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A section of pea steimi after remloval from the plant
elongates markedly less than the same zone when it
is left on the intact plant. No growth factor or conm-
bination of known factors restores more than half of
this missing growth. This is particularly evident in
studies with the gibberellins. The intact pea plants
respond to gibberellin with large growth increments
whereas sections cut fronm replicate plants are only
slightly stimulated (6,11,22).

Our previous paper (20) showed that several types
of fatty acid esters can partly restore the missing
growth of the excised sections. The increased
growth was found to be due to a stimulation of auxin
and gibberellin action by the fatty acid esters, since
the latter substances were inactive by themselves.
These unexpected findings indicate that lipid sub-
stances have a hitherto unappreciated action in plant
growth. Their role in normal plant growth regula-
tion may be exerted through a synergistic effect on
hormones rather than as hormones in themselves.
The present study has been directed at defining the
chemical structure require(l for this synergism.

MATERIALS AND METHODS

Stem sections of Pisurn sativumn L. were used.
These were cut 10 mm long from directly below the
apex of the third internode at the time the apical bud
and leaves were perpendicular to the stem (about
seven days of age). The technique has been de-
scribed elsewhere (8, 20). The standard variety
Alaska was employed for comparison with dwarf peas.
A survey of dwarf pea varieties revealed that Laxton's
Progress was the most suitable for use under our
conditions. Some lots of this variety have not been
fungus-free. Therefore Phygon (active ingredient,
2,3-dichloronaphthoquinone) has been satisfactorily
used as a fungicide during the initial soaking period.
Control experiments have shown that the use of
Phygon does not affect the growth response of the
sections, and Alaska peas which have never needed
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Phygon treatment respond as well to these fatty
growth factors.

All plants were exposed to continuous weak red
light from the 3rd day onward (cf. 20). Plants so
exposed are more uniform and have shorter internodes
than when growvn in the dark. The response to lipids
is not markedly influenced by the amount of re(d light
received, either before or during the test period.
Ten sections were placed in Petri dishes containing
20 ml of solution and were kept on a slow speed
rotary shaker for 24 hours in the dark. Measure-
ments of the length of the sections were then made.

A major technical difficulty in this study has been
the need to apply lipid substances to the plant sec-
tions via an aqueous emulsion. Simple lipid dis-
persions result in unstable emulsions, leading to un-
certainty as to the amounts of lipid actually available
to the plant material. It was found that the most
efficient way to disperse a lipid in water is to (lissolve
it in a relatively small volume of any fat solvent which
is also highly soluble in water, and to inject this solu-
tion into the aqueous medium. The following solvents
have been found suitable: acetonitrile, acetone, di-
methylformamide, dimethyl sulfoxide, and tetrahydro-
furan. Dimethylformamide and dimletlhyl sulfoxide,
although they have no effect on pea section growth
up to 0.1 M, cannot easily be remove(d from the system.
Acetone, tetrahydrofuran, and acetonitrile, having
high vapor pressures, can be partly removed from the
aqueous medium by simple aeration. Tests of these
volatile solvents revealed that acetone frequently and
erratically had an inhibitory effect on pea sections.
Tetrahydrofuran, while it was the best solvent for
many lipid compounds, inhibited the growth of pea
sections at initial concentrations above 0.01 1\I an(d
had to be frequently repurified. Acetonitrile was the
most satisfactory solvent and was usable even at
initial concentrations of 0.3 M (20). This concen-
tration, however, must have been substantially re-
duced by volatilization during the 24 hour rotation of
the solutions on the shaker. As normally emploved,
the lipid stock emulsions were aerated for 5 to 15
minutes prior to use, so that the actual concentrations
must have been even lower. Wachter (27) and
Denny (9) have reported that acetonitrile causes leaf
epinasty, but our acetonitrile (Matheson) has never
shown any indication of a growth effect on peas undler
our conditions. It is unlikely that ambient vapor
pressures in our experiments ever approached the

262



STOWE-GROWTH PROMOTION IN PEA STEM

levels that probably prevailed in Wiichter's or Denny's
bell jar experiments.
A satisfactory lipid emulsion must also remain

dispersed. The Tweens could not be used as they
proved to be growth stimulants in themselves (20),
and since many other alkyl compounds had this
property, other commercial emulsion stabilizers were

investigated. The best so far encountered are those
of the Pluronic and Tetronic types manufactured by
the Wyandotte Chemical Corp. These are based on

lipid-soluble polyoxypropylene to which water-soluble
polyoxyethylene chains are attached. The resulting
compounds have molecular weights and properties
which depend on the relative ratios of the two com-

ponents of the molecule. Pluronics L62, L64, P75.,
P84, and P85 showed toxicity in our system even at
0.01 %, while Pluronics F77, F88, and Tetronic 707
had moderate inhibitory effect at 0.1 % levels.
Pluronics F38, P66, F68, and Tetronic 908, however,
were only slightly inhibitory at 0.1 % and could be
used at somewhat lower concentrations without any
apparent effect on the plant material. For uniformity
Pluronic F68 was adopted as the standard compound,
but the other substances of this last group would
probably also have been suitable.

We are indebted to Professor R. P. Geyer of the
Harvard School of Public Health for his advice on

these matters, and the technique which follows is
based on his procedures. A typical emulsion was

prepared in this way: 5.4 mg of methyl palmitate and
4 mg of Pluronic F68 were dissolved in 0.25 ml of
acetonitrile and injected with a 1 ml syringe fitted
with a No. 18 needle into 10 ml of water in which
4 mg of Pluronic F68 had previously been dissolved.
The emulsion was then aerated for 5 to 15 minutes to
remove much of the acetonitrile. The final stock
emulsion is 0.5 mM in methyl palmitate and 0.08 %
Pluronic F68.

This emulsion remains stable for days. even in

the cold room. For the tests reported here, however,
all emulsions were routinely made up immediately
prior to the bioassays. For less soluble substances
such as the higher alkyl compounds, and in particular
their alcohols, warming of both the acetonitrile and
the aqueous solution before injection is necessary.
Although twice the lipid weight of Pluronic F68 is
generally sufficient to ensure a stable emulsion, higher
quantities are occasionally required. The amount of
acetonitrile can also be increased, or tetrahydrofuran
may be used if the lipid material is insufficiently solu-
ble in acetonitrile. In most of the tests the final con-
centration of Pluronic F68 was set at 0.004 %.

As many of these lipid substances resist normal
washing procedures, all glassware was routinely
cleaned in a hot acid bath.

RESULTS

COMPARISON OF SECTION GROWTH IN SITU AND IN
VITRO: It was first necessary to establish by what
margin excised sections fail to match growth of the
intact plant. For this purpose 10 mm zones were

marked on ten intact pea plants with India ink at the
same position from which sections were cut on the
replicate plants. The sections were floated in solu-
tions of sucrose, pH 5.5 phosphate buffer, cobalt chlor-
ide, indoleacetic acid (IAA), and gibberellic acid
(GA3) at the concentrations which had been found to
provide the largest growth increments. Tests have
shown these optimum concentrations are not appreci-
ably altered by the presence of the lipid factors. The
intact dwarf plants were small enough to be placed
flat within 150 mm Petri dishes in 60 ml of solution
and were rotated on the shaker in precisely the same

manner as the sections. This procedure resulted in
a slight geotropic curvature of the third internode
as the cotyledons somewhat restricted the plant mo-

tion during this period. Apparently this procedure,
even though auxin was in contact with the roots, had

TABLE I
PERCENTAGE GROWTH OF 10 MM ZONE ON INTACT PEA PlIANTS COMPARED TO 10 MM SECTION

ADDITIVE ALASKA LAXTON'S PROGRECS
(#'M) (STANDARD) (DWTARF-2 EXPTS)

Sections
Controls 52.7 ± 6.7 44.9 ± 5.6 39.9 ± 3.5
GA3 (0.3) .... 54.6 ± 5.3 39.9 ± 7.9
IAA (1.7) . . . . 67.5 ± 7.0 65.1 ± 10.5
IAA + GA3 94.3 + 16.1 84.3 ± 6.4 70.1 ± 12.0
Ditto + methyl

linoleate (68) .. . 113.8 ± 7.3 107.4 ± 9.7
(same at 41) 123.3 ± 15.1 . . . . .

Jnttact plants
Controls 204.9 ± 24.2 132.4 ± 15.3 125.0 ± 16.8
GA3 (5 % Paste) 262.2 ± 10.8 .... .
IAA + GA3 .... 201.1 ± 14.6 234.9 ± 24.1

All sections and the intact dwarf plants were grown in 1.25 % sucrose + 50 ,uM CoCl9 + 5 mM KH2PO4
(pH 5.5) and additives at concentrations indicated in parentheses. Solutions initially 0.2M in acetonitrile. Per-
centage increase in length in 24 hours and standard deviations are indicated.
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no dleleterious effects since, as in the experiments of
Brian andl Hemming (5), the growth of dwarf peas
was brought up to that of a standard variety. Since
the larger intact Alaska pea plants could not be
handled conveniently in the same manner a set was
left in the growing trays (8) in the darkroom at the
same temperature as the sections and treated with
5 C0 GA3 in lanolin paste, applied at the base of the
third internode. Another set was left untreated as
controls. Gibberellic aci(l applied to the root solution
gave only about 20 % of the growth increment caused
by the lanolin treatment. This probably was due to
the time required for translocation of the gibberellin.
The work of many other investigators (cf. 1, 16) has
established that externally appliecl auxin has only a
small growth promoting effect on intact pea plants.
Our results are listed in table 1.

These experiments confirm that the growth re-
sponse of both Alaska and dwarf pea stem sections to
IAA plus GA3 is similar, but the sections from dwarfs
consistently show slightly less growth. The concen-
tration of IAA selected here (1.7 AM) was that
which is usually optimal for the sections from dwarfs;
in some tests the Alaska sections reached their opti-
mum at a higher (5.7 A'I) concentration. Adding
methyl linoleate to the bioassay medium causes a
statistically significant increase in growth of both
section types. None of these treatments, however,
brings the growth of either type of section up to the
level it would have reached on the intact plant. The
discrepancy is shown most strikingly by the data for
the GA3 treated intact plants (their growth is twice
that of the maximum elongatioln of excised sections).
Even with the addition of any of the lipid factors
studied here the growth of sections remains submaxi-
mal, probably requiring another factor or factors
normally provided by the rest of the plant. It is
possible that the action of GA3 depends on these
additional factors more crucially than does that of
IAA, since the sections in this experiment and in
others responded more markedly to the auxin (see
also table I in both 20 and 21).

COMIPARING EFFECTIVENESS IN GROWTH PROMO-
TION OF DIFFERENT LIPIDS: The growth promotion
by lipidls has two noteworthy characteristics. It ap-
pears at low lipid concentrations (even 10 W.M), and
it is exerted by more than one class of long chain
alkyl compound (20). It seemed desirable to de-
lineate further this apparent lack of specificity. as
well as the relative activities of different compounds.
For this purpose an extensive series of alkyl com-
pounds has been tested.

The procedure is illustrated in table II for the
oleic acid derivatives. A series of dilutions for each
compound over its presumed range of activity was
run in two separate experiments (a and b). In this
manner both the optimum concentration and the maxi-
mal section growth obtained with each compound
could be estimated. Both criteria led to the following
order of effectiveness: triolein > methyl oleate >
monolein > > oleic acid. Triolein was equated with
three times greater molarities of the other compounds
as it h1as three oleyl residues per molecule. A com-
parison of its concentration with that of IAA shows
that only 6 to 18 times more oleyl groups than auxin
molecules are required for maximal growth. Triolein
was one of the most active compounds tested.

Since only a few compounds could be tested to-
gether in a single experiment one of the most active
compoun(ls, methyl linoleate, alwvays was included as
a standard. In the course of this work, however, a
paper appeared (2) which indicated that emulsions
of ethyl linoleate are rapidly autoxidized in the pres-
ence of air at room temperature. Therefore, another,
equally active but more stable compound, namely
methyl myristate, was substituted as standard in sub-
sequent experiments. The relative activities of dif-
ferent compounds, compared to these standards, are
shown in table III.

These data clearly demonstrate that the most active
class of compounds are the methyl and ethyl esters of
the fatty acids, followed by the triglycerides. But
not one of these compounds increased growth of the

TABLE II

COMIPARISON OF GROWTH STIMULATING EFFECT OF OLEIC ACID DERIVATIVES

puM OLEIC ACID METHYL OLEATE MONOOLEIN

a b a b

70.1 ... 68.2 61.6
78.1 69.0 69.2 ...

107.6 95.6 88.2 ...
105.3 95.3 74.1 97.1

... 92.0 98.2 ...

....... 77.8

....... 67.7
a b

40.6 34.2
74.4 70.5

a
0.3 ...

1.3
3.3 101.5
6.7 107.9
10 110.7
13 95.4
17 98.3
33 ...

100 ...

Percentage increase in length of 10 mm sections of Laxton's Progress pea epicotyls after 24 hours in 1.25 % su-

crose + 50 AM CoCl2 + 5 mM KH,PO4 (pH 5.5) + 0.003 % Pluronic F-68, and additives as listed. All but
controls also 1.7 AM IAA and 0.3 yM GA3.
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Expt. a b
1
4
10
20
30
40
50
100
300

. . .

71.2
70.7
69.3
67.2

..

. .

75.8
..

..

84.2

68.7
75.6

TRIOLEI N

b
76.1
90.2
99.9
92.0

.

94.0

Controls
IAA + GA3
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sections above the values reported for methyl linoleate
in table I. Since all these fatty acids are common
constituents of plant fats, it can be assumed that most
natural fats would be active. Accordingly, no further
study has been made of the natural glyceride fraction
isolated earlier (20), particularly since the behavior
of this fraction in the bioassay was not different from
that of the chemically better defined substances
studied here.

Remarkably, the free acid$ have shown no con-
sistently significant activity in any test series (the
lone datum for oleic acid at 40 /M could not be re-
peated in other tests). But two monoglycerides, the
higher alcohols, and selachyl alcohol accentuated sec-
tion growth. In addition to the substances in table
III, methyl or ethyl esters of the CIO, CS, C7, C6
acids, monacetin, monopropionin, and monobutyrin,
as well as acetate, triacetin, and glycerol have also
been tested at various concentrations. In no case
has any of these, or any other compound containing
a chain of less than 12 carbon atoms, been found to
exhibit action on the section growth, except to inhibit
it at relatively high concentrations.

STUDIES OF MECHANISM OF ACTION OF ALKYL
LIPIDS: A number of experiments have been run in
an attempt to clarify the mechanism of action of these
substances. As briefly mentioned previously (20),
the activity of Tween detergents and the unsaturated
fatty acid esters, as well as the inactivity of free acids,
are reminiscent of the growth response of both a
Lactobacillus and a Venturia mutant. But in other
respects, this analogy fails. Esters of saturated fatty
acids are active in the peas but not with the mutants.
Conversely, biotin is active in the latter, but is inactive
(0.1-50 iZM) on the peas. The pH is important for

the response of the mutants (but tests of the isolated
pea glycerides (20) and of methyl linoleate showed
that varying pH between 4.5 and 7 did not much
modify the growth of the sections). It thus seems
unlikely that the pea response is really analogous to
that of the two microorganisms.

The smut fungus, Ustilago zeae, produces in cul-
ture quantities of ustilagic acid (a mixture of
diglucosyl dihydroxy hexadecanoic acids) (4). The
malformations characteristic of smut infection are
believed to be at least partially due to its production
of auxin (29). In the thought that ustilagic acid
might also be involved, a sample (kindly supplied by
Dr. R. H. Haskins) was tested on the pea sections.
No growth promotion was noted, but inhibition was
found at low levels (10 uM), with toxic effects ap-
pearing in the tissues at two to three times this con-
centration.

The activity of the Tween 20, 80, and 81 deter-
gents (20) made it possible that some type of surface
action is responsible for the growth promotion.
However, other non-ionic surfactants, such as the
Igepals CO-610, CO-630, and CO-710 (nonylphen-
oxypolyoxyethylenes-General Aniline and Film
Corp.), and the Pluronics and Tetronics mentioned
earlier, were inactive over a wide range of concentra-
tions. An anionic wetting agent, Alrowet D-65
(s o d i u m dioctylsulfosuccinate-Geigy Chemical
Corp.), at 3 and 30 mg/l failed to stimulate growth.
Some cationic detergents, Sarkosyls NL-30, 0, and S
(lauroyl, oleoyl, and stearoyl sarcosine-Geigy Chemi-
cal Corp.), at 3 to 300 1AM were impotent or inhibitory.
Carboxymethyl cellulose (CMC-70 premium low vis-
cosity-Hercules Powder Co.), used commercially as
a colloidal emulsion stabilizer, was inhibitory at con-
centrations greater than 0.01 % and without any

TABLE III
RELATIVE ACTIVITIES OF ALKYL LIPIDS ON DWARF PEA EPICOTYL SECTION ELONGATION

ESTER
*

MONO-
GLYCERIDE TRIGLYCERIDE

**

ALKYL-
GLYCERYL
ETHER

ALCOHOL

. . . . . ..

O ...

+ +
0 ++

±+ +++

.

0 (Batyl)
++ + (Selachyl)

0. .

0

0

Basal medium as in table II, including IAA and GA8. Relative activities are compared to maximum growth
promotion over controls obtained with methyl myristate or methyl linoleate on the same day: 0 = less than 20 %
of maximum promotion; + = from 20 to 50 % of maximum promotion; + + = from 50 to 80 % of maximum
promotion; +++ = same as (± 20 %) maximum promotion.

* Me = methyl ester and Et = ethyl ester of corresponding acid.
** Kindly supplied by Distillation Product Industries.

ALKYL GROUP FREE
ACID

0
0
0
0
0
0
..

C12H24
C14H28
C16H32
C18H36
C1 8H34
C1 8H32
C18H30
C20H40
C20HS2
C22H44
C92H42
C1 8H32

Lauric
Myristic
Palmitic
Stearic
Oleic
Linoleic
Linolenic
Arachidic
Arachidonic
Behenic
Erucic
Brassidic
Chaulmoogric

+(Me)
+++ (Me)
+++ (Me, Et)

+ (Et)
++ + (Me)
+++(Me)
+ + (Me)

.. .. .(
... +++(Me)

. . .

. . .

. ..

0
0

4- +

++

++(Et)
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action at lower percentages. Furthermore, the large
number of active compounds in table III do not seem
to have any obvious common physical property which
would not be shared by some of the inactive sub-
stances. Surface action thus appears to be an un-
tenable explanation unless it is exerted inside the
cell after some metabolic modification of the
molecules.

The next most likely explanation of the growth
promoting effect of the lipids was considered to be
anl action on the cell membrane. The site of auxin
action is believed to be on the cell wall or membrane,
anid furthermiiore, auxins are known to increase cell
permeability (25). As phospholipids are constitu-
ents of memiibranes, it is possible that the lipids are
entering into their metabolismii and in some way pro-
motinig auxin action. Bennet-Clark has proposed an
hypothetical auxin mechanism involving phospholipids
(3). The metabolic sequences thought to be involved
in phospholipid synthesis have been sumllmarized by
Kenne(ly (15). Of the various cofactors he cites,
choline (0.4. 4. 40 AI_), phosphoryl choline (10, 30,
100, 300, 104 yAM), and cytidine (5, 50 AM) were all
found( to be ineffective on the pea sections, as were
uridine (5, 50 ANI) andl uracil (5, 50, 100 AM). A
characteristic requirement of phospholipid synthesis
is that both saturated and unsaturated fatty acids are
needed. When mixtures of methyl palmitate and
methyl linoleate were tested on our system, however,
their miaxinmal effect on section extension was no
greater thani that of either compound1 alone. At
subnmaxinmal concenitrations simple additivity of their
action was in(licate(l. A phospholipid, lecithin
(0.0003-0.003 %), was also inactive.

If the cell memlbrane is involved it mlight also be
that the entry of auxin into the cell is facilitated.
Sonme cru(le tests vith C14-carboxyl-labeled IAA have
been carried out, but (lid not show any convincing
increase in the dlisappearance of IAA from the ex-
ternal solution in the presence of lipi(d factors as
compared to non-lipid-treated controls. Thus, no
evid(ence imlplicating an action of the growth-
promotiing lipidls on the lmlembrane has yet been
foun(l.

Another group of long carbon chain compounds
found( in plants is the phytosphingolipids containing
phytosphinigosine. Their role in plant metabolism is
obscure, but Carter et al (7) believe that they also
contain inositol, hexuronic acids (probably galac-
turonic acidl), glucosamine. arabinose, galactose, and
mannose. These compounds at 0.01 and 0.1 % were
accordingly tested both in the presence and absence
of methyl myristate, but no further promotion of sec-
tion growth was notedl. Phytosphingosine (10-50
AIN, generously supplied by Professor Carter, was

similarly without effect.
Finally, the possibility that these lipids might be

acting via the conventional degradative pathway for
fatty acids was examined in several ways. The
action of cobalt and sucrose in promoting section
growth (18, 24) is not understood, and since pea sec-

z
0

80

Z60v~ 0 x-x 5OpM Methyl Linoleate
I

0-0 No lipid
0 0.5 1.0 1.5 2.0 2.5

SUCROSE (%0)
FIG. 1. The effect of sucrose on the growth of dwarf

pea epicotyl sections and its promotion of the growth
stimulation caused by a lipid. All sections treated with
1.7 ,uM IAA and 0.3 uM GA3 and basal medium as in
table I.

tions are rich in stored materials (8), it seemed pos-
sible that sucrose was acting as a remote source of
lipid materials via fatty acid synthesis. Figure 1
shows a test of this hypothesis. It demonstrates that
the lipid response is almost completely dlependent on
added sucrose and hence the action of sucrose cannot
primarily be as a substitute for alkyl lipids. Also,
as noted above, acetate and glycerol were inactive.
So was sodium pyruvate over a concentration range
of 0.03 to 3 mM. Marre and Arrigoni (17) have re-
ported slight promoting effects of reduced glutathione
on pea sections under different conditions than ours.
In our bioassay, cysteine (3 and 10 mg/1), reduced
glutathione (0.1, 0.3, 1 mM) and thioctic acid (5,
20, 60 AM) failed to accelerate section growth either
in the presence or absence of lipid. Equally ineffec-
tive were coenzyme A (5, 20, 60 AMI) and pantothenic
acid (1, 10, 100 iM).

The action of many lipid-soluble substances on

pea sections seems at first sight similar to the wound
hormone factors reinvestigated recently by Haagen-
Smit and Viglierchio (12). When a detailed com-

parison was made, it was the differences between our

system and the Wehnelt bean test they used which
became really striking. First, traumatic acid
(10) was inactive on peas (4-130 AM). Next,
these workers found the most active substances to be
free fatty acids, including lauric, myristic, and linoleic
acids. In our tests these substances were not active
at all. Finally, the wound response of the bean pods
to linolenic acid was greatly promoted by cytochrome
c and ascorbic acid. In our tests horse heart cyto-
chrome c (0.03-3 AM) and ascorbic acid (3 AM) add-
ed to the pea sections both singly an(d together, as

well as in the presence of methyl myristate (30 ILM),
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were ineffective. Cytochrome c did cause moderate
inhibition at the higher concentrations. None the
less, the fact that results of Haagen-Smith and Vigli-
erchio also show an apparently hormonal response
to long-chain alkyl substances at concentrations lower
than 200 AM suggests that bean plaques and pea sec-
tions share some common hormonal mechanism.

DISCUSSION

While this work was in progress Vlitos and Crosby
(26) isolated a higher alkyl alcohol from tobacco and
showed it to be active in the Avena first internode
auxin assay, as were several other alkyl compounds.
Struckmever and Roberts (23) have also found a
higher alcohol in plant extracts and believe it inter-
acts with auxin. These discoveries, when compared
with the data of Haagen-Smit and Viglierchio (12).
the earlier work on wound hormones (10) and that
of this paper, make it clear that trace amounts of lipid
substances do play some role in the hormonal phvsi-
ology of plants. These substances cannot be said to
be limiting in all auxin bioassay material, however,
as our tests have so far failed to show any effects on
Av"nia coleoptiles (20).

Further support for our conclusion that lipids are
involved in plant growth regulation can be found in
studies of the use of auxin sprays for horticultural
and herbicidal purposes. As shown by Harley et al
(13), M. N. Westwood (private communication).
and Hitchcock and Zimmerman (14), the efficiency
of such sprays can be increased by adding Tween 20.
This phenomenon has been interpreted as due to in-
creased wetting or penetration of the spray. Harley
et al (13), however, noted that Tween 20 was a weak
thinning agent in itself. And recent work by L. L.
Jansen (private communication) indicates that a
number of commercial detergents can by themselves
increase the growth of several intact plants. It would
be interesting to compare the effectiveness of alkyl
with non-alkyl detergents in tests such as these.

A link between lipid substances and auxin action
has also been indicated by the work of Christiansen
and Thimann (8) who showed that the ether-soluble
fraction of pea stem sections dropped during growth.
More significantly, this drop was reduced by the same
inhibitors that reduced cell elongation. These
workers, in summarizing previous work as well as
their own, concluded that some interaction between
fat and reducing sugar levels was indicated. The
present work shows that sugars are needed for lipids
to enhance growth. The added fats cannot be a
quantitatively important source of sugars here since
nearly all the alkyl lipids tested are most effective in
the range of 10 to 50 AM. This is only 6 to 30 times
the concentration of IAA which was employed in the
tests; it suggests that a hormonal rather than a nutri-
tive requirement is involved. Inasmuch as it was
necessary to employ emulsions of these lipids the
actual molar ratios could even be lower and approach
mole to mole values.

The data of Christiansen and Thimann show
further that during growth only a third of the neutral
ether-solubles are utilized. The amount still left in
the section is five times more than would be required
to produce the effects discussed in this paper. There-
fore, since nearly all normal fat constituents have
activity in the bioassay. it appears that not all lipids
present in the tissue are available to take part in the
synergism. However, sections were not grown by
Christiansen and Thimann in the presence of added
sucrose so that their analyses are not strictly com-
parable. It will be necessary to analyze lipid metab-
olism in pea sections and in the intact plant in detail
before any conclusions can be made concerning the
natural importance of the svnergism of lipids with
plant hormones.

Neither can any firm conclusions yet be drawn as
to the role these lipids are playing in plant metabolism.
The tests described in this paper. although limited to
the bioassay technique. have given no support to the
idea that well known biochemical pathways of lipids
are involved. The most promising explanation de-
veloped so far has come out of further work which
indicates that these factors may be activating the cvto-
chrome system; the preliminarv evidence for this has
been outlined elsewhere (21).

This work also makes it clear that some unexpected
factor other than lipids is involved in section growth.
Dwarf peas were employed because it was anticipated
that they would be more sensitive to gibberellin (5).
Yet in every instance their sections gave a response
remarkably similar to that of Alaska pea sections (see
table I in this paper and figure 1 in 20). This ampli-
fies the results of von Abrams (1) who could not find
appreciable differences between a dwarf and a stand-
ard pea when several aspects of auxin relations were
consirlered. Hence it appears that the striking effect
of gibberellic acid on dwarf peas discovered by Brian
and Hemming (5) is still in some way restricted to
intact plants. The data of Lockhart (16) and Galston
and Warburg (11) also suggest that the ineffective-
ness of gibberellic acid on sections mav be due to
the lack of a factor produced by the rest of the plant,
as a greater response was shown by decapitated sec-
tions left attached to the base of the plant. Our at-
tempts to extract the factor indicated by such experi-
ments have not as yet been successful. Comparing
these papers with the older publication of Went (28)
shows that the factor gibberellin action requires may
well be the "caulocaline" which Went showed to be
produced by roots and which only passed through
living tissue. The appearance of the caulocaline
effect required pea tip auxin. but as Lockhart (16)
has shown, pea tips also produce gibberellin.

But a completely different explanation based on
the results of Phinney and Neely (19) cannot yet
be excluded. Thev found that dwarf mutants of maize
vary in their response to different gibberellins, and
also found that one mutant (dwarf-1) was much less
responsive than the others to a natural gibberellin,
bean factor II (GA;,), isolated from a higher plant.
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They have advancedl the hypothesis that this indicates
a biochemical pathway of gibberellin synthesis.
Therefore, it may be that GA3 (and the GA, in the
mixture employed by Lockhart) are not active on
growth of peas in themlselves, but must undergo some
alteration before they participate in the growth
process. Thus the relative inactivity of GA3 on pea
sections may merely mean that the sections do not
possess the enzymes necessary to convert it to an
active form and that these enzymes are elsewhere in
the plant. In any case, further analysis of the puz-
zling difference between the growth of intact plants
and excised sections seems certain to cast more light
on the factors involved in natural growth regulation.

SUMMARY
A technique is (lescribed for preparing stable

aqueous emulsions of lipids, allowing their routine
use in bioassays.

Excised sections of both dwarf and Alaska peas,
even un(ler optimal conditions, fail to attain half the
growth they wTould have reached in situ on an intact
plant.

Part of this nmissing growth can be restored by
many lipid substances, especially by several types of
fatty acid esters. The specificity of this response is
delineated. The most effective compounds found so
far are: methyl myristate, methyl palmitate, methyl
oleate, methyl linoleate, methyl arachidonate, triolein,
trilinolein, and selachyl alcohol. At their optima,
these materials can bring the growth of sections up
to just half that upon the intact plant.

To observe the growth promoting activity of these
lipids, it is necessary that sugar and auxin be supplied
in the medium. Their action is enhanced further by
gibberellic acid.

Tests of various cofactors of lipid metabolism have
failed to establish a connection with the growth effect
shown by the alkyl lipid compounds. This effect
seems most likely to be hormonal in nature since the
amounts of lipid re(quired are comparable to that of
the auxin used.

AC KNOWLEDGEMENTS

The author wishes to thank the individuals and
firms cited above for their suggestions and generous
provision of samples used in this study. He is in-
debted to Professor K. V. Thimann for advice, en-
couragement, and criticism of this manuscript. He
is also fortunate to have had the assiduous technical
assistance of Mrs. Irmgard W. Kurland.

LITERATURE CITED

1. VON ABRAAMS, G. J. 1953. Auxin relations of a
dwarf pea. Plant Physiol. 28: 443-456.

2. BAYZER, H., J. BIHELLER, H. GAISCH, and E. SCHAU-
ENSTEIN 1958. Uber die Reaktion von 9,12-
Linolsaureaithylester in WVasser. Monatsh. Chem.
89: 258-269.

3. BENNET-CLARK, T. A. 1956. Salt accumulation
and mode of action of auxin. A preliminary hy-
pothesis. In: The Chemistry and Mode of Action
of Plant Growth Substances, R. Wain and F.
Wightman, eds. Pp. 284-291. Butterworths,
London.

4. BOOTHROYD, B., J. A. THORN, and R. H. HASKINS
1955. The biochemistry of the Ustilaginales. X.
The biochemistry of ustilagic acid. Can. Jour.
Biochem. Physiol. 33: 289-296.

5. BRIAN, P. W. aind H. G. HEMMIN1NG 1955. The ef-
fect of gibberellic acid on shoot growth of pea seed-
lings. Physiol. Plantarum 8: 669-681.

6. BRIAN, P. W. and H. G. HE-MMING 1958. Com-
plementary action of gibberellic acid and auxins
in pea internode extension. Ann. Bot. 22: 1-17.

7. CARTER, H. E., D. S. GALANOs, R. H. GIGG, J. H.
LAw, T. NAKAYAMA, D. B. SMITH, and E. J.
WEBER 1957. Sphingolipides. Federation Proc.
16: 817-824.

8. CHRISTIANSEN, G. S. and K. V. THIMANN 1950.
The metabolism of stem tissue during growth and
its inhibition. II. Respiration and ether-soluble
material. Arch. Biochem. 26: 248-259.

9. DENNY, F. E. 1938-1939. Leaf epinasty tests witl
chemical vapors. Contrib. Boyce Thompson Inst.
10: 191-195.

10. ENGLISH, J. E., JR., J. BONNER, and A. J. HAAGEN-
SMIT 1939. The wound hormones of plants. IV.
The structure and synthesis of a traumatin. Jour.
Amer. Chem. Soc. 61: 3434-3436.

11. GALSTON, A. W. and H. WARBURG 1959. An analy-
sis of auxin-gibberellin interaction in pea stem
tissue. Plant Physiol. 34: 16-22.

12. HAAGEN-SMITH, A. J. and D. R. VIGLIERCHIO 1955.
Investigation of plant wound hormones. Rec. trav.
chim. 74: 1197-1206.

13. HARLEY, C. P., H. H. MOON, and L. 0. REGEIMBAL
1957. Effects of the additive Tween 20 and rela-
tively low temperatures on apple thinning by naph-
thalene-acetic acid sprays. Proc. Amer. Soc. Hort.
Sci. 69: 21-27.

14. HITCHCOCK, A. E. and P. W. ZIMIMERMIAN 1948.
Activation of 2,4-D by various adjuvants. Contrib.
Boyce Thompson Inst. 15: 173-193.

15. KENNEDY, E. P. 1957. Metabolism of lipides.
Ann Rev. Biochem. 26: 119-148.

16. LOCKTHART, J. A. 1957. Studies on the organ of
production of the natural gibberellin factor inl higher
plants. Plant Physiol. 32: 204-207.

17. MARRE, E. and 0. ARRIGONT 1957. Metabolic re-
actions to auxin. I. The effects of auxin on glu-
tathione and the effects of glutathionie on growth of
isolated plant parts. Phvsiol. Plantarum 10 289-
301.

18. MILLER, C. 0. 1954. The influence of cobalt and
sugars upon the elongation of etiolated pea stem
segments. Plant Physiol. 29: 79-82.

19. PHTNNvFY, B. 0. an1d P. M. NEELY 1958. Differen-
tial biological properties of gibberellin-like factors
isolated from beans and peas. Plant Physiol. 33

suP)1p.: xxxviii.
20. STOWE, B. B. 1958. Growth promotion in pea epi-

cotyl sections by fatty acid esters. Science 128:
421-423.

21. STOWFE. B. B. 1959. Similar activating effects of
lipids onl cytochromes and on plaint hormones. Bio-
cheni. Biophys. Res. Comm. 1: 86-90.

268



STOWE-GROWTH PROMOTION IN PEASTEM2

22. STOWE, B. B. and T. YAMAKI 1959. Gibberellins:
Stimulants of plant growth. Science 129: 807-816.

23. STRUCKMEYER, B. E. and R. H. ROBERTS 1955. The
inhibition of abnormal cell proliferation with anti-
auxin. Amer. Jour. Bot. 42: 401-405.

24. THIMANN, K. V. 1956. Studies on the growth and
inhibition of isolated plant parts. V. The effects
of cobalt and other metals. Amer. Jour. Bot. 43:
241-250.

25. THIMANN, K. V. and E. W. SAMUEL 1955. The
permeability of potato tissue to water. Proc. Nat.
Acad. Sci., U.S. 41: 1029-1033.

26. VLITOS, A. J. and D. G. CROSBY 1959. Isolation of

fatty alcohols with plant-growth promoting activity
from Maryland Mammoth tobacco. Nature 184:
462-463.

27. WACHTER, W. 1905. Chemonastische Bewegungen
der Blatter von Callisia repens. Ber. deut. bot. Ges.
23: 379-382.

28. WENT, F. W. 1938. Specific factors other than
auxin affecting growth and root formation. Plant
Physiol. 13: 55-80.

29. WOLF, F. T. 1952. The production of indoleacetic
acid by Ustilago zeae, and its possible significance
in tumor formation. Proc. Nat. Acad. Sci., U.S.
38: 106-111.

BIOSYNTHESIS OF SUCROSE AND SUCROSE-PHOSPHATE
BY SUGAR BEET LEAF EXTRACTS'

EDWARD S. ROREM, H. G. WALKER, JR., ANTD R. M. McCREADY
WESTERN REGIONAL RESEARCH LABORATORY, 2 ALBANY, CALIFORNIA

Cardini and coworkers (6) reported as one part
of a plant materials survey that "negative or non-
reproducible results" were obtained in sucrose syn-
thesis studies with sugar beet leaves and roots. They
stated that these results "may be attributed to the
presence of interfering enzymes".

Burma and Mortimer (5), using isotopic tracer
techniques, reported the synthesis of sucrose by sugar
beet leaf homogenates when fructose-6-phosphate and
uridine diphosphoglucose (UDPG) were present.
They demonstrated that sucrose-phosphate was formed
and assumed that it was subsequently dephosphorvlated
by phosphatase to sucrose. No sucrose synthesis oc-
curred when fructose or fructose-1,6-diphosphate and
UDPG were added to sugar beet leaf homogenates.
Burma and Mortimer stated that their experiments
with sugar beet leaves eliminated Leloir and Cardini's
(11) first enzyme mechanism demonstrated with
wheat germ, which was the interaction of UDPG and
fructose for the direct formation of sucrose plus pyro-
phosphate.

This paper presents data showing that the assump-
tion of Burma and Mortimer that only sucrose-phos-
phate is synthesized directly does not seem to be
correct. Rather, it shows that sugar beet leaf tissue
contains enzyme systems for the direct synthesis of
sucrose as well as sucrose-phosphate through UDPG
and fructose and UDPG and fructose-6-phosphate,
respectively.

1 Received August 3, 1959.
2 A laboratory of the Western Utilization Research

and Development Division, Agricultural Research Service,
U. S. Department of Agriculture.

Any sucrose-phosphate which is formed is ulti-
mately dephosphorylated by enzymes in sugar beet
tissue at some stage prior to storage in the root.
Thus the synthesis of both sucrose and sucrose-phos-
phate also has some bearing on the important unre-
solved question of whether sucrose or sucrose-phos-
phate is the principal sugar transported to the root
for storage (4, 8, 9, 10, 18).

MATERIALS AND METHODS
Preliminary experimentation resulted in adopting

the following procedures for preparing beet leaf en-
zyme fractions active in the synthesis of sucrose and
sucrose-phosphate. All operations were carried out
at 0 to 50 C.

Six hundred grams of fresh leaves of 6 to 7 week
old sugar beet seedlings (Beta vulgaris var GW 304)
were used for preparing the enzyme fractions. A
100 g aliquot of seedling leaves was blended with
100 ml of 0.05 M, pH 7.2 phosphate buffer in a high
speed blender. This homogenate was then squeezed
in a fine nylon cloth. The liquid obtained was used
for blending the next 100 g aliquot of leaves. This
process was repeated until all 600 g of leaves had been
homogenized, using only the original 100 ml of phos-
phate buffer diluent. The pH was periodically ad-
justed to 6.8 to 7.0 with NaOH during the blending
procedure. Approximately 600 ml of filtered homo-
genate was obtained. This was centrifuged at 13,000
X G, and the precipitate obtained was discarded.
The supernatant was gradually taken to pH 4.9 with
acetic acid and immediately centrifuged at 13,000 X
G for 15 minutes. The precipitate was discarded and
the clear yellowish supernatant was left overnight at
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