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Abstract

Aluminum (Al) is the major factor limiting plant growth on acidic soils. Blueberry (Vaccinum spp.) is
an acidophilic plant. Highbush blueberry and rabbiteye blueberry are the main commercially cultivated species,
while the response of which to Al is still unclear. Therefore, hydroponic experiments were conducted to
determine the effect of Al (0 and 100 umol L™') on the growth and nutrient uptake of highbush blueberry
‘Brigitta’ and rabbiteye blueberry ‘Brightwell’. The results showed that root biomass, root length per fresh
weight, root activity and foliar nitrogen (N) concentration of ‘Brigitta’ were significantly decreased by Al, and
root lipid peroxidation was increased by Al In contrast, the biomass and root activity of ‘Brightwell’ were not
affected by Al treatment, and root lipid peroxidation was significantly decreased, root length and surface area
per fresh weight were increased compared with the control, which was beneficial for nutrients absorption. In
fact, foliar N concentration of ‘Brightwell’ was increased in Al treatments. However, fewer Al was accumulated
in leaves of ‘Brightwell’ compared to ‘Brigitta’. Therefore, it could be concluded that growth and nutrients
uptake of ‘Brightwell’ was not negative affected by Al, which meant ‘Brightwell’ was resistant to Al, compared
to ‘Brigitta’.
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Introduction

Aluminum (Al) has been recognized as the major constraint to plant growth on acid soils. Al can restrict
root clongation within minutes or hours, and subsequently inhibit the uptake of water and nutrients, resulting
in poor growth and productivity (Ma ez al., 2001; Kochian ez 4/., 2015). However, many plant species have
adapted to acid soils and grow vigorously without any toxicity symptoms, such as Camellia aleifera Abel (Zeng
et al.,2012), Lespedeza bicolor (Dong et al., 2008), and Melastoma malabathricum (Watanabe et al., 2008).

Blueberries (Vaccinium spp.) is an acidophilic plant that thrives on soils with pH values from 4 to 5.5
(Eck, 1988), suggesting that it is relatively Al-tolerant. However, several studies have shown that one of the
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major cultivated blueberry genotypes, highbush blueberry, was sensitive to Al stress (Patten ez al., 1988; Yang
and Goulart, 1997; Reyes-Diaz et al., 2011). It was reported that stress effects including inhibited root
clongation by short-term Al stress (50 umol L™') in hydroponic culture (Reyes-Diaz ef al., 2009), and
photosynthetic processes under long-term Al stress (Yang and Goulart, 1997; Reyes-Diaz et al., 2010) were
observed on highbush blueberry ‘Bluegold’, ‘Legacy’ and ‘Brigitta’. Yang and Goulart (1996, 2000)
demonstrated that the mechanism for Al toxicity in highbush blueberry was, in part, through the inhibition of
root growth and limiting P and N uptake. Inostroza-Blancheteau ¢z /. (2011) found root tips of highbush
blueberry ‘Bluegold’ and ‘Brigitta’ were injured by 100 umol L™ Al treatment, and oxidative stress was induced
in the roots by Al

Rabbiteye blueberry is another main cultivated blueberry genotype, which can adapt to a wider soil pH
range, compared to highbush blueberry (Retamales and Hancock, 2018). It was also reported that rabbit eye
blueberry was sensitive to Al stress (Peterson ez al., 1987; Patten et al., 1988). Peterson et al. (1987) observed a
decreased growth of rabbit eye blueberry when a sandy loam was acidified with aluminum sulfate but not with
elemental sulfur, possibly related to high leaf Al concentrations (up to 317 mgkg™). However, Korcak (1982,
1988) reported no visible toxicity symptoms were observed even more than 1000 mg kg Al accumulated in
leaves. Spiers (1990) found leaf Al content was increased with Al additions in sandy culture, but plant growth
and leaf dry weight were unaffected and the toxicity symptoms of high Mn treatment was alleviated by Al

Blueberry cannot grow well in soils with low content organic matters, therefore, peat or composed pine
bark are needed to apply to the mineral soil for better growth (Julian ez 4/, 2012). These organic amendments
may bind active Al forms in soil solution, except to mediate fluctuations in soil moisture and temperature (Yang
and Goulart, 1997). It has been reported that rabbit eye blueberry required lower soil organic matter content
compared to highbush blueberry (Retamale and Hancock, 2018). These may hint rabbit eye blueberry could
be more tolerant to Al, compared to highbush blueberry. Besides, given the conflicting evidences on Al
tolerance of rabbit eye blueberry, it was interesting to clarify the response of rabbit eye blueberry to Al stress
and determine whether plant growth and nutrient uptake were affected as highbush blueberry.

Materials and Methods

Plant materials and growth conditions

Rabbit eye blueberry ‘Brightwell” and highbush blueberry ‘Brigitta’ were widely cultivated in China (Li
et al., 2016), and ‘Brigitta’ was reported to be relative Al tolerant compared to other highbush blueberry
cultivars (Reyes-Diaz ez al., 2009). Therefore, the two cultivars were used in the study. Tissue cultured saplings
with uniform size (~15 cm tall) and well-established roots were selected. All saplings were conditioned for 4
weeks in plastic boxes filled with 18 L of aerated nutrient solution. The nutrient solution (Sugiyama and
Hanawa, 1992) contained: 0.25 mmol L™ (NH4),SO4, 0.5 mmol L' NaNOs3, 1 mmol L™ KH,POy4, 0.5 mmol
L™ K,SOs4, 2 mmol L' CaCl,, I mmol L' MgSOy, 46.3 umol L™ H3BO3, 9.1 pmol L™ MnCl, 0.76 umol L™
ZnSO4, 0.31 pmol L™! CuSO?, 0.1 pmol L' (NH4):MoOQy, and 19 pmol L™! Fe-EDTA. The pH of solution
was adjusted to 4.5 daily using a 1 mmol L™ H,SOj solution, and the nutrient solution was renewed weekly.
Beginning on June 9, saplings of ‘Brightwell” and ‘Brigitta’ were cultured in nutrient solutions containing 0 or
100 pmol L™ Al (as AlL(SOs)s), with four replicas of each sapling per treatment. The treatments were
conducted in a growth chamber with a 14 h/25 °C day 10 h/20 °C night regime, a light intensity of 360 pmol

m™ s and 70% relative air humidity. The plants were harvested on Sept. 9 for analysis.
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Sample analysis

Photosynthesis parameters

Photosynthesis rate, stomatal conductance, and transpiration rate of leaves were measured with an LI-
6400 portable photosynthesis system (LI-COR, Lincoln, USA) at 1200 mol m™>s™" light intensity on August
4. Leaf temperature in the leaf chamber was set to 25 °C, with humidity in the leaf chamber set to that in the
field. Leaf chamber CO, concentration was set to 400 mol mol™ with the flow rate set to 500 mol s™'. All
measurements were taken during the periods of 10:00-11:30 a.m.

Root morphology and plant growth

Following harvest, the plants were separated into roots, stems and leaves and the tissues were rinsed with
deionized water. Subsamples of roots, stems and leaves from each plant were dried at 75 °C for at least 48 h to
determine dry weight. One gram of fresh fine roots was collected from each plant and scanned using a flatbed
scanner (Epson Expression 1680, Long Beach, CA, USA) to measure the root diameter, length, and surface
area using the WinRHIZO Pro software (Regent Instruments, Quebec, Canada).

Root activity
Root activity was measured using the triphenyl tetrazolium chloride (TTC) method (Lindstrém and

Nystrom, 1987). Briefly, TTC is reduced by dehydrogenases, root-derived enzymes that provide a proxy for
root activity. Fresh fine roots from each sapling were washed with deionized water, and then the terminal 1 cm
portions of the roots were excised and treated with TTC.

Lipid peroxidation

Lipid peroxidation in roots was estimated by measuring their malondialdehyde content (de Azevedo
Neto ez al., 2006). For each sample, 200 mg of fresh roots were homogenized in a solution of 0.3% (w/v)
thiobarbituric acid in 10% trichloroacetic acid. The homogenate was heated at 95 °C for 30 min and then
quickly cooled in an ice bath and centrifuged for 10 min at 10,000 g. The concentration of malondialdehyde
(MDA) was calculated as the difference of the absorbance at 532 and 600 nm using an extinction coefficient

of 155 mmoLtem™.

Plant nutrients

Subsamples of dried roots, stems and leaves from each plant were ground and passed through a 2-mm
sieve. A portion of these samples was digested in concentrated HoSO4and H,O,. The digested solution was
analyzed for N concentration by the micro-Kjeldahl method, P concentration by the molybdate-blue method,
and K concentration by flame photometry (Lu, 1999). Another portion of the ground sample was digested in
concentrated HNO; and HCIO; (83:17, v v). The concentrations of Al and micronutrient minerals (Fe, Mn,
Cu, Zn, B, Mg, and Ca) in the digested solution were determined by inductively coupled plasma—atomic
emission spectroscopy (ICP-AES) (IRIS-Advantage, Thermo Elemental, Boston, MA, USA)

Statistical analysis

Data were analysed with a paired t test using SPSS 18.0 (SPSS Inc., Chicago, IL, USA). Analysis of

variance was used to test for significant differences at a 0.05 level.
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Results

Effect of Al on plant growth

No differences in biomass (dry weight) were found in Al-treated ‘Brightwell’ plants compared with no-
Al plants (Figure 1). In contrast, roots of Al-treated ‘Brigitta” had lower biomass than no-Al plants, which was
decreased by 36.8% by Al stress. However, leaf and stem biomass were not significantly affected (Figure 1).

Root morphology of both cultivars has been affected by Al stress (Table 1). Average root diameter of
‘Brigitta’ was 0.238 mm, which was similar to ‘Brightwell’ and average root diameter of both cultivars was not
affected by Al stress. Root length per fresh weight of ‘Brightwell” was increased by 23% in Al treatment, while
it was significantly decreased on ‘Brigitta” with Al Root surface area per fresh weight of ‘Brightwell’ was
increased by 22% in Al treatment, whereas it was unaffected by Al on ‘Brigitta’.

Root activity of ‘Brightwell’ was unaffected by Al application, whereas it was decreased by 34% for

‘Brigitta’ with Al (Figure 2). Lipid peroxidation of ‘Brigitta’was significantly increased by Al treatment, which
was decreased by 35% with Al treatment for ‘Brightwell” (Figure 3).

Table 1. Root morphological structure of ‘Brightwell’ and ‘Brigitta’ grown in solution with no Al (CK) or
100 umol Al L™". Values are the mean + SD, #=4. Different letters indicate significant differences between
treatments (p< 0.05)

Brigitta Brightwell
CK Al CK Al
Avera(g;dl;‘mmr 0.238+0.0110a 0.246+0.0117a 0.247+0.0173a 0.240+0.0259a
m
Root length
4 30.0+2.32a 26.6+1.51b 25.9+4.00b 31.942.73a
(mg'FW)
Surface area
+11. +16. +28. +19.
(cm? g’l FW) 224+11.7a 207+16.8a 202+28.3b 246+19.1a
8
ECK OAl
6
&
54
; ﬂ
2
ap 4 .
0 4
Leaf Stem Root Leaf Stem Root
Brigitta Brightwell

Figure 1. Biomass of ‘Brightwell’ and ‘Brigitta’ grown in solution with no Al (CK) or 100 pmol Al L™
(Al). Asterisks (**) indicate significant differences between treatments (p < 0.05).

Effect of Al on nutrient uptake

The N, P, and K concentrations in ‘Brightwell” plant tissues were largely unaffected by Al application,
except for an increase in the N concentration of leaves and a decrease in the P concentration of stems (Figure
4). Al also not significantly impacted N, P, and K concentrations in ‘Brigitta’, except a decrease of N
concentration in leaves.

Al concentration in the tissues of ‘Brigitta’ and ‘Brightwell’ were significantly increased in Al treatment
compared to the control. In addition, foliar Al concentrations of ‘Brigitta’ were 2.6 times higher than
‘Brightwell’ (Table 2). For ‘Brigitta’, Fe, Mn, Cu, Zn, B, and Ca concentrations of roots, Fe, Mn, Cu, and Zn
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concentrations of stems, Mn and Cu concentrations of leaves were decreased by Al treatment. While the
concentrations of Fe, Mn, Cu, Zn, B, Ca, and Mg in ‘Brightwell’ were unaffected by Al treatment, except that
Cu, B, and Ca concentrations in roots were decreased.

Effect of Al on photosynthesis parameters

Stomatal conductance, Intercellular CO, Concentration and Transpiration rate of both cultivars were
not affected by Al (Table 3). Photosynthesis rate of ‘Brightwell’ was also not affected by Al. However,
photosynthesis rate of ‘Brigitta’ was significantly decreased by 13% under Al stress.

Table 2. Mineral concentrations (mg kg™") of tissues of ‘Brightwell’ and ‘Brigitta’ grown in solution with

no Al (CK) or 100 umol Al L. Values are the mean + SD,

differences between treatments (p < 0.05)

n=4. Different letters indicate significant

Fe Mn Cu Zn B Ca Mg Al

Lo |LCK | 1274711 | 71621240 | 69830750 | 468+2.02a | 178+198b | 8208+644a | 2463+40.1a | 224+266b

Al 133+20.0a 340+83.6b 4,38+0.90b 42.6+5.31a 338+40.7a 7182+235a 2329+17.7a 204+25.7a

Brigia | Stem |_CK| Ox1E4731 | 36653140 | 7440902 | 2794599 | @88+137a | 152063770 | 555454 | 1214225
Al | 268+322b | 111439.8b | 399+127b | 19.04175b | 843%13.3a | 1661+566a | 558%837a | 56.6%10.1a

Roor | CK | 44943560 | 34444382 | 21881852 | 295+483a | 123£361a | 18003205 | 853£903a | 37.1x189b

Al 280+122b 187+46.1b 15.4+4.89b 19.3+2.94b 55.1+13.6b 767+107b 655+127a 1823+277a

CK | 919+188a | 752+117a | 177+024a | 250+485a | 109+143a | 40927232 | 1400+316a | 17.0+9.65b

Leaf 0 | 86088820 | 768231.1a | 19240292 | 25365182 | 104£146a | 40345695 | 13195208 | 77.012.50
Brightwell | ooy |_CK_| 3982950 | 11642670 | 228+058a | 237+462a | 523%197a | 19354293 | 845¢137a | 19.0858b
Al | 30249172 | 140£730a | 329+057a | 222+134a | 114+42.1a | 1866+576a | 872%199a | 48.1+7.83a

Root CK 325+66.8a 61.8+5.84a 25.1+6.36a 36.9+8.14a 91.0+8.14a 1627+242a 628+48.2a 35.1+7.68b

Al 261+88.9a 78.1+9.77a 12.6+2.07b 31.7+4.51a 44,1+20.1b 844+112b 773+142a 1813+240a

Table 3. Photosynthesis parameters of ‘Brightwell” and ‘Brigitta’ plants grown with no Al (CK) or 100
pmol Al L. Values are the mean + SD, n=4. Different letters indicate significant differences between
treatments (p < 0.05)

Brigitta Brightwell
CK Al CK Al
Photosynthesis rate
.26+£0. .30+0. .26%0. S51+0.
(amol COu m? 5 7.26£0.60a 6.30+0.19b 8.26+0.18 7.5140.79
Stomatal conductance
.10+0. .11+0. .12+0. .09+0.
(mmol HLO m?S") 0.10+0.04a 0.11+0.04a 0.12+£0.03a 0.09+0.02a
Incercellular CO, Concentration 240+43.72 270+45.2a 26242462 234+38.6a
(umol CO2 mol)
Transpiration rate
.9010. 2110. 4910. 7520.
(mmol HO m2S") 1.9040.64a 2.2140.6% 2.4940.71a 1.75+0.48a
140
L =
_T: 100
E 80 -
é 60 -
o~
20 +
0 T T
Brigitta Brightwell

Figure 2. Root activity of ‘Brightwell’ and ‘Brigitta’ grown in solution with no Al (CK) or 100 pmol AI L™
(Al). Asterisks (**) indicate a significant difference between treatments (p < 0.05)
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Figure 3. Lipid peroxidation of roots of ‘Brightwell’ and ‘Brigitta’ grown in solution with no Al (CK) or
100 pmol Al L. (Al). Asterisks (**) indicate significant differences between treatments (p < 0.05)
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Figure 4. N, P, K concentration of tissues of ‘Brightwell’ and ‘Brigitta’ grown in solution with no Al (CK)
or 100 umol Al L™" (Al). Asterisks (**) indicate significant differences between treatments (p < 0.05)

Discussion

Effect of Al on root growth

Root physiological responses could be detected in short time exposure of Al (Kochian ez 4/.,2015). Lipid
peroxidation was induced by Al stress, which can alter the integrity of the plasma membranes (Horst e 4/,
2010). Therefore, Lipid peroxidation in roots was used as a criterion for determining Al tolerance in plants
(Yamamoto ez 4l., 2001; Jones et al., 2006; Giannakoila e 4/., 2008). Besides, reduction of root mitochondrial

activity was also sensitive to Al exposure, and root activity was also used as an indicator of root damage under
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Al stress (Ruf and Brunner, 2003; Hirano e# al, 2007). In the study, Root activity of ‘Brightwell’ was
unaffected, and lipid peroxidation was decreased by Al application (Figures 2 and 3), which suggested root
physiological functions of ‘Brightwell’ was not inhibited by Al Indeed, no differences in biomass (dry weight)
were found in Al-treated ‘Brightwell’ plants compared with no-Al plants, while, roots biomass of ‘Brigitta’ was
decreased by 36.8% by Al (Figure 1).

It was reported that the alteration in root architectures can be noticeable in short time of Al exposure
(Schaedle ez al., 1989). Al primarily inhibits root elongation, and causes thickening and swelling of roots (Ma
et al.,2001). Therefore, the maintenance of root elongation rate under Al stress has been used for Al tolerance
screening purposes (Narasimhamoorthy ez 4/., 2007). In the study, the decreased root length per fresh weight
also indicated that ‘Brigitta’ was sensitive to Al, which was consistent with previous studies (Reyes-Diaz e 4.,
2009). While, the enhancement of root elongation of ‘Brightwell’ by Al indicated Al might be beneficial to
‘Brightwell’, like tea (Zengez al., 2012) and Melastoma malabathricum (Watanabe et al.,2008). As root surface
area per fresh weight of ‘Brightwell” was also increased by 22% in Al treatment (Table 1). It was reported that
the elongation of root and greater root surface area in Al treatment were the mechanisms of Al stimulatory
effect to tea (Hajiboland ez 4/, 2013). Baligar and Fageria (2015) reported that enhancing root surface area is
good to facilitate uptake of less mobile nutrients such as P, micronutrients, and mobilization and solubilisation
of unavailable organic/inorganic nutrients in soil. As limitations on acid soils are toxic levels of Al and
suboptimal levels of P (Kochain ¢z 4/.,2015), the higher root surface area per fresh weight in Al treatment could
be beneficial for ‘Brightwell’ to absorb nutrients and adapt to acid soil.

Effect of Al on nutrient uptake

Due to the limited growth of roots and its disordered functions, plants treated with Al had a lower ability
to absorb nutrients. Nutrients imbalances, rather than direct toxicity, were likely the other main reason for the
negative effects of Al on plant growth (Ahonen-Jonnarth ez /., 2003). In the study, leaf N concentration of
‘Brigitta’ was significantly decreased by Al, while, which of ‘Brightwell’ was increased by Al (Figure 4). The
increased N concentration in ‘Brightwell’ may result from the higher root length and root surface area per fresh
weight, which was also observed on other plants, such as Camellia aleifera, Melastoma malabathricum (Ghanati
et al., 2005; Watanabe ez al., 2005; Hajiboland ez 4/., 2013). The growth and N, P, and K uptake in Melastoma
malabathricum and Vaccinium macrocarpon was stimulated by Al treatment (Osaki ez 4/, 1997). While,
concentrations of Cu, B, and Ca in roots of both cultivars were decreased by Al, which may be ascribed to the
competitive adsorption of Al for root apoplast exchange sites (Cronan, 1991). Besides, Mn and Cu
concentrations in shoots of ‘Brigitta’ were also decreased; it suggested that ‘Brigitta’ showed a lower capability
to uptake these elements under Al stress.

To tolerant Al toxicity, many mechanisms have been employed by plants (Horst ez 4/., 2010; Kochain ez
al., 2015). One of the major mechanisms is the inhibited transportation of Al to shoots to protect the normal
metabolisms (Poschenrieder ez 4/., 2008). Since Alis an active element, which can interact strongly with organic
melocules in the cell (Singh ez al, 2017). In the study, Al concentration in the tissues of ‘Brigitta’ and
‘Brightwell” were both significantly increased in Al treatment compared to the control. However, foliar Al
concentrations of ‘Brigitta’ were 2.6 times higher than ‘Brightwell’ (Table 2). High Al level in blueberry leaves
could reduce photosynthesis electron transport at PSI level, and decline photosynthesis rate, therefore,
influence blueberry growth (Ulloa-Inostroza, ez al., 2019). In the study, similar results were found on ‘Brigitta’
(Table 3). While, the photosynthesis parameters of ‘Brightwell” were not affected by Al treatment. The
unaffected photosynthesis rate of ‘Brightwell” suggested it was more adapted to Al stress than ‘Brigitta’.
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Conclusions

It was found that root activity and lipid peroxidation of ‘Brightwell’ were not negatively affected by Al
besides, root growth, nutrients uptake and photosynthesis rate of rabbit eye blueberry ‘Brightwell” were also
not negative affected by Al, unlike ‘Brigitta’. Meanwhile, root morphology of ‘Brightwell’ was positive affected
by Al compared to ‘Brigitta’. Therefore, it can be concluded that rabbit eye blueberry ‘Brightwell’ is more
resistant to Al stress than ‘Brigitta’, which was the relative Al tolerant cultivar in highbush blueberry (Reyes-
Diaz et al., 2009).

Acknowledgements

This study was supported by the National Natural Science Foundation of China (Nos.31301838;
31601709); the Natural Science Foundation of Jiangsu Province, China (Nos. BK20170615; BK20160597);
Key Research and Development Plan (Modern Agriculture) of Jiangsu Province, China (No. BE2017373).

Conflict of Interests

The authors declare that there are no conflicts of interest related to this article.

References

Ahonen-Jonnarth U, Géransson A, Finlay RD (2003). Growth and nutrient uptake of ectomycorrhizal Pinus sylvestris seedlings
in a natural substrate treated with elevated Al concentrations. Tree Physiology 23(3):157-167.

Baligar V, Fageria N (2015). Nutrient use efficiency in plants: An overview. In Rakshit A, Singh HB, Sen A (Eds). Nutrient use
efficiency: From basics to advances. Springer, New Delhi, India pp 1-14.

Cronan CS (1991). Differential adsorption of Al, Ca, and Mg by roots of red spruce (Picea rubens Sarg,). Tree Physiology
8(3):227-237.

de Azevedo Neto AD, Prisco JT, Enéas-Filho J, de Abreu CE, Gomes-Filho E (2006). Effect of salt stress on antioxidative

enzymes and lipid peroxidation in leaves and roots of salt-tolerant and salt-sensitive maize genotypes. Environmental and

Experimental Botany 56(1):87-94.

Dong XY, Shen RF, Chen RF, Zhu ZL, Ma JF (2008). Secretion of malate and citrate from roots is related to high Al-resistance
in Lespedeza bicolor. Plant and Soil 306(1-2):139-147.

Eck P (1988). Blueberry science. Rutgers University Press, New Brunswick, USA.

Ghanati F, Morita A, Yokota H (2005). Effects of aluminum on the growth of tea plant and activation of antioxidant system.
Plant and soil 276(1-2):133-141.

Giannakoula A, Moustakas M, Mylona P, Papadakis I, Yupsanis T (2008). Aluminum tolerance in maize is correlated with
increased levels of mineral nutrients, carbohydrates and proline, and decreased levels of lipid peroxidation and Al
accumulation. Journal of Plant Physiology 165(4):385-396.

Hajiboland R, Bahrami Rad S, Barceld J, Poschenrieder C (2013). Mechanisms of aluminum - induced growth stimulation in
tea (Camellia sinensis). Journal of Plant Nutrition and Soil Science 176(4):616-625.

Hirano Y, Mizoguchi T, Brunner I (2007). Root parameters of forest trees as sensitive indicators of acidifying pollutants: a review
of research of Japanese forest trees. Journal of Forest Research 12(2):134-142.

Horst WJ, Wang Y, Eticha D (2010). The role of the root apoplast in aluminium-induced inhibition of root elongation and in
aluminium resistance of plants: a review. Annals of Botany 106(1):185-197.

663



Zeng Q et al. (2020). Not Bot Horti Agrobo 48(2):656-665

Inostroza-Blancheteau C, Reyes-Diaz M, Aquea F, Nunes-Nesi A, Alberdi M, Arce-Johnson P (2011). Biochemical and
molecular changes in response to aluminium-stress in highbush blueberry (Vaccinium corymbosum L.). Plant Physiology
and Biochemistry 49(9):1005-1012.

Jones DL, Blancaflor EB, Kochian LV, Gilroy S (2006). Spatial coordination of aluminium uptake, production of reactive oxygen
species, callose production and wall rigidification in maize roots. Plant, Cell & Environment 29(7):1309-1318.

Julian JW, Strik BC, Larco HO, Bryla DR, Sullivan DM (2012). Costs of establishing organic northern highbush blueberry:
Impacts of planting method, fertilization, and mulch type. HortScience 47(7):866-73.

Kochian LV, Pifieros MA, Liu J, Magalhaes JV (2015). Plant adaptation to acid soils: the molecular basis for crop aluminum
resistance. Annual Review of Plant Biology 66:571-598.

Korcak RF, Galletta GJ, Draper A (1982). Response of blueberry seedlings to a range of soil types. Journal of the American Society
for Horticultural Science 107(6):1153-1160.

Korcak RF (1988). Nutrition of blueberry and other calcifuges. Horticultural Reviews 10:183-227.

Li YD, Sun HY, Chen L (2016). The report of blueberry industry in China. China Fruits 5:1-10

Lindstrdm A, Nystrém C (1987). Seasonal variation in root hardiness of container-grown Scots pine, Norway spruce, and
lodgepole pine seedlings. Canadian Journal of Forest Research 17(8):787-793.

LuR (1999). Analytical methods of soil agrochemistry. China Agricultural Science and Technology Press, Beijing, China, pp 18-
99.

Ma]JF, Ryan PR, Delhaize E (2001). Aluminium tolerance in plants and the complexing role of organic acids. Trends in Plant
Science 6(6):273-278.

Narasimhamoorthy B, Blancaflor EB, Bouton JH, Payton ME, Sledge MK (2007). A comparison of hydroponics, soil, and root
staining methods for evaluation of aluminum tolerance in Medjicago truncatula (barrel medic) germplasm. Crop Science
47(1):321-328.

Osaki M, Watanabe T, Tadano T (1997). Beneficial effect of aluminum on growth of plants adapted to low pH soils. Soil Science
and Plant Nutrition 43(3):551-563.

Patten KD, Haby VA, Leonard AT, Neuendorff EW, Davis JV (1988). Nitrogen source effects on rabbiteye blueberry plant-soil
interactions. Communications in Soil Science and Plant Analysis 19(7-12):1065-1074.

Peterson DV (1987). Effects of soil-applied elemental sulfur, aluminium sulfate, and sawdust on growth of rabbiteye blueberries.
Journal of the American Society for Horticultural Science 112:612-616.

Poschenrieder C, Gunsé B, Corrales I, Barceld J (2008). A glance into aluminum toxicity and resistance in plants. Science of the
Total Environment 400(1-3):356-368.

Reyes-Diaz M, Alberdi M, de la Luz Mora M (2009). Short-term aluminum stress differentially affects the photochemical
efficiency of photosystem Il in highbush blueberry genotypes. Journal of the American Society for Horticultural Science
134(1):14-21.

Reyes-Diaz M, Inostroza-Blancheteau C, Millaleo R, Cruces E, Wulff-Zottele C, Alberdi M, de la Luz Mora M (2010). Long-
term aluminum exposure effects on physiological and biochemical features of highbush blueberry cultivars. Journal of
the American Society for Horticultural Science 135(3):212-222.

Reyes-Diaz M, Merifio-Gergichevich C, Alarcén E, Alberdi M, Horst WJ (2011). Calcium sulfate ameliorates the effect of
aluminum toxicity differentially in genotypes of highbush blueberry (Vaccinium corymbosum L.). Journal of Soil Science
and Plant Nutrition 11(4):59-78.

Retamales JB, Hancock JF (2018). Blueberries. Cabi, London, UK.

Ruf M, Brunner I (2003). Vitality of tree fine roots: reevaluation of the tetrazolium test. Tree Physiology 23(4):257-263.

Schaedle M (1989), Thornton FC, Raynal DJ, Tepper HB. Response of tree seedlings to aluminum. Tree Physiology 5(3):337-
356.

Singh S, Tripathi DK, Singh S, Sharma S, Dubey NK, Chauhan DK, Vacultk M (2017). Toxicity of aluminium on various levels
of plant cells and organism: a review. Environmental and Experimental Botany 137:177-193.

Spiers M (1990). Influence of Aluminum and manganese on rabbiteye blueberries. HortScience 25(5):515-516.

Sugiyama N, Hanawa S (1992). Growth responses of rabbiteye blueberry plants to N forms at constant pH in solution culture.
Journal of the Japanese Society for Horticultural Science 61(1):25-29.

Ulloa-Inostroza EM, Alberdi M, Ivanov AG, Reyes-Diaz M (2019). Protective effect of methyl jasmonate on photosynthetic

performance and its association with antioxidants in contrasting aluminum-resistant blueberry cultivars exposed to
aluminum. Journal of Soil Science and Plant Nutrition 19(1):203-216.

664



Zeng Q et al. (2020). Not Bot Horti Agrobo 48(2):656-665

Watanabe T, Jansen S, Osaki M (2005). The beneficial effect of aluminium and the role of citrate in Al accumulation in
Melastoma malabathricum. New Phytologist 165(3):773-780.

Watanabe T, Misawa S, Hiradate S, Osaki M (2008). Characterization of root mucilage from Melastoma malabathricum, with
emphasis on its roles in aluminum accumulation. New Phytologist 178(3):581-589.

Yamamoto Y, Kobayashi Y, Matsumoto H (2001). Lipid peroxidation is an early symptom triggered by aluminum, but not the
primary cause of elongation inhibition in pea roots. Plant Physiology 125(1):199-208.

Yang WQ, Goulart BL, Demchak K (1996). The effect of aluminium and media on the growth of mycorrhizal and
nonmycorrhizal highbush blueberry plantlets. Plant and Soil 183(2):301-308.

Yang WQ, Goulart BL (1997). Aluminum and phosphorus interactions in mycorrhizal and nonmycorrhizal highbush blueberry
plantlets. Journal of the American Society for Horticultural Science 122(1):24-30.

Yang WQ, Goulart BL (2000). Mycorrhizal infection reduces short term aluminum uptake and increases root cation exchange
capacity of highbush blueberry plants. HortScience 35(6):1083-1086.

Zeng QL, Chen RF, Zhao XQ, Shen RF, Noguchi A, Shinmachi F, Hasegawa I (2012). Aluminum could be transported via
phloem in Camellia oleifera Abel. Tree Physiology 33(1):96-105.

The journal offers free, immediate, and unrestricted access to peer-reviewed research and scholarly work. Users are

OPEN ACCESS allowed to read, download, copy, distribute, print, search, or link to the full texts of the articles, or use them for any

other lawful purpose, without asking prior permission from the publisher or the author.
License - Articles published in Notulae Botanicae Horti Agrobotanici Cluj-Napoca are Open-Access,
-~ distributed under the terms and conditions of the Creative Commons Attribution (CC BY 4.0) License.
© Articles by the authors; UASVM, Cluj-Napoca, Romania. The journal allows the author(s) to hold the
copyright/to retain publishing rights without restriction.

665



