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Abstract—Foliar application of the cytokinins kinetin, diphenylurea, benzylaminopurine and zeatin at the 1-10 ppm
level has a general growth promoting effect on Mentha piperita, M. spicata and Salvia officinalis, but not on M.
suaveolens and Lavandula vera, grown under controlled environmental conditions. The essential oil yield of cytokinin-
treated plants is also increased up to two-fold on a fr. wt basis relative to untreated controls, with only a minor influence
on oil composition in most cases. The increase in oil yield cannot be attributed to alteration in growth or development of
the treated plants, or to changes in oil gland populations. In vitro assay of the enzymes catalysing the rate limiting steps
of camphor biosynthesis in S. officinalis and of menthone biosynthesis in M. piperita indicated that the increase in oil
yield under the influence of cytokinin is a result of increased monoterpene biosynthesis.

INTRODUCTION

The physiological responses of plants to applied cyto-
kinins are numerous and diverse {1, 2]. Most investi-
gations of the biological activity of these compounds have
focussed on aspects of plant growth and development, or
of primary metabolism; however, the effects of cytokinins
on the metabolism of natural products such as alkaloids
[3], betacyanins [4] and anthocyanins [ 5] are also known.
Whether the influence(s) of cytokinins on ‘secondary
metabolism’ may be direct or incidental is in no instance
certain.

The influence of cytokinins on the biosynthesis and
accumulation of terpene components of essential oils
appears to have received little experimental attention,
in spite of the fact that these natural products are
easily analysed and their accumulation is invariably
associated with highly segregated structures (e.g. secretory
trichomes) [6, 7], a feature which could more readily
permit distinction between primary and secondary cyto-
kinin effects. Pretreatment of peppermint rhizomes with
kinetin, benzylaminopurine and related cytokinins in-
creased both herbage (by 15-209]) and essential oil
content (by 15-50 %) without altering oil composition of
the resulting plants [8-10]. It was not possible from these
studies to distinguish any direct influence of bioregulator
on terpene metabolism from those alterations in growth
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which may have resulted from differences in early
development.

The present study was undertaken to examine the
influence of four foliar-applied cytokinins (kinetin, zeatin,
benzylaminopurine and diphenylurea) on established
plants (Mentha piperita, M. spicata, M. sauveolens, Salvia
officinalis and Lavandula vera) grown under controlled
conditions. These commercially important oil producing
species were chosen for this work because the oil com-
positions are well known [11-13] and because the
biosynthetic origins of most of the relevant monoterpene
constituents have already been deciphered [14-16].

RESULTS AND DISCUSSION

Influence of cytokinins on growth

Foliar application of the four cytokinins tested (kinetin,
diphenylurea, benzylaminopurine and zeatin) at concen-
trations of 1-10 ppm produced fairly uniform effects on
the growth of M. piperita, M. spicata and S. officinalis.
Kinetin resulted in a 30-609; increase in total fr. wt
compared to controls, with ca 40 9, increase in leaf weight
and 50-60 % gain in weight of the mainstem. Leaf length
increased (10-20 9;) as did width (12-18 %)) and number of
leaves per branch (ca 109,). The mainstem length was
markedly increased (30-50°) as were the number of
internodes (20-30%,). Internode length was increased by
ca 159, Diphenylurea provided a less pronounced in-
crease in fr. wt (15-309%), which was nearly equally
distributed between leaves, mainstem and branches. Leaf
length and width were again increased (by 25 9, and 209,
respectively) as was the number of leaves per branch (ca
30%). Total stem length was increased by up t0 40%,, and,
while the internode length actually decreased (by
209%,) compared to controls, the increase in number
of internodes (509%) more than compensated.
Benzylaminopurine provided an increase in fr. wt of up to
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25% and was in most other effects similar to kinetin.
Zeatin afforded less than 10 9, increase in all of the growth
parameters examined. Identical treatment of M.
suaveolens and L. vera with all four cytokinins produced
no discernible effect on growth.

In an attempt to access the influence of cytokinins on
development, the time to flowering (of 50 9, of the plants)
at the highest treatment level was compared to that of
untreated controls. No significant differences were ob-
served for M. piperita, M. spicata or S. officinalis; however,
both M. suaveolens and L. vera, for which no growth
effects were observed, appeared to flower with somewhat
greater profusion from 7-10 days earlier. This time
difference was minor (< 109 of the control) and of
uncertain significance since too few samples were carried
through this length of time to permit adequate statistical
analysis.

Leaf oil gland number, size and surface density were
microscopically assessed for the highest treatment level at
the time of harvest. Although these analyses are difficult to
carry out with precision, it was clear that in oil gland size
and total number the treated plants could not have
exceeded the untreated controls by more than 20%,. The
treated plants also evidenced a corresponding decrease
(by 10-20 %) in abaxial and adaxial surface gland density.
It does not appear that these differences could account for
the differences in essential oil yield observed (see below).

Influence of cytokinins on essential oil yield

Of the four cytokinins tested, kinetin and diphenylurea
were most effective in increasing essential oil yield. Foliar
application of kinetin at 4 ppm resulted in a 60-8079,
increase in oil yield on a percentage fr. wt basis (Table 1)in
all test species except L. vera (ca 30 %), and nearly doubled
oil yield on a mg/plant basis for M. piperita, M. spicata
and S. officinalis. Diphenylurea at 10 ppm was even more
effective, essentially doubling oil yield on both a per-
centage fr. wt basis and mg/plant basis in all cases. The
influence on peppermint was particularly notable, a 2.7-
fold increase in oil yield per plant being observed.

Benzylaminopurine and zeatin were generally less ef-
fective, promoting lesser, but still significant, increases in
oil yield on both bases (Table 1). L. vera was a notable
exception in responding quite favourably to low concen-
trations of benzylaminopurine. A doubling of the highest
concentration of each cytokinin indicated in Table 1
resulted in a decline in maximum oil yield by ca 15 9, with
all cytokinins for all species tested.

The observed increases in oil yield per plant are
attributable, in part, to cytokinin induced growth of M.
piperita, M. spicata and S. officinalis. However, in no
instance was total fr. wt increased by more than 40 9;, nor
was leaf weight or size increased by more than 50 9. As the
leaf oil glands represent the major sites of monoterpene
biosynthesis [6, 7], the doubling of oil yield observed
certainly cannot be fully explained by the increase in leaf
size and weight. Additionally, both M. suaveolens and L.
vera exhibited significant increases in oil yield on both
percentage fr. wt and per plant bases in response to
cytokinins (Table 1), yet neither species evidenced a discern-
ible increase in growth. Thus, the growth-promoting
influence of cytokinins could be eliminated as an influence
on oil yield in these cases.
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Influence of cytokinins on essential oil composition

The cytokinins tested had no appreciable effect on the
oil composition of M. suaveolens and M. spicata, both
species which produce oils containing relatively few
components. Thus, the neoiso(iso)pulegol content of M.
suaveolens oil was essentially invariant (82 +29,), while
the limonene (129%) and carvone (559%) content of
M. spicata did not vary significantly regardless of yield.
In the oil of L. vera, the borneol level increased from
259% in the control to 32-33 9% at maximal yield with
each cytokinin and was accompanied by an increase in
1,8cineole content (from 7 to 9 %;); all other components
exhibited a slight but uniform decrease. In the case of
M. piperita, both kinetin and diphenylurea promoted an
increase in ( —)-menthone content (3643 %) and decrease
in (+)isomenthone content (22-17 %) at maximum oil
yield, without significantly influencing the levels of the
respective derived alcohols (—)-menthol (~ 20%) and
(+ }neoisomenthol (~ 2%). Kinetin and diphenylurea
are the first of several bioregulators thus far examined
[17,18] to promote an increase in the level of
(—)menthone. Benzylaminopurine and zeatin, which
had lesser effects on oil yield, had essentially no effect
on menthone content, but did increase the content of
isomenthone (from 21 to 26 %) and of the derived alcohol
(+ }-neoisomenthol (2-8 %), while decreasing the concen-
tration of (—)-menthol derived from (—)menthone
(from ca 21 to 15%). A similar alteration in the com-
position of M. piperita oil was previously observed upon
treatment with daminozide [18].

The four cytokinins had a notably uniform influence on
the composition of S. officinalis essential oil at the
treatment levels producing the highest yield. The (—)-3-
isothujone concentration (44+19;) was significantly
higher than control values (~ 32%), whereas those of
both 1,8-cineole and S-pinene decreased, from 10to 7.5 9,
and from 8 to 5%, respectively. The amount of (+)
camphor (ca 20 %) was unaffected by cytokinin treatment.
Similar alterations of terpene composition in S. officinalis,
as well as increased oil yield, have been previously
observed under the influence of the growth retardant
Phosfon D [17], the gross developmental effects of which
were quite the opposite of those noted with foliar applied
cytokinin.

Although significant differences in the relative per-
centage of several monoterpenes were observed, most
notably in the oxygenated monoterpene fraction, in no
instance did cytokinin treatment drastically alter oil
composition of the five species tested. It should also be
emphasized that although relative decreases in the per-
centage composition of several monoterpene components
of the various essential oils were noted, there was a clear
increase in the absolute levels (as %, fr. wt or mg/plant) of
all monoterpenes examined in the plants that had been
treated with cytokinins in all cases. Thus, the primary
influence of cytokinins was to stimulate the overall
accumulation of monoterpenes typical of the respective
essential oils.

Influence of cytokinins on monoterpene metabolism

Changes in the relative terpene composition of essential
oils under the influence of bioregulators [17, 18] have
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Table 1. Effect of cytokinins on essential oil yield

Treatment ppm
Control

Kinetin 1
Kinetin

Kinetin 4
Diphenylurea 25
Diphenylurea 5
Diphenylurea 10
Benzylaminopurine 1
Benzylaminopurine 2
Benzylaminopurine 4
Zeatin 1
Zeatin 2
Zeatin 4
LSD (0.05)

M. piperita M. spicata M. suaveolens L. vera S. officinalis
(% fr. wt) (mg/plant) (% fr. wt) (mg/plant) (% fr. wt) (mg/plant) (% fr. wt) (ng/plant) (% fr. wt) (mg/plant)
0.20 345 0.31 41.7 0.17 230 0.047 6.4 0.18 333
0.26 66.5 042 76.7 0.21 26.3 0.061 8.0 0.26 375
0.26 64.8 044 71.1 0.23 317 0.078 10.3 0.30 50.7
0.34 717 0.51 83.3 0.27 29.3 0.060 7.8 0.23 64.2
0.38 750 0.56 86.2 0.30 333 0.082 116 0.28 444
0.38 72.5 0.59 88.7 0.33 357 0.087 13.2 0.35 61.5
041 93.5 0.61 99.3 0.37 38.7 0.089 135 0.39 67.5
0.21 358 034 430 0.21 26.3 0.081 122 0.25 371
0.22 38.5 034 46.3 0.24 300 0.078 9.3 0.26 378
0.24 4.7 0.36 49.2 0.25 257 0.057 8.7 0.28 393
0.20 482 0.32 53.1 0.21 27.2 0.078 9.2 0.27 454
021 50.0 033 544 0.21 26.3 0.074 10.1 0.27 45.1
0.23 47.2 0.35 54.7 0.24 278 0.063 9.3 0.28 46.3
0.03 29 0.04 32 0.04 24 0014 0.7 0.03 33
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been rationalized largely in terms of an alteration in
proportions of monoterpene reductases, such as those
responsible for the conversion of sabinone to thujone and
isothujone in §. officinalis [19] and for the conversion of
pulegone to menthone and isomenthone in M. piperita
[20, 21]. However, the enzymatic basis for the increase in
terpene yield observed upon such treatment has not been
explicitly addressed. In the present case, the increase in
terpene production under the influence of cytokinins,
especially kinetin and diphenylurea, was greater than
could be readily accounted for by alteration in growth and
development, or in oil gland population and density.
Thus, the possibility of a more direct effect on terpene
metabolism was suggested. To examine this possibility,
two key enzymes were examined in cell-free preparations
from the leaves of S. officinalis and M. piperita, the two
species with which we were most familiar and upon which
diphenylurea had the greatest effect (Table 1). The first of
these enzymes was the geranyl pyrophosphate: (+)-
bornyl pyrophosphate cyclase from S. officinalis, which
catalyses the committed step in (+ }-camphor biosynthesis
and which is presumed to be the rate limiting step in the
pathway since the intermediates bornyl pyrophosphate
and borneol do not accumulate to a significant extent
[22, 23]. The second enzyme was gerany! pyrophosphate:
(—)limonene cyclase from M. piperita, which catalyses
the committed step in the formation of (—)}-menthone and
(+ )}isomenthone and which, for similar reasons, is
assumed to be rate limiting in this biosynthetic sequence
[20]. Extraction and assay procedures for these enzymes
have been previously described [20, 22, 24].

Crude soluble enzyme preparations (105000 g super-
natants) were identically prepared from matched leaves
(fourth leaf pairs of M. piperita and third leaf pairs of §.
officinalis) of untreated controls and plants treated with
10 ppm diphenylurea using two isolation procedures in
which the entire leaf was homogenized [20,22] or in which
only the epidermis, removed by mechanical abrasion, was
homogenized prior to centrifugation [24]. The assay for
activity was based on the rate of conversion of [I-
3H]geranyl pyrophosphate to the relevant, chromato-
graphically purified, cyclic product [20, 22]. The level of
activity of bornyl pyrophosphate cyclase obtained from
treated S. officinalis leaves was an average of 1.7-fold
higher than that from comparable preparations from
untreated leaves when compared on the basis of leaf
surface area or fr. wt, and ca 2.5-fold higher when
compared on a per leaf or per mg epidermis protein basis.
The difference in activity levels of limonene cyclase was
even greater between preparations from treated and
control leaves of M. piperita. On either a surface area or fr.
wt basis, the limonene cyclase levels were ca two-fold
higher from the diphenylurea-treated plants than from
untreated controls, whereas three-fold higher levels were
observed in the treated plants on either a per leaf or per mg
epidermis protein basis. The increase in the two enzyme

activities measured would be sufficient to account for the .

increase in oil yield observed, if these two activities can be
taken as a general indicator of terpene biosynthesis.
Whether the increase in the rate of conversion of
geranyl pyrophosphate to cyclic product as determined by
in vitro assay represents an increase in enzyme level or
activity per se is not presently known, nor have we yet
assessed possible alterations in catabolic processes
[25,26]. In spite of these uncertainties, it is clear that
foliar application of cytokinin stimulates the accumu-
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lation of essential oil terpenes, at least in part, by direct
effect on monoterpene metabolism.

EXPERIMENTAL

Plant material. S. officinalis L. and L. vera D.C. were grown
from seed, and M. piperita L., M. spicata L. and M. suaveolens
Ehrh. (M. rotundifolia) were propagated from single-node cut-
tings of etiolated rhizomes [27]. The plants were grown in peat
moss in a growth chamber with a 14 hr photoperiod (900 + 100
fc, fluorescent/incandescent), 29° day/25° night temp. cycle and
r.h. of 62+ 129, Plants were watered as needed and fertilized
weekly with a complete fertilizer (N:P:K, 1:1:1, with microele-
ments and Fe chelate). Plants were thinned and allowed to grow
for 5 weeks before treatment with kinetin, diphenylurea, ben-
zylaminopurine and zeatin.

Treatments. Each expt was conducted in randomized complete
block design with 3 replications totalling 60 plants per treatment.
Cytokinins at the indicated concns were prepd in H,O containing
0.1 % Tween 20 and sprayed to the point of run-off with a hand
sprayer. Three additional applications were made at weekly
intervals and the plants were harvested 1 week after the last
treatment. Controls sprayed without growth regulator were
included in each expt. Data on growth characteristics (fr. wt piant,
leaves, stem and total branches; length, width and number of
leaves; length of stem; number of internodes and internode
length) were collected and subjected to analysis of variance with
comparison by least significant differences at P = 5%, (LSD 0.5)
[28].

Oil analysis. A minimum of 3 representative 10 g samples of fr.
tissue were steam distilled using a simultaneous steam
distillation—extraction apparatus (J & W Scientific), employing as
int. stds (+ )isomenthone for S. officinalis and L. vera, and (+)-
fenchone for the Mentha species. On completion of distillation
(1 hr) the essential oil collected (in pentane) was dried (Na,SO,)
and kept under N; in a sealed glass tube in the dark at — 20° until
analysis. Oil analysis (1 ul samples) was performed by capillary
GC (FID at 230° 100:1 injection split at 220°) on a 25m
Carbowax 20 M WCOT column operated at 4 ml/min H, and
programmed from 45° (5 min hold) to 180° at 10°/min. FID
output was electronically integrated and fr. wt yield and per plant
yield were calculated based on the int. stds. Yield and relative
percentage of major oil constituents (> 39%) were also de-
termined. Data were statistically analysed as before [ 28], and the
LSD (0.05) of the means are reported. Identifications of oil
components based on RR, were confirmed by GC/MS com-
parison of R, and MS to authentic standards.

In vitro studies. Extracts of S. officinalis and M. piperita leaves
were prepd as described elsewhere [20, 22] and the resulting
homogenates were centrifuged at 105000 g to obtain the sol.
supernatant used as the enzyme source. The prepns were concd as
necessary by ultrafiltration (Amicon PM 30) and dialysed to the
appropriate assay conditions for the Mg * -dependent conversion
of [1-*H]geranyl pyrophosphate to the relevant cyclic monoter-
penes. The specific procedures for the assay of geranyl pyrophos-
phate: (+)-bornyl pyrophosphate cyclase (S. officinalis) and ge-
ranyl pyrophosphate: (—)}-limonene cyclase (M. piperita), and for
the chromatographic isolation and determination of the
radiolabeled products, are described elsewhere [20, 22]. The
technique for the selective isolation of leaf epidermis and the
prepn of cell-free extracts from this tissue, have also been
described [24]. Fr. wt and surface area of mid-stem leaves used in
these expts were determined immediately prior to enzyme prepn
and protein concns in the resulting extracts were estimated by the
dye-binding method [29].
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