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ABSTRACT: Scale-bearing siliceous nannoplankton are occasionally encountered in surface seawater samples, but are rarely identified
or illustrated. In this study, the morphological diversity of the haptophyte Hyalolithus neolepis and the enigmatic Petasaria heterolepis
are investigated in scanning and transmission electron microscopes using materials from around the world. Results show that H. neolepis
scales exhibit variation in the width of the marginal hyaline area, but intermediate specimens make separation of the two morphologies
difficult. Petasaria heterolepis scales also show differences, in the presence of tubercle rows in the hyaline area and degree of hyaline ar-
eal coverage, but separation into discrete varieties is difficult at present. However, specimens with scales bearing a protuberance are con-
sidered to be distinct enough to warrant the erection of a new species, Petasaria protuberans Jordan, Malinverno, Supraha, Thomsen et
Young sp. nov.

INTRODUCTION

Microplankton assemblages collected from the world’s oceans Many of these organisms belong to algal groups like the
often include siliceous scale- or plate-bearing organisms in low Parmales (e.g. Tetraparma BOOﬂ?) and Chrysophyceae (e.g.
abundances (e.g. Nishida 1979, LeRoi and Hallegraeff 2006). Paraphysomonas Stokes), or to microzooplankton groups such
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TABLE 1

Detailed information on the samples associated with the photographic images shown in Plates 1-7. Coordinates have been rounded up to two decimal
places, so they may be slightly different to those given in other publications. The notation n/a (not applicable) refers to samples taken close to the shore,

which did not use research ships.

Region Location Station No. Latitude | Longitude Date Cruise Collection method Sampling depth Data supplied by
Oslo Flord OF2 | 59.19°N | 10.69°E 21-8-2013 RV Trygve Braarud Niskin water sampler 20m upraha
21-10-2009
" " of 3-11-2009
Bergen Fjord Rauneljorden 60.27°N| 5.21°E 2-10-2012 R/ Aurelia Hand pump 5m Heldal
TR TN TATTRRPR | EENYCTRN P W——— L E— — "
Atlantic Laeso Rende, Denmark T1359 57.33°N| 11.50°W 17-3-1976 Belt project, RfV Martin Knudsen water bottlhe 10m Thomsen
North Atlantic 11290 26.17°N| 30.010W | 3/4-6-1986 Cruise 159, R.R.S. Discovery water bottle 35m Jordan
Portuguese margin 89 39.57°N | 9.12°W 10-3-2015 NRP Almirante Gago Coutinho CTD rosette 5m Guerreiro
Mid-Atiantic 276-20 18°N 17°E 19-7-2006 MEE-3, R/V Meteor CTD rosette 30m Young
South Atlantic CT0063 9.97°5 | 24.90°W 26-10-2008 AMT18, R.R.5. James Clark Ross CTD rosette 1M m Young
CTDO08Y 32.18°5 2-11-2008 96 m
Eastern Adriatic Sea ADZ 43.61°N 13-7-2008 RV Hidrs | Niskin water sampler | 60m. _ Supraha
central Aegean Sea T1-2 37.83°N 21-8-2001 01ED100/PENED, Leonidas Azapis Hydrobios bottle om Dimiza, Triantaphyllou
south Aegean Sea _Rho | 35.62°N 31-1-2007 M71-3, RfV Meteor CTD Rosette 150 m Dimiza, Triantaphyllou, Malinverno
Mediterranean " no4 35.28°N 22-11-1997 P, Niski L 10 m Mali
Ionian Sea n12 35.620N | 17 230 9.12-1997 SIN97, R/V Urania iskin bottle 80 m alinverna
o) ) 9.
western Mediterranean 23 36.62°N| 1.10° 29-5-1999 MATER I, R/ Hespérides CTD rosette 3&m Yaung
60 37.43°N| 0.42°E 5-10-1999 90 m
Gulf of Mexico _off Alabama A8 (29.63°N | 86.10°W 15-9-2013 _R/V Bellows CTD rosette — S0 m Lruz
off Louisiana 76 27.B8°N | 93.00°W 1-5-1993 LATEX 93E CTD rosette 39.9m Young
Tsugary Strait offshore Matsumae | 41.40°N | 140.13°E 23-6-2006 nfa L _bucket surface Hagino
Sea of Japan Tomari Port st.1 35.52°N | 133.98°E 6-2011 nfa bucket surface Hagino
Seto Inland Sea, Japan Seto-29 34.14°N [ 132.90°E 29-4-2008 -
Kuroshio, south of Japan | Bosei-11 | 32.50°n | 138,190 | el PR SV i Gk
Pacific south of Japan a 0, PR KHO6-5, R/V Hakuho-Maru seawater supply surface Jordan
Equatorial Pacific 278 0.02°N | 140.00 30-4-1992 R/ Malcolm Baldrige water bottle 75m
Indian off W. Australian coast 592 35.20°5 | 110.00° 16-1-1997 KHI6-5, RV Hakuho-Maru seawater supply surface Jordan
#142 56.55°5 | 50.70°W 26-11-1988 10m
Weddell Sei E Polarst ter bottl Th
Seuther Geean — #182 57.02°5 | a8.92°W | 27-12-1988 sl ol e | tom+z20m it
Sub-Antarctic Zone #8 52.74°5 | 144.98°W 20-2-2007 R/V L'Astrolabe seawater supply surface Erlkeen
sS0TS 4748 142°E B-2011 to 7-2012 Moaring array Mclane RAS sampler 35m

as the Thaumatomastigidae (e.g. Thaumatomastix Lauterborn),
filose or testate amoebae (e.g. Pinaciophora Greeff and
Paulinella Lauterborn, respectively). Others remain enigmatic
(e.g. Meringosphaera Lohmann).

In 1979, Moestrup described Petasaria heterolepis from a ma-
rine coastal location about 1km off Kaikoura (New Zealand)
based on transmission electron microscope (TEM) images and
also showed a similar specimen from the Red Sea (Gulf of
Elat), which had been found by Helge Thomsen. Moestrup
(1979) placed his new species in the Incertae Sedis, but was un-
sure whether the Kaikoura and Gulf of Elat specimens belonged
to the same species or were different, with scales of the latter
possessing rows of tubercles on the periphery and more perfora-
tions. One of his specimens possessed an appendage, which was
interpreted as a single flagellum (Moestrup 1979, fig.62), how-
ever, others have wondered whether this might be a haptonema
(Yoshida et al. 20006).

In the same year, Nishida (1979) illustrated several siliceous
scaly marine organisms using the scanning electron microscope
(SEM), but did not describe them as new taxa or assign them to
any known groups. One of these was P. heterolepis, which was
collected from south of Japan (his pl.22, fig. 4), while the two
that dominated in the North Pacific (his pl.1, figs 3-4) are now
known to be species of Parmales (see Konno et al. 2007). An-
other two from south of Japan remained enigmatic (his pl.22,
figs 1-2) until Yoshida et al. (2006) named similar forms as the
siliceous haptophyte, Hyalolithus neolepis.

Here we present H. neolepis and P. heterolepis from samples
collected by us over the last four decades in the hope that the
ecology and morphologic diversity of these taxa can be better
understood. As a result of these observations we herein describe
a new species, Petasaria protuberans sp. nov.

MATERIAL AND METHODS

The samples used in this study were collected from around the
world at different times of the year and in different years, and
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from various water depths between 0-200m, using a number of
collection methods (Table 1). The preparation and observation
methods were also quite varied.

The Oslo Fjord and Eastern Adriatic samples were obtained us-
ing a 5 litre Niskin water sampler, and filtered onto a Whatman
Cyclopore filter (25 mm diameter, 0.8um porosity), with a
Whatman cellulose filter (of the same size and porosity) under-
neath to ensure even distribution. The filter was then rinsed with
bottled water (pH 7.54) and dried in an oven at 50°C. A portion
of the filter was mounted onto a metal stub, sputter coated with
gold, and observed in a Zeiss Supra 35-VP SEM.

The Bergen Fjord samples were collected by hand pump and
prepared by gently filtering 150-600 ml of seawater onto a
Nuclepore filter (25 mm diameter, 0.6-1.0pm porosity). Salt
crystal formation was minimalised by almost drying out the fil-
ter using the pumping system. A subsample of the filter was
mounted onto an SEM stub, sputter coated with gold/palladium
and observed in a Zeiss Supra 55 VP SEM at the Bergen Univer-
sity Laboratory of Electron Microscopy.

Nannoplankton in the Gulf of California, Denmark and South-
ern Ocean samples were prefiltered through a 20um mesh and
concentrated by gravity filtration on top of a Millipore filter (47
mm diameter, 2.0um porosity). Organisms on the filter were re-
suspended in a small volume of water and further concentrated
by centrifugation. Whole mounts on formvar grids were pre-
pared from pelleted material according to the method of
Moestrup and Thomsen (1980), shadow cast with chromium at a
low angle and examined in a JEM-100SX TEM at the Botanical
Institute of the University of Copenhagen.

The North Atlantic water sample (1.57 litres) was filtered onto a
Nuclepore polycarbonate filter (47 mm diameter, 0.4um poros-
ity), air-dried and then stored in a plastic filter case (Millipore
Petrislide). A subsample was coated with gold-palladium and
observed in a Philips XL30 FEG SEM.



TABLE 2
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Geographic distribution of the ‘morphotypes’ of Hyalolithus neolepis (wide and narrow hyaline margins), Petasaria heterolepis (small and large open-
ings) and P. protuberans (short, intermediate and long protuberances) found in this study.

Hyalalithus neoclepis

Petasaria heterolepis

Petasaria protuberans

Region Location Narrow hyaline margin _Wide hyaline margin | Small openings _Large openings Short Intermediate Long Data supplied by
Oslo Fjord o Supraha
Bergen Fjord o] Young & Heldal
Danish waters ] Thomsen
Atlantic Bergen area o Thomsen
MNorth Atlantic o o Young, Couapel & Jordan
Portuguese margin o o Guerreira
Mid-Atlantic o o Young
South Atlantic o] Young
Eastern Adriatic Sea [+] Supraha
Aegean Sea o Dimiza, Triantaphyllou, Malinverno
Medliteranean Ienian Sea o o Malinverno
western Mediterranean (o] Young & Geisen
off Alabama o Cruz
SulrarMikn off Louisiana o ‘Young & Pariente
Sea of Japan o Hagina
Seto Inland Sea, Japan o o Abe & Jordan
off Miyake Jima o Young & Geisen
Kuroshio, south of Japan o Abe B Jordan
" south of Japan o Fujita & Jordan
Ractic Westen Pacific o Nishida
Philippine Sea Q o Nishida
Pacific s} Thomsen
Gulf of California Q Hernandez-Becerril & Pasten-Miranda
Bahia de los Angeles, GoC o o o Thomsen
off W. Australian coast o Abe, Tanimoto & Jordan
Indian eastern Indian Ocean o Nishida
southern Indian Ocean o Shramik
Weddell Sea =] Thomsen
Southem Qcean Sub-Antarctic Zone 8] Eriksen, Thomas & Harding

The central Portuguese margin seawater samples (ca. 2 litres)
were collected using a Neil Brown MKIIIC CTD profiler
equipped with an Aquatracka nephelometer, a Seapoint
fluorometer and a rosette sampler (12 x 8 litre Niskin bottles).
Samples were filtered onto acetate filters (47mm diameter,
0.45um porosity) using a low pressure vacuum system. The fil-
ters were rinsed with tap water to remove salt and oven dried at
40°C for 24 h. A randomly chosen section of each filter was
fixed with colloidal silver on an SEM stub, sputter coated with
gold-palladium to a maximum thickness of 20 nm, and ob-
served using a Hitachi S-3500N SEM, operated at 5 kV.

On various cruises to the Mid- and South Atlantic, western
Mediterranean and Gulf of Mexico, as well as sampling off
coastal Japan, 0.5 to 2.0 litres of seawater were vacuum filtered
onto polycarbonate or cellulose filters (47mm diameter,
0.2-0.8um porosity), and pieces of dried filter were sput-
ter-coated with gold-palladium and examined in a Philips XL30
FEG SEM.

For each sampling station in the Aegean Sea, 2 litres of seawa-
ter were vacuum filtered onto Whatman cellulose nitrate filters
(47mm diameter, 0.45pum porosity). Salt was removed by wash-
ing the filters with about 2 ml of mineral water. The filters were
air-dried and stored in plastic Petri dishes. A piece of each filter
approximately 8x8 mm’ was attached to a copper electron mi-
croscope stub using double-sided adhesive tape and coated with
gold. The filters were examined in a JEOL JSM 6360 SEM at
the Department of Historical Geology and Paleontology, Uni-
versity of Athens.

For the Ionian Sea samples, four litres of seawater were col-
lected with a Niskin bottle and filtered onto a cellulose acetate
filter (47 mm diameter, 0.45um porosity), which was then
oven-dried and stored in a plastic petri dish. A subsample was
cut out and fixed onto an aluminium stub with double-sided
graphite tape, coated with gold and observed in a Cambridge
Stereoscan SEM at the University of Milano.

The Gulf of Mexico water sample (1 litre) was collected with a
Niskin water bottle rosette attached to a Conductivity Tempera-
ture Depth (C.T.D.) rig. The water was then filtered through a
Nuclepore cellulose filter (44mm diameter, 0.6um porosity) us-

ing a vacuum pump. The filter was placed in a petri dish,
oven-dried at a low temperature for 4-6 hours to remove excess
moisture, and stored in a sealed bag. A piece of the filter was
mounted onto an aluminium stub using double-sided carbon
tape, sputter-coated with gold-palladium, and observed in a
JEOL JXA-840A SEM at the Florida Geological Survey ware-
house in Tallahassee, Florida.

Sea surface water samples (10 litres) from Tsugaru Strait and
Tomari Port, Tottori, Japan (Table 1) were collected by bucket.
Samples were pre-filtered through a 50pum mesh plankton net
(Sefar Inc. DIN-110) in order to remove large plankton. Pre-fil-
tered samples were concentrated using a piece of lpm
mesh-size plankton net (Sefar Inc. NY1-HD) place on a sieve.
Hyalolithus cells were isolated from the concentrated seawater
sample using a capillary under an inverted light microscope
(Olympus CKX41), and then maintained in MNK medium
(Noél et al. 2004) at 20°C in an 18:6 light:dark regime. About
10 ml of cell suspension of each strain was sampled during the
exponential growth phase and filtered onto a Millipore filter (47
mm diameter, 0.45um porosity). Small pieces of dried filter
were mounted onto SEM stubs and gold-coated using an ion
sputter coater (Sanyu SC701 MKII), and then examined in a
JEOL JSM 7001F SEM.

During the R/V Hakuho-Maru and R/V Bosei-Maru cruises,
surface water samples (2-4 litres) were collected using the ship-
board seawater supply for research use and filtered onto
Millipore HA-type polycarbonate or nitrocellulose filters (47
mm diameter, 0.45um porosity), air-dried and then stored in
Millipore plastic petrislides. Subsamples of the filters were
mounted onto aluminium stubs, coated with platinum/palladium
and observed in a JEOL JSM-6510LV SEM.

The Sub-Antarctic Zone samples (500 ml) were obtained with a
McLane RAS sampler, attached to the permanent Southern
Ocean Time Series (SOTS) 47S mooring array for periods of up
to one year, with each representing a ~9-day collection interval.
The samples were preserved in-situ with glutaraldehyde. Later,
100 ml subsamples were filtered onto a Nuclepore membrane
filter (13mm diameter, 0.8pum porosity), rinsed with 2 mL of
Milli-Q, and air-dried. A portion of the filter was mounted onto
a 12 mm stub, sputter-coated with tungsten, and observed in a
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JEOL JSM-6701F Field Emission-SEM. Other samples from
this region were collected onboard L’Astrolabe, according to
McCartney et al. (2014, see supplement).

TAXONOMIC SECTION

Hyalolithus neolepis Yoshida et al. 2006
Plate 1, figures 1-6; Plate 2, figures 1-8; Plate 3, figures 1-6; Plate
4, figures 1-7

Basionym: Hyalolithus neolepis YOSHIDA et al. 2006, p. 214-215, figs.
1-4, 6-13.

Synonymy: Genus and Species indeterminable — NISHIDA 1979, pl. 22,
figs. la-b, 2a-b.

Pontosphaera discopora Schiller — JORDAN et al. 1984, pl. 2, fig. 8.

Prymnesium neolepis (Yoshida et al.) EDVARDSEN, EIKREM and
PROBERT 2011, p.223 — PATIL et al. 2014, text-fig. 2A-F.

References: Hyalolithus neolepis Yoshida et al. — DE VARGAS et al.
2007, figs. 7C-D — JORDAN 2011, fig. 3.

Observations: Yoshida et al. (2006) described two cell types;
motile cells with two long equal flagella, a non-coiling
haptonema, and a layer of organic scales (short spine scales),
and non-motile cells with two short flagella, a non-coiling
haptonema, and two scale types (siliceous hat-shaped scales
and organic scales with radial and concentric patterning). The
discovery of a haptophyte bearing siliceous scales was unex-
pected, and resulted in the recognition of a new type of
haptophyte scale (hence, hyalinus Gr. = glass, lithos Gr. = stone,
and neo Gr. = novel or new, lepis Gr. = scale). Here we will only
discuss the siliceous scales, as the other scale types were not
seen in our study.

Generally, the scale case (periplast) consists of about 60-100
hat-shaped scales (PL. 1, figs. 1-6), which vary in shape (circular
to strongly elliptical) and size (compare Pl. 2, figs. 3 and 6). In
distal view, the scale has an imperforate recurved rim, and a
hyaline margin surrounding a perforated centrally raised area,
which often appears to be a double mound with a slightly con-
cave centre (see scales on left-hand side of Pl. 1, fig. 3). The
perforations in the central area are very numerous and very
small.

In proximal view, the imperforate rim and margin and the perfo-
rated central area can be clearly seen (Pl. 2, fig. 6). In rare speci-
mens there appears to be a swollen structure near the centre,
which is also perforated (P1. 2, fig. 8). This structure was not re-
ported in the original description by Yoshida et al. (2006).

The width of the hyaline margin also varies, as does the size and
number of the perforations (compare Pl. 1, fig. 4 with PI. 3, fig.
2). The forms with the wider margins also exhibit a range of
scale shapes and sizes (PI. 3, fig. 5), and sometimes scales with
seemingly abnormal swollen central structures are seen in distal
view (Pl. 3, fig. 6). Further examples of aberrant scales were
seen in cultured material (PI. 4, figs. 1b-c), as well as scales with
a central depression on the distal side (Pl. 4, fig. 4) and a swol-
len structure on the proximal side (Pl. 4, fig. 5). At first, these
latter scales were not seen in our natural samples so we assumed
that they were artifacts produced in the culture, but after many
hours of searching we finally found them in two samples; from
the Seto Inland Sea (Pl. 4, figs. 6-7) and off western Australia
(PL. 2, fig. 8).

PLATE 1
Hyalolithus neolepis Yoshida et al.
Figures 1-6 are SEM images. The scale bars are 10pum.
Station number, culture strain or sampling date given in brackets (see Table 1).

1 Mid-Atlantic (276-20). Collapsed cell.
2 Tonian Sea (n04). Collapsed cell.
3 South Aegean Sea (Rho). Collapsed cell.
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4 Central Aegean Sea (T1-2). Collapsed cell.
5 North Atlantic (11290). Collapsed cell.
6 Gulf of Mexico (76). Collapsed cell.
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Type locality: Originally collected from waters (150-1950m)
overlying the Shiribeshi Seamount (43.58°N, 139.55°E) off the
coast of Hokkaido (Yoshida et al. 2006).

Biogeography: In this study, specimens with narrow hyaline
margins have been found in all the major oceans and at a wide
range of latitudes (40°N-35°S). However, specimens have been
recorded in the Southern Ocean, as far as 65°S (Patil et al.,
2014). In this study, specimens with wider hyaline margins had
a more patchy distribution, being found in the Gulf of Mexico,
off Japan and in the Southern Ocean (see Table 2).

Remarks: The finding of rare scales, with a distal depression
corresponding to a proximal swollen structure, is of great inter-
est because similar scales belonging to fossil species of
Hyalolithus have recently been found in Eocene and Miocene
outcrop materials (Abe et al., in press, Abe et al., unpubl. obs.).
The swollen structure on Hyalolithus scales appears to be a con-
tinuous part of the central area and not a separate structure, as
seen in the proximal tube of Syracosphaera pulchra Lohmann
exothecal coccoliths. In H. neolepis the scales bearing the swol-
len structure are fewer in number than those lacking the struc-
ture. Given our knowledge of haptophyte scale cases, it is
possible that scales bearing the swollen structure might be lim-
ited to the circumflagellar area without ‘body’ scales underly-
ing them, or they might be exothecal scales which only cover
the ‘body’ scales around the flagella (i.e., pseudodithecatism).
Although the specimens with narrow hyaline margins were sep-
arated in the plates from those with wide hyaline margins, we
have no concrete evidence that they represent distinct taxa, and
in fact their morphologies tend to intergrade.

Nomenclatural taxonomy: Yoshida et al. (2006) described
Hyalolithus as a separate genus on the grounds that it was mor-
phologically very different to any other known haptophyte, with
the production of siliceous scales being a unique feature. How-
ever, based on molecular genetic evidence combined with sup-
porting cytological data, Edvardsen et al. (2011) subsequently
transferred the species into Prymnesium, since H. neolepis was
placed within the Prymnesium clade. And yet, the morphologi-
cal differentiation of H. neolepis indicates that it strongly di-
verged from other members of the clade and this is supported by
the discovery of Middle Eocene fossils indicating divergence of
more than 40 million years ago. For these reasons and in the in-
terests of practical taxonomy we recommend the continued use
of the genus Hyalolithus.

Petasaria heterolepis Moestrup 1979
Plate 5, figures 1-9; Plate 6, figures 1-6; Plate 7, figures 1-4

Basionym: Petasaria heterolepis MOESTRUP 1979, p. 86, figs. 58,
61-66.

Synonym: Genus and Species indeterminable — NISHIDA 1979, pl. 22,
fig. 4.

References: Petasaria heterolepis Moestrup — PATTERSON and
ZOLFFEL 1991, p. 452, fig. 26.6a — PREISIG 1994, p. 39, fig. 27 —
SCOTT and MARCHANT 2005, p. 468, figs. 15.9a-d — LEROI and
HALLEGRAEFF 2006, p. 223, fig. 10— PATIL etal. 2015, p.173-174,
text-figs. 2A-D.

Observations: Moestrup (1979) illustrated two cells, 4-6um in
diameter, both bearing a 6-7um-long appendage that lacked
hairs. Although originally assumed to be a single flagellum, it
closely resembles the haptonema of Hyalolithus neolepis

PLATE 2
Hyalolithus neolepis Yoshida et al.
Figures 1-8 are SEM images. The scale bars are Spum (figs. 1, 2 and 5) or 1um (figs. 3, 4 and 6-8).

1 Off Portugal (89). Scales in distal view.

4 Kuroshio, south of Japan (Bosei-11). Scale in distal
view.

5 North Atlantic (11290). Scales in distal view.
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2,3,6,8 Off Western Australia (S92). 2 Scales in distal and
proximal views. 3 Scale in distal view. 6, 8 Scale in
proximal view. 8 Note swollen structure (arrowhead).

7 South of Japan (S13). Scale in proximal view.
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(Yoshida et al. 2006). Here we show two further examples of
this appendage on Antarctic specimens from the Weddell Sea
(P1. 6, figs 3-4). Note that the appendage sometimes has a bul-
bous end (Moestrup 1979, fig. 62; our P1.6, fig. 3). Moestrup
(1979) and LeRoi and Hallegraeff (2006) illustrated cob-
web-like organic scales (similar to those of prasinophytes) to-
gether with the siliceous scales of Petasaria, suggesting either
Petasaria is a prasinophyte or that the organic scales were unre-
lated to Petasaria (Moestrup 1979, Yoshida et al. 2006). Here
we show two examples of similar ‘cobweb-like’ scales (Pl. 6,
figs. 5a-b, 6). However, they appear to resemble one of the
haptophyte designs, notably the plate scales of
Chrysochromulina pyramidosa Thomsen, which also has radi-
ating lines superimposed on equidistant concentric circles (see
Thomsen 1977, LeRoi and Hallegraeff 2004). When some of
our SEM images are enlarged (but not visible in the plates),
faint outlines of the organic scales can be seen.

The cells are covered in numerous hat-shaped scales (petasus L.
= broad-brimmed hat; -aria L. suffix = related to or connected
with) of similar size and shape, which X-ray analyses con-
firmed are siliceous, but with a small peak of Ca (Moestrup
1979; Patil et al. 2015). In the original description, the scale di-
mensions were given as 1.7 x 1.9um to 2.9 x 3.2um (Moestrup
1979), which are corroborated here with our new data. In distal
view, one end of the scale (called the ‘base’ in Moestrup 1979)
is circular to oval-triangular and has a raised area, part of which
is hyaline. The hyaline area may be extensive, almost covering
the entire scale (Pl. 5, fig. 2), or as a band along the periphery
(P1. 7, fig. 2) or as a small patch (P1. 7, fig. 5). It may also be as-

sociated with rows of tubercles (Pl. 7, fig. 3). The rest of the
scale is characterised by perforations of variable size and shape
(but with the largest ones near the periphery — see PI. 6, fig. 1),
and the rim is not raised. Slightly off-centre, within the perfo-
rated area, is a circular to oval crater-like depression (PL. 5, fig.
6). In proximal view, a raised structure (corresponding to the de-
pression on the distal side, and of similar shape) is characterised
by a number of short projections that are directed towards the
hyaline area (P1. 5, fig. 6).

Type locality: Originally found in seawater from Kaikoura
(42.42°8S, 173.70°E), New Zealand (Moestrup 1979).

Biogeography: Although described as having a worldwide dis-
tribution (Moestrup pers. comm. in Preisig 1994), there are few
papers illustrating this species — in fact, many of the references
above merely reprinted the original figures of Moestrup (1979).
In this study, specimens have been recorded from Danish wa-
ters, temperate North Atlantic, the Gulf of Mexico, subtropical
Pacific, and the Southern Ocean. In addition, Nishida (1979) il-
lustrated a single specimen from 30°N in the western Pacific,
while LeRoi and Hallegraeff (2006) reported specimens from
southern Tasmanian waters. It has also been found in the Gulf of
Elat (Thomsen in Moestrup 1979).

Morphotypes: Some specimens show differences in the extent
of the hyaline area and presence/absence of tubercle rows on the
distal side, and the size of the raised structure on the proximal
side (e.g. compare Pl. 5, fig. 6 with P1. 7, fig. 2). Whether these
represent morphotypes is unclear. However, the scales with pro-

PLATE 3
Hyalolithus neolepis Yoshida et al.
Figure 1 is a TEM image, figures 2-6 are SEM images. The scale bars are 10um (fig. 2), Sum (figs. 1 and 5), or 1um (figs. 3, 4 and 6).

1 Bahiadelos Angeles, Gulf of California. Scales in dis-
tal view.

2 Seto Inland Sea (Seto-29). Collapsed cell.
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35 Sub-Antarctic Zone (SOTS). 3 Scale in distal view. 4
Scale in proximal view. 5 Scales in distal and proximal
views. Note scale size and shape variability.

6 Seto Inland Sea (Seto-29). Scale in distal view, with
unusual central structure.
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tuberances (P1. 7, figs. 5-8) are considered herein to be distinct
enough to be a separate species (see below).

Remarks: Moestrup (1979) placed this species in the /ncertae
Sedis, because the “two completely different scale categories
are not similar to any other known types of scales” (hence, het-
ero- L. prefix = different, lepis L. (from Gr.) = scale). Since
then, no one has been able to culture or sequence it, and thus it
has remained enigmatic. However, with the discovery of
Hyalolithus (Yoshida et al. 2006), Petasaria may be a putative
siliceous haptophyte. Despite the huge size difference (see Pl
5, fig. 3), they do share some basic characters (e.g. siliceous
hat-like scales, with a distinct rim, hyaline and perforated ar-
eas). Although rarely encountered in Hyalolithus but always
present in Petasaria, the scales of both species may possess a
distal depression and a corresponding proximal structure —
though admittedly, the structure itself is not so similar.

Petasaria protuberans Jordan, Malinverno, Supraha, Thomsen et
Young sp. nov.
Plate 7, figures 5-8

Description: Cell shape unknown, only collapsed cells ob-
served. Cell cover composed of 20-30 circular to oval siliceous
scales, 2.7-3.1um x 2.5-2.9um. Distal surface of scale perfo-
rated, except for a centrally raised hyaline patch and deep rect-
angular or circular groove. All scales with a short to long
protuberance (0.3-4.0um x 0.3-1.3um) extending from rim of
hyaline area, terminating in three to five short finger-like struc-
tures. Proximal surface with raised hyaline structure (corre-
sponding to groove on distal side, and of similar shape)

possessing short projections directed towards hyaline area. Rim
slightly curved towards proximal side, more prominent near
hyaline area and along protuberance.

Etymology: protuberans (L.) = protuberant; in reference to the
extension (protuberance) of the scale rim.

Holotype: Specimen seen in Plate 7, figure 6.
Holotype material: Cruise AMT18, station CTD 089-09, 96 m.

Type locality: 32.18 °S, 29.83 °W (South Atlantic). Collected
2/11/2008.

Repository: Filter, SEM stub and digital image are held in the
Natural History Museum, London, U.K.

Known biogeography: Bahia de los Angeles (Gulf of Califor-
nia), Tonian and Adriatic Seas (Mediterranean) and South At-
lantic.

Remarks: In the original diagnosis of Petasaria heterolepis
(Moestrup 1979) no mention was made of forms with protuber-
ances. Our specimens of P. protuberans show scales bearing a
short (P1. 7, fig. 5), intermediate (P1. 7, fig. 6) or long (PL. 7,
figs. 7-8) protuberance. The distal groove and corresponding
proximal raised structure is rectangular on those specimens with
short to intermediate protuberances, whilst the groove/depres-
sion on specimens with longer protuberances is circular to oval,
as in P. heterolepis. Here we have made no distinction between
these two types of groove/depression and have assigned all pro-

PLATE 4
Hyalolithus neolepis Yoshida et al.
Figures 1-7 are SEM images. The scale bars are Sum (figs. 1a and 2-5) or 1um (figs. 1b, Ic, 6 and 7).

1-3 Tomari Port, Tottori, Japan (St.1, non-motile culture
strain TMR-5). 1 Collapsed cell (a), with aberrant
forms in insets (b, c). Note scale size and shape vari-
ability. 2, 3 Collapsed cells. Note presence of thinly si-
licified scales.

4,5 Tsugaru Strait (non-motile culture strain MM-4). Col-
lapsed cells. Note scales with central depression (ar-
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rowheads) in distal view (Fig. 4) and swollen structure
(arrowhead) in proximal view (Fig. 5).

6,7 Seto Inland Sea (Seto-29). Scale in distal view, with
central depression (arrowhead).
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tuberance-bearing specimens to P. protuberans. Whether the
difference is meaningful taxonomically is not known at present.

CONCLUSIONS

In this study, specimens of Hyalolithus and Petasaria have been
investigated in samples collected from all over the world. Al-
though morphological differences exist in H. neolepis speci-
mens, notably in the width of the hyaline area, there was
insufficient evidence to create separate taxa. Nonetheless, this
study revealed for the first time the presence of a swollen struc-
ture on the proximal surface of some scales, which corresponds
to a depression on the distal side. Similarly, P. heterolepis scales
exhibited high morphological diversity (e.g. perforation size,
presence/absence of tubercle rows), but this was insufficient to
form new taxa. However, forms bearing a short to long protu-
berance were deemed distinct enough to warrant their descrip-
tion as a new species, P. protuberans. Despite similarities
between Hyalolithus and Petasaria it is still not known whether
or not the latter is a bona fide haptophyte. This will only be con-
firmed if sectioned material of Petasaria reveals that its
‘haptonema’ is a true haptonema or its DNA is sequenced from
cultured material.
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1 Leaseo Rende, Denmark (T1359). Scales with numer-
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2 Off Point Sur, California (#1). Collapsed cell. Scale
with numerous small openings.

3 Weddell Sea (#182). Collapsed cell, with haptonema
(?) (arrowhead).

4 Weddell Sea (#142). Collapsed cell, with haptonema
(?) (arrowhead).
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5 Equatorial Pacific (#78). Scale in proximal view, as-
sociated with a ‘cobweb-like’ unmineralised scale (a).
Same scale at slightly higher magnification and more
contrast (b).

6 Bahia de los Angeles, Gulf of California. Scale in
proximal view, associated with unmineralised scales.



Plate 6

Richard W. Jordan et al.

453

micropaleontology, vol. 61, no. 6, 2015



Richard W. Jordan et al.: Morphological diversity and distribution of two siliceous nannoplankton genera, Hyalolithus and Petasaria

PATIL, S., MOHAN, R., SHETYE, S., GAZI, S. and JAFAR, S. A.,
2014. Prymnesium neolepis (Prymnesiaceae), a siliceous
Haptophyte from the southern Indian Ocean. Micropaleontology, 60:
475-481.

PATTERSON, D. J. and ZOLFFEL, M. 1991. Heterotrophic flagellates
of uncertain taxonomic position. In: Patterson, D. J. and Larsen, J.,
Eds., The biology of free-living heterotrophic flagellates, 427-475.
Oxford: Oxford University Press.

PREISIG, H. R., 1994. Siliceous structures and silicification in flagel-
lated protists. In: Wetherbee, R., Andersen, R. A. and Pickett—Heaps,
J. D., Eds., The protistan cell surface, 29-42. Vienna:
Springer—Verlag.

SCOTT, F. J. and MARCHANT, H. J., 2005. Protista incertae sedis. In:
Scott, F. J. and Marchant, H. J., Eds., Antarctic marine protists,
249-269. Hobart: ABRS, Canberra and AAD.

THOMSEN, H. A., 1977. Chrysochromulina pyramidosa sp. nov.
(Prymnesiophyceae) from Danish coastal waters. Botaniska Notiser,
130: 147-153.

YOSHIDA, M., NOEL, M.-H., NAKAYAMA, T., NAGANUMA, T.
and INOUYE, 1., 2006. A haptophyte bearing siliceous scales:
ultrastructure and phylogenetic position of Hyalolithus neolepis gen.
etsp. nov. (Prymnesiophyceae, Haptophyta). Protist, 157:213-234.

PLATE 7
Petasaria heterolepis Moestrup
Figures 1-4 are SEM images. The scale bars are 2pm (figs. 1 and 3-4) or 1um (fig. 2).

12 Sub-Antarctic Zone (SOTS). Collapsed cell. Scales

with large openings.

3 Sub-Antarctic Zone (#8). Note tubercle rows in

hyaline area.

4 South Atlantic (CTDO063). Collapsed cell. Note tuber-
cle rows in hyaline area.

Petasaria protuberans Jordan et al. sp. nov.
Figures 5-7 are SEM images, fig. 8 is a TEM image. The scale bars are 2pm (figs. 5-7) or 0.5um (fig. 8).

5 Eastern Adriatic Sea (AD2). Collapsed cell. Note

scales with short handle-like extension.

6 South Atlantic (CTD089). Collapsed cell. Note scales

with intermediate handle-like extension. Holotype.
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7 lonian Sea (n12). Collapsed cell. Scales with pan han-
dle-like extensions.

8 Bahia de los Angeles, Gulf of California. Scale in
proximal view, with pan handle-like extension.
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