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Nematode diversity may seriously be underestim ated when taking into account cryptic spéciation. Thoracostoma 
trachygaster is commonly found in kelp holdfasts along the California coastline and was recently shown to consist 
of at least two distinct molecular clades (I and II). Here, we provide detailed morphological analysis of both clades, 
based on m easurem ents taken from video vouchers of respectively eight and 16 individuals from the previous study, 
as well as 80 newly collected specimens from four Californian beaches. The la tte r were vouchered, measured, and 
then subjected to molecular analyses of the mitochondrial cytochrome oxidase c subunit I (COI) gene, and the 
ribosomal D2D3 and in ternal transcribed spacer (ITS) regions. This integrative approach shows th a t the three 
molecular clades are phylogenetically and morphologically distinct species, bu t a combination of morphological 
characters is needed to distinguish them. Two new species, T h o ra co sto m a  fa t im a e  sp . nov. and T h o ra co sto m a  
ig n ife ru m  sp . nov., are identified and described. The spicule length of T. fatimae  sp. nov. is significantly shorter 
than  th a t of T. trachygaster. Thoracostoma igniferum  sp. nov. can be distinguished by the irregular posterior edge 
of the cephalic capsule and the two in ternal subdorsal tropis-like projections in the wall of the cephalic capsule, 
which are lacking in T. fatimae  sp. nov. and T. trachygaster.
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IN T R O D U C T IO N

The presence of cryptic diversity  across the tree  of life 
has been recognized for a long tim e (Bickford et al., 
2007), and has strong im plications for conservation 
and ecosystem functioning (Bickford et al., 2007; 
H arm on et al., 2009). This cryptic diversity  m ay be 
more common in m arine environm ents because here,
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chemical cues are  more im portan t for m ate  recogni
tion th a n  morphology (Knowlton, 2000; Goetze & 
Kiprboe, 2008). One group of organism s th a t is p ar
ticularly  abundan t in  m arine environm ents is nem a
todes (Lam bshead, 2001; Floyd et al., 2002). Although 
only about 27 000 species have been formally 
described (Hugot, B aujard & M orand, 2001; Coomans, 
2002), to ta l ex tan t species diversity  estim ates are 
likely to be several orders of m agnitude higher 
(Lam bshead, 2001). N em atodes have a well-developed 
chemosensory system  (O’H alloran, F itzpatrick  &

18 © 2012 The Linnean Society of London, Zoological Journal o f the Linnean Society, 2012, 164, 18-35

mailto:s.derycke@UGent.be


INTEGRATIVE TAXONOMY OF T. TRAC H YG ASTER  19

B urnell, 2006) and m ay a ttrac t the opposite sex by 
pherom ones (Edison, 2009). Describing and identify
ing nem atode species is often challenging, because 
re la ted  species m ay show high phenotypic plasticity 
(Coomans, 2002; Nadler, 2002; Powers, 2004) and few 
to no easily observable diagnostic morphological char
acters (e.g. Tandingan De Ley et al., 2007). Conse
quently, cryptic diversity  w ith in  m arine nem atodes 
m ay be substan tia l (Derycke e ta l., 2005, 2007a, 
2010a).

Cryptic species are often discovered by sequencing 
m ultiple independently  evolving gene regions and 
looking for phylogenetic congruence am ongst them  
(Adams, 2001). However, DNA sequence analyses are 
not free of inconsistencies or subjectivity in  th e ir own 
right: sa tu ra tion  effects or incongruence of phyloge
netic signal in  different d a ta  sets m ay obscure species 
boundaries (Dolphin et al., 2000; Sanderson & 
Shaffer, 2002). Therefore congruence betw een molecu
la r and morphological d a ta  m ay help overcome the 
lim itations of e ither d a ta  set for the purposes of 
species boundary delim itation (Wiens & Penkrot, 
2002 ).

Few integrative studies have been conducted to 
date  on nem atodes (e.g. De Ley et al., 1999; Gozel 
et al., 2006; Holovachov et al., 2009) and even fewer 
on free-living m arine nem atodes (e.g. De Ley et al., 
2005; Fonseca, Derycke & Moens, 2008; N eres et al., 
2010; Pere ira  et al., 2010). This is in  p a rt a conse
quence of the  destructive n a tu re  of m olecular analy
ses for small-sized organism s: because the en tire 
organism  is required  for DNA extraction, special 
vouchering m ethods are  needed prior to molecular 
analysis to preserve an  unam biguous link  between 
the  DNA sequences and the morphology of each speci
m en (De Ley & Bert, 2002; Abebe et al., 2004; De 
Ley et al., 2005; Derycke et al., 2010a). Moreover, the 
potential of species to exhibit substan tia l phenotypic 
p lasticity  (Kiontke & Fitch, 2010), as well as in tricate  
p a tte rn s  of co-occurrence (Suatoni et al., 2006; 
Derycke et al., 2007a, 2008b; Nygren, Eklöf & Pleijel, 
2010), implies th a t a large num ber of specimens from 
several populations are required  to screen genetic and 
morphological variab ility  accurately (Nadler, 2002). 
Such an  approach can highlight subtle morphological 
differences betw een genetically d istinct m arine nem a
tode species (e.g. Pellioditis m arina  and H alom onhys
tera disjuncta, Fonseca et al., 2008; Derycke et al., 
2008a).

Along the coast of California, two leptosom atid 
species (Thoracostoma trachygaster Hope, 1967 and 
Thoracostoma microlobatum  Allgén, 1947) are fre
quently  found in  association w ith  holdfasts such as 
Egregia sp. and Macrocystis sp. (Hope, 1967) as well 
as o ther common algal and epigrowth com m unities 
(Holovachov O & De Ley P, unpubl. data). A popula

tion genetic study  on T. trachygaster revealed genetic 
struc tu ring  along the C alifornian coastline, w ith  indi
cations of genetic breaks around Point Conception 
and the  Los Angeles region (Derycke e ta l., 2010a). 
Moreover, two d istinct m olecular clades were found 
occurring sym patrically in  locations along the  Cali
fornia coastline.

Here, we investigated w hether the m olecular lin
eages observed in  T. trachygaster are also morphologi
cally distinct. The genus Thoracostoma can be 
recognized by the presence of a well-developed cepha
lic capsule w ith  ven tra l tropis in  all known species 
(Wieser, 1956; Mawson, 1958). The num ber and shape 
of perforations in  the  cephalic capsule have been used 
to d istinguish  species despite high levels of in trasp e
cific varia tion  (Filipjev, 1916). The spicules, precloacal 
papillae and supplem ents, and secondary sexual fea
tu res (a single m edian ven tral supplem ent and a 
series of subventral precloacal and postcloacal setae) 
m ay also be im portan t for species differentiation.

The goals of th is work were to investigate w hether 
the  highly divergent m olecular lineages found 
in  Derycke et al. (2010a) are morphologically and/or 
m orphom etrically d istinct and if  so, to provide species 
descriptions of the new Thoracostoma species.

MATERIAL AND METHODS
M o r p h o l o g y  o f  T h o r a c o s t o m a  

TRACHYGASTER HOPE, 1967 
The genus Thoracostoma can be d istinguished from 
the re la ted  genera Pseudocella and Deontostoma 
because of the  presence of eyespots and a tropis. The 
tropis is absent in  Deontostoma, and can be either 
absent or p resen t in  Pseudocella. The la tte r  genus 
lacks eyespots (Hope, 1967).

Thoracostoma trachygaster is a large nem atode 
(5-9.8 m m  long) w ith  a b lun t ta il and an terior end. 
It differs from all o ther Thoracostoma species by the 
presence of the scabrous gaster in  m ales and the 
presence of cuticular granules surrounding the 
vulva in  females (Hope, 1967). There is a well- 
developed sclerotized cephalic capsule, a shield
shaped am phidial fovea, and two d istinct eyespots 
w ith  pigm ent cup and refractóle body located an te ri
orly in  the neck region. The an terio r sensilla are 
arranged  in  a 6 + 10 p a tte rn  and are 2 -4  um  long. 
Cervical setae are organized in  six distinct series 
betw een the eyespots and the cephalic su ture, in  four 
series (two subdorsal and subventral) after the 
eyespot, and random ly after the nerve ring. The 
cephalic capsule is w ithout d istinct an terior lobes, 
except for the  ven tra l tropis extending to the  anterior 
end of the  head, and w ith  six posterior lobes sepa
ra ted  by incisions. M ales are  diorchic w ith  opposed
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F ig u re  1. Sampling points along the California coastline 
in 2007, 2009, and 2010. White, black, and the dotted area 
represent clades I, II, and III, respectively.

testes. The spicules are 104-169 pm long and wider in 
the middle region. The gubernaculum  is duplicated 
and a t the  proxim al end there  is a m em brane 
surrounding the  spicule. There is a ventrom edian 
cyathiform  winged supplem ent. The females are 
am phidelphic w ith  reflexed ovaries. There are 
in tracu ticu lar granules surrounding the  transverse 
vagina. Thoracostoma trachygaster resem bles the 
congeneric and sometimes co-occurring species Tho
racostoma microlobatum  bu t the adu lts can be d istin 
guished from the  la tte r by the absence of perforations 
in  the  head capsule, the  presence of in tracu ticu lar 
granules surrounding the vulva, and the  shorter body 
length (m axim um  of 8.9 mm in T. trachygaster vs. 
11.3-19.5 mm in T. microlobatum).

N e m a t o d e  is o l a t io n  a n d  v o u c h e r in g  

In  2007 nem atodes were collected a t nine different 
localities from a varie ty  of Macrocystis holdfasts th a t 
had been w ashed ashore on beaches along the Cali
fornia coastline (Derycke et al., 2010a). All specimens 
w ere video vouchered. M ales and females from 
several populations from both clades were selected to 
study the ir morphology in  detail. In  addition, new 
specimens were collected in  2009 and 2010 from the 
two beaches w here both clades co-occurred in  2007 
(Torrey Pines and M alibu beach), as well as from a 
location w here only clade II w as found in  2007 (H un
tington Beach) and from a new locality north  of 
M alibu Beach (Ventura beach) (Fig. 1, Table 1). In  the 
laboratory, extraction and isolation were carried out 
according to Derycke et al. (2010a). N em atodes were 
m ounted on tem porary slides w ith  sterile distilled

Table 1. Sampling locations along with their coordinates 
and the number of specimens (N ) belonging to the Thora
costoma trachygaster species complex collected in 2009 and 
2010

Location names Beach coordinates
2009
N

2010
N

Ventura 34°16'30"N 30 —
119°13'40'/W

Malibu 34°1'50"N - 13
118°46'43'/W

Huntington 33°41'34"N 6 -

i i s ^ t w
Torrey 32°53'23"N 31 -

Pines 117°14'54'/W

no holdfasts were collected.

w ater and w ere observed a t different magnifications 
using a light microscope (Leica DAS Mikroskop type 
R) w ith  differential interference illum ination, and 
equipped w ith  a Leica DFC420 cam era. The en tire 
habitus and selected body regions w ith  im portant 
taxonomic structu res (head, mid-body, and ta il region) 
w ere photographed and m easured in silica using 
Leica Application Suite v. 3.4.1.

M o l e c u l a r  a n a l y s e s

After the  vouchering procedure, specimens were 
im m ediately cut into four pieces: head and tail 
(males) or vulva (females) regions were stored in 
DESS (Yoder e ta l., 2006) in  0.5 mL centrifuge tubes 
for morphological analysis. The rem aining two body 
parts  were stored in  separate  centrifuge tubes w ith 
25 pL Worm Lysis Buffer (50 mM KC1, 10 mM T ris- 
HC1 pH 8.3, 2.5 mM MgCl2, 0.45% nonyl phenoxypoly- 
ethoxylethanol (NP40), 0.45% Tween 20) and stored 
a t -2 0  °C un til DNA extraction. The sam ples were 
digested for 1 h  a t 65 °C and for 10 m in a t 95 °C w ith 
2 pL of Proteinase K (10 m g mL4 ). Tubes w ere cen
trifuged a t m axim um  speed (21 000 g) for 1 m in and 
stored a t -2 0  °C. All specimens were subjected to PCR 
to amplify a 396 bp fragm ent of the  cytochrome 
oxidase c subunit I (COI) gene w ith  the prim ers JB3 
and JB5 (Derycke et al., 2005). PCR was perform ed in 
25 pL reaction m ixtures and contained: 0.125 pL 
TOPTAQ polym erase (Qiagen), 2.5 pL of 10 x PCR 
buffer w ith  15 mM MgCl2, 2.5 pL coral load PCR 
buffer 10 x, 2 pL MgCl2 25 mM, 0.5 pL deoxynucle- 
otide triphosphate  (10 mM), 1 pL of each prim er 
(25 pM), and 1 pL DNA diluted tenfold. For COI, the 
therm ocycling conditions were: 94 °C for 5 min; 35 
cycles of 94 °C for 30 s, 50 °C for 30 s and 72 °C for 
30 s, plus a final extension step a t 72 °C for 10 min.

© 2012 The Linnean Society of London, Zoological Journal o f the Linnean Society, 2012, 164, 18-35



INTEGRATIVE TAXONOMY OF T. TRAC H YG ASTER  21

To confirm the clades obtained in  the COI tree, two 
nuclear regions were amplified for six random ly 
selected specimens from a newly discovered clade 
(clade III). The D2D3 region of the large subunit of 
the  nuclear ribosomal DNA was amplified w ith  the 
prim ers D2A and D3B w hereas the  in ternal tra n 
scribed spacer (ITS) region w as amplified using the 
prim ers V rain2F and Vrain2R w ith  thermocycling 
conditions of Derycke et al. (2010a).

The sequencing reaction w as perform ed w ith  the 
BigDye Term inator v. 3.1 Mix (PE Applied Biosystems) 
under the  following conditions: an  in itia l dénatu ra tion  
of 2 m in a t 98 °C w as followed by 40 cycles of 
dénatu ra tion  a t 98 °C for 10 s, annealing a t 50 °C 
for 5 s, and extension a t 60 °C for 60 s. As we only 
w anted to verify to which clade the  freshly collected 
specimens belonged, COI was unidirectionally 
sequenced using the  reverse prim er JB5. All sequences 
w ere cut un til they  reached the  length  of the shortest 
sequence (315 bp). The six specimens from the newly 
discovered clade were bidirectionally sequenced to 
obtain and confirm the new COI sequences. For D2D3, 
both strands were sequenced using the amplification 
prim ers. For ITS, the  prim ers F erris 2F (RGY AAA 
AGT CGT AAC AAG GT) and VRAIN 2R were used. 
The F erris 2F prim er is located a t the  3' end of the 
ribosomal sm all subunit gene dow nstream  of the 
VRAIN 2F prim er, bu t is still external to the ITS 
region. All sequences can be found under G enBank 
accession num bers FR853134-FR853144.

D a t a  a n a l y s is

Phylogenetic analyses
Sequence chrom atogram s from the  th ree  genes (COI, 
D2D3, and ITS) were analysed w ith  LASERGENE v. 
7.1.0 and aligned separately  using SEAVIEW v. 4.2 
(Galtier, Gouy & G autier, 1996). Neighbour-joining 
trees w ere generated  in  PAUP* v. 4 .0b l0  (Swofford, 
1998) w ith bootstrap analyses a t 1000 replications. 
The m axim um  and m inim um  pairw ise distances 
w ith in  and betw een COI clades w ere calculated using 
the  P-distance model in  MEGA v. 4.0. (Tam ura et al., 
2007).

M orphom etiy and  morphology
As significant differences were observed betw een the 
different vouchering m ethods (videos versus tem po
ra ry  slides), even after applying a conversion factor 
betw een the two system s, the m orphom etric analysis 
w as divided into two parts . The first p a rt contained 
24 adult specimens sam pled in  2007 from M alibu 
Beach, Torrey Pines, and H untington Beach from 
clades I (five m ales, 11 females) and II (seven males, 
one female). These 24 specimens w ere m easured 
a posteriori from the recorded video images. Selected

fram es of each video clip were p rin ted  on A4 paper 
w ith  the  corresponding scale bar as reference point. 
According to the  im age quality  and field of view, 13 
characters could be reliably m easured. The second 
p a rt consisted of 80 newly collected adu lt specimens 
from 2009-2010, which were m easured directly from 
a tem porary  slide using light microscopy prior to 
m olecular analysis. Here, 20 characters were m ea
sured in  52 individuals bu t 28 individuals perm itted  
fewer th a n  20 characters to be m easured. The 52 
individuals w ith  complete biom etrics were selected 
for m orphom etric analysis. All m orphom etric d a ta  are 
presented in  Tables 3-6.

All m orphom etric d a ta  analyses were performed 
w ith  the software PRIM ER v. 6.1.6 (Clarke & Gorley, 
2006). F irst, m u ltivaria te  analyses w ere perform ed to 
check if  m easurem ents were different w hen using the 
video-vouchered specimens from 2007 or the  photo- 
vouchered specimens from 2009-2010. To th is end, 
the  13 characters common to both groups were com
pared. The d a ta  set was standardized and a dissim i
larity  m atrix  based on Euclidean distance was 
constructed. No transform ations were carried out. 
Nonm etric m ultidim ensional scaling (MDS) and one
way Analysis of S im ilarity  (ANOSIM) were per
formed. Next, the  two m easuring m ethods were 
analysed separately  to investigate w hether the 
m olecular clades revealed morphological differences. 
In addition to MDS and one-way ANOSIM, a sim ilar
ity  of percentages (SIMPER) was perform ed to detect 
which characters contributed m ost to the  observed 
differences betw een clades. For th is analysis all char
acters w ere used except the  sexual ones. Finally, a 
th ird  analysis was perform ed using only males 
(female sexual characters w ere not significantly dif
ferent am ongst clades) and including sexual charac
ters. Subsequently, a one-way ANOVA was performed 
on the  spicule length, because th is character was 
non-overlapping betw een clades, using the software 
STATISTICA v. 7 (StatSoft, Inc., 2004). All assum p
tions were met. C orrelation betw een m orphom etric 
characters w as investigated using STATISTICA v. 7. 
None of the  characters had  a correlation higher th an  
0.95. Therefore, the  observed groupings were not the 
resu lt of an  artificial clustering.

3D reconstruction
The cephalic capsule is an  im portan t s truc tu re  to 
d ifferentiate species w ith in  the genus Thoracostoma 
(Hope, 1967). Three individuals of each clade (nine 
individuals) were random ly selected. N ine head sec
tions w ere m ounted in  a glycerol-gelatine m ixture 
(60 g distilled water, 10 g gelatine, 70 g glycerol, and 
1.4 g phenol) and observed under a light microscope. 
One slide from clade II and one from clade III were 
selected for the  3D reconstruction. As the cephalic
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capsule from clade I was very sim ilar to th a t of clade 
II, it was not included in  th is analysis. Seventy-three 
pictures from the  two cephalic capsules were taken  a t 
different depths. The pictures w ere used for con
structing  the  3D model in  the software AMIRA 3.1.1. 
(TGS Software, San Diego, California, USA).

RESULTS
P h y l o g e n e t ic  a n a l y s is

A to tal of 80 new specimens of T. trachygaster was 
collected from the  2009 and 2010 sam pling sites and 
sequenced for the  COI gene. P relim inary  analyses 
indicated th a t two sequences were from individuals of 
the genus Pseudocella Filipjev, 1927 and w ere th ere 
fore designated as outgroups in  the  m ost rigorous 
analysis. The two clades (I and II) found in  2007 were 
again recovered in  the new sam ple from M alibu 
and from the  new locality V entura w ith  a bootstrap 
support of 97 (Fig. 2). Most interestingly, 12 speci
m ens from V entura formed a well-defined th ird  single 
sequence branch (clade III) w ith in  the nom inal 
species T. trachygaster. The COI sequences yielded 
19 haplotypes, ten  of w hich were new compared to 
Derycke e ta l.  (2010a). From  the newly sequenced 
specimens, six haplotypes belonged to clade I, 12 to 
clade II, and only one represented  the  new clade III 
(Fig. 2). P-distances for COI w ith in  clades ranged 
from 0-3.7% and betw een clades from 5.7-13.3% 
(Table 2). P-distances betw een the th ree clades and 
the congener T. microlobatum  ranged betw een 23.9- 
24.9%.

To investigate th is  new clade III in  more detail, 
bidirectional COI (396 bp, 237 variable sites, 217 p ar
simony inform ative characters), D2D3 (714 bp; 210 
variable sites, 136 parsim ony inform ative characters), 
and ITS regions (1149 bp, 324 variable sites, 315 
parsim ony inform ative characters) were sequenced 
from six random ly chosen clade III specimens. The 
resu lting  concatenated alignm ents (1913 characters, 
407 variable sites, 396 parsim ony inform ative sites) 
yielded a neighbour-joining tree, which also showed 
the well-supported clade III (Fig. 3). No genetic poly
m orphism  w ithin  clade III was observed for either 
nuclear m arker. P-distances betw een clades I and III 
ranged betw een 6.7-6.9% for ITS and betw een 0 .8- 
1.0% for D2D3. P-distances betw een clades II and III 
ranged betw een 5.2-5.5% for ITS and betw een 1.0- 
1.1% for D2D3.

M o r p h o m e t r y

Comparisons between video-recorded and  
slide-m ounted specimens
The MDS based on the 13 morphological characters 
did not show a clear separation betw een videos

- 6 S 1 9 E 7  T. microhbatum
- 9 S 2 1 H 7  T. microlobatum

100 1 0 0 -_  7S26E8S1 
- ^ 116S26E8 S 
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D DIF 

DIF
5S27E8 V
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15S23E8 Y 
r  24S2F8 X 
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08S19H7 N

27S3I7 M4

29S3I7 R
3S26H7 M2
5S24G7K

04 S 19H7 M
15S3I7 M3
10S 20 H 7 M1
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8S1I7G 3

17S2I7 11
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17S21H7 J3
16S2 7 J4

03S19H7 J1
12S23E8 C2
27S20I6 Q
4S2 7C1
39S20I6 P 
4S20I6 F 
15S20I6 C 

4S 1I7G 4 
- 02S19H7 G1 

9S20H7G
9S117 G2 
1S26H7 D1 
5S26H7 D 
37S20I6 E 

2S26H7 H3 
13S27H7H2 
6S2I7 H4 
2S20H7 H 
ÏÏJSZ2H7TI1 

i 18S20I6 B 
B  10S23H7B1

8S20I6 A
1S20I6 L 

*9S22H 7 0 2  
rl?Q 2 S 2 1 H 7  01

1S22H7 O

F igu re  2. Cytochrome oxidase c subunit I. Neighbour- 
joining tree based on P-distances with haplotypes from 
2007 and the new haplotypes found in 2009 and 2010 
(represented by numbers followed by clade — I, II, or III). 
The haplotypes from clade I and II that were recovered 
from 2007 appear underlined in the tree. The correspond
ing taxon names of the other clades can be found in 
Derycke etal. (2010a).

and direct m easurem ents on slides. However, the 
ANOSIM analysis did show a significant difference 
(R = 0.223, P = 0.01). Thus, the two d a ta  sets from 
different m ethods could not be combined. The 
SIM PER analysis showed th a t there  w as not a strong 
contribution of any particu lar character to this differ
ence (individual character contributions lower th an  
14%), bu t video m easurem ents system atically  yielded 
lower values th an  direct m easurem ents on slides.
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Table 2. Minimum and maximum cytochrome oxidase c 
subunit I P-distances within (diagonal) and between 
clades I, II, and III of the Thoracostoma trachygaster 
species complex

I II III

I 0-0.029
II 0.057-0.082 0-0.037
III 0.090-0.109 0.109-0.133 0-0.003

Based on 24 video-vouchered specimens (males and 
females) from 2007 using the  sam e 13 morphological 
characters, the  two clades (I and II) could be 
d istinguished m orphom etrically (Fig. 4A, ANOSIM, 
R = 0.921, P = 0 .0 1 ). The SIM PER analysis showed 
th a t cephalic capsule length, ta il length  and body 
length  contributed m ost to the  differentiation of 
clades I and II (cum ulative contribution of 38%).

Based on 20 characters (Tables 3, 4) from the  52 
new specimens directly m easured from slides, the 
th ree  clades were separated  (Fig. 4B, ANOSIM, 
R = 0.36, P  = 0.01) and SIM PER showed th a t body 
diam eter a t the  base of the  pharynx, anal body diam 
eter, and cephalic capsule length  were the  most 
im portan t characters to separate  clades I and II 
(cum ulative contribution of 27%); body diam eter at 
the  base of the  pharynx, m axim um  body diam eter, 
and cephalic capsule w idth  a t the  posterior edge con
tribu ted  m ost to the differentiation of clades I and III 
(cum ulative contribution of 40%); and body length, 
ta il length, and anal body diam eter contributed most 
to the  separation of clades II and III (cum ulative 
d istribu tion  of 33%). Sexual characters also contrib
u ted  to the separation  of the  th ree  clades (ANOSIM 
R = 0.528, P =  0.001). G ubernaculum  length contrib
u ted  m ost to th is  separation  (SIM PER clades I vs. II 
15%, I vs. III 17%, II vs. III 20.33%), bu t nevertheless 
overlapped betw een clades. By contrast, the one-way 
ANOVA showed th a t spicule length  was significantly 
different betw een clades I and II (P  < 0.05) w ithout 
overlap [average spicule length  of 116 pm  (100- 
123 pm) vs. 154 pm (124^173 pm), respectively]. 
Clade I is generally sm aller th a n  clade II [body length 
average 5.4 mm (4.7-6.0 mm) vs. 6.4 mm (range 4 .6 - 
9.8 mm), respectively], bu t th is  feature  shows high 
intraspecific varia tion  and is therefore not diagnostic.

Morphology and  3D reconstruction 
C lade III is relatively easy to d istinguish  from the 
o ther two clades because of its irregu lar undulation in 
the  posterior edge of the  cephalic capsule. These undu
lations can be more or less pronounced. Additionally, 
the  am phid fovea is not completely surrounded by the 
cephalic capsule in  clade III w hereas it is in  clades I

and II (Fig. 5). This la s t character is more constant and 
reliable th a n  the undulation  in  the  posterior edge of 
the cephalic capsule. As the cephalic capsule length 
was am ongst the th ree  m ost im portan t characters 
(excluding sexual characters) to d istinguish  the th ree 
clades, a 3D reconstruction was made. This showed 
th a t clade III possessed two subdorsal tropis-like pro
jections in  the in ternal wall of the  cephalic capsule at 
the dorsal tooth level although it does not extend as far 
anteriorly  as the  ven tra l tropis (Figs 6, 7).

DISCUSSION
Our da ta  show th a t T. trachygaster is actually  a species 
complex containing a t least th ree  m olecularly and 
morphologically distinct species. For the  m itochondrial 
COI gene, the m inim um  genetic divergences betw een 
clades always exceeded the  threshold level of in terspe
cific divergence proposed for parasitic  (Ferri e ta l., 
2009) and m arine (Derycke et al., 2010b) nem atodes. 
In view of the  possibility of heteroplasm y (Tigano et al., 
2005) or pseudogenes (Songei al., 2008) there  is a need 
to use more th a n  one m olecular m arker to delim it 
species. The 28S and ITS regions have been widely 
used to delineate nem atode species (Powers et al., 
1997; L itvaitis et al., 2000; Nguyen, M aruniak  & 
Adams, 2001), bu t they  m ay be less suitable to d istin 
guish closely rela ted  species (Fonseca et al., 2008). Our 
d a ta  and those of Derycke et al. (2010a) show th a t the 
m inim um  genetic divergence am ongst the  Thoracos
toma  clades was very low for the  D2D3 region (0.7- 
1.0%), and betw een 3.4^6.9% for the  ITS region. This 
indicates th a t ITS is more suitable th a n  D2D3 to 
adequately delineate closely rela ted  species. Both 
nuclear m arkers clearly support the  m itochondrial 
tree  topology and suggest th a t the  th ree  clades are 
d istinct phylogenetic entities.

O ur morphological d a ta  also support the separation 
of specimens into th ree  groups, although no single 
diagnostic feature  was able to morphologically d istin 
guish all th ree  cryptic species. This is in  agreem ent 
w ith  previous morphological studies of cryptic m arine 
nem atode species complexes (Derycke et al., 2008a; 
Fonseca et al., 2008). Clade III is generally shorter in 
body length  th an  the  o ther two clades, bu t there  is so 
much varia tion  th a t it cannot be used as a quan tita tive  
character. The undulation  in  the  posterior edge of 
the  cephalic capsule of clade III is sim ilar to th a t 
in  T. m icrolobatum  Hope, 1967. However, clade III 
specimens are m uch sm aller th an  T. m icrolobatum  
(4U5.5 m m  clade III vs. 9.4-20.4 mm T. microlobatum), 
and do not have a granulous ring  surrounding the 
stoma. Clade III also resem bles Thoracostoma zolae 
Marion, 1870 bu t the  females of clade III have 
the vulva surrounded by in tracu ticu lar granules 
and m ales have winged precloacal supplem ents. Very
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F igu re  3. The nuclear D2D3 region of the 28S rDNA and internal transcribed spacer concatenated neighbour-joining tree 
based on P-distances with specimens from 2007 and from the new clade III (represented by numbers) from 2009 and 2010. 
The bootstrap values are indicated on the branches.

Clade2D stress: 0.06 Clade2D stress: 0.15
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F igu re  4. A, nonmetric multidimensional scaling (MDS) comparing video-measured individuals from clades I and II 
found in 2007. B, nonmetric MDS comparing directly measured individuals from slides from clades I, II, and III found 
in 2009 and 2010 including sexual characters (males only).
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T able 4. Minimum, maximum, and mean values (in |im) of the measured sexual characters of clades I, II, and III of the 
Thoracostoma trachygaster complex along the California coast

Clade I Clade II Clade III
Holotype Hope 
(1967)

Character Min. Max. Mean Min. Max. Mean Min. Max. Mean Absolute values

Gubernaculum length 28 48 37 39 75 55 38 64 47 _
Apophysis length 20 26 24 25 47 37 20 41 27 -

Spicule length 101 125 116 124 173 154 103 169 124 138
Distance from supplement 

to cloaca
54 107 73 89 132 107 78 92 87 76

Measurements obtained from Hope’s original description have also been added. 
Max., maximum; Min., minimum.

F ig u r e  5. Head and tail regions of clades I, II, and III. A, B, clade I; C, D, clade II; E, F, clade III.
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F ig u r e  6. 3D reconstruction of the cephalic capsule of 
clade II. Abbreviations: AE, anterior edge; DR, dorsal 
region; F, fenestra; I, incision; PE, posterior edge regular; 
T, tropis; VR, ventral region.

F ig u r e  7. 3D reconstruction of the cephalic capsule of 
clade III. Abbreviations: AE, anterior edge; DR, dorsal 
region; F, fenestra; I, incision; PE, posterior edge irregular; 
SCTP, subdorsal cephalic tropis-like projections th a t are 
not present in clade II; T, tropis; VR, ventral region.

accurate 3D reconstruction usually  requires tran sm is
sion electron microscopy (TEM) d a ta  (Bum barger 
et al., 2007; Ragsdale et al., 2008). In  th is study we 
used conventional light microscopy, w hich provides a 
less detailed view of the  structures. N evertheless, the

3D view clearly showed th a t clade III specimens have 
two subdorsal cylindrical tropis-like projections in  the 
middle of the  cephalic capsule a t the  level of the  dorsal 
tooth, sim ilar to the ven tra l tropis bu t not extending 
un til the  posterior edge of the  cephalic capsule as is 
found w ith  the  subdorsal tropes of T. m icrolobatum. 
Additionally, COI sequence divergence betw een clade 
III and T. microlobatum  was above 24%, supporting 
the hypothesis th a t they  are distinct species.

A lthough our resu lts  show th a t a com bination of 
characters perm itted  us to d istinguish  cryptic species, 
the significant differences betw een m easurem ents 
from the videos and from the microscopic slides illus
tra te  the  im pact of the m ethod used and the necessity 
to provide th is  inform ation for correct in terp re ta tion  
of morphological variation, especially w hen species 
are identified solely based on slight difference in 
m orphom etries. These m orphom etric differences m ay 
be the resu lt of different m easurem ent m ethods, dif
ferent taxonom ists using different microscopes or, 
alternatively, intraspecific varia tion  (e.g. food avail
ability m ay also affect m orphom etric variation, Schi- 
emer, 1982; H erm an & Vranken, 1988). Our study 
dem onstrates th a t the  effect of these confounding 
factors can be overcome by using an  in tegrative 
approach for delineating  species.

Com paring our d a ta  w ith  the  m easurem ents of the 
holotype of T. trachygaster (Tables 3, 4), the  lack of 
the tropis-like projections in  the cephalic capsule in 
the holotype and the  fact th a t clade II w as the  most 
abundan t clade in  sim ilar localities collected by Hope 
(1967) such as Pebble beach near Torrey Pines, 
suggest th a t clade II is T. trachygaster. In view of the 
sym patric d istribution of the clades and of the  wide 
ranges of the m easurem ents of Hope’s paratypes, 
these paratypes m ost likely belong to more th a n  one 
clade. As all specimens have been used for molecular 
analyses, our holotypes consist of partia l specimens: 
we have deposited perm anent slides of head, tail, and 
vulva sections of each clade in  the  Royal Belgian 
In stitu te  of N atu ra l Sciences and in  the Zoology 
M useum  of G hent U niversity (Belgium), along w ith 
DNA m aterial. The description of the  new Thoracos
toma  species is given in  the  Appendix.

Thoracostoma igniferum  sp. nov. (clade III) was 
found in  the  m ost northerly  sam pled beach, w here 
it co-occurred w ith  T. trachygaster (clade II) and 
T. fa tim ae  sp. nov. (clade I). In  H unting ton  Beach, 
only T. trachygaster was p resen t a t the  two tim e 
points (2007 and 2009), bu t in  M alibu Beach and 
Torrey Pines Beach, T. trachygaster and T. fatim ae  
co-occurred and fluctuated in  th e ir abundances over 
time. Temporal fluctuations in  the  abundance of 
genetically d istinct species were already observed in 
previous work (Derycke et al., 2006, 2007a), bu t our 
resu lts now indicate th a t th is unrecognized diversity
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is also p resen t in  species w ith  quite distinct life 
h istory  characteristics from those of the  rhabditid  and 
m onhysterid species previously studied. This fu rther 
supports the contention th a t nem atode diversity  m ay 
be seriously underestim ated. Allopatric spéciation has 
been pu t forward as the m ost likely driver of cryptic 
spéciation in  the  rhabditid  species complex (Derycke 
et al., 2008b). We have curren tly  insufficient d a ta  to 
hypothesize w hether th is would also be the case for 
the T. trachygaster complex.

CONCLUSION
The in tegrative approach allowed us to find m orpho
logical differences am ongst genetic lineages w ith in  
w hat w as previously thought to be one nom inal 
species. By describing these new species and giving 
them  scientific nam es, we have ensured th a t these 
closely re la ted  species are  no longer cryptic. This is 
im portan t for a wide range of fu ture studies address
ing biogeography, biodiversity, phylogeography, and 
population genetics of nem atodes in  general, and Tho
racostoma in  particular.
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APPENDIX
D e s c r ip t io n  o f  T h o r a c o s t o m a  f a t i m a e  and  

T h o r a c o s t o m a  i g n i f e r u m

All specimens were fixed and preserved in  DESS. 
They were subsequently  m ounted on tem porary 
slides containing a droplet of sterile w ater (w ithout 
transform ation  through glycerine, because we 
w anted to obtain DNA m ateria l from the sam e indi
viduals), m easured, and photographed digitally (see 
M aterial and methods). Specimens w ere then  taken  
out of the slide, and head, tail, or in  the  case of 
females the  vulva, regions were cut and preserved in 
DESS. For the type m aterial, these regions were 
transferred  through glycerine and m ounted in  per
m anen t slides.

T h o r a c o s t o m a  f a t im a e  s p . n o v .  ( c la d e  I) 
(F ig . 8A-D, T a b le  5)

Diagnosis: Thoracostoma fa tim ae  sp. nov. is m orpho
logically nearly  identical to Thoracostoma trachyga
ster bu t can be distinguished from the la tte r by

spicule length (100-123 pm  in  T. fa tim ae  sp. nov. vs. 
124-173 pm in T. trachygaster in  the  cu rren t study). 
The new species also closely resem bles T. igniferum  
sp. nov., the  second new species described in  th is 
contribution, bu t can be clearly differentiated by the 
cephalic capsule, w ithout irregu lar undulations as in 
T. igniferum  sp. nov. Thoracostoma fa tim ae  sp. nov., 
although morphologically very sim ilar to T. trachyga
ster, was supported as a valid taxon by molecular 
analyses. Phylogenetic trees based on nuclear and 
m itochondrial m arkers showed it to be genetically 
more closely re lated  to T. trachygaster th a n  to 
T. igniferum . The I3M11 m itochondrial cytochrome 
oxidase c subunit I (COI) sequences of T. fa tim ae  are 
5.7-8.2% divergent from those of T. trachygaster, and 
9.0-10.1% divergent from those of T. igniferum. 
N uclear in ternal transcribed  spacer (ITS) sequence 
divergence ranges betw een 3.4^3.7% w ith  T. trachy
gaster, and betw een 6.7-6.9% w ith  T. igniferum. 
Divergence ranges of the  nuclear D2D3 sequences of 
the 28S rDNA w ere sm all (0.7-1.0 and 0.8-1.0%, 
respectively).

Etymology: The new species is a homage to my 
m other F átim a Oliveira, who provided substan tia l 
em otional support during  th is study.

Specimens: E ighteen (16 males, two females).

Type material: Holotype: 3D31E10 (male). Paratypes 
1D31E10 and 2D31E10 (two males), and 4D31E10 
(female), along w ith  the holotype are deposited 
in  the  Royal Belgian In stitu te  of N atu ra l Science 
(RBINS) -  Brussels, under the  num bers RIT780 
(holotype), RIT781-RIT783 (paratypes). Paratypes 
4D18C10 and 6D25C10 (two males) and 7D25E10 
(female) are deposited in  the  Zoology M useum  of 
G hent University, under the  num bers UGM D104117- 
UGMD104119. DNA m ateria l of the  seven specimens 
is available in  the  Zoology M useum  of G hent 
University, under the num bers UGM D125000- 
UGMD125006. DNA sequences of T. fatim ae  
specimens th a t were video vouchered (Derycke 
e ta l., 2010a) are  available in  G enBank under the 
accession num bers FN433782, FN433787, FN433788, 
FN433790, FN433799, FN 433803-FN433806 (COI), 
FN 433920-FN 433921 (ITS), FN433908, FN433911 
(D2D3). COI accession num bers of specimens 
4D18C10, 6D25C10, 1D31E10, and 7D25E10 are 
FR853137-FR853140.

Description: Body long, largely cylindrical, neck 
region anteriorly  tapered, ta il short i.e. about one 
anal body w idth long, dorsally convex and posterior 
end blunt, rounded. Posterior body region ventrally  
curved upon fixation, more pronounced in  m ale com

© 2012 The Linnean Society of London, Zoological Journal o f the Linnean Society, 2012, 164, 18-35

http://www.statsoft.com


INTEGRATIVE TAXONOMY OF T. TRAC H YG ASTER  31

100 um 20 um

20 um5 0  jim

F ig u re  8. Morphology of Thoracostom a fa tim a e  sp. nov. Pictures are from the holotype. A, tail region with spicules 
(SP), gubernaculums (GU), apophysis (AP), and ventromedian precloacal supplement (PS); B, anterior region with ocelli 
(ES) and nerve ring (NR); C, head region with a well-developed cephalic capsule (PCC), amphid (AM), and cephalic setae 
(CS); D, cephalic capsule at middle level with the ventral tropis (T).

pared to female. Obvious eyespots p resen t on both 
sides anteriorly  in  neck region i.e. a t two to four tim es 
lip region w idth  from anterior end. Cuticle appearing 
smooth bu t w ith  very fine transversa l s tria tion  visible 
in  head region. In m ales, cuticle w ith  rugose appear
ance in  ven tra l region from cloaca extending un til the  
anterior-m ost subventral setiform supplem ent. Lip 
region w ith  six lips, an terior sensilla arranged  in  two 
crowns (pattern  6 + 10). Inner labial sensilla of the 
anterior-m ost crown papilliform  and outer labial sen
silla and cephalic sensilla of the  posterior crown seti
form (2-4  pm long). Cervical setae arranged  in 
six rows, w ith  visible sensillar canal and dendritic 
processes betw een the cephalic capsule su tu re  
and eyespot. Cephalic capsule well developed, w ith 
slightly m arked an terior lobes except for the  ven tral 
tropis orientated  to the  an terior end. Posterior border 
capsule divided into six lobes by narrow  incisions

through which pass the innervations of the  anterior 
sensilla and am phids; incisions ending in  circular 
fenestrae, showing some slight varia tion  in  shape. 
A m phidial fovea shield-shaped to circular. Buccal 
cavity w ith  a short b lun t dorsal tooth. Pharynx  
w ithout bulbus and w ith  nerve ring  located about one 
th ird  of the to tal pharynx length  from anterior end. 
C ardia trian g u la r in  longitudinal optical section, pro
jecting into in testina l lum en. Three caudal glands, 
extending anteriorly  beyond the  rectum .

Males: Reproductive system  diorchic, posterior 
testis reflexed. Precloacal ven tra l body wall appearing 
rugose because of num erous m inute protuberances 
extending more or less un til the  anterior-m ost seti
form subventral copulatory supplem ents arranged 
in  a longitudinal series. Single ventrom edian copula
tory supplem ent cyathiform  and winged. Spicules, 
ven trally  curved w ith  mid-blade portion widened.
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50 um 20 um

20 um100 um

F ig u r e  9. Morphology of T h o ra c o s to m a  ig n ife ru m  sp . nov., pictures are from the holotype. A, tail region w ith spicules 
(SP), gubernaculums (GU), apophysis (AP), and ventrom edian precloacal supplem ent (PS); B, anterior region w ith ocelli 
(ES) and nerve ring (NR); C, head region w ith a well-developed cephalic capsule w ith irregular undulations of the 
posterior edge (PCC) and amphid (AM); D, cephalic capsule at middle level w ith the ventral tropis (T).

G ubernaculum  w ith  two apophyses and the cru ra  
w ith  m em brane em bracing the spicule.

Female: Reproductive system  didelphic, amphidel- 
phic, w ith  reflexed ovaries. Vulva, a transverse  slit in 
v en tra l view, surrounded by a punctuated  cuticle and 
located a t 62% of to tal body length  from anterior end.

Type locality: Holotype collected from stranded  hold
fasts of Macrocystis sp. in  M alibu Beach, California, 
USA. Additional locations w here specimens were 
collected are V entura Beach and Torrey Pines, 
California, USA.

T h o r a c o s t o m a  i g n i f e r u m  sp . n o v . ( c la d e  III) 
(F ig . 9A-D, T a b le  6)

Diagnosis: Thoracostoma igniferum  sp. nov. closely 
resem bles T. trachygaster and T. fa tim ae  sp. nov. 
b u t can be d istinguished from both by the  irregular

posterior edge of the  cephalic capsule and the two 
in ternal subdorsal tropis-like projections in  the 
wall of the  cephalic capsule (only visible in  cross- 
section). DNA sequences of the  m itochondrial COI 
gene and the  nuclear ITS and D2D3 regions 
differ from those of T. trachygaster in  10.9-13.3, 5 .2 - 
5.5, and 1.0-1.1%, respectively, and from those of 
T. fa tim ae  in  9.0-10.9, 6.7-6.9, and 0.8-1.0%,
respectively.

Etymology: The nam e refers to the  L atin  word 
‘ignis’, w hich m eans fire. It refers to the  irregular 
undulations in  the  posterior edge of the  cephalic 
capsule, w hich resem ble flames.

Specimens: Eleven (eight males, th ree  females)

Type material: Holotype 2D24C10 (male). Paratypes 
2D12C10 (female), 3D18C10 and 5D12C10 (males), 
and the  holotype deposited in  the Royal Belgian

© 2012 The Linnean Society of London, Zoological Journal o f the Linnean Society, 2012, 164, 18-35
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In stitu te  of N atu ra l Science (RBINS) -  Brussels, 
w ith  the accession num bers RIT784 (holotype) 
and RIT785-RIT787 (paratypes). Three additional 
paratypes (6D12C10, 3D13C10, and 5D24C10)
have been deposited in  the  Zoology M useum  of 
G hent University, under the num bers UGM D104120- 
UGMD104122. DNA m ateria l of these seven 
specimens is available in  the Zoology M useum  of 
G hent University, under the num bers UGM D125007- 
UGMD125013. DNA sequences of specimen 3D13C10 
are  available in  G enBank under the  accession 
num bers FR853134 (COI), FR853144 (ITS), 
FR853143 (D2D3).

Description: Body long, cylindrical, and ventrally  
curved; clearly anteriorly  tapered  in  an terior neck 
region. Body cuticle sm ooth except for fine striations 
in  head region and appearing w rinkled (rugose) in 
posterior precloacal region in  male. Eyespot, la terally  
in  an terior neck region conspicuous. Lip region 
divided into six lips; an terior sensilla arranged  in  an  
an terior crown of six inner labial papilla and a second 
crown of six outer labial and four cephalic setae 
(2-4  pm long). Cervical setae arranged  in  six rows. 
Cephalic capsule well developed, anteriorly  w ith 
slightly m arked lobes and a clear ven tra l tropis pro
jecting anteriorly. Posterior edge of the cephalic 
capsule w ith  irregu lar undulations, more or less 
a tten u a ted  and divided into six lobes by narrow  inci
sions, ending anteriorly  in  circular fenestrae showing 
slight varia tion  in  shape and leaving space for inner
vations of an terior sensilla and am phids. In  cross- 
section, two short, pointed subdorsal tropis-like 
projections in  the  in te rna l wall of the cephalic capsule

visible a t level of dorsal tooth. A m phidial fovea shield
shaped to circular, never completely surrounded by 
the cephalic capsule. Buccal cavity w ith  a short b lun t 
dorsal tooth. P harynx  w ithout bulb, surrounded by 
nerve ring  a t about one th ird  of the to ta l pharynx 
length from anterior end. C ardia w ith  triangu lar 
shape, projecting to the lum en of the  in testine. Three 
caudal glands extending anteriorly  beyond rectum .

Males: V entral surface a t cloaca level w ith  very 
m inute protuberances un til about the  m ost an te 
rior subventral setiform copulatory supplem ents. The 
ventrom edian copulatory supplem ent is cyathiform  
and winged. P air of curved spicules w ith  the m edian 
portion more dilated. G ubernaculum  w ith  duplicated 
apophysis and the cru ra  w ith  m em brane em bracing 
the spicule. Gonads diorchic w ith  opposed testes.

Fem ales: Vagina a t 62% of the  body. In tracu ticu lar 
granules surrounding the transverse  vagina present. 
Gonads am phidelphic w ith  reflexed ovaries.

Type locality: Specimens collected from stranded  hold
fasts of Macrocystis sp. in  V entura Beach, California, 
USA.

Rem ark: The juveniles of both species can be easily 
confused w ith  juveniles and adults of another 
common co-occurring nem atode species Thoracostoma 
microlobatum  (Allgén, 1947). I t is because of the 
fact th a t the  cephalic capsule has several perfora
tions in  the  juvenile, th a t tend  to fuse or d isappear 
along the  development. In  T. m icrolobatum  those 
perforations persist un til the  adulthood. Hence, 
identifying the  species based on juveniles m ay cause 
m isidentifications.
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