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Abstract

The conditions present in both in vitro and in vivo ecosystems determine the microbial popu-
lation harbouring it. One commonly accepted theory is that a species with a high substrate
affinity and low growth rate (k-strategist) will win the competition against a second species
with a lower substrate affinity and higher growth rate (r-strategist) if both species are sub-
jected to low substrate concentrations. In this study two nitrite oxidizing bacteria (NOB),
Nitrospira defluvii (k-strategist) and Nitrobacter vulgaris (r-strategist), were cultivated in a
continuous reactor systems. The minimal hydraulic retention time (HRT) required for main-
taining the slower growing Nitrospira was first determined. A reactor containing Nitrobacter
was set to the same HRT and Nitrospira was injected to evaluate the effect of the dilution
rate on the competition between both species. By following the microbial population dynam-
ics with gPCR analysis, it was shown that not only the substrate affinity drives the competi-
tion between k- and r-strategists but also the dilution rate. Experimental data and numerical
simulations both revealed that the washout of Nitrobacter was significantly delayed at dilu-
tion rates close to the umax of Nitrospira. The competition could be even reverted towards
Nitrobacter (r-strategist) despite of low nitrite concentrations and dilution rates lower than
the ymax of Nitrospira.

Introduction

In microbiology the competition of two species for one substrate is driven by their substrate
affinity and their doubling time [1, 2]. An example is given by two common genera of nitrite
oxidizing bacteria (NOB), namely Nitrospira (k-strategist) and Nitrobacter (r-strategist).
Nitrospira possess a low maximum specific growth rate, but is well-adapted to low nitrite con-
centrations, whereas Nitrobacter is known to be a relatively fast-growing NOB with low affini-
ties to nitrite [3, 4]. Since Nitrospira spp. and Nitrobacter spp. both use nitrite as substrate for
growth, only the most adapted species will win the competition for nitrite and will hence out-
compete the other one [5, 6]. NOB are vital organisms in the global nitrogen cycle [7] and play
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a key role in wastewater treatment systems. In the past it was thought that the predominant
species responsible for nitrite oxidation in waste water treatment plants (wwtps) was Nitrobac-
ter spp., since it was found in wwtp all over the world [8]. Nonetheless, molecular analysis,
completed in various plants, showed that only a relatively small amount of Nitrobacter spp.
were present in wwtps, while the dominant bacterium was Nitrospira spp. [3, 9, 10]. Since in a
wwtp nitrite concentrations are low it is reasonable that Nitrospira and not Nitrobacter is the
major NOB. However, in natural environments such as in soils or biofilms k and r strategists
are found both at the same time despite of low bulk substrate concentrations [11]. Their occur-
rence can be explained by different (high or low) substrate profiles within a biofilm, which
impact the competition between k- and r-strategists [12]. While there are several studies con-
sidering the effect of substrate concentration on species-species competition [1-6], the effect
of the retention time has earned much less attention. Not only in engineered systems the
hydraulic retention time is of high importance, but also in freshwater bodies and in the oceans
where the HRT can be two days up to many hundred years [13, 14]. A study has shown that in
a reactor running at low substrate availability and containing Nitrobacter and Nitrospira, the
washout of Nitrobacter was delayed [15]. In their experiment, the effect of the HRT was not
further investigated but it was assumed a priori that the winner would always be the species
with the highest affinity for the limiting substrate. Nevertheless, in 1980, Hansen and Hubell
established a theory, in which the competition of two species was described at a known limit-
ing substrate concentration and at a certain dilution rate. Their study suggested that the dilu-
tion rate can revert the competition towards the r-strategist even at low substrate
concentrations [16].

In this study, the effect of the dilution rate (retention time) on the competition of Nitrobac-
ter and Nitrospira was evaluated at low substrate concentrations by means of dedicated experi-
ments and numerical simulations. The aim was to show that not only the substrate
concentration and hence the nitrite affinity constant will drive the competition between two
species, but also the dilution rate, leading to a delayed washout of Nitrobacter and in some
cases even to the unexpected dominance of Nitrobacter at low nitrite concentrations.

Material and methods
Cultivation of cultures

The strains used in this experiment were Nitrobacter vulgaris AB1 and Nitrospira defluvii A17
and the strains were provided from Hamburg University, Germany. Both bacteria were culti-
vated in batch flasks in a mineral salt freshwater medium for oligotrophic growth [17] and
were used to inoculate the reactors (2.3L). The autoclaved reactors were fed with 230 mgNO,-
N 1" day™, the pH was kept at pH 7, the temperature was controlled at 28°C a temperature
controlled water jacket and DO at 7 mgO, 1. Baffles were used to assure good liquid gas trans-
fer. Contamination was tested on a regular basis using Tryptone Soy agar CM0131 (Thermo
Scientific). Nitrate and nitrite were measured with a spectrophotometer.

Washout of Nitrospira defluvii

In order to determine the effect of the washout rate on interspecies competition, the minimal
retention time needed to keep Nitrospira defluvii in the system was evaluated in the highly
enriched Nitrospira defluvii reactor. The dilution rate was increased in a step-wise manner
from 0.55 to 0.7 day™* and the nitrite concentration was determined on a daily basis to follow
nitrite accumulation over time. An increase of nitrite concentrations to values equal to the
influent nitrite concentrations was evaluated as washout; the corresponding dilution rate was
identified as the growth rate of Nitrospira defluvii.
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Competition experiment

The dilution rate of the Nitrobacter reactor was set to 0.58 days ', corresponding with a value
just below the minimal HRT needed to avoid the washout of Nitrospira as determined in a
separate test (S5 Table). Both reactors were run with the same pump (1 for influent and 1 for
the effluent), equipped with two identical pump heads, to ensure exactly the same dilution
rate. The injection of Nitrospira defluvii into the Nitrobacter vulgaris reactor was conducted
by spiking the culture through a sterile septum with a sterile needle into the reactor. The cells
were counted and the amount of the injected culture was based on bacterial numbers rather
than on the liquid volume. Cell counting was performed using a Biirker counting chamber
(Marienfeld—Superior) and a light microscope (BX41—Olympus).

DNA extraction and polymerase chain reaction (QPCR)

Samples were obtained from the effluent (600ml) and spun down at 4000 rpm for 20 minutes
(Thermo Scientific Megafuge), the supernatant was discarded and the gained cell pellet was
stored at -80°C until further usage. DNA extraction was based on the method of Niemann
[18]. The samples were re-suspended in 20 pL alkaline lysis buffer, consisting of deionized
water, 2.5% SDS solution (10%), and 5% sodium hydroxide solution (1mol I'") and were kept
in a warm water bath at 95°C for 15 minutes, followed by a cooling step on crushed ice for 10
minutes. The samples were centrifuged for 30 seconds at 13000 rpm and the pellet re-sus-
pended in 180 pL deionized water.

In addition to the alkaline lysis, a phenol extraction and ethanol precipitation was com-
pleted to remove possible contaminants from the extracted DNA [19]. A phenol:chloroform:
isoamyl solution (25:24:1), provided by Sigma-Aldrich, was added in an equal sample volume
and vortexed vigorously for ca. 10 seconds. Subsequently, the samples were centrifuged at
13000 rpm for 2 minutes to separate the phases. The upper aqueous phase was transferred
into a new tube while the lower organic phase was discarded. This step was repeated 3 times.
In order to precipitate the extracted DNA an ethanol precipitation was accomplished. One
tenth of the sample volume of 3 M sodium acetate solution (pH 5.4) was added. Then 2 vol-
umes of ice cold 100% ethanol were added and well mixed. The mixture was stored at -80°C
overnight and then spun down in a precooled microcentrifuge at 4°C at 14000 rpm for 30
minutes. The supernatant was removed and the pellet was air dried to remove excess ethanol
and finally re-suspended in 200 uL DNA free water. Primers and PCR conditions are listed
in S1 Table. Primers were checked in the ARB database as well as in the Ribosomal Database
Project (RDP). All samples were measured in triplicates. The extracted DNA was used for a
qPCR procedure with a variable primer concentration (S1 Table.) and 25 uM iQ SYBR™
Green Supermix (BIO-RAD Laboratories, USA). A “StepOne—Real Time PCR System” by
Applied Biosystems was used to run the qPCR assays. All primers were optimized with a gra-
dient qPCR. The resulting conditions, primer concentrations are listed in S1 Table. To deter-
mine the concentration of the extracted DNA the adsorption was measured with a
NanoDrop2000-UV-VIS-Spektrophotometer (Thermo Scientific) at a wavelength of 260 nm.
A 260/280 coefficient of 1.8 and a 260/230 coefficient of 2.0-2.2 were considered as pure
DNA. Values below these ratios indicated pollution and were not considered for further
analysis [20]. qPCR was performed on the pure cultures (Cr(,) before the inoculation of the
second culture (Cr(arger)) in order to have a zero value and to check if the reactors were con-
taminated. In order to compare the ACy values between samples the following equation
ACr = Crirep = Critarger Was used [21]. For the calculations of the bacterial ratios, the
approach from Winkler et al. (2011) was used. The highest ratio (pure culture) was
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designated as 1 and the ratios for the subsequent experiments were calculated as a fraction to
achieve values between 1 (pure Nitrobacter culture) and 0 (no Nitrobacter present).

Critical parameter J

In 1980 Hansen and Hubell experimentally proved the theory for resource based competi-
tion by showing that if multiple microbial strains compete in a continuous culture for the
same limiting substrate, only one strain survives [16]. The theory is based on the quantity

J; = k; (2) and claims that if several strains compete for a single substrate, that the strain (i)
with the lowest half saturation coefficient (kg;) on the limiting substrate (S), at the given
intrinsic rate of increase (r;), as quantified by the smallest value for J, k will win the competi-
tion against the other species. The intrinsic rate of increase (r;) of strain i is defined as the
difference between the growth rate (y;) of the strain and the given dilution rate (D) [16]:

ri= (u; — D) with g, So2_[22]. Dilution rates higher than the growth rate of the bac-

= Hinax Koy+S0,

terium, correspond in the negative J value and lead to washout. In this study, the J criterion
was applied to evaluate and compare the effect of the dilution rate on the competition
between Nitrobacter and Nitrospira. The critical parameter ] corresponding with the experi-
mental conditions, was calculated and a sensitivity analysis was conducted to assess the
effect of the dilution rate. For the nitrite affinity constant values of 1.5 and 0.21

mgNO,-N 1" as well as maximum specific growth rates of 1.6 and 1 day™' were used for
Nitrobacter, whereas the values for Nitrospira were kept constant (0.12 mgNO,-N 1" and
0.67 day™"), respectively (Table 1).

Model set-up development

A model including the competition between Nitrobacter and Nitrospira was implemented in
the Aquasim software [32]. According to the r- and k-selection theory [1], Nitrospira (Nsp) is
represented as k-strategist, with a low growth rate but a high affinity for nitrite, whereas Nitro-
bacter (NDb) is represented as r-strategist, with a high growth rate and low affinity for nitrite.
The affinity constants and growth rates were set according to reported literature values

(Table 1). The overall model stoichiometry and kinetics are summarized in the Appendix (52
and S3 Tables, respectively), as are the corresponding parameter values (S4 Table). The oxygen
was set to the same constant value as in the experiment. Since the HRT was close to the maxi-
mum specific growth rates of both bacteria, decay was neglected. Monod kinetics were used to
describe the dependency of growth on nitrite and oxygen of both NOB [33]. Ammonium was
used as nitrogen source for biomass growth. For the simulations, the same average literature
values (given in Table 1) as for the calculations of the critical parameter ] were used.

Results
Minimal hydraulic retention time for Nitrospira defluvii

The purpose of this study was to evaluate the effect of the dilution rate on the competition
between a k-strategist (Nitrospira) and an r-strategist (Nitrobacter). Since the knowledge of
maximum growth rate of Nitrospira defluvii was highly important for this experiment, its value
was estimated by determining the minimal hydraulic retention time before washout occurred,
by gradually increasing the flow rate (S5 Table). The minimum dilution rate of Nitrospira
before washout was experimentally determined to lie between 0.6-0.67 day™', which is in line
with literature values [29, 30] (Table 1 and S5 Table). Therefore, all reactors were run with a
dilution rate of 0.6 day .
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Table 1. Literature values reported for maximum specific growth rates and nitrite affinity constants for Nitrobacter spp. and Nitrospira spp.

Nitrobacter
Maximum growth rate reference value conver. to 301K unit Reference
Nitrobacter 0.48 0.65 d’ [23]
Nitrobacter winogradskyi 1.60 1.60 d’ [24]
Nitrobacter agelis 0.86 117 d’ [25]
Nitrobacter spp 0.67 0.9 d’ [26]
Average 0.90 1
Nitrite affinity constant
Nitrobacter spp 1.50 mgNO2-N L™’ [23]
Nitrobacter agelis 2.80 mgNO2-N L’ [27]
Nitrobacter spp 0.21 mgNO2-N L™’ [28]
Average 1.5 mgNO2-N L’
Nitrospira
Maximum growth rate reference value conver. to 301K " unit Reference
Nitrospira spp 0.50 0.68 d’ [29]
Nitrospira moscoviensis 0.50 0.68 d’ [30]
Nitrospira deviuvii this study 0.67 d’ This study
Average 0.59 0.67 d’
Nitrite affinity constant
Nitrospira spp 0.12 mgNO2-N L™’ [31]
Nitrospira spp 0.22 mgNO2-N L™’ [31]
Nitrospira spp 0.15 mgNO2-N L’ [31]
Nitrospira spp 0.14 mgNO2-N L™’ [6]

0.16 mgNO2-N L’
(" Conversion given in Hellinga et al 1999 through the relationship #'93(T) = u%3(T,,,) - exp (%TTZ’E")

https://doi.org/10.1371/journal.pone.0172785.t001

Experimental validation of the dynamic competition behaviour—
Influence of dilution rate

Two separate reactors were run and as expected the number of cells of Nitrobacter was lower
(1.5°10® cells mL™") than that of Nitrospira (2°10° cells mL™") due to a higher yield coefficient
of the latter one [26, 31]. The reactor containing Nitrobacter was inoculated with Nitrospira
based on cell concentration with a ratio 0.75:0.25 and this ratio was also used as starting condi-
tion in the model. In order to compare the simulation results with molecular data from the
qPCR assay, both results were expressed in a ratio of Nb: (Nsp+Nb). A ratio of 1 meant thata
pure culture of Nitrobacter was present and a ratio of 0 that Nitrospira dominated the system.
Accordingly, at a ratio of 0.5 both bacteria were present in equal amounts.

The ratios calculated for 16S and functional primers (NxrB) delivered comparable results
since both measuring points overlap (Fig 1A). The simulations started with the Nb: (Nsp+Nb)
ratio of 0.75:0.25 as it was chosen in the experimental design as mentioned in this section
above (Fig 1A). The dilution rate (~0.6 day™") applied in the experiment perfectly corre-
sponded with the simulations conducted at a similar dilution rate (0.58 day ™, Fig 1A). The
minor difference between the dilution rate on the experiment and the simulations (0.02 day’l)
could be explained by inaccuracies in the pump frequency. The validated model was subse-
quently applied to study the effect of the dilution rate on the competition at given nitrite affin-
ity constants and growth rates (Fig 1B). At low dilution rates (HRT of >3 days) Nitrospira out-
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Fig 1. A) Comparison between measured ratios (gpcr results) of Nitrobacter/ Nitrospira in terms of their functional genes (NrxbNb/ NrxBNsp) (:*) and
16SDNA (¢) and corresponding simulation result at a hydraulic retention time of 1.7 days (corresponding to pmax of 0.58d™"; red dashed line). The
experiment and the simulation were based on an inoculation ratio of (0.75:0.25). B) Influence of the dilution rate on the ratios of Nitrobacter Nitrospira Nb:
(Nsp+Nb). C) Corresponding substrate concentration to biomass profile at given dilution rate. All graphs were determined for constant parameter values
for Nitrospira (Umax = 0.67d ™", Ks = 0.21 mgNO,-N I'') and Nitrobacter (Umax = 1d™", Ks = 1.5mgNO,-N I'").

https://doi.org/10.1371/journal.pone.0172785.g001

competed Nitrobacter instantaneously. However, when the dilution rate was set close to the
maximal growth rate of Nitrospira (D~0.67 day ") small changes had a big impact on the time
needed for complete washout of Nitrobacter. The time needed for washout of Nitrobacter
increased from 100 hours to over 1000 hours for dilution rates from 0.58 to 0.63 d™* (Fig 1B).
For hydraulic retention times higher than 0.64 day ' Nitrospira was washed out of the reactor,
although a pure culture of Nitrospira could have remained in the system until the dilution rate
became higher than the maximal possible growth rate of 0.67 day ' (Table 1 and S5 Table).
Pure culture studies on a single substrate, such as conducted here, clearly demonstrate the role
of the dilution rate in a continuously fed reactor on the competition between Nitrospira and
Nitrobacter.

The effect of the dilution rate on microbial competition

Simulations on the concentration in the reactor showed that the delayed washout of Nitrobac-
ter was coupled to the nitrite concentrations in the reactor (Fig 1C). However, the measure-
ments did not show nitrite in the effluent, which is possibly due to some biomass growth on
the reactor walls, hence decreasing nitrite to low levels. In order to inspect the competition at
limiting concentrations the critical parameter ] was used. The parameter ] determines the
competition outcome and is governed by the species substrate affinity and maximum growth
rate as well as by the prevailing dilution rate. The higher the growth rate and the lower the sub-
strate affinity, the lower the critical parameter ] (at a given dilution rate) will be. The species
with the lowest ] will win the competition [16]. Nitrobacter can only win at low substrate con-
centrations if its ] value is lower than the one of Nitrospira. The ] values for both species are
increasing towards higher dilution rates, and are the highest close to the point of the dilution
rate corresponding to their specific growth rate (Fig 2). At the point where the dilution rate
equals the maximum growth rate, ] becomes negative (not displayed) indicating washout. Fig
2A displays the effect of the dilution rate for typical growth rates and affinity constants for
Nitrospira and Nitrobacter (Table 1). The range of dilution rates at which Nitrobacter outcom-
peted Nitrospira despite of low substrate conditions and although the retention time was high
enough to retain Nitrospira as a single culture in the system, was very narrow (zone II).

A sensitivity analysis was conducted to assess the effect of nitrite affinity (Fig 2B) and the
maximum growth rate (Fig 2C) on the competition outcome in terms of the different dilution
rates. The effect of changing the growth rate to the highest reported literature value of Nitro-
bacter (1.6 day™', Table 1) did show an effect, but only in a narrow range (Fig 1C, zone I).
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https://doi.org/10.1371/journal.pone.0172785.9002

Nitrobacter won the competition at a dilution rate corresponding to a pmax of 0.6 day ™" even
though the washout for a single species experiment (with Nitrospira only) would have led to a
washout only when the dilution rate exceeded the maximal growth rate (0.67 day ", Fig 2).
However, the range in which the dilution rate could reverse and favour the competition
towards Nitrobacter, was similar to the experimental conditions (Fig 2A, zone II), very narrow
(0.6-0.67 day™") and hence very close to the pmax of Nitrospira (0.67 day™"). The value of the
affinity constant had a more severe effect on the competition (Fig 2B). When applying the low-
est nitrite affinity constant reported in literature for Nitrobacter (Table 1) the washout of
Nitrospira occurred at significantly lower dilution rates (0.3 day™') than the pmax of Nitrospira
(0.67 day'l) (Fig 2B, zone II). The J values for both organisms were very close to one another at
all dilution rates, indicating a strong competition.
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Discussion

The results presented here demonstrate that the dilution rate is of crucial importance regard-
ing the competition between k and r strategists (Figs 1 and 2). The experimentally determined
washout of Nitrobacter at higher dilution rates matched the simulation results very well, hence
providing a reliable starting point for further simulation studies evaluating for various opera-
tional strategies, which would have been very time consuming to be tested experimentally. In
this study, the chosen dilution rate was not close enough to the umax of Nitrospira in order to
provoke its washout by competition, which is nevertheless possible as shown in Figs 1 and 2. A
washout of Nitrospira at a dilution rate close to its pmax would have been easily interpreted as
washout due to high dilution rate (e.g. due to inaccuracies of the pumps). Our simulation
results show that the sludge retention time (SRT) has a big impact on the substrate concentra-
tions, hence severely influencing the competition between Nitrospira and Nitrobacter. Under
these circumstances it was shown here that the bacterium with the highest substrate affinity
(Nitrospira) does not necessarily win the competition at low substrate concentrations as com-
monly perceived in literature [1-6]. The dilution rate is crucial especially when the difference
between the value of the affinity constants of two species competing for the same substrate is
small (Fig 1B). Under these circumstances will the competition take more time to reach steady
state (washout of Nitrobacter) and can even be reverted from one to another species as shown
in the simulation studies (Figs 1 and 2B). In an earlier study based on the competition of Nitro-
bacter and Nitrospira at low substrate concentrations, a fast washout of Nitrobacter did not
occur [15], which might have been a delayed washout of Nitrobacter over Nitrospira as shown
in our study (Fig 2B).

In a wastewater treatment plant operated with flocs, the retention time of bacteria (sludge
retention time, SRT) can be controlled independently from the hydraulic retention time
(HRT, being the inverse of the dilution rate). The J criterion can also be applied in systems in
which the SRT is not equal to the HRT but still the same for all bacteria [22, 34]. Nature how-
ever, is often more complex, for instance individual species in biofilms are characterized by
different SRTs. The straightforward criteria to determine the competition outcome, such as
based on the J-value, can therefore not easily be formulated in biofilm systems [35]. Besides,
biofilms display concentration gradients in terms of biofilm depth in which different substrate
concentrations select for r and k strategists at the same time [12].

Earlier modelling studies, investigating the growth of bacteria on multiple substrates, have
shown that the coexistence of several species at steady state is possible due to niche differentia-
tion by substrate inhibition, even when all the organisms strongly prefer one substrate [36]. In
addition, it is known that Nitrobacter is capable of mixotrophic growth, hence using other sub-
strates than nitrite [37] increasing the complexity of a clear determination of the winning strat-
egy of k and r-strategists [38].

Despite of the complexity of substrate competition between different species, the outcome
of this can study give an explanation for situations in which a r-strategist is dominating a sys-
tem at low substrate concentrations. In this study, it was shown that the dilution rate within an
ecosystem creates a selection pressure favouring the most adapted species under given envi-
ronmental conditions, hence out-competing other less adapted species [39, 40], which is in
this case unexpectedly r-strategists (Nitrobacter) winning the competition at low substrate con-
centrations. In biotechnological processes the bacterial retention time is often uncoupled from
dilution rate by using biofilm systems, which retain high biomass concentrations. However, in
these biofilm systems suspended biomass is present as well and the selection for different nitri-
tying populations based on biofilms and/or suspended biomass and the impact on ecophysio-
logical population dynamics is poorly understood. Therefore one must better comprehend
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what conditions bacteria experience when growing in suspension versus in a biofilm. Recent
studies insinuate that suspended biomass plays different functional roles in biofilm systems,
and that suspended biomass and biofilms can coexists in a single system [41-44]. Since biofilm
reactor systems can remove substrate concentrations to low levels at high dilution rates the
selection pressure of the dilution rate will severely drive population dynamics in the suspended
fraction [45, 46], and might lead to the dominance of r-strategists at low substrate concentra-
tions. In a system that runs at high dilution rates a good knowledge of the umax and affinity
constants are of prime importance for accurate simulation and successful reactor operation.
One must take care not only to fit a model with experimental data by changing affinity con-
stants and growth rates only, but should also consider the correct hydraulic or sludge retention
time. It is clear that a model can describe a system only as exact as the input data are [47] and a
validation is hence vital (Fig 2A).

In conclusion, it was demonstrated that not only the substrate concentrations but also the
dilution rate in natural habitats and engineered systems drives interspecies competition and
must be taken into consideration, while investigating the competition between k and r
strategists.
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