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Abstract

Routine monitoring of sanitation and hygiene to identify fecal contamination in aquatic environments
is an effective means to prevent threatening disease transmission. Compared to immunological or
genetic methods performed in a central lab, enzymatic assays are considered simple, quick, cost-
effective and thus promising for in-field (near) real-time detection. However, the long detection time
for mildly polluted samples is a major obstacle to its deployment as an early warning system. Here,
the challenges faced by the assays in real environmental sample measurements are summarized,
followed by the current status of their field applications. Furthermore, the likelihood and ways are
discussed for significant assay improvements using state-of-the-art synthetic biology technologies.
Rapid advances in synthetic biology such as various new enabling tools for precise biomolecular
manipulation and cell-free expression systems have great potential to address the present bottlenecks

of the enzymatic assays, paving the way for better early warning strategies and performance.
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Introduction

Frequent outbreaks of waterborne bacterial gastrointestinal diseases such as cholera and typhoid stem
from feces-contaminated water. WHO reported that 26% of people globally accessed contaminated
drinking water sources in 2020, causing an estimated 829,000 deaths from diarrhoeal disease each
year [1]. Severe water shortages and the increasing worldwide use of reclaimed water for irrigation
means that, in addition to improving public sanitation facilities, routine monitoring of water quality
hygiene for early warning purpose has become more crucial than ever. Since direct detection of trace
amounts of various pathogenic microorganisms using current technology is quite expensive,
technically demanding, and time-consuming [2, 3], Gram-negative (G-) total coliform and
Escherichia coli (E. coli) are widely used fecal indicator bacteria (FIB) to assess the potential
presence of enteric-pathogens. Monitoring both total coliform and E. coli together is beneficial for
the ease and accuracy of testing (though E. coli is considered the better proxy [4, 5]), and is the ‘gold’
standard in national and international guidelines for the microbiological quality assessment of water

resources [6].

Traditional tests are growth-based methods, tedious, costly, and time-consuming, taking at least 48-
72 hours before final results are obtained [7]. Significant interference from non-target organisms is
the main concern when trying to avoid high false-positive results. To this end, enzymatic assays were
developed that combined detection of specific enzymes that are produced by total coliform and E.
coli with a selective medium to inhibit the growth of non-target microorganisms [8, 9]. Lebaron et al.
tested E. coli contamination in seawater in this way [10], resulting in a total detection time of less
than 6 h, and good correlation was obtained between enzyme activity and culture methods (1> = 0.81,
in agreement with other studies [11]). Encouraged by these, at least ten commercial enzymatic assay
kits have been approved for drinking water analysis by USEPA. However, their performance with

real samples depends on both the microorganisms present and the sample matrix.

In early warning practice, since samples contain a tiny amount of FIB, enzyme assays may need a
long pre-culture time to boost enzyme expression for significant enzymatic hydrolysis, e.g. the
detection of 32 and 1 E. coli spiked in 100 ml type water took 17 and 24 hours, respectively [12]. In

these cases, the assays could become extremely delayed or even useless in tracking contamination
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sources. Detection speed is also critical especially in emergencies that require immediate response
[11, 13]. Continuous and near ‘real-time’ monitoring of fecal pollution within 4 h, which has been

defined as “rapid” [14], are therefore preferred to allow same-day decision-making.

To this end, many efforts have been based on the molecular detection methods associated with
immunology, genetics, or enzyme functions. Among them, immunological methods have great
advantages when used with pre-enrichment, purification, target detection, and so forth. For example,
target bacteria are purified and enriched using immunomagnetic beads and then identified with second
antibody modified with strong fluorescent quantum dots (QDs, Fig. 1a) or multiple fluorophore (Fig.
1b), which significantly improved the sensitivity of bacterial detection by enhancing the signal
strength. Wu's group built an similar ELISA-like sandwich structure to test E. coli from 8 water
samples in 10 mins, which showed a linear relationship with counting results, leading to the limit of
detection (LOD) of 57 CFU/mL [15]. One major obstacle of the method when applied to FIB is the
lack of sufficient specificity because polyvalent antibodies that cover the global E. coli population do
not yet exist. As a genetic method, qPCR is extremely beneficial in source tracking when monitoring
for event-based contamination (Fig. 1¢), especially when combined with immune pre-enrichment to
further reduce the LOD (Fig. 1d), though several concerns merit careful attention: 1) PCR primers
lack enough specificity; 2) Inhibitors to polymerase exist in many environmental samples [16]; 3)
Extracellular or dead cell DNA lead to false positive estimations [6]; 4) Starved or stressed bacteria
contain low ribosome content [17].

In comparison, enzymatic assays enable the determination of viable but non-culturable (VBNC)
bacteria [7, 18-20] and are therefore a better-adapted detection method for FIB, especially in mildly
contaminated water that nevertheless contains significant numbers of VBNC bacteria e.g. seawater
[10, 11, 21]. Usefully, results from enzyme assays can often be easily distinguished visually and
quantified using affordable digital imaging and image processing techniques [22]. Considering that a
field test requires a simple, low-cost, field-deployable instrument and the rapid screening technique
may be performable by an untrained individual, cheap and portable enzymatic assays can be more
amenable to resource-limited settings [11]. Therefore, in this review paper, we will pay close attention
to the enzymatic assays, focusing mainly on the challenges faced by the assays in practical aspect for
early warning purpose and the recent progress made in field applications for a variety of aquatic
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environments. Following this, we further boldly predict the future prospects for fecal contamination

assays in aquatic environments from a synthetic biology perspective, aiming to provide several new

clues and directions to address the present bottleneck issues of the assays.

(a) Immunological detection of bacteria based on QD labels
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Figure 1. Examples of immunofluorescence (a, b) and genetic methods (c, d) for bacterial detection.
Adapted with permission from Refs. [23-25].

2. Enzymes and related substrates for enzymatic assays

B-D-glucuronidase (B-GLUase) and B-D-galactosidase (3-GALase) are recognized as unique marker
enzymes with the both being produced by E. coli, but only the latter by total coliform [14, 26-28]. As
a member of total coliform, E. coli could be also identified by B-GALase [29, 30] , but B-GLUase
shows superior specificity [18, 19]. As listed in Table 1, even though the majority of E. coli excrete
B-GLUase this does not confer absolute specificity for FIB because the enzyme may also originate
from other G- bacteria (e.g. Shigella, Salmonella, a minority of Yersinia), some Gram-positive (G+)
species, etc. Such nontarget interference always exists when considering the large number of micro-
organisms in aquatic environments and assays tend to correlate with the presence of both targets and

nontargets in a sample, though in heavily polluted water the latter is negligible [31].



Table 1 Examples of well-known organisms often existing in natural or artificial aquatic environment
that produce the marker enzymes. The numbers in round brackets indicate the proportion of the
species being reported to produce the enzymes.

Category Organisms B-GALase B-GLUase Reference
Escherichia coli + (94-97%)
FIB Total coliform + - [9, 26, 30]
Shigella + (44-58%)
. Salmonella + (20-29%)
Non-colif G- .
on-coliform (G-) Yersinia + +
Flavobacteria +
Staphylococcus + + [9, 32, 33]
Non-target bacteria (G+) Streptococcus spp. + +
Clostridia +
Others Algae and plants + +
Table 2 Widely used substrates for enzymatic assays and their common features
Substrates c
Type B-GALase B-GLUase Advantages Disadvantages
o-Nitrophenyl-3-D-
galactopyranoside
(ONPG)
S-Br.omo-4-ch10ro-3- p-Nltrophenyl-B-D- - Low-cost; N
indolyl-B-D- glucuronide . - Insensitive;
galactopyranoside (PNPG) * Rapid naked-eye - Hard for
Chromogens (X-Gal) 5-Bromo-4-chloro-3- detection; L.
Chlorophenol red f3- indolyl-B-D-glucuronide - Easy operation; quantitative
galactopyranoside (X-Glu or X-Gluc or LT . . measurement;
(CPRG) BCIG) Field applicable;
6-Chloro-3-indoxyl-p-D-
galactopyranoside
(Red-Gal)
- Sensitive;
+ Rapid detection; ]
4-Methylumbelliferone-B-  4-Methylumbelliferyl-f3- . : - Costly;
; X Suitable or both .
Fluorogens D-galactoside D-glucuronide wantitative and - Need special
(MUGA or MUGal) (4-MUG) quantita instruments;
qualitative
analysis;

A wide range of synthesized compounds release chromogenic or fluorogenic molecules when cleaved
by the enzymes as shown in Fig. 2, then these signaling molecules are either enclosed in bacteria to
label them (Fig. 3b) or changed the whole medium (Fig. 2) to report the result. Table 2 summarizes
normally used such substrates with their common pros and cons. Among them, chromogenic
substrates are in general much cheaper than fluorogenic ones, but rarely as sensitive as the latter [19].

5



However, colorful signals facilitate high throughput screening, for example, multiplexing
chromogenic substrates has been used to identify multiple pathogenic strains simultaneously, which
makes the assay especially beneficial in food tests [34, 35]. In comparation to X-Glu or X-Gal
producing an insoluble blue indigo dye inside cells with no impact on their viability [8], and OPNG
or PNPG, which produces yellow-colored nitrophenol suffering extensive extracellular diffusion [9],
CPRG is a better substrate with regards to the cost, sensitivity, and kinetic characteristics, with a
significant color change from yellow to dark red occurring in 10 min (Figs. 2a, 3a) [36], such rapid,
simple, naked-eye detection is more preferred for field applications. Other synthetic substrates have

also been reported for low cost and/or sensitivity [37].

(a) Enzymatic assay to induce color change
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Figure 2. Specific enzyme substrates with its enzymatic reaction, product, and signal detection mode.
(a) CPRG gives different color signals dependent on the abundance of E. coli, facilitating a quick
qualitative test: (1) bacteria purification, (ii) cell lysis, (ii1) enzyme reaction; (b) 6-CMUG gives a
fluorescence signal and could be used to detect the reaction kinetics. Adapted with permission from
Refs. [19, 22].

Aqueous insoluble coumarin derivatives MUGA and 4-MUG release highly fluorescent product of 4-
MU [7, 29, 38], which tends to autohydrolyze quickly and then causes a high background readings in
low FIB samples, that would otherwise correspond to 100 to 1000 CFU/100 ml [39] or 60-100
CFU/100 ml [42] for 15 min assay at 41.5°C. Several other features of 4-MU also detract from its
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performance: 1) Optimal pH (> pH10) for a maximum fluorescence intensity is far from that of most
culture conditions [11, 26]; 2) Inhibits bacterial growth; 3) Diffuses easily into surrounding medium
resulting in lower and delayed signals [8, 29]. Recently, two more substrates containing umbelliferone
variants (6-CMUG and 3-CUG) have become commercially available. These both produce
fluorophores with a lower pKa value [21, 38] and 6-CMUG can produce a fluorescent signal 6 times
higher than that of 4-MUG (Fig. 2b), making the method almost 10 times more sensitive and more
reproducible (relative standard deviation (RSD) = 4.88%) [21]. (As a side note, in contrast to
fluorogenic substrates, chemiluminescent ones are less suited for real sample detection due to the

conflict between sensitivity and specificity [40])

(a) Extracellular enzyme reaction after cell lysis
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Figure 3. Two ways to perform the enzymatic assays: (a) through an extracellular enzyme reaction
after cell lysis to release the enzymes, and (b) through an intracellular enzyme reaction after [IPTG
induction to produce more marker enzyme and then substrate diffusion into the cells. Dissimilar to
the others in (b), sample a was un-induced by IPTG before the enzyme reaction; Samples e, g, and 1
are those starved for 14, 21, and 35 days, respectively, separately containing only nearly 1%, 0.3%,
and 0.04% of culturable bacteria. Adapted with permission from Refs. [41, 42].

3. Factors affecting the performance of rapid enzymatic assays

Enzymatic assays have many limitations in monitoring real samples. For example, with marine water

a Colilert-18 kit produced false-positive results that were 1 to 3 orders of magnitude higher than
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estimates from membrane filtration counts [43], and sewage normally contains many non-target
substances that hydrolyze enzyme substrates [6, 27]. These issues are further complicated by the
extent and kind of interference encountered being dependent on sample origins or environmental
localities [7]. The high probability of autochthonous enzyme-positive non-coliform species being
present in field samples is another big challenge faced. This, and other factors meriting special

attention in the context of field testing, are discussed below.
3.1 Impact of environmental factors on enzyme activity

Marker enzymes in their purified forms are often used when developing a test and as internal
references. However comparison between commercial B-GALase (purified form) and that excreted
by E. coli in a river (environmental form) found that optimal enzymatic conditions occurred at
dissimilar pH’s and temperatures, with the different ions and compounds that commonly exist in
aquatic environments also contributing to variations in enzyme activity [28]. An example of such
interference is illustrated by the altered response of B-GALase (from pure E. coli) when metallic ions
(cadmium and lead), nontarget organisms, and certain sodium salts are present [29]. This highlights
the necessity to establish the range of variation in enzyme activity caused by the local environment
in a real sample and identify differences in the kinetics of the environmental and commercial forms
of the enzyme. Both of these complications detract from the simplicity of using enzymatic signals in

a ‘rapid’ assay.

Aside from the above considerations, another strong influencing factor when monitoring bacteria
loads in drinking and waste water systems is the presence of chlorine, used as a routine disinfectant.
Here, it has been found that the marker enzymes or their encoding genes could be damaged during

the process, leading to the assay detection rate of E. coli dropping by half [44].
3.2 Enzyme induction to improve detection limit and accelerate enzyme reactions

Inducing enzyme activity is a crucial advantage of enzymatic assays. This can effectively promote
intracellular enzyme expression without cell proliferation or enzyme consumption (Fig. 3b). For
example, B-GALase is commonly induced by isopropyl-f-D-thiogalactoside (IPTG) [7, 45], a

molecular mimic of allolactose, which triggers the expression of lac operon to promote the



transcription of lacZ gene encoding B-GALase [46]. Similarly, methyl-B-D-glucuronide (Met-Glu)
targets B-GLUase expression[47]. Importantly, nontarget bacteria were found to be less inducible,
showing several orders of magnitude lower B-GALase activity [31]; this variation in inducibility can

also facilitate discrimination between viable and non-viable cells of the same species.

Such induction processes improves both sensitivity and specificity of the assays, e.g. the f-GALase
activity of E. coli increases ~100-fold after IPTG induction for 30 min [48]. (Note, while lactose is a
cheaper inducer than IPTG [49], it is unsuitable for enzyme accumulation on account of the
competition with other substrates through lactose fermentation.) However, it should be noted that a
real sample which species originating from sewage or the human gut, may already contain molecules
that have induced FIB enzyme expression, and in such cases, further induction treatments have no

effect [49].
3.3 Permeability of bacterial envelope facilitates intracellular uptake of substrates

When the test is performed on whole bacteria, substrates must transfer across the bacterial envelope
to access intracellular enzymes with the signal-reporting product remaining either inside (and so
enhancing the bacteria’s “visibility”) or released outside (Fig. 3). The cell wall permeability is a
decisive parameter both in a test’s performance and in selecting the measurement instrumentation to
be used. For example, the addition of chloroform mixed with 1% sodium dodecyl sulfate (SDS)
permeabilizes E. coli effectively, significantly enhancing the electrochemical signal generated by an
intracellular enzyme reaction with an otherwise impermeable substrate [48]. Many reagents (toluene,
6-thiatetracycline, colistin, lysozyme, polymyxin B, etc.) and their combinations with different
permeabilization mechanisms have been adopted for this purpose. Yang et al. [50] compared the
permeability of E. coli after being treated with lysozyme-EDTA mix, chloroform-SDS mix, and
osmotic shock (using 1 mM disodium EDTA), respectively. The first two treatments exposed cells
directly to the environment whereas osmotic shock did not damage the cell wall sufficiently or for
long enough for substrates to enter the cell. Optimal permeabilizers should balance the
permeabilization effect with the efflux of enzymes from the cells before interaction with the substrate

has occurred.



3.4 Enzyme extraction via cell lysis

To eliminate the above-mentioned envelope barrier, cell lysis has been adopted to extract enzymes
directly for the reaction; this shortens reaction times remarkably. The commercial B-PER reagent
allows enzyme extraction from E. coli within seconds and as a result E. coli can be qualitatively
identified within a few minutes (4x10° to 4x10° CFU/mL) [29]. Such enzyme-extraction however
warrants extra attention considering enzyme denaturation [30]. Compared to other optical, electrical,
or mechanical methods, simple and cost-efficient chemical lysis is device-independent and preferable
for enzymatic assays. Briciu-Burghina et al. [38] have evaluated relevant parameters in detail, such
as lysing agents, lysing time and volume, temperature, etc. The strong ionic detergent SDS or the
milder non-ionic detergent of Triton X-100 are more beneficial to enzyme recovery and/or
maintaining its activity compared to other frequently used chemicals (Triton X-114, Tween 20, Tween
80, NDSB-21, Nonidet P-40, etc.); In addition, Triton X-100 shows less tendency to denature proteins
along with acceptable lysis time (e.g. 30 s for 0.1% Triton X-100) [51]. Prominent candidates also

include B-PER and 1mg/mL lysozyme in PELB™ buffer [38] (Fig. 3a).
3.5 Media for enzymatic assays

Despite components of assay mediums being complex and diverse, all of them in principle perform
two functions: supply substrates and suppress the interference from autochthonal bacteria or other
disrupting substances, such as cell-free components that have been released from damaged cells or
cell-free enzymes that induce similar substrate reactions. Keeping the ‘background’ signal to the
lowest level is critical for both sensitivity and specificity, especially given the impossibility of
eliminating all substrate cleavage from autochthonal and other sources without employing time-
consuming pretreatments. To this end, the addition of inhibitory compounds like bile salts and sodium
heptadecylsulfate (a powerful and mild growth inhibitor of Gram-positive organisms, respectively)
has been found to be a simple way to afford the media superior selectivity. Nevertheless, no medium
is omnipotent when used for samples coming from any type of source, and even preferred additives
may cause uncertainty in testing, e.g. SDS suppresses E. coli growth at a higher concentration but
reduces medium selectivity at a lower concentration enabling autochthonal bacteria to thrive. Hence,

promising media for rapid enzymatic assays should be niche-targeted, with consideration being given
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to the optimal concentrations of substrate, growth media, enzyme inducer, etc., especially when used

together in a ‘one-pot’ process.

Figure 4. Visually and instrumentally detecting FIB on filter membranes. Detection of fluorescent (a)
and chemiluminescent (b) E. coli on different types of membrane filter after 5 h preincubation, then
labeled based on the B-GLUase reactions. (a) A: Nylaflo™, B: nitrocellulose, C: Supor™, D:
Durapore™, E: Vericel™; (b) A: Durapore™, B: nitrocellulose, C: Supor™, D: Nylaflo™, E: Vericel™.
Adapted with permission from Refs. [52]. (¢) Illustration of an SPC instrument that rapidly scans
bacteria on a filter membrane. Adapted with permission from Refs. [53].

3.6 Detection procedure

There are two ways to perform enzymatic assays: a one-step process and a two-stage approach. In the
former, the whole procedure is carried out in the same ‘pot’, under the same conditions [7, 10]. This
may not be well suited for each aspect of the assay, or even can be deleterious. For instance,
permeabilizers generally must be absent in growth media due to their bactericidal effect [54]. Thus,
a two-stage assays have been proposed in which, enzyme induction is separated from subsequent
enzymatic signaling. For example, allowing FIB to grow selectively during an enzyme induction step
through a relatively long cultivation process can be used to enhance test sensitivity, though at the cost
of end-end assay time. This approach minimizes possible competition between enzyme inducer and

substrates [54], such as that between lactose and MUG [55]. Performing the two-stage assay on a
11



filter membrane has also been found to be more advantageous than in liquid media since it can prevent
the growth of nontarget microcolonies on the membrane from confusing colony counting [54]. In this
case, fast growth of FIB to produce microcolonies on the membrane and a low background signal of
the membrane to enhance the contrast from colonies, similar as that of the Nylaflo™ and Durapore™

membranes shown in Figs. 4a and 4b, are preferred for rapid colony counting by naked eyes.

Nevertheless, environmental FIB is always severely stressed or injured and hard to form visually
detectable microcolonies in a short period. Therefore, a technique that could capture both
microcolonies and single cells at the same time would help enable testing in less than 4 h. Such an
instrument is a solid laser cytometer (SPC) (Fig. 4c). It takes merely 3 min to scan a 25 mm diameter
membrane filter with 1 to 1000 viable fluorescing cells resulting in a total assay time of around 3.5-
5 h and a theoretical LOD of one cell per liter [53]. However, the cost and the need of an
epifluorescence microscope for result validation make SPC testing more useful in ‘emergency’
situations, when timely information about drinking water safety is critical. The terms “rapidity” and
“sensitivity” when applied to enzymatic assays are often incompatible or contradictory attributes,

especially in the context of lightly polluted environmental samples.
4. Recent progress in on-site applications

No matter whether in developing or developed countries, early warning to prevent outbreaks of
infectious disease has been the focus for proactive and sustainable water management over the last
two decades. To achieve this, either simple field deployable tests or automated field systems for
(near)real-time detection are in urgent demand for regular water-quality monitoring. Simple and rapid

field tests are particularly desired in resource-poor countries and regions.
4.1 Potential portable sensors for on-site applications

Up to now, no satisfactory field-deployable enzyme assay-based sensors have emerged, and neither
have many potential candidates. It reflects the enormous challenges faced in filed applications as
described in Section 3. Mitra’s group developed a Mobile Water Kit (Fig. 5iv) for qualitative
monitoring of drinking water in Canada and India [56]. It dramatically improved response time (e.g.

50 min detection for 3-5 CFU per 100 ml of well water) by collecting bacteria for enzyme extraction
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on a syringe filter, showing visible signals after 1 h incubation at 37°C. They further constructed an
easy-to-operate plunger-tube assembly based on the same concept (Fig. 51) [29]. Quantitative analysis
of river water and seawater quality was performed similarly by measuring fluorescence signals on a
fluorimeter, resulting in the total detection time of less than 75 min and a low LOD’s of 26 MPN and
110 MPN per 100 ml, respectively (Fig. 5iii) [38]. Therefore, rugged miniaturized signal detection
components could play a key role in developing fast and sensitive on-site tests. For example, Heery
et al. [19] determined E. coli in the Tolka and Liffey Rivers (Dublin) at a concentration lower than
250 MPN per 100 ml within 75 min with a portable fluorimeter (Fig. 5ii); Wildeboer et al. [26]
obtained a low LOD of 7 CFU/ml of E. coli. in the River Thames using a hand-held confocal
fluorimeter. Despite these promising results with portable optical systems, image analysis tools that
enable in-field quantitative analysis or even remote signal transmission could be a more preferred

route for simplifying on-site applications [30, 57, 58].
4.2 Near real-time automated online monitoring systems

An automated online system typically consists of a sample intake, reagent stocks, a temperature-
controlled reaction chamber, a UV emitter, an optical sensor, as well as a control unit and a user
interface (Fig. 5v). Major obstacles for such systems are sufficient sensitivity and robustness in view
of the fluctuation in field conditions (e.g. temperature variations and event-caused disturbances).
Ryzinska-Paier et al. [59] have studied the B-GLUase activity in groundwater in Austria for two years
with monthly services to change filters and refill reagents. The results suggested a lower B-GLUase
activity than either reported literature values or growth-based E. coli measurements (correlation
coefficient (r) = 0.53). This discrepancy, caused probably by discharge and surface runoff conditions,
highlights a strong need of further detailed investigations when using E. coli as a proxy for FIB

estimations in complex catchments.

Koschelnik et al. [60] built an outdoor measurement station named ColiMinder (Fig. 5Svii) to monitor
the B-GLUase activity in sediment-laden creek water in Petzenkirchen (Austria) for two months in
2014. Based on over 2100 automated measurements, the activity is compatible with the level of E.
coli except for the observation of daily fluctuations and event-caused extreme increases. Another

station (BACTcontrol) built at the same location found that the B-GLUase activity linked to runoff
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events and particle transport to some extent, but became more consistent over a long period of time,
which suggests a high potential for the assays to be implemented in early warning systems[61].
Another online study combined with isotope hydrology found that the resuspension of streambed
sediments was the main source of the enzyme activity [62]. A mobile version of the ColiMinder (Fig.
Svi) was also developed to investigate daily fluctuations in the B-GLUase activity at a remote karst
spring in Northern Vietnam for ten days [20]. Besides the E. coli level, the results correlated well with

2-3 um and 5-10 pum particles, implying the attachment of bacteria to such particles.

Lately, Baptiste Burnet et al. for the first time directly compared the performance of automated
systems to established culture and molecular-based methods [14]. They adapted the autonomous
ColiMinder® technology to test the raw water from drinking water treatment plant intake in Quebec
(Canada) and found significant (p < 0.05) correlations between B-GLUase activity and the results of
other assays, including the defined substrate technology (r = 0.77), membrane filtration (r = 0.73),
qPCR (r = 0.55), and automated microbial detection system (r = 0.50). However, further research is
still required to correlate the B-GLUase activity to the presence of viable E. coli. Online monitoring
systems are currently not suited to replace proven surveillance practices but rather complement

existing microbiological standards.
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(a) Portable devices for possible onsite applicaitons based on the enzymatic assays

Sample Preparation

i Plunge-tube assembly
Plunger —

‘Contaminated

Contaminated
e qasum || freawarr SEEE
T ier i

GuUs
Recovery

Fluorogenic substrate addition &
GUS detection

1200
1000

0 5 10 15 20 25 30
Time (min)

(b) Online automatic enzymatic assay systems

4 \Naste ColiMinder - BACTcontrol

Vv
Reactor

Ceramic filter
[§ Teum——-

Cieaqing (0.45 um)
solution
- @—E Reagents
Input Valves Pump  Pressure control
precipitation|
ColiMinder 01 ColiMinder 02 BACTcontrol 01 BACTcontrol 02
i electrical i
Vi conductivity ; vil
Fluorescence
\ cuvette
(accessible)
-4 ,~ - | {necensiil)
. |turbidity
. =11 - 2 um particles
e ~ |2- 3 um particles
— A o]
activity \ -

of E. coll \
= 4.9 ~ Filter cardridge Fiter cardridge
E. coll L. e s ] (0.1 mm pore size)

Figure 5. Examples of onsite applications of the enzymatic assays. (i, iii, iv) Mobile water kits
developed for rapid detection of FIB in real samples; (ii) Miniaturized field signal detecting device.
Adapted with permission from Refs. [19, 29, 38, 56]. (v) Common design of an automated online
system for rapid enzymatic assays; (vi) Field-portable miniaturized automated ColiMinder system.
Adapted with permission from Refs. [20]; (vii) Photography of two measurement stations,
ColiMinder (marked by asterisks) and BACTcontrol (marked by hashtags), that are located on either
side of a stream for a long period of water quality monitoring, along with the corresponding
schematics of the basic construction. Adapted with permission from Refs. [59, 61].

5. Future prospects of rapid enzymatic assays

The insufficient sensitivity of FIB detection accounts for a delay in the detection speed of field-

deployable enzymatic assays, in particular for mildly contaminated samples such as drinking water.
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To address the issue and achieve (near) real-time monitoring of E. coli, new sensing strategies
utilizing more sensitive electrochemical signals have emerged in recent years [30]. Innovative
substrates that produce electroactive products via the enzyme reaction have been developed for simple
and rapid electrochemical analysis [45, 48]. Rochelet et al. first took the idea to detect E. coli in
wastewater on a disposable screen-printed carbon electrode in a 3 h test [63], certifying
the applicability in turbid media. Despite this improvement in detection time, however, it did not
solve the essential problem: Insufficient marker enzymes in mildly polluted samples decisively
hamper the application of the assays, far from fulfilling the purpose of early warning. There is an

urgent need for new technologies or new ideas to break through this limitation.

The enzymatic assays report results by sensing colored, fluorescent, or electrical products, therefore
any factor that disturbs the enzyme reaction (see Section 3) will impact the test greatly and reduce the
robustness in field applications. Given that the marker enzymes indicate FIB by themselves, directly
sensing the molecules by employing sensitive probes or performing signal amplification could be a
promising solution. For example, aptamers with a high affinity for the outer-membrane proteins or
lipopolysaccharides [64] have been developed to recognize E. coli [65, 66]. Although no aptamer has
been used to probe the marker enzymes for FIB detection yet, the aptasensors monitoring thrombin
(a serine protease) have been successfully developed since a long time before [67, 68]. The unique
characteristics (inexpensiveness, stability, chemical synthesis in high purity, and relative ease to
modify) and flexible targets (including proteins, small molecules, cells, antibiotics, and viruses) [69-

71] make aptamers a preferred structure-sensitive probe for the marker enzymes released from FIB.

Encoding genes of uidA for B-GLUase and of lacZ for B-GALase have already been used for E. coli
detection [6, 7], which are intriguing alternatives of the marker enzymes deserving more attention.
With the rapid development of synthetic biology tools (e.g. CRISPR-Cas systems and split-inteins
[72]), a completely new concept for building biosensors have emerged [73]. That is utilizing synthetic
biology techniques, such as various gene expression tuning strategies [74-76] and signal amplification
methods [75, 77], to construct engineered sensing-processing-signaling genetic circuits for probing
various targets within or outside a cell [78], which could significantly enhance the performance and

accuracy of a whole cell-based biosensor [79, 80] (Fig. 6a). Multi-input genetic logic gate circuit are
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alternative efficacious solutions to overcome the problem of sensor selectivity [80, 81]. Moreover, in
contrast to the detection of small molecules and ions that are normally controlled by allosteric
transcription regulators, specific RNA molecules could be directly targeted by a ‘toehold switch’
circuit (Fig. 6b) through breaking its hairpin barrier structure upstream a reporter gene [82]. As a
result, more flexible, simpler, less burdensome, and fast responsive RNA-based biosensors have been

created [83].

The emergence of cell-free expression systems is a landmark achievement of synthetic biology. Since
free from a cell-chassis, such systems profoundly alleviate the biosafety concerns associated with
whole-cell sensors [84, 85]. It can be lyophilized for a prolonged shelf-life and rehydrated to initiate
immediate use (Fig. 6d). Moreover, it is an “open” system to accept direct addition of any necessary
pre-mixed ingredients for biosensing, the circuits thus become simpler with more options, e.g.
aptamers can be involved in the circuits as recognition elements to identify protein molecules (Fig.
6h). Meanwhile no fluorescent protein reporter is in absolute demand any more (Fig. 6g), e.g. Lucks’
group developed a biosensor relying on RNA-level outputs for quick detection of multiple
contaminants in municipal and lake water for a 4 h-reaction [86]. More critically, the cell-free
expression systems have been proven as a potential platform for developing field-deployable
biosensors by producing easy-to-interpret outputs either directly by naked eye or by smartphone [87-

891.

The CRISPR-Cas immune systems of prokaryotes, which contain either DNA-recognizing Cas9,
Casl12, and Cas14 or RNA-recognizing Cas13 effectors, have paved the way to new sensing strategies
due to their strong modular nature, especially in a cell-free expression system [90]. In principle, the
Cas effectors recognize nucleic acid targets efficiently via a cognate guide RNA’s (gRNA’s).
Moditying the sequence of gRNA’s such as the re-engineered gRNA pairings crRNA-tracrRNA (Fig.
6¢) would therefore lead to specific target identifications [91]. In addition, the Cas effectors are
excited when combined with a genetic target while promiscuously shearing surrounding RNA or DNA
molecules. This collateral cleavage phenomenon has been used smartly to produce a mass of
fluorescence signals (Fig. 6e) [92-94], highly conducive to a sensitive detection. Affordable gene

preamplification before such activation of Cas effectors can further reduce the LOD, due to increased
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RNA amount by a million-fold in less than 2 h at 41°C [88] and greatly mitigated false positive
outputs if combined with a toehold switch as a “filter” to select a proper target for signaling (Fig. 6f)
[95]. Combining gene amplification treatments (normally less than 2 h) with multiple synthetic
biology enabling techniques has become a common strategy to develop new ultrasensitive, ease-to-

use, and field-deployable biosensors.

In summary, the widely used enzymatic assays experience great challenges in early warning
applications, especially in mildly feces-contaminated aqueous environment, which highlights an
urgent requirement for new sensing techniques and strategies. The emergence of diverse synthetic
biology enabling tools has shown great prospects in field applications [96], for instance, it may detect
the occurrence of genetically modified E. coli (developed in clinical or environmental settings)
effortlessly via screening various resistance genes or others inserted. Combined with widely
introduced emerging interdisciplinary techniques such as microfluidics [97, 98] and machine learning
[99, 100], rapid and continuous technological advances in synthetic biology make us believe that, the
marker enzymes itself is a potent alternative analysis target and construction of engineered genetic
circuits for sensing it will probably enhance the sensitivity and robustness of FIB measurements that
meet the practical requirement for early warning in diverse field applications, thus bringing new

vitality to the enzymatic assays.
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Figure 6. Representative synthetic biology enabling tools for achieving field-deployable biosensors
for various contaminants. (a) Design of synthetic cell-based biosensors programmed with engineered
signal processing genetic circuits for customized input-output functions. Adapted with permission
from Ref. [79]. (b) Working principle of a toehold switch using RNA as a target. Adapted with
permission from Ref. [82]. (c¢) Reprogrammed tractrRNA for dCas9 could directly hijack various
RNAs as crRNA to trigger output reporting genetic circuits. Adapted with permission from Ref. [91].
(d) The workflow of cell-free biosensors. Adapted with permission from Ref. [84]. Signal generation
is based on the collateral cleavage effect of Cas effectors after being activated (e) or relies on the Cas
effector that is coupled with a toehold switch for target selection (f). Adapted with permission from
Ref. [94]. (g) RNA is designed as an output reporter of genetic circuits, which undergoes
conformational change to produce a fluorescent signal quickly. Adapted with permission from Ref.
[86] (h) Thrombin-bound aptamer (ssDNA) combines with the genetic circuit through the “bubble”
structure to block transcription of T7 RNA polymerase. Adapted with permission from Ref. [84].
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