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Abstract

Zingiber offcinale Roscoe rhizomes have been associated with multiple health benefits, such as blocking
blood clotting, digestive and antinausea effects and aid in respiratory conditions. These effects have been
linked with their polyphenolic main metabolites, gingerols and shogaols. Herewith, we report a detailed
study on the polyphenolic profile and in the contents of main gingerols and shogaol as well as the
antioxidant activity of extracts from'Z. offcinale rhizomes (n = 17) produced in Costa Rica. Using UPLC-
QTOE-ESI MS, a total of 34 polyphenols were identified, grouped in twelve types of structures. In
addition, our findings/on the main metabolites using UPLC-DAD show all rhizomes complying with
total gingerols (TG) content established by the United States Pharmacopeia (USP). At individual level,
samples SR-1 and NR-4 show the higher contents and also exhibit the highest Folin-Ciocalteu (FC)
reducing capacity results as well as the best DPPH antioxidant values. In addition, Pearson correlation
analysis results, showed positive correlation (p < 0.05) between TG and 6-gingerol with FC results and
negative correlation (p < 0.05) between 6-gingerol, TG and FC with DPPH results. In turn, Principal
Component Analysis (PCA) indicated variability in the composition associated with their region of
origin and confirmed that NR-3, NR-4, and especially SR-1 stand out significatively, showing the highest
PC1 because of its particularly high TG, 6-gingerol and antioxidant activities. Finally, results from
controlled experimental plots of Z. officinale rhizomes (n = 6) indicated influence on metabolites content
with higher values for shorter harvest time and high tunnel cultivation. Therefore, our findings indicate
the value of Z. officinale in the elaboration of products with potential benefits for health, delivering
extracts with higher levels of gingerols than previous reports and exhibiting high antioxidant activity.

Keywords: Zingiber officinale; gingerols, shogaols, polyphenols; medicinal herbs; UPLC; QTOF-ESI MS
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1. Introduction

The use of herbs and shrubs to manage health problems goes back to pre-history and within this
ancient knowledge, plants extracts have gained much attention in scientists from all disciplines due to
their traditional uses in different health conditions. Among them, Zingiber officinale Roscoe rhizomes
have been extensively used as food ingredient because of its strong and unique flavor. This species
originated in Southeast Asia mainly from India but at present is well distributed in East Asia, Australia
and Africa as well as in America and its use in traditional medicine is well documented in Sanskrit,
Chinese, Greek, Arabic, and Roman ethnomedicine [1].

Ginger has been used to block excessive clotting of blood in arteries and veins, to reduce cholesterol,
and to fight against arthritis, high blood pressure, infections, lung diseases, cold, cough and aspain killer
[2-5]. It was also used as a digestive aid and antinausea remedy, to treat bleeding diserders, rhetmatism,
baldness, toothache, snakebite, and respiratory conditions [6].

Most of the above-mentioned health complications have some of their foundation on the molecular
oxidant status. This so-called oxidative stress due to free radicals in the organism has demonstrated to
play a relevant role in human diseases, linked to oxidant stress and inflammatory processes contribute
to aging and age-related diseases [7] independently from various risk-factors (i.e. age, race, diet,
environment and behavior). This is why the use of antioxidants ‘and among them, polyphenols in
pharmacology are intensively studied [8]. The proper intake of antioxidant will help eliminating free
radicals in the body, improving the health by lowering the risk of various degenerative and infectious
diseases.

Research indicates that numerous compounds are present in ginger as shown by chemical analyses,
for instance terpenes and polyphenols including phenolic acids [9] [10]. From this important diversity
of compounds, gingerols and shogaols are the.most prominent [11][12], being these last compounds the
result of gingerols dehydration [13]. Both, polyphenol types are responsible for the broad bioactivity
described [14-16]

The worldwide spread use of this ancient herb as spice and within the natural medicine market has
made it one of the most relevant in terms of economic trade, being cultivated in more than 35 countries
around the world. In 2019, the global production of ginger was over four thousand tons with India as
the top producing country'accounting for 43.81% of total global production and Nigeria second,
accounting for 16.94% [17]. This trade potential drove producers to establish ginger cultivation in Costa
Rica to supply local market and to export to Europe, however no sufficient scientific evidence exists on
the contents and therefore on the quality and bioactive potential of their local products. The application
of HPLC spectroscopy has shown to be a reliable method to utilize the metabolic profiling of ginger
samples and.to further discriminate their quality and determine the influence of different factors as
geographical origin, harvest time, drying and processing techniques [18], which in turn change the
bioactive potential as antioxidant [19].

Hence, our work objective consisted in obtaining extracts of Z. officinale Roscoe rhizomes cultivated
in’ different parts of Costa Rica and under different growth and harvesting conditions (n=17) to
characterize their polyphenols through UPLC-QTOF-ESI MS and to assess the main gingerols and
shogaols contents using UPLC-DAD. In addition, our work aimed to determine their antioxidant activity
through FC and DPPH methods and to apply correlation studies and Principal Component Analysis
(PCA) to the data obtained. Finally, to the best of our knowledge, this is the first detailed study on Z.
officinale Roscoe from Central America.

2. Materials and Methods
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2.1. Zingiber officinale Roscoe rhizomes, Chemicals, and Reagents

Rhizomes from Zingiber officinale Roscoe (var. Grand Cayman) were acquired in ripe state from
producers from different regions in Costa Rica, namely five in the Northern region (NR-1, NR-2, NR-3,
NR-4, NR-5), three from the Northwestern region (NW-1, NW-2, NW-3), three from the Western region
(WR-1, WR-2, WR-3) and one from the Southern region (SR-1). Five additional samples grown under
controlled conditions in an experimental plot were acquired from NR-5 producer, namely NR-6, NR-7,
NR-8 (var. Grand Cayman) and NR-9, NR-10 (var. Hawaiian). Solvents of ACS or HPLC grade such as
acetonitrile, methanol and ethanol were purchased from Baker (Center Valley, PA, USA). Reagents such
as capsaicin, sodium molibdate, gallic acid, 2,2-diphenyl-1-picrylhidrazyl (DPPH), and.'sodium
tungstate were purchased from Sigma-Aldrich (St. Louis, MO, USA).

2.2. Extraction of Phenolic Compounds from Z. officinale Roscoe rhizomes.

Z. officinale Roscoe rhizomes were rinsed with water, cut in thin slices and dried inva stove at 40°C
until constant weight. The dried material was grinded and preserved in closed.containers protected from
light. To determine the best conditions for extraction of Z. officinale samples;a Factorial Design (FD) was
performed on 1 g of dried material using two solvents (methanol and-ethanol), two different solvent
volumes (25 and 50 mL) and 24 hours extraction time with two different stirring periods, namely the
first 8 hours or continuous during the 24 hours. The sequence of‘eight éxperiments is summarized in
Table 1 (section Results and Discussion). After the extraction, the samples were filtrated and adjusted to
a volume of 50 mL using the respective extraction solvent. The efficiency of the extractions was
determined using UPLC-DAD (UltiMate U3000, Thermo Scientific, USA) for the quantification of main
gingerols according to the United States Pharmacopeia (USP) chromatographic method [20]. Briefly,
quantification for these compounds was carried out against the calibration curve of capsaicin standard,
using a Synergi 4u Polar-RP80A (150 x 4.6 mm x4 pm (Phenomenex Inc., CA, USA) at 30°C. Elution was
performed with solvent A, water, solvent:B, methanol, and solvent C acetonitrile, and was applied as
isocratic elution program with 44% A, 1% B'and 55% C. The DAD was operating at 250-420 nm. The
limit of detection (LOD) and the limit of quantification (LOQ) were 3 and 8 ppm respectively. Once the
optimal conditions were established, 1 g.of Z. offcinale dried samples (n = 17) were extracted using 50 mL
of methanol, for 24 hours, undez stirring for the first 8 hours. Afterwards, the samples were filtrated and
adjusted to a volume of 50/mL. The extracts were analyzed under the UPLC-DAD conditions just
described and quantification was achieved for five gingerols (6-gingerol, 8-gingerol, 10-gingerol, 6-
gingerdiol and 6-dihydrogingerdione) and 6-shogaol.

2.3. Analysis of Z. officinale extracts by UPLC-DAD and UPLC-ESI-MS

A Thermo PDA eA photodiode array detector (DAD) coupled with a Thermo UltiMate U3000 UPLC
system was used for quantification of five gingerols contents, namely 6-gingerol, 8-gingerol, 10-gingerol,
6-gingerdiol and 6-dihydrogingerdione, and 6-shogaol in the different extracts (n = 17) under the
conditions and the calibration curve described in section 2.2. On the other hand, to characterize Z.
officinale polyphenols, measurements were performed with a method developed in our laboratory, using
aXevo G2-XS QTOF (Waters, UK) coupled with an AQUITY H Class UPLC system with a quaternary
pump. ESI source parameters were set to a capillary voltage of 2 kV, sampling cone of 20 eV, source
temperature 150 °C, source offset 10 °C, desolvation temperature of 450 °C, cone gas flow 0 L/h, and
desolvation gas flow 900 L/h. The measure was performed in MSe high-resolution negative mode using
an acquisition mass range from 100 m/z to 1000 m/z and a scan rate of 0.5 s, where fragmentation was
carried out using Independent Data Acquisition for all eluting compounds with collision energy ramp
from 20 V to 30 V storing at the high energy function. Instrument calibration was performed in the mass
range of the measurement with sodium formate. Lock mass correction was applied directly to the
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measurement using leucine enkephalin infusion measured each 30 s during the run. The data was
analyzed using MassLynx V4.2 software from Waters. 1 puL of sample was injected with a flow of 0.5
mL/min using a using a Synergi 4u Polar-RP80A (150 x 4.6 mm x 4 pm (Phenomenex Inc., CA, USA) at
30°C using a chromatographic gradient starting at 40% B increasing to 100% B at 30 minutes, the gradient
was held for 7 minutes and then the column was equilibrated for 5 minutes to initial conditions. Solvents
used in the mobile phase were A water with 0.1% formic acid and B acetonitrile with 0.1% formic acid.

2.4. Folin-Ciocalteu Determination

Folin-Ciocalteu assay was performed through a modified Singleton and Rossi method, using the
Folin—Ciocalteu (FC) reagent, composed of phosphomolybdic and phosphotungstic acids. Aspreviously
described [21], the method consists of mixing 0.5 mL of FC reagent and 10 mL of Na2COs (7.5%) with 0.5
mL of the respective Z. officinale extract, previously dissolved in acidified MeOH (0.1% HCl) to assure
extract dissolution regardless of the solvent used for plant material extraction. Volume was completed
to 25 mL with water. A blank was prepared following the same procedure but using 0.5 mL of MeOH
(0.1% HCI) instead of the extract. Both blank and extract mixtures were kept in.the'dark for 1 h at room
temperature, and subsequently absorbance was measured at 750 nm...Absorbance values were
extrapolated in a gallic acid calibration curve to obtain FC reducing capacity results, expressed as mg
gallic acid equivalents (GAE)/g of extract. Analyses for each sample ‘were performed in triplicate.

2.5. DPPH Radical-Scavenging Activity

DPPH evaluation was performed following a previously reported method [22]. Briefly, a 0.25 mM
solution of 2,2-diphenyl-1-picrylhidrazyl (DPPH) reagent was prepared using methanol as solvent.
Next, 0.5 mL of the DPPH solution were mixed with 1 mL of Z. officinale extract at different
concentrations, and resultant solutions were,incubated for 30 min at 25° C in the dark. Blanks were
prepared for each concentration and DPPH absorbance was measured at 517 nm. The inhibition
percentage was determined as shown in the following equation:

(Abspiani — AbSsampie)

* 100
AbSpiank

Inhibition percentage (%) =

The percentage of (the radical-scavenging activity of the sample was plotted against its
concentration to calculate ICso, which corresponds to the amount of sample necessary to reach the 50%
radical-scavenging activity. Each sample was analyzed in three independent assays.

2.6. Statistical Analysis

In order to determine if the total gingerols (TG) content and individual 6-gingerol, 8-gingerol, 10-
gingerol, 6-gingerdiol, 6-dihydrogingerdione, and 6-shogaol contents measured by UPLC-DAD have an
influence in the FC reducing capacity and DPPH antioxidant activity, Pearson correlation analyses were
carried out between the above-mentioned variables and FC and DPPH values. One-way analysis of
variance (ANOVA) with Tukey post hoc as statistical tests were applied to TG, 6-gingerol, 8-gingerol,
10-gingerol, 6-gingerdiol and 6-dihydrogingerdione, 6-shogaol, FC and DPPH evaluations to determine
significant difference (p < 0.05) between samples. Statistical analysis assigned superscript letter “a” to
the highest value and subsequent letters or combination of letters were assigned to decreasing values.
Two-way ANOVA were applied to the individual polyphenols quantification, FC and DPPH results for

the experiments (n=6) comparing varieties, cultivation mode and harvesting maturity. Principal
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Component Analysis (PCA) was applied to summarize the data from Z. officinale extracts taking into
consideration all nine variables. R (version 1.2.1335) was used as the statistical program.

3. Results and Discussion

3.1. Extraction from Z. officinale Rosc. Rhizomes

Extraction results of the main compounds from Z. officinale thizomes (Grand Cayman var.) grown
open field and harvested in ripe state at 40 weeks in different parts of Costa Rica (n = 12), were obtained
through the process described in the respective Materials and Methods section. The efficiency of the
extraction was evaluated through UPLC-DAD quantification in sample NR-1 of the main-gingerols,
namely 6-gingerol, 8-gingerol and 10-gingerol in order to obtain the Total Gingerols (TG) contents. The
factorial design was performed using solvent, solvent:material ratio and stirring time as factors,
considering previous reports [23] and the United States Pharmacopeia (USP) monograph on Z. officinale
[20]. Factors levels included solvents ethanol and methanol, two different solvent.volumes accounting
for 25:1 and 50:1 solvent:substrate ratios, and 24 hours extraction time with two different stirring periods,
namely during the first 8 hours or continuous during 24 hours. The results are summarized in Table 1.

Table 1. UPLC-DAD quantification of 6-gingerol, 8-gingerol and' 10-gingerol in Z. officinale
sample NR-1 under various solvents, extraction volumes and stirring time conditions.

Volume Stirring time

Experiment  Solvent (mL) (hours) TG 23
1 Ethanol 25 8 19.38v+1.1
2 Methanol 50 24 27.79 3+ 2.0
3 Methanol 50 8 30.402+2.4
4 Ethanol 25 24 19.50°+0.9
5 Ethanol 50 24 26.012>+2.3
6 Ethanol 50 8 20.162+1.5
7 Methanol 25 24 21.20+1.3
8 Methanol 25 8 2193 +1.4

1 TG: Total Gingerol contents are expressed as mg/g dry material 2 TG values are expressed as
mean + standard deviation. 3 Different superscript letters indicate differences are significant at
p <0.05 using one-way analysis of variance (ANOVA) with a Tukey post hoc as statistical test.

Statistical analysis of the results did not show a significant effect (p < 0.05) for any variable, 2-way
or 3-way interactions. However, by excluding the stirring factor showing the least effect, the FD findings
indicated a,significant difference (p < 0.05) for the solvent and the volume factors, with methanol and
50:1:solvent: substrate ratio yielding better results. In addition, the analysis indicated the highest fitted
mean associated with the combination of these two conditions and 8 hours stirring time. These results
indicating methanol as an adequate solvent align with previous reports [23] while the solvent:sample
ratio of 50:1 and the 8 hours stirring time during the 24 hours total extraction time represent USP settings
[20]. Therefore, considering the results, these conditions were chosen to perform the extraction of Z.
officinale Roscoe samples (n =17).

3.2 Polyphenolic Profile by UPLC-ESI-MS Analysis
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The UPLC-ESI-MS analysis described in the Materials and Methods section, allowed identifying 34
ployphenolic compounds, including four paradols, five gingerols, two methyl-gingerols, three shogaols,
three gingerdiols, three dihydrogingerdiones, three acetoxygingerols, one methylacetoxygingerol, one

acetoxygingerdiol,

one

methylacetoxygingerdiol,

four

diacetoxygingerdiols,

and

four

methyldiacetoxygingerdiols. Table S-1 summarizes the analysis results for these compounds and Figure
1 shows the chromatograms for the 34 secondary metabolites.

3 30
h
N
I\ F‘
= “ \‘
L \ \‘\
N I
i P I\
1 b e S e, D] e Time
She I TG0 TH05 3000 3500 2400 3600 2506 30005
] 4 |
|
I\ r13
I \
“ ‘\
= ‘ 9 |
‘ Il 22
I N1
A EA N
R M) I
AN I “\,,JN,, AV N mn A
50 550 prcey prarey pricey pracey 18765 25765 B35en 23756 Zeloo™
B |
23 ”‘
7 ‘\
=
ﬂ \
I ‘
|
I I
| [
J\ N A\
o Time
TSR T TR T s T e TR TR R R
20 ||
1 I
I I
I |
g I i
I I 28
I'\ |
I\ || “A\
o AN — ! \ J Time.
oo oo P = P Pores Too el
31 |
‘\
15 ‘
=] | ‘\
i |
\ \
LA AN el N rime
Wos T w0e T mee | meos | 2abe T zed0 " oo Moo | 52e0 T adoo

I
2|
I
H‘ 6 17
\ N
=] ‘ ( I\ i
[ I il
I 1) '
\ AL } |
1 VAW / “r\ — / = Time
) oo o Py fin, s paven Ealy
] 24|
Il
= 5 |
A ‘\
I\ 14 \
| [
R I\ A 5 J .
14'60 16766 18100 20760, 2200 23766 26100 25160 50760 5200 a0
q N
18 ‘u
|
|
I
=] | | 26
|
| |
8 | [ 32
[ I\ )33
A S . AN M e e
/|12
i
‘ \
|
|
- Il
i
| 29
) Al 21 ~
oF \\/ /. \) L /X = A Time
% pory oo = P ForS Py Pl
|\ 19
I 34
I \
| |
‘ \ I\
- \ |
\ I
[ [
[\ 27 |\
JooA N _J ~—
o o A Mo asate T asaerrmaamans TAR L

Figure 1. UHPLC QTOEF-ESI'MS Extracted ion chromatograms of phenolic compounds from Z. offcinale

rhizomes
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The compounds identified had in common a 1, 3, 4-trisubstituted benzene ring consisting of a 3-
methoxy group, a 4-hydroxyl or 4-methoxy group, and an unbranched alkyl chain. Most compounds
in this study present a homologous series that leads to an increase in hydrophobicity due to greater

alkyl chain length, which further supports the observed higher retention times [11].

The first group is constituted by paradols, a series of compounds with a ketone at C-3 of the
alkyl chain, as shown in Figure 2. In addition, all four compounds demonstrated consistent
fragmentation behavior according to benzylic cleavage with a product ion of m/z 137 (Figure 2) [24].
Peak 4 (Rt =12.98 min) correspond to 6-Paradol, providing a sodium adduct [M+Na]* at m/z 301.1882
with a molecular formula Ci7H2603Na, and a pseudomolecular ion [M+H]* at m/z 279.1882 (Ci7H2703):
Peaks 9 (Rt = 18.19 min), 13 (Rt = 18.77 min) and 22 (Rt = 23.48 min) are tentatively assigned to 8-
Paradol, 7-Paradol and 10-Paradol with their respective pseudomolecular ion [M+H]* at-307.2195
(C19H310s), 293.2095 (C1sH29003) and 335.2509 (C21H350s3), and presenting [M+Na] * adducts at m/z
329.2185, 315.2032 and 357.2505, respectively.

HaCO HaCO *

HO HO

m/z 137

Figure 2. Fragmentation pathway for paradol compounds 4:(n =6), 9 (n=7), 13 (n = 8), 22 (n = 10)

The second group correspond to gingerols, which are ginger most known pungent compounds
[25], and includes peaks 1 (Rt = 8.20 min); 3 (Rt=712.93 min), 10 (Rt = 18.23 min), 23 (Rt = 23.52 min)
and 30 (Rt = 28.43 min). Peak 1, with a [M+Na]* ion at m/z 289.1512 (CisH20OsNa), was tentatively
assigned to 4-gingerol. In turn, peak 3'had [M+Na]*at m/z 317.1831 (Ci7H260sNa) and was assigned
to 6-gingerol, while peak 10 with:[M+Na]* at m/z 345.2137 (Ci1sH300sNa) was identified as 8-gingerol.
Meanwhile, peak 23 had [M+Na]* at m/z 373.2438 (CuHs:04sNa) and was assigned to 10-gingerol and
finally, peak 30 with [M+Na]* at m/z 401.2653 (C2sH3sOsNa) was identified as 12-gingerol. All these
peaks had an adduct corresponding to [M+H-H:0]* at m/z 249.1518, 277.1831, 305.2136, 333.2457 and
361.2740, respectively.

The fragment at m/z 179 observed in gingerols (Figure 3) is produced following the path of
fragmentation from dehydrated pseudomolecular ions [M+H-H20]* [12]. This ion is decomposed into
fragments atm/z 177, 145 and 117 by successive losses of 2 H* (2 Da), CHsOH (32 Da) and CO (28 Da),
respectively. In turn, the formation of the fragment at m/z 177 could derive directly from the
dehydrated pseudomolecular ions [M+H-H20]* by the loss of CHs-(CH2)»-CHO (n=2, 4, 6, 8 and 10
for'4-gingerol 6-gingerol, 8-gingerol, 10-gingerol and 12-gingerol, respectively) [11]. This ion, in turn,
gives rise to the fragment at m/z 137 due to the loss of lateral chain CHCHCH2: (40 Da).



H,CO + H,CO. N
: :: S~ :O/\/\
HO HO m/z 177

[M+H-H,0]"

H,CO & H3CO. N 40 N 40 N
B — — 3 O . O<©/\+
244 HO mz179 HO' m/z 177 m/z 145 m/z 117
245 Figure 3. Fragmentation pathway for gingerol compounds 1 (n = 4), 3 (n =.6),:10 (n = 8), 23 (n = 10), 30
246  (n=12)
247
248 Peaks 7 (Rt = 15.82 min) and 25 (Rt = 24.76 min) correspond to methyl-6-gingerol and methyl-8-

249  gingerol, respectively, based on the adduct [M+Na]* at'm/z 331.1985 (CisH2sOsNa) and 359.2364
250  (CaHx0:Na), and the presence of the dehydrated form [M+H-H:0]* at m/z 291.1988 and 319.2360.
251  The MS2 spectrum of methyl gingerols reveals a.fragmentation pattern similar to gingerols with
252  fragments at m/z 191 and 151 (Figure 4) [11].

H3CO X H3CO. +
H,CO X
— —

HsCO m/z 191 HsCO m/z 151
253 H3CO [M#H-H50]"
254 Figure 4. Fragmentation pathway for methylgingerol compounds 7 (n = 6), 25 (n = 8)
255
256 The third group is.composed by shogaols, compounds that correspond to the dehydrated form

257  of gingerols, conversion that is mainly produced at higher temperature [25]. Among shogaols, peaks
258 11 (Rt=18.27 min), 20 (Rt = 23.34 min) and 28 (Rt = 27.94 min) present pseudomolecular ions [M+H]*
259 at m/z 277.1795 (C17H250s), 305.2117 (C19H2903) and 333.2430 (C21Hs30s3) and were tentatively assigned
260  to 6-shogaol, 8-shogaol and 10 shogaol, respectively. The breaking of the benzyl bond produces the
261  fragment seen at m/z 137 (Figure 5) [24].

H,CO +
HO
262 m/z 137
263 Figure 5. Fragmentation pathway for shogaol compounds 11 (n = 6), 20 (n = 8), 28 (n = 10).

264
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Another group of compounds are gingerdiols, the ketone reduction products of gingerols [11].
Gingerdiols present two hydroxyl groups (-OH groups) which dehydrate and provide adducts
[M+H-2(H20)]* and [M+H-H20]J, the first one being the predominant adduct for peaks 6 (Rt =15.72
min) and 17 (Rt = 21.23 min) at m/z 289.2173 (CisH20:2) and 317.2378 (C21H330z2), respectively,
corresponding to 8-gingerdiol (C19H3204) and 10-gingerdiol (C21H36O4). These peaks present likewise
the adducts [M+H-H20]* at m/z 307.2273 and 335.2504, and [M+Na]* at m/z 347.2245 and 375.2632,
respectively. Peak 2 (Rt = 11.71 min) presents an adduct [M+H-H>OJ* at 279.1975 (C17H270s) and was
tentatively identified as 6-gingerdiol (Ci7H2s04), showing also adducts [M+H-2(H20)]* and [M+Na]*
at m/z 261.1873 and 319.1875, respectively. Gingerdiols did not fragment via C4-C5 cleavage, which
may indicate the ketone group on C-3 is critical for the fragmentation pathway [24]. The main
fragments found were due to dehydration and the fragment at m/z 137 corresponds to the benzyl
moiety (Figure 6).

HsCO

HO

Figure 6. Fragmentation pathway for gingerdiol compounds 2 (n = 6), 6 (n.=8), 17 (n = 10)

A related group correspond to dehydrogingerdiones. Peaks 19*(Rt = 22.53 min), 27 (Rt = 27.37
min) and 34 (Rt = 31.37 min) were tentatively identified as 1-dehydro-6-gingerdione, 1-dehydro-8-
gingerdione and 1-dehydro-10-gingerdione with a_pseudomolecular ion [M+H]* at m/z 291.1494
(C17H230s), 319.1909 (Ci19H2704) and 347.2220 (C1H3104), respectively. These dehydrogingerdiones
present a double bond between C1 and C2 yielding a fragment ion at m/z 177 due the keto group on
the alkyl chain that causes fragmentation on:the protonated molecules (Figure 7) [24].

N\,

HsCO

HsCO S

HO HO m/z 177

Figure 7. Fragmentation pathway for dehydrogingerdione compounds 19 (n = 6), 27 (n = 8), 34
(n=10)

In turn, the group of acetoxy gingerols includes peaks 12 (Rt = 18.42 min), 21 (Rt = 23.40 min)
and 29 (Rt =27.99 min) with sodium adduct ions [M+Na]* observed at m/z 359.1815 (C19H2s0sNa),
387.2239 (C21tH»OsNa) and 415.2560 (C23H3¢OsNa) respectively, corresponding to acetoxy-6-gingerol,
acetoxy-8-gingerol and acetoxy-10-gingerol. Loss of the neutral acetyl group (60 Da), as illustrated in
Figure'8, generates the fragments [M+Na-C2HsO2]* at m/z 299 for acetoxy-6-gingerol, m/z 327 for
acetoxy-8-gingerol, and 355 for acetoxy-10-gingerol [12].

In addition, peak 16 (Rt = 21.18 min) with a pseudomolecular ion [M+H]* at m/z 351.2173
(C20H20:s), was tentatively assigned to methyl-acetoxy-6-gingerol, with an adduct [M+Na]* at m/z
373.2072. This peak holds an additional CH2 group, thus an increase of 14 Da generating a product
ion at m/z 151 (Figure 8) corresponding to the methylated aromatic moiety [11].



H3CO H,CO

~o [M+Na-C,H,0,]" ~o
12,21,29: R=H 16: m/z =151
301 16: R =CH;
302 Figure 8. Fragmentation pathway for acetoxygingerol compounds 12 (n = 6), 21 (n = 8), 29 (n =
303  10) and methylacetoxygingerol 16 (n = 6).
304
305 The group of acetoxy gingerdiols holds an acetoxy group in C-5 (Figure 9). Peak 5 (Rt = 15.68

306  min) was tentatively assigned to 5-acetoxy-6-gingerol and peak 14 (Rt = 18.82 min) was tentatively
307  identified as methyl-5-acetoxy-6-gingerdiol. Both peaks present a predominant adduct [M+Na]* at
308  m/z 361.1989 (CivH3005Na) and 375.2150 (C20H320sNa) respectively, but also show adducts [M+H]*
309  (m/z 339.2177 and 353.2322) and [M+H-H20]* (m/z 321.2059 and 335.2222). Theit fragmentation is
310  mainly due to the loss of the acetoxy group [M+H-C:H4O:]* yielding ions-at.m/z 279 for peak 5 and
311  m/z 293 for peak 14 [11]. In addition, fragment at m/z 151 is also observed for peak 14 producing the
312  methylated aromatic moiety (Figure 9).

[o}

HsCO

~o ~o [M+H-C,H,0,]*
5: R=H 14: m/z= 151
313 14: R = CH;,4
314 Figure 9. Fragmentation pathway of acetoxygingerdiol 5 (n = 6) and methyl-acetoxygingerdiol
315 14 (n=6).
316 Diacetoxy gingerdiols'correspond to gingerdiols acetylated in both hydroxyl groups at C-3 and

317 C-5. Peaks 8 (Rt = 16.74 min), 18 (Rt = 21.57 min), 26 (Rt = 26.34 min) and 32 (Rt = 30.49 min) present
318  predominant [M+Na]+ adducts at m/z 375.1880 (CisH2sOsNa), 403.2200 (C21HxOsNa), 431.2443
319  (CxH360eNa), and 459:2726 (C2sHuOsNa), respectively. These peaks were tentatively assigned to
320  diacetoxy 4-gingerdiol (peak 8), diacetoxy 6-gingerdiol (peak 18), diacetoxy 8-gingerdiol (peak 26)
321  and diacetoxy 10-gingerdiol (peak 32). Their fragmentation pattern corresponds to the loss of an
322  acetyl group [M+H-CH:O:]* yielding ions at m/z at 293, 321, 349, and 377. In addition the loss of as a
323 second acetyl group [M+H-2(C2H4O2)]* produces ions at m/z 233, 261, 289, 317, respectively [25]. The
324 fragment at m/z 137 was present for all peaks corresponding to the benzylic moiety (Figure 10).
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Figure 10. Fragmentation pathway for diacetoxy-gingerdiol compounds 8 (n = 4), 18 (n = 6), 26
(n=8), 32 (n=10)

HO

Finally, four methylated diacetoxygingerdiols were identified. For instance, methyldiacetoxy-4-
gingerdiol, methyldiacetoxy-6-gingerdiol, methyldiacetoxy-8-gingerdiol and methyldiacetoxy-10-
gingerdiol were tentatively assigned to peaks 15 (Rt = 19.79 min), 24 (Rt = 24:51,min), 31 (Rt = 28.96
min) and 33 (Rt = 30.87 min). Their predominant adducts correspond to [M+Na]* at m/z 389.1938
(C20H3006Na), 417.2334 (C22H3406Na), 445.2689 (C21H3s0eNa) and 4732980 (C26H4206sNa) respectively.
The fragment [M+H-C2H4O2]* is due to the loss of one acetyl group.corresponding to fragments at
m/z 307, 335, 363 and 391. In addition, fragments from the“loss of both acetyl moieties [M+H-
2(C2H4Oz)]* yield ions at m/z at 247, 275, 303 and 331, respectively (Figure 11). The fragments at m/z
297 (peak 24), 325 (peak 31) and 353 (peak 33) were assigned to the loss of two acetyls from de sodium
adduct [M+Na-2(Cz2H4O2)] *. On the other hand, ‘the fragments at m/z 151 and 191 in all peaks

correspond to the methylated fragments that occur'in diacetoxygingerols [12].
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HsCO HsCO
 —
[M+Na-2(C,H,0,)]"
Hs;CO H3CO

Figure 11. Fragmentation pathway for methyl-diacetoxygingerdiol compounds 15 (n = 4), 24 (n
=6), 31 (n=8),33(n=10)
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345 Comparing with the literature, the findings in these twelve ginger samples from Costa Rica are
346  in agreement with previous reports on structures diversity accounting for the different compounds
347  found in this study, including gingerols and gingerdiols and their methyl and acetoxy derivatives, as
348  well as dihydrogingerdiones, paradols and shogaols [11-12, 24-25].
349  3.3. Total Gingerol and Shogaol Contents in Z. officinale extracts
350 UPLC-DAD analysis allowed the quantification of 6-gingerol, 8-gingerol, 10-gingerol, 6-
351  gingerdiol and 6-dehydrodingerdione, to determine the total gingerols (TG) in each sample, as well
352  as 6-shogaol contents while 8 and 10-shogaols were not quantifiable. The results are summarized in
353  Table2.
354
355 Table 2. Total gingerol (TG) and 6-shogaol content for extracts of Z. officinale thizomes:
. . . . . Dehydro-6-
6-gingerol 8-gingerol 10-gingerol  6-gingerdiol . . 6-shogaol
1,2,3
Product TG (mg/g) (mg/g) 122 (mg/g) 12* (mg/g) 123 (mg/g)iz3 gingerdione (mgfg) 1234
(mg/g) 1,23
NR-1 31.99¢f+1.26  22.04¢f+0.88  4.76<4+0.12  3.29f+0.20  1.43F+0.06 047r+0.03  1.114+0.04
NR-2  37.75¢4+0.18  25.51b<+0.88  5.53bc+0.59  4.25¢d+(0.15~ 1.6l +0.01 0.85¢f+0.04  0.781+0.03
NR-3  39.59bc+1.66  27.40°+0.50 6.57°+0.65  3.59¢f+0:37 +./1.00s+0.09 1.02¢4+0.07  0.448+0.04
NR-4 42.050+0.96 30.182+0.42 2.72¢+0.06 441°+0.11+ 1.784.+0.32 2952+0.10 0.41#+0.01
NR-5 30.441+0.08 20.36f8+0.04  3.374e+0.05 4.13¢4+0.04 1.06%s+0.02 1.54°+0.01 N.Q.
NW-1  33.68¢f+1.00 18.718+0.43 548b¢+0.36_ 5.43°+0.14 3.34>+0.14 0.72f8+0.01  1.53<+0.00
NW-2  38.64b<+0.47  24.66°94+0.27  5.33bc+010" 6.132+0.06 1.854+0.03 0.678+0.05  1.80>+0.01
NW-3  34.654e+240  24.47<4+0.79 292¢+£136 " 4.26°9+0.24 1.519¢+0.06 1.49°+0.03 N.Q.
SR-1 48.172+1.08 30.542 +0.60 8.452+ 0.35 5.26°+0.05 3.132+0.07 0.79f8+0.04  1.49<+0.04
WR-1 23.528+0.59 11.381+0.28 3.714¢+0.10 3.92¢4¢+0.06  4.002+0.13 0.51"+0.05 1.069+0.01
WR-2 23.268+0.53 15.76 " +0.32 0.67f+0.01 3.321+0.13 2.53¢+0.03 0.994¢+0.05 1.902+0.07
WR-3  32.98ef+1.99  22.71de+(1.48 3.22¢+0.09  3.60¢f+0.14  2.25¢+0.20 121¢+0.09  0.96¢+0.02
356 Img/g of dry sample. 2 Values are expressed as mean + standard deviation (S.D.). 3 Different
357 superscript letters in the same column indicate differences are significant at p <0.05 using
358 one-way analysis. of variance (ANOVA) with a Tukey post hoc as statistical test. ¢ N.Q. =
359 Not quantifiable.
360 Results for TG content range from 23.26 to 48.17 mg/g dry sample. One-way ANOVA
361  followed by Tukey post hoc test indicates a significant difference (p < 0.05) between samples
362  from:the Northern region and Western region, with samples from the first region presenting
363 high TG content, while samples from the second region show low TG content. At individual
3641 ‘level, SR-1 rhizomes (48.17 mg/g dry sample) from the Southern region constitute the sample
365 . with higher TG content, followed by samples NR-4 (42.05 mg/g of dry sample) and NR-3 (39.59
366  mg/g of dry sample) from Northern region. The lowest TG content was presented by samples
367  WR-2(23.26 mg/g dry sample) and WR-1 (23.52 mg/g dry sample).
368 At individual gingerols level, samples from Northern region presented the highest
369  percentage of 6-gingerol, with an average of 72% of 6-gingerol in respect to TG content,
370  compared to the Northwestern region with 68%, Southern region with 63% and Western region
371  with 61%. Regarding 8-gingerol, sample SR-1 from the Southern region showed the highest
372  percentage of 8-gingerol, which represented 18% of the TG content, while samples from the
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Western region showed the lowest 8-gingerol content, with an average of 10% in respect to TG
content. Samples from the Northwestern region showed the highest 10-gingerol contents, with
an average 16% of TG contents.

All samples analyzed presented a Total Gingerol (TG) content higher than 0.8% and a Total
Shogaol, represented by 6-shogaol, equal or lower than 0.18%, as established by the United States
Pharmacopeia (USP) [20]. Previous results for rhizomes from India reported samples with 6-
gingerol contents between 1030-3049 pg/g of fresh sample, 8-gingerol contents from 105-312
ug/g of fresh sample and 10-gingerol contents between 105-425 pg/g of fresh sample [26].
Samples from Costa Rica analyzed in the present work showed higher gingerol contents, with
6-gingerol content between 2401-4211 ug/g of fresh sample, 8-gingerol content from 141-1165
rg/g of fresh sample and 10-gingerol content between 453-1507 ug/g of fresh sample. Samples
analyzed also showed higher 6-gingerol content than a sample from China, which presented a
content of 4.31 mg/g of dry material, while samples from Costa Rica presented contents ranging
from 11.38-30.54 mg/g of dry material [27].

Costa Rican ginger also presented higher gingerol contents than other samples from China
and Malaysia [28][29]. On the other hand, shogaol content was found to be lower+than samples
from Malaysia, where 6-shogaol content was between 2.20 and 7.49 mg/g-of dry sample [28],
while the highest 6-shogaol content found in all 12 samples analyzed in-the present work was
found to be 1.90 mg/g of dry sample.

3.4. Folin-Ciocalteu determination of Z. officinale Extracts

Recent studies [30][31] in polyphenolic compounds,of diverse structure have showed that Folin-
Ciocalteu assay, broadly used to measure total polyphenolic contents, is an adequate method to
evaluate the polyphenolic reducing capacity, which occurs through a single electron transfer
mechanism [32][33]. Table 3 summarizes the results for Folin-Ciocalteu (FC) reducing capacity of
extracts from Z. officinale rhizomes (n = 12), performed as described in Section 2.3. from Materials and
Methods.

Table 3. Folin-Ciocalteau (FC) reducing capacity for extracts of Z. officinale rhizomes.

Product FC (mg/g) 1»*  Product  FC (mg/g) 123

NR-1 99.5¢d4+0.9 NW-2 103.7¢+1.4
NR-2 97.14e+0.9 NW-3 95.2de+15
NR-3 121.1°+1.2 SR-1 150.52+1.9
NR-4 146.72+4.8 WR-1 49.87+0.9
NR-5 64.28+1.2 WR-2 495h + (0.8
NW-1 93.7¢+1.0 WR-3 749111

'mg of gallic acid equivalent/g extract. 2 Values are expressed as mean + standard deviation
(S8.D.). ® Different superscript letters indicate differences are significant at p < 0.05 using one-
way analysis of variance (ANOVA) with a Tukey post hoc as statistical test.

Results for FC reducing capacity in Z. officinale extracts show variability, with values ranging
from 49.5 mg of gallic acid equivalents (GAE)/g extract up to 150.5 mg GAE/g extract. One-way
ANOVA followed by Tukey post hoc test indicated significant difference (p < 0.05) between samples
from Northern and Western regions. Samples from Northern region show some of the highest values
with an average FC content of 105.7 mg GAE/g compared to results for samples from Western region,
which hold an average 45% lower (58.0 mg GAE/g). Individually, WR-2 shows the lowest value (49.5
mg GAE/g) among all 12 samples, while SR-1 shows the highest FC reducing capacity (150.5 mg
GAE/g), followed by NR-4 (146.7 mg GAE/g) and NR-3 (121.1 mg GAE/g).



412
413
414
415
416
417
418
419
420
421
422
423
424

425

426
427

428
429
430
431

432

433
434
435
436
437
438

439

Comparing with the literature, results obtained for FC assay were shown to be higher than
values reported in the literature for Z. officinale samples from Malaysia (18.44 mg GAE/g dry
material), Sudan (60.34 mg GAE/g dry material) and China (9.69 mg/g dry material) [28] [34] [35]. On
the other hand, the UPLC analysis results proved to agree with FC determinations, where samples
with the highest TG content, SR-1 (48.17 mg/g), NR-3 (39.59 mg/g) and NR-4 (42.05 mg/g) also
presented the highest FC values. A similar trend was observed for the samples with the poorest
contents of TG, namely WR-1 (23.52 mg/g) and WR-2 (23.26 mg/g), which was also in agreement with
FC lowest findings.

Finally, as shown in Figure 12a, correlation analysis between TG and FC reducing capacity in
samples determined by UPLC demonstrated to have significant positive correlation (r = 0.941; p <
0.05), thus suggesting a role of gingerols contents in the reducing capacity FC, in agreement with
previous reports on polyphenols [36] [37].
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Figure 12. Correlation of total polyphenolic (TP) contents and UPLC-DAD results on (a)
Total Gingerol (TG) (b) 6-gingerol contents.

In turn, correlation analysis between FC and the individual phenolic compounds showed
correlation only with 6-gingerol.and 10-gingerol, where the highest correlation is presented by 6-
gingerol (r = 0.905, p < 0.05), as.showed in Figure 12b, therefore aligning on the antioxidant role of
this compound as previouslyreported [38][39].

3.5. DPPH Antioxidant Activity of Z. officinale Extracts

The capacity for free radicals scavenging can be suitably evaluated by a reaction with a stable
free radical such as 2,2-diphenyl-1-picrylhidrazyl (DPPH) [40]. Recent kinetic studies for this method
have indicated that the rate-determining step implies a fast electron transfer from phenoxide anions
to DPPH, thus protic organic solvents enabling this mechanism [41]. In order to perform the
evaluation of DPPH assay in Z. officinale thizomes (n = 12), the method was applied as described in
the Materials and Methods section 2.4, and results are summarized in Table 4.

Table 4. DPPH antioxidant activity of extracts from Z. officinale thizomes.

Product ICso (ug/mlL) 123 Product ICso (ug/mL) 123
NR-1 41.80 <4 +0.50 NW-2 35.05¢+0.07
NR-2 28.891+1.83 NW-3 40.20 <4 + 0.14
NR-3 24.66 f8 +1.22 SR-1 22.538+0.85
NR-4 23.98 £+ 0.19 WR-1 64.642+4.31
NR-5 46.84°+1.36 WR-2 64.98 2+ 0.33
NW-1 37.47 4+ (.82 WR-3 44.06 bc+1.22




440
441
442

443
444
445
446
447
448
449
450
451
452
453
454
455
456
457
458
459
460
461
462
463
464

488
489
490

1 ICso ug/mL of extract. 2 Values are expressed as mean + standard deviation (S.D.). 3
Different superscript letters indicate differences are significant at p < 0.05 using one-way
analysis of variance (ANOVA) with a Tukey post hoc as statistical test.

The results for the DPPH antioxidant activity evaluation show the same trend observed for the
determination of FC reducing capacity and UPLC total gingerol (TG) contents. One-way ANOVA
followed by a Tukey post-hoc test evidenced significant difference (p < 0.05) for samples depending
on their region of origin. Samples from the Northern region presented higher antioxidant activity,
with an average ICso of 33.23 pug/mL. In contrast, samples from the Western region showed an average
ICs0 of 57.89 ug/mL, corresponding to the lowest antioxidant activity.

At individual level, sample SR-1, from Southern region presented the highest antioxidant
activity, with an ICso of 22.53 ug/mL, while sample WR-2 presented the lowest antioxidant activity,
with an ICso 65% lower corresponding to 64.98 pg/mL. These findings are consistent with the results
obtained for FC and TG. Results obtained for DPPH evaluation of the twelve analyzed samples
showed better or similar antioxidant activity than values previously reported forisamples from
Malaysia (27.2 pg/mL) and Sudan (29.87 pug/mL) [28] [34].

Correlation evaluations between DPPH antioxidant activity and.FC and TG results were
performed. As shown in Figure 13, results present a high negative correlation between DPPH values
and TG results from UPLC-DAD quantification (r =-0.947, p < 0.05), suggesting a role for gingerols in
the antioxidant activity as reported earlier for these metabolites [38]. This antioxidant activity has
been attributed to the hydroxyl groups present in the main compounds of ginger extracts [42]. In
addition, a high negative correlation was found between DPPH results and FC reducing capacity (r
=-0.920, p < 0.05), aligning with previous reports showing correlation between different antioxidant
related assays for these metabolites [28].
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Figure 13. Correlation of antioxidant activity assessed by the DPPH method with (a) Reducing
capacity by Folin-Ciocalteau; (b) TG by UPLC; and (c) 6-gingerol by UPLC.
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Further, correlations between DPPH with individual gingerols (6-gingerol, 8-gingerol, 10-

492  gingerol, 6-gingerdiol, 6-dehydrodingerdione) and 6-shogaol were also evaluated. A negative
493  correlation was found only between DPPH values and 6-gingerol contents determined by UPLC-
494  DAD (r=-0.924, p < 0.05), as shown in Figure 13. This would be consistent with 6-gingerol acting as
495  a major contributor to antioxidant potential as formerly reported [38] [39].
496
497 Previous reports on correlation studies between polyphenols contents and antioxidant activities
498 show variability of results with some studies indicating low or no correlation [30][40], other studies
499 indicating structure dependence [43] while correlation is reported in several other studies [44] [45]
500  [46]. The present findings for total gingerols (TG) content, FC reducing capacity and DPPH
501  antioxidant activity are in agreement with the last group of studies reporting correlation between
502  antioxidant activity and polyphenols content and aligning thus with findings suggesting these
503  metabolites play an important role contributing to higher antioxidant activity.
504 3.6. Evaluation of Z. officnale Roscoe rhizomes from experimental plots
505  Asmentioned earlier, five additional Z. offcinale thizomes were acquired from NR-5 producer, which
506  were grown in experimental pilots for Grand Cayman and Hawaiian cultivars, Table 5 summarizes
507  the characteristics for these samples.
508 Table 5. Characteristics of Z. officinale Roscoe rhizomes from experimental plots
H t th
Product Cultivar arves qrow
(weeks) environment
NR-5 GC 40 Open-field
NR-6 GC 20 Open-field
NR-7 GC 40 High tunnel
NR-8 GC 20 High tunnel
NR-9 HW 40 High tunnel
NR-10 HW 20 High tunnel
509 1 Cultivars: Grand Cayman (GC), Hawaiian (HW).
510 Sample NR-6, similarly~tot"NR-5 corresponds to Grand Cayman variety, which is the main
511  cultivar in Costa Rica, however it was harvested at 20 weeks instead of the ripe commercial maturity
512 of 40 weeks. In turn, NR-7 and NR-8 correspond to Grand Cayman cultivars harvested at 40- and 20-
513  weeks maturity tespectively but both cultivated in a high tunnel environment instead of the open-
514 field environment for NR-5 and NR-6, thus allowing to evaluate the influence of this factor. Finally,
515  NR-9 and NR-10 rhizomes correspond to a Hawaiian cultivar grown in a high tunnel environment
516  and harvested at40 and 20 weeks respectively. Table 6 summarizes the results for the quantification
517  of the main gingerols and 6-shogaol, following the same extraction and UPLC-DAD methods
518  previously described.
519 Table 6. Phenolic content of Z. officinale rhizomes from experimental plots
Sample TG (mg/g)  6-gingerol 8-gingerol 10-gingerol 6-gingerdiol 6-dehydrogin- 6-shogaol
p 1,2,3 (mg/g) 1,23 (mg/g) 1,23 (mg/g) 1,23 (mg/g) 1,23 gerdione (mg/g) 1,2,3 (mg/g) 1,2,3
NR-5 30.44¢+0.08 20.364+0.04 3.37¢+0.05 4.134+0.04 1.06¢+0.02 1.54+0.01 N.Q.*
NR-6 38914+0.82 2612<+0.08 2.50¢+0.34 6.13¢+0.17 1.852>+0.14 2.314+0.09 1.76<+0.07
NR-7 51.84¢+1.37 35.60°+0.62 4.32¢+0.10 554c+045 2.132+0.17 4.26°+0.04 1.83<+0.12
NR-8 54.67><+0.98 36.94*+0.54 3.594+0.28 10.24*+0.01 1.65*+0.11 2.274+0.04 0.674+0.05
NR-9 5691+0.62 36.32°+0.13 5.61*+0.10 9.99°+0.09 1.56°>+0.16 3.45¢+0.15 2.86°+0.06
NR-10 73.892+1.71 45.942+1.01 7.492+0.21 13.162+0.34 1.76>+0.05 5.552+0.12 3.202+0.05
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! mg/g of dry sample. 2 Values are expressed as mean + standard deviation (S.D.). 3 Different
superscript letters in the same column indicate differences are significant at p < 0.05 using one-way
analysis of variance (ANOVA) with a Tukey post hoc as statistical test. + Not Quantifiable (N.Q.).

Results for the TG content range from 30.44 to 73.89 mg/g of dry sample. One-way ANOVA
followed by Tukey post hoc test shows a significant difference (p < 0.05) between samples grown
open-field (OF) and samples grown under high tunnel (HT) conditions, with HT samples presenting
higher TG content. At individual level, gingerol profile analysis showed product NR-10 (73.89 mg/g
dry sample) to be the sample with higher TG content, followed by samples NR-9 (56.91 mg/g dry
sample) and NR-8 (54.67 mg/g dry sample). The lowest TG content was presented by sample NR-5
(30.44 mg/g dry sample).

Two-way ANOVA was performed to evaluate the effect of the cultivar, harvesting maturity and
growth condition on the TG and 6-shogaol contents. For TG content, results showed a'significant
difference (p <0.05) in all three parameters, with higher gingerol content obtained with HW cultivar,
grown under HT environment and harvested at 20 weeks. On the other hand, results for 6-shogaol
content showed a significant difference (p < 0.05) only for the cultivar, where HW cultivar presented
the higher shogaol content, with levels not aligning with USP requirements, (6-shogaol content <
0.18%) [20]. In turn, obtaining better results by harvesting at 20 weeks is in agreement with previous
reports attributing a higher percentage of these metabolites content in"ginger oleoresin at 6 months
in respect 9-months harvesting, due to the fast increase of rhizome weight and fiber development
approaching maturity [47].

For these samples, Foln-Ciocalteau reducing capacity and DPPH antioxidant activity assays
were also applied and results are summarized in Table.7:

Table 7. Folin-Ciocalteau and DPPH results for Z..officinale thizomes from experimental

plots
Product FC DPPH ICso

(mgGAE/g) 123 (pug/mL) 234
NR-5 64.204+ 1.15 46.842+1.36
NR-6 10970+ 1.70 34.19v+0.21
NR-7 156.98 <+ 3.25 22.384+0.48
NR-8 141.894 +2.83 25.02¢+0.35
NR-9 178.02> +0.20 18.15¢ + 1.00
NR-10 202.652 + 2.06 15.561+1.22

I mg of.gallic acid equivalent/g extract? Values are expressed as mean + standard deviation
(5.D.):2 Different superscript letters indicate differences are significant at p <0.05 using one-
way analysis of variance (ANOVA) with a Tukey post hoc as statistical test. + ICso ug/mL of
extract.

Results for FC reducing capacity range from 64.20 up to 202 mg GAE/g extract. One-way
ANOVA followed by Tukey post hoc test indicated significant difference (p < 0.05) between all
samples. Samples NR-5 and NR-6, both grown in OF, showed the lowest reducing capacity,
consistent with results obtained in the TG content analysis. Samples NR-9 and NR-10 corresponding
to Hawaiian cultivar showed the highest values with an average FC of 190.33 mg GAE/g compared
to results for NR-7 and NR-8 corresponding to GC cultivar grown under the same conditions, which
hold an average of 149.43 mg GAE/g, hence 21% lower. Results for the DPPH antioxidant activity
evaluation show the same trend observed for the determination of FC reducing capacity and UPLC
TG contents with samples NR-9 and NR-10 showing the lowest values, 18.15 and 15.56 pg/mL
respectively, therefore better antioxidant activity. On the other hand, sample NR-5 presented the
lowest antioxidant activity, with an IC50 of 46.84 ug/mL.
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Two-way ANOVA tests were performed to evaluate the effect of the cultivar, growth condition
and harvesting weeks on the FC reducing capacity and DPPH antioxidant activity. Results showed a
significant difference (p < 0.05) for all three parameters, with higher reducing capacity and better
antioxidant activity obtained for HW cultivar, grown under HT and harvested at 20 weeks.
Comparison of these results with the prevalent conditions for Z. officinale cultivation in Costa Rica
show the impact on variability that these factors entail. For instance, high-tunnel (HT) practices are
known to protect crops, reducing pest related affectation and extending growing season, having
influence in nutritional contents [48], which could be associated with present results observed for
ginger rhizomes under HT conditions. In turn, Hawaiian variety, originally from Philippines [49],
introduced more recently in the country, could seem more promising due to higher TG content.
However, depending on the product final use, for instance as source for dietary supplement, these
rhizomes no compliance with USP in respect to the maximum amount of shogaols [20] would imply
an advantage for the more widespread Grand Cayman variety in Costa Rica.

Finally, correlation evaluations between TG contents with DPPH antioxidant activity and FC
results were performed and findings indicated a high positive correlation between/TG values and
reducing capacity determined by the Folin—Ciocalteau method (r = 0.961, p < 0.05) and high negative
correlation between TG results and DPPH values (r =-0.930, p < 0.05). These results align with the
findings on the twelve rhizomes from different regions in Costa Rica and also.with previous reports
for gingerols [28] and other polyphenolic structures [44-46].

In sum, for these experimental plots, the use of a high-tunnel environment is a good alternative
for cultivation towards fresh produce commercialization and for obtaining high contents of gingerols.
Regarding harvesting maturity, 40 weeks complies with commercial preferences for fresh produce in
respect to larger fresh rhizomes and prices paid by kilogram, however, producers are looking for
commercial alternatives due to the increasing competition on fresh products, therefore, the growing
demand for nutritional supplements and better prices paid for value-added products such as dry
ginger powder and extracts represent an opportunity for harvesting the ginger at earlier maturity
aligning with previous recommendations on, this being beneficial for farmers and the oleoresin
industry [47]. Hence, these results constitute an important first step to feedback local producers on
the potential for shorter harvest time,offering products with higher contents of gingerols.

3.7. Principal Component Analysis for‘Polyphenolic Extracts of Z. officinale rhizomes

A statistical Principal Component Analysis (PCA) was performed for the Z. officinale rhizomes
(n=12) harvested at term, considering all nine variables, specifically TG, all five individual gingerols
and shogaol contents, FC and DPPH values. Two components, namely PC1 and PC2, were obtained
(loadings > 0.44). The first component (PC1) represented 52.11% of total variance and showed a
negative correlation with TG, 6-gingerol and FC and was positively correlated with DPPH. The
second component (PC2) described 23.13% of the total variance and was positively correlated to 6-
gingerdiol-and 6-shogaol.

As illustrated in the graphical representation of the two components (Figure 14), Z. officinale
samples are distributed along PC1, showing variability for the above-mentioned gingerol contents,
reducing capacity and antioxidant activity. Some samples have particularly high values in PC1, for
instance WR-1 and WR-2, which means poorer TG and 6-gingerol contents, as well as low FC and
DPPH antioxidant activities. The graph shows samples from the Northern and Northwestern regions
with similar PC1 values, except for samples NR-3 and NR-4, due to their higher TG, 6-gingerol, FC
and DPPH values in respect to the other samples from those regions. The lowest PC1 value pertains
to rhizomes SR-1, which agrees with this sample exhibiting the highest TG, 6-gingerol contents, FC,
and DPPH antioxidant activity.

Samples are also distributed along PC2, showing variability in 6-gingerdiol and 6-shogaol
contents for the 12 rhizomes. All samples from the Northern region present low PC2, therefore low
6-shogaol and 6-gingerdiol contents. On the other hand, samples from the Northwestern region,
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present the highest variability in PC2. The highest PC2 values are presented by samples NW-1, NW-
2 and SR-1, indicating higher content of the above-mentioned compounds.

Finally, our findings show that although differences were observed in the composition ranges
between products from different regions, sample SR-1 stands out significatively, showing the highest
PC1 and PC2 values, due to its rich content of the gingerols and shogaol previously mentioned and
highest FC reducing capacity and DPPH antioxidant activity.
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Figure 14. Plane defined by-two first principal components (PC1 and PC2) resulting from
the PCA analysis of Z. officinale rhizomes (n = 12) contents. Regions: Northern (NR),
Northwestern (NW),.Southern (SR), Western (WR)

Overall, findings for,Z. officinale rhizomes clearly indicate polyphenolic composition analogous
to previously reported, results [12][25] and higher gingerols content in all Costa Rican samples in
respect to literature, [26][28-29]. These results and the antioxidant activity values obtained for these
extracts suggest their potential benefits in respect to other biological activities [50][51] and towards
their application in the dietary supplements industry. Further, PCA indicating location influence as
well “as results from the controlled experimental studies at variable harvest times and growth
conditions, suggest the importance of future studies regarding environment, soil, and other
cultivation conditions to assess their influence in gingerols and shogaols contents for these Costa
Rican rhizomes as well as further in-vitro and in-vivo research on other biological activities.

4. Conclusions

Findings for Z. offcinale Roscoe rhizomes from Costa Rica through HRMS-QTOF analysis, clearly
indicate analogous polyphenolic structures to previous reports, however UPLC-DAD quantification
of the main gingerols show much higher contents than literature for all Costa Rican samples. In
addition, all samples from Grand Cayman cultivar align with USP requirements in high total
gingerols and low shogaol content while PCA demonstrates the potential coming from homogeneous
results for samples from the Northern region as well as suggest the importance to study further
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growth conditions, such as soil type, fertility, humidity, since for instance SR-1, rhizomes constituting
the only sample from the Southern region, where production is more recent, stand out by showing
the highest gingerols content and antioxidant activity.

In sum, the Z. offcinale Roscoe extracts evaluated in this paper clearly exhibit a potential benefit
concerning their gingerols content and their capacity to protect against oxidative stress, due to their
antioxidant activity values. Therefore, the promotion of these products as functional food and their
consumption as dietary supplements could be beneficial. Overall results set the foundation for future
ginger-based products developed with rhizomes from Costa Rica and future work towards the
elaboration of standardized products linked to important antioxidant activity and detailed chemical
profile, nonetheless, further studies are needed to assess the physicochemical stability and other
bioactive properties such as anti-inflammatory and immunostimulant effects, directly linked to'the
antioxidant properties described in this work.
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