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Abstract 

Seaweeds have been used as food, fodder 1r fertilizer since ancient 

times. Recently, unique and valuable polysaccharides have been isolated 

from several species of seaweed. These phycocolloids are used in a wide 

range of industries. Raw material shortage,; have stimulated seaweed 

mariculture in the Orient and Inda-Pacific. Some species are farmed as a 

source of food while other species are cultivated for their 

phycocolloids. If genetically improved stocks are used in maricultures, 

it should be possible to produce commercially-valuable products at 

reduced cost and increased dependability. Aimed at this long term goal, 

a unicellular green algae Chlamydomonas reinhardtii was used as a model 

system to test whether genetic engineering of an algal genome is 

feasible. An algal chloroplast DNA replication nrigin was mapped, cloned 

and characterized. The cloned replication origin was used for vector 

construction. A chloramphenicol resistance gene was successfully 

introduced into the algal genome. 

Introduction 

The abundance and diversity of seaweeds have made them prime material 

for human use. Many of the old ways of using seaweeds, e.r;. as food, 

fodder, and fertilizer, are still practiced while new ways of using them 
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are constantly being research and developed. Seaweeds have been utilized 

more or less systematically by coastal dwellers for feeding purposes all 

over the world far back into history. In the Mediterranean area the 

Romans made sane use or seaweed for feeding horses. Along the coasts or 

France, Scotland, Iceland, and Norway seaweed formed a valuable 

supplement to the rations for sheep. cows. and pigs through centuries. 

Today a significant quantity or seaweed is used for the preparation or 

seaweed meal as a feed additive in animal husbandry. Over 50,000 tons or 

seaweed meal are produced annually in Canada, France, Great Brita in, 

Ireland, Norway, South Africa, and the United States or America. Seaweed 

meal i~ obviously a good source or iodine. Iodine deficiency is becoming 

more common with higher-yielding animals. An investigation carried out 

in 1963 in Great Britain by Alderman and Strank (1967) showed that 15 out 

of 18 dairy herds at pasture were iodine deficient. 

Seaweed~ have been used as human food since ancient times; the 

earliest record being 600-800 B.C. in China. Analyses of certain edible 

seaweeds show that many contain significant amounts of proteins, 

vitamins, and minerals essential for human nutrition (Abbott and Cheney, 

1982). For example, Porphyra, a popular delicatessen in Japan and China, 

has a high content (20-25~ of its dry weight) or digestible protein, as 

well as a high vitamin C content similar to that of lemons (Levring et 

al, 1969). It is estimated that approximately 168 species of marine 

algae serve as commercially important food sources worldwide, with an 

estimated market value of well over one billion dollars annually (Abbott 

and Cheney, 1982). Most of this total comes from ~ultivation and 

consumption of Porphyra (nori), Laminaria (kombu) and Undaria (wakame) in 

the countries of Japan, China, and Korea. The Porphyra, or nori , 
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industry in Japan alone is estimated to involve over 60,000 hectares in 

cultivation area and to be worth over $7JO million annually. 

In the western hemisphere, seaweeds are principally utilized today as 

a source of the phycocolloids agar, carageenan and alginate. These 

polysaccharides are produced in the cell walls or certain red (for agar 

and carrageenan) and brown (for alginate) algae. These constituents or 

seaweeds are unique to these plants and ror which no other sources have 

been found. Comnercial exploitation or these useful and unique seaweed 

chemical has become the mainstay of the seaweed industry in the 20th 

century. Carrageenan and alginate are pri11arily used as gelling or 

stabilizing agents in the food industry. Their "~lications include uses 

in: stabilizers, emulsifiers, cosmetics and soaps, dental technology, 

bakery and candy products, dahy products, and fish, meat, and beverage 

processing. They are also used in a wide range or industrial products, 

e.g. dyes, paints, textile production, pesticides, lubricants and 

ceremics (Levring et al 1969, Abbott, and Cheney, 1982) • Agar, in 

addition to being used in the food industry, is uniquely important to 

microbiology as a culture medium. Agarose, a neutrally-charged fraction 

or agar, is widely used in biotechnology for i111111U11odiffusion and 

electrophoretic separations. 

Future uses of marine algae will undoubtedly be far more diverse. 

Some or the potential uses that have been suggested for algal 

poly.saccharides include applications in enhanced oil recovery, enzYiJle 

immobilization technology, and the modification of viscosity or 

interracial properties of aqueous systems (Whitesides and Elliott, 1984). 

Marine algae may alGo serve as rich sources of valuable pharmaceuticals 
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and specialty chemicals in the future (Colwell. 1983). For example, 

diatomaceous deposits are used to recover high yields of silica. A 

number of laboratories are currently conducting extensive screening of 

seaweeds for biologically-active compounds (B. Fenical, Scripps 

Oceanographic Institution, per. cOllllllun.). Perhaps an indication of the 

potential for new seaweed products is the recently developed and fast 

growing use of phycobiliprotein fluorescent dyes in labeling monoclonal 

antibodies and other probes. These dyes are isolated from the pigments 

produced by red algae and can substitute for many of the radioactive 

substances now widely used for cell or protein identification. They are 

currently being used clinically to detect Acquired Immune Deficiency 

Syndrome (AIDS) virus in blood samples. 

Seaweed utilization in the past has been limited by the availability 

of suitable raw material (Hoss, 1978; Cheney, 1984). Unregulated field 

harvests have caused reductions in wild populations of many desired 

species. Already in some areas or Japan, the present harvest approaches 

the estimated potential harvest. Raw material shortages have stimulated 

seaweed maricul ture. al together, there are approximately 11 genera of 

seaweeds being cultivated to a significant commercial extent worldwide 

(Tseng, 1981). Most seaweed cultivati.on occurs in the Orient and 

Indo-Pacific and includes, for example, the large-scale farming of 

Porphym in Japan, Laminaria and Unda.ria ranni:lg in Cbina. G~"acilaria 

pond culture in Taiwan and Euchewm farming in the Philippines (Tseng, 

1981). .1?orphym, Laminaria and Undaria are cultivated as a source of 

food, while Eu.cheuna and Gracilaria are primarily fermed for their 

phycc: loic: , c3rrageenan and agar, r~spectively. Ir g~netically 

improved strains can be cultivated, it should be able to produce new and 
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improved products that are not available in existing wild plants. It 

should also be possible to produce conunercially-valuable, existing 

products at reduced costs and increased dependability. 

Hhile the commercial cultivation of seaweeds is quite different from 

land agronomy in many respects , it shares the same basic need for 

genetically improved stocks. In the past C:ecade, major improvements of 

land crop piants have been achieved by classical breeding techniques. 

However, these methods are slowly reaching a plateau. Recent intensive 

research efforts in plant molecular biology strongly suggest that the 

improvements of many agronomical traits of crop plants, such as increases 

in resistance to environmental stresses and pathogens, improvements of 

nutritional quality and decreases in fertilization requirements, can be 

accomplished by genetic engineering. These same techniques can and 

should be applied to the genetic improvement of seaweed. 

In my laboratory, a well-studied unicellular green algae, 

Chlamydomonas has been used as a model system to test whether genetic 

engineering of an algal genome is feasible. At this stage we have 

limited our study to the important and well-studied chloroplast genome. 

Chlamydomonas is a fresh water algae, however, it is closely related ton 

salt ~-1ater f'lagellate, Dunaliella. In the life cycles of a.U 

multicellular seaweeds, single cell stages, such as spores or gametes, 

have been uetected. The single cell stage 1·esembles ;.ts closely related 

unicellular algae in many aspects . Some single cells which can be 

cultivated to generate ·.:.he multicellular plant will be a prime target for 

genetic engineering. Our experimental approach is using a functional 

algal DNA replication origin for vector construction. Therefore, some 

- ' -



fundamental study about cloning and characterization of algal DNA 

replicatton origin will be included. 

Initiation of Chloroplast DNA Replication in Chlamyc1omcmas reinhardtii. 

The chloroplast (Chl) is a self-duplicating extrachromosomal 

organelle with its own hereditary apparatus. Chl DNAs from higher plants 

and green algae have been isolated as covalently closed circular 

molecules with lengths in the range of 110-215 kb. Chloroplasts contain 

multiple copies of the circular genome (Sedbrook and Kolodner, 1979). 

Chl DNA can be purified on the basis of either its location within the 

organelle or its distinct base composition. In Chlamydomcmas 

reinhardtii, Chl DNA has been isolated from a satellite component in a 

CsCl gradient (Sager and Ishida, 196J). The replication of Chl DNA was 

studied by Chiang and Sueoka (1967) using densi'.y labeling experiments. 

They demonstrated that during the vegetative growth of this unicellular 

green algae, Chl DNA and chromosomal DNA replicated at different times in 

the division cycle. Recently, several approaches have been used to 

isolate the algal DNA sequences which cou~d promote autonomous 

replication. Rochaix et al (1984) isolated plasmids that could replicate 

autonomously in C. reinhardtii (.;\RC) by inserting random algal DNA 

fragment into the y~ast plasmid pYe arg4. Plasmid pYe arg4 can replicate 

autonomously in yeast but not in Chlamydomonas. After transforming a 

strain of C. reinhardtii lacking arginiosuccinate lyase with recombinunt 

plasmids constructed from pYe arg4 and algal DNA, arginine prototrophy 

-;1as used to seleC?t ARC plasmids. DNA inserts of several ARC plasmids 

were localized on t,he ph:,rsical map of the Chl genome. Using a yeast 

tran.sforrn.::\tion system, several algal DNA sequenees which could promote 
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autonomous repli~ation in yeast and which approximate the yeast ARS core 

sequence have also been mapped on the Chl genome of C. reinhardtii 

(Loppes and Denis, 1983; Vallet et al, 1984). However, the ARC sequences 

do not coincide with ~~e ARS sequences. 

Using electron microscope, WP. have mapped 2 putative replication 

origins on the ph)sical map of the Chl DNA of C. reinhardtii. Chl DNA 

isolated from a synchronized culture at the time when Chl DNA was 

replicating was used for this study. The purifed Chl DNA was digested 

with either EcoRl restriction enzyme or BamHl res~riction enzyme, the 

restriction sites for both enzymes have been mapped b1 Rochaix (1978). 

Restriction fragments containing displaceme'lt loop (D-loop) were 

photographed and 1-1easured. Examples of the D-loop containing Eco Rl 

fragment are shown in Fig. 1. The length of the restriction fragment and 

the position of the D-loop in relation to a particula~ restriction site 

was determined and plotted. Statistical analyses indicated that D-loop 

initiated at specific site~ on the physical map of Chl DNA. One D-loop 

site was mapped at about 10 kb upstream of the 5' end or a 16s rRNA gene. 

The second D-loop site was spaced 6.5 kb apart and was about 16.5 kb 

upstream of the same 16s rRNA g . .:ne (Hang et al, 1984). In Fig. 2, ori A 

and ori B designate the map positions of these 2 D-loop sites. 

The following evidence suggests that a D-~.oop is probably a transient 

structure formed after initiation of the replication process. D-loops 

with various sizes of displaced regions were observed. In a D-loop with 

the displac'!Cl region .shorter than O. 5 i:b, one strand or the l•)Cp was 

observed to contain complete single-stranded region while the other 

strand was complete double st1·anded (Fig. 1). Formation of these types 
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of D-loop was resulting fran the synthesis of one daughter strand. Large 

D-loops with the displaced region longer than 0.5 kb have the structural 

feature of a replication loop (Fig. Ja). Both strands of the loop were 

observed to contain complete double stranded regions or predominant 

double stranded regions with single stranded gaps (Fig. Jb). The single 

stranded regions were frequently located at positions that were trans 

with respect to each other at both replication fork.-; (Fig. Jc). To 

deterimine whether the replication loops grew bidirectionally, or 

unidirectionally, the distance between one particular restriction site 

and the center of the nearest replication loop was measured. Ir the loop 

grew bidirectionally at the same rate, this distance should remain 

constant. Ir the loop grew un:=directionally, the same measurement should 

either increase or decrease proportionally with the loop size. Those 

observations imply that the very early replication or Chl DNA is 

unidirectional in forming a D-loop. After the D-loop expanded to the 

size corresponding to the synthesis of 350 ± lJO bp of one daughtP.r 

strand, synthesis of the opposite strand initiated. DNA synthesis then 

proceeded in both directions. 

Map~ing and Cloning of Functionally Important DNA 5equences Adjacent to 

One Replication Origin. 

The EcoRl fragment, R-lJ, which contains the D-loop site designated 

as Ori A was cloned into the EcoRl site of :11asmid pBRJ25 to yield clone 

CR-lJ (Wang et al, 1984). Fun~tionally import.am sequences within this 

fragment. were delimited based upon the assumptio. J that these sequences 

would be conserved between closely related yet distinguishable species. 

He have isolated a new species or Chlamydomonas, C. sp. strain WXN. The 
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EcoRl, BamHl and BglII restriction patterns of purifi'XI Chl DNA isolated. 

from C. sp. straain 'llXM are markedly different from thC>.:ie of C. reinhardii 

cc-125 (Fig. 4). Fig. 4 also shows the hybridization pattern obtained 

when 32P-labeled CR-lJ insert was used as the probe in a Southern 

blotting analysis. The strongest hybridizing band in the EcoRl digest of 

C. sp. st.min 'l/XN Chl DNA was denoted as I -10. Eco.ill f:-agment I -10 was 

estimated to be 9.5 kb in length and was longer than the EcoRl insert of 

CR-lJ which was 5.5 kb in length. A partial library of Chl DNA EcoRl 

fragments or C. sp. st.min 'llXM was constructed. The clone containing 

I-10 (CI-10) was selected and verified. CR-lJ and CI-10 were digested. 

with EcoRl to excise the inserts rran the plasmid vectors. Heteroduplex 

bet.ween the 2 inserts was prepared. and observed in t.!le EM. Three 

homologous regions between R-lJ and I-10 were detected (Fig. 5a) when the 

DNA sample was spread under high stringency conditions: 60" formamide in 

the spreading solution and JO% rormamide in the hypophase. The 2 EcoRl 

sites were respectively located within the 2 conserved. regions between 

Chl DNAs derived from the 2 species. The respective assignment of each 

region are shown in the explanatory tracings and the length measurements 

are summarized in Fig. 5c. Two additional homologous regions were 

detected (Fig. 5b, c) when DNA samples were spread under sequentially 

lower stringency conditions: 50% and 40" formarnide in the ,::; rJreading 

solu i:.ions, 20% and 10" formamide in ,,he hypophase res pee ti vely. The 

homologous regions between R-lJ and I-10 are identififed as regions A, B, 

C, D, and E in the explanatory tracings. 

The restriction endonuclease map of the cloned R-lJ fragment was 

;:enerated with single, double, and partial restriction digests with 

various restriction endonucleases. The result is shown in Fig. 6a. 
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Precise alignment of this restriction map with the EM heteroduplex 

pattern described above was achieved ~y using certain restriction 

fragm..mts of R-lJ for EM heteroduplexing studies. The mapping results 

are summarized and shown in Fig. 6c. In C. reinhardtii cc-125, the 

D-loop region in R-lJ fragment was mapped at 0.5 ± .2kb away from the 

single BamHl site (Haddell et al, 1984). After incorporating this resUlt 

in Fig. 5b, we drew the conclusion that homologous region C between R-lJ 

and I -10 may include the D-loop sequences which initiate the Chl DNA 

r~plication in C. reinhardtii cc-125. In fragment I -10, homologous 

region C was calculat~ to be 4.1 ± 0.2kb away from the nearest EcoRl 

site. According to t~e EM study results (Nang et al, 1984), we can also 

identify this region as the one containing the D-loop sequences or C. sp. 

strain WXH. Fig. 6a also shows that the suitable restriction sites to 

subclone homologous region C are Clal and BamHl. To construct a subclone 

containing the D-loop region, the 1.05 kb restriction fragment generated 

by BamHl and Clal digestions of R-lJ was cloned into pBRJ22 which was 

similarly restricted. This subclone was designated as SCJ-1. 

Test for Origin Function. 

In the absence or an effective chloroplast transformation method, in 

vit.ro DNA replicat.ion system using 11lgal proteins has become the method 

of ~hoice to test the origin fm:ction · ,f cloned DNA fragment. The algal 

pro·~~ins were isoiated from exponentia!ly growjng c~Jls or C. :reinhaztdtii 

cc125. Thylakoid membrane fraction was isolated and purified by a 

!loatation procedure according to Chua et al (1973) with minor 

modification. One mM phenyl:nethylsulfonyl fluoride, 1 mM benzamidine, 

5mM r-amino-n-caproic acid were added to the lysis buffer and floatation 
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buffer to inhibit protease activitit~. High salt extract of the 

membrane fracl:.ion was obtained according to the extraction procedure of 

Orozco Jr. 11t al (1985). The extract can initiate transcription of Cp 

DHA bt.t is not sufficient to support in vitro DNA synthesis. In addition 

to the high salt eJUract, a soluble protein fraction is essential for DNA 

replication. For the preparation of a soluble p:-otein fraction, the 

disrupted algal cell suspension 'fftS centrifuge1 at )_OK in a sorvall SSJ4 

rotor for 7 min. at 2<>c. The ~·1pernatant was collected and mixed with 

ammonium sulfate to 20% saturation. The precipitate was discarded and 

the supernatant was precipitated again by the addition of solid ammonium 

sulfate to 45% saturation. Precipitates were collected by 

:::entrifugation, resuspended in a minimal volume of extraction buffer, 

dialyzed and stored at -so<>c until use. The standard reaction mixture 

analogous to Fuller et al (1981) was used for DNA replication assay. It 

contained the following components: !Iepes (pH7.6), 40mM, ATP, 2mM; GTP, 

CTP, and UTP, each 500 uM; bovine serum albumin, 50 ug/ml; creatine 

phosphate, 21.6 mM; dATP, dGTP, dCTP, and dTTP, each 100 uM, with -32p 

dTTP added at 3400 cpm per pmol of total deoxynucleotide; magnesium 

acetate, llmM; creatine kinase, 100 ug/ml; and supercoiled DNA, 4ug/ml, 

PEG 6000, was added to the final concentration of 5% (wt/vol). The 

mixtures ware assembled at o0c. The reactions were ;nitiated by addition 

of 4 •ig proteins extractP.d from thylakoid membrane isolated f-rom 7xlo6 

cells and 40 ug soluble protein to 25 ul reaction mixture and incubated 

at J0°c. The reaction was stopped by addition of EDTA and total 

nucleotide incorporation was measured by determining radioacti·.;ity after 

.• richloroacetic acid precipitation. Some characteristics of the in vit:ro 

system are shc.;•.m in Table I. The :.ystem is ATP-dependent and the extent 
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ot incorporation is template-specific. Both R-lJ and SCJ-1 are effective 

ter -~ lates in this in tJ i tro system. but higher incc"'J>Oration of labeled 

dNTP into R-13 was consistently observed. Frcagment R-lJ contains ARC! 

and ARS-8 in addition to the D-loop region cloned in SCJ-1. This is the 

only region on the Chl genome that J r~plication-related sequences are 

closely clustered. Relative position of these functional regions, some 

useful restricti<>& sites, and the 5 conserved regions, shared between C. 

reinharntii and C. sp strain llXN, mapped previously by at heteroduplex 

analysis are shown in Fig. 7. The length c:id location of these conserved 

regions are indicat~ by black bars A to E in Fig. 7. Vallet and Rochaix 

(1985) mapped the ARC! elu1ent within the O.J5-kb conserved region B and 

indicated the ARS08 sequenc~ could overlap wi~h conserved region E (Fig. 

9). The higher incorporation of labeled dNTP into R-lJ could either be 

due to the presence of multipl~ initiation site or due to more effective 

usage of one foitiat.ion site. The initiation :>ite of DNA reJ:,lication in 

this vitro system was investigated by the ddCTP method, ddCTP blocks 

chain elongation at an early phase of replication (Conrad et al, 1979). 

Replicative intermediates of decreasing extents of replication were 

generated by using an increasing ratio of th~ chain terminator ddCTP to 

dCTP in a series of reactions. The replication products were analyzed by 

restriction digest, agarcse gel eletrophoresis and autcradiogr~phy. Hhen 

R-lJ was used as the template, labeling of the ~ .65 kb fra~ent generated 

by EcoRl and ClaI digest persisted up to the highest concentration of 

ddCTP (Wu et al, 1986). As shown in Fig. 7, oriA and the D-locp region 

are located within this fragment; thus they are the first to be 

replicated. ARCl is located in the 2.50 kb fragment, ARS08 is located in 

the 1.35 kh fragment. Labeling of both fragments are decreasing in the 
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presence of increasing concentration of ddCTP. Therefore. oriA is 

probably a functional replication origin. the adjacent ARCl and ARS8 

might play some important auxillary roles. 

Gene transfer using the cloned replication origin. 

Recent work has demonstrated DNA transformation of plant cells. but 

these experiments are routine only for Agrobactef>ium twnefaciens 

Ti-plasmid-mediated DNA transfer (Herrera-Estrella et al. 1983; Bevan et 

al, 1983). Unfortunately. A. twnefaciens DNA transfer has been limited 

to dicots and a few non-cereal monocots. Techniques are nL>eded ~o extend 

gene +.rans fer to other plant species. The transformation of tobacco 

protoplasts by treatment with DNA and polyethylene glycol has been 

reported (Krens et al, 1982; Paszkowski et al, 1984). However. 

polyethtylene glycol is often detrimental to protoplast viability 

(Kartha, 1974). Successful nuclear transformation of Chlamydomonas 

reinhal'dtii '.)y treatment with a plasmid carrying a yeast replication 

origin in the presence of polyethylene glycol or poly-L-orini thine has 

been reported. However, the transformation yield is low and it has been 

very difficult to optimize the transformation procedure (Rochaix and 

Dillewijn. 1982). Electrical impulses of high field strenzth reversibly 

permeabilize biomembranes (Zimmermann, 1982) and thus have had two 

important applications: the introduction of macromolecules into cells 

(Neumann et al, 1982; Potter et al, 1984) and the induction r)f cell 

fusions (Zimmermann and Scheurich, 1984; Bates et al, 1983). Conditions 

required to electrically transfer DNA into mouse cells have been reported 

and a simple apparatus was used to transfer DNA into mouse and human 
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cells by electroporation (Potter et al, 1984). Recently electroporation 

of DNA into plant proto~lasts has been reported (Fromm et al, 1985). 

To initiate electroporation experiments using algal cells, we have 

designed and built and electronic device which can deliver short and 

sharp electrical impulses of high field s~rength. Exponentially growing 

algal cells of C. reinhardtii were suspended at the concentration of 107 

cells/ml in the shock medium and placed in a sterilized shock cllamber 

which holds 400 Ul of cell suspension. Electric shock of voltages 

ranging from l.5KV to lOKV/cm was applied. The shocked algal cells were 

hP.ld on ice for 10 min. before diluting into growth medium. The 

viabilities of the treated cells were estimated by plating out a fraction 

of the treated cell on non-selective gr.owth medium. A killing curve was 

established. Algal cells can sustain the eletroporation condition. 

A recombinant )lasmid containing the functional Ch! DNA replication 

origin and a selective marker was constructed. Chloramphenicol resistant 

gene coding for chloramphenicol acetyl transferase (CAT), was used as a 

sE:lective marker. Chloramphenicol specifically inhibits the protein 

synthetic activity or chloroplast ribosomes. CAT catalyses the formation 

of acetylated derivati·1es or chloramf)henicol which are inactive as 

inhibitors of .1rotein synthesis. The CAT gene used in this construction 

was subcloned from bacterial t,ransposable genetic element Tn9 using the 

Pst I site in IS! region (Alton and Vapnek, 1979). It has the E. coli 

promoter and can only be expressed in chloroplast. Our testing result 

shows that for the wi.ld type a"!.gaJ. cells, the killing concentration or 

chloramphenicol ls 250 .~~/ml. T~1e :cat~ of spontaneous mutation to 

acquire chloramphenicol resi~tance is very low (less than 1 out of 109 

- 14 -



cells). Fig. 8 shows the strategy for the construction of recombinant 

plasmid pCMori A. Plasmid R-lJ-43 contains a functional replication 

origin cloned in a suitable orientation in E. coli plasmid pBRJ25. It 

contains 2 Pstl sites flanking a dispensable region. The larger Pstl 

fragment from R-13-43 and the smaller PstI fragment from MlJpCmA were gel 

purified and ligated by uising the enzyme ligase. The ligated mixture 

was used to transform E. coli, the recanbinant plasmid pCMoriA was 

recovered. Plasmid pCMOriA contains a fll!lctional chloroplast DNA 

replication origin and a bacterial CAT gene. DNA molecules of pCMOriA 

was electroporated into autolysin-treated algal cells. Surviving cells 

were plated out in algal growth medium containing JOO ug/ml 

chlo~amphenicol to screen for potential transformants. DNA from 

potential transformants was isolated and dotted on nitrocellulose filter 

for southern blot analyses. Nick translated CAT gene was used as the 

probe in the dot-blot analysis. There was no CAT homologous sequence 

detected in the DNA isolated from wild type algal cells when this 

particular hybridization condition was used. Potential transformants 

which show clear positive signals in the dot-blot analysis were counted 

as real transformants. The transformation rate obtained in several 

electroporation was in the range of 1 trans formant per · J to 8 x io4 

surviving cells. Hhen various CAT-containing plasmids which do not 

contain the clonf.!d replication origin were used ~n electroporation, the 

transformation rate were less than l transformci.t per 107 surviving 

cells. This transformation rate is considerably higher than previously 

reported.. It should be noted that gene transfer has been reported for 

Chlamydomorias, us Ing ·-:lasmida (Rochaix and v;m i:illew:Hn 1982, Hasnaim et 

al 1985) and somatic hybridization (Matagne et al, 1979) techniques. 
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Conclusion, Perspective and the Role of Developing Countries. 

Genetic engineering of a unicellular green algae, Chlan¢omcmas has 

been successful in several laboratories. Recent studies have improved 

the rate of transformation. In the life cycle of most llUlticellular 

algae, single cell stage such as gametes or spores have been detected. 

These single cells resemble unicellular algae in many respects and could 

be suita~le for genetic modification. In the nea- ~uture, it should be 

feasible to transfer specific desirable genes from various sources into a 

specific algal genome to generate suitable stocks for mariculture. 

Mariculture as well as the screening and fie:!.d test of the potential 

transformant are labor-intense and only involve labor of low scale 

training. They should be carried out in a developing country which has 

the natural resources. Scientists interested in marine algae in the 

developing country should start to collect, charac·terize, and study the 

life cycle of different strains of algae which yield useful biopolymers. 

A rich germplasm collection will provide the source of desirable genes. 

Complete lmowledge of algal life cycle will facilitate the recovery and 

cultivation or potential transformants. Scientists in the developed 

country will carry out the cloning of the specific gene, construction or 

the recombinant DNA, and the initial transformation )rocess. The 

potential transformants will be shipped to developing countries for 

screening, cultivation and field test. 
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Figure Legends 

Fig. 1. Electron micrograpbs or Chl DNA EcoRl fragments containing 

D-loops 

Fig. 2. The positions or D-loops on Rochaix's restriction endonuclease 

11ap or the c. reinhardtii Chl DNA. 

Fig. J. a) Histogram shows the size distribution of replication loops. 

Open bars represent D-loops with 1 complete single strand. Black 

bars represent replication loops containing double stranded 

region on both strands or the loop. b) Micrograph or a large 

replication loop, both strands containing predominant double 

stranded regions with single stranded gaps. c) Explanatocy 

tracing of the molecule. Solid line represents double stranded 

region, dotted line represents single stranded region. Bar 

represents 1 kb. 

Fig. 4. A) and B) show the hybridization pattern of J2P-labeled R-13 to 

the EcoRI digest (lane E), the Bamlll digest (lane Bm) and the 

BglII digest (lane Bg) of the Chl DNA isolated fraa C. 

reinhardii cc 125, (A) shows the ethidium bromide staining 

pattern. (B) 

autoradiography. 

shows the hybridization pattern after 

HindlII uigest of ~ DNA (lane M) is the size 

marker, triangles are placed next to the hybridizing fragments in 

(A). (C) end (D) show the Hybridization pattern or J2P-labeled 

R-13 to the Bglll (lane Bg), the Bamffl (lane Bm) and the EcoRI 

(lane E) dig es ts or Chl DNA isolatea from C. sp strain JIXN, 

HindllI digest of ~ DNA (lane H) is the size marker, (C) shows 
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the ethidium braaide staining pattern, (D) shows the 

hybridization pattern after autoradiography. Triangle is placed 

next to the strong hybridizing EcoRl fragment. 

Fig. 5. Electron micrographs and explanatory tracings or heteroduplexes 

prepared frOll the EcoRl inserts or clones CR-lJ and Cl-10. a) 

The spreading solution was 60" fol'llallide in 0. lM Tris (pH8. 5) , 

O.OlM Ha3EDTA. b) The spreading solution was 50I fol'11811ide, the 

h1J>Ophase was 20" fo1'11811ide. c) The spreading sohtion was 40" 

fol'118111ide, the hypopbase was 10" formamide. The haaologous 

regions between those 2 EcoRl fragments are labeled with A, B, C, 

D, E consecutively in the explanatory tracings. Bar in each 

micrograph represents the length of lkb double stranded DNA. 

Fig. 6. Restriction endonuclease map of R-lJ fragment. b) A diagram 

shows the relative position of D-loop region in R-lJ fragment c) 

Diagram of a heteroduplex molecule between R-lJ ~ 1-10, the 

haaologous regions are labeled in the same order as in Fig. 5. 

Numeral in each region rPpresents the average length in kb 

measured from more than 10 molecules each, standard deviatio~ 

were less than 81. 

Fig. ?. Physical and functional map of clone R-lJ. Restriction sites of 

EcoRl ana Clal are shown. The Kb lengths of each restriction 

fragment generated by EcoRl and Clal double digest are indicated 

in parentheses. Dotted line represents pBRJ25 sequence. Waved 

line represents sequence cloned in SCJ-1. The 5 conserved 

regions between C. reinhan:ltii and C. sp. strain JIXH mapped by 

Hang et al (1984) are indicated by black bars labeled A to E. 
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ARCl and ARS 08 regions were aapped by Vallet and Rochaix (1985). 

The replicetion origin of pBRJ25 and Chl.DRA (OriA) are al.so 

indicated. 

Fig. 8. Cloning strategy to construct a recaabinant pla.s•id containing 

the functicnal replication origin and the chloramphenicol 

resistant gene. 
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Table I Requirements for DNA synthesis and the Effects of Inhibitor in 

vitro 

Condition DNA Synt~esis activity(J) 

Complete 1001 

Without DNA <51 

Hi thout ATP, creatine phosphate, creatin kinase 251 

Hithout rCTP, rGTP and rUTP 73" 

Hi thout dCTP 561 

Hi thout Mg++ Jll 

Hithout soluble proteins 181 

Hithout membrane extracts 571 

Supplemented with 2 ug/ml Ethidium Branide 241 

Supplemented with 10 ug/ml Ethidium Bromide ·) 

DNA synthesis activity was measured for 60 min. at J:>0c in the s·tandard 
reaction assay &s described in the text. 1001 equaled 9.6 pmole dNTP 
incorporated. 
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