Plans Scieece, 89 (1993} 4353 g
Elscvier Saentific Publishors Treland Tad

Expression of a Cecropin B lytic peptide analog in transgenic
tobacco confers enhanced resistance to bacterial wilt caused by
Pseudomonas solanacearum
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Ceeropin B is o naturaliy-oocueniag bytic paptide fousd in Apalapbars seerapis, the Géan Silk Moth, It & tkought to comprise par
of an induible bumoral defonss sysiem that combats infection in the insect Two 32 amino acd poptides, SB-37 and Shiva-1, were
predueced as substitution analops of Cecropin B, SB-37 i 9574 bomodopous to Cecropin B while Shiva-l retains only 46545 bomalagy
tix the nataral malosgte, Howsver, kypdrophobic propertics and charge density of the native structuns wore sonscoved 2t 1R in the
synthetic peptides. The penes for hath peptides were chemically synihesized and cloeed inte the beery vectar pBIL2] under the con-
ol of & comtigubive of wound-mdoebls plant promater. Transpemic tobacco plants (FO) were subsoquently obtancd vea
Agrobacrerivrm transformation. Bicassays to test de resast of B propeny indicate that, compered to transpeaic control and
5B-37 plangs, Shava-1 secdling: exhilatsd diclaved will symploms and reduced disce soverity and matality after mlseion with 3

kighly viralent strmin of Prendamanes solanseesrue.
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Introdection

It has been said that plant discase is the excep-
tion rather than the rule [1). In effect, only the
imterplay between & virulent pathopen and a
susceptible cultivar leads to diseass. Despite this
delicate interaction between host and pathopen,
plant dizzaze is one of the leading causes of crop
loss 1n the world, Its economic import can be
especially significant in the developing world
where up to forly percent of crop destruction can
be directly attributed to plant disease [2]. Also,

their cultivation of just a few plant species within

a localized arca accelerates the spread of disease,
exacerbating the problem.

dar Jesse ML Jaynes, Demeter Biorschaologses
[2d., 6916 Turkey Farm Road, Chapel HEl, HC 27504, USA.

Plants under microbial attack elaborats several
imducible defensive responses of a structural and
binchemical nature. Among them are the synthesis
of hydrolytic enzymes, such as chitinase and g-
glucanase, and proteinase inhibitors; the modifica-
tion of the plant cell wall by lignification and
acoumulation of callose, 2 f-1,3-plucan, and
bydroxyproline-rich glycoproteins (HEGPs); and
the synmthesiz of phytoalexins, low molsculzr
weight compounds with antimicrobial activity [3).

Becent advances in geoelic engineering lave
made it possible to develop plants with new predic-
table phenotypes. The expression of the TMV coat
prolein in transgenic plants was shown to cause a
delay in the development of symptoms upon infec-
Gon by the virus In concordance with the idea of

‘- grass-protection [4]. Also, expression of an inssc-

ticidal protein, the BT protein from Sacillies tr-
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inpiensis, has rendered plants resistant o msec
attack 3], Therefore, appropriate small modifica-
tions in the biochemistry of a plant may signifi-
cantly aupment the resistance of this plant to the
action of 2 pest or pathogen. Jaynes ot al. [6,7] and
more recently, Castests et al. [8] have propased the
idea of wsing the genes for proteins with an-
microbial activity, found in nseols, (o enbhance
bacterial discase resistance in plants. The results
presented in this paper indicate that this notion
can have practical application and suggest 3 dif-
ferent approzch to development of new plant
coltivars  with  increased  microbial  disease
resistance.

Lytic peptides are small proteins that appsar o
be major compenents of the antimicroldal defense
systerns of 2 oumber of animal spectes including
ingects, molluses, amphibians, and at least one
mammzl [9]. They consist of 23—3% amino acid se-
guences, which have potentizl for forming am-
phipathic a-helices. An amphipathic e-helix may
be depicted as a cylinder with one curved face
compased primarily of nonpolar amine acid sids
chains and the other Froe composed of aming acids
containing polar side chaing (the property of am-
phipathy can best he visualied by casting the
amino acid sequence on a helical wheel projection
[10]). The presence of Tvtic peptides in other higher
organisas is under intengive investigation and it
has been proposed that they will be found in all
mammals, including homans [9]. Defensins, a
family of small molecalar weight astimicrobial
peplides found in mamumals and more recently in
insects, are a separate kind of lytic peptide
because their action s mitraceliolady localized
following phagocytosis and their in vive con-

‘formation seems to be o S-pleated shest [11].

The lytic peptides that have beea described in
the Literature seem to full into one of three dif-
ferent clasz=s based on the armangement of am-

 phipathy and high pesitive charge density within

the molecnle: cecropins (35 amino acids in length

‘and defived from the Giant Silk Moth), N-

terminal half amphipathic while the C-terminal
half mostly hydrophobic [12]; mapgamins (12
amino acids in length and denved from the
African Clawed Frog), amphipathic the full-length

of the molecule [13]; and melttn (20 amino acads
in length and derived from the Hooeybee), ©
terminal half amphipathic with the N-terminal half
primarily hydrophobic [i£]. The conservation of
these physical properties i requisite for activity,
but the requirements seem 1o be somewhst
nonspecific in terms of aming aid sequence (zee
Fig. 1A}, For example, we have synthesized highly
sequence divergent analogs for esch of the peplide
elasses and have found some of them to be more
active than their natural counterpares [E5,16].

Materials and hMethods

Pepiide syrthesis

Lytic peptides were synthesized using a
Milligen/Biosearch Model 9050 automated peptide
syathesizer which employs the Fmoc chemisiey
117]. Al reapents were purchased (rom Millipen/
Biosearch. Upon completion of the synthesis, the
peptide was cleaved from the resin and exbasstive-
ly extracted with ethyl ether, dissolved, frozenin a
solid COyfacetone bath, and Iyophilized, Sepha-
dex column chromatography was then used to
remove all remaining small orpanic molecules and
to fractionate the peptide mixturs cconding o
sire, The fractions were shell-frozen, lyophilized,
and subjected to HPLC for imitial analysis and
preparative work. The samples were prepared in
aqueous buffer containing 50% methanol and
znalyzed in & Varan 5000 HPLC System and a
Waters plondapak Cl1¥ column,  mm 0 cm
mdulpakﬁmdgcuﬁdlnnpln}ud the radial
compression module. The appropriate fractions
were then subjected to mass spectrossopy analysis
to confirm the identity of the full-dength peptides.
The samphes were analyzed using a 252CT Plasma
Diesorption Mass Spectromieter (PDMS) BIO ION
20 {Bio Ton Mordic AR, Uppsala, Sweden). The
operating conditions for analyses were as follows:
the accelesntion voltaze was 15 KV with § E chan-
nels being momitored for & duration of 1 million
counts (about 10 min). The samples were applied
to a nitreclluloseconted targed inva S0:50 water
ethanol solution, allowed to absorb for 10 min and
thien loaded into the instrument (Mote: only data
for Shiva-1 are shown in Figs. 1B and 1C).
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were kepl al room lemperature with congtant
agitation af 130 revimin. The cell suspensions
were maintained by subculiuning 10 mi of filtered
and washed colture in 50 ml of fresh medium forr
nighily.

The expression of the Shiva-1 gene was tested at
the RNA level by northern analysis [19]. Expres-
sion of these peptides in tobacoo plants was
analyzed vsing a modified version of the method
desenibed by Sancher-Serranc  [M], Tobacoo
plants, about H0-80 can tall, were wounded on one
leal by two consecutively applied dialysis clamps,
BEMNA was isolated from the leaves of the wounded
plants 34 h aller the clamps were atiached,
Polv(A)RMNA was isolated using a FastTrack™
oligo-dT cellutose kit (from Invitropen) and =~ 10
pg per sample loaded onto the gel. A 125-bp Shiva-
I DN A insert was wied as probe. Total protein was
extracied from tobacco leaf fizspe with 80 mbd
Tris-HCI {pH 6.8), 7% SD8, 108 glycerol and
separated on 13% denaturing polyacrylamide gels,
—=H) pg of total protein per sample [21). The
proteing were subsegquently transferred o an
Immobilon-F membrane (from Millipore). The
membrane was incubated with antiserum raised
against Shiva-1 peptide according to Blake et al.
[2Z]. Detection of immunoreactive protein was
carried oul using alkaline phosphatase coupled 10
.antirabbit Ip(d with S-bromo-4-chloro-3-indolyl-
phosphate as a substrate [27].

Single blind bacterial challenge

FPreudomonas solamgcearun strain TTWTT, which
15 highly virulent on tobacoo, was obtained from
L. Sequeira (Universily of Wisconsin) and used in
all moculation experiments.  Afier  overnight
growth in a rich broth medium, hacteriz were
harvested by centrifugation (5500-% g, 20 min,
47C), washed once with water and suspended in
water at various cell densities for use a3 inoculum.
Kanamycin resistant {obacco scedlings were
growm from F1 generation seeds of the control and
selocted transgenic plint lines and transplanted
directly into B-oz. styrofoam cups or 4-nch plastic
pots containing &n anificial potting soil (Pro-Mix),
and grown in a greenhouse (control plants were

transpenic for the veetor without the Shiva-1 in-""

sect), Planis for the wounded soot bactemal

challenge amay were grovwn in cups until reaching
a height of ~ 10 cm and then the margin of 4-5
leaves was marked by cutting & small notels. AR
reods on one side of the plant (half way batween
the stem and the wall of the cup) were cut, the cups
were placed m sawcers, and 5 ml of haclera
suspended in water at 107 cells per mil owere
pourad slowdy onto the soil. Controls received
witler alone. The plants were then randomly ar-
ranged and coded to ereate a sngle-blind exper-
ment. The plants were incubated in & 30°C growth
chamber and the soil kept constantly moist by
wateTing into the saucers. The percentape of not-
ched keaves that were completely wilted was
recorded for each plant on & dafly basis, and the
mean percentage of leaves wilted for cach treat-
ment calculated. When all of the noiched lezves
were wilted the plant was considered completely
wilted; new leaves that appeared dunng the assay
were nod counted even though they too were usual-
Iy severely wilted. The results were analyzed using
a one-tailed Wilcoxon two-sample test by compar-
ing the set of mean values that spanned 2 raape of
days for the control to analogous sets for each
transpenic line. Plants for the stem inoculation
assry were grown in the pots until they wers about
13 e in hizight, and the margns of the 8-10 lcaves
tor be monitored were notched as above, Each of
the plants received 20 gl of incculum containing
10%ellsml or 20 gl of water applicd into 3 siah
wound in the stem. The noiched leaves on sach
plant were rated datly as being either 104, 172, 34,
or completely wilted; the percentape of leaves and
plants willed was calcolated as for the ool -
ooculation methaod, .

BEesults and Discrssion

Our onginal intent was to utilize the pene
encoding & close homolog of Cecropin B (SB-37)
to augment baclerial dissase resistance in plants,
However, during our studies, a new highly
sequence  divergent peptide was  syathesized
{Shiva-1} in ouvr laboratory (see Fig. 1) and was
shown to possess a more potent Iytic activity than
SB-37 [23-27]. The enhanced bioactivity of Shiva-
1 was the irst indication that modifications made
in the primary sequence of lytic peptides would not
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Fig. 1. Sequence comparison of Cecropin B with the novel hytic poptides SB-37 and Shiva-1, and phyzical characterization of syu-
the=ized Shiwa-1, (A) The Cocropin B aaleg, SB-37, bas minor ¢lsiges from the pareot modecuds by sulstitution of Meal with Val
snd nddition of an NHterminal, MctPra. The hatehed rectangles denoie the differenons betwesn cecrapin B and SB-37 while the
darted gentapplas shony the dilerencss hetween Shiva-1 and SB-37. (B) The peplides were subjectod @ HPLLC fioc imitial soxlysis and
T preparstive work. (2] The appropriate fosctions from (B) were subipersed to mass spoctrasoopy and fall-beapth ideatity confimmed

by ths technique.

destroy the peptide’s activity provided certain
physical characteristics of the peptide were con-
served.

We chose indtially to examine the activity of the .,
two peptides against a series of phytopathogenic

bacteriz.  Significant cytoloxic aclivity in the
micromalar range was observed for both peptides
with Shiva-l usually showing the lowest LCy
walues (LCy, is the concentration necessary to kill
50% of the test organisms) on most test strains
(Table T). Additionally, another research group

testing the cifectivencss of the peptides in killing
bacteriz, alihough assaying in a differcat way,
have recently reported similar results to our own

.[28].. These findings prompicd us to clone the
_penes for several of the peptides info fransgenic
tobaccn plmtsinana.m.mptmims«cdimsc

resistamce, -

It was found that & sipeificant decrease in LCs
was observed when the peptides were incubated
in the presence of lysozyme. Loss of integrity of

. the peptidoglycan bacterial ¢ell wall, combined



Takde I Sensanwvicy of plant pathopenic bactenia oo |yl popsdes. In viero bacloricidal activiey of peplides against well known plast
pattegens: beciona ane shinwn, Mumbers shown are concentrations (i) of pepdide necessary vo kill 5075 of the ells. Thus, @x sach
iy 4 L-pM scludion of B037 and Shaea-1 would contain 4.08 pp sed 424 g respectively. The asterisk denotes e addition of
Iysoayme as concenirations which were not bethal o the bactesia {100 ppiml). At boast throo scporats asssys wese cooducted far sach

trealmenl and variation was no greacer than [5%.
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with the Iytic activity of the peptides, creaies a
synermstic interaction similar (o the concerted
action which has been reported for the humoral
immune system of the cecropia moth [29]. It
should be noted that in addition to the induction
of lysozyme, the cecropia moth also synthesizes a
class of bactenicidal proteins called the attacing,
although less active than the cecropins, s
thought that they also work 1o symerpy with the
other humoral Immune response components and
thus, enhanee Ivtic peptide potency [29]. These
data mdicate that a synergistic effect may be seen
in a plant transpenic for both Iytic peptide and
Iysocyme and warrants further investigation.

We wsed a constiutive promoter, 355 cauli-
Mower mosate vires 57 region-nopaline synthetase
J-polyadenylation cassetie [30], for the less sctive
peptide, 5B-37, and an inducible promoter, pro-
teinase inhibitor IT (PUT) [20], for the more active
Shiva-I. In non-wounded potato plaots, PilI
socumulates in the tubers with non-detectable
levels of protein in leaves, stem or roots, When the
leaves are wounded, expression of the pene is
nduced not only In the wounded leaves, but also
in non-wounded upper and lower leaves and in the
upper part of the slem [31]. Detailed histological
analysis, using the f-glucuronidase gene under the
comtrol of the Pill promoter, has revealed that
induced expression s $lrongest in cells clossst to
the wascular tissus, supresting that the signal
mediating the wounding response iz transported
via this tissue [32]. When the Pill pene is transfer-
red to tobaceo, it is repulated in the sume way as”
il is in potate, ndicating that tobaoco plants con-

tain similar trans-activating factors that recopnize
the cis-clements present in the promoter [32).
Fadtile transgenic tobaceo plants were obtained
and tested for the pressnce of the mtact 355-SB37
and Pill-Shiva-1 genes by standard Southemn
analvas (data not shown). Those transgentic plants
exhibiting a non-rearranged single-copy gene pat-
tern wers selected for further study. Preliminary
bacterial challenge results, wtilizing a highly
pathopenic suain of Prewdomenas selanacearunt
{1his organism is a vascular pathogen that causes
severs wilting), indicated that Shiva-1 propeny ex-
hibited a delayed appearance of symptoms which
were less severe than those shown by the control
plants. Furthermore, there was a dramatic dif-
ference in the mortality of Shiva-1 plants when
compared to control plants thres wesks after infoo-
ton (see Fip, 2). Mo enhanced resistance was
observed between the controls and plants prodec-
ing SB-37, presumably because of its low bioactivi-
Ay agamst this pathogen [18]. Therefore, we chose
to foens on the Shiva-1 transpenic Enes. However,
it shipuld be noted that other workers, utilizing
thete constructs, bave obtained transgenic planis,
mcluding some transpenic linss expressing SB-37,
resistant (o several different bactenial diseases [33;

W, Belknap, pers. commun.].

- Norihern analysis demonstrated expression of
mBMNAs of the expected size (Fig. 3A). Plants con-
taining {he Shiva-1 pene showed mBEMA expres-
sion repulated at the transeriptional lewel as
expecied inwounded vs. non-wounded plants. Daf-
lerent levels of expression were found and the two
best producens were selected for further study. The
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Fig. & Approximately fifty each of transpemic control and
Shiva-1 poptids producng tobmoss seedlinps were infected with
abapr 107 P selangcearsen by wounding of the stem. Mo
Shiva-1 tranggemic plants disd,

gxpected mRNA length of about 340 bases, in-
cluding the poly(A) stretch, was observed. Lanes |
and 2 contain RMA isolated from Shiva-1 plants
no. 3 and no. 4 while Lans 3 containg ENA
prepared from the transpenic control.

Western analysis of total protem extracts (Fig.
IB) izolated from wounded plants revealed the
presence of a peptide with a molesular weight
similar to that of Shiva-1 when the blots were pro-
bed with antibady raised apainst chemically syn-
theszed Shiva-1 peptide. The expression (level iz

o more than 0,19%% of total protein) of this peptide .-
did not heve an obvious detrimental effect on the -

plants, #nce they proved to have an. in-
distinguishable phenotype from non-transformed

conirols. Mo Shiva-1 band was defecied in the

transpenic control (Lanc 4) while Shiva-1 plants

no. 3 and 4 (Lanes 1 and 2, respectively) showed.
an immunoreactive protein in the 4000 molecular
weight size which co-migrated with — 100 np

i ic Shiva- i 3). The = -
. purified symthetic Shiva-1 peptide (Lane 3) gorr i)

band that appears below Shiva-1 dn all lanes, in-

49

cluding the contrel, 5 an artifact resulting from
the masker dye used in electrophores:s [21]. It
chould be noted that PCR-DMNA sequence analysis
was conducted on DMNAs isolated from some of the
na. 3 and 4 seadlings (data not shown). 'We found
that the R plants were identical to their RO
counterparts im all aspects except that the Shiva-1
gene, in the RI plants, was trencated. The se-
quences were all missing the codons for amino
acids mo. 37 and 38, However, the termination
codon and poly-adenylation signal wers imtacl, We
koow that from our design work that this
madification would not afTeet Iytic activity. At this
time, we have po explanation for the appacent in-
stability in the C-terminal sequence encoding
Shiva-1 gene.

In a more ngorous sel of single-blind bactenal
challenpe experiments, teeo inoculation methods
were used to evaluate our best transformed tobac-
co plunts, Shiva-l lines nos. 3 and 4, for their
susceptibility to P. solanmacearum. In a wounded
root assay, assessmend of the percenizge of leaves
wilted revealed that both lines showed symploms
before the controd (Fig. 4A). However, when
examined over time, line no. 3 was significantly
slower to wilt than was the control, whersas line
no. 4 was only margnally different. A similar
trend was observed in the percentage of plants
wilted after inocalation (Fig. 4B). The same exper-
iments performed with 100 times more inoculum
gave similar resules; line no. 3 wilted more slowly
while line no. 4 wilted and died almost as fast as
the control (data not showa).

When tested with a stem-inoculation assay, lines
no. 3 and 4 were markedly less susceplible to the
bacterial pathogen. Both lines showed significant-
Iy fewer wilted leaves in individual plants (Fig.
4C), and overall fewer plants willed by the end of
the experiment (Fig. 40, Furthermore, line oo, 4
plants showed no completely wilted plasts com-
pared to almost Eﬁﬁhﬂmd plants in the comiral.

- However, in contrast to the root assay, line no. 4

was far less susceptible than hee no. 3 when stem

inoculated. Here, too, experiments with 100 tines

more inoculum gave very similar results (data not
shown). Pror wounding of the plants had no effect
ou the overall outcome of these experiments (u-



Fig. L. Analysis of transformed Shiva-1 and control plants. (A) The expromion of the Shiva-1 gese was toested 30 the RMA level
by mavibern analysis. Lanes | and 2 were samples derived from Shiva-1 plants pumbers 3 and 4, ecspectively, Lane 3 calract was de-

rived [room U arrol plants. () W

n analysis was conducted on tatsl pretsin extracted from fobaces besf tissee in arder

1o confirm fidelity of translation. Lancs 1 and 2 were sasoples decived from Shiva-] plants numbss 3 and 4, respeciively. Lane 3 con-
taimed & fow microprams of Shive-1 peptide which kad been chemically synthesized a5 described in Matcrials and Meihods, Lanc 4

extrnct was derived [rom tramspenie contred plants.

The eohanced resistance of Shiva-1 plants when
tested wvia stem imoculation is consistent with
previous stwdies of the wound-inducible expres-
sion of Pl in ‘potate plants, Eiel ef al. [33]
reported that after wounding a single leaf there is
a systemic activation of the Pill pene in the upper

part of the stem, but not in the lower part of the

stem and roots. Assuming the expression of Shiva-
1 is repulated in the same way at the cellular level,
“thers will be 2 higher expression of the peptide in
the cells surrounding the vascular tissue of the

stem, which could explain the observed betier
overall response of the plants to the infection when
plants were stem inoculated rather than root in-
coulated Obssrvations have -shown In many
systems tested [34 and unpublished data] & celi-
proliferative effect of the peptides at very low con-
centrations, We can expect this effect at a high
ratio of cells to peptide. It 35 tempting 10 spoculate
that in the root assay, at hiph inoculum, becaus:
of 2 very low level of expression in the roots in

- comparison to leaves and stems, a proliferative
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days £ 1o 15 Shiva-1 oo 3 was iower to wilt st 00F > g > 0,025 =nd Shiva-1 ne. 4 was slowsr to will ol e < U005,
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effect of the peptide oo the bacieria takes place
during the first days followng infection. As the
bactenial invasion proceeds upward, a sysiemic ac-
itvation of the gene oocurs wiath the strongest ex-
pression taking place in the vicinity of the vasculas
tissue which allows the plants to ‘catch up’. By the
end of the experiment, Shiva-1 plants clearly show
less susceptibility than the control plants, Similar-
Iy, plants expressing the bess active peplide, SBE-37,
may have provoked a proliferatrve rather than 2
Iytic response on the pathogen, possibly account-
ing for the apparent inability of this peptide to
contrel the infection.

Our m vitro datz consistently  showed P
solaracearust to be the bacterial plant pathogen
with one of the highest TCy values for all our
peptides, Most other pathogens are more sensitive,
with LCyy values in some casss o the sulb-
micromolar range {Table 1) These results are en-
conraging, since inroduction of the genes for
SB-37, Shiva-1, and other lytic peplides inio
plants, where the more sensitive types of bactenia
chuse gignificant crop loss, may result in an
enhanced resistance similar to that found for the
tobaceo plants in this siudy, Indecd, several
groups have reported an enhanced  lewel of
resistance in plants expressing our CECropia attacin
A pene construct in transgenic apple and Adn-
thyrivm (), Moreli and H. Kuehnle, pers.
COMmmu. ).

Recently, there has been 2 report of increased
resistance fo infoction by P sprirgae py. falct in
transpenic tobacco planis {33]. In this stedy, the
authors introduced 2 gene for a toxip-resstant
acetyltransferase that detoxifies the phytotoxin
produced by the bacterum resulting in enhanced
plant resistance. Our approach is less specific and
potentially more effectve becauss the mitroduction
of only one pene, Shiva-1 for example, may render
plants less suseeptible to bactedal diseases in
peneral. Also, it may be more difficult for the
pathogen to circumvent the lytic activity of the
peptides, since a dmastic medification of the
bacterial membrane would szem to be necessary (o
perntit pathopen resistance,  Furthermore, we

speculate that combination of several genes within - -

the same line, perhaps, chicken lysoryme and at-
tacin A with Shiva-1, may allow for polent synergy
to develop and could permit an even hipher level
of plant resstance.

in suwmmary, we have shown ncreased
resistancs in transpenic tobacco plants prodecing
Shiva-1 peptide to the pathogenic action of £,
solengcearm and resulted tn 2 delay of sympioms
and a significant reduction of plant mortaliy, Cur
cently, thess and other gemes encoding newly
designed, more active peptides, are being inirodoe-
ed inte different plant species to test the generslicy
of our proposed method. In 1% exciting to con
template the future since some of these novel pep-
tides alse possess high In vilro Cytoloxic activity
apainst Tung amd nematades [36].
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