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a b s t r a c t

This study aims to demonstrate the validity of fluorescence-based methods, together with

flow cytometry, as a complementary tool to conventional physicochemical analyses carried

out in wastewater treatment plants (WWTPs), for the control of the currently largely unknown

activated sludge process. Staining with SYTO 9, propidium iodide and 5-(and 6)-carboxy-20,70-

difluorodihydrofluorescein diacetate (carboxy-H2DFFDA) was used for cell viability and

oxidative stress monitoring of the bacterial population forming the activated sludge of a

WWTP. Throughout the period of research, several unstable periods were detected, where the

non-viable bacteria exceeded the 75% of the total bacterial population in the activated sludge,

but only in one case the cells with oxidative stress grew to 9%, exceeding the typical values of

2%e5% of this plant. These periods coincided in two cases with high values of total suspended

solids (SST) and chemical oxygen demand (COD) in the effluent, and with an excess of

ammonia in other case. A correlation between flow cytometric and physicochemical data was

found, which enabled to clarify the possible origin of each case of instability in the biological

system. This experience supports the application of bacterial fluorescence staining, together

with flow cytometric analysis, as a simple, rapid and reliable tool for the control and better

understanding of the bacteria dynamics in a biological wastewater treatment process.

© 2019 The Research Center for Eco-Environmental Sciences, Chinese Academy of Sci-

ences. Published by Elsevier B.V.

Introduction

Since its development almost 100 years ago, the activated

sludge process has been used in treating municipal and in-

dustrial wastewaters with different compositions. In this

process, the organic and inorganic pollutants present in

wastewater are degraded by a complex community of

prokaryotic microorganisms, in which bacteria are dominant

(Zhang et al., 2012; Xu et al., 2018).

Despite the importance of the biological wastewater

treatment, the microbial ecology of the activated sludge pro-

cess has always been a black box due to the limitations of the

classical microbiological analytical methods (Douterello et al.,

2014; Van Nevel et al., 2017), and the engineering perspective
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of what the activated sludge process essentially is and how it

should work (Seviour and Nielsen, 2010). Traditionally, the

most widely applied techniques for monitoring and trouble-

shooting the activated sludge systems have been the light

microscopy and the culture-dependent methods. Light mi-

croscopy allows performing morphological and some basic

functional approaches, but it requires experienced techni-

cians and does not provide direct information about physi-

ology or activity of the biomass (Eikelboom, 2000; Spiegelman

et al., 2005).

Likewise, culture-dependent approaches asses only the

presence of culturable bacteria. Since a very small fraction of

bacteria have been cultured so far in the laboratory (Steward,

2012; Steen et al., 2019), the non-culturable bacteria could

represent an abundant or very active fraction of the total

bacterial population, leading to an incomplete and mistaken

view of the biological community structure (Wagner and Loy,

2002).

In order to overcome these limitations, several culture-

independent techniques have been developed and applied to

natural and engineered ecosystems over the last decades,

such as polymerase chain reaction (PCR)-based analysis,

denaturing gradient gel electrophoresis (DGGE), terminal re-

striction fragment length polymorphism (TRFLP) and in situ

hybridization, providing new insights into the microbial

community, its diversity, and interactions in complex envi-

ronments (Gilbride et al., 2006; He et al., 2011). In addition to

these, flow cytometry, combined with fluorescence dye tech-

nology, shows as a rapid, quantitative and versatile technique,

that is being growingly applied to environmentalmicrobiology

(Ziglio et al., 2002;Wang et al., 2010; Ambriz-Avi~na et al., 2014).

It offers a realistic approach for direct and sensitive assess-

ment of cell physiological state, activity and functionality

(Saphiro, 2000; Veal et al., 2000; Czechowska et al., 2008; Dı́az

et al., 2010), while also allowing the detection of the whole

bacterial population, including the non-culturable fraction.

Actually, the results obtained from flow cytometric ap-

proaches for activated sludge studies conclude that this is a

powerful tool that will enable to expand the knowledge about

the dynamics ofmicrobial communities in activated biological

wastewater treatment processes (Foladori et al., 2010; Gunter

et al., 2012).

One important parameter to study the dynamics of mi-

crobial populations in activated sludge is their cell viability, as

they are exposed to a dynamic environment where they can

experience relative fast changes (Czechowska et al., 2008). For

its assessment, membrane integrity is considered one of the

most conclusive criteria distinguishing between viable and

dead bacterial cells (Stiefel et al., 2015; Gr�egori et al., 2001;

Falcioni et al., 2006), as it ensures the protection of intracel-

lular constituents and presumes the cell capability for meta-

bolic activity, repair and reproductive growth. Cells with a

permeabilized membrane cannot maintain the electro-

chemical gradient which generates membrane potential, and

since their structures are freely exposed to the environment,

they will eventually decompose, being classified as dead cells.

Under these premises, viable cells are assumed to have intact

and tight membranes, whereas non-viable cells have

damaged or broken membranes (Nebe von Caron et al., 2000;

Foladori et al., 2010).

Another interesting parameter for microbiological control

is the bacterial oxidative stress, that arises when the intra-

cellular levels of reactive oxygen species (ROS) exceed the

antioxidant defenses of the cells, and lipids, proteins and DNA

can be damaged (Cabiscol et al., 2000; Schieber and Chandel,

2014; Imlay, 2015). In an activated sludge process, adverse

situations, such as presence of toxic compounds in themedia,

can lead to an elevated intracellular ROS generation, jeop-

ardizing the bacterial well-functioning (Choi and Hu, 2008;

Kamika and Tekere, 2017). Since ROS are also signaling mol-

ecules that coordinate response of bacteria under certain

stress conditions (Finkel, 2011; Kashmiri and Mankar, 2014),

the control of the intracellular level of ROS can allow detecting

unfavorable conditions for the bacterial population before a

collapse of thewhole biological wastewater treatment system.

These flow cytometric analyses are carried out in combi-

nation with the use of fluorescent probes or fluorochromes.

These molecules bind specifically to cell molecules or com-

ponents (nucleic acids, proteins and lipids), increasing their

fluorescence, or, in other cases, react with intracellular mol-

ecules to change their structure or properties, in response to

the surrounding microenvironment or external changes, such

as nutrient deficiency or the presence of toxic substances in

the media (Dı́az et al., 2010; Tracy et al., 2010).

The aim of this work was to introduce fluorescence-based

techniques, combined with flow cytometry, to demonstrate

their profit and reliability formonitoring the biological process

of a WWTP, filling the lack of research that exists in applying

these novel techniques as a monitoring tool in a real case

study, in the field of the microbial ecology of the activated

sludge. To meet this objective, a biological WWTP receiving

municipal and industrial wastewater was chosen, in which,

occasionally, instabilities occur. Cell viability and oxidative

stress of the bacterial population of the activated sludge was

analyzed during a one-year sampling campaign. The data

collected were cross-checked with the routinely analyzed

parameters of the plant, in order to establish the relationship

between the state of the biological system, the operational

yields of the plant, and the influence of the industrial waste-

waters in the plant performance.

1. Materials and methods

The study was carried out in aWWTP located in the region of

Duranguesado, in Biscay (Spain). This plant receives 65%

municipal wastewater and 35% industrial wastewater from a

nearby pulp and paper mill (28% of flow) and other industrial

discharges, among which stand out those coming from

seven zinc galvanizing companies. It performs a carbon and

nitrogen removal biological process (Fig. 1), with removal

efficiencies above 90% for chemical oxygen demand (COD)

and above 95% for nitrogen. It has a treatment capacity

equivalent to a population of 124,000 inhabitants, with a

maximum treatment flow rate of 3025 m3/hr. The activated

sludge samples were collected every two weeks from

October 2015 until October 2016 from aeration tanks and

brought to the laboratory within one hour. More than forty

physicochemical parameters, routinely analyzed in the

plant, were considered during the study. In this work, only
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those that have been considered utterly relevant for the

research have been reflected. The control chemical param-

eters of wastewater, as chemical oxygen demand (COD),

total suspended solids (TSS), ammonia (NH4
þ-N), nitrite

(NO2
--N), zinc (Zn) and color, were measured according to

Standard Methods (APHA, 2005). COD, TSS, ammonia and

nitrite of the effluent weremeasured every day. Influent zinc

was measured once every week and color of the industrial

influent twice every week.

2. Fluorescence-based techniques

2.1. Sample preparation

The activated sludge samples were preliminary homogenized

with a mechanical blender (IKA-Ultraturrax T25, IKA Labor-

technik, Staufen, Germany), in order to disaggregate the

activated sludge flocs and separate the single bacteria. 50 mL

of the samples were subjected to three cycles of homogeni-

zation of 45 sec at 18,000 r/m. A 10e20 mm pore-size filtration

was carrying out to separate coarse particles and avoid clog-

ging of the cytometer nozzle. Finally, the DO600 of the bacterial

suspensions obtained was adjusted to 0.2 with 1x phosphate

buffered saline solution (PBS), prior to the analysis by flow

cytometry.

2.2. Cell staining

For the cell viability analysis, bacterial suspensions were

stained with the nucleic-acid binding fluorescent dyes

SYTO™9 (Thermo Fisher Scientific) and propidium iodide (PI,

Sigma Aldrich). Both dyes intercalate DNA but differ in their

spectral characteristics and the ability of permeate bacterial

membranes. Green fluorescing SYTO 9 enters all cells, viable

and non-viable, while PI only permeates damaged mem-

branes (non-viable cells), staining them red. Staining with

SYTO 9 and PI was made at a final concentration of 12.5 nmol/

L and 3.7 mmol/L respectively, with a 10-min incubation at

room temperature in the dark.

5-(and 6)-carboxy-20,70-difluorodihydrofluorescein diac-

etate (carboxy-H2DFFDA, Life Technologies) was used for the

oxidative stress analysis. This molecule is a reduced and

acetylated form of fluorescein, used as intracellular ROS in-

dicator. This non-fluorescent molecule turns into its fluores-

cent form, carboxy-DFF, when, due to ROS presence, acetate

groups are removed by intracellular esterases. A 4 mmol/L

working solution in DMSOwas prepared from the commercial

original product and added to the samples at a final concen-

tration of 10 mmol/L. Samples stained with carboxy-H2DFFDA

were incubated at 37 �C for 30 min in the dark.

2.3. Flow cytometry

Analysis of cell viability and oxidative stress was performed

by flow cytometric measurements with a Cytomics FC500 MPL

flow cytometer equipped with the SQL Server 2000 software

(Beckman Coulter, USA). An excitation of 20 mW at 488 nm

was used to record forward scatter, which is related to cell

size, and side scatter, which is related to cell granularity/

complexity. All the measurements were performed after

excitation at 488 nm. SYTO 9 and carboxy-DFF fluorescence

were recorded using a 525 ± 15 nm (FL1 channel, green fluo-

rescence) band-pass filter. PI fluorescence was detected in the

FL3 channel (620 ± 15 nm band-pass filter). During analytical

experiments, at least 20,000 events per single determination

were collected and analyzed. Constant settings of fluores-

cence, size and complexity parameters were controlled using

calibrate beads (Beckman Coulter). Likewise, each sample was

analyzed for its background autofluorescence.

3. Results and discussion

This study applied a fluorescence-based methodology, com-

bined with flow cytometry, as a tool for monitoring the cell

Fig. 1 e Schematic configuration of the WWTP studied. The samples were collected from the aerobic zones.
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viability and the oxidative stress of the bacterial population of

the activated sludge, as a complement to the conventional

physicochemical analysis, so as to get better understanding

and control of the biological wastewater treatment process.

The cell viability and the oxidative stress of the bacteria

forming the activated sludge of the WWTP were monitored

every fifteen days for one year, by means of flow cytometry.

Along the period of research, cell viability of the bacterial

population that formed the activated sludge experienced

several fluctuations, with some periods in which the viable

cells outnumbered the non-viable bacteria (stable periods),

and other periods where the reverse was the case, or periods

of instability (Fig. 2). Among these periods of instability, three

of them stood out, as the non-viable bacteria exceeded the

75% of the total bacterial population in the activated sludge.

These situations took place in February, May and October

2016, and coincided with a detriment in the wastewater dep-

uration yield in the plant. Fig. 3 shows the cytograms obtained

from the flow cytometric analysis of samples stained with

SYTO 9 and PI, where the differences in the fluorescent signals

between a normal and an unstable situation can be seen. The

oxidative stress followed a more stable behavior, with typical

values of ROS positive cells between 2 and 5%, except for the

sample taken on 9 February 2016, when an unusually high

value of 9% was reached.

Considering the totality of results obtained along the year

of study, both the cell viability and oxidative stress results,

and the outputs from physicochemical measurements, it may

be established that a value of �50% of viable bacterial cells,

and a value below 5% of ROS positive cells, implies a normal or

stable situation for this WWTP.

The attention has been focused on the critical periods

when themajority of the bacterial populationwas damaged or

died, and the good performing of the WWTP was compro-

mised, as the depuration yields demonstrated. Among the

three case studies happened in February, May and October

2016, only in one of them, that occurred in February, the

nitrification process was affected, and a peak of oxidative

stress was detected. On the contrary, in May and October the

system maintained good ammonia removal yields, and no

significant oxidative stress was observed. However, almost

the entire bacterial population was damaged or dead.

In the case of February, the activated sludge sample taken

on the 9th day presented a 79% of non-viable bacteria and a 9%

of ROS positive cells, the highest oxidative stress value found

during the research period. At that time, while no excess of

COD or SST was found in the treated water effluent, there was

an accumulation of ammonia and nitrite, with values of up to

2.5 mg/L of ammonia and 0.4 mg/L of nitrite, when normal

values, in a situation of stability in the plant, are 0.5 mg/L and

0.1 mg/L respectively (Table 1). The analysis of metal content

of the weekly composite sample of the influent wastewater

carried out the week before the sampling produced Zn con-

centrations above the normal values (2.0 mg/L, with normal

values around 0.7 mg/L).

With all the data available, it cannot be ensured the specific

cause, or the set of causes, of the high percentage of non-

viable cells in the activated sludge in February, the origin of

the peak of the bacterial oxidative stress, and the accumula-

tion of ammonia and nitrite in the effluent water in this

month. As mentioned above, higher than normal values of

zinc were detected in the industrial influent wastewater dur-

ing the two weeks before the sampling. The origin of the zinc

in the wastewater of this WWTP can be explained by the

presence of some metallurgic industry in the vicinity, with

zinc coating factories among them, whose wastewaters reach

the plant as urban waters. Zinc is a heavymetal with reported

toxic effect on bacteria and on activated sludge biomass, even

at concentrations similar to that found in themetal analysis of

the influent industrial wastewater previous to the peak of

oxidative stress (Coello et al., 2002; Kelly et al., 2004; Bong

et al., 2010). This metal toxicity affects also the autotrophic

nitrifying community (Juliastuti et al., 2003), which some au-

thors describe as more sensitive than heterotrophic bacteria

to this kind of toxicant (Principi et al., 2006). Heavymetals like

zinc act up-regulating and down-regulating several bacterial

genes. One of the referenced effects of heavymetals, like zinc,

on bacteria, is the up regulation of oxidative stress genes and

the subsequent generation of intracellular ROS (Park and Elly,

2008; Chandran and Love, 2008). Based on these referenced

facts, the presence of zinc in the influent wastewater,

although surely not exclusively, could explain the peak of ROS

positive cells detected by flow cytometry and the failure in the

nitrification process, shown as an accumulation of ammonia

and nitrite in the effluent, happened in February.

The samples collected on 20th and 24th May showed that

practically the entirety of the bacterial population was

damaged or died, with more than 95% of positive bacteria to

propidium iodide, but without significant levels of ROS posi-

tive cells (3%e5%). During those days, there were sludge

settling problems in the secondary clarifier of the plant, with

the subsequent high levels of COD, up to 89 mg/L (normal

value being around 45 mg/L) in the water effluent, due to an

excessive presence of solids (up to 37 mg/L, when normal

value was 6 mg/L). In this case, nitrification was not affected,

and low levels of ammonia were found in the effluent. It was

observed also an unusual dark coloring of the paper industry

influent, with a high value of color (550 platinum-cobalt units,

PCU), while normal values were between 100 and 150 PCU).

The situation given in October 2016 was similar to that

above described for May. In the sampling carried out on 18th

October, the non-viable bacteria exceeded the 90% of the total

bacterial population and the ROS positive cells were a 3.5%, a

normal value for this plant. Like it happened in May, unusual

high levels of TSS (up to 14 mg/L, being a normal value around

6 mg/L) were detected in the treated water effluent, paper

industry influent presented high color values (above 300 PCU),

and no accumulation of ammonia was observed in the

effluent water.

Both in May and October, the lack of significant oxidative

stress and the fact that nitrification, and thus, the autotrophic

nitrifying bacteria, were not affected, suggests that the pres-

ence of a toxic agent like metals was not the cause of the

system instability, since it would affect both heterotrophic

and autotrophic bacteria, as stated above. Then, the origin of

the biological collapse should be something that affected the

heterotrophic community but not the autotrophic bacteria.

The main particularity that distinguishes one community

from the other is the source of carbon for their growth. Het-

erotrophic bacteria need organic matter to synthesize vital
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compounds, while autotrophic bacteria do not depend on

organic matter, as they take inorganic carbon from water to

transform it into complex organic molecules (Seviour and

Nielsen, 2010). In a WWTP, the organic matter that feeds the

heterotrophic bacteria is represented by the influent COD.

Considering the biodegradable nature of the wastewaters, the

total COD can be divided in biodegradable and non-

biodegradable COD, being only the biodegradable fraction

the one that heterotrophic bacteria degrade (Pasztor et al.,

2008; Choi et al., 2017).

As it has been said above, the WWTP here studied receives

the wastewaters of a neighboring pulp and paper mill in-

dustry. The composition of the wastewaters of this type of

industry is conditioned by the pulp and paper-making kind of

process carried out, which involve the use of diverse chemical

reagents and types of raw material (wood, pulp, recycled

paper) (Lacorte et al., 2003; Ashrafi et al., 2015). Some of the

stages of the paper-making process provide high biochemical

oxygen demand (BOD), and others recalcitrant compounds,

which biodegrades reluctantly. Among the recalcitrant com-

pounds are lignin and its derivatives, which do not provide

BOD, but create strong color levels in waters (Diez et al., 2002;

Selvam et al., 2011; Lindholm-Lehto et al., 2015). Thus, the

appearance of dark color in the paper mill influent might

indicate the presence of unusual high concentrations of lignin

or lignin-derivatives compounds in the wastewater. The

resulting lower biodegradability level of the wastewaters

could be the reason of the massive damage or death of the

heterotrophic bacteria.

Neither in May nor in October entered an unusual amount

of COD in the system, but on both occasions, the effluent from

paper mill industry presented high values of color. We do not

Fig. 2 e (a) Evolution of cell viability and oxidative stress of the activated sludge bacteria during the study period. (b) Detail of

the situation in the unstable periods concerning the percentage of non-viable cells and cells with oxidative stress. The black

line represents the normal maximum value for non-viable cells (50%) and ROS positive cells (5%) in the plant.
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know the biodegradability of the influent COD, because this

analysis was not done at that time, but the facts here

mentioned may suggest that the cause of the instability could

be a change in the nature of the wastewaters from the paper

mill industry, which could result in a possible change in the

biodegradability of its COD that would affect negatively the

heterotrophic community of the activated sludge. Either way,

it would be necessary to have more data about the paper in-

dustry effluent composition in order to clarify the real causes

of the situations occurred in May and October.

4. Conclusions

Fluorescence-based techniques, combined with flow

cytometry, were used for cell viability and oxidative stress

monitoring of an activated sludge process. The data ob-

tained had a clear correlation with the physicochemical

parameters that conventionally have indicated the depu-

ration yield of the system. Furthermore, the fluorescence-

based techniques have shed some light on the causes of

the instability situations that occasionally happened in the

system, providing an information that, nowadays, operators

of WWTPs cannot obtain from the traditional analytical

methods. The methodology presented for monitoring the

bacterial state, and the comprehensive analysis of the

physicochemical and biological data, can be applied in any

plant to get a total knowledge of the performance of the

biological system. This methodology could provide a rapid,

simple and useful tool for obtaining information about the

dynamics and real state of the microbial communities in the

activated sludge process, and, therefore, enhance the con-

trol of a WWTP.
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Fig. 3 e Example of flow cytometry cytograms to measure viable and non-viable bacteria, based on the staining with SYTO 9

(FL1) and PI (FL3), respectively. (a) Distribution of viable and non-viable bacteria in a stable situation; (b) distribution of viable

and non-viable bacteria in a period of instability; (c) overlay fluorescence signals for stable and unstable periods.

Table 1 e Comparison between the average data from the
week before the instability periods and those in a stable
situation in the studied period for influent Zn, industrial
wastewater influent color and effluent COD and TSS.
Figures in brackets indicate the maximum value in the
week before sampling.

February May October Normal
value

Influent Zn (mg/L) 2.0 (2.0) 0.9 (0.9) 1.1 (1.1) 0.7

Paper industrial

influent color (PCU)

163 (190) 413 (550) 240 (310) 125

Effluent COD (mg/L) 50 (55) 70 (89) 62 (68) 45

Effluent TSS (mg/L) 6 (6) 17 (37) 12 (14) 6

Effluent NH4
þ-N (mg/

L)

1.2 (2.5) 0.5 (0.5) 0.5 (0.5) 0.5

Effluent NO2
--N (mg/L) 0.4 (0.4) 0.1 (0.2) 0.1 (0.1) 0.1
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