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ABSTRACT

Abscisic add (ABA) was purified from soybean (Glycine max [L.])
seed extract using a preparative high perfornance liquid chromatogra-
phy (HPLC) procedure. The preparative procedure was rapid (70 min-
utes per sample), required no prior partitioning for purification and was
quantitative as demonstrated with an internal standard of [2-'4CJABA,
of which 98.9% was recovered.

Foflowing purification by the preparative HPLC procedure, the ABA
in a soybean seed extract was quantified using either GLC with an
electron capture detector (GLC-EC) or by analytical HPLC with a UV
detector. For soybean seed extracts, two analytia HPLC column pack-
ing materials were found adequate: jtPorasil and jaBondapak-NH2 (Wa-
ters Associates). However, with complex tisue extracts, such as soybean
leaf and nodule tissues, only GLC-EC had the necessary selectivity and
sensitivity.

MATERIALS AND METHODS

EXTRACTION PROCEDURE

The soybean (Glycine max [L.] Merr. cv. Clay) plants used in
the following experiments were grown under greenhouse or field
conditions. Harvested plant material was immediately placed on
dry ice and then brought to the laboratory. The tissue was
weighed, homogenized in 80% (v/v) methanol (20 ml methanol/
g fresh weight of tissue) at 4 C, transferred to a 250-ml Erlen-
meyer flask, and shaken for 24 hr at 4 C. The homogenate was
centrifuged at 1,545g for 10 min and the supernatant filtered
through methanol-washed Miracloth (Chicopee Mills, Inc.), and
taken to dryness in vacuo at 35 C. The sample was then frozen
and stored at -20 C.

PARTITION COEFFICIENTS FOR ABA

The determination of ABA from plant tissues has been time-
consuming in the past. It usually consists of a preparative and an
analytical procedure. The preparative procedure normally in-
volves the partitioning of a plant extract against a number of
organic solvents (6, 11) and is followed by either TLC and/or
paper chromatography (1, 10, 13, 20). The analytical procedure
has been achieved either by bioassay (12, 17, 18) or by GLC (4,
8, 15). More recently, HPLC6 has been used for the analytical
quantification of ABA (5, 16).

Carnes et al. (3) have recently described a preparative HPLC
procedure for the purification and fragmentation of the cytoki-
nin complex in tomato root pressure exudate. This procedure,
using Bondapak Clg/Porasil B packing material, achieved in V/30
the time the same resolution of tomato root cytokinins as did
conventional column chromatography on Sephadex LH-20.
The objective of this work was to determine the usefulness of

HPLC procedure for both the preparative and the analytical
aspects of ABA determinations on soybean tissues.
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6 Abbreviations: HPLC: high performance liquid chromatography;
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Although several organic solvents have been used for parti-
tioning ABA, to our knowledge the literature does not contain a
direct comparison of the effectiveness of such solvents. To
achieve such a comparison, the partition coefficients were deter-
mined for the partitioning of ABA between water at four pH
values and seven organic solvent systems commonly used for this
purpose.
ABA standards (1 ,tg/ml) in charcoal-filtered, deionized, dis-

tilled H20 were adjusted to either pH 2.5, 5, 7, or 9 with 0.1 N
HCI or 0.1 N KOH. Ten ml of the ABA standards were placed in
60-ml culture tubes and partitioned once against an equal vol-
ume of glass-distilled organic solvent. The organic fractions were
removed and dried in vacuo at 40 C. The ABA in the control
(no partitioning) was determined by taking to dryness a 10-ml
ABA standard for each pH treatment. All samples were recon-
stituted in 1 ml of 5% (v/v) methanol in 0.2 N acetic acid. A 200-
,lI aliquot was injected into a 316 stainless steel column (30 cm
x 4 mm i.d.) packed with ,uBondapak C18 (Waters Associates).
The sample was eluted with 0.2 N acetic acid in 45% (v/v)
methanol at a flow rate of 4.5 ml/min, and a pressure of 262 to
290 bars. The ABA was detected with a fixed wavelength UV
detector at 254 nm. The instrumentation used in this HPLC
procedure is further described below.
The ABA eluted with a very narrow peak width which permit-

ted quantification based on peak height.
Partition coefficients were determined as:

d C t nrpConcentrationin aqueous phase _ a-b
Kd Concentration in organic phase b

where a = initial concentration of ABA in the aqueous phase,
and b = concentration of ABA in the organic phase after
partitioning.
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PREPARATIVE HPLC

The dried samples from the extraction or from the partitioning
procedure were reconstituted in a known volume of 5% (v/v)
methanol in 0.2 N acetic acid and centrifuged at 1,239g for 10
min using a horizontal rotor. The supernatant was microfiltered
through a 5-,um pore size PTFE filter (Millipore Corp.) on top of
a 0.2-,um pore size Fluoropore filter (Millipore Corp.).
A known volume of filtered sample (an aliquot of the superna-

tant) was subjected to preparative HPLC as described by Carnes
et al. (3) by injecting it through a 5-ml external loop valve (Valco
7000 series) connected to a stainless steel precolumn (3 cm x 2
mm i.d.) and then to two stainless steel columns (1 m x 6.5 mm
i.d.) in series, all packed with Bondapak C18/Porasil B (Waters
Associates). The sample was then eluted with a linear gradient of
methanol (0-100% in 60 min) in 0.2 N acetic acid, delivered by
two constant flow, nonpulsed, high pressure piston pumps (Wa-
ters Associates, model 6000) controlled by a solvent program-
mer (Waters Associates, model 660). The eluate was delivered
to the column at 9.9 ml/min at a pressure of 172 to 276 bars. The
detection system used was a UV monitor (Waters Associates,
model 440).
The eluate fraction containing ABA was collected based upon

the retention time of an ABA standard (Burdick and Jackson
Laboratories, Inc.). The fraction was taken to dryness in vacuo
at 35 C and stored at -20 C for subsequent analysis.
To test the efficiency of the preparative HPLC procedure with

and without partitioning, 2 ,uCi of DL-[2-'4C]ABA (6.1 ACi/
mol) (Amersham/Searle) were added to the 80% (v/v) methanol
extract of 54.6 g of soybean seed (Fig. 1, sample point A). The
extract was then divided into subsamples each representing 3.2 g
of seed. These subsamples were then processed through progres-
sively larger portions of the partitioning scheme. Partition

FIG. 1. Flow chart for the purification of ABA from soybean tissue

extract. At points I through IV, samples were processed through the

preparative HPLC procedure. [14C]ABA was added at point A and its

recovery determined at points B through D, as well as in the ABA

fractions from the preparative HPLC procedures at points I through IV.

phases normally discarded were taken to dryness in vacuo at
35 C, reconstituted in 2 ml of deionized, distilled H20, and 14C
activity measured to determine any loss of ABA during the
partitioning. Partition phases containing ABA were taken to
dryness in vacuo at 35 C, reconstituted in 10 ml of 5% (v/v)
methanol in 0.2 N acetic acid, and prepared for preparative
HPLC. Aliquots were removed for scintillation counting after
centrifugation, after filtering, and after preparative HPLC. The
scintillation solution was 30% Triton X-100 in xylene containing
5.3 g/l butyl- PBD(2 - [4' -tert- butylphenyl]- 5- [4"- biphenyl]-
1,3,4-oxadiazole) and 0.55 g/1 POPOP. The 14C activity was
determined using a liquid scintillation spectrometer (Packard
Tri-Carb, model 3375). Efficiency was 79% for 14C.

ANALYTICAL PROCEDURE

Gas-Liquid Chromatography. All ABA samples for GLC-
electron capture (GLC-EC) analysis (15) were methylated using
diazomethane (14), dried, and reconstituted (details under "Re-
sults and Discussion"). One-,ul samples were injected into a gas
chromatograph (Beckman GC-45) fitted with one of three col-
umns. These were a glass column (1.05 m x 4 mm i.d.) packed
with 4% SE-30 on 100/120 Gas-chrom Q; a glass column (1.84
m x 2 mm i.d.) packed with 3% SP-2100 on 100/120 Supelcon;
or a glass column (1.05 m x 4 mm i.d.) packed with 3% Dexsil
300 on 100/120 Gas-chrom Q. The glass columns were silylated
with Sylon (Supelco, Inc.) prior to packing, and the supports
were silylated with Silyl 8 (Pierce Chemical Co.) after packing.
Column and injection port temperatures were 215 and 235 C,
respectively. A mixture of 5% methane in argon served as the
carrier and make-up gases at flow rates of 30 and 40 ml/min,
respectively. A wide range electron capture detector (Analog
Technology Corp., model 140A) with a scandium-tritide source
was used at 280 C. The electron capture detector was linear
from 10 pg to 100 ng ABA.

Gas-Liquid Chromatography-Mass Spectrometry. Multiple
ion detection was performed using a LKB 9000 combined gas-
liquid chromatograph-mass spectrometer (GC-MS). A glass col-
umn (1.4 m x 2 mm i.d.) packed with 3% OV-1 on Supelcoport
100/120 mesh was used. Helium was used as a carrier gas at a
flow rate of 25 ml/min. The column and source temperatures
were 220 and 290 C, respectively. The ionizing source was 70
ev. Data were reduced using a data acquisition system (digital
mini computer, model PDP 8/e, Digital Equipment Corp.).

Analytical HPLC. Three analytical HPLC procedures were
compared to the standard GLC-EC technique used for quantifi-
cation of ABA. The HPLC columns were commercially packed
with ,uBondapak C18, uPorasil, and tuBondapak-NH2 (Waters
Associates). Each column was 30 cm x 4 mm i.d. with a particle
size of 10 ,m. The HPLC system was the same as the prepara-
tive system, except that a 200-,l injection loop valve (Chroma-
tronix HPSV-20) was connected to the respective analytical
columns.
An extract of 15.05 g of soybean seeds was taken through the

preparative HPLC procedure and then divided into subsamples
for separate triplicate analyses through the chromatographic
systems of ,uBondapak-NH2, uPorasil, and GLC-EC. Recover-
ies were established with reference to an internal standard of 44
4g of [14C]ABA added to the fraction from the preparative
HPLC procedure (containing approximately 160 ug of endoge-
nous ABA) before subdivision. To determine if further purifica-
tion was necessary before GLC-EC for accurate quantification,
the solvent elution zone containing the ABA peak was collected
from the tuBondapak-NH2 and ,uPorasil columns. These frac-
tions were then taken to dryness in vacuo at 35 C and prepared
for GLC-EC analysis as previously described. The ABA in the
respective subsamples was quantified on the basis of peak height
compared to ABA standards. The 14C quantification was done as

previously described.

HOMOGENIZE IN 80% METHANOL

EXTRACT FOR 24 HR AT 4 C

FILTER

CENTRIFUGE AT 1545 X G 15 MIN.

DRY IN VACUO, 35 C

RECONSTITUTE IN DEIONIZED
A--------- DISTILLED WATER --------------------------I

ADJUST TO pH 2.5

PARTITION AGAINST HEXANE
3X, 11 VOL.

B----HEXANE PHASE AQUEOUS PHASE----------------- 3

ADJUST TO pH 9.0

PARTITION AGAINST METHYLENE
CHLORIDE, 3X, 1:1 VOL.

C---------M---METHYLENE AQUEOUS PHASE --------m
CHLORIDE PHASE

ADJUST TO p H 2.5

PARTITION AGAINST WATER SAT.
I-BUTANOL, 3X, 1-1 VOL.

AQUEOUS I-BUTANOL
D----------------------- PHASE PHASE -----N--
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RESULTS AND DISCUSSION

Preparative Procedure. The partition coefficients (Kd) of
ABA when partitioned between water at four pH values and
seven organic solvent systems are shown in Table I. Also shown
are the per cent retention values of ABA in the aqueous phase.
From the data of Table I, the following three-step partitioning
sequence was calculated to provide theoretically maximum re-
covery of ABA:

1. Partitioning an aqueous phase at pH 2.5 against hexane
and discarding the hexane which retains 1.1% of the ABA.

2. Partitioning the aqueous phase at pH 9 against methylene
chloride and discarding the methylene chloride which retains
0.8% of the ABA.

3. Partitioning the aqueous phase at pH 2.5 against water-
saturated 1-butanol which retains 98.1% of the ABA, and is
retained.
The theoretical recovery of ABA from this partitioning se-

quence, with each step performed three times, is 94% calculated
as: ([0.989]3 x [0.992]3 x 0.981 [1 + 0.019 + (0.019)2]).
To test the usefulness of this partitioning sequence, the

amount of ABA in a soybean seed extract was determined
before and after each of the three partitioning steps involved.

Table I. Partition coefficients (Kd) for ABA when partitioned between equal

volumes of organic solvents and water at four pH values.

Organic solvent Dielectric constant pH of aqueous phase
(20C) 2.5 5.0 7.0 9.0

Hexane 1.9 93.0 55.9 82.0 72.0

(98.9) (98.2) (98.8) (98.6)

Diethyl ether 4.3 0.302 2.13 6.61 62.9

(23.2) (68.1) (84.9) (98.4)

Chloroform 4.81 0.330 16.3 165 382

(24.8) (94.4) (99.4) (99.7)

Ethyl acetate 6.0 0.100 0.736 4.32 138

(9.1) (42.4) (81.2) (99.3)

Methylene chloride 9.09 1.05 6.88 35.1 123

(51.2) (87.3) (97.2) (99.2)

1-Butanol 17.8 0.198 0.186 0.625 126

(16.0) 15.7) (38.5) (68.4)

-Butanol-water saturated --- 0.019 0.295 0.419 2.14

(1.90) (22.8) (29.5) (68.2)

Values in parenthesis show the percentage of ABA remaining in the aqueous phase
kd

kd+l x 100).
d

Table II. Recovery of ABA from soybean seed extract after various steps

of purification.0

Sample Point Experiment I Experiment II

ng ABA/g fresh wt a Recovery of 14C-ABA
A 100

I 830 98.9 + 0.3

B 2.4 + 1.5

II 800 94.7 + 3.3

C 9.3 + 6.5

III 801 86.9 + 12.0

D 0.3 + 0.0

IV 758 84.0 + 3.7

See Figure 1 for purification flow chart.

The results (Table II, experiment I) suggested that the partition-
ing procedure might not be necessary.
To test this possibility further, another soybean extract was

labeled with an internal standard of ['4C]ABA and submitted to
the partitioning sequence (Table II, experiment II). Eighty-four
per cent of the radioactivity was recovered when the sample was
passed through the entire sequence (Fig. 1, sample point IV).
Most of the loss of radioactivity occurred while partitioning
against methylene chloride at pH 9 (Fig. 1, sample point C). It
was difficult to obtain a clean phase separation at this step,
presumably due to lipid-like, surface-active material in the seed
extract.

In contrast, 98.9% recovery of radioactivity was obtained
when the seed extract was simply centrifuged, microfiltered, and
passed through the preparative HPLC column (Fig. 1, sample
point I). The centrifugation and microfiltration were necessary
to prevent the column from plugging, and yet caused no detecta-
ble loss of radioactivity. The ['4C]ABA was collected in 63 ml of
eluent recovered from the column between 34.6 and 41 min
(343-406 ml). The selection of.this particular fraction was based
upon the retention time of the ABA standard. The 1.1% loss of
radioactivity could be caused by taking slightly too narrow a
fraction of the eluate, or it could be due to impurities in the
[14C]ABA. The 98.9% recovery of ABA from the preparative
HPLC column without any initial partitioning represents a con-
siderable improvement over recoveries of 60 to 94% reported
using other purification procedures (2, 8, 18).
The concentration of ['4C]ABA used in the previous experi-

ment was representative of ABA concentrations found in seed
extracts. This insured that if absorption did occur during the
handling procedure such losses would not be masked by exces-
sive quantities of [14C]ABA.
A typical trace of the UV absorbance (254 nm) of a seed

FIG. 2. Typical trace of the UV absorbance (254 nm) of a seed
extract eluted from the preparative HPLC column. Dotted line indicates
the concentration gradient of methanol in acetic acid used as a solvent.
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extract eluted from the preparative HPLC column is shown in
Figure 2. After 10 min of the linear program, the ABA was

completely eluted from the column. The column was then
flushed with 100% methanol in 0.2 N acetic acid for 15 min at
9.9 ml/min to remove the remaining nonpolar compounds.
When the tissue is extracted with a less polar solvent (lower
dielectric constant), such as 1-butanol, a solvent of similar polar-
ity is required to clean the column. Initial conditions of the
column were reestablished after flushing the column for an

additional 15 min with 0.2 N acetic acid at 9.9 ml/min. The
minimum time between sample injections of the preparative
HPLC column using this column design was thus 70 min.
The preparative HPLC procedure described may make it

possible to recover and purify other plant hormones from a

single extraction, since 80% methanol is a common extracting
solvent for a number of plant hormones. Preliminary work in our
laboratory demonstrated that t-zeatin, IAA, phaseic and dihy-
drophaseic acids were each readily resolved from the ABA
fraction (Andersen, Brenner, Mondal, Hein and Brun, unpub-

lished).
Analytical Quantification by GLC-EC. ABA quantification

can be achieved by GLC-EC of plant extracts after a preparative
HPLC procedure described above. Due to the selectivity of the
electron capture detector for molecules with high electron affin-
ity, very few compounds other than ABA were observed. With
the detector used in this study, the lower limit of sensitivity was
10 pg ABA/injection.
A few problems were possible as a result of the minimum

amount of sample purification used. A large quantity of organic
compounds other than ABA was present in the ABA fraction
from the preparative HPLC column. Some of these did not
dissolve well in the 10% (v/v) methanol in ether solution used
for methylation. To determine whether ABA was entrapped in
the poorly dissolved components preventing complete methyla-
tion of all of the ABA, methanol was added initially to dissolve

FIG. 3. Absorbance (254 nm) of standard ABA (500 ng)
g±Bondapak-NH2 (B) analytical HPLC columns.

the sample, and then ether was added to the desired concentra-
tion. Concentrations of methanol from 10% to 50% in ether
were found to have little effect on the final yield of methylated
ABA.

After methylation, the sample was taken to dryness with N2
stream at 30 C and then reconstituted in a suitable solvent for
GLC. Hexane, ethyl acetate, pyridine, and acetonitrile are com-
monly used solvents for this purpose. In choosing a solvent, the
following considerations must be made: (a) ABA must be com-
pletely soluble; (b) solvent peak tailing must be minimal; and (c)
the time required for the detector signal to return to base line
between sample injections must be minimal. Hexane, ethyl ace-

tate, and acetonitrile gave very little solvent peak tailing before
the time of ABA elution, but did not completely dissolve the
ABA sample. Pyridine completely dissolved the sample, but had
a large solvent peak tailing.
A 10% (v/v) solution of pyridine in hexane was the final

choice. The methylated sample was dissolved in 50 ,ul of pyri-
dine to which 450 Al of hexane were added. Solubility in the
pyridine was excellent and solvent peak tailing was acceptable.
However, the choice of solvent can vary with the plant material
examined, the GLC column packing material used, and with the
electron capture detector employed. Therefore, one should ex-
amine carefully various solvents to achieve efficient, reproduci-
ble quantification of ABA by GLC-EC.

Multiple ion detection on GC-MS for the major fragments of
ABA (91, 125, 134, 162, 190, m/e) (7) substantiated the pres-

ence of ABA in the seed sample. A fragmentation pattern
characteristic of ABA was observed only at the retention time
matching that of ABA standard.

Analytical Quantification by HPLC. Of the three HPLC col-
umns examined, ,uPorasil and ABondapak-NH2 were found suit-
able for ABA quantification of a soybean seed extract following
preparative HPLC as described above.
ABA can be quantified from ,Porasil using 15% (v/v) aceto-

and a preparatively purified soybean seed extract eluted from ,uPorasil (A) and
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nitrile in chloroform acidified with 0.17 N acetic acid at a flow
rate of 2 ml/min (Fig. 3A). The lower limit of detection was 500
pg ABA/injection, and quantification was linear to 20 ,ug using a
UV detector (254 nm). Sample injections of 20 ,ul or 200 ,ul
gave similar ABA quantification.

Quantification of ABA from ,uBondapak-NH2 was achieved
with 45% (v/v) acetonitrile in chloroform acidified with 0.17 N
acetic acid at a flow rate of 2 ml/min (Fig. 3B). The lower limit
of detection and the concentration linearity were similar with
,uBondapak-NH2 and ,uPorasil.
The ,uBondapak C18 column separated the ABA, t-ABA stan-

dards with a solution of 45% (v/v) methanol in 0.2 N acetic acid
at a flow rate of 4.5 ml/min, but quantification of ABA from a
plant extract following preparative HPLC was not achieved due
to interfering UV absorbing compounds. This was presumably
due to the similarities in packing material and elution solvents
used in the two systems. The desired separation may be possible
by changing the organic solvent and/or pH used to elute the
column or by derivatizing the ABA.

Table III compares the ABA quantifications by the two ana-
lytical HPLC columns alone and followed by GLC-EC. The
ABA quantifications by the various procedures were similar
showing that the peaks from the two analytical HPLC columns
were in fact only ABA. The standard deviations associated with
GLC-EC were much larger and possibly related to the following
problems characteristic of GLC-EC: (a) difficulty in achieving
reproducible sample injections; (b) fluctuation in the EC detec-
tor sensitivity due to chemical build-up in the detector; and (c)
very small injection volumn relative to the sample volume.

Filtering caused no reduction of ABA concentration (Table
IV). These samples were handled on an aliquot basis to correct
for volume loss. Ninety-five per cent of the radioactivity was
recovered in the ABA-containing fraction from each column.
Table V shows the minimum amount of ABA that can be

quantified using either analytical HPLC or GLC-EC. HPLC
using ,uPorasil and puBondapak-NH2 columns have a lower limit
of detection of 500 pg ABA/injection while the lower limit of
detection using GLC-EC is 10 pg/injection. An advantage of the
analytical HPLC system is the ability to use large injection
volumes, thus making it possible to quantify a larger portion of
the total sample per injection. Therefore, the minimum quantity
of ABA needed in. a sample is relatively similar for the two
techniques. Quantification by analytical HPLC requires 40 times
less sample dilution than by GLC-EC. Thus the precision
achieved should be greater with the analytical HPLC than with
GLC-EC.
The ABA elution times and turn-around times are very similar

for the analytical HPLC and the GLC-EC. The analytical HPLC
procedure does not require the sample to be derivatized and
offers easier sample collection after quantification. The major
limitation of analytical HPLC compared to GLC-EC for quanti-

Table III. ABA content of a preparatively purified extract determined

using two analytical HPLC packing materials and GLC-electron

capture.

2 iPorasil uBondapak-NH2
ABA quantification ng ABA

by analytical HPLC 5076 + 67 4901 + 155

by GLC-EC after 6217 + 869 7018 + 598

analytical HPLC

The reported values are calculated to reflect the % recovery of an

internal C-ABA standard.

Direct analysis by GLC-EC showed a value of 5884 + 673 ng ABA.

3
K' values for iPorasil and iBondapak-NH2 were 1.2 and 4.8, respectively.

Table IV. Percent recovery of C-ABA concentration using two analytical
HPLC packing materials.

Analytical HPLC Column

uPorasil uBondapak-NH2

after filtration 100.0 + 1.9 100.0 + 11.4

after chromatography
Fraction I2 3.6 + 1.8 2.9 + 0.4

Fraction II (ABA) 94.5 + 5.9 95.5 + 4.6

Fraction III 1.4 + 0.1 1.3 + 0.5

~1
Added to the fraction from the preparative HPLC column presumed to

contain the ABA.
2
Fractions I, II, and III represent material eluted from the repsective
columns, before, during, and after the ABA containing fraction.

Table V. Hypothetical quantification of ABA using GLC-EC vs. analytical
HPLC.

Analytical HPLC GLC

Sample size 1 ml 0.5 ml

Injection volume 200 Hil 2.5 41
1 2 3

Detection limit 500 pg 10 pg
4

Minimum sample 2.5 ng 2 ng

1The signal to noise ratio was always greater than 5

2W, 254 nm.
EC.

Calcualted as:
sample size x detection limit

injection volume

fication of ABA is that a UV detector is not as selective as GLC-
EC. This is a problem when ABA is present at levels similar to
that of interfering compounds. Additional purification is neces-
sary for such samples before analytical HPLC. Very likely a
different type of HPLC separation would be adequate. The
advent of more selective detectors will overcome this problem
thereby permitting less purification of very complex samples.

Additionally, any laboratory planning extensive work with
ABA (and perhaps other plant hormones) will find that HPLC
offers the opportunity to do both the preparative clean up and
the analytical quantification using the same instrumentation.
However, one important note of caution is that the use of HPLC
for identification and quantification of plant hormones may be
quite tenuous unless the peaks being identified are first carefully
characterized as being pure by either bioassay or preferably GC-
MS.
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