


· Wheat Special Report No. 11

Boron Deficiency in Wheat

Multiple Cropping Center
Chiang Mai University
Chiang Mai, Thailand

February 17-19, 1992



CIMMYT is an internationally funded, nonprofit scientific research and training
organization. Headquartered in Mexico, the Center is engaged in a worldwide research
program for maize, wheat, and triticale, with emphasis on improving the productivity of
agricultural resources in developing countries. It is one of 18 nonprofit international
agricultural research and training centers supported by the Consultative Group on
International Agricultural Research (CGIAR), which is sponsored by the Food and
Agriculture Organization (FAO) of the United Nations, the International Bank for
Reconstruction and Development (World Bank), and the United Nations Development
Programme (UNDP). The CGIAR consists of a combination of 40 donor countries,
international and regional organizations, and private foundations.

CIMMYT receives core support through the CGIAR from a number of sources, including
the international aid agencies of Australia, Austria, Belgium, Brazil, Canada, China,
Denmark, Finland, France, Germany, India, Italy, Japan, Mexico, the Netherlands,
Norway, the Philippines, Spain, Switzerland, the United Kingdom, and the USA, and
from the European Economic Commission, Ford Foundation, Inter-American
Development Bank, OPEC Fund for International Development; UNDP, and World
Bank. CIMMYT also receives non-CGIAR extra-core support from the International
Development Research Centre (IDRC) of Canada, the Rockefeller Foundation, and many
of the core donors listed above.

Responsibility for this publication rests solely with CIMMYT.

Correct Citation: Mann, C.E., and B. Rerkasem, eds. 1992. Boron Deficiency in Wheat.
Wheat Special Report No. 11. Mexico, D.F.: CIMMYT.

ISBN: 968-6127-80-1
AGROVOC descriptors: Triticum aestivum, boron, trace element deficiencies,
functional disorders, plant breeding
AGRIS category codes: H50, F01
Dewey decimal classification: 581.13356



Table of Contents
iv Preface

v Acknowledgment

vi Workshop Participants

1 Methods

1 Principles and practices in micronutrient research with emphasis on boron work
in developing countries, J. Loneragan

5 Effects of boron on male fertility in wheat, C. Cheng and B. Rerkasem

9 Predicting grain set failure with tissue boron analysis, B. Rerkasem and
S. Lordkaew

15 Procedures for boron analysis in plants, R. Netsantip and S. Lordkaew

21 Boron deficiency probe nursery, B. Rerkasem

32 Techniques to study the anther in wheat, C. Cheng, J.A. McComb, and
B. Rerkasem

34 Country Reports and Varietal Screening

34 Boron deficiency in Nepal, T.B. Khatri-Chhetri and S.K. Ghimire

57 Wheat sterility in Nepal-a review, K. Subedi

65 Sterility work in wheat at Tarahara in the eastern Tarai of Nepal, R. Misra,
R.C. Munankarmi, S.P. Pandey, and P.R. Hobbs

72 Wheat Boron deficiency in Yunnan, China, Y. Yanhua

76 Wheat varietal screening for boron deficiency in India, J.P. Tandon,
and S.MA. Naqvi

79 Screening for boron deficiency in wheat, S. Jamjod, C.E. Mann, and B. Rerkasem

83 Genetics

83 Combining ability of the response to boron deficiency in wheat~ S. Jamjod,
C.E. Mann, and B. Rerkasem

86 Inheritance of boron deficiency response in two wheat crosses, S. Jamjod,
C.E. Mann, and B. Rerkasem

90 Boron Toxicity

90 Genetics and breeding of wheat for boron toxicity, J.G. Paull, D.B. Moody,
and A.J. Rathjen

98 Mechanism of tolerance to boron toxicity in plants, R.O. Nable

110 Minutes of the Final Discussion, P.R. Hobbs

113 Appendices

113 Appendix 1. Selected Boron Bibliography, C.E. Mann

126 Appendix 2. Boron Deficiency Nurseries, 1990-91

129 Appendix 3. Sample of Information Requested for the Boron Deficiency
Probe Nursery (BPN)

iii



Preface

Boron deficiency in soils has been reported to affect more and more crops, especially so
in the warmer environments. Two reasons come to mind:

• Either the problem has not been recognized in the past and the symptoms have
not been attributed to other causes, or

• Intensification of cropping over the last few decades has accelerated depletion
of existing soil boron.

Probably both of these playa role.

In a timely manner, the Australian Centre for International Agricultural Research
(ACIAR) has supported research in boron deficiency of grain legumes at Chiang Mai
University (CMU) in Thailand. More recently, the Australian International Development
Assistance Bureau (AIDAB) has provided funds to the regional office of the International
Maize and Wheat Improvement Center (CIMMYT) in Southeast Asia to cooperate with
CMU as an expert institution and national research institutions in South and Southeast
Asia to gain some more knowledge about the same problem in wheat. Part of this project
was a small boron workshop conducted at Chiang Mai University, Feb. 17-19, 1992, the
proceedings of which make up this Wheat Special Report. The various papers report a
wide range of findings and knowledge currently available in South and Southeast Asia.
Some results of the AIDAB-funded research are also included.

Generally, micronutrient deficiency research requires special care as compared to toxicity
work or macronutrient experimentation (Loneragan, page 1) because contamination
occurs easily during the experimental process and tiny amounts can blur results.
Problems also arise frequently due to the masking effect of other nutrient deficiencies in
poor soils. The major symptom of boron deficiency in wheat is grain set failure. Wheat
growing in low boron soils may develop malformed anthers and pollen grain; the
external boron supply may also limit the germination of healthy pollen (Cheng and
Rerkasem, page 5). Prediction of grain set failure from boron analysis of wheat tissues is
complicated (Rerkasem and Lordkaew, page 9) because 1) boron is immobile inside the
plant, and 2) grain set fails if boron availability is interrupted during a few crucial days at
pollen development or fertilization.

On the other hand, chemical analysis of soil or plant tissue boron does not require highly
sophisticated equipment and can be done in many laborato~ies (Netsangtip and
Lordkaew, page 15). Once boron deficiency is established through chemical analysis as
the most probable factor causing sterility in a given environment, then other more simple
methods can be employed for surveys or varietal screening. These methods could include
boron probe nurseries (Rerkasem, page 21), measurements of anthers and pollen (Cheng
et aI., page 32) or grain set counting as the simplest and most rapid method (Appendix 2,
page 126).

How widespread is the problem? Various soils are prone to boron deficiency (Khatri
Chhetri and Ghimire, page 34) and reports are available from many countries worldwide
(see bibliography in Appendix 1, page 113). But despite numerous anecdotal
observations of severe sterility problems in different years by researchers from national
programs, nobody reports yield loss estimates on a national or even provincial level. This
does not mean losses are minimal, but given the year to year changes of water status,
which in turn controls boron availability, varietal differences, macronutrient fertilizer
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contamination with boron, and temperature at flowering plus the difficulty of
determining boron as the cause of sterility make loss estimates of a sizeable area a
formidable task. Most probably, minor sterility often goes unrecognized. If it is severe, it
can also be attributed to drought, cold, or waterlogging (Subedi, page 57). It is unclear
whether waterlogging alone can cause sterility (Misra et aI., page 65) or whether it is
only an indirect factor reducing the availability and/or uptake of boron. Superimposed
boron fertilizer experiments (Yang, page 72) may show one way to obtain better yield
loss estimates, but due to the above mentioned interactions, fertilizer experiments are not
always conclusive (Subedi). Due to all these problems, there is currently a lack of
awareness and diagnosis as well as inadequate research for solutions.

Varietal differences are reported by many authors from various soils based on
experiments in farmers' fields (Yang), experiment stations (Tandon and Naqvi, page 76;
Misra et aI.; and Subedi) or under controlled conditions in sand culture (Jamjod et aI.,
page 79; numerous additional references can be found in Appendix 1). First estimates of
inheritance and heritability (Jamjod et aI., page 86) as well as mode of gene action
(Jamjod et aI., page 83) are available. Nevertheless genetic knowledge is still far from
what is known about boron toxicity (Paull et aI., page 90) although some inferences can
be made.

In the same way, physiological research of boron toxicity in wheat adds to the present
knowledge of physiological processes in boron-deficient wheat plants (Nable, page 98).

Much remains to be researched for a better understanding of the problems as well as for
the most practical solutions. The workshop participants listed areas in which they would
want to continue research on their own or in cooperation with the current project and
beyond (See minutes of final discussion, page 110).

Christoph E. Mann and B. Rerkasem
Conference Organizers
Bangkok, Thailand
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PRINCIPLES AND PRACTICES IN MICRONUTRIENT RESEARCH WITH
EMPHASIS ON BORON WORK IN DEVELOPING COUNTRIES

J.F. Loneragan
Emeritus Professor and Research Fellow
Murdoch University, Western Australia

Abstract

Proper attention to two factors-contamination and other deficiencies-is the key to
successful micronutrient research. In principle, the diagnosis of micronutrient
deficiencies in crops is relatively simple. However, in practice, it is frequently very
difficult owing to contamination that hides a deficiency and other deficiencies that
prevent a crop from responding to micronutrient fertilizers. This paper particularly
emphasizes the importance of contamination because it can mask deficiencies and so lead
researchers to conclude that a soil has an adequate supply of a micronutrient when in fact
it is deficient.

Introduction

The principles involved in research on micronutrient deficiencies are no different from
those used in research of the common macronutrient deficiencies. However, the practice
of research in micronutrient deficiencies is much more difficult due to the tiny amounts
of each micronutrient that plants require and the ease with which contamination from
various sources can supply these amounts.

Throughout this paper, I emphasize contamination:

• How easily it happens,
• The problems it creates, and
• How it can be best prevented.

Contamination can mask deficiencies and so lead researchers to conclude that a soil has
an adequate supply of a micronutrient when in fact it is deficient. Many researchers have
also failed to recognize deficiencies of micronutrients in soils because other deficiencies
in the soil have prevented the expression of a micronutrient response.

Proper attention to these two factors-contamination and other deficiencies-is the key
to successful micronutrient research.

Diagnosis and Prognosis

Symptoms, analysis of plant parts, and plant response are all useful in the diagnosis of
micronutrient deficiencies, that is, in the recognition that a plant is suffering from a
deficiency at the time of observation or sampling.

For prognosis of a micronutrient deficiency, Le., the prediction that crop yield will suffer
from that micronutrient deficiency at final harvest, both plant and soil analyses have been
used. Prognosis has the great advantage over diagnosis in that it permits treatment of a
crop before any deficiency develops, so that yield loss may be avoided. Another widely
used method to avoid crop yield loss from deficiencies has been to base general fertilizer
recommendations for particular crops on specific soil types in a region on past experience
in diagnostic trials in the region.
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Symptoms

If you have ever tried to identify a nutrient deficiency in a sick plant by comparing it
with color photographs of nutrient deficiencies, you know how difficult symptoms are as
a diagnostic tool. But with a lot of experience with particular crops, symptoms can be a
useful guide to micronutrient deficiencies. And in a few cases, symptoms may be
sufficiently specific to give a definite diagnosis of a deficiency. This appears to be the
case for B deficiency in peanuts where hollow heart (a depression on the internal surface
of one or both cotyledons) in the peanut seed seems specific to B deficiency.

Plant Analysis

The use of plant analysis for diagnosis and prognosis is based upon the assumption that
the concentration of a nutrient or chemical component in the plant is related to yield. A
critical concentration is recognized that separates tissues, which are deficient from those
that are adequate in the nutrient under test.

Plant analysis has proved very useful in diagnosing deficiencies provided care is taken in
selecting the tissue to be sampled and in avoiding contamination of the sample during
collection, preparation, and analysis. For B, young leaves are recommended.

Soil Analysis

Soil analysis would provide an ideal prognostic tool if only it provided accurate and
reliable predictions for micronutrient deficiencies over a wide range of soils, crops, and
environments. Unfortunately, most soil tests for micronutrients have not yet been
developed to a point where they can be applied with confidence outside the situation for
which they have been developed. However, soil tests can sometimes be used as a useful
guide to likely problems. For example, the extraction into hot water of 15 mg B from 1
kg of soil has been recommended as a critical value for the prognosis of hollow heart in
peanuts. But this value will vary for different plant species, for different soils and for
different seasons. For example, black gram cultivars commonly used in Thailand are
much more sensitive to B deficiency than soybean cultivars. The amount of clay in the
soil affects the critical value for hot water soluble boron (HWSB), and the water content
of the soil affects the supply of B to plants, dry soils inducing B deficiency, and wet soils
overcoming it.

As with plant analysis, great care must be taken to avoid contamination during the
collection, preparation, and analysis of soil samples.

Plant Response

All of the methods discussed so far for diagnosing a micronutrient deficiency are
indirect-all of them must be calibrated against the direct measurement of a response by
the plant to application of the micronutrient. Moreover, observation of a response to
micronutrient application by plants in the field is the only positive diagnosis that crop
production is depressed by that deficiency.

For a standing crop, deficiencies may be tested by spraying or topdressing various
fertilizers onto strips set out in a proper statistical arrangement: responses may show up
in differences in color, symptoms or yield among the treatments. Alternatively, an area of

, uniform soil may be prepared and a new crop sown and treated with combinations of
various fertilizers. For agronomists, the procedures are relatively easy, provided we
remember contamination and other deficiencies (COD).
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Contamination

Some may think that I am being too cautious about the dangers of contamination. If
contamination can occur so easily, how is it possible for micronutrient deficiencies to
occur in the dirty field environment? Some simple examples may persuade you that the
problems are very real.

In the 1930s when researchers were investigating the "little leaf" disease of peach trees in
California, they were often able to overcome the disease by spraying the leaves with Iron
(Fe) salts. But sometimes the treatment failed. Eventually, they found that the disease
was in fact caused by Zn deficiency and that when Fe salts were dissolved in galvanized
iron buckets, sufficient Zn could dissolve from the galvanized surface to correct the
problem.

In 1958, I visited Tasmania to see the work of David Paton of the Tasmanian Department
of Agriculture. He showed me a farmer's field with stunted, yellow clover except for a
thin line of lush, green clover running across the middle of the field from the road to the
house. The yellow clover was severely Cu-deficient, while the green clover was being
supplied with Cu by contamination from metallic Cu telephone lines, which were strung
from the road to the house! On the same visit, David also showed me some field
experiments that had been troubling him for several years. Clover plants showed clear
symptoms of Zn deficiency in their early growth but then recovered and grew as well as
plants supplied with Zn. At the time of my visit in spring, there were no symptoms of Zn
deficiency and no response at all to Zn. When I visited him in the spring of the following
year, he showed me plants on the same soil with severe Zn deficiency. He explained that
he had changed the brand of his basal superphosphate fertilizer-the new brand was
virtually Zn free; but the first brand was so heavily contaminated with Zn that when the
roots of plants came into contact with it, they recovered from their initial deficiency.

More recently, fertilizer manufacturers in Australia have been producing more
concentrated phosphatic fertilizers to replace superphosphate. The new fertilizers have
very much lower Zn concentrations than the relatively small amounts generally present in
superphosphate. As a result, Zn deficiency is appearing in crops on soils where it has
never been seen before.

In 1981, Dr. Ross Welch, who has recently shown that Ni is essential for plants, came to
work on Zn deficiency with us at Murdoch. We had done a lot of work with Zn and had
no problems in producing Zn deficiency in wheat growing in soil or nutrient solutions.
But Dr. Welch could not get Zn deficiency in his plants. At last we checked every step in
his procedure. It was identical to ours except for one small detail-Ross had covered the
top of the lids of his beakers with white plastic in order to reduce the heat trapped by our
black plastic. The white pigment in the plastic, like most white pigments in plastic,
paints, and rubber was ZnO. Sufficient Zn was leached from the tiny surface of plastic
sprayed by the nutrient solution to supply the needs of the plants.

In the case of Mo and Co, seed can contain sufficient amounts of each of these
micronutrients to supply all of the needs of a crop to maturity, even when the deficiency
is severe. Hence, scientists bringing in seed from a nondeficient area may fail to diagnose
Mo and Co deficiencies on soil that may, in fact, be seriously deficient for the farmer
who sows seed saved from his previous crops on the same soil.

These examples show how easy it is for contaminants to ruin good experiments and
obscure micronutrient deficiencies. They also show some of the sources of contamination
in the experimental environment. Other serious sources of potential contamination are
water, insecticides, and fungicides.

3



While researchers must be aware of potential problems from all sources of
coritamination, they must be especially wary of basal fertilizers. Contamination of basal
fertilizers has had a long history of misleading researchers trying to define the
micronutrient status of soils. In our recent ACIAR Project, we avoided this problem by
analyzing all basal macronutrient fertilizers for their micronutrient content before using
them in any experiments. We analyzed a large number ofthe common fertilizers which
were available in Thailand. The levels of micronutrient contamination were very variable
and in many cases sufficiently high to ruin experiments. For example, some batches of
triple superphosphate had little B while others had enough to supply the needs of crops
on a B deficient soil. It was thus essential to analyze each and every new batch of basal
fertilizer BEFORE using it.

One might ask if basal fertilizers are so troublesome, why use them? The answer lies in
the second of the two key factors in successful micronutrient reSearch--other
deficiencies.

Other Deficiencies

Nearly 200 years ago, Sprengel and later Liebig formulated "the Law of the Minimum",
which states that supplying a plant with a nutrient that is deficient will not increase its
growth if another nutrient is more limiting. Hence, it is only possible to test a soil for a
micronutrient deficiency when the soil contains adequate amounts of all other nutrients.

The principle is illustrated well by David Paton's Zn experiments which I discussed
earlier. In those experiments, Zn deficiency suppressed clover growth very severely when
a Zn-free source of P was applied. So why add any basal P and risk Zn contamination?
The answer is simple-the soil is so deficient in P that if you don't add a basal P
fertilizer, the clover doesn't grow at all and hence cannot respond to Zn!

Potential problems such as this one, created by other deficiencies obscuring a
micronutrient deficiency, have led to the use of fertilizer experiment designs known as
omission experiments. In an omission experiment, control plots are supplied with
fertilizers containing all nutrients which are likely to be deficient. Care must be taken to
give adequate but not toxic amounts of the basal nutrients. Treatment plots receive all
nutrients, except the one being tested.

We used omission trials in Thailand to see which micronutrients might be important on a
number of soils. We also used a very simple factorial design using the principle of the
omission trial to examine a large number of farmers' peanut crops for B deficiency: it
was a 2x2 factorial combination of two B treatments (minus and plus) and two basal
fertilizer treatments (minus and plus a basal fertilizer of N, P, K, S). In some crops,
peanuts failed to respond to B when no basal fertilizers were added: but when
macronutrients were applied as basal fertilizers they corrected another deficiency and the
crop responded strongly to B. The experiments illustrated another important point
when no B was applied, basal fertilizers often intensified B deficiency and depressed .
peanut yield severely, probably by promoting the plant's vegetative growth and depleting
the soil of B for seed production.

Omission experiments are especially useful on soils that are deficient in many elements
as, for example, some sandy soils from Western Australia. Some of these soils are so
deficient in both Nand P that, when fertilizers are added separately, plants do not
respond to anyone of the nutrients N, P, Cu or Zn: but they respond strongly when all of
the deficient nutrients are added together.
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EFFECTS OF BORON ON MALE FERTILITY IN WHEAT

Canhong Cheng and B. Rerkasem
Faculty of Agriculture
Chiang Mai University
Chiang Mai, Thailand

Abstract

This study clearly shows that development of wheat anthers and pollen is affected by
boron (B) deficiency. It also shows a good correlation between anther length and pollen
development. In B-deficient wheat, the pollen does not accumulate starch and the nuclei
when present are abnormal. It has been suggested that B-deficiency affects pollen
development during the pollen mother cell stage. The results show that B is essential for
wheat pollen germination and pollen tube growth. B may playa role in the control of
protein secretory activity in pollen tubes through the redistribution and capture of
materials including protein from membrane fusion events involving vesicles, which lead
to pollen tube extension.

Introduction

It is known that boron (B) may have both indirect and direct effects on reproduction
growth. An indirect effect has been suggested to relate to the sugar amount and
composition of the nectar, whereby the flowers of species that rely on pollinating insects
become more attractive to insects (Smith and Johnson 1969, Erikson 1979). Direct
effects of B are reflected by the close relationship between B supply and the pollen
producing capacity of anthers, as well as viability of pollen grains (Agarwala et aI. 1981).

Wheat yield may be limited by B deficiency by at least two processes leading to grain set
failure:

• Development of reproductive organs (Li et aI. 1978, Rerkasem 1989), and

• Fertilization.

This paper reports on some studies of effects of B on the male reproductive system in
wheat.

Materials and Methods

Experiment 1: Effects of severe B deficiency
This experiment was carried out at Chiang Mai University, Thailand, during the 1991-92
growing season. The wheat cultivar used was Sonora 64. Ten seeds were sown per 5-L
pot and supplied with nutrient solution (Broughton and Dillworth 1970) with two levels
of B: BO and B+. The solution was changed each week. From each B level, the anthers
and pollen were examined. Starch accumulation in the pollen was examined with KI/l2
staining.

Experiment 2: In vitro pollen germination
This experiment was carried out at Murdoch University, Western Australia, March-June
1991, using wheat cultivars Sonora 64, Vulcan, and Eradu. Six seeds were sown per 140
ml pot in a soil mix of 2 parts coarse sand to 2 parts composted jarrah bark to 1 part peat.
One gram of slow release fertilizer was used as a basal dressing followed by liquid
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fertilizer (20 mIlL SpringR each week after week 3, at a rate of 150 ml per pot. Seed was
sown at biweekly intervals from March to April in a glasshouse heated at night so the
minimum temperature was kept above 10°C. The daily maximum during the flowering
period was 20-32°C. Pollen was shaken directly into dishes of 0.7% agar medium
containing 0.75 M raffinose and 300 mgIL CaCI2.2H

2
0 with various B levels, as soon as

possible after the anthers were extruded from the glumes.

Pollen was observed under the microscope at 100x magnification and was recorded as
germinated if the pollen tube was longer than half the diameter of the grain. Burst pollen
was also scored and notes were taken on the occurrence of double pollen tubes and sterile
grains. In calculations of percentage germination, the germinated grains were taken as a
percentage of the total of: grains germinated, grains intact but ungerminated and burst
grains. Sterile grains were not included in the total, but were only at 0.3-4.8%. Pollen
grains in three randomly chosen fields were scored in each of five sectors on each plate.

The lengths of pollen tubes were recorded after drawing germinated pollen from
randomly selected fields (to a total of 30 tubes for each treatment or time) using an
Olympus drawing apparatus (BH 2-DA). Tube length was then calculated by using a
piece of damp cotton thread to measure the drawing, and the length calculated from the
measured value.

Results

Experiment 1
Development of the anthers in BO was severely suppressed. In some florets, the anthers
were totally absent; those that were present were very small (Table I}. A comparison of
anthers and pollen in the florets from the top, middle, and bottom of the ear showed
much larger anthers in B+, with a high percentage of pollen that could be stained with
iodine (designating starch deposit), compared with very little pollen that contained starch
in BO (Table 2).

Experiment 2
The effect of different levels of Bin 0.7% agar media containing 0.75 M raffinose and
300 mgIL CaCI

2
.2H

2
0 showed that the optimum level was 100 mgIL H3B03 (Table 3).

There were significant differences of pollen germination and tube length among B levels
and genotypes, and also a significant interaction.

Discussion

This study has clearly shown that development of wheat anthers and pollen is affected by
B deficiency. It also shows a good correlation between anther length and pollen
development. In B-deficient wheat, the pollen does not accumulate starch and the nuclei
when present are abnormal (Rerkasem et al. 1989). It has been suggested that B
deficiency affects pollen development during the pollen mother cell stage (Li et al.
1978).

The results show that B is essential for wheat pollen germination and pollen tube growth.
Marschner (1986) reported that B stimulates germination, particularly pollen tube
growth. It has been suggested that B plays a role in the control of protein secretory
activity in pollen tubes, through the redistribution and capture of materials including (and
especially) protein from membrane fusion events involving vesicles (Picton and Steer
1983), which lead to pollen tube extension (Johnson 1989).
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Table 1. Effect of B on anther length at the two sides of the ear.

Anther length (mm)
Spike Floret Side I Side \I
No. No. A1 A2 A3 A1 A2 A3 Average

81 F1 1.1 1.1 0 0 0 0 0.4
F2 2:1 2.1 2.2 0 0 0 1.1

82 F1 2.0 1.4 1.5 2.1 2.1 2.0 1.9
F2 2.1 2.1 2.1 2.1 2.1 2.2 2.1

83 F1 2.3 2.3 2.1 2.3 2.2 2.2 2.2
F2 2.2 2.2 2.1 2.2 2.4 2.3 2.2

84 F1 2.2 2.0 1.8 2.2 2.2 2.3 2.1
F2 2.2 2.2 2.2 2.0 2.0 1.8 2.1

85 F1 2.1 2.1 2.0 1.3 1.2 0 1.5
F2 1.6 1.5 1.4 2 2 2.1 1.8

86 F1 1.8 1.6 1.2 0 0 0 0.8
F2 0 0 0 0 0 0 0.0
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Table 2. Effects of B on anther length and pollen reaction to Iodine.

Treatment

BO

B+

Anther % Pollen KI/12
Location Length (mm) posltlve*

Top 1.4 0
Middle 2.2 0
Bottom 1.0 0

Top 3.0 95.9
Middle 3.7 97.1
Bottom 3.0 90.9

* % pollen stained with KI/12 solution designating starch deposit. KI/12 reaction =0 means all
pollen is dead.

Table 3. Response of wheat pollen cultivar Sonora 64, Vulcan and Eradu to media
with different levels of B with 0.75 M Raffinose and 300 mglL CaClz•

Not gernllna-
Germina- ting remain- Burst- Tube

B tlng Ing Intact log length
Cultlvar (ppm) (%) (%) (%) ijlm)

Sonora 64 0 0.16 a 31.98 67.86
25 22.40 c 45.20 32.40 120.10 b
50 35.48 de 27.43 37.10 87.10 a
75 28.70 cd 21.52 49.77 86.57 a

100 41.86 e 17.24 40.91 74.95 a
125 12.63 b 33.03 54.34 78.99 a

Eradu 0 2.77 a 31.36 65.87
25 39.37 c 29.07 31.56 64.65 a
50 42.73 cd 23.57 33.69 77.98 bc
75 38.64 c 20.67 40.69 80.30 c

100 50.60 d 16.52 32.88 65.76 ab
125 26.14 b 34.47 39.39 54.24 a

Vulcan 0 0.18 a 27.84 71.98
25 50.30 c 21.91 27.78 150.30 b
50 57.71 c 23.93 18.36 237.58 c
75 53.47 c 23.24 23.29 196.87 c

100 63.69 c 18.98 17.33 234.03 c
125 42.05 b 30.12 27.83 118.08 a

Numbers followed by the same letter are not significantly different.

8



PREDICTING GRAIN SET FAILURE WITH TISSUE BORON ANALYSIS

B. Rerkasem and S. Lordkaew
Multiple Cropping Centre

Chiang Mai University
Chiang Mai, Thailand

Abstract

Results of this study show that relationships can be established between tissue boron (B)
concentration and grain set. A critical B concentration can be defined above which grain
set can be expected not to fail. However, below this level, the sharp depression in grain
set with decreasing tissue B concentration makes it virtually impossible to separate the
different levels of grain set failure. There is an indication of differences among
genotypes.

Introduction

Previous tissue boron (B) analysis data for wheat from Chiang Mai showed B content in
the ear at booting stage to correlate well with grain set (Rerkasem et al. 1991). The
fertility index of grainslF1+2 (average number of grains in the two basal florets of 10
central spikelets) was depressed with < 5 mg B/kg in the ear at booting. We have carried
out more experiments in the 1990-91 season to further explore the relationship between
tissue B concentration and grain set in wheat in order to develop criteria for predicting
grain set failure from tissue analysis.

Materials and Methods

Field experiment
A field experiment was initiated in 1989-90 with a factorial combination of B treatments
with four rates of B application (0,0.5, 1, and 2 kg B/ha, BO, BO.5, B1, and B2,
respectively) applied in 3 years (1989, 1990, 1991), in four replications. In the 1990-91
season (with four levels of residual B and four levels of freshly applied B), five wheat
genotypes (SW41, SW23, Inia 66, Sonora 64, and CMU26) were sown. Plants were
sampled for B analysis of:

• Whole tops at double ridge,
• Flag leaf at booting, and
• Pre-emergence ears at booting.

At maturity grain set was determined as:

• Number of grains/spikelet and
• Number of grainsIF1+2.

Sand culture pot experiment
A sand culture pot experiment examined the relationship between tissue B concentrations
and grain set of cultivars SW41, Sonora 64, and CMU26 in sand culture at six B levels
(0, 0.001, 0.002, 0.005, 0.01, and 1 mg/L) in three replicates. Sets of 10 wheat plants
were sown in earthenware pots with a 30-cm diameter and a 30-cm depth, containing
washed river sand with extremely low B content. The pots were watered twice daily with
1 L of a complete nutrient solution with the different B levels. For each replicate in each
treatment, there were three sets of pots, two sets for tissue B sampling and one set for
grain set assessment.
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Results

Field experiment
Except in Sonora 64, grain set in all genotypes was depressed in BO and responded
positively to B application. When grain/F1+2 is plotted against tissue B concentrations,
the data points can be separated into two populations at a certain critical B concentration.
Above this concentration, there was no response to B. The response to changes in B
concentration below this level was somewhat variable with a strong genotype effect.

Boron in whole tops at double ridge. The "critical" value for B in the whole tops at
double ridge predicting grain set in wheat was about 10 mg Blkg (Figure 1), above which
grain set was approaching the maximum value of 2. Below 10 mg Blkg, grain set
decreased sharply with decreasing B concentration in the whole tops. A sharp decrease in
grain set was associated with 6-8 mg Blkg in SW41, but only a slight depression in Inia
66 and CMU26 and no reduction in grain set at ~ll in Sonora 64. A slight grain set
depression in SW23 was associated with 8-10 mg Blkg.

Boron in the flag leaf at booting. Levels of 4-7 mg Blkg in the flag leaf at booting were
associated with severe grain set failure in SW41, slight depression in CMU26, Inia 66,
and SW23, and no effect in Sonora 64 (Figure 2).

Boron in ears at booting. The critical value of B in the wheat ear predicting grain set
failure was 2 mg Blkg, which is much lower than the 5 mg Blkg previously observed
(Figure 3). The difference between genotypes was similar to B in flag leaf and whole
tops.

Other measures. The relationships between other measures of grain set, Le., the number
of grains/spikelet and grains/ear, expressed as % of maximum number in each genotype,
and ear B at booting are shown in Figures 4 and 5.

Sand culture pot experiment
BO in this experiment was sufficiently severe in B deficiency to sharply depress grain set
in Sonora 64 and CMU26 and to cause SW41 to be completely sterile (Le., no grain set).
In all three genotypes, there was a sharp depression in grain set when the B concentration
dropped to 4-5 mg Blkg in the booting ear (Figure 6), emerged ears (Figure 7) and flag
leaf of the booting ear (Figure 8).

Discussion

All results show that relationships can be established between tissue B concentration and
grain set. A critical B concentration can be defined above which grain set can be
expected not to fail. However, below this level, the sharp depression in grain set with
decreasing tissue B concentration makes it virtually impossible to separate the different
levels of grain set failure. In addition, there is an indication of differences among
genotypes.

Reference Cited

Rerkasem, 8., S. Lodkaew, and S. Jamjod. 1991. Assessment of grain set failure and
diagnosis for boron deficiency in wheat. In pages 500-504, D.A. Saunders, ed. Wheat for
the Nontraditional Warm Areas. Mexico, D.F.: CIMMYT.
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Field Experiment 1990/91
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Figure 1. Grain set (average number of grains in two basal florets (F1, F2)
of 10 central spikelets on tops [8] at double ridge)
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Figure 2. Grain set (average number of grains in two basal florets (F1, F2)
of 10 central spikelets on flag leaf [8] at booting)
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Field Experiment 1990/91
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Figure 3. Grain set (average number of grains in two basal florets (F1, F2)
of 10 central spikelets on ear [B] at booting)
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Figure 4. Grain set (% max grains/spikelet) on ear [B] at booting (max g/s in
bracets)
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Figure 5. Grain set (% max grains/ear) on ear [B] at booting (max g/e in
brackets)
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Figure 6. Grain set (G/F1 +2) on [B] in booting ears
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Sand Culture (W10/90)
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PROCEDURES FOR BORON ANALYSIS IN PLANTS

R. Netsangtip and S. Lordkaew
Multiple Cropping Center

Chiang Mai University

Abstract

This paper briefly outlines procedures for sample preparation and boron analysis. When
doing boron analyses in plants, great care must be taken in sampling, preparation of
samples, and analysis in order to avoid contamination. Only plastic containers should be
used.

Introduction

The procedures described here are adapted from Loshe (1982) by Derek Plaskett,
Murdoch University, Western Australia.

Sample Preparation

The sampling equipment for plant analysis used at Multiple Cropping Center (MCC) is
shown in Figure 1. Plant samples are oven-dried at 80°C for 48 hours, ground and sieved
through 1-mm mesh (Figure 2). However, it is not necessary to grind the plant sample if
its weight is lower than 2 g.

Boron Analysis

Extraction
The dry-ashing technique is used to extract B from the plant sample:

• Weigh approximately 300 mg of oven-dried ground material into a tall crucible
(Figure 3) and place it in a cold furnace. Samples of standard reference material
and blanks are included with each batch of samples. Ash the samples at 500°C for
8 hours and cool (Figure 4).

• Remove the crucible from the furnace and place in electric frying pans. Rinse
the crucible walls down with 2 ml HCI (1:1 concentrated HCI to deionized (0.1.)
water. Adjust frying pan temperature to 50°C and heat gently for approximately
30 minutes (Figure 5).

• Cool and transfer the solution from crucible to a 10-ml graduated polystyrene
vial with small washes of 0.1. water. Dilute to a lO-ml volume. Cap the vial and
shake well (Figure 6).

• Allow the precipitate to settle by standing overnight or centrifuge at 2500-3000
rpm for 4 minutes.

Boron determination
The azomethine-H method is used to determine B content in the extracted solution.

Reagent.
• Buffer-masking reagent:
Dissolve 280 g ammonium acetate, 20 g potassium acetate, 20 g tetra sodium salt
of EDTA, and 8 g nitrilotriacetic acid in 400 ml of 0.1. water.

15



After contents are completely dissolved, slowly add 125 ml concentrated acetic
acid. Dilute solution to 2 L. Stand overnight at room temperature. Filter through a
# 1 filter paper.

• Azomethine-H reagent:
Prepare 24 hours before using. Dissolve 0.8 g of fresh azomethine-H (Merk) and
2 g ascorbic acid in 60 ml D.I. water. Dilute solution to 100 roI. Store in
polypropylean bottle wrapped in aluminum foit and place in a refrigerator. This
reagent is usable for 14 days.

• N Hydrochloric acid:
Dilute 97 ml of concentrated HCI (A.R. grade) to 1 L with D.I. water.

• Boron solution (100 ppm)
Dissolve 0.5716 g boric acid (A.R. grade) in 1 L D.I. water. This solution is used
to prepare a series of boron standards in N HCI (0, 1,2,3,4 and 5 ppm standard
solutions: diluting 0,1,2,3,4 and 5 ml of the 100 ppm boron standard,
respectively, to 100 ml).

• Mixed reagent
Mix two parts (by volume) of the buffer-masking reagent with one part of the
azomethine-H reagent. This reagent must be used within 4 hours.

Procedure.
Pipette 1 ml of the extracted solution into a vial. Add 3 ml of the mixed reagent
in a strong jet with an Eppendorf to mix well with sample. Stand for 1 hour
before boron content is determined colorimet,rically at 420 nm (Figure 7).

Sample readings are compared with a series of boron standards (0, 1, 2, 3, 4 and 5
ppm) prepared at the same time and treated in the same way as sample solutions.

Cleaning.
All of the plastic containers are cleaned with DJ. water left In 20 % concentrated
HCI overnight, rinsed with D.~. water and air-dried.

Reference Cited

Loshe, G. 1982. Soil Sci. Plant Anal. 13:127-134.
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Figure 1. Sampling equipment

Figure 2. Grinding equipment
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Figure 3. Weighing equipment

Figure 4. Muffler furnace
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Figure 5. Extracting equipment

Figure 6. Transferring equipment
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Figure 7. Color developing equipment
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BORON DEFICIENCY PROBE NURSERY

B. Rerkasem
Multiple Cropping Centre

Chiang Mai University
Chiang Mai, Thailand

Abstract

The Boron Probe Nursery (BPN) is organized to: 1) compare response to boron in wheat
across different environments, and 2) characterize the response of wheat genotypes
across these environments. In the 1990-91 BPN, no response to boron (B) was observed
in all genotypes at two sites: Mae Hia Station of CMU and Dehong. Responses to B by
SW41, BL1022 (previously identified as susceptible to B deficiency), Insee 1, CMU26,
and Sonora 64 (previously determined as tolerant to B deficiency) were consistent
throughout all the sites reporting responses: MCC Station of CMU Lumle, TARC,
Samoeng and Chiang RaL Responses of other genotypes (CMU285--sensitive; Sonalika,
Kanchan, SW23-moderately susceptible; and NL46D-tolerant) were somewhat
variable. In general, B application increased B concentration in tissues (whole tops at
double ridge, flag leaf, and ear at booting). The relationship between B concentrations in
these tissues and grain set, however, appears to vary with location and genotype.

Introduction

Grain set failure (sterility) is a widespread problem in many tropical and subtropical
wheat growing areas. For example, in Dehong Prefecture, Yunnan Province of China;
Nepal; Bangladesh; northern Thailand, and Brazil, the problem has often been identified
as boron deficiency when an application of boron (B) improved grain set. But there have
also been instances where there was no response to B.

One feature of the sterility problem is a wide range of responses observed among
genotypes. Reports of relative tolerance of some common genotypes are also sometimes
variable. For example, UP262 was found to be tolerant in Chiang Mai, but sensitive
elsewhere. The use of genotypes with "tolerance" to B deficiency is one effective way to
overcome this widespread problem. While genetic and ,breeding work is initiated on
selected tolerant and susceptible genotypes identified in Chiang Mai, a characterization
of responses to B deficiency would ensure the stability of B deficiency tolerance genes
across these different environments.

The Boron Probe Nursery (BPN) is organized to:

• Compare response to boron in wheat across different environments,

• Character,ize the response of wheat genotypes across these environments.

Materials and Methods

Each set of the BPN consisted of six wheat genotypes (Table 1) sown at two levels of
boron (BO and B+, Le. with 0 and 1 kg B/ha, respectively). The treatments were
arranged in a split plot, with boron treatments in main plots and genotypes in subplots;
the experiment was run in duplicate. See Appendices 2 and 3 for management and
sampling details. '

21



Seventeen sets of the BPN were prepared and distributed to collaborating institutions in
Asia (11 sets) and South America (6 sets). Each set was accompanied by two copies of
the field book and instructions for management of the experiment and sampling
(Appendices 2 and 3).

Results

Results were obtained from seven stations in Asia and one in Brazil:

• Agricultural Research Institute of Dehong Prefecture, Yunnan Province, China.

• Samoeng Experiment Station for Upland Rice and Temperate Cereals, Chiang
Mai, Thailand.

• Tarhara Agricultural Research Centre (TARC), Sansari, Nepal.

• Lumle Regional Agricultural Research Centre, Nepal.

• Chiang Rai Horticultural Research Centre, Chiang Rai, Thailand.

• Multiple Cropping Centre (MCC), Chiang Mai University, Thailand.

• Mae Hia Experiment Station, Chiang Mai University, Thailand.

• Secretaria de Estado dos Negocios de Agricultura e Abastecimento,
Coordenadoria da Pesquisa Agropecuaria, Campinas, Sao Paulo, Brazil.

The number of grains/spikelet is the only measure of grain set that was obtained from all
sites, so it has been used to compare responses to B across all of the sites. Tissue samples
were obtained from only four sites: TARC, Lumle, MCC, and Mae Hia.

Grn~~ .
No response to B was observed in all genotypes at Mae Hia and Dehong. The grain set
(grains/spikelet) in BO was about the same as that in B+. This was reflected in the
relative mean grain set in BO/B+ over all genotypes being close to 1 for these two sites,
compared with the relative grain set BO/B+ at responsive sites that ranged from 0.63 at
Campinas to 0.88 at MCC (Figure 1).

Susceptible genotypes-SW41 (Bds) responded to B application in all of the remaining
six sites, with B application increasing grain set (grains/spikelet) 16% at Samoeng to
139% at Chiang Rai (Figure 2). BLI022 (Bds), which was tested at fewer sites, showed a
similar but less marked response to B (Figure 3).

Tolerant genotypes~n contrast to the sensitive genotypes, Insee 1, Sonora 64, and
CMU26, previously identified as tolerant to B deficiency, showed no response to B at all
at the sites where they were tested (Figures 4-6). Mean relative grain set in BO/B+ over
all sites was 0.90, 0.94, and 1.03 for CMU26, Sonora 64, and Insee 1, respectively.

Other genotypes-Responses to B in moderately susceptible genotypes Sonalika, SW23,
and Kanchan were somewhat variable (Figures 7-9). Sonalika showed a marked response
to B applicati90 only at TARC. SW23 responded at Campinas and slightly at MCC and
Chiang Rai. The response of Kanchan was also slight at MCC and Campinas. The
response of CMU285, previously defined as susceptible, was also slight at MCC and
Campinas (Figure 10), whereas the "tolerant" NL460 showed a response to B at TARC
and MCC (Figure 11).
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Boron concentrations in plants
In general, B application led to an increase in B concentration in the parts of the wheat
plant that were sampled and analyzed (Table 2). Relationships between tissue B
concentrations and response to B in terms of grain set, however, were unclear (Figures 12
and 13). In BO, B concentration in the flag leaf and ear at booting did not differ
significantly between responsive and nonresponsive genotypes (e.g., SW41 and Insee 1).
Often there was no correlation between tissue B concentration and grain set between BO
and B+. This raises a critical question about the use of tissue B analysis to predict grain
set failure in wheat.
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Table 1. Wheat genotypes used in the Boron Deficiency Probe Nursery,
1990-91.

Genotype Response to B Source/Location where
deficiency Identified

SW41 Susceptible Chiang Mai University
BL1022 Susceptible Nepal-Lumle
CMU 285 Susceptible Chiang Mai University

SW23 Moderately suscept. Chiang Mai University
Somilika Moderately suscept. Bangladesh-BARI
Kanchan Moderately suscept. Bangladesh-BARI

Sonora 64 Tolerant Chiang Mai University
Insee 1 Tolerant Chiang Mai University
NL460 Tolerant Nepal-Lumle

A total of six genotypes-two susceptible (Bds) , two moderately susceptible (Bdm),
and two tolerant (Bdt)-were used in each set.
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Table 2. Boron in wheat tissues (mg B/kg).

MCC Mae Hla Lumle TARC*
Genotype BO B+ BO B+ BO B+ BO B+

Whole tops at double ridge
SW41 12 16 9 14
BL1022 8 12 7 11
CMU285 11 14 7 13
SW23 9 12 8 14
Sonalika 10 14 10 16
Kanchan 11 14 8 15
NL460
Sonora 64 7 13 7 11
CMU26 12 14 6 11
Insee 1 12 14 8 14

Flag leaf at booting
SW41 4.2 4.9 4.9 5.8 4.1 5.3 5.2 10.5
BL1022 5.0 7.9 5.4 6.6 5.1 5.8 5.2 18.5
CMU285 4.6 5.8 6.1 8.3
SW23 4.7 5.9 5.7 7.3 4.4 6.2 6.2 18.4
Sonalika 5.2 5.2 7.7 9.6 8.1 9.4 7.3 21.0
Kanchan 4.7 6.0 6.0 7.9
NL460 4.6 4.7 5.8 9.0 4.8 5.7 4.4 9.6
Sonora 64 4.9 8.9 6.0 8.0
CMU26 5.4 10.2 6.5 6.2
Insee 1 4.1 8.2 6.1 8.8 4.7 6.6 5.5 25.9

Ear at booting
SW41 4.1 5.7 3.6 5.8 3.4 5.4 3.3 9.1
BL1022 3.2 5.3 5.2 5.5 3.8 4.7 7.6 5.8
CMU285 4.2 5.8 4.6 5.1
SW23 5.0 5.3 4.6 5.5 3.6 5.1 3.7 9.9
Sonalika 5.0 5.8 5.1 6.4 4.1 5.1 3.3 6.4
Kanchan 3.7 5.5 4.9 6.9
NL460 5.9 5.9 6.0 7.9 4.4 6.6 6.9 6.1
Sonora 64 3.9 5.7 3.9 6.1
CMU26 4.2 5.2 3.7 5.0
Insee 1 3.8 7.2 4.0 6.2 3.2 5.1 3.3 10.0

* Ear samples from TARC were large, possibly taken after emergence.
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Figure 1. Mean response to B, Grains/spikelet, all genotypes
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Figure 2. SW41 - Susceptible to B deficiency
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Figure 3. BL1022 - Susceptible to B deficiency
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Figure 6. CMU26 • Tolerant to B deficiency
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Figure 7. Sonalika - Moderately susceptible to B deficiency
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Figure 9. Kanchan • Moderately susceptible to B deficiency
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TECHNIQUES TO STUDY THE ANTHER IN WHEAT

C.H. Chengl, I.A. McComb2, and B. Rerkaseml
lFaculty of Agriculture
Chiang MaiUniversity
Chiang Mai, Thailand

and
School of Biological Environmental Science

2Murdoch University
Murdoch, Western Australia

Abstract
This paper briefly descibes techniques with which to study the anther in the wheat plant
including measurement of anther length, amount of pollen to use, and pollen reaction to
iodine. Aspects of in vitro germination including pollen collection, the proper medium,
and scoring are also discussed.

Measurement ofAnther Length

The anther is collected before pollen shedding and put on grid paper (1 mm2) and
measured under the microscope at 35x magnification.

Pollen Amount and Pollen Reaction to Iodine

An anther is taken before pollen dehiscence and split in 1 ml KIII2solution under the
microscope. A drop (1/20 ml) of pollen suspension is placed upon the grid paper. Pollen
is observed under the microscope at 35x magnification and counted in 10 drops of pollen
suspension. Thus, the total number of pollen grains in a 1 ml-suspension is equal to the
average number in 10 drops multiplied by 20.

Pollen that turns dark in the KIII2solution is classified as stained (designating a starch
deposit). Pollen that remains transparent is dead.

In Vitro Germination

Pollen collection
For pollen studies, collection in a viable condition is a primary requirement. Pollen: is
shaken directly into dishes of agar medium as soon as possible after the anthers are
extruded from glumes.

Medium.
A medium, containing 0.7% agar with 0.75 raffinose, 100 mg/L H

3
B0

3
, and 300 mg/L

CaCl2.02, is prepared using distilled water and agar dissolved by boiling briefly in a
microwave oven. Approximately 4 ml of medium are poured into a 5-cm diameter plastic
petri dished. The medium is stored at 25°C until use. If the medium is to be stored for
longer than 12 hours, nonsterile dishes could be used. After sowing with pollen, open
dishes are placed on moist filter paper in a tray covered with plastic film, at 25°C.

Scoring
Pollen, observed under the microscope at 100x magnification, is recorded as germinated
if the pollen tube is longer than half the diameter of the grain. Burst pollen is also scored.
Make note of the occurrence of double pollen tubes. In calculating the germination
percentage, the germinated grains are taken as a percentage of the total of: grains
germinated, grains intact but ungerminated, and burst grains. Pollen grains in three
randomly chosen fields are scored in each of five sectors on each plate.
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The lengths of the pollen tubes are recorded after drawing germinated pollen from
randomly selected fields (to a total of 30 tubes for each treatment, or time), using an
Olympus drawing apparatus (BH 2-DA). Tube length is then calculated by using a piece
of damp cotton thread to measure the drawing and the length calculated from the
measured value.
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Abstract

After reviewing briefly the presence of B in the soil and its role in plants, this paper
reviews work done on plant available B in the soils of Nepal. Nepalese farmers cultivate
their land very intensively and grow two or three crops a year from the same piece of
land and harvest everything above ground. Very little residue is left to go back to the
soil. Results of such practices are showing up in patches in many parts of Nepal where
stunted plant growth with reduced yields have been frequent even with an adequate
supply of N, P, and K fertilizers. Visible symptoms of nutrient deficiencies are being
observed in Nepal. Deficiencies of Boron (B), Mo, and Mg are suspected in maize.
Similarly, the deficiencies of Band Mo in cauliflower have been observed.

Introduction

Boron is one of the seven micronutrients established as essential for the nutrition of
higher plants. It is required in a relatively small quantity for normal growth. Agulhon
(1910) was the first scientist to show a yield-increasing effect of B on wheat, oats, and
radish. Subsequently, Maaze (1919), Warrington (1923), Sommer and Lipman (1926),
and Sommer (1927) conclusively established the essentiality of B in higher plants. Since
then, B has received considerable attention from concerned scientists.

Role of Boron in Plants

Some of the important roles of B in the growth and development of plants have been
reported to include:

• Proper pollination of fruits or seed set (Berger et al. 1957, Johnson and Wear
1967, Vaughan 1977, Ganguly 1979, Garg et al. 1979).

• New cell development and differentiation in meristematic tissues (Lachance and
Quellette 1954, Odhnoff 1957, Robertson and Loughman 1974, Cohen and
Leeper 1977).

• Regulation of carbohydrate metabolism and translocation of sugars, starch,
nitrogen, and phosphate (Backenback 1944, Mcllarath and Palser 1956, Sisler et
al. 1956, Dugger and Humphreys 1960, Stiles 1961, Weiser et al. 1964, Lee and
Aronoff 1967, Amberger 1975, Biranbaum et al. 1977, Gupta and MacLeod
1977, Pollards et al. 1977).

• Synthesis of amino acids, proteins, phyto-hormones and nucleic acids (Coke and
Willington 1968, Price et al. 1972, Crisp et al. 1976; Bohnsack and Albert, 1977).

• Maintenance of correct water relationship within plants (Stiles 1961, Tisdale
and Nelson 1975).

• Nodule formation in legumes (Turner 1980).
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Boron in the Soil

The B content of the earth's crust is 10 ppm (Goldschmidt, according to Mitchell 1964).
Sedimentary rocks, especially of marine origin, are richer in B than igneous rocks. In
metamorphic rocks, B is incorporated in the mineral tourmaline (3 to 4% B), which is
very resistant to weathering so that the B is not readily available. Major sources of Bare
found in continental basins of volcanic and post-volCanic activities. Boron compounds
are present in bore-holes of petroleum fields and also in the ash of many coal deposits.
Soils developed under drier environments contain in general high to toxic levels of B.

Boron is present in all the soil types of the world, and the total content ranges from 2 to
100 ppm with an average of 30 to 40 ppm (Whetstone at al. 1942, Swaine 1955, Mitchell
1964, Bradford 1966, Sauchelli 1969, Chapman 1971, Kraukopf 1972, Sillanpaa 1972).
Aubert and Pinta (1977) reported a total B content of surface soil as low as 1 to 2 ppm
(in podzol soils of Bictorussia) to as high as 250 to 270 ppm (in eutropeaty soils of
Israel), with an average of about 20 to 50 ppm.

Only a small portion of total B (generally less than 5%) has been reported to be available
(Berger 1965, Bowen 1977, Gupta 1979). The contribution of organic matter to the total
B content of the soil ranges from 10% in soils with low organic matter to 100% of the
total B found in peat soils (Berger 1965). The distribution of B in different horizons of
the soil profile follows that of humus, being highest at the surface then decreasing in the
zone of eluviation to a level equal to or lower than that in the parent material
(Woodbridge 1940, Whetstone et al. 1942, Kanwar and Singh 1961, Miljkovic et al.
1966, Paliwal and Mehta 1973, Robertson et al. 1975, 1976, Aubert and Pinta 1977). In
poorly drained soils, concentrations of soluble B have been observed in the lower
horizons (Butler 1954).

Boron in solid soil
In chemical combination, three main forms ofB are recognized (Fleming 1980): 1) B in
silicate structures, 2) B associated with clay minerals and sesquioxides (adsorbed B), and
3) organically combined B.

Boron may enter silicate structures by substitution for AP+ and/or Si4+ions. Research has
demonstrated that illite or hydrous mica is the dominant silicate mineral fixing B (Parks
and White 1952, Scharrer et al. 1956, Harder 1961, Hingston 1964, Fleet 1965, Hatcher
et al. 1967, Couch and Grim 1968, Griffin and Burau 1974). Two mechanisms of B
retention by illite are proposed (Couch and Grim 1968) and consist of an initial rapid
chemical adsorption of the tetrahedral B(OH)-4 anion in the frayed edge sites of illite
flakes, followed by slow diffusion into tetrahedral sites in the crystal. Possibilities of
such substitutions by dissolution studies (Goldburg and Arhenmian 1958, according to
Couch and Grim 1968) and a fit of B in the tetrahedral part of a mica-type structure by
synthesis (Engster and Wright 1960; Stubican and Roy 1962, according to Couch and
Grim 1968) have been demonstrated. Of the known borosilicate minerals, only those
belonging to the tourmaline group appear to be of any significance in agriculture.

The broken Si-O and AI-O bonds at edges of alumino-silicate minerals, amorphous
hydroxide structures, magnesium hydroxide clusters, and iron and aluminum oxy- and
hydroxy-compounds have been recognized as B-adsorption sites in soils (Fleming 1980).
Descriptions of the B adsorption mechanism on these sites are found elsewhere (Scharrer
et al. 1956, Hatcher et al. 1967, Sims and Bingham 1968a,b, Rhodes et al. 1970,
Colembera etal. 1971, Greenland 1971, Bingham and Page 1971, Bingham et al. 1971,
McPhail et al. 1972, Langdon et al. 1973, Schalscha et al. 1973, EI-Damaty et al. 1974,
Griffin a,nd Burau 1974, Metwally et al. 1974, Perrott et al. 1974a,b, Huang 1975).
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Most of the available B is held in the organic fraction of soil and is recycled as
decomposition proceeds. Increase in organic matter content generally increases available
B as pH is raised (Berger and Troug 1939, Olson and Berger 1946). Increased B
retention with increased organic matter was reported (Midgley and Dunklee 1940,
Hatcher et al. 1967, Gupta 1968, Basar and Lodha 1971, Singh 1971, Paliwal and Mehta
1973, John et al. 1977). Complex formation with dihydroxy compounds in soil organic
matter is an important mechanism for B retention (Parks and White 1952). Boric acid is
also held by humic colloids in soils since carboxylic acid can condense with boric acid
(Russell 1973). Boron is also capable of reacting with sugars and in microbial breakdown
of soil polysacchrides to simpler sugars, the generation of diol-type structures suitable for
B combination can be envisaged (Fleming 1980).

Boron in soil solution
Undissociated boric acid, H3B03, is the predominant species in the soil solution and is
independent of the normal pH effect. The dissociated anion form, B(OH)-4, is pH
dependent and is predominant only at a pH of 9.2 or above. Boric acid is the form in
which B is used by plants (Tisdale and Nelson 1975). The concentration of B in solution
is of great agronomic importance because plant responses are influenced only by it and
not directly by the presence of adsorbed B (Hatcher et al. 1959). However, adequate
absorbed B is necessary to maintain solution B at a concentration high enough to satisfy
plant requirements throughout the growing season.

Factors Affecting Boron Availability

Apart from the solid forms of B in soils, other factors affecting the availability of B to
plants are: mineral supply, pH and liming, soil moisture, soil texture, leaching, light
intensity, etc.

Availability and uptake of native and added B by plants is generally lower in calcareous
than in non-calcareous soils. B adsorption has been shown to be independent of pH
below neutrality, but it increases rapidly as the system is made alkaline (Midgley and
Dunklee 1940, Wolf 1940, Berger and Truog 1945, Olson and Berger 1946, Mathur et al.
1964). Publications showing negative correlations between B uptake and soil pH have
accumulated (Gupta 1972b, Bartlett and Picarelli 1973, Bennett and Mathia 1973).
Liming strongly acid soils reduces the B concentration in the aerial part of several crops
(Gupta 1968, 1972, Gupta and Cutcliffe 1972, Gupta and MacLeod 1977). Formation of
polymerizable Ca-metaborate in soils following liming has been suggested as the cause
of reduced B uptake by plants (Colwell and Cummings 1944). Another explanation is
that the reaction between exchangeable AI and lime [2AIX3+ 3CaC03+ 3H 0 =
2AI(OH)3 + 3CaX

2
], where X =exchange site, produces AL(OH)3' and this freshly

precipitated AI(OH)3 adsorbs B from the soil solution (Fleming 1980).

Boron availability is strongly affected by the moisture content of the soil, and its
availability decreases under dry conditions. This might be related to the rate of
decomposition of organic matter and to the rate of root proliferation in the soil which
will generally be reduced under extremely dry conditions (Tisdale and Nelson 1975).
Another explanation would appear to lie in the plant'sinability to absorb B from soil
during drought due to reduced mass flow and diffusion rates and consequently affecting
transpiration flow in plants as well. Plants require a constant small supply of B because it
is not translocated in the plants. Drought induced B deficiency is temporary in nature and
is alleviated as soon as an adequate amount of water is supplied to the soil.

In the coarse-textured soils of the humid regions, the leaching loss of B is high (Kubota
et al. 1947, Wilson et al. 1951, Quellette 1958). Therefore, sandy soils contain less
available B than fine-textured soils, and B deficiency is more common in these soils.
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Crop removal is still another and very important factor affecting B availability in soils,
especially under conditions where crop residues are not returned to the soil. Alfalfa hay
removed the equivalent of almost 1 kg of borax (11 % B) per ton of hay when grown in
soils that were adequately supplied with the element (Revee et al. 1944).

Efforts to isolate the effects of anyone of the soil factors on B availability would not be
an easy job. Of the numerous, certain ones are more dominant. Others might be less
important, but the understanding of each of them is a prerequisite for any meaningful
interpretation of soil analysis for B. The soils likely to be deficient in B, in general, are
(Bradford 1966):

• Soils naturally low in B, such as those derived from igneous rocks or from fresh
water sedimentary deposits.

• Naturally-acidic soils from which much of the original B content has been
removed by leaching.

• Light-colored, sandy soils.

• Alkaline soils, especially those containing free lime.

• Irrigated soils where the content of B in the irrigation water is low and where
salt or carbonate deposition has occurred.

• Soils low in organic matter.

Boron may be applied to the soil in irrigation water, municipal compost, and fly-ash as a
soil amendment and as fertilizer and a herbicide when borax is used in large quantities.
Depending upon the situation and the nature and properties of the soil receiving them, the
added B has a great agronomic significance both from correcting B deficiency and
preventing toxicity. It is very important for agronomists and soil scientists to understand
the B needs of plants as too much of it in some plants may be as harmful as too little in
others. The ratio of a toxic to adequate level is narrower for B than for any other element
(Fleming 1980).

Assessment of Boron Availability

Tissue analysis
Adequacy of fertilizer is frequently determined and evaluated through plant analysis.
Scientists have worked out and established the "critical concentration" of nutrient levels
in plants and some plant parts, below which the growth or crop yield is restricted or
reduced (Ulrich and Hill 1967). Critical levels for specific crops have been published
elsewhere (Bradford 1966, Junes 1967, Melsted et al. 1969, Gupta 1979). Boron
deficiency in a variety of plants is characterized by levels less than 15 to 20 ppm.
Adequate but not excessive levels are commonly between 25 to 100 ppm. Amounts over
200 ppm are often associated with symptoms of B excess (Bradford 1966). The critical
level of B in maize earleafs at silking is 5 ppm (Jones 1967).

Soil analysis
Researchers have tested many methods of extraction and determination of plant available
B in soils. The extracting solutions used have ranged from water to weak acids, salt
solutions, organic complexing agents, and many combinations of acids and salts. A
review of the methods developed revealed that the superiority of anyone method over
another has been a subject of controversy. It is also evident that the hot water extraction
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procedure is the most widely used for routine analysis of available B in laboratories in
many countries. This method is also used as standard by which other methods are
compared. A good insight into the development and use of soil tests for plant available B
in soil can be found in Reisenauer et al. (1973), Farrar (1975), Gupta (1979), and Gupta
et al. (1985). The B extracted mostly correlates well with that available to crops are
measured by plant uptake. The tests must also be able to differentiate between B deficient
soils, those with an adequate supp'ly and those in which B may be excessive. Agro
climatic conditions, levels of other nutrients, especially calcium and magnesium and their
carbonates in soil, pH, organic matter, texture, and soil moisture all affect the uptake of
B by plants. Prediction of B uptake has been improved greatly by inclusion of some of
these parameters in regression equations (Stinson 1953, Wear and Patterson 1962,
Mi.ljkovic et al. 1966a,b, Martens 1968).

Boron Deficiency Problems in Nepal

The Institute of Agriculture and Animal Science is located in the Chitwan district, which
is one of the 75 administrative districts of Nepal. It is situated at the southwestern comer
of the Central Development Region, between longitudes 83°55' to 85°351 East and
latitudes 27°21' to 27°461 North and covers an area of 2,510 km2• About three-fourths of
the total area of the Chitwan District is flat to almost flat plain. The average altitude of
the valley is about 244 masl. Figure 1 is a map of Nepal showing the location of the
Institute of Agriculture and Animal Science (IAAS) in the Chitwan District in relation to
Kathmandu, the capital of Nepal.

The climate of the valley is a subtropical monsoon type with hot, humid summers and
cold, dry winters. Over 75% of the annual rainfall (average annual rainfall = 2000 mm)
falls during summer (June through September). The remaining rainfall is erratic with
respect to time and amount. Heavy dews are characteristics of the valley, especially in
the winter months, and this supplies a significant part of the moisture requirement of the
winter crops. Average monthly temperatures and rainfall recorded at Rampur are given in
Figure 2.

The main crops grown in the valley include rice, maize, mustard and wheat. Other crops
are also grown but on a small scale. Rice followed by wheat or spring maize is the
common rotation in the lowlands. Some farmers grow double crops of rice. In the
uplands, maize-mustard is the most favored rotation. Maize after maize is also popular.
Seasonal vegetables are grown on a small scale. Pineapples, guava, banana, mango, and
lichi plantations are also common in this valley.

In modern agriculture, high productivity per unit area is the aim. This requires not only
additional amounts of N, P, and K but also more secondary nutrients (Ca, Mg, and S) as
well as more micronutrients (B, Cu, CI, Fe, Mn, Mo, and Zn).

In Nepal, fanners cultivate their land very intensively and grow two or three crops a year
from the same piece of land and harvest everything above ground. Very little residue is
left to go back to the soil. Application of farmyard manure (FYM) and compost is limited
to small farms and to little areas of large farms. Results of such a practice are showing up
in patches in many parts of Nepal where stunted plant growth with reduced yields have
been frequent even with an adequate supply of N, P, and K fertilizers. Visible symptoms
of nutrient deficiencies are observed every here and the~re in Nepal. Zinc deficiency in
maize and rice, and possibly Sin dhaincha (Sesbania aculeata) were observed in the
IAAS-fann and Chitwan Valley. Deficiencies of B, Mo, and Mg were also suspected in
maize. Similarly, the deficiencies of Band Mo in cauliflower were observed. A review of
the work done on plant available B in the soils of Nepal follows.

38



Survey of plant available B in soils and plants .
Khatri-Chhetri and Schulte (1984) surveyed the nutrient supplying capacity of the soils
of the Chitwan Valley. The chemical analyses of the soil samples are presented in
histograms of the frequency distributions of the nutrient elements in soils (Figure 3). A
summary of soil analysis data and the available nutrient status of soils are presented in
Tables 1 and 2.

All soils tested were very low to low in available B and nearly the same occurred to their
Zn status. A summary of the analysis of plant samples and the proportion of samples in
which the nutrient content is falling below the critical level of different nutrients are
given in Tables 3 and 4.

In the interpretation of plant analysis data, the concept of critical plant nutrient
composition values is employed.

• Of the 32 rice samples analyzed, 94% of the samples wee below the critical
level for N, 59% for Band 22% for Zn.

• 95% of the maize samples analyzed contained B below the critical level.

• Cauliflower has a high B requirement (Vitosh et al. 1973), and both samples
analyzed were below the critical level.

• If the critical level of nutrients for cauliflower is used for mustard as well, 100%
of the samples analyzed fall below critical level in B content.

It can be concluded that Boron is the most limiting element in crop production in the
Chitwan Valley.

Responses of Different Crops to Boron Deficiency

In the case of micro-nutrients that are required in relatively small quantities, it might be
more practical to consider yields in terms of economic responses. If the increment in
yield due to borated fertilizer and its value exceeds the cost of B fertilizer, application of
B might be justifiable. Some experiments summarized below conducted on cauliflower,
mustard, and maize and illustrate this conclusion.

Field experiments on cauliflower with added B
The results are in Tables 5-9. It is apparent that 10 kg/ha of borax is sufficient to correct
B deficiency. The yield increase due to added B is significantly greater than that from
control (Le., 0 B added).

The tissue B concentration of the control plot that the plants were deficient in B «10
ppm). The addition of B increased the tissue B concentration significantly in B added
plots with the B concentration being more than seven-fold (control vs. 60 kg/ha borax).

It can be concluded that boron and magnesium are the most limiting nutrients for the
production of cauliflower in the soils of the Chitwan Valley.

Response of mustard to added B
The results are in Tables 10 and 11. Mustard yields tended to increase due to added B.
An application of 20 kg/ha of borax increased yield by over 29%, but the increase was
nonsignificant at P = 0.05.
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B concentration in leaf tissue samples increased as the rate of borax application
increased, e.g., more than tenfold after application of 25 kg/ha of borax. Leaf B
concentration of less than 10 ppm is related to B deficiency. The highest B concentration
of 104 ppm was reported to show no visual symptom of abnormality. Boron
concentration as high as 100 ppm does not cause toxic effects in cole crops like broccoli,
cauliflower, and brussels sprouts (Gupta 1979).

Field experiments on maize with added B
The results of one experiment in Table 12 indicated an increasing trend of grain yield of
maize due t6 added B. However, it failed to demonstrate statistical significance over
control.

The results in two other experiments are in Tables 13-17. The application of B had a
positive response at 60% of the locations, but the average increase in yield was not
statistically significant. There was a yield depression in 38% of the locations.

The tissue concentration of B was also deficient to marginal irrespective of the B
treatment. The addition of B increased the tissue B, but the increase was not sufficient in
most cases.

The availability of B under high rainfall in a coarse textured soil has been reported to be
most limiting due to leaching of B to below the root zone (Kubota et al. 1947, Quellette
1958). The soils of the experimental sites were also reported to be coarse textured and
there was high rainfall during the cropping season.
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Table 1. Summary of soil analysis data (Khatri-Chhetri and Schulte 1984).

Surface samples (n=70)· Subsurface samples (n=61)
(0-15 cm depth) (16-45 cm depth)

Standard Standard
Min. Max. Mean deviation Min. Max. Mean deviation

Organic 1.1 6. 82.8 0.99 0.4 2.1 1.3 0.78
matter (%)

pH 4.2 7.7 5.8 0.83 5.2 8.2 6.3 1.20
P (kg/ha) 4.0 448 167 171 <1.0 448 127 158
K (kg/ha) 73 896 196 142 45 320 126 67
Ca (kg/ha) 672 10800 2230 1740 560 9408 2030 1950
Mg (kg/ha) 90 582 324 126 56 504 231 118
Mn (kg/ha) 1 202 53 37 1 106 32 27
B (kg/ha) <0.6 1.2 0.68 0.16 <0.5 0.7 0.6
Zn (kg/ha) 0.6 31.9 4.4 4.9 0.6 10.7 3.47 4.18

aN = Number of soil samples analyzed.
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Table 2. Available nutrient status In the soils (Khatrl-Chhetri and Schulte 1984).

Interpretation (% of all samples)

Very low High to
Nutrient elements to low Medium excesssive

Phosphorus (P) 36 8 56
Potassium (K) 64 5 31
Calcium (Ca) 0 73 27
Magnesium (Mg) 4 94 2
Boron (B) 100 0 0
Zinc (Zn) 83 16 1
Manganese (Mn) 23 23 54

Table 3. Summary of analysis of plant tissue samples (Khatrl-Chhetrl and Schulte
1984).

Caull·
Mustard (n=20)- Maize (n=22) Rice (n=32) flower

Nutrient (n=2)
element Min. Max. Mean Min. Max. Mean Min. Max. Mean Mean

N (%) 4.34 5.84 5.12 1.62 3.00 2.39 1.58 2.66 1.93 3.56
P (%) 0.30 0.66 0.50 0.22 0.51 0.31 0.10 0.28 0.16 0.55
K (%) 2.82 5.98 4.28 1.02 2.37 1.76 1.31 2.22 1.67 3.86
Ca (%) 1.79 3.39 2.39 0.34 0.82 0.54 0.13 0.64 0.24 1.54
Mg (%) 0.31 0.63 0.44 0.14 0.86 0.27 0.11 0.24 0.16 0.26
S (%) 0.35 0.86 0.63 0.12 0.28 0.17 0.12 0.28 0.17 0.58
AI (ppm) 66 128 81 45 330 105 10 71 15 56
Fe (ppm) 111 312 152 126 408 205 21 127 46 126
B (ppm) 3.7 9.7 6.3 2.5 4.7 3.5 1.0 10.5 3.2 8.9
Cu (ppm) 3.3 7.6 5.5 3.4 13.2 7.1 1.0b 3.5 <4.4
Zn (ppm) 10 58 31 9 47 15 4 19 12 30
Mn (ppm) 23 150 68 17 74 42 9 603 162 20

aN = number of plant samples analyzed.

bLow Cu values due to interferences with Si (R. Christensen, Raltech, Inc., pers. comm.)
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Table 4. Plant samples below the criticall levels of specified nutrients (% of total
number of samples) (Khatri-Chhetri and Schulte 1984).

Nutrient Crop
elements Rlce(32)8 Malze(22) Mustard (20)b Caullflower(2)

Nitrogen 94 41 0 0
Phosphorus 3 9 5 0
Potassium 0 45 90 100
Calcium 6 0 0 0
Magnesium 0 4 70 100
Sulfur 3 14 0 0
Boron 59 95 100 100
Copper 100C 0 30 50
Zinc 22 82 45 0
Manganese 0 0 5 100
Iron 81 0 0 0

a Number in parentheses indicates number of plant samples analyzed.
b On the basis of the critical values for radish.
C This value is presumed to be affected by interference from Si, which was not removed.

Table 5. Soil test of available nutrients (Khatri-Chhetri and Karki 1979a).

Organic Kg/ha of
Depth matter

cm Texture pH % P K Ca Mg B Mn Zn

0-15 Sandy 5.2 2.9 79 174 896 112 0.6 52 1.7
loam

Plant-available Band Zn are deficient in the soil.

Table 6. Yield response of cauliflower to added Borax* (Khatri-Chhetri and Karki,
1979a).

Borox Whole plant Curd Population Concentration
added weight weight Curd per plot of B In tissue
kg/ha kg/ha kg/ha (%) number ppm

0 19.5a 4.30a 22.1a 26.2a 5.14
10 43.9b 15.40c 35.1c 33.2b 23.50

20 39.4b 12.12bc 30.8b 34.5b 25.80
40 35.4b 10.92b 30.8b 32.5b 34.10
60 40.4b 13.80bc 34.2b 32.8b 36.20

Mean 35.6 11.31 30.6 31.6
CV% 18.4 25.4 8.3 10.4
Fat
P=0.05 8.60 8.85 16.5 3.57

1< Numbers followed by the same letter are not significantly different at P = 0.05.
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Table 7. Effect of different nutrient elements on the yield parameters and biomass
production of cauliflower (Baral et al. 1986).

Marketable Curd Total
curd No. of size biomass

Treatments (t/ha) curd (kg) (t/ha)

NPKonly
NPK+others (balanced) 15.7b 19b 0.59b 34.4b
NPK+others (-Mg) 4.7a 9a 0.38a 15.6a
NPK+others (-B)
NPK+others (-Cu) 13.2b 17b 0.57b 31.1b
NPK+others (-Zn) 14.6b 18b 0.60b 32.6b
NPK+others (-Mo) 14.2b 19a 0.55b 32.8b
No fertilizer (control)

Means followed by the same letter are not significantly different by DMRT at p = 5 %. Dashes
mean no curd was harvested.

Table 8. Effect of different nutrient elements on the yield parameters and biomass
production of cauliflower (Baral et al. 1986).

Marketable Curd Curd Total
curd No. of weight diameter biomass

Treatments (t/ha) curd (kg) (cm) (t/ha)

NPKonly
NPK+others (balanced) 16.9b 20b 0.60b 15.0b 33.2b
NPK+others (-Mg) 1.7a 6a 0.24a 8.9a 3.8a
NPK+others (-B)
NPK+others (-Cu) 13.8b 20b 0.49b 14.7b 28.0b
NPK+others (-Zn) 15.9b 21b 0.56b 14.9 31.0b
NPK+others (-Mo) 16.3b 20b 0.59b 14.8b 31.6b
No fertilizer (control)

Means followed by the same letter are not significantly different by DMRT at p = 5 %. Dashes
mean no curd was harvested.

Table 9. Effect of different nutrient elements on marketability of cauliflower (%
nonmarketable by weight) (Baral et al. 1986).

Treatments 1985 1986

NPKonly
NPK+others (balanced) 0 0
NPK+others (-Mg) 38 34
NPK+others (-B) 100 100
NPK+others (-Cu) 5 0
NPK+others (-Zn) 5 0
I\IPK+others (-Mo) 5 0
No fertilizer (control)
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Table 10. Soil test of available nutrients (Khatrl-Chhetrl and Karkl 1979b).

Soli
sample Organic kg/ha of
collect- matter
ed from Texture pH % P K Ca Mg B Mn Zn

Sickly Loamy 5.0 2.86 120 175 807 62 0.67 74 2.24
looking sand
area
Better Sandy 4.8 2.89 107 134 807 37 1.35 27 2.24
area loam

Plant available B, Zn and Mg were deficient to low in the SOil.

Table 11. Effect of borax on the yield of mustard (Khatri-Chhetrl and Karki 1979b).

Borax added
(kg/ha)

o
5

10
15
20
25
30

Grain yield
(kg/ha)

651
688
764
725
841
772
747

Yield Increase
over control (%)

5.68
17.35
11.37
29.19
18.59
14.75

Tissue B con
centration (ppm)

9.7
32.6
44.2
67.0
68.7

104.0
84.8

Yield differences were not significantly different. CV =9.04 %.

Table 12. Effect of B on the grain yield of maize (Khatri-ehhetrl et al. 1979).

Boron added
kg/ha

o
0.5
1.0
2.0
3.0
4.0

Grain yield
kg/ha

1741
2110
2197
2236
2229
2182

Yield Increase over control
%

21.1
26.1
28.4
27.4
25.3

The soil used in this experiment tested deficient for both Band Zn and the pH was 5.8.
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Table 13. Soli analysis of experimental sites (Khatri-Chhetri and Schulte 1985a).

Soli Organic P K Ca Mg B Zn Mn
Location pH matter (%) kg/ha

IAAS farm 5.5 3.4 39 78 840 112 0.7 2.8 18
NMDPfarm 5.4 3.0 448 218 1344 112 1.6 13.4 31

"rhe soils of both experimental sites were deficient in available 8.

Table 14. Effect of various fertilizers on maize at the IAAS farm (Khatri-Chhetri
and Schulte 1985a).

Treatment Grain Yield Grains/cob Partially
N P20 S ~O Others (dry grain) (oven-dry) filled cobs

kg/ha t/ha # %

kg/ha
0 0 0 0.89a 27.8a 37.0c
0 0 80 1.14ab 31.0ab 29.0bc
0 60 0 1.38b 35.2ab 36.0b
0 60 80 1.38b 41.8bc 26.2b

120 0 0 1.12ab 34.5ab 34.8bc
120 0 80 1.10ab 30.0ab 38.8c
120 60 0 2.10c 54.5cde 16.5a
120 60 80 2.33cd 59.0def 17.8a

120 60 80 25S 2.64de 58.0def 10.2a
120 60 80 40Mg 2.94e 68.8f 14.0a
120 60 80 28 2.25cd 53.2cd 12.8a
120 60 80 5Cu 2.56de 61.8def 11.8a
120 60 80 5Zn 2.84e 66.8def 10.8a
120 60 80 0.1 Mo 2.77e 67.5e 9.8a
120 60 80 All 2.86e 69.8f 8.8a

Mean 2.02 50.6 20.9
LSD 0.42 13.1 10.1
CV(%) 14.7 17.7 32.9
F-test 26.36** 12.12** 10.89**

Means followed by same letter are not statistically significant at p = 0.05.
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Table 15. Effect of various fertilizers on maize at the NMOP farm (Khatri-Chhetri
and Schulte 1985a).

Treatment Grain Yield Grains/cob Partially
N P20 S ~O Others (dry grain) (oven-dry) filled cobs

kg/ha t/ha # %

0 0 0 1.18ab 98.8abc 22.25de
0 0 0 1.36b 108.2bcd 20.75de
0 60 0 0.78a 89.2a 26.75e
0 60 80 1.32b 97.2ab 22.50de

120 0 0 2.36cd 117.5d 16.25bcd
120 0 80 2.40cde 110.2bcd 17.00cd
120 60 0 2.34cd 116.5cd 16.75cd
120 60 80 2.07c 112.2bcd 18.50cd

120 60 80 25S 2.38cde 120.5d 16.50cd
120 60 80 40Mg 2.29cd 116.0cd 18.25cd
120 60 80 28 2.42cde 123.8d 9.0ab
120 60 80 5Cu 2.02c 116.2cd 16.00bcd
120 60 80 5Zn 2.63de 117.8d 12.50abc
120 60 80 0.1 Mo 2.29cd 116.0cd 19.25cd
120 60 80 All 2.78e 125.0d 7.75a

Mean 2.04 112.4 17.3
LSD 0.413 18.6 7.4
CV,% 15.5 11.5 29.1
F-test 13.97** 2.45* 3.91**

Means followed by same letter are not statistically significant at p =0.05.
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Table 16. Effect of various fertilizers on the concentration of nutrients In earleaf
samples (Khatrl-Chhetri and Schulte 1985a).

Treatment N P K Ca Mg S AI Fe B Cu Zn Mn
% ppm

IAAS farm

0-0-0 1.84 0.12 0.82 0.66 0.42 0.24 223 321 1.3 7.7 11.6 49
0-0-8 1.84 0.13 1.27 0.57 0.31 0.14 237 313 1.5 7.0 11.1 55
0-60-0 1.74 0.18 0.77 0.70 0.41 0.15 221 315 1.4 6.6 10.5 48
0-60-80 1.87 0.18 1.38 0.60 0.29 0.15 226 306 1.6 7.8 10.2 57
120-0-0 2.52 0.16 1.03 0.69 0.42 0.18 226 317 1.7 10.1 14.4 78
120-0-80 2.31 0.13 1.43 0.55 0.31 0.18 258 343 1.7 9.4 13.4 66
120-60-0 2.55 0.24 0.85 0.79 0.51 0.16 193 268 1.5 10.9 11.7 90
120-60-80 2.57 0.26 1.50 0.61 0.28 0.08 209 313 1.7 13.4 12.9 82
NPK+S 2.58 0.22 1.33 0.63 0.31 0.14 206 308 1.5 10.6 11.8 103
NPK+Mg 2.62 0.25 1.30 0.55 0.38 0.18 206 328 1.5 11.4 14.2 89
NPK+B 2.64 0.23 1.33 0.55 0.26 0.18 212 361 5.6 14.9 12.7 84
NPK+Cu 2.72 0.27 1.43 0.61 0.30 0.18 193 299 2.1 15.1 12.0 89
NPK+Zn 2.80 0.25 1.49 0.54 0.28 0.19 211 342 2.0 13.5 14.5 80
NPK+Mo 2.47 0.25 1.44 0.61 0.33 0.18 197 307 2.0 14.7 12.3 92
NPK+AII 2.63 0.23 1.46 0.60 0.39 0.17 214 328 6.2 11.8 15.0 110
0-0-80 1.84 0.13 1.27 0.57 0.31 0.14 237 313 1.5 7.0 11.1 55

NMDP farm

0-0-0 1.60 0.38 1.48 0.40 0.11 0.18 52 115 3.3 3.7 15.6 20
0-0-80 1.62 0.36 1.68 0.40 0.10 0.13 52 99 2.9 3.7 13.2 18
0-60-0 1.65 0.42 1.46 0.47 0.13 0.16 51 95 3.4 4.4 13.9 21
0-60-80 1.73 0.39 1.59 0.47 0.11 0.13 53 94 3.1 4.2 13.4 22
120-0-0 1.99 0.31 1.28 0.55 0.13 0.17 61 127 2.8 5.0 15.1 30
120-0-80 1.71 0.32 1.26 0.59 0.13 0.15 64 164 3.1 5.6 16.8 32
120-60-0 2.33 0.30 1.56 0.51 0.13 0.18 57 119 2.5 5.7 12.3 26
120-60-80 2.24 0.31 1.44 0.61 0.16 0.18 62 137 2.3 6.1 17.6 30
NPK+S 2.26 0.34 1.49 0.51 0.51 0.11 66 139 3.4 6.4 15.3 30
NPK+Mg 2.34 0.31 1.72 0.50 0.12 0.23 55 109 3.4 6.2 13.5 27
NPK+B 2.24 0.29 1.53 0.50 0.12 0.18 66 115 3.9 5.8 14.2 28
NPK+Cu 2.23 0.29 1.60 0.48 0.11 0.14 60 112 3.5 5.5 12.2 23
NPK+Zn
NPK+Mo 2.37 0.25 1.66 0.53 0.20 0.13 60 116 3.9 7.2 13.3 27
NPK+AII 2.25 0.31 1.54 0.14 0.15 0.14 58 110 4.0 5.6 16.6 27
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Table 17. Results of multi-location trials with B on maize (Khatrl-Chhetrl,
1985b).

- Soli test -- Tissue con-
Organic centratlon of - Grain Yield -- %of

Site pH matter B -B +B Check NPK NPK+B maximum
no. % kg/ha -ppm- kglha yield

9 4.2 1.5 <0.6 2.4 6.4 1960 3270 3395 96
15 5.9 2.6 <0.6 1.9 3.3 1285 1375 1985 69
16 7.3 1.5 <0.6 1.2 2.7 1370 660 1375 48
19 5.5 3.5 <0.6 2.1 5.6 1460 1790 1490 120
20 5.2 2.3 <0.6 4.2 7.0 2105 3395 2830 120
21 5.2 3.8 <0.6 3.5 5.4 630 745 794 94
22 5.5 3.3 <0.6 2.0 6.0 890 1405 1375 102
23 7.5 0.8 0.8 1.7 3.5 995 2005 2575 78
25 7.5 3.9 0.7 1.5 3.1 870 1805 2285 79
26 5.3 3.3 <0.6 1.9 1.9 1420 1770 3180 56
27 5.6 2.8 <0.6 1.0 3.4 3070 4120 4150 99
31 5.7 2.9 0.6 2.1 3.0 1245 1585 1365 116
33 6.9 4.0 <0.6 1.9 1.6 1075 1450 1845 79
34 5.7 2.8 <0.6 3.1 4.4 440 2350 2285 103
38 5.3 3.2 0.6 2.5 5.5 235 990 500 198
51 5.2 2.6 <0.6 2.1 3.0 1730 1915 1756 109
55 5.7 2.8 <0.6 3.2 4.0 1890 2475 2000 124
57 5.5 2.4 <0.6 2.6 4.4 2350 2635 1860 142
59 5.1 3.0 <0.6 1.8 2.1 1380 1245 465 268
61 5.0 2.4 <0.6 2.2 3.8 710 2270 2935 77
62 6.0 2.3 0.6 1.3 2.0 1475 1885 2245 84
63 5.7 4.0 0.8 2.5 4.2 2485 3570 3570 64
64 5.5 3.0 0.6 1.7 3.9 170 465 650 72
66 4.8 2.4 0.6 4.0 7.0 1425 1645 1601 102
67 5.3 1.7 0.6 4.1 5.5 535 2010 2690 75
69 5.2 2.7 0.6 3.2 5.3 630 2350 2400 98
70 7.0 2.9 0.6 4.6 4.7 2655 2500 2670 94
73 6.0 2.8 1.0 2.8 7.3 3361 3975 4095 97
74 5.5 3.4 0.7 1.7 6.6 890 2330 2250 104
75 5.8 2.7 1.1 1.6 2.9 1190 1600 2590 62
76 6.0 3.0 1.2 1.9 2.9 1010 2330 2420 139
77 5.2 3.1 1.6 3.4 4.2 305 715 810 88
78 5.8 2.9 1.5 3.1 4.4 200 1115 1475 76
79 7.4 1.7 1.2 4.5 6.9 1750 3515 2945 119
80 5.4 3.0 1.6 3.2 3.9 1180 2070 2420 88
82 6.0 3.1 1.6 2.1 4.4 2290 3285 3690 89
83 6.0 3.2 1.3 2.4 2.9 1785 4090 3965 103

Mean + 1442a 2160b 2269b
LSD.,O = 359 kg/ha; CV = 48.5 %; F-test = 6.69**

+ Means followed by the same letter are not significantly different at p = 0.10.
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Figure 2. Seven-year average monthly temperature and rainfall distribution
pattern at Rampur
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WHEAT STERILITY IN NEPAL-A REVIEW

Kalidas Subedi
Senior Crop Scientist

Lumle Regional Agricultural Research Centre
Kathmandu, Nepal

Abstract

Sterility in wheat is an increasingly important problem in Nepal. It occurs at all altitudes
and a number of factors are involved. In the high hills (above 1200 m), low temperatures,
frost, and snow at anthesis seem to be the major factors responsible. In the low hills
(below 1200 m), temperatures are low enough to cause sterility and soil problems,
particularly low boron availability. Waterlogging has also been identified as an important
factor in the low hills. Further work on the sterility problem is recommended.

Introduction

Wheat is the third most important cereal crop in Nepal, both in area and production, after
rice and maize. Wheat is widely grown in all agro-ecological zones of Nepal from the
terai (below 100 m) up to the high hills (2500 m) in both irrigated and rainfed lands.
Wheat area and production in Nepal have increased sharply since the mid-1960s with the
introduction of Mexican varieties such as Lerma-52, Lerma Rojo-64, and the CIMMYT
based Indian variety Sonalika (= RR-21).

In 1989-90, wheat was cultivated on 604,240 ha (17% of the total cereal area);
production was 854,960 t with an average yield of 1.415 tlha (CBS 1991). Fifty-two
percent of the wheat cultivation is in the subtropical zone (terai and inner terai region),
41% is in the hills (300-2000 masl), and 7% in the mountains (>2000 masl). Wheat is a
winter crop, but varieties grown are spring types. The main wheat-based cropping
patterns are wheat-rice, wheat-rice-rice, wheat-maize-rice, and maize/millet-wheat, but
more than 80% of the wheat cultivation is in the rice-wheat systems (Hobbs 1991). The
crop is planted in September/October in the high hills (>1500 masl) and in November/
December in the terai and the low and mid-hills (100-1500 masl).

Sterility of wheat in Nepal has been reported by several workers (NWDP 1977, Rana
1980, Sthapit 1989, Sthapit and Subedi 1990, Sthapit et al. 1989, Subedi et al. 1991) in
different parts of Nepal. However, the real causes of this problem are not yet well
understood. This paper briefly highlights the nature of the problem, its extent, and
possible causes based on the review of past work.

Nature of the Problem

Floret infertility or grain set failure in wheat has been frequently observed in different
parts of Nepal and in recent years has been found to be an increasing problem. It has
been reported from Chitwan, Lumle, Gorkha, Lamjung, Kaski, Makawanpur, Tanahun,
Syangja, Morang, Sunsari, and Pakhribas (Sthapit and Subedi 1990b, Subedi et al. 1991).
These problems were observed in advanced varietal trials, seed multiplication plots, in
the farmers' production plots, and in national and international (CIMMYT) segregating
lines (Sthapit and Subedi 1990a, Subedi et al. 1991). Partial to full grain set failure has
been observed and estimated yield loss ranges from 30 to 100%, (Sthapit and Subedi
1990a, Subedi et al. 1991, Mishra, unpublished data). In farmers' fields, the problem is
observed mostly in patches.
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In the sterile spikes, the florets appear complete with fully developed palea and lemma
but the anthers are absent or poorly developed with few and malformed pollen grains.
The spike gives a transparent appearance against the sun. At higher altitudes, however,
the symptoms may be different in that glumes turn blackish and, in most cases, sterile
florets are observed at the tip portion of the ear. At these altitudes, the cause of grain set
failure is almost certainly due to cold injury during anthesis either to frost or snow or
cold temperatures.

The assessment of grain set failure in Nepal is done by various methods such as visually,
feeling, and LAC as described by Sthapit and Subedi (1990b). The LAC method has
been found to be simplest, but it does tend to overestimate sterility by 20% in sterility
resistant varieties. Sterility is calculated as:

Sterility % =
(a-b)
---x 100

a

where, a = No. of florets/spike and b = No. of grains set/spike.

Causes of Wheat Sterility in Nepal

Research on the cause of sterility in wheat has been initiated in Nepal (Mishra,
unpublished data, 1975-89; Pandey 1979; Sthapit 1987). Preliminary surveys and studies
conducted in Nepal indicated that ear sterility in wheat is caused by at least two or more
factors, such as cool temperatures, boron (B) deficiency, waterlogging, etc. However,
cold stress and B deficiency are found to be the most important factors.

Environmental stresses
Literature review suggests that sterility in wheat can be caused by environmental stress
such as cold injury at anthesis (Sthapit et al. 1989, Prescott et al. 1986, Brooking 1976,
Kim et al. 1985, Wang 1983, Euthumiades, 1981), drought or water stress at anthesis
(Evans et al. 1975, Prescott et al. 1986), waterlogging (Cannell and Belford 1982) and
low relative humidity and high temperature during flowering (Evans et al. 1975).

It has been reported that a temperature around 2°C kills pollen grains within 15-24 hours
(Singh 1982). A cold temperature of 3°C for 48 hours during this stage has detrimental
effects on successful fertilization (Euthumiades 1981, Wang 1983). The optimum
temperature for fertilization is 18-24°C with minimum and maximum temperatures of 10
and 32°C, respectively (Evans et al. 1975). However, as in any part of Nepal, the
maximum temperature does not reach 32°C during the time of anthesis, which is
generally January-February. So high temperature is not a likely cause of ear sterility. On
the other hand, a minimum temperature of 10°C and even lower temperatures prevail
during the anthesis season in most of the mid- and high hills of Nepal. For example,
minimum temperatures at Lumle (1675 masl) during anthesis are sufficient to cause
sterility (Figure 1). The mean minimum temperatures recorded at Lumle during anthesis
time were 5-7°C.

Moreover, different studies done at Lumle also indicated that cold-induced sterility is
more common in the hills than the lower areas. For example, a 2-year trial conducted at
Lumle with B application revealed an insignificant effect of B suggesting that cold
temperature must be responsible for causing sterility at Lumle.

There are varietal differences for the ability to tolerate the cold-induced sterility. For
example, varieties BL-1020, HD-1982, Vinayak, and HD-2380 developed in the terai
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(Bhairahwa) and recommended for the lower elevation areas have the most sterility
problems (mean of 93%) when planted at Lumle. On the other hand, varieties such as
Annapurna-l and Annapurna-2, released for the hills, have least sterility (mean of 24%)
at the same location (Subedi et al. 1991).

In the hills, farmers prefer to grow short-duration wheat varieties to escape the post
anthesis drought and to fit the crop into the existing cropping patterns. However, anthesis
period coincides with the coldest month (January) and as a result the crop suffers from
cold induced sterility. Joshi et al. (1989) found that in various varietal trials conducted in
the hills, the majority of the early heading cultivars of wheat and barley showed partial or
complete sterility. However, late maturing varieties escape the critical cold period and
might have suffered least from the cold.

Sthapit et al. (1989) observed that delaying planting by 15 days reduced sterility in
different varieties of wheat at Lumle (from 59-64 to 2-22% in RR-21, from 11-34 to 9
12% in NL-460, and from 21-27 to 11-13% in Triveni). This might be due to escaping
the critical cold period at anthesis. Similar results were also observed at Pakhribas (1700
masl). Irrespective of the planting time, variety RR-21 showed the highest degree of
sterility followed by Triveni and NL-460 both at Lumle and Pakhribas (Tables 1 and 2).

In the high hills, where frost, hail, and snow occur frequently and cause considerable
sterility, the entire crop sometimes may be lost. Therefore, in the high hills, factors
causing sterility in wheat and barley are already established.

Besides cold temperatures, waterlogging at anthesis is also thought to be an important
factor contributing to sterility in wheat. The effect of waterlogging was reported by
Mishra at Tarahara Agricultural Station (pers. comln.) and the author has also observed
situations where sterility was greater in wet and low lying fields. However, there is no
reported evidence to support the involvement of waterlogging in sterility.

B deficiency
B has been said to playa special role in fertil.ization in higher plants as anthers appear to
be specially sensitive to B deficiency (Vasil 1963). B deficiency as a cause of spikelet
sterility in wheat was reported by Oliver et al. (1974), Singh et al. (1976), Sthapit et al.
(1989), and Rerkasem et al. (1989, 1990). In Nepal, wheat sterility due to B deficiency is
suspected in lower areas where temperatures are not sufficiently cool to cause sterility,
for example, at Khairenitar (450 masl), Tarahara (100 masl), and Chitwan (160 masl),
where minimum temperatures are never lower than 10°C. More severe sterility problems
are reported in the rice-wheat system (khetlands) than in any of the others. Moreover,
more patchy occurrences of the problem in the lower area hint at a soil problem.

To investigate whether B is responsible for sterility or not, experiments were conducted
at Lumle, Pakhribas, Khairenitar, and Tarahara during 1987-88. Similarly, B-based
experiments have been conducted at Lumle since 1987. The results (e.g., Tables 1 and 2)
of the different experiments suggest that, in higher areas like Lumle and Pakhribas, the
cause of partial sterility in wheat is mainly frost and cold temperatures and that B is of
minor importance (Sthapit et al. 1989, Subedi et. al. 1991).

Unlike at Lumle and Pakhribas, B application of 15 kg/ha significantly reduced sterility
(from 30 to 2%) at Tarahara where effect of cold temperature was unlikely (Table 3).
Similarly at Khairenitar, B applied at the same rate reduced sterility by 7% (Table 4).
From these results, it was concluded that B deficiency could be the primary cause of
wheat sterility in these areas.
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Response to B deficiency differs between varieties. In an experiment conducted at
Yampaphant (450 masl), soil application of 1 kg/ha (Le., 9 kg Borax/ha) has a significant
effect on yield components viz. grains/F1+2, grains/spikelet and grains/spike (Subedi et
al. 1991). A significant interaction (P<0.05) was also evident between B and genotypes
(Figure 2) for grains/F1+2. For example, varieties SW-41 and KUHR-12 were highly
responsive to B whereas NL-460, Sonalika, and SW-23 have no response at all.

Additional evidence of B deficiency was observed in the Farmers' Field Trials (FFrs)
conducted in different low hill sites during 1990 season. At Bhoteodar (600 masl),
sterility among the six tested varieties ranged between 40 and 75% and was highest in
BL-1022. Similarly at Batulechaur (1000 masl), sterility was 80% in BL-1022 whereas
UP-2121 and NL-297 were least affected (25%) (Subedi et al. 1991).

Soil samples were collected from the plots where sterility was very high and analyzed
(Table 5).

This analysis gave more evidence that sterility at Bhoteodar and Batulechaur was mainly
due to B deficiency. At Lumle, trace amounts ofB were available, therefore its
deficiency was less likely to cause sterility. Pot experiments with B application in the
soils collected from Bhoteodar and Batulechaur are currently being conducted at Lumle.

Conclusions

Wheat sterility is becoming an increasingly serious problem in Nepal. This problem is
complex and involves more than one factor. Research and studies during the last 4 years
at Lumle and elsewhere in Nepal reveal that at mid-altitude areas (above 1300 masl),
sterility is caused by low temperatures (below 5°C) at the time of pre-anthesis. At high
altitudes (about 1600 masl), low temperature as well as snow and frost cause sterility. In
the lower areas where temperatures are not sufficiently low to cause sterility, soil
problems, especially B deficiency, seem to be the major cause of sterility. Varietal
differences exist in response to cold tolerance as well as to B deficiency. The
contribution of waterlogging and alkalinity in sterility needs to be studied. Evaluation of
cold tolerant and less B responsive varieties should be the breeding strategy in future.
Breeding programs should include screening for cold tolerance and tolerance to low soil
B levels. The study ofwheat sterility in Nepal is still in its infancy and requires further
attention.
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Table 1. Percentage floret sterility on three cultivars of wheat as affected by
planting date (normal: 14 Oct.; late: 15 Nov. 87) x Borax (0,15 kg/hal application,
at LAC (1675 masl).

Control Borax 15 kg/ha
14 Oct. 15 Nov. 14 Oct. 15 Nov.

Variety (Normal) (Late) (Normal) (Late) Mean

RR-21 30.5 55.5 17.1 45.5 37.2
NL-460 0.0 0.0 0.0 0.0 0.0
Triveni 8.7 0.0 6.3 13.0 7.0

Source: Sthapit et al. (1989).

Table 2. Percentage floret sterility on three cultivars of wheat as affected by
sowing date (normal: 2 Nov; late: 1 Dec 87) x borax (0,15 kg/ha) at PAC (1750
masI).

Control Borax 15 kg/ha
2 Nov. 1 Dec. 2 Nov. 1 Dec.

Variety (Normal) (Late) (Normal) (Late) Mean

RR-21 21.4 38.3 25.6 25.0 25.1
NL-460 9.8 18.7 4.2 18.4 12.8
Triveni 11.9 17.4 9.1 18.4 16.7

Mean 14.4 21.5 16.3 20.6
18.0 18.5

Source: Sthapit et al. (1989).
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Table 3. Percentage spikelet sterility on wheat cultivars UP-262, NL-297, and BL
1022 as influenced by planting date and borax application at Tarahara (100 masl),
1987/88.

Variety

Control
8 Dec. 22 Dec.

(Normal) (Late)

Borax 15 kg/ha
8 Dec. 22 Dec.

(Normal) (Late) Mean

UP-262
NL-297
BL-1022

Mean

27.0
41.7
15.0

29.5

3.0
8.3

81.7

0.3
10.0
0.0

2.2

0.0
1.0
1.7

7.6
15.3
24.6

Source: Sthapit et a!. (1989).

Table 4. Percentage spikelet sterility on wheat cultivars UP-262, NL-297 and BL
1022 as affected by sowing date and borax application at Khairenitar (450 masl),
1987/88.

Control Borax 15 kglha
2 Nov. 1 Dec. 2 Nov. 1 Dec.

Variety (Normal) (Late) (Normal) (Late) Mean

UP-262 33.3 37.1 22.7 31.7 31.2
NL-297 28.6 28.5 24.1 24.7 26.7
BL-1022 23.3 27.5 24.5 3.7 19.8

Source: Sthapit et a!. (1989).

Table 5. B content in soil samples collected from different sterility problem areas.

Organic Total Ava11- Available
Carbon N ableP hot water

Location pH % % ppm soluble B

RARe (1675 m) 5.45 4.20 0.46 43.80 trace
Bhoteodar (600 m) 6.44 0.66 0.19 9.33 nil
Batulechaur (1000) 7.62 0.89 0.15 16.79 nil
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Figure 1. Seasonal changes In mean maximum (0-0 ) and minimum (...... ) air
temperature eC) at 10-day intervals and total rainfall (vertical bars; mm) at Lumle
(1675m), 1987/88. Symbols (+ ) and ( ~ ) indicate normal (14 Oct) and late (15 Nov)
sown wheat

o BL 1022

ft NL460

o SW-23

<> SONALIKA
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Figure 2. Effect of boron on the number of grains/F1 + F2 florets of 10 basal
spikelets, at Yampaphant (450m), 1991
(Source: Subedi, et al. 1991)
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OF NEPAL
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Kathmandu, Nepal

Abstract

Sterility has been shown to be important in the eastern Tarai areas of Nepal. There are
considerable varietal differences in susceptibility to this problem that can be useful for
screening varieties suitable for farmers in this area. More work is needed on quantifying
this problem in Nepal and determining the mechanism and cause of sterility. Care must
be taken to sample the basal florets for sterility to distinguish between sterility caused by
infertility and sterility caused by insufficient photosynthate to fill available florets. This
paper reports on research from the Tarahara Research Station situated in the Eastern
Tarai Region. Sterility is related to waterlogging there, with lower, poorer drained areas
of the farm showing severe sterility symptoms, whereas higher, better drained plots show
no problem at all. Two research projects are discussed, which highlight sterility
observations at this station. .

Introduction

Sterility in wheat is a problem in the Eastern part of the Nepalese Tarai (Figure 1), but
has also been reported as far west as Rupandehi District in the Tarai and in the hills. The
first reports of sterility as a serious problem in the Eastern Tarai area of Nepal were in
1964 when improved, high yielding Mexican wheats were first made available to
farmers. It was observed on Indian varieties in Sunsari, Morang, and Jhapa Districts of
Eastern Tarai in 1965 (Joshi 1976). Since then, the problem has been reported up to the
Western Region of Nepal where it has been observed in the mid-hills, river valleys, and
the Tarai. Sterility was also observed in 1974-75 on Tanori 71 at zero nitrogen when air
temperatures were below 1DOC during anthesis in the Western Tarai Region. There was
variation among varieties in relation to sterility incidence.

To date, no conclusive reason has been found to account for this problem. Many studies
have been carried out on research stations and farmers' fields on this problem. Various
factors have been studied and shown to be related to sterility, such as low nitrogen levels
and late seeding (Pandey 1977), low and high temperatures, hot dry winds during
maturity, water stagnation during flowering (Misra 1985), and boron deficiency (Sthapit
1988). The appearance of the problem varies from year to year and there appears to be
variability in varietal response to this problem.

The following research is reported from the Tarahara Research Station situated in the
Eastern Tarai Region. Sterility is related to waterlogging there, with lower, poorer
drained areas of the farm showing severe sterility symptoms, whereas higher, better
drained plots show no problem at all. Two research projects are discussed in this paper to
highlight sterility observations at this station:

• Three years of screening of wheat cultivars for sterility induced by
waterlogging.
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• The effect of nitrogen level, seeding dates and variety on wheat sterility.

Materials and Methods

Waterlogging trials
A set of 117 wheat lines consisting of Nepalese (NL and BL lines) and exotic germplasm
was grown at Tarahara in 1983-84 in plots known to produce sterility in wheat.
Measurements on sterility were taken in two ways from two planted replications:

• Spikes were evaluated during grain filling for percentage sterility by feeling the
spike by hand. About 100 to 250 spikes were selected at random from each entry.
Spikes were graded as 100, 75, 50,25 or 0% sterile. Sterility percentage was
calculated by multiplying the number of spikes in each category by the
percentage of sterility and summing the values.

• Twenty spikes from each replication were randomly selected and the number of
florets and filled grains counted. Sterility percentage was calculated as the ratio of
the number of grains to the number of florets and expressed as a percentage.

The above process was repeated in 1984-85 and 1985-86 with as many common lines as
possible over the years. But some lines had 100% sterility in 1983-84 and seed was not
available for a second or third year. New lines were added for a total of 120 entries.
These were kept constant over the last 2 years. In the second and third years, another
replication of entries was planted in better drained soil to obtain grain weight where
sterility was not a problem. The grain weight of the two reps where sterility plots divided
by the normal plot was used as a third measure of sterility. .

Nitrogen, seeding dates, and variety trial
This trial was conducted at Tarahara during 1976-77. In a 3-factor factorial there were
three dates of sowing (Nov. 15,30 and Dec. 15), four varieties (RR21, NL-30, Jupateco,
and Tanori) and four nitrogen levels (10, 50, 100, and 150 kg/ha). Sterility was
determined by counting the total number of florets from randomly selected spikes and
dividing by the total number of grains to get grains per floret.

Results and Discussion

Waterlogging
The results are summarized in Tables 1 and 2 for the 10 best and 10 worst entries
averaged over the last 2 years of the experiment. There is obviously a large difference in
genotype response that was surprisingly constant over the years. As expected, the
different methods gave similar results. The best correlation was between grain yield and
number of grainslfloret (Figure 2) followed by grain yield and sterility percentage
(Figure 3). Grains per floret and sterility percentage were also highly significantly
correlated (Figure 4). The ratio of sterile plots to normal plots was less well correlated.

The incidence of sterility is not constant within any field, but occurs in patches
although inducing waterlogging appears to partially correct this problem in Tarahara.
The ratio of sterile to normal plots was obviously affected by this plot variability.

In Tables 1 and 2, we have listed the pedigrees of the entries. These data are not
complete since the pedigrees of Indian lines are not available at present, but attempts are
being made to get full pedigrees of all entries to see if common parents are involved in
the response to sterility. Note that the two main wheat varieties used by farmers in
Tarahara are RR21 and NL297.
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It would also be useful to check if the lines listed in Tables 1 and 2 respond similarly in
different environments in South and Southeast Asia. For example, are. the 10 best lines
tolerant to the identified boron deficiency in Chiang Mai? If they are the same, then we
may be looking at the same problem induced by different circumstances. Waterlogging
may reduce B uptake and movement in the plant. Low B levels can cause sterility
through slow pollen tube growth in plants susceptible to boron deficiency (Vasil 1964).
Sthapit (1988) showed a 28% increase in wheat yield with the application of 10% borax
to the soil.

Nitrogen, seeding dates, and variety data
Nitrogen supply had a significant influence on floret sterility (Figure 5). However, there
was a significant N by variety and N by seeding date interaction. Nitrogen supply up to a
level of 100 kalha had a marked effect on the reduction of spike sterility for all dates of
sowing and in three varieties, but not in RR21. Later sowing gave less sterility (Figure
6).

Unfortunately, the method of measuring sterility in this experiment does not distinguish
between sterility caused by infertility and sterility caused by problems of grain filling.
The low nitrogen and late planting effect could be the result of lower photosynthetic
activity in these treatments and a shortage of photosynthate to fill all the florets in the
spikelets. It is important that the two basal florets of the spikelet are used for sterility
measures to distinguish grain filling from fertility problems.

Conclusion

Sterility has been shown to be important in the Eastern Tarai areas of Nepal. There are
considerable varietal differences in susceptibility to this problem that can be useful for
screening varieties suitable for farmers in this area. More work is needed on quantifying
this problem in Nepal and determining the mechanism and cause of sterility. Care must
be taken to sample the basal florets for sterility to distinguish between sterility caused by
infertility and sterility caused by insufficient photosynthate to fill available florets.
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Table 1. Summary of the best 10 entries averaged over 2 years of data from
Tarahara In terms of sterility measurements.

Average % grains Grain
Entry sterility per weight
no. Variety % floret /plot

69 LR64 0.0 83.0 0.390
101 HP1488 =HP11 02//5308/HP884 0.0 77.5 0.872
26 JUP/BJY =CM39992-8M-3Y-2M-OY 0.0 72.7 0.583
12 RR21 =1118427-4R-1 M =SKA 0.0 63.0 0.379
86 NL299 =HD2329 =HD1962//E4870/ 0.1 78.6 0.573

K65/3/HD1533/UP262
27 NL480 =SKA/EMU 0.2 83.4 0.814
55 NL411 =HD2326 =HD2143/HD2212 0.4 64.3 0.654
28 HD2204 =HD2092/HD1982//E4870/K65 0.7 78.0 0.759
19 NL297 =HD2320 =HD2137/HD2186 0.9 73.1 0.723

//HD2160
25 NL339 =KVZ/4/CC/INIAI/CNO/ 1.2 71.8 0.807

ELGAU/3/SN64
20 NL289 =HD2309 =HD2216/ 1.3 78.5 0.680

HD2160//249

Table 2. Summary of the worst 10 entries averaged over 2 years of data from
Tarahara In terms of sterility measurements.

Average % grains Grain
Entry sterility per weight
no. Variety % floret /plot

119 CROW =FR316/3/MCM/KT//Y50/4/ 96.2 4.6 0.016
ZA75/5/BJY, CM40457

117 BL1984 =MAI/MAYAI/PEW, 93.0 6.3 0.023
CM59936-1 B-1 B-20N-1 B-OB

38 FURY/ANA, CM37027-37Y-2M-4Y- 91.9 6.4 0.040
1M-3Y-OM

44 M073/3/HN4//KT54E/NAR//PVN, 91.6 7.5 0.039
CM47864-A-3M-3Y-1 M-1 Y-OM

15 NL489 =TR760009-2R-1 R-1 R-OR 89.8 7.3 0.054
81 MAI/PJ//EMU, CM33254-T-1M-1Y- 89.4 7.1 0.039

6M-500Y-OM-27Y-OB
50 JUANILLO 92 (Tel), X21295-0AP 87.7 13.8 0.231
77 KAL/BB//MON, CM40226-2Y-1M-1Y- 87.5 8.5 0.055

1M-2Y-2M-OY
4 NL471 =NKT =HD1200//3KAL/NAC, 85.1 10.7 0.094

CM40454
110 BL1081 =MAI/MAYAI/PEW, 84.7 8.8 0.079

CM59936-1 B-1 B-3N-1 B-OB
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1985·86
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WHEAT BORON DEFICIENCY IN YUNNAN, CHINA

YangYanhua
Cereals Research Institute

Yunnan Academy of Agricultural Science
Kunming, Yunnan, China

Abstract

All soils in Yunnan Province, China, are boron (B)-deficient. Based on research results,
it has been determined that B deficiency is the main cause of empty wheat spikelets or
spikes and that the empty spikelets or spikes can be nearly or fully avoided by applying
boric fertilizers.

Boron Content of the Soils in Yunnan

In the province, the average total boron (B) in the soil is 37.4 ppm, while in China as a
whole it is 64 ppm. The average available B is only 0.177 ppm.

Normally, soils in the region developed from base- and superbase-igneous rock,
limestone soil, strongly-leached acid soil, light soil, peat soil with high humus, bog soil,
and soil with pH 7.1-8.1. All are B-deficient.

All soils in Dehong, Baoshan, Simao, and Xishuangbanna prefectures are red earths
developed from granite, with light texture and low total B content. Moreover, strong
leaching greatly decrease the content of water soluble boron of these soils. In Dehong, B
deficiency is more severe. Available B is 0 to 0.33 ppm with an average of 0.084 ppm.
The critical value for B deficiency is 0.5 ppm (HWSB).

Symptoms of B Deficiency in Wheat and Influencing Factors

During the flowering stage, glumes of spikelets open for 7 to 10 days or even longer,
exposing very short filaments and thin, white anthers containing fewer and off-type
pollen grains or none at all-thus causing sterile spikelets. The female gamete is
observed to be normal.

Observations showed that there were some differences in reaction to B deficiency caused
by three factors.

• Difference of sterility between varieties. In Dehong, sterility in varieties "Saric
F70", ''Tanori F71", "Spring 980", and others is more severe than in varieties
"Nanyuan No.1" and "Sonora 64".

• Sterility in sites that have lower, damp, badly drained soils is also more severe.

• Late sowing normally causes higher sterility, e.g., the following values were
found in variety "Saric F70":

Sowing date

Mid-October
Early November
Late November

Percentage of sterility

19
31
88
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Results of Various Experiments

.Experiments showed that application of boric fertilizers decreased sterility. Experimental
results on the effect of B fertilizer and timing of B application are presented in Tables 1
and 2, respectively.

In 1984, there was no harvest from 40 ha of wheat in Rili County because of completely
empty glumes. A set of experiments was conducted in the following year to detect the
cause of this loss. Results showed that 1) different sowing dates could not get rid of the
empty glume, and 2) B deficiency was the cause of the empty glume (Le., sterile spikes).
Results of the two of the experiments are in Tables 3 and 4.

Conclusions

Based on the results of the above studies, two conclusions were reached:

• Boron deficiency is the main cause of empty spikelets or spikes in Yunnan.

• Empty spikelets or spikes can be nearly or fully avoided by applying boric
fertilizers.

Table 1. Effect of applying borax at sowing on yield and yield components
(Tengchong County, 1984)*.

No. of No. of Yield In-
Borax productive kernels TGW Yield crease over

Variety {kg/hal ears/m per ear (g) (kg/hal check{%)

980 6.75 375 24 44 3810.0 + 90.0
980 0 360 11 52 2005.5
Chapingo 6.75 300 26 44 3463.5 + 41.5
Chapingo 0 288 17 50 2448.0

* Soils developed from andepts (i.e., volcanic ash soil); available boron was 0.354 ppm.
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Table 2. Effect of spraying 2% borax solution at various growth stages on sterility
and yield (Baoshan, 1984).

Tlllering
Check Tiller- Early + booting
(water Tiller- Ing + Flower- + early
only) Ing Booting Booting Ing flowering

Percentage of
sterile spikelets 27.3 15.3 11.9 3.4 3.4 1.7

Yield (kg/ha) 5047 5099 5184 5266 5311 5674

% yield increase
over check +1.0 +2.7 +4.3 +5.2 +12.4

Rank 6 5 4 3 2 1

Table 3. Effect of different fertilizers and their combination on sterility and yield of
var. 980-15 (Rili County, 1985).

Organic
Check manure N N+P N+P+K N+P+K+B

Percentage
of empty
spike 95.7 83.7 87.3 98.3 96.8 0.2

Yield
(kg/ha) 38 437 175 62 32 4313

Rank 5 2 3 4 6 1

Organic manure: 26.25 t/ha of pig excrements at sowing;
N: 300 kg/ha of urea, half at sowing stage and

half at tillering stage;
P: 600 kg/ha of calcium superphosphate at sowill9;
K: 150 kg/ha of potassium sulfate at sowing;
B: 15 kg/ha of borax at sowing.
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Table 4. Effect of different minor element fertilizers on fertility and yield of var.
980-15 (Rili County, 1985).

Percentage % yield In-
of empty Yield crease over
spikes (kg/ha) check Rank

Borax 0.4 5945 +44.1 1

Ammonium molybdenate
[(NH4)eMoP24.4H2J 9.6 4913 +19.1 2

Potassium dihydrogen
phosphate [KH2POJ 10.4 4444 +7.7 3

Zinc Sulfate
[ZnSOJ 11.8 4350 +5. 4

Check* 11.4 4125 5

* 2250 kg/ha compost + 750 kg/ha calcium superphosphate + 450 kg/ha urea.
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WHEAT VARIETAL SCREENING FOR BORON DEFICIENCY IN INDIA

J.P. Tandon and S.M.A. Naqvi
Directorate of Wheat Research

Kamal, India

Abstract

In general, Indian soils are not deficient in boron (B), but in some pockets in the
northeastern parts of the country this problem occurs. B deficiency symptoms vary with
the kind and age of the plant, the conditions of growth, and the severity of deficiency.
Each crop produces its characteristic growth abnormalities associated with B deficiency.
In wheat, it causes floret infertility or grain set failure. The Directorate of Wheat
Research has conducted some probe experiments in the form of preliminary screening
nurseries at a few selected locations during 1988-89 and 1989-90. It was concluded that
varieties BW 11, BW 1008, and HDR 77 appear to possess a fair degree of tolerance to B
deficiency, while HD 2285, HD 2402, and Sonalika may be classified as moderately
tolerant. .

Introduction

Wheat is the most important winter cereal in India. During 1990-91, the crop was grown
on an area of about 23.977 million hectares, producing nearly 54.52 million tons of
grain. The major wheat producing areas lie in North and Central India. In general, Indian
soils are not deficient in boron (B), but in some pockets in the northeastern parts of the
country this problem occurs. These pockets are mainly located in the states of West
Bengal, Assam, Orissa, and along the Indo-Nepal border.

Boron is an essential nutrient for normal development of plants. B deficiency symptoms
vary with the kind and age of the plant, the conditions of growth, and the severity of
deficiency. Each crop produces its characteristic growth abnormalities associated with B
deficiency. In wheat, it causes floret infertility or grain set failure. The grain set may fail
in any floret from the basal upward, although the florets appear complete with fully
developed palea and lemma. The anthers are absent or not properly developed with a few
malformed pollen grains. The florets usually remain open for several days at the time of
anthesis, giving the ear a transparent appearance against light.

Materials and Methods

Because of the localized occurrence and erratic nature of this problem, it has not been
given sufficient attention in the past. However, as it is a cause of great concern in the
affected areas, the Directorate of Wheat Research has conducted some probe experiments
in the form of preliminary screening nurseries at a few selected locations during 1988-89
and 1989-90. A set of the 15 most widely grown and recently developed wheat varieties
for the region were selected for this experiment. The varieties tested were: HP 1102, HP
1209, UP 262, HD 1982, HD 2285, HD 2307, HD 2385, HD 2402, HDR 77, HOW 206,
HUW 234, C 306, Sonalika, BW 11, and BW 1008.

In a plot with a known history of sterility problems, two 6-row plots of 6 x 1.38 m each
of every variety were grown. In one plot, no borax was applied while the other plot was
given borax at the rate of 10 kg/ha. The cooperators were requested to record
observations on germination percentage, general vigor, sterility percentage (visual at
anthesis), number of spikelets per main ear, number of grains per ear, 1000-grain weight,
and grain yield per plot.
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The nursery was organized at two locations during 1988-89 and at six centers located in
the problematic regions during 1989-90. These locations were: Cooch Behar, MaIda,
Dhupguri, and Kalyani in West Bengal; and Tezpur and Shillongoni in Assam. Data were
received from Tezpur and Shillongoni during 1988-89 and from Dhupguri, Kalyani,
Tezpur, and Shillongoni during 1989-90. While four centers supplied data on grain yield,
only two reported data on sterility percentage.

Results and Discussion

Grain yield
Data on grain yield are presented in Table 1. Without borax, high grain yield was given
by HDR 77, UP 262, HUW 234, HD 2385, Sonalika, BW 11, and C 306. With the
addition of 10 kglha of borax, all varieties showed a marked increase in yield except HD
2307, HDR 77, HUW 234, C 306, BW 11, BW 1008, and Sonalika.

The varieties that gave high yield both with and without borax are HDR 77, UP 262, HD
2385, HOW 234, C 306, Sonalika, and BW 11. Among these varieties, HDR 77, HOW
234, BW 11, C 306, Sonalika, and HD 2385 have given high yields both with and
without borax and have shown low response to addition of borax. Thus, these varieties
appear to posses tolerance for B deficiency. Of these, HDR 77, HUW 234, and C 306
appear to possess good tolerance, while Sonalika, BW 11, and HD 2385 have moderate
tolerance. Variety BW 1008, although a low grain yielder, also appears to have good
tolerance.

Sterility percentage
Data on this character were reported from Kalyani and Tezpur centers (Table 2). At
Kalyani, all the varieties except HD 1982 and HUW 234 showed low sterility. Varieties
HP 1209, UP 262, HUW 206, Sonalika, BW 11, and BW 1008 expressed 2-3% sterility,
while HD 2285, HD 2307, HD 2385, HD 2402, and HDR 77 showed 5 to 10% sterility.

At Tezpur, seven varieties-HP 1102, HD 2285, HD 2402, HDR 77, HOW 234, BW 11,
and BW 1008---showed low sterility.

Taking into consideration data from both centers, it appears that varieties BW 11 and HD
2402 have tolerance for B deficiency, while BW 1008, HDR 77, and HD 2285 have
moderate tolerance.

Conclusions

The data, both on sterility percentage and grain yield, are highly variable. In the absence
of clear-cut results, it is difficult to draw very definite conclusions. On the basis of both
of these characters, it can be concluded that varieties BW 11, BW 1008, and HDR 77
appear to possess a fair degree of tolerance to boron deficiency, while HD 2285, HD
2402, and Sonalika may be classified as moderately tolerant.
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Table 1. Mean effect of B fertilizer on grain yield over four locations.

Variety
Grain yield (kg/ha)

8 0 8'0
Yield Increase

over 8
0

(%)

HP 1102
HP 1209
UP 262
HD 1982
HD 2285
HD 2307
HD 2385
HD 2402
HDR77
HUW206
HUW234
C306
Sonalika
BW 11
BW 1008

2060
1890
2580
2260
2060
2280
2460
2160
2620
1800
2530
2360
2410
2400
2230

2870
2380
3050
2680
2680
2050
2780
2630
2630
2420
2670
2450
2680
2560
2350

39.3
25.9
18.2
18.6
30.1

-10.1
13.0
21.8

0.4
34.4

5.5
3.8

11.2
6.7
5.4

Summary of data from Dhupguri, Kalyani, Tezpur, and Shillongoni centers.

Table 2. Sterility percentage with and without B fertilizer at two locations,
1989·90.

Kalyani Tezpur
Variety 8 0 8'0 8 0 8'0

HP 1102 6.4 7.7
HP 1209 2.0 2.0 19.0 16.1
UP 262 2.0 2.0 20.8 14.7
HD 1982 15.0 10.0 13.7 14.0
HD 2285 10.0 10.0 6.7 7.2
HD 2307 10.0 5.0
HD 2385 10.0 ·10.0 17.2 10.8
HD 2402 5.0 10.0 10.7 9.8
HDR77 5.0 10.0 13.5 14.1
HUW206 2.0 2.0
HUW234 25.0 15.0 8.1 9.0
C306 23.0 26.9
Sonalika 2.0 2.0 15.9 12.1
BW 11 2.0 2.0 4.9 2.7
BW 1008 2.0 3.0 12.4 13.3

78



SCREENING FOR BORON DEFICIENCY IN WHEAT

S. Jamjod1, C.E. Mann2, and B. Rerkasem1

1 Agronomy Department, Faculty of Agriculture
Chiang Mai University, Chiang Mai, Thailand

2 CIMMYT, Bangkok, Thailand

Abstract

To supply breeders in Thailand and the region of South and Southeast Asia with
information of genetic boron (B) deficiency tolerance of bread wheat germplasm, broad
screening of adapted and newly introduced material was undertaken. A two-step testing
system is used. Field plots with and without B fertilizer in a deficient soil (< 0.12 mg hot
water soluble B/kg soil) followed by sand culture of promising lines with 0 and 0.2 ~M
of B in a nutrient solution. The following lines proved to be better than deficiency
tolerant checks CMU26 and Sonora 64: Fang 60, HAHN*2IPRL, #144, CN079*2IPRL,
Iosee 2, and #1510.

Introduction

Boron-deficient soils are known to affect yields of several crops in Thailand (Rerkasem
et al. 1987). Genetic variability for tolerance has been reported in wheat (Ganguly 1979,
Chatterjee et al. 1980, Mehrotra et al. 1980, Mandai 1987, Rerkasem 1990). Bread wheat
is currently being introduced to farmers in Thailand as a new crop. In order to give local
and regional breeders information on boron deficiency tolerance (Bdt) of adapted lines
screening of suitable introductions and varieties with proven value was undertaken.

Materials and Methods

A two-step approach for identification of Bdt was used:

-During the first year, screening of numerous lines in the field in low B soil «
0.12 mg of hot water soluble B/kg) with (1 kg B/ha) and without B application
(Boron Deficiency Observation Nursery or BDON) was done. Plot size in this
nursery was single rows of 2.5 m with B+ and BO rows facing each other. The
susceptible check, SW41, was sown every 20 rows.

- During the second year, screening was done in sand culture watered twice daily
with a nutrient solution containing two levels of Boron: nil (BO) and 0.2 ~M (B+)
(Boron Screening Nursery or BSN). Two replications of five plants per variety
were sown together with deficiency susceptible (Bds) standards, SW41 and
SW23, and deficiency tolerant standards, Sonora 64 and CMU26.

Data taken were: days to anthesis and grainslFl+2, Le., average number of grains in the
two basal florets (Fl +2) of the 10 central spikelets of an ear.

The genetic material for BDON included:

- Recent introductions from various countries, including the latest advanced lines
from CIMMYT as far as they passed a moderate selection for general adaptation
to North Thailand;
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- The 5th and 6th Hot Climate Wheat Screening Nursery made from submissions
by breeders in hot environments worldwide; and

-The Thai national wheat nurseries, 1990-91, representing the most promising
lines in the country. Altogether, 714 entries were tested. The BSN consisted of
the most Bdt material of the BDON of 1989-90, 20 entries in total.

Results

In the BO plot of the BDON, 312 lines had less than 1.5 grains/F1+2; 330 entries set
more grains in B+ plots than in BO; 17 lines set less; 188 were not different. Fertility
values of the 25 most tolerant lines of the BDON are given in Table 1 together with the
average of the Bds check, SW41.

In the BSN, the Bds standards, SW41 and SW23, set virtually no grain (Table 2). The
Bdt standards CMU26 and Sonora 64 set 0.65 and 0.33 grains/F1+2, respectively. Three
genotypes were significantly more tolerant than the better Bdt check under both
conditions, BO and B+. These were #144, Fang 60 (sister line of #144), and HAHN*2/
PRL. Three others were significantly different in either BO or B+: CN079*2IPRL, Insee
2, and #1510. Three more could be classified as similar in reaction to Bdt checks. All"
others were as low as the Bds checks.

Discussion

The ratio between BO and B+ values is expected to be equal or smaller than 1. Finding
values above one (Table 1) indicates considerable variability of the soil B content.
Therefore, confirmation of the BDON results will be sought through more precise sand
culture testing of the best 25 lines in 1991-92. Such testing under severe conditions tends
to correct wrong classification as is shown in BSN results, where about half of the first
year Bdt entries are rejected (Table 2).

In the BSN, low values for Bdt checks in the BO plots indicate the severity of deficiency.
The best lines detected have now been made checks for further B deficiency research.
Fang 60 is currently considered the best adapted variety in Thailand; it may owe part of
this to its B deficiency tolerance. The lines identified here as Bdt are considered useful
for parental material in crossing programs in Thailand and the region because they show
a good degree of adaptation in addition to deficiency tolerance.
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Table 1. Boron deficiency tolerant lines in boron-deficient (BO) and boron
fertilized (B+) plots of the BOON at Mae Hia, Chiang Mal, in 1990-91.

Pedigree Gralns/F1+2* Ratio
80 8+ 80/8+

1 BB#2/4/BB/RN/3/CN067/GLU/RQ73 1.72 1.74 0.99
2 KIRKPINAR 1.88 1.92 0.98
3 PF70354/ALD 1.85 1.81 1.02
4 PI/AU 1.73 1.49 1.16
5 FCT 1.72 1.44 1.20
6 MON/ALD 1.81 1.55 1.16
7 MAYA/NAC 1.71 1.73 0.99
8 ALD/PF72514//CNT10 1.79 1.64 1.09
9 BAU 1.84 1.63 1.12

10 NAUTICA/3/HIM/COC//BJY 1.84 1.46 1.26
11 RRV/WW15/3/BJ/2*ON//BON/4/NAC 1.92 1.76 1.09
12 F60314.76/MRU/CN079 1.77 1.65 1.07
13 SERI/THB 1.91 1.67 1.14
14 BOWNEE#5 1.91 1.72 1.11
15 LIRA/CHAT 1.93 1.70 1.14
16 TAN/PEW//SARA 1.82 1.92. 0.95
17 GOV/AZ//MUS/3/KEA 1:89 1.87 1.01
18 R37/GHL121//KAUBB/3/BUC/BUL 1.92 1.97 0.97
19 VEE#6/TRAP#1 1.87 1.86 1.00
20 BUC/FLK//MYNA/VUL 1.91 1.93 0.99
21 BOW/BUT 1.75 1.61 1.08
22 BUC/PVN 1.80 1.94 0.93
23 UHU 1.92 1.75 1.08
24 H546.71*2/H567.74//AUFN/4/EMU/3/.. 1.74 1.83 0.95
25 SIREN 1.73 1.87 0.92

SW41 (mean of susceptible checks) 0.99 1.61 0.63

* Grains/F1 +2 =Number of grains in the two basal florets of a spikelet averaged over 10 central
spikelets of each ear.
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Table 2. Boron deficiency tolerant lines In boron-deficient (BO) and boron
fertilized (B+) sand culture of BSN at Chiang Malin 1990-91.

Pedigree Gralns/F1+2* Days to
BO B+ anthesls

CMU26 (Bdt check) 0.65d 1.53 b 69
SONORA 64 (Bdt check) 0.33 ef 1.62 bc 53

Dt5 FANG 60 1.42 ab 1.89 a 57
Dt6 HAHN*2/PRL 1A4ab 1.97 a 58
Dt12 #144 1.61 a 1.93 a 58

Dt14 CN079*2/PRL 1.23 bc 1.60 ab 55
Dt15 INSEE2 0.56 de 1.88 a 59
Dt16 #1510 1.05 c 1.23 def 61

Dt1 TSINEE#5 0.58 d 1.33 cde 62
Dt10 GEN/3/GOV/AZI/MUS 0.21 fg 1.39 bcd 54
Dt19 BOW/URESI/KEA 0.33 ef 1.62 b 60

Dt2 SERI 0.00 a 0.93 gh 74
Dt4 ALD/IAS58.103A//. 0.00 a 0.20 jk 63
Dt7 JUN 0.00 a 0.82 h 61
Dt8 MRUBUC 0.03 a 0.52 i 69
Dt9 1D13.1/MLT 0.07 a 1.09 efg 57
Dt11 MRUBUC 0.00 a 0.31 ij 62
Dt13 KAUZ 0.00 a . 0.26 j 75
Dt17 BUC/BJY 0.07 a 0.99 fgh 59
Dt18 VEE/3/GOV/AZI/MUS 0.00 a 0.00 k 59
Dt20 THB/KEA 0.05 a 0.34ij 65

SW41 (Bds check) 0.00 a 0.16 jk 66
SW23 (Bds check) 0.02 a 0.98 gh 62

* Grains/F1 +2 =Number of grains in the two basal florets of a spikelet averaged over ten central
spikelets of each ear. Within columns, numbers followed by the same letter are not significantly
different at p =0.05 according to DMRT.

82



COMBINING ABILITY OF THE RESPONSE TO BORON DEFICIENCY
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Abstract

Seven wheat lines and their Fl hybrids from a diallel cross were grown in sand culture
from November 1990 to February 1991. Plants were watered twice daily with a complete
nutrient solution supplying a low level of boron at 0.2 ~M. Plant response was measured
as the average number of grains set in the two basal florets (Fl+2) of 10 central spikelets
of the wheat ears. Grain set in low boron (B) was significantly different among parents
and offsprings. General combining ability (GCA) and specific combining ability (SCA)
were highly significant (p<O.OI). The GCA effects were the major factor that controls
this character. SCA effects were smaller and found to be positive in six crosses between
susceptible x tolerant and tolerant x tolerant lines. This indicates that it may be possible
to transfer the B deficiency tolerance character to susceptible lines by a backcrossing
program. The positive GCA effects of tolerant lines suggest that these lines can be useful
in breeding for more tolerance in problem areas.

Introduction

Low boron (B) soils are distributed widely in agricultural areas of the world (Sillanpaa
1982). B deficiency can severely depress grain yield in wheat through grain set failure
(Li et al. 1978, Silva and Andrade 1983, Sthapit 1988, Rerkasem et al. 1989). In most
reports, cultivars and lines differed widely in their responses. Wheat genotypes adapted
to conditions in Thailand, but originating in Mexico, were identified as tolerant or
susceptible to B deficiency according to their ability to set grain in a low B soil at Chiang
Mai in northern Thailand (Rerkasem and Jamjod 1989). Seven of these, five tolerant (Dt)
and two susceptible (Ds) lines were used in this study to examine the genetic control of
responses to B deficiency.

Materials and Methods

The experiment was conducted at the Faculty of Agriculture, Chiang Mai University,
Chiang Mai, Thailand, on seven wheat genotypes (SW41, SW23, SAMOENGl,
INSEEl, SAMOENG2, CMUI0, and CMU26) from November 1989 to February 1991.
From a sowing in November 1989 a diallel cross was formed from all possible crosses
excluding reciprocals. The parents and 21 Fl hybrids were harvested and grown in sand
culture in 1990/1991 season. The seeds were sown on November 1990 in 30-cm diameter
earthenware pots containing washed river sand, and watered twice daily with a complete
nutrient solution (Somasegaran and Hoben 1985) with 9 mM N and a low B level at 0.2
~M. There were three replicates for each genotype, each plot containing 20 plants. At
anthesis, each ear was marked for the date of first pollen shedding; the first five ears to
reach anthesis in each plant were sampled at maturity. Data on the average number of
grains set in the two basal florets (Fl+2) of 10 central spikelets of the wheat ear were
recorded for the measurement of plant response to boron deficiency (Rerkasem et at.
1991). The combing ability was estimated according to Method 4 Model I of Griffing
(1956).
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Results and Discussion

Grain set of the Ot and Os where lines in the low B sand culture (Table 1) corresponded
well with their relative performance in low B soils (Rerkasem and Jamjod 1989). The Os
parents, SW41 and SW23, had only about 0.1 grainsIF1+2, as was the cross between
these Ds parents (0.15 grainsIF1+2) compared with more than 0.8 grainslF1+2 in the Ot
parent: SAMOENG1, INSEE1, SAMOENG2, CMU10, and CMU26. With exception of
those involving SAMOENG1, grain set was high in crosses between the Dt lines, with
>0.9 grainsIF1+2, compared with 0.15 grainslF1+2 in the cross between the Ds lines.
Crosses between a Ot and a Os line all set more grains than the respective Ds parent.

Both general combining ability (GCA) and specific combining ability (SCA) for grains/
F1+2 in 0.2 I-tM B were highly significant, indicating that both additive and nonadditive
types of gene effects were involved in the inheritance of the response to B deficiency
(Table 2). Furthermore, the GCA component of variance was more than seven times that
of the SCA component of variance, indicating the predominance of this character. Four
Dt parents: INSEE1, SAMOENG2, CMU10, and CMU26 showed positive GCA effects
suggesting that they are good general combiners. The Os parents, SW41 and SW23, and
a Dt parent, SAMOENG1, with negative GCA effects appeared to be poor general
combiners. This suggests that Dt parent should be examined for their combining ability
before they are used for breeding purposes. However, among 21 crosses only 12 showed
positive SCA effects, of which only six crosses were statistically significant.

The results of this study indicate that there is genotypic variation in the response to B
deficiency, mostly due to additive genetic effects. To increase the level of tolerance to B
deficiency in breeding programs, this character would be responsive to direct selection.
In this case, the backcross method or early generation testing would be effective.
However, the estimate of the combining ability only does not present the entire picture.
Along with this information, heritability and gene actions must be considered.
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Table 1. Average number of grains per two basal florets of central spikelets
(grains/F1 +2) for 7 parents and 21 F1 hybrids from a diallel cross grown under a
0.2-pM boron concentration.

Genotypes SW41 SW23 SM1 INSEE1 SM2 CMU10 CMU26

SW41 0.02 0.15 0.52 0.69 0.37 0.52 0.84

SW23 0.08 0.22 0.50 0.66 0.45 0.59

SAMOENG1 0.84 0.62 0.72 0.83 0.30

INSEE1 0.82 1.07 1.06 0.91

SAMOENG2 1.04 0.94 1.10

CMU10 1.03 1.21

CMU26 1.22

SE parents 0.17, SE hybrids 0.14.

Table 2. Estimates of general combining ability (GCA) and specific combining
ability (SeA) effects for number of grains per two basal florets of central spikelets
(grains/F1 +2) of 7 parents and 21 F1 hybrids from a diallel cross grown under 0.2
pM boron concentration.

GCA
Genotypes effects SW23

SW41 -0.20** -0.03

SW23 -0.30**

SAMOENG1 -0.17**

INSEE1 0.15**

SAMOENG2 0.16**

CMU10 0.18**

CMU26 0.17**

MS gea 0.22** SEgi 0.02
MS sea 0.03** SE gi-gj 0.03

SE sij 0.05

SCAeffects
SM1 INSEE1 SM2 CMU10 CMU26

0.21** 0.05 -0.26** -0.15** 0.18**

0.02 -0.03 0.12** -0.11* 0.03

-0.03 0.12** 0.13** -0.38**

0.08 0.01 -0.10*

-0.08 0.09

0.17**

*, ** signifieant at p =
0.05 and 0.01, respectively.
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Abstract

Two boron (B) deficiency tolerant wheat lines (INIA66 and CMU26) were crossed with
two B deficiency susceptible lines (SW41, SW23). The parents, the Fl, F2, and
backcross populations derived from both crosses were evaluated in sand culture watered
with a nutrient solution containing 0.2 ~M B. The analysis of variance of generation
means showed significant genotypic variation. Additive gene action was predominant in
the expression of tolerance. Broadsense and narrowsense heritabilities of the two crosses
were 50-58% and 35-42%, respectively. The results of this study indicated that selection
for tolerance to B deficiency by direct selection should be effective.

Introduction

Sterility of wheat due to B deficiency has been reported from several major wheat
producing countries (for references, see Rerkasem and Jamjod 1989). In most cases,
differences between genotypes were obselVed, but no attempts were made to estimate
heritability or mode of gene action. This paper reports such analyses for two crosses
between susceptible and tolerant lines, adapted to growing conditions in northern
Thailand.

Materials and Methods

Four spring wheat lines, chosen on the basis of their different reaction to Bdeficiency,
were used as the parents in this study. The pedigrees and reactions to B deficiency of
these lines are:

• Tolerant: INIA66 (LRISON64) and CMU26 (BB/CN067/IININ3/S0TY),

• Susceptible: SW23 (BUC#41) and SW41 (BAYAlEMU).

The experimental populations were derived from crosses and backcrosses of INIA66 with
SW23, and of CMU26 with SW41. Both crosses were made in the field in 1989. The Fls
were backcrossed in 1990 to each of the parents (Pl and P2) to produce the first
backcross generations BCl (Fl x Pl) and BC2 (Fl x P2). Parents, Fl, F2, BC1, and BC2
were planted in sand culture on 8 November 1990 at the Faculty of Agriculture, Chiang
Mai University, Chiang Mai, Thailand, in a randomized block design with three
replications. The numbers of plants representing each population were as follows:

Population
PI
P2
Fl
BCl
BC2
F2

Number of plants
20
20
20
50
50

150
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After emergence, the plants were watered with a nutrient solution (Somasegaram and
Hoben 1985) containing 9 mM Nand 0.2 J-tM B twice daily. At maturity, five wheat ears
from each plant were harvested. Counts of the average number of grains set in the two
basal florets (F1+2) of the 10 central spikelets of the ears were made on an individual
plant basis.

The data from three replications were pooled to compute means and variances of each
population for use in statistical interpretation of genetic effects. These were estimated
using the additive-dominance model (Mather and Jinks 1971). Broadsense and
narrowsense heritability were calculated using the method of Warner (1952).

Results

Means, variances, and heritability
Generation means, estimates on components of variances, and heritabilities of the two
crosses and their offspring under low B availability are presented in Table 1. The six
populations for either cross differed significantly for the number of grains set per F1+2.
The F1 means were intermediate between the two parental means in both crosses.
Additive variance was almost three times that of dominance variance in both crosses,
environmental variance was relatively high in CMU26 x SW41 cross. Broadsense
heritability was rather high (>50%). Narrowsense heritability estimates were also similar
in magnitude, but rather low in the cross CMU26 x SW41 due to the high value of the
environmental variance.

Gene effects
Estimates of parameters from generation mean analyses are presented in Table 2. For
both crosses, a satisfactory fit of expected and observed generation means was obtained
with the three-parameter model. The additive effects were significant; dominance effects
were negative, but not significant for either cross.

Discussion

In each cross, P1 exhibited a higher grain set than P2, but even these deficiency-tolerant
parents had a severely reduced grain set of 0.58 and 0.99 grainsIF1 + 2 instead of 2.00 as
expected under normal conditions. Negative dominance effects indicated incomplete
dominance for susceptibility at this level of B concentration (0.2 J-tM); this is also evident
from the means of the F1 populations being below the mid-point between their parents.

Preponderance of additive effects is in agreement with the results of a diallel following
Griffing's (1956) method 4, model 1 (Jamjod et al. 1992). These findings, together with
the degree of heritability obtained in this study, suggest that selection for tolerance to B
deficiency should be effective in this material under sand culture. In the field, the
immobility of B within the plant, interacting with the low availability in the soil and
earliness of the genotype, may render selection in segregating populations unreliable.
Several years of testing of homozygous populations may be preferable.
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Table 1. Generation mean with standard error, estimated value of components of
variation, and heritability for number of grains per two basal florets of 10 central
spikelets (grains/F1 +2) of two wheat crosses grown in sand culture with 0.2 pM B.

Population means (Grains/F1 +2)8
P1
P2
F1
F2
81
82

Component of variation
Additive (A)
Dominance (D)
Environmental (E)

Heritability (%)
8roadsense
Narrowsense

INIA66/SW23

0.578±0.094
0.062±0.023
0.234±0.059
0.565±0.044
0.644±0.070
0.459±0.063

0.17
0.06
0.17

57.9
42.3

CMU26/SW41

0.987±0.105
0.362±0.081
0.423±0.082
0.616±0.047
0.890±0.073
0.309±0.051

0.15
0.06
0.21

50.0
35.4

8Means were significantly different; p < 0.01 .
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Table 2. Estimates of genetic parameters and their chi-square goodness of fit for
number of grains per two basal florets of central 10 spikelets (grains/F1 +2) of two
wheat crosses grown in sand culture with 0.2 11M B (SE in brackets).

Genetic parameter

m

d

h

P (chi-square)
(df =3)

INIA66/SW23

0.357*
(0.040)

0.285*
(0.040)

-0.039
(0.066)

0.75-0.90

CMU26/SW41

0.696*
(0.053)

0.353*
(0.053)

-0.255
(0.090)

0.90-0.95

* Significantly different from zero at p = 0.05.
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GENETICS AND BREEDING OF WHEAT FOR BORON TOXICITY

J.G. Paull, D.B. Moody, and A.J. Rathjen
Waite Agricultural Research Institute,

Glen Osmond, South Australia

Abstract

This paper reviews the strategy employed for breeding wheat tolerant to high
concentrations of boron (B). Similar methods have also been adopted for most other
agricultural species of southern Australia, including barley, oats, peas, and pasture
medics. The general steps involved in breeding for tolerance or resistance to an
environmental stress are listed. Topics discussed include screening procedures, sources of
tolerance, genetic control, and the backcrossing method for transferring tolerance.

Introduction

The occurrence of high concentrations of boron (B) in the soils of southern Australia and
the effect upon plant growth have been described by Nable (1992). A number of general
steps are involved in breeding for tolerance or resistance to an environmental stress,
including:

• Defining the extent of the problem and so determining whether breeding is
warranted. This will also identify selection sites within the target environment for
later field evaluation.

• Establishing genetic variation and identify sources of tolerance/resistance for
transfer to local varieties.

• Developing a screening technique to enable the large number of lines generated
by the breeding program to be assessed. The response of lines should be
consistent between the screening procedure and under naturally occurring stress
conditions.

• Understanding the genetic control to devise an efficient breeding strategy.

• Understanding the physiological control to assist in developing screening
procedures.

• Field evaluating advanced lines and selecting agronomically adapted types with
high yield potential.

Nable (1992) has covered the extent of B toxicity and established that genetic variation
exists among wheat, and indeed a number of important crops, and also described the
physiological control of tolerance to B. The remaining points will be discussed in relation
to breeding wheat varieties tolerant to high concentrations of B.

Screening Procedures

The procedure adopted for mass screening for tolerance to B consists of growing plants
in large boxes (2 x 1 x 0.25 m) containing soil (surface soil of a red-brown earth) to
which a high concentration of B has been uniformly mixed (Moody et al. 1988). The
usual concentration of B, applied as a solution of boric acid (H3BOJ, is 150 mg/kg, but
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lower concentrations are used when populations consist of generally sensitive material.
The soil is re-used and periodically mixed to redistribute to B. The soil used is quite
fertile, but supplementary nutrients are applied occasionally.

Seeds are imbibed in petri dishes containing moistened filter papers for 2-3 days and then
sown in rows 4 cm apart with 2-3 cm between seeds. Standard tolerant and sensitive
varieties are included as a grid for reference. Plants are watered regularly for about 3
weeks and then only occasionally. The restriction of moisture accentuates the difference
between tolerant and sensitive lines as the tolerant lines produce more extensive root
systems under high B conditions (Nable 1988) and are therefore able to draw upon
moisture deeper in the soil.

Plants are rated for tolerance to B between 4 and 6 weeks after sowing, depending upon
the season and plant growth rates (less time during periods of rapid growth). Plants are
compared with the grid of standard varieties with respect to vigor, symptom expression,
and the development of tillers. Symptoms of B toxicity consist of necrosis developing
from the tips of leaves to the base and are most severe on the oldest leaves (Paull et al.
1990). Tolerant lines are more vigorous and develop less severe symptoms then sensitive
lines and may also produce tillers whereas sensitive lines do not (Paull et al. 1990).

While this system has proved quite reliable, problems may be encountered when soil is
obtained from a different source. When applied to soil, a portion of B is adsorbed to clay
(Hingston 1964) and the uptake of B by plants is inversely related to the clay content
(Wear and Patterson 1962). Therefore, the concentration of B to be applied to produce a
given degree of toxicity varies between soil types. Approximately 50% of the B applied
to the soil used for screening is adsorbed. As less B would be adsorbed by a soil with a
higher content of sand, lower B concentrations would be more appropriate.

To avoid problems that may be encountered with variable amounts of B adsorbed by soil,
plants may also be screened for response to B in solution. One low-input, low
maintenance system consists of imbibing seeds in water in petri dishes for 2 days, placing
them along the center of large sheets of filter paper, which have been soaked in a solution
of boric acid, rolling the paper up, covering the roll with aluminium foil and storing at
15-20° C for about 7 days. Seedlings are then examined for root and shoot growth.
Tolerant lines produce longer shoots and roots and also more roots. The concentrations of
B solutions appropriate for this method are of the order of 100 mg BIL, but this may be
varied according to the level of tolerance of the lines being tested.

Sources of Boron Tolerance

Investigations soon after the identification of high concentrations of B demonstrated
genetic variation among Australian varieties and breeding material and the variety
Halberd, which has been widely grown in southern Australia, was among the most
tolerant of local material (Paull et al. 1988). A germplasm collection of geographically
diverse lines was subsequently screened, in soil containing 150 mg/kg applied B as
outlined above, to identify lines more tolerant than Halberd which might be used as
donor parents in the breeding program.

A total of 1576 lines, obtained from the Australian Winter Cereals Collection, was tested
for response to B and compared with Halberd, which was rated as moderately tolerant.
There were large differences among countries or geographical regions in the proportion
of lines within the more tolerant classes and tolerant lines were most frequent among the
Asia/Asia Minor and South American regions (Table 1) (Moody et al. 1988). The
majority of the tolerant lines from Asia/Asia Minor originated in India, an area where
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toxic levels of B have been reported (Chauhan and Powar 1978). Regional differences in
the frequency of tolerant lines were also observed among a collection of annual medics
with the greatest number of tolerant lines originating in the Middle East (Paull et at.
1992). The identification of regions in which a high proportion of tolerant lines occur
would allow a more defined search when looking for agronomically adapted tolerant
types.

Lines identified as tolerant or very tolerant to B were evaluated in the field to ensure that
tolerance (Le., low concentrations of B in shoots and grain) was also expressed under
naturally occurring high B conditions. The majority of lines classified as tolerant to B
contained significantly lower concentrations of B in shoots than Halberd when grown at a
high B site (Moody et at. 1988). Tolerant lines considered to be best adapted to South
Australian growing conditions were chosen as donor parents for a backcrossing program
to introduce higher levels of tolerance into local wheat varieties.

Genetic Control

The genetic control of tolerance to B has been studied for a similar group of lines as
those used for experiments on the mechanism of tolerance (Nable 1992). The mode of
expression of tolerance was tested by comparing the F1 hybrid between 061450 (most
tolerant) and Kenya Farmer (most sensitive) with the two parents for dry weight and
concentration of B in shoots at a range of B treatments. The response of the F1 hybrid
was intermediate to the two parents (Table 2), as has also been found for a greater
number of combinations (Paull et at. 1991), indicating that tolerance to B is expressed as
a partially dominant trait.

The nature of expression of tolerance to high levels of B will influence the level of
treatments selected for screening in a breeding program aimed at enhanced levels of
tolerance. The level of B should be toxic to homozygous sensitives rather than
heterozygotes for a backcrossing program, whereas the level should be toxic to the
heterozygotes but not the homozygous tolerant genotypes when screening an F2 or other
segregating generation. The optimal treatment will also vary for different parental
combinations and will be higher for combinations including more tolerant lines.

In order to determine the number of genes controlling tolerance to B, five lines were
intercrossed in all combinations, excluding reciprocals, and the F2 and F3 generations
were tested for segregation under high B conditions. The procedure used was similar to
that described for the collection of wheat lines, the only differences being that the soil
was placed in smaller plastic trays and boron treatments were varied according to the
response of the more sensitive parent. Lower levels of B were applied for combinations
including a sensitive line as a parent. Plants of the segregating generations were
compared with a grid of the parents for vigor and symptom expression. As tolerance to
high concentrations of B is eexpressed as a partially dominant trait with the response of
heterozygotes being intermediate to the two parents, segregation at the F2 generation
appears to be continuous (Paull et at. 1991). The genetic control of tolerance has,
therefore, been studied at the F3 generation and segregation ratios derived on the basis of
the response of F2-derived families. The F2-derived families were classified as being
either homozygous sensitive, that is all members of the family were as sensitive as the
more sensitive parent, homozygous tolerant when all plants were as tolerant as the more
tolerant parent, or segregating when several types were observed within the family.

Segregation ratios at the F3 generation were consistent with tolerance to high
concentrations of B being controlled by at least three major genes, but it is possible to
identify segregation at a single locus for several combinations of lines (Table 3) (Paull et

92



al. 1991). Transgressive segregation occurred among the progeny between the two
tolerant lines, Halberd and G61450, and has also been observed for further combinations
of tolerant lines (Moody, unpublished), which indicates that the high levels of tolerance
are conferred by alleles at a number of loci.

The three loci identified by the segregation studies to confer tolerance to B have been
classified Bol, Bo2, and Bo3 (Paull et al. 1991). The genotypes of the four lines that
could be ascertained are:

• Halberd-moderately tolerant (Bol, Bo2, Bo3),
• Warigal-moderately sensitive (bol, Bo2, Bo3),
• (W1 *MMC)-sensitive (bol, Bo2, bo3),
• Kenya Farmer-very sensitive (bol, bo2, bo3)

Breeding for B Tolerance

As tolerance to B is under major gene control, the backcrossing method has been adopted
to transfer tolerance to sensitive, local varieties. The backcrossing program has involved
three objectives, namely:

• The development of backcross-derived lines between Halberd and the
moderately sensitive Schomburgk, a variety closely related to Warigal and of
similar tolerance to B. Halberd and Shoomburgk therefore differ at the bol locus;

• The transfer on the bol allele from Halberd to local varieties and advanced
breeding lines;

• The transfer of tolerance from the most tolerant overseas lines to local varieties.

Backcross-deriv.ed lines
Backcross-derived lines, contrasting at the bollocus, have been produced between the
two South Australian varieties Halberd (donor) and Schomburgk (recurrent parent). In
addition to the objective of producing a B-tolerant Schomburgk suitable for cultivation in
high B regions, these lines were developed to provide a means of measuring the yield
effect of tolerance to B and to identify sites at which tolerant lines significantly outyield

, sensitive lines.

F2 families at each backcross were screened for tolerance to B and tolerant plants from
heterozygous families were selected as parents for further backcrossing. Homozygous
sensitive families were discarded. Five relatively tolerant BC3 F1 plants were selected,
allowed to self and approximately 20 selections from each of these families were
multiplied through the BC3 F3 and BC3 F4. This resulted in three types of lines, namely
homozygous tolerant, heterogeneous, and homozygous sensitive (Moody et al. 1990). .

Field trials have been conducted at numerous sites in southern Australia over the past few
seasons. B-tolerant lines have consistently outyielded sensitive lines at several sites,
while the results have been variable at other sites. In general, the relative yields of
tolerant lines have been greatest at sites at which high concentrations of B have been
measured in either the soil or plant tissues (Table 4). However, there are instances, such
as the site of Minnipa, where there has not been a significant difference in yield between
tolerant and sensitive lines despite the presence of high concentrations of B in the soil.
This would indicate that other yield limiting factors have an over-riding effect at this site.
The positive yield advantage of the tolerant lines occurs at geographically widespread
sites and this is consistent with the large areas in which high concentrations of B occur.
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The results presented in Table 4 underestimate the potential yield effect of tolerance to
high concentration of B among Australian wheat varieties. Schomburgk, although more
sensitive than Halberd, is considerably more tolerant than many varieties originating
from Queensland and Western Australia. These very sensitive lines have not been
adopted to a significant extent in South Australia and Victoria, the states where high
concentrations of B are most widespread.

Incorporation of B tolerance in Australian varieties
Since the identification of high concentrations of B in the soils of southern Australia,
there has been an increased use of the most tolerant current South Australian varieties,
Halberd, Spear, and Dagger, in the breeding programs, together with the adoption of high
B sitesduring the early stages of yield evaluation, usually at the F4 generation. As the
sources of tolerance are well adapted to the Australian environment, there has been only
limited backcrossing in the transfer of B tolerance to other local varieties. Lines are
selected on the basis of yield at high B sites, rather than for response to B during early
generations. The adoption of a high B site for early generation yield testing has resulted
in a large increase in the proportion of advanced lines, which are moderately tolerant
(Le., Halberd level) to B. In 1988, approximately 15% of the advanced lines (lines which
had been selected for high yield potential over a number of sites and seasons) were
moderately tolerant but in 1991 almost 40% were. This change reflects the adoption of a
high B site in 1985 and demonstrates the change in gene frequency within a breeding
program which may arise from changes in parents and selection environment.

Incorporation of higher levels of B tolerance
A number of very tolerant overseas accessions are being used as sources of B tolerance.
As these lines are poorly adapted to the local environment, it has been necessary to
undertake a number of backcrosses, along with selection for tolerance to B at each
generation, to restore the recurrent parent. The segregation patterns for the progeny of
some of the very tolerant lines and local varieties are complicated indicating segregation
at more than one locus with respect to tolerance to B. Retaining alleles at two loci during
backcrossing requires very large populations. Therefore, the strategy of incorporating
tolerance from Halberd into sensitive local varieties through limited backcrossing and
then using moderately tolerant selections as recurrent parents for crossing with the very
tolerant lines has been adopted. This way, only a single gene for tolerance to B is
segregating at a time.

Very tolerant lines have been yield tested to only a limited extent and it is not yet
possible to gauge their performance. At the moment, it is not known whether the
concentrations of B in the soil are high enough that these very high levels of tolerance are
required or if the Halberd level is sufficient. It will only be through the yield evaluation
of very tolerant and closely related moderately tolerant (Halberd level) lines that this
question will be answered.

Identification of high B soils
The assessment of the level of B at breeding sites has relied upon chemical analysis of
soil and plant tissues, including grain. These procedures are dependent upon facilities
that may not be readily available in many places. An alternative method, which may be
used to detect whether high levels of B may occur in the soil, is to grow a few plants or
plots of barley and examine leaves for symptoms of B toxicity. The symptoms expressed
by barley are quite distinctive and consist of dark brown or black spots within chlorotic
and necrotic leaf tissue (Christensen 1934, Cartwright et al. 1984). B is transported
within the plant in the transpiration stream and symptoms of B toxicity are most severe
on the older leaves and at the leaf tips, the regions where B accumulates. Under very high
levels of B, entire leaves are covered with black spots and the spots may develop on the

94



stem and spike. There is a wide range in tolerance to B among barley (Nable 1988) and
sensitive lines, such as the Australian variety Stirling, may be used as indicators of the
presence of high concentrations of B in the soil.
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Table 1. The geographical distribution of boron tolerant genotypes.

Visual assessment of tolerance Frequency
MT·VT

Region/country VS S MS MT T VT Total (%)

North America 11 40 27 5 2 85 8
Mexico 6 34 31 9 3 1 84 15
South America 3 12 21 12 8 1 56 36
Europe 18 98 98 26 7 3 250 14
Asia/Asia Minor 22 82 89 105 49 10 357 47
Australia 3 31 45 8 1 90 10
Egypt 25 22 7 54 0
Abyssinia, Kenya,

NWAfrica 5 10 9 5 2 31 23
Unknown origin 90 220 192 46 18 3 569 12

Total 185 549 519 216 88 19 1576
Frequency (%) 12 35 33 14 5 1

Source: Moody et. al. (1988).

Table 2. Effect of B treatments upon dry weight (g1pot) and concentration of B in
shoots (mg/kg) for G61450 tolerant, Kenya Farmer (very sensitive) and their F1
hybrid.

B treatment (mg B/kg soli)
Genotype

0 25 50 75 100 125 150

Dry weight
G61450 2.7 2.3 2.4 1.8 1.3 1.2 0.7
F1 hybrid 2.9 2.7 2.2 1.2 1.0 0.5 0.4
Kenya Farmer 2.2 1.0 0.5 0.2 0.2 0.1 0.1

B concentration
G61450 16 154 392 697 1291
F1 hybrid 17 199 680 1570 1983
Kenya Farmer 17 389 1192 _8

8 Insufficient dry weight for analysis.

Source: Adapted from Paull et. al. (1991).
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Table 3. Chi-square analysis of the observed and expected segregation ratios
obtained for the F3 generation among five genotypes when grown at high
concentrations of B.8

Observed and expected frequencies

Combination Model Tol Seg Sen )(22

(WI*MMC) x KF Obs 38 57 22
Exp 1:2:1 29.25 58.5 29.25 4.46

Warigal x (WI*MMC) Obs
Exp 1:2:1 30.5 61 30.5 0.34

Halberd x Warigal Obs 20 63 27
Exp 1:2:1 27.5 55 27.5 2.80

Tol+Seg Sen )(21

Warigal x KF Obs 114 9
Exp 15:1 115.3 7.7 0.06

Halberd x (WI*MMC) Obs 112 5
Exp 15:1 109.7 7.3 0.47

G61450 x (WI*MMC) Obs 113 6
Exp 15:1 111.6 7.4 0.12

G61450 x Warigal Obs 97 17
Exp 3:1 85.5 28.5 5.67
Exp 15:1 106.9 7.1 13.16

G61450 x Halberd segregated beyond the range of the parents

P 0.50 0.20 0.05 0.01
X2

11 0.45 1.64 3.84 6.63
X222 1.39 3.22 5.99 9.21

a Combinations consistent with monogenic segregation are assigned to three classes, namely
tolerant, segregating and sensitive while the remainder of the combinations are assigned to two
categories, namely tolerant+segregating and sensitive. Source: from Paull et al. (1991).

Table 4. Grain yield of moderately tolerant (Bot Bot) lines, expressed as a
percentage of moderately sensitive (bot bot) BC3 F2-derived lines in yield trials
conducted during 1988, 1989 and 1990.8

Site 1988 1989 1990 B statusb

Two Wells 112* 108* 101 Very high
Minnipa 101 99 100 High
Snowtown 102 100 High· variable
Roseworthy 104 108* High
Rudall 108* 106* Moderately high
Walpeup 105 101 Moderate
Windsor 99 98 Low - moderate
Waite 97 100 Low
Laura 100 Low

a Results in which the difference in yield was significant (P<0.05) are indicated. The relative B
status of each site is indicated. Source: Moody and Rathjen, in press.

b Extractable B concentrations in the soil profile: Low <5 mg/kg, Moderate <20 mg/kg, Moderately
high <30 mg/kg, High 50 mg/kg, Very high >50 mg/kg.

97



MECHANISM OF TOLERANCE TO BORON TOXICITY IN PLANTS

R.O. Nable
CSIRO Division of Soils

Glen Osmond, South A':!stralia

Abstract

This paper reviews the results of studies on the physiological control of tolerance to high
concentrations of B. These studies were initiated following the identification of high
levels of B in the subsoil throughout southern Australia to facilitate the breeding of B
tolerant varieties. Genetic variation in response to B has been identified for the major
crop and pasture species of South Australia, including lines more tolerant than any
Australian varieties of wheat, barley, pasture medics, and peas. There is the potential for
improving the level of B tolerance of local varieties. The apparently similar mechanism
controlling B tolerance for all species suggests relatively simple genetic control also
exists for species other than wheat.

Introduction

Boron (B) toxicity is most common in arid and semi-arid regions of the world. A number
of the regions and crops for which B toxicity has been reported are listed in Table 1.
High concentrations of B may occur naturally in soils (e.g., 8), or in groundwater (e.g.,
14). The concentration of B in sea water ranges from 0.5-9.6 mglkg and the average
concentration is approximately 4.6 mglkg (28) and high concentrations of B are common
in soils formed in parent materials of marine origin (35). Continuous irrigation using
water containing only moderately high B concentrations can also lead to accumulation in
soils of toxic levels of B (14). Additionally, toxic concentrations of B may be applied
directly to crops through over-application of B fertilizer when correcting B deficiency, or
as a contaminant of sewage sludge (2) and municipal and industrial waste, such as coal
fly ash (17).

Excessive B concentrations in soils of the cereal growing regions of southern Australia
were first described by Cartwright et al. (8) and a yield reduction of 17% in a crop of
barley could be attributed to B toxicity. Cartwright et al. (9).reported B toxicity in cereal
crops at numerous other locations, indicating that substantial yield losses were common.
The growth of pasture species (especially medics) and grain legumes has also been found
to be significantly reduced by B levels similar to those affecting wheat and barley,
indicating yield losses for these crops.

The amelioration of B toxicity through soil modification (e.g., incorporating gypsum,
leaching with water) is not an economic proposition in South Australia, therefore the
breeding of more tolerant varieties offered the most hopeful approach to minimizing
yield losses. Screening trials showed that considerable genetic variation in tolerance to
high concentrations of B was present amongst the existing Australian wheat lines (41).
Even greater levels of tolerance were identified from international collections (27,43).
Accordingly, greater levels of tolerance to B toxicity are currently being incorporated
into local breeding programs.

An understanding of the mechanism(s) and genetics of B tolerance was seen as a
fundamental component necessary for the development of an efficient breeding program
for B tolerance. At the commencement of our project, however, there was essentially no
information in the published literature regarding the mechanism and genetics of tolerance
to high levels of B. This paper describes our laboratory's attempts to examine these
phenomena.
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Broad Mechanism of B Tolerance

There is little association between the concentration of B in leaves and the B tolerance
rating over a diverse set of species (15,19), therefore the most susceptible species do not
necessarily have the highest concentrations of B in tissues. For more closely related
species, however, there is evidence that susceptible genotypes have higher concentrations
of B in leaves and shoots than do tolerant genotypes. Jerusalem artichoke (Helianthus
tuberosus) is considered more susceptible to B toxicity and has higher concentrations of
B in leaves than sunflower (Helianthus annus), while lemon (Citrus limon) is more
susceptible to B toxicity and accumulates more B in leaves than the Chinese bos orange
(Severinia buxifolia). For both comparisons, the response to B is related to B
accumulation in shoots, which is under control of the rootstock, and may be modified by
reciprocal grafting (16). Similarly, the cultivated tomato (Lycopersicon esculentum) is
more susceptible to B toxicity and accumulates more B in shoots than the wild relative L.
cheesmanii (47). In cereal genotypes displaying a wide range of susceptibility to B
toxicity, B concentrations in shoots of tolerant genotypes were lower than in susceptible
genotypes (12,41).

Concentrations of B in roots were not reported for the above studies and so it is not
possible to determine from these experiments the type of broad B tolerance mechanism
tolerance, exclusion, avoidance~perating. Accordingly, experiments have been
conducted using solution and sand culture to examine the effect of B toxicity on
symptom development, growth, and nutrient composition of numerous barley, wheat,
medic, and pea genotypes. Considerable genotypic variation in susceptibility to B
toxicity has been identified for all species examined and this was reflected in symptom
development and growth. Increased B supply was accompanied by an increase in the
concentration of B in tissues, development of B toxicity symptoms and depressed
growth. At each level of B supply, however, tolerant genotypes accumulated
considerably less B than did susceptible genotypes, and this response occurred in both
roo'ts and shoots (29). The pattern of B distribution among individual leaves and roots
was remarkably similar between barley genotypes having differing susceptibilities to B
toxicity, despite great differences in total amounts of B accumulated and the actual B
concentrations of individual part (31). In all cases examined, B-susceptible and B
tolerant genotypes were distinguished by differences in net accumulation of B in the
whole plant (e.g., medics, Figure 1).

Furthermore, symptom development and growth in barley were similar among genotypes
at particular B concentrations in leaves (7). Susceptibility to B toxicity was apparently
not a function of tissue tolerance. Similarly, Oertli and Kohl (37) analyzed green,
chlorotic, and necrotic leaf tissue from 29 species grown in sand culture at a high level of
B and found the concentration of B in the leaf tissue associated with chlorosis, and
necrosis was of the same order for all species. Chlorosis developed at a B concentration
of approximately 1000 mg/kg DM and necrosis at greater than 1500 mg/kg DM. The
differences between species in the development of toxicity symptoms was attributed to
differences in the rate of B accumulation in leaves, rather than the tolerance of tissues to
B. We have found no evidence to indicate an ability of a genotype to tolerate high
concentrations of B in tissues.

In addition to a direct effect of toxicity, an excessive supply of B could also indirectly
affect plant growth by causing imbalances in other nutrients, with genotypic variation for
the magnitude of such interactions. However, Nable (30) showed that an excessive B
supply had no detectable effect on the concentrations of other nutrients (P, K, S, Mg, Ca,
Cu, Zn, Mn, and Fe) in several barley and wheat genotypes. Yet such results do not
preclude the possibility that within the total pools of each nutrient are fractions at

99



suboptimal levels. For example, Graham et al. (21) showed that in barley plants
containing apparently more than adequate concentrations of Zn in both roots and shoots,
toxic accumulations of B could be markedly decreased by Zn supply. In examining this
possibility, we found that when Zn supply was markedly increased, and despite increased
Zn concentrations in roots and shoots, there was no change in the response of genotypes
to B supply (34). We conclude that it is unlikely the B tolerance is mediated indirectly
thrciugh other nutrients. It remains possible, however, that B toxicity is more prevalent in
soils deficient in other nutrients, especially Zn.

Another mechanism by which plants might tolerate high concentrations of B in soil,
namely avoidance by the roots of regions containing excess B, could not operate under
our experimental conditions of solution and sand culture and so has not been examined
directly. Interestingly though, the genotypes in all species so far examined have shown
similar rankings under all cultural conditions, including high B in the field (29,39,40,41).
Therefore, avoidance is unlikely to be a mechanism of B tolerance for these genotypes.

Detailed Mechanism of B Tolerance

It thus appears that tolerance to B toxicity is governed by the ability of plants to restrict B
accumulation. But how is this achieved? Does limited accumulation result from restricted
absorption or enhanced efflux and is it a passive or an active process? The absorption of
B is known to be greatly influenced by transpiration rates (44), yet in our studies
differences in tolerance to B toxicity among genotypes could not be explained simply by
control over transpiration rates (29).

There is very little information in the literature on B uptake and that which is available is
contradictory. From short-term studies with excised barley roots, it has been concluded
that B is passively absorbed over the range of external concentrations from normal to
excessive (3,36). By contrast, others have concluded that B uptake is fundamentally an
active process at normal to high external B concentration (4,5,6). Raven (44) reviewed in
detail these disparate views on the relative significance of active and passive transport of
B across plant membranes. He questioned several arguments supporting active transport
and concluded that while B uptake is not simply related to mass flow of water into the
plant, the high permeability of membranes to B (as undissociated, uncharged boric acid)
would effectively 'short-circuit' any active regulation mechanism so that the uptake of B
into plants would be governed primarily by passive transport processes.

To better understand the mechanism of B tolerance, we compared the uptake of B in
barley and medic genotypes with differing susceptibilities to B toxicity. Whether
differences in B uptake were controlled by an active or a passive process was also
examined. Furthermore, because of several similarities in the transport characteristics of
B(OH)3 and Si(OH)4 (44,45), the uptake of silicon by genotypes was also compared.

In long-term experiments with whole plants, B uptake was linearly related to B supply
over a range of B concentrations from normal to excessive (Figure 2; 40). The
comparative susceptibility of genotypes to B toxicity was reflected in the relative
differences in B uptake rates over the entire range of B supply. Root temperature over the
range 5-25° C markedly affected plant growth, but had no effect on the relative
susceptibilities of genotypes to B toxicity, also indicating that differences in B uptake
rates resulted from nonmetabolic processes.

Another feature of these results was that relative B uptake rates of genotypes were
different over the entire range of external B concentrations. Thus, each genotype
displayed a characteristically different ability to passively transport B, a difference which
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was apparently constitutive and not induced (Figure 2). Confirmation of this conclusion
came from subsequent experiments in which plants were exposed to gradually increasing
B supply over several days in an attempt to 'condition' genotypes by inducing the B
tolerance mechanism. However, B accumulation was similar in plants whether they were
'conditioned' or not prior to final transfer to an excessive B supply.

The results from experiments with medics show similar uptake kinetics, indicating that a
similar mechanism operates. Work with other species (oats, wheat, peas), which has
shown that relative susceptibility to B toxicity was associated with B accumulation in
tissues (unpublished), imply that genetic differences in passive B uptake may be a
general phenomenon.

Uptake of Si differed greatly amongst barley genotypes (Figure 3) and also reflected B
uptake and the relative susceptibilities to B toxicity. This close relationship between
susceptibility to B toxicity, and Band Si accumulation has also been observed in field
experiments (33). Thus, it appears that the variation in B accumulation, that governs
susceptibility to B toxicity among barley genotypes, is the result of differences in passive
B uptake via a mechanism that also governs Si uptake. A number of similar properties of
B (OH)3 and Si (OH)4 may account for this proposed association. For example, both are
weak acids in aqueous solutions, both are mainly undissociated at physiological pH
values (pKal values of 9.25 and 9.82, respectively at 25 °C), i~dicating that ~oth ~re

absorbed as neutral molecules, both are thought to move passively across bIOlogical
membranes and the accumulation of both by plants is greatly influenced by transpiration
rates (44).

Interestingly, no competitive interaction was observed in the uptake of B andSi in barley
(Figure 3), indicating that the properties, which have the potential for passive uptake,
apparently operate independently on Band Si.

By contrast with these data on Si uptake in barley, the results from experiments with
medics were very different. For although there appeared to be a similar mechanism of B
uptake and considerable genotypic variation in B accumulation among medics as seen in
barley, there was no close relationship between Band Si accumulation. In fact in our
experiments, as observed elsewhere (24), medic genotypes accumulated very little Si.
Moreover, no genotypic variation for Si accumulation was apparent. Thus, it appears that
in the case of medics, and perhaps other dicotyledonous species, an addition~l

mechanism to that which regulates both Band Si uptake in cereals, controls Si uptake
independently of B uptake.

Differences among wheat genotypes in susceptibility to B toxicity, expressed in whole
plants, have recently been shown by Huang and Graham (23) to also be expressed at the
organ and cellular level. In root cultures in media containing high concentrations of B,
genotypes classified as susceptible from field and glasshouse experiments produced
shorter root axes and less lateral roots than tolerant genotypes in media with high B
concentrations (Figure 4). These data suggest that differences among genotypes in
susceptibility to B toxicity is related to general membrane permeability, with regulation
over B uptake occurring in root membranes rather than in the structure of the endodermis
or other differentiated root features (23). Nor does the regulation appear to be at the level
of B transfer from the root cortex to the xylem, as roots from different barley genotypes
have been shown to accumulate different B concentrations. In desorption experiments,
these differences were apparent in unwashed roots removed from solutions containing
excess B and maintained as roots were washed for up to 80 min, during which time B
concentration decreased considerably (Figure 5). Apparently, B accumulation in roots is
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not only determined by a simple,diffusion equilibrium .being established between the root
cells and the external solution (3,36), but also involves genotypic differences in
membrane permeabilities to B.

A second conclusion that can be drawn from the data of Huang and Graham (23) is that
the effect of B on tissue growth is not mediated through the shoots. Further evidence for
this conclusion comes from split root experiments with wheat genotypes differing in
susceptibilities to B toxicity. In this experiment, one seminal root was grown in a
solution to which B treatments were applied while the remainder (and major portion) of
the root system grew in another container with a normal B supply. The results (Table 2)
showed that the roots exposed to excess B (2000 ~M) showed depressed growth to
various extents, according to the susceptibilities of the genotype. This was despite the B
treatments having essentially no effect on the B concentrations of the shoots.

At this point, it is not possible to suggest what the precise mechanism of B tolerance is or
how it operates. The available data suggest, however, that B tolerance is governed by the
constitutive ability of plants to restrict passive B transport into their tissues. In the case of
whole plants, this restriction occurs on entry of B into the roots. The genotypic variation
in the restriction could be related to membrane composition, cell wall composition, or
physical barriers. Future studies are planned to examine the mechanism in more detail.

A surprising feature of the results from experiments examining the B tolerance
mechanism was that, even at normal levels of B supply at which no B toxicity symptoms
developed and growth was not affected, tolerant genotypes of several species maintained
relatively low tissue B levels (Figure 1) (29) over the entire range of external supply
from normal to excessive. Similarly, there were consistent differences in B uptake rates
in barley genotypes over a wide range of B treatments (Figure 2) (33). Thus, it appears
that genotypes possess characteristically different abilities to passively transport B, rather
than responding to external B concentrations. This ability to restrict B accumulation not
only governs the degree to which genotypes can tolerate an excessive supply of B, but
may also govern the susceptibility of genotypes to B deficiency. In fact, there is evidence
from glasshouse experiments with barley (32) and field experiments with wheat
(unpublished) that genotypes relatively tolerant to B toxicity are also relatively
susceptible to B deficiency and vice versa.

Other workers have also reported a general trend for species more tolerant of high B
concentrations to be more prone to B deficiency. In a series of experiments assessing the
response to B for more than 50 species (15), all plants classified as susceptible, and most
classified as semi-tolerant produced maximum dry matter at either the trace or 1 mg/kg B
treatment in sand culture. Plants classified as tolerant, by virtue of their ability to grow at
the 15 and 25 mg/kg B treatment, produced maximum dry matter at either the 5, 10, or
15 mg/kg B treatment and dry matter was significantly reduced at the lowest B
treatments. Similar relationships for a smaller number of species include: tobacco most
tolerant of five crops to B toxicity but also had the highest requirement (20); sugar beet
more tolerant than cotton and soybean to high B, but yields reversed at low B supply
(38); and the response of three Eucalyptus species reversed between low and high B
supply (26).

It must be stressed, however, that there have been no reports of specific experiments to
test for the physiological and genetic independence of responses to low and high B
supply. In the absence of such evidence, it should be realized that when breeding
genotypes for soils with high B concentrations, there might be the possibility that the
more B tolerant genotypes are not well adapted to soils with low B concentrations.
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Clearly, when high and low B soils are in close proximity, as occurs commonly in the
sand dune-swale systems throughout southern Australia, this relationship between
susceptibility to B toxicity and deficiency could present difficult management problems.

Conclusions

This paper has reviewed the results of studies on the physiological control of tolerance to
high concentrations of B. These studies were initiated following the identification of high
levels of B in the subsoil throughout southern Australia (8,9) to facilitate the breeding of
B tolerant varieties. Genetic variation in response to B has been identified for the major
crop and pasture species of South Australia, including lines more tolerant than any
Australian varieties of wheat (27), barley (29), pasture medics, and peas. There is,
therefore, the potential for improving the level of B tolerance of local varieties.

The mechanism of tolerance to B was consistent for both monocotyledonous (wheat and
barley) and dicotyledonous (pasture medic) species and was related to reduced uptake of
B by the more tolerant lines. Tolerant lines maintained lower concentrations of B in both
roots and shoots and differences in uptake, between lines, occurred at both "normal" and
toxic levels of B supply. The control of B uptake appeared to be nonmetabolic and could
not be attributed to differences in transpiration rates. Further, the genotypic differences in
response to B operated for undifferentiated tissue, which indicates the regulation is not at
the structural level, such as the transfer of B from the root cortex to the vascular bundle.
These data are consistent with the control of B uptake resulting from the ability of
membranes to restrict passive transport of B into cells for all species examined. The
apparently similar mechanism controlling tolerance for all species would suggest
relatively simple genetic control also exists for species other than wheat.
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Table 1. Regions of the world where B toxicity has been reported.

Country Region Crop Reference

USA California Fruit trees 22
California 14
Minnesota Barley 13

India Agra Wheat 11
Lentil, barleyI oats 10

Pakistan Lahore Wheat 46

Iraq 25

Peru Cotton, alfalfa 18

Australia Victoria Citrus 42
Grapes 1

South Australia Barley 8,9
Wheat 41
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Table 2. The results of a split root experiment with four wheat genotypes differing
in susceptibility to B toxicity-, comparing the effects of excess B (2000 pM B) on
the growth of one seminal root, with the remainder of the root system receiving a
normal B supply (15 pM B).

Root length (2000 11M B/15I1M B)

Time (d) G61450 Halberd Warlgal W1*MMC

0 1.00 1.00 1.00 1.00
5 1.05 0.95 0.76 0.63

10 0.88 0.71 0.58 0.46
15 0.94 0.86 0.60 0.45
20 0.92 0.84 0.53 0.39

a G615Q-tolerant; Halberd-moderately tolerant; Warigal-moderately susceptible; andW1 *MMC
susceptible.
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Figure 1. The effect of B supply from normal to high on the B content of three
annual medic genotypes differing in response to B toxicity: Medicago
polymorpha cv. Circle Valley-susceptible; M. littoralis cv. Harbinger
moderately tolerant; M. truncatula cv. Cyprus-tolerant.
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B uptake rate (mg B kg-1 0M root dol)
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Figure 2. The relationship between external B concentration and B uptake by
three barley genotypes differing in response to B toxicity: Sahara 3771-tolerant;
WI 276-moderately tolerant; Schooner-susceptible. Source: Nable et al. (33).
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Figure 3. The effect of Band Si supply on the Band Si concentrations in three
barley genotypes differing in response to B toxicity: Sahara 3771-tolerant; WI
276-moderately tolerant; Schooner-susceptible. Source: Nable et al. (33).
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Figure 4. The effect of a) culture time at an excess B supply (20 mM B) on the
growth of excised roots, b) B supply on the initiation of lateral roots on excised
root tips, and c) B supply on the growth of callus of four wheat genotypes
differing In response to B toxicity: G6145o-tolerant; Halberd-moderately
tolerant; Warlgal-moderately susceptible; (W1*MMC)-susceptible. Source:
Huang and Graham (23).
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Figure 5. Changes in B concentrations following periods of desorption of roots
from four wheat genotypes differing In response to B toxicity: G6145O-tolerant;
Halberd-moderately tolerant; Warigal-moderately susceptible; (W1*MMC)
susceptibie. Prior to desorption roots were exposed to 2 mM B for 24 h. Roots of
intact plants were desorbed in deionized water at 40 C.
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MINUTES OF FINAL SESSION OF THE BORON STERILITY WORKSHOP IN
CHIANG MAl, THAILAND

P.R. Hobbs
CIMMYT

Kathmandu, Nepal

1. Present status

It was suggested that boron sterility should be discussed under the following headings:

a) Extent of the problem,
b) Screening procedures,
c) Sources of tolerance,
d) Genetic control,
e) Physiology,
t) Agronomy,
g) Genetics, and .
h) Breeding and field evaluation.

However, the present group was diverse, in that each group was at a different level of
knowledge. As such, it was decided to keep the above list in mind for future activities,
but at the present time to discuss the following topics.

2. Boron probe nursery

This nursery is designed to identify areas in the region with similar problems and to try
to distinguish environmental sterility from boron sterility. It is used as a diagnostic tool
and consists of only a few entries compared to a screening nursery. It would be grown,
however, in many more locations than a screening nursery to help identify the extent of
the boron problem. It would help provide data for comparison of results across the
region.

It was suggested that four levels of tolerance be classified for this nursery as follows:

1. Sensitive, 2 entries suggested are SW4 and BLI022;
2. Moderately sensitive, 1 entry was UP262;
3. Moderately tolerant, 1 entry was HD2285; and
4. Tolerant, 2 entries were Fang 60, NL297.

About 0.5 kg of seed of BLI022, UP262, HD2285, and NL297 will be requested from
Nepal from this year's harvest in order to allow CIMMYT/Bangkok to make up the
nurseries in time for delivery well before the next wheat season. Existing proforma and
directions would be sent along with the nursery to collaborators.

3. Further sand culture testing

Dr. Benjavan would like to do additional sand culture testing of more wheat lines with
more levels of boron in order to better rank and quantify the boron sterility response. Dr.
Naqvi from India agreed to send seed of BWll, BWlO08, HD2402, and HDR77, which
have tolerance in India and HD1982, which is susceptible. Nepal will also send a couple
of susceptible lines. It may also be useful to try some varieties from Australia that have
tolerance to boron toxicity to see if they are sensitive to boron deficiency.
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4. Boron screening nursery

It was agreed that this nursery should be constituted by CIMMYflBangkok and include
10 lines from each country. The entries sent should be prescreened and tolerant with a
couple of susceptible checks. The trial would be planted in plots with and without boron
using two replications and should only be planted in areas where sterility is known to
occur. Fewer of these nurseries will be made than the probe nursery. Participating
countries (India, Nepal, and Bangladesh) are asked to send seed just after halVest of this
seasons' wheat crop to Chris Mann in Bangkok. The seed should be treated and have a
phytosanitary certificate; 200 g of each line is needed.

Proforma will be sent along with the trial to collect a full set of data on flowering dates,
basal sterility, anther health, pollen health, and seed set plus some climatic and
experimental site data (soils, management).

S. Sterility data collection

The group agreed to standardize the sterility obselVation to the number of grains in the
floret 1 and floret 2 of the 10 central spikelets of an ear. This technique was
demonstrated in the workshop and all participants are now familiar with it. This
technique is relatively quick and distinguishes between sterility per se and sterility caused
by low source-sink levels caused by environmental and climatic problems. For example,
data presented by Nepal showed more sterility measured as number of filled grains per
floret at low compared to high nitrogen levels. This can be explained by the poorer
growth and lower supply of photosynthate in the low nitrogen treatment and therefore
less florets are filled per spikelet. This is really not sterility since the two basal florets
were probably filled but more a problem of sufficient photosynthate to fill all the
fertilized florets in the spikelets.

If time permits, another measure recommended was number of grains per spikelet. In
addition data on the following would be useful:

a) air temperature at anthesis,
b) heading date,
c) irrigation dates and standing water,
d) anthesis date,
e) anther characteristics,
t) pollen viability (Iodine staining),
g) flag leaf tissue dried,
h) spikes collected just before booting,
i) fully headed spikes before anthesis, and
j) fertilizer samples.

6. Laboratory analysis

Attempts would be made to develop a facility in Nepal for boron analysis in soils and
tissue. Help from CMU in the form of a consultant may be needed or scientists or
technicians could be sent to eMU for training. The former is preferable. Standard
reference material would be available from CMU.

7. Regional visits

A visit to Nepal (hills and lowland tarai areas) for the group would be useful next year.
The best dates are from mid-March to early April (the latter time for the hills).
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8. Funding

Chris Mann informed the group that Australian money for the project finishes this
summer. Australia would then give more money to the CGIAR and CIMMYT, but not to
special projects within CIMMYT directly. He would request that some of this money be
made available for future international collaboration. In the meantime, we may have to
rely on NARS funding and whatever help exists in the region.

The meeting ended with a vote of thanks to Dr. Benjavan and her CMU colleagues for a
very useful workshop.
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APPENDIX 1. BORON BIBLIOGRAPHY,
CIMMYT SOUTHEAST ASIA REGIONAL WHEAT PROGRAM

Update: November 6, 1991

Compiled from various electronic searches and staff reading for use in the AIDAB
project "Boron deficiency in Cereals" by C.E. Mann

Abbreviations: A = Abstract available at CIMMYT/Bangkok; P = Full paper available at
CIMMYT/Bangkok; T = Title only.
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APPENDIX 2. BORON DEFICIENCY NURSERIES, 1990-91

When completed, please return this book to:

Dr. B. Rerkasem,
Multiple Cropping Centre,
Faculty of Agriculture,
Chiang Mai University,
Chiang Mai 50002
Thailand.

Also send plant samples for B analysis to the above address.
Any query relating to the Boron Probe Nursery and the Boron Screening Nursery may be
sent to Dr. Rerkasem at the above address or by

Telex No: 43553 UNICHIM TH
Fax No: 6653 210 000

Boron Deficiency Nurseries, 1990-91

Indications of B deficiency in wheat, especially severe floret sterility or grain set failure,
have been observed over wide areas in Bangladesh, Nepal, India, Thailand, and China in
the last few years. In most of these places, wheat genotypes have been observed to vary a
great deal in their responses to B deficiency. Two boron deficiency nurseries of wheat
have been prepared from materials identified in Chiang Mai, Nepal, and Bangladesh for
testing collaborating institutions in the 1990-91 growing season:

• Boron Deficiency Probe Nursery: 120 m2 (5x24 m or 10x12 m),

• Boron Deficiency Tolerance Screening Nursery: 20 m2 (2.5x8 m).

Site selection
A site where sterility or severe sterility has been observed in wheat in previous years
would be ideal. If possible, the level of available soil boron (hot water soluble, HWS)
should be recorded. It would be preferable to plant the nurseries on soils with ~ 0.15 mg
HWSBlkg (~ 0.15 ppm).

General crop management
The seeds sent will have been treated with a fungicide (Vitavax) and an insecticide
(Marshal-Carbofuran). Seed in each individual packet will be enough to plant one 2.5-m
row, with a 0.25-m spacing between the rows.

The crop should receive the optimum general management, Le., for land preparation,
irrigation, and pest and weed control, as normally applied to your other wheat nurseries.

Note on fertilizer application
Analyses of fertilizers have shown consistently high levels of boron contamination (170
mg Blkg in a sample from Bangladesh; highest at 683 mg Blkg found in Thailand) in
triple superphosphate. It is suggested that the use of triple phosphate is avoided if
possible.
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Please take two 30-g samples of each of any fertilizers used and send them to Chiang
Mai (address: see inside cover of this booklet). The number in brackets in the text
corresponds to the similarly numbered column on the data sheet.

Stages or growth
Please refer to stages of growth by scale of 1 to 11 as in Figure 1.

Grain set assessment
Take a random subsample of 20 ears from each plot at stage 11 (ripening):

1. Number of spikelets/ear. Do not count the incompletely developed spikelets at
base of ear, but count terminal spikelet.

2. Number of grains/ear. Count all of the grains in the ear; make sure that even
very small grains are counted.

3. Grain set is expressed as: number of grains/spikelet (2./1.)

4. Number of grainslFl+2 of 10 central spikelets of each ear, recorded as the
average number of grains in Fl+F2 per spikelet. In each of the 10 central
spikelets, five on each side of the rachis, beginning from spikelet number 3 or 4
from the bottom (or number 2 or 3 in smaller ears), count the number of grains in
the first two florets (floret 1 and floret 2, Fl+F2) from the base of the spikelet
(See Figure 2).

5. 1000 grains weight. Take the sample for 1000 grains weight from the bulk
sample.

6. Please provide daily climatic data for the duration of the growing season in the
sheets provided at the back of this booklet.
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,..------ tillering stages----~

*
Maturity

ripening
stage

11 *
*
10

in "boot"

8
last
leaf
just

visible

7
second
node

visible

6
firt

node of
stem

visible

.------- stem extension stages ------,__ heading

stages

*10.5

10.1* flowering
(wheat)

*
5

leaf
sheaths
strongly
erected

4
leaf

sheaths
lengthen

3
tillers

formed

*Sampling*Observation

2
tillering

-iY~~~
* The .tag.. of heading from 10.1 to 10.5 are deocrlbed In detail In the original paper

Figure 1. Growth stages in cereals defined by Large (1954)

Spikelet

Wheat ear
Figure 2.Location of 10 central spikelets on a
rachis and the first two florets on a spikelet
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APPENDIX 3. SAMPLE OF INFORMATION REQUESTED FOR THE BORON
DEFICIENCY PROBE NURSERY (BPN), 1990·91

1. Name and address of collaborator

2. Location of the experimental site

Experimental Label: BPN90/91-~~~ ~~__~ __
(Choose a short name of your station or location as an
identification, use it to identify all samples you send to
Chiangmai. e.g. we will call one of our experiment
BPN90/91-Mae Ria)

Latitude ~Longitude ~Altitude _

Address------------------------------------------------------

3. Experimental detail

Land preparation:

Fertilizers
applied: _

4. Experimental treatments and design

This experiment will have two levels of boron, nil and 1 kg
B/ha (BO and B+), which will be the main plots, sown in
duplicate. In each main plot there will be six subplots,
each subplot will contain one of the six genotypes:

Genotype Response to Boron
Deficiency

Source/Location
Identified

SW 41
BL1022
SW 23
Sonalika
KUHR12
NL460

Susceptible (Bds)
Susceptible (Bds)

Moderately Susceptible (Bdm)
Moderately Susceptible (Bdm)

Tolerant (Bdt)
Tolerant (Bdt)
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Each subplot will be eight rows, each 2.5 m long with 0.25
cm between rows.

The boron fertilizer will be applied as borax, at the
following rates:

Boron
treatment

BO
B+

B rate
kg B/ha

o
1

kg/ha

o
9

Borax

o
0.9

g/plot
(5 m2 subplot)

o
4.5

Weigh out 4.5 g of borax for individual subplot, with 6
varieties and 2 reps, 12 bags of borax at 4.5 g each will be
needed for one experiment.

The amount of borax used in the B+ treatment is so small, it
is very important that it is spread evenly. This may be done
by mixing the borax thoroughly with about 1 kg soil from
each subplot in a large plastic bag, then broadcast the
soil/borax mixture evenly over the surface of the subplot.
This borax fertilizer may have to be incorporated into the
soil, especially if the wheat is being grown on residual
moisture.

To avoid contamination apply all the basal fertilizers
first, sow all the BO plots; then apply borax to the B+
plots and sow. Avoid walking across B+ into BO plots.

Sowing Date:

5. Anthesis

Anthesis date (1) (Numbers in parentheses correspond to
number in column on the data sheet, not included in this
appendix).

When anthesis (pollen shedding) has taken place in about 50%
of the ears in the plot. Open florets at anthesis (2). Enter
YES if open/transparent florets present; enter NO if absent.

6. Sampling for tissue boron analysis

From the eight rows in each plot: 2nd and 7th rows are
sampled for tissue analysis. Make sure everything is CLEAN.
Wash hands and instruments used between samples with
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ventilated oven at 80aC for 48 hours.

(BO or B+)
(whole tops or ears or flag

deionized or distilled water. NEVER WASH any of the plant
parts, if dirty wipe with clean tissue. Wrap each sample in
tissue paper, place in clean brown paper bag, with the
following label:

BPN90/91---------Plot No. : _
Genotype:
B treatment:
Plant part: -------
leaves)
Rep """":"""---:- _
Date sampled:
Dry samples in

stage
of growth

5

10

10

Date
sampled

( 3 )

( 4 )

(4 )

Sample to be collected

Whole tops at stage 5.
Twenty plants, randomly selected
from rows 2 and 7 (10 plants from
each), are cut about 1 cm above
soil surface.

Developing ears and flag leaves:
stage 10.
Take twenty tillers (10 each from
rows 2 and 7) which are just in
"boot".
Make sure that the ear is still
completely enclosed in the leaf
sheath.
Reject any ear that has begun to
emerged, i.e., leaf sheath
splitting.
Remove the flag leaf, split the
leaf sheath lengthwise to remove
the immature ear.
Flag leaves: Wrap the 20 flag
leaves in tissue, place in one
labelled bag;
Ears: wrap the 20 ears in tissue,
place in another labelled bag.
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7. Sampling for sterility counts

Stage
of growth

11

Date
sampled

(5 )

Sample to be collected

Take 20 ears (10 each from rows 2
and 7), recorded the number of
spikelets/ear (6)
grains/F1+2 (7)
grains/ear (8)
grains/spikelet (9)

8. Grain yield at final harvest

Stage
of growth

Maturity

Date
sampled

(10

Sample to be collected

Take 1 m from the four central rows
(rows 3 to 6, total sample size
1 m2 ), and record the number of
ears (include ALL ears, mature plus
late ears) (11) late ears (12)
Thresh the ears for grain yield
(13) 1000 grain weight (14)
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