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Leaf curl syndrome of pigeonpea (Cajanus cajan (L.)
Millsp.) is a systemic response to effective nodulation
by the Rhizobium strain 1C3342

Naravana M. Urabuvavat$®, J. V. D. Kvomar Raof, Perer J. Darrfl and
Davip S. LETHAMT

¥ Plant Molecular Biology/ Plant Cell Bivlogy Group, Research Schaol of Biological Sciences, The Australian National
University, A.C. T, 2601, dustralia; & International Crops Research Institute for the Semi-iArid Tropics (ICRISAT,
0.0, Patancherw, Hvderhad, India

(Aceepted for publication April 1991

Rhizobium strain IC3342 is an unusual bacterium that causes a leaf curl syndrome in pigeonpea
iCajanus cajan NMillsp.) Growth characteristics, plasmid profile, conserved nif and ned gene
seqquences, and nodulation host range of this strain resemble that of the fast-growing Rhizebium
strain ANU240 (NGR234). Leal curl induction occurred only in hosts effectively nodulated by
this strain. A plasmid-cured, non-nodulating derivative failed 1o induce leaf curl symptoms. The
strain [C3342 competed poorly with [ast- and slow-growing root-nodule bacteria, but the
observed nodule occupancy of 109, was enough 10 produce leal curl symptoms. Suppression of
nodule development by added inorganic nitrogen also prevented symptom expression. Approach
gralting of a healthy pigeonpea plant and a plant with leaf curl symptoms resulted in the
development of leal curl symptoms on the growing shoots of the healthy plant within 8 days of
gralt union. I'urther symptom expression ceased alter gralt separation. Feeding xylem sap rom
the leal curled plant 1o a healthy plant induced the initial symptom of the syndrome, bending ol
the growing leal tip. We conclude that the leal curl induction is a systemic response for which
effective nodulation is an appurent prerequisite.

INTRODUCTION

Plane-bicteria interactions, particularly those involving Rhizebium and Agrobacterium,
have been the subject of much recent research. Investigations of bacterially-induced
plant cell growth and development have concentrated on the biological mechanisms
modulating plant growth and on the genctic compoenents involved in the process. The
morphological and biochemical changes that occur during the infection process leading
to the development of a functional, nitrogen-fixing nodule have been reviewed [4, 5].
Whilst most Rhizebium—legume interactions are advantageous to plant growth under
nitrogen-limiting conditions, in some cases, such as inellective nodulation, there may
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I16. 1. Leal curl symploms in pigeonpea produced by nodulation with Rlizebivm sirain
TC3342. 1A) Gmnp.msnn of 30-clay-ok! plants nodulated with ja; normal strain THP GO and i)
leaf curl-inducing strain 1C3342. Nodnlatdon by (he strain 1G3342 resules in heafcurling,
suppression of :lpi(‘;tl dominance, sprouting of fateral buds, whereas nadulation by the sirain
THP100 yesults in normal devefopment of the plant. (B Tip bending, indicated by an arrow, is
the injtial symplom observed in a plant nodulated by the strain TC3342 and starts 25-30 days alier
inocutation. (G} Advanced stages 1120 daysy of symptoms showing severe leaf-curling, sprouting
of several Jatral buds farrow) and stuted growth. (13 A close-up view of the nodal region
showing severad sprouted bucds farraw).

be an adverse effect. Some Rhizebium strains may also produce compounds which affect
shoot growth. Interaction between Glyeire max and particular Bradvehizobium japonican
straing results in a transient chlorosis of the leaves {27 ] induced by the synthests of
rhizobitoxine {15} in the root nodules. However, in contrast w Adgrobacterium-induced
tumarigenesis, there is neither evidence for gene transfer from Rhizobiwm to the legume
nor f{or a direct involvement of phytohormones [32]. In this context the recemly
discovered interaction between a Rhizobitem strain 103342 and the tropical legume
pigeonpea (Cajanus cajan {L.j Nillsp.) (/6] is nteresting. In addition to apparently
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normal nodulation and nitrogen fixation, this interaction leads w a unique
developmental change in the plant shoots {hyponasty, curling of the leaves, release
from apical dominance, proliferation of lateral buds and stunted growth). The
developmental changes depicted in Figs 1{Aj~1{D) are similar to those reported by
Kumar Rao e al. [16].

Peach leal curl caused by the lungus Taphrina deformans {Berk.) Tul. and leaf curl
symptoms in lasciation or witch’s broom caused by Coryuchacterium facians {Tilford)
Dowson have been attributed to hormonal imbalance and specifically 1o c¢ytokinin
over-production [79, 27]. By analogy, the leal curl symptoms in pigeonpea may be due
to hormonal imbalance resulting from nodulation by the Rhizebiuwm strain TC3342. 1f
so, the system could serve as a model to study hormone production in otherwise well
characterized rhizobia which are amenable to genetic manipulation, and to investigate
further the refationship between root derived hormones and shoot development.

In this paper we report on the physiological and genetic characteristics ol Rlizobium
strain 1G3342, its host range and its competitiveness in nodule occupancy with other
fast and slow growing root-nodule bacteria. We also report on the nature, probable
site of production and factors governing the production of the leafl curl inducing
principle. '

MATERIALS AND METHODS

Bacterial strains, plasmids and host plants

Rhizobium/ Bradvrhizobtum strains, their characteristics and sources are listed in ‘Table 1.
Plasmid DNA pbA and pRud87, containing nifH/D [rom Rhizobiwm spp. ANU240 (1)
and nrod genes [rom R, leguminosarum biovar. frifolii ANU843 (26), respectively, were
kindly supplied by J. M. Watson, CSIRO Division of Plant Industry, Canberra,
Australin. Seeds were obtained [rom J. Brockwell, M. Trinick and M. Peoples,

CSIRO, Canberra, Australia.

Bacterivlogical media and growth conditions

YEM [35] and TY media [2] were used for Rhizobium and Bradyrhizobium. Inoculant
strains were grown at 29 °Cl to late log phase as shaken cultures {250 r min™ orbital).
Antbiotics (Sm and/or Rif) were used at concentrations of 100 pg ml~'. For bacterial
growth measurements 5 ml of a [resh culture {approx. 10* cfu ml™") was inoculated into
100 ml YEM broth in & 500-ml {lask with a side-arm. Absorbance (Klettggg.arg ym) WaS
measured and viible counts were estimated at various intervals by the drop plate count
method [/8].

Plasmid visualization and location of nil and nod genes

Plasmids were visualized by a modified Eckhardt method [22]. Southern transfer onto
a nitrocellulose membrane was carried out as described by Schofield ef al. [26]. A 3-2 kb
FcoRT fragment cloned {plasmid p3A) from the [ast-growing Rhizobium ANU240,
containing »ifH and aifD [1], and a 14 kb HindI11-BamHI fragment cloned (pR1587)
from R. leguminosarum biovar. trifolit strain ANUS843, containing ned gene sequences [20]
were radioactively-lubelled with *P as described previously [34]. Hybridizations at
high stringency were carried out according to Schofield er af. [26].




Apms st
Apms su
eiedypudn [y N
LVSTEIT
LVSTDI
L¥SIIDT

N. M. Upadhyaya et a/.

|
lgz)
-:uma—mc ./w

up{ny )

up{y 7

wolva 7y

unfvr 1)

sy (1 unfp) snunfoy)
IR DIDINID DIDGSIS

1wang ) oo gopguy
sy QX0 mandyp s
UG puyned pupjoies)
PIA {IIZIIAY XD TeuAL])

6T LNV JO 9ANRALOP

Sunempou-uou ‘paind-pruseid ©
SFEENT JO dantauap gy UG

BmaoaB-sey ad1-plis
fumoafi-isey odl-pps

Fuosd-ise) Smmpu-ang pea|

Surmorfi-ise] OdL-pris
AnoIE-sy RO
Jouentu g snosueiuods v
Surmoab-sops adH-pps
Fnamoai-sops adH-ps

LODEIINY
B6GTANY
TAONIN
001dHI

[ x33e]
LM

“dds wmgnzngy

ner g UMD MBpG0LINFY Surwoad mops adii-ps 9cLgD
. neplof (UMY
R q | LIy () ont aupagsy Fumou§-mops adH-prs 608140 szl wmgn i peag
yuasu A Cf T supopniey Ty Surmoad-aors wdfr-pps SFSNS
My puw
[amyaoag [ Y sujppaunpsd sy fitsosd-sops tadQ-pris 68D ysangsgue g Ssaasef gop oy
JLLSR I ] payps esvopagy Sumoas sy adH-pies 1418 paeadueg poppous "y
ffomyoouqg 1 subdpia - f Suimoaii-sey ‘addi-ppm 11600 preaBue(] yesoyd "Ieay
{gi Y ROV GNT UDIOfiL ] fuimosdasey ‘ad-prm SFBNNY prvaSiue(y wgefiy aeal
lg7 u T utnarjvs wnsif Fumordasyy ‘adli-prm 00818 jquuay (Juel) awadna taaly
:5.:tv_&t._w.:_.ﬁwn.u\ of
ADINOS /ALY 180y [PwEng sansumeIRy) Hreng “dds mmqozngpspoag fumgoigyy

360

APIIS g Ul pasi SupAls WNIOZIILPRIg /unoLy[

[ Fravy,



Leaf cutl syndrome and Rhizobium nodulation 361

Plasmid curing

The Rhuzobiwm strain ANUI298 {a Sm" Rif" derivative of the strain TC3342) was
subjected to heat treatment. The strain was sireaked onto TY and YEM agar plates
and incubated at 37 °C [or 7 days. While the strain was still growing, the incubation
temperature was increased to 39 °Cland incubation continued for a [urther 7 days. The
colonies which survived this heat treatment were again streaked onto a [resh plate and
incubated at 40 °C [or 10 days and then at 33 °C for 5 days. The colonies growing on
this plate were selected and re-streaked, and 20 single colonies tested for the loss of
nodulation ability with Macroptilium atropurpurium (D.C.) Urb.(siratro) under test-tube
growth conditions. The plasmid profile was visualized and probed with radioactively-
labelled 1/ and nod gene sequences as described earlier.

Plant growth conditions

Plants were raised in a solar energy conserving glasshouse maintained at day
temperatures between 25 and 33 °C and a minimum night temperature of 15 °C.
Plastic pots {either 10 or 20 ¢cm top diameter) were filled with pre-washed and steamed,
sand and vermiculite (60:40, v/v}) mixture. One day prior to sowing, pots were
saturated with Fahraeus nutrient solution [7] containing -9 mm N in the form of
potassium nitrate. Seeds were soaked in 39, hydrogen peroxide, washed with water,
soaked with 49, sodium hypochlorite and washed several times with water. Seeds with
a hard seed coat were scarified with concentrated sulphuric acid for 10 min prior to
surface sterilization. Pre-germinated seeds were sown and inoculated with 5 ml of the
inoculant cultures (approx. 10? cfu ml™"). Nutrient solution was applied two or three
times & week., Each treatment was replicated in two or four pots and cach experiment
was repeated at least once.

A test tube plant growth system also was used with A1 alropurpurium as the test plant.
A growth chamber with a water bath, maintained at 20 °C night (10 h) and 28 °C day
{14 h}), illuminated by a mercury halide lamp producing a light intensity ol approx.
600 pE m™ 57" at plant level was used. Test-tubes (25 x 200 mm) filled to approx.
15 mm with sand + vermiculite (60:40, v/v) saturated with Fahraeus nutrient solution,
were capped and autoclaved. Pre-germinated siratro seed was sown in the centre of
apped test tubes, incubated [or a day in the dark and then in the growth chamber for
another day. A sterile cotton plug was then placed just below the tip of the plumule.
A sterile Pasteur pipette was pushed tip down through the cotton plug to reach the
growth medium level, and this was used to inoculate and subsequently water the test
tube. The open pipette end was plugged with sterile cotton wool. The open end of the
test tube was covered with aluminium [oil after the plant shoot had grown out of the
tube to [urther reduce the chances of cross-contamination.

Hust range experiment
Different legume host plants {see Table 2) were grown in two replicate pots inoculated
with the strain 1C3342. Appropriate Rhizobium/ Bradyrhizobuon sirains were used as
positive controls. Observations were made after 45 days on nodule number, nodule
weight, nitrogenase activity [70] and on leal curling.

25 MPP 58
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TanLe 2
Nodulation, nitrogen-fixation and leaf curl induction in different legume host plants by the Rhizobium strain
103342 in comparison with respective vodulating strains of those host plants

Shoot Nodule
Plant d. wt Nodule d. wt Leaf
Hase plant Cultivar Strain No. ig No. imgi ARAY  curl
Latiyrus sativas L. CPI31616 1C3342 2 055 § ¢ G —
RI1.300 2 068 > 200 118 352 -
Iicia faba L. Fiord 1G:3342 2 1-08 0 a 4] —
RL300 2 2:32 > 200 160 1088 -
Pisum sativam L. Dunlield 1C3342 2 048 G 0 14 -
RL300 2 1-21 > 200 73 520 -
Cicer artetinum L. Tyson Desi 1C3342 2 013 ] { & -
RL300 2 0-40 0 0 0 -
Trijulinm Redqunin 1C3342 a4 0-07 4] & 14 —
fratense 1., ANUSH3 8 011 63 32 31 =
Phasenlus Redland 1C33.42 2 1-42 > 200 13 38 —
vulgaris L. Pioncer €511 2 1-92 > 200 168 736 -
Muedicage sativa L. Hunter 103342 + (003 0 0 g -
River SU47 + 029 110 82 158
Lotus major Scop. — 1C3342 2 001 0 0 4] -
oAy 2 001 10 3 0 -
L. cornienlatus L. e 1C3342 2 001 0 0 0 —
SU3HS 2 001 + 3 12 —
Glycne max Torrest 1C3342 2 151 0 0 0 —
fI..) Merr. CB1809 2 215 7 35 164 -
Vigna mungo Regur 2 20 34 45 9 +
{L.j Hepper 2 17 ) 7 42 -
T radiata Berkum 1C3342 2 093 166 a 09 -+
(L. Wilczek CB756 2 041 5 29 6 -
I, unguicutata Vita 3 1C3342 2 0-B5 88 183 (16 +
(L. Walp. CRB736 2 61 11 85 G6 —
Arachn AT2/08 1C3342 1 100 0 4] 0 —
Inpogaea (L.} CR1R0Y 1 1-10 25 46 352 -
Leucaena Cunninghar 1€3342 3 020 12 16 13 -
leucocephala NGR93 3 0-25 44 25 278 -
iLam.; deWit.
Dermodinm Greenleal 103342 1+ 004 47 18 2 -
intortum Urd. 111100 1+ 0-42 151 30 612 -
Capaniter cajan Hum 103342 a 0-54 41 105 376 +
1.3 Millsp. THP100 2 06+ 65 110 124 -
Sechania rovlrate — 1C3342 3 0-20 103 23 3 -
Brem, Oberm. WE7 3 0-19 79 19 1 -
Macroptlinvm {Stratro) —_ 1C3342 3 13 92 28 61 +
alrepurfmrivm ILTPI00 3 026 3t 33 70 -
(D.C.) Urh.
® Acetylene reduction activity of excised roots of +3-day-old plants, following [ h incubation

with 15%, C,H,.
ARA expressed in nmol C,H, per pot per hour,
Values are average of twa replicate pats.

AMixed nocnlation experiment

Strain ANU1298 was used alone and in combinadon with a {ast-growing Rhizebium
MNU1 or a slow-growing 8. japonicam 32H1. Inoculations [approx. 10° clu per pot)
were done immediately after sowing pigeonpea. Each treatment was replicated in four
pots. Nodules were harvested alter 45 days, washed in water, and then surface-
sterilized individually with the apparatus designed by Gault ¢f af. [§]. The nodules in
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this system were first rinsed in 95%, (v/v) ethanol for 13 s then with 1% (w/v)
mercuric chloride Tor 30 s followed by five to six water washes, and finally rinsed in
protoplast dilution buffer (0-25 s sorbitol, (25 s mannitol, 2 ma K,HPO,, 2 mum
CaCl, pH 5-8). Nodule occupants were isolated on Congo red YEM and YEM Sm Rif
agar media. Strains were identified according to their growth rates and growth
patterns on the two media.

Nitrate cffect experiment

Nitrogen levels of 0, 3-6, 72, 14-4 and 36 mum were supplied to pot-grown pigeonpea
through the nutrient solution in the form of potassium nitrate. Nitrate addition was
started at sowing in one set of treatments and 10 days after sowing, i.e. alter nodule
initiation, in another set (each with four replicate pots). Sufficient nutrient solution
containing KNQy at the above concentrations, was added to the pots to flush the
sand 4 vermiculite with the new medium. Nodule number, nodule dry weight, shoot
dry weight, nitrogenase activity and leaf curling were recorded on day 33. Nitrogenase
activity, as acetylene reducing activity (ARA) in the nodules, was measured on
decapitated nodulated roots {10].

Grafting experiment

Plants were grown in separate pots, and spliced approach grafting (/7] was performed
with two stems of the same size. In this method, a slice of bark and wood, 2:5 cm long
and 0-5 mm wide, was cut from both stems keeping the slice as flat as possible. The two
cut surfaces were then bound tightly together with gralting tape.

Xvlem exudate, plant extracts, bacterial extracls and cvtokinin feeding experiments

Nylem exudate, leal extract and nodule extract {rom plants nodulated by strain
1C3342 and a normal strain THP100, and cell-[ree extracts of stationary phase cultures
of these strains were fed, cither by applving to the growth medium, or by a wick
method to test tube-grown healthy pigeonpea plants.

Pot-grown plants, 35~40 days old, were cut 3 cm above the ground level. A flexible
silicone rubber tube was pushed over the stump of the stem to serve as a reservoir to
collect the bleeding sap. Sap collection began at 11 a.m, on a bright day and was
completed within I h of cutting the stem. The sap was stored at —20 °C in a vial with
twice its volume of methanal containing 3%, (v/v) acetic acid.

Fresh leaves (10 g) or fresh nodules (5 g) were macerated in 100 ml of phosphate
buller (100 mu, pH 6:3) and kept at 4 °C overnight to allow debris to settle. The
supernatant was decanted carefully and passed through a 0-22 pm membrane filter.
The filtrate volume was reduced to 10 ml by vacuum evaporation {45 °Cl). To prepare
cell-free culture extracts, 100 ml of stationary phase culture in YEM broth was clarified
by centrifugation, passed through a (-22 pm membrane filier and vacuum evaporated
to 10 ml.

A wick-feeding method [/2] was employed for feeding the sap or the cytokinin
BAPR. A hole was made through the xylem and pith of the stem between the second
and third youngest leaves of a 20-25-day-old plant and, using a needle, a doubled
cotton thread was passed through the hole. The other end of the wick was immersed

25-2



364 N. M. Upadhyaya &t al.

in a small vial containing the sap or cytokinin. A {resh hole was made daily, just above
the previous one, and the procedure repeated for 2 or 3 days,

Leal and nodule extracts, cell-free culture extracts and different concentrations of
the cytokinin BAPR (0, 2-8 pm, 28 pun, 280 pm, 2-8 my and 28 mu) were fed to the
growth medium in the test tube. This application was done either at the time of sowing
or to 10-day-old seedlings. The effects were recorded after 25 days.

RESULTS

Growth characteristics

The leal curl inducing strain IC3342 was compared with the well-characterized, fast-
growing Rhizobium strain ANU240 (a Sm® NGR234). Both strains grew well in YEM
agar medium and did not absorb Congo red dye on agar plates (data not shown). Both
the strains produced copious amounts of extracellular polysaccharides. The strain
1C3342 had less mucoid growth than ANU240 as measured by the absorbance
(Klettygp-g7p nm)- Broth culture medium (YEM) of strains 1C3342 and ANU240 with
approx. 10* cfv had the Klett reading of 225 and 360, respectively. The growth rate of
strain JC3342 in this medium was similar to that of ANU240. In a shaken culture
(29 °C), the strain 103342 had a generation time of 3:47 h and a growth constant (k)
of 0-29 at log phase. Under similar conditions, strain ANU240 had a generation time
of 3-22 h and a £ value of 0-31.

Plasmid profile and location of nil and nod genes

Horizontal gel clectraphoresis of the cell lysates prepared by a modified Eckhardt
method showed three megaplasmids in strain 103342, the Jargest of which was
detectable only when the strain had been repeatedly subcultured two to three rimes in
YEM [Fig. 2{A)]. The two largest megaplasmids were similar in size to those in strain
ANU240, which have estimated molecular weights of > 450 x 10% and 310 x 10° {221.
The estimated molecular weight of the third plasmid was 200 x 10°,

Both ANUB43 (R. leguminosarwum biovar. irifolii) nod and ANUZ40 nif gene probes
apparently hybridized to the same megaplasmid [Fig. 2(B) and 2(C)]. In a scparate
experiment with extended elcctrophoresis, the second largest plasmid hybridized to the
nif and nod gene probes (data not shown) indicating it to be the symbiotic (Sym]
plasmid. When an EcoR1T digest of total DNA was hybridized with nod gene sequences,
seven hybridizing fragments were visualized [Fig. 3{A)]. Reprobing (alter de-probing)
of the same blot with nif sequences showed two similarly-strong hybridizing fragments
of 9 kb and 25 kb [Fig. 3(B)]. These data suggest that in IC3342 the symbiotic genes
are plasmid borne, reiterated and highly conserved, especially among strains ANU240
and 1C3342,

Lffect of plasmid curing on nodulation and leaf curling

Tests for the effect of plasmid-curing on symptom development were carried out in an
axenic test tube growth system using siratro as the test host plant. Of the 20 heat-
treated isolates tested, only ANU3027 (ANU1298 Nod™) did not nodulate siratro or
induce leaf curling. Under the conditions used for visualizing plasmids, only the
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Fie, 2. Plasmid visualization by horizontal gel electrophoresis and hybridization with rif and
nod gene probes. {A) Megaplasmids' present in the strain 103342 visualized by a modified
Eckhardt method [22]. Autoradiograms of a Southern blot of these plasmids hybridized with
32 P-labelled nod gene (pRt587) sequences from ANU843 (B) and nif gene (p5A71 sequences from
ANU240 (C).

intermediate-sized plasmid was found in this strain and the other two could not be
visualized. The nif and nod gene probes hybridized to this single plasmid suggesting that
it was the Sym plasmid (data not shown}. .

Host range

The strain 1C3342 nodulated Phaseolus vulgaris, Vigna mungo, V. radiata, V. ungniculata,
Desmodium intortum, Cajanus cajan, Leucaena leucocephala, Sesbania rostrata and Macroptilium
atropurpurium (Table 2). However, only nodules from . munge, V. radiata, V. unguiculata,
C. cajan and M. atropurpurium were able to fix nitrogen, as evidenced by nitrogenase
activity (ARA) and only these plants produced leal curl symptoms. Although 1C3342
induced numerous nodules in P. vulgaris, as did the homologous strain CC311, the AR
activity was markedly less compared to that produced by CC311 nodulation, and no
leaf curling symptoms were observed. Plants [rom other cross-inoculation groups were.
not nodulated by strain IC3342 and were symptomless. All plants except Cicer arietinum
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— 2313 Kb

— 542 Kb

— 6+5 Kb

— 4.37 Kb

-— 2+32 Kb

— 2:07 Kb

Fre. 3. Hybridization of 1C3342 DNA with m/f and red gene probes, Autoradiogram of
Sauthern blots of £eoRI digested genomic DNA Gom dic strain 163342 hybridized with **P.
labelled nod gene sequences from ANUS43 (A} and nif gene sequences [rom ANU240 {B).

were cffectively nodulated by hemelogous strains of rhizobia. Pigeonpea (C. cqjan) was
the first plant to have leal~tip bending which was observed within 24 days of
inoculation. Pigeonpea also had the highest ARA and the most severe leal curl
symptoms among different host plants.

Compelitiveness

The Sm'Ril" derivative strain of 1C3342 (ANU1298) was as effective in nitrogen-
fixation as the parent {data nor shown). It formed similar numbers of nodules on
pigeonpea and siratro. The fast-growing RAizedium strain MNUI and the slow-growing
strain 32H1 were tested for competitiveness with ANU1298. Nodule representation by
strain ANU1298 is presented in Table 3. For plants inoculated with ANUI1298 alone,
90%, of the nodules were found to contain the inoculum strain. The recovery of the
strain ANU1298 when competing with strain MNUIL, was only 11%, and 9%, with
strain 32H1. However, most of the initially-formed (mature) nodules were occupied by
strain ANU1298 (data not shown). This level of nodule occupancy was sufficient to
produce the leal curl syndrome in these doubly-inoculated plants,
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TasLe 3
Effect of mixed tnoculation of the strain ANT1298 with fast-growing and slow-growing rooi-nodule
bacterial strains on nodule ocenpancy and leaf curl induction

Nodules
Nodule  formed by %, occupancy  Leal
Inoculum No. ANUI298 by ANUI208  curl
ANT 1298 110 34 90 +
ANU1298+MNUIL 136 15 11 +
ANU298 +32H1 124 11 9 +
ESE 37 +2

ESE = effective standard crror of the mean.
Viulues are average of [our replicate plants harvesied 45 days alter sowing.

TaBLE 4
Lffect of inorganic nitrogen on nodulation, nitrogen fixation and leaf curling in pigeonpea produced by the
strain 103542

Nodule Nodule Shoot Leal

Treatment (N in ma)® No. d.wt{mgl  ARA”  d.wiig) curl
Started at sowing

0 93 37 127 024 +
36 56 108 364 093 +
72 37 47 101 125 —
14+ 27 18 19 1-24 -
360 7 3 1 1-04 -
Started after 10 d

0 72 5 95 0-21 +

32 71 48 380 074 +

72 72 6+ 176 1-05 -
144 54 32 50 1-09 -
36-0 76 20 2 0-73 -
LSE 82 8t 50+ 0090

* Plants were supplied with nutricnt solution £ N in the form of KNO,,.

" Acetylene reduction activity {expressed as nmol C,H, per plan per ™% of excised roots
[ollowing 1-h incubation in 159, C,H,.

Values are average of lour replicate planes harvested 33 days after sowing.

ESE = Elfective standard error of the mean.

Lffect of nitrate

Among pigeonpea plants inoculated with strain TC3342 and diflerent levels of nitrate,
nodule number decreased when increasing nitrate levels were supplied from the day of
sowing (Table 4). Plants receiving no nitrogen formed an average of 93 nodules per
plant, while those receiving 36 mm N had an average of only seven nodules per plant.
However, when the nitrogen treatment was delayed lor 10 days, nitrate level had no
significant effect on nodule number. Nodule weight also decreased with increasing
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Fro. 4. The lower portion of a healthy plant originally grafted on (o a leal curl plant, then
separated from the leal curl plant after 28 days and allowed 10 grow [or another 20 days. {a)
Healthy stalk, (b) region of grafi, {c} shoots developed after graft union and (d) shoots developed
alter gralt separation. ’

levels of nitrate beyand 3-6 mat. The ARA also followed the same trend with most
activity for plants receiving 3-6 ma N. For both times ol nitrate application there was
no ARA at the 36 mu N level. Interestingly, plants receiving 0 and 3:6 my N developed
leal curl symptoms in both nitrogen application regimes while larger amounts ol nitrate
completely prevented symptom expression.

Grafting experiments

Two 30-day-old pigeconpea plants, one nodulated by leaf curl-inducing strain 1C:3342
and the other nodulated by the normal strain THP100, were approach gralted near the
second nodal region. Symptoms started o develop on the growing shoots of the
IHP100-nodulated plant within 8 days. After a further 20 days, symptoms alsa
developed on shoots below the region of the gralt. At this stage, the plants were
separated and allowed to grow [or another 20 days. The leal curl symptoms persisted
in the old leaves (Fig. 4j. However, new shoots developed without the leal curl
symptoms. This indicated that the leaf curl-inducing principle was produced in the
roots/nodules and was translocated to the growing shoots. These results suggested that
the effect of the inducing principle was on the meristematic tissue and that the effect
was irreversible.
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Feeding experiments

Healthy pigeonpea plants were fed with leal extract, nodule extract and xylem exudate
{sap) from 1C3342-nodulated pigeonpea plants and cell-free (I1C3342) culture extracts
to study their ability to induce leafl curling. Extracts from plants nodulated by a normal
strain THPIOO and cell-free IHP100 culture extracts were used as controls. Initial
symptoms of leaf curling, i.e, tip bending, were observed in healthy plants fed by the
wick method with a 10 fold concentrated sxylem sap collected from a leaf curled plant.
Tip bending was also observed in plants fed through the rooting medium with leaf
extract from leaf curl plants, while other treatments fajled. No symptom was observed
in plants fed with xylem sap, or various extracts from IHP100 nodulated plants or
THPL00 culture media.

The cytokinin BAPR was also supplied to the roots of 10-day-old pigeonpea
seedlings, grown in sand-vermiculite at various concentrations. The BAPR at
concentrations less than 28 pm had no visual effect. Hyponasty and root volume
reduction were observed in plants which received 28 pyv BAPR and the cffects were
severc at higher concentrations. At concentrations greater than 2:8 ma, lateral buds
developed indicating a release {from apical dominance. However, BAPR did not induce
the leaf curling or irregular leal surface development seen in plants nodulated by the
strain 103342,

DISCUSSION

An unusual root nodule bacterium 1C3342, which causes leat curl syndrome in the
tropical legume pigeonpea, was further characterized. The nodulation host range,
physiclogical and genetic characters of the strain IC3342 are consistent wich those of
the fast-growing Rhizobium ANU240 (NG234). Generally, Rhizobium strains nocdulating
tropical legumes are slow-growing and have been classified recently into the new genus
Bradyrhizobium [14]. However, few fast-growing rhizobia such as NGR234, have been
isolated {from tropical legumes [28] which have a wide host range [/7, 28]. Fast-
growing strain 1C3342 which was originally isolated from a tropical legume, pigeonpea
[/6], effectively nodulated pigeonpea, species of Figna and siratro, but ineffectively
nodulated P. vulgaris {compared to its nodulation with the homologous strain CC311),
L. leucocephala and S. rostrata. However, these legumes were reported-to be effectively
nodulated by strain ANU240 [/17, 28).

Similar plasmid profiles, Sym plasmid and niff{/D gene reiterations reinforced the
close similarly between strains IC3342 and ANU240. Even though the significance of
more than one copy of a particular gene is not known, such reiteration of genes has
been reported in Rhizobiwm strains and, in some cases, both have been shown to be
functional [20, 23, 24]. Gene reiterations have also been reported in R. leguminosarum
biovar. frifolii nod genes [26]. Hybridizaton with R. leguminosarum Dbiovar. trifolil
{ANUB843) nod genes suggested similar reiterations in the strain 1C3342.

The leaf curl inducing strain competed poorly in forming nodules with the two other
strains of the cowpea group rhizobia. Trinick ¢t al. [29] also reported a poor
competition of strain NGR234 against slow-growing rhizobia under warm (30 °C)
plant growth conditions. This might explain why leal curl symptoms are not observed
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under tropical field conditions [76]. However, the strain used was a spontaneous
mutant (Sm™ Riff) of the original strain 1C3342, and its competitiveness in nodule
formation is not known. In pot trials, nodule occupancy of about 10%, was sufficient
to produce leaf curl symptoms. We did not determine whether young plants with
mixed nodule population, but with leal” curl symptoms, would recover from che
symptoms.

Grafting studies indicated that the curl-inducing principle is a systemic factor
produced in the roots and/or nodules and translocated to the developing shoots to
produce the symptoms. A continuous flow of this systemic factor is essential for the
continuous manifestation of the symptoms. This suggests that the systemic factor is
a hormone-like compound rather than a viros or bacterium. The normal develop-
ment of the shoots emerging on the healthy stalk after graft separation could have
resulted from metabolic inactivation and/or dilution of the inducing principle.
Furthermore, only the meristematic tissues were affected and not fully-developed
leal tissue.

Feeding experiments revealed the presence of the inducing principle in the xylem sap
and also in leaf extracts which is further evidence for its systemic nature. Exogenous
application of the eytokinin BAPR could induce only partal symptoms compared to
thase produce by 1G3342 nodulation. Possible differences in the effects of endogenous
production and exogenous application could explain this. Feeding experiments did not
indicate the presence of the systemic factor in the nodule extracts or in cell-free culture
extracts of Rhizobium strain TC3342 but, as these were crude extracts, the results are not
conclusive. It is possible also that the inducing principle is produced only after the
Rhizobium—plant symbiosis is established.

Examination of a non-nodulating derivative strain, obtained after growth at 40 °C,
demonstrated the loss of at Jeast the smallest megaplasmid. The loss of the largest
megaplasmid is questionable because of the difficulties in reproducibly visualizing it
with the method employed. Hybridization of rif and nod gene probes to the remaining
plasmid of the plasmid-cured strain suggested that this was the Sym plasmid. The lack
of nodulation could also result from either an internal deletion in the Sym plasmid in
the region which affects nodulation, or the cured plasmid(s) may also carry
determinants necessary for nodulation, in addition to those carried on the Sym
plasmid. Deletions of ned-nif sequences are common among strains surviving growth at
elevated temperatures [6, 9) and repeated sequences of DNA found in Rhizobium [33]
are implicated in such deletions. Furthermore, mutations other than in the mif
structural genes have been mapped on the indigenous plasmid and the chromosome in
Rhizobium strains [3, 25]. Therefore it is possible that the cured plasmid(s) may contain
nodulation determinants. However, the leaf curl symptoms appear to depend on
nodule formation.

Leal curl induction was abserved only in these hosts where there was effective
nodulation, suggesting that the development of functional nodules was necessary for
the production of the leal curl-inducing principle. Even though the nodules formed in
P. vudgaris exhibited some AR activity, it was markedly less compared to those in
nodules formed by strain CC511. Thus, the effectiveness of strain 1C3342 in P. vulgaris
was not sufficient 1o produce leaf curl symptoms. This was confirmed by studies with



Leaf curl syndrome and RhA/zobium nodulation 371

nitrate. Leaf curling was prevented when nitrate addition allowed nodule formation,
but not nitrogenase activity. The delayed addition of nitrate allowed nodule formation
but inhibited their proper growth and development. When a low level of nitrate
{3-6 mm) stimulated nodule development, leaf curl symptoms also developed. However,
plants receiving 7°2 mu nitrogen had effective nodules but no leaf curl symptoms were
observed. This could be due to delayed development of nodules in the presence of
7-2 mm N. Although nodules had substantial nitrogenase activity by day 35, they might
not have had time to induce a sufficiently large amount or concentration of the leaf curl
inducing principle to induce symptoms. The enhanced growth of shoots resulting {from
the 72 mum N treatment might also have eflectively diluted the curl inducing principle
below the critical level necessary for symptom induction.

The results of this study indicate that a curl-inducing principle is produced during
effective nodulation by strain 1G3342 and thac this principle is translocated to the
shoots to produce the symptoms. In other studies, we have shown that Rhizobium-
induced leaf curl syndrome is a multi-gene phenomenon (to be published) and provide
evidence for the involvement of cytokinins in the process [50, 37 |. Thus, the system has
the potential to serve as a model for the study of hormone action in Rhizebium—legume
interactions and, more importantly, in other leaf curl type diseases.
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M. Watson, CSIRO Division of Plant Industry, Dr J. R. L. Walker and Dr P.
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