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PIGMENT SUITES AND TAXONOMIC GROUPS IN PRASINOPHYCEAE'
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Pigment analysis performed on 30 Prasinophy-
ceae strains revealed two main groups: the
prasinoxanthin-containing and prasinoxanthin-
less Prasinophyceae. Prasinoxanthin-containing
Prasinophyceae comprised the orders Mamiellales,
Pseudoscourfieldiales (Pycnococcaceae), and Prasi-
nococcales. For this group, classification with pig-
ment composition showed a good agreement
with molecular phylogeny. Mamiellales, except
Crustomastix stigmatica, accumulated uriolide, mi-
cromonal, dihydrolutein, and the pigment Uniden-
tified M1 as characteristic pigments. Prasinococc-
ales and Pseudoscourfieldiales (Pycnococcaceae)
lacked micromonal and Unidentified M1. In addi-
tion, Pseudoscourfieldiales (Pycnococcaceae) lacked
uriolide. A chl c;-like pigment was present in
prasinoxanthin-containing strains isolated from
the deep sea. Common green algae pigments, a
loroxanthin derivative, and siphonaxanthin plus
derivatives were found in the prasinoxanthin-
less Prasinophyceae, which included strains
from Pyramimonadales, Pseudoscourfieldiales (Ne-
phroselmidiaceae), Chlorodendrales, and a new or-
der. Although some associations could be observed,
the correspondence between pigments and molecu-
lar taxonomy was less clear for this group.

Key index words: chl ¢; HPLC; micromonal;
prasinoxanthin; siphonaxanthin; Unidentified M1;
uriolide; prasinophyte

The Prasinophyceae is an especially heterogeneous
algal class in terms of pigments, probably because of its
paraphyletic origin (Daugbjerg et al. 1995, Nakayama
et al. 1998, Fawley et al. 2000). Pigment studies on
Prasinophyceae started in earnest in the late 1960s
with the pioneer work by Ricketts, who distinguished
four major groups according to their pigment compo-
sition (Ricketts 1970). Many of those pigments were
chromatographically and spectrophotometrically char-
acterized and arbitrarily named. Fourteen years later,
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Ricketts’ xanthophyll K was structurally characterized,
named as prasinoxanthin, and proposed as a pigment
marker for Prasinophyceae (Foss et al. 1984). Foss
et al. (1986) also described and named the pigment
uriolide. Unknown 1 and Unknown A (Fawley 1992)
were described as dihydrolutein and micromonal by
Egeland and Liaaen-Jensen (1995). Jeffrey (1989) and
Brown and Jeffrey (1992) showed the presence of a chl
¢s-like pigment (chl ¢cs.170) In a tropical strain of Mi-
cromonas pusilla. Unidentified M1 (Ricketts 1966,
Fawley 1992) is a conspicuous pigment in Prasinophy-
ceae that has not yet been characterized.

Parallel to the description of these pigments, an ef-
fort was made to use the information contained in
these phenotypic characters to actualize the classifica-
tion of Prasinophyceae. Thus, Hooks et al. (1988) sub-
divided the four groups proposed by Ricketts based on
the prasinoxanthin-to-chl ¢ ratio. However, Fawley
(1992) dismissed this distinction. Mackey et al. (1996)
also dismissed it but proposed another differentiation
based on the chl b/chl a ratio. On the other hand, Guil-
lard et al. (1991) proposed the presence of prasinoxan-
thin plus MgDVP as characteristic of the order
Mamiellales in the Prasinophyceae. Fawley (1992),
however, revealed the presence of this combination
in Pseudoscourfieldia marina, a species belonging to
Pseudoscourfieldiales, not Mamiellales. In short, thus
far there have always been exceptions to proposed
taxonomic classification of the Prasinophyceae based
on their pigment composition.

Here we analyzed the pigment composition of 30
strains of Prasinophyceae, 12 named to species level,
17 known only to genus, and 1 unknown, grown in
different culture media under the conditions indicated
in Table 1. These strains were previously classified us-
ing 18S rRNA and represented seven different clades
as defined by Guillou et al. (2004). The cultures were
harvested in late exponential or early stationary phase,
filtered onto glass fiber GF/F filters (Whatman, Maid-
stone, UK) with low vacuum (< 0.3 atm) and immedi-
ately frozen in liquid nitrogen or at —80° C until
analysis (less than 4 months). Pigments were extracted
by placing the blotted dry filters in 90% acetone
at —20° C overnight, followed by filter destruction
with an ice-cooled cell mill (Vibrogen 1V, Edmund
Biihler, Tiibingen, Germany) for 5 min. Samples were
centrifuged for 10 min at 4° C. A total of 0.5 mL of the
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TapLe2. Chromatographic retention times and spectral characteristics of the main pigments obtained by on-line fast-scan-

ning absorption spectra of the HPLC eluent.

Retention time (min) Absorption maxima

Pigment Abbreviation
Unknown chl ¢s-like C;-like
Mg-24-divinyl pheoporphyrin MgDVP
ab monomethyl ester
Uriolide Uri
Violaxanthin-derivative Vio-der
Siphonaxanthin Sip
Neoxanthin Neo
Prasinoxanthin Pra
Violaxanthin Vio
Micromonal Mmnal
Unidentified Z1 Uni Z1
Unidentified Z2 Uni 72
Antheraxanthin Ant
Zeaxanthin Zea
Lutein Lut
Dihydrolutein Dihy
Siphonaxanthin-derivative Al Sip Al
Siphonaxanthin-derivative B1 Sip B1
Siphonaxanthin-derivative A2 Sip A2
Siphonaxanthin-derivative B2 Sip B2
Loroxanthin-derivative Lor-der
Chl b Chl b
Chl a Chl a
y-Carotene-like v-car-like
Unidentified M1 Uni M1
a-Carotene a-car
B-carotene B-car

7.1 453, 583, (623)
9.3 440, 627
14.1 451, 477
15 493, 444, 473
16.1 467, (448)
17.5 412, 439, 467
18.7 468, (448)
20.1 442, 472, (416)
99.3 471, (448)
923.7 444, 466
24.9 444, 466
25.9 446, 476, 424
30.3 452, 479
30.6 447, 476
31.2 431, 457
31.6 469, (448)
32.1 468, (448)
397 467, (448)
33.7 467, (448)
34.3 448, 477
36.6 464, 648
39.5 432, 664
413 465, 493, (442)
415 440, 466, (412)
427 446, 476
42.9 454, 480

Absorption maximum are in italics, and shoulder are enclosed in parentheses.

supernatant was mixed with 0.1 mL of MilliQQ water
(Millepare, Billerica, MA, USA) and 100-150 pL inject-
ed onto the HPLC chromatographic system using the
method of Zapata et al. (2000) optimized for our sys-
tem with minor modifications (Latasa et al. 2001).
Many pigments found in Prasinophyceae are not
commercially available. Therefore, those pigments
were identified by their chromatographic and spectral
characteristics (Table 2) and by their presence in well-
known strains analyzed by us. We found several peaks
without a clear correspondence in the literature; these
pigments were named according to their absorption
characteristics and chromatographic behavior. Thus,
those unknown pigments with absorption and chro-
matographic properties similar to known ones were
named by adding the suffix “-like.” For instance, a
pigment eluting before Unidentified M1 (Ricketts
1966, Fawley 1992) had very similar spectral and chro-
matographic characteristics to y-carotene, and we
named it y-carotene-like. A pigment with chromato-
graphic and spectrophotometric characteristics of a chl
¢s was named as unknown chl cs-like. On the other
hand, there were some pigments with different chro-
matographic but similar spectral properties. We
named these pigments as derivatives. For instance,
the spectra of siphonaxanthin-derivative Al, A2, B1,
and B2 were identical to that of siphonaxanthin. How-
ever, their retention time was clearly different, proba-
bly reflecting a different composition of their fatty acid
esters (Ricketts 1971). The same reasoning was applied

to loroxanthin and violaxanthin derivatives. Other
peaks we named were Unidentified Z1 and Z2, with
spectral characteristics resembling, but not identical, to
those of uriolide.

For pigment quantification, the system was calibrat-
ed with standards of chl ¢s, violaxanthin, prasinoxan-
thin, zeaxanthin, lutein, chl ¢ and b, and o- and
B-carotene from '*Carbon Agency (Hgrsholm, Den-
mark). We used extinction coefficients from Jeffrey
et al. (1997), except for prasinoxanthin for which we
applied the extinction coefficient of fucoxanthin (166
L-g '-cm™"). These two pigments possess chro-
mophores with carbonyl functions as terminal alipha-
tic ketones, a characteristic that normally causes a
reduction of the extinction coefficient (Bjgrnland
1997). Concentrations of uriolide, siphonaxanthin, mi-
cromonal, and related (-like) pigments were estimated
based on the response factor of prasinoxanthin; the
same procedure was applied to estimate Unidentified
71 and Z2. Concentrations of antheraxanthin, di-
hydrolutein, and loroxanthin-derivative were estimat-
ed based on the response factor of lutein.
Concentrations of neoxanthin were estimated based
on the response factor of violaxanthin. Concentrations
of Unidentified M1 and y-carotene-like pigments were
estimated based on the response factor of B-carotene.
Concentrations of unknown chl ¢s-like and MgDVP
were estimated based on the response factor of chl cs.

Special pigment features. Twenty-five pigments nor-
malized to chl a concentration were considered in this
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work to compare 30 strains of Prasinophyceae (Table
3). In phytoplankton ecology, the pigment-to-chl «
ratio is a required parameter to estimate the relative
contribution of the different phytoplankton groups
(Mackey et al. 1996). The ratios presented here cor-
respond to a single growth condition for each strain.
Although these ratios can be affected by the physio-
logical status, we did not observe strong divergences
among strains despite the important differences in
irradiance (25 to 150 pmol photons-m~2-s~ ') ex-
perienced by the cultures.

The carotenoid composition of Bathycoccus prasinos,
Mantoniella squamata, Micromonas pusilla, Prasinococcus
capsulatus, Pycnococcus provasolic, Nephroselmis pyriformus,
Pseudoscourfieldia marina, Tetraselmis sp., Pyramimonas
parkeae, and Ostreococcus tauri, summarized by Egeland
etal. (1997), and that of Crustomastix stigmatica, de-
scribed by Zingone et al. (2002), are almost identical to
those found in our study for those species.

The main discrepancy between our results and pub-
lished work was the presence of prasinoxanthin in-
stead of siphonaxanthin (Chrétiennot-Dinet et al.
1995) in all our Ostreococcus strains. In our system, si-
phonaxanthin and prasinoxanthin eluted with more
than a 1-min interval (Table 2). This and the injection
of a prasinoxanthin standard confirmed the identifi-
cation of prasinoxanthin in Ostreococcus.

An unknown chl ¢;-like pigment similar to chl ¢cs.17¢
of Micromonas pusilla CS-170 (Jeffrey 1989) was found
in Prasinococcus cf. capsulatus CCMP 1407, in strains
RCC 393, RCC 141, and RCC 143 of Ostreococcus sp.,
all four isolated from deep waters, and in Micromonas
pusilla RCC 372 (Table 1). Whereas four of the five
strains had been grown at low light levels (25 pmol
photons-m~?-s~ ', blue light), one of them was grown
at 100 pmol photons-m~*-s~ ', which suggests this
pigment does not accumulate solely because of very
low growth irradiances. In this sense, the most striking
result was the presence of unknown chl ¢;-like in Mi-
cromonas pusilla RCC 372. This strain, isolated from an
unknown, but probably shallow, depth in the Gulf of
Naples was linked by molecular methods to CCMP 489
(Guillou et al. 2004), a strain isolated from the Sargas-
so Sea at 120 m depth. Therefore, the presence of this
pigment might not be only a plastic and temporary ad-
aptation to low irradiance levels, but it may reflect
some phylogenetic traits related to deep ocean habitats.

Siphonaxanthin was a major pigment in Crustomastix
stigmatica and Tetraselmis sp. RCC 234. In addition, si-
phonaxanthin derivatives were found in Tetraselmis sp.
RCC 234 (Al and A2) and Nephroselmis pyriformis and
Nephroselmis sp. RCC 499 (B1 and B2). Although 7et-
raselmis possessing siphonaxanthin had not been re-
ported before, Tetraselmis is included in the order
Chlorodendrales with species that do have siphon-
axanthin (Egeland et al. 1997). Besides the pigments
normally associated with Chlorophyceae, only lutein-
like (Egeland et al. 1995) and loroxanthin-like pig-
ments (Rodriguez 2001) were found in this genus.
The pigment composition of Tetraselmis RCC 234 was

clearly different from other species of this genus de-
scribed before, and its closest pigment suite was that of
Pyramimonas propulsa, formerly Asteromonas propulsa
(Ricketts 1970). Siphonaxanthin derivatives named as
xanthophylls K18 and K2S had been reported by Rick-
etts (1970) in Heteromastix longifilis and Heteromastix sp.
P198. This genus seems to be quite close to Ne-
phroselmis because Heteromastix minuta was changed to
Nephroselmis minuta by Butcher 1959 (Throndsen
1997).

All the prasinoxanthin-containing strains, except Os-
treococcus sp. RCC 356, exhibited two chromatographic
peaks that eluted between micromonal and anther-
axanthin in our system. Their spectral characteristics
were very similar and resembled those of uriolide. Re-
markably, these peaks were also present in Pycnococcus
provasolic and  Pseudoscourfieldia marina, two strains
where we could not find uriolide, and consequently
we named them as Unidentified Z1 and Z2.

Guillou et al. (2004) demonstrated that RCC 287
was phylogenetically related to Picocystis salinarium (Le-
win et al. 2000). However, the pigment composition of
RCC 287 was typical of Chlorophyceae (Table 3), and it
did not possess alloxanthin or monadoxanthin (typical
of cryptophytes) or diatoxanthin (found in chromo-
phytes and euglenophytes), which are the main
xanthophylls of P salinarium. Other differences be-
tween our results and those provided in the literature
were as follows: 1) the presence of a-carotene in Bathy-
coccus prasinos reported by Egeland and Liaaen-Jensen
(1995) but not found in our analysis, and 2) the pres-
ence of uriolide and micromonal in Pseudoscourfieldia
marina reported by Egeland et al. (1995) but not found
in our analysis. This last result agrees with the findings
of Fawley (1992).

Prasinoderma sp. CCMP 1220 was the only strain
without violaxanthin, whereas Hasegawa et al. (1996)
reported violaxanthin in Prasinoderma coloniale. All the
species without exception (even Prasinoderma sp.
CCMP 1220, without violaxanthin) had a violaxan-
thin-derivative with a shorter retention time (Tables 2
and 3). We could not confirm the presence of neoxan-
thin in Pyramimonas parkeae. A pigment eluted with the
same retention time as neoxanthin but with maxima at
440 and 468 nm, which was different from neoxanthin
or loroxanthin (Table 2), pigments with similar reten-
tion times. The prasinoxanthin-less strains, except
RCC 287 and Crustomastix stigmatica, contained the y-
carotene-like pigment. We could not confirm the pres-
ence of MgDVP in strain RCC 287 and Tetraselmis sp.
RCC 500, indicating that if present, its concentration
was below our detection limits.

Pigment suites and taxonomic affinities. The pigment
composition of the 30 strains studied showed a very
clear division in two main groups as proposed by Eg-
eland et al. (1995): the prasinoxanthin-containing and
prasinoxanthin-less Prasinophyceae (Table 3). The
prasinoxanthin-containing Prasinophyceae were rep-
resented by the phylogenetic clades 11, VI, and V (Ma-
miellales, Prasinococcales, and Pseudoscourfieldiales)
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determined by small subunit rDNA phylogeny
(Guillou et al. 2004). These phylogenetic groups can
be classified based on the presence/absence of urio-
lide, micromonal, and Unidentified M1. Thus, Mami-
ellales could be clearly set apart because of the absence
of micromonal and Unidentified M1 in the other two
orders (Table 3). Prasinococcales and Pseudoscour-
fieldiales are again clearly discriminated from each
other because of the absence of uriolide in the Pseu-
doscourfieldiales. Among the Mamiellales, some
additional differentiation could be distinguished.
Thus, Ostreococcus sp. RCC 141 and RCC 143, both
isolated from the deep ocean, lacked zeaxanthin
and antheraxanthin and possessed an unknown chl
¢s-like pigment.

We can extend and validate this classification with
results from the literature. Thus, Fawley (1992) found
uriolide but neither Unidentified M1 nor micromonal
(Unknown A in Fawley’s work) for strain IV E5G,
which is now Prasinococcus CCMP 1194 (in clade VI).
On the other hand, clones Q48-23 (CCMP 1203), BT-5
(CCMP 2194), and 1326.1 (CCMP 1199), described as,
or very similar to, Pycnococcus provasolie (Guillard et al.
1991), did contain prasinoxanthin but not uriolide
(Foss et al. 1986). These results confirm the corre-
spondence between the proposed pigment key and
taxonomical clades.

The prasinoxanthin-less strains were included in
phylogenetic clades I, 111, IV, and VII corresponding
to Pyramimonadales, Nephroselmidaceae, Chlorod-
endrales, and a new clade, respectively (Guillou et al.
2004). The only clear exception to this rule was
C. stigmatica, a species of the Mamiellales without
prasinoxanthin but with siphonaxanthin (Zingone
et al. 2002). In this sense, C. stigmatica was more sim-
ilar to Tetraselmis sp. RCC 234, a species of the Chlo-
rodendrales with siphonaxanthin plus derivatives Al
and A2 (Tables 2 and 3). The two Nephroselmidaceae
analyzed could be distinguished because they pos-
sessed siphonaxanthin-derivatives B1 and B2 (Table
3). Despite this last result, the presence of siphonax-
anthin derivatives Al and A2 in only one of the two
strains of Tetraselmis (Table 3) makes it doubtful that
siphonaxanthin and derivatives could have a determi-
nant phylogenetic meaning. Pyramimonas parkeae, the
only strain belonging to the order Pyramimonadales,
was unique because it contained a loroxanthin-deriva-
tive pigment. However, Fawley (1991) reviewed the
presence of loroxanthin in green algae and concluded
that this pigment had no taxonomic value.

In this work we presented an analysis of the pigment
suites of 30 strains that included seven phylogenetic
clades of the Prasinophyceae class. The pigment com-
position for the prasinoxanthin-containing Prasino-
phyceae offered a perspective very much coherent
with the molecular phylogenetic classification and, in
some cases, with the ecological affinities of the strains.
Such a clear correspondence between pigment and
small subunit rRNA classification was not found for the
prasinoxanthin-less Prasinophyceae analyzed. In fu-

ture studies, we suggest that stronger emphasis should
be placed on the prasinoxanthin-less Prasinophyceae,
a very diverse group in terms of pigments, a fact that
probably reflects their taxonomic diversity.
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