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Abstract

Background: The identification of free-living marine nem atodes is difficult because of the paucity of easily scorable 
diagnostic morphological characters. Consequently, molecular ¡dentification tools could solve this problem. Unfortunately, 
hitherto m ost of these tools relied on 18S rDNA and 28S rDNA sequences, which often lack sufficient resolution at the 
species level. In contrast, only a few mitochondrial COI data are available for free-living marine nem atodes. Therefore, we 
investigate the amplification and sequencing success of tw o partitions of the COI gene, the M1-M6 barcoding region and 
the I3-M11 partition.

Methodology: Both partitions were analysed in 41 nem atode species from a wide phylogenetic range. The taxon specific 
primers for the I3-M11 partition outperform ed the universal M1-M6 primers in term s of amplification success (87.8% vs. 
65.8%, respectively) and produced a higher num ber of bidirectional COI sequences (65.8% vs 39.0%, respectively). A 
threshold value of 5% K2P genetic divergence marked a clear DNA barcoding gap  separating intra- and interspecific 
distances: 99.3% of all interspecific com parisons w ere >0.05, while 99.5% of all intraspecific com parisons were <0.05 K2P 
distance.

Conclusion: The I3-M11 partition reliably identifies a wide range of marine nem atodes, and our data  show  the need for a 
strict scrutiny of the obtained sequences, since contam ination, nuclear pseudogenes and endosym bionts may confuse 
nem atode species identification by COI sequences.
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Introduction

Free-living nem atodes dom inate m arine sediments bo th  in 
term s o f densities (IO5—IO7 individuals m _ ~) and  diversity (> 1 0  
species cm ” ") [1], T hey  play an  im portan t role in benthic food 
webs w here they are a  high quality food source for h igher trophic 
groups [2] and  at the same tim e influence the com position o f lower 
trophic groups [3,4]. Nevertheless, the study of free-living m arine 
nem atodes is held back because their m orphological identification 
is notoriously difficult. T his is due to the paucity  o f diagnostic 
characters an d  the fact th a t these characters are often doubtful to 
score and  interpret, particularly  w hen relying on traditional light 
m icroscopy [5]. T herefore, nem atode com m unities are usually 
only surveyed up to genus ra ther than  species level. This m ay be 
problem atic, because functional roles o f  nem atodes m ay be highly 
species-specific [3,6] and  their population  dynam ics can  be 
affected by  the presence o f closely related species, often congeners 
[7-9]. H ence, the identification o f nem atodes could greatly benefit 
from  the use o f m olecular tools, as these m ay provide a faster and

m ore reliable estim ate o f nem atode diversity [10-12]. Such 
m olecular studies typically use the 18S rD N A , m ainly because of 
the availability o f universal nem atode prim ers and  its phylogenetic 
resolution a t the genus an d  h igher taxon level [5]. U nfortunately, 
the 18S gene has low resolution w hen it comes to distinguishing 
closely related species [5,13-15].

T h e  m itochondrial cytochrom e oxidase c subunit 1 (COI) gene 
is one o f the m ost popular m arkers for population  genetic and  
phylogeographic studies across the anim al kingdom  [16], Its 
popularity  has increased even m ore since it appears that the M l-  
M 6 partition  o f the C O I gene (hereafter referred to as the Folm er 
region) is an  efficient identification tool for M etazoan species, 
tu rn ing  it into the core fragm ent for D N A  barcoding  [17]. 
Nevertheless, C O I based D N A  barcod ing  sometimes faces 
problem s: (1) in some taxa, such as Porifera, A nthozoa, fungi, 
plants [18-20], the Folm er region shows little resolution at the 
species level so that o ther C O I regions such as I3-M 11 [21], or 
o ther genes such as the nuclear ribosom al IT S  [22] have been 
proposed for barcoding purposes, and  (2) the occurrence of
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nuclear copies o f the C O I gene (so-called ‘num ts’) m ay confuse 
D N A  barcoding results and  m ay lead to an  overestim ation of 
taxonom ic diversity [23]. For m arine nem atodes, C O I based DN A  
barcod ing  is problem atic because the ‘universal’ invertebrate M l-  
M 6 prim ers [24] generally give very poor am plification results 
[5,10], while the I3-M 11 prim ers amplify satisfactorily in three 
nem atode species complexes belonging to different families, viz. 
M onhysteridae [25], R habditidae [26], L eptosom atidae [15]. 
Furtherm ore, the I3-M 11 partition  proved its taxonom ic utility 
by uncovering cryptic diversity in bo th  parasitic [27,28] and  
m arine free-living nem atodes [25,29]. It rem ains, however, 
unclear to w hat extent the I3 -M 1 1 partition  can  be amplified 
m ore generally in o ther m arine free-living nem atodes and  thus can 
be used as a  m ore general D N A  barcod ing  fragm ent in this group.

Against this background, we here com pare the am plification 
and  sequencing success o f a  m odified version of the C O I prim erset 
for the I3 -M 1 1 fragm ent developed by Bowles et al. [27] with that 
o f  the universal invertebrate Folm er prim ers for the M 1-M 6 
fragm ent, in 41 m arine nem atode species representing all m arine 
orders dealt w ith in M eldal et al. [14], T o  this end, nem atodes 
were m orphologically identified to species level, their m orphology 
was video vouchered and  sequences o f b o th  C O I partitions were 
(1) checked against G enbank  and  used for constructing a neighbor 
jo in ing  tree to verify their nem atode origin, (2) subjected to a  strict 
quality control, and  (3) used to construct frequency distributions o f 
intra- and  interspecific genetic distances to detect barcod ing  gaps.

Materials and Methods

Specimen collection
N em atodes were collected during  upcom ing tide at four 

intertidal locations along the W esterschelde estuary (The N ether­
lands) and  in one coastal location (Nieuwpoort, Belgium) on  April 
22nd 2009 (Table 1). T h ree  perspex cores (10 cm") were random ly 
p laced in the sedim ent m idw ay betw een the low and  high w ater 
line. T h e  upperm ost two centim eters o f  sedim ent w ere pooled for 
each location. In  the lab, nem atodes were rem oved from  the 
sedim ent by décantation, and  the nem atodes were rinsed off a 
38 pm sieve with artificial sea w ater (Instant Ocean® salt, 
A quarium  Systems, France). Subsequently, living specimens were 
screened under a  dissecting m icroscope, and  nem atodes with 
different m orphological features a n d /o r  different behavior were 
handpicked, tem porarily  m ounted  in a  m icrocom pressor slide 
(Taylor’s M icrocom pressor M k II; Taylor, 1991) and  heat killed. 
Identification to species or genus level was done by an  expert 
nem atode taxonom ist (J.V.) using a L EIC A  D M R  research 
m icroscope. In  addition  to the freshly collected field specimens,

six m arine nem atode species from  p erm anen t lab cultures were 
added. Digital photographic vouchers representing head  and  tail 
regions o f each specim en were taken a t small, in term ediate and  
im m ersion oil m agnification. Im m ediately after the vouchering 
procedure, nem atodes were collected from  the tem porary  slide, 
pu t in lysis buffer an d  stored a t —20"C until further processing.

I3-M11 primer development
Tw o I3 -M 1 1 prim er sets w ere constructed based on an  existing 

prim er set developed for the parasitic p latyhelm inth Echinococcus 
granulosus ([27], T able  1). Initially, the unm odified prim er set 
w orked well for Rhabditis (Pellioditis) marina, except for one 
population  [29]. W e therefore m odified the reverse p rim er based 
on  an  alignm ent o f com plete C O I sequences from  mostly 
parasitic nem atodes available from  G enbank  (Accession num bers 
A F538716.1, AY265417.1, AJ537512.1, AJ556134.1, AJ417719.2, 
A F015193.1, A Y 591323.1, AJ558163.1, X54252.1). This modified 
prim er set (JB3 and  JB 5, T able  1) has successfully been  used in 
rhabditid  and  leptosom atid nem atode species [15,26], bu t was 
unable to amplify the I3 -M 11 fragm ent in the m onhysterid 
Halomonhystera disjuncta [25]. For this species complex, we then 
developed a  degenerated  p rim er set (JB2-JB5 G ED , T able  1) based 
on  an  alignm ent with the G enbank  sequences we had  dow nloaded 
before, the rhabditid  sequences we had  by then, an d  one 
Halomonhystera sequence we had  obtained by using a  reverse 
p rim er further dow nstream  (JB7GED, T able  1).

DNA extraction and amplification o f the I3-M11 and 
Folmer partitions

Proteinase K  (1 pi o f 10 m g/m l) was added  to the tubes 
containing a single nem atode in 20 pi lysis buffer (50 m M  KC1, 
10 m M  Tris pFI 8.3, 2.5 m M  M gC L, 0.45%  NP40, 0.45%  T w een 
20), followed by incubation  at 65"C for one hour an d  a t 95"C for 
10 m in. F rom  each species, one specim en was random ly chosen to 
test the am plification success o f the JB3-JB5 and  JB 2-JB 5G ED  
prim er sets. P C R  cycling conditions were: initial dénatu ration  of 
5 m in a t 94"C, 5 cycles o f (94"C for 30 s; 54"C for 30 s and  
tem perature  decreasing with L C  for each cycle; 72"C for 30 s) 
followed by  35 cycles o f (94°C for 30 s; 50°C for 30 s; 72°C for 
30 s), and  a  final extension o f 10 m in at 72"C. R eactions were 
perform ed for each prim er set separately in total volumes o f 25 pi 
containing 2.5 pi o f lOx P C R  buffer with 15 m M  M gC L, 2 pi of 
M gC L 25 m M , 0.5 pi d N T P  (10 mM ), 0.125 pi o f each prim er 
(25 nM), 0.125 pi T o p T aq  D N A  polym erase (Qiagen), 18.625 pi 
sterile distilled w ater and  1 pi DN A. For the degenerated  prim er 
set JB 2-JB 5G E D , 0.5 pi o f each prim er (25 nM) was used. In  our

Table 1. Primer sequences for amplification of the I3-M11 partition in marine nem atodes.

P rim er S e q u e n c e  (5  -3  ) P o sitio n S o urce

JB4.5 (R) Bowles et al. 1992TAA AGA AAG AAC ATA ATG AAA ATG 2597

JB2 (F) Derycke e t al. 2007ATG TGA TAC CWG CWT TYG GTG T 2201

JB5GED (R) Derycke e t al. 2007AGC ACC TAA ACT TAA AAC ATA RTG RAA RTG 2597

JB5 (R) AGC ACC TAA ACT TAA AAC ATA ATG AAA ATG 2597 Derycke e t al. 2005

JB2s3 (F) ATG TGA TAC CWG SWT TTG G 2201 this study

JB3 (F) GGG CAT CCT GAG GTT TAT 2179 Bowles et al. 1992

JB7GED (R) ATC AGG ATA ATC CAA ATA YTT WCG WGG 2780 this study

(Primer): nam e o f th e  prim er. (F) forw ard prim er; (R) reverse primer. (Sequence): prim er sequence . (Position): starting  position o f each  prim er along th e  COI seq u en ce  of 
Drosophila yakuba. (Source): publication o f th e  primer. 
dol:10.1371 /journal.pone.0013716.t001
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experience, the T o p T aq  D N A  polym erase (Qiagen) outperform s 
T aq  D N A  polym erase (Qiagen) and  DyN Azym e E X T  DN A  
polym erase (New England Biolabs) as it yields larger am ounts o f 
P C R  product.

Am plification o f the Folm er region was done using prim er sets 
L C O 1490 -  H C 0 2 1 9 8  [24] following the P C R  protocol 
published on h ttp ://b a rc o d in g .s i .e d u /.

P C R  products w ere loaded on  1% agarose gels containing 
0.003%  EtB r an d  visualized using BioD oc-It ™  Im aging System 
(UVP). E ach gel contained one lane with 5 pi o f Low D N A  Mass 
L adder (Invitrogen), while all o ther lanes contained 5 pi P C R  
p roduct w hich had  been m ixed w ith 1 pi o f loading dye. 
Am plifications were considered successful w hen a  b an d  o f the 
expected size was observed on agarose gel. Sam ples showing the 
correct b an d  together with aspecific products were also considered 
successful.

Sequencing
P C R  products w ere enzym atically cleaned with calf intestine 

alkaline phosphatase (1 U  p i- 1 , Ferm entas) an d  exonuclease I 
(20 U  pi *, Ferm entas) for 15 m in a t 37°C followed by  15 m in at 
85°C. Cycle sequencing was perform ed w ith the ABI Prism 
BigDye V  3.1 Cycle Sequencing kit (Applied Biosystems) on an 
ABI Prism  3130X L capillary sequencer, in bo th  directions using 
the same prim ers as for the PC R . C hrom atogram s were assem bled 
in D N A ST A R  Lasergene SeqM an Pro v.7.1.0. Forw ard  sequences 
for the I3 -M 1 1 partition  sometimes showed double peaks o r a  low 
signal. A new  forw ard prim er was developed w hich was similar to 

JB 2: JB 2s3 is three bp  shorter a t the 3 ' end and  has o ther 
degenerated  positions th an JB 2  (Table 1). U nidirectional sequenc­
es were considered successful w hen high quality chrom atogram s 
(i.e. no double peak patterns and  high fluorescence signal) were 
obtained for a t least 200 bp. Sequencing success for each prim er 
was calculated by dividing the num ber o f  successful sequencing 
reactions by the total num ber o f sequencing reactions perform ed 
for th a t particular prim er. Sequencing success for each partition  
was calculated by  dividing the sum o f successful sequencing 
reactions o f the forw ard and  reverse p rim er by  the sum o f the total 
num ber o f sequencing reactions perform ed for each prim er.

Sequence quality control
T h e  nem atode origin o f sequences was first investigated by a 

blastx search against the non- red u n d an t nucleotide database in 
G enbank. In  view o f the low num ber o f nem atode C O I sequences 
available an d  the high sequence divergence betw een distandy 
related nem atode species, identity m atches with nem atodes o r with 
any o ther organism  were generally lower th an  80% . Consequently, 
C O I sequences were validated by constructing a phylogenetic tree: 
sequences from  nem atodes were expected to reflect known 
phylogenetic relationships am ong closely related m arine nem atode 
species. All sequences were translated  using the invertebrate 
m tD N A  genetic code in Seaview v 4.1 [30] and  aligned using 
M uscle [31] as im plem ented in Seaview v 4.1. A lthough the 
m tD N A  genetic code o f nem atodes m ay differ from  th a t o f  the 
invertebrate translation code [32], this is unlikely to affect our 
inferences since Jaco b  et al. [32] showed th a t a  stopcodon was 
changed into a tyrosine codon, and  no t the o ther way around. T he 
nucleotide alignm ent was subsequendy used to construct a 
neighbor jo in ing  (NJ) tree in M E G A  v 4.0 [33] using the K 2P- 
m odel. A lthough this is no t the optim al substitution m odel for our 
data, it is the generally used m odel for D N A  barcoding an d  for 
inferring barcoding  gaps [34], Finally, a  quality check o f the 
sequences was perform ed as suggested by Song e t al. [23]: 
sequence chrom atogram s were investigated for the presence of

double peaks w ithout indication o f additional products on agarose 
gel, translated  sequences were checked for the presence o f fram e- 
shift m utations o r stop codons and  nucleotide an d  am ino acid 
com position was calculated in M ega v 4.0.

Infra- and interspecific genetic distances
Pairwise sequence divergence using the K 2P-substitution m odel 

was calculated in M E G A  v 4.0. Intraspecific an d  congeneric K 2P  
distances were calculated using all I3-M 11 sequences from  three 
previous population  genetic studies [15,25,26], while K 2P  
distances betw een species from  different genera w ere calculated 
using the species listed in T able  S I.

Results

Specimens collected
In  total, 102 specimens were screened, yielding 41 species 

belonging to 33 genera (Table S I, 1-41), representing all families, 
subordos or ordos involving m arine  taxa as indicated by M eldal et 
al. [14], except for the subordo Desm oscolecida, o f  w hich we had  
no specimens. For each o f the 41 species, one specim en was used 
to assess the am plification and  sequencing success o f I3-M 11 and  
M 1-M 6. Specim ens yielding a  P C R  p roduct o f  the expected size 
and  w ithout aspecific products sm aller than  the expected P C R  
product were sequenced. For the I3-M 11 partition, we added  six 
genera (Rhabditis, Halomonhystera, Thoracostoma, Pseudocella, Deontos­
toma and Phanoderma) from  previous studies (Table S I, num bers 4 2 -  
65), resulting in a  total o f  38 genera.

Amplification and sequencing success o f the I3-M11 
partition

T h e  JB3-JB5 prim er set clearly outperform ed the degenerated  
JB 2-JB 5G ED  prim er set in term s o f am plification success and  lack 
o f aspecific products (Fig 1). O f  the 41 species tested, three  (7.3%) 
vs. 13 (31.7%) did no t produce any products, respectively. 
Aspecific products were form ed in seven (17.0%) vs. eight species 
(19.5%), respectively (Fig 1). H ence, am plification success was 
87.8%  vs. 53.6% , respectively. Interestingly, bo th  p rim er sets were 
m ore o r less com plem entary: species w ith weak or no am plification 
for p rim er set JB3-JB5 (samples 1, 28, 29, 30, 31, 32) generally 
p roduced  stronger bands w hen the degenerated  p rim er set was 
used (Fig 1). In  view o f the high am plification success o f JB3-JB5, 
we used this p rim er set in those species for w hich we h ad  m ore 
th an  one specim en (see T ab le  SI). M any species showed a 
consistent am plification w ith strong bands, except Ascolaimus, 
Eleutherolaimus and  Bolbolaimus for w hich am plification was 
relatively weak.

T h e  I3-M 11 partition  was sequenced with JB 3  and  JB 5 for 34 
species. Despite the very high am plification success o f the I3-M11 
partition, sequencing success was 63.4%  using the JB3-JB5 prim er 
set. Reverse sequences generally produced  m ore unam biguous 
chrom atogram s th an  forw ard sequences (73% an d  56% , respec­
tively). T h e  am biguous forw ard sequences showed double peaks in 
the first 200 bp (two samples), after 300 bp (five samples) or over 
the whole length o f the sequence (three samples). T h e  lower 
num ber o f am biguous JB 5 sequences in com bination with shorter 
double peak  fragm ents o f approxim ately 200 bp  in the JB 3 
sequences suggests th a t for some nem atode species the JB 3  prim er 
m ay also b ind  further dow nstream  in the I3 M 1 1 partition. No 
im provem ent o f the forw ard sequences was obtained w hen the 
annealing  tem peratu re  o f the sequencing reaction was increased to 
54°C, o r w hen the JB 2 prim er was used to sequence the P C R  
product. Finally, we developed a  new  prim er JB 2s3 to sequence, 
and  this im proved the chrom atogram s in four ou t o f six
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B

Figure 1 . 13-M11 partition. PCR products of 41 m arine nem atode species using 0.125 pM of primers JB3-JB5 (A) or 0.5 pM of primers JB2-JB5GED 
(B). Num bers in lanes correspond to  the  num bers in Table S1, background colours of the  num bers indicate quality of PCR product: w hite = band of 
expected  size and no aspecific products, grey = aspecific bands, black = no product. - = negative control. 
doi:10.1371/journal.pone.0013716.g001

problem atic samples tested. In  total, we obtained 31 bidirectional 
sequences with JB3-JB5: sequencing failed for Southernia and  
Adoncholaimus (indicated by  ‘-’in  T able  SI) and  for Crenopharynx the 
forw ard sequence failed (indicated by  R  in T able  SI). For JB 2- 
JB 5G E D , we sequenced only Onyx an d  Bolbolaimus (indicated in 
bold in T ab le  SI), since we a lready sequenced Halomonhystera, 
Diplolaimella an d  Diplolaimelloides in a  previous study [35]. In  this 
way, we obtained 33 new  sequences for the I3M 11 partition.

Amplification and sequencing success of the Folmer 
partition

T h e  am plification success with the Folm er prim ers was 65.8% . 
No am plification was observed in seven species and  aspecific 
products w ere form ed in 11 species (Fig 2).

T h e  Folm er partition  was sequenced in bo th  directions for 28 
species (Table SI) with a  success rate  o f  63.8% . Forw ard and  
reverse prim ers had  approxim ately equal sequencing success 
(62.0% an d  65.5% , respectively). For Dichromadora microdonta, only 
the reverse sequence gave a  good signal. In  total, we obtained 18 
bidirectional sequences w ith L C O 1490-H C O 2198.

Sequence quality control
Assembled sequences were subsequently com pared w ith the 

G enbank  database to check their nem atode origin. All hits 
reported  hereafter had  a  coverage o f 99% or 100%. For the 13- 
M 1 1 partition, two cases showed a  similarity h igher th an  85%  with 
gam m a-proteobacteria: Bolbolaimus (86% similarity) an d  M icro­
laimus (94% similarity). T h ree  sequences did not show a  single hit 
w ith nem atodes, and  instead showed low similarity with sea urchin 
(58% Eleutherolaimus), flagellates (70% Ascolaimus), an d  beetles (76% 
Monoposthia). All o ther sequences were m ost similar to nem atodes, 
bu t with m ost values being less th an  80%  (similarity range betw een 
61% and  94%). No stop codons or fram e shift m utations were

observed in the alignm ent. Six sequences contained indels: 
Ascolaimus, Bolbolaimus and  Microlaimus sequences showed a  deletion 
o f one am ino acid a t position 19, the Eleutherolaimus sequence

B  2 I H  7 H  H Hil HI

2 8  128

Figure 2. Folmer partition. PCR products o f 41 m arine nem atode 
species using 0.125 pM of primers LCO1490 and HC02198. Numbers in 
lanes correspond to  the  num bers in Table S1. Background colours of 
the  num bers indicate quality of PCR product: white = expected  band, 
grey = aspecific bands, black = no product. - = negative control. 
doi:10.1371/journal.pone.0013716.g002

PLoS ONE I w ww.plosone.org O ctober 2010 | Volume 5 | Issue 10 | e13716

http://www.plosone.org


Barcoding Marine N em atodes

showed two insertions a t positions 87 an d  88 and Praeacanthonchus/ 
Paracanthonchus sequences showed a  large insertion of nine am ino 
acids com pared to all o ther sequences in the alignm ent. T h e  latter 
two species had  identical I3 -M 1 1 sequences. T o  exclude m ethod­
ological errors, we sequenced all specimens o f bo th  species (5 and  4, 
respectively, Table SI), an d  all nine sequences were identical. T he 
N J tree generally showed a  topology congruent with th a t o f known 
families and  ordines o f m arine nem atodes (Fig 3), except for six 
species w hich h ad  particularly long branches and  positioned closer 
to the basal node in  the N J tree: Ascolaimus, Bolbolaimus, Microlaimus, 
Diplopeltula, Sabatieria an d  Eleutherolaimus were expected to cluster 
w ithin the C hrom adorida  clades. In  view of their basal position, the 
particularly  long branches, the high similarity with bacteria  or 
m etazoan organisms and  the weak amplification in o ther specimens, 
we rem oved all o f  them  from  the dataset for all subsequent analyses. 
Consequently, from the 41 species that were tested, we obtained 27 
high quality sequences with the JB3-JB5 prim erset (65.8%). This 
value increases up to 76.6% w hen including the 19 species from 
previous studies (Table SI).

For the Folm er partition, Blastx searches indicated th a t only the 
Panagrolaimus and  Plectus sequences showed similarity to nem atodes 
(91 % an d  72% , respectively). All o ther sequences showed blast hits 
with low similarities (65% to 76%) to a  variety o f organism s such 
as polychaetes, flatworms, spiders and  wasps. T h e  alignm ent 
showed one am ino acid deletion in Panagrolaimus (position 119) and  
in Theristus (position 159) an d  three deletions in Araeolaimus 
(positions 162, 163 and  206). T h e  N J tree generally was congruent 
with known taxonom y, except for Ascolaimus and  Araeolaimus, which 
showed long branches positioned closer to the basal node (Fig 4). 
T hese sequences were rem oved from  the dataset for calculation of 
genetic distances. C onsequendy, from  the 41 species th a t were 
tested, we obtained 16 high quality sequences (39.0%).

Variability o f the I3-M11 and Folmer partition
V ariability o f I3-M 11 was calculated using 27 sequences from 

the present study and  24 sequences from  previous studies (Table 
SI). T h e  I3-M 11 partition  was highly A T -rich  (A: 27.1% , T: 
42.8% , G: 18.6%, C: 11.5%). A very high variability was observed 
a t the am ino acid level with 95 ou t o f 143 am ino acids (66.4%) 
being variable (Table 2). M axim um  pairwise K2P-distances within 
species varied betw een 0 .005-0 .121, while m inim um  K 2P- 
distances betw een congeneric species ranged  betw een 0.005-0 .26  
and  m inim um  K2P-distances betw een species from  different 
genera was 0.12. A lthough this suggests a  strong overlap betw een 
intra- and  interspecific genetic distances, the frequency distribu­
tion o f the K2P-distances showed th a t 99.5%  o f all intraspecific 
com parisons showed genetic distances o f less th an  5% , while 
99.3%  of all interspecific com parisons were higher than  5% (Fig 5). 
T h e  only species pa ir th a t was less than  5% different was 
Praeacanthonchus and  Paracanthonchus.

T h e  Folm er dataset contained sequences from  16 different 
m arine species and  had  a similar nucleotide com position (A: 
26.0% , T: 41.8% , G: 18.4%, C: 13.8%) and  am ino acid variability 
(141 ou t o f  219 am ino acids, 64.3%) as the I3-M 11 dataset. In 
general, the variability o f bo th  partitions was very similar (Table 2). 
In  view o f the small dataset, we were unable to calculate 
intraspecific o r interspecific congeneric K2P-distances. In terspe­
cific K2P-distances betw een species from  different genera ranged 
from  0 .01-0.59.

Discussion

T h e  m olecular identification o f m arine nem atodes is rapidly 
advancing and  already uses second generation sequencing

techniques to overcom e the taxonom ic hurdles an d  time 
consum ing extraction m ethods o f m eiofaunal organism s [12,36]. 
These m etagenetic studies are using ribosom al nuclear genes such 
as 18S an d  28S because of the difficult am plification o f the 
m itochondrial C O I gene [10-12,36]. T h e  present study shows that 
the two m ost popular partitions o f the C O I gene have quite 
different am plification success in m arine nem atodes. A lthough the 
Folm er prim ers have successfully been used in a  wide range of 
anim als [34], including parasitic nem atodes [37], their low 
am plification success for free-living nem atodes is a  well known 
problem  [5,10] and  is m ainly caused by the high nucleotide 
variability and  indels a t the p rim er sites [36]. A lthough the 
m itochondrial C O I gene is highly A T  rich and  shows high levels o f 
nucleotide variation even at second codon positions (Table 2), our 
da ta  show th a t prim ers can  be developed, such as JB 3  and  JB 5, 
w hich clearly perform  bette r th an  the universal Folm er prim ers. 
Furtherm ore, the C O I gene is able to differentiate alm ost all 
nem atode species tested in  the p resent study. Sim ilar results were 
obtained in a  barcoding  study on  parasitic nem atode species [38] 
w here taxon specific prim ers were used to amplify ca 550 bp o f the 
Folm er and  I3 -M 1 1 partitions [39]. T hese prim ers did no t amplify 
well in  our m arine specimens, illustrating th a t different p rim er sets 
will be requ ired  w hen one wants to capture the whole diversity o f 
nem atodes.

T h e  C O I gene discrim inated all m orphological species, except 
for Paracanthonchus/ Praeacanthonchus: although the distinction o f the 
two genera is subtíe an d  species from  the latter genus form erly 
were p laced in  Paracanthonchus, the specimens identified here are 
m orphologically distinct and  should therefore show distinct 13- 
M l l  sequences. T h e  identical C O I sequence m ay be the result o f 
m itochondrial introgression caused by ongoing hybridization or, 
alternatively, by m aternally  inherited  symbionts such as Wolbachia, 
w hich m ay result in a  considerable underestim ation  o f species 
diversity using D N A  barcod ing  [40]. A lthough Wolbachia infections 
are com m on in filaroid nem atodes, they seem absent in 
secernentean nem atodes [41] an d  we are unaw are o f the infection 
ra te  o f Wolbachia in m arine nem atodes. T h e  use o f Wolbachia 
specific prim ers in  com bination  with a  positive control (containing 
D N A  from  infected filaroid nem atodes) could reveal w hether 
Wolbachia is indeed present in the Paracanthonchus/ Praeacanthonchus 
specimens. Interestingly, the nine C O I sequences showed a large 
indel o f nine am ino acids com pared to all o ther C O I sequences. 
This suggests th a t we m ay have am plified a  nonfunctional num t. 
A lthough num ts are often characterized  by the occurrence o f stop 
codons, fram e shift m utations and  indels [42], they m ay also 
resem ble quite well the original m itochondrial gene from  which 
they m ay then  be difficult to distinguish [23]. A lthough the 
num ber o f n um t sequences in the nem atode genom e seems to be 
ra th e r small [43,44], the lower rate  o f  evolution o f nuclear genes 
com pared to m itochondrial genes m ay also explain the identical 
C O I sequence in the case o f  the Paracanthonchus/Praeacanthonchus. 
Clearly, further investigation is requ ired  to elucidate the cause o f 
the identical sequences o f Paracanthonchus/Praeacanthonchus.

Regardless the possible occurrence o f m itochondrial introgres­
sion or the presence of num ts, a  strict quality control o f  the 
obtained sequences is requ ired  for nem atodes. Eukaryotic and  
prokaryotic organism s a ttached  to the cuticula o r p resent in the 
gut o f  nem atodes will be co-extracted [45]. D iatom s an d  o ther 
m icroalgae are an  im portan t food source for m any estuarine 
nem atode species [46]. In  view o f the lim ited num ber o f  C O I 
sequences available for m arine  nem atodes, a  strict quality control 
o f  the obtained sequences is essential to build  a  reliable reference 
database. Sequences with low signal a n d /o r  double peaks in the 
chrom atogram  should be rem oved from  the dataset, and  abnorm al
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--------------H alom onhyste ra  d is junc ta  GD1 A

-----------------H alom onhyste ra  d is juncta  GD4 G4

--------------------------H alom onhyste ra  d is juncta  GD3 N

- H alom onhyste ra  d is juncta  GD2 F

 H alom onhyste ra  d is juncta  G 0 5  R
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--------------- D ip lo la im e llo ides  o sch e i

Monhysteridae

V Monhysterida
----------------2 0 J13E 9  Theristus sp1

 4 J1 2 E 9  O nyx sp1

-  6 J7 E 9  Tricho theris tus m irab ilis

—  8J13E 9  D aptonem a psam m o ides

r 1 5 J1 1E 9 D aptonem a sp3  

r 7 J8E 9  D ap tonem a sp1  
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Xyalidae
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R habd itis  m a n n a  P m l A 

R habd itis  m arina  P m IV  G2 

9 5 1—  R habd itis  m a rin a  P m ll R195 j—  r

R habd itis  m arina  P m X  221 

-  R habd itis  m arina  P m V  25 3

R habd itis  m arina  P m lll M1 

R habd itis  m a n n a  P m V III 282

] j— re
& 1—  R l

Rhabditida + Plectida

-  R habd itis  m arina  P m V I I Z71 

R habd itis  m arina  P m V1211 

R habd itis  m arina  P m X I 241

2 1 J11E 9  M onoposth ia  costa ta

i------------------- 5 J7E 9 O dontophora  sp1

'------------------------------------10 J8E 9  A raeo la im us sp i

r

9 9 116 J 11E9 P aracan thonchus  sp1 

h  7 J 13E9 P raeacan thonchu s  punc ta tus  

9 9 [6 J13E 9  D ich rom adora  m icrodonta  

M 2 J1 1 E 9  D ich rom adora  c frm icrodonta

 2 J7E 9  C hrom adore lla  filifo rm is

 4 J 13E9 H ypodon to la im us schuu rm ans

 7 J1 3 E 9  D ich rom adora  geoph ila

 9 J 1 1E9 N eoch rom adora  poec ilosom o ides

I---------------5 J 13E9 C hrom adorina  sp  1

99 '--------- 16J13E 9 D ich rom adora  cepha la ta

 11J13E 9  Trefusia sp  1

m 6 J8 E 9  O ncho la im e llus s p t  

' 7 J 1 1E9 O ncho la im e llus sp1

 19J13E 9 C renopharynx sp1  R

—  P hanoderm a  sp  X

Monoposthiidae
Axonolaimidae
Diplopeltidae

Cyatholaimidae

Chromadoridae

Chromadorida

Enoplida
 17J11E 9 E nop lus sp1

19J8E 9 E nop lo ides long isp icu losus  

*-  4 J8E 9  E nop lo ides  sp1

991 Thoracostom a tra ch yg a s te r  CL2 M

' Thoracostom a tra ch yg a s te r CL1 H
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--------------------------------------------3J8E 9  S abatie ria  $p1

Leptosomatidae
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------------ 12S 12E 9  A sco la im u s sp1

----------------------- 2 3 J1 1E9 B o lbo la im us sp1

--------------------------------— 9 J1 2 E 9  M icro la im us sp1

Figure 3. NJ-tree of the I3-M11 partition based on K2P genetic distance. S e q u e n c e s  w ith  v o u c h e r  n u m b e r  a r e  f ro m  th is  s tu d y , s e q u e n c e s  
w i th o u t  v o u c h e r  n u m b e r s  a re  f ro m  p re v io u s  p o p u la t io n  g e n e t ic  s tu d ie s .  H ig h e r  ta x o n  le v e ls  a r e  in d ic a te d  a f te r  th e  v e r t ic a l lin e s  a n d  b ra c k e ts . 
d o i:1 0 .1 3 7 1 /jo u r n a l .p o n e .0 0 1 3 7 1 6 .g 0 0 3
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---------------------- 10S17F9 Plectus aquatilis

■ 13S17F9 Panagrolaim us paetzold i

 18S17F9 Halom onhystera disjuncta

-----------------1S17F9 Diplo laimello ides oschei

---------------------- 4S 17F9 D iplo laimella dievengatensis

--------------------20J13E9 Theristus sp1

Rhabditida

Monhysteridae

-------------6 J7E 9 Trichotheristus m irabilis

t7J8E9 Daptonem a sp1 

8J7E9 Daptonema sp2  

- 15 J1 1E9 Daptonem a sp3

--------------------6J8E 9 Oncholaim ellus sp1

—  11J13E 9 Trefusia sp1 

■ 17 J11E9 Enoplus sp1

 21J11E9 Monoposthia costata

—  7J13E9 Dichromadora geophila

---------------9 J1 1E9 Neochromadora poecilosomoides

----------------------------------- 12S12E9 Asco la im us sp1

----------------------------------- 10J8E9 Araeolaim us sp1

Xyalidae

Enoplida

Monoposthidae
Chromadoridae

Monhysterida

Chromadorida

Figure 4. NJ-tree of the Folmer partition based on K2P genetic distance. Higher taxon levels are indicated after th e  vertical lines and 
brackets.
doi:10.1371/journal.pone.0013716.g004

phylogenetic positions or long branches should alert the 
investigator for possible non-hom ology w ith the genuine C O I 
gene. In  the case o f  the Folm er partition, long branches and  basal 
positions in the tree m ay also be  caused by insufficient taxon 
sampling, bu t as long as we have no additional sequences from 
closely related  species o f Ascolaimus and  Araeolaimus, we were 
cautious an d  rem oved the two sequences from  our dataset.

T h e  applicability o f C O I to recognize [47] and  identify closely 
related parasitic nem atode species [37,38] also holds for m arine 
nem atodes. In  the present study, 99.5%  of all intraspecific 
com parisons showed genetic distances < 0 .0 5 , while 99.3%  of all 
interspecific com parisons w here > 0 .0 5 , suggesting that a  threshold 
o f 0.05 K 2P  distance w ould discrim inate m ost m arine nem atode 
species using the I3 -M 1 1 partition. Yet, the presence o f a 
barcod ing  gap strongly depends on the m etrics used [48] and  on 
the num ber o f congeneric taxa sam pled [49]. For the present 
study, congeneric com parisons w ere lim ited to three  genera and  
involved very closely related cryptic species w hich m ay have the 
smallest interspecific distance possible. O n  the o ther hand, this

Table 2. Variability of th e  Folmer and I3M11 partitions.

F o lm er I3 -M 11

16 16 5 4
sequences sequences sequences

S equence  length 4 68-657 367-393 288-420

A lignm ent length 657 393 429

nucleo tide  variable sites ratio 0.68 0.638 0.68

am ino  acid variable sites ratio 0.64 0.565 0.66
K2P d is tance  co d o n  position 1 0.005-0.599 0.000-0.499 0.000-0.726

K2P d is tance  co d o n  position 2 0.000-0.297 0.000-0.300 0.000-0.427

K2P d is tance  co d o n  position 3 0.019-1.458 0.016-1.469 0.000-2.430

For th e  I3M11 partition, th e  variability w as calculated using th e  sam e 16 
specim ens fo r w hich w e  o b ta in ed  high quality  seq u en ces  fo r th e  Folmer 
partition, an d  using th e  co m p le te  d a ta se t w ith all 54 high quality  sequences. 
doi:10.1371 /journal.pone.0013716.t002

threshold level corresponds rem arkably well w ith that observed for 
filaroid nem atodes (0.048) [38], T h e  high concordance betw een 
taxonom y and  C O I sequence da ta  suggests that this threshold 
value will identify closely related  and  cryptic species in a  wide 
range o f nem atode species. This is im portant, since barcoding 
m arine nem atodes traditionally uses the 18S or the 28S genes 
[10,36] w hich provide good resolution a t the genus and  higher 
taxon level, bu t low resolution at the species level [5,14], 
Barcoding m arine nem atodes w ould clearly benefit from  a 
multilocus approach  w here the large database o f 18S an d  28S 
genes w ould provide a solid taxonom ic fram ew ork and  w here the 
I3-M 11 partition  w ould allow identification to species level.

Conclusion
A pro p er m olecular toolbox for identifying nem atode species 

should consider as m any  useful loci as possible, especially w hen the 
currently  available nuclear loci (18S and  28S) have low resolution 
at the species level. T h e  am plification across a  wide taxonom ic 
range, the ease o f sequence alignm ent an d  the variability pa tte rn  
render the I3-M 11 partition  o f C O I a  good candidate to increase 
the identification of m arine nem atode species, provided there  is a 
good reference database. O u r results strongly indicate that 
nem atode D N A  barcodes should be thoroughly screened to infer 
their origin an d  hom ology state. Furtherm ore, digital vouchering 
o f nem atode specimens p rio r to m olecular analyses is required  
especially in those studies th a t are in tended to produce barcodes 
for new  nem atode species. O nly  in this way can a  reliable 
reference database be built.

Supporting Information

T a b le  S I  O verview o f m arine nem atode taxa  used for barcoding 
with C O I. (Number) corresponds to the num bers m entioned in 
figures 1 and  2, (n) num ber o f  specimens collected for each species, 
(locations) are Breskens (B), Paulina (P), Z eedotp  (Z), Kruispol- 
derhaven (K), N ieuw poort (N), o r perm anen t lab  cultures (C). 
Locations betw een brackets indicate w here o ther specimens of the 
species have been  found. (Sequence length) indicates length o f the 
sequences, lengths in bold were am plified w ith JB 2-JB 5G E D , a 
dash indicates am biguous sequences, blank spaces indicates a  lack
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Figure 5. Relative frequencies of K2P-genetic distances w ithin species (black), between congeneric species (grey) and between  
species from  d ifferent genera (white).
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o f P C R  product to sequence, italic lengths indicate sequences from 
previous studies. (Accession num bers) provides the accession 
num bers for I3-M 11 and  M 1-M 6, w ith num bers in bold taken 
from  previous studies. (Indels) presence of indels in the sequence 
alignm ent is indicated by  x.
Found at: do i:10 .1371/journa l.pone.0013716.sOOl (0.04 MB 
XLS)
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