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Leaf-roll is the most prevalent and serious of the potato virus diseases 
and causes heavy damage in many districts over the world every year. In 
the beginning of this century, the causal agent of this disease was con
sidered to be a virus based on the results obtained by grafting (QUANJER 
et at., 1916). Subsequently, it was recognized that the agent was transmitted 
by an aphid vector (BOTJES, 1920; SCHUlTZ and FOlSON, 1921). In Japan, 
the disease was first mentioned by Hori (1920), but experiments on the 
transmission of the virus through the tubers, by grafting, juice inoculation 
and aphid vectors were first reported by KASAl (1922). 

To date about 40 plant viruses are known to be transmitted persistently 
by aphid vectors (KENNEDY et at., 1962; GIBBS, 1969). Potato leaf-roll virus 
(PLRV) is one of the most extensively studied. Although many studies on 
the transmission of the virus were done after 1922, there was little infor
mation on the nature of the virus, due to the lack of a bioassay method 
because it could not be transmited from plant to plant by sap inoculation. 
In 1955, Heinze attempted to inject the aphid vector, and advocated the 
application of the technique to the study of persistent aphid-borne plant 
viruses. Subsequently, many workers confirmed the usefulness of his tech
nique in experiments on aphid-borne plant viruses. PLRV was tested for 
infectivity by the bioassay method using extracts from infected plants or 
viruliferous aphids (DAY, 1955; STEGWEE and PONSEN, 1958; MURAYAMA 
and KOJIMA, 1963, 1965). Two trends of research on PLRV appeared, one 
of them research concerning the relationship between virus and vector, 
especially, virus multiplication in the vector, and another research on the 
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characterization of the virus. This investigation is along the latter lines 
and utilizes recent developments of purification techniques in addition to the 
application of the bioassay method. Some physical properties, isolation and 
purification of PLRV from plants, and the virus localization in plant tissues, 
will be described. This investigation was conducted over period of 10 years 
from 1961 to 1970 at Department of Botany, Faculty of Agriculture, Hok
kaido University, Sapporo, Japan. 

This investigation was supported in part by grants from the Hokkaido 
Science Foundation, Science Foundation of the Ministry of Education and 
the Matsunaga Science Foundation. 

Grateful acknowledgement is made to Prof. Daiki MURAYAMA, Depar
tment of Botany, Faculty of Agriculture, Hokkaido University, for his 
guidance and suggestion throughout the experiments. Sincere appreciation 
is expressed to Assis. Prof. Eishiro SHIKATA, Department of Botany, Fac
ulty of Agriculture, Hokkaido University, for his training and assistance 
throughout the experiments. The author wishes to acknowledge his indebt
edness to Prof. EMER. of Hokkaido University, Teikichi FUKUSHI, and Prof. 
Koji HIRATA, Niigata University, for their personal interest and encourage
ment during the investigations. The author also thanks Dr. MYRON K. 
Brakke, University of Nebraska, Lincoln, Nebraska, U. S. A, for his sugges
tions during the preparation of this manuscript. Thanks are also due to 
Prof. Naoji SUZUKI, Kobe University, Dr. Ikuo KIMURA, late Dr. Tadashi 
KODAMA, Institute for Plant Virus Research, Chiba and Dr. Tatsuo YOKO
YAMA, Institute for Fermentation, Osaka, for their advice and kind help 
durnig some of experiments concerning purification. The author is indebted 
to Assis. Prof. Kikuo SHIBATA, Niigata University, for his advice on rearing 
of aphids. Thanks are also due to Dr. Nobuyuki OSHIMA, Institute for 
Plant Virus Research, Mr. Rinzo SATO, Hokkaido Agricultural Experiment 
Station, and Mr. Shoichiro TAKAHASHI, Institute for Tuberculosis, Hokkaido 
University, for their kind help in using the electron microscope. Sincere 
appreciation is expressed to the members of Department of Botany, Faculty 
of Agriculture, Hokkaido University. 

II. Materials and methods 

Virus source: The virus used in this study was isolated from the 
sprouts of diseased potato tubers from the Agricultural Co-operative Asso
ciation in Kameda, Hokkaido. The PLRV isolate was cultured in Physalis 
floridana RYDB. plants, which showed the distinct symptoms after inocula
tion with viruliferous aphids. The top leaf of P. floridana first showed 
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a chlorosis 7-10 days after inoculation. Thereafter a chlorosis between 
the veins occurred in lower leaves which became leathery and were slightly 
rolled. The inoculated plants were somewhat stunted. 

Plant cultivation: P. floridana plants were usually used as test plants 
(KIRKPATRICK, 1948). Seeds of this plant were sown on vermiculite, and 
seedlings were transplanted to 10 cm pots when the second or third leaves 
were developed. Seedlings of plants for virus cultivation or aphid rearing 
were transplanted to 12 cm pots. Plants were grown in a glass house from 
1961 to 1966 and in a temperature controlled green house (26°C) from 1967 
to 1970. 

Aphid vectors and their rearing: The green peach aphid Myzus 
persicae SULZ. (green clone) was used as a vector, but Aulacorthum solani 
KAL TENBACH was also used in some experiments. Green peach aphids were 
reared on radish (Raphanus sativus L.) or Chinese cabbage (Brassica petsai 
BAILEY), and A. solani on Rumex obtusifolius plants within insect cages 
in a green· house. The buds from tulip bulbs were also used as the host 
for both aphids in the laboratory during the winter season (SHIBATA, 1962). 
All experiments were conducted with apterous adult aphids, which were 
removed by means of a hair brush. 

Aphid-injection method: Injection procedures were carried out under 

1. pushing plate; 2. rubber bulb; 
3. rubber tube; 4. vinyl resin tube; 
5. glass needle; 6. insect holder; 
7. aphid 

4 

Figure 1. Schematic sketch of aphid-
injection apparatus. 

a binocular microscope (x 25 or 
40) in a cold room or at room 
temperatUle. Aphids anesthetized 
with carbon dioxide were kept in 
an insect-holder on the microscope 
stage. The needle was inserted 
as gently as possible into the ab
domen through the intersegmental 
membrane. Two methods for in
jection were employed. The in
jection apparatus used for studies 
of rice dwarf virus (FUKUSH! and 
KIMURA, 1959; KIMURA and Fu
KUSH!, 1960) was used in some 
early experiments. Another ap
paratus used in later experiments 
is shown in Fig. 1. Inoculum 
within a glass needle was forced 
into the aphid body by pressing 



372 M. KOJIMA 

the rubber bulb by foot. A capillary was twice drawn from a hard glass 
tube, 6 mm in diameter, in the flame of a Bunsen burner, and the tip of 
needle was made on a micro-forge. The tip of capillary, 10 to 30 p. in 
diameter, was then cut with a razor blade to make it sharp. 

Inoculation feeding by the injected aphids: The injected aphids 
were placed in a petri-dish until they recovered from the anesthesia and 
were transferred to the test plants immediately or after rearing on immune 
plants overnight. Inoculation feedings were done wihtin small insect cages 
in a green house. After exposing test plants to the injected aphids for 3 
to 4 days, the aphids were removed with a hair brush. Then the plants 
were sprayed with the insecticide (Metasystox-S) and kept in a green house 
at least for one month. 

Preparation of inoculum: Inoculum for aphid-injection was usually 
prepared in a cold room (4°C), unless mentioned otherwise. Low speed 
centrifugation was carrid out in Kubota KT -65 centrifuge and high speed 
centrifugation in the Hitachi 40 P ultracentrifuge. Futher details will be 
mentioned in the text. 

Other equipments: Spectrophtometric measurements were made with 
a Hitachi EPU-2 A photometer. The virus specimens were observed with 
a JEM-5 Y electron microscope (80 KV). Ultrathin section were cut by 
a Porter-Blum MT -1 ultramicrotome equipped with glass knives. 

III. Mechanical inoculation of the virus 

Potato leaf-roll virus (PLRV), one of the circulative aphid transmitted 
viruses, can not be transmitted to plants by mechanical inoculation. For 
studies on leafhopper-borne plant viruses, a mechanical inoculation by insect
mjection was developed in 1933 (STOREY, 1933). HEINZE (1955) first suc
cessfully applied the insect-injection technique to the aphid-borne plant 
viruses. Thereafter several workers have succeeded in transmitting PLRV 
by this technique (DAY, 1955; HARRISON, 1958; STEGWEE and PONSEN, 
1958; DAY and ZAITLIN, 1959; STEGWEE and PETERS, 1963, 1965). The 
present author confirmed that the aphid vectors, when injected with the 
extracts from the diseased plants and homogenates or blood from viruli
ferous aphids, were capable of transmitting the virus to healthy plants 
(MURAYAMA and KOJIMA, 1963). 

A. Mechanical inoculation of green peach aphid, Myzus persicae 

1. Use of the extract from diseased potato plants as the inoculum 

To prepare the liquid extracts, sprouts from diseased potato tubers were 
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ground with buffer solution (1/30 M phosphate buffer or 0.8% NaCl) in 
a mortar. Subsequently the juices were squeezed through double layers 
of gauze and were centrifuged at low speed. The supernatant fluids were 
assayed for infectivity by injection. As shown in Table 1, positive results 
were obtained in only two out of 7 experiments. 

The upper parts of the test plants showing symptoms were grafted 
onto healthy P. fioridana plants. Infection was confirmed, when the stock 
showed distinct symptoms. On the other hand, the 30 check plants that 
were fed with the aphids taken from the same stock culture and without 
injection, showed no symptoms. 

2. Use of the extract from infected P. floridana plants as tne inoculum 

The next 3 experiments were carried out using the extracts from in
fected P. fioridana plants (2-5 g) inoculated by green peach aphids that had 
acquired virus from· diseased Datura stramonium plants. 

Leaves of infected P. fioridana plants were ground with 1/30 M phos
phate buffer (pH 7.0) or physiological saline and the expressed saps were 

TABLE 1. Transmission of PLRV by green peach aphids Myzus 
persicae injected with extracts from infected plants and 
viruliferous aphids. 

Inoculum Experiment Number of Number of 
aphids injected survivorsa 

1 30 19 

2 30 21 

3 30 27 

Solanum tuberosum 4 30 10 

5 40 5 

6 90 63 

7 120 17 

1 90 44 

Physalis floridana 2 70 8 

3 40 31 

1 30 19 

Myzus persicae 2 48 41 

3 41 28 

a 24 hours after injection 
b numerator: number of plants infected; 

denominator: number of plants infested with injected aphids 
* inoculation feeding 24 hours after injection 

Transmission b 

0/30 

0/30 

2/30 

0/10* 

0/10 

2/30 

0/17* 

1/30 

1/8* 

4/31* 

2/30 

2/41* 

1/28* 
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centrifuged at low speed. The resulting supernatant fluids were assayed 
for infectivity. All procedures were carried out in a cold room. Only 6 
out of 69 test plants infested with the injected aphids showed symptoms 
III 3 experiments (Table 1). 

3. Use of the homogenates from viruliferous aphids as the inoculum 

Homogenates obtained from viruliferous green peach aphids which had 
been reared on diseased potato or P. floridana plants were used as inocula 
in the following experiments. 

In Exp. 1, apterous aphids which had been reared on diseased potato 
plants were ground with 10 times the original volume of the phosphate 
buffer; the homogenates were centrifuged at 5,000 rpm for 30 minutes. 

In the other 2 experiments, apterous aphids which had fed on infected 
P. floridana plants were ground with 40 times the original volume of the 
0.8 per cent sodium chloride. The homogenates were centrifuged at 9,000 
rpm for 8 minutes. 

The supernatants in these 3 experiments were injected into virus-free 
green peach aphids which were kept on detached leaves of P. floridana or 
radish plants for 24 hours. All procedures were carried out at room tem
perature. As shown in Table 1, 5 out of 99 test plants showed symptoms. 

4. Use of the blood of viruliferous aphids as the inoculum 

Apterous aphids which had fed on diseased potato plants for 5 days 
were anesthetized with CO2 gas. Their blood was removed with a glass 
needle, and then was immediately injected into one or two virus-free aphids 
with same needle. Each of the injected acceptor and donor aphids was 
placed separately in a petri-dish until it recovered from the anesthesia and 
was then transferred to a test plant. As shown in Table 2, five out of 
13 donor aphids transmitted the virus and 4 out of 19 acceptor (injected) 
aphids became inoculative. The results also showed that the ability to 
transmit the virus seemed to vary considerably with individual aphids (in 
either donor or acceptor). In general, aphids which acquired the virus by 
feeding on infected plants for 5 days had a high inoculativity. However, 
the transmission rate of the donors in this experiment was low, i. e., 38 
per cent. It might be due to high mortality caused by injury during re
moval of blood from the donors. 

B. Mechanical inoculation of the aphid, Aulacorthum 801ani 

1. Use of the extract from infected P. floridana plants as the inoculum 

A. solani has been known as a vector of this virus in Japan (FUKUSHI, 
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TABLE 2. Infectivity of hemolymph from viruliferous 
aphids M. persicae 

Infectivity 
Insect No. 

Donor Acceptor 

1 0 0 

2 0 • 
3 • 0 0 

4 0 0 

5 • 0 • 
6 0 0 0 

7 0 • 
8 • 0 0 

9 • 0 0 

10 0 0 0 

11 • 0 • 
12 0 0 

13 0 0 

Total 5/13 4/19 

• infection o no infection 
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1946; MURAYAMA and KOJIMA, 1964 a, 1965). A. solani transmitted the 
virus after they had been injected with the expressed juice of infected P. 
floridana plants that had been clarified by centrifugation for 30 minutes at 
3,000 rpm. Experiments were repeated twice. In Exp. 1, thirty aphids 
were injected with the extract from 10 g of fresh leaves of infected P. 
floridana plants and kept on detached leaves of Rumex obtusifolius for 24 
hours at room temperature before the inoculation feeding. Only one out 
of 19 survivors became inoculative (Table 3). On the other hand, in Exp. 
2, five out of 25 plants infested with the injected aphids showed symptoms 
(Table 3). 

2. Use of the homogenates from viruliferous aphids as the inoculum 

Apterous, adult aphids (183 mg), fed on diseased potato plants, were 
ground in a mortar with 25 times their weight of phosphate buffer. Subse
quently the supernatant obtained by centrifuging the homogenate at 3,000 
rpm for 15 minutes was assayed for infectivity. Fifty five injected aphids 
were kept on detachd leaves of R. obtusifolius plant for 24 hours at room 
temperature and then were transferred to test plants. As shown in Table 3, 
two out of 29 test plants infested individually with injected aphids, and 3 
out of 10 plants infested with 2 aphids per plant, showed symptoms. 
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TABLE 3. Transmission of PLRV by Aulacorthum solani 
injected with extracts from infected plants and 
viruliferous aphids 

Inoculum Experiment Number of Number of Transmission b aphids injected survivorsa 

1 30 19 
Physalis floridana 

2 50 25 

Aulacorthum solani 3 55 49 

a 24 hours after injection 
b numerator: number of plants infected; 

denominator: number of plants infested with injected aphids 
c 2 aphids per test plant 

c. Discussion and brief conclusions 

1/19 

5/25 

2/29 
3/10e 

Although the potato leaf-roll disease has been studied for many years, 
little information on the causal entity is available as compared with any 
other virus causing a major disease of potato plants. One of the reasons 
is the lack of a suitable quantitative method for assaying virus activity. 
HEINZE (1955), first introduced successfully the insect-injection method, 
which had been developed in studies of some leafhopper-or planthopper
borne plant viruses, to the studies of the aphid-borne persistent plant 
viruses. Thereafter several workers succeeded in the mechanical transmis
sion of PLRV by means of the aphid-injection method. So far, extracts 
from the infected plants and homogenates and heamolymph from the viru
liferous aphids have been used by several workers as inocula, but there 
have been no reports to compare efficiency of those preparations as inocula. 
For an example of use of the extract from plant tissues, one may cite 
HEINZE (1955), who first recognized the infectivity in supernatant obtained 
by low-speed centrifugation of extracts from D. stramonium, P. fioridana 
and S. tuberasum plants infected with PLRV. DAY and ZAITLIN (1958) 
also found that green peach aphids injected with concentrated extracts 
from infected P. fioridana plants, transmitted the virus to test plants even 
though at low frequency. PETERS (1967 b) also reported positive results 
using crude plant extracts. He, however, did not succeed in detecting the 
infectivity in preparation concentrated by differential centrifugation. For 
example of use of the hemolymph from viruliferous aphids, one may again 
cite, HEINZE (1955), who pointed out that hemolymph as inoculum was less 
toxic to aphids than were plant extracts. DA Y (1955) and STEGWEE and 
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PONSEN (1958) confirmed that green peach aphids injected with hemolymph 
from viruliferous aphids became inoculative. On the other hand, DA Y 
(1955) first used homogenates of viruliferous aphids as inoculum. He found 
that the pellet obtained by centrifuging homogenates from viruliferous 
aphids at 100,000 g for 30 minutes was infective. HARRISON (1958) and 
PETERS (1967 b) also comfirmed that the homogenates of viruliferous aphids 
were infective and a good source of virus for injection to aphid vectors. 
Although the honeydew from viruliferous aphids was known as good inocu
lum of pea enation mosaic virus (RICHARDSON and SYLVESTER, 1965), no 
attempts to use honeydew were reported in studies on PLRV. 

In this experiment, the present author also succeeded in transmitting 
the virus by injecting green peach aphids with extracts from diseased plants 
and homogenates or blood from viruliferous aphids, M. persicae. However, 
the frequency of transmission by the injected aphids was too low to com
pare with that of inocula from different sources and prepared in different 
ways. A. solani also became inoculative after injection with extracts from 
infected plants and viruliferous aphids. This aphid species, however, does 
not seem to be a suitable vector for injection in spite of its large size 
because of its high mortality. Furthermore, P. floridana seedlings (test 
plants) infested with A. solani aphids frequently withered. Hence, green 
peach aphids, M. persicae were used as vector for injection-assay in the 
following experiments. 

Since HARRISON (1958) reported that M. persicae seldom transmitted 
the virus within 20 hours after injection, the injected aphids in many cases
in this work were kept on detached leaves for 24 hours at room tempera
ture and then transferred to test plants. However, a few injected aphids 
transmitted the viurs within 24 hours after injection when the aphids were 
transferred to test plants immediately after injection. STEGWEE (1960) sug
gested that the presence of PLRV in the blood could be demonstrated 
about eight hours after acqusition feeding and that after the first demon
stration of the virus in the blood another eight to sixteen hours were 
required before the aphid was able to transmit the virus. Accordingly, 
when the virus preparations are injected into the abdomen of aphids, the 
aphids may become inoculative 8 to 16 hours after injection. 

IV. Some properties of the virus in the crude sap 

Although several workers have succeeded in transmitting PLRV by the 
aphid-injection method, few attempts have been made to study extensively 
the characteristics of the virus. It appeared that some properties of the 
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virus m crude sap should be investigated before attempting purification of 
the virus from infected plant tissues. Experiments were conducted on the 
stability and concentration of the virus in sap. Experimental results on the 
longevity in vitro, the dilution end point, the thermal inactivation point, 
the effect of freezing of plant tissue or sap, and the centrifugation needed 
to pellet the virus, are deseribed in this Chapter. 

A. Longevity in vitro 

Fresh leaves (10 g) of infected P. floridana plants were ground in 10 me 
of 0.3 M phosphate buffer (pH 7.0). Crude sap was centrifuged at 3,000 
rpm for 30 minutes and then the supernatant fluids were stored at 2°C. 
The samples were assayed for infectivity 1, 3, 5 and 10 days after prepa
ration. As a control, a part of the preparation was injected immediately to 
aphid vectors. As shown in Table 4, the virus appeared to retain activity 
for 5 days. 

TABLE 4. Longevity of PLRV in vitro 

Storage time Number of Number of 
aphids injected servivors& 

control" 50 29 
1 day 50 38 
3 days 60 53 
5 days 50 29 

10 days 50 11 

a 24 hours after injection 
b numerator: number of plants infected; 

denominator: number of plants infested with injected aphids 
c assayed immediately after preparing inoculum 

B. Dilution end point 

Infectivityb 

3/29 
3/38 
5/20 

2/29 

0/11 

The juices from infected P. floridana plants (10 g) were clarified by 
centrifuging at 3,000 rpm for 30 minutes and were diluted to 10-\ 10-2

, 

10-3 and 10-4 with 0.3 M phosphate buffer. Each preparation was assayed 
for infectivity. The results indicated that the dilution end point of the 
virus lay between 10-3 and 10-4 (Table 5). 

C. Thermal inactivation point 

The extracts from infected P. floridana plants (5-25 g) were clarified 
by centrifuging at 10,000 rpm for 30 minutes and then put into glass tubes 
(90 x 6 mm) which were plugged with rubber stoppers at both ends and 
immersed in a water bath at the desired temperature for 10 minutes. After 
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TABLE 5. Dilution end point of PLRV 

Dilution Number of Number of 
aphids injected survivorsa 

10-1 60 56 
10-2 40 35 
10-3 110 99 
10-4 70 62 

controle 40 35 

a 24 hours after injection 
b numerator: number of plants infected; 

denominator: number of plants infested with injected aphids 
c 2 aphids per plant 
d 3 aphids per plant 
e undiluted 

Infectivityb 

5/56 

4/35 

4/5ge 

0/20d 

3/35 

TABLE 6. Thermal inactivation point of PLRV 

Experiment Temperature Number of Number of Infectivityb aphids injected survivorsa 

30°C 50 27 5/27 
40 50 36 9/36 

1 
50 50 39 9/39 

controle 50 25 9/25 

50 50 46 4/30 
2 60 50 43 8/30 

70 50 45 5/30 

50 40 19 3/19 
70 40 20 3/20 

3 
80 40 12 0/12 

control 40 23 3/23 

70 60 55 2/27 
4 80 60 45 0/21 

control 60 47 3/24 

50 50 45 4/45 
5 80 100 74 0/74 

control 90 62 8/62 

a 24 hours after injection 
b numerator: number of plants infected; 

denominator: number of plants infested with injected rphids 
c not heated 

379 
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cooling m cold tap water, the preparations were immediately assayed for 
infectivity. Before assaying the aliquots, they were sometimes centrifuged 
at 3,000 rpm for 10 minutes to remove the heat-denatured materials. As 
shown in Table 6, the thermal inactivation point of the virus appeared to 
lie between 700 and BOaC. . 

D. Infectivity of frozen plant tissues 

The infected leaves of P. floridana were frozen at - 20°C and used 
as source of inocula in this experiment. The frozen tissues (5-10 g) were 
ground with 0.3 M phosphate buffer (pH 7.0) at room temperature after 
storage for 1/2, 1, 3, and 7 days, 1 and 3 months, and 1 year, respectively. 
The crude saps were clarified by centrifuging at 3,000 rpm for 30 minutes 
and then the supernatant fluids were assayed for infectivity. As shown 
in Table 7, infectivity was retained in the frozen plant tissues at least for 
three months. 

TABLE 7. Infectivity of frozen plant tissues 

Storage time Number of Number of 
aphids injected survivorsR 

12 hours 40 14 
24 hours 50 40 

3 days 50 24 

7 days 50 30 
1 month 50 33 
3 months 60 52 

1 year 50 22 

a 24 hours after injection 
b numerator: plants infected; denominator: plants infested 

E. The effect of freezing and thawing of crude sap 

Infectivityb 

4/14 

7/40 

4/24 

3/30 

5/33 

6/10 

0/22 

The supernatant fluids clarified by centrifuging extracts from infected 
P. floridana plants (10 g) at 3,000 rpm for 15 minutes were frozen at - 20°C 
for 24 hours. They were thawed gradually at room temperature and then 
were recentrifuged at 3,000 rpm for 30 minutes. The resulting supernatant 
fluids were assayed for infectivity. It was found that the juices frozen at 
- 20°C for 24 hours retained their infectivity, viz. 4 out of 25 test plants 
infested individually by aphids injected with treated inocula became infected. 

F. Infectivity of pellets obtained by low-speed centrifuging 

Fresh leaves (10 g) of infected P. fioridana plants were ground in 10 mg 
of 0.3 M phosphate buffer (pH 7.0) and the crude sap was centrifuged at 
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Infected tissues(P. floridana) 

ppt 

grind in mortar with 0.3M phosphate 
buffer, pH 7.0 
squeeze through cheesecloth 
centrifuge at 3,000 rpm for 30 min 

pehet 

sunernatant------------s 

. I centrifuge at 5;000 

superAatant 

rpm for 30 min 

centrifuge at 10,000 rpm 
for 30 min I 

susuend in PB 
centrifuge at 
3,000 rpm for~f-"~ __ --I. ___ == 

supe~atant .pe1'::spend in FE supernatant 

I centrifuge at I 
: 3,000 rpm for 30 min : 
I ~~F~a~ I I, , 
" , :: : 

Ps Pto I S,. 

Figure 2. Procedure of low-speed centrifugation test. 

TABLE 8. Infectivity of each fraction after low-speed 
centrifugations 

Fractiona Number of Number of Infectivity" aphids injected survivorsb Experiment 

S 50 36 9/36 

1 
Ps 50 45 9/45 

P lO 50 44 11/44 

SIO 50 39 9/39 

S 50 29 3/29 

Ps 50 47 6,'47 
2 

P lO 50 48 6/48 

SIO 50 33 6/33 

S 50 26 3/26 

P s 50 25 0/25 
3 

P IO 50 41 0/41 

SIO 50 31 2/31 

as: supernatant obtained by centrifugation for 30 min at 3,000 rpm; Ps: pellet 
obtained by centrifugation for 30 min at 5,000 rpm; P IO : pellet obtained by cen
trifugation for 30 min at 10,000 rpm; SlO: supernatant obtained by centrifu
gation for 30 min at 10,000 rpm 

b 24 hour·s after injection 
c numerator: number of plants infected; 

denominator: number of plants infested with injected aphids 

381 
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3,000 rpm for 30 minutes. As shown in Fig. 2, the resulting supernatant 
was centrifuged at 5,000 rpm (1,600g) for 30 minutes and then subsequently 
the supernatnat was again centrifuged at 10,000 rpm (6,500g) for 30 minutes 
in a 40 P rotor. Each pellet was resuspended in 10 mg of phosphate buffer 
and then clarified by centrifuging at 3,000 rpm for 30 minutes. Each re
sulting supernatant (S, P 5 , P 1Q and SIO) was assayed for infectivity. The 
experiment was repeated three times. As shown in Table 8, it was found 
that SlO (supernatant obtained by centrifuging at 10,000 rpm) was associated 
with the infectivity, although P 5 and P lO (pellets obtained by centrifuging 
at 5,000 rpm and 10,000 rpm, respectively) were also infectious except in 
Expt. 3. These results suggested that PLRV particles could not precipi
tated intrinsically in the neutral condition by centrifuging at 10,000 rpm 
(6,500g) for 30 minutes, and also that a considerable amount of the virus 
was lost during low-speed centrifugation. 

G. Infectivity of pellets obtained by high-speed centrifugation 

To find the time and speed of centrifugation required to pellet PLRV, 
the following experiments were done. Crude sap from 10 g of infected P. 
floridana plants was clarified by the procedure described previously. As 
shown in Fig. 3, the resulting supernatant was centrifuged at 10,000 rpm 
(6,500g) for 60 minutes and then at 20,000 rpm (26,000g) for 60 minutes 

Infected tis8ues(P. floridana) 

ppt 

grind in mortar with 0.3 M phosphate buffer, pH 7.0 
squeeze through cheesecloth 
centrifuge at 3,000 rpm for 30 min 

suspend in FB centrifuge at 20, 000 rpL'l 
centrifuge at for 60 min 
3,000 rpm for 30 min 

supernatant , 
pellr-e-t --'------., 

I 
I 
I 
I 
I 
I 

I 
I 
II, 

Figure 3. 

suspend in FE 
centrifuge at 
3,000 rpm for 

centrifuge at 30,000 rpm 
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supe~natant 

I 
I 
I 
I 
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centrifuge at 

supernatant 
I 
I 
I 
I 
I 
I 
I 

I 
I 
I 
I 
I 
I 
I 

i 
P,o 

13,000 rpm for 30 min 

9upe:rnatant 
I 
I 
I 
I 
I 
I 

P,o 

I 
I , 
I 
I 
I 
I 
S" 

Procedure of high-speed centrifugation test. 
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TABLE 9. Infectivity of each fraction after high-speed 
centrifugation 

Experiment Fractiona Number of Number of InfectivityC 
aphids injected survivorsb 

S 40 22 5(22 

P,O 40 37 3m 
1 P20 40 38 2/38 

P30 40 38 2/38 

S30 40 36 2/36 

S 30 18 1(18 

PIO 30 25 2/25 

2 Pzo 30 24 1/24 

P30 30 26 7/26 

S30 30 3 1/3 

PIO 50 41 2/15 

Pzo 50 49 2/15 
3 

P30 50 37 4/15 

S30 50 44 1/15 

as: supernatant obtained by centrifugation for 30 min at 3,000 rpm; P lO : pellet 
obtained by centrifugation for 60 min at 10,000 rpm; P zo : pellet obtained by 
centrifugation for 60 min at 20,000 rpm; P 30 : pellet obtained by centrifugation 
for 60 min at 30,000 rpm; S30: supernatant obtained by centrifugation for 60 
min at 30,000 rpm 

b 24 hours after injection 
c numerator: number of plants infected; 

denominator: number of plants infested with injected aphids 
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III a 40 P rotor. The resulting supernatant was centrifuged at 30,000 rpm 
(58,000g) for 60 minutes. Each pellet was resuspended in 10 mg of phos
phate buffer and clarified by centrifuging at 3,000 rpm for 30 minutes. 
The resulting supernatants (PIO , P zo , P 30 and S30) were assayed for infectivity. 
Same experiments were repeated three times. On the basis of the results 
obtained here, it appears that a small amount of infectious materials still 
remained in the supernatant fraction (S30) after being centrifuged at 30,000 
rpm (58,000 g) for 60 minutes (Table 9). Each pellet obtained by centri
fuging below 58,000 g for 60 minutes was also associated with infectivity, 
suggesting that infectious materials considerably sedimented to the pellet. 

H. Discussion and brief conclusions 

The stability and some physical properties zn vitro of PLRV were 
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mentioned in this Chapter. The results are considered to be of a restricted 
value, although the stability of the virus in crude preparations is important. 
The virus appeared to be still infectious after storing it at 2°C for 5 days. 
DA Y and ZAITLIN (1958) reported that plant sap from the infected plants 
retained infectivity for 24 hours at 2°C. Conversely, infectivity in blood 
from the viruliferous aphids remained for 3 days at 2°C (MUELLER and 
Ross, 1961). STEGWEE and PETERS (1961) reported that homogenates of 
the viruliferous aphids retained infectivity for 24 hours at 3°C and for 3 
weeks at -16°C, respectively. PETERS (1967, b) reported that homogenates 
of the viruliferous aphids remained infectious for 5 days at 2°C when the 
virus was kept in phosphate buffer containing 0.006 M mercaptoethanol, 
but only for 12 hours at 25°C and for 4 hours at 37°C, respectively, when 
it was kept in phosphate buffer alone. On tne basis of these results, it is 
necessary to extract the virus from plant materials as quickly as possible, 
and at low temperatures. 

The dilution end point appeared to be between 10-3 and 10-\ when 
plant sap was diluted with 0.3 M phosphate buffer. Similar results were 
reported for this virus in blood and homogenates of the viruliferous aphids 
(STEGWEE and PONSEN, 1958; PETERS, 1967, b). 

The virus in crude plant sap appeared to be inactivated between 70°C 
and SO°C. PETERS (1967, b) reported similar results using homogenates of 
aphids. Similar results were reported for barley yellow dwarf virus, one 
of the aphid-borne persistent plant viruses (HEAGY and ROCHOW, 1965). 

PLRV was tolerant to freezing of plant tissue and sap. This fact is 
very useful for storage of the virus source and purification of the virus. 

PLRV in crude plant sap appearred to be rather stable, based on the 
data for stability. 

It was found in these experiments that infectivity still remained in the 
supernatant fraction of extracts of the infected plants after being centrifuged 
at 30,000 rpm (58,000g) for 60 minutes. DAY (1955) reported that the pellet 
obtained by centrifuging the extract from viruliferous aphids at 100,000 g 
for 30 minutes was associated with infectivity. However, he did not assay 
for infectivity in the supernatant fluid. STEGWEE and PETERS (1961) found 
that each pellet obtained by centrifuging homogenates of aphids at 6,500 g, 
26,000 g and 105,000 g for 80 minutes, respectively, was infectious. PETERS 
(1967, b) also reported that no infectivity remained in the supernatant frac
tion of homogenates of the viruliferous aphids after being centrifuged at 
100,000 g for 70 minutes. On the basis of these results. PLRV is consid
ered to be a small particle. 
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v. Clarification and concentration 

Several methods to clarify sap from plants infected with viruses are 
known (KODAMA, 1968). In this investigation, I tried clarification with 
organic solvents, which have been extensively applied to plant viruses. 
The method was combined with the adsorption in some experiments. To 
concentrate clarified sap, high speed-centrifugation was employed. 

A. Clarification with chloroform 

Infected plants (5-25 g) were extracted in 0.3 M phosphate buffer, pH 
7.0. The maceration media contained the following: O.01M MgClz (Exp. 3), 
0.001 M EDTA (Exp. 4), 0.1% ascorbic acid (Exp. 5) and 0.001 M DIECA 
(Exp. 6). After centrifugation at 3,000 rpm for 30 minutes, chloroform 
was added to the supernatant fluid and stirred for 10 minutes. Chloroform 
was added at a con~entration of 20% in Exp. 5, 25% in Exp. 6 and 10% 
in other experiments. Emulsions were broken by centrifuging at 3,000 rpm 
for 30 minutes. The resulting supernatant fluid was concentrated by differ
ential centrifugation (58,000g for 90 minutes; 6,500g for 30 minutes). All 
procedures were done in a cold room (4°C). Concentrated preparations 
were injected to green peach aphids for bioassay. After being kept on 
radish plants (immune) overnight, the injected aphids were transferred to 
test plants. Six experiments were done. 

As shown in Table 10, the preparations treated with chloroform were 
infectious. The clearest preparation was obtained in the final experiment 
(Exp. 6 in Table 10). It was brown with slight opalescence. 

TABLE 10. Effect of chloroform on PLRV 

Experimenta Number of Number of Infectivityd aphids injected b survivorsc 

1 50 47 7/47 

2 80 66 2/22 

3 50 30 5(15 

4 50 40 6/20 

5 60 52 2/26 

6 60 46 2/23 

a emulsified with 10% chloroform (Exp. 1-4), 20% (Exp. 5) and 25% (Exp. 6), 
respectively 

b number of aphids injected with each clarified aqueous phase 
c 24 hours after injection 
d numerator: number of plants infected; 

denominator: number of plants infested with injected aphids 
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B. Clarification with a mixture of chloroform and n·butanol 

Infected P. floridana plants (40-100 g) were triturated in 0.3 M phos
phate buffer containing DIECA at a concentration of 0.001 M (Exp. 1 and 
2) and 0.01 M (Exp. 3), except for Exp. 4. In Exp. 4, extraction was 
made in 0.05 M borate buffer (pH 7.0) containing 0.01 M DIECA. After 
low-speed centrifugation, a mixture of chloroform and n-butanol (1 : 1) was 
added to the supernatant fluid at a concentration of 20-25%, and stirred for 
10 minutes. After the emulsion was broken by low-speed centrifugation, 
the aqueous phase was decanted and then concentrated by differential 
centrifugation. All procedures were conducted in a cold room. Four 
experiments were done. Extractions from healthy plants were done sim
ultaneously in Exp. 2 and 4. 

TABLE 11. Effect of a chloroform and n-butanol 
mixture on PLRV 

Experimenta Number of Number of Infectivity aphids injectedb survivorsc 

1 60 47 2/23 
2 60 52 3/26 

3 50 32 4/32 
4 66 38 6/22 

a used P. fioridana as virus source/emulsified with 20% chloroform and n-butanol 
(Exp. 1 and 4) and 25% (Exp. 2 and 3) 

b number of aphids injected with each clarified aqueous phase 
c 24 hours after injection 

It was confirmed that the preparations clarified with a mixture of 
chloroform and n-butanol were infectious (Table 11). The final prepara
tions appeared more clear than that with chloroform alone, which were 
a pale yellow color or transparent. The ultraviolet absorption spectrum 
showed that the preparation form PLRV-affected plants (Exp. 3) contained 
some nucleoproteins. Mesured from the spectrum, a ratio of A 260/280 is 
1.81 and Amax (260)/min (235) is 1.52. However, the concentrated prepa
ration from healthy P. floridana plants by the same procedure, showed 
a similar UV-spectrum. Similar results were obtained from Exp. 4, in 
which borate buffer was used to macerate both infected and healthy plant 
tissues. 

C. Adsorption with a mixture of charcoal and Celite 

Infected P. floridana plants (25-50 g) were triturated in 0.1 M phosphate 
buffer (pH 7.0) containing 0.01 M DIECA. A mixture of charcoal and Celite 
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Figure 4. Ultraviolet absorption spectra 
of clarified preparations. Extracts from 
P. fioridana plants were concentrated 
by differential centrifugation following 
filtration through a charcoal and Celite 
pad. The final pellets were resuspe
nded in 0.01 M phosphate buffer. Solid 
and dotted curves represent preparation 
from infected and healthy plants, re
spectively. 
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Figure 5. Ultraviolet absorption spectra 
of clarified preparations. Extracts from 
P. fioridana plants were concentrated 
by differential centrifugation following 
centrifugation of mixtures in which 
charcoal and Celite were added to sap. 
The final pellet was resuspended in 
0.01 M phosphate buffer. Solid and 
dotted curves represent preparations 
from infected and healthy plants, re
spectively. 

(1: 1) was added to expressed sap at a concentration of 10%. After stirring 
for 30 minutes, the mixed sap was clarified by either filtration through 
a Buchner funnel or centrifugation at 8,500g for 30 minutes. In each case, 
the clarified sap was again treated with a mixture of chloroform and n
butanol, and then concentrated by differential centrifugation (65,000g for 
120 minutes; 8,500 g for 30 minutes). Each final preparation was compared 
spectrophotometric ally with a healthy one. 

An ultraviolet absorption spectrum of a 10-fold concentrated preparation 
which had been filtered through a Buchner funnel, is shown in Fig. 4. The 
preparation was not oplescent. Additionaly, this one was not infectious. 
Fig. 5 shows a spectrum of a 10-fold concentrated preparation which had 
been clarified by centrifugation. Although the preparation from infected 
plants had a somewhat higher absorption than that of healthy one, it was 
not infectious. 
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Based on these results, it appeared that PLRV was adsorbed on par
ticles of charcoal and Celite at neutral condition. 

D. Concentration by high-speed centrifugation 

1. Experimental procedure 

Leaves (10-20 g) of infected P. floridana were triturated in 0.1 M phos
phate buffer (pH 7.4) containing 0.01 M DIECA. Extracts were emulsified 
with a mixture of chloroform and n-butanol at a concentration of 25% for 
5 minutes in Warling Blendor. The emulsion was broken by centrifugation 
at 3,000 rpm for 15 minutes and the resultant supernatant was again cen
trifuged at 6,500 g for 15 minutes. Then, the supernatant fluid was con
centrated by high-speed centrifugation, at garvity values given in Fig. 6. 
Pellets were resuspended in 0.01 M phosphate buffer (pH 7.4) and clarified 
by low-speed centrifugation at 4,200 g for 15 minutes. After keeping over
night at 4°C, each 10-fold concentrated preparation was assayed for infec
tlvlty. In addition to the bioassay, the preparations were examined in the 
electron microscope in some experiments. 

Infected tissues(P. floridana) 

ppt 

grind in mortar with O.lM phosphate beffer, pH 7.0 
squeeze through cheesecloth 
centrifuge at 3,000 rpm for 15 mln 

Bupernatant 

I 
add a chloroform and n-butanol mixture 
stir for 15 min 
centrifuge at 3.000 rpm for 15 min 

aqueous phase I centrifuge at 10,000 rpm for 15 min 

pprt-------'---s-u-p-,e~natant 
Icentrifuge at 20,000 rpm for 60 min 

pell" e-t ------'--s-up....,e4-natant 

I 
suspend in PB I centrifuge at 30,000 rpm for 60 min 
centrifuge at . 

~~~o~~ ~~ pellet supe}natant 

I
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supernatant centrifuge at centrifuge at 40,000 rpm 
. 10,000 rpm for 60 min 

for 15 min r-,----'-------, 
supernatant pellet supernatant , 

I 
I 
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I 
I 
I 
I 
I 
I 
I 
I 
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suspend in FB 
centrifuge at 
10,000 rpm 
for 15 min 
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40,000 rpm 
for 180 min 

supernatant pellet supernatant 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
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I 
I 
I 
I 
I, 

P+o 

Figure 6. Fractionation procedure of the clarified sap 
from PLRV-infected P. floridana plants. 
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2. Results 

As shown in Table 12, each fraction was associated with infectivity, 
but the P40 fraction (pellet obtained by centrifuging at 100,000g for 60 
minutes) appeared to be more infectious than the others. Sometimes, the 
Pw fraction (pellet obtained by again centrifuging at 100,000 g for 180 
minutes) was infectious. Conversely, specific particles with a uniform shape 
and size were not obvious in the electron microscope, although several 
kinds of particles were observed in each fraction. 

Based on the data (Table 12), partial purification was attempted. Ex
traction and clarification from 40 g of leaves was done as described above. 
The aqueous phase was concentrated by differential centrifugation (100,OOOg 
for 90 minutes; 6,500g for 15 minutes). When the aphids injected with 
a final preparation (1O-fold concentrated) were fed on test plants (4 aphids 
per plant), 4 out of 10 plants became infective. The preparation used 
as inoculum was diluted 5 times with 0.01 M phosphate buffer, and the 
ultraviolet absorption spectrum determined (Fig. 7). Another preparation 

a 

b 

TABLE 12. Infectivity of each fraction after high-speed 
centrifugation using sap clarified by a chlo
roform and n-butanol mixture 

Experiment Fractiona Number of Number of Infectivity aphids injected survivorsb 

P 20 36 27 2/12 

1 P so 36 27 4/12 

P 40 36 28 3/12 

P20 30 25 1/10 
2 Pso 30 28 2/10 

P 40 30 27 4/10 

P so 50 33 3/10 
3 P40 50 42 7/10 

Pw 50 35 0/10 

Pso 50 42 4/10 
4 P40 50 34 6/10 

Pw 50 46 2/10 

P20 : pellet obtained by centrifugation for 60 min at 20,000 rpm; 

Pso: pellet obtained by centrifugation for 60 min at 30,000 rpm; 
P 40 : pellet obtained by centrifugation for 60 min at 40,000 rpm; 
P 40': pellet obtained by centrifugation for 180 min at 40,000 rpm 
24 hours after injection 
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was simultaneously made from healthy plants to compare with that from 
PLRV -infected ones. The spectra show that preparations from both infec
ted and healthy plants had nucleoproteins. By the way, the absorbance ratio 
was as follows: A 260/280 = 1.46 in 
infected, A 260/280 = 1.29 in healthy; 
A260/240=1.18 in infected, A260/240 

1.0 

= 1.24 in healthy. Because the pre
paration from healthy plants obtained ?: 0.8 

III 
by this procedure contained some nu- c:: 

CII 
cleoproteins, it appeared that majority 0 0.6 

of absorbance in the preparation from 
III " infected plants was due to normal U 0.4 " 

cell constitutents which sedimented at ~ '\ 
o .. 

100,000 g. The amount of virus could \. 0.2 • 
not be exactly deduced from the spec- ',-----,.------
trum. Electron microscopic examina
tion suggested that the amount of 
virus isolated from plant materials was 
very small, i. e., no uniform particles 
were found in the preparation from 
infected plants. 

E. Discussion and brief conclusions 

It was considered that clarification 
and concentration were the important 
steps in purification procedures of 
viruses. Several methods to clarify 
plant saps were known, but among 

o 
no 240 260 280 300 

Wave Length (nm) 
Figure 7. Ultraviolet absorption spectra 

of partially purified preparations. Solid 
curve represents preparation from PL· 
RV-infected plants obtainde by differ-
ential centrifugation following clarifi
cation with a chloroform and n-butanol 
mixture. The final pellet was resuspe
nded in 0.01 M phosphate buffer. Dot
ted curve represents preparation from 
healthy plants obtained by same pro
cedure. 

them a method of clarification with organic solvents was examined in this 
experiment (STEERE, 1959). Chloroform (SCHNEIDER, 1953) had not been 
applied for clarification of saps from plants infected with PLRV. In this 
experiment, it was confirmed that PLRV survived chloroform treatment and 
saps from P. fioridana plants became fairly clear. To avoid oxidation of 
plant saps and to stabilize the virus in saps, MgCl2 (BRAKKE, 1967), EDT A 
(LINDNER et al., 1955), ascorbate and DIECA (FULTON, 1959) were added 
to the maceration media (phosphate buffer) before clarification with a chlo
roform solvent. Addition of DIECA was most effective. In addition, clari
fication by chloroform and n-butanol together (STEERE, 1956) was more 
effective than chloroform alone, for extracts in phosphate buffer containing 
DIECA. There was no noticeable difference when borate buffer, which 
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prevents aggregation of some viruses (SHEPHERD and POUND, 1960; TOM
LINSON, 1963), was used for maceration medium as a substitute for phos
phate buffer. 

Normal cell constituents were not completely removed, when a plant 
extract treated with a mixture of charcoal ane Celite was filtered through 
a Buchner funnel (PRICE, 1946; CORBETT, 1961; CORBETT and ROBERTS, 
1962; HARIHARASUBRAMANIAN, 1964) or centrifuged (GALvEZ, 1964), and 
then treated with chloroform and n-butanol. 

High-speed centrifugation method were employed to concentrate the 
virus in this experiment. Some experiments were conducted again to 
investigate the force of gravity needed to sediment the virus particles 
from clarified sap. It appeared that PLRV was sufficiently sedimented by 
centrifugation at 100,000 g for more than 60 minutes, although some of 
the virions were pelle ted by centrifugation below 100,000 g. 

It was shown by both electron micrographs and ultraviolet absorption 
spectra that the preparations partly purified by a procedure based on some 
results described above, contained a large amount of normal cell constituents, 
but, neverthless, were highly infectious (MURAYAMA and KOJIMA, 1964 b). 
As the next step, it was necessary to separate the virus particles and cell 
constituents. 

VI. Fractionation of clarified sap 

Infectious preparations were obtained from PLRV -infected plant tissues 
by clarification with organic solvents followed by differential centrifugation 

(V Chapter). The ultraviolet spectrum indicated that the preparation ob
tained by the procedure described above contained normal cell consituents. 
Next it was necessary to separate the normal cell consituents and infectious 
agent. For this purpose, the author applied colum chromatograpy with 
DEAE-cellulose (TOYODA et at., 1965) and sucrose density-gradient centri
fugation (BRAKKE, 1960). 

A. Column chromatography 

1. Experimental procedure 

a) Conditioning of DEAE-cellulose column 

Ten grams of DEAE-cellulose (BROWN Co., 0.93 meq/g) was washed 
with 0.5 N NaOH for 15 hours, and then with distilled water. The washed 
resin was placed in a column. The DEAE-cellulose column was washed with 
phosphate buffer until the pH of effluent fell to 7.0. The top of column 
was covered with a disk of filter paper to avoid disturbance of the surface. 
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b) Stepwise elution 

The buffer-washed column (1 x 5 cm), to which a clarified and concen
trated preparation had been added, was washed with stepwise increasing 
concentrations of NaCl in phosphate buffer. Each effiuent was examined 
by measuring the optical density at 260 nm. 

e) Linear gradient elution 

The column, to which a clarified preparation had been added, was 
washed with 80 mt of phosphate buffer, and then with a linear gradient of 
NaCl from 0 to 1.0 M in phosphate buffer prepared with a mixing device 
of two 400 mt jars (PHILIPSON, 1967). The effiuent was collected with 
a fraction collector and the optical density at 260 nm measured. Elution 
was done at room temperature. 

2. Experimental results 

a) Step-wise elution 

Crude sap obtained from diseased P. floridana plants by grinding with 
1/30 M phosphate buffer, pH 7.0, was clarified with choroform, and was 
concentrated by differential centrifugation (58,000 g for 90 min; 6,500 g for 
30 min). The column, to which 5 mt of clarified preparation had been 
added, was washed with 20 mt portions of 1/30 11.1 phosphate buffer con
taining NaCl (from 0.1 to 1.0 M). The effiuent was divided into 5 test 
tubes (4 mt per tube) for each NaCl concentration. Finally the column 
was washed with 20 mt of 0.5 N NaOH to elute acidic substances. The 
control preparation from healthy P. floridana plants was fractionated by 
the same procedure. Two identical chromatograms with maximum peaks 
at 0.6 M NaCl were obtained. Pigments were eluted by alkali. 

TABLE 13. Infectivity of each fraction obtained by DEAE-
cellulose column chromatography 

Molarity Fraction Number of Number of Infectivity of Nacl number aphids injected survivors& 

0.2 11-15 30 29 0/10 

0.3 16-20 30 27 0/10 
0.4 21-25 30 28 0/10 
0.5 26-30 30 28 3/10 
0.6 31-35 30 28 5/10 
0.7 36-40 30 27 0/10 

Unfractionated 30 27 1/10 

a 24 hours after injection 
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Figure 8. DEAE-cellulose column chromatogram of the preparations 

obtained from infected (closed circle) and healthy (open 
circle) plants. (step-wise elution) 
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After the combined effluents (corresponding to each NaCl concentration) 
were dialyzed against phosphate buffer overnight in a cold room, they were 
assayed by the aphid-injcetion method. It was confirmed that effluents 
corresponding to 0.5 M or 0.6 M NaCl contained some infectious agents 
(Table 13). 

In another experiment, an extract obtained by grinding diseased P. 
floridana plants in 1/30 M phosphate buffer containing 0.01 M DIECA, was 
clarified with a mixture of chloroform and n-butanol, and was concentrated 
by differential centrifugation (65,000g for 90 min ; 8,500g for 15min). The 
column, to which 6 m.e of the 10-fold concentrated preparation was added, 
was washed in the same manner as the experiment mentioned above despite 
varying the clarification procedure, the same chromatogram were obtained 
(Fig. 8). Three effluents fraction numbers 12 and 32 (corresponding to 0.2M 
and 0.6 M Nacl, respectively), from the "infected" preparation, and 32 from 
the "healthy" preparation, were dialyzed against phosphate buffer, and as
sayed. Two out of 20 test plants infested by aphids injected with fraction 
number 32 from the "infected" preparation showed symptom. 

b Linear gradient elution 

An extract obtained from frozen P. floridana plants (100 g) by grinding 
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in 200 mt of 1/30 M phosphate buffer containing 0.01 M DIECA, was clari
fied with a mixture of chloroform and n-butanol, and was concentrated by 
differential centrifugation (65,000 g for 90 min; 8,500 g for 15 min.). The 
column, to which 5 mt of a 20-fold concentrated preparation was added, 
was washed with 80 mt of phosphate buffer, and then with a linear gra
dient of 0.2 M to 1.2 M NaCl in phosphate buffer. The optical density of 
each 4 mt of effluent was measured at 260 nm. A preparation from healthy 
P. floridana plants was fractionated by the same procedure. The linear 
gradient elution, which had three main peaks (P I-P 3) and a smaller one 
(5), did not distinguish between the "infected" and the "healthy" prepara
tions (Fig. 9). Five fractions from Sand P 3 regions were collected and 
dialyzed against phosphate buffer and then assayed by aphid-injection. 
A small amount of the concentrated preparation (before addition to the 
DEAE-cellulose column) was also assayed. The infectious agent was not 
recovered from either the 5 or P 3 preparation, although 9 out of 20 test 
plants infested by aphids injected with a control preparation were infected. 
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Figure 9. DEAE-cellulose colum chromatogram of the preparations 
obtained from infected and healthy plants. (linear elution) 

B. Sucrose density-gradient centrifugation 

1. Spectrophotometric analysis 

a) Experimental procedure 
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Rate zonal sucrose density-gradient columns consisted of descending 
layers (1, 1, 1, and 1 mt) of 10, 20, 30, and 40 per cent (w/v) sucrose dis-



STUDIES ON POTATO LEAF-ROLL VIRUS 395 

solved in 0.01 M phosphate buffer, pH 7.4. The columns were allowed 
to stand at 4°C for 24 -hours to obtain continuous gradients. Following 
storage, 0.5 or 1 mg samples were layered on the columns which were 
centrifuged in a precooled RPS 40 swinging bucket rotor. After centri
fugation, the contents of the columns were collected by droplet fractiona
tion. Each fraction was diluted to 4 mg and the optical density read at 
260nm. 

b) Experimental results 

Homogenates obtained from fresh leaves of diseased and healthy P. 
floridana plants in 0.1 M phosphate buffer, pH 7.4, were clarified with 
a chloroform and n-butanol mixture (1/4 volume), concentrated by differe
ntial centrifugation (82,000g for 90 min; 6,500g for 15 min.). The sucrose 
columns, on which the concentrated preparation was layered, were centri
fuged at 105,000 g for 180 minutes. The contents of the columns were 
divided into 20 tubes. The same UV absorption patterns, which contained 
3 peaks, were obtained from both "infected" and "healthy" plants. 

In the preparations obtained from the same procedures using 0.1 M 
phosphate buffer containing 0.1 % ascorbate (Exp. 2) or 0.01 M DIECA (Exp. 
3), also showed no difference in UV -absorbance pattern between the infected 
and healthy materials (Fig. 10). 

For bioassays, three inocula, from combined fraction numbeas 1-10, 
11-25, and 26-40 were dialyzed overnight against phosphate buffer (0.01 M, 
pH 7.4), and injected into aphid vectors. A part (fraction 11-25) was 
associated with infectivity (Table 14), which was yet low. Infectivity of an 
unfractionated preparation, before layering onto a sucrose column, was also 
low, suggesting that the virus was lost during the first step in the purifica
tion procedure, the maceration in acidic media (phosphate buffer pH 6.0), 
although the extractwas clarified effectively. 

TABLE 14. Infectivity of each zone after sucrose 
density-gradient centrifugation (Exp. 3) 

Fraction 
number 

Number of 
aphids injected 

Number of 
survivorsa Infectivity 

1-10 

11-25 

26-40 

U nfractiona ted 

a 24 hours after injection 

50 

50 

50 

50 

42 

37 

30 

38 

0/5 

1/5 

0/5 

1/6 
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In another experiment (Exp. 4), extracts obtained from fresh leaves of 
infected plants in 0.1 M phosphate buffer, pH 7.4 containing 0.01 M DIECA, 
were clarified by a chloroform and n-butanol mixture, concentrated, and cen
trifuged at 120,000 g for 120 minutes on suerose dinsity gradient columns. 
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Figure 10. Ultraviolet absorption patterns 

of gradient columns centrifuged after 
layering concentrated preparations from 
infected (closed circle) and healthy (open 
circle) plants. Columns were centri
fuged at 120,000 g for 180 minutes. 
(Experiment 3) 
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Figure 11. Ultraviolet absorption patterns 

of gradient columns centrifuged after 
layering concentrated preparations from 
infected (closed circle) and healthy (open 
circle) plants. Columns were centri
fuged at 120,000 g for 120 minutes. 
(Experiment 4) 

TABLE 15. Infectivity of each zone after sucrose 
density-gradient centrifugation (Exp. 4) 

Fraction Number of Number of Infectivity number aphids injected survivorsa 

1- 6 50 36 0/5 
7-12 50 41 2/5 

13-18 50 44 2/5 
19-26 50 30 0/5 

Unfractionated 50 41 3/5 

a 24 hours after injection 
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The resulting UV-absorbance patterns are shown in Fig. 11. Fractions 
collected were divided into four groups, numbers 1 to 6; 7 to 12; 13 to 
18; and 19-26, and were assayed by aphid injection. As shown in Table 
15, regions of two peaks (i. e., fraction 7-12; 13-18) were associated with 
infectivity, suggesting that the virus was distributed widely in the column 
due to aggregation. 

2. Analysis by bioassay 

a) Experimental procedure 

Leaves and petioles of diseased P. floridana plants, harvested 10-16 
days after inoculation and kept at -35°C, were ground in a mortar in 
a cold room (-35°C), gradually thawed at 4°C, and then homogenized in 
0.1 M phosphate buffer (pH 7.4) containing 0.01 M DIECA. A chloroform 
and n-butanol mixture (1: 1) was added to the expressed sap to make a final 
concentration of 25% and then stirred vigorously for 15 minutes. The 
emulsion was broken by low-speed centrifugation at 1,000g. The aqueous 
phase was decanted and centrifuged at 20,000 rpm (33,000g) for 15 minutes 
in the RP 30 rotor of a Hitachi 40-P ultracentrifuge. The supernathat was 
centrifuged again at 30,000 rpm (75,000 g) for 180 minutes. Resultant pellets 
were resuspended in 2 mg of 0.01 M phosphate buffer (pH 7.4) in a Teflon
glass homogenizer, and then centrifuged at 20,000 rpm (26,000g) for 15 
minutes. The preparations were further purified by means of sucrose 
density-gradient centrifugation. The density-gradient columns were pre
pared by layering 0.9 mg each of 10, 20, 30, 40, and 50% sucrose dissolved 
in 0.01 M phosphate buffer (pH 7.4) and kept for 24 hours in a cold room. 
One-half milliliter of the concentrated preparation was floated on the column. 
Tubes were centrifuged in the RPS 40 swinging-bucket rotor of a Hitachi 
ultracentrifuge at 35,000 rpm (100,000 g) for 120 minutes. Each zone was 
removed by puncturing the gradient tubes with hypodermic syringe, diluted 
to 5 mg with 0.01!11 phosphate buffer (pH 7.4), and then centrifuged again 
at 100,000 g for 120 minutes. The pellets were resuspended in 0.01 M phos
phate buffer (0.1 mg per 100 g for tissues), and assayed immediately for in
fectivity. All experimental procedures were performed at 4°C within a day. 
Injected aphids were reared on immune plants (tulip bud) for 24 hours at 
room temperature, and then transferred to test plants (6 aphids per plant). 

b) Experimental results 

After centrifugation, three light-scattering zones, 24-27 mm, 30-32 mm 
and 34-36 mm from the bottom of the gradient tubes were distinguished. 
Similar bands were also observed in a gradient tube with a preparation 
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from healthy P. floridana plants. Six experiments were done to detect the 
infectious zones in a sucrose density-gradient column. As shown in Table 
16, the visible zones (fraction A, B, and C) were not associated with in
fectivity. High infectivities were recovered in fraction E and F, in which 
no visible bands were observed. Fraction G immediately below E-F had 
some infectivity. Some infectious material, probably aggregated virus par
ticles, sedimented to the bottom of gradient tubes after centrifugation (Table 
16, fraction I). The absence of visible bands in the infectious zones sug
gests that the concentration of the virus extracted from the infcted plants 
was rather low. 

TABLE 16. Infectivity of each fraction after sucrose 
density-gradient centrifugation 

Fractiona Distance from Infectivity tube bottom (mm) Experiment 

F 15-18 2/5 

1 G 11-15 0/5 

H 6-11 0/5 

F 15-18 4/5 

2 G 11-15 2/5 

H 6-11 0/5 

D 21-24 0/5 

3 E 18-21 4/5 

F 15-18 3/5 

D 21-24 0/5 

4 E 18-21 5/5 

F 15-18 3/5 

B 30-32 0/5 

C 24-27 0/5 
5 

EF 15-21 5/5 

I 0 2/5 

A 34-36 0/5 

6 C 24-27 0/5 

EF 15-21 5/5 

I 0 3/5 

a A-C: visible bands; D-H: without bands; I: pellet 
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3. Virus-like particles in the infectious zone 

a) Observation of shadowed specimens 

399 

The glycerin washing method (Roc HOW and BRAKKE, 1964) was em
ployed to prepare the electron microscopic speciment from the infectious 
zone (fraction E and F) described above. A part of the infectious zone 
with sucrose was dropped on the carbon coated formvar grids and kept 
for 3 hours in a cold room. Then the grids were floated on 20% glycerin 
solution for 20 minutes at room temperature to remove sucrose. After 
sucking off excess fluid with a piece of filter paper, the specimens were 
shadowed with tungsten oxide and observed with a JEM-5 Y electron mi
croscope. The electron micrographs showed that the infectious zone con
tained small spherical virus-like particles (Plate I-A). 

b) Observation of negatively-stained specimens 

The infectious zone, 15-21 mm from the bottom, was removed, diluted 
to 5 mE', and centrifuged at 100,000 g for 120 minutes in a RPS 40 swinging
bucket rotor. The sediment was fixed with 0.1 mE' of 1 % neutral formalde
hyde and then centrifuged again briefly at 8,000 rpm (5,200g) for 20 minutes. 
The supernatant was mixed with an equal volume of 2% PTA (pH 7.0) and 
mounted on a grid. As shown in Plate I-B and C, spherical or polyhedral 
particles with uniform size and shape, approximately 24-25 nm in diameter 
were observed intermingled with considerable amount of amorphous pre
cipitate. 

No virus-like particles were found in 15-21 mm fractions from extracts 
of healthy P. jloridana plants or from healthy aphids that were reared on 
tulip buds. 

C. Discussion and brief conclusions 

We have several techniques to separate viruses from normal cell con
stituents at present. I employed column chromatography with DEAE
cellulose and sucrose density-gradient centrifugation in this experiment. 
Many animal viruses have been purified by column chromatography with 
DEAE-cellulose, e. g., adenovirus (KLEMPERER., et al., 1959, HARUNA., et al., 
1961), foot and mouth disease virus (BROWN and CARTWIRGHT, 1959), and 
Newcastle disease virus (Wilson, 1962). TOYODA., et al., (1965) have applied 
this method to the purification of rice dwarf virus. I applied the procedure 
for RDV purification to separation of PLRV from cell constituents. 

In this experiment, an extra component was not detected in the chro
matogram of a concentrated preparation from the infected plants. Although 
the effluent eluted with 0.5-0.6 M NaCl was associated with some infectivity, 
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it was obvious that the effluent contained not only the virus but cell con
stituents, since the chromatogram of a preparation from healthy plants had 
similar absorbance. It was not known whether the virus had same electro
static properties as cell constituents or was adsorbed by cell constituents. 
This technique seems to be inadequate for PLRV purification, probably due 
to a low concentration of the virus. 

Sucrose density-gradient centrifugation (BRAKKE, 1960) has been widely 
adapted to research on plant and animal viruses and bacteriophages. After 
centrifuging an unfractionated PLRV preparation layered onto a sucrose 
density-gradient column, an extra component was not detected spectropho
tometrically in the "infected" preparation (MURA Y AMA, KOJIMA and SUGA
w ARA, 1967). This result suggests that an unfractionated preparation ob
tained by clarification with a chloroform and n-butanol mixture followed by 
differential centrifugation, conained large amounts of normal cell constituents 
with not enough virus to detect spectrophotometric ally. However, it was 
confirmed that a zone 15-21 mm from the tube bottom was accociated with 
infectivity and that this infectious zone contained uniform spherical particles 
(24-25 nm in diameter). Furthermore, three visible bands not associated with 
infectivity did not contain uniform particles. These facts indicated that 
sucrose density-gradient centrifugation had separated the virus from normal 
cell constituents (KOJIMA et at., 1968). 

VII. Purification 

The purification of PLRV from infected plants by sucrose density
gradient centrifugation was attempted, based on the experimental results 
in the preceding chapter. In this chapter, the purification procedure, mor
phological aspects and biological purity of PLRV are described. 

A. Establishment of purification procedure 

1. An attempt to isolate the virus from a large amount of plant material 

An attempt was made to isolate the virus from frozen plant tissues 
(1,000 g). Each 200 g of frozen tissue was macerated in 400 mg of 0.1 M 
phosphate buffer, pH 7.4, containing 0.01 M DIECA, with a fruit juice 
extracter. Crude saps were emulsified with a chloroform and n-butanol 
mixture for 3 minutes. The emulsion was broken by centrifuging at 1,000g 
for 10 minutes. The resultant brown aqueous phase was concentrated by 
differential centrifugation (33,000g or 10 min; 75,000g for 180 min.). The 
pellets were resuspended in small volumes of 0.01 M phosphate buffer, PH 
7.4, with a Teflon-glass homogenizer. 
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Sucrose density-gradient columns, on which concentrated, unfractionated 
preparations were floated, were centrifuged at 100,000 g for 120 minutes in 
a RPS-40 swinging-bucket rotor. After centrifugation, the infectious zone 
(selected as in the preceding chapter) was removed by puncturing the gra
dient tubes with a hypodermic syringe, transferred a sealed small test tube 
and kept at -3°C. The procedures described above were performed at 4°C 
within a day. The procedures were repeated five on 5 days with 200 g of 
tissue each day. The infectious zones were combined, dialyzed overnight 
against 0.01 M phosphate buffer, pH 7.4 in a collodion-bag, and concentrated 
by differential centrifugation (26,000 g for 15 min; 100,000 g for 120 min.). 
One-half milliliter of the concentrated preparation was placed on a sucrose 
column. After the tube was again centrifuged at 100,000g for 120 minutes, 
a faint light scattering zone 15-21 mm from the tube bottom was removed, 
diluted to 5 mg and centrifuged at 100,000 g for 120 minutes in the same 
swinging-buket rotor. The resultant pellet was resuspended in 0.1 mg 
(x 10,000 concentrated) of 0.01 M phosphate buffer, pH 7.4, ahd assayed 
for infectivity. All 5 test plants infested with the injected phids (6 aphids 
per plant) became infected. Furthermore, the preparation contained many 
uniform spherical particles, although a considerable amount of amorphous 
material was also found (Plate I-D). In this way, it was possible to prepare 
the infectious virus preparation from 1,000 g plant materials during 5 days. 

2. Effect of fluorocarbon on the infectivity 

It was confirmed that the virus preparation treated with fluorocarbon, 
Daifron S-3 (PHILIPSON, 1967), during differential centrifugation was still 
highly infectious. A partially purified preparation from 200 g plant tissue 
was emulsified with 1/4 volume of Daifron S-3 for 3 minutes, and the 
emulsion was broken by centrifugation for 10 minutes at 1,000 g. The 
aqueous phase was given a subsequent differential centrifugation followed 
by sucrose density-gradient centrifugation. The 15-21 mm fraction was 
immediately assayed for infectivity by same procedure as described above. 
All six plants infested with the injected aphids developed typical symptoms 
on the leaves. 

3. Final purification procedure 

The final purification procedure, based on the results described above 
was as follows: 
Step 1. Frozen tissues of diseased P. floridana plants (1,000 g) were ground 
in a fruit juice extracter with 2 mg of 0.1 M phosphate buffer (pH 7.4) con
taining 0.01 M DIECA for each gram of tissue. 
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Step 2. To one volume of the extract was added 0.25 volume of a mixture 
of chloroform and n-butanol (1 : 1) and the mixture was emulsified in a War
ing Blendor for 3 minutes. 
Step 3. The emulsion was broken by low-speed centrifugation at 1,000g 
for 10 minutes. 

Step 4. The aqueous phase was again centrifuged at 33,000g for 15 min
utes in the RP-30 rotor of the Hitachi ultracentrifuge. 
Step 5. The clarified supernatant fluid was subsequently centrifuged at 
75,000 g for 180 minutes. 
Step 6. The resultant pellet was resuspended in 0.01 M phosphate buffer 
(pH 7.4) in a Teflon-glass homogenizer, and emulsified again with 1/4 volume 
of Daifron S-3 for 3 minutes. Susequently the emulsion was broken by 
centrifugation for 10 minutes at 1,000 g. 

Step 7. The aqueous phase was subsequently concentrated by centrifuga
tion for 120 minutes at 100,000 g. 

Step 8. The resultant pellet was resuspended in 4 mg of O.01M phosphate 
buffer (PH 7.4), and centrifuged at 26,000 g for 10 minutes. 
Step 9. The supernatant was layered onto sucrose columns, made by lay
ering 0.9 mg each of solutions containing 100, 200, 300, 400, and 500 mg 
sucrose per milliliter in 0.01 M phosphate buffer (pH 7.4), and then centri
fuged in a swinging-bucket rotor (RPS-40) at 100,000 g for 120 minutes. 
Step 10. The zone (faintly turbid) 15-21 mm from tube bottom was re
moved, dialyzed overnight against 0.01 M phosphate buffer, and pelleted 
by high-speed centrifugation at 100,000 g for 120 minutes in a RPS-40 
swinging-bucket rotor. 
Step 11. The resuspended preparation was layered onto the secound den
sity-gradient column and centrifuged at 100,000 g for 120 minutes. 
Step 12. The virus zone was removed from the tube with a hypodermic 
syringe, diluted to 5 mg, and centrifuged again at 100,000 g for 120 minutes. 
Step 13. The resultant pellet was dissolved in 0.1 mg of 0.01 M phosphate 
buffer (pH 7.4). 

The procedures (Step 1-6) were performed during 3 days, and subse
quent procedures (Step 7-13) were done during 2 days in a cold room. 
After the second density-gradient centrifugation (Step 11), two faint but 
visible bands, 15-17mm and 19-21 mm from the bottom, were observed. 
Both visible zones were separately pelleted (Step 12-13), assayed immedi
ately for infectivity, and observed with an electron microscope. 

Aphids injected with each fraction transmitted the virus to all plants 
(6 for each sample) on which they fed. Furthermore, the bottom fraction 
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was still infectious after 7 days of storage in a cold room (4°C) i. e., 2 out 
of 6 assay plants infected, but the top fraction was not infectious after 
storage for 7 days. The bottom fraction (15-17 mm) consisted of the char
acteristic uniform spherical or polyhedral virus particles, while the top 
fraction (19-21 mm) contained a few spherical virus particles intermingled 
with a considerable number of amorphous particles. 

Based on these results, it was concluded that the bottom fraction was 
the PLRV fraction. 

B. Morphology of purified PLRV 

Negatively stained preparations were made by placing a small drop of 
virus suspension on a carbon-coated formvar grid and adding a droplet of 
a 2% PTA in 0.05% bovine serum albumin. The excess fluid was sucked 
up with a small piece of filter paper. The specimens were examined with 
a JEM-5 Y electron microscope. 

The top and bottom fractions were diluted and sedimented at 100,000 g 
for 120 minutes. The resultant pellets were resuspended in 0.1 mg of 0.01 
M phosphate buffer (pH 7.4) and then negatively stained with 2% PTA 
at pH 7.0. Numerous uniform spherical particles approximately 29 nm in 
diameter (side by side) were detected in the bottom fraction (Table 17). 
Some of them appeared hexagonal. It appears possible that there are some 
fine outer projections on the surface of the particles (Plate II-A, B). When 
the final virus suspension was taken up in 0.01 M phosphate buffer at pH 
6.0 and negatively stained with 2% PTA adjusted to pH 5.5, most virions 
presented hexagonal profiles approximately 25 nm in diameter (Table 17, 
Plate II-D). Lastly, the final pellet was suspended in 0.01 M phosphate 
buffer (pH 6.0), fixed with an equal volume of 1 % glutaraldehyde, and 
stained with 2% PTA (pH 5.5). As shown in Plate II-E, the virions pre
sented hexagonal profiles with a diameter of 25 nm (Table 17). 

TABLE 17. Size of PLRV· particle 

Sample Medium Fixative Stain for suspension 

isolated neutral 2% PTA, pH 7.0 preparationR formaldehyde 

0.01 MPBb, pH 7.4 2% PTA, pH 7.0 
purified 0.01 MPB, pH 6.0 2% PTA, pH 5.5 
preparation 0.01 MPB, pH 6.0 glutaraldehyde 2% PTA, pH 5.5 

ultrathin sectionc 

a see VI Chapter b phosphate buffer c see next Chapter 

Size 
mesured (nm) 

24-25 

29-30 
25 

25 

23 
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Plate II-C showns an electron micrograph obtained from the top frac
tion. A few virions of PLRV were found intermingled with a considerable 
number of amorphous particles, which could be degraded virus particles. 

The size of virions in various treatments is shown in Table 17. When 
the non-fixed suspensions were kept neutral, the virions had a tendency to 
swell slightly. On the other hand, the virions kept in slightly acid solu
tion, or fixed, presented rigid profiles approximately 25 nm in diameter. 

C. Biological purity 

Since the presence of virus-like particles, carried by aphids with the 
moderate PLRV isolate, was demonstrated by PETERS (1965, 1967 a, b), the 
following experiments were carried out to see whether the diseased P. fiori
dana plants or aphids were contaminated with any other viruses or virus
like particles. 

1. Check of "virus-like particles" from aphids 

About 500 mg of aphids reared on healthy Chinese-cabbage as a stock, 
were anesthetized with carbon dioxide, and homogenixed in 10 mg of 0.1 M 
phopshate buffer (pH 7.4) in a Teflon-glass homogenizer. After clarification 
by chloroform and n-butanol, the aqueous phase was centrifuged at 100,000 g 
for 120 minutes in a RPS-40 swinging-bucket rotor. The resultant pellet 
was resuspended in 1 mg of 0.01 M phosphate buffer, and layered onto 
a sucrose column. After centrifugation at 100,000 g for 120 minutes, the 
15-21 mm zone was removed, diluted to 5 mg and again pelleted at 100,000 g 
for 120 minutes. The pellet was resuspended in 0.1 mg of 0.01 M phosphate 
buffer, and negatively stained with 2% PTA (pH 7.0). As shown in Plate 
III-A, there were no particles in the 15-21 mm fraction of the purified 
preparations. 

2. Check of "virus-like particles" from plants 

Aphids fed on infected Datura stramonium plants for 3 days, were 
transferred to Chinese-cabbage plants which are immune to PLRV. After 
2 weeks, a number of nymphs which appeared on the Chinese-cabbage 
plants were transferred to young P. fioridana plants. Two weeks after 
infestation the plants were harvested and subjected to the same purification 
procedure used for PLRV from plants. The final pellet from 100 g of plant 
tissue, was resuspended in 0.1 mg of 0.01 M phosphate buffer (pH 6.0), and 
then negatively stained with 2% PTA. No virus-like particles were found 
in the final purified preparations. From this fact, it was obvious that the 
isolate of PLRV used here was not contaminated with other viruses able 
to propagate in Chinese-cabbage plants and to infect to P. fioridana plants. 
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D. Effects of magnesium ion 

The purified PLRV particles seem to be labile structurally. It is 
probable that the time required for purification was too long, and that 
the medium used for suspending the virus was not optimum. It has been 
known that magnesium or polyamines may stabilize spherical viruses (HIE
BERT and BANCROFT, 1969). Effects of Mg2+ on the virus particles were 
examined as follows. 

1. Biological examination 

Infected P. fioridana plants (150 g) were macerated in 0.01 M Tris-HCI
buffer (pH 8.0) containing 0.1 M MgClz, and the extract clarified by a chlo
roform and n-butanol. The aqueous phase was subjected to the purification 
procedure. The high speed pellet was suspended in 0.01 M Tris-HCI-buffer 
(pH 7.4) containing 0.1 M glycine and 0.01 M MgClz• After the first sucrose 
density-gradient centrifugation, a visible band, 8-18 mm from the bottom, 
was removed, diluted to 5 mt and then centrifuged again at 100,000 g for 
120 minutes. The resultant pellet was resuspended in 0.1 mt of Tris-HCI
buffer (pH 6.0) containing 0.1 M glycine and 0.01 M MgClz, and assayed 
immediately for infectivity. A broad lignt-scattering zone, which included 
the so-called virus zone (A, 3 in this chapter), was not infectious (Fig. 12). 

2. Electron microscopic observation 

The diseased tissues (300 g) were ground in 2 mt of 0.1 M phosphate 
buffer (pH 7.4) containing 0.01 M DIECA added for each gram of tissue. 
The juices were clarified and concentrated by 2 cycles of differential cen
ttrifugation. A pellet was resuspended in 0.01 M phosphate buffer (pH 7.0) 
containing 0.01 M MgClz• As shown in Fig. 13, a light-scattering zone, 

infectivity 

} -
Fgiure 12. Schematic sketch of a sucrose 

gradient column with 0.01 M MgCl2 

centrifuged at 100,000 g for 120 minutes 
and infectivity of "virus zone". 

infectivity 

1 
} 

+ 
Figure 13. Schematic sketch of a sucrose 

gradient column with 0.00 M MgClz 
centrifuged at 100,000 g for 120 minutes 
and infectivities of three zones. 
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11-23 mm from the bottom was observed. This zone was divided two 
fractions, the 11-17mm fraction and the 17-23mm fraction. Each fraction 
was diluted to 5 mg with the resuspending medium and then centrifuged 
at 100,000 g for 120 minutes. The resultant pellets and the pellet obtained 
by first sucrose density-gradient centrifugation were dissolved in 0.1 mg of 
0.01 M phosphate buffer (pH 7.0) containing 0.01 M MgCI2 , and then assayed 
for infectivity. Neither fraction (visible zone) was infectious, but the pellet 
from the density-gradient centrifugation was (Fig. 13). Each sample was 
negatively stained with 2% PTA (pH 5.5) and observed in the electron 
microscope. A large number of small amorphous particles were found in 
a visible zone (Plate III-B). These particles seemed to be aggregated ribo
somes from plant cells. The PLRV particles were probably aggregated by 
the Mg2+, and sedimented to the pellet during sucrose density-gradient cen
trifugation. 

E. Purification of the virus from root tissues 

Leaves and petioles of infected P. fioridana plants were the source of 
virus previously purified. An attempt was made to purify the virus from 
root tissues of infected plants. 

Frozen root tissues (100 g) of diseased P. fioridana plants were ground 
in a meat chopper and then homogenized with 0.1 M phosphate buffer (pH 
7.4) containing 0.01 M DIECA, 2 mg for each gram of tissue. Concentrated 
preparations of the virus were made by chloroform-butanol clarification and 
2 cycles of differential centrifugation as described above. After sucrose 
density-gradient centrifugation, the virus zone was removed, and again 
pelleted. The final pellet was resuspended in 0.1 mg of 0.01 M phosphate 
buffer (pH 7.4). The preparation was injected into aphids and negatively 
stained with 2% PTA (pH 5.5). 

All six test plants infested by aphids, which had been injected with 
the final prepararion either undiluted or diluted 40-fold, developed typical 
symptoms. On the other hand, the preparation contained many not-uniform 
contaminants along with a few virus particles (Plate III-C). After repeated 
experiments, it was concluded that while infectious virus particles could be 
recovered from the root tissues, these root tissues were not a good virus 
source for purification. 

F. Attempts to simplify the concentrating procedure of clarified sap 

1. Concentration by evaporation 

Extracts from 200 g fresh leaves of diseased P. fioridana plants were 
clarified by the chloroform and butanol method. The resultant aqueous 
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phase was evaporated under reduced pressure for 20 minutes in water bath 
(35°C) in a rotary evaporator. The clarified sap was reduced to one-fourth 
volume in 20 minutes. Concentrated preparations were further purified by 
differential centrifugation followed by sucrose density-gradient centrifugation. 
When the final pellet was assayed for infectivity, it was not infectious. 
Furthermore, electron micrographs showed that the preparation consisted 
of amorphous, disrupted particles. 

2. Centrifugation in sucrose cushion 

As loss or disruption of the virus during purification seemed to be due 
to repeated centrifugation, an attempt was made to concentrate the virus by 
centrifugation onto a sucrose cushion. To the juice obtained from 300 g of 
fresh P. floridana plants, was added an equal volume of saturated ammo
nium sulfate (adjusted to pH 7.0). The mixtures were stirred for 5 minutes 
and then kept in centrifuge tubes for 60 minutes. The flocculated material 
was collected by centrifugation at 1,000 g for 20 minutes. The precipitates 
were dissolved in 60 mg of 0.01 M phosphate buffer (pH 7.4), and then 
clarified by a chloroform and n-butanol mixture. Each 20 mg of aqueous 
phase was directly layered onto 3 sucrose-cushions, which were made by 
layering each 3 mg of 200 and 700 mg sucrose per milliliter, respectively, 
in centrifuge tubes (1 x 3 inch), and kept for 24 hours in a cold room (Fig. 
14-1). Subsequently, the columns were centrifuged at 60,000g for 120 min
utes in a RPS-25 swinging bucket rotor (Fig. 14-2). After centrifugation, 
the cushion zone was turbid (Fig. 14-3). The cushion zone was divided into 
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1. sucrose cushion; 2. clarified 
preparation layered onto the 
cushion 24 hours after layering 
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Figure 14. Centrifugation onto a sucrose 
cushion, 

two fractions and each was dia
lyzed overnight against 0.01 M 
phosphate buffer (pH 7.4) in a cold 
room at 4°C, and subsequently pel
leted by centrifugation at 100,000g 
for 120 minutes in a RPS-40 rotor. 
The resulting pellets were resus
pended in the same buffer, and 
subjected to sucrose density-gradi
ent centrifugation as described pre
viously. Each virus zone was re
moved and examined in the elec
tron microscope. The electron 
micrograph showed that both frac
tions of the sucrose cushion con
tained virus particles (Plate III-D, 
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E). The same results were obtained when the experiment was repeated 
twice. This fact indicated that the virus particles were not effectively 
collected in the upper zone within a sucrose cushion under the condition 
used here. 

G. Discussion and brief conclusions 

PLRV was purified by the procedure shown in this chapter, which 
included clarification with organic solvent (a chloroform and n-butanol 
mixture, and Daiflon S-3), 2 cycles of differential centrifugation, and subse
quently 2 cycles of sucrose density-gradient centrifugation. Two visible 
zones were obtained after the 2nd sucrose density-gradient centrifugation, 
and both zones were associated with infectivity. The bottom fraction 
contained many uniform spherical particles, but the top fraction consisted 
of a few spherical particles intermingled with a considerable number of 
amorphous particles (KOJIMA et at., 1969). Similar results were encountered 
in the purification of pea enation mosaic virus (GIBBS et at., 1966). The 

"upper light-scattering layer" in the centrifuged sucrose density-gradient 
column was associated with some infectivity and contained a few intact 
virus particles. Although the unfixed particles had spherical or polyhedral 
profiles, the fixed virus particles (either in formaldehyde or glutaraldehyde) 
appeared hexagonal in outline suggesting that the shell is icosahedral in 
shape like other isometric viruses which have been studied. 

The fixed particles appeared smaller than the unfixed particles, indica
ting that the latter were probably more flattened (HuLL et at., 1969). As 
the size of the fixed particles corresponded with that of the particles sus
pended and stained under acidic condition, PLRV probably has hexagonal 
particles 25 nm in diameter (side to side). Peters (1967 a, b) reported that 
the size of PLRV particles purified from aphid vectors was 23 nm in dia
meter. The mesurement was done on preparations suspended in phosphate 
buffer (pH 7.2) and stained with 2% PTA (pH 5.5). ARAI et at., (1969) 
partly purified PLRV from three kinds of the diseased plants, P. fioridana, 
D. stramonium and potato plants, and each of the final preparations sus
pended in 0.005 M phosphate buffer (pH 8.0) contained spherical particles 
approximately 25 nm in diameter. It is known that the hydrodynamic 
behaviour of some small isometric viruses is pH dependent, and that the 
particles swell near neutrality and in doing so become susceptible to attack 
by RNase (BANCROFT et at., 1967). 

The electron micrographs (Plate II-A, B) showed that the particles sus
pended in phosphate buffer (pH 7.4) and subsequently stained with 2% PTA 
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(pH 7.0), had some surface structure, and some were disrupted. These photo
graphs were quite similar to that of cucumber mosaic virus when suspended 
in distilled water and stained with 1 % PTA (pH 6.0) (MURANT, 1965). 

The top fraction contained a considerable number of amorphous parti
cles which had same surface structure as the virus and some disrupted 
virus particles (Plate II-C). In the case of pea enation mosaic virus, the 
"upper light-scattering layer" contained some disrupted virus particles (GIBBs 
et ai., 1966), and the photograph of them was similar to that shown in 
Plate II-C. 

There was no evidence of so-called "empty" virus shells like those 
found in negatively. stained preparations of many other isometric viruses 
(BA WDEN, 1964). Similarily, no empty shells were found in the preparations 
of pea enation mosaic virus (GIBBS et ai., 1966; BOZARTH and SHOW, 1966). 

One of reasons that no "empty" shells are found in these viruses, is thought 
to be because there are strong attractive forces between the RNA and pro
tein. The proteins of some; e. g. pea enation mosaic, have a high propor
tion of basic amino acids and therefore probably have a strong electrostatic 
attraction for RNA. The virions of viruses that readily form empty shells 
are held together predominantly by protein-protein interations, e. g., turnip 
yellow mosaic virus (KAPER, 1971). MURANT (1965) pointed out that many 
CMV particles were disrupted by phosphotungstate, and preparations ex
amined after 1.5 hours in the stain showed no intact virus particles. His 
attempts to improve the preservation of the particles by fixation for 30-60 
minutes in 1 % formaldehyde were unsuccessful, and good photographs were 
obtained only when preparations were dried onto the microscope grid as 
soon as possible after mixing the virus suspension and PTA. FRANCK! 
et ai., (1966) also reported that CMV (Q strain) was unstable and was 
slowly disrupted in 2% PTA. Their micrographs of CMV were obtained 
from preparations in which virus solutions were applied to grids and were 
fixed in OS04 vapour for 10 seconds and then stained with 3% unbuffered 
uranyl acetate. Furthermore, they examined the virions directly in the 
analytical ultracentrifuge and found evidence of disintegration of CMV 
particles by PTA. Alfalfa mosaic virus, even though it is a virus with 
multiple components, also does not withstand negative staining in neutral 
PT A unless previously fixed in 1 % formaldehyde (GIBBS et ai., 1963). Ac
cording to results reported by HULL et ai., (1969), the analytical ultracen
trifuge showed that AMV broke down in the presence of 1 % PTA in a man
ner similar to that shown for CMV (FRANCKI et ai., 1966). However, they 
succeeded in staining unfixed AMV particles with saturated uranyl formate. 
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The viruses mentioned above also have other properties III common, 
i. e., they are sensitive to magnesium ions. The bottom, middle, and top 
components of AMV were precipitated by the addition of MgC12 to give 
0.005 M Mg2+ (HULL and JOHNSON, 1968). As one of reasons, they thought 
that the precipitation of the virus arises from the binding of Mg2+ to RNA 
phosphate (or possibly between phosphate and carboxyl groups) with the 
consequent reduction in the charge of the particles, and that the phosphate 
groups must be near the surface to participate in interparticle charge effects. 
CMV began to precipitate at 0.001 M of MaC12 (T AKANAMI and TOMARU, 
1969). They improved the Scott's purification procedure (SCOTT, 1963) by 
addition of 0.005 !v! EDT A to sucrose density-gradient columns. In my 
experiment, PLRV particles were precipitated in sucrose density-gradient 
columns in the presence of Mg2+. 

The small isometric viruses may be divided into two groups according 
to the action of Mg2+. The viruses of one group are precipitated by Mg2+ 
and are stabilized by EDT A. The viruses of another group are stabilized 
by Mg2+ aud inactivated by EDT A. Southern bean mosaic virus is repre
sentative of the latter group (WELLS and SYSLER, 1969). Thus the samll 
isometric viruses with a relatively high RNA content (KAPER, 1968) res
pond differently to the action of Mg2+, from the point of view of stability. 
Further detailed studies concering the stability and structure of PLRV are 
indispensable. 

As the PLRV -isolate used in this study was free of any detectable 
contaminating virus, it may be concluded that the particles found in final 
preparation were the causal agent of the leaf-roll disease of potato. 

However, the purification procedure was fairly laborious and resulted 
in considerable loss of virus. 

Thus I attempted to collect the virus particles from the top of the 
70% sucrose pad without differential centrifugation (ERIKSON, 1969), but 
did not succeed. 

In future, a large scale purification will be required for biochemical or 
biophysical studies of this virus, and thus further investigations to simplify 
the procedure are necessary. 

VIII. Intracellular localization of the virus within plant hosts 

A. Experimental procedure 

1. Fixation and embedding 

Small pieces of leaves and petioles from infected and non-infected 
plants, were placed in 75% ethanol, and then washed in distilled water. 
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Samples were then placed in a droplet of cold buffered 5% glutaraldehyde 
(pH 7.0) on a glass slide, and cut into small pieces (2 x 6 mm). After 120 
minutes fixation in 5% glutaraldehyde buffered in pH 7.0 phosphate buffer, 
specimens were washed in 0.1 M phosphate buffer and were post-fixed in 
2% osmium tetroxide for 90 minutes. After rinsing with 75% ethanol for 
120 minutes, and transferred again into 75% ethanol. Further dehydration 
in graded ethanol was followed by staining with saturated lead acetate in 
100% ethanol for 60 minutes, after which the materials were dehydrated 
again in 100% ethanol, and then embedded in Epon epoxy resin. The 
procedure throughout fixation and dehydration was done in a cold room 
at 4°C. 

2. Ultrathin section and staining 

Ultrathin sections were cut with a Porter-Blum Mt-1 ultramicrotome 
equipped with glass knives, and were stained with 3% uranyl acetate for 
30 minutes. After washing with distilled water, the sections were stained 
again with Millonig Pb stain for 10 minutes, and then viewed and photo
graphed with a JEM-5 Y electron microscope (80 kv). 

B. Results 

1. Ultrathin sections of P. floridana plants 

Electron microscope examinations of ultrathin sections of P. fioridana 
plants infected with PLRV indicated that the virus was localized in phloem 
tissue even though in low frequency, but was not found in other tissues, 
such as epidermis, mesophyll cells and xylem vessels. 

In ultrathin sections of PLRV-infected plants, masses of small electron
dense particles of uniform size and shape, approximately 23 nm in diameter, 
were found. These particles usually appeared in degenerated phloem cells 
of petioles and veins of diseased leaves. Frequently, the cells containing 
virus particles had large areas filled with a network structure, Virus par
ticles were scattered singly or in masses in the network structure of de
generate cells (Plate IV-A, C). Also virus particles were scattered singly 
throughout the lumen of the cell and interspersed with remnants of cell 
organelles (Plate IV-B). Accumulation of the virus in a remarkable crystal 
in the vacuole of phloem cells is shown in Plate V-A. Serial sections of 
these crystalline arrays, partly shown in Plate V-A and VI, revealed that 
they definitely consisted of spherical particles. Such crystalline arrays of 
the virus particles were rarely seen in cells of old diseased leaves, i. e., 
more than 50 days after infection. 

Occasionally there were necrotic cells adjacent to cells containing PLRV. 
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One of them had densely staining material throughout the cell with a tri
angle shape (Plate VIII-C). In another necrotic cell, a densely staining 
material was deposited in the center of the cell (Plate VIII-B). In these 
necrotic cells, no virus particles could be detected. However, the necrotic 
cells with a network of densely staining fibers contained the virus parti
cles (Plate VIII-A). 

2. Ultrathin sections of D. stramonium plants 

In D. stramonium plants infected with PLRV, virus particles also oc
curred within cells of phloem tissues either scattered or in accumulations, 
but rarely in crystalline arrays as in P. floridana plants. Clear virus profiles 
are seen in Plate V-B. Virus particles of uniform size and shape appeared 
in dense structures in the cell, or were free beside the cell wall. Accumu
lations of the virus, even though not in a crystalline array, were found in 
the central vacuole of phloem cells (Plate VII-A, B). 

In D. stramonium plants necrotic cells were also observed adjacent to 
cells containing PLRV (Plate VII-A). 

The virus particles appeared round or hexagonal in outline and uniform 
in shape and diameter when viewed in transverse sections of the phloem 
cells of both host plants. The largest clearly resolved particles in crystal
line arrays were approximately 23 nm in diameter (see Table 17), which 
corresponded with that of the virions from purified preparations. 

C. Discussion and brief conclusions 

It is well known that staining with uranyl nitrate during dehydration 
is effective in strengthening contrast (MILNE, 1966; HILLS and PLASKITT, 
1968). Furthermore, staining with uranyl nitrate and lead acetate, simulta
neously, during dehydration (KUSH IDA and FUJITA, 1967), was more effective 
than a single stain for observing small isometric virus particles such as PLRV 
in situ in cells of infected plants. The virus particles differed from ribo
somes in several aspects. In general, they stained more densely than the 
ribosomes; virus was always round or hexagonal with a discrete margin; 
ribosomes were frequently pleomorphic with an indistinct margin. There 
were some indications of crystallization of the virus particles (Plate V-A, 
VI); whereas ribosomes are not known to crystallize under normal experi
mental conditions. Also the virus particles differed from phloem protein 
(ESAU and CROUSHAW, 1967) which appear elongate when seen in longi
tudinal sections of phloem cells (see Plate VII-C). 

Since the particles of uniform size and shape were encountered in the 
ultrathin sections of the diseased plant cells, and apparently corresponded 
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with those of the purified particles from plant tissues, it is likely that these 
particles are potato leaf-roll virus. 

ARAI et al., (1969) confirmed the virus localization within cells of P. 
jloridana, D. stramonium and Solanum tuberosum plants. Their sections 
revealed uniform particles, spherical with a diameter of approximately 24 nm 
in the phloem tissue of all three hosts. They also pointed out that these 
particles were observed within the young xylem vessels. 

From the results described above, PLRV appears to be confined to 
the phloem, where it causes a degeneration of the phloem cells. I have 
examined other tissues of PLRV -infected plants but found no particles of 
the type mentioned proviously. However, one cannot exclude the possibility 
of overlooking or mistaking virus for ribosomes in the mesophyll and other 
cells except the phloem cells. 

In PLRV -infected plants, phloem necrosis has been observed under 
the light microscope by many workers. But as shown in ultrathin section 
illustrated here, so-called phloem necrosis appears to be divided between 
the degenerate cells which contain the virus particles, and the necrotic 
cells which contain no particles. 

The low concentration of PLRV in the sap of infected plants was 
also deduced from the fact that distribution of the virus was restricted to 
phloem tissues. For example, only one cell in an entire vascular bundle 
contained virus particles, as shown in Plate VII-A. 

It is not known where the virions are multiplied and assembled in 
host plants cells. In ultrathin sections of cells infected with PLRV, I did 
not recognize a viroplasmic matrix as found viruses such a'l wound tumor, 
rice dwarf, and rice black-streak dwarf viruses (SHIKATA and MARAMO
ROSCH, 1965, SHIKATA, 1968, 1969). 

IX. General discussion 

In the past 20 years, many developments have been made in the field 
of insect transmitted plant viruses, especially leafhopper borne plant viruses. 
These advances depended on improved techniques of preparation of nucle
oprotein and electron microscopy. Among them, potato yellow dwarf virus 
was isolated for the first time from plant hosts by differential centrifugation 
(BLACK et al., 1948) and by sucrose density-gradient centrifugation (BRAKKE 
et al., 1951). Wound tumor virus was successfully isolated from both plant 
and insect hosts, and was found to be a large spherical virion with a dia
meter of 70-85 nm (BRAKKE et at., 1954). Rice dwarf virus was subse
quently isolated from both plant and insect hosts and its morphology 
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determined to be similar to that of wound tumor virus (FUKUSHI et at., 
1960, 1962). In addition, the fine structures of these three viruses were 
determined under the electron microscope (BILS and HALL, 1962, BLACK 
et at., 1965; FUKUSHI and SHIKATA, 1963; KIMURA and SHIKATA, 1968). 
To date, the size and shape of many viruses transmitted by leafhoppers 
or planthoppers, have been determined (i. e., maize mosaic virus (HEROLD 
et at., 1960, 1967; wheat striate mosaic virus (LEE, 1967, 1968), nothern 
cereal mosaic virus (SHIKATA and Lu, 1967; Lu et at., 1968), maize rough 
dwarf virus (LOVISOLO et at., 1967), rice tungro virus (GALvEZ, 1968), rice 
streak virus (KITANI and KISO, 1968), rice black-steak dwarf virus (KITA
GAWA and SHIKATA, 1969), and rice transitory yellowing virus (SHIKATA 
and CHEN, 1969). Rice tungro virus was the only one of these which was 
transmitted non-persistently by a leafhopper (LING 1966). These viruses 
are variable in morphology. There are four types, viz., large spherical 
particles with outer projections (rice dwarf and wound tumor viruses) or 
without projections (maize rough dwarf and rice black-streak dwarf viruses), 
bacilliform or bullet-shaped particle (maize mosaic, wheat striate mosaic, 
northern cereal mosaic and rice transitory yellowing viruses) and small 
isometric particles (rice tungro and rice streak viruses). 

Other meaningful finding were given by observation of the viruses 
within cells of both plant and insect hosts by ultrathin section. Localization 
of rice dwarf virus within both plant and leafhopper tissues was first de
scribed (FUKUSHI et at., 1962; SHIKATA, 1966). Many viruses have been 
observed within both hosts as follows; wound tumor virus (SHIKATA et at., 
1964; SHIKATA and MARAMOROSCH, 1965), maize mosaic virus (HEROLD 
and MUNZ, 1965), potato yellow dwarf virus (MACLEOD et at., 1966), wheat 
striate mosaic virus (LEE, 1964, 1967), nothern cereal mosaic virus (SHIKATA 
and Lu, 1967), maize rough dwarf virus (LOVISOLO and CONTI, 1966), rice 
black-streak dwarf virus (SHIKATA, 1968), and rice transitory yellowing virus 
(SHIKA TA and CHEN, 1969). Finding of virus particles in several internal 
organs of insect vectors provided additional evidence for virus multiplication 
in the insect vector. Furthermore, several types of ultrastructural change 
of cells of both hosts infected with these viruses have been discussed in 
relation to the site of virus multiplication. 

The viral RNA's of wound tumor and rice dwarf viruses have been 
extensively studied (BLACK and MARKHAM, 1963; GOMA TOS and T AMM, 
1963; MIURA et at., 1966; SATO et at., 1966), as has the serology (WHIT
COMB and BLACK, 1961; WHITCOMB, 1964; NAGARAJ and BLACK, 1961; 
NAGARAJ et al., 1961; KIMURA and SUZUKI, 1965), because of the high 



TABLE 18. Some characters of aphid-borne persisten viruses 

Virus PLRV BYDV PEMV CaMV LNYV SYVV 

Vector Myzus persicae Macrosiphum Achyrthosiphon Cavariella Hyperomyzus Hyperomyzus 
avenae pisum aegopodiae lactucae lactucae 

Pattern of propagativea) circulative circulative circulativea) propagative propagative transmission 

Sap transmission impossible impossible possible possible possible possible 

Particle s?ape isometric isometric isometric isometric bullet (baciriform) bullet (baciriform) 
size 23-25 nm 3Qnm 22-24nm 3Qnm 66x227nm 8Qx22Qnm 

Sedimentation T 106 Sa) 
115-118 S 943S constant B 122 S 

Tolerance to positive positive positive negative chloroform 

Envelope negative negative negative negative positive positive 

Yield 25-50 pgje 0.3 mgjg 

Nucleic acid RNA RNAb) 

epidermis, Distribution epidermis, phloem phloem mesophylb), mesophylll) plant mesophyl, xylem phloem, xylem 

gut lumen, salivary giant, 
insect muscle, intestine, salivary glanta) fat body fat body 

a) circulative, a) multicompo- a) with red a) nucleus 

Remarks probably nent leaf virus infection 
b) nucleus b) based on RNase 

infection treatment 

* PLRV: potato leaf-roll virus; BYDV: barley yellow dwarf virus; PEMV: pea enation mosaic virus; CaMV: 

carrot mottle virus; LNYV: lettuce necrotic yellows virus; SYVV: sowthistle yellow vein virus 
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yield and high purity in which these viruses can be prepared. 
Researches on aphid-borne persistent plant viruses became active during 

the past 10 years, based on advances in studies on leafhopper-borne plant 
viruses. The nature and properties of virions of 5 aphid-borne persistent 
viruses besides PLRV have been determined to some extent, i. e., barley 
yellow dwarf (ROCHOW and BRAKKE, 1964; JENSEN, 1969), carrot mottle 
(WATSON et at., 1965), pea enation mosaic (IZADPANAH and SHEPHERD, 
1966; SHIKATA et al., 1966), lettuce necrotic yellows (CROWLEY et at., 1965; 
HARRISON et al., 1965) and sowthisle yellow vein viruses (RICHARDSON and 
SYL VESTER, 1968). About 40 viruses are known to be transmitted persis
tently by aphid vectors (KENNEDY et al., 1962; GIBBS, 1969). Although the 
transmission pattern of these viruses is similar, it is difficult to compare 
and discuss them completely at the virions level at present. The particles 
of only a few aphid-borne persistent viruses have been described. These 
viruses for which particles have been observed are summarized in Table 18. 
PLRV and barley yellow dwarf viruses, which have been not transmitted 
mechanically, have isometric particles with 25-30 nm diameter and have 
a very small concentration in the sap of infected plants. Both viruses are 
classified as the leaf-roll virus group (GIBBs, 1969). According to GIBBS, 
this group contains some additional viruses based on their transmission 
pattern and symptomatology, even though their particles have been not 
yet determined. Pea enation mosaic virus, which is readily transmitted 
mechanically, has isometric particles 30 nm diameter. Carrot mottle virus is 
unusual in that it can be transmitted mechanically, but is only transmitted 
by aphid from plants also infected with carrot red leaf virus. It's particles 
are approximately spherical and about 50 nm in diameter. Lettuce necrotic 
yellows and sowthisle yellow vein viruses are readily transmitted mechani
cally, but are unstable in sap. Both have similar distinctive bacilliform or 
bullet particles. 

All four· viruses, except carrot mottle virus, were purified by sucrose 
density-gradient centrifugation. Lettuce necrotic yellows virus hasalso been 
purified by column chromatography on calcium phosphate gel (McLEAN 
and FRANCKI, 1967). Barley yellow dwarf virus was the first of these 
viruses to be purified (ROCHOW and BRAKKE, 1964). In my investigation, 
column chromatography with DEAE-cellulose was first tested for the puri
fication of PLRV, but the results were unfavourable, maybe because of the 
low concentration of the virus. Eventually, PLRV was also purified by 
sucrose density-gradient centrifugation. In the case of the leaf-roll virus 
group, bioassay for infectivity of each fraction of sucrose columns after 
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centrifugation appears to be a most important step because there are no 
more sensitive or accurate assay methods than bioassay, even though it is 
fairly laborious. Spectrophotometrical measurement of nucleo-proteins and 
observation under electron microscope are meaningless, when the virus con
centrations are very low. 

Small isometric viruses among the 6 viruses are tolerant to organic 
solvents, but both lettuce necrotic yellow and sowthisle yellow vein viruses 
are sensitive to one, suggesting that both viruses have an envelope which 
is essential to integrity of these virions. In fact, it was reported that 
particles of these viruses were bacilliform or bullet shape with an envelope 
(HARRISON and CROWLEY, 1965; RICHARDSON and SYLVESTER, 1968). They 
closely resemble particles of some leafhopper-brone plant viruses described 
above and animal viruses such as vesicular stomatitis virus (BROWN et al., 
1967). 

Morphology of PLRV, barley yellow dwarf, and pea enation mosaic 
viruses appears to be quite similar to many small isometric viruses, the 
surface of which generally consist of 180 subunits, except cowpea mosaic 
virus (190 in all) (KAPER, 1968). 

Barley yellow dwarf virus sediments as a single component (i. e., 115-
118 S). Conversely, pea enation mosaic virus sediments as two components 
(106 Sand 122 S), but whether only one of these is infectious is not certain. 
The sedimentation rates of the small isometric viruses lie between 83 S 
(broad bean mottle virus) to 132 S (tomato bushy stunt virus), mainly be
tween 99 S to 119 S (KAPER, 1968). The sedimentation rate of PLRV 
would probably be within this range. 

It is generally accepted that the small isometric viruses contain a rela
tively high content of nucleic acid from 15% (tomato bushy stunt virus) to 
42% (tobacco ring spot virus). Among aphid-borne persistent viruses pea 
enation mosaic virus is the only one whose nucleic acid has been chara
cterized (SHEPHERD et al., 1968). It's particles contain 27% RNA with 
a molar base ratio (G: A : C : U) of G 26 : A 24 : C 24 : U 26. No viral nucleic 
acid has been reported for the leaf-roll virus group. BRANDENBURG (1962) 
reported that DNA extracted from PLRV-infected potato leaves was the 
causal agent of potato leaf-roll. However, this result was disputed by some 
workers (GOVIER, 1963; SARKAR, 1963; KONIG, 1964; KOING and MUELLER, 
1964). 

Based on the present knowledge described above, it is presumed that 
PLRV has isometric particles 25 nm in diameter with some surface struc
tures, contains more than 20% nucleic acid, and sediments as a single 
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component (about 120 S). 
As described above, some of the aphid-borne persistent viruses show 

some characteristics common to certain small isometric viruses, but are 
distinguished from other isometric viruses in yield. Yield of viruses that 
are sap inoculative is from mg to g level from one liter of plant sap 

(KODAMA, 1968). Yield of barley yellow dwarf virus from plant materials 
was estimated to be 25-50 pg per one liter of sap based on the scanning 
pattern of the ISCO fractionator (ROCHOW and BRAKKE, 1964). In my 
investigation, a faint visible band was observed in only a few experiments 
in which more than 1 kg of plant tissue was used as virus source, sugges
ting that the yield of PLRV from plant tissues was quite similar to that of 
barley yellow dwarf virus. It's value corresponds to between one thousandth 
and one ten thousandth of many sap inoculative plant viruses. The low 
concentration has been a limiting factor in purification of the leaf-roll 
virus group. PETERS (1967 b) reported that homogenates of viruliferous 
aphids contained PLRV more than plant sap, based on the results of bio
assay. However, the results of bioassay of crude preparations may not 
reflect the actual virus concentration. 

The low concentration of PLRV within plant tissues is also suggested 
by the localization of the virus. In this investigation, it was found that 
PLRV was restricted to phloem tissues. In addition, PLRV was found in 
only a few cells of phloem tissue. Barley yellow dwarf virus was also 
reported to be localized in phloem tissue (JENSEN, 1969). The similarity 
in the localization and cytopathology in PLRV and barley yellow dwarf 
viruses is interesting. Conversely, the distribution of pea enation mosaic 
virus within plant tissues is distinctly different from that of the leaf-roll 
virus group. Pea enation mosaic virus was observed in epidermis, meso
phyl and vascular bundle tissues (SHIKATA et al., 1966). In addition, the 
virus was in nuclei at an early step of infection (SHIKA T A and MARAMO
ROSCH, 1966). Lettuce necrotic yellows virus was also distributed through
out whole tissues (CHAMBER et al., 1965; CHAMBER and FRANKl, 1966). 
Four aphid-borne persistent viruses mentioned above divide into two groups 
on the basis of virus localization in plant hosts. The leaf-roll virus group 
(PLRV and barley yellow dwarf virus) which have a low concentration of 
virus in the plant restricted to phloem tissues. Pea enation mosaic and 
lettuce necrotic yellow viruses, which can be transmitted by sap and have 
a relatively high concentration in the plant, are distributed in epidermis 
and other tissues. Based on this fact, virus localization in plant host ap
pears to be responsible for virus yield and the possibility of sap inoculation. 
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In the case of the leaf-roll virus group, it should be called "tissue infec
tion", although it is local infection in a way. 

Viruses for which particles have been observed in sections of virulife
rous aphids include pea enation mosaic, lettuce necrotic yellows, and sow
thistle yellow vein viruses. Pea enation mosaic virus is the first to be 
observed in the aphid vector. The virus was scattered in gut lumen and 
fat body of pea aphid, Acyrthosiphone pisum (SHIKATA et at., 1966). This 
discovery, however, is not complete proof for virus multiplication within 
insect vectors (SYLVESTER, 1969). Lettuce necrotic yellows and sowthistle 
yellow vein viruses were detected in several internal organs (O'LOUGHLIN 
and CHAMBER, 1967; RICHARDSON and SYLVESTER, 1968). The latent pe
riod of these viruses in aphid vectors had been determined to be about 
one week (STUBBS and GROGAN, 1963; DUFFUS, 1963), which is longer 
than that of other aphid-borne viruses. In addition, sowthistle yellow vein 
virus could be trasmitted serially from insect to insect by manual inocula
tion and transovarially. These facts suggest that these viruses multiply 
in cells of different organs and tissues of insect vector (SYLVESTER and 
RICHARDSON, 1969; SYLVESTER, 1969). Conversely, PLRV ironically was 
not detected in internal organs of the green peach aphid, M. persicae 
(MOERICKE, 1961, 1963), although it was the first virus reported to multiply 
in the aphid vector (STEGWEE and PONSEN, 1958). 

As summarized in Table 18, PLRV is quite similar to barley yellow 
dwarf virus from several viewpoints, suggesting that these viruses form 
a new and unique group among plant viruses. Beet western yellows (DUF
FUS and GOLD, 1965; SUGIMOTO et at., 1970) and soybean dwarf viruses 
(T AMADA et at., 1969; T AM ADA, 1972; KOJIMA and T AM ADA, unpublished) 
are probably of the leaf-roll virus group. 

Finally, the relationships between potato leaf-roll disease and PLRV as 
the causal entity is depicted. Many workers have confirmed that potato 
leaf-roll (virus) is transmitted by aphid vectors, but not mechanically by sap. 
Transmission of the virus from viruliferous adult to progeny has generally 
been thought to be negative. In Japan, however, it was reported that a few 
progeny from viruliferous adults transmitted the virus during the winter 
season only (MIYAMOTO and MIYAMOTO, 1966). The spread of the disease 
(virus) from plant to insect and from insect to plant was shown by infec
tivity tests, viz., aphids can be infected by injecting them with extracts 
from infected plants and from viruliferous aphids. In addition, the pathway 

was revealed at virus particle level. In this investigation, infectious virions 
were successfully purified from the infected plant hosts. Conversely, PE-
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TERS (1967 a, b) succeeded in purifying the same vmon from viruliferous 
aphids. Both results taken together reveal that virions pass from plant to 
insect hosts or' from insects to plant hosts. Detection of virions within 
phloem tissues is a circumstantial evidence for the idea that aphids are 
capable of picking up of virus from phloem tissues with nutrient and 
injecting it to phloem tissues with saliva. However, I still have some prob
lems deciding how and where PLRV multiplies or assembles in plant host, 
and whether the virus is indeed capable of multiplying in its vector. Fur
thermore, I wish to investigate the biochemical and physicochemical proper
ties of the virus, which probably would enhance the possibility of diagnosis 
of the disease and quantitative calculation of the virus. 

x. Summary 

1. Mechanical inoculation, some physical properties in sap, isolation 
and purification of potato leaf-roll virus (PLRV), and the virus localization 
in plant tissues are described. 

2. It was confirmed that PLRV was trasmitted by green peach aphids, 
Myzus persicae, injected with the extracts from diseased plants and homo
genates or blood from viruliferous aphids. 

3. Aulacorthum solani also became virus transmitters after injection 
with extracts from infected plants and viruliferous aphids. 

4. The virus appeared to be still infectious after 5 days at 2°C. 
5. The dilution end point of the virus appeared to be between 10-3 

and 10-4• 

6. The virus in crude sap appeared to be inactivated between 70 and 
SO°C. 

7. The virus was tolerant against freezing of plant tissue and sap. 
S. The virus infectivity remained in the supernatant fraction of ex

tract of the infected plants after being centrifuged at 30,000 rpm (58,000g) 
for 60 minutes. 

9. The virus was tolerant to a chloroform solvent and a mixture of 
chloroform and n-butanol. 

10. Normal cell constituents were not completely removed when plant 
saps treated with a mixture of charcoal and Celite were filtered or centri
fuged, followed by the chloroform and n-butanol treatment. 

11. The virus in clarified sap was sedimented by centrifugation at 
40,000 rpm (1000,000 g) for more 60 minutes, although the virus was also 
partly pelleted by centrifugation below 100,000g. 
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12. Electron micrographs and ultraviolet absorption spectra showed 
that the partly purified preparations contained a large amount of normal 
cell constituents, despite which they were highly infectious. 

13. An extra component was not detected when a concentrated prepa
ration from infected plants was chromatographed on DEAE-cellulose. 

14. An extra component was not detected spectrophotometrically after 
centrifuging an un fractionated infectious preparation layered onto a sucrose 
density-gradient column. However, a zone 15-21 mm from the tube bottom 
was associated with infectivity and this infectious zone contained uniform 
spherical particles (24-25 nm in diameter). 

15. The virus was purified by the procedure shown in Chapter VII, 
which contained clarification with organic solvents (a chloroform and n
butanol mixture, and Daiflon 5-3), 2 cycles of differential centrifugation 
and subsequently 2 cycles of sucrose density-gradient centrifugation. 

16. Two visible zones were obtained by this procedure. Both zones· 
were associated with infectivity. 

17. The bottom fraction contained many uniform spherical or poly
hedral particles with some surface structure, but the top fraction consisted 
of a few spherical particles intermingled with the considerable number of 
amorphous particles. 

18. The fixed virus particles (either in formaldehyde or glutaraldehyde) 
appeared to have hexagonal outlines. 

19. As the size of the fixed particles corresponded with that of the 
particles suspended and stained under acidic condition, it was concluded 
that PLRV has hexagonal particles of 25 nm diameter (side to side). 

20. The amorphous particles contained in the top fraction appeared 
to be disrupted virus particles, because these particles had the same surface 
structure as the virus. 

21. PLRV particles were precipitated within sucrose density-gradient 
column centrifuged in the presence of Mg2+. 

22. It was confirmed that the PLRV-isolate used in this investigation 
was free of any contaminating virus. 

23. Infectious virus was also recovered from root tissues of the in
fected plants, but the preparation contained more impurities than that from 
leaves. 

24. Two attempts to simplify the concentrating procedure of clarified 
sap for a large scale purification by evaporation and centrifugation onto 
sucrose cushion did not succeed. 

25. Electron microscope examinations of ultrathin sections of infected 
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plants indicated that the virus was localized in phloem tissue even though 
in low frequency, but was not found in other tissues. 

26. Virus particles were scatterd singly or in masses III the network 
structure of degenerated cells. 

27. Also, virus particles were scattered singly throughout the lumen 
of the cell and interspersed with remnants of cell organelles. 

28. Crystalline arrays of the virus particles were rarely seen in the 
central vacuole of cells of old diseased leaves. 

29. Serial sections of these crystalline arrays revealed that they defi
nitely consisted of spherical particles. 

30. The particles in crystalline arrays were approximately 23 nm in 
diameter, which corresponded satisfactorily with that of the virion from 
purified preparations. 

31. There were some necrotic cells adjacent to cells containing PLRV 
particles. 

32. One of them had a uniformly densely staining material throughout 
a cell of triangle shape, in which no virus particles could be detected. 

33. In other necrotic cells, densely staining materials were deposited 
in the center of the cells, in which no virus particles were found. 

34. The necrotic cells with a network of densely staining fibers con
tained virus particles. 

35. The low concentration of PLRV III the sap of infected plants 
was deduced from the fact that distributon of the virus was restricted to 
phloem tissues. 
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Explanation of plates 

Plate I. 

A. An electron micrograph of virus-like particles from the infectious 

zone of the sucrose density-gradient column. Shadowed with tungsten 

oxide. X 50,000. 

B, C. Negatively stained virus-like particles isolated from diseased Phys

alis floridana plants. The particles were fixed in 1 % formaldehyde 

before staining in 2% PTA (pH 7.0). X 200,000 

D. Negatively stained particles isolated from diseased P. floridana plants. 
Spherical particles (arrow) are observed intermingled with a consider

able number of amorphous precipitate. The particles were stained 

with 2% PTA (pH 7.0). X 50,000. 

Plate II. 

A. An electron micrograph of PLRV from the bottom zone of a sucrose 

density-gradient column. The final preparation was suspended in 

0.01 M phosphate buffer (pH 7.4) and negatively stained with 2% PTA 

(pH 7.0). X 100,000. 

B. An enlarged view of a part shown in A. Note that virus particles 

show some surface structures. X 200,000. 

C. An electron micrograph of particles from the top zone of a sucrose 

density-gradient column. A few virus particles are observed inter

mingled with a considerable amount of amorphous precipitate or dis-

rupted virus particles. X 100,000. 

D. An electron micrograph of the purified virus particles. The prepara

tion was suspended in 0.01 M phosphate buffer (pH 6.0) and negatively 

stained with 2% PTA (pH 5.5). X 200,000. 

E. Do. The preparation was fixed in 1% glutaraldehyde before staining 

with 2% PTA (pH 5.5). X 300,000. 

Plate Ill. 

A. An electron micrograph of a preparation from the "virus zone" of the 

sucrose density-gradient column on which extracts from virus-free 

green peach aphids were layered. No virus-like particles are observed. 

X 100,000. 

B. An electron micrograph of particles from the "virus zone" of the 

sucrose density-gradient column under the presence of magnesium 

ion. Many small particles appear to be the aggregated ribosomes of 

P. floridana plants. X 100,000. 

C. An electron micrograph of particles from the root tissues of diseased 

P. floridana plants. A few virus particles (arrow) are observed inter

mingled with a large amount of contaminants. The particles were 

stained with 2% PTA (pH 5.5). X 100,000. 
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D. An electron micrograph of particles contained in the sucrose cushion. 

Virus particles from the upper part {20% sucrose} of the cushion. 

X 100,000. 

E. Do. Virus particles from the lower part {70% sucrose} of the cushion. 

X 100,000. 

Plate IV. 

A. A transverse section of a phloem cell of a PLRV-infected P. fioridana 

plant. Virus particles {V} are scattered in the network structure of 

a degenerated cell. X 50,000. 

B. Do. Virus particles scattered in cytoplasm of a degenerated phloem 

cell. V, virus particles; S, starch grain. X 50,000. 

C. An ultrathin section of degenerated phloem cell in which virus par-

ticles {V} are loosely accumulated. X 50,000. 

Plate V. 

A. An ultrathin section of a phloem cell of an old infected P. fioridana 

plant. Virus microcrystals occur in the central vacuole of the sieve 

tube. The cytoplasm is at the periphery of the cell. M, mitochon-

drion. X 50,000. 

B. An ultrathin section of a phloem cell of an infected Datura stramo

nium plant. Note the clear round uniform profiles of the virions 

which occur freely scattered in the vacuole and beside the cell wall 

{upper right}. X 50,000. 

Plate VI. 

A. An enlarged view of the virus crystals in one of the serial sections 

of a cell. Note that some of the virions show hexagonal profiles. 

X 100,000. 

Plate VII. 

A. An ultrathin section of a phloem tissue of a leaf from an infected 

D. stramonium plant. An accumulation of the virus particles (arrow) 

occur in the vacuole of a phloem cell. n, necrotic cell. X 5,500. 

B. An enlarged view of the part indicated by arrow in A showing a large 

accumulation of PLRV (V). X 50,000. 

C. An ultrathin section of a phloem cell of a leaf from an infected P. 

fioridana plant. Note that a mass of the phloem proteins {P} with 

tubular structure occur in the vacuole of a phloem cell. N, nucleus. 

X 50,000. 

Plate. VIII. 

A. An ultrathin section of a degenerated {necrotic} phloem cell in which 

virus particles {V} still occur. S, starch grain. X 50,000. 
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B. An ultrathin section of a degenerated (necrotic) phloem cell in which 

it is difficult to detect the virions due to osmiophilic substances. S, 
starch grain. X 50,000. 

G. An ultrathin section of another type of necrotic phloem cell. Note 

that no virus particles and cell organelles are observd in the cell 

showing a triangle shape. X 50,000. 
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