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Assessing temporal flux of plant hormones in stored processing

potatoes using high definition accurate mass spectrometry
José Juan Ordaz-Ortiz, Sofia Foukaraki and Leon Alexander Terry

Plant hormones are important molecules which at low concentration can regulate various physiological processes. Mass spectrometry
has become a powerful technique for the quantification of multiple classes of plant hormones because of its high sensitivity and
selectivity. We developed a new ultrahigh pressure liquid chromatography–full-scan high-definition accurate mass spectrometry
method, for simultaneous determination of abscisic acid and four metabolites phaseic acid, dihydrophaseic acid, 79-hydroxy-abscisic
acid and abscisic acid glucose ester, cytokinins zeatin, zeatin riboside, gibberellins (GA1, GA3, GA4 and GA7) and
indole-3-acetyl-L-aspartic acid. We measured the amount of plant hormones in the flesh and skin of two processing potato cvs. Sylvana
and Russet Burbank stored for up to 30 weeks at 6 6C under ambient air conditions. Herein, we report for the first time that abscisic acid
glucose ester seems to accumulate in the skin of potato tubers throughout storage time. The method achieved a lowest limit of
detection of 0.22 ng g21 of dry weight and a limit of quantification of 0.74 ng g21 dry weight (zeatin riboside), and was able to recover,
detect and quantify a total of 12 plant hormones spiked on flesh and skin of potato tubers. In addition, the mass accuracy for all
compounds (,5 ppm) was evaluated.
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INTRODUCTION
Plant hormones (PHs) play pivotal roles in plant growth, develop-
ment and response to biotic and abiotic stresses. Little informa-
tion has been reported on the class and abundance of plant
hormones on postharvest physiology of fresh produce. Abscisic
acid (ABA) has been consistently recognized as a tuber dormancy-
related plant hormone, while a decline in ABA content is assoc-
iated with dormancy progression and appears to be a prerequisite
for dormancy break; however, there is most likely no particular
threshold concentration below which dormancy is broken.1,2 In
contrast, gibberellins (GAs) and cytokinins are thought to be
involved in the release of dormancy, whereas ABA and ethylene
have been associated with the onset and maintenance of potato
tuber dormancy.2 Endogenous levels of GA1, GA19 and GA20
have been measured in potato tuber using gas chromatography
coupled to mass spectrometry single ion monitoring (GC–MS–
SIM) with internal standards; the endogenous concentration of
these GAs in tubers exiting dormancy was essentially the same
as that of deeply dormant tubers.2 Collectively, it has been sug-
gested that endogenous GAs are not intimately involved in tuber
dormancy control, but they play a critical role in subsequent
sprout elongation. It has also been suggested that cytokinins
are natural dormancy-terminating agents in potato tubers.3

However, the role of gibberellins and cytokinins in dormancy
regulation and control of potato tubers remains obscure. The
effects reported in most of the experiments done in the past have
used exogenous applications of gibberellins (GA3, GA1) and syn-
thetic cytokinins (6-benzylaminopurine) to excised tuber buds
and have rarely measured endogenous levels (naturally occurring)
of these plant hormones in tuber tissues.2,4,5 In contrast, some of
the findings and measurements of their abundances have been
made using monoclonal antibodies against specific cytokinins.3,6

In addition, and to the best of our knowledge, high-definition

mass accuracy MS techniques have not been used to measure
endogenous levels of PHs in potato tubers.

In the past, great efforts had been made on the development of
quantification methods for the simultaneous determination of
most plant hormones. Liquid chromatography–mass spectrometry
(LC–MS) has been considered as the best technique for the analysis
of PHs due to its selectivity and sensitivity. A number of methods
have been reported using reversed-phase liquid chromatography
electrospray ionization (ESI) tandem mass spectrometry MS/MS.7–9

The majority of these methods have been developed by applying
multiple reaction monitoring using a triple quadrupole mass
spectrometer. These methods have been applied successfully for
the simultaneous determination of different classes of PHs, either in
positive or negative ionization mode in two separate instrument
runs making the time for analysis longer. Few methods have
developed combined acquisition in both positive and negative ion-
ization modes on a single instrument run.10,11

Herein, the development and application of a robust, high-
throughput sensitive new method for the simultaneous quantifica-
tion of 12 endogenous PHs in flesh and skins from potato tubers
using reversed-phase ultrahigh-pressure liquid chromatography
(UHPLC) coupled to high-definition accurate mass quadrupole time
of flight mass spectrometry (Q-ToF MS) is described. The method
combines the acquisition mode in both positive and negative polar-
ities under full-scan mode, and requires only thirteen minutes per
analytical run.

MATERIALS AND METHODS

Plant material
Potato cvs. Sylvana (Greenvale AP Ltd, Cambs, UK) and Russet Burbank
(McCain Foods Ltd, Yorks, UK) were used in this study. The selected potato
cultivars are categorized as maincrop (‘Russet Burbank’) and early maincrop
(‘Sylvana’) according to the British Potato Variety Database (2009). These
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varieties arrived at Sutton Bridge Crop Storage Research facilities on 10
October 2008 and were passed over a grading line to remove loose soil,
rotten, damaged, green and/or undersized (,45 mm) tubers. Sprout sup-
pressants were not applied to the tubers used in the study. On arrival, tubers
underwent a controlled cooling regime from 15 6C (arrival temperature), at a
rate of 0.5 6C reduction per day at ambient relative humidity, to a holding
temperature of 6 6C, in order to minimize chilling stress and allow time for
wound healing. After reaching 6 6C, tubers were stored under continuous
ambient air for up to 30 weeks. Tubers (n53) were collected at five sampling
points throughout storage: (i) at harvest; (ii) at 6 weeks storage; (iii) at the
time of first indication of sprouting (10% of air-stored tubers showing white
sprout tissue development12–14); (iv) 4 weeks later; and (v) at 30 weeks
storage. Flesh and skin tissues from both cultivars were analyzed in all
sampling points; however due to the insufficient amount of skin sample in
potato cv. Sylvana at 30 weeks storage, those skin samples were not ana-
lyzed at that time point (Figure 2).

Sample extraction
Freeze-dried potato samples (150 mg) were mixed with 5 mL of extraction
solvent comprised of methanol/water/formic acid mixture (75:20:5, v/v/v).
Then 50 mL of 400 ng mL21 solution of internal standard mixture (10
deuterated labeled compounds) was added to the extraction mixture.
The mixture was kept at 220 6C overnight in the dark. Solids were sepa-
rated by centrifugation at 1132g; the remaining residue after centrifu-
gation was re-extracted with 2 mL of the extraction solvent for 30 min
at 220 6C. Supernatants of both extractions were reunified into one frac-
tion and passed through a Sep-Pak vac tC18 cartridge previously condi-
tioned with 5 mL of methanol and equilibrated with 5 mL of 1 M formic
acid solution. The eluate was first purged with nitrogen at room temper-
ature to evaporate the organic phase and the residue was freeze dried
overnight in the dark at 295 6C. It was subsequently reconstituted with
1 mL of 1 M formic acid. The formic acid solution containing all hormones
was then loaded into an Oasis MCX cartridge that had been pre-condi-
tioned with 5 mL of methanol and equilibrated with 5 mL of 1 M formic

acid solution. The formic acid solution was later discarded and then the
cartridge was eluted with 2 mL of methanol and 2 mL of 0.35 M NH4OH in
60% (v/v) methanol. The solution that passed through contained the plant
hormones. This solution was first purged with nitrogen at room temper-
ature to evaporate the organic phase and the residue was freeze dried
overnight (in the dark at 295 6C). The final dried material was reconsti-
tuted with 400 mL of 0.1% formic acid in ultrapure water containing 20 ng
of d6-ABA added to evaluate extraction efficiencies. Five microliters of the
reconstituted sample was injected into the LC–MS system to quantify the
endogenous PHs.

Chemicals and reagents
Methanol and formic acid HPLC grade solvents were purchased from Fisher
Scientific (Leics, UK) and used for sample extraction; HPLC grade water was
obtained from a Direct-Q3 ultrapure water system from Millipore (Milford,
MA, USA). NH4OH (28%–30%) was purchased from Sigma-Aldrich (Dorset,
UK). Acetonitrile, formic acid and methanol LC–MS grade for mobile phase
preparation were purchased from Fisher Scientific. Sep-PakH vac tC18 SPE
cartridges containing 500 mg of C18 stationary phase bonded on silica gel
matrix, and OasisH MCX cartridges containing 150 mg of sulfonic acid sor-
bent were purchased from Waters Corporation (Milford, MA, USA).

Deuterated labeled and unlabeled compounds, [2H3]-dihydrozeatin d3-
DHZ; [2H3]-dihydrozeatin riboside d3-DHZR; [2H2]-gibberellin A1 d2-GA1;
[2H2]-gibberellin A4 d2-GA4; zeatin 6Z; zeatin riboside 6ZR; gibberellin
A1 GA1 and gibberellin A4 GA4 were purchased from OlchemIm Ltd
(Olomouc, Czech Republic); [2H3]-dihydrophaseic acid (2)-79,79,79-d3 dihy-
drophaseic acid (DPA); [2H5]-abscisic acid glucose ester (1)-4,5,89,89,89-d5-
ABA-GE; [2H3]-phaseic acid (2)-79,79,79,-d3-PA, [2H4]-79-hydroxy-abscisic acid
(6)-5,89,89,89-d4-79-hydroxy-ABA; [2H4]-abscisic acid (2)-5,898989-d4-ABA,
[2H6]-abscisic acid (6)-39,59,59,79,79,79-d6-ABA; (2)-DPA, (1)-ABA-GE, (2)-
PA, (6)-79-hydroxy-ABA were obtained from the National Research
Council of Canada-Plant Biotechnology Institute; (6)-ABA was purchased
from Sigma-Aldrich.

Figure 1. (a) UHPLCQ-TOFMSoverlaid EICs of amixture of 14 authentic plant hormone standards, section 1 refers to the first time segmentwhich
was acquired in positive ionization mode and section 2 to the second time segment which was acquired in negative ionization mode. (b)
Overlaid extracted ion chromatograms of skin tissue extract from potato sample. Compounds are as follows: 0.87, trans-zeatin; 0.98, cis-zeatin;
1.49, trans-zeatin riboside; 1.63, cis-zeatin riboside; 2.06, dihydrophaseic acid; 2.41, indole-3-acetyl-L-aspartic acid, 3.03, gibberellin 3; 3.14,
gibberellin 1; 3.39, abscisic acid glucose ester; 3.49, phaseic acid; 4.19, 79-hydroxy-abscisic acid; 5.50, abscisic acid; 8.77, gibberellin 7; 8.97,
gibberellin 4.
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LC–ESI–Q-TOF instrument
Chromatographic separation was achieved on an Agilent 1290 Infinity
UHPLC system and comprised of the following: a thermostatted column
compartment operated at 30 6C, an cooled autosampler, a binary pump with
jet weaver V35 mixer. Separation was achieved by a Zorbax Rapid Resolution
High Definition Eclipse Plus C18 column (2.1350 mm 1.8 mm). Compounds
were separated at a flow rate of 0.6 mL min21 using a linear gradient of
solvent A (water10.1% formic acid) and solvent B (acetonitrile10.1% formic
acid) programed to the following profile; 0 min, 4% B196% A; 1.5 min,
12.6% B; 7.0 min, 26% B; 10 min 40% B and hold for 0.5 min; 10.6 min
100% B and hold for 1 min, finally the column was taken for re-equilibration
for 1.35 min (4% B), giving a total run time of 13 min. The injection volume
was 5 mL injected with needle wash for 6 s.

Calibration curves were prepared using seven calibration solution levels
containing 5, 10, 25, 50, 75, 100 and 150 ng mL21 each of the 12 unlabeled
compounds prepared with the solvent A (water10.1% formic acid). Each
calibration solution level also contained 50 ng mL21 of 10 corresponding

internal standards (deuterated labeled compounds). Five microliters of each
calibration solution were injected in triplicate into the UHPLC system. The
area underneath the full scan peak corresponding to more abundant accur-
ate m/z of each molecule was used to calculate the relative response of each
standard and internal standard for each concentration level. The relative
response was equal to the standard peak area divided by the internal stand-
ard peak area. Calibration curves for the 12 compounds were gene-
rated by plotting the known concentration of the calibration level against
the relative response calculated for each calibration level. Quantification
analysis was carried out using an Agilent MassHunter Quantitative Analysis
Software B.05.00 (Agilent Technologies, Santa Clara, CA), which automatically
calculated the final concentration of each compound in the calibration solu-
tion, samples and quality control samples.

Full scan MS and MS/MS experiments
Full scan MS experiments were carried out on an Agilent 6540 Ultra High
Definition Accurate Mass Q-TOF LC–MS System (Agilent Technologies).

Figure 2. Abscisic acid, Abscisic acid-glucose ester, dihydrophaseic and phaseic acid content (ng g21 DW) in flesh and skin of potato cv. Sylvana
tubers stored under ambient air and sampled at five (flesh) or four (skin) time points: after harvest, at 6 weeks storage, at first indication of
sprouting (red arrow), 4 weeks later and at 30 weeks storage (n53). LSD bars for flesh (A) and skin (B) (P,0.05) are shown.
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Samples, calibration solutions and quality control samples were analyzed
using an electrospray ionization source Agilent Dual Jet Stream source in a
time segment method. The first time segment comprised of 1.78 min
acquisition, acquired in positive mode where the cytokinins zeatin (Z) and
zeatin riboside (ZR) were analyzed. The second time segment comprised of
11.22 min acquisition time period, acquired in negative mode to ABA
together with its metabolites DPA, abscisic acid glucose ester (ABA-GE),
phaseic acid (PA), 79-hydroxy-abscisic acid (79-OH-ABA); indole-3-acetyl-L-
aspartic acid (IAAsp) and the GAs (GA1, GA3, GA4 and GA7). For both positive
and negative modes the following settings were applied: nebulizer gas
temperature (N2) 200 6C, at a flow rate of 8 L min21, sheath gas temperature
(N2) 350 6C at a flow rate of 11 L min21. Capillary voltage 64000 V, Nozzle
voltage 6500 V, fragmentor 1175/2165 V. Full-scan data were acquired on
the range of 50–1200 m/z, at a acquisition rate of 3 spectra s21 and data
were recorded in centroid mode, using a maximum time between MS spec-
tra of 3 s. Accurate-mass internal mass calibration was performed automat-
ically using a dual-nebulizer ion source combined with an automated
calibrant delivery system, which introduced continuously the internal ref-
erence ion solution at approximately 50 mL min21, the reference ion masses
were 119.0363 and 1033.9881 m/z in negative mode; 121.0508 and 922.0097
m/z in positive mode. Peak integration was carried out under full-scan con-
ditions using the extracted ion chromatogram (EIC) of the deprotonated or
protonated molecule from the total ion chromatogram with 20 ppm mass
extraction window. The accurate mass spectrum and retention time for all
compounds were used for both confirmation and quantification purposes,
while peak areas of EICs were used for quantification.

MS/MS experiments were previously carried out to confirm compound
identification; in product ion scan experiments (MS/MS), product ions were
produced by collision-induced dissociation of selected precursor ions using
targeted MS/MS experiments, with collision energy previously optimized for
each compound and ranged from 10–25 eV with an isolation window of 4
m/z (medium) for all compounds (Supplementary Figure S1). Product ion
scans were acquired at the mass range of 100–1200 m/z, with an acquisition
rate of 3 spectra s21. The LC-MS system and data acquisition were controlled
by an Agilent MassHunter Data Acquisition software B.04.00 (Agilent
Technologies).

RESULTS

Development of a high-definition accurate MS method
The first step of the analysis for all 12 PHs was to record full-scan
spectral data chromatograms. The exact mass to charge ratio (m/z)
of the molecules was extracted from the raw data or total ion chro-
matogram generating an EIC (Figure 1); and the retention time and
accurate mass of each compound (standard and internal standard)
were obtained. The chromatograms shown on Figure 1 are both
EICs, which are free of noise as each peak depicts only the area
underneath the accurate mass of each targeted compound where
it is most found. The accurate masses of the molecular ions in
observed protonated molecule (M1H)1 and deprotonated molecule
(M–H)2 for positive and negative ionization modes respectively were
used for both confirmation and quantification purposes. The chro-
matograms obtained (EICs) were processed through the quantitative
analysis software, which provided the mass accuracy values (differ-
ence between measured mass and calculated exact or theoretical
mass divided by exact mass and expressed in ppm). Accurate mass
measurements were obtained (Table 1) and the errors obtained for
most compounds were well below the established accuracy thresh-
old of 5 ppm for unambiguous identification of the 12 PHs and their
corresponding deuterated forms. Further unambiguous confirma-
tion of the identity of the PHs was carried out using targeted MS/
MS experiments under collision-induced dissociation conditions. The
product ion spectra obtained were then compared to match with
the standard solution samples (Supplementary Fig. S1) and with data
from the published literature obtained with the multiple reaction
monitoring method using a triple quadrupole instrument.

Validation of the analytical method
The linearity of the method was evaluated over the range 5–150 ng
mL21 using standard solutions mixture containing 5, 10, 25, 50, 75,

Table 1. Mass accuracy (ppm) of endogenous plant hormones and stable isotopes labeled internal standards measured in calibration solutions
and spiked potato samples

Exact expected m/z STD conc. (50 ng mL21 of ISTD) Spiked level QC

Plant hormone (M1H)1 (M2H)2 5 10 25 50 75 100 150 * 5* 25* 50* 5** 25** 50**

Z 220.1193 21.17 20.89 20.78 20.56 20.33 20.10 0.23 nd 22.38 22.24 22.77 20.55 20.36 20.37

d3-DHZ 225.1538 20.29 20.33 20.40 20.45 20.34 20.32 20.18 20.21 20.38 20.18 20.16 20.30 20.35 20.39

ZR 352.1615 0.64 0.41 0.70 0.58 0.69 0.76 1.02 22.34 20.50 0.12 0.40 0.98 0.78 0.70

d3-DHZR 357.1960 0.84 0.86 0.69 1.04 0.80 0.79 0.80 0.79 0.95 0.60 0.82 0.92 1.07 0.87

DPA 281.1394 0.23 0.05 20.02 0.37 0.08 20.22 20.07 0.11 0.04 20.12 20.19 0.45 20.69 20.49

d3-DPA 284.1583 20.18 20.11 20.11 20.26 20.49 20.19 20.20 20.45 20.52 21.20 21.13 20.88 20.36 21.20

IAAsp 289.0830 0.50 20.31 20.42 0.00 20.28 20.07 0.05 1.91 1.84 0.33 20.26 20.63 20.41 20.36

d5-IAAsp 295.1114 20.16 20.25 20.20 20.18 20.34 20.09 20.07 0.55 20.09 0.45 0.10 20.22 20.56 20.78

GA3 345.1344 0.73 0.38 20.38 20.07 20.03 20.23 20.14 nd 22.20 21.26 21.22 0.05 20.91 20.78

GA1 347.1500 1.39 0.11 20.04 20.18 0.01 20.22 20.14 nd 2.47 1.16 0.19 20.51 20.47 20.42

d2-GA1 349.1626 20.03 20.14 20.11 20.35 21.04 21.45 21.87 20.22 20.12 20.68 21.09 20.62 20.76 21.06

ABA-GE 425.1817 20.67 0.55 0.46 0.49 20.18 20.46 20.33 24.79 24.07 24.27 23.43 0.90 20.71 0.08

d5-ABA-GE 430.2131 0.38 20.15 0.18 0.46 0.40 20.06 0.29 0.75 0.45 0.85 0.63 0.47 0.26 0.51

PA 279.1238 20.53 0.08 20.48 20.48 20.35 20.29 20.45 20.03 20.23 20.34 20.45 20.64 20.87 20.75

d3-PA 282.1426 20.19 20.29 20.21 20.43 20.42 20.42 20.07 21.61 22.39 21.66 21.70 20.73 20.55 20.66

79-OH-ABA 279.1238 0.09 20.33 20.24 20.67 20.37 20.48 20.31 nd 20.33 20.02 20.61 20.44 20.40 20.75

d4-79-OH-ABA 283.1489 0.01 20.07 20.22 20.48 20.01 20.53 20.29 20.30 20.46 20.31 20.57 20.94 20.56 20.80

ABA 263.1289 20.30 20.50 20.52 20.48 20.56 20.40 20.08 20.43 20.59 20.66 20.70 20.87 20.82 20.98

d4-ABA 267.1540 20.24 20.53 20.58 20.50 20.65 20.72 20.56 20.41 20.63 20.62 20.64 20.71 21.17 20.93

GA7 329.1394 1.06 0.10 0.13 20.05 20.09 0.08 0.04 nd 0.06 0.07 20.22 0.06 20.31 20.36

GA4 331.1551 0.16 0.53 20.38 20.19 20.18 20.31 20.15 nd 0.11 20.29 20.38 0.00 20.40 20.47

d2-GA4 333.1677 20.22 20.38 20.29 20.54 20.66 20.90 21.01 20.19 20.33 20.03 20.38 20.36 20.62 20.98

*Potato sample, 5* potato sample spiked with 5 ng mL21 standard mix, 5** quality control (QC) sample containing 5 ng mL21 standard mix, nd, not detected.

Values are average of 15 analytical runs; 3 analytical runs per day during five consecutive days for calibration solutions and QC samples, and average of 45 analytical runs; 9

analytical runs per day during five consecutive days for spiked potato sample.
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100 and 150 ng mL21 of each of the 12 unlabeled PHs or their
respective metabolites and 50 ng mL21 of each of their corres-
ponding deuterated forms. Calibration curves for each of the 12
compounds were generated automatically by the quantitative ana-
lysis software; briefly the relative response of each compound was
plotted against the known concentration level. Linear relationships
and good correlation coefficients (R2.0.9996) were obtained for all
of the 12 compounds (Table 2).

Instrumental detection limits or limits of detection (LODs) and
limits of quantification (LOQs) for each compound were deter-
mined based on the signal-to-noise ratio (S/N) and calculated using
peak-to-peak algorithm type, where LOD is three times S/N and
LOQ is 10 times S/N, the LODs and LOQs obtained were on the
range of 0.22–1.50 ng mL21 and 0.74–5.00 ng mL21, respectively
(Table 2).

The precision of the analytical method was determined by assay-
ing three calibration level points; at 5, 25 and 50 ng mL21 of each of
the 12 PHs on three consecutive times within one day (reproducibi-
lity) and with four consecutive days with three replicates each
day (repeatability). The relative standard deviations for intra- and

inter-day precision were well below 10% for all compounds sug-
gesting good reproducibility and repeatability of the method for
the 12 PHs tested (Supplementary Information and Table 2).

To evaluate the accuracy of the method on a tissue sample matrix,
assays were carried out on a spiked potato sample. As for the intra-
and inter-day precision assays, three spiked levels were tested; low
concentration level (5 ng mL21), medium concentration level
(25 ng mL21) and high concentration level (50 ng mL21). The %
recoveries were then evaluated by comparing the amount of each
compound recovered with the amount added, taking into account
the endogenous hormones levels in the potato sample previously
determined. Briefly recoveries (%)5(amount measured–endogen-
ous amount)/spiked amount3100. The mean recoveries for all 12
spiked PHs were between the ranges 87% and 107% (Table 3). In
addition, extraction efficiencies using the Sep-Pak tC18 and Oasis
MCX cartridges were also evaluated by adding an external standard
(d6-ABA) for each spiked level of the potato samples; the extraction
recoveries were well .95%. These results suggest that the new
method developed was precise, accurate and sensitive enough for
the quantification of 12 plant hormones.

Table 2. Calibration parameters and sensitivity of the UHPLC Q-TOF MS method

Plant hormone RT (min) RSD (%)

Exact m/z

precursor ion*

Calibration range

(ng mL21)

Correlation

coefficient (R2) LOD (ng mL21) LOQ (ng mL21)

Zeatin (Z) 0.84 0.28 220.1193 5–150 0.9996 0.99 3.29

Zeatin Riboside (ZR) 1.63 0.53 352.1615 5–150 0.9996 0.22 0.74

Dihydrophaseic acid (DPA) 2.06 0.02 281.1394 5–150 0.9998 1.12 3.73

Indole-3-acetyl-L-aspartic acid

(IAAsp)

2.41 0.28 289.0830 5–150 0.9998 1.30 4.34

Gibberellin 3 (GA3) 3.03 0.35 345.1344 5–150 0.9997 0.47 1.58

Gibberellin 1 (GA1) 3.14 0.15 347.1500 5–150 0.9996 0.55 1.84

Abscisic acid glucose ester

(ABA-GE)

3.39 0.20 425.1817 5–150 0.9997 1.50 5.00

Phaseic acid (PA) 3.49 0.17 279.1238 5–150 0.9998 0.79 2.64

79-hydroxy-abscisic acid

(7OHABA)

4.19 0.19 279.1238 5–150 0.9998 1.24 4.14

Abscisic acid (ABA) 5.50 0.02 263.1289 5–150 0.9998 0.48 1.59

Gibberellin 7 (GA7) 8.77 0.02 329.1394 5–150 0.9998 1.16 3.86

Gibberellin 4 (GA4) 8.91 0.08 331.1551 5–150 0.9998 1.09 3.62

Abbreviations: m/z, mass to charge ratio; RSD, relative standard deviation; RT, retention time.

LOD calculated as 3* standard deviation of analyte response at the lowest concentration range of calibration solution and with a signal to noise ratio S/N53.0.

LOQ calculated as 10* standard deviation of analyte response at the lowest concentration level of calibration solution with a S/N ratio 53.0.

*m/z values are deprotonated molecules [M2H]2 for all compounds except for (Z and ZR) which are protonated molecules [M1H]1.

Table 3. Recoveries and relative standard deviations of plant hormones spiked at three concentration levels on tissue sample matrix

Low concentration level (n53) Medium concentration level (n53) High concentration level (n53)

Plant hormone

Added

(ng mL21) Recovery (%) RSD (%)

Added

(ng mL21) Recovery (%) RSD (%)

Added

(ng mL21) Recovery (%) RSD (%)

Zeatin (Z) 5 100.1 0.41 25 100.0 1.19 50 99.0 2.38

Zeatin riboside (ZR) 5 100.0 8.67 25 102.3 3.45 50 103.4 1.96

Dihydrophaseic acid (DPA) 5 97.6 4.20 25 98.7 3.58 50 97.4 2.99

Indole-3-acetyl-L-aspartic acid (IAAsp) 5 104.7 8.14 25 101.7 7.45 50 104.9 8.86

Gibberellin 3 (GA3) 5 91.0 6.92 25 96.1 1.42 50 97.8 2.96

Gibberellin 1 (GA1) 5 88.5 5.23 25 93.9 3.05 50 93.7 3.89

Abscisic acid glucose ester (ABAGE) 5 107.4 2.45 25 105.0 2.83 50 102.3 4.46

Phaseic acid (PA) 5 95.5 1.77 25 97.2 6.40 50 87.7 6.08

79Hydroxy-abscisic acid (79OH-ABA) 5 95.5 3.34 25 98.2 1.95 50 99.8 2.45

Abscisic acid (ABA) 5 95.7 0.78 25 96.0 1.60 50 97.1 2.18

Gibberellin 7 (GA7) 5 104.8 8.22 25 103.8 1.98 50 103.0 2.48

Gibberellin 4 (GA4) 5 94.9 3.90 25 95.8 2.18 50 95.7 3.19
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Endogenous content of ABA, PA, ABA-GE and DPA in different
tissues of potato tubers
The endogenous ABA content in skin tissue of cv. Sylvana varied
from 24 ng g21 dry weight (DW) at harvest to less than 1 ng g21 DW
at the end of 12 weeks storage corresponding to first indication of
sprouting (Figure 2). These levels were slightly different for cv.
Russet Burbank which varied from 24 ng g21 DW at 6 weeks storage
to 14 ng g21 DW at 14 weeks of storage at time of first indication of
sprouting (Figure 3). For both cultivars, no significant differences
were observed in the content of ABA between flesh tissue com-
pared to skin tissue throughout storage (P,0.05).

At harvest the endogenous PA content was 118 and 161 ng g21

DW in skin tissues of cvs. Sylvana and Russet Burbank, respectively;
the content decreased dramatically to undetectable levels in both
cultivars, and this was more pronounced in the skin tissues of cv.

Sylvana than in cv. Russet Burbank. In contrast, the decrease in
endogenous PA was more pronounced in the flesh of cv. Russet
Burbank than in the skin tissue; and the decline was also accom-
panied by a concomitant decrease in the content of DPA; these
ranged from 539 ng g21 DW to 125 ng g21 DW. This decrease
was also observed for cv. Sylvana where the endogenous concen-
tration of DPA decreased from 1600 ng g21 DW to approximately
46 ng g21 DW during storage without there being a significant
difference between flesh and skin tissues (P,0.05).

The endogenous content of ABA-GE in cv. Sylvana appeared to
increase throughout storage, showing concentrations of 25 ng g21

DW in flesh tissue and at 37 ng g21 DW in skin tissue at harvest and
an average of 60 ng g21 DW at the end of 30 weeks storage. In
contrast, the ABA-GE levels in skin tissue of cv. Russet Burbank
increased from 21 ng g21 DW at harvest to 633 ng g21 DW after

Figure 3. Abscisic acid, Abscisic acid-glucose ester, dihydrophaseic and phaseic acid content (ng g21 DW) in flesh and skin of potato cv. Russet
Burbank tubers stored under ambient air and sampled at five time points: after harvest, at 6 weeks storage, at first indication of sprouting (red
arrow), 4 weeks later and at 30 weeks storage (n53). LSD bars for flesh (A), skin (B) and flesh and skin (C) (P,0.05) are shown.
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30 weeks of storage. To the best of our knowledge, ABA-GE has
never been reported in potato tubers; moreover, it has never been
related to tuber dormancy.

DISCUSSION
In order to assess the temporal flux of endogenous plant hormones
in potato tubers throughout storage, we have developed a full-scan
MS method, and tested its performance to quantify a total of 12
plant hormones in flesh and skin tissues from two different potato
cvs. Sylvana and Russet Burbank stored for a maximum of 30 weeks
at 6 6C under ambient air conditions.

Among the 12 PHs described here, only ZR, ABA, PA, ABA-GE and
DPA were detected in flesh and skin of potato tubers, while Z, ABA-
79-hydroxyl, indole-3-acetyl-L-aspartic acid, gibberellins GA3, GA1,
GA7 and GA4 were undetectable maybe due to the LOD. However,
the LOD described here (for example, for GA1, was 0.55 ng g21 DW
and LOQ 1.84 ng g21 DW), was sufficient to detect and measure
GA1 levels previously reported to be around 1 ng g21 of fresh
weight at 243 days of postharvest storage, measured using GC–
MS–SIM.2 The levels of ZR were well below the limit of quantifica-
tion (1.58 ng mL21) and consequently were not reported.

ABA acid has been recognized as a tuber dormancy-related plant
hormone, yet in this study, no significant differences were observed
in the content of ABA either in flesh and skin tissue of both cultivars
studied, rather a gradual decrease was observed as the storage time
increased supporting the suggestion that ABA may be linked to
potato tuber dormancy progression.15–17 The ABA levels reported
(,50 ng g21 fresh weight), are consistent with those reported by
other authors17 since after harvest all periderm tissues of cv. Russet
Burbank had slightly higher ABA content than parenchyma
tissues.17 The ABA levels at first indication of sprouting in both culti-
vars here described varied from undetectable levels to 14 ng g21

DW and no evidence for a minimum level at the start of sprouting
could be established; these results support the statement that there
is most likely no particular threshold concentration below which
dormancy is broken1 and the role of ABA in potato tuber dormancy
progression is still unclear.

It has been hypothesized that once formed, ABA is metabolized
primarily by oxidation on the 89 methyl group to form the unstable
intermediate 89-hydroxy-ABA which at the time spontaneously
rearranges to form PA that is then reduced to form DPA.18 Our
results are consistent with this, as we observed a dramatic decrease
in ABA accompanied with a decline in PA and DPA; the latter being
the major ABA metabolite to accumulate in tubers of both cultivars,
supporting the principal ABA catabolism in potato tubers proceeds
through PA to DPA.19,20

In this study, the skin tissue of cv. Russet Burbank potato tubers
seemed to accumulate more ABA-GE than cv. Sylvana throughout
storage. At harvest, cv. Russet Burbank had almost threefold less
DPA than cv. Sylvana and this may result from a possible inhibition
of ABA to be converted into DPA by abscisic acid 89-hydroxylase.
The skin tissue of both cultivars appears to accumulate ABA-GE as
the storage time increases. This behavior is more marked in the case
of cv. Russet Burbank, suggesting that conjugation with glucose
rather than hydroxylation was preferred over catabolic pathway
and this could potentially be related to water loss stress and sprout-
ing as this was significantly reduced between 16 and 30 weeks of
storage for cv. Russet Burbank (data not shown). Moreover, ABA-GE
levels have been also reported to increase during dehydration or
water stress and during specific seed development and germina-
tion stages.10,21,22 Although ABA conjugates had been thought to
be physiologically inactive and accumulate in vacuoles during age-
ing,23 it has also been proposed that ABA-GE may be involved in
long distance transport.24,25 In addition, levels of ABA-GE do not
always vary in parallel to the change in ABA levels, suggesting that
conjugation may be regulated differently in particular tissues and

under specific conditions.26 It is important to note that only generic
peel and flesh tissue was evaluated so that buds for example were
not independently sampled for PHs.

To conclude, the newly developed full-scan Q-TOF MS method is
both reliable and allows accurate quantification of 12 PHs. The
validation criteria of accuracy, precision and sensitivity were accept-
able and comparable with the LC–MS/MS (multiple reaction mon-
itoring) mode. To the best of our knowledge, this is the first time
that a full-scan high-definition accurate mass method has been
developed for the simultaneous quantification of PHs. In addition,
this is the first report that measures ABA-GE in potato tubers. The
key advantages of this new method are: firstly, all compounds are
analyzed on a single instrument run, using both positive and nega-
tive ionization modes and secondly, all compounds are analyzed
under high-resolution full-scan mode, which allowed accurate mass
measurements for unambiguous identification of all compounds. In
terms of mass accuracy, our hybrid ultrahigh-definition accurate
mass Q-TOF LC MS system obtained mass errors data well below
the established 5 ppm mass accuracy threshold; the method
described here should be helpful in quantification analysis of PHs
in roots, tubers, fruits and vegetables.
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