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SENESCENCE DEFFERAL IN BIG BLUESTEM WITH
EXOGENOUS CYTOKININ APPLICATIONS
INTRODUCTION

Maturity has a direct effect on forage quality of range plants. In'
tallgrass prairie, protein content falls below the subsistence level
required for cattle about mid-July (Rao et al. 1973). At that time,
organelles are being broken down and exported from senescing leaves to
other parts of the plant. Delaying the translocation of metabolites out
of leaves could provide higher forage quality to the grazing animal at a
time when nutritive values are normally declining.

R%chmond and Lang (1957) initially demonstrated that exogenous
cytokinins can delay the onset of senescence in detached leaves. That
antisenescent effect has been attribituted, in whole or in part, to
retarding chlorophyll loss, inhibiting protein degradation, preventing
effluent carbohydrate translocation, and mobilizing metabolites. Most
studies confirming cytokinin-induced senescence deferral have been with
excised leaves in the dark. The physiological response of cytokinins
in vivo, however, are often less conspicuous and dramatic than in vitro.
For that reason, the antisenescent role of cytokinins have generally
been relegated to tissue cultures and postharvest preservation of
horticultural products.

Fletcher (1969) demonstrated that cytokinins can retard senescence
in intact bean {Phaseclus vulgaris) leaves. Since then, other studies
have confirmed the ability of cytokinins to delay senescence in vivo,
but there is little diversity in plant species examined. We suspected
that field applications of exogenous cytokinins could delay the onset

of senescence in perennial grass plants.



The senescent leaf is a major source of nitrogen, since its protein
is hydrolyzed and redistributed throughout the plant. In annuals,
nutrients are translocated acropetally for seed development. Dalling
et al. (1976) reported that 80% of the nitrogen in wheat (Triticum
aegtivum) grain originated from senescing leaves. But in perennial
grasses, N and other assimilates are mobilized to storage organs for
internal cycling (Weinmann 1942). McKendrick et al. (1975) reported
that 18% of the total N requirement for growth in big bluestem
(Androéogon gerardi Vitman) and indiangrass [Sorghastrum nutans (L.)
Nash] came from an internal nitrogen reserve. Thus, manipulating
senescence with exogenous cytokinins could alter internal nutrient
cycling, such that it had a deleterious effect on overwintering
survival and herbage producticn the following growing season.

The objectives of this study were to examine the optimum cytokinin
concentration and date of application that could delay foliar senescence
in big bluestem, and to determine its effects on herbage production

the following growing season.

STUDY SITE AND METHODS

The study area was located on Kansas State University pastures in
the northern Kansas Flint Hills near Manhattan. Average annual
precipitation is 85 cm, 74% of which is received as rain during the
May through September growing season. In the 1979 growing season,
there were 39 cm of rainfall, 30% below average for the period (Fig. 1).
But total moisturé for 1979 was only 2 cm below normal. Rainfall in
the 1980 growing season was 50% below average, and there were 35 days

with temperatures exceeding 38 C.



Soil at the study site Qas a Benfield-Florence complex in the Udic
Argiustolls subgroup of the Mollisols. That loamy upland range site has
well-drained, moderately-deep, silty clay loams and cherty silt loams
overlying a heavy silty clay loam subsoil.

Botanical census for the study area in 1979, by the modified step-
point technique (Owensby 1973), indicated typical vegetation for native
talligrass prairie, with big bluestem and indiangrass the major dominants
(Table 1).

The area has been annually burned in late-spring, and in 1978 the
study site was fenced to exclude livestock grazing. We partitioned the
site into 4.3 m x 6.4 m plots separated by 0.6 m alleys that were
intermittently mowed throughout the growing season.

Benzyladenine (BA) was dissolved in a small quantity of 95% ethanol,
heated, and mixed with distilled water. That cytokinin stock solution
was diluted into 10 1 aliquots of 5, 10, 20, and 40 ppm BA, each contain-
ing 10 ml (0.1%) Tween-20 surfactant. A1l mixtures were formulated one
day prior to appiicétion.

BA at the four concentrations was applied separately to entire plots
via pressurized handsprayer at two-week intervals from mid-June until
late-Jduly 1979. Each treatment was replicated three times, and there
were six untreated plots in the completely randomized design. '

Beginning the first week of August, and every week thereafter until
October, big bluestem within 15 cm on either side of a line through the
width of every plot was clipped 2 cm above ground level. Each week the
Tine was systematically moved in the plot to prevent sampling any
previously-clipped plants.

One-third of the big bluestem harvested from each plct was placed



in a plastic bag, cooled in an ice chest, and stored in a freezer for
chlorophyll analysis. The remaining portion of the sample was dried in
a forced-air dryer (60 C), ground through a 1 mm mesh screen, and stored
in sealed containers for nitrogen analysis.

On 1 December 1979, big bluestem rhizomes were dug in each plot
along a previously unclipped transect. After cold water washing,
rhizomes were oven-dried for five days at 60 C, ground in a Wiley mill
(1 mm mesh screen), and stored in sealed bottles for nitrogen and total
nonstructural carbohydrates (TNC} analyses.

The absence of unclipped areas in each plot precluded measuring
herbage yields for 1979. But following the 1980 growing season, we
determined herbage production from each treatment by clipping all species
from three 0.406 m? quadrats to ground level in every plot. Herbage was
oven-dried and reported as kg dry matter per hectare.

Chlorophyll from the frozen leaf samples was extracted with acetone
and measured spectrophotometrically (Arnon 1949). Micro-Kjeldahl
nitrogen (N) was determined colorimetrically for all leaf and rhizome
samples, and crude protein estimated by N X 6.25. TNC conﬁentration
was measured for rhizome samples by enzyme extraction and copperiodometric
titration (Smith 1969).

Data were analyzed by analysis of variance, and probability of
differences among treatment means reported as &. Linear contrasts on
cytokinin concentration and date of application treatments were also
calculated. Cytokinin concentration and date of application interaction
means were separated by probability levels without regard to F-ratios

from the analysis of variance.



RESULTS AND DISCUSSION
Chlorophyll

As expected, chlorophyll content in untreated big bluestem leaves
progressively declined each week {Fig. 2). .But there was no difference
in chlorophyll levels between BA-treated and uﬁtreated Teaves (a=0.16).
Although not considered statistically significant, leaves treated with
5 ppm BA had the highest chlorophyll levels of any treatment throughout
the sampling period. The lack of significance was likely due to the large
variability in chlorophyll content among replications.

Contrary to our findings, other studies on intact plants have shown
that cytokinins effectively retard chlorophyll degradation. In bean, BA
applied at any developmental stage delayed chlorophyll loss (Fletcher
1969). Naito et al. (1978) observed that BA increased leaf chlorophyll
content if applied to intact bean plants at early or middle phenclogical
stages, and delayed chlorophyll breakdown if applied in late stages.

Leaf yellowing is considered an important criterion of senescence,
but the inability of BA to significantly retard chlorophyll loss in big
bluestem may not be indicative of its antisenescent effectiveness. Spencer
and Titus (1973) observed that in excised leaves, chlorophyll loss is the
first indication of senescence, but in attached leaves, protein decline
precedes chlorophyll loss. Thomas and Stoddart (1975) consider chloro-
phy1l breakdown a secondary effect of protein degradation and of lesser
importance in the senescence syndrome.

Crude Protein

Exogenous cytokinin applications generally produced higher crude
protein content in big bluestem leaves, but the magnitude depended upon

concentration and date of application. Linear contrasts indicated that



leaves treated with any BA concentration except 10 ppm had higher protein
levels than untreated plants (Fig. 3). Big bluestem treated with 5 ppm
BA had higher crude protein content than plants receiving other cytokinin
applications (a<0.01).

Averaged over all sampling weeks, big bluestem treated with BA any
time in July had higher protein levels (a<0.05) than untreated plants
(Fig. 4). The ineffectiveness of mid-June treatments suggests that
young non-senescing leaves are not responsive to exogenous cytokinins.
That may indicate adequate endogenous cytokinin levels at that time. As
the plants mature and approach the onset of senescence, exogenous BA may
evoke its antisenescent effect by substituting for deficient internal
cytokinins. Richmond et al. (1971) also reported that cytokinins were
most effective on bean plants if applied in the summer when endogenous
levels were suboptiminum.

There was no difference in crude protein content between BA-treated
plants and untreated plants the first week in August. But thereafter,
plants treated with 5 ppm BA any time in July had higher protein Tevels
than untreated plants (Fig. 5). The transitory rise in protein content
from 10 August to 17 August, corresponded with a week of cool tempera-
tures and abundant rainfall. Mid- and early-July treatments of 5 ppm
BA accentuated this rise (&=0.03 and 0.08 respectively).

Crude protein also increased during the week of 24 August to
30 August, but that was unrelated to favorabie climatic conditions. In
that week, big bluestem treated with 5 ppm BA any time in July had higher
(5<0.10) crude protein levels than untreated plants. That protein increase
coincides with the time when big bluestem in normally translocating

metabolites to its rhizomes (McKendrick et al. 1975). Thus, leaves



receiving 5 ppm BA could have been temporarily redirecting nutrients by
acting as a stronger sink., Engelbrecht and Mothes (1961) observed that
labelled amino acids applied to tobacco (Nicotiana tobacum) leaves
accumulated in the root tips, but cytokinin added to the leaf prevented
this mobilization.

The ability of BA to maintain high protein in big bluestem leaves
but unable to retard chlorophyll loss appears contradictory. Morita
(1980) observed that 85-95% of the nitrogen released from senescent
rice (oryza sativa) leaves originated from chloroplasts. The primary
constituent of chloroplast nitrogen is the Calvin cycle enzyme ribulose
bisphosphate carboxylase (RuBPCase} (Peterson and Huffaker 1975).
Chlorophyll loss from big bluestem leaves suggests that BA was unable
to inhibit proteolytic eﬁzymes from hydrolyzing RuBPCase. However, BA
evidently was able to defer the nitrogenous degradation products from
being translocated out of the leaf. Fletcher et al. (1970) maintain
that the ability of cytokinins to prevent effluent translocation of
sugars and amino acids out of leaves is responsible for its antisenescent
effect,

Rhizome Crude Protein and TNC Content

There was no difference in rhizome crude protein or TNC content of
big bluestem receiving any BA applications compared to untreated plants.
Since spring growth potential is related to nitrogen and carbohydrate
reserves, that indicates the senescence deferring effect of BA did not
alter internal nutrient reserve cycles. |

Any factor affecting the amount of photosynthetic material is
reflected in carbohydrate storage. If chlorophyll degradation had been

delayed with BA, we would have expected an increase in rhizome TNC.



Protein degradation and remobilization from the senescent leaf
provides an important source of N for internal recycling. Rains et al.
(1975) reported that replenishment of nitrogen reserves in big bluestem
rhizomes begins in mid-August, coinciding with new root growth. Thus,
delaying protein migration out of big bluestem leaves without altering
N reserves, indicates that the rhizome could be compensating for this
loss with soil nitrogen uptake from new roots.

Alternatively, big bluestem rhizomes could have imported nitrogenous
compounds from the leaves at a time past the October sampling date.
McKendrick et al. (1975) reported that nitrogen and TNC from big bluestem
shoots continued to accumulate in rhizomes after frost, reaching a
maximum in December.

Herbage Yield

_ Applying 5 ppm BA in either mid- or late-July significantly increased
(2<0.02) herbage yields the following year over untreated plots (Fig. 6).
Since plants were not segregated after clipping, we do not know if tﬁat
increased yield response was primarily from big bluestem or from other
species. Other cytokinin concentrations and application dates had no
effect on herbage production compared to untreated plots.

Biswas and Choudhuri (1977) found that 100 ppm BA applied at any
developmental stage in rice increased growth and dry matter accumulation.
Evidently, in big bluestem the response to exogenous cytokinin application
has a carryover effect into the next year. Seasonal changes in endo-
genous hormone levels of willow (salix babylonica) indicated that
cytokininslwere stored and actively translocated to meet physiological
requirements of the plant (Van Staden and Brown 1978). That would
suggest that synthetic cytokinins can be cycled through the plant

storage organs and reactivated with the resurgence of growth.



TABLE 1. Botanical composition (% total basal cover} in 1979 on loamy
upland study site in Flint Hills near Manhattan, Kansas.



Species % Composition

Andropogon gerardi Vitman 26.3
Sorghastrum nutans (L.) Nash : 25.0
Andropogon scoparius Michx. 7.9
Sporobolus asper {Michx.) Kunth 5.0
Poa pratensis L. 4.9
Bouteloua curtipendula (Michx.) Torr. 4.8
Other perennial grasses 6.4
Annual grasses 6.6
Carex SpPp. 8.9
Perennial forbs 3.7
Annual forbs 0.6

Woody species 0.1



Fig. 1. Monthly precipitation totals for Manhattan, Kansas during
1979-1980 period (bars), compared with long-term average for the
"area (solid line).
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Fig. 2. Chlorophyll decline of untreated big bluestem leaves from 1 Aug.
through 5 Oct. 1979. Standard deviation for each sampling date
bracketed.
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Fig. 3. Effect of BA concentrations on crude protein content of big
bluestem leaves. Means with the same letter are not significantly
different (P>0.10).
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Fig. 4. Effect of BA applications at different dates on crude protein
content of big bluestem leaves. Means with the same letter are not
significantly different (P>0.10).
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Fig. 5. Changes in crude protein content of untreated big bluestem
leaves compared to leaves treated with 5 ppm BA applied at different
intervals. Asterisk above a given harvest date indicates a significant
difference due to BA treatment (P<0.10).
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Fig. 6. Herbage yields (kg D.M./ha) of all species harvested at end of
1980 growing season, one year after BA application. Means with the
same letter are not significantly different (P>0.10).
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REVIEW OF CYTOKININ LITERATURE

HISTORICAL

The existence of a specific cell division factor that could be
transiocated throughout a p1aht was postulated by Wiesner in 1892
(Steward and Krikorian 1971). Evidence for such a factor was obtained
in 1913, when the German botanist Haberlandt discovered that an
endogenous compound in phloem tissue, leptohormone, stimulated cork
cambium formation in cut potato (Solanum tuberosum) (Weaver 1972).
Wehnelt later showed that various plant extracts added to bean
(Phaseolus wulgaris) parenchyma produced wart-1ike growths in which
cell division occurred (Strong 1958). Bonner and English (1938) found
that a fatty acid extracted from crushed beans cells caused localized
growth on bean pod parenchyma. However, the primary respcnse of this
substance, traumatin, was in promoting cell enlargement and not cell
division.

In seeking a nutritive supplement for agar medium, Van Overbeek
et al. (1941; 1942) discovered that the fluid endosperm of coconut
(Cocos nucifera) stimulated cell division of embryos grown in vitro.
Subsequent work by other investigators indicated that coconut milk, in
combination with indoleacetic acid, supplied some undetermined growth
substance required for cell division in tissue cultures (Caplin and
Steward 1948; Nickell 1950). Steward et al. (1952) developed quanti-
tative assays of cell proliferation using excised carrot (paucus
carota) tissue to isolate the growth factor in coconut milk. After
fractioning 2,650 L of coconut milk, Shantz and Steward (1952; 1955)
isolated 1,3-diphenylurea as the active ingredient. This compound,

however, was not universally recognized as the growth-promoting factor
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in coconut milk. Although diphenylurea stimulated cell division in
tobacco (Nicotiana tobacum) callus, the effect was often delayed,
sporadic, and responsive only at high concentrations (Strong 1958).
Many researchers also felt that diphenylurea was either an artifact or
‘a contaminant from synthesized urea herbicides (Jacobs 1979).

While seeking factors that interact with the growth inhibiting
effects of auxin, Skoog and Tsui (1948) observed that both adenine
and its nucleoside stimulated cell division in tobacco callus tissue.
The discovery that yeast DNA induced cell proliferation in excised
pith tissue (Jablonski and Skoog 1954) Ted to further investigations
of other nucleic acids. The active fraction was finally isolated from
old herring sperm DNA and named kinetin because of its ability to bring
about cytokinesis in cells (Miller et al. 1955b). Kinetin was found
to be a degradation product of deoxyribonucleic acid not present in
fresh preparations. Apparently, during the transformation, the pentose
derivative in deoxyadenosine migrates from the 9-position to the 6-
position of the adenine ring (Moore 1976). Hall and deRopp (1955)
demonstrated that kinetin could be produced by autoclaving adenine and
furfuryl alcohol together. Kinetin's chemical structure was identified
as 6-furfuryaminopurine, and subsequently synthesized in crystalline
form (Miller et al. 1955a).

Kine£1n stimulated cytokinesis in callus tissue with concentrations
as low as one part per billion, which was 1000 times more active than
any previously know substance. Hence, the name kinin was proposed by
Miller et al. (1956) to be the class designation for all substances
with similar activity as kinetin. But kinin had been used earlier by

animal physiologists to designate a class of polypeptids in venoms and
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stings that stimulate smooth muscle movement (Collier 1962).
Consequently, other generic terms were proposed to replace kinin,
including cytonin, kinetenoid, and phytokinin. To avoid confusion
and establish uniformity, Skoog et al. (1965) urged that all previous
designations be discontinued and replaced by the term cytokinin.

That is now the accepted generic name for all 6-substituted purine

derivatives with kinetin-1ike biological activity.

ANALOGS

Although kinetin was the first isolated cytokinin, it was an
artifact formed by the preparation procedure and did not occur
naturally. Miller (1961) isolated and partially characterized an
active natural cytokinin from corn (zea mays) endosperm. Letham (1963a)
identified this substance as 6-{4-hydroxy-3-methyl-trans-2-butenylamino)
purine, and named it zeatin. This endogenous cytokinin is an adenine
derivative with a 5-carbon isoprenoid substitute instead of the furfuryl
group on the nitrogen of the 6-amino group (Fig. 1). As a result of
this chain substitution, zeatin is 10-100 times more active than
kinetin in many bioassays (Letham 1967b). Attachment of a pentose
sugar (ribofuranose) to the purine ring at position 9 forms zeatin
riboside, which is less active than zeatin (Letham 1972), but is the
major translocational form (Gordon et al. 1974). Zeatin and its
riboside have been purified from a wide variety of sources and account
for most of the cytokinin activity in coconut milk (Letham 1968).

The most widespread natural cytokinin in plants differs only
slightly from the chemical structure of zeatin. Isopentenyladenine
(iP), and its ribonucleoside (2iP), provide the constituent base for

almost all naturally occurring cytokinins (Letham 1978). Whenever



A-4

required, enzymatic reactions convert isopentenyl adenosine into zeatin
{Miura and Miller 1969). Isopentenyladenine had been synthesized before
it had been identified as a natural occurring compound (Leonard and
Fujii 1964). It was first isolated as a free base from Corynebacterium
fascians cultures (Klambt et al. 1966), but has since been found in tRNA

preparationé from both plant and animal sources (Hall et al. 1966).

STRUCTURE

Structural requirements for a high level of cytokinin activity
generally include an adenine molecule with a N-6 substituent of moderate
size (Skoog and Leonard 1968). A variety of ring substitutes in the N-6
position confer cytokinin activity on adenine, but benzyl is the most
effective, followed by furfuryl, phenyl, and thenyl rings (Skoog et al.
1967). In all monosubstituted adenines that possess cytokinin activity,
the substituent is at the N-6 position, however, the activity of these
compounds varies considerably with the length, degree of unsaturation,
and substitutions on,the side chain (Skoog and Schmitz 1972).

Modification of the adenine moiety by replacing the exocyclic
nitrogen at the N-6 position with other atoms markedly reduces activity
(Strong 1958). But in bioassays based on senescence or other properties
not involving growth, the requirement for an adenine ring appears to
be less stringent and substitutions of other ring systems may suffice
(Skoog and Armstrong 1970).

There are some nonpurine compounds that have cytokinin activity,
the most potent being phenylurea derivatives. Minimum structural
requirements for activity are a -NH-CO-NH- grouping and a phenyl ring,
but activity is increased by substitution with electronegative groups

(Bruce et al. 1965). Although Schantz and Steward (1955) isolated
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Fig. 1. Structural formulas of scme synthetic and naturally occurring

cytokinins.
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diphenylurea as the fraction in coconut milk responsible for cell
division, its activities are weak compared to adenine derivatives.
However, urea-type cytokinins and adenine-type cytokinins both show a
similar spectrum of biological activities, suggesting that both classes
act through similar mechanisms (Kende 1971).

Synthetic cytokinins are usually quantitatively more active than
naturally-occurring compounds. Kinetin and benzyladenine (6-benzylami-
nopurine) (BA) are 100 times more effective than zeatin or 2iP in
retarding leaf senescence in oat (Avena sativa) (Varga and Bruinsma
1973). Biddington and Thomas (1978) reported that BA was more active
and more stable than zeatin in Teaf tissue. Synthetic 2iP is ten times
more active than kinetin in tobacco bioassays (Rogozinska et al. 1964),
but it is less effective for senescence deferral in chlorophyll retention
tests (Hamzi and Skoog 1964). BA is also more potent than kinetin
(McDonald et al. 1971) and is generally the most commonly used synthetic

cytokinin.

METABOLISM

The origin and specific biosynthetic pathways of free cytokinins
is not yet resolved. Anabolism is generally assumed to occur via sub-
stitution of the side chain onto an adenine moiety and not due to
degradation of tRNA (Hall 1973). The conversion of mevalonic acid to
jsopenteny] pyrophosphate is the initial step in side chain formation
of 2iP (Peterkofsky 1968). Transferring isopentenyl to adenine would
result in the active cytokinin base. However, this process has been
varified only in bacteria tRNA.

After observing that adenine did not overcome the inhibition of

cytokinin synthesis caused by hadacidin, Kung-Woo Lee et al. (1974)
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concluded that the basic precursor of biosynthesis involved inosine
monophosphate rather than adenine. Additionally, Beutelmann (1973)
found that only a very low percentage of labelled adenine can be
converted to free cytokinin in plant tissue.

Catabolism of active cytokinins can occur by removing the side
chain from the adenine moiety to form inactive metabolites. There are
at least two enzyme activities in iP that catalyze cleavage of the
isopentenyl side chain and the N-glycosylic bond (Paces et al. 1971).
Preferential enzymatic degradation of natural cytokinins by cytokinin
oxidase is responsib]é for their reduced activity in plants compared
to synthetic cytokinins (Whitty and Hall 1974). But, Henderson et al.
(1962) discovered that the enzyme xanthine oxidase can readily degrade
synthetic cytokinins to 2,8-dihydroxy derivatives. Fox (1966) found
more than 95% of benzyladenine taken up in tissue cultures was degraded
by cleavage of the benzyl side chain. In intact bean leaves, BA is
metabolized into BA ribotide and riboside, but only the nucleoside is
translocated (Ramina 1979). In senescing leaves, labelled BA was
readily metabolized into a number of Tow molecular weight compounds
including adenine, guanine, and urea, but the primary metabolite was
benzyladenosine {McCalla et al. 1962). The adenine moiety of metabolized
BA is scavenged by the tissue, but the remaining metabolites accumulate
inside tissues in the form of a detoxification compound (Fox and Chen
1967).

Side chain cleavage is not the only mechanism that 1nactivatés
cytokinins. Zeatin is extensively metabolized to form zeatin riboside
and dihydrozeatin derivatives, without removing the N-6 side chain

(Sondheimer and Tzou 1971). Glucose can attach to either position 7
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or 9 on the purine ring (Letham et al. 1975}, or to the hydroxyl group
on the isopentenyl side chain of zeatin riboside (Horgan 1975).
Exogenous zeatin applied to radish (Raphanus) roots rapidly metabolized
to 7-glucosylzeatin (raphanatin) (Parker et al. 1972). Glycosylation
of both natural and synthetic cytokinins at the 7- and 9-position
occurs in plants, but 7-glucosides are more metabolically stable
(Parker et al. 1973). In most biocassays, glucosides exhibit very low
cytokinin activity (Schmitz et al. 1972).

The actual function of cytokinin glucosides is speculative. Their
accumulation in senescing leaves indicates that they do not retard
senescence, mobilize nutrients, or stimulate cell division. Cytokinin
glucosides may be either bound and inactive forms of the active deriva-
tive (Gazit and Blumenfeld 1970), or storage compounds which accumulate
when active cytokinins are present in amounts above that required for
growth (Parker and Letham 1973). Henson and Wareing (1977b) found
glucoside levels declined when Xanthium buds started developing,
suggesting that cytokinin glucosides are hydrolyzed in the meristematic
tissues of the plant when needed. Wareing et al. (1977) identified
cytokinin glucosides in senescing leaves but did not find any in roots
or raot exudate. Hewett and Wareing (1973b) theorize that once the
fruit tissue ceases to be a sink, cytokinins in the xylem sap are
diverted to the leaves and converted to cytokinin glucosides. Any
cytokinins remaining in senescent leaves are lost to the plant upon
leaf abscision.

Active cytokinins may be converted to inactive glucosides so they
can be transported through the phloem without any deleterious effect on

plant growth (Van Staden 1976). Transport of active cytokinins through
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non-1iving xylem would not require inactivation.

MODE OF ACTION

Mechanisms of cytokinin actipn are conjectural. After finding
cytokinin bases in tRNA, Skoﬁg et al. (1966) suggested that cytokinins
exert their biological effects at the tréns]ation level. Fox and Chen
(19673 reported incorporation of BA into tRNA where it appeared to occur
as a nucleotide. Other investigators, however, failed to observe
incorporation of labelled cytokinins into tRNA (Kende and Tavares 1968).
Walker et al. (1974) concluded that only one molecule of intact BA
per 10,000 tRNA molecules is incorporated. The inability of cytokinin-
dependent tissue to grow on cytokinin-free media indicates physiologi-
cally insignificant amounts of free cytokinins are produced by tRNA
degradation {Burrows et al. 1971). But in vitro and in vivo are not
always analagous. Burrows (1976) suggests that the cytokinin-dependent
in vitro tissue could have a defective biosynthetic pathway necessary
for the alkylation of free adenine, or that the gene for this enzymatic
pathway could not be derepressed.

Cytokinins may control at the translation level by binding to
ribosomal proteins. Brandes and Kende (1968) initially suggested that
cytokinins interact with specific receptor molecules by loose noncavalent
bonds. Berridge et al. (1970) described reversible nonenzymatic binding
of cytokinins in Brassica leaf ribosomes, and found that active
cytokinins have a higher affinity for ribosomes than inactive cytokinin
analogs. Fox and Erion (1975) identified both high-and-low-affinity
cytokinin binding sites on wheat (Triticum aestivum) germ ribosomes,
and concluded that the high affinity receptor site is a protein. The

significance of cytokinin-binding proteins is unknown, but may reflect
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the binding to a ribosome-associated protein kinase (Ralph et al. 1972).

OCCURRENCE AND SITES OF SYNTHESIS IN PLANTS
Transfer RNA

In general, cytokinins are widespread in plants, not only as free
hormones, but as components of tRNA. Most investigations of cytokinin
biogensis have been concarned with the mechanism by which cytokinins
originate in tRNA fractions. Cytokinins are unique among phytohormones
in that they are structural components of tRNA and have been isolated
in bacteria, yeast, corn, mice, humans, and an ubiqutous spectrum of
other organisms (Skoog and Armstrong 1970). But only tRNA species
corresponding to codons beginning with an uracil base contain cytokinins
(Armstrong et al. 1970). In Escherichia coli, cytokinin-containing
tRNA species correspond to all six amino acids (phenylalanine, leucine,
serine, tyrosine, cysteine, and tryptophan) that have cocdons starting
with uridine (Skoog et al. 1966). Only one cytokinin base is present
in each tRNA molecule and it's always attached adjacent to the 3' end
of the anticodon (Letham 1978).

Although bound cytokinin moieties in tRNA do not function as free
cytokinins in the regulation of physiological processes (Kende and
Tavares 1968), they are significant. Modifying the cytokinin
nucleotides in tRNA impairs ribsomal binding of amino acids (Fittler
and Hall 1966). Gefter and Russel (1969) reported that cytokinins in
tRNA serve an important regulatory role in the translation step of gene-
controlled protein synthesis.

Roots
Meristematic regions of roots are principal sites of cytokinin

biosynthesis (Goldacre 1959). Short and Torrey (1972) found over 40
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times more free cytokinin in the terminal 0-1 mm segment of pea (Pisum)
roots fhan in the next 1-5 mm segment. Older, proximal root regions
contain very low cytokinin levels compared to root tips (Weiss and
Vaadia 1965). Engelbrecht (1972) detected cytokinins in detached bean
leaves only after the petiole developed roots. Cytokinin content in
root exudate of sunflower (#elianthus) did not decrease for four days
after decapitation (Kende and Sitton 1967). The appearance of cytokinins
in xylem sap identical to cytokinins in root exucate further indicates
that the root is the primary source of cytokinin biosynthesis (Skene
1970).

Buds

Cytokinin activity in apple (Malus) xylem sap first appears at bud
burst and is maximum at blossom time (Luckwill and Whyte 1968). Alvium
et al. (1976) found highest cytokinin levels in willow (saiix) at flower
bud swelling and again at leaf bud burst. Phillips and Cleland (1972)
extracted more cytokinins from phloem sap in flowering plants than in
vegetative plants. The concentration of cytokinins in xylem sap of
flowering Perilla plants was five times that of vegetative plants
(Beever and Woolhouse 1973).

Cytokinin activity in roots and stems of sugar maple (acer
saccharum) rises in early spring following a resurgence of root growth
(Dumbroff and Brown 1976). Henson and Wareing (1977b) demonstrated
that detached xanthium buds were unable to maintain the cytokinin levels
that occur in intact plants. Van Staden and Brown (1978) regard buds
as a site of conversion rather than one of synthesis. When required,
cytokinin glucosides are transported up to the lateral buds for

hydrolysis by meristematic tissue. These observations suggest that
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cytokinins are synthesized in roots and then become available to support
bud growth.

There is evidence, however, that root-produced cytokinins are not
involved directly with the induction of bud burst, and that buds are
sites of cytokinin biosynthesis (Kannangara and Booth 1974). In
perennial grasses, root growth does not occur until after initial leaf
production commences (McKendrick et al. 1975). Cytokinin Tevels in
buds of excised twigs that lack roots increased at the time of natural
bud burst (Hewett and Wareing 1973a). Kung-Woo Lee et al. (1974)
determined that the cytokinin required for lateral pea bud development
is synthesized in the bud itself. By grafting different apple varieties,
Luckwill and Whyte (1968) discovered that the character of the scion,
not the stock, determined time of bud burst, indicating that bud burst
was not a root controlled phenonmenon. Thus, the physiological
significance of increased cytokinins in xylem sap at bud burst may be
to either induce the rapid growth that follows or to overcome the
inhibitor effects of abscisic acid (Alvim et al. 1976).

Leaves

Cytokinin activity in plant leaves suggests that they too may be
a site of biosyntheses. Detached sunflower leaves placed in a complete
mineral nutrient solution can produce active cytokinins (Wareing et al.
1977). Alvim et al. (1976) found an increasing cytokinin content in
willow leaves was not due to xylem transportation. Translocation of
cytokinins to the leaves via phloem, however, could account for that
increase. Girdling of willow stems caused a fall in the Teaf cytokinin
content and an accumulation of cytokinin activity below the ring,

indicating that leaf cytokinins are not synthesized de novo but
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originate in the root (Van Staden and Brown 1977). The rapid decline
of cytokinin activity in detached leaves further indicates that intact
leaves are dependent on imported cytokinins (Hénson and Wareing 1977a).

Leaf senescence is Tikely brought about by a decrease in the level
of endogénous cytokinins. Highest levels and greatest cytokinin
diversity occur in young, expanding leaves, and as leaves mature and
senesce, the number and level of cytokinins decrease (Hewett and Wareing
1973b). But in Ginkgo (Van Staden 1976) and willow (Van Staden 1977)
the lowest cytokinin Tlevel was in expanding leaves and the concentration
increased over the growing season., Ilan and Goren (1979) also detected
more cytokinin activity in mature and senescing lemon {Citrus Iimon)
Teaves than in young leaves. Cytokinin utilization in cell enlargement
could be responsible for the low cytokinin levels in developing ieaves
at a time when the highest levels. are being transported.
Stems

If all adventitious roots are removed, the shoot apex of asparagﬁs
(asparagus officinalis) can synthesize a small amount of cytokinins,
but the yield is less than one-sixth.of that produced by the root tips
(Kodo and Okazawa 1980). The authors suggest that the cytokinin
producing capacity, which is inherent in all plant embryonic cells,
is gradually monopolized by the root tip during normal plant develop-
ment, and removing the roots restores cytokinin synthesis to the shoot
apex.

Seeds and Fruits

Peterson and Fletcher (1973) found fruit and seed development in
many plants that had all roots removed. Pea seeds excised after

anthesis and grown in vitro, independently produced cytokinins and
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developed to maturity (Hahn et al. 1974). Parthenocarpic tomato
(zycopersicum esculentum) fruits have retarded development and very
low cytokinin levels compared with seeded fruits (Varga and Bruinsma
1974). Letham and Williams (1969) concluded that the dividing tissue
of the seed is the principal source of cytokinins in apple fruit.
Developing fruits are rich in cytokinins. Maximum cytokinin
activity in xylem sap occurs at the time of rapid fruit growth (Beever
and Woolhouse 1973). In apple and plum (Prunus) extracts, Letham (1963b)
found cytokinin activity peaked during the period of rapid cell division
following fertilization, and then declined before the cessation of
division. But cytokinins detected in fruit are not necessarily
synthesized there. Fruit development creates a new center of intense
meristematic activity that acts as a strong sink for metabolites.
Davey and Van Staden (1978) found cytokinins present in fruits that
originated from other regions of the plant. The source of cytokinins
in developing fruits of many plants appears to be the root system

(Beever and Woolhouse 1973).

OCCURRENCES IN OTHER QRGANISMS

Free cytokinins are found in organisms other than higher plants.
The pathogen, Corynebacterium fascians, Can synthesize the cytokinin
24P that releases lateral buds from apical dominance, producing a
witches broom in infected trees (Thimann and Sachs 1966). Crown gall
formation is caused by the release of 2iP from the causal organism,
Agrobacterium tumefaciens {Upper et al. 1970). Phillips and Torrey
(1970) isolated a cytokinin from Rhizobium japonicum that induces nodule
formation in pea roots. Tien et al. (1979) found that Azospirillum

brasilense (formerly Spirillum lipoferum), a nitrogen~-fixing bacterium
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in the rhizosphere of various grass species, produced cytokinin,
gibberellin, and indole acetic acid. Some species in the plant genus
Ardisia have lost the ability to produce cytokinins, but have bacterial
symbionts which 1ive intercellularly and provide the host plant with
needed cytokinins (Pereira et al. 1972).

Mycorrhizal fungi produce cytokinins that cause enlargement of
root cortical cells (Miller 1967). Rust fungi produce cytokinins that
not only retard leaf senescence around the infection site with formation
of "green islands", but also mobilizes nutrients into the area of
infection (Pozsar and Kiraly 1966). Powdery mildew (Erysiphe gzraminis)
produces cytokinins that form "green islands" and inhibit root develop-
ment in infected barley (#ordeum vulgare) plants (Vizarova 1974).

Cytokinins have been detected in many species of marine algae.
Pedersen (1973) found that sea water surrounding brown algae (Fucus)
contained varying levels of cytokinins. Part of the highly stimulating
effect of sea water on algae growth could thus depend on its content
of cytokinins. Low concentrations of commercial seaweed extract has
promoted greater growth than kinetin in tissue cultures (Brain et al.
1973).

Some insects also have the ability to synthesize cytokinins.
Mining caterpillars (stigmelia) produce cytokinins that are responsible
for "green islands" in senescing tree leaves (Engelbrecht et al. 1969).
Cynipid wasp larvae have vestigial mouthparts but secrete cytokinins
that stimulate surrounding leaf cells into formjng highly specialized

galls (Van Staden 1975).
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FACTORS AFFECTING ENDOGENOUS CYTOKININ LEVELS
Nutrition

The nutritional status of plants has a profound effect on levels
of endogenous phytohormones. Cytokinins are nitrogen-containing
compounds -whose production is inevitably linked with nitrogen metabolism
of the plant. Endogenous cytokinin levels in birch (Betula pendula)
leaves significantly dropped when seedlings were transferred to nitrogen
deficient conditions (Horgan and Wareing 1980). Wagner and Michael
(1971) found a sharp decrease in cytokinin activity in xylem sap of
sunflower plants deprivedlof nitrogen, and renewed cytokinin activity
when nitrogen was restored. Nitrate fertilizer causes a substantial
increase of zeatin in rice (oryza sativa) leaves at a time when cytokinin
levels are normally decreasing (Yoshida and Oritani 1974). Although
nitrate increases cytokinin activity in sunflower, ammonium or ammon i um
nitrate does not markedly affect the cytokinin Tevel (Salama and
Wareing 1979).

Because of its role in nucleic acid structure, phosphorus
deficiencies also reduce cytokinin activity. Menary and Van Staden
(1976) showed that phosphorus starvation reduced cytokinin activity
in tomato plants. Increasing phosphorus levels, up to a point,
stimulates cytokinih activity in sycamore (Platamus) (Dhillon 1978}.

A deficiency in other essential nutrients may also reduce cytokinin
levels. Their effect may be direct by affecting other phytohormones
that interact with cytokinins, or it may be indirect by inhibiting
root growth or impairing photosynthate transport.

Moisture

Leaf and root cytokinin activity is rapidly reduced in plants
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suffering from water stress (Itai and Vaadia 1971). When water stress
is relieved, the cytokinin level in xylem sap increases (Browning 1973).
Increasing levels of abscisic acid (ABA) have been detected in leaves
(Wright and Hiron 1969) and in phloem sap (Hoad 1973) after drought,
indicating that ABA may be the hormonal signal responsible for supress-
ing cytokinin production and transport. Waterlogging induces similar
physiological changes in a plant as drought stress. Flooding reduces
cytokinin and gibberellin levels in xylem sap, and increases auxin,
ethylene, and ABA levels (Goodwin et al. 1978).
Temperature

Changes in root temperature affect cytokinin levels in xylem sap.
In maize roots, export of cytokinins and gibberellins were greatest,
and levels of inhibitors lowest, at the optimum temperature for shoot
growth (Atkin et al. 1973). Decreasing root temperatures increased the
export of inhibitors and lowered the cytokinin content. Menhenett
and Wareing (1975) also concluded that low root temperatures affect
the supply of hormones in tomato sap.

High temperatures also decrease endogenous hormone levels.
Cytokinin activity in leaves is markedly reduced when subjected to
heat stress (Ben-Zioni and Itai 1975). Itai et al. (1973) found that
heat treatments at 46 C for two minutes on bean and tobacco roots
decreased cytokinin and increased ABA levels. In ungrafted apple
rootstocks, high root temperatures suppressed growth and reduced
cytokinin content in both roots and leaves (Gur et al. 1972).
Light

Light quality and photoperiod markedly alter cytokinin activity

in plant tissues. Cytokinin Tevels in attached Populus leaves has a
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diurnal cycle, with levels declining through the night and rising to
peak at dawn, followed by a further decline and slow rise during the
course of the day (Hewett and Wareing 1973c). Treatment with red light
causes a pronounced increase in the level of cytokinin riboside
(Thompson et al. 1975). Red light also causes rapid increases in
endogenous cytokinin levels in 1ight-requiring Rumex seeds (Van Staden
and Wareing 1972). The action of phytochrome requires a supply of
cytokinin, and both are interdependent even though they interact through

different modes (Feierabend 1969a).

TRANSPORT THROUGHOUT THE PLANT

Changes in levels of cytokinins in plant parts indicate active
translocation. But exogenous cytokinins on the surface of leaves do not
move appreciably from the site of application (Skoog et al. 1965). Sachs
and Thimann (1964) noted that kinetin stimulated growth only when applied
directly to lateral buds and not to neighboring tissues.

Although not emphasized by them, Richmond and Lang (1957) first
demonstrated that cytokinins could be translocated through cut petioles.
Radioactive BA injected into severed petioles moved down the stem but
not up it (Chvojka et al. 1961). This basipetal polarity was enhanced
by auxin, which also exhibits basipetal movement (Black and Osborn
1965). In decapitated bean plants, exogenous cytokinins move down the
stump only in the presence of I[AA (Seth et al. 1966). Lagerstedt and
Langston (1966) confirmed the polar movement of kinetin, but found that
uptake and direction of transport depended upon plant species, age of the
tissue, and concentration of auxin.

Basipetal movement of cytokinins, however, may not be a general

phenomenon. Mast studies showing basipetal transport were performed
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with excised segments. Letham (1978) theorized that reported basipetal
transport in cultures may be due to cytokinin concentrations greater than
physiologically optimum. Fox and Weis (1965) were unable to detect any
polar transport with or without auxin. Pilet (1968) demonstrated that
while no polarity of cytokinin transport occurred in vitro, a highly
acropetal polarized transport was evident in vivo. In intact bean
plants, no basipetal translocation of BA occurred, but BA was easily
absorbed by the roots and translocated acropetally (Ramina et al. 1979).

Lagerstedt and Langston (1967a) found that kinetin moved distal
in the vascular system if applied directly over a main vein. Entry of
cytokinins into the transpiration stream results in acropetal movement.
The passive transportation of cytokinins from root tips to other parts
of the plant is well documented (Kende 1964; Mozes and Altman 1977).
Thus, changes in the levels of cytokinins in xylem sap and factors that
affect the ascent of sap, would have a profound effect on shoot
development and physiology.

Cytokinins also have been discovered in phloem (Kursanov 1963).
Aphids feeding on phloem sap of xanthium plants excrete honeydew
containing cytokinins (Phillips and Cleland 1972). Accumulation of
cytokinins in the bark below a girdle in willow stems reflected phloem
transport from the roots (Van Staden and Brown 1978). Cytokinin content
of grape (vitis) vines decreased after girdling (Skene 1972), further
indicating that xylem was not the primary transporter of cytokinins.

But préférentia] movement of BA may be in response to sink
activity regardless of the direction. Gersani et al. (1980) noted that
BA moves and is unloaded into the appropriate sink, and not in any given

direction. They concluded that sinks which develop in response to
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cytokinins may have a requirement for the hormoﬁe.

Zeatin riboside is the major form of cytokinin translocated in
xylem sap of intact radish seedlings (Gorden et al. 1974). Davey
and Van Staden (1976) observed fluctuations in concentrations of
zeatin and zeatin riboside translocated from tomato roots. They
suggested that individual cytokinins may undergo phasic changes in

order to initiate a particular developmental response in the shoot.

PHYSIOLOGICAL ROLES

Cell Division and Growth

The ability to promote cell division in tissue cultures led to the
discovery of cytokinins as a distinct class of phytohormones. Bioassays
measuring cell proliferation became the standard technique to estimate
cytokinin concentrations (Miller et al. 1956). In the presence of
exagenous cytokinins, callus tissue develops by division of polyploid
parenchyma cells (Torrey 1961). Although cytokfnins, by definition,
promote cell division in tissue cultures, they may not fulfili the same
function in vivo. There is a correlation between cytokinin content and
the rate of cell division in meristematic tissue (Goldacre 1959), but
high cytokinin levels may be due to de novo synthesis rather than
stimulating cytokinesis.

Cytokinins also promote cell enlargement (Miller 1956). Growth
from kinetin in leaf discs is due to cell expansion, not cell enlonga-
tion, and this response is enhanced with IAA (Kuraishi and Okhumura
1956). Kinetin suppresses auxin-stimulated cell enlongation in pea
stems, but increases segment thickness due to cell expansion (Katsumi
1962). Exogenous cytokinin applied to intact bean plants increases

Jeaf area by extending the period of leaf expansion (Jacoby and
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Dagan 1970). This stimulatory action on leaf expansion is the basis for
various bioassays to quantitatively measure cytokinin concentration
(Kuraishi 1959).

A ratio-specific interaction of cytokinins and auxins control
morphogenesis in cultured tobacco callus tissue; high cytokinin to
auxin ratios induce shoot formation, and low cytokinin to auxin ratios
produce roots (Skoog and Miller 1957). No cell division occurs with
cytokinins in the absence of auxin. Increasing the auxin level increases
the level of cytokinin required to achieve a particular response (Skoog
et al. 1967). Thus, the physiological basis for the control of
meristematic differentiation is the balance between cytokinin and auxin
levels, as well as other hormones, metabolites, and nutrients that affect
their activity.

Root growth is ordinarily inhibited by exogenous cytokinins
(Kaminek 1967). Johnston and Jeffcoat (1977) found that root applications
of 1, 5, and 25 ppm cytokinin on cereal seedlings arrested root growth
and caused necrotic lesions on the leaves. Wittwer and Dedolph (1963)
reported that any concentration of cytokinins applied to leaves of
intact plants inhibited root growth. Low concentrations of cytokinins,
however, stimulate root initiation (Torrey 1962). Meredith et al. (1970)
doubled the rooting of terminal Feijoa cuttings with 0.1 ppm exogenous
cytokinin. Auxin and cytokinin concentration gradients along the
Tongitudinal axis of roots are responsible for regulating the initiation
of lateral roots (Bonnett and Torrey 1965).

Cytokinins normally inhibit elongation of isolated stem segments
(Fox 1964). Applied to etiolated peas, kinetin temporarily enhances

ethylene production, and inhibits shoot growth (Fuchs and Lieberman 1968).
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In intact green plants, exogenous cytokinin inhibits stem growth
(Wittwer and Dedolph 1963). But low concentrations of cytokinins promote
stem growth in stressed plants (Railton and Reid 1973).

Stem swelling is often stimulated with cytokinins. In nutsedge
(cyperus), cytokinins promote tuberization in darkness by substituting
for 1ight (Chetram and Bendixen 1974). Kinetin-treated potato stolons
induce immediate starch activation preceding tuber formation (Smith
and Palmer 1970). In most plants, tuber formation is associated with
high cytokinin and low gibberellin levels (Booth and Lovell 1972).

Lateral Bud Development

Cytokinins release lateral buds from apical dominance. Axillary
buds are regulated by a correlative interaction between auxins produced
in the apex and cytokinins synthesized in roots. Exogenous kinetin
overcomes the IAA inhibition and promotes lateral bud development
(Wickson and Thimann 1958). Even in highly dominant plants, cytokinins
applied to lateral buds antagonize apical dominance (Sachs and Thimann
1964). Woolley and Wareing (1972) suggest that gibberellin is also
involved by antagonizing the action of cytokinin in the initial release
of axillary buds, but then promoting lateral shoot growth once cytokinin-
induced release is achieved.

Cytokinins supplied to either the whole plant or to individual
buds; can stimulate growth of repressed tillers in various grass species
(Jewiss 1972). At any developmental stage in wheat, 6 ppm kinetin
promoted tiller bud elongation (Langer et al. 1973). Johnston and
Jeffcoat (1977) concluded that in Gramineae, cytokinins stimulate
growth of axillary tillers by diverting assimilates to the bud.

However, the response is small if other metabolites are limiting (Sharif
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and Dale 1980).

Bud dormancy can sometimes be terminated with exogenous cytokinins.
BA applied to dormant opuntia lateral buds activates the meristem and
causes it to develop leaves instead of spines (Mauseth 1976). Exogenous
cytokinin also releases grape buds (Weaver 1963), and potato tuber buds
(Hemberg 1970) from dormancy. Weinberger (1969) reported that 200 ppm
cytokinin terminates bud rest in peach (Prunus), but only after the
chilling requirement is partially satisfied.

Seed Production

Cytokinins are involved in the ripening process of grain since
they can influence filling period length and dry matter accumulation
(Seth and Wareing 1967). Applying kinetin during the seed filling
period increased barley grain yield 10% (Barnsley 1964). Higher
individual kernel weight and greater production from smaller tillers,
increased barley yields 57% after pre-heading applications of BA
(Williams and Cartwright 1980). Ruckenbauer and Kirby (1973) sprayed
20 ppm kinetin on barley and observed a larger main shoot with Tonger
ears bearing more grains. In rice, 100 ppm kinetin applied at any
growth stage substantially increased grain yield over untreated plants
(Biswas and Choudhuri 1977).

In wheat, a decrease in ribulose bisphosphate carboxylase
(RuBPCase) during flag leaf senescence corresponds with grain filling
(Hall et al. 1978). That may be a significant factor in limiting
crop yield. However, cytokinins applied to wheat ears before anthesis
did not affect grain dry weight or number of grains per ear, indicat-
ing that endogenous cytokinins in the ear are adequate for normal

growth (Wheeler 1976).
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Transpiration

Cytokinins stimulate stomatal opening and hence increase the
transpiration'rate of leaves (Livne and Vaadia 1965). That effect
was first noticed when Kemp et al. (1957) observed kinetin-treated
plants wilted more than untreated plants on hot days. Tal et al.
(1970) concluded that excess cytokinin activity in a tomato mutant
was responsible for its resistance to stomata closure and the
resultant pronenéss to wilt. In the grass species Anthephora pubescens,
Incoll and Whitelam (1977) separated the epidermis from the mesophyll
and noticed a 70% increase in transpiration when kinetin was added.

A wide range of synthetic and natural-accurring cytokinins also promote
in vivo stomatal opening in the same species (Jewer and Incoll 1980).

Low concentrations of BA increased transpiration 112% over
nontreated tomato plants, but high concentrations of BA decreased
transpiration because of higher root resistance to water uptake (Tal
and Imber 1971). In leaves with few stomata, cytokinins have a more
profound effect on total transpiration than on species with a large
number of stomata (Kuraishi 1976). The increased transpiration from
cytokinins is the basis for a rapid bioassay that is 10 times more
sensitive than chlorophyll retention tests (Luke and Freeman 1967).

There are diverse hypotheses for the mode of action of cytokinins
in promoting stomatal opening. Pallas and Box (1970) suggest that
cytokinins affect stomatal aperture by decreasing turgor of epidermal
and mesophy11 cells causing the guard cells to have an osmotic
advantage and swell open. Since cytokinins stimulate absorption of
potassium fons (Ilan 1971), the guard cells could selectively receive

an influx of ¥* that would maintain their turgor. Meidner (1967)
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concluded that cytokinin effect on stomatal opening was a consequence
of decreased carbon dioxide concentration in the vicinity of the
aperture.

Respiration

The climacteric rise in respiration associated with leaf
senescence is inhibited by cytokinins. Reduced respiration of
cytokinin-treated Brassica leaves is correlated with decreased
hexokinase and pyruvic kinase activity (Tuli et al. 1964). Inhibiting
pyruvic kinase would repress entry of pyruvate into the Krebs cycle
and thus reduce respiration (Moore and Miller 1972). Although both
phosphoglucoisomerase and glucose-6-phosphate dehydrogenase decrease
in the presence of kinetin, Simpkins and Street (1970) found that
kinetin increased the content of glucose and reduced the content of
galactose and xylose in extracellular hemicellulose, indicating that
the inhibition of respiration by kinetin was due to supression of
glucose conversion to other sugars. Shaw et al. (1965) concluded
that kinetin inhibits oxygen uptake by preserving the integrity of
the mitochrondria, and thus preventing oxidative phosphorylation
uncoupling.

The net effect of reduced respiration from exogenous cytokinins
is senescence deferral. Applying 1 ppm BA on broccoli (Brassica) after
harvest reduced respiration and retarded leaf senescence (MacLean et
al. 1963). Suppressing respiration with BA preserves freshness and
prolongs shelf life in celery (apium} stalks (Wittwer et al. 1962)
and strawberry (Fragaria) fruits (Dayawon and Shutak 1967). However,
after observing that BA retarded the respiration but not the senescence

of daffodil (Narcissus) flowers, Ballantyne (1966) concluded that the
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cytokinin-induced decrease in respiration is not important in delaying
tissue senescence.

Membrane Permeability

Cytokinins have the ability to influence membrane permeability
by selectively affecting ion uptake. Cells actively absorb potassium
and rubidium in the presence of kinetin (Ilan et al. 1971}, but sodium
uptake is inhibited (Jacoby and Dagan 1970). Ilan (1971) suggests
that cytokinins activate a cation pump that carries potassium and
sodium in opposite directions. Cytokinins also stimulate an influx
of calcium ions that delay cell senescence by maintaining membrane
integrity (Lau and Yang 1975). Exogenous calcium inhibits membrane
protein phosphorylation, suggesting that cytokinins might act, at
least in part, by increasing the availability of calcium ions (Ralph
et al. 1976). After finding no change in the 1ipid bilayer, Feng
(1973) suggested that kinetin affects the permeability of substances
passing through an “aqueous" channel of proteins in the membrane.

In senescing leaf discs, 10 ppm kinetin delayed the onset of
permeabiiity changes, but auxin was more effective in maintaining
membrane integrity (Sacher 1967). Richmond et al. (1971) felt that
the major effect of kinetin in senescence was delaying permeability
changes in chloroplast membranes.

Cytokinins also stimulate Tipid synthesis. Releasing Cicer
axillary buds from apical dominance with cytokinins caused a rapid
increase in total 1ipid levels (Usciati et al. 1974). Cytokinins
enhanced methylation of neutral and polar 1ipids, especially
phosphatidylcholine, in dormant tobacco buds (Schaeffer and Sharp

1971). Additionally, cytokinins caused a significant reduction of
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Tipoxygenase activity in intact pea plants (Grossman and Leshem 1978).
That enzyme catalyzes oxidation of unsaturated fatty acids, which are
major constituents in the phospholipid component of the plant membrane
(Simon 1974). Cytokinins mimic the endogenous antioxidant, a-tocopherol,
in the depression of 1ipoxygenase activity (Leshem et al. 1979).
Maintaining membrane integrity by depressing Tipoxygenase levels with
cytokinins would thus contribute to retarding senescence.

Mobilization

Mothes and Engelbrecht (1961) first observed that localized
kinetjn treatments on detached tobacco leaves mobilized metabolites
from surrounding, untreated tissue. In addition to amino acids, the
cytokinin-treated locus creates a sink in excised leaves that attracts
cl4-Tabelled photosynthate (Gunning and Barkley 1963), phosphorus
(Muller and Leopold 1966a), and auxin {Langerstedt and Langston 1967b).
But labbelled Na, Rb, I, and C1 are not drawn toward kinetin-treated
areas (Muller and Leopold 1966b). Mobilization requires a cytokinin
locus to serve as a sink. If all cells receive cytokinin treatment,
then they all will have improved ability to attract metabolites from
a source and mobilization will stop (Muller and Brautigam 1973).

Draining nutrients from other parts of the leaf retards senescence
in the cytokinin-rich locus, but accelerates senescence in the untreated
parts (Leopold and Kawase 1964). However, McHale and Dove (1968)
‘maintain that cytokinins operate directly on treated areas, and do not
depend upon accumulation of metabolites from untreated tissue to exert
their effect. Von Abrams and Pratt (1967) found that increased
mobilization and accumulation of materials in cytokinin-treated areas

did not delay senescence in detached leaves. They suggest that
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senescence is an autonomous event, and that increased metabolite
retention is a secondary response to cytokinins.

In decapitated pea stems, kinetin does not induce transport of
labelled phosphorus, but exogenous auxin does (Davies and Wareing 1965).
Seth and Wareing (1967) showed that either kinetin or auxin alone
does not enhance isotope movement, but cytokinins mixed with [AA produced
a synergistic mobilization. Thus, detached leaves evidently contain
sufficient amounts of endogenous auxin for exogenous cytokinins to
produce the mobilizing effect.

Mobilization of nutrients in intact plants is a more intricate
phenomenon than in detached leaves. Kulaeva (1962) observed no
mobilization when one-half of an attached leaf was treated with kinetin,
and thus concluded that cytokinins have no effect on intact plants.
Applying BA to primary leaves of intact bean plants did not attract
labelled phosphorus and sucrose from other leaves (Adedipe and Fletcher
1970). In attached corn leaves, kinetin did not cause mobilization or
accumulation of phosphorus isotope (Muller and Leopold 1966a). The |
lack of directed transport in the intact plant may be due ta competing
parts. Engelbrecht and Mothes (1961) noted that radioactive ca-amino-
isobutyric acid applied to a tobacco Teaf accumulated in the root tips,
but kinetin added to the leaf prevented this translocation.

Quinlan and Weaver (1969) reported that BA on intact grape leaves
attracted labelled carbon from lower leaves, but mobilization was
increased if the competition from other sinks was diminished by
darkening the leaves. If cytokinins are applied to the roots of 10-day
old oat seedlings, a strong sink is created and a "reverse mothes

effect" accurs in which senescence of the leaves is promoted (Thimann
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et al. 1974). In the intact plant, roots and buds are strong
mobilizing sinks that accumulate metabolites (Adedipe and Fletcher
1971). The absence of potent sinks in detached leaves would thus
explain mobilization to-cytokinin-treated areas.

Metabolites are mobilized short distances to the cytokinin locus
by cell-to-cell movement from surrounding areas against a concentration
gradient (Skoog and Schmitz 1972). But exogenous cytokinin can also
direct movement through the vascular tissue {Gunning and Barkley 1963).
In detached corn leaves, kinetin-induced transport occurs in the axial
direction through the pholem (Muller and Leopold 1966b). Other non-
metabolites would be swept along to the locus by mass flow.

The antisenescent effect of cytokinins in intact plants are
probably independent of mobilization of metabolites from untreated
areas. Cytokinins delay senescence by preventing the effluent
translocation of sugars and amino acids rather than mobilizing their
immigration (Fletcher et al. 1970). Adedipe and Fletcher (1971)
concluded that retarding leaf senesecence by BA is not dependent on
mobilization, but is accomplished by metabolic self-sustenance associated
with high retention of photosynthate.

Photosynthate

Cytokinins increase the net photosynthetic activity in leaves.
Adedipe et al. (1971) found that BA increased photosynthate in intact
leaves, which was responsible for retarding leaf senescence. Kinetin
significantly increased photosynthetic rate in maize seedlings by
stimulating the regulatory enzymes of photosynthetic carbon reduction
(Wareing et al. 1968). Activity of the Calvin cycle enzymes, ribulose

bisphosphate carboxylase (RuBPCase) and glyceraldehyde-3-phosphate
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dehydrogenase, are both increased by cytokinins (Feierabend 1969b).
Harvey et al. (1974) concluded that BA increases RuBPCase activity

by stimulating its synthesis, but high glyceraldehyde-3-phosphate
dehydrogenase activity is due to either enzyme activation or stabiliza-
tion. Since RuBPCase is synthesized by the ribosomes of developing
plastids (Ireland and Bradbeer 1971), it is directly interrelated with
chloroplast synthesis.

Cytokinins also increase starch assimilation independent of its
effect on carbohydrate metabolism. Mittelheuser and Van Steveninck
(1972) found a massive increase in both size and number of starch grains
after kinetin treatment to detached wheat leaves. In intact bean leaves
treated with BA, starch assimilation was 100% higher after six weeks
than in untreated leaves (Fletcher and Adedipe 1972). Tasseron-De Jong
and Veldstra (1971) concluded that BA has a favorable effect on starch
accumulation not connected with its effect on growth rate.

Chlorophyll

Cytokinins affect chlorophyll production in a variety of ways.
They induce production of aminolevulinic acid dehydratase, the rate
limiting enzyme in chlorophyll biosynthesis (Fletcher et al. 1973).
Kinetin treatment lowers the level of chiorophyllase, the enzyme
responsible for the degradation of chlorophyll, in detached barley
leaves, and prevents its rise in detached oat leaves (Sabater and
Rodriquez 1978). Cytokinins also are necessary for the organization
of stroma lamellae into functional grana (Stetler and Laetsch 1965).
Kinetin induced an increase in the amount of endoplasmic reticulum
and ribosomes, and delayed the degeneration of cellular fine structure

(Shaw and Manocha 1965). In senescent leaves, kinetin stimulated the
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formation of grana and delayed the loss of chloroplast ribosomes
(Mlodzianowski and Kwintkiewicz 1973). Mittelheuser and Van Steveninck
(1972) reported kinetin maintained chloropiast ribosomes when other
organelles were showing signs of advanced senescence.

The effect of cytokinins on chloroplast development often depends
upon the physiological state of the tissue. In young leaves, exogenous
cytokinins were not effective in promoting chloroplast formation
(Alberte and Naylor 1975). Dennis et al. (1967) found that BA
accelerates the senescence process if applied to young expanding leaves.
They concluded that adding cytokinins at a time when endogenous levels
are high apparently over-stimulates the chloroplast, causing enlarge-
ment and excessive membrane synthesis, resulting in breakdown. Jacoby
and Dagan (1970) found that BA on young intact bean leaves initially
Towered chlorophyll content, but net chlorophyll synthesis continued
when mature untreated leaves were senescing. Fletcher (1969) reported
that a single application of BA was effective in preventing chlorophyll
loss in intact bean leaves irrespective of leaf age, and that repeated
applications increased chlorophyll content progressively. Naito et al.
(1978) also concluded that continuous BA applications beginning at the
early stage keeps bean leaves young and able to respond to the hormone
even at later stages.

In mature leaves, cytokinins can either promote chloraplast
development or delay its degradation. Sugiura (1963) found that
cytokinins promoted chlorophyll synthesis in detached bean leaves.

In excised Brassica leaves, kinetin increased chlorophyll content
(Mlodzianowski and Kwintkiewicz 1973). Kursanov et al. (1964) observed

chlorophyll restoration in detached yellow Teaves after treatment with
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exogenous cytokinins. Applying BA to intact bean leaves enhanced or
maintained the chlorophyll-synthesizing capacity (Adedipe et al. 1971).
In contrast, most reports indicate that cytokinins only delay
chlorophyll degradation. Richmond and Lang (1957) initially observed
that kinetin delayed chlorophyll loss in detached leaves. Since that
time numerous studies have documented the ability of cytokinins to
prevent chlorosis in leaves. Postharvest applications of BA has main-
tained high chlorophyll content in lettuce, asparagus, cabbage (Brassica
oleracea capitata), and a wide variety of other vegetables (Weaver 1972).
The ability to retard chlorophyll loss is the basis for bioassays
measuring cytokinin activity (Letham 1967a). Although these tests are
rapid, they are ineffective in measuring naturally occurring cytokinins
in plant extracts (Varga and Bruinsma 1973). Additionally, cytokinin
analogs offer varying degrees of effectiveness in chlorophyll retention
on different tissues (Kuhnle et al. 1977). In detached cereal leaves,
kinetin is more active than BA in retarding chlorophyll loss, but in
legume leaves, the order of activity is reversed (Mishra and Misra 1973).
Leaf-yellowing is considered the universal symptom of senescence,
and the antisenescent effect of cytokinins may be dependent upon its
ability to prevent chlorophyll loss. Srivastava (1963) demonstrated
that cytokinin treatments have no effect in retarding senescence in
albino barley leaves. The retention of chloroplast genomes in yellow
leaves is the major factor in determining their ability to re-green
following cytokinin treatment (Dyer and Osborne 1971). In oat leaves,
once chlorophyll loss begins, there is no restitution by kinetin, and
the normal sequential events of senescence proceed (Tetley and Themann

1974).
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Hall et al. (1978) reported that chlorophyll content in the intact
flag leaf of wheat plants decreased by more than 50% before any ribulose
bisphosphate carboxylase (RuBPCase) protein ]pss occurred. But in
senescing barley leaves, chlorophyll breakdown does not begin until
after RuBPCase loss and the concomitant decline in photosynthesis
(Friedrich and Huffaker 1980). In rice, the majority of Teaf nitrogen
is concentrated in chloroplasts, and accounts for most of the protein
translocated during senescence (Morﬁta 1980). Spencer and Titus (1973)
observed that in excised leaves, chlorophyll loss is the first indica-
tion of senescence proceeded by protein loss, but in attached Tleaves
. protein decline precedés chlorophyll loss. Thomas and Stoddart (1975)
concluded that chlorophyll loss is not an obligatory part of the
_senescence process.

Protein

Richmond and Lang (1957) originally demonstrated that the protein
level in kinetin-treated detached leaves declined more slowly than in
untreated leaves. Guttman (1957) -showed that kinetin caused a rapid
increase in the amount of RNA in excised tissues. The enhancement of
protein content in Rhoeo leaf sections was dependent on kinetin-induced
synthesis in all fractions of RNA (Sacher 1968). Sugiura et al. (1962)
found that kinetin increased incorporation of adenine into ribosomal
RNA, and caused a net increase in RNA and protein synthesis. After
finding that kinetin promoted the incorporation of labelled amino acids
into nucleic acids, Osborne (1962) concluded that the antisenescent
effect of kinetin was due to stimulating RWA and protein synthesis.

But, incorporating amino acids into proteins or measuring total

amount of nucleic acid and proteins after cytokinin treatments may not
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be reliable measures of protein synthesis (Shibaoka and Thimann 1970).
Chibnall and Wiltshire (1954) observed that detached leaves do not lose
the ability to synthesize proteins even in the absence of a hormonal
stimulus. Hardwick and Woolhouse (1968) showed conclusively that the

cut edge of a Teaf disc is the main site for uptake of labelled substances,
thus negating any firm conclusions concerning rates of protein syntheses.
Tavares and Kende (1970) maintain that only if protein breakdown is
negligible and the size of the protein precursor pool does not change,

can amino acid incorporation estimate protein synthesis.

In detached Tropoeolum leaves, kinetin decreases protein degradatiﬁn
rather than increase protein systhesis (Mizrahi et al. 1970). The action
of cytokinins in Brassica leaf discs (Kuraishi 1968), duckweed (Lemna)
(Trewavas 1972), corn tissue (Tavares and Kende 1970), and wheat leaves
(Tung and Brady 1972), all indicate that senescence is retarded by
inhibiting protein breakdown and not by stimulating protein synthesis.

Cytokinins delay protein breakdown by depressing the level of free
amino acids and hydrolytic enzymes. The content of soluble a-amino
nitrogen, indicative of free amino acids, increases in detached leaves,
but is inhibited by kinetin treatment (Anderson and Rowan 1966).
Cytokinins arrested the general decline in total and soluble protein
in detached leaves by inhibiting protease activity (Kar and Mishra 1977).
Atkin and Srivastava (1969) found that kinetin prevents an increase in
the activity of protease and RNase. In both light and dark, kinetin
depressed RNase in wheat leaves but did not change RNase activity in
barley (Sodek and Wright 1969). Catalase, which is positively
correlated with the decline of chlorophyll during senescence, decreases

with kinetin treatment (Kar and Mishra 1976). The net effect of
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depressing these oxidative enzymes with cytokinins is senescence
deferral.

Shibaocka and Thimann (1970) believed that the primary effect of
kinetin on preventing senescence in detached leaves was to inhibit
proteolysis. The dual action of kinetin in preventing proteolysis and
preserving chlorophyll is antagonized by L-serine, which serves as the
active center of many proteinlytic enzymes (Martin and Thimann 1972).
Wittenbach (1978) observed that the major proteinases have cysteine at
the active site and exhibit a high affinity for ribulose bisphasphate
carboxylase (RuBPCase) in comparison with other soluble proteins.

Although protease is an integral part of senescence, its activity
is not related to the onset or rate of senescence (Beevers 1968).
Wittenbach (1978) reported a decline in soluble protein, but no increase
in proteolylic activity during the first stage of wheat senescence.
Frith et al. (1975) reported that the high specific activity of acid
proteinase in senescing tissue was predominantly due to a Tower protein
content rather than increased proteolytic activity. Kar and Mishra
(1977) found protease activity increased very slowly in detached leaves,
with or without kinetin.

Most studies of cytokinin effect on hydrolytic enzymes have used
excised leaves or leaf discs. But the senescent process of leaves
removed from plants may not be the same as in attached leaves. Spencer
and Titus (1973) reported that leaf discs accumulate amino acids during
senescence, while attached leaves lose amino acids. Unlike the case
for excised leaves, cytokinin raised the activities of RNase, DNase,
and protease in intact bean leaves (Naito et al. 1979). Fletcher (1969)

also showed that RNase activity was higher in intact leaves treated
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with BA than in untreated leaves. This increase in hydrolase activities
would reduce amino acid levels, and so cytokinins may simultaneously
stimulate synthesis in order to maintain protein content.

Regulating RuBPCase plays a key role in controlling plant
senescence. During the reversible stage of wheat senescence, RuBPCase
accounted for 80% of the total loss of soluble protein (Wittenbach 1978).
Peterson and Huffaker (1975) reported that kinetin delays senescence in
detached barley leaves by inhibiting RuBPCase breakdown. Wittenbach
(1977) observed that kinetin reduces RuBPCase loss in intact wheat
seed1ings and maintains the tissues capacity for protein recovery.

Nitrogen Metabolism

In addition to its role in nucleic acids and proteins, cytokinins
have a direct effect in other aspects of nitrogen metabolism. Spraying
BA on seedlings subject to nitrogen deficiency resulted in a rapid leaf
regreening (Horgan and Wareing 1980). Exogenous cytokinins, however,
do not act as a non-specific nitrogen source to the plant (Fletcher
1969).

Dilworth and Kende (1974) found that cytokinins enhance nitrate
reductase activity in agrostemma embryos. Cytokinins have also increased
nitrate reductase activity in wheat, barley, and corn (Knypl 1979).

The mechanism involved in increasing nitrate reductase is unrelated to
substrate induction, since cytokinins do not affect nitrate Tevels or
nitrite reductase (Kende et al. 1974). Rijven and Parkash (1971) suggest
that kinetin operates on the transcriptional Tevel of control in
stimulating nitrate reductase. But Kende et al. (1971) found that
exogenous BA induces nitrate reductase directly through mobilization

of nitrate from a metabolically inactive pool.
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In legumes, cytokinins play a role in nitrogen fixation by affect-
ing the nodule development. Exogenous cytokinins released by R. japonicum
and R. leguminosarum are sufficient to initiate cortical cell divisions
for forming a root nodule (Phillips and Torrey 1972). In clover
(rrifolium), low concentrations (10=9 M) of kinetin had no effect in
nodule development, but high concentrations (10'8 M) inhibited nodule
formation (Kefford et al. 1960). Huang (1977) found that 20 and 40 ppm
kinetin inhibited nodule initiation in soybean (Glycine max) seedlings
and decreased nitrogen fixétion over 40%. He concluded that kinetin
alters the concentration or function of leghaemoglobin, which alters
the anaerobic condition in the nodule and thus suppresses nitrogenase
activity.

Adding kinetin to the growth medium was responsible for forming
nodules on excised tobacco roots (Arora et al. 1959). Cytokinins have
also induced intact tomato and cucumber (Cucumis) roots to form
pseudonodules (Wittwer and Dedolph 1963). Highest levels of cytokinin
activity in alder (ainus) is from zeatin glucosides prior to the
recommencement of nitrogen fixation, indicating that nodule cells
normally store rather than export excess cytokinins (Wheeler et al.
1979). Low levels of cytokinins stimulate pseudonodule formation in
alder roots, but no nodules are formed in cytokinin-free cultures

(Rodriguez-Barrueco and De Castro 1973).

SENESCENCE DEFERRAL IN THE WHOLE PLANT

Leaf senescence is a programmed process. A large part of the
biochemical apparatus for senescence pre-exists in the leaf in a
latent form that is inevitable activated by mRNA transcripts (Thomas

and Stoddart 1977). Dyer and Osborne (1971) indicated that the pattern
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of senescence prior to the first stages of leaf autolysis and dehydra-
tion is species-specific. Consequently, there is no one reliable
indicator of the senescence syndrome, but some of the biochemical
changes normally taking place in senescent Festuca leaves are: 10ss

- of total chlorophyll, total protein, Fraction 1 protein (RuBPCase) and
total RNA (Thomas and Stoddart 1975). The role of growth regulators
in retarding senescence may be in sustaining the metabolic state of
the Teaf so that some critical metabolite is prevented from inducing
the latent senescence process (Thomas and Stoddart 1980).

Senescence in the whole plant is associated with endogenous
phytohormone levels as affected by time, environment, and plant species.
In sunflower, cytokinin content in xylem sap increases during rapid
growth, but then decreases when root growth stops, suggesting that
reduced cytokinin transport from roots to leaves is a significant
factor contributing to shoot senescence (Sitton et al. 1967). Young,
expanding leaves often do not respond to exogenous cytokinin, suggest-
ing that non-senescing tissues have an adequate endogenous cytokinin
content (Muller and Leopold 1966a). Fletcher (1969) reported that the
most efficient time to apply BA for senescence deferral in intact bean
plants, was after the onset of flowering when endogenous levels were
declining. Richmond et al. (1971) also concluded that kinetin was
most effective on bean plants if applied in the summer when endogenous
cytokinin concentrations are suboptiminum.

But the mechanism for senescence deferral may not be as simplistic
as substituting cytokinins when endogenous levels are low. Naito et al.
(1978) surmised that the concentration of endogenous cytokinins is far

below saturation level even in young, growing leaves. Lindco and Nooden
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(1978) concluded that since cytokinins delay, but do not prevent
monocarpic senescence in intact soybeans, an endogenous cytokinin
deficiency is probably a secondary cause of foliar senescence.
Undoubtedly, cytokinins are intricate participants of a hormonal
complex which regulates senescence.

Indeed, cytokinins are not universal senescence inhibitors, nor
are they the only growth regulators that delay senescence. Osborne
(1965) reported that auxin (2,4-D) will retard senescence in cherry
(Prunus) leaves, but kinetin is ineffective. Exogenous gibberellins
retard senescence in intact dandelion (Taraxacum officinale) particularly
if applied when endogenous levels are low (Fletcher et al. 1969). A
combination of BA and auxin (a-naphthaleneacetic acid) synergistically
reacted in intact soybeans to halt leaf export of nitrogen, starch, and
chlorophyll two months beyond normal senescence (Nooden et al. 1979).

Additionally, endogenous phytohormones such as abscisic acid and
ethylene counteract the effects of cytokinin and promote senescence
(Nooden and Leopold 1978). Thus, the physiological state of a leaf
is determined by a balance among phytohormones, and the triggering of
senescence is brought about by a change in the level of one of these
(I1an and Goren 1979). But, Thomas and Stoddart (1980) claim that
neither a decline in endogenous levels of senescence-retarding hormones,
nor increases in senescence promoters, are the primary inducers of
senescence, although they may be part of a more complex induction
system.

The effectiveness of exogenous cytokinin in retarding senescence
in the whole plant varies according to physiological stage of develop-

ment, plant species, environmental conditions, and the Jevel of other
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endogenous hormones. These factors may alter sensitivity of the plant
tissue and evoke varying responses. But whether the effect is primary
or secondary, exogenous cytokinins delay senescence by one or more of
the following processes: inhibiting protein (primarily RuBPCase) break-
down, retarding chlorophyll loss, retaining photosynthate, preventing

metabolite export, or maintaining membrane integrity.
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ABSTRACT

Different concentrations of the synthetic cytokinin benzyladenine
(BA) were applied to ungrazed tallgrass prairie near Manhattan, Kansas
in 1979 on four biweekly dates beginning in mid-June. Changes in
chlorophy1l and crude protein levels of big bluestem (andropogon geraréi
Vitman) leaves from the different treatments were monitored weekly from
August until early-October. In December 1979, big bluestem rhizomes
were dug and analyzed for crude protein and total nonstructural carbo-
hydrates (TNC). Total herbage production of all species was determined
after the 1980 growing season.

BA did not significantly delay chlorophyll breakdown in big blue-
stem, but leaves sprayed with 5 ppm BA averaged higher chlorophyll content
than other treatments throughout the sampling period. Big bluestem
receiving 5, 20, and 40 ppm BA applied in July had significantly higher
crude protein levels than untreated leaves, but 10 ppm BA had no effect
on protein content. Applying any BA concentration in mid-June was
ineffective in maintaining high crude protein levels.

BA did not alter protein or TNC levels in big bluestem rhizomes,
indicating that senescence deferral had no deleterious effect on internal
nutrient reserve cycles. Applying 5 ppm BA at either mid- or late-July
significantly increased herbage yields the following year over untreated

plots.



