
Plant Molecular Biology 28: 885-900, 1995. 
© 1995 Kluwer Academic Publishers. Printed in Belgium. 885 

Stress responses in alfalfa (Medicago sativa L.) XIX. Transcriptional 
activation of oxidative pentose phosphate pathway genes at the onset of 
the isoflavonoid phytoalexin response 

Theo Fahrendorf, Weiting Ni 1, Basil S. Shorrosh 2 and Richard A. Dixon* 
Plant Biology Division, The Samuel Roberts Noble Foundation, 2510 Sam Noble Parkway, Ardmore, 
OK 73401, USA (*author for correspondence); 1Present address: USDA-ARS, Department of Agromony 
and Genetics, University of Minnesota, St Paul, MN 55108, USA; 2Present address: Michigan State 
University, Department of Botany and Plant Pathology, Plant Biology Building, East Lansing, M14882 4-1312 , 
USA 

Received 22 February 1995; accepted in revised form 2 May 1995 

Key words: alfalfa, elicitation, glucose 6-phosphate dehydrogenase, isoflavonoids, pentose phosphate 
pathway, 6-phosphogluconate dehydrogenase 

Abstract 

We have isolated cDNA clones encoding the pentose phosphate pathway enzymes 6-phosphogluconate 
dehydrogenase (6PGDH, EC 1.1.1.44) and glucose 6-phosphate dehydrogenase (G6PDH, EC 1.1.1.49) 
from alfalfa (Medicago sativa L.). These exhibit extensive nucleotide and amino acid sequence similar- 
ity to the corresponding genes from bacteria, Drosophila and mammals. Transcripts encoding both 
enzymes are expressed at high levels in roots and nodules. Exposure of alfalfa suspension cells to an 
elicitor from yeast cell walls results in co-ordinated increases in transcription rates for both genes, fol- 
lowed by increased steady state transcript levels but only slightly increased extractable enzyme activi- 
ties, at the onset of accumulation of isoflavonoid phytoalexins. Levels of NADPH and NADP remain 
relatively constant in alfalfa cells following elicitation. The rapid transcriptional activation of 6PGDH 
and G6PDH does not therefore appear to be a response to altered pyridine nucleotide redox state. These 
genes appear to respond to early events in elicitor-mediated signalling rather than to subsequent elicitor- 
induced changes in secondary metabolism. Hydrogen peroxide, a potential signal for elicitation of 
anti-oxidative genes in biologically stressed plant cells, did not induce 6PGDH or G6PDH transcripts 
or enzymatic activity. 

Introduction 

Elicitation of isoflavonoid phytoalexin synthesis 
in intact tissues or cell cultures of leguminous 

plants involves the coordinated induction of a 
complex set of biosynthetic enzymes for the con- 
version of L-phenylalanine to antimicrobial ptero- 
carpans or isoflavans [4]. Increases in the activi- 

The nucleotide sequence data reported will appear in the EMBL, GenBank and DDBJ Nucleotide Sequence Databases under 
the accession numbers U18238 (alfalfa glucose 6-phosphate dehydrogenase) and U18239 (alfalfa 6-phosphogluconate dehydro- 
genase). 
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ties of enzymes involved in the biosynthesis of 
pterocarpan phytoalexins are preceded by in- 
creases in steady-state levels of the correspond- 
ing transcripts, which in turn appear to result 
from de novo transcriptional activation [12, 31 ]. 
Elicitor-responsive increases in transcript levels 
are not, however, restricted to enzymes directly 
involved in secondary metabolism. Thus, in al- 
falfa, elicitor induces striking increases in tran- 
scripts encoding acetyl CoA carboxylase, the en- 
zyme which forms malonyl CoA as co-substrate 
for the first committed step of flavonoid biosyn- 
thesis [50], and S-adenosyl L-methionine (SAM) 
synthetase, the enzyme that forms the methyl 
group donor for isoflavone methylation [ 18], at 
the onset of accumulation of the phytoalexin 
medicarpin. Likewise, in parsley cell cultures, 
elicitation ofmethylated furanocoumarin phytoal- 
exins is associated with increases in transcripts 
encoding SAM synthetase and S-adenosyl L- 
homocysteine hydrolase [26]. DAHP synthase, 
the first enzyme of the shikimic acid pathway of 
aromatic amino acid synthesis, is induced in elic- 
ited parsley cell cultures [35] and in bacterially 
infected Arabidopsis leaves [27]. Elicitation of 
defense-related secondary metabolism would 
therefore appear to require increased enzymatic 
capacity from primary metabolism, which may be 
provided by de novo enzyme synthesis. 

The formation of one molecule of medicarpin 
from L-phenylalanine requires six molecules of 
NADPH (Fig. 1). The oxidative pentose phos- 
phate pathway is a major source of NADPH in 
the cytoplasm of plant cells [46]. This pathway 
also provides the erythrose 4-phosphate that, 
along with phosphoenolpyruvate formed from 
glycolysis, serves as a precursor for phenylalanine 
biosynthesis via the shikimic acid pathway. Sev- 
eral studies have suggested that the pentose phos- 
phate pathway is the source of reducing equiva- 
lents for phenylpropanoid biosynthesis, and that 
its activity is increased under conditions of in- 
creased flux into the phenylpropanoid pathway. 
Thus, 14C-glucose labelling experiments and mea- 
surement of the activity of glucose 6-phosphate 
dehydrogenase (G6PDH) indicated a high activ- 
ity of the pentose phosphate pathway during lig- 

nification in stems of Coleus blumei, sunflower, 
and pea [40, 41]. G6PDH activity increases dur- 
ing synthesis of pterocarpan phytoalexins in bean 
and chickpea cell suspension cultures [10, 43], 
and soybean hypocotyls [7]. 

NADPH is produced by the first two steps of 
the oxidative pentose phosphate pathway, cata- 
lyzed by G6PDH and 6-phosphogluconate dehy- 
drogenase (6PGDH). Cytoplasmic and plastidic 
isoforms, with very similar kinetic properties, exist 
for both enzymes in plants [22, 23, 46, 51]. The 
activities of the two forms of both enzymes are 
regulated by NADPH:NADP ratio, as NADPH 
is a potent competitive inhibitor with respect to 
NADP [11, 23]. Both forms of G6PDH are 
inactivated by light via a redox-regulated reac- 
tion [2]. Phenylpropanoid pathway intermediates 
have been shown to inhibit both tobacco 6PGDH 
isoenzymes [ 1 ], although the physiological 
significance of this is not clear. It is not known 
whether the increased activities of the pen- 
tose phosphate pathway enzymes measured in 
crude extracts from elicited cells reflect transcrip- 
tional, post-transcriptional or metabolic regula- 
tion. 

In this paper we report the characterization of 
cDNA clones for 6PGDH and G6PDH from 
alfalfa, the developmental expression of these 
genes, and their transcriptional activation in elic- 
ited cell cultures. Increased activities of these two 
enzymes during isoflavonoid phytoalexin synthe- 
sis are preceded by rapid transcriptional activa- 
tion of their corresponding genes. Comparison of 
the kinetics of transcriptional activation with 
NADPH levels in elicited cells suggests that the 
signals for initial activation of these two pentose 
phosphate pathway genes are not generated by 
elicitor-induced changes in metabolic flux, a con- 
clusion further supported by the observation 
that treatment of elicited cells with the phenylala- 
nine ammonia-lyase (PAL) inhibitor L-a-amino- 
oxy-fl-phenylpropionic acid (AOPP) failed to 
block transcriptional activation of G6PDH and 
6PGDH. 
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Fig. 1. Phytoalexin biosynthesis in alfalfa, showing inputs from primary metabolism. The enzymes are: PAL, L-phenylalanine 
ammonia-lyase; CA4H, cinnamate 4-hydroxylase; 4CL, 4-coumarate: CoA ligase; CHS, chalcone synthase; CHR, chalcone re- 
ductase; ACC, acetyl CoA carboxylase; CHI, chalcome isomerase; IFS, isoflavone synthase; IOMT, isoflavone O-methyltransferase; 
IFOH, isoflavone 2'-hydroxylase; IFR, isoflavone reductase; PTS, pterocarpan synthase. 

Materials and methods 

Library screening 

A full length potato glucose-6-phosphate dehy- 
drogenase cDNA clone [20] was used to screen 
a )tZAP II (Stratagene) cDNA library con- 

structed from poly(A) + RNA isolated from al- 
falfa suspension cells 2, 3 and 4 h after exposure 
to fungal elicitor, using the procedure of Mieren- 
doff  et al. [36]. A positive clone was used to re- 
screen the library and obtain apparently full- 
length clones. An alfalfa 6-phosphogluconate 
dehydrogenase (6PGDH) cDNA fragment (see 
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Results) was likewise used to screen the same 
library for isolation of an apparently full-length 
6PGDH clone. 

DNA sequence analysis 

cDNA inserts were initially subjected to double- 
stranded sequence analysis on an Applied Bio- 
systems Model 373A DNA sequencer using a 
fluorescent dye-labelled dideoxy terminator kit 
(ABI), Taq polymerase (Cetus), and forward and 
reverse M 13 primers. Subsequent sequencing re- 
actions were primed with synthetic oligonucle- 
otides based on the emerging sequence of the in- 
serts. Deduced amino acid sequences were 
aligned by the CLUSTAL program [21]. 

Growth and elicitation of cell cultures 

Cell suspension cultures of alfalfa (Medicago sa- 
tiva L.) cv. Apollo were initiated and maintained 
in a modified Schenk and Hildebrandt medium as 
described [9]. Cells were treated with yeast elici- 
tor [47] at a final concentration of 50/~g glucose 
equivalents/ml, frozen in liquid N2, and stored at 
-80 °C. 

Growth of plants 

Nodulated alfalfa plants were grown, and tissues 
harvested, as described previously [ 18, 19]. 

Analysis of RNA and DNA 

Total RNA and DNA were isolated from alfalfa 
tissues as described previously [49], and sub- 
jected to northern and Southern blot analyses 
according to the method of Church and Gilbert 
[8]. Final washing conditions for homologous 
probes were 40 mM sodium phosphate pH 7.2, 
1 mM EDTA, 1~o SDS at 65 °C for 4 x 10 min. 
The alfalfa cinnamic acid 4-hydroxylase cDNA 
probe used for northern analysis was the Bam HI 

to Sal I fragment of clone W2a described previ- 
ously [ 15 ]. The Arabidopsis tubulin gene [ 33 ] was 
used as a control for loading/transfer efficiency of 
northern blots. 

Nuclear transcript run-on analysis 

The following buffers were used: Honda buffer 
(25 mM Tris-HC1 pH 7.8, 0.44 M sucrose, 5 mM 
MgC12, 2.5~o Ficoll Type 400 (Sigma), 5~o Dex- 
tran T40 (Sigma), 10 mM 2-mercaptoethanol, 
2 mM spermine); nuclei washing buffer (NWB, 
50 mM Tris-HC1 pH 8.5, 5 mM MgC12, 10 mM 
2-mercaptoethanol, 20~  v/v glycerol); nuclei 
resuspension buffer (NRB, 50mM Tris-HC1 
pH 8.5, 5 mM MgC12, 10 mM mercaptoethanol, 
50 ~o v/v glycerol). Sucrose, mercaptoethanol and 
spermine were added immediately before use. All 
solutions were prepared using DEPC-treated 
water. 

Cells (5-10 g) were ground in liquid N 2 to a 
fine powder with a mortar and pestle. The pow- 
der was transferred to 25-50 ml Honda buffer 
and stirred on ice for 5 min. After filtration 
through 4 layers of pre-wetted Miracloth, the nu- 
clei were pelleted by centrifugation (1000 × g for 
5 min) and resuspended in 20 ml Honda buffer. 
Interfering starch grains were removed by centri- 
fugation at 100 x g for 5 min. The resuspended 
nuclei were centrifuged again (1000 x g for 5 min) 
and resuspended in 20 ml NWB. After an addi- 
tional centrifugation (1000 ×g for 5 rain), the 
white to slightly grayish-looking nuclei (as seen 
under the microscope) were resuspended in 20 ml 
NRB. After a final centrifugation at 1000 x g for 
5 min, the nuclei were resuspended in NRB (final 
vol 0.5-1 ml), divided into 0.1 ml aliquots and 
frozen in liquid N2. 

Nuclei (50/~1) were thawed on ice and centri- 
fuged for 10 s at 4 °C. To 25 #1 of the super- 
natant was added 10/~1 1 M (NH4)2SO4, 4/A 
100 mM MgC12, 1 /~1 100 mM phosphocreatine, 
4 /A 0.25 mg/ml phosphocreatine kinase, 12.5 #1 
RNAsin, 31.5/~1 H20, 2/~1 NTP mix (500mM 
ATP, CTP, GTP) and 10/~1 UTP (200mCi, 
3000 Ci/mmol). The solution was incubated at 



30 °C, and the reaction stopped with 1 ~o SDS, 
10 mM EDTA, after 10 to 20 min. Labelled tran- 
scripts were extracted as described previously 
[38], and subsequently used to probe membranes 
that had been saturated with up to 5 #g denatured 
cDNA probe per slot. The PAL cDNA probe 
was the 471 bp Hind III fragment of the alfalfa 
pAPAL1 cDNA described previously [19]. Hy- 
bridization and washing procedures were identi- 
cal to those used for northern blots. 

Analysis of NADPH and NADP levels 

Freshly harvested alfalfa cells (0.5 g) were imme- 
diately homogenized in 5 ml 0.1 M NaOH (for 
determination of NADPH) or 0.1 M HCI (for 
determination of NADP), incubated at room 
temperature for 30 min, and adjusted to pH 7.8 
with 1 M HC1 (NADPH) or pH 7.2 with 1 M 
NaOH (NADP). Extracts (100/~1) were added to 
reaction mixtures containing 50 mM Tris/HC1 
pH 8.0, 30 mM glucose 6-phosphate, 7.5 mM 
dichlorophenolindophenol (DCPIP, Sigma), 
3.7mM phenazine-methosulfate (Sigma), and 
5 units G6PDH (Boehringer, grade I) in a final 
volume of 1.0 ml. The absorbance of the cycling 
assay was recorded at 625 nm. Internal standards 
of NADP or NADPH between 50 and 400 pmol 
were included in the assay. 

Assay of G6PDH and 6PGDH activities 

Cells were extracted in 50 mM Tris-HC1 pH 8.0, 
300 mM NaC1, 0.1 mM benzamidine and 0.1 mM 
phenylmethylsulfonylfluoride (PMSF). G6PDH 
activity was measured at 30 °C in 0.1 M Tris- 
HC1 pH 8.0, 0.4 mM NADP and 2 mM glucose- 
6-phosphate by measuring the change in absor- 
bance at 340nm [20]. 6PGDH activity was 
similarly measured at 30 °C in 0.1 M Hepes 
pH 7.5, 0.4 mM NADP and 3 mM 6-phospho- 
gluconate (Boehringer). 
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Results 

Molecular characterization of alfalfa 6PGDH and 
G6PDH 

In screening our cDNA library from elicited al- 
falfa cells for acetyl CoA carboxylase sequences, 
we discovered an acetyl CoA carboxylase clone 
that artifactually contained a second cDNA in- 
sert. On sequence analysis, this second insert 
showed strong similarity to bacterial, mamma- 
lian, and Drosophila 6PGDHs [3, 48, 52]. Re- 
screening the library with this insert resulted in 
the isolation of a large number of positive clones 
(ca. 0.3~o of the library). Sequence analysis of 
more than 10 independent clones revealed iden- 
tical 5' and 3' sequences, suggesting that most of 
the clones represent a .single class of transcript 
which is highly expressed in the elicited cultures. 
The longest cDNA clone isolated (O 19) encoded 
a polypeptide of deduced Mr 53 625, p! 5.1, with 
50 to 60~o overall amino acid sequence identity 
to the 6 PGDHs from sheep [52] and Escherichia 
coli [3] (Figs. 2 and 3). Although the O19 clone 
clearly lacks most of the 6PGDH 5'-untranslated 
region, it probably contains the complete coding 
sequence, based on alignment with other 6PGDH 
sequences and the transcript size (see below). 
Among the blocks of highly conserved sequence 
were a potential dinucleotide binding site (con- 
sensus GxGxxGxxxG) at amino acid positions 
129-138, and the proposed 6-phosphogluconate 
binding site with consensus [L/I/V/M]-x-D-x-x- 
[G/A]-[N/Q/S]-K-G-T-G-x-W, based on the 
comparison of all known bacterial and mamma- 
lian 6PGDH sequences [42], at amino acid 
positions 260-272 (Figs. 2 and 3). The alfalfa 
6PGDH has a methionine residue in place of the 
consensus [N/Q/S] at position 266. 

Screening the cDNA library with a potato 
G6PDH cDNA clone [20] resulted in the isola- 
tion of a single partial alfalfa G6PDH clone which 
was used to re-screen the library, again yielding 
a large number (ca. 0.3 ~o) of positive plaques. As 
with the 6PGDH clones, all the G6PDH clones 
appeared to be of the same class, based on 5' and 
3' sequencing of six independent clones. The 
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A TA~TTAT~CTC~CCACTTA~G~T~GCCTTGCCG~TT~CTGTTATGG~ 60 
M A P P L T R I G L A G L A V M G Q  

~TCTCG~CT~TATTGCC~CAAAGGATTCCC~TTTCTGTTTAT~TA~ 120 
N L A L N I A D K G F P I S V Y N R T T  

TCAAAGGTT~CG~CTGTGGAACGAGCAAAA~GAAATCTTC~CTCTAT~CI80 
S K V D E T V E R A K Q E G N L P L Y G  

TTC~T~CCCTG~CTTTGTT~TTC~TTGAAAAAC~GTGATTAT~T~TT240 
F H D P E A F V N S I E K P R V I I M L  

GTT~GGCTGGT~ACCTGTTG~G~CACCAAAACCCTATCT~GTACCTTAAAA 300 
V K ~ G ~ P  vz Q ~ T ~ • L S A Y L E  K 

~T ~T TGTAT~T T~T ~T~T~T ~T GGTAC ~G~CT~C~GAGAAA 360 
G D C I I D G D N E W Y E N T E R R E K  

G~GTAGCCG~TT~GTATTCTCTACCTTGGAATGGGAGTTT~GT~T~A~T 420 
E V A E L G I L Y L I G M G V S G G E E G  I 

~TC~GT~TCCTTCTAT~T~CTGGT~TTCGTTTG~C~ACAAATA~TA~ 480 
A R R G P S M M P G G S F E A Y K Y I E  

GATATTCTTCTCAAGGT~T~T~GTTCCT~GT~CCTTGTGT~TATATC 540 
D I L L K V A A Q V P D S G P C V T Y I  
g~aacg~ggatctg~aatttt~gaagatgatccataatggaattgaatacg~gac 600 
G N G G S G N F V K M I H N G I E Y G D  

AT~T~TTGCT~TTAC~TGTGTTG~GTCAGTT~GTTGACAAAT~G660 
M Q L I A E A Y D V L K S V G K L T N E  

GA~TACAAAGT~TTTACT~TG~~G~CTTTT~GTTTCCT~TT~ 720 
E L Q S A F T E W N K G E L L S F L I E  

AT~CT~TATTTTCGGAATT~AT~TAAGGGT~T~TATCTTGTTGA~G780 
I T A D I F G I K D D K G D G Y L V D K  

GT TCTT~CAAAACT~TG~TACC~T~GTGGACTGTT~GCAA~T~ 840 
I V L D K T G M K G T G K W I T V Q Q A A E  
TTAT~GTTCCTGCTCC~C~TT~TT~TTG~TGCTA~TTCCT TAGTG~TTG 900 
L S V P A P T I E A S L D A R F L S G L  

AT~ATGAAA~GTT~GCTGCAAAGGTCTTT~TCAGGT~TTTTGGCGATATCTTG 960 
M D E R V E A A K V F K S G G F G D I L 

ACCGAC~C~GTA~C~GAA~GTTGATTGAT~TGTTA~G~TCTTTAT~I020 
T D Q Q V D K K Q L I D D V R K A L Y A  

~GATTTGTAGTTACG~G~TG~TCTGATCCGT~GTGCTGAAAAG 1080 
A K I C S Y A Q G M N L I R A K S A E K  

~TTGGGATTTGGCATTGGGTG~CTTGCCCGTATTTGGAAAG~GGTT~T~TTA~ 1140 
G W D L A L G E L A R I W K G G C I I R  

~TATATTCTTG~CA~T~G~GCGTAC~CAGAAACCCT~TCTCGCAAACCTT 1200 
A I F L D R I K Q A Y D R N P N L A N L  

CTTGT~ATCCA~GTTCGC~GGAAAT~TT~CGCCAAACC~AT~AGGA~TTI260 
L V D P E F A K E I I E R Q T A W R R V  

GTTTCCCTTTCTGTC~TTCA~TAT~GCCTCC~TATGTCTGCTAGTCTT~ATAT 1320 
V S L S V N S G I S L P G M S A S L A Y  

TTT~GTTATA~G~TTACC~CT~TTTGGT~TC~CGAGACTACI380 
F D S Y R R E R L P A N L V Q A Q R D Y  

TTC~T~T~TA~TATG~TTGATATTGAG~TCGTAC~TACTG~T~TTCI440 
F G A H T Y E R V D I E G S Y H T E W F  

~TT~AGTC~GGATTTA~TTACTGTATTT~CTCTT~TTCCT~TI500 

K L A K Q S R I  
~TGT~TGTTTTTTACT~CTGTATGCTGAGTTGAGCTTA~T~CT~G 1560 
GT~GTTTATTTATAC~TTATGTACTACTT~TTACTTGGCTTTT~TTTTCCCCAA 1620 

1641 

longest alfalfa G6PDH clone (G10) encoded a 
polypeptide with a deduced Mr of 58 923, pI 5.6, 
which exhibited 90 ~o amino acid sequence iden- 
tity to the potato G6PDH and 50 to 60~o iden- 
tity to G6PDHs from bacterial and mammalian 
sources [24, 44, 45] (Figs. 2 and 3). G10 contains 
the full N-terminal coding sequence of alfalfa 
G6PDH, as two in-frame stop codons are found 
upstream of the ATG translation initiation codon. 

Neither the G6PDH nor the 6PGDH c D N A  

sequences appeared to contain plastidic signal 
sequences, suggesting that they encode the cyto- 
plasmic forms of the corresponding enzymes. 
Southern blot analysis (Fig. 4) was consistent 
with both enzymes being encoded by small gene 
families in the alfalfa genome. However, as alfalfa 
is a hetero-tetraploid, the multiple bands observed 
on genomic blots could also be the result of  alleic 
variation. We do not know whether chloroplastic 
forms of the enzymes would be detected in the 
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B CAC CAGATATAATTAAGTAGAT CAGAGTAGAAGAAGAT GGGAACAAAT GAAT GGCAT GTA 60 

M G T N E W H V 

GAAAGAAGAGATAGCATAGGTACTGAAT CTCC TGTAGCAAGAGAGGTACT TGAAACTGGC 120 

E R R D S I G T E S P V A R E V L E T G 

ACACTCTCTATTGTTGTGCTTGGTGCTTCTGGTGATCTTGCCAAGAAGAAGACTTTTCCT 180 

T L S I V V L G A S G D L A K K K T F P 

GCACTTT TTCAC TTATATAAACAGGAAT TGTTGCCAC C TGAT GAAGT TCACAT T TTT GGC 240 

A L F H L Y K Q E L L P P D E V H I F G 

TATGCAAGGTCAAAGATC TCC GATGATGAAT TGAGAAACAAATTGCGTAGCTAT CTT GT T 300 

Y A R S K I S D D E L R N K L R S Y L V 

CCAGAGAAAGGTGCTTCTCCTAAACAGTTAGATGATGTATCAAAGTTTTTACAATTGGTT 360 

P E K G A S P K Q L D D V S K F L Q L V 

AAATATGTAAGTC-GCCCTTATGATTCTGAAGATGGATTTCGCTTGTTGGATAAAGAGATT 420 

K Y V S G P Y D S E D G F R L L D K E I 

T CAGAGCAT GAATAT TTGAAAAATAG TAAAGAGGGT TCATC TCGGAC-GCT T T T CTATC T T 480 

S E H E Y L K N S K E G S S R R L F Y L 

GCACTTCCTCCTTCAGTGTATCCATCCGTTTGCAAGATGATCAAA CTTGTTGCATGAAT 540 

A L P P S V Y P S V C K M I K T C C M N 

AAATCTGATCTTGGTGGATGGACACGCGTTGTTGTTGAGAAACCCTTTGGTAGGGATCTA 600 

K S D L G G W T R V V V E K P F G R D L 

GAATC TGCAGAAGAACTCAGTAC TCAGAT TGGAGAGT TAT TTGAAGAACCACAGAT T TAT 660 

E S A E E L S T Q I G E L F E E P Q I Y 

CGTATTGATCACTATTTAGGAAAGGAACTAGTGCAAAACATGTTAGTACTTCGTTTTGCA 720 

a IID H Y L G K EIL V Q N M L V L R F A 

AATCGGTTCTTCTTGCCTCTGTGGAACCACAACCACATTGACAATGTGCAGATAGTATTT 780 

N R F F L P L W N H N H I D N V Q I V F 

AGAGAGGAT TTTGGAAC TGATGGTCGTGGTGGATAT TTT GACCAATAT GGAAT TATC C GA 840 

R E D F G T D G R G G Y F D Q Y G I I R 

GATATCATTCCAAACCATCTGTTGCAGGTTCTTTGCTTGATTGCTATGGAAAAACCCGTT 900 

D I I P N H L L Q V L C L I A M E K P V 

TCTCTCAA CTGAGCACATTCGAGATGAGAAAGTGAAGGTTCTTGAATCAGTACTCCCT 960 

S L K P E H I R D E K V K V L E S V L P 

ATTAGAGATGAT GAAGT TGTTC T TGGACAATATGAAGGCTATACAGAT GACCCAACT GTA 1020 

I R D D E V V L G Q Y E G Y T D D P T V 

CCGGACGATTCAA CACCCCGACTTTTGCAACTACTATTCTGCGGATACACAATGAAAGA 1080 

P D D S N T P T F A T T I L R I H N E R 

TGGGAAGGTGT T CCTTT CAT T GT GAAAGCAGGGAAGGCC CTAAATT CTAGGAAGGCAGAG 1140 

W E G V P F I V K A G K A L N S R K A E 

AT T CGGGTTCAAT TCAAGGAT GT TC C TGGT GACATTT TCAGGAGTAAAAAGCAAGGGAGA 1200 

I R V Q F K D V P G D I F R S K K Q G R 

AACGAGTTTGTTATCCGCCTACAACCTTCAGAAGCTATTTACATGAAGCTTACGGTCAAG 1260 

N E F V I R L Q P S E A I Y M K L T V K 

CAACCTGGACTGGAAATGTCTGCAGTTCAAAGTGAACTAGACTTGTCATATGGGCAACGA 1320 

Q P G L E M S A V Q S E L D L S Y G Q R 

TATCAAGGGATAACCATTCCAGAGGCTTATGAGCGTCTAATTC TCGACACAATTAGAGGT 1380 

Y Q G I T I P E A Y E R L I L D T I R G 

GAT CAACAACAT T T TGT TCGCAGAGACGAAT TAAAGGCAT CAT GGCAAATAT TCACAC CA 1440 

D Q Q H F V R R D E L K A S W Q I F T P 

CTTTTACA~TTGATAGAGGGGAGTTGAAGCCGGTTCCTTACAACCCGGGAAGTAGA 1500 

L L H K I D R G E L K P V P Y N P G S R 

GGTCCTGCAGAAGCAGATGAGTTATTAGAAAAAGCTGGATATGTTCAA CACCCGGTTAT 1560 

G P A E A D E L L E K A G Y V Q T P G Y 

ATATGGATTCCTCCTACCTTATAGAGTGACCAAATTTCATAATAAAACAAGGATTAGGAT 1620 

I W I P P T L - 

TATCAGGAGCTTATAAATAAGTCTTCAATAAGCTTGTGAAATTTTCGTTATAATCTCTCT 1680 

CATTTTGGGGTGTATATCAAGCATTTAAGCGCGTGTTTGACACAGTTTGTGTAATAGATT 1740 

TGGCTCTGAATGAAAATAAACGGGAATTGTTTCTTTTTGTTTTAAAAAAAAAAAAA 1796 

Fig. 2. DNA and deduced amino acid sequences of alfalfa 6PGDH cDNA clone O19 (A, previous page) and G6PDH clone G10 
(B). Nucleotides are numbered from the first base of the cDNA insert. The deduced amino acid sequence for the alfalfa 6PGDH 
and G6PDH are indicated below the nucleotide sequence in single-letter code. A potential NADP-binding site (GXGXXGXXXG),  
that is fully conserved in all 6-phosphogluconate dehydrogenases, and the substrate-binding sites for each clone, are boxed. 

Southern hybridization (perhaps as the weakly 
hybridizing bands in Fig. 4), and therefore 
whether the total number of genes encoding 
G6PDH and 6PGDH is higher than indicated 
here. 

Development expression of 6PGDH and G6PDH 
transcripts 

Total RNA was isolated from different organs of 
6-week old alfalfa plants. Northern blot analysis 
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revealed that 6PGDH transcripts (the probe de- 
tected a single transcript of 1.8 kb) were highly 
expressed in roots and nodules, with only very 
weak expression in leaves and growing points 
(Fig. 5). The highest level of expression of both 
G6PDH (1.8 kb transcripts) and 6PGDH was in 
young but fully differentiated nodules (3 weeks); 
this decreased as nodules matured until, after 8 
weeks, the expression level was the same as in 
unnodulated root tissue (Fig. 6). In contrast, the 
level of cinnamic acid 4-hydroxylase transcripts 
(encoding the first NADPH-utilizing enzyme of 
phenylpropanoid synthesis) remained relatively 
constant during nodule development and matu- 
ration. 

Transcriptional activation of pentose phosphate 
pathway genes at the onset of the phytoalexin re- 
sponse 

Treatment of alfalfa cells with yeast elicitor re- 
sults in the accumulation of up to 300 nmol/g 
fresh weight of the pterocarpan phytoalexin medi- 
carpin [12]. Medicarpin accumulation begins 
about 6 to 8 h after elicitation, and is maximal 
around 40 h after elicitation. Northern blot analy- 
sis revealed striking induction of G6PDH and 
6PGDH transcripts in elicitor-treated alfalfa cell 
suspension cultures (Fig. 7). Transcript levels 
were strongly induced by 4 h after elicitation, fol- 
lowed by a gradual decline to control levels over 
the next 10 to 20 h. The high transcript levels were 
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Fig. 3. Comparison of the deduced amino acid sequences for the alfalfa clones O19 (6-phosphogluconate dehydrogenase, A) and 
G10 (glucose-6-phosphate dehydrogenase, B) with the deduced amino acid sequences for E. coli 6PGDH [40] and potato G6PDH 
[20]. Identical amino acids are indicated by (:), similar amino acids by (.). The resumed binding sites for 6-phosphogluconate and 
glucose 6-phosphate are boxed. 

consistent with the high proportion of G6PDH 
and 6PGDH clones in the elicited alfalfa cDNA 
library. The increased transcript levels resulted in 
small but significant increases in the extractable 
activities of the two enzymes, reaching maximum 
levels (ca. 30~o increase) by 4 h after elicitation 
(Fig. 8). The increased activity declined to con- 
trol levels by 12 h in the case of 6PGDH, but 
G6PDH activity remained elevated for at least 
18h. 

To determine whether the elicitor-induced in- 
creases in steady-state transcript levels reflected 

transcriptional activation of the G6PDH and 
6PGDH genes, nuclear transcript run-on analy- 
sis was performed. Changes in 6PGDH transcrip- 
tion rates compared to those of PAL were deter- 
mined in three independent experiments using 
different alfalfa cell batches, and G6PDH tran- 
scription was measured in two of these experi- 
ments. The data in Fig. 9 summarize these stud- 
ies. Transcription of G6PDH and 6PGDH genes 
was rapidly activated following exposure to elici- 
tor. Although the absolute timings of the changes 
in transcription rate varied considerably between 
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Fig. 4. Southern blot hybridization of alfalfa genomic DNA to 
G6PDH and 6PGDH sequences. Genomic DNA was di- 
gested with Eco RI, Hind III and Sca I, electrophoresed on 
1% agarose gels, blotted onto nylon membranes and probed 
with full-length O19 (6PGDH, A) or G10 (G6PDH, B) in- 
serts. 
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Fig. 6. Relative levels of 6PGDH (V1), G6PDH (C)) and 
CA4H ( 0 )  mRNAs during nodule development. For each 
time point 10 #g of total RNA was separated by electrophore- 
sis, blotted onto a nylon membrane and hybridized with the 
different probes. N3 to N6 represent nodule mRNAs from 
3-6-week old plants, and N7 represents mRNA from old, 
senescing nodules harvested from 9-week old alfalfa plants. 
R2 represents mRNA from 2-week old alfalfa-roots; at this 
early stage of development, the young nodules could not yet 
be harvested because of their microscopic size. The blots were 
quantitated with a Phosphorlmager. The strongest signal for 
each probe during the developmental time course was nor- 
malized to 100%. 

Fig. 5. Northern blot analysis of 6PGDH mRNA levels in 
various organs of 6 week old alfalfa plants. Total RNA (10/lg/ 
lane) was separated by electrophoresis, blotted onto a nylon 
membrane and hybridized with the labelled 6PGDH clone. 

different batches of elicited cells, transcription of 
the two pentose phosphate pathway enzyme genes 
was closely co-ordinated over the first 30 to 
45 min after elicitation. Increases in transcription 

Fig. 7. Accumulation of G6PDH (A) and 6PGDH (B) tran- 
scripts in alfalfa suspension cells upon elicitation with yeast 
elicitor. Cells were harvested at different time points after 
elicitation, and total RNA (10 #g/lane) was separated by elec- 
trophoresis, blotted onto nylon membranes and probed with 
the labelled full-length clones for 6PGDH and G6PDH. 
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Fig. 8. Increase in 6PGDH (o) and G6PDH ( 0 )  enzyme 
activities in alfalfa suspension cells after elicitation with yeast 
extract. Corresponding activities in unelicited cells are shown 
by ~ and • respectively. One unit of enzyme activity is de- 
fined as 1 mmol NADPH produced per minute. 

of G6PDH and 6PGDH were slower than that of 
PAL in the early stages of induction. Thus, in the 
experiment shown if Fig. 9A, increased transcrip- 
tion of PAL was measurable 10 min after elicita- 
tion, whereas increased transcription of 6PGDH 
was not initiated until 20 to 30 min after elicita- 
tion. Similar results are seen for both pentose 
phosphate pathway genes in relation to PAL in- 
duction in the experiment shown in Fig. 9B, in 
which maximum transcription rates were attained 
at one hour post-elicitation for all three genes. In 
the experiment shown in Fig. 9C, increased tran- 
scription of G6PDH and 6PGDH was measur- 
able earlier than in the two previous experiments, 
although the initial rate was still lower than for 
PAL. 

Signals for activation of pentose phosphate pathway 
genes in elicited cells 

As the above results indicated that elicitation 
leads to increased pentose phosphate pathway 
enzyme activities via transcriptional activation, 
we asked whether this was brought about directly 
through elicitor-mediated signal pathways or was 
a consequence of the cells' sensing of the require- 
ment for increased production of NADPH to 
support the synthesis of elicitor-induced isofla- 
vonoids. We first measured NADPH and NADP 
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Fig. 9. Transcriptional activation of G6PDH, 6PGDH and 
PAL genes upon elicitation. Three different batches of alfalfa 
suspension cells were treated with yeast elicitor, cells from 
different time points were harvested, and nuclei isolated for 
nuclear transcript run-on analysis. Transcripts synthesized by 
the isolated nuclei in vitro were hybridized to excess immobi- 
lized cDNA probes. Each batch of in vitro transcripts was 
hybridized to a membrane strip containing all three probes. 
Transcription induction kinetics are shown for the three dif- 
ferent experiments (A, B, C). Values from Phosphorlmager 
analysis are presented, normalized to the highest value for 
each transcript as 100~o. Kinetics of G6PDH ((3) and 
6PGDH (I-1) transcription are compared to those of PAL 
(O), the first enzyme of the phenylpropanoid pathway. 

levels in the cells (Fig. 10). Elicitation had no 
significant effect on the levels of NADPH (20- 
25 nmol/g fresh weight) or NADP (2-5 nmol/g 
fresh weight). The levels of NADPH and NADP 
remained constant during the period of early in- 
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Fig. 10. Changes in N A D P H  and N A D P  levels in alfalfa sus- 

pension cells upon elicitation. Cells were harvested at differ- 
ent times after elicitation, and immediately assayed for 
NADPH (0) and NADP ((3) levels. 

duction of phytoalexin biosynthetic enzyme ac- 
tivities (which consume NADPH) [12] and dur- 
ing the later increase in G6PDH and 6PGDH 
activities (which produce NADPH).  It is there- 
fore unlikely that NADPH level itself could act as 
a signal for pentose phosphate pathway gene 
activation. 

L- ~ - aminooxy - ~ - phenylpropionic acid 
(AOPP) is a potent inhibitor of PAL activity in- 
vitro and in vivo, and effectively blocks synthesis 

of phenylpropanoid derived compounds in alfalfa 
cell cultures [28]. AOPP-treated cells can re- 
spond to elicitor-mediated signals [34], but are 
blocked at the level of flux into metabolites syn- 
thesized from cinnamate, the product of the PAL 
reaction. Treatment of elicited alfalfa cells with 
AOPP at a concentration known to inhibit alfalfa 
PAL in vivo led to a one hour delay but only a 
27.5~o decrease in maximum transcription rate 
for both genes (data not shown). In contrast, PAL 
transcription was more rapid and was 250~o 
higher in AOPP-treated than in control elicited 
cultures (data not shown), consistent with previ- 
ous results which have shown super-induction of 
PAL transcription and activity associated with 
inhibition of flux into the phenylpropanoid path- 
way [5, 34]. 

The above results suggest that transcriptional 
activation of pentose phosphate pathway genes is 
the result of early elicitor-mediated signal trans- 
duction events rather than subsequent metabolic 
events dependent on induction of the phenylpro- 
panoid pathway. Hydrogen peroxide has recently 
been demonstrated to act as a diffusible signal for 
the elicitation of genes of antioxidative metabo- 
lism, such as glutahione S-transferase and glu- 
tathione peroxidase, in soybean cell cultures [ 32 ]. 
However exogenously supplied H202 (2 mM) 
failed to induce either G6PDH or 6PGDH tran- 
scripts in the alfalfa cell cultures (data not shown). 

Discussion 

Using the recently described potato G6PDH 
cDNA clone [20] as a probe, we isolated corre- 
sponding cDNAs from an elicited alfalfa cell sus- 
pension library. These clones, which were highly 
represented in the elicited cell culture library, 
appeared to represent a single class of G6PDH 
transcript. This alfalfa G6PDH was over 90~o 
identical to that from potato at the amino acid 
level. Neither alfalfa nor potato G6PDH clones 
contain a characteristic chloroplast targeting se- 
quence or the conserved cysteine residues char- 
acteristic of light/dark redox-regulated cyanobac- 
terial G6PDHs [20, 45]. The alfalfa G6PDH 
cDNA therefore most likely corresponds to a cy- 
toplasmic form of the enzyme involved in the oxi- 
dative pentose phosphate pathway. The lack of a 
chloroplast target sequence suggests the same is 
true for the 6PGDH, the sequence of which has 
not been previously reported from plants. These 
findings are consistent with the lack of functional 
chloroplasts in the non-photoautotrophic alfalfa 
cell cultures. 

A comparison of 6PGDH sequences from 
Drosophila, bacterial, ovine and porcine sources 
revealed two highly conserved sequence motifs 
[30]. In the alfalfa 6PGDH sequence these are 
located at amino acid positions 129-138 and 
259-271, and represent the NADP and 6-phos- 
phogluconate binding sites. The deduced Mr of 
53625 is consistent with previous reports of 



6PGDHs from soybean, spinach, and castor bean 
having an overall Mr of 110000 or a subunit Mr 
of 55000 [22, 46, 51]. 

The highest levels of pentose phosphate path- 
way enzyme transcripts in alfalfa plants were ob- 
served in root nodules and non-nodulated root 
tissue. In soybean, the high activity of 6PGDH 
and corresponding flux through the pentose phos- 
phate pathway in the plant fraction of root nod- 
ules has been proposed to be associated with the 
requirement for synthesis of purine ribonucle- 
otides (via ribulose 5-phosphate), for production 
of ureides, the transport form of fixed nitrogen in 
soybean [22, 30]. However, alfalfa nodules, which 
transport fixed nitrogen in the form of amides, 
have similar overall pentose phosphate pathway 
activity to soybean nodules [30], suggesting the 
need for alternative explanations of the high pen- 
tose phosphate pathway activity. In pea roots, 
6PGDH and G6PDH activities have been impli- 
cated in the production of reducing power for 
nitrite reduction in the plastids [14, 39]. Our 
analyses did not distinguish between plastidic and 
cytosolic activities. 

Both G6PDH and 6PGDH have been reported 
to be higher in leaves of Citrus species resistant to 
infection by the bacterial pathogen Xanthomonas 
campestris cv. citrithan in susceptible species [25 ]. 
This may be associated with increased levels of 
pre-formed antimicrobial phenolic compounds in 
the resistant species. 

The activities of both G6PDH and 6PGDH 
increase at the onset of phytoalexin accumulation 
in elicited alfalfa cell suspension cultures, pre- 
ceded by increased steady-state transcript levels 
and transcriptional activation rates. The relatively 
small overall increases in extractable activities 
(compared to those of several of the enzymes of 
the phenylpropanoid/isoflavonoid pathway [ 12]) 
are perhaps surprising in view of the extent of the 
increase in steady state transcript levels, but are 
similar to the changes in G6PDH reported in 
elicited bean and chickpea cell suspensions [10, 
43 ]. In soybean, fungal elicitation was reported to 
have no effect on G6PDH activity in cell cultures, 
although the enzyme was induced in hypocotyls, 
but not significantly in roots, following infection 
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with Phytophthora megasperma f. sp. glycinea [6, 
7, 29]. 

Is induction of the pentose phosphate pathway 
necessary to support the synthesis ofisoflavonoid 
phytoalexins in elicited alfalfa cells? Medicarpin 
synthesis involves 6 enzymatic activities requiring 
NADPH (Fig. 1). The total NADPH requirement 
for phytoalexin synthesis from L-phenylalanine 
is ca. 1800 nmol/g fresh weight over the first 
20 h after elicitation, based on accumulation of 
300 nmol/g fresh weight total medicarpin (agly- 
cone plus conjugate) over this time period [12]. 
Literature values for the KmS for NADPH for 
some of these enzymes are 17/~M (CHR), 20- 
50 #M (IFR) and 40-45/~M (PTS) [4, 16, 17, 53, 
54]. Thus, the concentration of NADPH in un- 
elicited cells is poised at around the K m values for 
this set of enzymes. As other NADPH-consuming 
reactions will also be occurring in the cells, re- 
plenishment of cytoplasmic NADPH may be a 
metabolic priority which can only be achieved by 
increased enzyme production, and the small 
changes (ca. 30~o) reported here may be suffi- 
cient. It will be interesting in the future to deter- 
mine the reason for the apparent discrepancy be- 
tween transcript levels and enzyme activity for 
G6PDH and 6PGDH in the elicited cells. This 
may reflect a low rate of recruitment of the tran- 
scripts into polysomes, or the synthesis of new 
enzyme which is either inactive or subsequently 
inactivated. 

Elicitor-mediated transcriptional activation of 
genes encoding early enzymes of isoflavonoid 
biosynthesis (e.g. PAL and CHS) is highly co- 
ordinated [31 ], suggesting response to a common 
signal transduction pathway. The initial transcrip- 
tion kinetics of G6PDH and 6PGDH are mutu- 
ally co-ordinated, but these genes are activated 
somewhat later than the PAL group. However, 
the timing of induction of the two pentose phos- 
phate pathway genes, and the still significant ac- 
tivation of both genes in cells in which flux into 
the phenylpropanoid pathway is inhibited with 
AOPP, suggest that downstream metabolic sens- 
ing of requirement for NADPH production is not 
the signal for pentose pathway gene activation. It 
appears, from the induction kinetics, that both 
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genes respond to a secondary signal generated 
during the first 10 min post-elicitation. This signal 
does not appear to be hydrogen peroxide, which 
has been implicated as a diffusible elicitor of anti- 
oxidative enzymes at the onset of induction of 
phytoalexin synthesis in soybean cells [32]. 
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