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ABSTRACT In recent years, global warming has led to a growing number of Vibrio
cholerae infections in bathing water users in regions formerly unaffected by this
pathogen. It is therefore of high importance to monitor V. cholerae in aquatic envi-
ronments and to elucidate the main factors governing its prevalence and abun-
dance. For this purpose, rapid and standardizable methods that can be performed
by routine water laboratories are prerequisite. In this study, we applied a recently
developed multiplex quantitative PCR (qPCR) strategy (i) to monitor the spatiotem-
poral variability of V. cholerae abundance in two small soda pools and a large lake
that is intensively used for recreation and (ii) to elucidate the main factors driving V.
cholerae dynamics in these environments. V. cholerae was detected with qPCR at
high concentrations of up to 970,000 genomic units 100 ml�1 during the warm sea-
son, up to 2 orders of magnitude higher than values obtained by cultivation. An in-
dependent cytometric approach led to results comparable to qPCR data but with
significantly more positive samples due to problems with DNA recovery for qPCR.
Not a single sample was positive for toxigenic V. cholerae, indicating that only non-
toxigenic V. cholerae (NTVC) was present. Temperature was the main predictor of
NTVC abundance, but the quality and quantity of dissolved organic matter were also
important environmental correlates. Based on this study, we recommend using the
developed qPCR strategy for quantification of toxigenic and nontoxigenic V. cholerae
in bathing waters with the need for improvements in DNA recovery.

IMPORTANCE There is a definitive need for rapid and standardizable methods to
quantify waterborne bacterial pathogens. Such methods have to be thoroughly
tested for their applicability to environmental samples. In this study, we critically
tested a recently developed multiplex qPCR strategy for its applicability to deter-
mine the spatiotemporal variability of V. cholerae abundance in lakes with a chal-
lenging water matrix. Several qPCR protocols for V. cholerae detection have been
developed in the laboratory, but comprehensive studies on the application to en-
vironmental samples are extremely scarce. In our study, we demonstrate that our
developed qPCR approach is a valuable tool but that there is a need for improve-
ment in DNA recovery for complex water matrices. Furthermore, we found that non-
toxigenic V. cholerae is present in very high numbers in the investigated ecosystems,
while toxigenic V. cholerae is apparently absent. Such information is of importance
for public health.
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Vibrio cholerae is one of the most important waterborne bacterial pathogens and the
causative agent of epidemic cholera. Besides cholera, nontoxigenic V. cholerae

(NTVC) strains can cause a variety of other infections, such as gastroenteritis and ear,
wound, blood, or soft tissue infections (1–3). Attributable to climate change, the
numbers of infections caused by nontoxigenic V. cholerae non-O1/non-139 have been
increasing in Europe and the United States in the past 2 decades (1, 4–8). Most of the
reported infections have been related to recreational activities (mainly bathing) in
natural marine (2, 9, 10) and inland aquatic ecosystems (11, 12). It is thus of high
importance that the prevalence and abundance of NTVC are monitored and linked to
environmental parameters (i) to identify and monitor the hot spots of NTVC abundance
in recreational waters and (ii) to elucidate the main factors governing their prevalence
and abundance. For this purpose, reliable methods for the detection and quantification
of NTVC are required. Cultivation by microbiological media is still the most commonly
used approach (13); however, standard protocols rely on extremely tedious and elab-
orate most-probable-number procedures (14–16). Moreover, cultivation may underes-
timate the number of V. cholerae cells because of the presence of viable-but-
nonculturable (VBNC) cells (17, 18), and more studies that compare cultivation results
with results obtained by culture-independent methods are needed (19). Besides culti-
vation, quantitative PCR (qPCR) is a ubiquitously used method to quantify pathogenic
bacteria in aquatic environments that has the potential to become standardized and
used by routine laboratories (20). Several promising qPCR protocols for V. cholerae have
been developed in past years (21–26), but they have not been widely applied in large
environmental investigations (26). It is therefore of utmost importance to scrutinize
existing qPCR protocols for their applicability and reliability to quantify NTVC over a
wide range of environmental conditions.

The aim of the study was to comprehensively test a multiplex qPCR strategy for V.
cholerae quantification (21) that was recently developed for Neusiedler See, a turbid
shallow subsaline lake in eastern Austria with a water matrix that is extremely chal-
lenging for sample analysis. Neusiedler See has been associated with NTVC infections
of bathers and other recreational visitors for approximately 15 years (3; Steliana
Huhulescu, Austrian Agency for Health and Food Safety, personal communication), with
a few cases per year. Most reported infections have been ear infections, but in 2005, a
lethal case of septicemia occurred (3). Within the region of eastern Austria, two severe
cases of necrotizing fasciitis, one with a fatal outcome, occurred in 2015 during a
summer heat wave, related to two small bathing ponds approximately 40 km away
from Neusiedler See (11). Neusiedler See was shown to harbor a community where
NTVC is endemic (27, 28). In close vicinity to the lake, there are several small and very
shallow soda pools that have recently been identified as hot spots of NTVC (19). V.
cholerae abundance was monitored at several stations in the lake and in two selected
soda pools over two annual cycles with the recently developed multiplex qPCR
strategy, allowing the simultaneous detection of nontoxigenic and toxigenic V. chol-
erae. The applicability of the qPCR along a wide range of environmental gradients was
critically investigated and compared to results obtained by cultivation and an inde-
pendent cytometric method. In addition, the obtained qPCR abundance values were
statistically related to a variety of important environmental factors to elucidate the
main factors driving NTVC abundance in the lake and the soda pools.

RESULTS
Environmental conditions in the investigated ecosystems. Neusiedler See

(47°42=N, 16°46=E) is the largest shallow alkaline brown-water lake in central Europe and
covers an area of approximately 320 km2 (29). About 55% of its area is covered with
reed (Phragmites australis), and within this vegetation, extended brown-water areas are
found. The water level of the lake (maximum depth, 1.8 m) is mainly controlled by
precipitation (500 to 700 mm year�1) and evaporation. Due to the shallow water
column, the water temperature changes rapidly in response to weather events (29). The
intensive resuspension of the sediment due to winds and currents results in a high
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concentration of suspended solids in the water (Table 1). The lake is characterized by
high pH values up to 8.9, elevated conductivity values up to 3,000 �S cm�1, and high
inorganic and organic nutrient concentrations (Table 1). Due to its high turbidity (open
water) and brown color (reed stand), chlorophyll a values are comparably low (Table 1).
Altogether, the chemophysical conditions of the lake result in a water matrix that is
extremely challenging for any kind of sample analysis. Four sites in the lake were
selected for sampling to represent a wide range of ecological variability (see Fig. S1 in
the supplemental material).

Adjacent to the eastern shore of the lake, small, shallow (maximum depth, 80 cm)
soda pools are situated. Two of them, Zicklacke (ZL) and Unterstinker (US), were
selected as additional sampling sites. These soda pools are characterized by very high
pH values, up to 9.9, very high inorganic and organic nutrient concentrations and
chlorophyll a values (Table 1), an extremely active microbial community (30, 31), high
turbidity, and thus an extremely challenging water matrix.

GR rate and sample limit of detection. In order to determine the abundances of

V. cholerae in the lake water samples, the global recovery (GR) rate was determined for
each sample. GR describes the efficiency of the entire cell concentration and DNA
extraction procedure to recover the target bacteria in a defined volume of lake water.
GR values showed extremely high seasonal variability and ranged from 0.0% to 102%
(Table 2). There was one outlier of 132% observed at site US in January 2014. At this
time of the year, no V. cholerae cells were detectable by PCR (no positive signal in any
of the unspiked triplicate samples). The lowest value was observed in September 2014
at site 5 (open water), when no positive qPCR signal was obtained even in the spiked
sample. Median GR values ranged from 2.1% for site ZL in 2014 to 15.7% for site 24 in
2014, with a tendency to lower values at site 36 (reed stand) and ZL than at the other
sites (Table 2). Several environmental parameters were significantly correlated with the
GR values (Table S1). For the lake, negative correlations were found with water
temperature (rho � �0.44, P � 0.001), ammonium (rho � �0.57, P � 0.001), and
dissolved organic carbon (DOC; rho � �0.29, P � 0.01); positive correlations were
found with oxygen (rho � 0.46, P � 0.001), Secchi depth (rho � 0.44, P � 0.001), pH
(rho � 0.37, P � 0.001), and the 250 nm/365 nm absorbance ratio (rho � 0.34, P �

0.01). The 250 nm/365 nm absorbance ratio was calculated to determine possible shifts
in the molecular size spectrum of DOC (32). A lower ratio indicates a higher percentage
of high-molecular-weight matter than of low-molecular-weight substances and vice
versa. Stepwise multiple linear regression was applied to predict the GR from environ-
mental parameters. Of all parameters fed into the model, only water temperature and
Secchi depth were significant predictors, together explaining 41.8% of the variability of
the GR (F � 33.97, df � 92, P � 0.001). Despite their high correlation coefficients,
ammonium and oxygen were not included in the model calculations. Both parameters
were also correlated with temperature, and we assume that neither parameter has a
mechanistic influence on the GR. We also examined if nonlinear relationships would
better predict the GR values. From the visual inspection of the correlation scatterplots
of the individual environmental variables, supported by mathematical calculations, we
found that polynomial models were the only ones that exhibited a slightly higher
goodness of fit. From the parameters fed into the model, a second-order polynomial
function, including temperature and the 250 nm/365 nm absorbance ratio, gave the
best fit and explained 49.5% of the variability of the GR (F � 23.58, df � 92, P � 0.001).

In the soda pools, GR values showed significant negative correlations with water
temperature (rho � �0.60, P � 0.001), pH (rho � �0.30, P � 0.05), and the 250 nm/365
nm absorbance ratio (rho � �0.48, P � 0.001), and positive correlations were found
with oxygen (rho � 0.51, P � 0.001) (Table S2). The stepwise multiple linear regression
model revealed that temperature was the only significant predictor of GR, explaining
37.0% of its variability (F � 28.06, df � 46, P � 0.001). Similar to the lake results,
a second-order polynomial function, including water temperature alone, showed a
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higher goodness of fit than the linear model and explained 52.9% of the variability of
the GR (F � 26.84, df � 46, P � 0.001).

The sample limit of detection (SLOD) varied depending on the GR rate (21).
Calculated SLOD values ranged between a minimum of 125 genomic units (GU) 100
ml�1, when GR was near 100%, and 62,400 GU 100 ml�1, when a GR rate of 0.2% was
obtained. Median SLOD values were between 790 and 5,950 GU 100 ml�1 (Table 2).

Seasonal variation of V. cholerae abundances obtained by qPCR. The qPCR used
in this study allows the simultaneous detection of toxigenic V. cholerae (cholera toxin
A gene target, ctxA) and nontoxigenic V. cholerae (outer membrane protein W gene
target, ompW). At the three sampling sites investigated in 2011, V. cholerae was
successfully quantified by qPCR in 9 (60%, site 5), 13 (87%, site 36), and 10 (67%, site
ZL) out of 15 measurements (Fig. 1). qPCR results were considered quantitative only
when all triplicate measurements gave a positive signal. Results from the exogenous
inhibition control (IC; an egfp plasmid) amplification did not indicate inhibition of the
PCRs for any of the samples. At all three sites, positive detection was linked to higher
water temperatures (mid-May to mid-September); there was only one event during
summer (site 5) when V. cholerae could not be detected by qPCR (16 August). Nonde-
tections were otherwise observed only at the beginning and the end of the seasonal
cycle. V. cholerae numbers, corrected with the GR values (see “Global recovery rate and
calculation of V. cholerae abundances” in Materials and Methods), ranged from below
the SLOD to 317,000 GU 100 ml�1. During the warm season, permanently higher
numbers were found in soda pool ZL (median, 82,300 GU 100 ml�1) than in the lake
sites (median, 2,500 and 17,600 GU 100 ml�1 for sites 5 and 36, respectively). Not a
single sample was positive for ctxA (toxigenic V. cholerae).

In 2014, V. cholerae abundance was determined by qPCR at four lake sites and two
soda pools. As in 2011, no sample was positive for toxigenic V. cholerae. At the lake
sites, positive qPCR results were obtained mostly during a short period of time during
the warm season (end of June to mid-September), and a high number of nondetections
was obtained (Fig. 2). In total, 23 out of 72 analyzed lake samples gave detectable
results with qPCR (31.9%). As in 2011, no PCR inhibition was observed in any of the
positive samples. V. cholerae numbers, corrected with the GR values, showed maximum
values of 621,000 GU 100 ml�1 at sampling site 29 (median, 24,500 GU 100 ml�1). At
the other three sites, maximum values ranged between 31,000 (site 5) and 74,000 (site
24) GU 100 ml�1. Median summer values at those sites were between 4,400 and 5,300
GU 100 ml�1. In the two soda pools, ZL and US, high maximum values of 966,000 and
644,000 GU 100 ml�1, respectively, were observed with GR-corrected qPCR (Fig. 2);
median values amounted to 63,000 and 71,000 GU 100 ml�1, respectively.

When the data from both years were pooled, highly significant negative correlations
between GR-corrected qPCR results and GR rates were observed (rho � �0.31, P �

0.001, n � 102 [for the lake]; rho � �0.68, P � 0.001, n � 51 [for the pools]). This was
due to the strong contrasting effect of temperature on V. cholerae abundance (positive)
and GR rates (negative). Thus, no bias of higher results caused by higher GR rates was
observed.

TABLE 2 Global recovery rates and sample limit of detection at all sampling sitesa

Sampling site

Yr 2011 Yr 2014

GR rate (%) SLOD (GU 100 ml�1) GR rate (%) SLOD (GU 100 ml�1)

5 7.8 (0.6–54.6) 1,600 (230–20,800) 8.0 (0.0–75.5) 1,550 (165–NC)b

24 NA NA 15.7 (0.5–83.6) 790 (150–25,000)
29 NA NA 4.1 (0.6–102) 3,100 (125–20,800)
36 2.8 (0.7–42.5) 4,460 (295–17,800) 2.5 (0.3–5.7) 5,000 (1,750–41,700)
ZL 4.0 (0.2–42.5) 3,120 (295–62,400) 2.1 (0.7–55.6) 5,950 (225–17,800)
US NA NA 6.1 (0.3–132) 2,030 (125–41,700)
aData are median values, with minimum and maximum values in parentheses. GR, global recovery; SLOD, sample limit of detection; NA, not analyzed.
bNC, no calculation possible.
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FIG 1 V. cholerae concentrations in 2011 as determined by qPCR, cultivation, and CARD-FISH/SPC. (A)
Sampling site 5, Neusiedler See; (B) sampling site 36, Neusiedler See; (C) sampling site ZL (soda pool
Zicklacke). qPCR-based concentrations are given without correction (blue bars) and with correction
(corrected with global recovery rate; red bars). Cultivation-based (green bars) and CARD-FISH/SPC (purple
bars) results are shown. A black dotted line indicates the water temperature. A missing bar means that
an analysis with the respective method was not possible; bars between 0 and 1 indicate V. cholerae
concentrations below the detection limit. Values and error bars represent the mean of three (cultivation,
qPCR) and three to eight (SPC/CARD-FISH) replicates � standard deviation. GU, genomic units.
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Comparison of qPCR data with data obtained by cultivation and a cytometric
approach. For the lake sites in 2011, V. cholerae abundance was additionally deter-
mined by two independent methods: a cultivation-based approach and a cytometric
approach (catalyzed reporter deposition-fluorescence in situ hybridization combined
with solid-phase cytometry [CARD-FISH/SPC]) (33). Cultivation-based results were lower
than corrected qPCR results (positive samples only; paired t test, P � 0.01). They ranged
from below the detection limit (3 CFU 100 ml�1) to 2,500 CFU 100 ml�1 (median, 600
CFU 100 ml�1) for site 5 and up to 1,400 CFU 100 ml�1 (median, 750 CFU 100 ml�1) for
site 36 (Fig. 1). In soda pool ZL, maximum concentrations (546,000 CFU 100 ml�1) were
of magnitudes comparable to those obtained by qPCR. Similar to qPCR results, culture-

FIG 2 V. cholerae concentrations in 2014 as determined by qPCR and cultivation. (A) Sampling site 5, Neusiedler See; (B) sampling site 24, Neusiedler See; (C)
sampling site 29, Neusiedler See; (D) sampling site 36, Neusiedler See; (E) sampling site ZL (soda pool Zicklacke); (F) sampling site US (soda pool Unterstinker).
qPCR-based concentrations are given without correction (blue bars) and with correction (corrected with global recovery rate; red bars). Cultivation-based results
(green bars) are shown. A black line indicates the water temperature. A missing bar means that an analysis with the respective method was not possible; bars
between 0 and 1 indicate V. cholerae concentrations below the detection limit. Values and error bars represent the mean of three (cultivation, qPCR) replicates �
standard deviation. GU, genomic units.
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negative results were mainly obtained in the beginning and at the end of the seasonal
cycle; only at site ZL did a negative culture result occur in the beginning of August. In
2011, V. cholerae abundances were also determined via CARD-FISH/SPC (Fig. 1). At site
5, CARD-FISH/SPC results were comparable to corrected qPCR data (positive samples
only; paired t test, P � 0.05), ranging from below the detection limit (200 cells 100
ml�1) to 15,500 cells 100 ml�1 (median, 3,500 cells 100 ml�1). However, CARD-FISH/SPC
resulted in more positive results (14 out of 15) than did qPCR. At site 36, CARD-FISH/SPC
results were significantly lower than corrected qPCR results (positive samples only;
paired t test, P � 0.01), with maximum and median values of 7,200 and 3,300 cells 100
ml�1, respectively. Fourteen out of 15 samples gave positive results with CARD-FISH/
SPC, in comparison to 13 with qPCR. For all lake samples, a significant correlation
between log10-transformed corrected qPCR data and CARD-FISH/SPC data was ob-
served (rho � 0.55, P � 0.01, n � 30). At site ZL, CARD-FISH/SPC led to higher numbers
than those obtained by corrected qPCR, specifically during the period from the end of
August until November 2011. Maximum numbers of 5,630,000 cells 100 ml�1 were
observed at the end of August. In contrast, CARD-FISH/SPC failed to detect V. cholerae
on 18 July and 1 August, when qPCR gave positive results. A significant correlation
between log10-transformed corrected qPCR data and CARD-FISH/SPC data was ob-
served (rho � 0.63, P � 0.05, n � 13). In contrast to the corrected qPCR results,
uncorrected qPCR data in the lake and the soda pool were 1 to 3 log10 lower than the
CARD-FISH/SPC results and up to 2 log10 lower than cultivation-based results (Fig. 1).

In 2014, V. cholerae abundance was additionally determined by cultivation. Results
obtained by cultivation for the lake samples were on average 1 log lower than
corrected qPCR results (positive samples only; paired t test, P � 0.001). Maximum
concentrations of 11,500 CFU 100 ml�1 were observed at site 29; at the other sites,
maximum values ranged from 3,100 (site 36) to 8,900 (site 24) CFU 100 ml�1. Concen-
trations of culturable V. cholerae in the soda pools were on average 2 orders of
magnitude lower than the values obtained by corrected qPCR. In addition, there were
several occasions during summer when no V. cholerae could be detected by cultivation.
Despite the lower cultivation-based abundance values in the soda pools, V. cholerae
was detected with cultivation at a rate (23 positive out of 36 samples, 63.8%) similar to
that with qPCR (25 out of 36, 69.4%). As already observed in 2011, median uncorrected
qPCR data in the lake were approximately 1 log10 lower than cultivation results; in the
soda pools, they were of comparable magnitudes (Fig. 2).

When the data from both years were pooled, a highly significant correlation
between corrected qPCR results and cultivation-based results was obtained for the lake
data set (rho � 0.71, P � 0.001, n � 102) (Table S1). For the soda pool samples, a much
weaker relationship was observed (rho � 0.29, P � 0.05, n � 51) (Table S2). Positive
qPCR results were obtained for 80 out of 153 samples (52.3%); due to a lower SLOD, 102
positive results (66.7%) were obtained with cultivation.

Relationship of V. cholerae concentrations to environmental variables. For the
lake, three statistically significant correlations between V. cholerae concentrations
obtained with qPCR and environmental parameters were observed (pooled data from
2011 and 2014). Slightly higher correlation coefficients were obtained for the GR-
corrected data than for the uncorrected data (Table S1); therefore, in the following, only
the corrected data set is described. Temperature and ammonium showed positive
correlation coefficients (rho � 0.58, P � 0.001, n � 102, and rho � 0.25, P � 0.05, n �

64, respectively); oxygen was negatively correlated (rho � �0.45, P � 0.001, n � 96).
All other parameters did not show any relationship to the V. cholerae concentrations. In
multiple linear regression analysis, temperature and chlorophyll a were significant
predictors of V. cholerae abundance, both explaining 36.8% of its variability (F � 23.84,
df � 97, P � 0.001), while temperature alone already explained 30.1%. As for the GR
rates, multiple nonlinear regression models were calculated. No nonlinear model was
found that better explained the variability of V. cholerae abundance in the lake than the
linear model.
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For the soda pools, a variety of environmental parameters showed significant
correlation with V. cholerae abundance (Table S2). Temperature exhibited the highest
correlation coefficient (rho � 0.87, P � 0.001, n � 49), followed by the 250 nm/365 nm
absorbance ratio (rho � 0.64, P � 0.001), oxygen (rho � �0.63, P � 0.001), DOC
(rho � 0.44, P � 0.01), conductivity (rho � 0.36, P � 0.01), and pH (rho � 0.33, P �

0.05). As for the lake, slightly higher correlation coefficients were observed for the
corrected than for the uncorrected values (Table S2). With multiple linear regression,
temperature remained the only significant predictor, explaining 66.0% of the variability
of V. cholerae abundance in the pools (F � 88.34, df � 45, P � 0.001). No nonlinear
model was found that better explained the variability of V. cholerae abundance than the
linear model in the soda pools.

DISCUSSION

Due to the increasing number of NTVC infections related to recreational activities in
marine and inland aquatic ecosystems, reliable monitoring tools for quantification of
these pathogenic bacteria in water samples are required. In this study, we used a
recently developed triplex qPCR strategy (21) to critically examine its applicability to
environmental samples along large spatiotemporal environmental gradients for (i)
quantifying V. cholerae in a lake intensively used for recreation and two small soda
pools nearby and (ii) elucidating the main environmental factors which drive V. cholerae
abundance in the investigated ecosystems. This strategy comprises (i) a cell standard
spike for each triplicate sample to obtain a global recovery (GR) rate, (ii) the correction
of the measured qPCR results with the GR values to obtain the “true” V. cholerae
concentrations in the water samples, and (iii) the search for environmental correlates to
predict GR rates.

In this study, 80 out of 153 samples (52.3%) were positive for NTVC as determined
by qPCR (ompW target). Not a single sample was positive for ctxA, corroborating the
findings of previous investigations in which no toxigenic isolates were found in the lake
and the soda pools (19, 27). Potential false-negative ctxA results can be ruled out based
on the results of the template competition assays (21) (see “Quantification of V.
cholerae” in Materials and Methods). Due to the fact that a toxigenic V. cholerae strain
was used as the cell spike standard and that all samples were negative for ctxA, the ctxA
target could be used as a marker for calculation of the GR rates. In these challenging
environments, the correction of the obtained “raw” qPCR results with the GR rates was
obviously necessary to obtain more realistic NTVC numbers: corrected qPCR results
were mostly of magnitudes similar to those of the CARD-FISH/SPC data and higher than
those of cultivation-based data. In contrast, uncorrected values would have underes-
timated NTVC levels, as median concentrations were up to 3 log10 lower than results
obtained by CARD-FISH/SPC and even up to 1 log10 lower than cultivation-based
results. Thus, standard cell spikes have to be performed for each individual sample. PCR
inhibition was obviously not a problem in any of the samples, as indicated by the used
IC spike and dilution of DNA extracts. The GR rates displayed an extremely high
spatiotemporal variability and were influenced by a combination of different environ-
mental factors. With multiple linear regression, we tried to set up models to predict the
GR rates from the environmental variables for the lake and the soda pools separately.
With linear regression, temperature and water transparency (Secchi depth) and tem-
perature alone were the only significant predictive variables, explaining 41.8% and
37.0% of the GR variability in the lake and the soda pool samples, respectively, which
is insufficient to be used in a predictive model. With nonlinear (second-order polyno-
mial) regression, the goodness of fit was slightly higher. For the lake, temperature and
the 250 nm/365 nm absorbance ratio explained 49.5% of the variability of the GR rate,
and in the soda pools, temperature alone explained 52.9% of the variability of the GR
rate. It has to be mentioned again that the investigated ecosystems have an extremely
challenging water matrix for any DNA-based analysis approach. Due to the shallowness
of these water bodies, the resuspension of sediment results in a practically permanent
presence of various amounts of different kinds of organic and inorganic particles in the
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water column (34) that may bind DNA to their surfaces and inhibit efficient DNA
extraction (35). Obviously, lower GR rates were obtained when temperatures were
higher. We speculate that this was due to an indirect effect of temperature on the
presence and behavior (emulsion, DNA binding capacity) of specific (colloid) particles.
More particles and/or particles with a higher DNA binding capacity may be present at
higher temperatures than at lower temperatures. In addition to turbidity, the large
amounts of refractory DOC (high abundance of high-molecular-weight substances like
humic acids, reflected in a low 250 nm/365 nm absorbance ratio) (27, 32) may also have
a negative influence on the DNA extraction efficiency (36) and GR rates. Indeed, in the
lake, the GR rates were negatively correlated with DOC and a positive correlation with
the 250 nm/365 nm absorbance ratio was found (a higher ratio means a lower
percentage of refractory high-molecular-weight substances). In the soda pools, GR rates
correlated negatively with the 250 nm/365 nm absorbance ratios. The annual course of
the 250 nm/365 nm absorbance ratios in the pools was opposite to that of the ratios
in the lake. While refractory material in the lake from the reed stand mainly fuels the
DOC pool in summer (32), benthic and pelagic algae releasing low-molecular-weight
substances mainly fuel the DOC pool in the soda pools (30). Thus, we propose that in
the soda pools, the negative effect of the high-molecular-weight substances on the GR
rates (36) (positive correlation with 250 nm/365 nm absorbance ratios) is masked by the
specific ecological conditions in the soda pools (high percentage of low-molecular-
weight substances present in summer, when GR rates are low due to temperature-
induced effects on the presence of DNA binding particles).

The high number of negative results obtained by qPCR is caused by a combination
of two factors. First, in the beginning of the warm season, when increasing numbers of
NTVC can be expected, the GR rates are decreasing due to the indirect “temperature
effect” mentioned above. False-negative results are then obtained because the DNA
extraction efficiency is too low and the corresponding SLOD values are too high to
enable successful quantification of NTVC by the qPCR. In summer, when NTVC con-
centrations are high enough, positive results are obtained despite lower GR rates. Such
a scenario was especially evident in 2014, when positive NTVC detection in the lake was
possible only in a short period, from mid-June to mid-September. In the soda pools,
where NTVC concentrations are generally higher, such a seasonal delay did not occur.
Second, when temperatures were low, low V. cholerae concentrations (or no NTVC at all)
were also present, resulting in negative qPCR results. In general, 66.7% positive results
were obtained with cultivation (all data from both years) and 88.9% positive results were
obtained with CARD-FISH/SPC (data from 2011 only). Despite the large differences in
positive detections between the two methods, qPCR results displayed a significant
positive correlation with both cultivation and CARD-FISH/SPC results for the lake and
the soda pools. Apart from small site-specific differences, qPCR delivered results
comparable to those of CARD-FISH/SPC but which were 1 log10 (lake) to 2 log10 (soda
pools in 2014) higher than results obtained by cultivation. A very similar finding was
also obtained in a preliminary study (21), in which a much smaller number of samples
was examined. The main reasons for these observations are that qPCR (as well as
CARD-FISH/SPC) also detects VBNC and dead cells and that V. cholerae cells that are
attached to particles end up in a single colony on agar medium but are detected
separately by qPCR and CARD-FISH/SPC.

The maximum NTVC concentrations obtained in this study by qPCR were 6.2 � 105

100 ml�1 in the lake and 9.7 � 105 100 ml�1 in the soda pools. These results lie in the
upper range of V. cholerae concentrations found in marine, brackish, and freshwater
ecosystems (8, 26, 37–39). Higher values have been reported so far only for water
samples in an area where cholera is endemic (2.9 � 106 CFU 100 ml�1) (40) and in an
earlier study on the investigated soda pools (5.6 � 106 CFU 100 ml�1) (19).

In both the lake and the soda pools, temperature was the main predictor of NTVC
abundance over the spatiotemporal scale, corroborating findings from an earlier study
(19). In the soda pools, temperature alone explained 66.0% of the NTVC variability, but
positive correlations were also found with the 250 nm/365 nm absorbance ratio, DOC,
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conductivity, and pH. It is well established that temperature is a main driver of V.
cholerae growth in many ecosystems (41), and as already shown in earlier studies,
increases in concentration of nutrients and salinity, but also in pH, occur in the soda
pools during summer due to the evaporation of water (30), leading to higher NTVC
abundances (19). Also, the positive correlation with the 250 nm/365 nm absorbance
ratio corroborates this finding; a higher ratio means a higher percentage of low-
molecular-weight substances, readily available for the bacterial metabolism (see above)
(32). The negative correlation with oxygen can be explained simply by the lower
solubility of this gas at higher temperatures in summer.

Also in the lake, temperature was the best predictor of NTVC abundance, alone
explaining 36.8% of NTVC variability. Together with temperature, chlorophyll a was the
only other significant predictor in the multiple linear regression model, but it explained
only an additional 6.7% of NTVC variability. As mentioned above, eukaryotic and
prokaryotic algae produce dissolved organic matter (DOM) that can be readily utilized
by V. cholerae (42, 43). As observed previously for Neusiedler See (19), ammonium
concentrations were positively correlated with NTVC abundance. No such positive
relationship has been reported in the literature for other ecosystems so far. In contrast,
a negative correlation was found by Blackwell and Oliver (44), and lake-specific char-
acteristics may be responsible for this observation (19). In this context, it must be
mentioned that crustacean zooplankton have been shown to be the dominant reservoir
for environmental V. cholerae in many marine, estuarine, or brackish water habitats (38,
45, 46). However, the ecosystems studied here offer perfect conditions for V. cholerae
(optimal pH, low salinity, and high DOM concentrations), leading to their effective
growth in the water column (27). Zooplankton have been shown to be a major reservoir
for NTVC only during relatively short periods in summer (19) and were therefore not
specifically investigated in the present study.

Summary and conclusions. With the used qPCR strategy (assessing GR rates for
each single sample and correcting the obtained qPCR results with the GR rates), we
were able to determine the spatiotemporal variability of V. cholerae abundance in lakes
with a highly challenging matrix. In the investigated lakes, the large number of
suspended particles and the concentrations of high-molecular-weight organic matter
influenced the recovery of target DNA, resulting in a high variability in recovery rates.
Such challenging conditions may not occur in other recreational water bodies, but the
determination of recovery rates for each individual sample (standard cell spike) and
strategies to improve DNA recovery (such as the addition of nontarget DNA saturating
potential DNA binding sites on the surface of particles) should be eventually considered
(47, 48). Despite the methodological challenges, highly significant correlations of the
corrected qPCR data to the results of a culture-based method and a cytometric
quantification method were found. While the corrected qPCR results were of a mag-
nitude comparable to that of the cytometric approach, they were 1 to 2 orders of
magnitude higher than the cultivation data.

In general, the detected V. cholerae concentrations were in the upper range of
values reported in the literature; higher V. cholerae abundances have been reported
only in areas where cholera is endemic. Thus, the lake used for recreation and the soda
pools nearby can be regarded as hot spots of NTVC, which is of importance for public
health. Moreover, global warming scenarios indicate a drastic further increase in
average surface water temperatures by about 2°C for Neusiedler See and the Central
European region over the next 30 years, after an already observed increase of about 2°C
during the past 30 years (49, 50). As the spatiotemporal pattern in NTVC concentrations
was mainly driven by temperature, increasing concentrations and potential threats can
be expected in the future due to global warming. To be prepared for such scenarios,
monitoring of recreational waters concerning the abundance of NTVC with suitable,
standardizable methods that can be used in routine laboratories is a prerequisite. In
addition to the determination of NTVC, toxigenic V. cholerae can also be quantified with
this multiplex qPCR. Based on the current study, we can recommend using the
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developed qPCR strategy for such purposes, with the need for significant improve-
ments in DNA recovery.

MATERIALS AND METHODS
Sample collection. At the Neusiedler See, samples were taken from four sampling sites. Among

them there were two open water sites, one in the southern area (sampling site 5) and one in the northern
part of the lake (sampling site 24); one site was situated in a small open brown-water area inside the reed
stand (sampling site 36), and one sampling site was close to the runoff from a municipal wastewater
treatment plant (sampling site 29). In addition, samples were taken from the two soda pools, Zicklacke
(ZL) and Unterer Stinker (US). For this study, sampling sites 5, 36, and ZL were monitored from April to
November 2011, and in the year 2014 all described sampling sites were monitored from January to
November. In the warm period (April to October), sampling took place in biweekly intervals, and during
the rest of the year, sampling was done in monthly intervals. Lake water samples were taken with a
motorboat, and soda pool samples were taken by foot with chest waders. From each site, triplicate water
samples were collected from a water depth of 20 to 30 cm in autoclaved 500-ml glass flasks and
transported to the laboratory at in situ temperature (�2°C) in a cooling box within 1.5 h after the last
sample was taken.

Environmental parameters. For each sampling site and time point, a variety of environmental
variables were determined. Conductivity (LF330; WTW, Germany), water temperature, pH (GHM, Seibold
Vienna, Austria), oxygen concentration (OXI 330i; WTW), and Secchi depth were measured in situ.
Additionally, 1 liter of water was collected in a clean plastic bottle to analyze inorganic nutrients,
chlorophyll a, total suspended solids (TSS), and DOC, and the spectrophotometric absorption ratio was
measured at 250 nm and 365 nm according to the methods described by Eiler et al. (30) and Kirschner
et al. (27).

Sample preparation. The triplicate water samples were thoroughly mixed and subdivided into two
200-ml aliquots each. One aliquot was used for analysis of V. cholerae concentration by qPCR, and the
second one was used for the standard addition to calculate the global recovery rate as described in detail
by Bliem and colleagues (21) and for calculating the V. cholerae concentrations (see “Global recovery rate
and calculation of V. cholerae abundances”).

Quantification of V. cholerae. (i) Multiplex qPCR. The DNA extraction and multiplex qPCR protocol
developed by Bliem et al. (21) was used to quantify V. cholerae in the water samples. The multiplex qPCR
targets toxigenic (ctxA gene [cholera toxin A gene]) and nontoxigenic (ompW gene [outer membrane
protein W gene]) V. cholerae and includes an exogenous inhibition control (egfp gene [enhanced green
fluorescent protein gene]). Briefly, DNA was extracted from the pellet of centrifuged 200-ml samples
(4,600 � g for 30 min) by use of the MoBio PowerSoil DNA extraction kit (MoBio, Carlsbad, CA, USA).
Eluted DNA was stored at �80°C until qPCR analysis was performed. All multiplex qPCRs were carried out
in a final reaction volume of 20 �l containing 10 �l 2� QuantiTect Multiplex PCR NoROX master mix
(Qiagen), 2 �l of each primer-probe mixture, 2 �l of DNA template, and PCR-grade water. The exogenous
inhibition control (IC) was added to the qPCR master mix at a final concentration of 1 � 103 per reaction
mixture. Each qPCR analysis included a standard dilution series of ctxA, ompW, and egfp plasmid, a
positive control containing all three targets, and a negative (no-template) control. Measurements were
performed on a LightCycler 480 II, and analysis was done with LightCycler 480 II software release 1.5
(Roche). Quantification cycle (Cq) values were calculated based on the curve fit method, and a Cq cutoff
level of 39 was defined for both ctxA and ompW based on the results of the standard dilution series. Color
compensation was performed according to the manufacturer’s guidelines. With the applied settings, a
method detection limit of 5 copies per reaction was achieved for all three targets (21). To visualize
problematic cases which might lead to a false-negative result, our qPCR was tested against a panel of
various target concentrations (template matrix assay [21]). Delayed Cq values were recognized only for
low ompW concentrations in the presence of high concentrations of ctxA and IC. Thus, false-negative
results may only occur in the unrealistic or rare situation of a higher concentration of ctxA than of ompW
(i.e., when the ctxA gene is present at high concentrations in a “host” other than V. cholerae) (21).

(ii) Global recovery rate and calculation of V. cholerae abundances. To assess the global recovery
rate for each individual sample, a known number of toxigenic V. cholerae O395 cells (5.4 � 105 cells, exact
number determined by CARD-FISH/SPC; see below) was seeded into the replicate samples (see sample
preparation described in reference 21), and the recovered number of V. cholerae cells was determined
with multiplex qPCR. As a positive ctxA signal could not be detected in any sample (i.e., no toxigenic V.
cholerae strains were present in the investigated lakes), the ctxA marker was used for calculating GR. The
V. cholerae numbers (“corrected data”) were calculated from the measured qPCR results of the DNA
extract from the nonspiked samples (“uncorrected” data) divided by the GR rate determined for each
individual sample according to the following formula: corrected data � uncorrected data/GR rate.

V. cholerae abundance data were expressed in genomic units (GU) per 100 ml. Due to the fact that
the target genes are single-copy genes, GU values are considered cell equivalents.

(iii) Cultivation. The cultivation of V. cholerae from the water samples was done by membrane
filtration as described by Schauer et al. (33). From each of the triplicate samples, subsamples of
appropriate volumes (1, 10, and 100 ml for samples from Neusiedler See, and 0.01, 0.1, and 1 ml, filled
up to 10 ml with sterile deionized water, for samples from the shallow soda pools) were taken and
filtered, and the membrane was placed on thiosulfate-citrate-bile salts-sucrose (TCBS) agar plates (Merck,
Darmstadt, Germany). TCBS agar plates were incubated for 18 h at 37°C. Yellow, flat, 1- to 3-mm-diameter
colonies were picked and streaked on nutrient agar without NaCl. Isolates showing growth on this agar
were considered presumptive V. cholerae. Five representative presumptive V. cholerae isolates of each
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water sample were confirmed via species-specific ompW-based PCR (33). The SLOD of the cultivation
procedure was 3 CFU 100 ml�1 (A. Kirschner, S. Hirk, S. Jakwerth, S. Rehak, A. H. Farnleitner, S. Huhulescu,
and A. Indra, submitted for publication).

(iv) CARD-FISH/SPC. For 2011, V. cholerae concentrations determined via a cytometric method
(CARD-FISH/SPC) (33) were taken for comparison with the qPCR data. All CARD-FISH/SPC data used here
were retrieved from the report of Schauer et al. (19).

Statistical analysis. Statistical analysis was performed with SPSS 22.0. For correlation analysis,
Spearman rank correlation was used. Multiple linear stepwise regression was used for predicting global
recovery rates and V. cholerae abundance from environmental parameters. For evaluating whether
nonlinear models are better suited for prediction, correlation scatterplots of the GR rates and V. cholerae
abundance with all individual environmental variables were visually inspected and supported by
mathematical calculations. Polynomial models were the only ones that partly exhibited a higher
goodness of fit than the linear models and were used in multiple nonlinear regression analysis. For
testing differences between sites and methods, analysis of variance (ANOVA) and Student’s t test were
applied. Microbiological data were log10 transformed to obtain normal distribution.
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