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crop production

Introduction

Nitrogen (N) is well recognized as an essential 
element for plant growth and also regulates the 

synthesis of secondary metabolites, such as phe-
nolic compounds (Ruan et al., 2010). Dissimilar 
responses to N supply have been observed to 
enhance, diminish or not inf luence phenolic 
compound accumulation in plants (Fritz et al., 
2006; Mogren et al., 2006).
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(Legacy and Bluegold) grown in a nutrient solution was studied. In both cultivars, the N 
concentration of leaves slightly increased in response to the N supply, with Bluegold frequently 
showing higher N concentrations than Legacy. Photosynthesis was reduced in Bluegold at the 
highest N dose, whereas in Legacy, a decrease of CO2 assimilation occurred under N starvation. 
This decrease in photosynthesis was accompanied by enhanced lipid peroxidation but only in 
Bluegold. In both cultivars superoxide dismutase (SOD) was activated with an increasing N 
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It has been hypothesized that high N levels in 
plant tissues contribute to the formation of more 
amino acids and proteins for growth in relation 
to defense compounds (Bryant et al., 1983), such 
as secondary metabolites. Phenolics, rather than 
amino acid compounds, might be increased under 
N starvation. In fact, the accumulation of phenolics 
was increased by N depletion in a short-term study 
of Arabidopsis (Olsen et al., 2008). Moreover, the 
chlorogenic acid concentration was enhanced 
by two-fold in non-N treated chamomile plants 
compared with those supplied with N nutrition 
(Kováčik et al., 2007).

Conversely, the lack of N might trigger reac-
tive oxygen species (ROS) accumulation and 
concomitant oxidative damage due to alterations 
in photosynthetic functionality (Huang et al., 
2004; Pompelli et al., 2010). Nevertheless, the 
activity of antioxidant enzymes, superoxide 
dismutase (SOD) (Logan et al., 1999), and phe-
nolic compounds, such as anthocyanins (Diaz 
et al., 2006), might counteract oxidative stress 
under N starvation.

Since 1985, the highbush blueberry (Vaccinium 
corymbosum L.) has become an important crop 
cultivated in Chile (Lyrene and Muñoz, 1997; 
Ribera et al., 2010). Nonetheless, information 
concerning the physiology of this crop beyond 
its beneficial effects is lacking. Moreover, there 
is scarce information about the N requirements 
of this crop, and to our knowledge, there are only 
a few reports demonstrating that blueberry can 
be sensitive to N excess, decreasing plant growth 
(Bañados et al., 2012). There is also a lack of 
research showing the relationship between N 
nutrition and antioxidant behavior for blueberry. 
The objective of this work was to study the effect 
of different short-term N concentrations on the 
photosynthetic and antioxidant performance of 
highbush blueberry cultivars grown in a nutri-
ent solution.

Materials and methods

Plant material and growth conditions

Two-year-old highbush blueberry plants of two 
cultivars (Legacy and Bluegold) were grown in a 
nutrient solution for 4 d under greenhouse condi-
tions, with a temperature of 25/20 °C (day/night), 
photoperiod 16/8 h (light/dark) and 70% relative 
humidity. Plants were conditioned in plastic boxes 
filled with 10 L of a modified Hoagland solution 
for 72 h (Hoagland and Arnon, 1950). Then, plants 
were transferred to containers with Hoagland so-
lution without N for 72 h. Thereafter, plants were 
subjected to different NH4NO3 concentrations in 
hydroponic solutions (0, 9, 18, 28 or 38 mM N) for 
a short period (4 d). Hydroponic solutions were 
continuously aerated, and the pH of the solutions 
was adjusted daily to 4.8 using 0.1 M HCl. At the 
end of the experiment, in vivo CO2 assimilation 
measurements were determined. Completely 
expanded leaves from the second node and roots 
were also collected and stored at -20 or -80ºC for 
biochemical analyses; subsamples were dried for 
N concentration analyses.

Measurements of CO2 assimilation 

Assimilation of CO2 was measured at the end of 
experiment between 9 and 10 a.m. in intact leaves 
belonging to the second node using a portable 
photosynthesis system (LI-6400, LI-COR Biosci-
ence, Inc., Lincoln, Nebraska, US & Canada) as 
described by Reyes-Díaz et al. (2011).

Plant nitrogen concentration

The nitrogen concentration in leaves and roots was 
determined using the Kjeldahl method (Sadza-
wka et al., 2004). The results were expressed as 
nitrogen concentration (g kg-1 DW).
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Lipid peroxidation and radical scavenging 
activity (RSA)

Thiobarbituric acid reactive substances (TBARS), 
as an index of oxidative stress, were measured 
in leaves and roots using a spectrophotometer 
according to the modified method of Du and 
Bramlage (1992) and the results were expressed as 
nmol of malondialdehyde (MDA) per g-1 of fresh 
weight. For the radical scavenging activity (RSA), 
the free radical 2.1-diphenyl-1-picrylhydrazyl 
(DPPH) scavenging method was used for leaves 
and roots at 515 nm, using 6-hydroxy-2,5,7,8-
tetramethylchroman-2-carboxylic acid (Trolox) 
as a standard (Chinnici et al., 2004). 

Quantification of phenolic compounds 

Total phenols were determined at 765 nm by the 
Folin-Ciocalteu method, using chlorogenic acid 
as the standard (Slinkard and Singleton, 1977). 
Chlorogenic acid is the most abundant cinnamic 
derivative in highbush blueberry (Gao and Mazza, 
1994). Thus, it is the better phenolic to be used 
as standard for total phenolic compounds deter-
mination. Total flavonoids were analyzed by the 
aluminum chloride colorimetric assay, using rutin 
as the standard (Cheng and Breen, 1991). Total 
anthocyanins were measured using a spectropho-
tometer by the pH differential method according 
Cheng and Breen (1991). 

Superoxide dismutase activity (SOD)

The activity of SOD (EC. 1.15.1.1) was analyzed 
in leaves and roots by measuring the photochemi-
cal inhibition of nitroblue tetrazolium (NBT) 
at 560 nm (Giannopolitis and Ries, 1977). One 
SOD unit was defined as the amount of enzyme 
corresponding to 50% inhibition of NBT reduc-
tion (Donahue et al., 1997). The enzyme activity 
was expressed on a protein basis, and the protein 
concentration was measured at 595 nm using the 
Bradford (1976) method.

Data analyses

Chemical and biochemical data were analyzed 
by two-way ANOVA following normality and 
homoscedasticity tests. Tukey’s test was used to 
evaluate differences between the means (P≤0.05). 
In addition, Pearson correlations were used to as-
sess the relationships between the two response 
variables. Analyses were performed with Sigma 
Stat software v. 2.0 (SPSS, Chicago, IL, USA).

Results

For both cultivars, differential responses were 
observed in CO2 assimilation as a result of differ-
ent N doses (Figure 1). When no N was applied, a 
decrease of approximately 28% in photosynthesis 
was found in the Legacy variety. There was no 
variation in the response of the plants grown with 
an increasing N supply. Conversely, in Bluegold, 
there was no effect of the N supply on CO2 as-
similation, except at the highest N dose, which 
decreased photosynthesis by approximately 60% 
(P≤0.05).
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Figure 1. Photosynthetic rates of two highbush blueberry 
cultivars grown under different short-term N treatments. 
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 statistically significant 
differences between cultivars for the same N treatment 
(P≤0.05).
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No statistically significant interaction between 
cultivars and N treatments for the N concentration 
was found either for leaves (P=0.055) or for roots 
(P=0.327). In Bluegold, a significant increase in 
the leaf N concentration was observed in the 9 
mM N treatment compared with the 0 N treat-
ment, whereas in Legacy, the leaf N concentration 
was stable in treatments of 0 to 28 mM N and 
increased only at 38 mM N (Table 1). Thus, the 
N concentration in leaves was frequently higher 
(P≤0.05) in Bluegold than in Legacy. Both cul-
tivars had similar root N concentrations across 
all N treatments (Table 1). 

Nitrogen applications did not significantly influ-
ence lipid peroxidation in leaves and roots of 
Bluegold at N application levels up to 28 mM, 
but lipid peroxidation increased by approximately 
10% (leaves) and 34% (roots) in the highest N 
treatment (Table 1). In Legacy leaves, major oxi-
dative damage was found from 0 to 18 mM and 
decreased at higher N concentrations, whereas 
in roots, it did not vary significantly due to the 
N treatments (Table 1). 

A statistically significant interaction between the 
cultivars and N treatments for SOD activity was 
found for leaves (P≤0.001) and roots (P=0.008). 
The activity of SOD was higher in Legacy than 
Bluegold leaves at each N treatment (P≤0.05), 
except at the highest level of N applied (Table 
1). In addition, SOD was activated both under 
N starvation and N addition levels above 18 
mM compared with 9 mM in Legacy leaves. In 
Bluegold leaves, SOD activity rose progressively 
as the N supply increased and was approximately 
95% higher at 38 mM N in comparison with plants 
grown without N. In Legacy and Bluegold roots, a 
significant increase of SOD activity was detected 
in N treatments up to 28 mM N.

In terms of RSA, leaves showed a higher antioxi-
dant activity than roots in both cultivars, and in 
general, no significant differences were found due 
to N treatments or between cultivars (Table 1). 

In leaves, there was significant interaction be-
tween N treatments and cultivars for total phenols 
(P≤0.001), flavonoids (P≤0.001) and anthocya-

Table 1. Chemical and biochemical properties of leaves and roots of highbush blueberry cultivars grown under different 
short-term N treatments. 

N concentration Lipid peroxidation SOD activity Radical scavenging 
activity

N 
treatments

(g kg-1 DW) (nmol MDA g-1 FW) (U mg-1 protein) (mg TE g-1 FW)

(mM) Cultivars Leaves Roots Leaves Roots Leaves Roots Leaves Roots

0 Legacy 14.2±0.9 Ab 11.3±0.7 Aa 129±7 Aa 56.5±1.2 Aa 229±6 Ab 69±12 Ac 11.1±1.4 Aa 2.8±0.3 Aa

9 13.1±0.1 Bb 13.1±0.6 Aa 119±3 Aa 58.2±1.1 Aa 204±7 Ac 93±2 Abc 10.6±1.3 Aa 3.0±0.3 Aa

18 13.6±0.5 Bb 13.1±1.0 Aa 124±12 Aa 56.2±3.5 Aa 222±18 Abc 140±13 Aa 9.7±1.3 Aa 2.4±0.3 Aa

28 14.1±0.7 Bb 12.8±0.7 Aa 96±1 Bb 53.5±2.2 Aa  251±9 Aa 164±10 Aa 8.9±0.6 Aa 2.6±0.2 Aa

38 16.2±0.8 Aa 12.6±0.02 Aa  91±4 Bb 53.2±5.0 Aa  251±2 Aa 113±2 Ab 10.6±0.7 Aa 2.5±0.5 Aa

0 Bluegold 14.9±0.6 Ab 12.4±0.1 Aa 119±9 Ab 45.1±6.2 Bb 124±6 Bd 71±6 Ab 9.3±0.1 Aa 2.3±0.5 Aa

9 17.3±0.3 Aa 12.6±0.4 Aa 110±10 Ab 49.5±3.3 Bb 120±10 Bd 94±11 Ab 9.6±1.3 Aa 2.6±0.1 Aa

18 17.2±1.3 Aa 11.9±0.7 Aa 119±1 Ab 48.2±2.5 Ab 166±11 Bc 75±1 Bb 7.3±0.1 Bb 2.8±0.3 Aa

28 18.4±0.5 Aa 12.4±0.2 Aa 114±1 Ab 50.8±1.7 Ab 192±11 Bb 123±7 Ba 9.8±0.2 Aa 2.7±0.1 Aa

38  17.9±0.4 Aa 13.4±0.3 Aa 130±2 Aa 60.5±0.9 Aa 241±15 Aa 82±5 Bb 9.8±0.2 Aa 2.9±0.1 Aa

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 statistically significant differences between cultivars for the same N treatment (P≤0.05).
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Even though leaf flavonoids in Bluegold were not 
significantly affected by the N treatments, they 
were reduced by nearly 20% in Legacy at the high-
est N application (Figure 2c). In the roots of both 
cultivars, the total flavonoids increased due to the 
N supply. In fact, N-treated plants exhibited 2-fold 
higher flavonoid concentrations than N-starved 
plants (Figure 2d). Under N addition, Legacy roots 
had an 18% greater flavonoid concentration than 
Bluegold roots for all N treatments (Figure 2d). 
Furthermore, the anthocyanin concentration in 
Legacy leaves was highest at 0 N and decreased 
by 29% under N supply. In Bluegold leaves, 
anthocyanin accumulation was not affected up 
to 28 mM N but was reduced by approximately 
42% at the highest N dose (Figure 3). 

nins (P=0.006), whereas for roots, a statistically 
significant interaction was only found for total 
phenols (P=0.024). In both cultivars, more phe-
nols were accumulated in leaves than in roots 
(Figure 2a, b). The total phenols in leaves did 
not statistically vary in Legacy up to 18 mM N 
but decreased at 28 and 38 mM N, resulting in 
an approximately 3-fold difference between the 
0 and 38 mM N treatments. In contrast, Bluegold 
leaves showed no difference in phenolic concen-
trations. In general, Legacy accumulated more 
phenols than Bluegold in roots (Figure 2b). No 
difference in the concentration of phenols was 
observed in Bluegold roots under an increasing 
N supply, but a decrease of approximately 23% 
occurred at 28 and 38 mM N compared with 0 
mM N in Legacy roots.

Figure 2. Total phenols and flavonoids in leaves and roots of highbush blueberry cultivars grown under different 
short-term N treatments. 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 
statistically significant differences between cultivars for the same N treatment (P≤0.05).
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In contrast, our findings indicated that photosyn-
thesis was reduced in Legacy under N starvation 
without any increase of lipid peroxidation (Figure 
1, Table 1). Possible explanations for a decrease 
of CO2 assimilation under the 0 N treatment in 
leaves might include: i) a reduced stomata aper-
ture, lowering carbon fixation in the mesophyll 
tissue (Wong, 1979); ii) a decline of the stomatal 
conductance (Radin and Ackerson, 1981); or 
iii) a decrease in proteins, such as RUBISCO 
(Buchanan et al., 2000). Moreover, studies have 
demonstrated that a N deficiency can decrease 
the content of photosynthetic pigments, thereby 
reducing the photosynthetic performance of plants 
(Huang et al., 2004). 

Conversely, photosynthesis was significantly 
reduced in Bluegold at the highest N level (Fig-
ure 1), which was accompanied by an increase 
in oxidative damage (Table 1). Excess nitrogen 
is frequently associated with ammonium (NH4

+) 
toxicity in vascular plants (Hachiya et al., 2012). 
The negative impacts of a high NH4

+ accumula-
tion in plant tissues might be a consequence of 

Discussion

Nitrogen (N) is an essential nutrient for photosyn-
thesis, plant growth and development. It is also 
involved in the regulation of secondary metabolite 
synthesis, mainly in phenolic compounds (Ruan 
et al., 2010). In this study, the effects of differ-
ent short-term N treatments on the chemical, 
physiological and biochemical characteristics of 
highbush blueberry were evaluated. It is widely 
reported that leaves and fruits of blueberry exhibit 
a particularly high content of phenolic compounds 
(Ribera et al., 2010), which could be affected by 
the short-term N supply as previously found for 
other plants, such as Arabidopsis and chamomile 
(Kováčik et al., 2007; Olsen et al., 2008). 

Our results demonstrated that N treatments 
influenced the N concentration in leaves of both 
cultivars (Table 1). Although Bluegold typically 
had higher leaf N concentrations than Legacy, 
all of the N contents reported here are within the 
normal range described by Bañados et al. (2012) 
for blueberry. 

Figure 3. Anthocyanins in leaves of highbush blueberry cultivars grown 
under different short-term N treatments. 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 statistically significant differences between 
cultivars for the same N treatment (P≤0.05).
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H+ consumption by the conversion of ammonia 
(NH3) to NH4

+ provoking the uncoupling of the H+ 
gradient in biological membranes (Bloom et al., 
1992), which might drive the decline in photosyn-
thesis. In addition, Pompelli et al. (2010) indicated 
that high N addition levels could increase ROS 
production in cell membranes due to failure in 
photosynthesis. It has been well recognized that 
N stress (excess or deficiency) can trigger ROS 
production, affecting cell membranes as well as 
the integrity of chloroplasts and photosynthetic 
machinery (Buchanan et al., 2000). 

Non-enzymatic and enzymatic antioxidant de-
fenses could help to protect the photosynthetic 
apparatus against N-induced oxidative stress. 
The results regarding the effect of N nutrition on 
phenolic content are controversial. Some reports 
have indicated that the N supply did not influence 
the phenolic accumulation in leaves and roots of 
onion (Mogren et al., 2006), whereas Logan et 
al. (1999) detected a low content of phenolics in 
plants grown under N deprivation. In contrast, high 
N levels in growth media have been associated 
with a reduction of both the content of phenolic 
compounds and the antioxidant capacity in vascular 
plants ((Royer et al., 2013). In our study, leaves of 
Legacy showed a decrease in phenols (Figure 2a), 
including flavonoids (Figure 2c) and anthocyanins 
(Figure 3), as a consequence of increasing N addi-
tions. There was a significant inverse correlation 
between the total phenols and the N concentra-
tion in Legacy leaves (r=-0.609, P≤0.05). These 
findings agree with the hypothesis of Bryant et 
al. (1983) that plants growing under high N lev-
els allocate N resources to the formation of new 
tissues and not for the synthesis of phenolics. In 
addition, we found that the root flavonoid content 
increased in response to the N supply (Figure 2d), 
mainly in Legacy, and we observed that the leaf 
antioxidant activity was maintained under all N 
treatments in both cultivars (Table 1). Likewise, 
SOD activity was high under N deprivation and 

at high N doses in Legacy leaves, counteracting 
oxidative stress at the greater N levels (Table 1). 
In contrast, the enzyme activity steadily increased 
in Bluegold leaves with the increasing N supply. 
In this cultivar, such an activation appears to be 
responsible for the maintenance of lipid peroxi-
dation at basal levels (up to 28 mM N) but not 
under the highest N treatments (Table 1). This 
behavior denotes a greater sensitivity of Bluegold 
to N excess compared with Legacy. 

Thus, although both cultivars exhibited similar 
patterns for short-term N accumulation, we 
observed dissimilar plant performance between 
them with N starvation or N excess. Based on our 
results regarding photosynthesis and oxidative 
stress, further studies are required to confirm the 
long-term sensitivity of N starvation in Legacy 
and N excess in Bluegold. 

We conclude that blueberry cultivars differ in 
sensitivity to short-term N starvation or N ex-
cess, as demonstrated by the dissimilar effects 
of an increased N supply on photosynthesis and 
antioxidant performance. In this regard, SOD 
activity appears to be more important than non-
enzymatic antioxidant compounds for protection 
against oxidative stress induced by N excess. In 
conclusion, N excess can trigger a considerable 
decrease of leaf phenolic compounds (including 
anthocyanins) depending on the blueberry culti-
var, which can reduce not only plant productivity 
but also its nutraceutical value as well as crop 
profitability.
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