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Abstract: In this work, we identified non-crustose invasive
(Codium fragile subsp. fragile) and native Codium spp.
(Codium tomentosum and Codium vermilara) in the central
Cantabrian Sea using DNA barcoding (tufA and rbcL genes).
We designed a new FCOtufA genetic marker for identifying
Codium spp. in fresh and herbarium material. The tufA and
rbcL sequences revealed three different single haplotypes
for each of the species and a lack of intraspecific genetic
diversity. The FCOtufA genetic marker revealed one new
haplotype of C. fragile within the native region (South
Korea), suggesting the possibility of higher genetic diversity
in the donor region of this invasive species.

Keywords: Cantabrian Sea; DNA barcoding; herbarium
samples; non-crustose Codium species.

The marine green macroalga Codium shows a wide variety
of morphological forms (Pedroche 2001), especially in
cryptic subspecies of Codium fragile (Provan et al. 2008)
and some other non-crustose native Codium spp., e.g.,
Codium duthiae and Codium geppiorum (Verbruggen and
Costa 2015). Thus, authors have concluded that the taxo-
nomic assignments for species within this genus should be
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supported by genetic analysis (Silva 1955; Verbruggen et al.
2007), as in the case of other macroalgae of a cryptic nature
(Montes et al. 2016; Steinhagen et al. 2018). Previously,
DNA barcoding with chloroplast molecular markers
(rpl16-rps3, tufa, and rbcl) has been shown to be an
effective tool for distinguishing fresh as well as herbarium
samples of Codium spp. (Provan et al. 2008; Verbruggen
et al. 2017).

Eight species from the genus Codium from the inter-
tidal zone along the Cantabrian coast have been described
based on their morphological features (Cires and Moliner
2010). Among those species, seven were reported as native
between 1889 and 1955 (Cires and Moliner 2010), and one,
C. fragile subsp. fragile (henceforth C. fragile) (Silva 1955),
was recognized as a widely distributed invasive seaweed
from Japan and Korea. As with C. fragile, other Codium spp.
such as C. fragile subsp. atlanticum (A. D. Cotton) P. C.
Silva, Codium tomentosum Stackhouse, Codium vermilara
(Olivi) Delle Chiaje, and Codium decorticatum (Woodward)
M. Howe have dichotomous branching (non-crustose)
thalli, so visual identification in the field may result in
incorrect species assignment, and microscopic visualiza-
tion and DNA barcoding-based assessments are needed.

In this study, we aimed to update the current knowl-
edge on the presence of non-crustose native and invasive
Codium spp. in the central Cantabrian coast and to develop
a new protocol for amplifying short fragments from the
discriminative fufA genetic marker to identify problematic
herbarium samples or other seaweed material.

Non-crustose Codium spp. were collected on the cen-
tral Cantabrian coast and one additional site on the
northern coast of Portugal (Figure 1, Table 1). Samples were
preserved in 96% ethanol for morphological identification
and in silica gel for molecular work. All collected material
was examined under a microscope. The presence of utri-
cules with tips ending in a sharp mucron was used as a
morphological trait to differentiate between the native
(non-mucronate) and invasive C. fragile (mucronate) (Silva
1955) forms. Native non-crustose Codium spp. were also
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Figure 1: Map of Codium sampling locations in northern Spain and
Portugal. 1-Vidiago (N = 15), 2-de Vega (N = 14), 3-Gijon (port) (N =7),
4-Aramar (N = 40), 5-Tapia de Casariego (N = 20), and 6-Viana do
Castelo (N = 27). Species identification based on tufA gene shown:
black, C. fragile; white, C. tomentosum; hatched, C. vermilara.
Species identification based on tufA gene shown: black, C. fragile;
white, C. tomentosum; hatched, C. vermilara.

separated based on visual inspection as proposed by
Maggs and Kelly (2007) based on the type of branching,
shape of branching, and shape of the thallus base.

DNA was extracted using the GeneMATRIX Plant and
Fungi Purification Kit (EURx Cat. No. E3595, Roboklon
GmbH, Berlin, Germany). PCR products were amplified us-
ing the tufA marker (813 bp) from Saunders and Kucera
(2010) (forward primer: tufGF4) and Fama et al. (2002)
(reverse primer: tufAR) and the partial fragment of the rbcL
marker (787 bp) following the protocol of Verbruggen et al.
(2007). FCOtufA primers (190-200 bp) were designed using
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the web interface Primer3Plus (Untergasser et al. 2007) and
default parameters for the amplification of problematic fresh
and herbarium samples (Supplementary Table S1). There
were no reference genomes available at the time in GenBank
for the species in this study, so tufA sequences from different
families within the order Bryopsidales and sequences
obtained in this study were used to design forward
(FCOtufAFw: 5-TCTCAATTACAGGAAGAGGTACG-3’) and
reverse (FCOtufARv: 5-ATCTTTTTGAATGCCACGTAA-3')
primers for identifying Codium spp (figshare DOI: 10.6084/
m9.figshare.11897196). We used slightly modified PCR con-
ditions from those reported by Fama et al. (2002) by lowering
the annealing temperature (45 °C for 1 min). The same PCR
conditions were used for the amplification of FCOtufA. For
rbcL, we optimized the PCR conditions following the Ver-
bruggen et al. (2007) protocol. The samples were sent for
purification and sequencing to Macrogen (Amsterdam,
Netherlands).

Forward and reverse sequences were aligned to pro-
duce consensus sequences using freeware BioEdit (Hall
1999) that were blasted in NCBI (Altschul et al. 1997). In-
formation about the sequences downloaded from GenBank
is available in figshare (DOI: https://doi.org/10.6084/m9.
figshare.12176574). All alignments were performed with the
MUSCLE algorithm in MEGA ver. 10.0.5 (Kumar et al. 2018)
using the neighbor-joining (NJ) method with 1000 boot-
strap replicates.

Samples from this study showed 100% similarity with
previously reported public C. fragile subsp. fragile and
C. vermilara sequences from GenBank for both the tufA and
rbcL. markers (Table 1). The Codium spp. clustering of
Cantabrian samples was well supported, with high

Table 1: Thetotal number of collected Codium species and specimens used for GenBank ID and BLAST procedures on plastid haplotypes from
North Coast of Spain (region Asturias) and Portugal (location Viana do Castelo).

Place, year and total number Coordinates Gene (voucher code)

of collected specimens (I/N)?

Gene (GenBank ID) Gene (assignment in GenBank, % of similarity,

geographical origin of top hits)

tufA (FCO-Alg.2287)/
rbcL (FCO-Alg.2298)

Aramar, February 2016
(0/155)

43°60’99"N, 5°
78'55"W

Port of Gijon, June 2017
(131/48)

Tapia de Casariego,
December 2016 (33/111)

43°55'44"N, 5°
69'97"W
43°57'02"N, 6°
94'97"W

FCO-Alg.2230

tufA (FCO-Alg.2239)/
rbcL (FCO-Alg.2238)
Viana do Castelo, March

41°68'78"N, 8° FCO-Alg.2272

2016 (0/168) 84'66"W

De Vega® (4/145) 43°47'48"N, 5° —
13/45"W

Vidiago® (1/15) 44°40°15"N, 4° -
6513"W

tufA (MK569392)/ tufA(C. vermilara, KP685880.1,100%, island Krk,

rbcl (MK569395)  Croatia)/rbcl (C. vermilara, EF108092.1,99.83%,
island Krk, Croatia)

tufA (MK569393)  C. fragile subsp. fragile MH427857.1 (100%,
Victoria, Australia)

tufA (MK569394)/ tufA (C. tomentosum, KX855797.1, 100%,

rbcl (MK569396)  southern Australia)/rbcL (C. fragile subsp. fragile,
KJ909148.1, 99.83%, Jeju, South Korea)

rbcl (MK569397)  No match®

(1/N): Total number of specimens collected of invasive Codium fragile (I), or native Codium spp (N). bAssigned to C. tomentosum with tufA gene
(see the text). “‘Other sampling locations from central Cantabrian Sea, with a total number of Codium spp.
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FJ432653.1|B.plumosa

KU362047.1|Ostreobium sp. TS1633
—KM255032.1|C. setchellii GWS021427

1 L——KP685838.1|C. setchellii HV01077

KX855892.1|C. cylindricum MX0388
‘|1

0876 — JX463027.1|C. decorticatum GENTG.469

KX855858.1|C. galeatum LT0462

KX855760.1|C. tomentosum MELG.419
MK569393.1|Codium tomentosum FCO-AIg.2239
KP685842.1|C. yezoense HV01855

KX855882.1|C. fragile MELMJB0088
MK569392.1|Codium fragile FCO-alg-2230
KX855854.1|C. fragile LT0252

KX845581.1|C. fragile HV01791

JX463041.1|C. duthieae GENTHV2514

KJ909065.1|C. minus 11mi001

KP685794.1|C. megalophysum G.919
KP685805.1|C. ritteri H.0802

KP685804.1|C. convolutum H.0774

KP685810.1|C. effusum H.0952
KP685787.1|C. mozambiquense G.844
KP685966.1|C. lucasii TZ0644
KP685854.1|C. hubbsii HY01975
KP685934.1|C. spongiosum MAD1254

KP685765.1|C. spinescens G.112

KP685949.1|C. capitatum ODC1086

KP685855.1|C. saccatum HV02110
KP685899.1|C. sursum LL0380
KP685907.1|C. platyclados LT0015
KP685956.1|C. sp. arenicola ODC918
KP685969.1|C. taylorii TZ0744
KJ909047.1|C. contractum 10ct011
KJ909071.1|C. subtubulosum 10su009
KP685898.1|C. ovale LL0369

KP685967.1|C. prostratum TZ0672
KP685906.1|C. isthmocladum LL0475
KP685948.1|C. isabelae MX0230

KP685761.1|C. profundum G.073

KP685817.1|C. platylobium HEC15343
KP685970.1|C. dwarkense TZ0818

KP685880.1|C. vermilara KRK002
MK569394.1|Codium vermilara FCO-Alg.2287

Figure 2: Neighbor-joining (NJ) tree showing the relationship among Codium spp. with tufA marker.83 sequences from this study and 58 from
GenBank were used to assess species relationships (figshare https://doi.org/10.6084/m9.figshare.12176574). The samples from the central

Cantabrian Sea are indicated in bold and italics.

bootstrap values for tufA and rbcL (Figures 2 and 3). rbcL
data for C. tomentosum were not available in the GenBank
database. However, our tufA analysis indicated that the
haplotype MK569397 found in the sample FCO-Alg.2272
was clearly the species C. tomentosum (Table 1). Moreover,
the invasive and native non-crustose Codium species under
study revealed no differences in terms of genetic diversity
within the area of study (a single haplotype in each case).

Fresh Korean samples and herbarium samples were
successfully amplified with FCOtufA (sequences in figshare,
DOI: https://doi.org/10.6084/m9.figshare.12046407). In silico
analyses showed that FCOtufA may be useful for identi-
fying C. fragile, C. tomentosum, Codium yezoense, Codium
galeatum, Codium cylindricum, Codium duthieae, C.
decorticatum, and Codium contractum. The new FCOtufA
marker differentiated the C. fragile samples and revealed

one new haplotype in the Korean sample FCO-Alg. 2365
(Figure 4).

In this work, the presence of three non-crustose
Codium spp. in the central Cantabrian Sea, the invasive
variant of C. fragile and two native species (C. tomentosum
and C. vermilara), were confirmed using the tufA and rbcL
genes. Both genes supported morphological identification
and revealed a lack of intraspecific genetic diversity within
the area, as previously described for other geographic re-
gions (i.e., Verbruggen and Costa 2015). The samples of
Codium spp. collected in this study coincide with those of
ecological studies of non-crustose Codium spp. in northern
Spain (Garcia et al. 2018), suggesting that there is a higher
proportion of C. fragile in the summer months (July-
September) and C. tomentosum in winter months and a
lower abundance of C. vermilara in all localities.
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JF894104.1|Bryopsis plumosa strain Bpo-f-1
10

MG570009.1|Ostreobium sp. P1
KJ909161.1|Codium minus voucher 10mi002

KJ909094.1|Codium coactum voucher 10co001
%EF107981 .1|Codium dimorphum voucher CDISNZ01
o042 EF108074.1|Codium setchellii voucher HV1077
EF107977.1|Codium coralloides voucher KRK003
EF107999.1|Codium effusum voucher KRK004
EF107975.1|Codium convolutum voucher CAGT02
EF107968.1|Codium arabicum voucher HEC15480

EF107960.1|Codium arabicum voucher KZN2K4-44
EF107965.1|Codium arabicum voucher DML40360
EF107964.1|Codium arabicum voucher SD0509370

F107969.1|Codium arabicum voucher JH9
EF108052.1|Codium lucasii voucher H0695
org [ EF108023.1|Codium intertextum voucher HV343

p {EF108076.1|Codium spongiosum voucher KZN2K4-49
- ; 0355 L KP686024.1|Codium spongiosum voucher MAD1254
2 KJ909151.1|Codium hubbsii voucher 10ar005

EF108057.1|Codium lucasii subsp. capense voucher MAS2 152

EF108056.1|Codium lucasii subsp. capense voucher HEC15434
0922l KP686023.1|Codium lucasii voucher MAD1178
e EF107979.1|Codium cranwelliae voucher CCSGB01

o5e2 EF108058.1|Codium megalophysum voucher HEC15349
EF108064.1|Codium papenfussii voucher HEC15412

MK569397.1|Codium tomentosum voucher FCO-Alg.2272

AB103025.1|Codium cylindricum
KP686006.1|Codium cylindricum voucher JAP122

o
9

0.758

95#KP686018.1|Codium decorticatum voucher MAD0450
EF107982.1|Codium duthieae voucher HEC15348

0818KP686017.1|Codium duthieae voucher MAD0337
EF108003.1|Codium galeatum voucher JH5
05 AB103024.1|Codium yezoense
AB103019.1|Codium fragile
AB103021.1|Codium fragile
AB103023.1|Codium inerme
KJ909134.1|Codium fragile voucher 10fr001
KJ909145.1|Codium fragile voucher 10fr029
KJ909147.1|Codium fragile voucher 11fr001
MK569396.1|Codium fragile voucher FCO-Alg.2238
EF107973.1|Codium cf. bursa DHO2-176 voucher DHO2-176
EF108022.1|Codium gracile voucher CGNZ01
|EF107970.1|Codium bursa voucher KRK001
i |EF107972.1|Codium bursa voucher HV883
KJ909174.1|Codium saccatum voucher 120810-01
EF108062.1|Codium muelleri voucher H0698
AB103002.1|Codium latum
KJ909179.1|Codium tenuifolium voucher 11su004
EF107974.1|Codium capitatum voucher KZN2264
EF108075.1|Codium spinescens voucher H0693
EF108001.1|Codium cf. flabellatum DHO-009 voucher
EF108060.1|Codium cf. minus DHO-015 voucher DHO-015
EF108020.1|Codium geppiorum voucher DHO-194
EF108077.1|Codium taylorii voucher DML30732
EF108083.1|Codium taylorii voucher HV906
EF108079.1|Codium taylorii voucher DML55040
053¢ F108082.1|Codium taylorii voucher DML59088
04%8F108087.1|Codium taylorii voucher DHO2-360
EF108088.1|Codium taylorii voucher KZN2K4-27
EF108090.1|Codium taylorii voucher SOCANC7
KP686025.1|Codium taylorii voucher MAD1634
EF108068.1|Codium prostratum voucher KZN2K4-19
EF108015.1|Codium geppiorum voucher KZN2K4-45
AB102995.1|Codium contractum
KJ909123.1|Codium contractum voucher 10ct001
‘AB102990.1|Codium intricatum
EF108021.1|Codium geppiorum voucher DML65197
EF108069.1|Codium repens voucher HV947
EF108091.1|Codium cf. tenue HV608 voucher HV608
EF108065.1|Codium platyclados voucher
EF108063.1|Codium ovale voucher DML40050
KJ909177.1|Codium subtubulosum voucher 10su001
EF108002.1|Codium cf. fragile AU5 voucher
EF108040.1|Codium laminarioides voucher
EF108036.1|Codium isthmocladum voucher DML59073
EF108092.1|Codium vermilara voucher KRK002
MK569395.1|Codium vermilara voucher FCO-Alg-2298
KP686029.1|Codium cicatrix voucher MAD1797
KP686040.1|Codium cicatrix voucher TZ0111
EF108005.1|Codium geppiorum voucher DHO-056
EF108012.1|Codium geppiorum voucher HEC15447
KP686015.1|Codium dwarkense voucher MAD0311
EF108066.1|Codium platylobium voucher HEC15343

0.738

0.0}

EF108026.1|Codium isthmocladum voucher DML30307
EF108028.1|Codium isthmocladum voucher DML55171
EF108033.1|Codium isthmocladum voucher HV919

EF108025.1|Codium isthmocladum subsp. clavatum voucher DML30530
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Figure 3: Neighbor-joining (NJ) tree showing the relationship among Codium spp. with rbcL marker.The Codium spp. genetic analyses
included 132 sequences from this study and the 93 sequences downloaded from GenBank (figshare https://doi.org/10.6084/m9.figshare

12176574). The samples from the central Cantabrian Sea are indicated in bold and italics.
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FJ432653.1|Bryopsis plumosa

[.646

0.998

0.992

KU362047.1 Ostreobium sp. TS1633

KJ909047.1|Codium contractum voucher 10ct011

MK569394.1 Codium vermilara voucher FCO-Alg.2287
KX855760.1|Codium tomentosum voucher MELG.419
MK569393.1|Codium tomentosum FCO-Alg.2239
KX855858.1|Codium galeatum voucher LT0462

KX855796.1|Codium decorticatum voucher MELH.1020
KX855810.1|Codium duthieae voucher HV02358
JX463041 1|Cod|um duthieae voucher GENTHV2514

0 6%(X855892.1 |Codium cylindricum voucher MX0388
— KP685842.1|Codium yezoense voucher HV01855
KX855821.1|Codium fragile voucher MELHV04033

03874 0634 KX855854.1|Codium fragile voucher LT0252

083K X855854.1|Codium fragile LT0252

FCO-Alg.2365

4gg KX845581.1|Codium fragile voucher HV01791
0.44sFCO-Alg.2355

FCO-Alg.2356

FCO-Alg.2357

FCO-Alg.2358

FCO-Alg.2359

FCO-Alg.2360

FCO-Alg.2361

FCO-Alg.2362

FCO-AIg.2363

FCO-Alg.2364

FCO-Alg.2367

0.62X855882.1|Codium fragile voucher MJB0088
0929K569392.1|Codium fragile FCO-alg-2230

Figure 4: Neighbor-joining (NJ) tree showing the relationship among Codium spp. with FCOtufA marker.20 sequences from GenBank and 12
new sequences were obtained in this work (figshare https://doi.org/10.6084/m9.figshare.12991151). The new FCOtufA marker differentiated
C. fragile from the other species and the two previously described “native” haplotypes (KX855821.1|C._fragile, KX855854.1|C._fragile;
Verbruggen et al. 2017) from the unique invasive haplotype detected in this work (KX855882.1|C._fragile = the Cantabrian Sea C. fragile
haplotype MK569393), and from the new haplotype detected in the Korean sample, FCO-Alg. 2365 (red node). Samples processed in this work

are indicated in bold and italics.

The FCOtufA marker facilitated the successful
amplification of problematic samples and revealed one
new haplotype from the native range of C. fragile in South
Korea. The small size of the FCOtufA marker (<200 bp)
constrains its utility in phylogenetic studies, although it
could indicate the existence of higher genetic diversity in
South Korea. Nevertheless, we suggest that this method
can be used for the rapid identification of invasive
C. fragile species.

Finally, the species C. decorticatum and C. fragile
subsp. atlanticum were not found in this study or in pre-
vious studies based on morphological traits and the envi-
ronmental DNA method (Garcia et al. 2018, Muha et al.
2019). The sampling conducted here was limited to the
intertidal zone, and thus, future studies should include
subtidal areas to fully understand the Codium spp. distri-
bution in the area studied in this work.
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