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Abstract

Background
Pertussis, an acute respiratory infection caused by Bordetella pertussis (B. pertussis), has resurged in
China. Biofilm formation has recently been associated with the pathogenesis of B. pertussis. This study
aims to analyze the biofilm formation capacity of circulating isolates and investigate the phenotype–
genotype associations between biofilm formation and genomic characteristics.

Results
Among 84 B. pertussis isolates, 69.05% (58/84) were classified as strong biofilm formers, while 23.81%
(20/84) and 5.95% (5/84) exhibited moderate or weak biofilm production, respectively. Only one isolate
(1/84, 1.19%) was categorized as non-biofilm producers. Strong biofilm-forming isolates exhibited
significantly faster autoagglutination than non-strong isolates (P < 0.05). Pan-GWAS identified multiple
candidate genes significantly associated with biofilm phenotypes (P < 0.05), which were enriched in
pathways involved in cell envelope remodeling, metabolic adaptation, nutrient acquisition, transport
systems, and environmental sensing. SNP-GWAS further identified multiple core genome SNPs
significantly associated with enhanced biofilm formation (P < 0.05). Functional analysis revealed
significant enrichment of genes in functions related to lipoprotein maturation, autotransporter function,
amino acid metabolism, and transport systems. Integration of pan-GWAS and SNP-GWAS further
identified the genetic determinants correlated with biofilm phenotypic heterogeneity in B. pertussis.

Conclusions
Strong biofilm-forming isolates consistently exhibited higher levels of biofilm biomass and faster
aggregation kinetics than non-strong isolates. GWAS analysis revealed that the observed phenotypic
divergence is driven by coordinated remodeling of multiple biological pathways rather than a single
genetic determinant. These findings provide new insights into the phenotype–genotype association
signatures of biofilm formation in circulating B. pertussis.

Background
Bacterial biofilms are multicellular surface-adherent microbial communities encased in a self-produced
or extracellular polymeric substances matrix that facilitate persistent colonization of the host respiratory
tract[1]. Biofilm formation promotes bacterial resistance to antimicrobial agents, environmental survival,
stress response and evaded innate host immune responses, and leads to persistent chronic infections[2].
Biofilms is a sequential and tightly regulated developmental process involving multiple phenotypically
distinct phases, each marked by unique patterns of stage-specific protein expression and transcriptional
profiles[3, 4]. This process has been observed on a variety of artificial surfaces, under static, shaking, and
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fluid flow conditions[5, 6]. Microscopically, B. pertussis forms discrete cellular aggregates that
progressively mature into three-dimensional microcolonies encased in an opaque matrix composed of
DNA and polysaccharide[5, 7, 8]. In vivo, biofilms formed by B. pertussis and the closely related species B.
bronchiseptica have been observed in the murine nasal cavity and trachea, which contribute to bacterial
persistence and inter-host transmission[2, 9]. The biological importance of biofilm formation is further
evidenced by studies showing that enhanced biofilm-forming strains exhibit increased epithelial cell
adhesion and higher levels of respiratory tract colonization in animal models[10, 11]. Furthermore,
proteomics studies conducted on planktonic and biofilm cells revealed time-dependent differential gene
expression patterns and key metabolic pathway essential for the maturation of B. pertussis biofilms [4,

12].

Biofilm formation represents a pivotal survival strategy that allows enhanced respiratory tract
colonization, persistence, transmission, and circulation of B. pertussis in humans[8]. Recent studies have
indicated that biofilm formation has been associated with B. pertussis pathogenesis and antimicrobial
tolerance[8, 13]. Biofilm grown B. pertussis clinical isolates confer increased tolerance to antimicrobial
agents compared to planktonic cultures. Hyperbiofilm formation by B. pertussis correlates with
enhanced virulence traits[8]. Although increased levels of biofilm formation by circulating strains from
Europe and other high-income regions has been reported, very little is known about the variability in
biofilm-forming capacity of circulating strains from China, particularly for the hypervirulent, macrolide-
resistant B. pertussis (MRBP) strains[8, 13, 14]. It is also not known whether the biofilm-forming capacity
varies among different allelic genotype strains in China. Furthermore, the genetic determinants
underlying biofilm formation remained poorly characterized. To date, only a limited number of studies
have investigated the roles of individual genes in biofilm formation, and most have relied on single-gene
mutations or core-genome SNP analyses to characterize the associated phenotypes[15, 16].

Genome-wide association study (GWAS) has emerged as a powerful approach designed to identify
genetic variations associated with specific traits or diseases by scanning the genome across multiple
individuals[17, 18]. Indeed, GWAS has proven to be a formidable tool for deciphering the genetic
architecture of complex traits, successfully transitioning from human genetics to microbial genomics[19,

20]. In recent years, GWAS has proven highly successful in microbial genomics for identifying genetic

determinants underlying phenotypic characteristics[21, 22]. By leveraging large-scale detection of genetic
variants, GWAS facilitates the reconstruction of evolutionary trajectories in pathogens, as exemplified by
the host-adaptive evolution observed in Campylobacter[23]. Despite its potential for elucidating the
genetic basis of biofilm formation, GWAS has not yet been systematically applied to investigate
phenotype–genotype associations underlying biofilm formation among circulating B. pertussis isolates.
Whether specific genomic signatures or accessory loci profiles are associated with enhanced biofilm
formation has not been thoroughly investigated. Given the highly clonal population structure of epidemic
B. pertussis, identifying how subtle genetic variation contribute to phenotypic heterogeneity remains
crucial for elucidating the molecular mechanisms underlying biofilm formation.
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In this study, we systematically quantified biofilm biomass and autoagglutination in clinical B. pertussis
isolates from Beijing, China that were previously characterized by leveraging available WGS data. We
next sought to identify multiple candidate genes and core genome SNPs associated with phenotypic
features shared by distinct biofilm-forming groups using multiple GWAS approaches. Overall, our
findings reveal associations between candidate loci and biofilm phenotypes, providing new insights into
the genetic determinants underlying biofilm phenotypic heterogeneity and its contribution to biofilm
development in B. pertussis.

Materials and methods

Bacterial Strains and Culture Conditions
A total of 84 B. pertussis isolates were analyzed in this study from the National Institute for
Communicable Disease Control and Prevention, Chinese Center for Disease Control and Prevention[24].
All isolates were recovered from nasal swabs of respiratory outpatients and hospitalized patients
between 2021 and 2024. Frozen glycerol stocks were streaked on charcoal agar supplemented with 10%
sterile defibrinated sheep blood (BMT090, CHROMagar, Shanghai, China) and incubated at 37℃ for 5
days to obtain isolated colonies. All isolates were characterized by matrix-assisted laser
desorption/ionization time-of-flight mass spectrometry (EXS 2600, Zybio, Chongqing, China) and
quantitative real-time polymerase chain reaction (qPCR) (QuantGene9600, Bioer Technology, Hangzhou,
Zhejiang, China), as previous described[25]. Detailed strain information is provided in Table S1. Single
colonies were cultured for additional 72 h and inoculated into Stainer-Scholte (SS) broth (M2343; Tuopu
Bioengineering, Shandong, China), followed by incubation at 37°C for 24 h with shaking at 180rpm and
then used for biofilm assays. The reference strains B. pertussis ATCC1925, ATCC9340, and ATCC9797,
were prepared as controls.

Biofilm Quantification with Microtiter Plate Assay
Biofilm biomass was quantified using a crystal violet (CV) microtiter plate assay as previously
described[13, 14]. Briefly, 200µL of bacterial suspension adjusted to an OD600 of 0.1 was inoculated into
polystyrene microtiter plates and incubated at 37°C under static conditions for 96 h. After incubation, the
planktonic cultures were removed and wells were gently washed three times with sterile distilled water.
Subsequently, the attached biofilms were stained with 200µL 0.1% crystal violet (CV) (Innochem, Beijing,
China) for 30 min. The staining solution was discarded by washing three times and 200µL of 95%
ethanol was added to dissolve the crystal violet. Absorbance was measured at OD540nm using a
multimode microplate reader (EnSight, PerkinElmer, Suzhou, China). To evaluate biofilm formation
kinetics, biofilm biomass was measured at 12 intervals over 96 h, respectively. Isolates were classified
into four categories based on the optical density cut-off value as follows: strong (OD > 4ODc; red circles),
moderate (4ODc ≥ OD > 2ODc; blue circles), weak (2ODc ≥ OD > ODc; green circles), and non- biofilm
formers (ODc ≥ OD; orange circles). The cutoff value (ODc) was defined as the mean OD of the negative
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control plus three standard deviations. All assays were performed in triplicate. The reference strains B.
pertussis ATCC1925, ATCC9340 and ATCC9797 were used as positive control and sterile SS broth served
as the negative control.

Autoagglutination assay

Autoagglutination was evaluated as described previously with minor modifications [8, 15]. Briefly,
overnight cultures grown in SS broth were harvested by centrifugation, washed, and resuspended in
sterile saline solution to an OD600 of 1.0. Then, 4mL aliquot of bacterial suspension was incubated
statically at 37°C for 24h. The OD600 values of the upper suspension were measured at 2, 4, 8, 12 and 24
h by using a spectrophotometer. The Sterile saline solution served as the blank. The aggregation index
(AI) was calculated as follows: (ODt0-ODt)/ODt0, where ODt0 is the initial OD measurement and ODt is the
OD measured at a designated time point. All assays were conducted in triplicate with three independent
biological replicates.

Pan-genome-wide association analysis
Pan-GWAS was conducted based on the accessory gene content of 84 de novo-assembled B. pertussis
genomes[25]. Genomes were annotated using Prokka (v1.15.6) with default parameters[26]. The
annotated GFF3 files were input into Roary (v3.13.0) to construct the pangenome using a minimum
BLASTP identity of 95% and a core gene threshold of 99% (-i 95 -cd 99)[27]. Associations between gene
presence/absence patterns and biofilm phenotypes were evaluated using PLINK (v1.90) [28] and Pyseer
(v1.4.0) [29]. In PLINK, the Roary-derived gene presence/absence matrix was analyzed against binary
biofilm phenotypes using Fisher's exact test, followed by Bonferroni and Benjamini–Hochberg correction
for multiple comparisons. Genes with adjusted P values < 0.05 were considered significantly associated
with the phenotype. In Pyseer, quantitative biofilm phenotypes were analyzed using a linear mixed model
(LMM), with allele frequency thresholds of 0.01 and 0.99 (--min-af 0.01, --max-af 0.99). Associations
were evaluated based on estimated effect sizes (β) and likelihood ratio test (lrt) P values. Given the
extensive expansion of IS481 and IS110 insertion sequences in B. pertussis, transposase-associated loci
were excluded from downstream biological interpretation to reduce the potential impact of lineage-
associated confounding and spurious associations arising from mobile genetic elements.

Core genome SNPs association analysis
To further identify the genome variants associated with biofilm formation, SNP-based GWAS was
performed using Pyseer (v1.4.0)[29]and GEMMA (v0.98.5)[30]. Briefly, core genome SNPs were identified
by mapping sequencing reads to the B. pertussis Tohama I reference genome (NZ_CP039022.1) using
Snippy (v4.6.0) with default parameters[31]. Biallelic SNPs with a minor allele frequency (MAF) ≥ 1% and
≤ 99% were retained for downstream analyses. For Pyseer analyses, population structure was controlled
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using a phylogeny-derived similarity matrix. Briefly, recombination regions were filtered using Gubbins
(v3.4.3), followed by reconstruction of a maximum-likelihood phylogeny with FastTree (v2.2.0) under the
GTR substitution model. The resulting phylogenetic relatedness matrix was incorporated into a linear
mixed model (LMM) to correct for population stratification. For GEMMA analyses, the filtered SNP matrix
was converted to binary PLINK format. A kinship matrix was calculated using the “-gk 2” option to
account for population structure. Associations between SNP genotypes and quantitative biofilm
phenotypes were subsequently assessed using a linear mixed model implemented with the “-lmm 4”
option, with SNP annotations incorporated through the “-a” parameter.

Statistical analysis
All the continuous variables in this study were expressed as number (%). Continuous variables were
analyzed among strong, moderate and weak biofilm-forming groups using two-way ANOVA followed by
Dunn's multiple-comparison tests. Correlations analysis was determined by the Spearman rank method.
Statistical significance was defined as follows: P < 0.05 (*), P < 0.01(**), P < 0.001 (***), and P < 0.0001
(****), whereas “ns” represents no significant difference. Data analysis and visualization by using
GraphPad Prism (v10.6.0) and R (v4.31).

Results
Characteristics of circulating B. pertussis clinical isolates

A total of 84 B. pertussis isolates were collected in Beijing, China between 2021 and 2024, while China is
currently experiencing an epidemic of whooping cough. The characteristics of these strains are shown in
Table S1. All isolated strains belonged to sequence type 2 (ST2) (100%). Based on whole-genome allele
profiling, all isolates were classified into six major allelic combinations comprising ptxP3/prn⁻/fhaB1
(39/84, 47.62%), ptxP3/prn150/fhaB1 (35/84, 42.86%), ptxP1/prn1/fhaB3 (7/84, 8.33%), ptxP3/prn2/fhaB1
(1/84, 1.19%), ptxP3/prn150/fhaB⁻ (1/84, 1.19%), and ptxP3/prn⁻/fhaB⁻ (1/84, 1.19%). Overall, 77 isolates
carried the ptxP3 allele (91.67%), whereas only 7 isolates harbored ptxP1(8.33%). The fhaB1 was
identified in 75 isolates (89.29%), representing the predominant fhaB allele, followed by fhaB3 in 7
isolates (8.33%) and the remaining 2 isolates exhibited fhaB naturally deficient genotypes (fhaB−)
(2.38%). All isolates carried the ptxA1, fim3-1, and fim2-1 alleles (100%), indicating genetic conservation
of these loci across the studied population.

Biofilm phenotypes exhibited substantial heterogeneity among circulating B. pertussis isolates

The majority of circulating B. pertussis isolates formed biofilms, but substantial heterogeneity in biofilm-
forming capacity was observed among isolates (Fig. 1a). Quantitative analysis demonstrated that the
mean biofilm biomass of strong biofilm-forming isolates was 1.97-fold and 3.67-fold higher than that of
moderate and weak producers, respectively. Among all tested isolates, 69.05% (58/84), 23.81% (20/84),
5.95% (5/84) were categorized as strong, moderate and weak biofilm producers, respectively (Fig. 1b,
Fig. S1). Only one isolate (1/84, 1.19%) was classified as non-biofilm producer. Time‑course
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quantification of biofilm biomass over 96 h under different absorbance wavelengths revealed distinct
phenotypic heterogeneity among isolates (Fig. S2). At OD540nm, the strong biofilm-forming group
exhibiting the highest biofilm biomass, ranging from 0.85 to 3.59 (median 1.20), followed by moderate
group (0.52–0.81, median 0.73), and weak group (0.36–0.38, median 0.37) (Fig. 1c). Furthermore, both
fhaB⁻ isolates exhibited a moderate biofilm-forming capacity relative to the ATCC reference strain. (Fig.
S3).

Enhanced and progressive biofilm formation in circulating B. pertussis isolates

To further characterize the dynamics of biofilm development, we compared the biofilm-forming
capacities of representative circulating isolates from the strong, moderate, and weak biofilm-forming
groups. The result indicated that circulating isolates consistently exhibit an enhanced and progressive
biofilm phenotypic characteristics. During roller drum cultivation in sterile glass tubes, we observed
compact bacterial rings at the air-liquid interface, particularly in strains with strong biofilm-forming
capacity. Similarly, the ATCC reference strains formed thicker and more compact rings at the air–liquid
interface at the top of the bacterial suspension. In contrast, the moderate and weak biofilm formers
produced thinner or diffused bacterial rings over the glass surface of the bacterial suspension. Notably,
the non-biofilm forming isolate ID83 did not form a visible diffused ring at the air-liquid interface
(Fig. 2a).

Quantitative analysis showed biofilm biomass increased progressively over time in all groups, with the
strong biofilm-forming group consistently exhibiting significantly higher biofilm biomass than the non-
strong group throughout the incubation period (P < 0.05; Fig. 2b). At 24 h, the mean OD540 values of the
strong biofilm-forming group was 0.302 ± 0.043, followed by the moderate (0.229 ± 0.027) and weak
group (0.175 ± 0.021). At 48 h, the corresponding values in the strong, moderate, and weak group were
0.765 ± 0.459, 0.328 ± 0.051 and 0.249 ± 0.031, respectively. At 72h, the strong group maintained a
markedly higher biofilms level (1.229 ± 0.621) than the moderate (0.458 ± 0.129) and weak (0.303 ± 
0.031) group. With prolonged cultivation, the differences between the strong and non‑strong groups
remained statistically significant (P < 0.0001). Biofilm biomass reached its maximum level at 96 h in all
groups, with the strong-forming group exhibiting the highest biofilm biomass (2.101 ± 0.973), followed by
the moderate (0.639 ± 0.091) and weak groups (0.366 ± 0.014). In line with this trend, the ATCC reference
strains exhibited a progressive increase in biofilm biomass over time. In contrast, strain ID83 showed no
measurable biofilm formation at any of the assessed time points.

Enhanced biofilm-forming strains display hyperaggregative
properties
To evaluate the relationships between autoagglutination and biofilm formation in B. pertussis, we
compared the aggregation index (AI) between the strong and non-strong biofilm-forming groups. At 2 h
of incubation, the strong group exhibited a significantly higher mean AI values (0.100 ± 0.029) than the
moderate (0.036 ± 0.013) and weak group (0.031 ± 0.007), corresponding to 2.8-fold and 3.2-fold
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increases, respectively (P < 0.0001) (Fig. 3a-b). To monitor aggregation kinetics, AI values were
determined at selected time points (2, 4, 8, 12, and 24 h) during a 24 h static incubation. At each time
point from 4 h onward, the mean AI of the strong group were significantly higher than the non-strong
group (P < 0.0001) (Fig. 3a-b). At 4 h, the strong group exhibited a mean AI of 0.168 ± 0.032, compared
with the moderate (0.083 ± 0.004) and weak groups (0.067 ± 0.006). With prolonged incubation, the
mean of AI values exhibited a time-dependent increase, followed by a gradual decline in OD absorbance.
At 24 h, the mean AI values increased to 0.435 ± 0.038, 0.317 ± 0.040, and 0.204 ± 0.023 for the strong,
moderate, and weak groups, respectively. The strong group exhibited significantly faster aggregation
kinetics than the non-strong group across all time points. In contrast, the non-strong group exhibited
substantially slower aggregation kinetics throughout the incubation period (Fig. 3a-b). The ATCC
reference strains also displayed a time-dependent aggregation profile, as evidenced by a progressive
increase in AI values over time (Fig. 3a-b). Notably, strain ID83 exhibited only minimal cell aggregation
throughout the incubation period, demonstrating a markedly impaired aggregation phenotype (Fig. 3a-b).

Pan-genome-wide association analysis reveals accessory genes associated with biofilm formation in
B. pertussis

To mitigate the limitations of individual association methods, we employed two orthogonal approaches,
PLINK and Pyseer, to minimize false positives associations and triangulate potential genetic hits. PLINK
analysis identified 300 clusters of orthologous groups (COGs) and genes were significantly associated
with biofilm phenotypes at a nominal significance threshold (naïve P < 0.05) (Tables S3-4). After
multiple-testing correlation, 10 associations remained significant following the stringent Bonferroni
correction, whereas 62 hits (20.67%) retained significance using the less stringent Benjamini-Hochberg
correction (adjusted P < 0.05) (Fig. 4a-b). Using the same dataset, Pyseer identified 143 significant
associations after adjustment (lrt-P < 0.05) (Fig. 4c-d). Among these, 109 genes were positively
associated with biofilm formation, whereas 34 showed negative associations (lrt-P < 0.05). All candidate
genes ranked by adjusted P values are shown in Tables S3-4. Functional annotation revealed that
73.43% (105/143) of the candidate genes encoded transposases or insertion sequence (IS) elements
(Tables S3-4). COG classification further indicated that multiple identified genes were associated with
cell replication, recombination, and repair (72%), followed by energy production and conversion (4.67%)
and cell wall/membrane/envelope biogenesis (4.0%) (Fig. S4). Genes involved in signal transduction,
nucleotide transport and metabolism, and transcription were 2.67%, 0.67% and 0.67%, respectively (Fig.
S4).

Genes involved in cell-envelope biogenesis and peptidoglycan remodeling exhibited the most significant
associations across both pan-GWAS approaches. These genes include mrcA, rlpA, lnt, and wbpO. The
mrcA gene, encoding a penicillin-binding protein, was associated with 90.48% (76/84) of biofilm-
producing isolates and in 94.82% (55/58) of strong biofilm producers, but showed no association with
non-biofilm isolate. Similarly, rlpA, encoding an endolytic peptidoglycan transglycosylase, was
associated with 97.62% (82/84) of isolates and was present in all strong and moderate biofilm-
producing strains. In addition, the wbpO was associated with 95% (19/20) of moderate biofilm‑forming
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isolates and 60.34% (35/58) of strong biofilm‑forming isolates, whereas the lnt gene encoding the
lipoprotein maturation ranked among the top loci in PLINK analysis and showed significant association
with enhanced biofilm formation (lrt-P = 0.0299). Another functional category comprised genes involved
in respiratory and metabolic adaptation, including cydB (86.90%) and rubA2 (17.86%), as well as the
environmental sensing and chemotaxis gene tap (2.38%), which are associated with processes relevant
to biofilm formation and environmental adaptation. Several adhesin‑related loci, including fhaS/fhaB and
tibA-associated loci, were also enriched in strong biofilm‑producing strains (P < 0.05). Additionally, the
putative positive transcription regulator gene bvgA was uniquely identified by the Pyseer (Tables S3-4).

Core genome SNP-based GWAS reveals genetic loci associated with biofilm heterogeneity in B.
pertussis

To further investigate the genetic variations associated with biofilm phenotypes, SNP-based GWAS was
performed using both GEMMA and Pyseer. GEMMA identified 155 significant SNPs, whereas Pyseer
yielded 36 significant SNPs associated with biofilm production (lrt-P < 0.05; Tables S5-6). All SNPs
ranked by significance (lrt-P on y-axis) are shown in a Manhattan Plot in Fig. 5a-d with their genomic
location in the Tohama I genome. After the multivariable correlation, the most significant hits are shown
in Tables S5-6 with 19 overlapping top-ranked SNPs were consistently identified by both approaches in
bold, including 10 non-synonymous mutations comprising missense substitutions (8/19, 42.11%), one in-
frame deletion (1/19, 5.27%), and one frameshift mutation (1/19, 5.26%). Functional annotation revealed
that significant loci were enriched in genes involved in membrane organization, transport systems,
protein secretion, cellular metabolism, environmental sensing and virulence regulation. Quantile–
quantile plots showed acceptable control of population stratification in both models (GEMMA: λ = 
0.9094; Pyseer: λ = 1.2655) (Fig. S5).

The most significant SNPs were identified in sphB2, which encodes the autotransporter SphB2. GEMMA
identified two missense mutations (p.Leu70Trp and p.Asp73Ala) and one in‑frame deletion
(p.Gly87_Gly90del), whereas Pyseer only detected the same in‑frame deletion within sphB2. All
significant SNPs were enriched in strong biofilm-forming isolates and showed positive β coefficients,
indicating a positive association between sphB2 polymorphisms and enhanced biofilm formation (lrt-P < 
0.05; Tables S5-6). Among genes involved in cell envelope remodeling and peptidoglycan maintenance,
multiple SNP associations were detected in lolA, encoding an outer membrane lipoprotein chaperone.
Two GEMMA-identified significant SNPs (p.Phe36Ile and p.Ala27_Thr28delinsProPro) were exclusively
detected in isolate ID82, which exhibited the strongest biofilm-forming phenotype. Other genes involved
in respiratory and metabolic adaptation, including dadA and a gene encoding a FUSC family protein, were
significantly associated with SNPs. Notably, SNPs in dadA were correlated with enhanced biofilm
formation (P < 0.05). Additional SNP associations were detected in genes involved in transport and
nutrient acquisition, including an MFS transporter gene, bugD and ugpA. Significant SNPs within these
genes were positively associated with biofilm formation (P < 0.05; Tables S5-6).

Discussion
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In this study, we characterized substantial heterogeneity in biofilm-forming capacity among circulating B.
pertussis strains isolated from Beijing, China. By integrating pan GWAS and SNP GWAS approaches with
biofilm phenotype data, we identified accessory genes and core genome SNPs associated with variation
in biofilm formation. We further investigated genotype–phenotype associations between biofilm
phenotypic diversity and their underlying genetic determinants. Finally, we determined distinct signatures
in biofilm formation and candidate genes, as well as core genome SNPs across the analyzed strains.

Consistent with what was previously reported[8, 13, 14], we observed that over 98.81% of the analyzed
isolates produced biofilms, with 69.05% exhibiting strong, 23.81% moderate, 5.95% weak, and 1.19%
non‑biofilm‑forming phenotypes, respectively. These findings suggested that circulating B. pertussis
isolates exhibited heterogeneity in biofilm formation, marked by a predominance of the strong biofilm
phenotype. To further characterize biofilm development, we monitored biofilm biomass over time. We
observed that the biofilm biomass in the strong biofilm-forming group was significantly higher than the
non-strong group, and the difference remained statistically significant throughout the entire experimental
period. The relationship between allelic genotypes and biofilm formation remains poorly characterized.
Although prn has been reported to facilitate host cell adhesion in earlier studies, prn deficiency alone did
not significantly affect adhesion and invasion in our previous studies[32, 33]. Here, we found that the

prn150 and prn− isolates showed similarly high biofilm formation, with no significant correlations
between the two groups (P > 0.05). These findings suggest that the prn gene may not be an essential
determinant of biofilm formation in B. pertussis, as strains lacking this gene still formed biofilms.

Previous studies have shown that fhaB contributes to biofilm development by promoting microcolony
formation[9, 34]. Here, we demonstrated that two fhaB− mutants displayed a markedly reduction in biofilm
biomass and exhibited moderate biofilm phenotype. Consistent with Serra et al findings [9], our results
provide strong evidence that fhaB plays a crucial role in the biofilm biosynthesis of B. pertussis. Recent
studies have shown that fim3 isolates harboring the fim3-2 allele displayed enhanced biofilm formation
capacity but less autoagglutination compared to fim2 isolates[35, 36]. Given that all isolates in our study
harbored fim3-1 and fim2-1 alleles, the correlation between fimbriae serotype diversity and biofilm
formation warrants further investigation in more genetically diverse populations. Collectively, these
findings indicate that enhanced biofilm-forming capacity represents the predominant characteristic of
recently circulating isolates, which may contribute to their sustained circulation and host colonization.

It has been reported that hyperbiofilm-forming strains displayed hyperaggregative properties[8]. In this
study, we found a positive correlation between bacterial aggregation and enhanced biofilm-forming
capacity within the biofilm-forming isolates. Strong biofilm-forming isolates exhibited greater
autoagglutination than non-strong isolates, indicating enhanced cell–cell interactions. Notably, we
observed the sole non-biofilm forming isolate displayed minimal cell aggregation throughout the
incubation period, further supporting a close association between autoaggregation and biofilm
formation in circulating B. pertussis isolates. Our results suggest that both bacterial aggregation and
biofilm formation are mediated by shared physical adhesive forces and potentially overlapping

Page 11/27



extracellular matrix components that promote cell-cell interactions essential for biofilm formation. In our
previous study, we observed that two fhaB− isolates exhibited markedly reduced bacterial
aggregation[32]. Our data suggest that fhaB plays a crucial role in the synthesis of the biofilm matrix.
Taken together, these findings indicated that the currently circulating strains utilize aggregation as a
means to enhance their biofilm-forming capacities.

Previous GWAS and pan-GWAS studies have identified multiple accessory genes are significantly
associated with genotypes of multidrug-resistant Pseudomonas aeruginosa that exhibit enhanced biofilm
production[37]. In the present study, by integrating pan-GWAS and SNP-GWAS analyses, we found that
biofilm formation in B. pertussis is a multifactorial adaptive phenotype shaped by coordinated adaptive
remodeling of multiple biological pathways rather than being dominated by a single genetic determinant.
Although two GWAS algorithms interrogate distinct genomic dimensions, both independently converged
on overlapping functional pathways related to cell envelope remodeling, respiratory adaptation,
metabolic flexibility, nutrient acquisition, transport systems and environmental sensing, reinforcing the
robustness and biological relevance of the identified associations. The functional convergence of
significant association signals suggested that heterogeneous biofilm phenotypes arise through
coordinated physiological adaptation rather than isolated genetic changes.

In our study, the prominent functional categories identified by both GWAS approaches involved genes
associated with cell-envelope biogenesis and peptidoglycan remodeling, including mrcA, rlpA, lnt, and
wbpO. Among these, mrcA is involved in peptidoglycan synthesis and cell wall integrity, whereas rlpA
contributes to peptidoglycan turnover and envelope remodeling, which both exhibited the strongest
association signals for biofilm formation[38, 39]. These findings are consistent with previous reports in
Gram-negative bacteria indicating that peptidoglycan remodeling contributes to surface attachment,
microcolony formation, and stress adaptation during biofilm development [40]. Previous transcriptomic

studies have reported that wbpO is upregulated in biofilm cells[12]. Here, we also detected a significant
association signal between the presence of wbpO and enhanced biofilm formation in B. pertussis,
suggesting that this locus may contribute to biofilm stability and surface adherence. The lnt-associated
loci further highlighted the contribution of membrane lipoprotein maturation to biofilm stability, likely by
modulating extracellular matrix organization and surface properties. Additional cell wall-associated loci
were identified by SNP-GWAS, including lolA, amiD, alr, fabI, and envC. Previous studies have
demonstrated that lolA plays an important role in biofilm formation[41, 42]. In this work, we identified
significant SNPs within lolA gene by both SNP-GWAS. Strains harboring these genetic variants exhibited
significantly higher biofilm levels. Although multiple SNPs were detected in different isolate subsets,
their clustering within lolA suggests that allelic heterogeneity at this locus may contribute to biofilm
phenotypic variation in B. pertussis. Together, these findings indicate that coordinated modulation of
envelope composition and surface polysaccharide architecture plays an important role underlying
biofilm formation in B. pertussis.
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Adhesion-associated pathways were enriched in biofilm-associated loci, highlighting a key role of
bacterial adhesion in biofilm development. Previous studies have indicated that filamentous
hemagglutinin family proteins play a role in mediating epithelial attachment and bacterial aggregation in
Bordetella species[9, 43]. In this study, we identified adhesin-associated loci involving fhaB, tibA, fimV-
associated pilus assembly proteins and sphB2-related variants were enriched among strong biofilm-
forming isolates, suggesting that enhanced surface attachment and aggregation ability are critical
during the initial biofilm synthesis. The sphB2 gene encodes a Type V secretion system-associated
protease involved in FHA maturation[44, 45]. SNP-GWAS identified significant variants in the sphB2 gene,
all exhibiting positive β coefficients, which were associated with enhanced biofilm formation. We found
these SNPs were present exclusively in isolate ID82, which demonstrated the strongest biofilm-forming
capacity. Our data further support a robust association between sphB2 polymorphisms and biofilm
formation. Overall, these findings are consistent with the functional role of filamentous hemagglutinin
and autotransporter proteins in mediating host interaction, aggregation, and biofilm initiation in
Bordetella species[9].

Another prominent functional category jointly identified by GWAS involved pathways related to
respiratory adaptation and redox homeostasis. Associated loci included cydB/cioB, fdx, and rubA,
suggesting that metabolic flexibility may contribute to biofilm formation in B. pertussis. The enrichment
of these loci together with D-amino acid metabolic genes suggests that biofilm-forming strains are
adapted to hypoxic and oxidative stress conditions characteristic of mature biofilms. Previous studies
have demonstrated that the cydB deletion mutant produced weaker, more loosely structured, and lower-
volume biofilm in Campylobacter jejuni [46]. In this study, the cydB gene was enriched among strong and
moderate biofilm-forming isolates, which supports the key role for respiratory adaptation in facilitating
survival under the oxygen-limited conditions characteristic of producing biofilms. The D-amino acid
dehydrogenase has previously been implicated in peptidoglycan remodeling and biofilm regulation in
multiple bacterial species[47–49]. Our analysis revealed that multiple SNPs within dadA exhibited the
strongest association signals with the phenotype, highlighting the critical involvement of D-amino acid
metabolism in biofilm adaptation. In addition, fdx-associated loci were detected in nearly all strong and
moderate biofilm formers, further highlighting the importance of redox homeostasis in biofilm
adaptation. Together, these findings suggest that biofilm formation in B. pertussis involves coordinated
metabolic and physiological remodeling rather than isolated metabolic changes.

Environmental sensing and virulence-related pathways emerged as important components of the
biofilm-associated genomic landscape. In this work, we identified several significant loci encoding a
Cache domain protein, PhoU, and an ArsR/SmtB family transcriptional regulator, all of which were
associated with biofilm formation. Chemotaxis-associated loci, including tar and tap, were identified,
suggesting roles in environmental sensing and spatial colonization during biofilm development,
potentially contributing to bacterial persistence under nutrient-limited conditions[50, 51]. Previous studies
have shown that the BvgAS two-component regulatory systems plays a central role in regulating
virulence and biofilms formation in B. pertussis [14, 52]. Consistent with these observations, our GWAS
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identification of bvgA further supports the involvement of Bvg-mediated signaling in biofilm
heterogeneity. Evidence has indicated that deletion of bpeGReg gene, encoding a globin-coupled
diguanylate cyclase involved in c-di-GMP synthesis, significantly reduced biofilm formation in B.
pertussis[53]. We also found phosphodiesterase-related loci, including a 3′3′-cGAMP phosphodiesterase,
which suggest that cyclic nucleotide signaling pathways contribute to regulating sessile growth and
biofilm homeostasis. Together, these findings indicate that environmental sensing and signal
transduction pathways are important determinants of biofilm formation in B. pertussis.

Nutrient acquisition and metabolic flexibility pathways represented another important adaptive layer. We
observed multiple associated loci encoding surface proteins or transporters, including components of
MFS, ABC, TRAP, UgpA, as well as systems involved in oligopeptide, branched-chain amino acid,
phosphate, and C4-dicarboxylate transport systems. Among these, an ABC transporter gene harbored
the largest number of SNPs, including several non-conservative missense mutations that may influence
transporter function and biofilm formation. The MFS transporter warrants further investigation, as
mutations in this gene has been shown to reduce biofilm formation in both Pseudomonas aeruginosa
and Mycobacterium tuberculosis[54, 55]. In this study, we also identified multiple missense variants and
two complex indels within the MFS transporter gene EQ877_RS00175, all of which were exclusively
present in two strong biofilm-forming isolates. Additional metabolism-associated loci, including livH,
nicX, nicF, maeB2, folP, yngG, and glnA-related genes, were enriched in strong biofilm-forming isolates
and exhibited relatively large effect sizes despite low allele frequencies. The consistent identification of
these loci across independent GWAS analyses highlights the importance of nutrient utilization, energy
metabolism, and substrate transport during biofilm development. Together, these findings suggest that
enhanced nutrient scavenging and metabolic adaptation facilitate bacterial persistence under nutrient-
limited biofilm conditions and contribute to lineage-associated variation in biofilm phenotypes.

Several limitations of this study should be acknowledged. Firstly, the strong clonality and limited sample
size reduced the statistical power to detect rare or subtle genetic loci with modest effects. Secondly,
several associated loci were identified at relatively low frequencies and therefore require validated in
larger strain collections, as some accessory loci may reflect lineage-specific adaptation rather than
conserved determinants of biofilm formation. Thirdly, most genome assemblies analyzed in this study
were based on short-read sequencing data, which may limit assembly continuity and resolution in
repetitive genomic regions enriched with IS481 elements. This limitation could reduce the sensitivity of
GWAS analyses for detecting structural variants and accessory genomic features. Future integration of
long-read sequencing technologies will help to improve genome completeness and facilitate more
comprehensive characterization of complex genomic regions. Moreover, GWAS analyses identify
statistical associations rather than direct causal mechanisms, and further functional studies, including
targeted mutagenesis and transcriptomic profiling will be essential to clarify both the mechanistic
contributions and biological relevance of candidate loci involved in B. pertussis biofilm formation.

Despite the limitations acknowledged above, a major strength of this study is that two independent
GWAS approaches converged on the same biological pathways. Pan‑GWAS primarily captured accessory

Page 14/27



genome gain or loss events, whereas SNP‑GWAS additionally detected allelic polymorphisms within the
conserved core genome. Although these associate loci identified by each approach were not completely
overlapping, the convergence of biological pathways across independent analyses strengthens
confidence in the identified associations and reduces the likelihood that the observed signals are driven
solely by population structure or lineage-specific artifacts. Overall, our integrated genomic analyses
support a multifactorial adaptive model in which accessory genome diversification and fine-scale allelic
variation contribute to biofilm formation in B. pertussis.

Conclusion
In this study, we found significant differences in biofilm-forming capacity between strong and non-strong
biofilm formers. Strong biofilm formers increased progressively over time and remained consistently
higher than that of non-strong biofilm formers. Moreover, the strong biofilm formers also displayed
significantly enhanced auto-aggregation kinetics, as reflected by higher average AI values across all
tested time points. Through multiple GWAS analyses, we identified multiple genetic loci associated with
enhanced biofilm production, which supporting the reliability of these associations. GWAS further
revealed that the biofilm phenotype arises not from a single dominant genetic determinant, but rather
from the coordinated adaptive remodeling of multiple biological pathways. Collectively, these findings
illuminate the genetic basis underlying biofilm phenotypic diversity and provide new insights into
genotype–phenotype relationships that govern biofilm formation in circulating B. pertussis strains.
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Figure 1

Quantification and phenotypic classification of biofilm formation capacity among B. pertussis isolates.
(a) Biofilm production was quantified using the crystal violet staining method, and absorbance was
measured at OD540nm. (b) Pie charts showed the proportion of strains classified as strong (red),
moderate (blue), weak (green) or non-biofilm formation (orange). (c) Correlation analyses of biofilm
formation among strong, moderate, and weak biofilm-forming strains. Each dot represents an individual
isolate and horizontal bar indicate mean values. Statistical significance was determined using the two-
way ANOVA followed by Dunn's multiple-comparison tests; *, P < 0.05; **, P <0.01; ***, P <0.001; ****, P
<0.0001, and ns, P > 0.05, respectively.
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Figure 2

Biofilm formation and biomass accumulation in circulating B. pertussis strains. (a) Static biofilm
formation of a bacterial ring at the air-liquid interface in glass culture tubes. (b) Quantification of biofilm
biomass over time by crystal violet staining. Data are presented as the mean ± SD of three independent
experiments, each performed in triplicate. Statistical significance was determined using two-way ANOVA
test followed by Dunnett’s test multiple comparisons. *, P < 0.05; **, P <0.01; ***, P <0.001; ****, P
<0.0001, and ns, P > 0.05, respectively.
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Figure 3

Quantification of autoagglutination of circulating B. pertussis strains. (a) Quantification of cell
aggregation between different biofilm-forming groups and the ATCC reference strains. The x axis
indicates incubation time (h), and the y axis indicates the aggregation index. (b) Autoaggregation
kinetics of different biofilm-forming groups and the ATCC reference strains. The x-axis represents
incubation time (h), and the y axis represents the OD600 of cells remaining in suspension. Each bar
represents the mean ± SD from three independent experiments performed in duplicate. Statistical
significance was determined using two-way ANOVA by Dunnett's multiple comparisons test. *, P < 0.05;
**, P <0.01; ***, P <0.001; and ****,P <0.0001, respectively.
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Figure 4

Pan-GWAS analysis for identifying biofilm-associated genes. Manhattan plots illustrating the statistical
significance (-log10P) of gene associations identified by PLINK(a) and Pyseer (c). The x-axis represents
virtual genomic positions arranged according to Roary IDs for visualization purposes. The horizontal
dashed lines indicate the genome-wide significance threshold after Benjamini-Hochberg correction.
Volcano plots depicting the relationship between statistical significance (-log10P) and effect size |β| for
PLINK (b) and Pyseer (d). Candidate genes with P < 0.05 and absolute effect size |β|>0.25 are
highlighted.
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Figure 5

SNP-GWAS analysis of biofilm-associated loci using GEMMA and Pyseer. Manhattan plots of SNP
association significance (-log10P) identified by GEMMA (a) and Pyseer (c). The x-axis indicates physical
genomic positions relative to the Tohama I reference genome (NZ_CP039022.1). The horizontal dashed
line indicates the significance threshold after Benjamini-Hochberg correction. Volcano plots showing the
relationship between association significance (-log10P) and effect size |β| for GEMMA (b) and Pyseer (d),
with significant SNPs highlighted (P < 0.05; |β| > 0.25).

Supplementary Files

This is a list of supplementary files associated with this preprint. Click to download.

Supplementaryfigure.docx

Page 26/27

https://assets-eu.researchsquare.com/files/rs-10154686/v1/123302d27c257eaa406fba4d.docx


Supplementarytable.xlsx

Page 27/27

https://assets-eu.researchsquare.com/files/rs-10154686/v1/9f9014a256282ac4f7005521.xlsx

