previous study showed much lower anthocyanins levels of 0.16 to 0.18 mg AE/g in Dark Opal

basil (33), these values were determined in fresh leaves rather than dried.

Table 1. Average anthocyanin concentrations and standard deviations® for Dark Opal basil planted in summer and
fall as a function of applied nitrogen level. All concentrations are expressed as anthocyanin equivalents, AE, in
mg/g DW.

Nitrogen Application (mM)

0.1 mM 0.5 mM 1.0 mM 5.0 mM

Summer Dark Opal ¢ 33 345 0 7294356 a 95140842 7174232 a
(mg AE/g)

Fall Dark Opal 14724196 b 1446+1.18b 11.16+1.19 b 12.55+4.17 b
(mg AE/g)

? Standard deviations are calculated from the analysis of replicate plant samples.
® Concentrations with the same letter in each row are not statistically different (p < 0.05).

Nitrogen fertilization was determined to have no significant effect on the anthocyanin
content of Dark Opal basil grown in either summer or fall. However, anthocyanin levels were
significantly impacted by season (p = 0.001), with Dark Opal basil grown in the fall having
statistically higher anthocyanin content. Anthocyanins have many diverse roles in plants, but
their production is known to be associated with protection against environmental stresses (49,
50). In particular, anthocyanins are induced by colder temperatures (50), so their increased
concentration in fall-grown Dark Opal basil most likely results from the lower daily and nightly
temperatures that occured during the autumn growing season.

Quantification of Individual Basil Phenolics. A typical chromatogram of methanolic
basil extract is presented in Figure 2A. The largest chromatographic peak at a retention time of
11.3 min is rosmarinic acid, which is known to be the free phenolic acid present in highest
concentration in Ocimum basilicum (51). Caffeic acid, which is also commonly present in

moderately high concentrations in basil (51), is identified at a retention time of 3.6 min.
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Figure 2. Typical HPLC chromatogram of methanolic basil extract before (A) and after the
addition of DPPH free radical scavenger (B).

Table 2 presents the average rosmarinic acid concentrations of Sweet Thai, Dark Opal
and Genovese basil grown with varying nitrogen fertilization levels. Rosmarinic acid levels
ranged from 5 mg/g DW for Sweet Thai treated with 5.0 mM applied nitrogen to 48 mg/g DW
for summer-grown Dark Opal treated with 0.1 mM nitrogen. The rosmarinic acid levels obtained

for basil cultivars in this study are similar to concentrations determined previously for sweet

basil: 11 (42), 12 (51), and from 10 to 100 mg/g DW (52). Herbs in the family Lamiaceae, such
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as basil, rosemary, sage, and thyme, provide the only dietary source of rosmarinic acid (53), with
concentrations typically ranging from 2 to 27 mg/g DW (54).

Table 2. Average rosmarinic acid concentrations and standard deviations® for basil as a function of applied nitrogen
level. All rosmarinic acid concentrations are expressed in mg/g DW.

Nitrogen Application (mM)

Cultivar 0.1 mM 0> mM LOmM >OmM
B
Sweet Thai _ 17.59£2.12a 12.06+2.69ab 541+0.86b
(mgfg)
S“mmifngf‘;f Opal’ 4789417.13a 257740142 205740862 12.04+287a
b
Fall Dark Opal™ 4551 12950 18161916 16254333b  114541.77b
(mg/g)
Genovese 23.55+3.84a 9.82+0.64b 12.00+1.43b —
(mg/g)

? Standard deviations are calculated from the analysis of replicate plant samples.
® Concentrations with the same letter in each row are not statistically different (p < 0.05).

Average rosmarinic acid concentrations were found to be 25.00 (= 7.73) mg/g DW for
Dark Opal, 15.12 (£ 2.44) mg/g DW for Genovese, and 13.51 (= 1.77) mg/g DW for Sweet Thai
basil. Cultivar had a significant effect on rosmarinic acid levels in basil, with both Sweet Thai
and Genovese varieties having statistically lower rosmarinic acid concentrations than summer-
grown Dark Opal basil (p = 0.005). In addition, Dark Opal basil grown in summer and fall was
compared to determine the effect of season on rosmarinic acid levels. Although rosmarinic acid
concentrations tended to be higher in summer-grown Dark Opal basil, our data indicated that
growing season does not have a statistically significant effect on the amount of rosmarinic acid
found in basil (p = 0.472).

Rosmarinic acid concentrations in basil were significantly affected by nitrogen
fertilization and, in general, basil treated with 0.1 mM applied nitrogen contained higher

rosmarinic acid content than basil treated at other nitrogen fertilization levels (p = 0.001).
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Comparison of the effect of applied nitrogen on rosmarinic acid levels among individual
cultivars showed that a greater amount of rosmarinic acid was found at the lowest nitrogen
fertilization level for fall-grown Dark Opal (p < 0.001), Genovese (p = 0.014), and Sweet Thai (p
= 0.014) basil. Dark Opal grown in the summer, on the other hand, did not contain rosmarinic
acid concentrations that were statistically higher for the 0.1 mM applied nitrogen level (p =
0.179). Although the concentration of rosmarinic acid in summer-grown Dark Opal was found
to be the greatest for 0.1 mM applied nitrogen, high variability excluded the result from being
statistically significant.

Average caffeic acid concentrations in Dark Opal, Genovese, and Sweet Thai basil grown
with varying nitrogen fertilization levels are presented in Table 3. Caffeic acid concentrations
ranged from 0.113 mg/g DW for Sweet Thai basil treated with 1.0 mM applied nitrogen to 0.556
mg/g DW for summer-grown Dark Opal basil treated at the 0.1 mM nitrogen fertilization level.
Previous studies of caffeic acid concentrations in sweet basil have obtained values of less than
0.004 mg/g DW (52) to greater than 2.5 mg/g DW (51). In a study of 23 accessions found in
different regions of Iran, Javanmardi et al. observed large variability in basil caffeic acid
concentrations, and suggested that it may be due to changes in biosynthetic pathways caused by
environmental fluctuations (52), making comparison of our basil caffeic acid levels to previous

studies difficult.
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Table 3. Average caffeic acid concentrations and standard deviations® for basil as a function of applied nitrogen
level. All caffeic acid concentrations are expressed in mg/g DW.

Nitrogen Application (mM)

Cultivar 0.1 mM 0->mM Lo mM >omi
B
Sweet Thai _ 0.228+0.037a 0.113+0.026a 0.150 +0.056 a
(mg/g) )
S“mmifngf‘;f Opal™ 0 556+0.143a 0.141£0.000a 0.301+£0.077a 0.372+0.047a
b
Fall z‘gg?pal 0.464+0.047a 0.186+0.040b 0.239+0.041b 0.152+0.016b
Genovese 0.195+0.012a 0.248+0.014a 0.328+0.059 a —
(mg/g)

* Standard deviations are calculated from the analysis of replicate plant samples.
® Concentrations with the same letter in each row are not statistically different (p < 0.05).

The average concentrations of caffeic acid were found to be 0.301 (= 0.185) mg/g DW in
Dark Opal, 0.257 (= 0.06) mg/g DW in Genovese, and 0.164 (+ 0.072) mg/g DW in Sweet Thai
basil. These values are similar in magnitude to the caffeic acid levels quantified by Shan et al. in
sweet basil, 0.204 mg/g DW (42). As we observed for rosmarinic acid levels and total phenolic
contents, cultivar had a significant effect on the amount of caffeic acid in basil (p = 0.030), with
Sweet Thai having the least caffeic acid while Dark Opal had the most. Caffeic acid levels
tended to be generally higher for basil grown in the summer than in the fall, however, the
difference was not found to be statistically significant (p = 0.117). Although the effect of
growing season on phenolic compounds such as caffeic acid has not been extensively studied in
basil, recent work has shown that season has a statistically significant impact on caffeic acid
levels in other plants such as napiergrass (55).

Nitrogen fertilization had a statistically significant effect on caffeic acid levels, with 0.1
mM applied nitrogen generally resulting in higher concentrations of caffeic acid than basil

treated at other nitrogen levels (p = 0.001). Although the highest caffeic acid concentrations
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were observed for the lowest nitrogen fertilization levels for fall (0.464 + 0.143 mg/g DW) and
summer-grown (0.556 = 0.143 mg/g DW) Dark Opal as well as Sweet Thai basil (0.228 + 0.037
mg/g DW), Genovese basil contained the highest caffeic acid content (0.328 + 0.059 mg/g DW)
in basil treated at the highest applied nitrogen level, 1.0 mM.

Based on the CNB hypothesis (17, 47), limited nutrient availability increases the
production of carbon-based secondary plant metabolites, particularly those that accumulate in
plant tissue at high concentrations since they are often the stable end products of biochemical
pathways directly associated with resource allocation (17). Therefore, the fact that the highest
rosmarinic and caffeic acid concentrations in basil are generally observed at the lowest nitrogen
fertilization levels is directly supported by the CNB theory. Furthermore, because the highest
total phenolic contents were found when nutrient availability was limited at the lowest applied
nitrogen treatment, it is expected that the highest concentrations of primary individual phenolics
such as rosmarinic and caffeic acids would also be observed under those conditions.

Determination of Antioxidant Activities. Average antioxidant activities for Sweet Thai,
Dark Opal, and Genovese basil as a function of nitrogen fertilization were determined using the
DPPH radical scavenging assay and are presented in Table 4. Antioxidant activities ranged from
5 mmol TEAC/100 g DW for Sweet Thai treated with 5.0 mM applied nitrogen to 40 mmol
TEAC/100 g DW for Dark Opal grown in the summer with 0.5 mM nitrogen fertilization.
Literature values for the antioxidant activity of sweet basil determined by the DPPH assay range
from 23 (45) to 30 (42) mmol TEAC/100 g DW and are in good agreement with our values in the

current study.
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Table 4. Average antioxidant activities and standard deviations® for Sweet Thai, Dark Opal (planted in summer and
fall), and Genovese basil as a function of applied nitrogen level. All concentrations are expressed as the trolox
equivalent antioxidant capacity, TEAC, in mmol/100 g DW.

Nitrogen Application (mM)

Cultivar® 0.1 mM 0.5 mM 1.0 mM 5.0 mM*
(mmiﬁeg [Z?;{go 2 — 27.6+77 11564490 523 +0.69
(Islfnriﬁl eTrEiaél/‘l(O)gag}) 345143.18  4029+16.16  3622+8.01  20.17+9.74
(miilll TDgi‘C?fg(l) g 2480+441 27415280 27875152 2459+687
(mmo(l}%ozés/‘i g 2656%210 20174136 2848066 _

* Standard deviations are calculated from the analysis of replicate plant samples.
® * denotes a significant difference at the p < 0.05 level.

Cultivar was found to have a significant effect on antioxidant activity (p < 0.001) with
Sweet Thai having lower antioxidant activity than Dark Opal and Genovese basil. Antioxidant
activity correlates directly with total phenolic content (56), so it is expected that the basil cultivar
exhibiting the lowest total phenolic levels, Sweet Thai, would also have the lowest overall
antioxidant activity.

Nitrogen fertilization also affected antioxidant activity (p = 0.002) with basil treated at
the highest applied nitrogen level, 5.0 mM, exhibiting significantly lower antioxidant activity
than all other nitrogen treatments. The low antioxidant activities determined for basil treated
with 5.0 mM applied nitrogen likely relate directly to the low total phenolic contents found for
the same samples (see Figure 1). Although the 0.1 mM nitrogen-treated basil exhibited the
highest total phenolic levels overall, these basil samples did not have statistically higher
antioxidant activities, but this may be due to the variability in the data for antioxidant capacities

determined for replicate plant samples. Although both nitrogen fertilization and cultivar were
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found to impact basil antioxidant activity, no interaction was found between the two factors (p =
0.290).

To determine the radical scavenging activity of the individual basil phenolics, methanolic
extract was analyzed by HPLC (Figure 2B) after performing a free radical scavenging assay (43).
Rosmarinic and caffeic acid levels were quantified after the addition of DPPH and expressed as
the percentage of phenolic acid remaining after radical scavenging (Table 5). Small amounts of
the phenolic acids remained after completing the assay, indicating a high rate of DPPH free-

radical scavenging activity by the basil extract.

Table 5. Average rosmarinic and caffeic acid concentrations and standard deviations® (expressed in mg/g DW)
before adding DPPH, and the percentage of phenolics remaining following the DPPH free-radical scavenging assay.
Data is shown for basil treated with 1.0 mM applied nitrogen.

I Percent Remaining

Concentration
RA CA o b b
% RA % CA
Cultivar (mg/g DW)  (mg/g DW) ° ’
Sweet Thai 13.51+1.77 0.16 £0.07 7.73+£0.19 14.66+0.95

Summer Dark Opal 26.57+17.4 0.34+0.17 746 +0.53 30.07+9.85
Fall Dark Opal 22.77+£5.15 0.26+0.08 4.74+1.05 12.37+0.09

Genovese 15.12+2.44 0.26 £ 0.06 6.80+0.95 10.88+0.59

* Standard deviations are calculated from the analysis of replicate plant samples.

® The percentages of rosmarinic and caffeic acid were calculated by dividing the initial phenolic
concentrations by the amounts of phenolic acid remaining after the DPPH free-radical scavenging
assay.

Rosmarinic and caffeic acid concentrations decreased significantly after DPPH free-
radical scavenging for all cultivars. However, the decrease in rosmarinic acid levels (4 — 7%
remaining after radical scavenging) was greater than the decrease in caffeic acid concentrations

(10 — 30% remaining after radical scavenging). This result suggests that the DPPH free-radical
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scavenging activity of rosmarinic acid in our basil extracts is greater than that of caffeic acid.
Our results are supported by a previous study by Chen and Ho (31) which found that rosmarinic
acid had a greater DPPH radical scavenging capacity than caffeic acid. In addition, the reaction
of rosmarinic acid with DPPH has been shown to exhibit intermediate kinetic behavior while the
reaction of caffeic acid with DPPH is kinetically slow (57).
Conclusions

Our results indicate that manipulation of nitrogen fertilization levels may be an effective
method to increase the expression of polyphenolic compounds in basil. Higher total phenolic
contents, rosmarinic acid levels, and caffeic acid concentrations were observed in basil when
nutrient availability was limited at the lowest applied nitrogen treatment. Moreover, at the
highest nitrogen treatment level, basil exhibited significantly lower antioxidant activity than
under limited nutrient growing conditions. In addition to nitrogen fertilization, cultivar selection
was also found to have a significant influence on polyphenolic content and antioxidant activity in
basil.
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