
FINAL REPORT
I AD ,A247 200 ONR Grant # N0001,-89-J-3027 !

was'~llU~lmu|
i 5 June 1, 1989 Through December 31, 1991

Debaryomyces hansenii: a model system for marine molecular biology.

Govind S. Nadathur [)'f
Marine Science Institute ELECTE

University of California at Santa Barbara QMAR 0 9 19920

Santa Barbara, CA 93106. i

OBJECTIVE: The major goals for this award were : (1) Construction of a plasmid vector

for the transformation of Debaryomyces hanseni and its transformation, (2) Mutagenesis of

D. hansenii (3) Isolation and sequence analysis of a gene ( in this case the SSU rRNA gene

) and its comparison to this gene from other organistos, (4) initial experiments on the

isolation of regulatory sequences from inducible genes from Debaryomyces.

ACCOMPLISHMENTS: In an attempt to construct a vector for the transformation of

Debaryomyces, two autonomously replicating sequences (ARS) have been isolated. This

was accomplished utilizing an auxotrophic strain of Saccharomyces cerevisiae (Ura 3) and

the URA 3 gene in the plasmid pUC19 as a marker. Two plasmids containing fragments of

Debaryomyces genomic DNA were autonomous in Saccharomyces. These contained inserts

of 0.4 kbp and 1.4 kbp respectively. The smaller insert was used for further analysis. The

ARS activity resides in 0.15 kbp of the insert and a new plasmid was constructed with the

smaller insert. Sequence analysis of the clone revealed it to be A+T rich ( % A+T =

80.76%). It also contains a 12 bp consensus sequence shown to be present in all ARS

functional in Saccharomyces.IThis docmtjnt has been aipproved
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For the use of the constructed plasmids Ura 3" mutants had to be gnerated.

Attempts were thus made to generate these mutants by chemical mutagenesis. The (,a 3'

phenotype was selected by the negative selection utilizing 5- fluoro orotic acid. Even

4 though a large number of mutants were generated by this technique they were very

unstable. All the mutants that were isolated reverted to their original phenotype. Dr. L.

Adler of the University of Goteborg has recently sent me D. hanseni strain J,.26 which he

has successfully used in mutant generation. He has also agreed to generate auxtrophic as

weil as salt intolerant mutants of his strain.

Transformations of Debaryomyces have been attempted with plasmid pLG90

(kindly supplied by Dr. L. G. Gritz, Applied Biotechnology Inc.). This plasmid contains a

Saccharomyces ARS and bacterial hygromycin resistance under the control of the yeast

CYC.1 promoter. The plasmid is functional in providing hygromycin resistance in both E.

coli and Saccharomyces. Several transformation techniques were attempted and low

frequencies of transformation of Debaryomyces to hygromycin resistance were obtained

with the protoplasting technique. The transformants are now being analyzed for the

presence of the plasmid. This result, in addition to fact that the ARS sequence from

Debaryomyces is very similar to that of other organisms such as Candida albicans,

Phycomyces blakesleeanus and Saccharomyces indicates that the plasmid that we have

constructed will be successful in transforming Debayomyces. The experiments will be

performed as soon as stable mutants are generated.

The SSUrRNA from Debaryomyces was amplified using polymerase chain reaction

and cloned into the polylinker cloning site of the plasmid pUC19. This was then sequenced

and the sequences were aligned to organisms across kingdoms based on 23 taxa.

Debaryomyces clusters among the yeasts but appears more closely related to Candida

albicans than the group represented by S. cerevisiae, K Iactis and T. delbrukii. Candida

glabarata clusters more closely to S. cerevisiae than either do to C. albicans. The fission 4
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yeast S. pombe seems to be distantly related to the other yeasts. A second analysis

expanding the yeast/fungi group was then performed. This analysis tended to separate C

albicans and D. hansenii from the other cluster of yeasts. The results indicate that even

though Debaryomyces is indistinguishable from Saccharomyces morphologically and

ultrastructurally, it may actually closer to Candida. Greater success could possibly be

achieved by adapting molecular techniques that have been developed for Candida rather

than Saccharomyces. It also appears from these analyses that the capacity of these

organisms to tolerate high salt is independent of phylogenetic affiliations based on SSU

rDNA analysis.

The rationale behind the isolation of regulatory sequences of inducible genes from

Debaryonyces is that it would help in the construction of expression vectors. This in turn

Li would help in the expression of foreign genes in this organism. As a first step towards this

attempts have been made to identify protein changes in Debaryomyces in response to high

salinities. The experiments involved the radioactive labeling of proteins with 35S L-

Methionine in vivo after the addition of sodium chloride. The incorporation of

radioactivity in the newly synthesized proteins after the addition of salt decreased ten fold.
By eight hours of incubation, the cells completely recovered incorporating comparable
amount of radioactivity. Analysis of soluble proteins from the salt treated cultures

indicates the presence of a 150 kda. protein in salt treated cultures which is not present in

cultures grown in the absence of salt. We are now in tie process of purifying this protein

with the purpose of raising antibodies.: ceso For'
O71C' i) NTIS CRAW!

DTIC TAB
Unaanotioced '

Statement A per telecon Justifiation ....
Dr. Eric Eisenstadt ONR/Code 141
Arlington, VA 22217-5000 By....

NIWW 3/5/924

AvaWIity Co~ses
Avail andjor

Di t Spciai

.. - I.L- I J



List of Publications (published, in press and submitted) during the period of support: i
1. N. S. Govind, K. L. MacNally and R. K. Trench (1992) Isolation and sequence analysis of

the small subunit RNA gene from the euryhaline yeast Debayomyces hanseni.

Submitted to Current Genetics ( one copy of the manuscript enclosed).

2. N. S. Govind and A. T. Banaszak (1992) Isolation and characterization of an

autonomously replicating sequence (ARSD) from the marine yeast Debaryomyces

hansenii. Submitted to Molecular Marine Biology and Biotechnoloy ( manuscript

enclosed).

3. R. Iglesias-Prieto, N. S. Govind and R. K. Trench (1992) Apoprotein composition and

spectroscopic characterization of the water soluble peridinin-Chlorophyll a-proteins

from three symbiotic dinoflagellates. Proceedings of the Royal Society of London B

in press (copy of galley enclosed, five copies of the reprint will be submitted upon -

receipt)

4. L k Sadler, K. L MacNally, N. S. Govind, C. F. Brunck and R. K Trench (1992) The

nucleotide sequence of the small subunit ribosomal RNA gene from Symbiodiniumr

pilosum, a symbiotic dinoflagellate. Current Genetics, in press ( manuscript

enclosed, five copies of the reprint will be submitted upon receipt).

5. J. L Matta, N. S. Govind and R. K. Trench (1992) Polyclonal antibodies against iron-

F superoxide dismutases from E. coil cross-react with superoxide dismutases from

Symbiodinium microadriaticum (Dinophyceae). Communicated to Journal of

Phycology ( Copy of manuscript enclosed).

6. R. E. Kochevar, J. J. Childress and N. S. Govind (1991) Carbonic anhydrase in the A

hydrothermal vent tube-worm Riftia pachyptila Jones. American tvogist 31: 71A

(five copies enclosed).

14 4



ISOLATION AND SEQUENCE ANALYSIS OF THE SMIALL

SUBUNIT RIBOSOMAL RNA-GENE FROM THE EURYHALINE YEAST

Nadathur S. Govind, Kenneth L McNally, and Robo~t K.Trench.

Departmnent of Biological Sciences and the Marine Science Institute

A University of California at Santa Barbara

Santa Barbara, CA 93106. U.S.A.

Correspondence should be directed to: Dr. Nadathur S. Govind

Dertmn of Biological Sciences

University of Cafitnia. at Santa Barbara

Santa Barbara CA. 93106

Telephone (0)893 - 3855

FAX 80)893 - 4724

Z"J-.



ISOLATION AND SEQUENCE ANALYSIS OF THE SMALL

SUBUNIT RIBOSOMAL RNA GENE FROM THE EURYHALINE YEAST

DEBARYOMYCES HANSENI

[1 Nadathur S. Govind, Kenneth L McNally, and Robert K.Tnmch.

Department of Biological Sciences and the Marine Science Institute

University of California at Santa Barbara

Santa Barbara, CA 93106.U.S.A.

Summary. The small subunit ribosomal RNA gene (SSU rDNA) from the euryhaline

is yeast Debaiyomyces hansenii has been isolated and sequenced. After appropriate alignment of this

sequence with SSU rDNA sequences from 30 other taxa, phylogenetic reconstruction using

distance matrix and maximum parsimony methods indicates that D. hansenii is most closely

affiliated with Candida albicans, and occurs in the duster of the yeasts Saccharomyces cerevisiae,

Torulaspora detbruekii, Candida glabrta and lqwrom)ves &=is. It appears that the capacity

to tolerate high salt is independent of phylogenetic affiliations based on SSU rDNA analyses.

Key words: Small subunit ribosomal RNA; SSU rDNA sequence; phylogenetic reconstruction;

yeasts; Debaryomyces hantenu.
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}i Introduction

The sequences of small subunit ribosomal RNA (SSU rRNA) genes has been used

extensively in recent times fre rec uon of phylogeny (Medlin et al 1988; Dams et al

1988; Hendricks et al. 1991; for review see Schlegel, 1991). New tecnnologies have been

developed to facilitate the isolation and characterization of such genes both from isolated

microorganisms and from a mixture of organisms in a clinical sample (Medlin et al, .988; Gobel et

al. 1987). Polymerase chain reactions (PCR) utilizing a thermostable DNA polymerase (Saiki et

al. 1988) have been successfully employed in the isolation of SSU rDNA from genomic DNA,

using specific primers (Medlin et al. 1988 ). Although there are reports on the analysis of yeasts

and fungi based on 16S-like rDNA sequences, there are no reported analyses of marine or

euryhaline yeasts and fungi.

The euryhaline yeast Debrmycw hmixni has the capacity to tolerate Naa concentta-

ions of 0 - 24% (Norans, 1966). While a majority of the studies on this organism have concen-

trated on the mechanism of halo (Adler, 1986), there is little information available on the

relationship of D. hansnii to other yeasts and fungi. Recently we have been attempting to stan-

dardize various recombinant DNA techniques for ths organism. As a first step towards this, and

to determine if a correlation exists between phylogeny and halotolerance, we describe here the

isolation and sequence analysis of the SSU rDNA from D. hansenii, and present a reconstructed

phylogeny inferred by comparison with homologous sequences from other yeasts and protists.

The results of our analyses indicate that D. hanenii is most closely affiliated with Candida albicans

and occurs in the cluster of the yeasts Saccharon)v cerevisiae,Torukaspora delbrueki, Candida

glabrara and Kluyveromyces Iacwis, but it appears that the capacity to tolerate high salt is

independent of phylogenetic affiliations based on SSU rDNA analyses.
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Materials and Nfethods

Strains and Maintenance. Debaryomyces hansenii NRRL Y-7426 was obtained from the

United States Department of Agriculture, Pleoria, Mlinois. Conditions for the cultivation and

maintenance of this organism were identical to the ones used for Saccharomyces cerevisiae

(Campbell, 1988). Plasmids were constructed, propagated and amplified in Eicherichia coil strain

D H5 a -[FP, endA)1, hsdRi 7, rkm- supE4't, thi-i1, X-, recAl1, gyrA 96, relAl1, A(ar$FP, lac

ZYA) U169, 0O~dIacZ AMIS].

DNA isolation, punficadion and amplification of SS U rDNA. DNA from D. hansenii was

prepared by the method of Cryer et al. (1975). Plasmid DNA was prepared by the method of

Ohtsubo et al. (1978). Transformation of E~ coi was performed by the method of Mandel and

Higa (1970). Electrophoretic separation and purification of DNA was conducted as described by

Maniatis et al. (1982). Restriction ezymes were purchased from Promega Biotech. and used

according to the manufactura's specifications. The primers, buffer and amplification conditions

used for the 5511 rDNA from D. hansenii have been described by Medlin et al. (1988). The

primers carry the restriction sites EcoRi and SalIat the Yend and Sma 1, BamH I and HindflI at

the 3'end to faclitate cloning of the amplified fragments. Amplifications were performed utilizing

a Perkin Elmer Cetus DNA Thermal Cycler.

Cloning and sequencing. The PCR products were purified by electrophoresis in (low

melting) agarose gel, digested with Sal I and Hind M and cloned into the polylinker site of the

plasmid pUC19. Synt~hetic oligonucleotide primers of well conserved regions of eukaryotic 16S-

like rRNA gene% ( Elwood et al. 1985) were used to sequence the clone by the dideoxynuleotide

chain termination sequencing method of Sanger et aI.( 1977).

Computer Ai~vsisr of the SSU rDNA sequences. The complete SSU rDNA sequences of

Debaryvinyces hanve'tii (NRRL Y-7426) and 30 other taxi (listed below), were aligned on the

' 1z4



basis of similarity and secondary structuM with the initial alignment provided by the multiple

alignment program CLUSTAL (Higgins and Sharp, 1988, 1989), and the final alignment adjusted

*by eye. The organisms used for compaixs were as follows: Candida albiant (Hendziks et al.

1989), C. glabarata (Wong and Clark-Walker, 1990), Saccharomys cereW (,ubtsov et al.

1980), Torulospora delbrueckli (Hendrfks et al. 1990), Aspergif/us fioniams (Sogin, pets.

commun.), Neurospora crassa (Sogin et al. 1986), Schizosaccharomyces pombe (Sogin, pers [L

commun.), Pneumocysts carinii (Edman et al. 1988), Blastocladldla emersonii (Frster et al.

1990), Achlya bisexualts and Ochromonas danica (Gunderson et al. 1987), Prorocerarum micans

(Herzog and Maroteaux, 1986), Crypthecodinium cohnii and Saccocystis muris (Gajadhar et al.

1991), Plasmodium berghei (Gunderson et al. 1986), Oytricha nova (Elwood et al. 1985),

Paramecium terraurelia (Sogin and Elwood, 1986), Dicdyostelium discoideum(McCaroll et al.

1983), Physarum polycephatun (Johansen et al. 1988), Giardia lamblia (Sogin et al. 1989),

Suijflobus solfaricus (Olsen et al. 19M5), Kluywromyces acris (Maleszka and Clark-Walker,

1990), Penicillum noratum occidioides bnmu and Mucor racemosus (Sogin, pers. commut,),

Aureobasidium pullua , CoU emicn gloeasporioides, and Athheia bombacina (lMingworth et

al. '1991), Leucosporidiwn scorii (Hendiks et al. 1991).

Non-ambiguously aligned positions were analyzed by computation of 50 bootstrap

resampled DNA distance matrices using the maximum likelihood metric (DNADIST). Resolution

of the matrices was accomplished by Fitch and Margoliash's algorithm (FITCH), where input

order of species added to the topology under conauction was randomized ten time. A consensus

tree across 500 independent mees was generated using CONSENSE. Using the same alignment,

50 rounds of bootstrap resampled maximum parsimony (DNABOOT) were also conducted. All

programs mentioned are from the PHYLIP 3.3 package (Felsenstein, 1990).

-A

Results and Discussion

DNA samples after PCR were separated on a 1% agarose gel and the approximate size of

the amplified band was determined to be 1.8 kbp (data not presented). This was the only promi-
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nent product of the PCR. Utilizing this strategy for amplification, fewer than one error per 15,000

positions have been observed in the rRNA sequences (Gelfand and White, 1990). The size of the

amplified product is very similar to the sizes obtained for the marine diatom Skd ema cosamm

and the ascomycete Kluvewmyce 1wri (Medlin et a]. 198). On the other hand Plasmowa-

parwn gives a 16S-like rRNA of approximately 2.0 kbl (McCutchan et al. 1988). The amplifica-

tion procedure yielded approximately 5 pg of product and this quantity was sufficient to clone into

pUC19. The SSU rDNA was cloned into the Sail and HindIl sites of the polylinker sequence of

'he plasmid pUC19 and the resulting plasmid was called pGNS. Double stranded DNA sequence

analysis was performed on the cloned region, and the results are presented in Figure 1. The

nuleotide sequence of the SSU rRNA gene from Debaryomyces hansenii shows a size of 1798

nuleotide pairs including both the 5' and the 3' primers used for the amplification.

Fig. 1 also shows the alignment of the SSU rDNA from D. hanenii with homologous

sequences from six other yeasts. Using this aligmen, phylogenetic reconstruction was conducted

using maximum parsimony (DNABOOT) and distance matrix (Maximum Likelihood) methods.

The resulting topologies of the trees generated by both methods were in good agreement.

Fig. 2 shows a reconstructed phylogeny across Kingdoms based on 23 taxa (with

Physanum polycephalum , Giardia lamblia , and .ulfolobu soljbnicus used as outgroups). The

relationships of the ciliates, the apicomplexans, and the dinoilagellates are as has been established

by others (Lenaer et al. 1989; Hendriks et al. 1989, 1991; Gajadhar et al. 1991; Sadler et al.

1991). The relationships of the fungi to other groups is also consistent with those indicated by

Hendriks et al. (1989, 1991), and Schlegel (1991). D. hansenii, a budding yeast, clearly clusters

among the yeasts, but appears more closely related to Candida abicans , a dimorphic budding

yeast , than to the group of yeasts represented by S. cerevisiae, K. Icrs, T delhruekii, other

budding yeasts. By this criterion, C. glabaroza may appear to be out of place. In our analyses, and

in those of Barns et al. (1991), Candida (=Tondopsis) glabrasa clusters more closely to S.

ceretsiae than either do to C. albicwis. However. the distances among these taxa are quite short.

The fission yeast S. Imbe is distantly related to the other yeasts.



In order to expmnd the analysis of the yeasts/fungi groups, the same set in Fig. la (with the

exception of A. pullukms) were combined with six oher fungal and yeast taxa (for a total of 19

species). One thousand six hundred and ten unambiguously aligned posisnons were subjected to

the same series of programs used above, this time using Ocwmonua danica and Achlya bbexualis

as outgroups. Again, DNA distance and bootstrap resampled maximum parsimony resulted in

consistent topologies. This second analysis, Fig. 3 tended to separate D. hansenii and C. albicans

from the other cluster of yeasts including T. delbnecW, C. glabasma , S. cevmvise and Xt lacis,

but even so, the yeasts cluster quite separately from the remainder of the fungi. Our analysis

places Coccidiodes immids among the ascomycetes. The systematics of this fungus is ambiguous;

in the saprophytic form it is regarded as a zygomycete, while in the parasitic form it is regarded as

an ascomycete (Rippon, 1988).

According to Molitoris and Schaunann (1986), based on the definition provided by

Kohlmeyer and Kohlmeyer (1979), there are about 500 known marine fungi. Of these, about 180

are yeasts, in the genera Candida, Kluyveromyce, Rhodoroula, Trichosporun, Pichia and

Debaryomres. Although we have not analyzed examples from all these genera, it appears that the

capacity to tolerate high salt is independent of phylogenetic affiliations based on SSU rDNA

analyses.
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Figure legends

Figum 1. The complete sequence of the SSU rDNA from D. hansenii aligned to homologous

sequences from six other fungal taxa. Abbreviations: D.h., Debaryomyces hansenii; C.a.,

Candida albicans; K.I., Kluyveromyces lactis; S.c.,Saccharomyces cerevisiae; C.g., Candida

glabaraza; T.d., Torulospora delbruecklii; S.p., Schizoacharomyces pombe.

Figure 2. An across-Kingdom tree based on distance matrix analysis with Physarum

polycephalum , Giardia lamhlia , and Sulfolobus solfatraicus used as outgroups. Distances were

calculated using a maximum-likelihood estimate for transition/transversions based on actual base

frequencies for 1487 unambiguously aligned positions with 50 bootstrap resamplings of the data

set. Each bootstrap-resampled distance matrix was resolved into a topology ten times by random-

izing input order of species added by Fitch and Margoliash's method. A consensus tree was

generated across 500 trees with one having the same topology as the consensus tree being shown.

Figure 3. A "fungal" tree using Ochromonas danica and Achlya bisexualis as outgroups. The

methodology employed was the same as that used to generate the tree shown in Fig. 2 except 1610

unambiguously aligned positions were used for the distance calculations.
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Abstract

The marine yeast Debaryomyces haneni is known to tolerate salinities ranging from

0% - 24%. As a first step toward the molecular analysis of halotolerance in this organism

we report here the isolation of an autonomously replicating sequence (ARS) and its use in

the construction of a shuttle vector. The ARS from D. hansenif (ARSD) is 0.4 kbp long

and the function rests in 0.13 kbp of the sequence. Sequence analysis o" .,RSD shows

strong homology to ARS from other organims including a 12 bp consensus sequence

common to all ARS functional in Saccharomyces cerevisiae.

Key Words: Autonomously replicating sequences, Debwyomyces hansenii, halotolerance,

marine yeast.
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Introduction

The marine occurring yeast Debayomyces hansenii may provide an ideal model

system for studying the mechanisms of salt tolerance in marine organisms. D. hamenii is

strongly halotolerant with the ability for growth in 0% - 24% sodium chloride (Adler,

1986). When grown in high salt conditions, this organism extrudes sodium and selects for

potassium uptake (Norkans and Kylin, 1969; Hobot and Jennings, 1981). Polyhydroxy

alcohols (polyols) are also produced and accumulated within the organism to

counterbalance the decreased osmotic potential of the environment (Adler and Gustafsson,

1980; Gustafsson and Norkans, 1976). The two major polyols synthesized are glycerol

during the exponential growth phase (Gustafsson and Norkans, 1976) and arabinotol

during the stationary phase (Adler and Gustafsson, 1980).

When the salinity of the growth medium is increased, there is a corresponding

proportional increase in the intracellular glycerol content in growing cells (Gustafsson and

Norkans, 1976). In the presence of high concentrations of sodium chloride, D. hwusenii

retains glycerol intracellularly more readily than Saccharomyces cerevis ( Larsson and

Gustafsson, 1987). These authors have suggested that the capacity to regulate glycerol

metabolism allows D. Iine to optimize growth under conditions of high salinity. Using

this mechanism, D. hansmi can tolerate more readily far higher concentrations of sodium

chloride than can S. cevisiae (Norkans, 1966; Hobot and Jennings, 1981).

Recently, we have initiated studies aimed at understanding the genetic regulation of

halotolerance in this organism. As a first step towards this we decribe here the isolation of

an autonomously replicating sequence from D. hansenii (ARSD) and its use in the

construction of a shuttle vector. To our knowledge this study represents the first of its kind

with marine eukaryotes.
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Results

The plasmid pJ.2 (Revuelta and Jayaram, 1986) contains the S. cerevisiae URA 3 as

an auxotrophic marker. This 1.1 kbp URA 3 fragment was excised from pJL2 with the

restriction endonuclease Hind III and cloned into the Hind III site of the plasmid pUC19.

The resultant plasmid was called pGN3.

Debaryomyces genomic DNA fragments (average size 0.4 - 1.6 kbp) were generated

by partial digestion with Sau 3AI and purified on a linear (10% - 40%) sucrose gradient.

These fragments were then ligated into the Sal I site of pGN3 by the technique of partial

filling of cohesive ends as described by Zabarovsky and Allikmets (1986). This method is

efficient because it avoids self ligation of the vector and prevents multiple insertions of

genomic DNA. Two to three micrograms of the ligation mixture were used to transform S.

cerevisiae strain SEY 2108 to URA prototrophy. Twenty to thirty transformants were

obtained on selective medium. Total DNA was prepared from 12 randomly selected yeast

transformants and used to transform Escheuichia coli strain DH5. Two of the 12 clones

contained autonomous plasmids by virtue of the fact that they could be recovered in E. coli

and could subsequently transform S. ceevisiae to URA prototrophy. Analysis of these two

recombinant plasmids by restriction enzyme digestion and subsequent agarose gel

electrophoresis showed the presence of ARS inserts of the sizes 0.4 kbp and 1.4 kbp

respectively. The plasmid with the 0.4 kbp ARS insert (pAB81) was selected for further

analysis (Fig. 1A). Southern blots of total DNA isolated from S. cere'4iae transformed with

pAB81 and probed with the parent plasmid pUC19 indicated ,he presence of an

autonomous plasmid. Using restriction mapping of pAB81 an Eco RI site was found within

the insert. To map the functional limits of the ARS, two subclones were constructed.

pAB81 was digested with Eco RI to excise a 0.25 kbp portion of the ARS and the plasmid

recircularized (pAB83, Fig. IA). The excised portion of the ARS (0.25 kbp) was cloned

4
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into the Eco RI site of pGN3 (pAB82, Fig. 1B). The three plasmids (pAB81, pAB82, and

pAB83) were then used to transform Saccharomyces (Fig. 1B). pAB81 and pAB83

transformed Saccharomyca with high frequencies (equivalent to pJL2, data not shown)

while pAB82 showed very inefficient transformation (< 10 transformants/lig plasmid

DNA) indicating that the ARS from Debaryomyces resides within 150 bp of the 400 bp

insert.

The 0.4 kbp ARS was excised from pAB81 by digestion with Barn HI and Hind III

(from the polylinker sequence of pUC19), purified by agarose gel electrophoresis and

radioactively labelled with 32p utilizing the random priming technique (Sambrook et aL,

1989). This was then used as a probe against Debaryomyces genomic DNA digested with

Barn HI (Fig. 1C, Lane A) and Hind III (Fig. IC, Lane B). The Southern hybridizations

were performed at high stringencies (Wahl et aL, 1987). Our results indicate that strong

.homology exists between the ARS from pAB81 and the genomic DNA from Debaryomyces

suggesting that the ARS in pAB81 originates from Debaryomyces.

The ARS from pAB83 was sequenced by the dideoxy chain termination method of

Sanger et aL (1977). The sequence of 130 bp, as shown in Figure 2 has a high A+T content

(% A + T - 80.76). It also has a 12 bp consensus sequence (Fig. 2, the underlined region)

which is common to all DNA sequences that function as ARS in Saccharomyces (Broach

and Hicks, 1980).

Discussion

We have described here the isolation of an ARS from the marine yeast

Debaryomyces hansenii. We have demonstrated that the ARS gives the plasmids pAB81 and

pAB83 the capability of autonomous replication in Saccharomyces cerevisiae. Restriction

mapping and subsequent transformation of S. cerevisiae indicate that the ARS activity

5 ii
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resides in 130 bp of the clone. In Phycomyces blakesleeanus the ARS activity was found to

reside in less than 160 bp along a 900 bp fragment (Revuelta and Jayaram, 1986). Araki

and Oshima (1989) identified a 30 bp sequence from Zygosaccharomyces rouxii that is

functional both as an ARS in S. cerevisiae and its native host.

Sequenc. analysis of the functional region of ARSD showed that it has a high

%A + T content and includes a 12 bp consensus sequence. Both of these observations are

consistent with sequences of ARS from other species (Revuelta and Jayaram, 1986;

Cannon et aL, 1990; Broach and Hicks, 1980).

Our results do not demonstrate whether the isolated ARSD is functional in D.

hansenii although plasmids that contain the 2# circle ARS transform D. hansenli with low

efficiencies (Govind, unpublished data). This observation, coupled with the fact that the

sequence of ARSD is very similar to the ARS from Saccharomyces (Broach and Hicks,

1980) as well as ARS from both P. blakesleeanus (Revuelta and Jayaram, 1986) and the

core regions of the ARS from Candida albicans (Cannon et aL, 1990) indicates that the

sequence would be functional in D. hansenli. Experiments are now underway to isolate Ura

3" strains of D. hansenii. When this is accomplished, transformation of the organism will be

attempted with pAB81 ard pAB83.

One useful attribute of pAB81 and pAB83 is that these plasmids could be

conceivably used to transform both D. hansenii and S. carvusze. It is also possible to use

these plasmids to complement auxotrophic mutations in Saccharomyces and facilitate the

isolation of a marker. This is particularly significant since there are no auxotrophic

markers available for Debatyomyces at the present time. A shuttle vector (i.e., pAB81 or

pAB83) that is capable of autonomous existance in Debaromyces, Saccharomyces, and E.

coil would be especially important for the study of gene regulation. It would also be

possible to express Saccharomyces genes in Debayomyces and vice versa. With the

isolation of auxotrophs and their respective genes, it should then be feasible to isolate salt

responsive genes and to stuwv their regulation.
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Materials and Methods

Strains and Maintenance

The Saccharomyces cereiiae strain SEY 2108 (MATa ura 3-52 leu 2-3,-4)2 suc2*9

.&prc1::LEU2 + ) was obtained from Dr. Scott Emr, California Institute of Technology,

Pasadena, California, and described by Bankaitis et aL (1986). Complete as wel1 as dropout

media and conditions for cultivation of Saccharonyces have been described by Campbell

(1988). The Debaryomyces hansenii strain NRRL Y-7426 was obtained from the United

States Department of Agriculture, Peoria, Illinois. The conditions and media for the

cultivation of Debaryomyces were identical to that of Saccharomyces. Plasmids were

constructed, propagated and amplified in Escherichia col straia DHSa (F, endAl, hsdR17,

rk, mk +, supE44, thi-1,A-, recAl, gVrA96, relA1, fargF-lacZYA)U169, 9 80dlacZ MIS).

Miscellaneous Methods

Plasmid DNA from E. cofl was isolated by the method of Ohtsubo et aL (1978).

Transformation of E. cofl was performed by the method of Mandel and -iga (1970). DNA

from S. cerevisiae and D. hanseni were prepared by the method of Cryer et a. (1975).

Transformation of Saccharomyces was performed as described by Ito et aL (1983).

Electrophoretic fractionation of DNA and Southern hybridization were accomplished as

described by Wahl et aL (1987). Double stranded DNA sequencing was performed by the

method of Sanger et aL (1977). Restriction and modification enzymes were purchased from

Promega Biotechnology and used according to the manufacturer's recommendations.
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Figure Legends

Figure 1: Isolation of ARSD from Debaiyomyces hansenii. (A) Plasmid pAB81 contains the

yeast URA 3 gene (1.1 kbp) cloned at the Hind III site of of the plasmid pUC19. It also has

a 0.4 kbp fragment from Debaryomyces (cloned at the Sal I site) that functions as an

autonomously replicating sequence in Saccharomyces. Plasmid pAB83 was constructed as

follows: pAB81 was digested with Eco RI and the plasmid was recircularized after excision

of 0.25 kbp of ARSD. The plasmid contains approximately 0.15 kbp of the ARS. (B)

Transformation of S. cerevisiae with pAB81, pAB82 (construction of pAB82 has been

detailed in the results section), and pAB83. Both pAB81 and pAB83 show high frequency

transformation of S. cerevisiae SEY 2108 to URA prototrophy while pAB82 shows very

inefficient transformation. (C) Southern blot analysis of genornic DNA from Debaryomyces

digested with Barn IH (Lane A) and Hind MI (Lane B) and probed with ARSD from

pAB81.

Figure 2: Sequence analysis of ARSD from pAB83. The concensus sequence

T*kTTATRTITt common to all DNA fragments that are functional as ARS in yeasts is

underlined.
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SUMMARY

The water-soluble peridinin-chlorophyll &-protceins (sPCP) from three symbiotic dinoflagellaces,
Symhiadriswmn microa.&ialum, S. kawaguti and S. piem, have been analysed for their quaternary saucture
(by using iamunoblotdng techniques) and spectoscopic characteristics (by using absorption and
duorescence spectra). The sPCP from S. k'.awaudi is comprised exclusively of'a monomeric apoprotcia or
35 kDa, whereas sPCP from S. p4i n poesseses only a dimeic apoprotein with subunits of 15 kDa each.
The sPCP from S. mikroa&aiw simultancously contahn both. Specct'mcopicully, sPCP from S. kawadi
is very simfAr to the 35 kDa species in S. v tic un; sPCP rein S. pUm is similar to the 15 kDa
species &om S. v tfc ow. Gaussian deconvolution analyss ofabsorption and fluorescence emission
specu-a show that each holoprotcin is comprised of two spectrally distinct forms of chlorophyll a. We
propose molecular topologies for sPCP consistent with our findings.

1. INTRODUCTION molar rado of4:1 (Pr i & Elaxo 1976), but a 9:2
rato has been reportd for the sPC? from mWpIz ,f-ian

The water-soluble paidinin-chlorophyli a-proteins wtow Plymouth 450 (Haxo a d 1976; Scigelmanc. fE
•(PCP) are the major ight-hariesng complexes in a. 1977). Based on spectrocopic ckdcec, Song et a4
dinofihgela t (Siegelian a L 1977; Pfzclin 1987; (1976) and Koka & Song (1977) sugstd a molecular
Wismura at£. 1990.). The fiecion of d chrmo- topology for sPCP c*n*sng oftwo dimas ofpedinin
protens is to cap* Ught map and aer the dmdy smaocaed with am chlorophyll a molecule.
*mcitaon to the rmon centra, where primary They suggest tha this amcngurauion Otands the

* photochemistry takes place- The prtscoce of xantho- fluiorescence lifetime of the perilain molecules, and
_.*Si the antenna complexes of chlorophyll C. 0 accusit for 100% effmeszq of maisto energy

cotirtig algae: extnds their 14abifc from paidiain to chlorophyll a. which occwx
•A.city,.mto the blue-pen region of the poto- in less than 10 p (Soug d t. 1976; Mlmuro a d.
synthetcally active radint spectum, which i e 1990). The sPCP is smique among the chlorophyll a-
dominant specral component of light in the ocma stainisig proteins became, to the best of our
(Larkum & Barrett 1983; Kirk 19M; Owens 1968). koowledle, it is the only water-soluble example,
Among the various chlorophyli-protein complexes although Manhews it d. (1979) have reported a water-
isoldfreom dnoh t4sPCPisthebestcharacter- soluble bacteriochlorophyll .-proccia complex for
ized (Prelin & Abene 1978; Bocs-" i d4 1980; bhA wAbevt awr This chracerisdc b sPC?
Boezar & Prizclin 1986, 1987; Go-ind a 4 1990). allows the study of the spectroscopic behaviour of

In di fferent dinoafigelatcs, the apoproteins of sPCP chlorophyll a inside the apoprotein, without the
occur as a monomer of about 31-35 k*jor as a interfer c. assocated with the use of detergernts
homodimer, with subunit ofabout 15 kDa (Pr.teri & necessary to solubilze other chlorophyll-protcia eorn-
Haxo 1976; Siegeln d 4. 1977; Chang & Trench plxe (Brown k Schoch 1981).
1984; Govind ad. 1990). The qua ernasy structure of . In this paper, we characterize the spectroscopic
sPCP is species speclfic; some specie poso the propertesanid thequatrurytuctreoofthdiferenc
monomeric or dmaic firm exclusively, but others kodec€ic forns of sPC? from the symbiotic dino-
posen both (Govind st d. 1990). The sC? isoled fagellates S. miaeddadsm (which hss both the
trom different spedsa can be resolved into seval monoeic and dimeic apoproceans), S. kawqwii
isoelctric forms, the patterns being species specfc (which his only the monomeric apoprocein), and S.
(Chang & Trench 1982; Trench 1987). $mnaw, (which has only the dimeric apoproccin). We

The chromophores of sPCP from several dino. find that the specuoscopic characteristics of sPCP
"agellams consist of pc ridiri and chlorophyU a in a appewi to be dependcrt on the quaternary structure o

Pw. R. S w. Lni. I (1992) 000. 000-000



the apcprocein, and are not species 3p:uw.-.

evidence is supportive of the prcewcc of two spectral modihcadoi. The fracdoas cootain t CI 'id Gorn We .
ferms of chlorophyll a ssociated with the 15 kDa ScphWdc G-75 column were pooled and concent'ratd. The
apoprotcein, and two different spectral forms of chloro- OIUU s mined wit DEAE-cdllos (Pharmada) Cor 2 .
phyll a associated with the 35 ka apoprotein. ansd ocisritaged at 1500 r.p.m. in a clinical centrifuge. Thephyl •assciaed it th 35 aoprtr.arm/oultn supcmacant was dialysed overnight against 10 m-m

Na-accta (pH6.0), appled on a ,ep~x C.-.5
2. MATERIALS AND METHODS colPon.aond dctd with ag 2nta (0.01-0.3 mu) NaCI

l(a) lls aeu arveratiebt cn en-ao at 0ean r. The d nto r u lfraos
wer o bined, &ad applieo a preparative gradient

SAxessc cuhtUM CSnk i'$RfedW $.I P (10-20% polyacrLamd) s-p~vcz (sodium dode-cyi sul.
ad S. p m CTrends & lank 1967) o gro in 2A I phi= polyacrtlzm ide gelc prop i). The gel was
Femba¢.h daks conainidng I I neri ASU4A (Blank 1987) lightly staned with Coi esi BElunt Blue. A single s

~deiva.'ng 25 Ipmoles quana W zt of' phoqsthnicy Sc"Cf ¢ ,I

( b) H a m stn g caIL C = d isclad ox of P C P P to aso o f" sP C P co m mining 26 p g ch o rphyll a w ere

PCP was partly purified Wolowing the methods described by as described previously (Roman t ad. 1988; Govind e d.
Prizelin & Haxo (1976) and Chang & Trench (1982) with 1990). The bloct were treated with diluted (1:500) anti-
minor modificaion. Al1a cells were resuspended in ice-cold ScPCP serum. Pre-immune serum was used in control assays.
TM bufer [t0 mu Tris-HCI (pH 8.0), 2 mm M"lJ. The
c-.ll were broken by three passes through a French pressure (f) spedrwioi anu
cell (Antinco) at 8.3 x 10' Pa. and the lysates centrifuged at

1C0000 at 4*C ror 2h. The pell.ts were repeatedly Absorpdon spectra were obtained at room temperaturc by r

exracted until no more pigment was oberved in the Ung a Varian Tccliyon series 634 UV/VIS spectro-
supernatant. As, depending oan the alig species, a photometer. The specte wcre digitized using an A/D board
quanddes of peridinin remained in the --UC; We & (SABLE Systems), attached to a computer (Systek). By using
between the water-soluble (sPCP) and the wates-in.soluble dis con iguratioa, it was possible to capture 640 dacL poinasj (iPCP) PCP fractions. The crude s CPd as with Pctrs um Typically, a slt width of0.5 am was used. The
(NH4)SO 4 (50 %( ! 100% 5 -Snao). Tim p d absorptioastamsuua were captured at 0.64 am intervals

PCP-e.a aining f ctious wa dialysed overight aga whie scara ing the l visible spectrum (338-750 nm). and
TNS buffer (7U, with 500 ma NaCI), cnan-arad ag =c at 0M m interals when scanning the red portion of the
polyethylene glycol (molamular nm 10000), applied onto a Vocrum (600-750 31m). The ahsorpton specrum of each
Sephadest G-75 (Tm=&&~) a* mins, 2Wd elisses 'with 1mn*L was obtained by avagng 1S sam A linear
"MS. The e wt . moni a 478 am (cm & k= TI g ', was fid as *e resdual absorption in the
1982), a=d actios cssar.i PCP were Pooled, dialyed 730750 am range. Thespecu ' were corrected for molecular
overnight agmnsc 60 g r Ifycnc s." 4q a sicaau.sng by suboacting the =apolared linear regression of
analysed by m-P.Ac ('odctric focsmi in polyacal- the reidul absoptm fom the orginal data ChlorophyU a
amide). About 6% of the s" dkL mo ptpipiss at 100% w" q Isiot aeoN Usefcent of
(IHJ, sa umauto. This & oo wag dlysald gad 60 =a' =7" (Shasrwva i at 1974).
processed as just dacribaL All proumd , were cooduced Io= um pertuf isncrace asson sp e re
Wer dim lht mn phbosauuti= o the now"4ed with a ?tlksin m LR.50 ectriUorometer

eclmomohora, sVippod with a sed-sutidva pbotoawltiplier (Model .-
923). The btumm sturadally dciined the spectra
with tablm of0.5 Pm. The apparas was oper.,.. with

(c) Lregr ifoo z daw*U0,A11ir both sawia. sad W dma si t widths 04 2.5 Wm. Samples

Partly purified satmples of " wer an te is thei W= s4545sd50mm acaao 42
comosie ioclctic o= y pepratvei -1eey cfocsin cloopyU l wan mtd tominimize rabsoepti... EacJfintalcompotp is the molt of avosgig 25 uncorrected spectra.

(nr) in a granulated bed (pH ranp, 3.5-9.5) as described in Fourt daivanva of the absoppsoa e we calcu-
Cun:g & Trench (1984), and by analytd uW-PACZ, ung laud as dcribed by Butler & Hopkins (1970). Gaussian
prepoured Ampholinse-AG pLates (pK on 3.5-9.5), md deonvoladons of boh abrpon aid wre cece eusson
a Bat bed deccrophoreis apparatu, agmdlg to the qmcra (600-750 m) were done by using a nonlinear fi
directions of the manufacturer (LKI). The pH gradiat iA proc with the Marquadt (1963) algothm (Peitr
the gels was measured with a mU€ pH electrode. Afm r dd).Tegoo ficwasevuluatedbythedsuibudon
preparative or a'"adytca1 ff, r gionm of the gel conoining . the redduals as wel as by the values oft '. We routinely
PC? were excied and duted with TM buffer. tri fting the specta to diffcrit combinations of Gaussan

and Lotuedan components, as weu as with the Gaussian-
(d) PCp pun cativn and produrtiu f ad-pCP p dl L i= plducs fu@ on (Frenche d 4 1972). The

bat is wa consistently obtained when pur Gauian, or
the Causian-Looreatuan cros*-product function were used.

Symki*dua tsforius the d agame symb-oat bar- For impllruiy, we empot hee only the tult obtained by
boured by the sea swsou Aha4 we delrimok was uang the Gaussma salyre. In all a, the diffcence
isolated by described methods (Treach 1971). The lgl cedls between the areas below the observed and predicted spect.a
were ruptured, and SPCP purd to dec rophoree hon, was u than 0.3%.

P. R. Sic LAd. 3 (1"92)
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of ~rw~atU&a R gicias-Pieto and orthc. 3 eS)

3. '%SULTS a 2

The aziti.ScPCP antibodies cra-reacted with PCP b 9.5
apoprotins &ozn S. ,cpdizu S. kmquai and S.__

./ Pileau (figure 1), a.&indcatio tht h 15 kDa and c

the 33 k~a apoptceins posses common audgenicd
sita. Ne-immunt umn showed no ctou-ractivity.

at (990 uing antibodies against M7 frmm h
dhonapiglate HeaffmM pygwso, and owfirm thex
obsavatdon that the sPCP from S. uiawka
coamins, a mouomcrc apoproten of about 35 kDa, h
and aparem homodimer of 15 kDa, whereas sP 2

kDa 1 2 3 4 ~ .pH

80.0 - A.

49.5-1

32.5-

275-

Figurme 2. Ummined w-Prwz gd ofepaaied sPCP Lsolated
Am S. sia~&Ln 1. dsIC? piaedb

18.5 WIOO'MHJSO, nwadoo..Law 2. S. mwmeansJXTkaoen mt id- yotl aft d 100%

arased "y lmmaos &uaW*u wxem W~ is "umeaud kwmega an iSu$m am omposed ct-
probed witb &ad-&MPC .i Lam 1,1. 1 11 -1l of the 55 ad 15 We apoprota as, rnpwa.
Pftm rMWaigpa-Lam2Aam v sC r ai The s"C trm S. meaki.tin, which &&W o
the did am pmcipiate Aft 100% (NffjSOO wAmass. dpt atboa 100% (NH(oSO4 saturaion, is
Learn s md 4t, pmnk prisw sIfmS aad& cmpoasi auively of di- IS kDa apopmd~n (fipmt
$ums,4 rWvqy. 1. lae 2).

~fr~? Table 1. Sgy~idis n xdsia u: usm~uw a M0 dpp~dn % ahauh Ws ruim 1111t#aswe of

ormfl PI WAIW (MR) I (m

b566.8 673.0
C \ .0 35 - "9.8 :1 73.0

d . 3 IsV 671.0 674.0

P.7.3 35 15 VIA* 674.3
f7.7 15 15 6M+. 675.0
97.6 35 15 M7.4 675.5

h 7.5 is 15 67M. 676.0
7.3 is is 67U. 67U.

j7.2 35 Is 67n.4 67u.
k 6.0 - 15 6734 676.5
1 4.5 - 15 67.4 076.5

4.3 - 15 ) 673.4 676.5

P dl R .. S .4 3(992) t



2. 4 R. 1 l,.sia--Prieto and others Peridinin-clorophyll -Prot- .-. o j ena -t-

kDa a b c d e f g h i j k I m
A

80.0- -. *,

. . .- .

.5 . '-J - '. -.".. . ,, . ..-. •. - €  ..

18.5- 3 00 '400 500 600 700
d t.wavelength Io

Figure~ ~ ~ 3. Imuobo oC3iclcrcfrm ~ Pioae Figure I. Fourth deivative analysis of absorption spectra of

from S. mxvik s" after cw4A02. Ile blot was probed dkPEMS mm -)adS ie' n
wit sai~PCPscum orcladfiaton ~te 1 Lnes w absorption specuztt of sPCP firom S. kaaeptii ( .. ) s Ca

wtae PC Laam Fo ~t~i ~h ~Pcovided as rclesree IdcUdal results were obtained with
table1thde bmnh deivative analysts ofdse monomeric and dimeric

farm of sPCP fr-om S. vt.sdawiaq.

(t) p1 values ranging from pH 7.3 to 7.9 (figure 2, lane 2),
0.3and are composed exclusively or the 15 kaao
U protein. The exIstence orisoclemtic trmns that appear

Z to be composed of apoproteins or t5 anid 3.5 k.Da
0.4 (iolectricfarms d-j in able 1; figure 3) is very

0.4 probably the result of coortaminadion during excision

di"i..t "..-"- fi = o .i S ird i tc
;U L ...; .. " m th "7?O es rmyrpeetdfe~

o 0.2 Te wsal ]abou r puaveaay hon adfur scene msi"on

.spoectr anal ys (1 m) sgetan the$.5 re( ar e) -T

(b) show alsarpfeoll =:da a at 669.8 =m and fluorescence
0.8h emiou maxm= at 673 am, whereas those with the

t 1 kfla apoprotcia show absorption rin~ia at
j6) 673.2 am, and uoreace7c3 emission .axira at

To 0.416 protn he the oecrcharacteristcs or

i6 (1S7, or dependent o*a thorei poprotn composition,
c' On low we empared dhe absorpton and duorescmce emission'

speN' ofsPC? frost S. xwsauiefiua S. kazoslii and
oEs .pi... The rewi (fte 4) show that the sPCP
4W oo ,00 70 fim S.kpAm rcoi inrt o tesPCP ih 35 ka

OM aPOpt euus fror S. uiesi.in, and the sPCP hm
S. piens. oo 3 t the P C widh 5 kDa apo.

c (inio spct u W e ) ofs C . (a)9S..8segii1 5kDa a th d a su rem

apopotcia (conauou line). and S. pUm, 15 kDa of b t the a srt the 35 D a a te

appoen(broken floe). (4) S. smwusS'iaiau, 35 Wx oazdt h bopinpa nterd n h
apti a 5 aarep spectrumben) obtained suggested that the Spec-(cg7inou~" linea di~erac t cs the i anr d dimericton,

Excitation was at 435 ns. o OS ra
ae mot rumcted to the red absorption band on
chiorophyli a, but can be found in the Soret band as

Arter sePaation S.CP frm S. miea i by well. Similar results were obaired by fourth derivative
analytical tM-PACZ, 13 isocecuic rorms ofsCP wer analyss of the absorption spectm (6gurc 5), which also
resolve-d, with p1 values ranging from pH 4.3 to $.4 sugt that the peridinis absorption bands in the
(figure 2, lane 1). Iuos of the individual boelec.ic monomeric sPCP are ted-shied in relation to the
(rom, and Subseua W b Arp an d c and 'meric nms.
immuaoblactrng methods, revealed that they arm The red (600-750 am) arptio specta osPCP at
composed of apoprotin cahea) 35 or 15 Da (figure m temperaoure are ie result of aborpdon of only
3). The PCP fracon that did not preclpitate in 100 . chlorphyl a (see t ble 2 and figure 6). Gaussian
(Nl,) So, is composed obur isoeleenic a es with decovoluinm analyses of the Spec-..-r suggest -hat :he

P tn R. S at. Lm4. 3 (192)



P~i-M~rop~d /.p~ednJofdinqfgU~~e Litglesias-prie- and others 5 S

Table 2. Symbiodinum APP: GWzuIm ddcuO""bda4n of a" ah"toran (WV-7. iw) aid ftnrtxrnu vniu~ian W~-.70) pcr
of Pcpz

absorption duortcoenim
-mmurn bandwidth amplitude Ma ua bandwidth auplicude

,S. , wks 15 kfla

Qz transdwo M mm
605.3 42.7 0.I a 67.7. 0.511

623.1 W2.7 0.09 678.1 L4 0.361
QY anddoui "meadazy m m

670.8 9.2 0.514 693.8 2C.7 0.076
673.6 4.4 0.522 739.2: 12.6 0.05

S. aum 15 Da~

Qxuamiton onar
613A 42.7 0.0 675.8 4 9 0.528

623.1 11.7 0.068 6 r78. 3 9.2 02351

670.8 8.8 0.414 98.5 23.2 0.068
673.6 4.5 0.450 740.8 12.4 0.053

S. adriagrim 3 kDa

Qxtmudan ,mry Ma=ium

607.4 12.2 0.069 , 6 7 2 .5 5.5 0.65

627.7 12.8 0.104 6 6.2TJ 10.5 0.268

QY am"ion zecondary rr.a4..nUM

666-5 9.7 0.32+ 717.1: 36.5 0.061

670.2 4.9 0.503 734., 6.1 0.016
S. kawsaa'd 35 k1)f

Qx transidog 22F u :naMwu

602.8 7.3 0.02 N62.. 5.3 0.657
621.5 15.2 0.129 676.3. ~ 10.3 0.268

Qy nansidion (~ay main

66M. 9S 0=33 719.7 3&.6 0.06

670.1 428 0.516 733.4 5.5 0.014

.Qz eavelopes are dominated by two Component with Govind d dI. (1990) found that the same antibodic

peaks between 602--23 am. The Qy envelopes are cro-reacted speificslay with the aroproteins from a

omposed of two peaks with mia:m- at 670.9 am and wide mrge of dinoadgeilaca, and did notc. roas-reac:.

67.5 am (IS kDa apoproceins), and at 6666 am and wit cholo-pwx mn pleae from other alge.

670.2 a (35 kDa ap -n). The prpowo== and hme obarvadam ar ideadcaL to thos" reportaLby

baadwidths and ampltudes ar conserved in al1 the The specumcopic silaruties of the 35 kDa iso-

amps. ecuic e= fiesm I adieadam and the 35 kDa

Gaussa deconvolnim of the Luacence €minio hodecuic forms fiva S. kailati4 ame re ecte! in the

specq =.tqu= four Gaumias compoosas, two in the podons of hdr aiorpdon and filuorescce emission

pdma-y ma;dmum aomnd 674 am, and two more in maxima and the presence of *MaUfy identical Gau2-

the secoudary maimum in the vicinity of 733 rim, to am compoaea. The sane applies to the 15 kDa

be accurately dacs€rbed (figure 6). The Gassian isoelectic foms from S. i w iatinn and the 15 kDa

componenu ofde primary muimum ar conserved in isodct ric forms from S. pikam Based on these

terms of both their bandwidths and amplitudes. The obwsas, we concludc that local effects charac-

first Gaussian element of the primary maimum has Wistc of the different apopcoteis are responsible for

poao at 675.7 am -and 678.1 am (for the 15 kDa the specavscopic characterist of the holoprotein.

apoprotcei), and 672.5 am and 676.2 =m (for the Spectroscopic dferences between sPCP isolated
:35 kDa apoprtccn) (tale 2). for different dinoflagellate species have been reported

pr3viously. At mo opert)ur.e, sPC rom H.

4. DISCUSSION yj~masa has an abiorpda. i mamum at 672 nm
(Priacri & Haio 1976) and a luorescence emiusion

The ani-ScPCP andbodia crowracted with al maitimum at 675 am (Song d d. 1976) whereas sPCP

the isodecmc form odsPCP from S. nixi S. rousm £sCymd A ,ire and A. mum Plymouth 450

Ammpui and S. pdeam They also eced with the have an absorpoto matimum at 670 = and a

different apoprorteas of all three algal species. Roman luorscence emisnon mairmum at 672 am (Song it al.

as al. (1988) also found that antibodies generated 1976; Koka & Song 1977). Our data suggest that the

aginst the sPCP from Haroaps pygmaaa r acted with specmoscopic characteristcs of sPCP arc correlated

ail isoJec-ic forms of sPCP from that alga, and with the molecular mas of the apoproteins, and are

Phot. R. ,. . ). . 3 JI97)
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0L

6W0 640 680 720 600 640 680 72

wvelength Iam. 6 waetengthI
00" A A..

--0.003 -12

( (C) 240O(d)A
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mZ

O160.

-0.2-
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A 1 enth

0.04 AsA~ ls.. A RIAA_ A AA. V A.

-0.0031.

Fi:g=r 6. Gauw4yut dowaotludon, azulsof a(s) MOmL tesacum absorption, and (i) fluoresccuce msi ao specza
oftPCP from . ~Pdlaws., ankd (e) and (d) fivas S. L ;ution lenccgth as in figre 4. Ile aCqaiauennd datam
wge represented by cies and die 6A Sunez am the Gaussan empmumnt and their usa Below ichcI spcru is a
plot of the reiduals.

consistent with the differesaces; just cited, as H. jypa 4t 1990). By nithier approach w=r we able to obtain
sPCP has the 15 kDa apoprotew, whereas the sPC?' of succeai lu usng a single component. Based on these
both 0. p4dre and A. wtu Plymouth 450 au m tl, we tried to fit the Qy tuanitions to a set of two
the 35 kDa apopectein (PrielIn & Hia 1976; Gavind Gamma demeats, -at wC teated the Gaus ia

th G. IM). peak pad as as an to be A by the computer
ThcCaunian decovolution aalr~s of"dec ab. pgram This approach produced a very good fit in allsorption spmmt of Ccmpried of'te 13 kD& and cum Increas te =mus o aussian eiments did

'the 35 k~a apoprot, =g gat te etist of two nt fault in any, increa in, the goodness of fir-
'spc tral" frmst of chlorophyll a associated with eah A alye o"h reaive area~t be€low te Gaussia
apoprotcd, as rcndcred eviden~t by the presence of two components suggest that te two spectral forms are

components i te Qy envelope. Juficadon pwe te naesit in similar proporions (59:41t%). The
ue of Gaussia analyses of room temperature aa symmctry of'the Gaussian elements may be associated
sorption spectra is provided by the studies of Zucchetl with weak interactions between the chlorophyll mole-
a at. (1990) and Mimuro daL (1990). The proposed cules in the local enviroment (Zucchelli af d. 1990).
models for the structre of sPCI (Przelin & Haxo The absorption :a:dma of the two spectral fortes of
1976; Prizelin 1987). suggest the pretnce of a tingle chlorophyll a that we observed are very similar to those
chrotmophoric unit (tour peridinins and one chloro- obtained by the room temperature Gaussian decon-
phyll a) associated with a 29-35 kDa potypeptidc, and voluto analyses of Mimuro d al. (19906) for the
our high derivative analyses of the absorption spectra facoxanthin--chlorophyll cl/c-protein aggregates iso-
revealed a single peak in the Qy region probably lated Eonm the brown ma weed Diqaks dISM .
caused by the broadening of the nansidon bands at Consist with the two spectral forms ofchlorophyll
room tcmpcramure (French ds d. 972). We thercibre a suggested by the data on absorption, Gaussian
tried to fit a single Gausan to ite Qy envelope. To decoavoluton analyzes of the fluorescence emission
account for the appirent asymmetry ofsome amitioe secu suggest the existence of two components in the
bands, we also attmpted to fit the spectt to a single pmary peak resulting fiont the relaxation of the Qy
asymmerical Gaussian (French et 4 1972; Zuecflli awssioon (Schmidt 1918). The results (figure 5; table

Pr... A. Sat. LtQ. I (1"2)
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2), suggest that, for the 15 kDa tepopro(n, the (b)
spectral form of chlorophyll i absorbing at 670.9 m..
ents at 675.7 am, and the one absorbing at 673.5 ame' mits at 678.1 cm For the 35 kDa ,poprotein, the

apect form of chlomphylyia absorbing at 666.6 am L
emits at 672.5 nm, and the one absorbing at 670.2 um . =.4.t. "

.
"  ,

e i at 676.2 am . T herd bre, in S. tmwriam w t, (c

..wher sPcP is compose onboth the 15 and the 35 kZ)a (C)--.

apoproteins, them ame four distinct spectral fors of
chlorophyll pr =r .

The absorpion-f4uor€ce:ce spectra of chlorophyll

e, s v and in organic olvents, show a charActeditic
Stokes shift of 5-15 am (Shipman & Houmin 1979;
Govindji et d. 1979). Przida & Hazo (1976), Song flqire 7. Hypothesized molecular topologies ofsPC? &rm
#g d. (1976), and Koka & Soag (1977) reported very diff:=t dinadagellaea. For detils of the sau=c of the
small Stokes shifts (2-3 am) for sPCP, and in the €a ch mophoc unit, sac Son a 4 (1976). The diagra-.

ro w peridi monomer (m). chlorophyll s (0) and protein
oi the membrne-bound pr iH. o r p byll -ro- & (4) Two chlorophyll a molecul (spec-scapically
tPin complem isolated from H. isoaa by Boza & diffe-=t), each a&soitcd with nwo dimcrs ofperidinin, wich
Prdlin (1986;, there is no StoI - ihift at all Our two homodimeuic (15 kDa) apoprotcns, as iound in /
results are very suilar to those dc-nbed, showing a T his arrangenact would refl=c a chlorophyll
Stokes sh]£r of approximately 3 num when the peaks of ,:peridimin:apoprotin rado or2:8:2. (6) Two chJorophyt c
the Qy envelopes are compared with the ptads in the molcues (spectrcopically diffrent), each associmed with
primary emiuion envelopes. But when the two Gaus- two di-ne.= of pcridizin, with one monomeric (35 kDa)
sian components of the Qy envelope and the two apoprotein, as found inS. kamp -This arrange-ment would
components of the emio spectra am compared re.ect a chlorophyll a: perdiniv:apoprocein ratio of 2:8: I.
si-nultaneously, each Gaussian component in the Qy (c) Two cblrophyll a molecules (spectracpically dif:ferent),

sexch asadated with two dimers of pe-idinin, with oneenvelop shows a Stokes shfts of about 6 ab p moinric (35 kDa) apoprotein. The two chmoophoric
Gausin deconvoluotin amlyses of the absorption units ar sparted by a 'alenc' paidinin monomer. This 1spectra otlight-harvadong PICCC5 fren pbm Pl~ arranuner L wil i. ,lect L. a 1.,. chlorophyU

show that they contain all the chlorophyl specrl a:padnin:apcprc nof2:9:1, nas -saed by HAxo u 4.
Au= described by French V d. (1972), with the (L976) and Seigaem a d. (197n r A. mww Plymouth
exception of the form with absorption maximum at 450.
680 am (Brown & Schoch 1981; van Dorsn= a 4
1987). However, Zucchdfli aL (1990), and Jennings
•id aL (1990), using Gaussian deconvoluton of spectra (3.4 kDa) (Prd zer & Haxo 1976; Prdzliu 1987).
utke at room tempermtur, have reported the em owece Koka & Song (1977) anaLysed die molecular topology
of long wavelength dhorophyil a formns in chlorophyll ofsPCP from A. amea Plymouth 450, and found that
a/b light.harvatang camplex of spinach and . &hia molecule had spectral chanctertics identical to

u The sPCP rhibits la diversity of spectrl fTm than those found in sPCP having peridinin:chlorophyll a
the atennae of green pLna, and in addition, lacks rs of 4:1. They conclded that the pen-

S long wavelength compones. Then obsavadow are dinin:chlorophyil a ratio of 9:2 was inconsistent with
consiseat with the anidgment of sPCP as the most die proposed molclar opology, and o rposed an
peripheral antenna eoapla in dinoagellata altarnative model in which two chromsophoric units are
"P&L & Alberta 1978; Govindjee t aL 1979; contained by a 30-35 kDa polypeptidc. However, they
3ditnum d L 1990a). conidered this latter model unlikely, principally

Based on the lack of chomphy-chlrophyil inter- because the apoprouk was believed to be too small to
actions, as determined by circular dkhroism, the house two chrowophoric units.
apparent mclecular mass of the native holoproccin, Our analyses are consistent with two chrornophoric
and the ssumed stc:ic difficulty of -ccommodating units adociatd with each sPCP apoprotean. Crrmtaio-
more than one chromophoric unit widi-iz an apo- graphic analyses of the water.soluble bac:erio-
protein of 30-35 kDa, a molecular topology consting chlorophyl a-protein from Pmx& cecdtrit wut.s . •
of peridinin: chlorephyll i:protcein ra oi of 4:1:1 has rcvezl the presenct of seven bacteriochlorophyli a
been proposed (?:&6en & Haxo 1976; Song d d. molecules within a 50 kDa monomer (Matthews it d.
1976; Koka & Song 1977; Przelia 1987). Haxo it al. 1979; Tronrud (I d. 1986), and Kahlbrandt & Wang
(1976) suggestezl a peridinin:clorophyil a:procd .(1991), using 4ecn acystallogrphy, corroborated
ratio of 9:2:1 for the sPCP froa A. war Plymouth the presence of 15 chlorophyLl moleules (cight
450, based on specmtopic dctorminaons of the cdlorophyll & and seven chlorophyll k) per 25 kDa
cbzomophore content, and the difference in molecular apoproccin in chlorophyll a/b iight-huvesting complex
mass betweca the holoprotcin (39.2 Wda) and the 11 of gre.n plants. These two obsrvations suggest that,
apoprotein (31.8 kWa). Tbe determination of the in the case of sPCP, apoproccins of 30-35 kDa can
number o-chromophoric units in the native complex is posess enough space to accommodate two chromo-
difficul because of the limitations ofimolecular sieving phoric units, separated by enough distance :o account
techniques and the small size of-the chromophoric unit for the absence of c.hlorophyll t dlipticir/ (Song el -I.



1976; Koaca & Soag 1977). Based on these coasidera- K. K., Tziplctt, E. I & Pr~zeli, B. B. 1NC0 A-- ),ndblu
tons, we postulate two Imodels for sPCP (figure 7) in oC t.he light-hresdag perid~in-chlorophyll --prote.
which two chroniophoric units am associated wit frOT dinoflgellates by immrnoblotdrig tedhriquc. Proc.
either: (1) abhonidincr ofl15 kDa apoproein subunits; L Sw- Land. 8 240, 187-195.
or (ii) a monomer of 35 kDa apoprotein. Fixally, we Coidc,0 Ch ougyl D. fl-uormnc B. B. tweeey, B.tNJ.

al p~cthe 9:2tnc ofidni aninctveorophyl179idpyl a raodpruoyHn fdimioaefaei Aiceni of*r (Pymdx out 4d

d dt. (1976) and Siegelnan at 8L (1977), and the Pt PAV.6L 57, 29 7-303.
moleculr topology thim we proe. Ultimately, the IMV IL G., LArkur, A. W. D. & Wrench, P. M.. 198.8
resolution of the correct protein-chz'omophore stoichio- Lhlrophvrocnso athde peymn-eciophyte Pndewa

mneri will reur h us of~ cytalorpi teh Z.~ Laf (Drop =A .: idenrification of the =ajar light.
niquen. Jrnvjp IL C., Zuceewl, G. & Garlascbi, F. Nf. 1990W
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THE NUCLEOTIDE SEQUENCE OF THE SMALL SUBUNIT

RIBOSOMAL RNA GENE FROM

SYMBIODINIUM PILOSUM, A SYMBIOTIC DINOFLAGELLATE
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Summary. The complete sequence of the small subunit ribosomal RNA (SSU

rRUNA) gene was determined for the s-.mbiotic dinoflagellate Syrnbiodinium pilosum. This se-

quence was compared with s.-quences of 2 other dinoflagellates (Prorocentrum micans and

Crypthecodinium cohaji), 5 Apicomplexa, 5 Ciliata, 5 other eukaryotes and one archaebacterium.

The corresponding structurally conserved regions of the molecule were used to determine wh*ch

portions of the sequences could be unambiguously aligned. Phylogenctic relationships were in-

ferred from analysis of distance matrices, where pair-wise distances were determined using a

maximum likelihood model tbr transition and transversion ratios, and from maximum parsimony

analysis, with bootstrap resampling. By either analytical approach, the dinoflagellates appcar

distantly related to prokaryotes, and are most closely r.-lated to two of the Apicomplexa,

Sarcocysdis muis and Theilenia annulata. Among the dinoflagellfates. C cohniiwas found to bc

more closely affiliated with the Apicomplexa than eithe.- P. micansor S pilosum.

Key words: Molecular phylogeny, dino flagellates, polymerase chain reaction. small subunit

ribosomal RNA gene. Symbiodiniurn pilosum
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Introduction

Among the Protista, the phylogeny of the dinoflagellates is somewvhat ambiguous. By

virtue of the abseruce of nuclear histones and nucleosomes (Herzog and Soyer, 198 1; Rizzo,

1981,1987), the similarity of the organization of dinoflagellate chromosomes to the bacterial

nucicoid (Soyer and Herzog. 1985), and the substantial substitutio'n of thymine by hydrox-

ymethyluracyl (Steele and Rae, 1980: Herzog and Sayer, 1982), some investigators have re-

garded them as being closely affiliated to the prokaryotes. But dia flagellates also show

distinct eukaryotic features; large quantities of DNA per cell (ranging from 2.7 pg/cell in

Amphidinium cartcrac to 200 pg/cell in Gonyaulax polyedra ; with 50-60% repeated

sequences); typical eukaryotic range in G+C content (36.8 - 524.7%; Rae, 1976); mRNA

splicing mechanisms, and the maturation of a 38S rRNA precursor (Rae, 1970), similar to

eukaryot-es (Hinnebusch et at. 1980; Rizzo, 1987). The appnirent "midway position" of the

dinoflagellates which prompted Dodge (1966) to the idea of the mt:';okaryoces, has not gained

support from molecular biology. Mfolecular phylogeny places the dinoflagellates firmly within

the eukaryote lineage (Lenaers or al. 1989; Hendriks et al. 1989, 199 1; Gajadhar et al. 199 1),

and lends credence to Loeblich's (1984) idea that the so-called prokaryotic characters of

dinoflagellates am derived, and are not a reflection of their ancestral state.

The phylogenetic relationships within the division Pyrrhophyta (-Dinophyta) are

poorly understood. Three current schemes on the phylogeny of dinoflagellates (Loeblich,

1984; Dodge, 1984; Taylor, 1987) show some major disagreements. For example, some

investigato~rs regard the prorocentrotds as primitive (Herzog and Sayer, 198 1), while others

regard the:' ancestral dinoflagellate sta~te to be represented by an Oxy-rhis.iike organism

(Loeblich. 1984). The otrdmnl affiliations of several dinoflageilates remain unresolved. Taylor

(1987) fegards Crvpthecodinium cohnii as a member of the Gonyaulacales, whiie Dodge

(1984) places it among the Peridiniales.

The systematics of dinotlagellates known to occur as endosymbionts in a variety of

marine invertebrates. is also poorly understood (Blank and Trench. 1986). However, based



on biochemical, morphological, and karyotypic analyses of algae isolated from various hosts

and maintained in culture (Schoenberg and Trench, 1980: Trench and Blank, 1987), or

analysed as fresh isolates (Rowan and Powers, 1991a,b), it is currently recognized that all

symbiotic dinoflagellates are not conspecific, and that distinct dinoflagellate taxa, representing

six genera (Prorocentrum, Amphidinium, Gymnodonium, Symbiodinium, Glocodinium

[-Hemidinium I and Sczippsiella) in four orders, occur as endosymbionts (Trench, 199 1 ).

In initiating a study on the molecular phylogeny of symbiotic dinoflagellates, which

must be done in the context of free-livIng dinoflagellates, we have sequenced the SSU rILNA

gene from the symbiotic dinoflageliate Symbiodiniumpiosun (Trench and Blank, 1987). The

sequence has been submitted to Genbank and given the accession number M .This sequence

was aligned to the SSU rDNA sequences from the non-symbiotic dinoflagellate species

Prorocentrum micans (Herzog and Maroteaur, 1986) and Crypthecodinium cohnii (Gajadhar

et al. 1991) and several protists. We have generated phyiogenetic trees which show that the

dinofiagellates are more closely related to some of the Apicomplexa (Sarcocystis muris and

Thcileria annulata) than to the Ciliata, as suggested by Johnson et al. (1990), Gajadhar et al.

(199 I) and Barm. et al, (1991). The analyses also show that among the three dinoflageilates

studied. C cohnii is more closely linked to the Apicomplexa than areS. pilosum (Gymno-

diniales) and P micans (Prorocentrales).

Materials and Methods

The symbiotic dinoflagellate Symbiodinium pilosum Trench and Blank, originally

isolated from the zoanthid Zoanthus sociatus was cultured axenically in ASP-BA as previously

described (Trench and Biank, 1987) The cells were harvested by centrifugation at ILO xg. at

4C

DNA isolation and purification. The elleted cells were resuspended in a small volume

of ASP-SA. The thick slurry was added dropwise to liqutid nitrogen in a mortar, and ground

with a pestle to a fine powder which was dissolved to 50 ml of extraction bufter [SM guanidine

4



thiocyanate, 10 mM Na2 EDTA, 50mM HEPES, pH 7.6 and 5% (by volume) [3-

mercaptoethanoll. The viscous solution was transferred to centrifuge tubes and rendered 4%

(by weight) with Sarcosyl. The suspensiou was centrifuged at 8,000 xg for 5 min at 40C to

remove cell debris, and the supernatant was brought to 1.42M with solid CsCI. The solution

was layered on to a 5.7M CsCI cushion and centrifuged at 160,000 xg at 200C for 18hr. DNA

was removed from the interface of the step gradient and exhaustively dialyzed against TE

buffer (10mM Tris-HCL, pH 8.0 and 1mM NA2EDTA). The solution was rendered 100rmM

with NaCI, and the DNA precipitated with 2.5 volumes of ethanol, dried and redissolved in an

appropriate volume of TE.

Polymerase Chain Reaction: Amplification of the SSU rDNA was accomplished (Saiki

et al. 1988) using the amplification primesi described by Medlin et al. (1988), using a Perkin

Elmer CETUS DNA Thermal Cycler. The amplified product was purified by electrophoresis in

low-melting agarose.

Cloning and Sequencing the SSUrDNA. The SSU rDNA fragment was completely

digested with restriction enzyme Barn HI and partially digested with Eco RI, and cloned into

tha polylinker sequence ofpUCl9 (Messing, 1983). Bacterial transformation, plasmid ampli-

fication, and isolation were performed as described by Maniatis et al. (1982). Double stranded

DNA sequencing was accomplished by the dideoxy chain-termination method of Sanger et al.

(1977). The sequencing primers used have been described by Sogin and Gunderson (1987).

Restriction and modification enzymes were obtained from Promega Biotech. (Madison.

Wisconsin) and used according to the manufacturer's specifications.

Computer analysis of sequences. The complete SSU rDNA sequences of

Crypihecodinium cohnii, Sarcocysds muds and Thielena annulata (Gajadhar et al. 199 ),

Prorocentrurm micans (Herzog and Maroteaux. 1986), Plasmodium berghei (Gunderson et al.

1986), P. lopurae (Waters et al. 1989), P. faidparum (McCutchan et al. 1988), Oxytricha

nova(Elwood et al. 1985) and Symbiodinium pilosum were aligned on the basis of similarity

and secondary structure, with the initial alignment provided by the multiple sequence program



CLUSTAL (Higgins and Sharp, 1988, 1989). One thousand five hundred non-ambiguously

aligned positions were analyzed by (I) maximum parsimony, with 500 bootstrap resamplings

employing the PAUP program (Swofford, 1989), and (2) computation of bootstrap resampled

DNA distance matrices using the maximum likelihood model (DNADIST), with resolution of

the matrices by Fitch and Margoliash's algorithm (FITCH). A consensus tree was generated

using CONSENSE. All programs are from the PHYLIP 3.3 package (Felsenstein, 1990).

A secondary structure for the SSU rRNA from S. pilosum was generated using the

eukaryotic model of Gutell et al. (1985) and Huss and Sogin (1990).

Results and Discussion

The model of the secondary structure of the SSU rRNA from S. pilosum is shown in

Fig. 1. This structure is based on the model for Chlorella vulgaris given by Huss and Sogin

(1990), with helix numbering according to Dams et al. (1988). This model for a dinoflagellate

differs from that given for Prorocentrum micans by Herz( g and Maroteaux (1986) primarily

for the regions encompassed by stem helices E21-1 to E21-6, 16 - 19, and the pair of helices

consisting of 43 and 44. Since the primary sequences of the SSU rRNA of S. pilosum and P.

micans demonstrate about 93% conservation, the observed differences are due to the different

models employed. The model based on C vulgarfis contains only those structures which are

considered to be proven by compensatory base changes among sequences in a large data base

of aligned 16S-like rRNAs (Huss and Sogin, 1990). The short region given as "inserto" is

one in which the secondary structure can not be represented with confidence (Gutell et al.

1985). We therefore believe that the model presented here is an accurate representation of the I
structure ofdinoflagellate SSU rNA.

The complete sequence of the SSU rLNA gene from S. pilosum is shown in Fig. 2.

aligned to similar sequences from eight other protists. There are seven regions of major diver-

gence among these sequences. Of these seven, the three most variable regions correspond to -

J 4.



stems 10 through 11, E2 1-1 through E21-6, and 41 and 42. These are recognised as being the

hypervariable regions among eukaryotes.

Included with the group of protists indicated in Fig. 2, were sequences from

Pamamedum temureflia, Tee.ihymena thermophilA, Euplotes aediculatu4 Stylonychia pustulta

with Dict •telium discoideum, Ochromonas danica, Saccharomyces cerevisia4 as outgroup.

The outgroup species were chosen for their close proximity to the dinoflagellate-apicomplexa-

ciliate cluster. These sequences (obtained through GenBank v67; Bilofsky et al. 1986) were

aligned to the other group with the same weighting applied (Fig. 2). Five hundred bootstrap

resamplings were performed using the maximum parsimony program in PAUTP. Fig. 3 shows

the resulting cladogram. A frequent alternative to this cladogram places the ciliates closer to the

group including the dinoflagellates, S. mudsand T. annulata, than to the Plasmodium group.

Using the same sequence alignments and weighting, with Suoiblobus solfatadcus

Giardia famblia and Physamm polycephalum (sequences obtained through Genbank) as

outgroups, pair-wise distance matrices were computed using DNADISTance with Felsenstein's

maximum likelihood model for transitions-transversion values on the actual frequencies of

nucleotides, with 50 bootstrap replicates. Fitch and Margoliash's method (FITCH) for reso-

lution of the bootstrap resampled distance matrices was used with both global optimization,

outgrouping to S. solfataicu and randomization of species added, ten times for each

bootstrap replicate. A consensus topology across the 500 resulting phenograms was generated

using CONSENSE. One of these phenograms, having the same topology for all groups as the

consensus tree, is shown as Fig. 4.

The two trees shown are consistent in their topologies. By either parsimony or distance

matrix methods, the dinoflagellates cluster more closely with some of the Apicomplexa

(Sarcocystisand Theileria) than with the Ciliata. This observation is consistent with those of

Johnson et al. (1990), Gajadhar et al. (1991) and Barta et al. (1991), and indicates that

dinoflagellates are securely grouped among the eukaryotes. Thus. consistent with the

suggestion of Hinnebusch et al. (1981) and Loeblich (1984), those characteristics of



dinoflagellates regarded as indicating their "primitive" status with prokaryote-like features, are

probably derived. Again, consistent with the conclusions of Ariztia et al. (1991), the dino-

flagellates are very distantly related to the chromophytes (as represented by 0. danica).

In their analysis, using 5.85 rDNA sequence data, Hinnebusch et al. (198 1) concluded

that C cohnii was distantly related to prokaryotes, and was joined to the tree at the point of

divergence between plant and animals, and above the fungi. Although subsequent analyses

using SSU rDNA (Hendriks et al. 1991) and partial large subunit (LSU) rDNA (Lenaers Ct al.

1991) sequences have shown that dinoflagellates are indeed distantly related to prokaryotes,

they consistently group the dinoflagellates with the ciliates.

The results of our analyses show that the dinoflagellates are closely linked with the

apicomplexans S. muris and T annulata. Although the three Plasmodium species are always

grouped together, they are distant from the other two apicomplexans. A frequent alternative to

the cladogram shown in Fig. 3 places the ciliates closer to the group including the

dinoflagellates, S. muds and T annulata than to the Plasmodium group. Similarly, one

alternative to the phenogram in Fig. 4 places the Plasmodium group closer to S. mudfs, T

annulata and the dino flagellates. These results raise a possibility that the Apicomplexa are

polyphyletic. Johnson et al. (1990) suggest that the Apicomplexa may not be monophyletic,

with Sarcocysris closely related to the dinoflagellates and the Plasmodium group closely related

to the ciliates; the latter appear to have a high rate of evolutionary change relative to other

species. Alternatively, Barta et al. (199 1) suggest that the Apicomplexa are monophyletic.

although their analysis has few informative sites. Based on the data available to us. it is

difficult to confidently assess apicomplexan phylogeny. More apicomplexans should be ana-

lyzed to resolve the details of thei: phylogeny.

The close affiliation of the ciliates, the apicomplexans and the dinoflagellates based on

molecular criteria, prompts the search for independent characters that the three phyla may

share. There arc various structural analogies found in the ciliates and dnoflagellates (the

pellicle. basal bodies associated with the flagella, ejectosomes ( trichocysts. mucocysts J and

~.



the possession of multiple copies of genetic information (Orias. 1976). The microtubule-based

structure of the apical complex of apicomplexans (Russell and Burns, 1984) shows a great deal

of similarty to that found in the peduncle of dinoflhgellates (Spero, 1982). In addition, there is

immunological evidence for the presence of ferrisuperoxide dismutase in dinoflagellawa (Matta

et al, submitted), a character they share in common with ciliates (Barm et al. 1990).

Our results also indicate that among the dinoflagellates, C cohnii is more deeply rooted

to the Apicomplexa than either P. micansor S. pilosum. In fact, in some analyses, by either

method, C cohnii was rooted to the Apicomplexa. This observation is at variance with

Taylor's (1987) phylogenetic scheme for dinoflagellates, which renders the prorocentroids as

ancestral. By contrast, Loeblich (1984) represents the prorocentroids as being relatively

recent, diverging from the "Zooxanthellales" (the group representing the symbiotic dinoflag-

ellates in the genus Symbiodinium, or Zooxanthella by Loeblich's taxonomy) in the Triassic.

At present, our results are more consistent with this latter scheme, which is also in agreement

with the inferred phylogeny based on partial 1,SU rDNA sequence analysis (Leners et al.

1991). It should also be indicated that, although no rDNA sequence is yet available, a

congener of P. micans, P. concavun has been identified as the symbiont of a marine flatworm

(Yamasu, 1987). We are currently sequencing the SSU rDNA from Oxyrrhis main (an

alternate candidate to the prorocentroids as representing the ancestral dinoflagellate), and it is

anticipated that we will soon be able to resolve its phylogenetic position,
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Figure Legends

Figure 1. A model of the secondary structure of the SSU rRNA from S. pilosum.

Stem helices are numbered according to Dams et al (1988). Canonical base-pairings are

indicated by -, while non-canonical base-pairings are ir.dicated by - or =.

Figure 2. The complete SSU rDNA sequence of S. pilosum aligned to similar

sequences from eight other eukaryotes. Abbreviations: S.p., S. pilosuam, P.m., P.

micang C.c., C cohn4 S.m., S. murds T.a., T. annulata P.b., P. berghei P.I.,

P. lophurae P.f., P. falciparum; O.n., 0. nova

Figure 3. The phylogenetic tree based on 500 bootstrap resamplings of maximum

parsimony. SPIL-S pilosunm PMIC-P. micans CCOH=C cohnii; SMUR-S muris

TANN= T. anulat PBER= P. berghei PLOPzP. lophurae; PFAL=P. falciamnx

ONOV-O nova SPUS- S pusm/iai: EAED- E aediculamr, PTET'P. tetraurlia

TTHE= T theimophilia. The length of each branch is indicated. The numbers at the

nodes indicate the percentage of bootstmrap resamplings that group the clade descending

from that node.

Figure 4. A tree topology produced from Fitch and Margoliash's resolution of 50 boot

strap- resamnpled pair-wise distance matrices (which were calculated using Felsenstein's

maximum likelihood model for transition-transversion events), globally optimized and

randomized 10 times each for order of species added to the topology under construc

tion. The out-group organisms are not shown. Abbreviations as in Fig. 3. with addi

tionally, SCER-S cerevisiae ODAIN-C1 danicz DDIS- D. discoidium. The scale bar

represents 10 changes per 100 nucleotides. The numbers at the nodes indicate the per

centage of trees (out of 500 trees) having the group to the right of the node.
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POLYCLONAL ANTIBODIES AGAINST IRON-SUPEROXIDE DISMUTASES FROM

E. COLI B CROSS-REACT WITH SUPEROXIDE DISMUTASES FROM

SYMBIODINIUM MICROADRATICUM (DINOPHYCEAE)l

Jaine L Matta, Nadathur S. Govind & Robert K. Trench

Department of Biological Sciences and the Marine Science Institute

University of California at Santa Barbara, Santa Barbara, California 93106 U.S.A

ABSTRACT

Assays for superoxide dismutases (SODs) were performed using cell-free extracts

of the symbiotic dinoflagellate Symbiodinium microadriaticwn, after separation in unde-

natured polyacrylamide gels, and appropriate inhibitors (KCN and H20 2). The results

indicate the presence of Cu/Zn-, Mn-, and Fe-SODs. In immunoblot assays, polyclonal

antibodies against Fe-SOD from E. coli B cross-reacted with two major polypeptides in the

water-soluble fraction, and one polypeptide in the Triton X-100-solubilized peilet fraction.

The polypeptide common to both fractions, with a relative molecular mass of 43.5 kDa,

was identified as Mn-SOD. In S. microadriaticum, Fe-SOD, found only in the water-

soluble fraction, appears to be monomeric, with a relative molecular mass of 49.5 kDa.

Key index words: Superoxide dismuwases;ferrisuperoxide dismwase; immunoblor assays;

Symbiodinium microadriaticum; Dinophyceae.
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Superoxide dismutases (SODs) catalyze the disproportionation of the superoxide

radical (Fridovich 1975, Sawyer and Valentine 1981). In conjunction with catalase and

various peroxidases, they protect aerobic cells from the deleterious effects of highly

reactive oxygen free-radicals produced through the reaction of superoxide with hydrogen

peroxide (Asada and Takahashi 1987, Afans'ev 1989). With little difference in their

catalytic properties, the SODs are distinguishable by their relative sensitivities to CN" and

H20 2, and the associated prosthetic netal. In prokaryotes, these enzymes occur as Fe-

SOD and/or Mn-SOD (Asada and Takahashi 1987), while in fungi and most "higher"

eukaryotes the Cu/Zn-SOD predominates (Asada et al. 1977), but may coexist with Mn- or

Fe-SOD, the latter usually associated with mitochondria or chloroplasts. Among the

protists and algae, the Mn- and Fe-SODs are most widespread, except in the Charophyceae

where the Cu/Zn-SOD predominates (de Jesus et al. 1989). One protist group that has not

been studied in this regard are the dinoflageflates. We have employed a combination of

enzyme assays in undenatured polyacryamide gels (with the use of appropriate inhibitor),

and polyclonal antibodies against Fe-SOD from E. coil B to demonstrate the existence of

Fe-SOD in the symbiotic dinoflage!late Symbiodinium microadriaticum. An unusual

observation is that this organism also shows evidence for Mn-SOD and Cu/Zn-SOD.

Symbiodinium microadriaticum cells were grown in ASP-8A as previously

described (Matta and Trench 1991). Cells were harvested by centrifugation (9 000 xg) at 4

OC, resuspended in 10mM phosphate buffer (pH 7.8) with 10% (v/v) glycerol and 0.1 mM

dithiothreitol, and frozen at -70 oC. After thawing, the cells were ruptured by three

passages through a French pressure cell at 83 MPa.. and the resulting suspension

centrifuged for 2 h at 100 000 xg at 4 oC. The recovered supernatant was fractionated with

(NH4 )2SO 4 at 20%, 60% and 100% saturation, and the precipitates were dissolved in 50

rrM phosphate buffer (pH 7.8), extensively dialyzed at 10 oC against 10 mM Tris-HCl (pH
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7.8), and concentrated by vacuum centrifigation (Speedvac). The pellet was washed twice

in I0m!.M phosphate buffer (pH 7.8), and solubilized with 0.1% (v/v) Triton X-100.

schefia coli 8 was obtained as a paste from Grain Corp., Muscatine, Iowa.

Extracts were prepared by digesting I g paste for 30 min. at 24 OC with 3.0 pM lysozyme

in 250 mM Tris-HCl (pH 8.0), 50 mM glucose and 10mM Na2EDTA.

Separation of water-soluble proteins was accomplished by electrophoresis in 10%

polyacrylamide gels (PAGE) under non-denaturing conditions. Assays for SOD were

conducted as described in Harris and Hopkinson (1978). In addition to the extracts from

S. microadriaricum and E. coli, Fe- and Mn-SOD standards from E. coli , and Cu/Zn-SOD

from bovine liver (Sigma) were assayed simultaneously. Protein content of samples loaded

onto gels was estimated by the method of Lowry at al. (1951) using bovine serum albumin

as standard.

The water-soluble extract, and the Triton X- 100 solubilized pellet fraction from S.

microadriaticum, the crude extract from E. coli and the standard E. coli Fe- and Mn-SOD

were rendered 1.5% (v/v) with sodium dodecyl sulphate (SDS), heated at 60 OC for 15

min. Polypeptides were separated by SDS-PAGE in a gradient 5-20% polyacrylamide,

using BioRad's standards for the estimation of molecular size. The separated polypeptides

were electroblotted onto nitrocellulose and probed with the anti-E coli Fe-SOD serum

(1:200 dilution) as described by Roman et al. (1988). Control assays were conducted

using pre-immune sera.

Assays for SOD in aqueous extracts of S. microadraticum separated in native

PAGE show (Fig 1, track 1) that four zones of activity are resolved (A - D). Treatment of

gels with 10mM KCN, a known inhibitor of Cu/Zn-SOD (Beauchamp and Fridovich 1973,

Giannopolitis and Ries 1977) prior to the assay for SOD, eliminated band C, suggesting

that it represents Cu/Zn-SOD. We observed that ImM CN- did not inhibit Cu/Zn-SOD in

extracts of S. microadriaicum, but did inhibit Cu/Zn-SOD from bovine liver (data not

4



presented). We were unable to resolve enzyme activity in gels of the separated Triton X-

100-solubilized pellet fraction, but SOD activity has been demonstrated in this fraction

(Matta and Trench 1991).

Treatment of gels with 5mM H20 2 (a known inihibitor of Fe- and Cu/Zn-SOD

(Lavelle et al. 1977; Dougherty et al. 1978; Kanamatsu and Asada 1979; Asada and

Takahashi, 1987]) prior to the assay for SOD eliminated bands A and C. Since CN-

eliminated only band C, this observation suggests that band A represents Fe-SOD. The

remaining bands, B and D, represent Mn-SOD. Treatment of extracts of E. co/i with 5mM

H20 2 also eliminated the two lower bands shown in Fig. I (track 2). The lowest band is

Fe-SOD (track 3); the iigher band could be either another isoenzyme of Fe-SOD or the

hybrid Mn/Fe-SOD (Dougherty et al. 1978). The remaining upper-most band represents

M.n-SOD (track 4).

Figure 2 (track 1) shows that in immunoblot assays, the anti-E coli Fe-SOD

antibodies cross-reacted with two major (and one minor) polypeptides in the soluble

fraction from S. microadriaticum, with Mr values of 43.5, 49.5kDa (and 66kDa)

respectively. The Triton X-100 solubilized pellet fraction demonstrated a single cross-

reactive polypeptide with a Mr value 43.5 kDa. In extracts of E. coli, a single major

polypeptide of Mr 2OkDa cross-reacted with the anti-E coli Fe-SOD antibodies. In none

of these assays did control pre-immune serum demonstrate any cross-reactivity.

The anti-E coli Fe-SOD antibodies cross-reacted strongly with standard (Sigma)

Fe-SOD and less strongly with Mn-SOD from E. coi. This observation is not surprising

in view of the high primary sequence and structural homology demonstrated by these two

proteins (Asada et al. 1977; Steinman and Hill 1973; Takao et al. 1990; Grace, 1990).

Based on the observation that in Euglena gracilis Fe-SOD is located in die soluble fraction,

while Mn-SOD is thylakoid-bound (Dougherty et al. 1978) in the chloroplast, we conclude

that the weakly reactive 43.5 kDa polypeptides in the soluble and pellet fractions of S.

microadriaticum are Mn-SOD. The strongly reactive 49.5 kDa polypeptide found in the
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soluble fraction represents Fe-SOD, which in S. microudriaticum, may be either mono-

meric or homodimeric. Ferrisuperoxide dismutases from bacteria, cyanobacteria and

Euglena are .omodimeric, the subunits having Mr values of 19 - 22 kDa (Slykouse and

Fee, 1976; Dougherty et al. 1978; Kanematsu and Asada, 1979). Our observation of an

apparent homodimeric Fe-SOD of 20k Da in E. coli B is therefore consistent with these

reports. If the polypeptide in S. microadriaticum is homodimeric, its holoprotein would be

more similar in size to that of Terrahymena pyriformis than to E. coli or Euglena. Fe-SOD

from T. pyrifonnis is a tetramer with subunits of 22.7 k.Da (Barra et al. 1990).

The role of the superoxide dismutases in protecting aerobic organisms from the

potentially deleterious effects of oxygen free radicals is well known (Elstner, 1982;

Halliwell and Gutteridge 1989). In symbiotic associations between dinoflagellates and

marine invertebrates, the combined activities of the superoxide dismutases in the symbionts

have been found to show a positive correlation with oxygen tension (Dykens and Shick

1982; Matta and Trench 1991), but the precise form of SOD that responds to elevated

oxygen has not been resolved. Although evidence for Cu/Zn-SOD in symbiotic dino-

flagellates has been reported (Lesser and Shick 1989), and confirmed in this paper, the

presence of Fe-SOD and Mn-SOD in dinoflagellates has ne: been demonstrated previously.

Our observations would suggest that Mn-SOD is probabiy responsible for the increased

activity (on a protein-specific basis) reported (Matta and Trench 1991) in the Tritn X-100-

soluble pellet fraction from S. microadriaticum, when the cells were grown under

hyperoxic conditions.

It used to be generally accepted that phylogenetically, Fe-SOD and Mn-SOD are

distributed principally among the prokaryotes and some 'lower" eukaryotes. Although as a

gross approximation. this still holds true for Fe-SOD, Mn-SOD is found in "higher" plants.

Cu/Zn-SOD is usually regarded as the dominant form of the enzyme in eukaryotes, with the

Fe- and/or Mn-SOD associated with organelles (mitochondria or chloroplasts). However,

Cu/Zn-SOD has recently been reported (Lesser and Stochaj 1990) in the cyanobacterium
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Prochloron, and is known to occur in several eubacteria (Grace 1990). The inferred

phylogeny of the dinoflagellates based on small subunit ribosomal RNA sequences

(Johnson et al. 1990; Gajadhar et al. 1991; Barta et al. 1991; Sadler et al. 1991) indicates

that they share a common ancestry with the apicomplexa and the ciliates. Although no

information on the metal associated with the superoxide dismutases in the apicomplexa is

available, it may be significant that both the ciliates (Barra et al. 1990) and the dino-

flagellates (this paper) possess ferrisuperoxide dismutases. Studies are currently underway

using immunocytochemical techniques to determine the subcellular localization of the

various superoxide dismutases in S. microadriaticum.
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Figure legends.

Figure 1. Patterns of electrophoretic migration of superoxide dismutates from S. microadriaricwn

(track 1, 100 pig protein); E. coli B, crude extract (track 2. 100 pg protein); and commercial

(Sigma) standard E. coli Fe-SOD (track 3, 15 U or 5 ug protein) and .Mn-SOD (track 4, 17 U or 5

pg protein). Track I shows the 60 - 100% (NI 4 )2SO4 fraction.

Figure 2. Immunoblot (Western) analyses of a water -soluble extract (track 1) and a Triton X-100 -

solubilized pellet fraction (track 2) from S. microarfiaticum, and a water-soluble extract of E. coli

& (track 3). Molecular sizes are indicated on the left. On immunoblots where equivalent quantities

of proteins were analysed (data not shown), the anti-E coli Fe-SOD serum showed a strong

reaction with standard (Sigma) E. coli Fe-SOD. and only a weak reaction with standard E. coli

Mn-SOD.
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CARBONIC ANHYDRASE IN THE ULTRASTRUCTusie OF The soDy WALL OF THE
HYDROTHERMAL VENT TUBE- MARlE CR WFiURc CUPO.

WORM IFTI PACYPTJ4 Joes. I Moflofl* And A.J. Aip. Sani P'aaiclsct StateWORM RIFIA ACHYTIL ]oes. Univerely CA
R.E. Kophevar, I. Childress and N.S. StnIUcKral features of the body wag of t9e marine
Govind. woo7I (UaI~~@St iWWo cimr e~

Highlevls f crboic nhyras aminvest4gatd The body wag condos of an outer
Highruos lillels ofeumn carboni abyys .~ a thin cite.

activity were detected in two organs of the The tivee main cuticular woflayers aft identified.
hydrothermal vent tube-worm Riftia Microval. cyooiasmic extensions from the optfmellalsurface. give rise to epicuticular projections.pachyptila Jones. The plume, which Surrounding the pdcuticular projections there is a
functions as the site of respiratory gas 11111=s mucus matial famlet a supiukdular cost.
exchange, eihibited levels of activity The *pidefis conssts of nvgoblet5haped cols

which on hisloctiemical examination reveal tn@
ranging fromn 569-1094 ApH S-I min-. presence of acid mucopolysaccharides and PAS
The trophosome, in which the posiiematled. Hszchnily. twoy" eofmucuis

chmouttrphc ndsybidcbacteria secretin calse have been identified: orochromatic
chenoatotophc edosmbiricand metachromatic. Ultrasructually the calls reveal an

are housedL also had high levels of activity abundance of golgi and an extensive membrane
(2 16-720 ApH g-1 min-1). Other tissues system Inicative of active secretory processes. The

melachromatic colls are packed with secretory vesicles
had much lower CA activities, typical of containing mucus with a fibrous substructure. The
invertebrate tissue (4-61 ApH g-l min-). firus nauoftheuus s the saes thtforng

the supracuticular mucoid coat. The orthochromatlc
Western blots utilizing rabbit anti-chick mucus calls awe chsaracterized by large. distinctive
CAII IgG demonstrated cross reactivity electron dense miucus globules lying in thw very large
with the Riffia carbonic anhydrase, and secretary cavity. At higher magnification, Owe globule

core of orthochromatic colsa reveal a Iie pattern of
showed it to migrate in PAGE as a dimer, parallel lines. The possible adaptive role of the mucus
with bands at approximately 27k and 28k seart"n integument i the sulfide rich habiat of the
MW. Possible functions of carbonic wr sdsusd
anhydrase in this symbiosis will be
discussed.
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ROLE OF THYROID HORM4ONES lIN ROTENONEREP ATR POT NFUC O N
TREATED TELEOST; ANA13AS TESTUDINEUS RITERATRY RO= StLPHJDE; I
BLOCH :EFFECT ON OXIDATIVE ENZYME IVRERTSFO U2M
ACTIVITIES. Sukhmindtf P.Chugh and RICH ENVIRONMENTS. N. Siloderso and
SukhpaL. Singh*, Punjab Agricuttura. B..R.McMahon.Batinfield Maim Staic.
University, Ludhiana, India B.C. and Uiv. of Calgary, Alberta. Canada.

Injection of thyroxine (T4) and triiodo- Oxgen equmlium curves were generated
thyronine (M) stimuLated the activities using fresh betnolymph samples ftom three
of oxidative enzymes such as cytochrome ba ig invnibmtspecies fowd in
oxicdase and OC -gLycefonhoschate dehydro- suiphide rich environments: the thalassinids
genast (OC-GPDN) in the Liver of teteost. CaL~iaassca~ijbntsia wd pogebia
Administration of rotenone inhibited the pugevnni4 alid the bivalve Solemya reid.
activities of aLL the enizymes studied
exceot sueinate dehydrogenase and -Fo mpr 3adlishmssecs

c1C-_SP0H,_SimuLtAneous Administration of were examined. High 02 affnity at
T3 or 7T with rotenone stimuLated the physiologically relevant tempenwrs. a
rotenome-inhibited activities of oxida- teperawre effect athigher temperatures. a
tive enzymes. The data cLearLy indicate specific Llacmeeffect and modem zBohr
that the rotemno-inhibited oxidative shifts were fond for the hemocyanin (Hc) of
metaboLism in A. testudineus con betethasid ndSlm .TeHcfo
riversed hy the administration of thyroid thepadalids and Sowemy.TeHromantyl

th pndldsba lwro2 ffnty ls

pronounced temperature effects, a large
effect of L-lactate and large Bohr shifts.
Thiosuiphate caused a changb in the Hc-02
affinity of somt :pecies. Animals kept
hypoxic, and with H2S addedL had increased
hemolymph L-lactate. Data arm discussed in
relation to the eco-physiology of the animals.
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