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o - ABSTRACT o -

Pea mesophyTT protoplasts were 1so]ated from fully expanded

Teaves of three-week o]d 'ATaska pea (Pisum sat1vum) plants, grown

/

at 23°C w1th a da1]y light per1od of 14 hours at app ox1mate1y

8, 000 1ux and at 21 OC with a dark per1od of 10 hours. ' Both the |
one step and the 'modified twé step methods that were employed
for protoplasts 1s01at1on resulted in similar yields (1-1.5 x 107
protop]asts per gram Jfresh weight of leaves). Moneover, the use of
the enzyme Pectolyase Y23 in the digestion medium considerab[y
~ reduced the time of protoplast isolation from two hours to 35
minutes. _'. . B .
The protop]asts were success?u]ly 1nocu]ated w1th clover
. yelTow mosaic virus (CYMV) by: briefly 1ncubat1ng w1th a CYMV/poTy-
L- 0rn1th1ne (PLO) mixture. The infection and the extent of CYMV |

-

muTt1p11cat1on were determined by 1nfect1v1ty assay of the protop]ast
extracts and ;Tuorescent ant1body‘sta1n1ng of the inoculated proto-
pTasts. ‘ ' N |
‘ In the 1nvest1gat1on of the effects of certain factors on
1nfect1on of the pea mesophyll protoplasts w1th CYMv, PLO was -
essential for 1nfect1on The optimal concentrations of PLO and‘CYMV
. for a Q§x1mum.1nfect1on were 1.0 to 1.4 ug/ml and 3 ug/m], respectively.
- Since the percentage of protoplasts damaged was higher at, the PLO )
rnggncentration of 1.4 ug/ml than at 1.0 ug/ml, the latter concentration
was used}routinely in this investigation." Phdsphate,»when used as
an inccnlation buffer, resulted in a higher percentage of infection

- of protoplasts than did citrate bnffer,:and{a pH of 6.3 of 0.025

- jv - 4



M-phosphate buffer was optimél for infection. A 10-minute-ihcubatiqn
of profop]asts with the inoculum gave a relatively good infection
rate, whereas different methods of inoculation had little effect on
the rate of infeétibn. | i

Under the conditions summarized above, infections of fhe
protoplasts up ;o 57 percent were achieved as determ1ned by the
fluorescent anf‘body techn1que. The time-course study showed a
synchronous virus 1nfect1on and multiplication, and extensive.
fluorescence observed in the protop]dsts indicatéﬂbactive virus

~
multiplication.

l
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CHAPTER 1

INTRODUCTION

Conventional stud1e$ on various aspects in fundamental
and. applied plant virology have been conducted using a whole plant
or plant tissue. Hoﬁever, the use of intact plant tissue poses'
several p?ob]ems in investigating the process of virus infection
énd multiplication in individual_p]ant cells. The.mainfdisadvantages
with the plant tissue are: (1) only a small number of cells initially
-infected by virus, and (2) the ce]i-tofcell movement of virus jn the
p]aﬁt tissue, resu]fing in aéynchrohy of infection and multiplication
‘of the virué in different ceIis. Therefore, to overcome the above
disadvantages? and to establish synchronous 1nfectioni§ndvmu1tib1i-

<

cation of the virus, a 1argernumber'of individual cells must be
initially obtained and infected. |

Isolated plant protoplasts (Cocking, 1960; Takebe et al.,
]968)zare individual naked .(devoid of cell wall) cells, and satisfy
both tﬁe required conditions; a large number of protoplasts in
§uspension were infected after a brief exposure to virus suspension,
and supported synchronous virus muitiplication (Takebe_qnd Otsuki;
1969; Takebe, 1975b). | |
| - The protop}ast system has vast potential for investigating
many unsolved probiems in plént virology. The establishment of one-
“step virus growth in this system makes it possible to analyse the’ h
consecutive stages of‘Virus mu]tib]1cation, and to understand the

mechanism of interaction between viruses and their strains. It may

‘also prove useful in eiucidating the mechanisms of‘pathological host

1



responses such as hypersensitivity. This system can also be ex-
p]o1ted for breeding virus-resistant plants by regenerat1ng selected
plantlets from virus-resistant protoplasts. A1l these studies,
however, demand a high proportion of infected protoplasts, an
important prerequisite step for using this system. Therefore, it |
is extreme]y important to define the optimal conditions for a
maximum 1ﬂfect1on of protop]asts with a particular v1rus.

In this study; CYMV was chosen because it is widespread in
western North America (Pratt, 1961; Agrawal, 1962), and is an
economiéa]]y important virus. It reduces winter hardiness and yield
in clovers (Pratt, 1967). A natural infection of-vetch up to 90
percent in the Rocky;Mountain-House area has been rebortedv(Rao,
Hiruki and Matsumoto, 1980). ﬁecent survey data (Hiruki, Rao and
Chen, 1979) suggest that the virus is w;eespread_in forage legume
crops in Alberta. The vjrus fs extreme]y stable jg_gitgg<keasi1y
sap-transmissible, and reaches a high cbnceﬁtration'in the infected
host plant.

N
N
V-

As a host species pea (Pisum sativum) was chosen, because

'among leguminous crops, pea in particular, is highly susceptibte to
the virus. A11 introduction 1ines released by-the United States
Department of Agrieu]ture were susceptible, and-developea severe
symptoms after CYMV infection (Ford and Bagget, 1965). .
The main objectiVes of this study are: (1) to study the
conditions necessary for the ]arge scale 1so1at1on of pea leaf

mesophy1l protoplasts in intact and viable state, (2) to infect the

protop]asts with CYMV and demonstrate the virus multiplication in



them, and (3) to examine the effects of certain factors on virus

infection of the protoplasts.



CHAPTER 2
LITERATURE REVIEW

Enzymatic isolation 6f plant protoplasts and their sub-.
sequent culture can be considered as one of the most important
developments in plant biology in this century. This elegant
technique has attracted the attention of plant biologists, especially
plant breeder§, who are interested in improving crop plants by

protoplast fusion; and plant virologists who want to use them for
| viru@rinfection studies. |
N In this chapter, current know]edgs regarding their Y

isolation and infection with viruses will be reviewed.

2.1 Isolation of Protoplasts

. In a p]asmoiysed ce11,~p1asma1emma retracts from the’cell
wall and protoplasts as cellular entity become round in the central
spacé of the ce]].. This is the basis for mechanical isolation of
protéblagts. On cutting the tissue containing plasmolysed cells,
sometimes it is possible to disrupt the end walls through which
intact protoplasts are re]eesed. This technique was first‘abp1ied

“to iso1afe water-aloe protoplasts (Klercker,” 1892) and later to
onion (Plowe, 1931) and beet (Whatley, 1956). Although mechanically .
| iso]ated protoplasts were used for many important studies of plas-
malemma (Vasil, 1976), this methode{H not,bgfpme very popular due_
tb its limitations: §ma11 number of réleased'protoplésts.and
restricted USe.of the method which can ohly be applied to mature

N
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plant cells bLt not to meristeﬁatic ce]]S.

| Cocking (1960), in his first attempb to isolate protoplasts,
enzymatically, dsed a crude cellulase fro¢/2i:)fungus Myrothecium
verrucaria to isolate tomato roqt protoplasts. This wa§ fo]]owed‘
by the isolation of protoplasts in a hypertonic medium (Gregory and
Cocking, 1963; 1965; Ruesink and Thimann, 1965; 1966). A real
breakthrough in the §tudy of plant protoplasts came when Takebe et
al. (1968) developed a method to isolate a large number of tqbacco
.mesophy11 protoplasts. Leaf cells were obtained by incubating the
epidermis-removed leaves with a_cruae.po1yga1acturonase frpm

Rhizopus sp. and by digesting the cell W311s of isolated mesophyll

cells with Cellulase Onozuka P 1500, a crude cellulase preparation

from Trichoderma viride. This 'two-step method,' as it is known now,

was later used to isolate protoplasts from other higherkp1anfs
(Otsuki and Takebe, 1969). ' ’ | -

The procedure developed by Takebe et al. (1968) was modified
later by other yorkgrs.\ In one of the modifi;ations, pectinase and
<ce11u1ase were used_together*tp obtain toﬁécco leaf mesophyll proto-
7p1asts (éower and,Cocking;‘1968; 1970; Kassanis and White, 1974).

In this 'one-step method,’ the separation'qf cells and digestion of
cell walls is achieved simultaneously. The one-steb method is
'simp]er‘than the two-step method, but unlike the latter where proto-
‘plasts are obtained only from pa]]jsade tissue, the former prepares
protoplasts from both spongy and pallisade tissues. The selective
preparation ofrégllisade protoplasts achieved by'the two-step method

reportedly gives rise to a higher infection rate than a mixture of

protpp]asts from spongy and pallisade cells and does not require



potassium dextran sulfate (Takebe et al., 1968). ﬁurthermore, Takebe
(1977) indicates fhat‘the-one-step method is moreldrastic to mesophyll
cells than the two;step method,‘dnd produces many small spherical
bodies lacking part of the ce}iu]ar content.

Leaves of some p]ant‘speciés are so vulnerable that shaking.
‘ during incubation with Macerozyme damages the cells, thereby re-
ducing the number of cells available for further incubation with
cellulase. Watts and King (1973) suggested a very,§imp1e modifica-
tion to overcome this problem. Leaves are incubated with/Macerozyme
at a slow reaction rate, not enough to release the cells but fo
soften the leaf tissue. Incubation of sof%éﬁed 1eaVes with cellulase
released a large nuhber of protoplasts. In tﬁis method, 1fke the
two-step method, the protoplasts are obtafned from both spongy and
pallisade cells._ | ; 0

Remova] of the epidermis increased penetration of the-

- enzyme into the rema1n1ng t1ssues, but some workers found it rather

&

tedious and t1me consuming. Alternatively, penetrat1on of the enzyme
into tobacco mesophyll tissue was facilitated by cutt1n§\the-t1ssue
into narrdw strips (Zaitlin, 1959; Jensen et a1., 1971; Vasil, 1976;
Chin and Scott, 1979), or by infiltration of the enzyme in vacuum
(Nagata and'Ishii, 1979). Ih another effort by Schilde-Rentschler
(1972) using an enzyme to digest thé‘cutih of-the'epidermis, the
protop]asts yield thus obtained was significantly reduced. To
remove the,epidermis,.Beier and Bruening (1975) brushed on the Tower
side of cowpea leaf with Cafboru;dum_(320 mesh) and Shepard (1975)
' stFoked the Tower side of tobacco leaf with a ny]oﬁ brush until it
was zhiny green, There is a éonsfﬂerab]e risk to damage the ce]fs_
i

X
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by these operations. Eva]ugting all the procedhres, peeling off the
epidermis with a pair of fofceps appears to be sfi]] the best method,
although it has its own limitations.

Prolonged 1ncubatizn of leaves with enzyme should be
avoided in protob]ast isolation. Treatiﬁg tobacco leaf tissue with
a new enzyme Pectolyase Y23 and Cellulase Onozuka R10, Nagata and
Ishii (1979) considerably reduged the incuﬁation time frdm’two hours
to 25 minutes. »
| »A1ong with protetting thé integrity of the protoplasts,
osmoticum also provides the necessary plasmolysis in.ihe initial
stages'of pro%op]ast isolation. Two kinds of osmotica; ionic, such
as sucrose (Power_gnd Cocking, 1968; Shepard and Tbtten, 1975) ana
sorbitol (Watts and King, 1973); and non-ionic, such as mannitol
(Takebe et a].,41968) have been used. Meyer (1974) proposed an”
osmoticum consisting of salts but almost all workers prefer sugars,
especially mannitol. | |

Physiological state of the leaves is one of thé determining
factors fdr high yields of stable protoplasts. .Thére have not been
many»systemétic studies to investigate the defined conditions under
which dffferent'p]ant species should be grown, for brotob]asts iso~
lation. However, efforts were made in attempts to.define environmentél
_cond1t1ons to culture tobacco, fomato and barley plants that serve
as re]1ab1e sources of protoplasts (Kubo et al., 1975a; Cassells and"
Barlass, 1978a; Hughes et al., 1978).. Plant age also influences the
stability of isolated protoplasts and their rate of, infection with
vfrus.~ High percentages of infection were obtained when tobacco

protoplasts from younger leaves were inoculated with CCMV than when



e

protoplasts were obtained‘fran older ones (Mqtoyoshi et al., 1974b).
) waits et ql. (1974) suggested some guidelines in selecting leaves ‘
of a correct age for obtainipg satisfactory protoplasts.

Due to seasonal variations and other cultural practices,
each laboratory has to work out fts own obtimum conditions for <
growing plants suitable for isolation of a large number of stable
and highly suscebtib]e_protop1asts. It was suggested that mature
leaves-should be taken soon after their full expansion from a plant
that is in a rapid and uninterrupted growth stage (Watts et al.,
1974; Takebe 1977). '

The enzymes for protoplast isolation are commercially
;ayailable. Reagents, equipment and detailed procedures are we]f

P

reviewed by Sarkar (1977).

2.2 InocU]gtion and Incubation of Protoplasts

In the 1960's it was thought that protop]d?ts may offer a

_potential too]‘for virus reseafch. Two bases for this perceptibn
were the wa]]-]gss natire of the protop]as;s, and an assumed
possibility éhat they may pick up virus fr;m the”surrounding medfunm.
Cocking (1966) demonstrated the ability of tomato fruit pfo;op]asts
to pick up TMV, and then two groups simultaneously repexted the
evidence of TMV infection and its multiplication in t:ZE;o fruit
protoplasts (Cocking and Ponjar, i969), and tobacco meéophy11 proto-
plasts (Takebe and Otsuki, 1969). | |

| A reason for Tékebe and Otsuki (1969) achieving a rate of

infection of protoplasts higher than that of Cocking and Ponjar (1969)
was the incubation of TMV with poly-L-ornithine (PLO) prior to

v .
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N inoculation. The 'indirect method' of inoculation developed by -

Takebe and Otsuki (1969) has been used extensively by many other -

workers in inoculating plant mesophyll protoplasts with viruses such

as TMV (Coutts et al., 1972; Kassanié and White, 1974), CCMV
(Motoyoshi et al., 1973a), tGMMV (Sugimura and Ushiyama, 1975), PVX )
(Otsuki et al., 1974), TNDV'(Kubo and Takanami; 1979), CPMV (Hibi et
a].,é1975) and CMV (Koike et al., 1977).

Motoyoshi et al. (1974b) reported another ﬁethod of inocu-

lation known as a 'direct-method ' Successful infections of tobacco

protoplasts with CPMV (Huber et al., 1977) and CCMV (Sakai et f%

1977), of tomato protoplasts with TMV (Motoyosh1 and Osh1ma, 1975);

and of turnip leaf protoplasts with CaMV.(Howell and Hull, 1978) were

~

achieved by this method. Motoyoshi et al., (1974b) claim that their
method is simple and more efficient than the 1nd1rect method ' While
the ‘direct met;;d' is simpler than the 1nd1rect method,' there is

no difference in the infection rates (Kubo et al., 1975b; Rao and

Hiruki, 1978; Morris-Krsinich et al., 1979).
O

-

Okuno and Furusawa (1978b) agp]ied,osmotic shock to barley -
pro;opiasts for inoéu]ation with BMV. The authors suggested'tﬁat
increased osmotic pressure caused a shrinkage of prbtop]asts; thus
presumably increasing adsofptibn and uptake of virus particles by an
end0cytdsis’pro¢ess. Alblas and.Bo1 (1978), applying the -same
technique, achieved enhanced infection of cowpea protop]asts with AMV;
however, there was no effect oh'ipfection of turnip leaf bropop]asts
with‘TRdsV (Mofris-Krﬁinich{et\a]., 1979). o

After 1hocu1afion with virus, protoplasts are incubated f?
5ﬁ‘jncubation.medium. Most commonly used incubation medium fs of

Takebe ‘et al. (1968) which was later modified by Aoki and Takebe (1969).
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The medium contains non-organic salts, plant growth Fegu]ator and
antib1ot1cs,'but'there is no metabolizable ca;boh source. .Protop]asts
suspeﬁded in this simple medium support virus multiplication. Spmev
other studies also supported this.view: virus multiplied to a
considerable extent in protoplasts incubated in mann%tol alone
(Kassanié et al., 1975); there was no effect on virus yield when the
concentrations of nitrogen, phosphorous and potash in the medium were
increased td.five times the usual concentrations (Kassanis and White,
1974); addition of sucrose to the medium did not increase virus yield
‘(Motbyoshi ét al., 1974b); and there was no difference between the
photosynthetic activity: of protop]asts'and that of,infact leaf tissue
(Nishimura and Akazawa, 1975). These observations suggest that

while nutfients in a supportin§ medium are very important for the
stability of protoplasts, they do not contribute towards virus
muitiplication. .

'JProtopﬂasts are incubated usually in the continuous 1light
for virus multiplication. The fact that the multiplication of virus
in protoplasts is very much inhibited in the dark (kassanig and
White, 1974; Renaudin et al., 1975; Okuno and Furusawa, 1977) suggests
that it depends upon the energy supplied by the photosynthesfs.

To check the growth of bacteria and fungi during incubation,
antibijotics can be used but they are not a substitute for good
;aseptit techniquég. Watts and King (1973)'suggested a combination
of antibaéteria] agent éuch as.carbenicillin or gentamicin with anti-
fuhga] agent nystatin for effective control of these microorganisms.

Careful selection of antibiotics and its concentration is very

N



important, because antibiotics including gentamicin at certafin
concentrations are inhibitive to-both bacterial growth and virus

multiplication (Kassanis et al., 1975).

2.3 l Factors Affecting Infection of Protoplasts ° 7

Many factors in add1t1on to the growth conditions of a
source p]ant }nf]uence the frequency of infection of protop]asts w1th
) virus, in part1cu]ar the conditions of 1nocu1at1on medium.

(/} The pH of the 1nocu1ation med1um\and the k1nd of buffer used
“for inoculation are two 1mportantnfactors in infection of protoplasts.
Plant pfotoplasts‘earry negative charges (Grout and Coutts, 1974;
Nagata and Me1ehers, 1978); therefore,~ virus 1hocu1ation is done
genera11y in a range of acidic pHs. With most viruses, for example,
_ pfotop]a%ts have been’inocu1ated'at about pH 5 (Takebe, 1977) and
below this value protop]asts‘ere very uustab]e'(Hibi et al., 1975;
Motoyoshi and Oshima, 1975; Takebe, 1975a). PVX infection of
tobaccoiprotop]asts occur in a broad opfimum uange around bH 5.8 o
‘(Otsukibei al., 1974), and the maximum {;fection.of c¢owpea proteplasts
with CYMV oecurred at pH 6.0 (Rao aud%Hiruki, 1978).

~ The kind of buffer used for inoculation 1nf1uences the
- frequency of 1nfect1on (Kubo et al., 1974; Motoyoshi and Osh1ma, 1975;
1976; Mayo, 1978, Morr1s:Krsinich et a}., 1979,‘Mayo and querts,
1979). A benefit of using phosphate buffer (Kubo et al., 1974;

Motoyoshi and Oshima, 1975) and tris-HCL buffer {Motoyoshi and Oshima,/

' 1976; Mayo, 1978; Morris-Krsinich et al., 1979) is that these buffers

increased optimum pH value of inoculation medium. In. the presence of

11
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_Phosphate buffer, increases in the number and decreases ‘in the 'size
of aggregates containing TRV and attached -to tobacco protoplasts were
noted in electron microscopy (kubo et al., 1976). This was interpreted
- to mean increases in the. sites of infection. However the 1nteract10n
of the phosphate ions and the p]asmamembrane after attachment may a]so
have its role in the phenomenon (Kubo et al., 1974; 1976).

The addition of PLO in the inoculum is another important
factor in ohtaining high percentage of Qirus infection (Takebe and
. Otsuki, 1969). It is essential or at least stimu]atoryf?or infection
in almost all virus-protoplast comb1nat1ons so far tested (Takebe,
19775 Alblas and Bol, 1977; Barker and Harrison, 1977; Rao and
Hiruki, 1978; Howell and Hu]l, 1978; Morris-Krsinich et al., 1979;
Kubo and Takanami,}1979). Cassells and Barlass (1978b} using poly-
ethylene g]&cd1 (PEG, MW, 6,000) instead of PLO, reported a 60 percent °
infection of tomato mesophyl] protop]asts with TMV and suggested
‘that PEG may indlce plasmamembrane fusion, similar to the membrane
fusion it 1nduces in protop]asts (Kaovand Mlchayluk, 1974). However,
they did not compare the rates of 1nfect1on 1nf1uenced by PEG and PLO.
A1l the viruses so far tested except a few viruses including PEMV
. .and BMV, wh1ch can 1nfect protoplasts in absence of PLO (Motoyosh1
‘and Hull, 1974 Okuno et a1., 1977), have ac1d1c isoelectric points
and are negat1ve1y charged at the pHs used for inoculation. PLO
effects the adsorpt1on of virus part1c1es to protop]asts by neutral-
1zing or even reversing the negative surface charge of the virus
'part1c1es (Takebe et al., 1975). To achieve the aboVeAmentioned

change in the charge of the virus partiCIes, it is important. that
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" the virus and PLO be incubated together for at least 10 to‘20 minutes
before inoculation (Motoyoshi et al., 1974b). In fact, some
turbidity developed %n the inoculum as a result of the formatignxof
aggregates between PLO, buffer anion and virus particles (Kubo et al.,
19763 Maypland Robe}ts, 1978; Moﬁris-Krsinich et a1.; 1979).

Recent invest atipns suggest that the situatidn regarding-
PLO requirement may not be as clear-cut as it is stated ab;ve. It
is not only the charge on the virus particles that.effgcts infection
but_aTso tzgwamount of negaiive charge on the protoplasts. Fof
example,‘CPMVjand TMV do not need PLO.forvinfection of cowpea proto?
p]a;ts (Hibi et al., 1975), but_the»same'viruses require PLO for
infection of tobacco pfotop]astS'(Huber et a1.,}1977i quebe.and
Otsuki, 1969) suggesting that cowpea bkotop]asts have relatively
Tower surface potenfia]kthan tobacco protoplasts. This suggestion
was later confirmed by Nagata and Melchers (1978).

PLO is generally uséd-at a concentratiop of 1 ug per mil.
. préver,'as low as 0.4 ug per ml (Rao and Hiruki, 1978) and-as high
';s 10 ug‘bér ml (Sha]]a and Peterson, 1973) have also béen_used. It
: is generally considered that a PLO concentrétion higher thaﬁ 1 ug
per ml is de]etérious to the protoﬁ]asts. Thé ability of somé ofher
polycations to stimulate infection of protopTasts waéftgsggd also
(Motoyoshi et al., 1974b; Tafébe et a].,-1975). Only po]y-L41ysine
was as efféctiVe as PLO. However, PLO is most commonly used fbr this
purpose. Mb]ecu]af weight of PLb‘is‘an\imporfant factor jn\determin-
ing its effectivéngss td stimq]ate the ihfectioh,ofiprotop1a$ts. PLO
of molecular weight of 130,000 or higher'wa; more effective than the
ohe with 1oﬂfmo]ecu1ar weighf.of 90,000 (Motoyoshi.et_ﬁi.; ?974b;

7
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Takebe et al., 197sj )

PLO-enhanced virus 1nfect1on of protop1asts appears. to be
caused by 1ts”1nvo]vement 1n two steps of infection processes. The
first step, as mentioned earlier, is 1ts effect on-the charge on
the virus particles, thereby affecting their adsorption to the
plasmamembrane. The second,step 1nvo]ves the effects of PLO on
plasmamembrane causing the uptake,of virus particles into the cyto-
plasm. . There are two schools of - thought to explain the role of PLO
in the second step. The f1rst view is that virus partic]es are takenv
up into the protop]asts by p1nocytot1c activity (Cocking, 1966 1970
Cock1ng and PonJar, 1969; Takebe and Otsuki, 1969 Hibi and Yora,
1972; Honda et al., 1974), and PLO enhances th1s activity (Otsuki- et

al., 1972), The second view is that the virus is” taken up by a non-

physio]og1ca1 process through the PLO-1nduced 1esfo p]asmamembrane

;which serve as sites for virus b1nd1ng (Burgess et al. 73a; 1973b)..
‘ In support of the plasmamembrane-lesion hypothesf Motoyoshi
vet.al. (1974b) reported that DEAE dextran,;a promotor of pinoc4tosis,
-did notiincrease infection of t%bacco,protop1asts with CCMV. ﬁ
infects tobacco protopTasts-in the'absence of PLO by entering into
the protdp]asts through the damaged p1asmamembrane that had occurred
durrng the preparat1on of pro lasts, (Motoyosh1 and Hull, 1974)

Kubo et a? (1976) observed no p1nocytos1s during 1nfect1on of

tobacco protop1asts w1th TRV and suggested that f]occu]es of the virus
and PLO cause breaks in the plasmamembrane. ThT§ view was also
supported by Kassanis et al. (1977) Howevér Suzuk1 et a] (1977),
on the other hand, observed endocytosis of po]ystyrene sphere by a

tobaccofpr6f0p1asts and found no evidence of uptake of the spheres

1
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through the lesions on the p]asmamembranei

The virus concentration in the inoculum a1§o influences the
e%ficiency of iﬁfection. Within a certain range, ag<increase in the
infection efficiency is proportional to the increase of the virus
concentration in the inoculum as found for TMV (Takebe and Otsuki:, -
1969), PVX (Otsuki et al., 1974), TYMV (Renaudin et é1l, 1975), and
TNDV (Kubo and Takanami, 1979). If increased beyond this range, it
does not result in an 3n6keased infection rate (Mbtoyoshi and Oshima,
1975; Morris-Krsinich ét al., 1979). Further increase of virus con-
centration decreases the number of infe;ted protop{astsv(Takebg, 1975;
Takebe et al., 1975; Morris-Krsinich, 1979), and a possible reason
for this decrease could be a 1imit of another important compoung; PLO.
Multicomponent Viruses; such as PEMV (Motoyoshi and Hull, 1974),
BMV-V5 (Motoyoshi et al., 1974a), and BMV wild type (Okuno et a].,.
1977), require a high virus concentration for a maximum infection.
‘The concentration of virus in the inocufum represents the number of -
virus partic]es available for each proto&]ast. For infection of one
. tobacco protoplast, 10° TMV particles (Takébe and Otsuki, 1969) and

3-5 x 105 CCMV particles (Motoyoshi et al., 1973b) are needed in the

inoculum, and cowpea mesophyll protop]ast¢§eqdire5'1.3 k 105‘CPMV

particles (Hibi et al., 1975). However, dﬁ]y those particles adsorbed
to the protdp]ast are important for infection and the number df these
particles is’much less than the number of the particles available to
each protoplast (Takebe and Otsuki, 1969; Motoyoshi et a1y, 397303
Zhuravlev et al., 1975; Hibi et al., 1975). Even after aasbibtjoh'of

virus particles, only small amounts of the pértic]éé’adsdrbed‘to



individual protoplasts undergo further dissociation, suggesting that
a small number of virus particles are actually involved in infection
(Wyatt and Shaw, 1975).

- In.fact,'the effects of different factors affecting the
efficiency of virus infection is very much interrelated. Presence
or‘absence, and concentration of a component in the inoculum, determine
the behaviour of the other component(s). Electrostatic force plays
a very important role in the process of virus adsorption by the proto-
plasts (Motoyoshi et al., 1974a; Takebe et al., 1975). Negative1y-
chargéd viruses form a‘complex with PLO, and net charge pf this com-
plex depends upon the ratio of the concehtrations of virus and PLO
which should be posftive if this complex is to adsorb to the proto-

- plasts (Motoyoshi et ai., 1974a). Thefefore, it .is not simply the’
concentration of PLO or virus but a.ratio of their.concentrations

that is impoftant for a maximum infection. A decrease in the in-
fection rate due to an increase in the virus concentration in the
inoculum, beyond optjmum concentration, may. also be explained as a
kesu]t of an increase in the net negative charge of»a virus-PLO
complex. Recent sfudies have 1néicated that the pH of the inoculation
‘medium influences the required concentrations of PLO-and BMV.

Infection of the protoplasts with the virus at Tow pH is independent

of PLO but requires a high concentration of the virus (Motoyoshi et'
al., 1974a; Okuno et al., 1977). However, at high pH it is PLO-
dependent and requires only a 1ow concentrat1on of the virus (Okuno
and Furusawa, 1978a) In the presence of phosphate jons, TRV 1n-» |
'ffect1on of tobacco protop]asts is. 1nverse1y related to the concentra-"

*tion of protop]asts, ‘but not when c1trate is used (Mayo, 1978)



2.4 Detection of Virus Infection and Multiplication in Protoplasts

A protoplast can be considered as infected if 1t‘cohtains
the progeny virus partic]es.. Three most commonly used methods for
defermination of infect%on and mu]tip]icatién of virus in protdp]asts
include infectivity assay (Aoki and Takebe, 1969), electron micro-
scopy (Cocking and Ponjar, 1969), and fluorescent antibody staining
(Otsuki and Takebe, 1969).

Some other methods have been used for certain reasons or
simply for convenience.‘ Sucrose density.gradient analysis was applied
to determine the amount of virus multiptied in protoplasts (Motoyoshi
et a],, 1974a; Motoyoshi and Hull, 1974; Renaudin et al., 1975; Morris-
Krsihich et al., 1979). The virﬁé concentration in the protoplasts
has also been assayed 5& the serological methods (Coutts et al., 1972;

Kassanis and White, 1974; Kubo et al., 1975b) and by the radioisdtope
technique (Motoyoshi aﬁd Hull, 1974; Her]] and Hull, 1978). The
infection.of Brassica protoplasts with TYMV caused chloroplasts to
aggregate and form a polyplast, which was exp]oited as a characteristic
featyre of infection in determining the efficiency of infection by
Tight microscopy (Renaudin et al., 1975). |

Infectivity assay is one‘of‘thg most favoﬁred methods for
determining virus mu]tip]ication in the protoplasts. A typical growth
~ curve of TMV in the protop1ast3_inocu]ated in vitro is as follows
(Takebe and Otsuki , 1969; _Tékébe,--1§75y; 1977): Small infectivity
obtained at zero.hour represehts the_vifus-adsdﬁbedﬂto'drdtbp]ast$§
This is followed by a decrease in the infectivity representing uncoat- .
:'ing of the virus parficlés. The production of progeny virus particles

becomes evident six hours after inoculation and virus multiplies
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exponentiaily until 12 hours post infection. After this time the
rate of virus multiplication s]dws down and reaches a plateau. By
this method, similar resu]ts were obtained also for CPMV in cowpea
protoplasts (Hibi et al., 1975; Beier et al., 1977), BMV in barley
protdplasts (Okuno et al., 1977), and CYMV in cowpea protoplasts
(Rao and Hiruki, 1978). In many virus-protoplast combinations, a
«~virus growth curve may deviate from the typical described for TMV in
tobacco protoplasts. No.infectivitx at zero hour after inoculation
was found in tobacco protopiasts inoculated with CMV (Ofsuki and
Takebe, 1973) and CCMV (Motoyoshi et al., 1973a); énd there was no
initial drop of infectivity of PVX in tobacco protoplasts (Otsuki et
al., 1974). In both cases, 1%mited sensitivity of the host’ was cited
_ as"a'probable reason. In some virus-protop]ast combinations, viruses
show a Tonger lag period in the protoplasts, &s reported in the
"following: TYMV in Brassica protop]asts (Renaudin et al., 1975),
CGMMV and CPMV 1in tobacco protoplasts (Sugimura and Ushiyama, 1975,
Huber et al., 1977), CaMV and TRosV in turnip leaf protoplasts (Howell
and Hull, 1978; Morris-Krsinich et al., 1979). A Tonger lag period
of CPMV may be due to a Timited number of the virus particles entering
the protob]asts, or an extended period reduired for uncoating of
| ;1nfgcijg~pqrtic1es»(HQber'et al., 1977}, or in the case of CaMV slow
virus replication (Howell and Hull, 1978).
vﬁ1ectron microscopy, a'véry useful means of studying virus
infection of protoplasts, is used for four types of observations made
on thin'seCtions: (1) to study the process of virus uptake by proto-
-?}gsts; (2) to study the time course of multiplication of viruses;

(3) to show the presence of -progeny virus part1c1es in the infected -~
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protoplasts; and (4) to observe, if there is any, structural modifi-
cation of cell organelle(s) due to infection. Regarding the process
-of virus uptake by protoplasts, electron microscopic observations
demonstrated very clearly that the virus:particles-adsorb to plasma-
membrane énd are then taken up by a pinocytotic pfocess (Hibi and
Yora, 1972; Otsuki et al., 1972; Honda et a1.,.1974; 1975). However,

~ an interpretation against this theorylwas presented in favour of
lesions of plasmamembrane as the sites for‘virus binding (Burgess et
al., 1973a; 1973b). The results of the electron microscopic studies
of the time course of multiplication of TMV (Otsuki et-ql., 1972),’
CMV (Honda et al., 1974), and PVX (Honda et al., 1975) are in agree-
ment with the results obtained by infectivity assay or by fluorescent
antipody staining (Takebe and Otsuki, 1969;.btsuk1'ahd Takebe, 1973;
Otsuki et al., 1974). To prove virus multiplication, a section from
- an infected protob]ast must contain a large number of virus particles
(Burgess et al., 1974). Infections of tobacco protoplasts with TRV
(Harrison et al., 1976), cowpea mésophy11 protoplasts with CMV (Kbiké
et al., 1977), and tobacco protoplasts with TNDV (Kubo and Takanami,
1979) meet fhis,requirement. Electron microscopy is used also to ¢
examine the ultrastructural changes in protoplasts following infection
with viruses, and to compare these chaﬁges with cellular ultra-
structural changes of 1eafziissug jnfected with the same viruses. The
laminate inclusion body developed fn the'ce1]s of leaf tissue infected
with PVX (Shalla and Shepard, 1972) is seen in thin sectioﬁs of the
tdbacco,protoplasts infected with the virus"(Shalla and Petérson, 1973;
Otsuki et al., 1974). A cytopétho]ogicé] structure consisting of - ’

o . .
vesicles surrounded by electron-dense material, similar to that found
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in cowpea 1ea§es infected with CPMV (De Zoeten et a].,:1974) has been
shown in CPMV-infected cowpea and tobacco protoplasts (Hibi et al.,
1975; Huber et al., 1977). Sugimura and Ushiyama (1975) observed
vesic]és in the mitochondria of tobacco protoplasts infected with
CGMMV;, . these vesicles were simiiar to those observed by Hatta et al.
(1971) in the cells of sbme other host plants infected with the virus.

However, some ultrastructural changes characteristic of virus in-

fection may not necessarily deve]bp in protoplasts. For example,

chloroplast degeneration, a conspicuous feature of C%y infection of
1eaf'tissue (Misawa and Ehara, 1966), did not accur fn the CMV-infected
tobacco protoplasts ét Teast for 48 hours after inoculation (Hohda et
al., 1974).

Fluorescent antibody is prepared by conjugating f]uoroscein.
jsothiocyanate (FITC) to‘Xﬁg1obulin{\>gnAadvantage of the\fluoreséent
‘antibody t%chnique lies in its abi]ity to demonstrate the infection
of individual protoplast. Protoplasts fixed on a glass slide can be
stained with a drop of fluorescent antibody specific to fhe virus usgd
for inoculation of the protoplasts. Infected prétop1asts will fluoresce
as yellow green under a fluorescence microscope. In virus multipli-
cation studies, the first fluorescence appears as weak fluorescent
specks and 1ater.thg cytoplasm is filled with numerous bright fluor-
escent spots (Kubo et al., 1975b), or weak fluorescent spetks in=-
creasing in size, or the f]udrescence is seen throughout the cytoplasm,
forming a network d® to the background of unstained dark chloroplasts
(Koike ef al., 1977; Rao and Hiruki, 1978). The fluorescent antibody
staining techniéye is applicable to the determination of the percentages

of infected protoplasts as a functibn of time, and gives rise to the



resu]ts s1m11ar to those obta1ned by 1nfect1v1ty assay (Hibi et-al.

D 1975 Huber et al., 1977) - Recently, Cassa]]s and Gatenby (1975)
reported an 1nterest1ng modification of the technique using Lissamine
Rhodamine B (RB 200), an antibody label. The RB 200-conjugated anti-
body produced less autofluorescence than that of FITC-antibody. Both
the FITC and RB 200 conjugated antibodies hay be used together to
demonstrate the infection of individual protop]ast with two d1fferent_;
viruses, because the spectra] propert1es of these fluorochromes are .
entlre]y d1fferent, Wl]& double 1nfect10n of tobacco protop]asts w1th}'
sero]og1ca11y unre]ated\v1ruses (0tsuk1 and Takebe, 1976b) and strains

- of a virus (0tsuk1 and(*akebe, 1976a, Barker and Harrison, 1978) st;ll'ﬁ

can be demonstrated by using only the FITC-conjugated antibody and

- s1mp1e mathemat1ca1 ca]cu]atlons

A]] these methods d1ffer 1n their sens1t1v1t1es in- detect1ng :
the infection of protoplasts and the extent of v1rus mu1t1p11cat10n.-
Tobacco protoplasts infected w1th v1ruSes that mu1t1p1y to a very low
extent, such as PEMV (Motoyoshi and Hull, 1974) and CGMMV (Sudﬁmura’
and Ushiyama, 1975), fluoresce when stained with the SpecifiC'ant{body
but no infectivity could be‘detected. In contrast, low-degree- o
multiplication of.CaMV in turntp 1eaf protoplasts could rot be detected
by:the fluorescent antibddy technique'and the infectivity assay;
therefore, a radioisotope techniqde had to be app]ied to assay the
“virus (Howell and Hull, 1978). The virus yields determined by com-
paring'the 1nfect191ty of protoplast extracts with that. of the known
concentrations of pur1f1ed virds are generaT]y higher beeause the

purified virus has the lower spec1f1c infectivity than that of the

<

protoplast extracts (Kubo et al., 1975b) and the virus yields estimated g
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by electron microscopy are higher.than'thdse of infectivity assay,
bgcaagé both normal and broken particles are taken 1nto account
//Eoutts et al., 1972). Shalla and Peterson (1973) suggested that
\e]ectron microscopy is more sens1t1ve than the fluorescent antibody
techn1que that was used for detecting infection of tobacco protoplasts
with PVX. However, using thg same virus-protoplast system, Honda ét
al. (1974) did not find such discrepancy. Every method has its own
~merits and demerits; most workers have used these in combinations as

they -compliment each other.



CHAPTER 3

MATERIALS AND METHODS

3.1 Isolation of Pea Mesophyll Protoplasts

A. Source plant

Seeds of Alaska pea were sown inia 3:2:1 soil mix (3
.;parts loam: 2 parts peat: 1 part sand) in 10 cn c1ay pots in a
greenhouse at 236 to 25°C; After germination, the plants were
_transferred to an incubator (Model E30, Percival Co., Boone,
‘.Iowe,_U;S;A.) and were kept.at 23°C with-a daily ]ightﬁper1odt0f° :
14 houfs at'appronimate]y 8,000’1ux_$upp]iedoby~six f]uoreécent
tubes (F 24712 kw40, Sylvania Ltd., Montreal, Canada) and two 40
watt incandescent bu1os (westinohouse‘Canada Ltd.); ano at 21°C

 with a dark period of’TO'hours.‘

B. Isolation of protoplasts |

Fully expanded leaves from thneefweek-old plants were used

‘for protoplast iso]ationé._ After surtace?sterilization Qiﬁh 70v
percent ethano] and two Wash1ngs with doub]e d1st111ed water, the
" lower ep1derm1s of ‘the’ Teaves was removed with a pa1r of forceps o
“and the tissue ‘was p]aced w1th 1ts ep1dermxs str1pped side! down in

a Petri d1sh containing-0.05 percent Macerozyme R-16 (Kinki Yakult
| Manufacturing Co.) and 1 percent Ce]]ulase 0nozuka»R-10 (Kinki Yakult
‘'Manufacturing Co.) in 0.7 M-mannfto] pH adjusted to 5.5 with 2 N
KOH. After two hours of 1ncubat1on in a water bath at 30 C, the

content of the Petri dish was gently swirled and the incubation was
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continued for another 30 minutes. The mixture was filtered through
a double Tayer cheesec]oth and the protop]asts were co]]ected by
centr1fug1ng the f11trate for two m1nutes at 700 rpm. The protop]asts
were washed twice with 0.7 M-mannitol and finally resuspended in 0.7
M-mannitol. The percentage of intact protoplasts was deten;ined by
counting about 300 protopleets, ane the yield of protoplasts per
gran of fresh Teaves was calculated by using a haemocytometer.
Protoplasts were also isolated by”the-method of Nagata
and Ishii (1979). Lower epidermis of the leaves was removed in-
stead of cutting them into narrow slices. The tissues were then
placed w1th the1r ep1derm1s removed side dowh in a Petri dish. conta1n-
1ng an enzyme so]ut1on. The enzyme solution conta1ned Pectolyase
Y23 (K1kkoman Shoyu Co, Ltd., Noda, Ch1baken, Japan) and 2 percent
Cellulase R-10 in 0.7.M-mann1tol,-pH 5.5. “After 35 to 45 minutes
of Tncubation at 30°C, with 6ccasiona1 gentle swirlings, most ef
“the cells released brotop]asts wthh were then_co]]ected and washed
as described earlier. |
In some experiments protoplasts were aTse~isoTated by

the method of Watts and.King (1973).

3.2 Vivus T S "‘i,; o oo

The vetch stra1n of CYMV (H1ruk1 et aT., 1976) was pur1f1ed
from infected ATaska pea. Teaves as follow: Frozen leaves ’
were homogen1zed»1n a war1ng.BTender with 0.1 Méphosphate buffer;
pH 7.0, containing 0.5 percent ascorbic acid. The homogenate

obtained was passed through a double layer of cheesecloth, and sap was

eTarifiEd using chloroform and butanol in the ratio of 1:1. Clarified



25
sap was centrifugedvat'7;700 g for 10 minutes, and the virus was
precipitated from the supernatant 1iquid.by incubating it with 3
percent polyethylene glycoi (PEG, mol. wt. 6 000) and 0;6 percent
NaCl for two hours at 4°c. The v1rus was pelleted by centr1fugfng
atu5,100 g for 10 minutes. The pellet was suspended in 0. 025 M-
phosphate buffer, pH 7.0. The suspens1on was centr1fuged at 12 000 g
for 10 m1nutes and the supernatant 11qu1d was subjected to a h1gh-
speed centr1fugat10n,at 78,000 g for 90_m1nutes. " The pe]let after ,.
hjgh-speed centrifugation was suspended in 0.025 M-phosphate buffer,
prZ.O and the_suspensﬁon was centrifuged at 12,000 g for .10 minutes.f
The supernatant Tiquid eontaining'theuvjrus:uashohtafnedand stored
at 4°c. A Sorvall RC2-B refrigerated centrifuge was used}for Tow-
speed centr1fugat10n and a Beckman u]tracentr1fuge (L5 75) for h1gh-
speed centrifugat1on. '

K

3.3 Inocu]at1on of Protoplasts

" Fresh’ preparat1ons of - CYMV stored at 4°C for not 1onger than
two‘Weeks were used for 1nocu1at1on of the protop]asts.‘ “Unless other-

A wise stated, the v1rus was diluted to a concentrat1on of 10 Hg* ‘per mt

“ooin 0 05 M- phosphate buffer, pH 6 .35 conta1n1ng 0 7 M-mannito], and

- then PLO (mo] 150 000 P11ot Chem1ca1 Co., Boston Mass., u.S. A )
. was added to a concentration of 2 ug per m] ‘This mixture was 1ncubated
for 20 minutes at 25°C and then added to an equa] vo1ume of a proto- !
plast suspension. Thus, the final concentrations of virus, PLO and
protoplasts were 5 jg per ml, 1 ug per ml, and approxinately 2.5 x 105

Pef,mlé respeetively. -
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For the direct method of inoculation, the virus was diluted
to a concentration of 5 ug per ml-in 0.025 M-phosphate buffer, pH 6.3,
contginﬁng 0.7 M-mannitol, and then PLO was added to a concentratdon -
of 1 ﬁg per ml. The/inoculation mixture was incubated at zsfc for
20 minutes prior to suspending freshly pelleted protoplasts. The
final cohcentratiohs,of the virus, PLO and protoplasts were the same
”as.those in the indirect method. Except an increased mannitol con-
centratfon of 0.85 M, all other conditions were same as in the in-
direct method for 1noeu1at1on by the osmotic shock method (Okuno and
.'Furusawa, 1978b) » | h
o In all the methods‘usedyfor inoéu]atioh, the protoplasts
were incubated with the inoculum for 20 minutes at 25°C with occasional
swirlings and then they were separated from the unadsorbed virus
particles by three washes in 0.7 M-mann%to] containing 10 mM CaC]z.
Washed protop]asts were resuspended in’the incubatioﬁ’medfum of Aoki
and Takebe (1969), at a concentrat1on of approx1mate1y 2 5 x 105 per
” m1. They were 1ncubated in 10 m] port1ons in 125 m] Er]enmeyer f]asks .

" at 250¢ under cont1nuous 1]]um1nat1on (approx1mate1y 1,000 lux) from -

fluorescent tubes.

3.4 Infectivity'Assayv

| | After the required 1ncubat1on t1mes, 1nocu1ated protop]asts
were collected by centr1fugat1on at 100 g for two minutes, washed once
- with 0.7 M-mannitol, repelleted and frozen at -20°C for 1nfect1v1ty
assay. The frozen protoplasts were thawed and homogehized in 0.2 ml
of‘0.0I-M-phosphate'buffer,va 7.0, usin§ glass tissue grinders
(Bel]cq Biological Glassware, Vineland, U.S.A.). Homogenates were

tw ’
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centrifuged‘at 12,000 g for 10-minutes and the supernatant liquid
containing the virus was applied to eight half-leaves of Chenopodium

amaranticolor with a glass spatula after dusting with Carborundum

(600 mesh).’ Local lesions were counted six days after inoculation.

3.5 F]uorescent»Antibody Preparation

A. Production of immunoglobulin

Antiserum to CYMV was produced by'injecting_the purified
virus to a San Juan rabbit. The rabbit received two inframasculer
injections at 10-day-ihterva1s'with 3 mg virus each that had been

emulsified with Freund's cemplete~adjuvant. Three intravenous
.injections were then given‘witth to 3 mg virus per 1 to 1.5 ml

per injection at'week1y intervals. The rabbft ﬁas bled 10'dey5
after the last 1njectien. The antiserum obtained had a titer of
1/1024. The protejn concentratian of the glabulin fraction,
isolated from the antiserum by mnﬁonium'sulfate precipitation -

- (Campbell et al., 1970), was adjusted to 1 percent.

B. Conjggation with.f]uorescent.isothiocyanate-(FITC)

ConJugat1on of the g1obu]1n fract1on of - the ant1serum w1th
FITC. (ICN Pharmaceutica]s Inc., 0h1o, U.S.A. ) was carr1ed out as - )
described by 0t$uki and Takebe'(1969) " Non-specific staining of
the protop]asts was reduced by absorb1ng the conjugated antibody
with acetone extracted powder of healthy pea 1eaves. ‘The conjugated
antibody had a titer of 1/256, and a FITC/protein molar ratio of

1.9 és determined from the absorbancy vaTues at 495 nm and 280 nm.
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" k-6 Staining‘of'Protqplasts with Fluorescent Antibody

> After the desired time. of incubation, protonlasts were
washed with 0.7 M-mannito] containing 10ﬁnM caCl :vand a thick drop
of protop]asts suspension was pTaced.on a‘g]ass §11de ;meared“with
'Meyer's albumin. The protoplasts were spread onjthe Qlass-s]ide by
a gentle'rotary motion and then quick]y dnied in a current of warm
.a1r. They were then f1xed in 95 percent ethano] for 10 minutes. and
washed with PBS for ]5 minutes. After blot drying, a drop of fluore-
scent antibody (]/8 d11ut1on) was added to cover the protop]asts, .
and the slide was 1ncubated at 37°C for 90 minutes. After sta1n1ng,
the protoplasts were washed for one hour in cont1nuous1y stirred PBS
and then mounted with 40 percent glycerol in PBS. A Carl Zeiss.

Universal microscope equipped with exciter fi]ters BG12 and BG3 and .

barrier filters 65 and 50 were used to examine the stained protoplasts. .

3.7 Scanning Electron Microscopy o -
. : &

-

Fresh]y isolated protop]asts were washed w1th 0.7 M- mann1to]

and then f1xed for three hours w1th 3 percent glutaraldehyde in 0.025
M-phosphate buffer, pHv7.0 containing 0.6 M-mann?to] ~ They were

N then washed tw1ce with 0, 025’M-phosphate buffer, pH 7.0, and post-
fixed in 2 percent osmium tetraox1de for two hours.. Thevprotop1asts
were then washed as before The f1xedvprotop1asts were passed thn0u§h
- a graded series of.ethanol, and then thrdugh 40‘percent and 85 percent
amyl acetate Ihey were ‘then dr1ed by the cr1t1ca] point, method
(Anderson, ]951) and' were examined with a Cambr1dge Stereoscan S4

e]ectron m1croscope operated at 20kV. - D
) -

f



CHAPTER 4
RESULTS

4.1 Method of Isolation

Pea mesophyl1l protoplasts were isolated by both the 'one-
step' and the 'modified two-step' methods; A11 these methods y1e1ded
approximately 1 to 1.5 x 107 protoplasts per gram fresh weight of
1eaves (Table 1) and 78 to 85 pe;cent of the protop]asfs isolated
were generally intact. Micrograbhs of isolated protoplasts as -
observed with light and scanning microscopes are shown in Plates 1
and 2A, respectively. A difference in these isolation methods is in
the time reﬁuifed for 1{be;ation of the protoplasts from mesophyll
cells, which ranqed from 35 minutes to three hours. However, their
infection rates with CYMV remained approximately‘the same. For
sﬁbsequent experiments, therefore, protoplasts were isolated by the
'one-step' method as Qescribed in the Materials and Methods section
because'Pecto}yase?Y23 was not commercially available at the time

of this investigation.

4 2 pH of Inoculum

The effect of pH of 1nocu1at1on medium on 1nfect1on of pea
protop]asts was: éeierm1ned by 1nocu1at1ng the protop]asts at d1fferent
‘ pH values (5.7 to 7.5) of 0.025 M-phosphate buffer. An 1ncreasang
number of the protop]asts were 1nfected as pH was raised from 5.7 to
6. 3 which was an optimal range, and the number of 1nfected proto- ‘d’f

plasts decreased sharply at higher pH values (Figure 1).

29
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Figure 1.

mosaic virus (CYMV) infection of (pea mesophyll proto-
plasts. The protoplasts were inocwlated with 5 ug
per m1 CYMV in the presence of 1 ug per ml poly-L-
ornithine. The protoplasts were stained with
fluorescent antibody specific to CYMV after 44

hours of incubation.

Effect of pH of inoculation buffigujn clover yellow
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4.3 Kind of Buffer

Kind of buffer also 1nf1uencés the infection of1g!ntop1asts
(Kubo et al., 1974; Motoyoshi and Oshima, 1976); Two differenf
buffers; 0.01 M-citfaté buffer, pH 6;0, used for infection df cowpea
protoplasts with CYMV (Rao and Hiruki, 1978), énd 0.025 M-phosphate
‘buffer, pH 6.3, were compared to determine their effects on infection.
Percentages of CYMV infection from three experiments for the citrate/
phqsphatg buffers were~37/52,x4d/57eandg§8[53, iddicating/thap‘the o
presence of phosphate in the inoculum results in the frequency of

infection higher than that of citrate.

4.4 Concentration of PLO

Very Tittle fhfection occurred when the protoplasts were
inoculated in the absence 6f PLO (Figure 2). Therefore, experiments
were conducted to investigate the effects of PLO concentration on
surviva1 and infection of the protoplasts. The optimum concentration
~of PLO for {nfection wés 1.0 to 1.4 ug per ml. _Below and above this
range of PLO concentratibn,~the number of'infected prdtop]asts was:
decreased. As a higher percentage of protoplasts was damaged at
1.4 ug per m1 than at 1.0 ug per ml, the protoplasts were inoculated

at a PLO concentration of 1.0 ug per m1 in the subsequent experiments.

4.5 Methods of Inoculation

Otsuki et al. (1972), using the Tindirect method' reported
, a : ' :
that sedimentation and resuspension of tobacco protoplasts immediately

39



_vFigure 2.

«

Effect of poly-L-ornithine concentrations in the

_inoculum on survival of pea mesophyll protoplasts

and their infection with clover yellow mosaic virus
(CYMV). Inocula contained 0.025 M-phosphate buffer,
pH 6.3, 5 ug per ml CYMV and various concentrations
of poly-L-ornithine. The protoplasts were stained
44 hours after inoculation. :
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’before 1nocu]at1on with TMV is essent1a1 for.\a high frequency of
‘1nfect1on. | |

"The 'd1rect method' app]]ed for 1nocu1ation of tobacco
-protop]asts with CCMV (Motoyoshi et a]., 1974), and the osmotic'
shock method' applied for 1nocu1ation of bar]ey protop]asts w1th BMV
’(Okuno and Furusawa, 1978) later resulted in higher frequencies of
infection than that 6f the 'indirect method.' When these three .
methods. were compared for their efficiency of'infection in the CYMV-
pea protoplast system, however, there was 11tt1e d1fference amongst
them. In three experiments, the average percentages of 1nfect1on
by the 'indirect method ' the 'direct method' and the osmot1c shock
method' were 44, 43 and 46, respect1ve1y In view of these resu]ts,"

the 'direct method' was used subsequent]y

4.6 © Concentration of Inoculum

/

-Frequenc§‘9¥ infection of the protoplasts was influenced by
the concentration of CYMV in the inoculum (Figure 3). The frequency”
-increased with the concentration of the virus in the_inocnlum up to
a concentration of 3 Hg per ml. At this concentration, 56 percent

~‘nf the protoplasts were infected. Further incfease in the virus

concentration- did not improve the frequency of infection.

4,7 Duration of Inoculation

Tne fime of incubation of protoplasts with inoculum also

+ influenced the percentage of infection. Tb examine ihe effecfslof



Figure 3.

of incubation.

Effect of clover yellow mosaic virus (CYMV) concen-
tration in the inoculum on infection of pea mesophyll
protoplasts. The inoculum mixtures contained various
concentrations of CYMV, 1 ug per ml poly-L-ornithine
and 0.025 M-phosphate buffer, pH 6.3. Percentage of
the infected protoplasts was determined after 43 hours
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Figure 4.

Effect of time of contact betwe fﬁEEu%um\gnd proto-
plasts on infection of pea mesgphyll protopiasts with
clover yellow mosaic virus. ~The protoplasts were
inoculated as described in thé Materials and Methods
section except duration of ikoculation.
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duration of inocu]apfgn, the‘;;gtop1asts were incubated for different
periods of tiyﬁﬁfafto 60 minutes) with a mixture of CYMV and PLO

which had been prgeincubéted foﬁ 20 minutes. It was found that 10
minutes of incubation gave a relatively good 1nfectﬁpn rate, and.

1oﬁger incubation than this did not change the rate considerably

(Figure 4).

4.8 -Multiplication of CYMV

The extent of multiplication of CYMV in the prbtop1asts was
determined by'two methods; namely, inféctivity assay of protoplast
ext}acts and fluorescent antibody staining of inoculated protoplasts.
Figure'S"shows the time cduhSe of the virus mu]tipiication as obtained
by assaying the iﬁféctivity,in the protoplasts at the various times
after inocu]ation. A shalj amount of infectivity detected immediate]y v
after inocuiation cqy}d be attributed tq the virus'partit1es simply
adsorbed to the protoplasts. This initial infectivity-was followed
by -a decrease in the 1nfécti§ity sfx;hours after inoculation.. It
increased very rapidly between 12 and 24 hours and then slowed down.
The percentage of infected protoplasts was determined by stainingl
the protoplasts with fluorescent antibody specific té CYMV at
, 1nterva1s after inoculation. "The first fluorescence was observed
12 hours after inoculation and 10 percent of the<pfotop1asts were
found to be infected (Tab]e.Z). During the following 12 hours, thé
percentage of ihfected protoplasts increased very”rabid1y from 10
’percent to 38 percent, and then the increase waé slowed down.

| The first ye110w-§reen fluorescence due to CYMV antigen'
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Figure 5. Clover yellow mosaic virus multiplication in pea

‘ mesophy11 protoplasts as determined by infectivity
assays on Chenopodium amaranticolor leaves. The
protoplasts were inoculated and incubated as
described in the Materials.and Methods section.
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Table 2.  The t1me—course of c]over yeltow mosaic virus. mu1t1p]1—
cation in pea mesophyll protoplasts as_determined by -
f]uorescent ant1body techn1que s

N . L o
Time after 1nocu]at1on o F1uoresc1ng protop]asts
(hours) ’ ~ . (%)
0 . v 0
12 - ~ | 10
24 a 38
36 , 44
60 | 15

**Protoplasts were inoculated and incubated as des~ribed in the
Materials and Methods section.
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was visible at 12 hours as weak f1ﬁorescent specks.r‘After 40 hours
bf fncubaﬁioﬁ the f]uofescence was distributed throughout the cyto-
pTaém, and it appeared as a network due to"unstained d;fk chloroplasts
 (Plate 2B). There was no such f]gdﬁescence when uninoculated proto-

plasts were tréated after 40 hours of incubation with conjugated

CYMV antibody (Plate 2C).



CHAPTER 5

DISCUSSION

The present study has shown that pea mesophyll protoplasts
can be infected with CYMy in the presence of PLO after brief incubation.
When the 'two-step method' (Takebe ét al., 1968) was tested in a
preTiminary test, significant cell damage o;curred during shaking
of pea tissue with i'acerozyme, conSequenf]y very few cells were
avaf]ab1e for the subsequent cellulase treatment. In contrast, the
‘modified two-step' (Watts and King, 1973) and 'one-step' (Power and
Cocking, ﬁ970) methods'required‘only gentle swirlings, and the
damage was minimal. In addition, the 'one-step' method was simple
and yielded a Tlarge number of protoplasts. A1l the methods uéed in
this investigation résu]ted in similar protoplast yields but differed
in fhe liberation time of protoplasts (Table 1). 'Usg of Pectolyase
Y23 considerab1y reduced the time of protoplasts isolation from two
hours to 35 minutes. A]thoﬁgh the enzyme was used previously to
isolate tobacco protoplasts (Nagéta and Ishii,‘1979), this.is the
first report of isolation of pea protoplasts after a short exposure
to the enzyme.

In this investigation up to 57 percent of pea mesophyll
protoplasts were infected with CYMV under the inoculation conditions
described in the Materials and‘Methods section: The observations
that virus antigen was detectab]e 12 hours after inocu]étion (Table 2),

and that extens1ve f]uorescence was observed 40 hours after inoculation

(P]ate 2B), indicated that the protoplasts 1nocu1ated vitro

46
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sﬁpported active virus multiplication. Synchronous nature of infec-
tion and virus mu]tip]ication'was evident from a rapid increase in
infectivity between 12 and 24 hours, and from the observation that a
majority of the cells fluoresced within 24 hours of inoculation.
The result of a time-course étudy of virus multiplication in the
protop]ast§ as monitored by the infectivity assay and fluorescence
micfoscopy was similar to that of some other virus-protoplast systemé
(Takebe and Otsuki, 1969; Hibi et al., 1975; Okuno et al., 1977).

In the investigation of the effects of some factors on
infection of pea protoplaéts with.CYMV, PLO was found necessary for
infection (Figure 2). Very little infection occurred when it was
omitted from the inoculum. PLO was also reportedly essential in
many other virus-protoplast combinations (Motoyoshi et al., 1973a;
Otsuki and Takebe, 1973; Otsuki et al., 1974; Motoyoshi and Oshima,
1975; Kubo et al., 1§75b; Motoyoshi et al., 1975; Barker and
Harrison, 1977; Huber et al., 1977; Alblas and Bol, 1977; Rao and
Hiruki, 19783 Kubo and Takénami,~1979; Morris-Krsinich et al., 1979).
whi1é all these viruses that require PLO for infection were negatively
charged af the pH values used for inoculation of the protoplasts,
other viruses that were positively charged at their inoculation pHs
do not require PLO for .afection (Motoyoshi and Hull, 1974; Okuno et

N\ﬂ]" 1977). Recent investigatibns, however, inAicated that it was
not only the charge on virus particies that inf]uence; thé require-
ment for PLO, but also the amodnt of negative charge of the protoplast
membrane. “Negatively charged'CPMV and TMV did not require PLO for

" infection of cowpea protoplasts (Hibi et al., 1975). However, the

same viruses required PLO for infection of tobacco protoplasts
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(Huber et al., 1977; Takebe and Otsuki, 1969). The mechanism of the
PLO-eﬁhancea jnfection 1s not very well understood, although it
appears that PLO acts both on virus partic]es and protoplasts. Upon
mixing, it forms a complex with the negatively charged viruses (Kubo
et 51., 1976, Takebe, 1975b; Rao and Hiruki, 1978), facilitating the
virus adsorptio; to the p]asmamemb:ane. It also enhances the uptake
of virus particles through enhgﬁced pinocytotiC_activity of proto-
plasts (Cocking, 1966; 1970; Hibi and ﬂfrg, 1972; Otsuki et al., 1972),
“or through plasmamembrane lesions that serve as the sites for virus
binding (Burgess et al., 1973a; 1973b).
The kind of buffer used for infection cqnsiderab]y in-
f]qences the infection (Kubo et al., 1974; Tékebe, 1977). Various
buffers‘were used to test the infection efficiency of protoplasts
(Kubo et al., 1974; Motoyoshi and Oéhiﬁ;, 19755 Morris-Krsinich et aT.,
1979). Phosphate bLffer increased infection of pea mesophyll proto-
plasts with CYMV to a higher percentage than did citrate buffer. |
~ The mechénism of phosphate-enhanced virus 1nfectfon of intact tissue
(Yafwood, 1952), and that of protoplasts (Kubo et al., 1974) 1is not

completely understood, although some posfu]ations were made. This
could.be due to an increased number,of sites of infection (Kubo et al.,
]976); as aggregates containing TRV and attachihg to tobacco proto-
plasts were greater in number and smaller in éize when phosphate
instead of citrate was included in the inoculum. waever, the
effects of phosphate on the plasmamembrane after attachment may also
be involved in the enhanced infection (Kubo et al., 1974; 1976).

The response of pea protoplasts at different pH values of
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the inoculation médium towards infection with CYMV was considérab]y
different from mest other virus-protoplast éombinations. The
optimal pH value of 6.3 for infection of pea protoplasts waé higher
(Figure 1) than that for the infections of certain protop]asté with
TMV, CMV, CCMV, or TNDV (Takebe and Otsuki, 1969; Otsuki and Takebe,
1973;'Motoyoshi et al., 1973a; Kubo and Tak%nami, 1979). However,
- it is similar to that for CYMV infection of cowpea protop]asts (Rao
and Hiruki, 1978) and for PVX infection of tobacco protoplasts,
(Otsuk1 et al., 1974). A h1gher pH value of phosphate buffer was
also optimal for infection of tomato’protop1asts with TMV (Motoyoshi
and Oshima, 1975), and tobacco protop]asts with TRV (Kubo et a].,
1975b). The effegﬁ of pH on virus infection of protoplasts %s_inter-"
preted to be dué to it§ influence on interactions bétween virus and
PLO, and between vifus or a virus-PLO complex and protoplasts. It
seems that at pH 6.3, the virus particles assume optimal negative
charges so as to form a positively charged‘virus-PLO complex for the
max imum adsordtion to the negatively charged prdtop]ast surface. By
virtue of the increased pH; phosphate buffer 1ndirect1y i@proves
~ the stability of the protoplasts, as they are unstable at lower pH
values (Takebe, 1975a; Motoyoshi and Oshima, 1975) “

The extent of infection of protop]asts also depends.gn the
concentration of virus in the inocuium. In this investigation,
k percentage of infected protoplasts increased with tﬁé’increaselin
| CYMV concentration up to 3 ug per m1 (Figure 3). Further increases
in the virus concentration did not result in the incieased infection
efficiency, but the slight reduction. This reduction can be ex-

plained by a shift in the net charge of the virus-PLO complex from

"
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positive to negative charge due to increased virus concentrations
in the inocu]um.k A]ternative]y, it may be due to a need for
increase in PLO concentra@ion in the inoculum. However, the effect
of increased PLO concentrations was not examined, as the survival
rate of the protoplasts declined sharply at the higher PLO concen-
trations (Figure 2). For the maximum {nfection of protoplasts, CYMV
required an inoculum virus concentration higher than that of some
other viruses (Takebe and Otsuki, 1969;vkubo‘et al., 1975b). It is
interesting to note that PVX which belongs to the same potex group
as CYMV, also required a high inoculum virus concentration'(Otsuki
et al., 1974).

' The time of incubation of the protoplasts with the inoculum
also influenced the percentage of infection. A 10 minute incubation
was sufficient for relatively good infection, and there was no
considerable difference in the rate of infection with longer incuba-
| tion timés (Figure 4). The exposure time of 10 minutes was also

considered sufficient for infection of protoplasts with TMV,, CCMV

"EOShima; 1975; Motoyoshi

and BMV (Otsuki et al., 1972; Motoyoshi
et al., 197§a; Okuno et al., 1977), although a»fivg minute expo§ure
of tobacco protoplasts to PVX was enough to give a maximum infection
(Otsuki et al., 1974). ‘ '

One of the important aspects of the study concerning virus
mu]tfp1ica§ion is the role of inclusion bodies produced in infected
cells. CYMY is known to produce various kinds of 1ntface11u1ar
inclusion Qodies (Christie, 1967; Rao et al., 1978). However, very

11tt1é_1s known about the sequential biogenesis of these bodies.



The use of protoplasts can greatly help understand the formation and
the role of inclusion bodies in vivo. In nature CYMV often occurs
in combination with WCMV (Pratt, 1961). With the‘protoplasf system
it may be possible to study thebinteraction between these distantly
‘related viruses, and also between different strains of\CYMV.
¢$? T;n‘its‘appljcation to practical fields, it must be pointed
out that the protoplast system offers a significant possibility to
develop CYMV-resistant b]ants. The protoplasts isolated from plante
system1ca11y Xinfected w1th CYMV or the protoplasts 1nocu1ated w1th
CYMV, can regenerate ce11 walls in vitro (Qura15h1 and ﬁﬁﬂﬁkl,,un

pub]1shed data). These ce11s form callus- 11ke c610n1es andl

quently whole plants can be regenerated. Resistant p1ants'miy be
selected by repeated challenge inoculations of subsequent p]ant

‘genérations with the virus. b

'
1
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Plate 1. A light micrograph of protoplasts isolated from pea .
leaf mesophyll suspended in 0.7 M-mannitol.

scale represents 20 um.
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Plate 2.

A. A scanning electron micrograph of pea mesophyll protoplasts.
The scale represents 10 um.

B. and C. Fluorescence micrographs of pea leaf mesophyll
K protoplasts stained with fluorescent antibody to clover
yellow mosaic virus (CYMV): B. Inoculated with CYMV.
C. Uninoculated. The scales represent 10 um. '
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