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Biofilm-forming bacteria are sources of infections because they are often resistant to
antibiotics and chemical removal. Recombinant biofilm-degrading enzymes have the
potential to remove biofilms gently, but they can be toxic toward microbial hosts and are
therefore difficult to produce in bacteria. Here, we investigated Nicotiana species for the
production of such enzymes using the dispersin B-like enzyme Lysobacter gummosus glyco
2 (Lg2) as a model. We first optimized transient Lg2 expression in plant cell packs using
different subcellular targeting methods. We found that expression levels were transferable to
differentiated plants, facilitating the scale-up of production. Our process yielded 20mg kg−1

Lg2 in extracts but 0.3mg kg−1 after purification, limited by losses during depth filtration.
Next, we established an experimental biofilm assay to screen enzymes for degrading activity
using different Bacillus subtilis strains. We then tested complex and chemically defined
growth media for reproducible biofilm formation before converting the assay to an
automated high-throughput screening format. Finally, we quantified the biofilm-degrading
activity of Lg2 in comparison with commercial enzymes against our experimental biofilms,
indicating that crude extracts can be screened directly. This ability will allow us to combine
high-throughput expression in plant cell packs with automated activity screening.

Keywords: assay development, microbial growth inhibition, pathogenic bacteria, plant cell packs, plant molecular
farming

INTRODUCTION

Many bacteria, including pathogens (Dufour et al., 2010), naturally form biofilms (Stiefel et al., 2016)
to protect themselves against environmental threats such as UV light, disinfectants, antibiotics, and
host immune effector mechanisms (Del Pozo, 2018). Harsh mechanical, physical or chemical
treatments are often required to remove biofilms, but they are unsuitable for sensitive medical
instruments such as endoscopes, leaving them susceptible to bacterial colonialization (Stiefel et al.,
2016). Harsh methods are also unsuitable for the removal of biofilms formed by pathogens inside the
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human body, contributing to chronic wounds, persistent
infections, and malfunctioning medical devices (Metcalf and
Bowler, 2013; Del Pozo, 2018).

As an alternative to chemical and mechanical methods, enzymes
can facilitate the dispersion of biofilms under mild conditions,
including physiological temperatures (Stiefel et al., 2016). Such
enzymes target the major components of biofilms, namely,
exopolysaccharides (EPS), proteins, and nucleic acids (Roux et al.,
2015). For example, broad-spectrum proteases such as proteinase K
can be used to degrade protein components, whereas DNase I can
break down the extracellular DNA (Izano et al., 2008) that
contributes to biofilm stability (Kaplan, 2009). However, the
efficiency of these enzymes varies depending on the composition
of the biofilm, which in turn depends on the microorganisms,
growth conditions, and environment (Roux et al., 2015).

The main component of many bacterial biofilms is poly-β-1,6-
N-acetyl-D-glucosamine (PNAG) (Jabbouri and Sadovskaya,
2010). This EPS is highly conserved among diverse bacteria,
including pathogens such as Staphylococcus aureus (Kaplan,
2009; Cywes-Bentley et al., 2013). It thus makes a promising
target for the dispersion of microbial biofilms, but only two
enzymes that can hydrolyze this substrate have been described
thus far: dispersin B (DspB), which was discovered in
Aggregatibacter actinomycetemcomitans (Kaplan et al., 2003),
and PgaB, which was discovered in Bordetella bronchiseptica
(Little et al., 2018). Facultative predatory microbes that lyse
other bacteria may provide a source of novel biofilm-
degrading enzymes, including species from the genera
Myxobacteria (Muñoz-Dorado et al., 2016) and Lysobacter
(Gökçen et al., 2014). The Lysobacter gummosus genome was
recently sequenced, aiming to identify candidate enzymes with
biofilm-degrading activity (Gökçen et al., 2014).

The production of recombinant biofilm-degrading enzymes
has been attempted in microbes such as Escherichia coli
(Dobrynina et al., 2015; Cherdvorapong et al., 2020), but this
is challenging because the inherent antibacterial properties of
these products can interfere with host cell growth (Oey et al.,
2009). Plants such as Nicotiana benthamiana and tobacco
(Nicotiana tabacum) are promising alternative hosts that
benefit from inexpensive and rapidly scalable upstream
production as well as product yields of more than 4 g kg−1

fresh leaf biomass (Yamamoto et al., 2018) combined with
high biomass yields of ∼100,000 kg ha−1 y−1 (N. tabacum)
(Stoger et al., 2002; Buyel et al., 2017)]. Plants are also unable
to support the replication of human viruses, therefore increasing
the safety profile of recombinant proteins administered to
humans (Richard et al., 2013). Importantly, minimal
processing is sufficient if plant-derived enzymes are used for
the cleaning of instruments and other surfaces outside the human
body (Rosenberg et al., 2015), which reduces the costs of
downstream processing. Although biofilm-degrading enzymes
have already been expressed in transgenic plants to protect
them from pathogens (Ragunath et al., 2012), the transient
expression of such enzymes for technical or pharmaceutical
applications has not been studied in detail.

Here, we optimized the upstream production of the dispersin
B–like enzyme L. gummosus glyco 2 (Lg2) in plant cell packs

(PCPs) (Gengenbach et al., 2020) and transferred the optimal
conditions to differentiated N. benthamiana plants for transient
expression. We then developed an immobilized metal affinity
chromatography (IMAC) protocol for the purification of Lg2. As
proof of principle, we developed a convenient and automated
assay to screen candidate enzymes for biofilm-degrading activity
and investigated the activity of Lg2 against experimental Bacillus
subtilis biofilms in the assay, to establish a high-throughput
approach for the screening of novel biofilm-degrading
enzymes. The IMAC protocol exploited the presence of a His6
tag, which has a small size and charge and thus has little impact
on the catalytic activity of recombinant proteins when placed on
the C-terminus or the N-terminus. This should allow our
purification protocol to be used with other biofilm-degrading
enzymes in the future (Terpe, 2003).

MATERIALS AND METHODS

Cloning of Expression Constructs
The coding sequence of the dispersin B homolog Lg2 from L.
gummosus (Gökçen, 2016) was modified to incorporate flanking
N-terminal BspHI and C-terminal NotI sites before codon
optimization for N. benthamiana and synthesis by GeneArt
(Thermo Fisher Scientific, Darmstadt, Germany). Using the
BspHI and NotI sites, the Lg2 gene was subcloned into 12
previously established pTRA vectors (Gengenbach et al., 2020),
originally derived from pPAM (GenBank AY027531), featuring
all possible permutations (Supplementary Table S1) of the CHS,
omega, and TL 5’ untranslated regions (UTRs) combined with an
LPH signal sequence targeting the secretory pathway, an rbcs
signal sequence targeting the chloroplast, a SEKDEL ER retention
signal, or none of the above to allow accumulation in the cytosol
(Buyel et al., 2013). Plasmids were propagated in E. coliDH5α and
transferred to Agrobacterium tumefaciens (Rhizobium
radiobacter) GV3101:pMP90RK by electroporation (2400 V,
25 μF, and 200Ω) using 0.2 cm electroporation cuvettes (Bio-
Rad Laboratories, Hercules, California, United States) as
previously described (Main et al., 1995).

AgrobacteriumCultivation and Infiltration of
Plant Cell Packs and Differentiated Plants
For transient expression, A. tumefaciens precultures were
inoculated from glycerol stocks to an OD600nm of 0.04 in
PAM4 medium (Houdelet et al., 2017) containing 50 mg L–1

carbenicillin, 25 mg L−1 kanamycin, and 25 mg L−1 rifampicin
and cultivated for 24 h at 28°C and 160 rpm (500 mL in a baffled
Fernbach flask for the infiltration of differentiated plants) or
1,000 rpm (500 µL well−1 in 96 deepwell plates for the infiltration
of PCPs). Main cultures were inoculated from the precultures to
an OD600nm of 0.1 and were incubated for 24 h using the same
medium and cultivation conditions.

The automated infiltration of PCPs with A. tumefaciens was
carried out as previously described (Gengenbach et al., 2020)
using 100 µL infiltration solution per PCP [0.5 g L−1 Murashige
and Skoog (MS) major and minor salts mixture, 50.0 g L−1
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(146 mM) sucrose, 2.0 g L−1 (10 mM) glucose monohydrate,
0.0392 g L−1 (0.2 mM) acetosyringone, and 2.928 g L−1

(15 mM) 2-(N-morpholino)ethanesulfonic acid (MES); pH 5.6]
with an OD600nm of 0.4. Infiltrated PCPs were incubated for 72 h
at 26°C and 80% relative humidity in an inverted position over a
water reservoir (Gengenbach et al., 2020).

For the infiltration of differentiated plants, infiltration
solutions were prepared by diluting Agrobacterium cultures
with water and infiltration buffer to an OD600nm of 0.5 [final
concentration of 0.5 g L−1 Fertilizer MEGA 2 and 0.0392 g L−1

(0.2 mM) acetosyringone; pH 5.6]. Whole plants were infiltrated
by submerging the stem and leaves in the infiltration suspension,
applying a vacuum (100 mbar) for 1 min, and rapidly releasing
the vacuum. Infiltrated plants were inverted and incubated for
5 days as previously described (Menzel et al., 2016). Before the
infiltration of PCPs or differentiated plants, the Agrobacterium
infiltration solutions were induced for 1 h.

Cultivation and Extraction of Plant Cell
Packs and Differentiated Plants
Seven-week-old N. benthamiana and N. tabacum plants,
cultivated on stonewool blocks in a phytotron as previously
described (Menzel, 2018), were used for all transient
expression studies in differentiated plants. Whole plants were
extracted using 3 v m−1 ratio of extraction buffer (50 mM sodium
phosphate buffer, 10 mM sodium bisulfite, and 500 mM sodium
chloride; pH 8.0) in a blender (Koninklijke Philips, Amsterdam,
Netherlands) for 3 × 30 s with 30 s breaks between mixing cycles
as previously described (Buyel et al., 2014). Samples were
centrifuged twice at 16,000 × g, for 20 min at 4°C, and the
supernatant was stored at −20°C.

N. tabacum BY-2 cells [100 g wet biomass L−1 and packed cell
volume of 30–40% (v v−1)] were cultivated in continuous 5 L
suspension cultures (Holland et al., 2010) and were concentrated
twofold for the preparation of PCPs by sedimentation as
previously described (Gengenbach et al., 2020). PCPs (60 mg
PCP−1) were extracted using 3 v m−1 ratio of the same extraction
buffer in 1.2 mL collection microtube strips (Qiagen, Hilden,
Germany) containing a single 3 mm steel bead per well in a MM
300-bead mill (Retsch, Han, Germany) at 28 Hz for 2 × 3 min
(Gengenbach et al., 2020). Extracts were clarified by
centrifugation at 5,100 × g for 8 min at 4°C, and supernatants
were stored at −20°C.

Cultivation, Degradation, and Staining of
Experimental B. subtilis Biofilms
The experimental biofilms were based on wild-type B. subtilis or
the knockout strain WB800N lacking eight extracellular
proteinases (Jeong et al., 2018). B. subtilis precultures [50 mL
terrific broth (TB; 11.8 L−1 tryptone, 23.6 g L−1 yeast extract, 9.4 g
L−1 dipotassium hydrogen phosphate, 2.2 g L−1 potassium
dihydrogen phosphate, and 4.5 g L−1 glycerol) in 500 mL
nonbaffled glass flasks] were cultivated at 37°C and 160 rpm to
an OD600nm of ∼5.0 and harvested by centrifugation at 3,200 × g
for 5 min at ∼22°C. The cell pellet was resuspended in 25 mL

MSgg medium [5 mM potassium phosphate, 100 mM 3-
(N-morpholino)propanesulfonic acid (MOPS), 2 mM
magnesium chloride, 0.7 mM calcium chloride, 50 µM
manganese chloride, 50 µM ferric chloride (FeCl3), 1 µM zinc
chloride, 2 µM thiamine, 5.6 g L−1 glycerol, 5.0 g L−1 glutamate,
50 μg mL−1 tryptophan, 50 μg mL−1 phenylalanine, and 50 μg
mL−1 threonine; pH 7.0 (Branda et al., 2001)] and diluted to an
OD600nm of 0.1 with MSgg, and 200 µL of the cell suspension was
dispensed into each well of a Cellstar flat-bottom 96-well plate
(lot: 07460135, Greiner BioOne, Kremsmünster, Austria). Blanks
were filled with 200 µL sterile MSgg medium. Plates were sealed
with gas-permeable membranes with vapor transmission rates of
450 g m−2 d−1 (4titude, Wotton, United Kingdom) or 700 g m−2

d−1 (Diversified Biotech/Sigma-Aldrich, St Louis, MO,
United States), to control evaporation, and were incubated for
24 h at 37°C without agitation. The supernatant was discarded,
and the preformed biofilms were incubated with proteinase K
(Sigma-Aldrich), DNase I (Sigma-Aldrich), or Lg2 in 200 µL
assay buffer as required. For proteinase K treatment, we used
an assay buffer comprising 50 mM tris(hydroxymethyl)
aminomethane (TRIS) for pH 7.0–9.0 or 50 mM MES for pH
5.0–6.5, in each case combined with 5 mM calcium chloride. The
same assay buffers supplemented with 5 mM magnesium
chloride were used for DNase I. For biofilm degradation with
Lg2, we used a phosphate-based buffer solution [50 mM sodium
phosphate and 100 mM sodium chloride (Chaignon et al., 2007)].
Plates were not agitated during the enzymatic treatment.

Following the enzymatic treatment, the supernatants were
discarded and the biofilm was washed twice with 220 µL
deionized water per well. Each well was then filled with 200 µL
0.1% m v−1 crystal violet (Carl Roth, Karlsruhe, Germany) and
incubated for 5 min at 22°C to stain the remaining biofilm
(Stepanović et al., 2000), followed by washing twice with
220 µL deionized water per well. The plates were air dried for
10 min before adding 30% v v−1 acetic acid (Stepanović et al.,
2000), thorough mixing, and incubation for 15 min at 22°C on a
rotary shaker at 300 rpm. Signals were detected at 595 nm using
an Enspire plate reader (PerkinElmer, Waltham, MA,
United States).

Statistical Design of Experiments
Design-Expert v13 (Stat-Ease, Minneapolis, MN, United States)
was used to set up and analyze all models described herein. The
effect of partially purified Lg2 (IMAC eluate) on experimental B.
subtilis (wild-type) biofilms was investigated using an I-optimal
response surface deign with 24 runs. TheDoE covered pH values in
the range of 5.0–9.0, Lg2 concentrations in the range of 10–70 μg
mL−1, and incubation periods in the range of 2–8 h. Control
experiments with the reference biofilm-degrading enzymes
proteinase K and bovine DNase I were conducted with the
same strain in a D-optimal combined mixture design with 153
runs conducted in three blocks. The DoE covered pH values in the
range of 5.0–9.0, proteinase K and bovine DNase I concentrations
in the range of 10–500 μg mL−1, and incubation periods in the
range of 2–24 h. An additional I-optimal response surface split-plot
design with membrane permeability as a hard-to-change factor with
128 runs was conducted in two blocks using experimental biofilms
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formed by the B. subtilis mutant strain WB800N and covering
similar pH ranges, enzyme concentrations, and incubation periods
as above. We used two membranes featuring evaporation rates of
544 or 915 g m−2 d−1, and the evaporation of water over time was
quantified from preweighted plates filled with deionized water and
sealed with these membranes.

Automation
A JANUS G3 liquid-handling station (PerkinElmer, Waltham,
MA, United States) was used to automate the biofilm-degradation
assay. Experimental designs generated with Design-Expert v13
were converted to *.csv (MS-DOS) worklists for 1) pipetting
enzyme solutions and 2) removing them followed by two washing
steps (200 µL assay buffer without enzyme) for all time points
required by the DoE. Herein, the run numbers generated by the
DoE were converted to well positions in a 96-well plate to ensure a
randomized order of experiments within the plates. Next,
biofilms prepared in Greiner BioOne 96-well plates as well as
stock solutions for all enzymes were placed at predefined
positions on the deck of the liquid-handling station. Enzyme
solutions (200 µL well−1) were automatically added to the 96-well
plate containing the preformed biofilms as specified in the
worklists before sealing the plate with a 96-well Robolid
Corner Notch lid (Corning, Corning, NY, United States). The
sealed plate was then transferred to a thermoshake heated orbital
shaker (Inheco, Planegg, Germany) to maintain a constant
incubation temperature of 37°C without agitations. Following
incubation for the time points specified in the worklists, wells
were washed twice with 200 µL assay buffer and filled with 200 µL
assay buffer (without enzyme) to avoid dehydration of the
biofilms before staining. Biofilms incubated with 200 µL assay
buffer lacking the enzyme were washed at the same time points in
a similar manner to generate authentic controls. Finally, the
treated biofilms were stained and quantified as described
above for the manual assay.

Sample Analysis
The concentration of total soluble protein in samples was
determined using the Bradford method (Simonian and Smith,
2006) as previously described (Buyel and Fischer, 2014). In brief,
195 µL Bradford reagent (Thermo Fisher Scientific) was mixed
with 5 µL sample or the bovine serum albumin standard in the
range 0–2000 mg L−1 in phosphate-buffered saline (PBS). After
incubating for 10 min at 22°C, the absorbance of the dye–protein
complex was measured at 595 nm using an Enspire plate reader.
Expression levels were estimated initially by LDS-PAGE as
previously described (Menzel et al., 2016). Coomassie-stained
LDS-PAGE gels were analyzed using an AIDA Image Analyzer
(Raytest, Straubenhardt, Germany), and the peak area for each
band was used to estimate the abundance of Lg2 or host cell
proteins during purification.

The concentration of His6-tagged Lg2 was quantified by dot
blot analysis. In brief, 5 µL of clarified PCP or plant extract as well
as eight standards of purified Lg2 in the range 0.5–15.0 mg L−1 in
PBS were pipetted onto an Amersham Protran nitrocellulose
membrane (Sigma-Aldrich). Membranes were air-dried for 5 min
and blocked with 5% m v−1 milk powder (Roth, Karlsruhe,

Germany) in PBS supplemented with 0.05% v v−1 Tween-20
(PBST) for 1 h on a rotary shaker at 22°C. The membranes were
incubated with a polyclonal rabbit anti-His antibody (GenScript
Biotech, Piscataway, NJ, United States) at a concentration of 0.1
mg L−1 in 5% m v−1 milk power in PBST and with alkaline
phosphatase (AP)-labeled goat anti-rabbit antibody (Jackson
ImmunoResearch, West Grove, PA, United States) at a
concentration of 0.06 mg L−1 in 5% m v−1 milk powder for
1 h each. Finally, the AP signal was detected by adding NBT/BCIP
(Carl Roth) as previously described (Kastilan et al., 2017).
Membranes were washed twice for 5 min each with PBST
between incubation steps. The AP signal was quantified by
densitometric analysis using ImageJ (Schneider et al., 2012)
software (National Institutes of Health, Bethesda, MD,
United States).

RESULTS AND DISCUSSION

High-Throughput Expression Screening of
Lg2 in Plant Cell Packs and Scale-Up of
Production in Differentiated Plants
We used our previously described automated high-throughput
platform based on transient expression in PCPs prepared from
tobacco BY-2 cells (Gengenbach et al., 2020) to systematically
investigate the expression of C-terminally His6-tagged Lg2 in the
cytosol, apoplast, ER, and chloroplasts, in each case using three
different 5’UTRs (Supplementary Table S1). Lg2 accumulated to
the highest levels in the cytosol and apoplast (3.2 ± 0.8 mg kg−1, n
� 4; Supplementary Figure S1), in the latter case when combined
with the CHS 5’ UTR (Figure 1A). This is consistent with
previous studies reporting the benefits of the CHS 5’ UTR for
product accumulation (Buyel et al., 2013). As neither authentic
nor homology structures of Lg2 are available, we were unable to
determine the specific factors affecting its accumulation in
different compartments, such as the pI based on surface-
exposed amino acids or the accessibility of protease cleavage
sites (Hehle et al., 2011; Martinière et al., 2013).

Having established that Lg2 accumulates in PCPs, we tested its
expression in differentiated N. benthamiana plants (Figure 1B).
We found that Lg2 levels in the cytosol, apoplast, and chloroplast
matched the pattern observed in PCPs (Figure 1A). In contrast,
Lg2 accumulated in the ER to substantially higher levels (up to
20mg kg−1) in plants than in PCPs, perhaps because BY-2 cells are
derived from N. tabacum roots rather than N. benthamiana leaves.
PCPs generated from the latter could be developed in the future to
avoid this discrepancy. Again, it is unclear whether the near-
neutral pH in the cytosol, ER, and apoplast led to the generally
higher accumulation of Lg2 in these compartments than in the
more acidic chloroplasts (Elghabi et al., 2011; Martinière et al.,
2013; Martinière et al., 2018). This highlights the importance of
testing different subcellular targeting strategies during transient
expression, which is not yet investigated routinely (Kovalskaya
et al., 2016; Kovalskaya et al., 2019). The coexpression of a silencing
suppressor such as p19 could also be used to increase product
accumulation (Garabagi et al., 2012).
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Having identified the apoplast as the most suitable
compartment for the transient expression of Lg2, we captured
the product from clarified extracts by IMAC (Figures 1C, D). We
found that washing with a buffer solution containing 15 mM
imidazole was sufficient to remove 69% of the host cell proteins
that bound to the nickel-charged IMAC resin, although a major
impurity of ∼17 kDa remained (Figure 1C, lanes 13–15). The
purity of Lg2 in the eluate was 46% based on densitometric

evaluation. However, the yield of Lg2 was 0.30 mg kg−1 wet plant
biomass, equivalent to an overall recovery of only ∼1%, so further
process development is necessary. We found that ∼90% product
loss occurred during depth filtration potentially due to the
presence of protein-binding diatomaceous earth in the filter
material, but this could be reduced to <50% by using a glass
fiber filter instead (our preliminary data). Importantly, we noted
that depth filtration selectively removed ∼85 kDa Lg2 product

FIGURE 1 | Screening of different Lg2 constructs for expression. (A) Lg2 accumulation in BY-2 PCPs at three dpi as detected by dot blot using a His6-specific
primary antibody and an AP-labeled goat anti-rabbit secondary antibody. (B) Lg2 accumulation in N. benthamiana plants at five dpi based on densiometric evaluation of
dot blots using a His6-specific and AP-labeled antibody, normalized to total soluble protein. Data are means ± standard deviation for n � 3 (or n � 6 for ER constructs)
individual plants. (C, D) Analysis of samples from Lg2 purification after extraction in 50 mM disodium phosphate, 10 mM sodium bisulfite, and 500 mM sodium
chloride (pH 8.0). Samples were analyzed by LDS-PAGE followed by staining with Coomassie Brilliant Blue (C) or western blot using a His6-specific and AP-labeled
antibody (D). The observed size of purified Lg2 on the gel and blot (∼85 kDa) matched the predicted size of 86.7 kDa. B, bag filtrate; E, IMAC eluate; F1, PDH4 depth-
filter filtrate; F2, 0.2 µm sterile filtrate; FT, IMAC flowthrough; H, homogenate; S, standard (10 μg mL−1 His-tagged DsRed); W1, IMAC wash 1 (20 mM sodium
phosphate, 500 mM sodium chloride; pH 7.5); W2, IMAC wash 2 (20 mM sodium phosphate, 500 mM sodium chloride, 15 mM imidazole; pH 7.5); WT, wild-type PCP
extract.
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that bound to the IMAC resin, but an Lg2 isoform of ∼115 kDa
that did not bind to the resin was able to pass through the filter,
also contributing to the overall low recovery (Figures 1C,D). The
major impurity with a molecular mass of ∼17 kDa was
successfully removed by size-exclusion chromatography (SEC)
using a Sephacryl S100 resin, but this should be replaced by a
membrane filtration step in the future to improve scalability
(Opdensteinen et al., 2019).

A High-Throughput Assay for the Screening
of Candidate Biofilm-Degrading Enzymes
We used B. subtilis as a model because it forms submerged
(hydrophilic) biofilms on the well base and walls as well as

hydrophobic biofilms at the air–liquid interface (Figures
2A,B). These structures also contain the characteristic
polymers of microbial biofilms, namely, (extracellular) DNA
(Peng et al., 2020), proteins (Vlamakis et al., 2013), and EPS
(Roux et al., 2015), thus allowing for different classes of biofilm-
degrading enzymes to be tested in the same assay. For example,
protein components such BslA are targeted by proteinases
(Kobayashi and Iwano, 2012), whereas EPSs such as PNAG
are targeted by carbohydrate-hydrolyzing enzymes. Moreover,
B. subtilis can tolerate a broad pH range [<5 to >9 (Wilks et al.,
2009)], allowing for biofilm-degrading enzymes to be tested
across multiple environmental conditions.

We first tested complex TB and the chemically defined MSgg
medium (Branda et al., 2001), each in the presence or absence of

FIGURE 2 | Formation and quantification of experimental B. subtilis biofilms in multiwell plates using different media and assay buffers. (A) Biofilms that were
submerged (hydrophilic) and formed at the air–liquid interface (hydrophobic) in MSgg (Branda et al., 2001) and TB (not shown) after 24 h were stained with crystal violet.
(B) Proteinase K–treated biofilms after staining (top) and after re-solubilization (bottom) of crystal violet with acetic acid for quantification in a plate reader. (C) The crystal
violet staining intensity of the biofilms formed in MSgg or TB in the presence or absence of neomycin (Neo) measured at 595 nm. Data are means ± standard
deviations (n � 6 biological replicates). (D) Incubation of preformed (24 h in MSgg) B. subtilis biofilms in degradation assay buffer (50 mM TRIS or MES, 5 mM calcium
chloride) at different pH values and for different incubation periods (n � 3).
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neomycin (Jeong et al., 2018), to identify conditions for the
reproducible formation of B. subtilis biofilms before transferring
the system to a high-throughput format. We observed a
significantly higher variance (p < 0.01, F-test, α � 0.05, n � 6)
for the amount of biofilms (measured as absorbance following
crystal violet staining) formed in the complex TB medium than in
the MSgg medium (Figure 2C). Interestingly, the addition of
neomycin increased the absorbance signal by >40%, probably
reflecting a stress response, and in the case of MSgg, neomycin
simultaneously increased the standard deviation by >50%. Our
focus was reproducibility during the formation of experimental
biofilms, so we selected MSgg without antibiotics because it was
associated with the lowest variability. We then incubated the
biofilms with assay buffer from the biofilm-degrading enzymes
(Figure 2D, Supplementary Figure S2). We observed significantly
greater signal variability (1) at the pH extremes (5.0 and 9.0) after
24 h of incubation compared to a neutral assay buffer and (2) after
incubation for 24 h at pH 9.0 compared to shorter incubation time
periods (Supplementary Table S2). This was not related to an
increase in osmolality due to evaporation over time, because a
similar effect was observed when we supplemented the assay buffer
with 100 mM sodium chloride (Supplementary Figure S2). The
assay buffer with the lowest impact on the experimental biofilm
appeared to be a phosphate buffer as indicated by the slope of linear
regression curves fitted for every pH value and incubation time
tested (Supplementary Table S3). The buffering range of
phosphate is not ideal at pH 5.0 or 9.0; however, only minimal
pH changes during biofilm treatment were expected due to the lack
of a carbon source for bacterial growth. In order to compensate for
the influence of the assay buffer on the experimental biofilms, we
included controls for all pH values and incubation periods in
subsequent experiments.

Degradation of Experimental Biofilms Using
Plant-Derived Lg2 and Combinations of
Different Enzyme Classes
Having established reproducible conditions for biofilm
formation, we tested the activity of both crude Lg2-containing
extracts and IMAC–purified Lg2 on B. subtilis biofilms. The
quantity of biofilms remaining in the wells was significantly
reduced by ∼75% following treatment with extracts containing
Lg2 compared to wild-type extracts as controls (p � 0.023, two-
sided two-sample t-test, α � 0.05, n � 4; Supplementary Figure
S3). The plant-derived enzyme was therefore considered active, as
previously reported for Lg2 expressed in E. coli (Gökçen, 2016).
There was also a statistically significant difference (p < 0.001, two-
sided two-sample t-test, α � 0.05, n � 4) between untreated
biofilms and those treated with mock PCP extracts, which was
attributed to the different assay buffers used (Supplementary
Figure S3) (Ragunath et al., 2012). This suggested that PCP
extracts containing recombinant candidate enzymes can be used
directly to screen for biofilm-degrading activity, as previously
shown for extracts from differentiated plants (Ragunath et al.,
2012). The direct application of extracts can simplify sample
preparation and increase screening throughput by facilitating
automation (Gengenbach et al., 2020).

When incubating biofilms with IMAC–purified Lg2, we
observed the strongest biofilm-degrading activity at an enzyme
concentration of 70 mg L−1, an acidic pH of 5.0, and an
incubation time period of 5–8 h, resulting in the removal of
∼50% of the biofilm compared to an untreated control
(Figure 3A). The low activity of Lg2 matches with the
previously reported weak biofilm-degrading activity against
Staphylococcus epidermidis (Gökçen, 2016). The acidic pH
optimum agreed with the activity optimum (pH 5.0) reported
for dispersin B (Kaplan and Donelli, 2014), which has 29%
sequence identity to Lg2. Interestingly, biofilm formation
increased at an alkaline pH (9.0) or with longer incubation
time (>8 h) even in the presence of Lg2. A visible precipitate
formed in the assay buffer under these conditions, probably
reflecting the denaturation of Lg2 and/or remaining N.
benthamiana host cell proteins.

We next compared the biofilm-degrading activity of Lg2 to
that of the commercially available enzymes proteinase K and
DNase I (Figure 3B), testing mixtures of both enzymes as
previously suggested (Waryah et al., 2017) because B. subtilis
biofilms have been shown to contain >1,000 bp DNA strands
as well as proteins (Romero et al., 2018). Both enzymes were
able to degrade experimental biofilms (85% removal) at a
concentration of 500 mg L−1 when incubated for more than
24 h in an acidic buffer (pH 5.0). However, the biofilm formed
by wild-type B. subtilis was unaffected by either enzyme at a
concentration of 10 mg L−1 and with short incubation time
(2 h). Increased biofilm formation was observed at pH 9.0 in
combination with long incubation time (24 h) and high
enzyme concentrations (500 mg L−1), as observed for Lg2.
This may reflect the precipitation of proteinase K close to
its isoelectric point of 8.9 (Ebeling et al., 1974) and the limited
stability of DNase I outside the pH range 5–7. No synergistic
effect between proteinase K and DNase I was observed during
the degradation of B. subtilis biofilms (Supplementary Table
S4). We speculate that the broad-spectrum activity of
proteinase K may have inactivated DNase I during the
assay. Such off-target effects could be limited in the future
by selecting a more specific protease. Also, proteinase K has
previously been identified as a potential biofilm-enhancing
enzyme for a highly hydrophobic strain of Rhodococcus ruber,
e.g., by inactivating enzymes involved in the regulation of the
biofilm growth (Gilan and Sivan, 2013), underlining the
ambivalent effect that nonspecific proteases may have on
biofilm formation (Conlon et al., 2013).

Others have reduced Staphylococcus aureus biofilm formation
using antimicrobial peptides at concentrations of 25 nM,
corresponding to about 0.1 mg L−1, given a size of ∼40 amino
acids (Segev-Zarko et al., 2015). Secondary metabolites like
cytochalasins from ascomycetes reduced biofilm formation of
S. aureus by 20–90% when applied at concentrations of
32–250 mg L−1 (Yuyama et al., 2018). A similar biofilm
reduction of >90 was observed when ∼200 mg L−1 of
secondary metabolites of the plant Dodonaea viscosa was
added to S. mutans (Ngabaza et al., 2018). Functionalizing
surfaces with biofilm-degrading enzymes such as glycoside
hydrolase can reduce Pseudomonas aeruginosa biolayer
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formation by more than 99% (Asker et al., 2018). Such
immobilization is mostly limited to artificial surfaces such as
urinary catheters (Ivanova et al., 2015), whereas it can hardly

be applied to biological surfaces in vivo. The screening assay we
present here can help identify biofilm-degrading enzymes that
can complement existing approaches using antimicrobial

FIGURE 3 | Response surface models predicting the effect of biofilm-degrading enzymes. (A) The effect of IMAC–purified Lg2 compared to authentic controls
prepared for each of the conditions tested in an I-optimal response surface deign with 24 runs. (B) Combined action of proteinase K and DNase I treatment on wild-type
B. subtilis biofilms based on a D-optimal combined mixture design with 153 runs conducted in three blocks. The experimental designs covered pH values in the range of
5.0–9.0, enzyme concentrations in the range of 10–70 mg L−1 (Lg2) or 10–500 mg L−1 (proteinase K and DNase I), and incubation periods in the range of 2–8 h
(Lg2) or 2–24 h (proteinase K and DNase I). The assay buffer was 50 mM di-sodium hydrogen phosphate, and 100 mM sodium chloride (Lg2) or 50 mM TRIS (pH
7.0–9.0) or MES (pH 5.0), with 5mMcalcium chloride, 5mMmagnesium chloride (proteinase K and DNase I). Membranes with an evaporation rate of 544 gm−2 d−1 were
used for all experiments.
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peptides and find interesting proteins for surface
functionalization.

Characterization of Mutant Strains of
Biofilm-Forming Bacteria
Mutations that cause enzyme, e.g., protease, deficiencies can change
the properties of biofilms formed by microbes (O’Neill et al., 2007).
For example, B. subtilis knockout strain WB800N lacks eight
extracellular proteases (Jeong et al., 2018), reducing its biofilm-
forming capability compared to wild-type B. subtilis (Bindel
Connelly et al., 2004). However, the addition of exogenous
proteases such as proteinase K can restore the biofilm-forming
capability of B. subtilisWB800N (Bindel Connelly et al., 2004). We
tested whether our automated screening assay could reproduce this
behavior and can thus correctly characterize the impact of biofilm-
degrading enzymes on such mutant strains by investigating the
effects of different proteinase K concentrations, pH values,
incubation periods, and evaporation-controlling membranes on

B. subtilis WB800N (Figure 4). As expected, the amount of
biofilms per well increased by 50–100% in the presence of low
concentrations of proteinase K (10mg L−1) compared to biofilms in
the assay buffer without proteinase K during all but the shortest
incubation periods. Only high proteinase K concentrations
>250 mg L−1 combined with low-to-intermediate incubation
periods (up to 10 h) and close to neutral pH removed up to
80% of the biofilm (Figure 4, dark blue areas). This pH
optimum was in good agreement with the previously reported
high activity of proteinase K at neutral-to-alkaline pH (Ebeling et al.,
1974). The incomplete removal of biofilms by proteinase K was
unsurprising because this enzyme can only remove the protein
fraction of biofilms but not components such as PNAG and did not
fully remove the biofilm formed by wild-type B. subtilis as stated
above. Faster evaporation with a membrane of 915 g m−2 d−1 was
also associated with increased variation (average standard deviation
� 0.040, n � 44) compared to amembrane of 544 gm−2 d−1 (average
standard deviation� 0.026, n� 44), which complicates evaluation of
experimental data with mathematical models (Figure 4, comparing

FIGURE 4 | Response surface model predicting the behavior of B. subtilis WB800N biofilms in response to treatment with proteinase K. An I-optimal split-plot
design with 128 runs was obtained in two blocks. The data were calculated by subtracting the signal measured for control biofilms (incubated in assay buffer without
enzyme) from the signal measured for enzymatically treated biofilms. Negative values indicate a reduction in biofilm thickness, whereas positive values denote an increase
in biofilm formation compared to the control. Experimental data are displayed as red (above the model prediction) and pink (below the model prediction) dots in the
graphs. The assay buffer was 50 mM MES (pH 5.0) or 50 mM TRIS (pH 7.0–9.0) and 5 mM calcium chloride.
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upper row and lower row). This is important because more
evaporation is typically observed at the edges of multiwell plates,
which can cause the misinterpretation of assay results if not
prevented (by careful sealing) or taken into account (by
introducing systematic corrections). The reactions can also be
constrained to the internal wells, but this reduces the overall
capacity of multiwell plates and thus the throughput of the
screening assay (Wenderska et al., 2011).

CONCLUSION

We have identified cultivation conditions that allow for the
reproducible formation of experimental biofilms by B. subtilis,
using the chemically defined medium MSgg without antibiotics.
Using these experimental biofilms, we established an automated
high-throughput assay for the screening of candidate biofilm-
degrading enzymes. The assay allowed us to rapidly characterize
commercially available enzymes such as proteinase K and
DNase I, as well as a novel dispersin B–like model enzyme
Lg2. While the typical transient expression approaches are
restricted to a single compartment (Kovalskaya et al., 2016;
Kovalskaya et al., 2019), we screened multiple cell
compartments to utilize the full flexibility of plant-based
expression systems. This unlocks the potential to increase
target protein accumulation.

The purification of recombinant biofilm-degrading enzymes
was achieved conveniently using a His6 tag for capture on IMAC
resin. However, our data showed that enzyme activity can also be
screened in crude extracts, making the assay simpler and more
compatible with automation. Interestingly, the depth filtration
step limited the overall yield of the purification process due to low
product recovery. It is unclear whether these losses are a general
property of biofilm-degrading enzymes, for example, because
they bind to the resin or cellulose parts of the filter that may
share structural features with biofilms. In any case, the maximum
Lg2 accumulation level was 20 mg kg−1, which is in the
intermediate range for transient expression and could
potentially be improved by the use of silencing suppressors
(Garabagi et al., 2012). It will be interesting to screen more
biofilm-degrading enzymes in the future, allowing for the
analysis of potential synergistic activities between enzymes
with different substrate specificities, such as combinations of

DNases and glycosidases (Banar et al., 2019; Cherny and
Sauer, 2019).

DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

AUTHOR CONTRIBUTIONS

SD and PO conducted experiments, PO, SD and JB designed and
evaluated experiments. BG implemented protocols for automated
biofilm degradation into a liquid handling station. PO drafted the
manuscript and JB revised the manuscript.

FUNDING

This work was funded in part by the Fraunhofer-Gesellschaft
Internal Programs under grant no. Attract 125-600164 and the
state of North-Rhine-Westphalia under the Leistungszentrum
grant no. 423 “Networked, adaptive production.” This work was
also supported by the Deutsche Forschungsgemeinschaft (DFG)
in the framework of the Research Training Group “Tumor-
Targeted Drug Delivery” under grant no. 331065168.

ACKNOWLEDGMENTS

The authors are grateful to Anne Paas (formerly Pöppel) and
Anke Gökcen for providing them with the amino acid sequences
of candidate biofilm-degrading enzymes from Lysobacter
gummosus. The authors also thank Richard M. Twyman for
editorial assistance.

SUPPLEMENTARY MATERIAL

The SupplementaryMaterial for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fbioe.2021.708150/
full#supplementary-material

REFERENCES

Asker, D., Awad, T. S., Baker, P., Howell, P. L., and Hatton, B. D. (2018). Non-
Eluting, Surface-Bound Enzymes Disrupt Surface Attachment of Bacteria by
Continuous Biofilm Polysaccharide Degradation. Biomaterials 167, 168–176.
doi:10.1016/j.biomaterials.2018.03.016

Banar, M., Emaneini, M., Beigverdi, R., Pirlar, R. F., Farahani, N. N., van Leeuwen,
W. B., et al. (2019). The Efficacy of Lyticase and β-Glucosidase Enzymes on
Biofilm Degradation of Pseudomonas aeruginosa Strains with Different Gene
Profiles. BMC Microbiol. 19 (1), 291. doi:10.1186/s12866-019-1662-9

Bindel Connelly, M., Young, G. M., and Sloma, A. (2004). Extracellular Proteolytic
Activity Plays a central Role in Swarming Motility in Bacillus Subtilis.
J. Bacteriol. 186 (13), 4159–4167. doi:10.1128/jb.186.13.4159-4167.2004

Branda, S. S., González-Pastor, J. E., Ben-Yehuda, S., Losick, R., and Kolter, R.
(2001). Fruiting Body Formation by Bacillus Subtilis. Proc. Natl. Acad. Sci. 98
(20), 11621–11626. doi:10.1073/pnas.191384198

Buyel, J. F., and Fischer, R. (2014). Scale-DownModels to Optimize a Filter Train for
the Downstream Purification of Recombinant Pharmaceutical Proteins Produced
in Tobacco Leaves. Biotechnol. J. 9 (3), 415–425. doi:10.1002/biot.201300369

Buyel, J. F., Gruchow, H. M., Boes, A., and Fischer, R. (2014). Rational Design of a
Host Cell Protein Heat Precipitation Step Simplifies the Subsequent
Purification of Recombinant Proteins from Tobacco. Biochem. Eng. J. 88,
162–170. doi:10.1016/j.bej.2014.04.015

Buyel, J. F., Kaever, T., Buyel, J. J., and Fischer, R. (2013). Predictive Models for the
Accumulation of a Fluorescent Marker Protein in Tobacco Leaves According to
the Promoter/5′UTR Combination. Biotechnol. Bioeng. 110 (2), 471–482.
doi:10.1002/bit.24715

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org September 2021 | Volume 9 | Article 70815010

Opdensteinen et al. Plant-Derived Biofilm-Degrading Enzymes

https://www.frontiersin.org/articles/10.3389/fbioe.2021.708150/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fbioe.2021.708150/full#supplementary-material
https://doi.org/10.1016/j.biomaterials.2018.03.016
https://doi.org/10.1186/s12866-019-1662-9
https://doi.org/10.1128/jb.186.13.4159-4167.2004
https://doi.org/10.1073/pnas.191384198
https://doi.org/10.1002/biot.201300369
https://doi.org/10.1016/j.bej.2014.04.015
https://doi.org/10.1002/bit.24715
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
www.frontiersin.org
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles


Buyel, J. F., Twyman, R. M., and Fischer, R. (2017). Very-Large-Scale Production of
Antibodies in Plants: The Biologization of Manufacturing. Biotechnol. Adv. 35
(4), 458–465. doi:10.1016/j.biotechadv.2017.03.011

Chaignon, P., Sadovskaya, I., Ragunah, C., Ramasubbu, N., Kaplan, J. B., and
Jabbouri, S. (2007). Susceptibility of Staphylococcal Biofilms to Enzymatic
Treatments Depends on Their Chemical Composition. Appl. Microbiol.
Biotechnol. 75 (1), 125–132. doi:10.1007/s00253-006-0790-y

Cherdvorapong, V., Panti, N., Suyotha, W., Tsuchiya, Y., Toyotake, Y., Yano, S.,
et al. (2020). Prevention of Oral Biofilm Formation and Degradation of Biofilm
by Recombinant α-1,3-Glucanases from Streptomyces Thermodiastaticus HF3-
3. J. Gen. Appl. Microbiol. 66, 256–264. doi:10.2323/jgam.2019.11.003

Cherny, K. E., and Sauer, K. (2019). Pseudomonas aeruginosa Requires the DNA-
Specific Endonuclease EndA to Degrade Extracellular Genomic DNA to
Disperse from the Biofilm. J. Bacteriol. 201 (18), e00059–19. doi:10.1128/
jb.00059-19

Conlon, B. P., Nakayasu, E. S., Fleck, L. E., LaFleur, M. D., Isabella, V. M., Coleman,
K., et al. (2013). Activated ClpP Kills Persisters and Eradicates a Chronic
Biofilm Infection. Nature 503 (7476), 365–370. doi:10.1038/nature12790

Cywes-Bentley, C., Skurnik, D., Zaidi, T., Roux, D., DeOliveira, R. B., Garrett, W. S.,
et al. (2013). Antibody to a Conserved Antigenic Target Is Protective against
Diverse Prokaryotic and Eukaryotic Pathogens. Proc. Natl. Acad. Sci. 110 (24),
E2209–E2218. doi:10.1073/pnas.1303573110

Del Pozo, J. L. (2018). Biofilm-Related Disease. Expert Rev. Anti-infective Ther. 16
(1), 51–65. doi:10.1080/14787210.2018.1417036

Dobrynina, O. Y., Bolshakova, T. N., Umyarov, A. M., Boksha, I. S., Lavrova, N. V.,
Grishin, A. V., et al. (2015). Disruption of Bacterial Biofilms Using
Recombinant Dispersin B. Microbiology 84 (4), 498–501. doi:10.1134/
s0026261715040062

Dufour, D., Leung, V., and Lévesque, C. M. (2010). Bacterial Biofilm: Structure,
Function, and Antimicrobial Resistance. Endod. Top. 22 (1), 2–16. doi:10.1111/
j.1601-1546.2012.00277.x

Ebeling, W., Hennrich, N., Klockow, M., Metz, H., Orth, H. D., and Lang, H.
(1974). Proteinase K from Tritirachium Album Limber. Eur. J. Biochem. 47 (1),
91–97. doi:10.1111/j.1432-1033.1974.tb03671.x

Elghabi, Z., Karcher, D., Zhou, F., Ruf, S., and Bock, R. (2011). Optimization of the
Expression of the HIV Fusion Inhibitor Cyanovirin-N from the Tobacco Plastid
Genome. Plant Biotechnol. J. 9 (5), 599–608. doi:10.1111/j.1467-
7652.2011.00598.x

Garabagi, F., Gilbert, E., Loos, A., McLean, M. D., and Hall, J. C. (2012). Utility of
the P19 Suppressor of Gene-Silencing Protein for Production of Therapeutic
Antibodies inNicotianaexpression Hosts. Plant Biotechnol. J. 10 (9), 1118–1128.
doi:10.1111/j.1467-7652.2012.00742.x

Gengenbach, B. B., Opdensteinen, P., and Buyel, J. F. (2020). Robot Cookies - Plant
Cell Packs as an Automated High-Throughput Screening Platform Based on
Transient Expression. Front. Bioeng. Biotechnol. 8, 393. doi:10.3389/
fbioe.2020.00393

Gilan, I., and Sivan, A. (2013). Effect of Proteases on Biofilm Formation of the
Plastic-Degrading actinomyceteRhodococcus ruberC208. FEMS Microbiol.
Lett. 342 (1), 18–23. doi:10.1111/1574-6968.12114

Gökçen, A. (2016). Etablierung eines Staphylococcus epidermidis Biofilmmodells
zum Screening von Biofilm-abbauenden Enzymen aus Lysobacter. Gießen:
Justus-Liebig-Universität Gießen.

Gökçen, A., Vilcinskas, A., and Wiesner, J. (2014). Biofilm-degrading Enzymes
from Lysobacter Gummosus. Virulence 5 (3), 378–387. doi:10.4161/viru.27919

Hehle, V. K., Paul, M. J., Drake, P. M., Ma, J. K., and van Dolleweerd, C. J. (2011).
Antibody Degradation in Tobacco Plants: A Predominantly Apoplastic Process.
BMC Biotechnol. 11 (1), 128. doi:10.1186/1472-6750-11-128

Holland, T., Sack, M., Rademacher, T., Schmale, K., Altmann, F., Stadlmann, J.,
et al. (2010). Optimal Nitrogen Supply as a Key to Increased and Sustained
Production of a Monoclonal Full-Size Antibody in BY-2 Suspension Culture.
Biotechnol. Bioeng. 107 (2), 278–289. doi:10.1002/bit.22800

Houdelet, M., Galinski, A., Holland, T., Wenzel, K., Schillberg, S., and Buyel, J. F.
(2017). Animal Component-FreeAgrobacterium Tumefacienscultivation
Media for Better GMP-Compliance Increases Biomass Yield and
Pharmaceutical Protein Expression in Nicotiana Benthamiana. Biotechnol. J.
12 (4), 1600721. doi:10.1002/biot.201600721

Ivanova, K., Fernandes, M. M., Francesko, A., Mendoza, E., Guezguez, J., Burnet,
M., et al. (2015). Quorum-Quenching and Matrix-Degrading Enzymes in

Multilayer Coatings Synergistically Prevent Bacterial Biofilm Formation on
Urinary Catheters. ACS Appl. Mater. Inter. 7 (49), 27066–27077. doi:10.1021/
acsami.5b09489

Izano, E. A., Amarante, M. A., Kher, W. B., and Kaplan, J. B. (2008). Differential
Roles of Poly- N -Acetylglucosamine Surface Polysaccharide and Extracellular
DNA in Staphylococcus aureus and Staphylococcus Epidermidis Biofilms. Appl.
Environ. Microbiol. 74 (2), 470–476. doi:10.1128/aem.02073-07

Jabbouri, S., and Sadovskaya, I. (2010). Characteristics of the BiofilmMatrix and its
Role as a Possible Target for the Detection and Eradication ofStaphylococcus
Epidermidisassociated with Medical Implant Infections. FEMS Immunol. Med.
Microbiol. 59 (3), 280–291. doi:10.1111/j.1574-695x.2010.00695.x

Jeong, H., Jeong, D-E., Park, S-H., Kim, S. J., and Choi, S-K. (2018). Complete
Genome Sequence of Bacillus Subtilis Strain WB800N, an Extracellular
Protease-Deficient Derivative of Strain 168. Microbiol. Resource
Announcements 7 (18), e01380–01318. doi:10.1128/mra.01380-18

Kaplan, J. B. (2014). “Biofilm Matrix-Degrading Enzymes,” in Microbial Biofilms:
Methods and Protocols. Editor G Donelli (New York, NY: Springer New York),
203–213. doi:10.1007/978-1-4939-0467-9_14

Kaplan, J. B., Ragunath, C., Ramasubbu, N., and Fine, D. H. (2003). Detachment of
Actinobacillus Actinomycetemcomitans Biofilm Cells by an Endogenous
β-Hexosaminidase Activity. J. Bacteriol. 185 (16), 4693–4698. doi:10.1128/
jb.185.16.4693-4698.2003

Kaplan, J. B. (2009). Therapeutic Potential of Biofilm-Dispersing Enzymes. Int.
J. Artif. Organs 32 (9), 545–554. doi:10.1177/039139880903200903

Kastilan, R., Boes, A., Spiegel, H., Voepel, N., Chudobová, I., Hellwig, S., et al.
(2017). Improvement of a Fermentation Process for the Production of Two
PfAMA1-DiCo-Based Malaria Vaccine Candidates in Pichia Pastoris. Scientific
Rep. 7 (1), 11991. doi:10.1038/s41598-017-11819-4

Kobayashi, K., and Iwano, M. (2012). BslA(YuaB) Forms a Hydrophobic Layer on
the Surface of Bacillus Subtilis Biofilms. Mol. Microbiol. 85 (1), 51–66.
doi:10.1111/j.1365-2958.2012.08094.x

Kovalskaya, N., Foster-Frey, J., Donovan, D. M., Bauchan, G., and Hammond, R.
W. (2016). Antimicrobial Activity of Bacteriophage Endolysin Produced in
Nicotiana Benthamiana Plants. J. Microbiol. Biotechnol. 26, 160–170.
doi:10.4014/jmb.1505.05060

Kovalskaya, N. Y., Herndon, E. E., Foster-Frey, J. A., Donovan, D. M., and
Hammond, R. W. (2019). Antimicrobial Activity of Bacteriophage Derived
Triple Fusion Protein Against Staphylococcus aureus. AIMS Microbiol. 5 (2),
158–175. doi:10.3934/microbiol.2019.2.158

Little, D. J., Pfoh, R., Le Mauff, F., Bamford, N. C., Notte, C., Baker, P., et al. (2018).
PgaB Orthologues Contain a Glycoside Hydrolase Domain that Cleaves
Deacetylated Poly-β (1, 6)-N-Acetylglucosamine and Can Disrupt Bacterial
Biofilms. PLoS Pathog. 14 (4), e1006998. doi:10.1371/journal.ppat.1006998

Main, G. D., Reynolds, S., and Gartland, J. S. (1995). “Electroporation Protocols for
Agrobacterium,” in Agrobacterium Protocols. Editors KMA Gartland and
M. R. Davey (Totowa, NJ: Springer New York), 405–412.

Martinière, A., Bassil, E., Jublanc, E., Alcon, C., Reguera, M., Sentenac, H., et al.
(2013). In Vivo Intracellular pH Measurements in Tobacco and Arabidopsis
Reveal an Unexpected pH Gradient in the Endomembrane System. Plant Cell
25 (10), 4028–4043. doi:10.1105/tpc.113.116897

Martinière, A., Gibrat, R., Sentenac, H., Dumont, X., Gaillard, I., and Paris, N.
(2018). Uncovering pH at Both Sides of the Root Plasma Membrane Interface
Using Noninvasive Imaging. Proc. Natl. Acad. Sci. USA 115 (25), 6488–6493.
doi:10.1073/pnas.1721769115

Menzel, S. (2018). Downstream Processing of Malaria Vaccine Candidates and
Modeling of Chromatography. Aachen: RWTH Aachen University.

Menzel, S., Holland, T., Boes, A., Spiegel, H., Bolzenius, J., Fischer, R., et al. (2016).
Optimized Blanching Reduces the Host Cell Protein Content and Substantially
Enhances the Recovery and Stability of Two Plant-Derived Malaria Vaccine
Candidates. Front. Plant Sci. 7, 159. doi:10.3389/fpls.2016.00159

Metcalf, D. G., and Bowler, P. G. (2013). Biofilm Delays Wound Healing: A Review
of the Evidence. Burns & Trauma. 1 (1), 5–12. doi:10.4103/2321-3868.113329

Muñoz-Dorado, J., Marcos-Torres, F. J., García-Bravo, E., Moraleda-Muñoz, A.,
and Pérez, J. (2016). Myxobacteria: Moving, Killing, Feeding, and Surviving
Together. Front. Microbiol. 7, 781. doi:10.3389/fmicb.2016.00781

Ngabaza, T., Moeno, S., and Patel, M. (2018). Anti-Acidogenic and Anti-Biofilm
Activity of 5,6,8-Trihydroxy-7-Methoxy-2-(4-Methoxyphenyl)-4h-Chromen-
4-One. Microb. pathogenesis 123, 149–152. doi:10.1016/j.micpath.2018.07.003

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org September 2021 | Volume 9 | Article 70815011

Opdensteinen et al. Plant-Derived Biofilm-Degrading Enzymes

https://doi.org/10.1016/j.biotechadv.2017.03.011
https://doi.org/10.1007/s00253-006-0790-y
https://doi.org/10.2323/jgam.2019.11.003
https://doi.org/10.1128/jb.00059-19
https://doi.org/10.1128/jb.00059-19
https://doi.org/10.1038/nature12790
https://doi.org/10.1073/pnas.1303573110
https://doi.org/10.1080/14787210.2018.1417036
https://doi.org/10.1134/s0026261715040062
https://doi.org/10.1134/s0026261715040062
https://doi.org/10.1111/j.1601-1546.2012.00277.x
https://doi.org/10.1111/j.1601-1546.2012.00277.x
https://doi.org/10.1111/j.1432-1033.1974.tb03671.x
https://doi.org/10.1111/j.1467-7652.2011.00598.x
https://doi.org/10.1111/j.1467-7652.2011.00598.x
https://doi.org/10.1111/j.1467-7652.2012.00742.x
https://doi.org/10.3389/fbioe.2020.00393
https://doi.org/10.3389/fbioe.2020.00393
https://doi.org/10.1111/1574-6968.12114
https://doi.org/10.4161/viru.27919
https://doi.org/10.1186/1472-6750-11-128
https://doi.org/10.1002/bit.22800
https://doi.org/10.1002/biot.201600721
https://doi.org/10.1021/acsami.5b09489
https://doi.org/10.1021/acsami.5b09489
https://doi.org/10.1128/aem.02073-07
https://doi.org/10.1111/j.1574-695x.2010.00695.x
https://doi.org/10.1128/mra.01380-18
https://doi.org/10.1007/978-1-4939-0467-9_14
https://doi.org/10.1128/jb.185.16.4693-4698.2003
https://doi.org/10.1128/jb.185.16.4693-4698.2003
https://doi.org/10.1177/039139880903200903
https://doi.org/10.1038/s41598-017-11819-4
https://doi.org/10.1111/j.1365-2958.2012.08094.x
https://doi.org/10.4014/jmb.1505.05060
https://doi.org/10.3934/microbiol.2019.2.158
https://doi.org/10.1371/journal.ppat.1006998
https://doi.org/10.1105/tpc.113.116897
https://doi.org/10.1073/pnas.1721769115
https://doi.org/10.3389/fpls.2016.00159
https://doi.org/10.4103/2321-3868.113329
https://doi.org/10.3389/fmicb.2016.00781
https://doi.org/10.1016/j.micpath.2018.07.003
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
www.frontiersin.org
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles


O’Neill, E., Pozzi, C., Houston, P., Smyth, D., Humphreys, H., Robinson, D. A.,
et al. (2007). Association Between Methicillin Susceptibility and Biofilm
Regulation in Staphylococcus aureus Isolates from Device-Related Infections.
J. Clin. Microbiol. 45 (5), 1379–1388. doi:10.1128/jcm.02280-06

Oey, M., Lohse, M., Scharff, L. B., Kreikemeyer, B., and Bock, R. (2009). Plastid
Production of Protein Antibiotics Against Pneumonia via a New Strategy for
High-Level Expression of Antimicrobial Proteins. Proc. Natl. Acad. Sci. 106
(16), 6579–6584. doi:10.1073/pnas.0813146106

Opdensteinen, P., Clodt, J. I., Müschen, C. R., Filiz, V., and Buyel, J. F. (2019). A
Combined Ultrafiltration/diafiltration Step Facilitates the Purification of
Cyanovirin-N from Transgenic Tobacco Extracts. Front. Bioeng. Biotechnol.
6, 206. doi:10.3389/fbioe.2018.00206

Peng, N., Cai, P., Mortimer, M., Wu, Y., Gao, C., and Huang, Q. (2020). The
Exopolysaccharide–eDNA Interaction Modulates 3D Architecture of Bacillus
Subtilis Biofilm. BMC Microbiol. 20 (1), 115. doi:10.1186/s12866-020-01789-5

Ragunath, C., Shanmugam, M., Bendaoud, M., Kaplan, J. B., and Ramasubbu, N.
(2012). Effect of a Biofilm-Degrading Enzyme from an Oral Pathogen in
Transgenic Tobacco on the Pathogenicity of Pectobacterium Carotovorum
Subsp. Carotovorum. Plant Pathol. 61 (2), 346–354. doi:10.1111/j.1365-
3059.2011.02509.x

Richard, M. T., Stefan, S., and Rainer, F. (2013). Optimizing the Yield of
Recombinant Pharmaceutical Proteins in Plants. Curr. Pharm. Des. 19 (31),
5486–5494. doi:10.2174/1381612811319310004

Romero, C. M., Martorell, P. V., López, A. G., Peñalver, C. G. N., Chaves, S., and
Mechetti, M. (2018). Architecture and Physicochemical Characterization of
Bacillus Biofilm as a Potential Enzyme Immobilization Factory. Colloids Surf. B:
Biointerfaces 162, 246–255. doi:10.1016/j.colsurfb.2017.11.057

Rosenberg, Y. J., Walker, J., Jiang, X., Donahue, S., Robosky, J., Sack, M., et al.
(2015). A Highly Stable Minimally Processed Plant-Derived Recombinant
Acetylcholinesterase for Nerve Agent Detection in Adverse Conditions.
Scientific Rep. 5, 13247. doi:10.1038/srep13247

Roux, D., Cywes-Bentley, C., Zhang, Y.-F., Pons, S., Konkol, M., Kearns, D. B., et al.
(2015). Identification of Poly-N-Acetylglucosamine as a Major Polysaccharide
Component of the Bacillus Subtilis Biofilm Matrix. J. Biol. Chem. 290 (31),
19261–19272. doi:10.1074/jbc.m115.648709

Schneider, C. A., Rasband, W. S., and Eliceiri, K. W. (2012). NIH Image to ImageJ:
25 Years of Image Analysis. Nat. Methods 9 (7), 671–675. doi:10.1038/
nmeth.2089

Segev-Zarko, L., Saar-Dover, R., Brumfeld, V., Mangoni, M. L., and Shai, Y. (2015).
Mechanisms of Biofilm Inhibition and Degradation by Antimicrobial Peptides.
Biochem. J. 468 (2), 259–270. doi:10.1042/bj20141251

Simonian, M. H., and Smith, J. A. (2006). Spectrophotometric and Colorimetric
Determination of Protein Concentration. Curr. Protoc. Mol. Biol. 76 (1),
10.1A.1–10.1A.9. doi:10.1002/0471142727.mb1001as76

Stepanović, S., Vuković, D., Dakić, I., Savić, B., and Švabić-Vlahović, M. (2000). A
Modified Microtiter-Plate Test for Quantification of Staphylococcal Biofilm
Formation. J. Microbiol. Methods 40 (2), 175–179. doi:10.1016/s0167-7012(00)
00122-6

Stiefel, P., Mauerhofer, S., Schneider, J., Maniura-Weber, K., Rosenberg, U., and
Ren, Q. (2016). Enzymes Enhance Biofilm Removal Efficiency of Cleaners.
Antimicrob. Agents Chemother. 60 (6), 3647–3652. doi:10.1128/aac.00400-16

Stoger, E., Sack, M., Perrin, Y., Vaquero, C., Torres, E., Twyman, R.M., et al. (2002).
Practical Considerations for Pharmaceutical Antibody Production in Different
Crop Systems. Mol. Breed. 9 (3), 149–158. doi:10.1023/a:1019714614827

Terpe, K. (2003). Overview of Tag Protein Fusions: from Molecular and
Biochemical Fundamentals to Commercial Systems. Appl. Microbiol.
Biotechnol. 60 (5), 523–533. doi:10.1007/s00253-002-1158-6

Vlamakis, H., Chai, Y., Beauregard, P., Losick, R., and Kolter, R. (2013). Sticking
Together: Building a Biofilm the Bacillus Subtilis Way. Nat. Rev. Microbiol. 11
(3), 157–168. doi:10.1038/nrmicro2960

Waryah, C. B., Wells, K., Ulluwishewa, D., Chen-Tan, N., Gogoi-Tiwari, J.,
Ravensdale, J., et al. (2017). In Vitro Antimicrobial Efficacy of Tobramycin
Against Staphylococcus aureus Biofilms in Combination with or without DNase
I And/or Dispersin B: A Preliminary Investigation. Microb. Drug Resist. 23 (3),
384–390. doi:10.1089/mdr.2016.0100

Wenderska, I. B., Chong, M., McNulty, J., Wright, G. D., and Burrows, L. L. (2011).
Palmitoyl-dl-Carnitine Is aMultitarget Inhibitor ofPseudomonas aeruginosaBiofilm
Development. ChemBioChem 12 (18), 2759–2766. doi:10.1002/cbic.201100500

Wilks, J. C., Kitko, R. D., Cleeton, S. H., Lee, G. E., Ugwu, C. S., Jones, B. D., et al.
(2009). Acid and Base Stress and Transcriptomic Responses in Bacillus Subtilis.
Appl. Environ. Microbiol. 75 (4), 981–990. doi:10.1128/aem.01652-08

Yamamoto, T., Hoshikawa, K., Ezura, K., Okazawa, R., Fujita, S., Takaoka, M., et al.
(2018). Improvement of the Transient Expression System for Production of
Recombinant Proteins in Plants. Scientific Rep. 8 (1), 4755. doi:10.1038/s41598-
018-23024-y

Yuyama, K. T., Wendt, L., Surup, F., Kretz, R., Chepkirui, C., Wittstein, K., et al.
(2018). Cytochalasans Act as Inhibitors of Biofilm Formation of Staphylococcus
aureus. Biomolecules 8 (4), 129. doi:10.3390/biom8040129

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors, and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2021 Opdensteinen, Dietz, Gengenbach and Buyel. This is an open-
access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org September 2021 | Volume 9 | Article 70815012

Opdensteinen et al. Plant-Derived Biofilm-Degrading Enzymes

https://doi.org/10.1128/jcm.02280-06
https://doi.org/10.1073/pnas.0813146106
https://doi.org/10.3389/fbioe.2018.00206
https://doi.org/10.1186/s12866-020-01789-5
https://doi.org/10.1111/j.1365-3059.2011.02509.x
https://doi.org/10.1111/j.1365-3059.2011.02509.x
https://doi.org/10.2174/1381612811319310004
https://doi.org/10.1016/j.colsurfb.2017.11.057
https://doi.org/10.1038/srep13247
https://doi.org/10.1074/jbc.m115.648709
https://doi.org/10.1038/nmeth.2089
https://doi.org/10.1038/nmeth.2089
https://doi.org/10.1042/bj20141251
https://doi.org/10.1002/0471142727.mb1001as76
https://doi.org/10.1016/s0167-7012(00)00122-6
https://doi.org/10.1016/s0167-7012(00)00122-6
https://doi.org/10.1128/aac.00400-16
https://doi.org/10.1023/a:1019714614827
https://doi.org/10.1007/s00253-002-1158-6
https://doi.org/10.1038/nrmicro2960
https://doi.org/10.1089/mdr.2016.0100
https://doi.org/10.1002/cbic.201100500
https://doi.org/10.1128/aem.01652-08
https://doi.org/10.1038/s41598-018-23024-y
https://doi.org/10.1038/s41598-018-23024-y
https://doi.org/10.3390/biom8040129
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
www.frontiersin.org
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles

	Expression of Biofilm-Degrading Enzymes in Plants and Automated High-Throughput Activity Screening Using Experimental Bacil ...
	Introduction
	Materials and Methods
	Cloning of Expression Constructs
	Agrobacterium Cultivation and Infiltration of Plant Cell Packs and Differentiated Plants
	Cultivation and Extraction of Plant Cell Packs and Differentiated Plants
	Cultivation, Degradation, and Staining of Experimental B. subtilis Biofilms
	Statistical Design of Experiments
	Automation
	Sample Analysis

	Results and Discussion
	High-Throughput Expression Screening of Lg2 in Plant Cell Packs and Scale-Up of Production in Differentiated Plants
	A High-Throughput Assay for the Screening of Candidate Biofilm-Degrading Enzymes
	Degradation of Experimental Biofilms Using Plant-Derived Lg2 and Combinations of Different Enzyme Classes
	Characterization of Mutant Strains of Biofilm-Forming Bacteria

	Conclusion
	Data Availability Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


