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ABSTRACT

The knowledge about the members of active archaea communities in DWDS is limited. The current un-
derstanding is based on high-throughput 16S ribosomal RNA gene (DNA-based) amplicon sequencing that
reveals the diversity of active, dormant, and dead members of the prokaryote (bacteria, archaea) commu-
nities. The sequencing primers optimized for bacteria community analysis may underestimate the share
of the archaea community. This study characterized archaea communities at five full-scale drinking water
distribution systems (DWDS), representing a variety of drinking water production units (A-E); A&B use ar-
tificially recharged non-disinfected groundwater (ARG), the other DWDS’s supplied water disinfected by
using ultraviolet (UV) light and chlorine compounds, C&D were surface waterworks and E was a ground
waterworks. For the first time for archaea community analyses, this study employed the archaea-specific
high-throughput sequencing primers for 16S ribosomal RNA (rRNA) as a target (reverse-transcribed cDNA;
an RNA-based approach) in addition to the previously used 16S rRNA gene target (rDNA; a DNA-based ap-
proach) to reveal the active fraction of the archaea present in DWDS. The archaea community structure
in varying environmental conditions in the water and biofilm of the five DWDSs were investigated by
taking into consideration the system properties (cold or hot water system) and water age (distance from
the treatment plants) in samples from each season of one year.

The RNA-based archaea amplicon reads were obtained mostly from cold water samples from DWDSs
(A-B) distributing water without disinfection where the DNA-based and RNA-based analysis created sep-
arate clusters in a weighted beta-diversity analysis. The season and location in DWDS A further affected
the diversity of these archaea communities as was seen by different clusters in beta-diversity plots. The
recovery of archaea reads was not adequate for analysis in any of the disinfected samples in DWDSs C-E
or non-disinfected hot water in DWDSs A-B when utilizing RNA-based template. The metabolically active
archaea community of DWDSs thus seemed to be effectively controlled by disinfection of water and in
the hot water systems by the temperature. All biofilms regardless of DWDS showed lower species rich-
ness values (mainly Nitrososphaeria class) than non-disinfected water from DWDSs A-B where several ar-
chaea classes occurred (e.g. Woesearchaeia, Nitrososphaeria, Micrarchaeia, Methanomicrobia, Iairchaeia, Bath-
yarchaeia) indicating only part of the archaea members were able to survive in biofilms. Thus, Archaea
has been shown as a significant part of normal DWDS biota, and their role especially in non-disinfected
DWDS may be more important than previously considered.
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1. Introduction

Drinking water distribution systems (DWDS) have diverse bi-
otic communities from wide taxonomic ranges such as archaea,
bacteria, eukaryotes, and viruses (Wielen et al., 2009; Prest et al.,
2016; Inkinen et al., 2016, 2019). Although archaea are an impor-
tant domain of microbes, most of these communities have uncul-
tured nature and thus they are not fully understood in the dis-
cussion of DWDS microbiomes (Prest et al., 2016; Steen et al.,
2019). Therefore, research reports related to archaea in DWDS
are rare (Wielen et al, 2009; Roeselers et al., 2015; Bautista-
de los Santos et al., 2016; Bradley et al., 2020). In drinking water
treatment plants, ammonia-oxidizing archaea (AOA) have shown
high abundance and are responsible for the nitrification activ-
ities in the water treatment filtration processes (Wielen et al.,
2009; Kasuga et al., 2010). Ammonium can be present in DWDS
of ground waterworks and at surface waterworks too when chlo-
ramination is used for disinfection, and thus in these systems, the
proportion of AOA communities could be high (Wielen et al., 2009;
Waak et al,, 2019; Bradley et al., 2020).

Until recently, it was thought that only a few types
of bacteria in the genera Nitrosomonas, Nitrosospira, and Ni-
trosococcus have a key role in ammonia oxidation. However,
Koenneke et al. (2005) discovered the important role of archaea
in ammonia oxidation. Since their discovery, AOA has often been
found to outnumber the ammonia-oxidizing Bacteria in many
habitats. The occurrence of archaea and their metabolic func-
tions in the Earth’s natural habitats (e.g. aquatic environments,
soils) and man-made systems (e.g. wastewater treatment plants)
have been reported (Wielen et al, 2009; Auguet et al, 2010;
Gonzalez-Martinez et al., 2018). Archaea can survive in nutrient-
poor oligotrophic settings, such as subsurface environments, in a
viable state with an extremely low metabolic rate (Hoehler and
Jorgensen, 2013). Archaea have even been suggested to be crucial
in the development of microbial co-occurrences and to play a vital
role in maintaining microbial ecosystems in the soil environment
(Shi et al., 2019).

The microbial growth in DWDS occurs within the biofilms at
the inner surfaces of the pipelines and may change the phys-
ical, chemical, and biological characteristics of drinking water
(Lie et al., 2016). Therefore, two approaches; disinfection (such as
chlorination, UV) and intensive removal of nutrients (biologically
available organic carbon and phosphorus) are commonly prac-
ticed for keeping DWDSs biologically stable (Ikonen et al., 2017;
Zhang et al.,, 2017; Bautista-de los Santos, et al. 2019; Dai et al,,
2020). Further, the availability of micro-nutrients such as iron,
manganese, and zinc in DWDS increases the autotrophic commu-
nities (Liu et al., 2016). The grow-die cycle of biofilm communities
in the DWDS might increase the availability of nutrients for further
biological growth (Fish et al., 2015; Lie et al., 2016).

In ecological microbiome studies including the drinking wa-
ter environment, the major focus has been to study the Bacte-
ria domain. For Bacteria, widely utilized universal primer pairs
detect also Archaea, but their Archaea coverage might be poor
(Klindworth et al., 2013; Roeselers et al., 2015; Thijs et al., 2017;
Zhang et al., 2017). New archaea primers have been designed and
utilized for better coverage and specificity (Stahl and Amann, 1991;
Gantner et al., 2011). In recent years, varying archaea-specific
primers have been successfully utilized to better describe archaea
diversity in varying habitats, including DWDS biofilms (Fish et al.,
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2015), wastewater, and soil (Shi et al., 2019). The aforementioned
microbial community studies have targeted the 16S ribosomal RNA
genes (DNA-based method) and thus detect active, dormant, and
dead community members. In previous studies of bacteria and eu-
karyotes in DWDSs, ribosomal RNA (RNA-based method) has been
utilized for reverse-transcribed RNA prior to sequencing as com-
plementary DNA (cDNA) to capture active community members
(Inkinen et al., 2016, 2019). By using high-throughput techniques,
an RNA-based template has recently been used to study archaea
communities in the bovine rumen (Kang et al., 2013), and anaer-
obic digestion (Vrieze et al., 2018). In one earlier study, an RNA-
based template was also used as a target for archaea in a fluores-
cent oligonucleotide probe (Manz et al., 1993).

This study comprehensively investigated archaea communities
existing in full-scale DWDSs by using an archaea-specific primer
pair for high-throughput sequencing utilizing DNA- and RNA-
based templates. The study was extended to assess the impact of
DWDS properties with a strong focus on evaluating both the over-
all and active/dormant archaea communities. To capture the ar-
chaea diversity, varying environmental conditions were included:
non-disinfected systems and systems with post-treatment disinfec-
tion (UV, chlorination, or chloramination), surface water, artificial
recharge groundwater or groundwater as source waters for drink-
ing water production, as well as samples from the various DWDS
habitats (water or biofilm), system properties (cold or hot water
system), location in the DWDS (water age) and seasons of the year
(winter, spring, summer, and autumn).

2. Material and methods
2.1. DWDS sample and water quality data collection

Water samples were collected from five different DWDSs (A-E)
of Finland. Each DWDS served waterworks with varying raw water
sources, purification processes, and varying disinfection treatments
as follows: artificial groundwater production without any disin-
fection (DWDSs A-B, in the same city), surface waterworks with
chlorine dioxide (CIO,), and chlorine (Cl,) disinfection (DWDS C),
surface waterworks with chloramine (NH,Cl) disinfection (DWDS
D) and groundwater distributed with sodium hypochlorite (NaOCl)
(DWDS E). All disinfection treatments (DWDSs C-E) included UV
disinfection before chlorination.

A total of 180 samples; including cold drinking water (N = 119),
hot water (N = 40), biofilm, i.e. pipeline biofilm or water meter
soft deposits (N = 16), and water meter related water (N = 5) sam-
ples were analysed. A detailed description of the sampling, sample
processing as well as specific details of drinking water distribution
system (DWDS) characteristics, sampling details, and water qual-
ity measurement results can be found in our previous research pa-
pers focusing on eukaryotic communities (Inkinen et al., 2019) and
physico-chemical water quality (Ikonen et al., 2017).

In each DWDS A-E, large volume water samples (100 L) from
taps were collected and filtered using a dead-end ultrafiltration
method (DEUF) (Smith and Hill 2009; Inkinen et al, 2019). A
hollow-fiber polysulfone filter (ASAHI Rexeed-25A, Asahi Kasei
Medical Co., Ltd., Tokyo, Japan) was attached to a tap for sample
collection and eluted later in the laboratory (Smith and Hill 2009).
The average flow of water during sample collection was 3 L/min.
The samples were collected in two consecutive weeks in each of
the four seasons: winter (January-February), spring (March-May),
summer (August-September), and autumn (October-December), in
the year 2015. Water sampling in all seasons and within each
DWDS included three different locations at increasing distances
(cumulative pipe length; 1-9 km, 3-26 km, and 11-36 km) from
the waterworks (Inkinen et al., 2019). Besides, hot water sam-
ples were collected merely from the second location (3-26 km).
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One to three biofilm samples were collected from each DWDS (A-
E) as pipeline biofilm or water meter soft deposits. Biofilm sam-
ples from the late autumn season included three pipeline samples
from the second location in waterworks D-E using 15 cm detach-
able pieces of pipe as pipe collectors. Water meter biofilms in-
cluded samples from varying locations within DWDSs (two each
in DWDS A-C, one in DWDS D, and three in DWDS E). Biofilm of
the pipe collector was removed by shaking 1350 rpm for 3 x 5 min
(Heidolph Vibramax, Schwabach, Germany) with sterile 2 mm glass
beads (Karl Hecht GmbH & Co. KG, Germany) followed by rinsing
with 5-ml sample water (Inkinen et al., 2019). Biofilm from water
meters was detached by brushing and collected using a pipette. All
biofilm samples were sonicated for 1 min in 40kHz (Branson Ul-
trasonics, Danbury, USA). Two water meter related water samples
were collected from each DWDSs A-B and one in DWDS C. Filtra-
tion through a polycarbonate membrane (Nuclepore Polycarbonate,
Whatman, Kent, UK) with a pore size of 0.4 pm was conducted on
the water samples (ca. 75 ml DEUF eluate, range 65-145 ml) and
biofilms (10 ml suspension) for a secondary concentration of bacte-
ria and archaea biomass. The final DEUF eluate volumes for analy-
sis corresponded to water volumes of 8-25 L (mean 14 L). Negative
controls (N = 35) were taken at different sample processing steps
as earlier described (Inkinen et al., 2019). Positive controls for ar-
chaea were not available. Membranes were kept frozen at —75 °C
before extraction of nucleic acids.

2.2. DNA and RNA extraction, and PCR amplification

DNA and RNA were extracted from the membranes as described
earlier (Inkinen et al., 2019). In brief, total nucleic acids were ex-
tracted to a final elution volume of 100 pl using a Chemagic DNA
Plant kit (Perkin Elmer, Waltham, MA, USA) following the man-
ufacturer’s instructions without removing the RNA. The RNA was
purified from a 30 ul subsample of the extracted nucleic acids us-
ing an Ambion TURBO DNA-free™ kit (Life Technologies, Carlsbad,
CA, USA) followed by reverse transcription to complementary DNA
(cDNA) using the Invitrogen™ Superscript III First-Strand Synthesis
System (Thermo Fisher Scientific, Waltham, MA, USA).

Barcoded primers A340F (5'-CCCTAYGGGGYGCASCAG-3')
(Gantner et al., 2011) and 915R (5’-TGTGCTCCCCCGCCAATTCCT-3')
(Stahl and Amann, 1991), designed specifically for archaea, were
used in a tagged amplicon PCR before the Illumina MiSeq sequenc-
ing process. The PCR reaction was conducted as described earlier
(Inkinen et al., 2019) and included ca. 1-10 ng of nucleic acids.
[llumina libraries were constructed using a ca. 100 ng purified
amplicon pool, and gel electrophoresis was used for pooling and
size selection at LGC Genomics GmbH (Berlin, Germany).

2.3. Next-generation sequencing and bioinformatics

Sequencing was performed on an Illumina MiSeq platform
that produced 300 base pair (bp) paired-end reads (Illumina, Inc.,
San Diego, CA, US). The data were denoised by using the DADA2
protocol (software version 1.8) to produce amplicon sequence
variants (ASVs) (Callahan et al., 2016). Since the overlap was
just 25 reads with the archaea primers used (A340F-915R), the
initial pre-processing of reads for low-quality removal reduced
the whole overlap region in the upstream analysis. However,
the information from both the R1 and R2 reads together is
more informative for taxonomy identification with higher accu-
racy. The R1 and R2 reads were stitched with ambiguous "N"
as done in an earlier study (Jeraldo et al., 2014). Before stitch-
ing, all reads were checked for missing overlap regions. The
code for stitching Read 1 (filel.R1.preprocessed.cleaned.fastq)
and Read 2 (file1.R2.preprocessed.cleaned.fastq) was
as follows: paste file.R1.preprocessed.cleaned.fastq -d "
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" file.R2.preprocessed.cleaned.fastq | sed ’'s/ /NNNNNNNNNN/g’
> stitched_reads_file1.R1_R2.fastq.

During the insertion of ambiguous “N”, the R1 and R2 pro-
cessed reads were joined as a single read (R1-N-R2) by map-
ping and aligning to the full-length 16S region before proceed-
ing further in the analysis pipeline. The sequence table was con-
structed, and chimeras were removed using a “per-sample” method
(Callahan et al., 2016). The final ASV table was constructed and
the taxonomy was assigned using the SILVA database version 128
release (Quast et al.,, 2013; Ylimaz et al., 2014). Then, the down-
stream processing of the ASV table was performed using the QIIME
software package (version 1.9.1) (Caporaso et al., 2010) and visual-
ized in the MicrobiomeAnalyst software package (Dhariwal et al.,
2017; Chong et al., 2020).

2.4. Data analyses and statistics

The initial alpha-rarefaction limit (402 total sequences) for the
entire data including all three domains (Archaea, Bacteria, Eu-
karyota) was determined based on sample versus negative con-
trols present in the same beta-diversity plots produced in the QI-
IME software and visualized in the EMPeror software (Vazquez-
Baeza et al., 2013), according to the total read counts. A new ASV
table containing only archaea (rarefraction 375) was filtered from
the entire table (Archaea, Bacteria, Eukaryota) for further analy-
sis in MicrobiomeAnalyst. Samples that produced less than 375 ar-
chaea reads were excluded from the analysis afterward based on
beta-diversities, alpha-diversity values, and taxa profile compar-
isons. During analysing each subsample type in MicrobiomeAna-
lyst, the data was rarefied into the lowest number of reads of the
particular subsample type for avoiding the biased of the high vari-
ation of read numbers (Dhariwal et al., 2017; Chong et al., 2020).
The rarefraction limit for each subsample type is described in each
table and figure. Only sample sets (e.g. DWDS, sample type, loca-
tion, DNA/RNA) that produced on average enough archaea reads
(archaea reads >30% relative abundance) for analysis were chosen
to produce representative archaea community characterization re-
sults for the given environment.

Alpha-diversity values were calculated from the ASV table us-
ing standard metrics such as observed ASVs, Chaol, ACE, Simpson,
and Shannon. Alpha-diversity indices were compared between dif-
ferent sample water types with non-parametric Kruskal-Wallis and
Mann-Whitney tests in IBM SPSS (version 27).

Beta-diversity values (weighted Bray-Curtis and unweighted Bi-
nary Jaccard distance matrices) were calculated from the ASV ta-
ble and differences between the samples were displayed using an
analysis of similarity (ANOSIM) for non-metric multidimensional
scaling (NMDS) plots. Unweighted beta-diversity (Jaccard) was re-
ported if the visual analysis showed different main observations
compared to the weighted beta-diversity (Bray-Curtis). Taxa sum-
maries by relative abundance (%) were calculated for representa-
tive taxa (class and genus level). The absolute abundance of ASVs
for the entire dataset was visualized as a heatmap, hierarchically
clustered on a taxon scale (archaeal class) based on the default
Euclidean distance and average clustering method. The taxa sum-
maries, heatmap clustering analysis as well as the alpha- and beta-
diversities of the entire archaea data were calculated and visual-
ized using the MicrobiomeAnalyst software.

The majority of the statistical analyses were performed on the
water data from DWDSs A-B as these contained enough reads to
capture the characteristics of the archaea community. Only the
RNA of the hot water samples failed to yield enough archaea reads
in DWDSs A-B. Three main subsets: 1) the entire dataset of 119
archaea samples (main drivers i.e. clusters of the archaea commu-
nities), 2) cold water from non-disinfected DWDSs A-B consisting
of 84 samples excluding water meter samples (DNA/RNA, DWDS,
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Table 1
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Summary of all DNA-based library reads (rarefraction 402). The archaea read numbers are marked bold if the sampling location was considered to contain enough
archaea reads for analysis. Only location 3 was included for analysis in DWDS D. Others include Eukaryota or unassigned domain reads.

DWB6Surce Total reads (100%) Archaea reads (83.8%) Bacteria reads (10.0%) Other (6.2%)
Avg. Min Max N Avg. Min Max % Avg. Min Max % Avg. Min Max
A Cold water 3810 610 10,450 25 3750 610 10450 984 <5 0 30 0.0 60 60 60
Hot water 2410 500 4570 6 2150 440 4290 89.6 120 40 200 4.9 130 20 340
Biofilm 62,710 37,140 88280 2 62,420 36,930 87,910 995 30 30 40 0.1 260 180 340
B Cold water 6950 610 52,890 26 6880 590 52,750 99.0 © 0 <5 0.0 70 0 390
Hot water 4290 1190 8900 7 3630 1110 8830 84.8 440 <5 1220 103 210 30 690
Biofilm 15,570 14,480 16,670 2 15330 14,280 16,370 984 <5 0 1 0.0 240 190 290
C Cold water 1520 400 6440 20 <5 0 20 0.2 870 40 5920 57.0 650 10 1580
Hot water 1360 490 2720 5 0 0 0 0.0 700 70 1700 51.7 660 360 1670
Biofilm 3460 3460 3460 1 0 0 0 0.0 2190 2190 2190 63.3 1270 1270 1270
D Cold water 5740 500 45640 15 4660 0 44,860 81.0 140 0 350 24 950 40 1990
Hot water 2570 740 3980 6 10 0 60 0.4 180 0 550 7.0 2380 740 3830
Biofilm 8040 1830 14,630 4 2790 0 11,140 346 28380 50 10,730 358 2380 1340 3900
E Cold water 1410 440 3570 7 160 20 530 11.0 850 0 3520 60.0 410 0 1350
Hot water 7440 1300 20,280 6 <5 0 30 0.1 7370 1300 20,170 99.0 70 0 180
Biofilm 31,440 27,280 35590 2 31,230 26,930 35530 993 50 0 100 0.2 160 60 260
Table 2

Summary of all the RNA-based library reads (rarefraction 402). Only cold water and the biofilm from DWDSs A-B contain sufficient archaea read counts for further

analysis (bold numbers). Others include Eukaryota or unassigned domain reads.

DWB6Surce Total reads (100%) Archaea reads (12.7%)
Avg. Min Max N Avg. Min

A Cold water 4600 470 9310 21 1990 70
Hot water 12,820 410 30,340 8 100 0
Biofilm 17,770 15,090 20,450 2 13,460 12,990

B Cold water 6210 410 17,270 22 4180 50
Hot water 18,120 1170 48,430 7 170 0
Biofilm 17,860 2260 33,460 2 7660 20

C Cold water 22,080 1760 84,160 22 0 0
Hot water 32,160 420 53,210 7 <5 0
Biofilm 26,300 2670 49,940 2 10 0

D Cold water 14,190 640 35,090 23 10 0
Hot water 3840 2160 5610 6 0 0
Biofilm 23,150 10,560 44,240 4 <5 0

E Cold water 7490 480 31,850 18 170 0
Hot water 8890 870 14,170 6 <5 0
Biofilm 4790 730 16,780 5 220 0

Bacteria reads (87.3%) Other (0.004%)

Max % Avg. Min Max % Avg. Min Max
5700 43.2 2610 400 6300 56.8 <5 0 10
310 0.8 12,710 410 30,310  99.2 0 0 0
13,940 758 4310 2100 6510 24.2 0 0 0
16,510 67.2 2030 220 6330 327 <5 0 10
400 0.9 17,950 1170 48,380  99.1 0 0 0
15,220 429 10,200 2170 18,230 57.1 0 0 0
<5 0.0 22,080 1760 84,160 1000 O 0 0
10 0.0 32,160 420 53,200 100.0 <5 0 10
20 0.0 26,300 2660 49,940 1000 O 0 0
110 0.0 14,190 640 35090 1000 O 0 0
0.0 3840 2160 5600 100.0 <5 0 <5
20 0.0 23,150 10,560 44,220 1000 O 0 0
1560 2.3 7320 480 31,850 977 <5 0 20
<5 0.0 8880 870 14,170 1000 <5 0 10
830 4.6 4570 730 16,600 954 0 0 <5

season, location) and 3) second sampling locations of DWDSs A-B
including 29 samples (cold versus hot water, only DNA) were used
for statistical analysis. The statistical significance level of P < 0.05
was used in all statistical analyses.

2.5. Availability of data and material

Primer clipped reads were deposited in the Sequence Read
Archive (SRA) of NCBI under existing BioSample accession num-
bers from SAMN10653499 to SAMN10653948 of the BioPro-
ject PRJNA509718 (Inkinen et al., 2019) with a new submission
(SUB6956053) describing archaea sequences. All samples and con-
trols in this project are listed in a metadata file (Supplementary
file 6, Table S3).

3. Results
3.1. Archaea reads coverage and data description of all domains

From the 360 samples, 335 samples produced reads in high-
throughput sequencing analyses. A rarefaction value of 402 for the
total reads based on controls was used to filter out low total read
samples which yielded 289 samples for further analysis. Overall,
768,600 DNA-based reads (Table 1) and 3722,244 RNA-based reads
(Table 2) were obtained while accounting for Bacteria, Archaea, and
Eukaryota reads together.

Not all samples produced archaea reads. More archaea reads
were obtained in the DNA-based library than the RNA-based li-
brary, which contained more bacterial reads (Tables 1 and 2).

Only certain locations were chosen for further analysis of the ar-
chaea. In the DNA-based library, all samples from waterworks A
and B, cold water and water meter biofilm samples from wa-
terworks D (location 3), as well as biofilm samples from water-
works E were selected for further archaea analyses (Table 1). In
the RNA-based library, only cold water and biofilms from the non-
disinfected DWDSs A and B contained enough archaea reads for
analysis (Table 2).

3.2. Archaea communities in water and biofilms

A total of 119 samples were analysed for their archaea commu-
nities and produced >375 reads classified as archaea (rarefaction
value of archaea sub-sample) from the selected sampling locations
(Tables 1-2). The final dataset consisted of cold water (55 DNA-
based and 37 RNA-based samples), hot water (17 DNA-based sam-
ples), and water meter biofilms (7 DNA-based and 3 RNA-based
samples). Overall, the data contained 7847 different amplicon se-
quence variants (ASVs) that resulted in the further analyses of 1384
ASVs after removal of features that occurred only in one sample.
From these 1384 ASVs (Supplementary file 1: Table S1), only 36
ASVs (2.6%) could be identified at the genus level and 138 ASVs at
the order level (10%). Most ASVs achieved identification only at the
class level (1327 ASVs, 96%). On average, 6483 archaea reads were
obtained per sample (minimum 375 to maximum 87,908 reads).

The weighted beta-diversity of the archaea communities formed
clear clusters (R = 0.69, P < 0.001, ANOSIM): RNA-based (cluster I)
and DNA-based (cluster II) ASV in the non-disinfected DWDS A-
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Fig. 1. Archaea community separated in clusters from RNA-based reads libraries from DWDSs A-B cold water samples(cluster I), DNA-based reads libraries from DWDSs
A-B cold and hot water (cluster II), and RNA and DNA -based reads libraries from the cold water of disinfected DWDS D (cluster III) and water meter biofilms (cluster IV)
presented as a) non-metric multidimensional scaling (NMDS) plots of weighted Bray-Curtis beta-diversities and b) Chaol and c) Shannon alpha-diversity indexes. RNA-based

sequencing reads libraries from biofilm samples are marked with an asterisk(*).

B water samples, reads from disinfected DWDS D water samples
(cluster III) and water meter biofilms at all the studied DWDSs
(cluster 1V) (Fig. 1a). The alpha-diversities, species richness accord-
ing to the Chao1 index, and species richness and evenness accord-
ing to Shannon diversity estimate, indicated higher archaea diver-
sity in the water from DWDSs A-B compared to the water from
DWDS D and the water meter biofilms (Fig. 1b-c).

A heatmap clustering analysis revealed that non-disinfected
water from DWDSs A-B contained the highest abundance of ar-
chaea reads from the classes Micrarchaeia, Methanomicrobia, and
Nanohaloarchaeia in the RNA-based library (cluster I) and classes
Woesearchaeia and Group 11c in the DNA-based library (cluster II)
(Fig. 2). A relative abundance table (% per sample) further revealed
that most of the archaeal classes in this study were present in
the DWDSs A-B water samples (clusters I-II) in contrast to the
DWDS D water samples (cluster III) and biofilms (cluster IV) that
consisted of only two or three archaeal classes (Supplementary
file 2: Table S2). At the genera level, only Canditatus Nitrosoar-
chaeum, Candidatus Methanoperedens, and Candidatus Nitrosotalea
were abundant in both water sample RNA-based libraries (average
10-14%, Cluster 1) and DNA-based libraries (average 2-8%, cluster
.

Moreover, water from DWDS D (cluster III) and the biofilms
(cluster IV) contained a notably high abundance of reads from one
class: Nitrososphaeria (Fig. 2), forming on average 84% and 99%
relative abundance in these samples, respectively (Supplementary
file 2). Of this class, the genus Canditatus Nitrosoarchaeum was
highly abundant (90-100%) in disinfected systems i.e. DWDS D wa-
ter samples taken in the winter, spring, and summer season as well
as the DWDS D-E biofilm samples (Supplementary file 2). Another
genus, Candidatus Nitrosotenuis, was notably abundant (40-99%) in
the non-disinfected systems DWDSs A-B water meter biofilms of
both RNA-based and DNA-based sequence read libraries excluding
one biofilm (DNA) that consisted mainly of Canditatus Nitrosoar-
chaeum (Supplementary file 2).

3.3. Archaea communities in cold non-disinfected water

3.3.1. The effect of the season

The beta-diversity of cold water from DWDSs A-B (N = 84) in-
dicated separate RNA-based and DNA-based clusters (R = 0.54, P <
0.001, ANOSIM) followed by a minor effect of the season (R = 0.18,
P < 0.001, ANOSIM) (Fig. 3a). The species richness (Chao1l) of the
total archaea community (N = 47, DNA-based) was significantly
affected by the season (P < 0.01, Kruskal-Wallis) (Fig. 3b). The
same phenomenon was seen in the active community (N = 37,
RNA-based) but was not statistically significant (Fig. 3c). In both
the total and active communities, the number of estimated species
reached the lowest values in winter and grouped apart from sam-
ples from other seasons (Fig. 3a-c). Moreover, the average rela-
tive abundance of the archaeal class Woesearchaeia seemed higher
in winter compared to other seasons, while the occurrence of a
few other classes (Methanomicrobia, Nitrosphaeria, Bathyarchaeia)
seemed less abundant in winter in both the DNA-based and RNA-
based samples (Fig. 3d-e). Moreover, the relative abundance of the
taxa profiles suggested the Nitrososphaeria class was particularly
active in the autumn, spring, and summer seasons and Methanomi-
crobia to be active in all seasons based on their higher abundance
of RNA-based compared to DNA-based (Fig. 3d-e).

3.3.2. The effect of the location

The effect of the distance from the waterworks, i.e., the sam-
pling location reflecting the water age, was notable in DWDS A for
both the active (N = 17, Fig. 4, Supplementary file 3: Fig. S1) and
total (N = 23, Supplementary file 3: Fig. S2-S4) archaea communi-
ties. Differences in the RNA-based sequence libraries according to
the sampling location for DWDS A are visible in the weighted beta-
diversity plot (R = 0.64, P < 0.001, ANOSIM) (Fig 4a). The location
also affected the alpha-diversities and the lowest alpha-diversity
values were noted in location 3 according to the Chaol richness
index (Fig. 4b) and Shannon evenness index (Supplementary file 3:
Fig. S1) although these were not statistically significant (P = 0.06-
0.07). The beta-diversity analysis by location revealed that the to-
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tal (DNA-based) archaea community showed similar characteris-
tics to the active (RNA-based) archaea community (R = 0.57, P
< 0.001, ANOSIM). Additionally, the alpha-diversity values were
significantly different between the locations (P < 0.05, Kruskal-
Wallis) (Supplementary file 3: Fig. S2-S3). However, the taxa abun-
dance profiles of the DNA-based sequences appeared similar via
visual inspection between the locations (Supplementary file 3: Fig.
S4). Instead, the RNA-based sequence libraries seemed to display
some minor changes in the relative abundances of a few archaeal
classes between the locations (Fig. 4c). The relative abundance of

Methanomicrobia and Nitrososphaeria increased whereas the rela-
tive abundance of Bathyarchaeia and Micrarchaea decreased in loca-
tion three compared to the first location. The same effect was not
evident in DWDS B as beta-diversity (RNA-based, N = 20; DNA-
based, N = 24) and alpha-diversities were not different between
the locations (P > 0.05) (Supplementary file 4: Fig. S5-S6).

3.3.3. Archaea communities between cold and hot water systems
The groups of cold and hot water samples from the sampling
location 2 in DWDSs A-B (DNA-based, N = 29) created distinct
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Table 3

Average (N = 12) alpha-diversity values and relative abundance estimates of the archaeal
classes. Cold and hot water from DWDSs A-B sampling location 2 (spring, summer, and
autumn seasons), alpha-diversity rarefaction value of subset 443.

Community estimator Analysis/taxa Cold water  Hot water

Alpha-diversity Richness, Chao 1 186 128
Evenness, Shannon 4.1 4.0

Relative abundance (%), class  Bathyarchaeia 5.4% 14.0%
Group 1 1c 0.1% 0.2%
lairchaeia 3.6% 4.5%
Marine Benthic Group A 0.4% 0.5%
Methanomicrobia 3.9% 0.8%
Micrarchaeia 3.6% 5.4%
Nitrososphaeria 19.3% 18.9%
Nanohaloarchaeia 0.2% 0.0%
Thermoplasmata 0.6% 0.8%
Not assigned 1.4% 2.6%
Woesearchaeia 61.4% 52.3%

clusters in a weighted beta-diversity Bray-Curtis analysis (R = 0.37,
P < 0.001, ANOSIM), in which also the winter samples (three cold
water and one hot water) created separate clusters regardless of
the water system (Supplementary file 5: Fig. S7). The archaea com-
munity characteristics in the cold and hot water systems within
comparable time points (spring, summer, and autumn seasons) are
presented in Table 3. The alpha-diversities measured as Chaol and
Shannon indexes were similar for the groups (P > 0.05) (Table 3).
The archaeal class abundance (%) profiles were similar for the
cold and hot water samples except for a few classes that seemed
slightly more abundant in hot water (Bathyarchaea) or cold water
(Methanomicrobia) (Table 3).

4. Discussion

4.1. Active or dormant (RNA-based) archaea communities exist in
DWDSs and display different characteristics to the total (DNA-based)
archaea community

To our knowledge, our work is the first to combine both
approaches—using cDNA derived from ribosomal RNA to describe
the active or dormant fraction of an archaea community and using
the rRNA gene (DNA) to describe the total community—in order
to obtain the most realistic picture of the archaea community in-
habiting full-scale DWDSs. Despite the successful recovery in the
archaea with the DNA-based method with 85-100% reads of the

total reads in the DWDSs A-B samples on average, the same re-
covery rate was not achieved by using the RNA-based method. In
this study, the maximum bacteria recovery (sequence reads identi-
fied as bacteria) with RNA-based method in DWDSs A-B was 57%
of cold water and biofilm samples due to successful archaea re-
covery (Table 2). This deviated from bacteria recovery in all sam-
ples from DWDSs C-E as well as in the hot water samples from
DWDSs A-B, which was on average >95%. Interestingly, in those
samples containing enough RNA-based sequence reads for com-
parison, the DNA-based and RNA-based archaea communities were
crucially different, as shown by the separate clusters in the beta-
diversity analysis as earlier reported in the aerobic digestion pro-
cess (Vrieze et al., 2018). The lower archaea recovery with the
RNA-based method could be due to the lower abundance of ac-
tive or dormant archaea compared to the corresponding bacteria
due to an average higher growth rate of bacteria than archaea
(Vrieze et al., 2018). The phenomenon may be dependent on the
environmental conditions, for example, higher optimum temper-
ature and lower pH in the soil for nitrification potential is usu-
ally preferred for ammonia-oxidizing archaea than for ammonia-
oxidizing bacteria (Gubry-Rangin et al, 2010; Zeng et al., 2011;
Mukhtar et al., 2019). Regardless of the methodology, archaea are
considered to be less abundant than bacteria in drinking water dis-
tribution systems and related habitats such as bottled groundwater,
with archaea being detected at very low levels (Manz et al., 1993;
Franca et al.,, 2015; Bautista-de los Santos et al., 2016). In one ear-
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lier DWDS study, specific probes were used to target rRNA, but ar-
chaea were not detected above the estimated detection limit of 103
to 104 ribosomes per cell (Manz et al., 1993). The low abundance of
RNA of some species might play a greater role in metabolism than
previously thought, and has been reported for novel methanogen
species in the rumen (Kang et al., 2013).

4.2. Archaea communities show more diversity in non-disinfected
water compared to biofilms or disinfected water

Of the potential ecological disturbances, active or dormant ar-
chaea seemed especially sensitive to disinfection based on the lack
of archaea reads for analysis recovered from any of the samples
collected from the disinfected systems DWDSs C-E. To support
this, in an extensive meta-study utilizing DNA, archaea sequences
were detected in less than 20% in chlorinated systems and almost
90% in disinfectant residual-free systems (Bautista-de los Santos
et al,, 2016). In the present study, water samples taken from non-
disinfected DWDSs A-B were more diverse with higher species
richness than the biofilms or disinfected DWDS D water and were
grouped apart from them according to their beta-diversity. Lower
diversity in biofilms to water suggests that only part of the archaea
members present in water were able to attach in biofilms and
survive there, a finding similar to our earlier observations when
DWDS bacteria were studied (Inkinen et al., 2016). Earlier obser-
vations by others report a generally lower abundance of microbial
communities in disinfected water systems and sensitivity of some
important archaea to chlorination, such as ammonia-oxidizing ar-
chaea in water treatment processes and DWDSs (Kasuga et al.,
2010; Bautista-de los Santos et al., 2016; Dai et al., 2020). Archaea,
similarly to other microorganisms, may be protectively sheltered in
biofilms against chlorination (Schwering et al., 2013; Fish and Box-
all, 2018).

Biofilms showed different characteristics to water with a lower
ASV richness and a high abundance of only a few taxa, mainly
Nitrosophaeria. Previous research has similarly reported archaea
as part of the biofilm community in DWDSs with low archaea
diversity which may involve different interactions with the en-
vironment than more diverse bacteria (Fish et al., 2015). Over-
all, archaeal phyla Euryarchaeota, Nanoarchaeaeota, Diapherotrites,
Thaumarchaeota, and Crenarchaeota have been found in both DNA-
based and RNA-based templates, and these have been also de-
tected earlier in DWDSs or drinking water-related environments
(Franga et al,, 2015; Roeselers et al., 2015; Bautista-de los Santos
et al,, 2016; Dai et al., 2020). Similar to the abovementioned stud-
ies, we could not reach beyond the phylum or class level. Only <3%
of the ASVs were identified at the genus level (Supplementary file
1) which suggests that typical archaea in DWDSs are not fully cov-
ered in the current SILVA reference database.

4.3. Water temperature, season, and location in DWDS affect archaea
communities

Archaea were not recovered from the RNA-based library of the
hot water samples suggesting the high water temperature, on aver-
age 53.8-57.7 °C in the DWDSs A-B water samples (Inkinen et al.,
2019) effectively controlled the active and dormant fraction of the
archaea communities. The selective pressure of hot water has been
shown in earlier studies to affect also bacterial and eukaryotic
communities (Dai et al.,, 2018; Inkinen et al., 2019). Slightly lower
species richness was observed in hot water compared to the ar-
chaea in cold water, however, this difference was not found to
be statistically significant. Our earlier work from the same system
found a reduced number of eukaryotic diversity in hot water as
compared to the cold water systems (Inkinen et al., 2019). In DNA-
based libraries of the present work, the same archaeal classes oc-
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curred in cold and hot water with an increased relative abundance
of Bathyarchaiea suggesting this class may have at some point had
a competitive advantage due to the ecological disturbance of the
high temperature.

The season had an impact on the archaea communities with
the lowest species richness in the winter season in DWDSs A-
B in both DNA-based and RNA-based sequencing read libraries.
This may be in part due to changes in the water temperature
and also absorbance varies between the seasons in the studied
DWDSs (Ikonen et al., 2017). Previous studies have highlighted this
phenomenon for total cell counts and bacterial communities in
DWDSs where the seasonal variation is typical and correlates es-
pecially with temperature (Pinto et al., 2014; Prest et al., 2016;
Schleich et al., 2019). Some archaea members, e.g. Methanomicro-
bia, were less abundant in the winter than other seasons. This class
has earlier been reported to flourish in the summer season in lit-
toral sediment in the sea (Yan et al., 2018). Moreover, changes in
raw water quality could also explain the changes in the DWDSs be-
cause structures of archaea communities in freshwater are known
to change along with the seasons of the year (Li et al., 2015).

The location within the DWDSs might affect the archaea com-
munities too. In this study, the sampling locations in DWDS A
created separate clusters in terms of their beta-diversity, and dif-
ferences in the ASV richness values were observed. In an ear-
lier study of the same five DWDSs targeting eukaryote commu-
nities, the effect of location on the species richness was even
more pronounced covering all DWDSs (Inkinen et al., 2019). In the
same system also heterotrophic bacteria plate counts varied be-
tween locations in DWDSs A and B (lkonen et al., 2017). More-
over, earlier studies have reported changes in bacterial commu-
nity structures between different locations in full-scale DWDSs and
even within a single building (Pinto et al., 2014; Inkinen et al.,
2016; Schleich et al., 2019). Possible reasons for spatial differ-
ences could include changes in environmental factors or archaea
species regrowth, interactions with biofilms, or the differences
in survival. The relative abundance of the class Nitrososphaeria—
the most abundant class in the biofilm samples—was increased in
RNA-based sequencing read libraries at DWDS A location 3 sug-
gesting the detachment of biofilms in the water (Wingender and
Flemming, 2004). Moreover, the archaea that were found solely in
the disinfected DWDS D water at location 3 (the farthest sampling
location) may have originated from biofilms, as the water samples
were clustered close to the biofilm in a beta-diversity plot and con-
tained mainly the archaeal genus Candidatus Nitrosoarcheaum (Ni-
trososphaeria class), which is a genus found especially rich in the
biofilms of disinfected systems (DWDSs D-E).

Our study has indicated not only Bacteria but also a wide set
of Archaea can grow in DWDS, especially in unchlorinated systems.
The domain Archaea and its functions are not well understood
yet, and more work is required to develop the taxonomic database
to enable the assignment of the sequencing reads to the genus
level. Without such information, the exact implications of the find-
ings to the water systems management are difficult to make. Of
the identified Archaea in our study, DWDS D distributing water
disinfected by using chloramination implicated that the farthest
location from the waterworks (19 km’s distance) was inhabited
with AOA. This might tentatively affect the efficiency of the post-
chlorination and/or cause disinfection byproducts (Waak et al.,
2019). In the future, more phenomena could be explained by us-
ing a holistic approach studying all members of the microbiome.
For example, in addition to 16S and 18S rRNA gene studies, also
metagenomics and virus communities could be investigated. Even-
tually, one future aspect could be even to engineer the DWDS mi-
crobiome in a way that the microbes causing adverse health effects
could be suspended (Neu and Hammes, 2020). This would require
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further understanding of the relationships between different do-
mains of lives occurring in the DWDS.

5. Conclusions

o Archaea communities including active or dormant archaea were
revealed in the drinking water system at detectable levels in
certain environmental conditions, especially DWDS supplying
for non-disinfected waters.

Cold non-disinfected water from the two separate waterworks
from the same city and both using artificial groundwater
sources contained an especially diverse archaea community.

e In non-disinfected water, up to ten archaeal classes were
present as opposed to less diverse biofilms, and in disinfected
water that accounted only for a few highly abundant taxa.
Disinfection seemed to control both total and active archaea oc-
currence in DWDS water and hot water temperature seemed to
control the active archaea occurrence in DWDS water.

o The season and distance from the waterworks both affected the
archaea communities.

The functional role of archaea in DWDS may be more important
than previously thought and should be further studied.
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