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Abstract

UV-B radiation has been widely documented as a stressor for plants that can
cause decreased biomass, reduction in photosynthesis, and oxidative stress.
Trigonelline is a secondary metabolite that is biosynthesized in some plants in
response to abiotic stress such as UV-B irradiation. The objectives of this
study were to examine biochemical stress responses for peanut plants (Arachis
hypogaea L.) of four different genotypes (Spanish, Valencia, Virginia, and Run-
ner) after exposure at various lengths to UV-B radiation and to examine the
alteration of trigonelline biosynthesis due to the age of the plants. Peanut
plants from the genotypes were exposed to UV-B radiation at three exposure
times (60, 120, and 180 min); plants from two growth stages, the flowering
(R1) and early maturity (R7), were used. Significant positive correlations (r,
0.29 - 0.74, P < 0.05) were found for trigonelline concentrations and UV-B
exposure times. With longer exposure times of 180 min for plants at R7, tri-
gonelline biosynthesis began as early as 10 days after treatment with 154.6
pg-g” DW and remained or increased by up to 71.5 pg-g™' DW (46.3%)
throughout the sampling intervals (10, 20, 30, 40, and 50 days after treatment)
to a final value of 226.1 pg-g™' DW. All four genotypes at R7 exhibited trigo-
nelline concentrations 47.3% to 52.4% (71.6 to 96.5 pg-g”' DW) higher than
individuals at R1. Trigonelline biosynthesis at R7 was significantly (2 < 0.05)
affected by all levels of UV-B exposure, whereas trigonelline concentrations at
R1 were significantly influenced (2 < 0.05) by only the longer exposure times
(120 and 180 min). No statistically significant difference was found in trigo-
nelline concentration among the four different genotypes. UV-B irradiation
had the greatest effect on plants at R7 after 120 and 180 min of exposure, as 15
out of 20 (75%) individuals had significantly higher (2 < 0.05) trigonelline
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concentrations.
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1. Introduction

Surface UV-B irradiance increased after the onset of ozone depletion in the
1970s but recent measurements show that efforts to reduce concentrations of
ozone-depleting substances are viable; although this is promising, the future of
surface UV-B irradiation is still uncertain [1] [2] [3]. UV-B is a biologically ac-
tive portion of ultraviolet light with wavelengths between 280 and 315 nm [4].
Despite UV-B being a small component of sunlight, it can be damaging to many
higher plant species and can cause mutations, damage to genetic material, re-
ductions in photosynthetic activity, lower electron transfer rates, smaller shoot
biomass, decreased leaf size, and reductions in chlorophyll content in leaves [5]
[6] [7]. High doses of UV-B can cause oxidative stress in plants through the de-
velopment of reactive oxygen species (ROS) which can cause damage to lipids
and proteins [8]. UV-B radiation can affect photosynthesis by degrading core
proteins (D1 and D2) of photosystem II, inactivating rubisco, altering stomatal
conductance, and inducing changes in photosynthetic pigments [9]. Stress caused
by UV-B radiation can have compounded effects when another stressor is pre-
sent such as drought or nutrient deficiency [10] [11]. When a plant is stressed by
drought accompanied by increased levels of UV-B radiation, the plant’s natural
defense capacity for oxidative stress can be compromised [12] [13].

Increased UV-B exposure led to an increase in UV-B-absorbing phenolic
compounds and flavonoids in grape leaf tissue, which could be an important
factor in UV-B acclimation [14]. Expression of genes such as COP1, which are
regulated by the photoreceptor UVRS, and up-regulation of UV-absorbing sec-
ondary metabolites leads to acclimation to ambient UV-B [15] [16]. Herbaceous
plants tend to produce more UV-B-absorbing compounds in response to elevated
levels of UV-B in comparison to woody plants [17].

Although many negative effects of UV-B are known, low levels of UV-B radia-
tion may also be relevant in the future as an exploitable regulator in horticulture
[18]. UV-B can potentially be used to manipulate or increase levels of certain
nutritional or pharmaceutically valuable phenolics, terpenoids, and alkaloids
[19] [20]. The increase of medicinal plant substances in this way is not always
considered a stress phenomenon, which means that low amounts of UV-B can
still increase concentrations of the desired secondary metabolite without affect-
ing plant growth or causing visible damage to the plant [21]. Lettuce (Lactuca
sativa) that had been exposed to UV-B before being inoculated with mildew
showed reduction in further sporation from the mildew as well as thickening of

leaves, which suggested that UV-B might help increase plant disease tolerance

K2
035: Scientific Research Publishing

999



D. Willmon et al.

[22].

Trigonelline is an alkaloid plant hormone which is a conjugate of nicotinic
acid found primarily within roots, root exudates, seeds, and leaves in the legume
(Fabaceae) family [23]. Trigonelline has been shown to be synthesized primarily
from nicotinic acid produced by the degradation of nicotinamide adenine di-
nucleotide (NAD) in both mungbean (Phaseolus aureus) seedlings and coffee (Co-
ffea arabica) fruits [24] [25]. Genetic analysis of soybean (Glycine max) has re-
vealed that trigonelline biosynthesis is likely a polygenically inherited trait with
differential expression dependent on environmental conditions [26] [27].

Trigonelline is known to function as a cell cycle regulator by promoting G,
arrest in both shoot and root meristems in response to various environmental
stressors [28]. Trigonelline is also known to increase in concentrations within
the leaves of plants in response to many abiotic stressors such as salt stress and
drought stress [29] [30]. In this way, trigonelline functions as an osmoregulator
to prevent water loss within plant cells. Increased levels of trigonelline also may
be important as a response by plants undergoing oxidative stress: a build-up of
reactive oxygen species and free radicals which lead to DNA strand breakage
[31]. Because trigonelline concentrations increase in plant cells in response to
oxidative stress, trigonelline can be used as a molecular marker to determine
when a plant is undergoing oxidative stress [32]. The objectives of this study
were to determine if any peanut genotype would be better adapted to UV-B rich
environments, and to see how response to UV-B treatment is affected by plant

age.

2. Materials and Methods

2.1. Planting and Treatments

Seeds from the following four genotypes were used: Val C (Valencia), ICGS 76
(Virginia), C 76 - 16 (Runner), and Chico (Spanish). The seeds were obtained
from the New Mexico State University Agricultural Science Center in Clovis, NM.
The seeds showed a 90% - 100% germination rate according to standard seed
germination tests carried out at NMSU. Scotts Hyponex potting soil (Hyponex
Corporation, Marysville, OH) was used, which has nitrogen, phosphate, and po-
tash contents of 0.07%, 0.01%, and 0.03%, respectively. The soil was mixed with
sand in a 1:1 mass ratio. Three seeds were sown into uniform, common 3.8 L
pots. A random number generator was used to select one germinating seedling.
Three different UV-B treatments were carried out separately at the beginning of
the flowering stage (R1) and the early maturity stage (R7) during plant growth.
The treatments consisted of 60, 120, and 180 min of UV-B exposure along with a
control of no UV-B exposure. During the test period in 2013 and 2014, the expe-
riment was run twice to test peanut plants at both R1 and at R7. The average
daytime temperature in the greenhouse over the course of the study was 30.8°C
* 4.8°C; the growth chamber was set to a daytime temperature of 30°C. There
were three replications for each treatment and genotype, giving a total of 48

plants per experiment (96 plants total). The plants were transferred to a growth
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chamber equipped with two 30 W UV-B bulbs for the treatments, which were
carried out separately, 30 days after germination for plants within the R1 group
and 90 days after germination for plants within the R7 group. Preliminary expe-
riments were carried out to determine adequate treatment times, sampling in-
tervals, and plant care regiments such as watering frequency. All plants were ar-

ranged in a randomized block design [33].

2.2. Trigonelline Extraction and Analysis

Leaf samples were taken ten days after the UV-B treatments and again at ten-day
intervals until a total of four sampling events over 40 days occurred for plants at
the flowering (R1) stage, and five sampling events over 50 days occurred for
plants at the early maturity (R7) stage. Fresh weight and dry weight of the leaves
were taken for the calculation of trigonelline concentrations. Trigonelline was pu-
rified by Dowex-1-OH and Dowex-50-H" ion exchange chromatography [29].
The dried extracts were resuspended in 1 ml of autoclaved water. Spectrophoto-
metric analysis was made of the resuspended samples using a POLAR star Omega
Plate Reader (Allmendgriin, Ortenberg, Germany) set at 264 nm to measure for
trigonelline [34]. Trigonelline content was quantified using trigonelline stan-
dards (Sigma, St. Louis, MO, USA). Trigonelline concentrations were then cal-
culated and converted into micrograms per gram dry weight (ug-g”' DW) using

a developed regression equation.

2.3. Statistical Analysis

Data were analyzed for significant interactions using the three-way mixed ANO-
VA in the General Linear Models procedure in IBM SPSS Statistics 20 (IBM
Corp., Armonk, NY). Further analysis to determine simple main effects for ge-
notypes and treatments was carried out with a Bonferroni correction for pair-
wise comparisons [35]. Due to significant differences also found between treat-
ments, post hoc analysis was done with Bonferroni adjustment to determine
where exactly the differences are; genotypes were combined and analyzed against
a control so that the significant differences between treatments could be ana-
lyzed without being separated by genotype. The Spearman correlation coefficient

(r,) was also calculated to look for correlations within the data.

3. Results

3.1. Interactions of Genotype with Other Variables on Trigonelline
Concentrations Depending upon UV-B Exposure Times

Analysis of variance was carried out for both flowering (R1) and early maturity
(R7) plants (Table 1). Trigonelline concentrations of the four genotypes (Span-
ish, Virginia, Valencia, and Runner) were compared to controls within each
treatment of 60, 120, and 180 min of UV-B exposure at each trigonelline sam-
pling period (10, 20, 30, and 40 days for plants at R1; 10, 20, 30, 40, and 50 days
for plants at R7). Analysis with a three-way mixed ANOV A showed no statisti-

cally significant interaction for a combined effect of treatments at R1 and R7 and
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Table 1. ANOVA with interactions for days after treatment (DAT), genotype, and treat-
ment on trigonelline concentrations.

df Mean Square F Sig. Partial Eta*
Flowering (R1)

DAT (D) x Genotype (G) 12 106456.76** 3.816 0.000 0.263
D x Treatment (T) 12 40017.18 1.434 0.184 0.119
GxT 9 25518.99 1.107 0.386 0.237
DxTxG 36 23961.04 0.859 0.665 0.195

Early Maturity (R7)
DAT (D) x Genotype (G) 12 375215.57** 3.660 0.000 0.255
D x Treatment (T) 12 254536.56** 2.483 0.006 0.189
GxT 9 387135.67 1.706 0.128 0.324
DxTxG 36 142975.37 1.395 0.092 0.282

Significant differences at a level of P< 0.01 are marked by **.

genotypes over the sampling periods on trigonelline concentration, and no sig-
nificant differences between genotypes due to the treatments. However, trigonel-
line concentrations were significantly (P < 0.01) altered over the 50 days of sam-
pling after UV-B treatments in plants at R7 for the three different exposure
times (60, 120, and 180 min). This significant interaction between days after
treatment and UV-B treatments at R7 was not found in plants treated with UV-
B at R1 (Table 1).

3.2. Alteration of Trigonelline Concentrations at Flowering Stage
(R1) and Early Maturity (R7) after UV-B Treatments

Trigonelline concentrations at R1 for the Spanish genotype measured at 10 and
20 days after treatment (103.7 and 103.6 ug-g~' DW, respectively) were signifi-
cantly higher (P < 0.05) as compared to the controls (76.8 and 71.3 pg-g' DW,
respectively) with only 60 min of UV-B exposure. Significantly higher (£ < 0.01)
trigonelline concentrations were also found in the Spanish genotype at Rl as
early as 20 days after 120 min of UV-B treatment with 109.7 pg-g”' DW and 10
days after 180 min of UV-B treatment with 118.5 ug-g™' DW (Figure 1). Howev-
er, trigonelline concentrations at R1, 40 days after treatment, were 104.2 pg-g™'
DW for Virginia with 60 min UV-B exposure and 100.9 pug-g”' DW for Valencia
with 120 min UV-B exposure, both of which are significantly higher (2 < 0.01)
as compared to their respective controls (Figure 1). With 180 min of UV-B ex-
posure at R1, the Runner genotype was significantly higher (£ < 0.05) at 20 and
40 days after treatment (101.1 and 97.8 pg-g~' DW, respectively) as compared to
the controls (Figure 1). None of the genotypes treated at R1 exhibited signifi-
cantly different trigonelline concentrations at 30 days after treatment as com-
pared to the controls (Figure 1).

For plants at R7, trigonelline concentrations were significantly higher in six

out of the 20 plants (30%) treated with 60 min of UV-B exposure across all ge-
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Figure 1. Trigonelline concentrations in pg-g—' DW at flowering (R1) and early maturity (R7) in Arachis
hypogaea after 60, 120, and 180 min of UV-B exposure. Treatment was administered to four market ge-
notypes (Spanish, Virginia, Valencia, and Runner). Trigonelline concentrations were taken at 10, 20, 30,
and 40 days after treatment for plants at R1 with an additional sampling period at 50 days for plants at
R7. Significant differences at the level of P < 0.05 and P < 0.01 are marked by * and ** respectively as
compared to the control.

notypes and sampling intervals; for plants treated with 120 and 180 min of UV-B
exposure, a significant (2 < 0.05) increase in trigonelline concentration was found
in 15 out of the 20 plants (75%) across all genotypes and sampling intervals
(Figure 1). Virginia exhibited the highest levels of trigonelline at R7 across all
UV-B exposure times at the end of the sampling period (50 days after treatment)
with 239.5 at 60 min, 227.1 at 120 min, and 261.6 pug-g”' DW at 180 min of ex-
posure.

Genotypes were combined so that the effects of the different levels of UV-B
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treatments on trigonelline concentrations could be analyzed against a control
(Figure 2). At R1, 60 min of UV-B exposure did not show any significant dif-
ference in trigonelline concentrations when compared to the control at any sam-
pling interval. Trigonelline concentrations for the 120 minutes UV-B treatments
were significantly different (P < 0.05) at 20 and 30 days after treatment. The 180
minute UV-B treatments were significantly different (2 < 0.05) at 10, 20, and 30
days after treatment. Plants at R1 showed significantly higher levels of trigonel-
line (P < 0.05) only at the higher exposure times; the 60 minute treatments did
not cause any significant increases at this growth stage when looking at the av-
erage response of all plants regardless of genotype. Trigonelline concentrations
were highest for individuals at R1 20 days after treatment at 93.1 and 97.0 pg-g™
DW with 120 and 180 min of UV-B exposure respectively. At R7, the 60 minute
UV-B treatment was significantly different (2 < 0.05) at 10, 30, 40 and 50 days
after treatment. The 120 minute and 180 minute UV-B treatments were both
significantly different (2 < 0.01) at all sampling intervals (Figure 2). Plants at R7
showed significantly higher levels (P < 0.05) of trigonelline as compared to the
controls over the entirety of the 50-day sampling period. Plants at R7 exhibited
trigonelline concentrations higher than their respective controls by 38.4 pg-g™
DW 10 days after 60 min of UV-B exposure to 105.1 pug-g~' DW 50 days after 180
min of UV-B exposure.

Spearman rank-order correlation coefficients (r,) were calculated for trigonel-
line concentrations associated with each treatment exposure time of control (no
exposure), 60, 120, and 180 min of exposure at each sampling period (Table 2).
There were positive correlations in all cases, varying in strength; the weakest posi-
tive correlation (r, = 0.29) was found at R1, 40 days after treatments, while the

strongest positive correlation (r, = 0.74) was found at R7, 30 days after treatments.

300
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Figure 2. Trigonelline concentrations at flowering (R1) and early maturity (R7) in Arachis hypogaea after combining
all genotypes. Three treatments of 60, 120, and 180 min UV-B exposure along with a control were used. Trigonelline
concentrations were taken at 10, 20, 30, and 40 days after treatment for plants at R1 with an additional sampling pe-
riod at 50 days for plants at R7. Significant differences at the level of 2 < 0.05 and P < 0.01 are marked by * and ** re-
spectively as compared to the control.
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Table 2. Spearman rank-order correlation coefficients and significance levels for trigo-
nelline concentrations compared to treatment exposure levels (0, 60, 120, and 180 min) at
each sampling period.

Growth Stage DATY DF I, Sig.

Flowering (R1) 10 46 0.39** 0.006
20 46 0.54** 0.000

30 46 0.43** 0.003

40 46 0.29* 0.048

Early Maturity (R7) 10 46 0.57%* 0.000
20 46 0.60** 0.000

30 46 0.74** 0.000

40 46 0.54** 0.000

50 46 0.61** 0.000

+ Shown are days after treatment (DAT), degrees freedom (DF), the Spearman rank-order correlation coef-
ficient (r,), and significance levels. Significant correlations at a level of P < 0.05 and P< 0.01 are marked by
* and **, respectively.

All positive correlations were statistically significant (P < 0.05). As exposure time
increases, trigonelline concentration increases as compared to the control when

looking at all genotypes combined.

4. Discussion

4.1. Comparing Stress Responses across Genotypes and Growth
Stages after UV-B Exposure

There was no evidence from this study to suggest that there is a significant dif-
ference in the trigonelline concentrations of the peanut genotypes Spanish, Vir-
ginia, Valencia, or Runner when compared to each other (Table 1). However,
the genotypes used in this study did show significant differences (2 < 0.05) when
compared to the untreated control groups. This implies that peanut plants from
the different genotypes employed in this study respond to UV-B exposure and
the resulting oxidative stress similarly. It is not likely that one genotype would be
significantly better adapted for UV-B rich environments or preferable for UV-B
induced trigonelline biosynthesis over any other genotype. This may be due in
part to low levels of genetic polymorphism (2.8% on average) between peanut
genotypes and similarities with ancestral species [36]. However, trigonelline
concentrations increased in all genotypes after irradiation by UV-B.

Individuals at R7 showed a greater increase in trigonelline concentration (by
as much as 52.4%) in response to UV-B irradiation and oxidative stress as com-
pared to individuals at R1. This contrasts results from other studies where pea-
nut plants (Arachis hypogaea L.) showed higher trigonelline concentrations at a
younger growth stage (R4) as compared to an older growth stage (R8) under
drought stress [37]. The same reduction of trigonelline content has been shown
in other leguminous species such as soybean (Glycine max) and in non-legumi-

nous species such as coffee (Coffea arabica) as the plants progress to maturity
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[30] [38]. However, in this study across all sampling periods, untreated individ-
uals at R7 had 34.5% more trigonelline on average than untreated individuals at
R1, which gives a percent increase in natural trigonelline levels as the plants
grow from a flowering stage to an early maturity stage. With 60 min of UV-B
exposure, the average percent increase from R1 to R7 was 47.3%; with 120 and
180 min of UV-B exposure, the average percent increase from R1 to R7 was
52.3% and 52.4% respectively. In this study, mature plants produced more trigo-
nelline in response to oxidative stress than young plants; longer exposure times
to UV-B resulted in a larger increase in trigonelline concentrations in plants at
R7 in relation to plants at R1. Untreated plants at R7 produced significantly less
trigonelline (P < 0.05) than plants treated with 60, 120, and 180 min UV-B ex-
posure by 40.8%, 84.8%, and 64.4%, respectively just 10 days after UV-B treat-
ments. Because of this, the observed increase of trigonelline in UV-B treated
plants at R7 is likely due to the oxidative stress cause by UV-B exposure, and not
to natural variation of trigonelline levels between growth stages.

A positive correlation (r, = 0.29 - 0.74) was found between trigonelline con-
centrations and exposure time to UV-B radiation; as exposure time increased,
trigonelline concentrations increased (Table 2). When looking at the overall da-
ta for combined genotypes, every sampling period in both growth stages showed
statistically significant positive relationships (£ < 0.05) between trigonelline con-
centrations and UV-B exposure times (Table 2). This is especially true for pea-
nut plants at R7 compared to R1, as trigonelline levels were higher by 54.3 pg-g™*
DW (41.0% increase from R1 to R7) after just 10 days with only 60 min of UV-B
exposure (Figure 2). To corroborate this finding, control plants at R7 (10 days
after 60 min of UV-B exposure) produced significantly less (£ < 0.05) trigonel-
line by 38.4 pg-g™' DW. The results of this study agree with previous studies on
trigonelline and other secondary metabolites including alkaloids, plant phenol-
ics, and flavonoids accumulating in plant leaves after exposure to UV-B radia-
tion [19] [39]. Low levels of UV-B can be used as a regulator for inducing the
production of secondary metabolites [40]. However, higher levels of trigonelline
in peanut plants have been linked to lower seed yield [37]. Under stressful envi-
ronmental conditions, optimizing trigonelline concentrations could lead to higher

survivability of peanut plants with economically acceptable yield.

4.2. Initiation of Trigonelline Synthesis in Peanut Genotypes after
UV-B Treatments

The four genotypes used in this study varied from each other in trigonelline
concentrations over the course of the sampling periods after UV-B treatments,
although the variation between genotypes was not statistically significant. Statis-
tically significant levels of trigonelline biosynthesis at R1 were sporadic for the
Virginia, Valencia, and Runner genotypes. The Spanish genotype showed an
earlier response to UV-B exposure at R1 with a consistent significant rise (P <
0.05) in trigonelline levels as early as 10 to 20 days after treatment for all three

exposure times. Trigonelline levels at R7 varied across the sampling periods.
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However, all four genotypes showed an early response at R7, as soon as 10 days
after treatment, with longer exposure times (120 and 180 min) which increased
or stayed relatively steady throughout the sampling periods (Figure 1). The
overall results (Figure 1 and Figure 2) indicate that plants at R7 significantly (P
< 0.05) responded to relatively short UV-B exposure (60 min), whereas individ-
uals at R1 generally required longer UV-B exposure (120 and 180 min). This in-
fers that mature plants may start to biosynthesize trigonelline in response to

UV-B earlier than younger plants.

5. Conclusion

The peanut genotypes Spanish, Virginia, Valencia, and Runner biosynthesize tri-
gonelline in similar concentrations after irradiation with UV-B; it is unlikely that
one genotype would have an advantage over the others in UV-B rich environ-
ments. Including a larger variety of peanut genotypes may elucidate differential
stress responses not found in this study. Plant growth stages may play an impor-
tant role in stress response as individuals at R7 had trigonelline concentrations
47.3% to 52.4% higher than individuals at R1. Plant age may be a more impor-
tant variable than genotypic variability for the development of UV-B tolerant
peanut crops [41]. Comparative transcriptomic study of UV-B responsive genes
across multiple plant growth stages could clarify the differential expression in se-
condary metabolite biosynthesis due to plant age and could provide a stronger
basis for the development of UV-B resistant crops.
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