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INTRODUCTION

Fusiform rust caused by Cronartium fusi-
forme Hepgc. and Hunt ex Cumm. is the
most important disease of loblolly and slash
pines (Pinus taeda L. and Pinus ellioltii EN-
GeELM var. elliottii) in the southern United
States (HeEpTING and JEMISON, 1958; POWERS,
1969). Selection and breeding of genetically
resistant trees is the most promising method
of control for the disease in plantations. This
is true because (i) silvicultural and chemical
methods of control are either inefficient or
economically unfeasible, and (ii) moderate to
substantial genetic variation and control of
resistance to the disease exists in both loblolly
and slash pines, (HENRY and BErRkAw, 1956;
BARBER, 1964; JEwWELL and MALLETT, 1964;
Gopparp and ARrNoLD, 1966; WEeLLs and
WAKELEY, 1966; KiNLocH and STONECYPHER,
1969; BrAIr, 1970; DiNus, 1972).

Several tree improvement programs in the
southern United States have made resistance
to fusiform rust a major breeding goal. In
these programs the predicted gain in resist-
ance from each succeeding cycle of mass
selection will depend on the magnitude of
each of three factors: (i) the extent of genetic
control of resistance, (ii) the phenotypic
variation of rust resistance in the base pop-
ulation, and (iii) the intensity of selection
that is applied in each cycle of selection
(FALCONER, 1967, p. 193). If the magnitude
of the first two factors is estimated accurately
they may be considered inherent characte-
ristics of the base population. Thus, they
are not readily amenable to manipulation by
tree breeders. The intensity of selection, how-
ever, depends only on the proportion of the
base population selected for breeding in each
cycle of selection and therefore can be in-
creased by (i) testing for rust-resistance as
large numbers of individuals in the base
population as possible and (ii) decreasing the
proportion of individuals selected for breed-
ing. If the selected proportion is very small,
continuous gain from subsequent cycles of
selection will be endangered due to decreased
variation in resistance. In order to avoid
decreasing both the selected proportion and

the intensity of selection, the procedures of
selection must be rapid and inexpensive
enough so that a large portion of the base
population can be tested.

At present, selection of phenotypically
preselected breeding material is dependent
mainly on field tests for resistance of progeny;
but the results frequently are not consistent
(HENrYy and JeEweLr, 1963; KiNvocu and
KELMAN, 1965; LAFARGE and Kraus, 1967).
Difficulties inherent in these field tests in-
clude: (i) variation in the amount of inoculum
from year to year, (ii) possible variation in
the virulence of the pathogen between years
and test-localities, (iii) variation in micro-
climatic conditions that influence the amount
of infection, (iv) variation in soil factors that
may influence susceptibility, and (v) the
substantial costs and considerable time re-
quired for completion of satisfactory field
tests (LEwis and CowLiNG, personal commu-
nication). For these five reasons, in spite of
several years of intensive field testing, only
a limited number of clones with satisfactory
data on resistance of their offspring have
been identified; also only a relatively low
selection intensity has been achieved. In
addition, the population of plants available
for subsequent breeding for both disease
resistance and other desirable characteristics
continues to be limited.

The need for more efficient methods of
selection has prompted intensive research to
develop and utilize artificial inoculation tech-
niques suitable for large scale testing of
breeding material (JEwELL, 1960; JEWELL
and MAaLLETT, 1964; GopDDARD and ARNOLD,
1966; Snxow, 1968; ScumipT, 1972; MILLER,
1970; Dinus, 1972; DwINELL, 1972). Some
of these techniques have increased the capa-
city of selection procedures (Gopparp and
StrRICKLAND, 1970). Considering the practi-
cally unlimited size of the base population
of loblolly and slash pines, however, available
procedures still will allow for testing of only
a very small part of the host populations.

Recognizing the limitations in present di-
rect selection methods, attention was given



to the possibilities of using indirect selection
— selection by means of some trait (here
called a marker trait) correlated with but
different from the desired trait itself. The
desired trait — sustained resistance to fusi-
form rust in loblolly pine — most likely is,
within each mechanism of resistance, con-
ditioned by a variety of complex physiologi-
cal responses to infection. In tree breeding
programs and genetic studies, resistance has
been defined usually as a single trait easy
to measure, such as percentage of noninfected
plants per family or clone, c-score, or num-
ber of galls per individual plant (StoNE-
CYPHER, 1966; KiNLOoCH and STONECYPHER,
1969; Brair, 1970). In the present study
resistance also has been defined as a single
trait and measured as percentage of non-
infected plants per clone or family. Possibly
discovered marker traits will be correlated

with resistance defined and measured in this
manner.

The objectives of this study were to: (i)
examine the theory of indirect selection and
its applications in breeding programs, (ii)
review earlier efforts to use indirect selection
in breeding forest trees for disease resistance
in general and for resistance to Cronartium
fusiforme in loblolly pine in particular, (iii)
develop a method for evaluation of environ-
mental influences on the stability of relative
rust resistance of genotypes tested in several
environments, and (iv) conduct a preliminary
search for chemical markers of resistance to
fusiform rust in loblolly pine in the hope
that possibly discovered phenotypic corre-
lations with resistance may suggest genotypic
correlations strong enough to justify further
attempts to use indirect selection in breeding
for rust-resistance.



INDIRECT SELECTION IN BREEDING PROGRAMS

Indirect selection is defined as a selection
procedure by which improvement of a desired
trait X is achieved by selecting the breeding
material for another trait Y which is geneti-
cally correlated with the desired trait. The
gain that can be expected from indirect
selection, assuming that resistance is a quan-
titative rather than a qualitative trait, de-
pends on four factors (FALcoNER, 1967, p.
320):

Gx = iyhyoaxTs

where Gx = gain in the desired trait X by
indirect selection for a marker
trait Y

iy = selection intensity achieved
when selecting for the marker
trait

hy = square root of the heritability of
the marker trait

ogax = standard deviation of the addi-
tive genetic variance of the
desired trait

ra, = genetic correlation between the
desired trait and the marker
trait

Genetic correlation between two traits oc-
curs when: (i) two different genes controlling
the traits are located closely together on
the same chromosome (linkage), (ii) one gene
effects both traits (pleiotropy), or (iii) linkage
and pleiotropy occur simultaneously. If the
relationship between two traits is dependent
on linkage, and assuming no epistasis be-
tween the genes, the genetic correlation be-
tween the two traits will be decreased by
repeated cycles of selection due to breaking
up of the linkage block during the breeding

process (FALCONER, 1967, p. 320; MILLER and
RawLings, 1967a); if the relationship is due
to pleiotropy, however, the genetic correla-
tion will remain unchanged over several cycles
of selection (FALcONER, 1967). For this
reason, the most useful markers probably
will be traits that have a high genetic cor-
relation predominantly due to pleiotropy.

Indirect selection is likely to be superior
to direct selection when there are large tech-
nical difficulties in selecting for the desired
trait directly. Such difficulties include large
errors in measurement of the desired trait
and very expensive as well as time consum-
ing methods of measurement. Since such
difficulties occur frequently in breeding pro-
grams, the possibilities of using indirect se-
lection have been explored both in plant and
animal breeding. An elegant example of
successful indirect selection is the improve-
ment of the nutritional quality of corn endo-
sperm (Zea mays L.) by selecting for opaque
and floury endosperm. These traits are closely
correlated with the amounts of lysine and
tryptophane in the seed — two amino acids
that are essential for humans and many
animals (MErTz, 1968). Another interesting
example of indirect selection is breeding for
resistance of tobacco to the root-knot nema-
tode, Meloidogyne incognita Kororp and
Wnuite, by using susceptibility to potato
virus Y as a marker trait (HENDERsSON and
TRoOUTMAN, 1963; LAPRADE and HENDERSON,
1968).

Table 1 contains some examples of success-
ful or suggested applications of indirect se-
lection in crop, animal, and forest-tree breed-
ing. Most suggested applications are based
on observed phenotypic correlations. Only a
few genetic correlations have been estimated.
Pleiotropy or close linkage was suggested in
only one case.



Table 1. Examples of successful or suggested applications of indirect selection

Organism Desired trait

Marker trait

Remarks References

Triticum aesti- Rust resistance,

vum L. Wheat hardiness, yield
Allium cepa Resistance to
L. Onion Colletotrichum
circinans

(BERK.) VOGL.

Lespedeza sp. High protein

Sericea content
lespedeza
Avena sativa Yield

L. Oat

Triticum aesti-
vum L. and

Zea mays L.
‘Wheat and corn

High protein
content

Nicotiana taba-
cum L. Tobacco

High yield

Globulin frac-
tions

Red outer
Scalest

Low tannin
content

Serological
differentiation

High nitrate
reductase
activity !

Low alkaloid
content

Nicotiana taba-
eum. L.
Tobacco

Nicotiana taba-

cum L. Tobacco content

Gossypium
hirsutum 1..
Cotton

Gallus gallus
L. Domestic
chicken

Pinus sylvestris
! (8

Pinus elliottii
ENGELM, var.
elliottii Slash
pine

Pinus teada L.
Loblolly pine

Resistance to
the root-knot
nematode, Me-
loidogyne in-
cognita Koroip
and WHITE

caused by
potato virus Y

Low nornicotine Cherry red

leaves

Insect re- Glabrous *,
sistance nectariless 1,
high gossypol
content !
Disease re- Blood group
sistance

Resistance to
Lophodermium
pinastri
(ScuraD.) CHEV. agar?!

Yield of etha-
nol-benzene
extractives !

Tall oil yield

Resistance to Content of -
Cronartium fusi- phellandrene in
forme HEDGC. and branch cortex
Hunt ex Cumm.

Susceptibility to Successful; testing for
vascular necrosis susceptibility to the

Inhibited growth Suggested; consistent
of the pathogen
on needle-juice-

Suggested; rg = 0.54

Suggested; consistent rank- NELsoN and BIRKELAND,
ing of five varieties 1929

Used; homozygotes with
red scales are resistant,
heterozygotes with cream
colored scales have
intermediate resistance

JonNEgs ef al., 1946

Suggested; phenotypic CorE, 1962; DONNELLY

correlations = —0.23, and ANTHONY, 1969
—0.53, and —0.51 re-
spectively

Suggested; consistent ran- KLegsE and FreEy, 1965;
king of seven varieties Smita and Frey, 1970

BeeEvVERs and HAGE-
MAN, 1969

Suggested; consistent
ranking of varieties

MaTzINGER and WERNS-
MAN, 1968

Suggested; ry = —0.50

HenpersoN and TrouT-
MAN, 1963; LAPRADE
virus is 5—9 times faster and HenpERsoN, 1968
than testing for resist-
ance to the nematode

Successful; undesirable WERNSMAN and MAT-
genotypes selected against zINGER, 1970

Lukerasr and HouGH-
TALING, 1969

Successful; phenotypic
correlations

GILMOUR, 1969;
GiLMour and MORTON,
1970

Suggested; strong asso-
ciation in five out of 10
genotypes. Pleiotropy
or very close linkage

SutirT, 1966
ranking of over 20 clones

Suggested; ra = 0.58 FRANKLIN, et al., 1970

Rockwoon, 1972
and 0.78

1 The causal relationship between the desired and marker trait is known.



INDIRECT SELECTION FOR DISEASE RESISTANCE IN FOREST
TREES

Three reports have been published on the
use of indirect selection in forest trees, but
only two are concerned with breeding for
disease resistance. SHUTT (1966) reported on
the use of press juice from needles of Pinus
sylvestris L. to identify clones resistant to Lo-
phodermium pinastri (Schrad.) Caev. Rock-
woobD (1972) found that content of g-phel-
landrene in branche cortex of Pinus taeda
was genetically correlated with resistance to
Cronartium fusiforme .Selection for high yield
of tall oil in slash pine by using a simple
measurement of benzene-ethanol extractives
as a marker is a promising application of in-
direct selection (FRANKLIN el al. 1970).

In a comprehensive review on the biochem-
istry of resistance of Pinus monticola DouGL.
to Cronartium ribicola J. C. FiscH ex Ra-
BENH., HANOVER (1966) concluded that the
objective of finding a marker for indirect
selection of white pines could be attained,
although not without difficulty. Despite
HaNovER’s cautious optimism, other efforts
to discover biochemical markers for rust-
resistance in white pine (HanovER and Ho¥Fr,
1966; Horr, 1968, 1970) have not been suc-
cessful. Discouraged with these unsuccessful
efforts, Binauam (1970) decided that further
physiological studies to identify markers
should be deferred by his research group
until a more complete understanding had
been obtained of the inheritance, physiology,
and mechanisms of resistance to the pathogen.

In order to determine whether further
efforts to discover markers for indirect selec-
tion of rust-resistant pines were justified, an
investigation was made to determine the
magnitude of gain in resistance to fusiform
rust that could be achieved by indirect selec-
tion compared to the predicted gains achieved
by presently applied direct selection. The
comparison was made by using the following
relationship (FALCONER, 1967, p. 320):

Gx iy hy

s
Dy Ty e

where Gx = gain in resistance to rust by
indirect selection using the mark-
en Y

Dy = gain in resistance to rust by
direct selection

r, = genetic correlation between re-
sistance to rust and a marker Y

i = selection intensity achieved for
the marker Y and resistance to
rust X, respectively

h = square root of the heritability
for the marker Y and resistance
to rust X, respectively

Assuming that a potential marker Y has
the same heritability as resistance to fusiform
rust in loblolly pine, in this case 0.22 (BLAIR,
1970), the formula can be reduced to:

Gx iy

By it Vi
This simplified formula shows that the rela-
tive efficiency of indirect vs. directselection
is dependent on the genetic correlation be-
tween the marker trait and rust-resistance
and the selection intensities that can be
achieved by the direct and indirect selection
procedures, respectively.

Using genetic parameters obtained from
the Loblolly Pine Heritability Study, Brair
(1970) calculated the following estimates of
predicted gain in rust-resistance (expressed
in arbitrary units of resistance) that could
be achieved by three procedures of direct
selection: (i) mass selection = 0.71, (ii)
family -+ within family selection = 0.88,
and (iii) mass selection - progeny testing
= 1.40. The gains achieved by the three
methods relavtive to that achieved by mass
selection only were thus 0.71/0.71 = 1.00,
0.88/0.71 = 1.24,.and 1.40/0.71 = 1.97.
Solving the previous equation for these rel-
ative gains and increasing values of iy/ix,
three curves were obtained, one for each
of the three estimates of gain (Figure 1).
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Figure 1. Relationship between genetic correlation
and selection intensities for 1.00, 1.24, and 1.97
units of relative gain.

If the selection intensity for indirect mass
selection (iy) can be made twice as great as
that of the selection intensity for direct
selection (iy/ix = 2), then a genetic corre-
lation of 0.62 is sufficient to achieve a pre-
dicted gain from simple indirect mass selec-
tion equal to that for expensive direct family
+ within family selection. Similarly, if
iy/ix = 3, a genetic correlation of 0.70 is
required to achieve a predicted gain equal
to that for direct mass selection -+ progeny
testing. Thus gains from simple indirect mass
selection can be made equal or superior to
the gains presently predicted (Brair, 1970)
from direct selection methods provided that:
(i) the heritability of the marker is equal to
that of resistance to fusiform rust (0.22 ac-
cording to Brair, 1970), (ii) the genetic cor-
relation between the marker and resistance
is moderate (0.62—0.70), and (iii) the selec-
tion intensity is two or three times greater
than that achieved when direct selection is
applied. Each of these conditions are ex-
amined in detail below.

If the marker has a heritability higher
than that of resistance to fusiform rust, the
genetic correlation or selection intensity can

be smaller without decreasing the predicted
gain. Since heritability values for a number
of traits in loblolly pines often are even lar-
ger than that reported for resistance to fusi-
form rust (GoGeans, 1962; van BUIJTENEN,
1962; SToNECYPHER et al., 1964), it was as-
sumed that chemical traits with a sufficiently
large heritability could be found.

Since selection intensity is a function of
the ratio of the number of plants selected
as having a desirable trait to the total num-
ber of plants tested for that trait, any trait
that can be measured more quickly or at
less cost than by direct tests for resistance
will permit a higher selection intensity to
be applied with the same investment of time
and effort. Thus the relatively high selection
intensity required for indirect selection can
be achieved by measuring a suitable marker
by means of any of a large number of routine
chemical or other analytical procedures.
Considering the modest selection intensities
achieved by large scale direct selection of
clones delivering resistant offspring in most
breeding programs in the southeastern United
States, it appears that doubling and in some
cases even tripling such intensities is pos-
sible by means of efficient indirect selection
(Table 2). In addition the breeder can pro-
vide a sufficiently large number of selected
plants to achieve further gains from subse-
quent cycles of selection for both resistance
to rust and other important characteristics
as well,

The need for a moderate to high genetic
correlation required for successful indirect
selection probably can be met if the marker
trait is a component trait of resistance. A
component trait is defined as a trait that
directly or indirectly contributes to the dis-
ease-resistance of the pine host. Genetic cor-
relations often are high for component traits

Table 2. Maximum proportions to be selected from a large base population in order to achieve a given
selection intensity, ix, and to double or triple it. Figures obtained from Namkoone and SNYDER (1969).

ix 1 X iy 2 X ix 3 X ix
(Maximum proportion to be selected)

0.50 = 0.380 0.166
0.75 — 0.166 0.031
1.00 0.380 0.058 0.004
1.25 0.260 0.016 0.0002
1.50 0.166 0.004 —
1.75 0.100 0.0006 -




in forest trees (FRANKLIN ef al., 1970) as
well as in agronomic crops (MILLER et al.,
1958; Avr-JiBourr et al.,, 1958; MovrL and
RoBiNsoN, 1966; STUBER et al.,, 1966; MiL-
LEr and Rawrings, 1967b). High genetic
correlations also, however, can be found be-
tween traits that have no apparent or well-
understood causal relationship to each other.
Examples of such correlations are those found
between high yield and low alkaloid content
in tobacco and opaque endosperm and high
percentage of basic amino acid content in
proteins of corn (MATzZINGER and WERNS-
MAN, 1968; MERTZ, 1968).

The mechanisms of resistance to fusiform
rust in loblolly pine are not well understood
at the present time. In the western white
pines (Pinus monticola and Pinus lambertiana
DouaL.) several different mechanisms of
resistance to Cronartium ribicola have been
found and the genetic control of some of
these mechanisms are partly known (McDo-
NAaLD and Horr, 1970; KinvocH et al., 1970).
In slash pine, three different mechanisms of
resistance (host responses) to fusiform rust
have been demonstrated recently (MILLER,
1971), but no information is available on the
genetic control and relative frequency of
these mechanisms in the pine population.
Several mechanisms of resistance also may
be discovered in loblolly pine. If some of
these different mechanisms occur with a large
frequency in the host population, markers
may be used which are highly correlated
with these mechanisms. Direct selection may
be used to breed for resistance controlled by
less frequent mechanisms. It is therefore of
great importance both to identify wvarious
mechanisms and to determine their frequency
in the population.
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There are two additional major factors
involved in discovering markers with suffi-
ciently high genetic correlations with resist-
ance to fusiform rust:

(i) Some recent reports (Sxow and Kars,
1970; Kais and Snow, 1972) have suggested
that geographic variation in the pathogeni-
city of Cronartium fusiforme occurs. Such
variation may further reduce the probability
of finding a marker sufficiently correlated
with resistance to such races of the pathogen
as may occur in the region where the im-
proved trees will be grown.

(ii) To determine the potential value of a
marker trait, accurate estimates of its her-
itability and genetic correlation with rust-
resistance ultimately must be obtained. Ge-
netic studies satisfactory for this purpose
will be very costly to establish and require
considerable time to complete.

Presently there is insufficient information
to decide about the relative importance of
factor (i). The unique and comprehensive
Loblolly Pine Heritability Study established
in southwestern Georgia in the United States
(CecH el al., 1962; STONECYPHER, 1966; KiN-
LocH and STONECYPHER, 1969; Brair, 1970)
provides satisfactory genetic data with which
to estimate the heritability and genetic cor-
relation for possible marker traits. Consider-
ing the potential advantages of indirect se-
lection previously discussed, it was concluded
that continuing efforts to find a marker were
justified. Thus, the purpose of the experi-
mental part of this study was to find some
chemical characteristics in loblolly pine with
such a high phenotypic correlation with res-
istance to fusiform rust that further studies
on such markers can be justified.



THE CHOICE OF PLANTS AND MARKER TRAITS TO BE
INVESTIGATED

Criteria for Choice of Ideal Plant
Material

In previous efforts to find markers for
disease resistance in pines, several different
types of plant material have been used. SHUTT
(1966) compared over 20 clones of Pinus syl-
vesiris with known and varying resistance to
Lophodermium pinastri, and KLINGSTROM
(1969) compared four clones of Pinus syl-
vestris with known resistance to Melampsora
pinitorqua (BrRAUN) RosTr. Both HANOVER
and Horr (1966) and Horr (1968, 1970) used
mature trees of Pinus monticola selected for
phenotypic resistance in natural stands,
while HAReE (1970) compared seedlings of
resistant western and susceptible eastern
sources of loblolly pine as well as pollen,
seeds, and seedlings from six species of pines
with varying resistance to fusiform rust from
the southern United States. Rockwoob (1972)
used full- and half- sib families of loblolly pine.
Except for Rockwoopn’s results, the more
promising ones invariably have been obtained
in studies of clonal material (SatTT, 1966;
KringsTROM, 1969).

In the section of this paper dealing with
the properties of a marker trait, it was point-
ed out that a marker trait should meet
several qualifications (p. 10). In order to
find a marker meeting such qualifications it
is necessary to consider the problem of choice
of plant material more in detail.

To maximize the probability of discovering
potentially useful chemical markers for re-
sistance to fusiform rust, the plant material
investigated ideally should meet the follow-
ing criteria:

1. The material should lend itself to ana-
lysis of components of additive variance and
covariance in order to estimate the herita-
bility of the marker and its genetic corre-
lation with disease resistance. In order to
obtain reliable estimates of these parameters,
elaborate genetic studies ultimately will be
required.

2. The trees, clones, or families should
differ greatly in resistance. Large variation
in resistance and other traits within the clones
and families as well as lack of precision
in the measurements of the marker trait,
may reduce the possibilities of obtaining
satisfactory estimates of phenotypic and
genotypic correlations.

3. The clones or families should have a
small genotype X environment (G x E) in-
teraction in order to minimize errors in esti-
mates of resistance associated with the en-
vironment where the plants have been grown
and samples collected for the study.

4. The resistance of the plants should be
reliably estimated, preferably in several en-
vironments, and especially during the first
seven years of the seedling’s life during which
time fusiform rust is most damaging.

5. The material should represent subpopu-
lations of different age and geographic distri-
bution since different patterns of inheritance
and mechanisms of resistance may occur in
various subpopulations.

The first three criteria will be considered
in greater detail with respect to the choice
of trees, clones, and families as well as the
problem of estimating G % E interaction for
resistance to fusiform rust.

Mature trees and their clones have the
advantage of limited variation within each
clone or tree. This allows for less intensive
sampling, but on the other hand, estimates
can rarely be obtained of the components of
strictly additive genetic variance and co-
variance required for computation of her-
itability and genetic correlation. Mature trees
may be growing in different environments
(e.g. plus-trees in natural stands selected for
seed orchards) which may call for intensive
sampling of neighboring trees in order to
make approximate corrections for the envi-
ronmental effect on the trait studied. Both
mature trees and their clones provide material






