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Summary

The unchecked dispersal of antipersonnel landmines
since the late 19th century has resulted in large
areas contaminated with these explosive devices,
creating a substantial worldwide humanitarian safety
risk. The main obstacle to safe and effective land-
mine removal is the identification of their exact loca-
tion, an activity that currently requires entry of
personnel into the minefields; to date, there is no
commercialized technology for an efficient stand-off
detection of buried landmines. In this article, we
describe the optimization of a microbial sensor
strain, genetically engineered for the remote detec-
tion of 2,4,6-trinitrotoloune (TNT)-based mines. This
bioreporter, designed to bioluminescence in
response to minute concentrations of either TNT or
2,4-dinitotoluene (DNT), was immobilized in hydrogel
beads and optimized for dispersion over the mine-
field. Following modifications of the hydrogel matrix
in which the sensor bacteria are encapsulated, as
well as their genetic reporting elements, these sen-
sor bacteria sensitively detected buried 2,4-dinitro-
toluene in laboratory experiments. Encapsulated in
1.5 mm 2% alginate beads containing 1% polyacrylic
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acid, they also detected the location of a real metal-
lic antipersonnel landmine under field conditions. To
the best of our knowledge, this is the first report
demonstrating the detection of a buried landmine
with a luminescent microbial bioreporter.

Introduction

The main rate-limiting factor holding back global demi-
ning efforts is not the actual removal of buried landmi-
nes, but rather pinpointing their exact locations. Current
landmine detection methodologies mostly require the
risky presence of personnel on the minefield, as there is
no technology currently in use that allows the stand-off
detection of buried explosive devices. A possible alterna-
tive has been put forward over two decades ago by Bur-
lage et al. (1999), who proposed to genetically modify
microorganisms to emit an optical signal in the presence
of explosives’ vapours, and spread them over the mine-
field. The optical response of these bioreporters to the
presence of landmines in the soil below them would then
be remotely imaged and analysed. Several microbial
sensor strains have since been described (Looger et al.,
2003; Altamirano et al., 2004; Radhika et al., 2007; Gar-
mendia et al., 2008; Davidson et al., 2012; Yagur-Kroll
et al., 2014; Shemer et al., 2015, 2017, 2018, 2020) that
emit a dose-dependent signal in the presence of the
main explosive landmine constituent (Jenkins et al.,
2001), 2,4,6-trinitrotoluene (TNT), and/or of its manufac-
turing by-product 2,4-dinitrotoluene (DNT). The latter
compound, due to its relatively high volatility, is consid-
ered a useful ’signature chemical’ for the presence of
TNT-based landmines.

Yagur-Kroll et al. (2014) reported an Escherichia coli
sensor strain, harbouring a plasmid-borne fusion of the
green fluorescent protein GFPmut2 to the E. coli yqjF
gene promoter. The latter promoter was shown to be
activated by both TNT and DNT (Yagur-Kroll et al.,
2014), and directly induced by their degradation product
2,4,5-trihydroxytoluene (Shemer et al., 2018). The yqgjF
promoter was further optimized by directed evolution
(Yagur-Kroll et al., 2015), and bacteria hosting the
enhanced plasmid, encapsulated in Ca-alginate beads,
successfully detected real antipersonnel landmines over
which they were spread (Belkin et al., 2017). Excitation
and imaging of the fluorescent signal were performed by
computer-controlled screening of the target area with a
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Table 1. Luminescent response of immobilized BS02 bioreporters to DNT (3 mg|~" in LB-agar) as a function of bead size (top,
1.51 x 10° cells per bead) and cell concentration (bottom, bead diameter 1.55 mm). Errors represent the standard deviation over at least three

repeats.

Nozzle diameter (um) Bead diameter (mm)

Response intensity® (RLU°) Response ratio®

1000 295 + 0.14
750 1.55 + 0.09
300 1.03 £ 0.21

1.16 x 107 + 1.04 x 10° 59.2 + 5.02
2.07 x 107 + 1.05 x 10° 79.2 + 7.83
9.87 x 107 + 1.36 x 10° 38.6 + 5.12

Bacterial concentration
in alginate (% w/v)

Bacterial density in beads
(CFU per bead)

Response intensity?® (RLU®) Response ratio®

0.05 7.92 x 10* + 8.13 x 10°
0.1 1.51 x 10° + 3.10 x 10*
0.5 3.35 x 10° + 3.77 x 10*
1 6.16 x 10° + 1.83 x 10°

1.62 x 107 + 2.28 x 10° 223 + 5.1
2.28 x 107 + 2.78 x 10° 353 + 6.4
7.42 x 10° £ 7.7 x 10° 246 + 7.6
5.48 x 10° + 1.34 x 10° 307 +74

a. Luminescence in the presence of DNT minus that in its absence.

b. Luminescence in the presence of DNT divided by that in its absence.

c. Plate reader’s arbitrary relative light units.

dedicated optical system. One of the lessons learned
from that experiment was the difficulty inherent in sus-
taining the viability of the alginate-immobilized bacteria
for the relatively long time (22 h in that specific case)
required to obtain a significant fluorescent signal.

In the present report, we describe two approaches
undertaken to overcome this difficulty: optimization of the
bacterial alginate encapsulation formulation and proce-
dure, in order to increase field survival time, and the
introduction of enzyme-driven bacterial bioluminescence
as the reporter entity, instead of a fluorescent protein. In
the framework of the latter effort, aimed at enhancing
sensitivity as well as shortening response times, we
have substituted the GFPmut2 gene by three different
bacterial /ux gene cassettes, originating from the terres-
trial bacterium Photorhabdus luminescens and from the
marine species Aliivibrio fischeri and Photobacterium
leiognathi, each with different environmental require-
ments for optimal performance.

Results

Effects of bead diameter and cell density on DNT
detection

Alginate beads in three diameters, encapsulating biolu-
minescent DNT sensor strain BS02 at four cell densities,
were tested for their effect on DNT detection (Table 1).
The different bead sizes were achieved by employing
different nozzle diameters (300, 750 and 1000 pm) of
the encapsulation device, as described under Experi-
mental Procedures below. The different cell concentra-
tions were obtained by suspending different amounts of
a centrifuged cell pellet in a 2% alginate/1% polyacry-
lamide (PAA) solution, added dropwise into a CaCl,
solution. Batches of at least ten beads were placed as a
monolayer on the surface of LB—agar supplemented with
DNT (3mg|~") in an opaque white 24-well microtitre

plate, and luminescence was monitored over a period of
17 h. The results, summarized in Table 1, indicated that
total luminescence intensity in response to DNT
decreased with increasing bead size, but that the
1.5 mm bead diameter yielded the highest response
ratio.

Testing the luminescent response of beads contain-
ing different bacterial densities revealed that higher
bacterial content is not linearly linked to stronger lumi-
nescent signals (Table 1). A concentration of 0.1% bac-
teria in the alginate solution, equivalent to
1.5 x 10°cells per bead, yielded the strongest
response in terms of both signal intensity and response
ratio. While higher bacterial densities resulted in some-
what more rapid signal development (Fig. 1), reaching
a maximum after ca. 270 min, the overall signal inten-
sity at these concentrations suffered a significant
decrease. The stronger signals produced by the lower
bacterial densities peaked after 550—700 min. Based on
these results, a bead diameter of 1.55 mm and a cell
load of ca. 1.5 x 10° per bead were selected for the
continuation of the study.

Polyacrylic acid as an alginate additive

The effects of PAA, a biocompatible and biodegradable
(Larson et al., 1997; Chiellini et al., 2003) hygroscopic
compound, on water loss from alginate beads was inves-
tigated by including different PAA concentrations (0%—
1% wi/v) in the alginate formulation. Higher concentra-
tions (2—4%) proved to be mechanically unsuitable due
to the high viscosity and enhanced stickiness of the
beads, probably due to high levels of syneresis. As
shown in Figure 2A, water maintenance in the two PAA
concentrations tested was significantly higher than in the
PAA-free control. Following 4 h of incubation at room
temperature, close to 50% of the original water content
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Fig. 1. Luminescent response of alginate—PAA beads (2% w/v algi-
nate, 1% w/v PAA) when placed on LB—agar containing 5 mg I~
DNT. The beads were prepared with various concentrations of the
BS02 bioreporter strain. The response is presented as the differ-
ence in luminescent signal intensity between the sample and the
control, in the plate reader’s arbitrary relative light units (RLU).

was preserved in the presence of 1 % PAA, in compar-
ison with only 20% in the control.

As may be observed in Figure 2B, the inclusion of
PAA as a bead component favourably affected not only
water loss, but also the efficiency of DNT detection.
Addition of PAA at a concentration of 0.5—1% resulted in
a 2- to 4-fold increased response when compared to
alginate beads with no PAA, whereas 1.5% PAA exerted
a minor negative effect. The latter effect may have been
due to the very high polymer density, which could have
adversely affected both the bacterial well-being and DNT
diffusion into the bead.

A possible explanation of the positive effect of PAA on
the intensity of the bioreporter's response is adsorption
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Table 2. Effect of PAA on DNT concentration in alginate beads.

DNT concentration (mg 1~")

PAA (1%) in beads In beads In medium
+ 3.56 + 0.09 3.69 + 0.09
- 1.68 + 0.23 3.95 + 0.23

of DNT to PAA, which may increase the inter-bead DNT
levels and hence the DNT concentrations ‘seen’ by the
cells. To test this hypothesis, 2% alginate beads with or
without added PAA (1%) were incubated overnight in a
5 mg I”' DNT solution. DNT concentrations were then
determined by LC/MS in methanol extracts of the beads
and of the medium, and the results are presented in
Table 2.

As can be seen in Table 2, the presence of PAA has
increased the DNT concentration in the beads by over
twofold, indicating an excess uptake of DNT by these
beads; this observation confirms the explanation pro-
posed above for the positive effect of PAA addition on
the bacterial response to DNT.

Switching to different reporter lux gene cassettes

The luminescent activity of the Photorhabdus Iumi-
nescens luxCDABE cassette, employed as the reporter
element in the original ygjF-based bioreporter (Strain
BSO01; Yagur-Kroll et al., 2014), significantly deteriorated
at temperatures below 25°C. To allow trace DNT detec-
tion at lower temperatures, the lux genes in plasmid
C55-IuxPl were replaced by two other Jux variants, origi-
nating from Aliivibrio fischeri and Photobacterium leiog-
nathi, to generate plasmids C55_IluxAf and C55_IluxPleio
respectively. Each of these plasmids was transformed
into an E. coli strain with a mutated pykF gene, a
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Fig. 2. (A) Effect of PAA content on the rate of water loss from alginate—PAA beads. Beads were allowed to desiccate on an open Petri dish at
room temperature. Error bars represent the standard deviation of three samples, each containing 10 beads of ca. 3 mm diameter. (B) Effect of
PAA on the response to DNT. A monolayer of alginate beads (including 0%—1.5% PAA), encapsulating reporter strain BS02 (1.5 x 10° cells
per bead, 1.55 mm diameter), was placed on LB—agar with DNT (5 mg I~") in a 24-well plate. The response is presented as the maximal differ-
ence (in the plate reader’s arbitrary relative light units) between the sample and the control over a period of 10 h. Error bars represent the stan-
dard deviation over three different samples.
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mutation previously demonstrated to be beneficial for
yqjF induction (Shemer et al., 2020). These bioreporters
also harboured plasmid pACYC yhaJ G2 (Shemer
et al., 2020), expressing a modified version of Yhad, the
positive yqjF regulator (Palevsky et al., 2016). The two
new reporter strains thus generated were termed BS02
(carrying C55_IluxAf) and BS03 (C55_IluxPleio). Activity
in liquid culture revealed a superior response of both
alternative reporter systems at temperatures below 37°C
(Fig. S1). When immobilized in PAA-alginate beads,
both BS02 and BS03 displayed a significantly lower
background luminescence in comparison to BS01, result-
ing in superior response ratios. Luminescence intensity
of strain BS03 in response to DNT buried in sand
(5 mg kg~ ) at 25°C-30°C was much higher than that of
the other two strains; at 25°C, the integration of the P.
leiognathi lux genes resulted in a 4-fold increase in sig-
nal intensity (Fig. 3) and a 21-fold increase in the
response ratio (not shown). The activity of the BS02
reporter was superior at 15°C—20°C, but fell dramatically
at temperatures of 25°C and above. The BS01 reporter
proved slightly advantageous only when tested at 37°C,
rendering it less suitable for most field applications. The
decline in the luminescent response of BS01 at the
lower temperatures may be attributed to the impaired
activity of the lux enzymes, compounded by a more gen-
eral slower cellular metabolic rate, which also led to a
slower degradation of DNT.

Long-term storage of immobilized bioreporters

A parameter that would greatly affect any future adoption
of microbial bioreporters for landmine detection, as well
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Fig. 3. Bioluminescent response of bead-encapsulated sensor
strains BS01, BS02 and BS03 to DNT buried in sand (15 ng per
well, 5 mg Kgsana ') All three strains carry a ApykF deletion and
the pACYC_yhaJ_G2 plasmid, along with one of three lux variants;
C55_PI (BS01), C55_Af (BS02), and C55_Pleio (BS03). A single
layer of 1.55 mm beads (1.51 x 10° cells per bead, 2% w/v algi-
nate, 1% PAA) was placed on each well of an opaque white 24-well
microtitre plate. Error bars represent the standard deviation over at
least 3 measurements.

as other potential applications, is their amenability to
long-term storage. To test viability and activity mainte-
nance of the alginate/PAA-encapsulated sensor strains,
identical batches of beads containing bioreporter strain
BS03 were suspended in glycerol as a cryoprotectant
and freeze-dried. The beads’ morphology was main-
tained throughout this process; in the absence of glyc-
erol, bead structure was lost and activity after
resuscitation was below the detection limit (data not
shown).

Over a period of three months, bead aliquots were
removed from the temperatures at which they were
maintained, and their response to DNT (2 mg I~! DNT in
LB-agar) was assayed. When maintained at tempera-
tures above 0°C, deterioration of activity was very rapid,
resulting in ca. 90% lower signal intensities after 30 days
of storage (not shown). The beads maintained at both —
20°C and —80°C, however, exhibited complete recovery
of activity; in fact, activity after resuscitation was higher
than that of the beads immediately after freezing (Fig. 4).
The beads frozen at —20°C required a longer time than
those kept at —80°C to reach the same activity levels;
after 50 days of storage, the average time to reach a
response ratio of 5, for example, was 367 min and
131 min for the —20 and —80 stored cells respectively.

(A)

4.0E4+07

Storage temperature (°C)

. —=-80 =#--20
3 3.0E+07
=
3
g 2.0E+07
v P
@ -
£
£ 108407

0.0E+00 j

~

10 A

Luminescence (Responseratio) 53

0 20 40 60 80 100
storage period (day)

Fig. 4. Bioluminescent response to DNT (2 mg I~ in LB-agar) of
immobilized bioreporters (strain BS03), subjected to lyophilization
and stored for three months at —80°C and —20°C. The signal
intensity (A) and signal to background ratio (B) were monitored
every 2-3 weeks. Error bars represent the standard deviation of
3 independent measurements.

© 2020 The Authors. Microbial Biotechnology published by Society for Applied Microbiology and John Wiley & Sons Ltd, Microbial

Biotechnology, 14, 251-261



Explosives detection by immobilized bioreporters 255

To 30 min 60 min
6
10
— 0 5
e
3} 0 10 20
9 90 min
SN i
5 10 = €
S s | g
o) | 8
2 9 :- l R
@ £
O 0 10 20 E
o 180 min 210 min 240 min .2
>
10 10 10
5 5
0 0 = 1 1
0 10 20 0 10 20 0 10 20
Horizontal coordinate (cm) 0

Fig. 5. Response of the immobilized BSO1 reporter strain to buried explosives. DNT (50 g) was buried under 8 cm of sand in a 15 cm x 25 cm
container, and incubated for 1 year at room temperature. Luminescent response of the biosensors was monitored in an emulator chamber (70%
humidity, 25°C) by a custom-made detection system, consisting of a photomultiplier device that traversed the target area at constant time

intervals.

Response of immobilized bioreporters to buried
explosives

A laboratory-scale experiment was conducted to demon-
strate the detection capabilities of buried explosives by
the immobilized bioreporters. Strain BS01, immobilized
in 1.5 mm alginate/PAA beads, was spread over a sand-
filled container harbouring DNT (50 g), buried 8 cm
below the surface ca. 12 months before the experiment.
A strong, rapid but transient response was observed,
mostly around the centre of the field, peaking after 1.5 h
and ending 2.5 h later (Fig. 5). Four reference samples
were measured in parallel: two negative control samples
of DNT-free sand (top corners of the container) and two
positive control samples of 5 mg kg=' of DNT mixed in
sand (bottom corners). Peak luminescence intensity
measured was 4-fold higher than that observed in a con-
trol sample filled with DNT-free sand (Fig. S2), and
developed much faster than that of the positive controls
at the bottom corners.

Detection of a buried landmine with immobilized
bioreporters

Actual concentrations of DNT and TNT above buried
landmines are highly variable, depending upon mine type
and age, soil type and composition, soil water content,
local vegetation and climatic conditions (Jenkins et al.,

1999, 2001; Webb and Phelan, 2000; Leggett et al.,
2001). In this experiment, a small (100 g explosive con-
tent) metallic antipersonnel landmine (model PRB MS3;
von Tresckow, 1978) was buried a few cm below the sur-
face of a sand-filled cylindrical container (H = 50 cm,
R = 25 cm), and left in the open for 15 months. While the
porous sand matrix normally promotes the permeation of
explosive vapours, after 15 months of exposure to the
elements, including significant rainfall, its topmost layer
turned into a solid crust. Imaging of the container 5.5 h
after spreading the immobilized BSO03 sensor strain
revealed a clear increase in the luminescent signal at the
centre, directly above the spot where the landmine was
buried (Fig. 6).

Discussion

While detection of explosives with microbial bioreporters
has been studied for two decades, the actual implemen-
tation of such a solution for the detection of real landmi-
nes has scarcely been reported, with the exception of
the initial design reported by Burlage (MacDonald et al.,
2003) and the more recent report by Belkin et al. (2017).
In the present report, we demonstrate for the first time
the detection of an actual buried landmine in an outdoor
set-up, by a bioluminescent bioreporter. To reach this
milestone, significant enhancement of the luminescent
signal from the original bioreporter design (Yagur-Kroll
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Empty Target

PRB-M35 Landmine

Fig. 6. Luminescent response of BS03 reporter strain, immobilized in 1.55 mm alginate—PAA beads (1.51 x 10° cells/bead, 2% w/v alginate,
1% PAA), 5.5 h following exposure to an empty sand target (left) and to an aged target containing a PRB-M35 antipersonnel landmine buried in

sand (right).

et al., 2014, 2015) was achieved (Shemer et al., 2020),
as well as optimization of the formulation in which the
microbes are encapsulated for dispersal in the field.

In previous studies (Belkin et al., 2017), the Ca-algi-
nate beads employed to immobilize the sensor bacteria
and provide them with a suitable microenvironment in
which to function, were extremely prone to desiccation;
in view of the long exposure time required for signal
development, the beads had to be intermittently moistur-
ized in the course of the experiment. To circumvent
bead desiccation under field conditions, thus allowing
sufficient time for bacterial signal development, we have
explored two separate strategies: limiting bead water
loss, and enhancing bacterial signal development in
terms of both intensification of the signal and shortening
of the response time. As is demonstrated in Figure 6,
the combination of the two strategies has allowed the
clear detection of a real antipersonnel landmine within a
few hours, with no evident deterioration of bead morphol-
ogy and function, in spite of the low humidity of the test
environment.

Alginate was selected as the main polymeric compo-
nent for sensor strain encapsulation, based on numerous
previous studies attesting to its transparency, facility of
preparation, excellent biocompatibility and high perme-
ability (Leth et al., 2002; Michelini and Roda, 2012; Axel-
rod et al, 2016). In the present study, three parameters
were optimized in the encapsulation of the bacteria in
the alginate matrix: bead size, cell density and PAA con-
centration, leading to a formulation (2% alginate, 1%
PAA, 1.55 mm diameter, 1.51 x 10° cells per bead) that
proved to be superior to formerly used beads (Belkin
et al., 2017) in terms of both signal intensity and resis-
tance to desiccation. The concentration of bacteria inside
the beads proved to be a vital factor in optimizing their
response. Interestingly, the overall signal was not lin-
early linked to bacterial population density, as several

conflicting factors appear to play a role here: while
higher cell numbers are expected to provide a stronger
signal, they are nevertheless hindered by physical prox-
imity of other cells, light emission is masked, and activity
may be limited by availability of nutrients, oxygen and
DNT. The addition of PAA, originally intended to improve
desiccation resistance, turned out to also enhance the
bioreporter's signal intensity, apparently by absorbing
DNT and thus increasing the concentration of this com-
pound in the immediate environment of the cells. While it
is expected that same may be true also for traces of
TNT, this has not been examined in the present study.

Another significant environmental factor that must be
considered when applying these sensor microbes under
field conditions, is the need to function at temperatures
that may be sub-optimal for the host bacteria. This
obstacle was at least partially surmounted by construct-
ing a set of bioreporters with different lux cassettes, orig-
inating from three different luminescent bacteria, thereby
broadening the operational temperature spectrum.
Across the entire panel, satisfactory results were
obtained at temperatures ranging from below 15°C to
above 30°C. In addition, the /ux systems originating from
A. fischeri and P. leiognathi not only allowed faster sig-
nal development, but also exhibited a much lower back-
ground luminescence, resulting in lower detection
thresholds at all temperatures.

While E. coli may not be an ideal species in terms of
survival and functionality in natural environments, it was
nevertheless selected as the host bacterium due to the
accessibility of relevant molecular, biochemical and
physiological data and knowhow, combined with
amenability to genetic manipulations and the availability
of the required molecular tools. The successful detection
of a buried antipersonnel landmine by strain BS03
serves as an obvious justification to this decision.
Nevertheless, future studies will be devoted to the
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development of an equivalent detection system in differ-
ent microbial hosts, including soil bacteria.

The results presented in this study demonstrate that
the current sensitivity and signal intensity of the BS03
reporter strain are already sufficient to produce a signifi-
cant optical signature not only in response to buried
explosives dispersed in soil, but also to actual landmi-
nes, for which the explosive signature is minute. Never-
theless, efforts directed at additional lowering of the
detection thresholds are currently underway, aiming to
generate improved bioreporter generations. Future large-
scale field applications will also require the development
of practical solutions, among others, for mechanized
bead dispersion and image processing, both of which
are currently under development. Additional issues that
will need to be addressed relate to the release of engi-
neered microbes to the environment, including the risks
of lateral gene transfer along with antibiotic resistance.
While a chromosomal integration of the sensor—reporter
fusion may be impractical due to a significantly lower
signal, other solutions may be implemented, including
selection characteristics which are not antibiotics-based
(Vandermeulen et al., 2011), auxotrophic mutations that
will prevent bacterial growth in the absence of specific
nutritional elements, or toxin-based interdependency of
the host/plasmid pair (Wright et al., 2015).

Experimental procedures
Chemicals and growth media

All chemicals used in this work were of the highest ana-
lytical grade and were purchased from Sigma-Aldrich
(Israel). DNT stock solution was prepared by dissolving
DNT crystals in ethanol to a concentration of 27 g I~".
This solution was then diluted in water or in lysogeny
broth (LB) at least 50-fold, so that final ethanol concen-
tration in the reaction mixture did not exceed 2% (v/v).
DNase—RNase-free water (Sigma-Aldrich) was used for
all molecular biology procedures. Restriction enzymes
were purchased from New England Biolabs, and DNA
purification kits from Qiagen. Sodium-alginate (CAS
9005-38-3) and polyacrylic acid (PAA, CAS 9003-01-4,
MW ~ 250 000, 35% in H,O) were purchased from
Sigma-Aldrich (Israel).

All bacteria were grown in LB and stored on LB-agar
plates. Antibiotics (100 mg I=" ampicillin, 50 mg I~
kanamycin or 30 mg I~ chloramphenicol) were added to
the media depending on the bacterial hosts and plas-
mids employed.

Encapsulation of bacteria in alginate beads

Optimal sodium-—alginate working solution concentration
was 2% (w/v); higher concentrations were too viscous,
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whereas lower concentrations were more prone to desic-
cation and supported sub-optimal activity (Fig. S3). The
solution was stirred until all the alginate were dissolved,
and allowed to settle overnight at room temperature (RT)
to remove air bubbles and ensure full dissolution. A 10%
PAA solution was prepared by diluting PAA in deionized
water. The solution was neutralized to pH = 7.0 with
10 M NaOH, following which it was filter-sterilized
(0.22 um Biofil™ PVDF filter, Porvair Filtration Group,
Fareham, UK) and stored at room temperature. PAA
was added to the fully dissolved alginate to a final con-
centration of 0%—-1.5% and stirred to full homogeniza-
tion. The volume of the added 10% PAA solution was
subtracted from the total volume of H,O in which the
alginate was dissolved.

Bacteria were grown overnight at 37°C with shaking
(200 r.p.m.) in LB supplemented with the appropriate
antibiotics to ensure plasmid maintenance. The culture
was then diluted x1/50 in 1| of fresh LB supplemented
with the same antibiotics and grown under the same
conditions to an optical density at 600 nm (ODggo) of
0.8—-1.0. The culture was then centrifuged (Sorvall Lynx
6000, Thermo Scientific, 7000 r.p.m., 4°C) for 40 min,
and the supernatant was discarded. The pellet was re-
suspended in 5 ml sterile saline (0.9% w/v NaCl) and re-
centrifuged at 4000 r.p.m. for 10 min. The supernatant
was discarded, and the pellet was weighed and re-sus-
pended in 5 ml saline. An appropriate volume of the re-
suspended bacteria was added to a previously prepared
sodium—alginate solution, with or without PAA, and stir-
red gently to ensure homogeneity. The alginate—PAA—
bacteria solution was stored at 4°C and immobilized the
following day.

Immobilization of the bacteria in alginate beads was
performed by dripping the bacteria—alginate (+/-PAA)
solution into a gently stired CaCl, (0.1 M) solution,
using an automated Buchi B-390 encapsulator (Buchi
Labortechnik AG, Flawil, Switzerland). The nozzle diam-
eters used in this work ranged from 300 to 1000 pm.
The pressures employed were 200—-400 mbar (N,) and
the applied vibration frequency was 40-200 Hz, depend-
ing on the selected nozzle, to allow the separation of
droplets. The beads formed upon contact with the Ca®"
ions were stirred for 30 additional minutes to ensure
complete gelation. The beads were then strained,
washed with saline supplemented with TWEEN® 80
(0.5% wi/v) to reduce stickiness, strained again and kept
at 4°C until used.

To enumerate bacterial density inside the beads,
batches of 10 beads were placed in a 1.5 ml microcen-
trifuge tube (Eppendorf), to which sodium citrate (2%)
was added until the Ca-alginate beads were fully dis-
solved. The cells thus released to the surrounding solu-
tion were enumerated by plating serial dilutions on LB—
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agar plates; the number of colony-forming units (CFU)
was determined following overnight incubation at 37°C.

Assessing alginate bead water loss

The effect of PAA content on the rate of water loss was
measured by placing batches of 10 beads, 3 mm in
diameter, on an open Petri dish at room temperature,
and following their weight over a period of 5 h.

Assessing DNT adsorption by alginate beads

Alginate beads (2% w/v) with or without PAA (1% w/)
were prepared as previously described and washed with
double-distilled H,O. Batches containing 90-150 beads of
each matrix type were selected, bead diameter was mea-
sured, and total bead volume was calculated (ca. 1.7—
3.1 ml per batch). Next, each batch was incubated in a
5 ml DNT (5 mg 1=") solution for 3 h at 30°C. The medium
was filtered (0.45 um syringe filter) and stored at —20°C
until analysed. The beads were lightly dried from excess
liquid, transferred to methanol (3 ml) and shaken at 30°C
for 3 h. The methanol extract was filtered (0.45 um syr-
inge filter) and stored at —20°C until analysed. DNT con-
centrations in the medium and bead extracts were
determined by liquid chromatography/mass spectrometry
(LC/MS) using an Agilent 1200 system composed of a
ZORBAX Eclipse XDB-C18 (2.1 mm x 50 mm) column
and an Agilent 6520 Accurate-Mass Q-TOF LC/MS appa-
ratus, equipped with an electrospray ionization source
(ESI) and a UV detector (Agilent Technologies, Santa

Table 3. List of bacterial strains, plasmids and primers used in this study.

Clara, CA, USA) as previously described (Shemer et al.,
2018). Two sets of calibrants were used to quantify DNT
in the media surrounding the beads and the bead extract,
containing DNT dissolved in H,O or methanol, respec-
tively.

Construction of novel reporter plasmids

Three reporter plasmids were used in this study, contain-
ing three different lux gene cassettes as bioluminescent
reporters: IuxCDABE genes of Photorhabdus Ilumi-
nescens (C55_luxPl), the luxCDABEG of Aliivibrio fis-
cheri (C55_luxAf) or the IJuxCDABEG genes of
Photobacterium leiognathi (C55_luxPleio). In all three
variants, the lux cassette was fused downstream of the
C55 promoter, a variant of the E. coli native ygjF pro-
moter, the DNT-detection capability of which was
enhanced by directed evolution (Shemer et al., 2020).
Replacement of the lux cassette in the C55-luxPI plas-
mid with that of A. fischeri or P. leiognathi was per-
formed by digestion of the plasmid with Sacl and EcoRl
restriction enzymes, followed by insertion of the alterna-
tive lux cassette using the Gibson assembly technique
(Gibson et al., 2009). The luxCDABEG cassette of A. fis-
cheri was PCR-amplified (primers 94_luxV_Sacl_F and
93_luxV_RI_R, Table 2) from plasmid pUCD615
(Rogowsky et al., 1987), and the luxCDABEG cassette
of P. leiognathi (Leibniz Institute DSMZ strain 21260,
Germany) was PCR-amplified directly from this organ-
ism’s genomic DNA (primers 125_|luxPL_F and
126_luxPL_R, Table 2). A Sacl restriction site, located in

Bacterial strain

Genomic mutations Reference

Photobacterium leiognathi subsp. leiognathi

Boisvert et al. (1967)

Escherichia coli BW25113 ApykF Baba et al. (2006)
Plasmid Backbone Source

C55_luxPI pBR2TSS Shemer et al. (2020)
C55_luxAf pBR2TSS This work
C55_luxPleio pBR2TSS This work
pACYC_yhaJ_G2 pACYC Elad et al., unpublished
Bioreporter strain Host, genetic background, plasmid Plasmids

BSO01 E. coli BW25113, ApykF, C55_IluxPI C55_luxPl, pACYC_yhad_G2
BS02 E. coli BW25113, ApykF, C55_luxAf C55_luxAf, pACYC_yhad_G2
BS03 E. coli BW25113, ApykF, C55_IluxPleio C55_luxPleio, pACYC_yhaJ_G2
Primer DNA sequence

93_luxV_RI_R GTGAATTGTAATACGACTCACTATAGGGCGAATTCCTTTATACGTATGCAAAAGCATCG
94_|uxV_Sacl_F CAATCAGCAGCCTGAGTGGCGAGCTCAGGAGGGGCAAATATGAATAAATGTATTCCAATG
125_luxPL_F CAGCAGCCTGAGTGGCGAGCTCAGGAGGGGCAAATATGATTAAGAAGATCCCAATGATTATTG
126_luxPL_R CGACTCACTATAGGGCGAATTCAATATCCCTATAAATAGAACTATCTATTGGGTAC
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the luxD gene of the inserted lux cassette was silenced
by adding a point mutation (GAGCTC — GAGTTC), to
allow further manipulations using the Sacl site flanking
the reporter genes. All constructed plasmids were veri-
fied by colony PCR and by sequencing. All plasmids
were chemically transformed to an E. coli strain
(BW25113) carrying a deletion of the pykF gene (Baba
et al., 2006), a mutation beneficial for DNT detection in
terms of signal intensity and detection threshold (Shemer
et al, 2020). Plasmid pACYC_yhaJ G2 (T. Elad, B.
Shemer, E. Shpigel and S. Belkin, unpublished data),
encoding an enhanced version of ygjFs positive regula-
tor Yhad, was also transformed into the bacterial hosts,
along with the ygjF-lux plasmids, to further improve their
detection capabilities. All strains, plasmids and primers
used in this work are listed in Table 3.

Luminescence assays, liquid cultures

An overnight culture (LB, 37°C with shaking, 200 r.p.m.)
was diluted x1/100 in fresh LB and grown to an early
exponential growth phase (ODggoy &~ 0.2). Culture ali-
quots (50 ul) were then added to 50 pl of DNT in 4%
ethanol in individual wells of an opaque white 96-well
microtitre plate (Greiner AG, Kremsmdunster, Austria).
The final ethanol concentration in all wells was 2%. The
plate was covered with a SealPlate tape (Thermo Fisher
Scientific, Waltham, MA, USA), and bioluminescence
development was monitored with an Infinite 200 PRO
plate reader (TECAN, Switzerland). When the desired
incubation temperature was lower than 25°C, the plate
reader was placed in a refrigerated room (4°C).

Luminescence assays, immobilized bioreporters on sand
or agar

Activity assays for beads were performed either on sand
or on LB-agar. For sand assays, 3 g of sand (Sigma-
Aldrich, 50-70 mesh) was introduced into each well of a
24-well transparent microtitre plate (Nunclon) and was
moistened by 700 pl DNT-containing LB. For LB-agar
assays, 2 ml of DNT-containing warm LB—agar was trans-
ferred to each well of a similar 24-well plate. The agar
was allowed to solidify at room temperature before use.

Ten ml of refrigerated bacterial beads was recondi-
tioned prior to use by a 1 h incubation in 25 ml LB at
37°C with shaking (200 r.p.m.). The beads were then
strained and spread in a single layer in the well of a
sand- or agar-containing 24-well microtitre plate, pre-
pared as described above. Bioluminescence was quanti-
fied in an Infinite 200 PRO plate reader (TECAN,
Switzerland). When the desired incubation temperature
was lower than 25°C, the plate reader was placed in a
refrigerated room (4°C).
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The luminescent response is presented in the plate
reader's arbitrary relative luminescence units (RLU),
either as the difference (ARLU) or the ratio (response
ratio) between the DNT-exposed sample and the DNT-
free control.

The response of the immobilized biosensors was also
tested over a sand-filled container (27 cm x 16 cm) in
which DNT (50 g) was buried under 8 cm of sand (50—
70 mesh, Sigma-Aldrich), and kept at room temperature
for ca. 1 year to allow permeation of the DNT vapours to
the topmost sand layer. Bacterial bioreporters of strain
SB02 (Table 3) were immobilized in 1.5 mm diameter
alginate (2%)-PAA (1%) beads, at a bacterial concentra-
tion of 0.1% (ca. 1.5 x 10° cells per bead). The target
was lightly sprayed with LB, following which the immobi-
lized biosensors were spread evenly over the container's
surface. The container was then placed in an environ-
mentally controlled chamber (70% humidity, 25°C,
Fig. S2) and was continuously scanned using a special
purpose optoelectronic set-up. The luminescent signal
emitted by the bacteria was sampled over a period of
20 h by a sensitive photodetector (photomultiplier tube,
Model H10493, HAMAMATSU) and an optical system for
imaging the emittance of the bacteria on the photodetec-
tor. Both the photosensor and the optical system were
mounted on XYZ motorized stages for scanning the
entire area of the target. The optoelectronic system,
designed for detecting very weak optical signals (down
to 3 femto-watt at A = 490 nm, the peak wavelength of
the bacterial bioluminescent emittance), was isolated
from both optical and electronic background noise.

A detection test was also conducted with a real metallic
antipersonnel landmine (model PRB M-35, von Tresckow,
1978) with the detonator removed, buried 4 cm below the
surface of a cylindrical container (R =25 cm, H = 50 cm)
filled with Mediterranean coastal sand. The container was
left in the open for ca. 15 months. Two weeks before the
experiment, E. coli sensor strain BS03 (Table 1) was
immobilized in 1.5 mm alginate—PAA beads containing
2% alginate, 1% PAA and 1.5 x 10° cells per bead, and
kept at 4°C. Prior the experiment, 150 g of beads was
reconditioned in LB for 1 h at 37°C, then strained and
transferred to the experiment location. LB was lightly
sprayed on the target's surface, and the beads were
sprinkled evenly on the whole target area. A dark cham-
ber was placed over the target, and a Sony «7S Il cam-
era equipped with a Sony FE 28 mm f/2 lens was used
to image the luminescent response (25600 ISO, 30 s
exposure, maximal aperture).

Long-term storage of immobilized sensor strains

To investigate the potential for long-term storage of the
alginate/PAA immobilized bioreporters, E. coli sensor
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strain BS03 was immobilized in 1.5 mm alginate—PAA
beads containing 2% alginate and 1% PAA at a cell den-
sity of 1.5 x 10° cells per bead. The beads were
washed with 0.5% TWEEN® 80 in saline, strained,
placed in 5 ml glass vials, covered with glycerol (20% v/
v) and frozen at —80°C. The frozen beads were lyophi-
lized at —40°C in an Epsilon 1-4 LSCplus freeze dryer
(Martin Christ Gefriertrocknungsanlagen GmbH, Oster-
ode am Harz, Germany), under a pressure of 0.05 mbar,
for 72 h. The lyophilized beads were stored at —80°C,
—20°C, 4°C and at room temperature. At intervals, vials
were shifted to room temperature for 20 min, following
which 20 ml of LB were added to each of the vials,
which were further incubated at 37°C for 2 h. A layer of
beads was placed on the surface of each well of a trans-
parent 24-well microtitre plate (Nunc) containing 1.8 ml
LB-agar with or without DNT (2 mg I~"). Luminescence
was measured every 10 min in an Infinite 200 PRO plate
reader (TECAN, Switzerland) at 28°C.
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Fig. S1. Bioluminescent response of three different lux vari-
ants to 0.25 mg/L DNT at various temperatures. All strains
are pykF mutants and carry the pACYC _yhaJ G2 plasmid.
Strain BSO01 carries the previously used lux cassette, origi-
nating from P. luminescens, while BS02 and BS03 carry the
lux cassettes of A. fischeri or P. leiognathi, respectively.
The response is demonstrated in terms of the maximal sig-
nal intensity over 1000 minutes of incubation (A, C) or the
ratio between the maximal response and the maximal back-
ground (B, D). Panels C and D focus on the response at
15°C. Error bars represent the standard deviations over
three repetitions.

Fig. S2. Luminescent response of immobilized BSO01
biosensors to DNT buried in sand. The response was mea-
sured by a traversing photodetector placed in an environ-
mentally controlled chamber (A) and is represented by the
signal intensity at the most induced area across the target
(‘induced’) and the signal intensity over two control targets,
comprised of clean sand (‘control’) (B).

Fig. S3. Response of the BS03 reporter strain, immobilized
in PAA-alginate beads, and placed on 1.8 mL of LB-agar
supplemented with DNT (2 mg/L). The response is repre-
sented as the maximum difference between the sample and
the control over a period of 10 hours. Error bars represent
the standard deviation over 3 different samples.
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