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Abstract

Present-day medical microbiology faces the risks of biofilm-related infections. These are much more
resistant to routinely applied antibacterial preparations, and are often the cause of recurrent infections. The
search of novel anti-fouling preparations puts forward the elaboration of a reliable complex approach for
selecting and estimating the successful agent. As a first step, screening procedures should include a fast
methodology, and the crystal violet assay is widely applied for semi-quantitative estimation of biofilm
biomass. However, the species- and strain-peculiar mechanisms of biofilm formation require optimisation
of the experimental protocols with regards to the individual demands of model strains. This study aims to
characterise the biofilm-forming behavior of a set of model Gram-positive and Gram-negative strains. The
Gram-positive strains included in the experiments were Staphylococcus aureus ATCC 29213 and Bacillus
subtilis 168. Gram-negative strains were Pseudomonas aeruginosa PAO1 and six Escherichia coli K-12
strains. The tested variables were growth medium, time of cultivation and growth temperature. Notably, these
variables have different, sometimes even opposite effects on planktonic growth and biofilm development.
The results provide information needed for the proper design of further screening experiments on these
strains, for novel substances with putative anti-biofilm activities.
Keywords: Biofilm formation, Gram-positive and Gram-negative strains, effects of growth medium,
temporal characteristics and temperature of cultivation

Pesrome

ChBpeMeHHaTa METUIIMHCKA MUKPOOHOJIOTHS € U3MPaBeHa Mpej pUcka OT WH(EKIIUH, CBEP3aHu ¢ 00pa-
3yBaHEeTO Ha OnopuaMu. bruodummuTe ca MHOTO TO-PE3UCTEHTHU KbM aHTHOMOTHIIM M YECTO Ca U3TOYHHK Ha
peuunuBupany uHdGekpu. ThpceHeTo Ha HOBU aHTU-OMO(UIMHHY MTpenapaTy MOCTaBs BIIPOCa 3a Ch3aBaHe-
TO Ha KOMIUICKCHA METOJOJIOTHS 33 CEJICKIHS U OLICHKA Ha TTOIXO/SIIH BemecTBa. [IbpBHUTE CTHITKHU ClieBa Ja
BKJIIOYBAT Obp3a CKPUHUHT-METO/IOJIOTUS M TECTHT "KPUCTAJ BUOJIET" € EIIMH MIMPOKO MPHJIaraH IMoTy-KOJITHIecT-
BEH TO/IXO0J1 32 OIleHKa Ha OnodunMHara 6noMaca. HezaBrcuMO OT TOBa, Y€ TO3U TECT € MIMPOKO MPHUET, TOPaIH
BUJIOBO- U IIIAMOBOCTICIIM()UYHHUTE MEXaHU3MH Ha OMO(QHIM 00pa3yBaHETO Ce Halara ONTUMH3HPAHE Ha eKCIIe-
PHUMEHTAJIHUTE MTPOTOKOJIH C OIVIE/ MHMBUIYaJTHUTE M3UCKBAaHUSI HAa MOJICITHUTE IamoBe. Llen Ha m3cienBane-
TO € JIa XapakTepu3upa OMopHIM-00pa3yBaluTe XapaKTePUCTUKN Ha HA0Op OT MOAENHH [ paM-TOI0KUTEIHH
u ['pam-orpunarensu mamose. BriroueHnTe B U3ciIeABaHETO | paM-TIONOKHUTENHH amoBe ca Staphylococcus
aureus ATCC 29213 u Bacillus subtilis 168. I'pam-oTtpuriarenaure mamose ca Pseudomonas aeruginosa PAO1 u
mrect mama Escherichia coli K-12. M3cnensanu ca cieiHUTE BapUAOIITHU: PACTeKHA Cpelia, MPOIbIKUTEITHOCT
Ha KYJITHBUPAHETO U pacTexHa Temreparypa. Te3u (pakTopu UMar pa3iindeH, HOHIKOTa - TOPU MIPOTUBOTIONIOKEH
eeKT BbpXy Pa3BUTUETO Ha OAKTEpUHUTE B T€YHA cpenla M Kato ouoduiam. P3ynrarute maBaT Bh3MOXKHOCT 32
Ch3/IaBaHe Ha TOIXOJIAI eKCTIEPUMEHTAJICH JU3aifiH 32 OCHIIECTBsIBAHE HA CKPUHHUHT-M3CIICABAHUS BbPXY Ta3H
TpyIa MOJICITHH IIAMOBE C BKJTFOUBAHETO HA HOBU BEIIECTBA C OYAaKBaHA aHTH-OMO(MIIMHA aKTHBHOCT.
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Introduction

Bacterial biofilms represent cell communities
embedded in extracellular polymer substances
that grow attached to surfaces. Biofilm formation
follows several stages: (1) reversible adherence
of the bacteria to the surface; (2) loss of motility
and irreversible attachment; (3) development of
microcolonies; (4) differentiation of the mature
biofilm; (5) detachment of motile bacteria from the
biofilm and its dissemination to other loci (Souza
dos Santos, 2018). Attachment is a complex process
regulated by diverse characteristics of the growth
medium, substratum, and cell surface (Donlan,
2002).

Since the initial thorough descriptions of
the biofilms (Costerton et al., 1994), it has further
been well-recognised that sessile communities may
develop on both environmental surfaces and on, or
inside other organisms, including the human body
(indwelling devices and tissues) where they cause
biofilm infections (Wang et al., 2015; Coughlan et
al., 2016). The latter are difficult to overcome, and
are related with the recurrency of bacterial diseases
(Vljayakumar et al., 2016; Jamal et al., 2018).

Biofilms may be considered an adaptive mode
of life where sessile bacteria, much better than their
free-floating counterparts, survive environmental
hazards: toxic substances, desiccation, etc., or,
inside plant or animal hosts — the evolutionary
evolved immunity deffences and/or antibacterial
treatments (Jamal et al., 2018). Therefore the
development of novel effective anti-biofilm
strategies is a serious challenge for researchers
(Costerton et al., 1994; Speranza et al., 2018). As a
first step of the estimation of putative anti-biofilm
effects of novel substances, laboratory screening
experiments are indispensable and these most
often include the routinely applied crystal violet
(CV) test. This is a reliable and easy-to-perform
semi-quantitative assay for biofilm biomass. In
screening experiments aimed to identify anti-
biofilm substances, the CV assay can be applied to
different model Gram-positive and Gram-negative
microorganisms. While the test itself is well-known
and easy to apply, in question is the standardization
and/or optimization of the conditions for the biofilm
growth of the model microorganisms prior to the
CV staining.

For estimation of antibiotic sensitivity of
non-biofilm bacteria, the growth media of choice
and the respective protocols recommended by ISO
are Mueller-Hinton broth and agar. Mueller-Hinton
media provide satisfactory growth of most non-
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fastidious pathogens, acceptable batch-to-batch
reproducibility, low sulfonamide, trimethoprim, and
tetracycline inhibitors and a large amount of data
has been collected from antimicrobial susceptibility
tests with this medium over several decades (https://
www.iso.org/obp/ui/#iso:std:iso:ts:16782:ed-
l:vl:en). Therefore these media are preferably
applied also in screening protocols for novel anti-
bacterials.

When choosing growth medium and growth
conditions for experiments for anti-biofilm studies
with biofilms the situation is however not so clear,
mostly because of the complex nature of the sessile
consortia. The necessity of careful elaboration of
the experimental design in biofilm studies has been
underlined by many researchers (Costerton et al.,
1994; Vijayakumar et al., 2016; Speranza et al.,
2018), still present-day biofilm experiments are
far from a standardized approach. The problem
is the variable response of bacterial species and
strains to the conditions of biofilm growth. Such
a variety of responses is most probably due to
the adaptive, convergent role of the biofilm for
bacterial survival and the involvement of variable
molecular mechanisms in the sessile growth. Our
experience is that the outcome of anti-fouling
experiments may depend, among other factors, on
the bacterial strain and the nature of the explored
substances (Vacheva et al., 2011, 2012a; Borisova
et al.,2018). Hence, for proper experimental design
a preceding thorough examination is needed of
the sessile behavior of the chosen model strains.
In literature, various cultivation protocols were
applied by different authors prior to applying the
CV dying. There are data obtained as a result of
the application of different minimal media (among
which M63) or rich media (among which LB).
The medium-of-choice for antibiotic sensitivity
estimation of non-biofilm bacteria, MH, is not quite
popular in biofilm studies and has been used more
rarely (e.g. Vijayakumar et al., 2016).

Our team has lately been planning
experiments for the identification of novel anti-
biofilm substances of synthetic or natural origin.
Bearing in mind the above considerations, the
present study was undertaken with the aim to
characterize the biofilm-formation behavior of a set
of model Gram-positive and Gram-negative strains
under variable experimental conditions. We have
tested biofilm development in three media: M63,
LB, and MH, and the impact of cultivation duration
and growth temperature.



Materials and Methods
Bacterial strains and growth media

The Gram-positive strains included in the
study were Staphylococcus aureus ATCC 29213
and Bacillus subtilis 168 (Vasileva-Tonkova et
al., 2011). Escherichia coli K-12 strains included
W1655 F+, kindly provided by Prof. J. Gumpert,
Institute of Molecular Biotechnology, Jena,
Germany, strain 3110 (NCIPD, Sofia, Bulgaria)
and strains 406, 409, 420 and 446 purchased from
NBIMCC (Sofia, Bulgaria). More details on the
K-12 strains are provided by Vacheva et al. (2012b).
The Pseudomonas aeruginosa PAOI1 strain was
from the International Reference Panel (De Soyza
etal., 2013).

The growth media applied were: Tryptic soy
agar (TSA), Tryptic soy broth (TSB) and Mueller-
Hinton broth (MH) were purchased from Sigma-
Aldrich. LB broth (10 g tryptone, 10 g NaCl and 5
g yeast extract per litre) and M63 medium (0.02 M
KH2PO4, 0.04 M K2HPO4, 0.02 M (NH4)2S04,
0.1 mM MgS0O4 and 0.04 M glucose) were prepared
in the laboratory.

Estimation of bacterial growth and biofilm
formation

The bacteria were maintained as frozen
stocks in TSB supplemented with 20% glycerol.
Before the experiments, they were streaked on TSA
for selection of single colonies. The strains were
further applied on slant agar and kept as source of
inocula for no more than 20 days. To prepare the
inocula, a loopful of each strain was inoculated in
TSB and cultivated overnight at 37°C. The overnight
cultures were dissolved 1:100 in the test media
(MH, M63, or LB), vortexed, and 150 ul quotes
were applied into the wells of a 96-well plate, 6
wells per sample. The plates were incubated for 24
h at 37°C. To estimate the bacterial growth in each
well, the optical density (OD) was first estimated
by ELISA reader at 620 nm wavelength. Then the
non-adherent bacteria were removed, the wells
were washed in 3 changes of PBS, and colored for
15 min with 0.1% aqueous solution of crystal violet
(CV). The wells were rinsed extensively in several
changes of PBS, the dye was solubilised with either
a mixture of ethanol and acetone in proportion 4:1
for the Gram-positive strains, or 70% ethanol for
the Gram-negative strains. The absorbance of the
solubilised dye was measured at 570 nm.

Results and Discussion
Culture media may have different effect on
bacterial growth and biofilm formation
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Preliminary experiments on the growth
dynamics of the tested strains inoculated on 96-
well polystyrene plates have confirmed that on
hour 24 of culture all strains in all media are in the
stationary phase (data not shown).

For the purpose of the present study we
measured the OD 620 of the wells as an indicator
of the bacterial growth and then carried out the
procedure for CV staining to measure biofilm in
these same wells. On Fig. 1. is shown the comparison
between non-biofilm and biofilm growth within the
same experiments.

S, aureus ATCC 29213

5. oureus ATCC 29213

oD 620 Am
CD570 nm

8. sublilis 168

B

MG3 AH

nm

0D620
o
1)
0D 570 nm
&

E.coli 420

i ET

[ 0
53 MH 31 e

0D 620 nm

Fig. 1. Comparison of the effect of growth medium
on bacterial growth (dark bars, absorbance at 620
nm) and biofilm formation (light bars, absorbance
at 570 nm). The experiment was performed in 96-
well plates, after cultivation for 24 hours at 37°C.

The results show that conditions that do
not stimulate growth in broth may be promoting
biofilm growth, and vice-versa. Thus S. aureus
ATCC 29213 does not grow well in the liquid phase
of M63 medium however it develops significant
amount of biofilm in these same wells. While the
MH broth culture promotes the planktonic growth
of B. subtilis 168 compared to M63 medium, this
strain produces more biofilm in the minimum salt
medium than in MH. Likely is the situation with E.
coli 420.

The development of biofilms in nutrient-
limited media such as M63 has rarely been compared
to that in rich media. Strain specificity of nutrient
demands hasbeenreported for Campylobacter jejuni



(Tehetal.,2016). The impact of the nutritional stress
may be observed not only as changes of biofilm
biomass. Thus, for Burkholderia pseudomalei
it has been shown that growth of both plankton
and biofilm under nutritional stress promotes the
tolerance to antibiotics (Anutrakunchai et al., 2015,
2018). These results imply that the screening for
anti-biofilm substances may benefit from parallel
experiments performed under different nutritional
conditions.

Culture media may have diverse effects on the
dynamics of biofilm growth

The processes of bacterial biofilm
development follow the same general pattern
(Souza dos Santos et al., 2018). Initially, the motile
bacteria approach the surface that is to be colonised
and explore it by moving to and fro. This has been
observed also in real time in our experiments by the
application of TIRM to E. coli 420 (Velinov et al.,
2011). This is the phase of the reversible adhesion.
From one moment on some bacteria lose their
flagella and attach irreversibly to the substratum.
This is followed by attached growth of the bacteria
starting with the formation of microcolonies,
accummulation of biofilm biomass and, finally,
mobilization of some cells and their detachment
from the biofilm in search of novel niches. The
latter process is little known, expectedly it is related
with processes of degradation or loosening of the
biofilm matrix (Huang et al., 2018).

While there is general agreement that biofilm
development follows the above-outlined stages, it
has to be taken into account that these processes
exhibit complex spatio-temporal dynamics (Lee et
al., 2019). The present experimental results show
that the time course of biofilm growth may vary
dependent on the growth medium. Fig. 2 shows
the comparison between the time-courses of the
biofilm development by P. aeruginosa PAO1 in
three media, followed diurnally, on days 1, 2, and
3. It is clearly seen that in M63 medium the biofilm
biomass increases between hours 24 and 72. Just the
opposite, in LB the biofilm reaches its maximum
value on hour 24 and this is followed by diminution
of the biomass. Most probably, in the rich medium,
once the biofilm has reached the state of significant
growth, the bacteria sense some stimuli to become
mobilized, leave the sessile community and explore
new niches. This dynamics has to be considered
when choosing the appropriate protocols for either
inhibition of biofilm growth, or dispersal of pre-
formed biofilms. And, finally, the data show that
MH is promoting less than the other two media the
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sessile growth of this strain. In this medium, the
biofilm reaches maximum development on day 1,
followed by some diminution at later intervals.
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Fig. 2. Time-course of biofilm development by
P. aeruginosa PAO1 in three growth media.

These time-course responses of P. aeruginosa
PAOI1 to the growth media characterize this strain
but should not be extrapolated to other strains of
this species. Thus, a vast variety of nutritional
preferences between the three growth media have
earlier been demonstrated for a big collection of
clinical and environmental isolates of P. aeruginosa
(Cullen et al., 2015).

The spatio-temporal dynamics of biofilm
development and especially the mobilization and
detachment of bacteria at later stages of the sessile-
growth process have another important aspect:
cells detached from biofilm may exert significant
differences from cells grown as plankton.
Thus, detached cells of S. aureus differed from
plankton in their physico-chemical characteristics,
cytotoxicity to He-La cells and production of
virulence factors (Khelissa et al., 2017). Detached
cells of P aeruginosa had higher susceptibility
to benzakonium chloride than cells grown as
plankton (Khelissa et al., 2019). Therefore, future
experiments aiming to find substances applicable
for biofilm control should include also the effects
on biofilms at the advanced stage of development,
the detachment phase.

Strain-specific responses of biofilm growth to
temperature

The set of E. coli K-12 strains used in
the present study have been often included in
experiments in our laboratory, with variable results
between M63 and MH media (Vacheva et al., 2011,
2012 a, b) These studies have shown strain-specific
responses to the growth medium.

In the present study we show that, in the same
medium - MH, the biofilm-formation response to



growth temperature may also be strain-specific
(Fig. 3). The duplicate set of experiments started
from the same overnight inocula for each strain,
diluted 1:100 in MH, and two identical plates were
prepared and incubated at either 20° or 37°C. As
expected, the OD 620 nm showed that in the liquid
phase all strains grew better at 37°C (Fig 3A). But
the biofilm developed in these same wells did not
show such a strict pattern.
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Fig. 3. Effect of cultivation temperature on the
growth (A) and biofilm formation (B) of E. coli
K-12 strains in MH broth.

Strains 3110, 409 and 446 have previously
been shown to form almost no biofilm at 20°C
in M63 medium (Vacheva et al., 2012b). The
present experiments performed in the MH medium
confirmed this peculiarity for 3110 and 446.
However at 37°C an increase of biofilm biomass
was registered for strain 409 (Fig. 3B).

For their biofilm formation, strains 1655,
420 and 406 demonstrated preference for 20°C
(Fig. 3B). Such a temperature preference has been
shown earlier for many other K-12 strains though
strain specific responses have also been observed
(Mathlouthi et al., 2018). Investigations on other
bacterial species have also focused on the effect
of temperature on biofilm. Temperatures lower
than 35°C promoted sessile growth of Salmonella
enterica serovar Enteritidis (Iliadis et al., 2018)
and Acinetobacter baumanii (De Silva et al.,
2018). Cultivation at 37°C of Streptococcus uberis
resulted in bigger biofilm biomass than at lower

64

temperatures. Different data for the temperature
preferences of Listeria monocytogenes have
been reported by different laboratories (Nowak
et al., 2015; Dhowlaghar et al., 2018). Growth
temperature is an important factor not only because
it affects biomass. It has been reported that growth
temperature of S. aureus and P aeruginosa
influenced biofilm resistance for disinfectants (Lee
et al.,2015; Abdallah et al., 2015a, b).

Summing up the present experimental data,
it can be concluded that the species- and strain-
peculiar responses to growth conditions have to be
considered when preparing experimental designs
directed to the identification of novel substances
with putative application for biofilm control of the
model Gram-positive and Gram-negative strains.
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