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Abstract-L-phenylalanine ammonia lyase (PAL), indoleacetic acid oxidase (IAA oxidase), 0-methyltransferase, 
peroxidase, total phenol& and total indoles were compared in roots and root nodules of alfalfa. PAL, O-methyl- 
transferase, total phenolics and total indoles were higher in nodules than in roots. Isolated bacteroids were assayed 
for 0-methyltransferase, PAL, peroxidase and total phenolics, but their levels were either low or not detectable. 
Nodule leghemoglobin was separated by disc gel electrophoresis and found to have IAA oxidase activity. Phenolics, 
IAA oxidase and leghemoglobin appear to be interrelated in regulating indole levels in the nodule. 

INTRODUCTION 

Secondary metabolites derived from phenylalanine and 
tryptophan are important in plant growth and develop 
ment. The role of IAA (derived from tryptophan) is well 
documented [l, 21. The effect of phenol& (derived 
from phenylalanine) on regulation of IAA and IAA 
oxidase is also well documented [l]. Many studies have 
compared the metabolism of phenylalanine and trypto- 
phan in plants and various plant organs [2,3]. A paucity 
of information, however, exists regarding the compara- 
tive biochemistry of these secondary metabolites in root 
and nodule tissue of legumes, particularly in alfalfa 
(Medicago satiua L.). 

Previous comparisons of root and nodule metabolism 
in legumes have dealt primarily with differences in growth 
regulating compounds. Pate [4] reported that the IAA 
content of pea nodules was higher than that in roots. In 
Lupinus Zutew, Dullaart [S, 61 reported that IAA was 
produced from tryptophan and the concentration was 
substantially higher in nodules than in roots. He also 
reported that roots and nodules differed in their capacity 
to degrade IAA, which he attributed to inhibitors in the 
nodule. In further studies with Lupines, Mennes [7] 
showed higher IAA oxidase in roots than in nodules. He 
suggested this difference was the result of differences in 
phenolic inhibitors in nodules compared to roots. Puppo 
and Rigaud [8] indicated that a portion of the IAA 
oxidase activity of soybean nodules may reside in 
leghemoglobin. These observations suggest that IAA, 
phenol& and perhaps leghemoglobin may be closely 
interrelated in the nodule. 

The need for further investigations into the metabol- 
ism of Products derived from phenylalanine and trypto- 
phan in the root and noduk is evident. The studies re.- 
ported here were undertaken to compare phenylpro- 
panoid and indole metabolism in nodule tissue with that 
of root tissue of alfalfa. 

RESULTS AND DISCUSSION 

PAL, peroxidase activities and total phenol& in 
nodule, root and bacteroid tissue extracts are sum- 
marized in Table 1. Nodule tissue contained 120 y0 more 
total phenol& than root tissue. Phenolics could not be 
detected in bacteroid tissue. PAL activity was 70% 
greater in nodules than in roots, while there was no 
detectable PAL activity in bacteroid tissue extracts. 
Peroxidase activity was 32% less in nodules than in 
roots. There was a low but detectable peroxidase. activity 
in bacteroids. Levels of 0-methyltransferase activity in 
nodule tissue were significantly greater than those in root 
tissue with all substrates (Table 2). Caffeic acid was the 
most efficient substrate. Daidzein and genistein were also 
methylated more readily by nodule preparations than 
root preparations but low levels of activity were obtained. 
Protocatechuic acid was methylated by all preparations. 
In contrast, bacteroids did not methylate caffeic acid or 
the two isoflavanoids tested. 

These data indicate that metabolism of phenylalanine 
to phenylpropanoid derivatives was greater in the nodule 
than in the root tissue. The observed stimulation in 
phenylpropanoid metabolism occurred primarily in the 
host rather than in the bacteroids. This is evidenced by 
the lack of detectable PAL activity, low peroxidase 
activity, no detectable 0-methyltransferase activity for 
caffeic acid and isoflavonoids and no significant quantity 
of phenolics in bacteroid tissue. The high level of pheno- 
lies observed in nodules may have resulted from both an 
increase in PAL activity providing phenylpropanoid 
substrates and a reduction in the oxidation of phenolic 
compounds as evidenced by a lower nodule peroxidase 
activity. Similar observations have been made with 
diseased plant tissues, and several authors [4, 5, 7, 91 
have suggested that nodules are analogous to galls 
caused by Agrobacterium tumefkiens. 

A comparison of total indoles and IAA oxidase 

1889 



1890 C. P. VANCE 

Table 1. Phenylalanine ammonia lyase, peroxidase and total phenolic content of root, nodule, and bacteroid 
tissue of Medicago sativa 

Tissue 
PAL* 

r7M cinnamic acid/hr/mg protein 
Peroxidase* 

AA/min/mg protein 
Phenols*.1 

ug equivalents/g fr. wt. 

Nodule 36.2 + 4.8 34.8 + 3.0 2112 + 144 
Root 21.1 + 2.9 51.2 + 5.7 936 & 78 
Bacteroid N.D.f 5.7 i_ 2.4 N.D. 

* Values represent the average of 4 experiments with 3 replicates in each experiment with SE. 
i” Phenols measured as equivalents of p-coumaric acid. 
2 Not detectable. 

Table 2. 0-methyltransferase activity in root, nodule and bacteroid tissue of Medicago satioa 

Tissue Ferulic acid 
HIM product/hr/mg protein*3 

Vanillic acid Formononetin Biochanin A 

Nodule 244.0 + 36.3 19.0 4 3.2 6.8 + 1.9 8.8 + 0.8 
Root 109.0 f 32.2 8.0 & 2.7 2.6 + 1.2 3.4 + 1.1 
Bacteroid N.D.? 14.0 f 3.0 N.D. N.D. 

* Values are the average. of 5 experiments with 3 replicates in each experiment with SE. 
? Not detectable. 
$ Substrate for each respective product was caffeic acid, protocatechuic acid, daidzein, genistein. 

activity showed that total indoles were higher in the by high 0-methyltransferase activity (Tables 1 and 2). 
nodules than in the roots (Table 3). It should be noted The most effective substrate for this enzyme was calfeic 
that the indole content of the nodule was not just IAA acid which was converted to ferulic acid. It would 
since the procedure used would measure both indole appear that the increased capacity of the nodule to 
precursor and degradation products of IAA. IAA oxidase synthesize ferulic acid or related compounds may pre 
activity in the nodule was 33 y0 that of root tissue. vent IAA degradation by inhibiting IAA oxidase activity. 

IAA has been shown to be higher in the nodules than 
in the roots of both pea and lupin [6,4]. IAA concentra- 
tion in root nodules of lupin was 3 times higher than that 
in roots [6], while in pea IAA was SO times higher in 
nodules than in roots [4]. The values for indole con- 
centration in alfalfa in this study are similar to the results 
reported for pea. Mennes [fl showed lupin to have 
significantly lower IAA oxidase activity in the nodule 
than in the root, and ascribed this to endogenous in- 
hibitors, probably phenolic. The data presented in this 
report agree with Mennes’ suggestion. 

The reported high levels of IAA in nodules may result 
from increased synthesis accompanied by reduced degra- 
dation because of lower IAA oxidase activity [5-7]. 
Phenol&, particularly caffeic and ferulic acids, are 
considered potent inhibitors of IAA oxidase activity [I]. 
In alfalfa, high phenol& in the nodule were accompanied 

Preliminary studies of IAA oxidase in root and nodule 
tissue of alfalfa indicated that a portion of the nodule 
IAA oxidase activity was associated with the leghemo- 
globin fraction. To further verify this the leghemoglobin 
fraction of nodule tissue extracts was precipitated with 
(NH&SO, (0.65-0.80) saturation, and further purified 
by disc gel electrophoresis. The gel scans indicated 3 
major and 3 minor peaks for leghemoglobin as measured 
by absorbance at 425nm. IAA oxidase activity was 
associated with the 3 major leghemoglobin peaks and the 
major peak corresponded to the leghemoglobin peak at 
3.5 cm. The minor leghemoglobin peak at 6.0cm did 
not appear consistently and had no IAA oxidase activity. 
The increase in absorbance at 530 nm beyond 6.0 cm 
resulted from the diffusion of the tracking dye into the 
gel during enzyme assay. Also another IAA oxidase peak 
was found at 9.4 cm that did not correspond to leghemo- 
globin. All areas in the gel that showed IAA oxidase 
activity also showed peroxidase activity with pyrogallol. 

Table 3. Indoles and IAA oxidase activity in root and nodule 
tissue of Medicago sativa 

Tissue 

Nodule 
Root 

Indoles*i 
ug equivalents/ 

g fr. wt 

8.00 + 3.1 
0.24 + 0.2 

IAA oxidase* 
uM IAA destroyed/ 

mg protein 

0.69 + 0.22 
2.20 + 0.56 

* Values represent the average of at least 4 experiments with 
3 replicates in each experiment with S.E. 

7 Indoles measured as equivalents of indole-3-acetic acid. 

Leghemoglobin is thought to function by regulating 
oxygen tension in the nodule [9, IO]. The data presented 
here indicate that leghemoglobin may also act as an 
IAA oxidase accompanied by a peroxidase function with 
pyrogallol. This observation agrees with the results of 
Puppo and Rigaud [S] who showed that soybean leg- 
hemoglobin, in the oxidized state, acted as an IAA oxi- 
dase. Nitrite has been shown to oxidize leghemoglobin 
[ll]. Nodules of alfalfa have a high nitrate reductase 
activity (Vance, unpublished). These observations suggest 
that in the presence of high nitrate concentrations 
leghemoglobin may function as an IAA oxidase as well 
as to regulate oxygen tension in the nodule. 
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IAA has been implicated as a major compound asso- 
ciated with nodule morphogenesis and growth [4,5,10]. 
The results presented in this report indicate that phenolic 
metabolism, IAA oxidase and leghemoglobin are all 
interrelated in regulation of IAA levels in alfalfa nodule 
tissue. 

EXPERIMENTAL 

P&t rnff~~~j#~. Field-grown alfalfa (~e~icQg~ s&w L. 
Apollo) plants were dug 6&65 days after emerging from the soil. 
Nodules and roots were separated by hand and either stored on 
ice for immediate use or frozen and stored at -20” for later use. 

Preparation ofceU+ee extracts. Cell-free extracts of roots and 
nodules were prepared by grinding the tissue in acid washed 
sand with Pol$& AT (0.1 gfg tissue) and extracting twia: with 
0.05 M Na Pi buffer (2 ml/a tissue) OH 7.0, containing 10 mM 
m~~pt~thanoL The n&&ant s&r-v was.~ntr~ug~ at 400 g 
for 15 min and the pellet discarded Bacteroids were collected 
from the nodule supernatant by a second centrifugation at 
68008 for 20min. To further clarify the supematants from 
nodules and roots, the prepns were centrifuged at 150006 for 
20min and the pellet was discarded. The supematant was 
treated with solid (NH,),SO, to 0.80 saturation. The ppt. 
formed in 45 min was collected by centrifugation at 15000 g for 
15 min. The ppt. was dissolved in a small vol. of 0.05 M Na Pi 
buffer, pH 7.0. The prepn was desalted by dialysis or by passage 
through Sephadex G-25 (coarse grade). 

Bacteroids were homogenized in a Braun Homogenizer with 
0.2S-O.33 mm glass beads in the same buffer as used for plant 
material (3 ml/g bacteroids). The homogenate was centrifuged 
at 15ooO g for 20 min and the pellet was discarded. 

The pink-red supernatant from nodules also was the source of 
le~~o~obin. A portion of the supernatant was treated with 
solid (NH& SO., and the fraction that pptd between 0.65-0.80 
saturation was collected for leghemoglobin. The ppt. was 
dissolved in a minimal amount of 0.05 M Na Pi buffer at pH 6.5. 
The coned leghemoglobin was dialysed against the same buffer 
for 16 hr. 

Enzyme assays and electrophoresis. PAL activity was measured 
by the procedures of refs. [i2, 133. ~-methyltransfera~ was 
assayed according to the procedure ref. [14]. The assay for 
peroxidase was that described by ref. [is]. IAA oxidase was 
measured according to the procedure of ref. (161. The radio- 
active products were identified by cochromatography with 
authentic standards. 

The electrophoresis procedure for leghemoglobin was that 
described by ref. [17]. After electrophoresis gels were scanned 
at 425 nm and 563 nm for le~emoglobin. The gels were stained 
for IAA oxidase according to ref. [ 18‘3 or peroxidase according 
to ref. [19]. After the gels were stained for enzyme activity and 

scanned they were compared with gels containing leghemoglo- 
bin. 

~e~sur~rne~ of total phenolics and wholes. Phenol& were 
measured in tissue according to the procedure described by ref. 
[20] with p-coumaric acid as the standard Indoles were 
measured according to ref. [2i], with IAA as the standard. 

General methods. Protein was measured according to ref. [22]. 
Radioactivity in products from enzyme assays was determined 
in a scintillation cocktail containing 4g Omnillour (New 
England Nuclear) in 750 ml toluene and 250 ml 95 % EtOH. 
Spectra and gel scans were obtained on a S~ctrophotomet~ 
with gel scan accessory. 

Acknowledgement-The author is grateful for the technical 
assistana: of Mr Jeffrey Bryan. 

REFERENCES 

1. Schneider, E. A. and Wightman, F. (1974) Ann. Rer. Plant 
Physiol. 25,487. 

2. Scott, T. K. (1972) Ann. Rev. Plant. Physiol. 23,235. 
3. Camm, E. L. and Towers, G. N. H. (1973) Phytochemistry 

12, 157s. 
4. Pate, J. S. (1958) At&. J. Biof. Sci. 11, 516. 
5. Dullaart, J. (1970) Actu Rot. Need. 19, 573. 
6. Dullaart. J. (19673 Actu Bat. Neeri. 16. 223. 
7. Mennes,.A. &I. (ii)73) Acta Bot. Neeri 22, 706. 
8. Puppo, A. and Rigaud, J. (1975) Physiof Plant 35, 181. 
9. Libbenaa, K. R. and Borrers, R. J. (1974) in The Biology of 

Nitrog& Fixation (Quis&, A., ed.j p. 4ji. North-Ho&&d, 
Amsterdam. 

10. Appleby, C. A. (1974) in The Biology of Njtrog~ Fixation 
(Quispel, A., ed.) p. 522 Noah-Holland, Amsterdam. 

I i. Rigaud, J. and Puppo. A. (1977) Biochim. Biophys. Acta 
497,702. 

12. Camm, E. L. and Towers, G. H. N. (1969) Phytochemistry 
9, 1407. 

13. Koukoi, J and Conn, E. E. (1961) J. Bid. Chem 2.36.2692 
14. Wengcnmayer, J., Ebe.1, J. and Griscbach, H. (1974) Eur. J. 

Biochem. 50, 135. 
15. Jennings, P. H., Brannaman, B. L. and Zscheile, F. P. (1969) 

Phytop~thoi~y 59,963. 
16. Lee, T. T. (1972) PIant Physiol. 49,957. 
17. Davis, B. J. (1964) Ann. N. Y: Acad. Sci. 121,404. 
18. Frenkel, C. (1972) Plunt Physiol. 49, 757. 
19. Vance, C. P, Anderson. J. 0. and Sherwood, R. T. (1976) 

Plant Physioi. 57,920. 
20. Swain. T. and Hillis. W. E. 119591 .?. Sci. Food Aaric. 10. 63. 
21. Anthdny, A. and St&et, H. i. (1970) New Phptoi 69,4j. 
22. Lowry, 0. H., Rosebrough, N. J., Farr, A. L. and Randall, R. J. 

(1951) J. Biol. Chem. 193, 265. 


