
Water 2015, 7, 5525-5546; doi:10.3390/w7105525 
 

water 
ISSN 2073-4441 

www.mdpi.com/journal/water 

Article 

Effects of Seasonal Thermal Stratification on the Functional 
Diversity and Composition of the Microbial Community in a 
Drinking Water Reservoir 

Xiao Yang, Tinglin Huang * and Haihan Zhang 

School of Environmental and Municipal Engineering, Xi’an University of Architecture and Technology, 

Xi’an 710055, Shan’xi, China; E-Mails: ichitake@126.com (X.Y.); zhanghaihan@xauat.edu.cn (H.Z.) 

* Author to whom correspondence should be addressed; E-Mail: huangtinglin@xauat.edu.cn;  

Tel.: +86-29-8220-1038; Fax: +86-29-8220-2729. 

Academic Editor: Robin Slawson 

Received: 15 June 2015 / Accepted: 9 October 2015 / Published: 15 October 2015 

 

Abstract: The microbial communities within reservoir ecosystems are shaped by water 

quality and hydrological characteristics. However, there are few studies focused on the 

effects of thermal stratification on the bacterial community diversity in drinking water 

reservoirs. In this study, we collected water samples from the Jinpen Reservoir around the 

re-stratification period. To explore the functional diversity and bacterial community 

composition, we used the Biolog method and 16S rRNA-based 454 pyrosequencing 

combined with flow cytometry. The results indicated that stratification of the reservoir had 

great effects on temperature and oxygen profiles, and both the functional diversity and the 

composition of the bacterial community strongly reflected the significant vertical 

stratification in the reservoir. The results of the Biolog method showed a significantly higher 

utilization of carbon sources in the hypolimnion than in the epilimnion. The result of 

pyrosequencing also showed a significantly higher species diversity and richness in the 

hypolimnion than in the epilimnion with different dominant phylum. Redundancy analysis 

also indicated that the majority of environmental variables, especially pH and dissolved 

oxygen, played key roles in shaping bacterial community composition. Our study provides a 

better understanding of the functional diversity of bacterial communities, and the response 

of microorganisms to seasonal thermal stratification. 
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1. Introduction 

Reservoirs are the main source of urban drinking water in China, especially in arid and semiarid 

regions. Thermal regime is strongly associated with the hydrodynamics of these reservoirs, and the water 

column becomes seasonally thermally stratified and divided into the epilimnion, metalimnion, and 

hypolimnion [1–3]. The metalimnion would limit the transfer of oxygen from the surface to the deeper 

waters during the stratified period [4,5]. Additionally, an extended period of anoxic condition in the 

hypolimnion may intensify the deterioration of the water quality [6,7]. 

The freshwater ecosystem of drinking water reservoirs usually contains a number of microorganisms 

which are strongly affected by the physical and chemical variables [8]. Numerous studies have been 

performed to determine the microbial composition of aquatic habitats, using molecular methods such as 

denaturing gradient gel electrophoresis (DGGE) [9], catalyzed reporter deposition-fluorescence in situ 

hybridization (CARD-FISH) [10], clone library analysis [11], and 454-pyrosequencing [12,13]. The 

Biolog EcoPlate™ has also been developed to study heterotrophic microbial communities based on 

carbon-source utilization as a more simple and rapid method, and has been widely used in various 

environments, including soil, sediments and activated sludge [14–16]. However, to the best of our 

knowledge, few researchers have used the Biolog method to reveal the functional diversity of the 

bacterial community in drinking water reservoirs. 

Stratified aquatic ecosystems offer a physically and chemically well-defined environment, providing 

diverse potential habitats for microorganisms. Hence, a clear shift in the microbial community structure 

is expected to be shown between the oxic and anoxic water bodies. Comeau et al. studied prokaryotes by 

using high-throughput 16S rRNA gene tag-pyrosequencing, and found that both the bacterial and 

archaeal communities were stratified by depth in an Arctic lake [17]. An examination of the 

phylogenetics of the Great Salt Lake, Utah, showed that samples in the epilimnion were phylogenetically 

clustered, while those from the hypolimnion were phylogenetically overdispersed [11]. Qian et al. 

indicated that there were significant differences in both the bacterial and archaeal diversity between the 

upper and lower layers in the Red sea [13]. Similar research by Pommier et al. found a parallel decrease 

in the richness and evenness of microbes form the bottom to the surface of the northwestern 

Mediterranean Sea [12]. However, the microbial communities in stratified freshwater ecosystems have 

not been studied to the same extent as those in marine or saline lakes, with different trophic status and 

morphology. Limited previous research has suggested that each thermal layer in the stratified lakes and 

reservoirs harbors different bacterial communities [5,18,19]. In addition, other studies based on 

functional genes, such as the adenosine 5'-phosphosulfate reductase (aprA) and the ammonia 

monooxygenase A (amoA) genes, showed the strong vertical differentiation of sulfate reducers, sulfur 

oxidizers, and archaeal ammonia oxidizers along environmental gradients [20,21]. Although marked vertical 

variations of the microbial communities have been found, it remains to be determined whether these 

variations are associated with functional or metabolic changes in levels of the utilization of carbon sources. 
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Stratification and mixing periods provide a unique opportunity to explore the response of water 

bacterial communities to both spatial and temporal changes in the aquatic ecosystem. In the present 

study, we investigated the composition and functional diversity of the bacterial community, before and 

after the water column become stratified, in the Jinpen Drinking Water Reservoir (Jinpen Reservoir), in 

Northwest China using both the Biolog method and 454-pyrosequencing of 16S rRNA. The 

environmental conditions, including the physical and chemical parameters of water quality and the total 

bacterial cell counts, were measured as well. Accordingly, the objectives were: (1) to investigate the 

shifts in bacterial communities before and after stratification, and compare the differences between the 

upper and deeper water layers during the stratification; (2) to determine whether the variations in 

bacterial community composition (BCC) are associated with changes in functional diversity; and (3) to 

reveal the possible relationships between bacterial communities and environmental driving factors in the 

Jinpen Reservoir. The results could provide more information about revealing the effects of seasonal 

thermal stratification of the reservoir water body, and present the first insight into the dynamics of 

microbial communities in the Jinpen Reservoir, China. 

2. Materials and Methods 

2.1. Study Sites and Sampling 

The Jinpen Reservoir (34°42'–34°01' N; 107°43'–108°24' E) is a deep, canyon-shaped reservoir 

located in the City of Xi’an, in the Shaanxi Province of the Northwest China region. It is the most 

important raw water source for the city, with a daily water supply of 8.0 × 105 m3. The reservoir has a 

surface area of 4.55 km2 and a volume of 2.0 × 108 m3 at full water level. The maximum depth of the 

reservoir is 94 m, and the mean depth is 44 m. During the summer days, the water body becomes 

thermally stratified. The hydrography and water quality of the Jinpen Reservoir has been systematically 

determined in the past five years by our research team. Our previous studies indicated that the mixing 

period of the Jinpen Reservoir ends at the beginning of June, followed by a re-stratification period. 

Stratification became stable by mid-June, and lasted until December [1,22,23]. According to our 

previous results, we focused on the changes in microbial communities driven by thermal stratification, 

with regard to both the functional diversity and structure, in the Jinpen Reservoir. 

In this study, three sampling sites (marked as A [34°02'45'' N, 108°12'25'' E], B [34°02'38'' N,  

108°12'14'' E], C [34°02'47'' N, 108°12'15'' E]) were picked at the deepest area of the main reservoir, with an 

over 300 m distance from each other. Sampling was carried out on 29 May, 1 July and 1 August 2014, 

respectively. The water temperature, dissolved oxygen, total nitrogen and total phosphorus profiles of 

water quality of the sampling dates at site A were shown in Figure 1. Due to the fact that the 

re-stratification period was less than two weeks, and our sampling intervals were approximately every 

four weeks, no samples were taken during the re-established period of stratification. Water samples were 

obtained with a 2.0-L sterile Van-Dorn bottle, at intervals of 20 m, from the surface to the bottom  

(0.5 m above the sediment). A total of 34 water samples were collected maintained at the temperature of 

4 °C, and were sent to the laboratory immediately. Samples were divided into two parts. One part was 

used for chemical analysis, total cell counts and the Biolog assay immediately. The other part (500 mL) 



Water 2015, 7 5528 

 

 

was filtered onto 0.22-μm pore size polycarbonate membranes for DNA extraction. The filters were 

frozen at −80 °C until DNA extraction. 

 

Figure 1. (A–D) Water temperature, dissolved oxygen, total nitrogen and total phosphorus 

profiles of the sampling dates at site A, in the Jinpen Drinking Water Reservoir, China. 

2.2. Water Physical and Chemical Analysis 

To examine the physiochemical characteristics of water quality, vertical profiles of water 

temperature, dissolved oxygen (DO), pH, specific conductivity (SpCond) and turbidity were measured 

in situ with increments of 0.5 m using a multiparameter water quality analyzer (Hydrolab DS5, Hach, 

Loveland, CO, USA). Thermal layer boundaries were determined based on temperature profile as shown 

in Figure 1. The metalimnion was determined to be where the temperature decreased by 0.5 °C over 1 m 

depth or less [24–26]. Water chemical parameters were analyzed as previously described [1,27]. 

Concentrations of total nitrogen (TN) and total phosphorus (TP) were measured using ultraviolet 

spectrophotometry and ammonium molybdate spectrophotometry after alkaline potassium persulfate 

digestion under high temperature (DR5000 spectrophotometer, Hach). Concentration of ammonia 

nitrogen (NH4-N) was determined using Nessler’s reagent colorimetric method at the circum-neutral pH 

condition. Permanganate index (CODMn) was determined by titrimetric method. 

2.3. Total Cell Counts 

The total bacterial cells of the water samples were counted using the flow cytometry (FCM) as previously 

described [28,29]. Each water sample (500 μL) was stained with 5 μL SYBR Green I (1:100 dilution in 

DMSO; Invitrogen, Basel, Switzerland), and incubated in the dark for 10 min at 35 °C. In addition, the 

bacteria concentration measured with the flow cytometer has to be less than 2.0 × 105 cells mL−1. So the 
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water samples were diluted just before measurement by ultrapure water if necessary. FCM was 

performed using a BD Accuri C6 flow cytometer (BD Accuri cytometers, Aalst, Belgium) equipped with 

a blue 25 mW solid state laser emitting at a fixed wavelength of 488 nm. 30 μL of each sample was 

performed at medium flow rate (35 μL·mL−1), and a threshold value of 500 was applied on the green 

fluorescence channel (FL1). Green fluorescence (FL1) was collected at 520 ± 10 nm, red fluorescence 

(FL3) above 630 nm, and side scatter (SSC) at 488 nm. Data were analyzed using CFlow software  

(BD Accuri). 

2.4. Microbial Community Functional Diversity Determination 

To explore the microbial community functional diversity profiles, Biolog Eco microplate 

(EcoPlate™, BIOLOG, Hayward, CA, USA) was employed as previously described with little 

modification [30,31]. The plate contains 31 different carbon sources, which can be grouped to six kinds 

of carbon sources, including carbohydrates, amino acids, esters, alcohols, amines and carboxylic acids, 

and each plate is reproduced in triplicate. 150 μL of each sample was added into every well of Eco plate 

using 8 way electronic pipettes (Bio-Rad, Hercules, CA, USA). Eco plates were incubated at 28 °C in 

darkness. The absorbance at 590 nm was recorded every 24 h interval over ten days, and the results 

obtained at 144 h were used for diversity index and further statistical analysis [30]. The diversity indices 

included average well color development (AWCD590nm), Shannon Diversity (H') and McIntosh Diversity 

(U). AWCD590nm was used as an indicator of general microbial activity, and assessed as the average 

optical density across all wells per plate [31,32]. McIntosh is an index measuring the homogeneity of 

species in the community, and Shannon index is greatly affected by the species richness of community. 

Both the two indices were calculated as previously described [15]. 

2.5. Roche 454 Pyrosequencing and Sequence Analysis 

To determine the BCC of water samples, total DNA was extracted from the 0.22-μm filters using a 

Water DNA Kit (Omega Bio-Tek, Norcross, GA, USA) according to the manufacturer’s instructions. 

Extracted DNA was purified using a DNA Cleanup Kit (Omega Bio-Tek) according to the 

manufacturer’s instructions, and the purified DNA was frozen at −20 °C until further analysis. 

To obtain the specific profile of BCC, the DNA samples from sampling site C were selected for 

amplification and 454 pyrosequencing of bacterial 16S rRNA genes. Briefly, the V1–V3 region of the 16S 

rRNA gene of the DNA samples with replicates was PCR amplified using the forward primer 8 F  

(5′-AGAGTTTGATCCTGGCTCAG-3′) and the reverse primer 553 R (5′-TTACCGCGGCTGCTG 

GCAC-3′) [19,33]. Polymerase chain reaction was conducted in 20 μL reaction mixtures containing 2.0 μL 

of deoxynucleoside triphosphate (2.5 mM), 0.8 μL of each forward and reverse primers (5 μM each),  

0.4 μL of FastPfu polymerase, 5× FastPfu Buffer 4 μL, and 10 ng of DNA. PCR reaction was performed 

on a C1000 Thermal Cycler Gradient (Bio-Rad) using a program of 3 min at 95 °C, followed by  

27 cycles of 30 s at 95 °C, 30 s at 55 °C, and 45 s at 72 °C with a final extension for 10 min at 72 °C.  

All PCR products were verified by 1% agarose gel electrophoresis stained by GelRed (Biotium, 

Hayward, CA, USA) with DL2000 DNA ladder (Comwin Biotech Co., Beijing, China) as a size 

standard. Triplicate reaction mixtures were pooled per sample, and purified using the DP209 DNA 

Purification Kit (Tiangen Biotech Co., Beijing, China) as the manufacturer’s instructions. 
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The mixtures were pyrosequenced using a Roche 454 Genome Sequencer FLX Titanium platform at 

Majorbio Bio-Pharm Technology Co. Ltd. (Shanghai, China). After sequencing process, data were 

processed using the Quantitative Insights into Microbial Ecology (QIIME) software [34,35].  

The low-quality sequences shorter than 200 bp, having a read quality score below 25 and possessing 

homopolymers longer than 8 bp were removed [36]. Raw reads were also trimmed of the standard 

primers and barcodes. The sequences were then binned into operational taxonomic units (OTUs) based 

on a 97% sequence similarity using Mothur software package (Version 1.7.0). The OTUs which 

contained one read were removed to avoid possible sequencing error at this step [5,17]. Taxonomic 

classification of the reads was performed in the Ribosomal Database Project (RDP) database [37,38]. 

The respective diversity indices of pyrosequencing data including Shannon-Wiener index (H'), Chao 1 

richness estimates, abundance coverage-based estimator (ACE) and coverage were calculated using 

Mothur software package [39]. The beta diversity analysis was carried out and Bray-Curtis similarity 

tree was constructed based on the beta diversity using QIIME [40,41]. Bar plots were done by Microsoft 

Excel 2010, and heatmap analysis was conducted using R package vegan (version 2.1.1) based on 

relative abundances of the top 100 abundant bacterial community at genus level [19,42]. 

2.6. Statistical Analysis 

Differences in environmental parameters and the diversity indices of Biolog data and pyrosequencing 

data of the water samples were analyzed by one-way analysis of variance (ANOVA) with the 

Tukey-Kramer honest significant difference test (p < 0.05) using SPSS software (version 16.0). The 

presented data were considered to be significantly different as the probability (P) was less than 0.05. 

Principal component analysis (PCA) and redundancy analysis (RDA) were employed to analyze the 

Biolog and pyrosequencing data by Canoco software (version 4.5) and Canodraw [31,43]. 

3. Results 

3.1. Physicochemical Properties of the Jinpen Reservoir 

The environmental parameters of this study are summarized in Table 1. Vertical profiles show that 

the water column was mixed on 29 May 2014, and little variation was observed (Figure 1). Stratification 

was then reestablished and persisted during our sampling series in July and August. During the stratified 

period, temperature, DO, and pH were significantly higher in the epilimnion and rapidly dropping down 

in the hypolimnion (p < 0.01). Specifically, the temperature reached 25.11 °C in the surface layer, and 

varied distinctly with depth, and was almost constant at 8.41 °C at the bottom of the reservoir,  

at 1 August. DO concentrations reached a maximum (8.31 ± 0.20 mg·L−1) in the epilimnion, and were 

depleted (0 mg·L−1) below the metalimnion. The turbidity showed a significant increasing trend  

(p < 0.01), while the SpCond varied only slightly, with depth. There were also pronounced differences in 

nutrient concentrations; for example, the TN concentrations decreased form the mixing to the stratified 

period, while the TP showed an opposite trend. Furthermore, the TN, TP, and NH4-N concentrations were 

significantly lower in the epilimnion and higher in the hypolimnion (p < 0.05; Table 1). Vertical profiles 

show that the physical and chemical characteristics are similar at three sampling sites (data not shown). 

Variation in total cell counts was not significant. 
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Table 1. Environmental parameters and total cell counts of the samples in the Jinpen 

Drinking Water Reservoir, China. 

Water Layer 
Mixing Layer 

(n = 12) 
Epilimnion 

(n = 8) 
Metalimnion  

(n = 6) 
Hypolimnion 

(n = 8) 

Temperature (°C) 12.26 ± 3.82 BC 21.88 ± 5.55 A 14.27 ± 3.49 B 8.50 ± 0.67 C 
pH 7.65 ± 0.42 A 7.82 ± 0.74 A 7.04 ± 0.40 AB 6.78 ± 0.61 B 

DO (mg·L−1) 6.67 ± 2.58 AB 8.31 ± 0.20 A 6.0 ± 1.04 B 0 ± 0 C 
TN (mg·L−1) 2.11 ± 0.13 A 1.84 ± 0.03 B 1.89 ± 0.11 BC 1.99 ± 0.01 C 
TP (mg·L−1) 0.027 ± 0.006 A 0.037 ± 0.001 A 0.031 ± 0.010 A 0.045 ± 0.013 B

CODMn (mg·L−1) 3.40 ± 0.19 A 4.03 ± 0.10 C 3.77 ± 0.13 B 3.96 ± 0.14 BC 
NH4-N (mg·L−1) 0.183 ± 0.001 AB 0.126 ± 0.036 A 0.116 ± 0.040 A 0.218 ± 0.090 B

SpCond (ms·cm−1) 172.0 ± 24.8 A 144.7 ± 29.2 A 150.5 ± 8.2 A 172.7 ± 28.4 A 
Turbidity (NTU) 2.43 ± 0.84 A 4.07 ± 1.75 A 5.30 ± 0.33 A 18.15 ± 9.69 B 

Total cell count (1 × 105 cells·mL−1) 55.4 ± 11.5 A 69.6 ± 28.3 A 56.8 ± 31.7 A 63.9 ± 19.7 A 

Notes: Analysis of variance (ANOVA) was used. Different capital letters indicate significant differences 

among the layers (p < 0.05) Data represent mean ± S.E. 

3.2. Microbial Community Functional Diversity 

In this study, the Biolog approach was used to improve our understanding of the spatial and temporal 

shifts in the microbial community composition, based on metabolic diversity. As shown in Figure 2, the 

AWCD590nm was used as a measure of the total microbial activity, reflecting carbon source utilization 

ability, and tended to increase steadily with incubation time. The AWCD590nm value, McIntosh diversity 

index (U), and Shannon diversity index (H′) at 144 h are shown in Figure 3. 

 

Figure 2. Kinetics of average well color development (AWCD590nm) curve of bacterial 

communities of each water layer in the Jinpen Dirking Water Reservoir, China. The data shown 

are the means and standard error (S.E.). “n” represents the number of samples in each layer. 

There were no significant differences with depth during the mixing period (data not shown). 

However, during the stratified period, the indices showed a clear increasing trend from the epilimnion to 

the hypolimnion. The lowest AWCD590nm value was observed in the epilimnion (0.38 ± 0.14), which is 
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significantly lower than that of the hypolimnion (0.62 ± 0.09; p < 0.01), and significantly lower than that 

of the mixing layer (0.67 ± 0.13; p < 0.01) as well. The McIntosh diversity index almost coincided with the 

AWCD590nm value, and both the index of the hypolimnion (4.15 ± 0.54) and mixing layer (4.61 ± 0.70), were 

significantly higher than that of the epilimnion (2.78 ± 0.86; p < 0.01). For the Shannon diversity index, 

there was no significant change among the different water layers, and only a slightly increasing trend 

was observed with depth. This result suggests that the stratification had a strong effect on the functional 

diversity of the microbial communities in the Jinpen Reservoir. 

 

Figure 3. Functional diverstity indices of bacterial communities. (A) Average well color 

development (AWCD590nm); (B) McIntosh diversity (U) and (C) Shannon diversity (H') at 

144 h incubation time of bacterial communities of each water layer in the Jinpen Drinking 

Water Reservoir, China. Analysis of variance (ANOVA) was used. Bars followed by the 

different capital letter indicate significant difference among the layers (p < 0.05). The data 

shown are means and standard error (S.E.). 
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Utilization of the six kinds of carbon sources at 144 h was shown, by One-Way ANOVA, to change 

significantly between different water layers (Table 2). Furthermore, the utilization of amino acids, 

esters, alcohols and amines showed extremely significant differences among different water layers  

(P < 0.01). All of the parameters in the epilimnion, which were different from those of the other water 

layers, reached the lowest level and were significantly lower than those of the hypolimnion (P < 0.05). 

This indicated that the microbial communities in the epilimnion had the lowest carbon source utilization 

ability. Interestingly, the utilizations was kept stable or appeared to show a decreasing trend from the 

mixing layer to the hypolimnion, except for that of carbohydrates. Specifically, a value of 0.81 ± 0.19 

was observed in the hypolimnion, which was higher than the value of 0.69 ± 0.21observed in the mixing 

layer (Table 2). 

Table 2. Variance analysis of utilization of the six groups of carbon sources in Biolog ECO plate 

by bacterial communities of each water layer in the Jinpen Drinking Water Reservoir, China. 

Water Layer Carbohydrates Amino Acids Esters Alcohols Amines Carboxylic Acids 

Mixing Layer  

(n = 12) 
0.69 ± 0.21 AB 0.67 ± 0.11 A 0.94 ± 0.16 A 0.66 ± 0.10 A 0.70 ± 0.21 A 0.49 ± 0.15 A 

Epilimnion  

(n = 8) 
0.46 ± 0.18 A 0.31 ± 0.15 B 0.56 ± 0.26 B 0.29 ± 0.12 B 0.43 ± 0.17 B 0.28 ± 0.16 B 

Metalimnion  

(n = 6) 
0.61 ± 0.27 AB 0.54 ± 0.21 A 0.84 ± 0.26 A 0.50 ± 0.19 AC 0.38 ± 0.19 B 0.43 ± 0.17 AB 

Hypolimnion 

(n = 8) 
0.81 ± 0.19 B 0.55 ± 0.13 A 0.95 ± 0.12 A 0.47 ± 0.12 C 0.59 ± 0.14 AB 0.41 ± 0.11 AB 

One Way 

ANOVA 
3.865 * 9.899 ** 6.873 ** 13.097 ** 5.480 ** 3.017 * 

Notes: Analysis of variance (ANOVA) was used. Different capital letters indicate significant differences among the 

sites (p < 0.05). * By analysis of variance: p < 0.05. ** By analysis of variance: p < 0.01. Data represent mean ± S.E. 

PCA further revealed the temporal and spatial shifts in the functional diversity of the microbial 

community before and after water stratification. The first two PCs (PC1 and PC2) accounted for 51.6% 

of the total variance in the AWCD590nm data (Figure 4). The profiles of the samples from the mixing layer 

were similar and were clustered together; however, during the stratified period, the metabolic profiles 

were visibly distinguished from the mixing layer, and showed a higher degree of variability with more 

scattered data points. Moreover, PCA ordination showed that the samples from the epilimnion were 

significantly distinguished with that of the hypolimnion with different location area. Interestingly, 

although the metalimnion was shown to have lower functional diversity indices, the metabolic profiles 

showed a very similar separation between the metalimnion and the hypolimnion. In addition, the separation 

of the mixing layer horizons was mainly affected by N-acetyl-D-glucosamine, D-galactonic acid, and 

D-galacturonic acid, while the separation of the microbial communities of the hypolimnion correlated 

most with glycogen, α-cyclodextrin and α-ketobutyric Acid (data not shown). 
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Figure 4. Principle component analyses (PCA) of the functional diversity of bacterial 

communities of each sample in the Jinpen Drinking Water Reservoir, China. Data were 

calculated based on sole carbon substrate utilization pattern using Biolog method at 144 h 

incubation time. Numbers in brackets represent the percentage of variation explained by 

each factor, PC1 explains 37.3% of the variance of the data and PC2 explains 14.3% of the 

variance in the data, respectively. 

3.3. Pyrosequencing Results of Bacterial Community Composition 

The analysis results of the Biolog method indicated that the difference in microbial functional 

diversity between different sampling sites was not significant. Thus, ten representative samples taken at 

site C were selected to represent the microbial community structure of the reservoir for pyrosequencing 

analysis. Generally, 97,637 high quality reads were detected after the removal of low quality reads.  

A total of 989 OTUs belonging to ten phyla were identified at a 97% similarity level (Figure 5), and the 

number of OTUs of each sample ranged from 209 to 370. Species estimators showed that the bacterial 

diversity and abundance differed significantly between different water layers (Table 3). Specifically, the 

numbers of OTUs showed a clear increasing trend with depth, after stratification, with the lowest OTUs 

being observed at the epilimnion, and the highest OTUs being detected at the hypolimnion, with 

significant difference (p < 0.01). However, the OTUs observed during the mixing period were slightly 

lower than those of the metalimnion and the hypolimnion, without significant differences. Both the ACE 

and Chao 1 richness estimates were higher than the OTU data, suggesting that additional species may 

exist [44], especially in the metalimnion and the hypolimnion. The Shannon-Wiener diversity index 

showed a significant increase from the epilimnion (3.32 ± 0.24) to the hypolimnion (4.13 ± 0.18; p < 0.05), 

while there was no significant difference between the mixing layer, the metalimnion, and the hypolimnion. 

All species estimators suggested that the epilimnion might harbor a smaller number and a lower diversity of 

bacterial communities during the stratification period. This is consistent with our results from the Biolog 
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method, which indicated that the stratification had a great impact on microbial communities, and that the 

hypolimnion had a higher diversity of bacterial communities than that of the epilimnion. 

 

Figure 5. Taxonomic classification of sequences of the bacterial communities in Site C from 

the Jinpen Drinking Water Reservoir, China. Sequences were classified at the phylum level 

using the Ribosomal Database Project (RDP). 

Table 3. Similarity-based operational taxonomic units (OTUs) and species estimates of 

pyrosequencing result of each water layer in the Jinpen Drinking Water Reservoir, China. 

Water Layer 

Operational 

Taxonomic Units 

(OTUs) 

Chao 1 

Richness 

Estimate 

Abundance-Based 

Coverage 

Estimators (ACE) 

Shannon-Wiener 

Index (H') 
Coverage 

Mixing Layer  

(n = 4) 
302 ± 39 A 375.5 ± 47.6 A 369.8 ± 35.2 A 4.11 ± 0.26 A 0.99 

Epilimnion  

(n = 2) 
218 ± 13 B 339.5 ± 6.4 A 384.0 ± 56.6 A 3.32 ± 0.24 B 0.99 

Metalimnion  

(n = 2) 
356 ± 8 A 497.5 ± 27.6 B 477.5 ± 31.8 A 4.25 ± 0.13 A 0.99 

Hypolimnion  

(n = 2) 
364 ± 8 A 483.0 ± 14.1 B 469.0 ± 2.8 A 4.13 ± 0.18 A 0.99 

Notes: The parameters are presented for a similarity of 97%. Analysis of variance (ANOVA) was used. 

Different capital letters indicate significant differences among the sites (P < 0.05). Data represent mean ± SE. 

A taxonomy-independent Bray-Curtis similarity tree was constructed to determine the relationship 

between different samples based on their OTU compositions (Figure 6). The dendrogram revealed that 

all samples were clustered into three major groups, which reflected the sharp vertical stratification of the 
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reservoir. The first group was composed of the mixing layers, the second group was composed of 

samples from the epilimnion, and the third group consisted of samples from the metalimnion and the 

hypolimnion together. In addition, a distinct difference in the bacterial communities of samples taken 

from different water layers was evident at the phylum level (Figure 5). Proteobacteria represented the 

dominant phylum in all depths during the mixing period in May (more than 26.3%). However, 

Cyanobacteria became the dominant phylum at the oxygenated surface in August (40.9%), while 

Actinobacteria dominated the hypolimnion sample in August (36.3%). Moreover, Actinobacteria were 

more prevalent in the stratification layers than in the mixing layers. In contrast, the proportion of 

Bacteroidetes, Planctomycetes and Armatimonadetes showed a decreasing trend from the mixing period 

to the stratified period. All samples showed a stable increasing proportion of Firmicutes with depth, 

without any significant effect of stratification. Although Chlorobi were common at all depths of the 

mixing period, they became rare or absent from the surface layer after stratification. Interestingly, with 

regard to temporal changes, there were relatively gradual changes in BCC between May and July, while 

more dramatic and rapid changes were detected in August. 

 

Figure 6. Clustering analysis of pyrosequencing profiles based on the Bray-Curtis similarity 

from the operational taxonomic units (OTUs) compositions (97% level). 

The heatmap was constructed based on the top 100 abundant bacterial communities at the genus level 

(Figure 7), and showed a more diverse and differing bacterial communities between different water 

layers. During the mixing period, Limnohabitans, Synechococcus, Fluviicola and Lactococcus were the 

dominant genera, whereas Synechococcus became the most abundant genus after stratification. In the 

epilimnion, the levels of Polynucleobacter, Parasegetibacter, Limnobacter, and Roseomonas were 

significantly higher than those in the hypolimnion. However, a higher number of diverse genera were 

detected in the deeper layers, including Bacillus, Fluviicola, Lactococcus, Nitrospina, Nitrospira, and so 

on. Interestingly, Acidovorax, Acinetobacter, and Flavobacterium bloomed in the metalimnion in July, 

but were rare or were not detected in other samples. 
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Figure 7. A color-scale heatmap showing 100 representative predominant 16S rRNA 

gene-based sequence classified at the genus level from the bacterial communities of the 

Jinpen Drinking Water Reservoir, China. 

RDA was performed to assess the relationship between the BCC of the reservoir and the 

environmental variations (Figure 8).The first two axes (RDA1 and RDA2) could explain 82.1% of the 

total variation. Samples from the mixing layer were clustered together, with a very similar separation in 

the left area of RDA1, and were dispersed from the samples of the other layers. All environment 

parameters, except for TP, were significantly correlated with the BCC, while the pH and DO were 

shown to play the most significant roles. Specifically, DO, TN, CODMn and turbidity were shown to be 
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significant in describing the variation in BCC along RDA2, while pH, temperature, NH4-N, and SpCond 

accounted for a large amount of the variation in the distribution along RDA1. 

 

Figure 8. Redundancy analysis (RDA) between the bacterial community composition 

(BCC) and environmental parameters in the Jinpen Drinking Water Reservoir, China. 

Samples are represented by open circles. Numbers in brackets represent the percentage of 

variation of the data explained by each factor, RDA1 explains 67.3% of the total variation 

and RDA2 explains 14.8% of the total variation, respectively. The primary factors for the 

variables of the environmental data are represented by arrows (DO = dissolved oxygen; 

SpCond = specific conductivity; TN = total nitrogen; TP = total phosphorus;  

NH4-N = ammonia nitrogen; CODMn = permanganate index). 

4. Discussion 

The annual stratified period of the Jinpen Reservoir began from June 2014, and caused changes in the 

physical and chemical environment of the reservoir, which provided a chance to examine shifts in 

bacterial community. The samples from 29 May suggested that the Jinpen Reservoir was mixed during 

that time, which was supported by similar physical and chemical parameters of the water. Additionally, 

there were no significant differences in the functional diversity between the upper and lower waters. 

After the reservoir became thermally stratified, the results of the Biolog method showed that there was a 

strong vertical variation in the functional diversity of the microbial community. The vertical gradients of 

physicochemical conditions within the water column during stratification, particularly those of DO and 

temperature, represented typical habitat heterogeneity. Habitat heterogeneity was considered to play an 

important role in the determination of microbial community structure [20,25,45]. It is suggested that 

thermal conditions were the main factor affecting community metabolism and structure by altering 
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hydrodynamic processes, water movement, and mixing events in the water bodies during the annual 

stratified period [46]. Thus, in this study, it appeared that the dramatic shifts in DO and water 

temperature among different layers were the main direction indices for the differences in the bacterial 

communities. Our RDA results of pyrosequencing provided further evidence of the habitat 

heterogeneity theory, as microorganisms would shift in response and adaptation to the variation in 

aquatic environment, thus the BCC of the Jinpen Reservoir was significantly correlated with the 

physicochemical variables of the environment, including pH, DO, temperature, turbidity, SpCond, 

NH4-N, TN and CODMn, especially the pH value and the oxygen concentration. However, few studies 

conducted on reservoirs have been reported to reveal the relationship between the BCC and environment 

parameters. Our RDA results suggest that the physical parameters and nutrients can help us to 

understand BCC trends, thus, further studies may be needed to isolate environmental variables and to 

reveal the importance of each of these variables. 

The bacterial communities in the hypolimnion had significantly higher indices in functional diversity 

than those in the epilimnion. It is suggested that the microbial populations in the hypolimnion could be 

enhanced by various factors, such as extracellular enzymes of anaerobic metabolism [47,48], the 

biomass and organic matters exported from the upper waters, the complex interaction with the massive 

microorganisms in the sediment [10], and the release of nutrients from the sediment [9,49]. Although 

we did not measure changes in organic matter directly in the water bodies, we cannot exclude the 

possibility that the contaminants in the deeper layer can be metabolized in various ways due to the 

differences detected in the utilization of 31 different kinds of carbon sources by using the Biolog 

method. Specifically, we found that there is a greatly increased utilization of carbohydrates in the 

hypolimnion after stratification. This is likely evidence of a change in the composition of available 

carbon sources in the deeper waters, as microorganisms could select special suitable growth zones. On 

the other hand, the data of the pyrosequencing showed that samples of the epilimnion had the highest 

proportion of Cyanobacteria, whereas the FCM result showed that there is no significant difference of 

total bacteria cell counts among layers. However, the Biolog method based on the utilization of carbon 

sources, may not reflect the metabolic activity of autotrophic microorganisms, which result in a weaker 

carbon utilization detected in the epilimnion. 

The result of pyrosequencing showed that the BCC of the reservoir were strongly affected by 

stratification as well as the functional diversity. As determined by the pyrosequencing data, the 

Bray-Curtis similarity tree indicated that the BCC of the epilimnion was distinguished from that of 

hypolimnion, which was consistent with the PCA results of Biolog. The diversity indices of the 

pyrosequencing also showed many similarities with the indices of functional diversity. Both the bacterial 

community diversity and richness were significantly higher in the hypolimnion than that of the 

epilimnion; meanwhile, the indices of the epilimnion were relatively variable. There seems to have been 

no previous study to associate the functional diversity patterns in the bacterial communities with BCC of 

drinking water reservoirs. The result of this study indicated that the variations in bacterial community 

functional diversity reflect the variations in BCC and showed useful ecological information. 

Specifically, the hypolimnion harbored a relatively higher diversity and richness of communities and a 

lower proportion of autotrophic microorganisms, which might lead to a higher and more diverse ability 

in utilizing carbon sources. 
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As expected, the BCC of the Jinpen Reservoir resembled the composition of some reported 

freshwater ecosystems, with Proteobacteria, Actinobacteria, Cyanobacteria, and Bacteroidetes as the 

major bacterial groups [5,18,50]. However, the percentage of each bacterial group was distinct at the 

level of phylum after stratification. Proteobacteria was the most abundant bacterial division during the 

mixing period, particularly Beta-proteobacteria and Alpha-proteobacteria. The predominance of these 

two divisions in lakes and reservoirs has already been demonstrated in many studies [51,52]. 

Actinobacteria showed an increasing trend after the water bodies became thermally stratified. 

Cyanobacteria bloomed at the surface water in August, and had an obvious vertical gradient in the 

water, as reported in other aquatic ecosystems [53]. Moreover, it is suggested that the blooms of 

Cyanobacteria are favored by the lack of mixing in the water body by Valdespino-Castillo et al. [46]. 

Additionally, both Chlorobi and Chloroflexi were detected, with a higher abundance in the hypolimnion 

than in the epilimnion, and were dynamically affected by stratification. In contrast, Firmicutes were less 

affected by stratification, with a stable and high proportion in the deeper layers. At a higher taxonomic 

resolution, the recognized bacterial species may provide more information on the dynamic of bacterial 

community. At the genus level, Limnohabitans was one the most abundant groups detected in the water. 

Limnohabitans belongs to Beta-Proteobacteria, and has been reported to play a prominent role in 

freshwater bacterioplankton communities [54]. Interestingly, the ability of Limnohabitans to grow on 

algal-derived substrates and their high rates of substrate uptake may provide them with a special 

competitive advantage in the water. Polynucleobacter is in the order of Beta-Proteobacteria as well, and 

was found abundantly in the epilimnion. This was consistent with the results of the study conducted by 

Hahn et al. [55], which revealed that Polynucleobacter are normally observed in the upper layer of 

freshwater with a usage of dissolved organic matter. In contrast, Fluviicola, Bacillus, and Nitrospira 

were found more abundantly in the deeper water; likewise, they were also detected abundantly in the 

sediment of the Jinpen Reservoir [43]. There was a dramatic increase in the populations of Acidovorax, 

Acinetobacter and Flavobacterium species in July; despite the fact that they were reported in other 

aquatic ecosystems, it is difficult to explain the reasons for their blooms. 

The Biolog microplates contain a tetrazolium violet redox dye as an indicator of carbon source 

utilization, and the substrates present on the EcoPlates™ used in this study are known to be utilized by 

anaerobic bacteria, which allow for characterizing carbon substrate utilization by both aerobic and 

anaerobic bacterial communities [56]. Additionally, many previous studies within various microbial 

habitats including freshwater, soil, active sludge and sediment, indicated that the direct incubation of 

environmental samples in Biolog plates enables the identification of ecologically relevant functional 

differences in different microbial communities [43,57–60]. Moreover, the Biolog method has been 

applied as a more reliable reproducibility method [61–63]. In this study, the parallel samples in each 

Biolog plate exhibited reproducible carbon source utilization patterns with little variations. Furthermore, 

the Biolog method provides a rapid and convenient assay for detecting the shifts in bacterial 

communities, which could be used as an early warning indicator of environmental stress in drinking 

water reservoirs. 

It should be noted that microbial communities are influenced by many factors such as the 

fast-changing environment, the inflow of the reservoir, the sediment of the ecosystem, and other aquatic 

organisms, which may interfere with our results. Hence, additional environmental parameters should be 

considered and measured combined with more sampling times over years. Furthermore, the diversity of 
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the archaeal and eukaryotic community based on the high-throughput and sensitive sequencing 

technology should be combined with environmental characteristics to establish a more exact relationship 

between biogeochemistry cycling and microbial communities in drinking water reservoirs [64]. Despite 

the fact that there may have been some disturbances, the comparison of the communities detected in our 

study was feasible, since all samples were treated similarly. Overall, in this study, we have found that 

there were similar shifts both in the function and in the composition of the bacterial communities after 

the water body become stratified. Temperature differences between the superficial and the deeper 

waters affected the water density, which could have further contributed to the physical and chemical 

stratification and led to habitat heterogeneity. The heterogeneity of the habitat apparently shaped the 

microbial communities, and the dominant groups in turn may affect the water quality through their 

function and metabolism to adjust the dissolved nutrients in the water. It is possible that this interaction 

between the bacterial communities and stratified water body in fact produces a more ecologically robust 

and stable system under a dynamic equilibrium. Previous studies demonstrated that long periods of 

stratification had adverse effects on the water quality, especially in drinking water reservoirs. Therefore, 

the results of our study on the responses of aquatic bacterial communities to the shifts in environment 

would provide useful information for the protection of drinking water resources. 

5. Conclusions 

In summary, the present study examined the abundance and the diversity of bacterial communities 

within the Jinpen Drinking Water Reservoir around the re-stratification period. We observed evidence 

for the bacterial communities’ response to stratification event, and revealed dynamic variations in both 

the bacterial functional diversity and the BCC with similar trends. The functional diversity showed a 

vertical structure after the water body became stratified, which lead to a significantly higher ability of 

utilizing carbon sources in the hypolimnion than that of the epilimnion. The results of pyrosequencing 

also showed that the hypolimnion had significantly higher values in diversity and abundance, and the 

cluster analysis results clearly showed that the bacterial community composition was strongly correlated 

with water stratification. The sequencing results indicated that the reservoir contained some common 

freshwater bacterial taxa, such as Proteobacteria, Cyanobacteria, and Actinobacteria. Furthermore, each 

water layer showed different dominant bacteria groups. Specifically, Cyanobacteria were dominant in the 

epilimnion in August, whereas Actinobacteria were dominant in the hypolimnion. It is noteworthy that the 

BCC was shown to be significantly correlated with environmental parameters, such as pH, temperature, DO, 

total nitrogen, and so on. The work presented here provides new insight into the functional diversity of the 

microbial community of drinking water reservoirs, and provides a comprehensive understanding of 

microbial communities via the Biolog method combined with pyrosequencing. 
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