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Abstract

In our previous study on geranium, we showed that increases in growth irradiance from sub-optimal to near-optimal
could delay boron deficiency effects on photosynthesis. In this study, we further investigated the effects of growth
irradiance on tolerance to B stress by growing geranium (Pelargonium X% hortorum cv. Maverick White) under sub- to
supra-optimal B concentrations (4.5, 45, and 450 uM) and under three irradiances of 100, 300, or 500 umol m?2s! PAR
for 30 d. In general, at low and medium irradiances, sub- and supra-optimal B availability decreased root and shoot dry
masses, but at high irradiance, the B stress was prevented. Net photosynthetic rate decreased by the supra-optimal
B concentration at the high irradiance only suggesting B-related photoinhibition. Tissue B content and root specific
B uptake only modestly decreased by the low B treatment, but increased greatly by the high B availability, and the
higher irradiance decreased the tissue B content and the root B uptake only at the low and medium B supplies.
Interestingly, the increases in irradiance decreased the content and uptake of all other nutrients, except Fe uptake.
Effects of the B stress on the content of other nutrients were variable, but the B stress often exacerbated decreases in
nutrient content with the increasing irradiance which would be especially important under nutrient-limiting conditions.
Hence, in this study, the B stress effects on growth were mitigated by the increases in growth irradiance, which offset
negative effects on physiology, and the protective effects of irradiance were likely caused by its positive effects on plant
carbon/energy status rather than on tissue B content or B uptake.
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Introduction

Boron is an essential micronutrient required for plant
growth and development. The best characterized and
confirmed role of B in plants is via a structural function
in plant cell walls (though evidence for a structural role in
membranes is strong too), and this structural function
likely accounts for the strong effects of B stress
(deficiency and toxicity) on root growth and reproduction
(Marschner 1995, Kobayashi et al. 1996, Goldbach 1997,
Matoh 1997, Power and Woods 1997, Blevins and
Lukaszewski 1998, Brown et al. 2002). B stress can also
affect other functions (e.g., metabolism of nucleic acids,
proteins, saccharides, phenolics, and photosynthesis),

though it is not yet clear if these other effects are direct or
indirect (e.g., due to general oxidative damage; Kouchi
1977, Goldbach 1997, Nable et al. 1997, Blevins and
Lukaszewski 1998, Banuelos et al.1999, Bishnoi et al.
2006, Reid 2007, Mishra et al. 2009, Mishra et al. 2012).
Boron stress in agriculture is common, economically-
important, and decreases both yield and crop quality
(Shorrocks 1997, Brown et al. 2002, Roessner et al.
2006).

Plant responses to variation in B availability can be
affected by irradiance. For example, Cakmak ef al. (1995)
studied B deficiency in Helianthus annuus grown under
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low to medium irradiances, and they observed that
B deficiency decreases shoot and root growth and
increases ion membrane leakage, particularly under
higher irradiance. Huang et al. (2002) also found that
B deficiency effects on leaf growth are the greatest at
high irradiance in H. annuus. Tanaka (1966) reported
increased irradiance (low to medium) increased B
deficiency effects on growth but decreased B toxicity in
Lemna paucicostata. In Vigna mungo, shading reduced
the effects of low B on leaf elongation (Noppakoonwong
et al. 1993). Kocabek ef al. (2009), using Arabidopsis
mutants with defects in light-signaling pathways,
observed stimulation of hypocotyl elongation by elevated
B (1 - 3 mM) which increases with increasing irradiance.
Notably, excluding effects on membrane ion leakage
(Cakmak et al. 1995) and stomatal opening (Huang et al.
2002), past studies have not examined interactive effects
of B and irradiance on responses other than growth, and
only one has examined irradiance effects on toxicity
(Tanaka 1966). Interestingly, B X irradiance effects on
growth are sometimes (Noppakoonwong et al. 1993,
Cakmak et al. 1995, Huang et al. 2002) and sometimes
not (Tanaka 1966, Mishra et al. 2009) related to effects
on tissue B content. Also, two past studies observed that

Materials and methods

Geranium (Pelargonium x hortorum cv. Maverick White)
seeds were sown into foam cubes (LC1, Smithers-Oasis,
Kent, OH, USA) and grown in complete Hoagland’s
nutrient solution in a greenhouse. Uniform seedlings (of
similar height and with 3 to 4 true leaves) were
transferred to opaque 4.5 dm® plastic tubs filled with the
same solution as in Mishra et al. (2009). The tubs had
opaque lids with evenly-spaced 2-cm-diameter holes
through which the seedlings were suspended (by
wrapping with thin strips of foam around the root-shoot
interface to fill the gap between the stem and lid-hole).
After 10 d, the plants were transferred to nutrient
solutions containing 4.5, 45, or 450 uM B (in the form of
boric acid; 3 replicate tubs per B concentration) and then
9 tubs were kept under different non-photoinhibitory
irradiances: low (100), medium (300), and high
(500 umol m? s of PAR) for 30 d. Each tub contained
two plants, and these two plants were averaged to
generate the value for individual tub, with mean tub
values being the experimental replicates. The plants were
grown at day/night temperatures of 23/19 °C, 70 %
humidity, and a 16-h photoperiod. Nutrient solutions
were changed weekly, and the plants were rotated within
the chambers every other day. Irradiance was monitored
twice weekly with a line quantum sensor (LQOSV-E,
Apogee Instruments, Logan, UT, USA); chamber CO,
concentration (400 pmol mol') and temperature were
monitored several times a day.

Net photosynthetic rate (Py) of recently fully-
expanded intact leaves, which had developed after the
exposure to the experimental treatments, was measured

EFFECT OF IRRADIANCE ON BORON TOLERANCE

increases in irradiance can impart protection from
N stress (Tanaka 1966, Mishra et al. 2009).

Previously, we investigated effects of an increase in
growth irradiance on responses to B deficiency (induced
by B withdrawal) in geranium grown under limiting non-
photoinhibitory irradiance (Mishra et al. 2009). We
observed that a higher irradiance (300 vs. 100 pmol m™ s™
of photosynthetically active radiation, PAR) induces
decreases in shoot mass under low B that were not
observed under low irradiance. However, the higher
irradiance delays B deficiency-related decreases in net
photosynthetic rate (Py) and carboxylation efficiency
(CE). The protective effect of the higher irradiance on Py
occurs despite decreases in the concentrations of B, K,
and Mg in plant tissue with B deficiency and may have
been related to a higher sugar content in leaves of high
irradiance grown plants. To investigate the interactive
effects of B and irradiance further, in the present study,
we grew geranium under both sub- and supra-optimal B
for an extended duration (vs. acute B deficiency only in
the previous study) and under a broader range of
irradiances compared to the previous study (100, 300,
500 vs. 100 and 300 pmol m? s™).

with a portable photosynthesis system with infrared gas
analyzer (LI-6400, LI-COR., Lincoln, NE, USA),
equipped with CO,, irradiance, and temperature controls
(for details see Mishra et al. 2009). Measurements were
made within 1 min after the insertion of leaves into the
cuvette to ensure that photosynthetic responses reflected
those within the growth chambers. All photosynthetic
variables of plants were measured at the same irradiance
at which the plants were grown (100, 300, or
500 pmol m? s') and at the 400 pmol mol’ CO,
concentration.

The entire plants were harvested after 30 d of the
treatment and immediately separated into roots, stem,
leaves, and flowers, and then the tissues were dried to a
constant mass at 70 °C before determining dry mass.
Total soluble sugar content in the leaf tissue was
estimated by using the phenol-sulfuric acid method of
Dubois et al. (1956) with a minor modification, as
mentioned in Mishra et al. (2009). To determine tissue
nutrient content, we followed our previously-reported
method (Mishra et al. 2009). Briefly, all the harvested
tissues were rinsed with 0.1 M HCI, rinsed again with
distilled water, and then oven dried in a forced-air oven at
55 °C for 72 h. The tissue was ground with a mortar and
pestle into a powder and 0.15 g was digested in a
microwave digester (MARS Express II, CEM Corp.,
Matthews, NC, USA), using a modified U.S. Environ-
mental Protection Agency (EPA) method (Nelson 1988;
HNO; digestion at 200 °C with an additional peroxide
digestion step). Nutrients content (P, K, Ca, Mg, S, B,
Cu, Fe, Mn, and Zn) were determined with inductively
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coupled plasma optical emission spectroscopy (ICP-OES;
model [RIS Intrepid II, Thermo Corp., Waltham, MA,
USA). The root specific uptake of each nutrient was
determined by dividing the total content per plant of each
nutrient by the dry mass of the root.

Results were analyzed statistically by the two-way

Results

In general, the low B availability decreased shoot and
root masses at the low and medium irradiances, but at the
high irradiance, the low B availability did not decrease
shoot or root mass (Fig. 1). The high B availability did
not affect the shoot mass, but decreased the root mass at
the medium irradiance. The negative effects of high B on
the root mass were absent at the high irradiance. Neither

(irradiance x B) analysis of variance (ANOVA) using the
JMP 5.0 software (SAS Corp, Cary, NC, USA).
Differences among the specific treatment groups were
determined using Fisher’s LSD test following significant
ANOVA results. Treatment effects were considered
significant if P < 0.05.

B nor irradiance had any significant effect on a root:shoot
ratio, though the supra-optimal B concentration tended to
decrease it (data not shown).

As expected, net photosynthesis (Py) increased with
irradiance, but the low B availability did not affect Py
(Fig. 1). The high B availability decreased Py only at the
high irradiance; hence, this B concentration was toxic and

14 2.0
. B
12} =m45uMB be ce
=45.MB ¢ & 115
= 10| =450uMB b ® =
€ E
3 st b ke
= : fro 2
o 6 .2 2 o
I a ©
7 41 a {os
a :
2_
: b 200 =
T 300 be £
o b :
T =
2 b {150 g
D
2 200 =
@ 1100 @
a =
< Q
w100 | o}
= a 50 X
ad a a
a a2
0 0
_ 12
S ! &=
g‘ISOO 10 "0
"o o
2 g
=.1000 | S
w =t
4 6 <
< S
o 4 =
S 500 | oz
m
2
0 0

LOW MEDIUM HIGH

LOW MEDIUM HIGH

Fig. 1. Effects of B concentration (4.5, 45, or 450 pM) in the nutrient solution on shoot biomass (4), root biomass (B8), boron content
(dry mass basis) in leaves (C) and roots (D), on the uptake of B (the total plant B content per root dry mass unit, £), and on net
photosynthetic rate (F) of geranium plants grown under low, medium, or high irradiances (100, 300, or 500 pmol m? s PAR).
Means + SE, n=3. Among all treatment combinations, different letters above the bars indicate significant differences (P < 0.05).
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induced photoinhibition. As in Mishra et al. (2009), the
content of soluble sugar in leaves increased with
irradiance, but B had little effect on the sugar content (not
shown). The chlorophyll content was not affected by low
B, but high B increased chlorophyll at the low irradiance
and decreased it at the high irradiance (data not shown).
Notably, the low B concentration in the nutrient
solution decreased the B content in leaf and root tissues
only slightly (excluding roots at the medium irradiance,
wherein the decrease was larger) (Fig. 1). In contrast, the
high B concentration in the nutrient solution increased the

0.010
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B content in leaves and roots dramatically. The B content
tended to decrease with increasing irradiance at the low
and medium B concentrations, but not at the high B
availability. The root-specific B uptake exhibited similar
B and irradiance responses as tissue B content: small
decreases with low B, large increases with high B, small
decreases with increasing irradiance at low and medium
B, and no effect of irradiance at high B (Fig. 1).

In contrast to B, growth irradiance had strong nega-
tive effects on the content of other minerals in leaf tissue
(Figs. 2 and 3, P < 0.02 for all nutrients). On the other
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Fig. 2. Effects of B concentration (4.5, 45, or 450 uM) in the nutrient solution on the content of macronutrients in leaf tissue (4, C, E,
G, I) and on the specific uptake of each mineral (the total content of mineral in plant per root dry mass unit; B, D, F, H, J) of
geranium plants grown under low, medium, or high irradiances (100, 300 or 500 pmol m?s™ PAR). Means + SE, n = 3. Among all
treatment combinations, different letters above the bars indicate significant differences (P < 0.05). Nutrient content corresponding

deficiency (Taiz and Zeiger 2002) is indicated by a horizontal line.
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hand, the effects of B availability on the content of other
nutrients were variable and when affected by B, effects
were only modest. However, both B deficiency and B
toxicity often tended to (i.e., non-significantly) exacer-
bated decreases in nutrients content caused by the
increases in irradiance (e.g., P, K, S, Ca, Cu, and Fe). In
several instances, the high irradiance and/or B stress (low
or high B) resulted in the nutrient content in leaves
corresponding to nutrient deficiency symptoms (i.e., Ca,
Fe, and Mn). Similar results were observed for roots,
wherein the increased growth irradiance also decreased

the nutrients content, but B and B X irradiance effects
were weaker and non-significant (excluding Ca) (data not
shown). The increases in irradiance also decreased the
root specific uptake of non-B nutrients, excluding Fe
(Figs. 2 and 3). Boron effects on the nutrient uptake per g
of root were mostly absent, excluding P, K, S, and Ca at
the low irradiance and Fe at the medium irradiance.
Hence, unlike the nutrient content, the combination of the
B stress and high irradiance did not cause additive
negative effects on the nutrient uptake per root dry mass.
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Fig. 3. Effects of B concentration (4.5, 45, or 450 puM) in the nutrient solution on the content of micronutrients in leaf tissue (4, C, E,
G) and on the specific uptake of each mineral (the total content of mineral in plant per root dry mass unit; B, D, F, H) of geranium
plants grown under low, medium, or high irradiance (100, 300 or 500 pmol m™s™ PAR). Results are means + SE, 7 =3. Among all
treatment combinations, different letters above the bars indicate significant differences (P < 0.05). Nutrient content corresponding

deficiency (Taiz and Zeiger 2002) is indicated by a horizontal line.

Discussion

As in Mishra et al. (2009), increases in growth irradiance
mitigated certain aspects of B stress in geranium in the
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current study. In the previous study, an increase in
irradiance from 100 to 300 pmol m” s' delays



B-deficiency effects on photosynthesis, but the higher
irradiance does not prevent decreases in leaf mass. In the
current study, an increase in growth irradiance from
300 to 500 (but not from 100 to 300) wmol m? s
prevented decreases in growth caused by both the sub-
and supra- optimal B availabilities, but the higher
irradiance did not confer protection on Py and related
parameters (the chlorophyll and sugar content). In fact,
neither the sub- nor supra-optimal B concentration had
any negative effects on Py or the chlorophyll or sugar
content, except for decreases in Py and the chlorophyll
content at the highest irradiance and the highest B
concentration indicating that B toxicity caused
photoinhibition. In our previous study, we investigated
only B deficiency, imposed by complete B withdrawal for
5d, and only at 100 and 300 umol m™? s™' PAR, whereas in
the current study, we examined both B deficiency and
toxicity, imposed continuously at 100, 300, and
500 pumol m™ s PAR for 30 d. It is likely that differences
in the negative effects of B stress and the protective
effects of increased growth irradiance between the two
studies are mainly related to differences in B treatments.

Protective effects of increased growth irradiance
against B toxicity were also observed in Lemna
pausicostata (Tanaka 1966), but increased irradiance
exacerbated B deficiency in this and past studies
(Noppakoonwong et al. 1993, Cakmak ef al. 1995, Huang
et al. 2002, Mishra et al. 2009). In the current study, the
protective effects of higher irradiance against B defi-
ciency and toxicity were not associated with irradiance
effects on tissue B content, since the B content in leaves
and roots decreased with increasing growth irradiance in
the low-B plants, which should exacerbate B deficiency,
and the B content was not affected by irradiance in the
high-B plants. Past studies of B X irradiance interaction
have yielded inconsistent results with some finding
correlation between irradiance effects and B content
(Noppakoonwong ef al. 1993, Cakmak ef al. 1995, Huang
et al. 2002) and some not (Tanaka 1966, Mishra et al.
2009). Hence, effects of irradiance on B stress are not
likely mediated by the irradiance effect on the B tissue
content.

Because we observed a mitigation of both B
deficiency and toxicity effects on biomass with increases
in growth irradiance level in this study, and increases in
growth irradiance levels increased the biomass and Py in
general (i.e., growth irradiance levels were limiting at the
low or medium irradiances), we conclude that protective
responses of the plants to the B stress were energy or
carbon costly and could be constrained by growth under
the low irradiance. Though excess irradiance can be
phototoxic during B toxicity (Cakmak et al. 1995, Reid
et al. 2004, and this study), we observed increases in leaf
soluble sugar with increases in growth irradiance, and an
enhanced sugar status can increase tolerance to B stress
(Kastori et al. 1995, Brown et al. 1999, Zhao and
Oosterhuis 2003). Hence, although we could not identify
the specific reason for protection from the B stress with

EFFECT OF IRRADIANCE ON BORON TOLERANCE

the increasing irradiance in this study, we can conclude
that the increases in growth irradiance increased the
energy or carbon status of the plants and this was
correlated with plant resistance to the B stress.

Interestingly, we observed that both the sub- and
supra-optimal B concentrations sometimes affected the
concentration of the other (non-B) mineral nutrients in
leaves (especially P, K, Cu, and Fe). Several previous
studies, in addition to the current study, examined the
effect of B deficiency (five studies, seven species) and
toxicity (one study) on the concentration of nutrients in
plant tissues (Mozafar 1989, Lopez-Lefebre et al. 2002,
Davis et al. 2003, Eraslan et al. 2007, Krug et al. 2009,
Mishra et al. 2009), and it is evident that B deficiency
and toxicity can both affect tissue nutrient content.
However, these studies indicate no consistent effects of B
stress on mineral content. For example, B deficiency can
increase, decrease, or have no effect on Ca, Fe, K, P, Mg,
and Zn content depending on conditions, species (Krug
et al. 2009), and even genotypes within a single species
(Mozafar 1989). Within a single study, B stress can
decrease the content of some nutrients, but increase
others, and effects are not different for cations and
anions. Hence, though it should come as no surprise that
B stress may affect other nutrients, given the importance
of B to root growth, it is clear that we do not understand
the effects of B stress on the uptake of nutrients aside
from B.

Notably, the increases in growth irradiance caused a
general, and often pronounced, decrease in tissue nutrient
content, sometimes to levels corresponding nutrient
deficiency (i.e., Fe, Mn, and Mg). Decreases in nutrient
content with increasing irradiance indicate that the plant
nutrient uptake was not keeping pace with increases in
plant biomass production under the higher irradiance, and
this was consistent with decreases in nutrient uptake per
root dry mass with increasing irradiance (excluding Fe).
Other studies have also noted decreases in tissue nutrient
content or nutrient uptake rates with increases in
irradiance, though in some species or situations, nutrient
content and uptake rate can increase with irradiance (e.g.,
Baligar et al. 2006, Taylor et al. 2008, and references
therein). Importantly, the B stress (both the sub- and
supra-optimal concentrations) often exacerbated the
general decrease in the nutrients content with increasing
growth irradiance, such that the combination of the high
irradiance and B stress resulted in the nutrient content
approaching deficiency (e.g., Ca, Cu, and P). The B stress
had little negative effect on the nutrient uptake per root
dry mass at the high irradiance and did not decrease the
root mass at the high irradiance, so the reason for the
decrease in nutrient content with the B stress in the high-
irradiance plants is unclear. The deleterious effect of
B stress on nutrient content at high irradiance would
likely be especially important for plants growing in
nutrient-limited soil or in soil where the acquisition of
nutrients require significant root growth (since B stress
strongly limits root growth).
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