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Activated sludge microbial community responses to
single-walled carbon nanotubes: community structure
does matter
Qiao Ma, Yuanyuan Qu, Wenli Shen, Jingwei Wang, Zhaojing Zhang,
Xuwang Zhang, Hao Zhou and Jiti Zhou

ABSTRACT
The ecological effects of carbon nanotubes (CNTs) have been a worldwide research focus due to
their extensive release and accumulation in environment. Activated sludge acting as an important
gathering place will inevitably encounter and interact with CNTs, while the microbial responses have
been rarely investigated. Herein, the activated sludges from six wastewater treatment plants were
acclimated and treated with single-walled carbon nanotubes (SWCNTs) under identical conditions.
Illumina high-throughput sequencing was applied to in-depth analyze microbial changes and results
showed SWCNTs differently perturbed the alpha diversity of the six groups (one increase, two
decrease, three no change). Furthermore, the microbial community structures were shifted, and
speciﬁc bacterial performance in each group was different. Since the environmental and operational
factors were identical in each group, it could be concluded that microbial responses to SWCNTs were
highly depended on the original community structures.
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INTRODUCTION
Carbon nanotubes (CNTs) have been extensively used in
diverse industry ﬁelds due to their unique physico-chemical properties (Baughman et al. ). Consequently,
more and more CNTs are released into environmental
matrices. CNTs have been proven to be toxic to pure culture strains through oxidative stress and membrane
perturbation (Kang et al. , ; Rodrigues & Elimelech ). In the meantime, the discharge and
accumulation of CNTs in soil and aquatic environments
would also impact indigenous microbial community
structures and activities (Chung et al. ; Petersen
et al. ; Khodakovskaya et al. ); thus study of the
ecological effect of CNTs is being put on the agenda
nowadays. For example, Jin et al. () found that high
concentration of CNTs signiﬁcantly decreased enzyme
activities and biomass in an urban soil, and Rodrigues
et al. () pointed out that single-walled carbon nanotubes (SWCNTs) could negatively affect the fungi and
bacteria associated with carbon and phosphorus biogeochemical cycling. Nevertheless, studies addressing CNT
doi: 10.2166/wst.2015.095
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ecological effects are limited and sparse information is
available.
Previous research has shown that the antimicrobial
activity of CNTs is closely associated with their physicochemical properties such as sizes, aspect ratios, functional
modiﬁcations and electronic structures (Kang et al. ;
; Tong et al. ). Furthermore, the environmental variables such as natural organic matter, ionic strength and CNT
aggregation state in the environment highly determine the
toxicity level (Kang et al. ; Petersen et al. ). The
diverse microbial communities also complicate CNT cytotoxicity in the real environmental scenario. Microbes in the
microbial communities will interact with each other (i.e.
commensalism, competition, predation, synergism), which
in turn affects the microbial ecological behavior (Brenner
et al. ). Therefore, it can be speculated that a microorganism may display distinct responses to CNT addition if
in different microbial communities. However, the answer
to whether the microbial community structure of a certain
biotope will affect CNT ecological effects remains unknown.
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Activated sludge is acting as one of the most important
receptors for CNT release as increasing CNT-related products are directly or indirectly released into the sewages
(Goyal et al. ; Neale et al. ). Yet the impacts of
CNTs on sludge community are poorly understood and
more experimental attempts should be made to ﬁll the
knowledge gap, aiming to predict and assess CNT ecological
effects. Among the limited reports, most studies were performed using traditional DNA ﬁngerprint techniques such
as denaturing gradient gel electrophoresis and terminalrestriction fragment length polymorphism analyses
(Nyberg et al. ; Rodrigues & Elimelech ); thus the
overall response of microbes (i.e. diversity and abundance
change) has been greatly ignored due to technical low-resolution restrictions. High-throughput sequencing (HTS) has
been widely used in various biological studies recently,
and can provide massive amounts of information
on community analysis (Deng et al. ; Shrestha
et al. ). But as far as we know, few studies have
explored the CNT and sludge community interactions
using HTS technologies.
Herein, the responses of microbial communities from
six different activated sludges treated with identical operations to SWCNTs were investigated using Illumina HTS
for the ﬁrst time, aiming to explore the speciﬁc microbial behavior towards SWCNTs in different community systems.

MATERIALS AND METHODS
SWCNTs and activated sludges
SWCNTs (>95%) were purchased from Shenzhen Nanotech Port Co., Ltd (Shenzhen, China) and detailed
information regarding the SWCNTs has been described previously (Shen et al. ). The SWCNT length was 5–15 μm
with diameter less than 2 nm. The carbon content of
SWCNTs was above 95% and the effects of metal impurities
in SWCNTs were not investigated since it had been proven
that they had insigniﬁcant impacts on activated sludge communities (Goyal et al. ; Tong et al. ). SWCNTs were
suspended in the distilled water by ultrasonic treatment for
30 min to obtain better dispersion. The activated sludges
were gathered from the secondary sedimentation tank of
six different Chinese coking wastewater treatment plants
in Zhangjiagang, Taiyuan, Shanghai, Jinan, Xingtai and
Tangshan, designated as G1, G2, G3, G4, G5 and G6,
respectively.
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Experimental design
To eliminate the residual substances in original sludges,
sludge samples were no-efﬂuent aerated for 24 h. Activated
sludge was acclimatized in 250 mL simulated sequencing
batch reactors (SBRs) using synthetic wastewater which
consisted of 20 mg/L KH2PO4, 90 mg/L NH4Cl, 10 mg/L
NaCl, 12.5 mg/L MgSO4·7H2O, 12 mg/L CaCl2, 10 mg/L
FeSO4·7H2O and 1,200 mg/L glucose (C:N:P ¼ 100:5:1).
Each cycle of SBRs was operated for 24 h. After acclimation for dozens of cycles to reach steady state (chemical
oxygen demand removal rates above 95%), each sludge
was divided and transferred into three parallel SBRs. In
the meantime, 3.5 g/L SWCNT was added into each parallel SBR to mimic CNT shock loading. All the operation
conditions for each sample were identical with the same
inﬂuent. The activated sludge samples before and after
SWCNT addition (24 h) were taken and stored at 80 C
until use (Figure S1, available online at http://www.
iwaponline.com/wst/071/095.pdf).
W

DNA extraction, ampliﬁcation and sequencing
DNA extraction followed the method of Purkhold et al.
(). The primers 515F (50 -GTG CCA GCM GCC GCG
GTA A-30 ) and 806R (50 -GGA CTA CHV GGG TWT CTA
AT-30 ) were used to amplify the V4 region of bacterial and
archaeal 16S rRNA genes (Bates et al. ). Polymerase
chain reaction (PCR) was conducted using AccuPrime
High Fidelity Taq Polymerase (Invitrogen, Carlsbad, CA,
USA) in triplicate. PCR products were pooled, puriﬁed
through a QIAquick Gel Extraction Kit (Qiagen), and quantiﬁed by Pico Green analysis. The 16S rRNA HTS was
conducted on Illumina MiSeq platform in IEG, USA
(http://ieg.ou.edu/).

Sequencing data analysis
The raw sequences were cleaned using Flash, Mothur and
UCHIME programs through the pipeline (http://zhoulab5.
rccc.ou.edu/). Operational taxonomic units (OTUs) were
generated using CD-HIT method at 97% sequence similarity
threshold, and the taxonomic assignment of OTUs was performed by RDP classiﬁer with 50% conﬁdence. Alpha
diversity calculation and detrended correspondence analysis
(DCA) were carried out by R software v2.15.1. Hierarchical
clustering analysis was performed using Cluster and visualized using Treeview (Ma et al. ).
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RESULTS AND DISCUSSION
Overview of the sequencing data
After removing chapters, primers, low quality sequences and
chimeras, the sequence number for each sample was normalized to 15,000. The resulting sequences were sorted by
CD-HIT and 200–337 OTUs were generated. Sequences for
the three parallel sludges in each group were similar and
clustered by hierarchical clustering analysis (Figure S2,
available online at http://www.iwaponline.com/wst/071/
095.pdf), suggesting Illumina sequencing was credible and
reproducible. Rarefaction curves of each sludge group
(Figure 1(a)) did not reach the plateau, indicating that
there were still some species undetermined.
The resulting OTUs were aligned by RDP classiﬁer with
50% conﬁdence. The primers of sequencing were designed
for the V4 region of 16S rRNA gene amplicons, and nearly
all the sequences (99.9%) were assigned to bacteria (Bates
et al. ). Thus, the following analysis was concentrated
on bacterial compositions and shifts. As shown in Figure 1
(b), there were only 1.03% sequences not classiﬁed and the
overwhelming majority of the sequences belonged to
phylum Proteobacteria (93.28%), followed by Acidobacteria
(1.32%), Bacteroidetes (1.22%) and Cyanobacteria/Chloroplast (1.02%). Bacterial community structures before and
after SWCNT shocking in each group were similar, indicating
SWCNTs did not result in community shifts at phylum level.
The bacterial community compositions differed at low taxonomic levels. For example, the average percentages of the
major three classes, Betaproteobacteria, Gammaproteobacteria and Alphaproteobacteria, were 56.82%, 28.95% and
14.21%, respectively, which were similar to the sludge
microbial structures reported previously (Zhang et al. ).
However, they occupied different proportions in each group

Figure 1

|

Water Science & Technology

|

71.8

|

2015

(Figure 1(b)). Simultaneously, the proportions of these classes
were also different before and after SWCNT addition,
especially in G1 and G3.
Shifts of alpha diversity upon SWCNT dosing
The microbial diversity changes upon CNT addition have
been rarely documented. In the present study, the alpha
diversity of each sludge sample before and after SWCNT
shocking is shown in Figure 2 and Table S1 (available
online at http://www.iwaponline.com/wst/071/095.pdf).
The higher Shannon index value, the higher alpha diversity.
There were no changes for G2, G5 and G6, while G1 and
G4 underwent signiﬁcant reduction in alpha diversity with
Shannon index values shifting from 2.75 and 2.65 to 1.59–
1.80 and 2.46–2.55, respectively. For G3, an opposite trend
was exhibited with Shannon index increasing from 2.54 to
3.07–3.14. In the meantime, the OTU numbers and Simpson
index values altered consistently with that of Shannon index
values. Thus it could be concluded that the alpha diversities
of different microbial communities responded distinctly
upon SWCNT addition. The environmental and operational
conditions for each group were identical in the present study
to eliminate interferences of other inﬂuence factors, proving
initial microbial community structure was an important
determinant affecting microbial diversity changes.
Shifts of bacterial structure upon SWCNT dosing
Clearly from the DCA plot (Figure 3), all sludge communities
were shifted after SWCNT loading except for G2, implying
that SWCNTs exerted an exogenous stress to indigenous
microbes. The community changes at phylum level are
shown in Figure 1(b). It was notable that bacteria displayed
different variation in different groups. For example,

Rarefaction curves of the sequencing results (a) and percentages of the major phyla (average sequence percentage >1%) in each group before and after SWCNT shocking (b).
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Shannon index values of the six groups before and after SWCNT shocking.
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was impregnable upon carbon-based nanomaterial fullerene
dosing using denaturing gradient gel electrophoresis analysis
(Nyberg et al. ).
More and more emerging research pointed out that CNT
addition would result in microbial community shifts. For
instance, Shrestha et al. () observed that some potential pollutant degraders such as Rhodococcus, Cellulomonas,
Nocardioides and Pseudomonas increased in the presence of
10,000 mg/kg multi-walled CNTs by pyrosequencing analysis.
Khodakovskaya et al. () found that Bacteroidetes and Firmicutes increased while Proteobacteria and Verrucomicrobia
decreased in the CNT-treated soil used to grow tomato plants
grown soil. Jin et al. () also found that SWCNT addition
negatively affected the biomass of major microbial groups and
might alter community composition. Our study result further
proved that CNTs could change the microbial structures to
some extent. The shifting structure might result in the perturbation of community ecological functions such as aromatic
pollutant degradation and nutrient cycling (Yin & Zhang
; Luongo & Zhang ; Rodrigues et al. ; Zhou et al.
). A certain type of bacteria behaved differently in the six
similar systems, suggesting the ecological effects of CNTs
were more complicated than expected. It also further conﬁrmed
that the pure-culture antibacterial study conclusion could not be
generalized to community research (Kang et al. ).
Shifts of major OTUs upon SWCNT dosing

Figure 3

|

DCA plot of the six activated sludges before and after SWCNT shocking (the dot
in black circle represents the community before SWCNT shocking).

Betaproteobacteria increased noticeably in G1, but decreased
in G3 and kept unchanged in other groups. The composition
and dynamic of the bacterial community were further analyzed at genus level as shown in Figure S3 (available online
at http://www.iwaponline.com/wst/071/095.pdf), and the
top 10 genera were Burkholderia (20.62%), Ralstonia
(8.26%), Dyella (6.86%), Thiobacillus (5.36%), Caulobacter
(4.35%), Pseudomonas (3.12%), Azoarcus (3.07%) Rhodoplanes (1.37%), GP4 (1.22%) and Sphingomonas (0.88%).
The community structures were different in each group,
and the shifts of these genera were also distinct in different
groups. Taking Burkholderia, for example, the relative abundance increased in G1 and G5, but decreased in G3 and G6.
Among the six groups, most of the bacteria did not shift signiﬁcantly in G2, suggesting the community shift was not an
inevitable result of CNT shocking. This was consistent with
the previous study that the sludge microbial community
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The shifts of bacterial community at OTU level were analyzed and are shown in Figure 4. There were 11 major
OTUs with average sequence proportion above 1% in
total. The speciﬁc OTU proportion and corresponding taxonomical classiﬁcation are shown in Table S2 (available
online at http://www.iwaponline.com/wst/071/095.pdf).
Nearly all major OTUs were differently impacted among
the six groups. For example, OTU_11 increased by
74.28%, 23.11%, 51.88% in G1, G4 and G5, respectively,
while it decreased by 66.79%, 666.4% and 164.29% in G2,
G3 and G6, respectively. OTU_169 and OTU_157 remained
almost unchanged in G1 to G5, but signiﬁcantly increased in
G6. OTU_46, which was aligned to genus Ralstonia,
increased in almost all groups (unaffected in G1). Ralstonia
was reported to be able to mineralize aromatics, produce the
polyhydroxyalkanoate and resist heavy metals (Mergeay
et al. ; Pohlmann et al. ), and the increase of this
genus in the present study might imply it was were more tolerant to SWCNTs, which requires further veriﬁcation.
Since the bacteria behaved differently among the
groups, attempts to look for the potential biomarkers

1239

Q. Ma et al.

|

Bacteria behave differently to SWCNTs in different communities

Water Science & Technology

|

71.8

|

2015

ACKNOWLEDGEMENTS
This work was supported by National Natural Science Foundation of China (No. 21176040), the Program for New
Century Excellent Talents in University (No. NCET-130077) and the Fundamental Research Funds for the Central
Universities (No. DUT14YQ107). We also gratefully
acknowledge the technical support from Jizhong Zhou and
Yujia Qin (IEG, University of Oklahoma, USA).

REFERENCES

Figure 4

|

Shifts of the major OTUs in each group (the relative proportion was calculated
as follows: (x1–x2)/(x2) for increasing bacteria while (x1–x2)/(x1) for decreasing
bacteria, where x1 and x2 were the OTU sequence numbers after and before
SWCNT shocking, respectively).

sensitive to or indicative of SWCNTs ended in failure. We
also constructed a phenol wastewater–SWCNT interaction
system, and results indicated that the impacts of SWCNTs
on microbes were of a temporal nature. The microbial
responses would be affected by various environmental variables and microbial interactions. Meanwhile, CNTs could
also exhibit different environmental behaviors such as aggregation, adsorption and biodegradation (Petersen et al. );
thus we speculated that there might not be a universal biomarker in response to CNTs.

CONCLUSIONS
In summary, six different activated sludges were domesticated and operated under identical conditions to explore
the microbial responses to SWCNTs shocking by Illumina
HTS. Results showed that the alpha diversities of the
sludge communities changed diversely with one increase,
two decrease, and the remaining three of no changes. The
microbial community structures of each group shifted
based on DCA analysis. However, the bacterial behavior
was different among the groups and the attempts to seek
for the biomarkers in response of SWCNTs were not successful. It could be concluded that the microbial responses
to SWCNTs were microbial community structuredependent, implicating that studies on ecological effects of
CNTs should be studied case by case.

Downloaded from https://iwaponline.com/wst/article-pdf/71/8/1235/468450/wst071081235.pdf
by guest

Bates, S. T., Berg-Lyons, D., Caporaso, J. G., Walters, W. A.,
Knight, R. & Fierer, N.  Examining the global
distribution of dominant archaeal populations in soil. ISME J.
5 (5), 908–917.
Baughman, R. H., Zakhidov, A. A. & de Heer, W. A.  Carbon
nanotubes – the route toward applications. Science 297
(5582), 787–792.
Brenner, K., You, L. & Arnold, F. H.  Engineering microbial
consortia: a new frontier in synthetic biology. Trends
Biotechnol. 26 (9), 483–489.
Chung, H., Son, Y., Yoon, T. K., Kim, S. & Kim, W.  The effect
of multi-walled carbon nanotubes on soil microbial activity.
Ecotoxicol. Environ. Saf. 74 (4), 569–575.
Deng, Y., He, Z., Xu, M., Qin, Y., Van Nostrand, J. D., Wu, L., Roe,
B. A., Wiley, G., Hobbie, S. E., Reich, P. B. & Zhou, J. 
Elevated carbon dioxide alters the structure of soil microbial
communities. Appl. Environ. Microbiol. 78 (8), 2991–2995.
Goyal, D., Zhang, X. J. & Rooney-Varga, J. N.  Impacts of singlewalled carbon nanotubes on microbial community structure
in activated sludge. Lett. Appl. Microbiol. 51 (4), 428–435.
Jin, L., Son, Y., Yoon, T. K., Kang, Y. J., Kim, W. & Chung, H. 
High concentrations of single-walled carbon nanotubes
lower soil enzyme activity and microbial biomass. Ecotox.
Environ. Safe. 88 (1), 9–15.
Kang, S., Pinault, M., Pfefferle, L. D. & Elimelech, M.  Singlewalled carbon nanotubes exhibit strong antimicrobial
activity. Langmuir 23 (17), 8670–8673.
Kang, S., Mauter, M. S. & Elimelech, M.  Physicochemical
determinants of multiwalled carbon nanotube bacterial
cytotoxicity. Environ. Sci. Technol. 42 (19), 7528–7534.
Kang, S., Mauter, M. S. & Elimelech, M.  Microbial
cytotoxicity of carbon-based nanomaterials: implications for
river water and wastewater efﬂuent. Environ. Sci. Technol. 43
(7), 2648–2653.
Khodakovskaya, M. V., Kim, B. S., Kim, J. N., Alimohammadi, M.,
Dervishi, E., Mustafa, T. & Cernigla, C. E.  Carbon
nanotubes as plant growth regulators: effects on tomato
growth, reproductive system, and soil microbial community.
Small 9 (1), 115–123.
Luongo, L. A. & Zhang, X. J.  Toxicity of carbon nanotubes
to the activated sludge process. J. Hazard. Mater. 178 (1),
356–362.

1240

Q. Ma et al.

|

Bacteria behave differently to SWCNTs in different communities

Ma, Q., Qu, Y., Shen, W., Zhang, Z., Wang, J., Liu, Z., Li, D., Li, H.
& Zhou, J.  Bacterial community compositions of coking
wastewater treatment plants in steel industry revealed by
Illumina high-throughput sequencing. Bioresour. Technol.
179, 436–443.
Mergeay, M., Monchy, S., Vallaeys, T., Auquier, V., Benotmane, A.,
Bertin, P., Taghavi, S., Dunn, J., van der Lelie, D. & Wattiez, R.
 Ralstonia metallidurans, a bacterium speciﬁcally
adapted to toxic metals: towards a catalogue of metalresponsive genes. FEMS Microbiol. Rev. 27 (2–3), 385–410.
Neale, P. A., Jämting, Å. K., Escher, B. I. & Herrmann, J.  A
review of the detection, fate and effects of engineered
nanomaterials in wastewater treatment plants. Water Sci.
Technol. 68 (7), 1440–1453.
Nyberg, L., Turco, R. F. & Nies, L.  Assessing the impact of
nanomaterials on anaerobic microbial communities.
Environ. Sci. Technol. 42 (6), 1938–1943.
Petersen, E. J., Zhang, L. W., Mattison, N. T., O’Carroll, D. M.,
Whelton, A. J., Uddin, N., Nguyen, T., Huang, Q. G., Henry,
T. B., Holbrook, R. D. & Chen, K. L.  Potential release
pathways, environmental fate, and ecological risks of carbon
nanotubes. Environ. Sci. Technol. 45 (23), 9837–9856.
Pohlmann, A., Fricke, W. F., Reinecke, F., Kusian, B., Liesegang,
H., Cramm, R., Eitinger, T., Ewering, C., Pötter, M.,
Schwartz, E., Strittmatter, A., Voss, I., Gottschalk, G.,
Steinbüchel, A., Friedrich, B. & Bowien, B.  Genome
sequence of the bioplastic-producing ‘Knallgas’ bacterium
Ralstonia eutropha H16. Nat. Biotechnol. 24 (10),
1257–1262.
Purkhold, U., Pommerening-Röser, A., Juretschko, S., Schmid,
M. C., Koops, H. P. & Wagner, M.  Phylogeny of all
recognized species of ammonia oxidizers based on

Water Science & Technology

71.8

|

2015

comparative 16S rRNA and amoA sequence analysis:
implications for molecular diversity surveys. Appl. Environ.
Microbiol. 66, 5368–5382.
Rodrigues, D. F. & Elimelech, M.  Toxic effects of singlewalled carbon nanotubes in the development of E. coli
bioﬁlm. Environ. Sci. Technol. 44 (12), 4583–4589.
Rodrigues, D. F., Jaisi, D. P. & Elimelech, M.  Toxicity of
functionalized single-walled carbon nanotubes on soil
microbial communities: implications for nutrient cycling in
soil. Environ. Sci. Technol. 47 (1), 625–633.
Shen, E., Qu, Y. Y., Zhou, H., Kong, C. L., Ma, Q., Zhang, X. W. &
Zhou, J. T.  Catalytic performance and stability of C-C
bond hydrolase BphD immobilized onto single-wall carbon
nanotubes. Chinese J. Catal. 34 (4), 723–733.
Shrestha, B., Acosta-Martinez, V., Cox, S. B., Green, M. J., Li, S. &
Cañas-Carrell, J. E.  An evaluation of the impact of
multiwalled carbon nanotubes on soil microbial community
structure and functioning. J. Hazard. Mater. 261, 188–197.
Tong, Z., Bischoff, M., Nies, L. F., Myer, P., Applegate, B. & Turco,
R. F.  Response of soil microorganisms to as-produced
and functionalized single-wall carbon nanotubes (SWNTs).
Environ. Sci. Technol. 46 (24), 13471–13479.
Yin, Y. & Zhang, X. J.  Evaluation of the impact of singlewalled carbon nanotubes in an activated sludge wastewater
reactor. Water Sci. Technol. 58 (3), 623–628.
Zhang, T., Shao, M. F. & Ye, L.  454 Pyrosequencing reveals
bacterial diversity of activated sludge from 14 sewage
treatment plants. ISME J. 6 (6), 1137–1147.
Zhou, W. Q., Shan, J., Jiang, B. Q., Wang, L. H., Feng, J. F., Guo,
H. Y. & Ji, R.  Inhibitory effects of carbon nanotubes on
the degradation of 14C-2,4-dichlorophenol in soil.
Chemosphere 90 (2), 527–534.

First received 15 October 2014; accepted in revised form 12 February 2015. Available online 3 March 2015

Downloaded from https://iwaponline.com/wst/article-pdf/71/8/1235/468450/wst071081235.pdf
by guest

|

