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Abstract: The detection and enumeration of Legionella pneumophila (L. pneumophila) in water is crucial
for water quality management, human health and has been a research hotspot worldwide. Due
to the time-consuming and complicated operation of the plate culture method, it is necessary to
adopt a fast and effective method for application. The present study aimed to comprehensively
evaluate the performance and applicability of the MPN method by comparing its qualitative and
quantitative results with the GB/T 18204.5-2013 and ISO methods, respectively. The qualitative results
showed that 372 samples (53%) were negative for both methods; 315 samples (45%) were positively
determined by the MPN method, compared with 211 samples (30%) using GB/T 18204.5-2013. The
difference in the detection rate between the two methods was statistically significant. In addition,
the quantitative results showed that the concentration of L. pneumophila by the MPN method was
greater than ISO 11731 and the difference was statistically significant. However, the two methods
were different but highly correlated (r = 0.965, p < 0.001). The specificity and sensitivity of the MPN
method were 89.85% and 95.73%, respectively. Overall, the results demonstrated that the MPN
method has higher sensitivity, a simple operation process and good application prospects in the
routine monitoring of L. pneumophila from water samples.

Keywords: MPN method; plate culture; Legionella pneumophila; cooling water; condensed water;
sanitary hot water

1. Introduction

Legionnaires’ disease (LD) has been listed as one of the emerging infectious diseases
in recent decades, seriously threatening people’s lives and health and has become an
important public health problem in modern cities around the world. LD is caused by
inhaling aerosolized water contaminated with Legionella, which is common in both natural
freshwater and man-made water supply systems, such as contaminated water distribution
systems [1], showers [2,3] spa pools [4], hot springs water [5], faucets [6,7], and cooling tow-
ers [8–10]. Over the years, outbreaks have continued to occur [11–13] and the number of LD
cases is increasing each year, according to reports from the US Centers for Disease Control
and Prevention and the European Centers for Disease Control and Prevention [14,15]. One
species of Legionella named Legionella pneumophila (L. pneumophila) is responsible for more
than 90% of all reported cases of legionellosis [16,17]. In conclusion, the contamination of
L. pneumophila in artificial water in public places around the world is common and severe,
which directly leads to the sporadic cases or outbreaks of LD in many countries and regions.
Therefore, regular monitoring and detection of L. pneumophila from water samples with
effective testing methods is essential to maintain public health.

Traditionally, the plate culture method of ISO 11731:2017, utilizing a specific medium
(buffer charcoal yeast extract, BCYE), usually with different sets of antibacterial material,
has been considered as the gold standard for the detection and enumeration of Legionella
in water samples. Nevertheless, on account of the slow growth of Legionella, it requires
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7–10 days for incubation, after which it requires further confirmation with a latex aggluti-
nation test specific to L. pneumophila. In order to suppress the interference of non-Legionella
organisms, the plate culture method generally adopts heat treatment or acid treatment
which may lead to a lower culturability of Legionella in the samples [18]. In addition,
some viable but non-culturable bacteria (VBNC) could not be detected by the plate culture
method. This is one disadvantage because these VBNC microorganisms may acquire the
ability to grow and proliferate under favorable conditions, which may lead to false negative
results [19]. In general, the plate culture method has some limitations in daily monitoring. It
is time consuming, complex and requires trained staff for sampling and colony recognition.
Consequently, there is an urgent need to develop a simpler method to provide reliable
qualitative and quantitative results.

Beyond that, some new alternative methods for the quantification of L. pneumophila
have emerged in recent years. Molecular-based techniques (such as the polymerase chain
reaction (PCR)) targeting nucleic acids represent one type of these techniques. The related
techniques reported so far include conventional PCR, multiplex PCR, quantitative PCR
and real-time PCR [20–23]. Due to its high reproducibility and quantitative aspects, qPCR
has been recognized as a standard method for the detection and quantification of Legionella
and L. pneumophila [24] and was recommended as an alternative method in the 2020
European Drinking Water Directive text [17]. The PCR method has overcome the major
drawbacks associated with the use of the plate culture method by detecting L. pneumophila
(including microorganisms present in a VBNC state) from water samples. There are a
number of significant advantages of the PCR method, including high sensitivity, good
specificity and short detection time (commonly less than 24 h). Nevertheless, a major
drawback is that it does not allow for discrimination between dead and alive cells, as
studies have indicated that deoxyribonucleic acid (DNA) may persist after cell death, and
this leads to their inability to quantify viable organisms that may pose a risk to human
health [25]. Subsequent improvements based on qPCR techniques have been developed,
such as Ethidium Monoazide qPCR (EMA-qPCR), Propidium Monoazide qPCR (PMA-
qPCR) and droplet digital PCR (ddPCR) which are effectively able to differentiate between
viable and dead cells [25,26]. Nevertheless, these PCR-based methods require professional
molecular microbiology testing facilities, expensive equipment, complicated processes and
trained staff that are not suitable for most water laboratories. Besides this, matrix-assisted
laser desorption ionization time of flight mass spectrometry (MALDI-TOF MS) has recently
emerged as a rapid species-level microbial identification technique based on ribosomal
protein profiling and it was applied to the identification of L. pneumophila from water [27,28].
The technology can quickly screen large numbers of colonies and perform a comprehensive
analysis of individual colonies in a matter of minutes. Therefore, MALDI-TOF takes less
time than PCR. However, colonies that have grown together can no longer be identified
directly without subculturing. At the same time, it also requires expensive professional
equipment and trained operators. Other methods have also been reported for the detection
of L. pneumophila in water but are less common, including IMS [29,30], electrochemical
genosensors [31] and biosensor-based detection methods [19].

In particular, another L. pneumophila testing method is the MPN method which is a
type of enzyme substrate technique. The method utilizes a powdered growth medium rich
in amino acids, vitamins and other nutrients, which contains a defined growth substrate
that selects positively for the growth of L. pneumophila only and inhibits the growth of other
commensal microorganisms that might be present in the water sample. When the cells
turn brown or turbid, it is a sign that L. pneumophila is present in water samples [17]. The
MPN method could provide a confirmed result in 7 days with rapid sample preparation
and analysis. Studies in recent years have indicated that the MPN method is equivalent
or better than the plate culture method when used for the determination and evaluation
of L. pneumophila in potable water and non-potable water [32]. Additionally, many studies
have disclosed that the MPN method has a higher sensitivity and specificity compared
with the plate culture method [33–36]. The MPN method has been included in the UK’s
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Standing Committee of Analysts’ recent update on determining the presence of Legionella,
which demonstrates that the MPN method is at least as effective as the plate culture method
in detecting and enumerating L. pneumophila in water samples [37].

To sufficiently evaluate the MPN method, we compared the performance of the
MPN method with GB/T 18204.5-2013 (the Chinese regulatory requirements method) [38]
and ISO 11731:2017 [39] for the detection and quantification of L. pneumophila from three
different water samples in this research. The results showed that the MPN method could be
used as a valid supplement to the plate culture method to satisfy the testing requirements
in China.

2. Results
2.1. Analysis of Influencing Factors of Sample Preservation in the MPN Method

In order to further explore the influence of sample storage conditions on the results
of the MPN method, a factorial analysis was applied to compare the test results of the
same sample under different storage conditions. Specific conditions include sample storage
temperature (36 ◦C, 20 ◦C and 4 ◦C), storage time (6 h and 1 h) and different treatment
methods (whether to remove residual chlorine in the water). The experimental data were
analyzed using Multi-Factor Variance Analysis, and the specific results are shown in
Table S1. The results showed that different treatment modes had statistical differences in
the impact of L. pneumophila test results (“treatment mode”, p < 0.001) and the p values of
interaction between time, treatment method and storage temperature were all >0.05, indi-
cating that there was no interaction between the three factors. Moreover, the concentration
of L. pneumophila determined by the MPN method under different treatment methods is
shown in Figure 1, which supports that removing residual chlorine is more conducive to
improving the sensitivity of the detection method.

Pathogens 2022, 11, x FOR PEER REVIEW 3 of 12 
 

 

studies have disclosed that the MPN method has a higher sensitivity and specificity com-
pared with the plate culture method [33–36]. The MPN method has been included in the 
UK’s Standing Committee of Analysts’ recent update on determining the presence of Le-
gionella, which demonstrates that the MPN method is at least as effective as the plate cul-
ture method in detecting and enumerating L. pneumophila in water samples [37]. 

To sufficiently evaluate the MPN method, we compared the performance of the MPN 
method with GB/T 18204.5-2013 (the Chinese regulatory requirements method) [38] and 
ISO 11731:2017 [39] for the detection and quantification of L. pneumophila from three dif-
ferent water samples in this research. The results showed that the MPN method could be 
used as a valid supplement to the plate culture method to satisfy the testing requirements 
in China. 

2. Results 
2.1. Analysis of Influencing Factors of Sample Preservation in the MPN Method 

In order to further explore the influence of sample storage conditions on the results 
of the MPN method, a factorial analysis was applied to compare the test results of the 
same sample under different storage conditions. Specific conditions include sample stor-
age temperature (36 °C, 20 °C and 4 °C), storage time (6 h and 1 h) and different treatment 
methods (whether to remove residual chlorine in the water). The experimental data were 
analyzed using Multi-Factor Variance Analysis, and the specific results are shown in Table 
S1. The results showed that different treatment modes had statistical differences in the 
impact of L. pneumophila test results (“treatment mode”, p < 0.001) and the p values of 
interaction between time, treatment method and storage temperature were all >0.05, indi-
cating that there was no interaction between the three factors. Moreover, the concentration 
of L. pneumophila determined by the MPN method under different treatment methods is 
shown in Figure 1, which supports that removing residual chlorine is more conducive to 
improving the sensitivity of the detection method. 

 
Figure 1. The concentration of L. pneumophila was determined by the MPN method under different 
treatment methods. 

2.2. Comparison with Current Detection Methods 
2.2.1. Comparison of Qualitative Test Results with GB/T 182014.5-2013 

A comparison of the qualitative detection results of L. pneumophila in 696 water sam-
ples from five different regions of China was conducted by the MPN method and GB/T 
18204.5-2013. In all samples, isolates purified from positive wells obtained by the MPN 

Figure 1. The concentration of L. pneumophila was determined by the MPN method under different
treatment methods.

2.2. Comparison with Current Detection Methods
2.2.1. Comparison of Qualitative Test Results with GB/T 182014.5-2013

A comparison of the qualitative detection results of L. pneumophila in 696 water samples
from five different regions of China was conducted by the MPN method and GB/T 18204.5-
2013. In all samples, isolates purified from positive wells obtained by the MPN method
were discovered to be predominantly type 1 and type 2, 3, 5, 6, 7 and 8 were also identified.
This result is basically consistent with GB/T 182014.5-2013, which indicates that the two
methods are similar in the detection of different serogroups.
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Of all the water samples, 372 samples (53%) were negative for both methods,
315 samples (45%) were positive determined by the MPN method, compared with
211 samples (30%) using GB/T 18204.5-2013 (Table 1). McNemar’s test was used to com-
pare the positive rate of L. pneumophila between groups, and the statistical results showed
p < 0.001, indicating that the difference in detection rate between the two methods was
statistically significant in this study. This finding agrees with results reported previously for
both potable and non-potable water [40]. Moreover, the detection results of L. pneumophila
in different types of water samples are shown in Table S2 and Figure 2. The McNemar’s
test was conducted, and the results showed that there were also statistically significant
differences in the detection rates of cooling water (p < 0.001), condensed water (p < 0.001)
and hot bath water (p < 0.001) obtained by the two detection methods. Meanwhile, the
positive detection rate of the MPN method is about 1.5 times that of GB/T 18204.5-2013
specifically. The above statistical results revealed that the MPN method was more sensitive
than GB/T 18204.5-2013 in this study for water samples.

Table 1. McNemar’s test analysis of the results for detection of L. pneumophila for MPN method and
GB/T 18204.5-2013.

MPN Method
GB/T 18204.5-2013

Total χ2-Value p-Value
+ −

+ 202 113 315 311.388 <0.001
− 9 372 381

Total 211 485 696
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It may be because the LOD of the MPN method was lower than GB/T 18204.5-2013 that
more positive samples could be detected, leading to the inconsistent distribution of positive
samples in the two methods. Specifically, there were 113 samples that were negative for
GB/T 18204.5-2013 but were positive for the MPN method, while only 9 samples were
positive for GB/T 18204.5-2013 and negative for the MPN method. The main difference lies
in cooling water samples and hot bath water samples (Table S2). In this study, the 113 water
samples were further analyzed for confirmatory test (methods described in Section 4.3), and
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the results demonstrated that 71 of them were positive for L. pneumophila, which indicates
that the GB/T 18204.5-2013 has a relatively high false negative rate (71/113) and further
certified that the sensitivity of the MPN method for the determination of L. pneumophila in
water was higher than that of GB/T 18204.5-2013.

We evaluated the sensitivity and specificity of the MPN method with GB/T 18204.5-
2013 as a reference method which is currently considered as the gold standard for detecting
L. pneumophila in water in China. After eliminating the false negative results of GB/T
18204.5-2013, the specificity of the MPN method was 89.85% (372/(485 − 71)), while its
sensitivity was 96.81% ((202 + 71)/(211 + 71)).

2.2.2. Comparison of Quantitative Test Results with ISO 11731:2017

The MPN method and ISO method were used for quantitative detection in 170 ar-
tificially contaminated water samples from five different regions in China. After the
logarithmic processing of quantitative data, the Wilcoxon rank-sum test was used for
statistical analysis, and the results showed that the difference between the two methods
was statistically significant (p < 0.001). In addition, the median of MPN method (3.89 log
MPN/100 mL) was larger than that of ISO method (3.33 log CFU/100 mL) (Table S3), with
concentrations of up to 4.92 log MPN/100 mL for the MPN method and up to 4.44 log
CFU/100 mL for the ISO method, respectively.

Meanwhile, Spearman’s correlation analysis was conducted on the above quantita-
tive data to analyze the correlation between the two methods and the results indicated
that although the results of the two methods were different, they were highly correlated
(r = 0.965, p < 0.001). The scatter plot of the MPN method with the ISO method is shown in
Figure 3.
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Multiple analysis results showed that the MPN method had a higher sensitivity than
the ISO method in detecting L. pneumophila in these water samples. Firstly, the linear
regression line was log MPN = 1.1685 × log ISO which revealed that the MPN method’s
detection was slightly higher. Second, the line graph (Figure 4) of the quantitative results
of the two methods showed that the bacterial counts of the same sample by the MPN
method were all higher than those by ISO method in 170 water samples. Finally, in the
experimental process, it was discovered that when the labeled sample was diluted to
10−5–10−6 CFU/100 mL, L. pneumophila could be detected by the MPN method, while it
could not be detected by the ISO method. Hence, this proved that the MPN method was
more sensitive than the ISO method in the determination of L. pneumophila in water.
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3. Discussion

Considering that the Chinese Hygienic Indicators and Limit Requirements for Public
Places (GB 37488-2019) only set limit requirements for L. pneumophila in cooling water,
condensed water of centralized air conditioning and ventilation systems and sanitary hot
water, three types of water samples were selected for inspection in this research. In order to
better study the applicability of the MPN method, the range of water sample types can be
further expanded in future experiments.

In LegiolertTM’s operating instructions, there are two slightly different treatments for
potable and non-potable water. In studies in the literature [41,42], measures of cooling
water and condensation water were carried out in accordance with the method of non-
potable water pretreatment, which was consistent with our results. In the preliminary
experiment, we compared the two pretreatment methods of these three kinds of water
samples, observed the difference of their detection results, and finally chose the non-
potable water pretreatment program. Nonetheless, for sanitary hot water, the method in
the literature of a selected potable water pretreatment program [43] was not the same in
our research, which may be caused by the different water quality in different countries.
This indicates that when choosing the MPN method, we should select the appropriate
pretreatment method according to the specific situation of regional water quality.

In this study, it was discovered that the L. pneumophila content detected by the plate
culture method is often lower than the MPN method, which may be due to the following
reasons: 1. It was discovered that the MPN method had strong anti-interference ability
against other microorganisms other than L. pneumophila. 2. L. pneumophila may be more



Pathogens 2022, 11, 789 7 of 11

suitable for growing and reproducing on the liquid medium of the MPN method than the
solid medium of the plate culture method. 3. In this method, there were no centrifugation
or filtration steps to destroy bacteria. In contrast, the plate culture method requires a
variety of pretreatment methods to minimize the interference of miscellaneous bacteria,
such as heat treatment, acid treatment and filtration, which improve the detection rate of
L. pneumophila to a certain extent. Nevertheless, it is difficult to acquire complete selectivity
for L. pneumophila without decreasing its recovery rate while suppressing the growth of
non-pneumophila species. To sum up, the MPN method yielded significantly higher counts
of L. pneumophila from water samples than ISO 11731 and retrieved a greater number of
positive samples than ISO 11731 in the same samples. Consequently, the MPN method has
a tendency to detect more L. pneumophila than the standard method in water samples.

In any case, in all kinds of water samples, it is difficult to avoid the existence of a
variety of miscellaneous bacteria that may interfere with the detection of L. pneumophila.
Even the use of the MPN method cannot entirely avoid this. This may be why the MPN
method produces a small number of false positive samples, which has also been observed
in other studies [34,42]. In this study, it was found that the elimination of residual chlorine
could effectively improve the detection ability of L. pneumophila by the MPN method, which
was consistent with the opinion of a reported article [35], because chlorine residues decrease
the culturability of L. pneumophila.

In addition, quality control procedures also need to be mentioned. Due to the simple
operation procedure of the MPN method, there are fewer steps to be performed in quality
control. Only the MPN method reagent and the pretreatments for non-potable samples
were tested.

4. Materials and Methods
4.1. Samples

A total of 696 water samples were used, including cooling water (216), condensed
water (123) and sanitary hot water (357). They originated from cooling towers, evaporative
condensers, showers and hot tap water. In view of the low content of L. pneumophila
in the investigated samples, we selected 170 water samples that were not detected by
L. pneumophila for artificial contamination at three different concentration levels, in order to
better evaluate the quantitative performance of the MPN method. Specifically, it contains
cooling water (70), condensed water (50) and hot bath water (50).

According to the protocol contained in the Chinese guidelines [44], L. pneumophila
water samples should be kept at room temperature under dark, and sent to the laboratory
to be analyzed within 48 h.

4.2. MPN Method

The MPN method is based on the detection of L. pneumophila cells reacting with
the enzyme substrate to make the solution brown or turbid. The LegiolertTM (IDEXX
Laboratories, Inc., Westbrook, ME, USA) protocol for non-potable water detection was
adopted in this paper. Briefly, a pretreatment solution which could inhibit the growth of
miscellaneous bacteria was first prepared by adding 100 mL sterile deionized water to a
container with a powdered pretreatment reagent and shaking was performed until it was
completely dissolved. Then, a 2 mL water sample was added to 2 mL of the pretreatment
solution, mixed, and incubated at room temperature for 1 min. After incubation, 2 mL
of the solution was promptly transferred to the reagent, which was a nutrient solution
containing enzyme substrates, made from LegiolertTM blister pack dissolved in 100 mL
sterile water and fully mixed. The solution was poured into the 96-well Quanti-Tray® and
sealed by a Sealer Plus (IDEXX Laboratories, Inc., Westbrook, MA, USA) immediately. The
Quanti-Trays® were incubated at 37 ± 0.5 ◦C for 7 days with humidity. If the wells of
Quanti-Tray® were more brown or turbid than the negative control, they were considered to
be positive. The number of all positive wells was recorded, and the result was determined
according to the MPN table. Then, the counting unit was expressed in MPN/100 mL.
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4.3. Confirmatory Test

According to the manufacturer’s instructions, the MPN method is a specific test for L.
pneumophila. However, in order to test the specificity of this method, further confirmatory
tests were carried out on positive wells according to the following principles. The Quanti-
Tray® has 6 big wells and 90 small ones. If the number of positive wells was less than 10,
all of them were confirmed; if the number of positive wells was greater than 10, 10 wells
(including all big wells and randomly selected small ones) were chosen first, and 25% of
the remaining positive wells were randomly identified. Confirmation was performed by
extracting a 10 µL suspension with a sterile syringe on both BCYE and BCYE-cys. After
incubation at 36 ± 1 ◦C for 48–72 h, the colonies were regarded as L. pneumophila if they
grew on BCYE but failed to grow on BCYE-cys. Subsequently, confirmed isolates were
tested by latex agglutination to determine the species and serotype of the isolates.

4.4. ISO 11731:2017

The plate culture method is represented by ISO 11731. Briefly, 500 mL of water samples
were filtered through a 0.45-µm pore-sized membrane and the membrane was transferred
to the original water sample and dissolved by vortexing. Subsequently, one concentrated
water sample, one acid-treated concentrated water sample, and one heat-treated concen-
trated water sample were inoculated on three glycine, vancomycin, polymyxin B, and
cycloheximide (GVPC) agar plates, respectively. The amount for inoculation was 100 µL.
All the plates were incubated at 36 ± 1 ◦C for 7–10 d. Three colonies of each putative
Legionella colonies were selected for subculture to further confirm the type and serotype of
the isolates. The confirmatory method was described above (Section 4.3). A culture plate
with the assumed maximum number of Legionella colonies was selected from three sample
culture plates with different pretreatment methods to the final result, and the counting unit
was expressed in CFU/100 mL.

4.5. GB/T 18204.5-2013

This method is a qualitative method for the detection of L. pneumophila in environmen-
tal water samples in China, and it basically conforms to ISO 11731:2017 in terms of sample
pretreatment and culture conditions. The biggest difference between the two methods is
that GB/T 18204.5-2013 only needs to confirm the suspected L. pneumophila colonies in the
sample but does not need to count.

4.6. Data Analysis

All data processing was performed by the WPS office or SPSS 19.0 (SPSS Inc., Chicago,
IL, USA). Before statistical analysis, the data were log transformed. In view of previous
documentation [36], MPN units obtained with the MPN method were equivalent to CFU
units obtained with ISO 11731.

In this study, we adopted the factorial analysis method to compare the test results of
the same sample under different storage conditions. All qualitative data were analyzed by
a McNemar’s binomial test to evaluate the differences between the frequencies of positive
and negative samples by the test methods. All quantitative data were found to be of a
non-normal distribution using the Shapiro–Wilk test (p < 0.0001); therefore, the sensitivity
difference between the two methods was also determined by non-parametric Wilcoxon
signed-rank test. In addition, Spearman’s correlation analysis was also conducted on the
above quantitative results to test the correlation between the two methods.

5. Conclusions

The present study indicated the MPN method provides some advantages over the
plate culture method used to detect and enumerate L. pneumophila in water samples. These
advantages include good sensitivity and selectivity, user acceptability, a simplified protocol
that requires less time and fewer resources, the ability to employ smaller sample volumes
to obtain the same quantification and a clear positive signal which was easy to read and
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needed little to no interpretation. However, the MPN method also has its limitations in the
detection of L. pneumophila from water. For example, it has the potential to produce false
positives as demonstrated in this study. After all, this is a technology based on bacterial
culture, so it takes time to detect it, and seven days is not short compared to molecular
technology. To sum up, the MPN method represents a significant improvement in the
qualitative and quantitative detection of L. pneumophila from water which could increase
the positive rate of culture and the possibility of isolating L. pneumophila. Consequently, it
can be used as an initial screening method for unknown water samples. It is also a simple
and effective routine monitoring method for L. pneumophila.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/pathogens11070789/s1, Table S1: Effects of different storage
conditions on test results; Table S2: Detection results of L. pneumophila in different water samples
by MPN method and GB/T 18204.5-2013; Table S3: Outcome of statistical analysis of the paired
L. pneumophila counts from water samples by MPN method and ISO method.
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