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A B S T R A C T

The plating coral, Agaricia lamarcki is a widely distributed species inhabiting reefs across the Caribbean basin
and Florida. This species is of interest since it is considered a depth-generalist, found from 10 to 70m. Given the
scope of contemporary studies on this coral's population dynamics and physiology, as well as, the potential of
mesophotic reefs to be refuge habitats for deteriorated shallow water reefs, we present the first de novo tran-
scriptome assembly of an important mesophotic coral. Using next-generation paired-end sequencing (Illumina
Hiseq4000; 2× 150 bp), we obtained a total of 82,506,058 raw reads. The novel transcriptome assembly
strategy included the recently developed National Center for Genome Analysis Support de novo transcriptome
assembly pipeline. Assembly produced a total of 101,322 biologically true, non-redundant transcripts with an
average contig length of 959 and N50 of 1830. EvidentialGene and TransDecoder were used to identify open
reading frames (ORFs) with homology insight provided by the UniProtKb and PFAM databases. ORF prediction
resulted in 38,517 putative ORFs of which 12,107 ORFs were annotated as genes dealing with molecular
function, 1266 with biological processes and 416 with cellular components.

1. Introduction

The family Agariciidae in the Caribbean is comprised of two genera
and eight taxonomically accepted species with a wide morphological
range, including encrusting sheets, thick vertical projecting leaves, flat
plates, and rounded surfaces (WoRMS, 2018). Agaricia spp. occupy
many different ecological niches on Caribbean reefs, inhabiting fore
reef, slope and deep channel habitats from shallow to mesophotic
depths. Within many western Atlantic nations, they are the primary
scleractinians encountered at deep mesophotic reefs (Bongaerts et al.,
2013, 2015; Appeldoorn et al., 2016, 2019; Hoeksema et al., 2017).
Agaricia spp. also facilitates many species interactions, notably those
between other corals, associated micro-invertebrates (Veglia et al.,
2018), sponges (Garcia-Hernandez et al., 2016) and small fish (Jackson
and Buss, 1975; Aerts, 1998).

Agaricia lamarcki (Milne Edwards & Haime, 1851) is of special in-
terest since it is a gonochoric brooder and considered a depth-generalist
(e.g. occurring from 10 to 75m) with a wide geographic distribution
throughout the Caribbean basin, Gulf of Mexico, Florida and Bahamas
(Aronson et al., 2008). A wide depth distribution is possible due to both
morphological and physiological adaptations such as depth-

differentiated clades of Symbiodinium C and D (Bongaerts et al., 2013;
Lucas et al., 2016), and variable plate thickness. Shallow populations of
Agaricia lamarcki have experienced drastic declines in the past few
decades leading to its listing as vulnerable on the IUCN red list of
threatened species (Aronson et al., 2008). Concordantly, transplanta-
tion work found that relocation depth had the strongest effect on coral
fragment mortality, and that shallow A. lamarcki fragments were far
more likely to experience bleaching than fragments at mesophotic
depths (Laverick and Rogers, 2018). Within southwest Puerto Rico re-
latively healthy populations persist, perhaps due to genetic panmixia
found between mesophotic and adjacent shallow colonies, plausibly
forming one continuous interbreeding population (Hammerman et al.,
2018).

Coral genomes and transcriptomes produced over the past decade
(Shinzato et al., 2014; Ortiz-González et al., 2017; Mansour et al., 2016;
Kenkel and Bay, 2017) have been crucial for providing insight into coral
evolution and stress-response physiology (Kenkel et al., 2013;
Bhattacharya et al., 2016; Lin et al., 2015). Here we present the first
high quality reference transcriptome of the scleractinian Agaricia la-
marcki collected from mesophotic depth in southwestern Puerto Rico.
Agaricia lamarcki is an emerging model species in coral genomics and
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ecology and there is significant interest in how this organism sustains
healthy populations on mesophotic reefs. The sequencing and char-
acterization of the A. lamarcki transcriptome facilitates future con-
servational genomic studies promoting long-term survival of the spe-
cies. There are currently no published coral transcriptomes associated
with mesophotic habitats and thus the A. lamarcki transcriptome re-
ported here represents a unique resource for inferring coral gene
functioning at these depths. Furthermore, we present a novel coral
transcriptome assembly strategy that performs biological contamina-
tion removal prior to the assembly process that incorporates multiple de
novo assembly programs. By presenting this different methodology we
hope to ignite a discussion for coral transcriptome assembly method
standardization to facilitate more accurate and appropriate cross-spe-
cies comparisons in the future. We also report novel coral-microbe as-
sociations through taxonomic analysis of reads discarded as con-
tamination to provide an example of significant biological insight that
can be inferred from next generation sequencing contamination.

2. Methods and analysis

2.1. Sampling collection

A colony of Agaricia lamarcki was sampled at 45m depth on the
shelf edge of Guánica, Puerto Rico (Table 1, Supplementary Fig. 1). The
sample was collected with a research permit from the Department of
Natural and Environmental Resources of Puerto Rico (O-VS-PVS15-MA-
00016-26,092,014). Open circuit SCUBA diving was used to collect the
A. lamarcki sample with a hammer and chisel. The coral fragment was
immediately brought to the lab rinsed and placed in a dry zip-lock bag
in a −80 °C freezer until molecular processing.

2.2. Molecular techniques and sequencing

Coral tissue near the edge of the colony was removed from the
CaCO3 skeleton with a sterile razor blade and triturated with a pestle
and total RNA was extracted using the TRIZOL RNA Isolation method
(Chomczynski and Mackey, 1995). Concentrations of extracted RNA
were verified and quantified using the Nanodrop2000 (Thermo Fisher

Scientific). Samples were sent in dry ice to the Duke Center for Genomic
and Computational Biology at Duke University for further quality and
quantity assessment (2100 Agilent Bioanalyzer) and library preparation
using the Kapa stranded mRNA seq kit (Cat # KK8421). Total RNA
sequencing with poly-A tail selection was then performed on an Illu-
mina Hiseq4000 with 150 bp paired-end reads.

2.3. Transcriptome assembly

To ensure the highest quality reference transcriptome possible, we
followed several assembly strategies differing in contamination removal
procedure and assembly of the RNA reads. The different methods are
further detailed in Table 2. Here, we present the methodology that
produced the highest quality assembly based off general transcriptome
quality assessment metrics (e.g. N50, L50, BUSCO, etc.; Honaas et al.,
2016).

Sequencing produced 82.5 million raw paired-end reads, and initial
library quality checks were done using FastQC v0.11.5(Andrews, 2010).
Adapter sequences were removed from libraries by performing se-
quential filtering with increasing stringency using the bbduk.sh script
found within the Bestus Bioinformaticus (BB) Tool Kit (http://
sourceforge.net/projects/bbmap). A final check and removal step
with AdaptorRemoval v2 (Schubert et al., 2016) was done prior to
further filtering. Quality filtering was then performed using bbduk.sh
removing all reads with an average per base Phred score below 10.
Before assembling the reads, read libraries were scanned for biological
contamination using NCBI BLAST v2.7.1 (Altschil et al., 1990) and two
contamination databases: i. Custom Symbiodinium genome database
[Shoguchi et al. (2013; S. minutum); Lin et al. (2015; S. kawagutii);
Aranda et al. (2016; S. microadriaticum); unpublished data from the
ReFuGe 2020 Consortium, C.X. Chan, P. Lundgren, C.R. Voolstra
(clades C1and C15)] and a ii. Marine bacteria database [MarDB V2
(https://mmp.sfb.uit.no/databases/)]. To improve the accuracy and
computational efficiency of the de novo assembly (Martin and Wang,
2011), any read validated as biological contamination was removed
prior to assembly and stored for downstream taxonomic analysis. Pro-
cessed read libraries were then quality checked again with FastQC
v0.11.5 before proceeding to the de novo assembly.

The remaining high quality reads were assembled following the
National Center for Genome Analysis Support (NCGAS) de novo tran-
scriptome assembly pipeline (github.com/NCGAS/de-novo-
transcriptome-assembly-pipeline). First, multiple de novo assemblies
with varying kmer values using different assembly software [Trinity
v2.6.6 (Grabherr et al., 2011), SOAPdenovo-Trans v1.03 (Xie et al.,
2014), Velvet v1.2.10 (Zerbino and Birney, 2008), Oases v0.2.09
(Schulz et al., 2012), Trans-ABySS v2.0.1 (Robertson et al., 2010)] were
generated and combined. The program EvidentialGene v2013.07.27
(Gilbert, 2012) was then used to generate a clean consensus Agaricia
lamarcki transcriptome from the aforementioned set of de novo assem-
blies. EvidentialGene is a genome informatics project for high quality
and accurate gene sets for animals and plants. Using a combination of
standard gene prediction and contemporary genome assembly methods,
EvidentialGene accurately predicts biologically real and unique tran-
scripts and significantly reduces the presence of false transcripts within
the final assembly of isogroups. False transcripts can be a problem in
single-assembler assemblies, especially when prior genomic informa-
tion is absent. Once a high quality consensus transcriptome assembly
was acquired, basic statistical analyses with QUAST v4.6.3 (Mikheenko
et al., 2016) showed an average contig length of 959, N50 of 1830, and
a total of 101,322 biologically true, non-redundant transcripts
(Table 2).

The Transcriptome Shotgun Assembly check steps for submission
were used to confirm that the A. lamarcki assembly was contamination-
free prior to transcriptome completeness analysis and gene ontology
calling. BUSCO v3.0.2 (Simão et al., 2015; Waterhouse et al., 2017)
with the BUSCO metazoans single-copy orthologs reference database

Table 1
MixS data description.

Item Definition

General feature of
classification

Classification Eukaryota; Opisthokonta; Metazoa; Eumetazoa;
Cnidaria; Anthozoa; Hexacorallia; Scleractinia;
Agariciidae; Agaricia; Agaricia lamarcki

Investigation type Eukaryote transcriptome
Project name Agaricia lamarcki transcriptome

Environment
Geographic location Caribbean Sea:

Puerto Rico, Guánica: Falling Rock Reef
Latitude, longitude Falling Rock Reef: 17° 53.922′N, 66° 56.622′W
Collection date 2/18/2017
Environment
properties

Shelf edge: mesophotic coral ecosystem

Depth 45m
Collector Nicholas M. Hammerman

Sequencing
Sequencing method Illumina Hiseq4000; Paired-end (2×150)

Assembly
Method De novo assembly
Program Trinity v2.6.6, SOAPdenovo-Trans, Velvet v1.2.10,

Oases v0.2.09, Trans-ABySS, EvidentialGene
v2013.07.27

Finishing strategy High quality transcriptome assembly
Accessibility
DDBJ/ENA/GenBank GGLC00000000

A.J. Veglia et al. Marine Genomics xxx (xxxx) xxx–xxx

2

http://sourceforge.net/projects/bbmap
http://sourceforge.net/projects/bbmap
https://mmp.sfb.uit.no/databases
http://github.com/NCGAS/de-novo-transcriptome-assembly-pipeline
http://github.com/NCGAS/de-novo-transcriptome-assembly-pipeline


Ta
bl
e
2

Tr
an

sc
ri
pt
om

e
as
se
m
bl
y
co

m
pa

ri
so
n
ta
bl
e
in
cl
ud

in
g
A
ga
ri
ci
a
la
m
ar
ck
ia

ss
em

bl
ie
s
an

d
th
e
th
re
e
co

ra
lt
ra
ns
cr
ip
to
m
es

pr
od

uc
ed

by
K
en

ke
la

nd
Ba

y
(2
01

7)
:i
.G

al
ax

ea
at
ea
ta
;i
i.
G
al
ax

ea
ar
ch
el
ia
;i
ii.

G
on

io
po
ra

co
lu
m
na

.A
ll

A
ga
ri
ci
a
la
m
ar
ck
ia

ss
em

bl
ie
s
w
er
e
pr
od

uc
ed

in
th
is
st
ud

y
w
it
h
as
se
m
bl
y
a
be

in
g
th
e
on

e
de

sc
ri
be

d
in

th
e
bo

dy
of

th
e
m
an

us
cr
ip
t.
BU

SC
O

re
su
lt
s
ar
e
sh
ow

n
fo
r
ea
ch

as
se
m
bl
y
w
it
h
co

m
pl
et
e
si
ng

le
-c
op

y
(S
)
an

d
du

pl
ic
at
ed

(D
)
BU

SC
O

pe
rc
en

ta
ge

s
fo
r
A
.l
am

ar
ck
ia

ss
em

bl
ie
s.

A
ga
ri
ci
a
la
m
ar
ck
i(
as
se
m
bl
y
a)

A
ga
ri
ci
a
la
m
ar
ck
i(
as
se
m
bl
y
b)

A
ga
ri
ci
a
la
m
ar
ck
i(
as
se
m
bl
y
c)

A
ga
ri
ci
a
la
m
ar
ck
i(
as
se
m
bl
y
d)

i.
G
al
ax

ea
at
re
at
a;

ii.
G
al
ax

ea
ar
ch
el
ia
;i
ii.

G
on

io
po
ra

co
lu
m
na

Ex
tr
ac
ti
on

m
et
ho

d
TR

IZ
O
L

TR
IZ
O
L

TR
IZ
O
L

TR
IZ
O
L

A
ur
um

To
ta
l
R
N
A

m
in
i
ki
t

Il
lu
m
in
a
se
qu

en
ce
r

H
is
eq

40
00

H
is
eq

40
00

H
is
eq

40
00

H
is
eq

40
00

H
is
eq

30
00

/4
00

0
A
ss
em

bl
y
pr
og

ra
m

N
C
G
A
S
pi
pe

lin
e

Tr
in
it
y
v2

.6
.6

N
C
G
A
S
pi
pe

lin
e

Tr
in
it
y
v2

.6
.6

Tr
in
it
y
v.
2.
0.
6

C
on

ta
m
in
at
io
n
fi
lt
er
in
g

Pr
e-
as
se
m
bl
y

Pr
e-
as
se
m
bl
y

Po
st
-a
ss
em

bl
y

Po
st
-a
ss
em

bl
y

Po
st
-a
ss
em

bl
y

BL
A
ST

x
Fi
lt
er
in
g
(m

ar
in
e

ba
ct
er
ia
)

M
ar
D
B
V
2

M
ar
D
B
V
2

M
ar
D
B
V
2

M
ar
D
B
V
2

N
/A

BL
A
ST

x
Fi
lt
er
in
g

(S
ym

bi
od

in
iu
m
)

S.
m
in
ut
um

,S
.k

aw
ag
ut
ii,

S.
m
ic
ro
ad

ri
at
ic
um

,a
nd

un
pu

bl
is
he

d
ge

no
m
ic

da
ta

(c
la
de

s
C
1a

nd
C
15

)

S.
m
in
ut
um

,S
.k

aw
ag
ut
ii,

S.
m
ic
ro
ad

ri
at
ic
um

,a
nd

un
pu

bl
is
he

d
ge

no
m
ic

da
ta

(c
la
de

s
C
1a

nd
C
15

)

S.
m
in
ut
um

,S
.k

aw
ag
ut
ii,

S.
m
ic
ro
ad

ri
at
ic
um

,a
nd

un
pu

bl
is
he

d
ge

no
m
ic

da
ta

(c
la
de

s
C
1a

nd
C
15

)

S.
m
in
ut
um

,S
.k

aw
ag
ut
ii,

S.
m
ic
ro
ad

ri
at
ic
um

,a
nd

un
pu

bl
is
he

d
ge

no
m
ic

da
ta

(c
la
de

s
C
1a

nd
C
15

)

S.
ka

w
ag
ut
ii

N
ra
w

re
ad

s
(×

10
6
)

82
.5

82
.5

82
.5

82
.5

i.
92

.8
;i
i.
96

;i
ii.

10
2.
8

N
qu

al
it
y
fi
lt
er
ed

:
PE

,S
E

(x
10

6
)

56
.9
,0

56
.9
,
0

82
.3
,0

82
.3
,0

i.
35

,5
.8
;i
i.
33

.3
,6

.0
;i
ii.

26
.9
,4

.7
N

co
nt
ig
s/
tr
an

sc
ri
pt
s
(b
ef
or
e

BL
A
ST

x
fi
lt
er
in
g)

N
/A

N
/A

11
4,
18

1
39

5,
60

0
i.
17

3,
88

3;
ii.

16
4,
99

6;
iii
.1
85

,6
25

N
co

nt
ig
s/
tr
an

sc
ri
pt
s
(a
ft
er

BL
A
ST

x
fi
lt
er
in
g)

10
1,
32

2
(c
on

ti
gs

>
20

0
bp

)
33

9,
20

8
(c
on

ti
g

>
20

0)
58

,7
62

(c
on

ti
g

>
20

0
bp

)
26

4,
07

9
(c
on

ti
g

>
20

0
bp

)
i.
65

,4
60

;i
i.
67

,1
27

;i
ii.

72
,4
05

;
N

is
og

ro
up

s/
ge

ne
s
(%

an
no

ta
te
d)

38
,5
17

N
/A

N
/A

N
/A

i.
29

,1
45

;i
i.
26

,6
93

;i
ii.

37
,8
94

M
ea
n
co

nt
ig

le
ng

th
(b
p)

95
9

66
1

Pr
e-
BL

A
ST

X
fi
lt
er
in
g:

10
07

;p
os
t-
BL

A
ST

x
fi
lt
er
in
g:

83
4

Pr
e-
BL

A
ST

X
fi
lt
er
in
g:

70
8;

po
st
-B
LA

ST
x

fi
lt
er
in
g:

58
3

i.
17

54
;i
i.
18

94
;
iii
.1

49
2

N
50

(b
p)

18
30

16
91

Pr
e-
BL

A
ST

X
fi
lt
er
in
g:

19
17

;p
os
t-
BL

A
ST

x
fi
lt
er
in
g:

20
99

Pr
e-
BL

A
ST

X
fi
lt
er
in
g:

17
70

;p
os
t-
BL

A
ST

x
fi
lt
er
in
g:

17
14

i.
23

00
;i
i.
24

80
;
iii
.1

98
4;

G
C
(%

)
48

.6
2

45
.1

Pr
e-
BL

A
ST

X
fi
lt
er
in
g:

49
.1
3;

po
st
-B
LA

ST
x

fi
lt
er
in
g:

41
.9
5

Pr
e-
BL

A
ST

X
fi
lt
er
in
g:

46
.4
5;

po
st
-B
LA

ST
x

fi
lt
er
in
g:

40
.5
5

i.
42

.3
%
;i
i.
42

.1
%
;i
ii.

42
.2
%

BU
SC

O
s
se
ar
ch

ed
97

8
97

8
97

8
97

8
97

8
C
om

pl
et
e
BU

SC
O
s

89
9
[S
:7
5.
2%

;D
:1
6.
8%

]
91

6
[S
:4
7.
8%

,D
:4
5.
9%

]
Pr
e-
BL

A
ST

X
fi
lt
er
in
g:

90
1
[S
:7
3.
1%

;
D
:1
9.
0%

];
po

st
-B
LA

ST
x
fi
lt
er
in
g:

83
4

[S
:6
9.
5%

;D
:1
5.
7%

]

Pr
e-
BL

A
ST

X
fi
lt
er
in
g:

91
9
[S
:4
6.
4%

;
D
:4
7.
5%

];
po

st
-B
LA

ST
x
fi
lt
er
in
g:

87
5

[S
:4
3.
6%

;D
:4
5.
9%

]

i.
88

0;
ii.

89
9;

iii
.8

81

Fr
ag

m
en

te
d
BU

SC
O
s

43
55

Pr
e-
BL

A
ST

X
fi
lt
er
in
g:

41
;p

os
t-
BL

A
ST

x
fi
lt
er
in
g:

74
Pr
e-
BL

A
ST

X
fi
lt
er
in
g:

52
;p

os
t-
BL

A
ST

x
fi
lt
er
in
g:

90
i.
36

;i
i.
30

;i
ii.

31

M
is
si
ng

BU
SC

O
s

36
7

Pr
e-
BL

A
ST

X
fi
lt
er
in
g:

36
;p

os
t-
BL

A
ST

x
fi
lt
er
in
g:

70
Pr
e-
BL

A
ST

X
fi
lt
er
in
g:

9;
po

st
-B
LA

ST
x

fi
lt
er
in
g:

13
i.
62

;i
i.
49

;i
ii.

66

A.J. Veglia et al. Marine Genomics xxx (xxxx) xxx–xxx

3



Fig. 1. Top 10 gene ontology (GO) assignments associated with: a. molecular function. b. Biological processes. c. Cellular component.
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was used to assess completeness. Out of a total of 978 BUSCO groups
searched, the A. lamarcki transcriptome contained 899 (92%) and 43
(4.4%) complete and fragmented BUSCOs, respectively (Table 2).

2.4. Functional annotation

Open reading frame (ORF) identification and extraction was per-
formed using both EvidentialGene and TransDecoder v5.2.0 (http://
transdecoder.github.io) with homology insight provided by UniProtKb/
Swiss-Prot and the PFAM database (2018-04; Finn et al., 2016). ORF
prediction analysis identified a total of 38,517 putative ORFs, in which
16,283 were complete ORFs while 22,243 were incomplete with the 5′,
3′, or internal segment present. Following the Trinotate pipeline
(http://trinotate.github.io), the SwissProt and PFAM databases were
utilized to determine protein function and gene ontology of identified
ORFs. Homologies were obtained with BLAST v2.7.1 and protein do-
mains were identified with the program HMMER v3.1 (Finn et al.,
2011). The Signalp Server v4.1 (Petersen et al., 2011) was then used to
predict signal peptides followed by transmembrane region prediction
using the TMHMM Server V2.0 (Krogh et al., 2001) with a rRNA
transcript identification step using RNAmmer v1.2 (Lagesen et al.,
2007). Of the 38,517 ORFs identified, 12,107 of them were determined
to be associated with molecular processes, 1266 of them were asso-
ciated with biological processes, and 416 of them were associated with
cellular components (Fig. 1).

2.5. Taxonomic analysis of contamination

Taxonomic information of reads flagged and removed as bacterial
contamination from read libraries was retrieved from the marine bac-
teria database (MarDB V2). Of the 711,081 reads flagged as bacterial
contamination, 26% (190,116) matched a plasmid scaffold of
Candidatus Entotheonella sp. TSY1, a known endosymbiont for the
marine sponge Theonella swinhoei (yellow chemotype; Wilson et al.,
2014). Roughly 5% of contaminant reads matched an alpha-proteo-
bacteria Tistrella mobilis strain, which is an aerobe isolated from Indian
Ocean seawater (tinyurl.com/TmobilisMCCC). Another 5% of con-
taminant reads mapped to a heavy-metal arsenic tolerant strain of
Thalassospira xiamenensis that is associated with deep-sea sediments in
the Indian Ocean (Li et al., 2017). The taxonomic analysis of con-
tamination in this study has resulted in previously unrecorded bacterial
associations with a coral and elucidates the potential of using biological
sequence contamination to obtain interesting insights into coral holo-
bionts.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.margen.2018.08.003.
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