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Abstract
Activated sludge process, which is a biological wastewater treatment process, has a his-

tory of over 100 years and has also been applied to a part of the wastewater from the steel-
making industry. However, the microorganisms responsible for the wastewater treatment 
have been regarded as a black box, which is one of the reasons for the instability of the 
process. Next generation sequencing technology has revealed that the microbial community 
in the process is very complex. However, the relationship between wastewater treatment and 
microorganisms is still unknown due to the complex community, so called “big data”. 
Therefore, we developed novel statistical methods by transdisciplinary approaches, namely 
integrating microbiology and mathematics, and successfully identified important microor-
ganisms responsible for wastewater treatment. This method is expected to contribute to the 
further stabilization and efficiency of biological wastewater treatment processes.

* Senior Researcher, Ph.D. (Environmental Studies), Environment Research Lab., Advanced Technology Research Laboratories 
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1. Introduction
Activated sludge process is a representative biological wastewa-

ter treatment process and was commercialized more than 100 years 
ago. It has been widely applied all over the world to the treatment of 
wastewater, such as sewage and industrial wastewater. 1) Figure 1 
shows the treatment flow of a conventional activated sludge process 
schematically. Wastewater is inflowed into an aerobic (oxygen-dis-
solved) reaction tank, called an aeration tank, where microorgan-
isms are acclimatized beforehand. The microorganisms degrade pol-
lutants, mainly organic matter. In the next settling tank, the treated 
water is separated from the microorganisms and is discharged. Mi-
croorganisms that perform this treatment are designated as activated 

sludge. In the steel industry as well, activated sludge process has 
been applied to the treatment of coke oven wastewater. Activated 
sludge process for coke oven wastewater was reported more than 40 
years ago. 2) Thus, activated sludge process in steel industry also has 
a long history.

As described above, activated sludge process has a long history 
and is one of the biological processes that has been widely applied 
for practical use, whereas the physiology and ecology of the micro-
organisms responsible for the treatment have only been partially 
elucidated. As shown in Fig. 2, the quality of treated wastewater de-
pends on the configuration of activated sludge process and the char-
acteristics of wastewater. Since the mechanism of the process is re-
garded as a black box, further improvement in the treatment effi-
ciency is often difficult. Specifically, the change of operational con-
ditions results in the transition of dominant microbial species. As a 
consequence, the treatment efficiency also changes. Better under-
standing of the ecology of microorganisms responsible for the 
wastewater treatment enables the operation of the wastewater treat-
ment process with high efficiency and stability.

Advancements in next-generation sequencing technology have 
made it possible to comprehensively analyze microbial communities 
in the biological wastewater treatment processes. In recent years, the Fig. 1   Schematic of conventional activated sludge process
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sequencing technology has become more accessible as cost has 
dropped. The sequencing technology has revealed that activated 
sludge is composed of the members of several thousands to several 
tens of thousands of species of microorganisms. It is still difficult to 
elucidate the causal relationship with wastewater treatment from 
such vast and complicated microbial information. For example, the 
microorganisms present in the wastewater treatment process are 
thought to contribute significantly to wastewater treatment. What is 
the minimum relative abundance required for microorganisms to be 
called dominant species? Which microorganisms contribute to the 
treatment of which pollutants? Researchers can only answer these 
questions according to their own experience and judgment.

In view of the above-mentioned situation, we came to develop 
new statistical methods 3) by integrating biology and mathematics, 
aiming at objectively identifying the important microorganisms en-
gaged in wastewater treatment from “big data” obtained by next-
generation sequencing. The details are reported below.

2. Main Subjects
To develop the new statistical methods, 3) we first constructed ex-

perimental data. To control environmental conditions such as water 
temperature, we operated a laboratory-scale wastewater treatment 
process and obtained water quality and microbe data. The treated 
water quality and microbial communities were fluctuated by chang-
ing the operational conditions. We examined the validity of the sta-
tistical analysis methods by comparing the experimental data and 
predicted data from the statistical analysis results.
2.1 Construction of experimental data
2.1.1 Wastewater treatment data

A laboratory-scale moving bed biofilm reactor (MBBR) was op-
erated, and water qualities of influent and effluent were examined. 
In activated sludge process, it is necessary to return activated sludge 
settled in the settling tank. In the MBBR process, most of the micro-
organisms are attached to carriers and thus can be retained in the 
aeration chamber. In this report, we adopted the MBBR process in-
stead of activated sludge process to simplify the operation. As 
shown in Fig. 3, the MBBR consists of a 3.4 L aeration chamber 
and a 2.1 L settling chamber. The 1 cm3 -sponge carriers with a vol-
ume ratio of about 33% of the aeration chamber and activated 
sludge collected from a coke oven wastewater treatment process 
were inoculated into the aeration chamber. The synthetic coke oven 
wastewater was prepared by mixing natural seawater and industrial 
water at a ratio of 60:40 and adding phenol, thiocyanate, and thio-
sulfate. Ammonia, carbonate, and phosphorus were also added. Ox-
ygen was supplied by aerating the aeration chamber at an air flow 
rate of 4 L/min with an air pump. The sponge carriers were fluidized 
by aeration. Water temperature was kept at 30°C by a temperature 
controller and a submerged heater. The pH was constantly measured 

and adjusted to 7.5 or higher by adding a sodium hydroxide solution 
as needed.

During the operation period, the inflow rate of wastewater was 
controlled to vary the hydraulic retention time (HRT) and the treat-
ment efficiency. The quality of the treated water was periodically 
analyzed. The degradation or production rate (mg/L/day) of each 
pollutant was calculated. Figure 4 shows an example of the degra-
dation or production rates calculated from the water quality data. In 
the MBBR process, thiocyanate was used as the pollutant. The deg-
radation rate was increased by shortening the HRT, namely increas-
ing the loading rate. Some of the ammonia is oxidized to nitrite by 
ammonia-oxidizing bacteria. For this reason, the microbial reactivity 
of ammonia was calculated as the nitrite production rate.
2.1.2 Microbe data

Microbial community analysis was performed by Nippon Steel 
Eco-Tech Corporation. Sponge carrier samples were collected from 
the MBBR process. The sampled sponge carriers were cut into four 
pieces. DNA was extracted from the biomass attached to the carrier 
by using Extrap Soil DNA Plus ver.2. Using the obtained DNA, the 
16S rRNA gene V4-5 regions of bacteria and archaea were ampli-
fied by the polymerase chain reaction (PCR). Subsequently, the se-
quencing of the PCR amplicon was performed by using the MiSeq 

Fig. 2   Conceptual flow diagrams of biological wastewater treatment Fig. 3 Schematic diagram of laboratory-scale moving bed biofilm reac-
tor (MBBR)

Fig. 4   Examples of estimated degradation/production rate in MBBR
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System (Illumina). Sequences with a distance-based similarity of 
97% or greater were grouped into operational taxonomic units 
(OTUs) by Quantitative Insights Into Microbial Ecology (QIIME). 4) 
For convenience, OTUs were regarded as the microbial species. The 
microbial communities were determined from the obtained OTUs.

An example of the microbial community analysis results is 
shown in Fig. 5. The relative abundances of the microbial species 
(OTUs) are shown. There are at most several dozens of the microor-
ganism species that can be visually recognized. In practice, howev-
er, there were several thousand microbial species. It is virtually im-
possible to study the several thousand microbial species present in 
the wastewater treatment process. On the other hand, the minimum 
abundance ratio of microorganisms to be regarded as important mi-
croorganisms depends on the wastewater treatment process and the 
concentration of pollutants. The identification of important microor-
ganisms can only be done subjectively. Microbial community analy-
sis is the first step to understanding the microorganisms that have 
been regarded as a black box. The change of relative abundances 
shown in Fig. 5 is considered to have a causal relationship with 
wastewater treatment.
2.2 Statistical analysis

As mentioned above, even in the laboratory-scale MBBR with 
controlled wastewater composition and operating conditions, several 
thousands of microbial species existed. It is difficult to identify im-
portant microorganisms responsible for wastewater treatment.

Regression analysis can be considered for analyzing the relation-
ship between wastewater treatment and microorganisms. The rela-
tionship between the wastewater treatment performance and the mi-
croorganisms is analyzed, for example, with the degradation (pro-
duction) rate of pollutants as the response variable y and the micro-
organism species responsible for the treatment as the explanatory 
variable x. In a conventional regression analysis, coefficients are ap-
plied to all the microbial species or explanatory variables. This is a 
problem. In the case of thiocyanate degradation, all the microorgan-
isms that exist in the laboratory-scale MBBR do not have the ability 
to degrade thiocyanate. There are also many microorganisms in-
volved in the degradation of other pollutants. With regression analy-
sis, however, some coefficients are also applied to microorganisms 
that are not involved in any decomposition. Therefore, the decom-
posing microorganisms are underestimated and the non-decompos-
ing microorganisms are overestimated. In addition, the number of 
microbial species is 100 times or more than the number of wastewa-
ter treatment data, namely the number of samples collected. This 
makes it all the more difficult to apply accurate coefficients. In other 

words, it is difficult to apply the regression analysis to a wastewater 
treatment process in which there are multiple types of pollutants and 
a huge number of microbial species exist. For this reason, we devel-
oped new statistical methods for identifying important wastewater 
treatment microorganisms. The developed Lasso+bootstrap method 
and its improved method will be explained below.
2.2.1 Lasso+bootstrap method

Based on the Lasso (least absolute selection and shrinkage oper-
ator) estimation that is a sparse estimation, 5) we attempted to identi-
fy the “important microorganisms responsible for wastewater treat-
ment” that degrade major parts of the pollutants. Sparse is an Eng-
lish word that means “scant” or “scarce”. The number of existing 
species is enormous as with the microbe data in this report, but the 
number of microbial species that actually contribute significantly to 
the wastewater treatment is small. When these conditions are con-
sidered, this approach applies here. The sparse estimation is a meth-
od that performs regression coefficient estimation and variable se-
lection at the same time. Here, we select important microorganisms. 
In addition to the Lasso estimation, a stability analysis incorporating 
the Bootstrap method 6) was performed to consider the stochastic 
variation (variability) of the microbe data. Since the Bootstrap 
method is often used for the stability analysis of phylogenetic trees 
that show the relationship between microbial species, it is a method 
familiar to microbiology experts.

The flow of the analysis is as follows:
 1. Generate Bootstrap samples for the obtained experimental data 

(the number of samples is arbitrary but is 1 000 sets here).
 2. Apply the Lasso estimation to each sample and count the oc-

currence frequency of the microorganism species with a select-
ed frequency of 1 or more.

 3. Extract microorganism species whose occurrence exceeds any 
occurrence frequency (600 times in this case).

 4. Construct a linear regression model by using the extracted mi-
croorganism species and calculate the R2 value by the cross-
validation method.

 5. Compare the R2 value and the measured water quality data 
with the linear regression model and consider the results.

An example of the results is shown in Fig. 6. Although 3 752 
microbial species were detected by the microbial community analy-
sis, the Lasso+bootstrap method found that only 3 to 6 types of mi-
croorganisms were considered to be significantly involved in the de-
composition of the pollutants. The linear regression model was 
cross-validated by using the identified important microorganisms as 
explanatory variables. As shown in Fig. 6, the predicted degrada-
tion/production rates were similar to those observed. The Lasso 
+bootstrap method was applied to the removal of a total of 6 types 
of pollutants in two laboratory-scale MBBRs operated under differ-
ent conditions. The R2 values were large at 0.61 to 0.77. An excel-
lent linear regression model was considered to have been construct-
ed. We surveyed the literature on the ecophysiology of the species 
phylogenetically close to the identified important microorganisms. 
We could not obtain information on many microorganisms, but we 
found that some of the species identified as important microorgan-
isms for nitrite production were ammonia oxidizing bacteria that 
oxidize ammonia to nitrite. These were considered appropriate anal-
ysis results from a microbiological point of view. It should be noted 
however that the identified microbial species are related to the varia-
tion in the degradation rates and do not directly indicate the degra-
dation of pollutants. Such microorganisms may have been identified 
as important microorganisms because they are in a symbiotic rela-

Fig. 5   Example of microbial community in MBBR
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tionship with non-degrading microorganisms, for example. Despite 
these issues, when only a few species of microorganisms are identi-
fied, subsequent biological investigations will be practically feasi-
ble, and new discoveries can be expected.
2.2.2 SPCR method

As mentioned above, we succeeded in identifying important mi-
croorganisms by the Lasso+bootstrap method and in demonstrating 
by comparison with the measured data that the Lasso+bootstrap 
method is a highly accurate method. On the other hand, we could 
not determine by the literature survey whether many of the identi-
fied microorganisms actually have the degrading ability and what 
environment (such as the pH and water temperature) suits them. It is 
difficult to prove experimentally because of the high difficulty of 
isolating microorganisms. It is not realistic to clarify the characteris-
tics of all microorganism species. In addition, the situation is more 
complicated because there may be relationships such as competition 
and symbiosis between microorganism species.

To understand the relationships between the microorganisms and 
environmental factors and between the microorganisms themselves 
and to create regression modelling by using these relationships, we 
studied the possibility of applying a sparse principal component re-
gression (SPCR) model. 7) Principal component regression involves 
principal component analysis in the first stage and regression analy-
sis in the second stage. But there is the problem that the principal 
component scores that become the explanatory variables in the sec-
ond stage are not designed to match the objective variables at all. 
On the other hand, the SPCR method can be regarded as single-
stage principal component regression modelling. We used this meth-
od to grasp the relationships between the environment and the mi-
croorganisms and between the microorganisms themselves. We then 
studied the construction of regression modelling by using these rela-
tionships.

To narrow down the microorganism species in the first stage, all 
the microbial species identified even once were selected from 1 000 
bootstrap samples by the Lasso+bootstrap method. Depending on 
the target data, several dozens of species were selected from several 

thousands of microorganism data by this operation. Subsequently, 
SPCR was applied to the selected microbial species. At this time, 
the number of principal components was set from 1 to 5. The num-
ber of principal components with the highest R2 values was deter-
mined by the cross-validation of the SPCR method using the identi-
fied microorganism species as explanatory variables.

An example of the results is shown in Fig. 7. In the example of 
Fig. 7, the R2 value by the Lasso+bootstrap method was 0.61, while 
the R2 value by the SPCR method was higher at 0.67. In this way, it 
found that the application of the SPCR method increases the R2 val-
ue of many, but not all, of the data. Also, the number of principal 
components differed depending on the data. The relationships be-
tween the environmental factors and the microorganisms or between 
the microorganisms themselves may be clarified. There are such 
possibilities that microorganisms identified in different principal 
component axes prefer different environments, have some symbiotic 
relationship on the same axis, or have relationships with environ-
mental factors or with other microorganisms. So far, it is difficult to 
consider the results obtained and it is impossible to discuss such 
possibilities. However, it may be possible to acquire new ecophysi-
ological findings of microorganisms by considering and examining 
the analysis results by SPCR in greater depth.
2.2.3 Analysis including time series information

The Lasso+bootstrap method and SPCR method described 
above are not time series analysis. The water quality and microbe 
data at the same time points are compared. In the actual wastewater 
treatment process, however, as the number of microorganisms in-
creases or decreases, the wastewater treatment improves or worsens. 
There may be a time lag between these changes. It has been reported 
that there are time lags between the changes in environmental fac-
tors such as the pH and the changes in wastewater treatment micro-
organisms. 8, 9) Based on this possibility, we examined the analysis 
including the time series information.

In particular, as shown in Fig. 8, we thought that the water qual-
ity at a certain time point may depend on microorganisms at the 
same time point and one time point before. We studied microbe data 

Fig. 6   Analysis results by Lasso+Bootstrap method
Fig. 7 Comparison of analysis results by Lasso+Bootstrap method and 

SPCR method
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and water quality data at both time points using the developed sta-
tistical methods. For an example, the R2 value was 0.77 in the analy-
sis without time series but improved to 0.90 when the time series 
analysis was conducted. The accuracy of analysis was found to im-
prove for many data. In addition, the microbial species identified at 
the same time point or one time point before were different. This is 
considered to represent the difference in growth rate, for example. 
The data in this report was collected once a week. If we can collect 
the data more frequently, for example, once a day, a more detailed 
consideration may be possible.
2.3 Discussion

Using our developed statistical methods, we were able to screen 
the important microorganisms related to the wastewater treatment 
from more than one thousand microbial species to a few species. If 
there are several species, it is actually possible to study the microor-
ganisms in greater detail and to monitor their abundances by gene 
quantification. 10)

From a different point of view, we consider the relative abun-
dance of the identified important microorganisms to all microbial 
species. As shown in Fig. 9, the identified microbial species ac-
counted for only about 20 to 40% of the total biomass. Although 
more than half of the microorganisms are present, they were not in-
volved in the wastewater treatment. Since this study examined a 
laboratory-scale MBBR fed with a synthetic wastewater with de-

fined composition, it was unlikely that it contained unknown pollut-
ants. It suggests interesting possibilities such as that there are a con-
siderable number of microbial species that feed on and degrade dead 
microorganisms or that play a role other than wastewater treatment.

The extracted DNA for microbial community analysis includes 
not only active microorganisms, but also DNA derived from low ac-
tivity or dead microorganisms. For this reason, we considered the 
possibility of obtaining results with higher accuracy by devising ex-
perimental methods to obtain microbe data, such as eliminating the 
DNA derived from dead microorganisms in advance 11) and targeting 
the RNA related to activity. 12)

In this report, we introduced the developed SPCR method and 
the time series analysis, in addition to the Lasso+bootstrap method. 
At present, the superiority or inferiority of these methods cannot be 
discussed. It is desirable to select the method according to the pur-
pose or analyze with all methods and comprehensively consider the 
obtained results.

As discussed in this report, advanced analysis has enabled us to 
handle “big data” obtained from next-generation sequencing. How-
ever, more research is required to completely elucidate the “black 
box” pointed out at the introduction. In future, it will be important 
to obtain more findings from microbe data and accumulate those by 
approaches like those described in this report.

3. Conclusions
We developed novel statistical methods by transdisciplinary ap-

proaches, namely integrating microbiology and mathematics, and 
successfully identified important microorganisms responsible for 
wastewater treatment. In the future, microbial community data is 
expected to contribute to the stabilization and efficiency enhance-
ment of biological wastewater treatment processes by the analysis 
of big data using statistical methods.
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Fig. 8   Conceptual diagram of time series analysis
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