
J Plant Growth Regul (1992) 11:55--65 J o u r n a l  of 

"Plant 
G 6wth 
 gulation 
�9 1992 Springer-Verlag New York Inc. 

Determination of IAA and ABA in the Same Plant Sample by a Widely 
Applicable Method Using GC-MS with Selected Ion Monitoring 
Xiaoyue Li, 1 Clifford E. La Motte, ! Cecil R. Stewart, i Norman P. Cloud, 1"* Susan Wear-Bagnall, 1"* and 
Cai-Zhong Jiang 2 

Departments of ~Botany and 2Agronomy, Iowa State University, Ames, Iowa 50011, USA 

Received September 24, 1991; accepted January 15, 1992 

Abstract. A method for the purification and subse- 
quent quantification of indole-3-acetic acid (IAA) 
and abscisic acid (ABA) from the same sample of 
highly pigmented green tissue has been developed 
and tested in several species. Solvent partitioning 
and high-performance liquid chromatography 
(HPLC) were used for purification. Separate frac- 
tions from HPLC-containing IAA and ABA were 
analyzed by gas chromatography-mass spectrome- 
try (GC-MS) using selected-ion monitoring (SIM). 
Isotope dilution was used to correct for incomplete 
recovery. Results are presented for tissue samples 
from 11 different species and five different plant 
organs. The method can be completed, for both 
IAA and ABA, for two samples in 8 h by an expe- 
rienced technician. IAA and ABA were the domi- 
nant peaks in the gas chromatograms from HPLC- 
purified samples, and amounts of about 1 ng can be 
detected. The extract was partitioned into an aque- 
ous solution of pH 9.5, a step suspected of ester 
hydrolysis. By analyzing samples known to contain 
esters of IAA and ABA and comparing the results 
with methods which excluded this step, we have 
shown that this partitioning does not result in erro- 
neously high values due to ester hydrolysis. A di- 
rect comparison of the method with one in which 
HPLC was not employed indicates that our method 
measures IAA and ABA in samples in which these 
compounds are not detectable when HPLC is omit- 
ted. Thus, HPLC is an essential purification step for 
samples where contaminating compounds co-purify 
with IAA and ABA through the solvent-partitioning 
steps. 

* Present address: Garst Seed Company, P.O. Box 500, Slater, 
Iowa 50244, USA. 

In recent years, considerable effort has gone into 
the development of methods for the purification and 
quantitative determination of hormones in plant tis- 
sue extracts (Chen et al. 1988, Cohen et al. 1986, 
1987, Dunlap and Guinn 1989, Funada et al. 1988, 
Sitbon et al. 1991, Subbaiah and Powell 1987, Vine 
et al. 1987). In this work, the goal has been to obtain 
good recovery of hormones and to improve their 
detection and quantification. The small amounts of 
hormones, their instability, and the co-purification 
of interfering compounds have presented major ob- 
stacles to the development of reliable routine meth- 
ods. 

During the last several years, we have been at- 
tempting to determine plant tissue hormone levels 
which are involved in the control of function (Li 
1989) and developmental phenomena (Cloud 1987, 
Wear 1986). Our interest has been primarily in in- 
dole-3-acetic acid (IAA) and abscisic acid (ABA). 
In most cases, the plant tissues of interest have 
been highly pigmented tissues in which the amount 
of hormone is small compared to the compounds 
that co-purify with hormones through the standard 
purification steps. At least two papers have recently 
appeared in which analysis of both IAA and ABA 
levels have been reported (Gocal et al. 1991, Vine et 
al. 1987). In the first (Vine et al. 1987), no high- 
performance chromatography (HPLC) was used 
prior to gas chromatography-mass spectrometry 
(GC-MS), but, as we show here, this has not suf- 
ficed for quantifying our samples. We have not been 
able to get sufficient resolution of IAA and ABA 
from impurities in our samples during gas chroma- 
tography to allow quantitation. In the second (Go- 
cal et al. 1991), separate purification procedures 
were used for the two hormones in the same sam- 
ple. 

Methods which have been developed for the as- 
sessment of IAA and its conjugates (Baldi et al. 
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1989, C h e n  et al. 1988) make  min ima l  use of  prel im- 
inary  pa r t i t ion ing  steps pr ior  to H P L C .  Our  experi-  
ence  is that  m a n y  c o n t a m i n a t i n g  subs tances  are re- 
m o v e d  by  a q u e o u s  to organic  phase  par t i t ioning.  
These  s teps resul t  in m u c h  be t te r  reso lu t ion  and 
quan t i t a t ion .  F u r t h e r m o r e ,  omiss ion  of  these parti-  
t ioning  steps resul ts  in short  l i fet imes of H P L C  col- 
umns .  We rou t ine ly  used  Sep-Pac C~8 cartr idges 
pr ior  to H P L C  e v e n  af ter  ex tens ive  so lvent  parti- 
t ioning.  S i tbon  et al. (1991) used  so lvent  par t i t ion-  
ing and  Sep-Pac  but  in a different  order  than  we do. 

F o r  I A A  de te rmina t ions ,  we have  a t t empted  to 
modify  the p r o c e d u r e s  used  in B a n d u r s k i ' s  and  Co- 
h e n ' s  l abora to r ies  (Cohen  et al. 1986, Magnus  et al. 
1980) u s i n g  the  i so tope  e x c h a n g e - f r e e  13C-IAA 
adopted  in C o h e n ' s  lab.  F o r  A B A ,  the procedure  
which  had evo lved  in R. H o r g a n ' s  l abora tory  ( K nox  
and  Ware ing  1984, Neil l  and  Horgan  1985) was our  
s tar t ing p rocedure .  It  employs  the exchange-f ree  
me thy l - l abe led  2H3-ABA as in te rna l  s tandard  (Neill 
and  H o r g a n  1987). In  genera l ,  we have  a t t empted  to 
s implify the p r o c e d u r e s  so that  they require  less 
t ime and  l abor  and ,  at the same t ime,  ob ta in  quan-  
t i ta t ive m e a s u r e m e n t s  f rom a var ie ty  of t issues and 
species  with the smal les t  sample  size possible.  Pre- 
v ious ly ,  2 days  were  requ i red  to comple te  the pro- 
cedure  for bo th  h o r m o n e s .  

We desc r ibe  here  our  modif ied  method  al lowing 
bo th  A B A  and  I A A  to be de t e rmined  in the same 
highly p i g m e n t e d  sample  at a rate of  two samples  
per  day.  Because  the me thod  invo lves  so lvent  par- 
t i t ion ing  at high and  low pHs ,  we repor t  data  show- 
ing that  specific steps in our  me thod  do not  hydro-  
lyze  es ters  of I A A  and  A B A .  To i l lustrate  the need 
for pur i f ica t ion  by  H P L C ,  the me thod  is compared  
with a more  rapid one  recen t ly  repor ted  by  Dun lap  
and  G u i n n  (1989). Da ta  are repor ted  for samples  
f rom severa l  d i f fe ren t  p lan t  species  r ep resen t ing  
di f ferent  o rgans  and  t issues .  Da ta  f rom corn  shoots  
g r o w n  u n d e r  g rowth - r a t e  a l te r ing  e n v i r o n m e n t a l  
cond i t i ons  are a lso repor ted .  

Materials and Methods 

Plant  Mater ia ls  

The following plant parts were used for our analysis: leaves of 
soybean (Glycine max [L.] Merr.), sorghum (Sorghum bicolor 
L.), sunflower (Helianthus annuus L.), tobacco (Nicotiana 
tabacum L.), woolly cupgrass (Eriochloa villosa [Thunb.] 
Kunth) (Oyarzabal 1991), and tomato (Lycopersicon esculentum 
Mill. var Yellow Pear); bulb-scale leaves of onion (Allium cepa); 
shoots of corn (Zea mays L.); nodes of Japanese morning glory 
(lpomoea nil [L.] Roth), strain violet (formerly known as Phar- 
bitis nil); axillary buds and stems of green bean (Phaseolus vul- 
garis L. cv Improved Tender Green); and imqorescences of broc- 
coli (Brassica oleracea L. cv botrytis). Tissues were variously 

field-, greenhouse-, and growth chamber-grown. When sampled, 
all tissues were immediately plunged into liquid nitrogen and 
stored at -77~ or below until extracted. 

For corn shoots from growth-rate-altering temperatures, seeds 
were germinated and seedlings grown in vermiculite in a dark- 
ened incubator at 30~ or 14~ (Stewart et al. 1990). For growth- 
rate-altering water supply, seeds were imbibed then planted ei- 
ther in water-saturated vermiculite (560 g water/100 g vermicu- 
lite) or 16% water-saturated vermiculite (100 g water/100 g 
vermiculite) (Rayapati and Stewart 1991). Growth was at 30~ in 
a darkened incubator. 

Chemicals  

[13C6]-[benzene ring]lAA (Cohen et al. 1986) and racemic trideu- 
terated ABA (RS-[3-methyl-2H3] ABA) were used as internal 
standards. The deuterated ABA was repurified by HPLC to re- 
move trans-ABA before using it. Organic solvents were HPLC 
grade. Deionized water was filtered through a 0.45-~m filter. 

Extract ion and Puri f icat ion 

The standard, dual-purpose purification procedure is summa- 
rized in the flow diagram of Fig. 1. Frozen ( -  77~ plant tissue 
samples of 0.5-5 g (fresh weight) were added to a mortar con- 
taining about 100 ml of liquid nitrogen. Approximately 3 g of sea 
sand were added and the tissue ground to a fine powder. 
Amounts of [13C6]IAA and [2H~]ABA internal standards equal to 
those expected in the tissue sample were added along with bu- 
tylated hydroxytoluene (10 mg/g fresh wt) as an antioxidant. 

After grinding, the sample was extracted three times for 20 rain 
at 0~ in 8.3 ml of 80:20 (vol/vol)::acetone:water/g fresh weight 
of tissue. After filtering through two layers of Whatman no. 1 
paper, the extract was reduced to the aqueous phase by flash 
evaporation at 35~ All manipulations were done in a dimly lit 
room (<2 izmol m -2 s - 1) to prevent photoisomerization to trans- 
ABA. The pH of the extract was made basic with NaOH (0.1 or 
0.5 N depending on the amount of tissue extracted) while being 
rapidly stirred. Equivalent results were obtained when the pH 
was adjusted to either 7.0 or 9.5, and the 9.5 pH did not result in 
the hydrolysis of ABA esters (see Table 3). The basic extract was 
partitioned three times against 5 ml of hexane/g fresh weight, and 
the pigment-rich hexane phase was discarded. The aqueous 
phase was acidified to pH 2.5 with 1 N HC1 and partitioned three 
times against 30 ml of ethylacetate. The aqueous phase was dis- 
carded. The pooled ethylacetate phase (-90 ml) was flash evap- 
orated at 35~ to near-dryness. Residual pigment was removed 
by dissolving the sample in 5 ml of 70:30 (vol/vol)::methanol:pH 
8.5 water and passing it through a C~s Sep-Pak cartridge (Waters 
Assoc., Watertown, MA, USA) prepared by passing 5 ml of 
100% methanol and 5 ml of the alkaline methanol solution 
through it. After the sample, two additional 5-ml volumes of the 
alkaline methanol were passed through the cartridge. The pooled 
eluates were dried in vacuo at 35~ The residue was dissolved in 
three 0.4-ml portions of 20:80 (vol/vol::methanol:0.1 M acetic 
acid. 

The sample was filtered through a nylon 66 filter (25 mm di- 
ameter, 0.45 Ixm pore size; Alltech Associates, Inc., Deenfield, 
IL, USA) prior to injection into HPLC. A total volume of 1.2 ml 
was injected into a 10 • 250 mm Phenomenex semi-preparative 
reverse-phase C18 column of 5 ~m particle size. IAA and ABA 
were eluted from the column by a two-slope linear gradient using 



IAA and ABA Determination from the Same Plant Sample 57 

0.5 - 5 g leaves + [2H3]ABA + [ 13C6] IAA (internal standards) 
I 
I 

80% acetone (3 times) 
I 
I 

J. E X T R A C T I O N  
Discard Reduce to aqueous 
residue pH 9.5 

,~ PARTITION (3 times) J, 
Discard (hexane) Aqueous phase 
hexane phase pH 2.5 

Discard 
aqueous 
phase 

PARTITION (3 times) 
(ethyl acetate pH 2.5) Ethyl acetate phase 

Dry 

70% MeOH 
pH 8.5 

Discard 
stationary 
phase 

C18 SEP-PAK 
Elute 

Dry 

20% MeOH 

Discard 
other  
fractions 

HPLC C 18 column 
(20-100% MeOH gradient) 

IAA fraction 

Dry 

Methylation 
(diazomethane, 30 rain.) 

Dry in N 2 

200 /~1 100% MeOH 

Dry in N 2 

10 ~1 100% MeOH 

GCMS 
[!3C6]methyl IAA ions 136, 195 
[lZC6]methyl IAA ions 130, 189 

ABA fract ion 
1 

Dry 

Methylation 
(diazomethane, 30 rain.) 

Dry in N 2 

200 /~1 100% MeOH 

Dry in N 2 

10 tJl 100% MeOH 

GCMS 
[2H3]methyl ABA ions t65, 193 
[ lH3]methyl  ABA ions 162, 190 

Fig. 1. Flow diagram for the extraction, 
purification, and determination of IAA and 
ABA from plant tissues. 

a binary solvent system consisting of methanol and water con- 
taining 0.1 M acetic acid with a flow rate of 2.5 ml min-1. The 
first-stage linear gradient was 20:80 to 45:55 (vol/vol)::meth- 
anol:0.1 M acetic acid for 11.6 min; the second-stage linear gra- 
dient was 45:55 to 80:20 (vol/vol): :methanol:0.1 M acetic acid for 
20.2 min. The fractions from HPLC corresponding to IAA elu- 

tion (23.3-26.6 min) and ABA elution (27.5-31.0 min) were col- 
lected separately and pooled ( -10 ml) in 25-ml pear-shaped 
flasks and dried in vacuo at 35~ The dry samples were meth- 
ylated in 1 ml of a diazomethane solution (Fieser and Fieser 
1967) for 30 min, dried in a stream of N 2, taken up in three rinses, 
of 100% methanol totaling 200 ixl, transferred, to a 0.3-ml reac- 
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tion vial ("mini-vial" Reliance Glass Works, Inc., Bensenville, 
IL, USA), again dried under N2, and finally dissolved in 10 ~1 of 
100% methanol. 

GC-MS of  Methyl-IAA and Methyl-ABA 

A gas chromatograph (Hewlett-Packard model 5890) linked to a 
quadrupole mass spectrometer (HP model 5970) was used in the 
selected-ion monitoring (SIM) mode. The MS ion source was 
operated at 70 eV and 200~ The GC-MS interface was at 280~ 
A capillary column (Econo-Cap SE-54, AUtech Associates, Inc., 
Deerfield, IL, USA) 30 m • 0.25 mm ID with a fused silica 
stationary phase coated with a 0.25-~m thick polydiphenyldi- 
methylsiloxane was used. A 1.5 m • 0.25 mm ID deactivated 
fused silica "guard"  column (Alltech Associates, Inc, cat. no. 
602930) was attached to the chromatographic column to protect 
it. We routinely break off the first 15 cm of the guard column 
after every 10 or fewer samples (depending on observed "tail- 
ing" of the methyl IAA peak). The guard column is replaced 
when it becomes less than 75 cm in length. Using this routine, we 
have been able to run at least 200 samples on a chromatographic 
column and still obtain acceptable peaks. The guard column was 
necessary to protect the front end of the column from activation 
by plant-derived impurities. 

Carrier gas was helium at a flow rate of 50 ml min 1. Column 
temperature was programmed to change linearly from 100 ~ 
250~ at a rate of 10~ min-  l during 15 min, then stay at 250~ 
for 5 rain. Duplicate 2-~1 subsamples of each sample were in- 
jected using the splitless injection mode. 

Methyl-IAA and methyl-ABA were analyzed separately by 
electron impact (El) GC-MS. With exception of the corn sam- 
pies, the four most abundant ions for both IAA and ABA were 
monitored. They were 130 and 189 m/z for methyl-IAA and 136 
and 195 for methyl-[~3C6]IAA, but the calculations of concentra- 
tion presented here are based on the 130/136 ion currents except 
in one case noted in Table 1. In all samples with the exception of 
those from corn seedlings, ions of m/z 162 and 190 for methyl- 
ABA and 165 and 193 for methyl-[ZH~]ABA were monitored, but 
the calculations of concentration presented here are based on the 
190/193 ion currents only. In corn, a contaminating fragment ion 
at m/z 162 precluded its use in ABA determination. Instead, 
results with the 190 and 193 ion pair were checked against results 
from the 134 and 137 ion pair. Corrections for recovery were 
made using the isotope dilution equation of Magnus et al. (1980). 
For both IAA and ABA two kinds of calibrating GC-MS deter- 
minations were made. One was done routinely with each batch of 
samples by methylating a mixture consisting of the isotope- 
labeled hormone and a known quantity of unlabeled hormone. 
The second was done once on each batch of labeled hormone to 
derive a standard curve (see Neitl and Horgan 1987). To do this, 
variable quantities of unlabeled hormone were mixed with a con- 
stant quantity of labeled hormone, and the mixtures were meth- 
ylated and injected into the GC-MS. A regression equation, de- 
rived for each standard curve, was used in calculating IAA and 
ABA concentrations. 

Onion scale-leaf ABA determinations made by EI-GC-MS 
were validated by negative chemical ionization GC-MS using the 
method of Rivier and Saugy (1986). A Finnegan model 4000 MS 
with a model 4500 ion source and a model 9610 GC with a DB-1 
fused glass capillary column, 30 m x 0.25 mm ID, having a 
0.25-p,m polydimethyl siloxane film were used. Electron voltage 
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Table 1. IAA and ABA concentrations in various plant parts as 
determined in sets of the same purified plant samples. 

IAA conc. ABA conc. 
Plant part (ng g -  i fresh wt) 

Japanese morning glory nodes 30 4.7 
Bean primary-leaf nodes 32 14 
Corn shoots 22 2.3 
Bean axillary buds 194 83 
Soybean leaves 14 203 
Sorghum leaves 47 5.7 
Sunflower leaves 30 7.3 
Tobacco leaves 15 a 13 
Woolly cupgrass leaves 47 45 
Onion bulb-scale leaves 

Adaxial epidermis 47 11 
_ _  12 b 

Parenchyma and abaxial 
epidermis 

Broccoli heads 

25 4.5 
- -  4.7 b 
202 68 

a Using ion-pair m/z 189/195 instead of 130/136 because of a con- 
taminant at the leading edge of the m/z 130 peak (see Fig. 4). 
b Determined by the identical method except that negative chem- 
ical ionization (ammonia) GC-MS (Rivier and Saugy 1986) re- 
placed electron impact GC-MS. 

was 70 eV; ammonia in the ion volume was at approximately 0.9 
torr. 

R e s u l t s  

Qualitative and Quantitative Results Using the 
Standard Dual-Purpose Method 

Q u a n t i t a t i v e  m e a s u r e m e n t s  o f  I A A  a n d  A B A  in  
s a m p l e s  f r o m  a v a r i e t y  o f  t i s s u e s  a n d  o r g a n s  f r o m  
v a r i o u s  s p e c i e s  a r e  p r e s e n t e d  in  T a b l e  1, i n c l u d i n g  

h i g h l y  p i g m e n t e d  l e a f  a n d  b u d  t i s s u e s .  Al l  o f  t h e  
s a m p l e s  r e p r e s e n t e d  in  T a b l e  1 c o n t a i n e d  n u m e r o u s  
c o n t a m i n a n t s  in  t h e  f r a c t i o n s  i n j e c t e d  i n t o  t h e  G C .  
F o u r  i o n  c h r o m a t o g r a m s ,  e a c h  f r o m  a n  H P L C  f r a c -  

t i o n ,  a l o n g  w i t h  t h e i r  r e s p e c t i v e  s i n g l e - i o n  t r a c e s  
a r e  p r e s e n t e d  in  F i g s .  2 a n d  4 f o r  t h e  m e t h y l - I A A  
f r a c t i o n  a n d  F igs .  3 a n d  5 f o r  t h e  m e t h y l - A B A  f r a c -  
t i o n .  N u m e r o u s  p e a k s  a r e  p r e s e n t  in  t h e  c h r o m a t o -  

g r a m s  o f  b o t h  I A A  a n d  A B A  f r a c t i o n s ,  e s p e c i a l l y  
t h e  A B A  f r a c t i o n  f r o m  t o b a c c o .  C h r o m a t o g r a m s  
f r o m  s a m p l e s  o t h e r  t h a n  t o b a c c o  r e p r e s e n t e d  b y  t h e  
d a t a  in  T a b l e  1 i n d i c a t e d  s i m i l a r  o r  s m a l l e r  n u m b e r s  
a n d  q u a n t i t i e s  o f  c o n t a m i n a n t s  t h a n  t h o s e  s h o w n  
f o r  t o b a c c o  (F igs .  4 a n d  5). W e  o b s e r v e d  a s  m a n y  as  
f i v e  p e a k s ,  w h i c h  w e r e  h i g h e r  t h a n  t h e  A B A  p e a k ,  
a n d  as  m a n y  as  10 p e a k s  t h a t  w e r e  g r e a t e r  t h a n  
h a l f - h e i g h t  o f  t h e  A B A  p e a k .  I n  al l  c a s e s ,  h o w e v e r ,  
t h e  I A A  a n d  A B A  p e a k s  w e r e  r e a s o n a b l y  w e l l  re -  
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Fig. 2. GC retention time profiles showing 
ion currents for selected ions in the 
IAA-containing fraction of samples 
prepared from broccoli heads by our 
procedure and by that of Dunlap and 
Guinn 0989). The arrows designate the 
methyl-IAA peak. 

solved from contaminants based on their retention 
times. This resolution can be seen in the single-ion 
current traces in Figs. 2-5. In general there were 
fewer contaminants in the IAA fraction than in the 
ABA fraction. 

The identity of the methyl-IAA and methyl-ABA 
fractions was confirmed by comparing the E1 mass 
spectrum of the methylated material from broccoli 
head having a GC retention time identical to meth- 
ylated synthetic IAA and ABA (Sigma Chemical 
Co., St. Louis, MO, USA). These spectra were 
compared with a truncated National Bureau of 
Standards database which references amplitudes of 
the I0 most abundant ions for methylated IAA and 
ABA (see also Neill and Horgan 1987). Our purified 
materials from broccoli head showed a 95% spectral 
match for both IAA and ABA. Spectra from most of 
the samples we analyzed showed >98% spectral 
match. 

Even though the observed spectra match well 
with the spectra in the truncated database, it is im- 
portant to evaluate the purity of each sample for 
quantitative calculations. We have used the two ion 
pairs having the largest ion current for quantitation 

except in analyzing corn samples. Corn samples 
were monitored for the methyl-ABA fragment giv- 
ing the first and third largest current. One test of 
whether or not these fragments derived from the 
hormone molecule is to compare the ratio of the two 
fragments from a sample with the same ratio of frag- 
ments from a standard (either an authentic methyl- 
ated compound or the internal standard in each 
sample). For all data reported in this paper, the ra- 
tio was similar to that obtained for the standard. 

Method Precision and Accuracy 

From the corn shoot data of Table 3 methodological 
error can be estimated. To do so, IAA and ABA in 
triplicate aliquots from each extract were analyzed 
and the 95% confidence interval of each mean (a 
t-based statistic) was calculated. In both cases the 
95% confidence interval was approximately --+ 10% 
of the mean. 

To insure accuracy of the method described here, 
it was validated by determining onion tissue ABA 
concentrations obtained using it with those ob- 
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Fig. 3. GC retention time profiles showing 
ion currents for selected ions in the 
ABA-containing fraction in samples 
prepared from broccoli heads by our 
procedure and by that of Dunlap and 
Guinn (1989). The arrows designate the 
methyl-ABA peak. 

tained using negative chemical ionization GC-MS 
for methyl-ABA with ammonia as the reagent gas. 
This latter method is at least 200-fold more sensitive 
than the EI-GC-MS used routinely by us. Both 
methods gave similar results (Table 1). 

No Ester Hydrolysis During Partitioning at 
pH 9.5 

Our method includes a step in which the pH of an 
aqueous extract is adjusted to 9.5, then partitioned 
against hexane. This partitioning is the most effec- 
tive method for removing large amounts of contam- 
inating substances, particularly pigments, which are 
abundant in many of the samples of interest to us. 
This step is not included in the procedure of Neill 
and Horgan (1985), and we had previously used a 
lower pH in a longer IAA purification procedure 
(Cloud 1987). Since this step is apparently advanta- 
geous in purification, we wanted to be sure that 
esters of IAA and ABA were not hydrolyzed so as 
to erroneously affect the determined levels of free 
IAA and ABA. To examine this question, we chose 

tomato leaves which are known to contain ABA 
glucose esters (Loveys and Milborrow 1981) and 
corn shoots which are known to contain IAA esters 
(Bandurski and Schulze 1974). 

A comparison of the amounts of IAA and ABA 
obtained with our method with that of Neill and 
Horgan (1985) in which the extracts are maintained 
acidic throughout the initial purification steps is 
shown in Table 2. Even though these leaves are 
known to contain large quantities of ABA glucose 
ester relative to ABA (Loveys and Milborrow 
1981), the amount of ABA was determined to be the 
same by both methods. The pH 9.5 partitioning step 
therefore did not hydrolyze ABA glucose ester and 
cause erroneously high values for ABA. The Neill 
and Horgan method was not developed for the pur- 
pose of determining IAA. However, IAA results 
comparable to ours were obtained using their 
method but the results with their method were more 
variable (Table 2). 

A comparison of the amounts of IAA and ABA in 
corn shoots, a tissue with large amounts of IAA 
ester, using two different pH values at the same 
water-hexane partitioning step is presented in Table 
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Fig. 4. GC retention time profiles showing 
ion currents for selected ions in the 
IAA-containing fraction in samples 
prepared from tobacco leaves by our 
procedure and by that of Dunlap and 
Guinn (1989). The arrows designate the 
methyl-IAA peak. 

3. The results clearly indicate that pH 7.0 and pH 
9.5 gave the same quantities of IAA and ABA. 
Thus, there was no hydrolysis of IAA ester at the 
pH 9.5 partitioning step. The partitioning was 
equally effective in the removal of large quantities 
of impurities, particularly pigments, at both pH val- 
ues. 

HPLC Requirement 

We compared our method with the recently pub- 
lished method of Dunlap and Guinn (1989), which 
omits HPLC, processes several samples simulta- 
neously, and, thus, decreases sample purification 
time and labor. Chromatograms from the ABA- and 
IAA-containing samples from broccoli heads and 
tobacco leaves prepared by the two methods are 
presented in Figs. 2-5. Samples prepared from 
these tissues by our method were suitable for IAA 
and ABA analysis by GC-MS. When HPLC was 
omitted, only the ABA-containing fraction from 
broccoli was suitable for analysis by GC-MS (Fig. 
3). The ion current from methyl-ABA prepared with 

HPLC was 11.6 times higher (m/z 190 = 18,926 
"counts")  than that of the sample prepared without 
HPLC (m/z 190 = 1636 "counts") .  Much better 
resolution of the methyl-IAA and methyl-ABA 
peaks was observed when HPLC was employed. 
Furthermore, a much more frequent replacement of 
the GC guard column was required when the sam- 
pies had not been HPLC purified. Even with the 
careful use of the guard column, the life of a chro- 
matography column would be much shorter when 
injecting the less pure samples. Based on our ob- 
servations of methyl-IAA peak tailing when using 
HPLC-purified samples, methyl-IAA is highly sus- 
ceptible to column activation caused by impurities. 
Sample purification without HPLC could, there- 
fore, result in very high GC column replacement 
costs. 

Our quantitative results using the method of Dun- 
lap and Guinn (1989) agree with their report accord- 
ing to which the IAA from broccoli heads was be- 
low the threshold level for detection (Fig. 2). How- 
ever, ABA could be determined by them and was 
found to be 362 ng g -  l dry weight, which is similar 



62 X. Li et al. 

16OO0 

200O 

800O 

4000 

0 

Our ABA Method 

Four ions 

8 1'0 1'2 1'4 16 18 20 

2OO0 

Dunlap & Guinn ABA Method 

Four ions 

6 8 1~0 112 114 116 118 20 

~ ,ooo~- 162 amu 1, 1 

rr" 1'4 l's 1'6 ~'7 

8~ f 19o amu L 
4OOO 

0 ~ ^ 

~ f  19aamu ~ 

4 0 0 0  

0 ,  , . . . .  "~ , "  - 

14 15 16 

1000 

0 

2o/ 165 amu / 

0 L , , , , f  

14 15 18 17 

t 

14 1 5  16 17 

Time (min.) 

Fig. 5. GC retention time profiles showing 
ion currents for selected ions in the 
ABA-containing fraction in samples 
prepared from tobacco leaves by our 
procedure and by that of Dunlap and 
Guinn (1989) The arrows designate the 
methyl-ABA peak. 

to our estimate of 417 ng g-  ~ dry weight (43 ng g-  1 
fresh weight) using their method. Inclusion of 
HPLC in the purification procedure allowed us to 
measure IAA, as well as ABA, in broccoli heads 
(Table 1, Figs. 2 and 3). Including HPLC yielded 
reliable estimates of IAA and ABA in tobacco 
leaves (Table 1), whereas we were unable to detect 
either without its inclusion (Figs. 4 and 5). 

Hormone Concentrations in Plants Grown Under 
Growth-Altering Conditions 

IAA and ABA concentrations in corn seedlings 
grown under different temperature and moisture 
conditions are shown in Table 4. Low temperatures 
retards growth and has been shown to alter the lev- 

Table 2. IAA and ABA concentrations in tomato leaves mea- 
sured by the method described herein and by the method of Neill 
and Horgan (1985) which differ in the pH of the early purification 
steps. 

IAA conc. ABA conc, 
Method (ng g -  l fresh wt) a 

Present study (~< pH 9.5) 20.7 (0.4) 77.2 (2.6) 
Neill and Horgan (~< pH 4) 26.6 (3.6) 74.7 (2.4) 

Samples were ground, and methanol and internal standards were 
added. The extract was then divided into six subsamples. Three 
subsamples were processed identically using each method as de- 
scribed in Materials and Methods. 

Mean and SE (in parentheses) of triplicate subsamples. 

T a b l e  3. IAA and ABA concentrations in corn shoots measured 
in samples purified as described in Materials and Methods using 
two different pH values in the water-hexane partitioning step. 

pH of aqueous 
phase during IAA conc. ABA conc. 
hexane partitioning (ng g -  ~ fresh wt) 

7.0 29.8 (0.3) a 2.3 (0.1) a 
9.5 30.7 (0.5) b 2.2 (0.1) b 

Samples were ground, and methanol and internal standards were 
added. The extract was then divided into subsamples. During the 
water-hexane partitioning step, subsamples were partitioned af- 
ter raising the pH to 7.0 or 9.5. All other steps were identical. 
a Mean and SE (in parentheses) of duplicate subsamples. 
b Mean and SE (in parentheses) of triplicate subsamples. 
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Table 4. IAA and ABA concentrations in samples from shoots of 
corn seedlings grown under growth-rate altering conditions. 

Age a IAA conc. ABA conc. 
Growth conditions (h) (rig g-~ fresh wt) b 

WeU-watered, 30~ 56 22.4 (0.04) 2.3 (0.4) 
Well-watered, 14~ 288 15.2 (0.1) 10.1 (1.4) 
Well-watered, 30~ 96 43.2 (3.8) 2.1 (0.8) 
Drought-stressed, 30~ 140 19.0 (1.5) 5.1 (0.005) 
Drought-stressed and 

rewatered, 30~ 156 32.5 (0.1) 0.9 (0.1) 

a The well-watered 56-h seedlings grown at 30~ were at the 
same developmental stage as the 288-h seedlings grown at 14~ 
The well-watered 96-h seedlings grown at 30~ were at the same 
developmental stage as the 140-h drought-stressed seedlings. 
The rewatered seedlings were only slightly larger than the 
drought-stressed seedlings. 
b Mean and SE of determinations on duplicate samples. 

els of the alternative respiratory pathway (Stewart 
et al. 1990). Drought stress reduces growth rate in 
corn seedlings (Sharp et al. 1988) and alters the 
level of mitochondrial proline dehydrogenase (Ray- 
apati and Stewart 1991). The effect of temperature 
is seen by comparing the hormone concentrations 
from seedlings grown 288 h at 14~ with those 
grown 72 h at 30~ In the slower growing seedlings 
(low temperature), the levels of IAA were lower 
and of ABA higher. 

The effect of drought on ABA was less than ex- 
pected for a shoot water potential of - 0 . 7  MPa. 
Rewatering decreased the ABA level to the well- 
watered level (Table 4). As mentioned above, a 
large ion current was observed at 162 m/z in the 
samples from corn seedlings compared to that ex- 
pected from examining ion currents at 165,190, and 
193. This contaminant was particularly prominent 
in the samples from drought-stressed seedlings. 
Drought decreased the IAA level to about one-half 
of the well-watered level. This drought-induced low 
level was increased upon rewatering. A longer time 
after rewatering might have allowed the IAA levels 
to return to that in the well-watered shoots. Rapid 
growth had not resumed in the rewatered shoots 16 
h after rewatering. 

Discussion 

Prior to this research, our analytical procedures for 
IAA and ABA analysis required two full days. Dif- 
ferent samples and separate procedures were used 
for the analysis of the two hormones, thus introduc- 
ing both methodological and biological variation. 
Furthermore, IAA measurements in the literature 
were primarily from tissues with a relatively high 
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ratio of IAA to contaminating, co-purifying sub- 
stances. With the method described here, one per- 
son familiar with the procedures can complete the 
extraction, purification, and analysis of two sam- 
ples for both IAA and ABA in the same day. The 
results presented in this paper show that the method 
is suitable for a variety of plant samples that have 
interfering substances, such as those in highly pig- 
mented leaf tissues. Quantitative recovery of IAA 
through the whole protocol is t>30% (Cloud 1987) as 
determined by 14C-IAA dilution. The method 
should be particularly useful for establishing hor- 
mone identity and for validating and calibrating the 
antibody methods, generally less selective but more 
rapid and sensitive than GC-MS. 

The method described here is widely applicable. 
In addition to the 11 species of angiosperms whose 
analysis is reported here, we have also successfully 
applied this method to the bryophyte, Marchantia 
polyrnorpha (data not shown). 

Some of the partitioning steps we have used prior 
to HPLC have been considered unnecessary for 
hormone determinations in some plant tissues. The 
susceptibility to alkaline hydrolysis of IAA and 
ABA esters has lead to the omission by others of 
the high pH (>7.0) aqueous-hexane partitioning 
step. The effectiveness of this partitioning step in 
removing contaminants, particularly pigments, led 
us to include it. Our results comparing the proce- 
dures with and without this step by using them on 
tissues relatively rich in esters of IAA and ABA 
allows us to conclude that no hydrolysis occurs un- 
der the conditions specified for the partitioning. 
Furthermore, the partitioning is equally effective at 
pH 7.0. The findings of Table 3 extend the findings 
made in maize kernel extracts by Baldi et al. (1989) 
to green leaves of maize. Baldi et al. (1989) made an 
extensive study of the effect of pH and time of ex- 
posure on hydrolysis of IAA esters, but did not ex- 
amine de-esterification of ABA esters. Thus, we are 
confident that this step does not result in erroneous 
data due to ester hydrolysis and that it is worth 
including in the procedure for samples with large 
amounts of co-purifying contaminants. 

It is apparent that an HPLC purification step is 
required for hormone analysis by GC-MS in order 
for the method to be applicable for a large range of 
plant samples. Any samples other than floral buds 
(Dunlap and Guinn 1989) and other rapidly devel- 
oping parts containing relatively high hormone lev- 
els prepared without this purification step simply 
contain too many interfering substances to permit 
reliable quantitative determination of IAA and 
ABA. In the case of IAA, it is not detectable in 
some samples without HPLC purification even 
though the level, determined using HPLC (see broc- 
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coli in Table 1), was higher than any other  tissue 
I A A  level measured  in this study. Even  with floral 
buds,  f requent  rep lacement  of  columns will be nec- 
essary  to avoid I A A  " ta i l ing ."  

The t issue I A A  concen t ra t ions  repor ted  here  
match  ra ther  closely those reported in the literature 
for corn (Bandurski  and Schulze 1974) and tobacco 
leaves (Chen et al. 1988, Thornburg and Li 1991) 
using similar methodology.  In the axillary buds of 
bean,  the average  concentra t ion of IAA measured 
by  us (194 ng g -  l) falls into the low end of the range 
(106--600 ng g -  1 fresh weight) calculated by  us from 
the data provided by  Gocal  et al. (1991) and below 
the range (330-1080 ng g - t )  found by Cohen et al. 
(1987) using a GC-MS-val idated  E L I S A  for IAA. 

Tissue  A B A  concen t ra t ions  repor ted  here for  
leaves of  corn are within the range (2-21 ng g -  
fresh weight) repor ted  earlier by Neill et al. (1986) 
for unstressed,  wild-type seedlings. For  leaves of  
unstressed tomato  plants,  we found a level of  76 ng 
g -~ ,  whe reas  NeiU and Horgan  (1985) have re- 
por ted  levels  s o m e w h a t  higher (111--423 ng g -  1 
fresh weight) in another  variety.  In broccoli inflo- 
rescences ,  we found ABA concentrat ions 1.8 times 
higher than that  calculated by us (38 ng g-~ fresh 
weight) using the data of  Dunlap and Guinn (1989) 
and our own dry and fresh weight measurements  
(dry weight is 10.4% of  fresh weight). Such differ- 
ences can, of  course ,  be attr ibuted to sampling dif- 
ferences as well as to methodological  differences. 
In bean stems,  our  average  A B A  est imate is one- 
sixth of  the 80 ng g -~  fresh weight reported by 
Knox  and Wareing (1984). Likewise,  in measure-  
ments  made  on bean axillary buds,  our  A B A  esti- 
mate  of  83 ng g -~  was well below the range (460- 
2000 ng g -  ~ fresh weight) calculated by us from data 
repor ted by Gocal  et al. (1991). 

We believe our  method is reliable for the deter- 
mination of  I A A  and ABA in plant samples and 
provides  physiological ly interpretable data. Envi- 
ronmental  condit ions which slowed the growth of 
corn shoots lowered the level of  IAA and increased 
the level of  A B A .  These  results are as expected,  
based on the general  knowledge that IAA promotes  
and A B A  inhibits  shoot  growth.  The  rela t ively 
small effect of  drought  on ABA levels in corn seed- 
lings could be  a result  of  the mild stress ( - 0 . 7  MPa) 
and its long duration which may have allowed deg- 
radat ion of  ABA accumula ted  earlier. The dispro- 
port ionately large ion currents  at 162 m/z, an ABA 
fragment ,  in both  s t ressed and rewatered samples,  
suggest that  at least  one contaminant  was present  in 
the samples  that  f ragments  to 162 m/z in the mass 
spect rometer .  The  data suggest that this contami- 
nant is more  abundant  in the stressed than the un- 
stressed shoots.  

We are now using this method routinely in sev- 
eral physiological  studies that  require  I A A  and 
ABA analysis .  These  include samples  f rom (1) 
transgenic plants, (2) plant tissues representing de- 
velopmental  sequences,  (3) tissues known to con- 
trol the development  of  other plant parts ,  (4) plants 
grown under varying environmental  conditions, (5) 
field-grown plants that are componen t  parts  of  ag- 
ronomic studies, and (6) plants other  than Tracheo-  
phytes.  Thus,  the method is suitable to a broad 
range of experimental  applications. 

Acknowledgments. This research was partially supported by 
funds from the Iowa State University Biotechnology Council. 
We thank Dr. R. S. Bandurski of Michigan State University and 
Dr. Roger Horgan of the University College of Wales for their 
generous gifts of [13C6]IAA and [ZH3]ABA, respectively. The 
field-grown broccoli heads were supplied by Ms. Joyce Fisher, 
Ames, IA. The lpomoea nil samples were from plants grown 
from seeds supplied by Dr. Morris Cline, Ohio State University. 
The onion bulb-scale samples were from Dr. Barbara Pickard of 
Washington University, St. Louis. 

References 

Baldi BG, Maher BR, Cohen JD (1989) Hydrolysis of indole-3- 
acetic acid esters exposed to mild alkaline conditions. 
Plant Physiol 91:9--12 

Bandurski RS, Schulze A (1974) Concentrations of indole-3- 
acetic acid and its esters in Arena and Zea. Plant Physiol 
54:257-262 

Chen K-H, Miller AN, Patterson GW, Cohen JD (1988) A rapid 
and simple procedure for purification of indole-3-acetic 
acid prior to GC-SIM-MS analysis. Plant Physiol 86:822- 
825 

Cloud NP (1987) Gas chromatographic mass spectrometric de- 
terminations of indole-3-acetic acid concentrations in lat- 
eral and terminal buds of Phaseolus vulgaris and their 
relationship to apical dominance. M.S. Thesis, Iowa State 
University, Ames, IA 

Cohen JD, Baldi BG, Slovin JP (1986) 13C-[Benzene ring]-indole- 
3-acetic acid. A new internal standard for quantitative 
mass spectral analysis of indole-3-acetic acid in plants. 
Plant Physiol 80:14-19 

Cohen JD, Bausher MG, Bialek K, Buta G J, Gocal GFW, Janzen 
LM, Pharis BP, Reed AN, Slovin JP (1987) Comparison of 
a commercial ELISA assay for indole-3-acetic acid at sev- 
eral stages of purification and analysis by gas chromatog- 
raphy-selected ion monitoring-mass spectrometry using a 
13C6-1abeled internal standard. Plant Physiol 84:982-986 

Dunlap JR, Guinn G (1989) A simple purification of indole-3- 
acetic acid and abscisic acid for GC-SIM-MS analysis by 
microfiltration of aqueous samples through nylon. Plant 
Physiol 90:197-201 

Feiser FL, Fieser M (1967) Reagents for organic synthesis. John 
Wiley & Sons Inc., New York 

Funada R, Sugiyama TK, Fishitani M (1988) Determination of 
abscisic acid in Pinus densiflora by selected ion monitor- 
ing. Plant Physiol 88:525-527 

Gocal GFW, Pharis RP, Yeung EC, Pearce D (1991) Changes 



IAA and ABA Determination from the Same Plant Sample 65 

after decapitation in concentrations of indole-3-acetic acid 
and abscisic acid in the larger axillary buds of Phaseolus 
vulgaris L. cv Tender Green. Plant Physiol 95:344--350 

Knox JP, Wareing PF (1984) Apical dominance in Phaseolus 
vulgaris L.: The possible roles of abscisic acid and indole- 
3-acetic acid. J Exp Bot 35:239-244 

Li X (1989) Relationships of water stress and abscisic acid on 
photosynthesis of soybean and sunflower leaves. Ph.D. 
dissertation, Iowa State University, Ames, IA 

Loveys BR, Milborrow BV (1981) Isolation and characterization 
of I'-O-abscisic acid-beta-o-glucoside from vegetative to- 
mato tissue. Aust J Plant Physiol 8:571-579 

Magnus V, Bandurski RS, Schulze A (1980) Synthesis of 4,5,6,7 
and 2,4,5,6,7 deuterium-labeled indole-3-acetic acid for 
use in mass spectrometric assays. Plant Physiol 66:775- 
781 

Neill SJ, Horgan R (1985) Abscisic acid production and water 
relations in wilty tomato mutants subjected to water de- 
ficiency. J Exp Bot 36:1222-1231 

Neill S J, Horgan R (1987) Abscisic acid and related compounds. 
In: L Rivier, A Crozier (eds) Principles and practice of 
plant hormone analysis, vol. I. Academic Press, New 
York, pp 111-167 

Neill SJ, Horgan R, Parry AD (1986) The carotenoid and abscisic 
acid content of viviparous kernels and seedlings of Zea 
rnays L. Planta 169:87-96 

Oyarzabal ES (1991) Effect of weed water stress on post- 
emergence herbicide activity. Ph.D. dissertation, Iowa 
State University, Ames, IA 

Rayapati, PJ, Stewart CR (1991) Solubilization of proline dehy- 
drogenase from maize (Zea mays L.) mitochondria. Plant 
Physiol 95:787-791 

Rivier L, Saugy M (1986) Chemical ionization mass spectrome- 
try of indol-3yl-acetic acid and cis-abscisic acid: Evalua- 
tion of negative ion detection and quantitation of cis- 
abscisic acid in growing maize roots. J Plant Growth 
Regul 5:1-16 

Sharp RE, Silk WK, Hsiao TC (1988) Growth of maize primary 
root at low water potentials. Plant Physiol 87:50-57 

Sitbon F, Sundberg B, Olsson O, Sandberg G (1991) Free and 
conjugated indoleacetic acid (IAA) contents in transgenic 
tobacco plants expressing the iaaM and iaaH IAA bio- 
synthesis genes from Agrobacterium tumefaciens. Plant 
Physiol 95:480--485 

Stewart CR, Martin BA, Reding L, Cerwick S (1990) Respiration 
and alternative oxidase in corn seedling tissues during ger- 
mination at different temperatures. Plant Physiol 92:775- 
760 

Subbaiah T, Powell L (1987) Abscisic acid in dormant apple seed 
tissues---a rapid purification scheme using pre-packed col- 
umns and GCMS-SIM quantif icat ion.  Physiol  Plant 
71:203-206 

Thornburg R, Li X (1991) Wounding Nicotiana tabacurn leaves 
causes a decline in endogenous indole-3-acetic acid. Plant 
Physiol 96:802-805 

Vine JH, Noiton D, Plummer JA, Lucas CB, Mullins MG (1987) 
Simultaneous quantification of indole-3-acetic acid and 
abscisic acid in small samples of plant tissues by gas chro- 
matography/mass spectrometry/selected ion monitoring. 
Plant Physiol 85:419--422 

Wear SV (1986) Abscisic acid and its role in apical dominance of 
potato. M.S. thesis, Iowa State University, Ames, IA 


