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SUMMARY 

High-performance liquid chromatography (HPLC) is described for the purifi- 
cation and analysis of abscisic acid (AbA), phaseic acid (PA) and 3-indolylacetic acid 
(IAAj extracted from Sorghum bzidor leaves. The method is rapid, suitable for auto- 
mation and capabie of accommodating large numbers of samples. Detection limits 
are less than 1 ng for each hormone. Recovery eflkiency is 75 oA for AbA and PA and 
64% for IAA. 

After initial extraction and partition, AbA, PA and IAA were purified togeth- 
er as ammonium salts (ion pairs) on polyvinylpyrrolidone. This was followed by 
further p&cation and separation of the three hormones on preparative Cis re- 
versed-phase HPLC (5pm spherical particles). Analysis of AbA and PA was by 
absorption phase siiica HPLC (s-pm spherical particles) with detection by UV ab- 
sorpgon. Analysis of IAA was by Cl8 reversed-phase HPLC (5pm spherical par- 
ticles), with fluorescence detection. 

INTRODUCTION 

Since hormones are present in low concentrations in most plant tissues, special 
techniques are needed to measure them accurately_ The most sensitive chromato- 
graphic techniques for hormone analysis are capillary gas chromatography (GC), gas 
chromatography-mass spectrometry with selected ion current monitoring (GC-MS- 
SICM) and high-performance liquid chromatography (HPLC). 

Capillary GC iseffective for trace analysis due to high column resolution and 
high sample sensitivity. However the sensitivity is limited by +e sample size which 
cam ‘be injected -onto the column &td hence the samples must be rigorously purified 
prior to injection. For plant hormones the sampIe must also be de&at&d_ GC-MS- 
SICM is an extremely accurate and sensitive method’, but has similar disadvantages 
as capilky GC. As well, the high cost of GC-MS .instrumentation, makes this 
method out of range for routine analysis. 

_. .-On the oth?r hand HPLC is: effective for both purikation and analysis of 
endogenous hormones2_ The method has several advantages. Preparative and analyti- 
c&l high-&solution co1um1~~ are available. Run times are short and the samples usu- 
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ally do not require derivatization Variations in sekctivity may be obtained by 
changes in mobile or stationary phases. Thus the method is applicable to the separa- 
tion of a wide range of chemically diverse compounds. An added advantage over 
GC methods is that the sample is not destroyed. 

Reversed-phase preparative HPLC is well suited for the purification of plant 
e_xtracts prior to hormone analysis. Efficiency, resolution and recoveries from the 
columns are high’. Polar compounds are not retained, so that the coiumns do not 
deteriorate over a period of time. Reversed-phase HPLC has been used for the pm-i& 
cation of extracts for analysis of abscisic acid (AbA)=, 3-indolylacetic acid 
( I_~kQ--7, phaseic acid (PA)* and dihydrophaseic acid (DPA)* and other hormones_ 
As well, high-performance steric exclusion chromatography was effective in purifi- 
cation of plant extracts for the analysis of IAA’_ 

Various methods of analysis of pIant hormones by HPLC have been reported. 
The methods for AbA and IAA include ion exchangeyeI’, reversed phase**6-‘*‘3*1~*‘~. 
ion-pair reversed phase”, partition3, and normal absorption phase3*‘. Abscisins and 
IAA can be detected by UV absorption. More selective and sensitive detection of IAA 
may be achieved by fIuorescence”*‘3 or by ekctrochemical means”_ 

We have been studying the effects of drought stress on the levels of endogenous 
hormones in field grown Sorghunz bicoior “A ‘_ HPLC was found to be effective for the 
purikation and analysis of AbA, PA. DPA, IAA, zeatin and zeatin riboside ex- 
tracted from leaf tissuei*‘8. As HPLC technolo-q has advanced, we have improved 
our methods_ Presented herein is a rapid and sensitive method for the analysis of 
AbA, PA and IAA in Sorghm leaf tissue_ 

EXPERIMEXI-AL 

High-performance liquid chronratograph~ 

The instrument was a Beckman Model 322 microprocessor controlled HPLC 
system. inciuding two Model IOOA pumps, Mode1 210 sample injector and iMode 420 
microprocessor controller. A lMode1 440 absorbance monitor (Waters Assoc.) de- 
tected LTV absorption at 254 nm. This detector was coupled in series with a AModel 420 
fluorescence detector (Waters Assoc.). 

AU soivents were either HPLC grade or fractionally distikci and filtered 
through FIuoropore (Milhpore), pore size 0.5 m_ In addition, aII aqueoussolvents 
were boiIed to remove dissolved air. 

Extraction and initial purification 
The top three ieaves from 6O-day old plants of Sorghum bicolor Moench cv. NK 

300 were cut and plunged into liquid nitrogen_ After measurement of fresh weight, the 
tissue was freeze dried and stored at - 7OT. The equivalent of 5 g fresh weight (about 
l-25 s dry weight) of tissue was extracted for analysis of-free and conjugated hor- 
monts. The tissue was homogenized in pre-cookd (5°C) methanol-water (80:20; 50 
mI), which contained 200 mg/l sodium diethyldithiocarbamate as zntio.xidant. The 
homogenized tissue was stirred for 4 h at FC, the mixture filtered, and the residue 
resuspended in methanol-water (80:20) and stirred overnight at 5°C. The mixture was 
again filtered and the two tIltrates combined. The methanol was evaporated r?z wcuo 
and the aqueous solution at pH 8.0 was centrifuged for I h (14,009 g). The stiper- 
natant was carefully removed_ 
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To release conjugated hormones, half of the aqueous solution was treated 
with an equal Volume of 0.1 M sodium hydroxide solution at 50°C for 30 min. Each of 
the treated (total hormone) and untreated (free hormone) samples were adjusted to 
pH 3.0 and extracted (3 x ) with diethyl ether. The residue from the evaporated ether 
phase was dissolved in I ml rnethanol-diethyl ether (1: 1) and treated dropwise with 
concentrated ammonium hydroxide solution, with shaking, until the ammonia was in 
excess (6-S drops). The solution was evaporated in vacua. Polyvinylpyrrolidone 
(PVP) powder w&s sieved (100 mesh size) to remove fines and washed with tap, then 
distilled water. The PVP was mixed thoroughly with distilled water and the fines 
decanted after settling for 5 min. When five decantations were complete, columns (8 
x 1 S cm) were prepared in distilled water. The ammonium salts prepared above were 
dissolved in 1 ml water and chromatographed on the PVP columns. The columns 
were eluted with distilled water containing sodium diethyldithiocarbamate (200 mg/l). 
The first 25 ml were collected. adjusted to pH 3.0, extracted (3 x ) with diethyl ether. 
which was evaporated. 

High-performance liquid chrornarograplzy of exfracfs 
The partially purified extracts from the PVP treatment were dissolved in water- 

methanol (I :l; 2 ml) and filtered through Fluoiopore, pore size OS ,um_ The solvent 
was evaporated_ The residue;was injected onto a 25 x 1 cm I.D. Beckman Ultra- 
sphere ODS column. The mobile phase was a linear gradient of water-methanol- 
acetic acid starting with composition (60:40:0.5) and ending with composition 
(30:70:0.5) over a period of 37 min. The flow-rate was 1.6 ml/min. The sample injec- 
tion solvent (150 ~1) was the same as the starting solvent_ Three fractions were col- 
lected corresponding to PA, IAA and AbA (Fig. 1). These were evaporated in vacua. 
After completion of each run, the solvent composition was changed to water-meth- 
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Fig. 1. (a) !&x&on oiAbA, IAA and PA on a reversed-phase ptipantive HPLC column. Column, 25 x 
I cm I.D. Beckman Ultrasphere ODS; mobile p&, Iinear gradient over 37 min of water-methanol-acetic 
zcid, startingwithcornposition (6&4OzO_S) and ending a_;th composition (30:7OzO_>~; flow-rzte, I.6 m&tin; 
detection, UV absorption. rraas,rrans-_4bA (not sbowrr) elutes at 29.1 mio. (b) Purifkztion of 
AbA-IAA-PA txtrxt from sorghwn leaves on same column and with same conditions as in (a)_ At the end 
of g&ient, the soIvent composition was changed to water-methanol-acetic acid (20:80:0-S) in order to 
remove im~ulilies still renzGing on the cohunn_ Thii fractions were cokcted corresponding to the 
eImionof1 = PA3 = IAAand3 = AbA. 
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anoi-acetic acid (20:80:0X) and kept for !O min to remove impurities still remaining 
on the column. The cohrmn required equilibration for 15 min on initial conditions 
before the next sample was injected_ 

AbA and PA sampIes were analysed on a 25 x 0.46 cm I.D. Beckman Utra- 
sphere Si column_ The mobile phase was chloroform-acetonitrile-acetic acid (945: 1) 
and flow-rates were 1.0 ml/min for AbA and 1.5 ml/mm for PA_ Samples were dis- 
solved in 50 4 of mobile phase and either 10 or 20 ~1 of this solution were injected. 
Pea_ks were detected by UV absorption at 254 nm. 

IAA samples were anaiysed on a 2.5 x 0.46 cm I.D. Beckman UItrasphere 
ODS column. The mobile phase was water-acetonitrile-acetic acid (71 r28:l) and 
flOW-FXe was 1 .O mljmin. Samples were dissolved in 40 ~1 of the mobhe phase and 10 
or 20 ~1 of this solution were injected. Peaks were detected by fluorescence, with 
excitation at 254 run and emission at 360 run using a band pass filter. 

The recorder response, in terms of peak height, for both UV absorption and 
tluorescence (MA only) was found to be linearly proportional to the amount of 
hormone injected_ Thus hormone levels were estimated by measuring peak heights. 

Gas-liquid chronramgraphj 
IMethyl esters of hormones were prepared as previously describeds Glass col- 

umns 1.83 m x 2 mm I.D. were packed with 20/d OV-1 or 2% QF-1. Helium carrier 
gas flowed at 50 mlimin and detection was by flame ionization. The retention times at 
the temperatures indicated were: 2% OV-1: cis,rruns-AbA methy: ester, 4.8 min 
( 165’C); PA methyl ester, 5.9 min (165°C); and IAA methyl ester, 4.8 min (148C). 
2”/;; QF-I: cis,trans-AbA methyl ester, 6.0 min (182X); PA methyl ester, 6.8 min 
(182’C); and IAA methyl ester, 5.3 min (ISOC). 

RESULT’S 

Batches of 5 g fresh weight of leaves were sufiicient for measurement of both 
free -and conjugated AbA, PA and IAA. The antioxidant sodium diethyldithiocar- 
bamate was added to the initial extraction medium and the PVP eluen: to reduce 
o_xidation of IAA in aqueous soluti~ns’~. Efiiciency of recovery was improved from 
27 :<, vrithout the antioxidant, to 64%, with the antioxidant. 

The extracts were initially purified by treatment with ammonia and chromato- 
_graphy on short PVP coIumns. The conversion to ammonium salts took about 5 min 
and the elution of each column with water (25 ml) took about 10 min. The procedure 
is therefore very rapid, but nevertheless highly effective in reducing extract dry weight 
(Table I)_ Acids in the extract form ammonium salts, which rapidly pass through the 
column as ion pairs. Phenols do not form salts with ammonia and hence are retained 
on the column This method, first described for AbA analysis2* was bound to be more 
effective in reducing extract dry weight than chromatography of untreated extracts on 
PVP”, on Sephadex& or on PVP using methanol as eluenta2 (Table I)_ The PVP 
method with methanol as eluent was moderately effective in reducing extract dry 
weight, but did not remove interfering pigments co-chro&atographing with AbA and 
IAA on the HPLC purification cofumn. 

After treatment with PVP, the extract was sticiently pure for reversed-phase 
preparative HPLC A high-resolution 25 x 1.0 cm I.D. Beckman Uhrasphere ODS 
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TABLE I 

COMPARISON OF EFFECTIVENESS OF FOUR COLUMN TREATMENTS FOR REDUCING 
THE DRY WEIGHT OF THE RESIDUE FROM AN ETHER EXTRACT OF SORGHUM LEAVES 

The ether extract (340 mg) was obtained from 5 g fresh weight (1.25 g dry weight) of Iezf tissue (see 
Experimental)_ The extrzct was not hydrolyzed. Indicated volume of mobile phase wi?s the retention 
volume required to elute AbA. PA and IAA in an extract, plus 20 oA extrz mobile phase. Method includes 
recovery from mobiIe phase. If the solvent was aqueous, it was extracted at pH 3.0 into diethyi ether (3 x ), 
and the ether evaporated. 

Trearmenr Weight (mg) of extract 

following treannenf 

/avera.ze of duplicates ) 

Convert to ammonium salts. 
8 x 1.5cmPVPcolumn. 
mobile phase: water (25 ml) 

12 x IS cm PVPcolumn. 
mobile phase: methanol (50 ml) 

IS X 1.5cmPVPcoIumn, 
mobile phase: 0.1 M phosphate 
buffer, pH 7.0 (80 ml) 

20 x 1.5 cm Sephadex G-10 column 
mobile phase: 025 M phosphate 
buffer. pH 7.0 (150 ml) 

61 

89 

119 

129 

(C,,, 5 m spherical particles) column was used with a mobile phase of a gradient of 
acidified water-methanol (Fig_ I)_ Acetic acid was added to the mobile phase to 
suppress ionization of the hormones and to minimize the effect of absorption on 
exposed silica’. In this way peak tailing was eliminated_ Three fractions were col- 
lected, corresponding to the retention volumes of AbA, PA and IAA (Fig. 1). Judging 
by the UV absorbing peaks, most impurities eluted either before or after the elution 
of the hormones_ 

Analysis of AbA and PA was by normal-phase chromatography with a Beck- 
man Ultrasphere Si column (5pm spherical particles) with a mobile phase of acidified 
chloroform-acetonitriie. Peaks corresponding to the elution of AbA and PA (Figs. 2 
and 3) were well resolved from impurity peaks. Detection was by UV absorption at 
254 mn. The detection limit for each hormone was about 1 ng. 

Analysis of IAA was by reversed-phase on a Beckman- Ultrasphere ODS ana- 
lytical column )5-pm spherical particles), with mobile phase of acidified water-aceto- 
nitrile (Fig. 4) Detection was by fluorescence_ The detection limit was about 100 pg. 

In order to ensure that peaks were correctly identified and that they did not 
represent more than one compound, samples corresponding to each hormone peak 
were collected and examined by gas-liquid chromatography (GLC). The samples 
were first methylated, and the methyl esters chromatographed on 2 % OV-1 and 2 % 
QF-1 GLC columns as previously described 5. In each case chromatography gave a 
single peak corresponding to the appropriate standards. Furthermore, by careful 
comparison of peak areas to those of th& standards, the amounts observed on the 

GLC columns were the same as those observed on the HPLC columns. The overall 
recovery of the hormones, estimated by spiking live extracts with known amounts of 
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Fi_e L (a) HPLC of _4bA_ CoIumn. 3 x O--16 cm I.D. Beckman Ultrasphere Si; mobi!e phase. chloro- 
form+acetonitriIe-acetic acid (9?5:1); flow-rate 1.0 ml, min; detection. W absorption. (b) HPLC of rcsi- 
due recovered from fraction 3 (Fig. 1) on same column znd with same conditions as in (a)_ 

Fig_ 3. (a) HPLC of P-4. Column. 25 x 0.$6 cm I.D. E&k man Ultrasphere Si; mobile phase. chioro- 
form-xetoniuile-xetic acid (94511): flow-rate 1.5 ml~min: detection. UV absorption_ (b) HPLC of resi- 
due from fraction 1 (Fig 1) on same column and with same conditions as in (a). 

(a) I (b) 
1 

. 
I t 1 I 
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Fig. 4. (a) HPLC of MA_ Column. 25 x 0.46~~1 I.D. F3eckman U!trasphere 6DS; mobile phas& water-ace- 
tonitriIe-acetic acid (?I-28:I); flow-rate. 1 mljmin; detectios fluorezence. with excitation at 253 tian13 
er&si& at 360 nm using a band pass filter. (b); HPLC of resi&& from l?action 2 (Fig_ 1) on same coIumn 
and sQi& EipTk condi* as in bj_ . = : 
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hormones (and in similar amounts to those found in the tissue) were 75 f 3 % for 
both abscisins and 64 + 3 % for HAA. _ 

Quantities of hormones (adjusted for extraction losses) in the top three leaves 
of 6O-day old plants are given in Table II. Conjugated hormones, defined as those 
hormones which were released by 0.1 M sodium hydroxide solution at SO%, were 
also estimated. These hydrolysed extracts had large dry weights, presumably due to 
the release of many other compounds by the treatment_ In these extracts. UV-absorb- 
ing peaks were 2-5 times larger than those of unhydrolysed extracts. The increased 
dry weight did not affect the performance of the columns or the separation of the 
hormones from impurities_ IAA conjugates were present in much larger amounts 
than free IAA (Table II and ref. 23). 

TABLE II 

LEVELS OF HORMONES IN THE TOP THREE LEAVES OF 60-DAY OLD PLANTS OF 
SORGHUM BICOLOR CV. NK300 

Values averaged from five extrztcts. Values for conjugated hormones were calculated by subtracting free 
hormone from total hormone. 

Hornlone Free 
tngs’g fresh weight) 

Conjugaled 
(nglg fresh weigh1 ) 

AbA 65.1 f 3-o 58.8 +_ 4.1 
IAA 26.5 f 2.4 164 * 21 
PA 16.5 2 1.3 9-9 -i_ 1.6 

DISCUSSION 

The HPLC analysis of AbA, PA and IAA reported herein is rapid, efficient and 
sensitive. Although two purification steps are required, these are relatively simple and 
could be automated. Thus large numbers of samples could be processed. 

The combination of chromatographing the extracted hormones first as am- 
monium salts on a short PVP column and then as free acids on a preparative HPLC 
reversed-phase column proved effective for purikation. The initial PVP treatment 
was required before the extract could be chromatographed on HPLC. We have had 
no success in chromatographing crude extracts directly on high performance columns 
due to contamination effects and loss of resolution. Preparative HPLC is most effi5 
tive when peak resofution is high and narrow band collections are made. in a recent 
report6 a high degree of purification of hormone extracts from SOZQIW~Z tuberuszmr 
leaf and root tissue was claimed by repeated use of PVP and @ondapak C1s. In our 
hands this method tended to concentrate impurities in the hormone zones. rather. 
than separate impurities from hormones. 

Preparative HPLC was by reversed-phase, whereas analytical HPLC for AbA 
and PA was by adsorption phase_ These contrasting systems enabled AbA and PA to 
be effectively resolved from UV-absorbing impurities. For IAA, both purification and 
analysis were by reversed-phase C,, columns. However the mobile phase for the 
preparative column was acid&d methanol-water, whereas for the analytical column 
it was acid&d acetonitrile-water. Thus the two systems had different selectivities, 
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enabling IAA to be separated from interfering impurities..As well, fluorescence detec- 
tion was found to be more selective than UV absorption at 254 nm (Fig_ 4) Since IAA 
has a low extinction at 254 nm, fluorescence detection was found to be more sensitive. 

An important criterion of trace anaiysis is that the anaIyticai chromatograms 
should contain few peaks, and that the hormones shouId be well resolved from im- 
purities_ A large impurity peak close to a hormone peak can distort the latter making 
quantitation inaccurate. In the present work, excellent separation of AbA and PA 
peaks from impurity peaks was observed with UV detection at 254 nm. For IAA, 
however, it was necessary to -use a selective fluorescence detector. 
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