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CHAPTER YV
HERITABILITY ESTIMATES OF THE PHYSIOLOGICAL
TRAITS FOR DROUGHT TOLERANCE AND GENOTYPIC AND
PHENOTYPIC CORRELATIONS WITH AGRONOMIC TRAITS
IN PEANUT (Arachis hypogaea L..) UNDER TERMINAL
DROUGHT CONDITIONS

Introduction

Improvement of drought tolerance in peanut (Arachis hypogaea L.), an
important oil and cash crop, would be beneficial in rainfed regions where drought is a
major constraint limiting productivity and quality. Terminal drought occurring during
the seed filling phase of peanut (Boote, 1982) has been observed to decrease pod yield
and increase preharvest aflatoxin contamination (Dorner et al., 1989; Nageswara Rao
et al., 1985; Ndunguru et al., 1995; Ravindra et al., 1990; Wright et al., 1991).
Breeding peanut varieties with drought resistance is seen as providing an importance
and sustainable part of the solution. In addition, preharvest aflatoxin contamination
may be reduced with improved resistance to drought (Cole et al., 1993; Girdthai et al.,
2008; Holbrook et al., 2008; 2009). Holbrook et al. (2000) and Girdthai et al. (2008)
found that some drought resistant genotypes were observed to have lower aflatoxin
contamination. However, breeding progress for drought tolerance in peanut based on
selection for yield only have been slow due to large and uncontrollable genotype by
environment (G x E) interactions. Breeding approaches using physiological traits
having high heritability and low G x E interactions can improve selection efficiency
for superior drought-tolerant genotypes, and supplement the selection based on yield

(Blum, 1988; Falconer and Mackay, 1996).

This paper was submitted for publication in Field Crops Research.
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Putative selection criteria that could be used as indirect selection to increase
drought tolerance in peanut have been identified (Craufurd et al., 1999; Hubick et al..
1986; Nigam et al., 2005; Wright et al., 1988; 1994; Wright and Nageswara Rao,
1994). Wallace et al. (1993) suggested that indirect selection for yield will be most
effective when applied to traits that already integrate most of the genetic and
environmental effects that lead to yield. Passioura (1986) have proposed a simple
model of yield based on the facts that pod yield is a function of water transpiration
(T), water used efficiency (WUE), and harvest index (HI). Drought tolerance might be
enhanced by improvement of soil water extraction capability or improvements in
WUE, or integration of both (Wright and Nageswara Rao, 1994; Hebbar et al., 1994).
Improvement of WUE could potentially lead to increased yield under limited moisture
availability. However, WUE is not easy to measure and may not be feasible selection
criteria in large segregating breeding populations. Wright et al. (1988) and Wright
et al. (1994) have found WUE to be negatively correlated with carbon isotope
discrimination (A) and specific leaf area (SLA) over wide ranges of varieties and
environments, but analysis of A are expensive and not feasible everywhere. SLA
which is negatively related to leaf thickness and photosynthetic capacity can be
measured easily and inexpensively. Although SLA is affected by environment and
genotype, the relationship between SLA and A is apparently stable across
environments in peanut (Nageswara Rao and Wright, 1994). This confirmed that SLA
can be used as a surrogate trait to increase WUE in peanut. Nageswara Rao et al.
(2001) and Upadyaya (2005) found a significant negative correlation between the
SPAD chlorophyll meter reading (SCMR), a rapid assessment for drought tolerance in
peanut and SLA, and suggested that this chlorophyll meter could be used as a rapid
and reliable measure to identify genotypes with low SLA and hence high transpiration
efficiency (TE) in peanut. Harvest index (HI) is an important trait that provides a
measure of total biomass actually part’itioned into pod yield. Genotypic correlations
between HI and SLA and SCMR were also found in peanut under well-watered and
drought conditions (Songsri et al., 2008). Duncan et al. (1978) suggested that
partitioning of assimilates expressed as HI has considerable effects on pod yield, and

breeding for high pod yield might be accomplished by selection for high HI.
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The effectiveness of selection for a trait depends on the relative magnitudes of
the genetic and non genetic causes expressed as the heritability of the trait. Relatively
few studies to date have investigated the heritabilities and genotypic correlations of
physiological traits for drought resistance in peanut, and none have been done under
terminal drought conditions. Hubick et al. (1988) reported that heritability estimates
were high for TE and especially for A, and there was no significant G x E interaction
for A. Songsri et al., (2008) found that heritabilities of physiological traits for drought
resistance in peanut were high (h? > 0.50) under drought and well-watered conditions,
and physiological traits like SLA, SCMR, HI, and drought tolerance index of pod
yield and biomags were associated well with agronomic traits under long periods of
drought. Cruickshank et al. (2004) also found that broad sense heritability estimates
for HI was high under rainfed conditions. However, they did not focus on terminal
drought which is the most important period affecting yield and inducing preharvest
aflatoxin contamination.

Efficient utilization of the physiological traits for improving drought resistance
in a breeding program requires an understanding of the inheritance and genetic
relationships of the trait that is available for selection. Limited information is available
on heritability and genotypic associations of physiological traits linked to yield and
agronomic traits in peanut. Hence, the objectives of this study were to estimate the
heritabilities of terminal drought resistance traits, genotypic and phenotypic
correlations between drought resistance traits and agronomic traits in peanut under
terminal drought, and relationships between drought resistance traits under well-
watered and terminal drought conditions in order to predict indirect responses to

selection for drought resistance.

Materials and methods

Genetics materials and experimental design

Four peanut F; hybrids (ICGV 98348 x Tainan 9, ICGV 98348 x KK60-3,
ICGV 98353 x Tainan 9 and ICGV 98353 x KK60-3) were generated from the
hybridization of 2 drought-resistant lines (ICGV 98348 and ICGV 98353; medium

maturing (110 days to maturity) and medium seeded type) selected for low yield



reduction and high pod yield under well-watered and terminal drought conditions with

KK60-3 (late maturing (120 days to maturity) and large seeded type) selected for high
biomass and Tainan 9 (early maturing (100 days to maturity) and medium seeded
type) having low seed yield and biomass under drought. KK60-3, ICGV 98348, and
ICGV 98353 are know to have high SCMR and low SLA under stress conditions,
Tainan 9 has high SLA and low SCMR under both stressed and non-stressed
conditions. The F; seeds were planted and their seeds harvested in bulk for each cross.
In I, and F; generations, one pod was kept from each plant and bulked for each cross.
Line separation was carried out in the F4 generation. A total of 140 lines (35 lines for
each cross) were randomly selected and multiplied in the F5 generation.

Parental lines énd the 140 families from 4 crosses were evaluated in the F4¢
and F47 generations (F4 — derived lines in the F¢ and F; generations, respectively)
under two soil moisture levels (field capacity (FC) and 1/3 available soil water (1/3
AW) at 80 days after planting (DAP) to final harvest) for two years in dry season
2006/07 and repeated in dry season 2007/08. A split plot design with four replications
was used for both years at the Field Crop Research Station, Faculty of Agriculture
Khon Kaen University located in Khon Kaen Province, Thailand (latitude 16° 28" N,
longitude 102° 48" E, 200 m above sea level). Soil type is Yasothon Series (loamy
sand, Ocix Paleustults) with the soil moisture of FC is 10.2 % and permanent wilting
point is 3.1 %. Two soil moisture levels, FC (10.2 %) and 1/3 AW (5.5 %) in 0-60 cm
depth were assigned as main plots, and peanut lines were laid out in subplots. Each
entry was planted in five row plots with 3 m length. Spacing was 40 cm between rows

and 20 cm between plants within the row.

Crop management

Soil was prepared by ploughing the field three times. Lime at the rate of 625
kg ha was applied at first ploughing. Nitrogen fertilizer as urea at the rate of 31.1 kg
N ha™', phosphorus fertilizer as triple superphosphate at the rate of 24.7 kg P ha™' and
potassium fertilizer as potassium chloride at the rate of 31.1 kg K ha' were
incorporated into the soil by broadcasting during soil preparation prior to planting.
Seeds were treated with captan (3a,4,7,7a-tetrahydro-2-[(trichloromethyl)thio]-1H

isoindole- 1,3(2H)-dione) at the rate of 5 g kg™ seeds before planting, and seeds of the
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large seeded genotypes were treated with ethrel (2-chloroethylphospphonic acid) 48 %
at the rate of2 ml L' water to break dormancy. The seeds were over planted and later
the seedlings were thinned to obtain one plant per hill at 14 DAP. Weeds were
controlled by the application of alachlor (2-cholro-2’, 6’-diethyl-N-(methoxymethyl)
acetanilide 48 %, w/v, emulsifiable concentrate) at the rate of 3 L ha™ at planting and
hand weeding during the remainder of the season. Gypsum (CaSQy) at the rate of 312
kg ha™' was applied at 47 DAP. Carbofuran (2,3-dihydro-2,2-dimethylbenzofuran-7-
ylmethylcarbamate 3 % granular) was applied at the pod setting stage. Pests and
diseases were controlled by weekly applications of carbosulfan [2-3-dihydro-2, 2-
dimethylbenzofyran-7-yl (dibutylaminothio) methylcarbamate 20 % w/v, water
soluble concentraté] at the rate of 2.5 L ha', methomyl [S-methyl- N-
((methylcarbamoyl)oxy) thioacetimidate 40 % soluble powder] at the rate of 1.0 kg
ha' and carboxin [5, 6-dihydro- 2-methyl-1, 4-oxathine-3 carboxanilide 75 %
wettable powder] at the rate of 1.68 kg ha™.

Water management

A subsurface drip irrigation system (Super typhoon®; Netafim Irrigation
Equipment & Drip Systems, Tel Aviv, Israel) with a distance of 20 ¢cm between
emitters was installed with a spacing of 40 cm between drip lines at 10 cm below the
soil surface midway between peanut rows to supply water to the crop and fitted with a
pressure valve and a water meter to ensure a uniform supply of the required amounts
of water. Soil water level was maintained at FC at 0-60 cm depth. This soil depth
should reasonably cover the majority of the rooting zone. In stress treatments, water
was withheld at 60 DAP for 20 days according to 20 years historical pan evaporation
data to allow soil moisture to gradually decline until reaching the predetermined levels
of 1/3 AW at 80 DAP, and then the soil moistures were held fairly constant until
harvest. Irrigation was applied reguleirly to prevent soil moisture from increasing or
decreasing by more than 1 % in each plot. In maintaining the specified soil moisture
levels, water was added to the respective plots by subsurface drip irrigation based on
crop water requirement and surface evaporation, which were calculated following the
methods described by Doorenbos and Pruitt (1992) and Singh and Russell (1981),

respectively.
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Data collection
Weather harameters

Relative humidity, pan evaporation, rainfall, maximum and minimum air
temperature, and solar radiation during two cropping seasons were recorded daily
from sowing until final harvest by a meteorological station located 600 m away from
the experimental field. Forty mm of the total amount of rainfall was recorded during
80-100 DAP in 2006/07, and 22.7 mm was recorded during this period in 2007/08
(Figure 1). Air temperature, relative humidity and evaporation in 2006/07 were higher
than in the 2007/08, especially during the water stress period. During stress period (80
DAP to final harvest), mean evaporation was 6.0 and 5.0 mm in 2006/07 and 2007/08,
respectively. The maximum and minimum air temperature ranged from 11.8 to 38.5
°C in 2006/07 and 14.5 to 35.2 °C in 2007/08, being lower during 80-110 DAP in
2007/08. Relative humidity ranged from 54 to 93 % in 2006/07 and from 57 to 92 %
in 2007/08. The seasonal mean solar radiation was 0.13 and 0.11 Cal cm™ in 2006/07
and 2007/08, respectively.



The dry season 2006/07
_ Rain fall

The dry season 2007/08
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Figure 1 Relative humidity (%) (a and b), pan evaporation (mm) (a and b), rainfall
(mm) (a and b), maximum and minimum air temperature (°C) (¢ and d), and
solar radiation (Cal/cm®) (¢ and d) during the crop growth period in 2006/07
(a and c) and in 2007/08 (¢ and d).

Soil moisture status

Soil moisture in each main plot was monitored using the gravimetric method
before planting, at planting, and three times after planting (60 DAP, 80 DAP, and at
final harvesting) at the depth of 0-5, 25-30, and 55-60 cm. Readings were taken at two
positions in each main plot. The measurement before planting was used for calculating
the correct amount of water to be applied for the crop. Soil moisture volume fraction
was also monitored at 10 day intervals from planting to final harvest using a neutron
moisture meter (Type [.LH. II SER, no. N0152, Ambe Didcot Instruments Co. Ltd,
Abingdon, UK). Five aluminium access tubes were installed in each main plot.

Readings were taken in access tubes from the depth of 30-90 ¢cm at 30 cm intervals.
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SPAD chlorophyll meter reading and specific leaf area

Da;(a were recorded for SCMR and SLA at 80 DAP. Five plants were
randomly selected in each plot to record SCMR and SLA following the procedure
described by Nageswara Rao et al. (2001). The second fully expanded leaves were
detached from the chosen plants at 10 AM and brought to the laboratory in zipped
polythene bags for recording observations. SCMR was recorded using a Minolta
SPAD-502 meter (Minolta SPAD-meter, Tokyo, Japan) on the four leaflets from each
leaf. An average SCMR for each plot was derived from 20 single observations (four
leaflets x 5 plants plot™). In recording the SCMR, care was taken to ensure that the
SPAD meter sepsor fully covered the leaf lamina and that interference from veins and
midribs was avoided.

After recording SCMR, the leaf area of all five sampled plants was measured
with a leaf area meter (LI 3100C Area Meter, LI-COR Inc., USA) after which the
leaves were dried in an oven at 80°C for at least 48 hours to determine leaf dry weight.
Immediately after drying, the leaves were weighed and the SLA was derived as leaf

area per unit leaf dry weight (cm” g).

Agronomic traits

For each plot excluding boarder plants, three rows with 2.6 m in length (3.12
mz) were harvested at maturity (R8) (Boote, 1982), and their pods and roots were
removed before taking fresh shoot weight in the field. Five plants were randomly
selected for measuring shoot fresh weight and then oven dried at 80°C for at least 48
hours and dry weight was measured. Shoot dry matter was then calculated and used in
determining shoot dry weight for a plot. Pod yields were weighed after air drying to
approximately 7-8 % moisture content. The number of mature pods per plant (mature
pods were separated from immature pods, which were identified by dark internal
pericarp color), number of seeds per pod, and 100 seed weight were also recorded at
final harvest. HI was computed by the following formula:

HI = pod weight / total biomass
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Statistical analysis

Analysis of variance was performed for each trait in each year following a split
plot design (Gomez and Gomez, 1984). Calculation procedures were conducted using
the MSTAT-C package (Bricker, 1989). Because water regime X genotype interaction
was significant, each water regime was analyzed separately according to a randomized
complete block design (RCBD) (Gomez and Gomez, 1984).

Estimates of broad sense heritability for the four crosses were calculated by
partitioning variance components of family mean squares to pooled environmental
variance (0°g) and genotypic variance (9°g), and then broad sense heritability estimates
(hzb) were calcuylated as follows (Holland et al., 2003):

E= Sk

O’p= %G + e fe + Ok /re
where, hzb = broad sense heritability, 52(; = genotypic variation, 52p = phenotypic
variation, r = number of replications, and e = number of environments. The standard
error (SE) of heritability (Singh et al., 1993) for each trait was calculated to give a
measure of the precision of the estimate.

As the evaluation of heritability was conducted in late generations (Fg and F)
of segregating materials when most genes were nearly fixed in individual genotypes, it
would be expected that additive genetic variances for the traits under study were fixed
through generation advance (Holland, 2001).

Phenotypic and genotypic correlations between drought tolerance traits and
agronomic traits, and correlations among physiological traits were calculated
following the methods of Falconer and Mackay (1996) as follows (Table 1):

Phenotypic correlation, rp (M3* M3) /[(M3* M3)]”2

Genotypic correlation, g = (Mz* Mz - Ma* M) / [(M3*- M*,) (M3- M,)]

I

Simple correlations were used to determine the relationships between biomass,
pod yield, and drought resistance traits under well-watered and drought conditions to
understand whether the performance of peanut genotypes were consistent across

environments.
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Table 1 Analysis of variance of cross and cross product.

Source of Degrees of Mean square MCP’ EMS? EMCP?
variation freedom of character
X ¥
Year (Y) Y-1
Rep. within Y Y(r-1)
Families (F)  F-1 Ms*  M; M*3M; 85+ 1%+  Spep+rdppsppt
red’s redpsp
FxY (F-DCY-1)  My* M, M* M, 8c+18%e  Spept rdppere
Pooled error  Y(r-1)(F-1) M* M, M* M, &% S
.

"MCP, mean square of cross product
*EMS, expected mean square

SEMCP, expected mean square of cross product

Results and Discussions

Soil moisture data

Soil moisture data between water stress treatments were different in both
years. Soil moisture measured by Neutron probe agreed well with those measured by
Gravimetric method. Average soil moisture under the drought conditions at 80 DAP
(5.7 % in both years) were less than the non-stressed treatment (11.5 % in 2006/07
and 10.2 % in 2007/08, respectively) (Figure 2). Under drought treatment, mean soil
moisture during the growing seasons was 8.2 % and 8.1 % in 2004/05 and 2005/06,
respectively. Soil moisture under drought conditions slightly decreased from 60 DAP
to 80 DAP. Soil moisture under the stressed treatment during the end of the season
(80-120 DAP) were 5.7 to 5.9 and 5.7 to 5.2 in 2007/08 and 2008/09, respectively.
After 80 DAP, the soil moisture content of both treatments was held fairly constant
until harvest. These results confirmed the soil moisture data in indicating that the

degrees of drought were reasonably controlled at the predetermined levels.
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Combine analysis

Corﬁbine analysis of variance showed large and significant differences
between all 140 genotypes for all traits (P < 0.01) (Table 2). This reveals that the
tested progeny displayed high variation. Hence, heritability of the traits can be
estimated in these populations. Significant difference in years for HI, SLA under both
stressed and non-stressed conditions and SCMR under non-stressed were also found
(P < 0.05 to P < 0.01), but were not found for pod yield and biomass. Differences
among interaction effects of year x genotypes (Y x G) for pod yield, biomass, HI
under stressed and non-stressed conditions, and SLA under stressed were also
significant (P <0.05 to P <0.01). Y x G interaction effects for SCMR and SLA were
lower than PY and BIO. The Y x G interaction effect was not significant for SCMR
under both water regimes and SLA under non-stressed conditions. The significant
G x E interaction indicates that relative performance across environments 1is
inconsistent among genotypes. For traits to be useful in breeding programs, they must
be consistent from year to year. In this study, SCMR, and SLA showed a high degree
of consistency in comparison to yield and biomass and thus it is appropriate to use

them for screening peanut with drought resistance.
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Heritability of traits

Hefitability is a function of a breeding population and the conditions under
which a study is conducted (Falconer and Mackay, 1996). It provides an indication of
the expected response to selection in a segregating population, and is useful in
designing an effective breeding strategy. In this study, heritability estimates for
physiological traits were higher than for agronomic traits, and varied among crosses
(Table 3). The heritabilities for pod yield (ranged from 0.25 to 0.79) and biomass
(ranged from 0.17 to 0.66) were moderate, but high for HI (ranged from 0.58 to 0.85),
SCMR (ranged from 0.66 to 0.91), and SLA (ranged from 0.64 to 0.90). The estimates
of high heritabjlity for physiological traits in the present study were generally in
agreement with those previously reported by Songsri et al., (2008). Ntare and
Williams (1998) also reported that heritability of pod yield was lower than partitioning
coefficient but higher than other physiological components (crop growth rate and
duration of reproduction growth) of their yield model. Cruickshank et al. (2004) also
found that heritability estimates for HI were high (varied from 58-85 %) and varied
significantly between crosses depending on levels of genetic variation in parents. In
the present, the heritabilities for all three physiological traits ranged from 0.58 to 0.91,
and the heritabilities for pod yield and biomass ranged from 0.17 to 0.79. Standard
errors for physiological traits were also lower than for pod yield and biomass,
especially under non-stressed conditions. Thus, the expected genetic gain per cycle of
selection will be less for pod yield and biomass compared with HI, SCMR, and SLA.
The large heritability for HI and for SCMR and SLA indicates that selection for these
traits should be very effective. Heritabilities for traits were similar under different
water regime and positive correlations between traits under different water regimes
were significant (r = 0.32*¥*-0.44**) (Table 3), indicating that these traits could be

selected under either well-watered or terminal drought conditions.
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Selection for HI, SCMR, and SLA would allow improvefnent of these traits
and offersA the potential to transfer desirable benefits such as increased WUE and
drought tolerance to peanut. Evolutionary response to selection requires significant
additive genetic variance for a given trait (Falconer and Mackay, 1996). Additive gene
action has been the main factor responsible for variation in many agronomic traits in
peanut. Previous studies reported that HI and SLA are mainly under additive genetic
control and SCMR was found to be under the influence of both additive and non
additive gene effects (Dwivedi et al., 1998; Jayalakshmi et al., 1999; Lal et al., 2006;
Nigam et al., 2001; Suriharn et al., 2005). Hence, selection should be effective. Nigam
et al. (2001) found that the selection for SLA and HI can be effective in early
generations. They also suggest that the selection can be done in late generation to
exploit the effect of additive x additive interaction.

Considerable genetic variation and high heritability estimates of physiological
traits in this study indicate that selection for increasing drought resistance in peanut
using HI, SCMR, and SLA should be successful. Although all physiological traits
studied here were found to be highly heritable, genetic correlations between
physiological trait and economic traits are needed in order to predict the response of

yield and other agronomic traits from selection based on the physiological traits.

Phenotypic and genotypic correlations between drought resistance traits
and agronomic traits

Significant correlations between drought resistance and agronomic traits were
observed (Table 4). Genotypic (rg) and phenotypic (rp) correlations were similar,
hence, only rg is reported. Positive correlations were found between HI and pod yield,
number of mature pods per plant, and seeds per pod (rg = 0.48** to 0.78**). Positive
correlations between SCMR and pod yield, biomass, and seed size were also
significant (rg = 0.23** to 0.34**%). Results of this study indicate that selection for
higher HI and SCMR will result in higher pod yield in peanut. SLA was negatively
correlated with agronomic traits (rg = -0.08* to -0.35**, respectively). Negative
correlations between SLA and pod yield and biomass under stressed conditions were
found (rg = -0.14** to -0.35**), but were not observed under well-watered conditions.

Small correlations between SLA and the yield components number of mature pods per
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plant and seed size were also found (rg = -0.22* to 0.08*, respectively). Thus,
genotypes»with low SLA tend to have high pod yield, biomass, and large number
mature pods per plant and seed size. Associations between SLA and agronomic traits
were stronger under terminal drought conditions, indicating that selection for SLA

under drought would be more effective than selection under non-stressed conditions.

Table 4 Genotypic (rg) correlations between drought tolerance traits [harvest index
(HI), SPAD chlorophyll meter reading (SCMR), and specific leaf area
(SLA) ] and agronomic traits [pod yield, biomass, number of pods/plant
(PPP)&, seed/pod, and seed size] for 140 progeny lines of peanut under well-

watered conditions and drought conditions in the dry season of 2006/07 and

2007/08.
Drought tolerance Agronomic traits
traits Pod yield  Biomass PPP Seed/pod Seed size
Well-watered conditions
HI 0.66%* -0.34%* 0.69%* 0.32** 7 d0.20%*
SCMR 0.34%* 0.23%* 0.00 SLLIFEE (3]
SLA -0.05 0.01 0.08%* -0.01 -0.17**

Drought conditions

HI 1.0 R -0.08* . 78%* 0.48**  0.05
SCMR 0.30** 0.28** -0.08* -0.11* 25+
SLA -0.35%* -0.14** -0.08* -0.01 -0.22%*

* and ** significant at P < 0.05 and significant at P <0.01, respectively.

Genotypic associations in our study demonstrated that lower SLA and higher
HI and SCMR were associated with increased pod yield. Hence, a breeding approach
using these traits could be used to inctease pod yield in peanut. Genotypic correlations
between SCMR and SLA and agronomic traits were weak and found to be lower than
rg between HI and agronomic traits. However, SCMR and SLA are markedly less
costly to evaluate and have been used to identify drought resistance in peanut. SLA
was found to be associated with photosynthetic capacity. Low SLA expressed as

thicker leaves usually has a higher density of chlorophyll per unit leaf area and hence
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a greater photosynthetic capacity than thinner leaves (Nageswara Rao et al., 1995;
Nageswara Rao and Wright, 1994; Wright et al., 1994). Although SLA is affected by
environment and genotype, the relationship between SLA and A and WUE is
apparently stable across environments in peanut (Nageswara Rao and Wright, 1994;
Wright et al., 1994; Upadhyaya, 2005). Furthermore, SLA was also found to be
closely associated with HI (Songsri et al., 2008) and SCMR, a rapid assessment for
leaf nitrogen and chlorophyll content in peanut (Nageswara Rao et al., 2001; Songsri
et al., 2008; Upadhyaya, 2005). Significant correlations between SCMR and A, TE,
and SLA have been observed over a wide range of environments (Arunyanark et al.,
2008; Nigam anc} Aruna, 2008; Sheshshayee et al., 2006). Nigam et al. (2005) suggest
that the SPAD chlorophyll meter, a portable hand held instrument, provides an easy
opportunity to integrate a surrogate measure of WUE with pod yield in a drought
resistance breeding program.

Because of low rg between SCMR and SLA and agronomic traits, the use of a
combination of physiological traits as a selection index may be advantageous to
increase the effectiveness of drought resistance breeding programs. In addition,
Bandyopadhyay et al. (1985) and Subbarao et al. (1995) suggested that breeding for
drought resistance using integrated of a selection index based on physiological traits
such as leaf area, specific leaf weight and leaf dry weight and components of yield
was more efficient than an index based on yield components alone, and are more

useful in crop improvement programs than single traits.

Genotypic correlations among drought resistance traits in well-watered
and stressed conditions

Correlations between traits of interest can be used to determine if selection for
one trait will have an effect on another trait. Genotypic associations among drought
tolerance traits of 140 progeny lines under non-stressed and terminal drought
conditions were calculated in this study (Table 5). Genotypic correlations among
drought resistance traits were found under both water regimes. Positive and significant
correlation between HI and SCMR were found under non-stressed (rg = 0.15**) and
stressed (rg = 0.16%*) conditions. The SLA was found to be inversely associated with

SCMR and HI. Under terminal drought, SLA was negatively correlated with HI (rg =
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-0.33**) and SCMR (rg = -0.31**). Under non-stressed conditions, negative
correlation between SLA and SCMR was also observed (rg = -0.42**). This confirms
the earlier finding report by Songsri et al. (2008) and indicates that all three
physiological traits can be used as indirect selection tools for each other, especially

under stressed conditions.

Table 5 Genotypic (rg) correlation among drought tolerance traits for progeny from
all 4 peanut crosses (140 progeny lines) under field capacity (FC) and 1/3
available water (1/3AW) in the dry season of 2006/07 and 2007/08

(degregs of freedom = 556).

1/3AW FC
SCMR SLA SCMR SLA
HI (.3 58" -0.33** 0.14** -0.05
SCMR -0.31** -0.42%*

* and ** significant at P < 0.05 and significant at P < 0.01, respectively.

Conclusions

Breeding for drought resistance in peanut requires the information of
heritability and genetic associations among traits to be used in determining a proper
selection scheme. Our results implies that HI, SLA, and SCMR are potentially useful
as indirect selection index for terminal drought resistance because of their low G x E
interactions, high heritabilities and significant correlations with pod yield and the
other agronomic traits. Plant breeding approaches using these traits might be effective
for improving terminal drought tolerance in peanut. This study found that selection for
HI is expected to have a greater effect on yield and other agronomic traits than
selection for SCMR and SLA. However, SCMR and SLA are easier to measure and
should be more applicable in breeding programs with large segregating populations.
To increase the effectiveness of breeding program for drought resistance, SCMR and
SLA could be used as the first screening tools to reduce breeding material and then HI

could be employed on the most promising material. In addition, the use of an
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integrated selection index based on these physiological traits might be profitable in

breeding programmes.
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CHAPTER VI
HERITABILITY OF, AND GENOTYPIC CORRELATIONS
BETWEEN, AFLATOXIN TRAITS AND PHYSIOLOGICAL
TRAITS FOR DROUGHT TOLERANCE UNDER END OF
SEASON DROUGHT IN PEANUT (Arachis hypogaea L.)

Introduction

Preharvest aflatoxin contamination (PAC), induced by terminal drought and
heat stress, in peanut (Arachis hypogaea L.) is an important quality problem with
serious health concern worldwide. Aflatoxins, which are toxic secondary metabolites,
are well recognized as potent carcinogenic, teratogenic and immunosuppressive
substances (Turner et al., 2000; Wild and Hall, 2000; Hall and Wild, 2003) produced
when toxigenic strains of the fungi Aspergillus flavus Link. ex Fries and A. parasiticus
Speare grows on peanuts subjected to drought (Blankenship et al., 1984). Hence, a
solution for eliminating or reducing PAC is necessary. Late season irrigation to
alleviate drought stress of plants is effective in reducing PAC in the field (Dorner
et al., 1989). However, cultivars with resistance to PAC are still needed, especially at
locations where irrigation is not available.

Reduction of PAC through genetic manipulation has been attempted in
breeding programs in many countries. However, identification of aflatoxin resistance
traits and incorporation of pertinent traits into peanut has been a challenge for
breeders. Genotype by environment (G x E) interactions are the main factor hindering
the progress of breeding programs for lower PAC, and consistency and accuracy in
field experimentation has been difficult to achieve (Anderson et al., 1995; Anderson

et al., 1996; Holbrook et al., 1994).

This paper was submitted for publication in Field Crops Research.
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Seed colonization can only be used as an initial screen because of the generally
poor correlation between fungal growth and aflatoxin production. On the other hand,
screening for resistance to PAC is also limited by the expense of directly measuring
aflatoxin content. Thus, an indirect measure of PAC resistance in peanut is needed to
accelerate progress in breeding programs.

PAC may be reduced with improved resistance to drought (Cole et al., 1993;
Holbrook et al., 2008; 2009). Recent studies have shown a relationship of increased
drought tolerance and reduced aflatoxin production (Arunyanark et al., 2009a; Girdthai
et al., 2009; Holbrook et al., 2000). However, improvement of drought resistance based
on yield is also hindered by high G x E interactions (Jackson et al., 1996; Araus et al.,
2002). Droughkt resistance traits with lower G x E interactions are promising as
indirect selection tools for improving resistance to PAC. Nigam and Aruna (2008)
suggest that the SPAD chlorophyll meter reading (SCMR) and specific leaf area
(SLA), are simple and stable drought resistance traits that are easy to measure in large
breeding populations. Arunyanark et al. (2009a) found significant relationships
between physiological traits for drought resistance such as SLA, root length density
(RLD), and chlorophyll density (ChID), with aflatoxin contamination under long term
drought. Girdthai et al. (2009) also found that SLA, relative water content, ChlD, and
drought stress ratings are the best traits to use as indirect selection tools for lower
PAC under terminal drought conditions. Thus, physiological traits for drought
tolerance may help breeders to reduce aflatoxin contamination in peanut.

Few studies to date have investigated the inheritance of aflatoxin traits in
peanut. Arunyanark et al. (2009b) found moderate heritabilities for seed infection and
aflatoxin contamination. They also found that aflatoxin traits were genetically
correlated with drought tolerance traits, especially with HI, SLA and SCMR.
However, they did not focus on terminal drought which is the most important period
for PAC. The effectiveness of mechanisms of drought resistance is dependent on the
timing and duration of drought stress. Drought escape mechanisms play an
importance role under terminal drought which differs from long period drought
(Subbarao et al., 1995; Clavel et al., 2004). From this perspective, the inheritance of

aflatoxin traits under long term and terminal drought might be different.
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To develop proper breeding strategies for incorporating resistance to drought
and PAC, a breeder must identify sources of resistance, and determine the genetic
control of resistance. Specific research on sources of resistance to aflatoxin in peanut
has been conducted, but research on inheritance to elucidate the gene action
controlling resistance to drought and PAC and to develop improved screening
strategies has been limited. Hence, the objectives of the present study were to estimate
the heritability of aflatoxin traits and genotypic and phenotypic correlations between
drought resistance traits and PAC in peanut in order to predict indirect responses of

PAC thought selection for drought resistance traits.

Materials and methods

Genetics materials and experimental design

Four populations developed by crossing 2 drought resistant genotypes, ICGV
98348 and ICGV 98353, with 2 commercial cultivars, KK 60-3 and Tainan 9, were
used to study inheritance of resistance to drought and PAC. Two peanut genotypes
[ICGV 98348 and ICGV 98353; medium maturing (110 days to maturity) and medium
seeded type] are elite drought-resistant lines obtained from the International Crops
Research Institute for the Semi-Arid Tropics (ICRISAT) having low PAC with high
pod yield (Girdthai et al., 2009). KK60-3 [late maturing (120 days to maturity) and
large seeded type] selected for high PAC and biomass and Tainan 9 [early maturing
(100 days to maturity) and medium seeded type] selected for high PAC and low
biomass (Girdthai et al., 2009) are released cultivars and widely grown in Thailand.
Four Fy hybrids (ICGV 98348 x KK60-3, ICGV 98348 x Tainan 9, ICGV 98353 x
KK60-3, and ICGV 98353 x Tainan 9) were obtained from the hybridization. The F,
seeds were planted and their seeds harvested in bulk for each cross. In F, and F;
generations, one pod was kept from each plant and bulked for each cross. Line
separation was carried out in the F4 generation. A total of 140 lines (35 lines for each
cross) were randomly selected and multiplied in the Fs generation.

Parental lines and the 140 lines from 4 crosses were evaluated in the F4 and
F4.7 generations (Fs—derived lines in the Fs and F; generations, respectively) under two

soil moisture levels [field capacity (FC) and 1/3 available soil water (1/3 AW) at 80
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days after planting (DAP) to final harvest] for two years in the dry season 2006/07 and
repeated in the dry season 2007/08. A split plot design with four replications was used
for both years at the Field Crop Research Station, Faculty of Agriculture Khon Kaen
University located in Khon Kaen Province, Thailand (latitude 16° 28" N, longitude
102° 48" E, 200 m above sea level). Soil type is Yasothon Series (loamy sand, Ocix
Paleustults) with 10.2 % soil moisture at FC and 3.1 % at permanent wilting point.
Two soil moisture levels, FC (10.2 %) and 1/3 AW (5.5 %) in 0-60 cm depth were
assigned as main plots, and peanut lines were laid out in subplots. Each entry was
planted in five row plots with 3 m length. Spacing was 40 cm between rows and 20

cm between plants within the row.
[4

Crop management

Soil was prepared by ploughing the field three times. Lime at the rate of 625
kg ha™! was applied at first ploughing. Nitrogen fertilizer as urea at the rate of 31.1 kg
N ha™, phosphorus fertilizer as triple superphosphate at the rate of 24.7 kg P ha™ and
potassium fertilizer as potassium chloride at the rate of 31.1 kg K ha' were
incorporated into the soil by broadcasting during soil preparation prior to planting.
Seeds were treated with captan (3a,4,7,7a-tetrahydro-2-[(trichloromethyl)thio]-1H
isoindole- 1,3(2H)-dione) at the rate of 5 g kg™ seeds before planting, and seeds of the
large seeded genotypes were treated with ethrel (2-chloroethylphospphonic acid) 48 %
at the rate of 2 ml L™ water to break dormancy. The seeds were over planted and later
the seedlings were thinned to obtain one plant per hill at 14 DAP. Weeds were
controlled by the application of alachlor (2-cholro-2’, 6’-diethyl-N-(methoxymethyl)
acetanilide 48 %, w/v, emulsifiable concentrate) at the rate of 3 L ha™ at planting and
hand weeded during the remainder of the season. Gypsum (CaSQOy) at the rate of 312
kg ha™' was applied at 47 DAP. Carbofuran (2,3-dihydro-2,2-dimethylbenzofuran-7-
ylmethylcarbamate 3 % granular). was applied at the pod setting stage. Pests and
diseases were controlled by weekly applications of carbosulfan [2-3-dihydro-2, 2-
dimethylbenzofuran-7-yl (dibutylaminothio) methylcarbamate 20 % w/v, water
soluble concentrate] at the rate of 2.5 L ha', methomyl [S-methyl-N-
((methylcarbamoyl)oxy) thioacetimidate 40 % soluble powder] at the rate of 1.0 kg
ha' and carboxin [5, 6-dihydro- 2-methyl-1, 4-oxathine-3 carboxanilide 75 %
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wettable powder] at the rate of 1.68 kg ha™".

Water management

A subsurface drip irrigation system (Super typhoon®; Netafim Irrigation
Equipment & Drip Systems, Tel Aviv, Israel) with a distance of 20 cm between
emitters was installed with a spacing of 40 cm between drip lines at 10 cm below the
soil surface midway between peanut rows to supply water to the crop. Drip lines were
fitted with a pressure valve and a water meter to ensure a uniform supply of the
required amounts of water. Soil water level was maintained at FC at 0-60 cm depth.
This soil depth should reasonably cover the majority of the rooting zone. In stress
treatments, water was withheld at 60 DAP for 20 days according to 20 years historical
pan evaporation data to allow soil moisture to gradually decline until reaching the
predetermined levels of 1/3 AW at 80 DAP, and then the soil moistures were held
fairly constant until harvest. Irrigation was applied regularly to prevent soil moisture
from increasing or decreasing by more than 1 % in each plot. In maintaining the
specified soil moisture levels, water was added to the respective plots by subsurface
drip irrigation based on crop water requirement and surface evaporation, which were
calculated following the methods described by Doorenbos and Pruitt (1992) and Singh
and Russell (1981), respectively.

A. flavus inoculation

Inoculum of toxigenic 4. flavus was prepared and introduced into test plots to
ensure the presence of sufficient aflatoxin-producing fungi in the pod zone. The
aflatoxin producing strain of A. flavus used in this study was kindly provided by the
laboratory of Suranaree University of Technology, Nakhonratchasima province,
Thailand. Conidia of 4. flavus from a 10 days culture were transferred to peanut-based
medium (ground peanut seed and pods) and incubated at 25-30 °C for 14 days before
being used as inoculum. The 4. flavus inoculum at the rate of 375 kg ha™' were

broadcasted to peanut plots at 30 DAP.
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Data collection
Soil moisture status and weather data

Soil moisture in each main plot was monitored using the gravimetric method
before planting, at planting, and three times after planting (60 DAP, 80 DAP, and at
final harvesting) at the depth of 0-5, 25-30, and 55-60 cm. Readings were taken at two
positions in each main plot. The measurement before planting was used for calculating
the correct amount of water to be applied for the crop. Soil moisture volume fraction
was also monitored at 10 day intervals from planting to final harvest using a neutron
moisture meter (Type I.H. II SER, no. N0152, Ambe Didcot Instruments Co. Ltd,
Abingdon, UIS)' Five aluminium access tubes were installed in each main plot.
Readings were taken in access tubes from the depth of 30-90 cm at 30 cm intervals.

Weather data during two cropping seasons were recorded daily from sowing
until final harvest by a meteorological station located 600 m away from the
experimental field. Forty mm of the total amount of rainfall was recorded during 80-
100 DAP in 2006/07, and 22.7 mm was recorded during the same period in 2007/08
(Figure 1). Air temperature, relative humidity and evaporation in 2006/07 were higher
than in the 2007/08, especially during the water stress period. During stress period
(80 DAP to final harvest), mean evaporation was 6.0 and 5.0 mm in 2006/07 and
2007/08, respectively. The maximum and minimum air temperature ranged from 11.8
to 38.5 °C in 2006/07 and 14.5 to 35.2 °C in 2007/08, being lower during 80-110
DAP in 2007/08. Relative humidity ranged from 54 to 93 % in 2006/07 and from 57
t0 92 % in 2007/08. The seasonal mean solar radiation was 0.13 and 0.11 Cal cm™ in

2006/07 and 2007/08, respectively.
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Figure 1 Relative humidity (%) (a and b), pan evaporation (mm) (a and b), rainfall
(mm) (a and b), maximum and minimum air temperature (°C) (¢ and d),
and solar radiation (Cal/cm?) (¢ and d) during the crop growth period in
2006/07 (a and c) and in 2007/08 (¢ and d).

SPAD chlorophyll meter reading and specific leaf area

Data were recorded for SCMR and SLA at 80, 90, and 100 DAP. Five plants
were randomly selected in each plot to record SCMR and SLA following the
procedure described by Nageswara Rao et al. (2001). The second fully expanded
leaves were detached from the chosen plants at 10-12 AM and brought to the
laboratory in zipped polythene bags for recording observations. SCMR was recorded
using a Minolta SPAD-502 meter (Minolta SPAD-meter, Tokyo, Japan) on the four
leaflets from each leaf. An average SCMR for each plot was derived from 20 single
observations (four leaflets x 5 plants plot™). In recording the SCMR, care was taken to
ensure that the SPAD meter sensor fully covered the leaf lamina and that interference

from veins and midribs was avoided.
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Aftgr recording SCMR, the leaf area of all five sampled plants was measured
with a leaf area meter (LI 3100C Area Meter, LI-COR Inc., USA) after which the
leaves were dried in an oven at 80°C for at least 48 hours to determine leaf dry weight.
Immediately after drying, the leaves were weighed and the SLA was derived as leaf

area per unit leaf dry weight (cm? gh).

Biomass and pod yield
For each plot excluding boarder plants, three rows with 2.6 m in length (3.12
m?) were harvested at maturity (R8) (Boote, 1982), and their pods and roots were
removed beforg taking fresh shoot weight in the field. Five plants were randomly
selected for measuring shoot fresh weight and then oven dried at 80°C for at least 48
hours and dry weight was measured. Shoot dry matter was then calculated and used in
determining shoot dry weight for a plot. Pod yields were weighed after air drying to
approximately 7-8 % moisture content. HI was computed by the following formula:
HI = pod weight / total biomass
Drought tolerance indices (DTI) for each parameter were calculated for the trait under

1/3 AW to that under FC conditions as suggested by Nautiyal et al. (2002).

A. flavus and aflatoxin measurements

At harvest, pods from each plot were dried and hand shelled. One hundred
seeds were randomly selected to examine for A. flavus colonization. Seeds were
surface sterilized by soaking in a 10% aqueous solution of Clorox (0.525 % NaOCl)
for 5 min, rinsed with autoclaved distilled water, and placed on a moistened sterilized
germination paper in a sterilized box. After 7 days incubation at room temperature
(25-30 °C), seeds were examined for green conidial heads of 4. flavus to determine the
percent colonization.

Aflatoxin contamination was determined by using final random 100 g seed
sample from each plot. Aflatoxin B, was analyzed by a competitive Enzyme Linked
Immunosorbent Assay (ELISA) method modified from that used by Chu et al. (1987)
and Chu (1989). After grinding, a 20 g subsample was placed in 100 ml of methanol-
dimethyl formamide — water solution (70:1:29 % v/v). The sample was then

homogenized at high speed in an electric grinder for 3 min, and allowed to settle for
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10 minutes. Microtitre plate (Microtitre plate. — “NUNC” maxisop®, 96 wells) with
antigens oh the surface (solid phase) was used for this assay. The wells of a microtitre
plate were coated with aflatoxin B; — oxime — BSA (bovine serum albumin) (Sigma
A-6655) and incubated in the dark at room temperature (25 °C) for 60 minutes and
then washed 3 times. The supernatant from each sample was collected and then loaded
simultaneously with a competitive agent (anti — aflatoxin B; — BSA — HRP (Horse
radish peroxidase) conjugate (Sigma A-2681)) into wells of the microtitre plate. After
incubation and washing, the amount of enzyme on binding site of the anti — aflatoxin
B; — BSA — HRP which bound in the surface of each well was determined by
incubation with a specific substrate solution. The optical density was read at a
wavelength of 492 nm by an ELISA reader. Standard sample as 1000, 500, 250, 125,
62.5, 31.2, 15.6, 7.8, and 0 ppb with 4 replicates were also analyzed simultaneously
with the samples in each microtitre plate for construction of a standard absorbance
concentration curve on a semi log graph. The relative amount of aflatoxin By of the

sample was then calibrated by comparing with those of the standard curve.

Statistical analysis
Analysis of variance was performed for each trait in each year following a split plot
design (Gomez and Gomez, 1984). Because water regime X genotype interaction was
significant, each water regime was analyzed separately according to a randomized
complete block design (RCBD) (Gomez and Gomez, 1984), and data under drought
treatment, excluding the data from well-irrigated treatment, were reported herein.
Kernel infection and aflatoxin contamination were also analyzed only under drought
conditions. Calculation procedures were conducted using Statistix 8 (Analytical
Software, Tallahassee, FL, USA).

As the evaluation of heritability estimates was conducted in late generations
(F¢ and F-) of segregating materials’when most genes were nearly fixed in individual
genotypes, it would be expected that additive genetic variances for the traits under
study were fixed through generation advance (Holland, 2001). Estimates of broad-
sense heritability for the four crosses were calculated by partitioning variance
components of family mean squares to pooled environment variance (8%) and

genotypic variance (0°), and then broad-sense heritability estimates (h%) were



109

calculated as follows (Holland et al., 2003):

b’y = 8% / 0%

&p= 0’6+ e le + 5 /re,
where h* = broad sense heritability, §°; = genotypic variation, ¢%p = phenotypic
variation, r = no. of replications, and e = no. of environments. The standard error (SE)
of heritability (Singh et al., 1993) for drought tolerance traits and PAC were
calculated to give a measure of the precision of the estimate.

Phenotypic and genotypic correlations between aflatoxin traits and drought
tolerance traits were calculated based on progeny means (140 lines) following the
methods of Falﬁconer and Mackay (1996), more descriptive information could also be

seen in Songsri et al. (2008).

Results

Soil moisture status

Soil moisture data measured by Neutron probe and Gravimetric method were
similar and showed significant difference between water treatments for both years
(Figure 2). Average soil moisture under the drought conditions slightly decreased
from 60 DAP to 80 DAP. At 80 DAP, soil moisture under drought treatment (5.7 % in
both years) were lower than the irrigated conditions (11.5 % in 2006/07 and 10.2 % in
2007/08, respectively). The soil moisture content of both treatments was held fairly

constant from 80 DAP until harvest.
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Figure 2 Soil moisture volume fraction (a and c) at planting, 10, 20, 30, 40, 50, 60,
70, 80, 90, 100 days after planting (DAP), and at final harvest and
gravimetric soil moisture content (b and d) at planting, 60, 80 DAP and at
final harvest under different water regimes [field capacity (FC) and 1/3
available water (1/3 AW)] average from 0-60 cm depth in 20062007 (a and
b) and 2007/2008 (¢ and d).

Combined analysis of variance

Large and significant differences between the 140 genotypes for aflatoxin
traits were found (P < 0.01) indicating genetic variations for these characters (Table
1). This also reveals that the heritability of the traits can be estimated in these
populations. Difference in years for seed infection and aflatoxin contamination were
significant (P < 0.05 to P < 0.01). Interaction effects of year x genotypes (Y x G) for

seed infection and aflatoxin contamination were also significant (P < 0.05 to
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P <0.01). Y x G interaction effects for seed infection was higher than for aflatoxin
contamination. The significant G x E interaction indicates that aflatoxin traits across

environments are inconsistent among genotypes.

Table 1 Mean square from the combined ANOVA for aflatoxin traits [4. flavus
infection and aflatoxin contamination] at final harvest under terminal

drought of 140 genotypes in the dry season of 2006/07 and 2007/08.

Source of variation  df A. flavus infection Aflatoxin contamination
Year (Y) 1 324,212 ** 7,711,945 *

Rep. within Y 6 1,256 827,147

Genotypes (G) ‘ 139 613 64,896 **

YxG 139 416 ** 44309 *

Pooled error 834 412 17,184

* and ** are significant at 0.05 and 0.01 level of probability, respectively.

Yield, physiological traits, and aflatoxin traits under terminal drought

Wide ranges for pod yield and biomass were observed and reported herein
(Table 2). Differences among genotypes for pod yield and total biomass were greater
in 2006/07 than in 2007/08 (as indicated by the wide ranges of means). Average pod
yield in 2007/08 (2,180 kg ha') was higher than in 2006/07 (2,002 kg ha™). In
2006/07, however, average total biomass was 7,354 kg ha'', and higher than in
2007/08 (7,210 kg ha™). Mean and range of SCMR were not different between years.
Wide ranges of SLA and aflatoxin traits in 2007/08 were found. In 2007/08, means of
SLA and aflatoxin traits were higher than in 2006/07 with the exception of SLA at
100 DAP.
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Heritability of aflatoxin traits

Heritabilities for seed infection and aflatoxin contamination were low to
moderate (Table 3). In this study, the heritability estimates for seed infection and
aflatoxin contamination were not significantly different. The heritabilities for seed
infection ranged from 0.48 to 0.58, and the heritabilities for aflatoxin contamination

ranged from 0.24 to 0.68.

Table 3 Heritability estimates for aflatoxin traits [4. flavus infection and
aflatoxin contamination] at final harvest under terminal drought

corzditions of four peanut crosses in the dry season of 2006/07 and

2007/08.
Broad sense heritability
Peanut crosses A. flavus infection Aflatoxin contamination
ICGV 98348 x Tainan 9 048 + 030" Q68" & ~0.23
ICGV 98348 x KK 60-3 058 = 0.29 030 '+ 033
ICGV 98353 x Tainan 9 B3l 03 040 = 0.30
ICGV 98353 x KK 60-3 0.56 + 0.28 024 + 0.34
4 cross 050 = 0.28 032 + 0.30

T Standard error.

Phenotypic and genotypic correlations between aflatoxin traits and drought
tolerance traits

Significant correlations between aflatoxin traits and DTI (PY), DTI (BIO), HI,
biomass and pod yield under terminal drought conditions were found (Table 4).
Genotypic correlations (rg) between traits were stronger than phenotypic correlations
(rp). Correlations of aflatoxin cor{tamination with DTI (BIO) were highest (rp =
-0.23**, 1 = -0.57**), followed by correlations with HI (rp = -0.20**, rg = -0.36**)
and DTI (PY) (rp = -0.13**, rg = -0.25**). Weak correlations between pod yield and
aflatoxin contamination were found (rp = -0.14** rg = -0.08*), but significant

correlations were not found between pod yield and A. flavus infection. Positive
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associations between biomass and aflatoxin traits were also significant (rp = 0.32%%*,
G = 0.41%* to 0.53**). Correlations between A. flavus infection and drought tolerance
traits were weak (rp = -0.07* to -0.25%*, rg = -0.11** to 0.41**), and lower than
correlation between aflatoxin contamination and drought tolerance traits (rp = -0.13**

to -0.23** rg =-0.08* to 0.57**).

Table 4 Phenotypic (rp) and genotypic (rg) correlations between pod yield,
biomass, and drought tolerance index for pod yield (DTI (PY)) and
biomass (DTI (BIO)), and harvest index (HI) with aflatoxin traits
[A.cﬂavus infection and aflatoxin contamination] from all progeny lines

under drought in the dry season of 2006/07 and 2007/08.

A. flavus infection Aflatoxin contamination
Traits I'p IG Irp IG
Pod yield 0.02 -0.06 -0.14 **  -0.08 *
Biomass Q32" 0.41 ** 0.06 035 F¥
DTI (BIO) -0.87 T¢ -0.11  ** -0.23 **  -0.57 **
DTI (PY) “Bpls. ** Q.19 *# -0.13  **  -0.25 **
HI 0,25 K -0.28  ** -0.20 **  -0.36 **

* and ** are significant at 0.05 and 0.01 level of probability, respectively.
"DTI were calculated by the ratio of stressed

(1/3 available water (AW)) / non-stressed (field capacity (FC)) conditions.

Phenotypic and genotypic correlations between physiological traits and aflatoxin
traits

Close associations between physiological traits for drought resistance and
aflatoxin traits were found (Table 5). Phenotypic correlation between SLA and PAC
(rp = 0.40** to 0.46**) and genotypic correlations between SCMR and SLA and PAC
(rg = -0.45** to 0.81**) were moderate to high. Phenotypic and genotypic
correlations between physiological traits and 4. flavus infection (rp = -0.10** to
0.29%*, 15 = -0.11** to 0.45**) and phenotypic correlation between SLA and PAC
(rp = -0.30** to -0.40**) were rather low. Associations between physiological traits

and aflatoxin contamination were higher than associations between physiological
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traits and 4. flavus infection, indicating that selection for low SLA and high SCMR
would have an effect on PAC more than on 4. flavus infection. Positive correlations
between SLA at 80, 90, and 100 DAP and 4. flavus infection and PAC were
significant (rp = 0.13** to 0.46**, rg = 0.26** to 0.81**). This indicated that selection
for lower SLA or thicker leaf will result in lower PAC and seed infection in peanut.

SCMR was negatively correlated with aflatoxin traits (rp = -0.10** to -0.40**, rg =

-0.11%* to 0.66**). Thus, genotypes with high SCMR or leaf nitrogen content tend to
have low PAC. SLA at 100 DAP and SCMR at 80 DAP seem to be the best
physiological traits for lower PAC because of high correlation with PAC.

.

Table 5 Phenotypic (rp) and genotypic (rg) correlations between drought tolerance
traits [specific leaf area (SLA) and SPAD chlorophyll meter reading
(SCMR)] at 80, 90, and 100 days after planting (DAP) and aflatoxin traits
[4. flavus infection and aflatoxin contamination] at final harvest from all 4
peanut crosses (140 progeny lines) under drought conditions in the dry

season of 2006/07 and 2007/08.

Aflatoxin traits

Drought tolerance A. flavus infection Aflatoxin contamination
traits Ip G I'p I
SCMR
80 DAP -0.06 -0.23  ** -0.40 ** -0.66 **
90 DAP -0.10 ** -0.31 ** (.31 ** -0.45 **
100 DAP 0.03 -0.11  ** -0.30 ** -0.51 **
SLA
80 DAP 0.04 026 ** 0.40 ** 0.68 **
90 DAP 013 *¢ (37 ** 0.41 ** 037 **
100 DAP 029 ** 045 ** 0.46 ** 0.81 **

* and ** are significant at 0.05 and 0.01 level of probability, respectively.
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Discussions

Aflatoxin production in peanut appeared to be greatly influenced by the
environment. Due to environmental and G x E interaction effects, genotypes reported
to have resistance to aflatoxin production have been shown not to have consistency
across different growing environments (Anderson et al., 1995; Anderson et al., 1996;
Holbrook et al., 1994). G x E interactions of aflatoxin traits found in this study
confirmed that field-based selection approaches for eliminating PAC in peanut will be
difficult to achieve. Moreover, heritabilities of Aspergillus infection and aflatoxin
contamination in, this study were rather low. Thus, the expected genetic gains from
selection for aflatoxin traits will be low. Estimates of low to moderate heritabilities for
aflatoxin traits were generally in agreement with those previously reported by
Arunyanark et al. (2009b). Utomo et al. (1990) also reported that resistance to seed
infection and aflatoxin production in peanut inform the crosses AR-4 x NC 7 and
GFA-2 x NC 7 are controlled by difference genes with low heritabilities (ranged from
0.20 - 0.63). Mixon (1976), however, found high heritability estimates for seed
infection in a population from the cross P1 337409 x PI 331326.

The ability to maintain pod and plant moisture contents under drought stress
has been proposed as a main mechanism that can help to maintain the capacity of
plants to produce stilbene phytoalexin preventing PAC (Dorner et al., 1989; Wotton
and Strange, 1985). Hence, a possible means of reducing PAC in peanut is the use of
cultivars with improved resistance to drought stress. Breeding progress using this
approach might be accelerated if the physiological traits for drought resistance that
contribute to, or are associated with, aflatoxin resistance could be identified.

Researchers have demonstrated the correlations between drought tolerance
traits and aflatoxin contamination in order to identify an indirect selection tool for
eliminating PAC in peanut (Arunyanark et al., 2009a; Girdthai et al., 2009; Holbrook
et al., 2000). Holbrook et al. (2000) found the significant relationships between the
drought resistance traits, canopy temperature and visual stress rating, with PAC, and
proposed that these traits might be useful in indirectly selecting for lower PAC.
However, Girdthai et al. (2009) suggested that although drought stress rating seems to

be a fast and inexpensive tool, the correlation to PAC was not consistent. Therefore,
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drought stress ratings might be used in combination with other physiological traits as
indirect selection tools for lower aflatoxin contamination. They found that
associations between SLA and canopy temperature with PAC were more consistent
and stronger. Arunyanark et al. (2009a) also found that PAC was associated well with
SLA, SCMR, root length density, and drought tolerance indices under long period
drought conditions. SLA and SCMR seem to be the best indirect selection criteria for
reducing PAC because these traits have high heritability, and are less variable and less
expensive to measure (Songsri et al., 2008). Information on the genetic correlations
between drought tolerance traits and Aspergillus infection and aflatoxin contamination
should be useful in determining the most effective breeding scheme for developing
peanut cultivarts with reduced aflatoxin contamination.

Genotypic associations between aflatoxin traits and drought tolerance traits
found in this study demonstrated that genotypes with high DTI (PY), DTI (BIO), and
HI tend to have low A. flavus infection and PAC. This implied that the ability to
maintain higher biomass and pod yield during drought periods may be important traits
enabling cultivars to resist aflatoxin production. Weak correlations between PAC and
pod yield in this study confirmed the finding of Holbrook et al. (2000) who found a
negative phenotypic correlation between aflatoxin contamination and yield under
drought stressed conditions. Hence, selection of genotypes which have higher yield
under drought conditions could also lower aflatoxin contamination compared to lower
yielding genotypes.

Close associations between physiological traits for drought resistance and
aflatoxin traits reported herein implied that SLA, and SCMR are potentially useful as
indirect selection tools to reduce PAC. SLA and SCMR have been used to identify
drought resistant genotypes in breeding programs (Nageswara Rao and Wright, 1994
Nigam and Aruna, 2008; Wright et al., 1994). Significant correlations between SCMR
and SLA with other physiological traits for drought tolerance, such as carbon isotope
discrimination, harvest index, and transpiration efficiency, have been observed over a
wide range of environments (Arunyanark et al., 2008; Nigam and Aruna, 2008;
Sheshshayee et al., 2006). SLA was associated with variation in photosynthetic
capacity and chlorophyll density expressed as high SCMR (Wright and Nageswara
Rao, 1994; Nageswara Rao et al., 1995; 2001). Therefore, peanut genotypes with low
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SLA, or thicker leaves have more photosynthetic capacity or chlorophyll density.
Through this study we have found that selection for high SCMR and low SLA is
expected to have a greater effect on 4. flavus infection and PAC than selection for the
other drought resistance traits. Moreover, SCMR and SLA are less variable and easier
to measure than aflatoxin and drought resistance traits based on yield. Hence, these
traits should be more applicable in breeding programs with large segregating

populations.
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CHAPTER VII
GENERAL DISCUSSION AND CONCLUSION

Breeding for drought tolerance is an important strategy to increase long-term
productivity, and reduce PAC in peanut under drought prone environments. However,
improvement of drought resistance and lower PAC is particularly timely, given the
huge developments in this area in the past decade. Utilizing drought-resistant peanut
genotypes could overcome the PAC problem which is a serious health concern
worldwide. Ine breeding programmes worldwide, selection for drought resistance has
been primarily on' the basis of yield and biomass. Progress from this procedure has
been slow because of low heritability and high G x E interactions of the trait. Breeding
approaches using physiological traits have been proposed to improve selection
efficiency for superior drought-tolerant genotypes and found to be an indirect
selection tools for lower PAC. The information on physiological traits contributing to
yield and preventing the seed from fungus infection and PAC under terminal drought
stress might reveal the underlying mechanisms from which improved strategies could
be developed to enhance the effectiveness and progress of breeding programmes for
drought resistance in peanut. Hence, indirect selection tools for drought resistance and
lower PAC need to be developed and tested.

This thesis research was comprised of four series of experiments including
screening techniques for root characteristics, identifying physiological traits for
drought resistance as indirect selection tools for lower PAC, and estimating
inheritance of drought resistance and aflatoxin traits in peanut. The first study
(Chapter III) was focused on the association between root characteristics of peanut
grown in hydroponic and pot experiments in order to explore the easiest way to study
root characteristics of peanut. The second (Chapter IV) examined the association
between surrogate traits of drought tolerance and aflatoxin contamination in peanut
genotypes under terminal drought, the third and forth part (Chapter V and VI)
estimated the heritabilities of terminal drought resistance traits, agronomic traits, and
aflatoxin traits, and estimate genotypic and phenotypic correlations between drought-

resistant traits and agronomic traits and PAC in peanut under terminal drought. The
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results of each study are presented individually in Chapters III to VI and were
discussed separately. In this chapter, the main findings of our study will be discussed.

Chapter 1II clearly demonstrated that root characteristics of peanut grown in
hydroponic were closely related with those of peanut grown in both small and large
pot conditions. In general, the performance of peanut genotypes with respect to root
characteristics in pot conditions was quite similar to that of peanut genotypes grown in
hydroponic. Root dry weight, root length, root surface, average diameter of roots, and
root volume of peanut in hydroponic were positively correlated with root
characteristics in pot studies. This indicates that the hydroponic systems could be used
to select peanut with difference root characteristics, such as root dry weight, root
length, roo; average diameter, and root volume instead of selection of these
characteristics in peanut grown in soil medium. Similar results have been observed
when this issue was investigated using other field crops (Mian et al., 1993;
Ogbonnaya et al., 2003). Mian et al., (1993) found correlations between root and shoot
fresh weight in hydroponic for wheat grown in containers with adequate or excess
moisture. Their studies indicated that the root and shoot growth of wheat in
hydroponic culture were to some extent predictive of root and shoot growth in soil
medium. Ogbonnaya et al., (2003) also found that the correlation between root
volume of cowpea in hydroponic and pot conditions was significant.

The largest root production of peanut genotypes grown in hydroponic
conditions were Virginia-types followed by Spanish-types. Tifton-8 and KK 60-3 had
consistently higher values for all root characteristics compared to the other genotypes.
ICGV 98300, ICGV 98324, ICGV 98330, ICGV 98348, and non-nod exhibited poorly
for all characteristics. These results were consistent with those of Ketring (1984) and
Rucker et al., (1995) who investigated the root diversity among different peanut
genotypes in soil medium. In our study, the growth of root characteristics showed
typical sigmoid curves of plant growth in which the curves reached a plateau between
60-100 DAP and then declined at 120 DAP. In a hydroponic study, Pandey and
Pendleton (1986) found substantial genetic variation and also demonstrated that root
length and root volume of peanut increased exponentially up to 70 DAP. These results
confirm those reported earlier by McCloud (1974) who found a maximum

accumulation of dry weight for peanut root systems by 78 DAP. Meisner and Karnok
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(1992) found that root growth of peanut in soil medium can continue until 110 days
after planting. In this study, the assessment of root at 80 DAT was the best because of
high F-ratios and low CVs.

Literature showed that hydroponic culture can be used for screening cultivars
with improved drought tolerance. Ogbonnaya et al., (2003) found significant
relationships between drought-resistant traits (WUE) of cowpea in field conditions
and root biomass, root volume, and shoot biomass in hydroponic. Furthermore,
Ekanayake et al., (1985) observed that root characteristics of rice grown in hydroponic
culture were significantly correlated with visual field drought resistance scores and
with leaf water potential.

Droﬁght'stress can be simulated under hydroponic conditions, and induced by
adding suitable osmotic substance. This might be a useful tool to study the effect of
drought in field crops. Fan and Blake (1997) studied the use of polyethylene glycol
(PEG), an osmotic substance with a high molecular weight, to simulate drought. They
observed that when PEG contacts with leaves, it can damage leaf tissue and stomata.
Mannitol is an alternative osmotic substance that could be used to induce water stress
without directly damaging leaf tissue (Dastgheib et al., 1990). However, additional
research on hydroponic culture with simulated drought is needed before using it to
study the effect of drought in peanut.

In Chapter IV, our findings indicated that drought promoted the growth and
persistence of A. flavus populations. These are in agreement with the reports by
Blankenship et al., (1984) who also observed that A. flavus grows very readily under
high soil temperatures and low soil moisture contents. Our results reconfirm the idea
that high soil temperature and terminal drought conditions are favorable for seed
colonization by A. flavus and consequent aflatoxin contamination. Drought-resistant
genotypes seemed to have lower 4. flavus colonization and aflatoxin contamination.
Tifton-8 which is a drought resistant germplasm line had low seed colonization and
aflatoxin contamination. These results confirm those reported earlier by Chenault
et al., (2004) and Holbrook et al., (2000a) who found that Tifton 8 had some
resistance to PAC. Tifton 8 had low visual stress rating (Rucker et al., 1995) and high
phytoalexin (Sobolev et al., 2007) under water stress. However, Anderson et al.,

(1995) and Holbrook (2000b) did not observe a reduction in PAC in Tifton 8
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compared with other genotypes under drought. We also found that the ICRISAT
genotypes ICGV 98305, ICGV 98348, and ICGV 98353 also had relatively low
aflatoxin contamination.

Reponses of drought on the basis of yield and biomass were investigated in
Chapter IV. The results demonstrated that terminal drought had more effect on pod
yield than on total biomass. With regard to G x E interaction effects, responses of
peanut genotypes to terminal drought were different between years. Differences
among peanut genotypes for total biomass and pod yield under different water regimes
were found in both years. Tifton 8 and KK60-3 exhibited the highest biomass
production under terminal drought. Drought resistance germplasm line, IGCV 98348,
had the hig%est'pod yield under water stress. Drought-tolerant genotypes on basis of
high DTI of total biomass and pod yield were ICGV 98305, ICGV 98324, and ICGV
98348.

Field-based selection approaches for eliminating PAC have been slow due to
large and uncontrollable environmental effects and G x E interactions, leading to large
coefficients of variation in aflatoxin concentrations (Anderson et al., 1995; Holbrook
et al., 1994). In Chapter IV, the correlations between physiological traits for drought
resistance and A. flavus colonization and PAC were consistent even though the
ranking of cultivars in 4. flavus infection and PAC was quite different between the
years. This indicated that breeding for low PAC in peanut might be achieved based on
physiological selection for drought resistance. Correlations between A. Sflavus
colonization and PAC and surrogate traits of drought resistance were found only under
water stressed conditions but were not found under well watered conditions.
Correlations between DTI of biomass and PAC revealed that peanut genotypes with
an ability to maintain high biomass production under terminal drought also had
relatively low PAC.  Positive correlations between SLA, DSR, and canopy
temperature and PAC were also significant. Correlation between DSR and aflatoxin
production has been reported in peanut by Holbrook et al., (2000a) who found
significant positive correlations between PAC and visual stress ratings. They also
found a negative correlation between aflatoxin contamination and yield under
drought-stress conditions. Negative and significant correlations between ChID and

RWC and PAC have also been observed in this study. These observations indicated
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that a genotype which had a greater level of drought tolerance would be more resistant
to PAC than a drought susceptible genotype.

Results presented in Chapter IV indicated that SLA and RWC may be useful
and promising tools for selecting peanut genotypes with reduced A. flavus
colonization and PAC. SLA has been used to identify drought-resistant traits of
peanut, and can be an efficient tool for selecting peanut with drought tolerance in
breeding programs (Nageswara Rao and Wrigth 1994; Wright et al., 1994). SLA and
RWC are less variable and cheaper to measure than PAC. Moreover, these traits are
stable across environments due to low G x E interactions (Wright et al., 1988;
Nageswara Rao et al., 1995, 2001). Nautiyal et al., (2002) found the relationship
between SLA ;nd RWC was conclusive evidence for the role of SLA in maintaining
plant water status during stress and demonstrated the ability of genotypes with low
SLA to maintain leaf water status to support metabolic activities as well as to maintain
favorable leaf temperature. The ability to maintain pod and plant moisture contents
under drought stress has been proposed as a main mechanism that can help to maintain
the capacity of plants to produce stilbene phytoalexin preventing PAC (Dorner et al.,
1989; Wotton and Strange, 1985). Hence, a possible means of reducing PAC in peanut
is the use of cultivars with improved resistance to drought stress.

Chapter V showed that heritability estimates for physiological traits (HI,
SCMR, and SLA) were higher than for agronomic traits, and varied among crosses.
The estimates of high heritability for physiological traits in the present study were
generally in agreement with those previously reported by Songsri et al., (2008). Ntare
and Williams, (1998) also reported that heritability of pod yield was lower than
partitioning coefficient but higher than other physiological components (crop growth
rate and duration of reproduction growth) of their yield model. Cruickshank et al.,
(2004) also found that heritability estimates for partitioning factor like HI were high
(varied from 58-85 %) and varied significantly between crosses depending on levels
of genetic variation in parents. Thus, the expected genetic gain per cycle of selection
will be less for pod yield and biomass compared with HI, SCMR, and SLA because
they were found to have low heritability.

The large heritability for HI and for SCMR and SLA indicates that selection

for these traits should be very effective. Additive gene action has been the main factor
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responsible for variation in many agronomic traits in peanut. Previous studies reported
that HI'and SLA are mainly under additive genetic control and SCMR was found to be
under the influence of both additive and non additive gene effects (Dwivedi et al.,
1998; Jayalakshmi et al., 1999; Lal et al., 2006; Nigam et al., 2001; Suriharn et al.,
2005). Hence, selection should be effective. Nigam et al., (2001) found that the
selection for SLA and HI can be effective in early generations. They also suggestd
that the selection can be done in late generations to exploit the effect of additive x
additive interaction.

Genetic correlations between physiological traits and economic traits can
predict the response of yield and other agronomic traits from selection on the basis of
the physioloéical traits. Genotypic associations in our study (Chapter V) demonstrated
that lower SLA and higher HI and SCMR were associated with increased pod yield.
Genotypic correlations between SCMR and SLLA and agronomic traits were weak and
found to be lower than rg between HI and agronomic traits. However, SCMR and
SLA are markedly less costly to evaluate and have been used to identify drought
resistance in peanut. Although SLA is affected by environment and genotype, the
relationship between SLA and A and WUE is apparently consistent across
environments in peanut (Nageswara Rao and Wright, 1994; Wright et al., 1994;
Upadhyaya, 2005). Furthermore, SLA was also found to be closely associated with HI
(Songsri et al., 2008) and SCMR, a rapid assessment for leaf nitrogen and chlorophyll
content in peanut (Nageswara Rao et al., 2001; Songsri et al., 2008; Upadhyaya,
2005).

Because of low rg between SCMR and SLA and agronomic traits found in
Chapter V, the use of a combination of physiological traits as a selection index may be
advantageous to increase the effectiveness of drought resistance breeding programs. In
addition, Bandyopadhyay et al., (1985) and Subbarao et al., (1995) suggested that
breeding for drought resistance using an integrated selection index based on
physiological traits such as leaf area, specific leaf weight and leaf dry weight and
components of yield was more efficient than an index based on yield components
alone, and are more useful in crop improvement programs than single traits.

G x E interactions of aflatoxin traits found in this study confirmed that field-

based selection approaches for eliminating PAC in peanut will be less successful.
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Moreover, heritabilities for seed infection and aflatoxin contamination were low to

moderate (Chapter VI). Hence, physiological traits for drought resistance are
promising traits to reduced PAC in peanut. Genotypic associations between aflatoxin
traits and drought-tolerant traits found in this study (Chapter VI) demonstrated that
genotypes with high DTI (PY), DTI (BIO), and HI tend to have low A. flavus infection
and PAC. This implied that the ability to maintain higher biomass and pod yield
during drought periods may be important traits enabling cultivars to resist aflatoxin
production. Weak correlations between PAC and pod yield in this study confirmed the
finding of Holbrook et al., (2000) who found a negative phenotypic correlation
between aflatoxin contamination and yield under drought stressed conditions. Hence,
selection of éenotypes which have higher yield under drought conditions could also
lower aflatoxin contamination compared to lower yielding genotypes.

Researchers have demonstrated the genotypic associations between drought-
tolerant traits and PAC in order to identify an indirect selection tool for eliminating
PAC in peanut. Arunyanark et al., (2009a) found that PAC was associated well with
SLA, SCMR, root length density, and drought tolerance indices under long period
drought conditions. SLA and SCMR seem to be the best indirect selection criteria for
reducing PAC because these traits have high heritability, and are less variable and less
expensive to measure (Songsri et al., 2008). Close genotypic associations between
physiological traits for drought resistance and aflatoxin traits reported in Chapter VI
suggested that SLA, and SCMR are potentially useful as indirect selection tools to
reduce PAC. In this study, we have found that selection for high SCMR and low SLA
is expected to have a greater effect on lower A. flavus infection and PAC than
selection for the other drought-resistant traits. Hence, these traits should be more
applicable in breeding programs with large segregating populations.

In conclusion, drought-tolerant traits can be potentially used as indirect
selection tools for resistance to PAC. Our findings showed that genotypes with high
chlorophyll density, high water status in leaf, and low SLA or high leaf thickness
under terminal drought had relatively low 4. flavus colonization and PAC. These
physiological traits can also be used as effective tools for selection of peanut
genotypes with terminal drought tolerance and low levels of PAC. SLA seems to be

the best surrogate trait for drought tolerance and low PAC because its low G x E
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interactions and a good correlation to PAC. The genotypes ICGV 98305, ICGV
98348, and ICGV 98353 that are elite drought-resistant lines from ICRISAT, and
Tifton- 8 that is a drought-resistant line from USDA were observed to have relatively
low preharvest aflatoxin contamination in these studies. Inheritant study (Chapter V
and VI) revealed that physiological traits are potentially useful as an indirect selection
index for terminal drought resistance and lower PAC because of their low G x E
interactions, high heritabilities and significant correlations with agronomic traits and
aflatoxin traits. Plant breeding approaches on the basis of surrogate traits for drought
resistance might be effective for improving terminal drought tolerance and lower PAC
in peanut. This study found that selection for HI is expected to have a greater effect on
yield and other agronomic traits than selection for SCMR and SLA. However, SCMR
and SLA are easier to measure and should be more applicable in breeding programs
with large segregating populations. Furthermore, SCMR and SLA were also correlated
well with PAC, and the correlations with PAC were stronger than with HI. The use of
an integrated selection index should be useful to increase the effectiveness of breeding

for drought resistance and lower PAC.
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