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Ab&w&-The average a?ll pigment content of the phytoflagcllaka, Pedimwwtw m&w and P. tukcdiata haa 
been invwtigatcd. P. minor contained a-, /I- and y-aunteae, an uuidenti&d carom ~I&I, ataxanthin, 
lutein S&epoxida, violaxanthin, h&oxantbin, nawmtbin, otochrome, cblor0phyIl.s u and b in the follow@ 
amounta: 4.1, 1&0,1&4,~6,27~8,0~9,2~1,1*8,1~5, ~4~~5~~~~%.4~~a~~~( x 1000)~ 
tivcly. P. 2ubcruJaro contained c+Blbd m, Wtrcopene,lutaus =tk 
violaxadi& heoxan~ #MOxanthin, Ileochrome, cbloropbylls u and b in t& foxowing amounts: o-4,6-7, 
2*8,0-s, &4,1*3,15-4,12, 9.0, l-8, 5.6, 1.3, 170-l and 79.7 pg per avcra(g all (x 1000) res~vcly. Both 
f@@lateaamdistktfrom otbcr green flag&xtu so far invatigatcd in their bighy-caro~lcvcla. P. ndnor 
also diffus in having luteia S&-epoxide, and P. ru&rcukra in having lycopcna Ths orga&ma are quite 
distinct in tbcii caroknoid composition from Mfcrcwnonaa. The approximate mokcular concentration of 
cbloropbylls and carotcnoids per unit area of plastid unit mwnbrana have been c&u&u-l to be 4*8x lw 
and 1.8 x 10s molecules per $ for P. m&w and 4-2 x I@ and 1.3 x 10s mol&x.lea per ~2 for P. fnbercu&fa. 
l%eaa values am of tbc same order as tbm obtained by other workers for a wide variety of photosyntbctic 

INTRODUCTION 

TRB rank and taxonomic position of Ped~mo~ is xuartah. The Peddle group 
consists of green unicelhdar flagellates containing both chlorophyll (I and chlorophyll b.l* 2 
The light and electron microscopic cell structure of P. tuberculata and of hficromonas were 
described and the phyletic positions discussed in Manton and Parke3 who concluded that it 
was premature to detail the status of the organisms with the information available. A mote 
recent cytological and fine structural study of P. minor’ (type species of the genus) reached the 
same conclusion, but tbe distinctness of the genus from Vol~ocales was stressed. The 
chemical composition of P. minor has already been described.s The present work was under- 
taken in the hope of clarifying the taxonomic position of Pedinomonus. 

RESULTS 

The carotenoid composition of P. minor and P. tubercuhfa is shown in Table 1. The 
absorption maxima of the pigments in various solvents are shown in Table 2, which also 
shows the maxima after hydrochloric acid treatment of the 5,6epoxide xanthophylls. All 
the x~~ophy~ were treated in this way. 

1 R HARD= and W. KOCH, Arch. Mikr&d. 2&l (19%). 
* T. R R~cxm-ia, Phytochem. 4,725 (1965). 
3 I. hhNlVlN and M. PARKE, J. Marine Bid. Ass. U.K. 3,275 (1960). 
4 H. Enz and I. MANKBN, Now He&& 8,421@=). 
) T. R. RXXI%IS, Phyrochem. 5,67 (1966). 
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T,um 1. THE CIXLDR~~~LL AND ~AR~TEN~ID co~~osmoN OF Peah??Jom?S &tOr AND 

Peditw~nas tuberculata 

(Carotenoids in order of increasing adsorption in each case.) 

Pigmfmt 

P. m&or P, t~rcu~ata 
I- \ t , 
psiav=we % total pdaveraee % total 

cell (x 1000) carotenoid cell (x 1000) carotenoid 

a-ckrotene 

~~1 

Unidentifkd 2 

zzzzl3 

LYcw= Lutein 
zeaxanthin 
Lutein J&epoxide 
Violaxanthin 
LIlteoX&hin 
Neoxtmthin 
Neochrome 
Total carotenoids 
Chlorophyll (I 
Chlorophyll & 
GzIi culture concentration 

(x lo-6jmi) 
Volume/average cell 

(x lo-11 ml) 

407 4.9 040 0.9 

17.95 2.56 21.7 3.1 - 6.71 14.5 - 

lG0 G2 
0.47 1-o 
2.78 6.0 

- - 0.43 0.9 

2776 3;s 1.32 15.37 3:*; 
OM 1.1 1.20 26 
2.10 2.5 - 
1.75 2.1 9-01 lF.4 
x.49 ;:; 1-77 3.8 
5.36 5.60 12-l 
0.47 0.6 1.31 2.8 

8281 lOO*O 46.37 100.0 
285.7 170.1 

96.4 79.7 
7.9 6.1 

7.70 5.50 

TABLS 2. Tnrs ABSJRFTIO~S bsx~~~ 0F cutonwoms OF Peukm0w minor AND 
Pedhmomzs tuberctdat~ IN YAIUOUS XXVEWIS 

Carotenoid 
Petroleum 

spirit (40604 Ethanol 
Ethanol 

after HCl* Chloroform 
carbon 

disulphide 

WClUOtelXJ 
/342UO$elltl 
Unidentifkd 1 
unidentified 2 
y-carotene 
Unidentified 3 
Lycopene 
Lutein 
zcaxanthin 
Lutein S,dcpoxide 
Violaxanthin 
Luteoxanthin 

(4X8), 443,473 
(423), 448,476 
(426), 452,480 
(433), 454,483 
434,457,489 
437,463,494 
442,468,500 
418,443,472 

(419), 442,470 
415,438,468 

NeOxZmthiD 412,435,464 

Neochrome 

422,445,474 
(424). 450,478 
(419), 444,472 
417,441,469 

(377), 398,421, 

(38:413,437, 

(377399,421. 
& 

Nil 

(398),::3 448 
380,4Ol,k26 

(3@;380,401s 

(377). 398,422, 
449 

Nil 

(427). 456,485 (448), 475,506 
(435). 463,489 (450), 482,509 

(441). 469,498 
(445), 473,504 (466), 494,526 
451,478,511 
456,483,517 478,506,544 

(428), 456,486 (443), 472,503 
(430),461,490 

4zg¶ , I 448:: (ero),468,500 

420.445,475 

406,429,457 

Brackets indicate an approximab point of inflexion. Wavelengths in nm. 
+ Nil indicates little cbangc of maxima after HCI treatment (final HCI concentration wed O+lO5 N). 
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The identities of lutein and lutein 5,6epoxide were confirmed by the marked drop in 
relative polarity6 after treatment with acid chloroform.7 

The carotenes, a-, fi- and ycarotene and lycopene (all epiphasic to 95 % aqueous methanol 
in petroleum spirit solution), were identified by comparison of their absorption maxima with 
those of authentic specimens, and by cochromatography with authentic specimens on 
columns of magnesium oxide: Celite Hy!lo-super-ccl 1: 1 w/w and also thin-layer silica-gel 
G plates, developing with petroleum spirit (b.p. 40-60”) containing acetone in both cases. 

Table 3 shows the number of molecules of chlorophyll and carotenoid per average cell 
(which is the per plastid value, as these flagellates normally contain only one plastid per cell), 
the approximate unit membrane area per plastid and the number of molecules of chlorophyll 
and carotenoid per unit area of membrane. No account has been taken of the carotenoid 
content of the eyespot or possible extraplastidic pigment. The chlorophyll and carotenoid 
composition as percentages of cell dry weight (assuming dry weight to be 12 per cent of wet 
weight, and density of the cells to be one) is also shown in Table 3. 

Tuna3.m CHLOROPIiW.LANDCARoTBNoID-NOPTHEP-OF 
PeaVnotm7na.v minor AND Pedinomo~.3 tuberdata 

P. minor P. tuberculata 

Approximate a~ cell dry weight (pg)* 
Total chlorophyll (% of cell dry weight) 
Total carotenoids (% of cell dry weight) 
chlorophyll per average plastid (molecules x 10-V 
Carotenoids per average plastid (molecules x 10-7)t 
Molar ratio chlorophylls : carotcnoida 
Approximate unit membrane area per plastid 02) 
Approximate molecular chlorophyll concentration 

(molecules x 10-S per pz) 
Approximate molecular carotenoid concentration 

(mold= x 10-S per ~2) 

0% 
2.56 
929 
2.76 

531 
48 

6.6 
3.78 
0.70 
1.67 
X20 
3.21 

3% 
4.2 

1.8 1.3 

;~dn~~ttobo12pefantofwetwciebtmdQnsity=l. 
Asaummg the mean molecular weights of chlorophylls and carotcnoida to be 900 and 537 

reqctively. 

Repetition using a different culture of P. minor gave three crude hydrocarbon fractions 
containing a-, j?- and y-carotene constituting approximately 5,48 and 47 per cent respectively 
of the whole. The total carotene fraction appeared to be of similar magnitude to the xantho- 
phyll fraction (although no separation was carried out to con&m this). Thus these results 
confhm those obtained in the initial investigation. 

The absorption maxima values given for ycarotene in Table 2 are for older samples, 
which also showed a cis peak at 348 nm in petroleum spirit solution. Freshly isolated samples 
however, were sometimes without the latter and showed absorption maxima shifted l-2 nm 
to higher wavelengths. 

DISCUSSION 

Qualitatively the carotenoids of P. minor and P. tubercuha were not markedly different 
from those of the other Chlorophyceae described* except for the presence of lutein 5,6-epoxide 
6 N. I. mm, Anal. B&hem. 6,293 (1963). 
‘P.I(ARRHRandE. Iansum, H&. Chim. Acta 34,445 (1951). 
8T.W. Goo~wm,In ChemistryandBiochemistryof PhtPigments@dited byT.W. WDW~N), pp.127- 

142. Academic Press, New York (1965). 
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in the former and Iycopene in the latter. Lycopene has been isolated from antheridia of the 
Charophyc-eae.Q 

Quantitatively the results are noteworthy for the high concentration of y-carotene in both 
flagellates, and particularly for the high total carotene concentration in P. minor, which was 
principally due to increased & and y-carotene ~n~n~a~ons. The latter flagellate also 
showed a low violaxanthin concentration compared to other green flasellates. The presence 
of small amounts of luteoxanthin and neochrome can probably be attributed either to 
breakdown of the S$-epoxides during processing, or to a small proportion of senescent cells 
in the original culture used. 

Strain*O has reported that many of the green algae which he investigated contained traces 
of y-carotene. High concentrations of y-carotene have been reported in the gametes of 
UZv#‘* ii and in antheridia of Chara,Q Krinsky and Levinei reported that Chlamydomorw 
reinhurdicontained a cis isomer of y-carotene to the extent of 2-4 per cent of total carotenoids. 
It is to be noted that only gametes have been found to have high concentrations of y-carotene. 

The flagellates are rich in chlorophylls and carotenoids, the percentage dry weight values 
being much higher than those reported in Goodwin. t3 The c~orophy~ values resemble those 
reported in ~bino~tch14 for ChZorefla and the carotenoid values resemble those of Krinsky 
and Levinei for Chiamydomonas. 

The chlorophyll a:6 ratios differed somewhat in the two flagellates, being 3-O: 1 and 
2.1: 1 in P. minor and P. tuberculata respectively. The molar ratios of chlorophyll to caro- 
tenoid were 2-S and 3-2 respectively, and carotenes constituted 52 and 26 per cent of the total 
carotenoid in P. minor and P. rubercu~ata respectively. 

The approximate molecular chlorophyll concentrations per unit area of plastid unit 
membrane are shown in Table 3 and are of the same order as the values found by Thomas 
et aLI for a variety of photosynthetic organisms (including green algae). By calculation from 
these results values of 208 A2 and 555 A* for the areas available for a single chlorophyll or 
carotenoid molecule in a monolayer of a P. minor pIastid were obtained, The corresponding 
values for P. t~er~~ata were 238 A2 and 769 AZ. These c~orophyll results resemble those 
of Wolken and Schwer@ for two flagellates. Since the porphyrin part of the chlorophyll 
molecule is known to have an area of 225-242 A2 from X-ray studies, the results indicate 
that if the chlorophyll molecules were packed in a monolayer with the porphyrin rings in the 
same plane as the monolayer they would completely cover the entire unit membrane area. 
However, a consideration of the space available (assuming a sphere of maximum area 
calculated from the available cross-sectional area) and the elec~on-~~o~pi~lly observed 
thickness of a unit membrane (approximately 70 A in the case of Pedinomonos) indicates that 
sufficient membrane thickness is available for the chlorophyll molecules to lie at right angles 
or in some other orientation in relation to the plane of the membrane and still satisfy the sire 
requirements of membrane. The value of less than 225 A2 obtained for the area available for 

9 P. ICARRX& W. FATZZR, M. FAVARtlER and E. JUCWR, Heh. C&n. Acra 26,2121(lQ43). 
10 H. H. STRAIN, In Mamu ofPh_vcology (Edited by G. M. SMITH), pp. 243-262. chronica Botanica, Waltham, 

Mass. (1951). 
11 F. T. HAXO and IC. A. Ch~tmmio, Biol. Butl. 105,103 (1953). 
12 N. I. KIUNSKY and R. P. LEVIN& P&w PhysM. 39,680 (1964). 
13 T. W. GOODWIN, In Bfo&&fry dPhysiobgy of Protozoa (Edited by S. I-I. Hmmm), pp. 319440. 

A~adcmic Press, New York (1964). 
1* E. 1. Rm~~owc~, In P~tos~~s~ and Re~atufProcesscs, Vol. 1, pp. 409413. Inttm&ncq New York 

1J ~‘?%OMAS K. MINNAAliRTand P F ELBERS Acta B&m New1 5 315 (1956). 
16 J: J: Wor.,m&md F. A. Scmwwrz; J: gm. Ph;sioI. 37, 1 li (1953;. ’ 
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a single chlorophyll molecule to occupy may indicate (if the accuracy of membrane area 
estimation is suiEcient, which seems doubtful) that the orientation of the chlorophyll mole- 
cules is not planar with respect to the membrane surfaces. The question of the orientation 
of chlorophyll molecules in plastids has been discussed by Thomas,l’ Wolken’* and Clayton.19 
Recent work seems to indicate that the chlorophyll molecules are arranged in a non-planar 
way. 

Taxonomically, the results indicate that these two Pedinomonas species are distinct from 
the other green flagellates so far described in their high r-carotene content, and in the pre- 
sence of lycopene and lutein 5,6epoxide in P. tubercuhzta and P. minor respectively. They 
resemble other green flagellates in their possession of @carotene, lutein, violaxanthin and 
neoxanthin. The carotenoid composition of the two organisms is not either qualitatively or 
quantitatively identical. The cultures were harvested at approximately the same phase of 
growth. 

The results make a clear distinction between Pedinomonas and Mi~romonas.~~ 

Cultures 
EXPERIMENTAL 

Pedinomonas tubercrdizta Vischer was a bacteriacontaining unialgal culture which has 
been originally obtained from the Culture Collection of Algae and Protoxoa, Cambridge 
(Strain No. 1965/2). 

Pedinomonas minor (Strain 17B) was axenic and purified from a bacteria-containing 
tmialgal culture provided by Dr. Hans Ettl. 

Both cultures were grown under the conditions described in Ricketts=l and harvested 
towards the end of the logarithmic phase of growth after about 3+ weeks’ incubation at 14”. 
Cell numbers and packed cell volumes were determined as described in Ricketts.s 

Pedinomonas minor would grow on the liquid medium solidified by the addition of 1% 
agar, whereas P. tuberculata would not. This indicates different growth requirements. 

Pigments 
The pigments were extract& into 90 % aqueous acetone in the dark, extracted, saponified 

by treatment with 6 % KOH in ethanol at 40” for 5 min in the dark under nitrogen,12 and then 
partitioned as described in Ricketts=O between petroleum spirit and aqueous methanol. 

Chlorophyll assays were performed on aliquots of the original cultures using the method 
of Parsons and Strickland.== 

Chromatography 
This was in general carried out as described in Ricketts.=O The carotene fraction was 

separated and purified by a combination of chromatography on al& (British Drug 
Houses Ltd., for chromatography) and on magnesium oxide: Celite Hyflo-supercel 1: 1 
~~)~sting with increasing concentrations of acetone in petroleum spirit (b.p. 40-60”) in 

. 

17 J. B. Tmus, In Z%mihch dcr ppmrzcnpirys&&qle (Edited by W. Ruiumm ), vol. 5, part 1, pp. 548-552 
sprill@zFvcrk3g, Berlin (MO). 

1* J. J. Worxm, In Comparative B&chemistry ofPhotoreacthteSystems(EditulbyM.B.Aum),pp. 145-168. 
Acadanic Prca, New York (1960). 

19 P. K. cI&‘TtJN, Mokular Phyti in Photosyntheds, pp. 149-156. Blabdell, New York (1965). 
20 T. R. Rrcmms, Phytochetn. 5,571(1!%). 
21 T. R. Rmcms, Phytochm. 4,725 (1965). 
=T.R.P- and J. D. H. STRICKLAM). J. Marine Res. 21.155 (1963). 
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The xanthophyll fractions were separated and purified by a combination of chromato- 
graphy on icing sugar and on magnesium oxide: Celite Hyflo-supercel 1: 1 (w/w), eluting with 
increasing concentrations of acetone or ethanol in petroleum spirit (b.p. 40-60’). 

Carotenes were identified by their positions on chromatographic cohmms, by their 
absorption spectra in at least two solvents, and by co-chromatography with authentic 
samples. Authentic samples of a- and B-carotene were purified from Sigma Chemical Co. 
p-carotene, Type III, from carrots. Authentic samples of y-carotene and lycopene from 
BIakeslea trispora were kindly provided by Professor T. W. Goodwin and Dr. D. M. Thomas, 
of the University College of Wales, Aberystwyth. 

Xanthophylls were also identified by their relative positions on column chromatography 
and absorption spectra in two solvents. In addition, 5,6_epoxides were detected by treating 
ethanolic solutions of the pigments with dilute aqueous hydrochloric acid to give a final 
concentration of O-005 N. Lutein and lutein 5,6-epoxide were also identified by their marked 
drop in relative polarity after treatment with acid chloroform.6* ’ 

All absorption spectra were determined using an Optica Double-beam Grating Recording 
Spectrophotometer, CF4R. For the quantitative determination of the approximate pigment 
concentration of the unidentified pigments E:&=2500 was assumed. The extinction 
coefficients used for the carotenes were those given in Davies23 and for the xanthophylls those 
in Krinsky and Levine.12 

Relative polarities were determined by the method of Krinsky.6 
The approximate unit membrane area Per plastid was determined from electronmicro- 

graphs of ultra thin sections of the two flagellates embedded in Epon (kindly provided by 
professor I. Manton, F.R.S.). In each case a doublet (terminology of Manton was counted 
as being equivalent to two unit membranes and the average number of unit membranes per 
plastid determined. Because of the shape of the plastids a number of assumptions had to be 
made. Firstly, that the average plastid size was 5-5 pin length and 4.2 pin maximum breadth 
in the case of P. minor, and 5.1 p in length and 3.9 p in maximum breadth in the case of 
P. tuberculata. (These values were obtained from average cell sires, determined by photo- 
micrography.) Secondly, that the area of a single membrane was 60 per cent of the area of 
an oblong with the sides the length and breadth of the plastid (calculated from the average 
shape of a plastid) and that all the membranes were of the same size. Knowing these values 
it was possible to calculate a value for the total unit membrane area of a plastid, and from this 
the number of pigment molecules per p2 unit membrane area, Obviously the approximations 
used in arriving at a value for the total plastid unit membrane area will probably lead to 
considerable errors in this value. Nevertheless the results are probably of the right order. 
Errors due to the assumption of unit size for each membrane will be balanced out to some 
extent by the curved nature of the membranes. 
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23 B. H. DAVIFS, In Chemistry and Biochemistry of Pht Figments (Edited by T. W. GOODWIN), pp. 489432. 
Academic Press, New York (1965). 

24 1. MANXQN, J. E.-q Bat. 13,325 (1962). 


