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Introduction
Parasitic infections play a crucial role in marine ecosys-
tems, and can profoundly influence the reproduction 
and population dynamics of host species [1, 2]. Among 
marine parasites, rhizocephalans (Thecostraca: Cir-
ripedia) are particularly notable for their infection of 
various crustaceans, including hermit crabs [3–5], crabs 
[6–7], and shrimps [8]. These parasites exert a signifi-
cant impact on their hosts by inducing parasitic castra-
tion, thereby eliminating their reproductive capability [9]. 
Rhizocephalans exhibit highly specialized adaptations 
to support infection of hosts [10]. Adult females display 
pronounced sexual dimorphism, hosting dwarf males 

Zoological Letters

*Correspondence:
Asami Kajimoto
asami.yudansitemasu@gmail.com
Kenji Toyota
toyotak@hiroshima-u.ac.jp
1Department of Biological Sciences, Faculty of Science, Kanagawa 
University, 3-27-1, Rokkakubashi, Kanagawa-ku, Yokohama-city,  
Kanagawa 221-8686, Japan
2Asamushi Research Center for Marine Biology, Graduate School of Life 
Sciences, Tohoku University, 9 Sakamoto, Asamushi, Aomori  
039-3501, Japan
3Department of Biological Science and Technology, Faculty of Advanced 
Engineering, Tokyo University of Science, 6-3-1 Niijuku, Katsushika-ku, 
Tokyo 125-8585, Japan
4Department of Bioresource Science, Graduate School of Integrated 
Sciences for Life, Hiroshima University, 1-4-4, Kagamiyama, 
Higashihiroshima-shi, Hiroshima 739-8528, Japan

Abstract
Rhizocephalans (Thecostraca: Cirripedia) are parasitic crustaceans that infect a wide range of decapod hosts, 
including hermit crabs, crabs, and shrimps. These parasites exert profound effects on their hosts, inducing parasitic 
castration, suppressing the development of secondary sexual characteristics, feminizing male crabs, and altering 
male behavior to resemble that of females. In the present study, we examined the secondary sexual characteristics 
of two hermit crab species– Pagurus lanuginosus from Asari (Hokkaido, Japan) on the Sea of Japan coast and 
Pagurus filholi from Chikura (Chiba, Japan) on the Pacific coast–parasitized by Peltogasterella gracilis and Peltogaster 
sp., respectively. Specifically, we assessed the presence of secondary pleopods and the length of the right large 
cheliped. Our findings demonstrate that male P. lanuginosus and P. filholi parasitized by P. gracilis and Peltogaster 
sp. exhibit morphological changes and characteristics of females, confirming morphological feminization. The 
magnitude of parasitic effects on morphological feminization varies between the two host species depending 
on the rhizocephalan genus. Thus, the extent of feminization varies depending on the parasite genus. Notably, 
different parasite genera induced varying degrees of host modification, even within the same host species. 
Similarly, the level of feminization caused by a single parasite genus differed between host species. These results 
highlight the importance of understanding the characteristics of both the hermit crab host and rhizocephalan 
parasite in developing insights into parasitically induced morphological feminization.
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within their bodies [10–14]. Structurally, the adult female 
consists of one or more externae (reproductive organs) 
and an interna, a root-like network that extracts nutrients 
from the host.

Several rhizocephalan species, especially sacculinids, 
induce morphological feminization of secondary sexual 
characteristics in their male crab hosts. This transforma-
tion affects abdominal shape, chela size, and copulatory 
appendages [7, 15–17]. A characteristic modification is 
the broadening of the male’s normally narrow, semicircu-
lar abdomen into a female-like shape, particularly promi-
nent in brachyuran crabs [7, 15–17]. This morphological 
alteration enables parasitized males to accommodate a 
greater number of externae within their widened abdo-
mens, facilitating increased offspring hatching [18–20]. 
Additionally, parasitized male crabs exhibit female-like 
behaviors, such as larval release activities, involving 
abdominal waving [21]. Other morphological changes 
include reduced chela size, modifications to copulatory 
appendages [7, 16, 22], and alterations in pleopod num-
bers [16]. Parasitic isopods (Bopyroidea) also induce 
morphological feminization of secondary sexual char-
acteristics in their hosts [23–26]. However, while some 
studies suggest that bopyroid infection causes minimal 
harm to hosts [27], their impact differs from that of rhi-
zocephalans. Unlike rhizocephalans, which chemically 
castrate their hosts [28], bopyroids impose an energetic 
burden, leading to reduced reproductive capability [24, 
29]. Thus, bopyroid infections are generally considered 
less harmful, whereas rhizocephalans are known to exert 
more severe effects on their hosts [30].

Morphological feminization induced by rhizocepha-
lans has been documented not only in crabs but also in 
anomuran and hermit crabs [31–34]. In hermit crabs, the 
second pleopod, typically a female-specific trait, is either 
vestigial or absent in males. However, in Pagurus samu-
elis parasitized by Peltogaster sp. and Pagurus ochotensis 
parasitized by Peltogasterella gracilis, the second pleopod 
develops in infected males [31–33]. Additionally, parasit-
ized male P. ochotensis exhibits reduced right cheliped 
lengths compared to uninfected males, while this reduc-
tion is less pronounced in females [32]. Despite such 
findings, most studies have focused on single host–para-
site pairs, leaving the variation in host effects across dif-
ferent rhizocephalan genera poorly understood.

In this study, we observed the sympatric occurrence of 
P. gracilis and Peltogaster sp. P. gracilis, which has pre-
viously been reported in Asari and Chikura populations 
[5, 35, 36], whereas Peltogaster sp. has primarily been 
documented in adjacent areas, such as Atsuta (Hok-
kaido, Japan Sea coast) and the Boso Peninsula (Chiba 
Prefecture, Pacific coast) [3, 37]. The dispersal of rhizo-
cephalans is primarily attributed to the passive distribu-
tion of their free-living larvae [38], which may explain 

how Peltogaster sp. is found in the Asari and Chikura 
populations. Thus, we investigated the effects of some 
rhizocephalan species, P. gracilis and Peltogaster sp., on 
hermit crabs from two distinct regions of Japan: Pagu-
rus lanuginosus from Asari (Hokkaido, Japan) on the Sea 
of Japan coast and Pagurus filholi from Chikura (Chiba, 
Japan) on the Pacific coast. We compared the occurrence 
frequency of the second pleopod and cheliped length 
between unparasitized (lacking externae) and parasitized 
male hermit crabs. Then, we assessed the magnitude of 
parasitic effect on the morphological change in the two 
host species for each parasite to elucidate the impacts of 
these parasites on their hosts.

Materials and methods
Sample collection
Unparasitized (lacking externae) Pagurus lanuginosus 
were collected in September 2024 (Fig.  1a, b). Speci-
mens of P. lanuginosus parasitized by peltogasterellids 
or peltogastrids were also collected from the shore at 
Asari, Otaru City, Hokkaido, Japan (43.176°N, 141.068°E) 
(Fig.  1c and d). Collections were conducted in Novem-
ber 2017, monthly from June to October 2018, and in 
June, July, September, and November 2019, June, Sep-
tember, and November 2020, September and October 
2022, and September 2024. Unparasitized Pagurus filholi 
were collected in June and October 2024 (Fig. 1e and f ). 
Specimens of P. filholi parasitized by peltogasterellids or 
peltogastrids were collected from the coastal area near 
Chikura, Minamiboso City, Chiba, Japan (34.924◦N, 
139.942◦E) in March 2023, as well as in June and Octo-
ber 2024 (Fig. 1g and h). All specimens were preserved in 
absolute ethanol for subsequent analysis.

Species identification based on morphological 
characteristics and cytochrome c oxidase subunit 1 (COI) 
sequencing
To identify rhizocephalan species, we first observed 
the morphology of the externae. Peltogasterellids have 
colonial, elongated externae, with colors ranging from 
white to yellowish [3, 4]. In contrast, peltogastrids have 
oval-shaped externae, with colors transitioning from red 
(immature) to olive and green (mature) [4, 39].

Subsequently, a portion of the externae from pelto-
gasterellids (n = 4 from Asari, n = 4 from Chikura) and 
peltogastrids (n = 4 from Asari, n = 4 from Chikura) was 
excised for DNA extraction. The samples were taken from 
randomly selected parasitized hermit crabs preserved in 
absolute ethanol at room temperature. Genomic DNA 
was extracted from the tissue samples using a DNeasy 
Blood and Tissue Kit (Qiagen, Hilden, Germany), follow-
ing the manufacturer’s protocol. For rhizocephalan spe-
cies identification, the mitochondrial COI gene regions 
were amplified by PCR using a primer pair; crust-cox1f 
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(ACTAATCACAAR GAYATTGG) [40] and HCO2198 (​
T​A​A​A​C​T​T​C​A​G​G​G​T​G​A​C​C​A​A​A​A​A​A​T​C​A) [41], under 
the following conditions: 94 °C for 7 min followed by 35 
cycles at 94 °C for 30 s, 45 °C for 30 s, and 72 °C for 2 min, 
with a final extension at 72 °C for 7 min. TaKaRa Ex Taq 
or TaKaRa Ex Taq Hot Start Version (Takara, Shiga, 
Japan) was used for PCR reactions at 50 µL volume. PCR 
products were treated with a QIAquick PCR Purification 
Kit (Qiagen, Hilden, Germany). The sequence of each 
PCR product was verified by DNA sequencing using the 
Eurofins sequencing service (Eurofins Genomics, Tokyo, 
Japan). The eight sequences of peltogasterellids and the 
eight sequences of peltogastrids obtained were deposited 
in the DNA Data Bank of Japan (DDBJ) under the acces-
sion numbers LC865649–LC865664.

Measurements of morphological traits
The sexes of all hermit crabs were determined by observ-
ing the presence of female gonopores under a stereo-
scopic dissecting microscope. To evaluate the effect of 
rhizocephalan parasitism on hermit crab morphology, 

shield length (Fig.  1a and e), and right large cheliped 
length (Fig. 1a and e) were measured using a digital cali-
per. Additionally, the presence of a second pleopod was 
confirmed under a stereoscopic dissecting microscope.

Statistical analysis
To investigate the effect of rhizocephalan infection on 
the morphological feminization of male hermit crabs, the 
frequency of a second pleopod was compared between 
unparasitized and parasitized males in the Asari and Chi-
kura populations using Fisher’s exact test.

Cheliped length, a secondary sexual characteristic, was 
used as an indicator of rhizocephalan infection. To assess 
the effect of parasitism on relative cheliped length in the 
Asari and Chikura populations, the equality of regres-
sion slopes was tested using shield length as a covariate. 
Statistical analyses were conducted using SAS version 
9.4 (SAS Institute Inc., Cary, NC, USA). The following 
groups were included in the analysis: unparasitized males 
with or without a second pleopod, unparasitized females, 
parasitized males with or without a second pleopod, and 

Fig. 1  Specimens of host hermit crabs and rhizocephalan parasites used in this study. Unparasitized Pagurus lanuginosus male (a) and female (b). P. lanu-
ginosus parasitized by Peltogasterella gracilis (c) or Peltogaster sp. (d) (white arrows). Unparasitized Pagurus filholi male (e) and female (f). P. filholi parasitized 
by P. gracilis (g) or Peltogaster sp. (h) (white arrows). Pleopods of P. lanuginosus male without a second pleopod (i), with a second pleopod (j) and female 
(k). Pleopods of P. filholi male without a second pleopod (l), with a second pleopod (m) and female (n). CL, cheliped length. SL, shield length. P2, second 
pleopod. P3, third pleopod. P4, fourth pleopod. P5, fifth pleopod
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parasitized females. If no significant interaction between 
factors was detected, analysis of covariance (ANCOVA) 
was performed with shield length as a covariate.

For comparisons of the magnitude of parasitic effect 
on morphological feminization between parasite species 
for each host species, Hedges’ g was calculated as a mea-
sure of effect size [42]. We calculated the effect sizes as 
the difference between the mean cheliped/shield length 
of the parasitized male and unparasitized hermit crabs. 
We used unparasitized male and female as the baseline 
for parasitic effects and calculated the effect size for each 
as follows:

	
g = Xparasitized − Xunparasitized

S
j

where S is the pooled standard deviation and calculated 
as

	
S =√

(Nparasitized − 1)S2
parasitized + (Nunparasitized − 1) S2

unparasitized
Nparasitized+Nunparasitized

Here, Sparasitizedand Sunparasitized are the standard 
deviations of cheliped/shield length in parasitized and 
unparasitized groups, respectively. j is a weighting factor 
based on the number of individuals ( N ) in each case, for 
the two groups, and is calculated as follows:

	
j = 1 − 3

4(Nparasitized + Nunparasitized − 2) − 1

A 95% confidence interval (CI) was generated using boot-
strapping procedures over 2,000 iterations [43]. Nega-
tive values of the effect size in x-axis and y-axis denote 
smaller cheliped/shield length compared to unparasit-
ized male and female and positive values denote larger 
cheliped/shield length, vice versa. When the CI does not 
include zero, it indicates a statistically significant effect 
size. We conducted the analyses for effect size using R 
(version 4.2.2; R Core Team, 2022) and the following R 
packages: ‘ggplot2’ (version 3.4.4) for data visualization, 
‘dplyr’ (version 1.1.3) for data manipulation, and ‘BootES’ 
(version 1.3.0) for bootstrapping procedures.

Results
Occurrence of hermit crabs with peltogasterellids or 
peltogastrids
In the Asari population, 65 males and 88 females were 
unparasitized (externa-free), while 171 males and 207 
females were infected with peltogasterellids, and 11 
males and 12 females with peltogastrids. In the Chi-
kura population, 30 males and 41 females were unpara-
sitized, while 42 males and 32 females were parasitized 

by peltogasterellids, and 47 males and 45 females by 
peltogastrids.

Rhizocephalan species identification
Cytochrome c oxidase subunit 1 sequencing identi-
fied all eight peltogasterellids studied as Peltogasterella 
gracilis, based on morphology and sequence similarity 
(98.44–100%) with reference data (accession numbers: 
MK604154, OR481992). Among the peltogastrids, those 
from Asari showed 98.95–100% identity with Peltogaster 
sp. (accession numbers: OR481986, OR481989), while 
those from Chikura included three individuals matching 
Peltogaster postica (99.67–99.84%, MK604147) and one 
matching Peltogaster lineata (99.01%, MK604142). Due 
to the lack of prior studies on Peltogaster sp. parasitizing 
hermit crabs in Asari and Chikura, its identification was 
limited to the genus level.

Presence of the second pleopod in parasitized male hermit 
crabs
The elongated second pleopod is a female-specific mor-
phological characteristic of P. lanuginosus and P. filholi 
(Fig. 1k and n), typically present only as a vestigial struc-
ture in unparasitized P. lanuginosus males and P. filholi 
males (Fig.  1i and l). However, a second pleopod was 
observed in P. lanuginosus and P. filholi males parasitized 
by P. gracilis or Peltogaster sp. in this study (Figs. 1j and 
m). Among male P. lanuginosus, individuals parasitized 
by P. gracilis exhibited a significantly higher frequency of 
a second pleopod compared to unparasitized individuals 
(Table  1; Fisher’s exact test, p < 0.01). Conversely, males 
parasitized by Peltogaster sp. had a significantly lower 
frequency of a second pleopod compared to those para-
sitized by P. gracilis (Table 1; Fisher’s exact test, p < 0.01).

Similarly, among male P. filholi, the frequency of a 
second pleopod was significantly higher in individuals 
parasitized by P. gracilis compared to unparasitized indi-
viduals (Table  1; Fisher’s exact test, p < 0.01). Moreover, 
males parasitized by Peltogaster sp. exhibited a substan-
tially lower frequency of a second pleopod compared to 
those parasitized by P. gracilis (Table  1; Fisher’s exact 
test, p < 0.01).

Allometric variation in cheliped length between 
unparasitized and parasitized hermit crabs
In both host species, P. lanuginosus and P. filholi, the 
right cheliped length of individuals parasitized by P. grac-
ilis or Peltogaster sp. was significantly smaller than that 
of unparasitized ones and more similar to that of females 
(Figs. 2 and 3). Distinct differences were observed in the 
relationship between shield length and right cheliped 
length in unparasitized male and female P. lanuginosus 
(Table  2a; Fig.  2A). For the regression lines of unpara-
sitized males with a second pleopod, no significant 
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differences were detected compared to those of unpara-
sitized males and females (Table  2b; Fig.  2A). Similarly, 
the right cheliped in males parasitized by P. gracilis, 
without or with a second pleopod, showed clear reduc-
tions in length when compared to those of unparasit-
ized males (Table 2c, d; Fig. 2B). The regression lines of 
males parasitized by P. gracilis closely resembled those of 
unparasitized females particularly,  for parasitized males 
with a second pleopod, whose regression lines over-
lapped with those of unparasitized females (Fig.  2B). In 
contrast, males parasitized by Peltogaster sp., regardless 
of the presence of a second pleopod, showed no signifi-
cant differences in cheliped length compared to unpara-
sitized males, although the small sample sizes limited 
the statistical power of this finding (Table 2e, f; Fig. 2C). 

Among P. lanuginosus females, no significant differences 
in cheliped length were detected between unparasitized 
individuals and those parasitized by either P. gracilis or 
Peltogaster sp., with their regression lines overlapping 
(Table 2g, h; Fig. 2D).

In P. filholi, a significant difference was observed in the 
slopes of regression lines for cheliped length between 
unparasitized males and females (Table 3a; Fig. 3A). For 
unparasitized males with a second pleopod, significant 
differences in cheliped length were found compared to 
both unparasitized males and females, with their regres-
sion line being closer to that of the females (Table  3b; 
Fig.  3A). Clear differences in cheliped length were also 
observed between P. filholi males parasitized by P. graci-
lis and unparasitized individuals, with the regression 

Table 1  Number of unparasitized or parasitized male and female Pagurus individuals, with or without the second pleopod
Sampling site Hermit crab No. of individuals

Species Type without the
second pleopod

with the
second pleopod

Asari
(Hokkaido)

Pagurus lanuginosus Unparasitized male 61 4
Male parasitized 
by P. gracilis

106 65

Male parasitized 
by Peltogaster sp.

9 2

Unparasitized female 0 88
Chikura
(Chiba)

Pagurus filholi Unparasitized male 40 10
Male parasitized 
by P. gracilis

16 26

Male parasitized 
by Peltogaster sp.

46 1

Unparasitized female 0 41

Fig. 2  Allometric variation in cheliped length of Pagurus lanuginosus among unparasitized males and females (A), males parasitized by P. gracilis (Pe-l) (B) 
or Peltogaster (Pe-t) sp. (C), and females parasitized by Pe-l or Pe-t (D). P2, second pleopod
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Table 2  ANCOVA of cheliped length in unparasitized male and female Pagurus lanuginosus versus those parasitized by Peltogasterella 
gracilis or Peltogaster sp.
Comparison of 
the regression lines

Homogeneity of the slopes 
of the regression lines

Allometric variation
in cheliped length

F value p-value F value p-value
a. Unparasitized male vs.
  Unparasitized female 0.29 0.589 19.180 < 0.0001
b. Unparasitized male with the second pleopod vs.
  Unparasitized male 0.29 0.590 0.05 0.829
  Unparasitized female 0.55 0.460 1.70 0.195
c. Male parasitized by P. gracilis vs.
  Unparasitized male 1.26 0.263 6.61 < 0.05
  Unparasitized female 2.90 0.090 1.97 0.163
d. Male parasitized by P. gracilis with the second pleopod vs.
  Unparasitized male 0.08 0.784 16.06 < 0.001
  Male parasitized by P. gracilis 2.53 0.114 2.10 0.150
  Unparasitized female 0.11 0.746 0.00 0.946
e. Male parasitized by Peltogaster sp. vs.
  Unparasitized male 0.13 0.716 3.39 0.070
  Unparasitized female 0.60 0.439 0.01 0.931
f. Male parasitized by Peltogaster sp. with the second pleopod vs.
  Unparasitized male 0.01 0.938 0.01 0.911
  Male parasitized by Peltogaster sp. 0.03 0.862 0.43 0.529
  Unparasitized female 0.00 0.953 1.02 0.317
g. Female parasitized by P. gracilis vs.
  Unparasitized female 0.01 0.941 0.15 0.696
h. Female parasitized by Peltogaster sp. vs.
  Unparasitized female 0.17 0.684 0.00 0.989

Fig. 3  Allometric variation in cheliped length of Pagurus filholi among unparasitized males and females (A), males parasitized by Peltogasterella gracilis 
(Pe-l) (B) or Peltogaster (Pe-t) sp. (C), and females parasitized by Pe-l or Pe-t, as well as males parasitized by Pe-l (D). P2, second pleopod
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line of parasitized males approaching that of females 
(Table 3c; Fig. 3B). For males parasitized by P. gracilis and 
bearing a second pleopod, the slope of the regression line 
differed significantly from that of unparasitized males 
(Table  3d; Fig.  3B). Additionally, significant differences 
in cheliped length were observed compared to unparasit-
ized females, although no differences were detected when 
compared to males parasitized by P. gracilis that did not 
develop a second pleopod (Table  3d; Fig.  3B). Cheliped 
length in males parasitized by Peltogaster sp. also differed 
significantly from that of unparasitized males (Table 3e; 
Fig. 3C). The slope of the regression line for males para-
sitized by Peltogaster sp. differed significantly from that 
of unparasitized females (Table  3e; Fig.  3C). Although 
the small sample size hindered precise analysis of P. fil-
holi males parasitized by Peltogaster sp. with a second 
pleopod, their cheliped length overlapped with that of 
females parasitized by Peltogaster sp. (Fig. 3C). For P. fil-
holi parasitized by either P. gracilis or Peltogaster sp., the 
regression lines were parallel to those of unparasitized 
females, with significant differences in cheliped length 
observed between these groups (Table 3f, g; Fig. 3D).

Comparison of the parasitic effect on morphological 
feminization between parasite species for P. lanuginosus 
and P. filholi
Although the cheliped/shield length ratios of males para-
sitized by P. gracilis or Peltogaster sp. were significantly 
smaller than those of unparasitized males (x-axis) in 
both hermit crab species, P. lanuginosus and P. filholi, 

the effect size of morphological feminization (negative 
value on the x-axis, deviation from 0 on the y-axis) var-
ied among parasite species depending on host species 
(Fig. 4). The magnitude of the negative parasitic effect on 
the cheliped/shield length ratio was more pronounced 
in P. filholi compared to P. lanuginosus when compared 
to unparasitized males (x-axis), while the cheliped/
shield length ratio was more similar to that of unparasit-
ized females (y-axis) in P. lanuginosus than in P. filholi. 
Among parasite species, for P. lanuginosus the negative 
effect on cheliped/shield length ratios relative to unpar-
asitized males was greater in Peltogaster sp. than in P. 
gracilis for P. lanuginosus, whereas for P. filholi the effect 
was similar between the two parasites. In comparison to 
unparasitized females, the cheliped/shield length ratios 
in Peltogaster sp. were more similar to those of unparasit-
ized females (y = 0) than in P. gracilis for P. lanuginosus, 
however, a contrasting pattern was observed in P. filholi 
(Fig. 4).

Discussion
Presence of a second pleopod in males parasitized by P. 
gracilis or Peltogaster sp.
The presence of the second pleopod, absent in unparasit-
ized males (Fig. 1i and l), was observed in males of both 
P. lanuginosus (Fig. 1j) and P. filholi (Fig. 1m), indicating 
that parasitized males exhibit morphological changes 
resembling female-specific characteristics. This obser-
vation is consistent with previous reports by Shiino 
1931 [31], Oguro 1955 [32], and Nielsen 1970 [33]. The 

Table 3  ANCOVA of cheliped length in unparasitized male and female Pagurus filholi versus those parasitized by Peltogasterella gracilis 
or Peltogaster sp.
Comparison of 
the regression lines

Homogeneity of the slopes 
of the regression lines

Allometric variation
in cheliped length

F value p-value F value p-value
a. Unparasitized male vs.
  Unparasitized female 13.25 < 0.001 - -
b. Unparasitized male with a second pleopod vs.
  Unparasitized male 0.99 0.3241 7.13 < 0.05
  Unparasitized female 2.74 0.1047 11.46 < 0.0001
c. Male parasitized by P. gracilis vs.
  Unparasitized male 1.76 0.1908 14.52 < 0.001
  Unparasitized female 3.26 0.0768 12.55 < 0.0.001
d. Male parasitized by P. gracilis with the second pleopod vs.
  Unparasitized male 4.50 < 0.05 - -
  Male parasitized by P. gracilis 0.38 0.5424 0.84 0.3656
  Unparasitized female 1.82 0.1827 38.85 < 0.0001
e. Male parasitized by Peltogaster sp. vs.
  Unparasitized male 2.82 0.0971 45.52 < 0.0001
  Unparasitized female 13.26 < 0.001 - -
f. Female parasitized by P. gracilis vs.
  Unparasitized female 0.05 0.828 12.15 < 0.001
g. Female parasitized by Peltogaster sp. vs.
  Unparasitized female 0.01 0.924 6.53 < 0.0001
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transformation of pleopod composition suggests that 
parasitized males develop structures resembling the egg-
carrying appendages of females, likely to protect and sup-
port rhizocephalan externae. The frequency of second 
pleopod appearance in males parasitized by P. gracilis 
was consistently higher than in those parasitized by Pel-
togaster sp. (Table 1), indicating that the extent of para-
sitic influence varies among the rhizocephalan genus. 
While previous studies have merely noted the presence 
of a second pleopod in hermit crabs parasitized by pelto-
gasterellids or peltogastrids, the present study provides a 
detailed comparison of the frequency of second pleopods 
observed in P. lanuginosus and P. filholi hosts infected by 
P. gracilis or Peltogaster sp. One distinguishing feature 
between these parasites is the number and morphology 
of externae: P. gracilis typically exhibits multiple, elon-
gate externae (Fig. 1c and g), whereas Peltogaster sp. pos-
sesses a single, oval-shaped externa (Fig. 1d and h) [3, 4], 
a pattern also observed in this study.

Grooming behavior by hosts is critical for maintain-
ing rhizocephalan externae, as undergroomed externae 

can become fouled and necrotic [44]. In P. gracilis, which 
produces multiple externae, the presence of a second 
pleopod in male hosts may facilitate grooming. However, 
second pleopods were also observed in some unparasit-
ized males (Table 1). In the hermit crab genera Paguristes 
and Pseudopaguristes, which have no reported cases 
of rhizocephalan parasitism, the absence of the second 
pleopod in males has been observed [45, 46]. The pres-
ence of a second pleopod in some males without exter-
nae may indicate previous rhizocephalan infection. Such 
individuals may have lost their externae, or could be in 
the early stages of infection, where the interna is devel-
oping before the formation of the externae. To confirm 
the actual prevalence of parasitism, dissections of host 
abdomens and DNA barcoding analysis of rhizocephalan 
interna are necessary.

Reduction of cheliped length in males parasitized by P. 
gracilis or Peltogaster sp.
In P. lanuginosus and P. filholi males parasitized by P. 
gracilis, cheliped lengths were significantly reduced 

Fig. 4  Effect sizes of cheliped/shield length ratios between Pagurus lanuginosus and Pagurus filholi parasitized by Peltogasterella gracilis or Peltogaster sp. 
compared to unparasitized P. lanuginosus and P. filholi males (y-axis) and females (x-axis), respectively
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compared to unparasitized individuals, regardless of 
the presence of a second pleopod (Tables  2c, d and 3c, 
d; Figs.  2B and 3B). This indicates a clear morphologi-
cal feminization effect, consistent with previous find-
ings [32]. In contrast, males parasitized by Peltogaster sp. 
showed no reduction in cheliped length in P. lanuginosus 
(Table 2e, f; Fig. 2C), although reductions were observed 
in P. filholi (Table 3e, f; Fig. 3C). Furthermore, P. filholi 
parasitized by P. gracilis had a significantly smaller che-
liped length compared to P. lanuginosus parasitized by P. 
gracilis (Fig. 4); the parasitic effect size differed between 
host species. In contrast, no such difference in terms of 
cheliped size reduction was observed between P. lanugi-
nosus and P. filholi parasitized by Peltogaster sp. (Fig. 4); 
the parasitic effect sizes were similar in both host spe-
cies. These findings highlight the genus-specific impact 
of rhizocephalans on their hosts. Notably, different para-
site genera induced varying degrees of host modification, 
even within the same host species. Similarly, the level of 
feminization caused by a single parasite genus differed 
between host species, and some rhizocephalan species, 
such as P. gracilis in this study, exhibited differences in 
the parasitic effect size on the host. Nielsen 1970 [33] also 
noted that the extent of morphological changes varies 
among rhizocephalan species and that the same parasite 
species may exert different effects depending on the host 
species. More specifically, Nielsen (1970) [33] reported 
species-specific parasitic effects of Peltogasterella sul-
cata and Peltogaster paguri on various hermit crab hosts, 
based on morphological changes, such as the presence 
or modification of the second pleopod. Moreover, sub-
sequent studies to date have offered only limited quan-
titative analyses of specific host–rhizocephalan parasite 
interactions [7]. In contrast, the present study defines 
morphological feminization using quantifiable traits, 
including the frequency of second pleopods and reduc-
tion of chelipeds, and demonstrates that the intensity of 
these effects varies depending on the specific host–para-
site combination. However, in interspecific analysis of the 
host species, the cheliped length of parasitized P. lanugi-
nosus was closer to that of females than that of parasit-
ized P. filholi, regardless of the parasite species (Fig.  4). 
These quantitative effect-size contrasts (Fig.  4) clearly 
demonstrate how our results extend earlier qualitative 
descriptions by Nielsen (1970) [33] and others, underlin-
ing the novelty of the present study. The difference may 
be attributed to the smaller male-to-female ratio of cheli-
ped/shield length in P. lanuginosus compared to P. filholi, 
an inherent species-specific characteristic of the hermit 
crabs.

The parasitic effect size of rhizocephalans is likely to 
be determined by the energy burden that they impose 
on the host, since the parasite ensures its reproduction 
success by castrating or sterilizing the host to absorb 

the host’s reproductive energy [47]. Parasitic castrations 
often induce changes in the host’s behavior and metab-
olism [47, 48]. Energy extraction by rhizocephalans is 
thought to depend on number of eggs, egg size, number 
of breeding events per externa, and number of reproduc-
tive externae [19]. However, these factors have not been 
well-documented for P. gracilis, P. postica, and P. lineata. 
A different peltogastrid species Peltogaster paguri, which 
typically possesses one oval-shaped externa, undergoes 
3–5 breeding events [49], with each event producing 
between several hundred and 28,000 eggs [49, 50]. Com-
parable numbers of eggs and breeding events per exter-
nae are anticipated for P. postica and P. lineata used in 
this study. In contrast, the breeding potential per externa 
remains unclear in peltogasterellids, which possess one 
or more externae. However, all externae possess repro-
ductive potential, each capable of at least two breeding 
events [36]. Therefore, the amount of energy extracted by 
rhizocephalans from the host may vary between species, 
leading to differences in parasitic effect sizes on the host.

To investigate the relationship between the energy 
extracted through castration and molting suppression 
and the parasitic effect on the host, it is crucial to clarify 
the number of breeding events, number of eggs, egg size, 
and number of reproductive externae in peltogasterel-
lids and Peltogastrids through long-term rearing experi-
ments. Although Nagler et al. 2017 [19] suggest that host 
utilization varies among rhizocephalan species, few stud-
ies have compared parasitic effect sizes across multiple 
rhizocephalan and host species. The present study is the 
first to compare not only the effects of two rhizocepha-
lan parasites, P. gracilis and Peltogaster sp., on host her-
mit crabs in two geographically distinct populations, but 
also the parasitic effect size between two host species, P. 
lanuginosus and P. filholi, parasitized by either P. gracilis 
or Peltogaster sp.

However, the lack of species-level identification of Pel-
togaster sp. in the present study limits the interpretation 
of these dynamics. Rhizocephalans have highly simplified 
external morphology, lacking distinct diagnostic char-
acteristics, which has led to the reliance on histologi-
cal surveys for species identification [39]. Additionally, 
unidentified Peltogaster sp., which cannot be distin-
guished based on external morphology and COI data, 
further complicates species identification in this study. 
To gain a more comprehensive understanding of the 
impacts of rhizocephalans on their host species, future 
studies should compare host–parasite relationships not 
only among Paguridae, P. gracilis, and Peltogaster sp., but 
also across other hermit crab hosts and rhizocephalan 
species.

Morphological feminization in hermit crabs caused 
by rhizocephalans has been documented for species 
such as Peltogaster paguri (family Peltogastridae) and 
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P. gracilis (family Peltogasterellidae), which parasitize 
various Paguridae hosts, including Pagurus pubescens, P. 
ochotensis, and P. pectinatus [51]. A recent transcriptome 
study [52] suggests that rhizocephalan parasites may alter 
neurotransmitter secretion in the eyestalk and thoracic 
ganglia, leading to feminized morphology and behav-
ior in male hosts. However, the molecular mechanisms 
underlying morphological feminization remain unclear. 
Future research should employ comparative transcrip-
tomics of parasitized and unparasitized hosts, along with 
neurobiological analyses, including neuronal activity 
tracking and immunohistochemical labeling, to elucidate 
the mechanisms driving rhizocephalan–induced mor-
phological feminization in hermit crabs.

Conclusions
Rhizocephalans are significant parasites of decapods, 
including hermit crabs, crabs, and shrimps. This study is 
the first to compare the effects of the rhizocephalan para-
sites P. gracilis and Peltogaster sp. on host hermit crabs, 
P. lanuginosus and P. filholi, from two geographically dis-
tinct populations (Asari, Hokkaido, and Chikura, Chiba, 
Japan). The frequency of second pleopod appearance was 
consistently higher in males parasitized by P. gracilis than 
in those parasitized by Peltogaster sp. Furthermore, che-
liped length was significantly reduced in males parasit-
ized by P. gracilis compared to unparasitized individuals, 
whereas males parasitized by Peltogaster sp. exhibited no 
reduction in cheliped length in P. lanuginosus, although 
reductions were observed in P. filholi. This study dem-
onstrates that P. gracilis and Peltogaster sp. differen-
tially induce morphological feminization in their host. 
Additionally, parasitic effects were significantly different 
between P. lanuginosus and P. filholi parasitized by P. 
gracilis, whereas similar parasitic effects were observed 
between the two host species parasitized by Peltogaster 
sp. These findings indicate that the impact of rhizocepha-
lan infection on host morphology varies by rhizocepha-
lan and host species. Future research should compare 
host–parasite relationships across other hermit crab 
hosts and rhizocephalan species to better understand the 
mechanisms underlying these host–parasite interactions.

Acknowledgements
We offer our deepest thanks to Prof. Toru Takahashi, Kumamoto Health Science 
University (retired), and Dr. Ryota Yoshida, Ochanomizu University, for their 
valuable comments on this manuscript. We express our gratitude to Prof. 
Yoichi Yusa, Nara Women’s University, and Mr. Kenji Kato, Shikoku Aquarium, 
for sampling. We thank all of the members of the Laboratory of Physiological 
Ecology, Hiroshima University, for their kind help.

Author contributions
AK prepared specimens. AK and KT designed this study, conducted 
measurements, and drafted the manuscript. AK, AI, and KT analyzed the data. 
AI and TO improved the manuscript.

Funding
This work was supported by the Sasakawa Scientific Research Grant from 
The Japan Science Society to AK (2022–4015), Japan Science and Technology 
Agency fellowship to AK (JPMJFS2127), grant from Research Institute of 
Marine Invertebrates (KO2024-04) to AK, and JSPS KAKENHI grant to KT 
(24K09616, 25H02425).

Data availability
The datasets during the current study are available from the corresponding 
author on request.

Declarations

Ethics approval and consent to participate
Only rhizocephalan barnacles and Paguridae (invertebrates) were used for 
this study. No vertebrate or human individuals or tissues were used. The 
experimental design and procedures of this study adhered to the guidelines 
set by the Institutional Animal Care and Use Committee of Kanagawa 
University. All animal experiments complied with the ARRIVE guidelines [53].

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Received: 3 February 2025 / Accepted: 5 May 2025

References
1.	 Kuris AM. Trophic interactions: similarity of parasitic castrators to parasitoids. 

Q Rev Biol. 1974;49(2):129–48.
2.	 Kuris AM, Lafferty KD. Modelling crustacean fisheries: effects of parasites on 

management strategies. Can J Fish Aquat Sci. 1992;49(2):327–36.
3.	 Yoshida R, Hirose M, Hirose E. Hermit crab host prevalence by species of Pel-

togastridae (Cirripedia: Rhizocephala): hosts vary with locations on the Pacific 
coast in mainland Japan. J Crustac Biol. 2014;34(4):467–80.

4.	 Jung J, Yoshida R, Kim W. Diversity of parasitic peltogastrid barnacles (Crusta-
cea: cirripedia: Rhizocephala) on hermit crabs in Korea. Zool Stud. 2019;58:33.

5.	 Kajimoto A, Høeg JT, Kato K, Yusa Y. Variations in life cycle and seasonal sex 
ratio in the rhizocephalan Peltogasterella gracilis (Boschma, 1927)(Cirripedia: 
Rhizocephala: Peltogasterellidae). J Crustac Biol. 2022;42(4):ruac057.

6.	 Lützen J, Jensen KH, Glenner H. Life history of Sacculina carcini Thompson, 
1836 (Cirripedia: rhizocephala: Sacculinidae) and the intermoult cycle of its 
host, the shore crab Carcinus maenas (Linnaeus, 1758)(Decapoda: Brachyura: 
Carcinidae). J Crustac Biol. 2018;38(4):413–9.

7.	 Toyota K, Ito T, Morishima K, Hanazaki R, Ohira T. Sacculina-Induced morpho-
logical feminization in the Grapsid crab Pachygrapsus crassipes. Zool Sci. 
2023;40(5):367–74.

8.	 Lützen J, Itani G, Jespersen Å, Hong JS, Rees D, Glenner H. On a new species 
of parasitic barnacle (Crustacea: Rhizocephala), Sacculina shiinoi sp. nov., 
parasitizing Japanese mud shrimps Upogebia spp. (Decapoda: Thalassinidea: 
Upogebiidae), including a description of a novel morphological structure in 
the Rhizocephala. Zool Sci. 2016;33(2):204–12.

9.	 Hines AH, Alvarez F, Reed SA. Introduced and native populations of a marine 
parasitic castrator: variation in prevalence of the rhizocephalan Loxothylacus 
panopaei in xanthid crabs. Bull Mar Sci. 1997;61(2):197–214.

10.	 Høeg JT. The biology and life cycle of the Cirripedia rhizocephala. J Mar Biol 
Assoc U K. 1995;75:517–50.

11.	 Høeg JT. Sex and the single cirripede: a phylogenetic perspective. In: Schram 
FR, Høeg JT, editors. New frontiers in barnacle evolution. Crustacean Issues. 
Vol. 10. Rotterdam: A. A. Balkema 1995;195–208.

12.	 Høeg JT, Lützen J. Life cycle and reproduction in the Cirripedia rhizocephala. 
Oceanogr Mar Biol Annu Rev. 1995;33:427–85.

13.	 Høeg JT, Rees DJ, Jensen PC, Glenner H. Unravelling the evolution of the Rhi-
zocephala: a case study for molecular-based phylogeny in the parasitic Crus-
tacea. In: Smit NJ, Bruce NKL, Hadfield KA, editors. Parasitic Crustacea: State of 
knowledge and future trends. Zool Monogr. Vol. 3. Feldhar H, Schmidt-Rhaesa 
A, series editors. Cham: Springer 2019;387–419.



Page 11 of 11Kajimoto et al. Zoological Letters            (2025) 11:6 

14.	 Høeg JT, Noever C, Rees DA, Crandall KA, Glenner H. A new molecular 
phylogeny-based taxonomy of parasitic barnacles (Crustacea: cirripedia: 
Rhizocephala). Zool J Linn Soc. 2020;190(2):632–53.

15.	 Alvarez F, Calderon J. Distribution of Loxothylacus texanus (Cirripedia: Rhizo-
cephala) parasitizing crabs of the genus Callinectes in the Southwestern Gulf 
of Mexico. Gulf Caribb Res. 1996;9(3):205–10.

16.	 Kristensen T, Nielsen AI, Jørgensen AI, Mouritsen KN, Glenner H, Christensen 
JT, Lützen J, Høeg JT. The selective advantage of host feminization: a case 
study of the green crab Carcinus maenas and the parasitic barnacle Sacculina 
carcini. Mar Biol. 2012;159(9):2015–23.

17.	 Waiho K, Fazhan H, Glenner H, Ikhwanuddin M. Infestation of parasitic rhizo-
cephalan barnacles Sacculina beauforti (Cirripedia, Rhizocephala) in edible 
mud crab, Scylla olivacea. PeerJ. 2017;5:e3419.

18.	 Rees D, Glenner H. Control region sequences indicate that multiple externae 
represent multiple infections by Sacculina carcini (Cirripedia: Rhizocephala). 
Ecol Evol. 2014;4(16):3290–7.

19.	 Nagler C, Hörnig MK, Haug JT, Noever C, Høeg JT, Glenner H. The big-
ger, the better? Volume measurements of parasites and hosts: parasitic 
barnacles (Cirripedia, Rhizocephala) and their decapod hosts. PLoS ONE. 
2017;12(7):e0179958.

20.	 Mouritsen KN, Geyti SN, Lützen J, Høeg JT, Glenner H. Population dynamics 
and development of the rhizocephalan Sacculina carcini, parasitic on the 
shore crab Carcinus maenas. Dis Aquat Org. 2018;131(3):199–211.

21.	 Takahashi T, Iwashige A, Matsuura S. Behavioral manipulation of the shore 
crab, Hemigrapsus sanguineus by the rhizocephalan barnacle, Sacculina 
polygenea. Crustacean Res. 1997;26:153–61.

22.	 Hartnoll RG. Parasitic castration of Macropodia longirostris (Fabricius) by a 
sacculinid. Crustaceana; 1962;295–300.

23.	 Beck JT. The effects of an isopod castrator, Probopyrus pandalicola, on the sex 
characters of one of its Caridean shrimp hosts, Palaemonetes paludosus. Biol 
Bull. 1980;158(1):1–15.

24.	 O’Brien J, Wyk PV. Effects of crustacean parasitic castrators (epicaridean iso-
pods and rhizocephalan barnacles) on growth of crustacean host. In: Wenner 
AM, editor. Crustacean Issues. Vol. 3. Rotterdam: A. A. Balkema; 1985;191–218.

25.	 Woods L, Chapman JW, Dumbauld BR. The effects of a blood-sucking parasite 
from castration to feminization. REU Summer Reports. 2006;1–11. Newport: 
Oregon State University, Hatfield Marine Science Center.

26.	 Inui N, Oguchi K, Shinji J, Okanishi M, Shimomura M, Miura T. Parasitism-
induced intersexuality in a sexually dimorphic varunid crab, Ptychognathus 
Ishii (Decapoda: Varunidae). Zool Sci. 2021;38(5):416–26.

27.	 Calado R, Vitorino A, Dinis MT. Bopyrid isopods do not castrate the simultane-
ously hermaphroditic shrimp Lysmata amboinensis (Decapoda: Hippolyti-
dae). Dis Aquat Org. 2006;73(1):73–6.

28.	 Boyko CB, Williams JD. Crustacean parasites as phylogenetic indicators in 
decapod evolution. In: Martin JW, Crandall KA, Felder DL, editors. Crustacean 
issues. Boca Raton CRC; 2009;197–220.

29.	 de Barros MS, da Silva Neto LS, Calado TC. First record of parasitism by 
Probopyrus pandalicola (Isopoda, Bopyridae) on the freshwater Prawn Macro-
brachium acanthurus (Decapoda, Palaemonidae) and ecological interactions. 
J Parasit Dis. 2021;45:273–8.

30.	 Corral JM, Henmi Y, Itani G. Differences in the parasitic effects of a Bopyrid iso-
pod and rhizocephalan barnacle on the portunid crab, Charybdis bimaculata. 
Parasitol Int. 2021;81:102283.

31.	 Shiino SM. Studies on the modification of sexual characters in Eupagurus 
samuelis caused by a rhizocephalan parasite Peltogaster Sp. Mem Coll Sci 
Kyoto Imp Univ Ser B. 1931;7(2):63–101.

32.	 Oguro C. On the sacculinization of the hermit-crab, Eupagurus ochotensis 
(Brandt). Annot Zool Jpn. 1955;28(2):100–5.

33.	 Nielsen SO. The effects of the rhizocephalan parasites Peltogaster paguri 
Rathke and Gemmosaccus sulcatus (Lilljeborg) on five species of Paguridan 
hosts (Crustacea Decapoda). Sarsia. 1970;42(1):17–32.

34.	 Faria F, Boyko C, Mantelatto F. Parasitization of the white spotwrist hermit 
crab, Pagurus criniticornis (Dana, 1852)(Decapoda, Anomura), by the 

rhizocephalan barnacle Peltogasterella socialis (Müller, 1863)(Cirripedia, 
Rhizocephala) from southeastern Brazil. Anim Biol. 2007;57(3):315–27.

35.	 Kajimoto A, Toyota K, Ohira T, Yusa Y. Transcriptomic analysis of sexually 
dimorphic cypris larvae of the rhizocephalan barnacle Peltogasterella gracilis. 
Comp Biochem Physiol D Genomics Proteom. 2024;52:101342.

36.	 Kajimoto A, Yanagimachi R, Takahashi T, Yusa Y. Sex determination by a uni-
valent chromosome in the rhizocephalan Peltogasterella gracilis (Cirripedia: 
rhizocephala: Peltogasterellidae). Biol Bull. 2024;246(2):000–000.

37.	 Hokkaido-san Kontorui no Seikatsu-shi. Tokuni complemental male no 
Seishoku Kinō Ni Tsuite (Shinrigaku/Seitaigaku). Zool Mag. 1956;65(3–4):113.

38.	 Tsuchida K, Lützen J, Nishida M. Sympatric three-species infection by Saccu-
lina parasites (Cirripedia: rhizocephala: Sacculinidae) of an intertidal grapsoid 
crab. J Crustac Biol. 2006;26(4):474–9.

39.	 Yoshida R, Osawa M, Hirose M, Hirose E. A new genus and two new species of 
Peltogastridae (Crustacea: cirripedia: Rhizocephala) parasitizing hermit crabs 
from Okinawa Island (Ryukyu Archipelago, Japan), and their DNA-barcodes. 
Zool Sci. 2011;28(11):853–62.

40.	 Podsiadlowski L, Bartolomaeus T. Organization of the mitochondrial genome 
of mantis shrimp Pseudosquilla ciliata (Crustacea: Stomatopoda). Mar Bio-
technol. 2005;7:618–24.

41.	 Folmer O, Black M, Hoeh W, Lutz R, Vrijenhoek R. DNA primers for amplifica-
tion of mitochondrial cytochrome C oxidase subunit I from diverse metazoan 
invertebrates. Mol Mar Biol Biotechnol. 1994;3:294–9.

42.	 Hedges LV. Distribution theory for Glass’s estimator of effect size and related 
estimators. J Educ Stat. 1981;6(2):107–28.

43.	 Kirby KN, Gerlanc D, Boot ES. An R package for bootstrap confidence intervals 
on effect sizes. Behav Res Methods. 2013;45:905–27.

44.	 Ritchie LE, Høeg JT. The life history of Lernaeodiscus porcellanae (Cirripedia: 
Rhizocephala) and co-evolution with its porcellanid host. J Crustac Biol. 
1981;1(3):334–47.

45.	 McLaughlin PA. A review of the hermit crab (Decapoda: anomura: Paguridea) 
fauna of Southern Thailand, with particular emphasis on the Andaman 
Sea, and descriptions of three new species. PMBC Special Publication. 
2002;23(2):385–460.

46.	 Rahayu DL. Hermit crabs of Singapore (Crustacea: decapoda: anomura: dio-
genidae, Paguridae), with description of two new species. Raffles Bull Zool. 
2022;1:70.

47.	 Lafferty KD, Kuris AM. Parasitic castration: the evolution and ecology of body 
snatchers. Trends Parasitol. 2009;25(12):564–72.

48.	 Baudoin M. Host castration as a parasitic strategy. Evolution. 1975;1:335–52.
49.	 Høeg JT, Lützen J. Crustacea rhizocephala. In: Brattegard T, Christiansen M, 

Sneli J, editors. Marine invertebrates of Scandinavia. Norwegian University 
1985;92.

50.	 Barnes MA. Egg production in cirripedes. Oceanogr Mar Biol. 1989;27:91–166.
51.	 Miroliubov A, Borisenko I, Nesterenko M, Lianguzova A, Ilyutkin S, Lapshin N, 

Dobrovolskij A. Specialized structures on the border between rhizocephalan 
parasites and their host’s nervous system reveal potential sites for host-
parasite interactions. Sci Rep. 2020;10(1):1128.

52.	 Feng C, Zhang J, Bao J, Luan D, Jiang N, Chen Q. Transcriptome analysis of 
germ cell changes in male Chinese mitten crabs (Eriocheir sinensis) induced 
by rhizocephalan parasite, Polyascus gregaria. Front Mar Sci. 2023;10:1144448.

53.	 Percie du Sert N, Hurst V, Ahluwalia A, Alam S, Avey MT, Baker M, Browne 
WJ, Clark A, Cuthill IC, Dirnagl U, Emerson M. The ARRIVE guidelines 2.0: 
updated guidelines for reporting animal research. J Cereb Blood Flow Metab. 
2020;40(9):1769–77.

Publisher’s note
Springer Nature remains neutral with regard to jurisdictional claims in 
published maps and institutional affiliations.


	﻿Morphological feminization in hermit crabs (family Paguridae) induced by rhizocephalan barnacles
	﻿Abstract
	﻿Introduction
	﻿Materials and methods
	﻿Sample collection
	﻿Species identification based on morphological characteristics and cytochrome c oxidase subunit 1 (COI) sequencing
	﻿Measurements of morphological traits
	﻿Statistical analysis

	﻿Results
	﻿Occurrence of hermit crabs with peltogasterellids or peltogastrids
	﻿Rhizocephalan species identification
	﻿Presence of the second pleopod in parasitized male hermit crabs
	﻿Allometric variation in cheliped length between unparasitized and parasitized hermit crabs
	﻿Comparison of the parasitic effect on morphological feminization between parasite species for ﻿P﻿. ﻿lanuginosus﻿ and ﻿P﻿. ﻿filholi﻿

	﻿Discussion
	﻿Presence of a second pleopod in males parasitized by ﻿P﻿. ﻿gracilis﻿ or ﻿Peltogaster﻿ sp.﻿
	﻿Reduction of cheliped length in males parasitized by ﻿P﻿. ﻿gracilis﻿ or ﻿Peltogaster﻿ sp.﻿

	﻿Conclusions
	﻿References


