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Radiolarians in the Arctic Ocean have been studied lately in both plankton and sediment trap samples in the
Chukchi Sea area. These studies have shed light on new radiolarian taxa, especially within the order Entactinaria,
including two new species of Joergensenium, Joergensenium arcticum from the western Arctic Ocean, so far
restricted to the PacificWinterWater in the Chukchi Sea, and Joergensenium clevei hitherto found in the northern
part of the Norwegian Sea south of the Fram Strait. The taxonomic position of the order Entactinaria is discussed
and the genus Joergensenium has been emended. We have also observed in detail the internal structure of
Joergensenium arcticum using Microfocus X-ray Computed Tomography and have utilized three-dimensional im-
aging for the first time in a species description.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

Radiolarians (siliceous marine Rhizaria) are widely distributed in
the oceans throughout the water column from the surface to great
depths. Their species-specific abundance in a region is related to tem-
perature, salinity, productivity, and nutrient availability (Anderson,
1983; Bjørklund et al., 1998; Cortese and Bjørklund, 1997; Cortese
et al., 2003; Ikenoue et al., 2012a, 2012b, 2015). Therefore, information
on the vertical distributions of living radiolarians, their life cycle, and
their response to sea-ice reduction can contribute to the historical re-
construction of the vertical hydrographic structure and predict future
ecosystems in the Arctic. In the Arctic Ocean, radiolarian assemblages
have been studied mainly based on the samples collected by plankton
tows and surface sediment samples (Itaki et al., 2003; Bjørklund and
Kruglikova, 2003). In recent studies, seasonal and interannual variations
of the radiolarian fauna and their relationships with sea-ice and ocean
circulation have been carried out using sediment trap and vertical
plankton tow samples (Ikenoue et al., 2015). Ikenoue et al. (2015) sug-
gested that the depth distribution of Joergensenium sp. A is restricted to
the PacificWinterWater. Joergensenium sp. A has not been described yet
and has so far only been observed in the Chukchi Sea, in the western
part of the Arctic Ocean. So far, we have not observed this species in re-
cent materials outside the Arctic Ocean, neither in the North Pacific nor
in the North Atlantic.

In this study,we have observed anddocumented the skeletal charac-
teristics of Joergensenium sp. A, and herein describe it as a new species
Joergensenium arcticum, including a discussion of its vertical distribu-
tion, life cycle, symbionts and parasites in theArctic Ocean. Furthermore
we have observed other Entactinarian species in the material we have
available. On Cleve slide #33 (P.T. Cleve's type collection, Swedish Mu-
seum of Natural History) two specimens of a new species have been de-
scribed as Joergensenium clevei.
2. Regional setting

The oceanography of the Arctic is characterized by strong stratifica-
tion and limited connections with the Pacific, enormous continental
shelves, sea-ice formation and melting. A clear decreasing trend in
sea-ice extent has been observed in the Arctic Ocean since the 2000s
(Stroeve et al., 2012). The most rapid reduction of sea ice has been ob-
served in the western Arctic Ocean (Comiso, 2012), which has a higher
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rate of primary production than any other area of the Arctic Ocean
owing to the supply of nutrient-rich Pacific water (Harada, 2016). The
hydrography in the western Arctic Ocean has been discussed in several
studies (e.g., Aagaard et al., 1985; McLaughlin et al., 2011). The surface
water is characterized by low-temperature and low salinity water and
all of the deepwater is supplied by dense, salinewater from the Atlantic
Ocean (Aagaard et al., 1981). The surface water can be subdivided into
three layers, i.e., surface mixed layer (SML), Pacific Summer Water
(PSW), and Pacific Winter Water (PWW). The SML (0–25 m) is formed
in summer by sea-ice melt and river runoff, and is characterized by low
salinities (less than 28). The PSW (25–100 m) and PWW (100–250 m)
are cold, halocline layers originating from the Pacific Ocean via the Be-
ring Sea. The Pacific water enters through the very shallow Bering Strait
(~50m sill depth). The PSW is relatively warmer and less saline (30–32
in the 1990s, 28–32 in the 2000s) than the PWW (Jackson et al., 2011).
The PWW is characterized by a temperature minimum (of about
−1.7 °C) (Coachman and Barnes, 1961) and a nutrient maximum
(Jones and Anderson, 1986).

3. Material and methods

3.1. Plankton tow samples

Plankton tow sampleswere collected from the northern Chukchi Sea
using vertical towswith a NORPAC net (North Pacific standard plankton
net) (62-μmmesh size, openmouth area: 0.16m2) and a vertical multi-
ple plankton sampler (VMPS) (62-μm mesh size, open mouth area:
0.25 m2) to elucidate the relationships between radiolarians and the
vertical hydrographic structure. Plankton tow samples were also col-
lected from the Bering Strait and the southern Chukchi Sea using verti-
cal tows with a NORPAC net to investigate the amount of radiolarians
Fig. 1. Location map of sampling stations in the northern
drifting from the Bering Sea to the western Arctic Ocean. The VMPS
was towed from four layers (100–0, 250–100, 500–250, and 1000–
500m) at two stations (Station 32 and Station 56 in the northern Chuk-
chi Sea) in September 2013 (Fig. 1, Table 1).

During August–October 2013 the NORPAC net was towed from
150 m depth to the surface. At 9 stations the depths were shallower
than 150m and the towing started 5m above actual bottom depth (Sta-
tions 1 and 3 in the Bering Strait; Stations 5, 7, 8, 9, 68, 70 in the south-
ern Chukchi Sea; Station 52 in the northern Chukchi Sea) (Fig. 1,
Tables 1 and 2). The volume of seawater filtered through the netwas es-
timated using a flow meter mounted in the mouth of the net.
Hydrographical data (temperature, salinity, dissolved oxygen, and chlo-
rophyll a) down to 1000 m water depth were simultaneously obtained
fromCTD (Conductivity Temperature Depth profiler) casts. The samples
collected by NORPAC net and VMPS were split with a Motoda box split-
ter and a rotary splitter (McLane™WSD-10). The split samples were
fixed with 99.5% ethanol for microscopic observation and molecular
analysis.

Plankton samples from the northern Chukchi Sea were stained with
Rose-Bengal to discriminate between living and dead specimens. Spec-
imens that clearly stained bright red were interpreted as living cells,
while cells that did not stain red, or were just barely stained red, were
interpreted as dead because they lacked sufficient intact protoplasm
to absorb the stain. Plankton samples from the Bering Strait and south-
ern Chukchi Seawere treatedwith the samemethod as for the sediment
trap samples described by Ikenoue et al. (2015) to remove organic
matter and more easily identify the presence of radiolarian skeletons.
Plankton tow sample slides for light microscope observation were pre-
pared using themethods described by Ikenoue et al. (2015). We count-
ed all specimens encountered on each slide with an Olympus BX43
transmitted light microscope at 200× or 400× magnification, and
Chukchi Sea, southern Chukchi Sea, and Bering Strait.

Image of Fig. 1
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defined the two-shelled form of J. arcticum as a juvenile. The individual
numbers of counted specimens were converted to standing stocks (No.
of specimens m−3).

The split specimens were also observed with a scanning electron
microscope (SEM): JSM-6700F (JEOL, Tokyo, Japan) and by Microfocus
X-ray Computed Tomography (MXCT): ScanXmate-DF160TSS105
(Comscantechno co.ltd, Shinyokohama, Japan) with a high-resolution
X-ray detector (spatial resolution: 0.8 μm/voxel) for detailed de-
scription of the skeletal structure of J. arcticum. Microfocus X-ray
Computed Tomography is a non-destructive three-dimensional
(3D) imaging technique. The 3D image of the interior of an object
is obtained by collecting X-ray transmission images from whole an-
gles and generating a series of two-dimensional cross-sectional im-
ages. These two-dimensional images are stacked and a 3D image is
built using computer software. We visualized the CT-scanned 3D
images of J. arcticum (Appendix A) by 3D image viewer “Molcer
Plus” (http://www.white-rabbit.jp/molcerPlusE.html).

The methods used for analyzing the symbionts of J. arcticum follows
the same protocol as Krabberød et al. (2011) and Bråte et al. (2012).
Plankton samples for molecular analysis were preserved in 70% ethanol
until further processed. In the lab, individual cells of J. arcticumwere iso-
lated by capillary isolation andwashed by physically removing external
debris withmicroneedles. Then, each cell was rinsed in three droplets of
sterile filtered Milli-Q water, and transferred into 200 μl PCR-tubes.
Single cell whole genome amplification (SCWGA), 18S PCR and ABI
sequencing with general eukaryotic primers was performed as in
Bråte et al. (2012).

Obtained sequences were added to a reference alignment of the
major groups of dinoflagellates (Orr et al., 2012) combined with an
alignment of representatives of marine alveolates (MALV) (Guillou
et al., 2008; Bråte et al., 2012) and the nearest BLAST-hits in GenBank.
The sequences were aligned with MAFFT v7.017 (Katoh and Standley,
2013) implemented in Geneious 8, and then trimmed with trimAL
with automated settings (Capella-Gutiérrez et al., 2009). The resulting
alignment had 308 taxa and 1471 characters. Maximum likelihood
analysis was performed with the program RAxML v8.0.26 using the
rapid bootstrapping and subsequent ML search with the GTRGAMMA
model. The number of bootstraps was automatically set based on
the MRE bootstopping criterion (Stamatakis, 2014) and stopped at
350 replicates. Ten sequences obtained from J. arcticum fell within
MALV (not shown). To further determine the placement of the se-
quences from J. arcticum, the distantly-related clades were removed
and a new phylogenetic analysis was performed on the reduced
dataset (89 taxa, 1495 characters) following the same routine as
described before. Sequences used in this study have been deposited
in NCBI GenBank (http://www.ncbi.nlm.nih.gov/) with accession
numbers KT751274-KT751283.

3.2. Sediment trap samples

Sinking particles were collected by a sediment trap (SMD26 S-6000,
open mouth area 0.5 m2, Nichiyu Giken Kogyo, Co. Ltd.) with bottles
rotating at intervals of 10–15 days, and the trap moored at 184 m
(4th October 2010–28th September 2011), and 260 m (4th October
2011–18th September 2012), and a second trap moored at 1300 m
(4th October 2010–28th September 2011), and 1360 m (4th October
2011–18th September 2012) at Station NAP on the Northwind Abys-
sal Plain (Fig. 1, Table 3). Recoveries and redeployments of the traps
were carried out by the ice breaker of the Canadian Coast Guard I/B
“Sir Wilfrid Laurier” and the R/V “Mirai” of the Japan Agency for
Marine-Earth Science and Technology.

Sediment trap sample slides for light microscope observation were
prepared using the methods described by Ikenoue et al. (2015). We
counted all J. arcticum skeletons encountered on each slide with an
Olympus BX43 transmitted light microscope at 200× or 400× magnifi-
cation and defined the two-shelled form of J. arcticum as a juvenile. The

http://www.white-abbit.jp/molcerPlusE.html
http://www.ncbi.nlm.nih.gov


Table 2
Logistic and sample information for the vertical plankton tows for radiolarian standing stock (S. S.) at eight stations in the southern Chukchi Sea and Bering Strait during R/V Mirai Cruise
MR13-06.

Station ID Sampling time
(UTC)

Depth interval
(m)

Flow water mass
(m3)

Aliquot
size

Total radiolarian
S. S. (count)

Temperature
range (°C)

Salinity range

Station 1 65°46′ N, 168°45′W 19:28 0–45 2.42 1/32 0 (0) 1.21–6.87 31.39–32.28
Date 31 Aug. 2013
Station 3 65°41′ N, 168°17′W 23:38 0–38 3.81 1/32 0 (0) 5.90–11.19 24.64–31.40
Date 31 Aug. 2013
Station 5 66°30′ N, 168°45′W 5:10 0–48 1.24 1/32 0 (0) 2.05–7.54 31.22–32.11
Date 01 Sep. 2013
Station 7 67°30′ N, 168°45′W 11:41 0–42 2.83 1/32 0 (0) 1.08–5.88 31.64–32.35
Date 01 Sep. 2013
Station 8 68°00′ N, 168°45′W 18:10 0–52 3.60 1/32 0 (0) 2.23–5.05 32.11–32.42
Date 01 Sep. 2013
Station 9 68°30′ N, 168°45′W 22:46 0–46 4.00 1/16 0 (0) 2.26–7.86 29.66–32.05
Date 09 Sep. 2013
Station 68 68°18′ N, 167°03′W 23:59 0–31 2.81 1/8 5.7 (2) 4.58–6.03 30.13–31.62
Date 02 Oct. 2013
Station 70 68°12′ N, 167°20′W 2:04 0–40 3.44 1/8 2.3 (1) 3.34–4.63 30.19–31.82
Date 03 Oct. 2013
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flux of J. arcticum (No. of specimens m−2 day−1) was calculated from
count data using the following formula:

Flux ¼ N � V=S=D ð1Þ

where N is the counted number of radiolarians, V the aliquot size, S the
aperture area of the sediment trap (0.5m2), andD the sampling interval
(day).

As supplemental environmental data, Time-series data of sea-ice
concentration around Station NAP during the mooring period were
calculated from the sea-ice concentration data set (http://iridl.
ldeo. columbia.edu/SOURCES/.IGOSS/.nmc/.Reyn_Smith OIv2/, cf.
Reynolds et al., 2002).

4. Results

4.1. Taxonomy

Infrakingdom Rhizaria Cavalier-Smith, 2002, emend. Cavalier-Smith,
2003
Phylum Retaria Cavalier-Smith, 1999
Class Radiolaria Müller, 1859
Subclass Polycystina Ehrenberg, 1839, emend. Riedel, 1967
Order Entactinaria Kozur and Mostler, 1982
Family Quinquecapsulariidae Dumitrica, 1995
Genus Joergensenium Bjørklund, Dumitrica, Dolven and Swanberg, 2008
Type species: Joergensenium rotatile Bjørklund, Dumitrica, Dolven and
Swanberg, 2008.

Emended diagnosis: Spherical Quinquecapsulariidae consisting of a
double medullary shell (Plate 1, Fig. 2; Plate 2, Figs. 1–3; Plate 5, Fig. 4;
Plate 6, Fig. 2) and a single (Plate 1, Fig. 3; Plate 2, Figs. 4–8; Plate 5,
Fig. 1; Plate 6, Fig. 1) or a double (Plate 3, Figs. 1–7; Plate 4, Figs. 1–2;
Plate 5, Figs. 2–3) cortical shell, both interconnected by more than
seven secondary radial bars originating in the second medullary shell
and prolonged outside into spines. Microsphere as with the family but
Table 3
Locations, mooring depths, standard sampling interval, and sample duration of the sediment t

Trap station Latitude Longitude Water depth (m) Mooring depth (m)

NAP10t 75°00′ N 162°00′W 1975 184 (upper), 1300 (low
NAP11t 75°00′ N 162°00′W 1975 260 (upper), 1360 (low

a Details of the exact durations for each sample are shown in Appendices B and C.
complicated by the appearance of two to four additional bars from the
middle of the bars interconnecting the two parallel pentagons and
representing lateral edges of the pentagonal prism. Second medullary
shell latticed, with a system of arches marked by constrictions that con-
nect the ten radial bars originating in the corner of the pentagonal prism
and that repeat at a larger scale the shape of the microsphere.

Discussion:When the genus Joergenseniumwas described on the basis
of its type species (Bjørklund et al., 2008) it seemed difficult to know
which of the simple bars interconnecting the two pentagons is the medi-
an bar (MB). Based on these new species, that have four curved
connecting bars bearing an additional ray originating in their middle, it
is easy to recognize the MB in the single bar that has no ray in its middle.
In all Mesozoic and Cenozoic evolved entactinarian genera, that are in the
genera, that have a more or less complex microsphere with entopically
positionedmedian bar that originated in the four basal rays, the MB is al-
ways the simplest bar and the only element that has a triple junction at its
ends. On the basis of the present new species, one can easily recognize
now the MB of the type species of the genus (Fig. 2.1). It is the bar,
surrounded by the two bars that bear two additional rays (ad), and the
only bar that lies in the plane of bilateral symmetry of the microsphere.
In all the older quinquecapsulariids (the genera Quinquecapsularia
Pessagno, EmpireaWhalen and Carter) and a new undescribed Paleocene
genus with a spherical cortical shell and seven spines originating in the 7
cupolas of the second medullary shell, the bars that interconnect the two
pentagons are simple. Therefore, one could suppose that the appearance
of additional rays on these bars is an evolutionary character. Moreover,
if the number of such rays increases during evolution, one can suppose
that J. arcticum n. sp., that has four additional rays, originally developed
from J. rotatile that has only two. Unfortunately, this supposition is not
yet supported by the range of the two species, which is incompletely
known. What we practically know is that the oldest occurrence of
J. rotatile is as old as 15,600 calendar years BP (Dolven, 1998; Dolven
et al., 2002) and that so far J. arcticum has been found only in the plankton
and sinking particle materials in the Chukchi Sea, the western part of the
Arctic Ocean.
rap station in the western Arctic Ocean.

Standard sampling intervala (days) Sampled interval

er) 10–15 4 October 2010–28 September 2011
er) 10–15 4 October 2011–18 September 2012

http://iridl.ldeo
http://iridl.ldeo
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The genus was recorded in both northern and southern oceans
during the late Miocene to Quaternary as reported in the recent article
by Renaudie and Lazarus (2015). Unfortunately, in spite of the detailed
structuralwork byDumitrica (inDeWever et al., 2001; and in Bjørklund
et al., 2008), Renaudie and Lazarus (loc. cit., text-Fig. 4b) interpreted
completely erroneously the structure of the initial spicule and of the
first shell (microsphere) of this genus and also of the genus
Lonchosphaera Popofsky. Neither Joergensenium nor Lonchosphaera
have a single apical ray, as illustrated by them, but amedian bar, 2 apical
rays and 4 basal rays, plus some special connecting arches (see
Dumitrica, 2014). Also, based on an equally erroneous citation by
Suzuki and Aita (2011) of the paper by De Wever et al. (2001), they
do not recognize the persistence of the entactinarian spicular structures
during the whole Mesozoic and Cenozoic, including both genera in the
spumellarian family Actinommidae. Moreover, Renaudie and Lazarus
(loc. cit.) described in a new species of Joergensenium, under the name
of Joergensenium pseudodictyocha Renaudie and Lazarus, a medullary
shell of a species of this genus. All species of this Cenozoic genus are
characterized by the presence of a single or double cortical shell. It is
only missing in the young ontogenetic stages, which may be more fre-
quent at some levels than themature specimens, and which are always
represented by the double medullary shell. Also, to have a complete de-
scription of a species,we have to know themode of connection between
the secondmedullary shell and the inner cortical one, and the structure
of themicrosphere. Not one of these characters is clearly visible in their
images so that practically the species is indeterminable.
Joergensenium arcticum Ikenoue, Dumitrica and Bjørklund n. sp

Text-Fig. 2.2; Plates 1-6.

Synonyms: 2003 Actinomma leptoderma leptoderma — Itaki et al.
p. 1517; Plate 1, Fig. 12

Holotype: Plate 2, Fig. 7, Station NAP, NAP11t shallow #25, Stored at
the National Museum of Nature and Science, Tokyo with registration
number MPC-04118, England Finder coordinates E17/4.

Paratype 1: Plate 1, Fig. 1, Station 32, 100–250 m, Stored at the Na-
tional Museum of Nature and Science, Tokyo with registration number
MPC-04119, England Finder coordinates T30/3.
Table 4
Diameter measurements of the four shells in Joergensenium arcticum n. sp. from the western A

Samples 1. shell 2. shell 3. shell

Sediment trap
Station NAP, NAP11t, #25 19 45 90

Plankton net
Station 32 100–250 m 22 44 *
Station 32 100–250 m 22 46 *
Station 32 100–250 m 20 47 *
Station 56 250–500 m 20 40 80
Station 32 100–250 m 21 45 *
Station 56 100–250 m 22 40 *
Station 56 250–500 m 21 43 *
Station 56 100–250 m 24 41 83
Station 56 100–250 m 19 41 85
Station 32 100–250 m 21 42 75
Station 32 100–250 m 20 41 94
Station 56 250–500 m 22 40 88
Station 56 100–250 m 18 39 76
Station 32 100–250 m 21 44 89
Station 32 100–250 m 20 40 79
Station 56 250–500 m 19 41 81
Station 56 250–500 m 20 41 86
Station 56 100–250 m 18 43 86
Station 56 250–500 m 20 44 83
Average diameter (μm) 20 42 84

* Means no data.
Paratype 2: Plate 1, Fig. 2, Station 32, 100–250 m, Stored at the Na-
tional Museum of Nature and Science, Tokyo with registration number
MPC-04120, England Finder coordinates J10/3.

Paratype 3: Plate 1, Fig. 3, Station 32, 100–250 m, Stored at the Na-
tional Museum of Nature and Science, Tokyo with registration number
MPC-04121, England Finder coordinates K45/4.

Paratype 4: Plate 3, Fig. 6, Station 56, 250–500 m, Stored at the Na-
tional Museum of Nature and Science, Tokyo with registration number
MPC-04122, England Finder coordinates F11/2.

Description: Shell spherical consisting of one simple or double corti-
cal shell and one double medullary shell consisting of microsphere and
second medullary shell. Microsphere looks like a pentagonal prism the
corners of which bear one ray. One lateral edge is straight, the other
four are curved and bear also a ray in theirmiddle, so that the total num-
ber of rays originated in the microsphere is 14. All microspheric rays
stop in the wall of the second medullary shell (partly seen on Plate 2,
Figs. 1c, 2a, 3c; Plate 6, Figs. 2b–c) and are interconnected by arches
that form in its wall with slightly marked constrictions and slightly
marked cupolas. Second medullary shell thin-walled with rounded
pores of irregular size and arrangement. Their cupolas bear one to two
three-bladed radial bars prolonged outside the cortical shell into about
10–15 relatively long pointed spines. Cortical shell is spherical and
may be single (Plate 2, Figs. 4–8; Plate 5, Fig. 1; Plate 6, Fig. 1) or double
(Plate 3, Figs. 1–7; Plate 4, Figs. 1–2; Plate 5, Figs. 2–3).When single, it is
thin walled and has rounded pores of various shapes, sizes and arrange-
ment (Plate 2, Fig. 7a; Plate 5, Fig. 1). When double, the external one is
close to the internal shell, spongy-like, fibrillar, formed of thin threads
uniting very irregularly the ends of numerous by-spines arising from
the wall of the inner cortical shell (Plate 3, Figs. 3, 5–6; Plate 5,
Figs. 2–3).

Material: Numerous specimens, juvenile and adult forms with all of
the in-between growth stages.

Dimensions: (averaged based on 20 specimens; Table 4): Diameter
of microsphere 20 μm (18–24 μm, of second medullary shell 42 μm
(39–47 μm, of cortical shell 84 μm (75–94 μm), of second cortical shell
108 μm (96–124 μm).

Etymology: From its occurrence in the Arctic Ocean.
Range and occurrence: This species is living mainly in the upper

water layers (100–250 m depth) and increase in number during early
stage of sea-ice formation (see Chapter 4.2 below). Its first occurrence
rctic Ocean.

4. shell Specimen no. Plate Collection no.

* Holotype Plate 2, Figs. 7a–c MPC-04118

* Paratype 1 Plate 1, Figs. 1a–d MPC-04119
* Paratype 2 Plate 1, Fig. 2 MPC-04120
* Paratype 3 Plate 1, Fig. 3 MPC-04121

112 Paratype 4 Plate 3, Figs. 6a–c MPC-04122
* Plate 2, Figs. 1a–c
* Plate 2, Figs. 2a–b
* Plate 2, Figs. 3a–c
* Plate 2, Figs. 4a–b
* Plate 2, Figs. 5a–b
* Plate 2, Figs. 6a–c
* Plate 2, Figs. 8a–c
* Plate 3, Figs. 1a–b

101 Plate 3, Figs. 2a–b
124 Plate 3, Figs. 3a–c
96 Plate 3, Figs. 4a–c

102 Plate 3, Figs. 5a–c
110 Plate 3, Figs. 7a–b
108 Plate 4, Figs. 1a–b
108 Plate 4, Figs. 2a–b
108
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is not known as most cores with Tertiary as well as Quaternary sedi-
ments in the Arctic Ocean usually are barren for siliceous microfossils.

Remarks: This species was identified as Joergensenium sp. A in
Ikenoue et al. (2015), Plate 4, Figs 1–3).Whether this species is being re-
cruited from the Pacific Ocean via the Bering Sea is not confirmed by the
plankton data from the south-western part of the shallow Chukchi Sea,
presented in this paper. However, the samples studied are essentially
barren of any radiolarian fauna, only three species were observed and
none of them was J. arcticum.

As mentioned under the genus description, structurally, the micro-
sphere consists of an initial spicule formed of a median bar (MB), two
apical rays (A), and four basal rays (B). Basal rays are united by a system
of arches that form togetherwithMBa pentagonal prism, and each of its
ten corners bears a ray. One lateral edge of this prism (MB) is simple, the
other four are curved and in their middle they bear an additional radial
bar (a), so that the total number of rays extending from themicrosphere
is 14 (Text-Fig. 2.2). Their distal ends stop in the wall of the outer
medullary shell where they are united by arches forming slightly
marked constrictions that repeat, by their position, the edges of the
macrospheric pentagonal prism. Morphologically, by having 3–4 con-
centric shells and many radial spines the species J. arcticum n. sp.
could be considered close to the series of boreal species Actinomma
boreale (Cleve), Actinomma leptodermum (Jørgensen), Drymyomma
elegans Jørgensen belonging to Actinommidae of Spumellaria (see
Bjørklund, 1974a, 1974b, 1976; Cortese and Bjørklund, 1997). These
actinommids have a round microsphere with rather small and regular
pores. A major difference between J. arcticum and the actinommids is
the complicated structure of the microsphere in J. arcticum that we
have mentioned under the species description.
Joergensenium clevei Dumitrica and Bjørklund n. sp

Text-Fig. 2.3; Plate 7.

Description: Test as with the genus, consisting of 3 concentric shells
of which one is cortical and two medullary. Cortical shell thin-walled,
spherical with numerous polygonal (usually pentagonal or hexagonal)
pores arranged irregularly and of relatively equal size (Plate 7, Figs. 1a,
2a). It is covered by numerous small by-spines originating not in the
vertices of the pore frames but on the intervening bars of the frames
(Plate 7, Fig. 1). Sometimes, and on some portions, they can be intercon-
nected by very thin bars. Microsphere has a shape of a short pentagonal
prism with one lateral edge simple and straight or slightly curved,
representing the MB, and the other four curved and provided with an
additional radial bar (ad) in their middle. All corners represent points
of origin of 10 rays, of which 2, at the ends of MB, are apical (A), 4 are
basal (B), and the other 4 are antapical (ant), refer to Text-Fig. 2.3. At
the level of the secondmedullary shell, all these rays are interconnected
by arches forming a second prismatic shell with curved edges that re-
peats the fundamental shape of the microsphere. Second medullary
shell has 7 cupolas erected on these edges (some cupolas are seen in
Plate 7, Figs. 1b, 2c–e) and corresponding to the 7 facets of the polygonal
prism. Cupolas are well marked especially in axial view, which is the
view along the MB. All the 14 rays originate in the microsphere periph-
ery in the arches of the secondmedullary shell, and only occasionally1–
2 rays may be prolonged as thin rays up to the cortical shell. The tops of
the 7 cupolas are at the origin of 7, three-bladed radial bars that traverse
the cortical shell and extend outside it into pointed spines that usually
are not longer than their inner portion.
Plate 1. Transmitted light micrographs of 3 specimens of Joergensenium arcticum Ikenoue, Dumi
and the entire specimen (Fig. 3). 1a–d — broken specimen of which the microsphere was draw
surface showing inside the microsphere. 3 — Entire specimen focused at the equatorial plane
Figs. 2–3.Plate 1
Material: Two specimens observed in Cleve's slide collection, located
on Cleve slide #33.

Holotype: Plate 7, Fig. 2. Stored at the Swedish Museum for Natural
History with registration number SMNH Type-6120-1, England Finder
coordinates J40/1.

Paratype: Plate 7, Fig. 1. Stored at the Swedish Museum for Natural
History with registration number SMNH Type-6120-2, England Finder
coordinates G36/0.

Dimensions: Holotype: Diameter of microsphere 25 μm, of second
medullary shell 46 μm, of cortical shell 101 μm. Paratype: Diameter of
microsphere 27 μm, of second medullary shell 50 μm, of cortical shell
110 μm.

Etymology: The species is dedicated to the Swedish chemist, biolo-
gist, mineralogist, oceanographer Per Teodor Cleve (1840–1905) for
his contribution to the knowledge of the radiolarians from the
Spitzbergen area.

Range: So far this species has only been found in plankton material
east of Spitzbergen (78° 18′N, 2° 58′W). An additional observation of
J. cleveiwasmade in DSDP Site 609, 2CC in theNorth Atlanticwith an es-
timated age of about 313,000 years (Ciesielski and Bjørklund, 1995).
The stratigraphic occurrence of this species was not looked for either
below or above the 2CC sample. The stratigraphic significance of this
species is therefore not known at present.

Remarks: Joergensenium cleveiDumitrica and Bjørklund n. sp. resem-
bles J. arcticum Ikenoue, Dumitrica and Bjørklund n. sp., from which it
differs in beingmuchmore regular, in having practically only 7 external
spines, and in having the cortical shell normally one-shelled. It is possi-
ble that they are 2 contemporaneous species characterizing 2 geograph-
ical areas, the former the north Atlantic and the latter the north-western
part of the Arctic Oceanwith its main distribution and abundance in the
Chukchi Sea. According to Cleve's slide #33 the sampling was from
2000 m to the surface. In Cleve's several slides, covering the sampling
depth shallower than ca 400m, no J. cleveiwas observed. Joergensenium
rotatilis is observed in west Norwegian fjord plankton and is endemic to
rather warmwater (7 °C). Joergensenium rotatilis is also found in surface
sediment samples in the Norwegian Sea, but we have so far no informa-
tion onwhichwatermass it belongs to. Aswe have not observed J. clevei
in our west Norwegian fjord fauna we assume this species might be a
deep (N400 m) and cold water dweller, originating from the Arctic
Ocean, and occupying the water masses underlying the warm Norwe-
gian Sea Current (the continuation of the North Atlantic Current) in
the area west of Spitzbergen. In conclusion, wemay suggest the follow-
ing: J. rotatile is a warm water boreal species with its home area in the
Nordic Seas and the Norwegian fjords, J. cleveiwith a subarctic distribu-
tion in the northern part of the Norwegian Sea, and finally J. arcticum in
the western part of the Arctic Ocean, probably endemic to the Chukchi
Sea area, as it has not been registered elsewhere so far.

4.2. Vertical distribution and flux variation of Joergensenium arcticum in
the northern Chukchi Sea

The vertical distribution of J. arcticum at five stations in the northern
Chukchi Sea are shown with hydrographic profiles (Nishino, 2013) in
Fig. 3. Joergensenium arcticumwas absent at 0–100 m depth, but abun-
dant at 100–250 m depth, and rare at deeper depths at stations 32
and 56. The standing stocks of J. arcticum at 0–150 m depth at stations
31 (same coordinates as Station 32) and 56 were somewhat lower
than that at 100–250 m depth at stations 32 and 56, respectively, but
the ratio of juvenile formsof J. arcticumwashigher. Thehighest standing
stock of J. arcticumwas observed at Station 54 at 0–150 m depth, while
trica and Bjørklund n. sp. showing themicrosphere, the secondmedullary shell (Figs. 1–2)
n in text-Fig. 2, focused at 4 levels. 2 — Medullary shell of a specimen focused under the
with the microsphere in lateral view. Scale bar = 20 μm for Fig. 1. Scale bar = 50 μm for



Plate 2. Transmitted light micrographs of Joergensenium arcticum Ikenoue, Dumitrica and Bjørklund n. sp. (Figs. 1–8). 1a–c. Joergensenium arcticum juvenile form, same specimen. Station
32, 100–250 m. 2a–b. Joergensenium arcticum juvenile form, same specimen. Station 56, 100–250 m. 3a–c. Joergensenium arcticum juvenile form, same specimen. Station 56, 250–500 m.
4a–b. Joergensenium arcticum, same specimen. Station 56, 100–250m. 5a–b. Joergensenium arcticum, same specimen. Station 56, 100–250m. 6a–c. Joergensenium arcticum, same specimen.
Station 32, 100–250m. 7a–c. Joergensenium arcticum, same specimen. StationNAP, NAP11t, shallow#25. 8a–c. Joergenseniumarcticum, same specimen. Station 32, 100–250m. Scale bar=
100 μm for all figures.
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Plate 3. Transmitted lightmicrographs of Joergensenium arcticum Ikenoue, Dumitrica and Bjørklundn. sp. (Figs. 1–7). 1a–b. Joergenseniumarcticum, same specimen. Station 56, 250–500m.
2a–b. Joergensenium arcticum, same specimen. Station 56, 100–250m. 3a–c. Joergensenium arcticum, same specimen. Station 32, 100–250m. 4a–c. Joergensenium arcticum, same specimen.
Station 32, 100–250 m. 5a–c. Joergensenium arcticum, same specimen. Station 56, 250–500 m. 6a–c. Joergensenium arcticum, same specimen. Station 56, 250–500 m. 7a–b. Joergensenium
arcticum, same specimen. Station 56, 250–500 m. Scale bar = 100 μm for all figures.
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Plate 4. Transmitted lightmicrographs of Joergensenium arcticum Ikenoue, Dumitrica and Bjørklundn. sp. (Figs. 1–2). 1a–b. Joergenseniumarcticum, same specimen. Station 56, 100–250m.
2a–b. Joergensenium arcticum, same specimen. Station 56, 250–500 m. Transmitted light micrographs of conjoined Joergensenium arcticum skeletons (Figs. 3–10). 3a–b. 2nd–2nd order of
conjoinment, same specimen. Station 32, 100–250m. 4a–b. 2nd–3rd order of conjoinment, same specimen. Station 56, 250–500m. 5a–b. 2nd–2nd order of conjoinment, same specimen.
Station 56, 100–250 m. 6a–b. 1st–2nd order of conjoinment, same specimen. Station 56, 500–1000 m. 7a–b. 1st–2nd order of conjoinment, same specimen. Station 32, 100–250 m. 8a–b.
2nd–2nd–2nd order of conjoinment, same specimen. Station 56, 100–250 m. 9a–b. 3rd–3rd order of conjoinment, same specimen. Station 56, 100–250 m. 10a–b. 2nd–3rd order of
conjoinment, same specimen. Station 56, 100–250 m. Scale bar = 100 μm for all figures.

Plate 5. Scanning electronmicrographs of Joergensenium arcticum Ikenoue, Dumitrica and Bjørklund n. sp. showing the surface general view of cortical andmedullary shells (Figs. 1–4). 1.
Split specimen showing single cortical shell. Station 32 100–250 m. 2. Split specimen showing early developed second cortical shell. Station 32 100–250 m. 3. Split specimen showing
second cortical shell. Station 32 100–250 m. 4. Split specimen showing second medullary shell with broken cortical shell. Station 32 100–250 m. Scale bar = 50 μm for Figs. 1–3. Scale
bar = 10 μm for Fig. 4.
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Fig. 2. Comparative structure of the microsphere of the species Joergensenium rotatile, Joergensenium arcticum n. sp., and Joergensenium clevei n. sp. 1 — Joergensenium rotatile Bjørklund,
Dumitrica, Dolven and Swanberg, slightly oblique apical view. 2 — Joergensenium arcticum n. sp., oblique lateral view. 3 — Joergensenium clevei n. sp., oblique lateral view. MB —
median bar, A — apical rays, B — basal rays, ant — antapical rays, ad — additional rays. Dotted line in Fig. 1 marks the position of the arch on the second medullary shell. The same
arches are also present in the wall of J. arcticum and J. clevei. Scale bars = 10 μm.
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J. arcticumwas absent at Station 52 at 0–66mdepth.We also observed a
few specimens of conjoined skeletons of J. arcticum (Table 1; Plate 4,
Figs. 3–10) and they were found mainly in the PWW layer at stations
32 and 56.

The flux of J. arcticum increased during the early stage of sea-ice for-
mation in the upper and lower traps except for summer in 2012 (Fig. 4).
Juvenile form of J. arcticum occurred mainly during the sea-ice-cover
season. The counted numbers of J. arcticum are shown in Appendices B
and C.
4.3. Radiolarian standing stocks in the Bering Strait and southern Chukchi
Sea

The radiolarian standing stocks in the Bering Strait and southern
Chukchi Sea are shown in Table 2. Radiolarians were not found at sta-
tions 1, 3, 5, 7, 8, and 9 at all, indicating that the standing stock is zero
at the time when our samples were collected in the open part of the
southern Chukchi Sea. However, only a few fragments of radiolarian
Plate 6.Microfocus X-ray Computed Tomography cross-sectional images of Joergensenium arcti
(Figs. 1–3). 1–3. Joergenseniumarcticum, same specimen, Station 54, 0–150m. 1a–d. A series of x
xy cross sectional images of a secondmedullary shell. Scale bar= 10 μm for all Figs. 3. Segment
apical rays, B — basal rays, ant— antapical rays, ad— additional rays.
skeletons were found at two stations located closest to the shore, sta-
tions 68 and 70 (Fig. 1). One juvenile spumellarian species
(Actinomma? sp. juvenile) and one juvenile nassellarian species
(Ceratospyris borealis? juvenile) were found at Station 68 (Fig. 5.1 and
5.2a–b, respectively), while only one spumellarian species (Stylodictya
sp.) was found at Station 70 (Fig. 5.3a–b). The standing stocks for
these two stations are six (Station 68) and two (Station 70). These
values are again close to zero which supports the other plankton data
from the more open part of the southern Chukchi Sea, documenting
an almost non-existing introduction of Pacific forms during the period
of sampling.
4.4. Symbionts of Joergensenium arcticum

Polymerase chain reaction on SCWGA material from 10 radiolarian
cells yielded 10 MALV (Marine alveolate) partial 18S rDNA sequences
(Table 5). Sequences from eight individuals of J. arcticum grouped with-
in the MALV Group I; of these eight four grouped within the already
cum Ikenoue, Dumitrica and Bjørklund n. sp. showing taxonomic characters of this species
y cross sectional image of general over view. Scale bar=50 μm for all Figs. 2a–c. A series of
ed image of a microsphere, oblique lateral view. Scale bar= 10 μm.MB—median bar, A—

Image of Fig. 2
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Fig. 3.Depth distributions of Joergensenium arcticum in the northern Chukchi Sea in comparison to vertical profiles of temperature, salinity, dissolved oxygen, and chlorophyll a (Nishino, 2013).
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established RAS 1 (Radiolarian associated sequences) and one in RHIZ 1
(Rhizarian associated sequences) (terminology from Bråte et al., 2012),
while three of the sequences define a new subclade (RAS 6), distantly
related to RAS 2 (Fig. 6). Two sequences are placed in the MALV
Group II, defining a new clade called RAS 5, distantly related to RAS 4.

5. Discussion

Joergensenium arcticum was absent in the SML and PSW (0–100 m
depth) and was abundant in the PWW (100–250 m depth) at stations
32 and 56 (Fig. 3). However, in the 150–0 m vertical tows at stations
31 (same coordinates as for station 32), 54, and 56, J. arcticumwas fairly
Plate 7. Transmitted lightmicrographs of Joergensenium cleveiDumitrica andBjørklundn. sp. (Fi
d. Joergensenium clevei, same specimen focused at four levels; 2e. same specimen, detail of med
DSDP-609, 2CC. Scale bar = 100 μm for all figures except for 2e whose scale bar is 50 μm.
abundant, and the ratios of their juvenile forms were higher than in the
250–100 m vertical tows at station 32 and 56 (Fig. 3). Therefore, a sub-
stantial part of the J. arcticum population should be concentrated within
the 100–150 m depth zone and the juvenile forms might relatively be
more common in the upper part of the 100–250 m depth zone. Accord-
ing to our hydrographical data from the different stations, J. arcticum
should prefer colder (b−1.2 °C) and saltier (at least N32) water masses
thanwhat is characteristic for SML and PSW. The highest standing stock
of J. arcticum was observed at 0–150 m depth at Station 54 where the
depth of minimum temperature (126 m depth) was shallower than at
the other stations (194 m at Station 31; 182 m at Station 32; 151 m at
Station 56) (Fig. 3). This is probably because the PWW, which
gs. 1–3). 1a–c. Joergensenium clevei, same specimen focused at 3 levels. Cleve slide #33. 2a–
ullary shell. Cleve slide #33. 3a–c. Joergensenium clevei, same specimen focused at 3 levels.

Image of Fig. 3


Fig. 4. Two-year fluxes of Joergensenium arcticum at Station NAP during the sampling
period.
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J. arcticum prefers, mostly fell within the range of 100–150 m at Station
54. No J. arcticum and no other radiolarians were found at the shallow
(71 m) Station 52 (Fig. 3), although the temperature and salinity at
39–66 m depth does satisfy the preferred living conditions of
J. arcticum. Joergensenium arcticum is not present in any of the plankton
material north of the Bering Strait that we have investigated from
depths shallower than about 70 m.

Conjoined skeletons of J. arcticum were mainly found in the PWW
layer (Table 1). Itaki and Bjørklund (2007) reported 104 specimens of
Fig. 5. Radiolarian skeletons in the Bering Strait and southern Chukchi Sea. 1. Actinomma? sp.
Stylodictya sp., same specimen, station 70. Scale bar = 50 μm for all figures.
conjoined actinommid skeletons from the Sea of Japan. They suggested
that the very cold temperature may possibly inhibit full separation of
cytoplasmically joined individuals, and was interpreted as evidence
for asexual reproduction. We have observed conjoined skeletons of
the orders 1st–2nd (junction of first and second shell), 2nd–2nd (junc-
tion of second and second shell), 2nd–3rd and 3rd–3rd (see Itaki and
Bjørklund (2007) for details) verifying that skeletons of classical one
and two shelled juvenile forms and three or more shelled adult speci-
mens are joined. We do not see how this can come into existence
through a sexual reproduction line as we thenwould have an individual
development of both the soft tissue and the solid skeleton part of the
specimen. The data of Itaki and Bjørklund, from two cores in the Japan
Sea, showed that the abundance of conjoined skeletons increased with
periods in the late Holocene (5 ka) and late Pleistocene (13 ka) when
opal production was much higher in the surface waters (Lee et al.,
2003) and when the Japan Sea bottom water was well oxygenated
(Tada et al., 1999). Itaki and Bjørklund (2007) therefore concluded
that an increase in conjoined skeletons could be associated with cold
deep-water that was characterized by high oxygen content and rich in
nutrients. Our data also indicate that conjoined skeletons occur in very
cold-water mass and high oxygen conditions. However, in the Arctic
Ocean conjoined skeletons is a shallow water phenomenon.

Joergenseniumarcticum lives in the PWWand its flux variationmight
be related to changes within this water mass during the sampling peri-
od. The flux of J. arcticum increased during the early stage of sea-ice for-
mation during October–November both in 2011 and 2012 (Fig. 4). Its
peak occurrence might indicate a supply and mixing of a cold and
more saline water mass with the PWW by brine drainage (Melling
and Lewis, 1982; Aagaard et al., 1985). During the sea-ice-cover season
when food supply is limited in the water column, J. arcticummight sur-
vive as juvenile forms. DuringMay–September 2012, most of the radio-
larian flux at the lower trap was extremely low and probably due to a
decrease in aggregate formation by influx of oligotrophic surface
juvenile, station 68. 2a–b. Ceratocyrtis borealis? juvenile, same specimen, station 68. 3a–b.

Image of &INS id=
Image of Fig. 5


Fig. 6. 18S rDNA phylogeny of marine alveolates group I and group II inferred bymaximum likelihood analysis. Gray shaded boxes indicate clades containingmarine alveolates associated
with radiolarian and rhizarian species. RAS 1–6 = Radiolarian associated sequences clades 1–6, RHIZ 1 = Rhizarian associated sequences, PAS 1 = Phaeodarian associated sequences.
Sequences generated in this study are shown in bold. Thick branches have a bootstrap support of 100%; values below 75% are not shown. Because of space limitations some branches
are shortened to half their length (marked with 1⁄2) and some clades are collapsed.
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water originating from the Beaufort Gyre in the Canada Basin (Ikenoue
et al., 2015). The flux values of J. arcticum in the lower trapwere also ex-
tremely low (Fig. 4) and was not exported to the deep sea duringMay–
September 2012, while that in the upper trap showed the highest peak
in September 2012.We propose that oligotrophic water suppressed the
flux of J. arcticum until August 2012. Furthermore, at the end of the sea-

Image of Fig. 6


Table 5
List of symbiont sequences from Joergensenium arcticum used for the phylogenetic analysis in this study.

Host sample name Host Species Station MDA Symbiont Associated group

AO03 J. arcticum 56 5/21/2014 Marine alveolate RAS 5
AO05 J. arcticum 54 5/21/2014 Marine alveolate RAS 5
AO36 J. arcticum 31 5/21/2014 Marine alveolate RAS 1
AO42 J. arcticum 54 11/30/2014 Marine alveolate RAS 6
AO44 J. arcticum 54 11/30/2014 Marine alveolate RAS 1
AO48a J. arcticum 54 11/30/2014 Marine alveolate RAS 1
AO48b J. arcticum 54 11/30/2014 Marine alveolate RHIZ 1
AO51a J. arcticum 54 11/30/2014 Marine alveolate RAS 1
AO51b J. arcticum 54 11/30/2014 Marine alveolate RAS 6
AO56 J. arcticum 54 11/30/2014 Marine alveolate RAS 6
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ice-cover season, the conditions might result in a remaining cold water
mass and an increase in food availability, and therefore an associated in-
crease in the J. arcticum flux in the upper trap.

In the Bering Strait and southern Chukchi Sea, J. arcticum was not
found in our plankton samples, and other radiolarians were similarly
scarce or absent (Table 2). Sediment data from the shallow northern
part of the Bering Sea (Blueford, 1983) and southern part of the Chukchi
Sea are barren of radiolarian skeletons, and therefore we could not doc-
ument if there is a present day active migration of radiolarians from the
Pacific realm into the Arctic province. There is so far, to our knowledge,
no written documentation of plankton tow information from this area
proving the occurrence of such an active migration. We herein for the
first time, based on plankton tows from six stations (St. 1–St. 9) from
the Bering Strait passage to about 68°30′ N, document that there is no
significant invasion of radiolarians from the Bering Sea to the western
Arctic Ocean (Fig. 1). Only traces at two stations (St. 68 and St. 79) of
three species (Actinomma? sp. juvenile, Ceratospyris borealis? juvenile,
and Stylodictya sp.) have been observed (Fig. 5). Ceratospyris borealis is
an abundant species in both plankton and sediment in the southwest-
ern deep part of the Bering Sea and Stylodictya spp. are also common
taxa in the Bering Sea plankton (Ikenoue et al., 2012a). Most likely
these specimenshave been transported from the Bering Sea by theAlas-
kan coastal water, but in an insignificant number. Itaki et al. (2003);
Bjørklund and Kruglikova (2003) and Ikenoue et al. (2015) suggested
that there is little or no transport of radiolarian fauna elements from
the Pacific into the Chukchi Sea, a conclusion that is confirmed by the
data presented herein. Furthermore, nor have we, or any other re-
searchers, been able to document any established populations of typical
Pacific fauna elements in the Chukchi Sea or elsewhere in the Arctic
Ocean. In practical terms, during the period of plankton sampling,
there is no significant radiolarian migration between the two oceans.
This is probably because an active invasion of radiolarians has been
prevented by the low salinity water mass and shallow water depth in
the Bering Strait and southern Chukchi Sea. The salinity of southern
Chukchi Sea is below 32 in winter and below 30 in summer (EWG,
1998). Only one brackish (salinity b 30) radiolarian species
(Lophophaena rioplatensis) has been recorded in Boltovskoy et al.
(2003) from Río de la Plata estuary, but radiolarians are generally very
scarce or absent in coastal waters, where salinity falls below normal
open-ocean values (Kling, 1978; Anderson, 1983; Caron and
Swanberg, 1990; Anderson et al., 2002). Petrushevskaya (1971) listed
the salinity ranges of 145 polycystine species in the world ocean, and
the lowest value given was 32 (for Amphimelissa setosa). The origin
and first occurrence of J. arcticum in the Arctic Ocean are still unknown,
and J. arcticum has so far only been observed in plankton and sediment
material in the present study era of the Arctic Ocean. We therefore de-
fine J. arcticum as endemic to the Arctic Ocean and it might serve as an
indicator for the PWW layer.

Marine alveolate species are abundant and make up a large portion
of the diversity of environmental studies from all major oceans (Not
et al., 2007; Guillou et al., 2008; de Vargas et al., 2015). Although the
ecological role of this enigmatic group is still largely unknown, much
of the evidence gathered suggests that they are at least to a large extent
parasitic. All the known groups are parasitic on diverse hosts such as
fish, copepods, crabs and other protists (Skovgaard, 2014). It has recent-
ly been shown thatmany radiolarians in Sogndalsfjorden in Norway are
associated with marine alveolates (Dolven et al., 2007; Bråte et al.,
2012). Several of the sequences obtained from J. arcticum in this study
follow the same pattern as those in the Norwegian fjords, and fall into
the same clades (Fig. 6). Four sequences fall within RAS 1,which already
contains representatives from both spumellarian (e.g. Actinomma
boreale) and nassellarian (e.g. Lithomelissa setosa) species, while one se-
quence groupswith amarine alveolate originating from an individual of
Hexacontium pachydermum, in RHIZ 1. However, the alvoelates from the
Arctic Ocean also form two new clades, one inMALV I (called RAS 6, fol-
lowing the naming scheme of Bråte et al., 2012), and another inMALV II
(RAS 5). These are most likely new parasitic alveolates. Since the newly
obtainedMALV sequences are from a different geographical region than
those described in Dolven et al. (2007) and Bråte et al. (2012) it in-
creases the probability that themarine alveolates are specifically associ-
ated with radiolarian species, and an important factor in the global
ecosystem.

Our preliminary results for the MALV species are of special interest
because the question about the origin of the MALV species is still un-
solved; i.e., from where, how and when they became associated with
the radiolarian host cells? Conjoined skeletogenesis was interpreted as
a result of asexual reproduction by binary fission. If asexual reproduction
is the only mode of reproduction within J. arcticum, it is to be expected
that the mother and daughter cell both equally divide the cell material
as well as theMALV species. This will in turn give a J. arcticum population
with an almost monospecific MALV population. Our results show
evidence that the J. arcticum population in the Chukchi Sea does not
hold a monospecific MALV population, but that different J. arcticum
hosts are found in association with different MALV species. Usually we
have only one MALV species per host, but we have some examples
where two MALV species are found in the same host. Our data suggest
that J. arcticum probably also has a sexual reproduction stage as different
hosts have different MALV species. During sexual reproduction nothing
else than the radiolarian genetic material, and thin cytoplasm layer sur-
rounding the DNA-containing nucleus of the presumptive gametes, is in-
volved and shared between the offspring and therefore they are free of
any symbionts or parasites. The MALV species must therefore be intro-
duced at a later stage and must be living freely in the water column and
may be incorporated in the host cell when they make contact in the
water column.

6. Conclusion

We have described two new living Entactinaria species from the
Arctic province: J. arcticum and J. clevei. Joergensenium arcticum is
probably endemic to the Arctic Ocean and it might serve as an indi-
cator for the Pacific Winter Water layer because of its restricted
depth distribution in the Chukchi Sea. We have also discussed the
taxonomic position of the order Entactinaria and have emended
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the genus Joergensenium. Our findings are based on quantitative and
qualitative observations of shell morphology using a transmitted
light microscope, a scanning electron microscope and Microfocus
X-ray Computed Tomography. Micro-CT technology has been uti-
lized for the first time in a species description and would be an effec-
tive tool for detailed observation of the internal structure of shell-
bearing microplankton in the near future.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.marmicro.2016.02.003.
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