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Detection and Quantification of Some Plant Growth Regulators
in a Seaweed-Based Foliar Spray Employing a Mass
Spectrometric Technique sans Chromatographic Separation
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The sap expelled from the fresh harvest of Kappaphycus alvarezii, a red seaweed growing in tropical
waters, has been reported to be a potent foliar spray. Tandem mass spectrometry of various organic
extracts of the sap confirmed the presence of the plant growth regulators (PGRs) indole 3-acetic acid,
gibberellin GAgz, kinetin, and zeatin. These PGRs were quantified in fresh state and after 1 year of
storage by ESI-MS without recourse to chromatographic separation. Quantification was validated
against HPLC data. The results may be useful in correlating with the efficacy of the sap. The
methodology was extended to two other seaweeds. The method developed is convenient and precise
and may find application in other agricultural formulations containing these growth hormones.
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INTRODUCTION

Seaweed extracts are utilized as foliar sprays for improved plant
growth (7). Their efficacy is ascribed to the presence of auxins,
cytokinins, and gibberellins besides other nutrients (2—1/0). The red
seaweed Kappaphycus alvarezii (Doty) Doty, which grows in
tropical waters, is cultivated extensively as a source of x-carragee-
nan (/7). The sap from the fresh weed can be mechanically expelled
and is a promising foliar spray (12). Yields of many crops registered
a pronounced increase upon application of the sap at 2.5—5.0%
(v/v, dilution with water) level (Supporting Information, Table S1).
The results achieved with soybean under rain-fed conditions have
been reported recently, where 46% increase in yield was observed
upon application of the sap at 12.5% concentration (/3). Sugar
cane and several other crops have also responded well to the sap
(Supporting Information, Table S1) (/4), and sugar cane trials are
underway presently in the state of Uttar Pradesh over 30000 acres.
A plant has been commissioned recently for commercial produc-
tion of sap and k-carrageenan from fresh seaweed. Elucidation of
the specific PGR constituents present in the sap, and their absolute
concentrations, is therefore of considerable importance.

There is extensive literature on the study of plant growth regu-
lators (PGRs) in seaweeds through conventional bioassay and
colorimetric tests (15—19). These assays provide useful indicators
of the classes of PGRs present along with their gross estimates.
However, individual constituents are hard to identify. With the
introduction of new analytical techniques, studies were conducted
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by various research groups to characterize PGRs in various formu-
lations in greater detail. Reports are available on the identification
of iso-pentenadenosine (cytokinin), abscisic acid (ABA), adenine,
indole acetic acid, trans-zeatin, trans-zeatin-riboside, dihy-
dro-trans-zeatin, isophenyladenine, and isopentenyl adenosine
from different seaweed extracts using GLC and GC-MS techni-
ques (20—22). One difficulty is the somewhat tedious sample
preparation involved. LC-MS is also employed widely by various
researchers (23—26). It is a convenient technique but, as found in
the course of the present work, resolution of certain PGRs may
pose difficulties. We report herein analyses of the K. alvarezii sap
for PGRs employing a mass spectrometric technique sans chro-
matography, which has been described previously for the study of
various organic compounds in complex systems (27, 28), although
not for the study of PGRs. The technique involves MS/MS for
identification followed by ESI-MS for quantification. With the
help of this technique, four PGRs in the sap were identified and
quantified. Quantification was validated against HPLC. The
technique was further employed to elucidate the PGRs in two
additional seaweed sap samples.

MATERIALS AND METHODS

Chemicals and Standards. Standard indole acetic acid (IAA)
(C1pHoNO,, MW 175.18), kinetin (C;gH9NsO, MW 215.08), gibberellin
GA; (C9H204, MW 346.38), indole propionic acid (IPA) (C;H{1NO,,
MW 189.21), indole butyric acid (IBA) (C;,H;3NO,, MW 204.21), 6-
benzyl amino purine (BAP) (C,H 1 N5, MW 225.25), and 9-phenanthrene
methanol (PM) (C;sH,0, MW 208.26) were purchased from SD Fine
Chemicals, Mumbai, India, whereas frans-zeatin (C;oH;3NsO, MW
219.11), propyl paraben, methyl paraben, and potassium benzoate were
purchased from Sigma-Aldrich Chemical Co., St. Louis, MO. Diethyl
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ether (DEE), n-butanol, dichloromethane (DCM), ethyl acetate, and
ammonium hydroxide were purchased from Ranbaxy Chemicals, Mum-
bai, India. All chemicals were of analytical grade and were used as received
without further purification. HPLC grade solvents were used for HPLC
and MS experiments.

Preparation of PGR Samples. Standards were prepared as follows:
4.4 mgof IAA in2mL of MeOH, 1 mg of kinetin in 10 mL of MeOH/H,O
(9:1 v/v), 1 mg of trans-zeatin in 10 mL of MeOH/H,O (9:1 v/v), and
1.7mgof GA;in 2 mL of MeOH. PGR extracts of sap were prepared from
fresh Kappaphycus sap sample obtained by mechanically expelling sap
from the fresh seaweed as per the patented procedure (/2), filtering the
mass through a nylon cloth having mesh size approximately 20—50 um
and preserving the sap using a mixture of 0.02% propyl paraben, 0.2%
methyl paraben, and 0.1% potassium benzoate. A specimen of the
K. alvarezii used in the present work has been deposited in our institute
herbarium for further referencing (AL-II-120-11). Auxins, gibberellins,
and cytokinins were thereafter extracted from sap using DEE, ethyl
acetate, and n-butanol, respectively, following literature procedures
(Supporting Information, sections 2 and 3) (/8). Note that for extraction
with the above solvents, fresh sap was used each time. The extraction of the
PGRs for the 1-year-old samples was carried out following the same
protocol. The sap from Gracilaria edulis (AL-11-43-12) and Sargassum
tenerrimum (AL-11-148-08) was also analyzed in a similar manner.

Colorimetric Assay. Standards were put on the TLC plates (Merck,
Kieselgel 60 F,s4 precoated plates of dimension 20 x 20 cm with layer
thickness of 0.25 mm) along with the corresponding organic extract of sap,
that is, DEE extract for auxins, n-butanol extract for cytokinins, and ethyl
acetate extract for gibberellins. The TLC plates were run with the
following solvent compositions: isopropanol/ammonium hydroxide/water
(8:1:1 v/v) for auxins; chloroform/water (4:1 v/v, the lower layer was used)
for cytokinins; isopropanol/water (4:1 v/v) for gibberellins. The spots were
visualized directly under UV (254 nm) in the case of cytokinins, whereas
gibberellins and auxins were viewed after the spots had been sprayed with
ethanolic sulfuric acid (120 °C) and Ehrlich’s reagent, respectively. The
corresponding spots were scooped out and eluted in methanol for
gibberellin and auxin and in n-butanol for cytokinins and used for
colorimetric estimations as described in the Supporting Information.

ESI-MS Measurements. For mass spectrometry, a Waters Q-Tof
Micromass instrument equipped with an electrospray ionization inter-
face, MCP detector, and Waters MassLynx software (version 4.0) was
used. Samples were introduced by direct injection with a syringe pump.
Standards of IAA, IPA, and IBA at concentrations of 140, 280, 560,
and 1120 ppm and of GAj; at concentrations of 25, 50, 100, 200, 400, and
800 ppm were prepared in methanol, whereas kinetin at concentrations of
10, 20, 62.5, 125, 250, 500, and 1000 ppm and trans-zeatin at concentra-
tions of 19.75, 36, 75, and 150 ppm were prepared in n-butanol. Fifty
microliters of acetic acid was added into each 10 mL aliquot of sample to
facilitate ionization. The mass spectrometer was run employing direct flow
injection technique. Mass fragmentation patterns of IAA and GA; were
recorded in ESI negative mode (ESI™), whereas the ESI positive mode
(EST") was employed for zeatin and kinetin. The mass spectrometric
parameters were optimized for each PGR. Of these, desolvation tempera-
ture (150 °C), source temperature (90 °C), syringe rate (10 4L/min), ion
energy (2.0 V), and collision energy (7.0 V) were maintained constant for
all of the ESI-MS measurements, whereas capillary voltage and sample
cone voltage were optimized for each sample. For MS/MS studies, the
parameters were once again optimized to obtain proper mass fragmenta-
tion. Details of ESI-MS and MS/MS of standards are provided in the
Supporting Information. Crude organic extracts of the sap were passed
through a silica gel column (100—200 mesh, the dimensions of the column
were 12.5 cm (height) x 2.5 cm (i.d.) and the total volume eluted was 25
mL) followed by filtration through a 0.45 um Whatman glass microfiber
filter prior to injection into the mass spectrometer.

Quantification of PGRs using mass spectroscopy was done according
to the procedure of Hoffmann and Stroobant (29). The technique is based
on comparison of the intensity of the signal corresponding to the product
that has to be quantified with that of an internal standard (IS). IPA (590
ppm) and BAP (1000 ppm) were chosen as IS for IAA and cytokinins,
respectively, as these yielded similar fragmented nuclei. PM (1400 ppm),
which is soluble in MeOH, was used as internal standard for gibberellins.
Calibration plots were made by varying the concentrations of standard
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PGRs while the concentration of IS remained fixed. Five measurements
were made at each concentration. Organic extracts of sap were similarly ana-
lyzed after addition of the respective IS. Five measurements were made for
each sample. Details are provided in the Supporting Information (section 6).

HPLC Analysis. The HPLC used was a Shimadzu instrument
(Shimadzu Corp., Kyoto, Japan) comprising a Rheodyne injector, a
250 mm x 4.6 mm (i.d.) Nucleosil CI8 stainless steel column (5 um
particle size, 300 A pore size) (Sigma-Aldrich, Inc., St. Louis, MO), 6AD
pumps, an SPD-10A UV—vis detector, and an LC-10 chromatography
manager. Standards and organic extracts of sap were injected with a 20 uL
syringe (Hamilton, Reno, NV). Isocratic elution was performed at 40 °C
with MeOH/H,0 (3:7, v/v) mobile phase containing 0.1% acetic acid at a
constant flow rate of 1.3 mL min~'. UV detection was carried out at
254 nm except in the case of gibberellin, for which the detection wavelength
was 205 nm (/7). Besides retention time (1), LC-MS was used to ascertain
the identities of the peaks. After their identification, concentrations of the
different PGRs were estimated on the basis of HPLC peak areas measured
against standards.

RESULTS AND DISCUSSION

The sap obtained from K. alvarezii has been analyzed previously
for macro- and micronutrients, the most prominent of which is
potassium (Supporting Information, Table S2). To our knowledge,
the composition of PGRs in the sap has not been reported thus far,
and therefore we undertook this study. To ascertain the different
classes of PGRs in the sap, we carried out at first the conventional
colorimetric analyses. The detection wavelengths used were 530 nm
for auxins and 254 nm for cytokinins and gibberellins. The esti-
mated concentrations in sap were 56.04 + 8.68, 77.20 + 17.38, and
128.42 4+ 9.98 ppm for total auxins, total cytokinins, and total
gibberellins, respectively (Supporting Information, section 4).

Identification of PGRs by ESI-MS and MS/MS. Colorimetric
studies provided positive indication of the presence of auxin, cyto-
kinin, and gibberellin constituents in the sap. To probe the consti-
tuents more precisely, MS spectra were recorded. The m/z peak at
174 for DEE extract (Figure 1A), the m/z peaks at 216 (Figure 2A)
and 220 (Figure 3A) for n-butanol extract, and the m/z peak at 345
(Figure 4A) for ethyl acetate extract matched well with those of
standard TAA, kinetin, trans-zeatin, and GAs, respectively. The
MS/MS fragmentation patterns also matched with those of the
standard: 174 — 130 (IAA) (Figure 1B); 216 — 148— 136 (kinetin)
(Figure 2B); 220 — 148— 136 (trans-zeatin) (Figure 3B); 345 — 239
(GA;) (Figure 4B). Fragmentation patterns for the standards are
provided in the Supporting Information, Figures S4, S5, S6, and
S7. These results are in good agreement with reported data (30).

It can be observed from the above data that kinetin was
detected in the sap in small amounts, although it is usually not
considered to be a natural substance. However, Bentley-Mowat
and Reid have previously reported the presence of kinetin like
substances in algae (37). Furthermore, the presence of natural
kinetin in DNA and cell extracts was reported by Barciszewski
etal. (32) and, more recently, Liya Ge and co-workers have reported
the presence of kinetin and kinetin riboside in coconut water by
LC—tandem mass spectrometry (33). In our studies the mass
fragmentation was found to be identical to that of an authentic
sample of kinetin and also tallied with the mass spectra available
in the database (www.massbank.jp). A second sample of Kappa-
phycus sap was also subjected to analysis, and the presence of
kinetin was once again observed. As kinetin is responsible for cell
division, it may contribute toward the overall efficacy of the sap.
Kinetin was, however, absent in the sap obtained from the brown
seaweed Sargassum tenerrimum and the red seaweed Gracilaria
edulis. However, we were able to detect IAA (13.2 ppm), zeatin
(11.40 ppm), and GAy in the former, whereas the latter contained
IPA (9.11 ppm), zeatin (14.24 ppm), and GA;3 (23.14 ppm)
(Supporting Information, section 8). The main limitation of the
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(A) Mass spectrum of IAA fraction extracted from sap. (B) MS/MS spectrum of precursor ion (M — H)™ (m/z 174.04) in A.
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Figure 3. (A) Mass spectrum of zeatin fraction extracted from sap. (B) MS/MS spectrum of precursor ion (M + H)™ (m/z 220.25) in A.
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method is that an elaborate database of mass spectra of PGRs
must be accessible to the analyst for proper identification and,
furthermore, the availability of standards for quantification. For
example, whereas we could identify GAg in S. tenerrimum, we
were unable to quantify for want of a standard.

Quantification of PGRs Using ESI-MS. The detailed proce-
dures including the generation of standard plot for each PGR are
provided in the Supporting Information, section 6). It is reported
in the literature that, to minimize ion suppression, addition of a
control matrix similar to the sample matrix is necessary to carry
out the quantification (29, 34). Hence, internal standards having
matrices similar to those of the PGRs detected in the sap were
used in the quantification. ES™ mode was suitable for ionization
of IAA, IPA, IBA, and GA;, whereas ES™ mode was suitable for
ionization of kinetin and trans-zeatin. For the quantification of
TAA, the intensity ratio of IAA to IPA (I1aa/lipa) Was plotted
against the corresponding quantity ratio (Myaa/Mipa). The fit
was good, with R>=0.99. Thereafter, the IAA in the DEE extract
of the sap layer was estimated and found to be 23.36 4 0.15 ppm
(average of five measurements). In a similar manner, calibration
plots of Ixnt/Ipap versus Mynt/Mpap and Izn/Igap versus
M/ Mpap gave R? values of 0.95 and 0.90, respectively. The
concentrations of kinetin and zeatin in the sap were estimated to
be 7.94 £ 0.30 and 23.97 £ 0.47 ppm, respectively, on the basis of
analyses of the n-butanol extract of sap. For quantification of
GA;, phenanthrene has been used as IS in GC studies of
gibberellins (35). However, in view of its insolubility in methanol,
PM was used as IS instead. To quantify GA;, a calibration plot
was first made of Igaz/Ipm versus Mgas/Mpy, With R® = 0.96.
The concentration of GAj in the sap, on the basis of the analysis
of the ethyl acetate extract, was estimated to be 27.87 + 0.14 ppm.

The PGRs in the sap were once again analyzed after 1 year of
storage with preservatives, maintaining the same extraction
protocol. The respective concentrations remained almost un-
changed (IAA, 23.36 ppm; kinetin, 7.94 ppm; zeatin, 23.97 ppm ;
GA;, 27.87 ppm), confirming the efficacy of the preservative used
(Supporting Information, section 6).

The concentrations of the PGRs in the sap are substantially
higher than in terrestrial plants. However, relatively higher
concentrations of PGRs in certain seaweeds have been reported
by other researchers also (36). This is the likely reason behind the
popularity of seaweed extracts as biofertilizers. Besides the
intrinsically higher levels of the PGRs in the sap, the solvent
extraction procedure, with pH adjustment, may have resulted in a
more complete extraction from the aqueous to solvent phase (36).
The above results were validated through studies employing
HPLC with a UV—vis detector (vide infra).

Quantification through HPLC. HPLC analyses of the standard
PGRs as well as the PGR fractions extracted from the Kappa-
phycus sap were carried out under identical conditions
(Supporting Information, section 7). Under the HPLC conditions
employed, the values of 7g were 7.6, 9.4, and 13.7 min for the three
standard auxins, thatis, IAA, IPA, and IBA, respectively. For the
standard cytokinins, that is, kinetin, trans-zeatin, and benzyl
aminopurine, the 7z values were 13.25, 12.89, 5.6 min, respec-
tively. For GA3, which was the sole gibberellin standard available
to us, the rg value was 9.62 min. When the standards kinetin and
trans-zeatin were taken together, resolution of the two constitu-
ents was difficult in view of the closeness of the fi values for the
HPLC conditions adopted. As a result, these compounds were
found to coelute (confirmed through MS studies), and hence their
individual concentrations could not be determined and compari-
son with ESI-MS results was not possible. Reoptimization of the
chromatographic technique, including optimization of column,
solvent composition, flow rate, and temperature may help in
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achieving a better resolution. For the HPLC of the DEE extract
of sap, the chromatogram was complex. However, the peak due
to TAA could be identified and was well resolved. By this
technique the concentration of IAA in sap was estimated to be
26.20 ppm versus 23.36 ppm by ESI-MS. In the case of the
gibberellin extract of sap, the chromatogram was uncomplicated
and the GA; peak was well resolved, yielding a concentration of
30.85 ppm in sap versus 27.87 by ESI-MS. The close agreement
between the HPLC and ESI-MS data can be taken as a validation
of the latter methodology.

The results from the above experiments carried out with the sap
of K. alvarezii confirm the development of an easy and accurate
method of quantification of a few PGRs (IAA, kinetin, zeatin,
GA;) using ESI-MS. Measurements were made on diethyl ether,
n-butanol, and ethyl acetate extracts prepared from the sap. Other
than the crude separation of the different classes of PGRs through
solvent extraction, no further separation was required. The sap
was found to contain 23.4 ppm of TAA and 27.9 ppm of GA; by
the above method, in good agreement with the values of 26.3 and
30.5 ppm estimated by HPLC. The concentrations obtained by
ESI-MS were lower in both cases, and this is ascribed to the low
probability of interference from impurities given the uniqueness
of the MS fingerprint. Thus, the values obtained by ESI-MS may
be considered as truer estimates. Kinetin and zeatin were found to
be present to the extent of 7.94 and 23.97 ppm, respectively,
whereas estimation of these individual concentrations by HPLC
proved intractable. The concentrations of the PGRs remained
virtually unchanged after 1 year of storage with preservatives. The
presence of other PGRs in the sap cannot be ruled out, and
studies are in progress in this direction. Preliminary assessment
was also made of the constituents of the sap of G. edulis and
S. tenerrimum. These saps were devoid of kinetin, and the sap
of G. edulis contained IPA instead of IAA, whereas that of
S. tenerrimum contained GAy instead of GAs. Precise informa-
tion of the identities and concentrations of individual PGR
constituents would help in fine-tuning formulations and applica-
tion level of the sap. There may be other stimulants also, which we
hope to explore in future studies.
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