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Bongkrekic acid (BKA) poisoning, induced by the contamination of Burkholderia gladioli pathovar cocovenenans,
has a long-standing history of causing severe outbreaks of foodborne illness. It has emerged as a lethal food safety

concern, presenting significant challenges to public health.

Burkholderia gladioli pathovar cocovenenans bongkrekic acid food poisoning

foodborne pathogen food safety

| 1. Introduction

Foodborne diseases have been posing enduring societal and economic challenges worldwide. According to the
World Health Organization (WHO), foodborne diseases are estimated to cause 600 million illnesses and 420,000
deaths every year, making them a major cause of morbidity and mortality globally 2. These ilinesses and deaths
have a substantial impact on individuals, families, communities, broader society, as well as the global economy. In
addition to the human distress caused by these diseases, they also have impactful influences on the food supply
chain 2. Therefore, effective prevention, control, and management of foodborne diseases remain a critical public
health priority. Bongkrekic acid (BKA) is a potent respiratory toxin, which could significantly impair mitochondrial
ATP/ADP exchange and has been implicated in numerous outbreaks of fatal food poisoning. It is classified as a
flavorless, odorless, colorless, thermally stable, and highly unsaturated methoxy tricarboxylic acid . Previous
research has demonstrated that BKA is produced by Burkholderia gladioli pv. cocovenenans in natural conditions
seeing that the BKA biosynthesis gene cluster (bon) exists in the gene repertoire of this bacterium BIEIE Although
the biosynthesis and pathogenesis of BKA are unique in many ways, the bacterium of B. gladioli pv. cocovenenans
is prevalently distributed globally as it has been extensively isolated and identified in various food and
environmental samples, such as water and soil, from all five most populated continents &l Results also indicated
that many cultivated food ingredients, such as Tremella fuciformis (white wood ear mushroom), can be

contaminated with B. gladioli pv. cocovenenans 2119,

2. A Dual Biography of Burkholderia gladioli pathovar
cocovenenans and Bongkrekic Acid

At the beginning, B. gladioli pv. cocovenenans was referred to by the name of Pseudomonas cocovenenans 111, In
memory of American plant pathologist and microbiologist Walter H. Burkholder, the genus name of Burkholderia

was assigned to seven bacterial species that were previously classified within the genus of Pseudomonas 12
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(Figure 1). After then, this pathogenic bacterium was recognized as Burkholderia cocovenenans, according to
genomic comparison study (3l Later, phylogenetic analyses proved that B. cocovenenans is in fact a junior
synonym to B. gladioli: therefore, its current nomenclature was conferred 4!, While the outbreaks of B. gladioli pv.
cocovenenans frequently occurred in coconut-related food consumptions and particularly tempe bongkrek, a
traditional Indonesian fermented coconut food from which BKA derives its name, beforehand, the scientific
understanding of this disease remained elusive until the 1930s (15181 Two scientists, van Veen and Mertens,
carried out a series of studies on samples from central Java to explore the cause of the then-mysterious deadly
food poisoning [AL8I1A0121]  There were two poisonous substances discovered from B. gladioli pv.
Cocovenenans-contaminated food matrices. Firstly, the researchers identified a yellowish bacterial pigment and
named it toxoflavin(e) 19, Toxoflavin is a type of pyrimidotriazine compound that can be produced by multiple
Burkholderia spp. (Figure 2A). It has manifested antibiotic, fungicidal, and virulence enhancement functionalities
and also exerts certain level toxicities toward eukaryotic cells [22123124] Shortly after, bongkrek(ic) acid was purified
and categorized. Although their molecular structures were investigated and proposed after their discovery, the
structure of both toxoflavin and BKA was not conclusively determined until the late 1950s 123 (Figure 2B). In
contrast to the relatively mild toxicity observed with toxoflavin, BKA exhibits a high level of toxicity in monkeys, with
a fatal dose estimated to be approximately 0.5 mg per subject when administered orally to monkeys weighing 1-5
kg [21. Despite evidence that proved that both toxoflavin and BKA were poisonous to human, BKA and its extreme
respiratory toxicity have been broadly recognized as the singular cause for the life-threating symptoms given the

fact that the toxicity of BKA overwhelmingly outweighs that of toxoflavin in nearly all measurable ways 211261,
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1935

The mysterious foodborne disease from
Indonesia is studied by van Veen and
Mertens. “Pseudomonas cocoveneanans”,
BKA, and toxoflavin are unveiled to be
associated with the outbreaks.

1990

Study on samples from China that lead to
similar food poisoning symploms proves
diseases in China and Southeast Asia are

caused by the same pathogenic bacterium.

1999

Further phylogenetic analyses confirmed
Burkholderia cocovenenans is a junior
synonym to Burkholderia gladioli so that
the nomenclature-Burkholderia gladioli
pathovar cocovenenans is finalized.

2019

Structural basis of BKA's specifical bound
to mitochondrial ADP/ATP carriers and the
toxicity mechanism is elucidated by
Ruprecht and others.

1960

Chemical formula, structure, and toxicity of
BKA are conclusively determined.

1995

According to phylogenetic study, this
bacterium is renamed as “Burkholderia
cocovenenans” following the reassignment
of seven previously classified Pseudomonas
spp. as Burkholderia spp.

2012

Moebius and others illustrate that bon
polyketide synthase gene cluster is
responsible for the biosynthesis of BKA. The
authors also elucidate related gene function
in detail.

2021

Peng and others discover that 36
Burkholderia gladioli genomes from Asia,
Europe, Norih and South America possess
bon gene cluster. Burkholderia gladioli
pathovar cocovenenans and BKA may pose
global food safety threat.

Figure 1. Chronological list of significant research findings in BKA and B. gladioli pv. cocovenenans. The presented

years are literature publication years.
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Figure 2. lllustration of related molecular structures and gene clusters. (A) Structure of toxoflavin; (B) Structure of
bongkrekic acid; (C) Bongkrekic acid synthesis gene cluster in B. gladioli pv. cocovenenans DSMZ 11318; (D)
Bongkrekic acid synthesis gene cluster in B. gladioli pv. cocovenenans BSR3. The presented length of a gene is

directly proportional to the quantity of its base pairs.

| 3. Pathogenesis of Bongkrekic Acid

BKA has been verified to be extremely toxic toward every animal species investigated, such as monkeys, pigeons,
rabbit, and rats, even when BKA is administered in non-pure form (fermented coconut cakes) 18 The symptoms
observed in animal BKA studies include initial hyperglycemia, subsequent hypoglycemia, and dramatic blood lactic
acid content increases (2-3 times of the normal level), and these symptoms were later demonstrated to be

associated with impaired mitochondrial oxidative phosphorylation 22, Through respective experimental designs,
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researchers were able to conclusively determine that BKA could bind to adenine nucleotide translocator (ANT)
which located on the mitochondrial inner membrane 13128129130

ANT, also known as ADP/ATP translocase or ADP/ATP carrier, is an important mitochondrial carrier that is
responsible for transporting ADP into and ATP out of mitochondria 2281 ANT carriers out its role by cycling
between two states: cytoplasmic open state (c-state) and matrix open state (m-state). At normal circumstances,
free ADP from mitochondrial intermembrane space (from cell cytoplasm) can specifically bind to c-state ANT,
whereas free ADP in mitochondrial matrix can bind to m-state ANT. These binds will lead to conversion cycles
between c-state and m-state of ANT and allow the ADP/ATP exchange to be carried out (Figure 3A). When
consumed by animals, owing to its apparent lipophilicity, BKA can firstly penetrate the inner mitochondrial
membrane and then bind to m-state ANT to form a BKA-inhibited ANT structure (Figure 3B) 32,
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Figure 3. Pathogenic mechanism of BKA. (A) Unimpaired physiological function of mitochondrial ADP/ATP carrier.
(B) Function of mitochondrial ADP/ATP carrier impaired by BKA.

4. Genomic Characteristics of Burkholderia gladioli pathovar
cocovenenans

4.1. Genomic Diversity and Prevalence

The previous generation of phylogenetic studies on pathogens relies on independent comparisons of live
microorganisms or fixed genetic materials, such as cell protein gel electrophoresis, DNA-DNA binding, and
detailed biochemical profiling, which was once the only viable method but was deemed as insufficient for both
disease control and research purposes 1433l Not long ago, high-throughput sequencing and nucleic-tide-level
genome documentation revolutionized this research field swiftly 3433l |n silico genomic comparisons among
online databases empowered researchers and medical professionals to conduct coherent and efficient genomic

epidemiological analyses that were unimaginable previously B8, Genomic assemblies confirmed that B. gladioli pv.
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cocovenenans incorporates two circular chromosomes with the bon gene cluster located at chromosome 1. It can
be concluded from the genome of B. gladioli BSR3 and Col4 that the pathogenic strains also possess one
clustered regularly interspaced short palindromic repeat (CRISPR) array sequence at chromosome 1 and a total of
five copies of rRNA from the two total chromosomes (Figure 4). A group of researchers 8 conducted species-wide

genomic comparative analysis on B. gladioli pv. cocovenenans with the focus on the bon gene cluster (Figure 4).
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Figure 4. Circular genome diagrams of (A) B. gladioli pv. cocovenenans BSR3 and (B) B. gladioli pv.
cocovenenans Col4. Genes of the top 20 abundant clusters of orthologous groups (COGs) are color-labeled
according to their COG categories at the respective gene loci. The rRNA gene loci, CRISPR array locus, and bon

gene locus are labeled at the inner circle.

Alongside other Burkholderia spp. (both pathogenic and non-pathogenic), a pan-genome analysis was carried out
on eight self-assembled genomes of B. gladioli pathovar cocovenenans by another recent research study 2. The
study demonstrated that B. gladioli pv. Cocovenenans exhibits an intricate population structure. Their results also
indicated that the ancestor of the pathogenic B. gladioli gained the bon gene cluster (and respective pathogenesis)
from horizontal gene transfer. Furthermore, a genome recombination event might cause the deletion of the bon
gene cluster from the genome of B. gladioli pv. cocovenenans. This discovery suggested that the ancient B. gladioli
may have obtained the bon gene cluster and related regulators from other species, and as they evolved, significant
genetic divergence was observed among them.

4.2. The Bon Gene Cluster and Bongkrekic Acid Biosynthesis

Another study ¥ employed the Lambda Red homologous recombination technique to establish a bonA-silenced
mutant and confirmed that the biosynthesis of BKA is carried out by the bon polyketide synthase (PKS) gene
cluster. Using bioinformatic tools, this study then comprehensively depicted the assemble processes and

corresponding gene functions in BKA biosynthesis. The center of bon in strain B. gladioli pv. cocovenenans DSMZ
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11318 comprises 3 open reading frames (ORFs), bonA, bonB, and bonD (equivalent to 4 ORFs—bonA, bonB,
bonC, and bonD—in most other B. gladioli pv. cocovenenans strains) that encode modular type | PKS modules
(Figure 3C,D). These PKS modules are essential to BKA biosynthesis since cycles of polyketide chain elongation
take place at these modules. The bon gene cluster also comprises nine discrete gene loci, each encoding a free-
standing protein to facilitate the biosynthesis of BKA. Specifically, since bon PKS lacks cognate acyltransferase,
the loading of an extender unit to acyl carrier protein relies on free-standing cognate acyltransferase BonJ and
BonK (Figure 5A) (E7138],

Similarly, enoyl reductase is absent from the modules in bonA-D, implying that enoyl reductions are carried out by
another free-standing protein—BonE (Figure 5B). Researchers also noticed that BKA is rather uncommonly
branched compared to many other bacterial PKS products; they deduced that 3-branching occurs during the BKA
assembly to introduce alkyl branches at the C-21 and C-3 positions in BKA. During the B-branching of BKA, BonF,
BonG, and the duo of BonH and Bonl most likely function as ketosynthase, 3-Hydroxy-3-methylglutaryl-CoA
synthase, and enoyl-CoA hydratase, respectively (Figure 5C) 32, After a typical PKS elongation process, the
hydroxyl group at C-17 is methylated by BonM, an O-methyltransferase. Eventually, a novel cytochrome P450

monooxygenase (BonL) was inferred to be responsible for the introduction of a carboxyl group at C-22 (Figure 5D)
[,
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Figure 5. Depiction of essential free-standing gene functions in the biosynthesis of BKA. (A) The loading of the
chain-extending unit to acyl carrier protein via cognate acyltransferase BonJ and BonK. (B) Enoyl reductions
carried out by enoyl reductase BonE. (C) B-branching carried out by ketosynthase BonF, 3-Hydroxy-3-
methylglutaryl-CoA synthase BonG, and enoyl-CoA hydratase BonH and Bonl. (D) The terminal synthetic reactions

are executed by the catalytic activity of O-methyltransferase BonM and P450 monooxygenase BonL.

5. Characteristics of Burkholderia gladioli pathovar
cocovenenans

5.1. Bongkrekic Acid Production in Culture Media

Researchers have conducted a series of investigations into the culture growth and BKA production characteristics
of B. gladioli pv. cocovenenans, which have generated valuable insights into the various factors that influence the
growth of this bacterium and production of BKA 2941l Their studies have focused on identifying compounds with

potential toxin-preventive capabilities to better understand how to control the spread of B. gladioli pv.
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cocovenenans and reduce the risk of BKA contamination. The study’s significant discovery is that the absence of
either coconut oil or glycerol from the culture media completely halts BKA production, without affecting the growth
of bacterial populations. This result highlighted the critical role of both coconut oil and glycerol in BKA synthesis
and suggested that the fat composition and concentration present in the substrate significantly impacts BKA
production. This finding was consistent with the results of another study, which demonstrated that the addition of
oleic oil at a concentration of 3.31 mmol per gram of defatted rich coconut medium is a significantly favored
substrate for BKA production . The observation indicated that oleic oil, a type of monounsaturated fat that is
commonly found in olive oil, might be readily metabolized by B. gladioli pv. cocovenenans for BKA synthesis,
resulting in a high level of BKA production. This suggests that specific lipid formation can significantly impact BKA

production, with oleic oil being particularly effective.

5.2. Effect of Food Ingredients on the Production of Bongkrekic Acid

In the same study Y911 the authors also evaluated the anti-BKA production activities of four natural spices: garlic
powder, onion power, capsicum power, and turmeric power. The study found that adding 0.6% garlic powder, 0.6%
onion powder, 0.8% capsicum powder, and 0.6% turmeric powder to coconut culture medium could inhibit the
formation of BKA when the initial populations of B. gladioli pv. cocovenenans were low (between 3.64 and 5.27 log
CFU/mL). However, when the initial populations of B. gladioli pv. cocovenenans were high (above 7.32 log

CFU/mL), adding up to 2% of any these spice supplements did not completely inhibit the BKA production.

5.3. Bongkrekic Acid Production under Co-Culture Conditions

Beneficial and non-pathogenic microorganisms play a vital role in preventing the development of foodborne
pathogens and safeguarding food safety 2. For instance, by occupying the same ecological niches with harmful
microorganisms, lactic acid bacteria, such as Lactobacillus spp. and Pediococcus spp., can compete for nutrients
and produce antimicrobial substances that inhibit the growth and activity of foodborne pathogens 3. Although
present naturally in a diverse range of food commaodities, these microbes can also be deliberately introduced or
promoted under preferable culture conditions to achieve their dominance in respective food matrices. Moreover,
the growth kinetics and antagonistic effects between these microbes and foodborne pathogens, e.g., Salmonella
spp., Campylobacter jejuni, Yersinia enterocolitica, pathogenic Escherichia coli, Shigella spp., Vibrio spp., and
others, have been previously depicted by employing co-culture experiments #4, However, co-culture studies
regarding B. gladioli pv. cocovenenans and BKA production have been rare, considering that the overwhelming
majority of BKA outbreaks that occurred in food matrices consist of complex microbial communities. In addition to
examining other common factors, the previous study also investigated the impact of Rhizopus oligosporus, the
fungus traditionally used for fermenting tempe bongkrék, on the growth of B. gladioli pv. cocovenenans and the

production of BKA under co-culture conditions 49,

| 6. Detection and Analytical Advancements

6.1. Detections of Bongkrekic Acid
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From the very beginning, the identification and validation of BKA was conducted using paper chromatography
methods, which can accurately detect a relatively pure form of BKA at levels as low as 0.05 ug 123145 | ater, with
technological advancements, more advanced analytical methods such as HPLC and mass spectrometry (MS) have
become available. These instrumental techniques offer enhanced accuracy and sensitivity when compared to
paper chromatography, allowing for more efficient and dependable analysis of BKA in both pure formation and in
food matrices (28147, The use of the respective methods has facilitated the detection of trace amounts of BKA in
complex food matrices, enabling the conduction of highly sophisticated scientific research and reliable
epidemiological analyses. With the help of these studies, researchers have acquired a better understanding of BKA
in food products &,

To address the limitations posed by instrumental methods, researchers have turned to alternative techniques that
offer greater simplicity, are user-friendly, and are more compatible for in situ food analysis. One major category of
these methods is immunoassays, which can quantify BKA based on developed antibodies in theory. The respective
immunoassays, such as colloidal gold-based immunochromato-graphic assay (GICA) and enzyme-linked
immunosorbent assay (ELISA), have been developed and validated by few Chinese institutions for rapid BKA
detection in food products and other types of samples [El#8 These methods rely on the robustness of the
antibody—antigen reaction to enable efficient and reliable detection of BKA, thus providing a valuable tool for food

safety monitoring and quality control.

6.2. Detections of Burkholderia gladioli pathovar cocovenenans and Gene

Culture-based analytical methods are crucial for ensuring the accuracy and reliability of the microbial research
findings since the culturability of microbes is important to both scientific discovery and prolonged laboratory
microbial preservation. Therefore, conventional microbiological analytical approaches, including non-selective
medium enrichment, subculturing on differential media, colony observation, microscopic morphology, biochemical
tests, gram staining, and toxicity evaluation, have been broadly adopted by research on B. gladioli pv.
cocovenenans 8. The respective analytical protocols were both documented by scientific studies and standardized
by government authorities, such as the National Standard of the People’s Republic of China (GB 4789.29-2020) &
(49 1t |s a justifiable inference that these protocols are labor-intensive, and improvements in these assays could

result in substantial benefits in respective studies and regulatory tests.

Considering the challenges involved in using traditional culture-based assays, exploring alternative approaches for
detecting the presence of B. gladioli pv. cocovenenans could be advantageous. The utilization of novel nucleic-
acid-based techniques presents a promising alternative, as they are capable of providing enhanced accuracy and
sensitivity in comparison with conventional methods. Therefore, these techniques could be considered as a viable

option to identify the presence of B. gladioli pv. cocovenenans 59311,

| 7. Conclusions
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In summary, the contamination of B. gladioli pv. cocovenenans, leading to the development of bongkrekic acid
(BKA) poisoning, has emerged as a critical and lethal food safety concern with dire consequences, posing
significant challenges to public health. The incidence of BKA poisoning in recent years has ignited a pursuit for a
more profound comprehension of the pathogenicity of B. gladioli pv. cocovenenans and the underlying biochemical
mechanisms for BKA synthesis. Specifically, characterization of B. gladioli pv. cocovenenans and the identification
of the bon gene cluster have provided an essential foundation for developing targeted interventions to prevent and
control BKA accumulation, while high-throughput sequencing and in silico genomic comparisons have unveiled the
origin and global prevalence of this pathogen, highlighting this foodborne disease as a significant and ascending
threat. Although limited, previous research based on culturing techniques has provided evidence that B. gladioli pv.
cocovenenans is capable of producing BKA in different environments, which highlights the possible food safety
hazards associated with BKA poisoning. Due to the scarcity of information regarding the impact of culture
conditions such as pH, salt content, antimicrobial agents, and coexisting microorganisms on BKA reduction, it is
crucial to enhance our understanding of inhibiting BKA production and promote respective applications to ensure
food safety. Advancements in the detection methods of both BKA and B. gladioli pv. cocovenenans hold promise
for mitigating the impact of this foodborne disease. Overall, it is imperative to undertake future research initiatives
on BKA and B. gladioli pv. cocovenenans. Such research endeavors hold significant potential in controlling the

threat posed by this formidable adversary to public health.
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