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Abstract: Foodborne diseases caused by foodborne pathogens have become the primary issue of
food safety in China, posing serious threats to public health. During food processing, osmotic
pressure, temperature, pH, and other unfavorable conditions can induce the protective responses of
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bacteria, leading to abnormal division and filamentous growth. The filamentation of foodborne
pathogens enhanced the stress tolerance, enabling the pathogens to rapidly resume division under
favorable conditions. It results in a significant underestimation of bacterial count and thus has an

adverse impact on food safety. This article introduces the mechanism of inducing bacterial

filamentation, aiming to provide theoretical guidance for controlling filamentous foodborne pathogens.

Keywords: foodborne pathogens; filamentation; abnormal division; food safety
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Figure 1

Morphological changes of Escherichia coli O157:H7 after photodynamic treatment!'?

. A: Normal

morphology of E. coli O157:H7. B: Filamentous morphology of E. coli O157:H7 after simulated sunlight
exposure for 30 min followed by incubation at 37 °C for 12 h.
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Figure 2 Schematic diagram of Escherichia coli cell division. Cell division starts with the polymerization of Z

filaments at mid-cell to form the Z ring (blue-green) followed by recruitment of other proteins of the divisome

complex, resulting in the transition of Z ring into a septal ring (SR) (dark blue). Negative regulators that inhibit

the assembly of splitters at the wrong location mainly include the Min system (MinC, MinD, and MinE proteins)
and the NO system (SImA). ZipA promotes the localization and splitting of the Z-ring. After the maturation of
the splitter, septum peptidoglycan synthesis and efficient invagination of the outer membrane are further carried

out in the presence of division-related proteins (e.g. EnvC, AmiB, AmiC). Eventually, the Z ring contracts and

the cell divides, producing daughter cells.
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Figure 3 Min system of bacteria and the division of filamentous bacteria. A: Min system of Gram-negative
bacteria, such as E. coli. The MinCDE system is composed of MinC, MinD, and MinE proteins. MinD (green)
preferentially binds to the membrane, and MinE (blue) stimulates the ATPase activity of MinD, releasing MinD
from the membrane, driving MinD to oscillate from one end of the cell to the other, resulting in a distinct
concentration gradient of MinD in the cell, with the lowest concentration in the middle of the cell and highest
near the poles. MinC (pink) acts as an FtsZ inhibitor, binding to and moving with MinD. B: Min systems of
Gram-positive bacteria, such as Bacillus subtilis. The MinCDJ system is composed of MinC, MinD, MinJ, and
DivIVA proteins. When DivIVA (purple) binds mainly to both ends of the cell, MinD exhibits a quiescent
bipolar gradient pattern. Once membrane invagination begins, the DivIVA protein relocates in the cell, and the
MinCDJ protein (yellow) locates to both the division site and the pole in the dividing cell to prevent a new

round of division and/or some downstream proteins that may act on the Z-ring assembly. C: Morphology and
division of bacteria under different conditions.
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Table 1 Research on harm of filamentous bacteria
Harm Bacteria Treatment Extent of Description Reference
filamentation
Rapid division ~ Escherichiacoli  Ultraviolet/ 92%/76% Upon removal of the stressor, the rate of [103]
Cefazolin filamentation rate  cellular division was accelerated by three
times
Listeria Sublethal All tested strains’  Upon the removal of the stressor, there was [92]
monocytogenes concentrations of lengths exceeding  a rapid increase in the initial
sodium chloride 4 pm colony-forming units with a rate
approximately two times that of the
untreated group
Salmonella Pelargonic acid  79% filamentation Upon the removal of the stressor, an [104]
enterica rate increase of 2 log;o (CFU/mL) was
observed within a 4-hour timeframe
Escherichiacoli Ofloxacin 21% filamentation Upon the removal of the stressor, the rate [105]
rate of cellular division within 5 hours was
twice that of the untreated group
Metabolism Escherichiacoli Ceftriaxone / Eight metabolites, namely y-glu-GABA, [14]
sodium (Single-cell proline, B-hydroxyarginine, serine,
analysis, ranging  3-sulfopyruvic acid, histidine,
from 67.5 to ADP-ribose, and mannitol-6-phosphate
119.7 pm) were observed to be closely associated
with the filamentous morphology induced
by antibiotic stimulation in bacteria
Bacillus subtilis  Genetics/ / Bacterial membrane integrity remained  [91]
& Saphylococcus Benzamide (Presence of intact, and metabolic activity remained
aureus derivatives filamentous without unchanged
specific data)
Virulence Salmonella Reduced water  75% filamentation When an equivalent number of bacteria [94]
enterica activity to 0.95  rat, over 20% of invaded Caco-2 cells, both the treated and
bacteria length control groups exhibited similar invasion
exceed 30 pm, and proliferation capacities. However, upon
maximum length  invasion with bacteria of the same weight,
exceeds 100 um filamentous bacteria displayed weaker
invasion and proliferation capabilities
Following gastric infection in mice,
filamentous bacteria established higher
colonization levels in the intestinal tract
Burkholderia Cefotaxime, Lengths of short Under the influence of cefotaxime, [95]
pseudomallei ofloxacin, or filaments typically filamentous bacteria retained the capability
trimethoprim range from 7 to to lyse THP-1 cells and concurrently
10 pm, while long  induced the production of TNF-o and IL-1
filaments can reach Similarly, following treatment with
20 to 30 um; ofloxacin or trimethoprim, the bacterial
cefotaxime-induced virulence temporarily diminished. However,
filaments exhibit  upon reduction or removal of the antibiotics,
maximum length  bacterial virulence rebounded after cellular
recovery and division
(58)
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Harm Bacteria Treatment Extent of Description Reference
filamentation
Virulence Escherichiacoli Cefotaxime / The bacterial endotoxin levels were [106]
(Presence of 13.5 times higher than those in the control
filamentous without group. In mice following infection, there
specific data) were elevated concentrations of endotoxin
in both plasma and muscle tissues
Escherichiacoli Cefotaxime, / At 400-fold MIC against E. cali, [107]
& Pseudomonas imipenem, (Presence of ampicillin led to a 19-fold increase in
aeruginosa amikacin filamentous without total endotoxin release within 4 hours,
specific data) compared to the other two antibiotics.
Meanwhile, at 40-fold MIC, cefotaxime
resulted in an eight-fold increase in total
endotoxin release. For P. aeruginosa, at
50-fold MIC, cefotaxime led to a
three-fold rise in total endotoxin release
compared to the control group
Colonization Escherichiacoli Cefamandole / Under physiological flow conditions, the [108]
(Presence of filamentation of E. coli enables bridging
filamentous without of non-adherent distances exceeding
specific data) 5 pwm, markedly enhancing bacterial
surface colonization rates
Escherichiacoli  Urinary tract Nearly 100% Filamentous bacteria can adhere to host  [109]
infection model filamentation rate  cells, and the surface-attached filaments
can withstand fluid shear forces
Immunity Escherichia coli ~ Streptomycin 74.2% Filamentous bacteria may evade [110]

Drug resistance

Other resistance

Escherichia coli

Escherichia coli

Burkholderia
pseudomallei

Pseudomonas

aeruginosa

Salmonella
enterica

Listeria
monocytogenes

0.125xMIC of
ciprofloxacin

Fluoroquinolone

MIC of cefotetan

Cefotetan,
meropenem

Reduced water
activity to 0.95

Sublethal
concentration
sodium chloride
solution

filamentation rate
after enrichment

99.5%
filamentation rate

26.4% bacteria
lengths above the
95% confidence
interval

Lengths ranging
from 20 to 30 um

/
(Presence of

filamentous without

specific data)

75% filamentation

rate, over 20% of
bacteria exceed
30 pm, maximum
exceeds 100 pm
All tested strains’
lengths exceeding
4 um

macrophages and neutrophils, with

regular rod-shaped bacteria being

preferentially targeted for elimination

At the minimum lethal concentration, the [98]
frequency of drug resistance increased by
250-fold

Survival rates were elevated by 19.5-fold [111]
and 4.5-fold with ofloxacin and
D-cycloserine, respectively

The MIC of cefotaxime increased [95]
fourfold, while that of ofloxacin and

kanamycin increased two-fold

After 7 days, the MIC increased by more [112]
than tenfold

Enhanced acid resistance was observed,
with the filamentous bacteria exhibiting a
survival rate of 73.5% at pH 2.0,
significantly surpassing the control
group’s rate of 40.6%

Increased heat resistance was evident, as
the filamentous bacteria exhibited a
reduction of only 1.5 log;o (CFU/mL)
after exposure to 55 °C for 30 minutes

[94]

[92]

(7525
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Harm Bacteria Treatment Extent of Description Reference
filamentation
Other resistance Campylobacter ~ Starvation 2-fold lengths Enhanced survival in water was observed, [102]
jejuni as the control group’s viable bacterial
count decreased to the detection limit
after 96 hours at 4 °C, while the treated
group only experienced a reduction of
1.5 logjo (CFU/mL)
Vibrio Alkaline Lengths ranging Enhanced heat resistance was evident, [113]

parahemolyticus treatment

Caul obacter Starvation

crescentus

cells’ lengths

from 1.6 to 8.8 um  with a 350-fold increase in heat tolerance

within 10 minutes at 47 °C. After

30 minutes, there was an approximate
470-fold difference in bacterial survival
between groups. Additionally, the treated
bacteria exhibited increased resistance to
dissolved organic carbon (DOC), with an
8-fold increase within 10 minutes and a
10-fold difference after 30 minutes
Moreover, their resistance to hydrogen
peroxide (H,0,) was also elevated, with a
1 400-fold difference in bacterial survival

after 20 minutes

Over 95% of viable Enhanced alkaline resistance was [114]

observed, with a survival rate over 100

beyond 6 um, with times higher after 2 hours at pH 9.5.

an average length
of 20 um

Additionally, there was an increase in
resistance to H,O,, as the bacterial count
remained unchanged after treatment with
10 mmol/L H,0,

MIC: Minimal inhibitory concentration; /: Not mentioned.
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