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Abstract: A genetic model was proposed for simultaneously analyzing genetic effects of nuclear, cytoplasm, and nu-
clear-cytoplasmic interaction (NCI) as well as their genotype by environment (GE) interaction for quantitative traits of diploid
plants. In the model, the NCI effects were further partitioned into additive and dominance nuclear-cytoplasmic interaction compo-
nents. Mixed linear model approaches were used for statistical analysis. On the basis of diallel cross designs, Monte Carlo simula-
tions showed that the genetic model was robust for estimating variance components under several situations without specific effects.
Random genetic effects were predicted by an adjusted unbiased prediction (AUP) method. Data on four quantitative traits (boll
number, lint percentage, fiber length, and micronaire) in Upland cotton (Gossypium hirsutum L.) were analyzed as a worked exam-

ple to show the effectiveness of the model.
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Various important agronomic traits, such as grain
yield and quality, are affected by both nuclear and
cytoplasmic genes. Cytoplasmic genes mostly present
in mitochondria and chloroplasts of plants. It has been
shown that nuclear genes could affect cytoplasmic
gene expression and cytoplasmic genome organiza-
tion'' 1. Recent reports indicated that nuclear-cy- to-
plasmic interaction (NCI) effects play vital roles in
the development of potato (Solanum tuberosum L.)
and rice (Oryza sativa L.) ™1 and affect fitness traits
of plants, e.g., fertility, viability, and selfing rate,
which have considerable importance in evolution!®.
Thus, it is essential to understand the inheritance of
NCI in plants.

Beavis et al.!”) proposed a method for estimating
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variance components of nuclear, cytoplasm, and NCI
by reciprocal mating designs. However, the main dis-
advantage of Beavis’s approach was that it was unable
to obtain unique estimation of cytoplasmic effects.
With this respect, Mosjidis et al. ® used weighted
least square (WLS) method to estimate effects of cy-
toplasm and NCI. This method is problematic because
accompanying experimental design is rarely used in
practice. Yang and Lu ™ and Tao e al.”™! conducted a
study on NCI of rice (Oryza sativa L.) by ANOVA
approach, which requires data with balanced structure
and can not handle genetic designs with irregular
missing combinations.

Moreover, to develop economically important
varieties of crops with wide geographical adaptability,
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genotype by environment (GE) interaction has been
considered as a major concern to breeders and quan-
titative geneticists''". Thus, in addition to the effects
of nuclear genes, cytoplasmic genes, and nuclear-
cytoplasmic gene interaction!"”)] the genetic model
should also address GE interaction.

In the present study, a genetic model was pro-
posed to study the inheritance of quantitative traits of
diploid plants that are controlled by genetic effects
from both nuclear and cytoplasmic genes and their
GE interaction effects. This model is based on a
modified diallel design in the framework of mixed
linear model. The validity of the method was evalu-
ated by Monte Carlo simulations, and the data on four
quantitative traits in Upland cotton (Gossypium hir-
sutum L.) were used as a worked example to demon-

strate the procedure.
1 Model and Methodology

If the genetic experiments are conducted in mul-
tiple environments, the phenotypic value (Vi) of
mating type k£ of the combination from maternal par-
ent i and paternal parent j in block / within environ-
ment / can be generally expressed by the following
genetic model
Vi~ H TE,+ Gijk + GEhijk +B,t € i (1)
where w is the fixed population mean; £}, is the effect
of h-th environment (e.g., year, location, etc.); Gy is
the total genetic effect; GEj,; is the Gy x E; interac-

tion effect; By ~ (0, Gé ) is the random effect of /-th

block within A-th environment; il is the effect of

2
random error and Chiig ~ 0,0;).

For a quantitative trait controlled by nuclear
genes and cytoplasmic genes, the total genetic effect
(G) in model (1) can be further partitioned into nu-
clear genetic effect (Go), cytoplasmic genetic effect
(0), and NCI. The nuclear genetic effect Go can be
further partitioned into additive (4) and dominance (D)
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nuclear genetic components, and consequently, NCI
can be divided into additive nuclear-cytoplasmic in-
teraction effect (4C) and dominance nuclear-cytopla-
mic interaction effect (DC).

The partition of total genetic effect G and the
total interaction effect GEj,;x depends on specific gen-

erations. For parents P, xP;(i=jand k = 0 the sum

of Gjx and GEj;j can be expanded into
Gy.0 + GEh[jO =24.+D; +C;+24C; + DC;;
+2AE,; + DE,; + CE,, + 2ACE,; + DCE,;;;
for Fy;; (k= 1) from maternal parent i x paternal par-
entj, itis
G,.j1 +GE,11.].1 =4 +Aj +Dl,j +C;+AC; +Ale-
+DCW +AE,; + AEhj + DEhij
+CE); + ACE); + ACE;, ;; + DCE,,;
for Fy;; (k= 2) selfed from F, it is
Gyjr +GEyyp = 4, +4;+0.25D,; +0.25D; +0.5D; +C;
+AC; + AC;; +0.25DC;; +0.25DC;
+0.5DC;; + AE;; + AE; +0.25DE,;
+0.25DE, ; +0.5DE,,; +CE,, + ACE,,; + ACE, ;
+0.25DCE}; +0.25DCE,, j; +0.5DCE, 5,
for BC; (k=23) (Fi; x Py, it is
Gjs +GEpy3 =1.54;+0.54, +0.5D, +0.5D, +C,
+1.54C; +0.54C;; +0.5DCy; +0.5DCy;
+1.54E,; +0.54E), ; + 0.5DE,; + 0.5DE,;
+CE,; +1.54CE,; +0.5ACE, ;
+0.5DCE,;; +0.5DCEy;
and for BC; (k=4) (Fi; X P)), it is
Gy +GEy;4 =054, +1.54; +0.5D ; +0.5D;
+C; +0.54C,; +1.54C,; +0.5DC
+0.5DCy; +0.54E),; +1.54E,;
+0.5DE, ; +0.5DE,; + CE;, + 0.54CE,;
+1.54CE,, ;; +0.5DCE,, ;; + 0.5DCE, ;.

If the inbred parents are randomly sampled from a

reference population, the above genetic effects are
considered to be random effects. 4; (or 4;) ~ (0, Gi )

is the cumulative additive effect of nuclear genes
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from line i (or line j); D;; (or Dy, or Dy) ~ (0, Gf)) is
the cumulative dominance effect of nuclear genes

from line i X line j (i = j); C; ~ (0, Gé) is the cu-

mulative cytoplasmic effect; ACj; (or AC;) ~ (0, jS)

is the cumulative AC between additive effect from

line j (or line i) and cytoplasmic effect from line i
DCj;; (or DCy;, or DCy;i) ~ (0, Géc) is the cumulative
DC between the D;; (or D;; or Dj) and Cy; AE}; (or AEy)
~ (0, 6°), DEy; (DEy; or DEy;) ~ (0, o;,) and

CE; ~ (0, 02CE) are the interaction effect between the
environment and additive, dominance, cytoplasm
effect, respectively. ACE},; (or ACEy;) ~ (0, Oias) is
the interaction effect of AC; (or AC;) x Ej, and
DCEj; (or DCEyy; ot DCEyj) ~ (0, Ghy) is the

interaction effect of DCy; (or DCy; or DCj;) * Ej,.

Therefore, the phenotypic variance (Vp) can be

partitioned as
Ve =Ve Vep TV

=(Vy+tVptVe +Vye +Vpc) (2)

Ve Ve tVep Vace YVpee )TV
where Vg is genetic variance with components of ad-
ditive variance V,, dominance variance Vp, cytoplas-
mic variance V¢, AC variance V¢ and DC variance
Vpe . Vor is GE interaction variance with components
of A x E interaction variance V,z, D X E interaction
variance Vpg, C x E interaction variance Vg, AC X E
interaction variance Vycg, DC X E interaction variance
Vpce. Ve is the residual variance.

A minimum norm quadratic unbiased estimation
(MINQUE) method is applicable to estimate variance
components in the framework of mixed linear
model™’. An adjusted unbiased prediction (AUP)
method is suitable for predicting random genetic
effects "2, A #-test following Jackknife resampling te-
chnique is used to detect the significance of variances

and various genetic effects !'?],

2 Results

2.1 Monte Carlo simulation

The simulations were based on modified diallel
crosses with three randomized complete block de-
signs.

These designs included three different construc-
tions: 1) parents, F;s, RF;s, Fss, RF;s; 2) parents, Fis,
RF;s; and 3) parents, F,s, RF;s. For each case, 200
simulations were conducted to obtain the estimates of
sample means and power value for variances, and to
predict the means and variances for all the random
effects.

Simulation results of bias and power for variance
components were summarized in Table 1. Most abso-
lute values of the bias were less than 5% of the pa-
rameter values, which was the conventional criterion
for unbiased estimation. For the second and the third
types of designs, a small number of absolute values of
bias were larger than 5% and smaller than 10% of the
parameter values, which was well estimated. For the

first type of seven-parent modified diallel crosses, the
significance of nonzero Gi , Gic,ci B Gz can be de-

tected with a probability of more than 70%, and sig-

nificant o7, 07, was de-

Gi)C > Gi)E 2 GéE s GilCE s cSEJCE
tected with a probability of more than 50%. For the
second and the third types of designs, the significance
of some nonzero variance components was detected
with relatively lower powers. When there were no

NCI (. =02, =&

7 =2 2 =(0) or no dominance varia-

tion (af) = O'éc = GéE = GéCE =0), other effects can
be estimated with similar bias, and power value as
when the NCI or dominance variation was present. It
was indicated that the genetic model was robust for
estimating variance components even in the absence
of NCI or dominance effects. As the mean values of
predicted effects are zero and their variances approach
to preset value, the AUP method gave prediction with

unbiased means and variances (Table 2).
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Table 1 Bias and power value of variance estimation by MINQUE(1) for modified diallel crosses

Parents, F;s, RF;s, F,s, RF,s

Parents, F;s, RF;s Parents, F,s, RF,s

Parameter True value

Bias Power * Bias Power * Bias Power *
Gi 20 —0.882 0.880 0.968 0.825 ~0.055 0.865
o) 10 0.899" 0.660 0.240 0.690 ~0.083 0.560
G 30 0.859 0.650 1716 0.680 2.136° 0.710
O 20 ~0.011 0.900 -0.329 0.750 0.321 0.670
G\ 30 —0.183 0.900 0.735 0.750 0.272 0.585
o 10 -0.233 0.925 0.047 0.865 -0.031 0.865
Gy 15 0.421 0.675 0.560 0.925 ~1.174° 0.475
iy 10 —0.690° 0.755 -0.171 0.510 -0.492 0.545
Cop 10 0.244 0.790 0.625 0.570 0.947° 0.415
G 10 —0.142 0.655 —0.943° 0.520 —0.185 0.385
o’ 20 —0.078 1.000 0.139 1.000 0.120 1.000

* Probability of rejecting the null hypothesis of no variation by the #-test at a. = 0.05 significance level,

® Bias > 5% and < 10% of the true value.

Table 2 Variance of predicted genetic effects by AUP for modified diallel crosses

Parameter Variance Parents, F;s, RF;s, Fss, RF;s Parents, Fis, RF;s Parents, F;s, RF;s
A 20 21.14 19.19 20.20
D 10 9.98 11.62 11.79
C 30 30.58 30.77 27.35

AC 20 20.05 21.90 21.54
DC 30 29.85 31.62 32.88
AE 10 10.24 9.95 10.04
DE 15 14.58 14.44 16.67
CE 10 10.96 10.72 10.63
ACE 10 9.76 9.79 9.70
DCE 10 10.21 11.48 11.04

 Mean values of parameter and prediction of each random genetic effect are zero and 10—107°, respectively.

2.2 Worked example

Four plant traits in cotton, i.e., boll number (BN),
lint percentage (LP), fiber length (FL), and micronaire
(Mic), were analyzed. The experiments were con-
ducted at Zhejiang University Experimental Farms
(Hangzhou) with three randomized complete blocks
in 1994, and two blocks in 1995, respectively. Seven
varieties (three glanded Py, P,, and P; vs four gland-
less cultivars Py, Ps, Pg, and P7) of Upland cotton were

used in this experiment. Crosses of cotton varieties
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between glanded and glandless cultivars were ar-
ranged in a 3 x 4 diallel design. The mating design
involved seven parents, F;s and F,s, but didn’t contain
reciprocal F;s and F,s. The Jackknife technique was
used for estimating the standard errors of the esti-
mated variances and the predicated genetic effects.
The estimates of the variance components are
shown in Table 3. The contributions of Vs and Vg to
total genetic variance were 74.38% and 25.62% for
BN, 73.62% and 26.38% for LP, 78.54% and 21.46%
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for FL, and 62.73% and 37.27% for Mic, respectively.
These traits were, therefore, controlled mainly by
genotypic effects and were less affected by GE inter-
action effects. The variances of additive effects (V)
and cytoplasmic effects (V) were both significant for
the three traits (BL, LP, and FL) and only the signifi-
cant V, was detected for Mic. The DC interaction
variance (Vpc) was important for BL and LP, and the
dominance variance (Vp) was significant for FL and
Mic. However, there was no significant AC interac-
tion variance (V¢) for all the traits. For the GE inter-
action effects, most of the additive interaction vari-
ance (V4g) was significant for these traits. Significant
variance of CE interaction (V¢g) was detected for BN
and LP, and that of ACE interaction (¥cg) for FL and
Mic, respectively. However, the DCE interaction
variance (Vpcg) was negligible for all these four traits.

Moreover, the predicted genetic effects were also
presented for these four traits (Table 4, 5). Among the
seven parental varieties, there were significantly posi-
tive additive and cytoplasmic effects of P; and P, on
BN of P; on LP, and of P;and Ps on FL. There were
significantly negative additive effects of P; on the Mic.

Parents P, and P, might be more superior to other

varieties for increasing BN and P; might be a suitable
parent for increasing LP. The P; might be a suitable
parent for increasing FL and decreasing Mic. In addi-
tion, the NCI of DC373 on BN and LP were signifi-
cantly positive. It might be inferred that the P; (9) x
P; (&) cross could obtain extra genetic gain from NCI
for high BN and LP.

Table 3 Estimates of variance components for cotton boll

number (BN), lint percentage (LP), fiber length (FL), and
micronaire (Mic)

c(}:ﬁgﬁﬁgﬁ s BN LP FL Mic
v, 6.795"  2.048™ 1.983"  0.055"
Vb 0.000 0.108  0.685"  0.039"
Ve 23.0697  6.8077  3.585"  0.044
Ve 0.000 0.000  0.000  0.000
Ve 4.230" 1.055°  0.000  0.000
Ve 1407 04207  0310°  0.006
Vig 3.574" 11837 1.0317  0.059™
Ver 6.764" 1.986™  0.000  0.000
Vace 0.000 0.000 0368~ 0.017"
Ve 0000 0.000  0.000  0.000
v, 3.323" 1.083 0552 0.034”

*and " indicates significance at the 0.05 and 0.01 levels, re-
spectively.

Table 4 Predicted of additive and cytoplasmic effects of parents for cotton boll number (BN), lint percentage (LP), fiber

length (FL) and micronaire (Mic)

Additive effects Cytoplasmic effects
Parameter BN LP FL Mic Parameter BN LP FL
4, 2.297" 0.829" 1.057" ~0.283" e 1.628" -0.761"" 1.070™
A, 21477 —2.092" 0.8017" -0.072" C 3.526™ 3.5827  -1.194™
A, 2777 0.270 0.870" 0.059 G —2.174" -1.453"  —0.756"
Ay 23517 13737 12827 0.327" C, —0.069 0255 —0.1317
As 2503 —0.507" 0.777" —0.221" Cs —0.828" —2.155" 1.140™
Ag -1.534" 12277 —0.466" 0.230" Co -0.023 -1.250" 1.069™
A, —0.833" 13557 —1.758" —0.040 e -2.059" 2202 -1.197"

* and ™" indicates significance at the 0.05 and 0.01 levels, respectively.
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Table 5 Predicted of dominance nuclear-cytoplasmic in-
teraction effect (DC) for cotton boll number (BN) and lint
percentage (LP)

Parameter BN LP
DCyy; 0.032" -0.355"
DCyy; 0.144™ 0.003
DCss -0.453" -0.124"
DCss., -1.367" -0.565"
DCy7, 0.788" —0.440™
DCyy; -0.123" -0.028"
DCys, 0.494"™ 0.230"
DCs; 1.350" 0.128™
DCy7, -0.392" 0.915™
DC;, 0.137" -0.334"
DCyy -0.223" 0.365"
DCss 0.747" 0.405""
DCs —0.640™ 0.649"
DCy;, -0.026 0.705™
DC,, 5 0.136" -0.025"
DCss,; —0.544" ~0.057"
DC» 1.339" -0.605"
DC;5 0.095" 0.004
DCj3; -0.598" -0.7717"
DCyy; -1.363" 0.090""
DCss ; -1.239" 0.069"
DCys; 0.522" 0.262""
DC;7 5 —0.830" -1.815"
DCjy; 1.487" 0.182"
DCj;s 3 0.903" 0.130"
DCjs —0.633" -0.235"
DCy; 1.664" 1.639™

"and ™ indicates significance at the 0.05 and 0.01 levels, re-

spectively.
3  Discussion

It has been well known that NCI made signifi-
cant contribution to the genetic variance of quantitative
traits for many diploid plants, such as soybean (Gly-
cine max L.) and barley (Hordeum vulgare L.) [13. 14]
and also for some nondiploid plants, such as maize
(Zea mays L.) and wheat (Triticum aestivum L.) (15.16]
In fact, the present model could also be used for allo-
polyploid plants that have similar meiotic behavior as

diploid plants. In this worked example, four plant
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traits of cotton were analyzed through the present ge-
netic model. The results showed that DC effects could
affect the two yield traits (BN and LP), and similarly
ACE effects could affect the two quality traits (FL and
Mic).

In breeding practice, the NCI is used in some
breeding programs to improve crop yield and its
components. So it is important to develop an efficient
breeding strategy to appropriately dissect different
sources of variation for these traits. The present model
can partition the total genetic effects into genetic main
effects of nuclear, cytoplasm, NCI, and their GE in-
teractions. It was shown that model has the ability of
robustness for estimating each of these variance
components. Even if there were no NCI or dominance
effect, the other variance components can still be well
estimated. The model proposed by Beavis et al!”)
could not obtain unbiased estimates of cytoplasm or
NCI by quadratic analysis. Moreover, their model
requires that the reciprocal mating design need to in-
clude all possible reciprocal crosses of a single set of
parental lines'”). But for some plants, because of the
existence of intercrossing barriers in nature, inter-
[18], and it

might be impossible to conduct experiments for all

crossing is possible in only one direction

reciprocal crosses mating design. Although the model
advocated by Mosjidis et al. 8 could provide unbi-
ased estimation of NCI, it was still difficult for ap-
plication because it required the measurement of sin-
gle seed for 15 generations. The ANOVA could esti-
mate variance component of NCI, but it needed at
least seven backcrosses nuclear-plasmic replacement

(5,9

lines I In the present model, hybridization with

CMS (cytoplasmic male—sterile lines) at large scale

(19201 The diallel crosses mating

became much easier
design could involve the CMS lines and the restores
and require only three generations. Monte Carlo
simulations showed that most variance components
could be well estimated. In addition, genetic effects of
breeding material were sometimes more interesting to
the breeder in plant breeding, and the genetic effects

predicted by the AUP method were of importance.
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