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Abstract

A method for separation and purification of plant hormones auxin and abscisic acid based on mixed mode reversed-phase anion-exchange
solid phase extraction and two-dimensional HPLC was developed. Two-dimensional HPLC in “heart cutting” mode was very efficient in the
purification of these two hormones. Its purification power is high enough to allow reliable on-line quantification of both hormones even with
non-selective detectors.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction procedures often requiring sample pre-treatment (e.g. pre-
concentration) when used in series.
Plant hormones are of vital importance for the normal  “On-line” purification methods encompassing multidi-

functioning of plants. Their minute quantities trigger basic mensional HPLC have become increasingly popular. Separa-
developmental processes such as cell division, enlargemention of peptides by comprehensive two-dimensional high per-
and differentiation, organ formation, seed dormancy and ger-formance liquid chromatography (2D-HPLC) has appeared
mination, leaf and organ senescence and abscifdioRlant to be complementary to the traditional 2D-gel electrophore-
hormones are difficult to analyze because they occur in very sis in the proteome analyd&-4]. So called “Heart-cutting”
low amounts in plant extracts which are very rich in interfer- 2D-HPLC, in which only a part of the first dimension run is
ing substances, especially secondary metabolites. To copéheart-cut” and introduced into the second dimension, is a
with this problem the plant extract must undergo several very suitable purification techniqgue when a limited number
purification steps using unrelated separation mechanisms inof substances have to be purifigg6]. Features contribut-
order to increase orthogonality and purification efficiency. ing to 2D-HPLC popularity are high purification potential,
Common purification procedures such as column chromatog-reproducibility, robustness, high throughput and unattended
raphy, solid phase extraction (SPE), liquid—liquid extraction, operation.
etc. are employed for plant hormone purification. However,  Auxin (indole-3-acetic acid, IAA) and abscisic acid
these procedures usually require significant amounts of sol-(ABA) are plant hormones with contrasting biological func-
vent, time and labor. Furthermore, they all are “off-line” tions. Whereas IAA stimulates growing processes such as cell
- elongation and division, ABA controls plant senescence and
* part of this work was presented at the 27th International Symposium on responses to stre[éE]. However, IAA and ABA exhibit many
High Performa_nce Liquid Phe_ise Sepgrations and Related Techniques, 15-1%imilar chemical properties which can be exploited for their
June, 2003, Nice, France (Bioanalytical 15, p. 158). . e s

chromatographic purification. Both IAA and ABA are rela-
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E-mail addressdobrev@ueb.cas.cz (P.I. Dobrev). tively hydrophobic compounds containing a carboxylic group
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Fig. 1. Chemical structures of indole-3-acetic acid (IAA) and abscisic acid
(ABA).

(Fig. 1). Therefore, when IAA and ABA are extracted and
purified from plant material by common chromatographic
techniques they very often end up in the same fraction.
IAA and ABA determination is usually preceded by exten-
sive purification involving, for example liquid—liquid extrac-
tion [7-9], solid phase extractigi0], or HPLC purification
[11]. Pre-purification of IAA and ABA on immuno-affinity
columns was also reportgt?]. Sample purification time can
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Recently we developed a procedure for fast and efficient
extraction and purification of three groups of plant hormones,
namely IAA, ABA and cytokining20]. It allowed us to pre-
pare a very pure fraction of cytokinins. However, the frac-
tion of co-eluting IAA and ABA contained relatively high
amounts of UV-absorbing and fluorescing contaminants. This
shortcoming complicated their quantification using HPLC
coupled to fluorescence detection (IAA) and/or mass spec-
trometry (IAA and ABA). To overcome this problem we de-
veloped an additional SPE purification step, as well as a 2D-
HPLC system that allowed us to obtain very pure separate
fractions of IAA and ABA and to quantify these compounds
with much higher reliability.

2. Experimental

be reduced by application of a very specific separation and2.1. Chemicals and materials

quantification technique that is able to distinguish the analyte
of interest from the matrix. In the past, immunoassays as spe-

cific quantification methods were popufaB]. They excelin
specificity due to the unique ligand—antibody binding. How-

Unlabeled IAA and ABA were from Sigma, St. Louis,
MO, USA. Radioactive [3*H]IAA (0.74 TBq mmol1) was
from ARC Inc., St. Louis, MO, USA, and [GH]ABA

ever, when applied to low purity extracts, quantification using (1.74 TBqmmot?!) was from Amersham Biosciences UK
immunoassays can be misleading due to the cross-reactivityltd., Little Chalfont, UK.13Cs-IAA was from CIL, Andover,

of antibodies or their inhibition (or activation) by interfer-

MA, USA. Deuterated ABA{Hg-ABA) was synthesized by

ing substances. Capillary electrophoresis (CE) was also ap-a modified procedure of Rivier et 421] which is based on

plied for the determination of IAA and ABA8,14,15] This

technique is promising due to its high resolving power, ex-

cellent sensitivity and low sample consumption. Although

base-induced hydrogen exchange as follows: A solution of
NaC?H was prepared by reaction of Na withl,O (99.9%,
IsotopTech, Russia) under an argon atmosphere. ABA was

good CE methods were developed for pure hormones, thedissolved into 0.3 N Na€H and kept at 65C for 1 h. Af-
complex nature of plant extracts presents the main challengeter cooling, the solution was acidified to pH 2 witHzPOy
for CE. Mass spectrometric (MS) detection is another very (prepared by reaction of-Ps with 2H,0). The resulting
specific technique for analyte determination. GC-MS is a 2Hg-ABA was filtered, converted t8Hg-ABA by washing

well recognized technique for determination of IAAand ABA

[10,16,17] However, it also requires considerable sample pu-

with ice coldH,0, dried and re-crystallized from a mix-
ture of ethyl acetate and diethyl ether. The synthesttkg

rification as well as derivatization to run on GC. There have ABA had identical melting point and infra-red spectrum as

been reports on utilizing the selectivity of MS detection to
measure hormones in crude extracténi@z-Cadenas et al.
[18] analyzed ABA in crude citrus extracts using LC—-MS.

the parent ABA. Mass spectrometric analysis (electro-spray,
negative mode) revealed a molecular iomét 269 with no
detectablan/z 263 from the molecular ion of parent ABA

However, as the authors pointed out, the technique is reliableconfirming complete exchange of six deuterium atoms in the

only when tandem MS (MS/MS) in selected reaction moni-

molecule. The synthesizétls-ABA is stable, provided that

toring mode and internal standardization with heavy isotope pH is kept lower than pH- 8.

labeled ABA are used. They were not successful in ABA
quantification in single stage MS (selected ion monitoring

1-Methyl-3-nitro-1-nitrosoguanidine (MNNG, 97%) was
from Aldrich, Milwaukee, WI, USA. HPLC gradient grade

mode) due to the high background. There are several othemethanol and acetonitrile were obtained from Merck KGaA,
reports where brief sample pre-purification is followed by Darmstadt, Germany. Formic acid and ammonium hydroxide
tandem MS. For example, several acidic phytohormones, in-both of p.a. grade were from Lachema a.s., Neratovice, Czech
cluding IAA and ABA, were analyzed on GC-MS/MS, pre- Republic. Oasis MAX columns (150 mg/6 cc) were obtained
ceded by purification on one or two microscale SPE columns from Waters, Milford, MA, USA.

[10]. Similarly, rapid extraction of ABA and its metabolites

and purification through single polymeric SPE column fol- 2.2. Recoveries of standards of IAA and ABA on Oasis
lowed by quantification on LC-MS/MS was reportd®]. MAX columns

In conclusion, there is a compromise between thorough pre-

purification followed by lower specificity detection and brief Tested compounds were dissolved in 5 ml of 1 M formic
pre-purification followed by very selective but expensive de- acid to give 0.5—-1 AU and the actual absorbances of solutions
tection. were measured. The standard solution of a single compound
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Fig. 2. Purification protocol and recoveries of IAA and ABA on Oasis MAX sorbent.

was applied to an Oasis MAX column, then the column was (v/v) were injected via the autosampler in volumes up to
sequentially eluted as shown in the schemé=ig. 2 and 100pl. Columns were kept at 3%C. The linear gradient in
the absorbance of each eluate was measured. Absorbancthe first dimension was: 10-30% B in 10 min, 30-100% B
readings were used directly for recovery calculations. Ab- in 2min, 100% B for 5 min, 100-10% B in 1 min. The linear
sorbances were measured on a 5625 UV-vis spectrophogradient in the second dimension was: 45—-70% B in 5 min,
tometer (Unicam Ltd., Cambridge, UK) with 1 cm light path  70—-100% B in 2 min, 100% B for 2 min, 100—-45% B in 1 min,

at wavelengths 280 nm for IAA and 260 nm for ABA. 45% B for 5min. Eluate from the second dimension was
monitored on the diode array detectoraa?70 nm, and on
2.3. 2D-HPLC instrumental set-up the fluorescence detector with excitationAa270 nm and

emission ak 339 nm.

The instrumental set-up consisted of a series 200 au-
tosampler (Perkin Elmer, Norwalk, CT, USA), two HPLC 2.5. Plant material
gradient pump systems (first pump: ConstaMetric 3500 and
3200 with 50Qu! mixer, TSP, Riviera Beach, FL, USA, sec- Developing grains of field grown spring whedti(icum
ond pump: Series 200 Quaternary Pump, Perkin Elmer), aestivumlL. cv. Jara) were collected between 3 and 43 days
two columns (first column: ACE-3CN, 150 mr4.6 mm, after anthesis (DAA). Tobacco BYA(cotiana tabacunt..,
3um, ACT, Aberdeen, Scotland, UK; second column: Luna cv. Bright Yellow 2) cell suspension was cultivai@?] for 5
C18(2), 150 mnmx 4.6 mm, 3um, Phenomenex, Torrance, days, filtered, and the cells collected. The aerial (rosette) parts
CA, USA), one 2-position, fluid processor SelectPRO with of 3-week-old greenhouse cultivatédabidopsis thaliana
1 mlloop (Alltech, Deerfield, IL, USA), diode array- and flu- L. (ecotype Columbia) plants were collected. Leaves of
orescence detectors (235C and LC 240, respectively, Perkindifferent age [upper (young), middle, bottom (old)] were
Elmer) and fraction collector FC 203B (Gilson, Middleton, collected from greenhouse cultivated 3-month-old tobacco
WI, USA). The scheme of tubing connections of 2D-HPLC plants (Nicotiana tabacuni.., cv. Wisconsin 38). Ten-day-
is presented ifrig. 3A, B. The actions of the different com-  old wheat plantsTriticum aestivuni. cv. Jara) cultivated
ponents of the 2D-HPLC system describedrig. 3.C were in Perlite in a growth chamber (18 h day at°Z1; 6 h night
electronically synchronized and regulated via timed events at 18°C; 90% relative humidity) were cut into two parts —
and chromatographic software (Turbochrom 4, PE Nelson, aerial part and roots. The collected plant material ranging

San Jose, CA, USA) permitting unattended operation. from 0.3 to 2 g of fresh weight was frozen in liquid nitrogen
and stored at-80°C until analysis. Extraction and purifi-
2.4. 2D-HPLC conditions cation of plant material followed the procedure described in

[20]. At the beginning of extraction, 1000 Bq of each [5-
The flow rate (0.6 mI mint) and mobile phase (A:40mM  3H]IAA and [G-3H]ABA were added to monitor the losses
formic acid adjusted to pH 3 with ammonium hydroxide and during purification. The dried fraction containing IAA and
B: acetonitrile/methanol, 1/1, v/v) were the same for both ABA was dissolved in 10Ql 20% methanol (v/v) and an
dimensions. Samples dissolved into 20% methanol in water aliquot was injected into 2D-HPLC.
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2.6. GC-MS
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Known amounts of stable isotope labelé&Cs-IAA
and2Hg-ABA were added to the 2D-HPLC purified sam-
ples prior to derivatization. The derivatization was car- ing a Polaris Q/Trace GC 2000 GC-MS system (Thermo
ried out using diazomethane produced with MNNG dia- Finnigan, Austin, TX, USA) equipped with Combi PAL au-

Autosampler

position 1

| uwnjo)

H z uwnjo)

Diode
Array
Detector

H

Fluorescence
Detector

H

zomethane generator (cat. no. Z411736, Aldrich, Milwau-
kee, WI, USA) according to the manufacturer’s instruc-
tions. The derivatized samples were dried under a nitro-
gen stream, redissolved in pOmethanol, and analyzed us-

Autosampler
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Collector Collector
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r v v
l Pump 1 (1D) gradient equilibration gradient equilibration
| FP position 1 2 1 2 1
l Pump 2 (2D) equilibration gradient equilibration gradient
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Fig. 3. Arrangement of connections of the instruments in 2D-HPLC set-up. (A) Fluid processor (FP) in position 1, (B) FP in position 2, (C) Scheme of the

time-based instrument settings.
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tosampler (CTC Analytics, Zwingen, Switzerland). The Rtx-
5MS capillary column (Restek Corp., Bellefonte, PA, USA),
(30mx 0.25 mmx 0.25um df) was coupled directly to the
ion source of the mass spectrometer with an interface heated@ 49
to 250°C. Flow rate of helium carrier gas (purity, 99.999%)
was maintained at 1 mlmirt. MS source temperature was
200°C and the electron energy was 70eV. The PTV injec-
tor working in split-less mode was tempered at 220After
injection of sample (2I) the column oven was maintained

at 60°C for 1 min with the splitter closed, after which the
splitter (30:1) was opened and the oven temperature was in-
creased at 120C min~1to0 160°C and thenat 7C min-1toa

final temperature of 250C which was maintained for 5 min.
The spectra were collected in centroid full scan maué& (
50-300) using the software Xcalibur 1.3 (Thermo Finnigan).
The following fragment ions were used for quantification:
m/z 134, 162 and 190 for ABA-Me and 138, 166 and 194
for [°Hg]-ABA-Me; mvz 130 and 189 for IAA-Me and 136
and 195 for }3Cg]-IAA-Me. The concentrations of IAA and
ABA in sample were computed from the response ratio of
target compound and the appropriate internal standard.
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Fig. 4. 2D-HPLC chromatograms of standards of IAA and ABA, 250 pmol

each. The dashed part of the chromatogram from the first HPLC dimension
3. Results and discussion was directed to the second HPLC dimension. Note: The chromatogram of

the first HPLC dimension was recorded from a separate run where the output

As reported elsewhere we developed a protocol for extrac- ' ¢olumn 1 was connected to the UV detector.

tion and purification of the plant hormones cytokinins IAA

and ABA [20] using a mixed mode reversed-phase cation- subsequent methanolic wash removes the neutral hydropho-
exchange polymeric sorbent Oasis MCX (Waters). It allows bic analytes, leaving the acidic analytes bound to the sorbent.
retention of hydrophobic analytes, including weak carboxylic The acidic analytes are eluted with acidified methanol. The
acids when their ionization is suppressed, as well as cationicpurification protocol based on Oasis MAX columns as well as
species. The extract is applied in acidic solution to suppressrecoveries of IAA and ABA standards in the individual elu-
ionization of the weak acids and to promote the protoniza- tion steps are presentedHiny. 2 This protocol worked well
tion of bases for retention on the sorbent. Species retainedwith some plant tissues, however, it was not very efficient in
only by reversed phase mechanism including the hydropho-removing UV and fluorescing interferences from other plant
bic carboxylic acids, such as IAA and ABA can be eluted by sources (data not shown).

pure methanol in the first elution step. The retained cationic ~ Therefore, we developed 2D-HPLC as an alternative step
species are then sequentially eluted by ammonia in waterfor purification of the Oasis MCX column fraction contain-
(polar analytes) and ammonia in methanol (hydrophobic an- ing IAA and ABA (Fig. 3). We used gradient elution in both
alytes). The purified fraction containing IAA and ABA, how- dimensions, which improved resolution and sorbent regener-
ever, was not clean enough for quantification by direct appli- ation. In the first dimension the sample was loaded into silica-
cation to reversed phase HPLC coupled to UV and fluores- cyanopropyl column. When run in reversed-phase mode the
cence detection or to GC-MS because of the bulky presencepolar sorbent of this column allows the elution of IAA and
of co-eluting substances. This could be expected, becauséABA with relatively low proportion of organic solvent (about
Oasis MCX methanolic eluate theoretically should contain 35%, v/v). Furthermore, very close elution of IAA and ABA
not only hydrophobic carboxylic acids but also neutral hy- from the cyanopropyl column (see 1st dimensioririg. 4)
drophobic substances. To address this problem we developedvas advantageous since it permitted a narrow segment of the
an additional purification step utilizing the Oasis MAX SPE 1D-run containing a relatively clean fraction to be applied to
support (Waters) which is based on a mixed mode reversed-the second HPLC dimension. Low concentration of organic
phase anion-exchange polymeric sorbent. This SPE sorbensolvent in the segment applied to the second dimension al-
allows separation of the acidic analytes from the ones of neu-lowed concentrating IAA and ABA on the more hydrophobic
tral character. The sample is applied in acidified solution to column (silica-C18) used in the second dimension. Indeed,
promote retention of weak hydrophobic acids by reversed- the narrow peaks of IAA and ABA in the second dimension
phase mechanism. The column is washed with aqueous soluindicated that the large volume loaded from the 1D-run (1 ml)
tion buffered at neutral pH, which enhances the electrostatic did not influence the resolution and efficiency of the 2nd di-
binding of weak acids to the resin’s ion-exchange sites. The mension (see 2nd dimensionkig. 4). IAA and ABA were
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Fig. 5. 2D-HPLC chromatograms of extracts of wheat grains at different days after anthesis (DAA). The dashed parts of the chromatograms from the first
HPLC dimension were directed to the second HPLC dimension. Note: The chromatograms of the first HPLC dimension were recorded from separate run:
where the output of column 1 was connected to the UV and fluorescence detectors.
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well retained and separated in the second HPLC dimension __
with capacity factor higher than 2 and resolutRs=4. The
described 2D-HPLC method has relatively high throughput
since the injection-to-injection cycle time is less than 30 min
(Fig. 3C).

The reproducibility of the 2D-HPLC was comparable to
that of single dimensional HPLC. The relative standard de-
viations of retention times and areas for both hormones
were< 0.27% and< 1.44%, respectivelyn=10). No hor-
mone loss due to irreversible binding, or incorrectly timed
“heart-cut” segment was observed. The recoveries of the an-
alytes were > 95%.

The potential of 2D-HPLC for IAA and ABA quantifi-
cation was demonstrated using connection of the 2D-HPLC
system to non-destructive diode array (DAD) and fluores-
cence (FLD) detectors in serieBig. 3). IAA, as naturally
fluorescing compound, can be detected by FLD with low
detection limit and high selectivity. The IAA quantification
using 2D-HPLC-FLD is characterized by the following cali- 0 - . - -
bration parameter$(X) = X389.6 + 957.1t2 = 0.9997, linear 0 10 20 30 40 50
range 1.2—760 pmol, limits of detection at three times signal DAA
to noise (LOQ, 3x §N)=0.4 pmol, limits of quantification Fig. 6. Endogenous IAA (A) and ABA (B) content in wheat grains through-
at 10 times signal to noise (LOQ, 20SN) = 1.2 pmol. out their development (3-43 DAA) measured on 2D-HPLC-UV-FLD (trian-

Both hormones were detected on DAD\&@70 nm which gles) and GC-MS (circles).Missing value due to accidental sample loss.
is a compromise between the absorbance maxima of ABA
(A 260nm) and IAA & 280 nm). Due to the high extinction  of fresh weight, remains approximately constant, but when
coefficient of ABA[23] its detection by UV is very sensi- expressed on a per seed basis, ABA increases during grain de-
tive. However, unless the sample is very pure, UV detec- velopment in parallel with increasing grain m§25,26,27]
tion is not suitable for ABA quantification due to its low We also tested the quantification potential of 2D-HPLC-UV-
selectivity. The purification potential of 2D-HPLC allowed FLD on various plant materials differing in species origin,
quantifying ABA by UV. Scanning capabilities of some UV  age, content of pigments and cultivation conditiofetyle J).
detectors such as DAD, e.g. measurement of peak purity in-The measured values corresponded well with GC-MS mea-
dex, can be an additional source of information of the ho- surements within the common statistical variation in plant
mogeneity of the ABA peak. The ABA quantification us- hormone analysi©-11,18,19]
ing 2D-HPLC-UV is characterized by the following cali- The biochemical processes in living organisms are highly
bration parameterd(X) = X298.6— 182.9,r2=0.9999, lin- coordinated and influence each other. This is particularly true
ear range 2.6—6700 pmol, LOD {3S/N)=1.2 pmol, LOQ for plant hormones. Therefore, the recent trend when ana-
(10x S/N)=2.6 pmol. lyzing particular tissues is to measure an array of hormones

The purification potential of 2D-HPLC was tested on plant [9,10,12,28]Our previously developed extraction and purifi-
extracts of developing wheat grains. As is evident filam 5, cation method20] is suitable for purification of cytokinins,
IAA and ABA were easily detected in the second dimension IAA and ABA from a single extract. We presented here a
without any visible co-eluting interferences. reliable analytical method based on 2D-HPLC coupled with

To estimate the quantification capability of 2D-HPLC we unspecific detectors (UV and FLD), which can directly quan-
compared the levels of ABA and IAA in developing wheat tify the Oasis MCX purified fraction of IAA and ABA. 2D-
grains measured by 2D-HPLC and GC-MSg 6). The HPLC was not only a very powerful purification technique,
measured values of IAA and ABA by the two different meth- but also, as shown ifig. 6 and Table 1 a reliable quan-
ods were statistically compared using a paitddst. The tification method. To our knowledge this is the first report
results show that quantification by 2D-HPLC with on-line using on-line “heart-cut” 2D-HPLC in plant hormone anal-
UV (ABA) and FLD (IAA) detection are statistically identi-  ysis. There have been a few other reports, however, dealing
cal (with 95% confidence) to the ones measured by GC-MS. only with on-line pre-concentration techniqués28].

In terms of the biology of developing grains, the measured  During our attempts to optimize 2D-HPLC we tried to
values of IAA and ABA correspond well to the ones already shorten the run time per sample by isocratic running so that
published. IAA content is usually low at the initial stages of wash and equilibration steps necessary in gradient runs could
grain development, followed by a substantial increase aboutbe excluded (e.g. as i29]). However, excluding the high

20 days after anthesis and a decrease at the later grain matusoncentration organic wash step after each sample led to
ration stagg24,25] ABA content, when expressed per gram faster plugging and ageing of the column in the first dimen-
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Table 1
Levels of IAA and ABA in different plant extracts measured by 2D-HPLC-UV-FLD and GC-MS
Sample description IAA (pmol gFW) ABA (pmol gFW1)

2D-HPLC GC-MS 2D-HPLC GC-MS
Cell suspension BY2 .83 (£1.30) 285 (+1.05) 086 (+0.29) 086 (+0.49)
Arabidopsis thalianaaerial part 1062 (£1.27) 1363 (+3.29) 361 (+0.96) 328 (+1.56)
Tobacco W38, top (young) leaves .97 (£13.45) 4570 (+11.82) 25589 (+41.33) 25603 (+62.66)
Tobacco W38, middle leaves 9B (+1.57) 942 (+2.07) 53328 (+36.13) 4892 (+60.88)
Tobacco W38, bottom (mature) leaves 1B(+3.84) 1254 (+4.62) 82223 (+61.73) 81239 (£120.46)
Wheat, aerial part B6 (4:1.05) 805 (+1.53) 1566 (+1.93) 1677 (+2.01)
Wheat, roots 285 (+£3.10) 3784 (£5.02) 343 (+0.38) 357 (1.00)

Values are means of four measurements with standard deviations in brackets.

sion. Furthermore, a gradient run in the first dimension al- [7] M. Kowalczyk, G. Sandberg, Plant Physiol. 127 (2001) 1845.
lowed a narrower fraction containing both hormones to be [8] B.-F. Liu, X.-H. Zhong, Y.-T. Lu, J. Chromatogr. A 945 (2002) 257.
directed into the second dimension. Therefore, the presented[®] E-A- Schmelz, J. Engelberth, H.T. Alborn, P. O'Donnell, M. Sam-

. . . . mons, H. Toshima, J.H. Tumlinson I, Proc. Nat. Acad. Sci. USA
2D-HPLC method, where gradient runs in both dimensions 100 (18) (2003) 10552.

are applied, is a compromise with longer analysis times being[10] A. miller, P. Dichting, E.W. Weiler, Planta 216 (2002) 44.

offset by improved column life and sample purity. [11] P.J. Jensen, R.S. Bandurski, Plant Physiol. 106 (1994) 343.
[12] P. Redig, T. Schmulling, H. Van Onckelen, Plant Physiol. 112 (1996)
141.
[13] H.F. Linskens, J.F. Jackson (Eds.), Modern Methods of Plant Anal-
Acknowledgements

ysis, Immunology in Plant Sciences, vol. 2, Springer, Berlin Heidel-
berg, New York, 1986, pp. 1-17.

We are thankful to Dr. C. Brinegar, San Jose State Uni- [14] M. Yuan, M. Zhang, J. Kang, J. Bai, Chin. J. Chromatogr. 15 (1997)
versity, San Jose, CA, USA, for his English language edit- 482.
ing of this paper. This work was mainly Supported by [15] X. Liu, L. Ma, Y.-W. Lin, Y.-T. Lu, J. Chromatogr. A 1021 (2003)

209.
grants 522/02/D058 and 206/02/0967 of GACR and grant [16] E. Epstein, J.D. Cohen, J. Chromatogr. 209 (1981) 413.

LNOOAO081 of MEYSCR. The support of grant 522/04/0549 [17] A.G. Netting, B.V. Milborrow, A.M. Duffield, Phytochemistry 21

of GACR and grant QF4176 of MA is also appreciated. (1982) 385.

[18] A. Gobmez-Cadenas, O.J. Pozo, P. Gat&ugustn, J.V. Sancho, Phy-
tochem. Anal. 13 (2002) 228.

[19] R. Zhou, T.M. Squires, S.J. Ambrose, S.R. Abrams, A.R.S. Ross,
A.J. Cutler, J. Chromatogr. A 1010 (2003) 75.

[20] P.l. Dobrev, M. Kanmek, J. Chromatogr. A 950 (2002) 21.

[1] P.J. Davies, in: P.J. Davies (Ed.), Plant Hormones: Physiology, Bio- [21] L. Rivier, H. Milon, P.P-E. Pilet, Planta 134 (1977) 23.
chemistry and Molecular Biology, second ed., Kluwer, Dordrecht, [22] P.I. Dobrev, V. Motyka, A. Gaudindy J. Malbeck, A. Tavnickova,

References

Netherlands, 1995, pp. 1-12. M. Kaminek, R. Vaikova, Plant Physiol. Biochem. 40 (2002) 333.
[2] M.P. Washburn, D. Wolters, J.R. Yates 3rd., Nat. Biotechnol. 19 [23] B.V. Millborrow, Planta 76 (1967) 93.

(2001) 242. [24] W. Rademacher, J.E. Graebe, Ber. Deutsch. Bot. Ges. Bd. 97 (1984)
[3] K. Wagner, T. Miliotis, G. Marko-Varga, R. Bischoff, K.K. Unger, 167.

Anal. Chem. 74 (2002) 809. [25] M. Radley, J. Exp. Bot. 30 (1979) 381.
[4] T. Wehr, LC GC 16 (2003) 154. [26] J.A. McWha, J. Exp. Bot. 26 (1975) 823.
[5] L.D. Rothman, in: H.J. Cortes (Ed.), Multidimensional Chromatog- [27] R.W. King, Planta 132 (1976) 43.

raphy, Marcel Dekker, New York, 1990, pp. 219-248. [28] E. Prinsen, W. Van Dongen, E.L. Esmans, H.A. Van Onckelen, J.
[6] T. Matsui, K. Tamara, T. Kawasaki, Y. Osajima, J. Chromatogr. B Chromatogr. A 826 (1998) 25.

729 (1999) 89. [29] V. Wong, R.A. Shalliker, J. Chromatogr. A 1036 (2004) 15.



	Purification and determination of plant hormones auxin and abscisic acid using solid phase extraction and two-dimensional high performance liquid chromatography
	Introduction
	Experimental
	Chemicals and materials
	Recoveries of standards of IAA and ABA on Oasis MAX columns
	2D-HPLC instrumental set-up
	2D-HPLC conditions
	Plant material
	GC-MS

	Results and discussion
	Acknowledgements
	References


