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ABSTRACT

Weingart, H., Vdlksch, B., and Ullrich, M. S. 1999. Comparison of ethyl-ene formation was observed wihsyringae pv. pisi, and Southern blot
ene production byPseudomonas syringae and Ralstonia solanacearum. hybridization revealed the presence ofef@homolog in this pathovar.
Phytopathology 89:360-365. The efe genes fromP. syringae pvs. cannabina, glycinea, phaseolicola,
pisi, andsesami were sequenced. Nucleotide sequence comparisons indi-

Strains ofPseudomonas syringae pv. pisi andRalstonia solanacearum cated that thefe gene in pvpisi was not as highly conserved as it was in
produced ethylene at rates 20- and 200-fold lower, respectively, than straiother P. syringae pathovars. The pyisi efe homolog showed numerous
of P. syringae pvs.cannabina, glycinea, phaseolicola, andsesami. In the  nucleotide substitutions and a deletion of 13 amino acids at the C-terminus
current study, we investigated which ethylene biosynthetic pathways werd the predicted gene product. These sequence alterationsangghint
used byP. syringae pv. pisi andR. solanacearum. Neither the activity of  for the lower rate of ethylene production by this pathovar. All ethylene-
an ethylene-forming enzyme nor a corresponéfegene homolog could producingP. syringae pathovars were virulent on bush bean plants. The
be detected ifR. solanacearum, suggesting synthesis of ethylene via 2- overlapping host range of these pathovars suggests that horizontal transfer
keto-4-methyl-thiobutyric acid. In contrast, 2-oxoglutarate-dependent ethybf theefe gene may have occurred among bacteria itihglthe same host.

Among plant-pathogenic bacteria, Ralstonia (formerly Pseudo-
monas or Burkholderia) solanacearum has long been known to pro-
duce ethylene gas (3). However, the mogt efficient bacteria ethylene
producers belong to the P. syringae group. Goto et a. (9) found
that strains of P. syringae pv. phaseolicola, which are pathogenic
to the Japanese weed Pueraria lobata (Willd.) Ohwi (common name:
kudzu), form large amounts of ethylene. Strains of P. syringae
pvs. cannabina, glycinea, and sesami also produce ethylene as
efficiently as the pv. phaseolicola kudzu strains (21,22). In con-
trast, P. syringae pv. pisi strains showed a 20-fold lower ethylene
production rate than the other pathovars (30). Recently, we dem-
onstrated that strains of P. syringae pvs. glycinea and phaseolicola
were also able to produce ethylene in planta, suggesting a role for
ethylene in pathogenicity (30).

Microbia ethylene biosynthesis can occur viatwo different routes.
Both pathways are distinct from that of higher plants, which use
only one pathway involving 1-aminocyclopropane-1-carboxylic acid
as the sole intermediate (12). Most microorganisms produce only
trace amounts of ethylene via the 2-keto-4-methyl-thiobutyric acid
(KMBA) pathway (13). KMBA is a transaminated derivative of
methionine. In this pathway, a NADH:Fe(I11)EDTA oxidoreductase
catalyzes the formation of hydroxyl radicals from molecular oxy-
gen (7). The hydroxyl radicals serve as oxidizing agents in the non-
enzymatic oxidation of KMBA to ethylene, methanethiol, and car-
bon dioxide (19).

The precursor for the second pathway is 2-oxoglutarate. Four
pathovars of P. syringae and the fungi Penicillium digitatum, Pen-
icillium cyclopium, Chaetomium globosum, Phycomyces nitens,
and Fusarium oxysporum have been reported to produce ethylene
in a 2-oxogl utarate-dependent manner (5,22). A single protein, the
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ethylene-forming enzyme (EFE), was found to be responsible for
the ethylene formation by these microorganisms. The EFE of P.
syringae pv. phaseolicola has been characterized extensively (4,6,
14,15,17).

The EFE protein is a member of the superfamily of Fe?**/ascor-
bate oxidases (4,5). It is encoded by the efe gene located on one of
the indigenous plasmids of P. syringae (16,22,29). Two reactions
are simultaneously catalyzed by the EFE. In the main reaction, 2-
oxoglutarate is dioxygenated to produce one molecule of ethylene
and three molecules of carbon dioxide. In the second reaction,
both 2-oxoglutarate and L-arginine are monooxygenated. The end
products of the subreaction are succinate, carbon dioxide, guanidine,
and L-A-pyrroline-5-carboxylate (6). Ethylene and succinate are
formed in amolar ratio of 2:1.

In this paper, we provide evidence that P. syringae pv. pisi
strains belong to the group of 2-oxoglutarate-dependent ethylene
producers. In contrast, EFE activity could not be detected in tested
R. solanacearum strains, indicating that ethylene formation by these
bacteria probably occurs viathe KMBA pathway. The EFE encod-
ing genes from five ethylene-forming P. syringae pathovars were
sequenced. Sequence aignment revealed a high conservation of the
efe gene among P. syringae pvs. cannabina, glycinea, phaseolicola,
and sesami, whereas numerous differences were found in the nu-
cleotide sequence of the efe gene from a low ethylene-producing
strain of P. syringae pv. pisi. Using a polymerase chain reaction
(PCR)-based approach, these differences were aso found in four
other strains of pv. pisi and may explain why this pathovar pro-
duces less ethylene.

MATERIALSAND METHODS

Bacterial strains and growth conditions. The bacterial strains
used in this study are described in Table 1. Pseudomonas strains

were routinely cultured on bouillon glycerol agar (26) at 28°C. The
references cited in Table 1 indicate the specific studies or labora-

tories in which the strains were isolated and characterized.



Determination of ethylene production and bacterial growth. ACGCTGGGATGTTACTTG-3) was complementary to nucleo-
Ethylene production and bacterial growth curves were determined  tides 1,012 to D29 of the sequence published in GenBank submis-
in 5a medium (26) using 100-ml cultures in 500-ml flasks shaken sion AF101061dfe gene ofP. syringae pv. pis GSPB1206), whereas
at 140 rpm and incubated at 28°C. At the appropriate time pointprimer EFEP2 (5GCCTGTTCAAAACGTGTG-3) was identical to
1 ml of the culture was transferred to a sterile 5-ml syringe sealeulicleotides 727 to 744 of AF101061. The sequence of oligonucleotide
with a rubber cap and incubated on a rotary shaker at 90 rpm for 2ohimer EFEP3 (5GAGGTTATTGGCAGCGCC-3 was identical
at 28°C. After incubation, 1-ml gas samples were withdrawn using @ nucleotides 38 to 55 from AF101061. The standard reaction mix-
gas-tight syringe, and ethylene was determined with a GC-14#ire (50 pl) contained 20PCR reaction buffer (Qiagen, Hilden,
gas chromatograph (Shimadzu Scientific Instruments, Inc., Duigsermany), 2 mM MgCl,, 0.2 mM each of dNTPs, 1 unit Taq
burg, Germany) equipped with an active aluminum column and BNA polymerase (Qiagen), 25 pmol of each primer, and 50 ng of
flame ionization detector. Ethylene was determined every 3 h, arldNA. Amplification included initial denaturation (95°C for 3 min);
production rate was expressed in nanoliters per hour per cell. Bafollowed by 30 cycles of denaturation (94°C for 1 min), annealing
terial growth was estimated by the optical density of the bacterig0°C for 1 min), and extension (72°C for 1 min); and a single
cultures at 578 nm using a spectrophotometer. Strains of eight pifi@aal extension (72°C for 10 min). PCRs were carried out with a
viously unexaminedp. syringae pathovarsavellanae, dendropan- GenAmp 2400 thermocycler (Perkin-Elmer, Foster City, CA).
ices, garcae, hibisci, mellea, myricae, porri, and zizaniae, were DNA sequencing. Nucleotide sequencing of PCR-generated DNA
tested for their ability to produce ethylene. fragments for both strands was performed by the dideoxynucleo-

Ethylene production by cell-free protein extracts. For the tide method (20) with the Thermo Sequenase fluorescent-labeled
preparation of cell-free protein extracts, 100 ml of an overnighprimer cycle sequencing kit (Amersham-Buchler, Braunschweig,
culture in 5a medium (26) was centrifuged at 8,0@pfer 15 min.  Germany). Automated DNA sequencing was accomplished with an
Cells were washed twice with deionized water, resuspended in 5 ALF Express sequencing apparatus (Pharmacia, Freiburg, Germany).
of 10 mM phosphate buffer (pH 7.0), and disrupted by sonicatin§equence data were aligned and processed with the Lasergene ver-
five times for 30 s with a cooling time of 1 min between bursts ofion 4.1 software package (DNASTAR Inc., Madison, WI).
sonication. Vials were immersed in an ice-water/acetone mixture Pathogenicity tests. Plants were grown in individual pots in a
during sonication. Cell debris was removed by centrifugation agreenhouse at 20 to 30°C with supplemental light for a pea
20,000 xg at 4°C for 30 min, and the supernatant was used a®period. Bush bean plantBhaseolus vulgaris L. cv. Red Kidney)
cell-free protein extract. were inoculated by spraying the abaxial surfaces of leaves using a

Ethylene production was determined using a reaction mixture (2 mfjlass atomizer until water-soaking appeared. Bacterial suspensions
that contained 0.4 ml of 200 mM-2-hydroxyethylpiperazing¥- (about 16 CFU per ml) were applied to the first fully expanded
2-ethanesulfonic acid/NaOH buffer (pH 8.0), 0.2 ml of 0.75 mMtrifoliate leaves (about 20 days old). Plants were observed daily
FeSQ, 0.2 ml of 10 mM dithiothreitol, 0.2 ml of 10 mM- for development of symptoms. Bacterial populations in leaves were
arginine, 0.2 ml of 100 mM-histidine, 0.2 ml of 10 mM 2-oxo- monitored by punching 15 discs (7 mm in diameter) from the
glutarate, 0.4 ml of deionized water, and 0.2 ml of cell-free extradhoculated leaf area 7 days after inoculation. The discs were ho-
(8,13,14). Test tubes (12-ml capacity) containing 2 ml of the reagnogenized in 15 ml of isotonic NaCl and serially diluted for
tion mixture were sealed with rubber caps and incubated on a rplating onto King’s medium B (10).
tary shaker at 140 rpm for 1 h at 28°C. After incubation, a 1-ml gas Nucleotide sequence accession numbers. The reported nucleo-
sample was withdrawn using a gas-tight syringe, and ethylene wéde sequences were deposited with GenBank and EMBL under
determined with a gas chromatograph as described above. The pagcession numbers AF10105F. éyringae pv. glycinea 7a/90),
tein concentration of the cell-free extract was measured by th&F101058 P. syringae pv. phaseolicola GSPB669), AF101059(
Bradford method (20). Ethylene production rate was expressed agingae pv. cannabina GSPB2553), AF10106(P( syringae pv.
nanoliters per hour per milligram of protein. sesami 962), and AF101061P(syringae pv. piss GSPB1206).

Southern blot analysis. Southern blots were performed as de-
scribed by Sambrook et al. (20) using a digoxigenin (DIG) DNA
labeling and luminescent detection kit (Boehringer-Mannheim, Mann-

MCABLE 1. Bacterial strains used in this stud
heim, Germany). A DIG-labeled DNA probe was prepared from a fctend sirains used in fus Sucy

PCR amplification product carrying tlefe gene fromP. syringae ~ Species Strain designation Source or reference
pv. phaseolicola PK2. Hybridizations were carried out with a hy- pseudomonas syringae pv.
bridization temperature of 60°C and two 10-min washes witk 0.1 avellanae CFBP10963 L. Gardan?
SSC (1% SSC is 0.15 M NaCl plus 0.015 M sodium citrate) and cannabina GSPB2553 K. Rudolph?
0.1% sodium dodecy! sulfate at 60°C. dendropanices CFBP3226 L. Gardan

; . : . garcae CFBP1634 L. Gardan

PCR analysis. Two 18-mer oligonucleotides with the sequences glycinea 72190 B Volksch
5-GTCACCAGTAACGATAAG-3 (primer EFEll) and '5TAT- hibisci CFBP11294 L Gardan
GGATAAAGAAGAGAC-3' (primer EFE12) were chosen for am-  mellea CFBP2344 L. Gardan
plification of the genes encoding the EFE of differ@ngyringae myricae CFBP11005 L. Gardan
pathovars. These primers were located 55 bp upstream and 22 bhaseolicola 6/0 (1)
downstream, respectively, of tieée open reading frame. Fd® PK2 (24)

. .. . : . GSPB669 K. Rudolph
syringae pv. pisi, primer EFE11 was used together with primer pisi GSPB104 K. Rudolph
ZR2 (3-CTGCGATGAAAAAGT-3) complementary to a nucleo- GSPB105 K. Rudolph
tide sequence from within a transposase gene that has been found GSPB1206 K. Rudolph
on plasmid p4180A and other plasmidsPo$yringae pv. glycinea GSPB1477 K. Rudolph
PG4180 (25; M. Ullrich and C. L. Bendenpublished data). Since GSPB1787 K. Rudolph
the efe gene has been reported to reside on plasmids (16,22,29), PPO1 K. Naumann

: . - . . porri CFBP1908 L. Gardan
use of this .nl.JcIeotlde primer was intended to obtam. a PCR frag-goemi 062 S. Prathuangwong
ment containing thefe and transposase genes to facilitate nucleo- zzniae CFBP11040 L. Gardan
tide sequencing. Three additional primers were designed based Redstonia solanacearum K60 C. Allen
the efe sequence dP. syringae pv. piss GSPB1206 to determine a GSPB1960 K. Rudolph

posgible conservation of nucleotide SUbStitUtiQns among othefcollection Francaise de Bacteries Phytopathogenes, Anger, France.
strains of this pathovar. The sequence of primer EFEPRL (5 Géttinger Sammlung Phytopathogener Bakterien, Gottingen, Germany.
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RESULTS

Ethylene production by cell-free protein extracts. Nagahama
et a. (13) reported that cell-free extracts are useful for the deter-
mination of 2-oxoglutarate-dependent ethylene production in bac-
teria. Cell-free protein extracts of the P. syringae pvs. cannabina,
glycinea, phaseolicola, and sesami showed strong ethylene pro-
duction using this system (Table 2). In addition, cell-free protein
extracts of the ethylene-producing P. syringae pv. pisi GSPB1206
showed 2-oxogl utarate-dependent ethylene formation, but had about
20-fold lower activity than those of the other P. syringae patho-
vars. P. syringae pv. pisi GSPB104 and R. solanacearum K60
failed to produce ethylene from 2-oxoglutarate, suggesting that R.
solanacearum might belong to the group of KMBA-dependent
ethylene producers.

Ethylene production and growth kinetics. The kinetics of
ethylene production and bacterial growth were determined for P.
syringae pv. sesami 962, a typical 2-oxoglutarate-dependent eth-
ylene producer, P. syringae pv. pist GSPB1206, and R. solana-
cearum K60 as shown in Figure 1. Ethylene production by P. sy-
ringae pvs. sesami and pisi was strictly growth associated. The
highest rates of ethylene formation were detected in the late expo-
nential phase. In contrast, ethylene synthesis by R. solanacearum
had its maximum in the early exponential phase.

P. syringae pv. sesami had a production rate of about 4 x 7
of ethylene per h per cell, which was 20-fold higher than that de-
termined for P. syringae pv. pisi (about 2 x 1€ nl per h per cell)
and 200-fold higher than that determined for R solanacearum
(about 2 x 1@ nl per h per call). A similar high production rate of
about 5 x 1€ nl per h per cell was previously reported for strains
of P. syringae pvs. cannabina, glycinea, and phaseolicola (28).

Southern blot analysis. The efe gene of P. syringae pv. phase-
olicola PK2 was amplified by DIG-labeled PCR and used as
probe for Southern blot hybridization studies under conditions of
moderate stringency. Bacterial genomic DNA was digested with
EcoRI prior to blotting. The efe probe hybridized to al ethylene-
producing P. syringae strains tested (Fig. 2). This result suggested
that P. syringae pv. pisi GSPB1206 also harbored a gene encoding
the EFE. No hybridization signal was observed with DNA from
the ethylene-negative P. syringae pv. pist GSPB104. The absence
of a hybridization signal from genomic DNA of R. solanacearum
strains K60 and GSPB1960 was an additional indication that eth-
ylene synthesis by this bacterium apparently occurs via the KMBA
pathway.

Nucleotide sequence analysis and comparison. Although P.
syringae pv. pis GSPB1206 showed 2-oxogl utarate-dependent eth-
ylene production and hybridized to the efe gene probe, this strain
produced 20-fold less ethylene than the other EFE" P. syringae
pathovars. To determine whether the decreased ethylene produc-
tion was a result of mutations within the efe gene, the nuclectide
sequences of the efe genes from strains of al five ethylene-pro-
ducing P. syringae pathovars were determined. The efe genes were
amplified by PCR using the primer set EFE11/EFE12 and directly

TABLE 2. Rate of ethylene production by cell-free extracts from strains of
Pseudomonas syringae pathovars and Ralstonia solanacearum

Ethylene production? (nl/h/mg of protein)

Strains With 2-oxoglutarate ~ Without 2-oxoglutarate
P. syringae pv.
cannabina GSPB2553 369.2 +32.3 04+01
glycinea 7a/90 472.0 £ 60.1 0.7+£0.2
phaseolicola GSPB669 1,165.7 £ 95.9 13+04
sesami 962 497.3 £ 40.7 11+0.7
pisi GSPB1206 26.2+3.1 02+01
pist GSPB104 1.3+04 0.7+£03
R. solanacearum K60 11+0.7 04+01

a The data are the means and standard errors of five independent determinations.
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sequenced (GenBank submissions AF101057 to AF101061). The
sequences of the open reading frame from P. syringae pv. can-
nabina GSPB2553 and P. syringae pv. sesami 962 coincided
completely with the sequence from P. syringae pv. glycinea 7a/90,
which in turn differed in only two single-base pair substitutions
from the previously published efe nuclectide sequence of P. syrin-
gae pv. phaseolicola PK2 (4), leading to only one change in the
amino acid sequence. The nucleotide sequence of the efe gene from
P. syringae pv. phaseolicola GSPB669 was completely identical
to that derived from P. syringae pv. phaseolicola PK2. In contrast
to the high degree of sequence conservation among the mentioned
pathovars, a total of 79 base pair substitutions were found when
the efe gene from P. syringae pv. pisi GSPB1206 was compared
with that of P. syringae pv. glycinea 7a/90. These substitutions led
to 29 changes in the deduced amino acid sequence (Fig. 3). More-
over, the efe gene from P. syringae pv. pisi GSPB1206 was found
to lack 39 base pairs in the C-terminal region, generating a new
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Fig. 1. Growth kinetics (0) and ethylene production (@) by A, Pseudomonas
syringae pv. sesami 962; B, P. syringae pv. pis GSPB1206; and C, Ralstonia
solanacearum K60 in shaken cultures. The data are the means and standard
errors of three independent experiments.



stop codon at positions 1,012 to 1,014 (data not shown) and re-
sulting in the loss of 13 amino acids at the C-terminus of the pre-
dicted protein (Fig. 3). The nucleotide sequence downstream of the
new stop codon differed greatly from nucleotides 1,015 to 1,058 of
the efe gene sequence from P. syringae pv. glycinea 7a/90.
Screening for sequence alterations in the efe genes of other
P. syringae pv. pisi strains. To determine whether the observed
nucleotide substitutions in the efe gene of GSPB1206 were char-
acteristic for this pathovar, P. syringae pv. pisi strains GSPB105,
GSPB1477, GSPB1787, and PPO1 were screened for these se-
guence alterations by PCR. The primer sets EFEPL/EFEP2 and

34 5 6 7 8 kb
— - - 122

- - 8.1
- 6.1

— 4.1
- 3.0

1 2

Fig. 2. Southern blot hybridization of EcoRI-digested genomic DNA from
Pseudomonas syringae pathovars and Ralstonia solanacearum probed with
the efe gene from P. syringae pv. phaseolicola PK2. Lane 1, P. syringae pv.
pist GSPB1206; lane 2, P. syringae pv. piss GSPB104; lane 3, P. syringae pv.
glycinea 7a/90; lane 4, P. syringae pv. phaseolicola GSPB669; lane 5, P.
syringae pv. sesami 962; lane 6, P. syringae pv. cannabina GSPB2553; lane
7, R solanacearum K60; and lane 8, R. solanacearum GSPB1960.
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EFEPL/EFEP3 were used to amplify 0.3- and 1-kb DNA fragments,
respectively. The sequences of these primers corresponded to DNA
regions of the GSPB1206 efe gene, which were significantly
divergent from efe sequences derived from other pathovars. Both
PCR products were amplified from genomic DNA of all tested P.
syringae pv. pisi strains, but not from that of representatives of pv.
glycinea or pv. phaseolicola (data not shown), indicating that the
observed sequence aterations were typical for pv. pisi strains.
Pathogenicity on bean plants. Sato et a. (22) proposed that
ethylene production is advantageous for colonization of Legumi-
nosae plants, because the ethylene-producing P. syringae pvs.
cannabina, glycinea, and phaseolicola can infect plants of this
family. In this study, R. solanacearum and all ethylene-producing
pathovars of P. syringae were tested for pathogenicity on bush
bean plants (Phaseolus vulgaris) (Table 3). We used P. syringae
pv. phaseolicola 6/0 isolated from bean as a positive control (27).
Strains of the P. syringae pvs. cannabina, glycinea, and phaseoli-
cola grew very well in the bean plants (Table 3). They reached
population densities of about 5 x710 2 x 16 CFU per cm of

leaf area. Symptoms caused by these pathovars were water-soaked

TABLE 3. Pathogenicity of Ralstonia solanacearum and of the ethylene-
forming Pseudomonas syringae pvs. cannabina, glycinea, phaseolicola, pisi,
and sesami on bean

Bacterial growtha?

Strains (CFU per cm? of leaf area) Symptoms?
P. syringae pv.
phaseolicola 6/0 2x10 Chlorosis, necrosis
(bean strain, control)
cannabina GSPB2553 5x 10 Chlorosis, weak necrosis
glycinea 7a/90 1x18 Chlorosis, weak necrosis
phaseolicola GSPB669 2x10 Chlorosis, strong necrosis
(kudzu strain)
sesami 962 5x16 Chlorosis
pist GSPB1206 1x10 Chlorosis, weak necrosis
R. solanacearum K60 3x16 None

a Determined 7 days after inoculation.
b The data are the means of three independent determinations.
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Fig. 3. Alignments of the predicted amino acid sequences for the efe gene from Pseudomonas syringae pv. glycinea 7a/90 and P. syringae pv. pist GSPB1206.
Amino acid residues are numbered on the right. Boxes mark amino acid substitutions in the sequence from the P. syringae pv. pisi strain.
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lesions that turned chlorotic and then necrotic after 7 days. P. sy- Nagahama et al. (17) individually substituted each of the 10 his-
ringae pv. phaseolicola strains from kudzu caused very intensive tidine codons in thefe gene ofP. syringae pv. phaseolicola PK2
chlorosis that turned into necrotic lesions surrounded by yellow  with codons for glutamine, thereby identifying two histidine resi-
halos. Following inoculation of the bean plants with P. syringae  dues that were essential for iron-binding and catalytic activity. The
pvs. pisi and sesami, symptoms appeared that were similar to other site-directed mutations led to lower catalytic activities, dem-
those induced by the other P. syringae pathovars. P. syringae pv. onstrating that single nucleotide substitutions could cause a de-
pisi GSPB1206 caused chlorosis that turned to brown and necrotic ~ crease in the enzymatic activity.
lesions, whereas the P. syringae pv. sesami strain produced only Highly conserved secondary metabolite synthesis-associated gene
chlorotic spots. The latter two strains reached population densities ~ sequences in different pathovarsfo$yringae were also found by
of only 1 x 16 and 5 x 1BCFU per criof leaf area, respectively. Sawada et al. (23) when comparing tngK genes from phase-
R. solanacearum was not pathogenic on bean plants. After inocu-olotoxin-producingP. syringae pvs. actinidiae and phaseolicola.
lation, theR. solanacearum strain did not cause any symptoms In contrast, Bereswill et al. (2) sequenced a PCR product aflthe
and the bacterial population density reached only 33>CEU per  gene, involved in coronatine synthesis, from different toxin-pro-
cn¥ of leaf area. These results demonstrated that all five ethylendtcing P. syringae pathovars and found numerous differences in
producingP. syringae pathovars, but noR. solanacearum, were  the nucleotide sequences.
virulent on bean plants. The high conservation of thefe gene sequences among e
Screening of additional P. syringae pathovars for ethylene  syringae pvs. cannabina, glycinea, phaseolicola, andsesami sug-
production. To reveal the distribution of ethylene production gests that horizontal gene transfer between these pathovars may
among various pathovars Bf syringae, strains of the pvsavel- have occurred. Recently, Watanabe et al. (29) demonstrated trans-
lanae, dendropanices, garcae, hibisci, mellea, myricae, porri, and  fer of a plasmid carrying thefe gene fromP. syringae pv. gly-
zizaniae were tested for their ability to produce ethylene. No strainginea to another pathovar & syringae in vitro. Normander et al.
of these pathovars had ever been examined for ethylene pr(8) reported that the phylloplane is conducive to conjugative gene
duction. All tested strains failed to produce detectable amounts t¢fansfer. In our study, the ethylene-producing pathovaR ef-
ethylene. ringae were tested for pathogenicity on a common host. Bush
bean plants were chosen for this experiment bedausgingae
DISCUSSION pvs. cannabina, glycinea, and phaseolicola were known to be
pathogenic on this plant species (22). Our results demonstrated that
Ethylene production is a widespread characteristic of microorpvs. pisi and sesami were also pathogenic on bean plants. How-
ganisms and most synthesize ethylene at low rates via the KMBdéver, in contrast to the other ethylene-produéireyringae patho-
pathway (13). In contrast, the most potent ethylene producexsrs, they reached population densities that were two orders of
utilize the 2-oxoglutarate-dependent pathway; for exanitgei- magnitude lower. Thefe gene could have been horizontally trans-
cillium digitatum and certain pathovars &f syringae (5,13). In  ferred between these pathovars by conjugation in the phyllosphere
this study, we characterized ethylene productioR syringae pv.  when they simultaneously colonized the same host.
pist GSPB1206, which produced 20-fold less ethylene than other One additional aim of this work was to screen previously un-
P. syringae pathovars, and iR. solanacearum K60, which pro- tested pathovars d® syringae for ethylene production. For the
duced only trace amounts of ethylene. We could not detect arfiyst time, pvs.avellanae, dendropanices, garcae, hibisci, mellea,
EFE activity or arefe gene inR. solanacearum. Moreover, ethylene myricae, porri, andzizaniae were tested for ethylene production,
production inR. solanacearum was maximal in the early exponen- but none of them were able to produce ethylene. Although our
tial phase in contrast to the syringae pathovars, in which ethyl- current study was limited to only one representative strain from
ene production peaked in the late exponential phase. It igach of these pathovars, previous experience indicated that ethyl-
therefore, likely thaR. solanacearum may utilize the KMBA  ene production is a stable characteristic in those pathovars that
pathway. produce it (22,30). The only exception was the low ethylene-pro-
Cell-free protein extracts froR syringae pv. piss GSPB1206 ducing pv.pisi, in which strain GSPB104 turned out to be ethylene
produced ethylene from 2-oxoglutarate in an assay for the EFfegative (30). In a previous report, ethylene has been found to be
(14). Additionally, Southern blot analysis demonstrated the pregproduced by all 50 tested strains Bf syringae pv. glycinea
ence of arefe gene in this strain. We, therefore, concluded thaisolated from plants of various regions (3B).syringae is cur-
ethylene formation b¥?. syringae pv. pisi was mediated by the 2- rently subdivided into 55 pathovars (31). A total of 51 pathovars
oxoglutarate-dependent pathway. This subsequently raised thas now been tested for the production of ethylene, and to date,
question of why thid. syringae pv. pisi strain produced ethylene only P. syringae pvs. cannabina, glycinea, phaseolicola, pisi, and
at such a low rate. To show whether sequence alterationsefethe sesami are known to produce ethylene (9,22,28).
gene were responsible for the lower production rate, the nucleo- In infected leaf tissue, significant amounts of ethylene were
tide sequences of thefe gene from strains of all five ethylene- produced by strains &% syringae pvs.glycinea andphaseolicola,
forming P. syringae pathovars were determined. Sequence comsuggesting a role for ethylene synthesis in the pathogenicity of
parisons indicated that the predictfd gene products of the pvs. these bacteria (30) that preferentially infect leaves. In contrast,
cannabina, glycinea, phaseolicola, andsesami were identical, with  strains ofP. syringae pv. pisi, causing bacterial blight of pea, pri-
only a single amino acid difference in the enzymé.adyringae marily colonize the stem (11). Perhaps, the lower ethylene produc-
pv. phaseolicola. Obviously, this change did not interfere with the tion by these strains may not have been disadvantageous for dis-
EFE function, since strains of this pathovar produced ethylene vepase development in stem tissue. Over time, the randomly mutated
efficiently. In contrast, numerous nucleotide substitutions werefe gene ofP. syringae pv. pisi might not have been affected by
found in theefe gene ofP. syringae pv. pisi. These changes re- selection pressure. In contrast, foliar pathogerR. afringae may
sulted in 29 amino acid substitutions. Additionally, we identified abe under selection pressure to maintain high ethylene production
deletion of 39 nucleotides at the end of the gene, which led to a €ates. To evaluate the role of ethylene in plant-bacteria interac-
terminal truncation of 13 amino acids for its gene product. It aptions, further investigations are in progress in our laboratories.
pears very likely that these sequence alterations ieféhgene of
P. syringae pv. pisi were responsible for the lower efficiency. The ACKNOWLEDGMENTS
observed differences in tlefe gene sequence were a typical char-
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