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Abstract: Ecology of aquatic microorganisms depends on a number of environmental parameters.
The additional influence of anthropogenic factors is connected with sanitary risk, particularly in urban
areas. The study was aimed at assessing the impact of physicochemical and biological parameters on
the abundance and activity of bacterioplankton under different spatio-temporal conditions in the
urbanized section of the Brda River. The evaluation of sanitary pollution of water was accompanied
by the assessment of antibiotic resistance of isolated faecal strains determined using the disk
diffusion method. The results indicate that the location of sampling sites significantly affected by the
distribution of faecal Escherichia coli and enterococci in the studied part of the river. On the other hand,
there were no significant seasonal changes in respiratory activity or abundance of planktonic bacteria.
In addition, the abundance of bacterioplankton was not correlated with all measured physico-chemical
parameters, though it was correlated with the organic carbon oxidation rate. Depending on the
sampling site, bacterial cells with damaged membranes constituted between 8% and 20% of the
population. Antibiograms showed the absence of multi-drug resistant strains. Enterococci exhibited
the highest resistance to imipenem (45%), while Escherichia coli, to cefoxitin (31%).
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1. Introduction

Bacteria play a key role in aquatic ecosystems. As reducers, they participate in the decomposition
and circulation of organic matter [1]. The ecological significance of these processes has encouraged
investigation into the activity of bacterial communities in water [2–5]. The results of many studies
indicate the lack of a simple relationship between environmental parameters and bacterial populations.
Their quantitative and metabolic potential is determined by various biotic and abiotic factors such
as trophic state and temperature [6,7]. Moreover, human activities in the catchment area and along
shorelines may also affect aquatic ecosystems [8]. Research on the ecology of aquatic microorganisms
is additionally impeded by the fact that only a small percentage of these communities can be
identified using classical culture methods [9]. In response to stress factors, many bacterial species
have developed the ability to enter into a state in which they remain physiologically alive but do not
grow or divide (viable but non-culturable state–VBNC). This feature, observed in many pathogens,
may increase a potential threat to public health [10]. Bacteria in VBNC state exhibit low metabolic
activity [11]. This characteristic is particularly important considering the role that bacteria play in the

Water 2019, 11, 922; doi:10.3390/w11050922 www.mdpi.com/journal/water

http://www.mdpi.com/journal/water
http://www.mdpi.com
https://orcid.org/0000-0003-2412-8423
https://orcid.org/0000-0003-4921-8927
https://orcid.org/0000-0002-6148-6863
https://orcid.org/0000-0002-9296-7184
http://www.mdpi.com/2073-4441/11/5/922?type=check_update&version=1
http://dx.doi.org/10.3390/w11050922
http://www.mdpi.com/journal/water


Water 2019, 11, 922 2 of 12

destruction and transformation of organic matter in aquatic ecosystems. For this reason, the research
on bacteria isolated from natural environments should be conducted using modern fluorescent-based
methods, which facilitate not only the in situ detection of even very small microorganisms but also
the differentiation between viable and non-viable cells. Determining the quantitative structure of
bacterioplankton helps understand the role that microorganisms play in decomposition of organic
matter, because only viable bacteria participate in matter circulation [12].

In recent years the widespread use of antibiotics in medicine and agriculture has led to the
increased occurrence of antibiotic-resistant bacteria in aquatic environments [13,14]. This phenomenon
may have serious consequences for public health. In addition, an increased concentration of antibiotic
substances in aquatic ecosystems may affect not only the quantitative and qualitative structure of
bacteriocenoses but also their ecological role [15]. Taking the above into account we attempted to
assess the abundance and activity of the bacterioplankton in the final stretch of the River Brda in
an urban area. Additionally, we evaluated sanitary conditions of the studied river section as well
as antibiotic resistance of isolated faecal strains. Correlation analyses were conducted to determine
factors that influenced the abundance and activity of planktonic bacteria. The hypothesis assumed
that the respiratory activity and abundance of bacterioplankton (including indicator bacteria) would
not change with the river course in the studied part of the city.

2. Materials and Methods

2.1. Study Area

The Brda, a river in northern Poland, is a left tributary of the Vistula, the longest Polish river,
which flows into the Baltic Sea. The Brda has the total length of about 240 km and a catchment area
of 4665.0 km2. It runs almost entirely through forests. The last stretch of the river, flowing through
the city of Bydgoszcz, has numerous recreational and tourist functions [16]. Bydgoszcz population is
about 355,000, and the population density is 2017 people per km2.

2.2. Sampling Strategy

Three sampling sites were located within the studied section of the river: 1/on the north-western
border of Bydgoszcz, just before the river enters the city, 2/in the centre of Bydgoszcz, where the river is
used for recreation, 3/in the north-eastern part of Bydgoszcz, just before its confluence with the Vistula
River. The location of sampling sites is shown in Figure 1. Sampling was conducted in a seasonal cycle:
in spring (15 May 2017), summer (28 August 2017), and autumn (6 November 2017). Water from the
mid-point of the river, depth of about 0.5 m, was collected in triplicate to sterile bottles. The samples
were immediately transported to the laboratory and analysed.
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2.3. Physico-Chemical Parameters of Water

Prior to microbiological tests, in situ physical and chemical parameters of sampled water, such as
temperaturę (T), electrolytic conductivity (EC), pH and oxygen concentration (OC), were determined
using Mettler ToledoTM measuring probes (S20 SevenEasys. SG2 SevenGo and FG4 FiveGo).
The parameters and the location of sampling sites are presented in Table 1.

Table 1. Physico-chemical parameters of water. Results are presented as means ± SD; range is given
in brackets.

Site Location T (◦C) pH EC (µS cm−1) OC (mg dm−3)

I
53◦12′16,86” N 15.7 ± 5.66 7.6 ± 0.58 350.4 ± 36.93 5.4 ± 0.96
17◦56′20,19” E (8.8–22.1) (6.6–8.0) (303.0–390.0) (4.1–5.7)

II
53◦7′25,48” N 15.0 ± 5.02 7.7 ± 0.45 360.1 ± 21.71 5.8 ± 0.83
17◦59′53,81” E (8.6–20.8) (7.0–8.0) (331.0–382.0) (4.6–6.5)

III
53◦7′22,28” N 14.8 ± 4.92 7.5 ± 0.32 367.7 ± 20.92 5.7 ± 0.7
18◦5′14,65” E (8.7–20.7) (7.1–7.9) (339.0–397) (4.8–6.5)

T–temperature, EC–electrolytic conductivity, OC–oxygen concentration.

2.4. Abundance of Planktonic Bacteria

Classical culture methods and fluorescence-based direct counts were used for quantitative analysis
of bacterioplankton. The abundance of heterotrophic bacteria was determined using standard nutrient
agar. The quantitative determination of mesophilic bacteria (including faecal bacteria) is particularly
important due to the role they play as a faecal pollution marker. Prior to inoculation, water samples
were diluted in sterile peptone saline (0.85% aqueous NaCl solution with 1 g of peptone/dm3). Next,
0.1cm3 of each sample was inoculated on sterile nutrient agar (three parallel repetitions). Psychrophilic
bacteria were incubated at 20 ± 1 ◦C for 72 h and mesophilic bacteria, at 35 ± 1 ◦C for 24 h. Subsequently,
all grown colonies were counted and the results were expressed as CFU cm−3 of water.

The abundance of bacterioplankton in water samples was assessed using the LIVE/DEAD®

BacLight™ Bacterial Viability Kit. One cm3 of each water sample was transferred to sterile Eppendorf
tubes and labeled with 0.15 cm3 propidium iodide (PI) and SYTO®9 in a 1:1 ratio. Samples were
incubated for 15 min in the dark at room temperature and filtered through 0.2 µm black membrane
filters. The filters were washed with sterile water and placed on slides after drying. With the
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use of the immersion technique, the slides were immediately viewed under Nikon Eclipse E600
epifluorescence microscope with B-2A filter set (EX 450–490 nm, DM 505 nm, BA 520 nm). The images
were archived using Lucia G software. The abundance of bacterioplankton was determined using the
following formula:

X = SN/sVR (1)

where:

X—number of bacterial cells per 1cm3 of water
N—number of cells in a field of view
S—effective area of filtration
s—analyzed area of the field of view
V—volume of filtered sample
R—sample dilution

The applied method allowed us to identify cells with damaged and undamaged cell membrane.
We calculated the percentage of bacteria with integral cell membrane [MEM+] (stained green with
SYTO®9 fluorochrome) and with damaged cell membrane [MEM-] (stained orange with PI marker).

2.5. Distribution of Faecal Bacteria

Escherichia coli were detected using the guidelines of the European standard ISO 9308-1: 2014 [17]
and enterococci, ISO 7899-2: 2000 [18]. Escherichia coli were isolated from ChromoCult® Coliform Agar
(CCA) selective medium, while faecal streptococci, from Slanetz and Bartley (SB). The selected volume
of the water sample was filtered through white filters with 47 mm diameter and 0.45 µm pore size.
Plates with filters were incubated for 24 h at 35 ± 1 ◦C. The number of all characteristic colonies was
expressed as CFU 100cm−3 of water.

2.6. Antimicrobial Resistance

Antimicrobial resistance of faecal bacteria Escherichia coli isolated from CCA medium and of
enterococci isolated from SB medium was determined using the disk diffusion method. The taxonomy
of used isolates were confirmed by API® 20E and API® 20 Strep strip tests (bioMérieux, France).
Mueller-Hinton Agar was inoculated with bacterial suspension equivalent to 0.5 McFarland standard.
Next, paper disks soaked with selected antibiotics were placed on the Petri dishes. After 18 h of
incubation at 35 ± 1 ◦C zones of inhibited growth were measured and the results were compared with
the guidelines of The European Committee on Antimicrobial Susceptibility Testing [19]. Information
on the antibiotics used in the test can be found in Table 2.

Table 2. Characteristic of used antibiotics.

Class of Antibiotic Type of Antibiotic Symbol of Disc Concentration (µg)

Carbapenems Imipenem IMP 10
Fluoroquinolones Levofloxacin LEV 5

Tetracyclines Tigecycline TGC 15
Glycopeptides Vancomycin * VA 5

Penicillins
Ampicillin * AM 2

Piperacillin ** PRL 30
Cephalosporins Cefoxitin ** FOX 30

Aminoglycosides Gentamicin ** CN 10

* Only for Enterococcus spp.; ** Only for Escherichia coli.
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2.7. The Rate of Organic Carbon Oxidation by the Planktonic Bacteria

The rate of organic carbon oxidation was calculated using the respirometric method and OxiTop®

Control system (WTW, Poland). The method is based on the measurement of oxygen consumption at
a constant temperature, which is accompanied by a pressure change in a sealed sample. Differences
between oxygen consumption and carbon dioxide production resulting from the respiratory activity of
bacteria are measured by OxiTop-C heads. The OxiTop OC 110 remote controller collects and interprets
data using the built-in algorithm. To determine the in situ respiratory activity of planktonic bacteria,
250 cm3 of river water from each sampling site was put into dark OxiTop bottles with a capacity
of 500 cm3. Each assay was performed in triplicate. 5 drops of NTH 600 nitrification inhibitor and
a magnetic stirrer were placed in the bottles. After a rubber quiver with two tablets (about 0.4 g) of
sodium hydroxide (carbon dioxide absorber) was placed in each bottleneck, OxiTop-C measuring
heads were tightly screwed on. The parameters were set on the controller, the bottles were placed on
a magnetic stirrer and incubated for 24 h at 20 ± 1 ◦C. The rate of oxygen consumption was used to
calculate the rate of carbon mineralization using a 0.29 conversion factor [20]. The results are expressed
as mg of oxidized Corg dm3 24 h−1.

2.8. Statistical Analysis

Statistical analyses were conducted using Statistica 13.1 software. The analysis of intergroup
differences was based on the Kruskal-Wallis non-parametric test. Post-hoc tests were used to determine
intra-group differences. Relationships between the studied parameters were determined using Pearson
correlation coefficient. All statistical tests had a significance level p ≤ 0.05.

3. Results

The measurements with classical culture methods indicated that bacterial abundance depended on
the location of sampling sites and increased downstream within the studied river section. The lowest
abundances of psychrophilic, mesophilic, and indicator bacteria (Escherichia coli and enterococci) were
recorded at sampling site I, where the Brda enters the city. In the middle of the investigated river
stretch (site II) bacterial abundances were higher, and reached maximum values at sampling site III
at the confluence with the Vistula, after the Brda passed through the urban area. (Figures 2 and 3).
Statistical analysis showed that the location of sampling sites significantly affected only the abundance
of indicator bacteria. Post-hoc tests revealed the largest statistically significant differences between
bacterial counts between sites I and III (Table 3). Seasons did not have a significant effect on the
abundance of studied bacterial groups, although they were the most abundant in spring and the least
abundant in autumn. Only Escherichia coli were the most abundant in summer.
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Table 3. Statistical differences in the number of indicator bacteria between the analyzed datasets based
on post-hoc for Kruskal-Wallis test.

Escherichia coli Enterococcus spp.

I II III I II III
I
II * *
III ** ns *** ns

*p < 0.05; **p < 0.01; ***p < 0.001, ns: not significant.

Fluorescence-based direct counts brought slightly different results. Statistical analysis showed that
neither the location of sampling sites nor time of the year had a significant impact on the abundance
of planktonic bacteria: the highest was recorded at site II in the city centre (5.93 × 105 cells cm−3).
The results indicated different seasonal variations in bacterioplankton abundance than previously:
the highest was always recorded in summer (6.12 × 105 cells cm−3). The average abundance of
planktonic bacteria measured with the use of the fluorescence-based method was one to three orders
of magnitude higher than measured with the use of classical culture methods. Cells with damaged
membranes constituted between 8.23% (sampling site II) and 20% of the bacterial population (sampling
sites I and III) (Figure 4).
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As can be seen in Figure 5, organic carbon (Corg) oxidation rate measured with the respirometric
method was the lowest at site I (0.52 mg dm−3 24 h−1) and highest at site II (1.57 mg dm−3 24 h−1).
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Low respiratory activity of bacterioplankton was recorded in autumn, when the average Corg oxidation
rate within one day was only 0.26 mg dm−3.
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Correlation analysis of the evaluated parameters showed a statistically significant relationship
between the organic carbon oxidation rate and dissolved oxygen concentration in water (r = 0.8,
p = 0.01). Moreover, respiratory activity of bacterioplankton (expressed as the organic carbon oxidation
rate) was significantly correlated with bacterial abundance (r = 0.76, p = 0.02). In the majority of
cases, there was a positive correlation between the abundance of the investigated microbial groups
and water physicochemical parameters, such as temperature, electrolytic conductivity, and oxygen
concentration. A negative correlation was observed only between water pH and the abundance of all
studied microbial groups, particularly Escherichia coli and abundance of bacteria. However, the values
were not statistically significant (p < 0.05). (Table 4).

Table 4. Correlations between physico-chemical and biological parameters of water and the number of
analyzed group of bacteria.

T (◦C) pH EC (µS cm−1) OC (mg dm−3) Corg (dm3 24 h−1)

Correlation (r)

Psychrophilic bacteria 0.17 −0.01 0.24 0.38 0.57
Mesophilic bacteria 0.21 −0.05 0.21 0.4 0.59

Escherichia col 0.33 −0.34 −0.08 0.22 0.48
Enterococcus spp. 0.18 −0.01 0.24 0.4 0.59

Abundance of bacteria 0.44 −0.47 −0.31 0.5 0.76 *

Corg (dm3 24 h−1) 0.67 −0.35 −0.21 0.8*

T–temperature, EC–electrolytic conductivity, OC–oxygen concentration; * p < 0.05.

Figure 6 demonstrates that the majority of faecal strains were sensitive to the applied antibiotics.
enterococci exhibited 100% sensitivity to two of the five tested drugs and high resistance to imipenem,
beta-lactam antibiotic of the carbapenem class. About 45% of all isolates were highly resistant to
this drug, and about 14%, medium-resistant. Escherichia coli exhibited resistance to two of the six
applied antibiotics: approximately 31% of the strains were resistant to cefoxitin, and 7%, to gentamicin
and piperacillin.
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coli (b). AM–Ampicillin, CN– Gentamicin, FOX–Cefoxitin, IMP–Imipenem, LEV–Levofloxacin,
PRL–Piperacillin, TGC–Tigecycline, VA–Vancomycin.

4. Discussion

Rivers and other aquatic ecosystems play a significant role in the global system of biogeochemical
cycles, primarily in the coal cycle [21]. Bacteria are a key element in the circulation of natural elements
in these ecosystems. However, little is known about how specific ecological parameters affect bacterial
populations [22]. Diversity and abundance of microorganisms determine quality and health of aquatic
ecosystems by impacting ecological processes in these environments [23]. This impact, however,
may change when large amounts of allochthonous compounds enter their habitat [24]. This is common
in urban areas, characterised by a large density of human structures and activities. Since it makes the
presence of potentially pathogenic bacteria a real threat, regular monitoring of water quality is highly
recommended, especially in recreation areas [25].

In our study, the abundance of studied bacterial groups increased downstream. Particularly
significant differences were observed in the distribution of faecal bacteria, the most abundant at the last
sampling site, where the total number of Escherichia coli was 1.34× 103 CFU 100 cm−3, and of enterococci,
1.32× 103 CFU 100cm−3. Although there were no statistically significant seasonal variations, the highest
abundances of enterococci, psychrophilic bacteria and mesophilic bacteria were recorded in spring,
while the lowest, in autumn. Only Escherichia coli were the most abundant in summer (1.07 × 103 CFU
100 cm−3). Ma et al. [26] also noted greater spatial than seasonal diversity of river bacterioplankton.
The impact of high temperature on bacterial growth was observed only in some sections of the river.
Our results did not show any correlation between bacterial abundance and water temperature. It can,
therefore, be assumed that an increased number of faecal bacteria in spring and summer was connected
with increased participation of Bydgoszcz residents in recreational activities. Donderski et al. [27]
maintain that feacal contamination of the Vistula was primarily of human origin. We found that in
summer various animals (including birds) build shelters along river banks. Strauch [28] also observed
significant seasonal variation in the fluctuations of faecal bacteria in five rivers of the Serengeti National
Park in Tanzania. He suggested that animals may be the main contributors to faecal contamination of
surface waters, which, in consequence, may pose a serious health threat.

The fluorescence-based method confirmed higher bacterial abundances in summer. Their maxima
were recorded at sampling site II, i.e., in the city centre. Sampling location and human influence
can determination a bacterial abundance [29]. In our study, statistical analysis did not show any
significant differences in spatio-temporal distribution of bacterioplankton. However, the abundance
of bacterioplankton measured with this method was several orders of magnitude higher than that
measured with classical culture methods. Obviously, this may result from greater accuracy and
reliability of the fluorescence-based method but may also indicate that the studied water samples
contained bacteria in the VBNC state, in which they remain alive, but cannot divide and grow on culture
media. This condition is perceived as cell response to environmental stressors [30]. Human pathogens



Water 2019, 11, 922 9 of 12

also possess this ability, which means that although they cannot be grown on conventional media,
they retain their virulence [31]. In view of the fact that the presence of VBNC bacteria can pose a serious
public health threat, it is recommended that studies on microbial communities should assess the
presence of these cells.

As has been already stated, bacterial activity and abundance affect the efficiency of decomposition
and transformation of organic matter in the natural environment. The evaluation of bacterial viability
using fluorescent dyes is common in medicine, biotechnology, water quality monitoring, and other
areas [32]. The method using propidium iodide and SYTO®9 stains demonstrated that bacteria with
an integral cell membrane constituted approximately 80% of the bacterial population in the studied
water samples. Data presented by other authors suggest that the number of bacteria with undamaged
cell membranes depends on the type of ecological niche they inhabit. Perliński et al. [33], examining
the share of MEM+ cells in the final stretch of the Słupia River (Ustka, southern Baltic Sea), established
that viable bacteria constituted less than 20% of bacterioplankton at all sampling sites. Haglund
et al. [34] estimated that viable bacteria constituted 57–63% of the bacteriobenthos in Lake Erken
(Sweden). A large contribution of bacteria with an intact cell membrane may indicate an absence
of environmental stressors. Another theory states that microbial viability is determined by water
pollution and is exihibited by as much as 75% of the bacterial population in contaminated rivers [35].

The evaluation of microbial activity may also be based on the measurement of oxygen consumption
using a respirometric technique. Monitoring bacterial respiration is a key element of the research on
organic matter transformation in aquatic ecosystems [36]. Our results indicated that the organic carbon
oxidation rate was the highest in summer months at sampling site II (city centre). Statistical analysis,
however, did not reveal any significant differences in spatio-seasonal variation in the respiratory
activity of bacterioplankton. Warkentin et al. [37], studying bacterioplankton in the eutrophic Warnow
River (Germany), also recorded the highest bacterial respiration rates in summer (June-August).
These results differed significantly from the ones recorded in other months, being even 13 times higher.
The authors maintain that bacterial respiration activity was correlated with temperature, but was
not correlated with bacterial abundance. Similar observations were made by Zdanowicz et al. [38]
studying planktonic and neustonic bacteria in a seaside lake in the Słowiński National Park (Poland).
The authors noted that the activity of bacterioplankton was higher than that of bacterioneustone and
was susceptible to seasonal effects. They did not find a correlation between bacterial abundance
and respiration. Our results indicate that the respiratory activity of planktonic bacteria depended
mostly on the concentration of dissolved oxygen in water. In addition, bacterioplankton abundance
significantly influenced the organic carbon oxidation rate. Bacterial respiratory activity is considered
one of the key factors determining the rate of transformation and mineralization of organic matter in
aquatic environments. At the same time, bacterial abundance does not always affect the rate of these
processes [39]. The assessment of parameters characterizing the ecology of aquatic microorganisms
can be impeded by many factors including changing environmental conditions, different features
of investigated water bodies and different research methods. As emphasized by Staley et al. [40],
there is a need for a better understanding of spatial and temporal fluctuations in bacterial diversity in
aquatic environments. Environmental factors, including physicochemical parameters, should also be
carefully analysed.

The WHO report warns that the acquisition of antibiotic resistance by bacteria is becoming
increasingly common and may pose a public health threat. At the same time, the document accentuates
the need to monitor and control this tendency [41]. A vast majority of studies investigate drug resistance
of bacterial strains isolated from sick or healthy patients [42]. Natural environments, where the presence
of potential pathogens may pose a sanitary risk, are examined less regularly. The current research
show that in aquatic environment occurrence of antibiotic-resistance faecal coliform bacteria with
may have a public health implication [43]. This is especially important in ecosystems subjected to
a high anthropogenic pressure. The high abundance of bacterial pathogens in water ecosystem can
be a potential health threat for the local population [44]. Boon et al. [45] observed that faecal strains
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isolated from urbanized sections of the river exhibited higher antibiotic resistance than those isolated
from non-urbanized parts. The authors also noted that Escherichia coli isolated from all sampling sites
exhibited 100% resistance to penicillin. In our study, Escherichia coli exhibited the highest resistance
to cefoxitin (31%). Only about 7% of the isolates were resistant to gentamicin form aminoglycosides
group and piperacillin from penicillin group. As noticed by Aslan et al. [46] further research is needed
to evaluate health risks related to occurrence of antibiotic-resistance bacteria in aquatic environments
and using water for public purposes.

5. Conclusions

Our results indicate higher spatial rather than temporal variation of bacterioplankton in the
studied section of the Brda River, particularly the abundance of faecal bacteria increased with the
river transition to the mouth. The abundance of bacterioplankton was not significantly correlated
with water physicochemical parameters but it was correlated with the organic carbon oxidation rate.
The antibiotic resistance analysis did not reveal any multi-drug resistant faecal strains. In view of
the potential sanitary risk, it is recommended that the research on the microbial ecology of aquatic
environments in urban areas should contain the assessment of the distribution of faecal bacteria and of
their antimicrobial resistance.
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