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INTRODUCTTON

Potato (Solanum tuberosum L.) is one of the most

importaunt crops in the United States. Commercial potato
production is important in thg New England area where the
conditions are'favnrable for the growth of thisrcrOp.

Virus infection in an extremely serious problem in the

potafo industry. Potato crops suffer both in weight and size
from the infection of viruses (8, 59). ‘Whitehead'(59), in

1953, stated that virus diseases were considered to be the

sole cause of progressive degeneration in potato stock. Many
virus diseases have been reported (23, 26, 59) for potato,
one of which is potato aucuba mosaic.

Potato aucuba mosaic was first described and named
by Quanjer (41) in 1921. The term aucuba husaic was derived

from the plant Aucuba jaronica L. which is a member of a small

genus of shrub of the dogwood family, and is widely cultivatpd
for its handsome yellow mottled everygreen foliage. Quanjer
used this term hecause leaves of diseased potato plants
resemble the nérmal foliage of A. japonica. The disease is
characterized by a bright yellcw variegation type of symptom
.which is variable in different potato varieties (14, 21, 32).
This disease is distinét from the éucuba mosaic of
tomato wﬁich- is caused by a virus closelv related tg tobacco
mosaic virus. Potato aucuba mosaic was never considered im-
porﬁant enough to devote as much time to its study as has

been given to other potate viruses such as potato virus X,



Y, leaf roll, and spindle tuber. This is pfobably due to

the éact that it is not commonly found in the field. However,
Rozendaal (44), in 1954 indicated that certain strains of
this virus could cause considerable damage to potato crops.
Smith (47), in 1957, stated that the consequent reduction

in vigor and yield was not.significant, but more damage could
be done by the resulting tuber necrosis in some potato varie-
ties.

The purpose of this study is to investigate the
biological, physical and chemical properties of the virus,
including purification, serology, and electron microscopy.
This should lead to a better understanding of the nature of

the virus, and its biological properties.



LITERATURE REVIEW
History

Potato auéuba mosaic was first described and illustrated
in 1921 by Quanjer (41) in Europe and by Murphy (35) in
America. It had been shown that potato aucuba mosaic in Amer-
ica is identical to that found in Europe (Q?). Since Quanjer's
first description of this wirus disease, numerous isolates o;ﬁ
strains have been reported throughout the world under various
synonyms. The virus hésmgéen shown to occur in Furope (Ireland,
Greaf-Bfi%ain, Scandinavia, France, USSR, Hungéry) as well as=s
North America (United States, Canada), South Africa, Australia,
New Zealand, Japan, and even in wild Solanum species from Feru
(L, 3, 6, 15, 16, 17, 18, 19, 24, 25, 27, 35, 59).

Quanjer (41), in 1921, also observed another virus
disease in several potato varieties which developed pale
patches between thec veins of potato léaves. He first named
it Duke of York mosaic since it was first observed on the
potato variety Duke of York, but later (42) he renamed it
interveinal mosaic because symptoms were confined to the
interveinal areas of the leaves. Smith (45, 46) in.1931,
reported that interveinal mosaic was a complex of potato
viruses X and Y. Loughnane and Clinch (33), in 1935, re-
rorted that interveinal mosaic results from the combined

action of potato virus A and tuber blotch virus. In 1936

a latent virus was isolated from the potato variety Monocraat



by Murphy and Loﬁéﬁnane (37) and was designated as Monocraat
virus. Clinch, Loughnane and Murphy (1%4) gave further de-
scriptions of tuber blotch virus, aucuba mosaic and Monocraat
virus and concluded that aucuba mosaic virus was closely
related to but distinct from tuber blotch and Monocraat virus.
They designated tuber blotch as Virus F with Monocraat virus
as a synonym and aucuba mesaic as virus G. Koch and Johnson
(31), in 1935, isolated a virus from potato plants infected
with interveinal mosaic and named it potato streak virus.
Later Loﬁghnane and Clinch (33) found it to be identical to
tuber blotch virus. Dykstra (21), in 1939,.reported a new
undescribed di;ease under the name of Canada streak, and
proved it to be a strain of potato aucuba mosaic virus.
Kollmer and Larson (32), in 1960, stated that a separation
into virus F and virus G is nc longer justified, and they
classified all the isolates, including aucuba mosaic, collec~

tively as wvirus F.
Symptomatology

As mentioned previously, the disease was characterized
by a bright yélloﬁ.variegation on the leaves of infected po-
tato plants. The symptoms always appeared on the lower leaves
of the diseased plants and were confined there, but in the
potato variety Irish Chieftain, a pronounced brilliant yellow
mottle developed all over the plants. Clinch et al (1l4)
suggested that the exaggeration of moitle was due to the
occurrence of potato virus A which was usually present in this

variety. In the European variety, British Queen, (14, 47)



foliar necrosis and wilting of the leaves developed in addi-
tion to pronounced yellow mottle. The reaction of American
potato varieties to aucuba mosaic virus or strains of potatéw
virus F was variable. The reaction of Johnson's streak virus
(31) on potato varieties Green Mountain and Bliss Triumph was
a distinct necrotic or streak-like symptom on leaf veins,
lamina and stems of potato, fcllowed by downgéré necrosis
which killed the entire plants. Xollmer and Larson (32), in
1960, indicated that American potato varieties inoculated with
seven different isolates of potato virus F, including aucuba
mosaic isolates, developed twoprincipal types of foliar
symptoms. Those in thé first group (Seedling 41956, Chippewa,
Dazoc, Houma, Russet Rural, Warba, Green Mountain) developed
local necrotic lésions on the inoculéted leaves, followed by
leaf necrosis and leaf drop. The newly formed leaves of the
systemically infected pl;nts showed smail necrotic lesions
and leaf tip neérosisf Those in the second group (Saco,
Burbank, Irish Ccbbler, Kennebec, La Soda, Pontiac, Sequoia,
Sebago, White Rose) reacted with severe top and stem necrosis
a few days after inoculation. The seccnd type of reaction
was so severe in some varieties that the infected plants were
completely killed.~

In 1926 Atanasoff (1) stated that nef necrosis was
a tuber symptom of aucuba mosaic, but‘later Quan jer and his
associate (43) indicated that tuber net necrosis did not

result from infection with potato aucuba mosaic but from

another necrosis virus which they cealled "pseudo net-necrosis"



instead of net necrosis because net necrosis was Kknown

to result from infection with the leaf rolllvirus. However,
tuber necrosis did occur in some potato varieties (14, 32)
which were infected with auvcuba mosaic virus or isolates of
virus F. Clinch et al (14), in 1936, indicated that tuber
necrosis was found in seven of the 14 varieties tested. They
also reportéa that tuber necrosis began first toward the heel
end of the tuber and was favored by darkness and high tempera-
ture. Kollmer and Larson (32), in 1960, stated that potato
plants which reacted with severe top and stem ﬁ;;rosis were
usually dead before the formaticn of tubers. However, tubers
from plants which developed mild foliar syﬁptoms after inocu~
lation with different isolates of the virus, showed internal

necrosis in some varieties.

Tomato {kycoperisicon esculentum Mill,) infected with

rotate aucuba mosaic virus or its related strains developed
small rounded yellow spots on the lower leaves of the infected

plants (14, 47). Pepper (Capsicum annuum L.) inoculated with

this wvirus or tuber blotch virus developed necrotic local
lesions, followed by systemic symptoms on the next higher
leaves, consisting of véin-clearing, develoﬁing into'pale or
necrotic interveinal mottle, puckering, distortion, and leaf-
drop. However, Kollmer and Larson (32), in 1960, stated that
the systemic reaction of pepper plants to inoculation with
aucuba mosaic or virus F was characterized by the production
of numerous small‘necrotic lesions, followed by severe top
necrosis, resulting in death of the infected plants. Clinch

et al (14), in 1936, indicated that potato aucuba mosaic and



potato virus F (tuber blotch and Monocraat) produced identi-

cal symptoms on Solanum nodiflorum L., consisting of spots

with brown or purple horders, followed by purple rust and
mosaic-typre symptoms.

The reaction of other plant species to aucuba mosaic
virus, potato virus F, or its related strains wés helpful in
the differentiation and identification of different virus
isolates or strains. The specific reactions of those plant

species will be mentioned in the scctions cconcerned.
Isolation and Transmission of the Virus

Quanjer (41), in 1921, demonstrated that aucuba mosaic
virus could be transmitted by grafting from potate teo potato,

tomato, Solanum nigrum L., and S. Dulcamara L., all of which

showed similar symptoms, and to tobacco, Atropa belladonna L.,

Datura Stramonium L. and Hyoscyamus niger L. which showed no

symptom. Back grafting from these symptomless hosts £6

potato indicated that they were virus carriers. At about the
same time, Quanjer (41) also reported that Duke of York mosaic
‘was transmitted by grafting from potato to potato, tomato, —
tobacco and S. nigrum. Smith (45), in 1930, indicated that
interveinal mosaic could be transmitted from diseased potato
plants to,ﬁealthy potato plants by means of needle inoculation.k
Clinch and Loughnane (13), in 1933, reported that interveinal
mosaic, isolated from the potafo variety President, produced

a preonounced interveinal mottle, mecrotic blotching of the

foliage, and intermnal necrotic brown lesions in tubers of



this variety. They proved that the virus was transmitted
mechanically to several potato varieties and other plant
species such as tobacco, Datura and Petunia and concluded
that interveinal mosaic resulted from the comhined action of
viruses‘of different types, one of which was X-type without
an insect vector involved, and the other of which was =selec-

tively transmitted by aphids ( Myzus persicae Sulz. ) under

certain condition, and was named tuber blotch virus. They
isolated tuber blotch wvirug from potato plants infected with
interveinal mosaic by the following two wavs: The first

one was passage of interveinal mosaic through the potato
variety Arran Crest, in which the X virus could not survive.
The second one was deprendent on insect vectors and a situa-
tion in which interveinal wmosaic virus was combined with po-
tato virus A; The previous finding was that M. persicae
was incapable of transmission of interveinal mosaic, but
uvnrler this comgined conditien, M. persicac transmitted to
healthy potato not only wirus A but also a tuber blotch
fraction of interveinal mosaic, causing a conspicuous yvellow
mottle in lower leaves of virus-infected plants as well as
necrosis in tubers. Tuber necrosis resulting from this
transmission was identical with that occurring in the inter-
veinal mosnic. Potato virus A was easily c¢liminated from

tuber blotch virus by passage through D. Stramonium which

>

is immune to virvs A. When the tuber blotch fraction of
interveinal mosaic was graft transmitted to the potato

variety President, conspicuous necrosis developed in the



tubers of this variety, but there were no foliage sympfoms
except occasional slight yellowish spotting at the tip of

the lower leaves. Later, it was confirned that the conspicuous
yellow mottle referred to above was due to the combined ac--
tion of virus A and tuber blotch virus. The above experiments
proved that tuber blotch virus was transmitted by aphids in

the presence of virus A.

In 1936, Clinch et al (14) reported that the aucuba
mosaic which had been regarded as being non-inoculable could
be readily sgp-transmissible to potatoe by rubbing infecti?e
sap on lower leaves with a ground glass spatvla. The inocu-
lated plants developed aucuba mosaic symptoms on foliage and
necrosis in tubers.

Early attempts to transmit aucuba mosaic by means of
aphids were unsuzcessful (14). Clinch et al (14) even failed
to transmit the aucuba mosaic virus in the presence of Virés
A. In view of the effect of virus A facilitating the trans-
mission of the closely related tuber blotch virus, Kassanis
(29), in 1961, conducted a compreheﬁsive study to evaluate
the nature of insect transmission and its relationship to
strains of the virus in the presence of an auxiliary virus.
He fed aphids on tobaccec plants which were systemically
infectea with 12 different strains of aucuba mosaic and
auxiliary virus A, and then the aphids were colonized on
pepper (g. annuum) plants to test fop transmissibility.

He failed to transmit three strains of potato &ucuba mosaic
from plants which were also infected with virus A. None of

" the 12 strains was transmitted by aphids from plants infected
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with.aucuba mosaic alone. He concluded that transmission

of potato aucuba masaic by éphids in the presence of virus

A varied with strains. In addition to the insect transmissible
relationship between aucuba mosaic and virus A, he also tesﬁed
the correlation between aucuba mosaic and potato virus Y.

His transmiésion experiments indicated that aphids frequently
transmitted potato aucuba mosaic from tobacco plants infected
also with_pdtato virus Y. All the evidence indicated that
different strains behaved differently in transmissibility.
Kassanis (29) classified the 12 strains into four main groups
according to their transmissibility. Those in group 1
(Germany No. 6), wvere transmitted equally readily from plants
infected with either virus A or virus Y. Those in group 2
(severe tuber blotch wvirus from Scotland, mild tuber blotch
virus from Scotland, tuber blotch virus from Treiand, pqtato
virus F from England) . vere transmitted more readily from plants
infected with virus Y than virus A. Those in group 3 (Germany
PH, potato aucuba mosaic virus Scotland) were transmitted
only from plants infeéted with Y. Those in group 4 (severe
tuber blotch virus from Ireland, Germany AH, potato virus G
from England,~potato virus G from Scotland, potato aucuba
mosaic virus from Ireland) were transmitted only occasionally
from plants infected with either of the auxiliary Viruées
(including strains which were not aphid-transmissible). The
concentration of potato aucuba mosaic in tobacco plants was
increased by the presence of potato virus A and more so by

potato virus Y (29), but the increased concentration was not
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correlated with its ability to be transmitted by aphids.
The émount of potato virus Y in tobacco was not affected by
the co-existence of aucuba mosaic virus, while the amount
of virus A was increased appreciably in the presence of aucuba
mosaic. However, potato aucuba mosaic virus ceased to be
aphid transmissible as soon as it was freed from either virus
A or virus Y (29). |

Kassanis (29) agreed with Bradley's (19) sugyestion
that particles of aucuba mosaic virus were carried mechanically
by aphids near the tip of their stylets and the presence of
auxiliary virus might cause the particles of this virus to
aggregate with each other or with those of auxiliary viruses
and thus form large virus units which could be attached to

the styvlets, making the virus insect-transmissible.

Jdentification and Nomenclature of the Virus

Symptomatology and host range have been the most
widely used criteria for identification of plant viruses,
but their inadequacy as a basis for identification has long
been recognized. It has been shown that a given virus can
cause different symptoms in different host speciecs, while
different viruses may induce similar sympfoms in the same
plant species. On the other hand, different strains or
isolates of the same virus can cause éntirely different
diseases. Therefore, an accurate identification must be
achieved by a combination of all available diagnostic charac-
ters such as cross protection and serology.

Clinch et al (14), in 1936, conducted an extensive,
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comparative investigation among potato aucuba, tuber blotch

and Monocraat viruses and made the following statement :
The three viruses produce identical symptoms, con-
sisting of spots with brown or purple borders,
followed by purple rust and mosaic in Solanum nodi-
florum and Capsicum annuum, which are diagnostic.
The three viruses are readily inoculable to tobacco,
Datura Stramonium, and Petunia, and react similarly,
producing no symptoms. The aucuba mosaic virus is
differentijated from the others, however, by causing
symptoms in tomato and Solanum Dulcamara.
The three viruses are similar in their physical
properties, including filterability, thermal death-
pnint, and longevity in vitro.
The tuber blotch and Monocraat viruses are identi-
cal, and they probably correspond to the virus under-
lying pseudo net mecrosis. The aucuba virus is a
related but distinct form, and -the calico virus is
probably related also.

They concludeéd that aucuba mosaic was closely
related to tuber blotch and Monocraat wvirus, hut it was a
distinct form, and thev designated aucuba mosaic as virus G
while tuber blotch was named as virus F with Monocraat as
a synonym.

Muro (34), in 1959, stated that Solanum miniatum

Bernh. was a reliable, specific indicator plant for potato
virus F. lle differe¢entiated potato virus G and F on the basis
of symptoms produced on thié.plant. Accordingly, S. miniétum
;nfected with potato virus G (aucuba mosaic) developed
yellowish yreen blotches and mottle on the leaves, while
infection with F resulted in half rings and blotches and
brown necrotic blotches on vounger upper leaves of the in-
fected plants.

The first application of croés rrotection technique

in aucuba mosaic was made by Clinch (12) who isolated a
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virulent tuber blotch virus which differed from that of
original tuber blotch by producing a lethal top necrosis

in the potato variety JIrish Chieftain. She‘demonstrated that
if the potato variety Trish Chieftain was infected with a
strain of potato virus F, it was immune from virulent tuber
blotch which caused lethal top necrosis of this variety.

She also indicated that potato aucuba mosaic (virus G) and
virulent tuber blotch were also mutually protective. Based
on mutual cross protection, she identified the virulent tuber
klotch as a strain of potato virus F. -

Kollmer and Larson (32), in 1960, made a comprchensive
investigation of virus F, aucuba mosaic and its related strains
or isolates. - They dealt with seven isolates (necrotic F from
Holland, aucuba F from Holland, severe F from Ireland, virus
F from Treland, virus G from Ireland, virus F from USA,
virus G from England)_of virus F or aucuba mosaic.virus and
reported that young Saco potato plants developed typical
mottle symptoms three weeks after inoculation with mild
isolates, wihile plants infected with virulent isolates
resulted in severe top and stem necrosis. Their immunological
studies indicated that Sacoc potato plants artificially ino-
culated with mild isolates protected themselves against
further infection by severe isclates. They also grafted

scions of Saco potato plants which were infected with mild

isolates onto Nicotiana glutinosa plants which were artificially
inoculated with virulent isolates. The results of this inter-

specific grafting disclosed that healthy Saco scions which
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had been top grafted to N. glutinosa stoék infected with
virulent isolates showed severe top and stem necrosis, while
Saco scions previously infected with mild isolates developed
no top or stem necrosis. On the basis of the above mutual
protection results they stated that éeparation into ;irus F
and virus G is no longer justified. They termed all the
isolates used in their experiments collectively as potato
virus F, including aucuba mosaic virus. The mutual immuno-
logical relationship of potate virus F with alfalfa mosaic,
cucumber mosaic and potato virus Y was also reported. They
indicated that pepper plants could he infected artificially
with these viruses and developed mild systemic infection, while
pepper plants infected with any isolate of virus F or aucuba
~mosaic developed severe top necrosis. The infection of pepper
with algalfa mosaic, cucumber mosaic, or potato virus Y
offered no mutual protection against severe top and stem
necrosis caused by virulent isolates of potato virus F.
Chester (10), in 1935, prepared aucuba-mosaic-
immune serum by injecting experimental animals With freshly-
expressed crude sap from plants infected with aucuba mosaic
virus and repocrted that there was no relationship between
aucuba mosaic virus and other well known plant viruses,
namely tobacco mosaic, tomato severe etch, potato latent
mosaic, potato mottle, potato ringsrot, British Queen streak,
po;ato rugose mosaic, potato mild mosaic, potato veinbanding
virus, Valleau's tobacco virus, tobacco ringspot viruvs, and

Osborn's pea virus.
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Bagnall (2), in 1960, isolated a latent virus from
the potato variety Albion, and indicated that this latent
virus was related to potato virus F. He reported that anti-
serum against the virus isolate reacted equally well with
typical strains of potato aucuba mosaic and potato virus F,

Although the aucuba mosaic virus was renamed accord-
ing to the alﬁhabetical system as potato virus G (14), the
original name is still widely accepted. Smith (47), in 1957,
claésified potato aucuba mosaic virus as Solanum virus 9,
thle the potato F or tuber blotch virus was indicated as
Solanum virus 8. Holmes (26), in 1939, designated both

aucuba mosaic virus and potato virus F or tuber blotch virus

as Marmor aucuba under his binomial system.
Morphology of the Virus.

Paul and Bode (38), in 1956, employed Johnson's (28)
water pressure exudate technique to obtain clear exudate from
plants infected with potato aucuba mosaic virus for morpho-
logical examination under the electron microscope. They
examined three different strains of the virus and found that
all of them were composed of flexible particles with a normal

length of 586 mu and a diameter of about 11 mu.
Pathological Effects

Clinch (11), in 1932, made a cytological study of
potato leaves infected with aucuba mosaic virus and found that

the chlorosis was due to the loss of chlorophyll and disinte-
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gration of chloroplasts which resulted in release of .quanti-
ties éfhoil droplets within the cells. lLater, Clinch et al
(14), in 1936, showed that starch translocation in plants
infected with aucuba mosaic was impeded. They reported that
starch accumulated in great quantity in the voung mottled
leaves. The recently developed chlorotic spots.sfained more
deeply with jodine than the remaining parts of the leaf.
They concluded that the inhibition of carbhohydrate translo-
cation was one of the initial pathological effects of tﬁe
aucuba wmosaic on potato plants.

Tuber necrosis, caused by aucuba mosaic virus, was
described hy Clinch et al (14) in 1936. They reported that
tuber necrosis occurred in the parenchymatous cells of both
‘cortex and pith, as a rule, and was usually yisible ekfernally
" as irregularly shaped brown patches, which later developed
into sunken dry brown areas. It began first toward the heel
end of the tuber, and did not attack the vascular tissue or
eyes. The necrotic patches consisted of sroups of misshapen
dead cells with brown granulaxr contents and swollen brown and
disintegrating walls, surrounded by a zone of translucent
tissue containing little or no starch, in which dincipient
cork formation was observed. The center of the spot was
occupied by a small group of cells filled with.large starch
grains. The necrosis usually developed during storage and

was favored by darkness and high temperatures, and particu-

larly by a turgid condition,



Resistance of Virus to Chemical T}eatment

Kollmer and Larson (32) treated potato.aucuba mosaic
virus sap with 8.5% butanol and found that high speed pellets
resulting from ultracentrifugation were highly infectious.

In the past, all immune sera dealing with serological investi-
gations of mnotato aucuba mosaic virus were obtained from
injection of crude virus extract into the experimental animal

without prior purification.
Synergistic Effect

As mentioned before (c.f.p. 8) interveinal mosaic
in potato resulted from combined action of potato viruses
X and F or related strains of F. The synergistic effect of
potato virus F or its related strains with other viruses was
also demonstrated by Kollmer and Larson (32). They indicated
that Samsun tobacco inoculated with a mixture of virus F and
altalfa mosaic, produced a more severe recaction than either
one aloné, but they failed to demonstrate the synergistic
reaction by combination of virus F and cucumber mosaic or

combination of wvirus F with Y.
Varietal Hesistance

Bagnall (2), in 1960, reported that an interspecific

potato hybrid P. I. 197772 (Solanum tuberosum var Epicure bn

x S. chacoense) was found to be highly resistant to potato virus
F on sap inoculation. This finding was confirmed by Kollmer

and Larson (32). Meanwhile, they reported that potato plants
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of WRF 161.1, WRF 33.1 and WRF 19.2 were also highly resis-
tant, while potato plants of WRF 265.3, WRF 158.2 and WRF

169.2 were extremely sensitive to infection with virus F or

its related strains,
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EXPERIMENTAL PROCEDURES AND RESULTS
The Primary Virus Culture

The potato aucuba mosaic virus (PAMV) used in the
present investigation was originally obtained from the U.S.
D.A. Plant Industry Station, Beltsville, Maryland, and from
the Canada Department of Agriculture Research Station, New
Brunswick, Canada, respectively, in the form of infected
tubers. Tubers infected with PAMV were planfed in a 3:1:1:
mixture of composted éoil, peat and sand in 8-inch pots and
kept in insect proof cages. Plants grown from these tubers
developed a typical vellow mottle symptom on foliage (Fig.
1). Leaves from a plant showing a yellow mottle symptom
were removed and ground in a mortar with 0.05 M phosphate
buffer at pH 7. The virus was extracted from pulp by
squeezing through a double laver of cheesecloth and was used
as primary virus culture cr incculum. )

The primary virus culture or inoculum was first
checked for the presence of potato virus X by inoculating

leaves of Gomphrena globosa L. The inoculation was made

simply by rubbing leaves of the test plants which were

prgviously dusted lightly with powdered carborundum of 500
mesh grade with a cheesecloth pad whicﬁ'had been dipped in
the virus solution. The inoculatéd plants were placed on
the greenhouse bench at a temperature of 25-30 C. All the

inoculations in subseguent experiments were perfermed in the



Fig. 1. Symptom on leaf of Saco potato plant
infected with potato aucuba mosaic virus.
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same manner unless otherwise indicated. The results of
inocﬁlation on G. globosa revealed that there was no indi-
cation of contamination by virus X in the tubers received

from Canada, but tubers ob?ained from Maryland were doubly
infected with virus X, since inoccuvlated leaves 6f G. globosa
developed typical local lesions induced by virus X. This
contamination was eliminated by passage of the culture throﬁgh
Saco potato plants which are immune to virus X. The same type

of inoculatibn was made on Physalis floridana Rydb. to deter-

mine the presence or absence of potato virus Y, but no such
contamination could be detected.

Virus cﬁltures from Maryland and from Canada were
designated as PAMV-M and PAMV-C, respectively, and were

maintained in tomato plants or other hosts by serial passage.
Reactions of Different Plant Species to PAMV-M and PAMV-C

In order to determine the identity of PAMV-M and
PAMV-C, a number of plant species were inoculated with
inocula which were prepared from potato plants infected with
PAMV-M and PAMV~-C, respectivel&- The infection of various
plants was judged‘on the basis of symptoms which developed
and recovery of virus from inoculated plants.

Symptoms in pepper (g. annuum L.) : Pepper plants

inoculated with either PAMV-M or PAMV-C developed severe top
and stem necrosis a few days after inoculation, usually re-

sulting in complete death of the infected plants (Fig. 2).



Fig. 2. Lethal top necrosis reaction of
pepper plant (variety California Wonder) to sap
inoculation of potato aucuba mosaic virus.

22



23

Plants which recovered from top and stem necrosis reaction
were severely stunted and nsvally bore no fruits. TInoculation
of older pepper plants approaching the flowering stage caused
less severe reaction consisting of only light stem necrosis
without complete death of the infected plants. The virus
could not be easily recovered from surviving peprper plants.
An experiment was performed to evaluate the rela-
tive susceptibility of different pepper varieties to these
virus isolates. Inocula prepared from potato plants infected
with PAMV-M and PAMV—C, respectively, were inoculated onto
20 ybung pepper plants from each of 10 different varieties.
The inoculated plants were kept under greenhouse conditions
and observed at frequent intervals for symptom development
for at least 20 days after inoculation. The results revealed
that none of the 10 tested varieties, namely?: King of the
North, California Wonder, Calwonder, Cayenne lLong Red,
Yolo Wonder, Key Stone, Penn. Wonder, Hungarian Wax, Merri-
-mack Wonder, and Tabasco, was found to be resistant to
infection by sap inoculation with either PAMV-M or PAMV-C.

Svmptoms in tomato (E. escuientum Mill. cv Rutgers) :

The reaction of tomato plants to these twe virus isolates
was erratic. No symptom could be observed on the plants
inoculated with either PAMV-M or PAMV-C within the first
three weeks. Hdwever, some infected tomato plants developed
yellow spots or pétches on the lower leaves when they became
older. In some instances, if the main shoots of the in-

fected plants were cut off, new side shoots showed a yellow
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mosaic tvpe symptom (Fig. 3). 1Inocula prepared from
symptomless tomato plants which were previously inocu-
lated with PAMV-M and PAMV-C, resypectively, were reinocu-
lated onto pepper plants and produced typical top necrosis
on pepper. The response of tomato plants to both isolates

—

was identical.

e

Symptoms in Chenopodium amaranticolor Coste & Reyn.:

Plants of C. amaranticolor at about the l0-leaf stage were

sap-inoculated with isolates PAMV-M and PAMV-C, respectively.
Yellow local lesions (Fig. 4) occurred on the inoculated
leaves 6-7 days after inoculation. Lesions indﬁced by

both isolates PAMV-M and PAMV-C were identical. The virus

did not invade C. amaranticolor systemically since no

systemic infection cculd he observéé within a period of

two months under either high or low temperature conditions.
Further, leaves of these plants are thick and not easily
injured in handling and local lesions produced are distinct
and easily countéd. All these characteristics revealed

that C. amaranticolor is a satisfactory local lesion: host

for PAMV.

"Rest.onses of other species: N. tabacum L. var

Havana, N. glutinosa L., Petunia hybrida Vilm., Datura

Stramonium L., and four species of Physalis, proved to be

symptomless hosts but virus carriers since virus could
be recovered from these symptomless hosts a few days after
infection by inoculating pepper plants. A number of other

plant species showed neither symptoms nor the presence



Fig. 3. Yellow mosaic symptom on new side
shoots of infected Rutgers tomato plant. The
main shoot was cut off after infection with aucuba
mosaic virus.

25



Fig. 4. Local lesions on C. amaranticolor

infected with pnotato aucuba mosaic virus.
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of virus when they were inoculated with either isolate

PAMV~M or PAMV-C. See Table 1.
Single Lesion Isolation of the Virus

Knight (30), in 1961, renorted that a discrete spof
résulting from inoculation of diluted infectious =ap onto
leaves of a host which gives the local lesion response was
derived from a single infectious unit. In view of the fact

that C. amaranticolor developed yellow local lesions on the

inoculated leaves 6-7 days after inoculation, the single
lesion isolation method might béfa Valuable‘technique for
pure culture isolation of PAMV-M and PAMV-C. Inocula pre-
pared from tomato plants previously infected with PAMV-M
and PAMV-C, respectively, were diluted in order to produce

a small number of well-separated lesions, and inoculated

onto leaves of C. amaranticolor. A single lesion was rec-

moved with a No. 2 cork borer just after the appearance of

lesions and homoygyenized with a few drops of 0.05 M phosphate

buffer at pH 7.0 in a:. suitable small container. Virus

extract from a single lesjon was reinoculated onto tomatb

or tcbacpn‘té build up virus concentration. Plants which

were previonsly inoculated with single lesion virus extracts

were fested for the presence oJ virus by inoculating pepper

plants. The results are indicated in.Table 2, Pure cultures
g

‘of both PAMV-M and PAMV-C were derived from individuélvsin-

gle lesions and maintained in tomato or tobacco 'through

serial passages.
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Table 1. The reaction of different plant species to PAMV-M and PAMV-C2.

Symptoms induced and recovery of virus

PAMV-M PAMV-C
Plant species

Recovery - Recovery
Symptom of virus? Symptom of virus

‘ Solénum tuberosum L. AM + AM +
Capsicum annuum L. v TN -2 ™ -7
Lycoperisicon esculentum Mill. vyg9 + ¥s? + '
Chenopodium amaranticolor L. YII + YLL +
Nicotiana tabacum L. - + - '.,.
_N;._ glutinosa L. - + - +
Petunia hybrida Vilm. " + - +
Physé.lis floridana L. - + - +
3. ixocarpa Brotero - + - +
E. pruinosa L. - + - +

f_ pubescens L. - + - +
Datura Stramonium L. , - - - -
P_. metel L. | - - - -
Zinnia elegans Zacq. ' - - - -
Vigna sinensis (L.) Endl. - - - -

Phaseolus vulgaris L.

Vinca herbacea Waldst & Kit.

a

The inoculated plants were kept under greenhouse conditions
and observed at least 4 weeks for the development of symptoms, AM=aucuba
mosaic, TN=top necrosis, YS=yellow spot, YLI~yellow local lesion, -=no
sympltom.

b

Recovery of virus from inoculated plants was accomplished by

inoculating pepper plants. ‘
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The pure cultures of both PAMV-M and PAMV-C were

tested for their reaction on pepper and C. amaranticolor. No.

variation in symptom expression in these hosts could be observed.

-

Table 2. Single lesion isolation of PAMV from C. amaranticolor?,

Virus No. of lesions No. of plants No. of plants
ru removed inoculated infectedb

PAMV-M 20 20 1

PAMV=-C 20 20 2

a . . . . .
Virus extract from a single lesion was inoculated

onto one plant only.

The presence of virus in the inoculated plants was
determined by inoculating pepper plants.

Physical Properties of PAMV-M and PAMV-C

Physical properties of the two virus isolates were
determined using pepper as a test plant. Pepper was not a
local lesion host, but is was used because of its super-sensi-

tivity in response to sap-inoculation.

Thermal inactivation : The thermal inactivation
determination was made by placing approximately 3 ml undiluted
infectious savn which was obtained from infected tomato leaves
in a 5 ml ampule. The ampules containing infectiocus sap were
sealed in a flame and heated for 10 min in a cénstant tempera-
ture water bath. The temperatures used varied by intervals of
approximately 2 C through the range of 40-70 C. After 10 min
exposure, the ampules were immersed into tap water to ensure
fépid cooling, and the extracts then were inoculafed onto five

young pepper plants to test for their infectivity. The thermal
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inactivation was represented by the point at which none of the
five inoculated plants in each experiment developed symptoms.

It“was found that infective sap of both PAMV-M and
PAMV~C had lost théir infectivity when they were exposed to a
temperature of 60 C, but both survived at 56-58 C.

éging in vitro : Resistance to aginyg was determined

by placing 1l:5 dilutions of virus extracts from leaves of
iﬁfected tomato plant in stoppered test tubes and storing them
in the laboratory at a temperafure of 24-25 C. Portions of the
infectious sap were removed at 12-hr intervals and inoculated
onto five young pepper plants. The results indicated that

both PAMV-M and PAMWC lost infectivity after standing in the
laboratory for 60 hr.

Dilution end point : Freshly prepared infectious

saps from tomato plants infected with PAMV-M and PAMV—é,
respectively, were subsequently taken through a series of
dilutions with 0.05 M phosphate buffer at pH 7.0. Each dilu-
tion was tested for its infectivity by inoculating five young
pepper plants. It was found that dilution end points of both
isolates differed from each cher.' PAMV=M retained its infec-
tivity at a dilution of 1:90, while PAMV~C proved te be infec-
tious at a dilution of 1l:40.

The similarity of the physical properties of the two
virus isolates as well as their identical symptom expression

in pepper and C. amaranticolor proved them to be identical.

For the purpose of the present investigation, only the pure
culture derived from an infected tuber received from the

U.S.D.A. Plant Industry Station, Beltsville, Maryland, was used
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in all the subsequent experiments except in some special cases

where indicated.

Quantitative Assay of PAMV in C. amaranticolor

AIn the past, no suitable local lesion host was
available for quantitative work on this wvirus. Following the

discovery of the local lesion host, C. amaranticolor, experi-

ments were performed to evaluate the possibility of using this

host for quantitative work. Plants of g. amaranticolor of

the same age with 10 fully expanded leaves were selected and
placed in the dark for 24 hours one day prior to inoculation.
Inoculum used in this experiment was prepared from leaves of
tomato plants infected with PAMV. All dilutions were made in
a 0.05 M neutral phosphate buffer. Leaves which were dusted
‘previously with carbopun@um were rubbed 3-4 times under uni=-
form pressure and movement using the gauze-~-pad method of
mechanical inoculation. After inoculation, the incculated
leaves were rinsed thoroughly with tap water to remove excess
inoculum or foreign materials which might cause "burning" of’
the inoculated tissue. A total of 56 selected plants was
randomly divided into 4 groups. Only 6 lower leaves from
each plant were employed for inoculation since the lowerA
leaves have a smooth upper surface suitable for inoculation,
while the upper younger leaves not only lacked this characteris-
tic but alsc produced fewer and poorer lesions after inocula-

tion. Half of the leaves on each plant in each group were

incculated with a standard inoculum, usually at a dilution
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of 1:8. The leaves on the opnosite side of each plant were
inoculated with a specifiec Jdilution of Qirus to compare the
numrber of lesions produced in each case. A tctal of 84

leaves occurring on 14 plants was used for each comparisoﬁ}
Local lesion ccunts were made two weeks after inoculation.

The average counts are recorded in Table 3. The progressively

fewer local lesions formed on the inoculated leaves of C.

amaranticolor which were incculated with increasing dilution

of PAMV revealed that C. amaranticolor is a satisfactory local

lesion host for the determination of relative differences in

virus concentration.

Table 3. Average number of lesions/leaf induced by different
dilutions of PAMV on C. amaranticolor?®.

Lesions/Leafb
Dilution of

test inoculnum Standar?:gilution Test inoculum
o] 96 152
1/5 o 102 ' 153
1/10 94 121
1/20 68 96
1/40 , 89 23
1/80 76 . 7 ~
1/120 99 0

2 Each inoculum was compared with a standard dilu-
tion in alternate leaves on 14 plants.

“»
b Lesions/Leaf is the average count from a total
of 42 leaves.

Virus Concentration in Various Hosts

It has been shown that different hosts differ greatly
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in support of virus multiplication under identical conditions,
although théy are symptomless hosts (5). An attempt was made
to determine the relative virus concentration in different
hosts under the same conditions. All test plants employed in
these experiments were grown in 4-inch pots filled with a
3:1:1 mixture of composted soil, peat and sand in a greenhouse
at a temperature of 25«30 C until they reached a suitable.
size for inoculation. The daylight in the greenhouse was
generally extended to 1% hours by a row of 150-watt incandescent
bulbs or fluorescent lights suspended above the bench.
Inoculum prepared from tomato plants infected with PAMV was
rubbed onto leaves of test plants. The inoculated plants

were kept in the greenhouse for approximately two weeks and
then were checked for the presence of virus by inoculating
pepper plants. When the presence of virus in fhe inoculated
plants was demonstrated, inoculum prepared from those hosts

at a dilution of 1:10 was inoculated onto 30 alternate leaves

of 10 C. amaranticolor plants. At each assay, inoculum ob-

tained from potato plants infected with virus at the same
dilution was rubbed onto another 30 alternate leaves of the
same group. The results as shown in Table 4 indicate that
the relative virus concentration in tomato, tobacco, and P.
floridana are considerably higher than in Petunia. In terms
of virus content, they are a good source of virus for the

preparation of virus extracts.
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Table 4. Relative virus concentration in various hosts.

Average No. of lesions per leaf

Test Plants Inoculum (1:10) from

test plants potato?
Tobacco 101 96
Tomato 186 102
Physalis floridana 129 94
Petunia hybrida 69 ‘ 109

Inoculum from infected potato plants was used
as a standard.

Effect of Temperature on Virus Multiplication

Difficulties of recovering virus from tomato and
tobacco plants which were previously infected with PAMV
had been encountered when the infected plants were kept in
the greenhouse where the temperature sometimes reached above
35 C during the summer time. When virus extracts prepared
from infected tomato or tobacco plants which were kept in
the greenhouse during midsummer were inoculated onto C.

amaranticolor, only a few local lesions resulted, and in

some cases no lesions déveloped at all. This evidence
indicated that temperature plays an important role in virus
multiplication. An experiment was designed to determine the
exact effect of tempefature on virus multiplication. Four
temperature~contrelled growth chambers which were maintained
at 19, 25, 30, and 35+ C during the light period were used

for this experiment. Each chamber had 16 hr .of 1light daily.
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Light was from fluorescent tubes supplemented with light
from incandescent bulbs. The dark period temperature was
about 5 C below the temperature of the_iight reriod in each
chamber. The light intensity was 230 ft-c., The inoculated
plants were maintained in the growth chambers and assayed
for virus concentration every 3 days. Inoculum at a dilution
of 1:5 with 0.05 M phosphate buffer was used throughout the
course of this experiment. The multiplication of virtis in
tomato, tobacco, and other plants was determined by interval
assay. Based on the results presented in Table 5, it was
concluded that both low and high temperatures inhibit virus
multiplication, but high temperature had the greater effect.
If the infected plants which had been previously kept
in a high tempergturp (above 35 C) were returned to a growth
chamber which was maintained at 25 C, the rapid virus multi-
plication could be detected within a short period of 9 days.,
It»is obvious that high temperatures prevent virus multipli-

cation but do not inactivate the virus.

Effect of Buffer Molarity and pH on Extraction

of Virus

Experiments were conducted to determine buffer
requirements necessary for retaining a high virus concentra-
tion in the extract.

Buffer concentration Leaves from one tomato

plant infected with PAMV were removed and used as the only
source of virus in this experiment to avoid variability in

virus content. Samples of infected tissue were homogenized



Table 5. Effect of temperature on concentration of PAMV

in tomato and tobacco.

Average No. of local lesions

Host .Days af?er from plants grown at@
inoculation 15 ¢ 55 C 50 ¢ 35T C
Tomato 6 (o} 4 1 0
9 8 bo 18 o]
12 8 109 57 3
15 34 128 73 0
18 67 121 81 2
21 72 190 70 4
24 65 187 67 o)
Tobacco 6 o] 0 o
9 2 21 1
12 4 81 36 0
15 22 98 67 6
18 57 103 76 0
21 48 96 64 3
24 39 97 58~ 4

a
Average number of lesions per leaf (18 leaves).
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with 8 volumes (w/v) of distilled water and phosphate buffer
of varying molarities at pH 7 in a mortar with pestle. The
macerated samples were filtered through a double laver of
cheesecloth and the infectivity of each virus extract was

assayed on C. amaranticolor. The relative virus concentra-

tion in each preparation was determined by the number of local

" lesions produced on C. amarantjcolor. The yield of virus,

as shown in Fig. 5, was not significantly affected by  the buf;
fer molarities at the.range tested.

Buffer pH : A similar experiment was performed with
constant molarity (0.05 M) and varying pH to determine the
optiﬁum pH at which the most virus could.be extracted from
infected tissue, and the largest number of local lesions

induced on C. amaranticolor. It was found that the highest

infectivity, as indicated in Fig. 6, occurred between pH 6-8,

and gradually decreased with increasing acidity or alkalinity.
Purification

Purification is a necessary step for the investigation
of -the chemical nature of a virus. Basically, purification
of plant viruses is a problem of protein chemistry since
rlant viruses consist predominantly of protein. Therefore,
protein fractionation techniques are commonly employed for
plant virus purification. Furthermore, viruses are macromole-
cular substances which can be sedimented in a high gravita-
tional field whereas noninfectious protein can not. A broad
spectrum of techniques has been described in detail by various

authors (7, 20, 23, 40, 48, 49, 51, 52, 54, 56). A number
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Fig. 5 Effect of buffer molarity at pH 7

on infectivity of PAMV on C. amaranticolor at a di-
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the mean number of local lesions per leaf bascd cn
a total of 18 leaves.
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of these technidues were employed for the purification of
PAMV in this investigation. Sap from tobacco plants infected
with PAMV was used as a source of virus in all purification
experiments since it was easily clarified in the preliminary
extraction. All trecatments of the virus extract were carried
out in an ice-cooled water bath to avoid the possibility of
high tempecrature inactivation. The purified virus obtained
through different procedures was kept in screw-cap culture
tubes or sealed in ampules, quick-frozen in a dry ijce-alcobhol
bath, and stored in a dry ice chest. The Ouchterlony (56,
57, 60) double diffusion test was used to determine the
antigenic‘purity of virus preparations prepared by the vari-
ous methods.

Butanol and chloroform emulsions : Steere (48),

in 1956, indicated that infectious sap treated with two volumes
of 1:1 mixture of n-butancl and chloroform was free from
noninfectious protein . . other cell components. This technique
was first used in an attempt to purify PAMV-M. Leaves from
infected tobacco plants were homogenized with two volumes

(w/v) of 0.05 M neutral phesphate buffer in a cooled chamber

of an Omni-mixer and tﬁéﬂéap was extracted manually by
squeezing through a double layer of cheesecloth. Two vﬁlumes
(v/v) of cooled 1:1 mixture of n-butanol and chloroform at a
temnerature of 5 C were added dropwisé, and stirred continuous-
ly. The resulting emulsion was separated into three layers

by low speed centrifugation for 30 min at 1,000 rpm in a

Servall refrigerated centrifuge. The top agqueous layer was
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removed and stored at 5 C. After én exposure of 6 hr af

5 C the suspension containing denatured protein was recen-
trifuged at 5,000 rpm for 30 min. The resulting supérnatant
was subjected to several cycles of differential centrifugation
as indicated in Fig. 7. These procedures, which essentially
followed those of Steere (48), led to complete loss of

virus infectivity. None of the pepper or C. amaranticolor

plants inoculated with purified virus which was obtained
from the above jprocedure showed symptoms.

Tremaine and his coworkers (58), in 1964, reported
that infectivity of prune dwarf virus was lost when it was
extracted from petals with phosphate buffer containing 0.02
M sodium diethyldithiocarbamate (DIECA) and 0.02 M thioglycolic
acid (TG) at pH 8, but serological activity was not lost.
Bawden (4), in 1964, made a similar statement. In view of
tihis fact, virus purified tlhirough these processes without
showing infectivity was injected intrawusuclarly into rabbits
for the seroclogical analysis.

DEAE-Sephadex purification : NDEAE-Sephadex (Diethylamin-

oethyl-Sephadex) is an anion exchanger for ion exchange
chromatography. At the outset, it was thought that the DEAE=-
Sephadéx could be used to free virus from both color pigments
and noninfectious proteins at a certain buffer molarity of

a given pl. Experiments were performed to determine optimum
buffer molarity at which the pigments and noninfectious
proteins could be adsorbed.onto DEAE~Sephadex,. leaving the

virus in the supernatant. Each 10-g sample from a tobacco
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Virus Extract
butanol-chloroform (2 vol)
clarify 30 min 5,000 rpm

Solvent phase Interphase Agueous phase

6 hr at 5 C
clarify 30 min

5,000 rpm
f
Supernatant - Pellet }
Centrifuge 30,000 rpm 2 hr
Supernatant

pellet resuspended
in 0.05 M buffer

Centrifuge 3,000 rpm 15 min

Pellet
supernatant

Centrifuge 40,000 rpm 50 min

Supernatant

pellet resuspended
in 0.05 M buffer

Centrifuge 3,000 rpm 15 min

Pellet

supernatant

Centrifuge 40,000 rpm 50 min

Supernatant

pellet resuspended
in 0.05 M buffer

Centrifuge 3,000 rpm 15 min

Pellet

Purified wvirus

Fige 7. Purification ﬁrocedures for butanol-
chloroform treatment.
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plant infected Qith PAMV was macerated. in 30 mi neutral phos-
phate buffer of varying molarities. The pulp was extracted
through a double layer of cheesecloth and the extract was
centrifuged for 30 min at 8,000 rpm to free it from all
chloroplasts or chlorophyll-containing materials since DFEAE -
Sephadex did not adsorb chloroplasts at the molarities tested.
It waé found that chloroplasts or chlorophyll-containing
materials could be easily eliminated from extracts prepared
from youny tobacco plants in this process. The supernatant
wés-mixed with 0.5 g DEAE-Sephadex for 3-5 min and then the
treated juice was filtered through a folded filter paper into
a suitable container. The filtrate was divided into two

portions, one of which was used to inoculate C. amaranticolor

and pepper plants and the other part was subjected to high
speed centrifugation for 1 hr at 40,000 rpm. Suspensions
resulting from homogenizing the first high speed pellets

were reinoculated onto pepper and C. amaranticolor. The

‘results as shown in Table 6 reveal that buffer concentration
is a critical factor for clarification of infective sape.

When the buffer concentration was below about 0.005 M, both-
virus and noninfectious material were adéorbed onto DEAE~
Sephadex, leaving an almost noninfectious filtrate. The
appearance of high speed pellets after ultracentrifugation
could be demonstrated only from fiitrates which showed
infectivity when they were assaved on indicator plants. This
experiment clearly demonstrated that DEAE =Sephadex can be
used in aiding purification of some chemically sensitive

viruses.



Ly

Table 6. Effect of buffer molarity (pH 7) on adsorption of
PAMV from DEAE-Sephadex.

Infectivity of supernatant Appearance of pellets

Molarity a after ultracentrifugae-
Pepper C. amaranticolor tion (45,000 rpm for
1 hr)P®.
0.2 5/5 69 ++
0.1 5/5 75 +4++
0.05 5/5 59 +4+
0.01 4/5 6 ' +
0.005 2/5 2 ?
a

Infectivity on pepprer is indicated by number

of plants showing top necrosis/number of plants inoculated.
The number of local lesions produced on C. amaranticolor

is recorded. -

++4+ = large pellety ++ = small pellet;
+ = nearly none.

For the purification purpose, a buffer concentration
at 0.1 M was selected. Virus solution obtained through
filtration of infectious sap which was treated with DEAE~
Sephadex was =subjected to differential centrifugation
as indicated in Fig. 8. The pellets resulting from the first
ultracentrifugation were homogenized with 1/10 of.initial
volume of 0.05 M phosthate buffer andAallowed to stand at
'5 C for at least 1 hr. The suspension was then centrifuged
15 min at 3,000 rpm, the pellets were discarded and the
supernatant was termed as partially purified virus. The
partially purified virus solution was divided into two equal
parts, one of which received two additional differential
centrifugations as indicated in Fig. 8, while the remaining

part was subjected to acid preciptétion treatment. For the
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pﬁrpose of acid preciptation the partially purified virus
solution was kept in an ice-cooled bath and its pH was
lowered to 4-5.by dropwise addition of 10% acetic acid with
constant sﬁirring. The acidified solution was centrifuged
immediately for 20 min at 10,000 rpm. The supernatant was
removed and adjusted to pH 7 with 10% ammonium hydroxide
and was assayed on pepper plants. The’pellets resulting
from acid preciptation were resuspended in 0.05 M phosphate
buffer, made up to its original volume, and clarified by low
speed centrifugation. The clear supernatant was subjected
to another cycle of differential centrifugation (Fig. 8).
The purified virus resulting from both differential éentri—
fnSafion and acid preciptation was infectious (Table 7).

Table 7. Acid preciptation of PAMV in partially purified
preparation from DEAE-Sephadex treatment at pH 5.

Number of penper plants shcwing TNa/number of plants
inoculated

Supernatant Pellet

2/10 10/10

& N = Top necrosis in pepper plants.

Butanol method: Kellmer and Larson (32) reported

that the "Butanol Method" used by Tomlinson, Shepherd and
Walker (56) for the purification of Y-strain of CMV was
successful in partially purifying isolate 1 of PAMV, and the
high speed pellets obtained from this method were highly

infectious. An attempt was made to purify this wvirus by this



Filtrate of DEAE-Serhadex treated infectious sap

Centrifuge 30,000 rpm 2 hr

Supernatant

pellet resuspended
in 0.05 M buffer

Centrifuge 3,000 rpm 15 min
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lPellet

Supernatant

1

Centrifuge 10,000

rpm 60 min
pellet resuspended
in 0.05 M buffer

Centrifuze 3,000
rpm 10 min —

Fupernatant

Centrifuge 40,000
rom 60 min

Pellet

N

}Supernatant

hellet resuspended
in 0.05 M buffer

Centrifuge 3,000 rpm
10 =»in

Purified virns

Fig. 8. Procedures

‘Eellet

Acidify to pH 5

Centrifuge
10,000 rpm
20 min

Supernatant

pellet resus-
pended in 0.05M
huffer

Centrifuge
3,000 rrm
10 min

Pellet
supernatant

Centrifuge
h0,000 rom
60 min

Bupernatant

ellet resus-
pended in 0.05 M
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Cehtrifuge
3,000 rpm
10 min
Pellet

Purified virus

for DEAE-Sephadex purification
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method. Fifty grams of infected leaves from tobacco plants
infécted with PAMV were homogenized, and the pulp was filtered
through glass wcol. Butanol was added dropwise to the fil-
trate to give a final ccencentration of 8.5%, and the filtrate
was stirred for an additional 3C min in an ice-cooled water
bath. The solution was then centrifuged for 15 min at 5,000
rpm, the residue discarded and the supernatants were dialyzed
against 0.05 M phosphate buffer for 8 hr at 5 C. After dialysis,
the solution was centrifuged at 5,000 rpm for 10 min. The
resulting supernatant was subjected to one.cycle differential
centrifugation to obtain partially purified wvirus. The so-
lution of partially purified virus was acidified by lowering
the pH to 4-5. Pellets obtained from centrifugation of
acidified virus solution at 10,000 rpm for 20 min'were re-
suspended in 0.C5 M phosphate buffef and fellowed by another
cycle of differential centrifugation. Detail of these pro-
cedures is presented in Fig 9. Purified virus resulting from
this method was infectious, but not as infectious as that
from DEAE~Sephadex method.

Bentonite purification : Dunn and Hitchborn (20),

in 1965, used purified magnesium bentonite for purification
of a number of plant viruses. The preparation of magnesium
bentonite in the present study followed essentially the

method described by Dunn and Hitchborn. One hundred grams

of crude bentonite obtained commercially was suspended in
-
2 liters of solution containing 10 © M phosphate buffer at

pH 7.4. The mixture was shaken for 2 hr in a gyratory shaker,




Leaves homogenized in 4 vol of 0.05 M phosphate

Centrifuge 3,

buffer at pH 7

000 rpm 10 min|

Centrifuge 5,

Discard pellet

8.5% butanol stir 30 min

000 rpm 15 min

Discard pellet

supernatant

Centrifuge 30,000 rpm 2 hr

Discard supernatant

pellet resuspended in 0.05 M buffer 2 hr

Centrifuge 5,000 rpm 10 min

l Discard pellet
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pellet resuspended in 0.05 M buffer
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000 rpm 10 min
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Purified virus
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Fig. 9 Procedures for butanol methoed purification.,



and it was then centrifuged for 1 min at 1,500 rpm. The
resulting supernatant was recentrifuged for 15 min at
2,000 rpm and the pellets were added to 1 liter of solution
containing 10~3 M MgSOy4 and 10-3 M phosphate buffer and
shaken again for 2 hr. The low and high speed centrifuga-
tions were repeated once and finally the pellets were
suspended in 500 ml of the above 10=3 M salt mixture. The
bentonite salts suspension was mixed with an equal volume
of 90% ethancl and centrifuged at 2,500 rpm for 10 min.
The pellets were washed once with 90% ethanol. The henionite
suspension was adjusfed.so as tco contain 50_mg per ml in
a solution of 5 x 10"3 M MgSOy, and 5 x 10-2 M phosphate
buffer; and stored until required.

feaves of tobacco plants infected with virus were
ground with 2 volumes of phosphate buffer with varying
molarities at plH 7f The pulp was centrifuged at 5,000 rpm
for 30 min to sediment all cell debris. The virus extract
was then mixed with 1/5 vol of purified magnesium bentonite
obtained previously. The mixture of virps extract and mayg-
nesium bentonite was centrifuged at 5,000 rpm for 30 min.

The resulting supernatant was assaved on C. amaranticolor

and repprer plants. The virus in the low speed pellets could
be eluted by resuspending it in 0.1 M rhosphate buffer. As
indicated in Table 8, when the bhuffer concentration was below
0.005 M, most of the virus and host materials were adscrbed
onto bentonite, leaving a nearly noninfectious supernatant.
This experiment demonstrated again that buffer concentration

was a critical factor for the hentonite adsorption test.
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Accordingly, rhosphate buffer at a concentration of
0.05 M was selected for purification of virus, using bhentonite.
At this concentration, green*hést materials were adsorbed onto
bentonite and sedimented., The supernatant resulting from low
speed centrifugétion of a mixture of virus extract and ben-
tonite was subjected tO'kﬁree cycles of differential centrifu-
gation. The detailed procedures are illustrated in Fig. 10.
The wvirus purified through these processes was clear and
infectious.
Table 8. Lffect of molarity of phosphate buffer (pH 7)

on adsorption and elution of potato aucuba
mosaic virus from purified magnesium bentonite.

Buffer conc. Supernatant Pellet Elution

used in prep- Lesions/ Top necro- Lesions/ . Top ne-

aration of lJeaf on C. sis on leaf on C. crosis_ on

virus extract amaranticolor?® pepperb amaranticolor® pepper
0.2 M 86 6/6 5 6/6
0.1 M 104 6/6 4 6/6
0.05 M 139 6/6 5 6/6
0.01 Me 20 6/6 50 6/6
0.005 M 11 6/6 59 6/6
0.001 M 9 6/6 56 - 6/6

a .
Average lesion counts based on 18 leaves.

b Ratio of number of inoculated plants showing

top necrosis/number of plants inoculated.

Hvdrated calcium nhosphate purification: Fulton

(23), in 1959, indicated that cherry necrotic ringspot and
prune dwarf viruses were adsorbed onto hydrated calcium

phosphate ( HCP ) in 0.002 M phosphate buffer at pH 7.5 but
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Virus extract from infected tobacco leaves

add 20% purified
magnesium bentonite

Centrifuge 5,000 rpm 30 min
Pellet
supernatant
Centrifuge 30,000 rpm 2 hr
' L§gpernatant

Centrifuge

pellet resuspended in 0.05 M
phosphate buffer

3,000 rpm 15 min

Centrifuge

Pellet
supernatant

4,500 rpm 50 min

l Supernatant

ellet resuspended in 0.05 M buffer

Centrifuge 3,000 rpm 15 min
Pcllet
supernatant
Centrifuce 45,000 rpm 50 min
Supernatant

Centrifuge

PeJlet resuspended in 0.05 M buffer
3,000 rpm 15 min

|__Pellet

Purified Virus

Fig, 10 Procedures for bentonite purification of

virus.
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failed to be adsorbed in 0.003 M buffer. An attempt was made
to employ this technigue for the purification of PAMV. Hydra-
ted calcium phqﬁphate was prepared by adding an equal volume of
0.1 M calcium phosphate to 0.1 M solution of NasHPO,, and
allowed to stand at room temperature for 4 hr. The super-
natant was removéd, and the white flocculent precipitate was
washed 15~20 times to remové soluble salts. Finélly, the

white precipitate was packed by centrifuging at 2,000 rpm

for 10 min. The resulting gel-like HCP was stvored until
required,

Leaves from plants infected with PAMV were homogenized
in 20 vol (w/v) of phosphate buffer (pH 7) containing 10% HCP
with varying wmolarity. The pulp was centrifuv_ed at 5,000 rpm
for 30 min. The resulting supernatant was assayed on pepper

and C. amaranticoler to test for infectivity, and centrifuged

at QS,OOO'rpm for 1 hr determining the appearance of pellet.
It was found that larage high-sneed rellets could result only
from supernatants which were highly infectiocus. However, a
high-speced pellet did occur when the buffer concentration was
below 0.001 M but it appeérnd arecn in color and contained
chloroplast fragments and other chlorophyll-containing sub-
stances ( Table 9 ).

It appeared that buffer concentrations of 0.1 M and
0.05 M were =atisfactory for HCP purification. Therefore,
virus extract resulting from homogenizing infected tissue
with 20 vol (w/v) of 0.05 M phosnhate buffer containing 10%

HCP was centrifuged at 5,000 rpm for 30 min, and the resuvlting
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supernatant was sub jected to 2-3 cycles of differential
centrifugation as indicated in Fig. 11. The purified virus
resulting from this method was clear and highly infectious.

Table 9. Effect of concentration of phosphate buffer (pH 7)
containing 10% HCP (v/v) on adsorption of PAMV.

Buffer concen- Infectivity of High speed pellet

trations of virus supernatant resulting from ultra-
1:20 (w/v) extract P ' € Lng Lro
centrifugation of
supernatant
Pepper C. amaran- Pellet Infectivity
ticolor '
0.2 M 6/6 59 + +
0.05 M 6/6 51 + +
0.01 M 1/6 3 - -
0.005 M 1/6 1 - -
0.001 M - 4/6 6 +(green) +
Sephadex gel filtraticen : Sephadex gel filtration

is a relatively recent innovation .-in separation and frac-
tionation of macromolecules and particles. The use of
Sephadex in gel filtration was first>introduced by Porath
and Flodin (40). The principle of separation (54) is based
on difference in molecﬁlar weight and size of substances to

be fractionated. Sephadex in the gel acts as a molecular
sieve. Sephadex is made by cross linking the polysaccharide
dextran. Thus, it consists of a threé—dimensional network
of polysaccharide chains. A high degree of cross linkage |
gives a compact structure with low porosity, and a low

- cross-linkage gives a highly porous structure. The porosity



]"i& .

11

54

Infected tissue

Centrifuge

3,0

homogenize with 20 vel (w/v)
of 0.05 M phosphate buffer
containing 10% HCP

Centrifuge

30,

00 rpm 30 min

‘ Pellet
supernatant
000 rpm 2 hr

Centrifuge

3,0

Supernatant

nellet resuspended in 0.05 M
puffer

00 rpm 15 min

Centrifuge

Pellet

ks,

upernatant

000 rpm 50 min

Centrifuge

4
3,0

Supernatant

rellet resuspended in 0.05 M
buffer

00 rpm 15 min

Centrifuge

145,

Pellet

supernatant

000 rpm 50 min

Centrifuge

3,0

Supcrnatant

rellet resuspended in 0.05 M
buffer

00 rpm 15 min

Pellet

Purified virus

Procedures for HCP purification.
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of cross linkage determines the nature of separation.
Molecules of larger dimension than the mafrices of the gel
particles do not penetrate the swollem gel and are completely
excluded from the gel. These excluded molecules migrate
without retention in the interstitial fluid. On the other
hand, smaller molecules can penetratec the gel to an extent
which is determined hy their molecular dimension and degree
of porosity of gel particles. In a packed column, the non-
penetratiﬁg particles remain in the interstitial volume and
appear in the effluent following an elution volume equal to
the void volume of the column. Smaller molecules appear in
a larger volume of eluent, depending on their degree of pene-
tration. When a volume equal fb the total solvent volume of
the column has been reached, all solutes have been eluted
from the column, except when adsorption has occurred.

The ecxclusion limit of dextran homologues varies
with types of Sephadex which differ in porosity. Sephadex
G-200 was employved in this experiment and its exclusion limit
is 200,000+, This means that meolecules with a molecular weight
of more than 200,000 will be completely excluded from pene-
trating the gel. Particles with molecular weight less than
200,000 penetrate the gel and migrate through it at different
speeds and finally appear in the eluate in the order of de-
creasing molecular weight (Fig. 12).

The reason for using this technique in purification
of PAMV was that viruses are macromolecules with molecular

weights much higher than 200,000, and they should be com-



Fig. 12 Diagram illustrat-
ing the principle of gel filtration
in a bed of gel particles. Three
kinds of solute molecules move faster
with increasing size and consequently
lower permeability. The direction is
downward.
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pletely excluded from penetrating the gel and should

appear in the effluen% first, and thus result in separation
of.virus from substances which have molecular weights below
200,000.

(1) Theory of gel filtration : A Sephadex—packed

column is made of gel matrix (Vg) and water (or buffer).
Water in the column consists of two parts : the internal
water (Vi) which is inéide the gel granules and the external
water (Vo) which is outside the gel granules. Thus the total
volume of the column = Vo ; Vi + Vg.

The appearance of molecules which are completely
excluded from penetrating the gel in th; eluate is determined
by void volume (Vo). This simply means that excluded molecules
will appear in the effluent after a volume Vo while the non-
excluded molecules appear after an additional volume of Vi.
When abvolume equal to the total solvent volume is reached,
all solute molecules have been eluted from the column, except

when adsorption has occurred.

(2) Packing of column : In order to get good results,

a carefully packed ceclumn is absolutely necessary. The column
employed in our laberatory was prepared by adding dry Sephadex
G-200 to an excess amount of 0.005 M phosphate buffer pH 7.5
and the Sephadex allowed to swell until equilibrium was
-attained. Swelling of gel particles took a minimum of 24 hr.
After complete swelling, the supernatant shculd be decanted to
remove the finest yel particles, and the homogenous suspension

- transferred to a 2.5 x 55 cm chromatographic tube through a
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funnel. The best racking was obtained by mounting the tube

in a vertical position and filling it to about 1/3 of its
height with buffer. A funnel was then placed on top of the
tube and the suspension was slowly added to the funnel. Gel
yranules gradually sedimented to the bottom of the tube.

&;eﬁ a column of 2-5 cm was formed, the orifice at the bottom
of the tube was gradually opened to allow a slow flow of
buffer. After the formation of a uniform column, a circle of
filter paper, made to fit the inside diameter of the tube was
placed on the top of the column to protect the upper surface
from disturbance during sample introduction, The column
shonld be washed thoroughly with buffer, and the buffer

never allowed to drain below the top surface.

(3) Preparation of sample: Young leaves from tchacco

plants previously infected with PAMV were macerated with an
equal volumne of 0.1 M phosphate buffer (pH 7) containing G.1

M NaCl. Juice was extracted from npulp by saueezing tnrough

a cdcuble laver of cheesecloth and clarified by centrifuging

for 30 min at 5,000-8,000 rpm. Virus extract prepared in this
manner shonld be completely free from chloroplasts. TIf infect-
ed leaves from old tobacco plants were employed, higher ho]ari—
ties of both nhosphate buffer hnd sedium chloride were necessary
to eliminate the chloroplasts or chlorophyll-containing sub-
stance.

(4) Introduction of sample: Buffer solution

above the surface of the column was removed by pipette

just to the level of the upper surface of the column. The
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5=-7 ml sample to be fractionated was then slowly pipetted
onto the filter paper disc resting on the surface of the
column, by placing the outlet of the pipette immediately
above the filter paper, VWhen all the sample had entered

the column, a small volume of buffer was added in the same
manner and allowed to enter the gel surface., A larée amount
of buffer was then added to the tube to start elution.

(5) Collection of sample : Before introduction of

the sample,; the column waé.attached to a Gilson Medical
Electronics fractién collector, adapted with a UV photometer
(265 mu) and a recorder, since viruses abhsorb this wave

length (Fig. 13). The virus sample which was eluted from

the column entered the collecting chamber in the ultraviolet
photometer (265 mu) which gave an output to drive a recorder.
Continuvous flow of virus through the UV photometer resulted

in peaks on the recorder. The details of these processes -
arc illustrated in Fig. l4&. Samples under the peak areas were
automatically collected through the collector and assayed

for infectivity on indicator plants. Two peaks (Fig. 15)
which showed 265 mu UV absorption spectra were recorded on

the recérder. The first one was a clear solution and

appeared about 50 min after introduction of the éample,

while the second cne was a yellowish-brown solution which

came out slowly and continued for more than 2 hr. However,

if the crude virus extract was centrifuged for 50 min at
30,000 rpm and the pellet resuspended before it was introduced

onto the column, the second peak was eliminated. Refractionation




Fig. 13 Apparatus used  for gel
filtration and fractionation. A: Sephadex
column; B: UV photometer; C: fraction -
collectory D: recorder.
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Fig. 15 Separation of PAMV from chloroplast-
free infectious sap in a Seprhadex column. The frac-
tion is recorded through UV photometer at 265 mu. The
first peak is virus, and the second peak (yellowish-
brown solution) contains substances with a molecular
weight of less than 200,000,
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of samples which were previously collected under the first
peak area resulted in a symmetrical peak (Fig. 16). The
infectivity tests (Table 10) indicated that samnles from the
first peak contained virus, and samples from the second one
occasionally caused top necrosis on pepper. It is probable
that infection from the sample under the second peak was due
to either contamination or small fragments of virus particles
which were still infective.

Table 10. Infectivity of samples collected from Sephadex
gel filtration under 265 mu absorption spectrum.

Infectivity
Fraction Pepper - C. amaranticolor?
Fraction I _
(clear solution) 20/20 91
Fraction II
(Yellowish-brown solution) 4/20 13

Average counts of a total of 50 leaves.

Samples collected under the first peak area were
centrifuged at 30,000 rpm for 50 min. The resulting pellets
were homogenized in 0.05 M phosphate buffer and recentrifuged

5,000 rpm. The supernatant (partially purified

15 min at
virus) was subjected to acid precipitatibn treatment to
precititate the virus from solution, This was done because the
same kind of preparation from healthy tobacco plants also
showed the same UV absorption spectrum at 265 mu. The puri=
fied virus solution fesulting from acid precipitation was

clear and infectious.
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Fig. 16 Symmetrical pattern of refrac-
tionation of sample which was previously collected
from first peak.
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Within a period of 4 hr, a total of 3 columns could be
finished =since only the samples under the first peak were
collected. When samples from the first peak were completely
collected, the column was replaced with another and a new
sample was introduced. -

Steere (52), in 1962, reported that tobacco mosaic and
southern bean mosaic viruses can bhe sepnrated, using a 4%
agar granule column. In view of this fact, PAMV purified
through Sephadex gel filtration was introduced crito ‘an agar
column. A symmetrical curve resulted which appeared in the
eluent at about the same time interval as when the Sephadex
column was used. The agar column used in the present study
was prepared by autoclaving a 4% agar suspension at 15 1b for
30 min, after which it was a;lowed to gel, then chopped into
small pieces and sorted by washing through sieves to obtain
the granules which passed through a 40 mesh but not through
a 60 mesh screen. The agar granule suspension was packed
énd washed in a chromatographic tube in the same manner as

that for the Sephadex column.
Serology Experiment

The Ouchterlony agar double diffusion test (57, 60)
was employed to determine the purity.of the antigenic virus
breparation and the identity of two virus isolates which
were used in the present investigation.

Antigen preparation: Purified virus obtained from

different purification methods was used for immunization of
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experimental animals.

Immunization of experimental animals: Gelatinous

aluminum hydroxide was used as an adjuvant throughout all
immunizing processes. The adjuvant was prepared by addition
of 13.9 g of aluminum hydroxide *to one liter of sterile
distilled water and adjusted to pH 7. One part of antigen
preparation was mixed with 10 parts of aluminum hydroxide
solution, anﬁ the mixture was administered to the rabbit
subcutaneonsly. A total of four injections was given at
weekly intervals in all cases except with the Sephadex yel
preparation which was injected every three days. Rgbbits were
bled from the heart one week after the last injection., Anti-
sera against different virus preparations were secured and
stored in ampules or screw-cap culture tubes in a dry ice

chest,

Preparation of Ouchterlony agar plates: Ouchterlony

agar plates were prepared with an autoclave médium consisting
of 1% agor in 0.005 M citrate neutral phosphate buffer to

which was added either methiolate to give a final concentration
of 1:10,000 or sodium azide at a concentration of 1:%4,000,.

Ten ml of this medium was added to a small petri plate (65 x

16 mm) and allowed to solidify. Reservoir holes in which
antiserum and antigen were to be placed were then cut with

No. 2 and No. 3 cork borers, respectively, and the plugs

were removed from the agar. A small amount of melted agar

was then added with a pipette to the bottoms of the holes to

prevent the liquid reactants from spreading between the glass
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and the agar. The pattern of the holes, as generally
arranged, is illustrated in Fig. 17. The distance between
the edge of the center antiserum hole and the edge of each
‘peripheral antigen hole was 10 mm.

Ouchterlony agar double diffusion test: The 0.005 M

citrate neutral phosphate buffer was used as a diluent for
all the reagents in this test. The peripheral antigen holes
were filled with crude sap- of varying dilutions prepared
from tomato or tobacco ﬁlants. Three drops of antiserum

at different dilutions were rlaced in the center holes by
means of a capillary pipette 24 hr after the antigen was
introduced into the peripheral holes. This was delayed
because long-rod virus particles migrate very slowly, and
the baﬁd formed between antigen and antiserum would otherwise
be too c¢lose to the outer peripheral hole. A control test
was set up by replacing antigenic virus with healthy plant
sap. The nlates were kept in a moist chamber at room tem-
perature to allow diffusion of the two reactants. They were
examined Tor four weeks by observing for the formation of a
precipitation band between antigen and antiserum (Fig. 17).
The results of this experiment are presented in Table 11.

No precipitation bands were formed in the plates containing
antiserum obtained from the rabbit which was injected with
butanol-chloroform preparation. More than one band occurred
betwgén antigens‘and antisera which were prepared from in-
je;;ién of bentonite and HCP preparations, respectively.

Virus preparation for DEAE-Sephadex treatment appeared to be



Fig. 17 Ouchterlony agar diffusion test
demonstrating reaction between antigen and anti-

serum. V31 = undiluted extract from tomato plants
infected with PAMV; V, = 1:2 dilution; V3 = 1l:4

dilution; H = extract from healthy tomato plant
(undiluted).
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the best method for purification since only one band was ob-
served consistently between antigen and antiserum. The
Sephadex gel filtration and butanol methods gave good results
also, but an additional band was observed once.

Table 11. Infectivity and serclogical activity of various
purification preparations.

Infec- Antigen- Pattern of
Manner of preparation -~ tivity antibody precipitin band
reaction

Butanol-chloroform - - No band
DEAE-Sephadex + o+ 1 band
DEAE~Sephadex and Acid

ppte. + + 1 band
Purified magnesium

bentonite + + 2-3 bands
Hydrated calcium '

phosphate + + 2 bands
Sephadex yel fil-

tration + + 1 band 2
8.5% Butanol + + 1 band ?

Serological Tdentity of PAMV-M and PAMV-C

An experiment was ﬁefformed to determine the serological
relationship of the two virus isolates used in the present
studjes.‘ This was determined by using antiserum against
DEAE-Sephadex purified aucuba mosaic virus. A band formed
in the appropriate rone between reservoirs containing PAMV-~-M
antiserum and antigen prepared from. tobacco or tomato plants
infected with PAMV-C, indicating a positive relationship between

these two virus isolates.
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Ultraviolet Absorption Spectra of Purified Virus Preparation

The ultraviclet absorption of virus which was
prepared from DEAE-Sephadex purified method was determined
with a Beckman DU spectrophotometer in 0.05 M phosphate
buffer at pH 7. The virug arreared to give a typical
nucleoprotein absorption curve with maximum near 260 mu

and minimum near 240 mu (Fig. 18).
Electron Microscopy of PAMV

An electron microscopic study of PAMV, indicating
flexible rod shape, was made by Paul and Bode (38) using
Johnson's (28) crude exudate method. No such observation
had been made using purified virus preparation in the past.
The purpose of the present investigation was designed to
reevaluate the morphology of PAMV by using a purified virus

rreparation.,

Preparat%pn-of supporting film: Specimen support
films can be prepared from many different materials. The
filmimused in this study were prepared from Formvar (Polyvinyl
formal). The film was formed on a standard 1 x 3 incﬁ
microscope slide by dipping the slide into a 0.125% soluticen
of Formvar in dichloride ethylene and held there for a few
seconds. The slide was then withdrawn and drained as quickly
asg possible. The flat>plane of the glass should be held
vertically, the long axis of the slide shouid be held obliquely
so that excess solution drains quj;kly across the short axis

of the glass. After a film was dried on the glass surface,
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Fig. 18 Ultraviolet absorption spectra
of purified preparations of PAMV in 0.005-M
phosphate buffer at pH 7.
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a rectangular score marked close to the edges of the glass
was made with a sharp scalpel around the area that was to be
removed. The film was floated off the slide on a distilled
water surface. For the convenience of film observation, a
container with black bhackground was preferred. Grids with
200 wire mesh were placed in rows on top of the floating
film. The floating film with grids on it was picked up by
dropping a strip of filter(paper on top of the film, after
which it was removed and dried (39,A50).

Specimen preparation: The purified virus sclution

was sprayed on the prepared grids with a de Vilbiss nebulizer
and allowed to air dry. The droplets thus precduced were
small and dried quickly.

Shadow casting and morphological examination: The

specimen prepared previocusly was shadowed with uranium in
a vacuum chamber. A tungsten filament mountéd in the vacuum
chamber containing uranium metal was heated to a temperature
sufficient to evaporate the introduced metal. The specimen
was placed so that its surface formed an acute angle with
the filament in all directions and the evaporated metal was
deposited on the surface of the substance with which it came
in contact. This shadow casting process daused a signifiéant
improvement in contrast in the specimen when viewed with the:
electron microscope. |

A preliminary morphological study was also attempted,
using Johnson's crude exudate method. Water line pressure

(Fig 19) was applied to the bottom of a cut shoot of a tomato
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Exudate through ;.__

% | AN =
Exudate through -5
iy

hydathode

Ruhber stopper

Fig. 19. Tomato shoot uunder water pressure,

showing drorplets, used for preparation of virus sample in
electron microscope studies.
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plant infected with PAMV. The exudates obtainea froﬁ'either
stem pricks or hydathodes were dropped onto prepared grids

and shadowed with uranium. No virus particles iould be
observed under the electron microscope in this preparation.
This is probably due to the extremwmely low virus concentration.
The electron micrograph of PAMV in Paul and Bode's ofiginal
publication showed only two or three particles in one electron
microscope observation field.,

However, a great number of virus particles were
observed from specimens which were pnrepared using purified
virus preparation. The virus particles in a microscopic
droplet are shown in Fig. 20. They are flexible rods Lut vary
in length. The average length, based on 25 measurements, is
516 mu. The average diameter of the particles is 15 mu;
this value is probably larger than the true one because of
shadow casting. The virus particles were almost invisible

under the electron microscepe before shadow casting.
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Fig. 20 Electron micrograph (ap-
proximately 80,000 x) of potato aucuba
mosaic virus purified through DEAE-Sephadex
method. The particles were shadowed with
uranium at an angle of 26°,.
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DISCUSSION

The virus isclates (PAMV~M and PAMV-C) used in this
investigation were obtained from two different locations.
The identity of these two isolates was unknown when they
were obtained. PFirst, it was essential to conduct a series
of experiments to determine the relationship between PAMV-M
and PAMV-C. Identification of plaent viruses or strains of
virus has paralleled the growth of knowledge in all phaées
of plant virology. Some viruses or strains of virus can be
identified on the basis of precise information concerning
only a few properties while with others a judgyement can be
made only after the acquisition of information on all of
the properties that can be obtained. Historically, sympto-
matology has been the most widely used criterion for identi-
fication. This by itself, of course, is not reliable. The
inadequacy of symptomatology as a basis for identification
has long been recognized, but it still can provide valuable
information. The results from inoculation of different
rlant species indicated that the two virus isolates are
readily sap-transmissible from potato to pepper, C.

amaranticolor, tomato, Petunia, tobacco and Physalis spp.

Identical symptom expressions in both pepper and C.

amaranticolor caused by PAMV-M and PAMV-C reveal an obvious

relationship between them. Similarity in physical properties
provides supplementary'evidence on their identity. Furthermore,

a positive serological reaction between antigen PAMV-C and
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antiserum against DEAE-Sephadex puvrified virus confirms
their identity.
| Quantitative assays of virus on a local lesion hast
make‘it possible to determine infectivity of virus suspensions
~or purified virus preparations relative to other preparations,

and to correlate the infectivity with particles which are

predominant in purified virus preparations. C. amaranticolor

is the only local lesion host available'at present for this
rurpose. This plant grows readily under greenhouse conditions,
and its leaves are thick and possess a smooth upper surface,
thus not easily injured during the process of inbculation.

A comparison of six to eight leaves can be made on a single
plant. ILocal lesions appearing in the inoculated leaves are
discrete and easily counted. No systemic infection and spots
of noninfectious origin have been observed throughout the
course of these experiments. The number of lesiohs produced

on the inoculated leaves decreascd with increasing dilutions.

All of this evideunce indicates that C. amaranticolor is a
satisfactory host for quantitative studies.
Comparison of sensitivity of pepper and C. amaranti-

coleor plants to inoculation of PAMV-M and PAMV-C, respectively,

reveals that pepper is far superior to C. amaranticolor for

very dilute inocula, but C. amaranticolor is reliable in

detecting large differences in concentrations of active
virus in different preparations. For indexing and virus
detection purposes, pepper is the best and most reliable

indicator plant.
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The main purpose of the present study is to perform
a series of experiments using different techniques which
will determine the most safisfactory method for purification
of this virus. The problems of purification of p]ént virusgs
are numerous and far from completely solved. The various
techniques used in the purification have been reported and
reviewed by various authors, but no one method has proven
to be applicable for the pufification of all plant viruses.
Procedures that work well with some viruses may be de-
structive or unsatisfactory for others. However, certain
requirements are common for the purification of néarly all
plant viruses. The basic demands for purposes of purification
are to remove nonvirus constituents and to concentrate the
virus. Before purification can be started, a suitable host
is required for the mass production of virus. JTn addition,
a sood local lesion host is also desired to assay for the
infectifity of a purified preparation. The guauntitative
assavs of relative virus c0ﬁcentration in different plant
species indicate that tomato, tobacco, and Physalis SPp.

el

are satisfactory hosts for supporting virus multiplication

and production. For purification purposes, only tobacco 1lants
infected with PAMV were selected because the sap is easily
clarified in preliminary extraction. Virus extracts prepared
from ycung tobacco plants with 0.1 M phosphate buffer}con-
taining 0.1 M NaCl showed no chloroplast fragments nor

chlorophyll-containing substances. Extract from older

tobacco plants infected with PAMV, prepared in the same way,
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contained variable amounts of chloroplast fragments, thus
making the extracts undesirable for fractionation or puri-
fication.

A purification process inveolving the use of chemicals
such as n-butanol and chloroform led to the inactivation of
virus. As shown in Table 11, rurified virus preparatioﬁ
through the use of two velumes of 1:1 mixture of n-butanol
and chloroform resulted in complete destruction of both
infectivity and serological activity of the virus. It is
obvious that this procedure could not be employed in the
purification of PAMV. Substantial evidence has been presented
to show that n-butanocl-chloroform is indeed effective in
removing noninfectious constituents or antigenic materials
from infected plants since no antigenic component could be
detected in this preparation, using the Quchterlony agar
double diffusion test.

Treatment of virus extract with 8.5% n-butanol was
suvccessful in retaining virus infectivity, but failed to
remove all the noninfectious proteins or other antigenic
materials which were present in hoth infected and healthy
plants. This was demonstrated by the reaction hetween:
antibod; égainst butanol-purified virus and antigen from a
healthy plant in the Ouchterlony agar diffusion plate.
Tomlinson et al (56) who initiated this method in . purification
of the Y-strain of cucumber mosaic employed infected cucumber
corollas as a source of virus. It is ﬁrobable that antigenic

constituents, presumebly normal plant proteins, behave
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differently in different plant species.

The results of adsorption experiments using DEAE-
Sephadex, purified magnesium bentcnite and HCP, respectively,
revealed that buffer molarity is a critical factor in apply-
ing these technigues for purification. Amony them DEAE-
Sephadex appears to be the best material for purification
of this virus at buffer molarity of 0.1-0.05 M. The presence
of brown pigment, presumably polymerized polyphenols, in the
virus oxXtract could be easily eliminated to a large extent,
if not entirely, by DEAE~Sephadex treatment. Virus purificd
through this process is antigenically pure as no band was
formed between the wells centaining antihoedy . and virus-free
plant extracts. On the other hand, purified preparation
through the use of magnesium bentonite or HCP contains one or
more antigenic components of nermal plant origin which can
be detected, using an agar gJel double diffusion test.

el filtration émployod in the present investigation
promises to be a useful techmique at least for partial puri-
fication. Samples collected under the first peak with the
265 mu absorption spectrum are clear and highly infectious.
The second fraction which also showed 265 mu absorption moved
slowiy and far behind the virus fraction. When the high speed

pellet suspensions resulting from ultracentrifugation of

samples collected under the first peak were refractionated
on a Sephadex column, a symmetrical curve resulted: .Steere
and Ackers (52), in 1962, reported that separation of tobacco

mosaic and southern bean mosaic viruses can be accomplished
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by means of a 4% agar granule column. The agar in the column
has a sufficiently large pore size that the southern bean
mosaic virus can move through, whereas the rod-shaped tobacco
mosaig virus is excluded. The excluded rod-shaped particles
of tcbacco mosaic virus migrate without refention in the
interstitial fluid and appear in the effluent earlier than.
spherical particles of southern bean mosaic virus. A
symmetrical curve was obtained when virus which was collected
from the Sephédex column was sub jected to.aéar gel fiitration
analysis. The mechanism of separafion of PAMV from a Sephadex
column is exactly the same as that for separation of tobacco
mosaic virus from an agar gel column. A Sephadex column can
not be used for separation of different viruses since the
pore size of Sephadex is not big encugh to allow virus
particles to penetrate the gel. The problem we encountered
in Sephadex gel filtration is that some normal plant nucleo-
proteins with a molecular weight above 200,000 (similar to
virus particles) were eluted simultaneously with virus.
This could be partially eliminated by acid precipitation.
Sephadex gel filtration can be extended to a large preparative
scale by using a large column. The separation is gentle to
the virus and easily accomplished. It is an excellent
method for partial purification of plant viruses.

An eleétfon micrograph of PAMV obtained previously
by paul and Bode (38) with unpurified extracts showed the
virus as a flexible rod-shaped particle, 580 X 11 mu. An

electron micrograph of purified preparation of the virus in
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the present investigation hés confirmed the earlier ob-
servation‘on shape of particles but demonstrated that they are
variable in length. The diameter of the virus particles
found in the prescent investigation was larggr than those

reported by Paul and Bode in 1956,
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SUMMARY

Identical symptom expressions in bhoth pepper and

C. amaranticolor plants caused by potato aucuba mosaic virus

(PAMV) isolates M and C, respectively, demonstrate afny obvious
relationship between them. Similarity in physical propefties
and positive scerological reaction between antiserum against
PAMV-M and antigen prepared from tomato plant infecteq with
PAMV~C confirm their identity. Pepper plants inoculated with
PAMV-M or PAMV-C developed severe top necrosis, usually fol-
lowved by death. Thris host is extremely sensitive to inoculation
with =ap containing virus SZd)promises to he an excellent

indicator host for indexing purposes.

C. amaranticolor proved to Le a local lesion host.

Yellow local lesions occurred in leaves of this plant five to

six days after inocculation with either PAMV-M or PAMV-C.

The results of gquantitative studies indicated that this host

is useful for assaying virus concentration. The number of local
lesions produced in the inoculated leaves decreased with

increasing dilutions. This proves that C. amaranticolor is a

reliable host for detecting large differences of active
virus concentration in different preparations.

Tomato is unsatisfactory as an indicator host due to
erratic symﬁtom expressions. However, side shoots which
developed following the removal of main shoots of infected

tomato plants showed a vellow mosaic pattern symptom.
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Temperature has a significant effect on virus
multiplication. Both high and low temperatures inhibit
virus multiplication but high temperature has the greater
effect. It has been demounstrated that these unfavorable
temperatures only prevent virus multiplication but de¢ not
inactivate {he virus.

The antigenic purity of wvirus preparation prepared
through the use of various methods is determined by the
Quchiterlony double diffusion test. Viyrus extracts treated
with two volumes of 1l:1 mixture of n~butanol and chloroform
led to complete destruction of both infectivity and serologi-
cal activity of the virvs. Treatment of virus extract with
8.5% n=butanol alonc was successful in retaining virus
infectivity but failed to remove all the non~infectious anti-
genic materials which were presumably normal plaut proteins or
nucleoproteins. Neither magnesium bentonite nor hydrailed
calcium phosphate was satisfactory for purificaticn of the
virus as evidenced by the presence of one or more antigenic
components in addition to the virus in agar diffusion plates.

DEAE~Sephadex appears to be an excellent material
for purification of this virus. Virus prepared by this
method proved to he antigenically pure. Buffer molarity
is a critical factor in application of this purification
technique since beth viruvs and normal plant materials were
adsorbed onto DEAE~Sephadex when the buffer molarity used
in the preparation was below 0.005 M,

Gel filtration is a useful technique for partisl
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purification of this virus. The problem in employing this
method for nurification is that some normal plant nucleo-
protedins or proteins with molecular weights similar to those
of virus particles were eluted simultaneously from the
column with the virus.

An clectron micrograph of PAMV, using a purified
preparation of. the viius, indicated that the average length

of particles is 516 mu and the average diameter is 15 mu.
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