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INTRODUCTION

As soybean production continues to intensify, nutri-
tional guidelines for maximum production require re-evalua-
tion. The use of concentrated fertilizers on highly weath-
ered soils with depleted micronutrient reserves and
increased crop yields has resulted in more frequent occur-
rence of micronutrient deficiencies. Application of micro-
nutrients to soybeans has received much attention in the At-
lantic Coastal Plain region because of possible yield losses
due to micronutrient deficiencies. Manganese deficiency of
soybeans has been prevalent in this area for many years.
Sandy-textured soils with low organic matter content and
with pH values ranging from slightly acidic.to neutral lev-
els frequently supply inadequate Mn for soybeans. Recent
studies under similar conditions indicate the possible oc;
currence of B, Cu and Zn deficiencies in soybeans, especial-
ly after correction of Mn deficiency. It is in this envi-
ronment that the demand for other elements also increases.

The present study was undertaken to investigate the
response of soybeans to B, Cu, Mn and 2Zn applications and to
evaluate methods, rates and times of Mn application. Five
field experiments were conducted for this research at four
different locations in the Atlantic Coastal Plain region

during the 1982 and 1983 growihg seasons.



The objectives of this study were as follows:

1)

2)

3)

4)

to determine the effect of B, Cu, Mn and Zn appli-
cations on soybean seed yield on selected soils;

to compare levels of extractable soil B, Cu, Mn and
Zn with soybean yield response to application of
these micronutrients;

to investigate the effect of B, Cu, Mn and Zn ap-
plications on the concentration of these micronut-
rients in soybean plants; and

to evaluate the effect of time and rate of foliar
Mn applications on soybean seed yield on selected

soils.



LITERATURE REVIEW

GECCHEMISTRY OF BORON, COPPER, MANGANESE AND ZINC
BORON |

Boron 1is the only nonmetal among micronutrient ele-
ments. It has a constant valence of +3 and a very small
ionic radius (Krauskopf, 1972). Total boron content in soil
range from 2 to 1000 ug/g (Fleming, 1980). Soil formed from
marine sediments and shales are highest in B; the lowest B
contents occur in soils derived from acid igneous rocks and
freshwater sedimentary deposits with a coarse texture and a
low organic matter content (Aubert and Pinta, 1977; Gupta,
1979; Fleming, 1980).

A large portion of soil B is found in silicate minerals
because B has the ability to replace Si in tetrahedrally-
coordinated positions (Norrish, 1975). Fleming (1980)
pointed out that there are about 30 B silicates and that
only tourmaline 1s present 1in significant gquantities in
soils. Tourmaline, which contains 3 to 4% B, is formed from
acid rocks and metamorphosed sediments (Norrish, 1975).
Most of the plant-available fraction of B originates from

sediments or organic materials (Bowen, 1977).



COPPER

The total Cu content in soil ranges from trace amounts
to 250 ug/g (Aubert and Pinta, 1377). According to Kubota
(1981), the average soil Cu content in the United State is
about 9 pg/g and the highly-weathered soils in the Atlantic
Coastal Plain have the least Cu with an average of about 5
wg/9g. Basalt contains the highest amount of Cu, and among
sedimented rocks, shales are the richest in Cu (Fleming,
1980). Copper mostly occurs as primary sulfide minerals
such as bornite (CusFeS,;) or chalcopyrite (CuFeS,); leaching
and precipitation from these minerals results in secondary
sulfide minerals such as chalcocite (CuZS) and covellite
(CuS) (Parker, 1981; Krauskopf, 1972; Fleming, 1980). The
solubility of the sulfide Cu forms is low as a result of
strong covalent bonds between Cu and S (Fleming, 1980).

Copper has two valenceé, +1 and +2, in natural com-
pounds, and +2 1is the common valency in most of the com-
pounds found in the earth surface. The Cu*! is more common
in minerals formed beneath the earth's surface (Krauskopf,
1972). 1In soil solution, Cu exists either as a divalent ion
or as a divalent complex form, but Cu*! is unstable (Kraus-
kopf, 1972; Fleming, 1980). Stable anionic forms of Cut!
like CuCl,” have been found in the soil solution (Krauskopf,

1972).



Copper content in soil is directly proportional to clay
content. Since Cu is very immobile, many soil profiles show
little wvariation in Cu content with depth, but in leached
soils, the B horizon contains a higher amount of Cu than
the A, horizon (Hodgson, 1963; Aubert and Pinta, 1977).
Formation of covalent.bonds between Cu and clay minerals

prevents movement of Cu with water flow (Krauskopf, 1972).

MANGANESE

The amount of total Mn in soil varies considerably from
<20 to >6000 ug/g (Krauskopf, 1972). Unlike other heavy me-
tals in sedimentary rocks, Mn content is much higher in car-
bonate rocks 1like 1limestone and dolomite than in shales
(Krauskopf, 1972). Sandstone contains a relatively small
amount of Mn, which ranges from 20 to 500 ug/g (Aubert and
Pinta, 1977). In common igneous rocks the ratio of Mn/Fe
usually is rather constant and Mn contents in basic eruptive
rocks like basalt and gabro are much higher than that in
acid eruptive rocks like granite and rhyolite (Krauskopf,
1972; Aubert and Pinta} 1977). Manganese found in igneous
rocks is mostly present in silicate minerals in the forms of
manganous, the Mn2*t cation (Norrish, 1975).

Manganese in naturally occurring compounds shows one of

three valences, +2, +3, or +4 (Krauskopf, 1972). Manganous



Mn is the most mobile form of these three and is easily tak-
en up by plants (Cheng, 1973; Aubert and Pinta, 1977). The
quadrivalent cation could be found only at very low pH lev-
~els and the trivalent cation is unstable in solution (Kraus-
kopf, 1972).

Weathering of Mn minerals in a reduced environment re-
leases Mn2?* into solution. Under oxidizing conditions, Mn2*
is oxidized and forms manganite (MnOOH), pyrolusite (MnO,;)
or other forms of complex compounds (Norrish, 1975). Forma-
tion of a large number of oxides and hydroxides and substi-
tution of Mn?* and Mn3* for Mn*‘* complicate Mn mineralogy.
Oxidation and reduction of Mn ions, without changing their
position in the crystaline structure, results in mechanical
instability by rearrangement of the structure into a new
phase (McKenzie, 1977).

Oxidation of Mn is favoredvby alkaline conditions and,
at near-neutral pH values, oxidation is slow. Once a small
amount of MnO, is formed, the oxidation of Mn2* is acceler-
ated as MnO, is autocatalytic (Krauskopf, 1972; Jauregui and
Reisenauer, 1982). Pyrolusite is the most stable Mn oxide
(Norrish, 1975; Krauskopf,ll972). Various kinds of crysta-
line Mn oxides are found in soil; among them, birnessite,

lithiophorite and hollandite are the most common (McKenzie,

1972). Lithiophorite mainly occurs in neutral to acid sub-



surface soils whereas birnessite i1s more common in alkaline
surface horizons (Taylor et al., 1964). These complex forms
of Mn oxide are present as coatings on other -soil particles,
as deposits in cracks and veins and as nodules of various
shapes up to 2 cm in diameter (Taylor et al., 1964; McKen-
zie, 1977). Nodules contain oxides of both Fe and Mﬁ as
well as other soil particles and their concentric laYering
suggests a seasonal growth (McKenzie, 1977). Manganese ox-
ides and. hydroxides have a high sorption capacity for heavy
metals and, thus, may even control the availability of these

trace elements.

ZINC

The Zn content in soil ranges from 10 to 300 ug/g and
averages approximately 80 ug/g (Lindsay, 1972; Fleming,
1980). Basic eruptive rocks havé a higher 2Zn content than
acid eruptive 7rocks, e.g., basalt contains 100 ug 2Z2n/g,
whereas granite has a 2n content of about 40 ug/g (Aubert
and Pinta, 1977; Fleming, 1980).

Zinc has only one valence, +2, 1in natural minerals
(Krauskopf, 1972; Lindsay, 1972). Most commonly, 2Zn2* shows
4-coordination in mineral structures, but in some minerals
6-coordination occurs with oxygen (Krauskopf, 1972). The

solubility of Zn compounds is generally high and, as a re-



sult, simple compounds 1like zincite (2Z2nO) and smithsonite
(ZnCO3) do not persist in soil (Lindsay, 1972). Sphalerite
(ZnS), the most common Zn mineral in soil, forms where H,S
is produced under reducing conditions (Lindsay, 1972).

High concentrations of 2Zn?* do not persist in basic so-
lutions due to Zn(OH), precipitation. The Zn(OH), is unsta-
ble and subsequently decomposes to form =zincite (ZnO)
(Krauskopf, 1972). Zincite reacts with either carbonates or
silicates to precipitate smithsonite (ZnCOz), hemimorphite
(Zn4 (OH) 2S1,07¢H,0) or, at higher temperatures, willemite
(Zn,Si04). These compounds are too soluble to control the
amount of 2Zn%* in most soil solutions. Krauskopf (1972)
postulated that adsorption on clay minerals, hydroxy oxides
and organic’compounds controls the amounts of Zn?* in soil

solutions.

FACTORS AFFECTING THE AVAILABILITY OF BORON, COPPER,
MANGANESE AND ZINC IN SOIL

SOIL pH AND Eh

The activity of micronutrients in soil solution is
largely determined by the Eh and pH of the environment (Shu-
man et ai., 1979; Sims and Patrick, 1978; Lucas and Knezek,
1972). Generally, higher amounts of soil B, Cu, Mn and Zn
occur in the exchangeable and organic fractions at lower pH
and Eh levels than at higher 1levels (Loneragan, 1975;

McBride, 1982; Lindsay, 1972).



Several reports on B indicate that the plant available
fraction of soil B is negatively correlated with soil pH
(Bennett and Mathias, 1973; Bartlett and Picarelli, 1973;
Wolf, 1940; Wear and Patterson, 1962; Gupta and Macleod,
1981). However, deviation from this occurs with factors
such as crop species and soil characteristics (Gupta, 1977;
Martens, 1968). Boron retention by soil clay particles and
organic complexes is pH dependent with a maximum in the al-
kaline range (Berger and Truog, 1945; Peterson and Newmen,
1976; Gupta and Macleod, 1977; Hingston, 1964). Retention
of B by Al and Fe hydroxides and oxides decreases B avail-
ability under alkaline conditions (Sims and Bingham, 1968;
Loneragan, 1975). Loneragan (1975) reported that B adsorp-
tion by Fe oxides is strongest at pH 9.0 and becomes weaker
as pH decreases. According t& Fleming (1980) maximum B ad-
sorption occurs in the pH range of 5.5 to 7.0 for Al oxides
and in the range of pH 8 to 9.0 for Fe oxides and clay min-
erals.

Soil Mn undergoes more changes than Cu and Zn with
fluctuations in soil pH (Sims and Patrick, 1978). The oxi-
dation state of Mn varies with the Eh of the environment;
Mn** and Mn®* compounds occur in the solid phase in oxidized
environments, while Mn2* is dominant in the soil solution

and in the solid phase in reduced environments (Schwab and
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Lindsay, 1983). Formation of insoluble higher oxides in ox-
idized environments decreases the availability of soil Mn,
whereas flooding increases Mn solubility (Iu et al., 1981;
Chaudhry and McLean, 1963; Jugsujinda and Patrick, 1977).

It is well established that soil acidity has a pro-
nounced effect on the availability of Mn to plants (Godo and
Reisenauer, 1980; Shuman et al., 1979; Mulder and Guerret-
sen, 1952; Cheng and Ouelette, 1971). Berger and Gerloff

(1947) corrected Mn toxicity in potatoes (Solanum tuberosum

L.) by application of limestone to an acid soil. Liming de-
creased the extractable soil Mn by 12 to 15% and the average
tissue Mn concentration from 970 to 390 ug/g (VanLierop et

al. 1982). Crinkel leaf of cotton (Gossypium hirustum L.),

which is caused by Mﬁ toxicity, occurs very frequently on
acidic soils in the eastern Cotton Belt. Foy et al. (1981)
overcame this problem by increasing soil pH. Parker et al.
(1981) observed a decrease in Mn concentration in soybean
tissue and an increase in seed yield and weight from an in-
crease in soil pH. The increased pH resulted in a three-
fold decrease in exchangeable soil Mn and a two-fold de-
crease in plant Mn content (Cheng and Ouellette, 1971).
Under élkaline pPH levels, Mn availability is decreased
by direct chemical oxidation, by biological oxidation (Tier-

ney and Martens, 1982; Bromfield, 1978) or by formation of
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complexes with organic compound; (Loneragan, 1975; McBride,
1982). The release of Mn2* from soil organic complexes de-
pends- on the pH of the environment. McBride (1982) conclud-
ed that much Mn?* is adsorbed as outer-sphere complexes by
solid soil organic materials at low pH levels and that, with
pH increases, more carboxylate sites are available for for-
mation of inner-sphere complexes. There is less Mn mobility
from inner-sphere than from outer-sphere complexes.

The plant available fraction of soil Cu and 2n is de-
creased with an increase in soil pH (White et al., 1979;
Wallace et al., 1978; Lindsay, 1972; Harter, 19835. White
et al. k1979) reported a 679% reduction in Zn absorption by
soybean plants grown in a soil with a pH of 6.5 in compari-
son with plants grown in a soil with a pH of 5.5, though the
same amount of Zn was applied to both soils. Limestone ap-
plication corrected 2Zn toxicity in cotton (Lee and Page,
1967) and soybeans (Lee and Craddock, 1969) grown in peach
orchard soils with low pH and high available Zn.

Retention of Cu and Zn by soil dramatically increases
above pH 7.5. 2Zinc is mainly retained on exchange complexes
and Cu may be retained on exchange complexes or as a preci-
pitate (Harter, 1983). Soil pH and contents of soil clay,
hydroxides, oxides and organic matter are the dominant prop-

erties that influence Cu and Zn sorption (Iyengar et al.,
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1981; Mullins et al., 1982). Even though the solubility of
Cu and Zn decreases when soil pH beccomes alkaline, formation
of metal-organic complexes retain a considerable amount of
Cu and Z2n in soil solution (Lindsay, 1972; Loneragan, 1975).

Oxidation-reduction conditions in a soil either may de-
crease or increase the availability of micronutrients. So-
lubilization of Fe and Mn oxides under reduced environments
releases other occluded ions, like Cu?* and Zn?* (Ponnamper-
uma, 1972; Verloo et al., 1980). Formation of insoluble
sulfides may reduce the solubilties of Cu and Zn under sev-
ere reducing conditions whereas release of these elements is
favored by accelerated oxidation of organic complexes under

oxidizing environments (Verloo et al., 1980).

ORGANIC MATTER

Hodgson (1963) pointed out three major ways that organ-
ic matter affects Mn transformations in soil; i) reduction
of Mn ions in solution by complexing agents, 1ii) direct or
indirect decreases in oxidation potential of soil through
increased microbial activity and iii) incorporation of Mn
in biological tissues as a result of stimulated microbial
activity. Formation of insoluble organic complexes, espe-
cially in alkaline organic soils, causes Mn deficiency in

plants even though the total soil Mn content is adegquately
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high (Mulder and Gerretsen, 1952; Christensen et al., 1950;
Cheng and Ouellette, 1971). Page (1962) concluded that
changes in the availability of Mn with pH were due neither
to biological oxidation nor to formation of higher oxides,
but were due to éomplexation of Mn by organic matter. In
contrast, addition of organic matter into acid mineral
soils increased the exchangeable and easily reducible Mn
(Cheng and Ouellette, 1971; Mandal and Mitra, 1982).

Immobilization of B, Cu, Mn and Zn may occur through
either solid phase complexation or formation of precipitates
(Stevenson and Ardakani, 1972). On the other hand, hSmic
and fulvic acids combine with these elements to form soluble
compounds that are readily available to plants (Stevenson
and Ardakani, 1972). Copper is more strongly.chelated by
organic matter than Mn, 2n or B (Legerwerff and Milberg,
1978; Lonerégan, 1975; Stevenson and Fitch, 1981). ~Since Cu
forms soluble organic complexes within a wide range of pH,
there is little change in Cu absorption by plants with a
fluctuation in soil pH (Loneragan, 1975). Most of the B in
soil is held by organic matter, which partially prevents
leaching loss of B (Fleming, 1980).

Application of organic fertilizers like manure usually
increases the plant availability of micronutrients (Prasad

and Singha, 1982). Soil organic C positively correlates
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with available Mn and Zn (Prasad and Singha,‘1982). Howev-
er, 1incorporation of plant residues into soil may cause mi-
cronutrient deficiencies during the early stages of decompo-
sition (Lindsay, 1972). During later stages, mineralization
of organic matter as well as solubilization of soil minerals
through stimulated microorganism activity increase the am-
ounts of micronutrients in soil solution (Baker, 1973; Lind-

say, 1972).

MICROBIOLOGICAL ACTIVITY

Early workers reported that Mn deficiency occurred in

oat plants (Avena sativa L.) on an area that was inoculated

R

with soil from Mn "deficient" fields (Guerretsen, 1937; Ti-
monih, 1946). This phenomena was explained as oxidation of
soil Mn by bacteria and tﬁen by formation of insoluble Mn
oxides.

Microorganisms may affect the availability of plant
nutrients in several ways, namely, decomposition of organic
compounds, immobilization of ions by incorporation into mi-
crobial tissues, oxidation, reduction, or indirectly by
changing pH or Eh (Alexender, 1977). Oxidation of Mn2* to
Mn**, which controls the Mn2?* concentration in soil solu-
tion, is more related with current microbilogical activities

than with physico-chemical factors (Loneragan, 1975). Lam-
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bert et al. (1978) suggested that suppression of the growth
of mycorrhizae caused Zn and Cu deficiencies in corn (Zea
mays L.) and éoybeans under heavy P fertilization. Rapid
growth of microorganisms at least temporarily immobilizes
plant nutrients and therefore, may cause nutrient deficien-
cies (Lindsay, 1972).

Soil sterilization either decreases or increaes the
plant availability of Mn. Sterilization may result in toxic
levels of Mn in some soils (Boyd, 1971; Cheng and OQOuellette,
1970). In contrast, Jones (1957) used soil sterilization to
control the higher levels of Mn solubility caused by lime-
induced microbial growth.

A number of bacteria including chromobacterium, £flavo-
bacterium and corynebacterium (Bromfield and Sherman, 1950)
and certain fungi of the genera cladosporium, trirgschemia,
and pleospora have the ability to oxidize Mn and, thus, to
decrease Mn availability (Cheng and Ouellette, 1971). Stu-
dies by Gregory and Staley (1982) revealed the Mn oxidizing
ability of a large variety of heterotropic, fresh water
bacteria. Several microorganisms have the ability to uti-
lize MnO, as a source of oxygen and,  thereby; to release
Mn2* into soil solution, thus, these microorganisms indi-
rectly reduce Mn oxides by changing Eh (McKenzie, 1977;

Cheng and Ouellette, 1971; Trimble and Ehrick, 1968). Ba-
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cillus 29 and Coccus 32, isolated from ferromanganese no-
dules have the ability to reduce MnO, under anaerobic as
well as aerobic conditions (Trimble and Ehrlich, 1968).
Complex sulfides of Cu and Zn can be oxidized to form simple

compounds such as CuSO, and 2ZnSO, by Thiobacillus ferrooxi-

dans (Lundgren and Silver, 1980).

RHIZOSPHERE EFFECTS

Root exudates may change the chemical environment of
the rhizosphere either by directly interacting with soil
constituents or by influencing microbial activity. The ef-
fect of both is to change the availabilty of plant nutrients
at the vicinity of the root surface (Hodgson, 1963). At a
given pH, rhizosphere so0il shows a greater Mn solubility
than the bulk soil due to chemical reduction and chelation
(Godo and Reisenauer, 1980; Mulder and Gerretsen, 1952).
Solubility of soil Mn in common root exudate compounds such
as citrate, malate, glutamate, and a mixture of them is much
greater than that in CaCl, solution (Godo and Reisenauer,
1980). Malic acid, an important constituent of the rooct ex-
udates of several plant species, has been shown to reduce Mn
in MnO, and, thereby, to increase Mn solubility. Malate 1is
oxidized to CO, and H,O0 by MnO,. Hydrogen ions are consumed

and Mn2* ions are released during the reaction. Acidic con-
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ditions favor the reaction, but higher pH levels in calcare-
ous systems do not inhibit the prccess (Jauregui and Reise-
nauer, 1982).

Root extracts like organic acids, HCOz~ and H* ions may
affect soil colloids and result in a release of trace ele-
ments sorbed to!them (Loneragan, 1975). Broomfield (1958)
-observed a considerable increase in Mn solubility after
treating insoluble Mn oxides with wash water of oat roots.
Ketogluconate excreted by microorganisms living in the root
rhizosphere accelerates the release of Zn from insoluble si-
licate minerals (Webly et al., 1960). Studies by Wilkinson

et al. (1968) with wheat (Triticum aestivum L.) and by Till-

er et al. (1972) with subterranean clover (Trifolium subter-

ranean L.) in alkaline soils revealed that 70% or more of
the Zn absorbed by plants originated from specifically bound
Zn due to root activities. Colonization of Mn oxidizing
bacteria in oat rhizosphere causes Mn deficiency (Timonin,
1946). Attraction of these bacteria toward the rhizosphere
is stimulated by Ca citrate, a secondary product of the ci-

tric acid secreted by roots.
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INTERACTION WITH OTHER ELEMENTS

The availability of micronutrients is affected by the
presence of other elements and by interactions among the mi-
cronutrients. Reports on these interactions are often con-
flicting, probably because of the contribution of other fac-
tors (White et al. 1979; Yadav and Shukla, 1982; Wallace et
al. 1978; Mathur and Levesque, 1983).

Absorption and translocation of 2Zn by soybean plants
are decreased when the available Mn content in soil is high
(Reddy et al., 1978; Hauf and Schmid, 1967; Sing and Steen-
burg, 1974). Competition for the same absorption sites and
changes in physiogical proceéses involved in Zn transloca-
tion at higher levels of Mn probably govern the observed low
Zn content in plants (Reddy et al., 1978). White and Chaney
(1980) stated that the foliar Mn level in soybeans grown in
\high Mn soils 1is increased with the application of Zn, but
is decreased in low Mn soils. The interaction between Mn
absorption and Zn application varies with soil pH. Root Mn
in soybeans was increased linearly with the addition of 2n
at pH levels of 5.5 to 6.5, but leaf Mn accumulation was in-
creased curvilinearly at pH 5.5 and linearly at pH 6.5
(White et al., 1979). Somewhat contradictorily, Ohki (1977)
reported that the Mn content in soybean leaves reached the

toxic level of 375 ug/g under Zn deficient conditions.
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Application of Cu fertilizer to organic soils releases
Mn and Zn from organic complexes to weaker sites of adsorp-
tion or éhelation (Mathur and Levesgue, 1983; Kuradi and
Doner, 1983). Mixing either Cu or Mn into rice (Oryza sati-
va L.) paddy soils decreases extractable Zn as well as Zn
availability (Halder and Mandal, 1982). Experiments by
Fuehring and Soofi (1964) show that soil Cu did not affect

Mn uptake by sugarcane (Saccarum officinarum L.) but nega-

tively correlated with 2Zn uptake. In contrast, Kuradi and
Doner (1983) found a negative correlation between soil Cu
content and Zn sorption by soil partiéles in soils low in
cation exchange capacity.

It is well known that heavy rates of P application havé‘
an adverse affect on 2Zn absorption and translocation by
plants (Wallace et al., 1978; Yadav and Shukla, 1982; Safa-
ya, 1976; Paulsen and Rotimi, 1968; Saeed and Fox, 1979).
Paulsen and Rotimi (1968) stated that P-induced Zn deficien-
cy is caused by less translocation of Z2n within the plant.
According to Safaya (1976), higher levels of P decrease Zn
absorption through epidermal or surface cell layers of the
root and prevent the entrance to the root xylem through the
endodermis. In addition, P application increases the nega-
tive charges on Fe and Al oxides (Seed and Fox, 1979; Loner-

agan, 1975) and, as a result, Zn adsorption is increased on
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these soil components. Mandal and Maldar (1980) observed
precipitation of Mn phosphate with heavy rates of P applica-
tion.

Correction of Mn toxicity in Medicago spp. with appli-
"cation of Ca is directly related to the reduction in Mn up-
take by plants (Robson and Loneragan, 1970; Ouellette and
Dessureaux, 1958) and to the retention of absorbed Mn in the
root system (Ouellette and Dessureaux, 1958). Jauregui and
Reisenauer (1982) observed a strong negative effect of CaCOj
on Mn availability by immobilization of Mn2®* through adsorp-
tion and precipitation or formation of manganocalcite. For-
mation of Ca metaborates, which polymerized to form chain
structures, reduces the B availability in limed soils (Col-
well and Cuminings, 1944). Precipitation of Al(OH)z; with
liming reduces soluble B as freshly formed Al(OH); has a
high affinity for B (Hatcher et al., 1967).

Zinc concentration in soybean tissue is increased with
application of low rates of elemental S (Kumar and Singh,
1979; Procopiou et al., 1976). Application of elemental S
increases tissue Mn levels in soybeans. This can not be a
result of reduced pH because the change in pH was only from
7.7 to 7.4 (Procopiou et al., 1976). It is possible that
oxidation of elemental S xﬁay release some Mn from bound

forms.
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PLANT FUNCTIONS OF BORON, COPPER, MANGANESE AND ZINC
FUNCTIONS OF BORON

Unlike Mn, Cu and Zn, B has not been identified in any
plant eﬁzyme system. Death of shoot buds and roots (Gauch
and Dugger, 1956; Van de Venter and Currier, 1977), ob-
structed translocation (Baker et al., 1956; Van de Venter
and Currier, 1977; Mengel and Kirkby, 1982) and accumulation
of phenolic compounds (Slack and Whittington, 1964) are the
most common disorders that result from an inadequate supply
of B. Gupta (1978) suggested that a continuous supply of B
is required for maintenance of meristematic activity. Under
B deficient conditions, there is impairment of meristematic
growth, death of terminal meristems and abnormal growth of
stomata (Mengel and Kirkby, 1982; Baker et al., 1956).

Boron has a major role in synthesis of uracil, an es-
sential component of RNA synthesis (Birnbaum et al., 1977).
Lack of uracil also affects the synthesis of uridine di-
phosphate glucose, an essential coenzyme in the formation of
sucrose (Mengel and Kirkby, 1982). Translocation of assimi-
lates is inhibited under such a condition because sucrose is
the most important form of sugar transported within the
plant (Mengel and Kirkby, 1982). Disorganization of cambial
tissue growth in B deficient plantsichanges the vertical ar-

rangement of sieve elements, and excessive callose formation
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plugs the sieve plates and, therefore, decreases transloca-
tion (Van de Venter and Currief, 1977). Pollard et al.
(1976) suggested that membrane functions and, hence, ion se-

lectivity of membranes depends on the B supply to plants.

EUNCTIONS OF COPPER

Copper is an essential constitute in a number of Kkey
enzymes in plants (Bussler, 1981; Nicholas, 1975; Lyszcz et
al., 1976). Tyrosinase, laccase, ascorbic acid oxidase, cy-
tochrome oxidase and plastocyanin are some of the important
enzymes with Cu as a component (Nicholas, 1975). Depression

of the respiration rate in sunflower (Helianthus annus L.)

was attributed to the reduction of ascorbic acid oxidase and
catechol oxidase under Cu-deficient conditions (Lyszcz et
al., 1976). Plastocyanin, a non-autoxidizable Cu enzyme,
mediates the photosynthefic electron transport for photosys-
tem I (Nicholas, 1975; Bussler, 1981). Copper is strongly
as well as preferentially bound to plastocyanin (Bussler,
1981). Because of these two characteristics, this enzyme
functicons under conditions of a very low level of plant Cu
(Bussler, 1981).

Induction of chlorosis, structural malformation of
leaves and inhibition of photosynthesis have been observed

as a result of an inadequate supply of Cu (Bussler, 1981).
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Plant chloroplasts contain a considerable amount of Cu; for
example, Neish (1939) reported that 759 of the total Cu con-

tent in clover (Trifolium repens L.) was found in chloro-

plasts. Nitrogen fixation associated with legumes is af-
fected by Cu deficiency and, as stated by Snoball (1980),
Cu-deficiency induéed chlorosis in subterranian clover is
due to a secondary effect caused by reduced N fixation.
Plant Cu influences the formation as well as the lignifica-
tion of =xylem vessels (Bussler, 1981). Plant growth and
pollen fertility are decreased in Cu deficient plants. Stu-
dies by Dell (1981) showed that wheat, oats and barley (Hor-

deum distichon L.) were highly sensitive to these abnormali-

ties.

FUNCTIONS OF MANGANESE

In 1937, Pirson showed for the first time that Mn defi-
ciency decreased photosynthesis without having much of an
effect on chlorophyll content or on respiration (Boardman,
1975). Studies by Kessler (1955) suggested Mn as an essen-
tial element for O, evolution during the photosynthetic pro-
cess. Further studies by Possingham and Spencer (1962) rev-
ealed that Mn 1is tightly bound in grana in chloroplasts.
They concluded that Mn is directly involved in the Hill
reaction and that it is an essential component of the O,

evolving sequence of chloroplasts.
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When Mn is deficient, the structure of chloroplasts is
markedly impaired (Possingham, 1964; Gavalas and Clark,
1971; Heath and Hinda, 1969). The number of components per
grana and the number of grana per chloroplast are reduced
and disorganization of intergrana membranes occurs with an
inadequate supply of Mn (Possingham, 1964).

Inhibition of photoSynthesis occurs in Mn deficient oat
plants without a considerable decrease in chlorophyll con-
tent (Gerretson, 1949). Observations with soybeans suggest-
ed that the reduction of photosynthesis in Mn deficient
plants was not entirely due to reduced chlorphyll content
and that the tissue respiration rate was decreased consider-
ably (Cooper and Girton, 1963). Manganese occurs in various
respiratory enzyme systems (Gerretson, 1949); and the role
of Mn in the activity of the Kreb's cycle reflects malfunc-
tionings in most of the physiological processes under low Mn
supply (Epstein, 1972). Manganese is tightly bound to the
photochemically active lamellae (Possingham, 1964). Poss-
ingham proposed that Mn is a constituent of some macromole-
cular complexes such as manganoproteins. Two separate Mn
fractions were isolated by Cheniae and Martin (1970) from
chloroplasts; one was loosely bound and the other was firmly
bound to the membrane. It was found that the loosely bound

fraction was associated with 0, evolution whereas the firmly
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bound Mn fraction was an essential part of the as yet unk-
nown electron.donor in photosystem II. Oxygen yield is 1li-
nearly related with the amount of bound Mn and there are 3
ﬁo 4 functional Mn atoms per photosystem II photosynthetic
unit (Cheniae and Martin, 1970). The proportion of chloro-
phyll-A to chlorophyll-B is changed according to Mn supply
and, in Mn deficient plants, the chlorophyll-B content is
relatively higher (Anderson and Pyliotis, 1969).

A low nitrate reductase activity in Mn deficient soybe-
an plants is an indirect effect resulting from reduced pho-
tynthesis (Heenan and Cambell, 1980a). Increased activity
of indoleacetic acid due to low activity of indoleacetic
acid oxidase under a low supply of Mn may change the growth

of plants (Tayler et al., 1968).

FUNCTIONS OF ZINC

Zinc is a component of a number of enzymes including
glutamic dehydrogenase, alcohol dehydrogenase, lactic dehyd-
rogenase, carbonic anhydrase,»carboxy peptidase and DNA po-
lymerase I (Nicholas, 1975). The level of carbonic anhy-
drase and the activity of the enzyme is low in Zn deficient
plants (Randall and Bouma, 1973). Photosynthetic activity
of Zn deficient plants is adversely affected because carbon-

ic anhydrase is an enzyme that facilitates the diffusion of
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CO, through the ligquid phase of the cell to chloroplasts
(Hatch and Slack, 1970; Zelith, 1971). Observations by Ran-
dall and Bouma (1973) suggested that the reduction of car-
bonic anhydrase activity has little effect on photosynthe-
sis, but 2n deficiency decreases the biochemical capacity of
the plant to fix CO,.

An 1inadequate supply of 2Zn reduces the bacterial
N,~-fixation capacity of soybean roots (Demeterio et al.
1972; Kapur et al., 1975). 2Zinc functions in the formation
of auxins and maintains the activity of the enzYme. Auxins
loosen the cellulose cross linkage of root hair tips and,
thus, ease the entrance of Rhizobium through cortical and
epidermal cells to root hair cells (Kapur et al., 1975).
Enolase,- which catalyzes the dehydration of d-2-phospho-
glycerié acid to phosphenol pyruvate, is activated by either

Mn or Zn (Nicholas, 1961).

DETECTION OF BORON, COPPER, MANGANESE AND ZINC DEFICIENCIES

Chlorosis and certain other growth abnormalities are
similar for B, Cﬁ, Mn and Zn deficiencies, but specific
symptoms particular to each element are useful for visual
diagnosis of the deficiencies. Boron deficiency causes

death of bean roots and brittle petioles mainly due to
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changes in turgor of tﬁe plant (Van de Venter and Currier,
1977). Copper deficiency occurs in older leaves of plants.
This deficiency 1is characterized by pale green mottling,
little contrast in color between veinal and interveinal ar-
eas and stunted growth of the root and shoot systems
(Barnes and Cox, 1973). Characteristically, interveinal
chlorosis in younger leaves of the Mn deficient soybean
plants is followed by stunted growth and by late flower ini-
tiation and, under severely deficient conditions, by early
leaf senescence (Epstein, 1972; Heenan and Campbell, 1980b).
Recently matured Zn deficient soybean leaves exhibit a dull
green, wrinkled surface with raised interveinal areas.
Scattered interveinal chlorosis occurs especially in older
léaves; and flower and axillary bud growth are inhibited in

Zn deficient plants (Ohki, 1977).

TISSUE ANALYSIS

Tissue analysis can be effectively used as a diagnostic
tool, along with soil analysis, to confirm suspected defi-
ciencies. Data from regression énalyses indicate that seed
yield is highly related with leaf and seed Mn contents and
that these values can be used for determination of Mn defi-
ciency (Robertson et al., 1973). The accuracy and validity

of interpretive data from leaf analysis depends upon prepa-
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rative steps such as proper sampling, washing, grinding,
drying and storage (Boswell, 1972). Pubescent leaves of
soybeans should be washed in deionized water to remove pos-
sible contaminants like dust and spray materials. The Mn
status of the soil at the time of leaf development is indi-
cated by the Mn concentration of the leaves. The most sui-
table part of the plant for chemical analysis to obtain the
current status of soil fertility levels is the‘uppermost ma-
tured trifoliolate leaf (Kluthcouski and Nelson, 1979; Ohki,
1976).

The tissue concentration of an element below the lower
critical level is considered to be insufficient for optimal
plant growth (Loneragan, 1968). The sufficiency range of B
concentrations 1in soybean leaves was 10 to 63 ug/g (Woo-
druff, 1979). Makarim and Cox (1983) reported that the cri-
tical Cu concentration for the whole soybean plant at the R2
growth stage is 6 ug/g. The critical Mn concentration is 13
Hg/g in recently matured soybean leaf blades at the R2
growth stage and 22 ug/g during the late pod filling stage
(Ohki et al., 1977; 1979). For Zn the critical level was

found to be 15 ug/g in trifoliolate leaves (Ohki, 1977).
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SCIL ANALYSIS

The total content of soil B, Cu, Mn and Zn does not in-
dicate the availability of these micronutrients because the
plant available fractions are highly dependent on other soil
factors including pH, Eh and organic matter content (Cox and
Kamprath, 1972). On the other hand, the critical soil level
of an element is not a constant as it varies with soil prop-
erties (Shuman et al., 1980). Because of the wvariation
among soils, it is not practical to formulate a general ex-
traction method for all soils (Shuman et al., 1978). Dilute
mineral acids or chelating agents are widely used for the
prediction of available micronutrients in soils (Shuman et
al., 1978).

The suitabiity of a Mn extractant varies with soil pH
because the solubility of Mn changes with pH. Shuman and
Anderson (1974) observed that the DTPA extréctant gave a
suitable prediction of Mn availability in the range of pH
5.8 to 6.8 and that, at pH 4.8, a water extract gave a more
accurate prediction. According to the findings of Rcbertson
et al. (1973) hydroquinone, ammonium oxiacetate or double
acid extractable Mn could be effectively used to determine
Mn deficiency in soybeans. Over a range of Mn applications
under different pH levels, DIPA extractable Mn accounted for

72% of the variation in tissue Mn content, while double acid
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extractable Mn accounted orily for 22% (Wilson et al., 1981).
Among 18 extractants studied for 57 soils, DTPA and 0.1 N
HiPO, gave equally good results in prediction of Mn avail-
ability (Randall et al., 1976). The critical levels of soil
Mn rélated to the four extractants, double acid, DTPA, Meh-
lich I and NH4,HCO;-DTPA were 2.60, 0.22, 1.80 and 0.4 ug/g,
respectively (Shuman et al., 1980). Manganese absorption by
soybean plants was well explained by the DTPA and
NH,HCO;-DTPA extractants, but inclusion of soil pH in a re-
gression equation provided an equal abilitx of all four ex-
tractaﬁts to ﬁredict the plant Mn content (Shuman et al.,
1980).

The most common extractants used for prediction of
“available Cu and 2Zn are DTPA, double acid and 0.1 N HC1
(Baker and Amacher, 1982). Acid extractants are not recom-
‘'mended for calcareous soils; DTPA, however, could be used
for soils with a wide range in pH. Hot-water soluble B con-
tents in soil is considered to be an estimate of the B sup-
plying capacity of soil (Gupta, 1979; Touchton and Boswell,
1975). Boron content in soybean leaves is highly correlated
with hot-water soluble B content in the first 15-cm depth,
but when B accumulation in soil is low and pH is high, the

correlation is very low (Touchton and Boswell, 1975).
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CORRECTION OF BORON, COPPER, MANGANESE AND ZINC DEFICIENCY

Sodium borates including borax, solubor, Sodium tetra-
borate and sodium pentaborate are the most popular B ferti-
lizers (Murphy and Walsh, 1972). Touchton and Boswell
(1975) observed significant increases in soybean yield from
foliar and broadcast application of the s<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>