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polysaccharide concentrations
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The appropriate soil pH for blueberry production is <5.5. However, the exact

factors involved in the retardation of blueberry growth at higher pH levels have

not yet been completely identified. In this study, we examined the short- and

long-term combined effects of pH level and Ca concentrations on root

morphology and development in relation to blueberry plant performance.

Southern highbush blueberry (Vaccinium corymbosum, cv. Windsor) plants

were grown in solutions of pH 4.5 or 7.5 that contained 0, 5, 10, 50 or 100 mg

L-1 of Ca. The dimensions of the epidermal cell walls of the roots and the levels of

pectin and hemicellulose 1 and 2 in those cells were determined after 1 and 3

days. Concentrations of essential macro andmicro-elements in the plant organs,

chlorophyll concentrations in the leaves and whole-plant biomass production

were measured after 12 weeks. The results demonstrate a rapid (3 days) negative

response of root tips at pH 7.5 expressed as reduced dimensions and

deformation of the epidermal cell walls. This response was accompanied by

reduced concentrations of pectin and hemicellulose 1 in those cell walls. These

negative effects of pH 7.5 were amplified by a 100mg L-1 of Ca over the long term

(12 weeks), where the concentrations of P and Ca on the epidermal cell of the

root were increased. Additionally, the translocation of Mn from the root to the

shoot was retarded. The negative effect of the pH level on roots development

and on the Mn translocation were associated with significant reductions in

chlorophyll concentrations and biomass production. The results presented in

this study demonstrate, for the first time, the negative effect of the combination

of slightly alkaline pH and a high Ca concentration on root development, which

associated with retarding blueberry plants performance.
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Highlights
Fron
• Alkaline pH elicits an intense negative response in root

epidermal cells

• The negative response of the root to pH 7.5 is amplified by a

high Ca concentration

• Ca and P accumulate on the surface of damaged roots at

alkaline pH

• Translocation of Mn from the root to the leaf is retarded by

alkaline pH

• Negative root responses were associated with decreased

biomass production
1 Introduction

Blueberry is a calcifuge plant (i.e., mainly established on silicate

soils; Haynes and Swift, 1985; Korcak, 1988). The optimal pH for

the growth of northern highbush blueberry (Vaccinium

corymbosum L., cv. Blueray) is 4.6 (Haynes and Swift, 1985).

Recently, we showed that the growth of rabbiteye (V. virgatum

Ait., cv. Titan) and Southern highbush (V. corymbosum L., cv.

Sunshine Blue) cultivars decreases linearly as pH rises above 5.5

(Tamir et al., 2021a; Tamir et al., 2021b).

Several factors have been suggested to be associated with the

retardation of blueberry growth under non-acidic soil conditions. It

has been suggested that plant growth may be retarded due to

deficiencies of microelements, mainly iron (Brown, 1978; Haynes

and Swift, 1985; Poonnachit and Darnell, 2004; Darnell et al., 2015;

Nunez et al., 2015). Recently, we demonstrated that Mn is the main

element that is lacking in blueberry plants under alkaline pH

conditions (Tamir et al., 2021a; Tamir et al., 2021b; Tamir et al.,

2022). Other studies have suggested that blueberry plants favor an

ammonium form of nitrogen (Cain, 1952; Merhaut and Darnell,

1995; Merhaut and Darnell, 1996; Claussen and Lenz, 1999;

Poonnachit and Darnell, 2004; Darnell et al., 2015). However, the

ammonium levels in soils at neutral and alkaline pH are quickly

decrease due to the oxidization of ammonium to nitrate (Molina,

1985; Tamir et al., 2013).

There are also indications that CaCO3, which is a dominant

component of alkaline soils, has a direct negative effect on blueberry

growth. Blueberry plants grown in a medium without CaCO3

produced more biomass than those grown in a similar medium

that contained CaCO3 (Claussen and Lenz, 1999). Similarly, Tamir

et al. (2018) showed that the biomass production of rabbiteye

blueberry (cv. Ochlockonee) plantlets grown in tissue-culture

medium that contained 1% (w/w) CaCO3 was lower than that of

plantlets grown in the same medium at the same pH (7.0), but

without CaCO3.

In contrast to the above-described results, Schreiber and

Nunez (2021), showed that the addition of low dose of CaCO3

to an acidic growing medium improved the performance of

blueberry plants. Note that the positive effect of CaCO3
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amendment was achieved in an acidic substrate with a very low

buffer capacity.

The pH level is known to have a direct impact on plant root

development. Barbez et al. (2017) reported that cell-wall acidification

triggers cellular expansion in Arabidopsis thaliana. That expansion

was highly correlated with a preceding increase in auxin signaling. In

addition, Yu and Tang (2000) showed that a higher concentration of

H+ in the apoplast is required to maintain optimal root cell-wall

elongation in a calcifuge plant (lupin, Lupinus angustifolius L.), as

compared to a non-calcifuge plant (pea, Pisum sativum L.). Wolf and

Greiner (2012) showed that Ca2+-mediated cross-linking of pectin

chains enhances the stability of the cell wall in the elongation zone.

Koyama et al. (2001) and Graças et al. (2021) presented that, in low-

pH-sensitive Arabidopsis thaliana plants, increasing the Ca

concentration ameliorates the cell-wall disturbance under acidic pH

condition. Graças et al. (2021) suggested that the counteracting effect

of Ca+2 on H+ increases the stabilization of the pectin cross-linking in

the cell wall and enhances cell-wall extension under the adverse

condition of acidic pH. In contrast, Zhang et al., 2015 presented that,

combination of a high concentration of Calcium (Ca) and alkaline

pH strengthens the bridges between pectin chains to such level that

inhibits cell-wall extension in seedlings of the alkaline pH-sensitive

jack pine (Pinus banksiana) tree. Therefore, we assume that there are

combined effect of calcium concentrations and the proton

concentrations (pH) on root development. Our hypothesis is that

one of the main factors that limit the growth of blueberries in

calcareous soils is the retardation of the development of the roots

by high pH combined with high concentration of Ca. Consequently,

in the current study, we investigated the short- and long-term

combined effects of pH level and wide range of Ca concentration

on root morphology and development, in relation to the performance

of blueberry plants.
2 Material and methods

2.1 Description of the experiment

We performed two separate experiments in a screen-house

located on the campus of the Agricultural Research Organization,

The Volcani Institute, Rishon LeZion, Israel (40 m above sea level).

The screen-house was covered with 50-mesh white netting and

black 40% shade netting (The actual shade at the time of the

experiment was 64% of the outside light radiation). Growing

blueberries in relatively warm climates with high radiation, such

as the one in which this study was done (Mediterranean basin), is

often conducted under shading screen in order to prevent damage

to plant by too high radiation.

2.1.1 Experiment 1: Short-term combined effects
of pH level and Ca concentration on root
morphology and development

Well established southern highbush blueberry (Vaccinium

corymbosum, cv. Windsor) plants (originated from tissue

cultures) were transferred to 10.6-L containers filled with growth
frontiersin.org
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solution after their roots were washed with water to remove the

residual growth medium {mixture of peat/coconut coir/polystyrene

(33/33/33% by vol.}. The growth solution contained 30 mg L−1

nitrogen (N, 80% N-NH4
+/total N), 10 mg L−1 phosphorous (P), 30

mg L−1 potassium (K), 10 mg L−1 Ca and 10 mg L−1 magnesium

(Mg) and 53 mg L-1 S. The salts included in the growth solution

were (NH4)2SO4, KNO3, KH2PO4, K2SO4, CaCl2 and MgSO4. The

concentrations of the microelements (chelated with EDTA) were as

follows: 1 mg L−1 iron (Fe), 1 mg L−1 manganese (Mn), 0.25 mg L−1

zinc (Zn), 0.045 mg L−1 copper (Cu) and 0.013 mg L−1 molybdenum

(Mo). In addition, 1.2 mg L−1 (= 5% of N-NH4
+ concentration) of

the nitrification inhibitor DMPP (3,4-dimethylpyrazole phosphate;

Wacker Chemie AG, Burghausen, Germany) were added. The

growth solution was adjusted to pH 4.5 using sulfuric acid

(50%) and prepared with distilled water (electrical conductivity <

80 µS m-1). For this stage, the plants were positioned in a 3-cm-thick

Styrofoam tray, which floated on the solution surface. An air pump

(RESUN LP100, Beijing, China) was used to inject atmospheric air

into the bottom of each container at a flow rate of 3.5 L min-1.

During this stage, the pH of the growth solution was monitored

every 2 days using a pH electrode (FC 200b; Hanna Instruments,

Woonsocket, RI, USA) and, if necessary, corrected with sulfuric

acid (50%) or 10 mol L-1 NaOH. In addition, the growth solution

was replaced once a week.

After 12 weeks in adaptation of plant to the growth solution, the

established plants were transferred to 1-L glass bottles that were covered

with aluminum foil and filled with growth solutions with different pH

levels and Ca concentrations. The treatments included two levels of pH

(4.5 or 7.5) combined with two concentrations of Ca (10 or 100 mg L-1).

We chose these two levels of pH based on our previous works (Tamir

et al., 2021a; Tamir et al., 2021b; Tamir et al., 2022) which showed

optimal biomass production of blueberries at pH 5.5 or maximum

damage to plant biomass production at pH 7.0 and higher. The

treatments of Ca concentration were chosen based on the Ca

concentrations that characterize alkaline or neutral pH in different

soils (>100 mg L-1, Bar-Tal et al., 1991; Tyler and Olsson, 2001; Erner

et al., 2017) or a minimal concentration (10 mg L-1) which will prevent

inhibition to the biomass production as a results of deficiency of this

element. The rational for using only two widely differing concentrations

was to emphasize the short-term effect of this element on root

development. The concentrations of all the other nutrients in the

growth solution (except Ca) were identical to those presented above.

Each glass bottle contained one plant as a replicate and each treatment

included three different bottles as three replicates, overall 24 plants were

tested in this short-term experiment. Atmospheric air was injected into

the bottom of each bottle using the same pump described above. On

Days 1 or 3 after the transfer, root-tip sections (1 cm in length) were

excised for the analysis of cell-wall polysaccharide content and

microscopic observation and measurements.

2.1.2 Experiment 2: Long-term combined effects
of pH level and Ca concentration on root
development and morphology, biomass
production and mineral concentrations

Well established southern highbush blueberry (Vaccinium

corymbosum, cv. Windsor) plants (originated from tissue
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cultures) were transferred to 10.6-L containers filled with growth

solution after their roots were washed with water to remove the

residual growth medium {mixture of peat/coconut coir/polystyrene

(33/33/33% by vol.}. For this experiment, two plants were

positioned in a 3-cm-thick Styrofoam tray, which floated on the

solution surface in each container. The treatments included two

levels of pH (4.5 or 7.5) combined with five concentrations of

Ca (0, 5, 10, 50 or 100 mg L-1) in the growth solution, overall

80 plants were tested during this long-term experiment. The

growth solutions were prepared with distilled water (electrical

conductivity< 80 µS m-1). The pH levels were adjusted with

diluted sulfuric acid (50%) or 10 mol L-1 NaOH. The Ca

concentrations were adjusted using CaCl2 salt (Sigma-Aldrich, St.

Louis, MO, USA). The growth solution contained 30 mg L−1 N

(80% N-NH4
+/total N), 10 mg L−1 P, 30 mg L−1 K, 10 mg L−1 Mg

and 53 mg L-1 S. The salts included in the growth solution were

(NH4)2SO4, KNO3, KH2PO4, K2SO4 and MgSO4. The

concentrations of micronutrients (chelated with EDTA) were as

follows: 1 mg L−1 Fe, 1 mg L−1 Mn, 0.25 mg L−1 Zn, 0.045 mg L−1 Cu

and 0.013 mg L−1 Mo. In addition, 1.2 mg L−1 (= 5% of N-NH4
+

concentration) of the nitrification inhibitor DMPP (3,4-

dimethylpyrazole phosphate; Wacker Chemie AG) were added to

each of the treatments. Tricine {N-[tris(hydroxymethyl)methyl]

glycine; Sigma-Aldrich} at 0.36 mg L−1 was added to the pH 7.5

treatment only. An air pump (RESUN LP100) was used to inject

atmospheric air into the bottom of each container at a flow rate of

3.5 L min-1. During the experiment, the pH of the growth solution

was monitored every 2 days using a pH electrode (FC 200b; Hanna

Instruments) and, if necessary, corrected with sulfuric acid (50%) or

10 mol L-1 NaOH. In addition, the growth solution was replaced

once a week. The experiment was arranged in four randomized

blocks. Each replicate contained two plants.
2.2 Plant measurements and analyses

2.2.1 Experiment 1: Short-term effects of pH and
Ca concentration on the root-tip cell walls
2.2.1.1 Extraction and analysis of cell-wall polysaccharides

The levels of pectin and hemicellulose 1 and 2 in the root

epidermal cell walls were determined according to the following

procedure. One-cm sections of the root tip were excised and

subjected to cell-wall extraction, as described by Zhong and

Lauchli (1993). Briefly, the excised roots were ground in liquid N

with a mortar and pestle, and then transferred to 15 mL ice-cold

75% ethanol. The mixture was then re-suspended using a vortex

and incubated on ice for 20 min. Then, the mixture was centrifuged

at 4000 rpm for 10 min at 4°C. The supernatant was removed and

the residue was washed consecutively with acetone (99.5%),

absolute methanol (99.8%), chloroform (99%) and pure methanol

(99.8%), for 20 min each. The washed residues were freeze-dried

and stored as cell-wall material at -20°C until use. About 3 mg of

cell-wall material were used for polysaccharide extraction, using the

method described by Wang et al. (2015) and Sun et al. (2016). The

pectin fraction was extracted twice with 1 mL boiling water for 1 h

and the supernatants were pooled after centrifugation at 13200 rpm
frontiersin.org
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for 10 min. The residue was subsequently subjected to triple

extraction with 4% KOH containing 0.1% NaBH4 at room

temperature for a total of 24 h, followed by a similar extraction

with 24% KOH containing 0.1% NaBH4. The pooled supernatants

from the 4% and 24% KOH extractions were used after

centrifugation at 13200 rpm for 10 min to obtain hemicellulose

fractions 1 and 2, respectively.

The concentration of uronic acids was determined using the

meta-hydroxydiphenyl method (Blumenkrantz and Asboe-Hansen,

1973) and used as an indicator of the concentrations of pectin and

hemicellulose 1 and 2 (Yang et al., 2008; Xiong et al., 2009; Wang

et al., 2018). Briefly, 200 mL of the extracted polysaccharides were

incubated in 1 mL 98% H2SO4 combined with 12.5 mmol L-1

Na2B4O7 at 100°C for 5 min and then immediately chilled. Then, 20

mL of 0.15% M-hydro-diphenyl were added to the solution and the

solution was kept at room temperature for 20 min. The absorbance

of this solution at 520 nm was measured using galacturonic acid

(Sigma-Aldrich) as a standard.

2.2.1.2 Microscopic observation and measurement of root
epidermal cells

To determine the length and width of the cells in each

treatment, root epidermal cells were excised 0.5 cm away from

the root tip. These samples were stained in 15-mL tubes filled with

0.1% Calcofluor white for 20 min. Then, five root samples, from

each plant, were laid on a microscope slides after washed by distilled

water and. These slides were covered with a coverslip. Samples were

examined using a Leica DMLB epi-fluorescence microscope

(Weiziar, Germany) with a 340–380 nm excitation filter and 425-

nm emission filter, coupled to a DS-Fi1 digital camera and NIS-

Elements BR3.0 software (Nikon Instruments Inc., Tokyo, Japan).

We measured the dimensions of 10 cells in each root.

2.2.2 Experiment 2: Long-term effects of pH and
Ca concentration on biomass accumulation,
chlorophyll concentration and concentrations of
selected elements
2.2.2.1 SEM-EDS observation and analysis of elements in
root-tip cell walls

After 12 weeks, root-tip sections (1 cm in length) were sampled

from the most developed plant of each replicate of the two pH levels

combined with three Ca concentrations (0, 10 and 100 mg L-1)

treatments. The root samples were immediately rinsed with tap

water and then with de-ionized water. The rinsed samples were then

placed in 10 mL of 70% ethanol at 4°C. The relative frequencies (%)

of major elements (Ca, Mg, K, P and S) in the cell walls of the root-

tip epidermis were analyzed using a scanning electron microscope

(SEM; Wd = 15 mm, Hv = 19 kV, Bi = 16; VEGA3; Tescan, Czech

Republic) coupled to an energy-dispersive detector (EDS, Model X-

act; Oxford Instruments, UK; Tan et al., 2020).

2.2.2.2 Biomass accumulation and
chlorophyll concentrations

After 12 weeks the most developed plant in each replicate of all

treatments was sampled and its total fresh weight was determined.
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Then, the plants’ organs (root, shoot and leaves) were separated

and weighed (fresh weight). The plant organs were rinsed was

washed consecutively in tap water and then in two different

containers filled with deionized water. After that, the plant

organs were dried at 65°C for 72 h. The dry weights of the

organs were determined and then subsamples were ground to a

fine powder for element analysis.

The chlorophyll concentration was determined in diagnostic

leaves (i.e., the youngest fully developed leaf, usually the fourth to

sixth leaf from the shoot apex) of the most developed plant among

the 2 plants that grew in each container, on the 11th week after the

start of the experiment. The chlorophyll concentrations were

measured with a SPAD device (502 Plus Chlorophyll Meter;

Spectrum Technologies Inc., Aurora, IL, USA). The SPAD

readings were calibrated (R2 = 0.93, p < 0.0001) to the

chlorophyll concentrations that were determined by dimethyl

sulfoxide (DMSO) extraction (Barnes et al., 1992) of subsamples

of leaves and spectrophotometer measurements (UV-2401PC;

Shimadzu Scientific Instruments, Nakagyoku, Kyoto, Japan).

2.2.2.3 Concentrations of selected elements in
plant organs

The concentrations of N, P, K, Ca, Mg Fe, Mn and Zn in each of

the plant organs were determined using the following procedures.

The concentrations of N and P were determined by auto-analyzer

(Automated Photometric Discrete Analyser; Gallery Plus, Thermo

Fisher Scientific, Vantaa, Finland) in digested plant organs with

sulfuric acid and hydrogen peroxide. Concentrations of K, Ca, Mg,

Fe, Mn and Zn were determined by atomic absorption

spectrophotometry (Analyst 400; PerkinElmer, Waltham, MA,

USA) after digestion of the samples with nitric acid and perchlorate.
2.3 Statistical analysis

The effects of the pH level, Ca concentration, blocks and their

interactions on the root-tip cell wall in Experiment 1 and plant

biomass, concentrations of chlorophyll in diagnostic leaf and

element concentrations in roots, shoots and leaves in Experiment

2 were examined using three-way ANOVA, which was conducted

using JMP 16 software (SAS Institute, 2005). Default significance

levels were set at a = 0.05.
3 Results

3.1 Experiment 1: Short-term
(up to 3 days) combined effects of pH
level and Ca concentration on root
morphology and epidermal cell-wall
polysaccharide polymers

The length (Figures 1A–C) and width (Figures 1B–D) of the

root cell-wall epidermal surface were greater at pH 4.5 than at pH

7.5 after 3 days (Figures 1C, D), but not after 1 day (Figures 1A, B).
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However, the Ca concentration did not affect the cell size

dimensions and there were no pH × Ca interaction effects.

As can be seen in Figure 2, there is negative effect of slight-

alkaline pH on structure of the root-tip on Day 1 (Figures 2C, D),

this negative effect was exacerbated on Day 3 (Figures 2E–H).

Additionally, the negative effect of slight-alkaline pH on the

structures of the root-tip was greater in the higher concentration

of Ca (100 mg L-1) than in the lower concentration of Ca {10 mg Ca

L-1, (Figures 2C, D)} on Day 1, respectively. The negative effect of

the Ca even more apparent on Day 3 (Figures 2G, H). In contrast to

the negative effect of the pH on the structure of the root –tip at pH

7.5, in the acidic pH treatments no negative effect on the structure of

the root-tip was observed either at a low Ca concentration or at a

high Ca concentration on Day 1 and Day 3 (Figures 2A–F).

On Day 1, the uronic acids content of pectin was higher at pH

4.5 than at pH 7.5 in the presence of 10 mg Ca L-1, but not in the

presence of 100 mg Ca L-1 (Figure 3A). However, at the same time,

the levels of hemicellulose 1 and 2 did not differ significantly

between the pH treatments or between the Ca treatments

(Figures 3B, C). After 3 days, the effect of the treatments became

more apparent for pectin and hemicellulose 1, but not for

hemicellulose 2 (Figures 3D–F). Regarding pectin, the uronic

acids content of pectin was lower at pH 7.5 than pH 4.5, at each

of the Ca concentrations levels (Figure 3D). Additionally, the uronic

acids content of pectin was lower at the higher concentration of Ca

(100 mg Ca L-1) than at the lower one (10 mg Ca L-1), at each of the

pH levels. Regarding hemicellulose 1, the uronic acids content was

significantly higher at pH 4.5 than at pH 7.5 for both concentrations
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of Ca (Figures 3D, E). In addition, the uronic acids content was

higher at 10 mg Ca L-1 than at 100 mg Ca L-1 for pH 4.5, but not for

pH 7.5. No interactive pH × Ca effects on the uronic acids in pectin

and hemicellulose 1 and 2 were observed on Day 1 or Day 3.
3.2 Experiment 2: Long-term (12 weeks)
combined effects of pH level and Ca
concentration on root morphology, SEM-
EDS element analysis, plant performance
and plant element concentrations

3.2.1 Root morphology and SEM-EDS
element analysis

After 12 weeks of growth in solution, the external surfaces of root

epidermal cells were smoother and more organized at pH 4.5

(Figures 4A–C) than at pH 7.5 (Figures 4D–F). The relative frequency

of Ca on the epidermal layer of the root increased as the concentration of

Ca in the growth solution increased at slight alkaline pH treatments

(Figure 4). Similar to that, but not exactly, at acid pH treatments, the

relative frequency of Ca on the epidermal layer of the root was higher in

100 mg L-1 of Ca than in the lower concentrations. Furthermore, at pH

7.5, the increased concentration of Ca in the growth solution and the

increased relative frequency of Ca on the epidermal layer of the root were

associated with an increase in the relative frequency of P; opposite to that,

at pH 4.5, the relative frequency of P was highest in the treatment that

included no Ca (Figure 4). No other elements among those determined

were consistently affected by the applied treatments.
B

C D

A

FIGURE 1

The effects of pH and Ca concentration on epidermal cell-wall length (A, C) and width (B, D) in blueberry roots. Southern highbush blueberry plants
(Vaccinium corymbosum, cv. Windsor) were cultured for 1 (A, B) or 3 (C, D) days in nutrient solutions of pH 4.5 or 7.5 that contained 10 or 100 mg L-1 Ca.
Means in the sub-figures followed by different letters (a, b) are different according to LSMeans Student's t test. One cm of the root tip was stained with
Calcofluor white and root epidermal cells were sampled at a distance of 500 mm from the root tip to determine the length and width of root epidermal cells.
Data are means ± SD (n = 3). All data were subjected to a three-way analysis of variance (ANOVA).
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3.2.2 Biomass production and
chlorophyll concentration

The biomass production of all plant organs and the chlorophyll

concentration in the leaves were significantly affected by the pH.

The biomass of all of the plant organs and the chlorophyll

concentration were about 10 and 2 times higher at pH 4.5 than at

pH 7.5 (Table 1), respectively. However, no effects of the Ca

concentration and no interactive effects of Ca and pH on the
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biomass production of the plant organs or the leaf chlorophyll

concentrations were observed.

3.2.3 Concentrations of P, Ca, Fe and Mn in
plant organs

The concentrations of Ca, P, Fe and Mn in the plant organs,

which were significantly affected by the treatments, are presented in

Table 2, while no other element was affected (not shown).
FIGURE 2

Representative 1-cm samples of roots including the tip and the elongation zone were stained with Calcofluor white and examined under a
fluorescence microscope. Southern highbush blueberry plants (Vaccinium corymbosum, cv. Windsor) were cultured in nutrient solution with pH 4.5
containing 10 (A, E) or 100 mg L-1 Ca (B, F), or pH 7.5 containing 10 (C, G) or 100 mg L-1 Ca (D, H) for 1 day (A–D) and 3 days (E–H).
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The concentrations of Fe and Mn in the roots were significantly

lower at pH 4.5 than at pH 7.5 (Table 2). In contrast, the Ca

treatments did not affect the concentrations of these elements in

the roots. However, significant interactive effects of the Ca and pH

treatments on the P and Ca concentrations in the roots were observed

(Table 2). Therefore, the effects of the Ca treatments on the

concentrations of those elements are presented separately for each

pH level (Table 3). At pH 7.5, there was a clear trend of increasing

concentrations of P and Ca in the roots as the concentration of Ca in

the solution increased, but that was not the case at pH 4.5. The
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increased concentrations of these elements are congruent with the

results of SEM-EDS analysis, which revealed the accumulation of Ca

and P on the epidermal layer of the root (Figure 4).

The concentrations of P and Mn in shoots were significantly

higher at pH 4.5 than at pH 7.5 (Table 2). The concentrations of P,

Mn and Fe in the shoots were not affected by the Ca treatments.

However, there was a significant interactive effect of the Ca

concentration and pH level on the Ca concentration in the shoots

(Table 2). Therefore, in Table 3, the concentrations of this element

is presented separately for each pH level. Similar to the roots, the Ca
B C

D E F

A

FIGURE 3

Uronic acids content of the cell-wall fractions pectin (A, D), hemicellulose 1 (B, E) and hemicellulose 2 (C, F) extracted from blueberry roots on Day
1 (A–C) and Day 3 (D–F). Southern highbush blueberry (Vaccinium corymbosum, cv. Windsor) plants were cultured for 1 day and 3 days in nutrient
solutions of pH 4.5 or 7.5 containing 10 or 100 mg L-1 Ca. Means in the sub-figures followed by different letters (a, b, c) are different according to
LSMeans Student's t test One cm of root tip was excised and cell-wall polysaccharides were fractionated into pectin and hemicellulose fractions and
the uronic acid content of each fraction was determined. Data are means ± SD (n = 3). All data were subjected to a three-way analysis of variance
(ANOVA).
FIGURE 4

Representative SEM images (Wd = 15 mm, Hv = 19 kV, Bi = 16) of Southern highbush blueberry (Vaccinium corymbosum, cv. Windsor) roots after 12
weeks of growth in nutrient solutions at pH 4.5 (a–c) and 7.5 (d–f) that included three different concentration of Ca: 0 (A, D), 10 (B, E) and 100 (C, F)
mg L-1 and the corresponding illustrations of their Ca and P distributions that were created by the EDS detector.
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concentrations in the shoot increased as the concentration of Ca in

the solution increased at pH 7.5, but not at pH 4.5.

The Fe concentrations in the leaves were higher at pH 7.5 than

at pH 4.5. In contrast, the Mn concentrations were more than four
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times higher at pH 4.5 than at pH 7.5 (Table 2). The Ca

concentration in the leaves increased as the concentration of Ca

in the growth solution increased. However, Ca treatments did not

affect the concentrations of P, Fe and Mn in the leaves.
TABLE 1 Effects of pH (4.5 and 7.5) and Ca concentration (0, 5, 10, 50 and 100 mg L-1) on the biomass of Southern highbush blueberry (Vaccinium
corymbosum, cv. Windsor) organs (root, shoots, leaf and total biomass) after 12 weeks of growth in nutrient solution and chlorophyll concentrations
after 11 weeks of growth in a nutrient solution.

Variable
Biomass (g pl-1)

Chlorophyll (µg Chl cm-2)
Root Shoot Leaf Total

pH

4.5 2.18 a 5.23 a 10.8 a 18.1 a 17.3 a

7.5 0.17 b 0.39 b 0.74 b 1.22 b 7.99 b

Ca concentration (mg L-1)

0 1.83 a 3.86 a 7.27 a 13.0 a 14.1 a

5 1.20 a 2.81 a 6.26 a 10.8 a 11.9 a

10 0.80 a 2.05 a 4.36 a 6.82 a 12.6 a

50 0.93 a 2.37 a 5.34 a 7.5 a 11.5 a

100 1.10 a 2.97 a 5.54 a 9.6 a 13.1 a

Variable Significance of F < 0.05

pH <0.0001 <0.0001 <0.0001 <0.0001 <0.0001

Ca concentration n.s. n.s. n.s. n.s. n.s.

Block n.s. n.s. n.s. n.s. n.s.

pH × Ca concentration (mg L-1) n.s. n.s. n.s. n.s. n.s.
Means in the column followed by the same letter did not differ according to LSMeans Tukey HSD test for the Ca concentration effects or LSMeans Student’s t for the pH effects.
TABLE 2 Effects of pH (4.5 and 7.5) and Ca concentration (0, 5, 10, 50 and 100 mg L-1) on the concentrations of selected elements in the root, shoot
and leaf of Southern highbush blueberry (Vaccinium corymbosum, cv. Windsor) plants after 12 weeks of growth in nutrient solutions.

P Ca Fe Mn

mg g-1 dry weight µg g-1 dry weight

Root

pH

4.5 2.90 1.40 124 b 811 b

7.5 6.14 10.0 7418 a 2471 a

Ca concentration (mg L-1)

0 2.68 0.68 2347 a 1508 a

5 3.14 3.22 2926 a 1254 a

10 3.38 4.55 4512 a 2448 a

50 4.65 6.23 3413 a 1213 a

100 8.76 13.8 5794 a 1783 a

Variable df Significance: p < 0.05

pH 1 <0.0001 0.0002 <0.0001 0.001

Ca concentration (mg L-1) 4 <0.0001 0.005 n.s n.s

(Continued)
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4 Discussion

The results presented in this study demonstrate a relatively rapid

(up to 3 days) negative response of root growth and morphology to

pH 7.5, which was amplified by a high concentration of Ca (100 mg

Ca L-1 as compared to 10 mg Ca L-1). This adverse response was
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expressed as reduced dimensions of the epidermal cell wells

(Figure 1) and lower concentrations of pectin and hemicellulose 1

in the epidermal cell walls (Figure 3) of the elongation zone part in

the root. Additionally to that, it was also presented a deformation of

root-tip (Figure 2). These results are in agreement with reports

showing that increased levels of pectin and hemicellulose 1 in the cell
TABLE 2 Continued

P Ca Fe Mn

Block 3 n.s n.s. n.s n.s

pH× Ca concentration (mg L-1) 4 <0.0001 0.02 n.s n.s

Shoot

pH

4.5 1.81 a 2.78 52.5 a 1139 a

7.5 1.36 b 3.94 218 a 176 b

Ca concentration (mg L-1)

0 1.26 a 0.96 84.1 a 684 a

5 1.49 a 3.21 98.0 a 618 a

10 1.87 a 2.58 127 a 743 a

50 1.49 a 5.16 47.2 a 691 a

100 1.82 a 4.89 318 a 559 a

Variable df Significance: p < 0.05

pH 1 0.02 0.01 n.s <0.0001

Ca concentration (mg L-1) 4 n.s. <0.0001 n.s n.s

Block 3 n.s. n.s. n.s n.s

pH× Ca concentration (mg L-1) 4 n.s. <0.0001 n.s n.s

Leaf

pH

4.5 1.45 a 5.27 a 113 b 445 a

7.5 1.43 a 5.70 a 250 a 105 b

Ca concentration (mg L-1)

0 1.45 a 2.53 b 106 a 154 a

5 1.47 a 5.53 a 343 a 387 a

10 1.45 a 5.42 a 166 a 295 a

50 1.49 a 6.54 a 124 a 282 a

100 1.33 a 7.40 a 166 a 258 a

Variable df Significance: p < 0.05

pH 1 n.s. n.s. 0.009 0.0002

Ca concentration (mg L-1) 4 n.s. 0.0005 n.s. n.s

Block 3 n.s. n.s. n.s. n.s

pH× Ca concentration (mg L-1) 4 n.s. n.s. n.s. n.s
front
Means in the column followed by the same letter did not differ according to LSMeans Tukey HSD test for the Ca concentration effects or LSMeans Student’s t for the pH effects.
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wall are associated with increased cell-wall elongation and extension

(Cosgrove, 2005; Peaucelle et al., 2012; Cosgrove, 2014).

Additionally, Graças et al. (2021), suggested that the counteracting

effect of Ca+2 on H+ enhances cell-wall extension under condition of

acidic pH in low-pH-sensitive Arabidopsis thaliana plants.

In contrast to that, our results suggest that this counteracting

effect interfere cell-size elongation and extension in slight

alkaline-pH-sensitive blueberry plants. These results might

support Zhang et al. (2015) explanation that slightly alkaline

pH combined with a high concentration of Ca decreases the

flexibility of cell walls.

The combined treatment of slightly alkaline pH and a high

concentration of Ca, which adversely affected the elongation

and root-tip cells in short-term, also caused to increase the

concentrations of P and Ca in the root, after 12 weeks of growth

(Table 3). Part of these increased concentrations is results of

their accumulation on the root surface. These accumulations

were associated with the degradation of root morphology

(Figure 4). We demonstrated, in a previous study (Tamir

et al., 2018), an accumulation of Ca on the root surface of

blueberry in alkaline solution too. In that study we presented

that this accumulation of Ca decreases gradually from the root
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surface toward the xylem (Tamir et al., 2018). Therefore, it is

suggested, that the increased concentrations of Ca and P on the

root surface (Figure 4) might be caused by precipitation of Ca–P

on the root surface under slightly alkaline pH. Under such

conditions, the major forms of the orthophosphate ions are

HPO4
2- and H2PO4

- (Lindsay, 1979). This Ca–P precipitation

probably reduces the flexibi l i ty of the root cel ls and

consequently disrupts root elongation and extension. This

disruption is in addition to the short-term mechanism of

decreasing the flexibility of the cell wall because of the

presence of high concentration of Ca. The rapid and slow

negative combined effects of slight alkaline pH and high

concentration of Ca on root development were associated

with lower biomass production at pH 7.5, as compared to pH

4.5, after 12 weeks of growth (Table 1). To the best of our

knowledge, the current report is the first to report rapid damage

(up to 3 days) to the root epidermis cells and slow damage (12

weeks) to whole-root development in response to the

combination of slightly alkaline pH and high concentrations

of Ca in blueberry. However, the implications of the described

responses of the roots for the long-term response of the whole

plant should be investigated further. Furthermore, the overall
TABLE 3 The interactive effect of pH (4.5 and 7.5) and Ca concentration (0, 5, 10, 50 and 100 mg L-1) on the concentrations of selected elements in
the root and shoot of Southern highbush blueberry (Vaccinium corymbosum, cv. Windsor) plants after 12 weeks of growth in nutrient solutions.

Root Shoot

P Ca Ca

mg g-1 dry weight

pH Ca concentration (mg L-1)

4.5

0 2.69 a 0.53 a 1.14 a

5 2.98 a 1.08 a 4.83 a

10 2.65 a 1.77 a 2.36 a

50 3.22 a 2.53 a 3.56 a

100 3.25 a 2.60 a 1.94 a

Variable df Significance: F < 0.05

Block 3 n.s. n.s. n.s.

Ca 4 n.s. n.s. n.s.

7.5

0 2.39 b 1.47 b 1.09 b

5 2.35 b 4.80 ab 1.43 b

10 4.35 b 8.52 ab 2.68 b

50 6.09 b 12.3 ab 6.76 a

100 14.2 a 24.4 a 7.87 a

Variable df Significance: F < 0.05

Block 3 n.s. n.s. n.s.

Ca 4 0.0008 0.03 <0.0001
front
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findings from nutrient solution experiment have to be drawn

with care to the limitation of such system and in relation to

findings from sand and soil systems (Xu et al., 2020).

The slightly alkaline pH treatment caused also to deficiency of

Mn in the leaves. The Mn concentration in the roots was higher

at pH 7.5 than at pH 4.5 (Table 2), indicating that the Mn

deficiency in the leaves at pH 7.5 was caused by a reduction in its

translocation from roots to shoots, rather than any reduced uptake

of Mn by the roots. A similar effect of pH on Mn distribution in

blueberry plants was found in our previous study (Tamir et al.,

2021b), in which, under increased pH, the concentration of Mn

in the shoots increased and the concentration of Mn in the

leaves decreased.

In contrast to Mn, the concentration of Fe in the leaves was

higher at pH 7.5 than at pH 4.5 (Table 2), contrary to the adverse

effects of high pH on chlorophyll concentration and biomass

production (Table 1). This observation is in agreement with the

results presented by Jiang et al. (2019), which showed no effect of

pH level on the concentration of Fe in the leaves of blueberry plants.

It is well known that in Strategy I plants, most of the Fe that is taken

up by roots is in a reduced state (Fe2+); whereas most of the iron

transported through the xylem is in the form of Fe3+-citrate

(Broadley et al., 2012). Chen and Barak (1982) showed a stronger

correlation between chlorophyll content and reduced-state Fe than

between chlorophyll content and Fe3+. The results presented in

Table 2 indicate that the translocation of Fe to the leaves of the

blueberry plants was not affected by the slightly alkaline pH. Based

on that finding, we suggest that the slight alkaline pH inhibited the

reduction of Fe3+ to Fe2+ in the leaves. This inhibition led to low

chlorophyll content independent of the total Fe concentration in the

leaves. This result is indirectly supported by Payá-Milans et al.

(2017), who reported that ferric chelate reductase activity was

higher in the roots of blueberry plants at pH 6.5 than at pH 4.5,

suggesting that the uptake of Fe by the roots was not inhibited by

the higher pH.

Blueberry plants are defined as calcifuge (Korcak, 1988) and

retarded growth of blueberry plants in calcareous soils has been

reported in many publications (Claussen and Lenz, 1999; Tamir

et al., 2018; Tamir et al., 2021b; Tamir et al., 2022). In contrast

to the above described literature, other publications (Haynes

and Swift, 1985; Schreiber and Nunez, 2021), reported that the

addition of low dose of CaCO3 to an acidic substrate with very

low buffer capacity growing medium improved the performance

of blueberry plants. The addition of CaCO3 to the growth media

can have an effect in two ways: a nutritional effect (Hawkesford

et al., 2012) and an effect on the pH (Bloom et al., 2005), which

indirectly also affects the availability of nutrient elements

(Neumann and Römheld, 2012). The CaCO3 component has

the highest buffer capacity against pH changes compared to the

other soil components (Bloom et al., 2005). Haynes and Swift

(1985) reported that too high dose of CaCO3 raised the pH to

6.7 and leads to retardation of blueberry plants growth.
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Schreiber and Nunez (2021) presented that, the effect of

adding CaCO3 on the biomass production of blueberry plants

was more significant at high acidic pH (4.5) substrate compared

to slight acidic pH (6.5) substrate. The meaning of their results

is that the positive effect of CaCO3 on plant performance was

more significant due to its buffer capacity effect than the

nutritional effect, suggested that amendment of poor Ca and

acidic substrate with low dose of CaCO3 supplied sufficient Ca

to eliminate Ca deficiency. On the other hand, as presented in

this study and support our hypothesis that in slight alkaline pH

condition, excess of supply Ca contributes to retard growth of

blueberry plants.
5 Conclusion

In the current study, we have demonstrated a rapid negative

effect of slightly alkaline pH on blueberry root morphology and

growth, which is amplified by a high Ca concentration. These visible

effects were accompanied by reductions in the levels of the

polysaccharide polymers pectin and hemicellulose 1, which might

reduce the flexibility of the root epidermal cell walls and inhibit

root development.

The translocation of Mn from the root to the shoot was retarded

in response to the slightly alkaline pH condition, causing a

deficiency of Mn in the leaves. The harmful combined effects of

alkaline pH and high Ca on blueberry roots and the Mn deficiency

in the leaves eventually have an adverse effect on whole-plant

performance, as expressed by the significant reductions in

chlorophyll concentrations and biomass production. This study

sheds light on physiological aspects that help us to better

understand the responses of blueberry plants to alkaline pH and

high Ca concentration in calcareous soils. However, the results

shown were obtained at two relatively extreme pH levels (4.5

compared to 7.5), further research is required to examine the

effect of intermediate pH value.
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