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Abstract

Deficiency or excess of nitrogen (N) supply can promote formation of reactive oxygen species in plants, induc-
ing oxidative stress. Otherwise, plants may enhance phenolics biosynthesis and antioxidant capacity under N 
deficiency, but this effect is plant species-dependent. There is no information about influence on phenolics and 
antioxidant activity in highbush blueberry (Vaccinium corymbosum L.), in which quality and commercial im-
portance depend on high phenolics concentration. We studied the effect of variable N supply (0 to 38 mM) on 
N uptake and antioxidant responses in two highbush blueberry cultivars (Legacy and Bluegold) hydroponically 
grown at the long-term. Nitrogen leaves concentration was enhanced for both cultivars at increasing N supply. 
Bluegold decreased CO2 assimilation at 0 N treatment, possibly due to both, insufficient N concentration and a 
decline in superoxide dismutase (SOD) activity. In contrast, SOD was activated in Legacy at 0 N, and interest-
ingly only this cultivar maintained CO2 assimilation rates across all N treatments. Both cultivars showed higher 
phenolics and antioxidant activity levels at 9 mM. Despite the differential responses among the cultivars, we 
propose a threshold of 15 g N kg-1 DW to ensure high antioxidant activity and quality in blueberry leaves. 

Keywords: Antioxidant responses, phenolic compounds, photosynthesis, superoxide dismutase, Vaccinium cor-
ymbosum
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1. Introduction

Nitrogen (N) is an essential macronutrient for plant 
growth and development (Marschner, 1986). It is a 
constituent of the photosynthetic apparatus, enzymes, 
proteins and pigments. Nitrogen deficiency or excess 
can negatively influences the plant metabolism. Ni-
trogen deficient growth media results in decreased 
contents of photosynthetic pigments (chlorophyll and 
carotenoids), thereby reducing the photosynthetic 
performance (particularly CO2 assimilation) (Huang 
et al., 2004). A strategy in some plant species growing 
under N deprivation is to recycle N from amino acids 
and proteins for new tissue growth (Kováčik et al., 
2007). By contrast, N toxicity is commonly associ-
ated with plant tissue ammonium (NH4

+) accumula-
tion. Depletion of C compounds that serve as a sub-
strate for amino acid production has been reported in 
Arabidopsis plants grown under excessive N supply 
(Hachiya et al., 2012). 
Nitrogen deficiency or excess increase the production 
of reactive oxygen species (ROS) in plants, which re-
sults in lipid peroxidation of cell membranes (Asada 
et al., 1987). In order to alleviate the oxidative dam-
age induced by N-stress, enzymatic antioxidant sys-
tems such as superoxide dismutase (SOD) could be 
activated in plant tissues (Asada et al., 1987). Nev-
ertheless, according to Huang et al. (2004), N defi-
ciency may also reduce SOD activity, exacerbating 
lipid peroxidation in rice (Oryza sativa). Otherwise, 
non-enzymatic antioxidant compounds (e.g. pheno-
lics) have been induced in N-starved plants, leading 
an enhancement of the antioxidant activity in mustard 
(Brassica juncea) (Li et al., 2008). 
It is noteworthy that N supply may also impact the bio-
synthesis of some aromatic amino acids (Fritz et al., 
2006) such as phenylalanine, tyrosine, and tryptophan, 
which are substrates for the synthesis of phenolic com-
pounds, which can involved in antioxidant responses. 

Hence, plants growing at a high N supply generally 
have decreased levels of phenolic compounds (Ny-
bakken et al., 2013), and the N excess might be di-
verted into amino acid and protein synthesis. Con-
versely, N-deprived plants showed an increased C 
resources allocation towards phenolic compounds 
production (Bryant et al., 1983). Nevertheless, en-
hanced phenolics (e.g. anthocyanin) concentration in 
response to N supply has also been reported (Oka-
moto et al., 2003). 
Therefore, to the date, the available literature is 
contradictory regarding N effects on phenolics ac-
cumulation and antioxidant capacity (Okamoto et 
al., 2003; Mogren et al., 2006). Even though most 
related reports have showed an inverse relationship 
between N availability and phenolics concentration 
in plant tissues, a decrease in N supply for improving 
antioxidant capacity could be used as a strategic tool 
to enhance both the quality and the profitability of 
some crops, minimizing environmental impact of N 
(Larbat et al., 2012). 
Highbush blueberry (Vaccinium corymbosum L.) is an 
important crop in Southern Chile that contains high 
concentration of phenolic acids, flavonols and antho-
cyanins (Ribera et al., 2010; Ehlenfeldt et al., 2001), 
which exhibit noticeable antioxidant capacity. 
Currently, N fertilization commonly applied as am-
monium to blueberry orchard varies between 20 and 
140 kg ha-1 (Hanson, 2006).  It has been reported that 
blueberry plants are sensitive to N excess and com-
mon values for leaf N concentration ranged from 15 
to 21 g kg-1 DW (Bañados et al., 2012). 
Despite that in previous results we observed a differen-
tial response on physiological and antioxidant param-
eters to N fertilization during 4 days (Yañez-Mansilla et 
al., 2014), there are not studies about N concentration 
in leaves that maintain a high antioxidant performance 
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in blueberries at the long-term. We hypothesized 
that there is N concentration threshold that ensure a 
high phenolic concentration and antioxidant capac-
ity without detrimental effects on plant performance. 
It is also important to highlight that behind the ben-
eficial effects of these compounds, their increase in 
vegetative tissues of the plant (eg. leaves) subse-
quently can determine the levels of its accumulation 
in fruits. The aim of this work was to evaluate N up-
take and antioxidant responses in two highbush blue-
berry cultivars hydroponically grown under variable 
N levels at the long-term. 

2. Materials and Methods

2.1. Experimental conditions

A nutrient solution assay was carried out during 4 
weeks using two highbush blueberry (V. corymbo-
sum L.) cultivars (Legacy and Bluegold) with con-
trasting tolerance to abiotic stresses including alu-
minum (Al) and manganese (Mn) toxicities and high 
UV-B radiation (Reyes-Díaz et al., 2010; Rojas-Lil-
lo et al., 2013). The choice of harvest time was made 
to evaluate long-term N effects in order to determine 
whether the responses obtained on the short-term 
(Yañez-Mansilla et al., 2014) are time-dependent. 
Two-year-old plants were provided by the commer-
cial farm “Berries San Luis” located in Lautaro, Ar-
aucanía Region, Chile. During the time course of the 
experiment, greenhouse environmental conditions 
were: temperature 25/20 °C (day/night), photope-
riod 16/8 h (light/dark) and 70% relative humidity. 
Before beginning the assay, plants were conditioned 
during 72 hours in plastic boxes filled with 10 L of 
modified Hoagland solution (Hoagland and Arnon, 
1950). After conditioning, plants were transferred to 
boxes filled with Hoagland solution without N for 
72 hours.

Later on, plants were grown under the following N 
treatments: 0, 9, 18, 28 or 38 mM N. The N treat-
ments were applied based on differential NH4NO3 
levels in the culture media, and they were chosen 
in order to exceed the N sufficiency level associated 
with adequate photosynthetic performance and plant 
growth at the short-term (Yañez-Mansilla et al., 
2014). Nutrient solutions were replaced every 7 days 
and aerated during the course of experiment with an 
aquarium pump. The solution pH was adjusted to 4.8 
daily using 0.1 M HCl. 
At the end of the experiment, in vivo carbon dioxide 
(CO2) assimilation was measured as described be-
low. In addition, at the end of the experiment, fully 
expanded leaves from the second node as well as 
roots were collected, snap-frozen in liquid N2 and 
then stored at -20 ºC for lipid peroxidation or at -80 
ºC for other biochemical analyses. Additional sam-
ples were dried for determining total tissue N con-
centration. 

2.2. Tissue N concentration 

The N concentration in leaves and roots was ana-
lyzed by the Kjeldahl method as described by Sadza-
wka et al. (2004).

2.3. CO2 assimilation measurements

Carbon dioxide (CO2) assimilation was measured 
(between 09:00 and 10:00 AM) in intact leaves at-
tached to the second node using a portable photosyn-
thesis system (LI-6400, LI-COR Bioscience, Inc., 
Lincoln, Nebraska, US & Canada) provided by a leaf 
chamber with a controlled light source (300 μmol 
m-2 s-1) as described by Reyes-Díaz et al (2011). In 
the leaf chamber the reference CO2 concentration 
was 360 ppm, with a flow rate of 200 mL min-1, 80% 
relative humidity and 20 ± 2 °C temperature.
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2.4. Lipid peroxidation assay

Lipid peroxidation was assessed in frozen samples by 
monitoring the thiobarbituric acid reacting substances 
(TBARS) as an index of oxidative damage in plant 
cells. The absorbance was measured at 532, 600 and 
440 nm in order to correct the interference generated 
by TBARS-sugar complexes according to the modi-
fied method (Du and Bramlage, 1992).

2.5. Superoxide dismutase activity

Frozen plant material was extracted with 50 mM po-
tassium phosphate buffer (K2HPO4–KH2PO4), pH 7.0. 
Superoxide dismutase (SOD) (EC. 1.15.1.1) activity 
was analyzed by measuring the photochemical inhibi-
tion of nitroblue tetrazolium (NBT) at 560 nm (Gian-
nopolis et al., 1977). One SOD unit was defined as the 
amount of enzyme that generates a 50% inhibition of 
NBT reduction (Donahue et al., 1997). The enzyme 
activity was expressed on both fresh weight and pro-
tein basis. Protein in the crude enzyme extract was 
measured spectrophotometrically by the Bradford 
method (Bradford, 1976).

2.6. Radical scavenging activity

The radical scavenging activity (RSA) of roots and 
leaves was assayed by the free radical 2.1-diphenyl-
1-picrylhydrazyl (DPPH) scavenging method as de-
scribed by Chinnici et al  (2004). The absorbance was 
measured spectrophotometrically at 515 nm using 
Trolox as standard.

2.7. Phenolic compound contents

Total phenols were quantified in a spectrophotom-
eter at 765 nm using the Folin-Ciocalteu method 
and chlorogenic acid as the standard (Slinkard and 

Singleton, 1977).  Total flavonoids were measured 
by the aluminum chloride colorimetric assay, using 
rutin as the standard (Cheng and Breen, 1991). Total 
anthocyanins were analyzed by the method described 
by Chang et al (2002). The absorbance of anthocyanin 
extracts was determined in a spectrophotometer at 530 
and 657 nm. Total anthocyanin content was expressed as 
mg of cyanidin-3-glucoside equivalent (c3g) per g FW. 

2.8. Statistical analyses

The experiment was arranged in a completely ran-
domized factorial design with two cultivars, five N 
treatments and three biological replicates. The effect 
of N on chemical and biochemical parameters was 
assessed by two-way ANOVA after the normality 
and homoscedasticity tests. Tukey’s test was used to 
evaluate differences between means (at P ≤ 0.05.) Ad-
ditionally, Pearson’s correlations were used to test the 
relationships between two response variables. Analy-
ses were performed with Sigma Stat software v. 2.0 
(SPSS, Chicago, IL).

3. Results

3.1. Leaf nitrogen concentration

In general, leaf N concentration was enhanced in both 
cultivars with an increase in N supply (Figure 1A). 
Blueberry leaves of both cultivars exhibited the low-
est N concentration (around 10 g N kg-1 DW) under N 
deprivation (P≤ 0.05), and N doses up to 18 mM did 
not produce significant differences in leaf N concen-
tration between the two cultivars. However, Bluegold 
had higher N concentration (21.5 g N kg-1 DW) than 
Legacy (18.7 g N kg-1 DW) at the 38 mM N treat-
ment, and these values were about two-fold higher 
than those of N-starved plants. 
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Figure 1. Nitrogen concentration in leaves (A) and roots (B) of two blueberry cultivars under different N treat-
ments for 4 weeks. The values represent the average of three replicates ± SE. Different lowercase letters indicate 
statistically significant differences among N treatments for the same cultivar. Different uppercase letters indicate 
differences between cultivars for the same N treatment.

3.2.  Carbon dioxide assimilation 
No differences in CO2 assimilation were found in 
Legacy leaves as a result of variable N supply for 4 
weeks (Figure 2). Comparatively, when no N was ap-
plied, CO2 assimilation in Bluegold was about 20% 
lower than that of N-treated plants (P≤ 0.05).

3.3. Lipid peroxidation

In the leaves of both cultivars, lipid peroxidation was 
approximately 50% lower (P≤ 0.05) in N-treated 
plants compared with those untreated (Figure 3A). 

highest N supply, a significant increase in N con-
centration occurred in Bluegold roots. It is worth 
noting that Legacy roots had N concentration twice 
as high as the Bluegold (P≤ 0.05) at N doses up to 
28 mM.

Roots of untreated Legacy plants had 26% less N 
than plants grown with 9 to 38 mM N (Figure 1B). 
For Bluegold, we did not detect significant differenc-
es in root N concentration (average of 8.5 g N kg-1 
DW) at N doses up to 28 mM.  Nevertheless, at  the 

Then, there was an inverse significant correlation 
between N concentration and lipid peroxidation for 
Legacy and Bluegold leaves (r = -0.809, p ≤ 0.05; r 
= -0.509, P≤ 0.05, respectively). At all N treatments 
roots of both cultivars showed less lipid peroxidation 
compared to leaves (Figure 3B). Furthermore, 28 or 
38 mM N in Legacy reduced lipid peroxidation by at 
least 50% in comparison with other N supplies.
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Figure 2. Nitrogen effects on CO2 assimilation of two cultivars of highbush blueberries for 4 weeks. The values 
represent the average of three replicates ± SE. Different lowercase letters indicate statistically significant differ-
ences among N treatments for the same cultivar. Different uppercase letters indicate differences between cultivars 
for the same N treatment.
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Figure 3. Lipid peroxidation in leaves (A) and roots (B) of two blueberry cultivars under different N treatments 
for 4 weeks. The values represent the average of three replicates ± SE. Different lowercase letters indicate statisti-
cally significant differences among N treatments for the same cultivar. Different uppercase letters indicate differ-
ences between cultivars for the same N treatment.
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3.4. Radical scavenging activity

In both cultivars, no differences were found in the 
radical scavenging activity (RSA) of leaves at all N 
treatments (Figure 4A).  However, at N supply above 

18 mM, leaf  RSA  was higher in Bluegold  than 
Legacy (Figure 4A). In roots of both cultivars, we 
observed a trend of decreasing RSA in treatments 
up to 18 mM N, followed by significantly increased 
RSA at 28 and 38 mM N (Figure 4B).
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Figure 4. Antioxidant activity in leaves (A) and roots (B) of two blueberry cultivars under different N treatments 
for 4 weeks. The values represent the average of three replicates ± SE. Different lowercase letters indicate statisti-
cally significant differences among N treatments for the same cultivar. Different uppercase letters indicate differ-
ences between cultivars for the same N treatment.

3.5. Total phenolics, flavonoids and anthocyanins con-
centrations
Total phenolics concentration in Legacy leaves did not 
vary when plants were cultivated at N doses up to 18 
mM. However, phenolics concentration decreased signif-
icantly (P≤ 0.05) at 28 and 38 mM N (Figure 5A). Thus, a 
49% decrease in the concentration of total phenolics was 
found at 38 mM N compared to the levels found in 0 N 
treated plants. Likewise, a reduction of at least 25% in 
total phenolics concentration was observed in Bluegold 
leaves as a consequence of N supply above 18 mM. There 
was an inverse correlation between leaf concentration of 
N and phenolics in each cultivar (Legacy: r = -0.569, P≤ 
0.05; Bluegold: r = -0.697, P≤ 0.05). In general, Legacy 

accumulated more phenols than Bluegold in roots, and 
the lowest concentration was observed at 18 and 28 mM 
N in both cultivars (Figure 5B). No significant effect of 
N on flavonoids was observed in Legacy (Figure 5C). In 
Bluegold a significant increase of these compounds was 
found due to N supply. In roots of both cultivars, flavo-
noid concentration nearly doubled at 9 mM N compared 
to N starved plants, staying relatively constant with a fur-
ther increase in the N supply (Figure 5D). Total concen-
tration of anthocyanin in leaves steadily decreased with 
increasing N doses in both cultivars (Figure 6). There-
fore, an inverse correlation occurred between anthocyan-
in and N concentrations in leaves of Legacy and Bluegold 
(r =- 0.811, P≤ 0.05; r = -0.742, P≤ 0.05, respectively).
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Figure 5. Total phenols (A,B) and flavonoids (C,D) of two blueberry cultivars under different N treatments for 4 
weeks. The values represent the average of three replicates ± SE. Different lowercase letters indicate statistically 
significant differences among N treatments for the same cultivar. Different uppercase letters indicate differences 
between cultivars for the same N treatment.
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Figure 6. Total anthocyanins in leaves of two blueber-
ry cultivars under different N treatments for 4 weeks. 
The values represent the average of three replicates 
± SE. Different lowercase letters indicate statistically 
significant differences among N treatments for the 
same cultivar. Different uppercase letters indicate dif-
ferences between cultivars for the same N treatment.
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Figure 7. SOD specific activity (A,B) and fresh weight (C,D) of two blueberry cultivars under different N treat-
ments for 4 weeks. The values represent the average of three replicates ± SE. Different lowercase letters indicate 
statistically significant differences among N treatments for the same cultivar. Different uppercase letters indicate 
differences between cultivars for the same N treatment.

3.6. Superoxide dismutase activity

In leaves and roots, similar trend in SOD activity 
was found on protein and fresh weight basis in both 
cultivars (Figure 7A-D). The highest specific SOD 
activity was observed at 0 and 38 mM N in leaves 
of Legacy and Bluegold, respectively (Figure 7A). 

The roots of both cultivars showed less SOD activ-
ity than leaves across N treatments (Figure 7B,D). 
In Bluegold roots, N application did not influ-
ence SOD activity, whereas in Legacy there was a 
strong decrease (P≤ 0.05) in the enzyme activity in 
treatments from 18 mM N (Figure 7B).
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4. Discussion

Blueberry leaves has been well characterized for its 
high antioxidant value. However, to our knowledge, 
there are no reports about the optimal fertilization 
strategies that could maximize its antioxidant rich-
ness, especially in terms of N nutrition. Controversial 
results regarding N fertilization effects on phenolics 
accumulation and antioxidant capacity in plants have 
been previously reported (Okamoto et al., 2003; Mo-
gren et al., 2006). Nevertheless, it might be expected 
that a range of N concentrations in blueberry plant tis-
sues could induce phenylpropanoid pathway and thus 
enhance phenolics synthesis, without deleterious ef-
fects on plant production.
Our results showed differences in physiological and 
biochemical features between cultivars Bluegold and 
Legacy as a consequence of increasing N supply at 4 
weeks. Consistent with earlier studies (Bañados et al., 
2012), we found that leaves N concentration steadily 
rose at increasing N supply in both cultivars (Figure 
1). It has been reported that wheat cultivars could ex-
hibit differential N uptake (Diekmann and Fischbeck, 
2005). In this context, we observed that Legacy had 
nearly 2-fold higher N concentration than Bluegold 
under N treatments, but only in roots (Figure 1B), 
without important variation in leaf N between the cul-
tivars up to 18 mM N. In general, the leaf N concen-
trations obtained in this study (from 10 to 21 g N kg-1 
DW) were within the range of those found by Baña-
dos et al. (2012).
Even though it is widely recognized that N nutrition 
may positively influence the photosynthetic perfor-
mance of plants (Agüera et al., 2010), in our study 
we did not detect any difference in CO2 assimilation 
regardless of the N supply in Legacy (Figure 2). In 
contrast, Bluegold showed a significant decline in 
photosynthesis, but only when plants grown under 
N starvation (Figure 2), indicating that this cultivar 

seems to be sensitive to low leaf N concentration 
(10 g kg-1 DW). Nevertheless, our previous results 
showed a differential responses under N starvation or 
excess during 4 days exposure to differential N supply 
(Yañez-Mansilla et al., 2014), suggesting that accli-
mation to differential N supply can occur over time. 
Our earlier studies on aluminum (Al) toxicity in cul-
tivars of highbush blueberry showed that Legacy and 
Bluegold were Al-resistant and Al-sensitive, respec-
tively (Reyes-Díaz et al., 2010). These differences 
were explained mainly by the differential antioxidant 
capacity, which was higher in Legacy than Bluegold. 
Thus, we expected that those cultivars might also dif-
fer in their ability to tolerate N deficiency or excess. 
Previous studies indicated that young blueberry plants 
are sensitive to N excess, causing decreased growth 
and leaf chlorosis (Bañados et al., 2012). In contrast, 
rice plants were sensitive to N deprivation, exhibiting 
a significant reduction in net photosynthesis accom-
panied by an increase in ROS production and lipid 
peroxidation (Huang et al., 2004). In our experiment, 
symptoms of N toxicity in leaves and roots were not 
observed. However, N starvation led to the lowest leaf 
N concentration (10 g kg-1 DW, Figure 1A), which 
was associated with the highest lipid peroxidation in 
this tissue, without difference between the cultivars 
(Figure 3A). Indeed, N addition significantly reduced 
lipid peroxidation in leaves of both cultivars, without 
difference among N supply doses. This result was also 
detected at root level, but only in Legacy.
A decline in concentration of some antioxidant com-
pounds occurred in spinach plants cultivated under N 
starvation (Logan et al., 1999). Despite these findings, 
in our study leaf radical scavenging activity (RSA) of 
both cultivars did not change with variable N supply 
(Figure 4A). Legacy roots showed increased antioxi-
dant capacity at the higher N addition level (Figure 
4B). It may be that N concentration in roots up to 14 
g kg-1 DW could increase accumulation of the anti-
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oxidant compounds in this cultivar. In fact, this re-
sponse could be partially explained by enhanced total 
flavonoid concentrations (Figure 5D). This increase in 
antioxidant capacity and flavonoids in roots was asso-
ciated with decreased lipid peroxidation at the higher 
N doses, but only in Legacy (Figure 3B). 
The N source and the dose influence the synthesis 
of the primary and secondary metabolites in vari-
ous plant species. However, the literature is scarce in 
relation to the range of N concentration required to 
enhance the accumulation of phenolics in blueberry. 
In the present work, the concentration of phenolics in 
leaves of Legacy and Bluegold was reduced with an 
increase in N supplies (Figure 5A, 6). It appears that 
leaf N concentration of 15 g N kg-1 DW could repre-
sent a critical threshold of N above which the syn-
thesis of phenolics (mainly anthocyanins) decrease in 
blueberry leaves. Probably, above this critical leaf N 
concentration, N might be mainly shunted into amino 
acid and protein synthesis, and the formation of sec-
ondary compounds is decreased because the absence 
of N stress as supported by the lowest lipid peroxida-
tion here observed (Figure 3A). This fact also sug-
gest that at a N concentration below 15 g N kg-1, DW 
both cultivars allocated C resources to the formation 
of secondary compounds. These findings agree with 
the Bryant et al. (1983) hypothesis of carbon/nutri-
ent balance (CNB), claiming that plants growing un-
der N deficiency have more secondary metabolites 
than those in an N-optimal environment. 
Regarding the antioxidant enzyme SOD, which is 
widely recognized as the first line of defense against 
ROS (Alscher et al., 2002), it was activated signifi-
cantly in Legacy at 0 mM N (Figure 7A). Accord-
ingly, the lack of N in culture media triggered the 
enzyme activity to combat ROS production caused 
by N stress (Alscher et al., 2002). This may be also 
related to the maintenance of CO2 assimilation ob-
served there (Figure 2), which is in line with previ-

ous results for mulberry plants (Tewari et al., 2007). 
This enzymatic antioxidant mechanism seems to be 
important in Legacy for counteract the damage by N 
deprivation. On the contrary, in the case of Bluegold 
leaves, SOD activity showed the same tendency to 
increase, but at the highest N level (Figure 7A,C), 
which was associated with a substantial reduction 
in phenol concentration (Figure 5A). These findings 
might be related to compensatory antioxidant mech-
anisms aimed to maintain a steady ROS balance, as 
demonstrated by the low oxidative damage of mem-
branes at the highest N supply (Figure 3A).
Our study revealed differential responses to N sup-
ply between blueberry cultivars, particularly under 
N starvation. Despite these differences, in order to 
preserve elevated antioxidant capacity in leaves, a 
threshold of about 15 g N kg-1 DW for both cultivars 
can be recommended. Thus, it is important to high-
light that a high antioxidant concentration in leaves 
may be deliver to fruits. Further studies are required 
to elucidate the mechanism explaining the relation-
ship between tissue N concentration and the regula-
tion of the plant antioxidant system at the molecular 
level in blueberry plants. 
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