Plant Physiol. (1997) 113: 649-655
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Isolation and Characterization of Soluble Boron Complexes
in Higher Plants’

The Mechanism of Phloem Mobility of Boron
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Boron (B) polyol complexes have been isolated and characterized
from the phloem sap of celery (Apium graveolens L.) and the extra-
floral nectar of peach (Prunus persica L.). In celery the direct analysis
of untreated phloem sap by matrix-assisted laser desorption-Fourier
transform mass spectrometry, with verification by high-performance
liquid chromagraphy and gas chromatography-mass spectrometry,
revealed that B is present in the phloem as the mannitol-B-mannitol
complex. Molecular modeling further predicted that this complex is
present in the 3,4 3/,4’ bis-mannitol configuration. In the extrafloral
nectar of peach, B was present as a mixture of sorbitol-B-sorbitol,
fructose-B-fructose, or sorbitol-B-fructose. To our knowledge, these
findings represent the first successful isolation and characterization
of soluble B complexes from higher plants and provide a mechanistic
explanation for the observed phloem B mobility in these species.

B is an essential micronutrient for higher plants and its
deficiency results in the rapid inhibition of plant growth.
The uptake, transport, and function of B in plants appears
to be dependent on the formation of B complexes. B uptake,
for example, is a passive, nonmetabolic process determined
in part by the formation of nonexchangeable B complexes
within the cytoplasm and cell wall (Brown and Hu, 1994).
When B is present at low to adequate concentrations, the
majority of cellular B (>95%) is associated with cell wall
pectins where it may be critical for normal cell wall expan-
sion (Hu and Brown, 1994). Recently, B was found to be
present as a B-rhamnogalacturonan complex within plant
cell walls (Ishii and Matsunaga, 1996; Kobayashi et al.,
1996; O'Neill et al., 1996), and the B requirement of a
particular plant species has been shown to correlate with
the pectin content of the cell wall (Matoh et al., 1993; Hu et
al., 1996).
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Historically, B has been considered a phloem-immobile
element in plants (Oertli and Richardson, 1970). The occur-
rence of B-deficiency symptoms in young, growing tissue
also indicates that B is not readily retranslocated within the
plant. Recently, however, it has been demonstrated that B
is phloem-mobile in species that translocate significant
amounts of sorbitol in the phloem (Brown and Hu, 1996).
Based upon these results and in vitro evidence it was
proposed that the mobility of B in these species is mediated
by the formation of B-sorbitol complexes (Brown and Hu,
1996). Subsequently, we have found that B is also phloem-
mobile in species that translocate significant amounts of
mannitol or dulcitol, further suggesting that B complexes
with sorbitol, mannitol, or dulcitol may mediate the
phloem mobility of B.

The identification of B complexes is central to an im-
proved understanding of B physiology. In this report we
describe the isolation and characterization of soluble B
complexes from phloem sap or of nectar from phloem-fed
extrafloral nectaries. The physiological significance of these
results is discussed.

MATERIALS AND METHODS

Phloem mobility of foliar-applied isotopic B was demon-
strated in celery (Apium graveolens L.) according to the
methodology of Brown and Hu (1996). Celery was grown
in 11-L pots filled with a perlite:super soil mixture (2:1,
v/v). Each pot contained 2 plants and there were 16 repli-
cate plants. The plants were grown in a greenhouse with
day/night temperatures of 27/17°C. Plants were fed
weekly with one-half-strength complete Hoagland solution
(Hoagland and Arnon, 1950). After 2 months of growth
three leaflets from leaf number 4 (counting from bottom)
on eight replicate plants were immersed for 10 s in 50 mm
[*°Bl-enriched (95.91% °B) boric acid solution with 0.05%
(v/v) surfactant L-77 (Loveland Industries, Inc., Greeley,
CO). The leaves were then gently shaken and blotted to

Abbreviations: DHB, 2,5-dihydroxybenzoic acid; MALDI-FTMS,
matrix-assisted laser desorption ionization-Fourier transform mass
spectrometer.
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remove the excess solution. For each replicate, one leaflet
from each plant was harvested at 1, 5, and 15 d after
treatment. The same number of untreated leaves were col-
lected as the controls. Leaves were washed for 1 min in
deionized water, dry-ashed at 500°C, and analyzed for B
using an inductively coupled plasma-mass spectrometer
(Elan 500, Perkin-Elmer Cetus).

Phloem sap was collected from 6-month-old plants and
cultivated as above, with one plant per pot. Five fully
mature leaflets on each stem were submerged briefly in a
50 mm boric acid solution that contained 0.05% (v/v) L-77.
The leaflets were gently shaken and blotted to remove the
excess solution. Care was taken to prevent the contamina-
tion of any neighboring leaves or stems with the boric acid
solution. Phloem sap was collected 1 d after foliar B appli-
cation as follows: celery stems were cut about 4 cm from
the soil surface and sap was collected from the basipetal cut
end (with leaves attached) using a fine-tip borosilicate
glass microcapillary (approximately 200 um in diameter).
We found no evidence of B contamination from these mi-
crocapillaries within the time frame used. The glass micro-
capillary was placed directly in contact with the droplet
that formed at the cut end of the vascular bundles. The
vascular bundles in celery were clearly identifiable and no
exudate was observed from any other stem material. Each
cut surface yielded about 0.05 to 0.2 uL. The entire process
was repeated with sequential cuts, each approximately 5
cm apart on each of the eight stems, until 2 to 3 pL of sap
was collected. Between each sap collection, the microcap-
illary was rinsed with double-deionized water and blotted
dry. The sap was kept in plastic tubes in an ice bath, diluted
50-fold with deionized water, and kept frozen prior to
analysis.

Droplets of extrafloral nectar totaling 50 uL were col-
lected from the nectary that was present at the base of the
leaves of 1-year-old Nemared peach (Prunus persica L.)
seedlings grown in vermiculite. The nectar was diluted
10-fold with double-deionized water prior to analysis. Be-
cause of the small amount of phloem sap and extrafloral
nectar collected, the B concentration was estimated from
the diluted solution by an inductively coupled plasma-
mass spectrometer using a peak height routine.

Aliquots of each solution (celery phloem sap and peach
extrafloral sap) were then analyzed by MALDI-FTMS,
HPLC, and GC-MS. The MALDI-FTMS (IonSpec Corp.,
Irvine, CA) was equipped with a 4.7-tesla super-
conducting magnet and a nitrogen laser at 337 nm (Li et al.,
1994; Carroll et al., 1996). All spectra were obtained in the
negative ion mode using 3-aminoquinoline (Aldrich) as the
matrix. A more common matrix for the analysis of sugars
by MALDI is DHB (Harvey, 1993; Stahl et al., 1994). How-
ever, when DHB was used as a matrix for the B-containing
samples, only peaks corresponding to a complex of B with
DHB (DHB-B-DHB) were observed. We found no evidence
of a complex formation between B and 3-aminoquinoline;
this was predicted given the absence of suitable B complex-
ing sites in this molecule. The matrix was prepared at a
concentration of 0.4 M in ethanol. Spectra were obtained by
placing 2 pL of the sample on a stainless steel probe tip and

Plant Physiol. Vol. 113, 1997

adding 1 pL of matrix. The probe tip was held in a cool air
stream until crystals formed.

Additional aliquots of celery phloem sap and peach ex-
trafloral sap were analyzed for polyol content by HPLC
without purification (Moing et al., 1992). The results were
further verified by GC-MS (Greve and Labavitch, 1991; Tao
et al., 1995).

MALDI-FTMS is well suited to determine the nature of
biological complexes because of its high-mass sensitivity
and gentle ionization technique. In FTMS the ion cyclotron
resonance of an ion in a magnetic field is measured. The ion
cyclotron resonance frequency can be measured very accu-
rately and is proportional to the mass and charge of the ion.
Therefore, with FTMS, a high mass resolution (m/Am = 1
million) and accurate mass determination can be obtained
(Wu et al., 1995). The chemical composition and stoichiom-
etry of the analyte are obtained from the mass and isotopic
pattern. Within the mass range considered here (100-600
m/z), each peak can be unambiguously assigned to a spe-
cific, unique combination of atoms; isomers, however, can-
not be distinguished. Additional information on the iden-
tity of the analyte can be obtained by HPLC with further
verification by GC-MS. The combination of these tech-
niques was used to unambiguously identify B-polyol com-
plexes that are present in celery phloem and peach necta-
ries. Standards containing various concentrations of
mannitol (Sigma), sorbitol (Fisher Scientific), and/or B
were used throughout. The pH of celery sap and peach
extrafloral nectar were both around 7.0. All standard solu-
tions were adjusted to pH 7.0 with diluted KOH prior to
analysis.

RESULTS

Figure 1 shows the changes in the B isotopic concentra-
tions following ['°B] labeling in celery. An 8-fold increase
in the ['°B] concentration was observed 1 d after labeling.
Because leaves were washed before analysis, this increase
represents B that had been absorbed by the leaf tissue. The
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Figure 1. Changes in leaf B concentration following application of
50 mm "°B-enriched boric acid at time 0. Each point is a mean of two
replicates * SE.
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high concentration of ['°B] decreased rapidly, and after 5 d
only 56% of the original ['°B] remained in the treated leaf.
By d 15 there was a 75% reduction in the labeled ['°B] in the
treated leaves. A small increase in [''B] was also detected
in the treated leaves following ['°B] application as a result
of the 4.09% (atom %) [''B] content of the applied ['°Bl-
enriched boric acid. During this period no B accumulation
was found in the nontreated plants. At the completion of
this experiment the distribution of B within the celery plant
was determined. The youngest growing tissue (apical mer-
istem plus emerging leaflets) had a B concentration of 104
ug g ' B; new, fully expanded leaflets had a concentration
of 49 ug g_1 B; and the oldest leaves had a concentration of
32 ug g~ ' B. This B accumulation pattern is characteristic of
a phloem-mobile element (van Goor and van Lune, 1980).

Together, these results clearly indicate that B is phloem-
mobile in celery.

Figure 2a shows a typical MALDI-FTMS mass analysis of
a 10 mM mannitol 1 mm ™" boric acid standard (pH 7.0). Two
distinct peaks of mass/charge (m/z), 370.14 and 371.14, are
shown, which coincide exactly with the mass of mannitol-
['°B]-mannitol and mannitol-[*'B]-mannitol. The m/z 372.14
is mannitol-'"B-mannitol with one **C atom (Table ). As the
mfz of the mannitol-B-mannitol complex and the relative
isotopic abundance of ['BL:[''B] (20%:80%) and '?C:'*C
(99%:1%) are known, it is possible to predict the relative
peak height and exact m/z of the spectra (Fig. 2a, inset). The
predicted and measured peaks coincide closely and unam-
biguously demonstrate the presence of B in these complexes.
No other B peak was observed in the mass range that we

Table 1. Mass to charge ratio of B complexes determined by MALDI/FTMS

Formula (all-1 charge) Molecular Weight

Description

(CcO4H10),'°B 366.11
(CeO¢H,0),"'B 367.11
CeOgHiz + CeOH1,'°B 368.12
CeOeHyz + C,O4H,0''B 369.12
(C4OcH,),'°B 370.14
(CeOcH12),"'B 371.14
(3CO6H;,),"'B 372.14

Borate complex with 2 Glc (Fru)

Borate complex with 2 Glc (Fru)

Borate complex with Glc (Fru) and sorbitol

Borate complex with Glc (Fru) and sorbitol

Borate complex with 2 sorbitol (mannitol)

Borate complex with 2 sorbitol (mannitol)

Borate complex with 2 sorbitol (mannitol) with a {'3C] atom
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studied (100-600 m/z; results not shown). These results agree
with the NMR studies that predict a full complexation of B
and mannitol as the mannitol-B-mannitol complex when
present at the pH and at the relative concentrations used
here (Makkee et al., 1985; van der Berg et al.,, 1994). The
proposed reaction is as follows:

A CH,0H CH,0H
HO—C—H HO.  OH HO—C—H
HO—C—H * >< ———m HO—C—H
HO” TOoH
H—C—OH H—C—0, oH +2H,0
Borate anion T \1_3/ ’
H—C—OH H—C—0"" “oH
CH,OH CH,0H
Mannitol
B
CH,0H CH,0H tlzuzou
HO—C—H HO—C—H HO—C—H
HO—C—H HO—C—H HO—C—H
. * -— HOH | om0
H—C—O0. OH  H—C—OH —C— —C—
N H T 0. O—C-H
— B 3|
H—C—0 OH H—C—OH H—C—0"" S0—C—H
CH0H CH,0H CH,0H H—C—OH
H—C—OH
(CsOg ok ''B (|:H20H
m.w.=371.14
Scheme 1.

These reactions result in m/z of 370.14 for mannitol-'°B-
mannitol (0.5) and 371.14 for mannitol-}'B-mannitol (0.5),
both with one negative charge (Table I).

The MALDI-FTMS spectrum of the celery phloem sap
collected from plants that received foliar B application is
shown in Figure 2b. As in Figure 2a, two distinct peaks
(370.14 and 371.14) are present. These peaks occur in the
exact ratio predicted from the isotopic abundance of ['°B]:
[''B]. The occurrence of mannitol in the phloem of celery
was further verified by HPLC and GC-MS analysis (data
not shown). Thus, it is very likely that B is present in celery
phloem as the mannitol-B-mannitol complex. From the
exact mass the peak at m/z 341.11 is assigned as a depro-
tonated disaccharide (Suc).

MALDI-FTMS analysis of standard solutions of B with
Fru as well as B with sorbitol are shown in Figure 3, a and
b, respectively. In Figure 3a the m/z 366.11 corresponds to
Fru-['°B)-Fru, whereas the larger peak, 367.11, is Fru-[''B]-
Fru (Table I). In Figure 3b two distinct peaks of m/z, 370.14
and 371.14, are present, coinciding with the mass of
sorbitol-['°Bl-sorbitol and sorbitol-[*'B]-sorbitol (Table I).
These two complexes are present in the ratios expected of
the B complexes.

Figure 3c shows the MALDI-FTMS spectrum of peach
nectar. Analysis of nectar from the peach leaf reveals a
greater complexity than what we observed in standard
solutions. Two peaks at m/z 366.11 and m/z 367.11 corre-
spond to Fru-['°B]-Fru complex (or Gle-['°B]-Glc) and Fru-
['*B]-Fru (or Glec-["'B]-Glc), respectively. Fru-['°B]-Glc and
Fru-[*'B)-Glc complex (m/z 366.11 and m/z 367.11, respec-
tively) may also occur. A m/z of 368.12 corresponds to
Fru-['°B]-sorbitol, whereas a m/z of 369.12 corresponds to
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Fru-["'Bl-sorbitol and a m/z of 371.14 corresponds to the
sorbitol-[''Bl-sorbitol complex. The m/z 370.14, corre-
sponding to sorbitol-['°Bl-sorbitol, is not detectable at
these concentrations. Because the overall borate ester sta-
bility of p-Fru is about two orders of magnitude higher
than the borate ester stability of p-Glc (Makkee et al., 1985),
the observed m/z 366.11 and 367.11 must be dominated by
Fru-B complex and not Glc¢-B complex, because Fru and Glc
are present at about same concentration in Prunus nectar
(Bieleski and Redgwell, 1980; Caldwell and Gerhardt,
1986). These results and the abundance of sorbitol in peach
(Moing et al., 1992) suggest strongly that Fru and sorbitol
are the primary B complexing compounds in peach nectar.

DISCUSSION

It has been proposed that B (which occurs as H;BO; at a
physiological pH) cannot be translocated out of the leaf,
because the inherent, high-membrane permeability of
H;BO; would lead to a leakage of B from the phloem to the
adjacent (and less concentrated) xylem (Oertli and Richard-
son, 1970). This “leakage” of B back into the xylem would
effectively prevent B loss from the leaf, resulting in B
immobility. Although this mechanism is valid for many
plants, it is contrary to the findings in the Malus, Prunus,
and Pyrus species, where it has been demonstrated that B is
highly mobile (van Goor and van Lune, 1980; Hanson,
1991; Picchioni et al., 1995; Brown and Hu, 1996). To ex-
plain B mobility in those species, Brown and Hu (1996)
proposed that the mobility of B is due to the formation and
transport of complexes between B and polyols. Further-
more, they suggest that B would be phloem-mobile in other
species that transport B-binding polyols in their phloem.
Among the polyols known to form complexes with B,
sorbitol, mannitol, and dulcitol occur as the major photo-
synthates in members of the Rosaceae (sorbitol), Oleaceae,
Rubiaceae, and Umbelliferae (mannitol), and Celestraceae
(dulcitol) families and may occur in lesser amounts in other
plant species (Bieleski, 1982).

The observed mobility of B in celery described here
further supports our contention that phloem-B transport is
mediated by the formation of polyol-B complexes, because
in celery mannitol is the primary photosynthetic product
and the major form of translocated carbon (Davis et al,,
1988). MALDI-FTMS analysis of celery phloem sap
strongly suggests that B was present as the mannitol-B-
mannitol complex. These results are in agreement with in
vitro kinetic NMR analysis, which suggests that when
mannitol:B ratios are in excess of 10:1, at pH 7.0, almost all
B will be present as mannitol-B-mannitol (Makkee et al.,
1985). In the present study phloem mannitol concentrations
were estimated between 150 and 300 mm by HPLC,
whereas the B concentration was about 1 to 1.5 mm 1d
following foliar B application. The mannitol:B molar ratio
in these samples was in excess of 100:1. This, in combina-
tion with the relative isotopic abundance, the unique m/z
ratio of the peaks, and HPLC and GC-MS verification of
mannitol concentrations, strongly suggests that B is trans-
ported primarily as the mannitol-B-mannitol complex in
the phloem of celery.
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MALDI-FTMS is ideally suited for analyzing phloem
sap because the method does not require any sample
pretreatment and can be used on small sample sizes. The
high mass resolution of FTMS coupled with the ability to
determine isotope ratios allows the unambiguous deter-
mination of both elemental composition and molecular
identity.

Molecular modeling calculations (SPARTAN Wavefunc-
tion Inc., Irvine, CA) were carried out on the mannitol-B-
mannitol complex to gain information on the most favor-
able conformation. Makkee et al. (1985) found from [''B]

380

and [">C] NMR that the 3- and 4-hydroxy! groups of man-
nitol bound preferentially with borate. From preliminary
semiempirical calculations (AM1, Dewar et al., 1985) the
lowest energy conformer that was found for the 1,2 1,2
mannitol borate complex had AH; = —737.7 kcal/mol,
whereas the 3,4 3,4 mannitol borate complex had AHf =
—741.9 kcal/mol. This result confirms that the 3,4 3,4 bo-
rate ester is energetically more favorable (Table II; Fig. 4).
Additional information on this configuration and other
B-diol complexes is provided elsewhere (S.G. Penn, H. Huy,
P.H. Brown, and C.B. Lebrilla, unpublished data).
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Table Il. Calculated heat of formation of various Bis-mannitol bo-
rate configurations

Configuration of Borate Ester A Hf
kcal/mol
1,2 1,2’ Bis-mannitol borate -737.7
3,4 3',4’ Bis-mannitol borate —~741.9
1,2 3',4’ Bis-mannitol borate —-738.2

2 A Hf, Heat formation.

Sorbitol is the primary photosynthetic product and the
major form of translocated carbon in Prunus (Loescher,
1987), and B has been shown to be phloem-mobile in mem-
bers of this species (Brown and Hu, 1996). Given the tech-
nical difficulty of obtaining phloem sap directly from vas-
cular tissue of Prunus species, we chose to use the readily
available extrafloral nectar collected from the nectaries at
the base of almost fully expanded leaves. Nectar produced
from these glands is supplied primarily from phloem and
is subject to the metabolism in the nectaries prior to exu-
dation (Bentley, 1977). Here we observed that B in the
nectary exudate was present as a complex with either
Fru-B-Fru, sorbitol-B-sorbitol, or Fru-B-sorbitol. In peach,
as in celery, the relative concentrations of B to ligand is
such that the 2 ligand-B conformation is favored.

The occurrence of the Fru-B complexes in the nectary
exudate is likely the result of post-phloem metabolism and
does not necessarily indicate the occurrence of Fru in the
phloem. Moing et al. (1992) found no evidence of Glc or Fru
in the phloem sap of peach, and the nectaries of peach are

Carbon

Figure 4. Predicted three-dimensional configuration of 3,4 3,4 (a)
and 1,2 1,2 bis-mannitol borate (b).
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known to metabolize sorbitol via the enzyme sorbitol de-
hydrogenase with Fru as the primary product (Bieleski and
Redgwell, 1980). Given the high concentrations of sorbitol
found in the phloem of Prunus species (Moing et al., 1992)
and the observed phloem mobility of B in Prunus (Brown
and Hu, 1996), it is reasonable to assume that B is trans-
ported in the phloem as the sorbitol-B-sorbitol complex
and, subsequently, metabolized in the nectary and exuded
as a mixture of the sorbitol- and Fru-B complexes.

The isolation and characterization of the mannitol-B-
mannitol complexes from the phloem of celery and the
presence of the sorbitol- and Fru-B complexes in peach
provide a mechanistic explanation for the observed phloem
mobility of B in these species. The complexes we have
described, to our knowledge, represent the first soluble B
complexes isolated from higher plants.
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