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Abstract

Eukaryotic communities in aerobic wastewater treatment processes are well characterized,
but little is known about them in anaerobic processes. In this study, abundance, diversity
and morphology of eukaryotes in anaerobic sludge digesters were investigated by quantita-
tive real-time PCR (gPCR), 18S rRNA gene clone library construction and catalyzed
reporter deposition-fluorescence in situ hybridization (CARD-FISH). Samples were taken
from four different anaerobic sludge digesters in Japan. Results of gPCR of rRNA genes
revealed that Eukarya accounted from 0.1% to 1.4% of the total number of microbial rRNA
gene copy numbers. The phylogenetic affiliations of a total of 251 clones were Fungi, Alveo-
lata, Viridiplantae, Amoebozoa, Rhizaria, Stramenopiles and Metazoa. Eighty-five percent
of the clones showed less than 97.0% sequence identity to described eukaryotes, indicating
most of the eukaryotes in anaerobic sludge digesters are largely unknown. Clones belong-
ing to the uncultured lineage LKM11 in Cryptomycota of Fungi were most abundant in
anaerobic sludge, which accounted for 50% of the total clones. The most dominant OTU in
each library belonged to either the LKM11 lineage or the uncultured lineage A31 in Alveo-
lata. Principal coordinate analysis indicated that the eukaryotic and prokaryotic community
structures were related. The detection of anaerobic eukaryotes, including the members of
the LKM11 and A31 lineages in anaerobic sludge digesters, by CARD-FISH revealed their
sizes in the range of 2-8 ym. The diverse and uncultured eukaryotes in the LKM11 and the
A31 lineages are common and ecologically relevant members in anaerobic sludge digester.

Introduction

Anaerobic sludge digestion is a well-established waste treatment process. The benefits of the
anaerobic sludge digestion are energy production mostly in the form of methane, sludge vol-
ume reduction and sludge stabilization. Anaerobic digestion is a complex and multistep pro-
cess in which various microorganisms are involved in the degradation of organic matter. One
of the well-known microbial interactions in the anaerobic environment is the syntrophic asso-
ciation between fatty-acid-degraders and hydrogenotrophic methanogens. As a result, many
researchers have focused their investigation on the prokaryotic community structure in
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anaerobic sludge digesters [1,2]. On the other hand, less attention has been paid to study
eukaryotes in anaerobic sludge digesters. The role of eukaryotes has already been highlighted
in the important areas of aerobic treatment processes, such as process performance, predation
on bacteria and excess sludge production [3]. Therefore, it is also important to investigate the
contribution of eukaryotes in anaerobic digestion by studying their diversity, population, roles
and functions.

Microscopic observation has always been a popular way for detection, identification, and
enumeration of eukaryotes due to their large size. However, microscopy is not always a prefer-
able way to study eukaryotes because of their lower detectability. For example, Minidiscus and
Eucampia cells are often overlooked by microscopic observations [4]. Alternatively, molecular
approaches such as rRNA gene based identification have been recently used to understand
eukaryotic diversity in natural and engineered environments [5-7].

Here, we investigated the phylogenetic diversity and abundance of eukaryotes in anaerobic
sludge digesters. Furthermore, eukaryotes were morphologically identified by catalyzed
reporter deposition—fluorescence in situ hybridization (CARD-FISH). The results provide a
framework for future ecological and functional studies of eukaryotes in anaerobic sludge
digesters.

Materials and methods
Sample collection and DNA extraction

Sludge samples were taken from mesophilic anaerobic digesters at four different sewage treat-
ment plants (indicated as N, K, S and M plants) in Japan. Samplings were permitted by the
authorities concerned about sewage treatment in Nagaoka city for the Nagaoka chuo sewage
treatment plant (the N plant), Takamatsu city for a sewage treatment plant (the K plant),
Miyagi prefecture for a sewage treatment plant (the S plant), and Morioka city for the Nakaga-
wara sewage treatment plant (the M plant). The N and K treatment plants employ conven-
tional activated sludge processes whereas the S sewage works operates a pseudo anaerobic-oxic
process and an anaerobic-anoxic-oxic process for sewage treatment. The M sewage treatment
plant was equipped with a trickling filter process. All digesters are fed with the mixture of pri-
mary sludge from primary sedimentation tanks and waste sludge from sewage treatment pro-
cesses. Further information on anaerobic sludge digesters are shown in S1 Table. Sludge
samples from the S plant were collected twice at different time intervals (2013 & 2014; named
as S13 & S14). One sludge sample was collected from the rest of the other digesters. All five
sludge samples were washed with phosphate-buffered saline (137 mM NaCl, 8.10 mM
Na,HPO,, 2.68 mM KCl, 1.47 mM KH,PO, [pH7.4]) immediately after sampling, and stored
at -20°C for DNA extraction. DNA was extracted using ISOIL for Beads Beating Kit (NIPPON
GENE, Tokyo, Japan).

Quantitative real-time PCR

Copy numbers of each domain, i.e., Bacteria, Archaea and Eukarya, was determined by quanti-
tative real-time PCR using SYBR Premix Ex Taq (TaKaRa, Tokyo, Japan) with a LightCycler
instrument (Roche, Basel, Switzerland). Primer sets used for Bacteria, Archaea and Eukarya
were Eub338f(ver.1-ver.4)/907r, Arc109f/Arc912r, Euk299f/Euk526r, respectively (S2 Table).
Purity of the PCR products was verified by melting analysis and agarose gel electrophoresis.
All tests were performed in triplicate. The ratio of the number of rRNA gene copies of each
microbial domain was calculated considering the sum of the rRNA gene copies from all
domains as total abundance. Note that the number of rRNA operons per cells varies among
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eukaryotes [8] as well as prokaryotes [9], and therefore the ratios are based on gene copy num-
bers, not their cell numbers.

Eukaryotic clone library construction

Near-full-length eukaryotic 185 rRNA genes were amplified using TaKaRa Ex Taq Hot Start
Version (TaKaRa) with the EukA/EukB eukaryotic universal primer set (52 Table). PCR con-
dition was as follows: initial denature at 98°C for 2 min, followed by 25 cycles of 98°C for 10
sec, 55°C for 30 sec, and 72°C for 150 sec, and final extension at 72°C for 10 min. After purifi-
cation with MicroSpin S-400 HR Columns (GE Healthcare, Little Chalfont, U.K) and MinE-
lute PCR Purification Kit (Qiagen, Tokyo, Japan), the PCR products were cloned using TOPO
2.1 TA Cloning Kit (Invitrogen, Carlsbad, USA). Approximately 50 clones from each sample
(264 clones in total) were picked and the near-full-length sequences of 18S rRNA genes of all
clones were determined. The clones were classified into operational taxonomic unit (OTU)
with a threshold of 98% sequence identity. The sequences were analyzed using the ARB soft-
ware package with the SILVA database [10] and BLAST search in the National Center for Bio-
technology Information database. Principal coordinate analysis (PCoA) was conducted using
Mothur software [11]. The sequences were deposited in the DDBJ/NCBI/EMBL database
under Accession Numbers LC108996 —-LC109102 (S3 Table).

Pyrosequencing of prokaryotic 16S rRNA gene

The V3-V4 region of prokaryotic 16S rRNA gene was amplified using AmpliTaq Gold DNA
polymerase, LD (Low DNA) with the 341f-806rmix primer set (S2 Table). The primers were
modified to improve the coverage. PCR condition was as follows: initial denature at 95°C for
10 min, followed by 25 cycles of 95°C for 30 sec, 50°C for 30 sec, and 72°C for 45 sec. After
purification with MicroSpin S-400 HR Columns (GE Healthcare, Little Chalfont, U.K) and
MinElute PCR Purification Kit (Qiagen, Tokyo, Japan), the PCR products were subjected to
pyrosequencing using emPCR kit (Lib-L) and GS Jr. instrument (Roche) according to the
manufacturer’s instruction. The obtained sequences were analyzed using QIIME software [12]
with Greengenes 13_8 dataset.

Fluorescence In Situ Hybridization (FISH)

A portion of each sludge sample was fixed with 2.4% paraformaldehyde, and stored in ethanol/
PBS solution at -20°C. The FISH analysis was performed as described previously [13] with
EUKS516 labeled with Cy5 (S2 Table). Formamide concentration was adjusted to 5%.

Probe design and validation

Oligonucleotide probes targeting the members of interests were designed using ARB software
[14]. The designed probes were first evaluated using mathFISH [15]. If a thermodynamic value
of a designed probe did not reach to the threshold (AG’ yyeran = -13 kJ/mol), the probe was
elongated or locked nucleic acid (LNA) was introduced [13]. The designed probes were even-

tually validated as described elsewhere [16]. The designed probe sequences are shown in 52
Table.

Catalyzed Reporter Deposition-FISH (CARD-FISH)

CARD-FISH was conducted as described previously [17]. Briefly, the paraformaldehyde fixed
samples were subjected to a 10-well glass slide and air-dried. After dehydration with ethanol
series (50, 80, and 99.5% ethanol for 5, 1, and 1 min, respectively), the samples were treated
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with chitinase (1 mg/mL in PBS with 1% sodium dodecyl sulfate [SDS]) for 10 min at 30°C for
permeabilization [18], followed by washing in TNT (100 mM Tris-HCI [pH7.5], 150 mM
NaCl, 0.05% Tween-20) buffer (15 min, room temperature [RT: kept at 20-25°C by air-condi-
tioner]) and ultra-pure water (1 min, RT), dehydrated in 95% ethanol (1min, RT), and air-
dried. Endogenous peroxidases were inactivated by treating the samples with 0.5% hydrogen
peroxide in methanol (30 min, RT) [19]. Hybridization was carried out in buffer (20 mM Tris-
HCI [pH?7.5], 0.9 M NaCl, 30-40% formamide, 1% blocking reagent, 10% dextran sulfate,
0.01% SDS) containing 0.1 pM of the horseradish peroxidase (HRP)-labeled probe for 3-6
hours at 40°C. Subsequently, excess probes were removed by immersing the glass slides in
buffer (20 mM Tris-HCI [pH7.5], 0.9 M NaCl, 30-40% formamide, 5 mM EDTA, 0.01% SDS)
for 20 minutes at 42°C. For tyramide signal amplification, the glass slides were first immersed
into TNT buffer for 15 min at RT. After removing buffer around each well, the samples were
incubated with TSA working solution (1 volume of tyramide-FITC or tyramide-CyS5, 37.5 vol-
umes of amplification diluent, 12.5 volumes of 40% dextran sulfate, 0.5 volumes of 10% block-
ing reagent) for 15 min at 37°C. Then, the slides were immersed in TNT buffer (15 min, RT),
ultra-pure water (1 min, RT), and ethanol (1 min, RT), and subsequently air-dried. For dual
staining, CARD-FISH with a group specific probe was initially carried out. After quenching
HRP activity of the hybridized probes with hydrogen peroxide, the second round of CARD-
FISH with the EUK516 probe was conducted. The samples were embedded in ProLong Gold
Antifade Reagent with DAPI (Invitrogen), and subjected to microscopic observation. For
microscopy, Axio Imager.M2 epifluorescent microscope equipped with AxioCam HRM (Carl
Zeiss) was used.

Results
Phylogenetic analysis of eukaryotes

A total of 264 clones were sequenced, in which 13 clones belonged to the domain Archaea.
Eventually, five eukaryotic clone libraries were constructed from 251 clones, consisting of 45
to 55 clones in each library. The diversity indices and eukaryotic composition of each library
are shown in Table 1 and S3 Table. Fourteen to twenty-eight OTUs were retrieved with a 98%
sequence identity threshold in each library. The Chaol nonparametric estimator indicated
that there should be 34-77 OTUs in the samples.

The identified clones belonged to Fungi (66%), Alveolata (14%), Viridiplantae (11%), Meta-
zoa (6%), Amoebozoa (1%), Rhizaria (1%), and Stramenopiles (1%) (S1 Fig). Cryptomycota
and Ascomycota (in Fungi), Viridiplantae, and Metazoa were found in all samples. Clones
belonging to the uncultured fungal lineage LKM11 in Cryptomycota were dominant members
in all libraries (N library: 9 OTUs, 48/55 clones, K library: 7 OTUs, 32/51 clones, S13 library: 6
OTUs, 18/52 clones, S14 library: 9 OTUs, 20/48 clones) except for the clone library of the M
plant, in which Chlorophyta in Viridiplantae (9 OTUs, 13/45 clones) was the most predomi-
nant (S3 Table). The most predominant OTU in the N, K, and M libraries belonged to the
LKM11 lineage (20 clones, 16 clones, and 6 clones, respectively). The most dominant OTU in
the S13 and S14 libraries belonged to the A31 lineage in Alveolata (11 clones and 9 clones,
respectively). An OTU belonging to the A31 lineage was the second most dominant OTU in
the K library (10 clones). The phylogenetic trees of the LKM11 and A31 lineages are shown
in Figs 1 and 2, respectively. OTUs belonging to family Dipodascaceae in Ascomycota (in
Fungi) and family Chlorellaceae in Chlorophyta (in Viridiplantae) were also found among the
libraries. OTUs belonging to Zoopagales, Chytridomycota and the LKM15 lineage in Fungi,
Stramenopiles and Amoebozoa were specifically found in one of the libraries. Anaerobic fungi
belonging to Neocallimastigomycota [20] was not found in the libraries.
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Table 1. Eukaryotic community compositions and diversity indices based on 18S rRNA gene clone libraries.

Sample name S13 S14 N K M
No.of sequences 52 48 55 51 45
No. of OTU 28 22 16 14 27
Chao1 61 34 77 46 54
Coverage 0.46 0.54 0.71 0.73 0.40
Evenness 0.88 0.90 0.74 0.79 0.93
Fungi

Cryptomycota (LKM11) 34.6% 41.7 87.3 62.7 20.0

Ascomycota 17.3 20.8 5.5 2.0 13.3

Basidiomycota 1.9 1.8 6.7

Zoopagales 3.8

Chytridomycota 4.2

LKM15 1.8
Alveolata

A31 21.2 18.8 21.6

Other 1.9 4.2 4.4
Viridiplantae 9.6 4.2 1.8 11.8 28.9
Rhizaria 2.1 2.2
Stramenopiles 1.9
Amoebozoa 6.7
Metazoa 7.7 4.2 1.8 2.0 17.8

@ Frequencies (%) in each library

doi:10.1371/journal.pone.0172888.t001

Prokaryotic community structure

After denoising and chimera checking, a total number of 45,360 sequences were used for
describing prokaryotic community structure. The numbers of sequence reads, diversity indi-
cies, and prokaryotic community compositions are shown in S4 Table.

Abundance of eukaryotic, bacterial, and archaeal rRNA genes

Quantitative real-time PCR was conducted to quantify the number of rRNA gene copies of
each domain in the sludge samples. Copy numbers of the small-subunit of the rRNA gene are
shown in Table 2. Bacterial rRNA gene copies were the most abundant in all samples, ranging
from 90.6% to 97.3% of the total rRNA gene copy number. The relative abundances of archaeal
rRNA genes were from 2.0% to 9.1%, and eukaryotic rRNA gene copy numbers accounted for
0.1%-1.4% of the total rRNA gene copy number. It should be noted that the number of rRNA
gene copies is heterogeneous among eukaryotes [8] as well as prokaryotes [9]. It has been
reported that rRNA gene copy number has correlations with genome size (plants and animals)
[8] and cell length (phytoplankton) [21] in eukaryotes. The numbers of rRNA gene copy num-
bers of eukaryotes retrieved in this study are unknown. It should be in mind that the ratio cal-
culated here is not a population of each domain at cellular level.

In situ detection of eukaryotes

Initially, FISH with the Cy5-labeled EUK516 probe, designed to detect most of Eukarya, was
conducted; nevertheless, reliable fluorescent signals were not observed most likely due to low
rRNA contents of the cells [22]. Recently developed in situ DNA-HCR was also performed to
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Uncultured eukaryote, AD_S13clone02 (4/52clone), 1748
Uncultured eukaryote, AD_S14clone05 (1/48clone), 1748
Uncultured eukaryote, AD_Nclone53 (1/55clone), 1748
Uncultured eukaryote, AD_Kclone48 (4/51clone), 1748
Uncultured eukaryote, AD_Kclone06 (1/51clone), 1746
Uncultured fungus, activated sludge from municipal wastewater treatment plant, JN054670, 1469
Uncultured fungus, activated sludge from winery wastewater treatment plant, JN054692, 1469
Uncultured eukaryote, activated sludge clone, AB901859, 1748
Uncultured fungus, freshwater, DQ244018, 1734
Uncultured fungus, polluted aquifer sediment, EU091835, 1399
Uncultured fungus, aquatic moss pillars, AB695465, 1708
Uncultured eukaryote, AD_S14clone18 (1/48clone), 1748
Uncultured eukaryote, activated sludge, AB764136, 1737
— Uncultured eukaryote, AD_Nclone52 (3/55clone), 1708
L Uncultured eukaryote, AD_Nclone34 (1/55clone), 1685
— Uncultured eukaryote, AD_S13clone42 (3/52clone), 1778
L——— Uncultured eukaryote, AD_S14clone08 (5/48clone), 1781
Uncultured eukaryote, AD_Mclone38 (1/45clone), 1759
Uncultured eukaryote, water from Ivry—sur—Seine treatment plant, FJ577810, 1656
Uncultured eukaryote, activated sludge clone, AB901556, 1756
Uncultured eukaryote, activated sludge clone, AB901667, 1752
Uncultured eukaryote, water from Joinville—le—Pont treatment plant, FJ577832, 1640
Uncultured eukaryote, AD_S13clone09 (1/52clone), 1764
Uncultured eukaryote, AD_S14clone30 (1/48clone), 1764
Uncultured fungus, polluted aquifer sediment, EU091865, 1414
Uncultured fungus, activated sludge from paper mill wastewater treatment plant, JNO54655, 1492
Uncultured eukaryote, AD_Kclone43 (1/51clone), 1765
Uncultured eukaryote, AD_Mclone18 (1/45clone), 1757
— Uncultured eukaryote, AD_S13clone40 (2/52clone), 1790
— Uncultured eukaryote, AD_S14clone50 (2/48clone), 1793
Uncultured eukaryote, AD_S13clone33 (1/52clone), 1695
Uncultured eukaryote, AD_S14clone14 (1/48clone), 1749
Uncultured eukaryote, AD_Nclone03 (1/55clone), 1737
Uncultured fungus, lily stem scraping, FJ687267, 1590
Uncultured eukaryote, activated sludge clone, AB901634, 1779
Uncultured eukaryote, slow sand filter biofilm, HM628685, 1543
Uncultured eukaryote, activated sludge clone, AB901967, 1778
Uncultured eukaryote, AD_Nclone18 (10/55clone), 1777
Uncultured eukaryote, slow sand filter biofilm, HM628670, 1544
Uncultured eukaryote, AJ130849, 1594
Uncultured eukaryote, AD_S13clone08 (7/52clone), 1778 LKM11GP2
Uncultured eukaryote, activated sludge clone, AB901763, 1779
Uncultured fungus, pond water, FJ687268, 1602
Uncultured eukaryote, activated sludge clone, AB902187, 1779
Uncultured eukaryote, AD_Kclone12 (1/51clone), 1778
Uncultured eukaryote, AD_Mclone15 (6/45clone), 1778
Uncultured eukaryote, AD_Nclone19 (9/55clone), 1778 —
Uncultured eukaryote, sulfide—rich Zodletone spring, AY916571, 1689
Uncultured fungus, anoxic sediment, AF372712, 1678
Uncultured eukaryote, activated sludge clone, AB902011, 1779
Uncultured eukaryote, activated sludge clone, AB901773, 1785
Uncultured eukaryote, AD_Mclone10 (1/45clone), 1767
Uncultured eukaryote, AD_Nclone08 (2/55clone), 1766
Uncultured eukaryote, AD_Kclone21 (1/51clone), 1766
Uncultured fungus, activated sludge from paper mill wastewater treatment plant, INO54676,1485
Uncultured eukaryote, activated sludge clone, AB901723, 1767
Uncultured eukaryote, activated sludge clone, AB901682, 1789

Invertebrate environmental sample, GU070865, 1710
_‘j:Jncultured opisthokont, peat bog, F1976649, 1422
Uncultured eukaryote, activated sludge clone, AB902208, 1776
— Uncultured eukaryote, AD_S14clone19 (1/48clone), 1746
Uncultured eukaryote, sulfide—rich Zodletone spring, AY916588, 1691

Uncultured eukaryote, activated sludge clone, AB901795, 1777
Uncultured rhizosphere zygomycete, Rhizosphere soil sample of flowering maize plants, AJ506016, 1537
Uncultured eukaryote, activated sludge clone, AB902148, 1777
Uncultured fungus, activated sludge from paper mill wastewater treatment plant, JNO54679, 1500 LKM11GP3
Uncultured eukaryote, AD_Nclone12 (20/55clone), 1777
Uncultured eukaryote, AD_S14clone24 (7/48clone), 1776
Uncultured eukaryote, a full scale antibiotics—producing wastewater treatment plant, HQ440093, 1279
Uncultured fungus, polluted aquifer sediment, EU091851, 1420
Uncultured soil fungus, black soil, GU568155, 1500
— Uncultured eukaryote, activated sludge clone, AB901883, 1787
L———— Uncultured eukaryote, AD_Kclone09 (16/51clone), 1787
Uncultured eukaryote, activated sludge clone, AB901956, 1748

Uncultured fungus, methane cold seep sediment, AB468674, 1287
Uncultured eukaryote, AD_Nclone27 (1/55clone), 1750
Uncultured eukaryote, AD_Kclone50 (8/51clone), 1750
Uncultured eukaryote, activated sludge clone, AB901898, 1751
Uncultured fungus, activated sludge from paper mill wastewater treatment plant, JINO54654, 1493
Uncultured eukaryote, anaerobic sewage digester, AY916638, 1683
Uncultured Eimeriidae, trembling aspen rhizosphere under elevated CO2 conditions, EF024493, 1766

— outgroup

0.10

Fig 1. Phylogenetic tree of the LKM11 lineage in Fungi based on a comparative analysis of 18S rRNA gene sequences.
The OTUs obtained in this study are shown in bold type in the tree. The tree also indicates the coverage of oligonucleotide
probes, LKM11GP2 and LKM11GP3, designed in this study.

doi:10.1371/journal.pone.0172888.9001
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Uncultured eukaryote, AD_Kclone40 (1/51clone), 1765
Uncultured eukaryote, AD_S13clone12 (11/52clone), 1766 A31
Uncultured eukaryote, AD_Kclone18 (10/51clone), 1767
Uncultured eukaryote, AD_S14clone06 (9/48clone), 1766
Uncultured freshwater eukaryote, water purification plant, AB721034, 1650
Uncultured freshwater eukaryote, oligotrophic freshwater lake, AY919736, 1699
Uncultured alveolate, dimictic and eutrophic lake, HQ219366, 1725
Uncultured alveolate, dimictic and eutrophic lake, HQ219457, 1715
— Uncultured eukaryote, activated sludge clone, AB901649, 1747
! Uncultured eukaryote, activated sludge clone, AB902201, 1748

| Uncultured alveolate, freshwater, DQ244034, 1712

Uncultured alveolate, freshwater, DQ244037, 1726

Uncultured alveolate, Lake Pavin, EU162629, 1774
Uncultured alveolate, Lake Pavin, EU162626, 1771
Uncultured alveolate, freshwater, DQ244038, 1775
Rana sphenocephala pathogen MJY, EF675616, 1583
Uncultured microeukaryote, groundwater of the Hanford Site 300 Area subsurface, IN705491, 1264
Uncultured microeukaryote, groundwater of the Hanford Site 300 Area subsurface, JN705516, 1313
Uncultured alveolate, Lake Pavin, EU162630, 1758
Uncultured alveolate, Lake Pavin, EU162628, 1765
Uncultured marine eukaryote, anoxic Mariager Fjord, DQ103802, 1626
Uncultured alveolate, hydrothermal Mid Atlantic Ridge environments, AF530536, 1695

L outgroup

0.10

Fig 2. Phylogenetic tree of the A31 lineage in Alveolata based on a comparative analysis of 18S rRNA gene sequences. The OTUs
obtained in this study are shown in bold type in the tree. The tree also indicates the coverage of the A31 probes designed in this study.

doi:10.1371/journal.pone.0172888.9002

enhance the signal detection [23]. However, reliable signals were still not obtained. Eventually,
CARD-FISH was conducted after the endogenous peroxidase inactivation with hydrogen per-
oxide in methanol, but a very small number of cells were detected. The number of detectable
cells increased after the cell wall treatment with chitinase (1 mg/ml in PBS with 1% SDS) [18].
The signals were strong and reliable and were obtained from different cell sizes ranging from 2
to 8 um (Fig 3).

The detection of major eukaryotes in our clone libraries was conducted with group specific
probes designed in this study. Two probes for the LKM11 lineage and one probe for the A31
lineage were designed to cover the major clones retrieved in this study (Figs 1 and 2 and S2
Table). The detection of the members of the LKM11 lineage as well as those of the A31 lineage
was successful, and these signals were confirmed by dual staining with the EUK516 probe.

Discussion

In this study, we investigated eukaryotes in anaerobic sludge digesters by using 18S rRNA
gene sequence information to understand their diversity, abundance and morphology. Very

Table 2. Copy numbers and proportions of rRNA genes of each domain as determined by quantitative PCR.

Sample name
S13

S14

doi:10.1371/journal.pone.0172888.1002

Unit Eukarya Bacteria Archaea
copies/ng-DNA 1.4x10%+3.0x10? 2.7x10°+4.2x10* 7.0x10%+4.4x10°
% 0.5 97.4 2.5
copies/ng-DNA 7.8x10%+1.3x10? 8.3x10°+3.7x10° 2.3x10%+1.3x10*
% 0.1 97.3 2.7
copies/ng-DNA 1.8x10%+1.9x10? 1.3x10%46.2x10* 2.6x10%+9.8x10?
% 1.4 97.9 2.0
copies/ng-DNA 8.2x10%+3.6x10' 9.4x10*+1.0x10* 2.0x10%+8.6x10°
% 0.9 97.9 2.0
copies/ng-DNA 3.1x10%41.3x10? 4.6x10%*+7.2x10° 4.6x10%+2.1x10°%
% 0.6 90.6 9.1

PLOS ONE | DOI:10.1371/journal.pone.0172888 March 6,2017
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Fig 3. Detection of eukaryotes in anaerobic sludge digester by CARD-FISH. A & B: Probe-derived signal after hybridization with the
HRP-labeled EUK516 probe and tyramide signal amplification with Cy5-labeled tyramide (A) and FITC-labeled tyramide (B).
Photomicrographs of phase contrast (left), DAPI (middle) and EUK516-derived signals (right) showing identical fields. C & D: Dual staining
of a group specific probe (FITC-labeled tyramide) and the EUK516 probe (Cy5-labeled tyramide). Photomicrographs of phase contrast
(left), a group specific probe, LKM11GP2 (C) and A31 (D) (middle) and EUK516-derived signals (right) showing identical fields. Bar
represents 10 um.

doi:10.1371/journal.pone.0172888.g003

little is known about the anaerobic eukaryotic community as compared to those in aerobic
processes. To our knowledge, there is only one report on clone library of an anaerobic sludge
digester [24], but the study mainly investigated a microeukaryotic community in anaerobic
sulfide and sulfur-rich springs. Therefore, this is the first systematic study to investigate
eukaryotic communities in anaerobic sludge digester by comparative analysis based on 18S
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rRNA gene sequence information. For this purpose, we constructed the clone libraries by
sequencing near-full-length 18S rRNA gene sequences to increase the number of reliable envi-
ronmental eukaryotic sequences in the database. High-throughput sequencing with next-gen-
eration sequencers is a common and faster way for microbial community analysis nowadays,
but a substantial database with reliable sequences is essential. The sequences obtained in this
study are useful for database construction and high-throughput eukaryotic community analy-
sis of anaerobic sludge samples.

Out of a total of 251 clones, only 39 clones (15.5%) showed >97.0% sequence identity to
described eukaryotes (S1 Fig). All clones classified as metazoan showed high sequence identity
(>97.0%) to existing eukaryotes database. The remaining 212 clones (84.5%) had <97.0%
sequence identity to described eukaryotes, indicating the most of eukaryotes in the anaerobic
sludge samples investigated in this study are physiologically and metabolically unknown. The
majority of these undescribed eukaryotes belonged to Fungi (151/212 clones, 71.7%), in which
127 clones belonged to the uncultured LKM11 lineage belonging to the fungi group Crypto-
mycota. The second dominant group was Alveolata (34/212 clones, 16.0%), and 31 clones
belonged to the uncultured A31 lineage.

The anaerobic sludge digesters, from which we took samples, treat a mixture of primary
and waste sludges. The preexisting eukaryotic community in the feed sludge could have some
impact on the microbial community and performance of the anaerobic digesters. Matsunaga
et al. [6] investigated the eukaryotic community in activated sludge processes and created 18S
rRNA gene clone libraries. After analyzing a total of 834 clones, Alveolata (41%), Fungi (33%),
Rizaria (11%) and metazoan (11%) were found to be major communities in the aerobic pro-
cesses. The metazoan (Nematoda, Gastrotricha, Rotifera) and the protozoan (those in subclass
Peritrichia and Cercozoa in Rhizaria) are dominant in activated sludge. However, their num-
bers in the anaerobic sludge samples were very insignificant, which indicates their inability to
thrive in the anaerobic environment.

The dominant eukaryotic clones in the anaerobic sludge that belonged to the LKM11 line-
age were also major fungi found in activated sludge (approximately 25% of the total clones). It
can be thought that debris from activated sludge resulted in the predominance of the clones in
this lineage. Nevertheless, it is improbable to think that only the members of the LKM11 line-
age, unlike other predominant members in the activated sludge samples, somehow only retain
their cells and DNAs during anaerobic digestion. Rather, it is more likely that the LKM11 line-
age could have active participation in the anaerobic digestion process. As mentioned earlier,
Luo et al. [24] also confirmed the presence of LKM11 lineage in an anaerobic sludge digester
and Dawson and Pace [25] reported their presence in anoxic sediments. Additionally, Brad
et al. [26] detected LMK11 lineage in anaerobic groundwater polluted with landfill leachate,
which indicates their survival and propagation in anaerobic environment.

In this study, the diversity and variety of eukaryotes belonging to this lineage was retrieved
from anaerobic sludge digester (Fig 1). Some of the clone sequences had high sequence identity
to the sequences retrieved from activated sludge processes, suggesting that the genetic diversity
of this lineage in anaerobic sludge digester is most likely affected by those in their feed sludge.
Functions and roles of eukaryotes in the LKM11 lineage in both aerobic and anaerobic ecosys-
tems are still largely unknown. Some members of the LKM11 lineage in freshwater are
expected to be related to the decomposition of detritus or phytoplanktonic organisms [27].
The large number of diverse clones retrieved in this study indicated that the members of
LKM11 are common facultative anaerobic eukaryotes and may have a variety of important
functions in anaerobic sludge digestion processes. Further studies are necessary to elucidate
this expectation; nevertheless, methods such as isotope probing are difficult to apply because
we have no idea about their physiologies at this moment.
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The uncultured A31 lineage is in Perkinsidae of Alveolata, and their functions are also still
unknown. The OTUs belonging to this lineage were dominant in the S13 and S14 samples and
the second abundant OTU in the K sample (Fig 2). Phylogenetic distances of major OTUs
(S13clonel2, S14clone06 and Kclonel8) are more than 97%, indicating the diversity of eukary-
otes in this lineage in anaerobic sludge digester is less. However, none of the clones belonging
to this lineage were detected in the N and M samples. Thus the eukaryotes belonging to A31
lineage may require certain anaerobic conditions for survival and growth. Further investiga-
tion is required in this aspect.

Very limited information on anaerobic or facultative anaerobic eukaryotic clones is avail-
able to date. Therefore, we attempted to grow and isolate some of the important eukaryotic
species, and obtained a Candida strain from an anaerobic digester sample (data not shown).
Candida sp. in Ascomycota of Fungi, also found in the clone libraries, can grow on PG broth
and YNBG broth in an anaerobic condition although the growth yields were lower than those
in aerobic conditions [28]. Therefore, they contribute to the degradation of some organic mat-
ter in anaerobic environments. The two enzymes (aspartyl proteinases and phospholipases)
secreted by C. albicans are known to contribute to pathogenicity [29]. Thus, it is speculated
that the member of Candida could also be contributing to hydrolysis of organic matter in
anaerobic sludge digestion processes.

Overall community structures of both eukaryotes and prokaryotes were compared by
PCoA (S3 Fig). The S13, S14 and K samples are closely related, and the N sample and the M
sample are individually standing. It is expected that the community structures of the S13 and
S14 samples are similar because the samples were taken from the same reactor. On the other
hand, the location of the K sewage works is very far from that of the S sewage works (more
than 1,000 km away), and these two sewage works employ different activated sludge processes.
Therefore, their closeness in PCoA plots was unexpected. This result suggests that prokaryotic
and eukaryotic community structures are not individually composed; rather, the both commu-
nities are closely related and may be complementing to establish a single microbial community
structure for anaerobic digestion.

Our CARD-FISH experiments revealed that the eukaryotes were not abundantly present
in the sludge samples. Smaller size (2-8 pm) and less morphological differentiation of
eukaryotic cells in anaerobic sludge digester made it difficult to distinguish them in the
sludge samples. The detection of the members in the LKM11 and A31 lineages indicated that
the morphologies were different from those found in lake [18], and the sizes were approxi-
mately 5-8 pum. Because the functions of eukaryotes belonging to the LKM11 and A31 line-
ages are largely unknown, the successful detection of these eukaryotes can lead to future
functional analyses of these eukaryotes using single-cell microbiology tools (e.g., microautor-
adiography-FISH, FISH with NanoSIMS, single-cell genomics after fluorescently activated
cell sorting, etc.) [30-32].

Conclusions

This study revealed the diversity of eukaryotes in anaerobic sludge digesters by constructing
18S rRNA gene clone library. In addition, the eukaryotic cells were morphologically identified
by CARD-FISH. The results of this study also concluded that the most of eukaryotes identified
are physiologically not described previously. The diverse and uncultured eukaryotes in the
LKM11 and the A31 lineages are found to be common and most likely ecologically relevant
members in anaerobic sludge digester. In addition, the relationship between the eukaryotic
and prokaryotic community structures was suggested. The majority of eukaryotes are still
uncultured and their functions are largely unknown; and therefore further investigation on the
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metabolic functions of these eukaryotes, especially those in the LKM11 and the A31 lineages,
are necessary to understand their contributions to anaerobic sludge digestion processes.

Supporting information

S1 Fig. Kingdom/Superphylum level eukaryotic community composition. With all clone
sequences (a) and community compositions based on clones with >97% (b) or <97% (c)
sequence identity to described eukaryotes.

(PDF)

S2 Fig. Prokaryotic community compositions of five sludge samples.
(PDF)

S3 Fig. Principal Coordinate Analysis (PCoA) of eukaryotic (a) and prokaryotic (b) com-
munity structures.
(PDF)

S1 Table. Parameters of full-scale anaerobic digesters.
(PDF)

S2 Table. Primers and probes used in this study.
(PDF)

S3 Table. List of Operational Taxonomic Units (OTUs)
(PDF)

S4 Table. The numbers of sequence reads and diversity indices of prokaryotic community.
(PDF)

Acknowledgments
We thank Dr. Madan Tandukar of North American Héganis for reading this manuscript.

Author Contributions
Conceptualization: KK.

Data curation: MM YS KK.
Formal analysis: MM KK.
Funding acquisition: YYL HH KK.
Investigation: MM YS KK.
Methodology: MM KK.

Project administration: KK.
Supervision: KK.

Visualization: MM.

Writing - original draft: MM KK.
Writing - review & editing: MM YYL HH KK.

PLOS ONE | DOI:10.1371/journal.pone.0172888 March 6,2017 11/13


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0172888.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0172888.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0172888.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0172888.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0172888.s005
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0172888.s006
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0172888.s007

@° PLOS | ONE

Eukaryotes in anaerobic sludge digester

References

1.

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

Riviere D, Desvignes V, Pelletier E, Chaussonnerie S, Guermazi S, Weissenbach J, et al. (2009)
Towards the definition of a core of microorganisms involved in anaerobic digestion of sludge. ISME J
3:700-714. doi: 10.1038/ismej.2009.2 PMID: 19242531

Sundberg C, Al-Soud WA, Larsson M, AIm E, Yekta SS, Svensson BH, et al. (2013) 454 pyrosequen-
cing analyses of bacterial and archaeal richness in 21 full-scale biogas digesters. FEMS Microbiol Ecol
85:612-626. doi: 10.1111/1574-6941.12148 PMID: 23678985

Ntougias S, Tanasidis S, Melidis P (2011) Microfaunal indicators, Ciliophora phylogeny and protozoan
population shifts in an intermittently aerated and fed bioreactor. J Hazard Mater 186:1862—1869. doi:
10.1016/j.jhazmat.2010.12.099 PMID: 21237559

Monchy S, Grattepanche J-D, Breton E, Meloni D, Sanciu G, Chabé M, et al. (2012) Microplanktonic
community structure in a coastal system relative to a phaeocystis bloom inferred from morphological
and tag pyrosequencing methods. PLoS ONE 7:e39924. doi: 10.1371/journal.pone.0039924 PMID:
22792138

Capo E, Debroas D, Arnaud F, Domaizon | (2015) Is planktonic diversity well recorded in sedimentary
DNA? Toward the reconstruction of past protistan diversity. Microb Ecol 70:865-875. doi: 10.1007/
s00248-015-0627-2 PMID: 26022714

Matsunaga K, Kubota K, Harada H (2014) Molecular diversity of eukaryotes in municipal wastewater
treatment processes as revealed by 18S rRNA gene analysis. Microbes Environ 29:401-407. doi: 10.
1264/jsme2.ME14112 PMID: 25491751

Nagahama T, Takahashi E, Nagano Y, Abdel-Wahab MA, Miyazaki M (2011) Molecular evidence that
deep-branching fungi are major fungal components in deep-sea methane cold-seep sediments. Environ
Microbiol 13:2359-2370. doi: 10.1111/}.1462-2920.2011.02507.x PMID: 21605311

Prokopowich CD, Gregory TR, Crease TJ (2003) The correlation between rDNA copy number and
genome size in eukaryotes. Genome 46:48-50. doi: 10.1139/g02-103 PMID: 12669795

Stoddard SF, Smith BJ, Hein R, Roller BRK, Schmidt TM (2015) rrnDB: improved tools for interpreting
rRNA gene abundance in bacteria and archaea and a new foundation for future development. Nucleic
Acids Res 43:D593-D598. doi: 10.1093/nar/gku1201 PMID: 25414355

Quast C, Pruesse E, Yilmaz P, Gerken J, Schweer T, Yarza P, et al. (2013) The SILVA ribosomal RNA
gene database project: improved data processing and web-based tools. Nucleic Acids Res 41:D590—
D596. doi: 10.1093/nar/gks1219 PMID: 23193283

Schloss PD, Westcott SL, Ryabin T, Hall JR, Hartmann M, Hollister EB, et al. (2009) Introducing
mothur: open-source, platform-independent, community-supported software for describing and com-
paring microbial communities. Appl Environ Microbiol 75:7537-7541. doi: 10.1128/AEM.01541-09
PMID: 19801464

Caporaso JG, Kuczynski J, Stombaugh J, Bittinger K, Bushman FD, Costello EK, et al. (2010) QIIME
allows analysis of high- throughput community sequencing data. Nat Methods 7:335-336. doi: 10.
1038/nmeth.f.303 PMID: 20383131

Kubota K, Ohashi A, Imachi H, Harada H (2006) Improved in situ hybridization efficiency with locked-
nucleic-acid-incorporated DNA probes. Appl Environ Microbiol 72:5311-5317. doi: 10.1128/AEM.
03039-05 PMID: 16885281

Ludwig W, Strunk O, Westram R, Richter L, Meier H, Yadhukumar, et al. (2004) ARB: a software envi-
ronment for sequence data. Nucleic Acids Res 32:1363-1371. doi: 10.1093/nar/gkh293 PMID:
14985472

Yilmaz LS, Parnerkar S, Noguera DR (2011) mathFISH, a web tool that uses thermodynamics-based
mathematical models for in silico evaluation of oligonucleotide probes for fluorescence in situ hybridiza-
tion. Appl Environ Microbiol 77:1118-1122. doi: 10.1128/AEM.01733-10 PMID: 21148691

Kubota K, Ohashi A, Imachi H, Harada H (2006) Visualization of mcrmRNA in a methanogen by fluores-
cence in situ hybridization with an oligonucleotide probe and two-pass tyramide signal amplification
(two-pass TSA-FISH). J Microbiol Methods 66:521-528. doi: 10.1016/j.mimet.2006.02.002 PMID:
16545875

Kubota K. CARD-FISH for environmental microorganisms: technical advancement and future applica-
tions. Microbes Environ 28:3—12. doi: 10.1264/jsme2.ME12107 PMID: 23124765

Jones MDM, Forn |, Gadelha C, Egan MJ, Bass D, Massana R, et al. (2011) Discovery of novel interme-
diate forms redefines the fungal tree of life. Nature 474:200—203. doi: 10.1038/nature09984 PMID:
21562490

Ishii K, MuBmann M, MacGregor B, Amann RI (2004) An improved fluorescence in situ hybridization
protocol for the identification of bacteria and archaea in marine sediments. FEMS Microbiol Ecol
50:203—-212. doi: 10.1016/j.femsec.2004.06.015 PMID: 19712361

PLOS ONE | DOI:10.1371/journal.pone.0172888 March 6,2017 12/13


http://dx.doi.org/10.1038/ismej.2009.2
http://www.ncbi.nlm.nih.gov/pubmed/19242531
http://dx.doi.org/10.1111/1574-6941.12148
http://www.ncbi.nlm.nih.gov/pubmed/23678985
http://dx.doi.org/10.1016/j.jhazmat.2010.12.099
http://www.ncbi.nlm.nih.gov/pubmed/21237559
http://dx.doi.org/10.1371/journal.pone.0039924
http://www.ncbi.nlm.nih.gov/pubmed/22792138
http://dx.doi.org/10.1007/s00248-015-0627-2
http://dx.doi.org/10.1007/s00248-015-0627-2
http://www.ncbi.nlm.nih.gov/pubmed/26022714
http://dx.doi.org/10.1264/jsme2.ME14112
http://dx.doi.org/10.1264/jsme2.ME14112
http://www.ncbi.nlm.nih.gov/pubmed/25491751
http://dx.doi.org/10.1111/j.1462-2920.2011.02507.x
http://www.ncbi.nlm.nih.gov/pubmed/21605311
http://dx.doi.org/10.1139/g02-103
http://www.ncbi.nlm.nih.gov/pubmed/12669795
http://dx.doi.org/10.1093/nar/gku1201
http://www.ncbi.nlm.nih.gov/pubmed/25414355
http://dx.doi.org/10.1093/nar/gks1219
http://www.ncbi.nlm.nih.gov/pubmed/23193283
http://dx.doi.org/10.1128/AEM.01541-09
http://www.ncbi.nlm.nih.gov/pubmed/19801464
http://dx.doi.org/10.1038/nmeth.f.303
http://dx.doi.org/10.1038/nmeth.f.303
http://www.ncbi.nlm.nih.gov/pubmed/20383131
http://dx.doi.org/10.1128/AEM.03039-05
http://dx.doi.org/10.1128/AEM.03039-05
http://www.ncbi.nlm.nih.gov/pubmed/16885281
http://dx.doi.org/10.1093/nar/gkh293
http://www.ncbi.nlm.nih.gov/pubmed/14985472
http://dx.doi.org/10.1128/AEM.01733-10
http://www.ncbi.nlm.nih.gov/pubmed/21148691
http://dx.doi.org/10.1016/j.mimet.2006.02.002
http://www.ncbi.nlm.nih.gov/pubmed/16545875
http://dx.doi.org/10.1264/jsme2.ME12107
http://www.ncbi.nlm.nih.gov/pubmed/23124765
http://dx.doi.org/10.1038/nature09984
http://www.ncbi.nlm.nih.gov/pubmed/21562490
http://dx.doi.org/10.1016/j.femsec.2004.06.015
http://www.ncbi.nlm.nih.gov/pubmed/19712361

@° PLOS | ONE

Eukaryotes in anaerobic sludge digester

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

Leis S, Dresch P, Peintner U, Fliegerova K, Sandbichler AM, Insam H, et al. (2014) Finding a robust
strain for biomethanation: Anaerobic fungi (Neocallimastigomycota) from the Alpine ibex (Capra ibex)
and their associated methanogens. Anaerobe 29:34—43. doi: 10.1016/j.anaerobe.2013.12.002 PMID:
24384307

Zhu F, Massana R, Not F, Marie D, Vaulot D (2005) Mapping of picoeucaryotes in marine ecosystems
with quantitative PCR of the 18S rRNA gene. FEMS Microbiol Ecol 52:79-92. doi: 10.1016/j.femsec.
2004.10.006 PMID: 16329895

Amann R, Ludwig W, Schleifer KH (1995) Phylogenetic identification and in situ detection of individual
microbial cells without cultivation. Microbiol Rev 59:143-169. PMID: 7535888

Yamaguchi T, Kawakami S, Hatamoto M, Imachi H, Takahashi M, Araki N, et al. (2015) In situ DNA-
hybridization chain reaction (HCR): a facilitated in situ HCR system for the detection of environmental
microorganisms. Environ Microbiol 17:2532-2541. doi: 10.1111/1462-2920.12745 PMID: 25523128

Luo Q, Krumholz LR, Najar FZ, Peacock AD, Roe BA, White DC, et al. (2005) Diversity of the microeu-
karyotic community in sulfide-rich Zodletone Spring (Oklahoma). Appl Environ Microbiol 71:6175—
6184. doi: 10.1128/AEM.71.10.6175-6184.2005 PMID: 16204536

Dawson SC, Pace NR (2002) Novel kingdom-level eukaryotic diversity in anoxic environments. Proc
Natl Acad Sci USA 99:8324-8329. doi: 10.1073/pnas.062169599 PMID: 12060775

Brad T, Braster M, van Breukelen BM, van Straalen NM, Roling WFM (2008) Eukaryotic diversity in an
anaerobic aquifer polluted with landfill leachate. Appl Environ Microbiol 74:3959-3968. doi: 10.1128/
AEM.02820-07 PMID: 18469120

Lepére C, Domaizon |, Debroas D (2007) Community composition of lacustrine small eukaryotes in
hyper-eutrophic conditions in relation to top-down and bottom-up factors. FEMS Microbiol Ecol
61:483—-495. doi: 10.1111/].1574-6941.2007.00359.x PMID: 17655711

Webster CE, Odds FC (1987) Growth of pathogenic Candida isolates anaerobically and under elevated
concentrations of CO, in air. J Med Vet Mycol 25:47-53. PMID: 3106612

Calderone RA, Fonzi WA (2001) Virulence factors of Candida albicans. Trends Microbiol 9:327-335.
PMID: 11435107

Lasken RS (2007) Single-cell genomic sequencing using multiple displacement amplification. Curr Opin
Microbiol 10:510-516. doi: 10.1016/j.mib.2007.08.005 PMID: 17923430

Musat N, Foster R, Vagner T, Adam B, Kuypers MMM (2012) Detecting metabolic activities in single
cells, with emphasis on nanoSIMS. FEMS Microbiol Rev 36:486-511. doi: 10.1111/j.1574-6976.2011.
00303.x PMID: 22092433

Okabe S, Kindaichi T, Ito T (2004) MAR-FISH-An ecophysiological approach to link phylogenetic affilia-
tion and in situ metabolic activity of microorganisms at a single-cell resolution. Microbes Environ
19:83-98.

PLOS ONE | DOI:10.1371/journal.pone.0172888 March 6,2017 13/13


http://dx.doi.org/10.1016/j.anaerobe.2013.12.002
http://www.ncbi.nlm.nih.gov/pubmed/24384307
http://dx.doi.org/10.1016/j.femsec.2004.10.006
http://dx.doi.org/10.1016/j.femsec.2004.10.006
http://www.ncbi.nlm.nih.gov/pubmed/16329895
http://www.ncbi.nlm.nih.gov/pubmed/7535888
http://dx.doi.org/10.1111/1462-2920.12745
http://www.ncbi.nlm.nih.gov/pubmed/25523128
http://dx.doi.org/10.1128/AEM.71.10.6175-6184.2005
http://www.ncbi.nlm.nih.gov/pubmed/16204536
http://dx.doi.org/10.1073/pnas.062169599
http://www.ncbi.nlm.nih.gov/pubmed/12060775
http://dx.doi.org/10.1128/AEM.02820-07
http://dx.doi.org/10.1128/AEM.02820-07
http://www.ncbi.nlm.nih.gov/pubmed/18469120
http://dx.doi.org/10.1111/j.1574-6941.2007.00359.x
http://www.ncbi.nlm.nih.gov/pubmed/17655711
http://www.ncbi.nlm.nih.gov/pubmed/3106612
http://www.ncbi.nlm.nih.gov/pubmed/11435107
http://dx.doi.org/10.1016/j.mib.2007.08.005
http://www.ncbi.nlm.nih.gov/pubmed/17923430
http://dx.doi.org/10.1111/j.1574-6976.2011.00303.x
http://dx.doi.org/10.1111/j.1574-6976.2011.00303.x
http://www.ncbi.nlm.nih.gov/pubmed/22092433

