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The endogenous levels of indole-3-acetic acid (IAA), gibberellins (GAs), abscisic acid (ABA) and cytokinins
(CKs) and their changes were investigated in shoot tips of ten longan (Dimocarpus longan Lour.) trees for
off-season flowering until 60 days after potassium chlorate treatment in comparison with those of ten
control (untreated) longan trees. These analytes were extracted and interfering matrices removed with
a single mixed-mode solid phase extraction under optimum conditions. The recoveries at three levels
of concentration were in the range of 72-112%. The endogenous plant hormones were separated and

;?K;rg:;mnes quantified by liquid chromatography-electrospray ionization-mass spectrometry (LC-ESI-MS). Detection
Longan limits based on the signal-to-noise ratio ranged from 10 ngmL~! for gibberellin A4 (GA4) to 200 ng mL~!
Potassium chlorate for IAA. Within the first week after potassium chlorate treatment, dry weight (DW) amounts in the treated
LC-ESI-MS longan shoot tips of four gibberellins, namely: gibberellin A1(GA1), gibberellic acid (GA3), gibberellin
Flowering A19(GA19) and gibberellin A20 (GA20), were found to increase to approximately 25, 50, 20 and 60 ng g~

Mixed-mode SPE respectively, all of which were significantly higher than those of the controls. In contrast, gibberellin
A8 (GA8) obtained from the treated longan was found to decrease to approximately 20 ng g-! DW while
that of the control increased to around 80 ng g~! DW. Certain CKs which play a role in leaf bud induction,
particularly isopentenyl adenine (iP), isopentenyl adenosine (iPR) and dihydrozeatin riboside (DHZR),
were found to be present in amounts of approximately 20, 50 and 60ngg~' DW in the shoot tips of the
control longan. The analytical results obtained from the two-month off-season longan flowering period
indicate that high GA1, GA3, GA19 and GA20 levels in the longan shoot tips contribute to flower bud
induction while high levels of CKs, IAA and ABA in the control longan contribute more to the vegetative
development.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Longan (Dimocarpus longan Lour.) is a major economic crop of
the northern part of Thailand. Research interests regarding longan
have focused on developing ways to enhance the quality and quan-
tity of this fruit. Factors affecting the growth of longan trees in
addition to geographical and climatic factors, include light [1-3],
water stress [4-6], nutrient or fertilizer [4,7] and certain chem-
icals [4,8-10]. In recent years, the application of some chemical
substances, notably potassium chlorate [8,10], to the soil of longan
orchards has been utilized in the northern part of Thailand for off-
season longan floral induction. Natural longan usually blooms in the
winter when moderately low temperatures stimulate flower bud
initiation [8,10], a phenomenon which also commonly occurs with
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other fruits such as lychees (Litchi chinensis Sonn.)[11], mangoes cv.
Kensington Pride. [9,12], Phalaenopsis hybrid (Minho Princess x Phal.
Equestris) [13], and strawberries (Fraqgaria x ananassa Duch.) [14].
To date, most publications on longan have dealt with agricul-
tural aspects such as geographical and climatic factors enhancing
fruit yields whereas the effects of chemical compounds associated
with the flowering process of longan trees have been less well-
documented. It is well known that there are a variety of plant
production metabolites which are synthesized in both normal and
abnormal plant situations. Some of these compounds are in translo-
cation or storage form and sometimes their amounts are readjusted
by differentiation development of growth stage or as a result of
some stress reduction. Chemical compounds involved directly in
controlling the growth of plants are the plant hormones which
can be classified into six major groups, namely: cytokinins, abscisic
acid, auxins, gibberellins, ethylene, and other plant hormones such
as brassinosteroids, jasmonic acid, and strigolactones [15,16]. Plant
hormones are synthesized in shoot or root meristem cells and trans-
ported to target areas for plant development including cell division,
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cell enlargement and cellular differentiation depending on the type
of plant hormones and their levels. Previous research work has
suggested that the levels of plant hormone changes, e.g. of GAs
[6,13,17] or CKs [2,17,18], during flowering in certain plants are
induced by chemical substance application.

The combined liquid chromatographic and mass spectromet-
ric (LC-MS) technique has been used in chemical research to
identify or confirm the chemical components or to measure the
levels of specified targets since this technique offers high sensi-
tivity and resolution with a wide range of applications for clinical
[19,20], pharmaceutical [19-21], agricultural [22], environmental
[21,23,24] and biological samples [19,20,22].

The present research has been aimed at studying the changes in
selected plant hormone levels of the IAA, ABA, CKs and GAs groups
in shoot tips of longan trees after potassium chlorate treatment for
off-season floral induction compared with those of the control lon-
gan trees, i.e. those without potassium chlorate treatment, within
the same period of time. Analyses were carried out by means of
liquid chromatography-electrospray ionization-mass spectrome-
try (LC-ESI-MS) in both positive and negative ionization modes.
The names of the plant hormones investigated in this research are
listed in Table 1.

2. Experimental
2.1. Chemicals and reagents

Cytokinins; trans-zeatin (t-Z) (purity >99% for HPLC) was pur-
chased from Fluka (Gillingham, Dorset, UK), benzyladenine (BA)
(purity >98% for HPLC) was purchased from Fluka (Budapest,
Hungary), kinetin (K) (purity > 98% for HPLC) was purchased from
Fluka (Buchs, Switzerland); trans-zeatin riboside (t-ZR), dihy-
drozeatin (DHZ), dihydrozeatin riboside (DHZR), zeatin glucosides
(Z9G), zeatin riboside-O-glucoside (ZROG), zeatin riboside-5-
monophosphate (ZR-MP), isopentenyl adenine (iP) and isopentenyl
adenosine (iPR) were products of Olchemin (Olomouc, Czech
Republic). Abscisic acid (+ABA) was purchased from A.G. Scien-
tific (San Diego, CA, USA). Indol-3-acetic acid (IAA) (purity >98%
for HPLC) was purchased from Fluka (Buchs, Switzerland). Gib-
berrellic acid (GA3) and gibberrellin A4 (GA4) (purity>90% for
HPLC) were purchased from Fluka (Buchs, Switzerland); GA1, 8,
19 and 20 were products of Olchemin (Olomouc, Czech Repub-
lic). Alizarin, used as internal standard (I.S.), was purchased
from Merck (Darmstadt, Germany). Formic acid, ammonia solu-
tion and methanol (Analytical grade) were purchased from Lab
Scan (Gliwice, Poland). Methanol and acetic acid (HPLC grade) for
mobile phase preparation were purchased from Merck (Darmstadt,
Germany). De-ionized water was generated with a Milli-Q water
purification system from Millipore (Billeric, MA, USA). SPE C-18
(300 mg) and mixed-mode SPE (C8/SCX, 500 mg) were purchased
from Vertical Chromatography (Bangkok, Thailand). Potassium
chlorate (KClO3) (Laboratory grade) was locally obtained from
Maejo University, Thailand.

2.2. Plant materials

Twenty ten-year-old longan trees of the cv. E-Daw, Dimocar-
pus longan Lour., located in the experimental orchard of Maejo
University, Sansai District of Chiang Mai Province in the north-
ern part of Thailand, were the source of plant material with ten
trees being taken as the treated source and the remaining ten trees
as the control source. The KCIO3 application to the surface soil
was approximately 500¢g per treated longan tree. The shoot tips
(2-3 cm) of longan were collected from both the control and the
treated sources starting from 4 days before the application of KClO3

into the soil of the treated source until 60 days after the applica-
tion. Shoot tips were collected at 2-5 day intervals with the first
day of the treatment designated as day 0. For the treated source,
each sample comprised approximately 100 shoot tips collected ran-
domly and proportionately from the ten treated longan trees at
1.5-3 meters above the soil surface level. The collected shoot tips
were immediately kept in liquid nitrogen before being transported
to the laboratory where only terminal buds and lateral or auxiliary
buds of the shoot tips were freeze-dried and stored at —20°C prior
to the extraction and clean-up steps. As for the control source, each
sample was obtained from the ten control longan trees, using the
same procedure as above.

2.3. Extraction and clean-up procedure

One gram dry weight (DW) of each longan shoot tip sample was
ground to a powder with liquid nitrogen (N, ) and extracted with a
cold extraction mixture of 10 ml MeOH:HCO,H:H,0 (15:4:1, v/v/v)
solvent overnight at 4 °C. The extractant was separated by centrifu-
gation (10,000 rpm, 20 min) and then re-extracted for 30 min in an
additional 10mlg~! plant material of the cold extraction mixture.
The supernatant liquid was evaporated either to near dryness or
until the methanol was removed. The residue was then dissolved
in 2 ml of 0.1 M formic acid and applied to mixed-mode SPE pre-
conditioned with 5 ml of methanol followed by 5 ml of 1 M formic
acid. The SPE was washed and eluted with 2 ml of 80% MeOH fol-
lowed by 2 ml of 1 M ammonia in 80% MeOH. All remaining liquid
was dried with N, gas. Finally, all of the extracts were re-dissolved
in 80% MeOH with internal standard and filtered through 4 mm
PTFE before determination by liquid chromatography-electrospray
ionization-mass spectrometry (LC-ESI-MS).

2.4. Liquid chromatography-electrospray ionization-mass
spectrometry conditions

The determinations were performed on a LCMS system consist-
ing of an Agilent series 1100 with a diode array detector (DAD)
and an orthogonal spray HP mass spectrometer equipped with an
electrospray ionization (ESI) source. The ionization interface was
operated in both positive and negative modes. The data acqui-
sition software used was Agilent Technology. The LC separation
was carried out by a Zorbax SB C18 column (2.1 mm x 100 mm
i.d., 3.5um). The elution was performed using solvent A (0.1%
acetic acid in methanol) and solvent B (0.1% acetic acid in water)
with a linear A/B gradient program of: 0 min: 10% A; 4 min: 30%
A; 34min: 60% A; 40 min: 100% A, and held for 10 min at a flow
rate of 0.3 mLmin~!. The injector volume selected was 5 L. The
LC-ESI-MS conditions were set as: capillary voltage 4500V, neb-
ulizer pressure 25 psi, gas temperature 330°C; nitrogen gas flow
rate 10Lmin~! and fragmentation 80V and 70V for positive and
negative modes, respectively. Quantitation was performed by inte-
gration of the peak area ratio of the analyte to the internal standard
on extracted ion chromatograms (EICs) with the extracted ions of
[M+H]* and [M—H]~ for positive and negative ions respectively. The
specific diagnostic ions for each of the plant hormones are listed in
Tables 2 and 3.

3. Results and discussion
3.1. Liquid chromatography—electrospay mass spectrometry

Eleven cytokinins (K, BA, iP, iPR, DHZ, DHZR, t-Z, t-ZR, ZR-MP,
Z9G and ZROG), auxin (IAA), abscisic acid (ABA) and six gibberellins
(GA1, 3, 4, 8, 19 and 20), as listed in Table 1, were studied in this
work. Fragmentation of each plant hormone was obtained using
ESI-MS with both positive and negative ionization scan modes. The
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Table 1
Structures, formulas and masses of plant hormones investigated.
Structure Formula Mass Compound Abbreviation
H,
C
PN
HN R,
R,
N
N X \>
K N
N N\
R; Ri, Rz, R3 C1oH13N50 219 trans-zeatin t-Z
H, CH=C(CH3)CH,OH, - Ci5H21N505 351 trans-zeatin riboside t-ZR
H, CH=C(CH3)CH,0H, R C1oH13N5s 203 Isopentenyl adenine iP
H, CH=C(CH3),, - Ci5H21N504 335 Isopentenyl adenosine iPR
H, CH=C(CH3),, R C1oH15N50 221 Dihydrozeatin DHZ
H, CHch(CH3 )2, - C15H23N505 353 Dihydrozeatin riboside DHZR
H, CH,CH(CHs3)2, R C16H23N506 381 Zeatin glucosides 79G
Glu, CH=C(CH3)CH,OH, - C21H31N5019 513 Zeatin ZROG
Glu, CH=C(CH3)CH,0H, R C15H2N50gP 431 riboside-O-glucoside ZR-MP
H, CH=C(CH3)CH,OH, RP C1oHoN50 215 Zeatin K
o \ Ci2H11Ns 225 riboside-monophosphate BA
Kinetin
H A Benzyladenine
H, —
Glu=Glucoside,
R=riboside
RP =riboside
mono-phosphate
C1oHgNO; 175 Indole-3-ly acetic acid 1AA
C15H004 264 Abscisic acid ABA
Ri, Rz, R3 Ci9H2206 346 Gibberellic acid GA3
H, OH, OH C19H2406 348 Gibberellin A1 GA1
H, OH, H Ci19H2405 332 Gibberellin A4 GA4
OH, OH, OH Ci19H2407 364 Gibberellin A8 GA8
H, H, OH C19H2405 332 Gibberellin A20 GA20
Ca0H2606 332 Gibberellin A19 GA19
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Table 2

Diagnostic fragments, linear ranges, linear equations, LOD, LOQ and precision values of plant hormones obtained with LC-ESI-MS using positive ionization mode.
Plant hormone Retention time RSD (%) Linear regression linear regression Correlation LOD,* ngmL™! LOQ,> ngmL-!

(n=5) (min) range (ngml-1) equation Y=mX+C coefficient

Positive mode [M+H]*
t-Z 220[136] 11.541 + 0.337 292 200-2000 Y=0.7743X -0.0178 0.9985 90 320
t-ZR 352 [222] 14.300 + 0.518 3.62 100-1000 Y=1.2759X+0.0068 0.9972 25 100
iP 204 [136] 22.418 +£0.293 1.30 100-1000 Y=0.3403X+0.0233 0.9993 50 120
iPR 336 [204] 26.851 + 0.561 2.09 100-1000 Y=0.3440X — 0.0258 0.9993 30 100
DHZ 222[136] 11.775 + 0.515 4.37 100-1000 Y=0.4082X+0.0893 0.9971 80 250
DHZR 354 [222] 14.874 £ 0.651 4.38 100-1000 Y=0.2151X+0.0083 0.9990 45 150
729G 382 [220] 10.615 + 0.586 5.52 100-1000 Y=0.7109X +0.0321 0.9988 55 100
ZROG 514 [382] 12.927 + 0.434 3.36 100-1000 Y=0.4660X +0.0247 0.9964 70 140
ZR-MP 432[222,136] 9.733 + 0.512 5.26 100-1000 Y=0.1503X — 0.0047 0.9982 60 180
K 216 [148] 16.862 + 0.304 1.80 100-1000 Y=0.5894X+0.0411 0.9984 55 150
BA 226 24.162 + 0.774 3.20 100-1000 Y=2.8365X+0.0593 0.9968 50 120

m/z value in the square brackets, [...] is the characteristic ion indicating the relevant mass diagnostic fragment of each analyte.

2 LOD, limit of detection based on 3 times of signal to noise ratio [25].
b LOQ, limit of quantitation based on 10 times of signal to noise ratio [25].

Table 3

Diagnostic fragments, linear ranges, linear equations, LOD, LOQ and precision values of plant hormones obtained with LC-ESI-MS using negative ionization mode.
Plant hormone Retention time RSD (%) Linear regression linear regression Correlation LOD,2 ngmL~! LOQ,> ngmL-!

(n=5) (min) range (ngml-1) equation Y=mX+C coefficient

Negative mode  [M—-H]~
1AA 174 [130] 19.072 £ 0.108  0.56 200-2000 Y=0.0049X — 0.0004 0.9946 200 600
ABA 263[153,219] 27.188 £0.716  2.63 100-1000 Y=0.0325X+0.0043 0.9992 70 200
GA1l 347 16.929 + 0.708  4.18 100-1000 Y=0.0351X+0.0013 0.9977 50 180
GA3 345 [239] 16.702 +£ 0423  2.54 100-1000 Y=0.0374X+0.0007 0.9995 30 85
GA4 331[287] 41.048 £ 1.214 296 100-1000 Y=0.2546X+0.0032 0.9998 10 20
GA8 363 11.248 £ 0210  1.87 100-1000 Y=0.0257X - 0.0001 0.9991 40 120
GA19 361 35.764 £ 0504  1.41 100-1000 Y=0.0314X+0.0015 0.9992 45 150
GA20 331 30.740 £ 0.108 035 100-1000 Y=0.0425X+0.0016 0.9997 30 75

mj/z value in the square brackets, [...] is the characteristic ion indicating the relevant mass diagnostic fragment of each analyte.

2 LOD, limit of detection based on 3 times of signal to noise ratio [25].
b LOQ, limit of quantitation based on 10 times of signal to noise ratio [25].

relevant mass diagnostic fragments, in square brackets, are sum-
marized in Tables 2 and 3. Fig. 1 shows overlayed extracted ion
chromatograms (EICs) of the plant hormones detected by LC-ESI-
MS with positive ionization scan mode while Fig. 2 shows those
detected by LC-ESI-MS with negative ionization scan mode. Linear-
ity was evaluated over the range 100-2000 gL' and good linear
regressions or coefficients were obtained with values above 0.99.
The relative standard deviations (RSD %) for each analyte peak area
and retention time were well within 10%. Instrumental detection
limits or limits of detection (LOD) and limits of quantitation (LOQ)
were determined based on the signal-to-noise ratio (S/N), where
LOD is 3 times S/N and LOQ is 10 times S/N [25]. LOD and LOQ
ranged from 10-200 to 20-600ng mL~!, respectively, as shown in
Tables 2 and 3. These results demonstrate that LC-ESI-MS is quan-
titatively applicable to plant hormone analysis with both positive
and negative ionization modes.

3.2. Mixed-mode solid phase extraction

Since the amounts of plant hormones in the plant materi-
als investigated were very low and were therefore susceptible to
interference by several secondary metabolite compounds present
in higher concentrations than the analytes themselves, a purifi-
cation or clean-up method was required prior to measurement
by LC-MS. Modified mixed-mode SPE, consisting of both reverse
phase and cation exchange sorbent in single SPE, was employed
in this work by adapting the conditions previously reported by
Dobrev and Kaminek [26,27]. The optimized mixed-mode SPE was
used in the recovery studies performed with blank matrix sam-
ples spiked with plant hormone standards at three concentrations.

The percentages of recovery at low, medium and high concen-
tration were 72-112, 84-104 and 82-105, respectively, with %
RSD in the ranges of 1.96-17.18, 3.26-16.07 and 2.41-14.30,
respectively, as listed in Table 4. Replicate extraction (n=8) of
plant hormone standards at medium concentration yielded good
repeatability and reproducibility of the mixed-mode SPE method
with 1.95-12.08% RSD and 82-103% recovery. Therefore, mixed-
mode SPE was used for the removal of potentially interfering
matrices in order to enhance the sensitivity of the LC-ESI-MS
system in analyzing for the plant hormones of interest. Knowing
the approximate concentrations of the plant hormones of interest
in the samples through trial experiments, the final concentra-
tions of the analytes were thus prepared well within the linearity
range and at levels higher than the LOQ. The amounts of plant
hormones in the shoot tips in gDW were then calculated accord-
ingly.

Floral or leaf induction reflected different physiological plant
developments with and without potassium chlorate treatment.
After approximately the ninth to twelfth day following potas-
sium chlorate treatment, the treated longan trees were observed
to begin their plant development from the stage of flower buds
which were later transformed into flowers, anthesis, abscission
and longan fruits consecutively with a total of approximately 50
days to reach the fruit induction stage. Longan trees without potas-
sium chlorate treatment generally resulted in growth with leaf
induction. Chemical treatment with chlorate is known to activate
floral bud induction [8,10] and its effects may be regulated by
hormonal changes, as observed in the endogenous IAA, GA and
cytokinin transformations after potassium chlorate treatment in
this research.



Table 4
Recovery values and relative standard deviations (RSDs) obtained at three concentration levels.

Plant hormone Low concentration (n=3)2 Medium concentration High concentration (n=3)?

Spiked (ngmL-1) Recovery (%) RSD (%) Spiked (pgmL-1) I(n=3)p Il (n=8)" Spiked (pgmL-1) Recovery (%) RSD (%)

Recovery (%) RSD (%) Recovery (%) RSD (%)

Positive mode
t-Z 0.10 102 13.03 0.20 94 7.39 92 5.08 0.40 96 4.46
t-ZR 0.10 91 7.53 0.20 88 8.12 93 8.00 0.40 92 3.54
iP 0.10 83 14.38 0.20 90 8.75 89 8.01 0.40 99 241
iPR 0.10 102 5.44 0.20 91 9.19 88 9.45 0.40 95 6.55
DHZ 0.10 72 10.30 0.20 88 12.86 92 1.95 0.40 89 9.68
DHZR 0.10 99 10.50 0.20 86 3.26 87 9.74 0.40 95 4.73
Z9G 0.10 98 2.95 0.20 98 10.98 84 9.86 0.40 103 9.04
ZROG 0.10 90 5.42 0.20 104 3.38 85 12.08 0.40 102 5.52
ZR-MP 0.10 105 6.08 0.20 96 5.47 91 7.70 0.40 105 10.02
K 0.10 102 8.27 0.20 102 6.90 92 3.80 0.40 96 4.35
BA 0.10 112 6.77 0.20 94 1.25 102 4.16 0.40 103 13.97
Negative mode
1AA 0.20 nd - 0.40 84 16.07 82 12.27 0.80 88 6.24
ABA 0.10 108 13.17 0.20 95 10.07 93 11.34 0.40 96 12.38
GA3 0.10 112 1.96 0.20 89 6.54 91 10.22 0.40 82 7.49
GA4 0.10 93 3.21 0.20 92 5.54 96 8.90 0.40 97 11.71
GA1 0.10 95 17.18 0.20 86 3.76 84 8.06 0.40 98 6.75
GAS8 0.10 99 11.19 0.20 93 7.47 98 7.79 0.40 91 14.30
GA19 0.10 101 10.38 0.20 90 15.50 93 9.49 0.40 96 6.25
GA20 0.10 110 14.45 0.20 92 12.89 88 11.32 0.40 97 6.42

506-268 (110Z) S8 pyup[p] /v 32 dns3uapmosns -y

2 The results for repeatability and reproducibility for intra-day precision and accuracy at three concentration levels.
b The results for repeatability for inter-day precision and accuracy at medium concentrations.

106



902 C. Susawaengsup et al. / Talanta 85 (2011) 897-905

Fig. 1. Overlayed extracted ion chromatograms (EICs) of plant hormones detected
by LC-ESI-MS with positive ionization scan mode.

3.3. Analysis for cytokinin level changes

Apical shoot tip samples from both the control (without KClO3
treatment) longan trees and the longan trees treated with KClO3
were extracted and cleaned up using mixed-mode SPE under the
optimum conditions previously obtained. Cytokinin bases and their
derivatives were simultaneously analyzed by LC-ESI-MS in pos-
itive ionization mode. Fig. 3 compares the cytokinin changes in
apical shoot tips which developed into leaf buds and flower buds for
the control and treated longan trees, respectively. Changes in the
concentration levels of cytokinins in the shoot tips of the control
trees, particularly those involved in vegetative growth including
periclinal division, anticlinal division, and cell enlargement of lat-
eral and terminal buds, such as t-Z, t-ZR, iP, iPR, ZROG, Z9G, ZR-MP
and DHZR found to be approximately 15-90, 0-180, 0-30, 0-150,
0-120, 30-120, 2-1000 and 0-100ngg~! DW respectively, were
greater than those in the treated longan trees which were found
to be approximately at 20-45, 10-40, 0-40, 0-180, 0-15, 10-60,
5-500 and 0 (undetected) ngg~! DW, respectively, as shown in
Fig. 3. However, iP and iPR in the flowers from the treated longan
trees during the anthesis period were detected in higher concen-

EIC of 336 ion (iPR)

EIC of 226 ion (BA)

Al

EIC of 204 ion (iP)

EIC of 216 ion (K)

EIC of 354 ion (DHZR)

Adad ik e s Aok o Ak o

EIC of 352 ion (t-ZR)

hdia " ey

12.93 l

EIC of 514 ion (ZROG)

11.78 EIC of 222 ion (DHZ)
11.54 EIC of 220 ion (t-Z)
10.62 EIC of 382 ion (Z9G)
9.73 EIC of 432 ion (ZR-MP)
ettt vt
0 5 10 15 20 25 30 35 40 45

min

Fig. 2. Overlayed extracted ion chromatograms (EICs) of plant hormones detected
by LC-ESI-MS with negative ionization scan mode.

trations than those in the shoot tips of the control longan. The
first two weeks after treatment with KClOs3 is the critical period
of endogenous plant hormone change that controls cell differenti-
ation of the leaves or flower buds and influences cell division and
cell enlargement during the later stages [28,29]. Fig. 3 indicates that
the levels of CKs, such as iP, iPR and DHZR in the shoot tips of the
control trees at one week after potassium chlorate treatment were
found to be 10, 45 and 30ngg~! DW, respectively, while those in
the treated longan trees could not be detected. The amounts of t-
ZR and Z9G of the control trees, found to be approximately 5 and
35ngg~! DW, respectively, were lower than those of the treated
trees which were detected at approximately 30 and 60 ngg~—! DW,
respectively. Ordinary root or shoot growth and branching devel-
opments were in accordance with the combination of the CK and
IAA levels [28,30,31].

The concentrations of cytokinin and auxin in the root and shoot
apices are essential factors in cellular differentiation since high
CK/IAA ratios control leaf induction or vegetative growth while low
CK/IAA ratios and high GAs affect leaf inhibition and induce floral
bud or reproductive growth [30]. These findings suggest that the
different concentrations of CKs observed indicate their influence in
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Fig. 3. Endogenous cytokinin level changes in: (a) t-Z, (b) t-ZR, (c) iP, (d) iPR, (e) ZROG, (f) Z9G, (g) ZR-MP, and (h) DHZR in shoot tips of longan trees with (a) and without

(@) KClO; treatment from the period before floral bud induction until anthesis.

transformation of general bud into leaf induction. Although it has
previously been suggested that leaf induction could be controlled
by high endogenous free bases of CKs such as Z,iPand DHZ [ 18], data
for DHZ is not presented here in this paper due to its levels in the
extracted samples being below the detection limit. The relatively
high concentrations of DHZR, iP and iPR in the first week resulted in
the shoot tips developing into apical leaves. In contrast, unusually
low levels of these CKs would result in the shoot tips developing
into apical flowers [18]. Significantly, kinetin and benzyladenine
cytokinins were not detected or their concentrations were below
the LOD. The function of plant hormones in different development
processes such as root or shoot growth [11] and branching or leaf
senescence [32] is generally based on plant physiological obser-
vations. However, in this work, an analytical approach has been

adopted from which Fig. 3(c) and (d) indicates the role of some
CKs such as iP and iPR in cell enlargement for both vegetative and
reproductive growth.

3.4. Analysis for GA level changes

Although CKs affect cell and plant growth, gibberellin is the
most prominent hormone for controlling plant development. In
this work, GAs have influenced flower bud initiation. The results of
GA monitoring demonstrate that the levels of GAs have an effect
on floral induction of the longan trees treated with potassium
chlorate, as shown in Fig. 4. The symbol O with dashed lines in
Fig. 4 represents GA changes in longan trees without potassium
chlorate treatment and represents a natural plant development
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Fig. 4. Endogenous gibberellin level changes in: (a) GA3, (b) GA1, (c) GA19, (d) GA20, and (e) GA8 in shoot tips of longan trees with (a) and without (®) KClO5 treatment

from the period before floral bud induction until anthesis.

process involving shoot branching at both terminal and auxiliary
leaf buds and vegetative growth. The amounts of GA1, GA3, GAS,
GA19 and GA20 found in the shoot tips of longan trees for nor-
mal growth were in the ranges of 0-20, 5-30, 5-140, 0-10 and
0-50ng g~! DW, respectively, while those in the treated trees were
0-30, 5-45, 5-35, 0-20 and 0-80ngg~! DW, respectively. Signifi-
cant GA changes in GA1 (25 ngg~! DW), GA3 (50ngg~! DW), GA19
(20ngg~'DW), and GA20 (60 ng g~ ! DW) of the treated trees were
observed after a week of KCIO3 treatment and were higher than
those of the controls. However, the results for the GAS8 levels indi-
cated an opposite change as the concentrations obtained with shoot
tips of the treated trees at 20ngg~! DW were found to be lower
than those of the control trees at 80ngg~! DW. Considering the
GA-biosynthetic pathway GA19 — GA20 — GA1 — GA8 [17,33,34],
it appears that GA8 is an inactive GA in terms of flower bud ini-
tiation [17]. Thus, the control trees yielded relatively higher GA8
levels than the treated trees. As for GA4, its concentrations were so
low that they could hardly be detected which could be explained in
terms of the GA-biosynthetic pathway [17,33,34] in which GA4 is
transformed into an inactive form resulting in such low concentra-
tions Because the plant hormones that influence plant growth are
in the free base forms such t-Z, iP, DHZ and GA3, and their levels
are very low, analyses for both the free base and conjugated forms
would be useful for establishing the relationship between the plant
hormones and the plant growth stage. For example, the higher lev-
els of iP, iPR, DHZR (Fig. 3) in the vegetative growth stage or the
GA19 and GAZ20 levels (Fig. 4) could indicate their association with
the GA3 level [12,13,33].

Flower bud induction of longan treated with KCIO3 was found
to be prominent within the first 1-2 weeks after KCIO3 treatment
during which certain giberrelins, particularly GA1, GA3, GA19 and
GA20, were found to increase to higher levels than those of the
controls (Fig. 4). There have been reports revealing the role of
gibberellins in various developmental processes in mangoes [12],
Phalaenopsis hybrida [13] and Macadamia integrifolia [17] but no
report to date has given detailed accounts of gibberellins or other
plant hormones in longan treated with KClO3. However, one can
deduce from the data of this work that certain gibberellins could
influence longan flower bud induction in early stages (1-3 weeks)
but these gibberellins might have transformed into other forms of
gibberellins at later stages as transformations are common in the
GA-biosynthetic pathway [33,34].

3.5. Analysis for IAA and ABA level changes

Different IAA contents were obtained between the vegetative
and reproductive developments. IAA contents in the apical and lat-
eral buds of the control trees at 1-2 weeks after day 0 were found to
be in the range of 25-35 ng g~ ! DW which were higher than those of
the treated trees which were found in the range 5-20ng g~! DW. In
combination with the high CKs contents, IAA could have promoted
leaf bud induction in the control trees and leaf development, as
shown in Fig. 5(a). Fig. 5(b) shows the ABA concentration levels
in apical shoot tips of the trees before treatment until fruit for-
mation. Although the role of ABA in floral bud initiation has not
yet been established, the ABA levels obtained for the samples from
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Fig. 5. Endogenous plant hormone level changes in: (a) IAA, and (b) ABA in shoot
tips of longan trees with (o) and without (®) KClO5 treatment from the period before
floral bud induction until anthesis.

the control trees of 400-3000ngg~! DW are clearly higher than
0-1200ngg~! DW from the treated trees. The ABA functions in
plant development are control stomatal closure, dormancy, abscis-
sion, seed germination and growth, flowers and fruit senescence
[29].

4. Conclusions

This work has demonstrated the ability of LC-ESI-MS to be used
after a single mixed-mode solid phase extraction for determining
plant hormone level changes in longan trees treated with KClO3
compared with untreated controls. The findings of this work have
indicated that the effect of KClO3 can induce apical buds of longan
trees to flower within 21 days after treatment for off-season flower-
ing. Although the mechanism of KCIO5 in the control of flowering
is not yet established, the analytical data obtained here supports
the view that KClIO3; could induce changes in endogenous plant
hormone (IAA, GAs, ABA and CKs) levels in the shoot tips of lon-
gan trees. Determination of these analytes was achieved using
the LC-ESI-MS technique. Important hormonal changes involv-
ing the floral bud transformation were prominent within the first
1-2 weeks after KCIO3 treatment. Flower bud induction has been
found to occur with KCIO3 treatment resulting in increased levels
of certain plant hormones, notably GA1, GA3, GA19 and GA20, and
decreased levels of other plant hormones, including GAS8, IAA and
CKs, as compared with those from untreated samples.
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