CHAIN FORMING DIATOMS :

EVIDENCE OF PARALLEL EVOLUTION
IN CHAETOCEROS

G.A. FRYXELL® and L. K. MEDLIN®®

ABSTRACT. - The chains of the diatomn gemus Charloceros are an important part of the
mazine phytoplankion in many parts of the world ocean. The chains frequently have specia-
lized emd valves with the sliceniss serae of the sibling intercalary valves permanently fused
throughout the chain. Chactoceror radicans Schilee from the southern Indian Ocean is an
example of such chain formation, although the bifurcating spines on the setae give the
chain an unusually forbidding appearamce. The species has a labiate-like process on spe-
cualized end valves only and no chloroplases in the setae, a5 is typical of the subgenus Hyalo-
ehaere Gran, 1t is bilagerally symmetrical and produces paired sesting sposes with specialized
sttate valves attached, a8 do some other coastal species. Chaetoceros flexuosues Mangin,
in calvare fram SW Adantic waters, contrasts in that the chaini are held mogecher only by
the elaborate ingertwining of the setse. Lacking bilateral symmetry, it has a labiate-like
process on every valve and chloroplasts imtruding into the setae, as ls typical of the subgenus
Pracacercy, Another specles thar forms chains in a unique manmer is ©. convehufum Cavora.
cane, also i the subgenus Pharecoras, studied here from both the southern Indian Ooean
and the CEPEX site at Saanich Imlet, British Columbia. Lacking bilateral symmetry, it has
a labiate-like process on every valve and heterovalvate cells - one valve rounded in girdle
view and the other rectamgular. Each seta from a rounded valve posieises a sprehensors,
apparently adapted from a spine, thar fiemly grasps the seta from its sibling valve, These
maskedly different methods of chain formation within a single gemus illuscrate both primi-
ive and advamced chagscters. Assaming the two last-mentioned species deweloped from
sisghe cells and not colony-formers, they abwo Alustrate paralle]l evolution of the advanta-
grous charsceer of ¢hain formation.

ABSTRAKT. — Die KEetten der Diatomeengattung Chacfocercs simd ein wichagger Tell
des Meeres-phytoplankton in viclen Teilen der Oueane, Dicse Ketten hiufig besitzoen spezia-
lisierten Emdschalen mit Kieselbogsten, die mit interkalasen Schalen befestigr sind. Einm
Beispiel fiir solche Kettenbildingen bt Chaetoceros radicans Schist vom slidhichen indkchen
Orean, obwohl die rweilstigen Dornen der Bogsten eine besonders abschreckende Erschei.
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nung erpeugen, Im Vergleich zur Untergattung Hyslochaere Gran besizt diese Ant our
an den spezialisierten Endschalen eime Fortsarz (Shnlich wie eine Lippenfortsatz) usd
keinen Chloroplasten in den Borsten. Diese Art sowse andere Klstenarten sind rwebicitig
symmetsisch und erzeugen gepaarie Rubesporen mit Borstenichalen, Chastocerog flexusum
Mangin, kultiviers von sidwesmlichen atlantische Gebieten, unterscheiden sich insaforn,
dass die Kettem nur bei ausiBhelich gewoberen Borsren zusammengebunden sind. Sie be-
glezen einen Fortsatz (Shnlich wie einen Lippenfortaanz) bel jeder Schale, die zwebichig
Symmetrie fehle, und Chloeoplasten dringen sich in dic Schale cin, wic typacherweise
besizt die Untergattung Phococeros. Eine andere einzigarte Kettenform, die untersucht
wird gt Charfoceror comvirhu fum Cagtracane (gsch Untergartunmg Plaroceros ] vom slidlichen
imdischen Ozean und von der CEFEX Stelle am Saanbich Inler, British Columbia. Sie besitzen
Fortadtze [ahnllch wic Lippenfortsitre) auf peder Schale, die rweimidg Syemmetrie fehlr,
und heteroschaliiche Zellen, elme Schale im Zellengirtelansicht rund ist, die andere rechi-
eckig. Jede Borste der runden Schale besitze eine Art Klammer [aprehensors), scheinbar
von einem Dorn eingerichtet, der die Borste der schwesteclichen Schale festhdle. Die dred
Kettenbildengumethoden innerhalb eine Gattung stellen primitiv und gleichaeitig fort-
geschrittene Eigenschaften dar. Mimmt man an, das die wei letzten Arten sich aus gin-
zelmen Zellem umd micht aus Kolonimtoren entwickeln, dann dienen sie als Beispiele flr
parallele Entwicklungen niltzlicher Eigenschafien der Kettenbildung.

INTRODUCTION

Chain formation in marine diatoms is commeon, and the known methods of
cell linkage are summarized in FRYXELL (1978a). Although the reproductive
units are still single cells within the chain, the chain as a whole has many possible
functions (FRYXELL and MILLER, 1978), Within the genus Chaetoceros,
a few species are considered to exist only as single cells (¢. g. HUSTEDT, 193,
LEBOUR, 1930), although most species are recorded as chain-formers in those
references and in others (BRIGHTWELL, 1856, 1858; SCHUTT, 1895; KAR-
STEN, 1905; MANGIN, 1915, 1922; HUSTEDT in SCHMIDT, 1921; HUSTEDT,
1958; HENDEY, 1964). The type species of the genus Clhaetoceros is C. dichaera
Ehrenberg (1844, a chain-forming species described from antarctic waters.

Frustules of Chaetoceros are formed of the same units as are those of other
diatoms, mamely two valves connected by many open girdle bands. A valve
is commonly ovoid, and each possesses two hollow, tube-like outgrowths (setac)
projecting outside the valve margin and having a different, more nFtn structure
than the valve [Anonymous, 1975). Some characters for identifying species
from field samples include size and shape of cells and of individual valves,
presence or absence of a central labiate-like process on the face of the valve,
clear constrictions on the girdle, number of chromatophores, and resting spore
morphology. Additional characters involve the setae: their configuration, whe-
ther they overlap inside or outside the diameter of the chain, the size and shape
of the space thus left between cells, and whether or not there are specialized
end valves of a chain with distinctive setae.

Many sctac have spines. EVENSEN and HASLE (1975) found the setas
may be round, square, or polygonal in cross section and arc perforated in a
definite gridlike partern that is consistent within a single species, The usual
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CHAIN FORMING 1IN CHAERTOCEROS 5

pattern of chain formation in the family Chaetoceraceas occurs by the fusion
of setae from two ::iHinF valves formed within a parent cell, with setae growing
outside the diameter of the parent through rounded notches [«setal indenta-
tonss, Von STOSCH, 1975) in the lst band of both the epitheca and the
hypotheca of the parent cell (Von STOSCH, THEIL and KOWALLIK, 1973;
EVENSEN and HASLE, 1975; see fig. 27 of Bacteriastrum , FRYXELL, 1978a).
The setae have I-u-r:;.; been used for taxenomic Er-nupi.nﬂ: within the genus, with
the subgenus Phacoceros Gran (1897) including all the Clhaeroceros species
that have chromatophores penetrating the setae and the subgenus Hyalochaere
Gran (1897) including those species possessing setae with no chromatophaores.

Many species of Chaetoceros form resting spores [BLASCO, 1970, Von
STOSCH, THEIL and KOWALLIK, 1973; HARGRAVES, 1976, 1979; HAR.-
GRAVES and FRENCH, 1975), which SIMONSEN {1979) considered an evalu-
tionarily primitive trait and ROSS and SIMS (1974) considered typical of
neritic species, at least in present day. HARGRAVES and FRENCH (in press)
have recently reviewed diatom resting spore ecology. From the literature and
from our own observations it appears that cither one or two resting spores
are formed from a Chaetoceros wegetative cell These resting spores have dis-
tinctive morphology and are of taxonomic valee, showing genetic divergence
even when vegetative frustule morphology shows little if any divergence (HAR-
GRAVES, 1979,

Of special interest in this paper is the pattern followed when two resting
spores per vegetative cell are formed, often remaining joined. In this case the
first division is equal, and if there are unusual setae on the sibling valves, it is
apparent that resting spore formation has started, The next divisions of the
nuclei are not synchronous, according to Von STOSCH, THEIL and KOWAL-
LIK (1973}, and the first arched :ﬂl.iJ'ba spare valves are lzid down as h}'Pﬂthﬁ:H
to valves with unusual setac. The next unequal division in each cell results in
a heavy hypovalve completing each resting spore, with the flattened, last-formed
valves mested within the vabves having unusual setae that hold che resting spore
pairs together. When pairs do come apart, the valves with the setae are lost,
as the empty vegetative thecae were carlier, and the spores separate (see fig. 53
and Discussion section). Mo rudimentary valves have yet been found in these
EmpLy thecae, :lthﬂug}l tl:tr have been noted in some ather diatoms (DREBES,
1966; SY VERTSEN, 1979; HOBAN, FRYXELL and BUCK, 1980; FRYXELL,
DOUCETTE and HUBBARD, 1981). Von STOSCH and others (1973, 1979)
call this an example of acytokinetic mitosis (= nuclear division without eyto-
kinesis, DREBES, 1970}, since no residual body or rudimentary valve has been
found. Apparently mitosis is essential for valve formation, as has been pointed
out by Von STOSCH and KOWALLIK (1969), but in different species cyta-
kinesis is more or less unequal in the determinate divisions leading to resting
spores formation. Vion STOSCH qnd FECHER (1979) consider unequal mitosis
with little loss of cellular material to be an advanced characteristic.

Markedly different methods of chain formation have been found in three
species of Chaetoceros, resting spores being note in only one case,
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MATERIALS AND METHODS

Cultures and preserved samples were studied in light and electron microscopes.
They were cither studied in water mounts to observe whole cells and chain
formation or rinsed or cleaned of organic matier [SIMONSEN, 1974; MA and
JEFFREY, 1978} and mounted for viewing in the scanning electron microscope
(SEM), Jeolco JSM-35, Electron Microscopy Center, TAMU, or permanently
mounted for light microscopy (LM), with micrographs taken on the Zeiss
inverted micrascope, ICM-405, using phase or differential interference contrast.,

Cultures of Chaetoceros flexwosum were obtained from the cooperative
Argentinian Cruise ISLAS ORCADAS 19/79 in the southern Atlantic Ocean,
Station 12 (64 04.8'S, 48°42.2'W, 16 March 1979). A raw water mample was
rerurned on ice by R.A. Warner to Texas A & M University where twelve clonal
cultures are now growing in 4 C growth chambers in /2 medium: AA22, isola-
ted by 5.M. Schauffler, AAM-AA43 and AA45, Bolated by senior author
and used for this study.

Chaetoceros radicans was collected by D.A. Stockwell under the direction
of 5. Z. El-Sayed from the southern Indian Ocean, on the cooperative Freach
Cruise MARION-DUFRESNE MDOE. In this study, concentrated samples
were used with micrographs from three stations: St. 5, 277 43.6'8, 46 26.0'E,
13 Mar, 1976, 300.0m net haul; St. 17, 46"52.6°S, 37° 53.7°E, 25 Mar, 1976,
100-0m net haul; St. 27, 46°46.6'S, 37 52.4'E, 28 Mar. 1976, 150-0m net
haul,

Chaetoceres compolumem was studied from the above ﬂlr-'rui1--t with micrographs
from MDO3, 5t. 5 (as above) and St. 49, 46 06.0'S, 50" 34 5'E, 16 April 1978,
Figures are also included from net samples taken at the CEPEX site, Saanich
Inlet, British Columbia, 48°39.6'N, 1237 29.06'W, 8 July 1978, collected by the
senior author and providing examples from a northern population.

Terminalogy is that recommended by the Working Party on Diatom Termine-
I-n-nl'_ Thicd Symposium on Recent and Fossil Marine Diatoms, Kiel, 1974
(Anonymous, 1975) and Von STOSCH (1975). Following HENDEY (1964)
the word Chaetoceros is treated as a Latin neater noun with the specific epithets
in agreement,

RESULTS

Chaetoceros flexuosum Mangin

MANGIN (1915, p. 45, fig. 27, P, 1, fig. 7) described this distinctive species
from antarctic waters, stressing the twisted appearance of the setae (fig. 50).
Sibling setae are flexed and cross cach other to form one or two turns, MANGIN
stated that the chains are compact with the cells closely appressed. Terminal
setae are regularly curved into arcs, sometimes with a double curve.
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In our material, rapidly growing cells were crowded with chromaiophores
that extended into the setae (fig. 1-3). Setae diagonally across the cell are in
focus at one time (fig. 1) with one diagonal pair originally curving to the front
of the cell and the other curving back. Semescent cultures had single cells only
in culture material, but no resting spores. Chains of two, three, and more cells
(fig- 2, 3. 5) were common in rapidly growing cultures. Although occasionally
the polarity of the chain appeared to change in the middle of chain, the setae
'|.L'|I.II1|.'r tended in the ame direction, i.nltr!win:ins as MANGIN had stated
(fig. 4).

In SEM. the asymmetry of the cell is confirmed (fig. 16, 19) and inclades
a lablate-like process that is lacated toward one raArgin fram the center of the
valve {fig. 17, 21) and seen from the inside as a simple hole (fig. 22). If we
consider the labiate side as «ventrals, the right seta goes in front of the sibling
seta and the lefr goes behind it on all valves studied thus far, Ei|:||i.ns valves,
whole cells, and apparently chains had one ventral side. The valve is delicately
structured and perforated (fig. 21, 22). The perforated girdle bands are open
with pointed ends that it together (hig. 18, 20).

Sibling valves are held together by intertwining setae, and not by the fusion
of silica, a5 is more common in Chaetoceros. SEM clarifies what has been noted
in LM. In sventrals view. the upper valve has slipped to iits lefv in fig. 23a,
23b, and to its right in fig. 25, illustrating that sibling valves are not held frmly
im place. In fig. 24a, the sdorsals view shows the top valve has slipped to its
left, and details of each side (fig. 24b, 24c) show that the setae are intertwined
loosely without any evidence of fusion, not has any been noted in this study.
The sctae have spines spiralling along thickened ribs (fig. 27| and are thicker
near the valve and much thinner distally [fig. 28).

MANGIN (1915) found this species to be rare or very rare from 657705
along the coast of Antarctica in the SE Pacific from the POURQUOLPAS
Cruise. It has not been reported often in the literature, but it is not uncommon,
MANGUIN (1960) considered it rare or very rarc in seven stations in the Antarc-
tic Zone (= the region between Antarctica and the Antarctic Convergence Zone)
south of Tasmania on the COMMANDANT .CHARCOT Cruise. HASLE (1969)
classified it from the BRATEGG Cruise as a diatom species with its northern
limit within the Antarctic Zone. The senior author has found it from ELTANIN
Crulse 46, southern Indian Ocean, from 647235, 1147 26'E, 11-12 Dec. 1570,
and 64°32'S, 104" 42'E, 15 Dec, 1970. It was also present in five out of 11 net
hauls examined from ELTAMNIN Croise 51 in the Ross Sea area from 71°50.6°5,
179°29.4'W, 6 Feb. 1972, 1o 77° 10.4'S, 172°04.3'W, 22 Feb, 1972, K.R. BUCK
(1978} has found it in the Weddell Sea at 65 23.0'S, 51“23.‘]‘"&'. 19 Feb., 1977,
and at all 11 stations between 71°25.0°5, 45°00.0°W, 24 Feb. 1977, and 77°46.
'S, 357°10.0°W, 28 Feb. 1977, from collections on the USCG BURTON 15-
LAND, It was isolated from the southern Atlantic Ocean and cultores (see
Materials and Methods section) for the present study, providing abundant
material. It is a truly plankeonic, antarctic species.
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Chactoceres radrcans Schiani

In the original description SCHUTT (1895, p. 48, fig. 27) was very brief
but stressed the branched spines in the «lower parts (distal part) of the setae,
His drawing is reproduced in fig. 51, from a paper that described 26 new species
and one new variety in the genus Chaetoceros, plus a new related genus. Al
though the description of this species is the shortest in the paper and the draw-
ing shows few characters. the structure of the setae is generally considered
diagnostic.

The chains were long and curved in our preserved material (fig. 9, 10) with
the spiny setae not all in the same plane. In valve view, a sibling pair of vege-
tative valves show the setae configuration (fig. 11). There is no process in the
center of the intercalary valves (fig. 11). but a labiate-like process is visible
in LM in the center of the differentiated end valve (fig. 12). In the SEM, the
degree of branching on the setae of sibling intercalary valves is clear (fig. 29,
30). As previously moted in Chactoceraceae (FRYXELL, 1978a), the setae
of sibling valves are separate (fig. 32). although fused at a sharp angle in this
case holding the valves apart (fig. 31). The bifurcating tube-like spines develop
fully beyond the fused area and diminish as the setae taper to thin threads.
One need only imagine how effectively such structures clog filtering devices
of grazers. The end valves (inside view, fig. 33; ourside view, fig. 35) are diffe-
rentiated by the presence of a labiatelike process, lacking in the intercalary
sibling pairs [fig. 34) as noted above.

The resting TMH are formed within vegetative cells in pairs (fig. 13) and
cling together after the vegetative thecae are lost (ro be more fully discussed
in the next section). In valve view [LM) the resting spore pairs are distinctive
with recurved, crossing setae that lack long bifurcating spines (fig. 14). In SEM
the structures become clearer. The first-formed specialized valves with crossing
setae are not integral parts of the resting spores (fig. 36), although they remain
part of the complete resting spore pair (fig. 37, 41) and function as epithecae
with girdle bands of the first-formed, arched resting spore valve (fig. 39a, 39h).
The setae do have spiraling, dendritic spines (fig. 39a), although they are usually
dwarfed (fig. 38). The single resting spore (fig. 40, 42) thus has a highly arched
epitheca formed with little resistance from a sibling cell in an empty (or nearly
so) vegetative theca plus a flattened hypotheca that formed against the sibling
valve with the specialized, recurved sctae. The spores themselves have no girdle
bands or sctal openings into the cell [although rudimentary knobs have becn
seen), and yet they have what protection setae can offer. IF the specialized
setae are broken or if pressure is put on them, the spores can be released singly.
[See next section and .Eh_ 53).

The type location of the species is given simply as «Atlantics. HUSTEDT
(1930) reports it from coastal areas of Europe and the Mediterranean Sea.
SIMONSEN (1974) found it to be rare in his samples from the Arabian Sea
with more regular accurences on the transects off India in the Indian Ocean
from samples collected on the METEOR. It was never frequent, but he consi-
dered it to be cosmopolitan, It was frequently encountered farther south in the
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Indian Ocean from the MARION DUFRESNE MDOB collections, in 19 of
¥9 stations, with net hauls dominated by this species NE of Marion lsland in
six stations (FRYXELL, 1978b). ﬂ|l!|!1|'.‘|-1.|u;]'| it hat not been found in the pﬂla[
areas, it has a wide distribution; following HASLE's (1976) usage, SIMONSEN's
term « cosmopolitane certainly applies to this species.

Chactoceros compolutum Castracane

CASTRACANE (1886, p. 78] described this species from a surface collection
made between Kerguelen and Heard Island in che southern Indian Ocean, He
stressed that the cells were heterovalvate with the one valve being convex and
the other flat, The very long setae originate toward the center of the valve and
are convolute, eurving around each other (fig. 52). The end valves of the chain
are not shown, although he refers to them as embryonic, short protuberances
(probably broken).

Rounded end valves are shown in fig. 6, B, with a whole cell from the same
[suppers) end in fig. 7. The other terminus is not shown, The setae do arise
in the middle of the valve, and the large setae are spiny. In SEM, the rounded
terminal valve has a marked constriction near the margin (fig. 43c¢) also seen
im LM, and the setae near the valve have many spines (fig. 43b). Away from the
valve the setae ger slightly larger, while the spines get longer and less frequent
ifig. 43a). A rounded intercalary valve shows some of the same characteristics
{fig. 44a) with a labiatc-type process nestled under the curve of the setac {fig.
44b). A sibling pair of valves is heterovalvare, with one being rounded and the
other more rectangular (fig. 45a). The rounded valve has a flap or prehensor
on each seta that holds the sbling scta in place. shown in detail in fig. 45b.
Broken prehensars can also be seen in fig. 44a, curving back toward the rounded
valve with no evidence that they were fused to the rectangular valve, Prehensors
are lacking in rounded end valves. This method of linking sibling valves has
not previously been reported in Chaetoceros (posiibly present in C. demticula-
tum Lauder?). Figures 4345 are taken from the southern Indian Ocean.

Similar cells were found off Saanich Inlet, Britich Columbia, at the CEFEX
site (see Materials and Methods section for location). A large heterovalvate
cell of Chaetoceros was found [fig. 46a) with prehensors on the setae of the
rounded valve 1I”‘:5. 47, 48a). The pm]'Lclu:-n-l' shown in ﬁg_ 46a, 46b s Fnrl:hr
broken or worn sway, but the break shows no indication of fusion. The setae
are spiny (fig. 46¢), quadrangular in cross section, and with two rows of pores
between circumferential ribs (fig. 48a, 46c). More distal parts of the setac
have spines farther apart than at the proximal ends {fig. 48b). Each valve has
a aventrals side with a labiatelike process nestled between the setae (fig. 47,
49a, b}, and its right seta curves in front of the sibling seta.

Identification problems will be discussed in the next section, but CASTRA-
CANE's original collections were made from the southern Indian Ocean in what
can be considered antarctic waters. In addition to the locations cited in a pre-
vious section, we have found it at MDOB, St. 47, 46°12.9'S, 50°44.4'E, collec-
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ted 15 April 1976, We have some doubtiul citings in the Weddell Sea, also.
Since the prehensor can be reliably noted only in SEM, we arc hesitant to truss
our LM observations until other features become clearer. If we are correct in
assigning both the north and the south samples in cur collection to C. como.
beremn, it is, indeed, a widespread species.

DISCUSSION

Resting Spore Production

Chaetoceros radicans follows the pattern ol C. didymum Ehrenberg in resting
spare formation. By adapting portions of von STOSCH, THEIL, and KEOWAL.
LIK's I:||'5".i'3.. ﬁE- 26) i.ﬂ[ﬂnﬂ-il:iﬂ-ﬂ-?ltkﬂi schema of the life qc]c of C. lﬁd}'-
rtt, we can clarify points made in the Introduction and features noted on
micrographs in the Results secrion. In fig. 55, a vegetative cell is beginning
division in A producing two equal cells with hypothecae possessing specialized
setae (S5, fig. 55E). In fig. 55C the cells have clomgated, and acytokinetic
division has taken place in the upper cell, with one arched resting spore valve
(AR} formed as hypotheca to the valve with specialized setae. In fig. 55D
the lower cell has the arched r-e:.‘tir.lg spore walve amd the upper cell has under-
gone another acytokinetic division and formed a flartened resting spore valve
(FR) as hypotheca to the arched valve. The vegetative epitheca (VE) has been
lost, as an empty (or nearly empty] husk. In fig. 55E, the lower cell has gone
through the same sequence, and the doubler resting spores are complete. Figure
55F shows the resting spores (RS) separated from the first-formed valves with
the specialized setae, a process that may or may not occur before germination.

Thus, for cach two resting spores formed one vegetative cell, the original
two valves and bands are lost, plus two valves with specialized setae and thewr
bands. There is no evidence at this time that cytoplasm is lost - that is, no resi-
dual bodies have been noted in the empty thecae. In fact, von STOSCH, THEIL
and KOWALLIK (1973) show the pyenotic nuelei as a pare of the surviving
cell of C. tIH:rr:'rum- And we have seen no evidence that l'l.'ld-i-lﬂl:l'ltll']-' valwes
have been tormed during the unequal mitotic divisions, as has been found in
Thalassiosira (FRYXELL, DOUCETTE, and HUBRARD, 1981) or Eunoti
{¥on STOSCH and FECHER, 1979}, However, the resting spores are produced
by a determinare number of divisions as in other diatoms, with whar seem
to be minor variations, However, in no other genus thus far studied is the first

specialized valve produced not an integral part of the resting spore.

ldeniification Problems

The classical features used in field identification of Chaetoceros species
were summarized in the introductton, and this work has stressed the natuare
of the setae in three unusual cases, In some cases, however, there are problems
in determining which species is being studied.
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Apparently there are no problems with C. flexuosum (fig. 50). It is confined
geographycally to the truly antarctic waters, and the records of its occurences
Lh:,r a.dtrli!l:-l'.'i].l}.' few authors) show that it hwﬂupma.:i i a band around An-
tarctica. The morphology obscrved by the different authors is consistent.

There may be problems wath C. radicans (Fig. 51) as with any cosmopolitan
species that is identified principally by one characver - in this case, by the
elaborate setae with IJLEI.III:II:i.I'IE spines, Two publisl:ﬁl accounts with drawings
of the resting spores (LEBOUR, 1930, p. 163, as C. scolopendra Cleve; HEN-
DEY, 1964, p. 134, pl. 14, fig. 3) are not completely consistent with the micro-
graphs and descriptions in this paper. HENDEY and also LEBOUR mention
peculiar thick setae of the spores encircling the girdle, but the drawings show
no setae between the Nattened valves of the resting spore paws. In truth, the
resting spores were not mentioned in SCHUTT's original description, and the
possibility remains that resting spores in this genus may show early speciation
before the 'I"EEEI:IIZi.'I'-E '|_:|i1=|=r_'l dc {HHH{]H&H"EE. 1979). Thus, I:|'||:':|r may well
show variation trom one geographical region to another, although the disagree-
ment in the verbal account and the drawing leaves some doubt in this case.
The C. radicans (= C. seolopendra Cleve?] of the North Sea, the English Chan.
nel, and Morth Atlantic coasts deserve particular study, HENDEY"s (1964,
pl. 14, fig. 4) figure of the vegetative cells agrees well with our observations.

Identification [lmhlerm: are most evident in C. convolunim. CASTRACANE
described this species (fig. 52) at the same time as he described C. criophilum,
The difference between this and a northern species was not readily apparent
to many diatom workers, and MANGIN (1917a) published clanification of C,
eriophilum (fig. 53) pointing out thar it is an antarctic species. The same year,
he also published the description of a new spectes, Chartoceros concavicorne
(MANGIN, 1917k} that he considered to be an arctic form (fig. 54) in contrast
o i :".rﬂdpi'rﬂuh'r. He was :rl.ln:l:,r ||:|:-|.-.=|:i.|1ﬂI with two different taxa, and his careful
work 15 helpful. He also dealt directly with the differences between C. comca-
vicorne and C. comvalutum [MANGIN, 1919), citing the existence of a r.'n‘:
band on C. comwolutum and 3 narrow or indistinet one on C. concavicorne,
HOLMES (1956) pointed out the problems related to this character on solitary
cells in water mounts and dividing cells. With the present ohservations of C.
convolictum from the southern Indian Ocean and the NE Pacific, new problems
are raised, and comparusons are necessary for critical work,

The heterovalvate species that have one rounded and one rectangular valve
include : C. i:riu;lphill.l:m, i Fl:r:n:.i'ull.lm Karsten, C. peruiarm [!:'.ig|'|l:'|.l.rl,'.“r i
concavicorne, and C. conwoluium. C. criophilum and C. pemdulem are set
apart in that the setae arise mear the edge of the valve. They have different
outlines with the upper valve being more rounded in €. criophifum and the sotae
mare spiny.

Chactoceros peruvianum 15 most often shown as a mingle cell, with some
space showing between the central arch of the joined setae on the rounded
(euppers) wvalve, as shown by BRIGHTWELL (1858). HUSTEDT (1930, fig.
379 did show three loosely connected cells, but they could hardly have been

ey - AAHN Pong



12 G.A. FRYXELL & L. K. MEDLIN

permanently fused sibling cells in a chain, since such Fusion takes place within
the girdle bands of the parent cell, and the cells in the figure are much more
widely spaced than that. Wide spacing between cells in a chain-forming species
is considered advanced (BEKLEMISHEV, 1961}, and it could well be thar
C. eonvolsum with its prehensor evolved from a chainformer with valves
more closely appressed or a singlecelled form. Most Chaetoceros species have
only single cells under unfavorable growth conditions (¢. g senescent cultures)
in the TAMU Culture Collection. The chains have not come apart, but cach
cell has made two specialized end valves when dividing. It would be interesting
to see if C. pernvianum could form chains in culture under ideal conditions
and what kind of chains they would be.

A problem remains in identification of C. concavicorne and ©. comvolibim.
A culture of C. concawicorte kindly sent from DL G. Swift (SWIFT and GUIL-
LARD, 1978) was examined (also studicd in EVENSEN and HASLE, 1975), and
no prehensor is present. Sibling valves are fused. Two taxa are involved, at least.
It may be that the species HUSTEDT (1930, fig. 378) illustrated as C. conro-
hutwrn is a third taxon since the setae arise in the middle of the cell only on
specialized end valves, and that is not consistent with present observations, as
previously noted. However, BRAARUD (1935) showed variation in this charac.
ter within one chain {perhaps in part due to the torsion of the chain) and sug-
gested the reduction of C. concavicorne to a form of C. horeale Bailey. EVEN.
SEM and HASLE (1975) agreed that a few cells of a chain could resemble C.
boreale, but whole chains could not be confused, with setae of C. concavicome
all pointing to the same end of the chain, Field characters have been used
(drooping setae and three evenly spaced girdle sections on €. comeolutum;
CUPP, 1943, fig. 67; ef. C. concavicorne, fig. 66) that may have to be reevaluated
in the light of new observations,

The situation is further complicated by finding of cells we consider 1o be
C. comcavicorne in the Weddell Sea. If we are correct, both C. concavicome
and C. corivolistum are cosmopolitan or, more likely, bipolar in geographic
distribution. It is as yet uncertain how many taxa are included in this hetero-
valvate group of Chaetoceros or what characters can be used reliably. The fine
structure of the setae of C. concavicorne, C, boreale (EVENSEN and HASLE,
1975}, and C. comvolutum (present work) appear identical on ficld samples.
Prehensors are distinet only in SEM.

TAXONOMY

C. radicans has the manner of setac connection that i dominant in the
genus and can be considered primitive in its chain formation. It is the only Chae-
toceros species considered in this paper that possesses bilateral symmetry and
resting spores. There are labiave-like structures only on end valves, indicating
specialized chain-terminating cells. Within the genus Chaetoceros, it belongs
to the subgenus MHyalochaere with no chloroplasts in the setae and section
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Furcellata with paired resting spores that have thick bristles and relatively
smaoth valves,

C. flexuomum is placed in the subgenus Phoeoceros with chloroplasts not
only in the cell bur also in the setae, but it does not fit well invo existing sec-
tions, The flexibility and small movements permitted by the setal arrangement
af C. flexuosem may bestow some advantage on this species in an ever-moving
water column. C. flexuosm appears to have the most simple manner of setae
connection. However, since it is an isolated case of such intertwining in 2 large
and heterogeneous genus where fusion i the rule, it would appear that C.
flexieosum has lost the ability o fuse, rather than retaining the primitive condi-
tion. It may have developed from simgle cells. Unlike C. radicansz, the cells
are not bilaterally symmetrical, and there are labfate.like processes on all vabves.

It ts tempting to hypothesize the following sequence of events: Hyalochaete
cells carried offshore into unfavorable growth conditions, surviving as single
cells with bath valves having specialized terminal structure from chains - both
possessing labiatelike processes, wurilizing larger, more open setae and chloro.
pl:l.*.-l!!. in the serae ot more effective means of exchange with low nutrient lewels
of oceanic seawater, and later the cells in general reverting to chain formation
a5 the oceanic subgenus, Phaeoceros. If this sequence occured, most species
have again utilized fusion as a means of sibling valve adherence, but retained
labiave-like processes on all the valves. A few species have remained as single
cells, as C. peruvianum, and at leass two other methods of chain formation
have evolved, as illustrated by C. flexuosum and C. comvolutum, The sequence,
of course, could have been inverted, but if capability of producing resting spores
15 both coastal and primitive, the order of events outlined above has some merit,
The fossil record may be more helpful in this genus it we concentrate on resting
spores in the future,

O, cesrinabinlued s the moit cnmph::t in ity manner of chain formation, with
the prehensors of one valve holding the sibling valve firmly in place. It lacks
bilateral symmetry and possesses heterovalvate cells. There are labiate-like
processes on all’ valves, as EVENSEN and HASLE (1975) found typical of
the subgenus Phaecceros, C, convolutum is placed in che section Horealia, al-
though the type specics of this section is usually considered isopole (GRAN,
1904, cited In BRAARUD, 1960). C. comvalitum mAYy also have dﬂ:lﬂp:ﬂ
from a single-celled form, in this case, perhaps a species such as C. peruarmim.

SIMONSEN (1979) holds that resting spore production is primitive, and
it would appear that fusion of silica in chain formation is primitive in the genus
Chaetoceras and that intertwining and prehensors are advanced. Thus within
this one genus where setae are instrumental in chain formation, three different
methods have been presented. One is dominant; two are isolated occurences.
And yet the function of chain formation is fultilled - an indication of parallel
evolution.
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FIGURE LEGEMNLYS

Fig. 18, — 1.5: Chactoceror flesuomem Mangin, TAMU lving cultare AA2Z, LM
Seale: 10pm. 1: Single cell packed with chloroplasts exvending into the setae. Note angle
of bowes setae, 2: Two cell chain showing closely approssed ssbling valves. 3: Theee E'!‘.
chain with different pervalvar axes, 4: Deaill of chain o ilustrate manner of ntertwining
of setze. 5: Long, but incomplete chain with broken cell ar end and cytoplasm plasmolized
in death. - 6&8: Chastocerc: convelupum Castracane, MO, Sc. 49, LM, Scale: 10[8s.
: Rounded terminal valve of chain with drooping setae. 7: Whale teeminal eell from
broken chain, 8: Rounded teeminal valve with flared setac.

Fig. 9-15. —" Chaetoeeros radicans Schiltt, MIDOB St. 17 except fig.13, LM. Scale : 10pm.

%: Chain with cells clearly separated and spiny setae. 10: Long, curved chain with terminal

sctae differentisted. 11: Valve view of sibling intercalary setae cleaned of arganle matter

with setag in typical configuration, 12: Valve view aof terminal valwe central labdace:-like

process and terminal setac extending in different directons. 13: MDOS S, 27. Resting

spore palr in vegeeative cell with poriion of seta in focus on right, 14: Valve view of resting

pair with setae recurved and croming in typical comfiguration [Corresponding o

fig. 55E wurmed 90° to give valve view). 15: Resting spore pair, a: high focus on valve
detadl; b: mad-fociss on valve atline and parts of setae (Scale for fig. 13-15 same a5 g, 12].
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Fig. 16-12. — C(hactoceros flexwosum Mangin, TAMU celoare AAD, except fig. 18, 20.
SEM. Scale: 1ffm except fig. 16. 16: Chain of four cells in usual configuration. Seale: 10gm.
17: Vakee view with labiate like process on «ventrals side of valve, its right seta disected
forward first and ies left sera directed backwards slightly. 18: Antarctic rough culvare
from ISLAS CHLCAIMAS, 5t, 12, Portion of girdle with perforsted bands and poknted ends.
1%: Whols end cell, somewhat collapsed. 20: Antareric rnu#. cigltare fom ISLAS ORCA-
DAS, 51, 12. Portdon of girdle with ovenly perforate bands away from open ends, 21:
Labiate-bike process on outside of wentral midwalve. 22: Oblique view of whale valve
with the labiatelike process seen an the mieinal ventral side as a simple hale.

Fig. 23-28, = Chaetocerss flexcusmm Mangin, TAMU culture AAY, excepr fg. 26,
Sibling walves. SEM. Scale: §fm except where noted. 23: « Ventrals view showing labiate-
like processes, with upper valve having slipped %o its lefi. a. Orientacion view. Scale: 10pm
b, Detail of sotae with no indication of fusion. 24: aDorsale svew with labiate-like processes
not showing, and upper valve sgsin slipped to the lefi. a. Valves with setae. Scale: 100m;
b. Dewall of sevae twisted around cach other with no fusion; c. Oiher pair of sewse with space
between them. 25: aVentrals view with upper valve slipped o its right. No evidence of
fussion_ Scale: 10pm. 26: Rough culeare, ISLAS ORCADAS 19/79, St 12. Detail of pwisted
setwe with apines bt no fused areas. Noie pores on mantle of valve and serae. 27: Derall
of stta some distance from valve with spings on a thickened, spiraling rib, 28: Comparison
of thick seta near valve amd thinner part more distal from valve.

Fig. 2935, — Chactoceros radicans Schiltt, MDOR 5t 17, except where noted. Siliceous
muterial cleangd of organic contenis, SEM. Scale: Ilm excepr where noted. 29: MDOA,
$t. 5. Single pair of sibling valves within chain permanently bonded with spiny setae, Scale:
I0gm. M Detail of same wvalvea, Scale: 10em. 31; Decail of setae fused between valves.
X2: Pair of setac broken from valves, changing directions at point of fusion but seill sepa-
rate. 33 Inside view of specialized end valve im chain with shit, 34: Intercalary pais of
valigs with mo labistelike central process. Secale: 10gm, 15 Outiide view af terminal
valve of chain with it of lsbiste-Hke process, Note delicate radial thickenings of valve.

Fig. 3042, - Chactoceros radicans Schilug, MDOE, 5, 17, Reuting spores and attached
vabres, SEM., Scale: 1im, except where nowed, 36: First formed valves of resting spare
sequence with specialiced senae after spores hawe dehisced (corresponding to RS on fig.
55F). Scale: Vpfm. 37: Hesting spore pale still joined to valves with spechalized recurved,
crossng setae (corresponding o fig. 53E). Scale: I0gem. 33: Denil of specialized seta
with spiralimg rows of blusted spimes. 39: Unuasual case in which valves with specialized
sctae hawve braken apart. a. Orientation wiew; b. Rare curside valve view of flest-farmed
valve of resting spore sequence, with multiple bands. 40: Single resting spore with arched
vilve (ephalve)] and Hattened valve fhypovalve) with no setae [corresponding to RS in Rg. 55
F}. 41; Obkique view of resting spore pair still artached 1o valves with specialized recurved
ez, 42: Girdle view of single resting spore with arched cpivalve and flattered hypovalve
lcorresponding 1o fig. 55E, 1L5),

F'ig. 4345, = Charloceres comvoladnm Castracane. MDOR, St. 49, excepr where noted.
Valve and sera strueture, cleaned of osganic marerial, Seale: 1pm, except where noted.
43 Rounded terminal valve of chain. a, Long, tapering spimes from valve; b. Shorter spines
close ta wvalve; ©, Oriemtarion view. Valee mon entirely clean berareen serae over center
part of valve, but showing comstriction on mantle amd gpines on setae, Scale: 10um. 44:
Raunded intercalary valve. a. Orientation view of valve broken from sibling pair with
broken #prehensorss poinging back o the valve, Scale: 10pm; b, Decaill of roend, pubs-
formed Lsbiste like peocess mestled under the clase curving of the setas, Note pores in valve
itructiere, 45 MDHE, 5t 5.a. Orientation view of sibling valves, one rounded and the other
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rectangular in glrdle view, bath with labiate like processes, and held together with « prehen-
sors. Scale: 104, b, Derail of aprehensoss on seta from rosnded valve holding sibling
valves together.

Fig. 46-49. — Chactoceres convoluniom Castracane, Lritish Columbaa, Siliccous parts
of diatom frustales cleaned of organic materisl SEM. Scale: 1pm, except where nated.
46: 2. Rounded valve with parts of broken rectangular valve sall agtached, b. Denil of
partially broken ar worn sprehensors from seta of roumded walve. ¢ Portion of s wich
sectangular cross scction, spines on angles, and double rows of poroids between ribs, 471
Another view of «prehensors an seta, 48: Fortion of broken seta with «prehensors and
and double rows of parolds. b. Same seta. Note spines far from valve on reinforced angles
of valve, 49: a. Sibling intercalary pair of valves looking inte top valve and showing rypical
angle of sceae. Scabe: 10m. b. Internal sellate pore of labiate-lke process.

F* R332, — B Chaedocerios _ﬂ'r:.'ur.lpl.rrr- 'I‘.llgil'l- afeer Mangin, 1915, Broad tl.rﬂl::
view. 51: Charfoceror radicans Schiee, after Schiet, 1895, Valve view of sibling valves.
§3: Chacroeeros conveintum Castracane, after Castracane. 1886. Broad girdle view and
valve view of sibling valves.

Fh £3%.54. — 53 Clygedacere: r.ruql.l.lr'lunl [ REEFACAmE, afcir Marggim, 191 7a. Broad
‘i:dl.l: view. Bd: Charficorad conddmoorne H-.I.I'I;Fi.n, afeer Hil‘u:il‘l, 1907h. Broad Fd-l'l

yiEw.

Fig. 55. — Resting spore formation of Chaetoceras didymum Ehrenberg adapred from
van Stosch, Theil, and Kowallk, 1973, Sequence similar to C. rudicans, A Vegetalive
theea. B: Equal mitotic division formimg sibling valves with specialized serse (55). i
First heavily silicified arched rewing (AR) spore valve formed inside original vegetative
epitheca (VE], D: Second spore arched resting (AR} valve formed and first fattenad resting
(FR) spore hypovalve formed against valve with specialized sotac. One vegetative epitheca
[VE} stll in place: the other losr. E: Two resting spares in wypical conformarion, held
together by valves with specialized serae. F: Two resting sposes (RS} dehiicing from valves
with specialized serae (55].
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