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While some microbial eukaryotes can improve efftugmality in wastewater treatment plants
(WWTPs), eukaryotic waterborne pathogens are athiepublic health. This study aimed to
identify Eukarya, particularly faecal pathogenduding Cryptosporidium, in different treatment
stages (influent, intermediate and effluent) fraarfWWTPs in Western Australia (WA). Three
WWTPs that utilise stabilisation ponds and one WWi& uses activated sludge (oxidation
ditch) treatment technologies were sampled. Eukeryi8S rRNA (18S) was targeted in the
wastewater samples € 26) for next-generation sequencing (NGS), antkenmalian-blocking
primer was used to reduce the amplification of mafan DNA. Overall, bioinformatics
analyses revealed 49 eukaryotic phyla in WWTP sasmy@nd three of these phyla contained
human intestinal parasites, which were primariliedeed in the influent. These human intestinal
parasites either had a low percent sequence cotigposr were not detected in the intermediate
and effluent stages and included the amoebozdamlimax sp., Entamoeba sp. and
lodamoeba sp., the human pinworrnterobius vermicularis (Nematoda), an@lastocystis sp.
subtypes (Sarcomastigophora). $Bkastocystis subtypes and fouEntamoeba species were
identified by eukaryotic 18S NGS, howevéryptosporidium sp. andGiardia sp. were not
detected. Real-time polymerase chain reaction (P@R() failed to detecGiardia, but
Cryptosporidium-specific NGS detecte@ryptosporidium in all WWTPs, and a total of nine
species were identified, including five zoonotidhmmens. Although eukaryotic 18S NGS was
able to identify some faecal pathogens, this stody demonstrated that more specific NGS
approaches for pathogen detection are more semsitit should be applied to future wastewater

pathogen assessments.

Keywords. Wastewater, Cryptosporidium, Blastocystis, Entamoeba, next-generation

sequencing.
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1. Introduction

Microbial eukaryotes play important roles in wasaésy treatment plants (WWTPS). They
contribute to sludge sedimentation and predate Waateria, thereby improving effluent quality
(Madoni, 2011) and non-predatory eukaryotes, ssgckumgi and Rhizaria are thought to play
roles in nitrogen removal (Matsunaga et al., 201astewater is also a major reservoir for
eukaryotic human and animal pathogens that can g@s&re threats to public health (Maritz et
al., 2017). These include helminths suchAasaris lumbricoides, Ascaris suum and Trichuris
trichiura, and protozoans includin@iardia, Blastocystis, Cryptosporidium, Entamoeba and
Tritrichomonas fetus (Fletcher et al., 2012; Berglund et al., 2017; kaet al., 2017; Amoah et
al., 2018).Cryptosporidium is a major human enteric pathogen and is problerfat the water
industry due to its prevalence, ability to survinevastewater treatment plants (WWTPs) and its
resistance to chlorine disinfection of water suppl(King et al., 2017; Zahedi et al., 2018a).
Giardia is another enteric parasite that is also prevalenwastewater and in a recent meta-
review was reported in 23/30 (77%) WWTPs analyd&akser et al., 2012).

Eukaryotic communities in WWTPs have been invesdgausing morphological
techniques but have not been well-characterisatyusolecular tools (Matsunaga et al., 2014).
Next-generation sequencing (NGS) technologies hawelutionised our ability to survey
microbial communities in wastewater, and while theye been widely used to analyse bacterial
communities in WWTPs, relatively few studies haeei conducted on eukaryotic communities
(Matsunaga et al., 2014).

Another knowledge gap is eukaryotic population dagitg in rural WWTPs. Urban
WWTPs generally use costly treatment techniquekiding reverse osmosis membranes, UV
and ozone in combination with activated sludge embrane bioreactors (Rajasulochana and

Preethy, 2016; Garrido-Cardenas et al., 2017; Kehagl.,, 2017). However, rural WWTPs
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generally utilise simple, non-mechanical waste iBsation ponds (WSPs), as they are cheap to
run and maintain, but relatively little is knownaalb the ecology of eukaryotes in WSPs (Eland
et al., 2018). Similarly, the eukaryotic ecologyafidation ditch WWTPs, which are modified
mixed activated sludge systems (Xu et al., 20153, ot been well characterised.

The primary aim of the present study was to scteeze WSPs and an oxidation ditch
WWTP in Western Australia (WA) for intestinal patas using eukaryotic 18S rRNA (18S)

NGS.

2. Methods

2.1 Study sites and sample collection

Wastewater samples (100 mh) £ 26) were collected from three WSPs (WWTPs 1In@ a
3) and an oxidation ditch WWTP (WWTP 4) that prifatreat household sewage in WA
(Table 1 and Figure 1). Treated wastewater from VPALTis chlorinated and used to irrigate a
number of public spaces, including a golf coursé gpmorting ovals. At the time of the study,
WWTP 2 was stored after treatment, with intermitteslease to a nearby river when required.
However, the treated wastewater from WWTP 2 is rtered, chlorinated and used for
irrigation of public open spaces. WWTP 3 watersgdiby a nearby industrial zone as process
water, and WWTP 4 treated wastewater is used fogation of a local golf course, after
groundwater infiltration. Samples were collected=gbruary, July and September in 2015 and
covered two seasons for each site. Samples wdeztsa from WWTP 1 during the wet and dry
season, while samples from WWTPs 2, 3, and 4 wellected during summer and winter
(Table 1). Wastewater samples were also collectedifferent treatment stages (influent,

intermediate and effluent) during summer and wirfter dry and wet seasons for WWTP 1
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samples) (Table 1). The wastewater samples wetectad in 1 L sterile containers that were
treated with chlorine and rinsed with the sampltaefilling. Samples were kept cool in an ice

box during transport back to the laboratory, arehtbtored at 4 °C until required.

2.2 DNA isolation

Each wastewater sample (100 mL) was filtered thmoagsterile 0.2 um Sterivex filter
(Millipore, USA) and genomic DNA (gDNA) was extract from the filters using a PowerWater
Sterivex DNA Isolation Kit (MOBIO Laboratories, Gfalrnia, USA). Extraction reagent blank
controls (ExCsn = 6) were included alongside each batch of gDN#&aetions. Purified DNA

was stored at -20 °C prior to molecular analyses.

2.3 Next-generation sequencing library preparation

For NGS library preparation and sequencing, the afagenomic sequencing library
preparation protocol from lllumina (Part # 150442x3,. B; lllumina, USA) was followed, with
only minor modifications to the first stage PCRseThypervariable 9 (V9) region of the
eukaryotic 18S and &ryptosporidium-specific region of 18S were amplified with primers
outlined in Table 2, using 2 ul of template DNA {ai a total of 50 pul); these primers were
modified to include Illumina MiSeq adapter sequen¢Part # 15044223 Rev. B; lllumina,
USA). Amplification of 18S V9 with the Euk1391F/HBK primers was carried out using
conventional PCR as per the 18S amplification mwit@vailable from the Earth Microbiome
Project (http://www.earthmicrobiome.org). A mammaaliblocking primer (Mammal_block_I-
short_1391f) (www.earthmicrobiome.org/protocols-stahdards/18s/) was used at a final

concentration of 1.6 uM to reduce amplificationrsdmmalian DNA. TheCryptosporidium-
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specific conventional PCR was conducted using psnuescribed by Morgan et al. (1997),
following the amplification protocol described bywgarini et al. (2015). The libraries were
sequenced on the lllumina Miseq platform (San Dje@d, USA), with v2 sequencing

chemistry for the eukaryotic 18S NGS and v3 chamistr Cryptosporidium-specific NGS.

2.4 18S Bioinformatic analysis

NGS data pre-processing steps, which included g&inel read merging, primer trimming,
quality filtering and singleton removal were penfed using USEARCH v10.0 (Edgar, 2010).
Sequences were then denoised into zero-radius tapeai taxonomic units (ZOTUs) and
chimeras were filtered with UNOISE3 (Edgar, 20T&&xonomic assignment of the ZOTUs was
performed in QIIME 2 v2018.2 (Caporaso et al., 20ffps://giime2.org) using the QIIME 2
feature classifier plugin (Bokulich et al, 2018)3ahe SILVA v128 sequence database (Quast et
al.,, 2013). The sequences were also BLAST searcgainst the National Center for
Biotechnology Information (NCBI) non-redundant remide (nr/nt) database to determine
taxonomy at the species level. To control for 18§ugnce laboratory contaminants and cross-
contamination, the proportion of reads for each EQdentified in the no template controls
(NTCs) were bioinformatically removed from the resfive ZOTU sequences in the samples
and ExCs. Similarly, the proportion of reads focleZOTU in the ExCs were bioinformatically
removed from the respective ZOTU sequences in dmepkes that the ExCs were extracted

alongside.

2.5 Giardia-specific PCR
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All samples were screened for the presenc&iafdia at the glutamate dehydrogenase
(gdh) locus using a quantitative PCR (qPCR) as prelodsscribed (Yang et al., 2014). A
spike analysis (addition of O of positive control DNA into each sample) at thgh locus by
gPCR was conducted on randomly selected negatiwgplea from each group of DNA
extractions to determine if negative results ware tb PCR inhibition, by comparing the cycle

threshold Ct) of the spike and the positive control (both witie same amount of DNA).

2.6 Cryptosporidium 18S PCR amplification and Sanger sequencing analysis

Due to its importance as a pathogen in wastewa#ahddi et al., 2018a),
Cryptosporidium-specific 18S NGS was conducted to identify &ryptosporidium sequences
in the samples. All WWTP samplas £ 26) were screened for the presenc€myfptosporidium
18S using nested primers that amplify ~825 bp petejuas previously described (Xiao et al.,
1999). The amplified DNA from secondary PCRs wespasated by gel electrophoresis and
purified for Sanger sequencing using an in-houser fiip method (Yang et al., 2013). Purified
PCR products were sequenced independently on an ABm™ Dye Terminator Cycle
Sequencing kit (Applied Biosystems, Foster CitylifGmia) according to the manufacturer’s
instructions. Sanger sequencing chromatogram flese imported into Geneious Pro 8.1.6
(Kearse et al., 2012), edited, analysed and aligmi¢ial reference sequences from GenBank

using Clustal W (http://www.clustalw.genome.jp). 89 were included alongside all PCRs to

detect contamination.

3. Results

3.1 Next-generation sequencing library summary
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Overall, the total number of raw (unprocessed) guh&nd sequences obtained for
eukaryotic 18S andCryptosporidium-specific 185 NGS were ~4.4 million and ~305,000,
respectively (Table 3). After the pre-processirngpst(merging, quality filtering, and singleton
and chimera removal), potential contaminant ZOTuhaeal (for eukaryotic 18S NGS only),
and non-specific taxa removal (e.g. bacterial 1&Qisences), there were ~1.5 million (average
41,434) and ~20,000 (average 1,649) sequencesukaryotic 18S andCryptosporidium-

specific 18S NGS, respectively (Table 3).

3.2 Eukaryotic 18SNGS

3.2.1 Composition of eukaryotic phyla

A total of 3,665 ZOTUs were obtained for eukarydt®S NGS. The Euk1391F/EukBr
primers used exhibited significant cross-reactiath acteria and archaea, with ~40% of the
reads assigned to bacterial or archaeal 16S. Exguxhcterial and archaeal 16S, 1,598 ZOTUs
were assigned to the domain Eukarya, while 38 ZOWese not assigned to Bacteria, Archaea
or Eukarya. Adequate sequencing depth for eukaryl@®s NGS was obtained for 17/26 samples
at ~30,000 sequences (Figure 2). At least 49 eokarphyla were detected and 17.3% of 18S
sequences were not assigned taxonomy at the phgeh (the most specific taxonomy was
designated as Alveolata, Eukaryota and Stramersopikel sequences that were more generally
assigned to SAR (Stramenopiles, Alveolata and Riaigan Supplementary File B.1). The most
dominant phyla that had sequence compositions d%>lncluded Chlorophyta in the
intermediate (61.1%) and effluent (53.2%) sampbe3NWTP 1, influent for WWTP 2 (16.1%)

and WWTP 4 (48.1%), and in the intermediate for WA\ (25.6%); Choanozoa in the influent
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for WWTP 1 (16.1%), WWTP 3 (14.8%) and WWTP 4 (22)8and intermediate for WWTP 4
(20.8%); Ciliophora in the influent (11.7%) andleéint (39.4%) for WWTP 2, effluent for
WWTP 3 (22.9%), and intermediate (35.2%) and efftu¢51.1%) for WWTP 4; and
Euglenozoa in the influent (44.6%) and effluent.834) for WWTP 2, intermediate (19.5%) and
effluent (37.6%) for WWTP 3, and effluent for WWHP(21.4%) (Figure 3). More specific
levels of classification with the top BLAST hit G@ank® accession numbers and percent
similarities for each ZOTU are provided in Suppletaey File B.1. The most abundant 18S
sequences in the ExCs and NTCs were identified lesolates, fungi (Ascomycota and

Basidomycota) and green algae (Charophyta) (Supgitary File B.1).

3.2.2 Prevalence and composition of intestinal parasites

Intestinal parasites were identified from the garastocystis (16/26),Endolimax (6/26),
Entamoeba (8/26), Enterobius (1/26) andodamoeba (2/26) in WWTP samples (Supplementary
File B.1). OneBlastocystis sequence was detected in one ExC, therefore sarmalesontained
only one intestinal parasigequence were considered to be negative. Theingkbparasite 18S
sequence abundance was overall highest in theemtflland lowest<0.2%) or not detected in
the intermediate and effluent stages (Table 4).

All Blastocystis sp. subtypes (STs) 1-4, 6, 8, and potentially twaveh genotypes
(Blastocystis sp. ZOTU 1064 and ZOTU 1314) were identified in thiguent for WWTP 3 and
WWTP 4, with percent sequence compositions rand@iagn <0.1% forBlastocystis ST6 to
7.9% forBlastocystis sp. ST1 in WWTP 3, and <0.1% fBtastocystis sp. ST6 Blastocystis sp.
ZOTU 1064 and ZOTU 1314 to 2.6% fd@lastocystis sp. ST1 in WWTP 4. All STs and

genotypes except fddlastocystis sp. ZOTU 1314 were detected in the influent for WRVT,



224 which similar to WWTP 3 and WWTP 4, had the highmgstcent sequence composition in the
225 influent forBlastocystissp. ST1 (6.4%).

226 For WWTP 1, allEntamoeba species and genotypes were identified, except Her t
227 potentially novel genotyp&ntamoeba sp. ZOTU 1622. The species with the highest percent
228 sequence composition in WWTP 1 influent wastamoeba coli (2.2%). For WWTP 3 and
229 WWTP 4, allEntamoeba species and genotypes were detected excefEntamoeba polecki.
230 Like WWTP 1, theEntamoeba species with the highest sequence composition inTRVS
231 influent wasEnt. coli (0.7%). In WWTP 4 influent, the potentially nov&htamoeba sp. ZOTU
232 405 had the highest sequence composition (2.9%)ENamoeba species were detected in
233 WWTP 2.

234 21 ZOTUs were assigned to the getinslolimax and the highest similarity was 99.1% to
235 Endolimax nana (AF149916), and only 12/21 ZOTUs ha®4.0% sequence identity tnd.
236 nana. Endolimax sp. were detected in WWTP 1, WWTP 3 and WWTP 4 dre percent
237 composition was highest in the influent (0.1-0.7¢pnble 4).lodamoeba sequences 100%
238 similar to lodamoeba sp. (JN635741) were rare (<0.1% percent sequeonogpasition of
239 positive samples), but were found in the influehWWONTP 1 and WWTP 4, and a potentially
240 novel lodamoeba sp. genotype that was 99.1% similar to the saogamoeba sp. isolate
241 (IN635741) was also found in WWTP 1 (0.1% sequeonogposition) (Table 4).

242 Sequences from helminths (e.gscaris lumbricoides, Ascaris suum and Trichuris
243 trichiura) that are usually common in WWTPs were not detecteut human pinworm
244  (Enterobius vermicularis) was detected in the influent of WWTP 1 (1.8% e
245 composition). Sequences from zoonotic protists sagfioxoplasma gondii, Tritrichomonas
246 fetus, Cryptosporidium sp. andGiardia sp. were not detected with eukaryotic 18S NGS.
247 Although Giardia sp. was not detected in the wastewater samplag Gsardia-specific gPCR,

248 Cryptosporidiumsp. were identified using th@ryptosporidium-specific 18S NGS assay.
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3.2.3 Prevalence and composition of eukaryotic bioindicators

Bacterivorous eukaryotes were detected in all WwWTgPedominantly in the effluent
(8.8% in WWTP 1 —51.1% in WWTP 4), the influent WWTP 2 (11.7%) and intermediate of
WWTP 4 (35.2%). In general, fungal communities wpresent at very low levels across the
WWTPs, with the exception of the influents (15.890NVWTP 1, up to 12.8% in WWTP 3 and
up to 9.1% in WWTP 4) and the intermediate stade&WTP 3 (8.1%) and WWTP 4 (5.6%).
Green algae were detected in all WWTPs with théadsg levels in WWTPL1 effluent (53.2%),
WWTP 2 and 4 influents (16.1 and 48.1% respectjvalyd WWTP 3 intermediate stage
(25.6%). Rotifers were also present across all Wg/WRh the highest prevalence in WWTP 3

effluent (27.9%) (Table 5).

3.3 Cryptosporidium sp.

Of the 26 samples, @ryptosporidium-specific 18S nested PCR produced amplicons with
the correct band size (confirmed by gel electrophis) for 20 samples, and Sanger sequencing
identified Cryptosporidium hominis in one sample (WWTP 4-4). The remaining 19 samples
produced either mixed chromatograms or non-spes#iguences (e.golpodella sp., which
were also detected with eukaryotic 18S NGS). CThgptosporidium-specific 18S NGS analysis
identified a total of nineCryptosporidium species across the four WWTR&yptosporidium
hominis, Cryptosporidium parvum, Cryptosporidium meleagridis, Cryptosporidium muris,
Cryptosporidium cuniculus, Cryptosporidium macropodum, Cryptosporidium ryanae,
Cryptosporidium sp. piscine genotype 4 and a potentially nd@glptosporidium sp. piscine

genotype (Figure 4 and Supplementary File B.1). mbmber ofCryptosporidium species in

10
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individual WWTPs ranged from 3 to 6. The highestcpat sequence composition was r
hominis (30.4%, present in 6 samples), which was deteat®WTP 1, WWTP 3 and WWTP
4, but not in WWTP 2. As witiC. hominis, C. parvum was only present in WWTP 1, WWTP 3
and WWTP 4, and had a lower sequence compositiéda)7Cryptosporidium meleagridis was
identified in all four WWTPs (22.8% sequence conij@s, present in 9 samples), and
accounted for 57.8% d@ryptosporidium-specific reads in post-maturation pond 1 from WWTP
1. Cryptosporidium muris was detected in WWTP 1 and WWTP 4 (intermediatepdas). The
remainingCryptosporidium species were detected in WWTPQ ¢uniculus, Cryptosporidium
Sp. piscine genotype 4 ar@ryptosporidium sp. novel piscine genotype the influent) and
WWTP 4 C. macropodum andC. ryanae in the effluent).

Nucleotide sequences reported in this paper argablain the GenBank database under

accession numbers MH623043-623073 and MH97933998/93

4. Discussion

As expected, the eukaryotic 18S NGS assay deta@atestinal parasites primarily in the
influent, and included the amoebozo&mglolimax sp., Entamoeba sp. andodamoeba sp., the
human pinworm Enterobius vermicularis, and the protozoarBlastocystis. Currently, 17
Blastocystis STs have been described (Alfellani et al., 201$);1 and ST3 are the most
prevalent STs in Australia (Stensvold et al., 20@f)d ST1-ST10 and ST12 infect humans
(Forsell et al., 2012; Ramirez et al., 20 astocystis infections are usually asymptomatic but
can cause gastrointestinal symptoms and are atswbcwith irritable bowel and chronic
abdominal pain (Azizian et al., 2017; Toro Monjaedzl., 2017). There are only a few reports
of Blastocystis STs in WWTPs (Zaman et al., 1994; Maritz et 812 and very little is known

about their prevalence and survival in WWTPs. TkaugEntamoeba consists of both free-

11
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living and parasitic species and has been frequesthorted in both untreated and treated
wastewater (Cifuentes et al., 1994; Ben Ayed e809; Fonseca et al., 2016). Four species of
Entamoeba were identified in the present studgnt. coli and Ent. polecki had the highest
sequence compositions (2.2% and 0.8%, respectjva@iereasEnt. hartmanni and Ent.
moshkovskii were rare £0.2%). These parasites colonise human intestinés have been
considered as non-pathogenic (Clark and Diamonf1}1%ut recent reports have found that
Ent. moshkovskii and Ent. nuttalli can cause diarrhoea in humans (Shimokawa et @l2;2
Levecke et al.,, 2015)Entamoeba histolytica is a major cause of diarrhoeal disease that is
estimated to affect about 50 million people annuéfotedar et al., 2007), but unfortunately,
Ent. histolytica cannot be differentiated frontamoeba dispar and Entamoeba nuttalli at the
18S V9 regionEntamoeba sp. ZOTU 832 was 100% identical Emt. histolytica, Ent. dispar

and Ent. nuttalli sequences on GenBank (Table 4). The health signde ofEndolimax sp.
detected in the present study, which were mostlainio the human intestinal parasite
Endolimax nana, is unknown.Endolimax sp. have been reported in a variety of amphibians,
birds, fish, mammals and reptiles, and liBgastocystis STs andEntamoeba sp., can be
transmitted by faecal-oral contamination of foodd amater (Poulson and Stensvold, 2016).
Although Endolimax has been associated with diarrhoea (Graczyk et2@05; Shah et al.,
2012), there is currently no consensus on the pathoity of this parasite (Poulson and
Stensvold, 2016). Th&ndolimax sequences obtained in the present study exhibi@ed%
dissimilarity toE. nana. Therefore, we are unable to confidently assigrséhsequences to the
speciesE. nana. These sequences may represent néreblimax species or genotypes, or other
Endolimax species that do not have 18S V9 sequences subdnotteenBank, which raises more
uncertainty about the pathogenic potentialEotiolimax sp. obtained in our study. The close
relative of Endolimax, lodamoeba, is also transmitted by faecal-oral contaminatiang is an

intestinal parasite of humans, other primates, tsnpégys, rodents and birds (Stensvold et al.,
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2012). Like Endolimax, lodamoeba has generally been considered non-pathogenicsdmie
reports have fountbdamoeba butschlii infections in children and immunocompromised patie
(Waywa et al., 2001; Faulkner et al., 2003). Tbdamoeba sequences obtained in this study
were either 99.1% or 100% similarlimdamoeba sp. isolated from human faeces (JN635741).

The percent sequence compositionBbéstocystis, Entamoeba, Endolimax, lodamoeba
and E. vermicularis was overall higher in the influent and lower ort mietected in the
intermediate and effluent stages. It is possibkt the wastewater treatment processes have
reduced the faecal pathogen abundance comparedetanfiluent. However, the number of
sequences obtained by NGS does not represent tmbdenuof microorganisms present. A
number of factors affect sequence compositionumtioly PCR amplification bias (Hong et al.,
2009), sequencing depth and copy number variatiaihe 18S gene. Quantitative assessments
(e.g. counting parasite numbers) at different memt stages are required to accurately
determine the efficacy of pathogen removal durirgwater treatment process.

Other eukaryotic pathogens that were detected deduhe amoebozoarganthamoeba
sp., which has a ubiquitous distribution in theissrvment and can cause blinding keratitis and
fatal granulomatous encephalitis (Siddiqui and Kh20il2), andvermamoeba vermiformis, a
free-living amoebae, which is a public health concen drinking water, as it can harbor
pathogenic bacteria or viruses and support the throef bacteria includingLegionella
pneumophila (Delafont et al., 2018). Ubiquitous pathogenicegralgae speciefi(ototheca sp.)
that cause disease in humans and animals (LadsaRldiMayr, 2007) were also found. Several
oomycotic pathogens (fungi of the class Oomyceategjenotypes similar to pathogenic species,
such ad.agenidium deciduum, Lagenidium sp. andParalagenidium sp. that cause mammalian
infections (Spies et al., 2016), were also detertdlde present study.

It is important for WWTPs to remove pathogens dyitime treatment process if the water

is re-used for agricultural purposes (e.g. irrigatof food crops), as epidemiological studies
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have shown that untreated wastewater used in dgeus correlated with increased parasite
infections in people (Amahmid et al., 1999). Thmoeal of plant pathogens from wastewater
re-used for crop irrigation is also important fdretagricultural industryPythium sp. and
Phytopythium sp. that cause crop disease were mainly foundhaniritermediate and effluent
stages of WWTP 1, WWTP 2 and WWTP 4 (SupplemerfdeyB.1).

Although the Euk1391F/EukBr primers from the Ealiicrobiome Project’s protocol
were designed to amplify the eukaryotic 18S V9 aagiwww.earthmicrobiome.org/protocols-
and-standards/18s/), the present study found Heafptimers cross-reacted with archaeal and
bacterial 16S and were only slightly more biasedarals the amplification of 18S (60% of total
pre-processed reads). This may be due to the debitpe forward primer (Euk1391F), which is
very similar (only 2 bp downstream) to the univéd®S and 18S) primer 1389F designed by
Amaral-Zettler et al. (2009). Our findings contrasth the study by Maritz et al. (2017), which
used the same primers with NGS on sewage sampteseported “low numbers” of Archaea
and Eubacteria amplification with Euk1391F/EukBn. the present study, the mammalian
blocking primer did work as expected, as only 0.08%the processed sequences were
mammalian 18S. Maritz et al. (2017) also compahedBuk1391F/EukBr (with and without the
mammalian blocking primer) to the TAReuk454FWD1/TARREV3 eukaryotic 18S primers
(Stoeck et al., 2009), which target the 18S V4 oegi and reported that the
TAReuk454FWD1/TAReukREV3 primers used for NGS re=siilin sequences with higher
variability and taxonomic accuracy (Maritz et @&017). Such results have also been shown by
another study (Pawlowski et al., 2011). This sutgtsat the Euk1391F/EukBr primers are less
suitable for taxonomic resolution, particularly dwwethe short sequence length (average length
of 107 bp following adapter removal and primer tming). The significant amount of 16S
amplification that occurred in the current studgueed the sequencing depth of 18S (only 17/26

samples had adequate 18S depth, Figure 2), whigtokldematic for the detection of eukaryotic
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pathogens that may be in low abundance in wastewataples. Zoonotic protozoans such as
Cryptosporidium, Giardia, Toxoplasma and trichomonads were not detected with eukaryotic
18S NGS, but a more target€dyptosporidium-specific NGS approach was able to detect 12/26
Cryptosporidium-positive samples, and a total of nine differentcggmewere identified.
Cryptosporidium is an important human pathogen that can survivetevater treatment
processes (Cheng et al., 2009), andGgptosporidium species identified in the present study
are zoonotic:C. cuniculus, C. hominis, C. meleagridis, C. muris and C. parvum. The most
prevalent species wa& meleagridis, which was detected in all four WWTRGyptosporidium
meleagridis is the third most commao@ryptosporidium species identified in humans in Australia
(Ng-Hublin et al., 2017) and is also a common pteax birds including poultry (Zahedi et al.,
2016a). A recent study that examined the prevalaic@ryptosporidium in WWTPs across
three states in Australia also identified a highratance ofC. meleagridis in WA WWTPs, but
did not detect this species in New South Wales wea@sland WWTPs (Zahedi et al., 2018a).
The source o€. meleagridis in the present and the previous study is unkndins.possible that
bird droppings could contaminate the intermedistges of WWTP 1 maturation pond 1 as it is
open to birds, buC. meleagridis was also detected in the influent of WWTP 3. Sitice
wastewater treated in these rural WWTPs comes phymaom household sewage systems,
humans appear to be a likely sourceCofmeleagridis in these WWTPs. The most common
Cryptosporidium species that infects humar, hominis andC. parvum (Zahedi et al., 2016a),
were also detected in all WWTPs, with the exceptbrnWWWTP 2. Of the two parasite€.
hominis is by far the most dominant species in human s in Australia and worldwide
(Ng-Hublin et al., 2017) and was detected in thHeuant in WWTP 4, but not in the effluent.
While cattle and Australian marsupials si@dhominis oocysts (Hill et al., 2008; Ng et al.,
2011; Dowle et al., 2013; Vermeulen et al., 2018hédi et al., 2016b; 2018b), the nature of the

sewerage system and WWTP locations result in hurbaing) the likely source &. hominisin
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these WWTPs Cryptosporidium muris, which was found in WWTP 1 and WWTP 4, is
predominantly reported in rodents, but is also mben(Wang et al., 2012), and is commonly
identified in WWTPs (Huang et al., 2017; Zahediaét 2018a).Cryptosporidium cuniculus
(only detected in WWTP 2 influent) infects rabbitsit also humans and was responsible for a
waterborne outbreak of cryptosporidiosis in the (Rleston et al., 2014Lryptosporidium
cuniculus has also been reported in other WWTPs in Aust(@lanedi et al., 2018a). The non-
zoonotic, cattle-derive@€. ryanae was found in WWTP 4 effluent only, and intereslyngwo
Cryptosporidium piscine-derived genotypes (piscine genotype 4apdtentially novel piscine
genotype) were detected in WWTP 2 influent onlye Bource of the piscine-derived genotypes
is unknown and unlikely to have come from fish-fares WWTP 2 is inland and receives
primarily household waste. Further research isirequto determine if birds and rodents can
also be reservoirs for piscine-genotypes.

Despite the lack of sensitivity for pathogen detecusing the Euk1391F/EukBr primers
with 18S NGS, an advantage of the method is tredtatved for other groups of eukaryotes to be
identified, some of which are bioindicators of watteatment quality. The dominant groups of
eukaryotes detected in the WSPs varied; for exantplere was a high percent sequence
composition of Chlorophyta (green algae) in thenmediate and effluent stages of WWTP 1
(53.2-61.1%), whereas the sequence compositioneeingalgae was lower in the same treatment
stages for WWTP 2 and WWTP 3 (2.3-25.6%). Chlor¢@hgre important components of
WWTPs and remove nutrients including phosphorus m@itrdgen and can improve the final
effluent quality through “natural disinfection amtorporation of other contaminants, such as
heavy metals, pharmaceuticals and endocrine demgiptAbinandan and Shanthakumar, 2015;
Schulze et al., 2017). The reason for the lower bemof Chlorophyta sequences in WWTP 2
and 3 is unknown but may have been affected by BGRlification bias. The intermediate and

effluent stages of the activated sludge plant (WWA)Phad similar dominant groups of
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eukaryotes as WSPs WWTP 2 and WWTP 3: Ciliopho2a9(81.1%) and Euglenozoa (19.5-
37.6%) (Figure 3). Previous studies on activatadge plants have also identified many species
of free-living protozoa, e.g. 160/228 protozoancége detected in activated sludge plants have
been identified as Ciliophora (Curds, 1975). A draek of the activated sludge treatment
process is high sludge (bacteria) production, whschlifficult to process with high nitrogen,
phosphate and heavy metal concentrations (RatsaM.,etl996). Protozoa that predate on
bacteria are beneficial in activated sludge plastghis directly helps to reduce sludge. Well-
functioning activated sludge plants have commusitdominated by bacterivorous free-
swimming ciliates (phylum Ciliophora) that swim tihe liquor phase (Curds, 1966), crawling
ciliates that move on the surface of sludge flog.(the hypotrich#\spidisca andEuplotes), and
sessile ciliates that attach to the sludge floq.(eéhe peritrichsCarchesium, Epistylis,
Opercularia coarctata, Vorticella and Zoothamnium) (Madoni, 2011). In the current study,
within the Ciliophora, the subclass Peritrichia dioated, which is the most important group of
bacterivorous ciliates in WWTPs and play a centdé in effluent clarification, reducing
biochemical oxygen demand (BOD) and turbidity (Maigl@003). The hypotrichEuplotes sp.
and the peritrich&pistylis sp., andvorticella sp. were detected in the intermediate and effluent
stages for the activated sludge plant, WWTP 4, amte also detected in the WSPs
(Supplementary File B.1). Other bacterivorous eydims found weréeptomyxa sp., which is
typically found in soil (Del Valle et al., 2017)he free-living nanoflagellate$rimastix sp.
(Bernard et al., 2000), the aquatic fungi Cryptootgc which parasitise phytoplankton such as
diatoms, green algae, dinoflagellates and cyanebactRojas-Jimenez et al., 2017), and
members of the phylum Loukozoa, which are freafiviheterotrophs found in marine or
freshwater environments (Simpson, 2016). The passeh so many bacterivorous eukaryotes
indicates the lower technology WSPs, as well aathiwated sludge plant, are functioning well,

in a state where protozoa are predating on badedaeducing sludge quantities.
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Several fungal communities were also found in thesent study (Ascomycota,
Basidiomycota, Blastocladiomycota, Cryptomycota, yt@idiomycota, Glomeromycota and
Zygomycota). Ascomycota, Basidiomycota and Cryptooty were among the most dominant
groups and previous studies have also shown thaetare the primary fungi in WWTPs (Weber
et al., 2009; Evans and Seviour, 2012; Matsunagh,€2014). Members of the Ascomycota and
Basidiomycota communities are capable of degradellose, hemicellulose and lignin, and
Trichosporon sp. (Basidiomycota) are involved in denitrificatiqHayatsu et al., 2008;
Matsunaga et al.,, 2014). Rotifers (a phylum oficroscopic and near-microscopic
pseudocoelomate animals), which had the highestepeisequence composition in WWTP 3
effluent (27.9%), are commonly found in WWTPs ataly@an important role in the removal of
particulate matter (size range 0.2-ffh) and also function as nuclei for floc formatiam i

activated sludge (Lapinski and Tunnacliffe, 2003).

5. Conclusions

As NGS analysis of wastewater and particularly eydtec NGS analysis becomes more widely
used, it will provide opportunities for the devetognt of markers for pathogen source tracking,
and a much better understanding of the importaheelkaryotic-mediated removal of pathogens
and sludge quantities. However, it is also impdrtanunderstand the limitations and biases of
current assays. NGS analysis is not quantitatieecuantification of the removal of pathogens
throughout the treatment process is not possibleortler to provide a quantitative analysis,
gPCR/ddPCR could be conducted on all microbes e samples, however this would be

expensive and much less taxonomically comprehengimether alternative would be to use

NGS library preparation-methods that are PCR-fredh sas the lllumina TruSeq DNA Sample

Prep kit, which are not subject to amplificatiomad)i however this approach is also more

expensive.
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The present study has demonstrated that a eukary8% NGS approach with primers
targeting the V9 region had inadequate sensitfaitydetecting intestinal parasites in wastewater
that are likely in low abundanc€ryptosporidium-specific NGS was required to detect nine
species that were present in four WWTPs in WA. BEukaryotic 18S NGS approach did,
however, detecBlastocystis sp. STs,Endolimax sp., Entamoeba sp., E. vermicularis and
lodamoeba sp., which have been associated with faecal-oaalstnission routes that can occur
via infected water supplies. While reuse optionsnmirthese WWTPs do not include the
possibility of infecting drinking water supplies, is still important to achieve removal of
parasitic species and human pathogens Qeygtosporidium sp.) in these WWTPs as WWTP 1,
WWTP 2 and WWTP 4 reuse treated wastewater fayation of public open spaces. Removal
of plant pathogens (e.@®ythium sp., andPhytopythium sp.) that can cause crop disease is
important if the treated wastewater is reused imcatjural applications. Several genotypes of
the faecal pathogens identified in this study aveeitially novel, including a potentially novel
Cryptosporidium piscine genotype, and require further genetic atarsation for species and
genotype confirmation in future studies. Investigag that aim to screen for faecal pathogens in
wastewater should consider more targeted approasbel a<Cryptosporidium-specific NGS,
for improved sensitivity.

The 18S NGS approach employed by this study aleotifted many eukaryotes that are
important for the WSPs and activated sludge plamtsinction well, which included protozoa
that predate on bacteria and reduce sludge quemtihscomycota and Basidiomycota
communities that degrade cellulose, hemicellulosand lignin; Trichosporon sp.
(Basidiomycota) that is involved in denitrificatioand Rotifers that play an important role in

removal of particulate matter and in floc formatiaractivated sludge.

Appendices
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Appendix A. Supplementary Data

Supplementary File A.1.
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Figure Legends

Figure 1L.WWTP localities and different treatment stages dathp

Figure 2. Alpha rarefaction plot of sequencing dephd ZOTUs detected. The plot was

generated with the R package vegan (Oksanen e2(dl8) using R software (R Core Team,

2013).

Figure 3.Eukaryotic18S NGS sequence percent composition plot of pigtacted in different

treatment stages of wastewater sampled from WWHWWTFP 4. Treatment stages include

influent (1), intermediate (INT) and effluent (EBhyla with<10% overall sequence composition

are grouped as “other”. *Asterisk denotes that texoy was unassigned at the phylum level.
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524  Figure 4.Cryptosporidium 18S NGS sequence percent composition plot for reiffetreatment
525 stages of wastewater sampled from WWTP 1-WWTP éaffinent stages include influent (1),

526 intermediate (INT) and effluent (E).
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Table 5. 18S sequence compositions (%) of eukaryotic bioindicatorsin WWTP influent (1), intermediate (INT) and effluent (E) samples

Eukaryotic WWTP 1 WWTP 2 WWTP 3 WWTP 4
bioindicators | Phylum | INT E | E | INT E | INT E
Bacterivorous | Ciliophora 0.6 0.1 8.8 11.7 39.4 2.1 0.1 22.9 1.4 35.2 51.1
eukaryotes Loukozoa - 0.2 0.1 <0.1 <0.1 - - <0.1 - 0.1 0.2
Ascomycota 15.8 <0.1 0.1 <0.1 <0.1 12.8 8.1 <0.1 9.1 0.2 0.1
Basidiomycota 0.8 0.1 0.1 - <0.1 2.4 0.6 <0.1 0.6 <0.1 0.1
Blastocl adiomycota <0.1 <0.1 <0.1 - - - - <0.1 - <0.1 <0.1
Fungal Chytridiomycota <0.1 <0.1 11 - <0.1 15 - - 0.2 <0.1 <0.1
communities Cryptomycota 14.5 <0.1 0.2 <0.1 <0.1 9.5 <0.1 - 4.0 5.6 0.8
Glomeromycota <0.1 <0.1 <0.1 . - 0.2 . . 0.1 <0.1 <0.1
Hyphochytriomycota | <0.1 - <0.1 - - 0.1 - - <0.1 55 0.6
Zygomycota 0.6 <0.1 11 - <0.1 - - - <0.1 - -
Green algae Chlorophyta 35 61.1 53.2 16.1 36 2.3 25.6 2.3 48.1 0.2 0.5
Rotifers Rotifera 1.7 0.5 9.5 0.5 2.1 2.4 0.2 27.9 1.0 0.3 1.6
Other Other 62.5 38.1 25.8 71.7 54.9 66.8 65.4 46.9 35.6 52.9 45.0




Table 1. Rural wastewater treatment plant samples analysed in the present study

WWTP Treatment L ocation Climate Sample|D Wastewater treatment stage Sample collection
technology date; season
WWTP 1-1 Influent
WWTP 1-2 Effluent (pre-chlorination) 19-Feb-2015; Wet
Stabilisation —
pond: Combined WWTP 1-3 Effluent (post-chlorination)
ﬁ; gl c::(;j Northwest Tropical climate. | WWTP 1-4 Influent
WWTP 1 . P Western Wet and dry
system, Australia Seasons. WWTP 1-5 | Intermediate (post maturation pond 1)
followed by two
maturation WWTP1-6 | Intermediate (post maturation pond 2) | 7-Sep-2015; Dry
ponds
WWTP 1-7 Effluent (pre-chlorination)
WWTP 1-8 Effluent (post-chlorination)
WWTP 2-1 Influent
. 12-Feb-2015;
WWTP 2-2 Effluent (final pond) Summer
A Hot dry summers
Stabilisation Wheatbelt, -y . WWTP 2-3 Effluent (storage basin)
and mild winters.
WWTP 2 pond: One Western Four distinct
facultative pond Audtraia WWTP 2-4 Influent
Seasons.
. 13-Jul-2015;
WWTP 2-5 Effluent (final pond . ’
vent (final pond) Winter
WWTP 2-6 Effluent (storage basin)




WWTP 3-1 Influent
. 23-Feb-2015;
Stabilisation WWTP 3-2 Intermediate (post-pond) Summer
pond: Two
orimery Southwest Temperate WWTP 3-3 Effluent
WWTP 3 tacultative Western climate. Four
Australia distinct seasons | WWTP 3-4 Influent
ponds, and one
secondary pond WWTP 3-5 Intermediate (post-pond) 14-Quly-2015,
Winter
WWTP 3-6 Effluent
WWTP4-1 Influent
Activated WWTP 4-2 Intermediate (oxidation ditch) 23-Feb-2015;
sludge: Summer
Oxidation Southwest Temperate WWTP 4-3 Effluent
WWTP 4 | ditches followed Western climate. Four
by Australia distinct seasons | WWTP 4-4 Influent
sedimentation 14-Julv-2015-
tanks WWTP 4-5 Intermediate (oxidation ditch) VL\J/i);lter !

WWTP 4-6

Effluent




Table 2.Details of 18S primers used for NGS.

Target Primer names | Primer sequences | Product size (bp) [ Annealing References
organisms (5-3) Temperature (°C)
Cryptosporidium | 18SiF AGTGACAAGAAA | ~298 60 Morgan et al.,
p. TAACAATACAGG 1997
18SiR CCTGCTTTAAGCA
CTCTAATTTTC
Eukaryotes Euk1391F GTACACACCGCC | ~107° 65 www.earthmicro
CGTC biome.org/protoc
ols-and-
EukBr TGATCCTTCTGCA standards/189
GGTTCACCTAC
Mammals Mammalian GCCCGTCGCTACT | -
blocking primer | ACCGATTGG44444
Mammal_block | TTAGTGAGGCC3’
_l-short_1391f

®Average sequence length after adapter removal and primer trimming
®3 = C3 spacer; 4 = deoxyinosine




Table 3. Eukaryotic and Cryptosporidium-specific 18S NGS sequence statistics

Eukaryotic 18S NGS sequences

(R:;Vgroceﬁsed) Pre-processed® | Processed 18S sequences’

Grand total (n = 36) Samples Extraction NTCs Grand total
Statistics (n=26) controls(n=6) | (n=4) (n=36)
Average 88,647 68,783 56,394 3,044 1,776 41,434
Standard deviation | 98,350 75,226 60,064 4573 1,419 56,380
Min 47 34 587 9 353 9
Max 399,120 353,900 269,925 12,243 3,230 269,925
Total 4,432,328 2,476,189 1,466,243 18,265 7,104 1,491,612
Cryptosporidium-specific 18S NGS sequences

Raw Pre-processed” | Processed Cryptosporidium 18S sequences’

Grand total (n = 33) Samples (12/26)° Extraction controls | NTCs(n=1)
Statistics (n=6)
Average 13,247 6,170 1,649 - -
Standard deviation | 13,230 3,315 2,088 - -
Min 970 715 11 0 0
Max 49,932 12,254 5,464 0 0
Tota 304,692 141,916 19,790 0 0




*Merged, quality filtered sequences with singletons, chimeras and contaminant ZOTUs removed

®Merged, quality filtered sequences with singletons, chimeras, contaminant ZOTUs, bacterial and archaeal 16S sequences removed
‘Merged, quality filtered sequences with singletons, contaminant ZOTUs and non-Cryptosporidium sequences removed

YNumber of Cryptosporidium-positive samples over total sample number



Table 4. Intestinal parasite sequence compositions (%) obtained with eukaryotic 18S NGS in WWTP influent (1), intermediate (INT) and effluent (E) samples

WWTP 1 WWTP 2 WWTP 3 WWTP 4
: : Top .. | Similarity
Phylum ZOTU No. | Accession number Species BLAST hit (%) " [ INT [ E | E I |INT | E I | INT | E
accession
1158; 1920; | MH623054; MH623058;
2011; 2022; | MH623059; MH623060;
2159; 2430; | MH623062; MH623064; . <0. <0.
2670 2799 | MH623065- MH623067- Endolimax spp. | AF149916 94.0-99.1 0.7 1 - - - 0.6 1 - 0.1 - <0.1
2875; 3104; | MH623068; MH623070;
3185; 3214 | MH623071; MH623072
485 MH623050 Entamoeba coli | AF149915 22 - - - - 0.7 - - 0.2 <f "1 <01
1563 MH623056 Entamoeba KX618191 O oo oz - - fox| - | -
hartmanni 1
Entamoeba 100 <0 <0. | <0
2095 MH623061 moshkovskii KP722601 1 - - - - 0.1 - - 1 1 -
Entamoeba <0.
Amoebozoa | 938 MH623051 polecki LC082304 0.8 - 1 - - - - - - - -
Entamoeba sp. <0. <0.
1622 MH623057 ZOTU 1622° 93.5 - - - - - 1 - - 0.2 1 -
Entamoeba sp. <0. <0. <0. | <O0.
2260 MH623063 ZOTU 2260 KP722601 91.7 1 - - - - 1 - - 1 1 -
Entamoeba sp. <0. <0.
405 MH623049 ZOTU 405° 96.2 1 - - - - 0.4 - - 29 1 -
Entamoeba sp. <0. <0.
832 MH623052 ZOTU 832 LC041205 100 0.4 - 1 - - 0.4 - - 0.1 1 <0.1
lodamoeba sp. <0. <0.
2906 MH623069 ZOTU 2906 IN635741 100 1 - - - - - - - 1 - -
lodamoeba sp.
3246 MH623073 Z0TU 3246 IN635741 9.1 0.1 - - - - - - - - - -
Nematoda | 327 MH623047 Enterobius JF934731 | 100 (-7 N A R N S R R T
vermicularis
124 MH623043 Blastocysis - | \1213500 64 | O | O - | <O f79|01] - [26] - |<01
STl 1 1 1
Sarcomastig Blastocystis sp. <0. | <0. | <0. | <O. <0. <0.
ophora 244 MH623045 ST KM213503 | 100 2.3 1 1 1 1 4.9 1 <0.1] 038 1 <0.1
Blastocystis sp. <0. | <0. | <0. | <O. <0.
203 MH623044 <T3 KX 618192 3.6 1 1 1 1 17 - - 13 1 <0.1




Blastocystis sp. <0. | <0. | <0. | <O. <0. <0.

288 MH623046 ST4 KU939393 24 1 1 1 1 2.7 1 1.0 1 <0.1
Blastocystis sp. <0. <0.

2740 MH623066 ST6 EU445485 0.2 - - - - 1 - 1 - -

345 MH623048 Blastocystissp. 1 Ag107971 14 | OO o7 |- 02 | 0 <01
ST8 1 1 1
Blastocystis sp. <0. <0.

1064 MH623053 ZOTU 1064° JIN682513 94.4 1 - - - - 0.6 - 1 - -
Blastocystis sp. <0.

1314 MH623055 ZOTU 1314' KU939393 96.8 - - - - - 0.4 - 1 - <0.1

%92.4% similar to Entamoeba bangladeshi and E. moshkovskii

®91.4% similar to Entamoeba ecuadoriensis

€96.2% similar to E. moshkovskii

9100% similar to Entamoeba dispar, Entamoeba histolytica and Entamoeba nuttalli
®93.6% similar to Blastocystis sp. ST4
'96.8% similar to Blastocystis sp. ST4



Observed OTUs

Water treatment plant ID
| WWTP-1-1

Il WwwTP-1-2
WWTP-1-6 I wwtpP-1-3
WWTP-4-3 B wwTP-1-4
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/WWTP 324
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400
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Highlights
»  Western Australian WWTPs were studied for faecal pathogens with eukaryotic 18S
NGS
» Stabilisation ponds and activated sludge treatment technol ogies were assessed
* Influent had the highest percent compositions of intestinal parasites
» Six Blastocystis subtypes and four Entamoeba species were identified

* Nine Cryptosporidium species/genotypes were only detected by Cryptosporidium-

specific NGS





