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VOORWOORD
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De heren T. S. IEen J. GROENEWEGEN van het laboratorium voor virologie
maakten deelectronenmicroscopische o p n a m e n vande protoplasten.
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JEFFREY D AVIES en J O H N STANLEY corrigeerden de engelse tekst.
M A R I A N N E WIJERMARS verzorgde de omslag.

W a a r een proefschrift o o k k a n worden gezien als de afsluiting van een
wetenschappelijke opleiding, wil ikdeze plaats o o kgebruiken o mmijn ouders te
bedanken voor de stimulans ensteun, diezij mij gedurende deze lange periode o p
velerlei manieren, ieder o peigen wijze, hebben gegeven.
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1. S C O P E O F T H E I N V E S T I G A T I O N S

In 1968amethod wasdeveloped by TAKEBEand coworkers for theisolation of
protoplasts from tobacco leaves (TAKEBE et al., 1968).It was shown, that these
protoplastscouldbeinfected withvirusand that thevirusactivelymultiplied ina
synchronous process (TAKEBE and OTSUKI, 1969).The availability of such protoplasts inprinciple should provide ameans to study themolecular processes of
plant virus replication. Such studies have been hampered by the low level of
primary infections that can beachieved with plants or plant tissues asaresult of
the presence of a cell wall and by the asynchrony of the subsequent infection
resulting from secondary spread of virus.
Protoplasts seemed a useful tool for theexamination ofproblems concerning
the replication of cowpea mosaic virus (CPMV). CPMV is a multicomponent
viruswhoseRNA genome is dividedbetweentwonucleoprotein particlesboth of
which are essential for establishing an infection (VAN KAMMEN, 1968). It is not
yet known which functions are specified by the two genome parts and how they
mutually interact with each other. Infection with CPMV gives rise to the appearance of characteristic cytopathic structures ( D E ZOETEN et al., 1974; LANGENBERGand SCHROEDER, 1975 ; HIBI etal., 1975). Thesemembranous structures
play an essential role in CPMV replication since they contain the virus-specific
double-stranded RNAs ( D E ZOETEN et al., 1974) and the viral replicase activity
(ZABEL et al, 1974and 1976).It seems important to know how these structures
are induced by thevirus,how the host cellisinvolved, and to specify their exact
functioning. Such studies might provide general information ön the specific
contributions of the host cell to the multiplication of plant viruses.
The aim of the work presented in this thesis was to study some aspects of
CPMV multiplication incowpea mesophyll protoplasts.Attention was focussed
mainly on the detection and characterization of proteins whose synthesis is
inducedorisstimulated uponvirusinfection. Furthermore,apossibleroleof the
host genome was investigated and attempts were made to localize functions on
the viral RNA components.
A literature review on the biochemistry of plant virus multiplication in protoplasts isincluded in chapter 2.In addition, thischapter contains an introduction to the relevant properties of CPMV and of plant protoplasts.
The cowpea mesophyll protoplast system developed by HIBI et-al.(1975) was
adopted for the present study after several factors had been re-evaluated. A
survey of the conditions that are important for the preparation of protoplasts
and for their infection with CPMV is given in chapter 3. A very convenient
procedure was evolved resulting in synchronous virus multiplication to high
yields in the large majority of the protoplasts.
Before studying the virus-induced changes in the metabolism of infected
Meded. Landbouwhogeschool Wageningen 80-3 (1980)
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protoplasts, RNA andprotein synthesisinhealthy protoplasts were examined
(chapter 4).Increasing metabolic activities were observed upon incubationof
freshly preparedprotoplasts andtheseprocessescouldbeselectively influenced
bymeansofappropriate antibiotics.RNAandprotein synthesisinthe chloroplastslastsappearedtobeatalowlevelbuttheirenergy-generating activitywas
stillfunctioning.Inaddition,theseexperimentsprovidedpracticalinformationas
totheconditionsfavourableforradioactivelabeling.
Inchapter 5,itisshownbyusingtheantibiotic actinomycin D that CPMV
replication is dependent on host genome transcription but only during the
earliest stagesofinfection. Under conditions ofcomplete inhibition ofCPMV
multiplication, synthesis of viral antigen in the form of top component still
continued. Besides these coat proteins, the synthesis of other CPMV-specific
proteinswasobserved.
In chapter 6,thedetection ofanumber ofviral-related proteins in CPMVinfected protoplastsisdescribed. Radioactive labeling for short periods atdifferent timesduringtheinfection cycleandsubcellular fractionation oftheprotoplastswerefound tobeessentialforthedetection ofsomeofthem.Onlytwo
proteins appeared attheonset ofprogeny virus accumulation, allothers were
observedonlyinlaterstagesofinfection. Surprisingly,noviral-related proteins
were observed during theactinomycin D-sensitive period, thelatent phaseof
infection.
Oureffortsincharacterizingtheviral-relatedproteinsaredescribedinchapter
7. Theidentification of the CPMV coat proteins and the comparison ofthe
proteinswiththetranslation productsofB-andM-RNA synthesized inin vitro
protein synthesizing systems are described. Although chase experiments revealed the processing of the smaller viral coat protein, no indications were
obtained astothepossibleexistence ofother precursor-product relations. Exceptfortheviral coat proteinsallviral-related proteins wereproduced inprotoplastsinfected withpurified bottomcomponentwhilemiddlecomponentwas
ineffective, suggestingthat thereplicasefunction islocatedonB-RNAand that
M-RNA mayspecify atleastoneofthecoatproteins.
Inchapter 8 generalconclusionsaredrawnandatentativeviewonthecourse
oftheCPMVreplicationprocessbasedonpresentlyavailabledataispresented.
A part of the results described in this thesis has already been published
(ROTTIER, 1976and 1978; ROTTIERetal.,1979). Chapter 4willbesubmittedfor
publication with A. VAN KAMMENasco-author, chapters 6and7with G. REZELMANand A. VANKAMMENasco-authors.
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2. INTRODUCTION
2 . 1 . COWPEA MOSAIC VIRUS

With only a few exceptions all plant viruses have single-stranded RNA genomes. Many of theseviruses aremulticomponentviruses.Their genomic RNA
issplitinto partswhich areencapsidated into at least twoviral particles, sofar a
unique feature of plant viruses (for review, see JASPARS, 1974). On the basis of
genome constitution, morphology and infectivity properties some 10 different
types or groups of multicomponent viruses have been recognized.
Cowpea mosaic virus (CPMV) is the type member of the comovirus group.
For a detailed account of the properties of theseviruses the reader isreferred to
the recent review of BRUENING (1977). Purified preparations of CPMV contain
three types of particles, which have sedimentation values in sucrose density
gradients of 115S, 95S and 58S, and which have therefore been designated
bottom (B), middle (M) and top (T) component, respectively (VAN KAMMEN,
1967). Top component particles are empty capsids, the other two components
each contain one RNA molecule with molecular weight 2.02 x 106 (B-RNA)
and 1.37 x 106(M-RNA),respectively(REUNDERSe?al, 1974).TheseRNAsboth
haveapoly(A)sequenceattheir 3'-end ( E L MANNA and BRUENING, 1973; STEELE
and FRIST, 1978) and a small protein at their 5'-terminus (STANLEY et al., 1978;
DAUBERT et al., 1978).The icosahedral capsids of all components of CPMV are
composed oftwoproteinsofmolecular weightabout44,000and 22,000(Wu and
BRUENING, 1971;GEELEN et al., 1972)present in equal amounts of 60 molecules
per particle.
Besidescentrifugal heterogeneity,purified CPMValsoexhibits electrophoretic
heterogeneity. Each centrifugal component appears to resolve into two components upon electrophoresis inPolyacrylamide gels (AGRAWAL, 1964; SEMANCIK, 1966), a slow migrating form present notably early in infection, which is
converted into a fast form in the course of the infection process (NIBLETT and
SEMANCIK, 1969).This conversion results from the specific cleavage of an oligopeptide ofabout 2,500daltons from the smallviral coat protein (GEELENet al.,
1972).
Bothvirionsor RNAsarenecessaryfor CPMVinfection (VAN KAMMEN, 1968)
indicating that multiplication is dependent on the combined expression of the
two genome pieces.This was confirmed by genetic experiments which demonstrated that the viral RNAs specify different functions (for reviews, see BRUENING, 1977, and D E JAGER, 1978) and is also in agreement with the absence of
significant sequence homology between M- and B-RNA (VAN KAMMEN and
REZELMAN, 1971).
The use of mutants or hybrids of comoviruses provided interesting information concerning the correlation between different characters of the viruses
and the viral component by which these are specified. For instance, the regulation of the synthesis of top component seemed to be directed by middle
Meded. Landbouwhogeschool Wageningen 80-3(1980)
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component (BRUENING, 1969 ; D E JAGER a n d V A N KAMMEN, 1970),conversion of

slowtofast electrophoretic form byb o t t o m component (SILERetal., 1976), while
symptom formation appeared t obe governed bytheexpression of functions
localized oneach component ( D E JAGER, 1978).This genetic work didn o tlead to
the identification of the biochemical nature ofsuch functions except inonecase:
from the combined results with C P M V ( W O O D , 1972; G O P O a n d FRIST, 1977;
THONGMEEARKOM a n d GOODMAN, 1978)a n dwith t h erelated viruses B P M V
( M O O R E a n d SCOTT, 1971) and R a M V (KASSANIS et al, 1973) it m a y be concluded

that the smaller viral coat protein iscoded forbythe R N Aof middle component.
The R N A s ofC P M V can betranslated ininvitro protein synthesizing systems
derived from wheat germ as well as from rabbit reticulocytes treated with
micrococcal nuclease (PELHAM a n d JACKSON, 1976; PELHAM a n d S T U I K , 1977;

D A VIESet al, 1977; STUIK, 1979). Proteins oflarge a n d intermediate size were
found t obesynthesized b u t n otranslation products thesize ofthe viral coat
proteins were produced. Moreover, n ofunctional properties could be assigned
to anyofthese products. Very recently, however, apolypeptide of a b o u t 30,000
daltons made in t h ereticulocyte system under thedirection of B - R N A was
observed (PELHAM, 1979)which wasclaimed tospecifically cleave theM - R N A in
vitro translation products (PELHAM, 1979), b u t the significance ofthis finding
remains obscure since itcould n o tbe reproduced using wheat germ extractsor
reticulocytes (R. GOLDBACH, pers. commun.).
CPMV-infection gives rise t othe appearance ofmembranous, often vesiculated structures within thecytoplasm ofinfected cells ( D E ZOETEN et al., 1974;
LANGENBERG a n d SCHROEDER, 1975; H I B I et ai, 1975; H U B E R et al., 1977).

Biochemical analysis and autoradiography demonstrated that CPMV-specific
replicating R N Aisassociated with these very structures (ASSINK etal, 1973; D E
ZOETEN et al., 1974). Furthermore, a n RNA-dependent R N A polymerase activity wasdetected inassociation with membranes after infection with C P M V
(ZABELetal., 1974and1976).Thus,acrucial roleforthevirus-specific cytopathic
structures seems t o beevident. Attempts t o identify t h ereplicase activity by
purification andPolyacrylamide gelelectrophoresis were,however, unsuccessful
(ZABEL, 1978). Similarly, analysis ofsubcellular fractions enriched in cytopathic
structures didn o t reveal the identification of virus-specific proteins clearly
involved inthereplication process.
In summary, C P M V iswell-characterized from a physico-chemical point of
view butlittle isknown about itsmultiplication process in vivo.

2.2. T H ESIGNIFICANCE OFPLANT PROTOPLASTS INVIRUS RESEARCH

Plant protoplasts provide anexperimental system which offers agood opportunity forstudying fundamental processes underlying virus multiplication. In
addition, they maybeuseful forinvestigating a number ofspecific virological
problems. The ability of one virustoaffect the infection byasecond virus (strain)
is a well-known phenomenon in plants in nature (see M A T T H E W S , 1970),the
4
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effects ranging from enhancement of multiplication of onevirus by the other to
protection against infection by the other. Protoplasts were shown to allow
doubleinfection with different viruses (OTSUKIand TAKEBE, 1976a; BARKER and
HARRISON, 1977a,b)orstrainsofviruses (OTSUKI and TAKEBE, 1976b, C; BARKER
and HARRISON, 1978).Thus,suchinteractionscan bestudied at thecellularlevel.
The reduced replication of CMV in tobacco protoplasts doubly infected with
TMV and CMV (OTSUKI and TAKEBE, 1976a) and the interference between
strains of RRV (BARKER and HARRISON, 1978)and TMV (OTSUKI and TAKEBE,
1976c)upon successiveinoculation of tobacco protoplasts suggest this to be the
case.
Protoplasts may alsoenable theexamination of questions asto susceptibility,
resistance and host specificity. The multiplication of several plant viruses has
been found to be sensitive to actinomycin D, e.g. TMV (COUTTS and WOOD,
1976),TYMV (RENAUDIN and BovÉ, 1977),and AMV (ALBLASand BOL, 1977).
Byusing protoplasts this sensitivity was shown to exist only in an early stage of
infection suggesting some early host-specific function to be required for the
initiation of infection. Such a function might well play a role in determining
whether a plant species will be a host for a virus or not.
Concerning themechanisms underlying geneticallycontrolled resistance,protoplasts may be lessvaluable. Protoplasts from some tomato lines homozygous
for a geneconferring resistance toTMV infection in intact plants were tested by
MOTOYOSHI and OSHIMA (1975, 1977) for their susceptibility to this virus. Immunity to infection was observed with protoplasts from only one line of tomato
with oneTMV strain (MOTOYOSHI and OSHIMA, 1977).It appears that resistance
of plants to virus infection may rarely be due to resistance at the cellular level.
This was also concluded by BEIER et al. (1977) on the basis of an impressive
survey of more than a thousand Vigna sinensis lines, sixty-five of which were
classified as immune to CPMV when inoculated on the primary leaves. From
theseonlyonelinealsoexpressed thisimmunity upon inoculation of protoplasts
obtained from primary leaves.
Successful multiplication of viroids in plant protoplasts has been reported
(MÜHLBACH and SÄNGER, 1977; MÜHLBACH et al., 1977a, b). Protoplasts may
also provide a promising system for the investigation of these infectious agents
as was emphasized by experiments with inhibitors of RNA biosynthesis
which suggested that enzymes preexisting in the host cell play a role in viroid
replication (MÜHLBACH and SÄNGER, 1978).
The basic demands to be made upon an experimental system for the study of
virus infection at the cellular level are that most of the cells can be infected
simultaneously, that a synchronous virus growth curve can be established and
thattheappropriate biochemical techniquescanbeapplied for theanalysisofthe
processes occurring. Plants or plant tissue cultures (including isolated cells) are
not very suitable for these purposes since the presence of a cell wall hinders the
attainment of appreciable levels of initial infection while secondary spread of
virus prevents the infection from being synchronous in allcells.
Meded. Landbouwhogeschool Wageningen 80-3(1980)
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TABLE 2.1. Infection ofleaf mesophyll protoplastsfrom variousplant species with different plant
viruses
plant virus

plant species

reference

AMV

cowpea
tobacco
broad bean
barley
maize
oat
radish
wheat
tobacco
turnip
tobacco
tobacco
cowpea
tobacco
cowpea
tobacco
cowpea
tobacco
tobacco
tobacco
cowpea
cucumber
tobacco
tomato
tobacco
tobacco
turnip
chinesecabbage

ALBLAS and BOL (1977)
MOTOYOSHI et al. (1975)

BBWV
BMV

BMV (V5)
CaMV 1
CCMV
CGMMV
CMV
CPMV
CYMV
PEMV
PVX
RRSV
TMV

TNDV
TRV
TRosV
TYMV

KAGie/fl/. (1975)
OKUNO ef a/. (1977)
FURUSAWA and OKUNO (1978)
FURUSAWA and OKUNO (1978)
FURUSAWA and OKUNO (1978)
FURUSAWA and OKUNO (1978)

MOTOYOSHI et al.(1974)
HOWELL and H U L L (1978)

MOTOYOSHI et al. (1973)
SUGIMURA and USHIYAMA (1975)

KOÏKE et al. (1911)
OTSUKI and TAKEBE (1973)

Hmetal. (1975)
Uvwsaetal. (1977)
RAO and HIRUKI (1978)
MOTOYOSHI and HULL (1974)

OTSUKI et al. (1974)
BARKER and HARRISON (1977a)

KOIKE et al. (1976)
COUTTSand WOOD (1976)

OTSUKI et al. (1972)
MOTOYOSHI and OSHIMA (1975)
KUBO and TAKANAMI (1979)

KVBOet al.(1975)
MORRIS-KRSINICH et al.(1979)
RENAUDIN e« o/. (1975)

1 CaMVisadouble-strandedDNA virus

Protoplasts, usually isolated from leaf mesophyll tissuebyenzymatic digestionofthecellwallseemtomeetalltheaboverequirements(forarecentreview
see TAKEBE,1977).Highlevelsofinfectionhavebeendemonstratedusingseveral
different viruses andprotoplasts isolated from alarge variety ofplant species
(table2.1). Sinceinfectioncan beobtainedby abriefcontactbetweenprotoplasts
and virus, usually under well-defined conditions, and since the excess virus
inoculum can be removed bywashing, one-step growth can beobtained. Furthermore,ithasbeen shownthat highyieldsofprogeny viruscan beproduced
indicativeofanactivesyntheticprocess.Theprotoplastsbeinginsuspensioncan
easilybesampledbypipetting,substrates and/or inhibitorscanbeapplied, and
themediumcanbechanged rapidly.
Although numerous studies onplant virus infection ofprotoplasts havealready been reported, fewofthem have dealt with biochemical aspectsofvirus
replication. Thelarge majority focussed on optimalization ofconditionsfor
6
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isolation and infection of the protoplasts. Obviously, this reflects the problems
ofobtaining reproducibly largenumbers (i.e. 107or more) ofprotoplasts, which
areviableandreadilyinfectable, andwhichcanwithstand incubation inaculture
medium for several days without substantial losses of living protoplasts. The
experience in our laboratory with two protoplast systems namely tobacco leaf
(HUBER, 1979) and cowpea leaf protoplasts (HIBI et al., 1975; this thesis) has
indicated that it is possible to overcome these difficulties to some extent by
rigorously standardizing the conditions of cultivation of the plants from which
the protoplasts are isolated, but even then one has to accept that from time to
time the isolations of protoplasts are not successful for apparently unaccountable reasons.

2.3. THE BIOCHEMISTRY OF VIRUS MULTIPLICATION IN LEAF CELL PROTOPLASTS

A variety of biochemical activities is induced in plant cells upon plant virus
infection. On the one hand new biosynthetic processes are initiated i.e. the
production of virus particles; on the other the normal cellular metabolism as
reflected bytheintracellular structure may begreatly affected : new host-specific
functions may be evoked and the normal functioning of the cell may be disturbed. The pattern ofall these changes appears to be virus-specific since it results
from the introduction and expression of a well defined, unique piece of information, present inthe genome of the virus. Rapid multiplication ofvirus occurs
ininfected protoplasts. Cytopathic changes incellular structure similar to those
found incellsofinfected leaftissue take placeintheseprotoplasts. The fundamental processes underlying virus multiplication may therefore be studied using
plant protoplasts. Certain biochemical reactions, which are often observed in
leaf tissueupon virus infection (e.g. increases in different enzyme activities such
aspolyphenoloxidase, peroxidase),and which are related to the development of
symptoms of disease in the whole plant, have not been found in virus-infected
protoplasts.Also,areaction likecellnecrosis,whichisoften seenupon infection
of a leaf or a whole plant, has not been observed in virus-infected protoplasts.
Apparently such reactions due to plant virus infections are specific for infected
tissue and protoplasts are not suitable for unravelling the biochemical mechanisms underlying these reactions.
This section reviews some results of recent studies on virus replication which
have been obtained with protoplasts. Viral-related RNA and protein synthesis
have been considered separately.
2.3.1. Virus-specific RNA synthesis
Analyses ofviral RNA replication invirus-infected plantshave demonstrated
that plant viruses basically use the same mechanism of replication as the small
animal and bacterial single-stranded RNA viruses.The viral RNA contained in
thevirusparticlesisreleased inthecellfrom itsproteincoatand then transcribed
Meded. Landbouwhogeschool Wageningen 80-3(1980)
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into a complementary RNA strand, which in turn serves as a template for the
synthesis of viral progeny RNA strands.
There are a number of specific problems in studying plant viral RNA synthesis, for which protoplasts might provide an attractive experimental system.
Two examples may be given:
1. Many plant viruses have multipartite RNA genomes. Nothing is known
about the coordination of the replication of the separate RNA molecules.
2. Recently it has been found with a number of plant viruses that messenger
RNAsfor viruscoat proteins areformed duringtheinfection. These messengers
represent a specific part of the genomic viral RNA and are therefore described
assubgenomicmessengers.Suchsubgenomicmessengersoccuramongmulticomponent viruseslikethe bromoviruses and AMV aswell as among single componentvirusessuchasTMVandTYMV. Theoriginofsubgenomicmessengersinthe
virus multiplication process could be examined in protoplasts, in which virus
multiplication proceeds synchronously.
Sofar, thereplication oftheRNA hasbeeninvestigated insomedetail only for
TMV, a few bromoviruses and CMV.
2.3.1.1. T o b a c c o m o s a i c virus
Viral RNA in TMV-infected tobacco protoplasts was studied by AOKI and
32
TAKEBE (1975). Protoplasts were allowed to incorporate P-phosphate in the
presence of actinomycin D for various times after inoculation and then RNA
wasextracted and analyzed byPolyacrylamide gelelectrophoresis. Three RNA
species were detected in extracts of infected protoplasts. These RNAs were
absentinthecontrolprotoplastsmock-infected withUV-inactivated virus.They
were identified as newly synthesized TMV RNA and the replicative form (RF)
and the replicative intermediate (RI) of TMV RNA. All three types of RNAs
were already present in substantial amounts 4 h after inoculation (AOKI and
TAKEBE, 1975). Their synthesis increased exponentially during the subsequent
hoursbut at about 10hafter inoculation therate ofsynthesisofTMV RNA and
itsRI dropped sharply,whereasthesynthesisofRFceasedcompletely. AOKI and
TAKEBE(1975)did not detect the small TMV-specific RNA, usually described as
lowmolecular weight component RNA (LMC,mol. weight 265,000) which has
been shown to be the messenger RNA for TMV coat protein (HUNTER et ai,
1976).The LMC nucleotide sequenceisidentical tothat of the 3'-end part of the
TMVRNA. Veryrecently,however,LMChasbeenfound bythegroupof SIEGEL
(SIEGEL et al., 1978b) in TMV-infected protoplasts at a late stage of infection,
when the virus synthesis was already at a relatively low rate. They were able to
detect the LMC bylabeling with 3 H-uridinefor short periods.Apparently, only
under such conditions was the incorporation of radioactive label into LMC
sufficient to distinguish it asa separate component above the background.
Newly synthesized virus particles have been found in TMV-infected protoplasts4hlaterthanthefirstdetectableviralRNA synthesis (AOKI and TAKEBE,
1975).The rates of synthesis ofviral RNA and virus nucleoprotein particles are
then similarindicatingthat duringtheinitialphaseasignificant amount of TMV
8
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RNA molecules occurs either in a free form or only partially coated by virus
proteins.Butatthetimethat therate ofviral RNA synthesis started to decrease,
production ofvirusparticles occurred at a similar rate to RNA synthesis. These
results suggest that virus coat protein synthesis starts later than viral RNA
synthesis.Presumably, messenger RNA for coat protein must first be generated.
There is,however, a large discrepancy between the time LMC isfirst detectable
inprotoplasts and the synthesis ofthe first virusparticles. LMC isfound only in
the electrophoretic pattern at a late stage of infection (SIEGEL et al., 1978b).
Apparently, a more sensitive method is needed for the detection of LMC to
understand its origin in the virus multiplication process and to examine the
mechanism ofitssynthesis.It may beformed byspecific cleavage ofTMV RNA
or by partial transcription of the complementary strand, or either foWowed by
self-replication.
2.3.1.2 C u c u m b e r m o s a i c v i r u s a n d b r o m o v i r u s e s
The genome of CMV, thetype member of thecucumovirus group,consists of
three RNA molecules, referred to as RNA 1, 2 and 3 in order of decreasing
molecularweights.Duringinfection withthesethreeRNAs afourth RNA, RNA
4,isproduced that specifies theviral coat protein. RNA 4derives from RNA 3.
RNA 1 and 2 are encapsidated in separate protein coats. RNA 3 and 4 are
encapsidated together in one protein capsid. Only RNA 1,2and 3are necessary
for infection.
Replication of CMV RNA has been studied in tobacco protoplasts by
TAKANAMI et al. (1977). A combination of actinomycin D treatment and UVirradiation wasused for the suppression of host RNA synthesis to achieve a low
background against which the synthesis of the four viral RNAs could be examined.Thenewlysynthesized viral RNAs becamedetectable 6hafter inoculation.
Their rate of synthesis increased to reach a maximum at about 15 h after
inoculation. RNA 3 was largely predominant throughout the infection cycle.
Since RNA 3 is encapsidated together with RNA 4 in an equimolar ratio this
impliesthat aconsiderablepart ofthesynthesized RNA 3willnot be included in
progeny particles.The meaning of theexcessof RNA 3production isunclear. It
might indicate that the translation product of RNA 3is needed in large quantities or that the larger amount of RNA 3might have something to do with the
origin of RNA 4 from RNA 3. Double-stranded forms of all viral RNAs were
found, includingdouble-stranded RNA ofRNA 4.Thismightsuggestthat RNA
4 issynthesized by transcription of an RNA complementary to RNA 4and not
by cleavage of RNA 3.It has not however been demonstrated that the doublestranded form ofRNA 4actsasan intermediateinRNA 4synthesis.Therefore it
cannot be excluded that it isan artefact of isolation.
With somestrainsofCMVasatelliteRNA isfound. ThisRNA dependsfor its
replication on CMV as a helper virus.The satellite RNA isa small RNA with a
M.W. 120,000 with no sequence homology with the genomic RNAs of CMV
(GOULD et al., 1978).It was shown that this cucumber mosaic virus-associated
RNA 5was extensively replicated in protoplasts and the occurrence of its RF
Meded. Landbouwhogeschool Wageningen 80-3(1980)
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and RI has been demonstrated (TAKANAMI et al, 1977).
The genomic constitution of the bromoviruses is very similar to that of the
cucumoviruses. In studies of the RNA synthesis of the bromoviruses, brome
mosaic (BMV) and cowpea chlorotic mottle virus (CCMV) in tobacco protoplasts,it wasfound that in thesecases RNA 3wasalso synthesized to a much
greater extent than the other three viral RNAs (BANCROFT et al, 1975). Only
replicative forms of the three genomic RNAs could be detected. No doublestranded RNA corresponding to RNA 4 was found. In the case of the bromovirusestheevidencetherefore indicates that RNA 4arisesdirectly from RNA 3.
2.3.2. Viral-relatedprotein synthesis
Protein synthesis in virus-infected protoplasts differs from that in uninfected
cellsinvarious respects. Firstly, there are proteins synthesized under the direction of the viral genome, the so-called virus-specific proteins. These include
among others the virus coat protein(s). Secondly, there may be host-specific
proteins, the synthesis of which isinduced or stimulated by the virus infection
and which may be involved in the virus replication process. On the other hand
one might expect inhibition of the synthesis of some host-specific proteins to
occur during virus infection.
Research on viral-related proteins still mainly centers around their detection.
Apart from theviralcoat proteins nofunctions can asyetbeattributed toany of
theother proteinsfound upon infection. At present, extensive studies have only
been reported for TMV, CCMV and BMV.
2.3.2.1. T o b a c c o m o s a i c virus
If tobacco leaf protoplasts infected with TMV are labeled with radioactive
amino acids, a very large number of labeled proteins can be detected upon
electrophoreticanalysis ofextracts of such protoplasts on SDS-polyacrylamide
gels (PATERSON and KNIGHT, 1975; SIEGEL et al, 1978a). The majority of the
labeled proteins also occurs in uninfected protoplasts, but at least three are
found only after TMV infection (SAKAI and TAKEBE, 1974; PATERSON and K N I GHT, 1975; SIEGELetal, 1978a).Theseproteinshaveapparent molecular weights
ofabout 17,500,135,000and 160,000.Their detection could beimproved ifhost
protein synthesiswassuppressed eitherbyaddingchloramphenicol toinhibit the
70Schloroplast protein synthesissystem orbysubjecting theprotoplasts to UVirradiation before labeling in order to break down messenger RNAs for host
proteins.
The 17,500-MW protein could be identified as the TMV coat protein. Its
synthesisstarted withinafewhoursafter inoculation,atthesametimethat TMV
RNA was first detected (SAKAI and TAKEBE, 1974; SIEGEL et al, 1978a), which
waspriortothedetectionofitsmessenger RNA, LMC (SIEGELetal, 1978b).The
production of coat protein then increased rapidly to become almost constant
after 10to 20 h at which time its synthesis exceeded that of all other proteins.
PATERSONand KNIGHT(1975)estimated thatat 72hafter inoculation about 12%
ofthe total acid-insoluble radioactivity wasincorporated into viral coat protein
10
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while SIEGEL et al (1978a) found as much as 70% of the radioactivity being
incorporated into coat protein at 45h after inoculation.
The 135,000-and 160,000-MWproteins arefound earlyupon infection. Their
rate of synthesis reaches a maximum at about 10 to 15 h and then decreases
slowly.
IfTMV RNA istranslated invitroin rabbit reticulocyte lysates,two proteins
are produced with molecular weights of 140,000 and 165,000 (PELHAM and
JACKSON, 1976). The 140,000-MW protein comigrates with the 135,000-dalton
protein found in TMV-infected tobacco protoplasts and also in TMV-infected
cowpea protoplasts (HUBER, 1979). Thus,this 135,000-dalton protein could well
be a virus-directed protein.
Upon subcellular fractionation of the protoplasts the 135,000-MW polypeptide can be shown to be associated with the particulate fractions (SAKAI and
TAKEBE, 1974; SIEGELetal, 1978a).Inthisfraction prepared from TMV-infected
leaf tissue RNA polymerase activity can be found (ZAITLIN and HARIHARASUBRAMANIAN, 1972).Thishasbeeninterpreted asindicating arole ofthisprotein in
viral RNA replication. The time-course of its appearance, which parallels the
start ofviral RNA synthesis (SAKAI and TAKEBE, 1974),supports thisview. The
identity and function ofthe 165,000-dalton polypeptide is,however, notclear. A
protein ofsimilar sizeisnotnormallyproduced upon invitrotranslation of TMV
RNA in a wheat germ system, but is produced in rabbit reticulocyte lysates.
Recently, PELHAM (1978) has demonstrated that the 165,000-dalton protein is
generated as a read-through product of the 135,000-MW protein. By adding
tRNA, read-through was established.
Until the structures of the 165,000-dalton protein found in tobacco protoplasts and that produced in in vitro protein synthesizing systems have been
compared more carefully, for example by comparing their fingerprints after
tryptic digestion, it cannot be concluded that the 165,000-dalton protein in
protoplasts is a virus-specified protein. It may well be a host-specified protein.
Thispossibility should beseriously considered, stressed bytherecent findings of
HUBER(1979)whocompared theproteinsfound after TMV-infection of tobacco
andcowpeaprotoplasts.Thelargerpolypeptidefound inTMV-infected tobacco
protoplasts didnot occurinTMV-infected cowpeaprotoplasts.Instead apolypeptide with an apparent molecular weight 10,000 daltons less was found.
In contrast, the polypeptides with apparent molecular weights of 135,000 and
17,000 (coat protein) were found in both protoplast systems. In addition, a
protein of about 72,000 daltons was detected in both protoplast systems upon
infection withTMV.Thesimilarity ofpolypeptides synthesized inprotoplasts of
two different host plants after infection with TMV suggeststhat the synthesis of
these proteins is specified by the TMV genome.
2.3.2.2. B r o m o v i r u s e s
Tobacco mesophyll protoplasts were also used to study the synthesis of proteinsassociated with CCMV (SAKAI etal, 1977)and BMV replication (SAKAI et
al., 1979).To reduce thelevelofhost protein synthesis theywereirradiated with
Meded. Landbouwhogeschool Wageningen 80-3(1980)
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UV light before inoculation but this treatment also considerably affected the
production of progeny virus (SAKAI et al., 1977). Three new proteins with
molecular weights of 19,000 (P x ), 34,000 (P 2 ) and 100,000 (P 3 ) were detected
upon labeling with radioactive leucine and Polyacrylamide gel electrophoretic
analysisofproteinsfrom protoplastsinfected with CCMV. In addition to these,
a fourth protein of about 107,000daltons (P 4 ) appeared in protoplasts infected
with BMV,strain V5.Theywereconsidered tobevirus-specified sincethey were
absentfrom uninfected controls,thesynthesisoftheCCMV-induced proteins P t
to P 3 wasinsensitive to actinomycin D, and their molecular weights correspond
very closely to the products of in vitro translation of the RNAs of CCMV
(DAVIES and KAESBERG, 1974) and BMV (S.HIH and KAESBERG, 1973 and
DAVIES and KAESBERG, 1974).

1976;

Protein P t representstheviralcoatprotein asjudged from itssizeand from its
time-course of appearance which coincided with virus particle synthesis. The
35,000-dalton polypeptide P 2 isnot aprecursor ofthecoat protein though RNA
3 from which it is presumed to originate is known to contain the coat protein
cistron. In contrast, P 2 was found to be a stable protein which was rapidly
synthesized just before the onset of virus synthesis, reaching its maximum
amount at the time when virus accumulation attained its maximum rate. Moreover, RNA 3 is synthesized first and most rapidly early in CCMV infection
(BANCROFT et al., 1975). These kinetics suggested a role as (part of the) viral
replicase for P 2 , in agreement with it being associated with the membranous
protoplastfraction :aproteinofaboutthesamesizeprobably related totheviral
RNA polymerase has been detected in particulate fractions of BMV-infected
barley leaves (HARIHARASUBRAMANIAN et al, 1973). No role has as yet been
established for P 3 and P 4 which are synthesized at low rates late in infection.
Together the four virus-specific proteins account for over 90% of the bromovirus genome.
2.3.3. Conclusions
A survey ofthe present literature on the biochemical changes associated with
plantvirusinfection isnecessarilyrestricted,providingonlyfragmentary data on
a few viruses. Some virus-specific RNAs and proteins have been detected, and
their time-courses studied, but apart from the viral coat protein no functions
have been clearly assigned to a specific protein or to a particular RNA of a
multicomponentvirus.Inaddition,hardlyanythingisknownabout the different
effects ofvirusinfectionon hostmetabolism andaboutaspectssuchas uncoating
and assembly.Thisreviewjustifies theconclusion that plant protoplasts provide
the superior system presently available to elucidate the biochemistry of
plant virus infection.
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3. I S O L A T I O N O F C O W P E A M E S O P H Y L L P R O T O P L A S T S
AND THEIR
INFECTION WITH COWPEA MOSAIC VIRUS

3.1. INTRODUCTION

Since the first isolation of tobacco mesophyll protoplasts and their infection
with TMV by TAKEBEand coworkers (TAKEBEetai, 1968; TAKEBE and OTSUKI,
1969) leaf mesophyll protoplasts from a wide range of plant species have been
prepared and infected with a variety ofplant viruses (TAKEBE, 1977; FURUSAWA
and OKUNO, 1978). The production of viable protoplasts that are able to withstand different treatments and prolonged incubation often puts extremely high
demandsupon thegrowth conditions oftheplant and theseconditionsmay vary
significantly for different species. The physiological state of the cells which
determines their stability once isolated is not well understood.
Plant protoplasts are prepared by means of cell wall degrading enzymes.
Current isolation procedures use pectinases and cellulase either as a mixture
(one-step method) (KASSANISand WHITE, 1974)orbysequential treatment (twostep method) (TAKEBE et al., 1968; OTSUKI et ai, 191A). Media of high osmotic
value are required to induce plasmolysis thereby enabling efficient enzymatic
degradation ofthecellwalland toprevent theprotoplasts from bursting. Thisis
normally achieved using mannitol or some other monosaccharide sugar, but
inorganic saltmedia ofproper ionic strength havealsobeen used (MEYER, 1974;
SARKAR et al, 1974).

The optimal conditions for inoculation of protoplasts with plant viruses are
not determined solely by the nature of the virus. They reflect the combined
properties oftheparticular protoplast/virus combination inquestion. Hence the
conditionsfavouring maximum frequency ofinfection mustbeassessedfor every
combination since they may vary considerably.
Cowpea mesophyll protoplasts were first isolated by HIBI et al. (1975). Since
thentheyhavebeenused tostudy theinfection ofCPMV (HIBIetal.,1975; BEIER
and BRUENING, 1975; ROTTIER, 1976; ROTTIER et al., 1979),TMV (KOIKE et al,
1976; HUBER, 1979), AMV (ALBLAS and BOL, 1977), CMV (KOIKE et ai,
1977), and CYMV (RAO and HIRUKI, 1978).
In this chapter a detailed account isgiven concerning the factors involved in
thepreparation ofcowpea mesophyll protoplasts and their subsequent infection
with CPMV.Theprocedures arebased mainly ontheoriginal study of HIBIetal.
(1975)which in the course of experience have been revised and modified into a
more rapid and simple standard method.
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3.2. MATERIALS AND METHODS

3.2.1. Materials
Cowpea seeds(Vigna unguiculata (L.)Walpvar. 'Blackeye Early Ramshorn')
wereobtained from W. AtleeBurpee Co.,Warminster, Pa..Vermiculite type F2
wasbought from Pull B.V., Rhenen, Netherlands. Cellulase Onozuka R-10 and
Macerozyme R-10 were purchased from Kinki Yakult Manuf. Co.. Poly-Lornithinewasprovided byPilot Chemicals Inc.,Boston, Mass.,and 2,4-dichlorophenoxy acetic acid by Sigma Chemical Co.;gentamicin (10 mg/ml) was obtained from Schering Corporation, cephaloridin from Lilly and rimocidin sulfate from Pfizer, Inc., Groton, Conn.. Aureomycin was a product of the Nutritional Biochemicals Corporation, Cleveland, Ohio.Pectin acid transeliminase
(PATE) was supplied by Hoechst A.G., Frankfurt, Germany.
3.2.2. Cultivation of cowpea plants
Cowpea seeds were germinated in moistened vermiculite (0.5 1 H 2 0/1 vermiculite)for about40hat25°Cinthedark. Seedlingshaving firm, 3to 5-cm shoots
wereselected, washed under thetap and put on 61 pots of Hoagland solution.
Plantsweregrown inagrowth chamber (Votsch, Miniphyt VTPH) for 14h at
28°Cin light alternating with 10h darkness at 22°Cand at a relative humidity
between 75and 90%.Light was provided by 12whitefluorescent tubes (Osram
L, type 40W/20) and the light intensity on the leaves was 13,500-14,500 lux
during the first days of culture, increasing during growth to 15,500-17,000 lux.
3.2.3. Isolation of protoplasts
Fullyexpanded primaryleaveswerepicked off after an 8-daycultureperiod in
thegrowth chamber. Thelowerepidermis oftheleaveswasabraded by brushing
with carborundum powder (500 mesh) using a soft paintbrush as described by
BEIER and BRUENING (1975) and then washed thoroughly under tap water. The
midribswereremoved and about 5gofleaf tissue wasinfiltrated invacuofor 10
min in a 100 ml Erlenmeyer flask using 25 ml of enzyme solution containing
0.45%(w/v)CellulaseOnozuka R-10(further purified essentiallyasdescribed by
KAOetal.(1971)),and 0.05%(w/v)Macerozyme R-10in0.6 M D-mannitol, pH
5.5.Theinfiltrated tissuewasincubated for 3.5hat 25°Cina shaker water bath
at a frequency of 100 oscillations per min. The resulting mixture was passed
through a 150-mesh stainless-steel filter and protoplasts were collected by centrifuging the filtrate for 2minat 700 xg.The supernatant wascentrifuged again
for 2min at 700xg to collect more protoplasts and the combined pellets were
washed threetimesbyresuspending in0.6 Mmannitol solution and sedimenting
for 2min at 600 xg. The quality of the protoplasts wasjudged under the light
microscope and the yield determined using a haemocytometer.
3.2.4. Virusand virus purification
CPMV (yellow strain) was propagated and prepared by the polyethylene
glycol procedure of VAN KAMMEN (1967) and further purified by sedimenting
14
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through a 2.5 ml 40% (w/w) sucrose cushion in a Beekman Type 30 rotor at
30,000rpm for 5hat4°C.The pelletwasdissolved in 0.01 M sodium phosphate
buffer pH 7.0 and the virus was stored in liquid nitrogen until used.
3.2.5. Inoculation ofprotoplasts with CPMV
Protoplasts were suspended at a concentration of about 5 x 105
protoplasts/ml inasolutionof0.6Mmannitol,0.01Mpotassium citrate,pH 5.2,
containing 5 ug CPMV/ml. The suspension was incubated for 15min at room
temperature and gently mixed once during this period.
After the inoculation the protoplasts were collected by centrifugation for 2
min at 600 xgand washed three timeswith sterile0.6M mannitol containing 10
mM CaCl 2 .
3.2.6. Incubation of protoplasts
Washedprotoplastswereincubatedforvirusmultiplication ata concentration
of about 5 x 105 protoplasts/ml in portions of 5-10 ml in 50-ml or 100-ml
Erlenmeyer flasks for various times at 25 °C under continuous illumination of
about 10,000 lux. The incubation medium was a modification of that used by
AOKI and TAKEBE (1969) containing 0.6 M mannitol, 0.2 mM K H 2 P 0 4 , 1 mM
K N 0 3 , 1mM MgS0 4 , 10mM CaCl 2 , 1uM KI, 0.01 uM CuS0 4 , 1ug/ml 2,4dichlorophenoxyacetic acid and 25 ug/ml gentamicin, pH 5.4. The solution was
sterilized by autoclaving.
3.2.7. Fluorescent antibody staining of infected protoplasts
Preparation of fluorescein isothiocyanate-conjugated antibodies to CPMV
and staining of infected protoplasts was carried out as described by HIBI et al.
(1975). The preparations were inspected under a Wild fluorescence microscope
and the percentage ofinfected protoplasts was determined.
3.2.8. Infectivity assay ofprotoplast extracts
Theyieldofinfectiousviruswasdetermined bylocallesionassayof protoplast
extracts.Samples ofprotoplasts(0.1-1.0 x 106)werecollected by centrifugation
and suspended in 0.5-2 ml of 0.1 M sodium phosphate buffer pH 7.0. The
suspensions werehomogenized by sonication with a Branson sonifier type B-30
(Branson Sonic Power Co.) using the microtip. The homogenates were cleared
by centrifugation for 15 min at 10,000 xg. After appropriate dilution with
phosphate buffer the infectivity of the supernatants wasassayed on the primary
leaves of Phaseolus vulgaris (L.) var. 'Pinto' as described by. D E JAGER (1976)
using 6leavesper assay.
3.2.9. Bacterial contamination
To estimate the degree of bacterial growth during incubation of the infected
protoplastsfor virusmultiplication, serialdilutionsofthesuspension were made
after the incubation and from each dilution one drop was evenly spread on an
agarculturemediuminapetridish.Themediumcontained 0.5% bacto-peptone
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and 0.5% yeast extract in 1.2%agar. The plates were incubated at 25°C for 2
days. Appropriate dishes were then selected and colonies counted.

3.3. RESULTS

3.3.1. Conditionsfor growth of cowpea plants
The viability of cowpea mesophyll protoplasts and their susceptibility to
infection withCPMVappeared todependonthequalityoftheleavesfrom which
theywereisolated.Thefollowing factors werefound tobeofmajor importance.
A. G e r m i n a t i o n of c o w p e a seeds
Seedswereroutinely germinated invermiculite moistened with tap water, by
incubation at 25°Cfor about 40h. Between 80and 95%of the seeds were then
usable.Different batches ofvermiculite originating from Greece aswellas from
Africa andAsiawereused.Sometimeswashingofthevermiculitewithwater was
beneficial for the yield of viable protoplasts. Germination could equally well be
achieved onorbetweenfilterpaperorcottonwool.Plantsfrom seeds germinated
in perlite did not give viable protoplasts.
Thedegreeofmoistening of thevermiculite affected the yield of usable seedlings.Ashortmeasureofwater gaveverylong,thin, and fragile shoots. Excessive
watering led to short, capricious shoots frequently wound around the seed and
these seeds,upon subsequent cultivation often produced plants with irregularly
shaped, incompletely expanded leaves. In both cases a large proportion of the
seedsdidnotgerminateatall.Upon germination invermiculitefor morethan 40
htheprimaryleavesstartedtodevelop.Plantsgrownfrom suchseedlings usually
did not produce suitable protoplasts.
B. G r o w t h of p l a n t s on l i q u i d n u t r i e n t m e d i u m
Cowpea plants were grown on Hoagland solution containing anorganic ions,
iron(Il)-chelateand traceelements (HIBIetal.,1975).Asfar ashasbeentested all
of the components of the nutrient solution were essential. Omission of, for
instance,phosphate or sulfate ionstostarvetheplantsfor radioactivelabelingof
protoplasts with 3 2 P 0 4 or 3 5 S 0 4 was fatal. Starvation of phosphate was only
without adverse affects to the yield of protoplasts during the last few days of
plant growth, but still at the expense of their viability.
Theintensityofthelightfor growingtheplantswasofcrucialimportance. The
lightintensitymeasured ontheprimary leavesmustbekeptwithin strict limitsof
between 13,500and 17,000luxdepending on the ageof theplants. Moreover, it
appeared to be necessary to renew the TL-tubes every 4-6 months presumably
becauseofagradual alteration inthequality (wave-length spectrum) ofthe light.
Underthesestandardconditionstheleaveswereusuallyinoptimum condition
for protoplast isolation closeto 10daysafter sowingand thislasted for one day.
Thisoptimum could shift toanearlier orlater timeifthegrowth conditions were
changed.Harvestingwasdoneduringthelightperiod 'inthemorning',but there
16
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FIG. 3.1. Cowpea protoplasts freshly prepared from cowpea leaf and suspended in 0.6 M mannitol.
Light microscopic viewat two magnifications.

were no indications of any advantage in harvesting during any particular
period of the day.
3.3.2. Isolation of protoplasts
To enable easy accessofenzymes t a the leaftissue the lower epidermis has to
be removed or damaged appropriately. Different methods were compared:
peeling off theepidermiswith forceps, brushing theepidermiswith a paintbrush
after sprinkling it with carborundum powder, or abrading the epidermis carefully with soft abrasive paper. The first two methods were the most successful
Meded. Landbouwhogeschool Wageningen 80-3(1980)
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and gave equal amounts of protoplasts of similar quality. The
paintbrush/carborundum method was adopted as it was the more practical.
Commercial cellulase (Onozuka R-10) usually contained too many toxic impuritiesfordirectuseintheone-stepisolationoftheprotoplasts.Therefore,itwas
purified by way of salt treatment followed by column chromatography (KAO et
ai, 1971).These enzymepreparations no longerkilled theprotoplasts and their
specific activityhad doubled. Refreshment ofthemedium (HIBI et al., 1975) did
notappeartobenecessary.Thedebrisofdamaged cellswasremoved by washing
after theenzymetreatment and rather homogeneous isolatesconsisting of more
than 95% of parenchyma cells were thus obtained. The yield routinely varied
between 5and 15 x 106 protoplasts/g of leaf and the percentage of living protoplastsbetween 80 and 95 %. Preparationswithlessthan80% living protoplasts
after the final washings were discarded. The microscopical appearance of a
normal isolate isshown in figure 3.1.
Isolation of cowpea mesophyll protoplasts was also possible using a saline
medium according to MEYER (1974) with MgCl 2 substituted for M g S 0 4 as
recommended by SARKAR et al.(1974). For obtaining reasonable quantities of
protoplasts preplasmolysis of the leaves with PATE in mannitol medium appeared to be necessary but the yields were lower as compared to our standard.
procedure. Moreover, the susceptibility of the protoplasts to inoculation with
CPMVwasdrasticallylowered after isolationinsalinemedium regardlessof the
composition of the inoculation medium.
3.3.3. Inoculation ofprotoplasts with CPMV
Whereas HIBI et al (1975) reported a stimulation of infection by poly-Lornithine in the inoculation medium such an effect could not be reproduced
TABLE 3.1. The effect of poly-L-ornithine and poly-D-lysine on infection of cowpea mesophyll
protoplastsbyCPMV.
Polycation
cone.
(Hg/ml)

Preincubations3

%infected
protoplastsb

Yieldofvirus
(ug/106living
protoplasts)0

poly-L-ornithine

0.5

-

-

+
+
+
+
+
+
+

72
71
74
80
91
88
89
77
71

24
27
n.d.
n.d.
30
n.d.
32
n.d.
n.d.

Expt.

Polycation

1
2
3

poly-L-ornithine

0.5

-

-

poly-L-ornithine
poly-L-ornithine

0.5
1.0

-

poly-D-lysine
poly-D-lysine

-

0.5
1.0

a Preincubation ofvirusandprotoplastswithpolycationbeforeinoculation (15min, 25°C)
b Asscoredbyfluorescent antibody stainingabout 45 hafter inoculation
c Asdetermined bylocallesion assayafter 41 h incubation ofinoculated protoplasts (n.d. = not
determined).

18

Meded. Landbouwhogeschool Wageningen 80-3(1980)

(table 3.1). Neither the percentage of infected protoplasts nor the yield of virus
was significantly affected in several experiments. Another polycation, poly-Dlysine,caused a slightdecreaseinthenumber ofinfected protoplasts. Since high
levels of infection could be achieved in the absence of polycations the injurious
action of these agents on the protoplasts was avoided. In addition it made the
preincubations of both protoplasts and virus superfluous prior to inoculation
(table 3.1). Consequently, protoplasts could be suspended directly in virus
solution for inoculation after the final wash.
Omittingpoly-L-ornithinedidnotaltertheconcentration ofvirusrequired for
maximum infection of protoplasts. In agreement with HIBI et al.(1975) highest
frequency of infection was obtained at inoculum concentrations of 3 to 5 ug
CPMV/ml. Only when virus with low specific infectivity was used were
higher concentrations favourable.
As shown intable 3.2high levelsofinfection could beobtained irrespective of
the buffer. All buffers were tested at pH 5.2 since at more acidic pH's which
favour infection of cowpea protoplasts with CPMV (HIBI et al, 1975) the
protoplasts become fragile. Other factors sometimes reported to be important
for the infection of protoplasts with virus such as temperature of inoculation
(ALBLAS and BOL, 1977; HUBER, 1979) and osmotic shock treatment immediately before or during inoculation (OKUNO and FURUSAWA, 1978; ALBLAS
and BOL, 1978)had no specialeffect on theinfection ofcowpea protoplasts with
CPMV.Itwashoweverfavourable toinoculatetheprotoplastswithCPMV soon
after their isolation since the efficiency of inoculation steadily decreased upon
storage as was also observed by MOTOYOSHI et al., 1975).
3.3.4. Incubation ofprotoplasts for virus multiplication
The concentration of protoplasts in theincubation medium did not influence
the number of protoplasts that survived nor the percentage stainable with
fluorescent antibodies against CPMV after a 40-h incubation but had a striking
effect on yield of virus as illustrated in fig. 3.2. Up to about 4 x 105
protoplasts/ml the average amount of virus produced per infected protoplast
TABLE3.2. Effect ofdifferent inoculation buffers ontheinfection percentageofcowpeamesophyll
protoplastswithCPMV.
Expt.

inoculation buffer3

%infected protoplastsb

1

0.01Mcitrate
0.01Macetate
0.01Mphosphate
0.01Mcitrate
0.01Macetate
0.01Mphosphate
0.005Mphosphate

81
88
90
90
83
85
90

2

a Allbuffers werepotassiumsaltbuffers atpH5.2
b Asscoredbyfluorescent antibody stainingabout40hafter inoculation.
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8
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6
7
-5
[protoplasts/ml ] x10"
FIG. 3.2. The influence of protoplast concentration in the incubation medium on the yield of
infectious virus.The relative amounts of infectivity extracted from equal numbers of protoplasts
incubated at different concentrations were determined by local lesion assay and are expressed in
arbitraryunits.

3

dropped sharply. Above this concentration the decrease was much less
pronounced.
Precautions such as sterilized glassware, sterile solutions or even surfacesterilization of the leaves before use do not prevent bacterial and fungal contamination, and antibiotics had to be included in the protoplast incubation
medium tosuppressgrowthofmicroorganisms. Incubation oftheprotoplasts in
theabsenceofantibioticsresultedina massivegrowth ofbacteria and also fungi
yielding a viscous, almost gelatinous medium after 42 h of incubation. Under
thesecircumstances almostallprotoplastsdied,butessentially allofthose which
survived appeared to beinfected, in agreement with the general finding that the
more viable the protoplasts the easier they are infected with CPMV. The addition of cephaloridin (300 ug/ml), gentamicin (25 ug/ml) or aureomycin (5
ug/ml)totheincubation medium strongly inhibited bacterial growth (table 3.3),
buttheinhibitionwasnotcompleteevenwhentheconcentrations wereincreased
(data not shown). Gentamicin (25 ug/ml) appeared to be most effective in
suppressing bacterialmultiplication,itseffect on protoplast viability being comparablewith theother antibiotics.Inaddition, nodifference wasobserved in the
effectiveness with which the protoplasts supported CPMV multiplication. On
the basis of these results gentamicin (25 ug/ml) was preferred to cephaloridin
which was used previously by HIBI et al. (1975). With gentamicin fungal contamination wasalso suppressed and sorimocidin could be omitted. Gentamicin
has been used byseveral groups ofworkers (WATTSand KING, 1973a; EVANS et
al, 1973; MOTOYOSHIetai, 1974; KASSANISetal, 1975)for a similarpurpose. It
was reported to inhibit healthy protoplast metabolism (WATTS and KING,
1973b),but MOTOYOSHI etal.(1974)could not reproduce thiseffect nor did they
20
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TABLE 3.3. Comparison of the effects of some antibiotics on bacterial growth, protoplast integrity
and virus yield8.
Antibiotics

bacterial
contamination11

Cephaloridin (300 ug/ml) +
Rimocidin (10 ug/ml)
Gentamicin (25 ug/ml) +
Rimocidin (10 ng/ml)
Aureomycin (5 ug/ml)
None

% living
protoplasts

% infected
protoplasts

infectivity
assay'

46 x 104

67

74

143

10x 102
18x 103
17 x 10«

58
68
13

71
69
>90

147
152
36

" Infected protoplasts were incubated in the presence or in the absence of antibiotics for 42 h.
b
Bacterial contamination assayed as described in Materials and Methods is expressed as the
theoretical number of colonies per drop of undiluted protoplast suspension.
c
Protoplasts from equalvolumes of the samples were sedimented by centrifugation, homogenized
and the amount of infectivity extracted was measured by local lesion assay. The results are
expressed as relative values i.e. the number of local lesions of each assay was normalized with
respect to the corresponding number on the control half leaves.

find CCMV multiplication to be affected. The inhibition of protoplast metabolism may well have been the result of some chelating activity of gentamicin
sincetheinhibition ofTMV multiplication bythisantibiotic could be prevented
byaddition ofCaCl 2andothersaltsofdivalentmetalsandcould bemimicked by
addition of EDTA (KASSANIS et al., 1975).
The rate ofCPMV multiplication incowpea mesophyll protoplasts decreased
at lower temperatures and became zero at about 12°C (fig. 3.3). Virus multiplication resumed upon raising the temperature to the standard temperature of
25°C(data not shown).At higher temperatures the amount of virus extractable

10

15

20
25
temperature C O

30

FIG. 3.3. Effect oftemperatureduringincubationofCPMV-infected cowpeaprotoplastsontheyield
ofvirus. Samples ofCPMV-infected protoplasts were incubated at different temperatures and after
41h virus yield was determined by local lesion assay.
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TABLE3.4. Theeffect oflightduring protoplast incubation on theviability ofcowpea protoplasts
and onCPMVmultiplication3.
Sample

1
2
3
4

Incubation

%living
protoplasts

% infected
protoplasts

dark
dark
light
light

42
64
77
79

30
25
76
71

Infectivity
assay b
91
165

* Infected protoplasts wereincubated asindicated for42h.
b
Equalvolumesofsamples 1+2and samples 3+4werecombined and assayed for infectivity as
described inthefootnote oftable3.3.

fromtheprotoplastsincreased,butabove30°Cprotoplastscouldnotsurvivefor
long.
Asshownintable3.4thepercentageoflivingprotoplastswasgreatlyreduced
upon incubation in the dark. At the same time the number of protoplasts
stainablewithfluorescent antibodiesto CPMValsodecreased indicating alow
level of CPMV multiplication in the dark. This wasconfirmed by local lesion
assaywhichshowedthatvirusyieldafter 42hincubationwasabout50%lower
in the dark than under light. A reduction in the percentage of stainable protoplaststo32% ofthecontrolwaspreviouslynoted by HIBIetal. (1975).

3.4. DISCUSSION

Themethod for the preparation of cowpea mesophyll protoplasts and their
subsequentinfection withCPMVashasbeendescribedinthischapter provides
the most convenient protoplast-virus system known today. The evaluation of
several factors involved has resulted in a considerably simpler procedure than
theonereported earlier by HIBIetal. (1975).
Onemajor advantage ofthecowpea systemistheshort period necessary for
growingplantssuitableforprotoplastisolation.Thegrowthofplantsappearsto
be the most vulnerable stage of protoplast preparation. Even if culture conditions suchasillumination, temperature, humidity and photoperiodicity were
optimal, fragile protoplasts were sometimes obtained which died during isolation or upon inoculation and incubation. Not all important parameters are
thereforeyetunderstood.Therearenoindicationsthatvariationinthenatureof
the cowpea seeds, the time of the year or a too low oxygen content of the
Hoagland culture solution are involved. As a consequence unsuccessful isolationshadto beacceptednowand then.
Theleavesappearedtobesuitableforprotoplastisolationforatmostoneday
under thestandard conditionsofgrowth usedinthepresentexperiments.Since
theprimaryleavesalwaysreached their maximal dimensions at the favourable
picking-time some phase during cessation of meristematic growth, possibly
22
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governed by a certain hormonal balance, might determine the required physiologicalstateofthecells.Nocorrelation could bemadeastothe developmental
state of the secondary leaves.
A one-step procedure instead of consecutive treatment of the leaf tissue with
pectinase and cellulaseresultsinpreparations ofprotoplasts heterogeneous with
respect tocelltype.Cowpea primary leavesarerichinmesophyll tissue and thus
the protoplasts were mainly derived from spongy and pallisade parenchyma
cells.Epidermal contamination wasnégligeableusually being about 1 %or less.
The one-step method has been claimed to result inprotoplast preparations that
are more injured and exhibit a lower susceptibility to infection than after twostepisolation (TAKEBE, 1977).However, evenafter abrasion oftheleaves instead
ofpeeling off the lower epidermis the one-step method described here produced
cowpea protoplast preparations containing few injured or dead protoplasts
(normally between 5 and 15%) or so-called subprotoplasts. The living protoplasts in these preparations could be infected with CPMV up to over 95%.
Clearly, thedifferent typesofmesophyllprotoplasts had similar susceptibility to
CPMV infection.
Infection ofcowpeamesophyll protoplastswithCPMVwasnotdependent on
or stimulated by the presence of polycations in the inoculation medium. Essentiallywithallprotoplast/virus combinations studied sofar, pretreatment ofvirus
and/or protoplasts withcompounds suchaspoly-L-ornithineand poly-D-lysine
and thepresenceofthesesubstancesduringtheinoculation eventisa prerequisite
for successful infection or isat least greatly stimulatory. It is generally believed
that thesepolycations servea dual purpose i.e.theformation ofcomplexes with
theviralparticles thuscreatingentitieswithenhanced infecting potency towards
the protoplasts and the interaction with the surface of the protoplasts in a way
not yet understood. Possibly they act by causing damage to the plasma membrane, by lowering its negative charge or by inducing pinocytotic activity. The
fact that polycations do not stimulate CPMV infection of cowpea protoplasts
might mean that the virus itself mimics the polycations in their effect on the
protoplast membrane or that it enters the protoplasts by a completely different
mechanism.
Based on studieswith tobacco mesophyll protoplasts itwasstated some years
ago by OTSUKI et al. (1974) that 'different viruses require different inoculation
conditions for infecting protoplasts at high frequency'. It is becoming evident
now that these conditions are also determined by the nature of the protoplasts.
For instance,polycationsappeared nottobeessentialthough stimulatory for the
infection ofcowpea protoplasts with TMV (KOIKE et al., 1976),CMV (KOIKE et
al., 1977) and CYMV (RAO and HIRUKI, 1978),AMV (ALBLAS and BOL, 1977)
being an exception. As far as theseviruses have been studied, including CPMV
(HUBER et al., 1977), polycations are an essential requirement for infection of
tobacco mesophyll protoplasts (TAKEBE and OTSUKI, 1969; OTSUKI et al. 1972;
OTSUKI and TAKEBE, 1973).Presumably, cowpea protoplasts exhibit membrane
properties different to those of tobacco protoplasts, and which in general
seemto favour theuptake ofvirus particles.
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The data presented in thischapter show that the cowpea protoplast/CPMV
system meets all the necessary criteria to provide an excellent experimental
systemtoexamine theprocess ofCPMV replication.
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4. RNA AND PROTEIN SYNTHESIS IN COWPEA
MESOPHYLL PROTOPLASTS
Uptake and incorporation ofprecursors and the effects of some antibiotics

4.1. INTRODUCTION

In this chapter we report on the uptake and incorporation of radioactive
precursors of proteins and RNAs into healthy cowpea protoplasts. The results
described show that cowpea mesophyll protoplasts have an active RNA and
protein metabolism that can be studied using tracer methods and that rapidly
reacts to metabolic inhibitors.

4.2. MATERIALS AND METHODS

4.2.1. Materials
Radiochemicalswerepurchased from theRadiochemical Centre, Amersham.
Actinomycin D was a gift from Merck, Sharp and Dohme, lincomycin from
Upjohn Holland (Ede, The Netherlands). Chloramphenicol, cordycepin, cycloheximide and rifampicin were obtained from the Sigma Chemical Company.
Puromycin and disodium-triisopropylnaphthalene sulphonate (TPNS) were
provided byServa,andoc-amanitinwaskindlydonated bydr. P.Zabel. Soluene350 and Instafluor were bought from Packard Instrument Company. Hydroluma was from Lumac.The source ofother materials hasbeen mentioned in
chapter 3.
4.2.2. Isolation and incubation of cowpeamesophyll protoplasts
Protoplastswereprepared from primaryleavesof Vignaunguiculata(L.)Walp
var.BlackeyeEarlyRamshorn asdescribed(chapter 3).After isolationtheywere
washedthreetimesbyresuspendinginsterile0.6Mmannitol solution containing
10mM CaCl 2 and sedimenting for 2 min at 600 x g. The washed protoplasts
were resuspended in the incubation medium described (chapter 3) to a concentration ofabout 6 x 105protoplasts/ml and incubated at 25°Cinportions of
5mlin 50-mlErlenmeyer flasks under illumination of about 10,000lux.
4.2.3. Measurement of incorporation and uptake of radioactive precursors
Protein was labeled by addition of 3H-leucine or 35 S-methionine to the incubation medium, RNA was labeled using 3 H-uridine, 3 H-uracil or 3 2 P 0 4
Incubations of protoplasts were stopped by transferring the samples into
centrifuge tubes and collecting them at 4°C by centrifugation at 600 xg for 3
min. The protoplasts were washed oncewith 5ml cold 0.6 M mannitol containing10mM CaCl 2 ,1mM MgS0 4 and 1mMoftheunlabeled precursor, and were
stored a t - 2 0°C.
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For determination of the uptake and incorporation of radioactivity each
protoplast pellet was dissolved by incubation at 30°C for 15 min in 0.5 ml
detergent solution: 0.05 M Tris-HCl, 0.1 M NaCl, 0.01 M EDTA, 2 % sodium
dodecyl sulfate, 1 %sodium deoxycholate, 2%sodium p-aminosalicylate, 0.5%
TPNS,pH 8.2.Totalradioactivity taken up bytheprotoplasts wasmeasured by
directly counting 50-ul samples dissolved in 7ml Hydroluma in a Packard Tricarb scintillation counter. Similar samples were spotted on Whatmann 3 MM
filters to assay radioactivity incorporated. Dried filters were washed batchwise
for 10minbygentlystirringincold 10%trichloroacetic acid(TCA)containing 1
mM of the unlabeled precursor. To determine incorporation of 3 H-uridine or
32
P 0 4 intoRNA, filters werewashed threetimeswith 5%TCA,three times with
1N HCl containing 0.1 M N a 4 P 2 0 7 , and twicewith 80%ethanol, successively.
All washings were done for 10-15 min on ice. If the amount of labeled amino
acidsinprotein was to bemeasured, filters were processed through one wash in
5%TCAat 95°C,fivewashesin5%TCA,twoinethanol/diethylether (1:1) and
oneindiethylether at room temperature. Thedried filters weretreated with 0.75
ml of 90% (v/v) Soluene-350 in water for 2 h at 50°C or overnight at room
temperature, and counted after addition of 7ml Instafluor.
4.2.4. Analysis of RNA byPolyacrylamide gel electrophoresis
RNA wasisolated from protoplasts byamodification ofthemethod of GLISIN
etal. {191A).Aprotoplast pelletwaslysedin3ml0.1MTris-HCl, 5mM EDTA,
1% TPNS and 4% sarkosyl (pH 8.0) by incubation for 5 min at 50°C. In the
resulting solution 3gCsCl wasdissolved and thiswas layered on a 1.2 ml CsCl
cushion (5.7 M CsCl, 0.02M Tris-HCl, 0.1M EDTA, pH 8.2) in tubes
for the SW 50.1 Beekman rotor. Centrifugation was for 12 h at 33,000 rpm
and 20°C. The supernatant was pipetted off, the pellet was dissolved in
0.5 ml sterile bidest and the RNA precipitated overnight at -20°C
after addition ofNH 4 Ac to a concentration of 0.24 M (OSTERBURG et al., 1975)
and two volumes of ethanol. The precipitate was collected by centrifugation at
9,800 xg for 10min in a Janetzki centrifuge, dried and taken up in 150 ul 10%
sucrose. A 50-ul aliquot was subjected to electrophoresis according to the method of LOENINGand INGLE (1967).After electrophoresis the gelwas scanned at
260 nm, frozen and sliced with a Mickle Gel Sheer. Sections of 1 mm were
incubated in90%Soluene-350overnight at 50°Cand counted after addition of7
ml Instafluor.
4.3. RESULTS

4.3.1. RNA andprotein synthesis incowpeamesophyll protoplasts
Thetime-courseofuptake and incorporation of 3H-leucineand 3 H-uridineby
freshly prepared protoplasts was determined by assaying total and TCAprecipitable radioactivity after various times of incubation in the presence of
labeled precursor. As shown in fig. 4.1 3 H-uridine initially was taken up very
rapidly. The rate of uptake then decreased and the amount of free radioactivity
7ft
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FIG. 4.1. The time-course of uptake and incorporation of 3H-leucineand 3H-uridineby cowpea
mesophyllprotoplasts.
From a batch of freshly isolated protoplasts two groups of 5 ml samples were prepared. To
one group 3H-leucine was added, to the other 3H-uridine, 0.4 uCi/ml in each case. Protoplasts
wereincubated for various timesand total and TCA-precipitablecountsdetermined asdescribed
andthefreeradioactivitywascalculatedbythedifference betweenthesevalues.

within the protoplasts reached a maximum at about 16h, after which time it
decreased slightly. The amount of TCA-insoluble 3H-uridine increased at an
approximately constant rate during the first 30 h and the level subsequently
maintained. The rate of incorporation of 3H-leucinewasalso constant during
theinitialperiod but started to decreaseafter about 16 h. Sometimes therewas
evenanetdeclineinthetotalamountofTCA-insolublematerial.Thereason for
thisdeclineisunclear.Itisperhapsbecausesomeproteinswereexcretedintothe
medium but this is not easy to establish. Conversion of leucine (e.g. by deamination) might occur, thereby reducing its pool size.The decline may also
havebeencaused inpart bymetabolicdegradation oftheproteins synthesized
butonlytoasmallextent,sinceaconcomitantincreaseinunbound radioactivity
wasnotobserved.Onthecontrary,afterhavingreachedamaximumatabout8h
the amount of free 3H-leucinewithin the protoplasts sharply decreased asdid
totalradioactivity (fig.4.1).Thismightbecausedbysomekind ofinhibitionof
theuptake of 3H-leucinefrom themedium astheprotoplasts age.However,in
anothersetofexperimentsinwhich35S-methioninewasusedtolabelprotoplasts
forsuccessive6hperiodsafter isolation,theoppositewasfound tooccur,thatis
asignificant increaseintheamountofuptakeoftheaminoacidasafunction of
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27

TABLE 4.1. Free and incorporated radioactivity in cowpea protoplasts labeled during successive
6hperiodswith35S-methionine.
Labelingperiod(h)

2- 8
9-15
16-22
26-32

Acid-soluble
radioactivity
(cpm x 10"6)

TCA-precipitable
radioactivity
(cpm x 10-6)

49.7
55.0
67.2
68.8

4.4
7.0
9.7
12.2

Protoplast sampleswerelabeled with 35S-methionine(30uCi/ml)for successive 6h periods after
isolationandfreeandboundradioactivityweredetermined asdescribed.

protoplast age (table 4.1). An even more pronounced increase in the rate of
protein synthesis was measured by this approach: incorporation of 35 Smethioninemeasuredduring6hperiodsnearlytrebledduringthefirst30h after
isolation oftheprotoplasts.
Fromtheresultsinfig.4.1itwasconcludedthat55%oftheadded3H-leucine
hadbeentakenupbytheprotoplastsafter 17hofincubation, 64%ofthisbeing
incorporated into protein. This implies a mean specific radioactivity of the
protein of about 800 dpm/ug. A similar time of labeling with 3H-uridine
resultedintheuptakeof 21 %ofthelabeladdedtotheprotoplasts,ofwhich22%
wasfoundinacid-insolublematerial(meanspecificradioactivityofRNA about
600dpm/ug).
Uptakeandincorporation werealsodependentontheamount andnatureof
theradioactive precursor present and on theconcentration of the protoplasts.
Incorporation into RNA wasmuch more efficient using 3H-uridine than 3 HUTP,whiletheextentofproteinlabelingwashigher with 35S-methioninethan
with 3H-leucine,whichinturnwasmuchmoreefficient than 3 5 S0 4 .
At lowerconcentrations of 3H-leucine,incorporation intoprotein wasdirectly
proportional to theconcentration oflabel applied.Keepingthis concentration
constant, incorporation of3H-leucineperprotoplast increased with decreasing
protoplast concentration.
RNAandproteinsynthesisappearedtobelight-dependent.Uponincubation
oftheprotoplasts inthedark,precursor incorporation gradually decreased.
4.3.2. AnalysisofRNA synthesis byPolyacrylamidegelelectrophoresis
Theelectrophoretic pattern of RNAs labeled with 3H-uridineduring a 40h
incubation period isshown infig.4.2. Radioactivity was found mainly at the
positionsoftheribosomalRNA speciesofcytoplasmicribosomes(25Sand 18
S).Onlyaverylowlevelof23Sand 16 Schloroplast ribosomal RNA synthesis
wasfound. It isnotknown whether protoplasts areactiveinchloroplast RNA
synthesisorwhetherribosomalRNAsynthesisinchloroplastsisaffected bythe
gentamicin included in the protoplast incubation medium to inhibit bacterial
and fungal growth. Similar resultshavebeen reported for protoplasts isolated
2°
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TABLE 4.2. Effects of inhibitors on uptake and incorporation of 3 H-uridine in cowpea mesophyll
protoplasts.

Antibiotic

Actinomycin D

a-amanitin
Cordycepin

Rifampicin

Concentration
(Hg/ml)

%inhibitionof
incorporation
into RNA

%inhibitionof
uptakeinto
acid-solublepool

0.5
5
10
50
10
2
5
25
100
5
100

7
93
96
99
6
9
31
81
96
12
57

3
33
38
49
-3
6
10
43
59
11
48

Protoplast sampleswereincubated with orwithoutantibioticfor 5.5h.Then 3 H-uridine(0.2uCi/ml)
wasapplied andincubation wascontinued for 11.5h.Protoplastswerethen harvested and processed
as described.

from tobacco leaves (SAKAI and TAKEBE, 1970; AOKI and TAKEBE, 1975) and
from cucumber cotyledons (COUTTS et al., 1975), whereas substantial de novo
synthesisoftheseRNA speciesoccurredincucumber leafprotoplasts (COUTTSet
al, 1975) and in separated leaf cells from tobacco (JACKSON et al, 1972).
4.3.3. The effects of different inhibitors on RNA synthesis
Intable4.2theeffects ofanumber ofinhibitors ontheamounts of 3 H-uridine
appearing in free and incorporated form within the protoplasts are given. The
results are expressed as percentages of inhibition caused by each compound in
relation to untreated controls. In all cases the protoplasts were incubated with
the inhibitor for 5.5 h before 3 H-uridine was added. Incubation was then continued for 11.5 h.
Actinomycin D at concentrations above 5 ng/ml reduced 3 H-uridine incorporation to lessthan 5%of thecontrols.Uptake of 3 H-uridineinto the acidsolublepoolwasalsoclearlyaffected, butthemaineffect wason RNA synthesis.
It hasbeen claimed that experiments with actinomycin D must becarried out in
thedark duetopossiblelight-inactivationoftheantibiotic (JACKSONetal.,1972).
Nosuchinactivation was,however,detectedduringthepresentinvestigation:an
actinomycin D solution exposed to light for several days was equally active.
Only a slight decrease in 3 H-uridine incorporation was caused by a-amanitin
(table4.2).Thisisin agreement with thelimited contribution of theoc-amanitinsensitive RNA synthesis tothe overall RNA synthesis (HORGEN and KEY, 1973;
CHAMBON, 1975),and with our gel electrophoretic observation of predominant
ribosomal RNA synthesis in cowpea protoplasts (fig. 4.2).
Cordycepin severely repressed RNA synthesis, especially at higher concentrations (table 4.2). It is a potent inhibitor since it not only inhibits rRNA and
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FIG.4.2. Polyacrylamide gelelectrophoresis of RNA from cowpea mesophyll protoplasts labeled
with3H-uridine.
Protoplasts were labeled with 3H-uridine (2 |iCi/ml) for 40 h. RNA was isolated from the
protoplastsandanalyzedasdescribed.
TABLE4.3. Theeffect ofactinomycinDandcordycepinonthetime-courseofuptakeof3H-uridine
intotheacid-soluble fraction ofcowpeamesophyllprotoplasts.
acid-soluble
Time(h)
2
6
10
12

3

radioactivity (dpm x io- )

actinomycin D

cordycepin

20.2
61.4
91.4
93.4

15.4
51.2
91.2
96.0

untreated control
18.2
53.6
89.2
125.4

Samplesofprotoplastsweredividedintothreegroups:onegroupreceivedactinomycinD(10ng/ml),
another groupreceivedcordycepin (25ug/ml),whilethethird groupwasnot treated. Immediately
afteradditionoftheinhibitors3H-uridine(0.2|iCi/ml)wasaddedtoeachsampleandincubationwas
started.Atselectedtimessamplesofeachgroupwereharvestedandacid-solubleradioactivitywithin
theprotoplastswas.determined.
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t R N A synthesis (FOTJQUET et al, 1975; DELSENY et al, 1975) but also t h a t of
m R N A (SiEV et al, 1969; ADESNIK et al, 1972; BEACH and Ross, 1978). Its
effect on cowpea protoplasts resembled that of actinomycin D in t h a t u p take of 3 H-uridine was also considerably blocked.
Although 3 H-uridine incorporation was diminished using rifampicin by 57 %
at a concentration of 100 ug/ml this probably does not reflect impairment of
chloroplast, mitochondrial or even nuclear R N A polymerase activity, since the
decrease was almost completely paralleled by a reduced uptake of the radioactive
precursor. A similar effect was observed by SAKAI and TAKEBE (1970) with
tobacco mesophyll protoplasts isolated from mature leaves, whereas selective
inhibition of chloroplast 23 S and 16 S r R N A synthesis without effect on
cytoplasmic r R N A synthesis occurred in, the same protoplasts isolated from
young leaves (HIRAI and WILDMAN, 1977),
In order to ascertain whether the inhibitory effect of actinomycin D and
cordycepin on R N A synthesis (table 4.2) was not a consequence of reduced
uptake of precursor, the kinetics of accumulation of free 3 H-uridine within the
protoplasts were studied. Label and antibiotic were applied to the protoplast
incubation medium at the same time and the appearance of 3 H-uridine in the
acid-soluble fraction was determined and compared with untreated control
samples. Both in the presence of actinomycin D and of cordycepin the rate of
uptake of the R N A precursor was indistinguishable from thecontrols during the
first 10h (table 4.3).Thereafter, however, the a m o u n t of 3 H-uridine in the T C A soluble-fraction of the drug-treated protoplasts n o longer kept pace with t h a t of
the untreated controls, demonstrating that in both cases the antibiotics did not
directly influence the u p t a k e mechanismper se, b u t that some secondary process
caused the rate of uptake of 3 H-uridine to decrease during the course of the
treatment. In contrast, b o t h drugs h a d an immediate effect o n R N A synthesis
(not shown). A similar decrease in uridine uptake was also observed by FRANCKI
et al (1971) u p o n actinomycin D treatment of tobacco leaf cells, but was n o t
observed by SAKAI and TAKEBE (1970) with tobacco leaf mesophyll protoplasts.
4.3.4. The effects of different inhibitors onprotein synthesis
In the experiments in which the effects of antibiotics on protein synthesis were
measured, protoplasts were pretreated with inhibitor for 6h and then allowed to
take u p a n d incorporate 3 H-leucine during 13 h of incubation. The results are
summarized in table 4.4.
Actinomycin D at a concentration of 10ug/ml which inhibits R N A synthesis
by more than 90 %, reduced incorporation of 3 H-leucine into protein by 70 %.
This inhibition of 3 H-leucine incorporation probably did not result from direct
intervention with the protein synthesis process, but may well reflect its effect on
R N A synthesis since the degree of inhibition increased with the length of the
treatment.
An almost complete inhibition of 3 H-leucine incorporation was measured
with cycloheximide at concentrations above 0.1 ug/ml, although this inhibition
may have been somewhat overestimated due to a decreased uptake of label into
Meded. Landbouwhogeschool Wageningen 80-3 (1980)
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TABLE4.4. Theeffectsofinhibitorsonuptakeandincorporation of3H-leucineincowpeamesophyll
protoplasts.
Antibiotic

Actinomycin D
Chloramphenicol
Cycloheximide
Lincomycin
Puromycin

Concentration
(ug/ml)

% inhibition of
incorporation
into protein

% inhibition of
uptake into
acid-soluble pool

10
100
200
0.1
1
10
50
200

71
51
72
95
99
6
8
66

16
-11
19
59
89
- 3
- 5
17

Samplesofprotoplastswereincubated for 6hinthepresenceofinhibitor.3H-leucine(0.2uCi/ml)
wasthenaddedtoeachsampleandprotoplastswerefurther incubated-for 13 h.Sampleswerethen
processed for uptake and incorporation of radioactivity as described and the results related to
untreatedcontrols.

the free amino acid pool. Since cycloheximide affects cytoplasmic protein synthesis it would follow that organelle protein synthesis is at a low level in the
protoplasts. This agrees well with the small effect of lincomycin, a selective
inhibitor ofthe70Sribosomesystem (ELLISand HARTLEY, 1971 ; ELLIS 1975)on
3
H-leucine incorporation. In contrast, chloramphenicol, once thought also to
specificallyinterferewiththissystem,reduced 3H-leucineincorporation by more
than 50%. Obviously the antibiotic must have affected the cytoplasmic protein
synthesis ashas been observed in several other studies (see ELLIS, 1977a).
Puromycin, at a concentration of 200 jig/ml, reduced protein 'synthesis only
slightly less than half the level of the control. Despite the high dosage, no
complete inhibition was achieved by this non-specific inhibitor of polypeptide
elongation (BOULTER, 1970; PESTKA, 1974), probably as a result of inefficient
uptake ofthedrugintothe protoplasts.
4.3.5. The time-courseof inhibitionof RNA andprotein synthesis by actinomycin
D and cycloheximide
Inordertoestimatethetimerequired for actinomycin D and cycloheximide to
reach their maximum inhibitory effect on RNA and protein synthesis, respectively, the kinetics of inhibition were studied as shown in fig. 4.3. Cowpea
protoplasts werefound to react rapidly to both antibiotics; their specific effects
appeared to be elicited within half an hour after application. Whereas the
amount of H-leucine incorporated into protein continued to increase slowly,
the amount of 3 H-uridine into TCA-precipitable material tended to decrease,
probably reflecting turnover of RNA as has also been found by different approaches inpea protoplasts (WATTS and KING, 1973a)and tobacco protoplasts
(SAKAI and TAKEBE, 1970).
No direct influence of actinomycin D on the uptake of 3 H-uridine into the
32
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FIG.4.3. Thetime-course ofinhibition byactinomycin Dand cycloheximide.
A. Samples of protoplasts were incubated in the presence of 3H-uridine (0.4 uCi/ml). At different times samples wereharvested for determination of free and bound radioactivity within the
protoplasts.After 4hofincubation theresidualsamplesweresplitintotwogroupstooneofwhich
actinomycin D (10 ug/ml)w a s added. Incubation and harvesting was continued as before and
radioactivity measurements weredoneasdescribed.
B. Protoplast samples from the isolate were handled identically but now using 3H-leucine(0.4
uCi/ml)andcycloheximide (c.h.)(lug/ml).

acid-soluble precursor poolwasobserved,inaccordance withthedata oftable
4.2.Similarly,noimmediateeffect ofcycloheximideontheuptakeof3H-leucine
intotheacid solublefraction wasevident.
Therateofaccumulationoffreeradioactivitywithintheprotoplastsappeared
todecreaseslowlyascomparedwiththatinuntreatedprotoplastsduringthe first
hoursafter applicationofcycloheximide.Thedrasticdiminutionoftheamount
of3H-leucinebythisinhibitormustalsobetheresultofsecondaryeffects onthe
uptakeprocess,presumably mediated byitseffect onprotein synthesis.
4.4. DISCUSSION

Upon continuous labeling of cowpea protoplasts with 3H-leucine for long
periods, the rate of accumulation of label into protein was constant during
the first 15 to 20 h (fig. 4.1). Thereafter, the rate of this process slowed
down.Thisisdueinparttotheremarkable,strongdecreaseintheamountoffree
3
H-leucine within the protoplasts occurring at later times (fig. 4.1). It is also
caused byturnover oftheproteinsbutonlytoalimitedextent,sincethe breakdownoflabeledproteinswouldonlytend toincreasetheamount offree label.
Turnoverofproteinsisawell-establishedphenomenoninplants(BOULTERet al,
1972)but has hardly been studied in protoplasts or separated cells.Using pea
Meded. Landbouwhogeschool Wageningen80-3(1980)
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protoplasts, a turnover rate of 50%in 24 h was reported by WATTS and K I N G
(1973a), but FRANCKI et al. (1971) on the other hand could not demonstrate
significant degradation of synthesized proteins in separated tobacco leaf cells.
The above mentioned results seem to contradict those obtained upon shortterm labeling of cowpea protoplasts with 35 S-methionine at increasing times
after isolation (table4.1),which showed an almost threefold increase inthe rate
ofprotein synthesisduring the first 30hincubation. It could beargued that this
increase is apparent because of depletion of the endogeneous amino acid pool
resulting in a higher specific activity of the proteins synthesized, but one would
then expect the uptake of 35 S-methionine into the acid-soluble fraction to be
stimulated proportionally, whichwascertainlynot thecase.An earlyincrease of
the total amount of 3H-leucine absorbed by tobacco mesophyll protoplasts
during2-hincubationswithlabel,reachingaplateau after about 10hfollowed by
a slow decline, was reported by ROBINSON and MAYO (1975), but they did not
discriminate between free and bound radioactivity. ZELCER and GALUN (1976)
found that the rate of 14C-leucineincorporation in these protoplasts measured
during30minlabeling-pulsesdecreased after a shortinitialriseduring the first 5
hours.
No conclusive explanation can be given for the striking fall in free 3 H-leucine
within the protoplasts upon long term labeling (fig. 4.1). Radioactivity in the
medium wasnot at the time getting depleted since at most no more than about
halfofithad been taken up bytheprotoplasts.Theeaseofuptake of the amino
acidwasprobably not affected at later timesinviewof the unimpaired accumulation of 35S-methionine in older protoplasts (table 4.1).Finally, the possibility
of leakage of 3H-leucine from the protoplasts can be rejected since such an
unselective process would similarly affect the amount of free 3 H-uridine within
the protoplasts, which did not occur. One important practical conclusion that
can bedrawn from theseexperiments,isthat itisunfavourable, at leastwith 3 Hleucine, to perform long labelings as the efficiency of protein labeling decreases
considerably after some time.
The response of cowpea mesophyll protoplasts to metabolic inhibitors was
similar to that of other cellular systems. The antibiotics exhibited their known
specificity of action and appear to be useful to selectively inhibit different host
functions.
Cowpea protoplasts had an apparently low level of chloroplast metabolic
activity.Hardly any synthesisofchloroplast ribosomal RNA wasobserved (fig.
2), and labeling of the major chloroplast protein, namely the large subunit of
Fraction Iprotein (ELLIS, 1977a)did not occur at all (seechapter 6). The results
of the inhibitor studies point to the same conclusion. These observations may
well reflect the presence of gentamicin in the incubation medium, added to
prevent growth of microorganisms. This antibiotic was listed by PESTKA (1974)
as an inhibitor of prokaryote-like protein synthesis, but was found to not
seriouslyimpair tobaccoprotoplast metabolism whenusedataconcentration of
5 ug/mlin combination with other antibiotics (MOTOYOSHI et al, 1974). On the
otherhand chloroplast RNA andprotein synthesisincowpea protoplasts might
34
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not be required under the conditions used. Protoplasts were isolated from fully
expanded leaves which are known to usually have low chloroplast polymerase
activity (ELLIS, 1977b)and Fraction Iprotein synthesizingactivity (ELLIS, 1977a,
b ; BRADY and SCOTT, 1977).Despite these low activities chloroplasts appear to
maintain their energy-generating function since RNA and protein synthesis
ceased upon incubation of the protoplasts in the dark.
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5. T H EI N H I B I T I O N O F C O W P E A M O S A I C V I R U S
R E P L I C A T I O N BYA C T I N O M Y C I N D

5.1. I N T R O D U C T I O N

Actinomycin Disa neffective inhibitor ofD N A - d e p e n d e n t R N A synthesis.
Sincereplication ofplus-strand R N Aviruses doesn o tinvolve synthesis of D N A
intermediates, it has been widely used t o study whether the multiplication of
these viruses is somehow dependent ona functionally active host genome. T h e
multiplication of a number of animal viruses wasfound t o be sensitive t o
actinomycin D .This wasdemonstrated for picornaviruses like poliovirus ( C O O PER, 1966; G R A D O et al, 1965; SCHAFFER a n d G O R D O N , 1966), m e n g o v i r u s
(PLAGEMAN a n d S W I M , 1966) and echovirus ( K O R A N T a n d H A L P E R E N , 1975) a s

wellasfortogaviruses such asJapanese encephalitis virus (ZEBOVITZetal., 1972).
General conclusions cannot bedrawn, however, since an u m b e r of viruses from
these classes appeared either t obe resistant t othe drug (CALIGUIRI a n d T A M M ,
1970; M A C N A U G H T O N et ai, 1976; STOLLAR et al., 1966; K Ä Ä R I Ä I N E N a n d G o -

MATOS, 1969) orwere sensitive depending onthe time ofaddition, dose ofthe
drug or other experimental conditions (COOPER, 1966;K O C Hetal., 1967 ; S C H A F FER and G O R D O N , 1966).

Contradictory results have also been obtained with plant cells infected with
plant R N Aviruses. Whereas inleaf tissue themultiplication oftobacco mosaic
virus and cowpea chlorotic mottle virus wasfound t obestrongly inhibited by
actinomycin D (SMITH a n d SCHLEGEL, 1965; SEMAL, 1967; L O C K H A R T a n d S E M -

ANCIK, 1969; D A W S O N a n d SCHLEGEL, 1976; D A W S O N , 1978), n o effect o n virus

production could beobserved using tobacco mesophyll protoplasts (TAKEBEa n d
O T S U K I , 1969; A O K I a n d TAKEBE, 1969; B A N C R O F T et ai, 1975). T h e multipli-

cation of cucumber mosaic virus intobacco protoplasts wasalso n o t affected by
actinomycin D(OTSUKI andTAKEBE, 1973).Ontheother hand theproduction of
potato virus X, alfalfa mosaic virus a n d turnip yellow mosaic virus in different
protoplast systems was found t obesensitive t othe drug provided that itwas
applied during the first hours after inoculation (OTSUKI etal, 1974;ALBLAS a n d
BOL, 1977; RENAUDIN a n dBovÉ, 1977).T h esame pattern of early sensitivitywas
shown forC P M V a n dB P M V using hypocotyl tissue,b u tthis effect appearedt o
be host-dependent inthe case ofB P M V (LOCKHART a n d SEMANCIK, 1968a n d
1969).
We have investigated theeffect of actinomycin D onthemultiplication of
C P M V incowpea protoplasts under conditions where thehost-dependent R N A
synthesis was inhibited by more than 90%. W ehave found that viralR N A
multiplication, b u tnotviral protein synthesis, isprevented by actinomycin D if
the antibiotic is added atthe time ofinoculation ofthe protoplasts. T h e application of actinomycin D enabled ust o identify sixvirus-specific proteins in
CPMV-infected protoplasts.
3

"
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5.2. MATERIALS AND METHODS

5.2.1. Materials
Disodium-triisopropylnaphthalene sulfonate (TPNS), acrylamide and methylene bisacrylamide were obtained from Serva. Phenylmethylsulphonylfluoride (PMSF) was bought from Merck, tetraethylmethylenediamine (TEMED) from Koch-Light and Coomassie Brilliant Blue R250 from
SigmaChemical Co..Thesourceofallotherchemicalshasbeenmentioned inthe
previous chapters.
5.2.2. Isolation, inoculation and incubation of cowpea protoplasts
The procedures for the isolation of the protoplasts, their inoculation with
CPMV and thesubsequentincubation oftheprotoplastsforvirus multiplication
have been described in chapter 3.
5.2.3. Measurement of incorporation of radioactiveprecursors
Incorporation ofRNA andproteinprecursorsbyprotoplastswas determined
by means of TCA precipitation as described in chapter 4.
5.2.4. Sucrose density gradient analysis
To determine the amount of virus produced, homogenates of infected protoplasts were analyzed on sucrose density gradients. Protoplasts (3-5 x 106),
labeledwitheither 3 2 P or 35S-methionine,werehomogenized for 5minin0.4ml
0.01 M sodium phosphate buffer in a 2mlminipotter homogenizer. The homogenatewascentrifuged for 10minat9,800 xginaJanetzkiTH12centrifuge and
the supernatant was layered onto a 12ml isokinetic sucrose density gradient,
containing 0.01 M sodium phosphate and 0.05 M KCl, pH 7.0. Isokinetic
gradients were prepared in tubes of the SW41 rotor by running in sucrose
solutions from a mixing vessel containing 12.1 ml of 15.9% (w/v) sucrose to
whichwasadded 12.0mlof39.9%(w/v)sucrose.Centrifugation wasfor 3.5h at
40,000 rpm and at 4°C. Fractions were collected manually from the bottom of
the tube, while monitoring the absorbance pattern at 254 nm. Radioactivity in
each fraction was determined by Cerenkov counting ( 32 P) or by liquid scintillation counting after the addition of 0.5 ml of water and 7ml of Hydroluma.
5.2.5. Polyacrylamide slabgel electrophoresis of proteins
Portions of3 x 106protoplasts werecollected bycentrifugation and homogenizedin0.5mlbuffer containing 0.05 MTris-HCl,0.01 MKCl,0.001 M EDTA,
0.005 M MgCl 2 , 0.06 M ß-mercaptoethanol, 0.001 M phenylmethylsulphonylfluoride, 0.4 mM methionine and 10%(w/v) sucrose. The homogenates
werecentrifuged for 30minat30,000 xginaSorvall SS34rotor.A 1/2volumeof
a three times concentrated solution of Laemmli sample buffer (LAEMMLI, 1970)
was added to the supernatants. After heating for 3min at 100°C samples of at
most 100 ul were analyzed by electrophoresis on Polyacrylamide gradient slabgels,essentially according to LAEMMLI (1970),using a 7-15 %linear gradient of
Meded. Landbouwhogeschool Wageningen80-3(1980)
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acrylamideintheseparatinggelanda4%acrylamidespacergel. Electrophoresis
was performed for 6 h at 200 V (constant voltage). Gels were stained with
CoomassieBrilliant BlueR250,destained asdescribed by KEDINGERetal.(1974)
and dried for autoradiography.

5.3. RESULTS

5.3.1. Effect of actinomycin D on the incorporation of32P and 3H-uridine
In table 5.1 the incorporation of 3 2 P and 3 H-uridine into portions of uninfected and CPMV-infected protoplasts from the same batch is compared. The
amount of incorporation of 3 2 P or 3 H-uridine in infected and uninfected protoplasts was usually of the same order, but was significantly higher in infected
samples in thecase of very active CPMV multiplication.
In the presence of actinomycin D at a concentration of 10 ug/ml the incorporation into the infected and the healthy protoplasts decreased to below
10%oftheuntreated controls,demonstrating that RNA synthesiswasinhibited
effectively. Lower concentrations of the drug resulted in lower levels of inhibition and werenotusedinthepresent experiments.No significant differences
inthedegreeofinhibition occurred between 3 2 P and 3 H-uridine,indicating that
DNA synthesis in theprotoplasts isnégligeable.
5.3.2. Effect of actinomycin D on CPMV multiplication
CPMVmultiplicationinprotoplastswasmeasuredbyanalyzing homogenates
on sucrose density gradients. This technique enabled the separate detection of
middle (M) component (95S) and bottom (B) component (115S) without interference of80Sribosomes,sincethelatterbecamecompletely dissociated upon
homogenization in the absence of magnesium ions. The virus components appear in a region of the gradient into which no material sediments in the corresponding gradient run witha homogenateofuninfected protoplasts (fig. 5.1).
TABLE5.1. Effect ofactinomycinDonRNAsynthesisinhealthyandÇPMV-infectedprotoplasts".
Expt.1
Protoplastsample

cpm

Healthy
Healthy + act.D
Infected
Infected + act.D

25000
2350
33200
2100

b

(32p)b

Expt.2

(32p)c

/o

cpm

/o

100
9
133
8

7450
500
6800
400

100
7
91
5

Expt.2(3H-uridine)
cpm
34750
2900
34150
2800

/o

100
8
98
8

Inhibitionofincorporationof32 Pand3H-uridineintohealthyandCPMV-infected protoplastsby
actinomycin D(10ug/ml).
Inexperiment1samples(6ml)containing8.3 x 1Ó5protoplasts/mlwereused;actinomycinDwas
added2.5hafter inoculation, 32P(184uCi)wasgiven0.5hlater.
Inexperiment2samples(7ml)containing7.1x 105protoplasts/mlwereused;actinomycinDand
label(5uCi32P+ 5uCi3H-uridine)wereadded2hand 7.5hafter inoculation, respectively.
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HEALTHY

60S 40S

II

top

FIG. 5.1. Sucrosedensitygradientcentrifugation ofhealthyandCPMV-infected protoplast homogenates. Samples (5ml) of protoplasts (7.0 x 105/ml)wereincubated for 44 h and processed as
described.Positionsofribosomal subunitsandviralnucleoproteinparticlesareindicated.

If healthy and infected protoplasts, to which actinomycin D was added at
varioustimesafter inoculation, werelabeledwith 32 Pand analyzed on sucrose
gradients,atime-dependent effect ofthedrugonthesynthesisofviralnucleoprotein particles was observed (fig. 5.2). Virtually complete inhibition of production of viral nucleoprotein components occurred when the antibiotic was
present immediately from the time of inoculation. When actinomycin D was
added 8hours after inoculation (or later), no significant effect on virus yield
could be detected. The degree of inhibition increased the shorter the interval
between inoculation and addition of the drug. The synthesis of both viral
nucleoprotein particles wasaffected equally;selective inhibition of one of the
components wasnot observed.
5.3.3. Effectofactinomycin Donsynthesis ofvirusantigen
AdditionofactinomycinD8hoursafterinoculation(orlaterduringinfection)
had no effect on the percentage ofprotoplasts stainable with fluorescent antibodies against CPMV (table 5.2), confirming our data on virus yield. Upon
earlier administration of actinomycin D there was a gradual decrease in the
percentageofstainableprotoplasts.Surprisingly,however,aconsiderablenumberofprotoplasts,usuallybetween20and50%, could stillbemade fluorescent
when actinomycin D was present throughout the procedure, indicating that
accumulation of virus antigen had occurred although no infectious virus was
produced.Thispercentageofstainableprotoplastscouldnot befurther reduced
by addition of the drug prior to inoculation. The intensity of fluorescence in
protoplastsinwhichvirussynthesiswasfully orpartlyinhibitedbyactinomycin
D sometimes seemed somewhat fainter ascompared to the untreated control,
but ingeneralnoclear difference wasvisible.
Meded. Landbouwhogeschool Wageningen80-3(1980)
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TABLE5.2. Effect ofactinomycin Donsynthesisofvirusantigens.
%Fluorescentprotoplasts5
Timeofaddition(h)a
0
0.5
1.5
3.5
5.5
8.0
noact.D

Expt.1

Expt.2

48
54
61
66
66
75
82

33
41
52
69
89
84

a

Effect ofactinomycinDonthepercentageoffluorescent protoplastswhenaddedatvarioustimes
after inoculation withCPMV.
b
Protoplastswerestainedwithfluorescent antibodiesagainstCPMVafter incubation for 42h.

5.3.4. Synthesis of CPMV top component inactinomycin D-treatedprotoplasts
In order to distinguish between viral RNA and protein synthesis, CPMVinfected and healthy protoplasts, treated and not treated with actinomycin D,
were labeled with 3 2 P and 3H-leucine.
Upon incubation in the absence of actinomycin D the CPMV-infected protoplasts showed the production of M and B components (fig. 5.3). Whereas
incorporation of 3 2 P into 40-60S material was similar in healthy and infected
protoplasts, the amount of 3H-radioactivityfound inthisregion of the gradient
was strikingly higher in infected protoplasts. In the presence 'ofactinomycin D
therewasconsiderable incorporation of 3H-leucineintomaterial sedimenting at
40-60S, while 3 2 P radioactivity in these fractions was relatively low. No viral
nucleoprotein particleswereproduced. Theincorporation of3H-leucineinto4060Smaterial wasabout twiceashighintheCPMV-infected sample ascompared
to the control. This might indicate that virus top component, which has a
sedimentation coefficient of 58S, is synthesized in the CPMV-infected protoplasts after treatment with actinomycin D.
Thissupposition wasconfirmed byanalysisofthepolypeptidecomposition of
the 60S material on Polyacrylamide slabgels. Samples of healthy and infected
protoplasts were labeled with 35S-methionine in the presence or absence of
actinomycin D. Homogenates of the protoplasts were run on sucrose density
gradients and the 60S region of each gradient collected and subjected to gel
electrophoresis. Figure 5.4 shows the presence of both viral coi.t proteins in the
60Sregion from infected, actinomycin D-treated protoplasts,demonstrating the
presence of CPMV top component.
5.3 5 Synthesis of CPMV-specific proteins inactinomycin D-treated protoplasts
As virus coat proteins were synthesized in the absence of virus RNA replication, the possible synthesis of other virus-specific proteins was also investigated. Healthy and CPMV-infected protoplasts were labeled with SMeded. Landbouwhogeschool Wageningen80-3(1980)
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FIG. 5.3. Sucrose density gradient analysis of homogenates of healthy and infected protoplasts
labeled at the same time with 3 2 P and 3H-leucine in the presence or absence of actinomycin D.
Protoplasts were incubated in 7 ml-portions at a concentration of 6.0 x 10 5 /ml. Samples +
actinomycinDweretreatedwithactinomycin D (10ug/ml)from thetimeofinoculation.All samples
werelabeled at 7.5h after inoculation with acombination of 3 2 P (25 uCi)and 3 H-leucine(250 uCi).
At t = 44h protoplasts were harvested and processed as described.

methionineinthepresenceorabsenceofactinomycin D.Supernatant fractions
(30,000 xg)werepreparedand analyzedbyPolyacrylamidegelelectrophoresis
inthepresenceofsodiumdodecyl sulphate.
The autoradiogram of the electrophoretic pattern of the labeled proteins is
shown in figure 5.5. Several differences between the pattern of the infected
protoplasts as compared to that of the healthy ones can be observed. Two
proteins, whose molecular weights were estimated to be 170,000 and 21,000
daltons, are clearly distinguishable from host components. In addition, four
proteinsappearatplacesinthegelwheretherearealsoweakerprotein bandsin
thesamplesofuninfectedprotoplasts.Theirmolecularweightswereestimatedto
be 110,000, 84,000,37,000and 22,000.The 37,000and 22,000 dalton proteins
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FIG. 5.4. Analysis ofthepolypeptidecomposition ofthe60Sfraction from cowpea protoplastsin
whichvirusmultiplication wasinhibitedbyactinomycinD.
Actinomycin D(10ug/ml)wasaddedto7.5mlofCPMV-infected protoplastsimmediately after
inoculation;2.5hlater75uCi35S-methioninewasaddedandtheprotoplastswereincubated for44
h.Theprotoplastswerethenhomogenizedandanalyzedbysucrosedensitygradient centrifugation.
The60Sfraction ofthegradientwascollectedandcentrifuged for 16hat50,000rpminaSpincoTi75
rotor. The pellet was dissolved in Laemmli sample buffer and, after heating, analyzed by electrophoresisona 12.5%Polyacrylamide slabgelandbyautoradiography (left). Samplesof infected
(middle)andhealthyprotoplasts(right),incubatedwithoutactinomycinD,weresimilarlyprocessed
andrunonthesamegel.Approximatelyequalamountsofradioactivitywereappliedtoeachslot.The
positionsofCPMVcoatproteins,usedasunlabeledmarkers,areindicated.

were found to have electrophoretic mobilities identical to the large and small
viral coat protein (not shown).These two proteins, together with the 170,000
molecular weight polypeptide, always appeared as the most prominent virusspecific protein bandsunder thelabelingconditionsused.
UponinhibitionofCPMVmultiplicationwithactinomycinDthesynthesisof
allvirus-specific proteinswasstillveryevident.Moreover,therelativeintensities
oftheirsynthesisdidnotseemtobealtered.Itshouldbekeptinmind,however,
that onearly administration ofthedrug totalincorporation of S-methiomne
wasreducedtoabouthalftheamountoftheuntreatedcontrols.SinceinFig.5.5
equalamountsofradioactivitywereappliedtoeachslot,itcanbededuced that
undertheseconditionsoflabelingandinhibitionofCPMVmultiplication,virusspecificaswellashost-specificproteinsynthesiswereequallydecreasedtoabout
half theamount oftheuntreated controls.
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FIG.5.5. Autoradiogram of35S-labeledproteinsfrom thesolublefractions ofprotoplasts analyzed
byPolyacrylamidegelelectrophoresis.SamplesofhealthyandCPMV-infected protoplasts(5ml,7.0
x 105/ml)werelabeled with80uCi35S-methionineandincubated for 44h.
Somesamplesweretreatedwithactinomycin D(10ug/ml)from thetimeofinoculation (t 0 );to
others the drug was added 8h thereafter (t8). Soluble protein fractions wereprepared and equal
amountsofTCA-precipitablecountswereanalyzedin7-15%Polyacrylamideslabgelsasdescribed.

5.4. DISCUSSION

FromthepatternofactinomycinDinhibitionitcanbeconcludedthatCPMV
multiplicationisinsomewaydependentonhostDNA-specified RNAsynthesis
duringtheearliest stage of infection. Actinomycin D at aconcentration of 10
ug/mlinhibited RNA synthesisininfected aswellasuninfected protoplastsby
morethan90%andpreventedtheproductionofCPMVnucleoproteinparticles
ifthedrugwasadded atthetimeofinoculationorimmediatelythereafter. The
inhibitory effect of actinomycin D rapidly decreased when added at progressivelylatertimesafterinoculation,andat8hoursafterinoculation,astageat
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which newly synthesized virus is not yet detectable, replication had become
completely insensitivetothedrug.These findings wereconfirmed bylocal lesion
assays of extracts of infected protoplasts which were similarly treated (data not
shown). They are in agreement with the results of LOCKHART and SEMANCIK
(1968 and 1969) who reported that CPMV replication in cowpea hypocotyl
tissuewasinhibited byactinomycin D provided that theantibiotic was administered shortly after inoculation, but not in late phases of infection.
Inhibition of CPMV multiplication by actinomycin D isprobably not due to
interference with the process of viral RNA replication per se, since addition of
the drug during the period of active RNA replication did not affect virus
synthesis. Moreover, it has been shown that in vitro the enzymatic activity of
partially purified CPMV replicase isnegligibly sensitive to actinomycin D (ZABELet al., 191A).
DNA-dependent RNA synthesis as a prerequisite for RNA replication suggests the involvement of some essential virus-induced, but host-specified component. Two potential explanations may be proposed. One possibility is that a
host-derived factor isrequired for a functional virus replication complex. Some
such situation has been shown for the bacteriophage Qß replicase,consisting of
four different polypeptides (KAMEN, 1970; KONDOetal.,1970)threeofwhich are
host-specified. Theother possibilityconcernsthevirus-specific cytopathic structures, the formation of which isinduced by CPMV infection ( D E ZOETEN et al.,
191A).These structures are likely to play an essential role in viral replication in
viewofthe finding that CPMV-specific double-stranded RNA mainlyappearsin
association with them. Involvement of host-directed protein synthesis is therefore imperative, since the necessary genetic information needed for this vast
synthesizing activity isnot likely to originate from the virus.
Theexpression ofaspecificpartofthehostDNA asoneofthefirststepsin the
multiplication of CPMV might welldetermine which cellsare susceptible to the
virus and which are not. As such, this host-specified component might play a
decisive role in the determination of the host range of this virus.
Sixvirus-specific proteins weredetected inCPMV-infected protoplasts. They
were estimated to be 170, 110, 84, 37, 22 and 21 kilodaltons. From coelectrophoresis with solubilized proteins of purified CPMV the 37,000 and 22,000
dalton proteins probably represent the viral structural proteins. The continued
synthesis of all six virus-specific proteins under conditions of inhibition of
CPMV multiplication byearly treatment withactinomycin Dindicatesthat they
are coded for by the viral genome. This means that the total coding capacity of
the viral RNAs is greatly exceeded. De novo synthesis of virus-specific proteins
underconditions ofcompleteinhibitionofmultiplication wasalso demonstrated
bytheproduction ofradioactively labeled topcomponent.Asimilar situation in
which viral RNA and nucleoprotein synthesiswasinhibited, while the synthesis
of empty capsids continued or even increased upon treatment of infected leaves
with thiouracil has been reported for TYMV (FRANCKI and' MATTHEWS,
1962; RALPH et al, 1965). In these experiments, however, the same treatmenthadlittleeffect onthesynthesisofcellularnucleicacids(RALPHetai, 1965).
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Addition of actinomycin D resulted in a significant reduction of the incorporationof35S-methionine,whereasqualitativelythepatternsoftheproteins
synthesized remained nearly unchanged. If this decrease in incorporating activity was only accounted for by depletion of host messenger RNA by the
antibioticthiswouldindicatethatmRNAinthesecellsisverystablehavingan
average half life in the order of days. However, great care must be taken in
interpretingsuchresultssinceinanimalcellsithasbeenshownthat actinomycin
D can hamper the initiation of ribosomes on mRNA (SINGER and PENMAN,
1972). Moreover, we have found that actinomycin D treatment reduces the
amount of acid-soluble radioactive amino acids within cowpea protoplasts,
possiblybyinterference withtheuptake oflabel(chapter4).
Asalreadystated,severalplantRNAviruseshavebeenshowntoexhibitearly
sensitivity to actinomycin D. In cases in which this sensitivity could not be
demonstrated, thismayhaveescaped detection asaresult of too late a timeof
additionortoolowadoseofthedrug.Itistemptingtospeculate,therefore, that
inhibition ofmultiplication byactinomycin Disacommon feature ofallplant
RNA virusesand,consequently, that theinvolvement of an early nuclear functionisageneralphenomenon.
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6. P R O T E I N S Y N T H E S I S I N C O W P E A M O S A I C V I R U S
I N F E C T E D COWPEA PROTOPLASTS
I Detection ofviral-related proteins

6.1. INTRODUCTION

Plant protoplasts appear to besuitable for theidentification of virus-encoded
proteins produced in the course of the infection process. Protoplasts are attractivefor such a study astheycan beinfected synchronously to a high percentage.
In addition, the infection of plant protoplasts with virus may lend itself to trace
host proteins the synthesis of which is induced or stimulated by virus infection
and which may play a role in thevirus multiplication process.
Though there are now numerous reports on the infection of isolated leaf cell
protoplasts of several plant species by a number of plant viruses, only a few
papers have been published on the biochemical aspects of plant virus infection
and multiplication in protoplasts. Protein synthesis in protoplasts after virus
infection has only been studied with tobacco mosaic virus (TMV), cowpea
chlorotic mottle virus (CCMV), and brome mosaic virus (BMV), all in tobacco
mesophyll protoplasts. Infection with TMV revealed two apparently virusspecific proteins with molecular weights of 165,000 and 135,000 besides the
17,500-dalton virus coat protein (SAKAI and TAKEBE, 1974; PATERSONand KNIGHT, 1975; SIEGEL et al, 1978a). SAKAI et al. (1977) reported the synthesis"in
CCMV-infected protoplasts of two proteins with molecular weights of 35,000
and 100,000inaddition tothe 19,000-MWcapsidprotein.Proteinsofsimilarsize
plusa 107,000-dalton specieswereobservedupon infection withtherelated virus
BMV (SAKAI et al., 1979).

In theprevious chapter wehavepresented evidencethat incowpea mesophyll
protoplasts infected with cowpea mosaic virus (CPMV) seven virus-specific
proteins with molecular weights of 170,000, 110,000, 87,000, 84,000, 37,000,
22,000 and 21„000 daltons are synthesized. In the present chapter these results
have been extended and detailed. By fractionation of the protoplasts in several
fractions and-byapplying short labelingperiodsatdifferent intervalsduring the
infection cycle more than ten viral-related proteins were demonstrated.

6.2. MATERIALS AND METHODS

6.2.1. Materials
Digitonin was obtained from Sigma Chemical Co..Proteins used.as markers
for Polyacrylamide gel electrophoresis were Phosphorylase A (M.W. 92,500),
catalase (M W 57,000) and lactate dehydrogenase (M.W. 35,000) from Boehringer Mannheim GmbH; ß-galactosidase (M.W. 116,000), transferrin (M.W.
80,000),Y-globulins (M.W. 54,000 and 23,500) and ovalbumin (M.W. 46,000)
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from Sigma Chemical Co.; bovine serum albumin (M.W. 68,000) from
Schwarz/Mann; and myosin (M.W. 200,000) which was a gift from Dr. H.
Pelham,Cambridge,England.
6.2.2. Isolation andinoculation ofprotoplasts
Protoplasts were isolated from leaves of Vigna unguiculata (L.) Walp. var.
'BlackeyeEarlyRamshorn'andinoculatedwithCPMVasdescribedinchapter
3.Protoplastsmock-infected withUV-inactivatedCPMVwereusedascontrols.
Completeinactivation ofviruswasachievedbyexposingpurified CPMVinan
openpetridishfor 30mintoaTUV 15WPhilipslampat adistance of 30cm:
6.2.3. Incubation andlabelingofprotoplasts
Inoculated protoplasts werewashed three timeswith sterile 0.6 M mannitol
containing 10mMCaCl2,suspended inthemediumdescribed inchapter 3ata
concentration of5-7 x 105protoplasts/ml and dividedintosamplesof3-5 x
106 protoplasts. They were incubated at 25°Cunder constant illumination of
about 10,000lux.Atselectedintervalssamplesofprotoplastswerelabeled with
30uCi/ml35S-L-methioninefor 6hours.Attheendoftheincubationperiod the
protoplasts were collected by centrifugation and stored frozen at -80°C. The
percentageofinfectedprotoplastswasdeterminedbyfluorescentantibodystaining of samples of unlabeled protoplasts incubated for 44hours. After such an
incubation period more than 70%of the protoplasts were still living and the
percentageofinfected protoplasts wasabout 85%.
6.2.4. Subcellularfractionation ofprotoplasts
Protoplasts were fractionated and prepared for electrophoresis by the procedure depicted in fig. 6.1.The frozen protoplast samples were thawed and
homogenized for 5min in a minipotter with 0.5 ml of homogenization buffer
(HB)composed of 0.05 M Tris-CHl (pH 7.4), 0.01 M KCl, 0.001 M EDTA,
0.005M MgCl2, 0.06 M ß-mercaptoethanol, 0.001 M phenylmethylsulfonylfluoride, 0.4 mM L-methionine and 10% (w/w) sucrose. Unbroken cells were
removed by centrifugation for 30 sec at 500 x g. The homogenate was centrifuged at 1,000 x g (3,000rpm) for 15min at 4°C in a Sorvall SS 34 rotor.
The 1,000 x gpellet waswashed once byresuspension in 0.2 ml HB and centrifugation. Thewashedpelletwasextracted with0.4mlHBlacking MgCl 2 , to
which 0.2%(w/v)digitonin had beenadded (detergent buffer). The suspension
was centrifuged for 15 min at 1,000 x g to give the 1,000 x g pellet and
1,000 x gextract(fig.6.1).
To the 1,000 xg supernatant was added 1/3 volume of glycerol and the
solutionwasthencentrifuged at 15,500rpmfor 30minat4°CinaSorvallSS34
rotor to givethe 30,000 xgsupernatant (fig. 6.1) and a pellet. The pellet was
washed with 0.1ml HB and subsequently extracted twice with 0.04 ml of detergent buffer. Both extracts were combined to give the 30,000 x g extract,
whereastheresidueconstituted the30,000 xgpellet(fig.6.1).
Prior to electrophoresis the 1,000 x gand 30,000 xgpellet residues were
4°
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FIG. 6.1. Schemefor thesubcellularfractionation ofcowpeamesophyllprotoplasts.

suspended in 0.6 ml and 0.1 ml of Laemmli sample buffer (LSB), respectively,
(LAEMMLI, 1970)and heated at 100°Cfor 3mintoobtain aclear solution.To the

30,000 xg supernatant and the 1,000 xgand 30,000 x ^extracts was added T
volume of three times concentrated LSB and the solutions were then heated at
100°Cfor 3min Theamount oftrichloroaceticacid(TCA)precipitableradioactivity in each fraction was determined as described previously (chapter 4).
6.2.5. SDS-polyacrylamide slabgelelectrophoresis
Proteins were analyzed in slabgels by the discontinuous SDS-gel system as
described by LAEMMLI (1970) and modified by MARSDEN et al. (1976) using the
Pharmacia Gelelectrophoresis Apparatus GE4. The dimensions of the separatinggelwere0.25 x 8 x 12cmontopofwhicha 1 cmstackinggelwaslayered. In
all experiments a 7-15 %linear acrylamide gradient was used in the separating
49
Meded. Landbouwhogeschool Wageningen80-3(1980)

gelandthestackinggelcontained4%acrylamide.Samplesnotlargerthan 75 ^1
wereloaded intothewells.Electrophoresis wasat 75Vuntil the bromophenol
bluedyehadenteredtheseparatinggel.Thevoltagewasthenincreased to200V
and electrophoresiswascontinued for about 6h. Gelswerestained with CoomassieBrilliantBlueR250,destainedasdescribedbyKEDINGERetal.(1974)and
dried for autoradiography. The molecular weights of CPMV-related proteins
were determined by comparing their electrophoretic mobilities in Polyacrylamidegelswiththemarker proteinsenumerated above (seeMaterials).

6.3. RESULTS

6.3.1. Radioactivity incorporation intosubcellularfractionsofprotoplasts
Inordertoexamineifaspecificsubcellularfraction isparticularlyinvolvedin
themultiplication ofCPMVtheamount of35S-methioninewhichwasincorporatedinto various fractions ofCPMV-infected and uninfected protoplasts was
compared.
Healthy and infected protoplasts were labeled with 35S-methionine from
19-25hafterinoculationwhentherateofvirusmultiplicationisatitsmaximum
(HIBIetal., 1975).Theprotoplastswerefractionated accordingtotheschemein
fig. 6.1andthetotalamountofTCAprecipitableradioactivity ineach fraction
wasdetermined. Theresultsgiven intable 6.1showthat more,than half of the
incorporated 35S-methionineisfound inthe30,000 xgsupernatant. Morethan
30%isinthe 1,000 xgfraction themajor partofwhichremained bound tothe
pellet residue after extraction with detergent buffer. No significant differences
occurred inthedistribution ofincorporated radioactivity between corresponding fractions of healthy and CPMV-infected protoplasts. No such differences
werefound uponlabelingforashorterperiodoratadifferent stageof infection,
buttherelativeincorporationintothe30,000 xgsupernatantfraction tendedto
TABLE6.1. Distribution ofradioactivity incorporated intodifferent subcellular fractions ofCPMVinfected and uninfected protoplasts."
Healthy
Fraction

cpm x
10"6

1,000 xgpellet residue
1,000 xgextract
30,000 xgpellet residue
30,000 xgextract
30,000 xg supernatant

6

Infected
/o

cpm x
10 - 6

/o

10.3
4.7
2.8
1.6
27.0

22
10
6
3
58

18.1
4.4
3.1
1.0
35.0

29
7
5
2
57

46.4

100

61.6

100

35

Samplesof3x 10 protoplastsin5mlincubation mediumwerelabeledwith S-methioninefrom
19-25hafter inoculation andprocessed asdescribed.
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increase during thecourse of theincubation, especially inthe infected sample,
probably as a result of virus accumulation. Total radioactivity incorporation
was always found to be higher in CPMV-infected as compared to uninfected
protoplasts but this divergence only became apparent around 15 h after
inoculation when rapid virus multiplication resulted in accumulation of virus
particles.
The rate of protein synthesis in all fractions gradually increased during incubation both in infected and uninfected protoplasts. Radioactivity incorporation measured during various 6hperiods gradually increased and reached a
levelabout threetimesthestartingvalue30hafter inoculation (seechapter4).
Although theuptakeoflabeledaminoacidintotheacid-soluble fraction ofthe
protoplasts also slightly increased during incubation this cannot explain the
higher incorporation.
6.3.2. Polyacrylamidegelelectrophoresis ofviral-relatedproteins
Samples of subcellular fractions of uninfected and CPMV-infected protoplasts labeled with 35S-methionine during different 6h periods in the infection
cyclewereanalyzedon7-15%Polyacrylamidegradientslabgelsinthepresence
ofSDS.
A. 30,000 x g supernatant. Two viral-related proteins were observed in
CPMV-infected protoplasts labeled between 9and 15h after inoculation (fig.
6.2). Their molecular weights were estimated to be 170,000 and 30,000.They
represented the first detectable differences in the electrophoretic patterns of
healthy and infected protoplasts since no such differences were observed
during the first 9 hours of infection. When labeling from 16-22 h after
inoculation the synthesis of seven more viral-related proteins became apparent. They were estimated to be 130, 110, 87, 84, 37, 24 and 23 kilodaltons1.
Compared with the 9-15 h interval the intensities of the 170,000 and 30,000
dalton protein bands had increased during this labeling period. A further
increase in the rate of synthesis of these and the other proteins was apparent
between 26and 32hafter inoculation duringwhichphaseexactly thesameset
of viral-related proteins was found. A few more proteins in the samples of
CPMV-infected protoplasts were sometimes detected which were not present
in uninfected protoplasts such as the protein bands appearing in the geljust
below the 170,000 dalton protein band. Their significance and the reason for
thevariability oftheirsynthesisisstillunclear.
Only the 170000 and 130,000 dalton proteins in the pattern from infected
protoplasts were clearly distinguishable from host proteins. The other seven
polypeptides appeared to have electrophoretic mobilities similar to those of
proteins also present in uninfected protoplasts. These proteins may either be
newlysynthesizedortheymaybecellularproteins,whosesynthesisisstimulated
upon infection.
1

The24and23kilodaltonproteins c o W ^ ^
22and 21kilodaltons,respectively(chapter 5;ROTTIERetal., 1979).
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The overall pattern of cellular protein synthesis was not greatly affected by
CPMV infection since essentially all normal host proteins were present in infected protoplasts in comparable quantities. Only a few minor changes werobserved,thedisappearanceofahostproteinwithamolecular weightof about
145,000 being the most pronounced. These changes became apparent only at
later stagesof infection.
B. 30,000xg and 1,000xg pellet residues. Theautoradiogram oftheelectrophoretic analysesof30,000 xgpelletsafter extraction withdetergent buffer
(fig. 6.3) showed a diffuse dark background but some obvious differences betweensamplesofhealthyandinfectedprotoplastsemerged.Againaproteinwith
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FIG. 6.2 Autoradiogram of SDS-polyacrylamide slabgel electrophoretic analysis of 30000 xg
with S-methionineduringvarious6hperiodsafter inoculation.
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anapparent molecularweightof170,000appeared asthefirstdetectable differencewhenprotoplastswerelabeledfrom9-15hafterinoculation,butthe30,000
dalton protein was absent. Soon after, upon labelingbetween 16and 22hpost
inoculation,moreviral-relatedproteinbandsbecamevisible:polypeptideswith
molecular weightsof 110,000,37,000and 23,000also found inthe supernatant
fraction;the130,000,87,000,84,000,30,000and24,000daltonpolypeptidesthat
werepresentinthesolublefraction didnotappearhere.Ontheother hand one
extraproteinbandwasobserved,whichwasalwayssomewhatbroadand diffuse
and present in the molecular weight region of 68,000. All these proteins were
synthesized athigherrateslaterininfection duringthe26-32hlabelingperiod
(fig. 6.3).
The 1.000 x gpellet residues revealed the sameset of viral-related proteins
withtheexception ofthe 110,000daltonpolypeptide,thelatterprobablydueto
theevenhigherbackground ofradioactivitythanwasthecaseinthe30,000 xg
pelletresidues (datanotshown).

9-15h 16-22h 26-32h
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H I
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1
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H I
M.W.xKT3
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- 170

-4
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- 37
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F.G.6.3.Analysisof30,000 x gpelletresiduesofCPMV-infected(I)and^uninfected(H)protoplasts
labeledwith 35S-methionineduringvarious6hpenodsaftermoculaUon.
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C. 30,000 x g and 1,000 x g extracts. As isclear from figures 6.4 and 6.5
treatmentofthetruepelletswithbuffercontainingdigitoninwithoutmagnesium
ionsresultedinextractshavinglowbackgroundsofradioactivityuponPolyacrylamidegelelectrophoresis. Sixviral-related polypeptides weredetected in both
extractswithmolecularweightsof170,000,112,000,110,000,37,000,24,000and
23,000;oftheseonlythe112,000-and 110,000-daltonpolypeptidesweredistinct
from hostproteins.Inthese,asinotherfractions, the 170,000-MWpolypeptide
was the first viral-related protein that was detectable, the others becoming
increasingly apparent about 16 hafter infection.

9-15h 16-22h 26-32h
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FIG 6.4. Analysis of extracts of 30.000 x g pellets from CPMV-infected (I) and uninfected (H)
protoplastslabeled with"S-methionineduringvarious6hperiodsafter inoculation.

54

Meded. Landbouwhogeschool Wageningen80-3(1980)

6.3.3. Comparison of viral-relatedproteinsfrom different fractions
The viral-related proteins found in the various subcellular fractions were
compared bysimultaneouselectrophoresisonthesameslabgel.Itwasfound that
the proteins to which the same molecular weights had been assigned migrated
with equal mobilities in gels of different acrylamide composition (data not
shown).From this itwasconcluded that they wereindeed identical resulting in
the overall picture of viral-related proteins shown in table 6.2. Eleven such
proteins were reproducibly detectable. At least those which were found in the
supernatant fraction could also be detected upon labeling with 3H-leucine.
Ifaviral-related protein has no equivalent inthehealthy protoplast sample it
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TABLE 6.2. CPMV-related proteinsinfractions ofCPMV-infected cowpeaprotoplasts."
MWx lu" 3

30,000xg
supernatant

pellet
residue
170
130
112
110
87
84
68
37
30
24
23

+ (n)
+ (n)
—

+
+
+

—

+
+
+
+

1,000 xg

30,000 xg

+
—
—
+ (n)
+ (n)
+ (n)
+ (n)

extract

pellet
residue

extract

+

+

+

+ (n)
+ (n)
-

—

—
+ (n)
+ (n)
—
—

+
-

+
+

—
+ (n)
+ (n)
+ (n)

+
-

+

+

* The presence of a particular protein in a particular fraction is indicated by + and - ,
respectively,whilendenotesthat thereisnoproteinwiththesameelectrophoreticmobilityinthe
correspondingpreparationofuninfectedprotoplasts.

maybeconsidered tobeinducedbyvirusinfection. The results obtained with
different fractions ofCPMV-infected anduninfected protoplasts werenot alwaysconsistent.The170,000-daltonpolypeptide,forinstance,isclearlyanovel
protein,sincenohostproteinofthesamesizeisdetectablewhencomparingthe
30,000 xgsupernatant fractions. Inthepelletfractions, however,thispolypeptidewasaccompanied byahostproteinofsimilarelectrophoreticmobility.The
reverseholdstrueforthe 110,000-MWprotein among others. Asjudged from
thepelletfractions, thisprotein seemstobevirus-induced but thepresenceofa
protein of apparently similar size in the soluble fractions of uninfected protoplasts suggests differently. This feature hasbeen included intable 6.2 from
whichitcanbeinferred,mainlyduetothefractionation, thatatleastsevenofthe
viral-related proteinsareprobably synthesized denovo.

6.4. DISCUSSION

The synthesis of eleven viral-related proteins during infection of cowpea
mesophyllprotoplastswithCPMVhasbeendemonstrated.Theirdetectionwas
strongly enhanced byorinsome cases (e.g. 112,000-dalton polypeptide) even
dependentontwoconditions:(i)radioactivelabelingoftheprotoplastsfor only
afewhoursatanappropriatepointduringtheinfection cycle;and(ii)preparationofsubcellular fractions with subsequent treatment oftheparticulate fractions with a weak detergent in theabsence of magnesium ions. Protoplasts
appearedtobeeffectively fractionated asjudgedbothbyvisualinspectionofthe
fractions (e.g. analmost colourless supernatant fraction) andofthe Polyacrylamidegelpatterns.Thiscontrastssharplywiththeproblemsencounteredwhen
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usingintactleaftissue.Withunfractionated protoplastpreparationstheanalysis
of the autoradiograms was greatly hampered by the presence of a general high
background-blackening which,accordingtothedevelopedprocedure, remained
confined exclusively to the pellet residues upon fractionation. A similar continuous background ofradioactivity, whichcouldnot beremoved by extraction
oflipidswithacetone,hasbeenreportedbyELLIS(1977a)after electrophoresisof
the thylakoid fraction of isolated pea chloroplasts incubated with 3 5 Smethionine.
As previously mentioned, studies of protein synthesis in plant virus-infected
protoplasts revealed only three or four viral-related polypeptides (SAKAI and
TAKEBE, 1974; PATERSON and KNIGHT, 1975; SAKAI et al, 1977; SIEGEL et al,
1978a; SAKAI et al, 1979).Our observations suggest that the possible detection

of other proteins may wellhave been impeded byexperimental conditions since
in all cases analysis was done using unfractionated solubilized samples of protoplasts which were usually labeled for relatively long periods.
All CPMV-related proteins were most clearly observed at the stage of infection when newvirus isactively beingsynthesized. Only twoproteins, namely
the 170,000- and 30,000-dalton proteins, were demonstrable earlier in the infection process, from about 10h after inoculation, i.e.before the onset of rapid
virus accumulation. The rate of radioactivity incorporation into these two proteinsincreased more than thegeneral riseinincorporation that occurred during
protoplast incubation. Thereafter, between about 16and-32h post-inoculation,
the intensities of their labeling seemed toroughly parallel or slightly exceed this
increase in overall radioactivity incorporation. These observations suggest that
their rates of synthesis rapidly increase between about 10 and 15 h after inoculation but then decrease or becomeconstant. The sameconsiderations seem
toapplytotheother viral-related proteinswiththedifference thattheir synthesis
probably starts later. This might suggest that the preceding synthesis of the
170,000-and/or 30,000-dalton protein isaprerequisitefor theother viral-related
proteins to appear.
, ,
. .,
e.u
No viral-related polypeptides could be observed during.thelatent phase of the
infection cycle. This is surprising since some virus-induced protein synthesis
might well be expected to precede the formation of the first progeny particles.
The pronounced sensitivity of CPMV multiplication to actinomycin D during
the very first hours after inoculation (seechapter 5)strengthens thisview. Also
unexpected was the absence of detectable viral coat proteins immediately after
thislatentphasewhenthefirstinfectivity becomesextractable ^ .between?and
15h after inoculation (Him et al, 1975).Presumably, the evelso'such poteins
do not exceed the lower detection limit of the present ™ ^ ° < ™ ^ . c
CPMV infection givesriseto theformation of ^ ^ Z l d t h a v e ^ n
tures ( D E ZOETEN étal, 1974; HIBI et al, 1975)which are presumed t 0 _ h a V e an
essential function in viral RNA replication (DE ZOETEN et a 1974) The synthesisofthese structures, however, wasnot reflected bya
f « ^ ^ ^
of protein synthesis inthe membrane fractions or a
^
^
^
"
^
proteins involved in membrane development. Two virus-induced polypeptides
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FIG.6.6. ElectronmicrographsofcowpeaprotoplastsinfectedwithCPMV.Samplesofprotoplasts
were fixed at 8 h, 16h and 24 h after inoculation as described by HIBI et al. (1975). Arrows
indicate thycytopathological structures that start to clearly appear at 16h after inoculation and
predominatethecytoplasmat24hafter inoculation (n = nucleus).
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werespecifically found intheparticulate fractions: a 112,000-MW polypeptide,
only detectable in the extracts of these fractions, while a 68,000-dalton protein
was present in the pellet residues. Their time-course of appearance paralleled
thatofthecytopathic structuresnosignofwhichwasvisible8hafter inoculation
and only traces 16 h after inoculation, but which were clearly developing 24 h
after inoculation (fig. 6.6).The synthesisofmoremembrane-associated proteins
may well have been obscured by the high background of the pellet residues,
especially that of the 1,000 xg pellet. Application of chloramphenicol to the
protoplasts to inhibit mitochondrial and chloroplast protein synthesis as has
been used by some authors (SAKAI and TAKEBE, 1974; PATERSON and KNIGHT,
1975; SIEGEL et al., 1978a) did not reduce this background of radioactivity.
The synthesis of protoplast proteins did not seem to be drastically affected by CPMV infection. Essentially all host proteins that are produced in
healthy protoplasts are equally well synthesized during infection. This contrasts with the observations on animal picornaviruses, among others, where a
general inhibition of host protein synthesis isusually found (CARRASCO, 1977),
but is in agreement with results obtained using tobacco mesophyll protoplasts
infected with TMV (PATERSON and KNIGHT, 1975; SIEGEL et al., 1978a). Incorporation ofradioactiveaminoacidswasalwaysfound tobehigherinCPMVinfected ascompared touninfected cowpeaprotoplasts.Togetherwiththeobservedunaffected synthesisofthenormalhostproteinsthissupportsthe hypothesis
put forward by SIEGELetal. (1978a)thatvirus-specific protein synthesisisnot at
the expense of host protein synthesis, but in addition to it.
Clearly the sum of the molecular weights of the observed CPMV-related
proteins largely exceeds the total coding capacity of the viral RNAs. In the
subsequent chapter wereport onourefforts toidentify someofthe virus-related
proteinsand theretheimplicationsforthemechanismofthesynthesisofCPMVspecific proteins will be discussed.
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P R O T E I N SYNTHESIS IN COWPEA MOSAIC VIRUS
INFECTED COWPEA PROTOPLASTS
II Further characterization of viral-related proteins

7.1. INTRODUCTION

In the preceding chapter it was demonstrated that in cowpea mesophyll
protoplasts infected with CPMV eleven proteins are synthesized which either
do not occur in healthy cells or are synthesized in much lower amounts. In this
chapter experiments arereported which aim at theidentification of the origin of
the proteins: are they coded by the viral genome or the host genome and, if
viral-coded, aretheytranslated from M-RNA or B-RNA of CPMV?
As the sum of the molecular weights of the 11 proteins characteristic for
CPMV-infected protoplasts by far exceeds the coding capacity of the CPMV
RNAs, some of the proteins may be specified by the host. The possibility of the induction of synthesis of host proteins after CPMV infection is
also supported by the finding that the multiplication of CPMV RNA is prohibited by actinomycin D (chapter 5) indicating the need for the expression of
some host function(s) for virus replication. On the other hand, CPMV RNAs
may be translated into large precursor polypeptides from which different virusspecific proteins arise by processing of the precursor possibly via several intermediate polypeptides. This possibility is supported by the results of in vitro
translation experiments with CPMV RNAs. In cell-free protein synthesizing
systems derived from wheat germ (DAVIES et al., 1977) and rabbit reticulocytes
(PELHAM and JACKSON, 1976; PELHAM and STUIK, 1977) M-RNA of CPMV
producestwopolypeptideswithmolecularweightsof 105,000and 95,000.Translation of B-RNA produces 170,000-and 30,000-MW polypeptides. In neither in
vitrosystemarethecapsidproteinswithmolecularweightsof 37,000and 24,000
synthesized. These results at least suggest the possibility that the virus coat
proteins arise by processing from a precursor protein although other explanations arepossible aswell;thesynthesis ofthecoat proteins may,for example,
bemediated bysubgenomicmessenger RNAs generated onlyinvivoduring virus
multiplication.
In this chapter an attempt is made to characterize the viral-related proteins
found in CPMV-infected protoplasts by comparing their mobility with those
of the virus coat proteins, and with the products of in vitro translation of the
CPMVRNAs byelectrophoresisinSDS-polyacrylamidegels,and further byimmunoprecipitation with CPMV antiserum. Inoculation of cowpea protoplasts
with separate bottom and middle component of CPMV was used to trace the
role of the component RNAs in the synthesis of the various proteins. Finally,
some attempts to demonstrate processing of precursor proteins or the occurrence ofsubgenomic viralmessenger RNAs are reported.
"0
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7.2. MATERIALS AND METHODS

7.2.1. Materials
The amino acid analog, DL-p-fluorophenylalanine, the protease inhibitors,
L-l-tosylamide-2-phenylethyl-chloromethyl ketone (TPCK) and N-a-p-tosylL-lysine-chloromethyl ketone hydrochloride (TLCK), and the sugar analog,
2-deoxy-D-glucose (grade III) were purchased from Sigma Chemical Co..
01igo(dT)-cellulose type 7 was obtained from P-L Biochemicals and protein
A-Sepharose CL-4B was from Pharmacia. Products of in vitro translation of
CPMV RNAs were kindly donated by Drs. J. W. Davies, R. Goldbach and
E.Stuik. The sources of other materials have been mentioned in the preceding
chapters.
7.2.2. Preparation, inoculation andcultureof protoplasts
Protoplasts were prepared from Vignaunguiculata (L.) Walp. var. 'Blackeye
Early Ramshorn', inoculated with the yellow Nigerian strain of CPMV and
incubated for virus multiplication as described in the previous chapters. For
labeling with 3 2 P 0 4 the incubation medium was replaced by a phosphatedeficient medium onehour before the addition of32P-labeled phosphate.
7.2.3. Subcellular fractionation ofprotoplasts andPolyacrylamide gel
electrophoresis ofprotein fractions
Unless otherwise stated the same techniques wereused as before (chapter 6).
7.2.4. Isolation of CPMV componentsfrom protoplast homogenatesby sucrose
density gradient centrifugation
Protoplasts were homogenized, the homogenates wereclarified by low-speed
centrifugation and run on isokinetic sucrose density gradients as described in
chapter 5. After centrifugation the gradients were fractionated and the zones
containing the viral components, as shown by the radioactivity profile and by
comparison with the 254-nm extinction profile of purified CPMV run on a
parallel gradient, were collected.
7.2.5. Immunoprecipitation
. .
Aliquots of 15or 20ulof 30,000xgsupernatant fractions of 35 S-methiomnelabeled protoplasts were diluted to 50 ul with water and an equal volume of
buffer containing 0.02M sodium phosphate, 1.8%NaCl,2%Triton X-100,1%
sodiumdeoxycholate,0.2%SDS(pH7.2)wasadded,followed bytheaddition of
1|ilof anti-CPMV serum.Thetitreoftheantiserum was 1/512 asdetermined by
agar immunodiffusion test with purified CPMV at aconcentration of 1 mg/ml.
The mixture was incubated overnight at 4°C.Then 20ulof a 10%(v/v) suspension of protein A-Sepharose in immunoprecipitation buffer (0.01 M sodium
phosphate, 0.9% NaCl, 1% Triton X-100, 0.5% sodium deoxycholate, 0 . 1 / o
SDS,pH 72)wasaddedand thesamplewasfurther incubatedfor 30minat room
temperature. The suspension wascentrifuged for 3minat9,800 xginaJanetzk,
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centrifuge. The supernatant wasremoved and thepellet was washed three times
by suspending in 0.5 ml immunoprecipitation buffer and centrifugation. The
final pellet was suspended in 75 ul Laemmli sample buffer (LAEMMLI, 1970),
heated for 3min at 100°C and the supernatant obtained after clarification by
low-speed centrifugation was analyzed by Polyacrylamide gel electrophoresis.
7.2.6. Purification of CPMV components
Middle and bottom components of CPMV wereprepared by sucrose density
gradient centrifugation ofpurified virus in aTi-15zonal rotor (Beekman) using
15-30% (w/w) linear sucrose gradients essentially as described by D E JAGER
(1978).
7.2.7.Isolation, oligo(dT)-cellulose chromatography andPolyacrylamide gel
electrophoresis of RNA
RNA from 32 P0 4 -labeled protoplasts wasisolated bycesium chloride centrifugation essentially as described by GLISIN et al.(1974).To afrozen protoplast
pellet, 3ml of dissociation buffer and 3g of solid CsCl was added. The sample
wasbriefly mixed onaVortex to dissolvetheprotoplasts and the salt and heated
for 5minat 65°C. Thecomposition ofthedissociation medium was0.05 M TrisHC1, 0.1 M NaCl,0.01 M EDTA, 2% sodium lauryl sarcosinate, 1% sodium
deoxycholate, 2% sodium p-aminosalicylate, 0.5% disodium triisopropylnaphtalene sulphonate, pH 8.2. The solution was then layered onto 1.2 ml 5.7 M
CsCl, 0.02 M Tris-HCl, 0.1 M EDTA (pH 8.2) in a polyallomer tube and
centrifuged for 20 h at 35,000 rpm and 18°C in a Beekman SW 50.1 rotor. The
RNA pellet wasdissolved in 0.4 ml 0.01 M Tris-HCl, 0.01 M EDTA (pH 8.0),
precipitated with ethanol, dried and dissolved in 0.1 ml 0.01 M Tris-HCl (pH
8.0). Samples for direct electrophoretic analysis were diluted 1:1with 0.01 M
EDTA, 0.1% bromophenol blue in 100% formamide and heated for 3min at
60°C. Fractionation of RNA into poly(A)" and poly(A) + fractions by
oligo(dT)-cellulose chromatography wascarried out according to PEMBERTONet
al.(1975).RNAwasanalyzedbyelectrophoresisin2.7%Polyacrylamide slabgels
(15 x 11 x 0.2 cm) at 160 V as described by PEACOCK and DINGMAN

(1968).Gelsweredried on Whatman 3MM paper and exposed to Kodak Royal
X-Omat film for autoradiography.

7.3 RESULTS

7.3.1. Identification of CPMV coat proteins
When the solubilized proteins of purified CPMV were compared by SDSpolyacrylamide gel electrophoresis with the viral-related proteins of CPMVinfected protoplasts, the largecapsid protein comigrated with the 37,000-dalton
polypeptide. The small capsid protein was found to vary considerably in size
dependingontheparticular virusisolate;itsometimesmigrated withthe24,000or 23,000-MW polypeptide but was often apparently smaller (data not shown).
"2
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FIG. 7.1. Identification ofCPMVcoatproteins.
. - , , , A.CPMV-infected protoplasts werelabeled with "S-methioninefrom 21to 26hafter inoculation. Theywere then harvested, homogenized and the homogenatewasrun on a sucrosedens.ty
gradient. Samplesweretaken forelectrophoreticanalysisofthelabeledproteins:
- track a:samplefrom thehomogenatebefore centrifugation
- track b: samplefrom thetoplayer ofthegradient after centrifugation
- trackc: samplefrom afraction ofthegradientcontainingCPMVmiddlecomponent
B. Electrophoretic analysis of samplesofa30,000 xg supernatant fract.on of CPMV-mfected
protoplasts labeled with ^S-methionine from 25to 32h after moculation, before and after immunoprecipitation withanti-CPMV serum:
- trackd: samplefrom theimmunoprecipitate
Qntic„llm
- track e: samplefrom the 30,000 xgsupernatantfraction before addition oftheantiserum
- track f• samolefrom the 30000 xgsupernatantfraction after immunoprecipitation
- trackg: :amp!:îomac 0 mparable!o,000 x, supernatantfractionfromuninfectedprotop.asts
after immunoprecipitation.
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If a 30,000 xg supernatant fraction of CPMV-infected protoplasts waslayered on a sucrose density gradient and centrifuged, the 37,000-, 24,000- and
23,000-dalton proteins (fig. 7.1A) were recovered from the regions of the gradient containing thecentrifugal components of CPMV as shown by centrifugationofpurified virusonaparallelgradient.Oftheotherviral-relatedproteins,the
170,000-and30,000-MWproteinsinoneexperimentwereshowntoremain atthe
top of the gradient; the others were not resolved.
The same three polypeptides disappeared from the electrophoretic pattern
after immunoprecipitation ofcapsid protein with anti-CPMV serum (fig. 7.IB).
The immunoprecipitate showed only the 37,000-, 24,000- and 23,000-dalton
polypeptides upon electrophoresis in SDS-gels and none of the other viralrelated proteins of the 30,000 xg supernatant.
Similar results were obtained when extracts of the particulate fractions of
CPMV-infected protoplasts prepared by treatment with a buffer containing
digitonin (chapter 6)wereanalyzed. Obviously, thepolypeptides with molecular
weights 37,000, 24,000 and 23,000 were present in CPMV particles, since no
proteins of similar size were detectable after removal of virions by ultracentrifugation or immunoprecipitation. No other viral-related protein seems to have
serological relationships with thecoat proteins, astheyall remain soluble under
conditions in which the coat proteins areimmunoprecipitated with anti-CPMV
serum.
7.3.2. Comparison of viral-relatedproteins with in vitro translation products of
CPMV RNAs
In fig. 7.2 the CPMV-related proteins detectable in 30,000 xg supernatant
fractions of infected protoplasts are compared by SDS-polyacrylamide gel
electrophoresis with thepolypeptides synthesized under the direction of CPMV
RNAs in two in vitro protein synthesizing systems. The 170,000- and 30,000daltonproteinsinducedupon infection invivomigratewith thesamemobility as
the polypeptides translated from B-RNA in a nuclease-treated lysate of rabbit
reticulocytes. The products obtained with B-RNA in a wheat germ extract did
not migrate tothe same positions. M-RNA inboth invitro systemsis translated
into two polypeptides of molecular weights ofabout 105,000 and 95,000. These
do not correspond to any of the viral-related proteins produced in CPMVinfected protoplasts. Although fig. 7.2 suggests that the mobility of the larger
M-RNAproductfromtherabbitreticulocytelysateisidenticaltotheinvivo110,000
dalton protein, further examination byelectrophoresis in other gelsproved this
not to be the case. No mature coat proteins were detectable among the
polypeptides synthesized in any of the invitrotranslation systems. Treatment of
the invitroproducts with anti-CPMV serum confirmed this finding :no specific
polypeptides wereprecipitated. It would appear that the proteins with molecular
weights 170,000,105,000, 95,000 and 30,000which are synthesized invitrodo not
bear antigenic determinants of the coat proteins.
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FIG. 7.2. Comparison of viral-related proteins from CPMV-infected protoplasts with invitro
translation productsofCPMVRNAs.
Proteinspresentin30,000 xgsupernatantfractionsfromCPMV-infected (I)anduninfected (H)
protoplastslabeledwith35S-methionineduringa25-32h intervalafter inoculationwerecompared
byPolyacrylamide gel electrophoresiswiththein vitrotranslationproductsobtained withamixture
ofCPMVM-and B-RNAinthemessenger-dependentlysate(M.D.L.)ofrabbitreticulicytes (left)
andwiththeseparate RNAsinthewheatgerm(W.G.)system(right).
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7.3.3. Protein synthesis incowpeaprotoplasts inoculated with separate
components ofCPMV
Bottom and middle components of CPMV were purified by zonal sucrose
density gradient centrifugation and thepurity of thecomponents waschecked by
local lesion assay on Pinto half leaves (table 7.1). After two cycles of centrifugation, the middle component had only very little residual infectivity. Similar
preparations of bottom component were also only slightly infectious. Infectivity
was fully restored by mixing the separate middle and bottom components of the
virus. The residual infectivity of both component preparations could not be
significantly reducedbyfurther recentrifugation insucrosedensitygradientswhile
equilibrium density gradient centrifugation in cesium chloride resulted in unacceptable loss of biological activity of the preparations. Problems in obtaining
bottom component free of infectivity have also been reported by others (VAN
KAMMEN, 1968; D E JAGER, 1978).
When cowpea protoplasts were inoculated with separate CPMV components,
almost no infectivity was produced as determined by local lesion assay of protoplast homogenates. Control levels of infectivity were obtained upon inoculation ofprotoplasts with themixture ofthetwo components.
Thelowyieldofvirusproduced withtheseparatecomponent preparations was
alsoevidentfrom immunoprecipitation experimentswithCPMV antiserum (table
7.1): the radioactivity precipitable from the homogenates of 35S-methioninelabeledprotoplastsinoculated withmiddleorbottom component hardly exceeded
the background.
Protein synthesisinprotoplasts inoculated with separate CPMV nucleoprotein
components was studied as before, except that after radioactive labeling and
homogenization protoplasts were fractionated by centrifugation only into a
TABLE7.1. Assayofpurity of CPMVnucleoproteincomponents.
]Local lesion assay a

Inoculum

M
B
M+ B
buffer
a

b

directly

protoplast homogenate

0.1
3.8
100

0.2
1.3
100

-

-

immunoprecipitable
radioactivi
iy v°PmJ
1512
2044
56700
1400

(2.7)
(3.6)
(100)
(2.5)

Preparationsof M-and B-coraponent ofCPMVwereassayedfor infectivity directly on 6Pinto
half leaves either separately or in combination. Alternatively, samples of protoplasts were inoculatedwiththeseparatecomponents(7ug/ml)orwithamixtureofthetwo(both7ug/ml)and
infectivity generatedduringa24hincubationwasdeterminedbylocallesionassayofprotoplast
homogenates.Theresultsareexpressed aspercentagesof local lesions relative to the inoculum
containingbothcomponents.
Similarsamplesofprotoplastswereincubated andlabeledwith35S-methionine(30uCi/ml)from
15to25hafterinoculation.Radioactivityimmunoprecipitablewithanti-CPMVserumfrom 15 ul
aliquotsof30,000 xgsupernatantfractionspreparedfromtheprotoplastswasmeasured.Figures
inparenthesesrepresentthepercentagesof35S-methionineintheimmunoprecipitates calculated
withreference tothesamplefrom protoplastsinoculated withthemixtureofbothcomponents.
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FIG. 7.3. Analysis of protein synthesis in protoplasts inoculated with separate nucleoproteins of
CPMV.
Samples of protoplasts inoculated with M-component (7 ug/ml), B-component (7 ug/ml), a
mixture of M- and B-component (7 + 7ug/ml) or buffer onlywereincubated and labeled with 3 5 Smethionine (30 uCi/ml)either from 15-20h or from 15-25h after inoculation. Homogenates of the
protoplasts were divided by centrifugation into a 30,000 xg pellet and a 30,000 xg supernatant
fraction. The left part of the figure shows an autoradiogram of the electrophoretic analysis of
supernatant fractions. Theautoradiogram ontheright showstheelectrophoreticpatterns of extracts
from 30,000 xg pellet fractions of protoplasts prepared by extraction of the pellets with detergent
buffer.

30,000 xg pellet and a 30,000 xg supernatant. Gelelectrophoretic analysesof
fractions thus obtained are shown in fig. 7.3. No viral-related proteins were
detectedinprotoplastsuponinoculationwithmiddlecomponentalone,theelectrophoreticpatternsbeingidenticalwiththoseofuninfectedcontrols.Incontrast,
inoculationwithbottom component gaverisetothesynthesisofallviral-related
proteinsthatwereproduceduponinfection usingamixtureofbothcomponents,
except for the proteins with molecular weights of 37,000, 24,000 and 23,000
previously identified astheviralcoat proteins.Asfar ascan bejudged from the
autoradiograms,theproteinsof170,112,110,84and30kilodaltonappearedtobe
synthesized in quantities comparable to control protoplasts infected with both
components.The130,87and68kilodaltonpolypeptideswerenotresolvedinthese
experiments.
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7.3.4. Thestability of the CPMV-relatedproteins
In order to examine thepossible occurrence ofprecursor-product relations
between the different viral-related proteins, pulse-chase type experiments were
performed. To obtain sufficient incorporation ofradioactivity into the relevant
proteins, labeling periods of4-6 hwere required sincethe uptake of amino acids
by cowpea protoplasts appeared tobe too slow toallow shorter pulses. For the
samereason,incubation for severalhoursinthepresenceofunlabeled methionine
was necessary to getachase effect. The autoradiogram offig.7.4 illustrates the
results of such an experiment in which protoplasts werelabeled for 6hwith 3 5 Smefhionine which wasthen chased byfurther incubation oftheprotoplasts for 19
h inamedium without radioactivity but containing 10times as much unlabeled
methionine. Protoplasts harvested directly after the labeling period and after the
chase were fractionated andequal amounts ofTCA-precipitable radioactivity
wereanalyzed byPolyacrylamide slabgel electrophoresis. Almost all viral-related
proteinswereverystable:noappreciableturnoveroccurringduringthelongchase
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FIG. 7.4. Pulse-chase experiments with CPMV-infected protoplasts.
Protoplasts were incubated inthe presence of35 S-methionine (30 uCi/ml) from 19-25 h after
inoculation with CPMV. Theincubation medium was then removed, protoplasts werewashed once
with 0.6 M mannitol containing 10mM CaCl 2 and 1 mM MgS0 4 , and further incubated for 19hin
incubation mediumcontainingunlabeled methionine(0.5mM).Samples ofhealthy(H) and CPMVinfected (I)protoplasts harvested immediately after thepulse andafter thechase period were
fractionated and analyzed by Polyacrylamide gel electrophoresis.
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period wasobserved.Thiswasalsothecasewiththe68,000-daltonprotein present
inthepelletresiduefractions (notshown).Anexceptionwasthepolypeptidewitha
molecular weight of about 87,000 daltons detectable in the soluble fraction, the
intensity of which was much weaker after the chase. Since the corresponding
protein in the sample of uninfected protoplasts showed the same behaviour, this
87,000-dalton protein isprobably host-coded. Another exception was the polypeptide migrating with an apparent molecular weight of24,000known to representthesmallviralcoatprotein, but thedecreaseintheintensity ofthisband was
notalwaysdiscernableduetothepresenceofhostproteinsmigratingwith similar
electrophoretic mobilities. Since previous experiments had indicated that this
protein does not occur free in the cytoplasm of the protoplasts, but ispresent in
viral particles, its fate was studied by analysis of these particles. Again, 3 5 Smethionine labeling and chase experiments were carried out as before and the
CPMV components wereisolated from sucrosedensity gradients run with homogenates of infected protoplasts. They were subsequently disrupted in SDS and
analyzed byelectrophoresis ina 10%Polyacrylamide slabgel.When virion polypeptideswerestudiedafter protoplastshadbeenlabeledfor5hours,thesmallcoat
protein appeared to be present mainly as a polypeptide with an estimated molecular weight of 23,600 as shown for middle component in fig. 7.5. This was
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FIG. 7.5. Conversion of the smaller CPMV coat protein.
CPMV-infected protoplasts were labeled with 35 S-methionine from 21-26 h after inoculation.
The radioactive medium was then removed, protoplasts were washed once with 0.6 M mannitol
containing 10mM CaCl 2 and 1 mM MgS0 4 , and further incubated in incubation medium containing unlabeled methionine (10 mM). To one sample cycloheximide (c.h.) (1 ug/ml) was added.
Samples oftheprotoplasts weretaken immediately after thelabelingperiod and after an 18hor 66h
chaseperiod.Protoplastswerehomogenized and run on sucrosedensity gradientsas described. The
proteins present in the fractions containing the viral components were analyzed by Polyacrylamide
gel electrophoresis in a 10% gel as is shown for CPMV M component.
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observed irrespective ofthetimeafter inoculation at which thelabelingwas done.
Usually a faint band at a position of about 22,800 dalton was also visible,
especiallyafter longerexposureoftheprotoplasts totheradioactivity. When after
thelabeling,theprotoplastincubationwascontinuedinthepresenceofunlabeled
methionine, the intensity of the 23,600-dalton polypeptide decreased, and the
22,800-dalton band often became more pronounced. If chasing was continued
longenough,anewprotein speciesofabout 19,400daltonclearlyappeared. This
wasfound to occur similarly with allthree centrifugal CPMV components. The
processingofthe23,600-MWproteinintothesmallerspecieswasinhibited when
after thelabelingperiodproteinsynthesiswasshutoff bymeansofcycloheximide
(fig. 7.5).A protein band of variable intensity was often visible in the gelin the
region between thelargeandsmallcoat proteins.Itspresence did not depend on
themethod ofpreparationoftheviralcomponentssinceitwasalsoobserved when
virus was isolated by immunoprecipitation. The nature of this protein which
migrated distinct from the 30,000-MW viral-related polypeptide detectable in the
supernatant fraction of CPMV-infected protoplasts isunclear, but it might be a
degradation product of the large viral coat protein.
InCPMVpreparationsisolatedfrom virus-infected cowpealeaves,thesameset
of coat protein species could be detected. In addition, two more proteins were
stainedingelsrunwithviruspreparations that had been isolated latein infection,
especially when plants were grown at higher temperatures, e.g. 30°C. The molecular weights of these proteins were estimated to be 18,000 and 16,500.
The above experiments indicate that the 170, 130, 112, 110, 84, 37 and 30
kilodaltonviral-relatedproteinsarestableproducts,thatthe87,000dalton protein
isanunstablehost-specific speciesandthatthesmallviralcoatproteinundergoesa
number of distinct cleavages occurring sequentially after assembly into the viral
particles.
7.3.5.Attemps to demonstrateprecursor polypeptides
The above type of experiment did not inherently allow the detection of shortliving precursor polypeptides. To further investigate the possible occurrence of
such protein speciesthe effects of several compounds, known in other systems to
interfere withproteolyticcleavage,werestudied.Theywereselectedand applied at
concentrations so as to significantly inhibit CPMV multiplication at any time of
the infection cycle without affecting the integrity of the protoplasts. They were
added 24 h after inoculation, i.e. one hour before the 7h labeling period of the
protoplasts with 35S-methioninewas started. The Polyacrylamide gelelectrophoreticanalysis oftheproteins synthesized during thisperiod isshown infig.7.6 for
the30,000 xgsupernatant fractions, andsimilarconclusionscouldbedrawn from
the analyses of the others.
Treatment ofprotoplasts with theamino acid analog p-fluorophenylalanine (1
mM)markedlychanged thepattern ofproteins synthesized whencompared with
control samples, but the resulting patterns of CPMV-infected and uninfected
protoplasts were indistinguishable: neither the known viral-related proteins nor
any possible virus-specific precursor proteins appeared. The almost complete
'0
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FIG. 7.6. Theeffect of p-fluorophenylalanine, TLCK and TPCK on the synthesisofviral-related
proteinsinCPMV-infected protoplasts.
Samples of healthy (H) and CPMV-infected (I) protoplasts were prepared and incubated in
parallel.Aftera24hincubationperiodp-fluorophenylalanine(PFP),TLCKorTPCKwasappliedto
different samplestoaconcentrationof1mM(PFPandTLCK)or50uM(TPCK).Onehourlater35 Smethionine(20uCi/ml)wasaddedandincubationcontinuedfor7h.Protoplastswerethenharvested
and processed for Polyacrylamidegelelectrophoreticanalysisofthelabeledproteins.
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reductioninvirusyieldcausedbytheanalogmightwellbelinkedupwithitseffect
on protein synthesis,sincethe incorporation of 35S-methioninewaslowered by
about 80%. Similar results were obtained with the protease inhibitor TPCK
(50uM). In contrast, TLCK (1 mM) hardly affected protein synthesis in the
protoplasts.Inthepresenceofthisproteaseinhibitor,almostallviralpolypeptides
normallyappearedexceptforthespecieswithmolecularweightsof130,000,which
wasabsent,and84,000,whichwasconsiderablyinhibited.Thesespecific effects
whichwerenot accompanied bythe simultaneousaccumulation ofany possible
precursor(s)for theseproteinspresumablyplayaroleintheapproximately 75%
decreaseinCPMVproductioncausedbythisdrug.TLCKexpresseditsproteasedirectedpropertyasshownbytheobservationthattheprocessingofthesmallviral
coatproteinwasaffected bythedrug:whereasmostofthisproteinwaspresentat

total
RNA polyCATpoly(A)"
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B-RNA
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FIG. 7.7. Analysis of virus-specific RNA synthesis in CPMV-infected protoplasts.
Samples of healthy (H) and CPMV-infected (I) protoplasts were incubated in the presence of
32
P 0 4 (80 uCi/ml) from 22-25 h after inoculation. One hour before addition of the label the
protoplastsweretransferred toanincubationmediumlackingphosphate.Protoplastswereharvested,
RNA wasisolated and fractionated into a poly(A)-containing and a poly(A)-deficient fraction by
oligo(dT)-cellulose chromatography. Samples were taken before and after fractionation and
analyzed byPolyacrylamide slabgel electrophoresis.
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23,000-dalton sizeintheinfectedcontrolsample,thequantityofits 24,000-dalton
precursor was clearly increased by TLCK treatment. No significant effect on
protein synthesiswasobserveduponincubation ofCPMV-infected protoplasts in
the presence of 2-deoxy-D-glucose, an inhibitor of animal virus glycoprotein
processing (data not shown).Allviral-related proteinsweresynthesized including
the 130and 84kilodaltonpolypeptidesthough theyieldofCPMVwasreduced by
about 80%.
7.3.6. Polyacrylamide gel electrophoreticanalysisof CPMV-specific RNA
synthesis
In order to investigate thepossible occurrence of subgenomic viral messengers
such as have been found with some animal and plant RNA viruses, protoplasts
werelabeledwith 3 2 P 0 4 atdifferent timeintervalsintheinfection cycle.RNA was
isolated and analyzed by electrophoresis in 2.7% Polyacrylamide slabgels. An
exampleisgiveninfig.7.7.Upon labelingfrom 22-25hafter inoculation,the two
full-length CPMV RNAs clearly appeared. No other differences were found
between the electrophoretic patterns of healthy and CPMV-infected samples.
Fractionation oftheRNA byoligo(dT)-cellulosechromatography intoapoly(A)containing and a poly(A)-deficient fraction led to the same conclusion.

7.4. DISCUSSION

For someofthe 11viral-related proteinswhicharefound incowpea protoplasts
afterinfectionwithCPMVithasbeenpossibletodeterminewhethertheyareviralcoded or host-coded proteins; for others circumstantial evidence was
obtained.
The 37,000-, 24,000- and 23,000-dalton polypeptides were identified as viral
coat proteins byimmunoprecipitation with anti-CPMV serumand by comparing
theirmobilitiesonPolyacrylamidegelswiththoseofthecapsidproteinsof purified
CPMV. The viral coat proteins occurred in the homogenates of CPMV-infected
protoplasts onlyinthecapsids ofvirusparticles.Ifthehomogenate was subjected
to sucrose density gradient centrifugation, the coat proteins were completely
removed from thehomogenate and sedimented attherateofCPMV particles. No
other stable forms of the coat proteins were detected in CPMV-infected protoplasts.Besidesthecoatproteins,none oftheotherproteinswereprecipitated by
anti-CPMV serum,
The 170,000- and 30,000-MW polypeptides appeared to be v;rus-specific proteins encoded by CPMV B-RNA. They migrated with the same mobility as the
polypeptides which are synthesized in a messenger-dependent rabbit reticulocyte
lysate under the direction of B-RNA. They are also synthesized in cowpea protoplasts inoculated with purified bottom component. Wehave previously shown
that the 170,000-and 30,000-dalton polypeptides appear in CPMV-infected protoplastsearlyintheinfection period,before anyoftheotherviral-related proteins
was detectable (chapter 6). This suggests that the 170,000- and 30,000-dalton
Meded. Landbouwhogeschool Wageningen 80-3(1980)
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proteins provide early functions in thevirus infection and multiplication process.
An early function of B-RNA products is also suggested by the observation that
inoculation of protoplasts with purified bottom component results in the production of a number of viral-related proteins, whereas inoculation with middle
component does not reveal any newly induced proteins. Apparently bottom
component specifies theviral (part ofthe)replicase and can function more or less
independently, while middle component to function requires the presence of
bottom component.
Inoculation ofcowpeaprotoplasts with separatebottom component produced;
in addition to the 170,000-and 30,000-dalton polypeptides, the 112, 110 and 84
kilodalton speciesbut not theviralcoat proteins.Thisnegative evidence suggests
thattheviralcoatproteinsareencodedonM-RNA. Thepresenceofthesequences
coding for (oneof) thecapsid proteins in M-RNA was also implicated by genetic
work with CPMV (WOOD, 1972; GOPO and FRIST, 1977; THONGMEEARKOM and
GOODMAN, 1978)and othermembers ofthecomovirusgroup (MOORE and SCOTT,
1971;KASSANISet al, 1973).
The finding that more proteins were induced in protoplasts after inoculation
withCPMV aswellaswith separate bottom component than can theoretically be
specified by the infecting genome, stimulated the search for precursor-product
relations.ProcessinghasrecentlybeenshowninvitrobyPELHAM(1979)who found
that the products translated from CPMV M-RNA in a nuclease-treated rabbit
reticulocyte lysate were specifically cleaved by B-RNA in vitro translation products. Accumulation of precursor polyproteins was not observed when CPMVinfected cowpeaprotoplastswereincubated inthepresenceofamino acid analogs
orprotease inhibitors that wereselected for their abilityto block CPMV multiplication. Similarly, no precursor-product relations could be demonstrated by the
type of pulse-chase experiments performed except for the different forms of the
smallviralcoatprotein.ThisCPMV protein, onceassembled intoviral particles,
appeared tobesubject toseveral successiveproteolyticcleavages,aprocess which
might relate to the occurrence of electrophoretic heterogeneity of the CPMV
particles (SEMANCIK, 1966 ;NIBLETT and SEMANCIK, 1969 ; GEELEN et al, 1972 and

1973).With oneexception all other viral-related proteins were found to be stable
end-products. Only the 87,000-MW polypeptide appeared to beturned over, and
since the corresponding protein present in uninfected protoplasts was similarly
affected thispolypeptide probably ishost-coded. Thenature ofthese experiments
does not allow firm conclusions as to the possible involment of proteins with
molecular weight of 130,000, 112,000, 110,000, 84,000 and 68,000 in precursorproduct relations, since fast processing events for instance may have escaped
detection. Of these proteins the 110,000- and 84,000-dalton species have previously been shown to be virus-coded on the basis of their appearance under
conditions ofactinomycin D inhibition of CPMV multiplication (chapter 5).The
genetic origin of the 130-, 112- and 68-kilodalton polypeptides thus remains
obscure.
Another mechanism for the expression of the viral genome that has been
observed with many plant viruses involves the generation of virus-specific sub'4
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genomic messengers during the infection process. CPMV-infected protoplasts
weretherefore labeledwith 3 2 P 0 4 andRNA wasanalyzedbyPolyacrylamidegel
electrophoresis. Besides the genome-size RNAs, no other virus-specific RNAs
were detected. This result is in agreement with those of STUIK (1979), who also
couldnotfindevidencefortheexistenceofmessengerssmallerthangenomesizeby
sucrose density gradient fractionation of RNA from CPMV-infected cowpea
leavesand subsequent invitrotranslation ofthe RNAs from thesefractions. This
seemsto beunique sincesubgenomicmessengersspecifying theviralcoat proteins
have been demonstrated for almost allplant RNA viruses studied,including monocomponent viruses such asTMV (SIEGELetal, 1973and 1976; HUNTER et al,
1976)andTYMV (KLEINetal, 1976;PLEYetal, 1976; RICARDetal, 1977)aswell
as multicomponent viruses like the three-component group (see VAN VLOTENDOTING and JASPARS, 1977).
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8. CONCLUSIONS

The study reported in this thesis clearly demonstrates the value of plant
protoplastsfor theinvestigation ofthemultiplication ofplantviruses. Infection
ofcowpeamesophyllprotoplastswithCPMVwasfound toinduceor stimulate
the synthesis of 11proteins apparently involved in viral multiplication. They
wereestimatedtobe170,130,112,110,87, 84,68,37,30,24and23kilodaltons.
By fractionation of protoplast homogenates it was shown that some of the
proteinswerepresentinallsubcellularfractions (e.g. 170and37kilodaltons)but
thatotherswereconfined tosomeparticular fraction(s) (e.g. 130and30kilodaltonsonlyinthe30,000 xgsupernatant fraction;112and68kilodaltonsonlyin
particulate fractions). Except for theviralcoat proteins (37,24and 23kilodaltons)allviral-relatedproteinsthatwerefoundafter normalCPMVinfectionalso
seemed to be synthesized when protoplasts were infected with bottom componentalone.Protoplastsinoculated withmiddlecomponent didnot showany
changeinprotein synthesisandnovirus-specific polypeptideswereobserved.It
shouldbepointedoutthatitishardtoimaginesuchresultsbeingobtainedusing
wholeleaves.
We have found some evidence about the distribution of functions among
bottomandmiddlecomponentforCPMVmultiplication.Theappearanceofthe
nonstructuralviral-relatedproteinsafter inoculationwithseparatebottomcomponent suggests that this component is able to independently replicate RNA.
Middlecomponent seemsto berequired to produce progeny viruswhich lends
supporttotheviewthattheCPMVcapsidproteinsareencodedbyM-RNA,and
that replication of this RNA depends on the expression of B-RNA. The presumptivetranslation products ofB-RNA, namely the 170,000-and 30,000-MW
proteins, are the first viral-related proteins detectable in CPMV-infected protoplasts. Altogether these observations suggest that bottom component is involved in specifying early viral functions while middle component becomes
essential onlylatein infection.
Our results on the multiplication of CPMV in protoplasts confirm earlier
findingsthatCPMVmultiplicationisdependentonhostDNAtranscription.By
using actinomycin D it wasdemonstrated that host RNA synthesis isa prerequisitefor theinfection processto start. Theearlyinhibitory effect ofthisdrug
wasshown to act onviral RNA replication and not onviralprotein synthesis.
BycomparisonwiththeproductsofCPMVRNA in vitrotranslation,the170
and 30kilodalton proteins synthesized in CPMV-infected protoplasts wereassignedtoB-RNA.Therefore,almostthecompletecodingcapacityofthisRNAis
accounted for. Assuming both viral capsid proteins to be specified by MRNA,abouthalfoftheinformationinthisRNAremainsobscure.Comparisonof
protein synthesisprofiles from CPMV-infected protoplastswiththosefrom MRNA directed invitro translation was of no help here: neither the 105and 95
kilodalton polypeptides synthesized in different cell-free systems nor their in
'6
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vitro cleavage products (PELHAM, 1979) were recognized among the proteins
derived from protoplasts.
N o firm conclusions canbe drawn asto themechanism by which the C P M V
R N A s are translated. Neither precursor polypeptides nor virus-specific subgenomic messengers were identified inCPMV-infected protoplasts butthe evidence is still t o o incomplete to postulate expression of the R N A s by means of
multiple internal initiations. Theoccurrence ofsuch a mechanism in eukaryotic
cellshasonly been demonstrated fortheanimal Kunjin virus (WESTAWAY, 1977)
while two or three initiation sites operative in protein synthesizing systems in
vitro were observed on T R V R N A 2 (FRITSCH et al., 1977), C a r M V R N A ( S A LOMON et al., 1978), C P M V M - R N A (PELHAM, 1979) and poliovirus R N A
(CELMA a n d EHRENFELD, 1975; JENSE et al., 1978). The significance of these

findings for the in vivo situations isstill questionable. To obtain further insight
into these processes a homologous in vitro system from cowpea protoplasts e.g.
by mild detergent treatment should beprepared. Such a system which could be
prepared from healthy as well as from CPMV-infected protoplasts in different
stages of infection would probably provide a more practical and reliable tool.
Infection with C P M V induces the formation of characteristic membranous
structures inthecytoplasm of infected cells (ASSINK etal., 1973;D EZOETEN et al.,
1974; HiBi et al., 1975;HUBER et al., 1977). Viral R N A replication has been
shown to occur in these structures (ASSINK, 1974; D E ZOETEN et al., 1974; ZABEL

et al., 1974 a n d 1976). Theonly viral-related proteins possibly involved in their
formation are the 112,000- and 68,000-MW proteins as these were specifically
confined to the pellet fraction of infected protoplasts. It may be assumed,
however, that the cytopathic structures are composed of many more constituents. In view of their probable relevance to C P M V multiplication further
examination of the membranous fractions ofinfected protoplasts isdesirable for
instance by further purification using discontinuous sucrose density gradients
according to D EZOETEN et al. (1974).
Besidesthetwocoat proteins C P M V virionscontain athird structural protein.
Results have demonstrated thepresence ofa protein covalently bound tothe 5termini of b o t h M and B R N A components of C P M V (STANLEY etal., 1978;
DAUBERT et al., 1978). Such proteins were not detected in CPMV-infected
protoplasts. T h e significance of the virion RNA-bound proteins of C P M V is
unknown. They arenotinvolved in some early step invirus multiplication since
removal of the protein from the R N A does not affect its infectivity nor does it
alter its in vitro translation behaviour (STANLEY et al. 1978) Bytheir extremely
lipophylic nature theproteins arelikely tobeassociated with membranes within
the cell a n d as such they might function to attach the R N A . It is therefore
tempting to speculate that the role of the cytopathic structures is not limited to
viral R N A replication alone, but that they provide the m a t ™ oil.winch.the
coordinate synthesis and assembly ofall virion components occurs. In this view
the R N A plus-strands synthesized in the membrane-bound replication structures become anchored tothemembranes at thestart of or
^
^
^
;
This arrangement might enable the efficient translation of the coat protein
77
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cistrons.Bytheirverylow solubility inwater thesecoat proteins during or at the
end of their synthesis are likely to dissolve in the membranes and assembly of
CPMV particles then occurs by the successive association of coat protein molecules. During its growth the capsid shell becomes increasingly water-soluble
and gradually emergesfrom themembrane. The RNA isthen incorporated into
the empty shell, the particle is closed and released into the cytoplasm. It seems
likely that the burial of the RNA is a late event in assembly in view of the
occurrence of empty particles:top component.
Although thispicture oftheCPMV production processisadmittedly tentative
thereareseveralobservations that areinagreement withit.For instance,no free
coat protein molecules were observed in the soluble fraction of CPMV-infected
protoplasts, which isnot surprising in view of their low solubility in water, and
no soluble precursors of these proteins were detected with anti-CPMV serum.
When the RNA of free polysomes from CPMV-infected cowpea leaves labeled
with 3 H-uridineor 3 2 P 0 4 wasanalyzedbyPolyacrylamidegelelectrophoresis no
full-length CPMV RNAs appeared to be present. Moreover, these polysomes,
though active in invitrotranslation, neither produced CPMV coat proteins nor
were other known CPMV-specific proteins clearly synthesized (unpublished
observations). Association of the 5'-terminal protein of the CPMV RNAs with
membranes might prevent it from being cleaved off from the RNA. An enzymatic activity removing the corresponding protein from poliovirus RNA has
beenfound not onlyinextractsofanimalcellsbutalsoinwheatgerm (AMBROSet
al., 1978). Similar cytological abnormalities as found in CPMV-infected cells
havealso been observed with plant nepoviruses (ROBERTS and HARRISON, 1970;
HARRISON et al., 1974) and with animal picornaviruses (DALES et al., 1965;
AMAKOand DALES, 1967; LENKand PENMAN, 1979).Thesearetheonlyviruses so
far found to bear a virion RNA-bound protein.
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SUMMARY

Incontrasttothesituationconcerningbacterialand,toalesserextent,animal
RNAviruses,littleisknownaboutthebiochemicalprocessesoccurringinplant
cellsduetoplantRNAvirusinfection. Suchprocessesaredifficult tostudyusing
intactplantsorleaves.Greateffort hasthereforebeenspentindevelopinginvitro
culturesofplantprotoplasts,buttheuseoftheseprotoplastshasbeenseriously
hampered byvarioustechnicalproblems.
It isclear that plant RNA virus infections give rise to a number of specific
reactionsininfectedcells,particularlyatthelevelofRNAandproteinsynthesis.
Themultiplicationofthesevirusesimpliesamanifold copyingoftheirstructural
components, namely RNA and protein. These activities clearly require the
involvement of other RNA and protein species in view of, for instance, the
drastic cytopathic effects that are often caused by infection. Thus, detailed
knowledge ofvirus-induced RNA and protein synthesisisaprerequisite for an
understanding oftheinfection process.
Inthisthesisinvestigations aredescribedconcerningtheproteinsinvolvedin
themultiplication ofcowpeamosaicvirus(CPMV)incowpea protoplasts.
Therelevant propertiesofCPMVaresummarized inchapter 2.Researchon
CPMVisinterestingnot onlyinthefieldofplantvirologyasthevirusisalsoof
generalvirologicalsignificance.Structurally,forexample,CPMVsharesanumber ofstrikingfeatures withtheanimalpicornaviruseslikepoliovirusand footand-mouthdiseasevirus.Fromamolecularbiologicalpointofviewthemultiplication of CPMV presents several intriguing specific questions. CPMV is a
multicomponent virus: its genome consists of two different single-stranded
RNAmoleculesoccurringinseparatenucleoproteinparticles,bothofwhichare
essential for infection. It would be of interest to learn which functions are
specified bythetwogenomepieces,whether theseparateviralcomponentscan
giveriseto somevirus-specific biochemical expression within thecelland how
theycomplementeachotherduringnormalinfection. Characteristiccytopathic
structures are induced in plant cells upon infection with CPMV in the form
of vesicular membranes embedded in amorphous electron-dense material. Itis
now well established that replication of the viral RNA is localized in these
structures. Information about their development and functioning is thus
required.
Chapter 2 also contains an introduction to the essential features of plant
protoplastsandanenumerationofthediversepossibilitiestheycanoffer forthe
investigationofspecificvirologicalproblems.Finally,thepresentstateofknowledge about the biochemistry of multiplication of plant viruses, as obtained
mainlythroughtheuseofprotoplasts,isreviewed.
Theisolation ofviableprotoplasts from theleafmesophyll tissueofcowpea
requiresthestringentcontrolofthegrowthconditionsoftheplants(chapter3).
Various factors appeared to influence the quality of the protoplasts and their
Meded. Landbouwhogeschool Wageningen 80-3(1980)
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infectability with CPMV. The combination of cowpea mesophyll protoplasts
and CPMV appeared to offer a very attractive system. Based on the original
study of HIBI et al. (1975) a procedure was developed for the preparation and
infection of the protoplasts, the most rapid and simple one so far described
(chapter 3).The major reasons for this are:
- ashortgrowth period (about 10daysunder theconditionsused)isrequired to
obtain suitable leaf material
- for an efficient enzymatic digestion of the leaves it issufficient to damage the
lowerepidermisbymeansofcarborundum powder andpaint-brush instead of
stripping off the epidermis with forceps
- enzymatic one-step isolation of protoplasts can be achieved by simultaneous
digestion with pectinase and cellulase
- inoculation of cowpea protoplasts with CPMV does not require the use of
polycations,making thepreincubations ofprotoplasts and virus superfluous.
Usingthisstandard procedure,synchronousinfection invirtuallyall protoplasts
could be routinely established.
Radioactive precursors of RNA and protein added to the cowpea protoplast
incubation medium were taken up and incorporated into macromolecules to
high specific activities (chapter 4). This light-dependent metabolic activity increased during the first 30 h after isolation of the protoplasts. It could be
influenced by several metabolic inhibitors. RNA synthesis, for instance, was
strongly inhibited by actinomycin D and cordycepin, whereas oc-amanitin and
rifampicin had only a slight effect. Protein synthesis in the protoplasts could be
blocked completely by means of cycloheximide, and was also sensitive to the
action ofantibioticssuchaschloramphenicol, puromycin and, toalesserdegree,
lincomycin. These inhibitor studies, as well as the results of analyses of RNAs
and proteins synthesized intheprotoplasts, indicated that themetabolic activity
of the chloroplasts is low and mainly limited to light-dependent energy
generation.
The multiplication of CPMV in cowpea mesophyll protoplasts relies upon
host-coded DNA-dependent RNA synthesis during the earliest stage of infection. As described in chapter 5, propagation of the virus was completely
prevented when protoplast DNA transcription and thereby almost all RNA
synthesis was inhibited by means of actinomycin D, provided that the drug was
applied at the time of inoculation or immediately thereafter. The degree of
inhibition of CPMV replication by actinomycin D rapidly decreased when the
antibiotic was added later after inoculation ; the production of viral nucleoprotein particles became progressively more resistant to the drug, showing completeresistance at about 8h after inoculation, a time at which infection was still
in its latent phase.
Surprisingly, synthesis of CPMV antigen was still demonstrable by immunofluorescent antibodystainingtechniquesinprotoplastsinwhichvirus replication
had been completely blocked by actinomycin D. Under these circumstances de
novo production of viral top component (empty capsids) was observed. In
addition to the CPMV capsid proteins, these experiments revealed another 3
°0
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viral-related polypeptides in infected protoplasts (molecular weights 170,000,
110,000 and 84,000). Since their synthesis also clearly continued during inhibition of host RNA synthesis by actinomycin D it was concluded that they
were coded for by theviral genome.
A more detailed analysis of the proteins involved in CPMV multiplication is
described in chapter 6. At least 11proteins not present in mock-infected protoplasts orpresentinmuchlower amounts weredetected ininfected protoplasts.
Their molecular weights were estimated to be 170,000, 130,000, 112,000,
110,000,87,000, 84,000,68,000,37,000,30,000,24,000and 23,000. Host-specific
protein synthesis appeared to be hardly affected by CPMV infection. Virusspecific proteins therefore had to be distinguished from a large variety of protoplastproteins.Thisappeared tobegreatlyfacilitated byradioactivelabeling of
the protoplasts for short periods during a suitable phase of the infection cycle
and by subcellular fractionation of the protoplasts. The treatment of the particulate fractions with the mild detergent digitonin yielded extracts in which
proteins could be detected by Polyacrylamide gel electrophoretic analysis that
otherwise remained hidden by a general high background ofradioactivity upon
direct analysis of the untreated particulate fractions.
Alloftheproteins apparently concerned inCPMV infection weremost clearly
observed late in infection. None of them wasdetectable during the actinomycin
D-sensitive latent period. The 170 and 30 kilodalton proteins were the first
detectable, namely from about 10 h after inoculation. All others became apparent about 6h later.
The induction of the characteristic cytopathic structures in CPMV-infected
cellssuggeststheinduction and/or stimulation of synthesis ofalargenumber of
proteins by the virus. Upon fractionation these proteins should appear in the
particulatefractions oftheprotoplasts.However, only2virus-induced polypeptides (112 and 68 kilodalton) were demonstrated exclusively in these fractions.
Other components of the cytopathic structures presumably remained in the
extracted pellet residues.
In chapter 8 further characterization of the viral-related proteins found in
CPMV-infected protoplasts is described. The 37,24and 23kilodalton proteins
were identified as viral capsid proteins by comparing their electrophoretic mobility inPolyacrylamide gelswith those of proteins from purified CPMV and by
immunoprecipitation with anti-CPMV serum. They occurred in the soluble
fraction ofprotoplasts onlyinviralparticles,notasfree proteins.The 170and 30
kilodalton polypeptides also appeared to be virus-specific and to be coded for
by CPMV bottom component RNA: they comigrated in Polyacrylamide slabgels with the main products of in vitrotranslation of this RNA in a messengerdependent lysateofrabbit reticulocytes.Thesepolypeptideswerealsoinduced in
protoplasts after inoculation with purified CPMV bottom component. Under
theseconditions someother viral-related proteinswerealso synthesized, but not
the viral capsid proteins. In contrast, inoculation with purified CPMV middle
component did not detectably affect protoplast protein synthesis.These experimentsstrongly suggestthat CPMVB-RNA specifies oneormoreearly functions
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one of which being the replicase function, while M-RNA specifies late functions,particularlytheviralcapsidproteins.
Sincethe total sizeof the viral-related proteins byfar exceeded the theoretical
coding potential of the CPMV genome, the occurrence of precursor-product
relationswasinvestigatedbymeansofpulse-chaseexperimentsandbyattemptingto accumulatepossibleprecursors byblocking their proteolytic processing.
Theresultsofthelattermethodwerenegative.Uponchasingthe 35S-mefhionine
label with unlabeled amino acid the 87,000dalton polypeptide appeared to be
unstable,aswasaproteinwiththesameelectrophoreticmobilitysynthesizedin
uninfected protoplasts. This protein thus probably represents a host-specific
protein the synthesisofwhich isstimulated byCPMV infection. Furthermore,
theseexperimentsrevealedthatseveraldiscreteoligopeptideswerecleaved from
the smaller CPMV coat protein after assembly into a virion. Although the
involvement ofprecursor-product relationscouldnot bedefinitely excluded on
the basis of the methods used, another possible mechanism of viral gene expressionwasalsoinvestigated,namelytheoccurrence ofsubgenomicviralmessengers. Upon analysis of 32P-labeled RNA from CPMV-infected protoplasts
byPolyacrylamide gelelectrophoresis, 2RNAs ofgenomelengthweretheonly
detectablevirus-specific polynucleotides.Theseresultssuggestamechanism for
the translation of the CPMV genome using internal initiation sites. Further
research is, however, required to unequivocally elucidate the strategy of the
viralgeneexpression.
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SAMENVATTING

In tegenstelling tot de situatie bij bacteriële en, in mindere mate, dierlijke
RNA-virussen isonzekennisoverdebiochemischeprocessen,diezich afspelen
in plantecellen als gevolg van infektie door plante-RNA-virussen nog erg beperkt. Een belangrijke reden hiervoor is, dat zulke processen moeilijk zijn te
bestuderen met behulp van intakte planten of bladeren. Weliswaar is daarom
hardgewerktaandeontwikkelingvaninvitroculturesvanprotoplasten,maarhet
gebruik ervan is tot nu toe beperkt gebleven alsgevolg van allerlei technische
problemen.
Hetstaatvast,datplante-RNA-virusinfekties aanleidinggeventoteenaantal
specifieke reakties in de geïnfekteerde cellen, in het bijzonder op het nivo van
RNA-eneiwitsynthese.Immers,devermenigvuldigingvandezevirussenimpliceert een veelvoudige kopiëring van hun strukturele komponenten RNA en
eiwit.Bovendienvereistdezeaktiviteitongetwijfeld debetrokkenheidvanandere RNA- en eiwitspecies gezien bijvoorbeeld deingrijpende cytopathologische
effekten, diedeinfektievaaktotgevolgheeft.Eengoedinzichtinhetinfektieprocesvooronderstelt derhalveeengedetailleerde kennisvandevirusgeïnduceerde
RNA-eneiwitsynthese.
In dit proefschrift wordt een onderzoek beschreven naar de eiwitten, welke
een rol spelen bij devermenigvuldiging van cowpea mozaïekvirus (CPMV) in
cowpea protoplasten.
Debelangrijkste eigenschappen van CPMVzijn samengevat inhoofdstuk 2.
Studieaan CPMVisniet alleenvan plantevirologisch belang,ook uit eenalgemeenvirologisch oogpunt ishetvirusinteressant.Zoheeft hetvirus struktureel
een aantal opvallende kenmerken gemeen met de dierlijke picornavirussen als
poliovirusenmond-en-klauwzeervirus.Ookmolekulair-biologischbiedtdevermenigvuldigingvanCPMVenkeleintrigerendespecifieke vragen.CPMViseen
multikomponentvirus:het genoom bestaat uit tweeverschillende enkelstrengs
RNA-moleculen,dieinafzonderlijke nucleoproteïnedeeltjes voorkomen endie
beiden essentieel zijn voor infektie. Het isinteressant te weten, welke funkties
gespecificeerd worden door detweegenoomdelen, ofdeafzonderlijke komponenten in de cel nog tot enige virus-specifieke biochemische expressie in staat
zijn,enhoezijelkaartijdenseennormaleinfektieaanvullen.Tijdenseeninfektie
met CPMV ontstaan in de cel karakteristieke cytopathologische strukturen,
woekeringenvanmembraneninhetcytoplasma.Hetstaatvast,datdereplicatie
van het virale RNA is gelokaliseerd in deze strukturen. Informatie over hun
ontstaan enfunktioneren isdusvereist.
Hoofdstuk 2bevat verder een inleiding in deessentiële kenmerken van protoplasteneneenuiteenzettingoverdediversemogelijkheden,diezijbiedenvoorde
bestuderingvanspecifiekevirologischeproblemen.Tenslottewordtmiddelseen
litteratuur-revieweenoverzichtgegevenvandehuidigekennisover.debiochemie
van vermenigvuldiging van plantevirussen zoalsdievoornamelijk dank zij het
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gebruik van protoplasten isverworven.
Het isoleren vanlevensvatbare protoplasten uit het bladmesophyllvancowpea steltzeer hogeeisen aan dekweekomstandigheden van deplanten (hoofdstuk 3). Allerlei faktoren bleken van invloed te zijn op de kwaliteit van de
protoplasten en op hun infekteerbaarheid met CPMV. De kombinatie van
cowpea bladmesophyll protoplasten en CPMV bleek een bijzonder aantrekkelijk systeemopteleveren.Gebaseerdopdeoorspronkelijke studievanHIBIet
al.(1975)werdeenprocedure ontwikkeld voor debereiding en infektie van de
protoplasten,welkedesnelsteeneenvoudigsteisdietotnutoewerdbeschreven
(hoofdstuk 3).Debelangrijkste redenen hiervoor zijn:
- deplantenleverenalnaeenkortegroeiperiode(ca.10dagenonderdegebruikteomstandigheden) geschikt bladmateriaal
- voor een efficiënte enzymatische afbraak van het blad is het voldoende de
onderepidermistebeschadigenmbv.carborundumpoeder enpenceelipv.het
temoetenafstrippen vandezeepidermismeteenpincet
- enzymatischeéénstaps-isolatie vanprotoplasten ismogelijk door gelijktijdige
behandeling metpectinaseencellulase
- voorinoculatievancowpeaprotoplasten met CPMVzijn geen polykationen
vereist, hetgeen preïncubatiesvan protoplasten envirus overbodig maakt.
Metdezestandaardprocedure konroutinematigeensynchroneinfektie in bijna
alleprotoplasten tot stand worden gebracht.
Radioaktieve bouwstenen van RNA eneiwit,toegevoegd aan het incubatiemediumvancowpeaprotoplasten,wordendoordeprotoplastenopgenomenen
tothogespecifiekeradioaktiviteitingebouwdindebetreffende makromolekulen
(hoofdstuk 4).Deze licht-afhankelijke metabolische aktiviteit bleef gedurende
de eerste 30 uren na isolatie van de protoplasten toenemen. Zij kon worden
beïnvloed door allerlei metabole remmers.Zo kon de synthese van RNA sterk
worden geremd door actinomycine D en cordycepine, waar oe-amanitine en
rifampicineslechtseengeringeffekt hadden.Deeiwitsyntheseindeprotoplasten
kondmv.cycloheximidevolledigwordenonderdrukt,maarwaseveneensgevoeligvoorantibioticaalschloramphenicol,puromycineen,inminderemate,lincomycine. Deze studies, alsook de analyses van door de protoplasten
gesynthetiseerde RNAseneiwitten,toondenaan,datdemetaboleaktiviteitvan
dechloroplasten geringisenzichvoornamelijk beperkt tot het vastleggen van
licht-energie.
De vermenigvuldiging van CPMV in cowpea protoplasten is afhankelijk van
door de gastheer gekodeerde DNA-afhankelijke RNA synthese tijdens het
vroegstestadiumvaninfektie.Zoalsbeschreveninhoofdstuk 5werddevermeerderingvan het virusvolledigverhinderd, wanneer menmetactinomycine Dde
protoplast-DNAtranscriptieendaarmeevrijwel alleRNA synthese blokkeerde
vanaf of onmiddellijk na de inoculatie. De mate van remming van de CPMV
replicatie door actinomycine Dnam snelaf, wanneer het antibioticum later na
inoculatie werd toegediend en de produktie van virale nucleoproteïnedeeltjes
wasresistent tegen de drug geworden rond 8uur na deinoculatie, een tijdstip
overigenswaaropdeinfektie nogindelatentefaseis.
°4
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Verrassend genoeg bleek dmv. immunofluorescentie-experimenten toch synthesevan CPMV-antigeen aantoonbaar in protoplasten, waarin de virusreplicatie
volledigwasgeremd door actinomycine D. Inderdaad werd onder deze omstandigheden de denovo synthese van virale topkomponent (legecapsiden) waargenomen. Afgezien van de CPMV-manteleiwitten werden bij deze proeven nog 3
virus-specifieke eiwitten(molekuulgewichten 170.000,110.000en84.000)aangetroffen in geïnfekteerde protoplasten. Daar ook hun synthese tijdens inhibitie
van de gastheer RNA-synthese door actinomycine D nog duidelijk voortging
werd gekonkludeerd, dat zij worden gekodeerd door het virale genoom.
Een meer gedetailleerde analyse van de bij de vermenigvuldiging van CPMV
betrokken eiwitten isbeschreven in hoofdstuk 6. Tenminste 11eiwitten werden
opgespoord, welkein ongeïnfekteerde protoplasten niet ofin veelmindere mate
voorkomen. Hun molekuulgewichten werden bepaald op 170.000, 130.000,
112.000, 110.000, 87.000, 84.000, 68.000, 37.000, 30.000, 24.000 en 23.000. De
gastheer-specifieke eiwitsynthese bleek door CPMV-infektie nauwelijks te worden beïnvloed. Dit had tot gevolg, dat de virus-specifieke eiwitsynthese moest
worden onderscheiden van eengrotevariëteitaan protoplast-eiwitten. Dat niettemin zoveel met de infektie samenhangende eiwitten konden worden gedetekteerd wasvooral te danken aan de uitvoering van korte radioaktieve labelingen
tijdens een geschikte periode van de infektiecyclus en aan de verdeling van de
protoplasten in een aantal subcellulaire frakties. In het bijzonder de bereiding
van extracten van de deeltjesfrakties door behandeling met het milde detergens
digitonine leverdepreparaten op,welke bij Polyacrylamide gel electroforetische
analyse leidden tot dedetektievan eiwitten, diebij direkteanalysevan onbehandelde pelletfrakties schuil gaan achter een sterke algemene achtergrond aan
radioaktiviteit.
Alle voor CPMV-infektie specifieke eiwitten werden met name laat in infektie
waargenomen. Geen van hen was detekteerbaar tijdens de actinomycine Dgevoelige,latenteperiode.Het vroegst aantoonbaar wasdesynthesevan het 170
en 30 kilodalton eiwit, nl. vanaf ca. 10 uur na inoculatie. Vanaf ca. 16uur na
inoculatie werden ook de andere eiwitten aangetroffen.
De inductie van de karakteristieke cytopathologische strukturen in CPMVgeïnfekteerdecellen suggereertdeinductieen/of stimultatievaneengroot aantal
eiwitten. Bij fraktionering zouden deze eiwitten in de deeltjesfrakties van de
protoplasten moetenverschijnen. Niettemin werden slechts2virus-geïnduceerde
eiwitten (112 en 68 kilodalton) exclusief in deze frakties aangetoond. Wellicht
blijven andere komponenten van de cytopathologische strukturen achter in de
geëxtraheerde pellet-residuën.
In hoofdstuk 8 wordt de verdere karakterisering van de voor CPMV-infektie
specifieke eiwitten beschreven. De 37, 24 en 23 kilodalton eiwitten werden
geïdentificeerd als zijnde de virale manteleiwitten door vergelijking van hun
electroforetische mobiliteit metdievan deeiwitten uitgezuiverd CPMVen door
immunoprecipitatie met anti-CPMV serum. Zij komen in de oplosbare protoplastenfraktie slechts voor in de virale deeltjes en niet als vrije eiwitten. Ook de
170en 30kilodalton eiwitten bleken virus-specifiek en gekodeerd door CPMV
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bodemkomponent RNA :zij comigreerden bij polyacylamide gel electroforese
met dehoofdprodukten van deinvitrotranslatie van dit RNA ineen messengerafhankelijk lysaat van konijne-reticulocyten. Deze eiwitten werden ook geïnduceerd in protoplasten na inoculatie met alleen CPMV bodemkomponent. Ook
een aantal andere voor CPMV-infektie specifieke eiwitten werden onder deze
omstandigheden gesynthetiseerd met als opvallende uitzonderingen de virale
manteleiwitten. Inoculatie met gezuiverde CPMV middenkomponent daarentegenhad geen detekteerbaar effekt op deprotoplasten-eiwitsynthese. Deze proeven suggereren, dat CPMV B-RNA één of meer vroege funkties specificeert,
waaronder tenminste de replicase-funktie, terwijl M-RNA voor late funkties
kodeert, in het bijzonder de virale capside-eiwitten.
Daar de grootte van de 11 eiwitten gezamenlijk de theoretische koderende
kapaciteit van, het CPMV-genoom verre overtreft werd het bestaan van
precursor-produkt relaties onderzocht, enerzijds idmv. pulse-chase experimenten,anderzijds door tepogen eventueleprecursors optehopen door hun proteolytische processing te blokkeren. Het resultaat van de laatste methode was
negatief. Bij een chase van het 35 S-methionine label met ongelabeld aminozuur
bleek het 87.0QP dalton eiwit instabiel te zijn evenals een eiwit met dezelfde
electroforetische mobiliteit in gezonde protoplasten. Dit eiwit representeert dus
waarschijnlijk een door CPMV gestimuleerd gastheer-specifiek polypeptide.
Verder bleek bij deze experimenten, dat van het kleine CPMV-manteleiwit na
assemblage ineen virion achtereenvolgens een aantal diskrete oligopeptidefragmenten werd afgesplitst. Hoeweldeaard van degebruiktemethoden het bestaan
vanprecursor-produkt relatiesnietkonuitsluitenwerdook hetoptreden van een
ander mechanisme voor de virale genexpressie onderzocht, nl. het voorkomen
van subgenomische virale messengers. Bij analyse van 32 P-gelabeld RNA uit
door CPMV geïnfekteerde protoplasten dmv. Polyacrylamide gel electroforese
waren 2RNAsvangenoom-lengtedeenigevirus-specifieke polynucleotiden, die
kondenworden gedetekteerd. Dezeresultaten suggeren eenmechanisme voor de
translatie van het CPMV-genoom middels interne initiatie op meerder startplaatsen. Voor de definitieve opheldering van de strategie van de virale genexpressieisechter meer onderzoek noodzakelijk.
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ABBREVIATIONS

AMV
BBWV
BMV
BPMV
B-RNA
CaMV
ÇarMV
CCMV
CGMMV
Ci
CMV
cpm
CPMV
CYMV
DNA
dpm
F
EDTA
g
LMC
LSB
M
M-RNA
mRNA
MW
nm
oligo(dT)
PEMV
poly(A)
RaMV
RNA
rpm
rRNA
RRV
S
SDS
TCA
TLCK
TMV
TNDV
TPCK

alfalfa mosaic virus
broad bean wilt virus
brome mosaic virus
bean pod mottle virus
CPMV bottom component RNA
cauliflower mosaic virus
carnation mottle virus
cowpea chlorotic mottle virus
cucumber green mottle mosaic virus
curie
cucumber mosaic virus
counts per minute
cowpea mosaic virus
clover yellow mosaic virus
deoxyribonucleic acid
désintégrations per minute
optical density at 260 nm
ethylenediaminetetraacetate
acceleration of gravity
low molecular weight component RNA
Laemmli sample buffer (LAEMMLI, 1970)
molar
CPMV middle component RNA
messenger RNA
molecular weight
nanometer
oligodeoxythymidylic acid
pea enation mosaic virus
polyriboadenylic acid
radish mosaic virus
ribonucleic acid
rotations per minute
ribosomal RNA
raspberry ringspot virus
Svedberg unit
sodium dodecyl sulphate
trichloroacetic acid
N-oc-p-tosyl-L-chloromethyl ketone hydrochloride
tobacco mosaic virus
tobacco necrotic dwarf virus
L-1-tosylamide-2-phenylethyl-chloromethyl ketone
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TPNS
Tris
tRNA
TRosV
TRV
TYMV
UV
V

""

disodium-triisopropylnaphtalene sulphonate
tris(hydroxyl)aminomethane
transfer RNA
turnip rosette virus
tobacco rattle virus
turnip yellow mosaic virus
ultraviolet
volt
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Vanaf 1974tot 1978was hij in dienst van de Stichting Scheikundig OnderzoekNederland(S.O.N.)werkzaambijdevakgroepMoleculaireBiologievande
Landbouwhogeschool teWageningen,alwaarhetinditproefschrift beschreven
onderzoek werd verricht.
Sinds 1979ishijalswetenschappelijk ambtenaar verbonden aanhetInstituut
voor Virologie van de Faculteit der Diergeneeskunde van de Rijksuniversiteit
te Utrecht, waar hij is betrokken bij het onderzoek aan de vermenigvuldiging
van coronavirussen.
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