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triticale and barley germplasm will boost production on soils low in boron
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Abstract

Boron deficiency causes grain set failure and yield loss in many of the world’s wheat

growing countries. We suggest growing B efficient genotypes as a means to overcome the
problem. This study evaluated an international germplasm of bread wheat (Triticum aestivum
L.), durum wheat (Triticum durum Dest.), triticale (x Triticosecale Wittmack) and barley
(Hordeum vulgare L.) for B efficiency. The first set of germplasm consisted of bread wheat,
durum wheat and triticale from CIMMYT 1996/97 nurseries and a B efficient check wheat
cv. ‘Fang 60°. The lines were grown in the field on soil with 0.1 and 0.2 , and 0.3 mg HWS
Bkg' for durum wheat and triticale. The grain set index (GSI, percentage grain set in the
first two florets of 10 central spikelets) measured B efficiency in wheat, durum and triticale

genotypes without the need for a B sufficiency control. Three quarters of the lines tested
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were B inefficient, which included all of the durum wheat, 84% of the triticale and 60% of
the bread wheat lines. Six of the bread wheat lines evaluated were in the same B efficient
class as Fang 60. The response to low B was confirmed in a sand culture without added B.
Similarly high frequency of B inefficiency was found in a second set of germplasm which
included bread aﬁd durum wheat, barley and triticalc-lincs from CIMMYT and ICARDA
2000/01 international nurseries. Incorporating the B efficiency trait in germplasm such as
these, would ensure their adaptation to low B soils, and so enable their genetic potential to be

fully realized in some of the world’s difficult production areas.
Keywords: Boron deficiency

Abbreviations: B, boron; HWS, hot water soluble; CIMMYT, the International Maize and
Wheat Improvement Center; GSI, grain set index; ICARDA, International Center for
Agricultural Research in the Dry Areas; 4HTWYT, 4™ High Temperature Wheat Yield Trial;
17ESWYT, 17™ Elite Selection Wheat Yield Trial; 18SAWSN, 18th Semi-Arid Areas Wheat
Screening Nursery; 28IBON, 28™ International Barley Observation Nursery; 28ITYN, 28"
International Triticale Yield Nursery; 28IDYN, 28" International Durum Yield Nursery;
33IDYN, 33" International Durum Yield Nursery; 33ITSN, 33" International Triticale

Screening Nursery; 33IBWSN, 33" International Bread Wheat Screening Nursery.
1. Introduction
In many of the world’s wheat growing areas, from Brazil’s irrigated flood plains (da Silva

and de Andrade, 1980) and Cerrados (da Silva and de Andrade, 1983), China (Li et al., 1978;

Liu et al., 1981) to India’s northwestern states and along the Indo-Nepal border (Tandon and
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Naqvi,1992), Nepal (Misra et al., 1992) and Bangladesh (Reuter, 1987; Rerkasem, 1996),
severe yield losses may be caused by B deficiency, through adverse effects on male fertility
and grain set. These and later studies (Jamjod et al., 1992; Subedi et al., 1997) also reported
large genotypic variatton in the response to B, or B efficiency, in bread wheat. The term B
efficiency is used here without inferring a mechanism, in the same way as defined for Zn
efficiency (Graham, 1984), to designate the ability of a genotype to perform well in soils too
deficient in B for other genotypes. Selecting for B efficiency has been suggested as one cost
effective solution to the problem of yield loss due to boron deficiency in commercially grown

wheat crops (Rerkasem and Jamjod, 1997).

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 germpiasm. Information about B
efficiency of this major source of bread wheat and durum wheat, triticale and barley
germplasm, especially the portion destined for areas with low B soils, could help to prevent
crop losses due to B deficiency. This study aimed to evaluate the potential to perform in soils

low in B of bread and durum wheat, triticale and barley germplasm.
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2. Materials and methods

An international germplasm of bread and durum wheat and triticale from CIMMYT and
barley from CIMMYT/ICARDA was grown in the field on a sandy loam Tropaqualf soil of
San Sai series and in sand culture in Chiang Mai, Thailand. The first set of germplasm
included 98 lines of bread wheat (the 4AHTWYT and 17ESWYT) and 49 lines each of durum
wheat (28IDYN) and tnticale (28ITYN) and a B efficient check wheat, cv ‘Fang 60’ (Jamjod
et al., 1992). The experiment was arranged as a split plot, with soil B levels in duplicated
mainplots and lines of wheat and triticale (sown, at the seed rate of 3 g m”, in single rows 5
m long, 0.25 m between rows) as subplots. Borax at 0, 1 and 1.5 kg B ha™* was applied to
create the B levels, giving the soil 0.1 (B0.1), 0.2 (B0.2) and 0.3 (B0.3) mg HWS B kg™
Bread wheat are generally less sensitive to B deficiency than durum wheat and triticale
(Rerkasem, unpublished), the 4AHTWYT and 17ESWYT were grown at B0.1 and B0.2 onlry.
At maturity, assessment was made of the number of grains per ear, number of spikelets per
ear, and grain set index (GSI, percentage grain set in the first two florets of 10 central
spikelets, Rerkasem and Loneragan, 1994) from 20 randomly selected ears, and the number

of ears in one m length of row.

The 4AHTWYT, 28ITYN and 28IDYN were also evaluated against Fang 60 in a sand culture
to which no B was supplied. Entries were grown in duplicated earthenware pots (& 30 cm,
30 cm deep) containing washed river quartz sand. The pots were watered twice daily with 1
liter of nutrient solution containing 1000 uM CaCl,, 250 uM MgSQ,, 500 uM KH;PO4, 10 1
M Fe EDTA, 250 uM K;Sb4, 1 uM MnSOs, 0.5 uM ZnSO4, 0.2 pM CuSOy, 0.1 uM CoSOs,
0.1 pM Na;MoOg4 (Broughfon and Dilworth, 1971) and 5 mM KNO;. Grain set index was

assessed at maturity on five ears from each replication for each line.
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The second set of germplasm consisted of 1,108 lines from the 2000/01 international bread
wheat (33IBWSN, 18SAWSN), durum wheat (33IDYN) and triticale (33ITSN) nurseries
from CIMMYT and a‘-barley nursery (28IBON) from CIMMYT/ICARDA. Entries were
sown on soil with 0.1 mg HWS B kg™ in single 5 m rows, with 0.25 m between rows and a
row cach of the B efficiency checks inserted after every 19 entries. The B efficiency checks
were BRB9604 and BRB96-9 (Jamjod and Rerkasem, 1999) for the 28IBON, and Fang 60
and SW41 (Anantawiroon et al., 1997) for the other nurseries. At maturity the GSI was

determined from 20 randomly selected ears for each row.
3. Results
3.1 Responses to boron in bread wheat, durum wheat and triticale

Bread wheat, triticale and durum wheat all exhibited responses to B, where number of grains
per ear and GSI, that varied significantly among the genotypes {(Table 1). Symptoms of B
deficiency observable in bread wheat in BO.1 at anthesis included shrivelled anthers, poorly
developed pollen that did not stain with iodine, and florets that failed to fertilize and
remained open, giving the ears a translucent, “paper lamp” appearance. The paper lamp
effect was also observed in triticale and durum in B0.1 and sometimes in B0.2. In these low
B levels some triticale lines showed a “rat-tail” symptom of the ear tip, in which terminal
spikelets were reduced in size and sometimes compietely degenerated, leaving remnants of
dead, papery white fissue. These symptoms did not occur in bread or durum wheat lines.
There was a significant interaction between the genotype and B effect on the number of
spikelets per ear in triticale, but not in bread wheat or durum. The number of ears m™ was not

affected by B in all three species .
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At BO.1, the B efficient check Fang 60 set grain normally with GSI >85%, while genotypes
evaluated ranged in C;SI from 0% to 100%. Entries with grain set failure in half or more of
their competent florets in B0.1 accounted for three-quarters of the 1996/97 germplasm (Table
2). These included all of the durum lines and all but eight of the triticale lines. Forty percent
of the germplasm was most severely affected by B deficiency in B0.1, with grain set in only
one in five of their competent florets or fewer. These included most of the durum (82%), half
of the triticale, and 14% of the bread wheat lines. Six out of 98 entries of bread wheat, but

none of durum and triticale, had GSI in BO.1 exceeding 85%, the same as B efficient Fang

60.

The species differences were also evident in the responses to B in means of GSI and the
number of grains per ear. The whole nursery mean GSI in B0.1 was highest in bread wheat,
followed by the 28ITYN and 28IDYN, in that order (Table 3). Increasing B level increased
GSlin the B inefficient classes in all three species. In the moderately inefficient classes the
GSI was approaching maximum when B was increased to B0.2, but in the more inefficient
classes, which included all of the durum lines and almost all of the triticale lines, maximum
GSI was not reached until B0.3. Responses to B in the number of grains per ear (Table 4)
followed closely their GSI responses (> = 0.74 for the AHTWYT and 17ESWYT combined;

0.61 for 28ITYN and 0.62 for 28IDYN, all significant at p <0.001).

In sand culture to which B had not been applied (B0O) the AHTWYT, 28ITYN and 28IDYN
lines responded to B deficiency in the same way as in the field at BO.1. In all three species,
the GSI means for each nursery and for each B efficiency class in B0 (Table 5) were almost

identical to those in BO.1 (Table 4), r* for the 4AHTWYT measured at 0.90. Some of the B
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efficient and inefficient bread wheat lines are identified in Table 6. For these individual lines

from the 4HTWYT, their GSI in the sand culture without added B also closely followed those

in the low B soil.

In triticale, the number of spikelets per ear in about one third of the entries was depressed by
B deficiency, with up to 50% depression in the most severe cases (Table 7). The ear size
response to B in the 28ITYN, however, did not correlate with the GSI response (r* = 0.002,
not significant at p < 0.05), neither did those in the 4HTWYT, 17TESWYT (** =0.006 and

28IDYN (% = 0.0004).

3.2 Boron efficiency in the 2000/2001 international germplasm

Through out the experimental plot, the GSI in the B efficient check wheat, Fang 60, was
approaching 100%, and was 84% in BCMU96-9 barley, while it ranged between 70% and
80% in the moderately inefficient wheat SW41 and 60% in BRB9604 (Table 8). Lines with
GSI exceeding 90% included 10% of the 33IBSWYN, 8% of the 18SAWSN, and none of the
28IBON, 33IDYN and 33ITSN. Entries with GSI in the low B soil in same range as or lower
than SW41, the moderately inefficient wheat check, accounted for 71% of the bread wheat,
96% of the triticale and all of the durum wheat and barley in the 2000/01 nurseries. The rat-

tail symptom was observed on many of the barley as well as triticale entries.

4. Discussion

The predominance of B inefficiency in the bread and durum wheat, barley and triticale

germplasm evaluated has a potential to cause serious problems in many of the world’s
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growing areas. Contrary to the often held view of low B requirement and insensitivity to B
deficiency of wheat and related small grains (Lamb, 1967; Marten and Westermann, 1991),
reports of yield loss due to B deficiency have come from many regions. Boron deficiency
has been reported in the field on at least 132 crops in 80 countries in all continents
(Shorrocks, 1997). Large areas of low B soils have been identified in the Americas, Europe,
Africa and Asia, with the single largest contiguous area of B deficiency is in China (Liu et al.,

1981).

Failure of commercial wheat crops due to B deficiency has been reported in China from
Heilongjian in the northeast, (Li et al, 1978) to Yunnan in the southwest (Yang, 1992). The
most extensive area of B deficient wheat so far identified is in one of the poorest corners of
Asia, that extends from the northwest of India into Nepal and Bangladesh, where about one
million ha of crop land is estimated to be adversely affected by B deficiency (Kataki et al.,
2002). Low B soils and incidences of B deficiency are prevalent in the Indian northwestern
states of Bihar, West Bengal, Orissa, Meghalaya and Assam (Sakal and Singh, 1995), where
grain set failure and responses to B in wheat have been reported (e.g. Singh et al., 1976;
Sarkar and Chakraborty, 1980; Mandal and Das, 1988; Dwivedi et al., 1990). A common
local knowledge that the problem extends into neighboring areas of Bangladesh (Reuter,
1987) has been recently confirmed (Kataki et al. 2002). In Nepal B deficiency in wheat and
other crops has been commonly reported from the Terai or flat plains, where half of the
country’s wheat crop is grown (Subedi et al., 1996). Reports of B deficiency-induced
sterility have also begun to come from “less likely” regions. Incidences of B deficiency in
wheat have been reported from Pakistan (Rashid et al., 2002), which is known for high levels
of soil B (Sillanpaa, 1982) or even from areas prone to B toxicity problem. That pockets of B

deficiency may occur among soils with toxic level B has been documented in the Anatolia in
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Turkey {(Gezgin et al. 2002). In cne such pocket B application has been reported to increase
grain yield of durum wheat (cv. C-1252) by 16% (Topal et al., 2002). Bread and durum
wheat, barley and triticale germplasm with the same level of B efficiency as the majority of
those evaluated in this study should be expected to do poorly in all such growing regions that

are prone to B deficiency.

The international germplasm from CIMMY'T, and ICARDA in the case of barley, consists of
superior genetic materials that have incorporated desirable characteristics such as high
yielding capacity and resistance to important diseases. Many developing countries, Nepal
and Bangladesh included, depend on the CIMMYT germplasm as the source of their new
cultivars. In areas prone to B deficiency, the genetic yield potential of this introduced
germplasm cannot be fully utilized because of the B deficiency constraint. Just as we have
found with the CIMMYT germplasm in general, very high proportions of the recommended
and widely grown cultivars in Nepal (Subedi et al., 1997) and Bangladesh (Ahmed et al.,
2002) have been rated as B inefficient. It is not surprising that grain set failure is still
common in farmers’ wheat fields in Bangladesh, especially on the very low B soils in the
northwestern part of the country (Kataki et al, 2002), and Nepal (Pant, 1994; Subedi et al.,
1996). One solution would be to apply B fertilizer, as is routinely done in Brazil. However,
persistence of the probiem in many countries indicates that this seemingly simple and
inexpensive option is not always available to growers. Furthermore, new improved varieties
selected 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 tnals.
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Under the low B condition that completely depressed grain set in other genotypes, a few
bread wheat lines have been found to set grain normally, along with the B efficient check
Fang 60. This B efficiency trait confers a remarkabie adaptation to low B soils, so offers a
solution to B deficiency in wheat production. Grain set failure and yield losses may be
prevented by ensuring that germplasm destined for areas prone to B deficiency is B efficient.
A cross between B efficient bread wheat Fang 60 and very inefficient Bonza demonstrated
that gene(s) for B efficiency may be easily transferred (Ngorian, 2001). Responses to B in
the progenies suggested a few major genes controlling B efficiency. There is real scope for
genetic improvement, The source of genes for B efficiency already exists in bread wheat,
screening can be done in the field on soil with low B orin a simple sand culture, as we have
demonstrated. Many of the B efficient genotypes identified were advanced breeding lines,
i.e. ready to be released as cultivars, that were included in CIMMYT international yield
nurseries such as the 4AHTWYT and 17ESWYT. For trticale, durum wheat and barley, a
transfer of relevant genes from B efficient bread wheat such as Fang 60 will probably be
essential. As it is present in the more B efficient bread wheat but not in the less B efficient
durum wheat, triticale and barley, the D genome is of great interest as a possible source of

genes for increasing B efficiency.

The primary effect of B deficiency in bread and durum wheat, barley and triticale was grain
set failure. Boron levels affected grain set in bread wheat lines in the same manner as
previously reported for wheat (Li et al., 1978; da Silva and de Andrade, 1980) and barley
(Ambak and Tadano, 1991). The present study has established that B deficiency has similar
effects on grain set in durum wheat and tn’tical’é, and that the GSI may be used to assess B
efficiency in these species as well as bread wheat (Rerkasem and Loneragan, 1994) and

barley (Jamjod and Rerkasem, 1999). The effect of B deficiency on grain set was equally
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well described using either the GSI or number of grains per ear. However, as the number of
competent florets and the potential number of grains may vary with genotypes and
environment, a B sufficiency control is required to measure the effect of B on the number of
grains per ear in different genotypes and growing conditions. In contrast, the GSI is very
useful to evaluate responses to low B in nurseries with large entry numbers without the need
for a B sufficiency control. The extent of B deficiency in the screening environment may be
indicated by inclusion of a set of check genotypes covering a range of responses to low B.
The GSl is also useful to quantify the problem of grain set failure in wheat, ¢triticale and
barley under a wide range of environmental condition on-farm. The presence of common
varieties with known susceptibility to B deficiency allows verification of B deficiency as the

likely limiting factor.

In some cases, triticale also responded to low B with a depression the number of spikelets per
ear, similar to a previous report on barley (Jamjod and Rerkasem, 1999). The poor
correlation between the effect of B on the number of spikelets per ear and the GSI for
individual genotypes and species suggests that a different process from ear size response may
govern the grain set response. The rat-tail symptom provides a convenient measure for the
effect of B deficiency on spikelet number in barley and triticale. A slight improvement in the
precision of determination of the B effect on triticale may be expected from combining the

GSI and ear size response, but this may not be worth the extra cost of a B sufficiency control.

It is as yet unclear what mechanisms are involved in B efficiency. The differential effects of
B deficiency on B efficient and inefficient genotypes appear not to be reflected in the
concentration of B in their flag leaf or developing ear (Rerkasem and Loneragan, 1994) or the

way they partition B among the various organs (Subedi et al., 1999). Triticale has been
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i2ported to have derived genes for Cu efficiency (Graham, 1979) and Zn efficiency (Cakmak
et al., 1997) from the rye chromosomes. Since triticale is largely B inefficient, the
meghanism for B efﬁci;:ncy is unlikely to be related to those involved in Cu and Zn
efficiency. For tolerance to B toxicity, exclusion of B has been suggested as a primary
mechanism (Nable et al., 1997). In areas where soils have both deficient and toxic levels B
occurring in close proximity, it may be necessary to ensure that selection and breeding for B

efficiency does not inadvertently increase susceptibility to B toxicity, especially in an

international germplasm such as that generated and distributed by CIMMYT and ICARDA.

5. Conclusion

The predominance of B inefficiency in germplasm such as that generated and distributed by
CIMMYT and ICARDA poses a constraint to the realization of its full genetic yield
potential. However, the presence of B efficiency in the germplasm suggests a solution to the
problem of B deficiency in wheat production. We have demonstrated that the B efficiency
trait may confer adaptation to low B soils, and effectively prevent grain set failure and yield
losses. We have further shown that screening for B efficiency can be done easily and
recommend that B efficiency should be included in the breeding objectives for bread and
durum wheat, barley and triticale germplasm destined for growing areas prone to B

deficiency.
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Table 1. The effects of soil B levels (B} by genotypes (G) on the grain set index
(GSI), the number of grain per ear, spikelets per ear and ears per m in bread wheat

(AHTWYT, 17TESWYT), triticale (28ITYN) and durum (28IDYN).

Bread wheat Triticale Durum

4HTWYT [17ESWYT  28ITYN 28IDYN

df (B) 1 1 2 2
Error 1 1 1 2 2
df (Gx B) 49 49 98 98
Error 2 98 08 152 152
GSI (%)
B * k% * ¥k *Hk
GxB * * * *
Grains ear”’
B *xx * *Hk *
GxB * * * *

Spikelets ear™

B NS NS NS NS
GxB NS NS * NS
Ears m*
B NS NS NS NS
GxB NS NS NS NS

*Significant at P <0.05; ** P <0.01; *** P <0.001

NS not significant at P < 0.05.
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Table 2. Frequency distribution of genotypes of bread wheat, triticale and durum by

their grain set index (GSI) in soil in B0.1.4

Class Bread wheat Triticale Durum Total
by GSI 4AHTWYT  I7ESWYT 28ITYN 28IDYN

in BO.1 Frequency (%)

0-20% 143 143 51.0 81.6 40.3
21-50% 57.1 30.6 32.7 18.4 34.7
51-70% 12.2 30.6 163 0.0 14.8
71-85% 12.2 16.3 0.0 0.0 7.1
>85% 4.1 8.2 0.0 0.0 31
Total 49 49 49 49 196

1GSI (%+£SE) of B efficient check, Fang 60

94344 1 855453 91.3+8.8 98.3+14
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Table 3. Responses tc boron in the field in bread wheat, durum wheat and triticale, by

B efficiency class.

Soil Class of genotypes, by GSI in BO.1 Nursery Fang

boron 0-20% 21-50% 51-70% 71-85% >85% mean 60

level Grain set index (%)

Bread wheat (4HTWYT)

0.1 10.2a 35.8a 59.1a 79.3a 89.2a 4252 943a
0.2 71.8b 82.4b 84.4b 89.5b 95.4a 82.5b 98.5a
Bread wheat (17TESWYT)

0.1 13.5a 353a 60.9a 77.5a 87.6a 51.6a 85.5a
0.2 71.5b 79.5b 85.7b 91.70 955a 83.7b 99.0b
Triticale (28ITYN)

0.1 99a  293a 57.6a ne' ne 2472 913a
0.2 62.5b 80.6b 84.5b ne ne 723b 982a
03 95.2¢ 95.1c 97.9¢ ne ne 95.6¢c 96.3a
Durum wheat (28IDYN)

0.1 6.5& 31.4a ne ne ne 128a  983a
02 54.7b 72.3b ne ne ne 58.5b 100.0a
03 88.9¢c 95.8¢c ne ne ne 903c  99.5a

Significant effect of B in each class of genotypes is denoted by different letters by
means of LSD (P < 0.05)

The = no entry in this class
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Table 4. Number of grains per ear in BO.1 relative to B sufficiency (+ standard error)

in different classes of genotypes of bread wheat, triticale and durum wheat grown in

the field.
Class of Bread wheat Durum Triticale
genotypes, by 4HTWYT  17ESWYT  28ITYN 28IDYN

GSIinBO.1 Number of grains ear” in BO.1 relative to B sufficiencyt

0-20% 0.2010.11 0.33+0.08 0.10+£0.01 0.06+0.08
21-50% 0.3940.18 0.5310.20 0.254+0.01 0.14+0.03
51-70% 0.6910.15 0.5710.18 0.4510.07 ne
71-85% 0.8040.18  0.6020.11 ne* ne
>85% 097+0.19  0.7540.14 ne ne
Fang 60 0.9440.26 1.01+0.04 1.051+0.27 1.1440.05
Mean 0.4940.29 0.5640.29 0.2240.17 0.06£0.10

1 B sufficiency was B0.2 for bread wheat and B0.3 for durum wheat and triticale.

1

ne = no entry in this class

21/25



nawudn 1.1

Table 5. Mean grain set index (GSI) of bread wheat, durum wheat and triticale lines
in different boron efficiency classes in sand culture without added boron (B0),

compared with a boron-efficient check, Fang 60.

Class Bread wheat Triticale Durum wheat
by GSI 4HTWYT 28ITYN 28IDYN

in BO.1 Grain set index in BO (%+SD)

0-20 28.4+20.2 10.4£16.7 83115
21-50 58.6+18.6 17.0£18.2 10.3£10.0
51-70 63.5£20.0 39.1+£26.4 net
71-85 67.3£19.8 ne ne
>85 92.0+11.4 ne ne
Nursery mean 57.2+22.7 17.9+£23.9 10.6£16.6
Fang 60 95.0+£7.1 96.4+3.2 97.2+4.0

TNo entry in this class
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Table 6. Grain set inuex (GSI) of various boron efficient and inefficient bread wheat
lines in a soil low in B (0.1 mg HWS B kg™, B0.1) and sand culture without added B

(B0). (Each GSI number is mean of two replicates, +standard deviation)

Boron condition for screening Soil (B0.1) Sand (BO)

Nursery, entry no., variety or cross Grain set index (%+SD)
4HTWYT

| Fang 60 94.3%1.7  95.0+7.1
4 MOCHIS T 88 29.3+8.8 38.8+£14.5
5 FASAN 3.6+12.0 8.3%18.0
12 PATIO0/ALD//PAT72300/3/PVN/4/BOW 92.742.4  89.4%19
13 PATI10/ALD//PAT72300/3/PVN/4/BOW 85.8+0.4 91.6+3.4
15 TRAP#I/BOW 83.5£15.6 85.3+2.1
20 PRINIA 0+0.0  15.8+0.0
30 TIAL 85.0+4.2 824471
17ESWYT

1  Fang 60 85.5+14.1 nd'
6  WEAVER 2.8+3.2 nd
7  CHIL/2*STAR 89.0+0.6 nd
9  TURACO/CHIL 17.8+1.8 nd
28 CHEN/AEGILOPS SQUARROSA 53+04 nd

(TAUS)//BCN

31 STAR/KAUZ/PVN 87.0+1.4 nd
43  KAUZ*2//SAP/MON/3/KAUZ 88.3+11.0 nd
47 CPAN 3004 86.0£16.3 nd

Thd = no data
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Table 7. Effect of B on ear size (number of spikelets per ear) in triticale grown in the

nMawuon 1.1

field at different levels of B, with ranges in parentheses,

B response Number BO.1 B0.2 B0.3

classt of entries Spikelets per ear

Responstve 19 14.66 19.44 2281
(12.7-15.4) (14.8-25.5) (19.4-27.9)

Non-responsive 30 18.04 20.73 20.29
(12.8-248)  (14.1-248)  (13.4-25.6)

Fang 60 12.75 14.10 13.40

LSD (P <0.05) 5.84

tSeparation between responsive and non-responsive classes by means of the

difference for each genotype between B0O.1 and B0.3 in number of spikelets per ear

that is either greater or less than the LSD.
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‘Lable 8. Frequency distribution (%) of boron efficiency classes in selected sets of CIMMY'T

2000/01 international germplasm grown in soil with 0.1 mg HWS B kg™

Grainset  Bread wheat Barley Durum Triticale  Whole
index 33IBS- 18SA- 28IBONt wheat 33ITSN  germ-
class WYN WSN 33IDYN plasm

(%) Frequency (%)

<20 364 23.0 37.0 347 428 354
20-49 250 23.0 39.0 51.0 25.5 29.2
50-74 3.0 28.7 240 143 275 19.5
75-90 20.6 17.2 0.0 0.0 41 11.0
>90 - 10.1 8.0 0.0 0.0 0.0 4.9
Total 388 190 265 49 216 1108

GSI of B efficiency checks (%, with standard deviation in brackets)

SwW41 71.1£74  71.6£55 60.5+6.6F 82.8+1.0 70.1+43

Fang 60 97.2+0.8 96.8+1.2 84.3+£23§ 99301 96.5%08

t From CIMMYT/ICARDA

1 BCMU96-9 and § BRB9604
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Abstract

The genetic control of boron (B) efficiency in wheat (Triticum aestivum L.) was
studied for three genotypes representing B inefficient (I, Bonza), moderately B
inefficient (MI, SW 41) and B efficient (E, Fang 60) categories. Boron efficiency was
expressed as a partially dominant character but the phenotypes of F; hybrids, relative
to parents, indicated genetic control varied from recessive to additive to completely
dominant with different cross combinations and B levels. Major genes were identified
from the evaluation of F,-derived F; populations derived from intercrosses between
the three parents. Monogenic segregation was found in Bonza x SW 41 and SW 41 x
Fang 60 crosses and digenic segregation resulted between Bonza x Fang 60 cross.
Among the three wheat genotypes with widely different B efficiency, genetic

variation for response to B could be accounted for by two genes, Boy/ and Bog2.

Abbreviations: B, boron; E, efficient; GSI, grain set index; HWS, hot water soluble;

I, inefficient; MI, moderately inefficient



Introduction

Low boron (B) soils are widespread in many subtropical wheat growing areas
(Sillanpaa, 1982; Shorrocks, 1997). These include the northern region of Thailand,
where wheat is being promoted (Rerkasem & Jamjod, 1989) and established wheat
growing areas of China (Li et al., 1978), Bangladesh (Kataki et al., 2002),
northwestern India (Sakal & Singh, 1995) and the Terai and mid-hills of Nepal
(Subedi et al., 1996). Boron deficiency causes yield reduction by inducing male
sterility, resulting in grain set failure (Rerkasem & Loneragan, 1994). A wide range
of genotypic variation for response to low B has been identified and genotypes were
classified into distinct B efficiency classes, namely, efficient, moderately efficient,
moderately inefficient and inefficient (Rerkasem & Jamjod, 1997). Below a critical B
level, inefficient genotypes were completely sterile and set no or just a few grains,

while efficient genotypes set grain normally.

Genotypic variation offers a solution to sterility of wheat in low B soils.
Boron efficient genotypes have been found to avoid sterility in the field in low B soils
in Bangladesh, Nepal and northern Thailand where inefficient genotypes sustained
serious yield losses (Rerkasem & Jamjod, 1989; Subedi et al., 1996; Kataki et al.,
2002). Avoidance of B deficiency through selection and breeding for B efficient
cultivars appears to be a promising approach for wheat. Furthermore, the response to
low B in wheat is unique in that at certain levels of B deficiency male fertility, easily
quantified as grain set, is the only adverse effect observed (Rerkdsem et al., 1997).
Wheat therefore offers a model plant on which the effect of B deficiency on male

fertility may be studied without the confounding effects from other physiological



processes. However, the lack of understanding of genetic control of B efficiency

traits involved in grain sct hampers selection and breeding for B efficiency as well as
genotypic variation studies. In this study, we evaluated responses to B of Fy hybrids
and F,-derived F; populations in comparison to those of their B efficient, moderately

inefficient and inefficient parents, to determine their genetic control.

Materials and Methods

Genetic materials

Fang 60 (B efficient; E, Jamjod et al., 1992), SW 41 (moderately B inefficient; MI,
Rerkasem & Loneragan, 1994) and Bonza (B inefficient; I, Rerkasem & Jamjod,
1997) were used as parents. F; hybrid plants of three crosses, Bonza x SW 41, SW 41
x Fang 60 and Bonza xﬂF ang 60, including reciprocal crosses were tested in
Experiment 1 and sown in B sufficient soil to produce F; and F3 generations. F3
populations were tested in sand culture in Experiment 2. The first backcross
population (BC,) was made for the Bonza x SW 41 cross using Bonza as a recurrent

parent, i.e. Bonza x (Bonza x SW 41), and used in Experiment 3.

Experiment 1: Evaluation of F; hybrids to B levels

Parents and F; populations were sown in a low B soil (0.1 mg hot water soluble B kg™")
in the field at Chiang Mai University. The experiment was arranged as a split plot
design with 3 replications. Three B levels were arranged in main plots, including nil

(B0), limed at the rate 2 t ha'' (BL), to accentuate B deficiency (Rerkasem & Jamjod,

4



1989) and boron at the rate 10 kg borax ha'! (B+) applied to the soil. Three parents
(Fang 60, SW 41 and Bonza) and their F, hybrids were arranged in sub plots. In each
plot, 5 plants of each parent and F; were sown in single rows with 0.1 m between plants
and 0.25 m between rows. At boot stage, the first two ears of each plant were bagged to
prevent outcrossing. At maturity, the bagged ears were harvested and the effect of B
deficiency quantified as the grain set index (GSI, percentage of the 20 basal florets from
10 central spikelets with grain; Rerkasem & Loneragan, 1994). Responses to B of

parents and F; hybrids were compared by Duncan’s Multiple Range Test (DMRT).

Experiment 2: Evaluation of Fj-derived F; families

Three populations of F>-derived F; families examined included (Bonza x SW 41),
(SW 41 x Fang 60) and (Bonza x Fang 60). Families were sown in freely drained
earthenware pots (0.3 m diameter and 0.3 m deep) containing washed river quartz
sand with no detectable available B. The sand was watered twice daily with an
otherwise complete nutrient solution without added B (B0). The nutrient sclution was
adapted from Broughton & Dilworth (1971) and consisted of (xM): CaCl,, 1000;
MgSQ04, 250; KH,PO4, 500; FEEDTA, 10; K804, 250; MnSQy, 2; ZnS0,4, 0.5;
+CuS0y4, 0.2; CoSOs, 0.1, Na;MoO,, 0.1 and KNOs, 5000, This sand culture system
has been successfully used in screening for B efficiency in wheat (Rerkasem &
Jamjod, 1997) and barley (Jamjod & Rerkasem, 1999). In each pot, eleven plants per
family or parental line were sown with one plant of the B inefficient genotype, Bonza,
at the center, 1.e. 12 plants per pot. The number of families for each combination
were 85 for (Bonza x SW 41)F;, 92 for (SW 41 x Fang 60)F; and 114 for (Bonza x

Fang 60)F;. Twelve pots of each parental line were included. At boot stage, the first
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two ears from each plant were bagged. At maturity, the bagged ears were harvested

and assessed for grain set with the GSIL.

To classify families into each type of response to B, mean GSI and variance
within family were calculated and related to those of the parents. With respect to B,
the families were classified as homozygous efficient or homozygous inefficient when
their mean and variance were in the range of either efficient or inefficient parents.
Families with means outside the range of the parents but having a variance within the
range of the parents were classified as homozygous intermnediate. Families with a
variance higher than those of parents were classified as segregating. Chi-square
analysis was used for testing goodness of fit of the observed segregation ratio to the
value expected for each of two models. Families for each population were tested for
the monogenic ratio of 1 homozygous efficient : 2 segregating : 1 homozygous
inefficient and for the digenic ratio of 1 homozygous efficient : 14 (homozygous

intermediate + segregating) : 1 homozygous inefficient.

Experiment 3 Evaluation of backcross population

The backcross population (BC,) of Bonza x (Bonza x SW 41), B inefficient recurrent
parent; Bonza and donor parent, SW 41 were tested for response to B in sand culture
without added B as described in Experiment 2. One hundred of BC,F; plants and 50
plants of each parent were sown. At boot stage, the, first two ears from each plant were
bagged. At maturity, plants were harvested and grain set determined based on the
GSI of bagged ears. Chi-square tests were conducted to examine the segregation ratio

of the backcross population with the expected ratio of 1 Bonza type tol heterozygote.



Results
Response of F; hybrids

There was a significant difference in the response to B among the three wheat
genotypes and their F, hybrids (Table 1). The GSI in all genotypes exceeded 80%
when B was applied (B+). The parents differed in GSI in response to the lower B
treatments, BL and BO. Fang 60 was the most efficient and did not show an adverse
effect of B deficiency. SW 41 showed an intermediate B efficiency, with GSI of
58.3% in B0 and 44.2% in BL. With GSI of 32.9% in B0 and 0.2% in BL, Bonza was

the most inefficient.

The GSI of F hybrids relative to their parents varied with the parental
combinations and B treatments. There was no significant difference between

reciprocal crosses at each B level.

With the BL and BO treatments the GSI of the F) hybrids from SW 41 x Fang
60 combinations were not significantly different from the efficient parent, Fang 60.
Those from Bonza x Fang 60 combinations were intermediate between the two
parents but closer to Fang 60 at BL and not different from Fang 60 at BO. In contrast,
F, hybnids of Bonza x SW 41 were not significantly different from the inefficient

parent (Bonza) when grown at BL and were similar to the two parents at BO.

Response of Fr-derived F; populations



As in low B soil, the three parental lines and their Fy populations tested in this study
showed a large range of responses to low B in sand culture (Table 2). Mean GSI of
Bonza, SW 41 and Fang 60 parental lines were between 0-3, 33-69 and 87-99%,
respectively. Mean GSI of F, derived families were within the range of their
respective parents. Within line variances of the inefficient Bonza and efficient Fang
60 parents were between 0-189 while those of the intermediate, moderately inefficient
SW 41 parents were between 657-1328. Within family variances of the F varied

from 0 to 2508 (Table 2).

Means and variances of F3 families for each cross were compared to parents
and classified into homozygous efficient, segregating, homozygous intermediate and
homozygous inefficient types. Families from Bonza x SW 41 and SW 41 x Fang 60
could not be clearly classified into homozygous SW 41 and segregating classes due to
high phenotypic variance within the SW 41 parent (Figure 1a and 1b). Therefore,
families were classified into homozygous inefficient (I) and segregating plus
homozygous moderately inefficient (Seg + MI) for the Bonza x SW 41 cross and
segregating plus homozygous moderately inefficient (Seg + MI) and homozygous
efficient (E) for the SW 41 x Fang 60 cross (Figure 1¢). Chi-square analysis
demonstrated that segregation of F1 families from the crosses Bonza x SW 41 and SW
41 x Fang 60 was consistent with the single gene model (Table 3). Segregation of F,
families from the cross Bonza x Fang 60 qeviated from the monogenic ratio and was

consistent with a two gene model (Table 3).

Response of backcross population



When tested in B0, the inefficient recurrent parent, Bonza set no grain (Figure 2).
The GSI of the donor SW 41 parent ranged between 25% and >75%. Nearly 50% of
the BC, population expressed the same GSI as the recurrent parent. Chi-square
analysis was consistent with 1:1 ratio of Bonza type: heterozygote (y2=1.17,p=

0.5945).

Discussion

The segregation patterns of F»>-derived F; families and the BC; population between
parents with contrasting levels of B efficiency were consistent with B efficiency being
under the control of major genes. The full response range of the three parents was
shown to be controiled by two major independent loci, with the efficient Fang 60
having efficiency alleles at both loci and the moderately inefficient SW 41 having
efficiency alleles at one locus. The B inefficient Bonza is expected to have alleles for
inefficiency at both loci. If the gene symbol Boy is assigned to the loci controlling B
efficiency, the proposed genotypes of these parental lines are as follows: Fang 60
BoglBoyl Bog2Bogs2, SW 41 boylbogql Bogs2Boy2 and Bonza boglbogsl boys2bog2. This
study presents the first clear evidence of genes controlling B efficiency in wheat,
although there have been reports in other crops. For example, Xu et al. (2001)
suggested one major gene controlled B efficiency in oil seed rape, but that possibly
another three minor genes were also associated with B efficiency. Major gene control
of B efficiency has also been reported for celery (Pope & Munger, 1953), tomato

(Wall & Andrus, 1962) and red beet (Tehrani et al., 1971).



The results of this study suggested that the responses of F; hybrids compared
to parents varied with B treatments and parent combinations. Responses of the F,
from the Bonza x SW 41 were close to the B inefficient Bonza at BL and intermediate
to the two parents at B0, suggesting recessive and additive control of B efficiency,
respectively. In contrast, for the crosses SW 41 x Fang 60 and Bonza x Fang 60 at BL
and B0, the GSI of the F| hybrids were close to the B efficient Fang 60, indicating
completely dominant control of B efficiency. The changing response of Fy hybrids
according to their parental combinations and treatments was also found in the study of
tolerance to high concentrations of B (Paull et al., 1991). These responses were
consistent with the hypothesis of Knight (1973) that for a quantitative trait the
response of an Fy hybrid relative to its parents, will vary according to the

environmental conditions.

The nature of the expression of B efficiency will influence the level of the
treatments selected for screening segregating populations in a breeding programme.
For exampie, BO in sand culture was able to identify homozygous inefficient genotype
but could not differ heterozygote from homozygous moderately inefficient genotypes
from an I x MI cross (Figure 2) whereas BL in soil suppressed grain set of both
genotypes (Table 1). However, low levels of B could not be used to discriminate
heterozygotes and homozygous efficient (E) genotypes when screening an F and
other segregating generations due to the dominant gene action (Table 1, Ngorien,
1999). Progeny testing, as shown in the study of F3 (Figure 1), is suggested for

screening segregating populations involvizg B efficient (E) parents.
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As B efficiency in wheat is controlled by major genes, the backcross method is
the most efficient way for transferring B efficiency into locally adapted, inefficient
varieties. Backcross-derived lines between SW 41 (Bo,2) as the donor parent and
Bonza as the recurrent parent are now being developed at Chiang Mai University and
will be evaluated for yield advantage in the next growing season. The Bonza
derivatives carrying Bo,2 will be selected and following further crosses with Fang 60
as a donor parent, lines carrying Bo,l and Bo,2 will be developed for evaluation under

low B conditions.
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Table 1. GSI (%) of three parents, F; hybrids and reciprocal crosses in response to B
levels. BL = limed soil with no added B; B0 = unlimed soil with no added B; B+ =10

kg Borax ha™' added to unlimed soil.

Parents/F; hybrids B treatments”
BL BO B+

Bonza 0.2d 329b 86.0a
SwW 41 442 ¢ 583b 90.8 a
Fang 60 98.1a 99.1a 97.9a
Bonza x SW 41 33d 46.0b 80.6 a
SW 4] x Bonza 9.7d 38.7b 942 a
Bonza x Fang 60 65.8 be 915a 96.9a
Fang 60x Bonza §7.5 ab 97.2a 97.8 a
SW 41 x Fang 60 93.2a 97.0a 93.6a
Fang 60x SW 41 93.1a 98.6a 94.7 a

Flest B“, G“‘, BxG™*

*and *~ Significant at 0.01 and 0.001 probability levels, respectively.

9 Means within a column with the same letter do not differ significantly at 5% level

with Duncan’s Mul*iple Range Test.
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Table 2. Range of mean GSI (%) and variance within family/line of 3 parents and F,-

derived families, from 3 crosses grown in sand culture without added B (B0). Values

are based on 11 plants per F;-derived family.

Line/Family Mean GSI (%) Variance
n Min Mean Max Min Mean  Max
Parents
Bonza 12 0 1 3 0 12 51
SW 41 10 33 52 69 657 953 1328
Fang 60 12 87 94 99 4 75 189
Fj families
(Bonza x SW 41) F3 85 0 17 71 0 466 1907
(SW 41 xFang60)Fy 92 30 69 98 10 625 1586
(Bonzax Fang 60)F; 114 0 41 100 0 759 2508

n = number of parental lines or F; families
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Table 3. Chi-square analysis of the responses to B deficiency of Fy-derived F; families

from three crosses grown in sand culture without added B.

Cross Model” Number of families® %2 P
I Seg+MI
Bonzax SW 41 1:3 Exp. 21.25  63.75 0.18 0.6611
1:15  Exp. 531  79.69 18.65 <0.001
Obs. 23 62
Seg+MI E
SW 41 x Fang 60 3:1 Exp. 69 23 1.06 0.3355
15:1  Exp. 86.25 575 11.65 <0.001
Obs. 73 19
I Seg+Int. E
Bonza x Fang 60 1:2:1  Exp. 28.5 57 28.5 61.34 <0.001
1:14:1 Exp. 7.125 9975 7.125 526 0.078
Obs. 12 92 10

4 Exp.— expected ratio; Obs. — observed ratio.
® E = homezygous efficient, MI = homozygous moderately inefficient, I = homozygous

inefficient, Seg = segregating, Int. = homozygous intermediate.
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Figure 1. Mean GSI (%) and variance within families of F,-derived F; families and
parents grown in sand culture without added B. Note: Mean GSI and variance of
Bonza parent were both 0 and obscured by F; families’ data.

a) Bonza x SW 41

b) SW 41 x Fang 60

¢} Bonza x Fang 60

Figure 2. Response of GSI (%) of backcross population (BC;), recurrent (Bonza) and

donor (SW 41) parents grown in sand culture without added B.
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Contrasting responses to boron deficiency in barley and wheat

Wongmo, J., Jamjod, S. and Rerkasem, B.

Agronomy Department, Faculty of Agriculture, Chiang Mai University, Chiang Mai 50200
Thailand

Abstract

To determine if boron (B) deficiency, commonly reported to depress grain set in
wheat, has the same effect in barley, a set of experiments compared five wheat and seven
barley genotypes at various B levels in sand culture and in the field. In sand culture, plants
were grown with levels of added B, from 0 to 10 uM. In the field, they were sown in a low B
soil [0.15 mg hot water soluble (HWS) B kg'] with three B treatments (nil, 2 t lime ha™, 1
kg B ha™"). In sand culture without added B, the genotypes ranged in grain set index (GSI)
from 0 to 93 % for wheat and 0 to 67 % for barley. Boron concentration of the spike and
flag leaf at booting in wheat and barley correlated (r=0.8 - 0.9, p < 0.01) with the e-ffect of

B on GSI. Grain set was the only response, measurable in decreased number of grain spike™
and grains spikelet”’, to low B in wheat. In barley, low B also depressed the number of
spikelet spike™ by 23 to 75 % and induced a “rat-tail- symptom of terminal spikelet

degeneration. There was a weak correlation between spike and flag leaf B and the effect of
B on spike size in barley (r = 0.47 and 0.37, respectively, p < 0.1). In some barley
genotypes, the low B level that depressed grain set sometimes also delayed spike emergence
and depressed the number of spikes plant™ but sometimes increased tillering and dry weight
of straw. These results demonstrate that the phenotype of plant response to low B is more
complex in barley than wheat and may require different strategies for managing B nutnition

of barley including different approaches for selecting B efficient genotypes.
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Introduction

Although it is often reported that cereals have low sensitivity to B deficiency (Marten
and Westerman, 1991; Shorrocks, 1997), wheat (Triticum aestivum L.) and barley (Hordeum
vulgare L.) can be adversely affected by B deficiency in the field. In both species, B
deficiency depresses male fertility, resulting in grain set failure (e.g. see Li et al., 1978 and
da Silva and de Andrade, 1983 for wheat and Ambak and Tadano, 1991 for barley).
Genotypic variation in the response to low B supply has been reported in wheat (Rerkasem
and Jamjod, 1997) and barley (Jamjod and Rerkasem, 1999). Those genotypes that are able
to grow and yield well in soils in which other genotypes are adversely affected by B
deficiency have been called B-efficient genotypes (Rerkasem and Jamjod, 1997). In wheat,
genotypic variation to B has only been expressed in reproductive growth (Rerkasem and
Loneragan, 1994), whereas in barley, it has been reported in both reproductive and
vegetative growth. In barley, however, the B response is somewhat confusing as B
deficiency that depresses male fertility and grain set has been reported to either enhance
(Ambak and Tadano, 1991) or depress (Jamjod and Rerkasem, 1999) vegetative growth.
This study aims to determine how differently barley and wheat phenotypes respond to B
deficiency by comparing a range of wheat and barley genotypes under defined conditions of
B supply. This information has relevance for managing B nutrition in the field and also for

selecting B-efficient genotypes in the future.

Materials and Methods

Barley and wheat genotypes covering a wide range of B efficiency (Jamjod and
Rerkasem, 1999, Anantawiroon et al., 1997) were compared at various levels of B supply 1n
two sand culture experiments, and one experiment in the field and sand culture in Chiang
Mai, Thailand. These genotypes have been identified from extensive screening of
germplasm from the International Maize and Wheat Improvement Center (CIMMYT). In
experiment 1, three genotypes of two-row barley (BRB 9, BCMU 96-9 and CMBL 92029)
and wheat (Fang 60, SW 41 and Tatiara) were grown in sand culture with three levels of

added B, 0, 0.1, 0.3 and 5 uM B. Experiment 2, also in sand culture, compared one genotype
of barley (BRB 9) with one wheat (SW 41) at 0 and 10 uM B. Experiment 3 evaluated seven
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genotypes of two row (BRB 9604, BRB 9, BCMU 96-9, and Stirling) and six row (BRB 2,
FNBL 8309 and LARTC 9408) barley and five genotypes of wheat (Fang 60, Flycatcher,
SW 41, Bonza and Tatiara) in sand culture with two levels of added B, 0 and 10 uM. All of
the sand culture experiments were arranged in three replicates. The same genotypes were
also grown in the field as subplots in main plots of three B levels: BL (soil limed at 2 t ha™ to
accentuate B deficiency), BO (nil) and B10 (10 kg borax ha), arranged in four replicated
blocks.

In the sand culture, plants were grown in earthenware pots (30 cm in diameter, 30 cm
deep) containing washed niver quartz sand. Each pot was watered twice daily with 1 liter of
nutrient solution containing varying levels of added B as described above, and other
nutrients including 1000 pM CaCl,, 500 pM KH,PO4, 250 pM MgSQOy, 250 pM K80y, 10
uM Fe EDTA, 1uM MnSOy, 0.5 pM ZnSQy, 0.2 uM CuSQOy, 0.1 pM Na,MoO, (Broughton
and Dilworth, 1971) and 5 mM KNO;. This nutrient solution has been successfully used to
screen barley (Jamjod and Rerkasem, 1999) and wheat germplasm (Rerkasem and Jamjod,
1997). The field experiment was on a Tropaqualf sandy loam soil of San Sai series with 0.15
mg hot water soluble (HWS) B kg™'. The subplot containing each genotype consisted of 4 x
1 m rows, With 20 cm between rows. For experiments 1 and 2, there was one complete set of
pots for each of two harvests. The first harvest, at boot stage (GS 45, Zadok et al., 1974),
was for determination of spike and flag leaf B. Plant samples were dried, dry ashed and B
concentration determined by the azomethine-H method (Lohse, 1982). Grain set and the
number of spikelets spike” were determined, at maturity in all experiments, on all plants and
tillers in each pot in sand culture, from 20 randomly selected spikes from the 0.6 m middle
section of two central rows in the field experiment. Grain set in wheat was assessed by the
grain set index (GSI), percentage grain set, in the first two florets of 10 central spikelets
{Rerkasem and Loneragan, 1994). The GSI in barley was assessed in the two side florets of
the central spikelets for six-row barley, and the single fertile median florets in two-row
barley (Jamjod and Rerkasem, 1999). Other effects of B that were recorded included
number of tillers plant”, spikes plant'l, spikelets spike™, days to floral initiation and spike

emergence, shoot dry weight at boot stage and grain yield.
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Results and discussion

There were both similarities and major differences in the response to low B of barley
and wheat. Although B deficiency was moderate in the field and extreme in the pot trials,
for the most part, trends were similar across experiments. In the sand culture without added
B, grain set measured with GSI ranged from 0 to >90% in wheat and from 0 to 67% in barley
genotypes (Tables 1, 2). The two most tolerant genotypes were wheat, Fang 60 and
Flycatcher (Table 2). They already had GSI that exceeded 90% even without added B, while
increasing B increased grain set in the other wheat and all barley genotypes. Most sensitive
to B deficiency were Bonza, Tatiara (wheat) and Stirling (barley), which consistently had the
lowest grain set in the lower B levels in pots and in the field (Tables 1 and 2). None of the
barley genotypes was as tolerant as Fang 60, the most tolerant wheat genotype. In addition
to its adverse effect on grain set, B deficiency depressed the number of spikelets spike™ in
barley by 21 to 75 % but not in wheat (Tables 3, 4, 5). Barley spikes that were B deficient
exhibited the “rat-tail* symptom (Figure 1¢) in which terminal spikelets had degenerated into

wisps of white papery tissues similar to copper deficiency (Snowball and Robson, 1983).
The lack of response to low B of the spikelet number in wheat is consistent with previous
reports where a large number of genotypes have been evaluated under a wide range of
conditions (e.g. Subedi et al. 1997; Anantawiroon et al. 1997).

In many of the barley genotypes and one of the wheat (Tatiara), tillering was
increased at the level of B that depressed grain set (Tables 4, 5). This stimulating effect of *
low B was observed even when grain set was completely suppressed. That reproductive
growth can be limited by B deficiency, at a level that is not limiting to vegetative growth, has
been previously reported for both barley (Ambak and Tadano, 1991; Jamjod and Rerkasem,
1999) and wheat (Rerkasem et al., 1997). The increased tillering in low B was reflected in a
significant increase in plant dry weight. However, these extra tillers were largely barren.
The number of spikes plant™ was actually depressed by B deficiency in some of the barley
genotypes, by up to 90%. The extra tillers developed into extra spikes only occasionally, in
BRB 9 barley in experiment 2 and Tatiara wheat in experiment 3. Boron deficiency delayed
spike emergence in some barley but in none of the wheat genotypes (Tables 4, 5). Boron
deficiency delaying spike emergence in barley has been previously reported (Phasook,
2000). The author also showed that there was no effect of B deficiency on the rate of barley

development to the double ridge stage of floral initiation. Apparently unrelated to the
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induction of the reproductive primordia, the delay in spike emergence in barley is likely to
be associated with arrested subsequent ontogeny of the primordia, leading to abnormal
morphology (Figure 1b-d). The relationship between various primary and secondary
reproductive and vegetative responses to low B in barley may not be direct and
straightforward. Responses to B in terms of grain set did not correlate with relative
responses to B in the number of tillers plant™, spikes plant™ and spikelets plant™ (p < 0.05)
Boron concentration in the flag leaf and spike of wheat and barley at boot stage

(Tables 6, 7 and 8) correlated well with the effect of B on their GSI (r=0.8 - 0.9, p <0.01).

However, the grain set response to B could be predicted by tissue B only in some genotypes.
The more severe effect of low B on grain set in Tatiara was clearly associated with lower B
concentrations in its flag leaf and spike. The difference was less clear-cut between Fang 60
and SW 41, and among the barley genotypes covering a relatively narrow range of sensitivity
to B deficiency. Previous reports also found SW 41 to be indistinguishable from Sonora 64,
another B efficient wheat genotype (Rerkasem and Loneragan, 1994) as well as from Fang
60 (Subedi et al., 1999) by their tissue B concentration. Boron deficiency depresses grain set
in wheat by adversely affecting pollen development and stigma function (Rerkasem et al.,
1993), and the same possibly applies in barley. The grain set response to B in wheat
correlated more closely with B concentration in the anther and carpel than in the secondary
reproductive parts of the spike such as lemmas and palea (Rerkasem et al., 1997). Thus
anthers and carpel B may better predict grain set response in different genotypes than in leaf
and ear.

Wheat and barley had the same inflorescence type and are similar in the enclosure of
developing spikes within leaf sheaths. The differential effects of B on spikelet number in
wheat and barley were not reflected in their tissue B concentration. The species had about
the same range of B concentrations in the spike and flag leaf (Tables 6, 7, 8) at the booting
stage, while B deficiency depressed spikelet and spike number only in barley and not in
wheat. Among the barley genotypes, the effect of B on spikelet number in barley correlated
weakly (p < 0.1) with spike (r = 0.47) and flag leaf B (r = 0.37). The response to low B in
spikelet number may be related to differences in B requirement for spikelet development or
the ability to supply B to the growing spike inside the leaf sheath. Wheat could be more
effective in transporting B into developing spikes than barley. However, for wheat
genotypes most sensitive to low B in term of grain set such as Bonza and Tatiara this would

have to happen in spite of a very poor ability to supply B for development and function of
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the primary reproductive organs, anthers and carpel. There is a possibility that differential
demand or supply for B may be related to specific parts of the developing spike and
spikelets, at critical stages of their development.

While mechanisms behind the difference between wheat and barley remain to be
explained, agronomic implications of the findings are clear. In both wheat and barley, the
role of B is critical for grain yield and consideration needs to be given to the time taken for
fertilizer B to enter critical sites in the spike at critical times. Wheat grain yield is depressed
by B deficiency primarily through grain set. The effect may be simply predicted by the GSI,
which may be used to evaluate large numbers of wheat lines for B efficiency (Anantawiroon
et al., 1997; Rerkasem and Jamjod, 2001). In barley, in contrast, the effect of B on grain set
may be attenuated by other responses, depending on the genotype. The combined effect of
low B on grain set and spikelet number on the number of grain spike™ and grain yield in
BRB 9 barley (Table 5) is likely to be found in genotypes that behave like BRB 9604 and
BRB 2 (Table 4). For other genotypes the grain yield may be depressed even further through
the adverse effect of low B on the number of spike plant”, as in BCMU 96-9, FNBL 8309
and LARTC 9408. However, a particularly severe effect of B deficiency (e.g. grain set in
BRB 2 and Stirling and the number of spike plant” in BCMU 96-9), may override all other
responses. The GSI is used to evaluate for B efficiency without the need for a B sufficiency
control, the degree of severity in B deficiency is indicated by a set of B efficiency
{Anantawiroon et al., 1997). The index could also be used in a first round identification of
those barley genotypes that are most sensitive to B deficiency in grain set. However,
genotypes in which grain set is tolerant to low B will need to be assessed for other responses
such as spikelet number and spike number, which can be done only in comparison with a B
sufficiency control. Considerable savings may be achieved by such two-step screening
especially with germplasms with a high proportion of genotypes in which grain set is
sensitive to B deficiency. The rat-tail symptom provides a useful visual marker for the more
severe effect of B deficiency on spikelet number.

This paper has shown that the phenotypic response to B deficiency of barley is more
complex than that in wheat. Different strategies for managing B nutrition are required,

including different approaches to select for B efficient genotypes.
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Table 1. Response in Grain Set Index (%) in two-row barley and wheat to boron supply in

sand culture (Experiment 1).

Species/genotype Added B (uM)
0 0.1 0.3 5.0

Barley
BRB ¢ 32.2aD 57.5bD 67.6 cC 76.7dC
BCMU 96-9 23.4 aC 24.8 aC 28.4 aB 546 bB
CMBL 92029 12.5 aB 13.5 aB 22.0bB 41.6 cA
Wheat
Fang 60 94.8 aF 94.4 aF 98.7 aE 98.5 aD
SW 41 67.3 aE 74.6 bE 77.4 bcD 81.9cC
Tatiara 0.2 aA 1.9 aA 13.0bA 61.2 cB

Effects Boron (B) Genotype (G) BxG

F-test >k *k *k

Differences (by LSD p < 0.05) in the same row are indicated by different lowercase letters

and in the same column by different uppercase letters. ** significant at p < 0.01
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Table 2. Response in Grain Set Index (%) in barley and wheat grown in sand culture with
and without added boron; and in the field with limed soil (BL), no added boron (B0) and

boron treated soil (B+) (Experiment 3).

Species/ Sand culture (uM B) Field soil treatment
genotype 0 10 BL BO B+
Two row barley
BRB 9604 66.9 aC 94.5bC 86.7 aDE 93.4 aF 93.6 aBC
BRB 9 573 aC 94.4bC 61.7 aC 69.1 aDE 83.0 bAB
BCMU 96-9 259 aB 76.1 bA 74.5 aCD 92.4 bF 87.5 abBC
Stirling 0aA 92.2bBC 37.7 aB 52.26C 89.6 cBC
Six row barley
FNBL 8309 56.9 aC 79.0 bAB 80.7 aDE 83.4 aF 90.5 aBC
LARTC 9408 29.8 aB 86.7bABC  69.0aCD 79.4 abEF 91.1 bBC
BRB 2 8.7 aA 83.5bBC 63.9 aCD 65.4 aCD 73.6 aA
Wheat
Fang 60 93.3aD 100 aC 98.2 aE 97.8 aF 98.6 aC
Flycatcher 92.7aD 95.0 aC 72.0 aCD 92.5 bF 95.2 abBC
SW 41 60.8 aC 91.7bBC 72.6 aCD 03.4 bF 954 bBC
Bonza 1.3aA 97.4bC 26.0 aB 31.3aB 87.8bBC
Tatiara 02A 75.3 bA 1.8 A 13.6 aA 71.5 bA
Effects Boron (B) Genotype (G) BxG
F-test ok ** *k

Differences (by LSD p < 0.05) in the same row are indicated by different lowercase letters

and in the same column by different uppercase letters.

** significant at p < 0.01
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Table 3. Response in the number of spikelets spike™ in two-row barley and wheat to boron

supply in sand culture (Experiment 1).

Species/genotype Added B (uM)
0 0.1 0.3 5.0

Barley
BRB 9 89aA 9.9 aA 10.0 aA 9.2aA
BCMU 96-9 20.2 aE 256 cE 24 0bE 24.2 bE
CMBL 92029 13.0aB 15.0 bCD 15.9bD 17.6cD
Wheat
Fang 60 14.3 aC 14.2 aBC 14.6 aBC 14.4 aBC
Sw 4] 13.0aB 13.7aB 13.9aB 14.0 aB
Tatiara 15.7 aD 15.8 aD 15.4 aCD 15.6 aC

Effects Boron (B) Genotype (G) GxB

F-teSt %k ek ok

Differences (by LSD p < 0.05) in the same row are indicated by different lowercase letters

and in the same column by different uppercase letters. ** significant at p < 0.01
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Table 4. Relative boron responses (B0 as % of B10) for tillers, spikes, spikelets, Grain Set

Index (GSI) and time of spike emergence in barley and wheat grown in sand culture

(Experiment 3).

Species/ Tillers Spikes Spikelets Days to spike
genotype plant™ plant” spike™ GSI(%)  emergence
Two-row barley
BRB 9604 103.0ab  84.7b 45.1b 70.8 ¢ 1120b
BRB 9 204.0cd 9450 279 a 60.7 ¢ 1319d
CMU 96-9 260.7 d 10.8 a 249 a 340b 125.4 cd
Stirling 110.9ab 11.6a 352 ab 00a 118.6 be
Six-row barley
FNBL 8309 119.7ab  55.6 ab 76.9 c 72.0¢ 1254 cd
LARTC 9408 237.7d 55.6ab 456b 344b 95.0a
BRB 2 186.7cd 7420 36.8 ab 104 a 118.8 be
Wheat
Fang 60 103.0ab 98.0b 95.0d 933 d 100.6 a
Flycatcher 82.4a 67.6b 87.8 cd 97.6d 1060.0 a
SW 41 109.4ab 98.0b 88.1 cd 66.3 ¢ 101.7 a
Bonza 95.8 ab 79.70b 50.6 cd 13a 990a
Tatiara 151.9bc  1549¢c 97.84d 00a 1023 a
Analysis of variance -
Effects F-test
Boron (B) *k * ok *k ok >k
Genotype (G)  ** *ok * %k ok sk
BxG % *k * ok o **

Differences (by LSD p < 0.05) in the same column are indicated by different letters.

** Significant at p < 0.01
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Table 5. Response of vegetative and reproductive growth in wheat (SW 41) and barley (BRB

9) to boron supply in sand culture (Experiment 2).

Plant Added B (uM B) F-test
response 0 10 0 10 Genotype x Boron
Barley (BRB 9) Wheat (SW 41)

Shoot dry weight (gpot')  40.4b  296a  654c  67.2c *
Tillers plant™ 324b 155a 120a 9.6a **
Day of spike emergence 49.1b 458 a 569c¢ 573¢ *
Spikes plant™ 188¢ 13.1b 72a 64a *
Spikelets spike™ 89a 169b  17.6bc  19.0¢ *
Grains spike™ 2.7b 167¢ 0.la 44.5d *
Grain yield (g pot™) 52a 672b 13a 82.6¢ *
Grain Set Index (%) 246b 98.0c 03a 97.7c¢ *

F-test of genotype by boron interaction, significant level: * p < 0.05, ** p < 0.01.
Differences between B levels in each species are indicated by different lowercase letters (by

LSD p < 0.05).
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Table 6. Boron concentration (mg B kg'') in the flag Jeaf at booting of barley and wheat

grown at four levels of boron in sand culture (Experiment 1).

Species/genotype Added B (uM)
0 0.1 0.3 5.0

Barley
BRB 9 13.2aD 13.4 abD 14.6 beE 15.6 cBC
BCMU 96-9 4.6 aA 5.4 abA 6.5bB 87cA
CMBL 92029 6.9 aB 7.0 aB 7.7 aB 7.7 aA
Wheat
Fang 60 9.3 aC 10.9bC 12.1cD 16.2 dC
SW 41 7.5 aB 7.7 aB 9.3bC 143 ¢B
Tatiara 3.8aA 4.1 aA 4.5 aA 8.1 bA

Effects Boron (B) Genotype (G) BxG

F-test *k *% Aok

Differences (by LSD p < 0.05) in the same row are indicated by different lowercase letters

and in the same column by different uppercase letters. ** significant at p < 0.01
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Table 7. Boron concentration (mg B kg') in the spike at booting of barley and wheat

genotypes grown in sand culture at four levels of boron (Experiment 1).

Species/genotype Added B (uM)
0 0.1 0.3 5.0

Barley
BRB 9 6.6 aB 9.5bC 12.3¢D 12.8cE
BCMU 96-9 9.3bD 8.5 abBC 8.2 aB 9.3bC
CMBL 92029 4.1 aA 5.0 abA 5.7bcA 6.1 cA
Wheat
Fang 60 8.5 aCD 8.8 aBC 9.9bC 104 bD
SW 41 7.8 aC 8.2aB 10.9bC 10.9bD
Tatiara 4.9 aA 5.4 aA 6.4 bcA 7.3bB

Effects Boron (B) Genotype (G) BxG

F-test ok NS ok

Differences (by LSD p < 0.05) in the same row are indicated by different lowercase letters

and in the same column by different uppercase letters. ** significant at p <0.01
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Table 8. Boron concentration in the whole spike and flag leaf of the main stem at booting in

wheat and barley grown with (B10) or without (B0O) boron in sand culture (Experiment 2).

Species/genotype Spike B (mg Bkg') Fiag leaf B (mg B kg™)
BO B10 BO B10
Barley, BRB 9 3.1 4.2 4.3 11.2
Wheat, SW 41 5.2 5.8 3.4 11.5
Effects F-test

Boron (B) ok wok

Genotype (G) *k NS

BxG NS NS

** significant at p < 0.01, NS = not significant, p < 0.05
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Figure 1. The primordia of barley (cv. BRB 9) at lemma - awn primordium stage (Zadok et

al., 1974) showing complete spikelet terminal in sufficient B supply (a) compared with
abnormal primordia (b-d) in B deficiency (arrows showing arrested development of terminal
spikelets). B oron deficient barley spike exhibiting the rat-tail symptom, in which terminal

spikelets had degenerated in to wisps of white papery tissue (e).
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ABSTRACT
Genotypic variation in Boron (B) efficiency in wheat (Triticum aestivum L.) is
expressed as large differences in grain set and pollen sterility under low soil B, but the
mecﬁanisms responsible for such differences are unknown. This paper aims to
determine the mechanism for cultivar difference in B efficiency by comparing B-
efficient (Fang 60) and B-inefficient (SW41) cultivars. Plants were grown with
adequate ''B (10 pM), until the premeiotic interphase stage in anther development,
then transferred into '°B at 0.1 or 10 puM.  After five days, ending at the young
microspore stage, all plants were transferred into adequate ''B. Plants were
sequentially harvested at 0, 1 and 5 days after transferring into '°B, and at anthesis,
anthers were collected and fresh pollen examined for viability. After 5 days in 0.1
pM B, during the critical stage of pollen development, pollen viability in SW41 was
depressed by 47 %, but Fang 60 was not affected. Fang 60 maintained total B
concentration in the ear at 6.8 mg kg DW, in contrast to 3.8 mg kg’ DW in SW 41.
Insensitivity to B deficiency o f Fang 6 0 was associated with its greater capacity to
supply adequate '°B to the ear directly from the root, but not from the previously

taken up ''B when external supply was restricted.
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INTRODUCTION

There are numerous reports of genetic variation in B efficiency among wheat
genotypes (Li et al, 1978; Tandon and Naqvi, 1992; Subedi et al, 1993; Rerkasem et
al, 1993; R erkasem and Jamjod, 1997) and o ther c ereals such as barley (Rerkasem
and Jamjod, 1989). Differences in B efficiency in wheat are generally associated with
differences in the d egree o f pollen sterility or the ability to set grain in low B soil
(Subedi et al, 1993; Rerkasem and Loneragan, 1994; Rerkasem and Jamjod, 1997).
Pollen development in susceptible cultivars is impaired by B limitation resuiting in
pollen grains that are small and misshapen and do not accumulate starch {Rerkasem et
al, 1989; Subedi et al, 1997; Anantawiroon et al, 1997). It has been suggested that the
critical phase of anther development is surrounding pollen meiosis (Rawson, 1996),
especially the period from premeiotic interphase through meiosis to late tetrad
development (Huang et al, 2000; Dell and Huang, 2002). However, the mechanisms
underlying cultivar differences in B efficiency in wheat remain unknown, but clearly
they are associated with B supply to the ear during critical stages of
Microsporogenesis.

In broccoli (Brassica oleracea var. italica Plenck-ev—Gommander), greater
remobilization of B into the inflorescence was responsible for the avoidance of
anatomical disorders in the inflorescence due to B deficiency in some cultivars (Shelp
et al, 1992). Similarly, Stangoulis (2001) recently reported that greater B efficiency
in the—oilseed rape (Brassica napus L.) cv.uitivar Huashuang) was associated with
retranslocation of "B from old leaves whereas B-inefficient cultivars lacked this
capacity. However, both of these studies were carried out with Brassica species

which exhibit a degree of phloem mobility of B in contrast to many other species
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which do not (Brown and Shelp, 1997). Huang et al (2001) showed that some '°B,
incorporated into vegetative plant parts following absorption from the external
solution, was capable of retranslocation into the ear of wheat. However, the authors
concluded that the amount of ' °B retranslocated w as i nsignificant relative to the B
demand of the ear. Since only a B-inefficient cultivar, Wilgoyne, was used in this
study (Rerkasem unpublished), the possibility remains that the capacity to
retranslocate B into the ear may differ across cultivars, and that this difference may
allow thethe mechanism of B efficiency in wheat to be identified. The avoidance of
male infertility in B-efficient cultivars may involve the ability to supply B adequately
into the nontranspiring anthers or the developing ear. This experiment set out to
examine B responses of efficient and inefficient wheat genotypes during the most
critical stage in pollen formation and to compare the routes of B mobilization into the
ear.
RESULTS AND DISCUSSION:

Huang et al. (2000) suggested that the period of pollen development from the
premeiotic interphase to the late tetrad was the main phase sensitive to B deficiency.
They also postulated that B deficiency during meiosis might impair the formation of
pollen cell walls and cell expansion, leading to a reduction in pollen viability in
wheat. Pollen viability in B-inefficient SW 41 was nearly halved when the extermal B
supply was interrupted during this critical stage (Figure 1}. The same treatment had
no effect on pollen viability of Fang 60. This is consistent with known differences in
the sensitivity to B deficiency of the genotypes as represented by their male fertility
and grain set in low B (Anantawiroon et al, 1997; Subedi et al, 1999).

The differential response to short-termn B deficiency in SW 41 and Fang 60 was

associated with significantly lower concentration of B in the ear of SW 41 (Table 2).



mMawudn 1.4

Thus, the B-efficient and inefficient genotypes in this study are distinguishable by the
B concentration in their ears. This difference was not detected by others who have
reported genotypic variation in responses to low B for male fertility and grain set
(Rerkasem and Lordkaew, 1996) including a comparison between SW 41 and Fang 60
(Subedi et al-, 1999). In these previous studies, determination of B in the ear was not
done until booting. By this time, the B deficient wheat ear may have continued to
accumulate B in the palea, lemma and other secondary sexual parts of the ear
although damage to the pollen had already occurred. The present results suggest that
it may be feasible to distinguish between the B-efficient and inefficient genotypes by
early B analysis of the ear. However, timing of the analysis will be critical. Sampling
for the ear has to be d one immediately upon the completion of the critical meiotic
stage of pollen development.

Boron concentrations in upper canopy leaves of Fang 60 were also greater than
those in SW 41 after 5 days of low B supply (Table 2). This suggests that cultivar
difference in sensitivity to B deficiency may be associated with the pattern of B
distribution within the plant when B was limited. The greater ability of Fang 60 to
distribute B into the developing ear may contribute to its tolerance to low external B.
The reproductive plant-parts of wheat, the anthers and carpels, were found to require
B at greater concentration for their normal development than leaves (Rerkasem et al,
1997, Huang et al, 2000). The greater amount of B distributed into the apical regions
of the plant may increase the opportunity for reproductive success.

A suggestion has been made by some that previously accumulated B might be
effectively remobilized to supply the ear of B-efficient genotypes, such Fang 60,
when external supply becomes limited {Rawson, 1996; Subedi et al, 1999). We found

this to be unsupportable by three sets of results, which instead suggested that the
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primary mechanism for B efficiency in Fang 60 to be associated with its long distance
transport directly from the root. Firstly, accumulation of ''B in the ear of both SW 41
and Fang 60 seemed to have stopped after ''B in the nutrient solution was replaced by
'B. The content of ''B in the ear of either SW 41 or Fang 60 did not increase after
the '°B treatments were imposed (Table 3). Dataon the content of’ Bintheear
provided the second piece of supporting evidence that the mechanism for B efficiency
is related to direct supply from the root and not recycled B from some plant parts. In
the low B treatment, the '°B content in the ear of B-efficient Fang 60 was three times
that of the B-inefficient SW 41 (Table 4). Examination of the '°B:!'B ratio provides
the third piece of evidence. The ratio of '’B:''B increased significantly with time
durix}g the 5 days that the B'' supply was replaced by '°B (Table 5) but at different
rates in the two genotypes. The increase in the ratio of B'®:B'' with time after the
transfer from ''B to '°B was much stronger in Fang 60 than SW 41, especially with
lower external B. During the 5 days in which external B was lowered to 0.1 uM, the
198.""B ratio in Fang 6G was increased from 0.17 to 1.15 and less so in SW 41, from
0.11to 0.38.

In conclusion, pollen viability of the B-efficient Fang 60 was not affected by
withholding B during the critical stage of microsporogenesis while pollen viability in
inefficient SW 41 was nearly halved. The genotypic difference in B efficiency is
related to the greater ability of Fang 60 to accumulate and distribute B into the
developing ear than SW41. By using ''B and '°B, we were able to demonstrate that
net B movement into the ear, when external supply was restricted, did not come from
the ''B previously taken up by the plant. The greater amount of '°B accumulated by

Fang 60 in low B further confirmed that the primary mechanism for B efficiency in
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Fang 60 is its greater capacity to supply adequate B to the ear directly from the root,
enabling Fang 60 to avoid pollen sterility caused by B deficiency.
MATERIALS AND METHODS

Plant material and culture

This experiment selected two spring wheat cultivars from the efficient (cv.
Fang 60) and inefficient (cv. SW 41) classes of B efficiency determined by Rerkasem
and Jamjod (1997). Seeds were imbibed in aerated 2 mM CaSO, solution for 24
hours and germinated on paper towels moistened with 2 mM CaSQO, for 48 hours in
the dark at 25 °C. Seeds of SW41 were germinated 1 day before seeds of Fang 60 in
order to synchronize the stage of ear development at microsporogenesis. Seedlings
were transferred into trays containing 8 L of 1/3 strength nutrient solution (Huang et
al, 1996) with a concentration of 01 uM "B and 5 mM 2-[N-
Morpholino]ethanesulfonic acid. The pH was adjusted dailyto 6.0 £ 0.2 with 1 M
KOH or 10 % H;SO4. Four days after germination, the plants were grown ina 5 L
full-strength basal nutrient solution that contained 10 pM ''B and aliquots of all
nutrients were added to each pot during the experiment by the programmed nutrient
addition as described in Huang et al. (1996). Tillers were restricted to a maximum of
4 tillers plant”, by removing extra tillers as they emerged from the 5" onward. The
stage of growth was determined by dissection of spare plants at the 6, 7 and 8 leaf
stages and the stage of pollen development was determined on extra B--adequate
plants with—using DAPI (4’-6-Diamidino-2-phenylindole 2HCI, Sigma Lot 104F-
0542) test-fluorescence {(Vergne, Delvallee and Dumas,is this style of 3 authors OK?
1987). Ten uM ''B was supplied continuously up to the-late premeiotic interphase
/early meiosis in the main stem (Bennett et al, 1973). The plants were then treated

with either 0.1 or 10 uM of 99.43 % °B-enriched boric acid continuously up to the
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late tetrad, after which the plants were returned to solutions with 10 uM ''B up to
anthesis (Table 1). '°B was used as a tracer for B distribution to the ear during critical
stage of microsporogenesis, while ''B was used as a tracer for B remobilization to the
car.

The pH was adjusted to 6.0 + 0.2 with 1 M KOH or 10 % H,SO,. The pots
were randomly distributed in temperature-controlled water baths (18-22 °C) and
repositioned daily within the baths and shifted between baths every 3 days. The
growth conditions in the glasshouse were: mean air temperature 27.5 °C (range:20-
35); mean PAR (photosynthetic active radiation) 1165 pmol m™ s (range: 960-1900)
. Nutrient solutions wereas aerated with filtered air and the dry weight increments of
extra plants were used to calculate the amount of nutrients required to maintain
nutrient supply by programmed nutrient addition (Asher and Blamey, 1987).
Analytical grade ¢ hemicals w ere used to make up the nutrient solutions and water,
purified by passing through a column packed with B-specific resin (IRA-743, Sigma
Chemical Co.), was used for making up all nutrient solutions. Between the treatments,
the roots were washed with DI water, then rinsed three times in 5 mM CaSOq
solution, in order to remove unbound B from root free space.

Sampling and plant analysis

The first harvest was taken before the '°B treatment at the beginning of the
critical stage of pollen development in the main stem (Huang et al, 2000) (Table 1).
The second and third harvests were taken 1 day and 5 days (late tetrad stage) after the
"B treatment began. At each harvest, three pots (replicates) of plants (two plants
each) were taken from each cultivar. The plants were subdivided into flag leaf, ear,
penultimate leaf, stem between flag leaf and penultimate leaf of the main stem. All

samples w ere analysed for ' 'Band '® B- content. The fourth harvest was taken at
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anthesis. From three replicate pots (replicatestwo plants per pots) efplant-{two-plants

each) fromr-of each cultivar, pollen was taken from the central 4 spikelets of the main
shoot ear. Pollen at anthesis was tested for viability with the fluorochromatic (FCR)
method (Heslop-Harrison and Shivanna, 1984). The plant samples were oven-dried
(70 °C). Dry samples were ground in a stainless steel mill and dry-ashed in 1 % nitric
acid as described in Huang et al; (2001) and B concentration was determined usingby
an inductively coupled plasma automatic emission spectrometer (ICP-AES) (Zarcinas
et al, 1987).
Statistical analysis

Data were analyzed statistically by analysis of variance. Significantly

different means were separated at the 0.05 probability level.
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microsporogenesis (days 0-5: see Table 1) on pollen viability in two
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Table 1. B oron treatments, harvest times and stage of p ollen development at each

harvest of the main stem.

Days* Harvest B treatment Pollen development stage during treatment
10 uM ''B Seedling to white anther (premeiotic stage)
0 1 10uM B Late premeiotic stage/ early meiosis
1 2 0.1, 10 uM '°B After late premeiotic stage by:24he. still
unclear
5 3 0.1, 10 pM '°B Late tetrad to young microspore stage
4 10uM'"'B Anthesis

*= duration of low and adequate ''B treatment.

Table Il Total B concentration in plant parts (mg kg”' DW) after 5 days of varied B

supply treatment. Values are means of three replicates + SE.

Plant part B treatment Genotype
(M '°B) Fang 60 SW 41
Ear 0.1 6.8+0.7 38103
10 12+ 14 7.8+05
Flag leaf 0.1 13£23 93+£0.6
10 2114 20+£0.5

12
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Penultimate leaf 0.1 17+0.4 13+0.7

10 19£0.5 20+ 0.8
Stem segment between flag 0.1 40+0.4 47+03
leaf and penuitimate 10 62109 59106
leavesf

Table lIl. The content of ''B in the ear (ug ear’} at day 0 (D), day 1 (D1) and day 5

(D3) of B treatment.
B' treatment Fang 60 SW 41
(uMB'%) DO D1 D5 DO DI D5
0.1 0.117 0.098 0.108 0.130 0.100 0.104
10 0.117 0.079 0.070 0.130 0.086 0.140

LSD(o‘os) ={.038

Table IV. The content of B in the ear (ug ear’) atrday 1 (D1) and day 5 (D5) of B

treatment.
B treatment Fang 60 SW 41
(uM B) D1 D5 Dl D5
0.1 0.016 0.122 0.011 0.03%
10 0.039 0.170 0.043 0.193

LSD(o,os) =(.028

Table V. The ratio of "B : /B in ear at day 1 (D1) and day 5 (D5) of B treatment.

Values are means of three replicates.

13
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Fang 60

B treatment

(uM B'%) D1
0.1 0.17
10 0.49

SW 4t
D5 D1 D5
1.15 0.11 0.38
2.62 0.50 1.38

LSD(ovgs) =(.021

14
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Abstract

Shifting cultivators in Thailand widely attribute the maintainance of crop productivity to pada (Macaranga den-
ticulata (Bl.) Muell. Arg.), rotation cycles having become much shorter than the customary 10-20 years. This
paper examines the use of pada in a 7-year rotation on an acid soil with low available soil P (24 mg kg~! by
Bray H). Dense pada patches in 7-year-old fallow averaged 43 tons ha™! of above ground biomass, 20% more
than sparse patches. The biomass in dense pada contained disproportionately more P, K, Ca and Mg (34%, 92%,
80% and 107% more, respectively) than in sparse pada patches. Slashing and burning 7-year-old fallow with
dense pada produced a subsequent rice yield that was three time that with sparse pada. Rice grown after dense
pada had been slashed and burned after three years yielded less than one third of that after a full 7-year rotation.
It is, as yet, unclear how rice yield in dense pada patches is enhanced in the full 7-year rotation. Nutrient con-
centrations in the mature rice were generaily either the same or higher in the sparse than dense pada patches. In
dense pada patches rice accurnulated twice to four times as much nutrients as in sparse pada patches, and a much
larger fraction of the nutrients was stored in the fallow. Uptake of nutrients in the sparse pada patches may have
been limited by some factor that either governs availability of the nutrients released by burning or depressing
rice growth and so its nutrient demand.

Introduction

Rotational shifting cultivation has been shown to be
a productive and sustainable form of land use in
mountainous areas where land is sufficiently plentiful
to allow a fallow period of 10-20 years (Kunstadter
1978). Population pressure combined with an increas-
ing demand for conservation (from watersheds, ero-
sion control, carbon sequestration to biodiversity) by
society at large, however, have made certain that this
luxury of very long fallows is now no longer an op-
tion for most shifting cultivators in Southeast Asia
(Rerkasem and Rerkasem 1995} and elsewhere. Con-
siderable interest, therefore, has arisen in approaches
that might maintain crop productivity with shorter fal-
low. Numerous efforts, especially in Africa, have

gone into identification of trees and other plants as
fallow—enriching species (e.g., Tarawali (1991) and
Kwesiga and Coe (1994), Mafongoya and Nair
(1997), Kaya and Nair (2001)). This paper reports on
the use of a local tree called pada for fallow improve-
ment that has helped to maintain upland rice yield at
reasonable levels of 2 to 4 Mg ha™' on a seven years
rotation.

Pada (Macaranga denticulata (Bl.) Muell. Arg.) is
well known for its fallow-enriching property amongst
the various ethnic groups who make a living on rota-
tional shifting cultivation in northern Thailand. It is
known as Teen Tao amongst the Khamu and H'tin
who populate the northeastern mountains, on the bor-
der with Laos. Pada is the name in Skaw Karen (Thai-
land’s largest minority group, now concentrated along
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the western border with Myanmar), while the Pwo
Karen call it Letha. The Lua (who are belicved to
have been the dominant group in the region until
about a thousand years ago) call it Tong Coab. The
Akha (a group not known to practice rotational shift-
ing cultivation in Thailand) call the tree Loom Piah.
Amongst lowland Thai it is vanously called Tong
Taeb, Tong Tao, Tao Maew, Por Khee Haed or Bai
Hoo Chang. Pada is a small evergreen tree of the Eu-
phorbiaceae family, that can reach 19 m in height and
up to 40 cm in diameter at breast height. Macaranga
is a relatively large genus of pioneer species (Whit-
more §982). Some 80 species have been identified in
Africa and 200 in the Eastern Tropics, although not
all are pioneer species. M. gigantea and M. kurzii also
occur in the study village of Huai Tee Cha, but ac-
cording to farmers pada is the only species with a fal-
low-improving property. The presence of pada in the
fallow is believed to be responsible for maintaining
productivity of upland rice in the shorter rotation.
This study set out to measure the effect of pada on
nutrient accumulation and upland rice yield in farm-
ers’ fields in a village where rotational shifting culti-
vation is still the dominant cropping system.

Materials and methods

The study was conducted in the rotational shifting
cultivation fields of the village of Huai Tee Cha
(19°78’ N, 93°84" E), Sob Moei District, Mae Hong
Son Province, about 250 km southwest of Chiang
Mai. The soil is reddish clay loam. Before commenc-
ing plant and soil sampling, we took 30 days to be-
come acquainted with the system by interviewing
farmers and extensive field walks. The communally
managed shifting cultivation area was divided into
fields that are cropped in different years, designated
by the year in which rice was last grown (Figure 1).
According to the villagers this rotation has taken
place for about 200 years, ever since Tee Cha was
settled from a neighbouring village. A preliminary
study of vegetation composition of the fallow forests
was carried out in February and March (the village’s
normal slashing and burning season) of 2000. Trees
were recognized as pada or ‘others’. From areas with
high and low density pada (defined in collaboration
with farmers and designated dense and sparse pada),
density of pada and other species was determined in
three replicates of 10 x 10 m quadrats. Dominant
‘other’ species were Microcos peniculata, Lithocar-
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pus sp., Phoebe lanceolata and Glochidion sphaerog-
ynum (Further information about vegetation compo-
sttion as well as tree density, biomass and nutrient
contents of fallow areas with different ages will be
reported elsewhere).

Mature fallow before slashing and burning

As field 1994/2000 was to be slashed and burned it
was sampled for biomass and nutrient contents. Dry
weight (sub-samples dried to constant weight at 80
°C) of the above ground live biomass, divided into
pada and others, and litter were determined. The sam-
ples, whole plants in case of pada and others, were
analyzed for N. P, K, Ca and Mg. Before burning soil
samples were taken from the same area at 0-30 and
30-60 cm for determination of pH (water, 1:1), or-
ganic matter content (Walkley-Black), available P
(Bray I1, Wanatabe and Olsen (1962)), K, Ca and Mg
(1 N NH_,OAc pH7).

The upland rice crop

A detailed study of the upland rice was carried out on
the crop belonging to one farmer, Nopporn. At 30
days from sowing, samples (whole tops) of ten rice
plants each were taken from the sparse and dense
pada area for determination of N, P, K, Ca and Mg.
At the same time soil samples were taken for deter-
mination of fertility characteristics at 0—30 and 30-60
cm depth. At maturity, samples of the rice crop were
taken in 2 x 5 m quadrats from the sparse and dense
pada areas. In addition, 1 x 1 m samples of rice at
maturity were also taken from sparse and dense pada
areas from five other farmers in the same village. The
rice samples were threshed in the field and separated
into grain and straw. Grain yield was determined af-
ter 3 days of sun drying (to water content of about
12%), straw yield was measured after drying for 48
hours at 80 °C. Sub-samples from Nopporn's field
were also evaluated for the yield components, ie.
number of hills m™2, plants hill~', tillers hili~}, pani-
cles plant™' and 1,000 seed weight, and analyzed for
N, P, K, Ca and Mg in the grain and straw.
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Results and discussion
Fallow biomass and nutrient conteni

After seven years of regrowth (the rice cropping year
is considered year | of regrowth, as fallow regenera-
tion begins with upland rice emergence) above
ground biomass averaged 43 Mg ha™' in dense pada
patches, about 20% more than that in sparse paiches
(Table 1). Pada contributed more than half of the bio-
mass in the dense patches, and only 39% in sparse
patches. There was also considerably more litter in
dense pada patches. The above ground biomass in
dense pada patches contained 536 kg N, 38 kg P, 253
kg K, 132 kg Ca and 46 kg Mg ha™'. This was 10%

more N, 34% more P, 92% more K, 80% more Ca
and 107% more Mg than that in the sparse pada
patches {(Table 2). In the mature fallow of § vears ro-
tation in the village of Pa Pae (18°15° N 98°3' E) in
the same vicinity where no pada was found (Sabhasri
1978) 143 kg N, 16 kg P and 176 kg K ha™' were
reported to have accumulated in the 63 t of above
ground biomass (Zinke et al. 1978). The slight differ-
ence in total biomass N between sparse and dense
pada patches in this study is accounted for by other
species, which in sparse pada contributed as much N
as pada in the dense pada patches. Pada was clearly
crucial to the accumulation of extra P, K, Ca and Mg,
though not so much for N. The higher amount of nu-
trients accumulated in dense pada came largelv from
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Table 1. Total aboveground biomass in the fallow vegetation after seven years of regeneration of a rotational shifting cultivation system in

northern Thailand.

Sparse pada Dense pada Significant difference by t-test
Mg ha™’

Pada 9.4 222 p <001

Other species 21.6 14.2 p < 0.0t

Litter 4.7 6.4 p <001

Total 357 428 p <005

Table 2. Above ground nutrient contents in the fallow vegetation after seven years of regeneration of a rotational shitling cultivation system

in northern Thailand.

Vegetation type Nutrient element

Dense pada

Sparse pada Significant difference

Nutrient content (kg ha™")

Pada N 289
P 21
K 97
Ca 72
Mg 10
Other N 191
P 12
K 118
Ca 28
Mg 23
Litter N 56
P 5
K 38
Ca 32
Mg 13
Total N 536
P 39
K 253
Ca 132
Mg 46

131 p <001
6 p <001
32 p < 0.01
21 p < 0.01
6 p <005
297 p <00l
18 p < 0.05
85 p < 0.0!
36 NS
6 p < 0.0l
59 NS

NS
14 p <0.01
i6 p <005
10 NS
488 p < 0.01
29 p < 0.05
132 p <001
73 p <001
22 p< 00l .

pada in the case of P, pada and litter in the case of
Ca, and from other species as well as pada and litter
in the case of K and Mg. Pada roots were found to be
associated with a diversity (genera and species) and
abundance of arbuscular mycorrhizal fungi, both in
the number of spores found in the rhizosphere and in
root colonization (Youpensook et al. (in press)).

Soil fertility characteristics before slashing and
burning and under rice

The study site was on a very acid soil. with pH 4.3
(1:1 water) before burning (Table 3). As others have
previously shown (e.g., Nye and Greenland (1964)

and Sanchez (1976)), buming clearly had a strong
liming effect. Thirty days after rice sowing, pH of the
surface soil measured 4.8, and slightly less deeper in
the soil profile. Soil organic matter content declined
slightly from around 4% before burning to 3.6% by
the time rice was 30 days old. The first rainfalls of
the season that germinated the rice may have contrib-
uted to this decline by stimulating microbial activity.
Available soil P was generally very low at 2-4
mg kg~'. There were significant but very small effects
of pada density and burning on available P. The high-
est P value (Bray 1I) was 4.3 mg kg~', in dense pada
patches after burning, which is very low indeed com-
pared with about 12 mg kg™* considered to be suffi-
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Table 3. Fertility charactenstics of the soil of the study area, in a rotational shifting cultivation system in northern Thailand, before burning

and 30 days after rice sowing.

Pada density Time pH (1:1 water) Organic matter (%) P K Ca Mg
(mg kg™') (meg 100 g~")

Depth, 0-30 cm

Sparse Before® 4.30 3.96 223 133 0.53 0.27
After® 4.79 3.60 134 181 0.64 0.48

Dense Before 4.26 4.19 2.62 148 0.78 0.65
After 4.83 3.84 3.70 198 Q.75 0.67

Depth, 30-60 cm

Sparse Before 4.29 3.87 1.53 107 0.38 0.13
After 4.41 3.43 3.00 156 0.47 049

Dense Before 4.24 97 202 1o 0.56 0.37
After 4.58 373 4.29 178 0.59 0.50

Significant effects by analysis of variance

Effects Pada NS NS * NS * *
Time * * * * NS NS
Depth NS NS NS * * *

PxT, TxD, PxT, PxTxD NS NS NS NS NS NS

a} Before burning; b} After burning and 30 days from rice sowing

cient (Sanchez 1976). There was no significant differ-
ence in soil pH, organic matter and extractable K
content between dense and sparse pada patches (Ta-
ble 3}. On the other hand, dense pada was associated
with 47% more extractable Ca and twice to three
times as much extractable Mg than in the sparse pada
patches.

Pada establishment

As upland rice germinated after the first rains, pada
emerged in thick pink carpets among the rice. Farm-
ers do not treat pada as weeds, they are not routinely
removed when the rice is weeded by hand. Thinning
may be done where the density is considered too high
and some attempts are sometimes made to transplant
seedlings to low density areas. At rice maturity, about
six months after sowing, and when pada had reached
almost 1.5 m height, the number of pada averaged
about 7 plants m~2 in dense patches, twice that in
sparse patches (Table 4). In the fields cropped in dif-
ferent years, there was a trend of pada density de-
crease with fallow age (data not shown). In the 1995
field (slashed and burned in 2001), dense pada
patches averaged 0.4 pada-tree m~2, and 0.1 pada-tree
m~2 in sparse patches. Since these are a fraction of
the numbers of pada seedlings in the first year, the
problem of low pada density must have been associ-

Table 4. Density of trees, pada and other species, after 6 months
and 7 years in a rotational shifting cultivation system in northern
Thailand.

Species Pada density Trees/m?
6 months* 7 years®
Pada Sparse 327+ 032 0.10 x 0.01
Dense 6.60 £ 0.12 042 = 0.02
Otherst Sparse ND 0.12 = 0.01
Dense ND 0.21 = Q.01

a) At rice harvest ND = not determined, very few other plants at
this time; b) Before slashing and burning for the next crop, the rice
year is year 1 of regrowth; ¥ Major species included Microcos
peniculata, Lithocarpus sp., Phoebe lanceolata and Glochidion
sphaerogynum. Values are mean = standard ervors of three repli-
cates.

ated with survival of the seedlings rather than recruit-
ment.

Upland rice nutrition and yield

Rice plants at one month in dense pada contained N
and K at significantly higher concentrations than
those in sparse pada patches (Table 5). No significant
difference was found in the concentration of P, Ca and
Mg. Based on published data (Reuter et al. 1997), the
rice crop at 30 days was deficient in N and K in sparse
pada area, and deficient in P in both sparse and dense
pada area.
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Table 5. Nutrient concentration in the upland rice {whole tops) at
36 days from sowing, in areas following pada at low and high den-
sities in a rotational shifting cultivation system in nerthern Thai-
land.

Concentration (%) Sparse pada Dense pada
N 2.76* 4.06"

P 0.29 032

K 3.60* 4.99"

Ca 0.19 0.26

Mg 0.22 0.24

a) For same nutrient element, different letters designate significant
difference by LSD (p < 0.05).

In 7-year rotation, rice grain yield in the dense
pada area determined from detailed measurements in
a field belonging to one farmer, averaged 2.57
Mg ha~!, three times that in the sparse pada area
(Table 6). Simitar effects of pada density on the rice
grain and straw yield were observed in 7-year rota-
tion fields belonging to five other farmers {(Table 7).
The higher yield in dense pada patches was associ-
ated largely with a higher number of panicles and
percentage of fertile tillers, and to a less extent higher
plant density and number of tillers hill~! (Table 8).
The effect was clearly cumulative, requiring more
than three years of fallow.

How did high pada density increase the rice yield?
Rice grown in dense pada patches that were slashed
and burned after three years of fallow yielded only
0.74 Mg ha~' of grain (Table 6). Clearly, the higher
rice yield was not due to some pre-existing condition
in the dense pada patches. As discussed above, the
growth of rice at 30 days in sparse pada patches may
have been limited by N and K deficiency, and more
severely by P deficiency. By maturity, the concentra-
tion of N and Mg in the rice grain and P in both grain
and straw were higher in the sparse than in the dense
pada area (Table 9). The concentration of straw N and
Mg and grain K were not different between rice in
sparse and dense pada area. Straw K was the only
case of nutrient concentration in rice in dense pada
exceeding that in the sparse area. Critical K defi-
ciency concentrations have been reported at 0.4% in
the grain and 1% in the straw (Reuter et al. 1997).
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Compared with these, K deficiency is not indicated
by the the grain K concentration at 0.45% and straw
K at 1.91% in the rice in the sparse pada patches,

At maturity, the rice crop accumulated twice as
much N, P, Ca and Mg and four times K in the dense
as in the sparse pada patches (Table 9). However, the
amount of N, P and K taken up by the rice crop ac-
counted for a much smaller fraction of the nutrients
accumulated above ground in 7-year old-fallow in the
sparse (4%, 15% and 16%, for N, P and K, respec-
tively) than in the dense pada patches (9%, 25% and
30%, respectively). The rice Ca and Mg uptake rela-
tive to the nutrient in fallow biomass were somewhat
closer between sparse (13% for Ca; 5% for Mg) and
dense (15% and 6%, respectively) pada patches. Al-
though much of the above ground N in the failow
would have been lost with burning, most of the P, K,
Ca and Mg could be assumed to remain in the ash.
Much more nutrients would have been present in the
root zone of rice than was taken up by the rice crop.
The much smaller fraction of fallow accumulated P
and K taken up by rice in sparse compared with dense
pada patches suggested that the uptake of these nutsi-
ents was limited by some factor(s). Such a factor may
limit uptake through demand by depressing growth
and yield of the rice or through availability of the nuo-
trients released by burning. Further explanation is not
yet possible from data obtained so far.

This paper has shown that upland rice in a 7-year
rotation yielded three times as much grain with pada
at 0.42 rees m~2 as with 0.10 trees m~2 in the fallow,
and that the effect was not due to some pre-existing
condition in the high pada patches. The factor most
immediately relevant to the farmers of Huai Tee Cha,
and others who similarly depend on rotational shift-
ing cultivation for their living in the mountainous re-
gion of mainland Southeast Asia, is if and how this
effect of dense pada may be transferred to areas with
sparse or no pada. The answer may be dependent on
identification of (a) factors that are limiting to the
survival of pada seedlings, and (b) how pada affects
rice yield. Both of these are currently under investi-
gation.,
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Tuble 6. The yield of upland rice in seven and four years rotation, in areas following pada at low and high densities during the fallow period,

in 2 rotational shifting coliivation system in northern Thailand.

Pada density Dense Sparse Dense Rotation effect
Rotation 7 years T years 4 years
Yield (Mg ha™'}
Grain 2.57¢ 0.83" 0.74% p<0.01
Straw 2.35* 0.97" 0.72¢ p < 0.01
Total 492 1.79" t.47¢ p < 0.01
Harvest Index 523 46.1 50.7

2) Numbers in same row followed by different letters are significantly different by LSD {p < 0.05).

Table 7. Range and variation of rice yield in seven year rotation, in areas following pada at low and high densities during the fallow period,

in a system of rotational shifting cultivation in northem Thailand.

Yield Grain Straw
Pada density Dense Sparse Dense Sparse
Mg ha~*
Maximum 4.53 1.56 3.80 1.75
Minimum 2.48 0.71 2.21 0.86
Mean (of 8§ fields, 6 farms) 34 1.15 274 1.19
Standard deviation 0.71 0.33 0.59 0.30

Table 8. Yield components of upland fice in a rotational shifting
cultivation system in northern Thailand with dense and sparse pada
densities during the fallow period.

Tabie 9. Nutrient concentration and contents at maturity of the rice
after fallow with dense and sparse pada in a rotational shifting cul-
tivation system in northern Thailand.

Yield component Pada density Significant Difference* Grain® Straw*®
Dense  Sparse Pada density Dense Sparse Dense Sparse
Hills m~? 6.2 5.5 ** {a} Nutrient conceatration (%)
Tillers hill™! 139 10.3 * N 1.13* 1.42% 0.48 0.63
Panictes hill~' i2.3 7.1 wE P 0.23¢ 031" 0.04~ a.10"
Panicles m™ 76.7 39.0 *x K 0.42 045 2.47° 191+
Fertile panicies (%)  90.1 66.6 - Ca 0.11 0.10 0.33 0.36
1000 seed weight {(g) 29.1 29.4 NS Mg 0.11 0.13% 0.13 0.13
a) NS = not significant {p < 0.05); ** = significant (p < 0.01) (b} Nutrient content (kg/ha)
N 34.1° 13.G¢ 13.6% 7.3
] & b a
Acknowledgements d 76 33 z 10
K 13.1" 54 62.9° 16.1¢
. . Ca kAL 1.t= g1 35
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Determinants of a premium-priced, special-quality rice

M. Leesawatwong, 5. Jamjod, and B. Rerkasem, Agronomy Department, Faculty of Agriculture, Chiang Mai University,
Chiang Mai 50200; S. Pinjai, Chiangmai Chaiwiwat Ricemill Co., Ltd., Chiang Mai 50100, Thailand

E-mail: g4368102@&cm.edu

Thai Jasmine or Thai Hom Mali
is Thailand's special-quality rice
for which local consumers and
export markets are willing to pay
a premium price. Thai Jasmine
rice does not always receive a pre-
mium price from buyers. The
price varies, depending on where
the crop is grown. For example,
milled rice {special grade, 100%
head rice) from Prao is sold at a
retail price of 22 baht kg
(US$1 = 43 baht), that from
Sanpatong costs 20 baht kg',
whereas Mae Chanrice fetches 16
baht kg™'. Milled rice from Prao
with 5% broken grain is priced at
17 baht kg™. In this paper, we ex-
amined the relationship between
quality parameters used by com-
mercial rice buyers and the price
they pay for KDML 105.

Twenty-seven 500-g samples
of unhusked KDML 105 were col-
lected from farmers’ fields in
Chiang Mai in the upper part of
northern Thailand, as well as 20
samples from Nakornsawan in
the lower north. The samples
were priced and rated for quality
characteristics by a commercial
rice buyer (Chiangmai Chai-
wiwat Ricemill Co., Ltd.}). The
quality characteristics evaluated
were grain moisture, percentage
head rice yield, aroma, vitre-
ousness, and translucency. Grain
moisture was measured by a
Riceter series L grain moisture
tester (Kett Electric Laboratory).
A small sample (20-30 g) of rice
was unhusked on a board with a
roller. An experienced rice buyer
rated percentage head recovery,
vitreousness, translucency, and
aroma, using a 0-3 scale.

34

All 27 samples from Chiang
Mai were priced above 7,000 baht
tt (US$162). In contrast, samples
from Nakornsawan were more
varied and received prices rang-
ing from less than 5,500 to more
than 7,000 baht t*. Only 10% of
the samples from Nakornsawan
were judged to be of premium
quality and priced at more than
7,000 baht t*; 40% were priced at
less than 5,500 baht t. Grain
moisture did not exceed the stan-
dard 14% in any of the samples—
those from Chiang Mai ranged
from 13.3% to 14.0%, while the
Nakornsawan samples had 11.2-
12.0%. The prices of Nakorn-
sawan samples were determined
primarily by their aroma and
vitreousness scores, with percent-
age head rice and translucency
having relatively minor effects
{equation 1).

grain translucency, and vit-
reousness. In such a situation, at-
tention to factors that influence
percentage head rice would en-
sure that farmers are paid pre-
mium prices for their harvest.
Grain moisture at harvest and dur-
ing application of N fertilizer has
been shown to strongly affect head
rice percentage (Nangju and De
Datta 1970, Jongkaewattana et al
1993}. The problern is much more
complicated for farmers in areas
where important quality param-
eters, such as aroma and
vitreousness, are highly variable
as we found in Nakormnsawan. In
such a situation, production of
Thai Jasmine rice that will fetch
premium prices will not be pos-
sible until environmental factors
governing these quality param-
eters are identified and controlled.

P =3,259.7 + 28.8X,* + 403.5X,* + 357.1X;* + TL.OX,» r*=0.82**(1)

where P = sample price, X, = per-
centage head rice, X, = aroma
score, X; = vitreousness, score,
and X, = translucency score.

All 27 samples from Chiang
Mai received the full score of 3 for
vitreousness, translucency, and
aroma. Price was determined by
only one quality characteristic,
percentage head rice (equation 2).

P = 6,969.4 + 11.3X,*** @)
© = 0.92"

These results illustrate the ef-
fect of geographic differences on
special-quality rice. The Chiang
Mai samples represent areas that
produce rice with high-quality
characteristics in terms of aroma,
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The effect of nitrogen on rice grain iron

C. Prom-u-thai and B. Rerkasem, Department of Agronomy Faculty of Agriculture,
Chiang Mai University, Chiang Mai 50200, Thailand. E - mail: g4268101@cm.edu

Previous studies have shown that iron (Fe) content of rice grain may vary widely
among rice genotypes (Senadhira et al., 1998; Prom-u-thai and Rerkasem, 2001). In
addition, grain Fe may also be affected by environmental and management conditions.
This experiment measured grain Fe concentration in five rice genotypes (KDML105,
IR68144, UBON2, BASMATI370 and RDG6) grown under three levels of N (0, 60, 120 kg
N ha'). The field experiment was in a split plot design with three replications. Basal
fertilizer consisted of 15 kg P,Os and 15 kg K;0 ha'. The basal fertilizer and haif of the
N were applied at transplanting, and the other half of N was applied after four weeks. Fe
concentration was determined in mature grain, as unhusked (whole grain with palea and
lemma intact) and brown rice (palea and lemma removed), husk (palea and lemma) and
polished grain (30 second), by dry-ashing and atomic absorption spectrometry (Emmanuel
et al., 1984). |

In all five genotypes, grain yield was increased slightly by the application of 60 kg
N ha"', but there was no further effect of increasing N to 120 kg N ha™ (p < 0.05) (Table
1). Nitrogen fertilizer generally increased N content of the rice grain (Table 2). On the
other hand, grain Fe concentrations in the five genotypes were affected by N rate
differently (Table 3). The Fe concentration in unhusked rice of KDML.105, IR68144,
Basmati370 and RD6 increased with N to the rate 120 kg N ha™’. Nitrogen had no effect
on Fe in unhusked grain of UBON2. Much higher concentrations of Fe were found in the
rice husk compared with the rest of the grain. Nitrogen levels had no effect on Fe

concentration in brown rice and husk. Basmati370 was an exception, the Fe in brow rice
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of this genotype was increased with N to the rate of 120 kg N ha'. To produce white rice,
the mill normally polishes brown rice for about 30 seconds. In this study, we found that
grain Fe concentration generally declined after polishing, indicating that a high proportion
of Fe is contained in the bran or polishing. In UBON2 and RD2, grain Fe in white rice in
N60 and N120 was about twice as much that in NO. There was similar, although slightly
less, effect of N in Basmati370. In [R68144 the grain Fe in white rice at N120 was
slightly less than these at NO and N60, but in KDML105, the grain Fe in white rice
showed no response to nitrogen. However, the grain Fe in unhusked, brown and white
rice were not correlated with grain N in rice grain and grain yield at three levels of N
application.

Different parts of the rice grain: the husk, the bran and the endosperm, appeared
to contain Fe at different concentrations and their Fe contents responded differently to
nitrogen fertilizer. The effect of nitrogen fertilizer on grain Fe appeared to be mostly in
the husk. The Fe concentration in unhusked rice was only weakly correlated with that in

brown rice (r = 0.66) and white rice (r = 0.42).
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Table 1 G;'ain yield (t ha™) of five genotypes grown at three levels of nitrogen (0, 60,

120 kg N ha™)

Genotypes Grain yield (t ha™)
NO - Ne6o ‘ N120
KDMLI105 3.6 4.0 38
IR68144 2.7 4.7 3.9
UBON?2 4.1 4.0 3.7
RD6 3.1 34 33
BASMATI370 3.7 33 34
32a 3.8b 36b
Analysis of variance
p(Genotypes) ns
p(Nitrogen) <0.05
p(G X N) ns
LSD (nitrogen, 0.05) 0.4
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Table 2. The N concentration (%N) in unhusked rice of five genotypes grown under three

levels of N (0, 60, 120 kg N ha™')

Genotypes Grain N concentration {%N)
NO N60 N120

KDMLI105 1.3 aA 1.6 aB 1.8 bB
[R68144 1.5 aA 1.6 aA 1.9 bcB
UBON2 1.5 aA 1.6 aA 2.0cB
RD6 1.3 aA 1.6 aB 1.8bB
BASMATI370 1.3 aA 1.5aA 1.5 aA
Analysis of variance

p(Genotypes) < (.01

p(Nitrogen) < 0.01

p(G X N) < 0.0t

LSD (nitrogen, 0.05) 0.30
LSD (genotypes, 0.05) 0.20

Lower case for comparison of the genotype effect

Upper case for comparison of the N effect
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Table 3. The Fe concentration in unhusked, brown rice husk and polished grain (white

grain) at 30 and 60 seconds of five genotypes grown under three levels of N (0, 60, 120 kg

N ha'
Genotypes N Fe concentration (mg Fe kg™)
Unhusked Brown rice White (30s)'  Husk
KDML105 NO 13.0a 7.8 a 79a 36.0a
N60O 14.6 ab 82a 7.22a 326a
NI120 16.1b 88a 73 a 374a
IR68144 NO 158a 135a 1230 379a
N60 172a 130a 13.6b 383 a
Ni20 21.1b 13.1a 10.0a 486 a
UBON2 NO 138a 93a 46a 42.7a
N60 13.6a 81a 88b 448 a
N120 135a 83a 6.5 ab 48.5 a
RD6 NO 152a 82a 51a 398a
N60 158b 83a 103 b 513 a
N120 183b 90a 820 442 a
BASMATI NO 15.6a 10.8 a 76a 358a
N60 163a 12.1 ab 6.5a 375a
NI120 18.3b 1240 i0.2b 473b
Analysis of
variance
p(Genotypes) < Q.01 <0.01 <0.01 <0.01
p(Nitrogen) <0.01 ns < 0.05 <0.05
p(GXN) <0.05 <0.05 <0.01 <0.05
LSD (0.05) 2.6 1.5 2.3 11.5

*LSD used to comparison the different at the same genotypes .t different treatment
$ Polished for 30 seconds
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Agrodiversity Lessons in

Mountain Land Management

Intensification of crop production in the
mountains has long been perceived as
unsustainable. However, since the late 1980s
it has become increasingly evident that
decline and coffapse are not afways
inevitable. The present article provides exam-
ples from the highlands of northern Thailand
to show that local food security can be
improved while impacts on the resource base
and the environment are minimized. This was

A mountain agroecosystem
on the verge of collapse

The following account of the Hmong vil-
fage of Pah Poo Chom (see following
description) found in the {iles of the Tribal
Research Center in Chiang Mai aptly por-
trays the dire situation of the highlands of
northern Thailland in the 1970s and 1980s:

After seven years most of the sur-
rounding forests had been cleared
and cropped with rice, opium and
maize. There was increasing competi-
tion for land from the neighboring
villages of Thai, Labu and Lisu. In
1970 the village grew 35 rai (5.6 ha)
of opium, but the vield was very low.
The village was exiremely poor, and
more than 55% ol the toial adule pop-

achieved with the help of cropping systems
developed and adapted by farmers them-
selves (Figure 1). Studying farmers’ manage-
ment techniques will allow this success to he
repeated elsewhere, but only if it is based on
the idea of dynamic variation in cropping sys-
term management that occurs within and
hetween mountain agroecosystems, defined
as agrodiversity.

ulation was addicted to opium. Many
had to make = living from employ-
ment ocutside the village.

The highlands of northern Thailand
are populated by several ethnic groups.
The people originally made a living from
slash-and-burn systems of land use broadly
classified as rotational and pioneer types
of shifting cultivation. Rotational shifting
cultivators {(Karen, H’un, Lua, and
Ehamu) rypically settled in one place to
grow rice and associated crops in a system
of rotaiion involving 1 year of cropping
and Y9-14 years of fallow. Pioneer shifting
cultivators (Hmong. I.ahu, Lisu, Yao,
Akha, and Haw) were migratory.

It was a harsh way of life with a con-
stant risk of crop failure. The system was



