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ABSTRACT Hydrocephalus, the leading indication for childhood neurosurgery worldwide,
is particularly prevalent in low- and middle-income countries. Hydrocephalus preceded by
an infection, or postinfectious hydrocephalus, accounts for up to 60% of hydrocephalus in
these areas. Since many children with hydrocephalus suffer poor long-term outcomes de-
spite surgical intervention, prevention of hydrocephalus remains paramount. Our previous
studies implicated a novel bacterial pathogen, Paenibacillus thiaminolyticus, as a causal
agent of neonatal sepsis and postinfectious hydrocephalus in Uganda. Here, we report the
isolation of three P. thiaminolyticus strains, Mbale, Mbale2, and Mbale3, from patients with
postinfectious hydrocephalus. We constructed complete genome assemblies of the clinical
isolates as well as the nonpathogenic P. thiaminolyticus reference strain and performed
comparative genomic and proteomic analyses to identify potential virulence factors. All
three isolates carry a unique beta-lactamase gene, and two of the three isolates exhibit re-
sistance in culture to the beta-lactam antibiotics penicillin and ampicillin. In addition, a
cluster of genes carried on a mobile genetic element that encodes a putative type IV pilus
operon is present in all three clinical isolates but absent in the reference strain. CRISPR-
mediated deletion of the gene cluster substantially reduced the virulence of the Mbale
strain in mice. Comparative proteogenomic analysis identified various additional potential
virulence factors likely acquired on mobile genetic elements in the virulent strains. These
results provide insight into the emergence of virulence in P. thiaminolyticus and suggest
avenues for the diagnosis and treatment of this novel bacterial pathogen.

IMPORTANCE Postinfectious hydrocephalus, a devastating sequela of neonatal infec-
tion, is associated with increased childhood mortality and morbidity. A novel bacte-
rial pathogen, Paenibacillus thiaminolyticus, is highly associated with postinfectious
hydrocephalus in an African cohort. Whole-genome sequencing, RNA sequencing,
and proteomics of clinical isolates and a reference strain in combination with CRISPR
editing identified type IV pili as a critical virulence factor for P. thiaminolyticus infec-
tion. Acquisition of a type IV pilus-encoding mobile genetic element critically con-
tributed to converting a nonpathogenic strain of P. thiaminolyticus into a pathogen
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capable of causing devastating diseases. Given the widespread presence of type IV
pilus in pathogens, the presence of the type IV pilus operon could serve as a diag-
nostic and therapeutic target in P. thiaminolyticus and related bacteria.

KEYWORDS Paenibacillus thiaminolyticus, postinfectious hydrocephalus, type IV pilus,
virulence factors

Hydrocephalus is one of the most common brain disorders in children globally and
the most common indication for pediatric neurosurgery (1, 2). A serious infection

such as neonatal sepsis often precedes hydrocephalus (3), and postinfectious hydro-
cephalus (PIH) accounts for up to 60% of the nearly 400,000 children who develop hy-
drocephalus each year, principally in low- and middle-income countries (1, 3, 4). PIH
remains a leading cause of neurological morbidity and mortality worldwide despite
recent clinical efforts to optimize treatment (5, 6).

Strategies to prevent PIH have been thwarted for two principal reasons. First, standard
clinical evaluation often fails to identify the pathogen(s) responsible for the underlying infec-
tious episodes that precede PIH (7), precluding targeted treatment of the underlying infec-
tions. Second, the pathophysiologic changes that lead to PIH infection remain unknown (8).
Unfortunately, even children who undergo technically expert surgical treatment for hydro-
cephalus can suffer poor long-term outcomes (6, 9). Therefore, major advances in the health
of these children will require preventing infection by targeting both the underlying patho-
gens and their routes of infection (10–12), as well as improving treatment of infections with
more appropriate antibiotics and adjunctive therapies that can reduce the likelihood of sub-
sequently developing hydrocephalus.

We recently identified and isolated a novel bacterial strain, Paenibacillus thiaminolyticus
Mbale, that likely causes PIH in a significant fraction of cases in Uganda (13). We showed
that P. thiaminolyticus Mbale is lethal to mice following peritoneal injection, whereas injec-
tion of the P. thiaminolyticus reference strain, NRRL B-4156T, does not cause lethality.
Paenibacillus species have been isolated and studied from various sources, particularly in
agricultural and industrial contexts (14). Although some species, such as Paenibacillus alvei
and Paenibacillus larvae, are known to cause widespread disease in honeybees (15), until
recently only anecdotal cases of human disease associated with Paenibacillus have been
reported (16–21). We recently confirmed our initial report implicating P. thiaminolyticus as
a causative agent of PIH (13) by identifying P. thiaminolyticus infection in the cerebrospinal
fluid (CSF) of 41% of 205 infants with PIH (22). Finally, we isolated two additional clinical
P. thiaminolyticus strains from patients with PIH, and their properties are described in this
report.

Pathogenic bacteria typically encode specific proteins, or virulence factors, that aid in
their ability to survive and propagate in their hosts. Given the differential virulence
between the reference strain and the Mbale strain in mice, we surmised that the clinical
isolates from our patients carry virulence factors that are absent in the nonpathogenic
reference strain. We addressed this issue, as described in this report, by comparing the
genome, transcriptome and proteome of our clinical isolates to those of the reference
strain. Using a novel CRISPR-Cas9 gene deletion system, we confirmed that a type IV
pilus (T4P) locus identified with comparative proteogenomics is a critical virulence factor
in at least one of the clinical isolates. These results provide insight into the mechanism
of virulence of P. thiaminolyticus and suggest avenues for diagnosis and treatment of
this novel bacterial pathogen.

RESULTS
Complete assemblies of clinical isolates and reference strain. We previously

described the isolation of a novel bacterial strain, which we designated Paenibacillus
thiaminolyticus Mbale, from the CSF of a patient with PIH (13). This strain was identified
as P. thiaminolyticus based on matrix-assisted laser desorption ionization–time-of-flight
(MALDI-TOF) analysis, rRNA gene similarity, average nucleotide identity and phyloge-
netic analysis (13, 23). Here, we report two additional isolates, designated Mbale2 and
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Mbale3, that we recovered from the CSF of two additional patients with PIH and identi-
fied as P. thiaminolyticus by MALDI-TOF analysis. Computerized tomography scans of
the brains of the infants from which these strains were recovered (Fig. 1A) document
the extensive cerebral damage associated with infection by these isolates.

We previously provided the complete genome assemblies of the Mbale strain and
the P. thiaminolyticus reference strain (23). The reference strain assembly yielded a
complete 6,613-kbp chromosome, while the initial clinical Mbale strain required optical
mapping to construct one complete chromosome from three contigs assembled by
long-read sequencing; three shorter contigs remained unmapped (Fig. 1B; Table 1).
PHASTER (24) analysis identified 2 of the 3 unmapped contigs as either complete or
incomplete phage sequences (see Fig. S1B in the supplemental material). The third
unmapped contig likely constitutes an insertion in the chromosome that is flanked by
extended repeated sequences, rendering it unmappable by short and long-read
sequencing, but localized by optical genome mapping.

Genome sequencing of the two new isolates revealed a single 6,460-kbp contig for
the Mbale2 strain and two contigs, 6,561 kbp and 12 kbp, for the Mbale3 strain
(Table 1; Fig. 1B). PHASTER analysis identified the 12-kbp contig of Mbale3 as an incom-
plete phage genome (Fig. S1; Table 1). We further confirmed the species assignment as
P. thiaminolyticus by average nucleotide identity (ANI) (25). The average two-way ANIs
of Mbale, Mbale2, and Mbale3 to the reference strain were 97.05%, 97.03%, and
97.01%, respectively, which fall above 95% sequence similarity threshold defining spe-
cies (26). Biochemical testing using API test strips read at 48 h also identified the refer-
ence, Mbale, Mbale2, and Mbale3 strains as P. thiaminolyticus at 99.9%, 99.9%, 97 to
98.6%, and 91.6 to 98.9% confidence (Table S1).

Genomic comparisons of P. thiaminolyticus reference strain and clinical isolates.
Multiple-sequence alignment (27) identified 12 locally colinear blocks between the
four strains, representing sequences with conserved segments and no rearrangements
(Fig. 1C). The genomes also contained several regions of low sequence similarity. The

FIG 1 Genomic characterization of clinical isolates of P. thiaminolyticus. (A) Computerized tomography scans from the three infants with postinfectious
hydrocephalus from whose CSF the three clinical isolates were recovered. The first two images, from Patient 2033 (clinical strain Mbale) and Patient 2262
(clinical strain Mbale2), were taken prior to surgery and demonstrate loculations and calcified abscess formation. The third image, from Patient 2287
(clinical strain Mbale3), was taken during surgery for hydrocephalus and also shows evidence of extensive brain parenchyma damage. (B) Complete
assemblies of the reference strain of P. thiaminolyticus, B-4156T, and three clinical isolates, Mbale, Mbale2, and Mbale3, obtained using long- and short-read
sequencing. The B-4156 and Mbale3 genomes each consists of one continuous contig, while the Mbale and Mbale2 genomes each consist of one large
contig plus additional contigs (Table 1). (C) Alignment with MAUVE of the clinical isolates’ genomes to that of the B-4156 reference strain identified 12
locally colinear blocks, which are indicated by the different colors. White regions within the colored regions represent regions of low sequence similarity.
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contigs that did not assemble into the chromosome had no homology to the reference
strain. The number and classes of proteins predicted to be encoded by each of the three
clinical isolates and the reference strain, as determined by RefSeq (28) or PATRIC (29), are
listed in Table 1. Consistent with the high similarity of the genomes of the clinical isolates
and reference strain, these genomes carry very similar sets of metabolic genes and, accord-
ingly, are predicted to encode similar metabolic pathways (Table 2). Many of the predicted
carbohydrate metabolic pathways were confirmed by biochemical testing (Table S1). The
clinical isolates and reference strain all carry several antibiotic resistance genes and encode
a thiol-activated cytolysin, a potential virulence factor. The reference strain carries an op-
eron encoding a putative type VII secretion system, which the clinical isolates lack.

As a means of identifying potentially clinically relevant features of the clinical strains,
we used OrthoVenn2 and a function-based comparison in RASTtk. OrthoVenn2 identified
6,608 unique clusters of orthologous protein across all four strains, with 5,109 clusters
present in all isolates (Fig. 2A). Overall, the clinical strains share more coding regions
among themselves than with the reference strain (Fig. 2B). Specifically, the three clinical
isolates share 342 orthologous clusters that are absent from the reference strain. Gene
ontology analysis of these 342 coding regions returned 39 terms, with the largest num-
ber of genes associated with “sequence-specific DNA binding,” “plasma membrane,” and
“sporulation” (Table S2). Several genes populate terms such as “secretion,” “iron,” and
“response to toxins,” which could contribute to the difference in virulence between the
isolates and the reference strain (Fig. 2C).

A function-based comparison between each clinical isolate and the reference strain
in RASTtk uncovered unique coding regions (Table S3), eight of which were shared
across all three clinical isolates (Table 3). This revealed that all three isolates contained
an insert carrying a 3-gene operon for the biosynthesis of 2-aminoethylphosphonate.
2-Aminoethylphosphonate is produced by a variety of bacteria and protists (30) and

TABLE 1 Summary of features P. thiaminolyticus strains, including those determined with PATRIC (29) and RefSeq (28)a

Feature

Result or value for:

B-4156 Mbale Mbale2 Mbale3
Assembly features
BioProject accession no. PRJNA552222 PRJNA552221 PRJNA799352 PRJNA799352
No. of:
Chromosomes 1 1 1 1
Uncharacterized contigs 0 1 0 0
Pred extrachromosomal phages 0 2 0 1

Size (kbp) 6,613 6,932 6,460 6,573
GC content (%) 53.6 53.3 53.7 53.5

Genomic features (no.) PATRIC RefSeq PATRIC RefSeq PATRIC RefSeq PATRIC RefSeq
CDS 6,605 5,710 7,206 6,258 6,563 ND 7,015 ND
Repeat region 129 5 162 11 120 ND 116 ND
CRISPR repeat 124 0 153 0 31 ND 107 ND
CRISPR spacer 119 0 144 0 28 ND 99 ND
tRNA 83 83 86 86 16 ND 83 ND
Regulatory 83 30 31 31 0 ND 0 ND
Misc RNA 27 0 24 0 0 ND 0 ND
Misc binding 10 10 0 ND 0 ND
CRISPR array 24 0 9 0 3 ND 8 ND
rRNA 1 24 4 24 16 ND 15 ND
ncRNA 0 3 0 3 0 ND 0 ND
tmRNA 0 1 0 1 0 ND 0 ND

Protein features [no. (%)]
Hypothetical proteins 2,661 (40) 810 3,171 1,138 2,750 ND 3,002 ND
Proteins with functional assignment 3,944 (60) 4,900 4,035 5,120 3,813 ND 4,013 ND

aCDS, coding sequences; CRISPR, clustered regularly interspaced short palindromic repeats; misc, miscellaneous; ncRNA, noncoding RNA; ND, not determined; pred,
predicted; tmRNA transfer-messenger RNA. Annotations were obtained by RASTtk.
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has been shown to decorate the surface of Clostridioides difficile (31). On the other
hand, this pathway could also catalyze utilization of 2-aminoethylphosphonate as a
source of carbon, phosphorous, and nitrogen. The strains also carry stand-alone genes
coding for predicted proteins involved in tryptophan and teichoic acid processing.
Mbale and Mbale3, but not the reference strain or Mbale2, shared the genes of the
citSDEFCXG operon, which encodes a Na1/citrate symporter, three subunits of citrate

TABLE 2Metabolic pathways common to clinical and reference strains

Pathway and subsystem

No. of subsystems (no. of genes) in:

B-4156 Mbale Mbale2 Mbale3
Metabolism 91 (745) 93 (767) 92 (742) 94 (768)
Cofactors, vitamins, and prosthetic groups 21 (228) 22 (246) 20 (231) 21 (227)
Amino acids and derivatives 29 (227) 29 (225) 29 (220) 29 (241)
Fatty acids, lipids, and isoprenoids 11 (88) 11 (91) 11 (88) 11 (92)
Carbohydrates 9 (64) 8 (65) 9 (60) 9 (69)
Nucleosides and nucleotides 8 (64) 9 (62) 8 (62) 4 (27)
Iron acquisition and metabolism 4 (25) 4 (25) 4 (28) 4 (17)
Phosphate metabolism 1 (20) 2 (21) 2 (12) 2 (15)
Metabolite damage and mitigation 4 (17) 4 (17) 4 (25) 2 (7)
Secondary metabolism 2 (7) 2 (10) 2 (10) 2 (5)
Nitrogen metabolism 1 (4) 1 (4) 2 (5) 2 (5)
Sulfur metabolism 1 (1) 1 (1) 1 (1) 1 (1)

Protein processing 44 (249) 43 (255) 42 (237) 41 (225)
Protein synthesis 31 (201) 31 (203) 30 (188) 29 (177)
Protein fate 13 (48) 12 (52) 12 (49) 12 (48)

Energy 28 (205) 29 (218) 27 (209) 29 (235)
Energy and precursor metabolite generation 18 (124) 20 (141) 18 (134) 20 (159)
Respiration 10 (81) 9 (77) 9 (75) 9 (76)

Cellular processes 27 (174) 27 (183) 27 (175) 26 (175)
Cell cycle, cell division, and death 11 (82) 11 (82) 13 (82) 11 (83)
Prokaryotic cell differentiation 13 (77) 13
(83) 11 (78) 12 (77)
Mobility and chemotaxis 1 (9) 1 (9) 1 (9) 1 (9)
Clustering-based subsystems 1 (5) 1 (8) 1 (5) 1 (5)
Microbial communities 1 (1) 1 (1) 1 (1) 1 (1)

Stress response, defense, virulence 36 (120) 17 (119) 32 (121) 31 (124)
Resistance to antibiotics and toxic compounds 19 (66) 17 (61) 15 (65) 15 (124)
Stress response: heat/cold 2 (17) 2 (22) 2 (18) 2 (17)
Stress response: osmotic stress 4 (13) 7 (13) 4 (13) 7 (15)
Stress response: electrophile toxicity 1 (4) 1 (4) 1 (4) 1 (4)
Host-pathogen interactions 11 (72) 1 (1) 1 (1) 2 (6)

DNA processing 18 (89) 19 (117) 18 (90) 19 (116)
DNA repair 12 (59) 13 (96) 12 (60) 13 (84)
DNA uptake, competence 2 (16) 2 (28) 2 (15) 2 (16)
DNA recombination 2 (5) 1 (4) 2 (6) 2 (5)
DNA replication 1 (4) 1 (2) 1 (4) 1 (5)

Membrane transport 11 (72) 11 (68) 7 (63) 7 (68)
ABC transporters 1 (42) 1 (41) 1 (42) 1 (41)
Cation transporters 4 (22) 3 (17) 3 (17) 3 (21)
Multidrug efflux systems 2 (3) 2 (3) 2 (3) 2 (4)
Protein secretion systems, type VII 3 (4) 0 (0) 0 (0) 0 (0)
Protein secretion systems, type II 1 (1) 1 (2) 1 (1) 1 (2)
Uniporter, Symporter, Antiporter 0 (0) 1 (1) 0 (0) 0 (0)

RNA processing 12 (52) 12 (54) 12 (51) 2 (16)
Cell envelope 3 (15) 3 (15) 3 (14) 1 (6)
Regulation and cell signaling 3 (12) 3 (12) 3 (14) 3 (14)
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lyase (EC 4.1.3.6), and the enzymes responsible for the synthesis and attachment of
the coenzyme A (CoA)-like prosthetic group of citrate lyase (32). The presence of a
functional citrate lyase could contribute to bacterial survival under hypoxic conditions
(33, 34). These unique predicted proteins (listed in Table 3) were all confirmed in the
Mbale strain by proteomic analysis (see below).

Mobile genetic element prediction and annotation. Horizontal transfer of mobile
genetic elements (MGEs) facilitates rapid evolution of microbial genomes (35, 36). MGEfinder
(37) identified 320 sequences (186 unique) with 99% sequence identity across all three clini-
cal isolates. The 320 sequence insertions range from 70 to 82,113 bp in length (median,
168 bp; interquartile range, 112 to 352 bp). Mbale, Mbale2, and Mbale3 were found to carry
158, 156, and 129 inserted sequences, respectively, as well as 11, 4, and 5 phage insertions
(Fig. 3A).

To assess the possible functional significance of the insertion sequences predicted
by the MGEfinder, we annotated them with RAST (38) and performed functional enrich-
ment analysis with STRING (39). This analysis yielded 676 predicted coding sequences
associated with 22 gene ontology terms (Fig. S2), dominated by genes associated with
DNA processing and the establishment of competence.

Finally, to evaluate the extent to which difference between the reference strain and
the clinical isolates derived from MGE inserts, we aligned the 186 unique predicted

FIG 2 Comparisons of the predicted proteomes of the clinical isolates and the reference strain. (A) Venn diagram from OrthoVenn2 analysis comparing the
annotations of the B-4156, Mbale, Mbale2, and Mbale3 strains. The 342 orthologous clusters among the clinical isolates that were absent in the nonpathogenic B-4156
are outlined in red. (B) Heat map quantifying the number of predicted orthologous clusters across each isolate. (C) Clinically relevant gene ontology terms from the 342
proteins that were unique to the clinical isolates.

TABLE 3 Predicted functional proteins in the clinical isolates but absent in reference strain
B-4156

Category Predicted function
Secondary metabolism Phosphoribosylanthranilate isomerase (EC 5.3.1.24)
Phosphonate metabolism Phosphoenolpyruvate phosphomutase (EC 5.4.2.9)

Phosphoenolpyruvate decarboxylase (EC 4.1.1.82)
2-Aminoethylphosphonate: pyruvate aminotransferase
(EC 2.6.1.37)

Membrane transport and secretion
systems

Leader peptidase (prepilin peptidase) (EC 3.4.23.43)

Type IV fimbrial assembly protein PilC
Twitching motility protein PilT

Cell wall and capsule Teichoic acid translocation permease protein TagG

Type IV Pili and Virulence in P. thiaminolyticus mBio
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inserts from MGEfinder to the RASTtk-predicted protein sequences from each clinical
isolate using BLAST (96% similarity). Mobile genetic elements encompassed 515, 201,
and 331 coding sequences in Mbale, Mbale2, and Mbale3, respectively. Of the ortho-
logs identified in the clinical strains, 22% (77/355), 18% (64/346), and 17% (58/348),
respectively, were encoded in these insertion sequences, indicating that a substantial
portion of the variability from the reference strain that overlaps in all the clinical iso-
lates results from MGEs. Grouped based on their predicted function, most of the MGE-
encoded proteins were hypothetical, phage related, or repeat regions (Fig. 3B). Besides
these, all three clinical isolates contained 79 genes that could contribute to virulence,
including those encoding a unique AraC family transcriptional regulator, a holin, and a
putative lipoprotein (Fig. 3A). In addition, Mbale, Mbale2, and Mbale3 carried a com-
mon 12-kbp insert spanning a predicted type IV pilus (T4P) operon followed by a gene
that codes for a beta-lactamase class C-like protein (Fig. 3A). Consistent with the pres-
ence of a potential beta-lactamase gene, two of the three isolates were resistant to the
beta-lactam antibiotics ampicillin and penicillin (Table S4).

RNA and protein expression analysis of Mbale and the reference strain. To
assess whether the predicted coding regions are transcribed, we performed sequence

FIG 3 Mobile genetic element identification and annotation. (A) MGEfinder identified regions of genomes that could have been derived from MGEs (red bars)
and could account for the regions of low sequence similarity. Genes specified in red were identified by RAST as being encoded in the predicted MGEs and
include a lipoprotein, holin, and an arabinose family transcription regulator (AraC TR). A predicted MGE in Mbale and Mbale2 included an operon for a
putative type IV pilus, which, although not predicted to be an MGE in Mbale3, was also present in that genome (gray). Regions of phage sequences, identified
by PHASTER, are labeled in blue. (B) Bar plot of the predicted functions from the RAST annotation of coding sequences that aligned to the MGEfinder-
predicted inserts.
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analysis of RNA isolated from Mbale and reference strains grown in two different media,
LB and minimal salts (M9) plus glucose, at four stages of growth (lag phase, middle log
phase, late log phase, stationary phase, and death phase) (Fig. 4A). We identified 6,285
and 5,893 unique transcripts from the Mbale and reference strains, respectively, with
5,885 transcripts present in both strains, 400 unique to Mbale and 8 unique to the refer-
ence strain (Fig. 4C). Unsupervised hierarchical clustering of the most variable expressed
transcripts provided clear discrimination based on strain and stage of growth, with some
distinction related to growth media (Fig. 4A).

To assess the translation of predicted proteins, we performed proteomics analysis
of the reference and Mbale strains growing exponentially in LB medium. This analysis
identified 193,878 and 194,234 peptides in the Mbale and reference strains, respec-
tively, which mapped to 2,488 and 2,531 proteins based on the annotation by NCBI’s
Prokaryotic Genome Annotation Pipeline (PGAP) (28). Two thousand forty-six proteins
were present in both strains, while 450 unique proteins were expressed only in Mbale
and 468 only in the reference strain (Fig. 4C). Gene ontology analysis (40) of the unique
proteins in each strain confirmed the presence of proteins from similar metabolic path-
ways despite the unique protein sequences. Two unique terms, “Bacterial secretion sys-
tem” and “Protein export,” were ascribed to the Mbale strain (Fig. S3). The genes
assigned to these terms code for the SecA secretion pathway (secY, secA, ffH, laspA,
secF, and secD), which are distinct from the genes in the T4P operon. In addition, the
pilC- and tagG-encoded predicted proteins unique to Mbale were confirmed.

The Mbale T4P system is a virulence factor. The alignment of the predicted inser-
tions from MGEfinder to the initial annotation identified a 12- to 14-kbp insertion
encoding T4P components in all three clinical isolates. Further analysis with protein
family-specific profiles and pilFind (41, 42) confirmed that all the structural and

FIG 4 RNA and protein expression of the B-4156 and Mbale strains. (A) Culture growth stages (top) and unsupervised hierarchical clustering (bottom) of the
RNA transcript levels of the most variable genes expressed in Mbale and the reference strain of P. thiaminolyticus. Clusters separate primarily according to
strains and secondarily on the basis of stage of growth and media (B and C) Comparison of RNA (B) and protein (C) expression between Mbale and B-4156.
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assembly components requires for a type 4 pilus were encoded in the operon within a
mobile element in all three strains (Fig. 5A; Table 4). Comparison of the gene order in
the 14-kbp insertion of P. thiaminolyticus Mbale with the previously characterized pil
operons from other Gram-positive bacteria (42, 43) showed the closest match to the pil
operons of Clostridium cellulolyticum H10 and Bacillus sp. strain NRRL B-14911 (Fig. S3).
The Mbale2 and Mbale3 insertion sequences contained the same pil genes as the
Mbale sequence (Fig. 5A). In contrast, the reference strain has only a truncated pilB
gene (encoding the first 60 amino acids of PilB) and lacks the remaining genes required
for the assembly of the T4P. The T4P assembly ATPase, PilB, of strain Mbale contains an

FIG 5 Predicted insertion carries the full Gram-positive T4P operon. (A) The T4P operon present in all three clinical isolates and absent in strain B-4156 is
located in the predicted mobile genetic element insertion (in strain Mbale, locus tags FLT15_06255 to FLT15_06190). The genes were annotated with RAST or
PGAP and/or with hits in the COG and Pfam databases. PilFind (42) was used to identify potential pilins (light brown). White triangles designate hypothetical
proteins of unknown function. The asterisk indicates a c-di-GMP-binding site in PilB. (B) Sequence alignment of the N-terminal fragment of PilB from strain
Mbale (GenBank accession number NGP58005.1) and truncated protein FLT43_10920 (GenBank number QDM43956.1) from P. thiaminolyticus reference strain
B-4156 against experimentally characterized MshEN domains. The top line shows the conserved c-di-GMP-binding site of the MshEN domain, which consists of
tandem 24-amino-acid (aa) motifs separated by a 5-aa insert (45). Aligned sequences include MshEN domains of PilB proteins from Clostridioides difficile (47),
Clostridium perfringens (46), Pseudomonas aeruginosa (PA3740) (45, 91), and Myxococcus xanthus (MXAN_5788) (92) and of Escherichia coli NfrB (93, 94). The
bottom two lines show the sequence and secondary structure (H, a-helix) of the structurally characterized MshEN protein from Vibrio cholerae (VC_0405) (44,
45). Conserved hydrophobic residues are shaded yellow, and conserved Gly residues are shaded green. (C) Expression levels of the pil genes obtained from
the transcriptome sequencing (RNA-seq) data.
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N-terminal MshEN domain with a perfectly conserved motif for binding the bacterial
second messenger cyclic di-GMP (c-di-GMP) (44, 45) (Fig. 5B). Similar MshEN domains
are found at the N termini of PilB-like ATPases in several bacterial pathogens, including
Pseudomonas aeruginosa, Clostridium perfringens and Clostridioides difficile (Fig. 5B),
and c-di-GMP binding by these ATPases has been shown to regulate T4P production
(45–47). Accordingly, regulation of T4P production by c-di-GMP can also be expected
to take place in clinical strains of P. thiaminolyticus. All genes in the T4P cluster are tran-
scribed in the Mbale strain, as is the MshEN-encoding pilB fragment in the reference
strain (Fig. 5C).

Previously, we established a mouse model of neonatal sepsis to demonstrate the differ-
ential virulence of the Mbale and reference strains (13). To directly test the role of the T4P in
virulence, we used CRISPR-Cas9 to construct a mutant of the Mbale strain from which the
pilB, pilC, and pilT genes were deleted. As described in Materials and Methods, we con-
structed plasmid pAS3 carrying a mannose-inducible-promoter controlled Cas9 expression,
a single guide RNA (sgRNA) targeting the region adjacent to the pilC gene, and a homol-
ogy-directed recombination template that would yield a deletion of the three targeted
genes (Fig. S4 and S5). Following the introduction and propagation of the plasmid in Mbale,
we recovered several colonies from which the three genes were deleted. We assessed the
virulence of one of the mutant strains in a mouse infection model (Fig. 6A) and determined
that, with identical bacterial doses, none (0/9) of the Mbale-injected mice survived while all
the mice injected with the deletion (9/9) or reference (9/9) strain survived (Fig. 6B)
(P , 0.0001). This result confirms that the T4P system in the Mbale strain contributes to its
pathogenesis. To confirm that the decrease in virulence phenotype was specific to the T4P
deletion, we performed whole-genome sequencing (WGS) of the knockout strain. Using the
Breseq variant pipeline with 20� coverage of the Mbale genome and PCR confirmation, we
determined that no off-target deletions were present in the T4P knockout.

FIG 6 The T4P is a critical virulence factor in all three clinical isolates. (A) Mouse sepsis model of infection with injection performed postweaning
on day 28 of life. (B) Kaplan-Meier survival curve depicting survival of mice following injection of the T4P deletion strain (n = 9; blue), the wild-type
Mbale strain (n = 9; red), the reference strain B-4156 (n = 9; orange), or vehicle control (n = 4; black) (P , 0.0001). (C) Amplification of the pilT
gene in CSF or bacterial culture (H) from infants with postinfectious hydrocephalus (PIH) due to P. thiaminolyticus or neonatal sepsis (NS) due to P.
thiaminolyticus that subsequently led to PIH. Paenibacillus status (Paeni status) was determined by qPCR of the previously defined thiaminase gene
and was 100% concordant with pilT positivity (22). L, DNA ladder.
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pilTmay serve as a diagnostic marker for P. thiaminolyticus infections.We previ-
ously identified P. thiaminolyticus in the CSF of a subset of patients with PIH or neonatal
sepsis using qPCR to the thiaminase gene (22). To determine whether the T4P is associ-
ated with infection, we used PCR to probe for the pilT gene in clinical samples previously
determined to be positive or negative for Paenibacillus. As a control, we probed for the
pilT gene in all three clinical isolates and reference strain and showed that we could detect
it in the clinical strains but not in the reference strain (Fig. 6C). Examining clinical samples,
we detected pilT in the CSF from all three PIH cases with positive P. thiaminolyticus cultures
and two neonates with sepsis who subsequently developed PIH with P. thiaminolyticus
infections. We did not detect pilT in several CSF samples previously determined to be
Paenibacillus negative (Fig. 6C). These results suggest that the presence of pilT correlates
with infection by Paenibacillus, consistent with a role for the T4P cluster in pathogenesis.
Moreover, these results suggest that Paenibacillus with pilT may be detectable in clinical
samples prior to the onset of hydrocephalus.

DISCUSSION
Pathogenicity of Paenibacillus thiaminolyticus. Paenibacillus species have been

isolated and studied from various sources, particularly in agricultural and industrial set-
tings. These rod-shaped, Gram-positive, endospore-forming facultative anaerobic bac-
teria were initially assigned to the genus Bacillus but were subsequently recognized as
being substantially distinct from other Bacillus spp. and assigned to a separate genus,
Paenibacillus (“almost bacillus”), with Paenibacillus polymyxa as the type species (48).

We recently identified P. thiaminolyticus as a novel pathogen associated with post-
infectious hydrocephalus and neonatal sepsis in Ugandan infants (13). In this work,
sequencing, assembly, and functional annotation of the genomes of three clinical iso-
lates and the reference strain of P. thiaminolyticus provided a comprehensive catalog
of the genetic content of these strains, and our transcriptomic and proteomic analysis
confirmed expression of a significant fraction of the predicted genes (Table 2; Fig. 3).
While the clinical isolates exhibit more than 97% identity with the reference strain
(Fig. 1B), they differ from the reference strain predominantly by the presence of many
insertions, likely derived by horizontal transfer of mobile genetic elements (Fig. 1C).
These insertions are predicted to encode mobile element proteins, hypothetical pro-
teins, multiple AraC family transcriptional regulators, and phage proteins. The AraC
family of transcriptional regulators has been implicated in regulation of proteins with
diverse functions, including virulence factors (49, 50). In addition, a unique holin and a
putative lipoprotein were identified in the clinical isolates. Holins have been shown to
be important for toxin secretion in Clostridium perfringens (51). Lipoproteins have been
shown to be integral in the pathogenicity of various pathogens, contributing to adhe-
sion, immune evasion, and translocation of virulence factors into the host (52). In a pre-
vious report, we identified host upregulation of Toll-like receptor 2 or 4 and cofactor
CD14, which are known to recognize lipoproteins (53), during a Paenibacillus infection
in the central nervous system of infants with PIH (54). Finally, all three characterized
isolates carry a unique beta-lactamase gene, and two of the three isolates exhibit re-
sistance in culture to the beta-lactam antibiotics penicillin and ampicillin. Since the
first-line antibiotic regimen recommended by the World Health Organization for neo-
natal sepsis is ampicillin and gentamicin, our findings indicate that updated guidelines
should be considered for the infections due to this organism (55).

Type IV pili as a virulence factor. Of particular interest regarding virulence of the
clinical isolates, all three strains carry a 12- to 14-kbp insertion with the genes necessary
for the assembly of type IV pili (T4P), linked to the genes for an AraC transcription regulator
and an AmpC-type beta-lactamase-like protein (Fig. 3A). Proteomic analysis of the Mbale
strain documented expression of genes in this operon (Table 3). Significantly, deletion of
several genes within the operon substantially reduced the virulence of the Mbale strain in
the mouse infection model. This strongly suggests that T4P contribute to the pathogenesis
of the clinical isolates.

T4P are thin appendages present in numerous bacterial pathogens, which have been
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implicated in an array of functions, including cellular adhesion, cell mobility, protein
secretion, biofilm formation, and DNA uptake (reviewed in references 41 and 56–58). The
T4P were initially observed exclusively in Gram-negative bacteria, but with the advent of
whole-genome sequencing, many conserved components of the T4P have been identified
and studied in various Gram-positive species (41, 42, 59–61). T4P in Gram-positive organ-
isms include the same core components as the better-studied T4P from Pseudomonas
aeruginosa, Myxococcus xanthus, and other Gram-negative bacteria, with the exception of
the periplasmic lipoprotein PilP, the pilotin PilF, and the outer membrane secretin PilQ
(62–64). In addition to the major pilin (PilA) and occasional minor pilins, these components
include two hexameric ATPases of the AAA1 family, the pilus assembly (extension)
ATPase PilB and the pilus retraction (depolymerization) ATPase PilT, as well as the inner
membrane protein PilC, the prepilin peptidase PilD, and the pilus alignment (stator) com-
ponents PilM, PilN, and PilO (41, 63). The T4P assembly complex is very similar to the type
II secretion system (T2SS), which, however, does not include the pilus retraction ATPase
PilT (41); pilus retraction in T2SS and in certain T4P systems appears to occur spontane-
ously (65). Thus, presence of the pilT genes in all three Mbale strains indicates that these
operons code for T4P and not T2SS.

The T4P gene cluster in clinical isolates of P. thiaminolyticus is closely related to those
in Clostridium cellulolyticum H10 and Bacillus sp. strain NRRL B-14911 (Fig. S4). The latter
strain was originally isolated from the Gulf of Mexico (66) but was subsequently reclassi-
fied as Bacillus infantis (67). Notably, the reference strain of B. infantis was isolated from a
case of neonatal sepsis in Busan, South Korea (68), an observation that reinforces the
possible connection between T4P and neonatal sepsis. The T4P operons of Mbale strains
are also similar to those from C. perfringens and C. difficile; in all of them, PilB ATPases
contain a c-di-GMP-binding MshEN domain (Fig. 5B). In C. perfringens, the formation of
T4P is controlled by c-di-GMP (46), which suggests that the same might be true for the
clinical isolates of P. thiaminolyticus. In C. difficile, c-di-GMP-stimulated production of T4P
promoted adherence to epithelial cells, cell aggregation, and enhanced biofilm forma-
tion (47, 69, 70). The potential regulation of T4P expression by c-di-GMP may account for
our anecdotal observation that cells of strain Mbale appear to have higher virulence after
growth on agar plates than after growth in liquid culture (data not shown). While we
have not rigorously quantified this observation, it is consistent with the reported higher
T4P production in surface-grown C. perfringens (71). A detailed analysis of the regulation
of T4P expression in the Mbale strains is expected to provide further insights into the
potential contribution of c-di-GMP and biofilm formation to the virulence of the clinical
isolates of P. thiaminolyticus.

T4P is a widespread virulence factor that is structurally conserved, which makes it
an attractive diagnostic and therapeutic target. Previously, Barnier et al. (72) showed
that the T4P-mediated twitching motility by the PilT protein in the Gram-negative
pathogen Neisseria meningitidis is required for sustained bacteremia. Moreover, they
showed that adjunctive treatment with phenothiazines targeting T4P reduced vascular
colonization and associated inflammation in a mouse model (73). The impact of the
phenothiazine family of drugs on the Gram-positive T4P warrants further investigation
and could provide a valuable adjunctive therapeutic approach to the treatment of neo-
natal sepsis and PIH caused by P. thiaminolyticus.

Successful pathogenic bacteria must propagate and survive within a host, which likely
requires more than just one virulence factor. By identifying differences in the clinical strains,
we have uncovered several candidate genes that may be involved in pathogenesis (Fig. 2
and 3; Table 3). However, focusing only on differences between the clinical isolates and ref-
erence strain may miss certain virulence factors, such as toxins, that could be present in
both pathogenic and nonpathogenic bacteria but mobilized only in the former due to the
inability of nonpathogenic bacteria to survive in the host or to deliver the toxin (74, 75). For
instance, our clinical isolates as well as the reference strain encode a thiol-dependent cytoly-
sin with 84% similarity to alveolysin, the toxin in Paenibacillus alvei that can lyse and inacti-
vate eukaryotic cells (76–78). Further functional genetic analysis of the clinical isolates will
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be required to identify additional functional virulence factors. Regardless, we demonstrated
that comparative proteogenomics of differentially virulent bacteria of the same species
could identify critical virulence factors that have not been identified from the automated
genome annotation alone. Specifically, we pinpointed the T4P genes as critical for virulence
in the clinical isolates of P. thiaminolyticus associated with PIH and NS and showed that they
were acquired via a common MGE. This methodology thus provides an unbiased framework
to identify key virulence factors in a bacterium that has not been previously recognized as a
significant pathogen. On a more general note, this work provides yet another example of
the conversion of a relatively benign organism, such as the reference strain, into a danger-
ous pathogen through phage infection and transfer of mobile genetic elements.

MATERIALS ANDMETHODS
The Paenibacillus thiaminolyticus reference strain NRRL B-4156T was obtained from the U.S. Department

of Agriculture Agricultural Research Service Culture Collection (NRRL, Peoria, IL).
Clinical microbiology. Isolation and genome assembly of the Mbale strain were previously described

(13). To recover additional clinical isolates, 1-mL aliquots of CSF from 63 PIH patients were inoculated as
previously described (13). Two CSF samples were positive for growth in culture bottles. For specific details,
see the supplemental material.

Bacterial genome sequence and assembly. Bacterial cultures were inoculated in either Luria-
Bertani (LB) broth from monoisolates or anaerobic culture bottles. DNA was extracted using either the
Prep Cell culture DNA isolation protocol (Bionano Genomics, San Diego, CA) or the Zymobiomics DNA
kit following the manufacturer’s protocol as previously described (23). For specific details, see the sup-
plemental material.

Genomes of strains Mbale and NRRL B-4156 were assembled as previously described (23). The
genomes of two additional clinical isolates, Mbale2 and Mbale3, were assembled using the same proto-
col. Briefly, long reads generated on a MinION instrument (Oxford Nanopore) were preprocessed using
Albacore, assembled with Canu (79), and corrected with Pilon (80).

Genome annotation and protein comparison. We used the Prokaryotic Genome Annotation
Pipeline (PGAP) (28, 81) through RefSeq (28) and RASTtk (38) annotation, summarized by the PATRIC
database (29), to annotate the three clinical isolates and reference strains. Genome annotation and a
function-based comparison were performed using RASTtk (38) with the default parameters. The PATRIC
database (29) was also used for protein comparisons of the annotations (70% minimal coverage and
30% minimal identity) and the proteomics (50% minimal coverage and 30% minimal identity). Mapping
of proteins to the genomic assembly was done using CGView (82). OrthoVenn2 (83) with default settings
was used to compare the predicted proteins with proteins from previously sequenced related bacteria,
and gene ontology terms for the mapped genes were plotted with ggplot2 (84) in the R statistical com-
puting program version 4.0.4. An average nucleotide identity calculator was used to compare the overall
nucleotide identity (25). PilFind using default settings was used to identify the N-terminal pilin motifs in
hypothetical proteins (42). PHASTER was used to identify specific phage insertions in each genome (24).

RNA isolation, sequencing, and analysis. Bacteria were grown in M9 mineral medium with 0.4%
glucose or LB medium, and samples were prepared at five stages of growth from both cultures to evaluate
the span of gene expression. RNA was isolated using the Direct-zol RNA miniprep kit (Zymo, USA) follow-
ing the manufacturer’s protocol with bead beating and a DNase I treatment protocol. RNA was prepared
for sequencing with the NEBNext rRNA depletion kit (E7850; New England Biolabs [NEB], USA), followed by
TruSeq Stranded Total RNA Prep (kit from Illumina, USA) following the manufacturer’s protocol. Counts
were generated with HTSeq aligned to the respective PGAP annotated genome. Comparisons were done
with the Mbale and reference strains aligned to the Mbale annotation. Normalization and exploratory anal-
yses were done with DESeq2 (85) using the R statistical programming hclust package, which utilizes the
complete linkage method with Euclidean distances and is represented using the pheatmap package in R.

Proteomic preparations and analysis of isolates. Three liquid cultures from three separate colo-
nies each of Mbale and the reference strains were analyzed concurrently. All samples were digested
with trypsin after protein denaturation, reduction, and alkylation essentially as described previously (86,
87). Data from the mass spectrometer were converted to peak lists, and the MS2 spectra were analyzed
using Peaks software (88). For specific details, see the supplemental material.

Genome editing with CRISPR-Cas9. All plasmids for genome editing were constructed in E. coli
DH5a [fhuA2 lacDU169 phoA glnV44 f 80lacZDM15 gyrA96 recA1 relA1 endA1 thi-1 hsdR17] and, after
sequencing confirmation, were transformed into E. coli BW29427 [RP4-2(tetS kan1360::FRT) thrB1004
DlacZ58(M15) DdapA1341::(erm pir1) rpsL(strR thi hsdS pro)] (The Coli Genetic Stock Center) selecting on
LB medium containing 50 mg/mL chloramphenicol and 100 mg/mL diaminopimelic acid (DAP). All plas-
mid constructions were performed with the appropriate enzymes from New England Biolabs.

For genome editing, a vector was derived from plasmid pJOE9734 (Bacillus Genetic Stock Center)
(89, 90) modified with an inserted guide RNA and homologous directed region and then conjugated
into P. thiaminolyticus Mbale for cas9 induction and genome editing. For specific details, see the supple-
mental material.

Virulence testing using C57BL/6J mice. All animal experiments were performed with oversight by
the Penn State Institutional Animal Care and Use Committee, and with Institutional Biosafety Committee
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approval at biosafety level 2 (BSL2). The virulence of Mbale and D(pilT pilC pilB) strains was tested using
the mouse infection model as previously described (13). For details, see the supplemental material.

PCR of pilT gene. DNA was isolated as described above from either CSF or blood from patients with
hydrocephalus. PCR of the pilT gene was performed with OneTaq (NEB, M0207) with 500 nM forward
(GATCATAATCAATGAGCCCGGTCATGG) and reverse (CTTGTGCGAAGGCGCTGCGA) primers in 25-mL reac-
tion mixtures. Amplified products were separated on a 1% agarose gel and visualized after staining with
ethidium bromide, with scoring for the presence of a 200-bp product from pilT.

Data availability. The genomes of the reference strains NRRL B-4156 (GenBank accession number
CP041405) and strain Mbale (GenBank number JAALJM000000000) were described previously (23). The
genomes of two additional clinical isolates, Mbale2 and Mbale3, were deposited in GenBank with acces-
sion numbers CP092990 and CP092991, respectively. The corresponding BioProject accession numbers
are listed in Table 1.

SUPPLEMENTAL MATERIAL

Supplemental material is available online only.
FIG S1, DOCX file, 0.3 MB.
FIG S2, DOCX file, 0.5 MB.
FIG S3, DOCX file, 0.5 MB.
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FIG S5, DOCX file, 1.2 MB.
TABLE S1, DOCX file, 0.02 MB.
TABLE S2, DOCX file, 0.01 MB.
TABLE S3, DOCX file, 0.02 MB.
TABLE S4, DOCX file, 0.01 MB.
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