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Abstract

Paleoparasitology is a discipline that applies existing conventional and molecular tech-
niques to study parasites found in ancient ruins. This review focuses on the history of
the discovery of parasites (mostly helminth eggs and larvae) in archaeological soil sam-
ples and mummies in Korea from the Three Kingdoms Period to the Joseon Dynasty
(100 BCE-1910 CE). We also briefly review important milestones in global paleoparasi-
tology. The helminth species reported so far in Korea included Ascaris lumbricoides, Trich-
uris trichiura, Strongyloides stercoralis (larva), Trichostrongylus sp. (larva), Paracapillaria
philippinensis (syn. Capillaria philippinensis), Enterobius vermicularis, Fasciola hepatica,
dicrocoeliids, Paragonimus westermani, Clonorchis sinensis, Metagonimus yokogawai,
Pygidiopsis summa, Gymnophalloides seoi, Isthmiophora hortensis, Dibothriocephalus
nihonkaiensis (syn. Diphyllobothrium nihonkaiense), and Taenia spp. tapeworms. The
findings obtained by Korean paleoparasitologists/archaeologists have brought about
deep insight into the status of helminthic infections in Korea’s past populations. Contin-
ued paleoparasitological research is essential for further understanding of ancient para-
sites and parasitic diseases in Korea.

Keywords: Paleoparasitology, soil-transmitted nematode, foodborne trematode, tape-
worm, ancient helminth, ancient (parasite) DNA (aDNA), Korea

Introduction

Paleoparasitology (or archaeoparasitology) and paleopathology, in the sense of using a sys-
tematic approach, began around 1910 by Dr. Ruffer MA in Egypt [1]. Schistosoma haema-
tobium calcified eggs were identified and described under the name Bilharzia haematobia
from the histopathological sections of the kidneys of 2 Egyptian mummies dated to 1250-
1000 BCE (Before the Christian Era) [1]. In 1944, Szidat [2] found Ascaris lumbricoides and
Trichuris trichiura eggs from the intestinal content of 2 Prussian (northern part of Germa-
ny) bog bodies, a man, and a woman, together with possible eggs of Dibothriocephalus la-
tus (syn. Diphyllobothrium latum) and mite eggs in the man. Since then, over the succeed-
ing several decades, paleoparasitology has attained remarkable progress and development
worldwide [3]. Experts in this research field have examined soil sediments, strata soil, cop-
rolites, and internal organs and tissues of mummies excavated from archaeological sites
and tombs and discovered ancient helminth eggs, larvae, and their DNAs using conven-
tional and molecular techniques [3].

In Korea, paleoparasitology research began in the late 1990s using archaeological wet-
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land soil samples from Shinchang-dong, Gwangju Metropolitan City (Gwangju) (Fig. 1,
no. 1) [4]. Helminth eggs, including A. lumbricoides and T. trichiura, were detected in sam-
ples from 100 BCE (Three Kingdoms period, Baekje Dynasty) [4]. The second report, pub-
lished in 2003, was on the discovery of A. lumbricoides, T. trichiura, and Clonorchis sinensis
eggs in pit soil specimens from archaeological sites in Chilgok-gun, Daegu Metropolitan
City (Daegu) (Fig. 1, no. 2), dating to 668-935 CE (the Christian Era) (Unified Silla Dynas-
ty), and of the eggs of 2 unknown trematode species in soil samples from Uljin-gun, Gyeong-
sangbuk-do (Province), dating to 100 BCE (Three Kingdoms period, Silla Dynasty) [5]. Since
then, soil sediment, precipitate, strata soil (Fig. 2A), and pit soil from ancient places, like
Seoul, Buyeo, and Gyeongju have been investigated for helminth eggs and larvae.

In 2007, studies began to use human mummy specimens (Fig. 2B), mostly from the Jo-
seon Dynasty (1392-1910) [6-8], which became a big achievement in paleoparasitological
research in Korea. The medieval Korean mummies are superb in their status of preserva-
tion and are highly useful for paleopathological and paleoparasitological purposes [3]. The
tombs in the Joseon Dynasty were built using lime, sand, and red clay filled around the cof-
fin which became hardened like a stone after a long while, forming a layer of the lime soil

Fig. 1. Map showing the areas where archaeological remains examined were positive for helminth
eggs and/or larvae in Korea (1997-2023). Black heptagons represent the areas where soil or strata
soil specimens were examined (n=8), whereas white heptagons represent the areas where mum-
my sampiles (feces, tomb soil, or coprolites) were examined (n=32). Names of localities. 1, Gwangju;
2, Daegu; 3, Yangju; 4, Yongin; 5, Gyeongju-1; 6, Gongju; 7, Seocheon; 8-9, Seoul (Sinnae-dong A, B);
10, Seoul (old palace, etc.); 11, Dangjin; 12, Jangheung; 13, Paju; 14, Jinju; 15, Buyeo-1; 16, Buyeo-2;
17, Gimhae; 18, Changnyeong; 19, Yeounggwang-1; 20, Yeounggwang-2; 21, Dalsung; 22, Hwa-
sung; 23, Seoul (Junggye); 24, Cheongdo; 25, Gyeongju-2; 26, Gwangmyeong; 27, Buyeo-3 (Hwa-
jisan); 28, Wonju; 29, Gumi; 30, Gangneung; 31, Waegwan; 32-33, Seoul (Sinnae-dong C, D); 34,
Sapgyo; 35, Mungyeong; 36, Andong; 37, Goryeong; 38, Euijeongbu-1; 39, Euijeongbu-2; 40, Ha-
dong-1; 41, Hadong-2; 42, Sacheon.
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Fig. 2. Sampling of archaeological specimens in paleoparasitological research in Korea. (A) Sampling sites (conical tubes) of strata soil in
an old road of old Seoul City (near the Gyeongbok Palace). (B) A mummy from Cheongdo before examination in the laboratory. In this
mummy, ectopic paragonimiasis was found in the liver tissue.

mixture barrier (LSMB), and the coffin could be protected from the possible intrusions of
insects and other biological or physical invaders [9]. With the help of archaeologists, the
mummy studies greatly enabled paleoparasitologists in Korea to achieve meaningful prog-
ress in understanding the status of ancient parasites and parasitic diseases in medieval Ko-
rean populations [9]. Another big step forward is probably the use of molecular techniques,
including DNA analysis and gene sequencing, on archaeological samples obtained in Ko-
rea. Ancient DNAs (aDNAs) of Ascaris sp. [10], T. trichiura [11], and C. sinensis [12] were
successfully extracted and sequenced from organic materials from mummy and soil sedi-
ments in medieval tombs of the Joseon Dynasty. Since then, plenty of useful research re-
ports, including conventional and molecular approaches, have been gathered.

This review briefly summarizes the 26-year history of ancient parasite research in Korea,
with special paleoparasitological consideration of each helminth species discovered. Im-
portant milestones in global paleoparasitology research are also briefly reviewed, including
major achievements on some currently undetected helminth species in Korea.

Ascaris lumbricoides

General views

A. lumbricoides (Nematoda: Ascaridae) is the largest nematode among those infecting hu-
mans and the representative species of soil-transmitted helminths [13]. It is distributed
worldwide. Its eggs are excreted in human feces and develop into embryonated eggs, the
infective stage to humans, mostly in soil [13]. The mode of infection is the accidental inges-
tion of soil, vegetables, and fruits contaminated with embryonated eggs. This parasite may
cause variable clinical symptoms, including indigestion, diarrhea, abdominal cramp, and
growth retardation [13]. Two types of A. lumbricoides eggs are produced, i.e., unfertilized
eggs and fertilized eggs, and only the fertilized eggs undergo development into larvae and
are responsible for transmission to new host individuals [13]. Ascaris suum, the pig Ascaris,
is a closely related species, both morphologically and phylogenetically, and the possibility

Parasites Hosts Dis 2023;61(4):345-387 - https//doi.org/10.3347/PHD.23085 347



Chai et al.: Paleoparasitology research in Korea

of human A. suum infection has been suggested [13].

Paleoparasitological studies on Ascaris spp. in Korea

One of the archaeological materials frequently examined is the soil (including strata soil),
soil sediment, or soil precipitate in an environment separated from tombs. Such a site may
include an ancient toilet or a disposal place for human and/or animal excreta. If Ascaris sp.
eggs were found in soil specimens sampled from a pit or soil strata, which probably had a
connection with toilets or latrines for humans, those were regarded as the human round-
worm, A. lumbricoides [5,14]. On the other hand, eggs with the same morphology from
places remote from human toilets were assigned to A. suum or Ascaris sp., if supported by
a molecular study [10,15,16]. However, it should be noted that the longtime debates on the
taxonomy of human and pig Ascaris, i.e., A. lumbricoides and A. suum, have been almost
solved recently through extensive molecular studies [17]. The two species appeared to be
hardly distinguished by morphological and molecular means, and it has been proposed to
treat A. suum as a synonym of A. lumbricoides [17]. We followed this proposal, although in
Table 1 we tried to keep the original diagnosis (A. lumbricoides or Ascaris sp.) given by the
authors of each study. Notably, Korean medieval tombs with mummies inside are usually
encapsulated by a stone-like solid layer of LSMB and were separated from the surround-
ings [18]. Thus, the eggs of Ascaris detected in the feces or coprolites of the mummy’s intes-
tines or soil sediment near the hip bones or sacrum were assigned as those of human ori-
gin, A. lumbricoides.

In Korea, the detection of A. lumbricoides eggs in archaeological samples was reported
for the first time by Kwangju National Museum in 1997 (Table 1) [4]. The material exam-
ined was wetland soil in Shinchang-dong, Gwangju dating to the Early Iron Age (100 BCE,
Baekje Dynasty). The next study was the examination of the archaeological soil in Chilgok
area, Daegu in 2003, dating to the Unified Silla period (668-935 CE), where A. lumbricoides
eggs (fertilized, 55.0+ 3.7 um long and 49.4+ 2.2 ym wide, and unfertilized, 80.0 um long
and 50.0 um wide) were found [5]. Since then, at least 25 studies (including the above 2)
have been published (Table 1) [4-6,10,14-16,18-35].

Soil studies: After the two pioneering studies [4,5], a few A. lumbricoides eggs together with a
great number of T. trichiura eggs were discovered in soil samples from the ruins of a moat
encircling the royal palace at Gyeongju-1 (Fig. 1, no. 5) of the Silla Dynasty dating to the
5th-8th century [19]. Regarding the smaller number of A. lumbricoides eggs, in comparison
with a great number of T. trichiura eggs, it was speculated that it might have been due to an
easier and faster decay of A. lumbricoides eggs than T. trichiura eggs in certain ancient sam-
ples [19]. In this regard, it is noteworthy that Ascaris aDNA was detected from human cop-
rolites of pre-Columbian South American times even in the microscopic absence of the
eggs, through the sequencing analysis of cytochrome b gene [36]. However, in two Korean
studies in which the eggs of A. lumbricoides (Fig. 3A, B) were detected in strata soil (old pal-
ace, old road, and old arsenal) and streambed soil (alley, side gutter, etc.) from old Capital
City, Seoul (Fig. 1, no. 10) dating to the Joseon Dynasty (14th-19th century), the number of
A. lumbricoides eggs was not so small compared to T. trichuris eggs [22,24]. Moreover, in
soil samples obtained from V-shaped pits (presumed to be toilets) at Buyeo-1 (Fig. 1, no. 15)
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Table 1. Paleoparasitological reports on the detection of Ascaris lumbricoides or Ascaris sp. eggs in Korea

Author (year, Locali . Parasite species
[Refergrl'nce )no.] s intlgig. " Type of samples Estimated date® (eggg)

Kwangju NM (1997) [4] Shinchang-dong, Gwangju (1) Wetland soil 100 BCE (Baekje) Ascaris sp.

Han et al. (2003) [5] Chilgok, Daegu (2) Archaeological pit soil 668-935 CE A. lumbricoides

Seo et al. (2007) [6] Yangju (3) Mummy feces (child) 17C A. lumbricoides

Shin et al. (2009) [19] Gyeongju-1 (5) (Weolseong; Palace of Silla) Soil from an ancient moat 5C-8C A. lumbricoides

Shin et al. (2009) [18] Gongju (6) Mummy soil (on hip bone, sacrum) 17C-18C A. lumbricoides

Seo et al. (2010) [21] Seocheon (7) Mummy soil 17C A. lumbricoides

Seoul (Sinnae-dong A) (8) Mummy soil 1605-1733 CE A. lumbricoides

Seoul (Sinnae-dong B) (9) Mummy soil 16C-17C A. lumbricoides

Yongin (HY HM) (4) Mummy soil 15C-16C A. lumbricoides

Shin et al. (2011) [22] Seoul (old palace) (10) Soil strata 14C-19C A. lumbricoides

Seoul (old road) (10) Soil strata 16C-18C A. lumbricoides

Seoul (old arsenal) (10) Soil strata 15C-18C A. lumbricoides

Shinetal. (2011) [23] Dangjin (11) Mummy soil 1633 CE A. lumbricoides
Shin et al. (2013) [24] Seoul (old streambed, alley, side gutter) (10) Archaeological soil 15C-19C Ascaris sp.
Kim et al. (2013) [25] Jangheung (12) Archaeological soil 19C Ascaris sp.

Seo et al. (2014) [26] Paju (13) Mummy soil 1699 CE A. lumbricoides

Jinju (14) Mummy soil 15C-16C A. lumbricoides

Shin et al. (2014) [14] Buyeo-1 (15) (Baekje Capital) V-shaped pit soil (toilet) 6C-7C A. lumbricoides

Buyeo-1 (15) (Baekje Capital) V-shaped pit soil (toilet) 6C-7C A. lumbricoides

Shin et al. (2015) [27] Buyeo-2 (16) (Baekje Capital) Archaeological site soil 538-660 CE A. lumbricoides

Buyeo-2 (16) (Baekje Capital) Archaeological site soil 538-660 CE A. lumbricoides

Buyeo-2 (16) (Baekje Capital) Archaeological site soil 538-660 CE A. lumbricoides

Kim et al. (2016) [28] Gimhae (17) Flood precipitate Silla-Goryeo A. lumbricoides

Gimhae (17) (Silla Dynasty) Soil (shell-midden) Silla A. lumbricoides

Gimhae (17) (Silla Dynasty) Flood precipitate Silla A. lumbricoides

Changnyeong (18) Soil sediment Silla (~676 CE)  A.lumbricoides

Changnyeong (18) Soil sediment Silla (6C-9C) A. lumbricoides

Changnyeong (18) Soil sediment Silla (~676 CE)  A.lumbricoides

Seo et al. (2017) [29] Yeounggwang-1 (19) Mummy feces 15C-16C A. lumbricoides

Yeounggwang-2 (20) Mummy feces 15C-16C A. lumbricoides

Dalsung (21) Mummy feces 16C-17C A. lumbricoides

Hwasung (22) Mummy feces 18C A. lumbricoides

Seoul (23) (Junggye) Mummy feces 16C-17C A. lumbricoides

Choetal. (2017) [30] Seoul (ditch A) (10) Archaeol. soil 15C A. lumbricoides

Seoul (ditch B) (10) Archaeol soil 15C A. lumbricoides

Seoul (toilet) (10) Archaeol. soil 15C A. lumbricoides

Seoul (yard) (10) Archaeol. soil 15C A. lumbricoides

Seoetal. (2018) [31] Gyeongju-2 (25) (Silla tomb) Organic material (hip bone, sacrum) 6C A. lumbricoides

Seo et al. (2020) [32] Buyeo-2 (16) Soil 6C-7C Baekje A. lumbricoides

Buyeo-2 (16) Sewage drainage 6C-7C Baekje A. lumbricoides

Buyeo-2 (16) Toilet (?) 6C-7C Baekje A. lumbricoides

Ohetal. (2021) [33] Gwangmyeong (26) Mummy soil 17C A. lumbricoides

Ohetal. (2021) [34] Buyeo-3 (Hwajisan) (27) Soil (toilet?) 6C Baekje A. lumbricoides

Oh et al. (2023) [35] Wonju (28) Mummy coprolite/ pelvic bone sediments 16C-17C A. lumbricoides

Gumi (29) 17C A. lumbricoides

Shin et al. (2009) [20]* Yongin (4) Mummy feces 15C-16C A. lumbricoides
Ohetal. (2010) [10]° Seocheon (7) Mummy soil (on hip bone) 17C Ascaris sp.
(A. suum?)
Ohetal. (2015) [15]° Seoul (8) (Sinnae-dong A) Mummy soil 1605-1733 CE Ascaris sp.
Hong etal. (2017) [16]°  Yeounggwang-1 (19), Yeounggwang-2 (20), Mummy feces/precipitate 15C-18C Ascaris sp.

Dalsung (21), Hwasung (22), Seoul (Junggye)
(23), Jinju (14), Seocheon (7), Cheongdo (24)

2Scanning electron microscopic study was done using the eggs obtained from the Yangju mummy [6].
"Molecular analyses were done using 18S ribosomal RNA (185 RNA) and mitochondrial cytochrome b (cyt b).
“Molecular analysis was done using cyt b, mitochondrial cytochrome ¢ oxidase subunit 1 (cox1), NADH dehydrogenase subunit 1 (nd1), and internal tran-

scribed spacer 1 (ITS1).

9BCE, before Christian era; CE, Christian era; C, century.
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Fig. 3. Ascaris lumbricoides eggs found in archaeological remains in Korea. (A) A fertilized egg de-
tected from soil sediments in an old road of old Seoul City (near Gyeongbok Palace). It is almost
round-shape containing a germ cell inside. It has a characteristic eggshell morphology, including
the outer protein coat and inner chitin layer. Scale bar=25 pm. (B) An unfertilized egg (unpub-
lished observation) detected from the coprolite of Cheongdo mummy. It is slightly elongated and
elliptical in shape. It does not have a germ cell inside but is filled with undifferentiated granules.
Scale bar=25 um.

[14] and geological strata [27] at Buyeo-2 (Fig. 1, no. 16) dating to the ancient Baekje Dy-
nasty (6th-7th century), the number of A. lumbricoides eggs was rather greater than that of T.
trichiura eggs. Similarly, in soil sediment samples from Gimhae (Fig. 1, no. 17) and Chang-
nyeong (Fig. 1, no. 18) dating to ~ 676 CE of the ancient Silla Dynasty [28], Seoul dating to
the 15th century of the Joseon Dynasty [29], and Buyeo-2 and Buyeo-3 (Fig. 1, no. 27) dat-
ing to the 5th-7th century of the Baekje period [32,34], A. lumbricoides and T. trichiura eggs
were detected almost equally in their amount. Based on these reports, the relative difference
in the decaying time of different helminth species eggs [19] needs further verification.

Mummy studies: Mummy studies reporting A. lumbricoides eggs were first published in
2007 in a child mummy from Yangju (Fig. 1, no. 3) dating to the 17th century of the Joseon
Dynasty [6]. The first investigation of this mummy was done in 2002, and later biomedical
workups were performed on the same mummy in 2005 [6]. Until the present, at least 9 ar-
ticles reported the detection of A. lumbricoides eggs either in the coprolites within the mum-
my’s intestines or in the soil sediment located near the hip bones or sacrum of the dead body
[6,18,21,23,26,29,31,33,35]. The surface ultrastructure [20] and molecular characteristics
[10,15,16] of A. lumbricoides eggs were also studied. Shin et al. in 2009 [18] reported the
recovery of A. lumbricoides eggs in the feces of a mummy from Gongju (Fig. 1, no. 6) dat-
ing to the 15th-18th century. Seo et al. in 2010 [21] detected A. lumbricoides eggs in the soil
within LSMB tombs having partially preserved mummies at Yongin (HY HM) (Fig. 1, no.
4), Seocheon (Fig. 1, no. 7), and Seoul (Sinnae-dong A, B) (Fig. 1, nos. 8, 9) dating to the
15th-17th century. Shin et al. in 2011 [23] found A. lumbricoides eggs in the mummy soil at
Dangjin (Fig. 1, no. 11) dated to 1630s CE. Seo et al. in 2014 [26] and Seo et al. in 2017 [29]
added 7 more areas, Paju (Fig. 1, no. 13), Jinju (Fig. 1, no. 14), Yeounggwang-1 (Fig. 1, no.
19), Yeounggwang-2 (Fig. 1, no. 20), Dalsung (Fig. 1, no. 21), Hwasung (Fig. 1, no. 22), and
Seoul (Junggye) (Fig. 1, no. 23), where mummies excavated revealed A. lumbricoides eggs
dating to the 15th-18th century. The oldest mummy or tomb soil sample examined in Ko-
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rea (A. lumbricoides egg-positive) was the one obtained from a wooden chamber tomb con-
taining human skeletons in Gyeongju-2 (Fig. 1, no. 25) dating to the Three Kingdom peri-
od Silla Dynasty, about 1,500 years before the present (BP) [31]. Studies conducted in 2021
and 2023 added 16th-17th century mummies from Gwangmyeong (Fig. 1, no. 26), Wonju
(Fig. 1, no. 28), and Gumi (Fig. 1, no. 29) positive for A. lumbricoides eggs [33,35].

Molecular studies: The first molecular study on the eggs of Ascaris sp. was performed by
Oh et al. [10] who used soil sediment specimens spread on the surface of the hip bones of a
mummy in a medieval tomb at Seocheon dating to the 17th century. Ascaris sp. aDNA was
successfully extracted in this mummy, and the 18S rRNA and mitochondrial cytochrome b
(cyt b) genes were sequenced [10]. Both the 18S rRNA and cyt b gene sequences were 100%
identical to those of the Namur samples (Belgium; human origin coprolites) [37], of which
the 18S rRNA sequence showed perfect identity with A. suum (GenBank no.: U94367). How-
ever, in the cyt b sequence, there were 3 substitutions compared to an isolate of A. suum
(GenBank no.: X54253) and 2 substitutions compared to A. lumbricoides [37]. Thus, it was
difficult to determine to which species the Namur and Joseon samples belonged [10]. If the
synonymy between A. lumbricoides and A. suum [17] is accepted, the Joseon sample [10]
could be assigned as A. lumbricoides, according to the rule of taxonomic priority (A. lum-
bricoides Linnaeus, 1758 vs. A. suum Goeze, 1782). Another molecular study was performed
by Oh et al. [15] using the tomb soil from the basal plate of the coffin and the precipitates
on the sacrum of a mummy from Seoul dating to the 16th-17th century. Numerous eggs of
Ascaris sp. were found microscopically, and their 18S rRNA and cyt b genes were sequenced.
According to the results, the 18S rRNA appeared to be not a good genetic locus for differ-
entiation of the Ascaridae species, because this locus could not discriminate even between
the genera Ascaris and Baylisascaris [15]. Meanwhile, the sequence of cyt b was useful to
differentiate the species of Ascaris, namely, A. lumbricoides (99% identity) and A. suum (97%
identity) [15], although these 2 species were suggested to be the same species by other work-
ers [17]. Hong et al. [16] also performed a molecular study on ancient Ascaris eggs target-
ing several different genetic loci, including cyt b, mitochondrial cytochrome ¢ oxidase sub-
unit 1 (cox1), NADH dehydrogenase subunit 1 (nd1), and internal transcribed spacer 1
(ITS1). They used Ascaris eggs in the feces and precipitates of 8 mummy specimens of the
Joseon Dynasty (15th-18th century). The phylogenetic trees of the Ascaris cyt b, cox1, ndl,
and ITS1 genes revealed strong clusters of the Joseon samples with A. lumbricoides and A.
suum but far from the other Ascaridae species [16].

World reports and evolutionary aspects of Ascaris spp.

The evolutionary origin of A. lumbricoides is not precisely understood [38]. The occurrence
of this parasite might be related to the establishment of the human agrarian society near
the beginning of the Neolithic Era (ca. 10,000 years BP) in Africa. However, the oldest round-
worm (Ascaris sp.) eggs ever recorded were in organic remains (sediment and coprolite) of
an archaeological site in Grande Grotte, Arcy-sur-Cure, Yonne, France dating to about 30,000
years BP; however, it was impossible to assert whether these eggs were of human or animal
(pig) origin [38]. Another discovery of an old Ascaris sp. egg was in the coprolite of a late
stone-age man (probably ancestors of modern-day San) recovered from Kruger Cave in
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the Megaliesberg mountain range, Rustenburg, South Africa dating to 7,000-10,000 years
BP [39]. Thus, the historical origin of A. lumbricoides or Ascaris sp. may be at least 10,000-
30,000 years BP, before the domestication of pigs, estimated to have begun at around 7,000
years BP [38]. It is generally accepted that this nematode originated in Africa, and it has
been found also in archaeological sites of North America and South America, dated as old
as 9,000 years ago [38]. Further paleoparasitological studies on archaeological remains
> 10,000 years will help better understand the evolutionary and geographical origins of hu-
man Ascaris. There is a hypothesis that A. lumbricoides originated from A. suum (or vice
versa?), which may have occurred some 10,000 years ago [38]. However, these two species
were proposed recently to be identical based on molecular studies [17].

Trichuris trichiura and Trichuris sp.

General views

The human whipworm, T. trichiura (Nematoda: Trichuridae), is another representative
species of soil-transmitted helminths [13]. Its geographical distribution, life cycle, biology,
and epidemiology are similar to those of A. lumbricoides. The eggs are excreted in the hu-
man feces and develop into embryonated eggs in soil [13]. The great majority of T. trichiura
infection is moderate or light, with few or no clinical symptoms [13]. However, in heavy
infections, diftuse colitis with abdominal cramps and severe rectal tenesmus, chronic dys-
entery, weight loss, and even rectal prolapse may occur [13]. Trichuris vulpis, the dog whip-
worm, is a closely related species, and a few human infection cases have been reported [13].

Paleoparasitological studies on Trichuris spp. in Korea
In Korea, the first detection of ancient T. trichiura eggs was reported by Kwangju National
Museum in 1997 from the wetland soil of archaeological remains in Shinchang-dong, Gwangju
dating to the Early Iron Age (100 BCE) (Table 2) [4]. In 2003, T. trichiura eggs (49.0+2.7
pm long and 24.8+ 0.8 pm wide) were discovered again in archaeological soil samples in
Chilgok area, Daegu, dating to the Unified Silla Dynasty (668-935 CE) [5]. Since then, at
least 25 studies (including the above 2) have been published on the detection of T. trichiura
and/or Trichuris sp. (including T. vulpis) eggs (Table 2) [4-6,8,11,14,18-22,24-35,40,41].
When the eggs of T. trichiura are discovered in archaeological samples, they should be
differentiated from the eggs of other Trichuris spp. infecting domestic and wild animals, in-
cluding Trichuris suis (infecting the pig, wild pig, and wild boar), Trichuris ovis (goat, sheep,
and cattle), Trichuris globulosa (goat, sheep, cattle, and camel), Trichuris vulpis (dog and
fox), Trichuris muris (mouse and rat), and Trichuris arvicolae (field rat) [42,43]. The eggs of
T. vulpis (70-89 um long and 37-40 um wide), T. ovis (70-80 pm long and 30-42 pm wide),
T. globulosa (68 pm long and 36 um wide), and T. arvicolae (67-79 um long and 31-43 um
wide) can be differentiated from T. trichiura eggs (45-55 um long and 25-30 um wide) by
their remarkably larger sizes [22,42,43]. In comparison, T. muris eggs (62-68 pm long and
28-32 um wide) are only slightly larger than T trichiura eggs [42,43]. Meanwhile, T. suis
eggs (50-60 pm long and 21-25 pum wide) are almost the equal size as T. trichiura eggs, and
these two species are morphologically indistinguishable from each other [22,42]. If Trichu-
ris sp. eggs were found in soil specimens from a pit or soil strata containing human excreta,
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Table 2. Paleoparasitological reports on the detection of Trichuris trichiura or Trichuris sp. eggs in Korea

Author (year) Localit; . Parasite species
[Refere)r/me no.] (see no.in Izlig. 1) poarag Etliizg e (eggsp)
Kwangju NM (1997) [4] Shinchang-dong, Kwangju (1) Wetland soil 100 BCE (Baekje) Trichuris sp.
Han et al. (2003) [5] Chilgok, Daegu (2) Archaeological pit soil 668-935 CE T. trichiura
Seo et al. (2007) [6] Yangju (3) Mummy feces (child) 17C T. trichiura
Lee et al. (2009) [8] Gangneung (30) Mummy feces (colon) 1622 CE T. trichiura
Shin et al. (2009) [19] Gyeongju-1 (5) (Weolseong; Palace of Silla) Soil from an ancient moat 5C-8C T. trichiura
Shin et al. (2009) [18] Gongju (6) Mummy soil (hp bone) 17C-18C T. trichiura
Seoetal. (2010) [21] Seocheon (7) Tomb soil 17C T. trichiura
Waegwan (31) Tomb soil 1624-1685 CE T. trichiura
Seoul (Sinnae-dong A-D) (8-9, 32, 33) Tomb soil 1605-1765 CE T. trichiura
Yongin (HY HM) (4) Tomb soil 15C-16C T. trichiura
Shin et al. (2011) [22] Seoul (old palace) (10) Soil strata 14C-19C T. trichiura
Seoul (old road) (10) Soil strata 16C-18C T. trichiura
Seoul (old arsenal) (10) Soil strata 15C-18C T. trichiura
Shin et al. (2012) [40] Sapgyo (34) Mummy feces-soil 16C T. trichiura
Shin et al. (2013) [24] Seoul (old streambed, alley, side gutter) (10) Archaeological site soil 15C-19C Trichuris sp.
Kim et al. (2013) [25] Jangheung (12) Archaeological site soil 19C T. trichiura
Seo et al. (2014) [26] Jinju (14) Mummy soil 15C-16C T. trichiura
Mungyeong (35) Mummy soil 1647 CE T. trichiura
Paju (13) Mummy soil 1699 CE T. trichiura
Shin et al. (2014) [14] Buyeo-1 (15) (Baekje Capital) V-shaped pit soil (toilet) 6C-7C T. trichiura
Buyeo-1 (15) (Baekje Capital) V-shaped pit soil (toilet) 6C-7C T. trichiura
Shin et al. (2015) [27] Buyeo-2 (16) (Baekje Capital) Archaeological site soil 538-660 CE T. trichiura
Buyeo-2 (16) (Baekje Capital) Archaeological site soil 538-660 CE T. trichiura
Buyeo-2 (16) (Baekje Capital) Archaeological site soil 538-660 CE T. trichiura
Kim et al. (2016) [28] Gimhae (17) (Goryeo) Soil Goryeo T. trichiura
Gimhae (17) Flood precipitate Silla-Goryeo T. trichiura
Gimhae (17) (Silla Dynasty) Soil (shell-midden) Silla T. trichiura
Gimhae (17) (Silla Dynasty) Flood precipitate Silla T. trichiura
Changnyeong (18) (Silla D.) Soil sediment Silla (~ 676 CE) T. trichiura
Changnyeong (18) (Silla D.) Soil sediment Silla (6C-9C) T. trichiura
Changnyeong (18) (Silla D.) Soil sediment Silla (~ 676 CE) T. trichiura
Seo et al. (2017) [29] Andong (36) Mummy feces 16C T. trichiura
Yeounggwang-1 (19) Mummy feces 15C-16C T. trichiura
Yeounggwang-2 (20) Mummy feces 15C-16C T. trichiura
Dalsung (21) Mummy feces 16C-17C T. trichiura
Hwasung (22) Mummy feces 18C T. trichiura
Seoul (Junggye) (23) Mummy feces 16C-17C T. trichiura
Choetal. (2017) [30] Seoul (old ditch A) (10) Archaeol. solil 15C T. vulpis
Seoul (old ditch B) (10) Archaeol soil 15C T. trichiura, T. vulpis
Seoul (old toilet) (10) Archaeol. solil 15C T. trichiura, T. vulpis
Seoul (old yard) (10) Archaeol. soil 15C T. trichiura
Seo et al. (2018) [31] Gyeongju-2 (25) (Silla tomb) Organic material (hip bone, sacrum) 6C T. trichiura
Seo et al. (2020) [32] Buyeo-2 (16) (Baekje Capital) Strata soil 6C-7C Baekje T. trichiura
Buyeo-2 (16) (Baekje Capital) House 6C-7C Baekje T. trichiura
Buyeo-2 (16) (Baekje Capital) Sewage drainage 6C-7C Baekje T. trichiura
Buyeo-2 (16) (Baekje Capital) Toilet (?) 6C-7C Baekje T. trichiura, T. vulpis
Buyeo-2 (16) (Baekje Capital) Road 6-7C Baekje T. trichiura
Ohetal. (2021) [33] Goryeong (37) Mummy soil 17C T. trichiura
Gwangmyeong (26) Mummy soil 17C T. trichiura
Oh et al. (2021) [34] Buyeo-3 (Hwajisan) (27) Soil (toilet?) 6C Baekje T. trichiura, T. vulpis
Oh et al. (2023) [35] Wonju (28), Euijeongbu-1 (38), Euijeong-  Mummy coprolite/pelvic bone sedi- 16C-18C T. trichiura
bu-2 (39), Gumi (29) ments
Shin et al. (2009) [20]° Yangju (3) Mummy feces 15C-16C T. trichiura
Ohetal. (2010) [11]° Seoul (Sinnae-dong C) (32) Mummy soil (sacrum) 1765+ 10 CE T. trichiura
Hong et al. (2019) [41]° Jinju (14), Junggye (23), Waegwan (30), Mummy feces 15C-18C T. trichiura

Sinnae-dong A (8), Mungyeong (34),
Seocheon (7), Yeounggwang-1 (19),
Yeounggwang-2 (20)

2Scanning electron microscopic study was done using the eggs obtained from the Yangju mummy [6].
"Molecular analysis was done using small subunit ribosomal RNA (SSU rRNA).
“Molecular analysis was done using SSU rRNA, internal transcribed spacer 2 (ITS2), and ATP synthase subunit 8 (ATPS).
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they could be regarded as the human whipworm, T. trichiura [5,19,25]. However, if the ar-
chaeological site examined was suggested to be a pigsty, the eggs could be regarded as T.
suis eggs. Very large eggs over 70 pm in length with similar morphology could be assigned
as T. vulpis or T. ovis eggs. However, it should be noted that there are 2 different groups of T.
trichiura eggs, i.e., standard- and large-sized groups, with the large-sized eggs being up to
65-88 pum in length [44]. In addition, T. trichiura eggs may become enlarged in aged female
worms, and after treatment with anthelmintic drugs, such as mebendazole or albendazole
[45,46]. Therefore, the egg size alone is not a good criterion for determining Trichuris spp.,
and molecular studies are recommended [11,41].

Soil studies: The recovery of T. trichiura eggs in ancient soil specimens in Korea has been
reported in at least 13 articles [4,5,14,19,22,24,25-28,30,32,34]. Following the first two stud-
ies, Shin et al. in 2009 [19] detected a great number of T. trichiura eggs in soil samples from
the ruins of a moat encircling the royal palace (Weolseong) of the Silla Dynasty dating to
the 5th-8th century. Subsequently, T. trichiura eggs (Fig. 4A) were found in strata soil or
streambed soil from Seoul dating to the Joseon Dynasty (14th-19th century) [22,24] and in
archaeological site soil from Jangheung (Fig. 1, no. 12) dating to the 19th century [25]. Fur-
ther, T. trichiura eggs were detected in soil samples from V-shaped pits (presumed to be
human toilets) [14] and geological strata [27] dating to the Baekje Dynasty (6th-7th centu-
ry). In addition, T. trichiura eggs were found also in soil sediment samples from Gimhae
and Changnyeong dating to ~ 676 CE of the ancient Silla Dynasty [28], Seoul dating to the
Joseon Dynasty (15th century) [30], and Buyeo-2 and Buyeo-3 dating to the 5th-7th cen-
tury of the Baekje period [32,34].

Interestingly, Trichuris sp. eggs, as large as 72-89 pm long and 37-40 pm wide, were de-
tected in soil samples from yards, ditches, and toilets of Seoul dating to the 15th century and
were assigned to T. vulpis eggs [30]. Similar large-sized Trichuris sp. eggs were also found in
soil specimens from possible toilets in Buyeo-2 [32] and Buyeo-3 (Hwajisan) (Fig. 1, no.
27) [34] (Baekje Dynasty) dating to the 6th-7th century.

Fig. 4. Trichuris trichiura eggs found in archaeological samples in Korea. The eggs are barrel shaped
with a thick eggshell and have prominent mucoid plugs on anterior and posterior ends. (A) An im-
mature egg discovered in a strata soil specimen from an old road of old Seoul City (near the Gyeong-
bok Palace). Scale bar=25 um. (B) A larva-containing mature egg found in the soil specimen (feces)
of Sapgyo mummy. Scale bar=25 pm.
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Mummy studies: From mummy specimens, the eggs of T. trichiura were first detected in
2007 in fecal samples of a child mummy from Yangju dating to the 17th century [6]. Includ-
ing this report, at least 10 articles have been reported regarding the detection of T. trichiura
eggs either in the feces or coprolites within the mummy’s intestines or in the mummy soil
near the hip bones, sacrum, or basal layer of the dead body [6,8,18,21,26,29,31,33,35,40].
Lee et al. in 2009 [8] detected T trichiura eggs in the feces of a male mummy excavated at
Gangneung (Fig. 1, no. 30) dating to 1622 CE. In the same year, Shin et al. [19] detected T.
trichiura eggs in the mummy soil from Gongju dating to the 17th-18th century. Seo et al.
in 2010 [21] detected T. trichiura eggs in the soil within LSMB tombs, where partially mum-
mied bodies were found, from Yongin, Seocheon, Waegwan (Fig. 1, no. 31), and Seoul (Sin-
nae-dong A-D, Fig. 1, nos. 8, 9, 32, and 33) dating to the 15th-17th century. Further, Shin
et al. [40] detected T. trichiura eggs (Fig. 4B) in the feces of a male mummy from Sapgyo
(Fig. 1, no. 34) dating to the 16th century. After that, Seo et al. [26] and Seo et al. [29] add-
ed 9 more mummies from Jinju, Mungyeong (Fig. 1, no. 35), Paju, Andong (Fig. 1, no. 36),
Yeounggwang-1, Yeounggwang-2, Dalsung, Hwasung, and Seoul (Junggye) dating to the
15th-18th century. The organic material (precipitates) on the hip bones and sacrum in a
dead human body excavated at Gyeongju-2 dating to the 6th century (Three Kingdom pe-
riod, Silla Dynasty) was the oldest human-source archaeological material ever examined in
Korea in which T. trichiura eggs were found [31]. Oh et al. [33,35] added 6 more mummies
positive for T. trichiura eggs from Goryeong (Fig. 1, no. 37), Gwangmyeong, Wonju, Eui-
jeongbu-1 (Fig. 1, no. 38), Euijeongbu-2 (Fig. 1, no. 39) and Gumi. The surface ultrastruc-
ture of T. trichiura eggs was studied by Shin et al. in 2009 [20] using the eggs obtained from
the feces of the Yangju mummy [6].

Molecular studies: Molecular studies on Trichuris spp. eggs were reported twice in Korean
literature [11,41]. The first study was conducted by Oh et al. [11] who used the mummy
soil spread on the surface of the sacrum and several places on the basal plate of a female
mummy in a medieval tomb from Seoul (Sinnae-dong) dating to the 18th century. Trichu-
ris sp. aDNA was extracted, and the small subunit rRNA (SSU rRNA) gene was successful-
ly amplified and sequenced [11]. Results revealed that the sequence of the SSU rRNA gene
was 100% identical to that of T. trichiura in GenBank (no.: DO118536.1), whereas 97% and
91% homologies were found between the tested sample and T. suis and between the tested
sample and T. muris, respectively [11]. Another study on the molecular diagnosis of T. trichi-
ura eggs was performed by Hong et al. [41] who used the fecal samples or sediments pre-
cipitated on the hip bones of 8 mummies in Korea (Jinju, Junggye, Waegwan, Sinnae-dong
A, Mungyeong, Seocheon, Yeounggwang-1, and Yeounggwang-2) dating to the 15th-18th
century. The genetic loci examined were SSU rRNA, ITS2, and ATP synthase subunit 8
(ATP8) and were proved to be highly useful in differentiating T. trichiura from other Trich-
uris spp. [41]. The sequences of SSU rRNA and ITS2 genes in the Joseon specimens were
closely clustered with those of T. trichiura in GenBank (Japan, China, Thailand, England,
Uganda, Ancient Korea, and Ancient Denmark) but distinct from the sequences of other
Trichuris spp., including T suis and T. muris [41]. The sequence of ATP8 gene was highly
homologous with a group of T. trichiura in GenBank (China and Japan) but a little distant
from another group of T. trichiura in GenBank (Uganda, Ancient Denmark, and Ancient
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Netherlands) [41]. These results supported the suggestion that there are two different ge-
netic clades in T. trichiura as revealed by ITS1 gene sequences; one ubiquitous and the oth-
er restricted to medieval Libeck (Germany) and Bristol (England) [47].

World reports and evolutionary aspects of Trichuris spp.

The historical origin of T. trichiura is not precisely understood [38]. However, the occur-
rence of this parasite has been thought to be the establishment of human agrarian society
in the eraly Neolithic Era (ca. 10,000 years BP). The oldest T. trichiura eggs ever document-
ed globally were 3 eggs found in the coprolite of a late stone-age man, recovered from Kru-
ger Cave, Rustenburg, South Africa dating to 7,000-10,000 BP [38,39]. The next oldest T.
trichiura eggs were recorded from the probable human coprolites in latrines and cesspits in
Lapa Pequena, Minas Gerais, Brazil dating to 7,000-8,000 BP [39]. This nematode species
has been evidenced to exist in North America and South America as old as 9,000 years ago
[38]. According to a previous concept, the human whipworm species was thought to have
been derived from T. suis [48]. Later, however, the evolutionary origin of T. trichiura was
suggested to be much older (at least 30,000 years), preceding the domestication of pigs, and
this nematode species originated from African human ancestors [38,48].

Strongyloides stercoralis and Trichostrongylus sp.

General views

There are two life cycle generations in S. stercoralis (Nematoda: Strongyloididae). One is
the free-living generation in soil, and the other is the parasitic generation in the intestines
of humans, dogs, and cats [13]. In the free-living generation, males, females, and larval forms
can be found, whereas, in the parasitic generation, only females (reproduce parthenogenet-
ically) and larvae are found [13]. Therefore, in paleoparasitological studies, caution should
be paid to the differential diagnosis of parasitic S. stercoralis adults (females) and larvae with
those of the free-living generation. In addition, they should be further differentiated from
other Strongyloides spp., and species of Rhabditis, hookworms, and Trichostrongylus. In im-
munosuppressed or immunodeficient human patients, S. stercoralis may cause fulminant
infections attacking various organs and tissues leading to the hyperinfection syndrome,
which is often life-threatening [13].

Trichostrongylus spp. (Nematoda: Trichostrongylidae) are intestinal nematodes infecting
humans (T. orientalis, T. colubriformis, and some other species) and animals (numerous
species are known). Infection may occur by ingestion of their eggs in soil or contaminated
vegetables [13]. Human infections with these nematodes are in most cases asymptomatic
unless they are very heavily infected.

Paleoparasitological studies on Strongyloides stercoralis and Trichostrongylus sp.

in Korea

In Korea, the larvae of S. stercoralis and the larvae of Trichostrongylus sp. were found together
one time in an archaeological specimen (Table 3) [18]. The sample was the soil spread upon
the hip bones and sacrum of a male mummy from Gongju dating to the 17th-18th century.
S. stercoralis larvae were 365 pum long and 20 um wide having a rhabditiform esophagus
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Table 3. Paleoparasitological reports on the detection of Strongyloides stercoralis and Trichostrongylus sp. larvae and Paracapillaria phil-
ippinensis (possibly) and Enterobius vermicularis eggs in Korea

Author (year) Locality

e (seeno.inFig: 1) Type of samples Estimated date Parasite species
Shin et al. (2009) [18] Gongju (6) Mummy soil (on hip bone and sacrum)® 17C-18C S. stercoralis (larvae)
Trichostrongylus sp. (larvae)
P. philippinensis (eggs)®
Shin et al. (2011) [23] Dangjin (11) Mummy coprolites® 1633 CE E. vermicularis (eggs)

?In this mummy soil, the eggs of A. lumbricoides, T. trichiura, P. westermani, and Taenia sp. were simultaneously detected.
°Eggs of Paracapillaria philippinensis (syn. Capillaria philippinensis), but the specific diagnosis was deferred.
“In this mummy, the eggs of A. lumbricoides and P. westermani were simultaneously detected.

and other characteristics, and these were assigned to the 1st stage rhabditoid larvae of S.
stercoralis [18]. Trichostrongylus sp. larvae were 330-373 um long and 18-23 um wide and
had a rhabditiform esophagus [18]. These 2 species of larval nematodes could be differenti-
ated by a much greater length of the buccal cavity in Trichostrongylus sp. than in S. stercora-
lis. In addition, unlike S. stercoralis larvae, a bead-like swelling was observed in the caudal
tip of the long, slender tail of Trichostrongylus sp. larvae [18].

World reports and evolutionary aspects of Strongyloides stercoralis and
Trichostrongylus sp.

The oldest S. stercoralis larvae (Strongyloides sp.?) ever discovered in the world were those
from an Egyptian mummy known as Asru dating to about 1,000 BCE [39]. Four more re-
ports have been published on the detection of S. stercoralis larvae in the USA and Nether-
lands; however, the specific diagnosis was uncertain in some of them [39,49]. One report
was on the finding of the 1st stage larvae of Strongyloides sp. (260-360 pm long) in a human
coprolite and two dog coprolites obtained from Antelope House in Canyon de Chelly Na-
tional Monument, Arizona, USA dating to 1175-1250 CE; there was no evidence of free-
living nematode penetration into the cave environment [49].

The report of the oldest Trichostrongylus sp. egg was from archaeological remains (100 feces
samples) in Dust Devil Cave, Utah, USA dating to 6,800-8,800 years BP; however, the egg de-
tected was only 1 in number, and the diagnosis was tentative as it was thought probably not a
human parasite [39,50]. Four more reports have been available on the recovery of Trichostron-
ylus sp. eggs in the USA, Mexico, Argentina, Chile, and Brazil but the diagnosis was uncer-
tain on two occasions [39,50]. One report was in coprolites from Antelope House in Arizona,
USA dating to 1175-1250 CE in which 44 eggs (78 x 45 um) of Trichostrongylus sp. (tentative

diagnosis) were collected from 1 of the 62 fecal samples of human or dog origin [49].

Hookworms

General views

Hookworms are a group of soil-transmitted helminths. The species infecting humans in their
adult stage are mainly Ancylostoma duodenale and Necator americanus, and rarely Ancylos-
toma ceylanicum and Ancylostoma caninum (Nematoda: Ancylostomatidae) [13]. They par-
asitize the small intestine and suck blood which leads to anemia, hypoxia, and growth re-
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tardation in infected patients, particularly, children [13].

World reports and evolutionary aspects of hookworms

The eggs of hookworms have been found in archaeological remains most commonly in
North and South Americas, rarely in Europe and Africa, but never in Asia, including Korea
[39]. The presence of hookworm eggs in prehistoric populations in northeast Brazil dating
to 7,230+ 80 years BP suggests that the evolutionary origin of hookworms would have been
long [39,51], possibly 10,000-30,000 years BP. The geographical origin of A. duodenale was
suggested to be at some points in northern Africa, southern Europe, or Asia north of Hi-
malayas from Homo sapiens (not confirmed) [48,51]. The origin of N. americanus was sug-
gested to be the southern region of the Sahara Desert in Africa probably from a pre-homi-
nid ancestor, i.e., African ungulates [48]. It seems unlikely that hookworms could survive
the severe climate of northern North America when ancient people migrated through the
Bering Strait; thus, it was suggested that the hookworms came to the New World by way of
the sea from countries in Asia or Indochina, e.g., by ‘storm-tossed fishermen’ [51].

No discovery of ancient hookworm eggs in Korea

It is unclear why hookworm eggs (or larvae) have not been detected in archaeological re-
mains in this country. However, it can be considered that hookworm eggs have a very thin
and weak eggshell (chitin layer), and they may be more fragile than A. lumbricoides and T.
trichiura eggs which have a thick and strong chitinous wall. Moreover, hookworm eggs de-
velop quickly in the feces to form the 1st stage larvae inside the eggs, and these larvae read-
ily break the eggshell and go out into the environment. The eggs and larvae are easily de-
stroyed in the feces unless dispersed into the moist, sandy soil where they can survive and
develop further if the temperature and humidity are appropriate. However, genetic materi-
als may remain in the feces or coprolites of archaeological remains, and molecular techni-
ques to detect the aDNAs of hookworms may be helpful in Korea and other countries.

Paracapillaria philippinensis and other capillariid nematodes

General views

Among the capillariid nematodes (Nematoda: Capillariidae), species infecting humans in-
clude Calodium hepaticum (syn. Capillaria hepatica) that parasitizes the liver parenchyma,
Paracapillaria philippinensis (syn. Capillaria philippinensis) that infects the small intestine,
and Eucoleus aerophilus (syn. Capillaria aerophila) that infects the respiratory tract [13,52-
55]. C. hepaticum is a parasite of rodents and other carnivorous mammals; although rare,
human infections (mostly children) were reported in Korea, India, the USA, Tiirkiye, South
Africa, Mexico, Brazil, Italy, the Czech Republic, Nigeria, Switzerland, and Japan [54]. The
patients develop acute and subacute hepatitis with hepatomegaly and liver dysfunction [13].
P, philippinensis is a parasite of exclusively humans causing fatal diarrhea reported original-
ly in the Philippines in the 1960s [13]. This parasite may cause symptoms like abdominal
discomfort, chronic diarrhea, borborygmus, and severe intestinal malabsorption; death may
occur due to complications like pneumonia, heart failure, hypokalemia, or cerebral edema
[13]. It has been subsequently found in Thailand, Iran, Egypt, Taiwan, Japan, and Korea,
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possibly transported by migrating birds [55]. In human capillariid infections, it should be
remembered that spurious (false) infection may occur by accidental ingestion of infected
fish or mammals, the definitive host for various species of Calodium and Paracapillaria [42].

Paleoparasitological studies on Paracapillaria philippinensis in Korea

In Korea, the eggs of Paracapillaria sp., possibly P. philippinensis [52], were found once in an
archaeological specimen (Table 3) [18]. The sample was the soil spread upon the hip bones
and sacrum of a male mummy from Gongju dating to the 17th-18th century. The eggs (34-
35 pum long and 17-20 um wide) had relatively broad mucoid plugs at both ends; however,
striations or ornamentation networks, or small mamillated eggshells (characteristic struc-
tures) were not easily recognized [18]. They looked like P, philippinensis, C. hepaticum [52],
or other capillariid species eggs. However, C. hepaticum eggs are larger (48-65 pm long and
28-35 pum wide) and almost elliptical [54], whereas P, philippinensis eggs (41-48 pm long
and 19-20 pm wide) are octagon-like with less prominent striations or ornamentations on
the shell [55]. Thus, the eggs detected in Korea were likely those of P. philippinensis. Addi-
tionally, the specimens in Korea were collected from the lower abdominal area, but not from
the hepatic region. Therefore, the possibility for C. hepaticum could be ruled out [19]. Con-

temporarily in Korea, a few human infection cases with P, philippinensis were reported [55,56].

World reports and evolutionary aspects of capillarid nematodes

The finding of capillariid nematode eggs in archaeological remains of human origin has
been relatively rare worldwide [53,57-59]. Approximately, 11 articles have been published
on the recovery of C. hepaticum or Calodium sp. eggs from human (5 reports) and animal
remains (6 reports) [53]. An old report in 1968 mentioned the recovery of capillariid (or
trichuriid) eggs in the pit soil from Winchester, England dating to the Roman age (700 BCE-
476 CE); the eggs were 50-58 um long and 23 um wide [57]. The eggs might have been those
of C. hepaticum or Calodium sp. based on their size; however, the ultimate diagnosis was
not drawn [57]. Another study worth mentioning is an article reported in 1997 in which
two types of capillariid eggs (62.0 x 35.0 um and 70.0 x 31.5 pm in size) were discovered in
21 of 23 human coprolites taken from the neolithic Chalain Lake settlement, Jura, France
dating to 3200-2980 BCE [58]. We regarded these eggs as those from intestinal capillariasis
(i.e., P philippinensis infection), although the species name was not precisely given [58]. In
2020, capillariid eggs (60.9+ 1.2 um x 32.8 + 1.9 um) were discovered in the organic abdom-
inal content of a mummy from Bolivia dating to 1150-1450 CE; since these are wider than
P, philippinensis eggs, they may be C. hepaticum or Calodium sp. [59].

Enterobius vermicularis

General views

Enterobius vermicularis (Nematoda: Oxyuridae), the human-infecting pinworm, is a cos-
mopolitan species and is prevalent among families, schools, and asylums, and the infection
is more common in children than in adults [13]. This nematode is transmitted by a contami-
nated finger (anus-to-mouth transmission), body contact with other persons, or through
vehicles, such as bed linens, tabletops, doorknobs, and other contaminated objects [13]. It
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infects the large intestine and can cause perianal itching and dermatitis [13].

Paleoparasitological studies on Enterobius vermicularis in Korea

The eggs of E. vermicularis were found once in coprolites of a female mummy from Dan-
gjin dating to the 1630s CE (Table 3) [23]. The coprolites were obtained from the luminal
surface of the ascending, transverse, and descending colons. Three E. vermicularis eggs (50.3
+5.2 um long and 28.2+ 3.9 um wide) were found [23]. This was the second discovery of
pinworm eggs in archaeological remains in East Asia, following the report from a 2100-year-
old female mummy in Hunan province, China [60].

World reports and evolutionary aspects of Enterobius vermicularis

The recovery of E. vermicularis in archaeological remains has been reported most frequently
in North and South Americas followed by a few reports in Europe, Asia (China and Korea),
Africa (Egypt), and the Middle East [23,39,60-62]. The oldest E. vermicularis eggs ever re-
corded were those found in North American indigenous groups from the Great Basin Re-
gion [39,63]. Human coprolites from Danger and Hogup Caves, western Utah, USA dating
to 7,837 BCE showed E. vermicularis eggs; the caves were inhabited by humans from 10,000
BCE to 1,400 CE [63]. Pinworms seem to be the oldest nematode parasitic in humans (sev-
eral million years old), and the evolutionary origin of E. vermicularis is suggested to pre-
date humans [48]. They evolved previously with pre-hominid hosts and thereafter mutual-
ly with humans [48]. This nematode originally came from Africa and is thought to have
spread to Asia, Europe, and North and South America [48,64,65]. Thus, E. vermicularis, as
well as T. trichiura, Dibothriocephalus spp. (syn. Diphyllobothrium spp.), and Trichinella spi-
ralis, were regarded as examples of heirloom parasites originating from human antecedents
[64]. The introduction of E. vermicularis into the Americas was suggested to have been both
by prehistoric human migrations across the Bering route and transpacific contacts of Asian
people with the Aboriginal Americans [48,65]. In vertebrate hosts other than humans, the
origin of pinworms was suggested to be much older, up to 240 million years, since an egg
of an ancient pinworm, Paleoxyuris cockburni n. sp. (order Oxyurida Railliet, 1916) was
discovered in the coprolite of a primitive protomammal (a species of dinosaurs) of Class
Cynodontia [66].

Fasciola hepatica and F. gigantica

General views

Fasciola hepatica and E gigantica (Digenea: Fasciolidae) are the largest in size of all trema-
tode species infecting humans and animals [13]. Their normal habitat is the liver (bile duct)
[13]. Transmission of these flukes occurs through the consumption of aquatic vegetables,
including watercress, water bamboo, water caltrop, hyacinth, morning glory, and so on.
Animals and humans infected with these flukes may develop severe liver diseases. In hu-
mans, these flukes may also cause ectopic parasitism in the blood vessels, lungs, subcutane-
ous tissues, brain, and orbits [13]. False parasitism (spurious infection) may occur when
the infected animal liver is consumed, with the passage of the eggs in the feces, which is at
times mistaken for an actual infection [13].
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Paleoparasitological studies on Fasciola hepatica in Korea

In Korea, E hepatica eggs were reported once in an archaeological human residence during
the 15th century in Seoul (< 1 km from the Gyeongbok Palace of the Joseon Dynasty) (Ta-
ble 4) [30]. Most of the eggs (1 =8), with an average size of 140 x 80 pm, had lost their oper-
culum, and were found in soil samples from a ditch probably connected to the human la-
trine [30]. A. lumbricoides eggs were found simultaneously in the same ditch; hence, these E
hepatica eggs may have been from a genuine human infection or possibly a spurious infec-
tion in humans. However, in human mummies in Korea, F. hepatica eggs have not yet been
discovered [9].

World reports and evolutionary aspects of Fasciola spp.

The oldest eggs of E hepatica ever found in archaeological samples worldwide were those
in human remains from Cyprus dating to 9,000-10,300 years BP [67]. The next oldest E
hepatica eggs were found in coprolites from Clairvaux, Jura, France, the estimated age be-
ing 5,600 years BP [39,68]. E hepatica eggs of similar archaeological ages were also reported
from the Netherlands (5,230-5,400 years BP), Switzerland (5,384-5,370 years BP and 5,176-
5,153 years BP), and France (5,200-4,980 years BP) [39,68,69]. Notably, remains of a part of
an adult E hepatica worm were discovered in the liver tissue of an Egyptian mummy dating
to 4,600 years BP [70]. The geographical origin of fasciolid trematodes (for example, the
basal species Protofasciola robusta infecting African proboscideans, such as elephants) was
suggested to be a southern part of Africa (ca. 100 million years BP) [71]. E gigantica is thou-

Table 4. Paleoparasitological reports on the detection of liver fluke eggs in Korea
Author (year) [Reference no.] Locality (see no.in Fig. 1) Type of samples Estimated date Parasite species® (eggs)
Choetal.(2017) [30] Seoul (old ditch A) (10) Archaeological soil 15C (Joseon D) F. hepatica
Kim et al. (2016) [28] Gimhae (17) Flood precipitate SillaD. Dicrocoeliid
Han et al. (2003) [5] Chilgok (2) Pit soil 668-935 CE (SillaD.) C. sinensis
Seo et al. (2007) [6] Yangju (3) Mummy feces (child) 17C C. sinensis
Seo et al. (2008) [7] Hadong-1 (40) Mummy feces 17C C. sinensis
Seo etal. (2010) [21] Waegwan (31) Mummy soil 1624-1685 CE C. sinensis
Shinetal. (2011) [22] Seoul (old road) (10) Strata soil 16C-18C C. sinensis
Shin et al. (2012) [40] Sapgyo (34) Mummy feces-soil 16C C. sinensis
Seo et al. (2014) [26] Mungyeong (35) Mummy soil 1647 CE C. sinensis
Shin et al. (2014) [14] Buyeo-1 (15) (Baekje Capital) V-shaped pit soil (toilet) 538-660 CE C. sinensis
Buyeo-1 (15) (Baekje Capital) V-shaped pit soil (toilet) 538-660 CE C. sinensis
Choetal. (2017) [30] Seoul (10) Archaeological soil (toilet) 15C C. sinensis
Seo etal. (2017) [29] Andong (36) Mummy feces 16C C. sinensis
Hong et al. (2019) [81]° Cheongdo (24) Mummified liver tissue 17C C. sinensis
Dalsung (21) Mummy coprolites 16C-17C C. sinensis
Seo et al. (2020) [32] Buyeo-2 (16) (Baekje Capital) Soil (toilet, drainage) 6C-7C Baekje D. C. sinensis
Ohetal. (2021) [34] Buyeo-3 (27) (Hwajisan) Soil (toilet?) 6C Baekje D. C. sinensis
Oh et al. (2022) [82]¢ Goryeong (37) Mummy soil 17C C. sinensis
Ohetal. (2023) [35] Wonju (28) Mummy coprolite 16C-17C C. sinensis
Gumi (29) Mummy coprolite 17C C. sinensis
Shin et al. (2013) [12] Waegwan (31) Mummy soil 1624-1685 CE C. sinensis
°F. hepatica, Fasciola hepatica; C. sinensis, Clonorchis sinensis.
°D, Dynasty.
“Molecular analysis was done using ITS1, cox1, NADH dehydrogenase subunit 2 and 5 (nd2 and nd5, respectively).
9Molecular analysis was done using ITS1, ITS2, and cox1 genes on the eggs obtained from the Waegwan mummy [18].
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ght to have derived from the ancestors of E nyanzae (infecting the hippopotamus) in south-
eastern Africa, ie., Uganda, Congo, Kenya, Tanzania, Zambia, and Zimbabwe, by a host
capture phenomenon from early hippopotamids to ancient bovids around 13.5 million years
BP, the mid-Miocene era [72]. E hepatica is thought to have been split from E nyanzae an-
cestors or E gigantica in the Near East or some areas of Europe or Asia 5.3-10 million years
BP, and then both species were reintroduced into Africa with the migration of bovid hosts
[71,72]. E hepatica-infected bovids also migrated from Asia to North America crossing the
Bering land bridge 2-5 million years BP and began to adapt to local lymnaeid snails (~ 2
million years BP); this is thought to be the first migration of E hepatica to the Americas
and is backed up by the fact that E hepatica aDNA was found in coprolites of native deer in
South America dating to 2,300 years BP [71]. A second introduction of E hepatica into the
Americas is thought to have occurred around 1500 CE since the early European coloniza-
tion of the Americas [71].

Dicrocoeliid trematodes

General views

The Dicrocoeliidae family (Digenea) is comprised of at least 9 species of medical and veter-
inary importance, including Dicrocoelium dendriticum, D. hospes, Platynosomum fastosum,
and Eurytrema pancreaticum [42,73]. The most important species worldwide is the lancet
liver fluke D. dendriticum (egg size, 39-46 x 26-30 pm) [74]. However, in Korea, D. dendrit-
icum has never been found, and the pancreatic fluke E. pancreaticum (egg size, 43-69 x 28-
35 pum) is commonly observed [74]. D. dendriticum and E. pancreaticum infect the bile duct
and pancreatic duct of domestic animals, including cattle, goats, sheep, and deer, and cause
liver and pancreatic diseases, respectively [13]. However, these flukes can also infect humans
if they accidentally eat the infected ant (D. dendriticum) or other kinds of insects (grasshop-
per or cricket) (E. pancreaticum) [73].

Paleoparasitological studies on dicrocoeliid nematodes in Korea

In Korea, dicrocoeliid trematode eggs were found once in soil sediment samples from Gim-
hae, an archaeological site of the ancient Silla Kingdom dating to 57 BCE-975 CE [28] (Ta-
ble 4). It was difficult to determine the exact period of the soil sediment samples. The aver-
age egg size was 41.7 x 26.0 um [28], which was more compatible with D. dendriticum than
E. pancreaticum eggs [13,28,74]. However, it needs to be verified whether D. dendriticum
existed in Korea in ancient times. As the examined specimen was the soil sediments formed
by flood precipitation, it was uncertain whether the origin of these eggs was humans or do-
mestic animals. Even if these eggs were of human origin, a pseudo-parasitosis (spurious
infection) should be ruled out [73].

World reports and evolutionary aspects of dicrocoeliid nematodes

The lancet liver fluke is widely distributed in Europe and Asia and sparsely in Africa, North
America, South America, and Australia [73]. The oldest evidence of this trematode infec-
tion in the world is the discovery of dicrocoeliid eggs in the coprolites and their underneath
soil sediment at the site of the Caune de 'Arago, a Middle Pleistocene cave near Tautavel,
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France [73,75]. However, the samples were considered probably of animal origin, dating
back to ~550,000 years ago [73,75]. The next oldest dicrocoeliid eggs recorded were those
from Arbon, Thurgau, Switzerland, and Chalain, Jura, France dating to 3384-3370 BCE
and 3040-3000 BCE, respectively [39]. Dicrocoeliid eggs were also discovered in human
excrements at the Hallein salt mines, near Salzburg, Austria dating to 500-200 BCE [39,73].
Subsequently, England and Denmark were added among the countries where dicrocoeliid
eggs were discovered in archaeological remains [76]. All these reports were from Europe,
and only a few were from Asia, Africa, and the Americas. Several studies were performed
in Russia and Iran [76-78]. Interestingly, a recent report from Taiwan described the discov-
ery of Eurytrema sp. eggs (possibly E. pancreaticum) in the sediment from a colonial-peri-
od latrine in Batongguan Trail, Central Mountain Range, mid-eastern Taiwan [79]. The
eggs were 44-50 x 27-33 pm in size, larger than those of D. dendriticum [79], and were found
in cesspool sediments and probably of human origin.

Clonorchis sinensis and Opisthorchis spp.

General views

Clonorchis sinensis, Opisthorchis viverrini, and O. felineus (Digenea: Opisthorchidae) are
small liver flukes infecting humans and animals. Their life cycles are completed through
passages in 3 sequential hosts, including freshwater snails (first intermediate host), fresh-
water fish (second intermediate host), and fish-eating mammals, including humans (defin-
itive host) [13]. Human infection occurs through the ingestion of raw or incompletely
cooked freshwater fish, and the parasites live in the liver-biliary system [13]. The parasites
induce inflammation in the bile duct (cholangitis), and in chronic infections, they lead to
liver cirrhosis and even cholangiocarcinoma which is often fatal [13,74]. C. sinensis is prev-
alent in the Far East (Korea, China, and Russia) and East Asia (Vietnam), O. viverrini oc-
curs in the Great Mekong Subregion and Indochina peninsula (Thailand, Lao PDR, Viet-
nam, Cambodia, Malaysia, and Myanmar), and O. felineus is distributed in Eastern and
Southern Europe and Central Asia (Russia, Germany, Greece, Poland, Romania, Italy, Spain,
Belarus, Ukraine, and Kazakhstan) [80].

Paleoparasitological studies on Clonorchis sinensis in Korea

In Korea, the first detection of ancient C. sinensis eggs (27.7+2.3 ym long and 18.8+4.8
pm wide) was reported by Han et al. [5] in 2003 in archaeological soil samples from Chil-
gok area, Daegu, dating to the Unified Silla Dynasty (668-935 CE). Since then, at least 16
documents, including Han et al. [5], have been published (Table 4) [5-7,12,14,21,22,26,29,
30,32,34,35,40,81,82].

When the eggs of C. sinensis are found in archaeological samples, they should be differ-
entiated from those of other opisthorchiid flukes (O. felineus and O. viverrini) and hetero-
phyid (Metagonimus spp., Heterophyes spp., and others) and lecithodendriid flukes (Capri-
molgorchis molenkampi and Phaneropsolus bonnei) [81,82]. C. sinensis eggs could be differ-
entiated from the others by size, shape, and other morphologies with some difficulty. One
of the most distinguished features is the presence of prominent shoulder rims and strong
muskmelon patterns (surface elevations on the eggshell) in C. sinensis eggs [20,84]. In com-
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parison, O. viverrini and O. felineus eggs have less prominent shoulder rims and less marked
muskmelon patterns. In addition, heterophyid and lecithodendriid fluke eggs lack shoulder
rims and have relatively clean eggshell surfaces [83,84]. However, in old archaeological sam-
ples, the eggshell surface elevations in C. sinensis eggs tend to change a little to become less
marked [7]. In such situations, the geographical locality where the eggs were found can help
the differential diagnosis with other opisthorchiids, since the endemic areas of C. sinensis,
O. felineus, and O. viverrini are unique with no overlaps except in Vietnam where both C.
sinensis (in northern parts) and O. viverrini (in southern parts) are distributed [80,85].

Soil studies: In Korea, the recovery of C. sinensis eggs in ancient soil specimens has been
reported in at least 6 articles [5,14,22,30,32,34]. Following the first report [5], Shin et al. in
2011 [22] detected a small number of C. sinensis eggs in soil samples from archaeological
sites (road near the Palace of the Joseon Dynasty) at Seoul dating to the 16th-18th century.
After this, C. sinensis eggs (Fig. 5A) were repeatedly found in soil samples obtained from
geological soil strata [22], V-shaped pits (presumed to be toilets) [14], a toilet and its drain-
age duct excavated at Buyeo-2 [32], and soil samples at Buyeo-3 (Hwajisan), Baekje King-
dom [34]. In addition, C. sinensis eggs, 6 in number, were detected in soil samples from an
outlet of a toilet (?) in Seoul dating to the 15th century [30].

Mummy studies: In mummy samples, C. sinensis eggs were first found in a specimen named
‘Hakbong mummy’ by a Korea University Research Team in 2004 [7]. Unfortunately, how-
ever, this finding has not been officially published. The first official publication of the recov-
ery of C. sinensis eggs in a mummy specimen was in 2007 in a child mummy from Yangju
dating to the 17th century [6]. It is suggested that dishes of raw or undercooked freshwater
fish may have been popularly available even to the children of the medieval period in Korea.
Since then, at least 10 mummy studies, including the first one, were reported on the detec-
tion of C. sinensis eggs either in the feces/coprolites of the mummy’s intestines or in the soil
sediment near the hip bones, sacrum, or basal layer of the mummy [6,7,12,21,26,29,35,40,

Fig. 5. Clonorchis sinensis eggs detected in archaeological remains in Korea. They are ovoid or pyri-
form in shape with a prominent operculum, shoulder rims, and thick eggshell with a terminal knob.
(A) An egg discovered in a V-shaped pit soil sample from Buyeo, an old capital of Baekje Dynasty.
Scale bar=15 um. (B) Another egg found in the tomb soil (feces) of Waegwan mummy. Scale bar=
15 pum.
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81,82]. Importantly, Seo et al. [7] found C. sinensis eggs (28.8+ 1.3 x 15.9+ 0.7 um) in the fe-
ces of a 16th- to early 17th-century female mummy at Hadong-1 (Fig. 1, no. 40), a coastal
county where the Seomjin River flows into the South Sea, Korea. This mummy was perfect-
ly protected from the outside by an LSMB layer, and the feces were sampled from the lumi-
nal surface of the rectum. Hadong County is even at present recognized as an endemic area
of C. sinensis and M. yokogawai infections [7]. Subsequently, Seo et al. in 2010 [21] detected
C. sinensis eggs (Fig. 5B) in the soil within an LSMB tomb containing a partially preserved
mummy at Waegwan dating to 1685 CE. Waegwan Town is located near the upper reaches
of the Nakdong River where C. sinensis infection is still prevalent. In addition, Shin et al. [40]
detected C. sinensis eggs in the feces of a male mummy at Sapgyo dating to the 16th century
in 2012. Seo et al. [26] added Mungyeong among the areas where C. sinensis eggs were de-
tected in a mummy dated to 1647 CE in 2014. Mungyeong City is located near the upper
reaches of the Nakdong River. In 2017, Seo et al. [29] added another area, Andong, where C.
sinensis eggs were detected in a mummy’s fecal samples dating to the 16th century. Andong
City is also located near the upper reaches of the Nakdong River. Hong et al. [81] added 2
mummies from Cheongdo (Fig. 1, no. 24) (17th century) and Dalsung (16th-17th century)
in 2019 from which C. sinensis eggs were detected and molecularly analyzed. These 2 areas
are near the tributaries of the Nakdong River. Oh et al. in 2022 [82] and 2023 [35] added 3
more mummies from Goryeong, Wonju, and Gumi, in which C. sinensis eggs were detected,
dating to the 16th-17th century. Goryeong County is near the middle reaches of the Na-
kdong River. Wonju City is about 25 km away from the Namhan River (= South Han River),
and Gumi City is near Waegwan Town at the upper reaches of the Nakdong River, all of
which are currently low to moderate endemic areas of C. sinensis infection.

Molecular studies: Shin et al. [12] first analyzed the sequences of ITS1, ITS2, and cox1
genes of C. sinensis eggs obtained from the Waegwan mummy [21]. The results revealed
100% homology to contemporary C. sinensis gene sequences [12]. Hong et al. [81] also an-
alyzed the sequences of ITS1, cox1, and NADH dehydrogenase subunits 2 and 5 (nd2 and
nd5) genes of C. sinensis eggs acquired from the coprolites of Cheongdo [81], Dalsung [81],
Andong [29], Hadong-1 [7], and Mungyeong [26] mummies. The identities of the gene se-
quences between the ancient and modern C. sinensis eggs were 96-100% by cox1, 98-100%
by ITS1, 98-99% by nd2, and 99-100% by nd5 [81]. Later, Oh et al. [82] also analyzed the
ITS1, cox1, nd2, and nd5 sequences of C. sinensis eggs obtained from a mummy in Goryeong.
The identities of the gene sequences between the ancient and modern C. sinensis eggs were
98.2-100% by ITS1, 99.4-100% by cox1, 99.4-100% by nd2, and 99.1-100% by nd5 [82], giv-
ing similar results with Hong et al. [81].

World reports and evolutionary aspects of small liver flukes

The evolutionary origin of opisthorchiid liver flukes, including C. sinensis and O. felineus,
was studied recently [86]. C. sinensis and O. felineus were thought to have split from their
last common ancestor infecting carnivorous mammals about 3 million years ago, based on
an analysis of mitochondrial DNA sequences [86]. It was further speculated that modern
humans who migrated out of Africa and settled in East Asia by at least 60,000 years BP may
have been first exposed to C. sinensis, probably in China [86].
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However, the oldest eggs of C. sinensis ever recorded from archaeological remains world-
wide were those found in a female mummy dating to the Chu Dynasty, China (Warring
States period; 475-221 BCE), about 2,500 years BP [87-89]. Thereafter, in China, C. sinensis
eggs were found in at least 8 mummies and hygiene sticks in a latrine dating from the Han
Dynasty (206 BCE-220 CE) to the Qing Dynasty (1644-1912 CE) [88]. In Japan, C. sinensis
eggs were discovered in an early medieval cesspit of the Fujiwara Palace Site at Kashihara
City, Nara Prefecture dating to the 7th century [90], but no mummy studies were reported.
Interestingly, in the USA, C. sinensis eggs, together with A. lumbricoides and T. trichiura
eggs, were found in 1880-1930s’ sediment samples from a latrine used by Chinese Ameri-
cans on the property of Wong Nim, an important member of the Chinese community in
San Bernadino, California [91]. Similar old infections with C. sinensis were also confirmed
in Sacramento, California [91].

There are a few paleoparasitological reports on Opisthorchis spp. liver flukes, O. felineus
and O. viverrini, which do not exist in Korea. Early archaeological studies reported that the
eggs of Opisthorchis sp. (probably O. felineus) or Opisthorchiidae were found in coprolites
(mostly of human origin) from Swifterbant Culture Sites, the Netherlands dating to 5400 + 40
BCE and 5230+ 40 BCE [39,92] and from archaeological remains in Arbon, Thurgau, Swit-
zerland dating to 3384-3370 BCE [39,93]. A fluke egg, 35x 18 pm in size, was also found in
the coprolite (probably of human origin) from Glen Canyon, Utah, USA dating to 1250 CE
[94]; however, it might have been a spurious infection [95]. In Russia, O. felineus (less prob-
ably Metorchis bilis) eggs were recovered from the pelvic and/or abdominal areas of an in-
fant [96] and a child (6-7 years old) body remains [97] buried in Zeleniy Yar archaeological
site, Yamalo-Nenetz Autonomous Okrug in the north of western Siberia dating to the 12th-
13th century. O. felineus eggs were also recovered in archaeological soil specimens (humans
and dogs) from cultural layers of Nadym Gorodok, western Siberia, dating to the 14th-late
18th centuries [98]. In addition, O. felineus eggs were found in mummy specimens of Sibe-
rian natives before and after (Khanty and Mansi people) contact with Russians and Russian
immigrants-descendants (Russian old-timers or Yeniseisk), implying that O. felineus infec-
tion was widely prevalent in the Siberian people [99]. There are almost no paleoparasito-
logical reports on O. viverrini. This species is considered to have split from C. sinensis some-
where in Southeast Asia, possibly in the Indochina peninsula, a long time ago. Notably, af-
ter the 1950s, the endemic areas of O. viverrini moved from the northeastern areas of Thai-
land to the central regions according to the immigration of northeastern Thai people to the
central areas for better living [100].

Paragonimus westermani and other Paragonimus spp.

General views

Paragonimus spp. (Digenea: Paragonimidae) are lung flukes infecting humans and animals
[13]. The most widely distributed species is P westermani, and numerous high-endemic ar-
eas are found in Asian countries [80]. In Asia, 3 more Paragonimus spp. are distributed caus-
ing human paragonimiasis, including P, heterotremus (China, Vietnam, Lao PDR, Thailand,
Myanmar, India, and Sri Lanka), P. skrjabini (China, Vietnam, and India), and P, skrjabini
miyazakii (Japan) [80]. In America, two species, namely, P. kellicotti (the USA and Canada)
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and P. mexicanus (South America), and in Africa, 3 species, P. africanus (Guinea, Camer-
oon, Nigeria, and Ivory Coast), P, uterobilateralis (Cameroon, Nigeria, Liberia, Guinea, Ivo-
ry Coast, and Gabon), and P. gondwanensis (Cameroon) are known to occur [80]. Their
first and second intermediate hosts are freshwater snails and crabs/crayfish, respectively,
and their definitive host is carnivorous mammals, including dogs, cats, pigs, leopards, ti-
gers, foxes, wolves, and humans [13,80]. The mode of human infection is the consumption
of raw or undercooked freshwater crabs and crayfish or eating undercooked wild boar meat
[80]. These flukes cause infection in the lung parenchyma and induce bronchitis and bron-
chiolitis with symptoms (cough, bloody sputum, bronchiectasis, low-grade fever, and chest
pain) like those observed in pulmonary tuberculosis [13,80].

Paleoparasitological studies on Paragonimus westermani in Korea

In Korea, the ancient P. westermani eggs have been reported from 10 mummy samples and
1 archaeological soil sample from 2009 until 2023 which were published in 9 articles [18,21,
23,26,30,35,101-103] (Table 5). The first detection of P. westermani eggs (80.0-82.5 pm x
50.0-55.0 pm) was reported by Shin et al. in 2009 [18] in the soil spread upon the hip bones
of a male mummy at Gongju dating to the late 17th century. The next report was published
by Seo et al. in 2010 [21] from the mummy soil on the surface of hip bones and sacrum of
a half-mummified body at Yongin dating to the 15th-16th century. The 3rd recovery of P
westermani eggs (Fig. 6A) was done from the luminal surface of ascending, transverse, and
descending colons of a female mummy at Dangjin dating to 1633 CE [23]. It is considered
that these 3 cases were pulmonary paragonimiasis, and probably the eggs in sputum were
swallowed and detected in the mucosal surface of the colon and feces. The next case was a
400-year-old female mummy found at Hadong-2 (Fig. 1, no. 41) who suffered from ectopic
paragonimiasis in the liver combined with a pulmonary infection [101]. In this case, P, wes-
termani eggs (Fig. 6B) were numerous and detected in the precipitates of the lungs, feces,
intestine, liver, and lung- and liver-tissue sections; molecular studies were done in this case
[101]. The 5th case was a half-mummified body found at Jinju dating to the 15th-16th cen-

Table 5. Paleoparasitological reports on the detection of Paragonimus westermani eggs in Korea

Author (year) [Reference no]  Locality (see no. in Fig. 1) Type of samples Estimated date Parasite species (eggs)

Shin et al. (2009) [18] Gongju (6) Mummy soil 17C-18C P. westermani

Seoetal. (2010) [21]* Yongin (4) Mummy feces 15C-16C P. westermani

Shin etal. (2011) [23] Dangjin (11) Mummy coprolites 1633 CE P. westermani

Shin etal. (2012) [101]>¢ Hadong-2 (41) Mummy lung, liver, feces, intestine 16C-17C P. westermani

Seo et al. (2014) [26] Jinju (14) Mummy coprolites 15C-16C P. westermani

Shin et al. (2017) [102] Cheongdo (24) Mummy liver mass tissue 17C P. westermani

Choetal.(2017) [30] Seoul (old house) (10) Soil from outlet of a toilet (?) 15C P. westermani

Hong et al. (2019) [103]¢ Hwasung (22) Mummy coprolites 18C P. westermani
Younggwang-1 (19) Mummy coprolites 15C-16C P. westermani
Younggwang-2 (20) Mummy coprolites 15C-16C P. westermani

Ohetal. (2023) [35] Wonju (28) Mummy coprolites 16C-17C P. westermani

2Scanning electron microscopic studies were done by Shin et al. in 2009 [20] using the eggs from this mummy.

Molecular analysis was done using ITS2.

“Ectopic paragonimiasis.

9Molecular analysis was done using ITS2 and mitochondrial cox1.
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Fig. 6. Paragonimus westermani eggs found in archaeological specimens in Korea. (A) An egg dis-
covered in the coprolite of Dangjin mummy. It has a prominent operculum, shoulder rims, and
thick eggshell with abopercular thickening. Scale bar =20 um. (B) Numerous eggs found in the soil
sediment (probably feces) from the pelvic space of Hadong-2 mummy. Scale bar=200 pm.

Fig. 7. Upper abdominal view of Cheongdo mummy. In this mummy, ectopic paragonimiasis was
confirmed in the liver tissue (arrow). Scale bar=2 cm.

tury, and P. westermani eggs were found in the coprolites [26]. The 6th case was another
example of ectopic paragonimiasis in the liver (well-demarcated mass) in a 17th-century
male mummy at Cheongdo (Fig. 7), in which case the eggs (av. 84.0 x 51.5 um) were found
from the inner-trabecular material of the liver mass [102]. The 7th-9th mummy cases were
reported by Hong et al. [103]; the mummies were discovered at Hwasung (eggs were found
in the feces from the intestines, dating to the 18th century) and Yeounggwang-1/Yeoung-
gwang-2 (found in the organic materials compiled upon the hipbones of 2 mummies dat-
ing to the 15th-16th century) and molecular studies were done. The 10th case was a female
mummy excavated at Wonju dating to the 16th-17th century, and P. westermani (av. 84.8 x
46.1 um in length) eggs were detected in the coprolites [35]. The recovery of P. westermani
eggs in archaeological soil specimens was reported once by Cho et al. [30] (Table 5). The
soil was sampled from the outlet of a presumed toilet near an ancient house in Seoul dating
to the 15th century [29].
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Molecular studies: Molecular studies on P. westermani eggs were performed in 7 of the 10
mummy specimens examined in Korea [101,103]. Shin et al. [101] used ITS2 gene sequenc-
es obtained from the eggs detected in an ectopic paragonimiasis case (female mummy) in
the liver of Hadong-2 mummy and found 97-100% identity with those of P. westermani
available in GenBank. Hong et al. [103] analyzed ITS2 and cox1 sequences from the eggs
detected in 6 mummies (Yongin, Dangjin, Cheongdo, Hwasung, Yeounggwang-1, and Yeoung-
gwang-2) and found 95-100% identity with P westermani for ITS2 and 84-100% identity
for cox1. It was suggested that ITS2 is superior to cox1 in discriminating P. westermani from

other Paragonimus spp. [103].

World reports and evolutionary aspects of Paragonimus spp.

It is assumed that some human parasites, like Paragonimus, were spread around the planet
with the migration of humans out of Africa during the last 100,000 years [104]. Humans
might have acquired Paragonimus spp. infection during their migration as a souvenir para-
site (possibly in Asia), since this infection has not been found in ancient African human
populations [64,104]. Paragonimus spp. infecting humans may have come from carnivo-
rous mammals, including tigers, leopards, lions, skunks, and hominid ancestors. Thus, the
phylogenetic origin of Paragonimus spp. infecting animals may be older than 100,000 years.
Among the human infecting Paragonimus spp., P. westermani may be the oldest one having
the widest geographical distribution, and P. skrjabini, P. skriabini miyazakii, and P. hetero-
tremus, may have split from P. westermani somewhere in Asia (China, Japan, and Indochi-
na peninsula). Without evidence, P. kellicotti and P. mexicanus are considered to have split
from P, westermani during human migration (transberingeal or transoceanic) to the North
and South Americas, respectively. Whether P, africanus, P. uterobilateralis, and P. gondwanen-
sis are antecedents of P. westermani or vice versa needs further investigation.

The oldest Paragonimus sp. eggs ever found in human remains were those (probably Par-
agonimus caliensis) detected in human coprolites from the Atacama Desert of northern
Chile dating to 5900 BCE [95]. The next oldest Paragonimus sp. (possibly P. westermani)
eggs were those detected in a large amount in the soil samples from a complete toilet at the
Makimuku site, Sakurai City, Nara Prefecture, Japan dating to the early 3rd century [90].
The 3rd discovery of Paragonimus (as P. westermani) eggs was reported by Shin et al. in
2009 [18] from a mummy at Gongju in Korea. P, caliensis (non-human infecting Paragoni-
mus species) was often considered a morphological variant of P mexicanus (human-infect-
ing species), but recently P. caliensis was recognized as a distinct species based on morpho-
logical and molecular analyses [105].

Metagonimus yokogawai and other Metagonimus spp.

General views

Six species of Metagonimus (Digenea: Heterophyidae), namely, M. yokogawai, M. miyatai,
M. takahashii, M. suifunensis, M. minutus, and M. katsuradai, have been known to infect
humans [80,83]. These species are distributed mainly in Far Eastern Asia, including Korea,
Japan, China, Taiwan, and Russia [80,83,85]. The mode of human infection is the consump-

tion of raw or improperly cooked freshwater fish, such as sweet smelt (formerly sweetfish;
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Plecoglossus altivelis), chubs (Zacco platypus, Z. koreanus, Z. temminckii, etc.), or carps (Carra-
sius auratus, Cyprinus carpio, etc.) [80,83,85]. Patients infected with Metagonimus spp. may
experience abdominal discomfort, diarrhea, indigestion, and lethargy [80,83].

Paleoparasitological studies on Metagonimus spp. in Korea

In Korea, the ancient M. yokogawai eggs were detected in 4 mummies and 1 archaeological
soil sample during 2008-2021 (Table 6) [7,26,30,33,40]. The first discovery was document-
ed by Seo et al. in 2008 [7] from the feces of a mummy at Hadong-1 dating to the 16th-ear-
ly 17th century. The egg size was 30.8+1.8x16.9+0.9 um [7]. Hadong County is located
at the mouth of the Seomjin River and has been until currently one of the highest endemic
areas of M. yokogawai infection [7]. The second discovery of M. yokogawai eggs was in the
feces and soil of a mummy found at Sapgyo dating to the 16th century [40]. The egg size, in
this case, was 31.2+0.7x 15.4+ 0.1 pm [40], slightly larger than those of the Hadong mum-
my, resembling M. miyatai eggs. Later, the eggs obtained from this mummy were molecu-
larly analyzed using the 28S rDNA sequence (sequencing of the cox1 gene was done but
not successful), and the identity with those of M. yokogawai (Korea and Japan) in GenBank
was 98.8-100%, whereas its identities with M. miyatai and M. takahashii were 99.6% and
99.2%, respectively [106]. Thus, it was difficult to determine the Metagonimus sp. of the
Sapgyo mummy, and the usefulness of the 28S rDNA gene for the molecular discrimina-
tion of Metagonimus spp. was questioned [106]. To overcome this difficulty, the cox1 gene
sequence should be analyzed, as this gene locus was better for proper discrimination of Meta-
gonimus spp. [107]. Sapgyo Town (Chungcheongnam-do) is currently considered an en-
demic area of M. miyatai, and its adjacent areas along the Daecheong Reservoir and Geum
River (Chungcheongnam-do) were reported to be, since the 1980s, endemic areas of M.
miyatai [108,109]. However, it should be ruled out that the life cycle of M. yokogawai might
have also existed in the Sapgyo area several hundred years ago. One of the important eco-
logical factors is whether sweet smelt (Plecoglossus altivelis) were available along the Sapgyo
stream at that time, the most potential fish host for M. yokogawai [80,83,85]. The 3rd re-
port on the detection of M. yokogawai eggs (Fig. 8A) in Korea was in the coprolites of a
mummy at Sacheon (Fig. 1, no. 42) dating to 1620-1630 CE; the average egg size was 27.5 X

Table 6. Paleoparasitological reports on the detection of intestinal fluke eggs in Korea

Author (year) [Reference no.] Locality (see no.in Fig. 1) Type of samples Estimated date Parasite species® (eggs)
Seo et al. (2008) [7]>< Hadong-1 (40) Mummy feces 16C-early 17C M. yokogawai
Shin et al. (2012) [40]° Sapgyo (34) Mummy feces-soil 16C M. yokogawai

Seo et al. (2014) [26]° Sacheon (42) Mummy coprolites 1620-1630 M. yokogawai
Choetal.(2017) [30] Seoul (old house) (10) Soil from a house yard 15C M. yokogawai

Oh etal. (2021) [33]¢ Goryeong (37) Mummy soil 17C M. yokogawai
Seoetal. (2016) [111] Buyeo-2 (Baekje) (16) Strata soil 5C-6C (Baekje) P.summa

Seo et al. (2008) [7] Hadong-1 (40) Mummy feces 16C-early 17C G. seoi

Shin et al. (2012) [40] Sapgyo (34) Mummy feces-soil 16C G. seoi

Seo et al. (2020) [32] Buyeo-2 (Baekje) (16) Strata soil (toilet?) 6C-7C I hortensis

2M. yokogawai, Metagonimus yokogawai; P. summa, Pygidiopsis summa; G. seoi, Gymnophalloides seoi; I. hortensis, Isthmiophora hortensis.
bScanning electron microscopic studies were conducted by Shin et al. in 2009 [20] using the eggs from this mummy.

“Molecular analysis was done by Hong et al. in 2020 [106] using 28S rDNA and mitochondrial cytochrome c oxidase subunit 1 (cox1).
9Molecular analysis was done by Oh et al. in 2022 [107] using 28S rDNA and mitochondrial cytochrome ¢ oxidase subunit 1 (cox1).
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15.6 pm [26]. Sacheon County is located slightly southeast of Hadong County, one of the
highest endemic areas of M. yokogawai. Later, M. yokogawai eggs (29-30x 15 um) were
found again in the soil from the yard of an old house in old Seoul City dating to the 15th
century [30], which is the 4th discovery. This house seemed to have been owned by an up-
per-class government authority who occasionally enjoyed eating raw freshwater fish (i.e.,
sweet smelt). The 5th discovery of Metagonimus sp. eggs (27.5+0.0x 16.3+ 1.2 um), prob-
ably M. yokogawai, was from the hip bone precipitates of a mummy at Goryeong dating to
the 17th century [33].

Molecular studies: Molecular studies of M. yokogawai were done by Hong et al. [106] us-
ing the eggs obtained from 3 mummies in Hadong-1, Sapgyo, and Sacheon [7,26,40] and
by Oh et al. [107] using the eggs obtained from a Goryeong mummy [33]. The 28S rRNA
and cox1 genes were analyzed (not successful in Sacheon mummy), and the results revealed
that the cox1 gene was better than the 28S rRNA gene for discrimination of Metagonimus
spp. [106,107]. The eggs from the Hadong-1 mummy were identified as those of M. yok-
ogawai based on cox1 sequences, with 96.6-99.7% and 99.7-100% homologies with the se-
quences reported from Korea and Japan, respectively [106]. Meanwhile, the cox1 sequence
identities of the eggs from the Hadong-1 mummy with M. miyatai and M. takahashii de-
posited in GenBank were only 87.4% and 86.2%, respectively [106]. Regarding the Goryeong
mummy, the cox1 sequence identity with M. yokogawai was 99.7-100%, whereas its identity
with M. miyatai and M. takahashii was 86.7-86.9% and 86.1-86.7%, respectively, confirming
its specific diagnosis of M. yokogawai [107]. However, regarding the eggs of the Sapgyo
mummy, sequencing was successful only in 28S rDNA, and its homologies with 28 rRNA
sequences of M. yokogawai, M. miyatai, and M. takahashii were all over 99.0%, so it was
difficult to finalize the specific diagnosis [106]. Considering the slightly large egg size and
the contemporary geographical distribution of M. miyatai, M. yokogawai, and M. takahashii,
it is cautiously suggested that the eggs of the Sapgyo mummy could be those of M. miyatai.

Fig. 8. Metagonimus yokogawai and Pygidiopsis summa eggs detected in archaeological remains in
Korea. (A) M. yokogawai egg discovered in the coprolite of Sacheon mummy. It is almost elliptical
shape, and the eggshell surface is clean with no shoulder rims. Scale bar= 12 um. (B) P summa egg
found in the strata soil from Buyeo (Hwajisan), the old capital of Baekje Dynasty. It is small and pyri-
form resembling C. sinensis egg. Scale bar=12 pm.
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World reports and evolutionary aspects of Metagonimus spp.

The oldest M. yokogawai eggs ever recorded were those detected in the soil sample from
toilets at the Fujiwara Capital, Heijo Capital, and the Ko-ro-kan in Dazaifu, Nara Prefecture,
Japan dating to the 7th-8th century [90]. The next oldest M. yokogawai eggs were those
found in Korea from the soil sediments from the yard of an old house at Seoul dating to the
15th century [30], followed by those found in the mummy feces or coprolites excavated at
Sapgyo (16th century) [40], Hadong-1 (16th-early 17th century) [7], Sacheon (1620-1630
CE) [26], and Goryeong (17th century) [33].

The evolutionary origin of M. yokogawai is difficult to assess. The morphology, as well as
the biology, of M. yokogawai are highly like those of C. sinensis. The only remarkable differ-
ence is the habitat in the definitive host; M. yokogawai parasitizes the intestine (phyloge-
netically older), whereas C. sinensis infects the bile duct (phylogenetically younger). Based
on molecular analysis of 18S rRNA and ITS2 genes, the families Opisthorchiidae and Het-
erophyidae were found to be phylogenetically very close and almost inseparable from one
another, with the former nested within the latter [110]. Thus, it could be speculated that the
evolutionary age of M. yokogawai and heterophyid flukes might be older (> 3 million years)
than that of the small liver flukes, including C. sinensis, O. felineus, and O. viverrini.

Pygidiopsis summa and other heterophyid trematodes

General views

Pygidiopsis summa (Digenea: Heterophyidae) is an intestinal trematode of humans and ani-
mals in Korea, Japan, and Vietnam [80,83]. This fluke is contracted to humans by the inges-
tion of raw or undercooked brackish water fish (estuary fish), including mullet, perch, and
goby [83,85]. Patients infected with P, summa may experience clinical symptoms, such as ab-
dominal pain, diarrhea, indigestion, and lethargy [80,83]. Pygidiopsis genata is another spe-
cies infecting humans in Egypt, the Middle East, the Philippines, Tunisia, and Ukraine [80].

Paleoparasitological studies on Pygidiopsis summa in Korea

Pygidiopsis summa eggs (Fig. 8B) were detected one time in 2016 in a strata soil sample ex-
cavated at Buyeo-2 dating to the 5th-6th century of the Baekje Dynasty (Table 6) [111]. Buyeo
was the capital city and the political and cultural center of the Baekje Kingdom, where plenty
of people gathered [111]. Nowadays, P, summa is distributed mainly along the western coastal
areas, including the estuary villages of Chungcheongnam-do, Jeollabuk-do, and Jeollanam-do.

World reports and evolutionary aspects of P. summa and heterophyid flukes

It could be speculated that the evolutionary age of P summa and other heterophyid flukes
might be older (>3 million years) than that of the small liver flukes, including C. sinensis,
O. felineus, and O. viverrini, which might have been split from heterophyid flukes, includ-
ing M. yokogawai, P. summa, and their ancestors.

The eggs of Cryptocotyle lingua, a parasite of fish and very rarely of humans [83], were
found in the frozen body of a female Eskimo mummy on St. Lawrence Island, Bering Sea
(Alaska, USA) dating to 405+ 70 CE [112]. However, this mummy case was considered to
have been a false parasitism [112]. Additionally, a fluke egg, 35x 18 pum in size, presumed
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to be of Heterophyes, Opisthorchis, and Clonorchis, was found in the coprolite (probably of
human origin) from Glen Canyon, Utah, USA dating to 1250 CE [94]; however, it was also
considered a spurious infection [95].

Gymnophalloides seoi

General views

Gynophalloides seoi (Digenea: Gymnophallidae) was reported as a human-infecting intesti-
nal fluke in 1993 in Korea [113,114]. The endemic areas are scattered in coastal areas of
Shinan-gun (a southwestern part of Korea), and among them, Aphae-do (Island) is the
highest endemic area [113,114]. In heavy infections, G. seoi may cause gastrointestinal
troubles, indigestion, and occasionally symptoms like diabetes [114]. The mode of human
infections is eating natural oysters (Crassostrea gigas) raw or under improperly cooked
conditions; however, cultivated oysters have been found free from infection [113,114]. The
natural definitive host is waders, including oystercatchers, and mammals, such as cats
[85,114].

Paleoparasitological studies on Gymnophalloides seoi in Korea

Gynophalloides seoi eggs were detected two times in the feces or soil sediment of two mum-
my specimens excavated at Hadong-1 and Sapgyo (Table 6) [7,40]. The first discovery of
these eggs (20.0+ 1.7 x 12.0+ 0.7 pm) was from the feces (luminal surface of the rectum) of
a female mummy at Hadong-1 dating to the 16th-early 17th century [7]. However, the egg
count was remarkably high, showing an average value of eggs per gram of feces (EPG) of
21,417 in 6 times repeated measurements [7]. This finding was surprising and interesting
in several points. First, this discovery indicated that G. seoi might have been prevalent in the
Hadong area, which is remote from the current major endemic area (i.e., Shinan-gun) [113,
114]. Thus, it was speculated that G. seoi might have occurred widely along the western and
southern coastal areas of the Korean peninsula several hundred years ago [7]. Second, the
worm load of G. seoi in this mummy is estimated to be extremely high, ca. 93,117 worms,
based on the report that the average EPG/worm in human infections was 0.23 [114]. This
figure of individual worm load appears to be the highest of all published data in Korea [114].
Third, it is suggested that the people at that time liked to eat raw oysters. The second report
on the recovery of G. seoi eggs (19.9+2.5x12.1+0.8 pm) (Fig. 9A, B) was from the fecal-
soil samples on the pelvic bone of a male mummy at Sapgyo dating to the 16th century
[40]. The EPG was 150.8 [40], and the worm load was estimated to be at about 657 worms.
Sapgyo area is in the middle of the western coastal area which is remote from Shinan-gun,
and the discovery of this mummy case here supported the speculation that G. seoi infection
may have occurred widely along the western and southern coastal areas of the Korean pen-
insula [113,114].

Evolutionary aspects of Gymnophalloides seoi

The evolutionary origin of G. seoi is difficult to estimate because of the lack of available data.
Probably it was an intestinal/bile duct fluke of wading birds transmitted by oysters for a long
time [113,114], and it may have become capable of infecting humans at a certain time point.
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Fig. 9. Gymnophalloides seoi eggs found in archaeological samples in Korea. (A) An egg discovered

in the soil sediment (feces) of Sapgyo mummy. A large operculum is characteristically seen near the
anterior end. Scale bar= 20 um. (B) High magnification of the egg in Fig. 9A. Scale bar=10 pm.

The evolutionary age of G. seoi might be older (> 3 million years) than that of the liver flukes,
including C. sinensis, O. felineus, and O. viverrini. Molecular studies on Gymnophallidae
flukes and other related families may help the phylogeny and evolution of G. seoi and relat-
ed gymnophallid fluke species.

Isthmiophora hortensis and other echinostome species

General views

At least 23 echinostome species (8 genera) are currently recognized as human-infecting
species worldwide [83]. Echinostoma, Isthmiophora, Echinochasmus, Acanthoparyphium,
Artyfechinostomum, Echinoparyphium, Himasthla, and Hypoderaeum are the responsible
genera [83]. They are intestinal flukes of fish, reptiles, birds, and mammals, including hu-
mans [83]. Human infections occur mainly through the consumption of infected snails,
clams, or fish [83]. In the genus Isthmiophora, two species, namely I hortensis and L. melis,
are known to cause human infections [83].

Isthmiophora hortensis (syn. Echinostoma hortense) (Digenea: Echinostomatidae) is an
epidemiologically important echinostome fluke infecting the intestinal tract of humans
and animals, including dogs, cats, and rats in Korea, Japan, and China [80,83,85]. The source
of infection is freshwater fish, including the loach (Misgurnus anguillicaudatus), the Korean
spotted sleeper (Odontobutis obscura interrupta), and the fat minnow (Moroco oxycephalus)
[80,83,85]. In human infections, this echinostome can cause abdominal pain and diarrhea,
and the adult fluke has been occasionally found attached to the ulcerated mucosa in the
duodenum or upper jejunum of patients during gastroduodenal endoscopy [80,83,85]. In
some endemic areas in Korea, the prevalence among the human population was high, up
t0 22.4%, in 1988 [85].

Paleoparasitological studies on Isthmiophora hortensis in Korea

Isthmiophora hortensis eggs were discovered one time in an archaeological strata soil speci-
men from an old house at Buyeo-2 of Baekje Capital ruins dating to the 6th-7th century
[32] (Table 6). The eggs were large, dark brown, operculated, immature, and 112.5-125.0
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pm in length and 62.5-67.5 um in width [32]. The number of I hortensis eggs in 1 g of the
soil sample was 210. This soil sample was obtained from an old house; but it was uncertain
whether the soil sample was of human or animal (dog, cat, or rat) origin [32].

World reports and evolutionary aspects of echinostome flukes
Eggs of Echinostoma sp. were first detected in the coprolite of an adult male mummy from
a cave in Lapa do Boquete in Minas Gerais State, Brazil dating to 560 + 40 years BP [115,116].
Molecular analysis of this case revealed that, in the ITSI region, the eggs were identical to
both E. paraensei and E. luisreyi; however, in the mitochondrial cox1 gene, they were more
compatible with E. paraensei [116]. At least 4 more reports have been published on echi-
nostome infections in archaeological remains. Two of them were reported from human
remains in Mexico [117] and Belgium [118], one from humans or animals in Korea [32],
and one from felid coprolites in Brazil [119]. The Mexican report was on the discovery of
Echinostoma sp. eggs (av. 108 x 66 um) in 3 of 36 coprolites (human origin) dating to about
1,400 years BP from the Cueva de Los Muertos Chiquitos, Rio Zape Valley, Durango,
Mexico; the eggs were suspected as those of E. revolutum [117]. The report from Belgium
was the discovery of Echinostoma sp. eggs (86-116 x 58-69 um) in 8 of 14 sediment sam-
ples from 7 cesspits (human origin) dating to 1100-1600 CE in the city of Aalst near the
eastern border of the County of Flanders, Belgium [118]. Echinostome eggs (Echinostoma
sp.) were detected in felid coprolites (96 units identified as belonging to the group of fe-
lines) dating from 1,040+ 50 to 1,730+ 70 BP from the Furna do Estrago Archaeological
Site, Pernambuco State, Brazil, which measured 70.0-97.5 x 35.0-62.5 pm [119].
Echinostome flukes are primarily intestinal parasites of birds and, to a lesser extent, mam-
mals, including humans [83]. The evolutionary age of echinostomes might be as old as that
of the large liver flukes, E hepatica and F gigantica (5.3-10 million years) [71,72] and might
be older than that of the small liver flukes (>3 million years). Among the zoonotic echino-
stome species, the phylogenetic age of I. hortensis might be younger than the other species
in the same family, since I hortensis is exclusively a parasite of mammals, whereas Echinos-
toma revolutum, Hypoderaeum conoideum, and many other echinostome species are pri-
marily avian parasites [83]. I. hortensis might have split from a certain species of avian echi-
nostomes by changing the host. Molecular studies on echinostomes may help the phyloge-
ny and evolution of I. hortensis and other echinostome species.

Dibothriocephalus nihonkaiensis and other diphyllobothriid
tapeworms

General views

Dibothriocephalus nihonkaiensis (syn. Diphyllobothrium nihonkaiense), Dibothriocephalus
latus (syn. Diphyllobothrium latum), and Adenocephalus pacificus (syn. Diphyllobothrium
pacificum) are 3 major broad fish tapeworms (Eucestoda: Diphyllobothriidea) infecting
humans worldwide [120]. D. nihonkaiensis is distributed in Japan, Korea, Russia, and Eu-
rope, and D. latus is distributed mainly in Europe and North America [120,121]. A. pacifi-
cus has been reported in North (the USA) and South America (Chile and Peru) [120,121].
These dibothriocephalid tapeworms are contracted to humans by the consumption of raw
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or undercooked salmon, perch, pike, trout, or other kinds of freshwater or brackish water
fish [13]. Natural definitive hosts include dogs, cats, foxes, leopards, bears, and seals [13].
Most infected humans complain of almost no or mild gastrointestinal discomfort but in a
few instances, significant mass effect (gut obstruction) and pernicious (vitamin B, defi-

ciency) anemia may develop [13].

Paleoparasitological studies on Dibothriocephalus nihonkaiensis in Korea

One article has been published on the discovery of probable D. nihonkaiensis eggs (50-65
x 37.5-47.5 pm) under the name Diphyllobothrium latum in an archaeological soil sample
from the Royal Arsenal in Seoul dating to the 15th-16th century [22] (Table 7). In mummy
samples, dibothriocephalid eggs have never been found in Korea. Before 2009, in Korea,
the species name used for Diphyllobothrium tapeworms was usually D. latum, but it was
changed to Diphyllobothrium nihonkaiense after a molecular study [122,123]. In the mean-
time, in 2017, it was suggested that the generic name of Diphyllobothrium latum and Diphyl-
lobothrium nihonkaiense should be renamed as Dibothriocephalus [120]. Therefore, their
species names have been resurrected/revised as Dibothriocephalus latus and Dibothrioceph-
alus nihonkaiensis, respectively [120]. We would like to accept this taxonomic move. The
soil sample examined in the Korean report was taken from a military facility of the Joseon
Dynasty [22]. It is speculated that certain people who worked in the military of the Joseon
Dynasty enjoyed raw or improperly cooked salmon, perch, or trout.

World reports and evolutionary aspects of dibothriocephalid tapeworms

Dibothriocephalid tapeworm eggs have been discovered frequently in archaeological spec-
imens in Europe and America but rarely in Asia, Africa, and the Middle East [39,121,124-
126]. The first discovery of dibothriocephalid eggs (named Bothriocephalus latus; currently
Dibothriocephalus latus) was reported by Szidat in 1944; the eggs were found in the intesti-
nal content of a bog body (man) from Prussia dating to 1,500 years BP [2]. The oldest di-
bothriocephalid eggs ever recorded were those discovered in archaic coprolites from the
Pacific Coasts of Peru where ancient people lived from 4,000 to 10,000 years BP and ate large
quantities of fish [39]. The eggs were assigned as those of A. pacificus (under the name Di-
phyllobothrium pacificum). Similar old dibothriocephalid (reported as Diphyllobothrium
sp.) eggs were discovered in the soil sediment from burials in the Shillourokambos Site in
Cyprus dating to 9,500-9,600 BP [124,127]. Thereafter, numerous reports have been pub-
lished on the recovery of dibothriocephalid eggs in archaeological remains around the world

Table 7. Paleoparasitological reports on the detection of tapeworm eggs in archaeological specimens in Korea

Author (year) [Reference no.] Locality (see no. in Fig. 1) Type of samples Estimated date Parasite species
Shin et al. (2011) [22] Seoul (old arsenal) (10) Soil strata 15C-16C (Joseon D.?) Diphyllobothrium latum®
Leeetal. (2011) [131] Gongju (6) Mummy soil 17C-18C (Joseon D.) Taenia sp.

Kim et al. (2016) [28] Changnyeong (18)° Soil sediment ~ 676 CE (Silla D.) Taenia sp.

Seo et al. (2017) [29] Seoul (Junggye) (23) Mummy feces 16C-17C (Joseon D.) Taenia sp.

D, Dynasty.

°Probably Dibothriocephalus nihonkaiensis.
‘Hwawang Sansung.
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[124,125]. Notably, from 1989-2010, at least 20 records have been gathered by Reims Pa-
leoparasitology Laboratory in France, regarding the recovery of Diphyllobothrium sp. eggs
in archaeological materials from various European (France, Germany, Switzerland, and
Cyprus), Middle East (Israel), and African (Egypt and Sudan) countries [125]. In Asia, sev-
eral articles have been published regarding the recovery of dibothriocephalid eggs from
human archaeological remains, including 1 article from Korea [22], 1 from Japan [90], and
at least 4 articles from Russia [77]. In Japan, Diphyllobothrium sp. (probably D. nihonkaien-
sis) eggs were discovered in cesspit toilets at Yanagi-no-gosho Site in Hiraizumi Town, Iwate
Prefecture (Iwate Prefectural Archaeological Center) dating to the 12th century [90]. In
Russia, D. latus (under the name D. latum) infection was discovered in human or animal
remains (pelvic soil/coprolites) excavated in Western and Eastern Siberia [77,128].

Regarding the higher level eucestodes (subclass Eucestoda), the early diversification may
have been associated with deep co-speciation with vertebrate taxa, extending into the Pal-
aeozoic era, minimally 350-420 million years ago [129]. It seems probable that the current
human-infecting dibothriocephalid tapeworms have evolved from those infecting carnivo-
rous animals, and it may have occurred around the time (for example, 400,000-600,000
years BP; Late Neolithic Era) when humans began to consume fish as one of their main di-
ets. A. pacificus may have evolved separately from D. latus and D. nihonkaiensis, and the
latter two species may have evolved from their common ancestors.

Taenia tapeworms

General views

Within the genus Taenia, 3 important species are known to occur in humans, namely, T.
solium, T. saginata, and T. asiatica [13,130]. Their adult stages can cause intestinal infec-
tions in humans (exclusive definitive host), and the larval stage (=metacestode) of 1 spe-
cies, T solium, can cause human infections (cysticercosis) in subcutaneous tissues, muscles,
and visceral organs, including the brain [13]. T. solium and T. asiatica are transmitted by
the consumption of pork, whereas T. saginata is transmitted by eating beef [13,130]. The
geographical distribution of T. solium and T. saginata is almost worldwide (Asia, Europe,
Africa, the Middle East, and the Americas), where pigs and/or cattle are raised, except in
areas where pork or beef are not eaten because of religious reasons [13]. The distribution of
T. asiatica is somewhat limited to southeast Asia, including China, Taiwan, Thailand, Lao
PDR, Nepal, Bangladesh, India, Indonesia, the Philippines, Korea, Japan, and Vietnam
[130]. In most human infections, intestinal taeniases may elicit no special clinical symp-
toms, except for mild gastrointestinal discomfort and occasional discharge of a part of pro-
glottids in the feces [13]. However, in human cysticercosis, mild to severe clinical outcomes
may occur [13]. An important problem in the diagnosis of taeniid eggs in archaeological
samples includes high morphological similarity between species of Taenia (egg size 31-43
pm in diameter) and Echinococccus (egg size 32-36 x 25-30 pm) except for slight differences
in egg size, and it is practically difficult to provide an ultimate (specific) diagnosis only by
egg morphology [13,42].
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Paleoparasitological studies on Taenia spp. in Korea

The eggs of taeniid tapeworms have been discovered 3 times in archaeological specimens
(Table 7) [28,29,131]. The first one was the recovery of taeniid eggs (Fig. 10A) in the mum-
my soil (hip bones and sacrum) from a 17th-century tomb excavated in Gongju [131]. In
the first examination of this mummy sample, taeniid eggs were not found [18]. However,
in the second examination, Taenia sp. eggs (37.5-40.0 x 37.5 ym), 5 in number, were dis-
covered [131]. The eggs revealed characteristic features with a radially striated embryophore
(eggshell), although 6 hooklets inside the embryo (seen in well-prepared modern fecal sam-
ples; Fig. 10B) were not clearly visible. In Korea, all 3 species of Taenia have likely existed
for a long time, and thus the specific diagnosis was not possible. The second discovery of
taeniid eggs (35.0-39.8 x 31.0-38.6 pm) was in the soil sediment samples (2 strata samples)
from archaeological sites in Changnyeong (Hwawang Sansung; a mountaintop fortress res-
ervoir) of the ancient Silla Kingdom dating to ~676 CE [28]. As the number of eggs depos-
ited in the environment by an adult Taenia sp. tapeworm is relatively small compared to
other species of helminths [13], the recovery of quite many Taenia spp. eggs (0.4-0.5 EPG
of soil sample) in a fortress reservoir was considered unusual [28]. It was speculated that
human taeniases were quite prevalent at that time, and human or animal waste scattered in
and around the fortress was swept via streams into the reservoir, as it was situated at a rela-
tively low altitude [28]. The third recovery of taeniid eggs (32.5 um in diameter) was in the
coprolites of a male mummy (estimated to be 25-29 years old) from Seoul (Junggye) dating
to the 16th-17th century [29].

World reports and evolutionary aspects of Taenia spp.

The oldest Taenia spp. eggs ever recorded from archaeological remains around the world
were those found in 2 localities (Shillourokambos and Khirokitia) of Cyprus [127]. In the
Shillourokambos Site, Taenia eggs were found in soil sediments dating to 9,500-10,500 years
BP [127]. In the Khirokitia Site, Taenia eggs were discovered in soil sediments from a buri-
al dating to 6,590+ 260 years BP [127]. The next oldest taeniid eggs were those found in
human coprolites from Hogup Cave, Utah, USA dating to 6,200-6,500 years BP [124,132].
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Fig. 10. Taenia spp. egg discovered in archaeological remains (A) in Korea in comparison with a typi-
cal contemporary egg (B) from Cambodia. (A) An egg found in the soil (feces) sample of Gongju
mummy. Six hooklets inside the embryophore are difficult to recognize. Scale bar=25 um. (B) A

contemporary egg detected in a Kato-Katz fecal smear of a Cambodian resident (personal com-
munication). Hooklets inside the egg are clearly visible. Scale bar= 25 pym.
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The third oldest taeniid eggs were those found in coprolites of probable human origin in 4
places (Arbon-Bleiche 3, Sipplingen, Torwiesen II, and Walhausen-Ziegelhiitte) of the Hor-
gen cultural site in Switzerland dating to 5,050-5,384 years BP [133]. Numerous other re-
ports have been published on the discovery of taeniid eggs in archaeological materials [124],
including a report from Japan [90].

It was a general concept that the evolutionary origin of the human infecting Taenia tape-
worms (T. solium, T. saginata, and T. asiatica) was relatively recent, not more than 10,000
years BP, coincidental with the domestication of major food animals, including swine and
cattle, and the advent of agriculture [130]. However, a new hypothesis was proposed based
on phylogenetic analyses that the origin of the human infecting Taenia tapeworms may
have preceded the domestication of cattle and swine [134]. Hominids, on the savannah of
Africa, became hosts for Taenia before the origin of modern humans and substantially ear-
lier than the domestication of bovids and suids and the development of agriculture [134].
African hominids that scavenged or preyed upon antelope and other bovids were exposed
to colonization by Taenia tapeworms that were using hyaenids, canids, and felids as defini-
tive hosts and bovids as intermediate hosts [134]. T. saginata and T. asiatica may have di-
verged from their common ancestor at least 90,000-160,000 years BP or from 0.78-1.71
Myr BP depending on the methods of analyses [134]. Phylogenetically, T. saginata and T.
asiatica are sister species, with both being distantly related to T. solium [129]. T. saginata + T.
asiatica and T. solium represent the results of 2 independent host shifts to hominids [134].
The divergence of T. asiatica from its ancestor may have been a consequence of the disper-
sal of hominids from Africa to Asia with the subsequent isolation of hosts and parasites
(134].

Echinococcus granulosus

General views

Echinococcus granulosus and E. multilocularis are 2 important Echinococcus species infect-
ing humans [13]. Their life cycles start from the eggs which are liberated from the adult
worms in the intestines of dogs, cats, wolves, foxes, jackals, dingoes, hyenas, pumas, and
jaguars [13]. When the eggs (already embryonated in the worm uterus) contaminated in
the environment are eaten by herbivorous mammals (sheep, goats, camels, hogs, and oxen)
or humans, they develop into the larval stage, i.e., hydatid cyst, in various organs and tis-
sues of these intermediate hosts [13]. If the definitive host eats the flesh of these animals,
the hydatid cysts grow to be adults in the intestine [13]. Humans are an accidental host for
these cestodes, and they suffer from hydatidosis in the liver, lungs, and brain in endemic
areas [13].

World reports and evolutionary aspects of Echinococcus granulosus

In Korea, hydatid cysts have never been discovered in archaeological human remains. How-
ever, hydatid cysts of E. granulosus have been found frequently in Europe [39,135], the USA
[46], the Middle East (Israel) [46,125], and Egypt [46]. In Europe, calcified hydatid cysts
have been found in archaeological human remains; about 25 cases from 18 different sites
dating from Hellenistic to post-medieval periods [135]. The countries where old hydatid
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cysts were reported included Italy, France, Switzerland, Spain, Greece, Denmark, Iceland,
Poland, Ireland, England, the USA, and Scotland [39,135]. The oldest hydatid cyst ever re-
ported seems to be the one discovered in mummies from Thebes, Egypt dating to 750-525
BCE [39,136]. The next oldest was the one reported from the burial sites in Mt. Scopus, Je-
rusalem, Israel dating to 538 BCE [39], followed by a report from Schulz Site, Michigan,
the USA dating to 300 BCE [39] and from Orton Longueville, Cambridgeshire, England
dating to the 2nd century BCE [135].

The host-parasite relationships of E. granulosus were probably well established in the
present form by the late Pleistocene (ca. 127,000 years BP), and conditions favoring its syl-
vatic cycle appear to have existed in Europe since early Neolithic time (ca. 10,000 years BP)
with the original wolf-ungulate host relationship gradually being replaced by, and coexist-
ing, with the dog-domestic ungulate relationship [137]. As early as 870 CE, it was introduced
into Iceland and became endemic there by 1200 CE; infected dogs then probably transport-
ed it to western Europe, North Africa, and the Mediterranean region via whaling ship [137].
It may have been carried into North America by Norseman who colonized Newfoundland
more than 1,000 years BP, of which the life cycle was established in eastern North America
by the 17th century [137]. In South America, E. granulosus life cycle was established proba-
bly by the mid-1500s CE when the continent was colonized by Spaniards and their dogs
[137]. By 1900 CE, E. granulosus was present throughout the livestock-raising regions of
Australia and New Zealand [137].

Estimation of the prevalence of helminthic infections among
the medieval Korean population

Soil-transmitted helminths

Using the mummy study data, Seo et al. [29] and Oh et al. [35] tried to estimate the preva-
lence of helminthic infections (by species) among the pre-modern Korean populations. The
prevalence of overall helminth species in mummy samples was 100% (30/30), and those of
A. lumbricoides and T. trichiura were 56.7% (17/30) and 86.7% (26/30), respectively [35].
These figures could be compared with the contemporary Korean report covering from 1971
t0 2012 [138]. In 1971, the prevalence of overall helminths, A. lumbricoides, and T. trichiura
was 84.3%, 54.9%, and 65.4% [138], respectively, which were highly correlated with the fig-
ures from the Joseon mummies [35]. However, after the 1990s, the contemporary status of
these soil-transmitted helminths has been very much improved in Korea, and the preva-
lence became almost negligible after 2012 (0.03% and 0.41% for Ascaris and Trichuris, re-
spectively, in the prevalence among the general population) [138].

Trematode infections

Seo et al. [29] and Oh et al. [35] also tried to estimate the prevalence of trematode infec-
tions among the medieval Korean population by using mummy study data. The prevalence
of C. sinensis infection in mummy samples was calculated to be 30.0% (9/30) as of 2023
[35]. The contemporary report on the general Korean population revealed that the preva-
lence of C. sinensis was 4.6% (in 1971), 2.6% (1981), 2.2% (1992), 2.4% (2004), and 1.9%
(2012) [138]. The prevalence appeared to be much higher in medieval populations than in
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the modern Korean population. As C. sinensis infection occurs through the consumption
of raw freshwater fish, it could be speculated that middle-to-high-class Korean people (to
which most of the Joseon mummy cases belonged) enjoyed eating raw freshwater fish. In
old Korean literature, it is written that the raw flesh of common carp (Cyprinus carpio) and
crusian carp (C. auratus) was frequently served in gatherings of noble Korean societies [139].

The prevalence of P. westermani infection in Korean mummies was calculated to be 30.0%
(9/30 mummies) as of 2023 [35,40]. This prevalence was very high compared to the con-
temporary status of P. westermani infection among the general Korean population [138].
Notably, however, in 1884, Dr. Allen H.N., an American physician who volunteered in Ko-
rea (Joseon Kingdom) as a Presbyterian missionary, reported 2 years later that most hemop-
tysis patients in Korea were due to infection with ‘distorna’ (lung fluke, probably P. wester-
mani) [141]. In 1925, the prevalence of P westermani infection among the Korean popula-
tion was estimated to be about 9.4% (16,866 out of 180,351) by the egg detection method
in the sputum [141]. However, the national prevalence of paragonimiasis in Korea decreased
remarkably to lower than 0.1% nowadays (personal communication).

The average prevalence of M. yokogawai (and possibly M. miyatai and M. takahashii) in-
fection in the Joseon mummies could be calculated roughly as 13.3% (4/30). This rate is
much higher than the contemporary status in Korea; 1.2% in 1981, 1.0% in 1986, and 0.26-
0.5% in 1992-2012 [138]. Thus, the prevalence of M. yokogawai infection in mummy sam-
ples was more than 10 times higher than the contemporary figures. One of the reasons may
include that most of the mummy cases were middle-to-high-class Joseon Dynasty people
who favored eating raw freshwater fish.

Taenia spp.

Based on the data from Korean mummies until 2023, the average prevalence of Taenia spp.
infection in the Joseon mummies was calculated as 6.7% (2/30). This rate is quite compara-
ble with the 1920’s Korean reports of human taeniases (6-16%) [142]. However, the preva-
lence became remarkably lower based on fecal examinations of the general population in
Korea, 0.7-1.9% in the 1970s, 0.3-1.1% in the 1980s, 0.02-0.06% in the 1990s, and 0.00-0.04%
in 2004-2012 [138]. It has been suggested that the Joseon people may have been infected
with T saginata more frequently than T. asiatica, since the consumption of beef was quite
common among the Joseon people, and pork was not consumed as much as we thought
(142].

Issues and Perspectives

In this review, we introduced and discussed the major paleoparasitological findings report-
ed by Korean paleoparasitologists during the past 26 years (1997-2023). The findings were
mostly on helminth eggs and larvae detected in archaeological remains, including human
mummies and soil sediment samples. The covered period of the ancient remains ranged
from the Three Kingdoms’ Period (100 BCE) to the Joseon Dynasty (~1900 CE). However,
searching for more ancient human and/or animal remains is strongly recommended. We
also regret that we could not find any referable paleoparasitological report regarding proto-
zoan parasites, including Plasmodium spp., Toxoplasma, and intestinal amoebae in Korea.
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Regarding arthropod parasites, including ticks, mites, mosquitoes, lice, and bugs, there have
been a few archaeological reports in Korea, and it is hoped that the major findings will be
reviewed and introduced soon. Molecular techniques have been applied to analyze the aDNA
of helminth eggs in Korea, including A. lumbricoides, T. trichiura, C. sinensis, P. westermani,
and M. yokogawai. However, applying molecular techniques should be extended to other
helminth parasites, for example, heterophyids (other than M. yokogawai), G. seoi, echino-
stomes, dibothriocephalids, and Taenia tapeworms, as well as protozoan and arthropod
parasites.
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