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Abstract

The goal of this study was to evaluate methanogen diversity i ammal hosts to develop the first swme-specific archacal molecular marker for fecal source tracking in surface waters.
Phylogenetic analysis of swine mcrd sequences compared to mcrd sequences from the feces of five animals (cow, deer, sheep, horse, and chicken) and sewage showed five distinet swine
clusters, with three swine-specific ¢clades. From this analysis, six sequences were chosen for molecular marker development and matial testing. Only one mcrd sequence (P23-2) showed
specificity for swine and was used for environmental testing.

PCR primers for the P23-2 clone micrd sequence were developed and evaluated for swine-specificity. The P23-2 primers amplified products in P23-2 plastmd DNA (100%), pig feces
(84%0), and swine waste lagoon surface water samples (100%), but did not amplhify a product in 47 bacterial and archaeal stock cultures, 477 environmental bactenal 1solates, sewage, and
water samples from a bovine waste lagoon and polluted creek. Amplification was observed m only 1 sheep out of 260 human and non-swine animal fecal samples. Sequencing of PCR
products from pig feces demonstrated 100% similarity to pig i crd sequence from clone P23-2. The minmmal amount of DNA required for the detection was 1 pg for P23-2 plasmud, 1 ng
for pig feces, 50 ng for swine waste lagoon surface water, 1 ng for sow waste mfluent, and 10 ng for lagoon sludge samples. Lower detection limts of 10-6 g of wet pig feces in 500 mL of
PBS and 10-4 g of lagoon waste in estuarine water were established for the P23-2 marker. This study was the first to utilize methanogens for the development of a swine-specific fecal
contamination marker.

Introduction

Swine waste 15 a significant source of fecal pollution and can cause contamination of soi1l, groundwater, and surface waters trom lagoon overtlow and use of lagoon surface water for

irrigation. Studies have shown that spills from swine waste lagoons have high pollution potential with inereased levels of mtrogen, phosphorous, and Clostridiien perfringens counts of
40,000 CFU - mL-1. A sunilar study found that addition of pig manure or fecal slurries to agricultural soils led to persistence of pathogens (Salmonelly, Listeria, and Campylobacter) on

the so1l surface. Because swine waste can lead to watershed pollution due to runoff from rain events or leaching into groundwater systems, it 15 imp ortant to develop swine-specific fecal
markers to 1dentify source of pollution for effective remediation efforts.

Only two potential methods currently exist for identifving swine waste. The STI swine biomarker assay shows specificity, sensitivity, and geographic stability. However, targeting
toxin genes for host-specific source tracking may be problematic due to horizontal gene transter events occurring 1in eubacterial populations, which may account for the presence of this
rene tn ammals other than swine and humans with diarrhea. A swine specific marker developed using Bacteroides spp. also shows potential specificity for swine, although no tests have
been conducted to determmne the etficacy of this primer for microbial source tracking.

Although many methanogens appear to be specific to the intestinal tract of animals and have the potential for use as host-specific markers of fecal pollution, there are no known
archaca markers of swine fecal pollution. Methanogens have been 1solated in high numbers from the swine gastrointestinal system in counts of 106-108 methanogens per g wet feces. Only
two methanogen species have been 1solated and characterized from swine, but molecular studies of swine fecal slurries and waste lagoons have indicated the presence of several unknown
methanogens that, if host-specific, may be useful for swine-specific marker development.

Because characterizing host distribution patterns of methanogens 1s essential to delineate potential host-specific archaeal indicators of fecal pollution, a large-scale examination of
methanogen-specific mord genes m the feces of different host ammals was conducted to 1dentify sequences for swine-specific molecular marker development. The #crd gene, encoding
the a-subunit of methyl coenzyme-M reductase, was targeted due to the conserved nature of the gene, the specificity of the mcrd gene to methanogens, and the use of this gene as an
environmental marker for methanogens. This study describes the development of an archaeal swine-specitic marker of fecal pollution based on host distribution patterns of methanogens in
the feces of six difference animals (pig, deer, cow, sheep, horse, and chicken) and sewage.

Development of a Methanogen Marker for Detection of Porcine
Fecal Pollution in Surface Waters

Cow, Sheep, sewer, Pig, Deer, Horse, and Mefwamabre v ibacier spp
Cow and Sheep
L W
=l i
—‘-[ o el Sheep
| Ve rhanobac terium aoarflsense

i

- -‘ Sewer
35

et T
i

Materials and Methods

Cloning and Sequencing mer Agenes from animal # cal samples and sewage for swine primer develop me ni

DIMA wras extracted from theee fecal sarnples of s different animals (sheey, deer, cowr, pig, chicken, and horse) and sevwrage nsing the Power 3011 DN A Extraction it (WO BIO), Carkbad, C&). & 470bp region of'the merd zene was amplified usmg the WL primer pawr (Luton et al,
20025 followng a modified protocol from Juottonen et al. (20057, Each 50 pL PCR. assay contaimed 20 yprnol of each WL primer, 200 pII dHTE, 1,517 Tag Polymerase, 1 ThermoPol Butfer, 0.1% BS54, and 5 pLfecal D & terplate (ranging frora 50 — 100 ng DMA ). Therrmal cyeler
conditions for the reactions were an initial denaturation for 5 min at 35°C, 40 cycles of 95°C for 40 5, 55°C for | min and 72°C for 1.5 min, and a final ebngation for 1 man at 72°C (Tuottoren et al, 20050, Wlethanogen merA PCR products from anirnal sarples were cloned mto the pGENW-T
vector usmg the pGEVI-T Vector System II (Promega, Iadisorn, WI). Clones were screered for positrve transformants using the PCE. conditions descnbed abose (WL primer par and corresponding PCE. conditions). Bestrction Fragment Length Polrmo rphusm (EFLF) analysis was
conducted on each of 354 clones to elucidate prelunimary dfferences in aramal and sewrage clones. The merd insert in each clone was amphfied nsing the WL pritners and then digested with Mspl and Tiapl The restnction fragtne nts were separated on a 3% Symerge 1M and band matching
cormparisons were performed for each of the BFLP fingerpnnts using Bionurmerics Software v, 3.5 (A ppled Mlaths, Lustin, TX). Clones with uragque RFLF patterns were identified and at least three clones of each pattemn were chosen for sequencing for a total of 206 clones. Plastids were
purified using the Zyppe™ Plastod Draprep I Kt {Zymo Besearch) and sequenced comrmercially by Ivlacrogen US & using the T Promoter Primer. The merAsequences amplified from fecal DA of different anmals were aligned using ChistalW (DN & 5tar v, 500 with manual mspecton
of the aligninents. Pheyrlogenetic trees were developed for each anirnal and mter-ararmal corpansons using the MEGSA 31 program (K mmar et al |, 2004} wath 1000 bootstrap psendoreplicates to confirm branching order. Swine specific sequences were chosen from swine-specific clades for
potertial prirer developrent and diagnostic testing. Primers were designed for swme clone sequences using DA Star PnirerSeket w. 5.0 and Integrated DNA Technologies Prirer e st program. Pritners were subgcted to BLAST searches and manual cormparison with sequence s from
cones i each clade, and only those prners wath httle or no overlap with known secuences were synthesized by Integrated DA Technnlogies.

Primer Specific ity

sarnples were tested using two different prirer pairs, one for swine-specificty (P23-2) and a unrve rsal bacterial pritner pair used to deterrane wiability ofthe DA terplate priorto diagnostic testing (Chreas et al, 1997 PCR analysis of the priters were carmed out i 20 pL
amplification reactions contarang 14 PCR Bufter, 0.1% Bos, 200 v AWNTF, 1 U Tag Polymerase, 0.5 pIvI each prirner, and varying amounts of DA temphte. The cycling condtions consisted of an initial 92°C step for 2 min and 30 cycles oft amplification at 927 for 30 sec, 60" for 15
sec, and T2C for 30 sec. & final elongaton was perfornmed at T2°C for & run. Posittve controls contamed punfied P23-2 plasrad DHNA | and negatrre controls contained an intermal armplificaton control bat no other DHA.

& ninternal arphfication control{1& C) was designed for the P23-2 prirmer pair as a posittve control for PR, The [AC (purchased from IDT, Coraballe, I&) was designed by deleting allbut 140 bp of the onginal P23-2 clone merd sequence to arplifyra 120 bp product using the saroe
foreard and reverse priters of the F23-2 assay. To deterrane the appropriate concentration of the PU3-2 [A T, serml dilutions of the I&C {100 pIvl t0 10-12 pIvI) were tested wath varying armounts of P23-2 plasrud control ranging from 100 ng to 0.1 pg plasmid DN ma 20 pL reacton. The
PA3-2 TAC was also tested with dilutions of pig fecal DA to deterrane a swtable [AT concentration (10-9 plvI) for the lowest level of detection in feces.

The pritners were tested agamst 15 species of Medhano revibacler and 12 additional methanogen genera (Table 1) to deterrame specificty. & total of 477 Grar (+) and Gram (-) bactern solated on EIVIB agar and BHI + Hal3 agar frorm sewage, fhrvial, and estuarine water saroples
were tested for primer specticity. Whole cell PCR. was performed using 1 pL celk (approximately 1 x 109 cells - ml-1) ma 20 pL reaction as described above. Fecal sampks were collected and processed as descnbed previons by (Ufhar et al, 2006). DA was extracted from fecal samples
using the UltraClean 501 D& Extraction kit and the Powersoll DNA Eat (WD BIO) follbwing the manufacturer mstroctions. Fecal DMNA sampk s were amphified m 20 pL reactions as descrbed above nsimg 50 ng DHA as terphte. & niral waste lagoon and sewage saroples (500 ml each)
were tested to deterrame the presence or absence of the P23-2 marker in composite saraples. Two saraples each (500 mL each) frorm a bovine waste lagoon and an adjacent creek contaminated with lagoon water were collected and each saraple was centrifuged at 3,000 X g for 15 runntes.
DIMA wras extracted from the resultant pellet usmg the WO BIO Power 501 DA Extraction Kt (VD BIO), Saraples (50 ml each) from three different swine waste lagoons (nursery, sow, and finishing farms) were collected, centnfuged at 5,000 X g for 1 5 rirnntes, and the DA was
extracted frorm the pellets as described dhove. Sewer sarmples (1= 220 were collected frorm seven different sewers in Gulfport, 15 each week for a penod of two months . Sewer saraples (500 L) were processed as descrbed presaonsly (U fhar et al, 20068}, Environenental sarples (sewrage-
contariinated water, swine waste lagoorn, and bovine waste lagoon and contarninated creek) were amphfied m 20 pL reactions following the protocoldescribed abowe with varying concentrations of ersrronmental DA Bovine waste lagoon and adjacent creek DH & sarples were added to a
20 pL reaction using serial dilutions of total DA o deterrune the presence or absence of the swine-specific methanogen.

Environmental water sarples (n =111} were collected from coastal sarpling stations in Harrison Courdwy, IS for two, four month periods i 2004 and 2005 and analyzed wath the P23-2 promwer pair. Ten fluvial water satnples were also collected from the Boule Brer and tributanes m

the Hattiesburg, WIS area for PCE analysis using the P23-2 marker. Watersaraples (300 mL) were processed in a sirilar manner as the sevwage samples by prefilterng and concentrating the bacteria onto a 0.2 pra Supor-200 rmerabrane (Pall Corporation). D& was extracted from the
processed water sarples using either the VIO BIO PowerSod DA kat (V0 BICH or BIC 101 FastDIMA Spim Eit for 5ol {VIF Biomedicalk ). Eraronmme ntal water samples were amplified m 20 pL and 50 pL reactions both cortaming 25 ng and 50 ng of DL teraplate. Coastal sediment

sataples (n = 17) were ako taken at four ississippi Departraent of Exviro nnental Chality (WIDEC) sarmphng sites. DM A wras extracted divectly from 025 ¢ of swrface sediments at 15 and 30 crn increments in the sediment cores using the Ultrackan 501 DM & Fxtraction Eit (WIO0 BICY.
sedirnent DMA sampks were amphfied with 1 pL{30 ng) D& m a 20 pL reaction.

To venfy the ide ntity of the PCE. products amphfied by the F23-2 pnimers, ampliied DA from five swine fecal samples collected from two different locations were purtied usmg the Syrnoclean DH L Recovery Kt (Zymmo Fesearch) and sequenced by Ilacrogen Us L. The sequences
were subjected to a BLAST search and aligned nsing the N CBIblseq ahanment prograr (Tatusova and Madden, 1999). The limit of detection for the P23-2 plasrod was determimed using serial diutions of the parified plasread DM & frora 1 to 10-10 ng. One racroliter of the plasruod DI &
dilution was added to a 20 pL reaction using the conditivns descnbed dhoree. Tnaddition, the sensitraty of the P23-2 assay was exarmined by testing serial dilutions of fresh swine fecal matenal m PBS. Fecal sarples from four pugs (025 g wet wt each) were corbined and added to 500 ml
sterik FBS. The sarmples were blended i a Warng blender at top speed for 2 run to completelyy resuspend the feces. Diluted sampls were processed and DA extracted using the procedure descrbed above for fecal samplks. DNL was nsed moamounts of 10 ng, 25 ng, and 50 ngm 50 pL
arplfication reactions as descrbed ahove.

The wefulness of the P23-2 PCR. assay was deterrained by testing varying amounts of DNA extracted fror swine waste lagoon sarmpks and dilutions of lagoon waste mn filter stenhzed estiarme water. Dilutions of total DMNA from each swine lagoon sarple (MHursery surface [M5];
Numsery Anaerobic [MA4]; Sow Surface [35] ; Sow Influent [31] ; Fiuslang Swiace [F35]  Foushing & naerobic [FA]; and Finishing Swface Sludge [Fo5]) were assayed ina 20 pL PCE. using the protocol dbowve. To deterrune the level of detection of swine lagoon waste in the ervironment,
swite lagoon swrface water (50 ml) was centrifuzed at 3000 x g, and the pellet (025 2 was added to 500 L of filter stenilized estnarme water. The sample was dilated m ten-fol merernents, processed m a sirailar marnver as the environme ntal water sarples, and the DML extracted using
the BIO 101 Spin Bt for So1l Each dilution was assayed ina 20 pL PCR. reaction with varying concentrations of DH A& usmg the F23-2 protocol abovve.
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FIG. 1. Phylogenetic relationships among partial mcrd DNA sequences
(470 bp) of clones recovered from fecal and sewer samples (this study)
and previously sequenced merA genes from methanogen species
(1talicized). The tree was inferred by neighbor joining method

with 1000 bootstrap pseudoreplicates using MEGA 3.1 tree building
program and was rooted using the mcrA sequence from Methanopyrus
kandleri. The scalebar represents 5% estimated sequence divergence.
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Discussion & Conclusions

The usefulness of a host-specific indicator of fecal contamination is dependent on the

specificity of the marker to the host animal. The P23-2 marker developed in this study showed hugh
specificity to swine fecal samples (84%) collected from different farms. More importantly, the P23-2
assay amplified all swine waste lagoon surface samples from three different farms but did not amplify
sarmples from a bovine waste lagoon, creek cortaminat ed with bovine waste, or sewage samples. In
addition, sequencing confirmed that the expected products from swine fecal samples showed 100%
tdentity to the P23-2 clone meord sequence. Inhibitory factors present in DNA extracts from
environmental samples including fecal, sewage, animal waste lagoon, and environmental water and
sediment samples routinely cause false negative results using PCE. Therefore, an internal amplification
cortrol was developed and used i this assay as a positive control to ensure that negative results from
envirormental samples were not due to PCE inhubition. These data show the usefulness of the P23-2
assay as a method for detecting swine-specific fecal contarmination

Methanogenic archaeal communities can change from the storage tanks to the storage pond in a
swine waste system, therefore, samples talzen at several locations in three lagoon systems at two
differert hog farms were tested with the P23-2 markers developed i this study. Swine fecal samples
were also collected at two different farms 1n a different location from the farms sampled for lagoon
waste. Amplification using the P23-2 marlzer 1n swine feces, surface lagoon water from all lagoons,
waste lagoon influent, and lagoon sludge samples showed that the marler 15 not replaced by another
methanogen and 15 stable in different swine populations. This study showed amplification with the P23 -
2 marker 1n all surface lagoon water samples, and 15 therefore a potential indicator for swine lagoon
waste runotf

samples collected in swine waste lagoon surface waters showed sensitinity ofthe P23-2 assay with
detection to 50 ng total DN A PCR sensitivity forthe P23-2 plasmmd was measured to 10-12 g of DNA
which 15 comparable to the plasmid detection limit for a previously identified ruminant primer. The
P23-2 marker successtully amplified DN A extracted from pig fecal dilutions to 10-6 g fecal material 1n
500 mL PBS. This level of detection was comparable to the detection of cow feces using the
Bacteraides ruminant primers described previously. Further, swine lagoon waste was detected to 10-4 ¢
in estuarine water, which suggests that the swine-specific P23-2 marler developed 1n this study 15
sensitive and specific and has potential as an indicator of swine lagoon waste in the environment.

The distribution of merd sequences among the different animal groups suggests baoth endermic and
cosmopolitan methanogen populations with implications for microbial source traclking. This study
showed that most methanogen sequences clustered as endemic populations specific to host amimals.
The few cosmopolitan populations from each animal clustered together and were phylogenetically
sumilar to Methanobrevibacter spectes. This finding 15 not surprising since Methanabrevibacter 1s the
predomuinant methanogen genus 1n the amimal gastrointestinal tract. Methanobrevibader species
nclude Metharobrevibacter rmamingriron, M. millerae and M. allyas (rurmnant specific); i,
arboripfiultis (plant specific);, M. cutictdaris, M. cirvatis and M. filiformis (termite specific), M. oralis
(human mouth);, M. gaottschaliil and M. thawieri (horse and pig), M. woesei (rat and goose),

M acididirans and M. walini (sheep). Although many species of Metharnobrevibacier are found 1n
more than one animal (1e M. goftechalin 1n horses and prgs and M. woesar in different gallinaceous
birds), many are believed to inhabit host-specitic niches. Methanabrevibader ruminartitgm occuples a
rurrunant-specific niche due to a strict growth requirement found only 10 rurminal flud, which precludes
erowth of this organism outside of the rumen. Methanobrevibader smitfui occuples a niche specificto
the human gastrointestinal systemn and 15 considered the predominant methanogen in this system The
simularity of the fecal clones in this study suggests tha the only cosmopolitan sequences were related to
Methanobrevibacter and are most likely separate species of Methanobrevibader inhabiting specific
ruches in different animal systems.

It has been suggested that differences in host arumal gastromtestinal systems create unique
envirorments allowing for host-specific bactenial niches that may be useful for microbial source
tracking This study showed distinct endemic populations of methanogen sequences, suggesting the
presence of uncultured methanogens inhabiting host-specific niches in chickens, horses, pigs, sewage,
and ruminants. Endermuc distributions were observed in pig fecal meord sequences with several swine-
spectific clades allowing for microbial source tracking marker development. Several horse-specific and
rurmnant-specific clusters were also observed representing endemnic distribution. Endemic distribution
was alsorepresented in the chicken and the sewage environments, with no chicken merd sequences
simular to other amimals and only one sewage meord sequence shared with other amimal sequences
(stmilar to Methanabrevibarter species). The presence of endemic populations in these different
systems suggests evidence for host ammal specific methanogen niches in animals with different
gastrointestinal systerns.

This study showed the potential for using the methanogen-specific merd gene to 1dentify host-
specific methanogens for microhial sowrce tracking, as well as using methanogens as swine-specific
markers of fecal pollution. The P23-2 assay developed 1n this study shows prormise as a sensitive, rapid,
reliable, and specific method for idertifying swine contarmnation in the environment, although further
testing 15 required to determmune the applicability of the assay in differert geographical settings.

This study 15 the first to 1dentify phylogenetic relationshups between merd genes 1n sewage and the
feces of different amimals. Understanding the nature and host distribution patterns of methanogens in
intestinal systems of different animals will allow for a greater appreciation of host-methanogen
interactions, howledge of uncultured methanogens 1n differert environments, and design of microhial
source tracking host-specific markers. Future studies will concentrate on the ecological implications
and host distribution patterns of the methanogens in different intestinal environments.
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