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ABSTRACT

Wang Y., Clarke N., @gaard A.F. (2018): Low phosphorus availability increases shoot boron concentration
in canola and potato but not in wheat. Plant Soil Environ., 64: 564—570.

A large proportion of global agricultural soils contain suboptimal available phosphorus (P) for the growth of many
plant species. Boron (B) plays important roles in plant growth and development, but limited research has been
conducted to study B uptake under low P availability. This study comprised a hydroponic and a mini-rhizobox ex-
periment with canola (Brassica napus L.), potato (Solanum tuberosum L.) and wheat (Triticum aestivum L.) under
P sufficient and deficient conditions. Boron concentrations, rhizosphere soil pH, and gene expression of BuBORI in
canola were determined. Shoot B concentrations were found significantly increased (11-149%) by low P availability
in potato and canola but not in wheat. Reverse transcription polymerase chain reaction (RT-PCR) indicated that
BnBORI;2a, BnBORI1;2c, and BnBORI;3¢ were up-regulated after seven days of low P treatment in canola roots.
Our results indicate that plant shoot B concentration was dramatically influenced by P availability, and dicots and

monocots showed a contrasting B concentration response to low P availability.

Keywords: macronutrient; deficiency; toxicity; nutrition; long-term experiment; boron transporter

Boron (B) plays an important role in plants since B
is known to be essential for plant cell wall structure
and function (Brown et al. 2002). Both B deficiencies
and toxicities occur widely and affect agriculture
significantly throughout the world (Shorrocks 1997,
Camacho-Cristébal et al. 2008, Varga et al. 2010). The
B requirement of plants is generally low but differs
among various species and cultivars, with monocots
generally requiring less B for normal growth and
development than dicots (Hu et al. 1996, Bellaloui
and Brown 1998, Marschner 2011). In soil solution,
B mainly exists as boric acid. Boron uptake by root
cells is affected by various environmental factors such
as soil pH, soil clay content and soil organic matter
(Moraghan and Mascagni 1991, Hu and Brown 1997,
Niaz et al. 2007, Ahmad et al. 2012).

Phosphorus (P) is an essential macronutrient for
plant growth and development, and P deficiency
significantly reduces plant biomass and crop yields

(Chiou and Lin 2011, Wang et al. 2015, Losak et
al. 2016). A large proportion of global agricultural
soils contain suboptimal available phosphorus for
the growth of many plant species (Lynch 2011).
Thus, annual crop production is often limited by
P deficiency. This may in turn influence uptake of
other nutrients. Previous studies suggested that P
acquisition has significant interactions with uptake
of N, Mg, Fe, Zn, and Mn (Fageria 2001). Despite the
importance of both P and B, limited reports have
been focused on B uptake in low P availability agri-
cultural soils, in particular in recent years (Nusbaum
1947, Salinas et al. 1986, Giines and Alpaslan 2000).

The present study determined B concentrations
in plant tissues of canola, potato and wheat under
P sufficient and deficient conditions, under agri-
cultural soil (rhizobox) and non-soil (hydroponic)
conditions, to study plant B uptake under low P
availability. Subsequently, the correlation between
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rhizosphere soil pH and B concentrations, as well
as BuBORI expression, under P sufficient and de-
ficient conditions was investigated. These results
can be important for understanding the B uptake
in response to low P availability in different crops.

MATERIAL AND METHODS

Plant materials and experimental design.
Canola (Brassica napus cv. Marie), wheat (Triticum
aestivum cv. Aino) and micropropagated seedlings
of potato (Solanum tuberosum cv. Pimpernel)
were selected for the present study. A hydroponic
(Wang et al. 2015) and a mini-rhizobox experiment
using agricultural soils (Wang et al. 2016) were
employed in the greenhouse of the Norwegian
University of Life Sciences.

For the hydroponic culture, plant seedlings (four
replicates with one plant per replicate) were first
grown in full-strength nutrient solution con-
taining 1.5 mmol/L KCl, 2 mmol/L Ca(NO,),,
1.0 mmol/L MgSO,, 50 pmol/L KH,PO,, 1 pumol/L
H3B03,1 pumol/L MnSO,,1 umol/L ZnSO,,
0.5 pmol/L CuSO,, 0.37 pmol/L Na,MoO, and
50 pmol/L Fe-EDTA (Wang et al. 2015). Five-day-
old uniform seedlings without seed residues were
then carefully transferred to the same medium
supplemented with 50 (P50) or 1 (P1) pmol/L
KH,PO,, and pH adjusted to 5.8 + 0.2. Plants were
grown under a photoperiod of 16 h light and 8 h
dark at a light intensity of 200 + 20 pumol/m?/s and
50-75% relative humidity, with a temperature of
25°C/16°C (day/night). The nutrient solution was
replaced every third day.

The mini-rhizobox experiment with four repli-
cates with three plants per replicate was set up as
described by Wang et al. (2016) under the same
greenhouse conditions as for the hydroponic ex-
periment. Briefly, each mini-rhizobox (0.2 m x
0.2 m x 0.01 m) was filled with ~0.5 kg fertilized
homogenized agricultural soil, water was then
added to achieve a soil moisture level of 25% (w/w).
The water holding capacity was 45% (w/w) accord-
ing to another study using the same soil (Brod et
al. 2016). The soils were collected from the plough
layer (0—0.2 m) of clay loam (26% clay, 38% silt,
36% sand) long-term fertilization field plots at As,
Akershus county (59°39'N, 10°45'E), which had
received either 48 (P high, soil HP) or 0 (P low,
soil LP) kg P/ha/year as single superphosphate
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since 1966. The soils were analysed after passing
through a 3.15 mm sieve in order to make an initial
characterization and their selected properties are
presented in Table 1. The differences in contents
of C and N are probably due to soil variations
within the field experiment from which the soil
samples were collected. The pH was adjusted
from 5.4 and 5.0 respectively to ~6.5 by adding
moderate amounts of CaCO, before use (Wang
et al. 2016). Macronutrients (except for P) and
micronutrients (including 0.11 mg B/kg soil) were
supplied. Three uniform seedlings were grown in
each mini-rhizotron for five weeks, deionized water
(15-40 mL) was given daily to keep the soil surface
moist and the position of the mini-rhizobox was
changed randomly every week. Rhizosphere soil
water-soluble P (WSP) and plant available P, which
was indicated by ammonium-lactate-extractable P,
ie, P, , were determined after the experiment
and are listed by Wang et al. (2016). Briefly, P, |
of HP soil was 7—10 times higher than that in LP
soil and WSP of HP soil was around 5 times higher
than in LP soil after the experiment. Rhizosphere
soil pH was measured and presented as described
(Wang et al. 2016) and in the current manuscript.

Plant harvest and biomass measurements. In the
hydroponic system, plants were harvested 4 weeks
after being subjected to the P1 and P50 treatments
and roots (which were washed by Milli-Q water
before sampling) and shoots were sampled sepa-
rately for subsequent analyses (Wang et al. 2015).
In the mini-rhizobox experiment, the intact plants
were carefully removed from the mini-rhizoboxes
and divided into shoots and roots. The roots were
then water cleaned after sampling of rhizosphere
soil and rhizosphere extract as described by Wang
et al. (2016). Shoots and roots were dried at 65°C
for 48 h, and their dry weight (DW) was measured.

Table 1. Selected properties of the soils

Soil HP LP

PH, o 54 5.0
Total carbon (%) 2.89 225
Total nitrogen (%) 0.28 0.24

AL extractable phosphorus (mg/kg soil) 150 37
1700 1300
10.64  0.81

AL extractable calcium (mg/kg soil)

Water soluble phosphorus (mg/kg soil)

AL — ammonium lactate; HP — high, LP — low phosphorus

565



Vol. 64, 2018, No. 11: 564-570

Plant Soil Environ.

https://doi.org/10.17221/526/2018-PSE

Determination of P and B in plant tissues.
Elements including P and B in dry root and shoot
tissues were determined by inductively coupled
plasma atomic emission spectroscopy (ICP-AES,
AtomComp 1100, Thermo Jarrell-Ash, USA) after
digestion in a mixture of 65% (v/v) HNO,/72% (v/v)
HCIO, (5:1, v/v) at 220°C in a microwave oven
(Wang et al. 2015). The data on plant P concentra-
tions were presented in two previous publications
(Wang et al. 2015, 2016) and generally P concentra-
tions decreased under low P availabilities.

RNA extraction and semi- quantitative RT-
PCR. For RNA extraction, canola leaves and roots
were sampled from the hydroponic system after
two and seven days of the P1 and P50 treatments to
assess the transcription levels of boron transporters
using specific primers (Sun et al. 2012). Total RNA
was extracted using a Spectrum™ Plant Total RNA
Kit (Sigma-Aldrich, St. Louis, USA) and genomic
DNA was removed using an On-column DNase I
digest kit (Sigma-Aldrich, St. Louis, USA). RNA
quantity and quality were assessed by a NanoDrop
spectrophotometer (NanoDrop Technologies,
Wilmington, USA). First-strand cDNA was syn-
thesized from 1.0 pg RNA using iScriptTM Adv
c¢DNA kit for semi-quantitative RT-PCR. Two pL
total first-strand cDNA of each sample was used as
a template in a 20 pL standard Tag PCR reaction
system. The PCRs were performed as described
by Sun et al. (2012) and PCR products were elec-
trophoresed and UV-visualized using the Bio-Rad
Quantity one system (California, USA).

Data analysis. Student’s ¢-test and R (version
3.2.3, Vienna, Austria) were used for data analyses.
Two-way ANOVAs were used to study the main
effects of soil, plant species, and their interaction
on parameters involved in this study, followed by

post hoc pair-wise Tukey’s honest significant dif-
ference tests for multiple comparisons, along with
the minimum significant difference at P < 0.05.

RESULTS

Boron concentration response. Generally,
plant biomass was lower under low P availability
compared to high P availability (Table 2). Shoot
B concentrations were significantly higher in P1
hydroponic than in the P50 treatment for cano-
la (93%) and potato (149%) but not for wheat
(Figure 1a). Compared to the P50 treatment, P1 plants
showed increased root B concentrations in potato
(26%) but decreased in wheat (-25%, Figure 1b).
Under rhizobox soil conditions, canola and potato
grown in low P soil showed 11% and 57% higher shoot
B concentrations respectively, compared with high P
soil, but canola and wheat showed lower root B con-
centrations as shown in Figure 1c—d (-21% and —34%,
respectively). ANOVA analysis suggested that shoot B
concentration was significantly affected by soil P avail-
ability, plant species and their interactions (F = 70.20,
n =24, P <0.001).

Rhizosphere soil pH. Rhizosphere soil pH was
determined after harvest of plant samples in the
rhizobox experiment. Significantly higher rhizosphere
soil pH in low P soil than in high P soil was found
in potato and wheat but not in canola (Figure 2).
ANOVA analysis indicated that rhizosphere soil pH
was significantly correlated with plant species, soils
(LP vs. HP soil) and the interaction of soil and plant
species (F = 37.47, n = 24, P < 0.001). There was no
significant correlation between rhizosphere soil pH
and shoot B concentration across all the tested three
crops (R? = 0.07, n = 24, P > 0.05).

Table 2. Shoot and root dry weight (DW) of canola, potato and wheat grown in nutrient solutions at two levels
of phosphorus (P) supply (P1 — 1 pmol P/L; P50 — 50 umol P/L), and low P (LP) and high P (HP) clay loam soils

Canola Potato Wheat
DW (g)
shoots roots shoots roots shoots roots
P1 0.20 £ 0.027 0.06 + 0.003 0.13 £ 0.004 0.05 £+ 0.004 0.29 + 0.023 0.07 £ 0.003
P50 2.01 £ 0.134***  0.17 + 0.008** 0.97 £ 0.083***  0.13 £ 0.011* 0.93 £ 0.089** 0.11 £ 0.011
LP 1.79 £ 0.101 0.83 £ 0.059 0.71 £ 0.023 0.37 £ 0.054 0.98 + 0.093 0.68 + 0.184
HP 2.81 £ 0.106"**  1.01 + 0.098 1.27 £ 0.047***  0.91 + 0.068*** 2.28 £ 0.134*** 1.24 + 0.346

Values are means * standard error of n = 4. Letters indicate a significant difference (Student’s ¢-test) within species
between P1 and P50, or between LP and HP (*P < 0.05; **P < 0.01; ***P < 0.001; no letter means no significant difference)
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Figure 1. Shoot boron (B) concentration and root B concentration of canola, potato and wheat grown in nutri-
ent solutions (a, b) at two levels of phosphorus (P) supply (P1 — 1 pmol P/L, P50 — 50 pmol P/L), and grown
in low P (LP) and high P (HP) clay loam soils (c, d). Plants were harvested after four and five weeks’ growth
for hydroponic culture for the rhizobox experiment, respectively. Values are means + standard error of n = 4.

*P < 0.05; **P < 0.01; ***P < 0.001; DW — dry weight

Gene expression of boron transporters in
canola. Gene expression of BuBORI including
BnBORI1;1a, BnBORI1;1c, BnBORI1;2a, BnBORI;2c,
BnBORI1;3a, BnBORI1;3¢c was examined by semi-
quantitative RT-PCR in canola roots and leaves
grown hydroponically after two and seven days.
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Figure 2. Rhizosphere soil pH of canola, potato and
wheat grown in low phosphorus (LP) and high P (HP)
soils. Error bars indicate standard error of n = 4.
**P < 0.01; ***P < 0.001

After two days of P deficiency, expression of
BnBORI;2a and BnBORI1;3c was not detected in
canola leaves, while BuBORI;1a, BuBORI1;2a and
BnBORI;2c¢ were not expressed in roots. Generally,
gene expression of those transporters showed no
difference between the P1 and P50 treatments. After
seven days of P deficiency, all the transcripts were
detected in both leaves and roots, with BuBORI;2a,
BnBORI;2¢c, and BnBORI1;3¢ up-regulated and
BnBORI;1a slightly down-regulated in canola
roots, while BuBORI1;3c was down-regulated in
canola leaves (Figure 3).

DISCUSSION

Plant B requirements vary among species and
cultivars. Generally, dicots like cotton and le-
guminous plants have higher B requirement
(20-70 mg/kg) than monocots such as the graminae
family (5-10 mg/kg, Bergmann 1992, Marschner
2011). B was applied in both experiments in the
current study and our data showed shoot B con-
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(a) Leaves Roots  (b) Leaves Roots Figure 3. Semi-quantitative RT-
BnBOR1;3c - _ BnBOR1;3c PCR analysis of BuBORI s in
leaves and roots of canola sub-
BnBOR1,3a m m BnBOR1;3a jected to P1 (1 pmol P/L) and
BnBOR1-2 - BnBOR1:2¢ P50 (50 pmol P/L) conditions in
" e - hydroponics after (a) two days
BnBOR1;2a - - BnBOR1,2a and (b) seven days. 18 s IRNA was
. used as internal standard
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centrations around 15.8-39.3 mg/kg in canola and
potato, and B concentrations of 4.6-7.4 mg/kg
in wheat, indicating that these plants did not suffer
from B toxicity but might be slightly B deficient
(particularly canola). Our study showed signifi-
cant changes in B concentrations in canola and
potato but not in wheat, which suggested that
the B uptake of high B demand plant species was
more sensitive to low P availability than low B
requirement species. Canola is considered to have
high B requirements, and deficiency of B at any
growth stage in canola can severely affect its seed
yield (Ahmad et al. 2012). Our study showed that
potato also had a much higher shoot B concen-
tration under P deficiency particularly under soil
conditions, compared with plants grown in high P
availability soil. Furthermore, our previous reports
indicated that the high B demand plant species
canola and potato tend to have higher quantities
of other nutrients such as P (Wang et al. 2016) and
that potato is less adaptive to low P availability
than canola (Wang et al. 2015, 2016), which may
in turn affect its B uptake and transport under
low P availability.

Hydroponics and rhizoboxes are two very dif-
ferent systems for plant cultivation; the differ-
ences between the two systems would affect the
nutrient sorption, plant root morphological and
physiological responses etc. (Bengough et al. 2011).
However, both systems showed an increased shoot
B concentration after low P treatment in canola
and potato but not in wheat. Interestingly, these
two systems lead to completely different trends in
canola root B concentration, for which the reason
is unclear and further studies are needed. In ad-
dition, the differences in plant biomass of canola
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and potato were around 8-10 times between P1
and P50, and about 1.5-1.8 times between LP
and HP; the differences in shoot B concentrations
were about 1.9-2.5 times between P1 and P50, and
around 1.2-1.6 times between LP and HP. The
lower difference in shoot B concentrations with
lower difference in biomass suggests a possible
‘diluting’ effect in shoot B concentrations due to
greater biomass under P sufficient conditions.

Previous studies showed contrasting results on
B uptake in response to P supply (Nusbaum 1947,
Tanaka 1967, Yamanouchi 1980, Salinas et al. 1986,
Chatterjee et al. 1990, Giines and Alpaslan 2000).
The current study showed that the shoot B concen-
tration under high P supply was lower than under
P deficiency in canola and potato. An interaction
between B and P for canola and potato has not been
studied earlier to our knowledge, but our results
corresponded well with studies where high P sup-
ply reduced tissue B concentrations in crops like
maize and pea (Yamanouchi 1980, Salinas et al. 1986,
Chatterjee et al. 1990, Giines and Alpaslan 2000). A
recent study found a significant positive correlation
between B uptake and P supply (most of the P ap-
plications are P sufficient) in barley (Mithlbachova
et al. 2017) but it was found that wheat shoot B
concentration was not affected by low P availability.
Some reports indicated that P deficiency enhanced
the severity of B deficiency in sweet potato, radish
and sunflower (Nusbaum 1947, Tanaka 1967). All
these results indicated that the interaction between
B and P uptake was highly dependent on plant spe-
cies (e.g. dicots vs monocots), plant growth medium
and the degree of available P.

Less than 5-10% of soil B is in a form available
to plants (Diana 2006). Soil pH is one of the most
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important factors affecting soil B availability and
plant B uptake, usually higher soil pH leads to less
available soil B (Ahmad et al. 2012), and B uptake
by plants was noticeably higher where soil solution
pH was lower (Wear and Patterson 1962). In the
rhizobox experiment, the rhizosphere pH from low P
soil was generally increased compared with bulk soil,
possibly due to the application of NO; as N fertilizer
(Smiley 1974). No consistent relationship between
changes in rhizosphere pH and shoot B concentra-
tions was detected in the current study. Therefore,
the observed higher shoot B concentration from
low P soil in our study was mainly due to the lower
P availability and probably the lower plant biomass.
This is supported by the hydroponic experiment,
where the P concentration in the growth medium
was the key driver for decreased plant biomass and
increased shoot B concentration.

There are a number of B transporters that have
been identified, including NIPs, BORs and ATR
(Dordas et al. 2000, Brown et al. 2002, Dannel et
al. 2002, Sun et al. 2012). Among those, AtBORI
is the first identified B transporter and AtBORI
plays an important role in maintaining B homeo-
stasis under B deficiency (Takano et al. 2005). Our
hydroponic system contains 1 pmol/L B, which
might be not sufficient for canola growth for a
long period (as reflected by the B concentration
data). Moreover, six orthologues of At BORI were
identified and isolated in canola (Sun et al. 2012).
Hence, the present study examined the expression
of BuBORI1 in canola. Sun et al. (2012) showed that
the expressions of BuBORI;1c and BuBORI;2a
were induced by B deficiency, whereas BuBOR1;3a
and BnBOR1;3c showed an ubiquitous expression
regardless of B supply at bloom stage under field
conditions. In our study, after seven days of P1
and P50 treatments, all the six transcripts were
detected in both canola leaves and roots under
both P50 and P1, and found increased expression of
BnBORI;2c and BuBOR1;3c in roots but decreased
expression of BnBOR1;3c in leaves under P1, pro-
viding valuable information for understanding
molecular basis of B uptake under P deficiency.

In conclusion, by carrying out hydroponic and
mini-rhizobox experiments, it was studied how B
concentrations were affected by low P availability
in canola, potato and wheat. It was found that low
P availability was related to increased B concen-
trations in the aboveground tissues in canola and
potato but not in wheat. In canola, BuBORI;2¢

https://doi.org/10.17221/526/2018-PSE

and BuBORI;3c appeared to play important roles
in stimulating B uptake under P deficiency. These
findings provide insights into B uptake under low
P availability in various crop species.
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