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Abstract. Radioimmunoassays (RIA), employing antisera raised in rabbits
against bovine serum albumin conjugates of zeatin riboside, dihydrozeatin
riboside, and isopentenyladenosine, were used to estimate levels of these
cYtokinins and their corresponding bases in samples of effective (nitrogen-
fixing, Fix+), ineffective (nonnitrogen-fixing, Fix - ) pea root nodules and
uninoculated roots . Assays were done on extracts of nodule tissue, 1-2 g
fresh weight, or approximately 10 g fresh weight of root tissue, and high
specific activity [ 3H]zeatin riboside was added during preparation of the
extract for use as a recovery marker . Two different purification procedures
were employed, each involving several purification steps . High perfor-
mance liquid chromatography (HPLC) was the final step in both proce-
dures. Fractions from HPLC were analyzed by RIA using the appropriate
antiserum . The cytokinins, zeatin, zeatin riboside, dihydrozeatin riboside,
i
sopentenyl adenine, and isopentenyladenosine were detected and quanti-
fied in nodule tissue, and similarly, in root tissue (with the exception of
zeatin, which we were unable to quantify in root tissue) . Cytokinin levels
ill nodule tissue were higher than those in root tissue . The major cyto-
kinins detected in nodule tissue were zeatin, followed by zeatin riboside
and then dihydrozeatin riboside . The levels of zeatin and zeatin riboside
estimated in nodules in the present study by RIA were of the same order of
magnitude, though tending to be a little higher, than values obtained pre-
viously by bioassay. Dihydrozeatin riboside was identified with confidence
for the first time in nodule tissue . There was a general decline with age in
cYtokinin levels in nodules, but no major qualitative change in nodule cy-
tokinins with age . For the Rhizobium strains examined, the data did not



98

	

J. Badenoch-Jones et al'

indicate a clear correlation between nodule cytokinin levels and the effec'
tiveness of nodules in nitrogen fixation .

For some years, our research group has been interested in the role played by
phytohormones (in particular, auxins and cytokinins) in the initiation, develop'
ment, and maintenance of root nodules (Badenoch-Jones et al . 1982a,b, 1983'
1984a-c). We have a number of mutant strains of Rhizobium leguminosarum
and R. trifolii that are potentially useful for elucidating certain aspects of th e
legume-Rhizobium symbiosis . We have already investigated the metabolism
of cytokinins in pea root nodules inoculated with strains of R . leguminosarum
that form either effective or ineffective root nodules (Badenoch-Jones et al
1984a,c) . No major differences in cytokinin metabolism between the two
nodule types were detected, but this did not preclude differences in cytokini n
contents. Hence the present study was made to examine cytokinin levels m

these two nodule types .
A role for cytokinins in nodule initiation and growth has been implicated

since root nodules are plant regions where accelerated cell division occurs an
the major physiological effect of cytokinins is to induce cell division ($ ee
Letham 1978) . However, progress toward substantiating this has been limited'
largely because of analytical difficulties in measuring the low levels of cYt o,
kinins in plant tissues, including root nodules . Previous investigations of cYto"
kinin levels in root nodules have employed bioassays (Puppo et al . 1971'
Henson and Wheeler 1976, 1977, Syono and Torrey 1976, Syono et al . 1976'
Rodriguez-Barrueco et al . 1979, Jaiswal et al . 1981, Wang et al . 1982) or gas
chromatography-mass spectrometry (GC-MS) (Wang et al . 1982). Howeve r'
bioassays are very time-consuming and lack precision (see Letham 1978) '
Analysis by GC-MS, using deuterium-labeled cytokinins as internal standar ds
(see Brenner 1981), allows unequivocal identification and accurate quantifica,
tion of cytokinins, but it requires extensive sample purification before analYsi s '
and it lacks the sensitivity required to deal with small samples of tissue . Wang
et al . (1982) were not successful in detecting cytokinins in a O .67-g (dry weigh t
sample of nodules or a 2-g sample of roots of Pisum sativum by GC-MS- 1
would appear necessary to use much larger amounts of tissue (in the order of
25 g fresh weight) in order to detect cytokinins by this method, but collectio n
of nodules from legumes such as P. sativum and Trifolium repens is exce"
sively time-consuming . Yet it is nodules from these smaller legumes that ar e
frequently of special interest because of the availability of mutant strains of fl ,
leguminosarum and R . trifolii . The present study was therefore carried out to
assess the usefulness of an alternative method, RIA, for measuring cytokin ln
levels in root nodules .

Results of studies employing bioassay have suggested the possible presen eO
of the following cytokinins in root nodules : N6-(M2-isopentenyl)adenine(iP) 10 4

(Puppo et al . 191 1 '
Syono and Torrey 1976, Jaiswal et al . 1981) and zeatin(6-[4-hydroxy-3-nte th~
ylbut-trans-2-enylamino]purine)(Z) and zeatin riboside (9-[3-D-ribofuranpSY
zeatin)([9R]Z) (Henson and Wheeler 1976, 1977, Syono and Torrey 197 6 '
Jaiswal et al . 1981) . In the present study, emphasis was therefore placed on
examining root nodules for these cytokinins . In many of the bioassay studie s '



Phytohormones, Rhizobium Mutants, and Nodulation in Legumes

	

99

(td s possible that dihydrozeatin(6-[4-hydroxy-3-methylbutylamino]purine)
)Z)] and dihydrozeatin riboside ((diH)[9R]Z), respectively, contributed to

activity in the fractions designated as Z or [9R]Z . We were therefore also inter-
ested in investigating the possibility of the presence of (diH)Z and (diH)[9R]Z
In root nodules . It was possible to analyze all the above-mentioned cytokinins
by using RIAs that employed, separately, the three following antisera :anti-[9R]Z-serum, anti-(diH)[9R]Z-serum, and anti-[9R] iP- serum .
We have also examined the cytokinin levels in root tissue, as it has been

suggested that nodules contain higher levels of cytokinin than root tissue
(puppo et al . 1974, Henson and Wheeler 1976, 1977), although there is someControversy over this point (Wang et al . 1982) .
Before applying RIA to the current problem, we made a study to assess the

validity of the method for measuring cytokinins in biological samples . From
that study, which employed an anti-[9R]Z-serum (Badenoch-Jones et al .
1g84 d), we concluded that RIA, although not without limitations, appeared to
be a sensitive and powerful technique when used in conjunction with suitableChromatographic procedures for the separation of cross-reactive compounds .
In the present study, two different methods were used for the separation of
cYtokinins present in root nodules, prior to RIA . One of the methods was a
modification of that developed in our previous study (Badenoch-Jones et al .

[

1984d). It was used for examining Z and [9R]Z only, and employed an HPLC
step with a Zorbax C8 column . During the current work, we developed another
method which enabled the examination of all the following cytokinins in RIAs
[9 l .oYing the appropriate antiserum : Z, [9R]Z, (diH)Z, (diH)[9R]Z, iP, and
wR]'P• With this method it was possible to purify a sample as a single entity,

h the exception of the final separative step . The present study is one of few
studies (MacDonald et al . 1981, Weiler and S anier 1981, Morris et al . 1982,
Ak'Yoshi et al. 1983) that have applied RIA to the analysis of a practical
oblem of plant physiology, and the only study that has examined by RIA

Such a wide range of cytokinins in a tissue .

Materials and Methods
Ma terials

Mer

rytokinin standards were obtained as follows : Z and [9RJZ were purchased
°ni Calbiochem-Behring Corp . and (diH)Z, iP, and [9R]iP from Sigma Chem-

ical C0 • (diH)[9R]Z was prepared by hydrogenation of [9R]Z in methanol solu-
[30'iusing platinum oxide at room temperature and under I atm of hydrogen .
ge][9R]Z of the highest specific activity available (140 .6 GBq mmol - ') was a

rOus gift from C. H. Hocart . Silica gel 60 PF254 was purchased from E .
ck, Darmstadt, FRG . The following dyes were used as markers for thin-

Iti r chromatography (TLC) : Nile blue (George T. Gurr, Division of Baird and
(Bt Chemicals ,

England),
Poole, p-roEngland) .

(Sigma Chemical Co.), and eosin
81)11
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Bacterial Strains and Plant Culture

The R . leguminosarum strains used were an effective strain, ANU897 (Nod
+

Fix+) (Johnston and Beringer 1976), and an ineffective strain (as indicated by
the stunted growth, yellow leaves, and lack of acetylene production in plants
inoculated with this strain), ANU203 (Nod+ Fix - ) . Strain ANU203 was con'
structed (Badenoch-Jones et al. 1983) by transferring the transmissible pea
nodulation plasmid (pJB5JI) into strain 202 . Strain 202 is a derivative of the
naturally occuring R . trifolii coryn strain (Chen and Thornton 1940), for which
the symbiosis does not continue long enough to achieve much nitrogen fixation
(Vincent 1980) . This mutant is classed as a nodule persistence (Nop) mutant
under the scheme of Vincent (1980) .

Strain ANU203 seemed a likely candidate for producing nodules that exhibi t
an alteration in phytohormone levels or metabolism . Details of the method fo r
growing pea plants (P . sativum L . cv Greenfeast) in 250-ml flasks using aseptic
techniques have been reported previously (Djordjevic et al . 1982). Quadruple '
cate samples of approximately 1-2 g fresh weight were collected for each of
the following five nodule treatments: nodules harvested at 15 and 30 days after
inoculation of plants with strain ANU897, and at 15, 21, and 36 days after
inoculation with strain ANU203 . There is a 6-day delay in nodulation by strain
ANU203 compared with strain ANU897 . Roots (triplicate samples of appro'"
mately 10 g fresh weight) were collected from uninoculated plants at a tim e
corresponding to the nodule collection made 15 days after inoculation"
Nodules and roots were stored in a liquid nitrogen freezer (-198°C) prior to
extraction .

Tissue Extraction and Purification

Frozen nodules and roots were weighed and dropped into methanol-water'
formic acid (70 :25 :5, v/v/v) at -20°C (10 ml g - ' fresh weight tissue), before
thawing . [3H][9R]Z (336 Bq) was added as a recovery marker . After 24 h at
- 20°C, the sample was homogenized in a small blender . After a further 24 h at

-20°C, the homogenate was filtered, resuspended in an equal volume of so ;

vent, and refiltered . The combined filtrates were adjusted to pH 8 .2 and parts,
tioned twice with an equal volume of water-saturated n-butanol . The combine

d

butanol extracts were chromatographed by HPLC, using a Bondapak C 181por

asil B column (7.8 x 610 mm; Waters Associates, Milford, MA, USA), under

the conditions described by Badenoch-Jones et al . (1984d) . Two alternative
procedures, A and B (Fig. 1), were used for further purification of the column
eluate .
Procedure A . Following HPLC on the Bondapak C 18/Porasil B column, on e

nodule sample from each treatment was chromatographed on a ZorbaX CS
column (9.4 x 250 mm; DuPont Company, Wilmington, DE, USA) prior t o
analysis of Z and [9R]Z . The solvents and flow rate for the Zorbax C8 colum n
were as described by Badenoch-Jones et al . (1984d) . The Zorbax C8 colum

n

enables separation of several cytokinins that cross-react with anti-[99]Z'
serum-namely, zeatin-9-glucoside ([9G]Z) ; lupinic acid (L-[3-[6-(4-hydroxY'3'
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methylbut-traps-2-enylamino)-purin-9-yl]-alanine) ([9A1a]Z) ; [9R]Z ; (diH) -
[9R]Z; Z; and (diH)Z (Badenoch-Jones et al . 1984d) . Following the injec-
tion of each nodule sample onto the Zorbax C8 column, 13-18 HPLC fractions
were collected . The aim was to collect putative Z and [9R]Z as discrete frac -
tions at the elution times of the authentic standards . Fractions were assayed by
RIA employing the anti-[9R]Z-serum .
Procedure B. Three nodule samples from each treatment and three root

samples were purified by procedure B prior to analysis for the following cyto -
kinins : Z, [9R]Z, (diH)Z, (diH)[9R]Z, iP, and [9R]iP. Following HPLC on the
Bondapak C 181Porasil B column, extracts were chromatographed by TLC,
using 0.5-mm thick layers of silica gel 60 PF254 and butan-1-o1114N ammonial
water (6 :1 :2, vlv/v, upper phase) as solvent. After TLC, cytokinins were lo-
cated with reference to authentic standards, which were parallel-chrotnato
graphed and visualized under UV light (254 nm), and to the following dyes
which were added to the sample prior to chromatography : Nile blue, p-rosanl -
line, and eosin . The Rf values for standards and dyes were as follows : Z and
(diH)Z (0 .53), [9R]Z and (diH)[9R]Z (0.33), iP (0.62), [9R]iP (0 .40), Nile blue
(0.67), p-rosaniline (0 .48), and eosin (0.26) . Chromatogram zones were packed
into columns and eluted exhaustively with ethanol/water/acetic acid (25 :24 : 1 '
vlvlv) . All samples were further purified by HPLC prior to RIA, with the ex
ception of iP and [9R]iP samples derived from one nodule sample of each
treatment .

The following columns were used for HPLC : a Techsil 10 C8 column (8 .0 X
250 mm; HPLC Technology Ltd ., Cheshire, UK) for the purification of iP and
[9R]iP, a Zorbax C8 column for the separation of Z and (diH)Z, and an RCM
100 C8 column (8 x 100 mm ; Waters Associates, Milford, MA, USA) for the
separation of [9R]Z and (diH)[9R]Z . The solvent used was methanol in 0 .2 M
acetic acid, at a flow rate of 4 .0 ml min 1 • The proportion of methanol (v
was 20% for the separation of [9R]Z and (diH)[9R]Z, 30% for chromatograph d
of iP, 35% for chromatography of [9R]iP, and 60% for separation of Z an
(diH)Z. Following injection of the putative iP or [9R]iP samples onto th e
Techsil column, five HPLC fractions were collected . Following injection of th e
putative Z/(diH)Z mixture onto the Zorbax C8 column and the putative [9R]
(diH)[9R]Z mixture onto the RCM 100 C8 column, eight HPLC fractions were
collected . The aim was to collect the putative cytokinins as discrete fraction s
at the elution times of the corresponding authentic standards : iP and [9RJ 1
each in fraction 3, Z in fraction 3, (diH)Z in fraction 6, [9R]Z in fraction 4, an d
(diH)[9R]Z in fraction 7 . All fractions off the Techsil column were assayed by
RIA employing the anti-[9R]iP serum . Fractions 1-5 of the Z/(diH)Z separa
tion and fractions 1-6 of the [9R]Z/(diH)[9R]Z separation were assayed by
RIA employing the anti-[9R]Z serum . Fractions 4-8 of the Z/(diH)Z separatio n
and fractions 5-8 of the [9R]Z/(diH)[9R]Z separation were assayed by RIA
employing the anti-(diH)[9R]Z-serum .

Radioimmunoassay

The antisera have been characterized previously : anti-[9R]Z-seru m
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(Badenoch-Jones et al . 1984d), and anti-[9R]iP-serum and anti-(diH)[9R]Z-
serum (Badenoch-Jones et al . J Plant Growth Regul, in press) . The RIA was
based on that developed by Weiler (1980), with minor modifications (Ba-denoch-Jones et al . 1984d) . Eluates from TLC zones or fractions from HPLC
were evaporated to dryness and dissolved in a known volume (normally 325 or
350 µ,l) of the buffer used in RIA (0 .01 M sodium phosphate, 0.15 M sodiumchloride, pH 7 .4) . Triplicate 50-µ1 aliquots of all zones or fractions were as-
sayed. Further aliquots (10 and 5 µl) of the fractions expected to contain cyto-
ktntns were also assayed, each in triplicate . An aliquot (5%) of each fraction
(of the [9R]Z series) was taken in duplicate for the measurement of radioac-
tivity in order to estimate recoveries . A computer program based on that of
Brooker et al. (1979) was used for assay evaluation and computation of results .
The [9R]Z content per unit fresh weight of nodule tissue was estimated from

the activity in RIA of the fraction containing radioactivity ([3H][9R]Z) or, if
there was a spillover of [ 3H][9R]Z into a second fraction, from the fractionc
ontaining the most radioactivity. The appropriate correction was made for therecovery of [ 3H][9R]Z. Levels of other cytokinins were calculated from the
activity (in the appropriate RIA) of fraction(s) collected at the retention times
of authentic standards and on the assumption that recovery for these cyto-
kinins was the same as the total recovery of [ 3H][9R]Z for that sample. For Z
and iP, the previously determined values for the molar cross-reactivity of these
CYtokinins with the appropriate antibody-42% (Badenoch-Jones et al . 1984d)
and 19.4% (Badenoch-Jones et al . J Plant Growth Regul, in press), respec-tively _ ,ere used . A correction factor of 2 .02 was used to calculate the con-
centration of the naturally occurring isomer of (diH)[9R]Z when
(~)(diH)[9R]Z was used as the standard .

kesults

purification Procedure A

In most samples, the fractions at the elution times of authentic [9R]Z and Z
exhibited high activity . Activity in the [9R]Z and Z fractions was lowest in the
nodules formed by strain ANU203 and harvested 36 days after inoculation . For
two of the five nodule treatments examined, the results of RIA on all of the
fractions collected off the Zorbax C8 column are shown in Fig . 2 . When ac-
t1V1tY was detected in fractions that were assayed at more than one dilution,
the sample dilution curves were parallel to the standard curve (for an example,
see Fig • 3), suggesting that the samples were not subject to interference from
substances that altered the reaction of the compounds being assayed with the
antiserum. In Table I the estimates of the [9R]Z and Z content of nodules are
sh In all samples (i .e ., for both nodule types and at each age) the Z con-
tent was greater than the [9R]Z content . In some samples, RIA activity was
detected in the fraction at the elution time of authentic [9G]Z, a cytokinin that
cross -reacts with the antiserum (Badenoch-Jones et al . 1984d) and also parti-
tions to some extent into n-butanol (Horgan 1978) . In contrast, two other cyto-
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to antibody in the absence of [9R]Z) for 50-µ1 aliquots of the final volume (300 µl) of fraction

deluted from the Zorbax C8 column . The fractions collected at the elution times of authentic Z an
[9R]Z standards are indicated . The volume of most fractions was approximately 4 .8 ml . Fraction

s

were evaporated to dryness and dissolved in 300 µl of the buffer used in RIA . (A) Nodule sample '

strain ANU897, 30 days after inoculation ; corresponds to 447 mg tissue . (B) Nodule sample, Stra' n
ANU203, 15 days after inoculation ; corresponds to 78 mg tissue .
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I
50

ktnlns that cross-react with the antiserum, [9Ala]Z and Z nucleotide (Ba-
denoch-Jones et al . 1984d), have very low partition coefficients into n-butanol

and
(Unpublished data) . The low cross-reactivities of (diH)[9R]Z and (diH)Z (1 .9%

1 3% respectively ; Badenoch-Jones et al . 1984d) with the antiserum make
a dt cult to detect these compounds in samples assayed by RIA employing
ntl'[9R]Z-serum . It was therefore not unexpected that the fractions at the elu-
rat times of these compounds (i .e ., 2 fractions after the corresponding unsatu-
rated compound), or of [9Ala]Z or Z nucleotide, contained little activity . How-
knOWn c some samples,

	

e
RIA activity was detected in fractions in which no

pUrlfcation Procedure B

The estimates of cytokinins made following purification of samples by proce-
dure B are also shown in Table 1 . Recovery of [3H][9R]Z averaged 37 .7% for all
samples . Considerable [9R]Z, (diH)[9R]Z, iP, and [9R]iP were detected in
e°dule samples, but (diH)Z was not detected in any sample . We attempted to
ollect each cytokinin in a discrete fraction . For [9R]iP and 1P, this appeared to
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be achieved, as indicated by the detection of activity in RIA in only the single
expected fraction . However, for [9R]Z, Z, and (diH)[9R]Z, this was not always
achieved, and these cytokinins frequently eluted considerably earlier than au'
thentic standards . This was particularly a problem with root samples, which
contained a greater fresh weight of tissue than nodule samples .

iP and [9R]IP were separated following the TLC step . For one sample from
each treatment, iP and [9R]iP were assayed immediately after the TLC step
(i .e ., without subjecting the sample to purification by HPLC) . Only the zones
containing putative iP and [9R]iP were assayed . Assuming the same recovery
as that of [ 3H][9R]Z after TLC (approximately 50%), estimates of iP and [9R]ip
from samples analyzed after the TLC step were similar to estimates from
samples purified by HPLC (Table I) .
The data for iP and [9R]iP were less variable than the data for [9R]Z, and

considerably less variable than the data for Z and (diH)[9R]Z . This probably
reflects the better quality of the HPLC procedures for iP and [9R]iP than for Z'
[9R]Z, and (diH)[9R]Z . The greater accuracy of the [9R]Z estimates than the Z
and (diH)[9R]Z estimates probably reflects the availability of a recovery
marker for [9R]Z. Estimates of Z and [9R]Z were somewhat lower following
procedure A than procedure B, particularly for nodules formed by ANU203 at
21 and 36 days after inoculation .

In the nodules formed by both strains, there was, for most cytokinins, a
trend toward a decline in cytokinin level with increasing time after inoculation
However, there was no fundamental qualitative change in cytokinins with age •
The major cytokinin detected in nodule tissue was Z, followed by [9R]Z and
then (diH)[9R]Z. For most cytokinins, nodules contained considerably higher
levels than uninoculated roots . In the case of (diH)[9R]Z, the estimate ob
tamed for roots was not particularly low, relative to the estimates for nodules'
but had a high standard error . Cytokinin contents of the ineffective nodule s
were found to be of the same order of magnitude as those of the effectiv e
nodules .

Discussion

In the current study we have used RIA to examine, both qualitatively and
quantitatively, the cytokinins present in a number of pea root and nodul e
samples. We have obtained evidence for the occurrence of the following cyto

kinins in pea root nodules : Z, [9R]Z, (diH)[9R]Z, iP, and [9R]iP Although ther e
is considerable potential for improvements in the purification procedures that
are combined with RIA, the sensitivity of RIA and its greater precision than
bioassay probably mean that this is the most accurate and, in terms of th e
range of cytokinins investigated, the most extensive study of cytokinin levels
in pea root nodules to have been carried out .

The identification of the cytokinins in the present study is almost certain ly
less equivocal than identifications made in previous studies emploYI 0 ~

bioassays . We have previously emphasized the importance of combining aP
propriate reparative procedures with RIA (Badenoch-Jones et al . 1984d) • To
estimate Z, [9R]Z, (diH)Z, (diH)[9R]Z, iP, and [9R]iP, concurrently, in ro ot
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nodule samples, it was necessary to separate these cytokinins by more corn
plex chromatographic procedures (procedure B) than those used when esti
mating Z and [9R]Z only (procedure A) . Results from the current work have
revealed the importance of using a recovery marker, both as a means of estr
mating losses during sample purification and as an indicator of chromato'
graphic performance .

It may be preferable to avoid the use of ammoniacal TLC solvents prior to
HPLC in the purification of samples for RIA analysis . This study has revealed
that when samples are purified by such procedures, it is difficult to collect the
cytokinins Z, [9R]Z, and (diH)[9R]Z as single discrete HPLC fractions, and
these cytokinins frequently eluted considerably earlier than authentic star'
dards . These difficulties were not encountered with HPLC of samples con'
taming iP and [9R]iP This work suggests that it may not be necessary to sub'
ject samples containing putative iP and [9R]iP eluted from TLC plates to
HPLC prior to RIA, especially if appropriate recovery markers can be synthe'
sized . However, more detailed studies will need to be carried out before rec
ommendations can be made on using TLC as a final step in purification, part1'
ularly as changes in the solvent systems are envisaged .

No unequivocal identifications of cytokinins in root nodules have ever been
reported, but the following tentative identifications and estimates of approX t'
mate levels have been made, based on bioassay, although generally no account
was taken of losses during sample purification . For Vicia faba nodules
Henson and Wheeler (1976) estimated 55 µg and 11 µg kinetin equivalents
(KE) kg- ' fresh weight tissue for [9R]Z and Z, respectively and, for nodules of
a range of nonlegumes, 8-49 µg KE kg - ' fresh weight of tissue for Z/[9R ] zl
(diH)Z/(diH)[9R]Z (Henson and Wheeler 1977) . For Phaseolus mung,
nodules, Jaiswal et al . (1981) estimated approximately 21 µg Z and 17 µg [9R]
kg - ' fresh weight tissue, and for P. sativum nodules, Syono and Torrey (19 7 '
estimated approximately 4-26 µg Z/[9R]Z kg - ' fresh weight tissue, with aP'
proximately equal amounts of Z and [9R]Z . In nodules of Phaseolus vulga1
Puppo et al . (1974) did not detect Z or [9R]Z but did detect iP and [9R]1P
Syono and Torrey (1976) and Jaiswal et al . (1981) detected iP and [9R]iP in th e
nodules they examined, but at levels lower than those of Z and [9R]Z .
The present study provides good evidence to support the results from these

previous studies employing bioassay, in which Z, [9R]Z, iP, and [9R]iP We re
tentatively identified in root nodules . The present study also identifie

d

(diH)[9R]Z in pea root nodules . The values of root nodule cytokinin contents

as estimated by RIA in the current study were of the same order of magnitud e,

though tending to be a little higher, than the above values obtained by
bioassay. It is of interest to note that in a recent study (Ernst et ai . 1983) to
which estimates of iP of an anise cell line were made concurrently by GC-M~'
RIA, and bioassay, the former two techniques gave results that correlated W

but bioassay gave values reduced by a factor of 4 . This reduction was attrib'

uted to possible interference by contaminants in bioassay and to losses dun e&
sample purification .

For the Rhizobium strains examined in this study, there would not appear tQ
be a clear correlation between nodule cytokinin levels and the effectiveness 0

nodules in nitrogen fixation . Our data support the conclusion reached by set'
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eral workers (Puppo et al . 1974, Henson and Wheeler 1976, 1977) that cyto-
kinin levels in nodule tissue are higher than those in root tissue, a result that
implicates cytokinins as playing a role in nodule maintenance and/or initiation .
Because of the lower cytokinin levels in root tissue, purification of extracts
Prior to RIA analysis was more difficult for root than nodule tissue, and results
were correspondingly more variable for root than nodule tissue . It should also
be borne in mind that our data probably overestimate the cytokinin levels in
the root tissue that is adjacent to the nodules . This is because our measure-
ments were made on the whole root system, including the root tips, and it has
been shown that cytokinin levels vary in different parts of the root . Short and
Torrey (1972), for example, found that the terminal 0- to 1-mm root tip con-
tained 43-44 times more cytokinin on a fresh-weight basis than the next 1- toS'i11m

root segment, but they detected no measurable free cytokinin in seg-
ments further from the tip .
is The general decline with age in cytokinin levels in nodules that we observed
in agreement with the results of Syono and Torrey (1976) and Syono et al .

(1976) . The lack of any major qualitative change in nodule cytokinins with age
was also a consistent feature of these studies . A detailed study of cytokinin
levels in nodules, from nodule initiation to nodule senescence, may prove
useful for elucidating the role of cytokinins in nodule development . Such a
Study would be feasible with the availability of RIA . The present study has
demonstrated the usefulness of RIA for analysis of cytokinins where only a
Small amount of tissue is available . The antisera employed in the current work
could also be used for analyses other than RIA-for example, in cytokinin
localization studies at the light or electron microscope level . Now that it is
Possible to locate the position on the root where a nodule will form following
Spot inoculation (Bhuvaneswari et al . 1980), the anticytokinin sera could be
used to examine whether there is an increase in cytokinin activity at the site of
nodule initiation .
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