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Abstract: Hydrozoan jellyfish of the genus Blackfordia currently consist of three described species: B. manhattensis,
B. virginica and B. polytentaculata. These species are distinguished by combinations of the position and shape of the
gonads, the number of marginal tentacles, and the presence or absence of black pigments on the bell rim. We discov-
ered a species of the genus Blackfordia in Vietnam for the first time. Morphological and molecular analyses revealed
that this Vietnamese Blackfordia had an intermediate number of tentacles compared with its congeners, and a similar
number of tentacles had been reported in Blackfordia only in Brazil, Mexico and India. Mitochondrial DNA analysis in-
dicated that Vietnamese Blackfordia formed a sub-clade with “B. virginica” from Brazil, and differed from B. virginica
from other locations, having a K2P distance of >0.13. These results suggest that Blackfordia sp. found in Vietnam (and
Brazil) may be a different species from B. virginica found elsewhere, though more information is needed to establish

this new species.
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Introduction

Hydrozoan jellyfish of the genus Blackfordia Mayer,
1910 (Hydrozoa, Leptothecata) were first described by
Mayer (1910). The genus is characterized by having four
radial canals, gonads completely surrounding the radial ca-
nals, and having hollow marginal tentacles in which the
endodermal cores of the tentacles extend inwards from the
bell margin into the gelatinous substance of the bell (May-
er 1910, Kramp 1961). Presently, two species, Blackfordia
virginica Mayer, 1910, and Blackfordia polytentaculata
Hsu & Chin, 1962 are accepted as valid, and Blackfordia
manhattensis Mayer, 1910 is regarded as a synonym of B.
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virginica, based on the statements of Kramp (1958) and
Moore (1987), in the World Register of Marine Species
(Schuchert 2020). On the other hand, Bouillon et al. (1988)
suggested that it cannot definitively be stated that B. man-
hattensis is indeed a synonym of B. virginica due to some
ambiguity about actual morphology.

Blackfordia virginica sensu lato has been found in
brackish waters from various areas from tropical to sub-
arctic (e.g. Genzano et al. 2006, Bardi & Marques 2009,
Chicharo et al. 2009, Freire et al. 2014, Faasse & Melchers
2014, Toyokawa & Fujii 2015, Jaspers et al. 2018). It has
attracted a large amount of scientific interest due to its
known invasion history world-wide (e.g. Zaitsev & Oztiirk
2001, Graham & Bayha 2008). However, the area of its
origin is still unclear (Mills & Sommer 1995, Zaitsev &
Oztiirk 2001, Graham & Bayha 2008, Leppikoski et al.



Blackfordia newly discovered in Vietham 119

2009), although it appears to have been introduced from
outside of the United States, presumably from the Black
Sea, based on genetic analyses (Harrison et al. 2013).

In December 2017 and June 2018, 14 medusae belonging
to the genus Blackfordia were discovered in Nha Trang,
Vietnam, for the first time. Furthermore, one individual
of Blackfordia was found in Hai Phong, the northern part
of Vietnam, in July 2019. In this study, we examined the
morphology and genetic composition of these Blackfordia
specimens, and compared them with previously-described
congeners based on morphological and molecular data.

Materials and Methods

Sample collection

A total of 15 medusae of Blackfordia were sampled in
two locations in Vietnam during 2017-2019 (Table 1, Fig.
1). Fourteen were collected in the surface waters of Thuy
Trieu Lagoon (Khanh Hoa) in Nha Trang (12°04.7451'N,
109°10.6369’E) on December 5, 2017 (4 inds.) and June 9,
2018 (10 inds.). Surface temperatures and salinities dur-
ing the samplings were 27°C (December 2017) and 29.5°C
(June 2018), and 25 (December 2017) and 28 (June 2018),
respectively. A single individual was also collected in the
Lach Huyen River mouth at Hai Phong (20°48.1448'N,
106°54.5052'E) on July 30, 2019 (temperature 29.6°C, sa-
linity 10). At both locations, they were collected by per-
forming horizontal hauls with a plankton net (diameter:
0.6 m, mesh size: upper half, | mm; lower half, 0.33 mm)
from a boat or a pier. Intact individuals were photographed
using a digital camera, pigmentation was checked, and a
few tentacles were cut off and preserved in 99.5% ethanol
for molecular analyses. The remainder of each specimen
was fixed in 5% formalin-ambient seawater for morpholog-
ical observations. Five individuals of Blackfordia collected
in Nha Trang and Hai Phong were used only for genetic
analyses because the specimens were damaged.

Morphological analysis

The morphological features of Blackfordia deemed use-
ful for species identification in previous studies (Mayer
1910, Kramp 1961, Bardi & Marques 2009), i.e. bell di-
ameter, number of tentacles, the absence or presence of
pigmentation between tentacles, the number of statocysts
between tentacles, shape of manubrium (lips), the number
of radial canals, and shape and length of gonads, were
examined and compared with previous descriptions. The
morphological features were observed using a stereo-
scopic microscope (Nikon SMZ1270). Observation was
performed in both dark-field and transmitted light mode.
Measurements of bell diameter were made using an ocular
micrometer, corrected by an objective micrometer. Due to
a lack of information, we did not correct for the possible
effect of tissue shrinkage in dimension measurements us-
ing formalin-preserved gelatinous animals (Nishikawa &

Terazaki 1996, Jaspers & Carstensen 2009), as was also
the case in other Blackfordia studies (e.g. Bardi & Marques
2009, Harrison et al. 2013).

Molecular analysis

The tissue samples were dissolved with a 300 uL of Cell
Lysis Solution (Puregene Core Kit A, QIAGEN) and 5 uL
of 20 mg uL~' Proteinase-K (Promega). Then, they were
incubated at 37°C overnight or at 55°C for 2 hours. Protein
Precipitation Solution (100 uL) was added and the sam-
ple was centrifuged for 15 minutes at 15000 g to separate
DNA from protein. 300 uL of 100% propanol was added
to the DNA solutions, and they were frozen at —30°C for
30 minutes. Solutions were centrifuged for 15 minutes at
15000 g to precipitate DNA and the supernatant was re-
moved. Then, the obtained DNA was washed with 70%
ethanol, centrifuged for 15 minutes at 15000 g and the
ethanol supernatant was removed. Total DNA was then
dried, eluted with 100 4L of TE-buffer, and preserved at
4°C. Mitochondrial cytochrome oxidase ¢ subunit I (COI)
and 16S fragments from Blackfordia were amplified us-
ing the primers “dgL.CO1490” and “dgHCO2198” for COI,
and “16s. Cunningham. F. 1Imod” and “16s. Cunningham.
R. 2" for 16S, respectively (Harrison et al. 2013). PCR of
mtDNA was carried out on a BIO RAD T100 thermal Cy-
cler using the parameters followed in Harrison et al. (2013).
PCR reaction mixture was composed of 1.5 uL primer set
(10 mM), 1.5 uL 10XEX buffer, 1.5 uL dNTP, 0.075 uL
Ex Taq HS, 7.425 uL distilled water (DW), and 1.5 uL
template DNA. The PCR products were visualized by 2%
agarose gel electrophoresis with MIDORI Green Direct
(NIPPON genetics Co., Ltd.). PCR products were purified
using Exo-Sap IT (Affymetrix) and directly sequenced us-
ing the BigDye terminator ver. 3.1 (ABI). Cycle sequence
reaction was repeated for 40 cycles of 96°C for 10 seconds,
50°C for 5 seconds, 60°C for 2.5 minutes. Reaction was
carried out in a total volume of 11 4L, containing 7 uL
DW, 1.5 uL 5% Sequencing buffer, 0.5 uL forward primer,
1 uL BigDye, and 0.5 uL PCR products. Cycle sequence
products were precipitated using 99.5% ethanol contain-
ing 125 mM EDTA, and replaced with 15 uL Hi-Di TM
formamide (ABI). Each mtDNA sequence was checked by
eye and aligned using MEGA ver.7 (Kumar et al. 2016).
Haplotypes were assigned by FaBox (Villesen 2007),
and haplotype networks were constructed using statisti-
cal parsimony in TCS ver.1.21 (Clement et al. 2000). The
sequences of Blackfordia sp. obtained in this study were
aligned with those of Blackfordia spp. in other regions re-
ported in the National Center for Biotechnology Informa-
tion (NCBI) Gene Bank (Table SI). Phylogenetic analyses
(maximum-likelihood, neighbor-joining) were performed
using MEGA. The most appropriate models estimated by
MEGA were in 16S T92+@G, and in COI GTR~+I. Boot-
strap support values were calculated with 1000 replicates
for both. Plumularia hyalina (Bale, 1882) and Nemertesia
antennina (Linnaeus, 1758) were used as the outgroup for
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Table 1. Sample information for Blackfordia examined in this study. Sample numbers, sampling years and locations, morphological infor-
mation, and the samples used for morphological (Morph) and molecular (Mol) examinations are shown.

; Mol
Sample Year Location Sex Bell diameter No. of No. of statocysts Morph
No. (mm) tentacles between tentacles 16S COIl
01 2017 Nha Trang Female 11.2 113 1 (rarely 0) O
02 2017 Nha Trang NA NA NA NA O O
03 2017 Nha Trang NA NA NA NA O O
04 2017 Nha Trang NA NA NA NA O O
05 2018 Nha Trang Female 6.7 108 1 (rarely 0) O O O
06 2018 Nha Trang Female 9.2 104 1 (rarely 0) O O O
07 2018 Nha Trang Male NA 112 1 (rarely 0) O O O
08 2018 Nha Trang Immature 3.8 48 1 (rarely 0) O O O
09 2018 Nha Trang Immature 42 60 1 (rarely 0) O O O
10 2018 Nha Trang Immature 4.5 48 1 (rarely 0) O O O
11 2018 Nha Trang Immature 4.5 60 1 (rarely 0) O O O
12 2018 Nha Trang Immature 3.5 60 1 (rarely 0) O O O
13 2018 Nha Trang Immature 2.8 52 1 (rarely 0) O O
14 2018 Nha Trang NA NA NA NA O O
15 2019 Hai Phong NA NA NA NA O O
Total 10 14 13
NA: Not available.
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20°55'N
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Fig. 1. Sampling locations of hydrozoan Blackfordia sp. in Vietnam. A, Lach Huyen River mouth, Hai Phong; B, Thuy Trieu Lagoon, Nha
Trang.
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Fig. 2. Blackfordia sp. collected in Nha Trang, Vietnam. A: subumbrellar view showing radial canals (rc) and gonads (go), B: tentacular
bulbs (tb) and tentacular bulb projections (po), C: manubrium (ma), D: close-up view of umbrellar margin showing tentacular bulbs (tb),
tentacular bulb projections (po), and statocysts (st), E: matured gonad of female, F: matured gonad of male, G: immature gonad (go), and
manubrium (ma). A—C: a female, bell diameter 11.2 mm, D, E: a female, bell diameter 6.7 mm, F: a male, bell diameter unknown, G: an im-
mature specimen, 4.2 mm.
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the phylogenetic analysis. Kimura's two-parameter model
(K2P, Kimura 1980) was applied to calculate the gene dis-
tances between each region using MEGA. MtDNA 16S
and COI haplotypes of Blackfordia sp. obtained in this
study were deposited in NCBI Gene Bank under accession
numbers LC576399-LC576403 and LC576404-LC576410,
respectively.

Results

Morphological observations

Of the ten individuals observed, four were mature (a
male and three females) and six were immature (Table
). Mature individuals exhibited bell diameters of 6.7—
11.2 mm with 104-113 marginal tentacles. The bell diam-
eters of immature individuals ranged between 2.8—4.5 mm
with 48—60 tentacles, clearly fewer than those of adults.
Both immature and mature individuals had the following
features: four simple radial canals (Fig. 2A); one or rarely
no statocyst present between tentacles (Table 1, Fig. 2B
& D); black pigments on the marginal region were ab-
sent (Fig. 2D); manubrium with four, fluted, recurved and
crenulated lips (Fig. 2C); gonads extending, along ca. 2/3
length of radial canals (Fig. 2A). In the mature individuals,
the gonads were from straight to sinuous, and granulated
with visible eggs in females (Fig. 2E & F), while those of
the immature individuals were linear, thin, and extending
from the base of the stomach to over half or 2/3 length of
radial canals (Fig. 2G).

Molecular analyses

Fourteen and thirteen individuals were used for the
analysis of mitochondrial 16S and COI sequences, respec-
tively (Table 1). The mitochondrial 16S and COI sequenc-
es of Blackfordia sp. in two locations revealed five and
seven haplotypes, respectively (Fig. 3). Haplotypes from
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2018 Nha Trang 16S 11
2018 Nha Trang 16S 13
2018 Nha Trang 16S 10
2018 Nha Trang 16S 08
2017 Nha Trang 16S 03
2018 Nha Trang 16S 05
2018 Nha Trang 16S 09
79 2018 NhaTrang 16S 14
2017 NhaTrang 16S 02
2017 NhaTrang 16S 04
2018 NhaTrang 16S 06
2018 NhaTrang 16S 07
2018 NhaTrang 16S 12
KT266605 Blackfordia virginica 16S Brazil
2019 Hai Phong 16S 15

KC507374 Blackfordia virginica 16S United States
99| MH460957 Blackfordia virginica 16S BalticSea ..
JQ715957 Blackfordia virginica 16S China B. virginica
AY512516 Blackfordia virginica 16S California
KF962401 Blackfordia virginica 16S China

liJQ715951 Blackfordia polytentaculata 16S

Hai Phong were different to those from Nha Trang. Phy-
logenetic analyses using both the maximum-likelihood
and neighbor-joining methods showed similar patterns.
The phylogenetic 16S tree revealed two major clades: B.
virginica sensu lato, including Blackfordia sp. found in
Vietnam, and B. polytentaculata (Fig. 4). In the clade of
B. virginica sensu lato, Blackfordia sp. found in Vietnam
formed a sub-clade only with “B. virginica” from Brazil.
In COlI, as in 168, the phylogenetic tree showed two clades:
B. virginica sensu lato and B. polytentaculata. Blackfordia

(A) 16S

02017 Nha Trang
m2018 Nha Trang
©2019 Hai Phong

Fig. 3. Parsimony haplotype network for (A) 16S and (B) COI
of Blackfordia sp. in Vietnam. The size of circles is proportional
to the haplotype frequency and the color of circles indicates the
sampling locations and collection years. Each branch represents a
one-nucleotide variation. Small empty circles symbolize hypotheti-
cal haplotypes.

Blackfordia sp. in Vietnam
& B. virginica in Brazil

JQ715950 Biackfordia polytentaculata 165
JQ715948 Blackfordia polytentaculata 165 | B- Polytentaculata
JQ715949 Blackfordia polytentaculata 16S

[

AY787913 Pl ia hyalina 16S

L AY787910 Nemertesia antennina 16S

—

0.05
Fig. 4.

Maximum likelihood tree based on mtDNA 16S of Blackfordia based on our data and those of Blackfordia spp. from other regions

reported in the NCBI Gene Bank (see Table S1). Bootstrap values over 70 are indicated above nodes. Number attached to each datum indi-

cates the sample number listed in Table 1.
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Fig. 5.

[
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Maximum likelihood tree based on mtDNA COI of Blackfordia based on our data and those of Blackfordia spp. from other regions

reported in the NCBI Gene Bank (see Table S1). Bootstrap values over 70 are indicated above nodes. Number attached to each datum indi-

cates the sample number listed in Table 1.

Table 2. Mean K2P values in 16S and COI between Blackfordia
sp. found in Vietnam and B. virginica in each area. Sequence data
used for the countries except Vietnam were from NCBI. See Figs.
4 and 5, and materials and methods for detailed information.

(A) 16S
Vietnam USA* China Brazil
Vietnam
USA* 0.132
China 0.131 0.001
Brazil 0.015 0.133 0.132
Baltic Sea 0.132 0 0.001 0.133
(B) COl
Vietnam USA* China Baltic Sea
Vietnam
USA* 0.135
China 0.134 0.006
Baltic Sea 0.133 0.003 0.003
India 0.134 0.003 0.003 0

* Both Pacific and Atlantic

sp. from Vietnam was included in the former clade, and
formed an independent sub-clade from B. virginica from
other places (Fig. 5). The genetic distances (K2P) of 16S
between Blackfordia sp. from Vietnam and B. virginica
in three places, i.e. the United States, China and the Baltic
Sea, were relatively high (>0.131, Table 2A). In contrast,
the K2P between the Vietnam species and “B. virginica’
from Brazil was much lower (0.015). For COI, the K2P
between Blackfordia sp. from Vietnam and B. virginica in

another four places (United States, China, the Baltic Sea,
and India) were high (> 0.133, Table 2B). Because the COI
sequence of “B. virginica” from Brazil was not reported,
the K2P distance between Vietnam and Brazilian speci-
mens was unable to be calculated.

Discussion

Two species, Blackfordia manhattensis (the type spe-
cies of the genus, type location: New Jersey, United States)
and Blackfordia virginica (type location: Hampton Roads
and Norfolk Harbor, Virginia, United States) were first de-
scribed from the eastern coast of the United States (Mayer
1910). They were distinguished by the black entodermal
pigment-granules adjacent to the statocysts only being
present in B. virginica, with that species also having 1
(rarely 2) statocysts between each tentacle, in contrast to
2 (sometimes 3) in B. manhattensis, and having the linear
gonads extending from the radial corners of the stomach to
just over half the length of the radial canals, in contrast to
sinusoidal gonads found on the middle parts of the canals
in B. manhattensis (Mayer 1910). Later, a third species,
Blackfordia polytentaculata was discovered based on spec-
imens from the Fukien Coast, China (Hsu & Chin 1962).
This species is distinguishable from its congeners by the
higher number of marginal tentacles (200-250) than in ei-
ther B. virginica or B. manhattensis (Hsu & Chin 1962).

Kramp (1958, 1961) reported that there were no black
pigments in B. virginica sensu lato collected at the type
locality of Norfolk Harbor in the United States (two speci-
mens), Bulgaria in the Black Sea (several specimens), and
India (nine specimens). Moore (1987) also reported the
presence of pigment granules in only some statocysts in
his specimens of B. virginica from the River Mira estu-
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ary in Portugal, collected in 1984. Because of the pres-
ence of 1-3 intertentacular statocysts and the variable
pigmentation Moore suggested that, in line with Kramp
(1958, 1959), B. manhattensis is conspecific and therefore
a synonym (Moore 1987). On the other hand, Bouillon
et al. (1988) suggested that B. manhattensis and B. vir-
ginica should be treated as separate species until further
information is available, because Kramp (1958, 1959) and
Moore (1987) both studied only fixed material in which the
pigments degrade rapidly under the influence of the fixa-
tive and the continued existence of pigments can be quite
random. Denayer (1973) also described that the pigment
was easily degraded in fixatives. In addition, Jaspers et al.
(2018) observed grey pigmentation in live individuals of B.
virginica from the Baltic Sea. Furthermore, Bouillon et al.
(1988) recorded Blackfordia sp. in Wuvulu Island, Papua
New Guinea, where the species differed from other Black-
fordia species, but which they did not officially describe,
presumably due to the absence of mature specimens. Bardi
& Marques (2009) concluded, based on a literature survey,
that the only character now useful to distinguish between
the three Blackfordia species are the number of marginal
tentacles. Other characters formerly used to identify the
species, such as the number of statocysts between suc-
cessive tentacles, gonad morphology, and the presence/
absence of black pigments have been reported as poly-
morphic or to be individual variations and therefore of no
taxonomic significance. Presently, B. manhattensis is con-
sidered a synonym of B. virginica (Schuchert 2020).

At present, B. virginica+B. manhattensis and B. poly-
tentaculata can be reliably distinguished by the number
of marginal tentacles (Mayer 1910, Kramp 1961, Hsu &
Chin 1962, Bardi & Marques 2009): B. virginica and B.
manhattensis have ca. 80 tentacles and B. polytentaculata
has 200-250. On the other hand, Bardi & Marques (2009)
reported that “B. virginica” found in Brazil had 88 and
96 tentacles (bell diameter 7.5 and 8.8 mm, data extracted
from photographs in Bardi & Marques (2009)s Fig. 2).
While the number of tentacles was still fewer than in B.
polytentaculata, the relationship between bell diameter and
the number of tentacles is clearly that a higher number of
tentacles exists for any given bell diameter than from spec-
imens previously reported as B. virginica in most other
studies (Table 3). The number of tentacles (48—113), includ-
ing both immature and mature individuals, in Vietnamese
Blackfordia was also similar to that reported for Brazilian
specimens by Bardi & Marques (2009), and showed an
intermediate number between B. virginica and B. polyten-
taculata, in the case of mature individuals (104-113, see
Table 3). Interestingly, “B. virginica” from Mexico and In-
dia also have been reported to have higher numbers of ten-
tacles i.e. 86—125 (6.5-9.9 mm) (Alvarez-Silva et al. 2003)
and 72 (4 mm) and 92 (11 mm) (Kramp 1958). Blackfordia
virginica on the Atlantic coast of Argentina, which is rela-
tively close to Brazil, has been reported with the number
of tentacles being up to 76 (bell diameter ranged from

2—-10 mm, Genzano et al. 2006), which is similar to B. vir-
ginica sensu stricto and fewer than in B. virginica sensu
Bardi & Marques, 2009 (Table 3). This evidence suggests
that Blackfordia with an intermediate number of tenta-
cles (ca. 100—140) in mature individuals have so far been
found only in Vietnam (2 places), Brazil (3 places), Mexico
(I place) and India (1 place), and genetic information is
available only for the former 2 locations.

Phylogenetic analyses including Blackfordia sp. from
Vietnam and Blackfordia spp. in other areas revealed that
the K2P distances for both 16S and COI between Black-
fordia sp. in Vietnam and other locations for B. virginica
were high (>0.13), compared with those between Black-
fordia sp. in Vietnam and “B. virginica” from Brazil
(0.015). In Medusozoa, intraspecific and interspecific dif-
ferences within genera for K2P in COI have been reported
as 0.013 and 0.176 on average, respectively (Ortman et al.
2010). This suggests that the genetic differences between
Blackfordia sp. and B. virginica observed in other loca-
tions, except for Brazil, were interspecific, rather than in-
traspecific. Currently, the K2P distances in 16S in Medu-
soza have not been reported, with the notable exception of
Lindsay et al. (2015), who reported K2P distances of 0.02
(intraspecific) and 0.18—0.23 (interspecific) for three spe-
cies of the well-defined siphonophore genus Diphyes, while
only a single 16S sequence is provided in the NCBI Gene
Bank for Brazilian B. virginica. However, a much lower
genetic distance between Blackfordia sp. and B. virginica
sensu Bardi & Marques, 2009, compared with other loca-
tions, implies that they might be interspecific variations.

Bardi & Marques (2009) suggested that many morpho-
logical characters traditionally used in Blackfordia for spe-
cies identification were not valid. However, their informa-
tion was based on comparisons of “B. virginica” found in
Brazil to those described in previous papers, rather than
from actual B. virginica material from the type local-
ity. This study showed that B. virginica sensu Bardi &
Marques, 2009 from Brazil may not be the same as B. vir-
ginica sensu Mayer, 1910, therefore their conclusion needs
to be reconsidered. Some of the previous studies concern-
ing Blackfordia contain only limited morphological infor-
mation. Furthermore, the DNA analysis by Harrison et al.
(2013) did not include specimens from the type location
of B. manhattensis, so that the DNA sequence of B. man-
hattensis remains unknown and we cannot inconclusively
conclude that B. manhattensis is a synonym of B. virgini-
ca. Since B. virginica and B. manhattensis are morphologi-
cally similar, it is possible that they may have been mixed
up in previous reports. Therefore, as concluded by Bouil-
lon et al. (1988), it is necessary to reconsider morphologi-
cal information on Blackfordia, especially the relationship
between bell diameter and tentacle number, shape, length
and position of the gonads, and the number of statocysts
between tentacles.

In conclusion, both morphological and genetic analyses
suggest that Blackfordia sp. found in Vietnam seems to be
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a different species from B. virginica. Together with Black-
fordia from Brazil, Mexico and India, they are distinguish-
able from congeners by the number of tentacles in adults.
However, we still hesitate to establish a new species at
this moment, because of the limited number of specimens,
limited morphological characters unique to the species (es-
pecially those in immature stages), and limited molecular
information, especially for “B. virginica” from Brazil, In-
dia and Mexico. Obtaining this information will clarify not
only the taxonomic position of Vietnamese Blackfordia,
but also enable identification of the source and the mecha-
nism of invasion of this potentially newly-introduced jel-
lyfish. It is the first record of Blackfordia in Vietnam, and
somehow, they are similar to Blackfordia from Brazil,
Mexico, and India, only. Further investigation is needed to
clarify whether this jellyfish occurs in other tropical Asian
areas in the future.
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