1 9 A Physiological Approach to the
Understanding of Genotype by
Environment Interactions — A Case
Study on Improvement of Drought

Adaptation in Groundnut

G.C. Wright!, R.C. Nageswara Rao? and M.S. Basu®
!Queensland Department of Primary Industries, PO Box 23, Kingaroy, Qld
4610, Australia; 2ICRISAT, Patancheru PO, Andhra Pradesh 502 324, India;
3All Coordinated Project on Groundnut Improvement, National Research
Centre for Groundnut, Junagadh, Gujarat, India

Abstract

Current phenotype models utilized by plant breeders partition traits, such as
reproductive yield (Y), into the ‘statistical’ components of genetic (G), environ-
mental (E), and genotype by environment (GxE) interaction. Traits such as
yield commonly have large GXE interaction terms. Breeders often have little
information concerning the physiological basis of this GxE interaction, thus
leaving them without a clear idea of how to further exploit the material. Better
knowledge of the physiological basis for the differential responses of genotypes
to specific environments should improve the efficiency with which the breeder
can characterize material for its G, and GxE interaction, and hence increase
the speed at which superior genotypes can be identified.

This chapter describes a simple physiological model to Improve the under-
standing of the basis of GxE interactions in groundnut under drought
conditions.

The physiological model, proposed by Passioura was used to define the
yield (Y) as the product T x TE x HI, where T = amount of water transpired,
TE = transpiration efficiency and HI = harvest index. Past and current studies
have attempted to quantify these comp in easily ble ways. TE in
peanuts was measured via carbon isotope discrimination and specific leaf area.
HI was estimated by measuring pod yield and total dry matter at maturity. T
was estimated by substituting estimates of Y, TE, and HI in the identity above.

The modei components were analysed from an experiment consisting of 50

grown across multiple environments (seven locations, three water
treatments and three replications).

The results from this analysis enables us to:
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1. obtain additional information on GxE interactions with very little extra

investment in time and ces, since the p s of the model could be
d simply and

2. facilitate selection of pmmslgenotypa with specific adaptive traits, and

3. highlight negative associations between yield determining traits.

The various Amumpuons in the proposed model are being verified in an
on going international collaborative project involving Indian and Australian
scientists.

Introduction

The exi of genotype by envi (GXE) i jons for grain yield in
crops has licated selection and breeding strategies for many years. GXE inter-
action Is noticeable when genotypes being cvaluawd rank differently among trials
conducted in different locations and seasons. In the pasL considerable attention bas
been diverted to the lop of statisti 10 investigate this pheno-
menon in multi-locational data sets based moslly on observations of grain yield
(Kang, 1990). A significant GxE interaction for a complex trait such as yield,
reduces the usefulness of genotype means across envil for selecting superior
genotypes. Thus, selection for yield in a sample of environments has been a largely
empirical procedure, which is very slow and expensive per unit genetic gain.
Current phenotype models partition quantitative uzits such as yield (1), into the

“statistical’ components of genetic (G), envi I (E), GXE i jon, and
error. Traits such as yield commonly have laxgc GxE interaction terms. Breeders
often have litue i it 8 the physiological basis of this O interac-

tion, thus leaving them without a clear ndca of how to further exploit the material. The
role of physical environmental factors (Frecman and Perkins, 1971) and biotic factors
(Gravois et al., 1990) in explaining GXE interactions has received recent attention. A
number of approaches have tried to link climatic comp such as temp
solar radiation or a combination of various envi factors, with yield. These
auempts have had only limited success because climatic variables are confounded,
and there is no mechanistic basis for studying the variation in crop performance.

An alternative approach is to quantify the effects of environmental factor(s) on
diﬂemu physmlogu:al pmcessm contributing directly or indirectly to the yield

jonships into crop growth models (Muchow

etal, 1991 Carben'y and Mucbow 1992) 10 assess genotypic performance across
environments, Better knowledge of the physiological basis for the performance of
genotypes in variable environments should improve the efficiency with which the
breeder can characterize material for its G, andeEmuracdon. undbencenncruse
the speed at which superior genotypes can be identified/devel

Simple analytical crop models, such as those proposed by Monteith (1977),
Passioun (1977) and Dunun e al, (1978), provide a good framework for the

g of yield variation among different genotypes in vanable environ-

mena.p:wxdedthe:ﬂ'easor i on the physiologi
contributing (o yield are quantified. At the present time, these models probably offer
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the most scope for improving the efficiency of selection in breeding programs
because, for a relatively minor investment in extra data collection, an improved
physiological understanding of genotypic variation in yield perf under dif-
fering environmental conditions can be obtained.
This chapter gives a case study of how a simple physiological model might be
applsed ina ;naal breeding pmgram An overview of this approach, and a brief
iate simple physiological models, has been given by Bidinger
etal (Chaplcr 17 this volume). The concept of how E and GxE interaction effects
in multi-environment trials can be better understood and quantified via the use of
these simple models, is further explored using a simple water resource model
applied to groundnut.

Physiological Model

‘The model, originally proposed by Passioura (1977), states that pod yield (YP) under
waler limited conditions is given by the identity:

Y,-TxTExHI (19.)
where, T is the amount of water transpired by the crop (in mm), TE is its efficiency
of use in dry matter production (g dry matter per kg water transpired), and HI is the
proportion of total biomass partitioned into pods, or the barvest index (HI). The
three parameters of the model i.e. T, TE and HI and their product YP. arc signifi-

cantly infl d by the envi as well as the genotyp: Analysisofypwimin
this framework provides a basis for understanding genotypic variation across a
range of environments,
Cunem studies with groundnut (Wright and Nageswara Rao, 1994b) are
pting to /q y the p of this model across a wide range of
so that their ibution to genotypic yield variation and to GXE
interactions, can be better und d and the knowledge used to impi plant
breeding practice.

For any model to be useful in improving the efficiency of a breeding program, it
is essential that the parameters are easily and simply obtained, so that breeders can
use and apply them without substantial investment in time and data collection. In
general, crop physiologists have not appreciated this constraint faced by breeders,
and have therefore not been able to adequately extend and/or apply their often very
relevant findings to ‘real life’ breeding programs. Williams (1992) recently proposed
bow a simple analy mode! app using the of crop growth rate,
partitioning and pbenology, could be used for murpmuuon of data from multi-
location groundnut trials. In this chapter we present an approach to measure/estimate
the model parameters of equation (19.1), so that these technologies could potentially

be applied in breeding programs.

Transpiration efficiency (TE)

Variation in TE can occur due to both environmental and genetic factors. The fol-
lowing expression for TE illustrates these sources of variation:
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TE=Alg, = [p(1-pfp V16 (e~ ¢) (19.2)

where A is the assimilation rate (in pmol m™2 s°1), g, is the stomatal conductance (in
molm 57!, ¢, and ¢, (mbar), p; and p, (ppm) are the inter-cellular and atmospheric
vapour pressures fotwuu:deO, respectively.

From the genetic point of view, it can be s¢en from equation (19.2) that
decreases in p/p, at the leaf and canopy level will increase TE at a given ¢, - ¢,, of
vapour pressure deficit (VPD) between the leaf and air. Significant genetic variation
among groundnut genotypes in p/p,, and hence TE, has been observed (Hubick ef
al., 1986, 1988). The balance between A and g, will ultimately determine the mag-
nitude of p/p,. In groundnut, it appears that increases in leaf assimilation rate (A)
relative to g,, which cause p; to fall and TE to increase, are responsible for the
observed genotypic variation (Hubick ef al., 1988; Wright ef al., 1988, 1994).

Equation (19.2) also indicates that TE can be strongly influenced by environ-
mental changes in VPD between the air and leaf. For instance, growing crops in
semi-arid conditions where VPD is high, will substantially reduce TE. Thus, the
same genotype grown in envi with ing VPD will bave substantially
different TE values.

Tanner and Sinclair (1983) introduced a simple concept to enable comparison
of TE among species and cultivars, independently of VPD. They stated that TE was
inversely proportional to the average VPD, with k being the constant of propor-
tionality, i.e.:

TE=ki(e,~¢,). (19.3)

Thus, using this simple analysis, it is possible to use k o compare TE, indepen-
dently of VPD, and hence look for genotypic variation without ding due 1o
environmental effects.

Although large variation in TE has been recenty observed in groundnut, it can-
not be easily exploited due 1o practical difficulties iated with its
p larly in the field situation, which requires accurate estimates of root biomass
and transpiration. This limitation may have been overcome following recent
research that has found significant correlations between TE and leaf carbon isotope
discrimination (A) for groundnut under both glasshouse (Hubick et al., 1986, 1988)
and field (Wright e al., 1988, 1994) conditions. Thcory predicts that TE and A
should be correlated at the leaf level in C3 phnu\ via mdependem hnks to p/p, (see

Farquhar e al., 1982). The A meas-
ure of p;, and hence TE, over the life of the plant. Thxs research has therefore raised
the possibility of using A as a rapid, d ive measure for selection of high
TE in large-scale groundnut breeding programs

Despite its close correlation with TE, A is still very expensive o analyse in
plant tissues, costing around US$20 per sample. However, further research suggests
there may be a cheaper surrogate measure available, with the finding that bighly
significant relationships between TE (and A) and specific leaf area (SLA, cm? g™)
exist over a wide range of genotypes and environments (Nageswara Rao and
Wright, 1994), thus opening up new possibilities for utilization of a rapid and
economical screening toof to identify genotypes with high TE in large-scale breed-
ing programs.
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Flg. 19.1. F ip between iration efficiency coefficient (k) and leaf carbon isotope

discrimination () for data derived from groundnut transpiration efficiency studies in field based
mini-lysimeters.

In order to allow comparisons of groundnut genotypic differences in TE (based
on A or SLA) that are independent of VPD differences due to environment/location,
Wright and Nageswara Rao (unpublished data) have further analysed the field data
of Wright er al. (1988, 1994) to derive a relationship between A and  for groundnut.
Values of k from a range of groundnut germplasm, which differed in TE under well-
watered and water-stressed conditions (Wright ef al., 1988, 1994) were calculated
from equation (19.3), and regressed against the A. Fig. 19.1 shows the sig-
nificant linear relationship (r2=0.80) found. This shows that estimates of VPD
corrected TE could be obtained from A measurements. Wright and Nageswara Rao
(unpublisbed data) bave also used the theoretical approach described by Hubick and
Farquhar (1989) to show that there is close agreement between theoretical and meas-
ured responses between & and A, Further detailed experiments to measure TE and A
in coatrasting VPD environments are needed to validate the generality of this rela-
tonship.

The simation with TE estimated from SLA is not as clear, as the mechanistic
and theoretical basis of the relationship is not as yet understood. Highly significant
linear relationships between A (and bence TE) and SLA have been observed for
genotypes grown over a range of environments (Table 19.1). The slopes and inter-
cepts of the regression equations (Table 19.1) are reasonably similar among
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Table 19.1. Regression equations relating specific leaf area (SLA) to A for a range of peanut genotypes

over contrasting environments.

Regression equation 2 Comments Source

A=150:0038(SLA) 087 Kingaroy, Bundaberg (Australia) N Rao and
well watered, and dmughl quht (19%4)
stress 4 genotypes

A = 14.240.04(SLA) 0.81 Kingaroy (Austraiia) drought Wright et al. (1994)
4 genotypes

A 216.440.033(SLA) 0.51 Kingaroy (Australia) well Wright e al. (1992)
watered 300 F, lines

A =14.040.033(SLA) 091 Kingaroy, Bundaberg (Australia) Wright and Nageswara
cv. Tifton, different canopy Rao (1994b), Wright
positions and Hammer (1994)

A =13.440.033(SLA) 051 10 genotypes water deficit at Nageswara Rao et al.
ICRISAT Hyderabad, India (1993)

A=12240.037(SLA) 053 irrigated and droughted, N Rao ot al.
ICRISAT Hyderabad,India (1995)

cnvironments. The apparent stability of this relationship across genotypes and
environments raises the possibility of deriving estimates of TE from SLA measure-
ments, via a relevant A/SLA relationship (Table 19.1), by using equation (19.4) and
an average VPD for a specific site. In practice, it will probably be necessary to
derive the slope and y intercept for this relationship for a subset of genotypes in

specific environments to ensure that reliable A estil from SLA
are achieved. For the current ple we use an ged form of the relationship
presented in Table 19.1, as:

A=0.03 (SLA) + 14.0 (19.4)

In summary, we propose that it should be possible to derive estimates of VPD
comrected TE for specific genotypes in given environments using equations 19.3 and
19.4, and Fig. 19.1, with measurements of A and/or SLA, and average VPD over a
season,

Harvest index (H1)

HI can be easily estimated in ¢ jonal breeding prog by the additional
measurement of total dry matter (TDM)'at maturity, These estimates will be reliable
when leafl material is retained until matrity, however there can be problems in
groundnut where severe drought stress or foliar diseases cause leaves o abscise
before maturity. Where foliar diseases are likely, it is suggested that adequate pro-
phylactic chemical control is applied to ensure leaf material is retained, and bence
an accurate estimate of TDM and HI are obtained. Where severe end-of-season
drought causes premature senescence of all genotypes within a breeders population,
Wallace ef al, (1993) suggests that abscised leaves, and even remaining leaves on
some genotypes, be ignored (and removed) to improve the uniformity of comparison
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in HI across genotypes. Comparisons are probably still valid based on a stem oaly
basis, and Wallace er al. (1993) even suggest that {resh weights of aerial organs may
be adequate for some crops (o facilitate rapid p ing of muluple genotypes in a
breeding population.

Transpiration (T)

‘The ability of certain genotypes to access and exploit soil water reserves deep in the
profile can increase T and potenuauy ¥, Significant genotypic variation in this

h, has been d m 3 (anhl. et al., 1991), suggesting that
selection could be possible in b edi g y, T is
much more difficult 1o measure/estimate than either TE or HI. While total evapo-
transpiration (ET) can be quantified using gravimetric techniques under both
glasshouse and field conditions, and by other technologies such as neutron probe
and Time Domain Reflectrometry (TDR) in the field, there are still many problems
in accurately apportioning water loss due to crop water use (i.e. D and soil evapora-
tion (Turner, 1986). There are further practical problems in g large
of genotypes in a breeding program using these technig;

Another, as yet untested, method we plan 1o investigate is the estimation of

T by ‘reverse engineering' of the TDM component of equation (19.1). That is,
given:

TDM =Tx TE. (19.5)
Then T could be estimated by re-arranging equation (19.5) to:
T= TDM/TE. (19.6)

There are, b , some iptions and p | sources of error that nced
to be taken into account in this analysis. First, our estimate of TE from either A or
SLA measurements would need to be corrected for the effect of the prevailing VPD.
This should be possible using the approach described in the previous section on TE
estimation, Second, our TDM measurement at maturity only accounts for above-
ground DM, and thereby excludes root DM. In practical terms, it is of course very
difficult to easily and accurately recover roots for numerous genotypes from field
plots. This under-estimation of TDM will therefore lead to errors in the final T
derived from equation (19.6). The errors may, however, be within acceptable limits
based on our current knowledge of root and sboot relationships. For instance in
groundnut, it appears that roots account for only a small percentage (1-2%) of the
TDM by maturity (McCloud, 1974; Enyi, 1977), although it needs to be kept in
mind that the proportion of root dry matter can increase substantially under condi-
tions of water stress. In addition, a strong correlation between root dry weight and
shoot dry weight exists in groundnut, under both glasshouse (Ketring, 1984; Pandey
and Pendleton, 1986) and field conditions (Wright and Nageswara Rao, 19%4a).
Thus, it is likely that errors for genotypic comparisons of T (derived from equation
(19.6)) will be minimal, The reverse engineering model now needs to be verified
further with field measurements of T and root DM.
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A Case Study in Groundnut - Preliminary Findings

An i i llaborative project, involving the A ian Centre for
International Agriculural Research (ACIAR), the International Crops Research
Institute for the Semi-Arid Tropics (ICRISAT), the Indian Council for Agricultural
Research (ICAR), the Queensland Dep for Primary Industrics (QDPI) and
the Australian National University (ANU), entided ‘Selection for Water-Use
Efficiency in Food Legumes’, began in July 1993. One of the aims of the project
was m mvesugm the nppmach set out above for groundnut. This bas proceeded by
P g a large number of genotypes with varying TE
and HI characteristics in a wide range ¢ of eavironments throughout India (sce Wright
and Nageswara Rao, 1994b for further details). In these trials, detailed gmwl.b
analysis and SLA measurements on up (0 50 genotypes over three

walering regimes, plus extensive climate data oollccuon are being conducted. 'n:e
data will allow quantification of the GxE interactions for pod yield and its physio-
logical components (T, TE and HI) using the approach set out above. Information
on the relative magnitudes of GxE interaction for yield and its components will
therefore be passible.

One scason of experiments has been fully completed, and data have been
gatbered and some preliminary data analysis made. We present some preliminary
findings from these multi-location trials to demonstrate how the simple physio-
logical model can be used, and discuss how a more detailed understanding of the
GxE interaction might be utilized.

Two separate experiments were conducted at each site. The first involved 50
groundnut genotypes grown under fully irrigated or rainfed conditions (Expt 1). The
second experiment (Expt 2) involved a subset of 20 genotypes grown under three
walering regimes, namely, fully imrigated, rainfed and a mid-season stress applied
using rain-out shelters located at each site. The genotypes used had approximately
similar duration. Trials in years two and three of the project will assess yield perfor-
mance, and its physiological components, over a much more diverse range of
germplasm.,

Table 19.2. Summary of weather at seven experimental sites in India during rainy season 1993.

Mean Mean

Total temp temp Mean Mean Drought
Location rainfall Max. Min. evap. SvPD* phase

(mm) () () (mm) (MPa)
Vrldfﬁuhahm 681 3 - 29 - -
Tinipati 821 2 23 47 134 Nil
UAS 837 a 19 48 1.01 Nil
1AC 560 3 22 5.7 122 Flowering
Jalgaon 619 2 21 37 1.68 Nil
Junagadh 361 3 2] - 143 Podtill
“Durgapura 414 a 2 57 17 Podfill

* Soll vapour pressure defict.
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Table 19.3. Summary of crop growth parameters for 50 genotypes grown under irrigated (IRR) and
rainfed (RF) conditions during 1933 rainy season at seven centres in India.

T T Hi Y, T8I0y

Centre Treatment (mm) (kg emdy)  (em)
Vriddhachd! i 1RR % 202 0.30 a7 269
RF 103 320 031 60 230

Tirupati IRR 457 an 052 456 1463
RF 368 335 050 37 1230

Bangalore IR 316 406 050 3% 1210
3 285 412 053 a1 118

IAC IRR P 359 041 195 m
RF 214 38 038 28 m

Jalfgaon IRR 569 257 038 341 1489
RF 524 268 038 316 1310
Juagath IR m 298 025 % 518
RF 6 313 005 6 198
Durgapura  IRR 354 267 048 w2 943
RF 19 28 027 87 542

Mean IRR 314 316 040 254 9%2
RF 250 327 03 206 800

SEx B8 013 0.04 0.8 977
oV(%) 282 69 170 229 189

The climatic conditions experienced during the season varied substantially from
site 1o site, (Table 19.2), and in general, drier conditions prevailed in the northern
compared with the southemn sites. Pod yields (¥p) and total biomass (TBIO“,) varied
substantially over sites and irrigation treatments. Total biomass was the amount after
adjusting for higher energy content of pods (Duncan ef al., 1978). Tables 19.3 and
19.4 show the mean genotypic responsc at each site and irigation treatment for
Expts 1 and 2. Yield levels were very low at the Junagadh (Jung) and Vriddbachal.
(Vrid) sites, even under fully irrigated conditions. Poor plant stands at Vrid were
largely responsible for this effect, while very high temperatures and VPD during the
growing season at Jung were thought to severely limit yields, Another possibie cause
was due to severe aphid infestation in the early stages of growth, Analysis of vari-
ance over mult-location sites showed highly significant effects for G and GXE
interaction (location and irrigation segime) for both Y’deBlO“‘ (data not shown).

The simple modelling approach, as outlined above, was applied to the data col-
lected from Expt 2, where 20 genotypes were grown over seven:sites and under
three varying water regimes (i.c. 21 different environments), Estimates of TE were
calculated from equations (19.3) and (19.4) using SLA measurements for each
genotype, and mean VPD measured over the season at cach site. T was estimated
from equation (19.6), using TBIO‘ measurements and TE estimates. Harvest index
(HI) was calculated as the ratio of pod dry matter to TDM at maturity. Means over

for each parameter ¢, for experiments 1 and 2 are presented in
Tables 19.3 and 19.4, We stress here that there are many assumptions used in calcu-
lating these parameter estimates (outlined in Section 2), bowever, they should give
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Table 19.4. Summary of crop growth parameters for 20 genotypes grown under irrigated (IRR),
simulated drought (ROS), and rainfed (RF) conditions, during 1993 rainy season at seven centres in
India

Centre Treatment T TE Hl Y TBI0,4
Vrid IRR 9 31 0.30 48 an
ROS 81 35 029 47 280
RF 101 32 0.30 §7 324
Tirupati IRR 443 32 0.52 451 1425
ROS 422 33 0.52 434 1398
RF 365 34 0.51 374 1229
Bangalore IRR 33 42 053 447 1376
ROS 206 42 0.65 340 862
RF . 308 41 0.54 412 1249
IAC IRR 220 36 069 kkig 792
ROS 274 36 073 435 978
RF 224 36 081 408 817
Jalgaon IRR 621 25 0.37 a7 1528
ROS 535 27 035 29 1432
RF 529 27 0.38 317 1410
Junagad IRR 175 a 0.24 n 538
ROS 178 a1 022 66 547
RF 67 32 0.10 8 214
Durgapura IRR 369 27 048 288 990
ROS 282 26 043 183 m
RF 183 28 0.28 90 542
Mean IRR k7] 32 045 283 989
A0S 28 33 0.46 257 888
RF 255 33 041 238 825
SEx 405 013 0.044 35,07 103.02
CV(%) 42 6.7 174 231 193

us a reasonable indication of the relative genotype performance across a range of
coutrasting environments.

To illustrate how these model parameters might improve a breeders understand-
ing of GXE interactions for pod yield, we used a standard stability analysis (Finlay
and Wilkinson, 1963), which was applied to the yield data and to the physiological
determinants of yield, derived from the simple model. Results of this analysis are
presented for a group of four contrasting genotypes (ICG 1697, Fig. 19.2a, ICG
476, Fig. 19.2b; TMV2 NLM, Fig. 19.2c; ICGV 86031, Fig. 19.2d), with some
points of interest noted for each:

1. ICG 1697 - Pod yield response indicated this genotype was below average under
cavironments with low water availability, and above average under better water
status, Interestingly, this response was closely associated with the HI response
across environments, while T was above average and TE followed the average
genotype trend across cavironments. It could be suggested that partitioning of
carbon 10 pods in this genotype may be particularly affected under conditions of
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. Fig. 19.2, Stability of pod yield, transpired water, transpiration efficiency and harvest index for four

genotypes ((a) - ICG 476; (b) - TMV2 NLM; (c) - ICG 1697; (d) - ICGV 86031) exposed to environments
with varied water supply and climatic conditions.

limited carbon supply arising from water deficits, as was hypothesized by Bidinger
et al. (Chapter 17, this volume).

2. ICG 476 - Pod yields over the entire range of eavironments were well below the
mean genotype respoase (20 genotypes), Below average T and TE acyoss the range of
cavironments were largely responsible. However, very high HI levels, particularly at
environments with low waler availability, compensated for these low T and TE levels.
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grown and well-adapted TMV-2 variety, The pod yield response indicates that while
average yields occurred in water deficit environments, in environments with better
waler availability, yields declined dramatically. Although TE remained well above
the gedotype average in most eavironments, T and HI were well below average,
particularly under conditions of higher water availability,

&lmvmal-wmmmmumhmypemdouwmemmmse
under water deficit conditions, and lower than the mean under non-limiting
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environments, the genotype had above average TE across a range of environments,
bowever T and HI were lower in environments with better water availability,

‘This simple physiological analysis of genotypic pod yield variation in response
10 changing environment (i.e. water availability) illustrates how the different deter-
minants of yield (i.c. T, TE, HI) can differentially interact to determine ultimate
yield. In particular, the above examples sbow that while a particular genotype may
bave, for instance, high TE over a wide range of coatrasting water environmeats,
the other determinants may be expressed at below average levels. This effect is well
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illustrated in our last three genotypes noted above, whaeTEandYPappwlobe
negatively iated. This i iation has been observed previously
(Wright et al., 1988; Hubick et al., 1988 Wright et al., 1992), and could arise due to
cither a genetic or physiological linkage. Further research in this project plans to
investigate the extent and nature of this association.

The ultimate aim of groundnut breeding programs is to identify/develop geno-
typu with bigh pod yield across a wide range of environments. The above analysis

bas indicated that significant GxE interaction for, as well as negative associations
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among, the yield determining traits, occurs widely in groundnut. It would appear
that these effects my be l.ugely responsible for the slow rate of progression of |
yield enb g prog! For ple, it is possible that bmeders

may be culling out pomnually useful genotypes with high total biomass production
(i.e. high T and/or TE), because they may bave extremely low HI. It should be pos-

sible to combine high HI ch istics into these genotypes, thereby imp
overall pod yields. The :ppmach outlined here should enable 2 more lhorough
g of the p of these i ions in variable envi

ments, thus allowmg the selection of genotypes with high levels of each trait 10
improve adaplation of genotypes in a given environment. For example, genotypes
with high T and/or TE could be selected in environments favouring the expression
of these trails.

There is a clear need to now combine the ad in physiological under-
standing of GxE interactions, as outlined here, with current advances in analysis of
GxE interactions by statistical memods (as ouumcd in Section I of this book). The
chanengemmamsfor ders, phy gists and mod: to ‘start talking the

same language' so that this combined app can succeed. Until recently, scien-

tists in respective disciplines have tended to work in isolation, largely because of a
lack of in-depth knowledge in their counterparts’ fields. What is now required is the

setting up of dedi teams of scientists with goals, philosopbies and
bjecti The i bining of traditional and physiological
approaches to crop imp: will not happen until this collaboration has been
achieved.
Conclusions

Breeders often bave litle information conceming the physiological basis of GXE
interactions for pod yields, thus leaving them without a clear idea of how to further
exploit genetic material. Statistical methods of analysis have been employed to
solve this problem, however this process can be very slow and costly per unit of
genetic gain. Crop physiological models can be used to improve the breeders under-
standing of the physiological reasons behind GXE interactions, and hence may
greatly improve the efficiency of current selection practices.

A number of simple crop physiologial models which involve a few mcchams-

tically based parameters are I The p quired in these
models need to be easily, y and i d before breed
can en’ecuvely utilize them in h:ge-cmh breeding pmgmms There is a clear need
for d ping simple methods of for these parameters, There will be
a need for breeders, physiologists and crop modellers to collaborate more exten-
sively in the developmml of appropriate traits for selection, their simple
bods of data analysis so that supenor genotypes can
be selected more qusckly and efficiently.
AmMymgmmmoumumelmmmwnuwmdmnmymuu
described bere. Simple logies are d d to or infer the para-

meters of water transpired, transpiration efficiency and partitioning of dry mauer o
pods. The preliminary analysis of a multi-location data set involving 20 genotyp
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over 21 duffering environments Ulustrates how a detaled understanding of the
physiological reasons bebind GxE interacuons can be achieved for hule extra
investment 1n ume and data collecuon The analysis highhights bow more rapid
pathways to yild 1mp mght be found and the need for breeders to be
aware of negauve assocations between yield determuning factors There will be a
need for concurrent selection of .n trauts (0 ensure negauve associauons are not
i nto the selection p
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