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Abstract 

Background: The Spirorchiidae is a family of blood flukes parasitizing turtles. Spirorchiids may cause a wide range 
of inflammatory reactions in the vascular system of their host being frequently implicated with stranding and death 
of sea turtles worldwide. Recent studies revealed the presence of two spirorchiid species in the Mediterranean basin. 
Our study presents comparative epidemiological data of spirorchiid infections in loggerhead turtles (Caretta caretta) 
stranded during an eight-year period from Adriatic and Tyrrhenian Seas, and the first report of Neospirorchis Neo-
gen-11 in a green turtle (Chelonia mydas).

Methods: We screened a total of 319 carcasses of loggerhead turtles stranded from January 2011 to December 
2018 along the Tyrrhenian coast (n = 111) and the north-western Adriatic coast (n = 208) of Italy using traditional 
(copromicroscopy and histopathology) and molecular assays. Three green turtles from the Tyrrhenian coast were also 
included in the study.

Results: A total of 56 (17.5%) loggerhead turtles and one green turtle (33.3%) were found to be infected with 
spirorchiid flukes. Amplification, sequencing of the ITS2 region of the ribosomal RNA gene cluster and BLAST analysis 
confirmed the presence of Hapalotrema mistroides and Neospirorchis Neogen-11 in 51 (16.0%) and 24 (7.5%) logger-
head turtles, respectively, and Neospirorchis Neogen-11 in an infected green turtle. Differences in prevalence of infec-
tion between the two sampling areas were found.

Conclusions: The risk of spirorchiid infection in the Tyrrhenian Sea is lower than in the Adriatic Sea and in general 
the risk of infection in the Mediterranean is lower than in other geographical locations. Differences in the prevalence 
of infection between the two sampling areas were related to the differences of regional habitats supporting differ-
ent abundance of spirorchiid intermediate hosts. A systematic monitoring to evaluate the progress of the infection is 
recommended, as well as studies on the occurrence and distribution of spirorchiid species from other Mediterranean 
areas.
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Background
The Spirorchiidae Stunkard, 1921, is a family of blood 
flukes parasitizing the cardiovascular system of marine 
and freshwater turtles. To date, a total of 29 marine spe-
cies belonging to 10 genera have been recognized [1–3]. 
Adult spirorchiids and their eggs may cause a wide range 
of inflammatory reactions in the vascular system of their 
host being frequently implicated with stranding and 
death of sea turtles worldwide [4–10]. Incidental findings 
of infection with or no associated diseases have also been 
described [11–15].

Except for the old reports of Monticelli [16] and Looss 
[17], published studies of spirorchiid infections from the 
Mediterranean are recent and limited to a survey from 
the north Adriatic Sea, where Hapalotrema mistroides 
(Monticelli, 1896), and Neospirorchis Neogen-11 were 
found in loggerhead turtles (Caretta caretta) [12], and a 
report on a fatal case associated with H. mistroides in an 
adult loggerhead turtle from the Tyrrhenian Sea [9].

In the last few years, knowledge concerning the biodi-
versity and epidemiology of spirorchiid flukes has been 
greatly enhanced through the use of molecular genetic 
approaches, together with traditional tools such as histo-
pathological studies [2]. Using PCR and terminal restric-
tion fragment length polymorphism (T-RFLP), Chapman 
et al. [18, 19] provided new data on spirorchiid flukes at 
the species level in Australian green turtles (Chelonia 
mydas) by analyses of tissues infected with their eggs. 
Using genetic targets, Stacy et  al. [20], demonstrated 
the occurrence of at least 20 new distinct genotypes of 
Neospirorchis Price, 1934, correlated with host species 
and different tissue tropism in sea turtles of the Gulf of 
Mexico and Atlantic coasts of Florida (USA).

The knowledge on the life cycle of marine spirorchiids 
has also been enhanced by using molecular genetic tools. 
DNA of Learedius learedi Price, 1934 has been found in 
a single fissurellid gastropod Fissurella nodosa collected 
at a facility in Florida where green turtles were found to 
acquire L. learedi infections [21]. Recently, it has been 
found that the intermediate host responsible for an infec-
tion with a species of Amphiorchis Price, 1934 in captive 
hatched neonate loggerhead turtles housed in the Ocean-
ogràfic Aquarium in Valencia (Spain) was the vermetid 
gastropod Thylaeodus cf. rugulosus [22]. Finally, during a 
recent survey of blood fluke larvae in polychaetes on the 
coast of South Carolina (USA), spirorchiid-like cercariae 
belonging to Neospirorchis Neogen-13 and Neospirorchis 
Neogen-14 (known to infect green turtles) were found to 
infect the polychaetes Amphitrite ornata (Terebellidae) 
and Enoplobranchus sanguineus (Polycirridae) [23].

Here, using traditional and molecular tools, we studied 
and compared for the first time the features of spirorchiid 
epidemiology in loggerhead turtles stranded during an 

eight-year period from two Mediterranean basins (i.e. 
Tyrrhenian and Adriatic Seas) addressing (i) the identifi-
cation of spirorchiids to the species level; and (ii) the role 
of temporal, geographical and host-related factors on the 
occurrence and severity of spirorchiid infection of Medi-
terranean loggerhead turtles. Finally, a Neospirorchis sp. 
infection in a green turtle is reported for the first time 
from the Mediterranean Sea.

Methods
General data
A total of 319 carcasses of loggerhead turtles stranded 
from January 2011 to December 2018 along the Tyrrhe-
nian coast of central and southern Italy (n = 111) and 
the north-western Adriatic coast (n = 208) was inves-
tigated for spirorchiid infections. Three green turtles 
collected in 2017 from the Tyrrhenian coast were also 
included in the study. For each turtle, whenever possible, 
the curved carapace length (CCL) and straight carapace 
length (SCL) were measured to the nearest cm and body 
weight was also registered. Sea turtles were categorized 
into the following age-classes [24]: juveniles, CCL ≤ 40 
cm; sub-adults, CCL of 41–69 cm; and adults, CCL ≥ 70 
cm. The body condition index (BCI) was calculated as 
body weight/SCL3 ×  104, and categorized as very good 
(> 1.20); good (1.19–1.10); average (1.09–1.0); or poor 
(< 1.0) [25]. In order to compare homogenous groups 
in terms of consistency, loggerhead turtles with a BCI 
classified as poor, average and good were assembled in 
a single group to be compared with the group classified 
as “very good” by statistical analysis. Whenever possi-
ble, the sex of the sea turtles was assessed at necropsy by 
direct observation of the gonads.

Post‑mortem examination
At the necropsy, all organs were grossly examined for 
adult spirorchiids, masses of their eggs and associated 
pathological changes. Samples of selected tissues (brain, 
heart, blood vessels, trachea, lungs, liver, gallbladder, kid-
neys, urinary bladder, pancreas, oviducts, oesophagus, 
stomach and intestine) and washing liquid from the body 
cavity of sea turtles were examined separately using a dis-
secting microscope [26, 27]. When present, adult para-
sites and their eggs were washed in saline solution and 
preserved in 70% ethanol or frozen at – 80  °C for mor-
phological and molecular study, respectively.

Direct examination for spirorchiid eggs
A standard sedimentation method was used to detect 
spirorchiid eggs from the feces (30 g) obtained in a post-
mortem examination from the rectum. Egg detection was 
also performed for the spleen, as previously described by 
Marchiori et al. [12]. Briefly, a pre-weighed aliquot (2 g) 
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of spleen sample was diced and homogenized in 10 ml tap 
water using a blender. The obtained fluid was centrifuged 
in a 15 ml tube at 2000× rpm for 5 min. After removal of 
the supernatant, a high-density solution (sodium nitrate, 
sodium thiosulphate and sucrose with a specific gravity 
of 1.45) was added and mixed with the sediment until the 
tube was full; a coverslip was left over the tube for 15 min 
and observed under a light microscope (magnification 
of 10×) for the detection of spirorchiid eggs. The eggs 
were then classified by their morphology as Hapalotrema 
(elongate with two polar processes) and Neospirorchis 
(round with no polar processes) types (Fig.  1). Samples 
of spleen and feces were chosen for direct examination of 
spirorchiid eggs because these represent the most impor-
tant target sites where egg concentration occurs [6, 9, 12, 
19, 20, 28].

Histopathological study
Whenever possible, samples for histological examina-
tion of selected organs and tissues including brain, lungs, 

heart, stomach, intestine, pancreas, liver, spleen, urinary 
bladder and kidneys, were collected. Samples were fixed 
in 10% neutral phosphate-buffered formalin and pro-
cessed by routine methods into paraffin blocks which 
were cut into 3 μm thick sections and stained with hema-
toxylin and eosin. Histologically, the severity of lesions 
associated with spirorchiid infection was scored for each 
examined tissue as follows: 0, absent; 1, mild (1 to several 
small, scattered granulomas per low power (20× magni-
fication) field, each centered on ≤ 5 spirorchiid eggs); 2, 
moderate (1 to several granulomas centered on > 5 to 10 
spirorchiid eggs per 20× magnification field, with some 
effacement of tissue architecture by granulomas); and 
3, severe (numerous smaller granulomas, each centered 
on > 5 eggs, or large, often coalescing granulomas and/
or sheets of inflammatory cells centered on ≥ 10 to hun-
dreds of eggs, both with extensive effacement of tissue 
architecture) [9].

Molecular identification
An aliquot of each organ and feces examined for 
spirorchiid flukes was collected and frozen at −  80 °C. 
When fecal, spleen or any histological sample was posi-
tive for spirorchiid eggs, DNA was extracted from frozen 
aliquots of those positive samples using the  NucleoSpin® 
Tissue Kit (Macherey-Nagel, Düren, Germany). Amplifi-
cation of the internal transcribed spacer 2 (ITS2) region 
of the rDNA was carried out using the protocol described 
in Marchiori et  al. [12] (length of expected fragment: 
300 bp). The newly generated consensus sequences were 
compared with the data available on GenBank using the 
software BLAST [29].

Statistical and risk factor analysis
The percentage of concordance and the k parameter were 
calculated for comparing the agreement between the 
qualitative copromicroscopic analysis and the examina-
tion of the spleen for parasite eggs [30].

A sea turtle was considered positive for spirorchiid 
infection when at least one of the two diagnostic proce-
dures (copromicroscopic and spleen examinations) was 
positive. The overall prevalence of spirorchiid infection 
and the prevalence of H. mistroides and Neospirorchis 
Neogen-11 were calculated.

The prevalence of blood flukes (general for spirorchi-
ids, and specific for H. mistroides and Neospirorchis 
Neogen-11) was investigated, building three multivari-
able logistic regression models including the following 
risk factors (predictors): sampling area (Adriatic Sea vs 
Tyrrhenian Sea), sampling year, age-class, BCI and sex. 
After the evaluation of autocorrelation and/or interaction 
between predictors, the output showing the higher parsi-
mony was displayed. Sea turtles with missing information 

Fig. 1 Eggs of Hapalotrema mistroides (a) and Neospirorchis 
Neogen-11 (b) from the feces of loggerhead turtles from the 
Mediterranean Sea. Note the miracidia still alive within the shell. 
Scale-bars: a, b, 30 μm
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for one or more of the considered parameters were 
excluded from the analysis. A type 1 error probability of 
0.05 was set as level of statistical significance. Statistical 
analyses were performed using the software IBM SPSS 
Statistics 25.

Descriptive statistics for the histopathological analysis, 
reporting the average and range of the scores assigned 
to infected loggerhead turtles, was performed to iden-
tify the organs and tissues most commonly affected by 
spirorchiid eggs.

Results
General data
CCL, age-class, sex, BCI,  year of sampling, and col-
lection site of loggerhead turtles are listed in Table  1. 
Prevalence of infection with spirorchiid flukes accord-
ing to the geographical area, age-class, BCI, and sex 
of the loggerhead turtles are listed in Tables  2 and 
3. At necropsy, gross findings related to spirorchiid 
infections were observed in a single loggerhead turtle 
infected with H. mistroides from the Tyrrhenian Sea 
(see Santoro et al. [9] for the case description). Mild to 
moderate arteritis of the major vessels was observed 
in seven loggerhead turtles from the Adriatic Sea, all 
of which were positive for H. mistroides. Serpiginous 
black stripes were observed in the intestinal mucosa of 
12 loggerhead turtles and were further characterized 
by dissecting microscope as discrete masses of eggs 
of Neospirorchis type (see Marchiori et  al. [12] for the 
description of lesions).  

In general, 56 (17.5%) out 319 loggerhead turtles 
(including 13 from the Tyrrhenian Sea and 43 from 
the Adriatic Sea), were found to be infected with 
spirorchiid flukes through direct examination for eggs 
in the feces and/or spleen. As for detection of H. mis-
troides eggs, the copromicroscopic analysis showed 
an excellent agreement with the examination of the 
spleen for eggs (concordance 95.9%, k parameter: 
0.830) whereas there was a fair agreement in the case 
of Neospirorchis sp. (concordance 95.3%, k parameter: 
0.496). Eggs of Hapalotrema and Neospirorchis types 
were found in 51 (16.0%) and 24 (7.5%) loggerhead 

turtles, respectively; mixed infections were found in 19 
loggerhead turtles (5.9%) (Table 2). Adult flukes (inten-
sity range: 1–41) were recovered from heart, great ves-
sels and spleen of eight loggerhead turtles (including 
one from the Tyrrhenian Sea and seven from the Adri-
atic Sea), and were all morphologically identified as H. 
mistroides.

One out of three green turtles was found to be posi-
tive for eggs of Neospirorchis type by both direct exami-
nation of feces and spleen. The positive green turtle 
was an adult male (CCL: 70.1 cm) found stranded on 9 
September 2017 on the beach of Mondragone (Caserta 
municipality).

Histopathological study
Overall, 217 sea turtles were sampled for histology. Sea 
turtles which were negative for spirorchiid egg detec-
tion via coprological and/or spleen examination were 
also negative in a histological examination of all sam-
pled organs (n = 164). In loggerhead turtles positive 
to Hapalotrema, the specific egg type was observed 
in histological sections of the heart (2/19, 10.5%), uri-
nary bladder (2/9, 22.2%), pancreas (3/11, 27.3%), liver 
(6/20, 30%), kidneys (6/20, 30%), stomach (5/15, 33.3%), 
lungs (8/21, 38.1%), intestine (16/24, 66.7%), and spleen 
(35/40, 87.5%). Similarly, the Neospirorchis egg type was 
observed in histological sections of the liver (1/10, 10%), 
spleen (9/24, 37.5%) and intestine (19/20, 95%). In the 
positive green turtle, eggs of Neospirorchis type were 
observed in histological sections of the intestine, spleen 
and liver.

The severity of lesions expressed as average severity 
score (ASS) associated with spirorchiid infection for each 
organ is listed in Table 4. The spleen was the organ with a 
higher ASS value, followed by the intestine (Table 4).

Molecular identification
Amplification and sequencing of the ITS2 region of sam-
ples of spirorchiid eggs and adult flukes resulted in 80 
sequences which were of good enough quality for analy-
sis. BLAST analyses indicated that 52 sequences of eggs 
were of the Hapalotrema type and 8 sequences of adult 

Table 1 Curved carapace length, age-class, body condition index, sex, and collection date of loggerhead turtles obtained from 
Adriatic and Tyrrhenian Seas

Abbreviations: CCL, curved carapace length; j, juveniles; s-a, subadults; ad, adults; nd, not determined; BCI, body condition index; p, poor; a, average; g, good; vg, very 
good; m, male; f, female; SD, standard deviation; A, Adriatic Sea; T, Tyrrhenian Sea

Area CCL (cm) Age-class BCI Sex Sampling year

Mean ± SD j s-a ad nd p a g vg nd m f nd 2011 2012 2013 2014 2015 2016 2017 2018

A 53.5 ± 14.7 42 128 27 11 8 7 13 166 14 60 123 25 8 10 55 38 29 25 20 23

T 64.5 ± 10.6 10 64 35 2 9 4 9 75 14 48 55 8 4 6 5 11 14 9 31 31

Total 56.5 ± 14.9 52 192 62 13 17 11 22 241 28 108 178 33 12 16 60 49 43 34 51 54
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flukes found in 48 loggerhead turtles were identical to a 
H. mistroides sequence (GenBank: KY499798). These 
newly generated sequences were deposited in the Gen-
Bank database under accession numbers MN587705-
MN587710. A total of 20 sequences of the Neospirorchis 
egg type, found in 19 loggerhead turtles and one green 
turtle, were identical to a Neospirorchis Neogen-11 
sequence (GenBank: LT617053). These newly gener-
ated sequences, including the isolate from the green tur-
tle, were deposited in the GenBank database under the 
accession numbers MN587699-MN587704.

Statistical and risk factor analysis
The trend of prevalence of infection along with years of 
sampling for both H. mistroides and Neospirorchis Neo-
gen-11 is reported in Table 3 and Fig. 2, for both Medi-
terranean basins.

The influence of different predictors in determining the 
positivity for spirorchiids was investigated by means of a 
multivariable approach, including a total of 281 logger-
head turtles, since not all information was available for 
28 subjects. The multivariable logistic regression mod-
els demonstrated that the Adriatic Sea represents a risk 
factor for spirorchid infection (OR = 5.118) and also 

for both H. mistroides (OR = 7.344) and Neospirorchis 
Neogen-11 (OR = 5.893) (Table  5). Besides, the preva-
lence was significantly increasing from 2011 onward for 
spirorchiids in general and individually for both spe-
cies. Finally, a significant increase in prevalence along 
with age-class was also observed for spirorchiids and 
Neospirorchis Neogen-11, whereas H. mistroides preva-
lence in adult animals was not significantly different from 
values in younger animals. There was no significant asso-
ciation between prevalence of infection and sex or BCI 
(data not shown).

Discussion
This study represents the most extensive molecular study 
on blood flukes of sea turtles. Because of the large num-
ber of sea turtles included, we performed molecular anal-
yses only on fecal and tissue samples that tested positive 
to the coprological and histopathological analyses. The 
values of concordance among fecal, spleen and histo-
logical analyses suggest trustworthy results regarding the 
actual situation of spirorchiid prevalence; however, con-
sideration should be given to the possibility that a small 
number positive cases have not been detected [18, 19].

Table 2 Prevalence of spirorchiid infections in loggerhead turtles according to the geographical area, age-class, body condition index, 
and sex

Abbreviations: n, number examined; BCI, body condition index

n Spirorchiids H. mistroides Neospirorchis Neogen-11

Positive Prevalence (%) Positive Prevalence (%) Positive Prevalence (%)

Geographical area Adriatic 208 43 20.7 41 19.7 20 9.6

Tyrrhenian 111 13 11.7 10 9.0 4 3.6

Age-class Juveniles 52 5 9.6 5 9.6 1 1.9

Subadults 192 35 18.2 34 17.7 17 8.9

Adults 62 16 25.8 12 19.4 6 9.7

BCI Poor-average-good 50 8 16 7 14.0 5 10

Very good 241 43 17.8 39 16.2 19 7.9

Sex Male 108 17 15.7 16 14.8 7 6.5

Female 178 33 18.5 29 16.3 13 7.3

Table 3 Prevalence of spirorchiid infections in loggerhead turtles according to the year of collection and geographical area

Abbreviations: n, number infected; N, number examined

Area Parasite species 2011 2012 2013 2014 2015 2016 2017 2018

n/N (%) n/N (%) n/N (%) n/N (%) n/N (%) n/N (%) n/N (%) n/N (%)

Adriatic Spirorchiids 0/8 (0) 0/10 (0) 5/55 (9.1) 5/38 (13.1) 9/29 (31.0) 10/25 (40.0) 5/20 (25.0) 10/23 (39.1)

H. mistroides 0/8 (0) 0/10 (0) 4/55 (7.2) 4/38 (10.5) 9/29 (31.0) 10/25 (40.0) 5/20 (25.0) 10/23 (39.1)

Neospirorchis Neogen-11 0/8 (0) 0/10 (0) 1/55 (1.8) 3/38 (7.9) 3/29 (10.3) 7/25 (28.0) 0 (0) 6/23 (26.1)

Tyrrhenian Spirorchiids 0/4 (0) 0/6 (0) 0/5 (0) 0/11 (0) 5/14 (35.7) 1/9 (11.1) 4/31 (12.9) 3/31 (9.7)

H. mistroides 0/4 (0) 0/6 (0) 0/5 (0) 0/11 (0) 3/14 (21.4) 0/9 (0) 4/31 (12.9) 3/31 (9.7)

Neospirorchis Neogen-11 0/4 (0) 0/6 (0) 0/5 (0) 0/11 (0) 2/14 (14.3) 1/9 (11.1) 1/31 (3.2) 0/31 (0)
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Our results demonstrate the occurrence of only two 
spirorchiid species (H. mistroides and Neospirorchis 
Neogen-11) in sea turtles from both Mediterranean 
basins under study. Comparison between sequences of 
the ITS2 fragment of H. mistroides and Neospirorchis 
Neogen-11 revealed the lack of genetic variation for this 
marker between the fluke populations from sea turtles 
from the Mediterranean and Atlantic waters of Florida 
for both species. Previous studies have also shown the 
identity among sequences of the 28S gene from Medi-
terranean and Florida isolates of H. mistroides and 
Neospirorchis Neogen-11 [9, 12]. Phylogeographical 
studies of the crustacean Chelonibia testudinaria, an 
obligate commensal commonly observed among epibi-
otic fauna of loggerhead turtles, revealed low levels of 

genetic divergence between isolates from off Florida 
and Greece [31]. These authors suggested that migra-
tion of juvenile loggerhead turtles from the Western 
Atlantic coasts to the Mediterranean could maintain 
gene flow among the two populations of coronulid bar-
nacles, and is also responsible for their range expansion 
from the Western Atlantic into the Mediterranean [31]. 
Nevertheless, further analyses are needed and encour-
aged to clarify whether a similar scenario could also 
apply to blood flukes of sea turtles, given that the ecol-
ogy of parasites is deeply divergent and that molecular 
data for other loci (e.g. cox1) are still needed to thor-
oughly analyse the intraspecific variation.

Although at the post-mortem examination, spirorchiid 
infection was observed in 17.5% of loggerhead turtles 

Table 4 Tissue samples of loggerhead turtles studied by histopathology for spirorchiid infections according to the geographical area

Abbreviations: ASS, average severity score; SD, standard deviation

Notes: Only tissues positive at least one time were here included. Values of severity score (0–3) are expressed as average severity score, with range reported in 
parentheses

Area Liver Pancreas Stomach Intestine Heart Lungs Kidneys Urinary bladder Spleen

Adriatic No. tested 13 3 9 18 12 14 13 2 32

ASS 0.31 (0–1) 0.33 (0–1) 0.33 (0–1) 1.33 (0–3) 0.08 (0–1) 0.43 (0–2) 0.38 (0–1) 0.50 (0–1) 0.97 (0–2)

SD 0.48 0.58 0.50 0.84 0.29 0.65 0.51 0.71 0.59

Tyrrhenian No. tested 11 11 11 11 11 11 11 10 12

ASS 0.27 (0–2) 0.64 (0–3) 0.27 (0–2) 0.45 (0–3) 0.18 (0–2) 0.36 (0–2) 0.18 (0–2) 0.10 (0–1) 2.08 (1–3)

SD 0.65 1.21 0.65 0.93 0.60 0.67 0.60 0.32 0.90

Total No. tested 24 14 20 29 23 25 24 12 44

ASS 0.29 (0–2) 0.57 (0–3) 0.30 (0–2) 1.00 (0–3) 0.13 (0–2) 0.40 (0–2) 0.29 (0–2) 0.17 (0–1) 1.27 (0–3)

SD 0.55 1.09 0.57 0.96 0.46 0.65 0.55 0.39 0.85

Fig. 2 Prevalence of spirorchiidiasis in loggerhead turtles from the Adriatic and Tyrrhenian Seas according to the year of sampling
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and in one out of three green turtles, spirorchiid infec-
tion has been considered as the primary cause of death 
only in a single loggerhead turtle from the Tyrrhenian 
Sea where H. mistroides infection occurred [9]. We 
assume that most of the infections with spirorchiids 
were incidental within the two sampled populations. 
The majority of the sea turtles were classified with a 
“good” BCI thus supporting the hypothesis that they 
likely died due to acute lethal events linked to other 
causes. However, whether spirorchiids may have indi-
rectly impacted the fitness and longevity of infected 
sea turtles remains unknown. Our results agree with 
studies on green turtles from Hawaii [11] and Costa 
Rica [13, 14, 28] where although pathological changes 
by spirorchiid infection were commonly observed, 
those were rarely considered non-compatible with the 
life of the host. In contrast, fatal infections have been 
reported in Florida [5, 6], Australia [4, 7, 8] and Brazil 
[10].

The impact of a parasite on its host may depend on 
geographical variables, and may also change over time 
[32] as demonstrated by the increase in pathogenic 
effects of spirorchiidiasis in stranded green turtles in 
Queensland (Australia) over the past two decades [2, 4, 5, 
8, 19]. Therefore, a systematic monitoring of spirorchiid 
infections has been recommended [2].

The diversity of geographical and ecological features of 
the two studied basins could also account for the differ-
ence in the prevalence of infection between loggerhead 
turtles from Tyrrhenian and Adriatic Seas. A difference 
in prevalence of infection was also recently found for 
the anisakid nematode Sulcascaris sulcata (Rudolphi, 
1819) [33]. The northern area of the Adriatic Sea occu-
pies the flooded seaward extension of the Po Plain and 
reaches an average depth of about 35 m with a sandy or 
muddy bottom. It is the most extensive continental shelf 
of the entire Mediterranean Sea, with high macrofaunal 

density dominated by sedentary invertebrates. This basin 
hosts one of the largest neritic foraging habitats for log-
gerhead turtles in the Mediterranean [34, 35]. A high 
degree of biodiversity could reasonably support a greater 
abundance of one or more intermediate hosts for both 
H. mistroides and Neospirorchis Neogen-11 in the Adri-
atic benthic communities. The unique features of the 
northern Adriatic ecosystem reasonably support a higher 
probability for the loggerhead turtles to become infected 
with parasites that use invertebrate intermediate hosts 
to complete their life cycle [33]. Besides, bathymetric 
and hydrobiological characteristics of such an enclosed 
basin are also responsible for higher water temperatures 
throughout the summer months, which could hypo-
thetically in turn influence the ecology of the parasites 
enhancing the speed of development of larval stages [36].

We also found a difference in prevalence of spirorchiid 
infection according to the year of sampling for both sam-
pling basins. We recorded the first case of infection from 
the Adriatic Sea in December 2009 [12] and observed an 
increasing trend of prevalence from 2014 to 2015 which 
remained stable throughout the successive years (Fig. 2, 
Table  4). In contrast, we recorded the first case of an 
infected turtle from the Tyrrhenian Sea in June 2015 [9] 
with a peak of infection (35.7%) in the same year; since 
then the prevalence has settled at levels of 9.7–12.9% 
(Fig.  2, Table  4). The reasons for these variations over 
time remain poorly understood. They could be related to 
environmental seasonal factors across the years in which 
the peaks were observed. However, the explanation for 
this finding is impaired by the lack of data on the biologi-
cal cycle of the parasites.

Regarding the increasing trends of prevalence along 
with age, Stacy et al. [6] observed that in Florida, larger 
loggerhead and green turtles had greater intensities 
and prevalence of spirorchiid infection associated with 
pathological changes than smaller turtles. Only 1 out of 

Table 5 Results of the multivariable logistic regression models in loggerhead turtles (n = 281) according to sampling area, sampling 
year and host age-class

Abbreviations: CI, confidence interval

Parasite species Factor Description Odds ratio 95% CI P-value

Spirorchiids Sampling area Adriatic vs Tyrrhenian 5.118 2.220–11.801 < 0.001

Sampling year From 2011 to 2018 1.407 1.178–1.680 < 0.001

Age-class Increasing age 2.048 1.166–3.600 0.013

H. mistroides Sampling area Adriatic vs Tyrrhenian 7.344 2.875–18.759 < 0.001

Sampling year From 2011 to 2018 1.500 1.242–1.811 < 0.001

Age-class Increasing age 1.638 0.913–2.941 0.098

Neospirorchis Neogen-11 Sampling area Adriatic vs Tyrrhenian 5.893 1.789–19.414 0.004

Sampling year From 2011 to 2018 1.452 1.141–1.850 0.002

Age-class Increasing age 2.166 1.004–4.672 0.049
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46 juveniles was found to be infected with L. learedi and 
none were found infected with Hapalotrema spp. Infec-
tion with Hapalotrema/Learedius was also less frequent 
in immature loggerhead turtles than in adults [6]. The 
burden of Neospirorchis spp. appeared to increase with 
carapace length in both green and loggerhead turtles [6]. 
Similarly, necropsies of sea turtle pelagic stages including 
88 loggerhead turtles, three green turtles, two leather-
back turtles (Dermochelys coriacea) and 1860 loggerhead 
turtles, stranded on the coasts of the Canary Islands 
(Spain), did not show evidence for spirorchiid infection 
[37, 38]. Evidence from those studies and most of our 
results supports the hypothesis that sea turtles primarily 
acquire spirorchiid infection while foraging in shallower 
and coastal waters where potential intermediate hosts 
should be abundant [2, 39]. Moreover, spirorchiid eggs 
are known to accumulate in the organs over time, prob-
ably explaining the increasing trend of positivity along 
with the increasing age of the sea turtle.

In a recent survey of Neospirorchis in sea turtles from 
the coasts of Florida, Stacy et al. [20] identified at least 20 
different genotypes (numbered Neogen-1 through -20), 
most of which exhibited host and site specificity. These 
authors found Neospirorchis Neogen-11 (flukes and their 
eggs) exclusively in enteric submucosal vessels of logger-
head turtles, suggesting strong host specificity and the 
enteric submucosa as the primary site predilection for 
this genotype.

In the present study, no adults of Neospirorchis Neo-
gen-11 were found. Big clusters of densely aggregated 
eggs in the shape of black stripes were observed with 
higher frequencies in the intestine. The pattern of distri-
bution of eggs in this tissue confirms that it represents 
the primary site of deposition by mature parasites likely 
to be living in enteric vessels [20]. Nevertheless, eggs of 
Neospirorchis Neogen-11 were also found in the spleen 
and liver as scattered elements, probably embolized 
through hematic circulation. Moreover, we report for the 
first time the occurrence of Neospirorchis Neogen-11 in a 
green turtle. To date, there is only one historical record of 
spirorchiid infection (H. mistroides) in green turtles from 
the Mediterranean Sea [17].

According to Chapman et  al. [2], an aspect of the 
marine spirorchiid life cycle yet to be thoroughly 
explored is the route of egg elimination from its defini-
tive host. Three main possible shedding pathways have 
been hypothesised, including through feces, expec-
toration, and through post-mortem decomposition 
or scavenging of a carcass with egg dispersion [2]. In 
all positive turtles we were able to collect the eggs of 
both H. mistroides and Neospirorchis Neogen-11 from 
the spleen and feces. In several of these carcasses we 
obtained an enormous quantity of eggs containing live 

miracidium (Fig.  1) from both spleen and feces. This 
suggests, that at least for H. mistroides and Neospiror-
chis Neogen-11, viable eggs might be shed through the 
feces or dispersion after post-mortem decomposition.

Conclusions
To the best of our knowledge, this is the first compara-
tive study on molecular epidemiology of spirorchiid 
infection in loggerhead turtles from the Mediterranean 
basin, and the first report of Neospirorchis Neogen-11 
in a green turtle. Although it appears that the risk of 
spirorchiid infection in the Tyrrhenian is lower than in 
the Adriatic, and a general trend suggests that the risk 
of infection in the Mediterranean Sea is lower than in 
other geographical areas [2], a systematic monitoring to 
evaluate the progress of the infection is recommended, 
as well as studies on the occurrence and distribution 
of spirorchiid species from other Mediterranean areas. 
Studies are currently under way to identify, according 
to its poorly known life cycle [21–23], which inverte-
brate species are acting as intermediate hosts for these 
parasites in the Mediterranean. Finally, genetic vari-
ability of the spirorchiid species isolated in the Medi-
terranean and Western Atlantic should be thoroughly 
examined and compared to evaluate the possible dis-
semination of blood flukes among the two marine 
basins following migratory pathways of sea turtles.
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