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Cytoplasmic Effects on Peroxidase Activity in Crosses between 
two Genotypes of Flax (Linum usitatissimum L.) 

H. TYSON 

Biology Department,  McGill University, Montrdal, Quebdc (Canada) 

Summary. Crosses were made between two flax genotypes which differed markedly in dregee of basal branching and 
activity of peroxidase per gramme fresh weight. The two reciprocal F 1 hybrids and parental genotypes were crossed 
in all combinations to produce four F~ progenies, four first backcross progenies to either parent, and the parental 
genotypes plus Fl's. Altogether, 16 progenies resulted; individual plants in each progeny were assayed for peroxidase 
activity. Plants were sampled at 35 and at 70 days after germination; activities were expressed on a log scale. A model 
was fitted by weighted least squares procedures to the mean log activities of the t6 progenies in each sample. The 
model contained parameters for additive and dominance genetic effects, as well as for cytoplasmic effects in terms of 
differences between all progenies of the one compared to the other reciprocal F v Such cytoplasmic effects could thus 
be evaluated in a maternal or a paternal direction, over F~'s and both backcrosses. The fitting technique involved the 
sequential elimination of redundant parameters in the model until the minimum group had been found adequately 
summarising the data. Additive and dominance parameters were significant in each sample; in the second sample 
(70 days) there were also significant cytoplasmic effects transmitted by male gametes of the reciprocal Ft's. 

Introduct ion 

Differences between reciprocal F 1 hybrids are rou- 
tinely tested for significance in biometrical analyses 
of crosses between inbred lines. Their absence might 
be taken as evidence that  maternal and/or cytoplas- 
mic effects were of no importance. There is, however, 
little information available about the persistence of 
reciprocal differences into later generations derived 
from the two Fl's, apart from the study of Jinks, 
Perkins and Gregory (1972), or about the appearance 
of such differences in later generations when com- 
pletely absent in the F r Techniques for analysis 
of reciprocal differences have been described by 
these authors and by Durrant (1965). 

A straightforward extension of the basic cross be- 
tween two inbred lines may be used to estimate mater- 
nal effects in F 1 reciprocal hybrids or in backcrosses 
with them, and, at the same time, estimate cytoplas- 
mic effects in terms of differences in F~ and back- 
cross generations derived from the F 1 reciprocals. 
By crossing two inbred parental lines and their F 1 
reciprocals in all combinations, in effect a four by 
four diallel, the parental lines, their Fl's, Fi's and 
backcrosses are produced. Various models may then 
be fitted to the t6 progenies. Estimation of additive 
and dominance genetic effects, as well as cytoplasmic 
effects in the F 2 and backcross progeny to the alter- 
native F~'s may be made with one particular model. 
This approach has been used to examine a series of 
crosses between flax genotypes and genotrophs (Ty- 
son, t973), in which plant weight was measured. The 
same approach was employed here to see whether 
cytoplasmic effects on peroxidase activity could be 

detected, using two genotypes which differed marked- 
ly in activity per gramme fresh weight of main stem 
tissue. Peroxidase has been implicated in the control 
of indole acetic acid level (IAA) in plant tissues 
(Galston, Bonner and Baker, t950). Differences 
displayed by various flax genotypes in the degree of 
branching from the axils of the cotyledons suggested 
that  concomitant differences in peroxidase activity 
might be detectable. Techniques for measurement 
of peroxidase activity have been well worked out; 
in contrast, techniques for measurement of IAA level 
itself introduce severe practical limitations. The two 
flax genotypes used in this s tudy differed markedly 
in their degree of basal branching, having been select- 
ed for high seed production on the one hand, and for 
long main stem length (for fibre production) on the 
other. 

Materials and Methods  

The two flax genotypes used were Royal (R) and Man- 
darin (M). R was much branched (oilseed type), whereas 
M was virtually unbranched (fibre type). A single plant 
progeny from each genotype provided the parental plants 
for the initial crosses. The 16 progenies resulting from 
the subsequent crosses in all combinations between the 
parental lines and their reciprocal Fl's were grown in 
a randomised complete block design with three replicates, 
the experiment being carried out in a growth chamber. 
Each replicate contained eight plants of each of the ~wo 
parental lines, four of each of the reciprocal Flls and nine 
plants each of all t2 F2 and backcross progemes. Plants 
of each of the 16 progenies were completely randomised 
within each replicate. Replicates' positions were arranged 
to estimate the decreasing light intensity gradient which 
existed from the centre of the chamber to the corners. 
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With one replicate immediately under the central high 
intensity light zone, and the two others occupying the 
periphery of the chamber, light differences within any 
one replicate were minimised. Genetic and environmen- 
tal variability among individuals within progenies was 
incorporated for weighting each progeny mean in the 
analytical procedures to be described. Two samples were 
grown; because of the size constraint of the 1.22 by 
2.44 metre floor area, these samples followed one another 
consecutively in the chamber. Plants were sampled at 
35 and at 70 days after germination. Peroxidase activity 
was measured on an individual plant basis; activity was 
assayed in dialysed extracts of main stem tissue from 
which leaves had been removed. Details of the prepara- 
tion, dialysis, storage and assay of the individual plant  
extracts in this experiment have been described by Tyson 
(I 970). Extracts  from sample 2 displayed very high acti- 
vities and all were accordingly diluted by a factor of 
10 prior to assay. Activities were expressed in terms of 
the rate of increase in optical density per minute per 
gramme fresh weight, and were transformed to a log 
scale before analysis for the reasons detailed in the 
reference above. The transformed data are shown in 
table t, where it may be noted also that  each progeny is 
referenced through its row and column number in the 
four by four data  matrix. 

Table 1. Peroxidase activity, expressed as log AO.D. 47 ~  rain -1 g. fresh 
weight -1. Mean  log activities for the 16 progenies at 35 and at 7 ~ days. 

Genotypes : R = Royal, M = Mandarin  

Sample I (35 days) c2 

R F x ( R x M )  F x ( M X R )  M 
.1 .2 .3 .4 

1. 11 12 13 14 
R t.2988 1.1387 1.1272 0.8528 

2. 21 22 23 24 
Fx ( F •  1.1307 1.0117 1.0872 0.9914 

3. 31 32 33 34 
F 1 (Mx R) 1.1359 1.0508 1.0654 o.9896 

4. 41 42 43 44 
M 0.9554 1 .o141 0.9282 1.04o7 

Mean 1.1302 1.0538 1.0520 0.9686 

Sample 2 (70 days) d 

R F x ( R •  F 1 ( M •  M 
.1 .2 .3 .4 

1. 1t 12 13 t4 
R 0.8094 0.7090 0.7994 0.6218 

2. 21 22 23 24 
F1 ( R •  0.7417 0.666O 0.7603 O.6334 

3. 31 32 333 34 
/:1 (M • R) 0.7970 0.6632 0.7545 0.7398 

4. 41 42 43 44 
M 0.5416 0.6432 0.5926 0.5754 

Mean 0.7224 0.6704 0.7267 0.6426 

nif icant  differences among  replicates, and no inter-  
act ion between progenies and  replicates. The ac t iv i ty  
da ta  were, therefore,  averaged over replicates within 
each sample, and  the variances for these t6  means  
within each sample were ob ta ined  f rom the pooled 
within-replicate,  within-sample sums of squares for 
the corresponding progenies. 

The analysis of var iance ment ioned  above was 
centred on an or thogonal  b reakdown of the progenies '  
sum of squares, a b reakdown which examined  cy to-  
plasmic and mate rna l  effects within segregat ing gene- 
rations. The comparisons made  within the F 2 and  
backcross  generat ions are summar ised  in table 2 (part  
of table 8, Tyson,  t970). Their  applicat ion (table 2) 
to the peroxidase activities (table t) revealed, for 
example,  signification differences in the F 2 between 
the p rogeny  of reciprocal F l ' s  when these F l ' s  were 
used as males in generat ing the four F 2 progenies. 

I t  is also possible to examine cytoplasmic  effects 
across segregat ing generat ions with or thogonal  com- 
parisons;  this was described by  Tyson  (1973). A set 

of or thogonal  comparisons  which esti- 
mates  addi t ive ~dl and  dominance  [hi 
genetic effects, as well as es t imat ing 
cytoplasmic  effects across segregat ing 
generations,  is shown in table 3. Wi th  

Mean the inclusion of a d u m m y  variable to 
est imate the mean  of all t6  progenies, 
this coefficient mat r ix  (X) was f i t ted 

t.lO44 by  weighted least squares procedures  
to the vector  (y) of observed p rogeny  

1.o553 means in order to es t imate  a to ta l  of 
15 parameters .  The weights used were 

1.o6o4 the reciprocals of the  var iances of the 
progeny  means,  supplied as a diagonal 
ma t r ix  (V -1) in:  

0.9846 
b -~- ( X  W -1 X ' ) - I  X V - l y  . 

After  f i t t ing the model  implicit  in 
table 3 b y  this method,  t h e  residual 

Mean sum of squares was dis t r ibuted as chi- 
square;  this allowed a test to  be made  
of the model 's  adequacy  in summaris-  

0.7349 ing the data.  Es t ima t ion  of Ed I and 
~h] as in table 3 was s imply an exten-  

0.7004 sion of the coefficients employed  b y  
Mather  and  J inks  (/971) for [d 1, Ell] 

0.7386 est imation,  given means  for P1, P2,/71, 
F~, B 1 and  B~. 

o.5882 Fi t t ing  of parameters  by  weighted 
least squares was employed  b y  Barnes  
(1968) for his da ta  f rom crosses in ~! 1 

Results 
For  each of the  16 progenies in each replicate a t  

each sampling,  a mean  ac t iv i ty  and  its var iance were 
calculated f rom the individual  p lant  log peroxidase 
activities. An  analysis of var iance (Tyson, t970) of 
these mean  activit ies showed t h a t  there  were no sig- 

combinat ions  between two inbred lines of Drosophi la  
and  their  reciprocal F 1 hybrids.  He  began with 
a basic model  to es t imate  addi t ive and dominance  
genetic effects, and  inserted addit ional  pa ram-  
eters for mate rna l  and other  effects unti l  an ade- 
quate  fit to his da ta  had  been obtained.  In  con- 
t rast ,  the f i t t ing of the model  in table 3 to the  per- 
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Table  2. O~'thogonal comparisons among F 2 and first backcross progenies: cytoplasmic and maternal 
effects within,.sagrcgating generations. F ratios shown for comparisons over samples 1 and 2, with 

tests against progeny by sample by replicate interaction as error 

Progeny 

Comparison 11 ~ t2 13 t4 2t 22 23 24 31 32 33 34 41, 42. 43- 44 F 1 
E 

i " 1 1 --I 1 - 
F 2 1 " 1  1 1 , 6.47* 

1 - - - 1  --I I 

! t 1 1 1 -- 

B~ 1 --1 1 1 1.65 
I - - 1  I t - -  

l O  t 1 1 - - 1  2 .65  
/3,2, t l  I 1' 1 1 - 

- [ t 2  t 1 1 1 4 . 9 5 *  

1 F ratios for these comparisons over both samples; no~significant interaction with samples for any 
of these 9 comparisons. 

2 B1 _ backcrosses to parent t(R); B. a -- backcrosses to parent 2(M) 
* Significant at probability 0.05. 

Table  3. Orthogonal comparisons among progenies; estimation old, h, and cytoplasmiceffectsacross seg}egatihg genera!io~ 

Progeny 

Parameter: 11 12 13 14 2t 22 23 24 31 32 33 34 41 42 43 44 

Addi t ive  gene effect, [d] 1 1 1/2 1/2 1/2 -- 1/2 1/2 -- 1/2 -- 1/2 -- 1/2 -- 1 
Dominance  gene effects, Eh] 2 1/2 1/2 1 1/2 1/2 1/2 t /2  I /2 1/2 1/2 1/2 I 1/2 1/2 

Comparisens:  [ f ema le  3 1 1 1 t --  1 -- I --  1 -- 1 
Cytoplasmic  {male  4 t --  1 1 -- t t --  1 1 - -  1 
effects [ i n t e r ac t ion  5 1 --1 --1 1 

[ f ema le  6 I 1 1 1 - 1  --1 --1 - - t  - - I  --1 --1 - - I  I 1 1 t 
F l e f f ec t s  {male  7 t --1 --1 1 1 --1 --1 t 1 - - I  --1 1 1 - - I  --1 1 

[ i n t e r ac t ion  8 I -- 1 -- I 1 -- 1 1 t --  1 -- 1 1 1 --  1 1 --  1 -- t I 

Addi t ive -cy top lasmic  9 1/2 
in teract ions  10 1/2 -- 1 / 2  

P a r e n t a l - F  1 11 1 --  1 -- 1 1 
in terac t ions  12 1 - - I  --1 

Cy top lasmic -F  1 13 
in terac t ions  14 1 - - t  

1 - - 1  - - 1  
- - 1  1 

- t / 2  -1/2 1/2 
- - I / 2  1/2 

--I 1 I --1 
1 - - 1  1 1 - - 1  

1 - - 1  1 1 - - 1  
- - 1  t 1 --I 

ox ida se  a c t i v i t y  d a t a  he re  was  ca r r i ed  o u t  in t h e  
r eve r s e  d i r ec t i on .  T h e  o r t h o g o n a l i t y  of t h e  c o m p a r i -  
sons  in t a b l e  3 m e a n t  t h a t  c o m p a r i s o n s ,  or  p a r a m -  
e ters ,  w h i c h  were  r e d u n d a n t  in t h e  sense  of con t r i -  
b u t i n g  l i t t l e  to  t h e  v a r i a b i l i t y a m o n g  p r o g e n y  means ,  
c o u l d  be  r e m o v e d  s e q u e n t i a l l y  one  a t  a t i m e  f r o m  t h e  
m a t r i x  of coe f f i c i en t s  (X). R e - f i t t i n g  of t h e  r e d u c e d  
m o d e l  a n d  r e - c a l c u l a t i o n  of t h e  c h i - s q u a r e  a t  each  
s t age  in t h e  r e - f i t t i n g  a l l owed  t h e  m i n i m u m  g r o u p  
of p a r a m e t e r s  a d e q u a t e l y  s u m m a r i s i n g  t h e  d a t a  to  
be  d e t e r m i n e d .  C o m p a r i s o n s  were  r e m o v e d  f r o m  t h e  
m a t r i x  X s e q u e n t i a l l y  u n t i l  t h e  p o i n t  was  r e a c h e d  
a t  w h i c h  f u r t h e r  de l e t i on  r e s u l t e d  in  a s igni f icant :  
c h i - s q u a r e  va lue .  Deg ree s  of f r e e d o m  for  th i s  chi-  
s q u a r e  ( n u m b e r  of p r o g e n y  m e a n s  m i n u s  n u m b e r  of 
p a r a m e t e r s  e s t i m a t e d )  inc reased ,  of course ,  as t h e  
e l i m i n a t i o n  of r e d u n d a n t  p a r a m e t e r s  p roceeded .  

T h e  l e n g t h y  c a l c u l a t i o n s  i n h e r e n t  in t h e  c o n s t r u c -  
t i o n  of a d e q u a t e  m o d e l s  b y  t h e  r e d u c t i o n  p r o c e d u r e  
u s e d  h e r e  were  h a n d l e d  b y  w r i t i n g  an  a p p r o p r i a t e  
p r o g r a m m e  in I B M  M a t l a n  ( m a t r i x  l anguage ) .  A n y  
set  of o r t h o g o n a l  p a r a m e t e r s  cou ld  t h u s  be  r e d u c e d ,  
in t h e  course  of succes s ive  w e i g h t e d  l eas t  s q u a r e s  
so lu t ions ,  to  t h e  m i n i m u m  g r o u p  for  a d e q u a t e  f i t  to  
t h e  da ta .  O r t h o g o n a l i t y  i n t r o d u c e d  l i m i t a t i o n s  in 
t h e  p a r a m e t e r s  w h i c h  c o u l d  be  e s t i m a t e d ;  n e v e r t h e -  
less, p a r t s  of t h e  ana lys i s  of f o u r  b y  fou r  t ab l e s  for  
r o w  a n d  c o l u m n  ef fec ts  h a v e  b io log ica l  i m p l i c a t i o n s  
in t h e  c o n t e x t  of th i s  t y p e  of e x p e r i m e n t .  He re ,  dif-  
f e r ences  b e t w e e n  t h e  m e a n s  of rows  2 a n d  3 in t h e  
d a t a  m a t r i x  ( tab le  t ) ,  a n d  b e t w e e n  c o l u m n s  2 a n d  3, 
m a y  be  r e c o g n i s e d  as s t e m m i n g  f r o m  f e m a l e  or  m a l e  
g a m e t e s  of t h e  a l t e r n a t i v e  Fl'S. I n  a d d i t i o n  to  t h e  
p r i n c i p a l  g e n e t i c  a n d  c y t o p l a s m i c  effects ,  F 1 e f fec t s  
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in a male or female direction were estimable, with 
interactions between these three sets of effects also 
included in the comparisons of table 3. 

The models fitted to each sample are shown in 
table 4. In both samples, additive and dominance 
effects were significant. In sample t there was a sig- 
nificant interaction between F 1 effects in a maternal 
direction and male cytoplasmic effects. Reference 
to table 3 shows that  the effects of the male gametes 
from the two Fl 's  were not the same within the back- 
crosses to either parent as they were within the F2's. 
In sample 2 there was a significant effect of the reci- 
procal F 1 male gametes across the backcross and F= 
generations, and thus evidence of transmission of 
cytoplasmic effects by male gametes. There was also 
a significant F1 maternal effect, in that  the eight 
progenies derived from F x female gametes, that  is, 
from (R • M) and (M • R) as females, were superior 
to the eight from R and M as female parents. The 
interaction between F 1 maternal and paternal, effects 
stemmed from the much larger superiority in the 
maternal direction, although the trend of superiority 
for F 1 derivatives was also apparent in the paternal 
direction. The two final interactions both involved 
cytoplasmic effects. 

The estimates of genetic and cytoplasmic effects 
made in these crosses could not be extrapolated to 
other environments or genotypes. Nevertheless, male 
gamete transmission of cytoplasmic effects appearing 
in later, rather than earlier, developmental stages, 
and absence of immediate F1 reciprocal differences, 
contrasted with the not uncommon detection of 
transient maternal effects in Fl'S of crosses between 
inbred lines. 

Table 4. Est imates  o f  parameters  detailed in table 3. 
S tandard  errors shown with each estimate 

Parameter: Sample I (35 days) 

1 
2 

14 

Mean = 1.1817 -I- 0.0122 
Additive effects, [d] = 0.1467 i 0.0101 
Dominance effects, Eh] -- 0.2541 ~ 0.0222 
F1 maternal by cytoplasmic = 0.0229 i 0.0070 
male interaction 

Z(12o.) = 20.15, 
0.05 < P < 0.10 

Parameter: Sample 2 (70 days) 

Mean = 0.7427 ! 
1 Additive effects, [d] = 0.1108 
2 Dominance effects, Eh] -- 0.0946 
4 Male cytoplasmic effect -- 0.0311 i 
6 F 1 maternal effect = --0.0268 =~ 
8 F 1 maternal by paternal -- 0.0133 i 

interaction 
10 Additive by male tyro- = --0.0663 :~ 

plasmic interaction 
13 F 1 paternal by cytoplasmic -- 0.0175 :tz 

female interaction 
g~s) = 14.64, 

0.05 < P 

0.0179 
0.0138 
0.0361 
0.0087 
0.0073 
0.OO72 

0.0252 

0.0o89 

0.t0 

D i s c u s s i o n  

Compared to control of inheritance through nuclear 
genes, there is insufficient information about the 
mechanism of cytoplasmic inheritance in higher 
plants for the construction and testing of models 
in an analogous way. In spite of this, cytoplasmic 
effects across segregating F~ and first backcross gen- 
erations were demonstrable with the type of model 
and weighted least squares procedure used here; they 
were also found in the F~ with the unweighted analy- 
sis within segregating generations previously used. 

Barnes (t968) fitted an additive, dominance and 
maternal effect model to eight generation means from 
his Drosophila data, means generated in a similar 
arrangement of crosses to those here, and derived 
from all t6 possible progenies. Additidnal genetic 
parameters in Barnes' models, such as those for 
additive and dominance components 'ot a maternal 
genotype, required additional generations for fitting ; 
Barnes showed also how such extended models could 
be developed for data from a correspondingly enlarg- 
ed experiment. However, amalgamation of proge- 
nies, so as to supply the generation means to which 
his models were fitted, inevitably discarded informa- 
tion among the t6 progenies. This information was 
not retrievable in terms of any parameters derived 
from diploid genetic mechanisms, or as simple mater- 
nal or paternal effects. 

I t  was this source of information upon which atten- 
tion was focussed here, to reveal differences between 
the progeny of the one compared to the other F 1 reci- 
procal hybrid. The model used here, and its fitting 

by reduction to the simplest form with 
chbsquare tests in successive weighted 
least squares solutions, were immediately 
applicable to Barnes' data, except that  
appropriate weights for the means of the 
t6 progenies in his data were not avail- 
able. An arbitrary elimination of all but 
the first nine parameters (including the 
mean) was accordingly made in the model 
used here, so as to allow these remaining 
parameters to be fitted by an unweighted 
least squares procedure, with standard 
errors obtained from the least squares 
residue. I t  could then be shown that  there 
were significant (P ~ 0.05) male trans- 
mitted cytoplasmic effects in Barnes' data 
of exactly the kind detected here for 
peroxidase activity in flax. This at least 
suggested the possibility of checking more 
often for such effects; were they to be 
reliably demonstrable in various situa- 
tions, their explanation might allow more 
realistic models to be constructed. 

Peroxidase is present in variant forms, 
or isozymes, in this plant. These isozymes 
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may be readily separated by standard electrophoretic 
techniques, with subsequent measurement oftheirrela- 
rive mobility and individual activity. Separation and 
measurement in the progenies here, for example, would 
allow the cytoplasmic effects described for ' total '  acti- 
vi ty to be examinedin respect of eachisozyme. I t  might 
then be possible to examine the ways in which such 
cytoplasmic effects on, say, activities of individual iso- 
zymes were reflected in terms of enzyme composition 
or structure. This, in turn, might provide an insight 
into the presumably differential cytoplasmic contri- 
butions to gametes during their formation on the reci- 
procal F~'s. 

Several possibilities exist in the area of differential 
cytoplasmic contributions. Among these, for example, 
would be long-lived messenger RNA, mitochondrial 
or chloroplast DNA, level of IAA, or different thresh- 
olds of response among genes to switching on for 
RNA synthesis by IAA. Available techniques make 
an at tack on some of these areas feasible. 
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