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Abstract 

Regeneration is one of the most fascinating and yet least understood processes of animals. Echinoderms, one of the 
closest related invertebrate groups to humans, can contribute to our understanding of the genetic basis of 
regenerative processes. Amongst echinoderms, sea cucumbers have the ability to grow back most of their body parts 
following injury, including the intestine and nervous tissue. The cellular and molecular events underlying these 
abilities in sea cucumbers have been most extensively studied in the species Holothuria glaberrima. However, 
research into the regenerative abilities of this species have been impeded due to the lack of adequate genomic 
resources. Here, we report the first draft genome assembly of H. glaberrima and demonstrate its value for future 
genetic studies. Using only short sequencing reads, we assembled the genome into 2,960,762 scaffolds totaling 1.5 
gigabases with an N50 of 15 kilobases. Our BUSCO assessment of the genome resulted in 882 (90.2%) complete 
and partial genes from 978 genes queried. We incorporated transcriptomic data from several different life history 
stages to annotate 41,076 genes in our final assembly. To demonstrate the usefulness of the genome, we fully 
annotated the melanotransferrin (Mtf) gene family, which have a potential role in regeneration of the sea cucumber 
intestine. Using these same data, we extracted the mitochondrial genome, which showed high conservation to that of 
other holothuroids. Thus, these data will be a critical resource for ongoing studies of regeneration and other studies 
in sea cucumbers. 
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Introduction 
Regeneration, the replacement of lost or damaged body parts, 
is one of the most fascinating processes of animals. 
Regenerative abilities are widespread in the animal kingdom 
[1], but our understanding of the evolution of regenerative 
capacity is based primarily on research into a small number of 
animal species. Echinoderms, along with hemichordates make 
up the clade Ambulacraria, the sister lineage to chordates [2]. 
Unlike chordates, many echinoderms, especially sea 
cucumbers, have extensive regenerative abilities. 
Nevertheless, relatively few genomic resources exist for sea 
cucumber models [3,4].  

Sea cucumbers (holothurians) have the ability to regenerate 
their intestine following evisceration [5] and their radial nerve 
cord following transection [6]. Many cellular events that 
underlie these abilities have been best described in the species 
Holothuria glaberrima. For instance, details of cell migration, 
dedifferentiation, division and apoptosis during regeneration 
of the digestive tract have all been published [7]. 
Dedifferentiation, for example, is known to occur after 
evisceration in the mesentery muscle layer that is adjacent to 
the injury site [8,9]. While we know exactly where and when 
these events occur at the cellular level, the underlying 
molecular infrastructure has not yet been clearly elucidated 
[10].  In recent years, we have reported gene expression 
profiles of various stages of regeneration, providing 
information on which genes play important roles in sea 
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cucumber regenerative processes [11,12]. These RNA-Seq 
analyses have led to interesting findings, but the lack of a 
reference genome has limited the impact of these results. 

Here we report the nuclear and mitochondrial genomes of H. 
glaberrima. We show the utility of our draft nuclear genome 
by using it to ascertain the genomic structure of 
melanotransferrins, which might play an important role in the 
holothurian regeneration process [13,14]. Melanotransferrins 
are membrane-bound molecules involved in many vertebrate 
processes and diseases, including development, cancer, and 
Alzheimer’s disease [15]. Moreover, in the sea cucumber, 
melanotransferrin genes are highly expressed in the intestine 
after immune activation [16]. We previously reported, based 
on transcriptomic data, that H. glaberrima contains four 
different melanotransferrin genes (HgMTF1, HgMTF2, 
HgMTF3, and HgMTF4), while there has been only one 
melanotransferrin reported in all other non-holothuroid 
animals sampled to date [14]. Furthermore, it has been 
hypothesized that the reason genomes from most species 
contain only one melanotransferrin is that multiple copies may 
act as a dominant lethal, preventing organisms with multiple 
copies from surviving [17]. The four melanotransferrin genes 
found in the H. glaberrima are highly expressed at different 
stages of intestinal regeneration. For these reasons, analyzing 
the genomic characteristics of these four melanotransferrin 
genes will shed light on the evolution of this gene family and 
will facilitate further studies on their specific role and 
regulation. 

Comparisons of mitochondrial genomes, the remnants of an 
ancient endosymbiotic event that led to the origin of 
eukaryotes [18], provide insight into the evolution of aerobic 
respiration across the tree of life. When sequencing nuclear 
genomes, many copies of the mitochondrial genome are also 
sequenced. We therefore have assembled, annotated, and 
compared the mitochondrial genome of H. glaberrima with 
two other published holothuroid mitochondrial genomes.  

The nuclear and mitochondrial genomes of H. glaberrima will 
be valuable resources for ongoing investigations into 
regenerative processes in this animal. In addition, these data 
will be useful for future studies in systematics, immunology, 
and evolution, among others. 

Methods and Results 
Data Availability, Reproducibility, and Transparency 
Statement 

The raw genomic reads are available at NCBI’s Short Read 
Archive (Accession: SRR9695030). The genome assembly is 
available at 
http://ryanlab.whitney.ufl.edu/genomes/Holothuria_glaberrima

/. Custom scripts, command lines, and data used in these 
analyses and alignment and tree files are available at 
https://github.com/josephryan/Holothuria_glaberrima_draft_g
enome. To maximize transparency and minimize confirmation 
bias, phylogenetic analyses were planned a priori in a 
phylotocol [19] which was posted to our GitHub repository 
(URL above). For these analyses we used the bridges system 
[20] part of the Extreme Science and Engineering Discovery 
Environment (XSEDE) [21]. 

Data Collection 

A single adult male sea cucumber (Figure 1) was collected 
from the northeast rocky coast of Puerto Rico (San Juan) and 
kept in aerated sea water until dissection. Gonads were 
collected into ethanol and sent to Iridian Genomes Inc. for 
DNA extraction, library preparation, and sequencing 
(Bethesda, MD). Of note, gonad tissue, which is a suboptimal 
source of DNA for genome sequencing due to potential 
crossover events, was used only after we made two failed 
attempts to use non-gonad tissues as a source of genomic 
DNA. 

Pre-Assembly Processing  

Sequencing was performed using an Illumina HiSeq X Ten 
instrument, which generated a total of 421,770,588 paired-end 
reads (126.5 gigabases) of length 150 nucleotides each. These 
reads were deposited in NCBI’s Short Read Archive (SRA) 
[22] under the accession SRR9695030 within one week of 
sequencing. Adapters from the raw sequencing reads were 
trimmed using Trimmomatic v0.39 (ILLUMINACLIP:2:30:10 
LEADING:3 TRAILING:3 SLIDING-WINDOW:4:15 
MINLEN:36) [23]. After Trimmomatic, 400,075,279 (95%) 
pairs were retained and 4,200,427,854 (3.5%) of bases making 
up these retained pairs were trimmed. We used ALLPATHS-
LG v.44837 ErrorCorrectReads.pl script [24] to run error 
correction on reads that had been trimmed for adapters, in the 
process we removed a total of 1,104,390 read pairs (0.1%), 
orphaned (removed 1 from a pair) an additional 12,545,131 
read pairs and made 117,247,709 corrections to 95,509,388 
(11.6%) reads (an average of 1.2 corrections per corrected 
read). The genome size estimation generated by 
ErrorCorrectReads.pl was 1.2 Gb (1,171,092,004 bases) with a 
coverage estimate of 84X. This number is close to the estimate 
obtained with Feulgen densitometry (~1.4 Gb). 

We next created filtered mitochondrial reads from the 
resulting trimmed/error-corrected reads. To do this we 
generated a preliminary assembly using Platanus Genome 
Assembler v1.2.4 [25] with k=45 and then performed a 
BLASTN search against this assembly using the Holothuria 
scabra mitochondrial genome as a query. We identified a 
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single contig that represented the entire mitochondrial 
genome. We then used FastqSifter v1.1.3 [26] to remove all 
trimmed/error-corrected reads that aligned to the H. 
glaberrima mitochondrial genome. FastqSifter removed 
53,304 read pairs and 3,583 unpaired reads, leaving 
386,920,975 read pairs and 33,176,161 unpaired reads, which 
were used to assemble the final nuclear genome. 

Genome Assemblies and Annotation  

We used Platanus Genome Assembler v1.2.4 using a range of 
kmer values (31, 45, 59, 73, and 87), from which K=31 
resulted in the assembly with the highest N50 (11,332). In 
order to incorporate contiguous regions brought together in 
suboptimal assemblies that were absent from our K31 optimal 
assembly, we used Matemaker v1.0.0 [27] to generate 
artificial mate-pairs from our suboptimal assemblies (i.e., K45, 
K59, K73 and K87) with insert sizes of 2K, 5K and 10K. We 
then used SSPACE v3.0 [28] to scaffold the optimal K31 
contig assembly using the generated mate-pairs. The resulting 
assembly consisted of 2,960,762 scaffolds comprised of 
1,468,331,553 bases (close to the in silico and densitometry 
estimations above) with an N50 of 15,069. The longest 
scaffold was 244,111 nucleotides. There were 2,718,713 
scaffolds shorter than 200 nucleotides. Many of these, but 
definitely not all, are likely errors. 

We assessed the final assembly with BUSCO v3 [29] against 
the metazoan database consisting of 978 genes using the web 
assessment tool gVolante [30]. Our BUSCO assessment 
resulted in recovering 731 (74.7%) complete and 151 (15.4%) 
partial genes from the 978 queried genes in the Metazoa 
dataset (Table 1).  

We used Augustus v3.3.3 [31] to predict gene models. As part 
of this process, we generated a hints file from our 
transcriptomic data (unpublished) by aligning our assembled 
transcriptome to our genome assembly using BLAT v35x1 
[32], filtering these alignments with the Augustus utility script 
filter PSL.pl and then sorting the alignments. We next applied 
the Augustus utility scripts aln2wig, wig2hints.pl, and 
blat2hints.pl to create the final hints file for Augustus. In the 
final prediction step, we set the species parameter to 
Strongylocentrotus purpuratus. We predicted 41,076 gene 
models with a mean exon length of 185 bp and mean intron 
length of 1916 bp as calculated using GenomeFeatures v3.10 
Bioconductor package [33]. Our BUSCO assessment of 
translated versions of these gene models resulted in the 
recovery of a total of 617 (63.1%) complete and 211 (21.6%) 
partial genes from the 978 queried genes in the Metazoa 
dataset (Table 2). 

 

Comparative Genomics  

We used OrthoFinder v2.2.7 [34] with default parameters to 
generate orthogroups using protein models from the newly 
assembled H. glaberrima genome, as well as from Homo 
sapiens, Mus musculus, Danio rerio, and S. purpuratus along 
with our H. glaberrima transcriptome  that had been translated 
with TransDecoder v. 5.3.0 [35] (NOTE: we included the 
translated H. glaberrima transcriptome in this analysis, 
because we realized that the H. glaberrima gene models will 
be incomplete due to the fragmented nature of the genome 
assembly; this should not be a problem for the other included 
datasets). The datasets for this analysis were obtained from the 
Ensembl FTP database (H. sapiens, M. musculus, D. rerio) 
and from the EchinoBase (S. purpuratus). Our OrthoFinder 
analysis resulted in a total of 52,812 orthogroups. We 
identified 5,918 orthogroups shared between all species, 8,974 
that contained only sequences from H. glaberrima and the 
purple sea urchin S. purpuratus, and close to 7,000 for each of 
the groups that included only H. glaberrima and one of the 
vertebrates (Figure 2A).  

We identified 24,654 H. glaberrima-specific orthogroups; this 
included those that consisted solely of H. glaberrima protein 
models (i.e. protein sequences derived from translated 
genomic sequences), those that included both H. glaberrima 
protein models and translated transcripts, and those consisting 
of only a single H. glaberrima protein model (“singlets”). We 
did not count those that included only H. glaberrima 
translated transcripts as many of these were spurious 
translations (by design to maximize sensitivity). There were 
far more species-specific orthogroups in H. glaberrima than 
there were in any of the other species—H. sapiens was next 
with 10,009 (Figure 2B).  

Melanotransferrin  

We further evaluated our genome assembly by closely 
examining H. glaberrima genes that had been previously 
described in studies based on expressed sequence tags (EST), 
RNA sequencing, and/or Sanger-based cDNA sequencing. 
This approach allowed us to manually assess the accuracy of 
our genome assembly and to determine gene structures. 
Specifically, we selected the melanotransferrin gene family 
which is significantly upregulated in H. glaberrima intestinal 
tissue during intestine regeneration [13]. This group included 
HgMtf1 (NCBI: GQ243222), HgMtf2 (NCBI: KP861416), 
HgMtf3 (NCBID: KP861417), HgMtf4 (NCBI: KP861418).  

We identified four Mtf genes in our genome assembly using 
NCBI BLASTN [36] (Figure 3A). The human Mtf gene 
(MELTF) is large, coding for 749 amino acids and its 16 
exons span more than 28 kilobases in the human genome. 
Likewise, the H. glaberrima Mtf genes are similarly large 
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(HgMtf1=739 aa, HgMtf2=723 aa, HgMtf3=752 aa, 
HgMtf4=750 aa), with all four genomic loci having 14 exons 
and spanning many kilobases. Due to the large size of these 
genes and the fragmented nature of our assembly, all four of 
the Mtf genes occur on multiple scaffolds (Figure 3A). 
Nevertheless, we were able to account for all exons and 
capture the structure of each gene. Besides differing from the 
human Mtf gene in the number of exons, there is variation in 
the position of several introns suggesting that there have been 
substantial structural changes in these genes since the last 
common ancestor of vertebrates and echinoderms. 

Our assembly captures considerable variability between the 
HgMtf1 and the three other H. glaberrima Mtf genes. For 
example, the sequence that codes for the N-terminal 
transferrin domains of HgMtf1 is interrupted by 5 introns, 
whereas the corresponding coding regions in HgMtf2–4 
include 7 introns. Likewise, the sequence that codes for the C-
terminal transferrin domain of HgMtf1 includes 6 introns, 
whereas these same coding regions in HgMtf2–4 includes 5 
introns (Figure 3A). These results show that there have been 
considerable evolutionary changes in the genomic architecture 
HgMtf1, suggesting that HgMtf1 did not arise very recently.      

The 5’ sequence of HgMtf1 in the genome differs from the 
previously reported cDNA sequence in GenBank 
(ACS74869). There appears to be a single nucleotide present 
in the genome that is absent from the previously reported 
sequence. This frameshift leads to 71 fewer amino acids in the 
translation of the genomic HgMtf1. We surmise that the 
genome is correct and that the previously published sequence 
includes an erroneous single-nucleotide deletion based on the 
following evidence. A BLASTP of the 71 amino-acid portion 
against the GenBank Non-redundant database produces only a 
single match to itself. The region in question is exactly the 
same in all of our assemblies, including suboptimal 
assemblies. Moreover, TBLASTN of the 71 amino acids 
against our transcriptome produced no hits. 

To deduce the relationship between the four paralogous H. 
glaberrima Mtf genes with those of other animals, we 
conducted a phylogenetic analysis of Mtf genes (Figure 3B-
C). We used Mtf genes from H. glaberrima, Apostichopus 
japonicus, S. purpuratus, Saccoglossus kowalevskii, H. 
sapiens, and Bombyx mori. Only A. japonicus, the other sea 
cucumber in our analysis, included more than one Mtf gene in 
its genome [4]. Initial pre-genomic studies reported only one 
melanotransferrin in A. japonicus [37], but the latest genome 
data of this sea cucumber showed that there were multiple 
copies in its genome. We searched the predicted gene models 
of A. japonicus and found three Mtf genes, which we included 
in our phylogenetic analysis. Our criteria for inclusion was the 
presence of two full transferrin domains. It is possible that 
there are other Mtf genes present in the A. japonicus genome 

that were either missed or mispredicted in the current 
assembly. There is no other evidence to date showing more 
than one Mtf gene in the genomes of non-holothuroid species. 
As such, our phylogenetic analysis supports the hypothesis 
that Mtf gene family expansion is specific to the holothuroid 
lineage.  

Mitochondrial Genome  

While assembling the H. glaberrima nuclear genome, we also 
assembled the mitochondrial genome. There was a 32-
nucleotide overlap between the beginning and the end of the 
mitochondrial scaffold as would be expected from a circular 
genome. As such, we removed the overlap and reordered the 
scaffold so that the beginning of the scaffold corresponded 
with the beginning of the cox1 gene. We used Mitos [38] to 
predict genes and tRNAscan-SE 2.0 [39] to annotate tRNAs. 
Every annotated gene was additionally confirmed with 
BLAST against Holothuria scabra mitochondrial genes. This 
approach resulted in more precise annotation as some of the 
stop codons were wrongly predicted by Mitos. Furthermore, 
tRNAscan-SE failed to predict some of the tRNAs in the H. 
glaberrima mitochondrial genome, in which case we used 
Mitos predictions. 

The H. glaberrima mitochondrial genome is 15,617 bp, a 
similar size to that of previously reported holothuroids (H. 
scabra=15,779 bp, H. leucospilata=15,904 bp) [40]. Likewise, 
mitochondrial genome features of H. glaberrima showed the 
same gene order reported for H. scabra and similar 
characteristics to those of H. scabra and H. leucospilata  
[41,42]. Differences included the length of the putative control 
region (PC region) which was significantly smaller in H. 
glaberrima with 272 base pairs compared to 456 bp and 551 
bp for H. scabra and H. leucospilata, respectively. Moreover, 
the total number of intergenic nucleotides was similar in H. 
glaberrima with 113 bp as H. scabra which contains 109 bp. 
Total intergenic nucleotides were distributed among 15 
intergenic spacers, ranging from 1 to 20 bp in size, 
comparable to H. scabra and H. leucospilata which contain 15 
and 16 intergenic spacers, respectively. There were 5 regions 
with overlapping genes within the genome, the most 
significant being those between atp8 and atp6, and nad4 and 
tRNA-His, with overlaps of 7 bp, followed by tRNA-P and 
tRNA-Q with overlap of 4 bp. From the 5 overlapping regions, 
H. glaberrima shares all the mentioned overlapping areas with 
both H. scabra and H. leucospilata suggesting that these are 
ancient overlaps. In addition, as reported for both H. scabra 
and H. forskali, H. glaberrima also has an incomplete stop 
codon T of cox2, supporting the likeliness of it being a 
distinctive feature of Holothuria [40,41].   
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Conclusions 
 

We sequenced, assembled, and annotated the first draft 
genome assembly of H. glaberrima, one of the best studied 
regenerative invertebrates at the morphological and cellular 
levels. We demonstrated the utility of the genome by 
analyzing the Mtf gene family genomic loci. We also 
assembled and annotated the H. glaberrima mitochondrial 
genome showing conservation with other mitochondrial 
genomes from the genus Holothuria. Our work provides a key 
resource for the sea cucumber H. glaberrima, which will be 
important for future studies in animal regeneration and 
beyond. 
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Table 1. General Genome Scaffold Assembly Metrics and BUSCO Completeness Assessment. 

General Metrics  

Scaffold total 2,960,762 

Scaffold number of sequences 1.5 Gb 

Scaffold N50 15.07 Kb 

Maximum scaffold length 244.11 Kb 

No. of scaffolds > 50kb 2543 

%Main genome in scaffolds >50 kb 11.90% 

GC content 38.9% 

% N bases 0.49% 

BUSCO Assessment 

Complete 731 (74.7%) 

Complete + partial 882 (90.2%) 

Complete and single copy 74.1% 

Complete and duplicated 0.6% 

Fragmented 151 (15.4%) 

Missing 96 (9.9%) 

Note: BUSCO assessment was performed using metazoa gene library lineage. 
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Table 2. AUGUSTUS Gene Model Prediction General Statistics. 

Metric Value 

Genes 41,076 

Exons 171,977 

Introns 148,101 

Mean exon length 185.38 

Mean intron length 1,915.76 

BUSCO assessment  

Complete + partial 828 (84.7%) 

Complete and single-copy 568 (58.1%) 

Complete and duplicated 49 (5.0%) 

Fragmented 211 (21.6%) 

Missing  150 (15.3%) 
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Table 3. Holothuria glaberrima mitochondrial genome features.  
     Codon   

Gene Name Strand Start Stop Length Start Stop Anticodon Inter 
Nucl 

cox1 + 1 1557 1557 ATG TAA  11 
tRNA-R + 1568 1634 67   TCG 0 
nad4l + 1635 1931 297 ATG TAA  0 
cox2 + 1932 2619 688 ATG T--  0 
tRNA-K + 2620 2686 67   CTT 0 
atp8 + 2687 2851 165 ATG TAA  -7 
atp6 + 2845 3531 687 ATG TAA  2 
cox3 + 3534 4316 783 ATG TAA  -2 
tRNA-S(UCA) - 4315 4385 71   TGA 18 
nad3 + 4404 4748 345 ATG TAA  0 
nad4 + 4752 6116 1365 ATG TAG  -7 
tRNA-H + 6110 6179 70   GTG 1 
tRNA-S(AGC) + 6181 6248 68   GCT 0 
nad5 + 6249 8081 1833 ATG TAA  17 
nad6 - 8099 8587 489 ATG TAG  8 
cob + 8596 9738 1143 ATG TAA  -1 
tRNA-F + 9738 9808 71   GAA 0 
srRNA + 9809 10637 829    1 
tRNA-E + 10639 10707 69   TTC 0 
tRNA-T + 10708 10777 70   TGT 0 
PC-region + 10778 11049 272    0 
tRNA-P + 11050 11116 67   TGG -4 
tRNA-Q - 11113 11182 70   TTG 2 
tRNA-N + 11185 11254 70   GTT 0 
tRNA-L(CUA) + 11255 11326 72   TAG 5 
tRNA-A - 11332 11398 67   TGC 0 
tRNA-W + 11399 11466 68   TCA 0 
tRNA-C + 11467 11530 64   GCA 5 
tRNA-V - 11536 11605 70   TAC 20 
tRNA-M + 11626 11694 69   CAT 2 
tRNA-D - 11697 11766 70   GTC 1 
tRNA-Y + 11768 11835 68   GTA 0 
tRNA-G + 11836 11902 67   TCC 6 
tRNA-L(UUA) + 11909 11979 71   TAA 0 
nad1 + 11980 12951 972 ATG TAA  14 
tRNA-I + 12966 13033 68   GAT 0 
nad2 + 13034 14077 1044 ATG TAA  0 
lrRNA + 14078 15617 1540    0 
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Figure 1. The sea cucumber Holothuria glaberrima.  
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Figure 2. Results of Orthogroups from OrthoFinder Analysis. OrthoFinder analyses were performed with amino acid sequences of 
H. glaberrima protein models (based on predicted gene models), H. glaberrima transcriptome, D. rerio, H. sapiens, M. musculus, and S. 
Purpuratus. (A) Total orthogroup overlap between H. glaberrima and each other species as well as total orthogroups shared between all 
species. (B) Species-specific orthogroups for all species analyzed. These include singlets –sequences that didn’t form a group with any 
other sequence in the analysis and orthogroups consisting of only sequences from a single species. Since we incorporate both translated 
transcripts and protein models for H. glaberrima, orthogroups that include these two categories (Hg + Hg transcriptome) but no other 
species are included in our tally of H. glaberrima species-specific orthogroups. Bottom panel represents pattern of corresponding species 
in each bar of top plot. 
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Figure 3. Gene structure and Phylogenetic Analysis of H. glaberrima melanotransferrin (Mtf) genes. (A) Genomic structure was determined 
using H. glaberrima Mtf gene and protein sequences present in NCBI from previous studies as reference [12]. Scaffolds containing specific exons 
of the genes are shown at the top of each bracket (Hglab.XXXXX). Coordinates of the sequence in each scaffold are shown among brackets based 
on genome nucleotide sequence. Human Mtf gene structure was acquired from NCBI genome browser (MELTF NCBI: NM_005929.6). 
Transferrin domains are shown at the bottom of each gene. (B) Gene tree of all Mtf genes from H. glaberrima, A. japonicus, S. purpuratus, H. 
sapiens, S. kowalevskii, and B. mori. Mtf gene sequences of the last three species were acquired from NCBI. A. japonicus Mtf gene names 
represent the scaffold number where they are found in its genome assembly. Orange circles in nodes indicate bootstrap values of 100. (C) Species 
tree of organisms used in the phylogenetic analysis of the Mtf genes. Gene duplication and loss are shown in red and blue squares, respectively. 
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