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Abstract-Strains of the prokaryotic alga Prochloron, occurring internally in a varkty of ascidian hosts in the South 
Pacific Oaan, were dctcrmincd to have high intracellular concentrations of phcnohc compounds. ranging from 1.8 to 
7.1 y, of the cell dry weight. Only the externally occurring Prochloron from Didemnwn candidum, a species found in the 
Gulf of California. exhibited low concentrations of phcnolic compounds. lnvcstigations with cnzymc protcctants and 
the lack of intraallular coagulation in Prochloron from D. cdidum suggest that phcnolic substanas may be the cause 
of intracellular coagulation in other strains of Prochloron. This process has inhibited the extraction and study of 
enzymes from thcsc unique algae. 
~- ..-- . .-. . - -~ 

INTltODUCTlON 

Prochloron spacics are phototrophic prokaryotcs contain- 
ing chlorophylls a and 6 and lacking phycobilisomcs. 
They are symbionts of didemnids, a group of colony- 
forming ascidians [l], and have also ban rcportcd to 
occur on colonies of bryozoa [Z]. A gratt amount of 
rcscarch interest has ban focused on the prochlorophytcs 
bccausc they have been suggcstcd as a possible atxazstor of 
the chloroplasts of the Chlorophyaac and higher plants 
[3]. Some rcacarch has cast doubt on this hypothesis 
suggesting that phylogenctically Prochloron are members 
of the Cyanophyaac (blue-gran algae) 143. However, one 
of the best fits of existing data has been obtained by a 
phylogcnctic tra placing the origin of Prochloron closer 
to the point of divcrgencc of chloroplasts and cyanobac- 
teria [S]. 

Very littk is known about the biochemistry of 
Prochloron. Biochemtcal studies have been hampered by 
two factors: a lack of a method for culturing Prochloron in 
the laboratory [ 11; and the difficulty in extracting soluble 
protein and active enzymes from thcsc algae 163. With 
regards to the latter probkm. only supcroxide dismutasc 
[I], ribulosc bisphosphatc carboxylasc 173. glucose-6 
phosphate dehydrogcnau and 6phosphogluconate dc- 
hydrogcnasc [63 have been dcttibd in Prochloron. When 
Prochloron spp. are isolated from their host they appear to 
undergo rapidly an irreversible loss of all fragility. This 
prm lcrmcd intracellular coagulation. is accompanied 
by a redistribution of thylakoids around the all peri- 
phery, a loss of photosynthetic O1 production. and a 
drastic dccreasc in the extractability of all proteins [6]. 

The mechanism of intracellular coagulation and in- 
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extractabtlity of protein in Prochloron is currently un- 
known. However, In some specks of algae and many 
higher plants, difficulties with protein extraction are the 
result of a high concentration of phcnolic compounds in 
tbc alls. Pbcnolic compounds combine reversibly with 
proteins through hydrogen bonding and irreversibly by 
oxidation of phenols to quinoncs with the resulting 
copolymerization of quinona and proteins 183. The 
purpose of the research presented here was to determine 
whether phcnolic compounds are present in Prddoron, 
and if present, IO determine whether these compounds 
were the cau~ of the poor extractability of allular 
proteins in Prrxhloron. 

RUtJLlX 

To determine whcthtr Prochbron contains poly- 
phcnob. we used the Folin4ocaltcau procadurc dc- 
veloped by Jennings [9] to assay for total phenol content 
in plant extracts. Freeze-dried PrAdoron sampks were 
extracted under nitrogen with 80% ethanol al 100” for 
2 hr and extractabk pbcnolics assayed. 

The concentrations of phcnolks detected in this way, in 
Prochloron from various hosts and locations, are shown in 
Tabk I. Thecooantration of phenols in Prwhloron from 
the South Pacific Region was high, ranging from 1.8 to 
7.1 Y0 of the dry weight. Prochloron from Lissocltium 
wellzkowi and Diplosotm similis had the higbcst kvcls of 
phenols. Concentrations of phenolkcompounds from the 
same Prochloron spp. colkctcd on different dates and 
from different locations were rclativdy similar. The 
phenol content of tbc host ascidians (without Pruchbron) 
was very low. Sampka of L. paMa contained a0 average 
of only 0.3 % phtaolic compounds as dry weight. The only 
Prochloron sp. with a low kvcl of phcnolk compounds 
was the spa5es found on Didemnum candidum from the 
Gulf of California Phenolic conrntrations in this 
Prochloron avera@ 0.20% of the dry weight. In com- 
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Tabk I. Comxn~ra~lons of phenolic compounds in Prochloron spp. from various locations 
-.- -. -- --- _ 

LocaIlon Dale Phenol 
Of of conlent 

1 los1 wlkction colkction ( ‘: dry WI) 
- - -_- .-.-- - - - -. _ 

Ddemnnm candidun Puerto Palaaco. Mexbco April 1983 0.2 
D. mde R&U March 1983 1.8 
Diplosmm simdb PdfiU Feb. 15482 4.3 
D. sMi/rs Pi3h March 1983 6.3 
LizrcKlinw pore/& GrmI Barrier Reef April 1983 2.3 
1.. parella Grcar Bamer Reef July 1983 3.1 
L. pulella Pa&u Feb. I982 3.4 
L. patella P&U Mamh 1983 3.4 
I.. jmfella Solomon Islands March 1983 4.4 
L. jwrllo (wIIhou1 Prochbm) FSlhU Feb. 1979 0.4 
L. parella (without Pmh&rm) PdiW Feb. 1982 0.2 
L. welrrkowi hhU Feb. 1982 7.1 
L. lwdrrkmvr WhU Feb. 1983 5.1 
rrididemnwn Cyclops PPhU Feb. 1982 2.1 
T. cyd0p.s PdW Ma& 1983 3.8 
UnidcnIifA hos1 Solomon Island March 1983 4.1 

_-_- -_--- - - .- ._- 

Tabk 2. Conantratlons of phenolk compobadr In 
xkcted Muegfccn algae 

-- --- 

Phenol 
contcot 

Blue-grao algal spacia (%dryfwt) 
- __.- - 

Anabarna poS-aquae (UTEX 1444) 0.92 
A. cylindrico (UTEX LBl661) 0.91 
A. inequalis (UTEX LB3817) 0.90 
A. rpirodes (UTEX 1552) 0.58 
Nosruc muscorw (UTEX 387) I .os 
N. C-IV (UTEX 584) 0.34 
Microco&w ~IMW (UTEX ISIS) 0.62 
Gkocapso sp. (UTEX LB795) 0.03 
S>?uc~cw feop~liensis (UTEX 625) 0.83 
- .- _.- __ - -- - -. 

parison with Pror/~/oron, phenolicconcentrations in other 
blue-green algae were generally less than 1% of their dry 
weight (Tabk 2). 

In order to establish that material detected in the 
calorimetric assay was actually phenolic. we used a 
chromatographic procedure followed by detection by 
fluorescena and/or colour development [lo]. Fotin- 
positive spots were noted and chromatograms were then 
examined under fluorescent light and then developed with 
Gibb reagent or diazotized pnitroanilinc. The R, values 
and developed colours of the phenohc compounds from 
the Prochloron spp. are shown in Tabk 3. The R, values 
and colours of the phenolic substances in Pr&bron from 
L.. pore//o obtained from PaIau. the Solomon Ishttxis and 
Australia were all very similar. The data also indicate that 
L. bistrorum Prochloron and Trididemnum cyclops 
Prochloron appear to possess a simikr phenolic com- 
pound. Did~um punctatum Prcxhloron, Diplosoma 
uiren.r Prochloron and L. twelrtkmvi Prochloron all have 
phenoliccompounds with R,s of 0.73 in solvent B but the 
phenols have different &ours with the various sprays 
employed in this study. L. voelrzkowi also appears to have 

two dominant phenolic compounds. None of the de- 
veloped &ours or R, values exactly matched those of the 
compounds we used as standards or those reported by 
Van Sumerc ef d. [IO]. 

In or&r to determine whether proteins m Prorhloron 
were binding with phenohc compounds, several enzyme 
protectants were evaluated to analyse their contribution 
to sol&k-protein recovery from the cells. PVPP with 
ascorbic acid exhibited the greatest amount of solubk 
protein rekased from the Prochloron alls (Table 4) The 
extract with these protectants contained almost six times 
as much solubk protein as the control and three times 
more than the next best treatment, PVP with ascorbic 
acid. Treatments with PVP and sodium pyruvatc or 
sodium bisulphite exhibited no significant incmase in 
solubk protein rekased over the control. Despite the 
increase in soluble protein in the PVPP extract, no 
enzyme activity was detected in the supematant for the 
four enzymes evaluated. 

Dl!SCUSSlOS 

Most of the Prochloron from the various hosts 
evaluated in the study possessed high levels of phenohc 
compounds. These concentrations are similar to those 
reported in brown and red algae [I 1, 121 and much higher 
than the concentrations generally found in blue-gran 
algae. The polyphenolic substarkes found in brown algae 
are known to interfere with the extraction of solubk 
proteins from their cells. The concentrations of phenolic 
compounds reported in this study are probably minimal 
values because we were not extracting from ‘fresh 
material’, and various biochemical processes may have 
reduced the amount of phenols or inhibited their 
extraction. Alkaline or enzymatic hydrolysis may rekase 
additional phenolic compounds chemically linked to 
proteins. 

We tested several additives for their ability IO prevent 
the condensation of proteins in Prochloron extracts. They 
were (I) polyvinylpyrrolidone (PVP) and polyvinylpoly- 
pyrrolidonc (PVPP) to bind phenolics, (2) sodium bisul- 
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Tabk 3. R, and developed colours* of the phcnolr compounds cn Prorhkmun spp from various hosts 
- -. .-._-_-. -- - -. .-. .-..- 

Prochlonmt 
-__. .-. 

LPP 

(Pahu) 

LPP 

(Ausrralia) 

LPP 

(Solomon Islands) 

DCP (MCXICO) 

DPP 

(PalnIl) 

DVP 

(Palau) 

LVP 

(Paleu) 

LBP 

valau) 

TCP 

(Palau) 

- - 

- 

RI RI Colour Colour 

Folin- CHCl,- MCOH wtth with 

positlw HOAc H1O HOAc H*O drazourcd Gibbs 

%)o’s (4:l:I) (4.l:l) mlroanllmc reagent 

a 

h 

a 

h 

a 

b 

n.d 2 

a 

a 

a 

b 

a 

a 

- ._.. 

0.77 0.x2 

0.74 

076 0.x2 

0 14 

0.76 O&4 

0.74 

n.d. 

0 

n.d 

073 

0 0.73 

0 0 74 

0 0.85 

0 085 

0 on3 

.- - ._ 

-. 
Raw 

CKnna 

Van Dykc 

houn 

Grcy 

Grcy 

Raw 

sKnna 

Van Dykc 

brown 

Raw 

stcnna 

Van Dykc 

brown 

Grey 

Grcy 

<ircy 

<ire) 

n.d n.d. 

Van Dyke 

brown 

Brown 

Purpk 

lake 

Yellow 

ochre 

Raw 

umber 

HIIK 

grCY 

Van Dykc 

brown umber 

Brown 

Raw 

yenna 

Raw 

sKnna 

Brown 

Brown Absorbs 

.__ 

..--- 
Fluormmx rn UV 

hght (253 nm) 

Befvre 
NaOH 

- 

Light 

hluc 

Absorbs 

Llghr 

blue 

Absorbs 

Llghr 

blue 

Absorb 

n.d. 

Dark 

orange 

Dark 

orange 

Orange 

Yellow 

Absorbs 

After 

NaOH 

Ycllou 

Absorb 

Yellow 

Absorbs 

Yellow 

Absrotn 

nd 

Orange 

brown 

Yellow 

Yclk>w 

Yellow 

Absorbs 

Absorbs 

-- .-..__ __-.- -- . 
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l Coburs were matched against Windsor & Newton arust 011 colours (Wmdsor & Newton. Secaucur NJ 07094) and 

Lquitex artist waicrcoloun (Bmncy & Smith. Easton. PA 18CM2). Reference phenolif compounds employed: 3.4- 

dihydroxybcnzoic crid, phydroxybcnzoic rid 7-hydroxycoumarin. pcoumaric acd. 3-hydroxyphcnylproponic actd. p 
hydroxyphcnylaatk rid, 2.3dibromo-t.Sdihydroxybcnryl akohol and vanillin. 

t LPP, Lis.soc/inwn pat& Rahloton; DCP. Didemum cwddum Prochloron, DPP. Ddemnum pwu~urwn Prochloron; DVP. 

Dipiosoma tirem Proddoron; LVP. tilinw co&:kosc Prochloron; LBP. L;swKlinum hirfrarwn Prxhioron; TCP. 

7iididewmum cyclops Prochloron. 

: n d.. None d*cctcd 

phitc to inhibit polyphcnoloxidasc and trap aldchydcs, 
(3) sodium pyruvatc to trap H102, and (4) sodium 
ascorbate to act as a reducing agent for any quinoncs that 
were formed. Of these agents. only PVPP appeared to be 
effective in increasing the amount of soluble protein 
obtained from Pr~~!r/oron alk Loomis and Battaik [S] 
have reported that PVPP is one of the most ctTcctive 
agents for preventing the hydrogen bonding of proteins 
by phcnolk compounds. PVPP contains a large number 
of groups similar to the pcptidc linkage so the phcnohcs 
bind to PVPP rather than to proteins. Extracts of 
Prochloron containing PVPP showed a six-fold increase 
in solubk protein over the control. The extraction effic- 
iency for soluble proteins could possibly bc incmaacd in 
future studies of Prochloron by utilizing extraction buffers 
with a lower pH. All of the extracts wcrc in Tris-buffered 
scawatcr at pH 9.0. PVPP is more effective at pHs < 7.2 

baausc ionization of the phenols is suppressed and they 
can bind more easily with PVPP [7]. Ionized phenols are 
also oxidized more readily to quinoncs than unionirod 
forms. 

None of the R, values or developed colours of the 
phcnolk compounds from the Prochloron spp. closely 
matchad the standards employed in this study or those 
reported by Van Sumerc er 01. [lo]. The closest similarity 
was obtained between the phcnolic substance m LVP and 
2.3dibromo-4.Sdihydroxybcnzyl alcohol. The only dif- 
fe- noted between these compounds was that the 
pbrmolk subatana in LVP had a R, value of zero in 
s&cot A while R, of our standard, 23dibromo+.S- 
dihydroxybcnzyl alcohol, was 0.17 in the same solvent 
system. All other R, values and dcvcbpcd colours for 
these compounds were similar. Brominatcd phenols have 
betn reported in other marine blue-green algae [ I33 and 
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Tobk 4. The e&t of various enzyme protaxmrs on 
the extractability of solubk protein from LizvKlinum 

pate114 Prochloron 
-.. ._.- -- _. 

Solubk protein 
Enzyme protectants* (rp x lob celb ‘) 

--. . . .._ -. - .- ._.. --- 

PVPt + NaCl IW. I 

PVP + Na buulphite 138.1 
PVP + NP ascorbate 206.0 

PVP + Na pyruvate 101.3 

PVPP: + Na arorbate 581.8 
-- _ -- -- _.. - 
l Extraction solutions contamed 35 mgml PVP or 

PVPP. 0.5 myml EDTA and 27 mgml NaCI. Sodium 

b)sulphite. sodium ascorbatc and sodturn pyruvatc 

concentrahons were 2.5 mg*ml. 

+ PVP. Polyvinylpyrohdone. 

: PVPP. Polyvmylpolypyrrolidone 

in red algae [ 143. Recommended procedures for idcntifi- 
cation of naturally occurring phcnolic compounds in- 
cludes gas chromatography/mass spaztromctry of meth- 
ylatcd and trimethylsilylatcd derivatives [12]. We were 
unable IO compktc these procedures because only a few 
milligrams of each Prochloton spp. was available for all 
our analyses. 

The lowest concentration of phcnolic compounds in 
any of the Pruchloron spp. tested in this study was found 
in ProcMoron from Didemnum condidum. This Prochloron 
and its didemnid host are found in the Gulf of California 
[IS]. They were the only frochloron spp. that live 
externally on ascidians evaluated in this study. This is also 
the only Prochloron strain noted IO date which does not 
exhibit intracellular coagulation. The high concentrations 
of phcnolic compounds in the internally occurring 
Prochloron spp. may suggest thaw the phenolic substances 
serve as a sort of ‘protective compound’ in much the same 
manner as they do in many higher plants [16. 171. The 
phcnolic compounds could serve to inhibit the phago- 
cytosis and digestion of Prochloron ails by the ascidians. 
However, Cox [ 181 has produced serial-section ckctron 
micrographs which suggest thaw phagocytosis of 
Prochloron ails by amocbocytcs occurs in the ascidian 
Li.ssoc/inum coelrrkowi. The phcnolic content of many 
more externally occurring Prochloron ds IO be quan- 
tified before this hypothesis can be tested. 

It has recently been reported thal methanol extracts of 
D. m//e containing Prcxhloron exhibit cytostatic actinty 
when tested in cultures of LS 178, mouse lymphoma cells 
[ 193. It could be possibk that the phenolic compounds in 
Prochloron are the source of this activity. 

The similar R, values and developed colours of the 
phenolic substanas in LLP from three distinct locations, 
Australia, Palau and the Solomon Islands, offers ad- 
ditional cvidenct that they are all the same species of 
Prochloron, as suggested by recent DNA-DNA rcassoci- 
ation studies 1203. The differem in R, values and 
colours in the other Prochloron spp. evaluated may be the 
result of different precursor compounds supplied by the 
various host ascidians. Transfer of photosynthate from 
Prmhloron to the ascidians has been reported [21,22]. 
but transfer of compounds in the opposite direction 
remains IO lx demonstrated. 

In conclusion. the PVPiPVPP experiments and the 

correlation between the lack of intracellular coagulation 
and low phcnolic concentration in Prochloron from D. 
condidw suggest that phcnolic compounds are involved 
in the intracellular coagulation of some Prochloron spp. It 
was not determined whether these phenols were the same 
compounds as those isolated by the thin-layer chromato- 
graphic procedures. Further studies are need& to dc- 
~crminc which of the presumptive phenolic compounds in 
Prochloron are possible tannins, phenols which react with 
proteins. The biochemical rok of these phcnolk com- 
pounds in Prochloron also remains to be determined. 
However, the apparent chemical diversity of these com- 
poundsadds to thecomplicated biological picture that has 
been developed for these unique algae. 

EXPERnlENTAL 

Chem~~oLr. Reagent-grade cbemkab were used whenever poss- 

lbk Phenok compounds for use as sutndards were obcnincd 

from Sigma. Aldrich Chemicak and ICN Pharmaauticak. 
Algae. Prochloron material from Palau and the Solomon 

lsknds was colkcted dunng the 7th and 8th International 

Prochlorophyrc Expalttions (Feb. 1982 and March 1983). 

Prochloron from LiruKlmum port/h m Australia was colkcted m 

March and June 1983. Prochloron from Didcwurw ccndidw in 

Puerto Pcnasco. Mer~co was colkcted by rbe authors m May 

1983. In all cases the Prcchluron spp. were squecrod from the 

hosts mto filtered, buffered seawater,cenrtifugcd and then freeze- 

dried. 

QuonrificPr)rm oj phcnolv compounds. The phenolk com- 

pounds were extracted m 80:; EIOH under Nj for 2 hr at IOO- 

They were quantdial with Folin-Ciocaltcau reagem according to 

the procedure ofJennmgs [9] and reported as “,dry WI (salt-free) 

of Prochloron cells. For comparative purposes, severa) cultures of 

blue-green algae were obtained from the Universtty of Texas 

culture collccuon. The blue-green algae were An&xrms jfos- 

uquae (UTEX 1444). A. c~lmdrico (UTEX LB161 I), A. mequalts 
(UTEX LB3817). A. sptrodcs (UTEX 1552), Nosrcc murcorum 

(UTEX 387). N. com~llv (LTEX 584). Mrcrocolplrs ~vzguwrus 

(UTEX 1815). Gleocapsa sp. (UTEX LB795) and Syncchoccur 

kopoluti (UTEX 625) The blue-gran algae were grown m the 

following medium (coocn/l.~ 36Omg KNO,; IOOmg 

MgSO.~H,O; 32mg CaCl,.2H,O; 16Omg KIHP0.‘3Hz0 

16 ml 0.2 M borate bufTer (pH 8.0)1 and I ml of a trace metal soln 

contauung (per I.): 2.85 mg H,BO,: 1.8Omg MnCla.4HIO; 

I 3 mg FeSO,; 1.77 mg Na tartram, 0.27 mg CuCl,: 0.21 mg 

ZnC’l,; 0.41 mg CoC1,‘2H,O; and 0.2Jmg Na1M0,~2Hz0 

The ails were grown at 22” under fluorescent hghts and 

harvested dunng cxponcnual growth and their phenol content 

was detcrnuned as outlined above. 

Paprr chrommgrophy. For PC, the phenols were exrracted as 

dcscnbedprenouslyand thenhea~edat IOO’for 1 hr m NJ in 2 M 

NaOH IO hydrolyse any glycosidic Linkages. The extraction solns 

were then &d&d IO pH 1.0. Abe phenols partitroned Into Et,0 

and spotted on Whatman 5681 chromatography paper. 

Development of the chromatograms was carried out at room 

temp. in one of the fottowing solvent systems: (A) 

CHCt,-HOAc-Hz0 (4: 1.1). (B) MeOH- HOAc HI0 (4: I : 1); 
or (C) 2 Ye HCOz H. TM chromatograms were removed after the 

solvent had ascended 10 cm from the origin. Devebpment time 

was approximately 1 hr m these solvenr systems. 

Detection of the compounds was camed OUI by rhe folbwmg 

procedures: (I) cxammation of the chromatograms under UV 

hght (253 nm) both before and after spraying with 2 M NaOH; 

and (2) by spraymg the chromatograms with diazotixal p 
nnroamhnc [IO]. Folrn reagent [23]. or Gibbs reagent 1231. NOI 
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enough Pmhlom mrerial wasavailabk IO identify the phcnolic 

compounds by GC: MS. 

Prorein rxrrac~ion. In Pahu, Prochloron spp. from Luuwlinum 

poltllt~ were squcaed mto butTeral seawater @H 8.0) containing 

PVP (70 myml) and EDTA (I mg/ml) and one of the following 

protoztants a~ a concn of 5 mg,‘ml: Na buulphltc, Na ascorbate, 

Na pyruvate. or NsCl (as a controll In one additional trcamxnt 

with NP ascorba~c and EDTA at the above Eoncn. PVPP was 

subsIiIuIcd for PVP. 

The all soIn. were then immediately frozen and Iransporled 

beck IO the UnIted Sta~cs. After defrosting. the solns were parted 

rwice through a French Press (2OooOps1). The prcuptc was 

centrifuged (25ooO e) for 30 mm and rhc resulting supernatant 

was analyscd for solubk protem by rhe Coomassic blue method 

[24]. The supcrnatan~ was also analysal for activity of the 

following enzymes: ca1ala.x phcnoloxrdasc. gluUXCd_phosphatC 

dchydrogeMx (G6PD) and &phosphoglucanatc dehydrogcnan 

(6PGD). Catalasc was analysal with an oxygen ckctrode. 

ACIIVII~ of phtnoloxtdasc was quantifial by the method of Baldry 

er d. [ZS]. G6PD and 6PGD. dchydrogcnascs known IO be 

present tn blue-green algae [26]. were assayed at pH 1.4. 
otherunsc as dcscnbcd previously 1211 

Ar&now/ed~~nrs The Prochloron matcrlsl from Palau and 

IRK Solomon Islands was colkc~cd by Drs. Ralph Lewm and 

Lanna Chcng Authentic rcfercncc Prorhloran material IS mam- 

truncd ar the Scripps lnstltutlon of Oceanography by Dr. Leo/in. 

Prochloron marenal from Australia was kmdly colkctal and sent 

IO us by Drs. Guy Cox and Luong-Van Thmh. Tony Mrhacls. 

Dr RKk McCourt and Dr. Robert Hoshaw a&d the authors tn 

obtainmg Prochloron samples from Puerto Pcnasco, Mexico. 

This rexarch was supported In part by CIRES Visiting 

FellowshIps IO W.B. and J K. 
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