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Abstract—A procedure is described for the identification and quantification of IAA in plant tissues by GC/MS
analysis of the N-heptafluorobutyryl ethyl ester of IAA using [*Hs]IAA as an internal standard. The detection
limit is ca 3 pmol IAA/tissue sample. By using this method, IAA levels of 30-90 pmol/g fr. wt were obtained
for dark-grown Pisum sativum epicotyls and 71-199 pmol/g fr. wt for dark-grown Zea mays seedlings. When
either methanol or ethanol was used as extraction solvent, some esterification of IAA during sample
preparation was observed. No evidence for the natural occurrence of methyl or ethyl esters of IAA in Pisum

sativum seedlings was found.

INTRODUCTION

The importance of hormones in the growth and
differentiation of plants has long been recognized[1].
If the role of hormones is to evaluated comprehen-
sively, e.g. in gravireaction [2], then accurate and
precise measurements of the endogenous hormones
within plant tissues are essential [3]. The hormone,
indol-3-yl acetic acid (IAA), occurs in pmol/g fr. wt
levels in plant tissues and the low amounts in tissue
extracts relative to impurities make it difficult to
quantify accurately. A wide variety of techniques
have been used for the quantification of 1AA, in-
cluding bioassay, radioimmunoassay and assorted
physico-chemical detectors (see ref. [4]), the most
frequently used of which is spectrophotofluorimetry
[5].

One of the most sensitive and specific techniques
for plant hormone analysis currently available is that
of GC/MS using the mass spectrometer focused to
monitor selected ions (SIM) characteristic of the
compound under investigation. The error involved in
quantification due to losses occurring during extrac-
tion and purification of the tissue extracts can be
minimized by the use of an appropriate internal
standard [6]. The specificity of detection of SIM
permits discriminate measurement of both IAA and
the internal standard at the same time. Analysis by
SIM of TAA in plant tissues has previously been
made using a structural analogue as an internal stan-
dard [7]. More recently, stable isotope-labelled com-
pounds have come to be recognized as the best choice
of internal standard since these are most closely
related to the compound of interest [8]. Within this
laboratory, a GC/MS-SIM method for analysis of the
plant hormone, abscisic acid, using a *H-labelled
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internal standard has been developed [9]). PH]IAA,
substituted in the methylene group of the C-3 side
chain has also been used for the analysis of IAA by
SIM (see ref. [10]). Potentially, compounds contain-
ing three or more H atoms possess the advantage of
providing no interference between the internal standard
and the compound of interest. Recently, procedures for
the synthesis and use as internal standards of [°H,}- and
[*H]IAA, labelled in the indole ring have beendescribed
[11].

The development and evaluation of a GC/MS pro-
cedure using [‘HsJIAA as an internal standard and
5-methyl-indol-3-yl acetic acid {(5-MelAA) as a car-
rier, for the routine quantification of IAA in pmol
amounts is described and the results obtained from
the analysis of etiolated pea and maize seedlings
using this method are presented.

RESULTS AND DISCUSSION

One of the principal difficulties in the precise
determination of the trace quantities of IAA in plant
tissues has been the high losses of IAA incurred
during extraction and purification of extracts for
analysis {13, 14]. These losses are usually attributed
to degradation of the compound, especially during
sample concentration and drying down. lino et al. [15]
reported that the use of high purity solvents and an
anti-oxidant greatly improves the recovery during
purification. In the present study, final recoveries of
endogenous IAA and the internal standard were rou-
tinely 30-40% after extraction and purification, with
losses occurring at all stages of the procedure. The
losses during sample purification can be reduced by
the inclusion of 5-MelAA as a carrier. In addition, the
presence of [*H;JIAA as internal standard systema-
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tically corrects for variation in recovery between
samples since the *H-labelled analogue possesses
similar chemical characteristics to those of the endo-
genous compound.

In preliminary investigations it was found that a
single-stage derivatization procedure using
pentafluoropropionic anhydride and pentafluoropro-
panol (PFPA-PFPOH, 4:1), two reagents previously
used to provide a simultaneous esterification and
N-actylation of TAA [16], caused a rapid deuterium
exchange within [*Hs]IAA, manifested as a
marked increase in the H,:?H; ratio. This was most
probably due to the highly acidic conditions in the
derivatization medium causing exchange at the C-2
position on the indole ring. In view of this, extremes
of pH and, in particular, acidic conditions, should be
avoided when wusing [*HsJJAA. No detectable
exchange of *H located in the methyl group of the side
chain of [PH,IIAA was observed when using this
derivatization procedure [16].

A variety of derivatives of IAA have been used for
GC analyses, the choice of which is determined prin-
cipally by the detector (see ref. [17]). A further con-
sideration in the choice of derivatives are their stabil-
ity, and alkyl esters of IAA are stable enough to
permit prep. TLC to be carried out with relatively
little loss. Esterification of IAA by diazoalkanes is a
rapid and mild procedure with a high vield and can be
carried out on impure extracts. Although esters of
IAA can be analysed by GC directly [11, 18], a
subsequent N-acylation was carried out in the
present study. In general the specificity of SIM in-
creases at higher m/z values [8] and thus
perfluorinated N-acyl derivatives provide a further
advantage to that of increased volatility. The use of
heptafluorobutyrylimidazole (HFBI) for N- acylation
of TAA-ester has been reported to be slow and in-
complete [17]. In the present study, a 30-40% reac-
tion yield was obtained when pmol quantities of
TAA-Et were derivatized for 2-3 hr at 85° with HFR]

alone. However, determination of the yield by
GC/MS and confirmation by monitoring the recovery

of radioactivity from [ HITAA following partitioning
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after the reaction showed that in the presence of
20-50% (v/v) dry pyridine, N-acylation was essen-

tially r‘nmn]pfp after incubation with HFRI at 85° for
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2-3 hr No 2H exchange in [2H5]IAA was detected when

using this relatively mild derivatization procedure.
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and [‘Hs;JIAA-HFB-Et showed the typical frag-
mentation pattern of 3-substituted indole carboxylic

acids [7. 101 with 5 nrominent M* and maior fraement
acCids (7, 17 Wilit @ promineéni M and major iragmeont

ions arising ] from the B-cleavage
fragment, the quinolinium ion and fluorinated acyl
fragments (Fig. 1).
methyl group in the carrier, 5-MelAA, resulted in its
derivative making only a minor contribution to the
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GC column ca 50 sec after the IAA-HFB-Et peaks,
thus providing no interference in the analyses.

By using the procedure described, a compound was
isolated from extracts of both pea and maize seed-
lings which co-chromatographed on TLC with JAA-
Et and, following acylation, cluted as a sharp peak by
GC/MS at the same retention time as IAA-HFB-Et,
producing ions at m/z 399 and 326, corresponding to
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Fig. 1. EI/MS of the HFB-Et derivative of [AA and [2, 4, 5,
6, 7-"H;)IAA at an ionization potential of 70eV.

the M" and the B-cleavage fragment, with a relative
intensity within + 1% that of authentic IAA-HFB-Et
(Fig. 2). Due to the small quantities of endogenous
TAA present in the extracts, identification by GC/MS
was only possible by SIM which is 2-3 orders of
magnitude more sensitive than full spectral scanning.

The accuracy and precision of plant hormone
analyses has been appraised by Reeve and Crozier [4]
who have attempted to assess their reliability objec-
tively in terms of information theory by allocating
bits of information to the data obtained from
chromatographic and physico-chemical detection.
The information provided is thus determined by the
efficiency of chromatographic separation and the

specificity of the method of detection, and can be
compared to a theoretical 140 bpit minimum value
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required to attain confidence in identification [4].
Thus, using SIM (4 bits/channel), the information

content can be determined as: 4dn + ¢ bits. where ¢
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represents the chromatographic ‘peak capacnty and n
the number of channels monitored. With the limited
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value obtained is largely determined by ¢ and this
varies with the GC conditions and the duration of

P
- l R m/z 399
c R W TS
L4
T -,
3
o
S I m/z 326
— . v Y A
5 10 15 20
R,, min

Fig. 2. Selected ion chromatogram of extract from Pisum

epicotyls using a GC oven program io cause {AA-HFB-Et

to elute at 11 min (peaks arrowed). Each channel is nor-
malized independently to the most intense peak.
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Fig. 3. Selected ion chromatograms from extracts of: (a) Standard of 250 pmol [*H,)JIAA only; (b)
standard of 250 pmol TAA and 250 pmol [*H;]JIAA; (c) Zea coleoptile; (d) Zea mesocotyl; (e) dark-grown
Pisum epicotyl; (f) light-grown Pisum epicotyl. Arrows indicate the peaks from [*H]IAA-HFB-Et.

monitoring. On the capillary columns used in the
present study, values for ¢ of 30-100 were obtained
with up to 10 contaminant peaks due to impurities
being observed (Figs. 2 and 3). This provides 110-460
bits of information per channel and thus meets the
criteria proposed for reliable identification of endo-
genous IAA in maize and pea seedlings. In practice,
the difficulties involved in determining the infor-
mation yielded by physico-chemical purification and
analysis of plant extracts render appraisal by in-
formation theory only approximate.

Quantification of the endogenous IAA in the tissue
extracts was made by reference to a calibration plot
derived from standards subjected to the same
purification procedure as extracts and prepared
afresh for each series of samples (Fig. 4). The plot of
*Ho/*Hs was linear over the concentrations deter-
mined, passing through the point of origin due to the
absence of interference and producing a slope close
to that expected from the known isotopic purity of
the internal standard (theoretical value: 1.25). The
slope derived from the B-cleavage fragment ions was
consistently lower than that from the M"s, an effect
apparently due to the presence of ’H on the relative ion
intensity. An impurity was found to be present in the
carrier solution of 5-MelAA which chromatographed
closely with IAA in TLC and GLC and which caused
some interference in the calibration plot. This limited
the amount of carrier which could be added without
causing interference, to a 5 nmol/sample. The addition
of the carrier appeared to augment recovery, though it
was not clear at which stage its presence was most
effective. Calibration plots and the amounts of inter-
nal standard used were adjusted according to the
quantity of endogenous compound expected from the
tissues. The lower limit of quantification of endo-
genous IAA in the tissues, determined from the
confidence interval derived from the calibration plots
was ca 3 pmol/extract. The coefficient of variation in
replicate analyses of standards was found to be 2-4%,
whilst in replicate samples of eight whole pea seed-
lings each it was 11.5% (Table 1). This shows that the
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Fig. 4. Typical calibration plot of IAA against the peak area
ratios derived from the M* and g-cleavage fragment ions,
using 250 pmol [2HJIAA as an int. standard.

principal source of error in the determinations derives
from endogenous variation in IAA content in the
plant material.

Additional sources of error in determinations of
IAA can derive from the formation as artefacts of
methyl or ethyl esters of IAA during preparation of
samples for analysis and from their natural occur-
rence in plant material. In the present study, it was
found that when 250pmol IAA and 250pmol
PH.IIAA in 8 ml 80% methanol or ethanol were
reduced to the aqueous phase either by vortex
evaporation at 50° or by evaporation under a stream
of N, at 40°, a low, but significant, amount of
esterification took place. Using methanol as a solvent,
up to 10% of the IAA was converted to the methyl
ester, whilst using ethanol, up to 2% of ethyl ester
was formed. A similar degree of esterification was
observed to take place in alcoholic plant extracts.
From the *Hy/?H; ratio of the esters it was estimated
that formation was due predominantly to
esterification of the free acid and not to tran-
sesterification of JAA conjugates present in the tissue
extracts (cf. ref. [20]). In practice, the possibility of
errors arising from alcoholysis can be circumvented
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Table 1. Precision of IAA quantification in standards and extracts of
Pisum epicotyls by monitoring the B-cleavage fragment ion ratios

n  Meanzse.

Coeflicient of varation

(%)

IAA standards
500 pmol 4 505 +9.8* 39
250 pmol 6 250 = 2.0* 2.0
Tissue extract 6 82 +3.8% 11.5

*nmol TAA/sample.

tpmol IAA/g fr. wt in extracts of eight entire epicotyls each.

by making a judicious choice of extraction solvent
and can be minimized by the inclusion of an internal
standard. In the present study, although methanol
was used as an extraction solvent, it was assumed
that any losses due to methanolysis were corrected
for by the presence of [°H;]JIAA as internal standard.
As an additional precaution, the ethyl ester of IAA
was prepared for analysis by derivatization with
diazoethane.

The ethyl and methy! esters of IAA were found to
partition readily from aqueous solution into organic
solvents at both acid and basic pH and thus the
solvent partitioning procedure employed, involving a
back partition into alkaline phosphate buffer,
effectively excluded esters present in the initial
extracts. The possibility that these esters of IAA exist
naturally in the plant tissues was checked in pea
seedlings. Thus, using 250 pmol PH IAA-Et, synthes-
ized by esterification of ["Hs]JIAA with diazoethane as
an internal standard, 1-2g fr. wt dark grown pea
epicotyl tissue was homogenized in either methanol or
ethanol and subjected to a single partitioning against
ether and the ether phase purified by TLC. No evidence
of the presence of either the methyl or ethyl ester was
found in the extracts (limit ca | pmol/g fr. wt) when
using ethanol or methano! respectively as extraction
solvents. The ease with which the corresponding esters

are formed during sample purification as artefacts
suggests that caution should be employed in attributing
their presence in extracts to their natural occurrence in
vivo [21-23].

Additional sources of error in the determination of
IAA in plant tissues lie in the possibility of IAA
formation as an artefact, during extraction and
purification, either by decarboxylation of endogenous
indol-3-yl pyruvic acid [15] or by the hydrolysis of
TAA conjugates present within the tissues [27]. Al-
though the extent of the contribution from these
sources in the present study was not determined, the
possibility of artefactual formation was minimized by
the use of small quantities of plant material, by
working through the purification procedure rapidly
and avoiding extremes of temperature and pH.

The levels of endogenous IAA previously deter-
mined in etiolated seedling tissues by spectro-
photofluorimetry and UV  spectroscopy (58—
205 pmol/g fr. wt in maize [15, 24]; 41-200 pmol/g fr.
wt in pea [25-27]) are within the range determined
here by GC/MS (Tables 2 and 3). The levels of IAA in
pea seedling internodes decline with age down the
epicotyl (Table 3) resulting in a gradient, thus
confirming previous results obtained by bioassay[28].
In maize seedlings the apical part of both the coleop-
tile and mesocotyl contain higher levels of IAA than

Table 2. Levels of IAA in dark-grown Zea seedlings. Values are derived
from extracts of 15 seedlings each

Fr. wt 1AA level IAA level
(mg/segment) (pmol/segment) (pmol/g fr. wt)

Coleoptile*
Apex (0-1.2 cm) 204 4.07 199
24.5 4,07 166
Base (1.2-2.4 cm) 27.5 3.47 126
32.2 3.47 108

Mesocotyl
Apex (0-2.5 cm) 81.5 10.13 124
83.1 10.47 126
Base (2.5-5.0cm) 84.1 6.33 75
84.8 6.00 71

*Primary leaf removed.
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Table 3. Levels of IAA in dark-grown Pisum epicotyls. Values are derived
from extracts of 15 seedlings each

Internode Fr. wt TIAA level
(mg/segment) (pmol/segment) (pmol/g fr. wt)
Apical 67 571 85.1
67 6.06 90.4
Median 161 8.64 53.7
173 9.64 55.8
Basal 165 6.07 36.7
171 6.58 38.5

the respective basal parts (Table 3). A gradient of
TAA has previously been found by bioassay to exist
in cereal coleoptiles [1], though the levels in etiolated
mesocotyls has not been determined previously. At
the time of harvest, growth was nearing completion in
the coleoptile, though still vigorous in the subtending
mesocotyl. The levels of IAA therefore, show only an
approximate correlation with the distribution of
growth and this suggests that other factors are con-
trolling the growth of these tissues at this develop-
mental stage.

EXPERIMENTAL
Plant material. Seeds of Zea mays var. LG-11 (Assoc.

des Sélectionneurs, lLausanne, Switzerland) and Pisum
sativum var. Alaska (Sharpes, Sleaford, U.K.) were soaked
in running H;O for 8 hr, planted in moist Vermiculite and

grown in complete darkness or under white light at

25 + 1°, Maize seedlings were harvested after 5 days and pea
gseedlings after R davs,

eedlings after 8 days
Extraction and purification procedure. Plant material
(0.5-2.5 g fr. wt) was harvested in dim green light. Excised

tissnes were diced intc 4mm sections
4mm seclions

directly to tubes containing the homogenization medium in

an ice-H,0 bath. Tissues were immediately homogenized
for Weec. with 2

107 SusCC. Wil a

and trancferred
ang f(ransierred

Polvtron® haomooenizer (Kinematica
Polytron® homogentzer (Kinematica,

Lucerne, Switzerland) in a medium which comprised 6.5 mi
MeOH, containing 500 or 250 pmol *HJIAA and 5 nmol 5-

MaTAA Aftar ctasning at A% for 00 min the homogenates
miCinn., ol SWCpliig av 4

were centrifuged at 1800 g for 5 min and the supernatants
transferred to 10 ml conical glass tubes and reduced to the
aq. phase by evaporation at S0 mm Hg at 50° in a vortex
evaporator (Buchler, Fort Lee, U.S.A.). The remaining aq.
phases were transferred to 10 ml round-bottomed tubes, to
which 3 m! Et;0 and §.15 mi 2M HCl were added, the tubes
capped with PTFE-lined screw tops and tumbled for 10 min
by rotation at 8 rpm. After low speed centifugation the aq.
phases were removed by pasteur pipette and the Ei,O
phases were partitioned (twice) against 2ml 200 mM
K,HPO, buffer (pH > 8). The combined buffer phases were
acidified by the addition of 0.45 mi 2M HCi and partitioned
against 5 ml Et,0. The final Et,0 phases were transferred by
pasteur pipette to conical glass tubes and reduced to ca
0.5mi under a stream of N, at 40°. The residues were
alkylated by incubation in an ice-H,O bath with 0.15ml
EtOH and 1.5 ml ethereal diazoethane for 15 min. The resi-
dues were then biown to dryness under a stream of N, and
taken up in 100 ul EtOH for TLC or dried more thoroughly for
subsequent derivatization by HFBI by azeotroping in 500 ul
EtOH-toluene (9: 1) foliowed by evaporation to dryness under
a stream of N,.

10T Fu il C fNOMOBCiacs

TLC. The EtOH solns of the alkylated phases were
loaded as 15 mm streaks onto 250 pm Si gel F-254/366 plates
{(Woelm, Eschwege, West Germany) using 40nmol 5-
MelAA-Et spots at the sides of the plate as markers, and
developed in either hexane-EtOAc (1:1) or CHCl,--MeOH
(93:7). The markers, running at similar Rys to IAA~Et (R,
0.6 = 0.1) were visualized under UV, and the corresponding
regions on the plate scraped off and eluted with 1.5ml
MeOH, in pasteur pipettes containing cotton wool support
plugs. The eluates were blown to dryness under a stream of
N2 at 40°,

HFBI derivatization. To the dried residues in glass-stop-
pered tubes 50 ul dry pyridine + 50 u] HFBI were added.
After incubation for 3 hr at 85° the tubes were chilled, 400 ul
hexane and 1.0 ml 0.5 N H,SO, were added and vortexed for

20 sec. Following low speed centrifugation, the aq. phases
were removed by pasteur nlnp"p and discarded, The hexane

emoveQ DY pasieur PIPelIe ang CisCarced

phases were repartmoned against 1 ml H,O and transferred
to conical glass tubes. Prior to analysis the contents were

reduced ta ca 40 41 under a stream of N
reguced to cag 40 pl under a stream of N;.

GCIMS. Analysis was carried out on a low resolution
quadrupole instrument under computer control (model 5985

A+ Hawlatt_ Dackard Dala Altn T'{ Q A \ Cnlitlace iniactin
Ay, nDCWitit-ralrarG, rawd ~iid, ). opiti€ss mnjections

of 2 ul were made onto a 10 or 25mx0.3mm OV 101
WCOT glass or fused silica capillary column connected
either directly or by an open split interface to the ion source.
Typical GC operating conditions were: injector 250°, GC
oven 110° programmed at 30°/min to 220°, He ca 2 ml/min.
The MS was tuned by reference to perfluorotributylamine
using the Autotune program with typical operating con-
ditions being: ionization potential 70 eV, emission current
300 A, ion source 200°.
strument was operated in the SIM program, monitoring m/z
326.1, 331.1, 399.0 and 404.0 simultaneously with a dwell
time of 56 msec on each ion. Prior o analyses the retention
time and fine focus were checked by injection of ca 300 pg
of [*’HJIAA-HFB-Et. Though frequently checked, no evi-
dence of ‘memory effeci’ from previous injections was
observed. Under these conditions, IAA-HFB-Et had a
retention time of 5-7 min.

Standards and calibration procedure. Quantification of
the endogenous [AA in the extracts was made by reference
to calibration plots derived from a series of standards rou-
tinely subjected to the same purification procedure. Stan-
dards containing 5 nmol 5-MeIAA and either 500 or 250 pmol
[*HJIAA together with known amounts of 0-500 pmol IAA
exhibited a iinear reiationship between the amount of IAA
present and the *Hy/*H; ratio derived from either the M* or
B-cleavage fragment ion peak areas (Fig. 4). Recovery of
endogenous IAA and the int. standard were routinely esti-
mated by homogenizing replicate samples of plant material,

Char mttnmbitatien cmnlircns tha e
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in the homogenization medium containing, in addition, 5.0 X
10° dpm PHJIAA (sp. act. 29 Ci/mmol; CEA, Gif-sur-Yvette,
France). Typical values for the recovery in the final hexane
phase, determined by liquid scintillation counting, were 30—
40% when the TLC stage was omitted. Similar values were
obtained when recovery was calculated separately by
reference to the peak areas derived from standards contain-
ing known amounts of added IAA-Et and analyses by
GC/MS.

Chemicals. All solvents were of analytical grade and were
re-distilled prior to use. Diazoethane in Et,0 was prepared
by synthesis from N-ethyl-N-nitrosourea [12] and was used
at a concn of 30-80 mM in Et,0, calculated by titration, and
stored at —20° prior to use. [2, 4, 5, 6, 7-2H]JIAA syn-
thesized by Merck, Sharp & Dohme (Canada) was obtained
from Professor R. P. Pharis of the University of Calgary,
Canada. Analysis of the isotopic purity of the HFB-Et
derivative by GC/MS showed the following isotope dis-
tribution: 2Hy < 0.1%: H, <0.1%; H, < 1%; H, 1.3%; M,
11.2%; *H; 81.7%; "Hy 5.5%. *H was located principally in
the indole ring with a small amount of incorporation in the
methylene group of the side chain. Solutions of TAA and
[*Hs]IAA were made up in MeOH (5 x 107® M) and stored at
—20°. GC/MS analysis by SIM using freshly-prepared solu-
tions as reference standards showed that no detectable
breakdown or esterification of IAA or ’H exchange occurred
during 6 months storage in MeOH.
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