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When pigments of the ronsMN;-fixing cyanabzeterivm Phormidim luninosum were earelully extracied and anulyzed in a completely Oy«free at.

mosphere, by either high performance liguid chromatography (HPLC) or thin luyer chromatography (TLC). the presense of only twe curotenolds

(mamely, fcarotene and nostoxunthin) was deteeted, Hlowever, exposure of pigments (0 an sir atmesphere during their manipulation led o the

rupid appearunce in the organie extraets of at lesst theee additionul carotenoids Gdemified ng calaxanthin, zeaxanthin and feryptoxanthin). This

fact sould e'xpluin the presence In eyinobacteria of sueh hydroxylnied aerivitives of flearotene widely reported in the literdture. Nitrogen stiiyvation

also resubied in un unpnrmm deerease on the relutive Scarotene/nostoxanthin cantent of cells; suggesting 1hae this nulrnmm\i wndnlan affects
thylzkoil membrancs mare drastieally than cytoplasmis membrangs.

fCarowne; Nasmxnmhin; HPLC: Nitrogen-starviition; Ffmrmrdmm faminosum

1. INTRODUCTION

Cyanobacteria (blue-green algae) represent an im-

portant group of prokaryotes capable of carrying out,
like higher plants and green algae, oxygenic photosyn-
thesis. The typical visible coloration of these organisms
is due to the presence of chlorophyll (only chlorophyll
a is present), phycobiliproteins and carotenoids.
Chlorophyll and carotenoids form complexes with
specific proteins which are embedded in the thylakoid
membranes constituting the photosynthetic apparatus
where carotenoids - play important roles as light-
harvesting pigments and protecting chlorophyll against
oxidation. Carotenoids also. form part of the
cyancbacterial cytoplasmic membranes {1,2], Hlad{k et
al, [3] suggested that carotenoids can mediate a part of
‘the interactions which stabilize the structure of pig-
ment/protein complexes,

Nitrogen starvation results in a rapid degradation of"

the photasynthetic apparatus, although the size and
shape of cells remain unchanged in most cases, Thus,
‘after a 2d4-h starvation period Anacystis nidulans cells
showed an almost complete loss of thylakoid structure
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but still possessed intact cytoplasmic membranes [4].
During - nitrogen-starvation all pigments (mainly

- phycobiliproteins and 10 a minor degree chlorophyll)
- .are catabolized originating the rapid and progressive.

bleaching of cultures, classically known as nitrogen
chlorosis. With respect to the changes of carotenoid
content, the number of studies is scanty and lhe results
are contradictory.

The main carotenoids present in ¢yanobacieria are ,G-

‘carotene, nostoxanthin, caloxanthin, echinenone, myx-

oxanthophyll and zeaxanthin [5,6]. In nitrate-grown
cells of A, nidulans the major carotenoids present are 4-
carotene (52%) and zeaxanthin (38%) [41, although the
presence of very small amounts of caloxanthin, nosto-
xanthin and cryptoxanthin were also reported [2,4].
Moreover, Omata and Murata [2] found that the
purified cytoplasmic membranes of this cyanobacte-
rium contained zeaxanthin (60%), caloxanthin' (25%)
and nostoxanthin (11%), but only 3% of the #-carotene
and trace amounts of cryptoxanthin. In contrast, the
thylakoidal membranes contained G-carotene (53%),
zeaxanthin (24%) and caloxanthin (15%), whereas the
relative content of nostoxanthin (6%) and cryptoxan-
thin {(2%) was very low. @-Carotene is the dominant
carotenoid present in all fractions of thylakoid mem-
branes from Plectonema boryanum [3] where myxoxan-
thin, cryptoxanthin and zeaxanthin are also present at
lower levels, but nostoxanthin and caloxanthin are ab-
sent.

High performance liquid chromatography (HPLC),
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- becouse af ltsreproducibilitv and quli.k aperation, can-
stitutes a very powerful tool in pigment analysis in

- general, and i caratencid sudics in particuiar. Most

¢arotenoids are extremely unstable when iluminated in
an dir atmosphere and after extraction ean be rapidly
‘axidised, producing a number of oxidised artifacts {7}
which may be absent in eells,

This paper shows that in the thermophilic, non-

MNi-Tixing cynnqbauermm BPhormidium laminosum on-

Ay two earotenoid pigments are present i viva, and give
evidence that the reported presence of  several
carotenoids in & number of cyanobacterix could arise
from artifacis produu:d during the extraction: or
ehromatographic sepnmuon of pigments in an aerahnc
mmcspht:re

2. MATER[ALS AND MET HODS

bllu.n gel {Aluehram) plares, HPLC grade uwmnitrile. ﬂhyl &oclnte
and methane!l, and annlviical grade arganic solvems were from
Schartau (Barcelonn, Spain). Glass Nbre (GF2C) Filiers were from
Whatman Biochemicals (Maidstong, UK). Other reagents were obs
tained fram Merek (Darmstadt, Germany).,.

Phaemidivm laminasum (eain -OH-1-pClsy cells were grown
nutotraphically at 43°C in medivim D (8) supplemented with 0.5 g4}
of NaHCO). Cultures were continususly gtirred with an air stream
tabouit 1 liter of air'min™'-17" of cuhure) or mechanically (100
eyeles-min™') in an orbital shaker {Gallenkamp) and cdmmucusly 8
luminated by white fluoreseent lamps at 2 ||uhl mmnsuy on the sur-
face vessels of abowt 100 gmot photens-m”™ . Cell grawth was
estimared as the PNA (mensured as dw\yrihmc) content af culiurgs,
Deoxyribose was evaluated afier exiraction. for 15 min at 70°C with
5% (v/v) perchloric acid (9], Cells growing expoenentially were col-
lected a1 4°C by centrifugation (10.min at 15000 % g} or by filtration
on glass fibre fillers under reduced pressure, Cellx were washed with
distilled water and then resuspended in fresh medium D containing
either nitrate or no nitrogen souree (starvation medium),

The waer-soluble phycobiliproteins were extracied and assayed as
reported by Bennewt and Bogorad [10], Organic solvent-soluble

plgmcms were extraucd from cells sonicated with 8 vols of acetone in

an ice-bath, C_hlomphyll and carotenoids were estimated in the ‘

acctone extracts as described by Allen and Smith [11]. For further
chromatographic analysis, extracts were transferred 103 'vols of n:

hexane, washed with distilled water - and, finally, completely
dehydrated over anhydrous Na;SO, and evaporated to dryness under

an Nj stpeam, Samples were stored ac — 20°C in sealed viats under an
Nz atmosphere until use, Then samples were dissolved in ethyl acetate
and filtered. through 0.45 am pore nylon membranes ($S-Disk
Nylon-66, Scharlau) before analysis.

For HPLC analysis samples were fillered through sxhca cart C-18
RPS filters (Scharlau) and 20 x4l aliquots injected inte an HPLC
system composed by a high pressure pumpi(LKB 2150), a gradient
- control valve (LKD 2040/203), an injection valve (Rheodyne 7125), a
. tow ‘pressure mixing chamber (LKB-Ulrograd - 11300) and a
photodiode array detector (Waiteps 990), A reversed-phase (Ulirapac
LKB Lichrosorb CI8, 5 pm particle size) octadecylsilane column
(250 >4 mm) was used as the stationary phase. The mobile phasé con-
-sisted of a linear (0% to 100% ethyl acetate i1 acetonitrile/metharnol
9:1, v/v) gradient performed with a programmable solvent delivery
controller. (LKB 2125) and degassed with a stream of He,
. Chromatographles were ‘carried out for 30 min at a flow-rate of 1
ml'minT! and & pressure of 35-48 bar, Pigments in the effluent were
continuously monitored at wavelengths from 300 1o 600 nm with the
photodiodd array detector connected toa NEC APC 11 computer for
storing and processing data of chromatograms and specira. The peaks
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Table )
Pignwm composition of A, kundmosim eells oy different ph ysintosieﬂl

SERIUY ,
Pigment {mpg/ovg Wikh nitrogen supply ot growth  After 3.

© deaxyribore) o phsse* ttays af
N pltrogen
- Expongntial Swionary  slarvation

Chloraphyll 109 0.9  9.08x [, 4,8
Phye¢aeyunin 60 3.0 TFs g 2.5 i4
Allaphyeocyait AR B 223 ¢ 2.5 ¥+
Carotennids 398 z 0.58 595 2 003 (]

* Figures Pepresent mears valuex extimuted ar the bag‘nnlrlg and at the
enud of cachy growth phae.

were identified seeanding te their retention times and by their visibh
ipcetrd obeained with the photadiode-array deteztor.

- Caratenwide were alse separated by TLC on silica gel pluies as
deseribed by Murat et al. [12) wsing peteoleum ether/2-propancl
(20:1, v/v} ad the developing solvent. All the pracedires were catried
out inthe dark or in dim light and under & Ny atmosphese 10 avoid
pigment damages, Carotenoids were identified by their mobilites (Ry)
and visible specirn of samples scraped off from thin-layer'plates and
extracted in n-hexane (ﬁcmmcnc f\nd A-erypeoxanthin) or acstene
{orher carotenoids), :

3. RESULTS AND DISCUSSION

1. Pigment compaosition of cells ‘

Cultures of P, laminosum, growing in media contain.
ing suitable nitrogen sources, show 3 blue-green coiora-
tion which is typical ‘of cyanobacteria. The major
pigments responsible for this coloration are phyco-
biliproteins, chlorophyll and carotenoids. Although
these pigments are present in all the growth phases, -
their relative celluiar content among them varies, Table’
I summarizes the pigment content of cells growing in a
nitrate-containing medium during the exponential and .
stationary phases, and after 3 days in a nitrogen~free
medium. The chlorophyll content of cells during the ex-

" ponential phase of growth is slightly higher than in

older cultures, whereas the other pigments reach their
highest cellular levels during the stationary phase. The .
content of carotenoids (as mg pigment per litre of
culture) contmuously increased for more than 400 h of
culture (i.e. during the exponemlal and stationary
phases of growth).

When cells growing exponennally with a mtrogen-
supply  were transferred to a medinm lacking the
nitrogen source, cells rapidly changed ‘to a green- -
yetlowish coloration (nitrogen chlorosis) which is
characteristic of the nitrogen-deficiency. These
nitrogen-starved cells underwent an important decrease

“in the cellular content of all pigments, which is more

drastic in the case of phycobiliproteins. The carotenoids
content of the nitrogen-starved culture (as mg pigment -
per litre) remained more or less constant for at least 150
h. After 3 days of nitrogen starvation the content (as mg
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Tuable 1§
Carotenajds preseat in P Jaminosar cells anadyed by 11.¢ and HPLE
Caratenoid TLE ‘ HPLC
S AR © Ny Re Alr tafer ‘ Ny . [
hydrolysls) '
A.Carorene * * 0.94 + (14.7) # @3N 2.6
Unidentified T % - 0.84 - : - -
A-Cryptosanthin o+ - 0N + (3.9) C - 15.%
Zeaxanthin - - Q.48 9 - 12
Caloxanthvin - = - + (18.9} C Y
Nostoxanthin + * 028 + (18.1) + (45.6) iR
Unidentified 11 % - 004 - - -

Carotendids were exiraeted imd analyzed by TLC and HPLC s deseribed in Materials and Methads In an air e an Ny atmesphere. Only
carotenoids analyzed by HPLC whose refutive proportion (figures in parentheses) 13 higher than 0.8% are included. (), present; (= ), not delceted:
‘ : o {e)y trnges, E : T

pigment per mg deoxyribose) of chlorophyll and -

carotenoids was, respectively, about 46% and $6% of
the initial contents at the beginning of the starvation
treatment whercas those of phycocyanin and allophy-
cocyanin were about 3.6% and 119, respectively,

3.2. Carotenoid composition ,
When pigment extracts of the whole cells of P.
laminosum, grown either in a nitrate-containing or a

nitrogen-lacking medium, were analyzed by HPLC or

'TLC, the presence of only two carotenoids (namely 4-

(a)

carotene and nostoxanthin) was observed (Table 11},
These pigments were identified according to their reten-

* tion times and by their visible spectra when analyzed by

HPLC (Fig. 1A). Alternatively, carotenoids were iden-
tified by their mobilities and visible spectra when
analyzed by TLC in dim light and under a strict Oy-free
aimosphere, : _ ‘ :
The: presence in P. laminosum of anly two caro-
tenoids strongly contrasts with the data in the literature
where, besides #-carotene and nostoxanthin, a number
of oxidized derivatives of S-carotene (namely, calo-
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Fig. 1. Chromatograpl?ic_ analysis of P. .’amf_r'nwum pigments obtained by HPLC, (A) Pigments were extracied and chiomatographed in an Oz.-fl'ﬁe‘
- atrnosphere-and dim light, (B) Pigments were chromatographed after hydrolysis with KOH in the dark, (a) Mostoxanthin; (b) chlorophyll and
‘ ‘ : derivatives; and (¢) S-carotene.’ ‘ ‘ ‘ .
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Fig. 2. Changex in the relative preperden between carolenolds

presesss (8 £, feminasm. Colls werd growa in ¢ afraiseonainiog (Al

orin o nitrate-freé (B) medivm, Carotenolds wiere evaluated Fram

chIFOMTTARFAMS reeorded al 83U am. Tvastaxaninin tarsned ‘vard, A+
. earatene (solid bars). -

xanthin, echinenone, myxoxanthin, zeaxanthin, eryp-
toxanthin, among others} were reported in ¢yano-
bacteria [2-4.6). Because of the well-known instability
of some carotenoids in the light and under an aerobic
atmosphere {7], and because only TLC tcchmqut.s were
used to analyze the carotenoud compasition in all the

prcv\ous studies {2-4], we analyzed the P. laminosum

pigmernits by TLC after their extraction and chroma-
tography in an air atmosphere and maintaining the rest
off the analviical conditians unctianged. As stiawn in
Taoie 13, toe exposure {1 1) 30 air of pigment exiracts

was sufficiens to visualize on the TLC plates the yellow

spats carcesgaading ta zedxaackia, eovpaxaackin aad

_ traces of other unidentified carotenoids. Similar results

were obtained when an aliquot was hydrolyzed with

KOCH in an air atmosphere and analyzed by HPLC. ‘-

(Fig. 1B). In this case, the S-carotene content of the
sample decreased slightly whereas the nostoxanthin
ceonient beereaseh ypore Inan SUWp, probwtme mp-
preciable amounts of caloxanthin, zeaxanthin and &-
cryptoxanthin (Table I1). In all cases, the loss of nostox-
anthin corresponded 1o the shm of the carotenoids pro-
duced by the exposure to atr of pigment extracts, sug-
gesting that these three carotenoids probably or:gmate
from nostoxanthin, ‘
The evolution of carotenoid percentage compositions
in P. laminosum cells during the time of culture in a
‘nitrate-containing or a nitrogen-lacking medium is
shown in Fig. 2. In nitrate-grown cells the relative con-
tent of #-carotene and nostoxanthin showed unspecific
variations along the culture time (Fig. 2A), the ratio 5-
ceroiene/nostoxanthin being near unity, However,
significant changes in the latter ratio were observed in
the pigment composition of nitrogen-starved  cells
(Fig. 2B}, which vaxied from about 1.1 (at zevo thnel to
about 0.3 (after 87 h of starvation). The' caleulated
. (about 4-fold) decrease in the F-carotene/nostoxanihin

ratio was mainly due to a g-carctene decrease rather

than to a nostoxanthin increase. Since the total content
of carotenoids remains nearly constant and the content
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of deoxyribose increased, the nostoxanthin content af -
nitrogen-starved  cells  diminished . slightly  but the
deerease in the A-carotene content represented ﬂbom
70% of the total decrease of caroctenoids. :
Similar results of the effect of nitrogen smrvatlon on

the content of A-carotene and xanthophylls were

reported in A. nldulans, in which f-carotene gradually

decrensed whereas the levels of xanthophylls {mainly

zeaxanthin and in minor extent caloxanthin and noste-

xanthin) were greatly enhanced {d]. [v is also remark-

able that in A, nididdans nostaxanthin only represents -
(a1 maximum) 6% of the total carotenoids, this percen-

tage only being observed after 72 h 0? mtrugen starva-
Tt j4).

In cyanobaeteria the mmor carotenoid componem in
the thylakoid membranes is S-carotene, whereas xan- -
thophylls are associated with eytoplasmic membranes
{1,2,4,13]. The presence in cells of P. laminosum of on-
ly one xanthophyll (nostoxanthin) implies that thers is
andy ane such specieg in thae cyranlasmic membane of
this- cyanobacterium, Moreover, nitrogen starvation
results in important uitrastructural changes of the in-
tracytoplasmic membranes accompanied by thylakoid
swelling and vesiculation [14,13} and culminates in the
disappearance of the thylakoid membrane system [4}.
The fact that nitrogen-starvation affected mainly the
levels of Ssarntens and that (his caroterioid seemed

specifically assopafed 1o Dhe Iisk0IS Mmembranes, -

together with the facs thas nitrogen-siasvation sesulsed

maidy {o ¢he disappearacce of the ghatasynthetic

membranes, supports the idea that carotenoids can
stabilize the structure of the protein/pigment complexes
playing a decisive structural role as suggested by
Hlad:k et al. {3]. ‘

This hypothems could also be valid for P. ‘lamino-
3. Wrpose mirnpen-s1arved £Ehs snowed Simihar See
and shape to nitrate-grown ¢ells when observed under

- the scanning electron ‘microscope (data not shown),

although an exocellular layer of mucilage appeared and
rapidly increased with rhe srarvatmn time,
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