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Abstract

Enterocytozoon bieneusi is an important microsporidian protozoa that causes intestinal
disorders in humans. We collected 191 fecal samples from roadkill deer carcasses,
among which 13 (6.8%) showed positive reaction for E. bieneusi by polymerase chain
reaction assay. Phylogenetic analysis revealed 6 distinct genotypes, 1 of which was
novel. All genotypes belonged to Group 1, which has low host specificity, indicating
possible transmission through sylvatic cycle. E. bieneusi infection was predominant in
female deer (P<0.05).
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Enterocytozoon bieneusi, previously classified in the kingdom Fungi, is a zoonotic micro-
sporidia currently grouped into Cryptomycota, a sister group to fungi [1,2]. This opportu-
nistic pathogen causes intestinal disorders, such as chronic diarrhea and intestinal malab-
sorption, in immunocompromised or immunocompetent individuals, while most infec-
tions are asymptomatic [3,4].

Polymerase chain reaction (PCR)-based sequencing analysis of the polymorphic inter-
nal transcribed spacer (ITS) region of E. bieneusi has resulted in the identification of over
500 E. bieneusi genotypes in a wide range of host animals, including mammals and birds
[2,5]. To date, 11 major groups have been established using phylogenetic analysis: zoonotic
genotypes Groups 1 and 2, and host-adapted genotypes Groups 3-11. Thus, E. bieneusi is a
critical public health concern [6]. E. bieneusi transmission mainly occurs via the fecal-oral
route, beginning with the intake of environmentally-resistant spores that invade host cells
via a polar tube that penetrates the cell. There are also reports of airborne and hospital-as-
sociated transmission [7-12].

Because of its zoonotic potential, E. bieneusi has been globally studied. However, com-
pared with other animals, studies investigating the prevalence of E. bieneusi infection in
deer are scarce, particularly in Korea. Therefore, we investigated the prevalence of E. bi-
eneusi infection in deer in Korea, including the Korean water deer (Hydropotes inermis ar-
gyropus), which is a dominant species in Korea, and roe deer (Capreolus capreolus).

We collected 191 fresh fecal samples from Korean water deer or roe deer that were acci-
dentally killed on highways or roadsides from March 2018 to June 2021. When a roadkill
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carcass is found in Korea, it is usually reported to the government office by citizens passing
by on the road, leading to immediate collection by a field dispatch unit. Thus, the carcass is
kept in a fresh condition. The fecal samples were directly collected per rectum by trained
veterinarians, placed in plastic tubes, and delivered to the laboratory for analysis. Data on
the collection region, season, sex, weight, and host species were recorded, with missing in-
formation marked as “unknown?” The samples were classified into three regions according
to provincial boundaries: northern (Gangwon, Gyeonggi, Incheon, and Seoul), central
(Chungbuk, Chungnam, Gyeongbuk, Jeonbuk, Sejong, and Daejeon), and southern
(Gyeongnam, Jeonnam, Jeju, Gwangju, Busan, and Ulsan). The study population was cate-
gorized into five groups according to weight: <10 kg, >10 to <15 kg, >15 to <20 kg, >20
kg, and unknown. Statistical analysis was performed using the x> test in SPSS v26.0 (IBM
Corporation, Armonk, NY, USA). P-values <0.05 were considered statistically significant.
Approval number of dead wild animals was not needed.

DNA was extracted from the fecal samples using a QIAamp Fast DNA Stool Mini Kit
(Qiagen, Hilden, Germany) according to the manufacturer’s instructions. The quality and
quantity of the extracted DNA were determined spectrophotometrically using an Infinite
200 PRO NanoQuant plate reader (Tecan, Méannedorf, Switzerland) before storage at
—20°C until use. The presence of E. bieneusi was determined using nested PCR targeting
the ITS region, with the primer pair ITSF1 (forward, 5-GGTCATAGGGATGAAGAG-3")
and ITSRI (reverse, 5-TTCGAGTTCTTTCGCGCTC-3') and the primer pair ITSF2 (for-
ward, 5'-GCTCTGAATATCTATGGCT-3') and ITSR2 (reverse, 5'-ATCGCCGACG-
GATCCAAGTG-3’) used in the first and second PCR rounds, respectively. The expected
amplicon size was 389 bp [12]. Each PCR assay was performed in a final reaction volume
of 20 pl comprising 1 pl of each primer, 2 pl template DNA, and 16 pl distilled H>O in the
lyophilized AccuPower HotStart PCR Premix (Bioneer, Daejeon, Korea) using a Mastercy-
clerPro thermal cycler (Eppendorf, Hamburg, Germany). The cycling conditions were as
follows: initial denaturation at 95°C for 5 min; 35 cycles of denaturation at 95°C for 30 sec,
annealing at 55°C for 30 sec, and extension at 72°C for 30 sec; and final extension at 75°C
for 5 min. The resultant PCR amplicons were electrophoresed on a 1% agarose gel and vi-
sualized with ethidium bromide staining. All PCR-positive samples underwent bidirec-
tional sequencing (Macrogen, Daejeon, Korea). The obtained sequences were aligned using
BioEdit v7.2.5 (https://thalljiscience.github.io/page2.html, accessed 10 Oct. 2024), revealing
13 consensus sequences, of which 6 were identical and consequently removed. The remain-
ing 7 sequences were submitted to GenBank (accession numbers: OR335887-OR335893)
and compared with an E. bieneusi reference sequence (DQ885585) in NCBI BLAST. A
maximum likelihood phylogenetic tree with 1,000 bootstrap replicates was generated using
MEGA 7 software [13].

The E. bieneusi infection rate in our study was 6.8% (13/191 samples) (Table 1). E. bi-
eneusi infection has been studied in various species, including bats, wild boars, domestic
pigs, dairy cattle, primates in zoos, lambs, and other wildlife species [2,5,7,14-20]. Studies
on E. bieneusi infection in deer have been performed in several countries, mainly in China
[16,20]. However, studies on E. bieneusi infection in water deer and roe deer are scarce.
This study compared the E. bieneusi infection rate with other Cervidae species, including
sambar deer (Rusa unicolor), red deer (Cervus elaphus), fallow deer (Dama dama), and
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Table 1. Prevalence of Enterocytozoon bieneusi in Korean wild deer

Variable No. positive/No. tested (%) P-value

Region Northern 0/24 0.054
Central 3/89(3.4)
Southern 9/68 (13.2)
Unknown 1/10(10.0)

Season Spring 4/41 (9.8) 0.583
Summer 2/38(5.3)
Autumn 0/19
Winter 0/0
Unknown 7/93(7.5)

Sex Female 5/26 (19.2) 0.008
Male 0/45
Unknown 8/120(6.7)

Weight <10kg 0/11 0.483
>10to <15kg 2/36 (5.6)
>15t0 <20 kg 3/20(15.0)
>20kg 0/2
Unknown 8/122(6.6)

Species Korean water deer 11/172 (6.4) 0.239
Roe deer 2/19(10.5)

Total 13/191 (6.8)

sika deer (Cervus nippon). The rate of E. bieneusi infection was reported as 4.1% (25/610
samples) in an Australian population including sambar deer, red deer, and fallow deer [17],
which was slightly lower than in our study. However, the infection rate of E. bieneusi in
wild red deer in Spain was reported as much lower (1.5%, 5/329 samples) [20] and the in-
fection rate in sika deer and red deer in China was reported to be much higher (35.9%,
221/615 samples) [16] than in our study. Studies on E. bieneusi infection in bats, wild boars,
calves, Korean water deer, raccoon dogs, and dairy cattle have been conducted in Korea,
and the infection rate in Korean water deer was reported as 53.6% (52/97) [15], consider-
ably higher compared with that in our study. This result demonstrated that there may be
various differences depending on the methodology, study region, and sampling time.

We also analyzed the risk factors predisposing to E. bieneusi infection, such as locality,
season, sex, weight, and host species. Female deer had a significantly higher infection rate
than males (19.2% vs. 0%, P=0.008), although the sex of eight of the infected deer was un-
known. Deer thrives in the southern region had a higher infection rate (13.2%) and in the
spring season (9.7%), but not statistically significant (P=0.054 and 0.583, respectively).
Other studies have not reported significant differences in the infection prevalence between
females and males [16,18,19]. In Chinese deer, the prevalence was 30.1% in females and
42.1% in males [16]; in Ethiopian lambs, the prevalence was 11.0% in females and 9.0% in
males [19]; and in Korean wild boars, the prevalence was 3.0% in females and 2.6% in
males [18]. Thus, further studies with a larger sample size are necessary to clarify this asso-
ciation.

Regarding weight and species, the infection rate was high in the >15 to <20 kg group
(15.0%) and in roe deer (10.5%), albeit not statistically significant (P=0.483 and P=0.239,
respectively).
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Host Region (Accession No.) Genotype Subgroup Group
pig Switzerland (AF076041) EbpB 1 ]
wild boar Korea (MT984292) KWB1
WDEF-85-ITS (OR335889) A— KWB1
human Iran (KY859473) M
cattle Korea (EF139198) CEbD
Human China (MN136777) EbpA
sika deer China (KX383623) EbpA
WDF-75-ITS (OR335888) — H
calf Ethiopia (KT922240) H Te
human China (JX994266) SH10
pig Spain (MN699293) PigNH-Il
pig China (MK778895) cs-7
pig China (KF607053) CS-7
11 wild boar China (MK681477) PigEBITS5
WDF-139-ITS (OR335892) — Korea-WL6
51| WDF-34-ITS (OR335887) C— Korea-WL6
water deer Korea (LC436514) Korea-WL6
WDF-105-ITS (OR335890) A— RDK d
 bat Korea (KX641284) KBAT3 Ib/e |
leopard cat Korea (LC436512) Korea-WL4 ]
sika deer China (KX383629) JLD-INI
water deer Korea (LC436503) Korea-WL2
WDF-109-ITS (OR335891) — Korea-WL2
r|[ roe deer Korea (LC436497) Korea-WL1
raccoon dog Korea (LC436511) Korea-WL3 1a
WDF-141-ITS (OR335893) — D
wild boar Korea (MT984296) D
water deer Korea (LC436451) D
human China (MG050712) D
cattle Korea (EF139197) D ]
human Congo (JQ437573) CAF1 }1
sika deer China (KR815514) CAF1 9
wild boar Korea (MT984297) EbpC
{icattle China (KU245706) CHC5 1d
pig China (MK778894) CH5 d
8{| — human Germany (AF101199) C If J
bat Korea (KX641282) KBAT1 }
* cattle Korea (EF139194) CEbF 2
deer USA (KJ867485) DeerEb6 1g
lemur China (KJ728811) CM18 17
deer USA (KJ867476) wL4 13
dog Portugal (DQ885585)  PtEbIX 111
P
0.050
Fig. 1. Phylogenetic analysis of Enterocytozoon bieneusi infection in deer in Korea. MEGA 7 software
was used to generate a maximum likelihood phylogenetic tree, and 1,000 bootstrap replicates
were performed. The genotypes identified in our study are indicated in bold, and the novel geno-
type RDK is indicated in red. The genotypes (group and subgroup) are indicated on the right.

Phylogenic analysis revealed 6 distinct E. bieneusi genotypes: Korea-WL2 (OR335891),
Korea-WL6 (OR335887 and OR335892), H (OR335888), KWBI1 (OR335889), D
(OR335893), and RDK (OR335890). RDK (OR335890) was a novel genotype with 3 nucle-
otide substitutions at positions 200 (T/A), 207 (A/G), and 260 (A/G) compared with the
reference genotype PigHN-II sequence (MN699293). Among the 7 samples positive for E.
bieneusi, 1 sample was identical to genotype Korea-WL2 (subgroup la, identified in rac-
coon dogs and Korean water deer) and two were identical to genotype Korea-WL6 (sub-
group le, identified in Korean water deer) [15]; 1 sample each was identical to genotype H
(subgroup le), KWBI (subgroup le, identified in wild boar), and D (subgroup 1a, identi-
fied in wild boar) [18], respectively. Finally, 1 sample was classified as the novel RDK geno-
type, which belonged to subgroup le. All 6 genotypes identified in our study belonged to
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