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The elongation of pea stem sections brought about
by indoleacetic acid (IAA) and gibberellic acid
(GA3) can be increased considerably by trace quanti-
ties of a large number of fatty acid esters and chem-
ically related compounds (19, 21). The emulsifying
teclhnique used for these alkyl lipids has permitted the
studv of the effect of some natural oils and of fat-
soluble vitamins on pea stem section growth for the
first time. In this paper it is shown that vitamins
K, and E, and some related isoprenoid compounds,
are like the alkyl lipids studied earlier in that they
stimiiulate pea section growth in a similar manner
adI (l0o so at even lower concentrations. No simple
theor-y has yet been found adequate to explain this
effect, but the results are compatible with the earlier
suggestion (20, 23) that activation of the cytochrome
sy-stemii best explains the synergism of these com-
pouini(xs with auxins an(d GA,..

Materials & Methods
1'ea seeds (PisumZz sativznmii L.) were soaked for

about seven hours in a layer of water just thin enough
to cover them, together with 0.3 % (of seed weight)
Phvgon (a United States Rubber Co. fungicide,
active ingredient 2,3-dichloro-1,4-naphthoquinone),
w-hile being agitated gently on a shaker. Plastic
basinis 14 X 11 X 4'2 inches were filled 34 full with
moist vermiculite (previously washed Mica-Gro, type
B-3. California Products Corp.) ; the soaked peas were
spread thinly on it and covered to a dlepth of 1 cm.
Then the basins were placed under a red light source
(see below) in the dark room at 23 C and 80 % rela-
tive humidity, and remained undisturbed for 7 days
except for one watering of 2 liters per basin on the
2nd day. The dwarf variety Laxton's Progress was
used initially, but its decreasing availability made it
necessary to substitute a similar strain, Progress
Numiiber Nine, in later experiments. Stabilized
emulsions of fat-soluble substances were prepared as
lescribed earlier (21) these wrere maade up on the
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day of the test. Pluronic F-68 (Wyandotte Chemiiical
Corp.) was added as an emulsion stabilizer, usually
at a final concentration of 0.004 %. The acetonitrile
normally used to make the emulsions never exceeded
an initial concentration of 0.2 I and was markedlv
less in the test solutions (21). Concentrations are
stated in the usual weight per volume basis, but it
should be noted that since emulsions were used the
amount of lipid in true solution, in most cases, must
have been considerably less. The basal medium was
1.5 % sucrose + 50 AM CoCl. + 5mM KH2PO4
(pH 5.5) unless otherwise stated. XVith the addition
of 1.8 ,ucr IAA + 0.3 Am GA3, this medium gives
maximal extension of pea stem sections under our
conditions. Percentage elongation of ten initially
10 mm long sections taken from the apical part of
the third internode was measured after 20 to 24 hours
in 20 nil of solution in a petri dish slowly rotated
at 230 in a dark room. Least significant differences
were assessed by analysis of variance.

Results
- Effect of Red light: In previous experimenits the

seedling plants always were grown in weak red light
(19). As a consequence of moving the work to this
laboratory it has been discovered (22) that sections
from peas grown in complete darkness and hanidled
only with weak green illumination failed to show
significant stimiiulation of hormonle action in any test
of the previously active lipidls (table I). It may be
noteworthy that the lipids doubled the standard devia-
tion witlhout changing the mean length obtaine(l. The
quantity of red light, as stated earlier (19), was not
critical; the continuous illumination used here was a

Table I
Effect of Exposing Seedling Plants To Red Light

During Development*

Basal medium
1.8 Am IAA + 0.3 IA% GA3

Ditto + triolein 10 !LM
Ditto + triolein 20 IAM
Ditto + triolein 30 /AM

Dark-growtn** Red-grown***

38.8 4- 10.8 44.9 + 8.2
72.9 ± 11.1 72.4± 12.1
71.6 4- 23.2 87.2 4- 13.3
71.5 4- 22.8 97.1 + 10.0
77.4 ± 20.6 101.2 -4- 7.9

* Average of the percentage increase in length from
(**) 10, (***) 28 experiments, standard deviations of
the mean cited. Basal medium as in text, Progress
Number Nine peas.
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Table II
Effect of Natural Fats on Pea Stem Section Elongation*

Basal medium 28.7 25.5

1.8 aM IAA 78.1 82.9
+ 0.3 I-r GA3

+ Coconut oil Peanut oil Mustard oil Olive oil Linseed oil Butter

8.4 mg/i Fat 85.7 86.0 83.5 98.3*** 94.3*** 101.3***
17 " " 91.9** 89.7** 88.1 93.4*** 92.1*** 91.2***
25 " " 95.0*** 96.5*** 92.0** 103.4*** 102.1*** 94.4***
34 " " 97.4*** 100.9*** 95.5*** 100.8*** 101.9*** 105.0***

Average of 10 experiments Average of 2 experiments
M.S. error 159.5 M.S. error 103.7
LSD (5 %) 11.1, (1 %) 14.6 LSD (5 %) 6.4, (1 %) 8.4

* Percentage elongation of Progress No. 9 pea stem sections, basal medium as in text.
** Significant at 5 % level compared to IAA + GA3 control.

*** Significant at 1 % level compared to IAA + GA3 control.

1 w NE-30 neon bulb in a white reflector housing,
filtered through fr8 inch thick pieces of 2444 Red
and 2074 Smoky Grey Plexiglas plastic, and 170 cm

from the surface of the vermiculite. This provided
approximately 0.1 ergs/cm2/sec from neon emission
lines largely in the region between 600 and 800 my.
Progress Number Nine pea plants grown under these
conditions have a final second internode length of
about 25 mm. In several exploratory experiments
varying the intensity of illumination within a range

from about 10 times greater than to 100 times less
than this value did not markedly change section sen-

sitivity to lipids, although final intact plant inter-
node lengths showed the anticipated decrease in length
with increased light intensity throughout this range.

Giving red light to the sections during or after cut-
ting them did not sensitize sections from dark-grown
seedlings to lipids; it was shown by a brief study that
the red light must be given to the intact seedlings at
least a day or two before the sections are to be cut.

This need for red light during the growth of the
seedling is not unique to this bioassay. Kent and
Gortner (13) have shown that red light is also neces-

sary when peas are to be used for the Went split pea
curvature assay, an observation which has been con-

firmed in this laboratory.
During late July and August of 1960, it was im-

possible to elicit lipid responses under the conditions

cited above which have given consistent and signifi-
cant growth increments at other times. It is suspected
that atmospheric pollution was responsible for this
failure of the plants to react, but as the phenomenon
has not recurred it has not yet been possible to test
this suggestion.

- Natural Oils: The results reported earlier (21)
infer that most natural fats and oils should enhance
gibberellin and auxin action. The tests of a number
of such substances are reported in table II. The sub-
stances were obtained from commercial sources. and
from semi-quantitative gas chromatography of the
methyl esters obtained from them by transesterifica-
tion it has been confirmed that their fatty acid com-

position was within normal limits (6). The activity
of all these fats is essentially the same as that of other
alkyl lipids studied earlier.

- Fat-Soluble Vitamins: Although it was con-

cluded from the extensive earlier work that only cer-

tain fatty acid esters and closely related substances
could increase the pea stem section elongation induced
by hormones, the emulsification method in use made
it possible to test some fat-soluble vitamins. Accord-
ingly, vitamin D<, E (a-tocopheryl acetate), and K1,
as well as a-carotene (the latter required tetrahydro-
furan for emulsification), were emulsified and tested
on the pea sections (table III). Vitamins E and K1

Table III
Growth Promotion by Fat-Soluble Vitamins*

Coiitrols AMDM E K1 3-Carotene

Basal Medium 48.5 3 70.1 1O1.5*** 74.6 64.4
IAA (1.7 gM) 74.7 10 61.7 . 96.8*** 100.3*** 74.6
+ GA3 (0.3 AiM) 30 65.5 98.1*** 100.0*** 62.2
+ Methyl linoleate

(41 Mm) 103.6*** 100 60.8 81.8 83.4** 68.3

* Percentage increase in length of Laxton's Progress pea stem sections. Basal medium 1.25 %, sucrose, otherwise
as in text. All except the basal medium control were also 1.7 Mm IAA + 0.3 Mm GA3. Significant growth pro-
motions are indicated at the 5 % (**) and 1 % ***) levels, compared to IAA + GA.3 control. M.S. error 82.9,
LSD (5%) 8.1, (1%) 10.6.
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Fig. 1. Comparison of the effect of isoprenoid vitamins with the side chain lacking K analogs K., and menadione.
Methyl myristate is at concentrations ten times greater than the scale. Basal medium as in text; its effect is indicat-
ed by lowest black triangle. At all other points 1.7 uM IAA + 0.3 ,tM GA. was added. Points from a single
experiment, comparable results were obtained from various modifications of these conditions. M.S. error 88.57, LSD
(5 %) 8.3, (1 %) 10.9 for comparison of growth promotions with IAA + GA3 controls (vitamin E values could not
be included in this statistical analysis).

Fig. 2. The effect of ribose on pea stem section growth in the presence of 1.5 % sucrose (Su) and/or 0.5 mm
niacinamide (NAm) and adenine (Ad). Basal medium as in text, its effect indicated by black triangle. At all
other points 1.7 jum IAA + 0.3 /A-r GA3 were also present in this one experiment. Comparable results were noted
in other tests.
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clearly enhanced pea section growth to the same ex-
tenit as the alkyl lipid, methyl linoleate. But this test,
as Well as others of vitamin Do and ,-carotene, fail-
ed to show growth promotion by these latter com-
pounds. Vitamin A acetate also was inactive. To
see if the activity of vitamins E and K1 was similar
in character to that of the alkyl lipids, tests reported
elsewhere (20, 23) have been carried out. The
response to these vitamins, like that to the alkyl lipids,
required IAA and was greatest in the presence of
both IAA and GA3. Although the lower limit of
activity has varied from test to test, it is clear that
both vitamins E and K1 are active at lower concen-
trations than are the alkyl lipids.
> K Vitamin Analogs: The only K vitamin known
to occur in higher plants is K, (phylloquinone), but
the presence of other, chemically different Ks, is a
distinct possibility. A number of simpler synthetic
substances, which lack the phytyl side chain, are
known to have vitamin K activity in animals (12).
Among these are vitamin K3 (2-methyl, 4-aminonaph-
thol) and menadione (K3 or 2-methyl, 1,4-naphtho-
quinone). These compounds, tested as the hydro-
chloride and soodium bisulfite addition products. re-
spectively, are compared to vitamins E and K, in
figure 1. In this test, as well as others. the K ana-
logs show no valid activity, nor have they increased
the response to vitamin K1 or methyl linoleate when
tested with these active compounds.

It thus appears that the activity of vitamin K1,
and perhaps that of vitamin E as well, lies in its side
chain. A test of compounds similar to the vitamin
side chains, namely phytol and farnesol. is shown in
table IV. Phytol can cause elongation as great as
does vitamin K1, but requires higher concentrations
to do so. Farnesol although active at statistically
significant levels did not cause comparable elonga-
tions. However, the matching of farnesol to the side
chain of vitamin E is not as close as phytol is to that
of vitamin K1. The inference from these results is
that pea sections cannot synthesize the isoprenoid side
clhains which are responsible for the activity of vita-
min K1 and possibly vitamin E.

- Cofactors of Isoprenoid Synthesis: To check this
assumption, a test of freshly prepared potassium me-
valonate and mevalonic acid lactone, which are known
to be precursors of farnesol (3), and probably of
phytol as well, was made at 5, 8, 10, 20, and 50 ELM.
No significant stimulation of pea growth either in the
presence or absence of 10 /ANi menadione was noted
and the combination did not imitate vitamin K1. In
another test, mevalonolactone had no effect even at

Table IV
Effect of Isoprenoid Alcohols on Pea Stem

Section Elongation*

Basal medium only 25.5
Basal ± 1.8 u-r IAA + 0.3 zm GA3 67.5

Am Phvtol Farntesol Vitanin1 K

10 ... 89.1** 86.5**
20 ... ...99.1***
30 ... 72.7 98.8***
60 86.4** 86.8**
80 89.2** ... ...

90 ... 85.4** ...

100 104.5*** ... ...

* Percentage elongation of Laxton's Progress pea stem
sections, basal medium as in text, except that Pluronic
F68 was 0.008 %. All but the basal medium control
were 1.8 pti IAA + 0.3 IA,\ GA3. Starred data are
significanit at the 5 % (**) and 1 % (***) level as
compared to the IAA + GA.1 control. M.S. error
375.7 LSD (5 %c) 17.2, (1 %) 22.8.

3mar. In as much as diphosphopyridinenucleotide
(DPN) is a cofactor of farnesol synthesis (3), its
constituents. adenine and niacinamide, were also tested
with mevalonolactone, but no statistically valid in-
crease in growth was noted.

Since ribose might similarly be needed for DPN
synthesis, the effect of the sugar on sections was also
tested. In figure 2 is demonstrated the fact that D-
ribose stimulated growth both in the presence and ab-
sence of sucrose up to a concentration of 0.5 %C and
thus was apparently available to metabolism of the
sections. Concentrations in the absence of sucrose
above this level were inhibitory. It is noteworthy
that although 1 /2% sucrose stimulated growth some-
what more than did ribose, ribose stimulated growth
even more in the presence of sucrose. Adenine and
niacinamide, although never stimulating growth to
a statistically significant level, were consistent in
slightly increasing growth with ribose at every ex-
perimental point, although with sucrose, decreases
were noted. In other experiments more pentoses
were tested. D-Galactose and D-mannose similarly
increased growth above that of sugar-free controls up
to the 0.5 % level and were inhibitory above it.
L-Arabinose had no stimulatory powers, although it
also inhibited growth at concentrations greater than
0.5 %. The fact that some other pentoses could also
stimulate growth makes less likely the original i(lea
that ribose was acting here via DPN promotion of
isoprenoid synthesis in pea stem sections.

Fig. 3. The effect of vitamin K1 on various auxins. Basal medium as in text. 0.3 u-\[ GA3 was added to all sec-
tions in this single experiment, similar results were obtained in other assays. The vitamin K1 promotion of IAA
and 0.6 FM NAA at 3 and 6 gM was significant at the 1 % level compared to the no vitamin K1 points.

Fig. 4. The effect of 25 gm triolein on various concentrations of three auxins. Basal medium as in text, no GA3
was used. Points are the average of one (18 AM), two (all other ° - 0), and three (all other X-x) experiments,
respectively. The abscissa is a log scale. For one of these experiments for wzhich a simplified statistical treatment
was possible the growth promotion for each auxin at 1.8 uM by triolein was significant at the 1 % level.
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- Auxin Specificity of Lipid Growth Promotion:
To establish whether or not the lipid enhancement of
TAA action is specific to this auxin, tests were also
carried out with a-naphthaleneacetic acid (NAA)
and 2,4-dichlorophenoxyacetic acid (2,4-D). In
figure 3 are the results of one such test in which vita-
min K, mlarkedly increased the activity of TAA andl
also that of the lower concenitration of NAA used.
Growth at the hiigher NAA concentration and with
2,4-D w-as not convincingly enhanced in this experi-
nment. As concentration of the auxin appeared to be
a factor, several tests of this variable were carriedl
onit \vith triolein: their averages are plotted in figure
4. Here it is clear that at all but one auxin level test-
ed the effect of triolein is a stimulatorv one. The
lipid growth stimlulationi is, thus, probably to be foun(d
whenl pea sections are treated writh any auxin.

Discussion

These results aniplify those of the first paper in
this series, indicating that in natul-e fats and isopre-
noi(l v,itamiins nmay act to enllance or mo(lifv auxin in-
duced processes. Gross lipid involvement in major
plaant physiological clhainges has been shown many
timles, hut in onlv a few cases can a link to auxin
action be dlirectlv inferredl. A number of these pub-
lications lhave been. (liscusse(l earlier (21, 23).

AMore recently, the extensive work of Bernfeld
(2') is notew-vorthy in (lemlonstrating that a large numli-
ber of natural fats canl indullce tunmors in several plants.
His active principle w-as not identified but was be-
lieved to be in the noni-sapoinifiable fraction. He also
reviewedl a numiiber of papers which may be inter-
plreted as in(licating that fats cain modify plant growth.
\Worthv of special mlention is the ancient hortictultural
practice of bringing figs mlore rapidly to full devel-
opimlenit w-ithl a (Irop of olive oil (5). Since the fig
fruit is dlerived fromii stem tissue this is analogous to
the response of pea stemii sections reported here.

In addition., Beal et al. (1) have shoown that the
applicatioin of the fatty aci(d ester detergent Tweeni
20 to the soil at the base of Datura plants led to a
40 % increase in their final dlrv weight. though odd-
ly enough a dir-ect spray treatnment had no such ef-
fect. The direct spray mnight have led to overdoses
being appliedl. Westwood & Batjer (25) found that
Tween 20 increased the epinastic effect of NAA un-
(ler conditions where cuticular penetration was not a
factor. Sironval, notinig that the lipid content of
cells of strawberry leaves increased with the long day
treatmeints favorable to floral initiation (16), later
showed that application of the crude unsaponifiable
extract from suchi leaves ledI to increased internode
and petiole elongationl as x-ell as to an increase in
flowxering (17). The flowering response was at-
tributed to vitanmin E (see below), but the effect of
this substance on interniodle anid( petiole length was not
state(l.

AlthoughI the augmentation of auxin-in(luced pea
stemii growth by vitanmins K1 and E was an unantici-
patedl outcoimie of this wvork. it is not a new discovery.
Hey and Hopf published in 1951 (9, 11) a theory
that auxini herbicides are most effective on plants
with higlh vitamin K content anid suggested that this
explains their relative ineffectiveness on cereals and
other planits with low vitamin K levels. The vitamin
K assay use(d for the figures in their table was not
specified, and the commonly emlployed animal nutri-
tion tests have a broad specificity (12). Further-
more, they stated that NAA plus vitamin K increased
the yield of a large number of crops. Their data on
ra(lishes slhow- striking increaises in gross weights
obtainedl by suclh treatmiieints. but thie data for large
scale comlmlier-cial crop experimiienits are muclh more
variable. Six additional tables of their data appeared
in reprint forml, but were not published in the journal.
Unfortunately, assesslmlelnt of these (lata is complicat-
ed by the fact that the precise regimen of tlle treat-
meints is not given, and vitamin K is not defined. In
fact, it is clearly inmplied thalt mixtures whose compo-
sition wvas a commilercial secret were employed. A
later paper states that nmena(lione (K,,) was use(I to
increase the parthenocarpic effect of NAA on apples
(10). and that it also increased frost resistance.

Indlependlent confirmiiationi of the principal thesis
of their w-ork has been provi(de(l by Hemberg (7).
wvho testedl vitamin K and vitamin H' supplied by
Hey an(d Hopf onl the rooting of bean cuttings. He
foun{d that these did augmnent auxin action by increas-
ing the rooting of bean cuttings. and onl) in the
presence of IAA. This w\ork was theni extenlded to
intact Datura plaiits which were increasedl in (lrv
wveight 1b mlenadlionle sprays (8). In this latter case
the additioni of NAA did lnot enhlanice tlle reslpnse to
meina(lionie, but usually reduced it. Percentage of
alkaloidls w-as relatively uniaffecte(d but capsule nlumil-
ber -\as significantl- increase(l. Low6n (14) re-
peated these field experimlenits wvitlh sliglht modifica-
tions an(l confirmiie(d the marke(d increase in drv
wveight and capsule number cause(d by menadione
spraying. He note(d that the cell area was nearly
(louble(l in sections of leaves taken from treated plants:
presumiiably. then. the size (lifference was largely at-

tributable to increased cell enilargemiielnt. How,vever.
in the case of vitamin E, Booth aln(d Hobson-Frohock
(4) recently- concludedl that leaf growth rate is in-
VerselV proportioiial to vitamiln E contenit, both in
palrts of the samle plant alndI in (lifferent species.

Possiblv related are the observations of Schwarz-
enbach (15'), wlho foundl that a w\vide ranige of carote-
noids could promlote or inhibit the germiniation of
Cvclamien pollen. The inhibitory effect of some of
these, particularly 8-carotene, could be reverse(l by
IAA, wh1lich by itself was ineffective on this miiate-
rial. Vitamiiin K,, and to a lesser extent vitamini E,
couldl similarly reverse the effect of P-carotene in-
hibition of pollen germination. He suggested that
similar interactions mav be at the basis of pollen in-
coimpatibilities. Sironval lhas inmplicated vitamin E
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as a factor in flow-er formation of strawberries, after
deducing that it was the active principle in his un-
saponifiable extract (17). He found that pure mate-
rial (a-tocopherol) could increase flowering in straw-
berries grown under short day conditions wlhere lit-
tle flower initiation occurred. Considering the low
concentrations found to be effective in our work, it is
noteworthy that he found vitamin E acted in very
small amounts within a narrow range, namely on the
order of two to four micrograms per plant. Doubling
the latter amount led to no effect and higher values
were inhibitory to growtth. He has further support
for the natural role of this vitamin in flower initiation
in that he showed it to increase in plants which are
normally photoindluced (18). However. his assay
has been criticized as non-specific (4).

Thus, it is evident that lipids of both the fatty
acid ester and isoprenoid vitamin type in trace quanti-
ties can mimick or enllance auxin or gibberellin action
in a number of different ways. As cited above, these
lipids can enhance internode lengths. dry weight
yields, and rooting of cuttings, cause epinasty, in-
fluence pollen germiiination and fruit formation, and
promote flower fornmation. Furthermore, in some of
these cases an interaction with or requirement for
auxii xvas also shown. It would be unwise to draw
many inferences from such a miscellany of observa-
tions. but they do make clear the fact that our results
are not an isolated example of plant hormone-lipid
interaction.

The mechanisml underlying these phenomena can-
not be established by the data presented here. We
hav-e suggested elsewhere (20, 23) that lipid acti-
vation of the cy-tochrome system could explain the
results observedl. It should be noted that an oxida-
tion-reduction role in the usual sense would not be
involved. As Weber, Gloor, and Wiss have point-
edl out (24), the activation of mitochondrial cyto-
chronme systems requires a hydrocarbon chain within
certain length limitations. This is compatible w-ith
our data indicating that it is the isoprenoid moiety
of vitamins K1 and E that is effective in increasing
stenm section growth, and with the earlier results (21)
indlicating that fatty acid esters equal to or greater
than C12 chain length couldl so act. Presumably then,
these compounds must fit into some lipid-requiring
matrix, probably in the mitochrondrion. in order to
b)e effective in some part of the cytochrome oxidation
chain which produces at least some of the energy
for auxin and gibberellin action.

If this hypothesis is true. it implies that red light
can modify the cytochrome svstem of peas in sucli a
wvay as to make the energy supply for auxin andl gib-
berellic acid induced processes partially lipid depend-
ent. Whether lipids can act naturally in such a way
as cell growth stimulating hormones (i.e. via the
synergism with auxin & gibberellin) in vivo cannot
yet be stated. Proof of these suggestions mlust await
more information on the natural lipids of the pea and
their localization, an investigation which is now being-
undertaken.

Summary
- Auxin and gibberellic acid treated pea stem sec-

tions will not show the additional growth response
caused by lipids unless the plants from which they
were cut were exposed to red light a day or more
previously.

- A number of natural fats and oils are capable
of potentiating the additional section growth.
0 Among the fat soluble vitamins tested, vitamins
E and K1 were as effective as alkyl lipids in augnment-
ing auxin induced growth. and did so at even lower
concentrations. Vitamins A and Dn., and 8-carotene
were inactive.

- The vitamin K analogs lacking a side chain, name-
ly menadione and vitamin K,, were inactive, even in
the presence of mevalonic acid and co-factors of iso-
prenoid synthesis. Phytol and farnesol were active.
It is concluded that pea stem sections are incapable of
synthesizing isoprenoid vitamins and that the results
are compatible with the previous suggestion that ac-
tive compoundls may act via cytochrome activation.
P D-Ribose, D-galactose. and D-mannose stimulated
pea stem section growth in a manner suggesting they
are available for metabolism. L-Arabinose was only
inhibitory.

- The lipid stimulation of IAA actioin is probably
general to auxins, since growtth induced by NAA and
2,4-D is also susceptible to lipid enhancement.
l A number of observations in the literature indi-
cate that auxin-lipid interactions may be widely dis-
tributed 1oth as to species and to function in plants.
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