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toxicity, the predicated LC50 (96 hr) and LD50 of the main products of GA3 were much lower
than those of GA3 , indicating GA3 would be transformed into higher toxicity derivatives in
water environments, posing a significant health risk to humans and the environment.
© 2020 The Research Center for Eco-Environmental Sciences, Chinese Academy of
Sciences. Published by Elsevier B.V.

Introduction
With the rapid development of agriculture, many plant growth
regulators (PGRs) are used globally, resulting in more and more
attention towards their environmental residues and toxicity
assessments (Shi et al., 2012; Yue et al., 2017; Zhang et al., 2017;
Hafez et al., 2018). As an important PGRs, gibberellic acid (GA3 )
has been extensively used in edible plants in many countries,
especially in China. Since the 1990s, China has become one
of the largest GA3 consumers, with an annual production of
over 4000 tons in recent years (Mander, 1991; Lu et al., 2012),
leading to high residues that are present in agricultural products and environments. Shi (2011) reported that GA3 residues
in 17 out of 25 kinds of fruits and vegetables sold in the market exceeded the maximum residue limit (MRL) regulated by
Japan (0.2 mg/kg), among which concentrations in soybean
sprout (3.17 mg/kg) and early-maturing grape (2.3 mg/kg) were
of highest concern.
GA3 has certain toxic effects on the liver, nervous system and immune system of mice (Troudi et al., 2012a, 2012b;
Isik and Celik, 2015). Because its molecular structure is similar to that of human steroids, GA3 could adversely affect the human endocrine system (Premalatha et al., 2014;
Hanson, 2018). Additionally, it may increase the concentration
of nitrosamines in the human body, resulting in the development of cancer (Zhang, 2006; Lu et al., 2012). More importantly, toxic properties may persist in transformation products of GA3 , building to higher toxicity levels (Meephon et al.,
2019). For example, biotransformation products of phenylurea
herbicides presented ecotoxicity at far higher levels than the
parent molecule (Tixier et al., 2002). Therefore, understanding
the degradation pathway and toxicity of GA3 and its products
is important for the protection of public health and the environment.
GA3 has a rigid concave structure and is unstable in both
acidic and alkaline solutions, due to the juxtaposition and
stereochemistry of its functional groups (Hanson, 2018). From
the 1950s to the 1990s, the catalytic transformation of GA3 was
preliminarily studied by a few researchers in terms of chemical structure theoretical ratiocination and experimental determination. With these studies, some researchers reported
that isomerized gibberellic acid (Iso-GA3 ) was not produced in
aqueous solution at pH=2.0–8.0 (Pankrushina et al., 1988). But
Iso-GA3 was detected by Kuhr (1962) and Pérez et al. (1996) using paper chromatography combined with spectrophotometry and pre-column derivatization gas chromatography –
mass spectrometry (GC–MS), respectively. Thus, the transformation pathway of GA3 in aqueous solution is still not
well understood. Additionally, in previous studies, the area
normalization method was used to quantify transformation
products, while the sensitivity difference of the detector to

different products was not considered. In a word, the study
of GA3 transformation is still limited to the traditional methods and the mechanism has not been illuminated well. In
recent years, the residue determination and degradation kinetics of GA3 in agricultural products have been studied
(Chen et al., 2013; Ugare et al., 2013; Yao et al., 2014). For example, Chen et al. (2013) reported that degradation rate of GA3 in
tea shoots was described by the first-order kinetic and its halflife ranged from 1.67 to 2.01 days. However, the qualitative and
quantitative determination, as well as toxicity assessment of
GA3 transformation products have not been studied. As a result, it is likely that the residual risk of GA3 in the environment
would be underestimated.
In this study, the pathway and mechanism of GA3 transformation in aqueous solution was examined through the highaccuracy analytical instruments and computational chemical
methods. The main objectives of this study are to: (1) identify
and quantify the transformation products using liquid chromatography mass spectrometry hybrid ion trap time-of-flight
(LCMS−IT−TOF) and high-performance liquid chromatography (HPLC); (2) describe GA3 transformation kinetics at different pH values and the effect of the groundwater matrix; (3)
clarify the GA3 pH-dependent transformation mechanism at
the molecular level by Gaussian 09; (4) evaluate the toxicity of
GA3 and its transformation products through Toxicity Estimation Software Tool (TEST) Version 4.2.

1.

Materials and methods

1.1.

Materials

GA3 (C19 H22 O6 ; 99%) stored at 4 °C and gibberellenic acid (GEA,
C19 H22 O6 ; 99.33%) stored at –20 °C were purchased from Acros
Organics (Belgium, USA) and Toronto Research Chemicals
(North York, Canada), respectively. The ultrapure water was
purified by a Milli-Q (Millipore) ultrapure water instrument
(IQ 7000, Merck Millipore, Germany). Other materials that were
used are described in the Supporting Information document.

1.2.
Qualitative and quantitative methods of GA3 and its
transformation products
1.2.1.

Preparation of qualitative and quantitative samples

Transformation experiments of GA3 or GEA at different temperatures: 144 μmol/L GA3 or GEA ultrapure water solution
were prepared and transformed at 25, 50 and 121 °C, respectively. The 25 and 50 °C constant temperature reactions were
carried out in incubators. The steam cracking reaction was
conducted in an autoclave at 121 °C for 20 min.
GA3 transformation stimulated by 0.01 mol/L NaOH: 1440
μmol/L GA3 and 0.01 mol/L NaOH ultrapure water solutions
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were prepared in advance, and the two solutions were rapidly
mixed with a 1:9 volume ratio (GA3 :NaOH). Subsequently, the
mixed solution was placed in a consistent temperature (25 °C)
incubator for the reaction to occur in the dark. The concentrations of GA3 and its transformation products were detected at
0, 0.5, 1, 2, 6, 12, 24, and 42 hr, while the time when GA3 was
fully transformed into hydroxy gibberellic acid (OH-GA3 ) was
determined and recorded. Because pure OH-GA3 could not be
purchased or synthesized, the indirect quantitative method
was used to quantify OH-GA3 . When the indirect quantitative
calibration curve of OH-GA3 was established, GA3 +0.01 mol/L
NaOH solutions with initial GA3 concentrations of 2.88, 14.44,
28.87, 57.74, 86.61, 115.48 and 144.35 μmol/L were prepared by
the similar method in triplicate. After reacting at 25 °C for 2
days, OH-GA3 concentrations were analyzed immediately by
HPLC. The indirect quantitative calibration curve of OH-GA3
is shown in Appendix A Fig. S1a.
Preparation of Iso-GA3 with 0.1 mol/L ammonium hydroxide: Analogously, we could not purchase or synthesize the
pure Iso-GA3 , so the indirect quantitative method was used
to quantify Iso-GA3 . The theory of this method was that
GA3 could be completely transformed into Iso-GA3 with a
stimulation of 0.1 mol/L ammonium hydroxide (NH3 •H2 O) at
room temperature (Cross et al., 1961). The result in our study
demonstrated that a little OH-GA3 (3% OH-GA3 ) could be detected after the stimulation of 0.1 mol/L NH3 •H2 O for 1 day.
Therefore, when the indirect quantitative calibration curve
of Iso-GA3 was established, GA3 +0.1 mol/L NH3 •H2 O solutions with initial GA3 concentrations of 2.88, 14.44, 28.87, 57.74,
86.61, 115.48 and 144.35 μmol/L were prepared in triplicate. After reacting at 25 °C for 1 day, the Iso-GA3 and OH-GA3 concentrations were analyzed immediately by HPLC. The Iso-GA3
indirect quantitative calibration curve shown in Appendix A
Fig. S1b was established after deducting the amount of OHGA3 generated in the reaction.

1.2.2.

Qualitative method with LCMS-IT-TOF

GA3 transformation products were identified by LCMS-IT-TOF
(LC-20AD, Shimadzu, Japan) equipped with a photo-diode array tandem hybrid ion trap time-of-flight mass spectrometer
R
detector. The reverse-phase column (Inertsil
ODS-SP, 5 μm,
250 × 4.6 mm) was kept at 35 °C. The mobile phase consisted of acetonitrile (33%) and 0.05% formic acid aqueous solution (67%). The flow rate and injection volume were set to
0.5 mL/min and 10 μL, respectively. MSn analyses were conducted on hybrid ion trap time-of-flight mass spectrometer
detector with an electrospray ionization (ESI) source, under
the following optimized operating conditions: negative ion
mode [M-H]− , detector voltage at 1.65 kV, 3 replicated readings,
ion accumulation of 10 msec, nebulizing gas flow of 1.5 L/min,
drying gas (N2 ) pressure of 104 kPa, curved desolvation line
(CDL) temperature at 200 °C, and heat block temperature at
200 °C. The scan range of m/z for MS1 was 315−375; the scan
range of m/z for MS2 was 100−365 and collision induced dissociation (CID) energy was set to 50%; the scan range of m/z
for MS3 was 50−200.

1.2.3.

Quantitative method with HPLC

GA3 and its transformation products were quantified by HPLC
(LC-20AT, Shimadzu, Japan) equipped with an UV detector. The

3

column and the flow rate used were the same as that of LCMSIT-TOF, and the mobile phase was a mixture of 35% acetonitrile and 65% NaH2 PO4 solution (0.025 mol/L, adjusting pH to
2.7 ± 0.02 by phosphoric acid). Additionally, a dual wavelength
mode of 210 and 254 nm was used for detection.

1.3.
GA3 transformation experiments in ultrapure water
at different pH values
To prevent microbial contamination, all the experimental vessels were sterilized with high temperature steam before use
and conducted on a clean bench. 2 L of 144 μmol/L GA3 ultrapure water solution was prepared and divided into 11 equal
parts of about 180 mL each. The 11 parts of GA3 aqueous were
adjusted to the desired pHs of 2.0, 3.3, 3.9, 4.5, 4.9, 5.6, 6.1,
6.5, 7.0, 7.5 and 8.0, respectively, by a NaOH or HCl solution.
These solutions were then divided into 2-mL brown glass vials
fitted with Teflon-lined screw caps and allowed to react in
a constant temperature (25 °C) incubator. The total reaction
period was 60 days, and 17 sampling nodes were set. Three
vials were randomly taken from each of the desired pH samples at each sampling time and the concentrations of GA3
and its transformation products were detected immediately
by HPLC or stored in refrigerator at 4 °C within 12 hr before
detection.

1.4.

GA3 transformation experiments in groundwater

The groundwater extracted from the self-supply well of China
University of Geosciences (Beijing) (sampling time: August
26th, 2018) was used to prepare 144 μmol/L GA3 groundwater solution. The hydrochemical parameters of the groundwater are shown in Appendix A Table S1. Two groups of comparative experiments were set up. One group was unsterilized, the other was sterilized. In order to sterilize groundwater, the groundwater was filtered through 0.22 μm PES syringe filters. The pH value of the groundwater was 8.0 with
no significant change occurring during the reaction process.
The other operation steps were similar to those mentioned in
Section 1.3.

1.5.
Computational chemical analysis and toxicological
estimation
The chemical computation was performed with Gaussian 09.
The structure optimization, bond energy and energy barrier
calculation were carried out at the M06–2X level with the 6–
31 G (d, p) basis set using an IEFPCM solvent model.
The TEST Version 4.2 was used to evaluate the toxicity
of GA3 and its transformation products, which was based
on a variety of Quantitative Structure Activity Relationship
(QSAR) methodologies. The TEST Version 4.2 provided 7 toxicity endpoints including 96 hr fathead minnow LC50 , 48
hr Daphnia magna LC50 , 48 hr Tetrahymena pyriformis IGC50 ,
oral rat LD50 , bioaccumulation factor, developmental toxicity and Ames mutagenicity to estimate toxicity. 96 hr fathead minnow LC50 , oral rat LD50 , developmental toxicity,
and Ames mutagenicity were selected to participate in this
study.
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Fig. 1 – PDA detection and total ion current (TIC) chromatograms of GA3 and its products (for the compound numbers,
referred to Table 1).

2.

Results and discussion

2.1.

Analysis of GA3 and its transformation products

In order to identify GA3 and its transformation products, the
144 μmol/L GA3 ultrapure water solutions reacting before and
after at different temperatures and pH conditions were analyzed by LCMS−IT−TOF. The results of photo-diode array (PDA)
detection and total ion current (TIC) are shown in Fig. 1a. GA3
(compound 1 in Fig. 1a and Fig. 2a), eluting at 9.68 min, showed
the predominant deprotonated molecule ion [M-H]− at m/z
345.14. GA3 yielded three main MS2 ions at m/z 239.14, 257.16
and 301.15, as well as the main MS3 ions at m/z 143.09. After GA3 reacted at 25 °C for 4 days, compounds 2 and 3 were
detected simultaneously. Compound 3, eluting at 7.70 min,
had the strongest UV absorption at 254 nm, while GA3 and
compound 2 only responded at 210 nm (Fig. 1a). Compared
with GA3 , compound 3 showed similar predominant deprotonated molecule ion [M-H]− at m/z 345.13, but different MS2
ions at m/z 301.14, 257.15 and 161.09 (Fig. 2c). These properties
of compound 3 were consistent with those of GEA previously
reported (Holbrook et al., 1961; Alekabi and Derwish, 1984).
GEA (99.33%) was purchased from Toronto Research Chemicals, and the 144 μmol/L GEA solutions were analyzed by
LCMS−IT−TOF before and after their reactions at different

temperatures (Fig. 1b and Appendix A Fig. S2). It could be seen
from Fig. 1 and Appendix A Fig. S2 that compound 3 shared a
common retention time and MSn spectra with GEA. In other
words, they shared the same fragment pathway. Therefore,
compound 3 was identified as GEA.
Compound 2, eluting at 8.59 min, was detected at different temperatures and pH conditions (Fig. 1a). In addition,
with a 0.01 mol/L NaOH stimulation, both the generation rate
and transformation rate of compound 2 increased. As shown
in Fig. 3 , GA3 was transformed rapidly into compound 2,
and then the peak area of compound 2 reached the maximum after 2 hr with a 0.01 mol/L NaOH stimulation. Subsequently, compound 2 decreased and was transformed rapidly
into compound 4. After 42 hr, almost all the GA3 and compound 2 (>95%) were transformed into compound 4, which
was stable at 25 °C for 5 days with little change (<0.5%) in the
peak areas. Compared with GA3 , compound 2 showed similar predominant deprotonated molecule ion [M-H]− at m/z
345.13, but different MS2 ions at m/z 283.13, 239.14 and 273.15
(Fig. 2b). Consequently, compound 2 was an isomer of GA3 .
Compound 4 showed the deprotonated molecular ion [M-H]−
at m/z 363.14 with a retention time of 7.05 min, which was
18.01 Da higher than the deprotonated molecule of compound
2 corresponding to the addition of H2 O (Fig. 2d). It was reported
that GA3 was transformed into Iso-GA3 , and then hydrolyzed
to OH-GA3 with strong alkaline stimulation (Mander, 1992;
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Fig. 2 – Mass spectra analyses and fragment pathways of GA3 and its products in a negative ion mode (a, 1; b, 2; c, 3; and d,
4; for the compound numbers, referred to Table 1).

Fig. 3 – UV spectra of GA3 transformation products stimulated by 0.01 mol/L NaOH at different time intervals (for the
compound numbers, referred to Table 1).

Dupreez et al., 1993). Based on the above analysis, compounds
2 and 4 were identified as Iso-GA3 and OH-GA3 , respectively.
The eluting order of the four compounds was OH-GA3 with
two carboxyl groups and three hydroxyl groups, GEA with two
carboxyl groups and two hydroxyl groups, Iso-GA3 with one

carboxyl groups and two hydroxyl groups, and GA3 with one
carboxyl groups and two hydroxyl groups. This result was consistent with the rule that compounds with stronger polarities were eluted preferentially in a reversed-phase chromatographic column.
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Fig. 4 – Effect of pH on the fitted rate constant (k) and half-life (t1/2 ) of GA3 transformation in ultrapure water.

After the steam cracking reaction at 121 °C, the main products of GA3 solution were Iso-GA3 (50%–65%) and a small
amount of OH-GA3 (2%–5%) (Fig. 1a). Furthermore, compounds
5 and 6 showing the deprotonated molecular ion [M-H]− at
m/z 329.10 were detected at 10.95 and 12.79 min, respectively.
Combined with the mass spectra analysis (Appendix A Fig.
S3) and the comparison with previous studies (Mander, 1992;
Wang et al., 2010), compounds 5 and 6 were deduced to be
gibberellin A5 and gibberellin A7, respectively. Almost all GEA
was transformed into its products after reacting at 50 °C for 2
days (Fig. 1b). Thus, the thermal instability of GEA is strong
and significant. Due to the weak mass spectrum response
of GEA products, only gibberellin A7 (compound 6) could
be identified. However, allogibberic acid, epiallogibberic acid,
and dehydroallogibberic acid detected in previous research
(Pryce, 1973) were not found in this study.

2.2.
pH as the key factor for GA3 transformation in
aqueous solution
The transformation kinetics of GA3 in ultrapure water within
60 days at pH=2.0–8.0 were described by the pseudo-firstorder kinetic model (Eq. (1)). The fitted rate constant (k) and
half-life (t1/2 ) of GA3 transformation in response to a changing
pH are shown in Fig. 4. For 2.0≤pH≤6.1, k decreased significantly and then increased with increasing pH; for 6.1<pH≤8.0,
k began to decrease slightly, followed by increasing significantly with increasing pH. The minimum k (0.0282 day−1 ) was
at pH=3.3. This was consistent with the data reported from a
previous study where GA3 displayed the greatest stability in
solutions at pH=3–4 (Kuhr, 1962), while in peracid and alkaline solution its stability was considerably lower. As a result,
pH condition was an important factor for GA3 transformation
in aqueous solution. As shown in Fig. 4, the change trend of t1/2
with pH was contrary to that of k, and the t1/2 of GA3 at common soil and groundwater pH values (4.5–9) were about 16–
19 days. Therefore, the abiotic transformation of GA3 in aqueous solution was an important process affecting its fate in the

groundwater environment and the transformation of GA3 in
actual groundwater is shown in below section.
Ct =C0 × e( −kt)

(1)

Where t (day) is the reaction time; k (day−1 ) is the pseudofirst-order rate constant; C0 (μmol/L) is the concentration of
GA3 in aqueous solution at the initial time (0 day); Ct (μmol/L)
is the concentration of GA3 in aqueous solution at time t.
Not only GA3 but also its transformation products (i.e., IsoGA3 , GEA and OH-GA3 ) were quantified at different reaction
times, when GA3 reacted at 2.0≤pH≤8.0. The results showed
that Iso-GA3 and GEA were first detected (Fig. 5). OH-GA3 was
detected occasionally after reacting for 20 days, but the concentration was very low (<4.5 μmol/L). The concentrations
of GA3 and its transformation products changing with time
at pHs of 3.3 and 8.0 are shown in Fig. 5. At the beginning
of the reaction (0–6 days), the concentrations of Iso-GA3 and
GEA were similar to each other; they increased rapidly with
the decrease in GA3 concentration. As the reaction continued,
the concentration of GEA reached its peak and began to decrease slowly, while the concentration of Iso-GA3 increased
steadily and showed a steady trend in later reaction stage.
The results indicated that Iso-GA3 displayed better stability
than GEA, which continued to be transformed into new products at a rapid rate. Comparing the proportions of transformation products between pH=3.3 and pH=8.0, it was found that
the acidic condition was more favorable for the generation of
GEA, whereas the alkaline condition was more conducive to
the generation of Iso-GA3 .
In this study, P value, defined as the ratio of the total concentration of the four quantified compounds and the initial
GA3 concentration, was used as the mass balance value of
the reaction. The changes in P value with time at pH=3.3
and pH=8.0 are shown in Appendix A Fig. S4. After the 60
days reaction period, the P values of pH=3.3 and 8.0 were 56%
and 80%, respectively, indicating that more unknown products
were generated under acidic condition, most of which were
generated from GEA. Additionally, during the 60 days reaction
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Fig. 5 – The concentrations of GA3 and its transformation products at pH=3.3 (a) and pH=8.0 (b) changing with time.

Fig. 6 – The pseudo-first-order attenuation kinetics of GA3 in ultrapure water and groundwater (pH=8.0).

period, GA3 concentration gradually decreased to 12%–18% of
the initial concentration, but the total organic carbon of the
reaction solution did not change significantly, suggesting that
mineralization did not occur.

2.3.
Effect of groundwater matrix on GA3 transformation
in aqueous solution
In order to clarify the effect of groundwater matrix on the
transformation of GA3 , the transformation process of GA3 in
common North China groundwater (pH=8.0) was studied. The
pseudo-first-order attenuation kinetics of GA3 in pH=8.0 ultrapure water and groundwater are shown in Fig. 6. The GA3
transformation rates in the ultrapure water and the sterilized groundwater were similar, with the k of 0.0431 and 0.0436
day−1 on the transformation time of 0–50 days, respectively.

Thus, the sterilized groundwater matrix had little effect on the
transformation of GA3 . Comparing the transformation of GA3
in sterilized and unsterilized groundwater, it was found that
there is no significant difference in the transformation rate
and products during reacting for 30 days. But after 30 days, the
transformation rate in unsterilized groundwater increased, resulting in its k increasing from 0.0436 to 0.0510 day−1 on the
transformation time of 30–62 days. No other new degradation
products were detected. This phenomenon suggested that the
groundwater microorganisms were domesticated by GA3 during reacting for 30 days and the significant biodegradation occurred on the following 30 days.
The concentrations of the main GA3 products tended to be
stable after reacting for 60 days in ultrapure water and groundwater at pH=8.0. Monitored continuously for 30 days, the concentrations of GA3 , Iso-GA3 , GEA and OH-GA3 did not change
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Fig. 7 – The main transformation pathways of GA3 in aqueous solution (the red numbers (
1 –
7 ) mark the bonds of GA3 ; the
blue letters (A–D) mark the four rings in the GA3 structure).

Table 1 – Compositions, retention times and mass spectral fragmentation data of GA3 and its transformation products.
Compound number

Compound name

Elemental composition

Retention time (min)

Parent ion [M-H]−

Daughter ion

1
2
3
4
5
6

GA3
Iso-GA3
GEA
OH-GA3
Gibberellin A5
Gibberellin A7

C19 H22 O6
C19 H22 O6
C19 H22 O6
C19 H24 O7
C19 H22 O5
C19 H22 O5

9.68
8.59
7.70
7.05
10.95
12.79

345.14
345.13
345.13
363.14
329.10
329.10

239.14/257.16/143.09
283.13/239.14/273.15
301.14/257.15/161.10
275.16/257.15/179.13
239.10/285.11
267.10/255.12/225.09

significantly (<1%) and the reaction had reached equilibrium
(data not shown). The results illustrated that the transformation of GA3 in aqueous solution was reversible with an equilibrium constant. After reaching the transformation equilibrium at pH=8.0, the mass balance of GA3 and its products
was 76.2%, including Iso-GA3 (58%), GEA (7.9%), GA3 (7.3%)
and OH-GA3 (3%). When GA3 remains in fruits and vegetables
or migrates to groundwater environment, it is likely to exist
mainly in the form of Iso-GA3 due to its short t1/2 . However, at
present, Iso-GA3 and other products have not been identified
and quantified in water environment and agricultural products, which greatly underestimates the risk of GA3 to public
health and the environment.

2.4.
Mechanism of GA3 transformation in aqueous
solution
The main GA3 transformation pathways in aqueous solution
are summarized in Fig. 7, through the qualitative and quantitative analysis of its transformation products under different
conditions. It is interesting to observe that GA3 always isomerized from the γ -lactone bond (
3 in Fig. 7) of A ring at the beginning of transformation. To explain this phenomenon, the bond
energies of GA3 were calculated by Gaussian 09 and the mechanism of the GA3 transformation pathways was elucidated
from structural chemistry. Generally, in comparation with the
bonds of a compound’s carbon rings, the bonds of branched

Table 2 – The calculated bond energies of chemical bonds
No.
1 –
7 in GA3 structure.
Chemical bond number 
1
Bond energy (kcal/mol)


2


3


4


5


6


7

97.9 75.6 70.5 89.3 84.2 100.1 80.2

chains are more unstable and likely to break. Thus, easily broken bonds labeled in Fig. 7 were selected to calculate bond
energies and the results are shown in Table 2. The results indicated that the chemical bond No.
3 was most likely to break
because of its lowest bond energy (70.5 kcal/mol), leading to
GA3 transformation always beginning with the isomerization
of the γ -lactone ring.
In terms of chemical structure transformation, there was
no change in bond types during the transformation of GA3 into
Iso-GA3 , and the energy barrier between them (0.6 kcal/mol)
was very low. Therefore, the main transformation product of
GA3 in aqueous solution at pH=2.0–8.0 was Iso-GA3 . Besides,
the following generation of OH-GA3 from Iso-GA3 required the
participation of OH− , which was a hydrolysis process. Thereby,
only under the stimulation of an alkaline solution could IsoGA3 be hydrolyzed to a large amount of OH-GA3 . Considering the stereochemical feature of GA3 , the oxygen terminus
of the γ -lactone ring was not only allylic to the 1 -alkene but
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Table 3 – The estimated toxicity values of GA3 and its transformation products using the TEST Version 4.2.
Toxicity values

GA3

Iso-GA3

GEA

OH-GA3

Allogibberic acid

Dehydroallogibberic acid

LC50 (96 h) (mg/L)
LD50 (mg/kg)
Developmental toxicity
Ames mutagenicity

3.70
6303.63
0.77 (+)
0.30 (–)

2.65
202.37
0.84 (+)
−0.03 (–)

1.03
679.34
0.54 (+)
0.10 (–)

3.05
1050.93
0.71 (+)
0.19 (–)

0.87
472.39
0.96 (+)
0.31 (–)

0.77
182.24
1.07 (+)
0.24 (–)

Note: LC50 (96 h) is the concentration of the test chemical in water in mg/L that causes 50% of fathead minnow to die after 96 h; LD50 is the
amount of chemical in mg/kg body weight that causes 50% of rats to die after oral ingestion; + means positive; –means negative.

also possessed a trans-anti-periplanar relationship to the tertiary hydrogen atom at C9, leading to facile elimination reactions (Moffatt, 1960; Hanson, 2018). Especially in the presence
of H+ , the oxygen terminus of the γ -lactone ring bonded with
H+ to activate C9-H bond. Then the tertiary hydrogen atom
at C9 was easily transferred to aqueous solution and simultaneously GEA was generated. In this way, an acidic condition
could facilitate the generation of GEA.

2.5.
Toxicity estimation of GA3 and its transformation
products
According to the analysis above, the t1/2 of GA3 was 16.1–24.6
days at 2.0≤pH≤8.0. It was likely that GA3 released to the water environment was mainly present in the form of its products. As a result, the toxicological study of GA3 products was
very important to its environmental risk assessment. In this
study, the toxicity of GA3 and its transformation products was
estimated using the TEST Version 4.2. In order to test the reliability of the predicted results, the measured toxicity values
and the estimated values of 512 kinds of organic compounds
were compared with each other. The results showed that there
was an accurate linear relationship between the two values
(R2 =0.7041) (Meng, 2016). Therefore, the estimated values were
generally consistent with the experimental values. As shown
in Table 3, the Ames mutagenicity of GA3 and its transformation products were negative, but all of them contained developmental toxicity. More seriously, not only was LC50 (96 h) of
the GA3 transformation products (0.77–3.05 mg/L) lower than
that of GA3 (3.70 mg/L), but also LD50 of the transformation
products (182.24–1050.93 mg/kg) was much lower than that of
GA3 (6303.63 mg/kg). These results indicated that GA3 would
be transformed into higher toxicological compounds in water
environment, increasing its health risk. Therefore, it is very
necessary to study the detection and fate of GA3 and its products in agricultural products, soil, water, etc.

3.

Conclusions

In this study, the qualitative and quantitative determination methods of GA3 and its transformation products using
LCMS−IT−TOF and HPLC, respectively, were developed. Based
on research findings, the main conclusions are as follows: (1)
the transformation of GA3 in aqueous solution followed the
pseudo-first-order kinetic model at pH=2.0–8.0 and the t1/2
ranged from 16.1 to 24.6 days. Iso-GA3 and GEA were the main
transformation products, with some OH-GA3 which was the

hydrolysis product of GA3 ; (2) the sterilized groundwater matrix had little effect on the transformation of GA3 . After reaching the transformation equilibrium in the common groundwater from North China, the mass balance of GA3 and its products was 76.2%, including Iso-GA3 (58%), GEA (7.9%), GA3 (7.3%)
and OH-GA3 (3%); (3) the transformation mechanism of GA3
was related to the bond energy and stereochemical feature
of its molecular structure. GA3 always isomerized from the γ lactone ring due to the lowest bond energy between the oxygen terminus of the γ -lactone ring and A ring; (4) GA3 and its
transformation products all had developmental toxicity, and
the predicated LC50 (96 hr) and LD50 of the main GA3 products
were much lower than those of GA3 . In other words, GA3 would
be transformed into higher toxicological derivatives in water
environment, increasing its health risk to human body and the
environment. Therefore, not only GA3 but also its transformation products should be detected and studied regarding their
migration and transformation behavior in agricultural products as well as soil and water environments.
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