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Abstract. To see if polar movement was typical of growth-regulators other than auxins,
the movement of adenine-8-14C and of kinetin-8-14C was studied in segments cut from petioles
of increasing age. No polarity was found. In time-course experiments lasting 24 hr, kinetin
showed a progressive increase of radioactivity in receiver blocks, while adenine showed a
maximum at 8 hr with a decline thereafter. More kinetin moved through older segments than
through younger ones. There was no difference in net loss as far as the position of the donor
block is concerned. However, the loss of radioactivity from adenine donor blocks was much
higher than the loss of radioaotivity from kinetin donor blocks.

The radioactivity in receiver blocks after 24 hr treatment with kinetin-14C was still with
kinetin, judging by location on chromatograms. By the same criterion, adenine and a smaller
amount of some other compound were in receiver blocks after a 6 hr transport with adenine-14C
in the donors. By contrast, more zones of radioactivity were extracted from petiole segments
to which kinetin or adenine had been added. For both purine derivatives the original compound
represented no more than 20 C% of the total radioactivity extracted from the tissue after a
transport period of 24 hr.

Polaritv is a widespread phenomenon in the
development of higlher organismns. In vascular plants
many manifestations of polarity can be explained as

due to the action of polarly miiovinig auxini(11). It
is of obvious importance to discover if polar move-
melnt is limilited to auxins, as was believed for many
years (11). One might expect from analogy with
the active transport systemns studie(d in cell biology
(32) that polar miovemienit would be of more general
occurrence amionig plant hormonc. .

As part of a broad program to investigate polarity
in relation to movement of planit growtlh substances,
we have been comparinig the moovement of various
substances in the same system, namely, excised

petiolar segnments. Contrary to expectations from
experimnents run on different systems,. we found that
2,4-D moves with a polarity similar to that of IAA
(20). A close relation betweeni auxin activity and

polarity was found with 2,4,5-trichlorophenoxyacetic
acid: shifting 1 chlorine atom, which caused the
loss of most auxini activity. ailso caused the loss of
most polarity of movement (12. 13).

'Research supported by United States Army grant
to W. P. Jacobs aIld by funds provided by the Eugene
Higgilns Trust Fund and facilities made available by the
Whitelhall and John A. Hartford Foundations to the
Department of Biology, Princetoni Uniiversity.

2 Present address: Centre for Plant Physiological
Researchi, Bornsesteeg 47. Wageniingen, The Netherlands.

The polar moveleniit of ab cisic acid has beeni
reported recently (7). The 2 other classes of plant
growth-substances that should be investigated are
obviously the gibberellins and the cytokinins. Trans-
port studies oIn gibberellic acid have been going on

here for several years and w ill be published soon.
The presenit paper reports on the miovenement of
adenine and kinetini in tlle same system of aging
l)etioles that we lhave usedlfor otur auxin an11d gib-
berellic acid studies. Adenine and kinetin were
selected because: I) they are analogous to the 1 AA
atnd 2.4-1) already' studied in beinig endogenous ani(d
exogenious, respectively, and iil showing a miiany-foldi
(lifferenice in activity; 2) they w%7ere both available
with adequate specific activity from commercial
sources; anid 3) the literature on their miovement i.<
contraldictory and confusing, as reN'ie%ved below.

Adenine was first shown to pronmote leaf-growth
by D. Bonner alnd Haagen Smit (3). Skoog and
Tsui (30) demiionstrated \'ha,t we would noN-' call the
real but relatively wveak cytokinin effect of adeniine
on bud regenerationl in sterile culture. No detectable
movemenit of adeniine through excised segments was
founid, eveli wlheni high concenitrationls were added iii
donior blocks !(2, 18). But small amnounts of radio-
activity, not rtnninlg to the RI, of the adenine-_4C
adde(l in the donors, wxere fouund after 23 hr in the
receivinig blocks: miiore of this radioactivity vas in
the basal receivers (2).
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PLANT PHYSIOLOGY

After Skoog anid hiis co-workers isolated kinetin
froin autoclaved herring sperm DNA, it was soon
discovered that kinetin acts like a "highly effective
adenine" as does benzyladenine (22). Both these
cytokinins have been tested for movement through
excised segnments, but wvith conflicting results. Os-
borne and co-workers notic-ed a basipetally polar
movement of benzyladenine-1 4C through l'haseolus
petiole segments, and reported that "most, possibly
all," of the 14C found in receiver blocks was still
with benzyladenine (2,25). Fox and Weis (8),
using longer countinig times, a more sensitive count-
ing system, and benzyladenine of hiigher specific
activity, found movemenit in both directions but with
no polarity in 4 species, including Phlaseolus petioles.
In every instance Fox and Weis found in the receiver
blocks 14C that ran to RF-values other than that
typical of benzyladenine. The percentage of 14C in
other zonies was as much as 40 % of the radioactivity
in the receiver blocks. Non-polar movement of
benzyladenine was indicated by the low but essen-
tially equal counts found in receivers on segments
cut from Lens stems (28). In answer to Fox and
Weis, Osborne and McCreadv reaffirmed the polar
movement through Phaseolus petioles of 14C from
labeled benzyladenine (26). but Xanthiumn petioles
showed very low counts in the receivers with no
clear evidence of polarity. Using the same variety
of Pisumi sativurm that Fox and Weis had used, they
reported more counts in the basal receivers. Their
Pisum; data, however, show such low counts in both
receivers that it is difficult to judge the validity of
the differences in the absenice of statistical tests of
significance.

The idea that kinetin is relatively immobile in
the plant came from results of kinetin application to
the non-veinial part of leaf blades ( 16, 23) and to
abscission explants (4-6, 9. 27'). The only paper we
could find( on the movemenielt of kinetin-14C through
petiole segmiients reported no detectable miovement of
radioactivity with cottol, non-polar miiovement wvitl
Xanthilwin and younllg Pliascolhs petioles, and polar
movenment thlrouglh petiole segmiienits of old Phaseoltis
leaves ( 15). Although the radioactivity extracted
fronm the receiver blocks could( not be correlated witlh
the RF-value of kinetin-'4C because the activity was
too loNv to give any response with a Geiger-tube
scanner, the authors reporte(d that "weak but positive"
cvtokinin activitv was extracted from the 24-hr re-
ceiver blocks.

Materials and Methods

All material originiated from the Princeton clone
of Coleues bimu7i Benth., vegetatively propagated
throughout the years. The plants were grown in the
,greenhouse unlder continuous liglht and were selected
for uniformity by length of tlhe number 2 leaf blade
(the most recently formed leaf that wvas between
60 and 100 mmlJ). Experimlents w-ere conducted

uising petiole nllulmers 3. 4, 7, and 8. Nuimber 8
petioles were almost ready to abscise at the time of
the experimenit. Planits were assignied to the treat-

ments within an experimient in a nmatheematically
random manner.

Adenine-8-14C wa.s purchased from New England
Nuclear Corporation. with a specific activity of
5.0 mc/nM. Kinetil1-X-' C was plurchased from
CalBioChenm, with a specific activity of 10.0 mc/mM.
A chromatographical atnalvsis shlowed that 97 % of
the total radioactivity was recovered on 1 spot in
the case of adenine-]-'C. the RF-valn11e of which was
identical with adeninie ( cold adleninle', purchase(i
fronm E. M.Nerck, A. G.). in the case of kinetin-14C,
82 % of the total radioactivity on the chromatogram
was recovered on I spot. the R1-Valnle of which was
identical withi "cold kinetini' (from CalBioChem).
This analysis was done on thin-layerl plates of silica
gel Gr (solvent svstemi: distilled \\water'). Stock
solutions of these compound(Is wvere inade.e wxith water
and stored in the refrigerator. Kiinetini was used at
a concentration of 92 1X:r in the (lonor blocks. adenine
at a concentration of 119 ,uer.

The experimental procedure (lurinig the transport
experiments was similar- to that develol)ed by Mc-
Creadv (19). Segments were cut, 5 mm long, one
from each petiole of a leaf-pair. The radioactive
compounid was applieed in a donor block of agar gel
to one end of the petiole segment, and the movement
of the comapound into a receiver block applied to the
other end was estimate(d by assaving the radioactivitv
accumulated in it. Fromii each pair of segments one
wvas randomly assigned to basipetal movement, the
other for acropetal. Donor, as well as receiver
blocks, were assaved at the enld of an experiment to
be able to express the tranisport as a percentage of
the amount lost by the donior blocks in the same

period. Therefore fresh dionor blocks which had
niot been in contact witll petiole segments were also
aissayed.

All deternminations of radioactivity were made
with a liquid scintillation counter. Each donor and
receiver block was counted in a separate vial con-
taining 15 ml of fluid containing 25 % ethanol in
Toluene-PPO-POPOP (24) for 10 mmii. As de-
scrihbed earlier (34) identificationi of the radioactivity
in donor and in receiver -blocks as well as in tissue
extraLcts was done by a combinaItioni of thin-layer
chromatography, autoradiographv and liquid scin-
tillation counting. Immediately after the transport
experiments, donor and receiver blocks were collected
in small vials and stored in the refrigerator. Tissue
segments were frozen in dry ice and stored at -20°.
Subsequenitly blocks and tissue segments were ex-
tracted in 2 ml ethanol (95-99 %) at room tempera-
ture'for 48 hr. According to Fox and Weis (8) the
recovery of '4C in Coleus wvas complete using this
extractioni technique. The ethanol extract was re-
ducedl in volume in a vacuum-oven and spotted oni
thin-layer chlromatograms.
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VEEN AND JACOBS-ADENINE AND KINETIIN MOVEMENT IN COLEUS

IThin-layer chromatography was done on cellulose
plates impregnated with polyethyleneimine and sup-

plied with a fluorescent compound. Before the sam-

ples xvere spotted, the plates were given a wash with
distilled water. A 0.9 si NaCl solution was used as

a solvent system. Such an anion-exchanger layer is
especially stuitable for the separation of nucleic acid
derivatives (29). After development the chroma-
tograms were covered with a "Saran Wrap" plastic
sheet to avoid chemical reactions on the film plate.
A Kodak medical X-ray film was then placed against
the chromatogram for about 2 weeks. After devel-
oping the film, places on the chromatogram that had
given blackening on the film were marked and the
cellulose from each area was scraped off the glass
and transferred to a counting vial. The scrapings
then were suspended in 2 ml ethanol (50 % v/v)
and after 24 hr a dioxane-naphthalene scintillation
fluid (33) was added.

The total amount of radioactivity present in the
tissue extracts was measured by taking aliquots and
counting them in the liquid scintillation spectrometer.

Quenching by chlorophyll was corrected for by the
use of an external standard.

Statistical methods for 't'-tests and linear regres-

sion calculations follow Snedecor (31). Each ex-

periment was run 2 or 3 times unless otherwise
specified.

Results

The average cpm in the receiver and donor blocks
at various hours after kinetin-14C or adenine-'IC
was added to the petiolar segments are slhown for a

typical experiment in table I.

There was no sign of polarity of movement of

either kinetin or adenine: for any 1 collection hr,

the counts in the basal receivers for 1 substance
were not significantly different from those in the
corresponding apical receivers. A striking contrast

between kinetin and adenine was apparent in the
time-course. Kinetin treatment resulted in a steady

increase of radioactivity in the receiver blocks,
whereas adenine reached a maximum at 8 hr and

declined thereafter. This is especially clear-cut with

older petioles. (The value in table I for kinetin
basipetally moving through petiole number 3 at 12
hr is not significantly different from that at 8 hr,
and sulch an apparent decline was not found in the

other repeats of this experiment.)

Significanftly more kinetin movement was foLind
through older than through younger petiole sections,

judging by counts in receivers (table I). Because
there are big differences in cross-sectional area be-

tween younger and older petioles, differences nmay be
expected in net loss from donor blocks on petioles
of different ages. To correct for this, as well as

for the different specific activities, concentrations,
and absorption of the 2 cytokinins, the radioactivity
in receiver blocks is presented in Fig. 1 as a per-

centage of the net loss from donor blocks. The
greater movement of kinetin through older than
through younger petioles is here accenituated, and
shown to be not merely the result of greater uptake
from the donors.

To estimate the velocity of movement of kinetin,
linear regressions were fitted to the data for petiole

number 7 in Fig. 1. The equation for acropetal
movement was: Y = 0.334 X -0.789. The equa-

tion for basipetal movement wvas: Y = 0.336 X
-1.18. Because the extrapolated intercepts were not

significantlv different from each other, there was no

evidence that the velocity was different in the 2
directions. It averaged 1.7 mm/hr.

Table I. Timte Course of Basipetal and Arcropetal Movement of Kinetijt-14C and Adenine-14C Thr-ough 5-mm
Petiolar Segnments Cut From Young or Old Leaves

Values are average cpm (corrected for background) + SE from 3 agar receiver blocks. The background averaged
24 -+ 0.5 cpm based on a sample of 24. The original donors averaged 98,492 ± 987 cpm (n - 12) for kinetin

and 63,715 + 614 cpm (n = 12) tor adenine.

Petiole #3 (Young) Petiole #7 (Old)

Hr Basipetal Acropetal Basipetal Acropetal

Kinetin (92 A-.\i)
4 75 + 62 182 ± 119 15 6 23± 14
8 491 ± 195 450 + 279 347 ± 238 387 ± 266

12 348 + 95 563 ± 117 684 + 204 751 ± 379
24 1190 + 265 1155 ± 322 2198 ± 118 2151 ± 256

Adeninle (119 /.M)

4 20 12 24 + 16 9 391
8 151 ± 29 204 + 106 81 76 67 ± 35

12 62 + 5 63 + 28 50 19 80 ± 42
24 29 6 68 + 18 34 15 26 ± 8

Only 1 block uf the 3 gave any counts.
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PLANT PHYSIOLOGY

4 8 12
HOURS

24 4 8 12

HOURS

FIG,. 1. The time course of movement of 14C from adenine and kinetin, supplied in dollor blccks at apical oi-

basal end. Radioactivity in receiver blocks is expressed as a percentage of radioactivity lost from donor block. Based

on data of table 1. Adenine aind kinetin w-ere applied at an initial concentrationi of 119 gu\1 and 92 1uki respectively.

(, 0, acropetal miovement of adenine; bhasipelal movemiienlt of a(leniine, A------z, acropeItal imiovemlielt

ol kinietin; *- A basipetal illiox-emnent of kinetin.

Tlhe perceent of the original donor gone from

donor blocks wvas greater for aLdenine than for kinetin.

particularly at 24- hir where thedlifference was highly

Iigmiificant ( Fig. 2. This was tr-ue despite the fact

0
7
0

0
z

0
z

z

80 -

60 K

40 -

20k-

0

4 8 12

HOURS

Fic. TIlhe timwe c,ursc of loss of ra(lijactivitv fromii

d(onor blocks at apical a-nd basal ends. T'lhe net loss is

presented as a p)ercentage of the initial amii unt of radio-

activity in dono)r blo)(cks. Svinmhas as in Fig. 1.

that more kinetin was being moved ilnto the receiver
blocks. For either olne of the compounds, net loss

troim l)basal dionor blocks was the same as frolml apical

dlonors at the saiime collection hour.
The amilounts of radioactivity present in the traIs-

po"rt segm-nients anid extractable in ethaniol were studied
in relation to the transport period. Petiole nlumbers
4 and 8 were used for this study and gave similar

-esults. The data of the experilOlellt with petiole
unuber 4 *are plotted in Fig. 3. The amount of

r-adioactive, ethanol-soluble material decreased with
tiiie in the adenine treatmiienit, while the amnount of

ethanol-soluble material in the kinetin treatment re-
n]aimed nearly constant.

The identity of the radioactivit- in receiver blocks

wvas investigated by thin-layer chromatography.
After adding kinetini for- 24 hr, only kilnetin could be

identified in the 2 types of receiver blocks on petiole

number 7, judging by the RE,-vcalue (Fig. 4). An

experimenit with petiole number 3 gave the same
result. After 24 hlr of adenine treatment, the total

anmount of radioactivity in the receiver blocks vas

too small to give significant peaks on the chroimia-
tegrams after extraction. However. in 1 experimenit
we extractLtd receivers after only- a 6 hr- transport
lperio(d writh adleniine in the donor blocks; the TLC

sho-wed 2 zonies withi sizeable amounts of radlioactivit\y.
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VEEN AND JACOBS--AD1NINE AN i) KINETIIN MOV'MENIkT IN COLES 128
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FIG. 3. The amounts of ethanol-extractable radio-

activity present in petiole sections in transport experi-
ments as a percentage of what has been lost by the
donor block (A5D) minus the radioactivity found in
receiver blocks. Symbols as in Fig. 1.
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FIG. 4. Distribution of radioactivity in thin-layer
chromatogram of extracts of receiver blocks from trans-

port experiments in basipetal and acropetal direction, in
which kinetin-14C was supplied in the d3nor blxcks. The
RF.-value of kinetin is indicated in the upper pert of the
figure. Transport period: 24 hr. Backgroun'l not sub-
tracted.

the nmore activ-e one having the samiie RF as adenine

(Fig. 5).
The sanme procedure was used to investigate the

identity of the radioactivit) in the ethanol-extract of
the plant segments. In Fig. 6 the radioactivitv is
presented as a percentage of the total activity on
the chromatogram, in relation to different RF-values.
Even extracts after 4 hr showed numiierous zones of
radioactivity, indicating that both compounds were
quickly converted. For both compounds the original
compound represented no more than 20 % of the total
activity. A small shift of the RF-value of adenilne
to lower values was observed if adenine was spotted
on the thin-layer together with a plant extract.
Thereby, the RF-value of adenine in the extract di(d
not correspond completely with the RF-value of
adenine from the stock solution.

Discussion

Polar transport of auxin is generall\ thouight to

involve a transport mechanism specific .o auxil.c-
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FIG. 5. Distribution of radioactivity in thin-layer

chromatogram of extracts of receiver blocks from trans-
port experiments in basipetal and acropetal direction, in
which adenine-14C was supplied in the donor blocks. The
Ry-value of adenine is indicated in the upper part of the
figure. Transport period: 6 hr. Background not sub-
tracted. A smaller aliquot was used for the chromato-
grain of basipetal receivers (solid line) than for the
-acropetal ones (dashed line).
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PLANT PHYSIOLOGY

C)I
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C)1

C)f

60

40

20

0

60

40

20 _

0 + l rCl ,l1
0 0.5 1.0

Rf

FIG. 6. Distributioni of radioactivity in a thin-layer
chromatogram of tissue extracts made from sections used
for transport experiments witlh adenine and kinetin in

donor blocks. The data of petiole number 3 are shown
after a transport period of 24 hr. The radioactivity is

presented as a percentage of the total radioactivity present

on the chromatograni. Total corrected cpni ere 3926

for kinetin, 2393 for adeniine.

(17). The question is still open as to whether other

groxvth-regulators will move with polarity or will
compete with auxin in the same system (13).

We found that the movement of adenine and
kinetin tlhrough Coleits petiole segments was non-

polar whether the segments were cut from younger

or older leaves (Fig. 1). More kinetin moved
through segments from old than from young petioles
[confirming the impression from earlier data (15)
that were not corrected for different amounts of
uptake]. Time-course experiments revealed that

kinetin continued to increase in the receiver blocks

up to 24 hr (the longest period observed), whereas

radioactivity from adenine-14C reached a maximum
at 8 hr and declined thereafter. This parallels the

results obtained under similar conditions with 2,4-D
and IAA, respectively (12, 20, 24): for both the

auxins and the cytokinins the net movement into

receivers of the non-endogenous substances 2,4-D and

kinetin continued steadily through 24 hr while the

endogeniotis substances IAA\ and adeninie showed a

decline after 8 to 12 hr. There was also a parallel
in the time-course of the net loss fromn donor blocks,
with the endogenous substances showing more net

loss than the exogenous ones (20, and Fig. 2).
Even the maximiia observed in the receiver blocks

when 2,4-D or kinetin were added to the donor
blocks were very close, being 7 % of the net loss of
kinetin from the donor blocks at 24 hr and 8 % for
2,4-D. This comparison may be complicated by the
higher concentration of kinetin than 2,4-D in the
(lonor blocks because it has been a frequent observa-
tion with auxin movement that aL smaller percentage
of the added auxin is transported as the donor con-
cenitration is increased-e.g., p. 32 of (20).

The velocity of movement of kinetin in older
petiole number 7 calculated from extrapolated linear
regressionis was 1.7 mm/hr. No significant differ-
ences were founld betweetn the velocity of basipetal
or acropetal movement, agreeing with data on IAA
movement through old bean petioles (Fig. 15 of 12).
The velocity with which kinetin mioved was similar
to that found for 2,4-D (14) anid benzyladenine (2),
and slower than that for IAA ( 12, 20). The same

chromatographic purity found with transported
auxins in receiver blocks (12) has been found here
for kinetin movement also (Fig. 4).

In short, the 2 growtth-regulators, kinetin and
2,4-D, move through petiolar segments xvith similar
kinetics. The most striking difference is that the
mnovement of kinetin is non-polar even through seg-
ments from young petioles, whereas 2,4-D movement
is strongly polar in young petioles but progressivelyr
less so in older ones [table II of (21)].

Adenine-14C added to petiolar sections gave re-
sults contrasting strongly with those from kinetin.
In addition to the greater net loss from adenine
donors and the earlier occurrenice of maximum counts
in the receivers, less of the absorbed adenine moved
into the receivers (Fig. 1). Also, adenine was
unique among the growth-regulators studied by us
in showing a sizeable amlount of radioactivity ex-
tracted from receivers running to another RF than1
that typical of the donor growth-regulator (Fig. 5).
Benzyladenine was reported to show stuclh results in

one of the earlier conflictinlg reports (8). The lack
of any detectable adenine in extracts of receivers
taken from bean petioles after 23 hr (2) seems likely
to have been due to a secondary decline in counts
such as we have observed with Coleus petioles (table
I, Fig. 1).

The most likely hypothesis to explain the second-
ary decline of radioactivity in the receiver blocks
wvhen adenine-14C is added to the donor blocks is
that part of the radioactivity in receiver blocks is
taken up again into the tissue because of a more
intense metabolism of the adenine than of kinetin.
The greater net loss of radioactivity from adenine
donor blocks than from kinetin donor blocks can be
explained in the same Way. Evidence for this hypo-
thesis is that more of the added adenine than- of the
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kinetin is incorporated into ethanol insoluble mate-
rial (Fig. 3).

Another exogenous growth regulator, naphthal-
eneacetic acid (NAA) showed a time-course like
that of IAA (10). A fast metabolic turnover of
NAA was found, and it was suggested that this was
the primary cause of the retention of the radioactivity
in the segment (33). Andreae (1) showed that
2,4-D is not metabolized in pea roots within the first
24 lr; conversely, IAA and NAA showed a quick
turnover in metabolic products. This difference was
reflected in the transport of these compounds (12,
20, 34). The close resenmblance in time course ex-
periments among adenine, IAA and NAA, and be-
tween kinetin and 2,4-D, respectively, supports the
opinion that a close relationship exists between the
movemenit and metabolism of growth regulators (34).
Further evidence for this view was found by com-
paring IAA movement and metabolism in young and
old petioles (35).

One last difference between the auxins and these
cytokinins in their movement through petiolar sec-

tions is the greater variability of the cytokinin data.
As table I shows, the coefficient of variation is as
much as 50 % for kinetili or adenine. For auxins
it is more typically 10 %. Comparison of the records
revealed that much of this extra variance was from
responses of individual plants. If a given plant of
the sample of 3 showed greater basipetal movement
tlhrouigh 1 of its petioles, it would almost always
show greater acropetal movemenit through the other
sister l)etiole. Lagerstedt and Langston (15) in
their study of kinetin movement reported "great
variability," too, although the absence of variance
data in their paper prevents uis from knowing its
exact size. Some hint comes from the fact that a
nmean cpm of 199 was not significantly different from
1 of 476 (their table III). If we found this much
variance using outr clonal stock, other workers might
reasonably expect even greater variance from pooling
data from non-clonal plants.
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