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Summary. An experimental design is presented for esti- 
mating genetic parameters using a family structure with 
clonally replicated individuals. This experimental design 
provides a technique to quantify genetic variation in a 
population, with partial separation of additive, domin- 
ance and epistatic gene action. Our method is offered as 
an alternative to techniques for estimating epistatic gene 
action that require several generations and/or inbreed- 
ing. Such methods are not particularly useful for long- 
lived perennials with long generation cycles. An example 
of the analysis is given with a forest tree species, Populus 
deltoides Bartr., and parameter estimates are presented 
for traits measured over 8 years. 

Key words: Additive genetic variance Dominance ge- 
netic variance - Epistatic genetic variance - Eastern cot- 
tonwood 

Introduction 

Traditionally, genetic improvement of metric traits for 
plant species has relied mainly, if not exclusively, on 
changes in frequencies for genes with independent and 
additive effects. Selection response for traits conditioned 
by genes with additive effect is predictable, and cumula- 
tive gains over generations are easily obtained through a 
variety of selection and breeding programs (Falconer 
1960; Hallauer and Miranda 1981). Residual genetic ef- 
fects, including intra-locus (dominance) and inter-locus 
(epistasis) interactions, are often pooled under a single 
classification, termed non-additive effects. Selection re- 
sponse for metric traits based on non-additive effects is 
not predictable from parental performance and is largely 

non-cumulative over generations. The presence of non- 
additive genetic effects and their value in achieving gene- 
tic gain are well documented for annual crop species such 
as maize (Zea mays L.), although disagreement remains 
as to the relative contribution of dominance and epistatic 
effects (Hallauer and Miranda 1981). Inference about 
non-additive genetic effects for perennial plants is usually 
limited to dominance effects, due to difficulties in apply- 
ing experimental methods that require several genera- 
tions of mating or inbreeding (Namkoong 1979); applica- 
tion of such methods is especially difficult for species with 
long generation intervals. Further resolution of non- 
additive genetic variance into dominance and epistatic 
components is valuable both for design of efficient meth- 
ods for their utilization in plant improvement and for 
estimating their potential bias for programs that utilize 
additive genetic effects. 

Variance among clones provides an estimate of total 
genetic variance and has been widely studied (e.g., Burton 
and Devane 1953; Keller and Likens 1955; Libby 1962; 
Libby and Jund 1962; Mohn and Randall 1973). Howev- 
er, only a few reseachers have recognized its full potential 
to more completely explore additive and non-additive 
gene action (Comstock et al. 1958; Cooper and Randall 
1973; Burdon and Shelbourne 1974; Stonecypher and 
McCullough 1986). 

In this paper, we present an experimental design that 
uses information from both clonal replicates and family 
structure to estimate genetic parameters. Our design al- 
lows estimation of additive and non-additive genetic vari- 
ances, with partial resolution of the latter into dominance 
and epistatic components. We demonstrate the applica- 
tion of this model using experimental data for a perennial 
tree species (Populus deltoides Bartr.). A second objective 
of our paper is to examine changes in genetic parameters 
associated with ontogeny (Atchley 1984). 
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Table 1. Analysis of variance and expected mean squares for a factorial mating design with clonally replicated individuals within 
full-sib families 

Source Degrees Expected mean squares 
of 
freedom 

Location (L) 1-1 

Blocks (B)/L b -  1 

Males (M) m -  1 

Females (F) f -  1 

M x F ( m - 1 ) ( f - l )  

Clones (C)/(MF) ( c -  1)mf 

L x M (1-1) (m-I )  

L x F (1-1)(f-- 1) 

L x M x F (1--1)(m--1)(f-1) 

L x C/(M F) (1-1)(c-  l)mf 

M x B/L (m -1 )  (b - l ) l 

F x B/L ( f -1) (b-1) l  

M x F x B/L ( m - l ) ( f - 1 ) ( b - 1 ) l  

(B/L)(C/(MF)) ( b -  1)l(c- 1)mf 

among ramets/plot Z ( n -  I) 

2 2 2 + nmco'F2a (L) 2 2 2 O" + nO'n (L) C (MF) + nCO'MFB (L) + nfCO'MB (L) + nbO'Lc (MF) + nbCO'LM F 

+ nmbca2F + nfbca2M + nfmca2tL, + nfmcbaL 2 

2 2 2 2 2 2 
O" + n0"n (L)C fMF) + nC0"MFB (L) + n m c O F a  (L) + nfc0"Mn (L) + nfmco'B (L) 

2 2 2 2 2 2 2 2 
0" + nO'B (L) C(MF) + nCaMFB (L) + nfCO'MB (L) + nbO'LC(MF) + nbCO'LMF + nfbCO'LM + nlbo-c (ME) 

+ nlbca~F + nlbcfaZM 

2 2 2 2 2 2 2 
O" + nO'B (L)C(MF) + nC0"MFB (L) + nmCO'FB (L) + nbaLc(MF) + nbCO'LMF + nmbCO'LF + 

nlba~0~F ) + nlbca~F + nlbcmaF 2 
2 2 2 2 2 2 2 

O" + no 'a  (L)C(MF) + nCO'MFB(L) + nbO'Lc (MF) + nbCO'LMF + n l b o ' c  ~F)  + nlbCO'MF 

2 2 2 2 
O" + n a b  (L)C(MF) + nbO'LC(MF} + nlbO'c(MF ) 

2 2 2 + nfca2a(L) + nbf2c(MF) + nbca2iF + nfbCaL2M o + no- B (L) C (MF) + nCO'MFB (L) 

2 2 2 + nmca2a(L, + nbaL2C0aF, + nbca2~tF + nmbca2F O" + n0"B(L)C(MF ) + nCO'MFB(L) 

2 2 2 2 
0" + nO'B (L) C(MF) + nbO'Lc(MF) + nbCO'LM F 

0"2 .~_ na2 IL) C ~V) + nbaL2C ~v) 

2 2 2 2 
O" + nO'B (L)C(MF) + nC0"MFB (L) + nfCO'MB (L) 

2 2 2 2 
O" + nO'B (L)C(MF) + nCO'MFB (L) + nmCO'FB (L) 

2 2 2 
O" + n a b  (L) C (MF) + nCO'MFB (L) 

0 .2 + nO'2(L)C(MF) 

0-2 

Experimental design and analysis of variance 

The function of a mating design is to provide the required 
genetic structure among individuals in the population for 
estimating genetic parameters. Several mating designs are 
available that could fulfill the above requirement (Hal- 
lauer and Miranda 1981). We used a factorial mating 
design (NC State Design II;  Cockerham 1961) where m 
males are mated toffemales  to produce c individuals per 
full sib family. Each individual is then cloned to produce 
r ramets or clonal copies of each individual (Shaw and 
Hood  1985). 

The field design provides the method for partition of 
components of genetic and environmental variance. 
Several experimental locations are chosen at random to 
represent the set of possible environments. The replicated 
study is then established at each location with each block 
containing n ramets of each cloned individual in each of 
the full sib families. Analysis using a randomized com- 
plete block design with I locations and b complete blocks 

at each location results in the following model: 

Xijkpqt  = uwLi+Bj ( i )+  Mk+Fp+(MF)kpWCq(kp ) (1) 

+ (LM)ik (LF)ip + (LMF)ikp + (tC)iq(kp) 
+ (MB)kj(i) + (FB)pj0) + (MFB)kpj(i) 

"{-(CB)q(kp)j(i) + Ei jkpqt  

where i = l . . . l ,  j = l . . . b ,  k = l . . . m ,  p = l . . . f ,  
q=l . . . c , t -=l . . .n .  

In the above model, Xijkpqt  is the value for ramet t of 
clone q from a cross between female p and male k, tested 
in block j at location i. A complete description of the 
elements of this model, together with the form of the 
analysis of variance and expected mean squares, is given 
in Table 1. All effects are considered to be random in this 
model. 

Genetic model 

The genetic model can now be specified and equated to 
variance components in the analysis of variance. Transla- 
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tion of the experimental components  of variance given in 
Table 1 to causal components  requires the following as- 
sumptions (Comstock et al. 1958): 
(1) Regular diploid behavior at meiosis. 
(2) No cytoplasmic or maternal  effects. 
(3) No correlation of genotypes at separate loci. This 

implies no linkage among genes affecting any single 
character or that, where linkage existed, the distribu- 
tion of genotypes was as expected in the absence of 
linkage. 

(4) That  the distribution of genotypes in the parents was 
of the nature to be expected in a random sample from 
a random breeding population. 

One departure from the assumption given by Comstock 
et al. (1958) is that our model allows some inference in the 
presence of epistasis. We add one additional assumption 
usually necessary when testing vegetatively propagated 
materials: 
(5) No C effects (Libby and Jund 1962). C effects arise as 

common environmental  effects associated with specif- 
ic clones. This results in a positive, non-genetic covar- 
ience within clones and causes estimates of between- 
clone variance to be inflated (Libby and Jund 1962). 
When these assumptions are fulfilled, the variance 

components  for our factorial experiment have the follow- 
ing genetic expectations (Becker 1984): 

~.2 = g 2 =  1/4`9A + 1/16`9AA + .. " (2) 

0"2 F = 1/4`9D + 1/8`gAA + 1/8`gAD + 1/16`9DD + . . .  (3) 

~2(MF) : 1/2 `gg + 3/4`90 + 3/4`9AA + 7/8 `9An (4) 

+ 15/16`9oo + . . .  
where 

`gA = additive genetic variance 
`gD = dominance genetic variance 
`gAA, ̀ gAD, ̀ gDD = epistatic genetic variance due to addi- 

tive • additive effects, additive x domi- 
nance effects, and dominance x domi- 
nance effects, with similar notat ion for 
higher order interactions 

Estimates of genetic parameters  are then calculated as 
follows: 

`9s = 2 (b2+6})  = `9A+ 1/4`9Aa+ �9 �9 �9 (5) 

`90 = 4 (3"2V) = "90 + 1/2`gAA + 1/2"{rAn + 1/4`gDD + - - -  (6) 

`9i = 0"C~MF)* 2 -- (e 2 + t3 2) -- 3 62 v (7) 

= I/4`gkk + I/2̀ gAD + 3/4`9DD + . . .  

Total genetic variance (`9c) and phenotypic variance (`91,) 
are then calculated as: 

0"MF + O'C(MF ) (8) 

g p  ^ ^2 ^2 ^2 ^2 ^2 
-~ V G + O'LM @ O'LF + O'LM F "1- O'LC(MF) -l- O"MB (L) (9) 

^2 ^2 ^2 _1_ t~2 
"]- O'FB (L) -It- O"MFB (L) + O"B (L)C(MF) 

Equations (5) and (6) provide estimates of `gA and `gD 
that are confounded with fractional components  of 
epistatic variances. These estimates are identical to those 
obtained for factorial analysis without clonal replicates, 
for which epistatic components  are usually ignored 
(Cockerham 1954). Equation (7) is composed entirely of 
epistatic components,  although estimation of the contri- 
bution of epistasis to the total phenotypic variance is not 
possible without additional information about  gene ac- 
tion. Note that multiplying Eq. (7) by 4 will provide an 
upper limit estimate of the contribution of epistasis, with 
coefficients for all epistatic components  greater than or 
equal to 1. 

Precision of the estimates constitutes a major  concern 
with this technique (Comstock et al. 1958), as with all 
estimates of genetic parameters.  Standard errors of the 
variance components  con be calculated (Becker 1984); 
and as always, their precision is a function of the experi- 
mental design. 

Although our model includes the assumption of no C 
effects, their presence in clonal material is real and can 
cause significant bias (Burdon and Shelbourne 1974). We 
used an experimental procedure developed to minimize 
this problem: several pr imary ramets (donor plants) were 
developed for each genotype, which then served as the 
source for subsequent cloning (Libby and Jund 1962; 
Wilcox and Farmer  1968; Foster et al. 1984). These pri- 
mary  ramets then serve as a level of blocking in the 
experimental design. 

One caution in interpreting genetic variances is that 
the variance is related to the mean of the trait. This is a 
particular problem when examining the changes in genet- 
ic parameters  associated with growth (ontogeny) for a 
trait (Atchley 1984). For  this reason, we express genetic 
variances in the example as the genetic coefficient of 
variation (Comstock et al. 1958), which is simply the 
square root of the genetic variance divided by the mean 
of the trait. 

An example with poplar clones: materials and methods 

Seven parent trees of P. deltoides, considered as random samples 
from the natural population, were chosen from an area within 
80 km of Stoneville, Mississippi. [Although there is some evi- 
dence of their superiority for growth (Cooper and Randall 
1973)]. These parents were mated using a factorial design with 4 
male and 3 female parents. Seeds were germinated and resultant 
seedlings planted in a nursery where they were vegetatively 
propagated. No selection was invoked at the seedling stage. 

In February 1976, a clonal field trail was established near 
Fitler, Mississippi, using dormant, 46 cm long, unrooted cut- 
tings. The cuttings were planted at a spacing of 3.7 x 3.7 m in a 
randomized complete block design with 4 replications and a 
split-plot configuration. Families served as the main plots while 
cloned individuals were randomized within their respective fami- 
ly. Approximately 20 cloned individuals were planted per family 



with a single ramet per clone in each replication. Cultural treat- 
ments closely followed those described by McKnight (1970). 

The trees were measured several times during the first 8 years 
of growth. The traits scored included total height at ages 
1 (HT1), 2 (HT2), 4 (HT4) and 8 (HT8) years; diameter at 1.4 m 
height at ages 3 (DBH3), 4 (DBH4) and 8 (DBH8) years; and 
merchantible volume to a 7.6 cm top (Mohn and Krinard 1971) 
at ages 4 (VOL4) and (VOL8) years. 

The analysis of variance for our example differed from the 
full design given in Table 1 ; data were available for only a single 
location and only a single tree per plot within each replication. 
The appropriate form of the analysis of variance for our experi- 
ment is given in Table 2. Coefficients of the variance components 
were adjusted to compensate for some missing plots (Searle 
1971). Components of variance were calculated by equating ob- 
served mean squares to expected mean squares and solving the 
resulting equations. The alteration of the field test design 
changes the procedure for calculating model components and 
has some effect on the translation of model components into 
causal components as described in Eq. (5), (6) and (7). the es- 
timates of genetic components x~ A, ~'D and V; in this example are 
inextricably confounded with their interactions with location 
effects. Standard errors of the variance components were calcu- 
lated following Becker (1984). 

Table 2. Analysis of variance and expected mean squares for a 
clonally replicated genetic test of Populus deltoides 

Source Expected mean squares 

Blocks (B) 0-2 + C0-2FB + cma2B + cfa2a + cfma2 

Males (M) 0.2 2 2 2 2 + C0.MF B -~= cf0-MB -1= b0.c(MF ) -}- bC0.MF 

+ bcf0.~ 

Females (F) 0.2 2 2 2 2 d- C0-MF B q" cm0-FB q- b0-C(MF ) -1- bC0-MF 
+ bcmo "2 

M x F  0-z 2 2 2 + C0-MF B + b0-C(MF ) + hC0-MF 

Clones (C)/(MF) 0-2 + b0-2(MF) 

M x B  0.2 2 2 + C0.MF B "~- cf0.MB 

F x B 0-2 + c0.~Fa + cm0.2B 

M • F • B 0-2+ CO_2FB 

B x C/(MF) 0-2 
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Results  and discussion 

The trees in the study are growing quite well, averaging 
20 m tall after 8 years, and survival (97%) is also quite 
high. Parental  averages for the various traits are present- 
ed in Table 3. 

The variance due to female parents  is non-significant 
(p  > 0.05) for all traits; conversely, male parents  exhibit 
significant variat ion for all traits except HT1 (Table 4). 
Such a discrepancy is not  unexpected given the small 
sample of parents, and leads to the decision to pool  vari- 
ance components  due to male and female parents  to ob- 
tain a better estimate of genetic parameters.  

Several reseachers have also found significant additive 
genetic variat ion for P. deltoides, although the results 
were uncertain for one author.  Fa rmer  and Wilcox (1966) 
and Fa rmer  (1970) found significant family variabil i ty for 
first and second year  height and second year  diameter;  
while Ying and Bagley (1976) detected significant family 
differences for seventh year height and diameter  as well as 
for several bark,  phenology and stem form traits. Foster  
(1985), on the other hand, noted significant family vari- 
abili ty only for fourth year height in one popula t ion;  
whereas height in a second popula t ion  as well as diame- 
ter, volume and survival in both  populat ions  displayed 
non-significant family variation. 

We detected no significant variat ion for the interac- 
t ion between male and female parents  (Table 4). This find- 
ing is consistent with the results of Cooper  and Randal l  
(1973) using the same parents. As discussed above, the 
sample size of parents  is small, and the non-significant 
results may not  reflect an accurate estimate of the genetic 
parameter  for the populat ion.  

The clone-within-family source of variat ion is highly 
significant for all traits in our study (Table 4). Cooper  and 
Randal l  (1973), Ying and Bagley (1976), and Fos ter  (1985) 
detected significant variat ion for clones-within-families 
for all traits studied with the execption of survival in one 
popula t ion  for Foster  (1985). 

Table 3. Average values for several traits measured in a genetic test of Populus deltoides 

Trait Overall Female parent Male parent 

DF1 DF12 DF47 DFt6 DF43 ST66 ST107 

Height, age 1 (m) 2.95 
Height, age 2 (m) 6.34 
Height, age 4 (m) 13.36 
Height, age 8 (m) 19.97 
Diameter, age 3 (cm) 10.21 
Diameter, age 4 (cm) 13.21 
Diameter, age 8 (cm) 18.57 
Volume, age 4 (m 3) 0.055 
Volume, age 8 (m 3) 0.195 

2.87 3.16 2.81 
6.10 6.71 6.21 

13.05 13.91 13.10 
19.76 20.12 20.03 
10.16 10.63 9.84 
13.19 13.62 12.81 
18.56 18.69 18.45 
0.053 0.062 0.049 
0.192 0.200 0.194 

2.90 2.79 2.99 3.12 
6.25 5.78 6.85 6.53 

13.22 12.26 14.66 13.31 
20.11 18.84 21.29 19.44 

9.74 9.67 11.08 10.41 
t 2.69 12.49 14.20 13.49 
18.54 17.87 19.53 18.16 
0.049 0.042 0.073 0.056 
0.197 0.168 0.229 0.182 
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Height growth appears to be conditioned mainly by 
genes with additive effects (Table 5). Their relative contri- 
bution to the total variance is stable over years, as evi- 
denced by similar genetic coefficients of variaton for HT1 
- HT8 (Table 5) (Comstock et al. 1958). This pattern dif- 
fers from that suggested by Atchley (1984): a rapid in- 
crease in relative additive genetic variance to an initial 
peak with a subsequent decline during ontogeny. Small 
and non-significant levels of dominance variance are 
found for the first 2 years of height growth (Table 5). 
Coefficients of variation for dominance effects are 5% 
and 4% for height for the first 2 years, whereas coeffi- 
cients for additive effects are 10% and 11% for the 
2 years, respectively. Dominance variation for height was 
not detected after the second year. Estimates of epistatic 
components of variance are near zero for all height 
measurements, suggesting that estimates of additive and 
dominance variance for these traits are not biased. Note 
that the maximum total contribution for epistatic vari- 
ance for year 8 height is 4 (0.0059)= 0.024 and is a small 
fraction of total variance. In their Douglas-fir [Pseudotsuga 
menziesii (Mirb.) Franco] study, Stonecypher and Mc- 
Cullough (1986) found that height at age 2 was 
governed by equivalent amounts of additive and epistatic 
variance with half as much dominance variance. Additive 
variance grew steadily through age 6, while epistasis 
declined to zero. Dominance variance increased at a faster 
rate than additive variance, until at age 6 dominance 
variance was 44% larger than additive variance. 

Diameter growth more closely follows Atchley's 
(1984) model with an initial peak (DBH3) in additive 
variance for the genetic coefficient of variation (CV) of 
9%, which then decreases to 6% by age 8 years (Table 5). 
While not statistically significant, dominance variance 
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has a peak (genetic CV of 6%) at age 3 and then drops to 
0 by age 8 years. Epistatic variance follows the reverse 
pattern, with a CV of 0 for age 3, increasing to 9% at age 
8 years. At age 8 years, epistatic variance for diameter is 
more than double the additive genetic variance (Table 5). 
Stonecypher and McCullough (1986) noted a similar pat- 
tern with additive and dominance variance for diameter 
as with height, but with no evidence of epistasis. 

Tree volume follows the same general pattern for addi- 
tive and epistatic variance as for diameter. Additive vari- 
ance is greatest at age 4 years with a genetic CV of 35% 
and' drops almost in half (CV of 19%) by age 8 years 
(Table 5). The genetic CV for epistasis is 0 for volume at 
age 4 years and increases to 20 for age 8 years (Table 5). 
At age 8 years, the estimates for additive genetic variance 
and epistasis are essentially equal. Since only a fraction of 
the epistatic variance is estimated by ~" [refer to equation 
(7)], total epistasis is actually much larger. 

The most obvious weakness of our experimental re- 
sults is inference based on a small sample of parents. This 
does not reflect a problem in the proposed experimental 
method, but does demonstrate that studies designed to 
estimate complicated genetic parameters will require sub- 
stantial resources. In addition, the use of a single location 
in our study causes bias of the genetic parameters by the 
confounding of the parameters with their interaction with 
location effects. 

There are obvious weaknesses in the procedure, but 
they are not insurmountable. The critical assumption of 
no C effects cannot be accepted uncritically and will 
cause bias in parameter estimation (Burdon and Shel- 
bourne 1974). However, by utilizing the secondary clon- 
ing procedure (Libby and Jund 1962), this bias is mini- 
mized. Competition among trees in forest stand is likely 

Table 5. Estimates~fadditive(V~)~d~minace(V~)andepistatic(~r 
for a genetic test of Populus deltoides 

Genetic parameter a Traits b 

HT1 HT2 HT4 HT8 DBH3 DBH4 DBH8 VOL4 VOL8 

VA 0.0792 0.5112 1.9108 2.1332 0.8418 1 .1928  1.1336 0.00036 0.00140 
(0.10) (0 .11)  (0 .10)  (0 .07)  (0 .09)  (0.08) (0.06) (0.35) (0.19) 

V~ 0.0228 0.0596 0.0000 0.0000 0.3548 0 .1148  0.0000 0.0000 0.0000 
(0.05) (0 .04)  (0 .00)  (0 .00)  (0 .06)  (0.03) (0.00) (0.00) (0.00) 

"V'~" 0.0000 0.0000 0.0000 0.0059 0.0000 0 .2987  2.7223 0.0000 0.00151 
(0.00) (0 .00)  (0 .00)  (0 .00)  (0 .00)  (0.04) (0.09) (0.00) (0.20) 

~'~ 0.0698 r 0.3241 c 1.1834 c 2.1391 1.0527 ~ 1 .6063 3.8559 0.00033 r 0.00291 

Vv 0.3355 0.9065 2.4850 5.5254 3.4100 4.7947 10.6763 0.00083 0.00738 

a Codes for genetic parameters explained in text 
Trait codes explained in text 

c Difference between sum of genetic parameters and sum of variance components [see Eq. (8) in text for definiton of VG] due to 
calculated negative values for epistatic variance assumed to equal zero in Table 5 
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to bias genetic parameter  estimates (Cooper  and Fergu-  
son 1977) as it does for other plants (Hamblin and Ro- 
sielle 1978). However,  recent advances in genetic test 
analysis in forestry promise to at least part ial ly remove 
these biases (Nance et al. 1983). 

S tandard  techniques for evaluating the magni tude of 
epistasis require knowledge of exact genotype (Mather  
and Jinks 1977), which is rarely available for forest trees 
and other predominant ly  outcrossing crops. Such meth- 
ods require several generations of controlled matings and 
are usuallly init iated with inbred lines, to control  gene 
frequencies. Experiments spanning multiple generations 
are impract ical  for many long-lived perennial species. 
Further ,  appl icat ion of methods requiring inbreeding of 
predominant ly  outcrossing species may result in viola- 
t ion of several impor tan t  model  assumptions. Al though 
our experimental  method provides only a part ial  descrip- 
tion of epistatic genetic variance, parameters  are esti- 
mated  within a single generation and can provide useful 
first approximat ions  for epistatic parameters.  The current 
procedure provides one way to begin assessing non- 
additive gene action as well as additive gene action 
through onotgeny. 
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