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Progeny from crosses of American and Chinese chestnut were examined for the
following traits: occurrence of simple hairs on interveinal areas of abaxial leaf sur-
faces (Interveinal hairs); density of simple hairs on twigs (twig hairs) and on abaxial
leaf midribs and secondary veins (vein hairs); stipule size; stipule dehiscence;
green or red stem color; and bud shape. The inheritance of bud shape could not
be ascribed to a simple Mendellan model. All other traits appear to be controlled
by two genes, with two exceptions: high density of vein hairs on Chinese chestnut
is probably controlled by three dominant genes, and occurrence of interveinal hairs
in Chinese chestnut may be controlled by a single gene with additional modifiers.
High density of twig hairs on Chinese chestnut Is probably controlled by two in-
completely dominant genes. Red stem color on American chestnut may be con-
trolled by two complementary genes. Small stipule size on American chestnut may
be controlled by two incompletely dominant genes. Large stipules on Chinese
chestnut take much longer to senesce and dehisce than small stipules on American
chestnut. This appears to be strictly related to stipule size and controlled by the
same gene(s). The three hair traits and stem color were linked to each other. Stem
color also was linked to stipule size. The stem color determinations were the most
interesting from a pathological perspective. Data on bud break at one date prior to
the first frost-free date in spring are also presented.

The American Chestnut Foundation is at-
tempting to transfer the blight resistance
of the Chinese chestnut tree, Castanea
mollissima Blume, into the American
chestnut tree, C. dentata (Marsh.) Borkh,
but otherwise to recover the traits of the
American parent. This recovery is accom-
plished by repeated cycles of backcross-
ing to the American parent, after an initial
hybridization step. On average, each cycle
of backcrosslng decreases the proportion
of Chinese chestnut traits by a factor of
one-half; however, the individuals in each
backcross generation will vary in their
proportion of Chinese chestnut character-
istics. By selecting for American chestnut
traits other than blight susceptibility in
each segregating generation, we will be
able to accelerate the recovery of Ameri-
can-type chestnut trees, bypassing several
generations of backcrossing (Briggs and
Allard 1953). Knowing which traits are
linked to blight resistance loci would also
be useful, as most plants flower several
years prior to the time we screen them for
blight resistance.

Selection for American traits can be ac-
complished using morphological genetic

markers, isozyme markers, or markers de-
veloped through recombinant deoxyribo-
nucleic acid (DNA) techniques, or all
three. Markers would also be useful for de-
tecting pollen contamination in controlled
crosses and for detecting errors in identi-
fication of parents. Since data for many
morphological markers are easier and
cheaper to obtain than data for recombi-
nant DNA markers or isozymes, it is pref-
erable to use morphological markers
where possible. However, it is unlikely that
a sufficient number of morphological
markers could be found to span the chest-
nut genome. If all three types of markers
could be mapped on the chestnut genome,
one could substitute the less-expensive
morphological markers for closely linked
isozyme or DNA markers.

The study reported here was undertak-
en to develop methods for rating juvenile
morphological traits that are polymorphic
in crosses of Chinese and American chest-
nut, to infer the mode of inheritance of
each trait, and to begin a genetic map of
chestnut. I also examine the relative utility
of morphological versus isozyme and re-
combinant DNA markers within the con-
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text of our breeding program. A prelimi-
nary report has been made on the
inheritance of one trait, interveinal leaf
hairs (Hebard 1991).

Materials and Methods

In 1989 and 1990 I made controlled polli-
nations using methods described by Rut-
ter (1991), with the following exceptions.
Pollination bags were fastened to stems
with jumbo paper clips, without any cot-
ton sealant. All leaves in the bag were re-
moved, and bags were left on until har-
vest. Every tenth bag was left unpollinated
as a control to indicate pollen contami-
nation. Pollinations were made with fresh
catkins, rubbed directly on female flowers;
catkins were kept fresh for up to 5 days
by placing cuttings in water. Cuttings were
covered with paper bags to minimize pol-
len movement from one group of cuttings
to another.

1 obtained pollen from the highly blight-
resistant Chinese chestnut cultivars Mei-
ling and Nanking, located at the old Hor-
ticulture Farm of Virginia Polytechnic
Institute and State University. In addition,
I obtained pollen from existing F[ hybrids
of Chinese and American chestnut, as well
as two first backcrosses (B,) to American
chestnut, located in plantings of the Con-
necticut Agricultural Experiment Station
(CAES). The F, hybrids included tree
OTR1T7, located at the White Memorial
Foundation in Litchfield, Connecticut, and
trees R4T23, R4T31, R4T49, and R4T52, lo-
cated in the Spring lot of Sleeping Giant
Chestnut Plantation in Hamden, Connecti-
cut. The B, trees were two grafts of the
Clapper tree, which has been described
previously (Little and Diller 1964), and the
undescribed Graves tree. The Graves tree,
which came from a cross made by Hans
Nienstaedt at CAES in 1953, has levels of
blight resistance similar to or higher than
that of F, hybrids (Anagnostakis 1992).
Tree pedigrees and maps of the orchards
are available from the author.

Mother trees included some of the
aforementioned pollen sources, as well as
American chestnut trees located at CAES'
Lockwood Farm in Connecticut, at the Jef-
ferson National Forest in southwestern
Virginia, and in Iowa.

The F2 progeny for which results are giv-
en were intercrosses of trees R4T31,
R4T49, and R4T52. These three F, hybrids
are descended from the Mahogany Chi-
nese chestnut at CAES (PI #70315), which
has not been described, and from the Rox-
bury East and Roxbury West American

chestnut trees. The Roxbury trees are lo-
cated very near each other and are prob-
ably quite closely related. The Mahogany
tree is also the source of blight resistance
for the Graves tree. It was planted in 1929
and is highly blight resistant (Anagnostak-
is 1992).

In 1990 and 1991,1 planted nuts directly
at orchard spacing and tended them using
methods described by Hebard and Rutter
(1991). Three orchards were planted in
completely randomized designs. Each or-
chard contained Chinese and American
chestnut trees and their first hybrids. I
pooled ratings of morphological traits if
assessments were homogeneous for a
cross type common to the three orchards.
When assessments were homogeneous,
ratings were also pooled within a cross
type, such as second backcrosses, B2, hav-
ing different B, parents.

Morphological traits for which seedlings
were rated include occurrence of simple
hairs on interveinal areas of abaxial leaf
surfaces (interveinal hairs); density of
simple hairs on twigs (twig hairs) and on
abaxial leaf midribs and secondary veins
(vein hairs); stipule size; stipule dehis-
cence; green or red stem color; and bud
shape. Figure 1 illustrates some of these
traits in the two parent species. On one
date in spring, April 29, 1992, I also as-
sessed seedlings for bud break. Ratings of
bud morphology were made in April 1992
and January 1993. The other traits were
rated in early August 1991 in most cases.
Twig and vein hairs were reassessed in
September 1992 and August 1993.

I rated trees as having interveinal hairs
when clusters of simple hairs were visible
with a lOx hand lens on the abaxial leaf
surface between secondary veins. A leaf
was rated as lacking interveinal hairs if
only a single hair was observed. On seed-
lings less than a year old, hairs were most
evident near the midrib, toward the tip of
young leaves; most seedlings under two
years old lack stellate hairs. These ratings
were made on leaves growing in full sun.
Even pubescent species like C. crenata
lack hairs on leaves growing in the shade.

I rated seedlings as having a high den-
sity of twig hairs when simple hairs, visi-
ble without a hand lens, were abundant
below the third or fourth node from the
stem apex; as having a medium density
when long (ca. 1 mm) simple hairs that
were not oppressed to the stem occurred
below the first or second node; and as
having a low density when short (<0.5
mm) hairs oppressed to the stem were vis-
ible anywhere on the stem or when long,

Table 1. Occurrence of simple hairs on
Interveinal abaxlal leaf surfaces of Chinese and
American chestnut trees and hybrids, and fit of
the data to the hypothesis that the occurrence of
hairs is controlled by a single dominant gene

Tree

American
Chinese
F,
F,
B, (X American)
B, (X American)
B,-F; 04 American)

Occurrence
of hairs

Pres-
ent

0
30
18

176
68

137
312

Ab-
sent

35
0
0

23
50

149
112

Hy-
poth-
esis

3.1
1.1
1 1
31

X2

19.2**
27
2.5
0 5

1 Rejection of the hypothesis at the 1% level.

nonoppressed hairs occurred above the
first or second node. Some trees lacked
twig hairs. A lOx hand lens was used.

I rated trees as having a high density of
vein hairs when simple hairs on the mid-
rib were strongly overlapping on full-sized
leaves, as having a medium density when
most overlapped on 7-cm-long leaves, and
as having a low density when most did not
overlap on 7-cm-long leaves. A lOx hand
lens was used. It was often difficult to dis-
tinguish leaves with medium and low vein
hair density, which was the critical break
for inheritance studies. Two assessments
of vein hair density were made; when
these did not agree, up to three further
assessments were made before a plant
was classified.

I rated stipules as large if the base
(proximal end) was more than 8 mm wide,
as moderately large if the base was be-
tween 4 and 8 mm wide, as moderately
small if the base was more than 1 mm
wide and wider than the top (distal third),
and as small if they were about 1 mm wide
from top to bottom. Small-diameter stems
had smaller stipules than large-diameter
stems; the above figures are for stems 3-
5 mm in diameter. The first three or four
stipules on newly emerged stems were
wider than others and were not rated.

I rated buds as elongated in shape if
they were longer than wide when viewed
laterally and as squat otherwise. I classi-
fied bud tips as flat if the upper portion
sloped more than 45° from vertical and as
pointed otherwise. When rating tips, buds
should be viewed facing the abaxial sur-
face.

1 rated stems as red, greenish red, red-
dish green, and green. The basic colors of
red and green were distinguished by ex-
amining stipules and the tops of petioles
in midsummer. The subsidiary classifica-
tions were made by examining the colors
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Figure 1. Photographs of new stem growth on (A) Chinese and (B) American chestnut seedlings illustrating dense simple trichomes on the stem, petioles, and leaf margins
of Chinese chestnut and their absence on American chestnut; large stipules on Chinese and small stipules on American chestnut; green or tan color in the stems, stipules,
petioles, and midribs of Chinese chestnut and red color in the same structures of American chestnut.

of stems. Red stems were rated greenish
red if they were not a dark red; green
stems with a hint of red were classified as
reddish green. Cold weather induces a
brownish color in leaves and stems of Chi-
nese chestnut, which can confound color
determinations if they are not performed
in midsummer. Some Chinese chestnut
cultivars such as Kuling may have reddish
green stems, but the tops of petioles are
always green.

1 rated buds as having emerged (bro-
ken) if an internode was visible.

Recombination percentages reported in
Table 7 and Figure 2 were calculated by
the product method (Fisher and Balmu-
kand 1928). When percentages were com-
bined, they had first been found to be ho-
mogeneous by a chi-square test.

Results and Discussion

Interveinal Hairs
The abaxial, interveinal leaf surface on
sun leaves of American chestnut is gla-
brous, whereas Chinese chestnut leaves
are pubescent. Abaxial interveinal hairs
were present on first hybrids (F,) between
the two species (Table 1). The Clapper
tree was reported to lack interveinal hairs
(Little and Diller 1964), but sun leaves of
the tree possess them. The Graves tree
also has interveinal hairs. Segregation of
interveinal hair occurrence fit a 1:1 ratio
in backcrosses (B2) of the Graves and
Clapper trees to American chestnut; it fit
a 3:1 ratio in intercrosses (B.-Fj) of the
two trees. These data indicate that inher-
itance of interveinal hairs in the Graves

and Clapper trees is controlled by a single
gene from Chinese chestnut. Interveinal
hairs segregated 1:1 in first backcrosses,
but segregation only fit a 14:2 ratio in the
F2 population. This suggests that the oc-
currence of interveinal hairs in Chinese
chestnut is controlled by a single gene,
with additional modifier genes. This con-
jecture is supported by the observation of
a decrease in interveinal hair density with
an increase in the fraction of American
chestnut parentage, in crosses progress-
ing from F, to B2.

Leaves of seedling Chinese chestnut and
its hybrids with American chestnut lack
stellate hairs, which are abundant on
leaves of mature Chinese chestnut. It is
possible that development of simple hairs
on interveinal surfaces will also reflect
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Table 2. Density of simple hairs on twigs of Chinese and American chestnnt trees and hybrids, and fit
of the data to the hypothesis that high and medium density Is controlled by two dominant genes

Tree

American
Chinese
F,
F,
B, (X American)
B, (ft American)
B,-F, (% American)

Twig

High

0
34

7
68
3
4

72

hair density

Medium

0
1
7

121
93

203
327

Low

13
0
0

11
20
64
22

None

3
0
0
0
2
1
0

Hypoth-
esis—high
+ med * low
+ none

15 1
3:1
3 1

15 1

x'

02
2.5
02
0 8

this trend, so that a larger fraction of trees
will have leaves with interveinaJ hairs as
the trees mature.

Interveinal hair data can be used to as-
sess the degree of pollen contamination in
controlled crosses. Three F, hybrids were
not hairy; this characteristic and others
indicated that these three trees were pure
American chestnut rather than hybrids.
Data on them were not included in the ta-
bles. Additionally, in a backcross of the
Clapper tree to American chestnut made
in 1989, significantly more progeny had
hairless leaves than hairy leaves. This, in
combination with the occurrence of nuts
in unpollinated controls, indicates con-
tamination with American chestnut pollen.
Results for this cross are not included in
the tables, except for Table 5.

Twig Hairs
Twigs of Chinese chestnut are conspicu-
ously hairy, while hairs are not visible
with the naked eye on twigs of American
chestnut (Figure 1). The few American
chestnut trees on which no twig hairs
were observed are believed to have lost
hairs which previously had been present
in slight density; the ratings were made
late in summer when such dehiscence
could have occurred. First hybrids be-
tween the two species show twig hair den-
sity in between the two parents (Table 2).
In the F2, twigs with high or medium hair
density segregated 15:1 to twigs with

slight or no hairs. In first and second back-
crosses to the American parent, twig hair
density segregated 3:1, while it segregated
15:1 in crosses of the Graves and Clapper
first backcrosses. These data indicate that
high twig hair density is controlled by two
incompletely dominant genes in Chinese
chestnut.

Vein Hairs
The petiole (Figure 1), midrib, and sec-
ondary veins of Chinese chestnut sun
leaves are covered with dense simple
hairs, whereas vein hairs are sparse on
American chestnut. Vein hairs were dense
on F, hybrids, indicating dominance of the
Chinese trait (Table 3). A three-factor hy-
pothesis with incomplete dominance ex-
plains the data if it is additionally posited
that the Clapper and Graves trees both
have the allele conferring hairiness in only
two of the three genes. Graves and Clap-
per were the parents of the BjS and B|-F;>s
in Table 3.

Inheritance of Trlchome Traits in
Other Species
The multifactor hypothesis previously has
been invoked to explain the inheritance of
trichome density, length, or occurrence in
several plants, with the traits controlled
by anywhere from two to five genes (Clau-
sen and Hiesey 1958; Johnson et al. 1988;
Lemke and Mutschler 1984; Nilan 1964;
Uphof 1962). In some cases, F2 ratios

Table 3. Density of simple hairs on veins of abaxial leaf surfaces of Chinese and American chestnut
trees and hybrids, and fit of the data to the hypotheses that high and medium hair density Is controlled
by three dominant genes in the F, and B, crosses and by two dominant genes in the B, and B,-F, crosses

Tree

American
Chinese
F,
F,
B, (« American)
B2 (ft American)
B|-Fi (* American)

Vein

High

0
36
12

125
63
78

161

hair density

Medium

0
0
2

62
37

111
215

Low

16
0
0
3

19
75
32

Hypothesls-
hloh +
med: low

63 1
7 1
31

15:1

X2

00
1 3
1.6
1.8

approximating 13:3 or 9:7 have been
observed, indicating the presence of sup-
pressor genes (=dominant/recessive epis-
tasis) and complementary factors, respec-
tively (Uphof 1962; Zaiter et al. 1990).
Monofactorial inheritance has also been
observed (Bowley and Lackle 1989; Gib-
son and Maiti 1983; Lapoujade et al. 1991;
Middleton 1938; Nielsen et al. 1982; Nilan
1964; Ray and Stafford 1985; Woodworth
and Williams 1938). I know of no reports
in the literature indicating polygenic con-
trol of trichome density, length, or occur-
rence. However, when trichome density is
appraised, the quantitative nature of the
data usually leads to analysis with quan-
titative methods. Johnson et al. (1988) be-
lieved that the density of glandular tri-
chomes in tobacco was affected by genes
for leaf size and shape, in addition to the
two or three pairs of alleles (depending on
the cross) that controlled the presence or
absence of trichomes. During the current
study, the parental types were recovered
in F2 and backcross generations, indicating
that the traits were not under polygenic
control. I also did not observe transgres-
sive segregation.

Stipules
Stipules on Chinese chestnut are 5-10 mm
wide at the base, tapering to a point over
a length of 10-20 mm, whereas stipules on
American chestnut are about 1 mm wide
over most of their length of 5-10 mm, ta-
pering to a point (Figure 1). The stipules
on Chinese chestnut are widest just above
the point of attachment to the stem. In
first hybrids, stipule size was intermediate
between the two parents (Table 4). A fair-
ly large proportion of F2 progeny had me-
dium-small and small stipules. The segre-
gation of large versus medium-large plus
medium-small plus small stipules in the F2

fit a model of two incompletely dominant
genes controlling small stipule size in
American chestnut. This model can only
be confirmed by observing F3 families or
backcrosses to Chinese chestnut. I have
attempted the backcross to Chinese chest-
nut several times, but the efforts have
been plagued with pollen contamination
thus far. We will not be able to make very
many F3 progeny for several more years.
In other plants, two recessive factors are
believed to induce foliaceous stipules in
peanut (Mouli and Patil 1975), while in
peas a single gene is associated with a re-
duction in stipule size (Snoad et al. 1985).

Stipules on American chestnut dehisce
within 1 month of leaf expansion, whereas
stipules on Chinese chestnut often remain
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