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SUMMARY
 

1ethofd of , x for N, fixation potential. 
the pritrciple of structural rcl.tio 0ship aihtl.sis. is proposed. When this interaction is .ignificant. selecting 
I.nuot.,,pcs for high N ix-tion polntial is incorrect, bccaus the N, fixation efficiency is dependent on 
the rtizobial strain used. UndeLIstich grouping genotvpes havc d on 

n h0s enolt\ilgrhi/obial strain interaction based on 

circumstances, average fixin, ability 
(AFA). a linear response itotie electieness Afrhi/ohial strain. and specific !,ixinm, abilit: (SFA).deviation 
rom the linear response in terms of the magnitude of lthc ,ariance. is I! 'ful b'ore initiatinga breedingerror 
program for enhanced N, fix:ilion. Ilost genolN pe x strain interaction effect is;mrtitioncd into \o corn
ponents. and Inn paramehers are d,:ried which cstimate AFA and SFA. N, 'ixation tia 'rom 3 munghean 
genotypCs and ()rhiobial sh'ains arc used to ilhst rate this n-ethlod. 

INTROD)UCTIOY 

Nitrogen fixation Jficiency in the Rhi-r4hitun-legtLe symbiosis involve, a sequence 
of interactions between the 2 symbiotic partners in which each partner influences the 
gene expression of the other. A significant 1amot1nt of host genotype x rhizobiaf strain 
interaction ha,; been found for the efficiency ci"N, fixation in broad bearn (MYTTON 

et al., 1977), field pea (Hol., 1975), soybean 'CALDWELL & VFsr, 1970), common 
bean (W1us1 ERMANN - KOLAR, 978). cowpev, (MINC'HIN et a!., !978). and mnagbcan 
(FERNANDEZ & MILLER. 1985). Ambiguous results were obtained ininheritance studies 
ofdif f? rential N, fixation in cowpeas Inoctlated with a mixed strain inocluhm (MI1L1ER 
et ai., 1986). Significantly different narrow .,ense heritability estimates for the same 
trait with different rhizobial strains have also been reported in mUngbean (FRNt.ND :z 
& M1.l. 1985). Thus, use oflsinele stain nocllutn as opposed to mixed strain hasa 
been emphasized in inheritance studies (Mii.ii- et al., 1986; Ln & MuimER, 1979). 

Superior rhizobial strains and the presetuce ofsignificant host genotype x rhizobial 
strain interaction cottld be efftctively iden ified from linear statistical models involking 
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a host genotype x strain interact~on term. -loNever, in the presence of a significant 
genotype x strain interaction, grouping genotypes based on N, ixation potential is 
incorrect, because tlhe N. Fixation potential of'a genotype isdependent on the rhizobial 
strain used. From a breeding point of view. evaluating host genotypes for average 
fixing ability (A FA), i.e. linear response of N, fixalion to the effectiveness of the rhizo
bial strain, and specilic fixing ability (SEA), i.e. deviation of' N fixalion response frol 
AFA, allows the identification of host genotypes with high N. I ition potei.lial fol
lowing inoculation with di f'frrent rhizobial inocuhlr. This situation is analogouis to 
characterization of yield stabilit'y of ctItiv'ars over varying environments (T,. 1971). 
Theref'ore. the objective of this paper isto propose a method for evaluatin; host geno
types for AFA and SFEA when significant ho,;t genotype x rhizobial strain interaction 
exists. 

STATISTICAI. ANALYSIS 

if 11(1.!sis fhosttg(')Upt.' x rhiohialstrain interaction.Assuming fixed gCno typic ef
f'ects and random rhizobial strain effects the general linear model for in genotypes 
inoculated with n IIhizobial stiains is: 

Y,Jk = t + G, + SI + (GJS)) + Rb -- I:llk (1) 
(GS), = ,S, + 6, (2) 

where Y,, = the observation or the ii genotype grown in k" replicate of'strain j, 
p = meaa across all genotypes and all strains, 
G, = the effect of i gCnotype, i = I.m. 
Si = the effect of j't strain, j = I...rn. 
(GS), = the interaction between i' host genotype and ji'b strain, 
az, = the coeflicient of linear rcsponse ofil" genotype on the strain effects. (a mea

sure of A F'A). 
6, = the deviation in N, fixation froi linear response of, the i'l genotype on the 

jil strain, (a neasure of'SFA). 
' Rjk = the effect of kill replicate of thej" strain, k =I ...p. 

random 
The effectiveness of' strain j is ineasIrred as the strain effect S. which is the mean of 
all geaotypes witlh strain j minus the grand mean. TAI (1971) used the same approach 
to estimate stability paramelters of' potato genotypes when genotype (G) x environ
ment (E) interaction was significant. He partitioned tile inter ation component (GE) 
into the linear rLsponse to environmental effects and the deviation from tile linear 
response. Based ,.n this approach, using the principles of'struct ural reltionship analy
sis (KENDI.L & SI 'ART,.1961). when (GS),, is significant, it can lie partitioned into 
twO components which describe the nature of'a culivar's symbiotic fi:ng ability. Two 
parameters. O,ai1d 7, .1re thus derived. ,l parameter 7, I easures tile linear response 

ijk .= error. 

to the strain eff-ect S. and 7, tie deviation from tile linear response in terms of the 

magnitude of'the error variance. The analy' isof variance for the above model is shown 
in Table I. 

The parameters 7 aLnd 7 for N, fixing ability can be estimnaled as follows. 
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MSS-MSR
 
i( 2 S bsb Il MSR
 

where MSS = mean square for strains, MSR = mean square for replicates within 
strains. MSE = mean square error (Table I), b,is the regression coefficient and sij
the deviation from the regression mean square in the fol lowing linear regression model. 
Yj, = pi + bS + c, 
where 
Y0,= the mean phenotypic wILIC ofthe P"genotype inoculated withj t" strain 
P, = mean of il genotype over all strains 
b, = the regression coefficient 
Sj = strain effect 
ri,=-the deviation from regression of the mean phenotypic vdlue il"genotype on 

jihstrain effect 
The mean squares. MSS and MSR. are equivalent to MSL and MSB,respectively, 

in TACS ( 1971 ) stability analysis. 
Thus, the magnitudes of AFA and SFA are estimated by i and X,, respectively.

A host genotype with a value of (d.X) = (0,1) represents a perfect average fixing geno
type, where the N. fixation potential is linear to the effectiveness of the strain because 
b= 1.A host genotype of(t.?) = ( 1, 1) may be referred to as a rhizobial strain inde
pendent genotype and probably does not exist. However. non-nodulating genotypes
might be classified as one extreme of strain independent genotypes.

When i,is significantly greater than 0. then i'll genotype responds greatly to the
 
change in the effectiveness of rhizobial strain. Such a genotype could 
be identified
 
as a high N. fixing genotype. When i&is significantly lower than 0,then i"genotype

responds less to the change in the effectiveness of the strain, and could be identified
 
as low N, fixing. The value X,measures the deviation from the linear response in terms 
of the magnitude of the error variance, therefore, when X,is greater than I the fixing
ability is unpredictable and the genotype's fixing ability is probably strain specific. 

Critical areas when testing a = 0 for different X',values can be compued by TAI'S 

Table I. Analysis of variance ilth fixed genotypic effects and random replicate aitndrhi/ohia strain effects. 

Source of variation Degrees of Mean l.xl'ec ctd mileallsquares 
freedom squ1ares 

Strain index S) .1-I MSS + 1_ 

Replicates within strains Rk(S) n(p I) MSR o + n .. - -

Genotypes G, m - I MSG (72 + pCs; + np_ g/(m- I) 

Strain x Genotype (GS),j (n 1)(m- I) MSSG ¢7 + pa;g
 
Linear response (m- I)
 
Deviation from 60 (m I)(n 2)

linear response
 

Error tCijk n(m-1)(p- 1) MSE cr2 
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Fig. . Estlimates o linear response (i) and devialion from linear response (.) paraiieters lb r 4 N, fixation 
related variables n 3 nngbean geioitypes. (enolTpes legend: x-TX39. ± -TX33, * = TX72. 

(1971) method. Tie regions corresponding to non rejectable vaLues (.,?) are identified 
in a plot with axes representing linear response (a) and deviation from linear response 
(X)(Figure I). The.- hyperbola in Figure I delineates non-rejectable i,'s (P=0.95) if 
the true Oiszero. The two vertical lines are the critical values when testing ?,= 1. 

Genotypes which kll into the tegion enclosed by the parabola and the vertical lines 
do not differ significantly from average fixing ability (o= 0) and are predictable (X = 1), 
while other regions encompass genotypes whose fixing ability is significantly above 
or below average fixing ability and are unpredictable. 

NIATERIAI.S AN) NI-ETItO)S 

A field study was conducted to measure N, fixation potential of mungbean genotypes 
at College Station, Texas on a vertic albaqualf fine, montmorillonitic, thermal soil 
at pH 6.7. Analysis of soil samples by the Texas A&M Soil Testing Laboratory indicat
ed that extractable levels of N, P and K were 6, 10, and 100 ppm, respectively, in 
the 15 to 30 cm depth. 

The N, fixing potetial of 3 mungb'-n genotypes, TX33, TX39, and TX72, was 
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measured under 7 inoculation treatments: control (no inoculation), 5 single strains 
(176A22, 150B I, 32HI, 31Z3 and 41Z2), and a commercial mixed strain inoculum 
(ELG63). Each inoculation trial was comprised of a randomized complete block design 
with 3 replicates and separated to prevent contaMiination. 

Three seeds per hill were planted at 15 cm spacing on a I in row, I il apart. Seeds 
were inoculated at planting with peat-based inoculum at the rate of I g/hole. Two 
weeks after germination, plants were thinned to Iplant/hole. The plants were irrigated 
as needed. 

At the time of flowering (7 weeks after planting), two adjacent plants from each 
plot were harvested and the following N. fixation variables measured on each plant: 
nitrogenase activity by the C1, C2H, assay in lpmoles C211/bour as described by 
ZARY' et al. (1978), number of nodules, nodule weight, top dry weighl, root weight, 
and percentage N of the plant tops based on Kjeldahl analysis. The N. fixation index 
was estimated by :i linear combination of the 5 fixation variables using principal com
ponent analysis (JOHNSON & WI(tIiiRN, 1982). Principal component analysis consists 
of transformation o"the original (correlated) variables into a new set of uncorrelated 
variables or principal components. 

A combined analysis of variance was carricd out using SAS (1982), with fixed geno
typic effects and random strains and replicates. Average fixing ability (O)and specific 
fixing ability (,.) parameters were estimated for each genotype separately. 

REStn.TS AND DIS(USSION 

Analysis of variance results for the N. fixation variables are shown in Table 2. Effects 
of genotype were significant for all variables, while the strain effects and strain x 
genotype interaction were significant fcr nodule number, nodule weight, nitrogenase 
activity and the N, fixation index. The % N in plaot tops did not vary significantly 
among genotypes; therefore, it was not included in the analysis. 

Sums of squares due to host genotype x rhizobial strain interaction were parti
tioned into linear response to strain effect and the deviation from de linear response 
to the variables nodule number, nod tile weight, nitrogenase activity and the N, fixation 
index when the interaction was significant. The results indicated that the linear re
sponse to strt in effect was highly significant for the above 4 variables (Table 2). 

MUngbean genotypes TX33 and TX72 produced significantly larger shoot and ioot 
sytems than did genotype TX39 (Tab!e 3). Three single rhizobial strains, 32H 1,31Z3 
and 41Z2, appeared ,obe more effective in fixing N, than the other two single strains 
and the mixed inoculum (Table 4). Generally, TX33 and 'IX72 showed higher N, 
fixation potential than TX39. More and larger nodules expressing higher nitrogenase 
activity were productd in the genotype TX33 when inoculated with strain 32H-I or 
31Z3 than when inoculated with the other strains. In TX72, strains 31Z3 and 41Z2 
were equally effective in producing more and larger nodules. however, nitrogenase 
activity was higher with 41Z2 than with 31Z3. This suggested that to fully exploit 
biological N, fixation, mungbean genotype TX33 should be inoculated with either 
32H I or 31Z3, while TX72 should be inoculated with 41Z2. 

The N, fixation index, the linear combination of 5 N, fixation variables, is a good
indicator of N, fixation potential, because ANOVA results were in close agreement 
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Table 2. Analysis of variance of N1 fixation variables. 

Source of df Sums ofsquares 
variation 

nodule 
no. plant 

vodnle 
weig, It 

nitrogenase 
activity/ , 

top dry 
weight; 

root 
weight/ 

N, fixation 
index[ 

plant planlih plant plant 

Strain 6 3151.27** 0.595*4* 201.07"** 87.19 11.12 61.12'** 
Replicates (strain) 14 521.28"* 0.205** 124.70"* 262.63 32.93"* 15.01* 

1
Genotypes 2 552.72 * * ' 0.267"** 144.76** 11079.84* 179.994** 77.28 '** 
Strain x Genotypes 12 569.90** 0.372* 176.86"* 273.94 17.31- 19.20** 
Lit,!ar response 2 295.10*"** (0.275*4 94.58*** 2 15.62** 
Deviation from 10 274.80* 1097 82.27' 3.64 
response 
Error 28 319.92 0.386 143.23 398.53 28.86 12.40) 

iN, fixation index computed from the linear combin.tition ofthe 5 N, fixation variables by principal coinpon
ent analysis. 
*. **, Significant at 0.1 , IP and 5'"levels, respectively. 

- Interactions between Strain x Genotvpe were not statisticially significaiit and tits wcre not partitioned 
itslinear effects and deviation from ,s.linear cl'ct 

with the other N. fixation variables (Table 2). Also, more than 60% of the information 
in all N, fixation variables was condensed into a single variable the N,fixation index 
(Table 5). Thus, this index could be used to screen genotypes for N. fixation potential. 
Nitrogenase activity, nodule number and nodu!e e,vcight contributed more to the N, 
fixation index than (lid root and shoot weights (Table 5). 

Correlation analysis indicated that N, fixation variables nodttle number, nodule 
weight and nitrogenase activity, were significantly correlated among themselves (Table 
5). Likewise, correlation between root weight and shoot weight (plant 'growth vtri
ables) was also very high. However, correlations between the two groups were not 
high. Sinilar results were reported in cowpea (Ml.it et al., 1986) and other legumes 
(KmiuEMR & PITERSON, 1983; Hi:ict.. et al., 1981 ). 

Estinates qf,,IF.l and SFA. The &values l'or genotype TX39 were negative. The were 
significantly different from 0 for the N. fixation index (Table 6). This indicated that 
the linear response to the strain effect was below average for TX39. However, Lvalues 
were not statistically different from I, indicating that the deviation from the linear 

Table 3. Genotypic values for top dry weight and root weight per plant harvested at flowcring. 

Genotype Top dry weight Root weight 
(giplant) (g/plant) 

TX33 12.9a 5.56a 
TX39 3.8b 2.017b 
TX72 12.3a 5.74a 

Means followed by the same letter within a column do not differ significantly according to the DUNCAN-
WALLr test (KRATIO= 100). 
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Table 4. Means for N2 fixation variables for plants harvested at flowering. 

Genotype Strain 

Control ELG63 176A22 150111 32111 41Z2 31Z3 

Nwhdh' number'int 
TX33 0c 7bc 3bc 5bc lob 1lb 29a 
TX39 Oc Oc 2c 2c Ic 6b 13a 
TX72 )c 5be 2c 6be 12b 23a 26a 

!.'mluh' w1Ii ,,,t(mg)pon i 
TX33 Od 63c 80c 121 bc 283a 173b 274a 
TX39 0a 4a 49a 24a 29a 83a 69a 
TX72 0c 112bc 50bc 175b 543a' 408a 543a 

Vitrogenase activity ( imoh/s C2114 pl tt,hour) 
TX339 0.02c 2.0sh 2.37b 3.64b 7.42a 3.42b 6.37alX3 0.05a
l0.07ai 0.37a (.28a 0. 14a 0t.39a 1.23a 

TX72 0.03c 0.03c 0.30c I.57c 5.04b 10(.4 a 5.89b 

.V .xation indIx, 
TX33 0.88d 0.07cd 0.)lcd ().44bc 1.30ab 1.56ah 2.43a 
TX39 2.11 b 1.79ab I.S4ab I.69ab 1.73ab 1.21ab O.S3a 
TX72 0.59c 0.98c 0.05c 0.1 5c 1.81 3.1 7ab 2.89ab 

'N. Ii atiOn indc\ coplluted from the linear combination ofthe 5N2 fixation varia bles by principal compon

cnt anal) sis.
 
Meians folloed by tihc sllle letter in a row do inot differ significanlly according to the Duncan-Waller
 
test (KRATIO 100).
 

response to the strain elfect was not signilicant. Thus, genotype TX39 was in the low 
fixing ability region for N, ixatior variables and N. fixation index (Figure I). 

In TX33. i and X values were not statistically different from 0 and 1,respectively, 
for all the variables. Thuts, this genotype occupied the average lixing ability region 
for all N, lixation variables. This indicated that TX33's fixing ability is linerly related 
to the effectiveness of the rhizobial strain and less influenced by the specific host geno
type x strain combination. When the effectiveness of the rhizobial strain is known, 
the fixing ability ofTX33 can be predicted. 

Table 5.Correlation coefficients anong N, Iixation %oriables (a'crage of"2 plints) and normali/ed eigettvec
for for the pt incipal cornponcnt (N. fixation index) (n=63). 

N2 fixation variables NN NW NA RW TW Prin I 

Nodule number/plant (NN) 0.73** 0.76** 0.32 0.20 0.48 
Nodule weight/plant (NW) 0.82** 0.36** 0.24 0).50
Nitrogenase activilyplan, h (NA) 0.37* 0(.24 0.51 
Root weight/plant (RW) 0.80** 0.40 
Top dry weight/plant (TW) 0.33 

First principal component, wshich accounted for 60% of the variation, and normalized eigenvector for 

the Istcomponent.
 
**,* Significant at 1% and 5% levels, respectively.
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Table 6. Means of N, fixation variables (x) anod estimates 'Yanl . parameters of' mungbean genotypes 
inoculated with 6 rhizobial strains. 

Geno- nodule number nodule weight nitrogenase activity N, fixation index I 

type (Loiplanlt) (tug plant) (Poolcs C11 14.plant,'lh) 

X i X x X X X 

TX33 10 0.17 2.11 144 0.12 0.90 3.6 0.07 1.801 0(.69 0.06 0.48 
TX39 4 0.42* 0.52 37 (.65* 1.15 0.4 0.75* 0.47 1.56 0.62* 0.33 
TX72 9 0.24 2.92** 193 0.76* 0.36 3.5 0.67 1.64 0.87 0.58* 0.92 

I Linear combination ol N, ixatIion %ariables ticri%ed from principal conponent a nalysis. 
*i values significantly differellnt Iront - 0 al 5" , level. 
* XVllue grcatcr than F) I(n 2: n(mn I)(p I). i.e. greater lIanF Il (5.28)_22.61. 

In genotype TX72, it values were positive and signIicanly greater than 0 for nodule 
weight and the N, fixation index (Table 6). The X value was significantly different 
from I for nodule numbet. This indicated that, based on the N, fixation index, TX72 
had a greater response than the average fixing genotype TX33 to the effectiveness 
of the rhizobial strain. The deviation from linear re';ponse L was significantly greater 
than I for nodule nttmber only. ITh us, TX72 can be identified as a high N. fixing 
cultivar and modeately predictable. 

Because only three genotycs were included in this study, the results cannot be 
di:cctly used in a breeding program. However, the data and results help to illustr 
the methodology and tusefulhess of this aalysis. 

In conclusion, when 'he host genotype x rhizobial strain interaction is significant, 
this method is useful for identifying high, average anJ low fixing Ind predictable and 
unpredictable (strain specific) genotypes. when rhizobial strains with differential effec
tiveness arc Used. Furthermore, this metiod can be also be used in disease resistance 
studies to estimate the magnitude of horizonzal and vertical resistance, when a disease 
is caused by several races oi'a pathogen. 
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