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Abstract-A reslstant blopolymer, PRB L, occurs m the outer walls of the L race of Botryococcus braumi It accounts 
for a larger fraction of the total biomass than PRB A and B do in the A and B races The PRB L structure is mainly 
based on long (up to C,,) saturated, lsoprenold hydrocarbon chains probably hnked by ether bridges Most of these 
lsoprenold chains exhlblt regular head-to-tad lmkages Therefore, PRB L does not belong to the same family as PRB A 
and B, the structures of which are based on long, normal hydrocarbon chams The only hydrocarbon produced by the 
L race algae IS a lycopadlene so a relatlonshlp between hydrocarbon and PRB structure can be consldered m this L 
race as has already been demonstrated for the A race. 

INTRODUCTION 

Biopolymers exhlbltmg a high resistance to drastic 

chemical treatments occur m the outer walls of some 
microalgae, including lichen phycobionts, [l-l 71 and 
fungi [2, 18-211 This type of material was also observed 
m higher plant cuticles [22] In prevrous studies [13, 
23-251, we noticed that a high content of reslstant 
material (9-l 2% of the dry wt of the total biomass) occurs 
m the A and B races of the hydrocarbon-rich microalga 
Botryococcus braunu * These quantltles are substantially 
higher than those reported for other algae, e.g. 0 3% m 
Prototheca wlckerhanui [28], 0 6% in Chlorellnfusca [3] 
and 1 to 4% m Pedlastrum dupZex [29] The resistant 
biopolymers of these two races of B braunir, respectively 
termed PRB A and PRB 8, have the same structure based 
upon long (CH,), chains, n up to 31, with ether bridges 
and ester functions sterlcally protected wlthm the tridl- 
mensional network bmlt up by the (CH,), chains. PRB A 
and B were shown to play a major role m the fossilization 
of B. braunu and m the formatlon of kerogens (Torba- 
mtes) with a high 011 potential [24]. 

Recently [30], two strains of B braumi collected from 
the Ivory Coast and Thailand were shown to produce 
exclusively one hydrocarbon identified as the Iycopa- 
14(E), 18(E)diene 1 The above strams exhibit the typical 
morphology and colony organization of B braunu but 
their average cellular size 1s smaller: 8 to 9 pm by 5 pm 
compared to 13 pm by 7 to 9 grn in the A and B race 

*The A and B races of B hraunn show a slmllar general 

morphology but are characterized by the chfferent nature of their 

hydrocarbons [26, 271, the A race produces odd carbon num- 

bered, Cz3 to C,,, dlemc and tnemc, unbranched hydrocarbons, 

the E race producmg isoprenold C,, to C,, hydrocarbons 

termed botryococcenes 

algae. These strains correspond to a third race which has 
been named L. 

The aim of the present work was to test the occurrence 
of a resistant blopolymer in this third race, to determine 
its structure and to compare It to those of PRB A and 
PRB B 

RESULTS AND DISCUSSION 

Occurrence, abundance and localrzatlon of resistant 
bropolymer 

The algal biomass obtained at the end of batch cultures 
was submitted to the successive treatments already used 
for lsolatmg PRB A and PRB B from the A and B race 
algae Two strains (Yamoussoukro from Ivory Coast and 
Songkla Nakarm from Thailand) of L race were treated m 
this way and, in both cases, a large amount of organic 
resistant residue was obtained This resistant biopolymer 
accounts for a still larger fraction of the total biomass (24 
to 26% of the mltlal biomass dry wt) when compared to 
PRB A and PRB B (ca 10%) and was termed PRB L. 

In addltlon, two cultures of the Ivory Coast strain but 
of different physiological stages were analysed. In the 
‘young’ culture, the algae were harvested at the end of the 
exponential part of the growth curve (13 days of culture) 
and, m the ‘old’ one, during the prolonged stationary 
stage (42 days). PRB L was isolated from each sample 
and, whereas it accounts for 17% of the dry biomass of 
the ‘young’ algae, It represents 33% of the ‘old’ ones. A 
similar evolution has been noted for another green mlcro- 
alga, Pedlastrum duplex, where the resistant polymer 
accounts for 1 to 4% of the biomass depending on the 
stage of the culture [29]. 

Ultrastructural observations usmg transmission elec- 
tron microscopy showed that PRB L is located m the 
outer walls as are also PRB A and PRB B. After PRB L 
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tsolatton, these walls stall retam then typtcal shape where- 
as all the other cell constituents have been entrrely 
destroyed by the drastrc chemical treatments (Fig 1) 

Chemwal structure of PRB L 

Spectroscopic studres The FTIR spectrum of PRB L 
exhtbtts the same general features as those of PRB A and 
B*, suggestmg the occurrence of (I) long (CH,), alkyl 
chains (absorption at 720 cm _ ‘) (II) oxygenated functions 

*See ref 1131 for a complete drscussmn of PRB A and B FTIR 
Spb’CtE’d 

(carbonyl and/or carboxyl, ether and hydroxyl) dnd (111) a 
low level of c ta-unsaturattons However, some quantttat- 
tve differences are noticed between PRB A and B on the 
one hand and PRB L on the other hand, espectally 
regardmg the relative abundance of methyl and mcth- 
ylcne groups In the PRB I \pcctrum, the band at 
2930 cm ’ (CH, sttetchmg vrbr,ttton) exhtbtts J shoulder 
at 2960 cm ’ (Me stretchmg vibration) whtch was not 
detected m PRB 4 and B spectra the former band has a 
htgher width at half height m the case of PRB L (((1 
100 cm ’ instead of 45 cm ‘I In addrtton. the mtenstty 
ratio (2 8 instead ofcu 4 for PRB .A and B) of the bands at 
1450 cm ’ (CH, and Me ,tsymmetrtc deformatmn v rhra- 
non) and 1375 cm ’ (Me s~mmctrrc deformatron vtbra- 
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B 

Ftg 1A Untreated colony of Botryococcus braunu, L race The 

thtck outer walls form the matrrx (M) of the colony Part of each 

cell IS occupted by a chloroplast crowded with starch (S) Some 

hptdtc mclusrons (I) are observed m numerous cells ( x 7200). 

Frg 1B After the chemical treatments requtred for tsolatmg 

PRB L, all colony constrtuents, apart from the outer walls have 
enttrely dlsappeared The ortgmal locatrons of the cells, now 

emptred, however, are stall well recogmzable (C) The locahzatton 
of PRB L m the outer walls allows for the conservation of the 

charactertsttc shape of the matnx (M) of the colony ( x 7200) 

non) also mdtcates a more Important contrinutton of Me 
groups relative to CH, in PRB L than m PRB A and B. 

The htgh resolutton r3C NMR (high-power dtpolar 
decoupling, cross-polartzation, magic angle spinning) 
spectrum of PRB L at 25.1 MHz 1s also stmrlar to those of 
PRB A and B. This spectrum 1s dominated by a peak at 
30 ppm (CH, groups) exhtbttmg two shoulders at 6 15 
and 40. However, in agreement with FTiR observations, 
the shouider at Si5 (Me grotipsj 1s reiatrvefy more 
tmnortant m PRB L The second shoulder (branched 
ca&rons) is a%0 sfighr$ more pronounced m tie r%B E 
Fe&r= Tr,, q&&r pe&Z& of the PRR z. $pectvr ;mve & 

low intensity and correspond to (i) unsaturated carbons 
(ec 130 ppm) W~hrch are aSSigi?tX! t0 S!ip!Zi~lC hiibk 

bonds according to the FTIR spectrum which does not 
show any aromatic band (n) ester functions (170 ppm) (tit) 
ether and/or hydroxyl functtons (between 60 and 
90 ppm) From a variable contact time experiment, we 
couid esttmate as 9% the ievei of unsdturated carbons. 
This percentage IS similar to those encountered for PRB 
A and B. 

T?x &xFiC 2tdKgs sTgg&ed &CzTe sestmzii r&ekm- 
ski-p !EtwZE PRB L a3d e-5: Tzs7s%* %qxGyxF~ 
Isolated from the other two races of B. braunn but with 
some dtfferences regarding the amount of methyl groups. 
To specify thts level, we used a smgle-pulse sequence wtth 
high-power dtpolar decouphng, the frequency of the 
carbons bemg 75 MHz. Thts sequence allows a better 
detectron of the mobml- , c ca:box and cpsped!~ ,, *e ‘\ 

belonging to rotatmg methyl groups [31-341. The ah- 
phattc regions of the spectra of PRB B and PRB L 
recorded wtth this sequence exhibit Important differences: 
numerous peaks o_n both sides of Lbe mam peak at 
30 ppm m PRB L spectrum clearly show that its structure 
1s substantrally more branched and more methylated 
than the one 01 PRB A anti B Fig 2) 

P~~olysrs. The above differences were confirmed in a 
pa~ariel srudy carrted om nsmg CAurte pomt-pyroiysrs 
(770“) coupled with gas chromatography (Py-GC) and 
W.-h F&s -~~a~ ~orn&y .(Py--GC- 
MSj c35] Tine pyrochromatogram of PRB A IS domt- 

ppm 

Fig 2 Sohd state ‘sCNMR spectra at 75 MHz of PRB L (a) 
and PRB B (b) wnh smgle-pulse sequence after 1200 scans 
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nated by a regular series of doublets (asslgned to n- 
alkanes and n- 1 -alkenes) correspondmg to the crackmg of 
long (CH,), chams In sharp contrast, no homologous 
series of n-hydrocarbons was detected from PRB L under 
Curie pomt-pyrolysis condltlons. In fact, identlficatlon of 
the mam components of the pyrolysate by Py-GC-MS 
mdlcated that structure of PRB L could be mamly based 
on long lsoprenoid chams Instead of normal ones 

However, from Py-GC-MS we could only get mforma- 
tlon about the major weakly polar components of the 
pyrolysates To detect less abundant products and {dent- 
Ify polar compounds, we carried out pyrolyses under a 
helmm flow with subsequent fractlonatlon of the trapped 
products and GC-MS analysis Such a complete analysis 
of pyrolysate was previously performed on PRB A and B 
[24, 251 so It permltted a precise comparison of PRB L 
with both PRB A and B The material was first heated at 
300” The weight loss at this temperature IS higher than 
that m the case of PRB A and B (Table l), however It IS 
mamly due to highly volatile products, the trapped 
medmm volatlhty compounds only accountmg for a low 
percentage of the mItta orgamc matter. The residue of 
this first pyrolysis, after bemg thoroughly extracted, was 
heated at 400” This temperature was shown, m the case of 
PRB A and B, to achieve an efficient crackmg while 
mmlmlzmg secondary reactlons This second pyroly- 
sis also results m the case of PRB L m a large weight 
loss correspondmg almost entirely to trapped products 
(Table 1) 

The elemental composltlon and the FTIR spectrum of 
the final msoluble residue demonstrate that important 
structural modlficatlons take place durmg 400” pyrolysis. 
The H/C atomtc ratio (0.37 instead of 1 70 m the 300’ 
residue and 1 86 m the unheated material [35]) and the 
low intensity of the CH, and Me FTIR bands confirm the 
loss of long hydrocarbon chams observed by Py-GC-MS 
In addltlon, the FTIR spectrum exhlblts an Important 
band at 16OOcm-’ correspondmg to the aromatlzatlon 
of the residue The chromatogram of the products trap- 
ped durmg the 400” pyrolysis 1s very complex Accord- 
mgly the pyrolysate was first separated mto three frac- 
tions by column chromatography. hydrocarbons (630/o), 
ketones (21 5%) and polar compounds (15 5%) This 
dlstrlbutlon IS slmllar to those observed wrth PRB A 
and B 

Analysis ofthe hydrocarbon fractron obtazned by pyrolyszs 

The total hydrocarbon fraction 1s complex so It was 
further separated mto three subfractlons on TLC usmg 
AgNO,-slhca gel 

Subfractzon I The highest R, subfractlon I IS ex- 
cluslvely composed of saturated hydrocarbons Its GC 
trace shows two mam series of peaks According to GC- 
MS, series u which dommates the short cham region, IS 
asslgned to regular lsoprenold alkanes from C, 3 to C, 1. 
with head-to-tall lmkages; It culmmates at C,s (com- 
pound 2) Senes b, correspondmg to n-alkanes from C,, 

to C.W. becomes more intense than the previous one after 
C No odd/even predommance could be noted m this 
se:;)es, whose maxlmum 1s also at C1(l The Intensity of this 
maxlmum IS cu 20% of the C,, compound of series a. 
Two minor series c and ri are observed, from C, , to C,, 
Their mass spectra are respecttvely charactcrlzed by a 
base peak at m/z 68 and 82 probably due to a saturated 
rmg (C, and C,) substituted by an alkyl chain Thts alkyl 
cham IS probably branched as shown by the lack of a 
regular decrease of the other fragments but a precise 
structure (Isoprenoid or not) could not be estabhshed 
because of the very low abundance of these series. Traces 
of mono-methylcyclohexanes, substituted by a C, to C,, 
alkyl cham have been characterized by the base peak of 
their mass spectra m/z 97 The relative posItIon of the two 
substltuents was not determined 

Subfractzon II This subfractlon was not completely 
separated from the other two subfractions Its chromato- 
gram IS complex and does not clearly exhlblt different 
homologous series By GC-MS, the mam products have 
been identified as C, to C,, lsoprenold alkenes For a 
given carbon number, several isomers of these alkenes 
occur They differ from each other, on the one hand by the 
location of the double bond (which could not always be 
specdied on the exclusive basis of the mass spectrometry 
data) and, on the other hand by the posltlon of the methyl 
groups, that IS by the lmkage between C, umts (head-to- 
tall, head-to-head or tall-to-tad) Accordmg to Its mass 
spectrum, the major compound of this subfractlon 1s a 
regular head-to-tall alkene, 4,8,12-tnmethyl-l-trtdecene 3 

Two series of alkylbenzenes from C,, to CZ9 were 
characterized m this subfraction The base peak of their 
mass spectra IS respectively, IQ’= 105 or 106 and 119 or 
120 These peaks result from the preferential cleavage of 
the alkyl chain As shown for compounds 4 and 5, the 
base peak at m.i: 105, 106 may be assigned to two 
structures dlffermg by the posltlon of the methyl group 
(on the ring or m the alkyl chain a to the rmg). For the 
base peak at m/z 119 and 120, two methyl groups are 
rnvolved In the two series the mtenslty of the fragments 
of higher masses than the base peak does not decrease 
regularly mdlcatmg that the alkyl chain IS branched 

Some blcychc compounds from C,, to C,, were also 
detected m this subfractlon They correspond to decalm, 

Table 1 Pyrolysis of PRB A and PRB L (percentages are calculated with reqect to 

mltial orgamc matler) 

Weight loss Trapped products Hrghly volatile 

( % ) (%I) products (9”) 
T PRB A* PRB L PRB A* PRB I, PRR A* PRB I< 

300’ 11 33 5-C 45 3 St 65 

400’ 85 58 q 57 58 3$ 2x 

*Slmllar results were obtained with PRB A and B 124, 251 

tAverage of eight experiments 

ZAverage of four experiments 

30 

0 2 
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algae of the A race. Indeed, it ~s of interest to note that  all 
the regular head-to-taft  compounds  (hydrocarbons  and 
ketones) domina t ing  the 400 ~' pyrolysate of PRB L have a 
chain length of less than  C22 When the chain was longer 
than  th~s, the nature  of the hnkages  was difficult to 
es tabhsh and  the hydroca rbons  are probably  not  regular 
T h e  [ycopadaene I prochaced by the  a lga  is a symmetrl~al 
C4o hydroca rbon  result ing from the condensa tmn  of two 
phytyl (regular head-to-taft) umts wgh a central  taft-to- 
taft linkage. Therefore, tf the PRB L structure Is chiefly 
based  on_ the  cross- l inking of umts der ived f rom !ycopa- 
dlene 1 the regular isopreno~ds generated by pyrolysis 
should admit,  as observed here, less than  22 carbon 
atoms. We can also examine the s tructure of the released 
ketones. They probab ly  result from the cleavage of ether 
bridges which were c ross -hnkmg the long hydrocarbon  
chains which butld up the t r idimensional  network If we 
consider  the lycopad~ene structure,  ~t ~s hkely that  the 
cross-l inkages would revolve the carbons  m~tmlly bearing 
the double  bonds,  C~4 and  Ca5 (or C~s and  C~9 because 
of the symmetry). Dur ing  pyrolysis, th~s should lead to 
ketone 14 (cross-hnkage on C~4) or to ketones 15 (cross- 
hnkage  on Ct~) w~th a chain length up to C2~ " The 
carbonyl  f ractmn is actually domina ted  by these com- 
pounds  and  we therefore suggest tha t  s t ructure 15 ~s more 
likely than 16 for the Czo to Ce2 ketones The above 

d~ene 1 and PRB L 
As Torbamtes  are formed by selective preservat ton of 

PRB A and  B dur ing  fossihzation of the algal bmmass,  
kerogens resulting from the selectwe preserva tmn of PRB 
L should also exmt These kerogens should exhibit a 
similar morpho logy  as Torbani tes  (fossd colonial algae) 
but  their  s t ructure  should be mainly ~sopreno~d 

EXPERIMENTAL 

The descnptmn of the samples collected from Ivory Coast and 
Thadand, the ~solatmn of umalgal stratus, the growth condmons 
of laboratory cultures were as prevmusly reported [30] Ultra- 
structural observatmns, lsolatmn of PRB L, spectroscoptc stud- 
les (FTIR and sohd-state 13C NMR) pyrolysis under a He flow, 
fractmnatmn and ldenhficatmn by GC-MS of pyrolysis products 
were carried out as prewously described [13, 23-25, 30] 
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