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Abstract: The health benefits of whole wheat grains are partially attributed to their phenolic acid
composition, especially that of trans-ferulic acid (TFA), which is a powerful natural antioxidant.
Breeders and producers are becoming interested in wheat with enhanced health-promoting effects.
This study investigated the effects of different nitrogen (N) application rates (0, 42, 84, 126, and
168 N kg ha−1) on the phenolic acid composition of three wheat varieties in four locations for two
years. The results indicate that the different N rates did not affect the TFA concentration but that
they significantly affected the concentrations of para-coumaric acid, sinapic acid, and cis-ferulic acid
in the wheat grains. A statistical analysis suggested that the wheat phenolic acid composition was
predominantly determined by wheat variety, though there existed some interaction effect between
the wheat variety and environments. The TFA concentration of the variety Jimai 22 was generally
higher (with a mean value of 726.04 µg/g) but was easily affected by the environment, while the
TFA concentration of the variety Zhongmai 578 (with a mean value of 618.01 µg/g) was more stable
across the different environments. The results also suggest that it is possible to develop new wheat
varieties with high yield potential, good end-use properties, and enhanced nutraceutical values.

Keywords: functional wheat; trans-ferulic acid; nitrogen management; environment interaction; antioxidant

1. Introduction

Wheat is a staple food worldwide [1]. Variety, growing environment, and the appli-
cation of nitrogen fertilizers are important factors affecting wheat yield, protein content,
and end-use quality [2–4]. Wheat is not only an important source of energy but also a good
source of functional ingredients [5–7]. The consumption of whole wheat products has been
associated with reduced risks of chronic diseases, including type II diabetes, obesity, and
some types of cancer [8,9]. These health benefits can be partially attributed to the phyto-
chemicals in wheat grains [10,11]. Trans-ferulic acid (TFA), a powerful natural antioxidant,
is the most predominant phytochemical in whole wheat [12]. Most wheat phenolic acids
are ester-linked to cell wall (poly)saccharides [13–15]. The health-promoting potential and
possible mechanism of wheat phytochemicals have been intensively characterized and
summarized in some literature reviews [16–19]. Driven by consumers’ desires for healthier
food ingredients and final products, a higher content of phytochemicals, especially phenolic
antioxidants, is becoming another important parameter in evaluating wheat quality [20–22].

In recent years, studies have investigated the factors determining phenolic acid com-
position in whole wheat grains. Similar to other agronomic traits, wheat variety is an
important factor affecting phenolic acid composition [23–27]. For example, the HEALTH-
GRAIN Diversity Screen reported a range of >3.5-fold across the concentration range for
total phenolic acids in 135 winter wheat varieties [24]. Several studies have reported that
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some wheat varieties accumulated higher concentrations of phenolic acids in dry and hot
cultivation years [28–30]. It is well known that nitrogen fertilizer is a very important factor
influencing the yield and quality of wheat grains. Previous studies have also evaluated
the effects of nitrogen fertilization and its interaction with other factors on wheat phenolic
composition. In a previous study, it was reported that increased N application (from 180
to 300 kg N ha−1) led to increased concentrations of insoluble ferulic acid and vanillic
acid [31]. However, this range of nitrogen application rate is much higher than that of
farmers’ general practices. Furthermore, only one wheat variety was investigated, and the
effect of nitrogen fertilizer may be dependent on wheat variety. Our previous study found
an interaction effect of N and sulfur (S) on the concentration of trans-ferulic acid: at S = 0,
an increased N rate (from 56 to 146 kg N ha−1) led to an increased TFA concentration, and
at S = 22 kg ha−1, a different N rate did not influence the TFA concentration [28]. However,
a following study suggested that intensified field management practices, including the
increased application of nitrogen fertilizer, fungicide, and micronutrients, led to a decreased
concentration of TFA [32]. However, it was unknown which factor of the intensified man-
agement practices was the major contributor to the decreased TFA. In summary, previous
studies have usually contained several factors that may influence TFA concentration, and
the effect of the N rate is still not clearly understood. A study mainly focusing on the N
rate and wheat phenolics in different varieties is still needed.

Our hypotheses were that different N rates are not a major factor determining TFA
concentration and that wheat phenolic acid composition is mainly affected by wheat variety.
Therefore, the objectives of this study were to (1) investigate the effect of different N
rates (N0, N42, N84, N126, and N168 kg ha−1) on wheat phenolic acid composition and
to (2) assess the most important factor affecting wheat phenolic acid composition and
its interaction with other factors. Three elite Chinese wheat varieties were harvested in
eight natural environments (over two years, at four locations each year). To the best of
our knowledge, this is the most thorough study investigating the effect of N fertilization
on wheat phenolics in terms of the number of N levels, wheat varieties, and different
environments. For all three varieties, under the conditions of eight environments (a total
of 24 conditions), the effect of N fertilization was consistent and barely interacted with
other factors. The reliable and clear results of this study may help to elucidate the effect
of N rate on the accumulation of wheat phenolic antioxidants. This information may also
be instructive to wheat production, aiming at producing grains with enhanced natural
antioxidants.

2. Materials and Methods
2.1. Plant Materials and Field Experiments

Three elite Chinese bread wheat varieties, namely, Zhongmai 578, Jimai 22, and
Zhongmai 255, were investigated in this study. Zhongmai 578, developed from Zhongmai
255/Jimai 22, was released in the northern and southern parts of the Yellow and Huai
Valleys covering the provinces of Henan, Shaanxi, northern Anhui and Jiangsu, Shandong,
Hebei, and central Shanxi, as well as southern Xinjiang, in 2020, 2021, and 2022. It is
becoming a leading variety, with a sowing acreage of around 340,000 ha in the 2021–2022
harvesting season, due to its high yield potential, superior pan bread-making quality, good
disease resistance, tolerance to high temperatures during the grain-filling period, and early
maturity, as well as broad adaptation. Zhongmai 578 is also widely used as a parent in
various breeding programs across China. Jimai 22 has been the milestone variety in the
northern part of the Yellow and Huai Valleys for the last 15 years, and it has a high and
stable yield, and broad adaptation. Zhongmai 255 was released due to its superior qualities
for both pan bread and Chinese noodles.

Field experiments were performed during the 2019–2020 and 2020–2021 wheat-
growing seasons at four locations, namely, Anyang, Henan province (36◦05′45.60′′ N
114◦22′58.01′′ E); Huaibei, Anhui province (33◦58′27.98′′ N 116◦47′30.01′′ E); Liaocheng,
Shandong province (36◦27′21.46′′ N 115◦58′39.58′′ E); and Weifang, Shandong province
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(36◦42′36.00′′ N 119◦06′6.98′′ E). Urea (NH2)2CO (N% = 46.67%) was used as the nitrogen
(N) fertilizer. For each wheat variety, the field experiments included five urea application
rates: 0 (N content = 0), 90 (N content = 42), 180 (N content = 84), 270 (N content = 126), and
360 (N content = 168) kg ha−1, designated as N0, N42, N84, N126, and N168, respectively.
Each treatment comprised three replicates. Other field management practices were the
same for all locations. After harvest, wheat seeds were stored at 4 ◦C until further analysis.

2.2. Reagents and Chemicals

Analytical standard phenolic acids (4-hydroxybenzoic acid, vanillic acid, para-coumaric
acid, trans-ferulic acid, and sinapic acid) were purchased from MACKLIN (Shanghai,
China). Other general chemicals and ultra-performance liquid chromatography (UPLC)
mobile phases (water with 0.1% trifluoroacetic acid and acetonitrile with 0.1% trifluoroacetic
acid) were purchased from Thermo Fisher Scientific (Waltham, MA, USA).

2.3. Extraction of Total Esterified Phenolic Acids

The extraction of esterified phenolic acids was performed according to our previous
studies [28,32]. In brief, 1 g of whole flour was hydrolyzed with 10 mL of 2M NaOH under
nitrogen for 3 h. The mixture was then acidified to pH = 2 with concentrated HCl and
extracted three times with ethyl acetate. The combined organic phase was evaporated to
dryness, re-dissolved using 2 mL HPLC-grade methanol, and filtered through a 0.45 µm
filter. All extracted samples were kept at −20 ◦C and analyzed within 2 days.

2.4. UPLC Analysis of Phenolic Acid Composition

The phenolic acid composition was analyzed using an UPLC-PDA system from Waters
Corporation (Milford, MA, USA) with an ACQUITY UPLC BEH C18 (2.1 mm × 50 mm)
column. The UPLC gradient protocol was programed according to our previous report
with some minor modifications [33]. In brief, the mobile phase A was HPLC-grade water
containing 0.1% trifluoroacetic acid, and the mobile phase B was HPLC-grade acetonitrile
containing 0.1% trifluoroacetic acid. The mobile phase flow rate was 0.4 mL/min, and
the percentage of mobile phase B was kept at 6% from 0 to 1.0 min, which then increased
linearly to 14% from 1.0 min to 3.0 min and increased linearly to 16% from 3.0 min to 5.5 min.
The column was re-equilibrated with the original mobile phase condition (A = 94%, B = 6%)
for 3 min between each injection. Each phenolic acid was identified by a comparison with
the retention time of the corresponding analytical standard and quantified using an external
calibration curve at 280 nm. Due to the lack of analytical standard, cis-ferulic acid was
tentatively quantified using the external calibration of trans-ferulic acid.

2.5. Statical Analysis

The raw experimental data (concentration of each phenolic acid) are expressed as
mean ± standard deviations from three biological replicates. Further data analysis was
performed using the PROC GLIMMIX method in SAS version 9.4 (Cary, NC, USA). Year,
location (loc), wheat variety (V), N rate, and their interactions were considered as fixed
effects. Replicate (rep), rep(year), rep(loc), N*rep(year), and N*rep(loc) were considered as
random effects.

3. Results and Discussions

In this study, six monomeric phenolic acids, namely, 4-hydroxybenzoic acid, vanillic
acid, para-coumaric acid, trans-ferulic acid, sinapic acid, and cis-ferulic acid, were detected
in the extracts of whole wheat flours. The concentration of TFA ranged from 491.40 ± 28.20
to 831.25 ± 3.80 µg/g whole wheat flour (WWF). The concentrations of 4-hydroxybenzoic
acid, vanillic acid, and para-coumaric acid were found to be at lower levels, usually less
than 30 µg/g WWF. The concentration of cis-ferulic acid and sinapic acid ranged from
38.42 ± 0.18 to 103.38 ± 2.19 µg/g and from 11.88 ± 0.65 to 98.97 ± 6.41 µg/g WWF,
respectively. These results are comparable to those of previous studies [17,19,25].
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3.1. Summary of The Analysis of Variance (ANOVA)

The result of ANOVA is tabulated in Table 1. The effect of the wheat variety (V) was
found to be significant (p < 0.001) for all the phenolic acids. The effects of location (L)
and harvest year (Y) were also significant for most types of phenolic acids detected in
this study. The effect of L*V*Y was also significant (p < 0.001) for TFA and for most other
phenolic acids. These results agree with the previous consensus that both wheat variety and
environment affect the phenolic acid composition in wheat grains [29,31,33,34]. The effect of
the nitrogen (N) application rate was not significant (p > 0.05) for the concentration of TFA
or the predominant phenolic compound in whole wheat, but it was significant (p < 0.001)
for para-coumaric acid, sinapic acid, and cis-ferulic acid. L*N was significant (p < 0.05) for
TFA. Since the major objective of this study was to investigate the effect of the nitrogen
application rate on TFA, these results are discussed in detail in the following section.

Table 1. Analysis of variance (ANOVA) for phenolic acid composition of wheat varieties under the
conditions of different environments.

Source of Variation DF HBA VA PCA TFA SA CFA

Location(L) 3 0.15 32.76 *** 24.02 * 35.51 *** 15.25 *** 59 ***

Nitrogen(N) 4 0.48 1.13 13.02 *** 1.85 11.45 *** 7.16 ***

Variety(V) 2 22.59 *** 12.18 *** 807.49 *** 405.87 *** 59.17 *** 345.43 ***

Year(Y) 1 49.82 *** 34.03 *** 295.1 * 7.61 * 12.21 *** 177.2 **

L*N 12 1.02 0.67 3.37 2.82 * 3.25 ** 1.2

L*V 6 5.59 *** 9.07 *** 5.34 *** 10.8 *** 10.47 *** 5.79 ***

L*Y 3 3.86 * 23.47 *** 46.67 *** 21.66 *** 13.68 *** 175.92 ***

N*V 8 2.01 1.23 2.38 * 2.00 2.35 * 1.07

N*Y 4 1.14 2.55 9.18 * 1.99 5.24 ** 10.92 ***

V*Y 2 4.77 * 12.72 *** 27.76 *** 20.05 *** 20.09 *** 8.56 ***

L*N*V 24 0.93 0.96 1.44 1.79 2.31 ** 1.19

L*N*Y 12 0.93 1.2 4.41 *** 1.38 3.18 *** 2.19 *

L*V*Y 6 2.92 * 21.25 *** 35.17 *** 9.67 *** 14.84 *** 3.93 **

N*V*Y 8 2.09 * 1.22 2.27 * 1.62 2.71 ** 1.16

***, **, and * indicate significance at p < 0.001, 0.01, and 0.05, respectively. DF: degree of freedom; HBA: 4-
hydroxybenzoic acid; VA: vanillic acid; PCA: para-coumaric acid; TFA: trans-ferulic acid; SA: sinapic acid; CFA:
cis-ferulic acid.

3.2. Effects of L, V, Y, and Their Interactions on TFA Concentration

As shown in Table 1, the effects of L and V on TFA were significant (p < 0.001). Overall,
across all environments, the variety Jimai 22 had the highest mean concentration of TFA
(726.04 µg/g), followed by Zhongmai 578 (618.01 µg/g) and Zhongmai 255 (583.07 µg/g).
Regarding the location effect, in both 2020 and 2021 years, the wheat produced from Huaibei
had the highest mean concentration of TFA (681.83 µg/g), and the wheat from Liaocheng
had the lowest concentration of TFA (616.03 µg/g). The interaction effects between L, V,
and Y are plotted in Figure 1. Though the variety Jimai 22 generally contained a high
concentration of TFA, this concentration was easily affected by the different environments.
In the Huaibei location, the TFA concentration of Jimai 22 decreased significantly (p < 0.05)
from 811.73 µg/g in 2020 to 646.48 µg/g in 2021. Similarly, in the Weifang location, the
TFA concentration of Jimai 22 decreased significantly (p < 0.05) from 771.56 µg/g in 2020 to
704.24 µg/g in 2021. In contrast, the TFA concentration of Zhongmai 578 was more stable
across the different environments. This result suggests that Jimai 22 could only accumulate
more ferulic acid under certain environments and that the three varieties might differ in
the pathway of TFA accumulation.
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Several previous studies have reported that dry weather condition (drought stress)
during the grain-filling stage might enhance the TFA concentration in wheat grains [28–30].
In this study, the four locations had similar temperatures during the wheat growth period
(Table 2). In May and June of 2019–2020, Huaibei was the location with the most precipita-
tion, and Liaocheng was the driest location with the lowest precipitation. However, the
samples from Huaibei contained the highest TFA, while the samples from Liaocheng had
the lowest TFA. Similarly, considering the Huaibei location, the growth period of 2019–2020
had more rainfall than that of 2020–2021, but the wheat grains from 2020 had more TFA
than the grains from 2021, especially in the case of Jimai 22. These results suggest that
drought stress was not the predominant factor among all the environmental factors deter-
mining TFA concentration. In summary, the final concentrations of TFA in the wheat grains
were determined by the interaction effect between the wheat variety and environmental
factors, including, but not limited to, the different locations and harvest years. This result
is consistent with a recent study that also reported significant effects of variety and location
on wheat phenolic acid composition [35].

Table 2. Temperature and rainfall conditions during the growing season of wheat. AY: Anyang; HB:
Huaibei; LC: Liaocheng; WF: Weifang.

Year Data (Month)
AY HB LC WF

Temp
(◦C)

Rainfall
(mm)

Temp
(◦C)

Rainfall
(mm)

Temp
(◦C)

Rainfall
(mm)

Temp
(◦C)

Rainfall
(mm)

2019–2020

October 15.8 65.4 17.0 28.6 15.7 32.3 16.0 18.4
November 9.1 0.4 11.2 9.8 9.1 31.5 9.3 14.7
December 2.7 8.4 4.8 21.7 2.4 13.4 2.1 19.7

January 0.8 25 2.8 75.1 0.8 24.8 1.0 27.4
February 5.1 11.5 6.4 30.9 5.3 15.7 4.2 58.3

March 11.8 9.1 10.7 28.1 10.9 2.7 9.7 3.8
April 15.0 25.9 15.2 16.7 14.5 30.2 13.7 15.5
May 23.0 70.2 22.9 30.7 22.0 27.7 20.5 99.8
June 26.4 80.8 25.8 304.7 26.6 66.7 25.4 76.6
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Table 2. Cont.

Year Data (Month)
AY HB LC WF

Temp
(◦C)

Rainfall
(mm)

Temp
(◦C)

Rainfall
(mm)

Temp
(◦C)

Rainfall
(mm)

Temp
(◦C)

Rainfall
(mm)

2020–2021

October 14.6 11.5 15.7 8.1 14.6 10.4 14.9 6.5
November 9.1 24.2 10.4 42.1 8.9 48.9 8.8 48.0
December 1.0 1.8 2.4 6.7 0.4 4.4 0.2 10.7

January 1.0 0.0 2.6 6.7 −0.2 0.1 −0.5 4.3
February 7.1 41.7 8.0 26.5 6.2 45.5 5.3 18.7

March 10.3 16.7 10.3 55.4 10.2 16.1 9.4 33.0
April 15.0 15.4 14.4 28.6 14.7 26.7 13.7 74.1
May 22.0 17.4 21.2 94.9 21.4 21.8 20.2 51.3
June 28.0 60.4 27.1 99.9 27.5 129.5 25.6 77.8

3.3. Effect of Nitrogen Application on Wheat Phenolic Acid Composition

One major goal of this study was to elucidate the effect of different nitrogen fertilizer
(as urea) rates. The single effect of N rate on the concentration of individual phenolic
acids is plotted in Figure 2a–d for trans-ferulic acid, para-coumaric acid, sinapic acid, and
cis-ferulic acid, respectively. In Figure 2a, it seems that the wheat grains contained relatively
more TFA at either a very low (N0 and N 42) or a very high N (N168) level. However,
this difference was not significant at a confidence level of p < 0.05. However, the effect of
N rate on other major phenolic acids was significant (p < 0.05). The L*N interaction for
the TFA concentration was significant (p < 0.05), and it is plotted in Figure 3. There were
some differences under different N rates and at different locations. In Anyang, the TFA
concentration increased with an increase in the N rate. In the other three locations, the
TFA concentration generally decreased first and then increased along with the increased
N application. However, most of these changes were not significant at a confidence level
of p < 0.05. Previously, we reported that, under sulfur-sufficient conditions, increased N
application had no effect on wheat trans-ferulic acid concentrations [28]. The result from
this study confirms our previous finding. Taken together, these two studies comprise four
growth years, various locations, and representative wheat varieties in both China and the
United States. Based on these results, it is concluded that the nitrogen application rate
did not affect the concentration of trans-ferulic acid in the wheat grains. A similar result
has also been previously reported [34]. This observation can be partially explained by a
previous study, which reported that different N rates did not affect the transcriptions of
phenylalanine ammonia lyase (PAL) or cinnamate 4-hydroxylse (C4H), the key enzymes of
the phenylpropanoid pathway [36].

In Figure 2b,d, an increased N level led to decreased concentrations of para-coumaric
acid (from 20.09 µg/g in N0 to 18.27 µg/g in N168) and cis-ferulic acid (from 64.19 µg/g in
N0 to 59.91µg/g in N168). In contrast, an increased N level generally led to an increased
concentration of sinapic acid, from 58.59 µg/g in N0 to 66.68 µg/g in N24. Though these
changes were considered statistically significant, the changes in the absolute values were
not huge. An increased N rate led to opposite changing trends for the different phenolic
acids. This result suggests that there existed a hidden metabolic pathway for the different
phenolic acids that was affected by the different N rates.

To summarize, the data in this study indicated that the different N rates were not a
major factor determining the phenolic acid composition of the wheat grains, though the
effect of the N rate might be significant under the conditions of certain experimental designs
and statistical methods. The concentration of phenolic acid, especially trans-ferulic acid, was
mainly determined by wheat variety and the matrix of natural environmental factors. The
content of the functional ingredients in some wheat varieties, such as Zhongmai 578, was
stable across the various environments and the different nitrogen application levels. The
development of a new wheat variety with enhanced health benefits seems to be a practical
and promising goal for wheat breeders, as previously claimed by Shewry et al. [20].
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4. Conclusions

This study investigated the effects of different nitrogen (as urea) application rates,
growth locations, and years on the phenolic acid composition of three Chinese elite wheat
varieties. Our results demonstrate that nitrogen fertilizer usage was not a major factor
affecting wheat phenolic acid composition. Wheat variety was the predominant factor
determining wheat phenolic acid composition. The effect of environmental factors was
also dependent on the wheat variety. The concentration of trans-ferulic acid, a powerful
natural antioxidant, in Zhongmai 578 was stable across the different environments and
management practices. Future studies are necessary to understand the genetic basis and
regulatory network for the production of phenolic antioxidants in whole wheat grains.
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