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ABSTRACT

Human urine contains a high concentration of nitrogen and is therefore an interesting source for
nutrient recovery. Ureolysis is a key requirement in many processes aiming at nitrogen recovery from
urine. Although ureolytic activity is widespread in terrestrial and aquatic environments, very little is
known about the urease activity and regulation in specific bacteria other than human pathogens. Given
the relatively high salt concentration of urine, marine bacteria would be particularly well suited for
biotechnological applications involving nitrogen recovery from urine, and therefore, in this study, we
investigated ureolytic activity and its regulation in marine vibrios. Thirteen out of 14 strains showed
ureolytic activity. The urease activity was induced by urea, since complete and very rapid hydrolysis — up
to 4 grams per liter per hour (g L* h™') of urea — was observed in synthetic human urine when the
bacteria were pretreated with 10 g L urea, whereas slow hydrolysis occurred when they were
pretreated with 1 g L urea (14-35% hydrolysis after 2 days). There was no correlation between biofilm
formation and motility on one hand, and ureolysis on the other hand, and biofilm and motility inhibitors
did not affect ureolysis. Together, our data demonstrate for the first time the potential of marine vibrios

as fast urea hydrolysers for biotechnological applications aiming at nutrient recovery from human urine.
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INTRODUCTION

Human urine contains relatively high concentrations of urea, sodium, chloride, phosphate and
potassium, and trace levels of calcium, sulfate and magnesiuml. Therefore, urine is an interesting source
of nutrients for recovery, both in conventional applications such as the treatment of source-separated
urine’ and more futuristic applications such as the Micro-Ecological Life Support System Alternative
(MELiSSA) of the European Space Agency (ESA)®. As most nitrogen recovery pipelines act upon
ammonical nitrogen, urease (urea amidohydrolase) is a key enzyme for nitrogen recovery from urine as it
catalyzes the hydrolysis of urea into ammonia and carbamic acid, the latter of which spontaneously
decomposes into carbonic acid and a second ammonia molecule®. It can take more than a month to
achieve complete urea hydrolysis when one relies only on indigenous ureolytic bacteria present in
source-separated urine, and this is too slow for practical purposes®. In collecting pipes and collection
tanks of urine-collecting toilets, complete hydrolysis has been obtained within a few days because of the
relatively high bacterial densities (e.g. in biofilms on the pipes and tanks)®. Hence, the use of urease-
producing bacteria can significantly improve the efficiency of the urea hydrolysis process. Further
optimization of this process will thus lead to shorter incubation times needed to achieve complete

hydrolysis, thereby enabling the use of smaller urine collection tanks.

Urease activity and its regulation have been extensively studied in human (urinary tract) pathogens such
as Proteus mirabilis, Helicobacter pylori and Ureaplasma urealyticum in relation to the pathogenicity
process’. The urease gene cluster usually consists of structural genes (encoding the urease subunits) as
well as accessory genes. The accessory genes encode enzymes that are required for the generation of
catalytically active urease, mainly by facilitating the assembly of the nickel metallocenter within the
active site of the enzyme®. Three regulatory patterns have been described for urease activity:

constitutive, induced by urea and repressed by nitrogen-rich compounds (most notably ammoniacal
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nitrogen)’. Although urease activity is known to be widespread in terrestrial and aquatic environments’,
very little is known on the urease activity and regulation in bacteria other than human pathogens. This
knowledge is particularly important with respect to highly controlled life support systems such as
MELISSA that require to work with a well-defined microbial community. Given the fact that urine
contains a relatively high salt concentration (approximately 14 g L)%, marine bacteria, which are
naturally tolerant to relatively high pH (>8 in the ocean) and high salt concentrations (on average 35 g L™
in the marine environment'®), would be particularly well suited for biotechnological applications
involving nitrogen recovery from urine. However, a detailed analysis of ureolytic activity and its

regulation in specific marine bacteria is currently lacking.

Urea in aquatic ecosystems comes from protein catabolism, excretion by plankton and macrofauna (e.g.
the excretion of urine by marine mammals). Although urea is generally present at low concentrations in
the bulk marine environment, on a local (micro-)scale, marine microbes can encounter significantly
higher concentrations®. Vibrios (including species belonging to the Harveyi clade or core group, such as
Vibrio campbellii and Vibrio harveyi) are amongst the dominant heterotrophic bacteria in marine
environments, showing a remarkable metabolic versatility, and the capability to move to and exploit
nutrient hot spots™. Vibrio campbellii and Vibrio harveyi can be found both free-living in the water
column and in association with other marine organisms, including algae, mollusks, crustaceans and
finfish®. Urease activity has been reported in vibrios, most notably in the human pathogen Vibrio
parahaemolyticus, for which the urease gene cluster has been identified". Other, non-human
pathogenic species belonging to the Harveyi clade are also known to contain ureolytic strains, and
presence of ureolytic activity is one of the phenotypic characteristics used in taxonomy of these

bacteria™®

. Depending on the study, roughly 50-70% of the Vibrio campbellii and Vibrio harveyi strains
have been reported as urease positive. Further, the genome sequenced Vibrio harveyi strain ATCC 35084

contains homologs to all genes from the urease cluster of Vibrio parahaemolytics (Sl Figure 1). Hence, in
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order to optimise nitrogen recovery from urine, in this study, we aimed at determining the ureolytic
capability and its regulation in marine bacteria, using Vibrio campbellii and Vibrio harveyi as model

organisms.

MATERIALS AND METHODS

Strains and growth conditions. Strains used in this study are listed in Table 1. The strains were
routineously grown in Luria-Bertani (LB) broth (tryptone 10 g L™, yeast extract 5 g L, NaCl 5 g L™) or
marine LB broth (m-LB; tryptone 10 g L™, yeast extract 5 g L™, Instant Ocean synthetic sea salt 35 g L).

Cell densities were determined spectrophotometrically at 600 nm.

20-21

Synthetic urine. Synthetic urine was prepared as described previously , with some modifications

(SI Table 1). Specifically, acetate was used as carbon source in order to reduce complexity of the

medium, and phosphate levels were increased to levels that are more similar to those found in urine®.

Determination of urea and ammonium. Urea and ammonium were determined colorimetrically

based on reaction with Ehrlich’s reagent® and the Berthelot reaction®, respectively. Urea levels were
proportional to OD430 in the range 0-1500 mg L™ (OD430 = 0.0017 x [urea]; R? = 0.9997) and ammonium

levels were proportional to OD695 in the range 0-5 mg L™ (OD695 = 0.5291 x [NH,']; R? = 0.9741).

Screening of urea hydrolysis in Christensen’s urea broth. The capability of the strains to hydrolyse

urea was first screened using Christensen’s urea broth. The strains were grown in m-LB to an OD600 of 1
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(corresponding to approximately 10° cells mL™), re-inoculated (1% v/v) into test tubes containing 3 mL
Christensen’s urea broth (SI Table 2) and incubated at 28°C for 2 days. Christensen’s broth contains the
pH indicator phenol red, which gives the medium a pink color at elevated pH levels (pink at pH > 8.2;
yellow at pH < 6.8). Ureolysis will increase the pH of the broth, which will thus be manifested by a pink
color. For each strain, a control test was performed in the same medium without urea, in order to

confirm that the pH increase was indeed due to ureolysis.

Screening of urea hydrolysis in a nutrient-rich background. In order to confirm the results
obtained in Christensen’s broth, a second screening was performed. Synthetic urine was mixed with m-
LB; in a 1:1 ratio. The strains were inoculated into this medium (1% v/v), and after 3 days of incubation at

28°C, cell densities and remaining urea levels were determined.

Urea hydrolysis in synthetic urine. In a subsequent experiment, the urea hydrolysis capabilities of the
strains were quantified in synthetic urine. The strains were grown for 24h in LB broth to OD600 of 1,
after which they were inoculated (1% v/v) in triplicate into fresh synthetic urine medium (SI Table 1).
After 1 and 2 days of incubation at 28°C with shaking (150 rpm; tubes incubated horizontally), cell

densities and remaining urea levels were determined.

Screening of urea hydrolysis in diluted synthetic urine media. In order to investigate the impact of
the salt concentration and urea level on urea hydrolysis, the urea hydrolysis capabilities of the strains
were screened in diluted synthetic urine. Four diluted synthetic urine media were prepared: threefold
diluted in distilled water, threefold diluted in a salts solution containing all salts present in the synthetic

urine (SI Table 3), and tenfold diluted in the salts solution. The isolates were grown for 24h in LB broth,
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after which they were inoculated (1% v/v) into diluted synthetic urine media. The suspensions were
incubated for 2 days at 28°C without shaking. After incubation, cell densities, pH, remaining urea and
ammonia levels (threefold diluted media only) were determined. Conductivity of the supernatants was

measured with an electrochemical analyser (Consort C6010).

Urea hydrolysis in buffered threefold diluted synthetic urine. Vibrio harveyi LMG 22893, Vibrio
campbellii LMG 22895 and Vibrio harveyi E022 were selected for a more in depth examination of the
degradation of urea in diluted urine. The selected strains were grown overnight in LB broth at 28°C to an
0D600 of 1, after which the grown cultures were re-inoculated (1% v/v) in triplicate into synthetic urine
that was diluted threefold with 75 mM phosphate buffer (pH 7) (thus giving a final concentration of
50 mM). After 1, 2 and 7 days of incubation at 28°C, cell density, remaining urea levels, ammonium

levels, pH and conductivity were measured.

Regulation of urea hydrolysis by urea and ammonium. In order to investigate the impact of urea
and ammonium levels on urea hydrolysis in the selected strains, a pretreatement experiment was
performed, in which the strains were pretreated with different concentrations of urea and/or
ammonium, after which urea hydrolysis was quantified in synthetic urine. Vibrio harveyi LMG 22893,
Vibrio campbellii LMG 22895 and Vibrio harveyi E022 were grown for 24h in LB broth, after which they
were inoculated (1% v/v) in triplicate into 2 ml Eppendorf tubes containing 1 mL urine salts solution (SI
Table 3) in 100 mM phosphate buffer (pH 7) and supplemented with different concentrations of urea (0,
land10g L respectively) and/or ammonium (0, 1and 10 g L respectively), which was added as NH,CI
in order to avoid pH changes. After overnight incubation, the suspensions were centrifuged (5 min
5000 x g), and cells were resuspended in 1 mL volumes of synthetic urine. Erythromycin (50 mg L™) was

added in order to prevent de novo synthesis of urease in the synthetic urine. The cultures were

7
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incubated statically at 28°C, and every 2h, the tubes were vortexed and samples were taken to

determine the remaining urea levels.

Determination of biofilm levels. Biofilm formation by the strains was investigated in order to
determine whether there is a relation between biofilm formation and urea hydrolysis. The strains were
grown overnight in LB or m-LB broth at 28°C, after which the grown cultures were re-inoculated (1% v/v)
into fresh medium (LB, m-LB, or buffered threefold diluted synthetic urine). Two hundred microliter
aliquots of the suspensions were transferred to the wells of a transparent 96-well plate (6 replicates per
strain). The plate was incubated at 28°C with shaking (100 rpm), after which planktonic cell density was
measured (OD600). Biofilm levels were determined by crystal violet staining, as described previously®*.
Briefly, the wells were rinsed twice with tap water to remove non-adherent cells, after which biofilms
were stained for 20 min with a 1 g L™ crystal violet solution. The wells were subsequently rinsed three
times with tap water, plates were air dried, and stained biofilms were redissolved in ethanol, after which

absorbance of crystal violet (OD540) was measured.

Determination of motility. Motility of the strains was investigated in order to determine whether
there is a relation between this phenotype and urea hydrolysis Motility was determined as described
previously®. Briefly, the strains were grown overnight in LB broth at 28°C, after which 5 pL aliquots were
applied to the centre of soft LB agar plates (LB broth with 0.2% agar). The plates were incubated upright

at 28°C for 24h, after which the motility zone was measured.

Regulation of ureolysis by indole signaling and motility. In order to further investigate whether

there is a relation between urea hydrolysis on one hand, and biofilm formation or motility on the other

ACS Paragon Plus Environment
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hand, activity experiments were performed in which the impact of inhibitors of these phenotypes on
urea hydrolysis was determined. The strains were incubated overnight in a salts solution containing 10
g L' urea, 100 mM phosphate buffer, with or without indole or the motility inhibitor phenamil at 200 pM

25-26

and 50 puM, respectively™". All compounds were dissolved in DMSO, and equal volumes of DMSO were
added to all treatments. Ureolytic activity was further determined in synthetic urine supplemented with

erythromycin as described higher.

Statistics. All statistical analyses were performed with the SPSS software, version 23.

RESULTS AND DISCUSSION

Screening of ureolytic activity of Vibrio campbellii and Vibrio harveyi strains. Vibrios are known
to have a large metabolic versatility, and are able to quickly exploit nutrient hot spots in the marine

environment™**3

. Moreover, as marine organisms, they are able to cope with high salt concentrations
(which are approximately threefold higher in the marine environment than in urine). Therefore, in this
study, we aimed at determining the abilities of Vibrio campbellii and Vibrio harveyi strains to quickly
hydrolyse urea. As a first screening test, the vibrios were grown in Christensen’s broth, which contains
the pH indicator phenol red, giving the medium a pink color at pH values above 8.2 (which is the case if
urea is hydrolised into ammonium). All strains, except for strain BB120, induced a color change in
Christensen’s broth containing urea, whereas none of them caused a color change in the absence of
urea. Hence, all strains (except for BB120) are capable of hydrolysing urea. The fact that strain BB120 did

not show ureolytic activity is consistent with the absence of homologs of the urease gene cluster in its

genome sequence (GenBank accession n° CP006605 and CP006606).

ACS Paragon Plus Environment
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204 In order to confirm these screening results, the strains were inoculated into a 1:1 mixture of synthetic
205 urine and marine LB (m-LB) broth, and cell densities and remaining urea levels were determined after 3
206 days of incubation. Consistent with the results obtained in Christensen’s urea broth, all strains, except
207  for BB120, were able to hydrolyse urea, as manifested by a decrease in the urea concentration in the
208 medium (SI Figure 2). Based on its incapability to hydrolyse urea, strain BB120 was excluded from further

209 experiments.

210

211 Urea hydrolysis in synthetic urine. Our previous experiment indicated that most of our Vibrio

212 campbellii and Vibrio harveyi strains are able to hydrolyse urea. In a further experiment aiming at a more
213  quantitative evaluation of the ureolytic activity, the strains were inoculated into synthetic urine
214  (containing 10 g L™ of urea, which is within the range of what is found in fresh urine*®), and cell densities
215  and urea levels were determined after 1 and 2 days of incubation at 28°C. All strains showed ureolytic
216 activity, although there was considerable variability between strains (Figure 1A). Several of the strains
217 completely hydrolysed the urea in one or two days. Others showed partial hydrolysis from 10 to
218 approximately 3 g L™ after 2 days, whereas strain LMG 21362 showed relatively poor hydrolysis (more
219 than 7 g L' left at day 2). We think that this reflects differences between the strains with respect to urea
220  hydrolysis rates, since there were no clear-cut differences in cell densities between strains that showed
221  complete hydrolysis and those that showed partial hydrolysis. Although we stopped the experiment after
222 2 days, we assume that the latter would also have completely hydrolysed the urea after a prolonged
223 incubation. At day 2, the pH of the medium was in the range 9.2-9.3 for all strains (which is consistent
224  with the formation of an ammonia buffer by urea hydrolysis), whereas it had remained at 7.7 in the
225 sterile control. Most of the strains (except for LMG 21362) were growing relatively poorly in the urine
226 medium (maximum ODgyy of 0.01-0.2 — compared to 0.8-1.5 in m-LB), with densities at day 1 being
227 slightly higher than at day 2 (Figure 1B). The relatively poor growth might relate to the release of

10
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ammonia, thereby increasing the pH of the medium. Indeed, although these bacteria can tolerate high
pH?, the optimal pH for growth is around 7°%. A reduced growth might be advantageous for
biotechnological applications as in this way, excessive sludge production would be avoided. On the other

hand, growth should be strong enough in order to maintain sufficient biomass in long-running urea

hydrolysis or urine nitrification reactors in order to maintain urea hydrolysis at the desired level.

Screening of urea hydrolysis capability in diluted synthetic urine media. In order to further

characterise the ureolytic activity of the strains, a further screening was performed in diluted synthetic
urine. We especially paid attention to the urea level (which has previously been reported to affect
ureolysis rates in some bacteria’) and the salt concentration. We specifically aimed at testing urea
hydrolysis in diluted urine as this is relevant for urine collection systems in which urine is diluted with
flush water. Although all strains are capable to degrade urea (as manifested in undiluted synthetic urine),
the hydrolysis rates were lower in the diluted media (SI Table 4). In general, the lower the urea levels at
the start of the incubation, the lower the hydrolysis rates: 1.4-9.9 g urea L' day™ at 10 g L™ urea, 0.1-1.7
g urea L* day™® at 3.3g L' and 0.0-0.1 g L™* day™ at 1 g L™ urea (all at the same salt concentration).
Differences were significant when comparing the rates at 1 g L™ urea to those at 10 g L' (independent
samples t-test; P < 0.001) and 3.3 g L (P < 0.001). This suggested that the urease of Vibrio campbellii
and Vibrio harveyi is induced by urea, and this is one of the regulatory mechanisms that have been
described in other ureolytic bacteria’. When comparing the two threefold dilutions, the hydrolysis was
faster in the dilution in the salts solution than in the dilution in distilled water (independent samples t-
test; P = 0.012). This might reflect the marine origin of the strains, implying that they have evolved to
have maximal activity at higher salt concentrations. Finally, in the tenfold dilution, no or poor hydrolysis

was observed (Sl Table 4).

11
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251  There was considerable variation amongst the strains with respect to the final cell density after 2 days
252 (SI Table 4). There was a strong, positive correlation between ureolysis and pH, and a strong negative
253 correlation between pH and cell density, except for the tenfold dilution (Table 2). This suggests that the
254 pH increase following from ureolysis decreased the growth of the vibrios. Various levels of a 500 mM
255 phosphate buffer solution (pH 7.0) were added to the media in which ureolysis had occurred in order to
256  determine the buffer concentrations needed to neutralize the pH increase in further experiments (SI

257  Table5).
258

259  Urea hydrolysis in buffered threefold diluted synthetic urine. The results of the screening in
260  diluted synthetic urine media suggested that ureolysis is induced by urea (> 1 g L") in Vibrio campbellii
261 and Vibrio harveyi. Strains LMG 22893, LMG 22895 and E022 (showing different behaviours in diluted
262 urine media) were selected for a more in-depth examination of the urease activity and regulation, using
263 threefold diluted urine. The diluted urine was buffered with phosphate buffer (final concentration
264 50 mM, pH 7.0) in order to exclude the possibility that differences in urea hydrolysis could be caused by
265 differences in pH. Strains LMG 22893 and LMG 22895 showed complete hydrolysis of urea within 2 days,
266  whereas strain E022 did not show ureolysis, even after 7 days (Figure 2A). In addition to direct
267 determination of urea, ammonium levels were also measured, and based on both measurements, the
268  urea levels that were hydrolysed and the ammonium levels that were formed were calculated,
269 respectively. In general, there was a good match between both measurements (Sl Figure 3). Even in the
270  presence of a 50 mM phosphate buffer, the ureolysis resulted in a slightly increased pH (from 7 to 8)
271 (Figure 2B), and an increased conductivity was observed in the cultures of strains LMG 22893 and LMG
272 22895 (from roughly 20 to 30 mS cm™; Figure 2C). All three strains showed clear growth in this medium
273 (Figure 2D), which is in contrast to unbuffered urine, where in general poor growth was observed

274 (Sl Table 4).

12
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Further, a short-term experiment in undiluted and threefold diluted synthetic urine (either in distilled
water or phosphate buffer, pH 7, final concentration 50 mM) was performed. No ureolysis was observed
until 4h, at which time point ureolysis had started in strain E022 incubated in undiluted urine (Figure 3).
After 6h, all three strains showed ureolysis in undiluted urine. However, no ureolysis was observed yet
for any of the strains in the threefold diluted synthetic urine media. These results indicated that
induction of ureolysis by urea is not a peculiarity of strain E022 as it was observed for all three strains. In
contrast to this, induction by urea has not been observed by Tang et al., who found that ureolysis rates
of an undefined ureolytic enrichment culture from seawater were not affected by dilution of urine in
seawater (up to tenfold dilution)®. Hence, in contrast to Vibrio campbellii and Vibrio harveyi, ureolysis in

other marine bacteria apparently is not induced by urea.

Impact of urea and ammonium concentrations on ureolytic activity. In order to further
substantiate the induction of urease by urea, and to investigate the role of ammonium, further activity
experiments were performed. In these experiments, the bacteria were incubated overnight in urine salts
solution (in 100 mM phosphate buffer, pH 7) and supplemented with different levels of urea and/or
ammonium. After incubation, the suspensions were centrifuged, the salts solutions discarded and
undiluted synthetic urine was added. In order to avoid confusion due to the activation of urease by the
urea present in the synthetic urine during assessment of the ureolytic activity, erythromycin was added
to block protein synthesis (and in this way prevent de novo synthesis of urease in the synthetic urine
medium). Cultures pretreated with 10 g L™ urea showed rapid ureolysis, with more than 60% hydrolysis
after 2h, and (almost) complete hydrolysis after 4h (Figure 4). Consistent with urease induction by urea,
no urease activity was detected in cultures that were pretreated with a salts solution without urea or
with 1 g L™ urea. This also confirmed the inhibition of de novo urease synthesis in the synthetic urine by
the addition of erythromycin — compare the 6h data points in Figure 4 (urea 0 + NH,; 0) to those of

13
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299 Figure 3 (undiluted urine). In order to determine whether urease activity was indeed absent or rather
300 very low in cultures of LMG 22893 and LMG 22895, remaining urea levels were again measured after 2
301 days of incubation. The results suggest that there was low urease activity in cultures pretreated with a
302 salts solution containing 1 g L™ urea (14-35% removal), whereas ureolysis was only observed for strain
303 LMG 22895 in cultures that were pretreated with a salts solution without urea (5% removal —
304 Sl Figure 4). Ureolysis rates were calculated and were found to be more than 50-fold higher if cells were
305 pretreated with 10 g L™ urea when compared to cells that were pretreated with 1 g L™ urea (Table 3).
306  The ureolysis rates of cells exposed to 10 g L™ urea are 5- to 25-fold higher than those reported by Udert
307 etal., where urea was hydrolysed in source-separated urine by indigenous micro-organisms in collection
308  pipes and tanks of urine-collecting toilets (with hydrolysis rates of 162-880 mg urea L' h™')®. The time to
309 achieve complete ureolysis was 10 times shorter than what Liu et al. reported for fresh urine that was
310 mixed with completely hydrolysed urine (as a source of urease)®’, and comparable to what Tang et al.
311 reported for an enrichment culture obtained from seawater after 4 cycles of cultivation in a 1:1 mixture
312 of seawater and urine (although no complete hydrolysis was obtained in the latter study)’. These data
313 indicate that inoculation of urine with ureolytic marine bacteria (such as V. campbellii and V. harveyi) is a
314  promising strategy to increase the ureolysis efficiency and in this way decrease the incubation time

315 needed to achieve complete hydrolysis, and the volumes of urine storage tanks.

316  Another regulatory mechanism that has been described in some ureolytic bacteria is repression by other
317  nitrogen sources (most notably ammoniacal nitrogen)’. However, we found that the pretreatment of V.
318  campbellii or V. harveyi with ammonium did not affect ureolysis, whereas ammonium even increased the
319 ureolytic activity in the presence of 10 g L™ urea (Figure 4 — only results for pretreatment with 10 g L™
320 ammonium are shown; pretreatment with 1 g L'* ammonium resulted in a similar, but less pronounced

321 response).
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The fact that V. campbellii and V. harveyi are capable of quickly converting urea to ammonium, and that
this activity is only induced at relatively high urea concentrations (g L™ range), is consistent with the
reputation of these bacteria for being copiotrophs®. Despite the superficially homogeneous appearance
of the marine water column, nutrients are not homogeneously distributed at scales relevant to micro-
organisms but rather occur as hot spots since they are often associated with or released from particles
such as micro-algae, fecal pellets and marine snow™, and these are also the sites where relatively high
urea levels can be expected'’. In order to cope with the conditions that prevail in the marine
environment (i.e. low nutrient levels in the bulk and high levels in hot spots), marine bacteria have
evolved two divergent strategies: they are either (1) minute, nonmotile, with a streamlined genome, or
(2) relatively large, motile, with a high metabolic flexibility and a large genome'*. The second group is
adapted to exploit the relatively rare resource-rich conditions, and chemotactic motility enables them to
access novel, nutrient-rich hot spots*2. Bacteria belonging to the Vibrionaceae family belong to this
group: they are often (highly) motile, have large genomes (2 chromosomes), show a high metabolic

flexibility and are capable of quickly increasing their population size if conditions are favorable®.

Relation between ureolysis and biofilm formation. Biofilms have previously been implicated in
urease activity in bacteria>*'. Therefore, the biofilm formation capability of the Vibrio campbellii and
Vibrio harveyi isolates was determined in m-LB broth, and all strains showed clear biofilm formation (SI
Figure 5). We calculated correlations (Spearman’s rho) between the biofilm formation capability of the
strains (data from Sl Figure 5) and the urea removal in different media (data from Figure 1 and Sl Table
4) in order to determine whether there is a link between both phenotypes. However, no significant

correlations were observed.

In a further experiment, biofilm formation of the three selected strains (LMG 22893, LMG 22895 and

E022) was determined in buffered threefold diluted synthetic urine in 96-well plates. LB medium
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346 (containing approximately the same salt concentration) was used as a reference. The vibrios showed
347  growth in both media, which was higher in LB than in the diluted synthetic urine (Figure 5A and B). The
348  growth was much lower than in m-LB under the same conditions (compare to SI Figure 5A) and than
349 growth in buffered threefold diluted urine in test tubes incubated horizontally on a shaker (compare to

350  Figure 2A).

351 No biofilm could be observed for cultures incubated in diluted synthetic urine (Figure 5C), whereas slight
352 biofilm formation was observed for cultures incubated in LB medium, especially after 7 days (Figure 5D).
353 However, the biofilm levels were considerably lower than in m-LB medium (compare with SI Figure 5B).
354  Given the fact that complete ureolysis was already observed after 2 days in buffered threefold diluted
355 urine for strains LMG 22893 and LMG 22895, these observations suggest that biofilm formation is not

356 required for ureolytic activity.

357 In order to further investigate the impact of the biofilm phenotype on ureolytic activity, we determined
358 the impact of pretreatment with indole on ureolytic activity of Vibrio harveyi LMG 22893 and Vibrio
359 campbellii LMG 22895. The addition of indole has recently been shown to block biofilm formation in
360  these bacteria, with a 5-fold decrease in biofilm levels in the presence of 200 uM indole®®. The bacteria
361  were pretreated with a buffered salts solution containing 10 g L™ urea, with or without indole (200 pM),
362  and the urease activity was monitored in synthetic urine supplemented with erythromycin. Similar to the
363 previous experiment (Figure 4), rapid ureolysis was observed in cultures that were pretreated with urea,
364  whereas no ureolysis occurred in cultures that were not pretreated with urea (Figure 6). Further, indole
365 had no impact on the activity, again indicating that the biofilm phenotype (and other phenotypes

366 controlled by indole) does not affect ureolysis.

367
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Relation between ureolysis and motility. Motility is another phenotype that has been correlated
with urease activity®. Since vibrios are known to be highly motile bacteria, we aimed at determining the
relation between motility and ureolysis. First, we determined the motility capability of all strains on soft
LB agar. Although there was considerable variation between strains (Coefficient of variation = 0.44), all of
them showed to be motile, with motility zones roughly ranging between 10 and 60 mm (SI Figure 6). We
calculated Spearman’s correlations between the motility of the strains (data from Sl Figure 6) and the
urea removal in different media (data from Figure 1 and Sl Table 4) in order to obtain a first indication on
whether both phenotypes are linked. However, no significant correlations were observed. Unfortunately,
due to the poor growth in synthetic urine media, it is not possible to determine motility of the strains in
this matrix.

In order to further investigate the link between motility and ureolysis, a chemical biological approach
was used, involving pretreatment of the bacteria with urea and the specific motility inhibitor phenamil®.
Rapid ureolysis was observed for bacteria pretreated with urea and phenamil (although slightly slower
than for bacteria pretreated with urea alone) (Figure 6). These data indicate that motility does not have
a major impact on ureolysis and this is also consistent with indole having no impact on ureolytic activity,

since indole has also been shown to block motility in these bacteria (3-fold decrease in the presence of

200 uM indole®®).

Further perspectives. In this study, we investigated the potential of marine vibrios for faster hydrolysis
of source-separated urine, and found that several strains completely hydrolysed the urea present in
synthetic urine within one day. The ureolysis was 10-fold faster than what has previously been reported
for indigenous micro-organisms in source-separated urine, indicating that the use of ureolytic marine
vibrios indeed holds promise as a strategy to increase the rate of urea hydrolysis. Hence, inoculation of

urine storage tanks with vibrios could be a valid strategy to decrease the incubation time needed to
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392 achieve complete hydrolysis, thereby enabling the use of smaller urine storage tanks. Further research is
393 needed in order to investigate the impact of inoculating urine with vibrios on downstream processes
394 (e.g. coupling with nitrification, which would be needed, for instance, in bioregenerative life support
395 systems) and to investigate whether vibrios can maintain themselves in urine-fed reactors (either or not
396 diluted and either or not pH buffered) in case these would need to be operational over a longer period.
397  Although biofilm formation did not affect ureolysis in our experiments, it might contribute to the survival
398  of vibrios in urine reactors, and thereby contribute to long-term activity. Our further research will aim at
399 investigating whether complete nitrification of urine can be obtained by vibrios and nitrifiers, either in a
400 1-step process (all bacteria in one reactor) or a 2-step process (composed of a hydrolysis reactor, the
401  effluent of which is fed to a nitrifying reactor). Our observation that ureolysis in V. campbellii and V.
402 harveyi is induced by urea, whereas it is not inhibited by ammoniacal nitrogen, indicates that the urea
403 level is the main parameter that can be used to steer the ureolytic activity of vibrios, thus suggesting that
404  the most effective ureolysis will occur in (sequencing) batch (high initial urea levels) rather than

405  continuous (lower urea levels) set-ups.

406

407

408  ASSOCIATED CONTENT

409 Supporting information

410  The Supporting Information is available free of charge on the ACS Publications website at DOI:

411 SI Table 1 shows the composition of the synthetic urine medium. Sl Table 2 shows the composition of
412  Christensen’s urea broth. Sl Table 3 shows the composition of the urine salts solution. SI Table 4 contains
413  the screening data of urea degradation by the different strains in diluted synthetic urine media.

414 Sl Table 5 shows the pH of hydrolysed urine media after addition of various levels of phosphate buffer.
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415 SI Figure 1 shows a schematic representation of the urease gene clusters of Vibrio harveyi and Vibrio
416  parahaemolyticus. Sl Figure 2 shows cell densities and urea levels in 50% m-LB — 50% synthetic urine
417 after 3 days of incubation with different V. campbellii and V. harveyi strains. Sl Figure 3 shows the
418 degraded urea and formed ammonium levels in the cultures of Vibrio harveyi LMG 22893, Vibrio
419 campbellii LMG 22895 and Vibrio harveyi E022 in buffered threefold diluted synthetic urine. Sl Figure 4
420  shows the remaining urea levels in synthetic urine containing pretreated Vibrio harveyi LMG 22893 and
421 Vibrio campbellii LMG 22895, after 2 days incubation. Sl Figure 5 shows planktonic growth and biofilm
422 levels of the V. campbellii and V. harveyi strains in marine LB broth. SI Figure 6 shows the motility of the

423 V. campbellii and V. harveyi strains on soft LB agar.
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TABLES

Table 1: Vibrio campbellii and Vibrio harveyi strains used in this study.
Species Strain Reference
Vibrio campbellii LMG 21361 (= CAIM 415) 17
Vibrio campbellii LMG 21362 (= CAIM 333) 17
Vibrio campbellii LMG 21363 (= CAIM 372) 17
Vibrio campbellii LMG 22888 (= CAIM 416) 17
Vibrio campbellii LMG 22889 (= CAIM 417) 17
Vibrio campbellii LMG 22890 (= CAIM 395) 17
Vibrio campbellii LMG 22895 (= CAIM 223) 17
Vibrio campbellii BB120 (= ATCC BAA-1116) 17
Vibrio harveyi LMG 22891 17
Vibrio harveyi LMG 22893 17
Vibrio harveyi LMG 22894 17
Vibrio harveyi E022 18
Vibrio harveyi VIB 571 19
Vibrio harveyi VIB 645 19
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Table 2: Spearman’s correlations between urea degradation (% urea removed) and pH of the medium after 2 days.
The calculations were based on the data presented in Sl Table 4.

Medium Correlation Correlation
ureolysis — le pH - cell density1
Undiluted 0.90%** -0.70**
Threefold diluted with water 0.85%** -0.73**
Threefold diluted with urine salts 0.95%** -0.90***
Tenfold diluted with urine salts NS NS

! Significant correlations are marked with asterisks (**: P < 0.01; ***: P < 0.001; NS: Not
significant

23

ACS Paragon Plus Environment



560
561
562
563

564

565

566

567

568

569

570

571

572

573

574

575

576

577

578

579

580

581

582

Environmental Science & Technology Page 24 of 30

Table 3: Ureolysis rates observed in suspensions of strains LMG 22893 and LMG 22895 in the pretreatment
experiment. The strains were grown in LB medium, inoculated (10% v/v) in salt solutions with different levels of
urea and incubated overnight. The suspensions were centrifuged and resuspended in synthetic urine with 50 mg/I
erythromycin to determine ureolytic activity.

Strain Ureolysis rate (mg urea L™ h™)
Pretreatment 10 g L urea’ Pretreatment 1 g L urea® Pretreatment 0 g L™ urea’
LMG 22893 3650 29 0
LMG 22895 4150 73 10
E022 2 075 ND ND

! Based on the 4h data of Figure 4
? Based on the data of SI Figure 5
ND: not determined
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584  Figure 1: Remaining urea levels (panel A) and cell densities (panel B) of V. campbellii and V. harveyi
585  cultures in undiluted synthetic urine after 1 and 2 days of incubation at 28°C. Error bars represent the
586  standard deviations of 3 replicate cultures. Sterile synthetic urine was used as a control.
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Figure 2: Percentage of urea removed (panel A), pH (panel B), conductivity (panel C) and cell density
(panel D) of Vibrio harveyi LMG 22893, Vibrio campbellii LMG 22895 and Vibrio harveyi E022 cultures
after 1, 2 and 7 days of incubation at 28°C in synthetic urine that was threefold diluted in phosphate
buffer (final concentration 50 mM, pH 7). Error bars represent the standard deviation of 3 replicate
cultures. Control refers to sterile medium that was treated in the same way as the Vibrio cultures.
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610  Figure 3: Urea hydrolysis by Vibrio harveyi LMG 22893 (panel A), Vibrio campbellii LMG 22895 (panel B)
611 and Vibrio harveyi E022 (panel C) in undiluted (1:1) and threefold (1:3) diluted synthetic urine (either in
612  distilled water or phosphate buffer (final concentration 50 mM, pH 7)). Error bars represent the standard
613  deviation of 3 replicate cultures.
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Figure 4: Remaining urea levels in synthetic urine containing pretreated Vibrio harveyi LMG 22893 (panel
A), Vibrio campbellii LMG 22895 (panel B) or Vibrio harveyi E022 (panel C). The bacteria were pretreated
overnight in salts solutions containing different levels of urea (0, 1 or 10 g L"), with or without 10 g L™
ammonium. The pretreated cultures were centrifuged, salts solutions were discarded and cells were
resuspended in equal volumes of synthetic urine (supplemented with 50 mg L™ erythromycin to inhibit

de novo synthesis of urease) at the start of the experiment. Error bars represent the standard deviation
of 3 replicate cultures.
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Figure 5: Growth (panels A and B) and biofilm levels (panels C and D) of Vibrio harveyi LMG 22893, Vibrio
campbellii LMG 22895 and Vibrio harveyi E022 in the wells of a 96-well polystyrene plate containing
either buffered threefold diluted synthetic urine (panels A and C) or LB medium (panels B and D). Error
bars represent the standard deviations of 6 replicate cultures.
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Figure 6: Remaining urea levels in synthetic urine containing pretreated Vibrio harveyi LMG 22893 (panel
A) or Vibrio campbellii LMG 22895 (panel B). The bacteria were pretreated overnight in salt solutions
containing 10 g L™ urea, with or without 200 pM indole or 50 uM phenamil. The pretreated cultures
were centrifuged, salts solutions were discarded and cells were resuspended in equal volumes of
synthetic urine (supplemented with 50 mg L™ erythromycin to inhibit de novo synthesis of urease) prior
to the experiment. Error bars represent the standard deviation of 3 replicate cultures.
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