenic determinants into the host cell, a process re-
quired for Cb intracellular growth and pathogenesis (Voth and
Heinzen 2009, Beare et al. 2011, Carey et al. 2011, Rudolf Toman
et al. 2012, van Schaik et al. 2013). Interestingly, 19 out of the 24
components of the Cb T4BSS demonstrated significant differential
expression (Fig. 5A, Supplementary Fig. S2a, and Supplementary
Table S1). Out of these, 18 genes were downregulated and only 1
gene was upregulated (Fig. SA and Supplementary Fig. S2a). In-
deed, T4BSS encoded gene transcripts were some of the most sig-
nificantly downregulated across the passages (Fig. 4).
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(A) (B)

Total transeripts | 2217 [118 effector proteins, 24 T4BSS] |

| | l

Number of differentially expressed genes in each passage
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Figure 3. Overview for differential expression patterns in axenically grown Cb. (A) Summary for the number of total and DEGs, T4BSS, and effector
proteins in this experiment. (B) Bar graph showing the number of upregulated (P-value < .05 and L2fc > 0) and downregulated (P-value < .05 and
L2fc < 0) genes in each passage. (C) Classification of genes based on their gene expression verdicts, i.e. early up/down, late up/down, continuous
up/down, up/down in one passage. (D) Classification of genes based on the number of passages showing significant expression change.

Within the T4BSS core transport complex, transcripts for genes
dotC, dotD, dotF, and dotG were early downregulated, while only
dotH indicated no significant change in gene expression in all
passages. In addition, expression changes in genes encoding
components of the T4BSS coupling protein complex (dotL, dotM,
and icmW) demonstrated early down or continuous down (dotN),
whereas icmS was the only component with no significant gene
expression changes. Transcripts of the gene dotB was continuous
downregulated whereas dotA and icmX were found to be early
downregulated (Fig. 4 and Supplementary Fig. S2a). Besides the
two main complexes, other components of the Cb T4BSS that were
transcriptionally downregulated during continuous axenic media
passaging includes genes dotE, dotP, dotK, dotl, dot], icmT, and icmQ
(Fig. SA). icmF, located in a separate locus than the majority of the
T4BSS genes (Fig. 5B), was the only component that was transcrip-
tionally upregulated in the system (Supplementary Fig. S2a).

Transcript expression of genes within additional secretory
pathways in Cb were also analysed. Genes of the general secre-
tary (Sec) pathway revealed a general trend of downregulation

(Supplementary Fig. S2b and Supplementary Table S1). The Sec
pathway provides a channel for polypeptide movement across the
bacterial inner membrane (Green and Mecsas 2016). It is com-
prised of the proteins SecY, SecE, and SecG and an ATPase (SecA)
that drives protein movement (Green and Mecsas 2016, Tsirigotaki
et al. 2017). This pathway is known to secrete proteins from the
cytosol through the cytoplasmic membrane (Mori and Ito 2001).
We identified all of the Cb Sec pathway components, as shown
in Fig. 5A. Transcripts for expression of the inner membrane pro-
teins SecA, SecF, and SecE were early down and SecY and YajC
were continuously down, whereas the targeting proteins SecB and
SecG were down at later passages.

Expression patterns of T4BSS effector proteins
previously implicated in Cb pathogenesis and
intracellular survival

The differential expression in all 118 genes encoding T4BSS ef-
fector proteins previously identified in Cb through a variety of
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Figure 4. Volcano plots for expression patterns for 845 overall significant DEGs in different passages when compared to passage 01. The volcano plots
were made using the package ‘EnhancedVolcano’ in R programming language. Here, for each passage, the nonsignificant DEGs would be the gene with
P-value > .05. In these volcano plots, the black dots represent nonsignificant DEGs, green dots represent non-DEGs with L2fc > 2, blue dots represent
significant DEGs (i.e. P-value < .05) with L2fc < 2 whereas the red diamonds represent significant DEGs with L2fc > 2. The 10 genes with the lowest
P-values (and therefore the most significant expression changes) in all compared passages are labelled in boxes and these genes in most cases have

the highest Log, fold change (L2fc) as shown in the figure.

effector screens (Chen et al. 2010, Carey et al. 2011, Voth et al.
2011, Weber et al. 2013, Larson et al. 2016) was examined. Forty-
seven effector proteins were differentially expressed (column ‘Ef-
fector proteins’ in Supplementary Table S1, Fig. 3A). Interestingly,
more genes were upregulated (n = 33) than downregulated (n = 14)
(Fig. 3A).

The 14 genes encoding effector proteins that were transcrip-
tionally downregulated indicated an up to 4-fold expression
change, with the expression changes primarily beginning from
passage 10 (Supplementary Fig. S3 and Table 1). These genes fell
into COG functional groups of signal transduction mechanisms
(ankG, ankK, and ankD), carbohydrate transport and metabolism



8 | Pathogens and Disease, 2023, Vol. 81

Effectort:

(A)

Periplasm

\  Inner
‘membrane

Cytoplasm

(B)

% Hypotlwtical
1533280 @-W/---mwmﬁ 1565685
8

dotQ  dotN dotP  dotE  dotF  dotG dotH dotJ dotl  dotK dotL  dotM icmQ EeDES

Hypothetical

284936

Transporter Hypothetical

IemT  jem§ dotD  dotC  dotB dotd icmV icmW iemX

288714
iemF dotll

Figure 5. Cb T4BSS machinery and Sec expression changes during axenic passaging. (A) Membrane complex model with gene transcript expression
profiles for components of the Cb T4BSS (right side) and Sec protein export pathway (left side). The T4BSS figure is adapted and modified from (van
Schaik et al. 2013) and (Wang et al. 2018) whereas the cartoon for Sec pathway was adapted and modified from KEGG database
(https://www.genome.jp/pathway/map03070). DEG patterns are denoted by arrows (downregulated in maroon, no significant expression changes in
yellow, and upregulated in green). « represents genes that were highly downregulated (L2fc < —3). The T4BSS is comprised of a core transport complex
(DotCDFGH), substrate recognition complex (DotLMN, IcmSW, LvgA), and other functional proteins. A total of 19 out of the 24 components comprising
the Cb T4BSS demonstrated significant differential expression with 18 components being downregulated. The Sec pathway comprised of secYEG
(constituting channel for polypeptide movement) and SecA (ATPase that drives protein movement) is known to secrete proteins from the cytosol
through the cytoplasmic membrane (Mori and Ito 2001). (B) Gene locus map for all of the T4BSS the components in Cb NMII strain [CP020616.1]. The
arrows are coloured filled according to DEGs patterns as (downregulated in maroon, no significant expression change in yellow, and upregulated in

green). The arrows not filled are genes not related to the T4BSS pathway.

(B7L74_09 020), posttranslational modification, protein turnover
and chaperones (cpeH), replication, recombination, and repair
(cig57), lipid transport and metabolism (B7L74_03 275), and mo-
bilome: prophages and transposons (B7L74_08 400) (Supplemen-
tary Table S2, Fig. 6, and Table 1). Genes B7L74_08 200 and
cpeF were predicted as general function categories whereas there
were no functional homologies for B7L74_07 850, cig2, cirC, and
B7L74_03 065 in the COG database (Supplementary Table S2).

Expression patterns of additional pathogenic
determinants in Cb

Expression patterns of additional pathogenic determinants un-
related to T4BSS effector proteins were examined. Of these, we
noted three interesting patterns. First, the general downregulation
of a wide range of chaperone proteins. Chaperone proteins pri-
marily function as protein folding catalysts, but many are consid-
ered virulence factors for intracellular pathogens given that they
encounter stress related to phagosome acidification and phago-
some fusion with lysosomes (Neckers and Tatu 2008). Amongst
the 16 genes annotated as chaperons in the Cb genome, 10 were

transcriptionally downregulated during continuous in vitro pas-
saging (Fig. 7A and Supplementary Table S1). Notable downregu-
lated chaperones include glutaredoxins (grxC and grxD) that have
been shown to be involved in CCV detoxification (Beare et al. 2009)
and genes encoding heat shock proteins classes such as dnak,
hptG, groEL, and dnaJ. These proteins are known to help bacteria
adapt to stressful conditions (Arnold et al. 2007, Genevaux et al.
2007; Supplementary Fig. S4). DnaK has been shown to be critical
for survival of pathogenic bacteria inside the macrophage (Takaya
et al. 2004) and is induced in Cb in high acid condition, similar to
that found in the phagolysosome (Macellaro et al. 1998).

The second observation is the downregulation of several
genes involved in lipopolysaccharide (LPS) biosynthesis. The
LPS layer has long been known as a pathogenic determinant
and important for host interaction in Cb (Williams and Waag
1991, Gajdosova et al. 1994, Hussein et al. 2001). Out of 35
genes related to LPS synthesis and O-antigen nucleotide sugar
biosynthesis, 11 were downregulated (Fig. 7A) (Column ‘LPS
and O-antigen biosynthesis’ in Supplementary Table S1). Out of
the 11 downregulated genes, 4 are involved in the KDO2-lipid
IVA Wbp pathway for LPS biosynthesis, whereas 8 genes are
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Table 1. List of 47 effector proteins differentially expressed in this study.*

Reference gene ID Gene annotation

COG category**

B7L74_00 115
B7174_01 850
B7L74_03 065
B7174_03 275
B7L74_03 970
B71L74_04 780
B7L74_06 660
B7L74_07 850
B7L74_08 200
B7174_08 400
B7L74_09 015
B7L74_09 020
B7174_10 985
B71L74_11 055
B7L74_02 020
B71L74_00 320
B7L74_00 640
B7L74_00 905
B7L74_02 180
B7L74_02 295
B7L74_02775
B7174_03 285
B7L74_03 430
B7L74_04 490
B7L74_05 475
B71L74_06 775
B7L74_06 960
B7L74_07 255
B7L74_07 845
B7L74_08 100
B7L74_08 260
B7L74_08 270
B7L74_08 290
B7174_08 875
B7L74_09 030
B7L74_10 395
B7L74_10785
B7L74_10 940
B7174_10 945
B7L74_10 950
B7174_00 375
B71L74_10670
B7L74_07 525
B7L74_10 650
B7L74_07 055
B7L74_09 355
B7L74_00 740

Ankyrin repeat protein AnkD
Hypothetical protein

Ankyrin repeat protein AnkG

Ankyrin repeat protein AnkK
Hypothetical protein
Glutamyl-tRNA amidotransferase
Hypothetical protein

cig57 protein

Hypothetical protein

Hypothetical protein
Molecular chaperone DnaJ

Serine/threonine protein kinase

Ankyrin repeat protein AnkF

Coxiella vacuolar protein CvpA
Hypothetical cytosolic protein
Hypothetical protein
Hypothetical cytosolic protein
Hypothetical cytosolic protein
Hypothetical protein
Hypothetical protein

Hypothetical protein
Ankyrin repeat protein
Hypothetical protein
Hypothetical protein
Hypothetical protein
Hypothetical protein
Hypothetical exported protein
Hypothetical protein
Hypothetical protein

QpH plasmid ptrotein CbhE
Ankyrin repeat protein AnkA
Hypothetical protein
Hypothetical protein
Hypothetical protein

Ankyrin repeat protein AnkB

Coxiella vacuolar protein B (cvpB/cig2)

Hypothetical membrane spanning protein

Coxiella effector for intracellular replication cirC

Coxiella plasmid effector protein C (cpeF)
Coxiella plasmid effector protein H (CpeH)
Hypothetical membrane associated protein
Coxiella effector for intracellular replication cirB

Hypothetical membrane associated protein
Pyrroloquinoline quinone biosynthesis protein PqqC

Hypothetical membrane spanning protein W,

Hypothetical membrane associated protein
Hypothetical membrane associated protein

Z

nHLHmCCndAn< 3TN0 ddnccn IO IT—=HI30n00nnOOXTOAE XIPndnwd—un-dn

*Detailed quantitative expression values of each transporter at different passages are provided in Supplementary Table S1.

**COG categories: E: amino acid transport and metabolism, G: carbohydrate transport and metabolism, H: coenzyme transport and metabolism, I: lipid transport and
metabolism, J: translation, ribosomal structure, and biogenesis, L: replication, recombination, and repair, M: cell wall/membrane/envelope biogenesis, N: cell motility,
O: posttranslational modification, protein turnover, chaperones, P: inorganic ion transport and metabolism, Q: secondary metabolites biosynthesis, transport, and
catabolism, R: general function prediction only, S: unknown function, T: signal transduction mechanisms, U: intracellular trafficking, secretion, and vesicular
transport, V: defence mechanisms, W: extracellular structures, and X: mobilome: prophages, transposons.

involved in O-antigen nucleotide sugar biosynthesis (Supple-
mentary Table S1). Genes involved in the first three steps, i.e.
UDUDP-N-acetylglucosamine acyltransferase (IlpxA), UDP-3-0-[3-
hydroxymyristoyl] N-acetylglucosamine deacetylase (IpxC), and P-
3-0O-[3-hydroxymyristoyl] glucosamine N-acyltransferase (IpxD),
and the gene D-glycero-D-manno-heptose 1,7-bisphosphate
phosphatase (gmhB) in the LPS biosynthesis pathway are early
down or continuously down (Supplementary Fig. S4 and Fig. 7C).
In addition, three transporters related to LPS synthesis, i.e. a
lipoprotein releasing system ATP-binding protein (lolD), a lipid

flippase important in cell membrane formation (pglK), and a prob-
able O-antigen/lipopolysaccharide transport ATP-binding protein
(rfbE) were also early down (Fig. 7C). Eight downregulated genes
including wbpW, gmhB, galE, wbpD, galE, wbpl, cap1], and glmU are
involved in O-antigen nucleotide sugar biosynthesis pathway, a
14 gene pathway, which is the first step in O-antigen biosynthesis
where nucleotide sugars are assembled and activated by adding
NTP (Samuel and Reeves 2003).

Finally, 3 of the 15 genes involved in peptidoglycan layer biosyn-
thesis were downregulated (Supplementary Table S1). These
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Figure 6. COG classification graph for 118 identified effector proteins. The effector proteins were classified into COGs functional categories by using
the COGs database downloaded from NCBI. The blue bars represent the total number of effector proteins in each COG functional group (x-axis) and
orange bars represent the number of effectors that showed differential gene expression, thus showing the fraction of effectors that showed differential

gene expression in each functional category.

genes are penicillin-binding protein PBP3/fts], penicillin binding
protein PBP1A/mrcA, and undecaprenyl diphosphate synthase
uppS. The peptidoglycan layer in Cb is an immunogenicity de-
terminant and thickens substantially during LCV to SCV tran-
sition to help in environment resistance (Amano et al. 1984,
Sandoz et al. 2016). ftsI and mrcA are the only two genes en-
coding penicillin binding proteins in this genome that are in-
volved in peptide cross linking. This suggests that the pepti-
doglycan layer may be even thinner than is common intracel-
lularly and could indicate a reduced requirement during ax-
enic growth since the thick SCV peptidoglycan layer in Cb has

been correlated to bacteria being more infectious (Sandoz et al.
2016).

Downregulation of multiple hypothetical proteins
could suggest novel pathogenicity determinants

We posited that downregulated hypothetical proteins could rep-
resent previously unrecognized pathogenicity determinants, and
that such identification could be a useful starting point for subse-
quent experimental validation. We identified 30 Cb genes encod-
ing hypothetical proteins that were downregulated in more than
four separate passages. Subcellular localization analysis software
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predicts that 13 are cytoplasmic, 8 inner membrane, 1 extracel-
lular, 1 periplasmic, and 7 with unknown localization (Supple-
mentary Table S4). Of the cytoplasmic proteins, Cig28 and an
AMP binding protein (CBU_0787) possess a regulatory element rec-
ognized by PmrA, a sequence related to T4BSS expression and
translocation, and thus a potential predictor of effector proteins
(Beare et al. 2014), although they were subsequently shown not
to be translocated by the Cb T4BSS (Zusman et al. 2007, Beare
et al. 2014). Similarly, an uncharacterized protein, CBU_1234, has
been shown to have a glutamate-rich C-terminal secretion sig-
nal (E-block), which is also a predictor of effector proteins (We-
ber 2014). Two Glycosyltransferase family 1 proteins (i.e. CBU_0839
and CBU_0841) have previously been linked to LPS mutations that
lead to phase transitions (Beare et al. 2018). The eight proteins lo-
calized in the inner membrane included Cig3, an immunoreactive
peptidase CBU_0215 (Weber 2014) previously shown to contain a
regulatory element recognized by PmrA but not translocated by
Dot/Icm system (Zusman et al. 2007, Beare et al. 2014), an im-
munoreactive protein CBU_1865 (Beare et al. 2008) and a DUF3971
domain-containing protein, CBU_1468, that has been shown to be
important for intracellular replication (Newton et al. 2014; Sup-
plementary Table S4).

The one differentially expressed hypothetical protein identi-
fied by the localization software as an extracellular protein was
CBU_0962; a predicted short chain dehydrogenase with a yet un-
known specific function (Bewley 2015). Lastly, proteins with un-
known localization included an exported protein Cig40 (Weber
2014) with a regulatory element recognized by PmrA, a hypothet-
ical surface antigen Com1 (Chen et al. 2010) and a hypothetical
protein CBUAO012 located in an ORF containing other plasmid ef-
fectors, but shown to not be secreted by the T4BSS (Voth et al.
2011; Supplementary Table S4).

Transcriptional patterns of central metabolic
pathways

Analysis of gene expression patterns of central metabolic path-
ways demonstrated a general trend of downregulation in genes
encoding enzymes in central catabolic, amphibolic, and anabolic
pathways, coupled with a broad upregulation in genes encod-
ing transporters. An overall pattern of downregulation of glycol-
ysis genes (8/18 genes) was observed (Fig. 7A), with several en-
zymes such as pyruvate dehydrogenases (pdhC, pdhD), fructose-
bisphosphate aldolase (fbaA), glyceraldehyde 3-phosphate dehy-
drogenase (gapA), and phosphoenolpyruvate carboxykinase (pckA)
downregulated early in the passaging (Supplementary Fig. S4
and Supplementary Table S1). Gene pmm-pgm, which encodes the
enzyme phosphomannomutase/phosphoglucomutase and is in-
volved in the first step of glycolysis, was down early as well (Sup-
plementary Fig. S4). Similarly, analysis of genes encoding enzymes
of the tricarboxylic acid (TCA) cycle, demonstrated an overall
downregulation (12/17 genes), with a downregulation of ~2-fold
in isocitrate dehydrogenase (IDH2), the rate-limiting enzyme in
the TCA cycle (Supplementary Fig. S4). As well, the downregula-
tions in multiple carbohydrate dehydrogenases (e.g. pyruvate de-
hydrogenases pdhC and pdhD), succinate dehydrogenases (sdhA,
sdhB, sdhD), as well as genes that are necessary for oxidation of
glycolytic and TCA cycle sugar intermediates was observed. Fi-
nally, genes encoding components of the ETC were also down-
regulated. These include Complex I: NADH-quinone oxidoreduc-
tase (nuoB, nuoD, nuoE, nuoF, nuoH, nuol, nuok, nuoL, nuoM, nuoN),
Complex II: Succinate dehydrogenase (sdhA, sdhB, sdhD), Complex
III: Cytochrome oxidoreductase (cyoC, cyoD, cydA, cydB, cydX), and

Complex V: F-type ATPase (atpA, atpB, atpE, atpD, atpF, atpG) (Fig. 7A
and Supplementary Fig. S4). The downregulations in two com-
plexes (cyoC and cyoD) of cytochrome o oxidase, which is known to
be induced in oxygen rich growth conditions in bacteria, (Cotter et
al. 1990) suggests a decreased affinity and/or competition for oxy-
gen in the cell-free growth environment, as previously suggested
(Kuley et al. 2015). Cytochrome d oxidase, which is shown to be ex-
pressed more in oxidative and nitrosative stress conditions (Cotter
et al. 1990), also has expression of two of its components (i.e. cydA
and cydX) early down and late down, respectively. Finally, an over-
all downregulation of fatty acids biosynthesis genes transcription
(8/15) was also observed (Fig. 7A and Supplementary Fig. S4).

In contrast to the general trend of downregulation of the cen-
tral metabolic machinery of Cb, a marked upregulation of genes
encoding transporters was observed. Out of 125 general trans-
porters, the transcription of 39 were upregulated and 10 were
downregulated (Column ‘Transporters’ in Supplementary Table
S1) (Fig. 7A). Transporters that were upregulated have double fold
expression change (L2fc) ranging from 3 to 10 (Supplementary
Fig. S4). Upregulated primary transporters included transporters
for the amino acid arginine, oligopeptides, fatty acids, and vita-
mins such as riboflavin and thiamin (Fig. 7B and Supplementary
Fig. S2) as well as a small number of transporters (4 out of 20
present) related to the synthesis and maintenance of the outer
membrane (Supplementary Table S1). On the other hand, upreg-
ulated secondary transporters included MFS transporters, sym-
porters, antiporters, and mechanosensitive ion channels. Of these,
a notable observation was made where all six MFS transporters
and two out of four Na+ symporters found in the Cb genome were
found to be early upregulated (Supplementary Table S1). These
MEFS transporters transport various compounds such as monosac-
charides, oligosaccharides, amino acids, peptides, vitamins, cofac-
tors, drugs, nucleobases, nucleosides, and organic and inorganic
anions and cations. Also, a large proportion of transporters related
to drug resistance (6/16 present in the genome) and ion trans-
porters mediating the uptake of ions such as copper, iron, fluo-
ride, selenite, cobalt-cadmium-zinc, and phosphate were also up-
regulated (Supplementary Table S1 and Fig. 7B). In addition to
transporters mediating substrate transport, transporters involved
in pH homeostasis such as ions/mechanosensitive channels and
Na+:H+ antiporter were also upregulated. (Fig. 7B and Supple-
mentary Table S1). The Na+:H+ antiporter functions utilizes the
proton motive force to efflux intracellular sodium ions for intra-
cellular pH homeostasis (Ito et al. 2017) and these antiporters
along with ion/mechanosensitive channels have been proposed
to play an important role in pH homeostasis and survival within
the acidic CCV (Seshadri et al. 2003). Lastly, 3 out of 9 transporters
classified under general or unknown functions were upregulated
as well (Fig. 7B).

Genomics reveals a stable Cb genome

For all 12 passages analysed, genomes with 100% completeness
[assessed by identifying all 265 housekeeping marker genes spe-
cific for the Proteobacteria (Parks et al. 2015)] were obtained. N50
of genomic assemblies ranged between 49903 and 75629, N90O
ranged between 15966 and 20406, and the number of contigs per
genome ranged between 56 and 64 (Supplementary Table S5). Us-
ing Passage 1 as a reference, we identified 842 unique SNPs and
118 unique DIPs (Supplementary Table S5 and Fig. 8).

Of 842 unique SNPs, only 9 were identified in consensus mode
(i.e. present in 100% of the population in one or more passages)
while the remaining 833 SNPs were identified in population mode
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experiment. The SNPs and DIPs are further classified into specific types as shown by the lower branches. Numbers in the orange blocks at the tip of
some boxes represents the number of those mutations that occurred in 100% of the passages. (B) Classification of SNPs or DIPs by frequency of their
occurrences, i.e. present in all passages (if a mutation is present even in a fraction of the population in all 12 passages), maintained in later passages (if
the mutation is present in any fraction of the population in multiple later passages continuously), and transient (if the mutation is present in random
multiple passages with no coherent expression in continuous passages). (Bi) Classification of SNPs according to its occurrence in number of passages.
(Bii) Classification of DIPs according to the occurrence in number of passages.

(i.e. occurring in a fraction of the community), when sequenced
(Fig. 8). Further, only 69 unique SNPs were identified to occur in
all (i.e. Passage 3-61), and only 43 SNPs were maintained in later
passages (Fig. 8B). More importantly, only one consensus muta-
tion occurred in a gene that was downregulated in transcriptomic
analysis. This gene GTP pyrophosphokinase SpoT (B7L74_01 590)
had a one amino acid (aa) substitution (T to A) at position 262,
which propagates to 100% of the population in the last nine pas-
sages analysed and is also noticeably early down in gene ex-
pression. SpoT is a signal transduction component and tran-
scriptional regulator with a role in helping Cb cope with their
normally low-nutrient and high stress conditions (Minnick and
Raghavan 2012).

For the 118 unique DIPs, only 3 DIPs were identified in consen-
sus mode and 115 in population mode (Fig. 8). Lengths of inser-
tions and deletions were always very minor with 93% of DIPs rep-
resenting an insertion or deletion of a single bp (Supplementary
Table S3). The multibase pair deletions included deletions of 2, 3,
7,and 12 bp that occurred within coding regions, and the longest
observed deletion, 32 base pairs, occurring in an intergenic re-

gion. However, none of these genes appeared significantly affected
transcriptionally by the deletion as there were no significant
transcriptomic changes. Of the genes that were downregulated,
seven had DIPs mutations but all of those were only in a frac-
tion of the Cb population within a passage (mostly 5%-10% of the
population).

An interesting observation was the numerous mutations (SNPs
and DIPs) over several passages in two genes, i.e. lapA and lapB. In
LapA, the 97 aa long protein has a nonsense mutation at the 85th
position in passage 13. LapB, an 389 aa long protein, on the other
hand has two missense mutations in a large proportion of cells,
with one mutation propagating to 100% of the population at pas-
sage 67. It also has numerous insertions in the coding region with
a noticeable one being a 3 bp deletion in the coding region that
propagates to later passages (Supplementary Table S3). Although
these genes did not show any change in gene transcriptional ex-
pression modulated by mutations, it is possible that these genes
are en route to simplifying the LPS and O-antigen layer in accor-
dance with the absence of a stress environment, as seen in some
bacteria (Maldonado et al. 2016).
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Collectively, the low levels of consensus DNA mutations within
the passage populations and possibly the lack of effects, suggest a
very stable genome with minor levels of genomic mutations mod-
ulating transcriptional levels.

Discussion

Here, we attempted to identify genes and proteins crucial to Cb’s
intracellular growth lifestyle using a ‘reverse evolution’ approach
paired with RNAseq and DNAseq comparative transcriptomics
and genomics, respectively. We transitioned Cb Nine Mile phase
II from cell cultures into the axenic defined media ACCM-D and
subcultured it in a long-term successive passage model. Tempo-
ral changes in gene expression patterns, and DNA mutations as-
sociated with adaptation to an axenic extracellular lifestyle were
identified. In general, we observe a significant number of differen-
tial expression (464 up, 371 down, 38% of overall Cb genes) through
67 passages. It is interesting to note that the majority (288 upreg-
ulated and 249 downregulated) of DEGs expressed an ‘early up’ or
‘early down’ expression pattern (Fig. 3 and Supplementary Table
S1), suggestive of a relatively rapid adaptation during early pas-
saging into this new axenic environment.

DEGs identified in this study could be grouped into different
structural and functional categories (secretory apparatus, effec-
tor proteins, other pathogenicity determinants, hypothetical pro-
teins, and central metabolic pathways). In general, a broad down-
regulation of genes (19/24) encoding T4BSS components showed
significant expression change, with 18 genes showing a decrease
in the expression whereas only one gene that was upregulated.
T4BSS is the most crucial conduit for pathogenicity and effec-
tor proteins in Cb (Voth and Heinzen 2009, Carey et al. 2011, van
Schaik et al. 2013). Components of the T4BSS span both mem-
branes and the periplasm and are bridged by the core transport
complex comprising proteins DotC, DotD, DotF, DotG, and DotH,
which are predicted to provide a channel for export of effector
substrates (Fig. 5A; Vincent et al. 2006). The coupling protein com-
plex provides a link between substrates and transport complex
and includes DotL, DotM, DotN, IcmS, and IcmW (Vincent et al.
2012). DotB is an essential cytoplasmic protein with an ATPase ac-
tivity and unknown function, but its mutation has been linked to
failure in secreting effector proteins during the infection of host
cells (Beare et al. 2012). DotA and IcmX has been shown to be
released from the bacteria (Luedtke et al. 2017). Besides these,
other components of the T4BSS includes DotO localized in the
cytoplasm, IcmX in periplasmic space, DotK in outer membrane,
whereas IcmF, IcmH, Dotl, DotJ, DotA, DotE, DotP, IemV, and IemT
in the inner membrane. (Fig. 5A). The genes involved in the T4BSS
in Cb are clustered in a single locus made up of two regions, with
the exception of icmF and dotU, which are part of a separate operon
(Fig. 5B). This is similar to the gene arrangement shown in the orig-
inal Cb NMI sequence (Seshadri et al. 2003). Gene icmF, which has
been shown to be involved in intramacrophage replication and
inhibition of phagosome-lysosome fusion in L. pneumophila (Van-
Rheenen et al. 2004, Zusman et al. 2004) and stabilization of the
secretion complex (Sexton et al. 2004) was the only T4BSS compo-
nent that showed transcriptional upregulation.

The observed downregulation of this experimentally verified
central intracellular pathogenic determinant provides validation
that gene downregulation under the experimental setting em-
ployed in this study could be regarded as a reasonable proxy of
requirements for intracellular survival in cell-cultures. In addition
to T4BSS, other secretory pathway such as the general secretory

(sec) pathway and a component of the type I secretary pathway
(i.e. TolC) also exhibited a general trend of overall downregulation
(Fig. 5A, Supplementary Fig. S2a and Fig. S2b, and Supplemen-
tary Table S1). We interpret such overall lower expression of struc-
tural secretory apparatuses as a reflection of less need for these
systems during interaction between Cb and the environment in
a relatively rich axenic setting when compared to the organisms
environmentally ‘normal’ intracellular setting.

Interestingly, while genes encoding the production of secre-
tary machineries were downregulated, expression patterns of pre-
dicted T4BSS effector proteins were mixed, with 33 upregulated
and 14 downregulated. Of the 14 downregulated genes (all of
which were early downregulated), 9 have been experimentally ver-
ified based on experimental evidence of their translocation by the
Dot/Icm system (Voth et al. 2009, Chen et al. 2010, Carey et al. 2011,
Voth et al. 2011, Lifshitz et al. 2013, Maturana et al. 2013, Weber
et al. 2013), three genes containing ankyrin repeat domains (ankG,
ankD, and ankK) were considered effectors based on the presence
of eukaryotic like domains and subsequently shown to be translo-
cated by the Dot/Icm system (Voth et al. 2009) The Cb gene cirC
(Coxiella effector for intracellular replication) was verified as an
effector by transposon insertion mutation studies where its mu-
tation was associated with a defect in CCV biogenesis (Weber et al.
2013). Lastly, a hypothetical protein B7L74_09 020 was verified to
be an effector based on loss-of-function where its mutation was
related to a smaller CCV phenotype (Crabill et al. 2018; Supple-
mentary Table S2).

The eukaryotic type Ank domain in this protein family might
have a role in host-cell attachment and allows the interaction of
bacteria with a spectrum of host cell proteins and thus are consid-
ered particularly important in the pathogenic process (Batrukova
et al. 2000, Voth et al. 2009, Pechstein et al. 2020, Cordsmeier et
al. 2022). AnkD has both an Ank eukaryotic like domain and an F-
box domain, but the function is not yet clear (Voth et al. 2009).
AnkG in Cb NMII appears to associate with mitochondria and
to be transported into the host cell nucleus (Eckart et al. 2014,
Schéfer et al. 2017, 2020). AnkK has been shown to have an im-
portant role for bacterial growth inside of macrophages (Habyari-
mana et al. 2008), although it is not delivered to the host cell via
T4BSS (Voth et al. 2009; Supplementary Table S2). Coxiella plasmid
effector proteins (CpeF and CpeH) are in the plasmid T4BSS ef-
fector family of proteins, and are important for disrupting host
cell mechanisms. Cig57 mutation has been linked to an intracel-
lular replication defect for Cb, whereas a Coxiella vacuolar protein
B (Cig2/CvpB) mutation causes both a growth defect and a CCV
fusion defect (Newton et al. 2014). These two proteins are early
downregulated in nine and seven passages, respectively. Coxiella
effector for intracellular replication C/Mitochondrial Coxiella ef-
fector protein B (CirC/MceB) has been shown to be important for
CCV biogenesis (Weber et al. 2013) and it is early downregulated in
four passages. Of the remaining six downregulated effectors, four
are hypothetical proteins with unknown functions, Cbu1752 has
been shown to be important for vacuole biogenesis, and Cbu0635
appears important for host cell secretion (Supplementary
Table S2).

Of the 33 upregulated effector proteins, the majority fall into
COG categories of unclassified (n = 11), signal transduction mech-
anisms (n = 7), transportation and metabolism of coenzyme and
inorganic ions (n = 6) (Fig. 6 and Table 1). These upregulated, and
no expression change effector proteins (n = 71), could also be in-
volved in mediating general survival functions or other cellular
functions besides their involvement in directly association with
the intracellular pathogenesis process. This could be one of the



explanations behind their upregulation, or no expression change,
in this particular setting.

Such a pattern, where genes encoding the formation of the
structural conduits (i.e. secretary pathways) are downregulated,
but numerous genes encoding proteins thought to be secreted
through these conduits (i.e. effector proteins) are upregulated
is puzzling. We put forth the possibility that the expression of
these effector proteins is controlled by Cb intracellular conditions,
where high concentrations of intracellular metabolites (amino
acids, inorganic salts, ATP/ADP ratio) regulate their expression.
Under this scenario, high level of intracellular precursors in the
Cb LCV is associated with growth inside the cell, and possibly in
the ‘rich’ axenic media state of LCV growth. It remains to be seen
whether translation of these effector transcripts to protein prod-
ucts and subsequent secretion occurs in Cb grown in axenic me-
dia. Limited reports suggest that Cb T4BSS effectors have not been
observed during axenic media growth (Stead et al. 2013, Shaw, un-
published data)

Multiple additional pathogenic determinants were also down-
regulated in axenic media. Specifically, chaperons, LPS, and pep-
tidoglycan synthesis. Amongst the 16 genes annotated as chap-
erons in the Cb genome, 10 were transcriptionally downregulated
starting at early passages (Fig. 7A and Supplementary Table S1).
The downregulation could be explained by the fact that chaper-
ons play important roles for withstanding stress associated with
intracellular survival (e.g. CCV detoxification) (Beare et al. 2009),
survival inside the macrophage (Takaya et al. 2004), and low pH
within the CCV (Macellaro et al. 1998). Downregulation in the
genes involved in the synthesis of Lipid A and O-antigen as well
as peptide cross linking during peptidoglycan layer synthesis sug-
gests the possibility of further reduction in the need for these
functions of Cb grown in axenic media, even within the Cb NMII
strain used in this study. These changes in the bacterial cell outer
surface could be tied to their role/importance in infection and
intracellular host cell manipulation and bacterial survival and
growth inside the host cell. These assumptions need to be veri-
fied with more experimental evidence. Here, we need to keep in
mind that the strain we are using is the Cb avirulent strain NMIIL.
These variants have a truncated LPS, due to a genomic deletion of
approximately 25 Kbp of sequences that encodes the three sugars
i.e. virenose, dihydrohydroxystreptose, and galactosaminuronyl-
a(1,6)-glucosamine that comprises the LPS O-antigen biosynthesis
(Amano et al. 1987, Denison et al. 2007). Thus, further downreg-
ulations in some of the remaining genes involved in LPS and O-
antigen synthesis pathways could be due to their already altered
functionality in the cell.

Analysis of central metabolic pathways showed a clear trend of
downregulation of multiple catabolic (e.g. glycolysis and electron
transport chain), amphibolic (e.g. citric acid cycle), and anabolic
(e.g. FA synthesis) pathways, with a parallel upregulation of genes
encoding transporters (Fig. 7C). Such a pattern could readily be
explained by the nutrient rich growth environment (ACCM-D me-
dia) where Cb is grown in our continuous passage model. This me-
dia is a defined axenic medium for Cb growth and contains all 20
amino acids, salts (sodium phosphate and sodium bicarbonate),
vitamins, minerals, and trace elements (Sandoz et al. 2016). As
such, the need for expression of genes encoding enzymes that are
components of these biosynthetic pathways decreases and sub-
sequently, the overall need for ATP generation for biosynthetic
purposes (hence a decrease in respiratory activity). Likewise, the
upregulation in several structural genes encoding transporters
could be explained by the bacteria increasing production of more
channels/transporters to accommodate the increased presence of
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metabolites/substrates from the media as opposed to needing to
produce them via metabolic pathways in the bacterial cytoplasm.
Finally, 30 hypothetical proteins were downregulated, and their
predicted localization, predicted role in pathogenesis and their
general analysis provide some possible explanations for such pat-
tern (see the Results section). Regardless, we suggest that these
could be important, hitherto untested possible pathogenicity de-
terminants. Future biochemical and genetic efforts to test such
assumptions represent a ready avenue for future research direc-
tions.

We also hypothesized that continuous passaging could lead
to the propagation of mutations, DNA fragment loses, and rear-
rangements in genes involved in intracellular survival, pathogen-
esis, and host cell manipulations could occur. While this is a well-
known process, it does not appear that within the timeframe of
the experiments here (67 passages) that this is the case. The care-
ful study of each of these mutations, their corresponding gene ex-
pression changes, number of passages affected by the mutations
and their transiency, and overall fraction of population affected
by these mutations showed that the observed mutations do not
appear to be significant at the gene or transcript expression level.
Out of 960 unique mutations (SNPs and DIPs collectively) observed
at different spots within the genomes of various passages, only
1 mutation (i.e. a SNP) in GTP pyrophosphokinase SpoT, a signal
transduction component and transcriptional regular with a role in
helping Cb cope with the low-nutrient and high stress conditions
in the CCV, seems to have an effect on gene transcript expression
(Minnick and Raghavan 2012). Early downregulation observed in
this gene could be attributed to the fact that these cells are less
stressed due to the growth conditions in rich ACCM-D media, and
this mutation could have caused the decrease in transcript ex-
pression of this gene. Overall, these findings suggest that Cb gene
expression changes significantly following acclimation to axenic
media, although extensive genomic rearrangement does not oc-
cur. Genomics reveals a relatively stable Cb NMII genome over the
67 passages that were analysed here.

In conclusion, we present a detailed temporal analysis on how
Cb transitions from intracellular growth (where a wide range of
cellular processes are thought to be required to maintain sur-
vival and growth), to a defined, rich axenic media (where many
of such processes are theoretically, no longer needed). As in any
genome-wide transcriptomics survey, the approach is useful for
uncovering patterns, confirming prior observations, and generat-
ing new insights and hypothesis. We stress that while transcrip-
tional downregulation in axenic media compared to cell culture
could broadly be associated with a given genes importance for sur-
vival in cell cultures, the precise nature of such correlation is yet
unclear, and that differential expression patterns could further be
modified on the translational and post translational levels. Exper-
imental assessments and validation of many of the observed pat-
terns may well open new avenues of Cb research. Nevertheless,
our analysis is beneficial in providing information on how spe-
cific genes and pathways in Cb may be important for this unusual
organisms intracellular survival, as well as to identify putatively
novel pathogenicity determinants in this naturally intracellular
pathogen.
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