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                              PREFACE

     A group of green a.lgae represented by the genus Chlorella

(chlorococÅëales) is ubiquitous in fresh water, in marine water,

and in soii on the Earth. Because of its simple structure, simple

life cycle, rapid growth on various conditions, and modest nu-

triticnal requirements] Chloreila has, over a long period of tirne,

served as a model organism in plant physiological and biochernLcal

researches; several fundamentaLly i;npertant findings..in these

disciplines such as the Calvin-Benson cycle of photosynthesis

(Calvin and Bassham, i962) and the general pathway of chlorophyll

biosynthesis (Granik, l979) were made with this organism.

     Besides these interests in basic researches, Chlorella celÅ}s

have alse been an interesting and Lmportant experimentai material

in applied and industrial microbiology. With the gradual advent

of generai public concern about problem of food production, energy

supply, and pollution, unicellular algae of the Chiorella type

have been intensively studied and used in a variety of practical

applications in agriculture and technology, i.e. as protein-rich

food or feed (in terrns of overall protein yield, the algal culture

reportedly gives 6-30 times as much protein as legurninous plants

acÅëording to Vincent, 1971) and for the production of biomass for

converslon to energy.

     The ability of'Chlorel!a to degrade a variety of inorganic and
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organic compounds (Wiessner, l970) has aroused interests in puri--

fication of sewage and waste (Galloway and Krauss, l963).

     rn the microbiological technology or biochernical engineering

fieldt Chlorella has frequentiy used as a model organism in re-

searches on mass-cultivation, synchronous. culture, and planning

of culture installations (Tamiya et al., 1953; Myers and Graharn,

l959; Tamiya, l964). On the basis of the knowledge obtained

through studies with Chlorella, various types of indoor cultivation

tanks, outdoor ditches, and ponds were constructed.

     In spite of many attxactive and useful characters of Chlorella

as mentioned above, two dÅ}sadvantages of this alga have seriously

restricted further progress of researches in both basic and applied

microbiology: they are (1) the existence of an extraordinarily

rigid and indigestible cell wall and (2) the iack of sexual process

of reproduction in the cell cycle. The forrner prevents not on2y

extraction and isolation of the cellular materials and some genetic

manipulations such as cell fusion, organeUe transplantation, and

transformation with external DNAs but also utilization of the celis

as food or feed; fresh, dried or solvent-extracted Chlorella cells

are hardly digested at all by humans (Mitsuda, et al., 1969) and

by other non--ruminant anirnals (Meffert and Pabst, 1963), although

the isolated algal protein is easily digested by non-ruminants

(Mitsuda, et al., l969). The latter makes genetic studies difficult;

in fact, nothing has been known concerning genetics and molecular
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biology about Chlorella. On the other hand, Chlamydomonas

reinhardii, a green alga related to Chloreila has been an excellent

organism for genetic investigations.and lots of knowledge have

been obtained by virtue of its sexuality <Lewin, 1976).

      To overcome disadvantages and to make Chlorella cells a more

expedient subject in basic and applied microbiological researches,

several technigues for homogenization or fractionation of the cells

were introduced: those were the mechanical methods (Theriault,

1965), the chemical methods (Mitsuda, Z965; Hedenskog, et al.,

1969), and enzymatic digestion (Northcote, et ai., l958; King and

Shefner, 1962; Wise!nan, l969). Although the gastric juice from

snaU (Heiix uat ) attacked isolated ceU wal! of Chlorella

EX!29Il9E!Stl9g9 (Northcote, gltL st1., i958), it was found to be ineffec--

tive against whole ceils (King and Shefner, 1962). Wiseman (!969)

could not find any enzymatic method that was active for the whole

cells.

      If protoplast (naked cell) forrnation can be induced in

Chlorella some intact cellular compenents such as plastid and

plastid DNA as well as nucleus and nuclear DNA might be isolated,

which makes it possible to advance Ch!orella biology at a molec-

ular level. Sorae protoplast fusion experiments would produce a

system for genetic analysis in this strict celibate organism.

By establishing a system for transformation with protoplasts,
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molecular cloning of serne useful genes in Chlorella as a host,

solely using solar energy, may be realized. Thus induction of

protoplast formation in Chlorella cells has been a matter of

concern and interest for a long period oÅí time (Atkinson, gLt g,IL.,

                     'i972). .
              '       '
      The present work started in order to open up new possi-
            '
bilities in the directions of researches on Chlorella which is

outlined above. I wish that the results presented here contribute

                                                               'to the progress in both basic and applied microbiology.

 ,-IV-



                    GENERAL XN[PRODUC[VION

     The green algal genus Chlorella includes very heterogeneous

species which differ in morphological characteristics (Fott and

Novakova, l969), in biochemical and physiological characteristics

(Kessler, l976), and in the GC content of DNA frorn 43 to 79 %

(Hellmann and Kessler, l974). Cell walls of Chlorel!a strains are

also considerably different from each other in morphology and

chemical corttpesitions (Soeder, 1963). In some species, it was

shown that the existence of sporopollenin layer in the cell wall
  '
is responsible for the rigidity and indigestibility of Chlorella
          '
cell walls (Atkinson et al., 1972). Most Chlorella strains

without sporopol!enin in their cell waUs, however, are also re-

sistant to enzymatic dÅ}gestion. The relationship between rigidity

and structure or chemical composition of Chlorella cell walls has

never been fully clarified.

     The matter of first concern in this work was to develop a

method to induce protoplast formation from Chlorella species so

that the heterogeneity in structure or chemical coml)osition of

Chlorella cell walls could be known, and that the relatÅ}onship

between rigidity or indigestibility and structure or chemical

composition of Chlorella cell walls could be clarified.

     In the second place of this work, the usefulness and ad--

vantages of Chlorella protoplasts in several kinds of researches

was demonstrated: (1) the ability of protoplasts to regenerate
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a cell wall and to grow, (2) the occurrence of protoplast fusion,

and (3) the possibility to isolate several intact cellu!ar compo-

nents sueh as chloroplasts and chioroplast DNAs frorn the proto-

plasts .

      Another matter of cDncern in this work is the molecular

biological aspects of Chlorella chloroplast DNA which was, for the

first time, revealed through the effective extraction of the DNAs

from Protoplasts. Xts fundamentaZ importance could be explained

as below. Chlorella cells as well as other photoautotrophic

eukaryotic organisrns harbour some cellular organelles such as

chloroplasts and mitochondria, each of which contain its own

genetic machinery. Chloroplasts, especially playing a fundamental

role in ceilular energy metabolism, were suggested to possess at

least some of genetic inforraation involved in photosynthesis

<Ciferri, 1978). Existing evidence f.rom several piants and algae

indicates that a single, double-stranded circular DNA molecule,

the chromosorne, contains the coding potencial of the organelle.

So far, chloroplast DNAs have been isolated frorn several plants

and algae, and their characteristics have been compared with each

other (Herrmann and Possingham, l980). Special aspects of algal

chloropiast DNAs are: (1) the wide range of size distribution,
                     'frorn 5.6 Å~ I07 dalton for Codiurn fragile (Hedberg et al., 1981)

to i.1 "v l.5 Å~ I09 dalton for Acetabularia (pa(imanabhan and Greent

1978); (2) the unique physical arrangement of the DNA molecule such

as the existence of inverted or tandemly repeated seguences and
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some intervening sequences in the 23S rRNA gene (Rochaix, 1981); and

(3) the occurrence of methylated nucleotides (Royer and Sager, 1979).

      Thus, it is of great interest to investigate the physical

properties and the molecular arrangement of chloroplast DNAs from

such a familiar and ubiquitous alga as Chlorel!a. !nforrnation

from the chloroplast DNAs may elucidate an evolutional relationship

of this alga tQ higher plants or several other algal groups.

      The nature of cooperation between chloroplast and nucleus or

mitochondria, which is a fundamental problem in biology, rnay be

also learned after rnapping on the chloroplast DNA some specific

genes such as those coding for rRNAs, tRNAs, rÅ}bosomal proteins,

the large subunit of ribulose-1,5-bisphosphate carboxylase (RuBPCase)t

etc, and studing their expression mechanisins. Characterization of

ch!oroplast genes involved in photosynthesis will consequently open

up a way to expand photosynthetic.activities through molecular

biological techniques in plant and micxobiological worlds.

      In this thesis, Chapter I demonstrates (1) induction of

protoplast formation in two ChloreUa strains (C. ellipsoidea C-87

and C. saccharophila C-211) among twelve strains tested, (2) re-

generation of whole cells from C. ellipsoidea protoplasts, and

(3) occurrence of some protoplast fusion. Chapter II shows

an existence of three types of cell walls in the phylogenetically

related Chlorella strains without secondary carotenoids in the

cell wall. The chapter also show$ different behaviours of
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these three types of ceil walls towards the enzymatic digestion

and the chemical staining tests. A simple method is offered to

distinguish Chlorella strains that can be induced to forrn proto-

plasts.frorn the strains with a rigid cell wall and not forming

protoplasts. rn Chapter III, the process of protoplast forrnation

from C. eilipsoidea C-87 and the cell wall structure of this strain

is described in detail. Xt is revealed that the rate-limiting

barrier against the protoplast formation is the outermost thin

layer of the cell wall which is probably composed of pectin.

Regeneration of the cell wall and the subsequent growth of the

protoplasts are also confirrned.

      From protoplasts of C. ellipsoidea C-87 thus formed, several

cellular cornponents were isolated. Chapter IV demonstrates the

isolation and characterization of intact chloroplasts and chloro-

plast DNA. The chloroplast DNA is characterized in its circu-

larity, contour length, molecular weight, GC-content, restriction

fragment patterns, and the absence of DNA methylation.

      In Chapter V, the molecular arrangement of the chioroplast

DNA is charactrized; the DNA contains a pair of large inverted

repeat sequences, a small single copy region, and a large single

copy region. [Phe chloroplast rRNA genes (!6S and 23S) are mapped

in the small loop end of the inverted repeats on the chloroplast

DNA. In this chapter, some differences in molecular arrangement

of Chlorella chloroplast DNA from that of other algae such as

Chlamydomonas or Euglena are also discussed.
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In Chapter VI, as conclusion of

matters are discussed: those are

Chlorella strains, efficiency of

ness of ChZorella protoplasts in

and molecular biological aspects

this work, several significant

 nature of protoplast-forming

 the.protoplast 'formation, useful-

 industry and Å}n basic researches,

 of Chlorella chloroplast DNA.
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CHPTER I

Preparation of Protop1asts frorn Chlorella Species
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                          IN'rRODUCTION

     A rigid and. indigestibZe ce!1 wall of Chlorella has often

been a problem against studies on Chlorella. !n some strains, the

protector against an enzyrnatic attack Å}s a trilaminar outer layer

containing sporopollenÅ}nt an extraordinarily resistant polymer of

carotenoids (Atkinson et al., 1972). The cell walls of other

strains which lack the trilaminar component have a wide variety of

resistance against enzyrnatic digestions. Although most of them

were also generally indigestible, there are two exarnples of

Chlorella protoplast forrnation so 'far' reported in Mterature. Tn

one case, it took nearly four days to form spheroplasts of

g• Escglt}stzgl2!!L],a h 1 by a treatment with a polysaccharide degrading

enzyme mixture (Braun and Aach, l975). If the resistant outeumost

layer Of' g. EAgs{tRgxgE21}EVLg,h l is scratched by sea sand, the ceil wall

is much more rapidly degraded by cellulase (Aach et al., 1978).

On the other hand, protoplasts of C. vulgaris were forrned with O.4 9o

Cellulysin during several hours (Berliner, 1977). In that caset

the protoplasts were extruded through breaks in the cell wall and

not by dissolution of the wall.

   ! d.escrj.be here two strains of Chlorella which are unable to

produce secondary carotenoids (Atkinson et al., 1972) and lack the

sporopo!lenin layer in the celZ wa!1 can be easily induced to form

protoplasts by a treatrnent with some enzyme mixtures.

(7)



                      bCATERIALS AND ME[PHODS

      Experirnental cultures. Strains examined and their sources

were as follows: Chloreila ellipsoidea Gerneck (C-27 and C-87),

C. Iuteoviridis Chodat (C-97), C. prototechoides Krtiger (C-99 and

C--202), C. prototechoides K]tiger var. mannophila Shihira et Krauss

(C-206), C. pyrenoidosa Chick (C-101) and C. saccharophila K]rttger

(C-211) from the algal culture collection of the Institute of

Applied Microbiology, Univ. of Tokyo; C. sorokiniana Shihira et

Krauss (211-8k, 211-40a) from Prof. E. Kessler (Institut ftir

Botanik und Pharmazeutische Biologie der UniversitEt); C. vulgaris

Beijerinck (llh) from Prof. S. Miyachi (the Institute of Applied

Microbiology, Univ. of Tokyo); C. vulgaris Beijerinck (CBSC) from

Carolina Biologicai Supply Company, North Carolina.

      These twelve strains of Chlorella species were selected because

they do not form secondary carotenoids under nitrogen deficiency

(Kessler et al., 1963) so that they lack the outer trilaminar

sporopollenin layer in the cell wall which is a resistant polymer

of carotenoids and is responsible for indigestibility (Atkinson,

et al., 1972).

      The cells were cultured in a modified Bristol medium (bCBM)

(Watanabe, 1960) supplemented with O.1 e6 proteose peptone (D4BMP)

at 250C with a l6h light at 3,OOO lux and 8h dark cycle for 4 to

5 days.

      Digestion of cell wall with enzymes. Cells were harvested and
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washed with 25 mbC phosphate buffer (pH 6.0) and suspended in the same

buffer containing O.6 M sorbitol/mannitol (i:l) and some of the

following polysaccharide-degrading enzymes: 49o celiulase Onozuka R-IO

(Kinki Yakult "CFG), 2 9Q Macerozyrne R-10 (Kinki Yakult MFG), 1 9o

pectinase (Asp. niger, Sigrna), 2 % hemicellulase (Asp. niger, Sigma),

l % chitinase <sSE!!gREgE}>!gs2iEtr tom griceus, Sigrna), 2 % Driseiase (Kyowa

Hakko Kogyo Co., LTD) and 2 e6 Cellulysin (Calbiochem).

     The cell suspension (2 x lo8 cells/ml) was incubated in the light

at 250C in a shaker water bath with gentle shaking. The forrnation of
          '
osmotically labile structures was monitored by adding O.1 ml of the

suspension to 2.9 ml of water and by e' ounting disrupted cells with

a hemacytorneter. The staining of the ceils with CaZcofluor White

was carried out according to Nagata and Takebe (1970) for 30 min

at room temperature.

    EtLl9gS!g!L.!!Sglle tro m r o Portions of the suspension of the

cells in the enzyrne mixture were removed at intervals and cen-

trifuged at 1,OOO x g at 40C. After washing twice with 25 mM

phosphate buffer that contained O.6 M sorbitol/mannitol, cells

were fixed with 3 O/o (wt/vol) g!utaraldehyde in the same buffer for

2 h at room temperature and post-fixed with 1 O-o Os04 in the sarne

buffer for l h at 40C. For scanning electron microscopy, the

fixed cells were dehydrated in a graded ethanol series and criti-

cally point dried. A small portion of the dried cells was attached

to a conductive stub and sputter-coated with gold in a Eiko JB-3

XOn Coater. Sarnples were exarnined with a JEM-IOOCX (JEOL) scanning
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eiectron microscope. For transrnission electron microscopy, the

fixed cells were embedded in 2 % agar, dehydrated as abovet

transferred to 9Y-1 (n-buty!glycidyl ether), and immersed in Epon

(Millonig and Marinozzi, l968). Thin sections were cut by a

Sorval MT-1 microtome, and stained with 2 k uranylacetate for 30

min followed by a lead salts mixture (Millonig, 1963) for 5 min.

They were examined with a JEM-IOOB (JEOL) electxon microscope.

    YtlL912ELIU2Lgg-}2!!gSgElAEEE:-blt f t1t Theprotoplastswereembedded

in 5 ml isotonic soft agar (O.6 9a) and plated on both a normal

MBMP agar (2 O"a) supplernented with O.1 k yeast extract (MBMPY) and

a MBMPY agar eontaining either O.6.M sorbitol/mannitol or 20 e.e

suarose. Plates were incubated at 250C in the light (3,OOO lux).

The difference in the nurnber of colonies on the two media after 2

weeks was considered to represent the number of viable protoplasts.

                            RESULC[TS

                      '
ltl!9igeE2SlglLgi.-E!g!g!21LgESg:-rearationofprotoplasts

                            '
     Effective protoplast forrnation was observed in the cells of

g•gEtLILteEgSslsAl d C-'87andg•EtggsAg2!g21!!Lgacch hlaC-211whentheformerwas

treated with cellulase, Macerozyrne, and pectinase, and the latter

with Cellulysin and pectinase (Table I-l). An addÅ}tion of water

ruptured their protopiasts; the light green content leaked out

from the remaining cell structure. The other ten strains Of

Chiorella species did not form osmoticaliy sensitive structures by
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Table I--1 . Protoplast

        some

formationÅ}nglh}ELg2igELI!lorella

 enzyme mixturesW

  '   .sp ecles wlth

Protoplast frequency (e-a)

Strains
CMP DP cp

C

c

C

-9-UtL!R.gg-!Elg-gl idea

  luteoviridis.

. pro to te choides

C.

C.

C.

C.

var.!t!Lg!u!g2111-kanohila

E>L!t!s}ggj,-slg.s-gends

saccharophila
sorokiniana

tLat!-tsgL!lals

IAM C-27
IAM C-87
IAM C-97
IAM C-99
IAM C-202
IAM C-206
IAM C-IOI
IAM C-211
211-8k
211-40a
llh
CBSC

 3

90

 l

 o

 o
 o

 o

 l

 o

 o

 l

 o

o

o

o

o

o

o

o

2

o

o

o

o

 2

10

 o

 o

 o

 o

 o

26

 o

 o

 2

 o

                                     8* Cells of Chlorella species (2-5 Å~ 10 /ml) were
  treated with each enzyme mixture in 25 mM
  phosphate buffer (pH 6.0) containing O.6 M
  sorbitol/mannitol. After an incubation at 250C
  for 24 hr, number of osmotic labile structures
  was counted. CMP consisted of 4 9o cellulase,
  2 e-e M a c e ro z y m e , a n d 1 exo p e c t i n a s e . D P o f 2 e-o

  Driselase, and 1 O-a pectinase. CP of 2 e!e
  Cellulysin and l 9o pectinase.
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Table I-2. Protop!ast formation in9.g!t,EunsgLsls}glzsoideawith some enzymemixtures*

Enzymes Protoplast frequency (2)

Cellulase (49o)

Cellulase (49e)

Cellulase (4g)

Macerozyrne (29o)

Cellulase (4Z)

Chitinase (lrg)

Driselase (29.)

Celiulysin (2o-.)

+

+

+

+

+

+

 Macerozyme (2rg) +

 Macerozyrne (2rg)

 pectinase (1eg)

+ pectinase (1%)

 hemicellulase (2*)

 hemicellulase (2tg)

 pectinase (lk)

+ pectinase (1tg)

    ,pectlnase

+

+

(l%)

pectinase

pectinase

(1%)

(R)

90

o

o

o

 o

o

o

10

                                8* Cells of 9• g!t,!iLREgE!sls2Ali oid a (2 x 10 cells/ml) were treated with each enzyme

mixture in 25 mM phosphate buffer (pH 6.0) containing O.6 bC sorbitoi/

mannitol (1 : 1). After incubation at 250C for 24 h, number of osmobically

labile structures was counted under a microscope.



treatrnents for 24 h with any cornbinations of the cell wall di-

gestion enzYmes shown in TabZe I-l.

                                                      '    About 90 eg of g. sitl,l,ELRggELs2ggli o dea C--87 cells converted protoplasts

after 24 h by the treatment with 4 % cellulase, 2 06 Macerozyme

and 1 k pectinase (CMP), however, lack of any one of these three

enzymes resuited in no cell wall degradation (Table I-2).
                               '
Although a small portion (IO'e-o) of the cells were induced to form

protoplasts by the corubination of 2 eg Cellulysin and 1 9o pectinase,

other enzyrnes such as hernicellulase, chitinase and Driselase

showed no effects. The time course of the cell wall digestion in

g• gEtLEL2,l2EglslLglz soidea C-87 by the CMP treatment is shown in Fig. I-l.

         'About 50 9o of the cells becarne osmotic-labile after 4 h incu--

bation and 80 e/o of the cells after 8 h incubation. The proto-

plast formation was also monitored by Calcofluor staining of the

cell wall. Whole cells and cell wali fragments stained with

Calcofluor White showed an intense light blue fluorescence when

irradÅ}ated with UV. Protoplasts showed no blue but red fluo-

rescence due to chlorophylls.

2tillLggE!g!uEELg!gEggg!Lg-gl2Eg!!MgSlguEL:.lectromcroco b ato

     Scanning electron micrographs showed that the intact vegita-

tive cells of !2. i22t,!te{2gtslgli oid a C-87 are ellipsoidal (3.5 x 4 pm)

with slightly furrowed surface (Fig. I-2a). Fig. I-2b shows a thin

section of the intact vegÅ}tative cell; there are a saucer-shaped

chioroplast, a large nucleus, vacuoles, and mitochondria• The

                             Q3)
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Fig. I-l. TÅ}me course of the protoplast'formation.
Cells of C. ellipsoidea C-87 were suspended (2 x lo8

cells/ml) in the induction medium composed of 4 *

cellulase Onozuka, 2 X Macerozyme and l % purified

pectinase CpH 6.0). After the incubation at 250C,

sgtall portions (O.i ml) were pipetted out and dUuted

witth water (o) or with O.6 M sorbitol/mannitol (e).

Nurnber of osmoticaily sensitive structures was counted

by a hemacytometer.

(14)



cell wall consists of two regions (Fig.!-2c); the outer narrow

region is electron dense (10 nm in width) and the inner electron

opaque regÅ}on is rnuch more bulky and micrortbrillar (width: 100

nm to 200 nrn). The wall structures were also observed in the

maturing autospores (Fig. I-2d); they are enve!oped by the mother

cell wall whose inner region having become thinnesc as the cell walls

of autospores develop. No trilarninar outer component of

sporopollenin (Atkinson et al., 1972) was observed at any stages
                       pt -R-
of the cell cycle. Figs. I-3a and b show typical protoplasts.

They are sphericalt 4.5 um in diameter with a somewhat rugged

surface, and without any structures of cell wall (Fig. I-3c).

The protoplasts were frequently observed to adhere to each other

(Fig. I-3d) as reported by Braun and Aach (l975) and by Berliner

(1977>.

Re eneration of cell wall and rowth of roto lasts.

     The protoplasts suspended in MBMP containing O.6 M sorbitol/

mannitol could after 3-4 day- incubation at 250C in the light

(3,OOO lux) regenerate the cell wall which was stained with

Calcofluor. When the protoplasts were embedded in O.6 O-o soft agar

MBMPY containing 20 Oxe sucrose, up to 30 O-e of protoplasts could

grow and form colonies after 2-week incubation at 250C in the

light.

(15)



a

d

V'

!k

MC

h.-

k
Il•

 -

A

,q

•v '

si

b

MC

{
'

l

,-

qu

cw

  :-C
" '7.
   x    ,   d•

,

Fig.  :-2. Electron micrographs showing intact celis of
 Sl• s!tL!,ELREglslggli ozdea C'-87• (a) Scanning electron micro-

graph (x 7,OOO). (b) Thin section of two vegetative

cells reieased from a mother celZ wall (x 20rOOO).

(c} Miin section of cell wall (x 50,OOO). (d) thin

section of autospores (x 20,OOO). A, autospore;

Cr chloroplast; CWr cell wali; It inner region of ceZl

wail; Mt mitochondrion; MC, mother celi waZl; N,
                              t-nucleus; O, outer region of cell wall; P, plasma mem--

brane.

(16)
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Fig. Z-3. Electron micrographs showing the protopZasts
of 9• sitLl!2,RggSggl ozdea. (a) Scanning eZectron mi.crograph

<x 15,OOO). <b> [Yl.iin secticn of a proteplast. C,

chloroplast; M, mitochondrion; Nt nucieus; P, piasma

membrane (k 20,OOO>. (c) IFhin section of the surface

of a protoplast (x 50,OOO). (d) Scanning electron
ntcrograph showing two protopiasts adhering to each

other (x IOrOOO)•

(l7)














































































































































































































