
SEGREGATION FOR CHLOROPHYLL DEFIGlENCBIES AND OTHER PHENOQEVlANBS 
IN THE X, AND X, GENERATIONS OF IRRADIATED JACK PINE 

by Thomas D. Rudoiphl 

Readily identifiable phenotypes, such as cotyle- 
donary chlorophyll deficiencies, whose genetic bas- 
is can be established, would be highly useful in 
forest genetics research as genetic markers. In 
the genus Pinus mutants with severe deficiencies, 
such as albinos, will die shortly after seed germina- 
tion while those with less severe deficiencies will 
not. In either case, however, the symptoms appear 
in early stages of growth and hence these types 
of mutants are especially useful as gene markers. 

Where the mutati'on is lethal, the gene or genes 
are carried in natural populations in heterozygous 
combinations. Selfing or cross-pollination with a 
heterozygous carrier is necessary, therefore, to 
identify individual trees with a heterozygous geno- 
type for this characteristic. Controlled self-pollina- 
tion studies have shown that the pines are self- 
fertile in varying degrees ( see review by Squillace 
and Kraus 1963), so identification of genotypes 
heterozygous for this character is possible. Scor- 
ing of the trait, however, must be done in the 
early seedling stages. 

Chlorophyll deficiencies in seedlings of conifers 
have been reported by numerous investigators in- 
cluding Johnson ( 1945 ), Johnson ( 1948 ), Eiche 
( 1955 ), Langner ( 1959 ), Cram ( 1960 ), Barnes 
et al. ( 1962), Squillace and Kraus ( 1963), Fowler 
(1962, 1965a, 1965c), and Snyder et  al. (1966). 
They have found limited use as genetic markers 
in such studies as the determination of natural self- 
fertilization frequency ( Cram 1960, Squillace and 
Kraus 1963, Fowler 1965a, 1965c) and in pollen 
dispersion studies ( Langner 1952 ). Other applica- 
tions in forest genetics research where genetic 
markers are essential could well utilize chlorophyll 
deficiencies alone or in combination with other 
easily recognized juvenile phenotypes. 

To be of value, however, the genetic basis or 
mode of inheritance of such markers must be 
known. Results of a number of studies in conifers 
show an apparent 3: 1 or single recessive gene ratio 
of normal vs. chlorophyll-deficient seedlings ( John- 
son 1945, Johnson 1948, Cram 1960, Barnes et a2 
1962 ). In these studies a limited number of parents 
were usually involved. In more recent studies, in- 
cluding a larger number of parent trees, the re- 
sults show frequent deviations from the simple 
3 : 1 ratio ( Squillace and Kraus 1963, Fowler 1965a, 
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P965c, and Snyder et  a1 1966 ). These authors sug- 
gest several factors that may influence the ob- 
served segregation ratios. Most important appear 
to be environmental effects limiting deviant seed- 
ling emergence and possible pregermination lethals 
associated with the chlorophyll-deficient character. 
Certainly, larger popula"cions than have been re- 
ported in the results of some studies nltast also be 
considered as essential for accurate definition of 
segregation ratios. 

This report shows the frequency of chlorophyll 
deficiencies in a relatively large population of 
jack pine (Pinus bnnkszanu Lamb.) in "ce second 
generation following X-irradiation sf seed, and in 
a coritrol popearation. Presented are segregation 
ratios based on open-, self-pollinated, and back- 
crossed progenies. Radiation effects, other than 
those concerned with phenodeviants, will be re- 
ported e l s e ~ h e r e . ~  

Material and hietha~ds 

Jack pine seed collected in 1950 on the Chip- 
pewa National Forest in Minnesota was irradiated 
on March 14, 1951, with X-rays at dosages sf 1,000 
r and 4,000 r.3 An unirradiated seedlot of the same 
origin was included as a control. The seed was 
sown in standard beds in the Hugo Sauer Nursery 
at Rhinelander, Wisconsin, on May 3, 1951. No 
seedlings survived after the firstyear in the nurs- 
ery in the 4,000 r lot and only about one-fourth 
remained in the 1,000 r lot. Complete results of 
performance in the nursery will be reported else- 
where.2 

In the spring of 1954, 200 seedlings from the 
control lot and 200 from the 1,000 r l o twere  
planted on the Argonne Experimenhl Forest near 
Three Lakes, Wisconsin. Female strobili were evi- 
dent beginning with the first year in the field, 
and the production of cones has steadily increased 
to the present. 

During June and again in December 1961, 100 
open-pollinated seeds were sown in sand in a 
greenhouse bench from: i 1 ) 98 trees grown from 
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the 1,000 r irradiated seed, ( 2 )  45 subsamples 
from a bulk collection in the  control plot, and ( 3 ) 
45 subsamples from a bulk collection made in a 
natural stand in northern Wisconsin. Growing con- 
ditions in the greenhouse were the same as re- 
ported in another paper by Rudolph ( 1966) in 
these Proceedings. 

Germination and early seedling deveXopment 
were observed periodically. The total number of 
deviant seedlings described and transplanted for 
further study from the two sowings were 324 from 
the individual trees grown from irradiated seed, 
177 from the control plot collection, and 158 from 
the natural stand collection. From these prelimi- 
nary trials, i t  was evident that we could further 
define the deviant types and possible differences 
in their frequencies due to X-irradiation of the 
seed from which the parents were grown only 
through study of both control-pollinated and open- 
pollinated individual tree progenies. 

The controlled pollinations were made in 1962 
and 1963. Ten isolation bags were employed on 
each of 24 trees in the 1,000 r plot in 31962, and 
on 86 trees in the 1,000 r plot and 21 trees in the 
control plot in 1963. The 24 trees included in the 
irradiated plot pollinated in 1962 were included 
in the 1963 pollination. The strobili in 8 bags on 
each tree were selfed, the strobili in 1 bag were 
pollinated with a mixture of Chippewa National 
Forest origin, and the strobili in 1 bag per tree 
were left ungollinated to serve as a control on the 
bagging technique. Pollination records and field 
labeling were maintained on an individual-bag and 
-branch basis to permit definition of possible 
radiation-induced chimeras on the basis of the 
seedling progenies. 

Cones from the two years' pollinations were 
collected in  September 1963 and 1964. The seed 
was extracted by dismembering each cone and 
was stored at  38°F. Beginning on March 18, 1965, 
the seed was sown in sand in a greenhouse bench. 
(For  greenhouse conditions see second paper by 
Rudolph in these Proceedings. ) 

Germination counts were made after one month. 
Beginning at  germination and during early seed- 
ling development, deviant seedlings were searched 
for frequently; and when the seedlings were 3 
months old a final check was made. All unusual 
seedlings selected from the population, together 
with controls, were potted for further study. 

Results and Discussion 

Among the most easily recognized phenodevi- 
ants in the early seedling stages of the material in 
this study were plants showing chlorophyll de- 
ficiencies in their cotyledons. Although quantita- 
tive differences in chlorophyll deficiency were 
evident between and, rarely, within progenies, it 

wa.1 felt that the differences could not be accurate- 
ly classified as proposed by Gustafsson ( 1940 ). 
Furthermore, the expression of cotyledonary 
chlorophyll deficiencies is influenced by environ- 
mental conditions during seed germination and 
early seedling growth (Eiche 1955, Snyder et a1 
1966). All chlorophyll deficiencies were therefore 
considered as one type of deviant in the present 
study. Cross-breeding studies between individual 
trees heterozygous for the chloropklyll character 
are  being continued, together with attempts to dis- 
tinguish accurately between chlorophyll-deficient 
types among the pedigreed progenies. 

Table 1 lists progenies showing more than 4 
percent of the plants with this character. Chloro- 
phyll deficiencies occurred a t  lower frequencies 
in 14 other selfed progenies. Of the 35 segregating 
progenies listed, 12, or more than one-third, showed 
an apparent segregation ratio of 15 normal: 1 mu- 
tant suggesting, in the case of the selfed progenies, 
heterozygosity for two recessive genes in the par- 
ent. Four of the 35 progenies segregated in a 3 :1  
ratio for chlorophyll deficiency in the cotyledons, 
indicating heterozygosity for one recessive gene 
in the parent. Nine others showed an apparent 7 :1  
ratio which does not result upon selfing either of 
the suggested genotypes. A 7:  1 ratio could result 
from crossing a double heterozygote and a single 
heterozygote in a 2-gene model. This would be evi- 
dent only in the backcrosses listed in table l. Now- 
ever, only 2 of the 8 backcrosses listed show an 
apparent 7 : 1 segregation ratio. 

Two other explanations are  plausible. Perhaps 
the 7: 1 ratio is a distorted 3 : 1 ratio resulting from 
a partial pre-germination lethal associated with 
the chlorophyll deficiency. On the other hand, the 
possibility cannot be discounted that the 7: 1 ratio 
may actually result from an original 15:1 ratio 
distorted due to lethality independent of the chlor- 
ophyll deficiency, or in fact associated with the 
chlorophyll-sufficient character. This same type of 
phenomenon would explain the occurrence of 2 : 1 
ratios in five of the progenies as being originally 
3 : l  ratios with a lethal associated with the chlor- 
ophyll character. 

Some of the apparent 7: 1, 2: 1, and 1: 1 ratios 
listed in table 1 also fit the simple 15: 1 or  3 : l  
ratios, but with a low probability, in the  chi- 
square goodness-of-fit test. This again suggests 
pre-germination lethals linked with the chlorophyll- 
deficiency factor in some cases and independent of 
i t  in others. 

The presence of a relatively high proportion of 
chlorophyll-deficient seedlings in three of the 
open-pollinated progenies ( N2, S42, and P43 ) sug- 
gests, on the basis of segregation ratios in their 
selfed progenies, that from 17 to 25 percent natural 
selfing occurred on these trees in the open-polli- 
nated cones. These estimates agree quite well with 



Table 1. --Segregat 
i n  open- ,v---------, 

pine individual  t r e e  -, , - , 

nnl 1 i nnted . se l f  ed, and back cro~seckk~ j ack  - 
X- oronenies 

- ---- 
? No. of : P f o r  

: Total ; chlorophyll- : Apparent chi-square : A c t u a l  

Treenumberg/ n o * o f  d e f i c i e n t  : r a t i o  : g o o d ~ s s - o f - :  r a t i o  : seedlings : seedl ings : f i t t e s t " ? / ' :  

N2 Open-pollinated 235 
N2 Self -pollinated 190 
N2 Backcross 34 
N8 Self -pollinated 11 
N12 Self-pollinated 31 

N15 Self -pollinated 219 
N35 Self -pollinated 19 
N35 Backcross 2 3 
N41 Self-polli  

4 Y e d  
2 4 

N46 Backcross  2 1 

N53 Self -pollinated 60 
N53 Backcross 29 
N62 Self -pol l i  ated 65 
N81 B a c k c r ~ s & ~  19 
N82 Self-pollinated 294 
N82 Backcross 159 
N90Self-pollinated 20 

S16 Self-pol l i  ated 8 
S18 B a c k ~ r o s & ~  107 
S27 Self -pollinated 15 

542 Open-pollinated 235 
S42 Self -pollinated 53 
542 Backcross 4 0 
S47 Self -pollinated 46 
S48 Self -pollinated 37 

S66Self-pol l inated 14 
S89 Self -pollinated 14 
'S100 Self -pollinated 8 

P14 Self -pollinated 141 
P43 Open-pollinated 103 
P43 Self -pollinated 89 

P51 Self -pollina ted 180 66 2:1 
P87 Self -pol l inated 85 9 7: 1 
P88 Self -pollinated 244 12 15:l 
P92 Self -pollina ted 112 10 7: 1 

1/ Seedlings resu l t ing  from open-pollinated seed were backcrossed w i t h  t h e  female - 
parent.  

2 /  2 and 2 t r e e s  were grown from 1,000 2 X-rayed seed. 2 t r e e s  a r e  from non- - 
i r rad ia ted  cont ro l  seed. 

3 1  2 values rounded off t o  nearest  0 .O5. - 
4/ Trees N46, N81, and 518 had no chlorophyll-def i c i e n t  seedl ings i n  the Open- - 

poll inated or  s e l f e d  progenies. 

the frequency of natural selfing reported by Fowl- have resulted f r o m  crossing with other heteroW 
er ( 1965a ). Nevertheless, the estimates may be gous carriers. However ,  Snyder e t al ( 1966 ) have 
somewhat high f o r  two reasons. First, they do not found  evidence f r o m  intercrossing 18 carriers that 
take into account chlorophyll deficiencies that may only 2 possessed a common gene for chlorophyU 



deficiency, which suggests that the same pheno- 
types are produced by several non-alleles. Thus, the 
estimates of natural selfing presented here prob- 
ably would not be greatly reduced by taking into 
account crossing among carriers. Second, since two 
of the three progenies under examination ( N 2  and 
P43 ) show a 2 : 1 segregation in their selfed pro- 
genies, possibly a lethal associated with the domi- 
nant ch2orophyll factor is also tending to increase 
the proportion of chlorophyll deficiencies appear- 
ing in the open-pollinated progenies; if so, i t  would 
increase the apparent frequency of natural selfing. 

The appearance of chlorophyll deficiencies in 
seedling progeny from backcrosses to female par- 
ents not showing chlorophyll deficiencies in their 
own selfed progeny (N46, N81, and S18 j adds fur- 
ther to the uncertainty of the genetic basis for the 
chlorophyll. character. From the response of the 
backcross progeny these female parents must be 
carriers of the recessive gene or genes for chlor- 
ophyll, but none of the homozygotes appear in the 
selfed progenies. Apparently all homozygotes for 
chlorophyll deficiency will die prior to germination 
when present in a largely homozygous genotype, 
but at least a few are viable in a more heterozy- 
gous genetic background. The possibility of cyto- 
plasmic inheritance also cannot be excluded, and 
undoubtedly other explanations of this behavior 
could be offered. Indeed, possibly none of the ex- 
planations offered above could fully explain the 
extremely rare  occurrence of chlorophyll deficien- 
cies in the 14 selfed progenies not included in 
table 1. 

No apparent differences in the frequency of 
trees carrying recessives for chlorophyll deficien- 
cies were noted between the trees grown from ir- 
radiated seed and those from the control plot. In 
both groups, approximately one-fourth of the trees 
were found to be carriers of the recessive genes 
segregating in the ratios shown in table 1. This sug- 
gests that 1,000 r of ionizing radiation applied to 
seed did not increase the frequency of chlorophyll 
deficiencies in the second generation. However, 
since the trees from irradiated seed that were 
studied represent only a small part of the original 
population as a result of radiation-related mortali- 
ty, it is also possible that the trees observed pro- 
ducing progenies segregating for this character 
represent only a small portion of those initially 
present. The high frequency of the recessive genes 
in this population does suggest a relatively high 
spontaneous mutation rate to the recessive condi- 
tion at several loci. Squillace and Kraus ( 1963) 
present results which suggest a similarly high mu- 
tation rate for chlorophyll deficiency in Pinus 
elliottii var. elliottii. These authors also suggest 
that the frequency of the recessive genes may be 
influenced by other factors such as  selection 
favoring hetesozygotes over both homozygotes. Fur- 
ther study is needed to define the mutation rate 

or  other factors responsible for  the apparent high 
frequency of the recessive chlorophyll character. 

Numerous other phenodeviants were found 
among the seedling progenies grown. Some of 
those readily recognized and occurring in signifi- 
cant frequencies are listed in table 2. On the basis 
of their frequencies in open-pollinated progenies 
and segregation upon selfing, a frequency of about 
10 percent natural selfing is indicated. Of special 
interest are the chlorophyll-deficient seedlings that 
appear to regain a normal green color following 
the cotyledon stage. Among other things, this sug- 
gests that some mature trees may in fact be hom- 
ozygous recessive for the chlorophyll characteris- 
tics manifested at the cotyledon stage. Fowler 
( 1965b ) has reported on a Pinus resir~osa tree that 
may have this genotype. The reverse situation 
found in three progenies in which the cotyledons 
are  green and the primary and secondary leaves 
initially deficient in chlorophyll presents another 
interesting phenomenon. This characteristic may 
be similar to the virescent type in Pinus elliottii 
reported by Kraus and Squillace ( 1964). Both 
types of seedlings survive at the end of 6 months 
in the greenhouse, but under natural conditions 
survival might be greatly reduced. 

Two types of deviants which the author has 
not previously observed in large, non-irradiated 
populations and which may be radiation-induced 
mutants were found in Trees S30 and S91 ( table  
2 ) .  Both are apparently distinct mutants and are 
easily recognized. In the S30 progeny the mutants 
can be distihguished as soon as  the seedlings ger- 
minate. Those in the S91 progeny become readily 
apparent with the development of primary leaves. 
These and other mutants isolated will be grown 
for further study. 

Although no definite chimeras on the X I  trees 
were identified from the X2 progenies, several 
were suggested by differences in  progenies from 
different parts of the individual X trees. Larger 
control-pollinated progenies will be grown from 
parts of the trees showing these apparent differ- 
ences to more accurately define the type and ex- 
tent of the chimeras if present. 

Summary and Conc%usions 

Approximately one-fourth of the trees both in 
the population grown from irradiated seed and in 
a control population were found to be carriers of 
genes recessive for chlorophyll deficiencies. Al- 
though this suggests that 1,000 r of ionizing radi- 
ation applied to seed had no effect on the fre- 
quency of chlorophyll deficiencies in the second 
generation, high early mortality in the irradiated 
population may obscure possible differences. Sev- 
eral segregating ratios for this characteristic were 
found. Possible explanations for the deviations 
from normal Mendelian ratios are  presented. On 



Table 2 .  --Segregation for. d e v  'La~at charac Ler3.h L ~ ~ % ~ L l l k ~ z  g i  
cotyledonary ebioropby l l  dzf ~ c l c n i - z o s  x 11 i>pcul-- and ------ 
. ; P I ~  - u o l l ~ n a t e d  lack pane  ~ . n d l v l a k ~ a l  ~ r e < ~  Xz j i r  <,jirvl; c s  

---- *"lll-l"."- -" " .-- - 
Tree : T y p e o f  Descr ip t ion  : ~ 0 . o . f  ' L ' ' ' ~  P r u b a i i l c g c n o t y p e  

: p o l l i -  : of mutant : seedlirlgs : r10rm1.: : 
no, ot panbent 

: n a t i o n  : : :!~~rt.anC : --- ----- ----- - 
N 4 0  s e l f  ed Cotyledons norm1 5 2 3 *(.I: 1 lip; tc X . O Z ~ ~ O L I L ,  f o r  

green; primary OXiC Z ' r - " C ~ ~ b S ; t t + >  gene 
leaves  yellow 

N53 s e l f e d  

N62 s e l f  ed 

do. 

do.  

N12 s e l f e d  Cotyledons pale 31 
yellow; primary 
l eaves  green 

N12 O.P. do. 125 

N82 s e l f e d  do, 

S66 s e l f e d  do. 

JXe LC ~'0~yfjfju.3 for 
th ree  recesslve 
gene 5 

9.3 :  1) i;nlino*n~; p o s s i b l y  
) h e t u r o z y g o ~ ~ s f o x '  
) one recesslve gene 
) w i  e:l avsociated 

11-1 - 0 :  1) l e t h a l .  Apparen t  
9.170 n a t u s a l  s e l f -  
i ng 

2 94 72 .5 :  1 H e  terozygous f o r  
t h r e e  r e c e s s i v e  
ge nc s 

24 2 .5 :1  He t e rozygous  f a r  
one recessive gene 

S30 s e l f e d  Thick, twisted, 13 1 5 " 6 :  1)  I fe tcrozygous  f o r  
l ight-green ) one r e c e s s l v e  gene 
hypocotyl; twisted ) w i t h  a s s o c i a t e d  
thick cotyledons 1 l e t h a l .  Apparent 

1 12 .3 :  n a t u r a l  s e l f -  
) i n g  
1 

930 O.P. do. 2 72 53 . l rX)  

547 s e l f e d  Bright, yellow- 46 8 . 2 : l  Heterozygous f o r  
green hypocotyl one r e c e s s i v e  gene 

wi th  a s s o c i a t e d  l e t h a l  

S91 s e l f e d  Primary leaves  very 357 5.6:1 Nc t c r azygous  f o r  one 
short,  thick, and r e c e s s i v e  gene with 
b luish-green. a s s o c i a t e d  l c t b a l  
Epicotyl dwarfed 

the basis of the frequency of chlorophyll deficien- 
cies in open-pollinated progenies as compared to 
ratios in selfed progenies, the proportion of natural 
selfing was found to be between 17 and 25 in the 
trees studied. Computed on the basis of other 
mutants, about 10 percent natural selfing was in- 
dicated. This percentage may be reduced by con- 
sidering possible cross-pollination with heterozy- 
gous carriers of the same alleles. 

scribed, Segregation ratios and suggested geno- 
types ranging from one to three pairs of genes 
are presented. However, it is clear from the re- 
sults that the mode of inheritance of potential 
genetic markers, such as chlorophyll deficiencies 
in the cotyledon stage, i s  not as easily definable 
as was previously believed on the basis of results 
with one or a few progenies. 

In addition to the chlorophyll deficiencies, nu- The occurrence of two types of mutants for merolls other   he no deviants were noted and de- hypoeotyl, cotyledon, and primary leaf characters 



possibly induced by the X-irradiation of seed is 
described. 

The presence of chimeras in the XI trees, al- 
though not definitely established, is suggested in 
several. eases by differences between progenies 
from different parts sf the same tree. Larger pro- 
genies than available in the present study are 
necessary to define possible radiation-induced 
chimeras. 

Studies of the genetie basis for the phenodevi- 
ants observed in these populations are being con- 
tinued. 

From the results presented in this study it is 
apparent that much information on the genetic 
constitution of individual trees and populations 
may be gained by studying even limited numbers 
of progeny from self-pollinations. However, to ac- 
curately define the genetic behavior in successive 
generations and the possible influence of seed X- 
irradiation on this behavior, extremely detailed 
study of large progenies is required. 
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