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(57) ABSTRACT 

An isolated gene fragment that encodes for acetate kinase, 
Which confers disease resistance in plants is disclosed. The 
gene can be cloned into an expression vector to produce a 
recombinant DNA expression system suitable for insertion 
into cells to form a transgenic plant transformed With the 
gene fragment. Amethod for conferring disease resistance in 
plants that consists of groWing plant host cells transformed 
With the expression system and expressing the gene confer 
ring disease resistance to impart such resistance to host cells 
is also disclosed. 

7 Claims, 5 Drawing Sheets 



U.S. Patent Nov. 5,2002 Sheet 1 of5 US 6,476,293 B1 



U.S. Patent Nov. 5,2002 Sheet 2 of5 US 6,476,293 B1 

mam 3* 



U.S. Patent Nov. 5,2002 Sheet 3 of5 US 6,476,293 B1 

NG. 3% HQ 38 W551i 13G 



U.S. Patent Nov. 5,2002 Sheet 4 of5 US 6,476,293 B1 

Easmria mum-mg 

ig?ggg i? - uumnmmmx >>>>> J >>>>>>>>>> H’ 

gnaw a 

5mm} 

ma?a 

6mm: 

5mm: 

é???? 

assma 

sews 

mas 



U.S. Patent Nov. 5,2002 Sheet 5 of5 US 6,476,293 B1 

FiG. 5A 
Csmmi AK 

Timei?ay) 02 4 a n 2 4 e 

YR NA 

raiative levels {phosphmimager units) 

time mm) 



US 6,476,293 B1 
1 

USE OF BACTERIAL ACETATE KINASE 
AND THEIR GENES FOR PROTECTION OF 
PLANTS AGAINST DIFFERENT PATHOGENS 

TECHNICAL FIELD 

The present invention generally relates to an isolated gene 
fragment that encodes for acetate kinase, Which confers 
disease resistance in plants. The gene can be cloned into an 
expression vector to produce a recombinant DNAexpression 
systern suitable for insertion into cells to create a transgenic 
plant containing the gene fragment. The present invention 
also relates to a method for conferring disease resistance in 
plants that consists of groWing plant host cells transformed 
With the expression system and expressing the gene to 
impart such resistance to host cells. More particularly, the 
present invention relates to the introduction of bacterial 
acetate kinase (ack) into plants to induce systernic acquired 
resistance; a chimeric gene construct containing the ack 
sequence; an expression vector containing the chimeric gene 
construct; a plant cell transformed with the chimeric gene 
construct; a plant tissue transformed with the chimeric gene 
construct; and a transgenic plant transformed with the chi 
rneric gene construct. 

BACKGROUND ART 

Pathogen defense in plants is a varied and complicated 
process, involving a host of local and systemic events geared 
toWards arresting groWth of a pathogen. The cascade of 
events that lead to pathogen resistance is usually triggered 
by recognition of any of a range of pathogen-produced 
molecules (or elicitors (1—3)), and involves rapid local 
responses (such as ion ?uxes and production of reactive 
oxygen species at the site of ingress (4—6)) and more 
prolonged local and systemic events (localiZed cell death, 
production of poorly understood translocated messengers, 
and induction of the expression of genes Whose products act 
to limit the spread of pathogens (7,8). These recognition 
events are often mediated by speci?c pairs of rnolecules— 
pathogen-derived elicitors and cognate plant-encoded recep 
tors (9—15). These receptors, When “activated” by their 
respective ligands, trigger a large number of subsequent 
events that are themselves mediated by a number of signal 
ing pathWays. 

Interestingly, plants undergo sirnilar responses When chal 
lenged by pathogenic organisms and by organisms that do 
not cause disease. Thus, in both instances, systernic induc 
tion of so-called defense genes occurs. HoWever, in the case 
Where resistance is to be manifest, a rapid response is 
apparent and can include localiZed cell death referred to as 
the hypersensitive response (HR), While a sloWer response 
occurs in cases Where disease is the ultimate result. These 
observations serve to emphasize the fact that the timing of 
a response is an important factor in disease resistance in 
plants (16,17). Thus, While much is knoWn about the sig 
naling events involving early (local) and late (systernic) 
responses to pathogens, much remains to be learned regard 
ing the multiplicity of signaling pathWays and the integra 
tion of multiple pathWays. 

SUMMARY OF THE INVENTION 

The present invention is the introduction of a gene encod 
ing acetate kinase into plant cells and plants to increase their 
resistance to bacterial and fungal pathogens. 

The invention provides novel chirneric gene constructs 
that contain an ack coding sequence. 
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2 
The invention also provides transforrned plant cells and 

transgenic plants transformed with novel chirneric gene 
constructs that contain the ack coding sequence. 
The invention thus provides a method for the expression 

of the ack gene in the cytoplasm of plant cells and plants. 
Additional advantages of the present invention Will be set 

forth in the description and examples that folloW, or may be 
learned from practicing the invention. These and other 
advantages may be realiZed and attained by means of the 
features, instrurnentalities and/or cornbinations particularly 
described herein. It is also to be understood that the fore 
going general description and the folloWing detailed descrip 
tion are only exernplary and explanatory and are not to be 
vieWed as limiting or restricting the invention as claimed. 

The invention itself, together With further advantages, Will 
best be understood by reference to the folloWing detailed 
description, taken in conjunction With the accompanying 
draWings. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 shoWs resistance of AK tobacco plants to Wild?re 
(a bacterial pathogen). (See legends to FIGS. 2 and 3 for 
methods.) 

FIG. 2 shoWs assembly of the constructs used in plant 
transforrnation: cytoplasrnic vs. chloroplast-localiZed AK, 
untransforrned controls. 

FIGS. 3A—3C shoW the results of Peronospora parasitica 
(a fungal pathogen) tests: (A) infected control; (B) spores on 
infected control; and (C) auto?uorescence. 

FIG. 4 shoWs resistance of AK plants to Pseudomonas 
syringe pv. rnaculicola ES 4326 (a bacterial pathogen). 

FIGS. 5A—5B shoW the level of PR gene expression in 
uninoculated AK plants untransforrned control lines before 
inoculation (FIG. 5A) and after inoculation (FIG. 5B). 

DETAILED DESCRIPTION OF THE 
INVENTION 

All patents, patent applications and literatures that may be 
cited in this description are incorporated herein by reference 
in their entirety. 

In the course of studies dealing With strategies for 
expressing multiple genes in plants (18), it Was observed that 
tobacco plants that express the E. coli acetate kinase (ack) 
gene (in the cytoplasm) seemed to retain a healthy appear 
ance in the greenhouse after other neighboring plants (not 
possessing this gene) had begun to shoW signs of disease 
and/or senescence. For this reason, a limited battery of 
pathogenicity tests Was conducted. Speci?cally, ack 
transforrned tobacco Were tested for their responses to 
Pseudomonas syringe pv. tabaci WF4, a bacterial pathogen 
of tobacco. The results of these tests Were dramatic, in that 

plants With cytoplasrnically localiZed acetate kinase Were signi?cantly resistant to this pathogen (FIG. 1). In 

contrast, untransforrned plants as Well as plants expressing 
a chloroplast-targeted form of AK Were susceptible to infec 
tion by this pathogen. 

To explore this phenomenon in more detail, We elected to 
express the ack gene in Arabidopsis. For this, tWo constructs 
Were used—one in Which the AK Would be localiZed to the 
cytoplasm (FIG. 2), and one in Which the acetate kinase 
Would reside in the chloroplast (terrned here as TP-AK (FIG. 

The results of this process Were a number of transgenic 
Arabidopsis lines that carried the AK and the TP-AK gene. 
Plants that expressed detectable quantities of the AK gene 
product Were identi?ed by irnrnunoblot analysis (not shoWn) 
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and several of these selected for further study. The 
AK-containing Arabidopsis plants thrived and Were fertile. 

AKArabidopsis plants proved to be highly resistant to an 
isolate of Peronospora parasitica capable of causing disease 
on the untransformed parent and on TP-AK-containing 
plants. On untransformed control plants and TP-AK plants, 
spores Were able to germinate and groW throughout infected 
leaves, and eventually into other parts of the plant (FIG. 3A). 
In contrast, on AK plants, spores rarely germinated, and 
those that did greW only a minimal distance (FIG. 3B). In 
addition, spore germination and invasion on AK plants Was 
accompanied by the appearance of localiZed auto?uorescent 
material (FIG. 3C) indicative of a strong hypersensitive 
response. The combination of limited germination and 
groWth resulted in a virtual lack of disease symptoms in 
inoculated plants (not shoWn). This resistance corroborates 
the results obtained With the tobacco lines, and suggests that 
AK expressing Arabidopsis can respond very rapidly to limit 
the groWth and spread of the oomycete pathogen. In 
addition, the lack of resistance that Was observed in TP-AK 
plants indicates that a speci?c subcellular location is 
required for the effects of the ack gene. 

Additional tests Were conducted With a bacterial pathogen 

(Pseudomonas syringae pv maculicola ES 4326). As Was 
observed With R parasitica, AK-containing Arabidopsis 
Were highly resistant to this pathogen. Speci?cally as seen in 
FIG. 4, a minimum of bacterial groWth Was seen on the AK 
plants, in contrast to the extensive groWth observed on the 
untransformed and TP-AK plants. 

Disease resistance in transgenic plants is often associated 
With elevated and constitutive expression of a range of genes 
associated With systemic acquired resistance (19). 
Accordingly, the levels of expression of so-called PR genes 
(20) Were determined in various of these lines. In uninocu 
lated AK plants, a loW but signi?cant level of PR gene 
expression Was observed (FIG. 5). In contrast, With untrans 
formed control lines, no detectable PR gene expression Was 
apparent in the absence of inoculation With pathogens (FIG. 
5). After inoculation With R parasitica, PR gene expression 
Was dramatically induced in the AK plants (FIG. 5), begin 
ning in tWo days and reaching the highest levels after 4 days. 
In contrast, for as much as 2 days, PR gene expression 
remained very loW in control plants that had been inoculated 
With R parasitica (FIG. 5). Interestingly, at later times after 
inoculation, PR gene expression in control plants rose to 
levels that exceeded those seen in AK plants, even though 
the control plants developed disease symptoms. 

The presence of a loW level of PR gene expression in 
uninoculated AK plants suggests that the expression of the 
ack gene in Arabidopsis induces constitutive systemic 
acquired resistance (SAR), perhaps analogous to that seen in 
several Arabidopsis mutants (19, 24—29). HoWever, the very 
loW PR gene expression in these plants, and the rapid 
increase in these levels upon challenge With pathogens, is 
distinctive. In addition, the deposition of auto?uorescent 
material near the sites of germinating spores (FIG. 3C), 
along With the altered kinetics of response of PR gene 
expression and SA synthesis in the AK plants, suggests that 
the expression of the ack gene in Arabidopsis has in some 
Way conditioned these plants for a rapid response to What is 
otherWise a virulent pathogen. In other systems, the differ 
ence betWeen rapid response (and subsequent HR and 
resistance) and sloW response (thereby permitting disease 
development) has been linked to the ability of the host plant 
to recogniZe speci?c pathogen-derived signals (elicitors 
(30)). One might hypothesiZe that the expression of the ack 
gene in Arabidopsis in some Way mimics this recognition 
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process, perhaps by elevating the expression of resident 
(unexpressed) R genes in Arabidopsis. HoWever, other prop 
erties of the AK plants argue against this. For example, 
tomato plants that express the Pto gene in a constitutive 
manner are resistant to a range of pathogens not normally 
dependent upon Pto-mediated elicitor recognition, but these 
plants also possess micro-HR lesions and high constitute SA 
and PR gene expression (31). Likewise, plants that express 
various R-gene-independent harpin genes (such as hrmA) 
are also resistant to a broad range of pathogens, and possess 
elevated SA and PR gene expression (32,33). In contrast, 
uninoculated AK plants lack detectable microlesions and 
have normally modest SA (not shoWn) and PR gene expres 
sion levels. 

In bacteria, the expected metabolic product of the expres 
sion of the ack gene (acetyl phosphate) can gratuitously 
phosphorylate tWo-component receiver modules in bacteria, 
and such modi?cations may play important roles in the 
regulation of responses to osmotic changes or phosphate 
status (34—36). Moreover, phosphorylated acetate kinase can 
itself transfer this phosphate to enZyme I of the phospho 
enolpyruvate: glucose phosphotransferase system (PTS; 37). 
Given these precedents, our results suggest an involvement 
of a tWo-component-like signaling pathWay in the develop 
ment of the hypersensitive response in plants. The effects of 
the ack gene in Arabidopsis Would thus be explained by 
analogy With prior studies in bacteria—one (or more) of the 
components of this hypothetical pathWay Would be gratu 
itously phosphorylated (by phosphorylated acetate kinase, as 
is seen With enZyme I of the PTS (37), or by acetyl 
phosphate (34—36), thereby altering the activity status of the 
rest of the pathWay, resulting in an ability to respond rapidly 
and effectively to otherWise pathogenic microorganisms. 
This eventuality Would insert an additional layer of com 
plexity in the defense signaling netWork in plants. In 
particular, it Would imply a separate signaling pathWay that 
functions to facilitate rapid local and systemic defense 
responses. 
At this time, hoWever, an indirect effect is equally likely. 

As is to be expected, defense responses in plant are inte 
grated With many other signaling pathWays; these include 
pathWays that mediate the actions of ethylene, cytokinin, 
jasmonate. Interestingly, tWo-component-like factors have 
been implicated in ethylene (38) and cytokinin signaling 
(39—41). The general appearance of the AK plants is rela 
tively normal and does not suggest a dramatic and general 
effect on ethylene- or cytokinin- related responses. HoWever, 
given the multiplicity of histidine-kinase-related ethylene 
receptors in Arabidopsis (38,42), and a similar multiplicity 
of cytokinin-inducible response regulators (39—41), it 
remains possible that selective modi?cation of a small 
subset of these can lead to the pre-conditioning for rapid 
defense responses that is seen in AK plants. This model is 
intriguing in that it suggests that rapid defense responses 
might be affected, or conditioned, by factors in addition to 
pathogen recognition. 

To summariZe, the present invention demonstrates that the 
expression of the E. coli acetate kinase gene in Arabidopsis 
can pre-condition Arabidopsis for rapid and effective 
defense responses against otherWise pathogenic microorgan 
isms. This invention indicates that rapidity of response can 
be manipulated in novel Ways, Without grossly changing the 
health of the plant. It also shoWs that rapidity of response is 
a viable target for modi?cation as it relates to improving the 
disease defense characteristics of crop plants. Finally, the 
invention suggests that tWo-component signaling systems 
may be directly or indirectly involved in determining the 
rapidity With Which Arabidopsis responds to challenge by 
pathogens. 
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Methods 

The AK coding sequence Was isolated by PCR from E. 
coli genomic DNA as described by Dasgupta et al. (18). This 
gene Was subcloned into pKYLX71:35S2 (21) as an XhoI 
SacI fragment. The TP-AK gene Was assembled basically as 
described by Dasgupta et al. (18) and also subcloned into 
pKYLX71:35S2 as an XhoI-SacI fragment. The recombi 
nant plasmids Were mobiliZed into Agrobacterium tumefa 
ciens C58C1:pGV3850 (22) and transconjugants used to 
transform Arabidopsis (ecotype Columbia) by vacuum in?l 
tration. Transformed plants Were identi?ed by selection on 
agarose media containing kanamycin (50 pig/ml). Expression 
of the transgene Was assessed by immunoblot analysis. 500 
mg of leaves from transgenic plants Were homogeniZed in 1 
ml of extraction buffer (0.0625 M Tris-HCl, pH 6.8/10% 
glycerol/2% SDS/10% 2-mercaptoethanol), boiled for 10 
min and centrifuged at 12,000 g for 10 min. 50 pg of total 
protein Were separated on 12.5% polyacrylamide gel con 
taining SDS, transferred to nitrocellulose membrane, and 
probed With the appropriate antisera (23). Antigen-antibody 
complexes Were visualiZed using HRP conjugated anti 
rabbit IgG using a chemiluminesence kit (NEN Life 
Sciences). 

Resistance to fungal infections Was assessed using a 
compatible isolate Peronospora parasitica noco2. For 
inoculations, spores Were collected from sporulating suscep 
tible arabidopsis plants, Washed With deioniZed Water, and 
suspended in Water to a concentration of 50,000 spores/ml. 
Plants Were sprayed With this suspension and kept in a high 
humidity groWth chamber. Plants Were examined visually 
and microscopically as shoWn. Auto?uorescence Was visu 
aliZed using a ?uorescent microscope under UV light. 
Pseudomonas syringe pv. maculicola ES 4326 Was groWn 

in liquid Luria Bertani (LB) medium With 100 mg/1 strep 
tomycin at 28° C. overnight, collected by centrifugation, and 
resuspended in 10 mM MgCl2, and adjusted to cell density 
of OD6OO=1.0. The OD6OO=1.0 bacterial suspension Was 
diluted 250 times, then 10 pl Were in?ltrated to the leaves. 
After 5 days, leaves Were collected, Washed to remove 
incipient bacteria, and the bacteria counted by plating serial 
dilutions on media. 

PR gene expression Was measured by northern blot analy 
sis (23). Total RNA Was isolated from the leaves of 2—3 
Week old plants, or the plants spread by R parasitica, using 
the RNAqueous total RNA isolation Kit (Ambion Inc., 
Austin, Tex.). Equal amounts of total RNA (10 pg) Were 
resolved on a 1.2% (W/v) agarose/formaldehyde gel con 
taining 1><3-(N-morpholino-)propanesulfonic acid (MOPS) 
buffer, and transferred to a Nytran membrane (Schleicher & 
Schuell, Keene, NH). Membranes Were hybridiZed With a 
32P-labeled DNA probe generated using the Prime-it II 
Random Primer Labeling kit (Stratagene, La Jolla, Calif.), 
Washed using standard protocols (23), and visualiZed by 
autoradiography on X-ray ?lm. 
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What is claimed is: 
1. Amethod of conferring to a plant resistance to a fungal 

or bacterial pathogen, said method comprising regenerating 
a plant from plant cells expressing a chimeric nucleic acid 

10 

15 

8 
molecule comprising in the 5‘ to 3‘ direction: a promoter 
functional in a plant nucleus operably linked to (ii) a nucleic 
acid molecule or fragment thereof encoding a bacterial 
polypeptide having acetate kinase activity operably linked to 
(iii) a non-translated region of a nucleic acid molecule said 
region encoding an mRNA polyadenylation site, Wherein 
expression of said chimeiic nucleic acid molecule in said 
plant confers resistance to a fungal or bacterial pathogen. 

2. The method of claim 1, Wherein said bacterial polypep 
tide is an E. coli acetate kinase polypeptide. 

3. The method of claim 1, Wherein said plant is resistant 
to a fungal pathogen. 

4. The method of claim 3, Wherein said fungal pathogen 
is Peronospora. 

5. The method of claim 1, Wherein said plant is resistant 
to a bacterial pathogen. 

6. The method of claim 5, Wherein said bacterial pathogen 
is Pseudomonas. 

7. The mcthod of claim 1, Wherein said plant is a tobacco 
plant. 
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