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cAMP levels were monitored in soybean (Glycine max) infected with race 1 of Phytophthora 

megasperma f. sp. glycinea and in soybean cell suspension cultures treated with a glucan elicitor 
from P. megasperma. While cAMP could be readily detected in soybean hypocotyls using a radio­
immunoassay, no correlation was observed between infection and cAMP levels. No cAMP was 
detected in suspension cultured soybean cells. These results suggest that cAMP does not play a 
significant role in the plant’s response to fungal attack, or the response of suspension cultured 
cells to elicitor.

Introduction [6] reported a decrease in cAMP in clover leaves

Upon infection o f soybean (Glycine max [L.] 
Merr.) hypocotyls with Phytophthora megasperma 
f. sp. glycinea, the glyceollin isomers I - I I I  accum u­
late as m ajor phytoalexins at the infection site [1], It 
was shown by pulse and pulse-chase experim ents 
that the level o f glyceollin is determ ined p re­
dom inantly by its rate o f synthesis [1]. This conclu­
sion was further supported by the observation that 
large increases and subsequent decreases o f the 
enzymes phenylalanine am m onia-lyase and cha l­
cone synthase, which are involved in glyceollin b io ­
synthesis, occur after infection [2]. Since the in ­
crease in PAL activity is due to de novo synthesis o f 
the enzyme [2], the p lan t/pathogen  interaction o b ­
viously triggers a chain o f events which ultim ately  
leads to an initiation o f protein synthesis. The 
question therefore arises w hat molecules are in ­
volved in this signal transfer.

Adenosine-3': 5'-cyclic m onophosphate (cAM P) 
has been found to have various functions in anim als 
and m icroorganisms [3], In particular, cAM P serves 
as a second messenger in anim al systems [4]. The 
occurrence of cAMP in num erous plants has also 
been substantially docum ented [5]. However, the 
physiological role of this com pound in plants is still 
unclear.

Two papers have dealt with a possible role cAM P 
in the response o f plants to infection by viruses. Tu
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after infection with clover yellow mosaic virus. 
However, only one unspecified tim e point was 
exam ined, thus an earlier or la ter increase in cAMP 
levels might have been missed. Recently, Rosenberg 
et al. [7] described experim ents which suggest that 
cAMP m ight play a role in m ediating  the produc­
tion o f antiviral factors in tobacco leaves infected 
with tobacco m osaic virus. We were interested in 
testing the hypothesis that cAMP m ight serve in an 
analogous role in the response o f soybeans to in­
fection with P. megasperma f. sp. glycinea.

Materials and Methods

Fungal culture

Phytophthora megasperma Drechs. f. sp. glycinea 
Kuan and Erwin race 1 was ob ta ined  from B. L. 
Keeling (Stoneville, MS, USA) and was m aintained 
on lim a bean agar. Cultures for inoculation o f 
plants were grown as described [9] on asparagine 
m edium  [10].

Soybean seedlings

Seeds o f soybean (Glycine max [L.] Merr., cv. 
Harosoy 63) were obtained from  R. I. Buzell 
(Harrow, O ntario, C anada). Seedlings were grown 
in verm iculite as described previously [9].

Soybean cell suspension cultures

Soybean cell suspension cultures initiated from 
callus cultures o f Harosoy 63 were grown as de-
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scribed [11] in m edium  I containing Im m o l 1 1 
CaCl2 [12].

Chemicals

Lima bean agar was purchased from D ifco 
(Detroit, MI, USA). cAMP, [3H]cAMP, and [125I]- 
succinyl-cAM P-tyrosine methyl ester were ob ta ined  
from New England N uclear (D reieich, F R G ). A nti­
sera to cAMP were obtained either from  New 
England Nuclear, or from K. Rissler (U niversität 
Freiburg, FRG ). Beefheart phosphodiesterase 
(E. C. 3.1.4.17) was from Boehringer M annheim  
(M annheim, F R G ) and rabbit gam m a globulin 
from Sigma M ünchen (M ünchen, F R G ). A glucan 
elicitor isolated from P. megasperma was donated  
by J. Ebel (Universität F reiburg, F R G ). O ther 
chemicals used were o f at least analytical grade.

Hypocotyl inoculation procedure

Hypocotyls o f intact five day old soybean seed­
lings were inoculated with m ycelia o f P. mega­
sperma f. sp. glycinea race 1 by the surface w ound 
m ethod previously published [13]. Ten hypocotyls 
were used for each treatm ent. Controls consisting o f 
untreated hypocotyls and w ounded hypocotyls 
inoculated with sterile H 20  were also included in 
each assay.

Treatment o f soybean cell suspension cultures

Phenylalanine am m onia-lyase was induced in 
soybean cell suspension cultures by treatm ent w ith a 
glucan elicitor from P. megasperma as follows. Cell 
cultures used for this experim ent had a conductivity 
o f the m edium  of about 2 m m ho. Cell sam ples 
(2 g fr. wt.) were transferred to 40 ml fresh m edium  — 
in a 200 ml Erlenmeyer flask. The transferred cells “ c 
were pre-incubated 10 h in the dark at 25 °C. 
Cultures were then inoculated with 8 mg o f elicitor 
(about 25% glucose equivalents) dissolved in one ml 
sterile water. Control flasks received one ml o f 
sterile water. After incubation as above for various 
times, the cells were harvested as described [14] and 
stored at - 7 0 ° C  until needed. Phenylalanine 
am monia-lyase was assayed as described [14].

Extraction and quantitation o f cAMP

Hypocotyl segments approxim ately 1 cm long 
centered on the wound area were excised, and the

mycelia on the w ound rem oved. The hypocotyl 
segments were im m ediately frozen in liquid n itro ­
gen and then pulverized using a M ikro-D ism em - 
b ra to r '1 (B. Braun, Melsungen, F R G ) equipped with 
a tungsten carbide ball. The frozen tissue pow der 
was im m ediately suspended in 1 ml o f 7% (v/v) 
HC104. Once the pow der suspension had m elted, it 
was centrifuged at 8800 x g  for 4 min and the super­
natant decanted. The H C104 in the supernatants was 
neutralized by addition of solid K H C O 3. The 
resulting precipitate was rem oved by centrifugation 
and discarded. The supernatants were stored at 
— 70 °C until analyzed for cAMP. Soybean cells 
(1 g fr. wt.) from suspension culture experim ents 
were sim ilarly extracted with 1.5 ml o f 7% (v/v) 
HCIO4. Recovery o f cAMP from the tissue extracts 
was m easured using [3H]-cAMP and found to be 
about 62% for hypocotyl extracts and 69% for 
extracts o f soybean cells from suspension culture.

A radioim m unoassay was used to quantita te  
cAMP in the plant tissue extracts. A liquots (100 (il) 
o f the tissue extracts were assayed directly. The 
radioim m unoassay was carried out in one o f two 
ways, depending on the antiserum  used. W ith the 
antiserum  obtained from New England N uclear, the

f mol  c AMP
Fig. 1. Standard curve for the radioimmunoassay of 
cAMP. Each point represents the average, with standard 
deviations, of seven independent assays with duplicates for 
each value. B0 =  cpm of tracer bound in the absence of 
exogenous cAMP, B =  cpm of tracer bound in the sample. 
Logit B/B0 = ln [ (ß /5 0)/(1 0 0 -5 /ß 0)]> where B/B0 is ex­
pressed as a percentage.
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radioim m unoassay was carried out as described for 
acetylated samples [15].

This assay was m odified as follows when using 
the antiserum  supplied by K. Rissler. The latter 
antiserum  was used at a dilu tion  of 1:60000 in
0.05 m  sodium  acetate (pH 6.2). After incubation of 
the tubes containing acetylated sample, tracer and 
antiserum  for 16 to 18 h at 8 °C , 100 (il o f rabb it 
gam m a globulin (5 m g/m l) were added to each tube 
followed im m ediately by 0.5 ml o f a 90% saturated  
am m onium  sulfate solution. The sam ples were 
mixed well, allowed to stand for 1 h at 8 °C , and 
then centrifuged at 8800 x g for 4 min. The super- 
natants were carefully pipetted off and discarded. 
The pellets were washed once by suspension in
0.75 ml o f a 50% saturated am m onium  sulfate solu­
tion and centrifugation at 8800 x g  for 4 min. The 
supem atants were again discarded, and the tubes 
containing the pellets were counted in a gam m a 
counter. The standard curves for cAM P (Fig. 1) 
obtained with the two forms o f the rad io im m uno­
assay were indistinguishable. Each sam ple was 
assayed in duplicate, and a com plete standard  curve 
for cAMP was included in each assay.

Phosphodiesterase treatments

Samples were treated with phosphodiesterase to 
destroy cAMP as follows. A liquots (200 nl) o f 
samples were each mixed w ith 20 [x\ o f phospho­
diesterase (~  50 m U ) as supplied. The sam ples were 
incubated for l h  at 37 °C. The reaction was

stopped by heating the sam ples at 100 °C  for 5 min. 
The samples were then centrifuged at 8800 x g for
2 min and the supernatants assayed for cAMP by 
radioim m unoassay. Controls containing cAMP 
standards, but not phosphodiesterase, showed that 
cAMP was stable under these incubation conditions.

Results and Discussion

The use of a radioim m unoassay allowed the 
facile detection and quantita tion  o f cAMP in ex­
tracts o f soybean hypocotyls (Table I). The am ount 
o f cAMP detected in untreated soybean hypocotyls 
was low (0.6 pm ol/g  fr. wt.) when com pared with 
am ounts found in other plants [5]. However, these 
levels o f cAMP are well w ithin the detection lim it o f 
the radioim m unoassay (0.1 pm ol/g  fr. wt.) (Fig. 1). 
T hat the radioim m unoassay was truly m easuring 
cAMP in the hypocotyl extracts is indicated by two 
criteria. First, the antibodies used in the rad io ­
im m unoassay are specific for cAMP [15]. Secondly, 
no cAMP could be detected in tissue extracts after 
treatm ent o f the extracts with cyclic nucleotide 
phosphodiesterase. F urther controls showed tha t the 
cAMP did not originate in the solvents used to 
extract the hypocotyls tissue.

The am ount o f cAMP present in soybean seed­
lings infected with Phytophthora megasperma f. sp. 
glycinea was m easured at various tim es after in­
fection and com pared with the am ount o f cAMP 
found in unwounded and w ounded plants (Table I). 
Börner and G risebach [2] reported that the activities

Table I. Quantitation of cAMP in soybean hypocotyls infected with Phytophthora megasperma 
f. sp. glycinea (Race 1).

Experiment Incubation
Time
[hours]

Treatm ent3

None W ounding
[fmol cAMP/hypocotyl]

Infection

I 2 34 34 23
4 31 33 38
7 40 36 29

18 32 31 38
II 0.5 41 21 35

1.0 < 5 36 34
2.0 46 25 40
2.5 13 < 5 10

III 2 24 34 43
3 35 29 46
4 13 27 44
5 51 39 26

a Data represent the average of 2 determinations. Ten hypocotyls were used per treatment.
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of several enzymes involved in phytoalexin biosyn­
thesis reach a m axim um  15 h after infection with 
P. megasperma. Thus, if cAM P were to be involved 
in the signal cascade leading to the de novo synthesis 
o f these enzymes, one would expect to observe a rise 
in cAMP levels in infected plants well before this 
time. We were unable to detect such an increase at 
any tim e after infection.

We observed considerable variation in the levels 
o f cAMP in the hypocotyls irrespective o f the trea t­
ment the hypocotyls received (Table I). F or ex­
ample, between 0.5 fm ol/hypocotyl and 51 fm ol/ 
hypocotyl o f cAM P were found in unw ounded, 
uninfected hypocotyls, while infected seedlings con­
tained between 11 fm ol/hypocotyl and 46 fm ol/ 
hypocotyl. These fluctuations could not be cor­
related with infection. T hat is, the variation ob­
served in cAMP levels am ongst unw ounded, unin­
fected seedlings was as great as the variation ob­
served between infected and uninfected plants. 
Certainly, there was no consistent increase in cAMP 
content o f the hypocotyls after infection. In fact, in 
some cases less cAMP was found in infected seed­
lings than in untreated ones. These results suggest 
that cAMP does not play a physiological role in the 
response of soybean seedlings to infection with 
P. megasperma f. sp. glycinea. In addition, the varia­
tion in cAMP levels could indicate that the cAMP 
found in the hypocotyls originates from m icro­
organisms present in the plant tissue, rather than 
from the plant tissue itself.

The possibility rem ained tha t the inability to 
detect changes in cAMP levels in the soybean 
hypocotyls after infection was due to too few soy­
bean cells being induced by the invading hyphae. 
To examine this possibility, soybean cell suspension 
cultures were treated w ith a glucan elicitor from 
P. megasperma which has previously been shown to 
induce enzymes o f phytoalexin biosynthesis in such 
cultures [11, 14]. Since m ost or all cells in a culture

so treated will come into contact w ith the elicitor, 
greater am ounts o f uniform ly induced cells can be 
obtained from such an experim ent than from  in­
fected hypocotyls. We were unable to detect any 
cAMP either in control (w ater-treated) or elicitor- 
treated soybean cell suspension cultures, even 
though phenylalanine am m onia-lyase was induced 
by the latter treatm ent. The detection lim it for 
cAMP under the extraction conditions used was 
75 fmol/g fr. wt. Exogenously added authentic cAMP 
could be recovered in the cell extracts, thus, we 
would have been able to detect cAM P had it been 
present in the cells. The inability  to detect any 
cAMP in soybean cell suspension cultures in which 
the enzymes for phytoalexin biosynthesis were 
induced, implies that the induction o f this pathw ay 
does not rely on cAMP as a second messenger. 
Furtherm ore, these data show that soybean cells are 
able to grow and rem ain healthy w ithout producing 
any cAMP.

The finding that soybean cell suspension cultures 
produce no cAMP is in contrast to the w ork of 
Brewin and N orthcote [16]. These authors w ere able 
to detect 2 to 40 pm ol/fr. wt. o f cAM P in soybean 
cell suspension cultures using a cA M P-binding 
protein assay. The reasons for this discrepancy are 
not clear. The extraction technique used in the 
present report does not differ substantially  from 
those used by others [7, 16]. Furtherm ore, the rad io ­
immunoassay would have easily detected such 
am ounts of cAMP had they been present in our 
cultures.
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