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Growth Inhibition of Xanthomonas campestris
pv. citri and Its Reversal by Amino Acids
Found in the Intercellular Fluids of Citrus Leaves
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Abstract

Twenty-one amino acids were identified in the intercellular fluids taken from healthy
citrus leaves. Quantitative analysis was made on the changes in the concentration of these
amino acids after inoculation of Xanthomonas campestris pv. citri. The amino acids detectable
in a significant amount in citrus leaf tissues were tested for their role in bacterial growth.
Met was an essential factor needed for growth of the bacterium and the optimum concen-
tration was in the range of 0.05 to 0.1 #gmol per ml which corresponded to the amount
detected in the intercellular fluids. In the presence of met, several amino acids such as asp,
asn, glu, val, leu, and pro were utilized by the bacterium as nutrient. Pro was particularly
important because it was the major amino acid found in the intercellular fluid of citrus
leaves, and it increased rapidly after the infection of citrus trees with the bacterium. The
concentration several days after inoculation became 10times higher than that of non-
inoculated healthy leaves. On the other hand, ser and hylys were also important because of
their ability to inhibit the growth of the bacterium. This activity was, however, prevented
by the presence of two amino acids, met and pro, at concentrations equivalent to those in
the intercellular fluids. Sensitivity to ser and hylys was higher in the virulent isolate than
that in the avirulent isolate. Pro prevented more effectively the growth inhibition of the
virulent isolate than that of the avirulent isolate. The activity of pro synergistically
increased by the coexistence of ala, although ala itself did not have such an effect. The
concentration of pro in the leaves of Fortunella japonica, resistant to citrus canker, was
lower than that of susceptible Citrus natsudaidai leaves, but the reverse phenomenon was
observed with ser. The higher ratio of ser: pro may be responsible for induction of the
strong resistance of this plant to citrus canker.

(Received May 9, 1981)

Introduction

Citrus canker epidemics occur continually in a severe form on younger trees which
produce abundant autumn or angular shoots. The disease becomes less severe or even
disappears when the trees mature and start to bear fruits. Decrease in disease incidence
is pronounced where functional windbreaks are provided to protect citrus trees from
storms. However, the disease has not yet been eradicated and sporadic epidemics occur
every ten or fifteen years. Moderate resistance of Satsuma orange is easily broken down
under these epidemics. These sudden outbreaks of citrus canker have been attributed to
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the increase of inoculum in fields established under warm climate from late autumn to
early spring. Warm winter is assumed to affect the physiology of citrus leaves in being
conducive to the development of the disease, although nothing has so far been elucidated
from physiological point of view. This is partly due to the scarcity of information on
host-parasite interaction in citrus canker.

‘We have already demonstrated that various amino acids and electrolytes are released
into the intercellular spaces when susceptible citrus leaves are inoculated and the rates
of leakage differ depsnding on the kind of amino acids, pro being most predominant.?’
It is interesting to note that bacterial infection induces such selective accumulation of
amino acids in the citrus leaves. Some phytopathogenic bacteria have been reported to
be inhibited in various degrees by the presence of certain amino acids, but the inhibition
was reversed by the addition of some other amino acids. Therefore, there may be some
important implications suggesting that the differential diffusion of amino acids plays a
role in the host-parasite interactions of citrus canker.

This paper deals with the results of a study on interactions among various amino
acids released by diseased citrus leaves in terms of growth inhibition of Xanthomonas
campestris pv. citri (Hasse) Dye and its reversal.

Materials and Methods

Bacteria. Two strains, U9-1 and U 37, of X. campestris pv. citri used in the
study were originally isolated from diseased leaves of Unshu (Citrus unshu Marcov.).
Strain U 9-1 was strongly virulent producing typical canker lesions on leaves of various
Citrus spp., whereas strain U 37 was avirulent. Virulence of the latter was lost during
subculturing on potato-peptone-sucrose agar at 4 C for some 20 years. This strain has,
however, retained differential characteristics such as the inability to utilize mannitol and
susceptibility to the host specific phage Cp2 and the temeprate phages of X. campestris
pv. citri, which were useful for the identification of this bacterium.

Media. All chemicals were obtained from Wako Pure Chemical Industries, Ltd.,
Osaka, Japan. All media were adjusted with N NaOH or N HCI to pH 6.8. The composition
of the media is as follows. Peptone-sucrose broth : peptone 10 g, sucrose 10 g, deionized water
1,000 ml. Peptone-sucrose agar : peptone-sucrose broth with agar 15 g per 1,000 ml. Synthetic
basal medium : (NH4)2SOq, 2.5 g; KHaPO4, 1.0g; MgSO4-TH:0, 0.5 g; CaClz-2H:0, 0.1g;
NaCl, 0.1g; glucose, 10g; distilled water, 1,000 ml. Sythetic methionine medium:
methionine was added to the synthetic basal medium at the concentration of 0,01 gmol per
ml which corresponded to the concentration in the intercellular fluid of citrus leaves.

Plants. Two-year-old seedlings of Natsudaidai (Citrus natsudaidai Hayata) were
grown in a greenhouse and their fully expanded leaves were used for inoculation. The leaves
of Kinkan (Fortunella japonica Swingle) for amino acid analysis were provided by Dr. A.
Yamaguchi, Okitsu Branch, Fruit Tree Research Station, Shimizu, Shizuoka Prefecture.

Determination of bacterial growth in liquid media. The bacterium was
grown in liquid media shaken on a shaker (Iwashiya Co. Ltd. Tokyo) with 7 cm amplitude
at the frequency of 117 strokes per min at 28 C for 2days. Bacterial growth was
determined by the turbidity measured with a Hirama photoelectric colorimeter at the
wavelength of 660 nm,
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Growth inhibition of X. campestris pv. citri by amino acids at different
concentrations. Amino acid to be tested was added at various ratios to the synthetic
basal medium to which met and pro were supplemented at the concentrations of 0.01
and 1.0 pgmol per ml, respectively, which corresponded to those in the intercellular fluid
of diseased citrus leaves.

Paper disk tests. Sterilized paper disks (8 mm in diameter and 2 mm thick, Toyo
Roshi Co. Ltd., Tokyo) were dipped in each amino acid solution and dried in vacuum.
They were placed on the surface of agar plates seeded with X. campestris pv. citri and
incubated at 28 C until growth inhibition zones became visible. The concentration of
amino acids was adjusted so that the disks contained 10 pgmol amino acid. To test the
reversal activity of growth inhibition, the disks with the challenging amino acids were
placed on agar plates close to those with the amino acids responsible for growth inhibition
so that the former were located within the inhibition zone due to the latter. When
growth occurred around the challenge disks in the inhibition zone, the amino acids were
estimated to be effective for preventing the inhibition.

Amino acid analysis of the intercellular fluids. The methods for sampling
the intercellular fluids from citrus leaves and for assaying the amino acids were the
same as those described in the previous papers!:?.

Results

smol ml™! 4.54 5 days after inoculation

Analysis of amino acids in
the intercellular fluids taken
from citrus leaves
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spectively. The results are shown
in Fig. 1. Among the 21 amino
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Fig. 1. Amount of free amino acids (#mol ml~!) in inter-
cellular fluid of Natsudaidai leaves inoculated with
Xanthomonas campestris pv. citri at different time 10 times the concentration of
interval after inoculation healthy leaves. The concentration

larly pronounced, reaching about
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of the remaining amino acids un- S
changed or only slightly increased.

Effect of amino acids on
growth of X. campestris pov.
citri

The amino acids detected in the 1S/OOF
intercellular fluid of diseased citrus
leaves were individually added to ¢
the synthetic methionine medium éso-
at the concentration of 1 mg per ml. @
The results are shown in Fig. 2. i
0

Distinct growth inhibition was
induced by thr, ser, gly, §-ala, and
hylys. Conversely, growth increase
was achieved by the addition of
amino acids such as asp, asn, glu,
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Fig. 2. Growth rate of X. campestris pv. citri in the
synthetic methionine medium added with the
individual amino acid at the ratio of 1 mg ml™!.

pro, val, orn, lys, his, leu and arg. Turbidity measured 48 hr after inoculation
Although the rate of growth en- was the mean value of 5repetition which was
hancement of pro was not consider- expressed by the percent turbidity of the
able, this amino acid was thought control.

to play a major role in the multi-
plication of the pathogen in the citrus leaves because it showed the highest concentration
in the intercellular fluids taken from diseased citrus leaves.

The results were similar to those obtained with paper disks. Bacterial growth was
induced only by methionine. With the synthetic methionine medium, however, growth
was intensified around the disks carrying amino acids such as asp, asn, glu, ala, leu, and
his. Growth inhibition zones were formed around the disks containing ser, gly, hylys,
but not thr and B-ala. Pro, the major amino acid found in citrus leaves, did not induce
bacterial growth when it was added singly or together with met to the synthetic medium
at this concentration. Although the mixture of 21 amino acids induced bacterial growth
on the synthetic basal medium, growth did not occur when met was omitted from the
mixture. This fact indicates that this amino acid is essential for the growth of .X
campestris pv. citri.

Effect of methionine on the growth of X. campestris pv. citri

Growth of X. campestris pv. citri was studied in the synthetic basal medium to which
met had been added at various concentrations (Fig. 3). The maximum growth of the
virulent isolate U 9-1 was obtained at the methionine concentration of 0.05 to 0.1 #mol
per ml which was two times lower than that of the avirulent isolate U 37. Growth was
gradually decreased as with the increase in the concentration of met. Thus, the virulent
isolate grew well in the presence of a lower concentration of met compared with the

avirulent one.
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Growth inhibition of X. campestris
pv. citri by serine

Ser was added at various concentrations
to the synthetic basal medium to which
met and pro had been supplemented and
its effect on growth inhibition was exam-
ined (Fig. 4). Growth of the virulent
isolate U9-1 was greatly depressed at a
concentration of 0.1 pmol per ml and
became negligible at a concentration of
0.5pmol per ml. However, the growth
inhibition of the avirulent isolate U 37
took place at half the concentration in the
isolate U 9-1. Thus, the growth inhibition
by ser was more effectively demonstrated
in the avirulent strain than in the viru-
lent one.

Survey of amino acids effective in
reversing growth inhibition due to
serine by using paper disk method
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Fig. 3. Effect of methionine added to the

synthetic basal medium at various
concentration on growth of X.
campestris pv. citvi.
Turbidity taken 48 hr after inocula-
tion was the mean value of 3 repeti-
tion which was expressed by the
percent turbidity of the maximum
obtained with the virulent and
avirulent isolates, respectively.

7 virulent U9-1 isolate

= avirulent U 37 isolate

Twenty amino acids were individually examined for their biological effectiveness to
prevent growth inhibition by ser. Reversion was observed only in pro, although the
growth was enhanced when it was mixed with met and ala. This fact was also confirmed
by deletion tests. Bacterial growth could not be induced only when pro was removed

from the mixture of 21 amino acids.

Effectiveness of proline in preventing growth inhibition by serine

Pro was added at various concentrations to the synthetic medium containing met and
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Fig. 4. Growth inhibition of X. campestris pv.

citri by serine added at various ratio to
the synthetic basal medium containing
methionine (0,01 #mol ml~!)and proline
(1.0 mol ml™1), respectively. Growth
shown by turbidity was the mean
value of 3 repetition.
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= avirulent isolate U 37
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Fig. 5. Effect of proline on the reversal of
growth inhibition of X. campestris
pv. citri due to serine. The synthetic
basal medium contained methionine
(0.01zmol ml~Y) and serine (0.1 #mol
ml™1), respectively. The tests were
repeated 3times.

7 virulent isolate U 9-1
= avirulent isolate U 37
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ser at concentrations of 0.0l and 0.1zmol
per ml, respectively (Fig. 5). Growth of
the virulent isolate U 9-1 occurred at the
pro concentration of 0.05 #mol per ml and
progressively increased as pro content rose.
In the avirulent isolate U 37, however,
growth was obtained at the concentration
of 10 #mol per ml, which was 200 times
higher than that in the virulent isolate.
Thus, pro appears to be more effective in
blocking growth inhibition in the virulent
isolate compared with the avirulent one.

Growth inhibition of X. campestris
pu. citri by hydroxylysine and its
reversal by proline

Hylys was added at various concentra-
tions to the synthetic medium containing
met and pro at the concentrations of 0.01
and 1.0pgmol per ml, respectively (Fig.
6). A similar trend of growth inhibition
was observed between the virulent U 9-1
and avirulent isolate U 37. Growth was
remarkably depressed at concentrations
ranging between 0.05 and 0.1 pgmol per
ml, becoming insignificant at a concentra-
tion higher than 0.5 gmol per ml. Reversal
of the inhibition was tested by adding pro
at various concentrations to the synthetic
medium containing met and hylys at the
concentrations of 0.01 and 0.05 #mol per
ml, respectively (Fig. 7). Growth of the
virulent isolate U9-1 was sharply in-
creased with the addition of pro at
concentrations higher than 0.1 to 0.5

Growth
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Hydroxylysine concentration (ymol mi~")
Fig. 6. Growth inhibition of X. campestris

pv. citri by hydroxylysine added at
various ratio to the synthetic basal
medium containing methionine (0,01
pmol ml~!) and proline (1.0 gmol
ml™1), respectively. The tests were
repeated 3 times.

% virulent isolate U9-1

= avirulent isolate U 37
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Fig. 7. Effect of proline on the reversal of

growth inhibition of X. campestris
pv. citri due to hydroxylysine. The
synthetic basal medium contained
methionine (0,01 gmol ml™Y) and
hydroxylysine (0.05#mol mi~1), res-
pectively. The tests were repeated
3 times.

¥ virulent isolate U9-1

= avirulent isolate U 37

p¢mol per ml, whereas the reversal in the avirulent isolate U 37 was poor. Growth in
the isolate U 37 corresponded to that of U 9-1 in the medium with about a concentration

of pro 50 times higher.

Growth inhibition by the mixture of threonine, glycine and B-alanine, and

its reversal by proline

The mixture of three amino acids was added to the synthetic basal medium containing
met and pro (Fig. 8). Growth of the virulent isolate U 9~1 was inhibited at a concentration

of 5pmol per ml although a 30 % depression was observed at concentrations ranging
from 0,005 to 1.0 pmol per ml. The growth of the avirulent isolate U 37 decreased at



624 BAEDFRESEE H475 $B5%5 HEiBeHE12A
100 = 100{3’
£ <
g 50 £ 50
S &
S8 5 3 o 5o s o o
R RS 853 ¢ e - w28

Concentration of the mixture of threonine. glycine and ,J-alanine

Growth inhibition by the mixture
of threonine, glycine and P-alanine
added at various ratio to the synthetic
basal medium containing methionine
(0.01 pmol ml~!) and proline (1.0
pmol ml™Y), respectively. The tests
were repeated 3 times.

% virulent isolate U9-1

= avirulent isolate U 37

Trig. 8.

samol ml™!
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N s
08 atsudaidai

Amount of free amino acids (#mol
ml™!) in the supernatant of leaf

homogenate of Natsudaidai and
Fortunella japonica

Proline concentration (smol ml™")

Fig. 9. Effect of proline on the reversal of

growth inhibition of X. campestris
pv. citri due to the mixture of thre-
onine, glycine and B-alanine. The
medium contained (0,01 #mol ml™!)
and the mixture of three amino
acids (0.1 pgmol ml1~!), respectively.
The tests were repeated 3 times.

% virulent isolate U 9-1

= avirulent isolate U 37

concentrations higher than 0.5 pgmol per
ml. The inhibition due to the mixed
amino acids was reversed by the addition
of pro at the ratio of 0.0l gmol per ml
or above (Fig. 9). Thus, the inhibition by
the mixture of three amino acids occurred
on considerably higher concentrations and
was reversed on relatively lower con-
centrations of pro compared with the
inhibition due to ser and hylys.

Assay of amino acids in leaf

homogenates of susceptible C. natsu-

daidai and resistant Fortunella
Jjaponica
Amino acid concentrations in the

supernatants of citrus leaf homogenates
were determined with C. natsudaidai and

Fortunella japonica which are susceptible and resistant to citrus canker, respectively
(Fig. 10). F. japonica had the higher ser and lower pro content compared with C.
natsudaidai resulting in the higher ratio of ser: pro in the former. This fact indicates
that the growth inhibition due to ser may be induced more strongly in F. japonica
than in C. natsudaidai because the content of pro in the latter is sufficient enough to

reverse the growth suppression by ser.

Discussion

It has already been reported that homoserine strongly inhibits phytopathogenic pseudo-



Ann. Phytopath. Soc. Japan 47 (5). December, 1981 625

monads of the P. syringae and P. cichorii group, but not the saprophytic pseudomonads,
whereas cysteine uniformly inhibits all the pseudomonads. Certain strains of the P.
syringae group were also inhibited by thr, val, gly, ala, and a mixture of phe and tyr®.
The inhibition was prevented by the presence of met, thr, and lys which are the
biosynthetic pathway’s end products of the inhibiting amino acids. Growth inhibition
of the pathogens due to amino acids present in the plant tissues was thought to be
responsible for the induction of host resistance?:%:67,

The interaction between X. campestris pv. citri and host tissues induces the release
of electrolytes as well as amino acids which are needed for bacterial multiplication. The
selective accumulation of certain amino acids was assumed to reflect the altered amino
acid biosynthesis in host cells because the amino acid patterns of the intercellular fluid
were similar to those of the supernatant of the leaf homogenate!®.

Amino acids, which had a biological activity in relation to the host-parasite interaction
of citrus canker, included met, ser, hylys, thr, gly, f-ala and pro. The biological activity
of these amino acids found in the intercellular fluid was divided into three categories,
1. e., growth stimulation, growth inhibition and reversal of growth inhibition. Although
the concentrations of GABA, asn and tyr were also significantly increased in the infected
citrus leaves, the role of these amino acids in the host-bacterium interaction remains to
be elucidated. Since GABA plays a significant role in the pathogenesis of crown gall®,
it may be involved in the hormone metabolism during the course of disease development
of citrus canker. This subject will be taken up in future studies.

Met was required by the bacterium as an essential growth factor. As in the case of
X. campestris pv. oryzae®, the citrus canker organism seemed to lack the enzyme systems
for synthesizing methionine from inorganic sulphate. The increase in the release of growth
stimulating amino acids such as asp, asn, glu, pro, val, and leu was accompanied by the
increase in growth inhibiting amino acids such as ser, hylys, or gly. The concentrations
of these inhibiting amino acids were high enough to depress bacterial multiplication.

The causal bacterium induces the synthesis of several amino acids in the host tissues
and releases them into the intercellular spaces to prevent the growth inhibition by the above
amino acids. Pro as the major amino acid of the intercellular fluid of healthy citrus
leaves was particularly important in this respect because its natural concentration was
effective enough to prevent inhibition. Since the biosynthesis of pro quickly responded
to the infection of X. campestris pv. citri, the interaction between ser and pro may play
an important role in the susceptibility of citrus leaves to canker disease. This was also
substantiated by the fact that the avirulent isolate was more sensitive to ser than the
virulent one, requiring higher concentrations of pro to reverse the inhibition. Among the
five growth inhibitory amino acids, the most important ones were ser and hylys because
the concentrations of these two amino acids in the intercellular fluids were high enough
to inhibit bacterial growth even in healthy leaves. Ser was particularly important because
it quickly increased after inoculation, reaching concentrations two to three times higher
than the minimum concentration required to effectively inhibit bacterial growth. Thr,
gly, and p-ala seemed to be less important because the concentrations of these amino
acids even bdays after inoculation were less than 1/10 of minimum concentrations
required for growth inhibition. The reason why pro reverses the growth inhibition by
ser has not yet been determined.
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