Plant Pathology Bulletin 3; 1-8, 1994

Mutation of Histidine Synthesis Induced by Filamentous Phage Cf16
in Xanthomonas campestris pv. citri

Wen-Chuan Wu and Feng-Hsiang Yang

Graduate Institute of Plant Pathology, National Chung Hsing University, Taichung, Taiwan 402,
R.O.C.
Accepted for publication: December 15, 1993

ABSTRACT

Wu, W. C, and Yang, F. H. 1994. Mutation of histidine synthesis induced by filamentous phage
Cf16 in Xanthomonas campestris pv. citri. Plant Pathol. Bull. 3:1-8.

Filamentous phage Cf16 induced mutation of histidine synthesis in strain XW45 of
Xanthomonas campestris pv. citri at the frequency of 107 after lysogenization. All or most of the
His™ mutants, unlike their wild-type strain XW45, did not utilize citrate, did not decompose the
carbohydrates tested, and showed slight decrease in virulence to Liucheng sweet orange; one of
them was not tolerant to 3% NaCl. All the His™ mutants, when reverted, were still lysogenic for
Cf16, and most of the His" revertants did not restore these alterated phenotypic expressions. The
wild-type strain XW45 harbored plasmids pXW45N and pXW45J, which fused to become a large
plasmid and then dissociated into two plasmids in some of the His™ mutants and the His”
revertants. The Cfl6 prophage was not observed existing as plasmid state in the cells of His
mutants and His® revertants. Thus, the mutation of histidine synthesis in X. campestris pv. citri
XW45 induced by Cf16 is probably due to integration of its prophage at a certain site other than

the affected genes on the host chromosome.
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INTRODUCTION

As part of investigations to establish the genetic
system of Xanthomonas campestris pv. citri, Wu (29,30)
and Wu and his coworker (34) have reported in Japan
that the genetic characteristics of strain XCI19 of this
bacterium, after lysogenized with its phage PXC7, are
modified by alteration from smooth to dwarf colony
types accompanied with changes in its cell disposition,
adsorption to phage PXC7, sensitivity to phage CP2,
and virulence to summer orange. In Taiwan, Wu et al.
(38) have found that filamentous phage Cf16 induces
mutation of cysteine synthesis in strain XW47 of this
bacterium probably by integration of its prophage into
the affected genes on its host chromosome. The
mutation also accompany with changes in some
biochemical and pathological characteristics, but the
mutation and most of the accompanied changes revert
with loss of the Ctl16 prophage. Later, the phage Cf16
has also been found to induce mutation of histidine
synthesis in strain XW45 of this bacterium (35). A
study was then initiated to find out whether such His”
mutation can revert. The resulting His™ revertants were
further tested with their His™ mutants and wild-type
strain XW45 to determine whether they accompany

with changes in biochemical, pathological, and
molecular-biological characteristics. Part of the results
has already been presented in abstract (33,36) and
review (32) forms.

MATERIALS AND METHODS

Media and chemical reagents

Nutrient broth, nutrient agar, and agar were the
product of Difco Laboratories, Detroit, Michigan,
U.S.A. Soft agar, saline, minimal agar, semi-enriched
minimal agar (38), and L broth (17) have previously
been described. Panvitan, compositive vitamins, was
produced from Takeda Yakuhin Co. Adenine, thymine,
guanine, cytosine, uracil, casamino acids, L-amino acids,
and acridine orange were purchased from Sigma
Chemical Co., St. Louis, Missouri, U.S.A.

Bacterial strains

X. campestris pv. citri XW45, its His™ mutants (35),
and their His® revertants obtained in this study were
kept at room temperature in darkness in soft agar stab
in corked vials, the tops of which were sealed with
paraffin (31). All the bacterial strains were removed
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from the preserved vials and streaked onto the semi-
enriched minimal agar plates, and the grown cultures
were kept at 4 C and transfered every 26 weeks. Before
use, discrete colonies of each strain were picked up and
suspended in saline and streaked onto the minimal agar
plates supplemented with or without L-histidine. Unless
otherwise stated, all cultures were incubated at 30 C.

Phage

Phage Cf16 was isolated from the lysogenic strain
XW16 of X. campestris pv. citri and propagated on
strain XW47 (38). Phage lysate was prepared from
semiconfluent lysis on the top-layer nutrient agar plates,
filtered through a 0.45 pm Millipore membrane (7),
titered by the “drop-on-top-layer” method (30), and
then stored at 4 C. Before use, the phage stock was
diluted with nutrient broth to appropriate titers.

Lysogenization

Phage Cf16 was added to the cells of strain XW45
suspended in nutrient broth at the concentration of 10°
cells/ml at the multiplicity of infection (m.o.i) of 20.
Control portion was added with nutrient broth only.
After incubation for 24 hr, samples were removed from
the mixtures and streaked onto nutrient agar plates.
Colonies appeared after 72 hr were streaked three
times for single-colony isolation on the nutrient agar
plates and then examined for their lysogeny by the
method previously described (29).

Curing of Cf16 prophage

The cells of the His" revertants were suspended in
saline at the concentration of 10°-10 cells/ml. Aliquots
of 0.2 ml of them were added to 2 ml of nutrient broth
containing acridine orange at the concentrations of 25,
50, 75, 100, 150, and 200 pg/ml, respectively. Cultures
were incubated with shaking for 48 hr. Control was
made in the nutrient broth without adding acridine
orange. Appropriate dilutions were spread onto the
nutrient agar plate, and the cells from the colonies
appeared were examined for their lysogeny.

Identification of nutritional requirements

The Cfl6-induced His™ mutants were examined for
their nutritional requirements on the minimal agar
supplemented first with 5 mg/ml Panvitan, 0.2 ml of
the purine and pyrimidine solutions, ie, 2.5 mg/ml
each of adenine, thymine, guanine, cytosine, and uracil
(29), or 10 mg/ml casamino acids, secondly with
alternate groups of L-amino acids, ie, 20 pg/ml each
of 1) arginine, cysteine, cystine, methionine, 2)
isoleucine, leucine, valine, 3) phenylalanine, tryptophan,
tyrosine, 4) aspartic acid, glutamic acid, histidine,
threonine, 5) alanine, glycine, proline, and serine, and
finally with aspartic acid, glutamic acid, histidine, or
threonine (20).

Biochemical tests

Colony characteristics were examined on agar
plates 72 hr after incubation. Discrete colonies of each
of the bacterial strains were suspended in 1 ml of
saline at the concentration of approximately 10°
cells/ml. A loopful suspension of each bacterial strain
was used as an inoculum for the tests of gelatin
liquefaction, citrate utilization, pectolytic enzyme (12),
tolerance to 3% NaCl solution (28), and decomposition
of carbohydrates (11).

Inoculation of citrus plants

The cells of the wild-type strain XW45, its Cf16-
induced His™ mutants, and their His® revertants at late
log phase were collected by centrifugation at 3,000 rpm.
for 30 min., washed twice with saline, resuspended in
saline to about 5 X 10° cells/ml, and inoculated by the
multiple needle method (30) into young leaves of
Liucheng sweet orange (Citrus sinensis cv. Liucheng).
The inoculated plants maintained in a greenhouse were
covered with moist polyethylene bags for two days. The
plants were observed at intervals for canker
development.

Detection of plasmid and phage DNAs

The alkaline lysis method of Birnboim (1) was
employed to isolate plasmid and phage DNAs from the
cells of X. campestris pv. citri XW45, its Cfl6-induced
His~ mutants, and their His® revertants grown in L
broth at late log phase. The plasmid and phage DNAs
were each suspended in TE buffer (10 mM Tris, 1 mM
EDTA, pH 8.0). Electrophoresis was carried out with
0.8% agarose gel in a horizontal tank at 95 wvolts for
3-4 hr. The gel was then stained in 0.5 pg/ml solution
of ethidium bromide for 30 min. The DNA bands were
photographed under an UV light at the wave length of
254 nm. Under the same conditions, Escherichia coli
with plasmid RP4 (3.4 X 107 daltons), obtained from
Dr. K. J. Li, Department of Soil Science, National
Chung Hsing University, and Salmonella typhimurium
trpA512 with plasmids F'lac’ and pSTL512 (7.4 and
6.0 X 10’ daltons, respectively) grown at 37 C were
used as standards.

RESULTS

Mutation of histidine synthesis in X, campestris pv.
citri XW4S5 after lysogenized with phage Cf16

Strain XW45 of X. campestris pv. citri, after
streaked onto the minimal agar plates, produced
circular, convex, entire, glistening, smooth, yellow
colonies. When cells of the smooth colonies of strain
XW45 were suspended in nutrient broth at the
concentration of 10° cells/ml and mixed with phage



Cf16 at the m.o.i. of 20, incubated for 24 hr, and
streaked onto the nutrient agar, all the colonies
appcared were smooth yellow and become lysogenic for
phage Cfl6. One hundred lysogenic smooth colonies
were picked up at random and streaked onto the semi-
enriched minimal agar plates, on which 13 white

TABLE 1. Colony characteristics of Cf16 phage-induced
His" mutants and their wild-type strain XW45 in
Xanthomonas campestris pv. citri on nutrient agar,
minimal agar supplemented without or with various
nutrients, and semi-enriched minimal agar plates

) Colony characteristics'
Medium and y

Nutrients Wild-type strain His™ mutants
supplemented XW4s XW45(CF16)-4-16
Nutrient agar SY SY
Minimal agar (MA) SY —
Semi-enriched MA SY WM
MA+ (Panvitan)’ or +  SY —

(Adenine, thymine,

guanine, cytosine,

or uracil)’
MA +(Casamino acids)® SY SY
MA+ (L-aspartic acids, SY SY

L-glutamic acid,

L-histidine, or

L-threonine)’
MA + L-histidine’ SY SY

'SY and WM, smooth yellow and white minute
colonies produced, respectively. —, no growth.

* Supplemented at concentration of 5 mg/ml.

* Supplemented at concentration of 2.5 mg/ml.

* Supplemented at concentration of 10 mg/ml.

* Supplemented at concentration of 20 pg/ml.

TABLE 2. Frequencies of His" reversion from the Cf16-
induced Xanthomonas campestris pv. citri His™ mutants
after preserved in soft-agar stabs for one year and their
lysogeny for phage Cf16

Frequencies Lysogeny for
His™ mutants of reversion ysogeny .
(x 10°) phage Cf16
XW45(Cf16)-11 6.5 +
-12 51 +
-13 2.2 +
-14 6.1 +
-16 8.2 +

"+, positive.

Mutation in X. campestris pv. citri 3

minute colonies were obtained and designated with the
prefix XW45 (Cf16) followed by the number, and, after
examined on the minimal agar for their nutritional
requirements, L-histidine was found to be functional for
them to produce smooth yellow colonies (Table 1). The
mutants XW45 (Cf16)-4 to 16 are deficient in histidine
synthesis and, hence, they were genetically designated
His™ mutants. They were induced by phage Cf16 at the
frequency of 0.13.

Reversion of the histidine synthesis mutation

Of the 13 His" mutants, after preserved at room
temperature in darkness in soft-agar stabs for one year,
His™ mutants XW45 (Cf16)-11, 12, 13, 14, and 16 were
examined and found to revert to produce His" colonies
on the semi-enriched minimal agar at the frequencies
of 65, 5.1, 2.2, 6.1, and 82 X 107", respectively. His"
revertants thus obtained were designated as XW45-11R,
12R, 13R, 14R, and 16R, respectively, followed by the
number. All the His” revertants were still lysogenic for
phage Cf16, i.c., not cured of the Cf16 prophage (Table
2). They were not cured of the Cf16 prophage even
after treated with acridine orange at the concentrations
of 25, 50, 75, 100, 150, and 200 ug/ml, respectively, or
preserved again in the soft-agar stabs for one year.

Biochemical characteristics of the Cf16-induced His
mutants and their His revertants

The His™ mutants and their His™ revertants were
examined with their wild-type strain XW45 for
biochemical reactions (Table 3). All or most of these
His" mutants, unlike their wild-type strain XW45,
changed their reactions from positive to negative in
citrate utilization and decomposition of trehalose, xylose,
mannitol, mannose, glycerol, fructose, and lactose. His
mutant XW45 (Cf16)-11 was not tolerant to 3% NaCl,
and His™ mutants XW45 (Cf16)-14 and 16 decomposed
trehalose, xylose, and mannitol. All or most of the His*
revertants, like their His™ mutants but unlike their wild-
type strain XW45, reacted negatively in utilization of
citrate and decomposition of the carbohydrates tested
and positively in tolerance to 3% NaCl.

Virulence of the Cfl16-induced His mutants and
their His revertants

The Cfl6-induced His™ mutants of X. campestris
pv. citri XW45 and their His™ revertants were
inoculated into the leaves of Liucheng sweet orange to
compare their virulence with wild-type strain XW45
(Table 4). Wild-type strain XW45 as well as most of its
His" mutants and their His" revertants developed
canker lesions 3 days after inoculation, and the number
of lesions increased rapidly and reached the maxima,
100% of infection, within 7 or 14 days. His” mutant
XW45 (Cf16)-14 and His' revertants XW45-11R-3 and
12R-12, however, did not show canker lesions 3 or 7
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TABLE 3. Biochemical characteristics of the Cf16-
induced His™ mutants, their His® revertants, and wild-
type strain XW45 in Xanthomonas campestris pv. citri

Wild-type

Biochemical . His” His'
characteristics' Strain mutants  revertants
XW45

Citrate utilization + - -

Tolerancc to 3% NaCl + +,-2 +

Decomposition of

carbohydrates
Galactose + + +,-2
Trehalose + - +2 _
Xylose + S -
Mannitol + S -
Mannose + - -
Glycerol + - -
Fructose + - -
Lactose + - -

'+, positive reaction; —, negative reaction.

> The His™ mutant XW45 (Cf16)-11 was not tolerant to
3% NaCl; the His" revertant XW45-13R-18 did not
decompose galactose; the His™ mutants XW45 (Cf16)-
14 and 16 decomposed trehalose, xylose, and mannitol.

days after inoculation, but decvecloped lesions and
reached 100% of infection within 14 days. The lesions
developed by most of the His™ mutants and the His
revertants were smaller than those by the wild-type
strain XW45. Comparison of canker development and
size of the canker lesion by these bacterial strains after
inoculation showed slight decrease in the virulence of
most of the His™ mutants and still did not revert to
normal in the His™ revertants.

Plasmids and Cf16 prophage in the Cfl6-induced
His" mutants and their His* revertants

Plasmid DNAs existed in X. campestris pv. citri
XW45, its Cfl6-induced His™ mutants, and their His"
revertants, with E. coli and S. typhimurium as standards,
are shown in Fig. 1. The cells of X. campestris pv. citri
XW45, its Cfl6-induced His™ mutants XW45 (Cf16)-11,
13, and 16 (pXW45N band of the latter was seen
faintly), and His* revertants XW45-11R-1, 13R-18, and
14R-20 were found to harbor plasmids pXW45N and
pXW45J with molecular weight of 3.5 and 2.5 X 10’
daltons, respectively. Those of His® mutant XW45
(Ct16)-12 harbored an additional plasmid, namely pXCl,
with molecular weight of 5.8 X 107 daltons, but lost
plasmid pXW45N when reverted to normal. Those of

His~ mutant XW45 (Cf16)-14 as well as His" revertants
XW45-12R-9 and 16R-25 (pXW45J band of the latter
was seen faintly) harbored plasmids pXCl and pXC45J,
and XW45 (Cf16)-14 lost plasmid pXCl but regained
plasmid pXW45N when reverted. Cf16 prophage was
not observed as plasmid state in the cells of His
mutants and His™ revertants.

DISCUSSION

Phage-induced mutations have been studied
extensively in E. coli K-12. Phages 74 (22,24,25), Mu (2),
and D108 (9), after lysogenization, cause genetic
modification in their host by insertion of their
prophages within certain or uncertain sites of the
affected structural genes, thus destroying the continuity
of the genetic information. The Mu-induced mutation
mediates the formation of chromosomal rearrangements
such as deletion. inversion, duplication, and
transposition of host DNA segments, as well as replicon
fusion (26). The A-induced mutants can revert with
curing of A prophage (21,22); whereas, the Mu-induced
mutants revert but the prophage become defective
(15,21). Phage-induced mutations have also been
reported in Vibrio cholerac (14) and Agrobacterium
tumefaciens (8). A comparable phenomenon has also
been observed in X. campestris pv. citri. After
lysogenized with filamentous phage Cf16, strain XW47
of this bacterium undergoes mutation of cysteine
synthesis, which have accompanied with altered
phenotypic expressions in citrate utilization, tolerance to
3% NaCl, and galactose, trehalose, mannitol, xylose,
mannose, glycerol, dextrin, and raffinose decomposition,
as well as decrease in virulence to Liucheng sweet
orange. The Cys” mutants can revert with loss of
lysogeny, and most of the altered phenotypic
expressions are restored (38). Cf16 prophage has been
evidenced to integrate into the chromosome of X
campestris pv. citri (5). All of these results suggest that
such a mutation induced by phage Cf16 is probably due
to integration of its prophage at the affected cys genes
(38), and integration of the Cf16 prophage, as shown in
some of transposons and insertion sequences (6,10,19,39),
may act as switch for turning off or on of the genes.

Mutation of histidine synthesis induced by phage
Cf16 in strain XW45 of X. campestris pv. citri also
loses ability of citrate utilization; some of the His
mutants do not decompose the carbohydrates tested,
and some show change in tolerance to 3% NaCl, as
well as decrease in virulence to Liucheng sweet orange.
The His mutation, however, reverts without loss of
lysogeny for phage Cf16, and most of the His’
revertants have not restored the altered phenotypic
expressions in the biochemical and pathological
characteristics. Acridine orange (13) or soft-agar
preservation (30,38), although having cured some



Mutation in X. campestris pv. citri 5

TABLE 4. Canker development and lesion size on Liucheng sweet orange leaves inoculated with Xanthomonas
campestris pv. citri XW45, its Cf16-induced His™ mutants, and their His* revertants

% Infection (days) after : .
e (days) Diameter of canker

Bacterial strain oeuiancn lesion (mm) 21 days
3 7 14 after inoculation
Wild-type strain XW45 100 100 100 24 a
His™ mutants
XW45(Cf16)-11 66.3 98.8 100 20b
-12 98.0 100 100 23 a
-13 92.2 100 100 2.1b
-14 0 275 100 20b
-16 94.4 96.3 100 1.8 b
His" revertants
XW45-11R-1 95.0 95.0 100 22 a
-2 97.5 100 100 19b
-3 0 0 100 13b
XW45-12R-7 100 100 100 19b
-11 98.8 100 100 1.9 b
-12 0 0 100 1.7 b
XW45-13R-13 100 100 100 1.7b
-14 100 100 100 21b
-15 98.8 100 100 1.9b
XW45-14R-19 97.5 100 100 1.8 b
-20 98.8 100 100 2.2:a
-21 100 100 100 2.1b
XW45-16R-25 90.0 93.8 100 19b
-26 81.3 82.5 100 19b
-27 92.5 98.8 100 20D

' Each bacterial strain was inoculated into 5 leaves, each wounded with 20 needles set on a rubber stopper in the
distance of 5X5 mm.

* Figures followed by different letters denote a significant difference at 5% level from that of the wild-type strain
XW45 according to the Student’s r test.
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Fig. 1. Agarose gel electrophoresis of plasmid DNAs isolated from
(A) Escherichia coli/RP4 (3.4x10" daltons), (B) Salmonella typhimurium
upA512/F'lac’ and pSTL512 (7.4 and 6.0x10° daltons, respectively), and
(C) Xanthomonas campestris pv. citri XW45, (D) its Cfl6-induced His™
mutants XW45 (Cf16)-11, (F) 12, (H) 13, (J) 14, and (L) 16, and (E) their
His™ revertants XW45-11R-1, (G) 12R-9, (I) 13R-18, (K) 14R-20, and
(M) 16R-25.
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plasmids or prophages of some phages, have failed to
cure Cf16 prophage in the His® revertants. Cf16
prophage has also not observed as plasmid state in its
host cells. All of these results, therefore, suggest that
the His" mutation induced by phage Cf16 may be due
to the integration of its prophage into a certain site
other than the his genes on the host chromosome.
Furthemore, wild-type strain XW45, its Cf16-induced
His™ mutants, and most of their His® revertants harbor
two plasmids, which havé previously been designated as
pXW45N and pXW45] (27); whereas, one of the His
mutants harbors an additional plasmid, as designated
here as pXCl, but it loses plasmid pXW45J when
reverts to normal. One of the His™ mutants and two of
the His" revertants harbor plasmids pXCl and pXW45J,
and the former loses plasmid pXCl but regains plasmid
pXW45N when reverts. Size of plasmid pXCl was
approximately the sum of plasmids pXW45N and
pXW4d5J, revealing that, as shown by Novick (18) and
Wu er al (37), two heterogenic plasmids might fuse
and then dissociate in their host cells. Plasmids
pXW45N and pXW45] carry transposable elements
ISXC4and ISXCS5, respectively (27). Fusion and
dissociation of these two plasmids in the host cells are
probably due to these transposable elements. Since the
molecular weight of the RF DNA of Cf16 is 4.8 x 10°
daltons (16), and those of plasmids pXCl, pXW45N,
and pXW45J] are 5.8, 3.5, and 2.5 x 107 daltons,
respectively, the latters are not relate to the Cf16
prophage. The Cfl16 prophage, therefore, is not existing
as plasmid state in its host cells. It may, therefore, exist
as integrated state into the host chromosome.

Mutagenesis by Cf16 is similar in several respects
with that induced by 4 phage, but different from that
induced by phage Mu. First, Mu displays no strong
affinity for one gene over another (25); moreover, even
within a single gene, Mu has never been observed to
insert more than once at the same site (3). In contrast,
Cfl6 induces Cys™ and His" mutations, as shown
previously (38) and in this study, at more frequently
than any others. Second, Cfl6-induced Cys™ and His
mutations, unlike those induced by Mu, but like those
by 4, are reversible. Mutations induced by insertion of
the prophage 7 is demonstrated in E. coli deleted for
the 4 attachment site (23). Dai et al (4) has shown
that Cf16 prophage has specific insertion site at the
chromosome of X. campestris pv. citri XW47.
Nevertheless, the mechanism of Cf16 induced-Cys™ and
His" mutations in the X. campestris pv. citri cells
accompanied with the altered phenotypic characteristics
needs further studies.
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1-8. (Al B R B RE Y B R A SR AT )

M K W 1295 B (Xanthomonas campestris pv. citr)) B XW4S Bk, # Cf16 FhR MK B8 8%
(b1, DIFIES 107 BUSHES FE 4 His 2B B kK o 2R EiER4r His™ 2R bk, B XW4S 57 4 BBk
NI, TREFFIEGRAREE, FREM SR AW, HEEE. HEME. . Bemales, 5
OB RIS OB R R, T EBn His BB ERIIARTREE 3D @b EE LA R, &
L5 His” 22 AR A0, REXZHBHEME, AT His™ BIEERERAR SRR LS # L Rs
P o XW4s B 4 I AR AT & pXW4SN F1 pXW45] I E #2, 7EH L His™ 28 8 Bk ) His" []
EEMRMEA, EMERES - ERNESARBRRNENE . Cf6 W E IS 1E His” Ze BBk
A1 His ™ 5118 B AR AT I P 22 R 2 B B S IR B Y DNA ; (R BL, AT #ES 1 R B 8 AT RefR A3
TR B E R DA ENME

RS MISEIEEE . Cflo MK 1S, 284



