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Abstract  
Ribbon worms are members of a taxonomic group 
(phylum Nemertea) for which little information 
regarding gene structure is available. This study 
looked at intron number, intron length, intron 
position, and intron/exon junctions for the introns of 
eight genes from the milky ribbon worm, 
Cerebratulus lacteus.   A total of 22 introns were 
present in the eight genes, averaging approximately 
1200 base pairs in length.  All intron/exon junctions 
contained consensus splice site sequences.  Intron 
placement in these eight nemertean genes was 
compared to introns in homologous counterparts of 
other species.   There were numerous cases where 
an intron from C. lacteus shared the same position 
and phase with introns from homologous genes in 
various other animals, including vertebrates.    
There was one case where an intron from C. 
lacteus shared the same position and phase with 
introns from homologous genes in an assortment of 
organisms, including vertebrates,other invertebrates, 
and higher plants. 

Research highlights: 

Eight genes in the nemertean C. lacteus contain an 
average of 2.75 introns  

Eight genes in C. lacteus have introns with an 
average length of 1200 base pairs 

Twenty-two introns in C. lacteus all contain 
consensus splice sites 

Nemertean intron position and phase are often 
found to be conserved across kingdoms 

Keywords: Cerebratulus, intron evolution, splice 
junctions, intron placement, Nemertea. 

1. Introduction 
Nemerteans, commonly called ribbon worms, are 
soft-bodied, unsegmented, vermiform invertebrates 
found worldwide [1, 2].  All are members of the 
same taxonomic group, phylum Nemertea [3].  They 
are protostome animals (lophotrochozoans) [4].  
Most ribbon worms are marine animals; a few 
species are located in fresh water or found on moist 
tropical land [5].  Ribbon worms are mainly 

carnivores or scavengers.  All ribbon worms have a 
unique feature called a proboscis that can be quickly 
shot out of an anterior opening near the mouth.The 
proboscis coils around and immobilizes prey.   
Nemerteans range in length from less than one 
centimeter to greater than thirty meters [6].  The 
body of nemerteans is highly extensible and can 
extend many times its normal length [3].  They are a 
small animal group with around 1270 species 
named and described [7].  New species continue to 
be described on a regular basis [8, 9].  This paper 
describes deciphering genes of Cerebratulus 
lacteus- the milky ribbon worm.  The nucleic acids 
analyzed in this paper were isolated from an 
organism collected off the coast of New England.   
Introns are noncoding sequences located within 
eukaryotic genes [10, 11,12,13].Introns are spliced 
out after gene transcription but before the mRNA 
leaves the nucleus for translation.  Exons are the 
segments that remain after splicing.  Exons and 
introns alternate in the premature mRNA (pre-
mRNA).  The spliceosome is the multi-subunit 
RNA/protein complex that is required for the 
removal of introns from most eukaryotic pre-mRNAs 
[14].  Spliceosomal introns are the dominant type of 
eukaryotic intron and absent from prokaryotic 
organisms but present in all major eukaryotic 
lineages [15, 16].  Introns numbers range from an 
average of ~ nine introns per gene in humans to 
less than one intron per gene in many single-celled 
eukaryotes [17].Certain properties of introns are 
undoubtedly liabilities- they require excess DNA and 
RNA synthesis and enhance the eukaryotic mutation 
rate in a number of different ways.  On the other 
side, introns may provide a mechanism for evolution 
of new proteins and increase the number of protein 
isoforms generated by a given gene through the use 
of alternative splicing [18, 19].  
This paper looks specifically at introns in eight C. 
lacteus genes- the first significant look at intron 
structure and number in the phylum Nemertea.  A 
recent search of Genbank nucleotides turned up 
information on only 4 introns from 2 nemertean 
genes [20].   In this paper eight nemertean genes 
were analyzed including 22 new introns.  Intron 
placement in these nemertean genes was compared 
to introns in homologous counterparts.   When 
available, the homologous counterparts included 
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vertebrate and invertebrate animals, higher plants, 
and a fungus.  

2. Materials and Methods 
2.1 cDNA cloning and Analysis 

Live specimens of C. lacteus were obtained though 
the Aquatic Resources Division of the MBL (Marine 
Biological Laboratory, Woods Hole, MA).  A whole 
nemertean worm cDNA library was constructed by 
Amplicon Express® (Pullman, WA).   C. lacteus 
cDNAs were directionally cloned into the EcoRI and 
XhoI sites of the plasmid vector pBluescript II SK(+) 
and propagated in E. coli. strain DH10B.  The library 
titer was 9.0 x 105 cfu/ml.  The library was amplified 
and is stored at –80 C.  Pure colonies were picked, 
grown, and cDNA containing plasmids isolated 
using Qiagen’s QIAprep ® Spin Miniprep kit.  The 
sizes of the plasmid cDNA inserts were determined 
by restriction enzyme digests of the plasmid or by 
PCR amplification of the multiple cloning site 
followed by agarose gel electrophoresis.  Plasmid 
cDNAs inserts > 0.6 kb were chosen for further 
analysis.  Purified plasmids and primers were sent 
to the sequencing center at San Diego State 
University (Microchemical Core Facility, San Diego, 
CA) or to the University of Nevada (Nevada 
Genomics Center, Reno, NV) for sequencing 
reactions and gel electrophoresis.  The first 
sequencing pass on each strand was primed using 
pBluescript plasmid sequences adjacent to the 
cloning site.  Additional sequencing reactions were 
primed with internal primers developed using the 
primer design tool Primer 3 [21].  All cDNAs were 
sequenced end to end, both strands.  Sequencing 
files were analyzed using the freeware package 
Chromas Lite (http://www.technelysium.com.au/ 
chromas_lite.html) or Finch TV 
(http://www.geospiza.com).  DNA files were stored, 
analyzed, compared, and manipulated using the 
Biology Workbench (http://workbench.sdsc.edu), 
provided by the San Diego Supercomputer Center. 

2.2  Genomic DNA Isolation and Analysis 

C. lacteus genomic DNA was isolated from one 
adult individual.  The specimen was sacrificed by 
immersion in 95% ethanol.  Approximately 100 mg 
of lateral midbody was removed with a clean razor 
blade.  The sample was frozen in liquid nitrogen and 
pulverized with mortar and pestle until the material 
resembled medium sized sand grains.  A total of 35 
mg of the pulverized tissue was utilized for the DNA 
extraction.  The DNA was extracted using the 
Tissue DNA Kit (E.Z.N.A.  protocol for Tissue) 
purchased from Omega Bio-Tek, Inc., and 50 
micrograms of C. lacteus high molecular weight 
genomic DNA was recovered.  

Selected cDNAs were chosen for intron analysis.  
Intron organization was investigated by designing 4-
8 staggered, overlapping primer pairs based on the 
cDNA sequence.  The primer pairs were utilized to 

PCR amplify the cDNA fragment and a fragment of 
C. lacteus genomic DNA.  For each pair of primers, 
the PCR amplicons from the cDNA and genomic 
DNA were compared via 2% agarose gel 
electrophoresis (50 ml mini-gels).  Genomic DNA 
fragments were purified (QIAquick PCR Purification 
Kit, Qiagen, Inc.®) and submitted to the Nevada 
Genomics Center, Reno, NV for sequencing.  The 
Biology Workbench (workbench.sdsc.edu) and the 
interactive web tools from the National Center for 
Biotechnology Information (www.ncbi.nlm.nih.gov) 
were particularly useful for finding homologous 
protein and genomic DNA sequences.   A protein 
multiple sequence alignment (ClustalW) was used to 
identify homologous amino acids. 

3. Results and Discussion 
3.1  cDNA Identification 

Eight cDNAs from the nemertean Cerebratulus 
lacteus were deciphered.  Each cDNA included a 
long open reading frame.  The number of amino 
acids ranged from 169 to 329 amino acids.  The 
cDNA was identified by using the predicted peptide 
sequence to search Swiss-Prot for homologous 
proteins (Table 1).   
 

Table 1 Identification of C. lacteus cDNAs. 
 

C. 
lacteus 
cDNA # 

Best Match blastp 
(Swiss-Prot) 

E 
value 

# amino 
acids 

#206 
Soma ferritin - L. 

stagnalis (great pond 
snail) 

6e-61 169 aa 

#518 
ATP synthase subunit 
d - D. melanogaster 

(fruit fly) 
4e-34 172 aa 

#313 
Ependymin-related 

protein 1 - M. 
musculus (mouse) 

2e-25 187 aa 

#514 Akirin from X. tropicalis  
- (western clawed frog) 9e-31 195 aa 

#513 Ribosomal protein L13 
- I. punctatus (catfish) 9e-76 207aa 

#334 
Ribosomal protein S6 - 

A. californica (sea 
hare) 

3e-
115 247 aa 

#213 
60S ribosomal protein 
P0 - C. capitata ( fruit 

fly) 

2e-
117 315 aa 

#47 Cathespin L - S. 
peregrine (flesh fly) 

3e-
102 329 aa 

Note: Open reading frames were located by ‘six frame’ 
(see workbench.sdsc.edu).  Long open reading frames 
were identified and delineated after querying the 
UniProtKB/Swiss-Prot protein database using ‘blastp’ (see 
http://blast.ncbi.nlm.nih.gov/).  The cDNA # is an arbitrary 
bookkeeping number. 

3.2  Intron Analysis 

Using the cDNA sequence data, PCR primers were 
designed for genomic DNA amplification.  Introns 
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were identified by comparing genomic DNA 
amplicons to cDNA amplicons.  The genomic DNA 
fragments were partially deciphered, including each 
intron/exon junction to identify introns (Table 2). 
Intron size ranged from ~400 bp to ~ 3000 bp.  The 
average intron number in these eight genes was 
2.75 introns/gene.  The number of introns identified 
per gene ranged from 0 to 5.  Twenty- two introns 
were identified with an average length of ~ 1230 bp. 
 

Table 2- Introns located in eight nemertean genes. 
 

cDNA # Intron # Length (bp) 
47 None NA 

206 1 ~1650 
 2 ~1150 

334 1 ~3000 
 2 ~700 

513 1 ~800 
 2 ~1900 

514 1 ~1400 
 2 ~500 
 3 ~800 

313 1 ~750 
 2 ~550 
 3 ~550 
 4 ~2100 

518 1 ~3000 
 2 ~900 
 3 ~400 
 4 ~1450 

213 1 ~2100 
 2 ~850 
 3 ~450 
 4 ~400 
 5 ~1750 

Note: Intron lengths are in base pairs (bp) and numbered 
started from the 5’ end of each cDNA 
 
The intron/exon splice junctions identified here 
conform to the typical eukaryotic splice sites.  All 
introns sequences had a 5’ GT splice donor and a 3’ 

AG splice acceptor (Figure 1).  Other nucleotides 
around the splice site showed strong conservation. 
 

 
 
Figure 1. Consensus sequences for the splice junctions 
of 26 nemertean introns. Shown in the top section are the 
consensus for the last nucleotide of the exons and the first 
6 nucleotides of the introns.  Shown in the lower section 
are the consensus for the last 6 nucleotides of the introns 
and the first nucleotide of the exons.  The bold lines 
represent the exon/intron junctions.  Twenty-two of the 
intron junctions were determined by the author and four 
by Vandergon et al. 
 
An investigation of intron positions was initiated for 
these 8 nemertean genes.  The position of the 
introns in the C. lacteus genes was compared to the 
position of the introns in homologous genes.   A 
relevant comparison requires identification of 
homologous genes.  In addition when comparing 
intron positions in homologous genes, it is critical 
that homologous amino acid codons can be 
identified.  DNA and protein sequences were 
available that allowed intron positions to be 
contrasted between the four of the eight nemertean 
genes and introns positions in the homologous 
genes for 2 vertebrates species, 2 invertebrate 
species, 2 higher plant species, and a fungal 
species.  For the other 4 nemertean genes there 
were vertebrate and invertebrate homologous 
sequences available but no counterparts available 
for higher plants and/or fungus (Figure 2). 

 
Part 1 
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Part 2 

 
Part3 

 
Part4 

 
Figure 2.  Triangles represent intron positions in 8 nemertean genes and homologous counterparts. The intron is located 
immediately after the amino acid indicated in the column heading.  Whole numbers represent phase 0 introns.  Phase 1 
and phase 2 introns are represented by xxx.1 or xxx.2, respectively.  U represents the 5’ untranslated region.   All 
numbers are relative to the amino acid position in the C. lacteus version of the protein.  Common names of the 
organisms are as follows:  H. sapiens = human, X. tropicalis = western clawed frog, D. melanogaster = fruit fly, C. 
elegans = nematode roundworm, C. lacteus = milky ribbon worm, A. thaliana = mouse-ear cress (flowering plant), O. 
sativa = rice, S. purpuratus = sea urchin, D. rerio = zebra fish, S. kowalevskii = acorn worm, M. brevicollis = 
choanoflagellate, N. crassa = bread mold, E. intestinalis = fungal parasite (microsporidia).  ? = information unavailable. 
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Since the discovery of introns in the late 1970s, 
biologists have theorized on the origin of spliced 
genes[22, 23, 24, 25].  It is agreed that there is a 
strong but imperfect correlation between intron size 
and intron number with eukaryotic complexity- 
generally the more complex the organism, the 
longer and more numerous the introns [26]. When 
asked to explain this correlation, there is much 
disagreement. Two dichotomous theories 
dominated the initial debates: introns-early [27] and 
introns-late [28].Proponents of introns-early (also 
called the exon theory of genes) argue that the 
earliest genes (before the evolution of eukaryotic 
organisms) had introns and that they played a 
pivotal role in gene evolution [29, 30, 31].  In this 
view early genes evolved into more complex genes 
as small exons were recombined into larger 
multiexon units.  In introns-early, bacteria have no 
introns today as they have slimmed down their 
genomes and lost their introns over the eons.  The 
debate shifted subtly with the discovery that there 
are different types of introns [32, 33, 34, 35].  
Bacteria have the simpler self-splicing introns but 
lack spliceosomal introns.  Debates regarding intron 
evolution are predominantly revolving around the 
evolution of spliceosomal introns and the 
spliceosome [36]. To some, the lack of a single 
spliceosomal intron in any prokaryotic genome 
despite thousands deciphered indicates that 
bacteria never had complex introns- hence the 
emergence of a contrasting theory, introns-late.  In 
introns late, bacteria never had spliceosomal 
introns[37, 38].  In this view, spliceosomal introns 
evolved along with eukaryotic complexity.  Most 
proponents of introns-late argue that introns played 
no positive role in eukaryotic evolution but are 
parasitic segments of DNA that progressively 
invaded eukaryotic genomes.  In this view the 
predominant evolutionary activity is not intron loss, 
but intron gain.  Proponents of introns-late have 
declared that as additional genes have been 
deciphered and more introns and intron placements 
discovered, intron evolution without intron gain 
seems unlikely.  With only intron losses to account 
for the observed introns, the number of interruptions 
in the ancestral gene needs to be unreasonably 
high.  

As more and more complete genomes are 
deciphered, the intron debate is shifting.  There is 
general agreement that introns were present in the 
earliest eukaryotic (or pre-eukaryotic) organisms.  
The burgeoning field of comparative genomics has 
resulted in numerous publications hypothesizing 
intron loss and intron gain as factors determining 
current eukaryotic intron placement and number [39, 
40]. The predicted rates vary considerable across 
eukaryotic taxa [41].  There is particularly strong 
evidence to support recent intron gains in various 
organisms and gene families. 

4. Conclusions 
Despite progress in uncovering the dynamic nature 
of introns, there is still much to explore.  The 
structure of ancestral genes is unknown.  Hence 
one can only use analysis of modern genes to make 
inference regarding the evolution of eukaryotic 
genes.  The structure of introns in the phylum 
Nemertea is unknown.  This paper presents a first 
detailed analysis of introns in phylum Nemertea.  
The introns discovered here ranged in size from 
~400 to ~3000 bp for the twenty-two introns present 
in eight genes (average 2.75 introns per gene).  
Neither the intron size or intron number is unusual 
for an invertebrate organism [42,43] The analysis of 
introns from genes with deciphered homologous 
counterparts permitted cross kingdom analysis of 
intron placement.  As revealed here, the structure of 
introns in the nemertean C. lacteus conforms to the 
same intron structure found in most other eukaryotic 
genes, suggesting that these introns undergo 
canonical splicing.  The placement of introns in 
genes of C. lacteus reveal homologous intron 
placement (same amino acid, same phase) across 
various taxonomic kingdoms.  How can this be 
explained?  Most intron biologists take this, and 
other similar analyses, as evidence for spliceosomal 
introns in the common ancestor of eukaryotic 
organisms.  Coupled with the modern-day evidence 
for recent intron losses and gains, neither of the 
domineering hypotheses (introns-early or introns-
late) is likely to be substantiated.  If introns were 
present in the last common ancestor of prokaryotic 
and eukaryotic cells and have been jumping into 
and out of eukaryotic lineages, introns-continual is 
the more accurate description. 
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