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The effect of boron deficiency on symbiotic nitrogen fixation in 
pea (Pisum safivum) was examined. l h e  absence of boron in the 
culture medium resulted in a decrease of the number of nodules 
and an alteration of nodule development leading to an inhibition 
of nitrogenase activity. Examination of boron-deficient nodules 
showed dramatic changes in cell walls and in both peribacteroid 
and infection thread membranes, suggesting a role for boron in 
the stability of these structures. These results indicate that boron 
is a requirement for normal nodule development and functionality. 

Boron (B) is an essential micronutrient required for the 
normal growth of plants (Sommer and Lipman, 1928), dia- 
toms (Smyth and Dugger, 1981), and heterocystous cyano- 
bacteria (Bonilla et al., 1990), although it does not seem to be 
required for green algae (Gerloff, 1968), fungi (Shkol'nik and 
Maevskaya, 1977), or nonheterocystous cyanobacteria (Mar- 
tinez et al., 1986). However, its primary mechanism of action 
still remains unknown. The unifying factor seems to be that 
a11 of the life forms that require B have cell walls, cell wall 
matrices, or cell envelopes, which are rich in carbohydrates 
(Lewis, 1980). 

Thus, a role for B has been implicated in the synthesis and 
stability of the cell wall (Augsten and Eichom, 1976), by 
forming esters with cis-diol groups present in the cell wall 
(Loomis and Durst, 1991). We have also demonstrated the 
essentiality of B for heterocystous Nz-fixing cyanobacteria 
(Mateo et al., 1986). In B-deprived cultures there was an 
early decrease in nitrogenase activity correlated with the 
disappearance of the glucolipidic layer of the heterocyst 
envelope, the main barrier against the oxygen inactivation of 
the nitrogenase (Garcia-González et al., 1991). 

In addition, many researchers have suggested a role for B 
in the membrane structure and function (Parr and Loughman, 
1983), and studies of the direct effect of B on ion uptake 
have been reported (Blaser-Grill et al., 1989; Schon et al., 
1990). 

The goal of this study was to investigate the role of B in 
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the symbiotic N2 fixation process because of the importance 
of the relationship established across the membranes between 
the legume and Rhizobium. Brenchley and Thomton (1925) 
reported that B deficiency affected vascular development in 
Vicia juba, creating ineffective nodules. Here evidence is 
presented that shows that B is a requirement for nodule 
development and N1 fixation. 

MATERIALS A N D  METHODS 

Plant Crowth and lnoculation 

Pea (Pisum sativum cv Argona) seeds were surface sterilized 
with 70% (v/v) ethanol and 10% (v/v) sodium hypochlorite, 
soaked for 4 h in sterile, distilled water, and then germinated 
on wet filter paper in covered stainless steel pans at 25OC. 
After 7 d seedlings were transferred to plastic growth pots 
and cultivated on B-free perlite with Fahraeus plant medium 
for legumes (Fahraeus, 1957). Pea plants were inoculated 
with 1 mL per seedling of about 10' cells mL-' of Rhizobium 
leguminosarum bv viciae 3841 from an exponential culture in 
triptone yeast extract medium (Beringer, 1974). For growth 
of plants with NO3- as the N source, 8 mM KN03 was added. 

Plants were maintained in a growth cabinet at 25OC day/ 
22OC night temperatures with a 16-h photoperiod and an 
irradiance of 190 Fmol m-' s-'. RH was kept between 60 and 
70%. 

For B-free cultures, B was removed from the micronutrient 
solution. For B-normal cultures, B (as H3B03) was added to a 
final concentration of 0.1 mg L-' B. AI1 solutions were pre- 
pared and stored in polyethylene containers previously tested 
to prevent release of B even under sterilizing conditions 
(Mateo et al., 1986). The presence of B in the solutions and 
media was determined prior to using them, and no B was 
detected (detection limit was 0.02 pg mL-'). B concentration 
was determined using azomethine H at pH 5.1 (Wolf, 1974) 
and a Technicon automatic analytical system (Martinez et al., 
1986). 

Analytical Methods 

Ten plants for each treatment were harvested weekly. 
Nitrogenase activity was determined by acetylene reduction. 

Abbreviation: pbm, peribacteroid membrane. 
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The ethylene produced was measured with a Shimadzu GC-
8A gas chromatograph, and the acetylene reduction activity
was computed according to the method of Stewart et al.
(1967) after acetylene reduction assay nodules were picked
out and weighed.

Microscopy

Nodules were selected at a comparable stage of develop-
ment. Samples were processed for EM according to the
method of De Felipe et al. (1987). Sections (1 nm) were cut
with a Reichert OM-U2 ultramicrotome with a diamond knife
and stained with toluidine blue for light microscopy obser-
vations. For histochemical purposes the periodic acid-Schiff
reaction was applied (Jensen, 1962). Semithin sections were
mounted and photographed in a Zeiss Axiophot photomicro-
scope. Ultrathin sections were examined after they had been
stained with lead citrate under a Phillips 300 electron micro-
scope at an accelerating voltage of 80 kV.

Reproducibility

Data in figures are mean values from four independent
experiments in which 10 samples were used for each individ-
ual experiment.

RESULTS

Nodules developed in the absence of B were smaller in size
(Fig. IB) and in weight (Fig. 2A) than the control. Most of
the nodules from low-B plants appeared pale in contrast with
the bigger pink control (+B) nodules after 3 weeks of culture
(Fig. 1). Figure IB (arrows) shows necrotic stages in root tips,
which are typical in B-deficient plants. B starvation resulted
in a 50% inhibition of acetylene reduction activity after 2
weeks of treatment and about a 70% inhibition after 3 weeks,
indicating that B-deficient nodules were mostly nonfunc-
tional after 3 and 4 weeks of treatment (Fig. 2B).

Light microscopic examination (Fig. 3) of nodules (3 and 4
weeks old) showed dramatic changes and alterations in the
structure of B-deficient nodules (Fig. 3, B and D) compared
with control nodules (Fig. 3, A and C). Most of the cells
appeared enlarged and irregularly shaped. There is no evi-
dent differentiation between nodular tissues (infected zone
and inner and outer cortex). With respect to cell walls, some
regions were thicker than normal, and others were thinner
or even without wall deposition in B-deficient nodules. Cell
breakage also takes place in B-deficient nodules.

Control nodules accumulated starch grains in the infected
cells close to the inner cortex (Fig. 3E). The accumulation of
starch grains in the central infected tissue (mainly in the
interstitial and not the infected cells of B-deficient nodules,
Fig. 3F) suggests that nodule metabolism was impaired under
B-deficiency conditions, which is in complete accordance
with the observed disorganized structure.

Symbiosomes showed an advanced stage of senescence,
with a degeneration of the pbm and a complete alteration of
bacteroid structure in B-deficient nodules. Symbiosomes were
found with either an altered pbm or without membranes,
and ghosts of degraded pbm were also found in the same

Figure 1. Pea root nodules developed with 0.1 mg L ' B (A) or
without added B (B) in the culture media. Arrows show necrotic
root tips from B-deficient plants.

cell (Fig. 4B). Comparison of infection threads in control and
B-deficient nodules (Fig. 4, C and D) showed clear alterations
in the latter. First, the membrane of B-deficient infection
threads appeared degraded and broken at certain sites; sec-
ond, bacteria inside the thread appeared osmiophilic, prob-
ably due to the general advanced stage of senescence.

The structure of cell walls in B-deficient nodules, when
observed under the electron microscope, corroborated the
observations made by light microscopy. The infected cells
were sinuous in shape, and their cell walls were irregularly
developed (Fig. 4F, arrowheads).

DISCUSSION

As a nutrient for plants, B is specially required in meriste-
matic cells (Raven, 1980) more than in mature tissues. Thus,
the first effects of B deficiency appear in meristems, as
described long ago by Sommer and Sorokin (1928). A high
meristem B requirement occurs because of the low phloem
mobility of B from shoots to other parts of the plant, leading
to a higher accumulation of B in leaves (Raven, 1980). Be-
cause very little B is redistributed from shoots, a continuous
external supply of B during the development of the plant is
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Figure 2. Effect of B deprivation on the weight (A) and nitrogenase
(acetylene reduction) activity (B) of pea root nodules. D, Control;
•, B deficient.

imperative (Gupta, 1979); otherwise, a B deficiency occurs in
roots, as we also found in B-deficient pea root (data not
shown). Approximately 24 h after B was removed from the
nutrient solution, root elongation stopped (Cohen and Lep-
per, 1977), whereas this effect appeared later on the shoots
due to the higher concentration of nutrients in leaves (Loomis
and Durst, 1991). We also found this effect in pea roots
grown in low B, which produced necrotic root tips (Fig. IB,
arrows).

B concentration in nodules from low-B peas was also very
low compared with the control (+B) nodules (data not
shown). Nodule development starts with the induction of a
new meristem (Rolfe and Gresshoff, 1988) where, after in-
vasion by Rhizobium and maturation, N2 fixation begins. With
the B deficiency in this new meristem, the pea nodule struc-
ture and function were damaged, leading to a lack of nitrogen
for the pea. Nodulated peas were necrotic after growing for
30 d in the absence of B, probably because of a lack of
nitrogen, whereas peas growing with NO3~ as the nitrogen
source did not necrose (data not shown).

During nodule development an extensive synthesis of
membrane of about 30- to 50-fold of that in other tissues
occurs in infected cells to build the pbm of each symbiosome
(Robertson et al., 1984; Bradley et al., 1986). Because most of
the B in plants is bound in cell walls (Thellier et al., 1979)
and membranes (Torchia and Hirsch, 1982; Parr and Lough-
man, 1983), it is logical to find high levels of B in nodules
(data not shown) and to observe the dramatic alterations
produced by B deficiency in this structure.

The structural alteration of B-deprived nodules showing
senescence correlates with the progressive inhibition of nitro-
genase activity (Fig. 2B). Most of the nodules from B-deficient
plants were not functional (Fig. 2B). Brenchley and Thomton
(1925) reported a low number and ineffective nodules in B-
deficient V. faba. Because B was not essential for Rhizobium,
these authors attributed the alterations to an effect of B on
the vascular tissue, which would not allow normal transport
of nutrients from root to nodule. Although this effect cannot
be ruled out, our results show that the vascular tissue was
less damaged than the other nodule tissues (Fig. 3). The
accumulation of starch grains found in the interstitial cells of

B-deficient nodules suggested that nodule metabolism is im-
paired by B deficiency.

A similar starch accumulation has been suggested to be a
feature of stress in indeterminate nodules (Arrese-Igor et al.,
1993). It may indicate that the vascular tissue was transport-
ing sugars that were stored as starch from the plant to the
nodule, as has been reported for spontaneous nonfunctional
nodules (Caetano-Anolles et al., 1993). In these spontaneous
nodules, sugars were not metabolized in nodules from B-
deficient plants because of alterations caused by the B defi-
ciency. Therefore, alterations in nodule metabolism produced
by B deficiency should be due to a direct effect on nodule
structure development and functionality rather than to the
effect directly produced on the plant.

The electron micrographs of B-deprived nodules show
abnormal infection structures. The growth of an infection

Figure 3. Light micrographs of pea nodules grown in the presence
(A, C, and E) and in absence (B, D, and F) of B. A, Control nodule
stained with toluidine blue. Cortex and infected zone are well
differentiated; X225. B, B-deficient nodule. Nodule structure is
highly disorganized, and nodule tissues are not easily distinguisha-
ble; X225. C, Control nodule showing well-developed infection
threads; X710. D, Infected zone in a B-deficient nodule. Cells are
irregularly shaped (arrowheads), and infection threads are not com-
pletely developed; X710. E, Periodic acid-Schiff reaction in a control
nodule. Starch grains (arrows) are located in the periphery of the
infected cells close to the inner cortex; X225. F, Periodic acid-Schiff
reaction in a B-deficient nodule. Accumulation of starch grains
(arrows) occurs in the interstitial cells of the infected zone; X225.
Ed, Nodule endodermis; 1C, infected cells; IT, infection thread; V,
vascular bundle.



Figure 4. Electron micrographs of pea nodules grown in the presence (A, C, and E) and absence (B, D, and F) of B. A,
Symbiosomes in a control nodule, pbm's are easily observable; x11,300. B, Ghosts of pbm and bacteroid membranes in
a B-deficient nodule; XI3,000. C, A transverse section of an infection thread in a control nodule. Integrity of thread wall
can be observed; X20,700. D, Transverse section of an infection thread in a B-deficient nodule. Infection thread wall
and membrane are lost at certain sites. Bacteria look highly osmiophilic and irregularly shaped, and lysis of bacteria
inside the thread has occurred; x 16,900. E, Cell wall of uniform thickness between two infected cells in a control nodule;
X16,900. F, Infected cell of a B-deficient nodule. Cell wall thickness is irregular (arrowheads), and cell and bacteroid
structure is altered; x24,400. B, Bacteria, b, bacteroid; cw, cell wall; is, intercellular space; IT, infection thread; itw,
infection thread wall; pbs, peribacteroid space.
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thread is driven by the deposition of primary cell wall com- 
ponents (Rae et  al., 1992) to build a tunnel-like structure that 
grows downward in  the cell (Brewin, 1991). Because this wall 
material is stabilized by B (Augsten and Eichom, 1976), the 
correct structure and  growth of the infection threads and, 
consequently, the correct progress of infective bacteria to the 
invasion of the cell is altered by the absence of B. As shown 
in Figure 4D, bacteria are able to invade the cells by cracks 
in the infection threads. B-deficient walls appeared typically 
enlarged (Rajaratman and  Lowry, 1974), as shown in Figure 
4F, which correlates with the enlarged and irregularly shaped 
cells observed under the light microscope (Fig. 3). Despite 
their enlargement, B-deficient walls are very fragile and easily 
broken (Loomis and  Durst, 1991) and appeared to be broken 
in micrographs (Fig. 3). 

Degradation of pbm and infection thread membranes was 
apparent by EM (Fig. 4, B and  F), indicating a role for B in  
the stability of these membranes as  suggested for plant mem- 
branes (Parr and Loughman, 1983; Goldbach et al., 1991). 
The integrity of the pbm is particularly important for a correct 
establishment of the nutritional relation between plant and 
bacteria (Perotto et al., 1991; Verma, 1992). Thus, when 
affected by B deficiency, symbiosomes have a damaged pbm 
and will be nonfunctional, which would elicit responses of 
pathogenesis (Félix et al., 1991) and  a process of premature 
senescence by the failure of nitrogenase activity (Brewin, 
1991), leading to the lysis of the intemal structure of the 
nodule. 

ACKNOWLEDCMENTS 

R. leguminosarum 3841 was kindly provided by Dr. N.J. Brewin 
from John Innes Institute, Norwich, UK. The authors also wish to 
thank Mrs. C. de Mesa, Mrs. M.L. Melendo, and Mrs. M.I. Menéndez 
for competent and skillful technical work and Mr. F. Pinto from the 
electron microscope service for use of facilities. 

Received April 13, 1993; accepted September 1, 1993. 
Copyright Clearance Center: 0032-0889/94/104/0085/06. 

LITERATURE ClTED 

Arrese-Igor C, Royuela M, de Lorenzo C, de Felipe MR, Aparicio- 
Tejo PM (1993) Effect of low rhizosphere oxygen on growth, 
nitrogen fixation and nodule morphology in luceme. Physiol Plant 
(in press) 

Augsten H, Eichorn B (1976) Biochemistry and physiology of the 
effect of boron in plants. Biol Rundsch 14: 268-285 

Beringer JE (1974) R factor transfer in Rhizobium leguminosarum. J 
Gen Microbiol84 188-198 

Blaser-Grill J, Knoppik D, Amberger A, Goldbach H (1989) Influ- 
ente of boron on the membrane potential in Elodea densa and 
Helianthus annus roots and H+ extrusion of suspension cultured 
Daucus carota cells. Plant Physiol90 280-284 

Bonilla I, Garcia-Gonzalez M, Mateo P (1990) Boron requirement 
in Cyanobacteria. Its possible role in the early evolution of pho- 
tosynthetic organisms. Plant Physiol94 1554-1560 

Bradley DJ, Butcher GW, Galfre G, Wood EA, Brewin NJ (1986) 
Physical association between the peribacteroid membrane and 
lipopolysaccharide from the bacteroid outer membrane in Rhizo- 
bium-infected pea root nodule cells. J Cell Sci 8 5  47-61 

Brenchley WE, Thornton HG (1925) The relation between the 
development, structure and functioning of the nodules on Vicia 

juba, as influenced by the presence or absence of boron in the 
nutrient medium. Proc R SOC Lond B Biol Sci 498: 373-398 

Brewin NJ (1991) Development of the legume root nodule. Annu 
Rev Cell Biol7: 191-226 

Caetano-Anolles G, Joshi PA, Gresshoff PM (1993) Nodule mor- 
phogenesis in the absence of Rhizobium. In R Palacios, J Mora, WE 
Newton, eds, New Horizons in Nitrogen Fixation. Kluwer Aca- 
demic Publishers, Dordrecht, The Netherlands, pp 297-302 

Cohen MS, Lepper R (1977) Effect of boron on cell elongation and 
division in squash roots. Plant Physiol59 884-887 

De Felipe MR, Fernandez-Pascual M, Pozuelo JM (1987) Effects 
of the herbicides Lindex and Simazine on chloroplast and nodule 
development, nodule activity and grain yield in Lupinus albus L. 
Plant Soil101: 99-105 

Fahraeus G (1957) The infection of clover root hairs by nodule 
bacteria studied by a simple glass technique. J Gen Microbiol 1 6  

Félix G, Grosskopf DG, Regenass M, Boller T (1991) Rapid changes 
of protein phoshorylation are involved in transduction of elicitor 
signal in plant cells. Proc Natl Acad Sci USA 88: 8831-8834 

García-González M, Mateo P, Bonilla I (1991) Boron requirement 
for envelope structure and function in Anabaena PCC 71 19 heter- 

Gerloff GC (1968) The comparative boron nutrition of severa1 green 
and blue-green algae. Physiol Plant 21: 369-377 

Goldbach HE, Blaser-Grill J, Lindemann N, Porzelt M, Horrmann 
C, Lupp B, Gessner B (1991) Influence of boron on the net proton 
release and its relation to other metabolic processes. In DD Randall, 
DG Blevins, CD Miles, eds, Current Topics in Plant Biochemistry 
and Physiology, Vol 10. University of Missouri, Columbia, MO, 

Gupta UC (1979) Boron nutrition of crops. Adv Agron 31: 273-307 
Jensen WA (1962) Botanical Histochemistry: Prindples and Practice. 

WH Freeman, San Francisco, CA, pp 198-199 
Lewis DH (1980) Boron, lignification and origin of vascular plants a 

unified hypothesis. New Phytol84 209-229 
Loomis WD, Durst RW (1991) Boron and cell walls. In DD Randall, 

DG Blevins, CD Miles, eds, Current Topics in Plant Biochemistry 
and Physiology, Vol 10. University of Missouri, Columbia, MO, 

Martinez F, Mateo P, Bonilla I, Fernandez-Valiente E, Garate A 
(1986) Growth of Anacystis nidulans in relation to boron supply. 
Isr J Bot 3 5  17-21 

Mateo P, Bonilla I, Fernandez-Valiente E, Sanchez-Maeso E (1986) 
Essentiality of boron for dinitrogen fiwation in Anabaena sp. PCC 
7119. Plant Physiol 81: 17-21 

Parr AJ, Loughman BC (1983) Boron and membrane function in 
plants. In DA Robb, WS Pierpoint, eds, Metals and Micronutrients: 
Uptake and Utilization by Plants. Academic Press, London, pp 

Perotto S, Vandenbosch KA, Butcher GW, Brewin NJ (1991) Mo- 
lecular composition and development of the plant glycocalix as- 
sociated with the peribacteroid membrane of pea root nodules. 
Development 112: 763-773 

Rae AL, Bonfante-Fasolo P, Brewin NJ (1992) Structure and growth 
of infection threads in the legume symbiosis with Rhizobium leg- 
uminosarum. Plant J 2 385-395 

Rajaratman JA, Lowry JB (1974) The role of boron in the oil-palm 
(Elais guineensis). Ann Bot 3 8  193-200 

Raven JA (1980) Short- and long-distance transport of boric acid in 
plants. New Phytol84 231-240 

Robertson JG, Lyttleton P, Tapper BA (1984) The role of peribac- 
teroid membrane in legume root nodules. In C Veeger, WE New- 
ton, eds, Advances in Nitrogen Fixation Research. Nijhoff, Dor- 
drecht, The Netherlands, pp 475-481 

Rolfe BG, Gresshoff PM (1988) Genetic analysis of legume nodule 
initiation. Annu Rev Plant Physiol Plant Mo1 Biol39 297-319 

3 74-38 1 

ocysts. J EXP Bot 4 2  925-929 

pp 195-220 

pp 149-178 

87-107 



90 Bolahos et al. Plant Physiol. Vol. 104, 1994 

Schon MK, Novacky A, Blevins DG (1990) Boron induces hyper- 
polarization of sunflower root cell membranes and increases mem- 
branes permeability to K+. Plant Physiol 9 3  566-571 

Shkol’nik MY, Maevskaya AN (1977) Differences insensitivity of 
various plant taxa to boron deficiency and their causes. Bot Zh 1 0  

Smyth DA; Dugger WM (1981) Cellular changes during boron 
deficient culture of the diatom Cylindrothecafusiformis. Plant Phys- 
iol51: 111-117 

Sommer AL, Sorokin H (1928) Effects of the absence of boron and 
of some other essential elements on the cell and tissue structure of 
the root tips of Pisum sativum. Plant Physiol3 237-260 

1528-1540 

Stewart WDP, Fitzgerald GP, Burris RH (1967) In situ studies on 
N2 fixation using the acetylene reduction technique. Proc Natl 
Acad Sci USA 5 8  2071-2078 

Thellier M, Duval Y, Demarty M (1979) Borate exchanges of L e m a  
minor L. as studied with the help of the enriched stable isotope 
and of a (n, a) nuclear reaction. Plant Physiol63 283-288 

Torchia RA, Hirsch AM (1982) Analysis of membrane fractions 
from boron-deficient and control sunflower root tips by (n,) nuclear 
reaction. Plant Physiol 69: 5-44 

Verma DPS (1992) Signals in root nodule organogenesis and endo- 
cytosis of Rhizobium. Plant Cell4 373-382 

Wolf B (1974) Improvement in the azomethine H method for deter- 
mination of boron. Commun Soil Sci Plant Ana1 5 39-44 




