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Feeding Dimorphism in a 
Mycophagous Nematode, 
Bursaphelenchus sinensis
Natsumi Kanzaki1,2, Taisuke Ekino3,4,5 & Robin M. Giblin-Davis2

Phenotypic plasticity has been widely reported in animals and can drive investment in new biological 
characters that engender ecological adaptability. The nematode family Diplogastridae, especially 
Pristionchus pacificus with its dramatic stomatal (feeding) dimorphism, has become an important 
model system to analyze the evolutionary and developmental aspects of polyphenism. However, this 
plasticity has not been confirmed in other nematode groups. In the present study, we experimentally 
examined the feeding dimorphism of a fungal feeding free-living nematode, Bursaphelenchus sinensis. 
In a laboratory culturing experiment, the nematode expressed dimorphism, i.e., a small proportion 
of the population manifested as a predatory form. This form only occurred in females and was not 
clearly influenced by the presence of potential prey species. In addition, the ratio of the predatory 
form to the mycophagous form varied among different fungal food species grown in monoculture on 
different culture media. The predatory form of B. sinensis was typologically similar to the monomorphic 
(specialized) predators belonging to the same family. However, some essential morphological 
characters were slightly different from the specialized predators, and their behaviours were clearly 
disparate, suggesting that predation in B. sinensis is derived from a different phylogenetic origin than 
that of the specialized predators.

Phenotypic plasticity, morphological and functional polymorphism without genetic alteration, is an interesting 
biological phenomenon that pertains to the evolution of new characters for successful ecological adaptation1–5.

This phenomenon is widely found in animals, e.g., the body size and mouthparts of some tadpoles can dif-
fer according to environmental conditions6,7, and the body size, colour, and wing length of some locusts can 
change according to population density8. This developmental plasticity is also known in nematodes, one of the 
most important metazoan model/satellite model systems9. Stomatal (feeding) dimorphism/polymorphism is well 
known in the family Diplogastridae, a group of mostly bacteria feeding nematodes10, and a key member of the 
family, Pristionchus pacificus has become a model system for studying this phenomenon because of its short 
life cycle, ease of experimental manipulation, and conspicuous dimorphism11–13. In P. pacificus, the predatory 
(eurystomatous) form appears in microbial feeding populations (stenostomatous mouth form) when the culture 
ages or when co-cultured with a potential nematode prey species14,15. The genetic mechanism and chemical cues 
have been elucidated and involve a sulfatase switch gene acting in a dose-dependent fashion in concert with a 
newly discovered sulfotransferase gene16–19.

Stomatal phenotypic plasticity has not been experimentally examined in any other groups of nematodes even 
though it has been suspected from field observations on several Bursaphelenchus species. Almost all species in the 
genus are fungal feeders with a few facultative and obligate plant parasites. Bursaphelenchus spp. commonly have 
a syringe-like feeding structure referred to as ‘stylet’ to insert into fungal and plant tissue for extracting nutrients. 
Braasch and Braasch-Bidasak20 reported a ‘parasitic form’ of B. aberrans which has a flattened head and longer 
stylet, and considered it to be an insect-parasitic form of the species. Also, Kanzaki et al.21,22 reported a ‘parasitic 
adult form’ in B. luxuriosae and B. doui which do not have a stylet and are recovered from the body cavity and 
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tracheal system of their respective cerambycid beetle hosts. However, the parasitic form of B. aberrans has only 
been reported from field-collected materials, its species status has not been confirmed with genotyping, and its 
insect parasitism or feeding behaviour have not been experimentally observed. Also, the parasitic forms of the 
other two species were recently confirmed as an alternative phoretic form, i.e., a non-feeding transportation 
survival form23. Therefore, the presence/absence of functional feeding dimorphism/polymorphism has not been 
confirmed yet in non-diplogastrid nematodes.

In the present study, we conducted experiments to elucidate the feeding (stylet) dimorphism of a cultured 
isogenic (single female) isolate of the mycophagous nematode, B. sinensis, which is a close relative of (or possibly 
conspecific with) B. aberrans24,25.

Results
Occurrence of predatory form.  In the preliminary experiment, the predatory form was only observed in 
adult females. The average ratios of the predatory form to the mycophagous form in the monoculture treatment 
were 10.1, 7.0 and 4.8% at 10, 20 and 30 days after inoculation, respectively. Whereas the ratios were 8.3, 5.9 and 
8.4% in the prey (Diplogasteroides asiaticus) co-culture treatment (Supplementary Table S1). Because the number 
of replications was only three for each treatment, statistical analysis was not conducted for the ratios. However, 
the occurrence of the predatory form in monoculture on a commonly-used food fungus, grey mold (Botrytis 
cinerea), without potential prey was confirmed.

The predatory form was not observed in the other nine aphelenchoidid species regardless of the number and 
the population density of the nematodes (Supplementary Table S2).

Morphological observation of predatory form.  Morphometric values are summarized in 
Supplementary Table S3.

The predatory form occurred only in adult females, and the posterior part of their bodies were basically iden-
tical to that of the mycophagous form, which has been described previously25,26, i.e., the predatory form specific 
characters were observed only in the anterior region of the body (Figs 1, S1). Therefore, the full descriptions of 
both forms are provided as Supplementary Text 1, and only the anterior region of the predatory form is described 
here.

Head (lip region) is distinctly offset from body, separated by a clear constriction, forming crown-like shape in 
lateral view, i.e., square-shaped subventral and dorsal sectors protruding laterally, and the lip is ca three times as 
broad as high. Stylet possessing wide lumen comprising a conus that is a little less than half of total stylet length 
and a shaft with large and clear basal swellings. The stylet lumen opens ventrally like the tip of an injection needle. 
Procorpus is cylindrical, short, less than 1.5 stylet lengths (=metacorpal lengths) long, ending in well-developed 
muscular metacorpus. Metacorpal valve is very prominent, and it is present at middle of metacorpus. Dorsal 
pharyngeal gland orifice opens into lumen of metacorpus mid-way between anterior end of metacorpal valve and 
anterior end of metacorpus. Pharyngo-intestinal junction is located immediately posterior to metacorpus. Dorsal 
pharyngeal glands are wide and short, i.e., more than half of corresponding body diam., and rather short, i.e., less 
than three stylet (metacorpal) lengths long. The glands overlap the intestine dorsally.

Culturing experiment.  The results are summarized in Fig. 2 and Supplementary Table S4.
The predatory form occurred only in adult females, and no predatory-form male was observed during the 

experiment.
Predatory-form females occurred in all five treatments, i.e., B. cinerea on PDA and MEA and a blue-stain 

fungus, Ophiostoma minus on PDA, MEA and pine twigs. However, the ratio of the predatory form varied among 
treatments.

The ratio was highest in the pine twig-O. minus treatment where ca 5% of adult females manifested as the 
predatory form at two weeks after inoculation, then the ratio increased to ca 12% in the following week and later. 
The ratio was also relatively high in the MEA-O. minus treatment where the dimorphism was first observed at two 
weeks, and the ratio gradually increased to ca 9% at the end of experiment (five weeks). The ratios in the other 
three treatments were not high, i.e., the predatory form occurred in two or three weeks, and gradually increased 
to ca 3% in PDA-B. cinerea and PDA-O. minus treatments, or the ratio did not exceed 1% in MEA-B. cinerea 
treatment.

The nematode population growth also varied among the treatments and was relatively high in B. cinerea treat-
ments. The nematodes rapidly increased for three weeks, and then rapidly decreased (population collapsed) in the 
PDA-B. cinerea treatment. The pattern was somewhat similar in the MEA-B. cinerea treatment, where the popu-
lation was largest in the third week, and gradually decreased to the end of experiment. By contrast, the number of 
nematodes gradually increased in O. minus treatments, i.e., the population increased to ca 2000–4000 individuals 
in the third and fourth weeks and maintained at this level until the end of experiment.

Observation of predation behaviour.  The predatory female successfully fed on Acrobeloides sp. (Fig. 3, 
Supplementary Video 1). Bursaphelenchus sinensis pierced the prey with its stylet and ingested the body contents by 
occasionally pumping the metacorpal valve. The predator occasionally wiggled its stylet during feeding by moving 
its head. The pumping and digesting (pharyngeal gland secretion) were not well-coordinated, i.e., pulsation of the 
anterior part of metacorpus (secretion) via the dorsal esophageal gland orifice often occurred during pumping.

Culturing from predatory females.  Immediately after the inoculation of predatory females and mycopha-
gous males of B. sinensis, the predatory female attempted to feed on males, although it was not successful during our 
short-term observations. The females also fed on fungal hyphae. This feeding behaviour suggests that cannibalism can 
occur, and the predatory form is actually an omnivore, even if its stylet is morphologically specialized for predation.

https://doi.org/10.1038/s41598-019-50462-z


3Scientific Reports |         (2019) 9:13956  | https://doi.org/10.1038/s41598-019-50462-z

www.nature.com/scientificreportswww.nature.com/scientificreports/

Three days after inoculation, oviposition of predatory females was confirmed in four plates within five repli-
cations. The eggs all developed into mycophagous adults within 10 days.

Discussion
Feeding dimorphism in B. sinensis.  First, the presence of feeding (stylet) dimorphism in B. sinensis 
was experimentally confirmed. This is the first case of an experimental study on the feeding dimorphism of a 
non-diplogastrid nematode.

The predatory form of B. sinensis has the following characteristics: (1) the form is not strongly induced by 
potential prey; (2) the form is found only in adult females, i.e., no predatory male was found during observations 
of more than 10,000 males; (3) the predatory adult female:mycophagous adult female ratio increases as cultures 
became older; (4) the ratio differed among media and fungal food species; and (5) the predatory form successfully 
fed on fungi, and produced mycophagous-form offspring. In addition, because the dimorphism was not observed 
in the other examined species, this phenomenon is considered to be a species (or intrageneric clade) specific 
apomorphy of B. sinensis (and its close relatives).

The increase of the predatory form ratio in older cultures and the variance among treatments suggest that 
the induction of the form is regulated by the accumulation of their own chemical signal(s) and starvation sig-
nal(s) from fungal food and environment. Generally, the predatory form ratio was higher in lower nutrient media 
(PDA is the richest, and twig is the poorest), and slowly growing fungi (B. cinerea grows faster than O. minus), 
suggesting that the food signal (less amount of food) enhances the development of the predatory form. This is in 
accordance with the population dynamics, i.e., populations on PDA (and B. cinerea) grow faster, and collapse after 
consuming and damaging the fungal food source. The gradual increase of the predatory female form also suggests 

Figure 1.  Comparisons between mycophagous and predatory-form females of Bursaphelenchus sinensis. (A,B) 
Anterior region of mycophagous (A) and predatory (B) forms; (C,D) Lip and stylet region of mycophagous (C) 
and predatory (D) forms in several different focal planes; (E,F) Metacorpus region of mycophagous (E) and 
predatory (F) forms in several different focal planes where “p/i”, “ep”, “h” and “nr” indicates pharyngo-intestinal 
junction, excretory pore, hemizonid and nerve ring, respectively; (G,H) Pharyngeal gland of mycophagous 
(G) and predatory (H) forms where “n” indicates nuclei of pharyngeal gland; (I,J) Tail of mycophagous 
(I) and predatory (J) forms where “a” indicates anal opening.
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that the accumulation of a nematode-derived signal substance(s) induce(s) the form, and the increase of this 
form from the third to the fourth week in the PDA-B. cinerea treatment may support this, i.e., the substance(s) 
have accumulated during the rapid population growth in the third week. In addition, a significantly high ratio 
of the predatory form in the pine twig-O. minus strongly suggests that the component(s) of the twig substrate 
enhance(s) the dimorphism directly or indirectly (via food fungus) as environmental signal(s).

This pattern seems analogous to the stomatal dimorphism of several diplogastrid species.
The eurystomatous (predatory) form occurs in pure cultures of each species with various ratios, and it 

is strongly induced by the presence of prey only in several genera (e.g., Neodiplogaster), i.e., the others (e.g., 
Pristionchus) are not affected by the presence of prey15,27. This suggests that the eurystomatous form is primarily 
induced by the accumulation of their own chemical signals17–19 and probably the decrease of chemical signals 
from their regular food source (bacteria in this case). Further, although detailed relationships among the culture 
period and the ratio of the eurystomatous form have not been reported, the form is often found in older cul-
tures15, and the ratio differs among food sources28. In addition, female-biased dimorphism is also known in some 
diplogastrid species. For example, the eurystomatous male of Allodiplogaster seani is rare in cultured conditions, 
but its close relative, A. josephi, commonly produces a predatory male29. Neodiplogaster acaloleptae, where the 
dimorphism is enhanced by prey, produces eurystomatous males, although the ratio is lower than females15. We 
do not have a clear explanation for the physiological mechanism of this sex-dependent dimorphism. However, 

Figure 2.  The ratio of predatory form (A) and the number of total nematodes (B) in five different culture 
conditions. The same letters indicate non-significant differences between the conditions at the same time point. 
Bars and error bars represent averages and standard deviations.
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it seems ecologically adaptive for a lifeboat strategy because microbe-feeding males which do not attack other 
individuals could be a safe food source for predatory females to increase oviposition.

Currently, the chemical and molecular mechanisms of the eurystomatous form have been examined closely 
only in P. pacificus, and several small molecules derived from the nematode are known to induce the predatory 
morph17–19, although detailed information about the other signals has not been discovered yet.

No chemical analysis has been conducted for B. sinensis in the present study. However, based on the similarity 
in the above-mentioned biological characters, the induction of the predatory form of B. sinensis seems analogous 
to that of diplogastrid nematodes. Further comparative chemical and molecular analyses are necessary to eluci-
date the induction of the predatory form.

Interestingly, the dimorphism in diplogastrids usually occurs only in the stomatal region10–15, but the dimor-
phism in B. sinensis is observed not only in the lip and stylet region, but also in the pharyngeal glands which 
secret digestive enzyme. So far, the response(s) to chemical signal(s) and morphogenesis are the main focuses of 
the genetic analyses on diplogastrids12,16–19. Detailed analyses on ingestion/digestion-related genes in B. sinensis, 
and close comparison with those of diplogastrids may yield interesting parallels about the feeding plasticity of 
these nematodes.

Functional morphology of predatory form.  The predatory form has highly characteristic morphology, 
and is distinguished from the mycophagous form by a wide crown-like lip vs. small and rounded lip, long and 
thick stylet with wide lumen and large basal swellings vs. short and thin stylet with narrow lumen and small 
basal swellings, extremely well-developed metacorpus vs. small metacorpus, and wide and short (stout) phar-
yngeal glands vs. long and slender pharyngeal glands. These characters are also reflected in the morphometric 
values, e.g., size of lip, stylet and metacorpus (Supplementary Table S3). The composition of the feeding struc-
ture is rather similar to several aphelenchoidid predators, and these characters seemingly fit well in the “genus 
Berntsenus”. The genus was first established by Massey30, and then tentatively transferred to the insect parasitic/
predatory subfamily Ektaphelenchinae as a genus incertae sedis31,32, i.e., the taxonomic/phylogenetic status of the 
genus is unclear. Based on the striking similarity with the predatory form of B. sinensis and the genus, Berntsenus 
is considered as an alternate form of Bursaphelenchus. However, the formal taxonomic revision will be presented 
elsewhere.

The predatory behaviour of several aphelenchoidid predators has been examined closely. Hechler33 and 
Kanzaki et al.34 examined the predation of Seinura tenuicauda and S. caverna, respectively, and Kanzaki35 reported 
the characteristic predation behaviour of the entomoparasite/predator species, Ektaphelenchoides spondylis. All 
three of these predators showed a well-orchestrated feeding behaviour, injecting a pharyngeal secretion (hypoth-
esised to be a mixture of neurotoxin and digestive enzymes) for 1–2 min., and then sucking the body contents 
for ca 30 sec., i.e., the predators partly digested the prey externally before ingesting. In addition, the anterior part 
of the body is ventrally curved and only internal parts (metacorpus and pharyngo-intestinal valve) move during 
the feeding. By contrast, the feeding behaviour of the predatory form B. sinensis is not clearly coordinated, i.e., 
wiggling the head and stylet during feeding, and digestion and sucking occur simultaneously.

The crown-shaped lip region of the predatory form is somewhat similar to the lip structure of several doryl-
aimid and mononchid predators. These predatory species use their lips to search and confirm the availability of 
the prey36. Further, these predators use their crown-shaped lip region to grasp the prey to penetrate the cuticle 
(dorylaimids) or to aid in swallowing the prey body (mononchids)36–39, and this behaviour is not observed in 
other aphelenchoidid predators33–35. Therefore, it is possible that B. sinensis uses its wide crown-like lip region 
like dorylaimid predators. This is in accordance with the enlarged metacorpus in the predatory-form of B. sin-
ensis, i.e., the dorylaimid nematodes feed upon the prey body using their strong pharyngeal muscles, and do not 
largely depend on extracorporeal digestion36. However, in the present study, although the feeding behaviour of B. 
sinensis was observed and video-captured, the prey-capturing behaviour was not clearly observed. More detailed 

Figure 3.  Predatory form-female of Bursaphelenchus sinensis feeding on Acrobeloides sp.
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observations on a cascade of feeding behaviours is necessary to understand the functional morphology of the 
predatory form.

Bursaphelenchus phylogenetically belongs to clade 4 of Aphelenchoididae, and is a sister to the clade of insect 
parasites and predators (clade 3) (Supplementary Fig. S3). However, because of the differences in predatory 
behaviour, the predation in clade 3 and B. sinensis are hypothesised to have evolved independently from each 
other. In addition, clade 3 predators have a glandular anterior 1/3 of metacorpus which is hypothesised to support 
injection of gland secretion(s), and a lack basal swellings of the stylet (providing connection for retractor mus-
cles), although B. sinensis does not have this modification of the median bulb but possesses large basal swellings 
of the stylet. These structural differences corroborate independent evolutionary origins of predation.

Further genomic and transcriptomic studies will be necessary to confirm this hypothesis. In addition, the 
feeding dimorphism has been found only in B. sinensis in clade 4, and the presence/absence of this type of dimor-
phism in other aphelenchoidids will need to be examined to understand the ecological and evolutionary function 
of the phenomenon.

Concluding remarks.  Here, we experimentally confirmed the presence of the feeding dimorphism of B. 
sinensis and reported its basic morphological/biological characters. So far, this type of dimorphism, i.e., microbe 
feeding and omnivore (microbe feeding and predation) forms, has been found only in Diplogastridae which is a 
promising model system for the study of phenotypic plasticity10,12,13.

In addition to feeding dimorphism, Diplogastridae and Aphelenchoididae which includes B. sinensis, share 
many biological characters. For example, both families contain a variety of feeding modalities, i.e., Diplogastridae 
comprise mostly bacteria feeders, and secondarily evolved fungal feeders, insect parasites and predators10, and 
Aphelenchoididae which was originally mycophagous contains many obligate and facultative plant parasites, 
obligate and facultative insect parasites and predators31,40. Further, the majority of the members of both families 
utilize a variety of insects as phoretic and parasitic hosts. In other words, both families are associated with a wide 
variety of microbes, nematodes, insects and plants.

Although further studies are necessary to understand the genetic mechanisms, we expect that the fam-
ily Aphelenchoididae will be a useful developmental and evolutionary comparative system to the family 
Diplogastridae.

Materials and Methods
Nematode culture.  A population of B. sinensis was isolated from a dead Japanese red pine, Pinus densiflora 
planted at the experimental nursery in the campus of Forestry and Forest Products Research Institute, Tsukuba, 
Ibaraki, Japan (GPS: 36°00′21″N, 140°07′35″E, 25 m a.s.l.) in September, 2015. The nematodes were reared on 
a lawn of B. cinerea inoculated onto potato dextrose agar (PDA) medium. After the propagation of nematodes, 
gravid females were individually transferred to a B. cinerea lawn on 2.0% malt extract agar (MEA: 2.0% malt 
extract, 2.0% agar) to establish isogenic (single female) lines. The lines were confirmed for their species status 
based on the molecular sequence of small subunit ribosomal RNA, i.e., the sequences were identical to that of B. 
sinensis previously deposited in the GenBank database (AB232162). One of the isogenic lines coded as ‘BsIso1’ 
was used for the following experiments.

Occurrence of predatory form in B. sinensis.  First, we examined 1) the presence/absence of the feeding 
dimorphism and 2) the effect of co-culturing with a potential prey species on the dimorphism/polymorphism, 
i.e., we expected that the alternative morph is the predatory form as reported in diplogastrid species, if it is pres-
ent. For this purpose, a culture experiment was conducted as a preliminary study. Because the ‘parasitic form’ of 
B. aberrans has been reported from field samples collected from dead pines, P. kesiya20, twigs of P. densiflora, the 
natural host of B. sinensis was used as a substrate.

Pine twigs (ca 7 mm diam. and 4 cm long) were autoclaved and individually transferred to a sterile plastic 
centrifuge tube (Falcon, 15 ml), and O. minus was inoculated onto them. A week after the fungal inoculation, 
500 individuals of mixed-stage B. sinensis were inoculated onto each twig, and as a potential prey species, 500 
mixed-stage individuals of Diplogasteroides asiaticus, which often cohabitate with B. sinensis in the dead pines41,42, 
were inoculated on half of the twigs.

After the nematode inoculation, twigs were incubated at 20 °C. The nematodes were recovered from the 
twigs every 10 days for 30 days. The recovered nematodes were heat-killed at 60 °C for 30 sec. and fixed in 
triethanolamine-formalin (TAF: 2.0% triethanolamine, 7.0% formalin, 91% distilled water). The ratio of stylet 
forms was examined for B. sinensis using fixed materials.

Occurrence of predatory form in other aphelenchoidid nematodes.  To examine the presence or 
absence of the dimorphism (predatory form) in other aphelenchoidid nematodes, nine aphelenchoidid spe-
cies that were actually or potentially associated with coniferous trees, B. xylophilus, B. luxuriosae, B. rainulfi, B. 
niphades, B. kiyoharai, B. poligraphi, B. cf. cryphali, B. wuae, and Aphelenchoides sp.43, were examined for their 
feeding dimorphism. The nematodes were cultured on O. minus grown on pine twigs. the experimental condi-
tions were the same as the above-mentioned preliminary experiment, i.e., 500 mixed-stage nematodes were inoc-
ulated onto the twig, and cultured for 20 days at 20 °C. The nematodes were then extracted from the twig, and the 
number of nematodes, nematode population density (number of nematodes/dry weight of twig), and the ratio of 
predatory form to total per 100 were examined. Three twigs were prepared for each species as replicates. For the 
examination of the predatory form, the first 100 males and females were examined for their feeding morphology 
under the light microscope. B. sinensis served as the positive control.

Morphological observation of predatory form.  The morphological characters of the predatory form 
were examined using the individuals successfully induced in the preliminary experiment. The fixed materials 
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were processed in glycerine using a modified Seinhorst’s method44 and mounted in glycerine according to the 
methods of Maeseneer and d’Herde45. The mounted materials were observed for detailed morphological charac-
ters under light microscopy (Eclipse 80i; Nikon, Tokyo, Japan).

All photomicrographs were obtained using a digital camera system (MC170 HD; Leica, Wetzlar, Germany), 
and morphological drawings were made using a drawing tube connected to the microscope. The photomicro-
graphs and drawings were edited with PhotoShop Elements 9 (Adobe) to adjust the contrast and brightness for 
constructing figures.

Culture experiment.  Because the presence of prey species did not clearly affect the occurrence of the preda-
tory form of B. sinensis, the prey species was not used for the following culture experiments. To examine the effect 
of substrate (media) and food source (fungal species), we used three different media, PDA, MEA and P. densiflora 
twigs, and two different species of fungi, B. cinerea and O. minus.

Because B. cinerea does not grow well on pine twigs, the fungus was only inoculated onto PDA and MEA 
in 60 mm diam. plastic Petri dishes, whereas O. minus was inoculated onto both agar media and pine twigs (ca. 
8 mm diam. and 8 cm long). The preparation of twigs was as described for the previous experiment.

After confirming fungal growth on each media type, 100 individuals of mixed-stage B. sinensis were inocu-
lated onto each substrate and kept at 20 °C in the dark. The number of total nematodes and the ratio of the pred-
atory form to the mycophagous form were examined every week after inoculation for five weeks. For the ratio of 
predatory forms, only adult nematodes were examined because the dimorphism only occurs in adult females. Five 
replicates were prepared for each treatment, i.e., 30 plates were prepared for each treatment, and five plates were 
harvested from each treatment every week.

Observation of predatory behaviour.  Predatory-form females were collected from the extra materials of 
the twig-O. minus treatment. The nematodes were transferred to a 2.0% water agar plate, and ca. 30 individuals 
of mixed-stage Acrobeloides sp., a bacterial feeding species which we regularly use as a standard food species for 
predatory nematodes34, were inoculated onto the plate. A cover slip was placed on the inoculated nematodes, and 
the plate was examined under the dissection microscope occasionally for one hour to observe feeding (predatory) 
behaviour. When the feeding behaviour was observed, it was closely observed and recorded under light micros-
copy using the digital camera system (MC170 HD).

Examination of next generation of predatory females.  Five to 10 predatory females collected from 
the twig-O. minus treatment were transferred to MEA previously inoculated with B. cinerea. In addition, 10 myco-
phagous males were transferred to the plate as the sperm (and potentially food) source for predatory females. The 
culture plates were observed under a dissection microscope every day for 10 days to examine the stylet form of the 
next generation adults and to test the fungal feeding ability of the predatory-form females.

Statistical analysis.  We identified significant differences in the total number of nematodes in the five differ-
ent cultural conditions. Two-way analysis of variance test (substrates × fungi) with a Tukey honestly significant 
difference post hoc test was used for the multiple comparisons. To analyze the ratio of the predatory form to the 
mycophagous form under the different experimental conditions and because of the unevenness of the examined 
(available) female individuals among replications, i.e., we examined up to 200 individuals, but most nematodes 
were juveniles in many replications, and only less than 20 total females were available, all five replications were 
combined into a single data point. The ratio was compared using a chi-square test, and Ryan’s post hoc test was 
performed for multiple comparisons. All statistical analyses were performed with R ver 3.5.146. P < 0.05 was con-
sidered to be significant.

References
	 1.	 West-Eberhand, M. J. Developmental plasticity and evolution (Oxford University Press, Oxford, UK, 2003).
	 2.	 Fusco, G. & Minelli, A. Phenotypic plasticity in development and evolution: facts and concepts. Phyl. Trans. R. Soc. B 365, 547–556, 

https://doi.org/10.1098/rstb.2009.0267 (2010).
	 3.	 Moczek, A. P. Phenotypic plasticity and diversity in insects. Phyl. Trans. R. Soc. B 365, 593–603, https://doi.org/10.1098/

rstb.2009.0263 (2010).
	 4.	 Pfennig, D. W. et al. Phenotypic plasticity’s impacts on diversification and speciation. Trend. Ecol. Evol. 25, 459–467, https://doi.

org/10.1016/j.tree.2010.05.006 (2010).
	 5.	 Moczek, A. P. et al. & Pfennig, D. W. The role of developmental plasticity in evolutionary innovation. Proc. R. Soc. B 278, 2705–2713, 

https://doi.org/10.1098/rspb.2011.0971 (2011).
	 6.	 Relyea, R. A. Competitor-induced plasticity in tadpoles: consequences, cues, and connections to predator-induced plasticity. Ecol. 

Monogr. 72, 523–540, https://doi.org/10.1890/0012-9615 (2002).
	 7.	 Maher, J. M., Werner, E. E. & Denver, R. J. Stress hormones mediate predator-induced phenotypic plasticity in amphibian tadpoles. 

Proc. R. Soc. B 280, 20123075, https://doi.org/10.1098/rspb.2012.3075 (2013).
	 8.	 Simões, P. M. V., Ott, S. R. & Niven, J. E. Environmental adaptation, phenotypic plasticity, and associative learning in insects: the 

desert locust as a case study. Integr. Comp. Biol. 56, 914–924, https://doi.org/10.1093/icb/icw100 (2016).
	 9.	 Sternberg, P. W. Why Caenorhbaditis elegans is great and Pristionchus pacificus might be better in Nematology Monographs & 

Perspectives 11: Pristionchus pacificus - A nematode model for comparative and evolutionary biology (ed. Sommer, R.) 1–17. (Brill, 
Netherlands, 2015).

	10.	 Sudhaus, W. & Fürst von Lieven, A. A phylogenetic classification of the Diplogastridae (Secernentea, Nematoda). J. Nematode 
Morph. Syst. 6, 43–90 (2003).

	11.	 Sommer, R. J., Carta, L. K., Kim, S. Y. & Sternberg, P. W. Morphological, genetic and molecular description of Pristionchus pacificus 
n. sp. (Nematoda: Neodiplogastridae). Fundam. Appl. Nematol. 19, 511–521 (1996).

	12.	 Sommer, R. J. The future of evo-devo: model systems and evolutionary theory. Nat. Rev. Genet. 10, 416–422, https://doi.org/10.1038/
nrg2567 (2009).

	13.	 Sommer, R. J. (ed.). Nematology Monographs & Perspectives 11: Pristionchus pacificus - A nematode model for comparative and 
evolutionary biology (Brill, Leiden, The Netherlands, 2015).

https://doi.org/10.1038/s41598-019-50462-z
https://doi.org/10.1098/rstb.2009.0267
https://doi.org/10.1098/rstb.2009.0263
https://doi.org/10.1098/rstb.2009.0263
https://doi.org/10.1016/j.tree.2010.05.006
https://doi.org/10.1016/j.tree.2010.05.006
https://doi.org/10.1098/rspb.2011.0971
https://doi.org/10.1890/0012-9615
https://doi.org/10.1098/rspb.2012.3075
https://doi.org/10.1093/icb/icw100
https://doi.org/10.1038/nrg2567
https://doi.org/10.1038/nrg2567


8Scientific Reports |         (2019) 9:13956  | https://doi.org/10.1038/s41598-019-50462-z

www.nature.com/scientificreportswww.nature.com/scientificreports/

	14.	 Susoy, V., Ragsdale, E. J., Kanzaki, N. & Sommer, R. J. Rapid diversification associated with a macroevolutionary pulse of 
developmental plasticity. eLife 4, e05463, https://doi.org/10.7554/eLife.05463 (2015).

	15.	 Kanzaki, N. Stomatal dimorphism of Neodiplogaster acaloleptae (Diplogastromorpha: Diplogastridae). PLoS ONE 11, e0155715, 
https://doi.org/10.1371/journal.pone.0155715 (2016).

	16.	 Bento, G., Ogawa, A. & Sommer, R. J. Co-option of the hormone-signalling module dafachronic acid-DAF-12 in nematode 
evolution. Nature 466, 494–497, https://doi.org/10.1038/nature09164 (2010).

	17.	 Bose, N. et al. Complex small-molecule architectures regulate phenotypic plasticity in a nematode. Angew. Chem. 51, 12438–12443, 
https://doi.org/10.1002/anie.201206797 (2012).

	18.	 Ragsdale, E. J., Müller, M. R., Rödelsperger, C. & Sommer, R. J. A developmental switch coupled to the evolution of plasticity acts 
through a sulfatase. Cell 155, 922–933, https://doi.org/10.1016/j.cell.2013.09.054 (2013).

	19.	 Namdeo, S. et al. Two independent sulfation processes regulate mouth-form plasticity in the nematode Pristionchus pacificus. 
Development 145, dev166272, https://doi.org/10.1242/dev.166272 (2018).

	20.	 Braasch, H. & Braasch-Bidasak, R. First record of the genus Bursaphelenchus Fuchs, 1937 in Thailand and description of B. 
thailandae sp. n. (Nematoda: Parasitaphelenchidae). Nematology 4, 853–863, https://doi.org/10.1163/156854102760402621 (2002).

	21.	 Kanzaki, N., Maehara, N., Aikawa, T., Giblin-Davis, R. M. & Center, B. J. The first report of a putative “entomoparasitic adult form” 
of Bursaphelenchus. J. Parasitol. 95, 113–119, https://doi.org/10.1645/GE-1633.1 (2009).

	22.	 Kanzaki, N., Maehara, N., Aikawa, T. & Nakamura, K. An entomoparasitic adult form in Bursaphelenchus doui (Nematoda: 
Tylenchomorpha) associated with Acalolepta fraudatrix. J. Parasitol. 99, 803–815, https://doi.org/10.1645/GE-3253.1 (2013).

	23.	 Ekino, T., Yoshiga, T., Takeuchi-Kaneko, Y. & Kanzaki, N. Transmission electron microscopic observation of body cuticle structures 
of phoretic and parasitic stages of Parasitaphelenchinae nematodes. PLoS ONE 12, e0179465, https://doi.org/10.1371/journal.
pone.0179465 (2017).

	24.	 Zhao, K., Fang, Y. & Zhao, J. Description of Bursaphelenchus aberrans n. sp. (Nematoda: Parasitaphelenchidae) isolated from pine 
wood in Guangdong Province, China. Nematology 4, 791–794, https://doi.org/10.1163/156854102760402577 (2002).

	25.	 Marinari Palmisano, A., Ambrogioni, L., Tomiczek, C. & Brandstetter, M. Bursaphelenchus sinensis sp. n. and B. thailandae Braasch 
et Braasch-Bidasak in packing wood from China. Nematol. Medit. 32, 57–65 (2004).

	26.	 Kanzaki, N. & Futai, K. Isolation of Bursaphelenchus sinensis (Nematoda: Parasitaphelenchidae) from dead Japanese black pine, 
Pinus thunbergii Parl. in Japan. J. Nematode Morph. Syst. 9, 129–136 (2007).

	27.	 Susoy, V. et al. Large-scale diversification without genetic isolation in nematode symbionts of figs. Sci. Adv. 2, e1501031, https://doi.
org/10.1126/sciadv.1501031 (2016).

	28.	 Sanghvi, G. V. et al. Life history responses and gene expression profiles of the nematode Pristionchus pacificus cultured on 
Cryptococcus yeasts. PLoS ONE 11, e0164881, https://doi.org/10.1371/journal.pone.0164881 (2016).

	29.	 Kanzaki, N., Giblin-Davis, R. M. & Ragsdale, E. J. Allodiplogaster josephi n. sp. and A. seani n. sp. (Nematoda: Diplogastridae), 
associates of soil-dwelling bees in the eastern USA. Nematology 17, 831–863, https://doi.org/10.1163/15685411-00002908 (2015).

	30.	 Massey, C. L. Biology and taxonomy of nematode parasites and associates of bark beetles in the United States (Agricultural Handbook 
No. 446). (United States Department of Agriculture. Washington DC, USA, 1974).

	31.	 Hunt, D. J. Aphelenchida, Longidoridae and Trichodoridae: their systematics and bionomics. (CABI Publishing Wallingford, UK, 1993).
	32.	 Hunt, D. J. A checklist of the Aphelenchoidea (Nematoda: Tylenchina). J. Nematode Morph. Syst. 10, 99–135 (2008).
	33.	 Hechler, H. C. D. developmental biology and feeding habits of Seinura tenuicaudata (de Man) J.B. Goodey, 1960 (Nematoda: 

Aphelenchoididae), a nematode predator. Proc. Helminthol. Soc. Wash. 30, 182–195 (1963).
	34.	 Kanzaki, N., Ekino, T. & Masuya, H. Seinura caverna n. sp. (Tylenchomorpha: Aphelenchoididae) an androdioecious species isolated 

from bat guano in a calcareous cave. Nematology 21, 207–225, https://doi.org/10.1163/15685411-00003207 (2019).
	35.	 Kanzaki, N. Ektaphelenchoides spondylis is a predatory nematode. Nematology 16, 245–247, https://doi.org/10.1163/15685411-

00002782 (2014).
	36.	 Bilgrami, A. L. & Gaugler, R. Feeding behaviour in Nematode behaviour (eds Gaugler, R. & Bilgrami, A. L.). 91–126. (CABI 

Wallingford, UK, 2004).
	37.	 Linford, M. B. & Oliveira, J. M. The feeding of hollow-spear nematodes on other nematodes. Science 85, 295–297, https://doi.

org/10.1126/science.85.2203.295 (1937).
	38.	 Shafqat, S., Bilgrami, A. L. & Jairajpuri, M. S. Evaluation of the predatory behavior of Dorylaimus stagnalis Dujardin, 1948 

(Nematoda: Dorylaimida). Rev. Nematol. 10, 455–461 (1987).
	39.	 Khan, Z., Bilgrami, A. L. & Jairajpuri, M. S. Observation on the predation abilities of Neoactinolaimus agilis (Dorylaimida: 

Actinolaimoidea). Ind. J. Nematol. 25, 129–135.
	40.	 Kanzaki, N. & Giblin-Davis, R. M. Aphelenchoidea in Practical plant nematology (eds Manzanilla-López, R.H. & Marbán-Mendoza, 

N.). 161–208. (Colegio de Postgraduados and Mundi-Prensa, Biblioteca Básica de Agricultura. Jalisco, Mexico, 2012).
	41.	 Sriwati, R., Takemoto, S. & Futai, K. Seasonal changes in the nematode fauna in pine trees killed by the pinewood nematode, 

Bursaphelenchus xylophilus. Nematol. Res. 36, 87–100, https://doi.org/10.3725/jjn.36.87 (2006).
	42.	 Kanzaki, N., Woodruff, G. C., Akiba, M. & Maehara, N. Diplogasteroides asiaticus n. sp. is associated with Monochamus alternatus 

in Japan. J. Nematol. 47, 105–115 (2015).
	43.	 Kanzaki, N. & Giblin-Davis, R. M. Diversity and plant pathogenicity of Bursaphelenchus and related nematodes in relation to their 

vector bionomics. Cur. For. Rep. 4, 85–100, https://doi.org/10.1007/s40725-018-0074-7 (2018).
	44.	 Minagawa, N. & Mizukubo, T. A simplified procedure of transferring nematodes to glycerol for permanent mounts. Jpn. J. Nematol. 

24, 75, https://doi.org/10.3725/jjn1993.24.2_75 (1994).
	45.	 Hooper, D. J. Handling, fixing, staining and mounting nematodes in Laboratory methods for work with plant and soil nematodes (ed. 

Southey, J. F.). 59–80. (Her Majesty’s Stationery Office. London, UK, 1986).
	46.	 R Core Team. R: a language and environment for statistical computing. R foundation for statistical computing, https://www.R-

project.org/ (2018). [accessed 20 September 2018].

Acknowledgements
We sincerely thank Mrs Noriko Shimoda and Mrs Atsuko Matsumoto, FFPRI, and Ms Yoshiko Shimada, Kansai 
Research Center, FFPRI, for their assistance in molecular analysis and maintaining the cultures. This study 
was supported in part by the JSPS KAKENHI Nos. 17H03831 and 19K06145 from the Japan Society for the 
Promotion of Science.

Author Contributions
N.K. designed research; N.K., T.E. performed research; N.K., T.E. and R.M.G.-D. analyzed data; and N.K., T.E. 
and R.M.G.-D. wrote the paper.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-019-50462-z.

https://doi.org/10.1038/s41598-019-50462-z
https://doi.org/10.7554/eLife.05463
https://doi.org/10.1371/journal.pone.0155715
https://doi.org/10.1038/nature09164
https://doi.org/10.1002/anie.201206797
https://doi.org/10.1016/j.cell.2013.09.054
https://doi.org/10.1242/dev.166272
https://doi.org/10.1163/156854102760402621
https://doi.org/10.1645/GE-1633.1
https://doi.org/10.1645/GE-3253.1
https://doi.org/10.1371/journal.pone.0179465
https://doi.org/10.1371/journal.pone.0179465
https://doi.org/10.1163/156854102760402577
https://doi.org/10.1126/sciadv.1501031
https://doi.org/10.1126/sciadv.1501031
https://doi.org/10.1371/journal.pone.0164881
https://doi.org/10.1163/15685411-00002908
https://doi.org/10.1163/15685411-00003207
https://doi.org/10.1163/15685411-00002782
https://doi.org/10.1163/15685411-00002782
https://doi.org/10.1126/science.85.2203.295
https://doi.org/10.1126/science.85.2203.295
https://doi.org/10.3725/jjn.36.87
https://doi.org/10.1007/s40725-018-0074-7
https://doi.org/10.3725/jjn1993.24.2_75
https://www.R-project.org/
https://www.R-project.org/
https://doi.org/10.1038/s41598-019-50462-z


9Scientific Reports |         (2019) 9:13956  | https://doi.org/10.1038/s41598-019-50462-z

www.nature.com/scientificreportswww.nature.com/scientificreports/

Competing Interests: The authors declare no competing interests
Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2019

https://doi.org/10.1038/s41598-019-50462-z
http://creativecommons.org/licenses/by/4.0/

	Feeding Dimorphism in a Mycophagous Nematode, Bursaphelenchus sinensis

	Results

	Occurrence of predatory form. 
	Morphological observation of predatory form. 
	Culturing experiment. 
	Observation of predation behaviour. 
	Culturing from predatory females. 

	Discussion

	Feeding dimorphism in B. sinensis. 
	Functional morphology of predatory form. 
	Concluding remarks. 

	Materials and Methods

	Nematode culture. 
	Occurrence of predatory form in B. sinensis. 
	Occurrence of predatory form in other aphelenchoidid nematodes. 
	Morphological observation of predatory form. 
	Culture experiment. 
	Observation of predatory behaviour. 
	Examination of next generation of predatory females. 
	Statistical analysis. 

	Acknowledgements

	Figure 1 Comparisons between mycophagous and predatory-form females of Bursaphelenchus sinensis.
	﻿Figure 2 The ratio of predatory form (A) and the number of total nematodes (B) in five different culture conditions.
	Figure 3 Predatory form-female of Bursaphelenchus sinensis feeding on Acrobeloides sp.




