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Abstract

Xanthomonas campestris pv. campestris phages (3 isolates of phage S, K and '76) were
isolated from black rot diseased leaves of cabbage, cauliflower and turnip, and some of their
fundamental properties were investigated. The particle of phage S was tadpole-like with a
polyhedral head of about 50 x 60 nm and a tail of about 110X 10 to 12 nm. Phages S and K
attacked specifically X. campestris pv. campestris, but not X. campestris pv. citri, pv. cucurbitae,
pv. oryzae, pv. phaseoli and pv. prumi. Phages S and K showed different host range to
bacterial isolates of X. campestris pv. campestris. The thermal inactivation point of phage
S was 53 C in distilled water and 65 C in potato ring-rot liquid medium by 10 min incubation.
Phage S was more stable in its lytic activity in potato ring-rot liquid medium or in phos-
phate buffer than in distilled water. Phage S was also stable at pH 7.0, but not at pH 4.9
or 9.1. Throughout all conditions of different three dispersants and five pH levels phage
S was more stable at 5C than at 28 C. One-step growth expériments showed that multipli-
cation of phage '76 was optimal at 28 C. The latent period, rise period and average burst
size in the case of single infection were 75 min, 40 min and 13 plaque forming units,
respectively. At 30C or at the temperatures below 26 C, however, the latent period was
prolonged and the average burst size became smaller.

o (Received May 26, 1980)

Introduction

Black rot disease has caused serious damage to many crucifer plants especially to
cabbage and cauliflower at Tama district, Tokyo.

Although many phages which attack corresponding plant pathogenic bacteria have been
isolated, only a few reports were found on the phage which attacks Xanthomonas campes-
tris pv. campestris, the causal bacterium of black rot disease of crucifers®!®. The first
report on the morphology, host range and one-step growth of X. campestris pv. campestris
phage was made by Sutton ef al.!®, who showed that the phage attacked a wide range of
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Xanthomonas species including X. campestris pv. campestris.
Several phage isolates were obtained from black rot diseased leaves, and some funda-
mental properties of these phages will be described here.

Materials and Methods

Isolation of host bacteria. X. campestris pv. campestris was isolated from black
rot diseased leaves of cauliflower, turnip and cabbage in the experimental farm of Tokyo
University of Agriculture and Technology in 1966 and also from diseased leaves of
cabbage in 1976. The pathogenicity of these bacterial isolates was confirmed by the needle-
prick inoculation to the healthy cabbage leaves.

Isolation and enrichment of phages. Phages were isolated from diseased leaves
of cauliflower and turnip in 1966 and from those of cabbage in 1976 by the use of
corresponding indicator strain of host bacterium, and they were designated as the phage
S, K and ’76, respectively.

Isolation was made as follows: lesion parts of diseased leaves were homogenized with
sterilized distilled water, centrifuged at 7,000x g for 15 min and the supernatant was
adequately diluted. The mixtures consisting of diluted supernatant, bacterial suspension
of indicator strain and melted bouillon agar medium containing 0.6 % agar were poured
onto the basal layer of bouillon agar (2 % agar) solidified previously in Petri dish, and
were incubated at 28 C for 15 to 20 hr.

Small clear plaques of about 1 mm in diameter appeared as shown in Fig. 1. The
phages in a single plaque were transferred into a broth culture of indicator strain in test
tubes. After incubation by shake culture for 24 hr at 28 C, the bacterial cells were
removed by centrifugation at 7,000x g for 15 min, and small quantities of the supernatant
were re-transferred into the fresh bacterial broth culture. After these three serial enrich-
ment of the phage, high titer phage lysates of approximately 10° plaque forming units
(pfu) per ml were obtained by the soft agar layer method®.

Preparation of anti-phage serum. Phage suspension (2.6x10°~3x10% pfu per
ml), previously eliminated bacterial debris by filtrating with Millipore filter (pore size
0.22 pm), was injected 11 times into the ear vein of rabbit at intervals of 2 to 3 days.
Anti-serum was taken by routine method. The K-value (velocity constant of phage
inactivation) of this anti-serum was about 50,

One-step growth experiment. In the experiments of single infection, 1ml of
bacterial suspension (5x10°% cells per ml) and 1ml of
phage suspension (1x10® pfu per ml) were mixed in test
tubes kept in a water-bath at 20, 22, 26, 28 and 30C.
After 10 min, free phages were inactivated by adding
4 ml anti-phage serum for 5min, then 0.5ml of the
mixtures (bacterium-phage complex and anti-serum) was
diluted to 10,000-fold with Cavich medium?® (so-called
‘growth tube’). Bacterium-phage complex (0.1 ml) was
taken out from the growth tube at settled intervals, and
Fig. 1. Plaques of X. campestris used for plaque counting.

pV. campestris phage. In the experiments of multiple infection, 1 ml of
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bacterial suspension (about 107 cells per ml) and 1 ml of phage suspension (about 10° pfu
per ml) were mixed, and kept at 22, 26, 28 and 30 C. Other experimental procedures
were the same as those in the experiment of single infection.

Results

Morphology of phage S particle

Phage S suspension was treated with twice repeating of ultra (at 50,000x g for 40
min) and low speed differential centrifugation (at 7,000x g for 15 min). The phage sus-
pension thus treated was negatively stained with 1 % alcoholic solution of phosphotungstic
acid for electron microscopic observation.

This phage particle was typical tadpole-like, with a polyhedral head about 50x 60 nm
and a cylindrical tail about 110 nm in length and about 10 to 12 nm in diam. (Fig. 2 and
3).

Host range

Host range was studied by streaking or dropping the phage suspension onto the culture
surface of an indicator strain on potato ring-rot agar medium?®. After the incubation at
28 C for 20 hr, the appearance of lysis was examined (Fig. 4).

Table 1 showed that phages S and K did not attack Xanthomonas campestris pv. citri
(7 isolates), pv. cucurbitae, pv. oryzae, pv. phaszoli (1 isolate of each) and pv. prumi (3
isolates). As to the isolates of X. campestris pv. campestris, phage S lysed 5 bacterial
isolates out of 9 tested, whereas phage K attacked only 2 out of 4 which were not lysed
by phage S. Therefore, it was clear that phages S and K were complementary in their
host range.

Thermal inactivation points of phage S

Phage S was suspended in distilled water (pH 5.4), phosphate buffer (pH 7.0) and
potato ring-rot liquid medium (pH 7.0) at the density of several hundreds pfu per 0.1 ml.
One ml of the suspension was poured into a test tube and was immersed in a water-bath
at given temperature. After 10 min incubation, the test tube was cooled rapidly with
running tap water. Then, pfu in 0.1 ml of phage suspension was determined by the

Fig. 2. Electron micro-

graph of phage S Fig. 3. Ghost particles adsorbed to
negatively stained bacterial debris with its tail.
by 1% phosphotung- Electron micrograph of phage
stic acid (PTA). S negatively stained by 1%

x 150,000 PTA. x100,000
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plaque counting method after incubation at 28 C for 20
hr.

Table 2 showed that the thermal inactivation points
of phage S in distilled water (pH 5.4), phosphate buffer
(pH 7.0) and potato ring-rot liquid medium (pH 7.0) were
53C, 62 C and 65C, respectively by 10 min treatment.

Time course of phage S inactivation

Phage S was suspended in three dispersive solutions
mentioned above at the density of 1,000 pfu per 0.1 ml
Fifteen ml of the suspension were poured into test tubes

Fig. 4. Host range test of phage
isolates. Phage suspension
was streaked onto agar sur-  and were incubated at 5C and 28C.  Then, plaque

face on which test bacterium counting was made at the settled intervals.
was inoculated. One phage Table 3 showed that the phages were rapidly
isolate  (upper line) lysed  ipoctivated in distilled water at either 28 C or 5C, most
test bacterium, but the other . . . Dy
phage isolate Cunder Iine) of the phage particles was inactivated within 1 to 2 days.
did not. Less inactivation was observed in phosphate buffer and
potato ring-rot liquid medium, in which more than half
of original pfu was retained even after 10days at 28C. Furthermore, a tendency was
observed that the inactivation was greater at 28C than at 5C in all three dispersive
solutions tested, especially in distilled water.

The effects of pH and temperature on the inactivation were investigated with the
phages suspended in the Britton-Robinson’s buffer solution at pH 4.9, 6.0, 7.0, 8.1 and
9.1 by similar methods described above.

At 28 C, the inactivation was remarkable within 1 day at pH 4.9, but it became less
with approaching to the neutral, and was the least at pH 7.0 (Table 4). However, at
pH higher than 7.0, inactivation increased again, and was remarkable after 7 days at pH
9.1. A similar tendency of inactivation was also observed at 5C, but the phages were
found to be more stable at 5C than at 28 C in any pH tested.

Table 1. Host ranges of S and K phage of X. campestris pv. campestris

Phage Phage
Bacteria isolates Bacteria isolates
S K S K
X. campestris X. campestris
pv. campestris — 1 -2 4 pv. citri (7 isolates) — —
” -2 — + pv. cucurbitae (1 isolate) — —
” -3 + — pv. oryzae (1 isolate) — -
” —4 + — pv. phaseoli (1 isolate) — —
” -5 + — pv. pruni (3 isolates) - —
” —6 + -
4 -7 + -
” —8 - -
V4 -9 — —

a) + : Lysis occurred, — : not occurred.
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Table 2. Thermal inactivation point of S phage
) Treated temperature (C)
Dispersant
Room temp. 51 52 53 54 55
Dist. water (pH 5.4) 514 5 2 0 0 0
. Room temp. 59 60 61 62 63
Phosphate buffer (pH 7.0)
458 23 2 1 0 0
Potato ring-rot Room temp‘. 62 63 64 65 66
liquid medium (pH 7.0) 407 4 9 1 0 0
a) Treated by 10 min incubation.
b) Values are the average plaque numbers among four plates of two replications.
Table 3. Time course of inactivation of S phage in different dispersants
. Temper- Time course (days)
Dispersant ature
) 0 1 2 3 4 5 7 10
. 28 100® 4 0.3 0.5 0.1 0.2 0.07 0.03
Dist. water (pH 5.4)
5 100 42 17 12 9 13 6 2
Phosphate 28 100 92 80 71 69 65 48 55
buffer (pH 7.0) 5 100 94 90 80 8 82 8l 78
Potato ring-rot liquid 28 100 91 72 65 71 71 68 67
medium (pH 7.0) 5 100 94 8 8 8 8 78 65
a) Relative plaque numbers of each time course compared with that of zero time. Based on the
average numbers among 9 plates of three replications.
Table 4. Inactivation of S phage under different conditions of pH and temperatures
- Temperature Time course (days)
= o 1 2 3 5 7 10 14
28 100® 44 32 17 42 22 16 14
4.9
5 100 65 52 61 58 54 48 29
28 100 75 61 50 65 57 57 50
6.0 ;
5 100 76 74 75 61 77 70 61
28 100 79 73 61 80 68 61 60
7.0
5 100 91 86 88 91 88 81 73
28 100 54 51 59 66 54 64 50
8.1
5 100 84 92 81 80 85 78 71
28 100 69 60 46 41 11 4 4
9.1
5 100 96 98 91 69 60 56 55

a) Relative plaque numbers of each time course compared with that of zero time. Based on the
average numbers among 9 plates of three replications,
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Effects of temperature on multiplicalion of phage 76

In order to clarify the effects of temperature for the multiplication and the growth
curve of phage, one-step growth experiment? was conducted using phage ’76 and its
indicator bacterial strain under several temperature conditions. One-step growth curve at
different temperatures in the case of single infection was shown in Fig. 5, and the latent
periods, rise periods and average burst sizes at various temperatures in both single and
multiple infection were shown in Table 5.

The results showed that optimal multiplication temperature of this phage was 28 C,
which coincided with that of host bacterium. The latent period, rise period and average
burst size at 28 C were 75 min, 40 min and 13 pfu, respectively in the case of single infec-
tion, and were 70 min, 55 min and 12 pfu, respectively in the case of multiple infection.
At the temperatures below 26 C or at 30 C, the latent periods were prolonged and the
average burst sizes became smaller.

15f o Table 5. Results of one-step growth experi-
L ments in both single infection and
. . . s "
B 28 C(0) multiple infection of 76 phage
L Temper- | Types | Latent | Rise Average
B 26 C(e) ature of period | period | burst
1ol €D infec- | (min) | (min) | size
30 C(X) tion (pfu??)
e L 20 S 100 60 7
1]
& L 20 c(a) . S 90 40 |- 6
) 22
L 22 c() M 80 55 5
i i S 80 40 11
L 26 -
: M 70 60 9
i 7 S 75 40 13
. 28
L = M 70 55 12
A .
O I 1 1 i ](Y)o 1 | 1 1 260 S 90 75 9
o ) . . - 30
Time after infection (min) M 90 65 8

“Fig. 5. One-step growth curve of ’76 phage at

. > a) Data are the average of duplicated experi-
several temperature conditions (single

ments.
infection). Step size: ratio of pfu at . b) Plaque forming units.
each time to initial pfu at latent period. c) S: single infection, M: multiple infection.

Discussion

The polyvirulent Xanthomonas phage Pg 125 was isolated by Sutton e al.'® from a
suspension of macerated swede seed, compost and sewage which were added in nutrient
broth heavily inoculated with X. campestris pv. campestris. Pg 125 was found to attack
in vitro numerous phytopathogenic xanthomonads; such as X. camﬁési‘rz's pv. campestris,



Ann. Phytopath. Soc. Japan 46 (4). September, 1980 523

pv. malvacearum, pv. phaseoli, pv. pruni and pv. vesicatoria, etc. The present phages S
and K, however, attacked only a homologous pathovar, X. campestris pv. campestris. It
has been reported in Japan that phages of X. campestris pv. citri®, pv. oryzae®?®, pv.
pruni'® | Pseudomonas syringae pv. mori™®, pv. fabaci'®, P. solanacearum'? and Evwinia
carotovora'™ attacked only its homologous species or pathovars; on the other hand, certain
phage strains of X. campestris pv. campestris®, pv. citri®, pv. translucens {.sp. oryzicola®,
P. syringae pv. eriobotryae'® and pv. mori'® attacked several heterologous species or
pathovars in addition to its homologous ones.

Goto et al.® described that Xanthomonas phages which could frequently be found in
soil, in general, showed very broad host ranges including many heterologous nomenspecies ;
in contrast, those which were isolated from diseased plant tissues usually showed limited
host ranges. A Xanthomonas campestris pv. campestris phage isolated from diseased
cabbage by Goto® attacked 3 isolates out of 93 isolates of X. campestris pv. citri, and also
1 isolate of pv. blepharidis and of pv. phaseoli in addition to pv. campestris. The
discrepancy between our results and those by Goto ef /¥ may be due to the number
of bacterial strains used. ‘ '

The presence of phage strains which attack the different bacterial strains within a same
species has commonly been observed, for instance, X. campestris pv. citri phage CPi, CP2?,
pv. oryzae phage OP1*®, OPu?, OPm22®, OP:2?, BPi~BP:®, pv. prumi phage PP:*19,
PPw1!®, PPue!®, pv. tramslucens f.sp. oryzicola phage SPi-¢®, P. syringae pv. eriobotryae
phage EP1-3'®, pv. mori phage MP1, MPw!?, pv. tabaci phage No. 1~4®, P. solanacearum
phage!'® and E. carotovora phage Ap, Bp, Cp®.

The thermal inactivation point of phage S was lowest (63C) in distilled water (pH
5.4) and was considerably higher (62 C) in phosphate buffer (pH 7.0) and in potato ring-
rot liquid medium (pH 7.0) (65 C). Similar results have been reported in the experiments
using X. campestris pv. oryzae phage OP:2" and OPm?, in which the thermal inactivation
point was higher in liquid medium than in distilled water. In the case of pv. oryzae
phage OP22?, however, no difference was observed between liquid medium and distilled
water.

Phage S was considerably stable in its lytic activity in both phosphate buffer and
potato ring-rot liquid medium, but not in distilled water. This result may be related to
the difference of thermal inactivation point among dispersants as above mentioned. Phage
S was found to be most stable in a neutral condition (pH 7.0) and less stable in both
acidic and alkaline conditions (pH 4.9 and pH 9.1, respectively). Moreover, the phage
was more stable at 5 C than at 28 C regardless of the sort of dispersants and pH values.
Similarly, it has been reported that X. campestris pv. oryzae phage OP:i? was unstable
under higher temperature and in distilled water. Wakimoto®® reported that if OP: phage
was preserved by freeze drying with protein solution (10-?~10-% g protein per ml) or with
potato semi-synthetic liquid medium, inactivation of phage could be considerably prevented.
The reason why phage S was more stable in potato ring-rot liquid medium than in distilled
water might partly be due to the protective action of proteinous components in the former
medium. )

When compare our results of one-step growth experiment (single infection at 28 C)
with those obtained by Sutton et al.'®, latent period was markedly different; that is, Pg
125 was so long as 210 min, while the present phage '76 was 75 min. An average burst
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size of phage '76: was 13 pfu, while Pg 125 was varied from 4 to 12 through three
replicated experiments. When compare the characteristics of phage 76 with those of X.
campestris pv. oryzae phage; latent and rise periods of phage 76 were about two times
longer than those of OP: phage?®, and were roughly coincided with those of OP2 phage®”.
It had been reported that X. campestris pv. citri phage CP:® showed about 150 min of
latent period, and P. solanacearum S; phage!® and P. syringae pv. tabaci phage!'® showed
190 and 70 pfu of average burst size, respectively.

The present X. campestris pv. campestris phages differed apparently in their host range
from polyvirulent Pg 125 reported by Sutton ef al.'® It will be necessary to clarify
further the host range in detail, not only to bacterial strains in X. campestris pv. campestris
but also to heterologous bacterial species or pathovars by using many phage isolates.
Furthermore, the behavior of X. campestris pv. campestris in the field should be
elucidated by the use of adequate phage isolates.

We wish to express our thanks to Dr. T. Kozaka, Professor of our laboratory, for his kind
revision of manuscript. We also thank to Mr. H. Yotsumoto, Mr. K. Kamiyama, Mr. T. Matsuo,
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