Coat ar Herno’

35
2.5
2.5
2.5
31.0
252
11.4
23
18.1
1.6

France

5.8

0.7
2.6
9.6
61.0

Chaumeg;on4

19.5
61.8

3.7
1.4
5.9
3.8
2.6
27.6

Grasmere
2.1

England ?

17.8
62.7

Bolivia®
Overjuyo
(strain no. 7)
1.5
0.5
1.5
5.5
1.5
12
39
14.5
04

3.6
1.6
26.7
2.6
0.6
2.1
5.0
83

(strain no. 4)
28.6

Australia’

Location and stereochemistry Jillamatong

of the double bonds

tr.
tr.
16.3
12.9

1,18 (Z), 20 (Z)

1.3,5,18
1,20 (Z)
1,20 (E)
1,20 (2), 22 (Z)
1.20 (E), 22 (Z)
1,22 (2)
1,22 (), 24 (2)
1,22 (E), 24 (2)

1,14 (2)
1,14 (E)
1,16 (Z)
1,16 (E)
1,18 (2)
1,18 (E)

1,3,18

' Algae were grown under the same conditions and harvested when they were in the stationary phase of growth (air-lift cultures supplied by 1% CO,,

Table 10.2 Hydrocarbon composition and yield in some strains of the A race.!
permanent illumination).

Hydrocarbons

23:1
% dry weight

23:2
23:2
25:1
25:2
25:2
27:1
27:2
27:2
27:3
27:3
27:4
29:2
29:3
31:2
31:3
31:3
33:2
33:3
Others

*From Metzger et al. (1997); 3from Metzger (1993); *from Metzger ef al. (1985a); *from Metzger et al. (1989) with kind permission from Elsevier Science

Ltd.
tr: trace amounts.

29:2
29:3

e
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shall be formed via an elongation—decarboxylation pathway similar to the one
observed for the cuticular hydrocarbons of some higher plants (Kolattukudy es
al., 1976).

More recently an alternative pathway was proposed on the basis of incubations of
radio-labelled precursors with cell free preparations (Dennis and Kolattukudy,
1991). In these experiments, very long chain fatty aldehydes, derived from the cor-
responding acids by an enzymatic reduction (Wang and Kolattukudy, 1995), were
decarbonylated; however the hydrocarbons so released did not show any terminal
unsaturation. Thus further evidence is needed before the intervention of this
mechanism in the synthesis of hydrocarbons in the A race can be considered.

Concerning the biosynthesis of trans-dienes, feeding experiments with 14C-labelled
elaidic and oleic acids demonstrated that the presence of an enzymatic system cap-
able of converting oleic acid into its frans isomer, is necessary. Indeed, when algae
naturally devoid of frans-dienes are fed with elaidic acid they synthesize these hydro-
carbons (Templier er al., 1991a).

With regard to the biosynthesis of trienes, 3, the results of incubation experiments
with '*C-labelled dienes and [1-'*C] linoleic acid, the only 18:2 fatty acid synthesized
by B. braunii, show that ®7, @9 trienes do not derive from these putative precursors
(Templier et al.,, 1991b). It was suggested that the additional w7 double bond is
introduced at an early stage of the elongation—decarboxylation pathway either via
direct desaturation of oleic acid into an @7, ®9 acid, or via desaturation of very long
chain fatty acyl derivatives.

Botryococcenes and squalene-related hydrocarbons (B race)

Botryococcenes, the typical hydrocarbons of the B race, form a wide family of
triterpenoid hydrocarbons, comprising both acyclic (Figure 10.5) and cyclic
(Figure 10.6) compounds. To date more than 50 compounds of general formula
C.Hj,, 19, with n = 30-37, have been detected through GC-EIMS analyses, and
16 structures have been determined. The main difficulties encountered in their struc-
tural determination arise from the purification of such compounds from often com-
plex hydrocarbon mixtures. In some cases, application of reversed-phase HPLC,
using Cg columns provided pure compounds or enriched mixtures. To avoid the
polymerization of these hydrocarbons, reported to occur both with pure fractions or
even in the biomass kept in air (Douglas et al., 1969; Dubreuil er al., 1989), botryo-
coccenes must be stored in hexane solution and under an inert atmosphere at —25°C.
The first described hydrocarbon of this family was a Cs; compound, named
‘botryococcene’, a term which has been further used as generic name. It was isolated
from algae collected in Oakmere lake in England (Maxwell er al., 1968). Its structure,
6. (Figure 10.5) was established from '*C NMR data and oxidative degradation
' using permanganate—periodate cleavages by Cox et al. (1973). The authors consid-
ered that this irregular triterpene probably arised from a tail-to-tail linkage of two
dimethylated C,s units. The absolute stereochemistry was later established via oxi-
dative degradation and comparison of the resulting enantiomers with optically pure
synthons (White er al., 1986, 1992): the stereocentres at C-3, C-7, C-10, C-16 and C-
20 were found to be S, while the R configuration was ascribed to C-13. Moreover, a
total synthesis confirmed these findings (White ef al., 1988).
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Figure 10.5 Acyclic botryococcenes of the B race.
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Figure 10.6 Cyclobotryococcenes of the B race.

The structural elucidation of some other botryococcenes, together with some pre-
liminary biosynthetic studies, then suggested that botryococcene Cig, 7, formerly
isolated from a French West Indian strain, fills a key position in this terpene family
(Metzger and Casadevall, 1983; Casadevall et al., 1984; Wolf ez al., 1985a, 1985b).
All higher botryococcenes derive from this simpler compound by successive methy-

. lations at C-3, C-7, C-16 and C-20, in a manner similar to the one operating in the

alkylation of the side chain of sterols. An important feature of this biogenetic path-
way is that the resulting carbocation, generated by the alkylation mechanism, can
give rise to non-cyclized higher homologues or can be cyclized to cyclobotryococ-
cenes,

In the group of acyclic botryococcenes, a single methylation at C-20 or C-3 leads
to the C;, compounds 8 or 9, respectively, while two to four successive methylations
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occur in the synthesis of 6, 10-13; furthermore, three and four successive methyla.|
tions on a single Cs unit are involved in the formation of Cs6, 14 and Cs, 154
(Galbraith et al., 1983; Metzger et al., 1985b; Huang and Poulter, 1989c¢). ‘

The first cyclic botryococcene to be described was the Cs, hydrocarbon 16 (Figure]
10.6), isolated from algae collected in the Darwin River Reservoir in Australia
(Metzger et al., 1985b). Spectroscopic analyses showed that it contains a penta-§
methylated cyclohexenyl ring. Another cyclo Cyy, 17, was found as a major consti.
tuent (14 per cent of dry weight) of an Ivorian strain, originating from a lake ing
Yamoussoukro. It comprises a trimethylated cyclohexenyl ring (David et al., 1988)4
From the Berkeley strain, four hydrocarbons 18-21 appeared to contain the same]
trimethylated methylenecyclohexyl ring (Huang and Poulter, 1988a, 1988b; Huang e
al., 1988; Murakami er al., 1988); the Cs,, 20, was also isolated from a Bolivian strajg
(David et al., 1988). Unexpectedly, 1D and 2D 'H NMR experiments gave evidence;
of an axial configuration for the largest substituent (a Cy2H37 group) of the cyclo '
hexyl ring in 20; that configuration, however, suppresses important steric hindrances}
existing for other conformations. ]

Squalene co-occurs with botryococcenes in all the hydrocarbon extracts of algae ofd
the B race, and two methylated squalenes were formally identified: monomethyl
squalene, 22 in a Martinique strain (Metzger and Casadevall, 1983) and tetra
methylsqualene, 23 in the Berkeley strain (Huang and Poulter, 1989b). Recently a
trimethylsqualene was tentatively identified in the culture of a Japanese straing
(Okada et al., 1995), along with relatively high amount of 23 (ca 1.3 per cent off
dry weight). In the Berkeley strain, naturally poor in tetramethylsqualene, Huan
and Poulter (1989b) observed that the level of 23 can be increased by the addition o
methionine to the culture medium. '

23

11

As for the A race, a wide chemical variability is observed for the hydrocarbons on §
comparison of B race strains grown under the same conditions (Table 10.3). The4§
hydrocarbon content, although generally high (ca 30 per cent of dry weight), can §
range from 8 per cent (Okada et al., 1995) to nearly 40 per cent of dry weight
(Metzger er al., 1985a). Very different botryococcene profiles can be observed }
from GCMS analyses: presence of numerous isomers; accumulations of lower §
(C30—C3,) or higher (2C;4) botryococcenes; predominance of one hydrocarbon, gen-
erally Ca,, 6, as in algae from Songkla Nakarin lake, Khao Kho Hong in Thailand }
(Metzger et al., 1988). 1

The biosynthetic pathway of botryococcenes was extensively investigated using ]
several possible precursors labelled with stable or radioactive isotopes: CO», {
NaHCO;, sodium acetate, L-leucine, sodium mevalonate, farnesol, farnesal, isopen- 4
tenyl diphosphate and S-methyl methionine. Botryococcene biosynthesis raised |
essentially two questions: how is the linkage of the two Ci5 units leading to a 1'-3 {

. . 1
Table 10.3 Botryococcene composition and yield in some strains of the B race.

Bolivia

Thailand

Ivory Coast

Ayame

France

Overjuyo

Khao Kho Hong

(strain no. 4) Pareloup

Botryococcenes

CsoHso 7
C;Hs, 8

5.8
8.6

11.2

479

Cs,Hsy 10
Ci;Hs,s 20

6.6
32.8

27.0

CiHsg 6

53.2

7.2
42
36.0°

n.d.

33

CiHsg 13
CyHg, 14
Others

36.1°
26.7

9.4
359

% dry weight

'From Metzger et al. (1988) with kind permission from Elsevier Science Ltd; unshaken cultures, no CO, added, 14h—10h light-dark cycle.

*Mainly Ca of unknown structures.

3Mainly Cy; of unknown structures.

n.d., not determined.
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fused triterpene, the botryococcene Cso, 7, made and which is the biogenesis of the
higher compounds? i

Structural investigations of botryococcenes Csg, 6, and Csz, 20 showed that C-10}
has the same absolute configuration as the cyclopropyl C-3 of presqualene pyropho-
sphate, 24 (Figure 10.7), which suggested a biosynthetic pathway via this close pre-]
cursor of squalene (White er al., 1986, Huang et al., 1988). The efﬁcient
incorporation of [5-°H, 1-'4C] farnesol into botryococcenes, without degradation,
confirmed this assumption (Huang and Poulter, 1989a). Moreover the results off
studies using (R)- and (S)-[1-*H] farnesol and (S)-[1-*H, 1-*C] farnesol were condf
sistent with the existence of an intermediate common to squalene and botryococcen .;
synthesis. From presqualene pyrophosphate, 24, the rearrangement of the cyclopro :
pyl cation (path a), followed by hydride attack from NADPH leads to squalene‘h

1 -
,— OPP

CH
/Mb %%W *
\pathb

path y

Squalene

Figure 10.7 Proposed mechanisms for the biosynthesis of squalene and botryococcene 7 9
from presqualene pyrophosphate 24 (redrawn from White et al. (1992) with kind permission ]
from the American Chemical Society). 1

Cnpemteuls vy bull yOLULLUS Ulaullll 221

while the opening of the cyclopropyl ring (path b), also followed by reaction with
NADPH would result in botryococcene Csy, 7 (Huang and Poulter, 1989a; White er
al., 1992); Figure 10.7 illustrates these parallel pathways. Moreover, the authors
suggested that only a small shift of the cofactor relative to the Cso substrate, near
C-3’ in the botryococcene synthetase, near C-1" in the squalene synthetase could
suffice to explain the regioselective formation of 7 or of squalene in the B race of B.
praunii, and that squalene biosynthesis could be ‘the result of an evolutionary adap-
tation of the simpler botryococcenoid pathway’ (Huang and Poulter, 1989a; White et
al., 1992).

Direct evidence for the formation of botryococcene, 7, from farnesyl pyropho-
sphate has not been yet obtained. Using cell free extracts, Inoue er al. (1994a)
only observed the conversion of this precursor into squalene, but not into botryo-
coccene, 7. The properties of the farnesol phosphokinase from B. braunii B race
and the formation of farnesal from farnesol by protoplasts and of farnesyl fatty
acid esters from farnesol by cell free extracts of the Berkeley strain were studied
(Inoue et al., 1993, 1994b, 1995). Furthermore, these authors proposed farnesal, 3-
hydroxy-2,3-dihydrofarnesal or farnesyl phosphate as possible candidate precur-
sors for botryococcene biosynthesis; no experiment has yet verified these assump-
tions.

With regard to the alkylation process operating in the synthesis of higher botryo-
coccenes, the very high incorporation level of L -[Me-!*C]-methionine, nearly 65 per
cent (David, 1985), suggested that this amino acid acts as the methyl donor. Further
experiments conducted with L-[Me-'>C}-methionine clearly demonstrated that '>C
enrichment occurred for methyl groups at positions 3, 7, 16 and 20 (Metzger ef al.,
1987). Moreover, a pulse-chase experiment performed with '*CO, and chase experi-
ments with '*C-labelled acetate and methionine demonstrated that each botryococ-
cene acts as precursor for its direct higher homologue (Wolf er al., 1985b; Metzger et
al., 1987). Considering the absolute configuration of the non-terpenoid methyls in 6,
it was also deduced that the methyl groups were transferred at the si face of the
trisubstituted double bonds (White ef al., 1986). Based on the structures of cyclobo-
tryococcene, 16, we proposed that methylation could be the starter for cyclization
(Metzger er al., 1985b), as illustrated in Figure 10.8 (concerted pathway). An alter-
native mechanism (sequential pathway) is the initiation of cyclization by protonation
of a methylated botryococcene (Huang and Poulter, 1988a). This mechanism (Figure
10.8) is suggested by the same absolute stereochemistry found at C,o in 20 and in 6.

Further work is needed to determine the exact mechanism by which cyclization
occurs.

Lycopadiene (L race)

This compound of general formula C4oH7g was isolated as the exclusive or main

- hydrocarbon of nine strains of B. braunii originating from some tropical freshwater

lakes (Table 10.1). It was identified as 2,6(R), 10(R), 14, 19, 23(R), 27(R), 31-
octamethyldotriaconta-14(E), 18(E) diene, 25, on the basis of spectroscopic studies,
hydrogenation and oxidative cleavage. The absolute configuration of the four
Stereocentres was deduced from the comparison of the Cjg-ketone obtained by
ozonolysis with the 6(R), 10(R), 14-trimethylpentadecanone derived from natural
phytol by the same method (Metzger and Casadevall, 1987); this suggests that
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Figure 10.8 Proposed mechanisms for alkylation and cyclization of botryococcenes 4

(R=Cy1Hyg for 7 or CiHyy for 9 (redrawn from Huang and Poulter (1988a), with kind
permission from the American Chemical Society).

synthesis of lycopadiene would occur via dimerization of phytol or of some deri-
vatives. Alternatively, it can be considered that lycopadiene derives from reduction
of an acyclic carotenoid such as lycopene.

25

In addition, another C4H7s compound was identified, in trace amounts, in the
Jvorian and Thai strains. More recently this compound was shown to account for 8
to 20 per cent of the hydrocarbon fraction from the Indian strains originating from
Kulavai lake (Metzger e7 al., 1997). The latter strains were also described as B.
neglectus (Jeeji Bai, 1996).

Although always low, the lycopadiene content varies with the strain origin: less
than 0.1 per cent in the Indian strains, and up to 8 per cent in the Thai strain from
Khao Kho Hong lake. Furthermore, it was observed that lycopadiene content is
maximum at the end of the active growth phase (Metzger et al., 1990); thereafter, the
slow decrease observed could be related to the involvement of this hydrocarbon in
the biogenesis of epoxides and related compounds.

Usual lipids
Fatty acids and triacylglycerols

Fatty acids were studied in the three races where they account for 5 to 14 per cent of
dry biomass (Metzger ez al., 1990). Obtained via saponification of the external and
internal lipid extracts, these even acids are in the range C;4~Cs,. Similar distributions
were observed for the internal and external pools. In the three races, the main acids
are palmitic, oleic and octacosenoic (28:1) acids. Oleic acid predominates in the A
race (more than 80 per cent of the total fatty acids), which is certainly related to the
precursor role of this compound in the biosynthesis of n-very long chain lipids.

Fatty acids of the French strain of Coat ar Herno lake (A race) were shown to
contain a minor series of trimethylated fatty acids, 26, so far not identified in the
other strains of the three races. They are odd saturated compounds, ranging from
Cy3 to Cy9 Metzger et al., 1991) and accounting for ca 8 per cent of total fatty acids.
Their methyl esters derivatives exhibit in GCMS analysis a base peak at m/z 88,
indicative of an a-methyl substitution. The location of the two other methyl sub-
stituents was deduced from GC-EIMS data of their derived alkanes obtained by
chemical treatments. Structural considerations suggest that methyl-branched acids
arise from the elongation pathway of fatty acids with the branching carbons derived
from condensation with methylmalonate instead of malonate (Figure 10.9).
However, a second pathway with the branching originating from the transfer of
the S-methyl group of methionine on unsaturated intermediate cannot be excluded.

¥y (i"a T*s
CH;— (O — CH— (CH, k— GH— @) — CH— CQH 26

x=0dd, 5-11

Generally found in minute amounts in a free form, fatty acids occur essentially as
triacylglycerols and, as indicated later, as the acylating agents of the alcohol func-
tions present in ether lipids. Triacylglycerols were detected in the hexane extracts of
all strains of the A race. In a Bolivian strain originating from Challapata lake, they
Constitute, besides hydrocarbons, the dominant class of lipids (Metzger et al., 1989).
Analysis by reversed-phase HPLC on a Cys column showed that triolein is a major
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Sterols
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sterols. On the whole, sterols account for

to accumulation of carotenoids (0.2 t0 0.4 per cent
apd Spectroscopic analyses have shown that the B
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nd its 24-ethy] homologue are the main sterols occur-
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Ivory Coast) contain the B,e-carotene derivatives (6'R) B,e-carotene 27, (3R, 3'R,
6'R)-lutein 28, and (3R, 3'R, 6'R)-loroxanthin 29, and the {3,B-carotene derivatives
B.B-carotene 30, (3R, 3'R)- zeaxanthin, 31, (3R, 5R, 6S, 3'S, 5'R, 6'S)-violaxanthin,
32, (3S, 5R, 6R, 3'S, 5'R, 6'S)-neoxanthin, 33, echinenone, 34, (3'R)-3"-hydroxye-
chinenone, 35, and canthaxanthin, 36 (Grung et al., 1989) (Figure 10.10). In addition
(35)-3-hydroxyechinenone, 37, (3S, 3’S)-astaxanthin, 38 and (35, 3'R)-adoni-
xanthin, 39 were identified in a second strain from Yamoussoukro (Grung et al.,
1994a).

In the linear phase of growth, lutein, 28 is the dominant carotenoid, while cantha-
xanthin, 36 and 10 a lesser extend echinenone, 34 predominate in the stationary phase
(Grung er al., 1989). Quantitative analyses performed at the exponential, linear and
stationary phases of growth, on whole colonies, on matrices which ensure the colony
cohesion and on free cells showed that ketocarotenoids 34 and 36 are produced by the
cells during the linear and stationary phases and continuously transferred to the
matrices (Grung et al., 1994b); this suggests that they exert a protective role against
light, when the lipid-rich colonies float at the water surface. Moreover, the initiation
of canthaxanthin, 36 and echinenone, 34 synthesis seems 10 be concomitant with the
onset of nitrogen deficiency in the culture medium. From these analyses and on
structural grounds, a biosynthetic pathway was proposed for B. braunii carotenoids,
starting from an acyclic precursor such as lycopene (Figure 10.11).

Very recently, the isolation of botryaxanthin A, 40 (Figure 10.10), a member of a
new class of carotenoids, was reported from the Berkeley strain (Okada e al., 1996).
This pigment is a ketal probably originating from the condensation of echinenone,
34 with a dihydroxy-tetramethylsqualene (Figure 10.11); this diol is probably derived
from an epoxide whose structure will be discussed later.

Non-classical lipids

Since the end of the 1980s, we have extensively investigated strains of the A race for
isolation of non-classical lipids. Recent work shows that algae of the L race and to a
lesser degree those of the B race also synthesize lipids of unprecedented types.

a-Branched fatty aldehydes

Botryals are long chain, a-branched fatty aldehydes occurring in all strains of the A
race. Their carbon skeletons comprise an even number of carbons, from 52 to 64 and
three unsaturations: two cis double bonds in ®9 and w9’ and another conjugated
with the aldehyde function. Two series of botryals, 41 and 42 (Figure 10.12) were
obtained by preparative TLC, differing by the £ and Z configurations of the con-
Jugated double bond, respectively (Metzger and Casadevall, 1989). The structures
were resolved through utilization of spectroscopic methods, the position of the mid-
chain unsaturations being determined by means of ozonolysis. Isolated at first in a
very high yield (18 per cent of dry weight) from a Titicaca strain, botryals were found
in all the tested strains (Metzger and Casadevall, 1989), with a level ranging from 1
to 11 per cent of the dry biomass; botryals, 42 predominated in all strains analyzed.

A feeding experiment with [1,2-1>C] acetate demonstrated the repeated condensa-
tion of C, units, very likely via malonate, leading to even Cyq to Cs, n-fatty alde-
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Figure 10.10 Carotenoids of the B and/or L races.
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Figure 10.10 Continued.

hydes. The condensation of two of these aldehydes generated aldols which were
dehydrated to botryals, 41 and 42 (Figure 10.13) (Metzger and Casadevall, 1989).
To the best of our knowledge, aldehydes structurally related to botryals have only
been isolated, in minute amounts, from some red algae (de Rosa et al., 1995). They
differ from botryals, however, by shorter chains, whose carbon numbers preclude
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Figure 10.11  Proposed biogenesis of carotenoids in the B and L races of B. braunii. 1: only inj,
the L race; 2: only in the B race (partially redrawn from Grung et al. (1989, 1994a), with kind

permission from Elsevier Science Ltd).

08— e— oY —oy, 41
> z <
Z
Gly— B —o=a—oy cHO m=odd, 1521
n=even, 14-20
H CHO

CHy— (O — = G — Oy wn—mém—wrms 42

x=0dd, 5-11

CH cH H CHO

3 3
| > aa
G, — (CH2)5_ CH— (0-12)5—0-1— (CHz)

x1 CHS

Figure 10.12 a-Branched fatty aldehydes of the A race.

that they are formed by condensation of even fatty aldehydes. Interestingly, the !

structure and biogenesis of botryals are rather close to those of mycolic acids. !

These important constituents of the cell walls of Corynebacteria, Nocardia and
Mycobacteria, are a-branched, B-hydroxy acids synthesized by condensation of |

fatty acids (Brennan, 1988).

Besides botryals, the strain originating from Coat ar Herno lake, synthesizes |

trimethyl fatty aldehydes, 43 and the a-unsaturated homologous compounds, 44
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Figure 10.13  Proposed biosynthesis of botryals from [1,2-'*Clacetate (redrawn from Metzger
and Casadevall (1989) with kind permission from Elsevier Science Ltd).

(Figure 10.12), in a yield of 2.7 and 2.3 per cent of dry weight, respectively (Metzger
et al., 1991). These unusual fatty aldehydes, comprising odd carbon numbers from
C»5 to Cyo, exhibit the same gross structure as the trimethyl fatty acids, 26, identified
in this same strain. These structural features suggest a close biogenetic pathway via
common intermediates: the a-unsaturated fatty acyl derivatives. Reduction of the
acyl group would give the unsaturated aldehydes, 44, while reduction of the carbon-
carbon double bond with subsequent reduction of the acyl group or hydrolysis of
this latter would produce the saturated aldehydes, 43 or the acids, 26, respectively
(Figure 10.9).

n-Alkenylphenols

The first n-alkenylphenols identified in B. braunii were the n-alkenylhydroquinol
dimethyl ethers, 45 (Figure 10.14). These compounds exhibiting C,7, C,9 and Cs;
hydrocarbon chains were isolated (1.5 per cent of dry weight) from the Austin
Collection strain (Metzger and Casadevall, 1989). Later, from this strain, and from
the one of Coat ar Herno, we succeeded in separating a n-alkyl and a series of n-
alkenylpyrogallol dimethyl ethers, 46 and 47, respectively, accounting for 0.85 per
cent of dry weight (Metzger and Pouet, 1995). A systematic investigation of algae
of the A race, showed us that these two types of phenols are present in all strains
of this chemical race, with the exception of one originating from Overjuyo lake in
Bolivia. This last strain contains a series of n-alkenylresorcinol dimethyl ethers, 48
(0.44 per cent of dry weight), with C,s, C7 and Cpq hydrocarbon chains (Metzger,
1994; Metzger and Largeau, 1994). All these phenolic compounds exhibit strong
UV absorptions at 289, 222 and 215 nm for 45, 215 nm for 46 and 47 and 203 nm
for 48. The structures were mainly elucidated by NM R methods and by chemical
degradation.

On the basis of a feeding experiment with [1,2-'>C] acetate, hydroquinol deriva-
tives, 45 were assumed to have a tetraketide origin in B. braunii (Metzger and
Casadevall, 1989). Indeed, the '>*C NMR spectrum of the *C-enriched metabolites
revealed that the bond between the benzylic carbon and the aromatic C-6 is derived
from an intact acetate unit. The ring would be formed by a standard aldol condensa-
tion, followed by dehydration to form the carboxylic intermediate, 49 (Figure 10.15).
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Figure 10.14 n-Alkyl and alkenyl phenals of the A race.

Furthermore the labelling patterns suggested that the hydroxyl at C-1 is very likely 3

introduced after decarboxylation of 49. Moreover, hydroxylation at the para posi
tion relative to the aliphatic chain, would lead to the n-alkenylpyrogallol derivatives, i

47. In contrast with all the other strains examined so far, the one from Overjuyo »
would be unable to hydroxylate the aromatic nucleus and thus resorcinol dimethyl }

ethers, 48 would accumulate.

Phenolic lipids are widely distributed in nature, for instance in marine brown algae 4
(Amico, 1995), higher plants such as 4nacardium occidentale (Tyman, 1979) and also j
in some marine sponges (Barrow and Capon, 1991). These compounds generally ]
display antioxidant properties, reinforced, in lipidic regions of these organisms, by ‘#&
the presence of aliphatic chains. Based on the localization of the alkenylphenols in 4
the outer walls of B. braunii, as deduced from their quick extraction by hexane, these

compounds could protect the external lipids against oxidative degradation.

Epoxides

Our investigations into the lipids of B. braunii resulted in the isolation of non-iso-

prenoid epoxides in the A race (Figure 10.16) and of isoprenoid epoxides in the B

and L races (Figure 10.17).
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Figure 10.15 Proposed mechanism for the biosynthesis of n—alkenylhyfjrc.)quinol dimethyl
ethers, 45 (redrawn from Metzger and Casadevall (1989) with kind permission from Elsevier
Science Ltd).

Three series of non-isoprenoid epoxides were recovered from the Austin strain (A
race), accounting on the whole for 4 per cent of dry biomass. They were epoxyalk‘-
enes, 50, epoxybotryals, 51 and epoxyalkylhydroquinol dimethyl ethers, 52. These cis
epoxides derive from parent compounds: alkadienes, 2, botryals, 42 and alkenylhy-
droquinol dimethyl ethers, 45, respectively, by epoxidation of the Co9—Cw10 double
bond. (Metzger and Casadevall, 1989). . '

From a Martinique strain of the B race (La Manzo), a series of five trlterpenmd
epoxides was isolated in a yield of 0.8 per cent of dry biomass (Delahais and
Metzger, 1997). EIMS, 'H and '*C NMR data showed that they are 10,11-epoxy-
squalene derivatives exhibiting two to four non-terpenoid additional methyl groups.
Four structures were established, one Csz, 53, two Cssz, 54 and 55 and one Ciq4, 56;
the non-isoprenoid methyls are located at positions C-3, C-7, C-18 and/or C-22.
These epoxides can be considered as arising from methylated squalenes, such as
tetramethylsqualene, 23 in the case of 56.
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° 5 trans-trans-Epoxylycopaene, 57 accounts for 0.3 per cent of dry biomass of
CHy— (CHy ) 57— CH—CH— (CH) ,— CH =CH, 50 1 yamoussoukro strain (L race) (Delahais and Metzger, 1997). The absolute stereo-
os x=0dd, 15-19 i chemistry (6R, 10R, 14R, 15R, 23R, 27R) was established via chemical degradation
b and comparison with 6R, 10R, 14-trimethyl pentadecanone and application of
, Mosher ester methodology on the derived diol, 58. This diol, 58 was also found to
H CHO occur naturally in the alga.

. ‘

7 \ z !
CHg™ (CH) 5— CH—CH — CHym (CHp) — CH== CH— (CHZ);—CHS HO

ois 4
m=0dd, 15-21 : As will be shown later all these epoxides are key intermediates in the synthesis of
neeven. 14-20 | more complex lipids; in the case of tetramethyl-epoxy squalene, 56 we suggested that
OMe 1 it is very likely implicated in the formation of botryaxanthin A, 40.
/ O\ |
CH— (CH) — CH—CH — (CH ) 52
3 27 2’y

ois Ether lipids

OH OMe 1 In 1991 we reported the isolation and structural determination of two series of

y=0dd 17-21 . unusual ether lipids of a new type from the Coat ar Herno strain (Metzger and

Casadevall, 1991). These compounds exhibit oxygen bridges between very long

Figure 10.16 Epoxides of the A race. hydrocarbon chains and, therefore, differ from ether lipids occurring widely in nat-

g ure, the alkylglycerolipids which comprise normal or terpenoid chains ether linked to

glycerol (Mangold and Paltauf, 1983). Since this report more than 20 series of ether

lipids have been described: many have been studied in the A race, two series were
identified in the L race, and to date none in the B one.

Ether lipids of the A race
54 On structural grounds ether lipids of the A race can be classified into: alkoxy ether
lipids, based on long straight chains linked by O-alkyl ether bridges, on mid-chain or
terminal carbons; and phenoxy ether lipids, characterized by involvement of the
phenolic moiety of #-alkenylresorcinols in ether bridge formation.

Alkyl-O-alkadienyl ethers, 59 (Figure 10.18) are the simplest alkoxy ether lipids.
They were isolated from the external lipids of a French strain (Coat ar Herno) and of
a Bolivian one (Overjuyo, strain 6), in 1.1 per cent of dry biomass (Metzger and
Casadevall, 1991). TLC and HPLC separation of the oil extracted with hexane
afforded a solid mixture of two compounds, 59a and 59b in an almost 1:1 ratio.
EIMS and '"H NMR data showed that these two compounds comprise a C,; alka-
dienyl chain exhibiting a terminal unsaturation and a cis double bond at C-7. This
chain is linked, at C-9 by an ether bridge to the terminal carbon of a saturated Coy
* (59a) or Cy¢ (59b) normal chain; one hydroxyl group is also present, o to the ether
bridge, on the C,; chain.

From the two above mentioned strains, the alkadienyl-O-alkatrienyl ether, 60
(C27—O—C7_7) was also isolated in a very high yield (26 per cent of dry weight). Its
structure was elucidated by spectroscopic techniques and via hydrogenolysis and
ozonolysis. The stereochemistry of the double bonds was deduced from the magni-
tude of the coupling constants, J;_g, Js~_o’ and Jyo'_;1-. More recently, a novel ether,

55

56

Figure 10.17 Epoxides of the B (53-56) and L races (57).
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Figure 10.18 Alkoxy ether lipids of the Coat ar Herno strain (A race).

the bis-alkadienyl ether 61 (C57-O-C,,) was isolated in 2 per cent of dry weight from
the Coat ar Herno strain (Metzger and Pouet, 1995). In this compound two equiva-,
lent C,; alkadienyl chains, hydroxylated at C-10 are ether linked at C-9; ]
Furthermore, a minor series, 62 (0.6 per cent of dry weight) also occurs in this strain
it derives from 61 by esterification of one hydroxyl function by fatty acids ranging
from C16 to C32 (C30;1 dominant).

On the whole, ether lipids identified in the Coat ar Herno strain account for ca 30
per cent of dry biomass. A common structural feature of these compounds is the 3
presence of the hydroxylated Cy; alkadienyl chain. Structural considerations sug-
gested a close biosynthetic relationship with a lower metabolite identified in the f
hydrocarbon fraction: the heptacosa-1,18(Z),20(Z) triene, 3 (Villarreal-Rosales ef §
al., 1992). Indeed an inverse relationship was observed along the algal growth
between alkadienyl-O-alkatrienyl ether, 60 and cis, cis Cy; triene 3: the abundance (
of the triene was lower as ether lipid biosynthesis was high. Moreover a feeding 3
experiment showed the incorporation of radioactivity from this '*C-labelled Cy7 1
triene into 60. On the basis of these results and on structural grounds, triene C,7, §
3 would be first oxidized into two momnoepoxides, 63, and 64 (Figure 10.19). ]
Initiation of the coupling reaction would be the protonation of epoxide 63, promot- 1_
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Figure 10.19 Proposed mechanisms for the biosynthesis of ether lipids 60-62, in the Coat ar
Herno strain (A race) (redrawn from Villarreal-Rosales et al. (1992) and from Metzger and
Pouet (1995) with kind permission from Elsevier Science Ltd).

ing the cleavage of the C9-O bond. In a second step, the ether bridge woulq be
formed by reaction of the resulting carbocation with epoxide 64..The concomltan'f
migration of the C9'~C10’ double bond and the loss of an allylic proton at CI1
would finally result in the trans, trans conjugated system. The involvement of two
molecules of epoxide 63 was proposed for the synthesis of 61 and 62 (Metzger and
Pouet, 1995); the hypothetical mechanism requires however the formation of a car-
bocation at an unfavourable position (Figure 10.19). '

The collection strain of Austin contains a lower amount of alkoxy ether liplds: 4.5
per cent of dry weight (Metzger and Casadevall, 1992). The simplest ethers isolated
from this strain are formed by a series of di-O-alkenyl ethers, 65 (Figure 10..20),
accounting for 0.3 per cent, in which two hydrocarbon chains, very likely derived
from C,;, C,y and Cs, alkadienes, 2, are ether linked at C9’ and C10 and hyd‘r-
oxylated at C10’ and C9. Their mono fatty acyl ester derivatives, 66, were isolated in
a higher yield (2 per cent). They predominantly comprise an oleyt moie_ty, and glso
saturated and monounsaturated Ca4 to Csz acyl chains. Four other series of minor
alkoxy ether lipids were also isolated from the Austin strain: an unseparable mixture
of 67 and 68 which are alkenyl-O-alkylhydroquinol ethers (0.2 per cent), a series of]
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Figure 10.20 Alkoxy ether lipids of the Austin strain (A race).
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alkenyl-O-botryalyl ethers, 69 (1 per cent) and an epoxidized series, 70 derived from
this latter (0.7 per cent). , ,
All these compounds, 65-70, exhibit oxygen functions at C9, C'IO, C9” and C10/,
suggesting that they could be synthesized by coupl‘ing of two epgxndes: epoxyalkenes
50. epoxybotryals, 51 and/or epoxyalkylhydroquinols, 52. This was confirmed by
feeding the algae with 14C.labelled 9,10-epoxynonacqs-28-ene: ca IQ per cent of Fhe
radioactivity was recovered in ether lipids, 65-70. As 111ustr.ated in Figure 10.21, ring
opening from a protonated epoxide function would occur 1p a.ﬁrst step and the C9—
0 and C9’-O bonds would be specifically cleaved. Neutralization of the carbocatio-
nic species either by water or by a fatty acyl derivative would thus generate ether
lipids 65 or 66-70, respectively. . . . .
Phenoxy ether lipids were first discovered in another strain from Overjuyo lake, in
which they account for 35 per cent of dry weight (Metzger, 1994). Seven seri_es, 71—77
(Figure 10.22), were isolated from the external lipids by chromatographlc techni-
ques. In all these compounds, an n-alkenylresorcinol, with a Csys, Cy7 (major) or Cy
monounsaturated chain, is involved in the formation of phenoxy bonds with alipha-
tic chains derived from alkadienes (as in 71, 74-77) and/or tetraenes (as in 72, 73 and
76). In turn hydrocarbon chains can be ether linked, in a manner similar to that

CH 7 R
CH3 ( 2)7— CH—CH—

H* condensation of
two epoxides

H
Co
9/ \10
CH— (CH,)— CH—CH—R
3 27
Co

9./ \10
CH— (CH,)—CH—CH—R
3 2'y

OH
CH,— (CH_)— CH—CH—R 65
3 2'7 I H2O
o)
| fatty acids
+
—_ — CH—CH—R 66-69
CH3 (CH2)7 CH CH

Figure 10.21 Proposed mechanism for the biosynthesis of alkoxy ether lipids 65-69 in the
Austin strain (A race). R: chain portion of 2, 42 or 45 (redrawn from Metzger and Casadevall
(1992) with kind permission from Elsevier Science Ltd).
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Figure 10.22 Phenoxy ether lipids of an Overjuyo isolate, strain 7 (A race). Figure 10.22 Continued
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observed in alkoxy ether lipids, to another hydrocarbon chain (as in 74-77) 4
Moreover one phenol group (71, 72, 74 and 77) or two (73, 75, 76) can be involved |
in the formation of the ether bridges. In each series, cis and frans isomerisms occur at
the @9 unsaturation (cis configurations predominate), and all the non-phenolic moi-
eties exhibit C,7 hydrocarbon chains. j

Structural considerations suggest that phenoxy bonds arise from the reaction of
phenol functions with epoxides: either a 9, 10-epoxyalk-26-ene or a 5,6-epoxyalkatri-
1,3,18-ene. These two putative precursors would be derived from the corresponding
C,; dienes and tetraenes identified in the hydrocarbon fraction (Metzger, 1993),
Moreover the accumulation of heavy ether lipids 75-77, to the detriment of lower}
ones is in favour of a multistep pathway rather than a cascade mechanism in thejr }
biosynthesis. Furthermore, in the synthesis of 77 which is alkenylresorcinol-O-{alke-
nyl-O-alkatrienyl]-C-[alkatrienyl] diether it seems likely that C-alkylation of the
resorcinol ring occurs, via a nucleophilic substitution as illustrated in Figure 10.23_4

Subsequent chemical investigations of the collection strain of Austin led to isola-§
tion of four other series of phenoxy ether lipids (ca 0.3 per cent). Each series, 78-813
(Figure 10.24), contains an alkenylresorcinol moiety, ether linked by phenoxy bonds
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Figure 10.23 Proposed mechanism for the C-alkylation leading to 77; R: alkenyl-O-alkatrie- ,
nyl subunit (redrawn from Metzger (1994) with kind permission from Elsevier Science Ltd).
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Figure 10.24 Phenoxy ether lipids of the Austin strain (A race).
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to two alkyl chains derived from alkadienes (78, 80 and 81), alkenylhydroquinols (7
and 79) and botryals (79 and 81) (Metzger and Pouet, 1995). 3

Ether lipids of the L race

Lycopanerols (Figure 10.25) form another class of high molecular weight ether lipidy
recently identified in all strains of the L race. These molecules are hydroxylated
polyethers comprising two tetraterpene skeletons linked by an ether bridge. 1

Lycopanerols A, 82 (Metzger and Aumelas, 1997), and B, 83 (Metzger, unpu/'
lished results), are the two structurally complex members of this family isolated and
identified so far; they were recovered from external lipids by CC and TLC techniqu
with a yield of 12.6 per cent and 0.6 per cent of dry weight, respectively. Thei‘
molecular formulae were determined by FABMS. The planar structures were estal .
lished by means of 'H and "*C NMR, 'H-'H COSY, 'H-"*C HETCOSY, EIMS an
EIMS of the trimethylsilyl derivatives. The structure of lycopanerols, 82 was alsg
investigated by chemical methods: hydrogenation, hydrogenolysis, ether cleavage
and ozonolysis. Compounds of both series 82 and 83 exhibit a tetrahydrofurang
(THF) ring in one tetraterpene moiety and a tetrahydropyran (THP) ring in the
other; the THF moiety is a-hydroxylated and the THP ring bears, via ether linkage§
an even n-long chain, Cag, Cyy or C35 (major), containing one ®9,10 double bond
82 and one epoxide at this same position in 83.

Polyethers from natural sources constitute a wide family of compounds; represensf
tative examples are the dinoflagellate toxins such as brevetoxins (Lin et al., 1981), th
THF-acetogenins from A4nnonaceae (Zafra-Polo et al., 1996) or the THF, THP-
squalene derivatives from the red seaweeds of the genus Laurencia (Suzuki et al.§
1985; Sakemi er al., 1986). All the biogenetic pathways proposed for these ethers
involve epoxides as precursors (Lee ef al., 1989; Rupprecht ef al., 1990; Suzuki et al.;}
1993). In the present case, a diepoxylycopane derived from lycopadiene, 25 could bef

x=even,18-22 —1— CH—CH—

(CHp) —+ CH =CH — (CH,)— v, B2 §

/ Eo2Z
o]

Figure 10.25 Alkoxy polyethers (lycopanerols) of the L race.
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the precursor. The formation of C4-THF and C4o-THP coppounds t?y hydrolysis of
diepoxylycopane catalyzed by perchloric acid supports this assumption.

Miscellaneous

i ic diols, 84 and 85, are minor lipids of the strain of Coat
MOnOOIZYI(/foE?Se;)f:chc%}:;:lttlicng for 1.2 and 0.2 per cent of dry weight, respectively
o lizrrér and POl;et, 1995). The former are structurally related to Cyy ar.ld Co
S;T(Zdiines, 2, while the second le)llre derived from Csg—Cg> botryals, 42, with the

i 1 robable precursors.
cogeifozgggisggzl‘;?igsﬂi sole ketrc))ne, the ketocarotenoids excepted, identified in
B b;)au};ll'i so far. It \’vas isolated from an algal sample collected in the Australian lake
of Coolamatong (Summons and Capon, 1991). Structurally related to a Cs3 botryo-
coccene, it comprises however only five carbon-carbon double bonds.
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n=even, 16-20

Macromolecular lipids and algaenans

Macromolecular lipids

Lipid polymers of very high molecular weights, extractable by some organic solvents,
occur in all strains of the three chemical races of B. braunii. These polyme.rs of a
rubbery consistency are isolated from freshly dried biomass by ex.tr.action with sol-
vents of low polarity such as chloroform or dithoromethape. Ad(.llt.1on of me'thanol
or acetone to the extracts led to the formation of elastic precipitates which are
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purified by repeated solution in CHCl; and subsequent addition of MeOH. Throug}
analysis by size exclusion HPLC on ultrastyragel columns, using THF as eluent, theyl
show broad peaks corresponding to wide mass distributions ranging from 10* to 10®
daltons with maxima of 1.4 x 10°, 2.7 x 10° and 2.4 x 10° daltons for the A, B an
L races, respectively. 5

The polymer of the A race was the first investigated (Metzger et al., 1993); furthe
it appeared as the simplest. The combination of data obtained from elemental ang
spectroscopic analyses and ozonolysis showed the existence of a repetitive C;, mon ol
mer unit. The structure of the polymer, 87, is based on an a-branched, a-unsaturated
aldehyde similar to that observed in botryals, but differing by the presence of two cig
double bonds (Figure 10.26). With regard to the biosynthesis of this polymer, namedl
aliphatic polyaldehyde, the results of feeding experiments with [1-1*C] and [10-CY
oleic acid showed that oleic acid is a precursor. Moreover the data of the analyses i
the diacids recovered after ozonolysis of the “C-labelled polymer suggested, af f
illustrated in Figure 10.27, that the biosynthesis would proceed via elongation of
oleic acid to an n-Cj; acid, which then would undergo an w-oxidation. Afterwar‘
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Figure 10.26 Structures of the macromolecular lipids of the three races of B. braunii.
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Figure 10.27 Proposed biosynthetic pathway of the aliphatic polyaldehyd.e, 87, of B. braunii
{redrawn from Metzger et al. (1993) with kind permission from Elsevier Science Ltd).

the repeated condensation of the derived Cs, dialdehyde would result in aldols which

would be dehydrated. ‘
The structures of the polymers extracted from the B and L races derive from 87 by

acetalization of approx. seven aldehyde functions out of ten with terpene diols
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(Berthéas, 1994; Delahais, 1995). Indication for the presence of acetals arose frop
the observation in the 13C NMR spectrum, of carbon signals typical of these fungy
tions at ca 8 105. Confirmation was given by acid hydrolysis of these two polymers i
THF/aqueous HCL. In both cases, on the one hand a rubbery material was recovered
which only exhibited spectroscopic properties identical to those observed with thed
aliphatic polyaldehyde of the A race, 87, and, on the other hand, terpene diols werd
isolated. In the hydrolysis of the polymer of the L race the diol was found to be au
acyclic tetraterpene, the dihydroxy-lycopaene 58, that suggested structure 88 for the
polymer (Figure 10.26). Several triterpenes were released from the hydrolysis of the
polymer of the B race: all are structurally related to methylated squalenes and derivg
from 10,11-epoxides 53-56. The structures of two major triterpenes were elucidateds
the 10,1 1-dihydroxy, 3,7,22-trimethyl squalene, 89 and, surprisingly, the chlorinateg
tetramethylsqualene triol, 90. Based on the presence in the NMR spectra of t“
native polymer of signals characteristic of epoxide functions, this last compoun
90 was assumed to derive very likely from the epoxy-dihydroxy tetramethyl squalengd
91 via opening of the epoxide function by HCI during hydrolysis. From these datg]
structure 92 was proposed for the complex polymer extracted from the B rach
(Figure 10.26). The existence in this polymer of a terpene moiety bearing an epox1
is of importance for a possible cross-linkage with some free aldehyde function, vi§
hydrolysis and then acetalization. Thus we can easily imagine a possible extensiog
and/or reticulation of the polymer network. Moreover such cross-linkage may a A
take place in the polymer of the L race, via epoxidation of the tetraterpene moiet
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" g
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0
91
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Algaenans

After lipid extraction, drastic treatment of B. braunii biomass, under basic and thenj
acid conditions, furnishes an organic residual material. Examination by electrong
microscopy showed that the cell content of the algae is degraded, while the oute i
walls exhibit an unchanged organization (Figure 10.1). The occurrence of such che i
mically resistant and insoluble biopolymers in some microalgae is now well-knowng
these materials have been termed algaenans (Tegelaar et al., 1989). 4

Cheniiédls of BOtFyococeus Brausin il

The occurrence of a chemically resistant polymer in B. braunii was first established
in the A race (Berkaloff et a/., 1983), using KOH-aqueous MeOH and then con-
centrated H3POy in order to eliminate hydrolyzable constituents. The gross struc-
tural features of algaenan A were identified using FTIR and high resolution solid
state 13C NMR spectroscopy. The observation in the IR spectrum of a substantial
absorption at 720 cm ™" and in the '*C NMR spectrum of a predominant peak at 829
was indicative of the presence of long methylenic chains. The similarity of the che-
mical structures of insoluble algaenan A and of soluble aliphatic polyaldehyde of the
A race, 87, was revealed by analytical pyrolysis (Gelin et al., 1994a). Both materials
yield identical series of pyrolysis products, mainly r-alkanes, n-alkenes and r-alkyl-
cyclohexanes, with similar distributions. Accordingly it was concluded that the mole-
cular structure of algaenan A is probably a more condensed and/or a reticulated
form of the soluble aliphatic polyaldehyde 87.

From elemental analysis, FTIR, solid state 13C NMR spectroscopy and GCMS
analysis of pyrolysis products, the chemically resistant biopolymer isolated from the
B race exhibited very similar structural features when compared to the one issued
from the A race (Kadouri et al., 1988). Only a slightly higher level of methyl-branch-
ing was observed that could suggest the presence of terpenoid compounds in the
polymeric network. Recently, a modified procedure was used for the isolation of
algaenan B: it comprises the hydrolysis of the remaining biomass by aqueous tri-
fluoroacetic acid and then concentrated HCI in THF solution, instead of phosphoric
acid; these treatments were found to allow a better cleavage of hydrolyzable func-
tions hindered by aliphatic chains (Allard et al., 1997). Spectroscopic investigations
of algaenan B obtained by this procedure clearly indicate a similarity with aliphatic
polyaldehyde 87 (Allard, unpublished results).

The resistant polymer isolated from the L race appeared at first of a very different
nature (Derenne et al., 1989): spectroscopic analyses showed an important contribu-
tion of methyl groups relative to the polymethylenic chains. Moreover GCMS ana-
lysis of the pyrolysis products allowed identification of numerous terpenoid
compounds present in high amounts, among them C,, isoprenoid hydrocarbons
and ketones (Derenne et al., 1990). According to their structures, these tetraterpe-
noids were considered as directly related to lycopadiene 25, and it was assumed that
C4o ketones would result from the thermal cleavage of C-O-C links. Thus it was
hypothesized that the resistant polymer of the L race would comprise mainly Cao
units, probably linked by ether bridges (Derenne et al., 1990; Gelin et al., 1994b).
Application of the new isolation process leads however to a reconsideration of this
structural statment (Berthéas et al., 1997). Indeed, the FTIR spectrum of algaenan L
recently isolated by this way, exhibits spectroscopic features similar to those
O_bserved with algaenans A and B: occurrence of long (CH5), alkyl chains (absorp-
tion at 720 cm ') and of a-unsaturated aldehyde functions (absorptions at 2706 and
1690 cm™"). The only difference lies in small absorptions due to methyl branching.
GCMS analyses of the pyrolysis products of this algaenan L and of their derivatives,
obtained by catalytic hydrogenation, corroborate these observations. Thermal clea-
vage predominantly releases the same compounds as those identified after pyrolysis
of algaenan A; furthermore the contribution of C4y hydrocarbons and ketones was
lower than that observed by Derenne et al. (1990) (Metzger et af., unpublished
results). These results strongly suggest a close relationship between algaenan L
and the soluble polymer 88: algaenan L very likely arises from the hydrolysis of
acetal functions present in a more cross-linked form of polymer 88. Identification of
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dihydroxy-lycopaene, 58 as the dominant component in the products recovered frop
acid treatments supports this assumption. The observation of Caq hydrocarbons and
ketones in the pyrolysis products could be related to an incomplete hydrolysis ¢
some acetal functions during the isolation process of algaenan L used in the firgh
studies.

Furthermore, we can speculate that algaenan B probably corresponds to a mo
cross-linked or reticulated form of the soluble polymer 92 isolated from the B raced
Thus it appears that the algaenans from the three races of B. braunii exhibit the samg
basic structure: an aliphatic polyaldehydic network.

Structural elements of the outer walls of B. braunii, i.e. the algaenans, could alsd
act as ‘sponges’ towards the external lipids. Indeed we observed that drief
Botryococcus algaenans can strongly increase in volume when immersed in soml
solvents of low polarity such as CHCI;. The absorption of lipids into the cross-linked
polymers would be at the origin of the hydrophobic matrix which ensures the colond
cohesion. Moreover the chemical properties of B. braunii algaenans are responsibleg
on the one hand, for the preservation of the morphology of the alga during fossiliz
tion and, on the other hand, for the very high oil potential of the derived algal coal
(Largeau et al., 1984, 1986). '

Polysaccharides

In comparison with lipids and algaenans, little is known about B. braunii polysa
charides even though very high amounts are released into the growth medium. A firsg
indication for the production of polysaccharides arose from increasing viscosity off
the medium during growth of a strain of the A race (Casadevall et al., 1985). Since
then, five strains were investigated, two of both A and B races, and one of the L racef
the production of extracellular polysaccharides ranges from 0.25 to 1g per litre off
medium (Allard and Casadevall, 1990). The molecular weights were determined
gel filtration over a Sephacryl column. Most of these polymers are highly polydise]
persed; thus the extracellular polysaccharides of the Austin strain exhibit Mr at]
maximum concentrations of 2 x 10%, 3 x 10° and 6 x 10 daltons.

The crude polysaccharides were subjected to complete acid hydrolysis and the}
resulting sugars examined, as suitable derivatives, by GCMS analysis. The suga#j
composition of the polysaccharides of four strains of B. braunii is summarized if
Table 10.4. Galactose is the main component in the three races, and all the othe!
identified monosaccharides often occur in the extracellular polysaccharides of greeﬁ
microalgae, the O-methylated sugars excepted. Distinct features are; the co-occur
rence, in high amounts, of glucose and galactose in the polysaccharides of the L races}
only reported in Ankistrodesmus densus (Vieira and Myklestad, 1986); and the pre+§
sence of 3-OMe fucose in the B race, never identified in algae and of 3-OMe rhamé}

nose in the A and B races, only observed in the polysaccharides of blue—green algad
(Madhavi Shekharam et al., 1987). g

Biotechnological studies

As described in the pre_vious sections, B. braunii is characterized by a conspicuous
production of long chain lipidic compounds exhibiting a high diversity in chemica§
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Table 10.4 Sugar composition of the extracellular polysaccharides of B. braunii (relative
percentages)-

A race B race L race
] La Manzo Yamoussoukro
Austin Coat ar Herno

Xylose 1.1 4.5 5.2 tr.
Arabinose 49 9.1 7.6 4.1
Rhamnose 2.2 1.8 19.5 tr.
3-OMe rhamnose 1.5 12.7 4.9 —
Fucose 13.6 324 9.1 31.7
3-OMe fucose - - 13.7 -
Manose tr. tr. tr. tr.
Glucose tr. tr. tr. 17.7
Galactose 72.1 36.3 37.1 38.7
Glucuronic acid 2.2 tr. tr. 6.1
nd. 2.2 3.2 3.1 1.7

Reprinted from Allard and Casadevall (1990) with kind permission from Elsevier Science Ltd.
n.d., not determined; tr., trace amounts.

structure. A number of studies were therefore carried out so as to examine the
various factors controlling the production of such compounds, especially hydrocar-
bons. Most of these studies were carried out on the A race.

The first considered topic was the relationship between the formation of hydro-
carbons and the physiological state of B. braunii cells. It is well documented that
some green microalgae like Chlorella sp. (Iwamoto and Sugimoto, 1955) can accu-
mulate very large amounts of fatty acid derivatives, mostly as triacylglycerols: up to
80 per cent of total algal dry biomass in stationary cultures. Such high accumulations
are observed when cell divisions are inhibited due to nutrient depletion, especially
upon nitrogen starvation. Under these conditions, the bulk of the carbon fixed by
photosynthesis is diverted towards fatty acid production. As already stressed, the
biosyntheses of B. braunii fatty acids and hydrocarbons are related in the A race.
Accordingly, it was important to determine whether the very large hydrocarbon
contents noted in some B. braunii cultures reflected the same process as fatty acid
accumulations. The level of hydrocarbons in B. braunii (as percentage of total bio-
mass) and their productivity (amount of hydrocarbons produced per litre of culture
and per day) were therefore determined, through batch experiments, for physiologi-
cal states ranging from exponentially growing cultures to late stationary ones
(Casadevall et al., 1985). Hydrocarbons were shown to be produced at any physio-
logical state. Moreover, hydrocarbon productivity was at a maximum during expo-
nential growth phase. It thus appeared that a large production of hydrocarbons does
not reflect a diversion taking place when the other metabolic pathways are strongly
inhijbited. Indeed, such a large production is a normal feature of B. braunii metabo-
lism in healthy cells. As indicated in a previous section, the bulk of B. braunii
hydrocarbons is stored in outer walls, so that the intracellular contents can remain
relatively low even for hydrocarbon-rich colonies. Moreover, studies using labelled
Precursors (Largeau et al., 1980a) indicated that this species seems unable to cata-
bolize its own hydrocarbons. Taken together, all the above features are consistent
With the ability of B. braunii to accumulate extremely large amouts of hydrocarbons,
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although a part of these compounds is further transformed into high moleculg]
weight lipids as dicussed later on. .
Parallel studies, aimed at improving the growth rate of B. braunii, were alsd

carried out. The pioneering works on B. braunii cultures (Chu, 1942; Belchegs

1968) showed a slow growth with mean biomass doubling times of around ong

week. A marked improvement of growth rate was achieved from continuously illyg

minated ‘air-lift’ cultures, where stirring and aeration are provided by CO5-enriches
air, 1 per cent v/v (Largeau es al., 1980c; Casadevall et al., 1985). Under sucl
conditions, a mean doubling time of 2.3 days was obtained both for batch cultuped
in the exponential state and for continuous cultures. In the batch cultures the find
biomass was about 6 g/l (dry weight) and the hydrocarbon content around 30 pd
cent. A number of other microalgae can exhibit much faster growth rates wheg
compared to B. braunii, with mean doubling times of 6 8 hours. It should

in energetlcally expenswe compounds, whereas the biomass in all these fast gI‘OWl
microalgae is dominated by compounds, especially proteins, which require le 9
energy for their biosynthesis. Accordingly, doubling times of a few hours are prot§
ably impossible to be obtained in the case of B. braunii and the values observed in thi
air lift experiments are probably close to the maximum growth rate of that speciesd

A rapid alteration of the ultrastructure of B. braunii cells was noted, along the§

growth curve, for the batch cultures carried out under such conditions (Casadevall o
al., 1985). This alteration appears as early as the beginning of the progressive dece

eration stage. Such an early degeneration results in cytoplasm and chloroplast digh

organization, accumulation of starch grains between thylakoids and bleaching. Al
complete degeneration appears rather rapidly in the late stationary stage. In sharg

contrast, a high resistance of B. braunii to stress (anaerobic conditions, continuo i

illumination and prolonged darkness) was noted in other experiments. However thy
latter were carried out under conditions (Chu, 1942; Belcher, 1968) where the grow
of B. braunii is much slower when compared to the air-lift cultures. This degenera
tion process is very rapidly reverted when the cells, at the beginning of the stationary
stage, are inoculated into fresh medium. Most of the subsequent studies were theref

mation on the influence of various culture parameters on B. braunii total growth ant§
hydrocarbon production. g

Studies on nutrients showed that phosphate is not limiting (Casadevall et al., 19858
since increases in initial phosphate concentration have no effect on growthg

However, the hydrocarbon contents are substantially increased (ca 25 per cent) iff

a phosphate-rich medium, although the nature and the relative abundance of th

hydrocarbons do not change. This higher hydrocarbon production reflects t
increase in the phosphate/nitrate ratio in the growth medium since such a ratio
known to influence lipid content in a number of microalgae. However, as observi
for the influence of nitrogen starvation, the changes observed in the latter spec
were mainly concerned with fatty acid derivatives whereas hydrocarbons
increased in the case of B. braunii.

A higher initial concentration of nitrate in the growth medium resulted in a longe#!

exponential phase (Brenckmann er /., 1985a) and hence in a higher final biomas '
thus indicating that nitrogen was limiting in the ‘standard’ medium. Due to thd

decrease in the phosphate/nitrate ratio, the biomass obtained from these nitra
rich cultures exhibits a lower hydrocarbon content. However, the increase in totd
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piomass outweighs this variation in content so that the hydrocar.bohn production is
substantially improved (ca 25 per cent). On the contrary, ammonia is not a sulta}ble
nitrogen source for B. braunii. In fact, the addition of IM NH4Cl.to the meduim
results in an almost complete inhibition of hydrocarbpp productign, along with
marked decreases in respiration and photosynthetic activity (Olimori et al., 1984).

CO, limitation was shown to exert large detriment'al effects, still more pronouncefi
for the hydrocarbons than for the total biomass (Chiraf: et al.,.19f.§5). Thus, whe.n air
enriched with 1 per cent CO» is replaced by non-enriched air, in stan<iard air-lift
cultures, a fivefold decrease is observed for hydrocarbqn prociuction against a foui—
fold one for total biomass. B. braunii was also grown with various sources of organic
carbon added to the growth medium (Weetall, 1985). A liniited number of the tested
compounds, such as glucose, were shown to improve biomass and hydrocarbon
production significantly in illuminated cultures. Acetate appears to stimulate the

carbon flux to lipid formation (Tenaud et al., 1989).

Studies on light intensity showed that a broad range of irradiances (40-180
W.m %) is acceptable for B. braunii (Cepak and Lukavsky, 1994). It was also
observed that irradiance influences the composition of the biomass. Thus the for-
mation of starch, of hydrocarbons and of exopolysaccharides is favoured by a low, a
medium and a high irradiance, respectively. Comparisons of batch cultures grown
under ‘standard’ air-lift conditions, continuously illuminated with different intensi-
ties, showed the same optimum irradiance for both total biomass and hydrocarbon
production (Brenckmann et al., 1985b). The detrimental effects induced by a high
irradiance (photoinhibition) still appear more pronounced for hydrocarbons than
for total biomass. .

Finally, the influence of biotic parameters was examined from cultures carried out
under standard air-lift conditions (Chirac et al., 1985). Comparisons of parallel
cultures showed important variations in both total biomass and hydrocarbon pro-
duction between various axenic strains of the A race. A tenfold difference in the
amount of formed hydrocarbons was thus noted between the least and the most
productive strain. The influence of selected microorganisms on B. braunii was also
examined. To this end, associated cultures were performed by inoculating, with tiie
alga, bacteria or yeasts commonly occurring in aquatic environments. Sharply dif-
ferent influences, ranging from a pronounced inhibition (observed for most of the
tested species, e.g. with Pseudomonas oleovorans) to a large beneficial ini’luence
(obtained with Flavobacterium aquatile), were thus noted both on total biomass
and hydrocarbons. 1t is extremely difficult to keep large scale cultures of microalgae
axenic and most of the contaminant microbial species should exhibit, as shown
above, marked detrimental effects on hydrocarbon production. Nevertheless, the
presence of an associated microorganism should afford an efficient protection
against such extraneous contaminations. Accordingly, associated cultures with B.
braunii and a suitable bacteria, like F. aquatile, should provide both an improved
hydrocarbon production and a strong reduction of contaminations by antagonis.tic
species. Such associations should thus help to solve, in part, one of the major
problems encountered in large scale cultures of B. braunii.

Growth of B. braunii was also carried out under natural illumination (Gudin and
Chaumont, 1981, 1984). Tubular photobioreactors with sunlight trapping areas of 1
and 6 m?, corresponding to culture volumes up to 200 |, were used in such experi-
ments. In these continuous, fully automated cultures all the parameters (tempera-
ture, CO, input, pH and nutrient concentration) are controlled and light is the



434 Cnemicals jrom Microaigal

limiting factor. These experiments allowed the feasibility of hydrocarbon productior
to be tested via large scale cultures of B. braunii. The ability of B. braunii to grow in}
saline media was also demonstrated (Aaronson er al., 1980). Finally, the feasibility o g
using secondarily treated sewage for B. braunii cultures was recently examined
(Sawayama et al., 1994). Such a medium was thus shown to provide suitable condig
tions for continuous growth of B. braunii, along with removal of nitrate and phos,
phate from waste-water. 3

In addition to the above experiments, concerned with free cultures, parallel studieg
were carried out on batch cultures of immobilized cells of B. braunii. Entrapment iz
calcium alginate beads (Bailliez et al., 1985, 1986) was shown to result in: (1) g
increase in chlorophyll content of the algal biomass along with an increase in chlorg
ophyll photosynthetic activity; (2) a delayed degeneration, probably reflecting thé
protection of the entrapped cells, against photoinhibition, by gel shadowing; (3) g8
decrease in the rate of biomass production, probably due to steric constraints hami
pering colony growth in the alginate gel; and (4) a substantial improvement (aroung
20 per cent) in hydrocarbon production relative to free control cultures (B. brauni
metabolism is still more strongly diverted towards hydrocarbon biosynthesis than isig
controls, as a result of two of the features just mentioned, i.e. a lower production off
total biomass whereas photosynthetic CO, fixation is higher). Immobilization of B
braunii with polyurethane foams (Bailliez et al., 1988) revealed some drawbacks
related to foam toxicity and cell release in the liquid medium. ’

Simple and efficient recovery of hydrocarbons is also required for the developme
of a large scale production. As already indicated, the bulk of B. braunii hydrocard
bons is stored in outer walls along with other lipids. The oily content of such wal y'
can be partly recovered by filter press (Weetall, 1985). Recovery by biocompatibleg
solvents was also considered (Frenz et al., 1989a, 1989b). For free cells, the highes#
yield was achieved via short contact of hexane with algae concentrated by filtration
A large fraction of the hydrocarbons (ca 70 per cent) can thus be recovered, withouf
impairing cell viability, even after repeated extractions. When applied to cells immo
bilized in calcium alginate beads or polyurethane foams, contact with hexane resul
in recovery yields higher than those obtained with free cells.

Concluding remarks

A wide variety of chemicals, mainly lipids, have been isolated and identified from a4
large number of strains or wild samples of B. braunii. Differences in lipid composidj
tion have been observed not only between the three chemical races but also betwees
strains belonging to the same race. A comparative overview of the relative abund
dances of various chemicals is given in Table 10.5 for three strains of the A race andj
for one strain of each of the B and L races. So far many of these lipids appear not}
only species-specific but also unique to a chemical race: botryococcenes, methylated:
squalenes, botryals, botryaxanthin, alkoxy and phenoxy ether lipids or acetallzed,
forms of polyaldehydes. 3

The formation of large amounts of algaenan, building up the outer walls and
originating from extended cross-linking of aliphatic polyaldehydes, accounts forf §
the geochemical importance of B. braunii. Owing to their extremely high resistance |
to degradation, algaenans remain virtually unaffected during fossilization so that thak
typical organization of B. braunii colonies can be retained and deposits with a very
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Table 10.5 Abundances of the main types of lipids and of algaenans in some strains of B.
praunii (as % of dry weight).

A race

Coat ar  Overjuyo B race L race
Compounds Austin  Herno (strain no. 7) La Manzo Yamoussoukro
Total lipids 63 71 62 53 35
Hydrocarbons 8.8 1.6 0.4 32 3
Triacylglycerols 6.3 1.9 1.7 n.d. n.d.
Carotenoids n.d. n.d. n.d. 0.3 0.4
Epoxides 3.8 - - 0.8 0.3
Aldehydes 11.1 6.5 n.d. n.d. nd.
Phenols 1.6 0.3 0.1 tr. tr.
Alkoxy ether lipids 4.5 30 - n.d. 13.2!
Phenoxy ether lipids 0.4 - 35 - -
Sterols 0.1 n.d. n.d. 0.2 0.2
Extractable polymer 5.1 2.4 3.1 1.3 15.2
Algaenans 5 n.d. n.d. 5 12

n.d., not determined; tr., trace amounts; —, not identified so far.

Lycopanerols.

high oil potential are formed. In addition, botryococcanes, the fully hydrogenated
derivatives of botryococcenes, are specific biomarkers of the B race of B. braunii in
petroleums. Indeed, such long-chain isoprenoid compounds are the only species-
specific biomarkers so far identified in crude oils.

All the above features explain why B. braunii is probably the microalga in which
lipidic composition has been the most extensively studied. The feasibility of the
production of chemicals via large scale cultures of this species has also been con-
sidered and extensive biotechnological studies have been carried out for this purpose.
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Phycobiliproteins

ALEXANDER N. GLAZER

Introduction

Phycobiliproteins (phykos (Gr.), scaweed) are a family of proteins with covalently
attached linear tetrapyrrole prosthetic groups. These prosthetic groups are called
bilins because of their close structural relationship to the well-known bile pigments

.of humans, biliverdin and bilirubin (Lemberg and Legge, 1949). The conformational

and steric constraints imposed upon the bilins and their environment within the
native phycobiliproteins endow these tetrapyrroles with special spectroscopic prop-
erties which are manifested by the brilliant colours and vivid fluorescence of these
proteins.

The phycobiliproteins are found in cyanobacteria (formerly called blue—green
algae) (Stanier et al., 1971; Rippka et al., 1979), in the chloroplasts of the
Rhodophyta (the red algae) (Glazer et al., 1982; Honsell et al., 1984; Mérschel
and Rhiel, 1987), and in those of Cryptophyceae, a class of biflagellate unicellular
eukaryotic algae (cryptomonads) (Allen et al., 1959; Haxo and Fork, 1959; O
hEocha and Raftery, 1959; Gantt, 1979; Glazer and Wedemayer, 1995;
Wedemayer et al., 1996). In all of these organisms, the phycobiliproteins function
as photosynthetic accessory proteins. They absorb light over a wide range of wave-
lengths in the visible part of the spectrum and transfer the excitation energy by
radiationless processes to the reaction centres in the photosynthetic membranes
for conversion to chemical energy (Gantt, 1979, 1980; Glazer, 1976, 1981, 1984,
1985, 1986, 1989).

Phycobiliprotein-containing organisms are ubiquitous in the biosphere. The
Cyanobacteria are an extraordinarily diverse group of prokaryotes (Rippka et al.,
1979; Rippka, 1988). They grow in a wide range of habitats: arid deserts, hot springs
up to about 75°C, both temperate freshwater lakes and strongly saline ones, ice-cold
lakes of the Antarctic, the open ocean, soils, and rock surfaces. Since the majority of
Cyanobacterial species are obligately phototrophic, they are restricted to lighted
environments, although in some of their habitats, such as caves, the light levels
are very low (Fogg et al., 1973).



