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ABSTRACT 
(1 .~ 

A~ HAMEED K. KnAnHAIR\\ Plant SClence 
(, (Plant p.at,gy) 

STUDIES 'ON AN EASTERN ONTARIO \~SOLATE • 
. OF WHITE CLOVER MOSAIC VIRUS . , 

/ 
Çharacterization ot' the most frequently is~\la~ed virus found 

during a survey of eastem' Ontario red clqver fields,,' which was ' 

designateà as the Ottawa isolate, ?as undert:aken. Determination of the 

biological and physico-chemical properties .of thE virus showed~that the 

virus studied ~differed in sorne respects from other, ~CMV)solates. An' 
"-. , 

ultrastructural examination of virus localization anp cytôpatholôgical 

changes in infected red c1pver and pea ;lant's revealed various types of 

viral inclusions. inclu~ling a membrane-bound mass of tubules, not 

u~ually associated with infection by pot~xviruses, i~ r~d c1ov~r lea;'e~, 
. and severe organelle dis'organization within pea leaf ti~sues.' WCMV • \~ 
infection significantly '~edu~ed several proc~sses relevant to symbiotif' 

nitrogen fixation, including, plant growth. nodulation, nitro'lenase' 
i 'J 

activity, leghemoglobin content, and Rhizobium population, b,!lt nitt.;:-ate-
.' 

reduetase and acid phos~hatase specifie act~viti~s w;I'e increâsed., )The 

correlation between leghemoglobirî content and nitrogenase actiyity . 

shown at, ten-Ieaf and pre-blooming stages was absent during the flower

ing and s{i:nescence stages. Infectivity assays, immunosorbe~"elec'tr<Jn., 
microsr-epy, and an u1tI'astruc tural ex:aminat ion showed t~e pr,esence o't-
the virus in nodular tissues; the cytopathological changes seen in '" 

bac'i:erpids suggested that virus infect'ion accele'I'ated nodule se~escence. 
Appli\ation of a eytochemica1 technique using diaminobenzidine showed' 

~ that she leghemoglobin was locâted in the, peribacte~oidal space. 
~ . ~ 
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RESUME 
" 

J
\ . . , -/ Phytotechnie 

A. HAMEED K. KHADHAIR 
(Phytopathologie) 

" 

(fr ETUDES SUR UNE SOUCHE DE VIRUS DE L'EST DE L'ONTARIO 
j 

, CAUSANT LA MOSAIQUE DU TREFLE BLANC 

, ~ 
, La' car\ctérisation du virus, dénommé souche Ottawa, le plus 

fr~ue~nt,~o'lé des champs de trèfle royge dans l'est de 'l'Ontàrio 
1 ~ l 

est amorcée/ Ce virus se distingue des autres souches du virus de la 

oosaique ,du t'~èfle blanc, (WCMV). Une étude ultrastructutelle de la 

localisation du virus et ,des altérations cytologiques chez- le trèfle 

rouge et le -pois infec~ révèle la présence de divers types 

d' inclu~ions virales dans les feuilles du trèfle, particulièrement 

_ celle d'une masse de tubules renfermée dans une membrane, phénomène 

inusité pour les' infections par les potexvirus (virus X de la poonne de 

'~8fre.), et d'une sévère désorganisat ion ~es organe lles cellulaires des 

feuilles du Pois. L'infection par wcm diminue considérablement 

" ~lUSieurs processus reliés à la fixation symbiotique de l'azote, tels 

e d,a crOissan~de la plante, la production de nod&'sités, l'activité 

re ivè de la n trogénase. la teneur en leghémoglobine et la population 

,Qe' Rh~zobium,- ce ndant i 'activité relative de la nitrate-reductase et 

~ phosphatase-acide est augmentée.
o 

La corrélatiQn entre la teneur 

. ~~n leghémoglobine et\~' activité relative de la nitrogénase d~~elée au , ~/ ~;' 

st~de dix-feuilles et fh;:ê-Jloraison, est absente' au stade floraison et 
,t \ . 

sénescence des fleurs. Les tests du pouvoir infectieux, les examens 
KJ 

ultrastructurels· et immunoélectromicroscopiques ;évèlerl:t la présence du 

1{ir~s dans les tissas a~s nodos ités,' , ~es c~3ngements cytopathologiques t/(.! 

dans les bactéroides indiquent que l'infection virale pr:écipite le 

vieillissement des nodosités,: Un te;;t cytochimique utilisant;, le 

diaminobenzidïne montre q.ue la leghétJa0globi?e se trouve. dans la région 
\ • " ~J 

,péribactéroidale. 
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INTRODUCTION 

~ 

Today's world population explosion has generated a massive hunger 
/\ 0 

problem. Fertile soil ranks first among an~/nation's resources. 

, \." 
Nitrogen is an essential element-of aIl living organisms, but in many 

areas inorganic N fertilizers are unavai1ab1e. Legumes are valuab1e 

nitrogen sources for,livestock, soil conservation and soil improvement. 

The association of rhizobia with leguminous plants is unique, and the 

symbiotic nitrogen fixation mechanism which results from this 
1 _ 

association i5 'a beneficial as weIl as an inexpensive phenomenon. 
/-

Thus, any dereliction in making this mechanism available in leguminous ' 

plant culture is not in keeping with efficient use of available 

resources. 

Red Cl~ver (Trifolium\pratense L.) has a long and significant 

history among farm crops, and was considered the cornerstone .in the 

croppi~tems. lt has a wide range of adaptability in Canada. 

Crop losses due to virus infections were reported as early as 1917 in 

the United States (U.S.A.)" and the destructive nature of virus 

induced legume diseases has become incr~asingly apparent since that 

time. Several viruses have been reported to infect red clover, 
<:,), 

particularly alfalfa mosa~c virus (AMV). bean yellow mosaic virus 

(BYMV) , claver yellow_mo~~ic virus (CYMV), pea streak viru~ (PSV). 

1 
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, 

peanut stunt virus (PeSV), red clover ve1n mosaic virus (RcVMv) , and 

whitè clover m05aic virus (WCMV). 

During 'the summer of 1979, red clover fields in the Ottawa area wer~ 

surveyed and 28 plants showing virus-1ike symptoms were collected. 

Extracts from 20 of these were f~~nd to contain filamentous particles 

when examined in the electron microscope, and produced local 1esi?ns 
L' 

when used to inoculate Gomphrena globosa L. The studied vrrus i~olate 
1 

originated from a single lesion on Q. ,globos~~ which was propagated in 

red claver and other hast plants. 

The mechanisms controlling nodu~e reta~at,ion',' nodule loss and , / ' 

( 

nodule regeneration after harvest are not understood for any forage 
:\ 

legume except alfalfa. Since perennial forage legumes are frequently 

subjected to virus' infections and removal by animal or by mechanical 
'" , 

harvesting, and since the rate of symbiotic nitrogen fixation i5 of 

great interest, it is important to understand the ~ffect of harvest_ 

2 

time as weIl ~s the virus infec~on on nitragen fixation and other ~ 

characteristics in red clover nodules. 

, 
ThE! p,resent study was conducted to achieve the following 

objectives: 

1: Identification and characterization af the selected virus isolate 

and comparison with other reparted isolates. 

2. Survey of the incidence of clover viruses in six fields of red 

claver in eastern Ontario. 

3. Ta. study the cytapathological changes and the distribution af the 

described virus isolate in variaus tissues of two le?fmes, red 
,7 

claver and pea. 

" 

'1 l, 
l! 

~ 
è 
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. ' 

4. Determination of the effect~ of this virus isolate on the patterns 
, fi 

Jof nitrogenase ~ctivity and related aspects ~n the nodules of red 

clover pla~ts. 
; 

5. ,Investigation of t]:1e behavior and localization of' 

virus in the nodular_tissue. 

) 
the fOlated 

3 



~,' ' 

, 

, 

( . -
'\ Jo 

o' 

tP 

~ 

t 

/ 

l . ~ 

"'i> 

1 

LI General incidence 
of 1e~ume viruses , 

" 

, 

SECTION 1 

LlTERATURE REVIEW 

and significance 
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) The d~verse plant (amily, Leguminosae~-includes at least 35 
~ , . ) 

spècies cultivated fer protein-Tich food, 'f~ed and forage, and as 
~ ) 

green manure crops. Early reports showed that viruses cou1d ca~se 

severe losses to legume plants (Stewart and Reddick 1917,~ and many . ' .• J , 

viruses h~ve been found in various forage crop plants in different' 
, 1 . 

areas. som~f the.most commonly encoJntered viruses and_ t4e , 

principal cr~p in which.surveys ha~~Jindicated ~ir.fre:ence,oa~e 
listed below. 

Virus 

pea common mosaic ~irus 
(PCMV) J / . 

bean yellow mosaic.virus 
(BYMV) , 

" 

Crops 

red clover, 
pea 

sweet clover 

red clover 

(j. 

Area Reference 
'1 

~ 

Idaho, USA Pierce 1935 

Idaho, USA pierce 1935 

Wisconsin, Hanson and 

\ 

red claver vein mosaic 
virus (RCVMV) , PCMV 
and BYMV 

USA Ha~edorn 1952 

. 
RCVMV Wiscànsin, Graves and 

"" 

,,"' 

red, alsike 
and ~weet:( 
clover 

USA Hagedox:,n 1956 ..--f) 

RcvMv, PCMV, BYMV, pea 
streak virus (PSV) , 
alfalfa mosai~ virus 
(AMV), alsike clover 
mosaic virus (ACMV) 

red clover 

I~ 

4 

Wisconsin, 
USA 

Hanson and 
Hagedorn 1961 

.~ 
------~ 

,.' 
J 

-; 

1 
i 

J ,0 

<1 , , 
\: 
" 

? 
~ 
" 

, 
" , ~ 
, 
1 

1 
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Virus 
, 

AMV, BYMv and white 
clover mosaic virus 
(WCMV) 

AMV, BYMV, PCMV, RCVMV, 
WCMV and clover yellow 
mosaic virus (CYMV) 

AMV, PS.V and claver 
ye110w vein virus 
(Cyvv) 

AMV' BYMV, PSV, ,VWV 
and WCMV 

Crop 

alfalfa 

red 
clover 

ladino 
clover 

ladino 
clover 

Area 

Rhode 15 land, 
USA 

Ontario. 
Quebec, 
Canada 

North Carolina, 
USA 

Ontario, 
Canada 

Reference 

Muller 1965 

Pratt 1968 

Lucas and 
Harper 1972 

Gates and 
Bronskill 1974 

lt has been reported that older stands of forage legumes oftèn 

have a high perc~ntage of virus-infected plants which may be symptom

less (Ostaieski et al. 1970), and provide a reservoir from which other 

alfalfa varieties in central Washington, man y were found to contain l plants can be infected. During a survey on 3-year-01d plots of 12 

viruses whith were infectious ta beaqs., and the range of symptoms 

\~produced in beans and broad bean indicated the presence of 15 to 20 

virus strains or combinations in alfalfa plants ~ayed (Burke 1963). 

/ 
Although legume viruses are commonly transmitted by insects in 

the field. seed transmission is fairly frequent in some legume plants. 

Hampton (1~62) reported that three latent viruses werè transmitted 

through bean seeds. In a subsequent rep~rt (ijamptan 1963). CYMV and 

WCMV were found transmissible in red clover seeds. Later, Hampton 

(1967) confirmed the presence of the above-mentioned viruses (i.e., 

CYMV and WCMV) as weIl as two other viruses in red clover seeds. They 
--.:::::.-. 

'were described as an isometric virus. serologically related to tomato 



s. 

. , 

.. 

ring sP9t virus (TmRSV), and a filamentous one with 760 nm length . 
• 

Hampton , 
viruses 

and Hanson (1968)'demonstrated seed transmission of unnamed 

in approximate1y 1~~0 red clover seed1ings from six lots of 
'J 

seeds assayed on broad bean: Frosheiser (1970) used Bountiful 

an assay host to detèct AMV in'uninoculated'al~alfa seedlipgs. 

beau as .... 

'Various effects can result tram virus infection in forage legumes. 

Kreitlow et al. (1957) reported that AMV and BYMV, in single and mixed 

infection, affected the forage yield and chemical composition of ladino 

white clover. Roberts (1956) showed that ladino clover plants infected 

with AMV were mOTe susceptible te cold damage than virus-free plants. 

In field experiments, ,Goth and Wi1coxson (1962) found that infection by 

BYMV reduced stands of red clover as much as 100% under seasonal .. 
temperature v~riation in M\nnesota. Significant reduction in the yield 

of alfalfa ha~ has resu1ted from infection by AMV (Cri11 et al. 
(1 

1970). In birdsfoot trefoil, it was reported that tobacco ring spot 

virus (TRSV) affected t~e yield, persistence, flowering and seed set of 

the infected plants (Ostazeski et al: 1970). 

The majority of forage legumes are cross-pollinated plants, and 

red claver, which-has the mast adaptable genotype, is a typical 

example of this group (Fergus and Hollowell .1960). \Since red claver 

was found to be susceptible to different plant viruses, as described 
,~ 

earlie~, breeding resistant varfetie~· seems to be the most promising 

approach toward controlling ~us diseases in this ~rop. Several 

cultivars of this plant species have been developed. Some of these 
: . 

( 

cultivars were used ta control northern and southern 'anthracnose, as 

6 

J 

J 

,; 
l 
l , 
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weIl as powdery mildew, but only the cultivar Kenstar was found resistamt 
~ ~ 

to BYMV (Taylor 1973). 

~ . 
o 

1.2 Distribution of c10ver viruses 

i 
Às indicated earlier, red clover can be infected by ~everal 

viruses." and the following are c.onsidered important: alfalfa mosaic' 
-l, 

virus (AMV), bean yellow mosaie virus (BYMV) , clover yello~ mosaie 

virus' (CYMv) , pea streak virus (PSV) , reœ elover~vein mosaie virus 
;, <fi 

(RC'~~~)'" and white c1ove~ mosaie vir~s (WCMV) (DiaehiÎn and Henson 
,. 
J' 

) 

, 
195~; Graves 1953; Hagedorn and Hanson 1963; Stutevi11e and Hanson 

1965). It is apparent from this listing that a given virus, e.g., 

AMV, can be important in more than ~ne crop, and this has led to some 
Q 

confusion in the nomenclature of some of these viruses, ,sueh as WCMV. 

" 
Early aeports by Zaumeyer and Wade (1935, 1936) suggested ~~at 

thé mosaie of white clover (Trifolium repens L.) might be caused by 

two distinctive viruses. In 1942, Johnson; repor~ed that whi~ clover 

mosaie virus was caused by g eomplex of two viruses. One, whi~h he 

named pea mottle virus, inf~eted plants in the Leguminosae, 

Caryophyllaceae, Cueurbitaeeae, and Scrophularjaceae, while the other, 

o 

which he called pea wilt virus, only infecte~~lants in the Leg~minosae. 

Matsu+evieh (1956). who·'tor-eported a mQsaic ,)l.isease ,. . 
/ . 

as a widespread disease in the Ukraine: concluded that 
~ ~ 

of red c l'over 
~ 

pea mo.t t le and 

pea wilt viruses were.present in his samples. Leaf symptoms in clover 

were distortion, chlorotie flecks. and neerotic stripes. Hïs 

. . - ------------
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, 
conclusion that pea mottle and pea wilt viruses wer~ present was 

, ~ 

based on the't~ansmissibi1ity of one of the virusés to~ea and bean. 

Later, the presence of the'se two distinctive viruses was confirmed in 
, ., 

two different loca1ities in the United States (Agrawal et al. 196t). 

Thus, Pr~tt (1961) suggested the names white clovèr mosaic virus and ."' 

claver yè1low mosaic virus ~or'pea ~ilt and pea mottl~, respectively. 
'Iô 

Some ~olates of this virus complex have been reported on the basis , 

of host reactions and p~perties. and resemble on~: or ~;;en 
bath of Johnson's viruses. A German iso1ate (Brandes and Quantz 1957; 

~ 

Quantz 1956) appeared ta be re1ated ta pea wi1t'virus. Another lsolate 

in the Netherlands resembled pea mottle vi;:us by si>"sfemic'ally 

'--infecting cucumber and'in being trâ~sm~ssible by do~der, but resemb1ed 
Il' 

~ea wilt virus by infecting corea .o~os et al.' 1959). 

isolate which infected cowpe~and snapdragon, but not 
" .; 

" A Ca1ifornia 

cucumber t was 

concluded to be similar to Johnson's pea mottle-pe~ wilt complex 

(Scott and Gold 1959). An Indiana iso1ate resemb1ed pea wilt yiru's ·in • 

some of its h~st' reactions, but mu1tiplied in several non-1eguminous ' 

hosts, inc1uding C!ucumber (Bancroft et aL 1960). 

l , 

1:'3 White clover mosaic virus 
. 

'" 'J White claver mosaic virus (Crypt;ogram: ,R/l:2.4/<b):E/E:S/(Ap»· 

" was first isolated from white claver in the U.S.A. by pierce 
. ., 

Exchange of antisera has shown that WCMV is present in several 

(193'5)d~< 
, / . \ 

countries (Bos et al. 1960). This virus was found to cause mosaic 

and mottie of different degrees of severity in various specles 9f 

) 
,~ 

; 

'i 
Il 

8 

~ 
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~~ 
claver, and vein-c1earing~ 1ight green mattle with'chlarosis, in pea 

(Bercks 1971). It is considered ane of the f1exuous viruses of the 

potex-virus group, with a probable 1ength of about 480 nm and 

diameter 14 nm (Bancroft et ,al. 1960,; Berks 1971"-'. B1aszezak et al. 
c; 

1977; Blaszezak and Micinski 1977; Fry et al. 1960; Varma et al. 1970). 

Although the virus is easily transmitted mechanica11y, a report 

indicated the transmission of a strain of WCMV by dodder (Bos et al. 

1959). Scott and Gold (1959) reported no dodder transmission with 

another iso1ate (AC-18I, ATCC ed.2) in the same serogroup. 

Unsuccessful seed transmission with Medicago lup1ina L. could be 

demonstrated (Bancroft et al. 1960), but'it was recorded as 6% in 

'- '" 
Trifolium pratense L. seeds CH pton 1963). It wa reported that a 

low per-centage of transmission of one strain of WCMV was effected by 

Acrythosiphon pisum to a clonaI line of ladino clover (Goth 1962). 

, Other authors had failed ta transmit the virus using various- insects, 

including~. pisum, Aphis' gossypii, Myzus persica, Anurapbis bakeri 

(Bancroft et al. 1960; Pratt 1961; Scott and Go1d 1959). 

Two procedures have been reported for purification of WCMV. The 

first metbod included grinding infected bean leaves with 0.2% ascorbic 

acid and ,0.2% SOdi~ sulphite, and the extracted sap was mixed with 

an equa1 volume of ether. After low speed centrifugation, the aqueous 

phase was added to an equal volume of carbon tetrachloride. Three 

cycles of low speed centrifug'ation were followed by two cycles of 
c ~«tt~ f) 

differential centrifugati~n. The final high ~peed pellets were 

suspended in 0.1 M phosphate buffer (Wetter 1960) . 

.... ~ 

9 



t 
The other method used to pur if y WCMV included grinding the frozen 

infected pea plants after thawing, ~nd blendin~ the expressed sap with 

an equal volume of 0.1 M K2HP04. Three cycles of lowand high speed 

centrifugation were used, and the high speed pellets were resuspended 

in distil1ed wat!. Further purification was done by precipitating 

the yirus with a half volume of saturated ammonium su1phate or by 

adding drops of 1 N acetie acid ta obtain pH 4.5 (Fry et al. 1960). 

The wid~ly used PEG «precipitation» ~ethod has not been used for 
• 

purification of WCMV (Wetter 1960; Fry et al. 1960), but Veerisetty 

and Brakke (1978) have shown its applicability to other legume 

viruses. The procedure involved precipitation of the'virus from the 

sap of infect~ peas after clarification with calcium phosphate py 

additionoof 6% p~lyethylene glycol (PEG-MW 6000) and conée~r~tion by 

two cycles of differential centrifugation. The virus suspension was 

" 1ayered on a pad of 20% and 30% sucrose, respective1y, and the final 

pellets were suspended in O.016~ M disodium phosphate, 0.0018 M 
. ~ 

trisodium citrate, pH 9.0 (Veerisetty and Br~kke 1978). 

The purified virus 'suspension nas uv absorbance 260/280 of 1.0 to ,. 
1.8 ,(Fry et ai. 1960; Bancroft et al. 1?60), with an extinction~ 
coefficlent at 260 nm of 3.6 (Fry"et al. 1960) for a 1 mg-/ml suspension. 

10 
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The virus sediments as a single compon~nt in the analytical ultracentri- l 
l 

fuse, and has a sedimentation coefficient (S20,w) of 112 S t~~~~9 S (Fry i 
et al. 1960; Pratt 1961; 81a,zezak et al. 1977; Vanna et al. 1971). The Jl. 

-------------- ------- -----------;- '-' -------- ----~---- ------- <~ 

is-ee-1ectric--point of the virus is about pH 4.5 to~pH 5.0 (Fry et al.---' 
1960; Bancroft et al. 1960) and it has an e1èctrophoretic mobility ~ 

l 
'. 

, 1 
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-5 -1-1 of -5 to -7 x 10 em2 Sec Volt in phosphate buffer pH 7.0, ionie 

strength 0.1 (Pratt 1961; Fry et al. 1960). 

WCMV partic1es are f1exuous helica11y constructed filaments 

containing about 7.2% RNA (Fry et al. 1960; Va~ma et al. 1970; 

Bancroft et al. 1960; Miki and Knight 1967). The mo1ar percentage of 

the nuc1eotides i5: G15.5, A31.8, C26:9, U25.7 (Miki and Knight 1967). 

The molecular weight of WCMV coat protein was repor-ted as 1.4 x 
1 

104 by Miki and Knight (1967) using chémical ana1ysis. However, by' 

using SDS-polyacry1amide ge~ e1ectrophoresis, ,values were determined as 

2.02 x 104 (Koenig et al. 1970), 2.25 x 104 (Lesnaw and Reichman1970), 

and 2.35 x 104 (Tung and Knight 1972). The amino acid composition of 

the protein (mole percent) lS: alanine 14.4, arginine 4.0, aspartic 

acid 9.3, cystine 1.3, glutamic acid 6.9, glycine 5.5, histidine 1.6, 
. 

,isoleucine 6.1, leucine 7.5, lysine 5.8, methionine 1.5, phenylalanine 

4.2, proline 6.1, serine 7.6, 'threonine 8.4, tryptophan 1.6, tyrosine, 

1.9, valine 5.4 (Bercks 1971). 

1.4 Microscopie studies of 
inclusion bodies 

Certain structures produced in virus-infected' plant, cells have 

b~e? known since 1903, when Iwanowski observ~d them in tobacco cells 

infected with TMV (Iwanowski 1903). As,the study of plant viruses' 

expanded, it was found that other virus~s can indu ce simi1ar or , 

11 

_ --comparable- S-tructuœs-,_ -which- -were- la-ter-tmed vaGuO-l-ate -bodie-s-,.--- --- --~ 
--~------------

amoeboid pod\es, plasmodi~m-like masses, spheru1ès, or more common1y 

as X-bodies (Mckinn~y 1923; Go1dstein 1924). 

----~-_. --.- _. 
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Several studies directed their efforts towards describing and 

identifying the inclusions and their nature. Sheffield (1931) 

fol~owed the in vivo development of X-bodies of the aucuba strain of 
'-1 

TMV by observing living infected cells under the light microscope. 

Considerable advances were made in the developmént of suitable 

fixation techniques (Bald 1949) and staining procedures which enabled 

better detection of inclusion bodies, and differentiation from ordinary 
,-

cell constituents (McWhorter 1941; Rich 1948; Bald 1949). The 

extensive work by Christie and Edwardson (1977) has become the focus 
\ 

for rapid diagnosis of the inclusion bodies of different plant virus 

~ groups, by light microscopy. 

Electron microscopie investigations have greatly expanded 

knowledge of the various types of inclusion bodies formed within virus-.' . 
infected cells. Ih a recent review, Martelli and.Russo (1977) 

c1assified inclusions by their location and nature as follows: 

a - Nuclear l - Nucleolar inclusions 

2 - Nucleoplasmic 

~ 3 Perinuclear, 
-.., 

b - Cytoplasmic 1 - Crystalline inclusions: 

- Fibrous 

- Paracrystalline 

Crystalline 

- Laminated 
----- - ---------~ 

- -Sma-H--spheres-----------~-

12 
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2 - Proteinaceous 

- Amorphous inclusions 

- Pinwheels 

There are two kinds of nucleo1ar inclusions. The first is 

called the satellite body induced by beet roosaic virus (BMV) 

infecting G. globosa and Chenopodium quinoa (Martelli and Russo 1969). 
-; , 

«sprouting3 condition of nucleo1i of BMV-infected pea cells can be 

considered siroilar to these bodies (Bos 1969a) . The second kind of 

nuc1eo1ar inclusions is the crystal1ine forro induced in many hosts by 

BYMV and related viruses (McWhorter 1941). However, ana1ogous 

nuclear crysta11ine inclusions induced by two potyviruses (Edwardson 

1974; Kitajiroa et al. 1968) were found not to differentiate thero from 

crystals of tubular elements with hexagonal packing associated with 

the nuc1eolus of tobacco leaf cells infected with caldy strain of AMV 
\ 

(Hull et al. 1970). 

Nuc1eoplasmic inclusions are another type of nuclear inclusion, 

occurring in the karyoplasm of infected cells, such as those induced 

by beet curly top virus (Esau 1968), and c~~ery mosaic virus (Christie 

and Edwardson 1977). 9ther workers reported that elongated tub,ular 

unies composed of aggregates of virus partic1e~ can be detected in the 

nucleus. This kind of inclusion was noted only in the ce1ls infected 

with filamentous viruses, such as beet yellow virus (Esau 1960), beet 

yellow stunt virus (Hoefert et al. 1970),narcissus mosaic virus 

----------;---(Turner 1~71), and a strain of tobaccoetch virus (Purcifun an 

( 
Edwardson 1968). 

The 
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The last type of nuc1ear inclusion, the perinuclear inclusion, 

which can be found between the two lamellae of the nuclear envelope, 

may appear only in certain plants and at certain stages of the 

virus infection (Martelli and Russo 1977). Resulting accumulations of 
-

virus, which may be large enough to be recognized with light microscope, 

are caused by the baeilliform virus of sowthistle and Bidens pilosa

(Christie et al. 19?4), broeeoli necroticlvirus (Tomlinson et al. 

1972) and beet western y'e11ow virus (Esau and Hoefert 1972). 

Cytoplasmic inclusions, the second category of incl~sion bodies, 

.have been associated with infection by severai flexuous viruses. They 

differ in size, shape, location, composition and ultrastructural 

arr~ngement. According to their appearance, the y can be divided into 

crystalline and proteinous types. McWhorter (1965) ~sed the ter~ 

X-bodies for structures of unknown funetion, and he recommendeduse-

of terms Iike amorphou~ and erystalline for inclusions.associated with 

virus formation. The eytoplasmic inclusion (crystalline and proteinous) 0 

may be produeed by one virus and may oeeur in parallel bands in the 

sarne cell, and different strains of the same virus may produce either 

crystalline or proteinous inélusions or both (Martelli ~d Russo 1977). 

Aggregated virus'particles, in the form of banded bodies 

14 

1 
occurring mainly in the epidermal and mesophyll cells, have become one of 

(Edwardson and Christie 1978). However, several reports have indicated 1 
-lli~~~~---------~ 

the diagnostic charaeteristics of infection by the carlavirus group 

that cytop~jc paracrystallina-inclusions-eensisting of vÎrus, 1 

:~ p~rticies develdped singly and in groups, as in potato virus M (PVM). 
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PVS, and pea streak infected cells (Chr~sti~ and Edwardson 1977). 

Other workers noticed banded bodies occurring in the' plant tissues 

infected with passiflora latent virus (Bos "lnd Rubio-:Huertos 1971), 

PVM (Tu and Hiruki 1970), and PVS (Hiruki and Shukla 1973). 

C1osterovirus particles aggregate~ into banded bodies have-been • 

observed in cells infected with beet yel~o~ (Esau 1966), beet ye110w 

stunt (Hoefert et al. 1970), carnation necrotic f1eck (Inouye and 

Mitsuhata 1973), carnat ion yel10w fleck (Bar-Joseph et al. 1977), and 

citrus tristeza (Christie and Edwardson 1977) viruses. Warmke and 

Edwardson (1966) "suggested that paracrystalline bodies formed by members 

'" of the tobamovirus group are a secondary aggregation product of the break-

down of pre-existing crys'talline structures in TMV-infected plants. This 

kind of virus aggregate also is of common occurrence in plant cells 

infected with rhabdoviruses (Edwardson and Christie 1978). 

The hexagona1ly packed monolayers of short baci11iform partic1es 

are proposed as a remarkable feature for infection by alfalfa mosaic 

virus group (Martelli and Russo 1977). 
, 

However, paracrystalhne 

aggregation forms of isometric virûses also can be recognized in" 

particle-containing tubes, like those present in ce1ls infected by 

reovirus-1ike plant viruses, comoviruses, neRoviruses and ilarviruses 

(Gerola et al. 1969). Cytop1asmic crystalline aggregates, composed of 

arrays of virus particles, were seen in plant" tissues infected with brome-

grass mosaic virus (paliwal 1970), bean pod mottle virus (Kim and Fulton 

(Jensen 1969), arabis mosaic virus (Martelli and Russo 1977), and mal.ze 

rough dwarf virus (Milne and Lovisolo 1977). 
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The other major type of cytoplasmic inclusion is the proteinous 

body which may differ in shape and its cellular location. The final 

appearance might be attributed to the interaction between the host 

and the pathogen (Martell i and Russo 1977). Two types of proteinceous 
~ , 

inclusions were reported by several workers: the amorphous granular 
'1> 

bodies, which are composed -of a protein as a major component, 

associated with viruses such as waterme10n mosaic virus (Martelli 'and 
.-. 

Russo 1977), and those induced by papaya ringspot virus (Edwardson 

1974). The second type is represented by the pinwhee1 inclusions, 

which are induced mainly by the potyvirus group and are regarded as a 

diagnostic feature for infection by them (Edwardson 1966). The first 

electron micrpscopic record of pinwheels was observed in PVY-infected 

cells (David-Ferria and Borges 1958). The serological behaviour of 
, 

cylindrical inclusions induced by TEV and PVY showed that they were 

immuno1ogically unrelated (Hiebert et al. 1971; Shepard and Shalla 

1969). 

\; Among viruses with anisometric particles that are not inc1uded in 

/ any of the above-mentioned groups, soil-borne wheat mosalc virus 

(SBWMV) induced inclusions in the infected cells. These were first 

described by McKinney et al. (1923), and further information on their 

ultrastructure has been reported byeer "orkers (Peterson 1970, 

Tsuchizaki et al. 1973). 
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1,5 The inc lus ion bodies induced 
by thé potexvirus group 

\ 

( 

1 

.. 

It'Ùwas reported that the potexvirus group consists of 14 viruses, 

and 10 of them ~ave been ~~xamined cyto1ogic:ally (E~wardson and Chriitie 

1978), The stud~ed viruses of this group were found f.o induce 

inclus ions th~t 1re :distribuç: i~ the host tissues. Bandecl inclus i:'s 

of aggregated virus partic1es have been observed.ln epiderma1, mesophyll 
./ 

or apical meristem cells of tissues infected with the following viru~es: 

CYMV (Bercks and Brandes 1963; Smith and Sch1ege1 1964; Purcifull et al. 

1966; Sch1ega1 and Delis1e 1971; Hiruki et al. 1976; Rao et al. 1978; 
, 

Tu 1979), papaya mosaic (PaMV, Zett1er et al. 1968), cymbidium mosaic 

(CyMV, Christie and Edwardson 1977; Doraiswamy and Lesemann 1974), 

cactus virus X (CVX, Doraiswamy and Lesemann 1974), narcissus mosaic 

(NMV, Turner 

Hooker 1964; 

1971), ~virus X (PVX, Kiku~oto and Matsui 1961; . 

Kozar and She1udko 1969; Stols et al, 1970; Sha11a and 

Shephard 1972; Sha11a and Petersen 1973; ~ennazio and Appiano 1975), 

cassava common mosaic (CCMV, Kitaj ima and Costa 1966), patata aucuba 

mosaic (PAMv, Kassanis and Govier 1972), hydrangea ringspot (HRV, 

Zeyen and Stienstra 1973) and WCMV (Iizuka and Yunoke 1975)', On1y 

banded inclusions of virus particJ..es were reported in the mesophyll 

cells of WCMV-infected white clover leave~, Th~re was no further 

indication on the presence or of hast inclùsions induced by 

WGMV infection. 

( 
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\ Various isolates of PVX, the type member of this group, were 

found to induce structures known as 1aminate inclusion componen'ts 

that are apparently unique to this virus (Doraiswamy and Lesemann 

1974; Sha11a and Shepard 1972). Spindle-shaped inclusions, thought 

to cpnsist of virus aggregates, have been found 'in the huelei of 

tissues infected by NMV (Turner 1971) and CVX CMi1icic 1954). 
" 

Meanwni1e, it has been found that celis infected with PaMV contained 

fibrous and thin crystal1ine proteinaceous inclusions close1y 

associated with nuc1ei (Christie and Edwardson 1977). 

1.6 Clover nodu1ation and 
nodule contents 

Nodules are not found on aIL of the geneta and species of 

Leguminosae. Most of the plant legumes producing nodules are members 

of the subfamily Papi1ionoideae, such as red clover (Trifolium pratense 

L.). Nodulation occurs as a result of the infection of the claver 

roots by Rhizobium trifolii (Alexander 1~77). This Rhizobium consists 

of moti1e gram-negative rods, approximately 2 ~m x 1 ~m which character-

istically stain unevenly with usual basic dyes, and possess more 

sudanphilic granules than most gram-negative genera (Burdon 1946; 

vincent et al. 1962). 

Establishment of the symbiotic relationship involves host 

spedficity in initiation of rhizobial infections of root 

hairs (Li and Hubell 1969). The relationship between Rhizobium 
. 

trifolii and red claver has been described in sev,eral reports. Sorne 
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authors suggested that carbohydrate-binding proteins (lectins) might 

be involved in the process of specifie recognition of rhizobia by plants 

for compatibl.e reproductivJ and vegetati:ve structures (Crandall and Broke .. 
1968). The specificity in the Rhizobium-claver symbiasis includes 

the attachment" af infective rhizobia to the cell wall of claver roat 

hairs thraugh a 2-deoxy-D-glucose-sensitive receptor site (Dazzo et 
Q 

al. 1976). The exposed ~surface of clover r~o" walls and the capsular 

polysaccharide~f ~. trifolii were found to contain immunachemically 

unique cross-reactive antigenic determinants called agglutinins. 

(Dazzo anil Rubell 1975). In a su?sequent re~ort, Dazzo et al. (1978) 

indicated that the agglutinins (trifaliin) were anchored on the root hair 

surface to a~h~e recognition of!. trifolii by the clover root. 

The nodulation process, after attachment of the rhizobia to the 

root hair, begins when an~infective strain of R. trifolii enters the 

host through the root hairs (Fahraeus'1957). The bacteria are then 

enclosed in a tubular structure, thé infection thread, and t~e 

formation of the latter i5 considered as a sign of 5uccessful 

infection (Li and Hubell, 1969). In another report, it was noted 

that the infection thread is initiated by an invagination process 

when the root hafr walls are redirected at a localized point, 

1 

resulting in the formation of open pores which continue ta develop 

into tube-like structures (Napoli et al. 1975). 

Several levels of ultrast~ucture studies have been carried out 

mainly on the nodules of subterranean clover CT. subterraneum L.) and 

white claver. Bergersen (1955) used the light microscope to study 
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the nodule development and the transformation of the bacter.ial cell 

from ,a rod-1ike shape to the en1arged spherica1 bacteroid in sub
I 

terranean clover. Dart and Merc'ér (1963) followed the bacteroidal 

deve10pment in the sections of subterranean nodules and noticed an 

intracytoplasmic membrane system in the bacteroids from the red zone 

of the nodu1ar tissues. In a subsequent rep?rt (Mosse 1963), it was 

suggested that four zones can be-differentiated in nitrogen-fixing 

nodules of 1. parviflorum. The meristematic zone contained dividing 

cells and infection threads, but the second zone contained numerous 

rod-shaped bacteria and proliferating infection threads. The 

bacteroids were 10cated in a third pink-coloured 'zone and the fourth 

zone contained disintegrated cells. Tu (1974a,-1975) studied the 

relationship between th~ bacteroid enve10pe and the hast plasma 

membrane in alsike c10ver nodules. He pointed out the similarity 

of th~ membranes and the presence of electron-dense deposits on the 

host-plasma membrane surface and on the internaI side of the bacteroid 

envelope. 

The emergence of the bacteria from the infection thread was 

found to occur at different times and in different ways in clover 
\ 

nodules (Mosse 1964; Dixon 1967). In other 1eguminous nodules, the 

release mechanism is thought to invoive pectolytic and cellulytic 

enzymes (Dart 1977;~Vance 1978). "After bacteria multiply and fiii 

~hé cells, nodules syntpesize a red protein which i5 called leghemo-

ThiS_h~moprote~n\has ~~~portant raIe _~~~eg~~ting oxygen 
------
globin. 

tension in the nodules (Berge~sen 1980), and can be detected with 
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diaminobenzidine (Gourret and Fefnandez-Arias 1,974) or by a fluorometric 

assay (La Rue and .Child 1979). The béÎw~eroid is the function611 form 

of the bacterium, and it is be1ieved to/;be respofisib1e fo'r the nitro-
fl lfd , t 

genase activity, which can be measured b)ll> gas chromatography (Hardy . ~~ 

~ 

1968). The host cell containing the bacteroids has J been the subj ect 

of differing te'rtnino1ogy. It was ca1led bacteroidai cell "(Tu 1977), 
\ 

bacteroid-filled cell (Dart 1977), and b~cteroid-cont#ning celI 

(Truchet 1980). 

Nitrate reduc:tase i~ an enzyme which can be detected ~n var~ous 

tissues of the higher plants (Beevers an~ Hageman 1969). The occur-

rence and sorne of the properties of this enzyme were descr~ibed in 

association with the rhizobia from nodules of soybean (Bergersen 1961b; 

Rajoud et al. 1973; Ch~nia and Evans 1960),~peas ÇChen and Philip 1977), 

s iratro (Macroptiliùm at;:ropurpureum L.) (Gibson and Pagan 1977), and 

alfalfa (Vance et al. 1979). '" Contradictory reports exist concerning . ' 
~ 0' 

the relationship between the nitrate reductase and nitrogenase 
, . 

activities; a positive correlation was observed in soybean (Cheniae 

and Evans 1960; Rigaud et al. 1973), but l.n alfa~fa the opposite 

rccurred (Vance et al 1979). There are no reports concerning tç.e 

presence and/or activity of nitrate redj.lctase wit,hin ciover nodules. 

Lysosomes are spherica1 organelles, formed by Golgi bodies, 

containing ,a number of hydro1ytic enzymes (Ding1e 1973; Wilson 1973). 

They are about 0.4 jJm in diameter, and have a single unit membrane 

surrounding dense granular stroma which sometimes contains a farge 

,. 
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. of acid phosphatase; this property has been used in attempts to 

identify them in root tips of· bro61d bean (Gahan and 'Map1e 1966) and 

in the 1eaves and nodules of white clove,r (Tu 1976). This enzyme 
. 

was also found associate'd with the membr~es that formed provacuo~es 

~ '"' (Berjak 1972). The 1ysosomalnydrolytic enzymes are responsible for 
j' 

tbe cellular digestion during ciltabolism, autopi;l.agic activities in tI 
e; .. 

, . '" , 
senescent tissues, and mobilization of reserve nutrients' in the ceU 

<,~ (Wilson 1973). À\igher activity of acid phosoPhat~se was detected in 

the leaves and nodules of white clover infected with CYMV than in the 

healthy control (Tu 1976). 

1. 7 Effec ts of virus infection on 
nodulation and N, -fixation 

b 

,. 

In general, re1atively little research has been done on 'the 

effects of virus infection on nitrogen fixation by Legumes #' One of 

the" earlier studies was carri.ed out by Johnson and Jones ,(l943)t who 
• 

reported that a mosaie virus coafp1ex (Johnson 1942) of pea 'cou1d be 

trans~itted br Rhizob,ium legwninosarum. Later, wound tumor virus' 

(WTV) was found to induce overFowths in the, perlcyc le bene.ath the. 

new~y-formed nodu,la.r ti~sue in Meli10tus alba,~ which led to the 
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premature disintegration of the nodules (tee' 1955). ' 
1 \ • ., 

and Gi~son (1960) did ~not study the direct effect of 

Although _smi~ 
bean y&llow - , " 

! 

1 

o 

mosaie virus (BYMV) on nodulatio~, they found ~hat this virus reducsd 

both vegetative and root yields of white clover: As a result, Bnrv.' 

" 

_, ____ caused ~ marked changa-.h.Y---decreasing...-the, p1anLg.I:owth.- ___ _ 
" , , 
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Severai reports have been published concerning the effect of 

what was called clover phyllody virus (CPV) on the nodulation of 

white clover (Trifolium rep~ns). In the first attempt, it was found 

that infection with a CPV induced a r'elativel~igh number of small 
'\ 

ineffective nodules on white clover roots (Vanderveken 1964). Another 

report confirme~ the previous results on several Trif01ium species 

infected with CPV compared with hea1thy controls under the sarne 

conditions (Vanderveken 1966). Similar findings were reported by Joshi 

, and Carr (1967) and Joshi et al. (1967), who noticed a striking change 

in nodulation of white clover grown in, both agar and soil. They con-

c1uded that CPV infection had a direct ~ffect on the growth of clover 

plants ând the soil Rhizobium population. Hhat was named CPV in the 

foregoing reports has been identified, since, as the clover phyllody 

mycoplasma\(Sinha and paliwal 1969). ~ 

• Some of the extensive studies of the effects of.virus infection 

on nodulation and nodule' fun,ction have been repo'rted by Tu and co-

workers, who have investigated the effects of various viruses in 
, ~ -, 

soybeans. Soybean mosaic virus (SMV) and bean pod mottle virus 

(BPMV) , in singl~ and mixed infections, were found to affect nodulation 

" 'in soybean. The study reported a remarkable reduction in number, size 

and fresh weight of nodules as a result of infection by each or both 

viruses. Soybean varietal differences resulted i~ greater differences 

in response than those'noted after jnfection by various isolates of 

SMV. Varying, t~e time of virus inoculation revealed noticeable 

reductions in nodulation in earlier infèctions (Tu et al. 1970a). In 

.. ' 
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a subsequent report, SMV infections of soybean nodules were studied 

in relati~ to nodulation ~nd nodular efficiency, in which the latter 

'was measured by the acetylene' reductibn test under various growth 

conditions, i.e., temperature and daylength (Tu et al. 1970b)~ There 

was a marked difference in the number and weight of nodules between 

SMV-infected and healthy soybeans, and both were increased by an 

increase in temperature (up to 26.5°) or daylength (up to 14 ho~rs per 
. ~ 

day). The virus inf~ction reduced the leghemoglobin content, but 

i~creased the total nodular nitrogen. It 'was'suggested ~hat the 

increase of nitrogen occurred as a consequence of the inefficient 

use of nitrogenous compounds. The effect of SMV infection was tested 
\"1[: 

() II·) 

a~ain on another soybean cultivar (Bragg): lt was recorded that the 

average nodulation, number and dry weight ,of nodules were reduced 

remarkably in virus-infected 'plants (Dhingra and Chenulu 1980). 

. 
In a later report ,by Tu and Tse (1976), a remarkable reduction in 

o 

the number of nodules in soybean plants; infec ted with àlfalfa mosaic' 

virus (AMV) was noted. ~According ta published resu1ts, the number'of 

nodules in both AMV-infected and healthy soybean plants was increased 

in response to increased rhizobial populations within the soil. It 
\ 

was suggested that the increase in the latter could prolong th~ age 

of the aIder le~es. Tu and Holmes (1980) l.'ecently l.'eported that AMV . 

not only reduced the foliage yield, crude protein content and degree 
, -

of nodulation in alfalfa, but 50 .t~e winter ~rdiness, which dépend~ 
.. 

he'avily on food reserves accu ulated during the preceding season, for 

which nodule activity is responsible. , -
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The decreased nodulation resulting from AMV tion was suggested 

as the cau~e of reduced winterhardiness. 

Rajagopalan and Raju (1972) studied the eff ct ofdolichos 

enation mosaic virus (DEMV) on nadulation and nitrogen~ation in 

the field bean (Dol1ichas lablab L.) grawn in sand culture. They 
1\ 

reparted that this vir~s;Jë~med to contribute a beneficial effect to 

the plants 9Y increasing, the number and fresh weight of nodules as 
, 
,-

well'.as the nitrogen content in DEMV-infected nodules. Under sail 

culture, un the contrary, the number of nodules decreased signifi

cantly, although t,heir, efficiency and both fresh and dry weight were 

not ~ltered. Similar results were abtained by Raju (1974), who 

reported that DEMV 'infection increased the total nitragen contents ln 

the field bean nad4les: Soluble proteins, total soluble nitrogen 
• 

constituents, and 'the total insoluble nitrogen increased in the DEMV-

infected nodules, but the level$ of carbohydrates and sugars decreased 

in bath infected root and nodules. 

Venkataraman and Rao (1974) faund that bean yellaw mosaic virus 

did nat alter the number a~ lateral raots, while the number of leaves J 

and nodules increased in infected Phaseolus, aureu's plants.. Virus 

-infection gave similar effects regardless of strain of RhizoQium used. 

The effect of arhar mosaic ~irus strains (ASM and AMM) on 
i... 

nodulation and nitrogen-fixing capacity of cowpea (Vigna sinensis 
;'1 ~ \ 

Savi), mung bean (Phaseolus aureus Roxb.) and urd bean (!. mungo L.) 

~as been studied by Singh and MalI (1974a). Both virus strains reduced 



t 

, , 

the growth, fresh weight and «nitrogen-fixing effieiency~ of the three 

infected speeies. They deereased the number, weight and size of 

nodules only in cowpea and mung bean. The total nitrogen was lower 

in the infected nodules of cowpea and mung bean but it was higher in 

diseas~d urd bean. In a sirnilar study on sann hernp (Crotalaria juncea 

L.), bath strains of arhar mosaie were found ta reduc'e the nodule 

number and dry weight, but they increased the total nitrogen contents 

in shoot, root and nodules (Singh and MalI 1974b). In another report, 

1 
urd bean and bean mosaic virus were used as the host and virus, 

. , 

respectively, to'study their re1ationship t~ the nodulatiln ~y 

adding different levels of nitrogen (21, 70" 210, 420 and 630 ppm). 

Growth, nodu1ation and nitrogen content of plants showed a graduaI 
. , 

increase at 21 to 210 ppm, above which there was a decrease in the 

sarne values. ~e growth response of diseased plants was similar to 

that of the hea1thy,ones, but the total nitrogen content was higher 

in the former than in the control. 

Rep~rts on the effect of virus infection on ri fixation involving 

other viruses have also been published. Orellana et al. (1978) noticed 

a remarkable reduction in the top, root, and nodule growth of soybeans 

infected by tobacco ring spot virus (TRSV). The virus infection 

caused a delay in the nodulation until the plants ~ere abput 40 ~s 
old, an~maximum nit~ogenase activity indicated by acetyle~e-~Quction, 

was similarly delayed. The TRSV infection decreased the nitrogen 

fixing rate in the last three growth stages~ Within the same year, 

Orellana and Fan (1978) determined the extent to which BYMV infection 

26 

1 
1 , 

1 

1 

1 
i 



( 

affects nodulation, leghemoglobin content, and N2 fixation efficiency 

in the bean nodul~s. The data they presented showed a noticeable 

reduction in the values of the foregoing parameters as a consequence 

of the V1rus infection. In a subsequent report, Orellana et al. 
~ 

(1980) indicated considerable variation in the effe,ct of TRSV upon the 

nodulation of soybeans, which was interpreted as a result of differ-

ences in the Rhizobium strains, and time of virus inoculation. 
~ 

The effect of an aphid-borne cowpea tobacco mosaic virus (TMV-Cs) 

infection on growth, nodulation, nitrogen fixation in ~owpea was 

\ 
studied by Mali et al. (1979). A considerable reduction in plant 

growth was caused by the virus infection, which, on the other hand, 

increased the nitrogen content in the diseased plants. Ohair and 

Miller (·1979) found that nitrogen fixation and crop productivity in 

cowpea plants were affected by thr~~ viruses, southern bean mosaic 

(SBMV), cucumber mosaic (CMV) and tobacco mosaic virus (TMV). The 

effects included changes in nitrogenase activity, nodule mass, nodule 

number an~growth rate. A major-alteration in the diurnal patterns of 

nitrogenase activity was observed in the SBMV or CMB-infected cowpea . 

. In another study, four varieties of soybean were inoculated with 

three strains of SBMV (Almeida ~t al. 1970). It was concluded that in 

aIl the varieties highly significant correlation coefficients were 

determined between plant dry weight and chlorophyll content. 

Two reports have been published on the effect of peanut mottle 

virus (PMV) on groundnut (Arachis hypogaea L.). MalI et aï. (1980) 

found that PMV infection did not have any adverse effect on nodulation, 
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frèsh and dry weight of nodules and nitrogen content. On the contrary, 

Wongkaew (1981) assessed the effect of a mild strain of this virus on 

Early Prolific peanut, inoculated with either effective or ineffective 

Rhizobium, at four different stages. The PMV-infected plants with 

effective Rhizobium showed reduction in growth, yield, nodulation, 

Rhizobium population~ nit~ogenase activity and leghemoglobin conténts. 

There was no correlàtion between leghemoglobin content and nitrogenase 

(C 2 H1 ) specific activity of nodules from PMV-infected plants but a 

positive correlation was not~d in the healthy control. 

Claver yellow vein virus, (CYVV) , peanut stunt virus (PeSV) 

and AMV were found ta reduce leaf dry weight, nodulation and seven 

other components of growth in 10 clones of white claver (Gibson et al. 

1981). Poor noclulation at lSoC was noticed on four cultivars of bean 

infected with PeSV. Serologieal assay (ELISA) confirmed the presence 

of the virus in the functional nodules of diseased plants (Stavely 

et al. 1981). 

1.8 Nodule cytology and virus 
infection 

The ultrastructure of legume root nodules has been investigated, 

by several researchers (Bergersen and Nutman 1957; Dart and Mercer 

1963; Moss 1964; Tu 1977b). Until recent1y, littlè attention has beeu 

paid to the detection of virus particles or inclusions induced by, 

virus infection ih thin sections of nodular tissues. Most of the ....... 
reported studies have involvecl some members of the potyvirus group, 
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which became the focus f~r this kind of investigation. Vela (1971) 

studied the possible association of BYMV with nodule-inducing bacteria 

(Rhizobium phaseoli) and noticed typical 'inclusions of this virus in 

ultrathin sectibns of the diseased bean nodules. Tu Ü973) found, 
j " 
during an in vitro comparison study on the dilution end point of SMV 

in infected root and soybean nodules, that SMV infectivity in the 

latter was higher and lasted for a longer period than that of the root 

tissues. The r~indicated that the SMV could increase in the 

nodules regardless of the presence of rhizobia. Electron microscopy 

confirmed the presence of SMV aggregates and pinwheel inclusions in 

the young cells of the infected nodules. Tu (1974b) noted two kinds 

of pinwheel inclusions were associated with SMV-infected nodules of 

soybean plants. The particulate lamellar type was.detécted only ~n 

the young cells, while the smooth lamellar inclusions were observed 

in. the 9lder cells. The former was not seen in tpe leaf tissue 

cells and root nodules containing bacteroids. 

In other repprts, fo~r major.differences between the bacteroids, 

of SMV-infected plants and the counterparts of healthy plants were 

recognized by using thi~ sectioning and freeze-fracturing techniques 

(Tu 1977a). These differences included: (1) the space between the 

bacteroidal wall and the membrane envelope was wider in the healthy 

bacteroid. Consequently, it was suggested that a higher concentration 
1> 

of leghemoglobin resulted in an increase of nitrogen-fixing efficiency. 

(2) The presence of vesicles in the peribacteroidal space of healthy 

bacteroids indicated a higher movement of material between the bacteroid 
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and the host cytoplasm. (3) The hea1thy bacteroid had a much larger , , 

amount of an uneven1y'thickened amorphous layer of e1ectron opaque 

material lining the inner side of ~he membrane 'enve10pe. (4) In the 

SMV-infected nodules the bacteroid contained less vesicles outside the 

plasma membrane than those of healthy contro1s, su~gesting their lower 

rate of materia1 exchange . 

Recently, the effect of another member of the potyvirus group on 

the nodular ultrastructure of peanut plants was investigated by 

Wongkaew (1981), who confirmed that there was-no infection thread during 

peanut nodule deve10pment. Earlier workers have thus classified them 

as endogenous, whi1e nodules which arise from an infection thread have 

been termed exogenous (Allen 1973). Wongkaew's w~rk was divided 

acco~ding to the growth stages of peanuts from which the nodules were . 
collected and the resu1ts showed a drastic alteration in the nodular 

tissues of PMV-infected plants. At the ear1y b100ming stage, the 

absence of bacteroids in the nodu~ar tissues of PMV-infected plants was 

interpreted as a result of the retardation of nodul~ development by the 

virus infection. In the late blooming stage, four major abnormalities 

were noted in the nodular tissues of PMV-infected plants: (1) The 

vascular matrix of cortical c~lls borde ring the bacteroida1 tlssue 

appeare~ less gradûlar than that ot the normal cell. (2) The bacteroida1 

tissue in infected nodules appeared less ~omogeneous. (3) Various kinds ---of dead cells were found mixed with normal celis in the bacteroida1 

tissue. ~4) The accumulation of amylop1asts was greater in the PMV-

infected nodular tissues. At the late blooming stages, three types ot 
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abnormal cells were aiso recogni~ed and designated as vesiculated, 

autolysed and autophagie baeteroidal cells. At the pegging and pod-

filling stages, it was difficult to recognize the cellular changes in 

the PMV-infected nodules due to their senescence. Cylindrical and 

pinwheel inclusions, typical of those induced by the potyvirus group, 
.. 

were abundant in the ~arly blooming stage, and they were occasionally 

seen in the second stage but not in the last. 

Although only two rod-shaped viruses have been examined at the 
J 

nodutar ultras~ructure level, a bacilliform virus was reported to 

infect Trifolium incarnatum (Vela and Rubio-Huertos 1974). Bullet-

shaped virus particles and excessive Iipid drop lets were found in 

1 

perinuclear spaces of the infected celis in the nodular tissue. The 

phy110dy rnycoplasma organisms were found ~n the sieve tubes of infected 

nodular tissue of white clover. Seven months after inoculation, 

nurnerous baetero~bacteroid-containing unusual structures were 

noticed in the pare,nchyma cells of the nodules of infected plants 

(S~ets et al. 1977). , 
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SECTIO~ 2 

,IDENTIFICATIÔN ANIi INCIDENCE OF RE1)<..;,CLOVER VIIWSES 

2.1 Materials and methods 

2.1.1 Virus isolation and the growth 
conditions 

.. 

During the summer of 1979, red clover fields in the Ottawa area 

were surveyed and ~8 plants showing virus-like symptoms were collected. 

Twenty-two virus isolates from these samples were established in the 

greenhouse in red clovecplants through sap inoculation. Preliminary 

exami~ation of leaves from infected plants by the leaf-dip method 

--showed fi1amentous virus partic1es in 20 isolates. Several of these 

virus isolates produced local lesions on Gomphrena globosa L. and one 

of them, hereafter referred to as the Ottawa isolate, ~as propagated 

in red clover from a single Lesion and was l~ter identified'as WCMV, 

a potex virus. 

ALI plants were grown in the greenhouse, maintained at about 

22-24°~, with supplemental light from fluorescent lamps to give ~ 

minimal photoperiod of 16 hours. Excessive temperature fluctuations 

during the summer months were reduced by using air coo1ers and shades. 

The potting medium consisted of two p~rts pasteurized soil, one part 

peat, moss, two parts mushroom compost and one-half part turface 

(Division of International MineraIs and .Chem. Corp., Illinois, U.S.A.). 
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~e plants'were grown in clay and ,plastic îots (10 cm d~ameter). 

NPK fertilizer (20-20-20) was ad~ plant weekly, and insects 

were controlled through weekly greenhouse fumigation with recommended 

ins'ecticides. 

2.1.2 Host ~ange, assay hosts and 
inoculum preparation 

The host plants were grown from seeds, and were inoculated at the 

4- to 8-leaf stage, depending on 

were used for each inoculation. 

plant species or cultivars were 

plant species. At least five plants 

To determine the host range, vari~ls 
~~ 

chosen among different families (i.ê;', 

Leguminosae, Amaranthaceae, Solanaceae, Chenopodiaceae, Cucurbitaceae). 

The virus inoculum was prepared by grinding infected red claver leaves 

~ 
with an equal volume (w/v) of 0.01 'M potassium phosphate buffeX'., ~ 7.0, 

~ 

and passing the crude extract through a double layer of cheesecloth. 

~ Inoculations were made by gently rubbing the upper surface of plant 

leaves with the forefinger wet with th~ inoculum mixed with either 

carborundum (600-mesh) or celite (diatomaceous earth, Johns-Manville) 

ta facilitate virus infection. The inoculated plants were kept in a 

greenhouse under the described conditions. Gomphrena globosa L·. was 

used as a local lesion assay hast, and systemically infected Pisum 

soativum, êv. Lincoln, was used as a source for virus purification. 

'. 

-------_.-.- -. '- .-9 
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2.1.3 Virus stability in sap j 

,0 

Abôut 50 g of infected red clover leaves were ground with an 

eq~al ~e;ght of 0.01 M phosphate bufzer, pH 7.0, and the extracted 

juice was divided into~hree parts to determine the virus stability 

in vitro. Ta determine the thermal inactivation point (TIP), one ml 

of the sap was distributed into each of 9 glass tubes which were left 

at the required temperature in the water bath. The samples were 

expose,d ta temperatures from 40 ta 80 G C, at SoC increments, f'or la min, 

after which the ,tubes were· cooled ~mmedi;ately in running water, and 

then the samples w~r~~~ulated onto ~. globosa leaves. 

For determination of the. dilution end point (DEP) , tenfold 

dilutions were prepared from the crude 'sap ranging from 10-1 ta 10-8 , 

and each dilution was ru~ped onto six leaves of G. globosa. The 

~ \~) 
, stability in vitro of tlle virus was determined by placing the extract 

samples into tubes which were kept at room temperatnre for more than 

... - 40 days. , At various intervals they were inoculated on,to 6 leaves of 

G. globosa. 

2.1.4 Particle morphology 
i 

v~rus particle length~measurements were made on the negative 

plates obtained fram examination of leaf-dip preparations, which were 

negatively stained with 2% phosphotungstic acid, pH 7.0, and examined 

in a Philips 3t(} electron microscope. Simi1arly stained purified 

virus preparatiqns were a1so examined, and at least 100 virus particles 

were measured to determine their-modal 1ength. 
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2.1.5 Purification 

The virus was purified by using·the procedure reported by 

r 
Î 

Veerisetty and Brakke (1978) with some modi~cations. Frozen infected 

pea tissue, 8 days after virus inoculation, was homogenized with two 

-Ea~ (w/v) of 0.0165 M phosphate and 0.018 M trisodium citrate (pH 9.0) 
--~ 

and one vol~me of chloroform. After low sp~ed centrifugation of the 

homogenate at 10000 rpm (12060 g) for 10 minutes in a Sorvall SS34 
l , 

rotor; the supernatant was clarified by formation of calcium phosphate 

in situ (one-twentieth volume ,of 0.2 M ~a2HPO~ and one-hundredth 

volume of 1 M CaC1 2 were added while extract was stirred), and aft~~ 

centrifugation for 10 min at 10000 rpm (12062 g), the virus was 

precipitated from the supernatant by adding 6% (w/~) solid polyethylene , 
glycol 6000 (PEG). The PEG-precipitated virus was col1ected by 

centrifugation at 1000Q rpm (12062 g) for 15 min and resuspended in 

the extraction buffer containing li.' Triton X-lDO (alkylaryl palyether 

a1cohol). The resu1tant virus suspension, after centrifuging for 10 

min at 10000 rpm (12062 g), was 1ayered on a pad of 10 ml of 25% sucrase 

and centrifuged in rotor no.30 at 27000 rpm (65000 g) for 150 min. 

Pellets were resuspended in the extraction buffer (one-tenth the original 

molarity) and centrifuged for 10 min at 8000 rpm (7729 g). The super-

natant was des.gnated as «partially purifi~d virus.» 

2.1.6 Densit~ gradient centrifugation 

For rate zonal centrifugation~ sucrase density gradient columns 

1 

were made by layering 7, 8, 8, 7 ml, 'of 10, 20,. '30 and 40% sucrose, 
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0.0165 M Na-phos.phate and . 0.~018 M Na-citrate, 

~ 
o , 

r~spec,ive1Y ~ "dissolve,d in 
,pH 8.9, which ;;1were a..tlowe~ to diffuse overnight to form a smooth gradient. 

About 0.5 ml ~f "partially purified virus preparation was then floa~ed oh the 
o ' 

,gradiènts and centrifu~ed for 90 min, at SOC,Oat 23006 rpm (55000 g) in 

the SW'25.1 rotor, using a "Beckman L8-55 u1tracentrifuge. The virus 

zones were removed through the tops of the tub~~with.a hypodermic 

needle, po~led and dialy~ed over~ight against Na-citrate phosphate buffer. 

Suc rose density gradient columns containing the virus were aIso analyzed 
{} 

with an ISÇO model 1B5 fractio~ator coupled to UA-2 absorbance monitor 

and a recorder. The absorbance at 254 nm was recorded graphically, 

resolving the ultraviolet labsorbing material from any pçint within the' 

gradient co1umn. The collected fractions co~tai~ing t~4virus from 

gradient zones were then p,elleted by cen.trifugation at 34000 rpm (approx. 

105,000 g) for 2 hours in a no.40 rotor. . . Suspension qf'the pellets in 
~ J. 

the same buffer or doub1e-distilled water,' .and a low speed c~ntrifugation, 
," 

completed the purificàtion. The.pu~ified virus was then used for further -

characterization. . 
, 
\' .. , 

2.1.7 . Determinations of physical-chemical 
properties 1 

To calculate the virus extinction coefficient, thè p~rjf~d,virus 
c 

pellet ~as su~pended in double-distilled water a,nd the U.V. absorption 
/ 

spectrum was recorded. . t--:"~ The e,l.glit 
l " 

SUSfI nsion 

of the vi~us' was .then deteI1llined by 

placing 0.4 ml of virus on a microscope,coverglass and 

drying it at 105°C for 1 hour. 

li 
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, The sedimentation coefficient of the virus was determined in a 

Beckman Model E Analytical Ultt'acentrifuge using Schl'tieren optics. 

The virus (0.2-1. 9 mg/m,l) in phosphate-citrate\ buffer was centri

-~uged a~ t8006 rpm using an An-D rotot' at'20°C, and photographs were 

taken every 4 min. The graphical method of Markham (1960) was used to 

calculate the sedimentation côefficient. 

The bU9yant density (g/cm3 ) of the virus was deter~ined by 

equilibrium bandlng in cesium chloride (CsCI) in the preparative 

u1tracentrifuge (Brunck and Leick 1969). About 2.5 ml of 6sCl 

~'= 1.5 (0.6736 g/m1) was introduced into 9/16 in x 373/4 in tubes, 

and an equal volume of CsC1 solution p = 1:~52 (0.3376 g/ml) was 

'cârefully layered on the denser CsCI. A 0.2 ml aliquot of the 

purified virus preparation at .2.5 mg/ml was floated on' the st:êp 

gradient, and the tubes we~~;;:~'With mineral oï1~ and imrnediate1y 

centrifuged at 30000 rpm (125000 g) for 24 h at 15°C ûsing a SW40 
'" 

roto? in the L8-55 ultracentrifuge. Southern bean mosaic virus (SBMV) 

was used as a reference. At the-end of the centrifugation period, the 

rotor was allowed to stop by coasting. The visible zones were removed 

by hypodermic syringe from the side of the centrifuge tube, and the 
~ 

refractive indices of the various fractions were determined in an 

Abbe-3L refractometer at 25°C and converted into density values 

(Sehgal et al. 1970). 

o 
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2.1.8 Amin~ acid analyais 

J • 

The amine acid composition was determined by degrad~ng purified 

freeze-dried virus in l N HCI for 24 houri at room temperature. The 
, 

precipitated protein was'washed twice with l N HCI. The samples were 

hydrolyzed in evacuated, seaied tubes in 6 N'RGl at Ii0Ge for 24 and 

72 hours, respectively. The hydrolyzates were evapotated to dryness 

in vacuo, taken up in citrate buffer at pH-2.2, and the concentration 
1 

of amino acids,was determined on a Beckman Model 120\B amino acid 

analyser. 

("' 

2.1.9 SDS - Polyacrylamide gel electrophoresis 
of viral protein 

l , 

Gel electrophoresis of protein~ was performed ~n 2.5, 5.0, and 

10% po.lyacrylamide gels containing SDS. Virus protein and standards 

were boiled for 1 min in 0.1 M s~dium pnosphate buffer, pH 7.2; 

contain.ing 4 M urea, 1% SDS, and 1% mercaptoethanol. The prot.ein 

markers were bovine serUm albumin (BSA), ovalbumin, lysozyme, pèpsin, 
. \ ' 

and lactoglobulin (Appendix r). The markers were used separately and 
\ :-..r""'! 

in various combinations with the virus protein at a concentration of , 

about 10 ~g per gel. Electrophoresis was carried out st 7 mA/gel , 

for l hours sfter which the gels were fixed and stained with Coomassie 

i1u. in trich1~roacetic .cid by the method of Chrambach ~1. (1967). 

\ 

" 

38 -, 

- .. ~ ~. 
vi 



----~-- - ---,--- - ----

\ 

( 

\ 

.i 

2.1.10 rnsect transmission 

Attempts were made ta t~ansmit the virus by means of the pea aphid 
. 

Acrythosiphon pisum (Harris) from red claver to red clover and pea, and 

from pe~ to pea and red clover. Diseased source plants were obtained 

through mechanical inoculation with purifiad virus. Virus-free aphids, 

reared on peas, were starved for 2 hours bafore the acquisition access 

period of 15 minutes on an infected source plant, and th en transferred 
" 

1n groups of 10 to healthy plants for a test feed of 2 hours. The 

inoculated plants were held in the greenhouseœfor one month and 

observed for symptom development. 

2.1.11 Antiserum preparation and 
serologie'al tests 

One ml of freshly purified preparation containin~-2.5 mg virus 

was emu1sified with an equal volume of Freund's incomplete adjuvant and 

administered intramuscularly into the hind leg of a rabbit. Ten such 

injections were given at weekly interva1s. Twe1ve days after the last 
\ 

injection, one additional injection of the virus suspension was given 

intravenously. Five days later the rabbit was bled through the 

marginal ear vein. The serum was separated by low speed centrifugation 

(after c10tting overnight) and stored in small lots at -20°C, after 
, . 

addition of 0".01% NaN3 as preservative. Preimmune serum was obtained 

from the rabbit before giving the injections. 

Thé titer'of the antiserum was measured by microprecipitin and 
il ( 

ring tests against purified virus (1 mg/ml), and dilutions of both 
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virus and ahtiserum were made in 0.85% NaCI (saline). The serologieal 

relationships among these _dilutions were examined by the Ouchterlony 
, 1-

double-diffusion 'technique us1.ng--O'.75% Noble agar in 0.02 M phosphate 

buffer, pH 7.0, eontaining 0.01% NaN3 • The wells were made with a 

no.3 eork borer. Center wells were charged wi th the purified virus 

(1 mg/ml)" and outer wells were charged with the prepared antiserum 

and four other antisera, and vice versa. 

, 
2.1.17 Virus incidence r 1 

Six red clover fields located within 50 km around Ottawa were 

surveyed. The number of healthy plants and those showing virus-like . 

symptoms in each field were recorded by wa1ki7l8 in a W-pattern. PI~nts 

showing virus-like symptoms were collected randomly from each field and 

an extract of each sélmple was tested against the antisera to WCMV 

(Ottawa isolate), BYMV, RCVMV, PSV, and CYMV (these antisera were obtained 

from the bank of antisera, Agriculture ~3!-nada,-Van;;uver) by the micro

------
precipitin te!!t. The ext~w~re prepared by grinding leaf samples 

- --------
with an equal volume (w/v) of 0.05 M potassiulIl phosph3-te buffer saline 

(pH 7.0, 0.857. NaCl) containing 0 ~ 5% mereaptoethanol, and the crude 

extract was passed through a double 4ayer of cheesecloth. An equal 

vo1um~ of ch1oroform was then added to the fi1trate and stirred weIl 

using a vortex shaker. The mixture was centrifuged at 12000 rpm 

(14700 g) for 10 min and the supernatant was used for sero1ogicàl ' 

tests. 
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2.2 Results 

2.2.1 Host range and symptomatology 

Nineteen plant species belonging ta five different families were 

inoculated with the virus ta determine its hast range (Table 1). Only 

two plant species outside the family Leguminoseae, Chenopodium 

am ranticolor and G. globosa, were found susceptible to the virus. 

th produced local lesions while other susceptible plants developed 

systemic sy~ptoms. The plants which did not' show symptoms were checked 

for symptomless infection by assaying them on G. globosa. None of 

these assays showed local lesions on the test plants. Infected red 

claver plants showed vein clearing at early stages of infection and 
" 

later Aeveloped mosaic symptoms. Some of the plants with disease 

symptoms are shawn in F,igure 1. 

2.2.2 Particle morphology 

Electron micrographs of both purified virus preparations and leaf-

di~ preparations (Figure 2) showed flexuous filamentous particles. 

Some end-ta-end aggregation and a few broken virus particles were 

observed in the purified preparations. The modal length of. the 

particles, calculated from leaf-dip preparations, was 450-500 nm. 

2.2.3 Ho~ogeneity of purified virus 

Examination of the~virus suspension obtained after using the 

purification procedure recommended for carlaviruses (Veerisetty and 

Brakke 1978) indicated that it contained some host plant materials. 
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TABLE 1. Host range of WCMV isolate 
f r 

Suscept~ble hosts 

'l'est plants 

1eguminoseae 

Trifolium pratense L. 

cv. Kenland 

1,. repens 1. 

cv. New Zealand 

Melilotus alba Desr. 

" Medicago sativa 1. 

cv. DuPuits 

Vicia faba L. 

cv. Bell Bean 

First 
appearanc-e 
of symptoms 
after virus 
inoculation 

(days) 

13 

13 

15 

13 

6 

Vi~na sinensis, (Tomer) Savi 

cv. Blackèy'è 

pisum sativum L. 

cv. Alaska 
Progress 1/9 
Thomas Laxton 
Perfected Wa1es 
~ark Skin Perfection 
Lincoln 

Phaseo1us vulgaris L. 

cv. Burpee's Britt1e 
Black Turt1e Soup / 
Bountlfu1 
Contender 
Great Northern 
Tendergreen 

/'- .. i 
1 ~ 

8 
6 
6 
6 
6 
8 

7 
7 
7 
7 
7 
7 

! 

Non-susceptible hosts 

, Test plants 
~; 

Leguminosea~ 

Phaseolus vulgaris 

cv. Early Blue 
Henderson 
Kentucky 
Pinto 

Glyc ine ~ (1.) Merr. 
1 

cv. Bragg 
Davis 

Solanaceae 

Datura stramonium L. 

cv. R. FuI ton 

Petunia hybrida Hort. Vilm-Andr. 

cv. King Henry 
'" 

Lycopersicon esculentum Mill. 

cv. Marglobe 

ChenQPodiaceae 

Chenopodium quinoa 

C. album 

Spinacea oleracea L. 

cv. Bloomsdale Long 

(table continued) 
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TABLE 1 (continued) 

Susceptible hasts 

"~"" .. 

Test plants 

Amaran thaceae 

Gomphrena globosa L. 

Chenopodiaceae 

Chenopodium amaranticolor 
Coste and Reyn. 

f 

/ 

First 
appearanc~ 

of symptoms 
dt-=- virus 
inoculation 

(days) 

2 

3 

43 

Non-susceptible hosts 

Test plants 

Cucurb i taceae 

Cucumis sativus L. 

cv. Chicago pickling 

.. 

/ 
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Figure 1. Leaf symptoms on some susceptible hosts of WCMV. 

Left: leaves. from healthy plants: Right: leaves from infected 
plants. 

~ 
A. Infectéd broad bean leaves showing severe chlorotic symptoms. 

l ' 

B. Infected Gomphrena ~lobosa L: 'leaves 's~owing, the local 
les ions . - , 

c. 

D. 

("\ E. 

~_J 

Infected bean 1eaves showing mottling symptcr. 

Infeeted éttâw~ red' clover leaves showing mo,saie and vein 
banding. 

: Infeeted Perfected W'ales pea ~howing severe wH ting~ 
.< 
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Figure 2. Electron micrographs of WCMV preparations 
negatively stained with 2% phosphotungstic acid. 

A. WCMV particles in a leaf-dip preparation. 

B. -WCMV particles in a purifi~d preparation. '1. 
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Chlo~oform clarification and using one.pad of'2S% sucrose were the 

main procedural changes. The ~odifications incorporated in this 

method provided purer virus preparations in a shorter periode The 

degree of homogeneity of the virus was examined by electron microscopy, 

analytical ultracentrifugation, rate-zonal density gradient centrifuga-

tion, polyacrylamide gel electrophoresis and CsCl d~nsity gradient. 

Density gradient centrifugation yielded a single sedimenting band, 

as observed visually and revealed in opticai dens,ity tracings of 

fractionated gradients.9 The band interface toward the méniscus was 

sha~p and the one toward the bottom of the tube more diffu~e. In 

CaCI density gradients a s~arp band was observ~d as anoindication of 

the presence of on~ virus in th~~~rified preparation. Aiso one band . , 

was noticed ~n polyacrylamide ?~~ectrôPhoreSiS. The UV absorption 

of the purified v{rus ia typical of filamentous viruaes,with a maximum 
~ 

at 258-259. The A26P/A280 and A259/A247 ratios were more than 1.25 and 

1.10, respectively (Figure 3). 

2.2.4 Virus properties 

--
The in vitro properties of this' v~s in crude sap showed that the 

dilution end point was'lO-S, 'longevity in vitro at room temperature was 

2 weeks, and the thermal inactivation point was about 70 o e. 

The purified virus in phosphate-citrate buffer showed a single 

peak upon analytical ce~trifugation (Figure 4). the sedimentation 

coefficient (S20,w) of th~ virus, in fo~r suspensions containing 0.2 

to 1.9 mg/ml virus, increased with dilution fram 105 S to 115 S. The 
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FigJre 4. The single sedimenting peak of WCMV during" 
analyt~cal uitrac~n~rifu~~~own~y Schlieren optics. 
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SZo,w of the 'virus, e~trapolated to infinite dilution, was 117 

(Figure 5). . > 

,The buoyant density (p) of the virus was calculated to be 1.298 

g/cm3 in aIl three experiments. The p of SBMV, centrifuged with WCMV 
.. 

is'o~ate in the same tube, was determined as 1.359 g/cm3 , which agrees 

with the reported value- (Sehgal et al. 1975). Virus sampl'es removed 

from the bands obtained after the different centrifugations mentioned 

above were infectious and the particles rêtained their normal 

morphology. The absorbance/of l mg/ml of purified virus at 260 nm, 

detennined,by weighing the virus at dHferent concentrations, was 3.1 

± 0.05 0.0. units (not corrected for li'ght scattering). 

The ~ol~cular weight of the virus protein, determined by po1y

acry1amide gel eleétrophorosis, was 2.4 x 104 (Table 2). The amino 
.' 

53 

acid composition of the virus protein was determined using three virus ~ , 

'. 

.- -
preparations ,purified-from different batches of ~fected plants. 

Results of analysis of aIl preparations were within 5% of the average 
{ ~ ~ . 

,values o'f individùal aIXlin~, acids. Molar' percentagé of val='ious amino 

àcids is sho~ in Table 3. ~e. determined biophysical ~roperties of \ 
~ .. " . \ ,. .. .. 

Ottawa isolates of WCMV compa)ed to the other known isolates are 

s~arized in Table 4 • 

• J 

Several atte}Dpts ta isolate RNA by var-ious me~hods '(Brakke and 
, 

Van Pett 1969~ Miki' a~d Knigh~ 1967; ReiChman~ and Stace-Smith 1959), 

~o transm~t the v~rus by ~eans of pea aphlds, were unsuccessful. and 
,', 

,', 
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Figure S. Sedimentation coefficient (S20,w) of WCMV. 
part~cles determined by analytical ultracen~fugation. 
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TABLE 2. Determination af the molecular weight of WCMV protein on 10% 
polyacrylamide gel electrophoresis 

Sample 

Lysozyme 

Lactoglobulin 

Pepsin 

Ovalbumin 

BSA 

WCMV (Ottawa 
• isolate) 

o Molecular 
weighc 

14,300 

18,300 
'i' 

34,700 

43,000 

67,000 

24,000 

Dye 
mobility 

(qn). 

7.0 

7.1 

7.0 

1.5 

7.3 

7.3 

7.1 

7.2 

7.2 

7.0 

7.1 

Prot~n 
mobility 

(cm) 

6.,4 

6.65 

5,.55 

3.4 

2.5 

2.4 

1.55 

1.60 

4.5 

4.6 

Relacive 
mobility 

0.91 

0.93 

0.79 

0.45 

0.45 

0.34 

0.33 

0.21 

0.22 

0.64 

0:64 
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TABLE 3. Amino acid composition of WC~ protein 

Mo1ar percentage of hydro1yzate 

Amitio acid -.,.. 
Ottawa isolate* Maximum 

24 h 72 h ,- value 
_. 

Alanine 12.26 12.29 12.29 

Arginine 3.90 3.80 3.90 

7.94 ù 8.01 8.01 

6.66 1.77 
\ 

6.77 

Aspartic acid 

Glutamic acid, 
\'-

Glycine 5.60 5.70 5.70 

Histidine 1.77 1. 78 1. 78 

Isoleucine 4.76 5.92 ,.. 5,.92 

Lucine 6.93 7.12. 7-12 . \, 

Lysine 5.37' 5.72 5.72 

Methionine 1.30 1.26 1.30 

Phenylalanine 2.62 3.88 3.88 

Proline 5.78 5.99 S.9~ 

Serine 4.83 6.36 6.36' 

Threonine 6.88 7.90 1'.90 

l.~ 0.99 .1.48 

4.92 4.87 4.92 

Tyrosine 

Valine 

Tryptophan n. d. Il·d. n.d. 

éysteine n.d. n.d. 'l'-n.d . .. 
*The"data represent average of three experiments for the isolat~ 

under investigation. 

n.d. not determined. 
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TABLE 4. Biophysical properties of W~ 

Proparty 

Thermal inact~vation point 

Dilution-end point 

Longevity in vitro 

Sedimentation coefficient 
(S2~ w) -, . 

Extinction coefficient 
(for l.mg/ml) 

Buoyant denaity 

Pa~ticle mo!al length 

A260/A280 

.. 

M01ecu1ar weight (prote in) 

-

'Ottawa isolate 

70:"75 Oc 

10-5_10-6 

14-16 daya 

117 S 

3.1 

1.298 

450-500 nm 

1.24 

2.4 le 104 

Other iso1ates 

60°-80°C .,. 

10-5-10-6 

10-99 days 

112-119 S 

.. 3.6 

not reported 

480 nm 

1.20 
Y/4 

1.40 x 104 - 2.35 x la 

"'. 

.. 

-
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2.2.5 Serology 

The titer of the antiserum, using 1 mg/ml>of purified virus, was 
. . 

1024 and 512 a~ determined by microprecipitin and precipitin ring 

tests, respectively.' ~The minimum çonèentr~tion of ~ified 

detectable by bath tests was 0.4 mg/ml. Clarified extracts 

virus 

of the 

infected clover plants also gave positive reactions in both tests. Ta 

obtain a positive reaction in the immunodiffusion test, virus particles 

in the purified preparations as weIl as in the clarified extracts were 

dis~Pted by 3 cycles ,of freez~ng, and thawing. Such virus preparations 

praduced a thick precipitin b,and, midway between the antiserum and 

antigen weils. To c~ck for no~specific reac.tions, concurrently with 

each experiment antiserum and prei~e serum were tested against 
, 

cla~ified extracts of healthy clover plants, and pur~fied virus was 

also exainined agaitist the preiIIDDU~ serum. No positive reactions were 

observed in any of these control tests. 

Ta eo:nfirm. the identity of the studied isolate, ·puritied virus 

PFeparations at 1 mg/ml were tested against undiluted antisera of 

WCMV (obtained from two sources), 'BYMV, CYMV, PSV and RCVMV.' Positive 

reactions were observed only with WCMV-antiserUm in aIl three types of 

serologieal tests (i.e., microprecipitin, ring and double diffusion 

, tests). 

. ( 

2.2.6 Virus incidence 

.,. 
Virus-li~e symptoms'were observed on 17% (88/504) of red clover 

plants during,the surve.y of six fields. The incidence of such plant~ 

) 
", -' 

", 
1 ..... -- ~ ........... ---....,. .... ...-..........,,. .......... " 
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in different fields varied from 16.6 to 23.3%. The çlarified ex~racts 
/ 

from 346 randomly collected plant samples showing virus-lik~ symptoms 

were tested serologica1ly for the presence of certain filamentous 

virases. WCMV was most prevalent, followed by BYMV, CYMV, PSV and 

RCVMV (Tab1e'5). ' About 60% of the test plants were found to be 
\ 

infected wit~more than one virus. 

'\ 

!ABLE 5. Incidence of Sorne filamentous viruses infecting red clover in 
eastern Ontario 

Field 

,1 

2 

3 

4 

5' 

6 

... 
Total 

No. of plant 
samp1es tested 
sero1ogicallya 

60 

46 

48 

67 

70 

55 

346 

Number of plant samples reacted 
positively against the 

antisera of b 

WOMV B'mV 

48 

13 

25 

13 

40 

. __ 1_6 t 

18 

8 

23 

8 

4 

6 

CYMV 

4 

3 

19 

8 

3 

6 

PSV 

3 

2 

16 

7 

3 

5 

RCVMV 

3 

1 

15 

6 

2 

7 

No. of 
samples 
reacted 

negatively 

8 

26 

3 

43 

22 

34 

Per cent 
• • 

155 

44 

67 

19 

43 

12 

36 

10 

·34 

9 

136 

39 

4clar1fied extrac~s of plants showing virus-1ike symptom~ were 
tested by microijiecipitin test. 

. virus; 
RCVMV: 

bWCMV ; white c10ver mosaic virusl 'BYMV: bean yellow mosaic 
CYMV: c10ver yellow mosaic virus'; PSV - pea streak virus~ 

red clover vein mosaie virus. .,.., 
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2.3 Discussion and conclusion 

The virus in this investigation undoubtedly belongs to t~e\potex
virus group and is designated as WCMV (Ottawa isolate) on t~e bJsis of 

host range, particle length and shape, and some chemica1 and physical 

properties. The virus showed positive reaction with'WCMV antiserum 

obtained from American Type Culture Collection and the bank of antisera 

in British Columbia, but the~e was no reaction with.ahtise~a against . ( -
BYMV, CYMV, PSV, RCVMV by microprecipitin and double diffusion tests. 

During the study of the host-range and symptomato1ogy, various 

plant species were chosen amo,ng different families 'as reco~ended by 
/ 

the International Working Group on legume viruses (Hampton et al. 1978) . 

The virus produced typical local and systemic symptoms of WCMV on pea, , 

and produced local lesioas on Gomphrena ~lobosa and Chenopodium' 
1ft 

amaranticolor. One strain of WCMV has been reported to produce~similar 

symptoms of Q. globosa (Bercks 1971). 

Electron mièroscopy showed flexuous filamentous virus partic1es 

with modal length approximately within ~he range of the reported values 

(Pratt 1961; Blaszezak et al. 1977.; Bancroft et al. 1960; Varma et al. 
~~ 

1970; Fry et al. 1960; BercKs 1971). Purification of the virus by 

a procedure ~ecommended,for car1aviruses (Veerisetty and Brakke 1978) ~ 

provided purer virus preparations in a, shorter period. The modif.ica

tion introduced ta this procedure'by addition of the chloroform to the 
" 

leaf tissues and the buffer extract can ~e considered a positive - . 
-

element in such improvement. The length of' the procedure was reduced 

through combining the steps of using 20% ~nd 30% sucros~: i~ one ste~ 

61 
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of 25% sucrose pad. Pea plants served as a good source of the virus' 
~ , 

due to' their tender and soft tissue.' Also, a highe~ y~e1d of purifietf-~ 

virus, was ohtained per kilogr~ of fresh leaf tissue after ,density 

~ gradient and overnight dialysis. However, Su ch results may depend on 
\ 

t~~ right choice of source of virus (i.e., young plant, concentrated 
, 

inoculum) and favourable conditions for ~irus multiplication: Thé date 
Q 

of harvesting infected leaves was an impo~tant factor for successful 

purification as weIl •. The degree ~f the purity of this virus was 

confirmed by electron microscopy, which sh~wed few broken virus 

particles, artd re1atively litt~e contaminating materials or debris. 
\ 

A s,ingle peak of sedimenting material was ~bserved by analytical 
. / 

ultracentrifugation. Also, only one visible band was obtained by 

rate-zonal dens~ty gradi~nt centrifugatiqn and SDS-polyacry1amide gel 

electrophoresis. 

Sedimentation coefficient (S20~w) of WCMV calculated in this 

in~estigation i8 relativély close to,' some of the v\lues t'epotted, 

e.g., 119S <yarma et al.i'!970), 112,S (Fry et al. 1960; Pratt: 1961), 
. . 
114S (Blaszezal$ et ,al., 1977). Th~' avera~yalue of the potexvirus 

grou~ is llO-1~5S .. The exti~cti~l'l {,COe~fiçient' (mg/mr) of- t4e virus at ! 

260 nm seems to be less than the reporte~ value (Fry et al. 1960) •. The 

buoyant density was calculated in this study and appàrently it is not 

'reported yet for the known isolates of WCMV'(Bercks 1971). Southe~ 

bean mosaie virus, which was ùsed as a referenc~had a Quoyant density. , , 
similar to the pubÙshed value (Sehga1 et 'al. 1970)" 

\ 
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The protein of' WCMV. (OttawIÎ iso1ate), when examined by SDS-
, . , 

polyâcrylamide gel ~lectroPQoresis, migrated as a single compon~nt 

with a mobility indièating a ino1e~ulal: 'weight different froID those 

reported f~~~~ner 'i~ola~)!S- as ll4 ~ 104 (Mik~ and Knight 1967), 
,,\ < '\.J • • 

2.02\.::')04 (Koenig et al. 1970), 2.25 x 104 (Lesnaw, and Reichman 
;. . 

, 1970),' and'2.35 x 10.4 i (Tung and Knight:1972). The composition mo1ar . " . 
::r;:, ' '" • 

percentage calcul'ated from amino, acid analyses of 24 and 72-hour 

hydrolyzates of Yir~s .preparations presente4 in Table 3 ar,e' lower 

,thart the reported va.lues (Miki and Knight;. 1967),. ~. 
, , 

The serologica1 s~udy"'snowed' that~e virus w~s, highly immunogertic, 

which might pe due to. th~ stabÜity' of the capsid: structure ~f the virus 

parti~le (Koertig, 1964). Al tnough" spe'~l.fic precipitates :'were fo~~d in' 

agar gel-diffusion testS' with disrupt'ed virus, ,such, tests are les..s~ 

sensitive than the preçipitin test ~ith intact virus partic~es., The 
, t 

titer aetèrniined by microprecipitin teSt was higher ~han, the 1;'eporte,d 

value ,of 16 (Blaszezak et al. 1977) ~,and ~f 256 <.~os et' al ~ '1960) ~ ,but 

close to that reported .by Pratt- (1961) as 1280,. 

\1 
~ The manner in, which red' clover in th~ field' is 'Ïnfected by WCMV 

, s'tiÙ remain~ undeterm~. ïian~s showing, symptoms of virus' 
15 , 

infection were observed relative~y eafly in the growing season during 

the second half of May. Alth:ough Goth (1962) ~eported th~t' th~ pea 

aphid 4crythosiphoru pisum (Harris), acted aa a vector of WCMV, 

experimet;tts during the current stüdy under greenhous~ondit{ons did 

-
not show any evidence transmission by this inseét. Other workers' 

., J), 

(Bancroft et Pratt '1961; Scott and Gold 1959) have reported 

'" 

63 



, . , , ~iJ'Maasa41l1 • US •• M. a iiS~.IJI1J_. • l .id 1 

CI 

II).US • 111111 1.. IUlJI(IJP li 

.e 

.. 

~similar ~~ndings in studies vith "other isolates of WCMV and several; 

other kinds of aphids. including pea aphid. lt i8 known that most , 

potexvirus members are read:f,ly transmitted me~hanJically,' but ha'Ve fe~' 

or no known insect vectors (Matthews 1982). Thel:"efore, insect trans,,:" 
/ 

mission as a manner of field spread seems unlikely. HéÙnpton (1963~ 

reported that WCMV could be seed-porne, and it,ls possible that the 

plants obsex:ved had grSwn from infected seeds. Red clover is ~idely 

growu, both because of its widepad~tability and bec~e seed i5 

hot particularly.expensive; it is unlikely that 'seed lots are examined 
.-

or lnspected for freedom from virus contamination.' 

Previous reports indiGated that the incidence of some viruses 

infèctipg red clover in Ontario, namely, ~. B~, RCVMV ~nd.PSV~ 

oecurred a: ):w'levels, without giving an estimated figure for the 

incidence ~CMv (Pratt 1968; Gates and Bronskill 1974). In this 

study, surveying of six red clover fields in the Ottawa règion 
\ f < 

indicated the preds~nc~ of fiv:e,~lleg~e virruses 'inciuding WCMY, RCVMV; 

cnrl, PSV and BYMV. Virus-likie symptoms wer~ obser-.red on 17% ~f fed 

clover plants, and WCMV was the alost prevàlent, followed by BYHV, , 

CYMV, P~V ~nd'RCVMV. About 60% of the test plants were found .to ~e 
~ 

infected with more than one· virus. Therèfore, it is most lik~ly that" 

\these viruses are transmitted to red clover'plants, either through 
r, . 

see~s or by unknown vectors from nearby fields, where, virus-infected 
,.... CI • ...""$ 

'red clover and/or other legumes are gr~wing: 

( : 
, i "'--

! , 

-
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, \ ~- SECTION 3 
CYTOLOGICAL- STUD);S' ON 'WCMV' IN RED' CLOvER ,AND PEA ." 

,.-, .'1' 

"l l ,:' ~., :- ~ 
... ' "~ ~ 1:. i. ;- Light microscopy df 

:' p , ., inclusion -bodies ' . 
1 ( "',-

t ' 

.' Po('-_ 
~ 

.. ' . 
"1. 

".~'\ ", ",~ dye so~utj.On w~·s ~~e b~' di,soiv~ng 0.1 ~ of AZure A stain in 
, , 

lOO,m1 QÊ·2~~~hqxyetna~p~., Just' prior to staining, 18 p~rts of the 
.. _ _1:' r ,'~., '.:, ~~' ",' ~ ~ ,'::II • 

, ", . .' dye', sOlû~i~rt}.wer-é ",Ulbed with ·.two parts of 0.2 M. disodi",m phosphate ' 

t'. f", • 

,; 
1 _l t _ ç' \)~: ~ ; - ~, .~ .. '... '..." .J 1" _ ! ' .. " ' f 

" .in ,dUÜlled,/watsr. 'Th~ 4ye' an4 the phos~bât_e solutions were stored 
f, ~ •• ;=",../,"~;.: ,._,', K-· ,t,_ -:::.!_.;~'" ,. • • , 

{ , 

",: 'sepàratèly '~ndi ready,-eo use. F.or applieal=l;on, t~e solutions were :1 
{ ", ;" :,'" '::, '"'-',~'~::,/' • ,\ 0 

ini'lC:~d drOp-wis~ it( 'th~ 'p'roper prç)'portions on glass slides which were 
• .' , . ' '1 .... _ ' '. '" f:, 

• " l ,'. 

'ëilted to alloW'. ~c.cumulation of :the liquid àt one en-d (Christiè and--
• ,', 0 ':' ,',', _' Q' .':','« .fI:J 

. '- :"_ Ed!iar4so~ Ï97J) .• 
~ .. ~ dt.,. ." _J'" 

,~J~i~~a;-st;;;~ ~~om lo:~r ~~:~ace of leaves of WCMV-infec~~~-~ea 
- 1 ~" 

,- , ,'ang.~r'Eid eloyer, were remove'd a:nd f,loated on the stain for 15 minutes, so 
, ~, '~ :: , r"' 

thlt ·'t'fla torn sut:'face was in:contact with the stdn. After staining~ 
~ "'t" •• ~ ... , ~ 

'. ' thé -~iS'Sues ~ére. -rinsed 'briefly in 95% ethano,l for 30 seconds, placed 

. . 
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('3.1.2 Immunofluorescence micros,coPY 

f 

,:rhe indi:t;'ect fluorescent antib.ody, techI!-ique used by Sinhà (1'974,> 

was emp1oyed. Epidermal strips ,fram WCMV-infe~ted ,leaves of peas and. 

red 'clover were ç!-l:t i~to 2-mm s,quar'es and 'l'laced on $l'as8 slides 

s'!l1eared wit,h Raupt' s adhesive. These slides were then immer.ed ip 95% 

eth,anol for 15 m~nutes an,d' ,diieçl at, 37°é for 5 min •. ,l. The epidermàl 

,~is~ue~ cov~red with the arttise~were kept in a 'moist chamber at 

3rC "for 90 minutes. The alides were chen t'insed ~ith_ fout' cbanges 

'O! phosphate,buffered saline (PBS), and then placed in a jat' , ' , ' ,-', < 
containirtg PBS for 10 mi~, ~hen washed with double distilled water. 

" , . 

The epiderinal strips we,~e ~h~ 'stained with ,sheep anti:t'aqbit I~ . 

• glo1?ul'ins labelled witn f~uorescein isothiocyanate (rl:T~):for 30 

minutes at ;~om temperature.· The slides -were r'Js~d ag~in rith two 

chaqges of PBS at :!7°c for 10 minùtes, iiith each cha,nge" .and then 
. 

mounted in PBS~glycerine (one'part ~lycerine and 9 parts PBS). Â set 7 

• .1_ • • ., _. '.\ 

of contre~ specimens was aîso pt'epared to vet'ity the specificrty of 

the t'eaction, including the use of no~l serum and ,a het~t'ologous 

antiserum (a~ti-C~) op o~,«staining~ healtby. 

.-..._a;, .. -antÏ5erum • 

The stained, sections were ,examill'e~ vith a Zeiss -mict'oscC?pe '. 
-, . 

.• equ-ipped with~ a transfluoresèenee systeJD. , The e~citer filter's II and' 
1;1'" 'f' " ~,~\ 

BG 3~ wet'e used, ~long wit' 50/44 bat't'iet' filter~to view the 
• ' • 1 

fl~or_"c:e,:,ce of A.~ tis,u~1" Photogt'aphs werê ~~en by using KQdak 

; . Tt'Î-X film, vith an expc,sJ:e t~e:~ôf 25 ~minute8- •. 
, " 1 ,r

I 

, ' 

! . 
• 1 

, . 
, ' 
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3.1.3 Electron microscopy 

Samples (l~aves, petioles, sQems, roots) from systemica11y 

" --. 
,infected pea (Pisum sativum cv. Lincoln) and red elover (trifolium 

, pratènse L. cv. Ottawa) were eut into 1 x 10 mm 1engths st 8 and 13 

days, respectiv~ly, aft~r inoculation with WCMV. The sample tissues 

vere ftXed in 6% gl~t4r41dehYde in 0.1 M Pho.p~e buf~er, pH 7.0, at 
\ 

Tqe fixed materia1s vere then washed 3-4 times vith 

~~~,M phqsphate buffer, pH 7.0 for lS-20-minute intervals at the same 
• : ~ t , 

temperature, and post(ixed in 2% osmium tetroxide (OSO~) for 4 hours 

at room temperature.· ... . i 

Dehydration of .the samples was done throqgh a graded ethanol 
- \ 

series. sample-t~es wer.e then washed with a mixture of 'equal parts. 

of ethanol-propylene ~~fo1lowed br ~ro~ylene oxide for 30 
.. 

minutes,'respective1y, at room temperàture. the dehydrated materia1s 

ve~ infiltrated in Ara1dite-Epon mixt~~e (Mo11enhauer 1964) with 
, l 

propy1ene oxide in proportions, 1:1, 2:1, 3:1, for l hour in each ~f 
e 

the first and seco~d mi~tures, and overnight for the third mixture. 

Subsequent l'y , the_ materials vere infilt:rated in resin mixture . ./ 

. (without propylene oxide) for 4 h,o,urs, embedded in Beem capsules 0 

• 
~illed;~th-resin ~ix~ure, and cured in the oven at 65°C for 48 hours. -

........ 

Sections vere eut on a Reichert ultramicrotom~ us ing a d'iamond 

knife and picked up with f9rmvar-film'coated and~carbon stabilized 

• 
grids (200-mesh, Cu). The'gold~silver section~ were, stained with 2% 

V , 
uranyl acetate for 90 minutes at 37 G C, washed in 50% ethano~, and 

.'" 
~ed tith lead citrate (R~ynolds 1963) fot 5 min~1:es,. Each grid . 

) 

./ 
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was washed-in 0.1 N NaOH, then with filtered double distilled.water, 

and viewed in a l'hilips 300 electron microscope st· 60 KV. The 
, , /II' 

<! magnification of the instrument wa~yperiodically\ calibrated by 

examination of a replica of a diffraction" grating ~ ., spacing of· 

54,800 lines per inch. 

3.2 Result.s 
Oi 

3.2.1 General remarksJ definitions, 
aiibreviations 

1 

Two legume species, namely pes and red clover, infected with W'CHV . ' 

were st~died to exaœinë the pattern of virus and ultrastructural 

ch~ges dU'f to v.irus inf~ction in d~f:erent part840f the p~ànta. 

Previous i~vestigations invQlving the intracel1ular location of WCMV 

have not included the.se important p14nt speeies. 

. ..:> 
Different kinds of inclusion bodies in~uced };)j; ~~rus infections-

.. ~ .. j ~ J ' 

have been reported by varioua workers (Christie:.nd·ld~ardsOD 1977), 
.. ',_t ... , . ~ 

and some of these inclusions described in, this investigatïon are 

defined as follows: 

"Inclusi~ bodies: 

Complex inclusions: 

" 

microscopie bodies induced b~ Vi:u, inf~~on 
6f ,the plant cells '". which are diff~rent \om 

other èellular contents. \ " 
. ' '\ 

inclus~ ~on.sisting of combina.t.ipns of 

virus particles, or .• ggl'egate. aDd host·" 
.-- -

organelles. which' cân be' ràu~d or ellipao,id; - , , \ 

. U 
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:,. 
Crystalline inclusions: inclusions having properties 

lof a cf-ystal, which may be o~osed of virus 
-----

particles. 
"i, 

Banded inclusions: bundles of paraUel aggregated virus 
~ -JI part 1.C es. 

~ Abbreviations used in mic:rograoPh labelling: ~~ 
AP Amyloplast 

CI ' Crystal' 

Ch Ch1oroplasts 

CW CeU wall c 

CV CJiYstall ine virus inclusion 
" • D ,Electron dense deposit 

ER 'Endoplasmic, retic~lum .. -. 
G Grana ~ () 
GH -GOlgi body 

',~ 

IS Intercellular space 
.J '0 

M Mi tochoJldria 
,~ 

N "NUCl~US r 
Nt .. Nucleolus 

,1 

HM Nuclear membrane ". r 

. 
QG Osmiophilic globules . 

, 

P Propl1lstid-like --. organelle 

" PB Paramural body 

\ Pl Plasmalemma \ 
C' R Ribosomes 

" ',,;fI" • 
, 

.' 
, .. 

. ~. ' 
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VI 

3.2.2 

St,arch 
• 0 

Tonoplast 

Transfer cell 

Virus aggregate 

Vacuole 
Ji 

Vascular ceU 

Veaicle 
. ...--.. 

Inclusion induced by vins 

IlIIDunofluoreacence and 
light>micro.~opy 

.. 

infection 

1 
1 

1 • 

ri! <:: 

l ' 

1 

... 

( 

~ 

. . 
IDIDun'ofluorescence' and' conve~t,to1l41 ligbt microsc.opy of WCMV-

1 • 
- / '. 

.. 

infe~ted_lea~ ti8s~es re~aled la~g~ amorp~ous cyto~la8mic inclusion. 
j t ' 

in both legumes examined. ~e,se .iaçlusious were hrst detected in' 

epidermal strips, '8 days after\i.noculat'o~ ~f pea,and. 13 days {after., ' 
1 \ j ~ __ ~ .... ~ " w' ~ 

inbculation of red clover with WCMV. Thesà' times con-esp-ond.d to the . . , , , 

appearance of the ftst visible ~symptoms. 'The inclusions were 

situated in th~ con}.ers agains~~ the ceil wall (~igur.e 6A) ~ùt 13:0 ',,' 
I~ ..t ," .. ' ~ - i\ • 

inclusio!l 'were datect~d in 'the, corresponding healthy tissues'" . ," 
• ' < 

(:Figur.e 6B). 
" , -

The resuits of üanunof~uorescence microscopy ~onfirmea t~e 
, 
presence of WCMV-antigens in the ep~darmal ~ells'o~ leaf.çissue. The 

application 'of the indirect '-thod showèd the'antigenic natu~e'of thè 
.. , ~ r ' 

amo~hous inclusions which l=eacted positively vith ,WCMV-antise~/ and 

retained the, shape of the inclusions' se.ell by ligbt microscopy (ligure, 

" 
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. Figure 6. The epidermal tissue of red clover leaves 
, stained with Azure A: 

1 
A. Amotphous cytoplasmic inclusions (indicated with. arrows) 

in the WCMV-infected tiss~e. 

Healthy tissue. 
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\ • ,!'igure 7. Pho't~crographs of, the epidermal tissue 
s~ain.d by the i~direct LmmwBo~lu9rescence method. s~owing: 

A. Speo,cific reaction in ,the fJCMV-infe~ed tissue. 

B. Very slight autô~luorescèuce in thè healthy tiasue. 
," , 

, " 

> • 

" 

4 j 

. , 

.8 li" 

, " 



·) .. 
cs -

. e 
, ' 

... 

.-

,J 



.. 

( 

Î' 

/ 
7A). A~~gh ~me non~pecific fluorescenèe was ~een in both h~althy 

~nd dtseased s~ples, it was reduced by diluting the FITC stain with 

normal saline (Figure 7B) • 

3.2.3 
. ~" -,. 

~valuation of cellular preservition 
bl examination of healthy tissue 

Sections of ,healthy tissues of both pea and red clover were, 

ex~ined in order to assess the fixation methods used. 
. . 

In gerieral; 

the appearance of cellular organelles was"typical, ~d seemed , ' 

representq.tive of adequate fixation and preservation. Each mesophyll 

cell 'contained'a large central vaçuole, and pla~ma m~brànes were 

noticed at the periphery along the cell wall (Figure SA, cl. A 

conspicuous nucleus wich a prominent nucl~olus was obs~rved in the 
-.. 

various"' cells (Figure SA). Sometifges the chromatin materi{ll was 

organized in discrete areas, in which electron opacity provided a 

sharp contrast to the remaining electron' transparent portions. . 

The mitochGnftria were scattered in"~hè cytoplasm and cristae were 

easily recognized as fingerlike ,projections into the mitochondrial ,-

matrix (Figure SB). 

,tissues (Figure SIll'. The livins cells were interconnected, ~y plasmo-.. 
de~mata, which were cleàrly seen in, or ~xtending through, the ~ell 

~all (Figure SB). 
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Figure 8. Electron'microg~aphs showing the 
various organelles of hea:1thy:reà clover and pea - , 

li. 

oc . 

~, 

apP.a: .. ;J~· ". 
• ( 1 t1ssues. . . 

A.. Chloroplasts in red.~iover le'àf ~i,sue, the'inset showing 
prominent nucleolus in the nucleus. 

• • 1 

'B. Mitochoudria and cell wall eontainiug plasmodesmatà in red 
clover stem tissue.' . 

. ' 
" . 

'. 
, ... , ~ 

, . ' 

, . 

" .. 

,/ 

, ' 
, ' 

0-- " ",~ 

,. 
,'1 

AdI:CiJ" ..... ,. 

" 
.. . . 

o 
, , , , 

, -, , 

'. -

~I '"\ ~,' ,. '\~,-;~, ;;~~:-:'W:;:~-.~.::?:::~~~7~~:h:':tS~1:7': n-'r-:: ~ P ~ _' wt ·1 ~R t ":;-~.J:::;.L_~' ':'J 



\ 
. 

" 

: 

.. 

" 

.. , . 
" 

" 

( 

• 

" 

• 1, 

. . 

7 

?~ 

.' 
" 

.' ... 

t 1 • ~ 'f 
: ' 

• 

, .. 
l' 



, 

( , 

L 
l 
1 

. 
1 

! -. 

i 
1, 

,f . 
! 
i 

" • " 

'i 
j', 
," 1 , 
, 
1 
\ ( . 
! ~I 

J~ 
1 
! 
ï 
1 

j 

1 , 

.' 

p. 

3.2.4 E1ect~on microsdopy of diseased 
red'~lo~er tissues 

3.2.4.1 Locàlization and forms of 
fnclu,sion' bodies 

Ji, 

o Q , 

4 

\ , " 

./ 

Ultrathin sections of red clover tissues 

'virus inoculation revealed two maj or ttinds of 

fixed "13' dàys after' . 

CY~Ol'laslnic" incl1sio~s: 
'( 

'virus p&rticlè aggre'gates and œeàtbrane-bound bqdies \ In. the leaf' 
\ . ' 

~ ~ q~. ~ 

tissues, different formations of WQW ,part'ic:le asgregates were' 
~ <.~ i • 

scattered in :the cytoplasm of pa~enehyma ,cells'. penerBtlly, aIl, t~é-- ' • 

. for~s of WCMV aggregates were loea1ï.zed at ~e pe,ripherY of 'the ceU 
" " t< 

: ". > " ',' .' , , 

'oi b.etween the chioroplallts in the ground cytoplasm (Figure'-9A)., _nd 

, A 

, , 
• 1 

1 .' 

, . 
, , 

, " .. " \ ~ \' , ' " 
"l' j ï 

most ofte~ ,app,eared as spiral, aggreg'ates," ÇFigure 9B). Cell$ 'of 
j 

~ ','.1 '0 .". (0 , ) 

comparable uninoculated plants were free' of virus particles dl: aùc:h 
;" t,r" '" .. " ~. 't", ~ • f , 

•• 1... , -~, ......., , ' 

,',~ ; ",>.,: .. ..~.~"'.;: , . . 

'.' 

inclusions. ,>, 

'" ,,- > ~,,: .; ~ :': ;,".. '. ;,{," l , 

" . W'CMV aggregàtes simil4r to tbose obs~rved in the leaf tissuèa,~'~'" '> ' ." Z·· 
.. " • ~ ~ .: •• , ~~.:.;~~~:~ ": "Î~~1l '1 

:~r~1 a1so founE!' in the 'infected célls ~fpet~ole àÎ)d st~~ .t.iss~e8., '.' :: ", >,'~, ',' '\ 

. S0.!D~times, b-ln<1s' ~f agsrega'ted Y,'iru$ p~rticl'e8 were 'arratl'ged a~ ~~s ,; ',' 
<:1 , ' ' ~ "'~ , " , ... _ .... , > ....... ,;". 

- .1 :'.. of ~, ' " • , 

, '11' -:, '. 
,J f' : ... : 1 \. 

èo b~, ],:e.SS-'\ J:' , - " '(~ 
• ~J-, 

'of a pinwhee 1 i,n;' the last ,two tlss1,les (Figure 9C)., • 
~' • 0 

'.. ' ., . ., J 

'In t,he rO€lt tissue, c~née~tratiQn ,of wCMV appeared 
J (./ 

1 :. 1 .. 

, 1 (. .' t.,. ~ t : 

than in the cella of t,he infe~ted 1eaf" stem and 'petiole ti's'su'es~ ,The " ;' .',:; , 
, ... " " ~ >, \ • ' <. J~! , ' : . " , 

virus particles were. 10~âlized :ma'il'll'y in ~he·pB:rézi~hyma'~.l1s't ·a~d'.~·~~,_,~, //':r~',~' 
0- ~ ~.',/'.. I • .!' ~ , ''',.'~ " , • ".,';: ,>~ ....... ~ :' :-, ~ J '" 

somet~s c1istribut~d randomly as s"ingle maEtses of vir:us aggr.g~t.1t,' " "';'. :" :(.' 

(Figure ~D): "oc:a~ional1y~ ~ispersed.~·[~S pâ~tiel-~~'"'~~~~ ;~~~~~~:~~',~-._~~,~ '~<':' .. *' 
',' ".' • '.' • \. " '.' .'. 1.' '" " : , ,.:,.'!' :,"': ;: .. ,.- ';,:::': , \, .. '. 

in ,the conducting ceUs of the 'steJQ tissue (F!Sû~e lO..t). and10r :we~e',?' :,'::-,,~':""" ", " 
;,! I~ -4-- 1 1 .. ~ . ~', ., :~'".. .11- .;'~ J'.f. ~ I>~, "I:?<~.'; ... ~'~~ ... , ~.w\ ''0;7 • 

,', assoc:iat:~d, vi 't~ ribo~o~ei ~nd, !'degener .• ted ~toc~~~~~~a. ~.,:;~.:'.'.~l1~:,~~:~,: "~"\:~'~;::;,' ,:,{ ;' '. ,:':, 
:Q~den8ed C,y~op~â$m (F~sUre. ~OB) •. G~~~pa or ,~~~~~y;~~ '~}'':~I,a,t~~~':X~~~:~, -, ~:~ ~j~ 

" '/'''~ .:,,: . ,.' ',' ::~~',.', .. ~, .. '~,:,·,;.~.:.·:~',·,_"i,,:,':,: .. :;.;',~,'.,,},:,;,.~,'~';':':"'.'~~ 
,~ ~ '" :'-'.1 :. , '':,' ~ -:"'2'.<'}7:'~\·';-;!:i' '~ ',:. ~;~~C:~~:'r:.::., _", . " _'n: r,;' : ..... ~ 
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. Figure 9. Different arrangements of WCMV aggregates in 
various tissues of red clover. 

A. 

B. 

c. 

\ 

WCMV aggregapes localized near the chloroplasts in the leaf 
tissue .. 

Spiral forms of WCMV aggregates in the leaf tissue. 

Bands of WCMV aggregates which appeared as arms of a 
pinwheel in the petiole and stem tissues. 

Single masses ~ggr;gated WCMV in the roo~ tissue. 
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Figure 10. Photomicrographs showing WCMV aggregace in 
the stem tissue associated with: 

A. Vascular conducting cells. 

B. Degenerated mitochondria. 
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were found sometimes in other cells of the vascular system in stem 

and petiole tissues (Figure IlA, B). 

In the infected leaf tissue, interesting membrane-bound bodies 

were observed in the mesophyll cells. The. bodiep were elliptical or 

round in shape and were often found abutted to or within the proximity 

• of chloroplasts (Figure 12A, B). They seemed to eonsist of two kinds 

of tuhular masses which appeared either as convoluted tubules as in 

Figure 12A, B, or fairly straight tubules (Figure 12C). These inclusion 

bodies were rarely seen in the infected cells of petioles or stem, 

and were not encountered in diseased root tissues, or healthy control 

tissues. .. 

3.2.4.2 Cytopathological changes 

The virus infection with WCMV generally did not induce drastic 

changes in the shape or the size of the chloroplasts in the infeeted 
e. 

leat tissue (Figure l3B), but in the WCMV-infected cells of petiole 

and stem tissues, an earlier deterioration of Many chloroplasts was .. 
noticed, which was associated with the presence of numerous vesie les ,c 

(Figure 13E). Although Most of the mitochondria appeàred normal in 

the infected cells (Figure 13A)~some of'them seemed to hav~ been 

affected in that the limiting membrane disintegrated and the cristae 

were disorganized and distorted. An increase in the frequency of 

osmiophilic globules in the mitochondrial matrix'was als~ observed 

(Figure lOB), In SOrne infected cells, particularly in stem and petiole 

tissues, the plasmalemma was withdrawn partially or completely away 
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Figure Il.. Some cytopathological changes induced by WCMV 
infection in thè vascular cells of some tissues of red clover. 

A. Showing the p1asmalemma partial1y withdrawn from the cell 
wall in the stem tissue. 

B. Showing prominent-vacuo1a;ion, lower cytoplasmic contents, 
in some conducting cells l~ the petiole tissue. 
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, Figure T2. Membrane-bound inclusion bodies in th~ WCMV-
1 

irtfected red clover leaf tissue containing: • 

A and B. Convoluted tubles. 

C, Straight tubules. 
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Figure 13. Various cytopatho1ogica1 changes ~n the infected 
~~lover tissues. 

A. Showing the normal ap~earance of the mitochondria in'the 
presence of WCMV aggregates. 

BA Apparent1y normal chloroplasts in the cells of infected leaf 
tissue. 

( c. Disruption of the intracellular components in some cells of 
infected root tissue. 

D. Accumulation of vesicles between 'the plasmalemma and the 
celI wall. 

E. Deteriorated chloroplasts associated with numerous vesicles • 
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from the ceU wall, and an accumulation of vesicles was noted be~ween 

chem (Figures llA, l3D). 

, \ 

In the root tissues, several WCMV-infecced parenchyma cella 

showed y,ar.;ious cyCological changes similar to those described in stem, 

'petioles and leaves. As disease progressed, some WCMV-infected cells 

showed a disruption of the intracellular components, especially those 

cells which were rich with starclb grains (Figl,1re 13C). 

3.2.5 Electron microscopy of 
infected pea dS'sues 

3.2.5.1 Localization and forms 
of vir{ll inclusi~! 

, .. 

Chlorotic symptoms appeared on the WCMV-infected leaves 7-8 dAys .. 
after virus inoculation, which was followed by severe wilting 3 days 

later. Thin sections of WCMV-in~ected pea tissues processed at 8 days 

after inoculation were examined. As in red clover plant tissues, 

large masses'of WCMV aggregat~s occurred in the pea leaf mesophyll , , 
cells. Some infected cells showed lesser accumulation of WCMV'~ 

particles, presumably as a result of the early disintegration of thei~ 

contents, caused by or associated with the virus infection (Figure 
'\ ~ 
-"-' '-.. 

14A, D). 
,~. ff 

In the infected cells of stem and petiole, the WÇMV particles 
r;' 

" were organlzed in the sarne manner as in the leaf tissue. The most 

commonviral aggregate consisted of bands of elongated virus particles~ 
. . 

with irreg~lar spacing between these bands (Figure 15 BI). The WCMV 

, 
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Figure 14. Electx-on' micrographs 
of WCMV infection in green tissues of 

showing the severe effects 
pea plants, which·,include: 

A. 

B. 

"c. 

\ f' 0 

'Detùiorated Chlo,'(Jplasts in the' leaf tissues. 

Compl~te disintegration of the chloroplasts, associated w~' h 
accumulation of osmiophilic globules, leaving the thylako' s 
as th~ only recognizable' r'ètDrtants' in the leaf tissue.- ' 

Rupture of the chloroplast m~mbrane, leaving the th!f.akoid 
and the "grana as the renmants. Electron dense deposits were 
fouàd on the mitochondrial membrane (indicated with small 
arrow heads) in the stem tissue, 

D .. Thy(akoid and t'he ~ana ~ssociated with dispersed ReMV 
. particle.s in the petiole tissue. 
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Figure ~5. Electron micrographs showing' some striking 
cytopathological chan~es induced by WCMV in;ection in pea 

( tissues. ."'" 
A. Vascular conducting cells, with apparent deterioration of 

cytaplasmic contents and ~aminent peripheral vesicula
tian. Small globular electron dense deposits (arrows) 
occur frequently in the plasmalemma of adjacent cells. 

B. Malformation of the chloroplasts associated with 
(Bl) appendages; (B'i) invagination. 
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particles were found on1y in the cell cytoplasm and the organelles were 

devoid of them. No virus-1ike particles were seen in healthy plant 

tissues. 

In the root tissue, crystalline virus inclusions were the Most 

~ 

frequent form of WCMV aggregates observed in the cytoplasm of 

parenchyma cells (Figure l6A). These inclusions appeared to be three-

dimensional and were relatively uniforrn in shape and size (Figure 16B). 

The length of the virus particles was approximately the sarne as that 

of the particles measured in leaf dip preparations. WCMV aggregates 
. 

were found in the transfer cells also. These masses of virus 

particles were abutted against the cell wall and its protrusions 

(Figure 17A). Some proplastid-like organelles were occupied ~y WCMV 

aggregates, and surrounded by dispersed virus particles in the ground 

cytoplasm (Figure l7B). Infrequently, V1rus particles wère noted 1n 

the structure resembling intercel1ular space (Figure 17C). 

3.2.5.2 Cytopathological changes 

In leaf tissue, chloroplast deterioration was characterized by 

compaction of thylakoids in several chloroplasts (Figure 14A). In~ 

other ~lls, apparently in more advanced stages of deterioration, 

chloroplasts were completeIy disintegrated and fragments of thylakoids 

were the only remnants of chloroplasts left in the celI cytoplasm. 

Many spherical deposits were characteristically associated with these 

'chloroplast remnants (Figure 14B). The mitochondria we=e either 

malformed, with swol1en cristae (Figure 14A), or unrecognizable in the 

disintegrated'cellular contents (Figure l4B). 
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Figure 16. Electron micrographs of infected pea root tissue 
showing: , 

A-B. Crystalline virus inclusions (CV) ~n the transfer cells. 

C. Large deposits on the tonoplast in the infected celi. 

D. Some disintegrated cellular components associated with' 
numerous vesicles, crystalline virus inclusions and 
electron dense deposits on the mitochondrial membrane 

_ (arrowhead). 
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Figure 17. WCMV aggregates found in various arrangements 
in infec·ted pea root tissue. -, 

A. Aggregates of WCMV abutted against the cell wall of the 
transfer cell. 

B. Virus aggregates localized in a structure resembling an 
intercellular space • 

... 
c. Proplastid-like organelles containing WCMV aggregates • 
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Generally, similar changes, ap'parently nat 
) 

occûrr'ed in stem and petiole tissues. The mast striking changes in 

some severely affected cells included the rupture of the chloroplast 

membrane, 50 that the thylakoid and the grana were the only remnants 

(Figure l4C" D). Invaginations and appendages in chloroplasts were 

common in other infected cells (Figure 15EQ. Small, globular, 

electron-dense deposits aiong the plasmaiemma were observed in 

vasculat conductin~ cells (Figure 15A). Since these generally 

occurred in cells which had dense cytoplasm and organelles with a 

normal appearance, the small deposits may represent one of the early 

responses to virus infection. In infected cells of bath petiole and 

stem tissues, some mitoc~ondria became conspicuous due to electron 
, . 

dense deposits around their limiting membrane (Figure,14C). 

The changes in the root tissue of WCMV-infected pea plants 

consisted of rounded deposits (as seen in 2 dimensions) on the intra-

cellular organelles and cytoplasmic membranes. Sorne of these depôsits 

were noticed on the tonoplasts (Figure 16C), as weIl a~ on proplastid-

Iike Qrganelles (Figure 18C). Similar deposits ware also observed on 
1 

the mitochondria, which resembIed- those found in the infected petiole 

and stem tissues (Figure 16D). In the heaithy tissue, sorne proplastid-

like structures contained crystals (Figure 18B), but packed 

rods and crystais (with a finer spacing) were aiso seen in WCMV-

infected roots (Figure 18D). Meanwhile, irregularly shaped, distorted 

organelles, which may have been deteriorated proplastids, were observed 

in this tissue (Figure 18A). 

----.- --~ . 
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Figure 18. Electron micrographs·showing the cytopatho
logical changes induced by WCMV infection on some organelles in 
the infected pea root ti~e. 

A. Deteriorated proplastids containing osmiophilic globules. 
~ 

B. Proplastid-like structure, containing crystal. 

c. Degenerated cellular components associated with numerous 
vesiculated bodies, and electron dense deposits on the 
membrane of proplastid-like organelles (arrowheads). 

D. Intramitochondrial crystals in diseased tissue, which 
appeared as packed rods. 
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3.3 Discussion and conclusions 

Light microscopy revealed am~inc1~sions induced by'W~ in' 

the epidermal cells of pea and red')clover 1eaves. These inclusions, 

~hich might be aggregates of virus particles, or combination of viral 

and host cell materials, generally resemble those formed during 

infections by sorne other pOFexviruses, such as CYMV in pea (Christie 

and Edwardson 1977; Hiruki et al. 1976) and a different isolat~ of 

WCMV (Iizuka and Yaroki 1975) in white clover 1eaves. The presence of 

yirus partic1es, or at 1east of polymerized virus coat protein, in' 

these inclusions was indicated by their detection by indirect immuno-

fluorescence, a technique which has not been applied for t~è detection 

of other potexvirus inc lusions. "The immunofluorescence microscopy 

resu1ts resemb1e those reported by workers who 'have used d'irect 

immunofluorescence for detection of CYMV viral inclusions in pea 

leaves (Rao et al. 1978). 

The electron microscopie examination elucidated patterns of virus 

localization and aggregation, and also showed that several types of 

inclusions and cytopathological alterations were associàted with WCMV 

infection of pea and red clover plants. Many of the observations made 

in the present study are generally similar to those described in , 
"-

'studies of other members ,of the potexvirus group, e. g., PVX, CYMV, 
(" 

paMV, CyMV, CVX, NMV, CCMV, PAMV, and HRV (Christie and Edwardson 1977), ' 
)!If. 

The WCMV particles were found in severa1 configuratiorts in cells. 

of the infected tissues, the most frequent being tne banded virus 

aggregates. These banded virus aggregates have been suggested as a 
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main diagnostic characteristic of infection by the pot~xvirus group 

(Doraistvamy and Lesemann 1~74; Christie and Èdwardson 1977). ~ral 
• 1 

forms of WCMV particle aggre~ates were observed in the petiole tissues Q 
~, Q 

of botl:, legumes, and on1y .in the stem tissue of pea~ This type of 

virus inclusion is simi1ar to that induced by CYMV in the pea leaf 

tissue (Purcifu11 et al. 1966; Sch1ege.1 and Delisle 1971; Hiruki et 

al. 1976). 

~CeFtain arrangements of WCMV partic1e§ and/dr t~eir'inclusions 

were seen only in specific cells or tissues. It is perhaps noteworthy 

that the crystal1ine pattern of WCMV partieles oecurred on~ in the 

parenchyma cells of the infected pea root tissues. 0 Since the crysta1s 

were absent in other tissues, it ean be suggested that on1y the root 

ceUs provid.e the conditions suitable for)crystallization of virus " ., 
partic).e"s. Such conditions cou Id include the a1teration of water 

content in the roots after virus infection (Marte1li and Russo 1977). 
/ 

Al though Hiruki et al. (1976) noted spiral forms of CYMV partic1es in 

the transfer cells of i.nfected pea stem tissues, they did not cons"ider' 

\them as crystalline inclusions. , . " 

Only a few cases oJ nonfilamentous viruse<s in r.he xylem are known 

<Schnieder and Worley 1959; Chambers and Fran,dç.i 1966). 
-..... 'I!Rereft>re, 

it i5 difficu1t to exp1ain the occasional ~occurrence of WCMV in, 
" ~Q 

conducting cells, sorne o~ which are probably xylem ce Ils. Since the~ 

virlÎs was not found in these cells eonsistentlyeand on1y low 

concentrations occ:urred, this vascu1ar tissue cannot be eons-id~r~d as 

the route of virus translocation in the plants. However, a likely 
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explanation May be that virus particles seen in the conducting celis 

are vestiges of the virus that may have beert synthesiz~d earlier in 

these cells befare they differentiated as xylem and matured • 
.J ,. 

Presence of WCMV par.ticles in the proplastid~like organelles of 

infected pea root tissue is noteworthy. The plastids have been 

described as a~ adequate nutritional source in the plants (Menke 

1962), and were postulated as possible sites of TMV multiplication in 

tobacco leaves (Zaitlin and Boardman 1958). The graduaI wilting of 

infected pea l~af tissue due to WCMV infection probably created a 

physialogical 'condition that affected the virus suivival in the 

infected cells of root tissue. Therefore, the virus particles mignt 

have compartmentalized in a membrane bound body (i.e., proplastid-like 

prgànelles~ to keep them;separate. from ~ther cellular contents; whic~ 

may be a manifestation Cf a host cell defense reaction. 

Since the bulk of virus particles was found in the cytoplasm of 

WCMV-infect~d parenchyma cells of various tissues, it seems logical to 

assume that virus particles found in the mature pbloem and transfer 

cells, weré synth~~ed.while those cells were immature. lt would 
" '-

appear that virus partic).es could assemble in the cytoplasm only by 

active movement from li~ng cells, probably through plasmodesmata .. 

These observations are identical to the reported informatio~ of the 

.. assemb1y of TMV (Shalla 1964; Milne 1966), and on replication of 

ryegrass mosaic virus (RGMV) in the cytoplasm of the infected ceJls of 

ryegrass leaves (Paliwal 1975) • 
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The membrane-bound inclusions .~J tubules, which were either 

straight or convoluted, were seen most frequently in infected red 

clover leaf tissue. The tubules in these inclusions were distinct 

from virus particles and were, clearly differentiated ~om them f~hen 

seen in cross section. This type of inclusion has not been repor~d 

previously ~n descriptions of cytological changes associ~ted with 

potexvirus infections, but similar masses of convoluted tubules were 

observed in wheat leaf cells infected by soil-borne wheat mosaie 

virus (Peterson 1970). As Diener (1963) has pointed out, pathogensis 

. . li' . h Th lS essentlal y a genetle p enomenon. e during virus infection 

formation of typ~s of inclusions atypical for a particular virus could 

result from incorporation of virus genetie determinants with the 
'-; ., 

correspondihg o~es of the host cell. The tubules could represent 

host cell material, or alternatively, they could represent some 

precursor polymerization state of excess virus protein. 

The effects of WCMV infection on the normal cellular organelles 

were of considerable interest in both host legumes. lt seems logical 

to assume that the early breakdown of the chloroplasts in the WCMV-
{l 

j.nfected leaf tissue of pea was consistent with the severe symptoins 

whieh,developed in this tissue. Less damage was seen to this 

organelle in the infected green tissues of red clover. Degeneration 

of chloroplasts occurs in many systemic plant virus infections, e.g., 

TMV (Esau and Cornshaw 1967), CMV (Porter 1954) and RGMV (paliwal 

1975). The extrusions and pr~~sions on the chloroplasts of WCMV-

infected pea petioles aqd stem tissues observed in this study are 
" 
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similar to those observed in TMV-infected tomato cells CShalla 1964) 

and in BYMV-infected broad bean tissue (Weintraub arid Ragetli 1966). 

The other marked effacts of WCMV infection on the cell~organelles 

a1so inc1uded a1terations in mitochondria. Degeneration of the mito-

chondr~a1~miting membrane, disorganization and proliferation of 

cristae and an abundance of osmiophi1ic'deposits in the mitochondrial 

matrix and membranes constituted the major changes, suggesting that 

virus infection would have affected the respir.tion and energy 

metabolism of infected plants. Such metabolic effects are known to be 

associated with other plant virus infections (Diener 1963). the 
. 

presence of amoFphous deposits on the plasmalemma in the WCMV-infected 

petiole tissue of pea may reflect an increase in hydrolytic enzyme 

acti~ity, as suggested earlier for CYMV (Tu 1976). 

The lmmediate cause of degeneration of cells in a virus-infected 

plant is still not clear, especially in view of the observation"that 

virus partic1es are not always present in the degenerating cells. 

Moreover, C~ls containing virus, sometimesJ1arge amounts of it, may 

show apparently normal host cy~oplasm (Esau 1968). However, the ,,--.. . 
presence of the vitus infe~~n in ope cell may affect the metabo1ism 

in'other noninvaded adjacent cells. 

-------_!...~ ... -------------- ---
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SECTION 4 

EFFECT OF WCMV ON N2 FIXATION -AND OTHER CHARACTERISTICS 
IN RED CLOVER 

4.1 Materia1s and methods 
i 

4.1.1 Isolation of Rhizobium trifolii 

Rhizobium trifolii was isolated from nodules of healthy re~ 

c10ver plants at the experimenta1 far~ Ln Ottawa. A number of nodules 

were excised and rinsed in running tap water whi1e wrapped in chee se-, ' 

cloth to remove gross surface contamination. Subsequently, these 
\ 
nodules were immersed 3 or 4 times in 0.1% HgC1 2 to achieve surface 

steri1ization. The nodules were then thorough1y washed in at least 

6 changes of sterile distilled water. Each of several 

nodules was crushed in a drop of sterile water between two sterile 

slides. A wire loop was dipped into the milky nodular fluid and 

streaked on the surface of a plate of yeast-extract-mannitol agar 

(Appendix 2). The plates were incubated at 25°C and checked for 
~ , 

cOlonY,development conforming with that éxpected of Rhizobium along\ 

the streaking pattern. Each isolated single colony was increased on a 
,< 

slant of ~east-extract-mannitol agar, which was incubat'ed at 2SoC for 3 

d~ys, and then used directly as an inoculan~. 

, 
., 

lOB 
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4.1:2 Plant culture " 

( 

Red clover seeds (cv. Ottawa) were surface sterilized by immersion 

in 0.5% sodium hypochlor1Ee (Javex) for 10-15 minutes under vacuum 
1 • ,"" 

, . After thorough rinsing with at least 8-10 changes of sterile water, or 

unti1 the Javex smell disappeared, the seeds were distributed on plates 

-containing sterile moist fHter papers, and incubated at 2SoC for 48 

hours. 

Plastic growth pouches (Figure 19A) were prepared by cutting 5 

equidistant 2 mm holes in the bot tom of the «v» of a paper wick and 

inserting two 6-inch applicator sticks to provide support and facilitate 

~ aeration of the contents. To each pouch 60 ml of N2 -free nutrient 

solution (Appendix 3) was added. Twenty-five such pouches were ~ced 

in a 6-inèh wire basket, whlch was covered with aluminium foil and 
, 
autoc laved . 

Seedling~ with 1.0-1.5 cm radicles were selecteQ,and transferred 

aseptical1y into the «VI of the paper wick at the rate of 5 seedlings 

per pouch. The seedlings were inoculated by pipetting 2 ml of rhizobial 

suspension (approx. 1.0 x 108 cells/ml) on the radicles. Each container 

basket was covered with a sterÏ'le transparent plastic bag to reduce 

evaporation and eliminate cross'contamination. Pouches containing 
• 

uninoculated plants served as the control in each experiment. 

The plan~s were gr~wn in a cantrolled environment room maintained 

" 2 -1 at 24 ± 1°C under a l6-hour light intensity of '2.?0-220 J.JE m - s at 

the leaf surfa:ce, provideâ by cool whl.te fl'Uorèscen 

_ ... )-----~ ......... -
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Figure 19. Some materials used in this investigation. 

A. ,Plastic pouch used for holding five red clover seedlings 
,,' ',:àfter inoculatiQn with Rhizobium suspension. 

B: "Red clover plants, after washing the roots. The plant 
" on the left i5 infected and the righ~ one is healthy . 

. . C. A 210 ml jar, capped with plastic stopper, used for 
determination of the nitrogenase activity per plant. 

D. Comparison of WCMV infected (left) and healthy (right) 
red clover root systems . 
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with incandescent bulbs. 

1 
1 , 

!WO days prior ta transplanting, the plastic. 

covered baskets were removed to permit maximum illumination. The 

seedlings were transp~anted two weeks after inoculation, into auto-

. c1aved sand in 4-inch sterilized plastic pots (one plant/pot). A 

total (Kjeldah1) nitrogen content of 0.032% was found in the sand 

before transp1anting (Chapman and Pratt 1961). After transplanting, 

the plants were kept in two growth chambers (cabinets) under coritrolled 

conditions of 16 hours light per day with 24°C/19°C day/night tempera-

ture and a relative humidity .of 15-80%. Deionized water was added 

twice daily, and nitrogen-free nutrient medium was added weekly. 
'. 

4.1.3 Experimental design and 
statistical analysis 

A factorial experirnent was conducted using two growth. cabinets 

(i.e., two replicates), and repeated in order to obtain four replicates. 

In each replicate (cabinet) 40 red clover plants, inoculated with WCMV 

by the procedure described earlier, were distributed randomly among an 

equal number (40) of virus-free plants, which were considered as 

healthy controls. The day of inoculation of red claver with WCMV, 

subsequently designated as infected plants, was considered the zéro-

time index, after which the plants were sampled for observations at 

four harvest times, Le., 3,6,9 and 12 weeks. These times cor-

responded sequentially to the ten-Ieaf stage, preblooming, blooming 

and flower senescence. An analysis of variance was carried out on aIl 

characteristics rneasured, assuming a desig~~ith 4 replicates, and 8 

ad l'" ~:. 
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treatment combinatiqns which resulted from two factors, the first with 

2 levels (healthy vs. infected) and the second with 4 levels (four 

harvest times). 

4.1.4 Yie1d assessment 

At each harvesting time, an'equa1 number (10) of healthy (virus-

free) and infected plants (Figure 19B) were collected randomly from 

each cabinet. The sand was washed off aIl plant roots with slowly 

running water, which was passed through a sieve to collect aIl of the 

root fragments and detached nodules. The roots were dried by blotting 

with paper towels and were subsequently detached from the shoots. 

Root and shoot fresh weights were recorded separately. The da ça are 

presented as méans of 4 replicates of 40 plants in each treatment. 

Nodules were detached from roots with tweezers under a table-top 

magnifiar-illuminator after they had been processed for nitrogenase 

\ (C2 H2 ) activity assay. Subsequently, they were counted and weighed. 

) The no~ules used for ether physiological determination wellë'~ept in 

eapped vials in an iee bath. 

4.1. 5 Nitrogenase (C2 Hz) activ\.t \ assay r 
The acetylene reduction test ~as use~~o determine the pitrogenase 

activity of each plant. The assay was done by placing the excised 
1 

roots (Figure 19D) in incubation chambers (Figure 19C). The incubation 

,~ 
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( .' chambers were air-tight glas~ar~2l0 ml capacitY,n with---A-rubbe.r---s@~a.-.lol------'--~f--
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in the lido Hypodermic syringes were used for injection or removal of 
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gas samples through the rubber seal. One-tenth of the volume of the al.r 

present in each jar was withdrawn with a syringe and replaced with an 

1 

equivalent volume of C2 H2 • Acetylene was ~generated i:!! situ by the 

reaction of so~e calcium carbide with tap water, as described by Sirois 
\ 

and Peterson (l~82). The intact nodules were incubated for 45-60 min at 

room temperatur~, and 0.5 ml of the gas was th en withdrawn from each jar 
- ~ < 

d .. d' \ an lonJ ecte lonto a Carle 9700 g~s chromotograph with a column filled 

with 80-100 mesh PorapakoN. 

The amount of ethylene produced in each sample was determined by 

comparing the measured peak height to a standard C2H4.concentration curve 

constructed (Appendix 4) as described by Burris (1974). The nitrogenase 

activity was expressed in nmoles of ethylene (C2H4) produced per plant 

per hour. The data are .presented as means of ac tivities averaged from 

4 replicates of 40 nodulated roots for each treatment. 

determinatiort 

The fluorometric method 

A fluorometric method, described by La Rue and Child (1~79), was 

applied to measure the leghemoglobin content of the nodules. Ten mg 

nodules from each plant were ground ·with a pestle and mortar in 10 ml 

of an extracting solution containing 0.02% potassium ferricyanide and 
, 

0.1% sodium bicarbonate. The homogenates were ,,s'ubsequently C!entrifuged 
r) 

at 9,000 rpm (9,750 g) to remove debris, usirrg a 58-34 rotor in a 
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Sorval RC-2B refrigerated centrifuge for 10 minutes, after which 0.5 ml --·l--------------- ---------------~ 
of clear supernatant was drawn off and mixed with 4.5 ml saturated 
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oxalic acid solution in a 5 ml capped hexagonal-base microflask 

(Fisher Scientific, Ltd., No.5630). The mixture was autoclaved at 

120°C for 30 minutes and then cooled to room temperature. The 

fluorescence of the sample from each plant was measured with a Hitachi 

MPF-2A fluorescence spectrophotometer. The excitation wavelength was 

405 nm and the excitation slit was set at 32 nm, while the emission 

wavelength and slit were 595 nm and 10 nm, respectively. A similarly 

heated mixture of extracting medium and oxaIic acid was used as a 

blank. The fluorescence readings were converted'intQ leghemoglobin 

-------
content by comparing them with a standard concentration curve of beef 

blood hemoglobin (BDH Ltd., product No.26111) shown in Appendix 5. 

The data are presented as means of ~g hemoglobin per mg nodule fresh 

weight, averaged from 4 replicates each of fort y single plants per 

treatment. 

4.1.6.2 Cytochemical detection of 
leghemog1obin 

The ultrastructura1-cytochemical procedure reported by Graham and 

Karnovsky (1966), which was later applied by De Zoeten et al (1973) 

and Gourret (1975), was used to detect leghemoglobin in the bacteroids 

in both healthy (virus-free) and WCMV-infected nodules of red clover. 

Small pieces of nodules corresponding to regions 2 and 3 (Mosse, 1963) 

were fixed in 3% glutaraldehyde in 0.1 M Na-cacodylate buffer, pH 7.2 

for 45 minutes at 4°C. Subsequently, the fixative was removed and the 

_---\( ________ n_o_d_u_l_es were_.!'in_s_ed with cacodylate buffer for 3 change,s, 10 minutes 

each. The tissue pieces were tQ/n rinsed vigorously for 40 minutes 
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with 0.05 M propandiol buffer (2-amino-2-methy1-1,3-propanedio1) at 

pH 9. The~odular pieces were then incubated in the standard medium 

described by Novikoff (1970), containing diaminobenzidine (DAB), for 

60 minutes in a water bath at 37°C, with occasiona1 swirling to prevent 

tissue pieces from floating to the top. AIter incubation, the tissues 
i , 

were rinsed thoroughly with 3 changes, 5 minut~s each, of cacodylate 

~ffer, and then immediate1y fixed for 2 ho~rs in 1% Os04 in cacodylate 

at raom temperature. The nodules were then washed with cac~dylate 

buffer for 20 min, followed by rinsing with distilled water for 3 

.. 

~ / 
changes, 20 mi~utes each. The dehydration, infiltration; and embedding 

~ 

were carried out as previously described for other tissues of red c10ver 

and pea. No further staining was'done after ultrathin sectioning of 

the embedded nodular tissue; grids ,were washed with double distilled 
\... 

water. 

4.1.7 Nit~ate reductase assay 

, 
The procedure app1ied for the determination of this enzyme's 

activity, in both hea1thy and WCMV-infected nodules of red clover, was 

similar ta that reported by Jaworski (1971) and u~d Dy Vance et al 
• 

(1979). Approximately 200 mg of fresh intact nodules per replicate 

were rinsed with cold tap water, followed by co1d deionized water, and-

then transferred to capped vials containing 5 ml of incubation medium 

(O.l M phosphate buffer, pH 7.0; 0.1 M KN0
3 

and 0.07% tergitol, ~DH 

Chemical Ltd.). The nodules were then vacuum infiltrated 3 times, 
;. 

2 minutes each. The vials were then kept in an incubator at 30°(;, and 

1 M" •• 
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the nitrite released into the medium was measured at zer~ ttme, and at 

various intervals (4 days apart) after each harvest. Five samp1es 

from each treatment were prepared by adding 0.1 ml of the suspension 

medium eantaining the nodules to 0.45 ml each of 17. ~ulfan1lamide in 
. 

3 N HCl and 0.27. N-l-naphthyl-ethylenediami~e-HCl, and aIl the samples 

were incubated for 20 min at room temperature. Subsequently; the 0.0. 

at' 540 nm was recorded wit~ a Sp.ectronic-70 calorimeter. The readings 
:: 

were converted into nmole nitrite per hr.gm. fresh weight by comparing 

them with a standard conceptration graph of sodium nitrite, shown in 

Appendix 7. 

4.1.8 Determination of acid 
phosphatase activity 

4.1.8.1 Colorimetri~ method 
, -, 

The acid phosphatase specifie activity in two samples was 

determined in,nodules of healthy and WCMV-infected red clover plants 

using the procedure applied by Tu (1976). The extracts w~epared 
by grinding 0:2 g of each tissue sample in S ml of distilled water in 

precooled pestles and mortars. The homogenate was diluted 10-fald 

with water and filcered through double layers of cheesecloth. About 

0.5 ml of each crude extract was mixed with'S-8 ml of 0.1 N NaOH in 

separate tubes as crude sap controis. Two sets of five tubes, each 

containing 1.0 ml of incubation medium, were used for assaying each 

sample. The incubation medium was prepared by addition of 0.5 ml of 
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series of hea1thy or diseased <ihlde sapoa of 0, 0.05, 0.1, 0.2 and 0.4 
o ~ 

ml were add~d sequéntially ta the fi~e tubes. The first tube with no 
~ ~ Q' 

crude sap was considered as a blank c~tro1 for the test. The tubes 
~ . 

were then p1aced in a rack and immersed rn a w~ter-bath at 37°C for 
ri' 

30 minutes, and then 4.8 ml of 0.1 N Nat)H was adde,d to each tube to 

stop the reaction. A Bausch and Lomb Spectronic-70 colorimeter was 

used to read the O.D. of each solutionj'at 405 nm. The data obtained 

. were converted into J.lg of p-nitrophen&l re1eased Dy comparison with a 
v 0 

standard concentration curve (Appendix 6) of p-nitropheno1 (99.87. . 
, 

purity, Sigma Chemica1 Co.). The resu1ts are averaged from 2 series ... 
of 5 samples per replicate. 

4.1.8.2 Cytochemical method 

Acid phosphatase activity was detected quantitative1y in u1trat'Hn 

sections of pel1eted 1ysosQJDes ~ extracted and treated as described by 
, . 

o 

Tu (1976). Approximately 25 g of healthy and WCMV-'1.rlfected red claver 

leaves were ground in 50 ml of an extraction' medium, consisting of 0.44 

M sucrase, 0.003 M EDTA, 0.05 M Tris-HCl, and 0.17. bovine serum a1bumin, 

pH 7.2. The suspension "';as fi1ter~d thraugh doubîe laxers of ~heese~ 
J 

cloth and the ti1trates were c1arified by two cycles Qf low speed 

centrifugation at 2000 rpm (150 g) and 8000 rpm (7719 g) for 10 minutes 

each, respectively. Pellets were obtained from the final supernatant 

by centrifugation at 10,000 rpm (12,062 g) for 10-minutes, and each 

pellet of partially purified lysosomes was homogenized in 0.5 ml of the' 

extraction me-di-um.--- ---'------------ ~--------------
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For cytochemica1 localization~ of acid phosphatase, the suspension 

was mixed with an equal volume of 2% Noble agar (wlv) at 45°C, and the 

mixtures were allowed to gel at room temperature. Small pieces of the 

~ 

agar blocks were then fixed for 10 minutes in 1% glutara1dehyde in 0.1 li 

cacodylate buffer, pH 7.0 • .: The b10cts were then washed twice for la 

minutes each in the sarne buffer, and further fixed for 5 Jinutes in 1% 
. . 

OS04 in cacodylate buffer. They were th en washed for an hour in three 
\ 

.,changes of Tyrode's solution (0.15 M NaCl, 0.003 M'Kel, 0.002 M CaC1 2 , 

0.001 M MgC1 2 , 0.006 M glucose, 0.012 M NaHC03 , and 0.0004 M NaHzP04)' 

, 

" 

The healthy and infected samp1es were then each divided into two groups. 

One group was incubated overnight (14 hours) in Gomori' s acid phos-

phatase substrate mixture, i.e., 13.6% acetate buffer (pH 4.7-5.3), 5% 

lead nitrate, 2% sodium alphaglycerophosphate (Gomori 1941) in a water 

• 
bath at 37°0, while the other (control) group was simi1arly incubated . \ 

in the sarne mixture to which 0.01 M sodium fluoride, an inhibitor of 

acid 'phosphatase) had been added. 

The samp les were th en washed in Tyrode' s solution and tinsed for 

2 minutes in 2% acetic 'acid. Lead sulfide, an electron dense material, 

was then formed in the tis sues by cov~ring them wit'h 2% ammon~um 

sulfiJ:e for 1 minute. The agar blocks containing the tissues 'Nere then 

rinsed. with 
" 

Tyrode' s solution for 2 minutes, and lat~r they were 
~ .. 

dehydrated, infiltrated, and embedded in resin for sectioning 'and 
C ' 

electron microscopy, as described ~arlier. '" 

, 
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4.1.9 Rhizobium popu1atlon evaluation 

" 'fhe plate counting of Rhizobium colonies was done on both healthy 

(virus-free) and WCMV-infected red clover nodules. Approximate1y 200 
'. 

mg of nOdules, from each replicate weretrface sterilized, with 0.5% 

sodium hypochlorite for 10 minutes, followed by rirtsing with sterile 
.' 

, distilled water for 5 thanges of 2 minutes each. The disinfested 
, , \ 

nodules were then aseptically transferred under a 1aminar flow chambe~ 

into 200 ml of autoclaved 1% mannitol solution (w/v) and comminuted 

for 5 minutes with a Heidolph homogenizer at 2000 rpm to release 

~hizobia from the nodular tissue. Four ten~fold seriaI dilutions with 

1% mannitol solution wer-e made from this stock. Subsequently, 0.1 ml 

of each dilution was pipetted ,onto the surface of a hardened congo-red 

yeast-extract mannitol agar plate (Appendix 2). The inoculum was 

spread with a steril~ glass triangle to cover the entire surface of the 

medium. Six plates were used for each dilution of each replicate. The 

plates were incubated at 27 ± 1°C for 4-5 days ta count the visible 

colonies. The observation on dilution 10-3 was finally used for 

comparison of the healthy and WCMV-infected nodules. The results 

represent~the mean of colony number per mg nodular tissue averaged 

from 2 se~ies of 6 plates per replicate. 

\ 

\ 
'\ 
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4.1.10 Assay qf WCMV in'hodules 

4.1.10.1 Infectivity· assay 

" 
To determine the dilution end point of WCMV in the nodular tissue 

of red cl~ver, about 100 mg of freshly harvested nodules from hea1thy 

and infected plants were used for preparation of inoculum as described 

in section 2.1.3. After each harvest, four ten-fold dilutions 

(10-1-10-4) were made of each inoculum stock, and manual1y inocufJated 

on half leaves of G. globosa. The inoculum res'idue" was washed off with 

distilled water, and the plants were kept in" the same" growth chambers 

used for growing red clover. The infectivity assessment was done after 

48 hours when necrotie local lesions were apparent. Data are presented 

as Lesion number per leaf averaged from ten half leaves which were used 

for each inoculum. 

4.1.10.2 Immunosorbent electron 
microscopy (rEH:) 

j 

The procedure of Derrick and Brlansky (1976) was used for detecting 
'--;--

WCMV in erude sap of infected red claver nodules.' Antiserum agai~st 

this virus, whieh had been prepared ear1ier, was.diluted 10-1-10-3 in 

0.05 M Tris-Hel, pH 7.2, containing 0.15 M NaCl (Tris-NaCl). Nickel 

grids (400-mesh), with diamond shaped openings, were coated with film 

(0.5% solution of par1odion in amyl acetate) and stabilized with carboni 

The grids were floated on drops of the diluted antiserum for 30 minutéS, 

followed by washing them in a stream of Tris-~Cl buffer to remove 
, ' 

noriadsorbed serum protein a~d then with double distîlled water. 
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S~Hsequently, the grids. were not allowed to dry, but were 

place~ on Qrops of homogenate saps for l hour. The enates were 

prepared by grinding 50 mg of fresh nodules in 5 ml is-NaCl 

""'-buffer, and clarification by low s~~d centrifugation at 5000 rp~ 

(3015 g) for 5 minutes, after which the supernatant was collected. 

The gridS then were washed thoroughly in a stream of double distilled 

·water, floated pn drops of 1% uranyl açetate in 50% ethanol for la 

minutes, rinsed wi~p 50% ethanol and th en dried. They were examined 

with a Philips E.M.300 electron microscope. Control grids were 

prepared using normal serum and antisera against pea streak virus ., , 

(PSv) and claver yellow mosaic virus (CYMV). 

4.2 Results 

4.2.1 Plant growth 

The fresh weight of the forage (top) and the roots of red claver 

plants increased with age of both healthy and WCMV-infected plants 

(Figure 20). However, the WCMV infection reduced the shoot grawth 

significantly (p ~ 0.01, Appendix SB). The highest response of red 

122 

claver plants to infection by WCMV appeared 3 weeks after virus inoculation, 

when yield was reduced about SOi. in the diseased plants compared with 

the healthy control. This difference gradually narrowed as the plants 

became aIder at 6, 9 and 12 weeks after virus infection, respectiv~ly 

,(Table 6A). A significant reduction in the root weight (Appendix BA), 

which r!ached its maximum of 46% at 12 weeks after virus inoculation 

(Table 6B), was shown by the WCMV-infected plants. There were obvious 
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Figure 20. Growth of healthy (- WCMV) and infected 
(+ WCMV) red c10ver plants. 

A. The Mean shoot weight per plant ± 2.3. 

B. 'the ~mean root weight 'pel' plant ± 0.95. 
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TABLE 6A. Effect of WCMV infection on shoot fresh weight yie1d of 
red c10ver 

';~ 

TABLE 6B. Effect of WCMV infection on root fresh weight of red clover 

Gm. fresh weight' per plant at various 

Treatment l times afte.r virus inoculation (weeks)2 Mean3 

3 6 9 12 

Healthy 1.88 9.50 13.63 J.9.07 11.02 

WCMV-infected 1.18 5.30 9.59 10.33 6.60 

Mean 1.53 7.40 11.61 14.70 8.81 

% reduc t ion in 37 44 30 46 40.16 infected plants 

lS.E. for treatment CT) = ± 0.47 

2 S.E. for harve.st times (D) .. ± 0.67 

3S.E. for (T) x (D) = ± 0.95 _ ..... 
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differences in growth between(,heal thy and ~vCMV-infected red c lover 

plants. The hea1thy control with its clark green leaves showed ea'lier 

flowering than the pale diseased plants. 

4.2.2 Nodulation 

Infection by WCMV caused considerable reduction CP ~ 0.01) in the 

number and fresh weight of nodules CAppendix 8C,D). From Figure 2lA 

it can be seen that nodule numbers of diseased plants were less than 

those of healthy contraIs at the var~ous harvest times. The max1mum 

reduction in n~dule number, 37%, occurred 12 weeks after Vlrus 

inoculation (Table 7A). The nodule fresh weight also decreased ln the 

diseased plants and showed the highest reduction as 59% in the'last 

stage (Table 7B). Both nodule fresh weight (Figure 2lA) and number of 

nodules (Figure 21B) per plant were also higher in the heaithy red 

clover than in the WCMV-infected plants when they were measured at 3, 

6, 9 and 12 weeks after virus inoculation. Visual observation showed 
i . 

that the nodules on the WCMV-infected plants were smaller than those 

on healthy plants. A few white nodules were occasionally seen on the 

healthy and diseased red claver roots. 

4.2.3 Nitrogenase (C2H2) activity 
0" ' 

The nitrogenase (C2Hz) activity of ~ed clover nodules was 

cslculated on an individual plant basis. In the WCMV-infected nodules 

this activity was significantly Iower CP ~ 0.01; Appendix 8E) than 

that of the healthy control (i.e., 26.61, 57.39, 86.13 and 25.62 

----~---------- --. 
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Figure 21- Nodule grawth af healthy (- WCMV) and 
infected (+ WCMV) red claver. 

a 
A. The mean nodule weight per plant ± 0.04. 

B. The mean nodule number per plant ± 37.86. 
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TABLE 7A. Effect of WCMV infection on nodulation of red clover 
number of nodules per plant 

Treatments 1 

No. of nodules per plant at various 
times after virus inoculation (weeks)2 

Healthy 

WCMV-infected 

Mean 

% reduction in 
infectéd plants 

3 

172.05 

114.07 

143.06 

34 , 

6 9 

281.90 1 440.02 

225.25 307.45 

253.57 373.74 

20 30 

lS.E. for treatments (T) ... ± 18.93 

2S.E. for harvest times (0) == ± 26.77 

, S.E. for (T) x (0) == ± 37.86 

12 

635.38 

401.43 

518.40 

37 

Mean' 

382.34 

262.05 

322.19 

31.5 

TABLE 7B. Effect of WCMV infection on nodu1ation of red claver 
nodule fresh weight gm. per plant 

Treatments1 

Nodule fresh weight (gm) per plant at 
various times after virus inoculation 

(weeks) 2 

Healthy 

WCMV- inf ec ted 

Mean 

% reduc tian in 
infected plants 

3 

0.16 

"0.09 

0.12 

44 

6 

0.34 

0.22 

0.28 

35 

lS.E. for treatments (T) = ± 0.02 

2 S.E. for harvest times (0) = ± 0.03 

'S.E. for (T) x (0) = ± 0.04 

9 12 

0.46 1.13 

0.26 0.46 

0.36 0.80 

43 59 

Mean' 

0.52 

0.26 

0.39 

50 
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nmolest~f C2 Hq .plant ,.hr for WCMV-infected compared with 54.35, 

122.95, 155.70 and 64.40 nmoles, respectively, for healthy nodules at 

3, 6, 9, and 12 weeks, with S.E. equal ta ~.12.27. 

The activity of nitrogenase enzyme reached its maximum in bath 

hea1thy and diseased nodules 9 weeks aiter WCMV inoculation, with a 

reduction of 45% ~n the diseased nodules (Figure 22). The lowest 

nitrogenase (C 2 R2 ) activity of WCMV-infected plants was about 60% less 

than that of healthy ones when measured at 12 weeks (Table 8). 

4.2.4 Leghemog10bin (LH) content 

The leghemog1obin content, determined on a fresh weight basis, in 

healthy (virus-free) and WCMV-infected nodules, increased steadily in 

'the latter with age, but declined slightly in the former at 12 weeks. 

In the hea1thy nodules the content was significantly higher (p ~ 0.01) 

than that in the diseased nodules (Appendix 8F). The leghemoglobin 

content reached its peak in the noninfected nodules of.l.35 ± 0.2 

-1 
~g.mg.nodule at 9 weeks, and the similar value for WCMV-infected 

-1 nodules was 0.58 ± 0.2 )Jg.mg.nodule at 12 weeks (Figure 23) . The 

greatest reduction ln the leghemoglobin content in the diseased 

nodules was exhibi~ed 6 weeks after virus inoculation, when the LH 

content was 62% less than the healthy control (Table 9). 

, 
In the cytochemical study, the Jeghemoglobin areas ln ultrathin 

sections of the nodular tissue were identified as electron dense spots 

attached ta the inner surface of the peribacteroidal membr~ne (Fig~re 

24). These areas were recognized in the bacteroids of both h~althy 

/' 
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Figure 22. Profiles of nitrogenase (C2R2) activity of 
healthy (- WCMV) and infected ,(+ l~CMV) red clover expressed 
as the mean per plant ± 12.27. 
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TABLE 8. Effect of WCMV on nitrogenase (C2 H2) activity in 
~ 

nodules 

"" 
1), 

Nitrogenase activity 

Trea tmen t s l 
Cnmoles C2H4.p1ant- I .hour- 1

) at various 
times after VIrus fnocu1ation (weeks)2 

... 
~3 6 1?J 9 12 

Healt'hy 54.35 122.95 15$.70 64.40 

WCMV-:infected 26.61 57.39 86.13 25.62 

Mes..n 40.48, 90.17 120.91 45.01 
r, .. 
* 

% rèduc t ion in 51 53 45 60 infected ,plants 

lS.E. for treatments (T) == ± 6.13 

2 S. E. for 

3S.E. for 
... 

" 

harvest times 

CT) x (D) := ± 

• 

(' 

. .. 

(D) = ± 8.67 

12.27 

'f 

.. ,Cl 

·133 if • 
,! 

,. 

/" -r red clover 

Mean' 

99.35 

48.94 

74.14 

50.7 .< 

J 
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Figure 23. Profiles of leghemoglobin content-0f nodules 
collected from hea~thy (- WCMV) and infected (+ WCMV) red 
clover plants, expressed as the Mean per mg nodule fresh weight 
± 0.2 . 
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TABLE 9. Effect of WCMV infection on leghemoglobin contént in red 
clover nodules 

Leghemoglobin content 
(llg per mg of nodule) at various 

Treatments 1 times after virus inoculation (weeks)2 Mean' 

3 6 9 12 

Healthy 0.64 1.13 1.35 1.09 1.05 

WCMV-infected 0.28 0.43 0.57 0.58 0.46 
li' 

Mean 0.46 0.78 0.96 0.83 0.76 

% reduction in 56 62 liB 47 56.2 infected plants 
Il il 

15 •E • for treatment (T) ". ± 0.1 

2 S.E. for harvest times (D) ... ± 0!45 

a S.E. for (T) x (D),- ± 0.2 
6 

C\ 

.. 

j 

• 
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Figure 24. A thin section of thêlTodular tissue treated 
with DAB, show~ng electron dense deposits, representing the 
leghemoglobin, localized between the bacteroidal membranes 
(indicated with arrow). 
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• and WCMV-infected nodular tissue. The visual observation showed that 

che number of leghemoglobin spots was less in the diseased samples as 

compared with the healthy control. 

4.2.5 The correlation between leghemoglobin 
content and nitrogenase activity 

The regression analysis showed a highly significant correlation 

between LH and nitrogenase activity at 3 and 6 weeks after virus 

inoculation within the nodules of either healthy or WCMV-infected 

plants. At these two sampling times, the correlation coefficients in 

the,healthy nodules were r = ~O.469 and -0.453, respectively, while in 

the infected ones they were r = -0.523 and -0.327, respectively. No 

significant correlations were found between these two characteristics 

at 9 and 12 weeks. The averall interaction (Figure 25) between LH 

and nitrogenase activity at aIl sampling times indicated that there 

was no significant correlation within the nodules of healthy Cr = 
;/ 

-0.034) or infected plants Cr = -0.017). 

4~2.6 Nitrate reductase activity 

The specifie activity of the nitrate reductase ~nzyme was 

determined by measuring nitrite re}.4ased into the assay medium at four 

d~ys incubation intervals after each harvest of nodules. When the 

nodules were collected at 3 and 6 weeks, the maximum activity was 

recorded when 8-day assay incubation periods were used, but in nadule~ 

harvested at 6 and 12 weeks, maximum activity waS detected with 4-day 
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Figure 25. Plots of data relating nitrogenase act~v1ty 
(C2 H2 reduction) and leghemoglobin content of healthy (- WCMV) 
and infected (+ WCMV) red clove nodules. The symbols are: 
3 weeks (.), 6 weeks ( .. ), 9 eeks (.), and 12 weeks (.). 
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assay incubation periods. 
/ 

The Bata obtained from 4-day incubation 
-~,../ 

assays (Table 10) were used ta compare the enzyme activity in virus-

free and virus-infected samp1es at each harvest time (Figure 26). 

The nitrite released into the medium containing nodules from infected 

plants was significantly CP ~ 0.01) higher than that from healthy 

control plants at various incubation times after each harvest 

~Appendix 8G). The maximum nitrate reductase specifie activity of 

-1 -1 
healthy nodules (i.e., 322.70 nmoles nitrite.hour .gm nodule) was 

shown at the 6-week harvest. The eorresponding value for nodules from 

. f d l 375 20 1 . . h -1 d 1 -1 ~n eete p ants was . urno es n~tr~te. our .gm no u e . The 

greatest inerease in activity shawn by nodules from infected plants was 

25.6% which occurred in nodules harvested 3 weeks after virus 

inoculat ion. 

4.2.7 .(\.cid phosphatase specifie activity 

4.2.7.1 Colorimetrie determination 

The «'acid phosphatase specifie activity», expressed in terms of 

the rate of conversion of p-nitrophenyT phosphate into p-nitrophenol, 

increased gradually with age in bath hea1thy (virus-free) and infected 

nodules, and reached its peak at 9 weeks, but decreased sharply 12 

weeks after virus inoculation (Figure 27). However, the virus 

infection significant1y increased (p ~ 0.01) the enzyme activity ~n 

the WCMV-infected nodules eompared with virus-free ones (Appendix SH). 

The «acid phosphatase activity» of diseased plants (i.e., 174.2 \lg/mg 

nodule) was about 41.9% higher than that of the hea1thy control 



TABLE 10. Effect of WCMV infection on nitrate specifie activity 
in red claver nodules 

Nitrate reduetase specifie activity at 
various times after virus inoculation 

Treatments 1 (weeks) 2 Mean2 

3 6 9 12 

Hea1 thy 252.50 322.70 175.40 145.55 224.04 

WCMV-infeeted 339.35 375.20 223.30 194.60 283.12 

Mean 295.92 348.95 199.35 170.08 253.58 

% increase in 
25.6 13.9 21.45 25.2 

infec~ 

l S. E. for treatments (T) = ± 1.71 

2 S. E. for harvest times (D) = ± 2.41 

0 
\)~i 
,j 

3S.E. for (T) x (D) = ± 3.41 

• 
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Figure 26. Profile of n'itrate reductase specifie activity 
within healthy (- WCMV) and infected (+ WCMV) red claver nodules 
± 3.41. 
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Figure 27. Profile of acid phosphatase specifie activity 
of healthy (- ~CMV) and infected (+ ~CMV) red clover expressed 
per mg nodule fresh weight ± 2.687. 
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TABLE 11. Effect of WCMV infection on. ,acid phosphatase specifi"c 0 

activity in the nodules of red claver 

Treatments 1 

Healthy 

, WCMV-infected 

Mean 

% increase in ..... 

Acid phosphatase specifie activity 
(]lg p-nitropheno1.min-1 .mg nodule- 1 ) 

at various times after virus 
inoculation (weeks) 2 

3 6 9 12 

122.6 182.9 229.6 172.6 

174.2, 226.1 263.6 224.4 

148.4 204.4 246.6 198.5 
C;; 

• 
infected nodules 

41.9 23.6 14.8 30.0 

IS.E. for treatments (T) = ± 2.687 

2 S.E. for harvest times (D) "" ± 1. 900 

3 S.E. for (T) x (D) ± 3.800 
• 

1) 

, C" Q' 

\ 

\ 

~ean:J 

176.9 

222.1 

,199.5 

25.6 

, 
\ 

'--

t" 
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(i.e., 122.6 ~g/mg nodule) ~hen measured at 3 weeks after virus 

inoculation (Table 11). 

4.2.7.2 Cytochemical localizatiorr of 
acid phosphatase 

," In the pellet sections of red clover leaves; obtained from the 

same plant as the nodules; semi-quantitation of electro~-dense 

deposits on the single bound membranes of lysosome or vacuole-like 

bodies (Figure 28) showed a graduaI increase in the n~mber of thes~ , 

deposits in both treatments at 3, 6, 9 ~nd 12 weeks. The average 

number per micrograph at each period was 5, 8, 14, 19 in WCMV-

infected samples, corresponding to 2, 5, 8 .. 13 in the healthy leaves. 
! .' 

The/fuicrographs o,f sections of pellet>s treated with sodium fluoride, 

an acid phosphatase inhibitor, showed a negligible number of similar 

electron dense deposits. 

4.2.8 Rhizobium population 'in the nodule 

As shown in Figure 29, the nodules of~health~ flants had a 
, 

slightly higher bacterial populatipn than those of ~.yCMV-infected 

plants at the first (3 we'eks), second .(6 'weeks) and fourth harvest 

(12 weeks), but not at the third harvest (9 weeks). Tqe analysis of 

variance showed a significant difference between healthy and diseased 

nodules at P :;;; 0.01 (Apper;dix 8J). The greatest difference in the' 

number of bacterial colonies per mg of nodules between the treatments 

was 26.4% at 12 weeks after virus inoculation (Table '12). Howevei':', 
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Figure 28A. ,Electron dense deposits (arrows) attributable 

~o acid phosphatasè activity, along t~e membranes of vacuole
like bodies. 

Figure 28B. Control preparation, treated'with NaF to 
inhibit acid phosph'atase activity. 
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Figure 29. Profile of viabÙ~ Rhizobium population in 
healthy (- WCMV) and infected (+ kCMV) nodules expressed 
as the mean number o~ colonies per mg of nodules ± 2.20. 
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TABLE 12. Effect of WCMV infection on viable rhizobial population in 
red clover,nodules 

No. of colonies ~n dilution 10-3
/ mg 

nodules at various times after v~rus 
Treatments 1 inoculation (weeks-) 2 Mean3 

• fA>' 

3 6 9 12 
J 

Healthy 47.5 62.1 98.3 64.7 68.1 

WCMV-infected 39.9 .',56.0 103.6 47.6 61.8 

Mean 43.7 59.1 100.9 56.1 64.95 
~ 

ï. reduction in 16.0 9.8 - 5.4 26.4 9.25 infected nodules 

lS.E. for treatments (T) 7' ± 2.20 

2S.E. for harvest times CD) = ± 1.56 

3S.E. for (T) x CD) = ± 1.10 

, " 
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Figure 30. Colonies of clover Rhizobium grown on congo-red 
yeast-extract manitol agar. 
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at 9 weeks, this trend was reversed and the WCMV-infected nodules 

had 5.47. more viable Rhizobium cells than the healthy control. 

Isolated colonies (Figure 30) obtained from each dilution of healthy 

and diseased nodule suspensions were grown again on agar slants. The 

bacterial preparations Made from each one (as described earlier) were 

inoculated back onto red clover seedlings to see whether virus trans-

m~sslon took place. The bacteria produced numerous nodules. There 

were no virus symptoms on the leaves of red clover~ plants inoculated 

originally with bacteria isolated from WCMV-infected nodules. 

\ 

4.2.9 Assay of WCMV in the nodules 

Extracts of nodules obtained at 3, 6, 9 and 12 weeks after virus 

inoculation of source plants produced 26, 31, 21, and 16 lesions, 

\ 
respectively, when assayed on Gomphrena globosa L. (Figure 3lA). 

There were a few scattered individual lesions on a few healthy leaves 

of G. globosa, which might have resulted from the damage by mechanical 

inoculation. The number of local lesLons reached a peak at 6 weeks 

after virus inoculation (Figure 32~). 

, ,."1' 

The immunosorbent electron microscopy (lEM) technique was used to 

record number of WCMV particles bound by homologous antiserum (Figure 
,,1' 

31B). The detection was performed by counting the number of these 

partic1es in 100 micrographs. The average numbers were 48, 55, 59, 

and 53 virus particles per micrograph at various times after Vlrus 

inoculation, Le., 3,6,9, 12 weeks (Figure 32A). No virus particles 

were observed on the grids bearing extracts from healthy nodules or 

other controls (Figure 31C). 
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Figure 31. The results of the assay of WCMV in the 
infected nodular ,tissue determi,ned by: 

A. Infectivity assay on Gomphrena globosa L. 
Right: healthy; Left: WCMV-infected. 

B. Micrograph taken during immunosorbent e~ectron microscopy 
(rEM), showing WCMV particles (arrows~. 

C. - Similar photograph of an extract from healthy nodules. 
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Figure 32. WcMv- àssay using; 

Immunosorb,ent 
# 

electron .mi~rJ.PY·' 

'In~ecti~~ on G. slobosa teaves. 
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4.3 Discussion and conclusions 

The ana1ysis of variance showed that the healthy and infected 

, plants differed significantly in forage and root:fresh weights per 

plant at the var10US harvest times. As rnosa1C diseases generally 

reduce photosynthetic activity and increase respiration rates, the 

virus infection probably exerted an impâtt on plant growth at aIl 

') 
stages of development. The greatest reduction in WCMV-infected forage 

") . 
weight, at_3 weeks after virus inoculation,' may be attributed ta the 

1 " 

iwounding d~age caused during the inoculation process, coupled with the 

general,effect of virus infection. Similarly; the 46% decrease in the 
, ' 

root weight at the 1ast harvest (12 weeks) probably, resulted frorn the' 

,cumulative effects of virus infe"ction and 's.enescence. 

WCMV-infected,plant~ showed ~eductions of 20-37% and 35-59% Ln 

number and fresh weight lof nodules, ~e-spective ly, when averaged for a11 

the harvest times. Bath effects,became more pronounced as plants aged~ 
, q 

Smaller!nodules were frequentl~ observed-on the infected plants, which 

would havè contributed the decrease in average nodule weight. Similar 
(:J. 

decreases in nodule weight have been reported in toba~cà ringspot virus 

infected sQybeans COrellàna 'and Fan 1978), and in peanut,mottle virus 

infected pean~ts (Wongkaew and Peterson 1983). The growth and deve10p-
1 

ment ;f 1e.gume nodules requires bath auxins and cytokinins (Dart 1975; 

Syano' et al: 1976). Auxin imba1ances are sametimes associated with 

virus infections (Diener 1963), which can a1so impair sjuthesis and/or' 
t 

translocation of growth regu1ators (Matthews 1982). It has been 

f lepor~ed that 1eguminous plant nodules are thernse1ves auxin producers 
\ 
'. 
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(Kefford e8àl. 1960), and that growth regulating substances may be 
. / 

re1eas~d by nodules of virus-infected plants (Lee 1955). Thus it can be 

concluded, that WCMV infection suppressed 'nodule growth, possibly'by 
. 

reducing photosynth~tic activity and/or the availabi1ity of photo-

synthate, or by ~ausing unfavorable shifts in the levels of available 

~owth regulating substances. 

6' Detached nodules have been found to' lose nitrogenase a~tivity when 

~ept .at room tempe rature (Aprison and Burris 1952) or at low ternpera-

tures (Mustafa 1969)~ Thus ,the use of intact nodules o~ the roots in 

the acetylene (C 2 H2-) reduction assay provid~s a more stable sample" 

Although the acetylene reduction assay provid~s a direct method of 

tneasuring the activity of the nitrogt:Llase system (Hardy et al. 1968), 

the relationship between acetylene reducing ability and N~ reduction i5 

variable (Sprent 1979). 

The nitrogenase (C 2 H2 ) activity of 'red clover began to 1ncrease 
4 

before V1rus inoculation, and continued ta increase up ta 9 weeks after 

virus infection. However, a sharp decline was observed when measured 

12 weeks after ~irus in~~ulation. Thl! c~ntinued increase in activity 

was probably as~ia~d wit~~e~~pal increase in plant growth, 

appearance of new leaves, and nodule development. The reduction at 12 

weeks could be related to senescence of most of the active nodules. It 

has been generaIIy considered that the nitrogenase activity of rhizobia 

is associated only with their condition as bacteroids within nodules 

CBergersen 1974). AIso, it has been reported that nodules of perennial 

Iegumes remain functional for only one growth seàson (Dart 19t.7). The 
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lowest reduction of nitrogenase (C2 H2 ) activity in virus infected 

plants, 45%, occurred at the blooming stage, 9 weeks after virus 

inoculation. At this time, highest number of viable rhizob~a were 

recoverable from nodules also. , The greatest reduction of nitrogenase 

activity in WCMV-infected plants, 60%, was recorded at 12 weeks after 
, 

virus inoculation, which probably resulted from the comb~ned effects of 
\ 

virus infection and senescence of most functional nodules. 

The reduction in plant growth (top and root weight), as weIl as 

~ nadulation in WCMV-infected re,d clover may suggest that the virus 

infection has affected the photosynthetic activity and/or availability 

of photosynthate. However, it is evident that the amount of photo-

synthate available was sufficient for maintenance of a certain level of 
\ 

u 1 

nitrogenase activity. B~,an p;,ants infected with BYMV (Orellana and Fan 
/ 

1978), various varieties of soybean infected with TRSV (Orellana et al. 

1979, 1980), and peanut infected with PMV (Wongkaewand Peterson 1983l 

are similar examples with respect ta the effect of virus infection on 

nitrogen fixation. 

Various methods of determination of leghemoglobin content in 

nodular tissue have been described (Bergersen.and Goodchild 1973; , 

Wilson and Reisenauer 196~; Johnson and Hume 1973)~ but most of them 

required a large amount of nodular tissue and were not readily applic
"--.. 

able ta small sampl~s of red c~over nodules. The sensitive method 

described by La Rue and Child (1979) was more practical for this study 

because fewer nodules were required. 

/ ' 
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A significant reduction of leghemoglobin content was ~bserved in 

nodules of l~CHV-infected plants, which suggests that virus infection 

somehow suppressed the production of leghemoglobin. Decreases in 
~' 

leghemoglobin content have also been reported in nodules 6f peanuts 

infected by PMV (Wongkaewand Peter son 1983), and in nodules of soybean~ 

infected by SMV (Tu et al. 1970b). 

A"consistent and highly significant negative correlation between 

nitrogenase (C 2 H2 ) activity and leghemoglobin content was detected in 

o both healthy and infec ted nodules at 3 and 6 weeks after Vl.rus 

tnoculation. but not at 9 and 12 weeks. This may indicate that 

leghemoglobin level is a determinant factor involved in initiation of 

nitrogenase activity 1.n nodular tissue. However, the overall inter-

action between these two characteristics at aIl sampling times indicated 

no significant correlation in nodules af either healthy or infected 

plants. This might have resulted from aging of sorne of the nodules, or 

from plant blooming; which may represent a stage of N2 consumption. 

, ;. The re lationship between nitrogen fixation and leghemoglobin 

content is still a controversial subject. Bergersen (196la) considered 

• 
leghèmoglobin content to be an index of the volume of active nodular 

tissue'fixing nitrogen, while Gibson (1969) found that rates of N2 

fixation per unit of leghemoglobin are Rhizobium strain dependent. In 

other rep~rts dealing with virus infections, Orellana et al. (1978) 

observed a n~gative correlation oèbyeen leghemoglobin accumulation and 

nitrogenase activity in TRSV-infected soybean nodules, while Wongkaew 

(1981) found a positive correlation between tthem in healthy peanut 
1 

nodules, but not in those of plants infected with peanut mottle virus. 
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The positive relationship between DAB and heme protein h4s been 
1 

exploited in cytochernical studies of virus-infected 1eaves (De Zoeten 

et al. 19,73) and healthy nodules (Gourret and Fernand-Arias 1974). 

Although attempts to quantitate the number of electron-dense deposits 
1 ~\ -', 

gave a less reliable estimate of 1eghemoglobin concentration than the 

fluor~metric assay, the location of these deposits indicated that 

166 

leghernoglobin is probably synthesized or accumulated in th,e peribacteroidal 

space. This agrees with findings reported by other investigators 

(Bergersen and Goodchild 1973; Di1worth and Kidby 1968) who have studied 

nodules of soybean and serrade11a plants. 

It lS general1y accepted that nitrate is reduced to ammonla to 

acét!,mp1ish the incorporation of nitrogen into plant nitrogenous 

compounds (Devlin 1975). This process requires the energy provided by' 

respiration, which usual1y increases with virus infection (Matthews 

1982), and also makes use of the carbohydrate produced by photosynthesis, 

which usually decreases with virus infection (Matthews 1982). Nitrate 

reductase, an enzyme w6ich catalyzes the reduction'of nitrate to nitrite, 

has been puri~d from soybean leaves 

inducible enzym~ (Dev1in 1975). 

and has been characterized as an 
i 

Instability lS one of the main characteristics of nitrate 

reductase activity, bath in vitro (Anacker and Stoy 1958) and ln vivo 

(Candela et al. 1975; Hageman and Flesher 1960; Hewitt 1(51). Several 

internaI and externa1 factors may determine or influence nitrate 

t \ 



reductase aetivity ln nodules, ineluding plant species, strain of 

Rhizobium, nodule morphology, rate of shoot growth, amount of nitrogen 

fixed, nutrient availability, C:N ratio, and competition between plant 

parts for energy. The interrelationships among sorne of these factors 

( 
. ( 

have been reported forcseveral annual grain legumes Glbson 1977; Hardy 

and Have1ka 1975) and alfalfa (Vance et al. 1979). However. littie 

information is available concerning the activity of nitrate reductase 

aetivity in red clover nodules, and the effect of virus infection on 

nitrate reductase activity has not been investigated previously. 

Both healthy and infected nodules showed a rapid increase in the 

specifie activity of nitrate reductase at 3 and 6 weeks after virus 
~->~ 
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infection, which was probably related ta the physiological state of the ~~:' 

noduiar tissue at early stages of 
• 

development. The sharp dec1ine 

observed at 9 and 12 weeks may be a r~flection of competition of other 
1 / , . \ 

plant parts with the nodules for energy and carbohydrate during f1owering. 

a 

The significant increase of nitrate,reductas~ specifie activity of 

nodules from WCMV infeeted p~ants is of particular interest, and 
1 

suggests chat decreased carbohydrate or photosynthate, caused by virus 
p< 

infection, was not a 1imiting factor governing,the enzyme's activity. 

\ Nitrite, the product of nitrate reductase activity, strongly inhibits 

nodular nitrogenase activity in severa1 1eguminous plants (Chen and 

Phi1lips 1977; Kennedy et al. 1975; Gibson and Pagan 1977). Therefore, 

the observed increase in nitrate reductase activity prohably contributed 

to the reduced nitrogenase activity in nodules of WCMV~~nfected plants. 

, ' 
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According to Wilson (1973), various cellular structures and 

organelles, including th~ lysosomes, lomasomes, spherosomes, pinocytic 

v~cuoles, provacuoles, Golgi vesicles and excretory vesicles, 

collectively can be regarded as parts of the «lysosomal system.» These 

membrane-bound structures may serve as compartmentalized loci for 

hydrolytic enzymes involved in the most vital plant processes, such as 

seed ,germination, storage, responses to injury or disease organisms 'and 

senescence (De Duve and Wattiaux 1966). 

Acid phosphatase, one of the best known hydrolytic enzymes, occurs 

~n the'nucleus and spherosomes (Devlin,1975), and catalyzes many 

reactions in plant cells. Relatively little is known of the luence 

of virus infection on acid phosphatase activity. Sommer (1957; c.f. 

Matthews 1982). reported that a decr2~se in the enzyme's activity was 

associated with infection of sugar beets by the beet yellows virus 

(BYV), but Tu (1976) reported significant increases in acid phos~hatase 
Î 

activity in leaves and nodules of CYMV-infected white clover, when 

measured a few days after v~rus inoculation. 

168 

The nodular acid phosphatase specific activity Ln infected samples rose 
J 

to a maX1mum at 9 weeks after virus inoculation, followed by a decline 

Ln activity, which may reflect the pattern of hydrolysis of materials within 

the nodules for transport or use, or simply the involvement of this 
,/ 

enzyme in digestion of cellular components as nodules agednand became 
J. 1 

sedescent. The declLne observed at l~ weeks could have resulted from 
l, ) 

inhibition of the enzyme by accumulated products, or a retardation of 

enzyme synthesis within the nodules. 



( 

No decline ln acid ph6s~atase activity of the leaf tissues was 

observed when a cytochemical determination was used. Although this may 

have resulted from the use of a differe~j detection method, :t could 

also indicate diffe:çtLlces in the metabolic funetions of the aerial 
1 

plant parts where the only senescent tissues were floral parts. the 

latter Iwere not included in the extract used for cytochemical determina-
1 

tion of acid phosphatase activity. 

-Since .1icid phosphatase ac tivity was increased ln both nodular and 

leaf tissues of infected plants, it se~s logical to conclude that virus 
1 

infection was directly or indirectly responsible for the increase. 

Because the cellular ~eactions in which phosphatases are inv~lved are 

coupled to o~her reactions, it 18 difficult ta identify any virus-

determined mechanism for the increase ln ~hosphatase activity. Tu 

(1976), who detected similar increases in acid phosphata~e activity and 

lysosome content in virus infected leaves, suggested that the increased 

acid phosphatase1activity could be a refl~ction of increased autophagie 

aet ivity. 

lt is weIl known that rhizobial bacteria can multiply only before 
, 

transformation to bacteroids. Because of the inevitab1e b.acterial 

multiplication during the proceS8 of preparation of seriaI dilutions, .,. 
\ ... 

the accuracy of es'timating tJ;te viable Rhizobium population in nodules 

15 limited. To overcome this obstacle, to a certain extent, the 

isolàtion technique recommended by Brockwell (1963) was used in this 

study, because the.minimal generation time for ~. trifolii, growing in 

the exponential phase in synthetic medium, is 5 hours (Bergersen 1961a). 

() \ 
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1 
The continuous increase ~n the yiable bacterial population ~n 

~ 
nodules at the first three harvests (3, 6, 9 weeks after virus inocula-

tion) probably indi~ates the continued multiplication of the rhizobia" 

as the nodules developed. The decline of the population at 12 weeks 

probably indicates the onset of nodule senescence. 

Genera1ly, fewer colonies were obtained from nodules of infected 

plants, although there was 'litt1e difference in, nurnber of colonies of 

viable 'rbizobia from hea1thy and infected plants at 9 weeks. The 

presence of WCMV particles in the nodules of infected plants may have 

1 

\ , 

affected the multiplication of rhizobia, as weIl as their subsequent 

At 9 wee~s after virus 1 transformation into fu1ly developed bacteroids. 

inoculation, nitrogenase activity was :educed by about 45% in nodules of 
,- ,-, 

infé"cted plants. This was aIso the smallest reduction in,nitrogenase 
! 

activity ob~erved, ~.e., it coincided with the least observed difference 

~n rhizobial population between healthy and infected nodules. 

Transmission of a HCMV-comp'lex 15y ~. legurninosarurn was reported by 
~; 

early investigators (Johnson and Jones 1943), who used a homogenate of 
~ 

infected nodular tissue (as inoculum). There was no evidence for trans-

mission of WCMV by R. trifolii isolated from infected nodules, cultureâ, 
-~ .... ---

and inoculated back ta red c,lover seedlings. There have been no reports 

of infection of bacterial cells by plant viruses, and, in other phases 

of this study, virus particles were not observed within rhizobial celis 

or bacteroids by electron microscopy. It seems like1y that the earlier 

report of rhizobial transmission was based on inadvertant carryover of 

virus particles into the inoculum. 
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"Ii The pattern of virus infectivity indicated that the relative 

concentration of WCMV reached its maximum at 9 weeks after virus 

inoculat ion. This could be related to a higher rate of WCMV rep1ica-

tion in the non-nodular tissue, followed by transport to, and 

accumulation within the nodules. Alternatively, the virus may have 

been synthesized directly within nodular tissue. The peak in v~rus 

infectivity coincided with the maximum nitrogenase activity. Therefore, 

a possible photosynthate movement from the areial to the underground 

tissues might have enhanced the virus accumulation in the nodules. The 

decline ~n the virus infectivity at 12 weeks can be attributed either te 

disintegration of sorne of the virus particles (Krass and Ford 1969) or 

to the presence of inhibitory materials in the extracts prepared from 

older nodules. The presence of inhibitors to the virus infections ~n 

senesced plant tissue has been reported (Bawden 1964). 

Severat serological methods. based on specificity of the antigen-

antibody reaction. have bee~ used extensively for detection of viruses 

and determining their relationships (Bos et al. 1960). Although agar 

double diffusion and microprecipitin tests require only simple pro-

cedures, they are not always sensitive enough to detect plant viruses 

at low concentration in erude sap. The application of lEM provides a 

rapid and sensitive procedure to identify virus particles (Derrick and 

Brlansky 1976), The maximum relative concentration of WCMV particles 

in nodular extracts was det~cted at 6 weeks by this technique. Since 

maximum virus infectivity was detected at 9 weeks, it is possible that 

( sorne of the WCMV particles'detected earlier by lEM may have been 

J 

_______ ~e~. __ 



non-infectious, because the antibody coating of the grid Acould have 

bound empty Vlr~s protèin capsids, or virus fragments. An alternative 

explanation for the discrepancy seen between maxlmum particle numbers 

and maXlmum infectivity cou Id be that nodule extracts had a varylng 

interference effect on either type of assay. 
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S~CTION 5 

EFFECTS OF WCMV INFECTION ON NODULAR CYTOLOGY 
-., 

5.1 Materials and methods 

5.1.1 Histological and'ultrastructural 
studies 

At each harvest, 2 nodules were randomly excise~ f:k.om the roots of 

each plant. A total of 40 nodules from heal~~y and infected plants 

were collected and divided into two groups. The\25 nodules making up 

'the first group were cut into ha1ves longitudinally and sorne of them 

were cut vertically into four quarters ~epresenting regions l, 2, 3 and 

4 (Mosse 1964). This group was used for 1ight and e1ectron microscopy, 

whi1e the second group was used for i~nofluorescence misroscopy. 

5.1.2 Light and electron micro,s,coPY 

The sliced nodular tissues were fixed in 3% glutaraldehyde in 0.1 M 

Na-cacodylate, pH 7.2 (Gourret 1975) overnight a~ 5°C. Aiter removal 
, 

of the fixative, the tissues were washed thoroughl~ with 4 ~hanges of 
} 

cacodylate buffer during 80 minutes, and postfixed in 2% OS04 1n 

cacodylate buffer for 2 hours at room temperature. The fixed nodular 

tissues were rinsed again, and left overnight in the same buffer at 5 Oc 

in'~ncapped vials. They were then washed with 3 changes of cold 
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distilled wate;r, 20' minJtes each, followed by staining with 1% uranyl 

acetate'in double-distilled water (w/v) for 4 hours at 5°C, and rinsed 

with distilled water for 15 minutes. Subsequently, the nodular samples 

,wer'e dehydtated, ,in-filtrated and embedded, as described earlier. 

Thin sections were cut using glass knives mounted ~n a Reichert 

OM-D2 ultramicrotome and mounted on copper grids (200 mesh) coated with 
1 , . 

Formvar and stabilized with carbon. They were poststained with 2% 

\ uranyl acetate for 90 minutes, and lead cjtrate for 5 minutes. Sections 

were examined with a Philips 300 electron microscope. 

Nodule development and differentiation into zones WRS examined by 

lighl! microscopy. Re latively thick sections (2 )J) were eut aI:d trans-

ferred to glass slides and stained with toluidine blue on a warm plate. 

The sections were rinsed with distilled water and examined with a ziess 

'universal microscope, using either phase contrast or bright fiel(r:-~ 
. .~ . ~ , 

illumination. Micrographs were taken ~b Kodak Ektachrome-160'film. 

5.1.3 Immunofluorescence microscopy 

5.1.3.1 Tissue preparation 

Halves and quarters of the remaining 15 nodules were fixed in 3% 

glutaraldehyde in cacodylate buffer for 4 hours at 5°C. After tissues 

were washed with 6 changes of disti11ed water, for 10 minutes each, 

they were dehydrated with" a cold graded ethanol-tertia~y butano1 setes 

and infi1 trated with paraffin oil plus butyl alcohol (Johan sen 1940). 

l 
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Subsequent1y, the tissues were embedded Ln a paraffin polymer #ith a 

me1ting point of 56.SoC (<<Tissue P~ep,» Fisher Scientific Co., Ltd.). 
, 

An AO Spencer No.820 rotary microtome was used ta cut the embedded 

tissues into 

with Mayer' s 

The sections 

The embeddel,.nodules were 

were /ifixed to slide,s 

either stored 'as 
par~ffin 

5.1. 3.2 Isolat ion and conj ugation of 
anti-WCMV globulin 

~ 

The immunoglobulin from WCM-antiserum was precipitated witll 

'''"' 
saturated ammonium sulfate using a procedure similar 1:0 that describeq, 

by Sinha (1974). The suspension was centrifuged at 12000 r{:lm (14,400 g) 

'.' for 20 minutes and precipitated antibodies were washed with a 50% 

saturated solution of ammonium sulfate, re~èntrifuged, an'd resuspende~ ~ 

in phosphate buffered saline (PBS). The suspension was dialyzed 
,'" 

against several' changès of PBS for 48 hours with continuous stirring 

using a magnetic stirrer. Aftet measuring the O.D. at 280 nm, the 
" 

prote in concentration was adjusted ta li. in 0.25 M sodium carbonale 
1 ) 

buffer (pH 9.8), placed in a dialysis tube, and dialyzed against 10 

volumes of the same buffer containing 0.1 mg/ml f1uorescein isothio-

cyanate (FITe, Sy1vana Co., Milburn, N.J.) for 24 hO'frs. The labelled 

globulin was then dialyzed against PBS to e1imina"te excess FlTC. The 

conjugates were then absorbed for 1 hour' with 50 mg of healthy pea leaf 

acetone powder per 2 mil1iliters of co~jugated prepa~a~ion (Coons 1958),-

and after centrifugatibn at 3000 rpm for 15 minutes, the supernatant 
1 
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containing FITC-Iabelled ant~bodies, 
/-

~ 

collected. 
1 

Conjugated normal 

serum was'prepared as described for anti-WCMV globulin, and used ~s a 

control. 
, . 

~ 
5.1.3.3 Staining 

Sectiops were deparaffinized by placing the slides in a jar con-

taining xylol whic!1was changed twice, at IO-minute intervals. 

Subsequently, they ~ere washed with two changes of 100% ethanol for 10 

minutes ana then d~ied for 10 minutes at 37°C. The direct staining 

method was carried out by cov~ring the sections witt drops of the FITC-

labelled antibody'. Sections of healthy nodules, stained with FITC-

labelled anti-WCMV globulin, and sections of infected nodules stained 

" 

with FITC-l~belled giobulin from normal serum, were prepared as contraIs. 

The, slides were incubated in petri dishes on a rack standing in a water 

bath, for 2 hours at 37°C. The sections were then washed with 2 changes 

of PBS, 10 minutes each at 37°C, followed by mounting them with equal . 
parts of PBS and glyceroi. The obs~rvations were made through a Zièss 

universal microscope equipped with a transi1uorescence system. The 

exciter filter le (combinat ion of BG 38 and BG 3/4) was used, along with 

a 50/44 barrier filter to view the fluorescence of the tissues. Photo-

micrographs were taken. by using Kodak Tri-X film~ with exposures of 

20-25 minutes. 
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5.2 Results 

5.2.1 General remarks, definitions 
and abbreviations , 

The present study will dl~cuss in detai1 the major tissues ln red 

clover nodules rêlative to· those published on the nodules of other 

clover species, particularly !. subterraneum, !. parviflorim and 

!. repens 1. (Dart and Mercer 1963; Moss 1964; Gourret 1975). 

Cytological changes in nodular tissues of virus-infected plants were 

" investigated in conjunction with determination of nitrogenase activity, 

leghemoglobin content, and other characteristics by harvesting nodules 

at various plant growth stages. Hence, the approximate age of the 
Il 

nodules at each harvest would be equivalent td\the time of sampling 

(number of weeks after virus inoculation) plus 4 weeks to represent 

the period between inoculation of red clover seedlings with Rhizobium 
:JI 

suspension and the time of inoculation with WCMV. 

This investigation was carried out to study the nodule ontogeny of 
.1' 

red clover plants, as well as to determine the ~topatho logical changes 

and the localization of WCMV in the various type~ of cells in the 

nodular tissu~. Although the gross structure either of healthy or 

WCMV-infected nodules was similar, at the ultrastructural level, many 

differences were observed and will be desc~~bed also. 

Apparently, several concepts have been used in naming the various 

structures and cellular organelles in tlfe nodular tissues. Ta avoid 

confusion, the most conunon terms will be used for describing the ...., 



.. 
cellular contents of the heal thy and diseased nodules. Because they 

have been ~sed somewhat ambiguously by previous worken, it is necessary 

'to define the most important ones. 

Bacteroid: the final form of the differentiated Rhizobium, often 

spherical, and presumably the active agent in the N2 -fixation 

process. 

Bacteroid-filled ce11: the host cell containing bacteroids. The term 

«bacteroidal ceU» has been used by some workers. 

Infection thread: .a finger-like invagination passing through the host . . 
• 

ceU wall and containing bacteria embedded in its matrix. 

Peribacteroidal membrane: a membrane surrounding the bacteroid. 

Peribacteroidal space: the area between' the bacteroid wall and the 

peribacteroidai membrane. 

Rhizobium: the bacterium, which still retains its rigid rod shape and .. 

may be enclosed within a membrane which probably originated from 

the host celi membranes. 

The abbreviations used earlier for the various structures and 

organelles in red clover and pe{l tissues (see page 69) will be used 

here. In addition, the following abbreviat ions for the structures 

• found in the nodular tissue of red clover are used in the electron 

micrographs. 

B bacteriulII 

Bd bacteroid 

BM bacteroid membrane 

BW bacteriai cell wall 
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• BZ bacteroid zone 

CB cells containing bacteroids 
o 

cc companion cell 

cp· carbohydrate platelet 

CT cortex tissue 

DB deteriorated bacteroid 

dead cell 

Gr granular bodies 

GG glycogen granule 

IC interstitial cel1 

IM . infection thread matrix 

IT infection thread 

ME membrane envelope 

MS mu1tivesi~lar structure 

Pd plasmodesmata 

PRB po1y-B-hydroxybutyrate 

PM peribacteroidal membrane 
, 

-~ 

PS peribacteroida1 space 

Rh Rhizobium -1 

D 

S spheroplast 

SE sieve element 

.TW thread wall , 

VB vascular bundle 

VL vesicle-1ike structure 

{. 
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5.2.2 Nodule deve lopment and 
Rhizobium onto~eny 

5.2.2.1 Nodule morphology and 
gross . structure 

~ 
The nodules started ta form 1ateral1y on red claver roots 8 days 

'tif ter inoculation with Rhizobium trifolii. They had a hemispherical 

shape at the early stage of development ~ and they became fully elongated 

14 days after inoculation. The nodule color was frequently pinkish to 

reddish-brown, due to the leghemoglôbin in the bacteroids, but aged 

nodules became more brownish. They were individually distributed, 

mainly on the root hairs, and their basal ends were attached to the 

roots. 

Light and electron microscopy of varlOUS sections of red clover 

nodules revealed that the tissue 
• 0 

is composed of three-maJor parts: 

1. Apical area.-;-This lS represented by several layers of meri-

stematic ceUs distributed at the distal end of the nodule, which 

produces files of cells towards the bacterial zone. These layers of 

cells can be divided into two regions: Region 1, which inc1udes 

actively dividing cells, which stained irregularly with toludine blue, 

confined to the tip portion of the nodules, and usually associated with 

bacterial infection threads and/b-\ a few rhizobia (Figure 33A); Region 

2, characterized by the enlargement of meristematic cells~ which were 

evenly stained with toludine blue and contained many rhizobia (Figures 

33B, 34B). The ceIIs in this area of the young nodules showed an 
, 

indication of the normal meristematic pattern and contained large 

-' 

180 

) 

.f 

/ 
~ 
1 . ------:-
,', 

~ 
1 
1 
\ 
1 , 

• 



• 

, 

t 

Figure 33. Light micrographs o~arious areas in the 
heaithy nodular tissue, stained with tol~idine blue. 

A. Region 1, consisting of meristematic ce1Is containing 
few rhizobia. 

B. 

c. 

D. 

Region 2, which contains numerous rhiz~ Some cells 
having large central vacuoles {Va)/remain. 

Bacteroid zone (region 3), composed of celis containing 
bactereids (CB). 

In the bacteroid zone thert""are celIs without bacteroids 
called interstitial cells (IC)~ 

E. The vascular bundles are adjacent te the bacteroid zone. 

F. Region 4 contains ce Ils with degenerated contents (OC). 
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Figure 34. Electron 'mierographs showin~ the cells (11of 
regions l, 2 and 3 in healthy nodular tissue. \ 

A.' Meristematic cells, in re~ion 
and prominent nucleolus (NI) ~ 
few rhizobia, associated with 
reticulum (ER). 

l, with large nucleus 
Note the presence of ~ 

extensive endoplasmic 

B. Meristematic cells of region 2. having less densely 
stained nucleus eN), in which discrete nucleoli were 
not seen. Numerous rhizobia are present in the 
cytoplasm. 

C. The early stage of Rhizobium tran<sformation into 
bacteroids (Bd). 

D. Fully developed bacteroids in a cell in region 3. 
Endoplasmic reticulum (ER) and Golgi bodies (GB) are 
interspersed with bacteroids. 

, \ 

~~, .,. 

1 

( 



( .' 
J 

_1 

" 

-

,., 
• r 

~ 

.' , . , 

;, 

" -, )' . -~ 

1 
J 
! 
~ 
'i 
:~ 
'il 
" "j 

~ 
'Ji 

l 
~t 
:; 

t't 
-k'i 

~ 
,~ 

,';0 
.,,---... 

f 

.' 

" '''" 
'" ; ti 

< 

~-
.-

J~"/ 
~ 
, .... : 

T<" 

'. 
1!-1 ,,: 
7b 

'ï .. 



...... • l', 

( 

• 

nuclei~ deftned nucleoli, extensive endoplasmic reticulum (ER), 

mitochondria. ribosomes and Golgi bodies (Figure 34A) . 

2. Bacteroid zone.--This occupied a large area of the nodular 

tissue. To keep the sequences of the Rhizobium transformation in order, 

it can be divided into two successive bacteroidal regions (i.e., 3 and 

4). In region 3, the host cells are filled with the symbiotic form of 

bacteroids (Figure~ 33C,D; 34C,D); central vacuoles or nuclei could b~ 

recognized in these cells. Occasionally, uninfected cells (no 

bacteroids), called interstitial cells, were found in this zone (Figure 
t 

33D). These cells typically had a prominent nucleus and nucleolus. a 

large central vacuole and numerous starch granules (Figure 33A). 

Intercellular spaces were observed often among the cells in this zone, 

and carbohydrate platelets wère also f.requentlv seen scattered or 

forming a belt surrounding the bacteroids and paraI leI to the host ~ll 

wall (Figure 35B). Region 4, located in the basal part of the nodule, 

showed a graduaI increase in the extent of degrad~tion of host cells 

(Figure 33F) and contained -sorne free bacteria (Figure 35C). Typical 
) 

bacteroids could be found easily in the transitional zone between 

regions 3 and 4 (Figure 35D). 

, 185 

3. Vascular bundles and cortex tissue.--Vascular bundles anastomosed 

with the ste les of the roots were noted within the cortex tissue (Figure 

33E) and were distributed around the bacteroidal zone of the nodule. 

Each bundle consisted typically of xylem elements and phloem cells. 

The xylem elements were adjacent ta a highly specialized cell with 

protruding wall ingrowths call~d transfer cells. The latte~contained 
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Figure 35. Ultrastructural details ef the cells of the __ 
bacteroid zone ~n healthy nodules. 

A. Note that the interstitial cell is adjacent to the cells 
containing bacteroids. 

B. Cell containing bacteroids (Bd), surrounded by a belt .of 
carbohydrate platelets (CP) lining the cell wall. 

, t-/ 

C. Cell in region 4, 
free bacteria (B) 
thread

o 
(IM) • 

c~ntaining less cytoplasm, and both 
and bacteria embedded in the infection 

D. Typical bacteroids in the transformation area bétween 
regions 3 and 4. 
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normal cellular ~ontents', and presumably are part of the pericyclel,l 

\ o 

which consists'; of"1-5 cell layers. The cortex tissue was composed 

of)1ighl; vatuolated cells, which w~re n~t 'infected with the Rhizobium. 
, a 

These separated the vascular bundies from -the bacteroidal zone. with a 
o 

layer .of three çr more cells, whÎch are probably surrounded by:, 

st!erenchyma tissue. 

5.2.2.; Infection thread and emergence 
of b~cteria 

'" The sequence of events which It!d to nodule formatiop wasinitiated 

with the"development of an infection thread in the root hair (Figure , " , 

36)., Obsèr:vations showed that infection threads can be found frequently 

as Ire j ections terminating in the' cytoplasm of the meris tematic cells, 

Le .• reg'lons 1 a~d 2 (Figure 37A). but Ît was found occasionally in 
. 

the bacteroid zone (Figure' 37B). The infection thread was surrounded' 

by. a thi~k wa:ll and a .membrane, which appeared ,to be acon tinuflt ion of 
; 

the 'cell wall and the plasmalemma of the host cell (Figure 37A). Each 
1 • 

thread possessed electron-dense matrix in which the bacteria were 

,emb,edded (Figure 37C). Also, it was noted that the embedded bac teda 

were arranged ~n single file or a group ~!: each thread~ Every 

ba~t:erium,was about 0.7-1.0 1-1 long and the bacterial cytoplasm 
1 

contained prominent electron transparent bodies which many workers have 

assumed represent poly-B-hydroxybutyrate (PHB) (Figure 37A). 

Unwalled infection threads were noticed frequently in the host 

èY}pplasm, in which the bacteria lie singly and near the" vesiculated 
p'J t' 
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Figure 36. - Diagram showing e 
nodule development on,claver sp eies. 
nodule (at the bot tom) ean be di ided 

'(Copied from GQurrét 1975.) 
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izobium ontogeny and 
The fully develaped 

inta four regions. 
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Multiplication of Rhizobium 
in the soil 

.' 
Penetration of pacteria into 

root 

~fection thread 

Release of 'bacteria into the cytoplasm 

Polyploidy ,-

Cellular d1 erentiation 
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"Formation and development 
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Figure 37. Electron micrographs showing the infection 
threads in whicM-the bacteria are embedded, and. the rhizobia 
ln the meristematic cells of healthy,nodules. 

A. Longitudinal section of the infection thread (IT), which 
appeared as projection in the cytoplasm surrounded by 
the continuation of the host cell wall and the plasmalemma. 
The bacteria embedded in the matrix of the thread contained 
electron transparent areas, which probably represent poly
B-hydroxybutyrate (PH~). 

B. Bacteria arranged in a single file, which seemed to be in 
the process of release from the infection thread. 

C. Cross section of the infection thread which is surrounded 
by a thick wall. 

D. Cross section of infection thread, in which matrix (lM) is 
not surrounded by heavy wall, ana the bacteria are 
arranged at the periphery of the thread. 

E. The bacterial rhizobia after emergence, surrounded by a 
membrane envelope (ME) and containing glycogen granules 
(GG). 
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borders of ad matrix (Figure 37D). The released bacteria 
• 

(rhizob"ia to contain granular ~odies, probabÎ1 glycogen, and 

were surrouncled by ,cytoplasmic ~embranes or membrane enve1opes, which 

May have been of host cell origin. Each membrane was parallel to the 

bacterial cell wall. and a defined space was noticeable between them. 

Meanwhile. extensive endoplasmic reticulum. ribosomes, and several 

mitQchondria were associated with the rhizobia in the cytoplasm of the 

host cell (Figure 37E). 

5.2.2.3 Rhizobium.ontogeny and bacteroid 
differentiation 

\. 

As described earlier, s~eral rhizobia were noticed in reg~ l . 
.. . 

of the meristematic cells (Figure 34A), while many of them~~served 

in region 2 (Figure 34B). At this ph~se, each rhizobium seemed ,~o have 

lost its PHB. which was associated with other cytological changes in the 

cytoplasm of the host cells containing rhizobia. These changes involved 

mainly the nucleus which increased in size, and then became amoeboid. 
-

and the nUè,leolus which lost its identity and was replaced by scattered 

chromatin m~erials (Figure 34B). Most ~requently, the nucleus deformed 

and converted into a prominent vacuole. Other organelles, such as 

mitocgondria and proplastids, were seen at the periphery of the cells, 

while the Golgi bodies and ER were dispersed among the rhizobia. The 

cell walls were thinner between the invaded cells, and were thicker 

adjacent to the intercellular spaces. 
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At the early phase of region 3. considerable enlargement of the 

rhizobia was observed. They were changed from rod-shaped into short-

club, pear-shaped, ellipsoid and round shapes (Figure 34C). Spherical 
, 

or oval forms of the transformed rhizobia, which constituted the 

so-called bacteroid, considered to be the active agent in symbiotic 

N2 -fixation, were frequent in this region. Each bacteroid was sur-

rounded by two membranes, the cytoplasmic membrane and peribacteroidal 

membrane, which were parallel 'to ~he bacterial cell wall. The space 

formed between the two outer membranes. or peribacteroidal space, may 

"be considered the site for leghemoglobin synthesis or accumulation, as 

was s~own by the cytochemical reaction with DAB (Figure 24). In this 

region, the mature host cells were often occupied by bacteroids which 
fi 

• -ri. conta1ned crystal1~ne granules and numerous vesicle-like structures as 

.well (Figure 35D). At the end of this region, the senesced bacteroids 

and the degenerated organelles of the host formed the basal region of 

the nodule (i.e., region 4) which contained sorne free bacteria, 

disintegrated infection thread and degenerated cells (Figure 35C). 

5.2.3 Effect of WCMV infection ~ 
the nodule cytology 

5.2.3.1 Distribution of WCMV particles 
in the noclula! tissue 

At each harvest, ultrathin sections of WCMV-infected red clover 

" nodules were prepared and examined by electron microscopy, to 

investigate the distribution of WCMV particles and other cytological 

changes within the nodular tissue. The observations revealed that 
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aggregates of virus were the most common form encountered in the cyto-

plasm of the infected cells (Figure 38A,B,C). In addition. similar 

virus inclusions were noticed in the nuclei of some meristematic cells 

(Figure 38A), an~t~ransfer cells (Figure 40C) as' weil. 

Occasionally, in nodules harvested 9 weeks after virus inoculation, 

WCMV aggregates were found ~n banded form associated with the infection 

thread (Figure 39A) and/or situated between the thread and the wall of 

sorne host cells (Figure 39B). Frequently, aggregates of virus particles 

were noted among the immature and mature bacteroids in the bacteroid-

filled celis (Figure 39C.D). but they were not detected inside the 

bacteroids. or in any celis of the healthy nodular tissue. Mature 

bacteroids in cells in which virus was aI 50 found appeare~ to be less 

densely packed. 

5.2.3.2 Cytopathological changes 

The observations ~n this section concern the cytologieal changes 

observed in nodules taken at various growth stages of red clover. 

However, only the significant alterations in the cells of WCMV-infected 

nodular tissue, which were infrequently seen in the corresponding cells 

of healthy nodules, will be detailed. 
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. ure 38. Distribution of WCMV aggregates in various 
e infected nodular tissue. 

A~ Viral inclusl s in the meristematic cells. The smaller 
(lower) aggrega e is apparently within the nucleus. 

B, C. A ,WCMV aggregate 1 

parenchyma cells. 
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Figure 39. Electron micrographs showing WCMV aggregates 
in nodules harvested 9 weeks after virus inoculation. 

A. Banded virus aggregates CV) associated with the infection 
thread, and in cell below it. 

B. WCMV aggregates CV) near the bacteria and the cell wall. 

C,D. WCMV aggregates (V) distributed among the immature 
(39C) and mature (39D) bacteroids. In this region, the 
bacteroids apparently are not filling the cells completely. 
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Ten-leaf stage (3 weeks 
after virus inoculation) t 

Sorne of the cytopathological chang~s in the different zones of 

WCMV-infected nodules harvested at 3 weeks after virus inoculation are 

shown in Figure 40A.B. Sorne of the most apparent~anges at this stage . 
were noted in the meristematic cells (Figure 40B), wh~ch were character-

ized by (1) having electron-dense cytoplasm, apparently due to the high 

concentration of the free ribosomes, (2) presence of numerous vesicles, 

distributed randomly in the cytoplasm, (3) relative enlargement of the 

space between the membrane envelope and the bacterial cell wall, 

(4) invaginations of the plasma membrane and formation of vesiculated 

structures, (5) an 

distinct lumena in 

apparently .dilated endoplasmic r.eticulum, wit7 
these cells, (6) large starch grains which were 

found occasionally in disintegrated proplastids. The mitochondria in 

these cells did not reveal any peCUli~ngeS that could be attributed 

~ the virus infection. S imilar ly. normal mi tochondria were found in, 

th~arenChyma celis containing WCMV aggregates and associated multi-

vesiculated bodies (Figure 40A). 

At this stage (3 weeks) the bacteroids in WCMV-infected.nodules 

(Figure 39C,D) did not completely fill the host cells (i.e .• in region 

3), and retàined the normal shape shawn by theif" counterparts in 

.200 

healthy nodular tissue (Figures 34C, 3SD~ Less than 6% of these bacteroids 

appeared deteriorated or contained unusual bodies, such as those shown 

in Figure 41B in bacteroids of diseased nodules. Frequently, the endo-

plasmic reticulum was associated with the immature bacteroids in this 
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Figùre 40. Various changes in ttle di~ferent cells 
of WCMV-infected nodules.' ~ , , 

iii 
A,B. Cytopathological changes in nodular meristlmatic tissue 

detected 3 weeks after virus inoculation. 

A. WCMV aggregatès CV) and multivesicular structure (MS) in 
cytoplasm. 

B. Numerous vesicles (Ve) and rhizobia (Rh) having enlarged 
space between membrane envelope and bacterial cell wall, or r;> 

apparently dilated membrane envelopes·. CJ 0 ~ 

C,D. Gytopathological changes observed 6 weeks after virus 
inoculation .• 

C. Transfer cell. with typical wall ingrowths (lower righ~), 
and numerous vacllo~es (Va), sorne of which are fused with 
apparently deteriorated mitochondria CM). 

, .. 
D. Interstitial cell, with several peripheral vacuoles {Va). 

Arrows indicate thinner areas of c~ll wall. ,.. 
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Figure 41. Additional changes noticed in the bacteroid 
zone in n~dules ha~ested 6 weeks .~fter virus inoculation. ~ 

A. Some bacteroids (Bd) with a medial constriction (small 
ri arrow head). and crystalline granules near one end. 

B. Apparentlv deteriorated bacteroids (DB) containing Many 
vesicles were found in sorne cells. 

\" 

C. Large i~tercellular space (rs), and deteriorated 
structures, possibly remnants of proplastids, at the 
periphery of cells containing bacteroids. 
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tissue (Figure 39C). No significant changes in the cells of the 

vascular tissue of infected nodules were notéd except the presence of . , 

WCMV particl~s in--t-he cytoplasm and/or the nuclei as was described 

~arlier (Figure 38). 

5.2.3.2.2 preblooming stage (6 weeks 
after virus inoculation) 

At this stage, more advanced cytopathological changes we~e 

recognized in the WCMV-infected nodules. The ~ost remarkable 

alteration was noticed in sorne of the mitqchondria, which showed 

disintegrated cristae (Figure 40C). This was detected mainly. in the 

transfer cells and the bacteroid zone, including the interstitial 

cells, in which vacuolated structures, possibly the remnant~ of the 

degenerated mitochondria, appeared (Figure 40D). In the transfer 

cells, variable thickness of the cell wall and its internaI protrusions 

was noted, the nue leolus seemed ta be, granulated, and numerous 

vesicles were seen between the plasma membrane and the cell wall 

~ .(Figure.40C). 

Observations showed no further differences between meristematic 

cells of healthy and WCMV-infected nodules except that wider spaces 

were no'ticed between the bacterial waHs and their membrane envelopes 
l 

(Figure 40B). Structures which may have been di-sintegrated prÇ>plastids, 
, 
associated with degenerated mitochondria, were p.ot:i:ceable·at the 

periphery of the cells containing bacteroids, and enlarged intercellular . , 
-----:--------- ---------- -------- -.--- ._----------

(-- spaces were found occas~onally among those cells (Figure 41C). Sorne 
, 
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bacteroids exhibited medial constriction and their membranes appeared, 

invaginated. In these bacteroids the crystalline granules moved ta one 
... 

end, and electron-dense deposits were found along the periphery of each 

bacteroid. AIso, round vesicles were observed b.etween the membranes at 

the constriction area (Figure 4lA). Deteriorated bacteroids, resembling 

. those described at ten-Ieaf stage (Figure 4lB) were seen, and represented 

approximately 15% of those present in the WCMV-infected nodular tissue. 

5.2:3.2.3 Full blooming stage (9 weeks 
after virus inoculation) 

At this stage, severai kinds of intracellular changes were noted in 

l' ~e various zones of WCMV-infected, nodular tissue. Sorne of the most 

striking changes were observed in the meristematic cells (i.e., regions 

1 and 2) of which there were two types of cells: (1) cells not invaded 

by the infection thread or rhizobial bacteria; (2) invaded ceUs con-

tatning rhizobia. The first type was frequently seen in region l, and 

was characterized by the absence of the rhizobia (Figure 42A) and the 

presence of large and small vacuoles as weIl. The vacuolar matrix con-

tained or was surrounded by numerous electron-dense deposits along the 

inner surface of membranes. In sorne of these cells proplastids were 

occupied by starch grains, and pleomorphic nuclei with distinct nucleoli 

206 

were observed. In the second type (Figure 42C), the rhizobia seemed ta . > 

• 
hav~ a hazy shape, and PRB accumulations were not frequently recognized. 

Abnormal mitochondria and remnants of disintegrated cellular organelles, 

as well as 'a less el~ctron-dense cytoplasm, were often seen in these 
'?' 

\ 

.' 

cells. Occasionally, structures resembling proplastids were filled with >, 

____ ~ _______ ~ ______________________ ~_ _ 0----- - -- -~---------- --- -- -i-
WCMV particles, and associated with numerous microbodies, probab1y ~ 

i 

spherosomes (Figure 420). 
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Figure 42. Cytopathological changes in nodules harvested 
9 weeks after virus inoculation. 

A. Meristematic celis not invaded by bacterial rhizobia 
contained small and large vacuoies, Note numerous large 
electron-dense deposits (arrows) distributed in and around 
the vacuolar matrix, 

B, Vesiculated bacteroids, with associated WCMV aggregates, in 
the infected cells containing ~acteroids, 

Cj~ristematic cell, contaLnlng rhizobia, with abnormai 
m'tochondrion (M), and multivesiculated structure, 

:. D'sintegrated meristematic celi in which hazy rhizobia can 
be seen. Note WCMV aggregates in proplastid-like 
organelle surrounded by numerous microbodies (arrow heads)." 
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Although many of the bacteroids appeared normal in the cells 

containing them, about 30% of them seemed ta be deteriorated. These 

bacteraids were vesiculated, with larger spaces between the bacteroidal 

walls and the peribacteroid membranes (Figure 42B). Also, there was an 

observable reduction in the carbohydrate platelets which usually lined 

the celi walls, and aggregates of WCMV parficles were occasionally seen 

li 
distributed among the bacteroids. Similarly, the vascular pattern 

showed significant alteration in the cells of IvCMV-infected nodules. 

In some cells, particularly transier cells, degradation of the celi 

wall ingrowths and the presence '-oi numerous vesicles between the plasma 

membrane and the cell wall were frequently observed (Figure 43A) , while 

these protrusions were not affected in sorne other cells (Figure 43B). 

Âlso, in other cells, sorne organelles exhibited abnormalities, such as 

deformat ion of mi tochondria and an abnormai abundance of osmiophil ic 

globules in the proplastids. Small vacuoles, probably the remnants of 

disintegrated organelles, and multivesicular bodies were noted in sorne 

phloem parenchyma cells. 

~;3.2.4 
after 

The flowers senesced at this stage, and various cytopathological 

changes were detected in various celis of different zones in the 

diseased nOdular tissue. Cytological changes associated with maturity 

and/or senescence were aiso seen in healthy nodules, but were more 

----*-- evident in infected nodules. Highl~_v~ç~qJat~d c~lJs~gre~se~n 
--- ---- - -- - ~--- --~- -- -- ~ 

frequently in the meristematic regions, and a few cells contained 
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Figure 43. Vascular conducting cells in the'WCMV-infected 
nodular tissue at 9 weeks after virus inoculat ion. 

A. Transfer cells in which degraded cell wall ingrowths 
(asterisk) are obvious. Note numerous ves ic1es between 
plasmalemma and the cell wall, also several vacuoles (Va) 
are noticeable. The large nucleus (N) appears less dense 
than those of healthy cells • 

B. Although the wall ingrowths in the transfer cell are not 
disintegrated, sorne degenerated mitochondria (M), multi
vesièular structures (MS), and associated WCMV aggregates 
(V) are recognizable. 
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Figure 44. Electron micrographs showing the most 
prominent changes in WCMV-infected nodular tissue at '12 weeks 
after virus inoculation. 

A. Meristematic cell containing a 
nucleolus is not discernible. 
infection threads (IT) as weIl 

nucleus eN) in which 
Note the presence of 
as WCMV aggregates (V). 

B. Highly vacuolated meristematic cell not invaded by 
rhizobial bacteria. Numerous large electron-dense· 
deposits (arrows) are located on the tonoplast. 

C. Aggregates of WCMV (V) associated with the bacteria (B) 
in the infection thread in disintegrated cells. 

D. Round_~aéteroids (Bd) in the nodulat tissue of V1rus
free plant. 

E. Heterogeneous bacteroids (Bd) in the cells of diseased 
nOdules, sorne of which have an enlarged peribacteroidal 
space (PS). 
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nuclei, which lackeq distinct nucleoli (Figure 44A). Some cells were 

characterized by the presence of a higher number of electron-dense ", 

deposits on the tonoplast than those seen at blooming stage (Figure 

44B). Large aggregates of WCMV particle, were found, associated Witb'\ 
the rhizobia in the infection thread, or free in the cytoplasm of the 

host cells (Figure 44C). 

In the bacteroid zone, deteriorated bacteroids were observed, 

often in the diseased nodular tissues. Three general types of 

bacteroid containing cells could be distinguished according to their 
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appearance: (1) vesiculated, (2) autolysed, and (3) autophagie. About • 

27% of the bacteroid containing cells observed contained vesiculated 

bacteroids which looked more heterogeneous than those in the healthy 
\... 

nodules (Figure 44D~E). The autolysed bacteroids showed a highly 

disorganized pattern 1n which the nucleoid accumulated as amorphous 

granular materials. Approximately 18% of the baeteroid-filled eells 

eontained autolysed bacteroids, and WCMV particles were noted among 

them (Figure 45A,B). The host cells containj.ng autophagie baeteroids 

(nearly 12%) were less prevalent than those eontaining vesieulated and 
~.I! 

autolysed baeteroids. Their eytoplasmie matrix appeared very thin and 

debris and remnants constituted the major contents of these cells 
. 

(Figure 45C). Oeeasibnally, dilated peribacteroid membranes were 

reeognized around the autophagie bacteroids, also the cell wall was 

less electron-dense (Figure 45C). In region 4, a higher autophagie 
!f' 

aetivity seemed to have occurred in the host eells; only infection 

threads or sorne bacteria cou Id be recognized, and other- eellu-1a~-·_----
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Figure 45. Various appearances of distorted cellular 
contents in WCMV-infected nodular tissue harvested 12 weeks 
after virus inoculation. ' Q Iii' ~ 

A,B. Deteriorated bacteroids (DB) ~sociated with WCMV 
aggregates. Note the accumulation of elect~on-dense 
materials (arrows) in the bacteroids in CA)". . 

C. Celi with a thin cytoplasmic matrix, and autophagie 
'" deteriorated bacteroids. 

D. An apparentl~a7 ' 
debris, ~ucH as the remn 
An infection thread (II) 

types of 
ated bacteroids. 

) are also visible. 

E. Aggregates of WCMV intermixed with the debris in diseased 
nodular tissue. 

------------------~~------------~------------

-

l 



, , 

, ' 

/ 

( 

"., ~. , , 



( 
con~~nts were confused (Figure 45D). Also, electron-dense deposits 

and WCMV particles, intermixed with the remnants of disintegrated 
1 

cellular organelles were noticeable (Figure 45E). Ultimately, in the 

WCMV-infected nodular tissue, the majority of the bacteroids apparently 

lost their identity and appeared as a clump of dark granules earlier 

than in the healthy control. 

5.2.4 Immunofluoreseenee microseopy 

The observations made on tbick sections (8-10 ~) of nodular tissue 

,showed the presence of bot,h auto- and specifie fluorescence iri the WCMV-

'1, infected cells (Figure 46). Only autofluot'escence was notieed in the 

various control combinations (Figure 46B). Occasionally, WCMV antig~ns, 

represented by the specifie fluorescence in somê areas'of the diseased 

, nodules were observed (Figure 46A). ,fluorescence of the vascular bundle 

and the bacteroidal zone were seen frequently in both healthy anq WCMV-

, infected nodules. This probably resulted from a combination of 
L 

autofluorescence and nonspecific fluorescence of the added FlTC 

conjugated antiserum. Although the sections treated with FlIC-

conjugate~ garnma-globulin were washed several times with PBS to 

eliminate excesS fluoreseein, it is mast likeli that sorne was not 
- l 

completely" removed. Renee, unwanted fluoresc~nce was noticeable in the 
1 

1 / 

sections of both healthy and diseased no~le9' Generally, however, 

WCMV antigens trapped by the FlTC-eonjugated gamma-globulin analogous 

antiserum were recognized as specifie fluorescence (Figure 46A). 
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Figure 46. Photomicrographs of nodular tissue prepared 
and stained by thè direct immunofluorescence ~echnique. 

A. Nodular tissue from WCMV-infected plant. Small areas of 
specifie fluorescence (arrows) are visible, as weIl as 
larger areas of auto- and/or nonspecifie fluorescences. 

B. 

," 
( 

Healthy nodular tissue. 
are present, but smaller 
frequent'. 
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Large areas of autofluorescence 
areas of fluorescence are less 
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5.3 Discussion and conclusions 

The micrographs ~n Figures 33-37 represent a 'sampling of virus-

free tissues during the sequêùce of changes involved in nodule 

initiation and formation. The observations generally agree with 

those reported by other investigators. It is well known that the 
~ 

nodule formation is initiated by the recognition of R. trifolii through 

a binding with 1ectins (trifolin) on the root hair membranes of red 

clover (Dazzo et al. 1978). This specifie reaction results in th~ 

formation of an infection thread, which in turn stimulates meristematic 

activity in the roots and subsequent nodule development (Dart 1977). 

The nodules examined during this study were distributed somewhat . . 
unevenly on root hairs, which previous workers have attributed to the 

endogenous hormone levels required to induce the formation of root 

haïrs and nodules (Dullart 1970). The pinkish color of the nodules 

indicated that they were effective. 
1 

The ultrastruçture of the examined nodu1ar tissue of red claver 

was basically identical ta the structural organization described for 

other claver species (Dart and Mercer 1963; Mosse 1964; Gourret 1975). 

One of the interesting observations made during this study concerns the 

apparent emergence or release of bacteria from the infection thread, 

which, was surrounded by a membrane. The bacteria were apparently 

released or extruded from the mature infection thread either by a pinching 

off or vesiculation mechanism which occurred on the surface of the 

infection~read, which lacked a thick wall where this occurred 

(e.g., Figure 37D). The bacteria probably entered the host cytoplasm 

, ~/ 
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by a process resemb1ing endocytosis. A simi1ar manner of rhizobia1 

re1~ase has been described for some other clover species (Dixon 1964, 

1967), pea (Dixon 1964; Newcomb 19~7), soybean (Goodchi1d and Berger~en 

1966), alfalfa (Vance et al. 1980; Pat el and Yang 1981), and broad bean 

(Newcomb 1981). 

The micrographs suggest two possible sources for the memprane 

envelope surrounding the bacteria after emergence. One source could 

have invo1ved fragmentation of the host ce11 plasmalemma, as the 

infec~ion thteaà was enc10sed by a continuation of this membrane. This 

contention would support the findings published by Tu C1974a, 1975), who 

examined the identity of the membrane by histological and freeze-

fracturing techniques. In addition, membrane synthesis may have ~ 

occurred in the.host'cell cytoplasm, as a second source, to complete 

the formation of the envelope which enclosed the re1eased bacteria . . 
This conclusion is in agreement with the speculation of Mosse (1964). 

. . Î) 
The membrane enve10pè surround~ng the released bacterla seemed 

irregular, and apparent1y enlarged and maintained itself as the 

bacteria divided Ce.g., Figure 34B, in which the membrane encloses more 

than bacterial ce}l). Therefore, because the membrane u1timate1y 

enclosed the spherical, non-dividing bacteroid, it seems preferable qp 
refer to it as~the «peribacteroidal membrane» to a,void the confusion in 

terminology used by different investigators (Newcomb 1967, 1981; Dixon 

1967). 

, 
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The bacteroid zone may be considered the cornerstone in the 

symbiotic strategy of the legume nodular tissue. !wo kinds of living 

cells were fou~d in this zone, particularly in region 3, ~.e., one 

containing bacteroids and the other without bacteroids. The cells 

lacking bacteroids, or interstitial cells, were less prevalent. The 

functions of these cells may be related to the communications among the 

cells containing bacteroids (Tu, personal communication). Similar , . 
observations were made in white clover nodules by and Braybrook (1981), who 

noticed large central cavities in these cells. He also fo~nd .central 

vacuoles in the bacteroid-filled cells, which were not seen very often 

in the corresponding cells in this investig4tion. Such vacuolation 

phenomena prOb~ly dep~nd on t'he internaI environment in the nodule 

(i.e., the meristematic activity, Rhizobium differentiation, biochemical 

properties}, clover species and the age of ~he plant. The'presence of 

the carbohydrate platelets in the bacteroid-filled cells, analogous 

to those reported by Mosse (1964) may suggest that when the symbiotic 

Rhizobium-plant relationship is effective, it consumes these carbo

hydrates during the active 'N2 fixation period . .. 
Degenerated bacteroid-filled cells were frequently observed in the 

basal part of the nodule (region 4). . . The observed disintegration of 

these cellular contents is generally similar 'to that reported in white 

clover (Mosse 1964; Gourret 1975). The occasional presence of numerous 
. 

bacteria in the vacuolar areas of the collapsed cells in this region 

cou Id be attributed to a delay in the bacterial release from immature 

infection threads. Possibly,· the lysis of such threads be'came the only 

, . 
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route to release the bacteria which in turn became lysed due to the low 

symbiotic activity in this region. 

the observation of some cellular organelles such as mitochondria 

and plastids lined up at the periphery of the cells containing 

bacte~oids resembles reports by previous workers (Bergersen and 

Goodchild 1973; Dart 1977). It has been suggested that such organelles 

moved there to have sufficient oxygen for their activity, mainly when 

they are accumulated near the intercellular spaces (Dart 1975). The 

function of the latter as aeration pathways mediating gaseous exchange 

between the nodular tissue and its surroundings has been weIl described 

(Bergersen and Goodchild '1973). Transfer cells, with ceU wall 

ingrowths, which were observed associated with the xylem cells, have 

also been noticed in pea and white clover (Pate et 'al. 1969). 

The presence of WCMV particles in various cell types of the 

infected nodular tissue, which was detected by both electron microscopy 

and immunofluorescence, may suggest that this virus has the ability to 

multiply within these cells (Krass and Ford 1969). The data obtained 

from the infectivity assay on ~. globosa would also support this con-

hlusi,on. The absence of WCMV particles in the bacteroids may reflect a .,.--__ -J 

fact that the virus èan multiply only in the living plant host cells. 

The frequent association of WCMV aggregates with vital sites such as 

phloem or bacteroid containing cells may be connected with the photo-

synthate current coming from the green tissues. 

Since nuclear inclusions have not been generally observed during 

potexvirus infection, their occurrence ln meristemati~ and transfer 
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cells of WCMV-infected nodules ls rather interesting. This may 

indieate that the nuelei are favorable sites for WCMV replication and 

accumulation. As was described earlier, this kind of inclusion was not 

found in other tissues of diseased red clover and pea plants. Therefore, 

the different structural organization of the nodular tissue may enhance 

the penetration of the nuclear membrane by WCMV particles. Also, the 

growth conditions (using sand and fertilizer without nitrogen) under 

, which the nodulated red clover plants were grown probably had a certain 

effect on the physiological state of the plant because the virus was 

originally propagated in non-nodulated red clover. 

The most prominent cytopathological changes were noted in nodules 

taken 12 weeks after Vlrus inoculation. This suggests that the nodular 

tissues responded more slowly to virus infection than leaves, which 

showed mosaic symptoms 13 days after virus inoculation. Consequently, 

the slow reaction at the earlier ,stages probâbly indicates the great 

adaptability of nodular tissue towards the virus infection. However, 

the different kinds of intracellular changes in WCMV-infected nodular , 

tissue at aIl growth stages coincided with the reduction in the nitrogen 

• fixing activity as nodules aged, Which was comparable with healthy 

controls. Despite aIl the abnormalities induced by the virus infection, 

the nodules still retained their activity at the four th harvest, as 

they showed considerable nitrogenase activity at this time. Therefore, 

it is most likely that Othe vesiculated bacteroids contributed positively 

by maintaining the N2 -fixing activity, which may have been inhibiteQ ln 

autolysed and autophagic bacterrids. These results are ln agreement 
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with those reported by Wongkaew (1981), and the speculation made by Tu 

(1977), who theorized that the relationship between N2 -fixing activity 

and bacteroid morphology involved the peribacteroidal space. 

The infection by WCMV, along with the aging of the diseased 

nodules, may have incited intracel1u1ar alterations in the vascular 

activity. Deterioration of the mitochondria and the presence of 

,osmiophilic globules in the proplastids are probably consequences of 

the earlier senescence in the infected nodular tissue. Degradation of 

the cell wall ingrowths in the transfer cells might have led to an 

interruption or decrease in assimilate movement, since it is known that 

these cells are a part of the transportation system in the nodular 

tissue (Pate et al. 1969). Similar1y, the formation of excessive 

vesicles or multivesicular bodies in the WCMV-infected cells is 

analogous to those described by Fowke and Setterfield (1969), who 

attributed their presence to the physiological state of the plant. 

lt is surprising that WCMV partic1es were associated with the 

infection thread at the senescence stage, a1though various~exp1anations . 

are possible. First, a convenient atmosphere for WCMV multiplication 

probably was not available in the cells containing retarded baèteroids. 

Second, the presence of certain lysed areas on the walls of the 

infection thread might have made it easier for WCMV particles to 

penetrate them. 

Matile (1974) pointed out that auto1ysis and autophagie processes 

seemed to occur in the plant tissue as a resu1t of an adverse environ-

mental condition. Judging from the bacteroids' morphology, these two 



, 
phenomena apparently occurred first in the cytoplas~ of the cells 

containing bacteroids. Su ch lethal activities probably affected the 

, functions and longevity of the nodular tissue. Somewhat similar . ') 
observations were described in the nodu1ar tissue of peanuts infected 

with PMV (Wongkaew and Petersoh 1980), and after defoliation of alfalfa 

I(Vance et al. 1980). Formation of electron-dense deposits occupying 

small and large vacuoles in the meristematic and transfer cells has 

been attributed to digestive enzyme activity (Matile 1974) . 

.. 
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SECTION 6 

GENERAL DISCUSSION AND CONCLUSIONS 

Legume viruses have a world-wide distribution and are of great 

importance in agriculture. Since much confusion exists as ta their 

idéntity and names, reliable identification of the viruses involved is 

a «corner-stone of efficient disease control» (Bos et al. 1969b). 

Extensive studies were carried out in this investigation on what was 

-------designated as an Ottawa isolate of WCMV, which was the most frequently 

isolated virus found in the samples of infected red claver collected 

'from six fields in eastern Ontario. Several filamentous viruses (i.e., 

BYMV, CY}W, PSV, RCVMV) were also detected in these samples. The 

viruses were identified on the basis of serological reactions, as these 

are the most informative methods to determine the v~rus re1ationships 

(Bos et al. 1960), because e1ectron microscopy does"not name the Vlrus 

particles it reveals. PSV and BlaN were frequently found during 

pr~vious surveys of clover fields in eastern Canada (Gates ~nd 

Bro~skill 1974; Pratt 1968), but the incidence of WCMV, the most , 

prevalent v~rus encountered during this study, was not indicated in the 

earlier reports. Regional differences may lead to such variation in 

distribution of Vlrus disease. This i5 probably related to the 

geographica1 location of the forage legume fields and the presence of 

other crops adjacent to them, the plant cultivars, environmental-

227 



" 

. ,. 

conditions, prevalence of insect vectors, the time of surveying and 

, age«f forage stand. 

Various biological and physico-chemical properties o'f the Ottawa 

lsolate of WCMV were determined, inc1uding hast range and symptomatology, 

partic'le morpho 10gy, sedimentation coefficient, buoyant density, UV 
" 

absorbance characteristics, protein molecular weight and composition, 

and sero1ogical reactions. The Ottawa isolate differed from sorne of 

the other described WCMV strains in sorne of these characteristics, 

particularly in UV extinction coefficient and protein co~position, 

indicating that it may be a different or distinct strain. However, 

this can be established only through exchange of different VlruS 

strains and antisera ta determine the quantitative serological re1ation-

ships among them (Bos et al. 1960), and by observing the host reactions 

ta various virus strains under similar conditions (Hampton et al. 1978). 
/' 

.1 

The ultrastructural examination" of infected leaves was undertaken 
a 

in order to gain familiarity with patterns of virus localization before 

examining nodular tissues similar1y. Since pea leaves rapidly developed 

symptoms of virus infectio~ which were more severe than chose in red 

clover, it was not surprising to find more drastic cellular cyto-

pathological changes at the cellular level in the former. However, 

infected red clover tissues harbored a wide variety of types of WCMV 

aggregates. This could be a reflection of clover's less drastic 

... tolerance, to virus infection. response, or 

\ 
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The structural organization of red claver nodules generally 

resembled that described in other claver species (Moss 1964; Gourret .. 
1975). The cytological observatiqns suggested relatively little 

response of nodular tissue to WCMV infection at the first two sampling 

times (3 and 6 weeks). This is somewhat similar to the behaviour of 

leaf tissue, despite the ultrastructuqil differences between leaves and 

nodules. There were various indications of an ea~ie~ senescence in 

infected nodules than in healthy nodul~s. Nodule senescence was quite 

obv~ous at 12 weeks after' virus ino~ulatî..on, and was associated with a 

sharp decline in nitrogenase activity. The probable increase ln auto-, 

lytic and autophagie aetiviti~s, along with the cytopathologieal 

alterations in oth~r tissues, might have contributed to such an 

impairment. Howevcr, the nitrogenase system remained functional, 

probably in non-senesced and vesiculated bacteroids. It is known that -
the nodule life span in perennial legumes is only one seaso~ (Dart 

1977) . 

Nuclear viral inclusions, which are not regarded as a common 

eharacteristic of infection by potexvirus (Christie and Edwardson 1977), 

were observed within infected clover nodules, but were not seen in any 

non-nod~lar tissues. This may indicate that the nuclei within nodules 

are suitable sites for accumulation and/or replication of WCMV. 

However, the pea and rad clover plants in which non-nodular tissues 

were examlned were grown under different conditions (i.e., 1.n soil 

mixture, with NPK fertilfzer), which might also be related to their 

lack of nuclear inclusions. 
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Red clover nodules are of th~ exogenous kind7~ in which the 

rhizobia~ bacte~ia a~e released from an infectiop thread (Allen 1973). 

Effective and viable bacteria are required for initiation and develop-

lIlent of the ,nodules, which are considered the central system for Nz 

~i~ation process. In this process, a ser1es of enzymes collectively 

termed «nitrogenase» plays an active role ln converting the atmospheric 

.N2 into a usable form for plant growth.' Numerous factors may affect 
1 
t" 

th~ Rhizobium-legume 'relationship, such as' Rhizobium strain, plant 

species, environmental conditions, plant disease, etc. The pink color 

of effective nodules is caused by the presence of leghemoglobin, a 

naemoprotein which regulates oxygen tension within nodular tissue 
/ 

~Bergersen 1980). 
\'f;!,lt 

''" 
It is known that the nitrogenase enzyme is located within the 

bacteroid (Vance and Joh~son 1981), but the precise location of 

leghemoglobin is still a controversial subject. The cytochemical test 

using DAB as a stain in t~~s study indicated that the haemoprotein is
,--j 

. concentrated 1n the peribacteroidal space. These'- observations are 

similar to those reported hy othèr workers (Dilworth and Kidby 1968; 

,"Bergersen and Goodchild 1973; Gourret and Fernandez-Arias 1974). There 

wa~ no evidence for the presence of leghemQglobin outsid~ the peri-

bacteroidal 

bacteroids, 

membrane, in the cytoplasm (Of the cells 

as was reported by Verma eG al. (1978), 
... 

containing 

who studied soybean 

nodules. Adequate resolution of this controversy will require more 

extensive use:(fi the same DAB-cytochemical technique, or other suitable 

tests on nodular samples from ~arious leguminous speci~s. Since the 

l ", ~ . , 
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reports on different locations of leghemoglobin have involved various 

host plants, it is possible that the hast specias inf4Iences the 
1 

localization of leghemoglobin. 
'" 

The relationship between leghemoglobin coneentration and nitro-

genase activity in nodules i5 still obscure.' However, nitrogen 

fixation does not occur in nodules lacking leghemoglobin, and various 

investigators have reportèd a correlation between leghemoglobin 

concentration and rate of nitrogen fixation (Virtaneu and Miettineu 

1963). In the nodules of the clover plants studied, leghemoglobin 

. concentration and nitrogenase activity were both reduced by WCMV 

infection', but there was a significant correlation between them at the 

IO-leaf and preblooming ~';1- E' 3 d 6 k f ' s tage __ .\~ y - -1. e. , an wee s a ter", Vl.rUS 

inoculation), in eith~r healthy or iufected plants. 

The results,- in this study suggest various possible ~ays ln which 

, WCMV infection could affect sorne of the proç.Jsses involved in biolog~cal 

N2-fixation. In the first place, it is known that the biochemical 

pathway of N2 -fixation starts with the breakdown of the triple bond of 

molecular nitrogen, and ultimately' results in the formation o~ amino 

acids. In1one'of the final steps of this proceS5, ammonia reacts with 

glutamate to form glutamine; this reaction is mediated by the enzyme 

glutamine synthetaseJ..-; Thus, the inhibition of this enzyme by an excess 
'><'1' -. 

of amino acids would suppress the N~-fixation process (Brill 1977). 
o 

Protein synthesis in various tissues of WCMV-infected plants is probably 
. vJ' . 

subjectetl to two demands, one imposed :by virus encapsidation and the 

other by normal plant growth procésses. Since WCMV reaches a high 
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concentration ~n infected plants, and since the fo~age'yield of 

infected plants was redu~ed considerably, it can be ,suggested that. , ' 

virus protein synthesis predominated, and that the resulting excess of 

amino acids contributed to an inhibition of glutamine synthetase and 
() -Il,. 

nitrogen fixation. 

Another effect of virus infection on N2 -fixation may have been 

caused by the general decline in the viable rhizobiai population~ ,If 

fewer rhizobia were ~ransformed into active bacteroids in infected 
"",,' '''\ 

/ plants, lower nitrogenase activity would probably result . 

. Virus infection usually causes a reduction.,. in the amount of carbon 

incorporated into sugars during photosynthesis (Matthews 1982). The 

10wered ~vailability of photosynthates to the nbdu1es of infected 

plants presumably would have restriated the energy required for nodular 

functions, which could have reduced either the breakdown of the tripl~ 

bond of molecular N2 or the synthesis of nitrogenase., The reduction of 

photosynthesis, together with a probable increase in growth inhibitors 

and/or an imbalance of auxin levels (Lee 1955; Diener 1963) could have 

contributed ta t?e suppression of nadulation, in the WC~W~infected 

plants. However, this effect may have been cou~teracted by the 

increased re~piration rate often 'shawn by mosaic infected plants 
\ 

(Matthews 1982). \ l 
Various investigatars nave reported that an excess of nitrite, 

resu1ting from nitrate reductase activ~ty1 (Rigaud et al. 1973; Kennedy 

et'al. 1975; Chen and fhillips 1977; Gibson and Raju 1977), can repress 
c 

4. 
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nitrogenase activity. Thus, the increased nitrate reductase activity 

observed in WCMV-infected nodules probably also contributèd to a 
/ 

reduction of fritrogenase activity. Generally, at least some, and 

possibly aIl, of the aforementioned mechanisms may have been responsible 

for the reduction of nitrogen fixation in WCMV-infected plants. 

The nodular tissue, as any other plant tissue, undergoes 

. senescence, which is commonly associated with an increase in the 

activity of hydrolytic enzymes (Wilson 1973). 'Acid phosphatasè, the 

best known of the hydro1ytic enzymes, i~ supposedly involved with the 

lysosomal systems in various plant tissues (Wilson 1973). Little 

information is available concerning the effect of virus infection on 

acid phosphatase activity, but Tu (1976) '-'teported that' significant 
1'\ 

inerease in this activity occurred in leaves and nodules of CYMV-

infected white clover a few days after inoculation with virus. The 

resu1ts obtained in this study generally resernble Tu's findings. Acid 

phosphatase specifie activity increased with plant age/nodule develop-

ment when deterrnined at the fir\st three sampling times, and then 

sharply declined at 12 weeks after virus inoculation. The decline 

:suggests a possible inhibition of the lysosomal function, which may 

have been caused by an excess of inhibitory rnaterials. Since this 

decline coincided with the Iowest nitrogenase activity recorded, it may 

be a refleetion of a generai retardation of bacteroid function. The 
J, 

application of a cytochemical method(for determination of acid 

phosph~tase activity ln leaf tissue did not indicate a similar decline, 

which probably results from the continuation of normal metabolic 

activities in the green tissues of the perennial legume. 
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However, it lS difficult to generalize the effects of WCMV 

infection on other leguminous plant species; bécause of the variation 
"~r ... 

in the host,\ susceptibility to virus infection. AIso, several other 

factors may be involved, such as plant cultivar, virus isolate (Tu et 

al. 1970a), concentration of Rhizobium inoculum (Tu and Tse 1976), 

Rhizobium isolate and ~ime of virus inoculation (Orellana et al. 1980). 

There are two groups of investigators who have described the effect of 

virus infection on N2 -fixation. The first reported that the virus 

infection generally had adverse effects on this process (Tu ~970a, 

1970b; Orellana et al. 1978, 1980; Wongkaew and Peterson 1983), while 

the other claimed the opposite (Venkataraman and
J 

Rao 1974; Rajagopalan 

and Raju 1972). The resul ts in this study support the first group. 

Generally, several conclusions can be made based on the present 

study. The field survey indicated that several filamentous viruses 

frequently infecting red clover plants are most1y found in mixed 

infections. Various kinds of inclusions made up of v~rus aggregates or 

host 'inclusions induc~d by the virus infection were found ln the WCMV-

infected tissues but 'not in the healthy ones. The cytoplasm of 

mesophyll parenchyma cells seems ta be the primary site of acc1:lIDulation 

and assembly of WCMV particles. The translocation and distribution of 

'WCMV particles probably occurs intercellularly through pla'smodesmata, 

and ta other organs of the plant via vascu.lar conducting cells. Most 

of the degenerative changes whlQh occurred in the sampled tissues are 

not a consequence of normal senescence, but do simulate those associated 

with naturally aging tissue.- Significant suppression of the plant 

234 



\, 

li • 

t- 235 

grow , nodu1ation, nitrogenase activity, 1eghemog1obin content, and ... 
observed in WCMV-infected red c10ver plants. 

This was an increase in the nitrate reductase and acid 

phosphatase activities. Since red clover is a perénnia1 legume, the 

reduction 0) nitrogenase activity by WCMV infection probably will cause 

which may adversely affect the win ter a shortage,~n the stored reserves 
. --

hardiuess, as iu alfalfa infected with AMV (Tu 1980). AIso, because 

legumiuous crops are often grown in rotation with nonleguminous plants, 

the reduction in the nitrogenflse activity, caused by virus infection, 

ultimate1y will d7crease the amount of nitrogenous material available 

from Due season's legume erop to fertilize the next season's grain crop. 

Similarly, the suppress~on ~n the nodular rhizobial population of the 

WCMV-iufected plants will in turn affect the rhizobia released iuto the 

soil after degeueration of nodules. Red clover may become a prob1ematic 

WCMV-reservoir, from whieh spread of WCMV ta other neighbouring 

economieal crop,s ean accur, sinee the annuai legumes of the host range 

were more susceptible to this virus than other perennial plant species. 

Because of these factors, and because WCMV is general1y transmitted 

through seeds (Hampton 1967), effective rnethods are needed to eliminate 

or minimize the overall consequences result:j..ng from infection of economic 

crop plants by WCMV. Sueh effèets of WCMV could be off set by sereening 

fpr resistant varieties of claver and more efficient strains of Rhizobium. 
, 

Heat therapy of red c10ver seeds from unknown sources might help to 

provide virus-free seed lots and serologica1 or other testing methods , 
could be initiated to determine present 1eve1s of seed infection and to 

certify that future seed lots ar~ virus-free. 

1 
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SECTION 7 

SUMMARY 

1. 'Several fi1amentous viruses were detected in 17% of red clover 

samp1es showing virus-like symptoms during'a survey of six fields 

in eastern Ontario. The incidence of these viruses varied from 

16.6 to 23.3%. WCMV was most prevalent, fo11owed by BYMV, CYMV, 

PSV, RCVMV. About 607. of the test samples were found to be 

infected with more than one virus. 

2. An isolate of WCMV was designated as the «Ottawa iso1ate» on the 

basis of host range' and symptomatology,'particle 1ength (500 nm), 

sedimentation coefficient (S20,w = 117 S), buoyant density (1.298 

g/cm3 ), extinction coefficient at 260 nm for mg/ml (3.1), A260/A280 

(1.24), molecular weight of viral protein (2.4 x lOq), amino acid 

ana1ysis, physical properties in crude sap and serological tests. 

3. Cytoplasmic inclusions were detected by light and immunofluorescence 

microscopy in the leaf epidermis. Jltrathin sections 

tissues of red clover and pea plants infected by WCMV 

of various 

were examined 

by electron microscope to study the distribution of virus particles 

and the cytopathological changes induced by virus infection. In 

the iùfected leaf tissue of the former plant species, interesting 

membrane-bound bodies containing masses of convoluted and/or fairly 
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straight tubules, which were often against or near chloroplasts. 

In the van.ous pea tissues infected by WCMV, the cellular organelles 

snowed considerable disorganization and degeneration due to the 

virus infection. 

4. WCMV infection caused a significant reduction Cp :;; 0.01) in thè 

5. 

forage yield and root weight, and suppressed the number and weight 

of nodules in the diseased re~ claver plants. The greatest 

reductions 1n these four characteristics were 50%, 46%, 37% and 59%, 

i~spectively in the infected plants. 

-1 The nitrogenase enzyme activity, expressed in nmoles C2H4.plant 

-1 ~ 
.hour ,in red clover nodules reached its peak 9 weeks after virus 

inoculation. The WCMV infection decreased the activity signifi-

cantly; the ~reatest reduction, 60%, occurred ~e diseased 

nodules at 12 weeks. 

6. The leghemoglobin content was determined as ~g of 1eghemoglobin per 

mg of nodule. It reached a maximum concentration at 9 weeks after 

virus inoculation. Infection by WCMY decreased this content con-

siderab1y and the greate~t reduction was 62% in the infected 

nodules sampled 6 weeks after virus inoculation. There was a 

significant correlation be~ween leghemoglobin content and nitro-

genase ~ctivity at 3 and 6 weeks, but not at 9 and 12 weeks, in 

both healthy and diseased nodules. 

7. The viable Rhizobium 'population was determined on the basis of ~ 

number of colonies in a 10-3 dilution per mg of nodule. A 
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significant suppression in the population was caused by the WCMV 

infection at 3, 6 and 12 weeks, but not at 9 weeks after virus 

inoculation. The greatest reduction in the rhizobia1 population in 

the extracts of diseased nodu1ar tissues was 26.4%. There was no 

indication that R. trifo1ii can transmit WCMV to hea1thy red claver 

plants. 

8. The acid phosphatase specifie aetivity was studied in nodular 

tissues of red claver plants and expressed as llg p-nitrophenol. 

. -1 -1 
mlUute .mg nodule . This aetivi ty increased with age in both 

heal thy and diseased samples, and reached a peak 9 weeks after 

virus inoculation. In the leaf tissue, the enzyme activity was 

determined by a cytochemical method, which showed no declÏne at any 

==;~( 

" 

samp1ing tim~ after virus inoculation. The WCMV infection 

increased the activity significantly Cp ~ 0.01) in the diseased 

tissues compared with hea1 thy control. The greatest increase in ._-----, . ...--~-

the 'former due to the WCHV infection was 41. 9% at 3 weeks after 

virus inoculation. 
\, 

9. Nitrate reductase specifie activity was determined o~ the basis of 

" 
-1 -1 

nmoles nitrite .hr . gm nodule The maX1.mum enzyme specifie 

activity was detected at 6 weeks, followed by a sharp decline at 9 

and 12 weeks after virus inoculation. Within each harvest, the 

enzyme aetivity decreased gradually during the incubation of the 

nodular tissue. The WCMV infection inereased the speeif ie aet ivity 

of the enzyme at a11 harvest times in the infected nodules. In the 

latter. tthe highest increase was 25.6% at 3 weeks after virus 
" 

inoculation. 



& 

10. WCMV in the nodular tissue was detect'ed by infectivity assay, 

immunosorbent electron microscopy and immunofluorescence 

microscopy. The highest number of local lesions on~. globosa L. 

leaves was observed at 9 weeks after virus ino-culation, while the 
1 • 

greatest n~mber of WCMV particles trapped by their homologous 

. \ 
antlserum wa's detected at 6 weeks. Immunofluorescence microscopy 

confirmed the presence of WC]W antigens in the ?odular tissue. 

Il. The ultrastructural findings in the red clover nodules suggested 

a slow response of this tissue toward the WCMV infection at 3 and 

6 weeks after virus infection. The most remarkable alteration due 

to WCMV infection was noticed at 12 weeks. Three kinds of 

• 
deteriorated baêt.~roids were found in the diseased tissues: 

vesiculated, autolysed and autophagie bac teroid. Interesting 

nuclear viral inclusions were seen ln the nue lei of infected 

meristematic and transfer ce Ils at all harvest times. 

1 
;' 
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SECTION 8 

CLAIMS OF ORIGINAL WORK 

1. The first rep9rt indicating that the most prevalent WCMV isolate in 

red clover in eastern Ontario differs from most other characterized 

strains. 

2. The first study to compare the virus distribution and the cyto-

pathological changes induced by WCMV in various tissues of an 

annual (i.e., pea) and a perennial (i.e., red claver) legume. 

3. 
'>" 

() ;J 
The first investigation ln which the indirect immunofluorescence 

technique was used to detect the cytoplasmic inclusions in the 

• WCMV-infected leaf epidermis. 

4. The first report to describe inclusions consisting of membrane-bound 

masses of straight aad convoluted tubules associated with infection 

by a potexvirus member. 

5. The first study ln which nuclear viral inclusions were found in the 

cellular nuclei of nodular tissue infected by a potexvirus. 

~ 

6. me first attempt to study the effect of infection by a potexvirus 

on plant growth, nodul~tion, nitrogenase act~vity, leghemoglobin 

content and Rhizobium population. 
/ 

1 
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7. The first attempt ta report the 10calization of leghemoglobin in 

the peribacteroidal space of red clover nodules by a cytochemical 

technique using DAB. 

8. The fiIst attempt to determine the nitrate reduetase specifie 

activity in red clover nodules, and the effect of the virus 

infection on this activity. 

9. The first investigation in which the virus distribution and the 

cytopathological changes induced by a potexvirus infection were 

studied at various times on exogenous nodule~ of perennial legume 

in parallel with measurement of other characteristics related to N2 

fixation. 

10. The first report which ~ndicates that the virus studied in this 

investigation 1.S not transmissible by rhizobial bacteria, contrary 

to a previous finding. 

Il. The first attempt in which direct immunofluorescence and immuno-

sorbent e1eetron microscopy techniques were used to detect the 

virus antigen ln the nodu1ar tissue. 
) 

(f 
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Appendix 1 .. Standard,gFaph to-detérmine the molecular 
weight of WCMV protein, using five protein markers. 

(1 

l. Lysozyme J 
.~ , 
, '{' 

2,. Lactoglobulin 

3. Pepsin 

4. OValbumin 

5. Bovine serum albumin 

" 
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APPENDIX 2. Yeast-extract mannitol medium composition 
tafter Wangnai 1975) 

Mannitol 10.0 g 

Yeast extract 0.5 g 

KzHPOl+ 0.5 g 

MgSOl+.7 H2Ù O.~,g 

NaCl 0.1 g 

CaCO, 3.0 g 

Agar l5.0g 

Dist illed water 1000.0 ml 

CaCO) and agar were omitted from the liquid 
medium. 2.5 ml of 1% Congo red solution was added to 
the sterilized medium to make congo-red yeast-extract 
marnitol agar used as a differentiation medium for 
Rhizobium sPI?' 

o 
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~ 

-----

1 
/ 

( \ 

~ 

\ , 

o 

< • 

Formulation of modified nitrogen-freé p~anting'medium 
(after Sirois and Peterson 1982) 

Macroelements: 

KlhPO~ 

" 

Wflter 

. '( 

·Trace element stock solution: 

.Na2MoO~ .2 HzO 

CoC1 2 .6 1120 

Seq. 330 Fe 

Water 

0.12 ~ 

. 0'.14 'g 

,0.25 g 

0.01 g 
" 

1000.00 ml 

.0.85 g 

0.16 g 

0.58 g 

M'" 1.55 g 

0.121 gO 

0; 125 g 

2.80 g 

1000.00 ml 

One ml of trace e1ement solution was added to every 30 ml of 
the Macroelement solution before use. The final pH of, the med~um 
was about 6.5. 
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~ppendix'4. A standard curve constructed from the 
,readings of ten seria! dilutions of a known concentration 
-ethylene (C2H4) and the peak heights formed after 
injecting each dilution in the gas chromatography machine, 
as described in the nitrogenase ,activity assay. 
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Appendix 5. A standard curve constructed from the 
fluorescence readings at 595 ,nm and the known concentrations 
of five seriaI dilutions prepared from purified beef hemo
globin. 
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Appendix -6. A standard curve constructed from six 

dilutions of known concentrations of p-nitrophenol and the 
absorbancy readings at 405 nm. 
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Appendix 7. A standard curve constructed from nine 
seriai dilutions of sodium nitrite and the absorbancy 
readings at 540 am. 
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APPENDIX 8C. Ana1ysis of variance of number of nodules "" .. 
Source of' D.F. Sum of 

Mean Cal. F. 
Leve1 of 

variation 
square 

significance \ squares 
t, 

Rep1icates (R) 3 1. 93 0.64 

Date CD) " 3 523.63 174.54 42.28 ** Q 

Treatment (T) 1 85.53 85.53 20:'"27 ** 
D x T 3 11. 93 3.98 0.96 NS' 

Error 21 86.70 4.13 

Total 31 709.72 

APPENDIX 8D. Analysis of variance of nodules fresh weight 

Source of D.F. Sum of 
Mean Cal. F. Leve1 of 

variation squares 
square 

s ignif icance 

'(J 

Replicates (R) 3 0.28 0.09 
. ' 

Date (D) 3 14.65 4.88 88.78 ** " 

Treatment (T) 1 3.40 3.40 61. 73 ** 
D x T 3 0.20 0.07 1.22 NS 

Error 21 1.15 0.06 

Total 31 19.68 

** = Signif icant, at P :;; 0.01 
NS = Non-s ignificant 

( 
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APPENDIX 8E. Analys is ?f . / 
of nitrogenase var~ance 

Source of 
D.F. 

Sum af 
Mean Ca1.F. 

variation: squares) 
square 

" J 
Replicates CR) 3 2.39 O.SO 

.' 

Date (D) 3 9.66 3.22 14.64 

Treatment (T) 1 5.00 5.00 22.72 
',' 

n x T 3 0.33 0.11 ,0.50 
v 

Error 21 4.62 0.22 '-, 

Total, 31 22.QO 
.. 

0 

APPENDIX 8F. Ançlysis' of variance of leghemog1ob in 

Source of 
D.F. 

SUD! of 
variation squares -, 

Rep1icates (F,) 3 7.02. 

Date CD) 3 6.-1S. 

Treatment (T) ·1 4'.50 

" of1, D x·T 3 

Error 21 8.81 

Total 31 26.55 
, 

** = Significant at.P ~ 0.01 
NS = Non-significant 

Mean square Ca1.F. ' 

2.34 

2.05, 4.88 

4.50' 10.71 

0.0'3 0.06 

0,42 

257 

activity ~ 

~ 

Level of 
s ignif icance 

** 
** 
NS 

'{ 

content 

Level of 
,significance 

f 
'J u .... 

~r-~ 

** " 1 

** 
' '.1 

1 

1 
) 



t 

. ', 

r 

J . 

o 

APPENDIX 8G . Ana1ysis of variance of nitrate reductase activity 

Source of 
variation 

Rèplicates CR) 

Harvest times CH) 
1 

Treatment (T) 

H x T 

Error A 

Interva1 (1) 

T x l 

H x l 

H x T x l . 

Error B 

Total 
~ / (, • 1 ,,;: ~ 

.,) 

D.F. 

3 

3 

1 

3 

21 

5 

S 

15 

15 

120 

ln 

** = S' 1 (!i.f" l.gn l.cant at 
NS =,Non-significant 

Sum of 
squares 

0.92 

28.36 

8.89 

0.80 

2.89 

387.97 

1.56 

64.54 

3.76 

26.45 

526.14 

, <i 

P ;;; 0.01 

Mean square 

0.31 

9.45 

8.89 

0.27 

0.14 

77.59 

0.31 

4.30 

0.25 

0.22 

Ca1.F. 
Leve1 

s ignificance 

42.95 ** 
40.40 ** 
1. 20 NS 

352.60 ** 

1.40 NS 

19.54 ** 
1.14 NS 

• 

r 
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APPENDIX BH. 

, 
Source of 
variation 

Replicates (R) 

Date (D) 

Treq.tment (T) 

D x T 

Error 

Total' 

, 
• 

Analysis 

D.F. 

3 

3 

1. 

3 

21 

-31 

( 

of variance of acid phosphatase activity in the 
nodules 

Sum of Me'an square Ca1.F. 
Leve1 of 

squares s ignif icance ' 

234.33 78.11 

38832.74 129'44.25 224.09 *-* 

16330.7"6 ' 16330. 7~ 282 .. 73 ** 

427.65 142.55 2.47 NS 

12l3.03 57.76 

57038.52 

• 1 

APPENDIX 8~., Analysis .df variance of the Rhizobium population 

.. . 
Source of D.F. Sum of M'èan ,square çal. F. Leve1 of 
variation squ~?res significance 

, Ji t (13) ,3 75_.35 25.12 Rep1;l:'Ca es ; 1 
,-

Dat~ '(D) 3 14844.88 4948 .. 29 255.76 ** 
j 

Treatment (T) 1 325.13 325.13 16.80 ** 
,D X T 3 502.68 r, 167.56 8.66 ** 
Error 21 406.30 19.35 

Total 31 16154.34 

** = Significant at P :$ 0.01 

') NS = Non-s ignif icant 

" 
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