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ABSTRACT

Cell aggregates of Cladonia miniata var. parvipesimmobilizedincalcium
alginate were used to assay their ability to produce rhodocladonic acid.
Immobilisates were supplied with sodium acetate or calcium acetate as
precursors for phenol biosynthesis, and with ampicillin to prevent bacte-
rial contamination. Rhodocladonic acid was actively produced during in-
cubation of immobilized cells mainly on calcium acetate, although cell vi-
tality progressively decreased since long exposures of alginate to calcium
ionsincreased the rigidity and mechanical resistance of immobilisatesand
produced cell plasmolysis. Ampicillin slightly improved the production of
rhodocladonic acid, probably by impeding the competition of bacterial
populations using acetate as a source for growth and the use of
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INTRODUCTION

Cladoniaminiata var. parvipesproducestwo main
lichen phenalics, rhodocladonicand barbatic acids (Fig-
urel). Barbatic acid isadepsidefrom the 3-orcinol
series composed of two unitsof orsdllinate derivatives
that are synthesi zed by an aromatic synthase™, con-
taining one subunit with methyl-transfer activity!3. An
8C linedl polyketideintermediateis produced before
cydizationtoformmethyl-3-orsdlinate. Depsidesfrom
the orcinol and B-orcinol seriesare produced by es-
terification of two orsdlinate derivatives?, catalyzed by
severd orsdlinate depside hydrolases?, thusacting as

esterases.

Onthe other hand, the most widespread quinones
in lichens are antraquinones, such as parietin from
Xanthoria parietina and emodin from Nephroma
laevigatum. Synthesi sof antraquinones hasbeen stud-
iedinthislast lichen specieswhich not only produces
emodin but a so someemodin derivatives. When thdli
of N.laevigatum are supplied with “C-2-acetate or
13C-2-acetate, emodin is synthesized through the ac-
etate-mal onate pathway from eight mol ecules of acetyl-
CoAB, whereasitschlorinaionisspecifically achieved
on C7 position by an hal operoxydase, characterized
from the samelichen species®. Invivo chlorination of
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secondary metabolitesiscarried out by chloroperoxy
daseswhich area so ableto catalyze bromination and
iodination of severd substrates”®. Beforethe charac-
terization of thechloroperoxydasefrom N. laevigatum
by Cohenand Towers®, only abromoperoxydasefrom
X. parietina has been described. The enzyme contains
vanadium, essentid for itscatdytic activity and it shows
high affinity by bromidebut itisinhibited by chloride
and fluoride®. Rhodocl adonic acid wasfirstly consid-
ered asan antraquinone but it isnow defined asafu-
ran-nagphtoquinone after more precise structural analy-
sed¥, Lichenssynthezi se ngphtoquinonesthrough the
acetate-ma onate pathway, coincident in part with some
common enzymeétic reactionsof the biosynthetic path-
way of barbatic acid, although higher plants may pro-
duce other naphtoquinones by four different ways*Y.
Studiesonthe synthes sof lichen phenolshas often
been carried out by using immaobilized cellsand en-
zymes213, Cell aggregates of Lasalliapustulatawere
immohilizedin20% polyacrylamidetofacilitatethestudy
of aprocessinvolving at | east two consecutive enzy-
matic reactions, the hydrolysisof lecanoric acid by an
orsdllinatedeps dehydrolaseto producetwo molecules
of orsdllinic acid and the subsequent decarboxylation
of orsdllinic acid to produceorcinol ™. Although poly-
acrylamideinducescell desth, theenzymeremainsac-
tivefor many days.
Cdlimmohbilizationincdcdumaginaepreservescel
vitdity. Cellsof Everniaprunastri immobilizedinca-
cium aginate produce the depside atranorin from so-
dium acetate. The synthesis of the depsideinvolves
molecular oxygen and NADH, required by an oxidase
and an a cohol dehydrogenase respectively, to produce
haematommic acid, the orsellinatederivativeinvolved
in atranorin production®, apathway that hasbeen dem-
onstrated for the first time by using lichen cells
immobilisates. Alginate immobilisates of Cladonia
verticillariswere also used to elucidate the origin of
the carboxylic C4 chain which esterified the hydroxyl
function attached at C3’ position in the molecule of
fumarprotocetraric acid®®. However, thesupply of so-
dium acetate asasubstrate for depside synthesis pro-
ducesswelingof immobilisatesandlossof cell materid
tothemedia, sncesodiumreplacescaciumintheagi-
nate mesh. Alginateimmobilisates have a so been used
to produce not only lichen phenolicg* but also other

metabolites, such asribitol or mannitol 8.,

Inthe present paper it isdemonstrated for thefirst
time the production of a furan-anthraquinone,
rhodocladonic acid, usingavery smplesystemtoim-
mobilize cells of Cladonia miniata var. parvipesin
caciumdginate. Thestudy hasbeen carried out by sup-
plying sodium and cal cium acetate asasubstratein or-
der toimprovetheefficiency of immobilisatesin furan-
naphtoquinone production and potential changes of
immobilisate structures. Theuseof calciuminstead of
sodium acetateis proposed to avoid disaggregation of
immobilisatesachieved by the displacement of calcium
from the matrix dueto sodium exogenoudly supplied.
Thispreliminary study, once optimized the production
of rhodocladonic acid, could be applied for studying
enzymesinvolvedinthe process, asreveded for other
lichen phenolicg*, or eventoimprovetheindustria
production of thiscompound, commonly used inthe
tint of textilefabricsand in perfumery9,

MATERIALAND METHODS

Cdl immobilization

Cladonia miniata Mey. var. parvipes (Vain.)
Zahlbr. was collected in the Serra de Itabaiana (NE
Brazil) on burned wood. Thalli weredried under air-
flow conditionsand stored at room temperatureinthe
dark until required.

Samplesof 0.5 gdry thalli were completely rinsed
indistilled water and gently macerated inamortar to
obtain an homogenate; 100 mL sodium alginate, me-
dium viscosity, solution (4% w/v) wereadded and mixed
with the homogenate and the mixture was extruded
dropwise with asyringeinto 50 mL 0.2 M CaCl *
Thebeadsof calcium dginatewere supplemented with
50 mL sodium acetate or cal cium acetate, with or with-
out 0.2 mg ampicillin mL, and maintained, gently
stirred, at 22°C for 20 daysinthelight of aphoton flux
rate of 150umol m?st. Analiquot of 5.0 mL bath so-
lution wascollected at different timesto extract lichen
phenolicsand replaced with the samevolumeof fresh
medium.

Phenolicsextraction and analysis

Phenolicswere extracted by mixing theaiquot of
thebath solutionwith 5 mL diethyl ether:ethyl acetate
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(65:35v/v). Themixturewasvigoroudy stirred and the
organi ¢ phase separated with amicropipette. Aqueous
phasewasthen extracted with 5 mL chloroform:acetone
(50:50 v/v), stirred for 5 min and the organic phase
recovered and mixed with thefirst ong!. Organic ex-
tractsweredried in air-flow. Theresiduewasredis-
solved in 2-0 mL methanol and analysed by HPL.C ac-
cording to Feige et al?. Using aVarian 5060 liquid
chromatograph equipped with aVistaCDS 415 com-
puter. A reverse phase MCH-10, 5 um particle diam-
eter, 250 mm x 4.6 mm columnwas used. Two solvent
systemswereemployed. System A wasMilliQ water
containing 1% (v/v) ortho-phosphoric acid and system
B was 100% methanol. The run started with 30% B
and continuedisocraticaly for 1 minat 0.7 mL min-1.
After this, 10 uL wasinjected and the solvent B was
increased to 70% within 14 min, then upto 100%in 30
min, and thenisocratically in 100% B for afurther 8
min. At theend of therun, system B wasdecreased to
30% within 1 minand the column flushed with 30% B
for 16 min before anew run was started. Detection
was carried out by aUV set at 254 nm. Barbatic acid
was used as an external standard. The amount of
rhodocladonic acid recovered from themediumisre-
ferredtothemassof immobilizedthdlus, 0.5gof lichen
tissue by each bioreactor. The mass of aginatewasnot
included thenin the quantification of theamount of the
furan-ngphtoquinone.

Eluted pesk tentatively identified asrhodocladonic
acidwasanayzed by MS. Mass spectrawasrecorded
onaV G micromass 7070F mass spectrometer at 70
eV linked onlineto aFinnigan Incosdatasystem. The
detector wasaquadrupol e used in scan modefrom m/
z of 35t0 65012,

Light microscopy analysis

Sectionsof immobilisates of about 8 umthickness
were obtained by using afreezing microtome and ob-
served using aZeissinvertomicroscope. Photographs
were obtained by aCool pix 5000 digital camerafrom
Nikon.

Assay of cell vitality

Immobilisatewereresuspendedin 10 mL distilled
water containing 13ug 2,6-dichlorophenol indophenol
(DCPIP) andirradiated withwhitelight (photo flux den-
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sity 200 umol m? s?) for 5 min. Decrease of absor-
bance at 600 nm was measured®.

Assay of gel viscosity

Viscosity of calcium aginate gelswas measured,
before and after incubation on both sodium and cal-
cium acetate sol utions, using aSchott AV S450 visco-
simeter, according to theinstructions of the manufac-
turer. Theliquid coreof aginate beadswas extracted,
whereasit waspossible, with amicrosyringeand placed
into the viscos meter. Measurementswere achieved at
20°C.

RESULTSAND DISCUSSION

Vitality of immobilisates

Disaggregated, fully rehydrated thali of C.miniata
var. parvipeswereimmobilized in 4% (w/v) calcium
aginate, supplied with 10 mM sodium or calcium ac-
etate in light and maintained at room temperature
(~22°C) for 20 days. Vitdity of immobilisates, etimated
as the ability of immobilized algae to photoreduce
DCPIP, isshowninfigure2. A lossof about 41.5% of
the photosynthetic ability of immobilisateswasrecorded
at 17 days of incubation on sodium acetate, whereas
thiscapacity wasreduced to 17%fromtheinitia activ-
ity (zerotime) whenimmobilisatesweresupplied with
10mgampicillinwhich prevented bacterid growth. The

OH O OH
CH3CO ~SCoA
7C CO~SCoAOH : ' ‘ CHj,
COOH

Emodmfrom

Nephroma laevigatum

Enzyme from
N. laevigatum

OH O OH

O

OH CHs
¢]

Chloroemodin
Figurel1:Chemical gructuresof bar baticand rhododadonic
acids, the main components of the chemosyndrom of
C.miniatavar. parvipes
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Figure2: M aintenanceof cdll vitality of immobilisatesof
C.miniatavar. parvipesin calcium alginate supplied with
sodium or calcium acetatein thelight. Vitality hasbeen
esimated astheability of algal cell to photoreduce DCPIP
at zero time (whiterectangles) and after 17 days (grey
rectangles) incubation. M ediawer esupplied with or with-
out ampicillin, asindicated. Valuesarethemean of three
replicates. Vertical barsgivestandard error wherelarger
than thesymbols

Figure 3: Cross sections of thallus of C.miniata var.
parvipesrecently collected (A), of cell aggregated immo-
bilized in calcium alginate and maintained for 15daysin
sodium acetate (B) or in calcium alginate (C and D)

loss of the ability to photoreduce DCPIP varied from
22%t040% fromtheinitial activity whenimmobiliza-
tion of lichen cellswas achieved by using cal cium ac-
etateasanutritiona supply (Figure?2).

Sructural stability of immabilisates

C.miniata var parvipes possesses a cylindrical
thallusshowingadense cortex (Figure3A) be ow which
athinlayer of algal cellscan beobserved. Fungd me-
dullalimited acentra, air-filled spaceinsde the struc-
ture. When disaggregated cellswereimmobilized in
caciumaginateand supplied with sodium acetate, many

0.3 cm
* : A

0.12 cm

ca® B

11 [
1of
Ty
s |
078

Viscosidad (Pas)

0a& i
_.\‘.,_.“lh..__r.l-..,‘._‘.__.___‘_.__.
n-dﬂ I 2I I -llt I EI I |I3.1IBI1I2I1I4.1IE~I!IHI
Tiempo (dias)

Figure4: (A) Diagrammatic representation of onealgi-
natebead, of approximately 0.3cmin diameter, withalig-
uid coreof about 0.12 cmin diameter. Alginatefrom this
corewasextracted with amicrosyringeand assayed for
viscosity changes. (B) Time-cour se of viscosity of algi-
nate-bead cor eduringincubation of immobilisateson 10
mM sodium acetateor calcium acetate

05

agd cdlsmaintained physical contact with fungal hy-
phae (Figure 3B) and the cytoplasm of the phycobiont
occupied thecompletevolumeof algaedthoughanin-
cipient plasmolys swassometimesobserved. Thephys-
cal contact between myco- and phycobiont wasmain-
tained, in someextent, inimmobilizatessupplied with
calcium acetate (Figure 3C), dthough many dga cdls
appeared strongly plasmolyzed (Figure 3D). Probably,
thecontinuous supply of calcium cationsincreased the
rigidity and mechanica resi stance of thematrix chang-
ingtheliquid coreinto agdainous stated?! (Ertesvig et
d. 1996). Thishasbeen confirmed by andysing changes
of viscosity of aginatebeadsafter incubation of sodium
or calcium acetate. Asit isshowninfigure4, continu-
ousincubation of beadson sodium acetated dightly di-
minished theviscosity since Ca2* wasreplaced by Na*
in someextent!?!, However, continuous supply of Ca?*
for 17 daysof incubation rapidly increased the viscos-
ity of alginate beads, sincethiscation sowly diffused
into the beadsto reach theliquid coreof immobilisates.
Viscosity of theimmobilisatescoremaintainedin cal-
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Figure5: (A) Chromatographictraceof total phenolspro-
duced extracted with acetonefrom C.miniatavar parvipes
thalli. Number snear the peaksindicated retention time
valuein min. B) M assspectrum of thesubstanceeluted at
49.73mininHPLC

cium acetate cannot be measured because of thiscore
must betoo viscousto beremoved with amicrosyringe.

Separ ation and identification of rhodocladonicacid
isolated from immobilisatesbath

Organic-soluble metabolites produced by
immobilisates and secreted to the medium were ex-
tracted with organic solvents, as described above, and
analyzed by HPLC. Standard barbatic acid produced
an efficient peak with aretention timevalueof 41.78
min. Thispeak represented morethan 52% of thetotal
areacountsrecorded in chromatograms obtained after
anaysisof the phenolicsextracted from recently col-
lected thalli (Figure5A). Minor peaksat 21.09 min,
39.88 minand 51.65 min werea so obtai ned, but they
represented lessthan 7% of thetotal areacounts. The
peak eluted at 49.73 min has been identified as
rhodocladonic acid, sinceitsmass spectrum produced
fragmentswith mass(m/z) valuesof 318, 273, 257 and
247, identical to those described by Huneck and
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Yoshimura®I for thisfuran-naphtoquinone. Themass
spectrum aswell asthe structure of thesefragmentsis
showninfigure5B.

Efficiency of theproduction of rhodocladonicacid
by lichen immobilisates

Theamount of rhodocl adonic acid extracted from
theincubation mediacontai ning sodium acetated rap-
idly decreased from 7 days of incubation of
immobilisates with independence on the presence or
absenceof ampicillin. However, the production of the
furan-naphtoquinone was dightly recovered after 10
daysof incubation, mainly by immobilisatesmaintained
onampicillin (Figure 6A) and thisincrease was con-
tinuously achieved to 23 days, whereasthat found in
the absence of ampicillin newly deseapeared from 17
daysincubation. The production of rhodocladonic acid
by cell immobilisates supplied with ca cium acetate os-
cillated but aclear maximum at 15 days of incubation
wasfound. Thisproductionwasnot Sgnificantly affected
by the addition of ampicillinto theincubation media
(Figure6B).

The strong decrease of the rhodocladonicacid pro-
duction observed inimmobilisatessupplied with sodium
acetate (Figure 6A) cannot be explained by aloss of
cdll vitality sincethislosswas enhanced by asupply of
calcium acetate (Figure 2) and the production of
rhodocladonic acid was neverthelessrecovered after
10 daysof incubation. In addition, plasmolysisdid not
affect rhodocladonic acid production (Figure 3D) al-
thoughit could berelated to thelost of vitality (Figure
2). Since plasmolysis of phycobiontsimplies water
stress, which causes decrease of the photosynthetic
ratel, it can be concluded that the photosynthetic sup-
ply of metabolitesfrom algaeto thefungd partner isnot
required for the production of rhodocladonicacid when
the uptake of exogenous acetate by immobilisatesis
achieved, dthoughimmobilisatesweremaintainedin
continuouslight. Several epiphytic and saxicolousli-
chens coexist with epi phytic bacteria, some of those
sulfobacteriafrom the Desulfotomaculumgenus and
related?”). Thesebacteria, in additionto their ability to
produce sulfidefrom sulfates, also produce hydroge-
nases that actively reduce many anthraquinones?!,
Morevover, bacterial and fungal peroxidases can oxi-
dizethese antraquinonesand after this, quinonenuclei
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Figure6: Time-cour seof rhodocladonic acid production
by immobilisates of C.miniata var. parvipesin calcium
alginate supplied with sodium or calcium acetatein the
light. M ediawer esupplied with or without ampicillin. Val-
ues are the mean of threereplicates. Vertical barsgive
standard error wherelarger than thesymbols

could bebroken®!, Thelossof rhodocladonic acid from
the mediawhereimmobilisates are supplied with so-
dium acetate in absence of ampicillin could be corre-
latedto thedight lossof vitality of theimmobilized li-
chen cells. However, thislosshighly increasesinthe
presence of the antibiotic without asensible changein
therecovery of thefuran-naphtoquinone (Figures2 and
6). Thus, it can be hypothesi zed that epiphytic bacteria,
immobilized together lichen cells, collaboratein the
mai ntenance of an amount of rhodocladonic acid that
do not induce cell death. Thishypothesisisbased on
thewelI-known phycocide activity of many lichen phe-
nolics®*® and could be supported by a better perme-
ation of theantibiotic through theexterna layer of cal-
cium aginate towards the liquid core of the beads,
whereastheincrease of therigidity of beads supplied
with cal cium acetate (Figure4) could decreasethe en-
try of ampicillin to the gellified core of the
immobilisates?*31, (minimizing the antibiotic action
(Figure6B).

Asaconclusion, asupply of sodium acetatetoim-
mobilized cellsof C.miniatavar. parvipesin calcium

aginate assuresthe production of rhodocladonic acid.
A supply of cacium ingtead of sodium acetate stabilizes
immobilisates although decreases the furan-
naphtoquinone production by reducing theflow of ac-
etateingdetheimmobilisates. Thistechniqueof immo-
bilization could be used to the study of theenzymein-
volved intheproduction of rhodocladonic acid.
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