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Abstract

To gain insight into the molecular processes occurring in root nodule metabolism after stress, we used a mRNA
differential display (DDRT-PCR) approach to identify cDNAs corresponding to genes whose expression is en-
hanced in nodules of decapitatei@dicago truncatulglants. Two full-length cDNAs of plant origin were isolated
(MTD1 and MTD2). Sequence analysis revealed that MTD1 is identical to an EST clone (accession number
AWS559774) expressed in roots M. truncatulaupon infection withPhytophthora medicaginisvhile MTD2

is highly homologous to aArabidopsis thalianajene (accession number AL133292) coding for a RNA binding-

like protein. The two mRNAs started to accumulate in root nodules at 4 h after plant decapitation and reached
even higher transcript levels at 24 h from the imposition of the treatment. MTD1 and MTD2 mRNAs were mainly
induced in nodules, with very little induction in roots. The abundance of the two transcripts did not change in
response to other perturbations known to decrease nitrogenase activity, such as nitrate amckatr@nts. Our

results suggest that MTD1 and MTD2 represent transcripts that accumulate locally in nodules and may be involved
in changes in nodule metabolism in response to decapitation.

Introduction C translocation to the roots and mineral N uptake.
Further, leaf removal drastically decreases nodyle N
In legume root nodules, the bacterial enzyme ni- fixation within a few hours (Rylet al, 1985; Hartwig
trogenase catalyses the reduction of dinitrogen gasetal, 1987, 1990, 1994; Gordaat al,, 1990; Denison
to ammonia. Nitrogenase activity is rapidly inhib- et al, 1992; Heimet al, 1993). However, the inter-
ited by a series of treatments that affect plant C and ruption of the supply of photosynthate to the nodules
N metabolism, such as stem girdling, defoliation, after decapitation does not seem to be the immediate
decapitation (shoot removal, defoliation), nitrate fer- cause of the decline in nitrogenase activity (Hartwig
tilization, drought and replacement of the b the et al, 1990, 1994; Denisoet al, 1992; Weisbach
rhizosphere with Ar (Hartwig, 1998). Forage legumes et al, 1996; Curioniet al, 1999). In most cases, this
in many temperate regions of the world are subjected decline can be overcome by increasing the c@n-
to various degrees of defoliation either by grazing an- centration in the rhizosphere. Thus, the decrease in
imals or by mechanical harvest. Harvesting the shoots nitrogenase activity has been attributed to a decrease
of legumes causes instantaneous reduction of bothin nodule G permeability, which is thought to be reg-
— ulated by a variable oxygen diffusion barrier in the
The nucleotide sequence data reported will appear in the EMBL, nodule inner cortex (Sheelgy al., 1983; Wittyet al,

GenBank and DDBJ Nucleotide Sequence Databases under the
accession numbers AF180292 (MTD1) and AF180293 (MTD2). 1984, 1986). However, the exact nature and mech-
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anism of regulation of such a barrier is still poorly
understood and, therefore, the primary effect respon-
sible for the decline in nitrogenase activity after stress
is still obscure.

One may expect that the response of root nod-
ules to a drastic environmental perturbation, such as
decapitation, is characterized by a series of physiolog-
ical and biochemical changes that ultimately result in

at 20/16°C day/night temperature and 80% relative
humidity, with a 16 h photoperiod and a photon flux
density of 50Qumol PAR n12 s1 (fluorescent (Cool

White, 160 W) and incandescent (138 L 100 W),
Sylvania GTE, Geneva, Switzerland). Plants were
watered with nitrogen-free nutrient solution (Ham-
mer et al, 1978) and inoculated witBinorhizobium

meliloti strain 1021. All experiments were performed

the selective increase or decrease in the biosynthesiswhen plants were 8—9 weeks old.

and/or degradation of distinct proteins. The result-
ing differences in protein patterns are due, at least
in part, to changes in the transcription of the cor-
responding genes. In the past, much attention has
been given to the mobilization of N reserves dur-
ing regrowth of defoliated white clover (Coret al,
1996) and alfalfa (Aviceet al, 1997). These stud-
ies examined the changes in soluble proteins, such
as vegetative storage proteins (VSPs), in the roots of
the plant on a long-term basis. In nodules, it was
found that defoliation of white clover causes the loss
of certain proteins, including leghemoglobin, as as-
sessed by PAGE and autoradiography aftewivo
assimilation of3°S-methionine by nodules (Gordon
et al, 1990) and western immunoblotting (Gordon and
Kessler, 1990). However, changes in gene expression
may be occurring hours or days before major changes
in enzyme or protein levels become evident. There-
fore, we decided to use a mRNA differential display

Nitrogenase activity measurements after decapitation

Nitrogenase (EC 1.18.6.1) activity was measuired
situas H evolution in an open flow gas-exchange sys-
tem similar to that described by Minchét al. (1983)
and modified by Heiret al. (1993). The nodulated
root systems of the plants were sealed into their pots
and allowed to stabilize overnight for 18-20 h in a
gas stream of ambient air at 250 ml/min. Prior to
the imposition of the decapitation treatment, the flow
rate was increased to 400 ml/min and the root sys-
tems were exposed to a gas stream ofQy (80:20,
viv) for at least 1 h until steady-state rates of H
evolution were established. Total nitrogenase activity
(TNA) was determined as peakldvolution in Ar/G
(80:20, V/v).

Decapitation, argon and nitrate treatments

approach to investigate changes in gene expression inThe decapitation treatment involved the removal of all

M. truncatularoot nodules immediately after decapi-
tation in order to get insight into related, underlying

of the above-ground parts of the plants.
The control plants were intact plants, harvested at

processes involved in the regulation of nitrogenase the same time points as the decapitated plants, i.e. 2 h,
activity. Therefore, we also investigated a possible 4 h, 24 h after decapitation. For the Ar treatment, plant
correlation of the changes in gene expression with re- oot systems were continuously exposed to a gas-flow
duced nitrogenase activity as a result of decapitation, of Ar/O, (80:20, v/v) as described before. The control
nitrate and Ar/Q treatments. plants were plants whose root systems were exposed to
N2/O, (80:20, v/v). Both Ar-treated and control plants
were harvested after 4 h of treatment. For the nitrate
treatment, plants were watered with 15 mM nitrate
solution for 2 days while control plants were watered
with N-free nutrient solution. In all the experiments,
plants were quickly uprooted and then the nodulated
root systems were rinsed in distilled water, blotted dry
and immersed in liquid N Nodules were picked while
still frozen. Leaf material was immediately frozen in
liquid N2 and all the plant material was then stored at
—80°C. Before extracting RNA, nodule samples were
prepared in a bath of liquid Nby carefully removing
any root fragments and sand under a magnifying glass.
' Root samples were prepared by removing nodules and
sand particles according to the same procedure.

Materials and methods

Plant growth conditions

Seeds ofMedicago truncatulagenotype Al17, were
surface-sterilized in 70% v/v ethanol for 3 min, rinsed
with double-distilled water, allowed to germinate on
1.5% water agar and then planted in 2-litre pots filled
with silica sand (0.8-1.2 mm grain size). Plants used
for gas-exchange measurements and Ati@atment
(see below) were grown in 250 ml gas-tight sealable
pots. Plants were grown in growth chambers (PGR-15
Conviron Instruments, Winnipeg, Manitoba, Canada)
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Nucleic acid isolation each differential display band, ten colonies contain-
ing the inserts of correct size were chosen for further
analysis. To differentiate between colonies containing

cDNAs from truly differentially expressed genes and
(1998). For subsequent northern gel blot analyses, 10-yose generated from contaminating constitutively ex-

tal RNA was extracted as described by Chirgeiral. pressed genes, a reverse northern blot analysis was
(1979). Genom|c_ DNA from M. truncatulg_lea_lves. performed as described by Vogeli-Langgeal. (1996,

was extracted using the DNeasy plant mini kit (Qia- 1997). Briefly, cloned cDNA fragments were ampli-
gen, Chatsworth, USA) or the Plant DNA Isolation Kit fied by colony PCR. The products were loaded in
(Roche Molecular Biochemicals, Rotkreuz, Switzer- g pjicate sets onto NY13 N nylon membranes (Schlei-
land). Genomic DNA fromS. meliloti suspension  cper ang Schuell, Dassel, Germany) with a slot blot
cultures was extracted using the DNeasy Tissue Kit apparatus (BRL, Gaithersburg, MD). One membrane
(Qiagen) according to the manufacturer’s instructions. |1« hybridized,with the origi,nal3fP]-PCR prod-

uct from the control sample used in the DDRT-PCR,
while the other membrane was hybridized with the

Total RNA from nodules of control and 4 h decapi- [**P]-PCR product from the treated sample. After
tated plants was isolated as described above. The RNAhigh-stringency washes, hybridization signals were vi-
samples were treated with DNase | using the Mes- sualized using a GS-250 Molecular Imager (BioRad,
sageClean Kit according to the manufacturer’s recom- Hercules, CA) and the corresponding bands compared.
mendations (GeneHunter, Brookline, USA). Further

manipulations followed the protocol of Liangt al. Sequence analysis

(1993) and Liang and Pardee (1992) and were carried i
out essentially according to the RNAimage manual Cloned cDNAs were sequenced automatically by us-

(GeneHunter). Briefly, reverse transcription (RT) reac- i”g a Iaser-induceq fluorescence cap.illary system (ABI
tions were performed using one-base anchored oligo- P1iSM 310 Genetic Analyzer, Perking Elmer, Nor-
dT primers (Lianget al, 1994) and 0.2:g DNase walk, CT). Sequence_analyss was carried out_W|th
I-treated RNA. The resulting cDNA preparations were GCG software (Genetics Compu?er Group, Ma(_j|son,
used as template in PCR amplifications with the same WI) and the BLAST network services at the National

oligo-dTs as used for the reverse transcription in com- Centre for Biotechnology Information.
bination with arbitrary 13-mer primers (GeneHunter) )
in the presence ofdf-33P]JdATP and in a 2Qul total Cloning of full-length cDNAs

'r;agctlotn voll\tlj\;ne. TQ.?. thermocyclerf (ﬁenlgi,m'l'fechne, Full-length cDNAs were obtained with the SMART
3(r)|nce4%r3,c f ) (:20n ! |onsdv;ezztéafs 01 ows: f gB RACE cDNA Amplification Kit (Clontech, Palo Alto,
Sy or 2 min an or 1 min, for CA). Total RNA (10 ng), extracted from nodules

SSIF?S’ agd e:flnal elongatlotn ztep at°712|\1;|0r 5 2'20/ harvested at 4 h after plant decapitation, was tran-
products were separated on a ure ° S€scribed into cDNA with SuperScript Il reverse tran-

q_uenc]lngD?\leAI\(s an;broﬁc)é:_;llgzzg)ﬁ'r Bsztlmattli the scriptase (Life Technologies, Rockville, MD), ac-
size ot ¢ anas, sl n marker cording to the manufacturer’s instructions. Products

gg%t;lqgne’. La |\<]|O”a’ (l::AI\I) elgf-lsatbetlled with- [ were used for 5SPCR amplification with an anchor-
] using arienow Fill-in 1 (_ra agene), was specific primer mix and one gene-specific primer
loaded on the gel. Then gels were dried and exposed tO(MTDl' CACTATGATGGATGATGAGTTGTTTC:

X-ray film (Biomax, Kodak) for 24 h. Bands of inter- MTD2: GAAAGGGCAATATAACAACCCTTACC)
est were excised and the DNA was eluted from the gel Obtained products were subjected to a nested PCR

fragments essentially as described by Johresoal. reaction using a nested anchor primer and nested

(1099, DN preparalonsere en ampIfec i gene-spcic prmers (MTDL: GTTGCAGCAATG:
o X e GCACAATGATGC; MTD2: TGTCCCAACATCAA-
original DDRT-PCR reactions. Re-a_mpllfled cDNAs CAATGTCAC). The resulting DNA fragments were
were analysed on a gel and cloned into the pGEM-T sub-cloned into pGEM-T easy vector (Promega)

vector (Promega, Madison, WI). B!ue/w_hite_ selected and analysed by sequencing (Microsynth, Balgach,
colonies were screened for plasmids with inserts by Switzerland)

PCR, using the appropriate primer combinations. For

For the differential display, total RNA was extracted
by a hot phenol method as described by Mehal.

Differential display of mMRNA (DDRT-PCR)
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Figure 1. Effect of decapitation on total nitrogenase activity (TNA)
in M. truncatulanodules. TNA was determined as peak élolu-

tion rate in Ar/Q (80:20, v/v). Data are expressed as a percentage of
initial TNA before decapitation. Each data point represents the mean

Results and discussion

Effect of decapitation on total nitrogenase activity

Total nitrogenase activity was assayed askblution

in Ar/O2 (Figure 1). The nodulated root systems of
both control and decapitated plants were exposed to
N2/O2 for the duration of the experiment except for
brief periods when the gas mixture was switched to
Ar/O> to assay total nitrogenase activity. Decapita-
tion caused a slow steady decline to about 80% of
the initial activity in the first 2 h after decapitation.
Subsequently, a more dramatic decline was observed
and at 4 h after decapitation, the activity was less than

+ SE of 5 replicate plants. The average apparent nitrogenase activity 20%0 Of the initial one (Figure 1). The decline in total

(ANA, H evolution rate in N/O5, 80:20, v/v) before decapitation
was 1.3+ 0.2 umol per gram root dry weight per hour.

Northern blot analysis

All manipulations were carried out according to stan-
dard procedures (Sambroek al., 1989). Total RNA

nitrogenase activity seems to occur later in decapitated
M. truncatulaplants than in other species. In decap-
itated Medicago sativa(Curoni et al, 1999) and in
completely defoliatedrifolium repengHartwiget al.,
1994), nitrogenase activity declined to about 20% of
the initial value within 2 h.

(10 ug per lane) was electrophoresed in 1.1% agarose Identification of decapitation-enhanced mRNAs by

gels containing 0.65 M formaldehyde. RNA was trans-
ferred onto a NY13 N nylon membrane (Schleicher
and Schuell) by capillary transfer in the presence of
20x SSC and subsequently UV cross-linked. To verify
equal loading and transfer of RNA, filters were stained
with methylene blue, according to Herrin and Schmidt

(1988). Probes were generated by colony PCR and

purified with the GeneClean Il Kit (BIO101, Vista,
CA) after gel electrophoresis. Then, 25 ng purified
PCR product was labelled witk{32P]dATP with the
Prime-It Il Random Primer Labeling Kit (Stratagene)
following the manufacturer’s instructions. Membranes
were hybridized overnight and the final wash was car-
ried out at 60°C in 0.2x SSC, 0.5% SDS. Blots were
exposed to X-ray films for 1 to 2 days.

Southern blot analysis

Genomic DNA (7.5:g) was digested witRst, EcoRI
or Hindlll, separated on a 0.8% agarose gel and

transferred onto Nytran membranes (Schleicher and

Schuell). Blotting and hybridization were performed
under standard conditions (Sambroekal., 1989).
The blot was hybridized at 65C with the randomly
32p-labelled full-length MTD1 and MTD2 probes.
Membranes were washed to a final stringency of
0.2x SSC, 0.5% SDS at 5UC before autoradiography
at—80°C using intensifying screens.

differential display of mMRNA

In order to identify decapitation-enhanced plant genes,
we used the mRNA differential display (DDRT-
PCR) method as described in Materials and methods.
M. truncatula plants were decapitated and nodules
were harvested at 4 h after decapitation. Control
nodules were from non-decapitated plants. RT-PCR
was performed on extracted RNA with several primer
combinations and PCR products were analysed on
a sequencing gel. Each primer combination resulted
in a characteristic highly reproducible banding pat-
tern (data not shown). Several bands of both stronger
and weaker intensities were identified in the samples
from nodules of decapitated plants but they have not
been completely characterized. Three bands (MTD1,
MTD2 and MTD3) that showed higher intensity upon
decapitation (Figure 2a) were excised. The eluted
DNA was re-amplified by PCR and the resulting
cDNAs used for cloning.

One of the major problems of the differential dis-
play technique is the generation of a relatively large
number of false-positives. This arises from the fact
that a single DDRT-PCR band is often composed of
several bands, many of which derive from constitu-
tively expressed genes. To circumvent this problem,
several positive clones from a single differential dis-
play gel band were examined by reverse northern
blot analysis. Figure 2b shows an example of reverse
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Figure 2. Region of differential display gel showing decapi-
tation-enhanced mRNAs. RNA showing decapitation-enhanced
mRNAs. RNA samples were from nodules of contvl truncatula
plants (C) and from nodules of decapitated plants (D) harvested at
4 h after the imposition of the treatment. Differentially expressed
cDNAs which were subsequently cloned are indicated by arrows.
The approximate size of the DNA fragments of the molecular weight
marker (M) are indicated on the left side of the figure. b. Selection
of clones with cDNA inserts from differentially expressed genes
by reverse northern blot analysis, utilizing DDRT-PCR products as
hybridization probes. PCR amplified inserts of sets of 10 individual
E. colicolonies, obtained by transformation with MTD1 and MTD2,
were immobilized onto nylon membranes in duplicate sets and hy-
bridized with the originaP3P-PCR product from nodules of control
plants (C) or from nodules of decapitated plants (D).

northern blot analysis for the identification of cDNA
fragments derived from truly differentially expressed
genes. By comparing the hybridization patterns, all the
clones but one appeared to contain a cDNA insert of a
gene whose expression is up-regulated in nodules of
decapitatedl. truncatulaplants.

To further verify the expression pattern of the dif-
ferentially displayed bands, northern blot analyses
were performed. cDNA clones corresponding to the
decapitation-enhanced transcripts MTD1 and MTD2
were used to probe blots containing total RNA from
nodules of control and 4 h decapitated plants. The re-

481

C D
— 1.4 kh
MTDN -
=1 khi
=t
—
" -
i n
— 1.4 kh
MTT2 -
—ikb kil
- & —
Al
" e

Figure 3. Expression pattern of decapitation-enhanced mRNAs. To-

tal RNA (10 g/lane) from the same samples (C, D) used for the dif-
ferential display analysis (Figure 2a) was fractionated by denaturing

agarose gel electrophoresis, blotted onto nylon membranes and hy-
bridized with the radiolabelled MTD1 (panel a) and MTD2 (panel b)
cDNA probes. The approximate size of the hybridizing mRNAs was
estimated by comparison to RNA size markers (Promega). As a
loading control, rRNA bands of methylene blue-stained membranes
are shown in the respective lower panels.

sults (Figure 3) provide further proof that the cDNAs
identified represent mMRNAs that accumulate in nod-
ules at 4 h after decapitation.

Sequence analysis of decapitation-enhanced mRNAs

The full-length cDNA sequences of MTD1 (Figure 4a)
and MTD2 (Figure 4b) were determined. MTD3 was
not further considered since its sequence was found
to be identical to a portion of the MTD1 sequence
(data not shown). This can arise from the fact that
a particular sequence can be over-represented due to
the use of different polyadenylation sites which re-
sults in different lengths and different anchors for the
reverse transcription (Joshi, 1987). The full-length
cDNA sequences for MTD1 and MTD2 were found
to be 945 bp and 853 bp, respectively.

Database searches (Altschatlal., 1997) revealed
that MTD1 corresponds to an EST clone (accession
number AL133292) expressed in roots M trun-
catulaupon infection withPhytophthora medicaginis
MTD2 shares 58% amino acid identity and 75% amino
acid similarity (over a length of 232 amino acids)
with a RNA binding-like protein located on chromo-
some 3 ofArabidopsis thaliana(accession number
CAB61962).
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a)
MTD 1

GGTGTCTATCTTCTTTTTCCTTCATT( ‘GTGITGTTGTTGATTATGGAG
M E

51

b)
MTD2

GGGCACACAAAAATTTCAGTGAAAATC '‘GGTTATGGGAAAGAGTTTG
M G K S L

51

TTTCAAGAATCTCTGAAAGCTCTAGAAGCTGATATTCAGTATGCTAATACA 102
F QE SLKALTEA ADTIQYANT

CTTGAAACGGTGGCGITTAAGCGOGTGGGATCACGTACTTCCGTGTTAT 102
L ETVAFKRVYVGSRTS VLF

CTGGCATTAGGTCATCCAAGGGAT AAAGAAGGAGGATGCTTTCAAATGAGG 153

GACGCGCCAAGGGATCATGATGATGATCAAGGGAAGGTGTGTAGTACGACG 153
D D L AL GHP RDIKEGGCTF QMR

D AP RDH DQGKVCSTT

TCGTCTTCATCGATCGGAAGAAAT AGTGATGATGATGATGATGATGAGGTT 204
S S § S 1 GR

CTATCATACAGTCCAGTGGCCCCACTT CTCTCTCTTGTTCAGTGGACT 204
NS bpDDDDUDEV L s YS PV

A PLFLSULVQWT

TCATCGGAAAGATCAATGGATGAGAATGAAGCTGAGAGTAAATATAATGGT 255
s s

GATTACCGACTTGCTGGTGCTCTTGGT TTGCTCAGAATTCTAATTTATGTG 255
E RS MDENEAES KYNG Y V

DYRLAGALGLT LR RTILI

GGTGCTTTAGATTGTATGGAAGCTTTAGAAGAGGTTCTTCCTATTAGGAGA 306

ACATATGGAAATGGGAAGACT ACTATTTCAATTTATGAAAGGAAAGCAAGC 306
G AL DCMEALETEVLZPI RR T Y G

N GKTTTI ST YERIKAS

AGTATCTCAAATTTCTACAGTGGGAAGTCTAAGTCCTTCACAAGCCTAGCT 357
s 1

ATAAGACAAT 'ATTCGATTATATTTCCTGCTCTATTGCAACTTCAGAAA 357
S NF Y S GK S K S FTS L A I RQF Y S I 1

F P ALLO QL QK

GATGTTGTGACAACACCATCTGTAAAAGACATTGTAAAACCAGAGAATGCA 408

GGTGTCACAGATTTGGAAGAAAGGAAGCAGAAAGAAGT ATATGCTAATAGA 408
DVYVYTTZ®PSVEKDI VKPENA A N R

G vV TDLEEIRI KU QIKEWVY

TACACAAGAAGACGT AGAAATTTGCTGGCTTTCAATCATGGT TGGGACAAG 459 TATCAAAAGAAGACTGATTTCAAAGAT AGAAGAGAATCTAAAATTGACATT 459
Y TR RRRNLTLAFNHGWDK Y Q K XK TDF KD RR RESIKTI DI

AACAAAAATTTCCCTTTGAGAAGCAAT AGTGGTGGCATTTCAAAGAGAACA 510
N KNFPLIRSNSGGTITI S KR RT

GAAAGAGAAAAAGAATGCGGAGTTTGCTTGGAGGTGAAAGCAAAAGTTGTG 510
EREKECGVCLETVIKATIKVY

ATGAGCTTAAGTAGAAGTGCTTTAGCTCTTGCAGTTGCATTAAGCAATTCT 561
MSL SRS AL AL AV AL SNS

CTGCCTAATTGTTGOCACCAAATGTGTTTCAAGTGTTACAGAGAATGGIGT 561
L PNCCHOQMCFI KT CYREWC

CTTAGGTCTCAATCTT ‘GOCGGGAT AGCTTGAAGAGAGTGAAC 612

GATAGCAGCTCTAG. 'ACAAGTGATGATTCAGCTACTTCAACCTCATAT 612 "GOCCCTTTT
D L RS QS C?PFCRDSULIKTIRVN

DS S S S F TS DS ATS TS Y

TCTTCAGCACCTTCATCACCACTTCCGCCGCGTCATCCGGGAAATAGAGTG 663
S S AP S S PLPPRHPGNR RY

TCTGGTGACCTTTGGATTTACACAGACACAAGTGACATTGTTGATGTTGGG 663
S GDLWI YTDTSDTI VDVG

ACAATTTTCAAAGAGAATTGTAAGATTCTGTTTCTTTACATAGAAAAGTTG 714
F KE NCKTI L FL YTIETZKIL

TCTTC AGCATCTCCTTTGCAGAGGAATTTCTTTTCCTTGGCTGATTTG 714
$ S L ASPL QRNEFTFSILATDTL T 1

AATGAAAATGCCAAGTTCCTCAATTGAA 765 CCACTTATTATTCCAGACCCAAGACATGTGTCATATGATCCATTTTTTAGG 765
1 E P LI I P DPIRHYVS YDZPTFTFR

HHCAI A ATMEKMPS S8 §

AATGAAACAACTCATCATCCATCATAGTGT ATAAAACCTTATGATAACT AA 816

TAAGGGTTGTTATATTGCCCTTTCATGT ACTTGT AAATCCATTTTGGACAA 816
N ETTHHP S * *

AATACAACGITTATTAACT TTATAATTCTCATTTGGATGAGTTTCTTG 867 TAATTTAATTGTAAATATTCTAGTGTAAAAAAAAAAA 853
CTCTAGTTCTATTTTGTTTGAGCGAGAAAGAGGT TATAGAATAAAATCATA 918
GATAAATC AGTAAAAAAAAAAA 945

Figure 4. Nucleotide sequences and deduced amino acid sequences of MTD1 (a) and MTD2 (b). Underlined nucleotides show gene-specific
primers used for the’SRACE. Stop codons are indicated by an asterigk Nlucleotides in bold face correspond to the arbitrary primers used
for the differential display reaction.

to show that the PCR reactions were dependent on
~ the presence of both sequence-specific primers, PCR
M. truncatularoot nodules are complex symbiotic yeactions with a single primer were also performed
structures in which mRNAs of both plant and bacte- (rigure 5a). As a positive control for the presence of
rial origin are present. We decided to determine the g melilotigenomic DNA, we used PCR primers that
genomic origin of the decapitation-enhanced MRNAS gpecifically amplify theS. meliloti1021 nirk (nitrite

by PCR analysis. Genomic DNA from. truncat-  reqyctase) genes (Braket al, 1998) (Figure 5b).
ula leaves andsinorhizobium melilotliquid cultures Southern blot analysis confirmed the plant origin of
was extracted and used as template in PCR reactionsyyTp1 and MTD2 (Figure 5c) as it was successful
performed with MTD1 and MTD2 sequence-specific \yith genomic DNA fromM. truncatulaleaves while
primers or for Southern blot analysis. The results are g restriction bands are present in lanes containing di-
summarized in Figure 5. An qmpllflcatlon productwas gestedS. melilotigenomic DNA. In addition, for both
observed only when genomic DNA froM. fruncat-  cpNAs, only one or two major restriction bands are
ula leaves was used as template in the PCR reaction, jsiple in lanes containing digestéd. truncatulage-
while no amplification product was detected when ge- omic DNA. This suggests that MTD1 and MTD2 are

nomic DNA fromS. melilotiliquid cultures was used presumably encoded by single or low-copy-number
as template (Figure 5a). Further, as the amplifica- genes.

tion product for MTD2 is larger (about 1.2 kb) than
expected (about 0.3 kb), we hypothesize the pres-
ence of one or more introns. To avoid artefacts and

Genomic origin of decapitation-enhanced mRNAs
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Figure 5. Confirmation of the plant genomic origin of MTD1 and
MTD2 by PCR. a. Genomic DNA fronM. truncatulaleaves (Mt)
and S. meliloti suspension cultures (Sm) was used as template in
PCR reactions with MTD1 and MTD2 sequence-specific primers.
M indicates a 100 bp ladder. To verify the specificity of the MTD1
and MTD2 primers, PCR reactions with only the forward (F) or
reverse (R) primer were performed. b. As a positive control for the
presence ofS. melilotigenomic DNA, a primer pair that specifi-
cally amplifies thenirK genes ofS. meliloti1021 was used (Braker
et al, 1998). c. Northern blot analysis of MTD1 and MTD2. Ge-
nomic DNA (7.5rg) from M. truncatulaleaves (Mt) ands. meliloti
suspension culture (Sm) was digested with eithst (P), EcoRl

(E) or Hindlll (H), separated by gel electrophoresis and hybridized
with 32P-radiolabelled MTD1 and MTD2 probes. Lane C shows
the undigested DNA control. Final washes were at0S5C, 0.5%
SDS at 50°C. DNA size standards (kb) are given on the left of each
blot.

Temporal appearance of MTD1 and MTD2 in
M. truncatulanodules and roots after decapitation

Northern blot analyses were performed to investigate

the expression patterns and the tissue specificity of

MTD1 and MTD2 inM. truncatulg separately in nod-

ules and in roots, after plant decapitation. Samples
were harvested at 2 h, 4 h and 24 h after decapitation.
The abundance of the transcripts was monitored using

32p_labelled MTD1 and MTD2 probes (Figure 6a and
b). The MTD1 mRNA is highly induced in nodules
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Figure 6. Effect of decapitation on the expression pattern of MTD1
(panel a) and MTD2 (panel b) in nodules and root&otruncatula
plants, obtained by northern blot analysis. Total RNA (dflane)

from nodules and roots of non-decapitated (C) and decapitated
plants (D) at 2 h, 4 h and 24 h after decapitation was subjected
to northern hybridization analysis with radiolabelled MTD1 and
MTD2 probes as described in Figure 3. As a loading control,
rRNA bands of methylene blue-stained membranes are shown in the
respective lower panels. Approximate mRNA sizes are indicated.

capitation. At all time points, the level of MTD1 in
control nodules and control roots is close to or below
the detection limit of the northern blots (Figure 6a).
For the MTD2 mRNA (Figure 6b), we found simi-
lar kinetics of transcript accumulation as for MTD1.
The MTD2 mRNA is enhanced in nodules of 4 h af-
ter decapitation, while the expression level in nodules
of control plants remains below the detection limit.
The MTD2 transcript seems to be present also in roots
of control plants at all time points, albeit its level is
weakly enhanced by decapitation (Figure 6b). In gen-
eral, the expression level of MTD2 is lower than that
of MTD1 (Figure 6a and b). These results suggest
that MTD1 and MTD2 mRNAs are mainly induced in
nodules and the corresponding genes are most likely
related to changes in nodule metabolism in response
to decapitation.

at 4 h after decapitation and reaches even higher tran-

script levels at 24 h after decapitation. A low induction
can also be seen in roots starting from 2 h after de-
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MTIH In general, considering that the induction of the
two transcripts (Figure 6a) parallels the decrease in
nitrogenase activity after decapitation (Figure 1), it
is possible that their accumulation is linked to early

— LIEkb metabolic processes related to decreased nitrogenase
activity after decapitation. Taken together, these re-
sults suggest that MTD1 and MTD2 could belong to
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one of the following classes of genes: (1) genes related
e ————— J—p— to molecular events linked to decreased nitrogenase
c =y o o o B — activity, hence N fixation; (2) genes involved in gen-

eral stress-related responses, like the ones encoding
Figure 7. Effect of different treatments on the expression of MTD1. pathogenesis-related (PR) proteins or those related to
Northern blot analysis of total RNA from nodules (Nod) and roots . .
of control (C) and plants treated with nitrate for 2 days (N); nodules, wound responses (Lanﬂi al, 1989; Bowles, 1990;
roots and leaves of control (C) and 4 h Ag@eated plants (Ar) and Baron and Zambryski, 1995). The fact that MTD1 cor-
nodules of control (C) and 4 h decapitated plants (D). Northern blot responds to an EST clone found upon infection with a
analysis was performed as described in Figure 3. pathogenic fungus is not surprising as it is known that
many of the pathogen-inducible defence responses can
Effect of different treatments on the expression of also be triggered by_ mechqnlcal and _chemlcal stresses
MTD1 and MTD2 (Bowles, 1990). It is possible that, in our case, de-

capitation could have activated responses similar to

In order to determine whether the accumulation of the pathogenic infection in a systemic fashion. However,
MTD1 and MTD2 mRNAs was also triggered by other to further test this hypothesis it would be interesting to
treatments which result in a decline in nitrogenase ac- carry out a wounding experiment.

tivity, we investigated the expression of MTD1 and At present, though, we cannot give definite expla-
MTD2 after nitrate and Ar/@treatments. Nitrogenase nations. Further experiments would be necessary to
activity in plants treated for 2 days with nitrate was investigate the biochemical activities and the local-
about 30% of the initial activity measured before the ization of the proteins encoded by the genes corre-
nitrate fertilization. In plants treated with ArfCfor sponding to MTD1 and MTD2 and the physiological
4 h, nitrogenase activity was about 66% of the peak role they might play. Knowledge about the protein
H, evolution rate (data not shown). We isolated RNA identities would allow us to gain a better understand-
from nodules and roots of plants treated for 2 days ing of the molecular processes involved in nodule
with nitrate, and from nodules, roots and leaves of metabolism and how these processes are affected by
plants treated with Ar/@for 4 h. Results for MTD1  environmental stress.

are shown in Figure 7. A hybridization signal was

observed only in the case of nodules from decapi-
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