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SUMMARY

A method of dnalyzing bost genoty o = rinzobial strain interaction for N fixition potential, based on
the prieciple of structural relotiosship waalysis, is proposed. When this interaction is sgnificant, selecting
genotypes for high Na fixation potential is incorreet, becaus the N fixation efficiency is dependent on
the rhizobial strain used. Under such circumstances, grouping genotypes hivicd on average fixing ability
(AFA) a linear response to the eftectiveness of rhizobial strain. and specific fxing abilivy (SFA). deviation
rom tire linear response m terms of the magnitude of the error variance, is us2ful bofore initiating a breeding
program for enhanced N- tfixation, Host genotype =< strain interaction effect ts sartitioned into two com-
ponents, and two parameicrs are derived which estimate AFA and SFAL N, Sxation dava from 3 munghean
genotypes and 6 rhizobial strains are used o illustrate this method.

INTRODUCTION

Nitrogen fixation :fficiency in the Rhizehium-legume symbiosis invoiver a sequence
of interactions between the 2 symbiotic partuers in which each partner influences the
gene expression of the other. A significant amount of host genotype x rhizobiat strain
interaction has been found for the efficiency ¢ M, fixation in broad bean (MYTTON
et al., 1977). ficld pea (Hour, 1975), soybean {CaLDWELL & VEST, 1970), commor
bean (WESTERMANN A KOLAR, 1978). cowpes (MINCHIN et al., 1978). and rungbcan
(FErRNANDEZ & MiLLER, 1983, Ambiguous resnlts were obtained in inheritance studices
of differential N, fixation in cowpeas inoculated with a mixed strain inoculum (MILLER
et ai., 1986). Significantly different narrow sense heritability estimates for the same
trait with different rlnzobial strains have also been reported in mungbean (FERNANDEZ
& MILLER, 1985). Thus, use of single strain .nocnlum as opposed to mixed strain has
been emphasized in inheritance studies (MILLER ct al., 1986; LIz & MuULDER, 1979).

Superior rhizobial strains and the presence of significant host genotype x rhizabial
strain interaction could be effectively identified from lincar statistical models involving
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a host genotype x strain interaction term. Hoviever, in the presence of a significant
genotype x strain interaction, grouping genotypes based on N, fixation potential is
incorrect, because the N, fixation potential of a genotype is dependent on the rhizobial
strain used. From a breeding point of view, evaluating host genotypes for average
fixing ability (AFA), i.c. lincar response of N, fixation to the effectiveness of the rhizo-
bial strain, and specific fixing ability (SFA), i.e. deviation of N, fixation response from
AFA, allows the identification of host genotypes with high N. fixation potertial fol-
lowing inoculation with differrent rhizobial inoculum. This situation is analogous to
characterization of yicld stability of cultivars over varying environments (Tai, 1971).
Therefore. the objective of this paper is to propose a method for evaluating host geno-
types for AFA and SFA when significant ho<t genotype x rhizobial strain interaction
exists.

STATISTICAL ANALYSIS
Analysis of host genotype x rhizobial strain interaction. Assuming fixed genotypic ef-

feets and random rhizobial strain effects the general lincar model for m genotypes
inoculated with n rhizobial strains is:

Yo =n+G+S +(GS),+ R+ ¢, (N

(GS), = xS, + 9, (2)

where Y, = the observation on the i genotype grown in k™ replicate of strain i,

0 = mean across all genotypes and all strains,

G, = theeffect of 1™ genotype.i = L.m,

S = (he effect of J* strain,j = L.,

(GS),; = theinteraction between i™host genotype and j% strain,

o = the coclficient of linear response of i™ genotype on the strain effects. (a mea-
surc of AFA).

L = the deviatton in N, fixation from linear response of the i genotype on the
j"strain, (a measure of SFA).

Ry = theeffect of k™ replicate of the j" strain, k = 1...p.

Eiik = random errov,

The effectiveness of strain j is measured as the strain effect S, which is the mean of
all genotypes with strain j minus the grand mean. Tat (1971) used the same approach
to estimate stability parameters of potato genotypes when genotvpe (G) x environ-
ment (E) interaction was significant. He partitioned the interaction component (GE)
into the lincar response o environmental effects and the deviation from the lincar
response. Based on thisapproach, using the principles of structural relationship analy-
sis (KENDALL & STUART, 1961), when (GS), is signilicant, it can be partitioned into
two components which describe the nature of a cultivar’s symbiotic fir*ng ability. Two
parameters. 7, and v, are thus derived. The parameter 2, nieusures the lincar response
to the strain elfect S. and ¥, the deviation from the lincar response in terms of the
magnitude of the error variance. The analy-is of variance for the above model is shown
in Table 1.
The parameters o and v for N, fixing ability can be estimated as follows.
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. MSS
% = Mss-msR (b D

A= N M2y s s b Iy MSR
i—(m——rl) (n I) MSE/p (m l) MSE

where MSS = mean square for strains, MSR = mcan square for replicates within
strains, MSE = mean square crror (Tuble 1), b, is the regression coefficient and s}
the deviation from the regression mean square in the following lincar regression model.
Yi = 1+ bS +¢,

where

Y;, = the mean phenotypic value of the i genotype inoculated with j" strain
K, = mean of i genotype over all strains

b, = the regression coefficient

S, = straineffect

f.‘J = the deviation from regression of the mean phenotypic value i genotype on
J™strain effect

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

in TAr's (1971) stability analysis.

Thus, the magnitudes of AFA and SFA are estimated by & and X, respectively.
A host genotype with a value of (x.2) = (0.1) represents a perfect average fixing geno-
type, where the N, fixation potential is linear 1o the effectiveness of the strain because
b=1. A host genotype of (%.1) = (- 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 4, is significantly greater than 0. then i 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 4 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 lincar response in terms
of the magnitude of the error variance; therefore. when 7. is greater than 1 the fixing
ability is unpredictable and the genotype s fixing ability is probably strain specific.

Critical arcas when testing =0 for different %, values can be compu:ied by Tar's

y

Table 1. Analysis of variance with fixed genotypic effects and rundom replicate and rhizobial strain effects.

Source of variation Degrees of Mean Expected mein squares
freedom squares

Strain index S n-1 MSS ol + mqi\—f, mpao?

Replicates within strains - Ry(S) nip- 1) MSR o° + Moy <. ‘_:_:*:_—6)
m

Genotypes G, m -1 MSG o+ pnf,_, + np_Zl gzi/(m -1)
P

Strain x Genotype (GS); (n- Dm-1) MSSG o+ poig

Linear response % (m- 1)

Deviation from & (m-1i)n-2)

linear response

Error Eijk n(m-1)p-1) MSE a?
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Fig. 1. Estimates of linear response (%) and deviation from linear response (2 parameters for 4 N fixation
related variables in 3 mungbean genotypes. Genotypes legend: x=TX39, + =TX33, *=TX72.

(1971) method. The regions corresponding to non rejectable values (a.3) are identified
in a plot with axes representing linear response (%) and deviation from linear response
(M) (Figure 1). The hyperbola in Figure | delincates non-rejectable &'s (P=0.95) il
the true o is zero. The two vertical lines are the critical values when testing A =1,

Genotypes which fall into the region enclosed by the parabola and the vertical lines
do rot differ significantly from average fixing ability (¢ = 0) and are predictable (A= 1),
while other regions encompass genotypes whose fixing ability is significantly above
or below average fixing ability and are unpredictable.

MATERIALS AN METHODS

A field study was conducted to measure N, fixation potential of mungbean genotypes
at College Station. Texas on a vertic albaqualfl fine, montmorillonitic, thermal soil
atpH 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 15to 30 cm depth.

The N, fixing poteritial of 3 mungbean genotypes, TX33, TX39, and TX72, was

906 Euphytica 36 (1987)
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measured under 7 inoculation treatments: control (no inoculation), 5 single strains
(176A22, 150B1, 32H1, 31Z2 and 41Z2), and a connmercial mixed strain inoculum
(ELG63). Eachinoculation trial was comprised of a randomized complete block design
with 3 replicates and separated to prevent contamination.

Three seeds per hill were planted at 15 cm spacing on a | m row, I m apart. Seeds
were inoculated at planting with peat-based inoculum at the rate of 1 g/hole. Two
weeks after germination, plants were thinned to | plant/hole. The plants were irrigated
as needed.

At the time of flowering (7 weeks after planting), two adjacent plants from cach
plot were harvested and the following N, fixation variables measured on cach plant:
nitrogenase activity by the C,H, C.H, assay in pmoles C,H,/hour as described by
ZARY et al. (1878). number of nodules, nodule weight. top dry weight, root weight,
and percentage N ol the plant tops based on Kjeldahl analysis. The N, fixation index
was estimated by  lincar combination of the § fixation variables using principal com-
ponent analysis (JOHNSON & WIcHERN, 1982). Principal component analysis consists
of transformation ot the original (correlated) variabies into a new set of uncorrelated
variables or principal components.

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

RESULTS AND DISCUSSION

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 fer nodule number, nodule weight, nitrogenase
activity and the N, fixation index. The % N in plaat 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 the linear responsc
to the variables nodule number. nodule weight, nitrogenase activiiy and the N, fixation
index when the interaction was significant. The results indicated that the linear re-
sponse to strein effect was highly sigaificant for the above 4 variables (Table 2).

Mungbean genotypes TX33 and TX72 produced significantly larger shoot and 100t
sytems than did genotype TX39 (Table 3). Three single rhizobial strains, 32H1. 3123
and 4172, appeared 0 be more effective in fixing N, than the other two single strains
and the mixed inoculum (Table 4). Generally, TX33 and TX72 showed higher N,
fixation potential than TX39. More and larger nodules expressing higher nitrogenase
activity were produced in the genotype TX33 when inoculated with strain 32H1 or
31Z3 than when inoculated with the other strains. In TX72, strains 3123 and 4172
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 cither
32H1 or 31Z3, while TX72 should be inoculated with 4172,

The N, fixation index, the lincar combination of 5 N, fixation variables, is a good
indicator of N, fixation potential, becausc ANOVA results were in close agreement

Euphytica 36 (1987) 907


http:REStn.TS

G.C.J.FERNANDEZ AND J. C. MILLER, JR,

Table 2. Analysis of variance of N, fixation variables.

Source of df Sums of squares
variation
nodule rodule nitrogenase top dry root N, fixation
no.plant  weight activity/ weight/ weight/ index!
plant plant’h plint plant
Strain 6 JISL2T*** (1.595%%%  201.07*** 87.09 1112 60.12%**
Replicates (strain) 14 S21.28%*  0.205** 124.70** 262.63 3293 15.01*
Genotypes 2 S52.72%%% (.267**+ [44.76%%*  11079.84*** [79.99%*% 7728+
Strain x Genotypes 12 569.90**  (0.372* 176.86** 27394 17.3¢ 19.20+*
Linear response 2 20500 %* ().275%»* Y458 : 15.62%%*
Deviation from 10 274.80* 0097 §2.27* lod
response
Error 28 319.92 0.380 143.23 9K.53 28.86 12.40

IN, fixation index computed from the linear combination of the § Na fisation variables by principialcompon-
ent analysis.

e owE *Significant at 0.1%, 1% and 5% levels, respectively.

*Interactions between Strain x Genotype were not statistically significant and thus were not partitioned
as lincar effects and deviation from lincar effec.s.

with the other N, fixation variables (Table 2). Alse, 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 sereen genotypes for N, fixation potential,
Nitrogenase activity, nodule number and nodule weight contributed more to the N,
fixation index than did root and shoot weights (Table 5).

Correlation analysis indicated that N, fixation variables nodule number, nodule
weight and nitrogenase activity, were significantly correlated among themselves (Table
5). Likewise, correlation between root weight and shoot weight (plant growth vari-
ables) was also very high. However, correlations between the two groups were not
high. Similar results were reported in cowpea (MILLER et al., 1986) and other legumes
(KREMER & PETERSON, 1983; HEICHEL et al., 1981).

Estimates of AFA and SFA. The & values for genotype TX39 were negative. The were
significantly different from 0 for the N, fixation index (Table 6). This indicated that
the lincar response to the strain effect was below average for TX39. However, X values
were not statistically different from [, indicating that the deviation from the lincar

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

Genotype Topdry weight  Roeot weight
(g/plant) (g/plant)

TX33 12.9a 5.56u

TX39 3.8b 2.07b

TX72 12.3a 5.74a

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

Genotype  Strain

Control ELG6 176A22 15081 R 4122 RIVA]
Nodule manber!plant
TXA3 Oc The 3be She 10b Ith 29a
TX39 Oc¢ O 2 2 le 6b 13a
TX72 O¢ She 2 6be 12b 23a 26a

Podule weight (mg ) plant

TX33 0d 63 L 121be 283a 173b 274a
TX3 Ua 4a 49a 24 294 83a 69a
TX72 Oc¢ 112be S0be 175b S43a 408a 543a

Nitrogenase activity ( pmoles CHy plantour )

TX313 0.02¢ 2.08h 2.37b 1.64b 7.42, 3.42b 6.37a
X2 0.05a 0.07a 0.37a 0.28a 0.14a 0.39a 1.23
TX72 0.03¢ 0.03¢ 0.30¢ 1.57¢ 5.04b 10.41a 5.89b

N fixation index!

TX33 0.88d 0.07cd 0.00cd 0.44be 1.30ab 1.56ab 243
X9 2.01h 1. 79ab 1.54ub L.6Yab 1.73ab 1.21ab 0.83
TX72 0.89¢ 098¢ 0.05¢ 0.15¢ 1.81h 37 2.89ab

N, fixation indey computed from the linear combination of the 5 N, fixation variables by principal compon-
ent analysis.

Means tollowed by the same letter in a row do not differ significantly according to the Duncan-Waller
Lest(KRATIO = 100).

response to the strain effect was not significant. Thus, genotype TX39 was in the low
fixing ability region for N, iixatior variables and N, fixation index (Figure 1).

In TX33. % and ? values were 1ot statistically different from 0 and I, respectively,
for all the variables. Thus, this genotype occupied the average fixing ability region
for all N, fixation variables. This indicated that TX33's fixing ability is linearly related
to the effectiveness of the rhizobial strain and less influenced by the specific host geno-
type x strain combination. When the eifectiveness of the rhizobial strain is known,
the fixing ability of TX33 cun be predicted.

Table 5. Correlation coetficients among N, fixation viriables (average of 2 plants) and normalized cigenvee-
tor for the principal component (N5 lixation index) (n = 63).

N, fixation variables NN NW NA RW W Prin 1!
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 activity plant;h (NA) - 0.37* 0.24 0.51

Root weight/plani (RW) 0.80** 0.40
Top dry weight/plant (TW) - 0.33

"First principal component, which accounted for 60% of the variation, and normalized cigenvector for
the Ist component.
** * Significantal 1% and 5% levels, respectively.
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Table 6. Mcans of Nj fixation variables (x) and estimates 2 and X parameters of mungbean genotypes
inoculated with 6 rhizobial strains,

Geno-  nodule number nodule weight nitrogenase activity N, fixation index!
type (no/plant) (myg/plant) {pmoles Coly/plant;l)

X & X X 3 X N i X N X
TX33 10 0.17 211 144 0.12 090 3.6 0.07 1.80 0.69  0.06 048
TX39 q4 S0.42* 0.52 37 0.65* 0.1§ 0.4 0.75* 047 1.56 0.62* 0.33
TX72 9 024 292%*¢ 193 0.76* 0.36 3.5 0.67 1.64 (.87  0.58* 0.92

' Linear combination ol N5 fixation variables derived frem princinal component analysis,
* & values significantly different from = 0 a1 5% level,
*» Xvelue greater than Foestn 2in(m D(p D.ie. greater than Fi 5 (5.28) 3 2.61.

In genotype TX72, 2 values were positive and signlicantly greater than 0 for nodule
weight and the N, fixation index (Table 6). The X value was significantly different
from 1 for nodule number. 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 lincar response X was significantly greater
thon 1 for nodule number only. Thus, TX72 can be identified as a high N, fixing
cultivar and moderately predictable.

Because only three genotypes were included in this study, the results cannot be
dicectly used in a breeding program. However, the data and results help to illustr 2
the methodology and usefulness of this analysis.

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