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Genetic control of boron efficiency in wheat (Triticum aestivum L.) Euphyitca
Wongmo, J., Jamjod, S. and Rerkasem, B. /n press. Contrasting responses to
boron deficiency in barley and wheat. Plant and Soil

Duangjai Nachiangmai, Bernie Dell, Richard Bell, Longbin Huang and Benjavan
Rerkasem. In press. Genotypic variation in boron long distance transport into
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pada (Macaranga denticulata (Bl.) Muell. Arg.) trees in rotational shifting
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premium priced special quality rice. International Rice Research Notes. 28: 34
C. Prom-u-thai and B. Rerkasem. 2003. The effect of nitrogen on rice grain
iron.  International Rice Research Notes. December 2003.
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2002. Agrodiversity lessons in mountain land management. Mt. Res. Dev., 22:
4-9 (wnauldTumeTafl 1 990 United Nations University)
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detection of iron in rice grain. ScienceAsia
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1.13Benjavan Rerkasem. 2003. Biotechnology and Agriculture. An invited review,
pp. 293-321, in Social Challenges for the Mekong Region, Mingsarn Kaosa-ard
and John Dore (Eds.). White Lotus, Bangkok.

1.14 Kanok Rerkasem. 2003. Uplands Land Use. An invited review, pp. 323-346, in
Social Challenges for the Mekong Region, Mingsarn Kaosa-ard and John Dore
{Eds.). White Lotus, Bangkok.
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and R.W. Bell. Kluwer and Plenum Academic Publishers
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H. Brown, M. Thellier and R.W. Bell. Kluwer and Plenum Academic Publishers.

1.17 NaChiangmai D, Dell B, Huang L, Beli R and Rerkasem B. 2002. The effect
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Bell. Kiuwer and Pienum Academic Publishers.
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C Padoch, H Parson and M Stocking. ITDG Publishers, London and United
Nations University, Tokyo.
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2.1 Somchit Youpensuk, Benjavan Rerkasem, Bernie Dell and Saisamorm
Lumyong. Arbuscular mycorrhizal fungi from the rhizosphere of a fallow
enriching tree, Macaranga denticufata Muell. Arg. and their effect on the host
plant. Submitted to Agroforestry Systems (January 2003).

2.2 C. Prom-u-thai, B. Dell, G. Thomson, B. Rerkasem. Distribution and structure
of protein and phytin bodies in seed of four rice genotypes. Submitted to

Canadian Journal of

Papers in preparation, submission expected by end of 2003

3.1 Ayut Kongpan, Sansanee Jamjod and Benjavan Rerkasem. Boron efficient
germplasm identified in Vigna mungo (L.) Hepper and Vigna radiation (L.)
Wilczek. For submission to Plant and Soil or Field Crop Research.

3.2 Supannika Punchana, Sansanee Jamjod and Benjavan Rerkasem. Are boron
efficient wheat always susceptible to boron toxicity? For submission to
Euphytica.

3.3 Chanakan Prom-u-thai and Benjavan Rerkasem. lron in the Grain of High and
Low Iron Density Rice Grown in Different Water Regimes.

3.4 Supawadee Ngorian, Sansanee Jamjod and Benjavan Rerkasem. Response of

F, population derived from boron efficient (Fang 60) x boron inefficiency
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(Bonza) wheat (Triticum aestivumn L.) genotypes to boron levels. For
submission to Euphytica or J. Plant Breeding.
3.5 Benjavan Rerkasem and Sansanee Jamjod. Boron Deficiency in Wheat: a

Review Submitted to Field Crop Reserch

4. Book edited

4.1 Goldbach, H.E., Rerkasem, B., Wimmer, M.A., Brown, P.H., Thellier M. and
Bell, R.W. 2002, All aspects of Plant and Animal Boron Nutrition, Kluwer and

Plenum Academic Publishers
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ABSTRACT

Advances have been made in three areas, namely, boron (B) nutrition, other
nutritional problems in rice and agrodiversity.

For B nutrition of plants, the areas covered included adaptation to low B soils,
genetic control of B efficiency and function of B in plant processes. Genotypic
variation in adaptation to low boron soils has been established among major crop
species and within some important cereals and grain legumes. Rice is the most well
adapted to low B soils, it has never been found to be deficient. Bread wheat, along
with durum wheat, barley and triticale, is the most sensitive to B deficiency. Maize is
intermediate between these two extremes. Wheat and its Triticeae relatives are
affected by B deficiency in a different way from maize. Bread and durum wheat and
barley and triticale are all affected by B deficiency primarily through the development
of the male gametes, the pollen. Maize, on the other hand, is affected first through the
function of the style of the female flower, commonly known as silk , during polien
germination,

The range of genotypic variation in adaptation to low B is very large in wheat.
Boron efficiency genotypes will set grain normally in the same soils in which B
inefficient genotypes fail completely. We have also found that the international wheat
germplasm used to improve production by most developing countries is largely B
inefficient. Wheat production on the world” wheat growing areas on low B soils,
hundreds of thousand of hectares already identified in Asia, can be greatly boosted by
increasing B efficiency in these international germplasm. This should be relatively
easy. Some advanced breeding lines, even only a few, in the international germplasm
are already B efficient. The genetics of B efficiency has been proved to be relatively
simple, involving two dominant genes. We have developed a simple screening that
may be used to evaluated very large germplasm with thousands of entries as well as to
select segregating materials. The other Triticeae cereals, durum wheat, barley and
triticale, have somewhat more complex response to low B. They should nevertheless
also benefit from similar increase in B efficiency.

One key issue in B nutrition in this project is the mechanism by which B
efficient genotypes become adapted to low B soils. For wheat, B efficient Fang 60
and very inefficient genotypes such as Bonza and Tatiara are distinguished by their B
uptake. This, however, does not explain the difference between B efficient Fang 60
or Sonora 64 with moderately inefficient genotypes such as SW41. The differential
mechanism was demonstrated with the use of "B and ''B and more precise methods
for evaluating pollen viability. Fang 60 has the ability to maintain the B supply line
from the root to the developing ear and so meeting demand for microsporogenesis
even while external supply was interrupted. The inefficient SW41 cannot do this. It
was also clearly established that phloem mobility and recycling of B did not play a
part. On the other hand, we found some evidence that phloem mobility and the ability
to recycle B may be very important in the adaptation to low B of some tropical
species, including coffee, guava, jackfruit, mangosteen, papaya and teak. In custard
apple, cashew, mango, lime, passion fruit, and cassava, B appeared to be as immobile
as calcium.
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We have established 2 simple rules to study adaptation with implications to
crop management in low B soils that may be applied to the study of whole plant
responses to any stress factor.

1. While adverse effects of a stress factor of so many processes may be of interest to
physiologists, not all of them are equally important to whole plant response and so
relevant to crop adaptation and production. Physiological studies with agronomic
aims should always try to identify those processes that are most sensitive and are
likely to adversely affect whole plant response.

2. Physiological studies of plant under stress must always take into account all
possible dynamics of (a) changes in the stress condition over time, (b) changes in
the plant’s various responses over different growth and developmental stages.

In addition to the reproductive response, which appears to be the key whole
plant response in many crop species, germination and seedling growth have been
identified as a possible limiting step in the production of grain legumes on low B
soils. Low B concentration in the seed may depress germination and affect the
growth of seedlings when grown on low B soils. Phenol metabolism and the
production of oxygen free radicals have both been suggested to involve B. Keeping
quality of bean sprouts is therefore another effect of low B that should be further
investigated in sprout making species such as mungbean, black gram and soybean.

Our research group has initiated nutritional work in rice in several areas under
this project. Many of the study areas that are still in the preliminary stage include
phosphorus efficiency, iron efficiency and tolerance to soil acidity. Progress has been
made in development of screening methods and identifying efficient and tolerant
genotypes from Thailand’s native rice germplasm. Areas in which considerable
progress has been made are in iron (Fe) in rice grain, adaptation to wetland (water
logging) and dryland (acrated) condition and nitrogen fixing endophytes of rice.

For grain Fe, we have earlier established the baseline of grain Fe contents of
Thailand’s many important varieties, including KDML105, RD6 and RD15 and some
new improved varieties and advanced breeding lines. These are generally low, about
10 mg Fe/kg in brown rice. We have also identified genotypes with almost twice as
much Fe among local varieties. Some GxE effects on grain Fe have been found, but
largely on whole plant Fe uptake. The grain Fe is a relatively small fraction of the
whole plant uptake. The grain Fe, especially after the husk is removed, appears to be
controlled largely by genetics. This makes genetic improvement promising as a
means to increase grain Fe.

A rapid and simple method for assessing Fe in individual rice grains has been
developed by using a dye called Perls’ Prussian blue (PP blue) for staining localized
Fe on the grain. The PP blue has enabled us to discover a relatively large range of
grain Fe-content in farmers’ normally heterogeneous seed lots. Thus we are now
optimistic in find genotypes with even higher grain Fe. The PP blue should also be
useful in selection and breeding programs aiming to increase grain Fe, as well as to
study the controlling genetics.

In the newly initiated program on nutrient uptake efficiency of rice in dryland,

we are finding that rice is basically a ‘water’ plant. It generally grows better when
waterlogged in the wetland condition than in the aerated soil of the dryland condition.
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Among Thailand’s native rice germplasm, however, we are finding varieties that are

better adapted to dryland than others. Part of this adaptation is an ability to take up
nutrients in dryland. Preliminary nutrient uptake data show that this ability may be
related to the ability to continue to grow more roots in aerated soil rather than the
specific ability of the roots to take up nutrients from dry soil per unit root dry weight.
This is expected to be an area of understanding that can make significant contribution
to rice breeding for Thatland’s largely rainfed growing condition. The program now
focuses on nutrient uptake efficiency in intermittently waterlogged and aerated soil, in
acidic soil and with a special focus on phosphorus, one of the most limiting nutrients
in dryland condition.

Nitrogen (N) was another important nutrient covered by the project. We have
found large numbers of N fixing endophytic bacteria inside the rice plant, from the
roots, stems and leaves. They were found in both crop rice and wild rice. Their N
fixing ability has been confirmed by acetylene reduction assays. Practical
implications of these findings require measurement of the impact on rice growth and
N use. The methodology for doing this is now under investigation. Another aspect of
N nutrition is the negative relationship between grain N concentration and grain
breakage during milling. Different rice varieties with similar long grained type have
also been found with different tolerance to grain breakage. The internal structure of
the rice grain is now being studied under light and electron microscopy to determine
the effect of grain N concentration and variety.

The group’s research on agrodiversity on biodiversity management has led to
its application on the conservation of Thailand’s native rice germplasm'. The other

area was in forest regeneration and fallow enrichment. We found a system of local
knowledge system involving a small pioneer tree called pada (Macaranga denticulata
(Bl.) Muell. Arg.). The system has a most impressive capacity to recycle nutrients
that has proved to be effective in keeping upland rice yield at respectable levels of 2-4
t/ha that should also be useful in forest regeneration. Furthermore, we have found that
the system has two key elements. First is a highly diverse population of arbuscular
mycorrhizal (AM) fungi in the pada roots, which greatly enhanced nutrient uptake by
the tree. Second is the tree itself which recycle a very large proportion of the

nutrients back to the roots and soil. This second point may explain why the AM fungi
are much more abundant in the rhizosphere of pada than other local tree species.

[n conclusion, the group has made much progress in the 3 years of support
from TRF. We have built on the work that had already been ongoing before August
2000. The TRF funding has enabled to group to embark on new areas, which are
expected to have more impact on Thailand’s agriculture. The group’s technical
capacity in nutrient efficiency should be particularly relevant particularly for
understanding adaptation of rice and having real impact in improving production
difficult growing conditions.

! This further evolved into the project “Agrodiversity for in situ Conservation and Management of
Thailand’s Native Rice Germplasm”, which has received substantial funding from the Collaborative
Crop Research Program of the McKnight Foundation. The McKnight project has been built on key

findings and methodologies developed in this TRF project. However, findings on Thai rice germplasm
from that project have largely been kept out of this report.
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Ecophysiological processes and genetic
controls relating to plant nutrition



1. BORON NUTRITION

Advances have been made in three areas of boron (B) nutrition in plants,
namely, adaptation to low B soils, genetic control of B efficiency and function of B in
plant processes. Adaptation studies explored differential ability to grow and yield in
low B soils of different plant species and genotypes from the same species. This body
of knowledge 1s useful to crop production on low B soils, by helping to identify
adapted species and genotypes of plants that will not be constrained by B deficiency.
Results of genetic studies help in the manipulation of the B efficiency trait, i.e. to
increase B efficiency in agricultural germplasm through breeding and selection.
Understanding the mechanism for B efficiency and physiological roles of B will
reinforce genetic manipulation and crop management.

1.1 Plant adaptation to soils low in boron

Among the micronutrients, B deficiency is the most widespread and most
frequently encountered in world crop production (Shorrocks, 1997; Sillanpaa, 1982).
In Thailand, soils low enough in B to be a constraint to commercial crop production
are common in the North and Northeast. Based on the idea of ‘nutrient efficiency’
suggested by Graham (1984), we have pioneered the use of ‘B efficiency trait’ to
evaluate and identify plants that are adapted to low B sotils without the need to specify
the key mechanism(s) of that adaptation. A plant is more B efficient if it can grow
and yield normally in a soil that is deficient in B for another plant. Thus any plant
may be experimentally evaluated for B efficiency simply by growing them along side
standard checks with known B adaptation ranges. This may be done in the soil that is
naturally low in B, availability of soil B lowered by liming, or biologically available
soil B depressed by an application of lime. We have also developed and adapted
spectial culture media that can be used for the purpose, including solution culture, sand
culture and B-buffered solution (Sithichai Lordkaew"). A set of standard B efficiency
check genotypes have also been established, ranging from very B inefficient
(extremely poorly adapted to low B soil) to B efficient (well adapted to low B soil).

1.1.1. Genotypic variation in adaptation to low boron soils

We have evaluated germplasm from 11 crop species, including important
cercals and grain legumes, for adaptation to low B, totaling more than 5,000 entries
(Table 1). The emphasis was placed on the Triticeae cereals, which included bread
and durum wheat, barley and triticale, for three reasons. Firstly, these were found to
be much more sensitive to B deficiency than previously believed and documented
(e.g. see Lamb, 1967; Marten and Westermann, 1991). Secondly, a very large range
of adaptation to low B has been identified, especially among bread wheat. Thirdly,
bread wheat and barley together offer a unique system on which a model for studying
B efficiency may be built (see sections on genetics and mechanisms below). Two
main findings have resulted from this evaluation of germplasm for adaptation to low
B: (i) relative tolerance to low B soils among the species of cereals and legumes; (i1)
the value of adaptation to low B soils, based on studies of wheat and related species.

! Researcher or graduate student responsible for the work



Difference among crop species in adaptation to low B. Among all of the crops
evaluated, rice was found to be the most tolerant to low external B supplies. It never
exhibited any sign of B deficiency in soil with 0.1 mg hot water soluble (HWS) B kg’
! in solution or sand culture to which no B had been added. Rice can be made B
deficient only when B contamination in the water and chemicals used in
experimentation is removed with the aid of B-specific resin (IRA-743, Sigma
Chemical Co.). The next group of crops following rice includes soybean, maize,
sorghum, green gram and cowpea. These are occasionally affected by B deficiency in
the field, but can be made B deficient in sand or solution culture to which B had been
omitted. The group of crops which may be considered least well adapted to low B
soils, include the Triticeae cereals, bread and durum wheat, barley and triticale, and
black gram. These have been shown to become deficient in B on the lighter soils of
Northern Thailand, e.g. Sansai or Lampang series, with about 0.1 mg HWS B kg’
The poor adaptation to low B soils of wheat and other small grain cereals compared
with dicots such as soybean or green gram, in spite of their relatively lower functional
requirement for B, is explained in the section on mechanisms below. Genotypic
variation in adaptation to low B soils was found in soybean (Nattawut Sukcumpa’),
cowpea (Tinnakorn Srivichai') and mungbeans, i.e. both green and black gram (Ayut
Kongpan'). The range of variation, however, was greatest in wheat and related
species of Triticeae cereals.

Adaptation to low B soils in wheat and related species as a means to overcome the
problem of B deficiency in crop production. Boron deficiency depresses the yield of
- wheat, barley and triticale by depressing grain set. Adaptation to low B soils of
germplasm of bread and durum wheat, barley and triticale was evaluated by means of
the grain set index (GSI, percentage grain set in the first two florets of 10 central
spikelets, Rerkasem and Loneragan, 1994). This was conducted on the international
germplasm received from CIMMYT each year. They included mainly bread wheat
(High Temperature Wheat Yield Trial; Elite Selection Wheat Yield Trial; Semi-Arid
Areas Wheat Screening Nursery; International Bread Wheat Screening Nursery) and
some durum wheat (International Durum Yield Nursery), barley (International Barley
Observation Nursery) and triticale (International Triticale Yield Nursery; International
Triticale Screening Nursery).

The International Maize and Wheat Improvement Center (CIMMYT) is the
world’s single most important source of wheat germplasm. Each year thousands of
lines and breeding populations from CIMMYT are introduced into countries
throughout the world. In the last four years alone, more than 160 bread wheat, durum
wheat, triticale, and barley varieties derived from CIMMYT germplasm have been
released by more than 30 countries (www.cimmyt.org/Research/wheat). About 55
million hectares of spring bread wheat, nearly 80% of annual spring wheat area in the
developing world excluding China, are now sown each year with varieties developed
from the CIMMYT germplasm. Results from the 2000/01 germplasm illustrated the
typical range of adaptation to low B found in this international germplasm (Table 2).
Two important findings came out of this evaluation. Firstly, the germplasm is
dominantly B inefficient, but a few B efficient wheat genotypes were also present in
each year. Secondly, the most B efficient genotypes were bread wheat, none of the
barley, durum and triticale were as well adapted to low B soils as Fang 60.



The high frequency of B inefficiency in this international germplasm is a
cause for concern. In areas prone to B deficiency, the genetic yield potential of this
introduced germplasm cannot be fully utilized because of the B deficiency constraint.
Furthermore, new improved varieties selected from these on research stations where B
fertilizer has been applied can be expected to fail commercially, unless advanced
breeding lines are assessed for B efficiency before they reach on-farm trials. The
remarkable adaptation to low B soils conferred by the B efficiency trait, on the other
hand, can prevent grain set failure and yield losses, by ensuring B efficiency in
germplasm destined for areas prone to B deficiency. Boron efficient genotypes
identified in the CIMMYT germplasm include advanced breeding lines that have
already incorporated desirable modern characteristics for high yield and disease
resistance (Table 3). National breeding programs can choose to release these where
they prove to be also adapted to local environment. They can also be used as sources
for B efficiency genes, which may be easily incorporated into new cultivars (see
section on genetics).

These findings have direct implications for the world wheat growing areas on
low B soils. Wheat germplasm from Bangladesh have been found to be largely B
inefficient (Ahmed et al., 2002) (Table 4). Increasing B efficiency will boost wheat
production on soils low in B which are found in many of the world’s major growing
areas (Rerkasem et al., in press). Valuable lessons for the management of other crop
species 1n soils low in other nutrients (see 2.2, below).

1.1.2. Mechanisms for adaptation to low B soils

Physiological studies attempted to identify the mechanism(s) governing
adaptation to low B soils, to compare B efficient Fang 60 with inefficient SW41
(Duangjai Na Chiangmai’ ), very inefficient Bonza (Jumnien Wongmo'), between B
efficient and inefficient barley (Tamarong Pasook'), between wheat and barley
(Jumnien Wongmo'), and between bread and durum wheat and barley and triticale.
In order to prevent inadvertently selecting for genotypes are poorly adapted to toxic
levels B while searching to increase B efficiency we attempted to relate adaptation to
low B to adaptation to toxic levels B in wheat (Supannika Panchana' ). Also
explored were differences between the B efficient green gram and B inefficient black
gram (Ayut Kongpan') and the ability of different tropical species to recycle B from
older tissues (Sawika Konsaeng').

Boron efficient vs inefficient vs very inefficient wheat The effect of B deficiency
on grain set in wheat and other small grains may be detected in fertility or sterility of
the male gametes, the pollen grain. The iodine (KI/12) test, which indicates starch
accumulation, is very effective in determining dead pollen but was found to be
somewhat imprecise in determining live pollen. That is, dead pollen does not
normally accumulate starch, but those pollen that accumulate starch are not always
viable. Two other methods for examining pollen viability were adapted for use on
wheat pollen, the fluorochromatic (FCR) test, presence or absence of nuclei by the
DNA-specific fluorochrome (DAPI) (Duangjai Na Chiangmai’). These two new tests
were used to evaluate pollen viability and found to be much more sensitive than the
iodine test (Nachiangmai et al., 2001). Withholding B for 5 days during the
microsporogenesis was found to depress pollen viability in the B inefficient wheat
genotype SW41 by 40-70% but had no effect on the B efficient Fang 60. This effect,



however, was detectable only with the FCR and DAPI tests, but not by the iodine test.
All pollen accumulated starch and stained black with iodine, including those of
SW41, which were no longer viable due to short term B deficiency.

This improved precision in determining the effect of B deficiency on pollen
viability enabled the effect of B deficiency on B efficient Fang 60 and B inefficient
SW41 to be compared more rigorously (Nachiangmai et al., in press). Following this
finding of the effect of short term B deficiency on B inefficient SW41 and not on B
efficient Fang 60, we were able to detect the greater ability of Fang 60 to continue to
accumulate B in its developing ear even while external supply is interrupted. By
labeling B with '°B and ''B, it was further found that the continuing B supply to the
car of Fang 60 (i) had not been recycled from previously taken up B, but (ii) had come
from its ability to keep sending B to the ear for pollen development even from the
greatly diminished external supply to the roots. Furthermore, we found that Fang 60
can accumulate more B in the ear than SW41 when external supply is limited. This,
however, is detectable only at the crucial moment, around microsporogenesis. In the
past, others have failed to pinpoint this difference (Rerkasem and Loneragan, 1994;
Subedi et al, 1999) because ear samples were collected long after this time, e.g. at ear
emergence or anthesis. The somatic ear tissues, the lemma, palea and rachis, can
continue to accumulate B long after the damage has already been done to pollen
development. This taught a valuable lesson about the often highly dynamic nature of
plant responses to a stress factor.

We have previously ranked wheat genotypes according to their adaptation to
low B soils in into 5 classses, efficient (E), moderately efficient (ME), moderately
inefficient (MI), inefficient (I) and very inefficient (VI} (Rerkasem and Jamjod,

1997). Different adaptation mechanisms have been found associated with some
classes. The difference in adaptation to low B soil between Fang 60 (E) and SW41
{MI) was detectable only in this ability to keep sending B from a much diminished
supply in the root to the ear, and not in the specific B uptake capacity of their roots
{mg B per unit root dry weight) or the partitioning of B to different plant parts (Subedi
et al, 1999). In contrast, in the case of the VI group, B uptake and partitioning may be
the key to their poor adaptation to low B soils. Genotypes such as Tatiara and Bonza
set virtually no grain in soils with 0.1 mg HWS B kg™ or in sand culture without
added B are also found to accumulate much less B in their leaves and ears (Wongmo
et al., in press).

Wheat vs other small grain cereals Adverse effects of B deficiency on barley and
triticale are more complex than those observed on wheat (Jumnien Wongmo';
Tamarong Pasook’). Tn addition to male sterility, B deficiency has been found to
depress terminal spikelet development in some barley and triticale genotypes. In
these genotypes the number of spikelets per ear may be reduced by half to 1/5 ofits
normal size by B deficiency (Table 5). These two effects of B deficiency, the grain
set response and ear size response, do not appear to be linked. Relative response to B
in grain set correlated very weakly with the relative B responses in number of tillers
per plant, ears per plant and spikelets per eat. Unlike wheat, in which adaptation to
low B may be measured by just one single measure of the grain set index (GSI),
barley and triticale may also affected through spikelets and ear development. Delayed
car emergence was another adverse effect of B deficiency were observed in barley.
Examination of primordial at floral initiation found that B deficiency did not affect



the onset of floral initiation. Delayed ear emergence in B deficient barley appeared to
have resulted from suppressed elongation of the peduncle instead.

Relating adaptation to low B to adaptation to toxic levels B in wheat Since
‘exclusion’, i.e. the ability to keep B out of the roots, has been found to be one of the
primary mechanisms for adaptation to soils with toxic level B in wheat (Nable et al.,
1997), our finding that B toxicity tolerant wheat varicties such as Bonza, Halberd and
Schomburgk are generally very inefficient is a cause for concern for selection and
breeding wheat for soils where toxic and deficient levels B may occur in close
proximity such as Pakistan (Rashid et al., 2002) or the Anatolia in Turkey (Gezgin et
al. 2002), or anywhere B fertilizer has just been applied. Should the mechanisms for
adaptation to toxic level B turns out to be the mirror image of adaptation to low B
soils, any attempt to increase B efficiency by selection and breeding would
inadvertently results in genotypes that accumulate B and so are susceptible to B
toxicity.

We have found that the relationship between adaptation to low and toxic levels B in
wheat may be classified into 4 groups (Table 6). In the first group is Fang 60 which is
B efficient, adapted to low B soils but poorly adapted to high B soils because it
accumulates B in its leaves. In the second group are most CIMMYT materials that
are B inefficient and poorly adapted to low B soils and at the same time have potential
to be susceptible to B toxicity because they also accumulate B. In the third group are
Bonza and Turkey 1473 which are very well adapted to soils with toxic levels B but
are not so well adapted to low B soils because they are very inefficient. Theoretically
there should be a fourth group, which is adapted to both toxic levels and low B. No
genotype in existence has yet been found in this group. Existence of wheat genotypes
in this group may be proved by testing lines already developed from crosses between
Fang 60 of group 1 and Bonza of group 3.

Phloem mobility Since B has been found to be mobile in the phloem of certain
temperate crop species, phloem mobility is seen a mechanism for adaptation to low B
soils. In those species with phloem mobility, B may be recycled from old tissues to
young growing points when extemal supply runs out. We took up the study of
mobility of B in the phloem as a new direction to understand B efficiency in tropical
species (Sawika Konsaeng'). First B concentration was examined in the leaf of
mangosteen (Garcinia mangostana) collected monthly at the age of 3 to 7 months.
The trend in B concentration was compared with that of Ca (phloem immobile) and K
(phloem mobile). Calcium concentration in the mangosteen leaf increased linearly
with leaf age, from less than 1.2% at 3 months to 1.35% at 7 months. This is typical
of the accumulation of a phloem immobile nutrient. Potassium, on the other hand,
showed the typical trend of non-accumulation of a phloem mobile nutrient. Its
concentration remained constant at about 0.47% from 3 to 7 months. LeafB in
mangosteen showed a trend similar to phloem mobile K, i.e. was constant around 34
mg B kg™ from 3 to 7 months. Leaf samples from 11 other species were collected and
analyzed for B, K and Ca. They included coffee, custard apple, guava, jackfruit,
cashew, mango, lime, papaya, passion fruit, teak and cassava. Concentration gradient
between young and old leaves in six species, namely, custard apple, cashew, mango,
lime, passion fruit, and cassava, suggested phloem immobility of B. Boron
concentration in these species showed the same trend as phloem immobile Ca, i.e.
increasing with leaf age. Five species, coffee, guava, jackfruit, papaya and teak,



showed concentration gradient of B between old and young leaf that was similar to
the phloem mobile K. It is likely that these five species, along with mangosteen,
represent tropical species, which are more efficient in their use of B by being able to
recycle it from older tissues (Table 7). Direct determination of phloem mobility of B
in some of these species will be made with the use of B isotopes, '°B and !'B.
Mechanism for B transportation in the phloem may be explored with B transport
molecules such as sugar alcohols.

1.2 Function

We have established that the key limiting step through which B deficiency
may adversely affect productivity of many crops 1s reproductive development. For
grain legumes, namely, green gram, black gram and cowpea, B deficiency, which may
or may not be expressed in yield loss, may also affect sced quality. Since many
authors have reported the involvement of B in sugar transport, we have also explored
the possibility of direct effect of B deficiency on sugar accumulation in sugarcane and
yam bean.

1.2.1. Reproductive development

In addition to wheat and barley (Duangjai Nachiangmai; Jumnien Wongmo;
Tamarong Pasook' )} we have examined the role of B in reproductive development of
maize and sorghum (Sithihai Lordkaew').

Wheat and barley We have established that functional B requirement that is specific
to reproductive development in wheat is 7-8 times the amount needed for vegetative
growth, including somatic tissues of the secondary sex organs such as the lemma,
palea and rachis. There is a critical stage for this B requirement at about five days
from premeiotic interphase stage to the young microspore stage. Interrupting B supply
to the anthers during this crucial 5 days proved to be detrimental to pollen
development (Nachiangmai et al, in press).

Maize and sorghum Similar to wheat and barley, B deficiency has been found to
affect reproductive development in maize and sorghum much more than their
vegetative development (Sithichai Lordkaew'). When grown in sand culture,
omission of B from the nutrient solution depressed seed set and seed yield in both
maize and sorghum while having no adverse effect on their shoot dry weight (Table
8). Although the adverse effect of B deficiency was not measurable in shoot dry
weight, typical symptoms of B deficiency were observed in maize leaves. Appearing
all over the upper leaves were thin (0.5-1 mm) longitudinal streaks of dead, papery
white tissues, that may be short (3-4 cm) or long, running along the whole length of
the leaf blade.

The effect of B deficiency on reproductive development was most strong in
maize, which was later confirmed (Table 9). Boron concentration at 4-5 mg B/kg
appeared to be more than sufficient to meet the requirement for vegetative growth.
The reproductive organs, both male (the tassels, anthers and pollen) and female (baby
comn and silk), required more B per unit dry weight. Measurable effects of B
efficiency on the male flower are small. Occasionally the whole tassel or florets on a
few branches will appear to be poorly developed, the lemma and palea are white and



papery. Inside these dead and white florets, the anthers are much smaller (3-4 mm
Vs. 5-6 mm) or thinner (0.2-0.3 mm Vs. 1.2-1.5 mm) than those with sufficient B, or
they may be absent altogether. These anthers may contain no or very few pollen
grains. On the whole there were only a few of these poorly developed tassel
branches. About the same amount of pollen were harvested from B0 and B20 plants
by shaking the tassels over a receptacle (Table 9¢). The harvested pollen from both
B0 and B20 stained positive with iodine in KI/I; solution. However, detection of
viable pollen was more precise with the fluorochromatic (FCR) test, using autoclaved
pollen as control. In this way it was possible to detect the effect on B deficiency on
pollen viability in maize.

The role of B in reproductive development of maize is, however, very
different from that in wheat and the small grains. The adverse effect of B deficiency
was much more pronounced on the female flower, i.e. the ear, which includes the
baby comn and silk. The next sign of B deficiency that was observed after the papery
streaks on leaves was that there were multiple, 2-3, ears in BO compared with the
normal single ear at the ear node. Externally these appeared just like normal maize
cars covered with husk. However, when the husk was removed they do not look like
normal babycorn, but have the appearance of branching panicle more close
resembling the tassel. Those female flowers that developed normally in BO into
babycorn were smaller, having only one quarter of the dry weight on those in B20.
Boron deficiency also clearly depressed development of the style or silk. The silk on
the maize ear in BO was much shorter and had only about half of the dry weight as
that on the ear in B20.

In addition to development of the male and female flowers, B deficiency also
had adverse effects on the function of various reproductive parts of the flowers. We
assessed this by experimentally crossing male and female flowers with different B
status (Table 10). The role of B in the function of pollen and style was clearly seen in
the success of the crosses. Clearly, the effect of B deficiency in maize is much more
severe on the development and function of the female flower. This includes (a)
development of babycorn and the silk, and (b) the function of the silk during
fertilization (presumably through the B supply for germinating pollen in the silk — this
is now under investigation by Sithichai Lordkaew').

Rice, wheat and maize — a new challenge. 1t is very curious that the world’s three
most important food grains should have uniquely different adaptation to low B. Rice
is so highly insensitive to low B, it hardly ever is B deficient. Maize is affected
through the female flower, which may depress fertilization, or B deficiency may
‘switch’ the reproductive primordia from female into male. Wheat, on the other hand,
is affected primarily through development of the male gametes. Understanding these
differences, and also genotypic variation within each, will enable us to control the
reproductive process of three important species. This will have implications not only
for the production of these crops on low B soils but also in the control of their
breeding systems such as in hybrid seed production.

1.2.2. Seed quality

We have known for a long time that grain legumes growing on low B soils
may produce seed of low quality even when there is no adverse effect of deficiency



