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ABSTRACT

Cytokinins exported from the root may be involved in the correlative
control of plant development. To test this hypothesis in soybean ( (Glydine
mar IL.l Meff. cv McCall, cv Chippewa 64, and cv Hodgson 78), cytokinins
were intercepted en route from the root to the shoot by collecting root
pressure exudate from detopped roots. The quantities of four cytokinins in
the exudate were studied throughout the development of plants grown in
the field and in controlled environment chambers. Zeatin, zeatin riboside,
and their dihydro derivatives, dihydrozeatin and dihydrozeatin riboside,
were isolated and quantitated using high-performance liquid chromato-
grpahy.

Cytokinin fluxes (pmoles per plant per hour) were independent of
exudate flux (grams per plant per hour). AU fluxes are averages for a 6- or
8-h coOection period. The ribosides accounted for the majority of the
observed cytokinin transport. The fluxes of zeatin riboside and dihydrozea-
tin riboside increased from low levels during vegetative growth to maxima
during late flowering or early pod formation. Before the seeds began rapid
dry matter accumulation, zeatin riboside and dihydrozeatin riboside fluxes
decreased and remained at low levels through maturation. The fluxes of
zeatin and dihydrozeatin were low throughout development.
No correlation was found between cytokinin fluxes and nodule dry

weight or specific nodule activity (acetylene reduction).
The timing of distinct peaks in zeatin riboside and dihydrozeatin riboside

fluxes during flowering or pod formation suggests that cytokinins exported
from the root may function in the regulation of reproductive growth in
soybean.

The roles of cytokinins in plant growth and development are
not fully understood, but evidence supports the hypothesis that
cytokinins are produced by the root system and transported to the
shoot, where they are involved in the regulation of shoot processes
(3, 22, 27). Transport in the xylem sap of materials with cytokinin-
like activity (determined by bioassay) has been demonstrated in
numerous species including sunflower (22), tomato (7), and lupin
(8, 9). Cytokinin-like materials have also been reported in the root
nodules of Viciafaba (13) and Alnus glutinosa (14). Henson and
Wheeler (15) proposed that cytokinins are exported from nodules
to the xylem and there supplement the supply moving from the
roots to the shoot. Within 24 h of injecting [14C]zeatin into the
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nodules, they detected Z2 and a number ofits metabolites through-
out the plant.

If cytokinins from the root system are involved in regulating
shoot growth and function, then their supply to the shoot should
fluctuate over the course of development. Seasonal variations of
cytokinin-like activity in root pressure exudate have been reported
in a number of genera (2, 3, 7-9, 22, 24). In Perilla, there was a 5-
fold increase in cytokinin-like activity in root pressure exudate
after floral induction (2, 3). Conversely, the root sap of Xanthium
plants which had been induced to flower contained less than one-
third as much cytokinin-like activity as did the sap of vegetative
plants (24).

Although cytokinins were not specifically identified as the active
regulating component, several studies have shown that roots or
factors from the roots are required for maintaining leaf Chl
content (18) and photosynthesis (4, 5, 18, 27). In Phaseolus, foliar
applications of BA delayed Chl loss and photosynthetic decline
associated with senescence (1).

In A. glutinosa, cytokinin-like activity in the root nodules in-
creased prior to the onset of nitrogenase activity (acetylene reduc-
tion) and declined by the time N2-fixing capacity had been fully
established (14). Likewise, Newcomb et al. demonstrated that
cytokinin-like activity in pea nodules was greatest early in nodule
development and decreased thereafter (20). Henson and Wheeler
hypothesized that cytokinins exported from nodules affected N2-
fixation through either local action in the nodule or by a remote
effect on the shoot (14).

Presence of cytokinins in soybean root pressure exudate has not
been demonstrated. Therefore, it was not known whether or not
these hormones could be involved in the regulation of soybean
development. Hence, the objectives of our research were to (a)
establish the presence of cytokinins and (b) describe profiles of
cytokinin flux in root pressure exudate in relation to the ontogeny
of soybean plants grown in the field and in growth chambers.
Root pressure exudate was collected and acetylene reduction
activity was measured from late in vegetative growth through
maturity. Four cytokinins for which biological activity has been
shown (7, 17), Z, diZ, ZR, and diZR, were isolated and quantitated
by HPLC. The cytokinin profiles are discussed in relation to
several measures of shoot and nodule development.

MATERIALS AND METHODS

Plant Culture. Two indeterminate soybean (Glycine max [L.]
Merr.) genotypes having different maturities were planted in field
plots in St. Paul, MN, on a Waukegan silt-loam soil. The field
was treated with 1.1 kg ha-' of preplant incorporated trifluralin

2Abbreviations: Z, zeatin; diZ, dihydrozeatin; ZR, zeatin riboside;
diZR, dihydrozeatin riboside; TMS, trimethylsilyl; SNA, specific nodule
activity.
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for weed control. Plots were seeded on July 9, 1979 with cv McCall
(maturity group 00) and on May 28, 1980 with cv Chippewa 64
(maturity group I). Rows were 7 m long and spaced 0.75 m apart.
At the first trifoliolate leaf stage, plants were thinned to a uniform
spacing of 7.5 cm within the rows. Each sample plot consisted of
six adjacent plants in a row, and bordered sample plots were
arranged in a randomized, complete block design with four rep-
lications.
A similar experiment was also conducted in plant growth cham-

bers (Conviron model E15). Seeds of cv Hodgson 78 (maturity
group I) were planted in 4-L plastic pots in a 1:1 (v/v) mixture of
silt-loam and Zorball (IMC Chem., Des Plaines, IL). At the time
of planting, seeds were inoculated with a peat slurry of Rhizobium
japonicum, USDA strain 123, and all plants developed a well-
nodulated root system. Twelve d after planting, plants were
thinned to one plant per pot. The plants were arranged in a
randomized, complete block design, with 10 replicate plants for
each sampling date.

Plants in the growth chambers received a 12-h photoperiod and
a 27/21 °C day/night temperature regime. A combination of fluo-
rescent and incandescent lamps supplied an average photosyn-
thetic photon flux density of 500 ,tE m-2 s-1 at the top of the
canopy. Three times per week, plants received 250 ml/pot of half-
strength low N (50 ,ug/ml N as NH4NO3) Hoagland solution (16).
Plants were irrigated with tap water as required.

Collection of Root Pressure Exudate. Root pressure exudate
was collected every 7 to 14 d, from just prior to flowering until
stage R6 (full seed) (11) in 1979, stage R5 (beginning seed) in
1980, and stage R7 (beginning maturity) in the growth chambers.
In the field, exudate was collected for a 6-h period beginning
approximately 3 h after sunrise; in the growth chamber experi-
ment, it was collected for 8 h, beginning 4 to 5 h after the lights
were turned on. Plants were kept well watered prior to exudate
collection.
On the day of collection, plants were detopped just below the

unifoliolate leaf node. The first few drops of exudate from the
stump were probably contaminated with cell debris and were
discarded. A reduced pressure of 37 cm Hg was used to draw
exudate from the cut surface of each stump, through latex and
capillary glass tubing, into separate foil-covered, silylated
(Aquasil; Pierce Chem Co., Rockford, IL) 18-mm culture tubes.
The collection tubes were held on ice. At the end of the collection
period, the exudate was weighed, frozen, and subsequently lyoph-
ilized. The lyophilized exudate was stored at -20°C prior to
analysis for cytokinin content.
The developmental stage (11) was recorded for each plant being

sampled. In the growth chamber experiment, dry weights of
individual plant parts were recorded after drying to constant
weight at 60°C. Abscised leaves and petioles were not included in
the measurements. In 1980, the detached root systems used for the
acetylene reduction assay were used for the measurement of
nodule dry weight.

Acetylene Reduction Assay. In the 1980 field experiment, acet-
ylene reduction and nodule dry weight were measured through
stage R6. At each sampling date, six adjacent plants were detopped
at their cotyledonary nodes and their root systems excavated. Root
nodule activity was determined as described by Finn and Brun
(12). Specific nodule activity was expressed as ,imol C2H4 g-'
nodule dry weight h-f.

Cytokinin Analysis. HPLC was used to isolate and quantitate
four cytokinins, Z, diZ, ZR, and diZR, in root pressure exudate.
Preliminary studies on exudate from single plants revealed quan-
tities of cytokinins approaching the lower limits of detectability
(<5 ng/plant). Therefore, in the field experiments, the lyophilized
exudate from the six plants within a replication was poolea prior
to hormone analysis. In the growth chamber experiment, exudate
from three or four replicate plants was combined.

Figure I and Table I summarize the sequence and specifications
of the chromatographic systems used. Absorbance of the column
eluate was monitored at 280 nm. In the preparative steps, fractions
were collected according to the retention times of authentic stan-
dards. In the analytical steps, peaks which co-chromatographed
with authentic standards were calibrated against these standards
by their respective A28o peak heights. Suitable radioactive cytoki-
nin standards were not available; consequently, internal standards
were not used and percent recovery of the hormones was not
calculated.
The length of the exudate collection period and the number of

plants sampled were not the same in all experiments. Therefore,
hormone fluxes were expressed as pmol plant-' h-1 and exudate
flux as g plant-' h-1 so that the results of the three experiments
could be compared. The cytokinin content and exudate weight
were only measured at the end of the exudation period; hence, the
reported fluxes are averages and may not represent the actual
rates of transport of cytokinins and exudate.
GC-MS. After cation-exchange HPLC, samples were run on

HPLC system 5 (Table I) to remove salts and other impurities
which had accumulated from the solvent in HPLC system 4.
Trimethylsilyl derivatives of dry standards and samples were
prepared just prior to injection on the GC-mass spectrometer. The
reagent was N,O-bis(trimethylsilyl)trifluoroacetamide-trimethyl-
chlorosilane (99:1, 8 tl; Regis Chemical Co., Morton Grove, IL),
with 2 pl pyridine as solvent. The reaction mixture was heated at
55°C for 0.5 h. Mass spectra were obtained using an LKB 9000
gas chromatography-mass spectrometer operating at an ionization
potential of 70 ev and interfaced to a PDP 8e computer. The
samples were run on a 60 cm x 2 mm (i.d.) glass column packed
with 3% OV-l on 100 to 120 mesh Supelcoport. Temperature was
programmed from 150 to 290°C at 8°C/min, and the He flow rate
was 30 ml/min.

RESULTS

Analysis of selected ZR and diZR samples by GC-MS verified
that the HPLC procedures used for hormone isolation and quan-

FIG. 1. Sequence of HPLC systems used for the isolation and quanti-
tation of Z, diZ, ZR, and diZR from lyophilized soybean root pressure
exudate. Cytokinins within a box were collected in a single fraction.
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Table I. HPLC Systems Usedfor Isolation and Quantitation of Z, diZ, ZR, and diZR

Sytm Injection Stationary Phase
Sovn()Fo ae

Elution Mode tR, tW112a
System InJVolume [Column Size] Solvent(s) Flow Rate [Temp] [Compound]

ml ml/min min
4.0 Nucleosil 7 C,8b [126 x 3.9 A, 0.1 N aqueous acetic 1.0 Linear gradient A to 20%1v 23.9, 0.3

mm] with precolumn: acid B in 20 min. Hold at [ZR]
Bondapak C,8/Corasilc [88 20o B for 5 min. [am-
x 2.0 mm] bient]

or B, 0.1 N acetic acid in
Nucleosil 10 C,8d 1130 x 95% (v/v)

4.0 mm] ethanol: water

2 4.0 uBondapak phenyle [185 x A, 0.1 N aqueous acetic 2.0 Linear gradient A to 18% 13.8, 0.8
3.9 mm] acid B in 15 min. [Am- [ZR]

bient]
B, 0.1 N acetic acid in
95% (v/v)
ethanol: water

3 0.3 Vydac ,tCX-tpf [184 x 4.0 10 mM ammonium ace- 2.0 Isocratic [52 + 0.5°C] 5.9, 0.5
mm] tate in 10%1o (v/v) [Z]

methanol:water, pH =
5.8

4 0.3 Vydac ,iCX-tp' [184 x 4.0 3.0 mm ammonium ace- 2.0 Isocratic [42 ± 0.5°C] 13.4, 0.8
mm] tate in 5% (v/v) meth- [ZR]

anol:water pH = 4.9

5 1.0 Nucleosil 7 C [130 x 4.2 A, 0.1 N aqueous acetic 1.0 Linear gradient A to 50% 10.7, 0.4
mm] acid B in 10 min. Hold at [ZR and diZR]

B, 0.1 N acetic acid in 50oB for 5 min. [Am-
95% (v/v) bient]
ethanol: water

tR = retention time and twI/2 = peak width at half peak height.
b Mean particle size, 7.5 ,um; Macherey-Nagel & Co., Duren, Germany.
c Particle size, 37 to 50 Am; Waters Associates, Milford, MA.
d Mean particle size, 10 pm; Macherey-Nagel & Co., Duren, Germany.
'Mean particle size, 10 ym; Waters Associates, Milford, MA.
f Mean particle size, 10 jtm; The Separations Group, Hesperia, CA.

titation had in fact yielded pure ZR and diZR. Samples ofZ and
diZ were not analyzed by GC-MS because they were not present
in significant quantities at any sampling date. Mass spectra of
TMS-ZR samples contained ions (relative intensities in parenthe-
ses) of m/z 639 (M+, 3.1), 624 (3.9), 549 (7.1), 536 (9.5), 320 (7.0),
230 (8.5), 201 (17.9), and 73 (TMS, 100) which were characteristic
of TMS-ZR standards and corresponded to published spectra (6).
Major ions in mass spectra of TMS-diZR samples included (rel-
ative intensities in parentheses) m/z 641 (M+, 1.6), 626 (4.3), 322
(32.9), 294 (6.9), 230 (35.9), 162 (10.1), and 73 (TMS, 100). Ions
with these m/z ratios were also characteristic of TMS-diZR stan-
dards and were used by Wang and Horgan to identify diZR from
Phaseolus leaves (25).
Sample quantitation was by selected ion current monitoring.

Samples were calibrated against standards on the basis of peak
intensity of specific ions, m/z 320 and 201 for ZR and m/z 322
and 230 for diZR, while also monitoring the other ions listed
above for identification. Within experimental limits, the resulting
levels of ZR and diZR were in agreement with those which
previously had been determined by peak height analysis using
HPLC system 4. Therefore, the results of analysis by GC-MS not
only verified that the isolated compounds were ZR and diZR, but
they also demonstrated the validity of our HPLC procedures for
quantitation of these compounds from soybean root pressure
exudate.

The patterns of ZR and diZR fluxes throughout development
were similar in the three experiments. In each case, ZR and diZR
fluxes were initially low, increased to maxima, and then rapidly
declined and remained low throughout the rest of development.
However, the maximum fluxes occurred at different times with
respect to developmental stage and days after sowing. In the field,
maximum fluxes occurred at approximately stage R2 (full bloom);
this stage corresponded to 36 d after sowing in 1979 and 55 d after
sowing in 1980 (Figs. 2 and 3). In the growth chamber, maximum
fluxes were observed when the plants reached stage R4 (full pod),
40 d after sowing (Fig. 4). The fluxes of ZR and diZR were
approximately equal in field-grown plants, but diZR flux was 75%
greater than ZR flux until stage R5 in plants grown in growth
chambers.
The fluxes of the free base cytokinins, Z and diZ, were signifi-

cantly lower than the fluxes of the corresponding ribosides until
stage R5 (1979) or stage R3, beginning pod, (1980), by which time
ZR and diZR fluxes had declined to low levels comparable to Z
and diZ. The fluxes ofZ and diZ only showed significant variation
with development under field conditions. However, in 1980, Z
flux did not differ significantly from zero except at the first
sampling date.
Dry weights of individual plant parts are shown for the growth

chamber experiment in Figure 5. At 43 d after sowing, rapid seed
growth began, and accumulation of dry matter in vegetative parts
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FIG. 2. Mean flux of cytokinins and of root pressure exudate for the

1979 field experiment. Stage of development (after Fehr et al. [Il]) on
each sampling date is given at the top of the figure. Bars indicate + SE of
four replicates.

of the shoot ceased. Little additional growth of the roots occurred
after this time, but nodule mass continued to increase until 75 d
after sowing. Decreasing shoot dry matter subsequent to 54 d after
sowing was due to leaf abscission, which began at the lower nodes.
The cytokinin flux in the growth chamber experiment was

greatest at 40 d after sowing (Fig. 4); hence, the fluxes ofZR and
diZR from the root to the shoot had reached maxima and had
already begun to decline at a time when the shoot was still adding
new vegetative tissues and when rapid seed growth had not yet
commnenced. Similarly in the field (Figs. 2 and 3), ZR and diZR
fluxes were maximal at full bloom (stage R2), when these indeter-
minate genotypes were still producing vegetative growth, and
decreased to low levels by stage R5, when rapid seed growth
began.
The flux of root pressure exudate changed significantly during

development, but the pattems were different in the three experi-
ments (Figs. 2-4). In the field, cytokinin flux did not coincide with
exudate flux in either year. In the growth chamber, the profile of
exudate flux was similar to those of ZR and diZR. However, the
exudate flux dropped approximately 50%o between 46 and 62 d
after sowing, whereas the fluxes of ZR and diZR declined from
relatively high levels to almost nil in the same period. In each of
the experiments, the concentration of cytokinins in the exudate
varied with sampling date. As a consequence, the amount of these
hormones recovered in the exudate was a function of the concen-
tration as well as of the volume of the exudate collected.

Specific nodule activity and nodule dry weight for the 1980
experiment are shown in Figure 6. Specific nodule activity was
maximal 78 d after sowing, and nodule dry weight continued to
increase throughout the experiment, while ZR and diZR fluxes
had maxima 55 d after sowing (Fig. 3). There were no significant
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FIG. 3. Mean flux of cytokinins and of root pressure exudate for the
1980 field experiment. Stage of development as in Figure 1. Bars indicate
± SE of four replicates.

positive correlations of ZR and diZR fluxes with SNA or nodule
mass.

DISCUSSION
Our results demonstrate the presence of cytokinins in root

pressure exudate and establish a pattern for significant changes in
cytokinin flux during soybean development. The fluxes ofZR and
diZR from the root to the shoot were low at the onset of flowering
(RI), reached maxima late in flowering (field) or during pod
formation (growth chamber), and abruptly dropped to low levels
before the seeds began rapid dry matter accumulation (R5). Except
for the inexplicable rise in diZR flux with the onset of maturity in
the growth chamber experiment (Fig. 4), cytokinin flux in root
pressure exudate remained very low throughout seed growth and
maturation. Our data are similar to those of Beever and Wool-
house (2, 3) for cytokinin-like activity in the root pressure exudate
of Perillafrutescens. They found activity in the sap was low during
the vegetative phase, reached a maximum during fruit develop-
ment, and returned to low levels at maturity. In contrast, Davey
and van Staden (8, 9) found a somewhat different developmental
pattern of cytokinin-like activity in the bleeding sap of white
lupin. Cytokinin-like activity decreased through the vegetative
stage until 2 weeks after anthesis, increased through fruiting (8
weeks after anthesis), and dropped to minimal levels at 10 weeks
after anthesis.

Sitton et al. (22) and Wareing et al. (27) have proposed that a
decrease in cytokinin flux to the leaves after flowering is respon-
sible, in part, for the leaf senescence which accompanies fruiting
in monocarpic species. The rapid decline in cytokinin flux during
pod formation and the continued low levels during seed develop-
ment which we observed in soybean are consistent with this
interpretation. However, the cytokinin flux in the exudate was
also low at initial flowering, when the leaf canopy was probably
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FIG. 4. Mean flux of cytokinins and of root pressure exudate for the

growth chamber experiment. Stage of development as in Figure 1. Bars
indicate ± SE of three replicates.

at its functional peak (21). Therefore, the cytokinin supply to the
soybean shoot may be more directly related to reproductive de-
velopment and may only influence leaf senescence indirectly
through interactions with other hormonal, nutritional, or environ-
mental factors.
Davey and van Staden (10) detected cytokinin-like activity in

the sap (presumably xylem and phloem) entering white lupin
fruits. Further, cytokinin-like activity was also present in devel-
oping seeds and pod walls. Although it is well known that cyto-
kinins promote cell division in tissue cultures, Davey and van
Staden (10) suggested that the cytokinins in these tissues affected
seed growth by attracting nutrients to the developing fruits. Ne-
sling and Morris (19) reported a correspondence between cytoki-
nin levels and rates of cell division in Phaseolus embryos. Never-
theless, they also proposed an indirect role for cytokinins, i.e. via
protein synthesis, in the regulation of seed growth. We have not
determined the destinations of cytokinins which are transported
in soybean xylem sap. However, perhaps a portion of these
hormones ultimately reach young reproductive structures. There
they could stimulate seed growth by triggering cell division or by
one of the mechanisms mentioned above.
The relationship between SNA and the levels of cytokinins we

found in root pressure exudate of soybean is similar to a relation-
ship between total nodule activity and cytokinin-like activity
present in the root nodules of Alnus glutinosa (14). The temporal
separation of the cytokinin and SNA profile maxima in soybeans
(Figs. 3 and 6) is consistent with reports that the cytokinin content
of nodules is high early in nodule ontogeny and decreases as the
nodules grow and total nodule activity develops (14, 20). Our data
indicate that the export of cytokinins from roots was not required
for maximal SNA because ZR and diZR fluxes were greatest 22
d before maximal SNA was attained. Nodules may contribute to
the total cytokinin flux; however, it cannot be assumed that the
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cytokinin flux from the whole root system is a reflection of either
nodule cytokinin content or export. At this point, it would be
appropriate to devise a method for studying cytokinin export from
the nodules directly.
At their maximum level oftransport, ZR and diZR were several-

fold more abundant in the exudate than were their free base
counterparts. Even when all of the cytokinins were at low levels,
the ribosides were generally present in greater quantities than the
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free bases. The close parallels of Z with ZR and diZ with diZR,
especially in the 1979 field experiment, suggest that the free base
cytokinins which were detected may have resulted from the hy-
drolysis of ZR and diZR during collection, storage, and analysis.
Although ZR has been reported to be responsible for the majority
of cytokinin-like activity in the root pressure exudate of many
species including lupin (8, 9) and tomato (7), activity due to Z and
ZR was approximately the same in the sap of a number of other
herbaceous species (23). In any case, the ribosides were the major
cytokinins recovered from soybean root pressure exudate.
The significance of the ratio of ribosides to free bases is not

known. Although Leonard et al. (17) found that on a molar basis
Z and diZ were more active than their ribosides in the tobacco
callus bioassay, Davey and van Staden (7) determined that the
free bases and their ribosides were equally active in the soybean
bioassay. If the free bases and their ribosides are in fact equally
active in the soybean plant, then the reason for the predominance
of the ribosides in the root pressure exudate is not clear. Perhaps
the ribose moiety facilitates solubility and transport or in some
way protects the hormone molecule from degradation during
transport.
The occurrence in soybean root pressure exudate of cytokinins

with a saturated side chain (diZ and diZR) in amounts equal to
or greater than those with an unsaturated side chain (Z and ZR)
is of interest. Davey and van Staden (10) observed similar amounts
of the saturated cytokinins and their unsaturated counterparts in
lupin seeds. There is no data concerning their relative activities in
the soybean bioassay, but in the tobacco callus bioassay, Leonard
et al. (17) showed that the cytokinins with saturated and unsatu-
rated side chains had approximately the same activity. Wareing et
al. (26) suggested that the saturated side chain is less susceptible
to attack by cytokinin oxidase enzymes which readily cleave the
side chains of Z and ZR. Thus, the significance of the saturated
side chain may lie in its metabolic properties rather than in its
physiological activity.

Distinct profiles of root pressure exudate flux were observed
during development. Exudate profiles similar to those in the
growth chamber and the 1979 field experiments have been re-
ported for lupin (8, 9), tomato (7), and Perilla (3). Unlike the
cytokinin profiles, the patterns of root pressure exudate flux were
not uniform across experiments. Profiles in the 1979 field and
growth chamber experiments were similar (Figs. 2 and 4). Exudate
flux rose to a maximum between stages R4 and R5 and then
declined through the rest of development. In contrast exudate flux
in the 1980 field experiment (Fig. 3) was maximal at stage Rl and
followed a general declining trend through the sampling period.
In each experiment, exudate flux was greatest earlier in develop-
ment and decreased substantially as the plants matured. Maximal
exudate flux in field grown plants was more than 50% greater than
in plants grown in growth chambers. This may be related to
unrestricted root growth in the field. These results support our
observations in preliminary experiments (data not shown) that the
volume of exudate was influenced by such environmental condi-
tions as the volume of pots in which plants were grown and the
water status of the plants.

Changes in cytokinin flux with plant development were at least
partially independent of changes in exudate flux. Although there
were some qualitative similarities between cytokinin flux and
exudate flux in each of the experiments, no quantitative relation-
ship was observed. Lack of similarity of cytokinin flux and volume
of root pressure exudate has also been shown in Perilla (2, 3),
tomato (7), lupin (8, 9), and sunflower (22). This may be indicative
of regulated synthesis and transport of cytokinins to the shoot in
response to physiological and environmental stimuli. Little is

known of the function of cytokinins in plant development in vivo.
However, inasmuch as the volume of exudate was itself subject to
developmental and environmental fluctuations, tbh fact that the
cytokinin flux to the shoot was independent of exudate volume
supports a regulatory role for cytokinins.

In summary, we have shown that the fluxes ofZR and diZR in
the transpiration stream fluctuate significantly during soybean
development. These cytokinins may be involved in the control of
reproductive development, but they do not seem to be directly
related to SNA or leaf senescence. It seems that cytokinins serve
some function in regulating the coordinated development of the
plant, but the precise nature of this regulation is not clear.

Acknowledgments-The authors wish to thank R. Horgan for graciously supplying
authentic dihydrozeatin riboside and C. Anthony, S. Swanson, and A. Schevenius-
Copeland for their technical assistance. We also thank T. Krick for processing our
samples on the GC-mass spectrometer.

LITERATURE CITED

1. ADEDIPE NO, LA HUNT, RA FLETCHER 1971 Effects of BA on photosynthesis,
growth, and senescence of the bean plant. Physiol Plant 25: 151-153

2. BEEVER JE, HW WOOLHOUSE 1973 Increased cytokinin from the root system of
Perillafrutescens and flower and fruit development. Nat New Biol 246: 31-32

3. BEEVER JE, HW WOOLHOUSE 1974 Increased cytokinin export from the roots of
Perillafrutescens following disbudding or floral induction. R Soc New Z Bull
12: 681-686

4. CARMI A, D KOLLER 1978 Effects of the roots on the rate of photosynthesis in
primary leaves of bean (Phaseolus vulgaris L.). Photosynthetica 12: 178-184

5. CARMI A, D KOLLER 1979 Regulation of photosynthetic activity in the primary
leaves of bean (Phaesolus vulgaris L.) by materials moving in the water-
conducting system. Plant Physiol 64: 285-288

6. DAUPHIN B, G TELLER, B DURANT 1977 Mise au point d'une nouvelle methode
de purification, caracterisation et dosage de cytokinines endogenes, extraits de
bourgeons de Mercuriales annuelles. Physiol Veg 15: 747-762

7. DAVEY JE, J VAN STADEN 1976 Cytokinin translocation: changes in zeatin and
zeatin-riboside levels in the root exudate of tomato plants during their devel-
opment. Planta 130: 69-72

8. DAVEY JE, J VAN STADEN 1978 Cytokinin activity in Lupinus albus I. Distribution
in vegetative and flowering plants. Physiol Plant 43: 77-81

9. DAVEY JE, J VAN STADEN 1978 Cytokinin activity in Lupinusalbus II. Distribution
in fruiting plants. Physiol Plant 43: 82-86

10. DAVEY JE, J VAN STADEN 1978 Cytokinin activity in Lupinus albus III. Distri-
bution in fruits. Physiol Plant 43: 87-93

11. FEHR WR, CE CAVINESS, DT BURMOOD, JS PENNINGTON 1971 Stage of devel-
opment descriptions for soybeans, Glycine max (L.) Merrill. Crop Sci 11: 929-
931

12. FINN GA, WA BRUN 1980 Water stress effects on CO2 assimilation, photosyn-
thate partitioning, stomatal resistance, and nodule activity in soybean. Crop
Sci 20: 431-434

13. HENSON IE, CT WHEELER 1976 Hormones in plants bearing nitrogen-fixing root
nodules: the distribution of cytokinins in Viciafaba (L.). New Phytol 76: 433-
439

14. HENSON IE, CT WHEELER 1977 Hormones in plants bearing nitrogen-fixing root
nodules: distribution and seasonal changes in levels of cytokinins in Alnus
glutinosa (L.) Gaertn. J Exp Bot 28: 205-214

15. HENSON El, CT WHEELER 1977 Hormones in plants bearing nitrogen-fixing root
nodules: cytokinin transport from the root nodules of Alnus glutinosa (L.)
Gaertn. J Exp Bot 28: 1099-1110

16. HOAGLAND DR, DI ARNON 1950 The water-culture method for growing plants
without soil. Calif Agric Exp Stn Circ 347

17. LEONARD NJ, SM HEcHT, F SKOOG, RY Scmrrz 1969 Cytokinins: synthesis,
mass spectra, and biological activity of compounds related to zeatin. Proc Natl
Acad Sci USA 63: 175-182

18. McDAVID CR, GR SAGAR, C MARSHALL 1973 The effect of root pruning and 6-
benzylamino purine on the chlorophyll content, 14 C2fixation, and the shoot/
root ratio in seedllngs of Pisum sativum L. New Phytol 72: 465-470

19. NESLING FAV, DA MORRIS 1979 Cytokinin levels and embryo abortion in
interspecific Phaseolus crosses. Z Pflanzenphysiol 91: 345-358

20. NEWCOMB W, K SYONO, JG ToRuEY 1977 Development of an ineffective pea
root nodule: morphogenesis, fine structure, and cytokinin biosynthesis. Can J
Bot 55: 1891-1907

21. SAKAMOTO CM, RH SHAw 1967 Apparent photosynthesis in field soybean
communities. Agron J 59: 73-75

22. SITTON D, C ITAI, H KENDE 1967 Decreased cytokinin Fproduction in the roots as
a factor in shoot senescence. Planta 73: 296-300

23. VAN STADEN J, JE DAVEY 1976 Cytokinin translocatiols in xylem sap of herba-
ceous plants. Z Pflanzenphysiol 77: 377-382

1624 HEINDL ET AL.



CYTOKININS IN SOYBEAN ROOT PRESSURE EXUDATE

24. VAN STADEN J, PF WAREING 1972 The effect of photoperiod on levels of
endogenous cytokinins in Xanthium strumarium. Physiol Plant 27: 331-337

25. WANG TL, R HORGAN 1978 Dihydrozeatin riboside, a minor cytokinin from the
leaves of Phaseolus vulgaris L. Planta 140: 151-153

26. WAREING PF, R HORGAN, IE HENSON, W DAVIS 1977 Cytokinin relations in the

whole plant. In P Pilet, ed, Proceedings of the 9th International Conference on
Plant Growth Substances, Lausanne, Switzerland. Springer-Verlag, Berlin, pp

147-153
27. WAREING PF, MM KHALIFA, KJ TREHARNE 1968 Rate-limiting processes in

photosynthesis at saturating light intensities. Nature 220: 453-457

1625


