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Abstract. Grafting failure of Chinese chestnut (Castanea mollissima Blume) trees is
common. Some researchers have suggested that secondary phloem fibers in chestnut
rootstock stems may interfere with graft union formation. Others suggest that high
rootstock moisture content may reduce grafting success. This study was conducted to
ascertain the precise arrangement of secondary phloem fibers in Chinese chestnut
seedling rootstocks and to determine if they are associated with grafting failure. We also
investigated the effects of moisture content of rootstocks and container growing medium
on grafting success. Nodes on Chinese chestnut seedlings had 2/5 phyllotaxy with five
alternate buds present in two revolutions around the stem. Vascular cambium in 1-year-
old rootstock stems was arranged in a regular five-lobed cylinder in cross-sections.
Primary phloem fibers were present in a discontinuous ring and secondary phloem fibers
were usually clustered outside the cambium between the lobes. Grafts were successful
when scion buds were placed on the rootstock disrupting secondary phloem fibers with
cambia of the budded tissues aligned. Containerized rootstocks at 56% and 62% growing
medium moisture content before grafting had 25% graft union success rates, whereas
non-irrigated plants at 48% moisture had a 75% success rate.

Many techniques have been used to prop-
agate chestnut trees in Europe, including chip,
patch, and t-budding as well as whip and
tongue, cleft, and side veneer grafting (Balta
et al., 1993; Bazzigher et al., 1984; Pereira-
Lorenzo and Fernanez-Lopez, 1997; Serdar
and Soylu, 2005). In the United States, com-
mercial nurseries generally use chip-budding
or whip and tongue grafting to propagate
Chinese chestnut (Castanea mollissima) trees
(W. Lovelace, personal communication),
whereas small chestnut producers often use
the three-flap method on field-planted seed-
ling rootstock, which is grafted 1 year after
establishment (Hunt et al., 2009; Reid, 2010).

Regardless of the technique used, the graft-
ing success rate is often low with chestnut and
has limited the availability of trees for com-
mercial production in the United States
(Warmund, 2011; Weber and MacDaniels,
1969). Early researchers speculated that graft

failure was caused by scion/rootstock incom-
patibility with restricted flow of nutrients
through the union (MacDaniels, 1955; Weber
and MacDaniels, 1969). Alternatively, it was
hypothesized that low winter temperatures
injured the developing tissues in the graft
union (MacDaniels, 1955). Others suggested
that poor grafting technique or chestnut blight
infection caused union failure, especially
when using different scion and rootstock
species (McKay and Jaynes,1969). Chip-
budding ‘AU-Super’ scions onto ‘AU-Cropper’
seedling rootstocks in late summer also resulted
in lower grafting success than budding in mid-
September (Warmund and Coggeshall, 2009).

Excessive sap flow or stem bleeding caused
by strong root pressure is problematic when
field-grafting chestnut during rainy seasons
(K.L. Hunt, unpublished data; Weber and
MacDaniels, 1969). Excessive sap flow in
walnut and grape interferes with healing after
grafting but can be reduced by making small
cuts below the graft union or by withholding
water from container-grown plants (Coggeshall
and Beineke, 1997; Hartmann et al., 2011).

Huang et al. (1994) investigated graft com-
patibility of various chestnut species. Grafting
success of various American (Castanea den-
tata Borkh.) or Japanese chestnut (C. crenata

Sieb. & Zucc.) scions on ‘AU-17’ Chinese
chestnut seedlings ranged from 6% to 93%.
For intraspecific grafts of Chinese chestnut,
few unions were formed and 6% to 10% of
the trees survived after 6 months when side
veneer graft cuts were made through phloem
fibers in rootstock stems. Because grafting
success of chestnut has been problematic with
commonly used nursery methods, experi-
ments were conducted to: 1) examine the stem
anatomy of Chinese chestnut rootstocks; 2)
determine if the presence of secondary phloem
fibers in the stem tissue is associated with
unsuccessful graft unions; and 3) investigate
the effect of rootstock stem and growing me-
dium moisture content on whip and tongue
grafting success.

Materials and Methods

Propagation of rootstocks. In Sept. 2006,
nuts were harvested from ‘AU-Cropper’ and
‘Qing’ Chinese chestnut trees planted in a re-
pository in 1996 at the Horticulture and Ag-
roforestry Research Center (HARC), New
Franklin, MO. Immediately after harvest, chest-
nuts were sealed in polyethylene bags and
placed in cold storage at 5 �C. On 15 Mar.
2007, these chestnuts were germinated in
35 · 35 · 13-cm (depth) flats using a 8 pine
bark:4 perlite:2 sphagnum peatmoss:1 ver-
miculite:1 sand (v/v) medium amended with
2 kg Osmocote 13N–5.7P–10.8K, 1.5 kg
Nitroform Blue Chip 38N–0P–0K (AgrEvo,
Wilmington, DE), and 1.7 kg Micromax mi-
cronutrients (Scotts Co., Marysville, OH) per
cubed meter. Seedlings were then trans-
planted into 7.7-L polyethylene containers
(PF800; Nursery Supply, Chambersburg, PA)
on 1 May 2007 using the medium previously
described. Potted seedlings were grown out-
doors under natural conditions with supple-
mental irrigation for anatomical and budding
experiments. On 25 Nov. 2007, potted seed-
lings were covered with a polyethylene foam
blanket for winter protection. Seedlings were
uncovered on 15 Mar. 2008 and remained in
the nursery until anatomical studies were
performed.

Anatomical studies. One year-old ‘AU-
Cropper’ and ‘Qing’ seedlings with as many
as 50 nodes were examined to determine the
phyllotaxy of leaves on the stem. Next, 2 mm-
long segments of these seedlings (5 to 9 mm in
diameter) at the third to the fifth internode
above the growing medium surface (where
rootstocks are often grafted) were placed in
formalin–acetic acid–alcohol fixative. Later,
segments were dehydrated in tertiary butyl
alcohol series and infiltrated and embedded in
paraplast (Sass, 1958). Serial sections 10 mm in
thickness were then microtomed and stained
with toluidine blue or safranin O for examina-
tion using a stereomicroscope (Leica M205
FA; Leica Microsystems, Wetzlar, Germany).
Toluidine blue was used to discriminate cell
types in sections (Ruzin, 1999). For safranin
O-stained sections, a dark red color indicated
highly lignified cells.

Chip bud position on rootstocks. Root-
stocks were propagated in Spring 2007 as
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previously described and maintained outdoors
in a container nursery under natural conditions
with supplemental irrigation as needed. Irri-
gation was withheld for 10 d before grafting
(with no rainfall). The day before grafting,
rootstocks were cut in the middle of the ter-
minal internode to ensure the absence of sap
flow. Scion wood was collected immediately
before grafting from 12-year-old ‘Qing’ and
‘AU-Cropper’ trees growing at HARC. To as-
certain if the presence of secondary phloem
fibers was associated with graft union failure,
two chip buds were grafted onto each of 20
‘Qing’ and ‘AU-Cropper’ seedling rootstocks
using the same cultivar/rootstock (i.e., ‘Qing’
buds on ‘Qing’ rootstock; ‘AU-Cropper’ buds
on ‘AU-Cropper’ rootstock) on 19 Sept. 2007.
Half of the rootstocks were chip-budded
beside the third node above the growing me-
dium surface and a second scion bud was
placed below the fifth node. To confirm that
bud position (upper vs. lower) did not affect
grafting success, budding pattern was re-
versed on the remaining rootstocks with a
chip bud placed below the third node above
the growing medium surface and a second
scion bud placed beside the fifth node. After
budding, trees were maintained in a green-
house 24 �C day/18 �C night on a 12-h cycle
for 4 weeks before placing them in a container
nursery area at HARC under 55% shadecloth
(DeWitt Group, Sikeston, MO). On 25 Nov.,
budded trees were covered with a polyethyl-
ene foam blanket for winter protection. On 12
Mar. 2008, containers of budded trees were
uncovered and rootstock tissue above the upper
graft union was removed. The number of scions
in each position on rootstocks that produced
growth was recorded on 20 Apr. Stem sections
at both grafting positions from successful and
unsuccessful unions were then obtained and
prepared for light microscopy as previously
described. Grafting success data for each cul-
tivar and budding position were subjected to
the GENMOD procedure of SAS (Version 9.2;
SAS Institute, Cary, NC) with a logit link
function for a binomial distribution (P # 0.05).

Moisture content study. Because rainfall
often occurs during the grafting season and

results in sap flow from stems (i.e., stem
bleeding), the effect of moisture content on
graft union success was investigated. In Sept.
2008, ‘AU-Cropper’ chestnuts were collected
from mature trees growing in the repository
at HARC, germinated and grown for use as
rootstocks in 2009, and overwintered in 7.7-L
containers as previously described. Scion
wood was collected from 15-year-old ‘AU-
Super’ chestnut trees growing at HARC on 1
Mar. 2010, sealed in polyethylene bags, and
stored at 5 �C. On 23 Mar. 2010, potted
rootstocks were placed in a greenhouse at
27 �C day/21 �C night on a 12-h cycle for
forcing under natural light. Water was with-
held until 3 Apr., when 20 containers each were
uniformly irrigated with 0, 800, or 1600 mL
of water. Two days later, all rootstocks were
grafted with ‘AU-Super’ using the whip and
tongue technique. To minimize any drying
effects, one replication of rootstocks at all
three moisture levels was grafted and sampled
for moisture contents before proceeding to the
next until 20 replications were completed.
Rootstock stem tissue (directly above the cut
for the graft) as well as a sample of the growing
medium was collected for moisture content
determinations at the time of grafting. A 2.5-
cm-diameter core of growing medium was
obtained from the entire profile of each con-
tainer. Samples were then oven-dried at 65 �C
for 24 h and percent moisture content was
calculated. Immediately after grafting, con-
tainers were maintained in a greenhouse 24
�C day/18 �C night on a 12-h cycle for 4
weeks before placing them in a container
nursery area at HARC under 55% shade-
cloth. Moisture content data for the treat-
ments were subjected to an analysis of
variance using the PROC GLM procedure
of SAS and means were separated by Fisher’s
protected least significant difference test, P #
0.05. Grafting success data were recorded
on 3 Oct. 2010 and were subjected to the
GENMOD procedure of SAS with a logit
link function for a binomial distribution
(P # 0.05).

Results

Anatomical studies. Examination of 1-
year-old ‘Qing’ and ‘AU-Cropper’ seedlings
revealed that these Chinese chestnuts have 2/
5 phyllotaxy, in which five alternate leaves
(or buds) are present in two revolutions around

Fig. 1. Stem cross-section of a 1-year-old ‘AU-
Cropper’ Chinese chestnut seedling rootstock.
Note the pith (p), xylem (x), the lobed ring of
vascular cambium (vc), clusters of secondary
phloem fibers (spf), and a discontinuous ring of
primary phloem fibers (ppf).

Fig. 2. Primary and secondary phloem fibers in a stem cross-section of ‘AU-Cropper’ Chinese chestnut
seedling rootstock stained with toluidine blue. Note the discontinuous ring of primary phloem fibers
(ppf) and the large clusters of secondary phloem fibers (spf).

Fig. 3. Cross-sections of ‘AU-Cropper’ scions that
were chip-budded onto ‘AU-Cropper’ seedling
rootstocks at various positions. (A) A success-
ful graft union in which a scion was budded
below a rootstock node to avoid large clusters
of secondary phloem fibers (spf) on a Chinese
chestnut rootstock. (B) A successful graft union
in which a scion was budded beside a rootstock
node to disrupt a large cluster of secondary
phloem fibers. (C) An unsuccessful graft union
where ‘AU-Cropper’ scion bud and the root-
stock cambia were misaligned when budded.
Unlabeled arrows indicate the area where the
scion bud was placed on the rootstock. Safranin
O stained highly lignified cell walls dark red.
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the stem with an 137.5� angle between them
(Levine, 2000). This arrangement of nodes is
common on walnut, hickory, and oak trees. In
cross-sections of 1-year-old Chinese chestnut
stems, the vascular cambium was arranged in
a regular five-lobed cylinder in which lobes
were aligned with nodes (Fig. 1). Primary
phloem fibers in a discontinuous ring were
observed and secondary fibers were usually
found clustered in the phloem tissue between
the cambium lobes (Fig. 2).

Chip bud position on rootstocks. When
two scions were grafted beside or below
a node on ‘AU-Cropper’ and ‘Qing’ seedling
rootstocks, grafting success was statistically
similar for each cultivar and bud position. For
‘AU-Cropper’, 12 grafts were successful of
which seven buds were chip-budded below
a node on the rootstock and five buds were
beside a node. For ‘Qing’, seven grafts were
successful of which four buds were chip-
budded below a rootstock node and three
buds were beside a node. New scion growth
produced from successful grafts on 20 Apr.
averaged 35 cm for scions budded below a
node and 34 cm for those budded beside a
node. Also, graft union success rates of buds
placed near the third and the fifth positions
(e.g., upper vs. lower position) on rootstocks
were statistically similar for each cultivar.
Six scion buds placed in each position formed
successful unions on ‘AU-Cropper’ root-
stocks. On ‘Qing’ rootstocks, three scions
budded near the fifth node and four placed
near the third node formed unions. Photomi-
crographs of these rootstocks revealed that
large secondary fiber clusters were avoided
when scion buds were placed below a node,
and some these grafts were successful (Fig. 3A).
Scion buds placed beside a node interrupted
clusters of secondary phloem fibers on the
rootstock but did not always result in graft
union failure (Fig. 3B). In failed grafts, cam-
bial tissues of the scion and rootstock were
misaligned and often the rootstock cambium
produced a thin layer of xylem, but further
differentiation did not occur (Fig. 3C).

Moisture content study. No sap flow was
observed in any of the rootstocks before or
after grafting. Also, stem moisture was sim-
ilar among all treatments, ranging from 52.1%
to 53.6%. Seedlings in containers that received
0, 800, or 1600 mL of water had growing
medium moisture contents of 47.8%, 56.3%,
and 61.5%, respectively. Graft union success
was higher (75%) for non-irrigated plants than
those irrigated with 800 mL (25%) and 1600
mL (25%) of water.

Discussion

For successful union formation of budded
woody tissues, rootstock and scion cambia
must be aligned. When this occurs, paren-
chyma cells of the callus from both the scion
and the rootstock divide near the necrotic layer
to form a callus bridge and vascular continuity
is subsequently established (Hartmann et al.,
2011). Results of our study demonstrated that
the five-lobed cylinder arrangement of the
vascular cambium of Chinese chestnut makes

the alignment of scion and rootstock cambia
difficult. Although clusters of secondary phloem
fibers were present between the lobes of the
cambium or near this area in the stem, suc-
cessful union formation occurred when graft-
ing cuts were made through these rootstock
fibers. Examination of unsuccessful unions
revealed that scion and rootstock cambia were
mismatched. In contrast to our results, Huang
et al. (1994) reported the presence of only four
‘‘phloem fiber bundles’’ in Chinese chestnut
stems. Also, high percentages of grafting fail-
ure (96% to 100%) were attributed to disrupted
cambial continuity purportedly caused by a pro-
liferation of fiber tissue when side veneer cuts
were made through phloem fibers.

Date of budding also influences grafting
success. Although many other fruit and nut
trees are budded by commercial nurserymen
in July and August in the United States, grafting
success was greater on 19 Sept. as compared
with earlier dates (Warmund and Coggeshall,
2009). When chestnuts were budded too early
(16 July or 15 Aug.), rootstock callus overgrew
the scion bud, resulting in budding failure.
Optimal dates for Chinese chestnut budding
are likely site-dependent and may vary with
rootstock. For example, the optimal budding
date for ‘Empire’ apple on ‘M.9’ rootstock was
16 July in Washington, whereas the optimal
budding date for the same scion/rootstock
combination was 23 Sept. in Illinois (Warmund
and Barritt, 1994).

Growing medium moisture content in
container-grown rootstocks also affected whip
and tongue grafting success in our study.
Medium moisture content near 48% resulted
in greater grafting success than when the
moisture was above 56%. In contrast, stem
moisture contents, ranging from 52.1% to
53.6%, had no apparent effect on grafting
success. The reason why stem moisture was
similar may be attributed to the relatively
large volume of non-functional xylem tissue
in rootstocks. These results demonstrate that
even when sap flow from cut rootstocks is
absent, growing medium moisture content in-
fluences graft union formation.

Although grafting techniques were not
directly compared in this study, others reported
varying results using different budding and
grafting methods (Balta et al., 1993; Bazzigher
et al., 1984; Huang et al., 1994; Pereira-
Lorenzo and Fernanez-Lopez, 1997; Serdar
and Soylu, 2005). In our work, 75% grafting
success was achieved using the whip and
tongue technique when moisture was con-
trolled in early spring. Although grafting con-
tainerized Chinese chestnut rootstocks may be
more expensive than field grafting, moisture
contents can be controlled under plastic out-
doors or in a greenhouse. In contrast, success
rates of field-grafting chestnut rootstocks in
locations that have frequent rainfall may remain
low as a result of excessive sap flow from stems.

In conclusion, this study demonstrated
that a discontinuous ring of primary phloem
fibers was present in 1-year-old Chinese chest-
nut seedling rootstocks as well as clusters of
secondary phloem fibers. When grafting cuts
were made through these secondary fibers,

they did not prevent successful graft union
formation when rootstock and scion cambial
tissues were aligned. Misalignment of Chi-
nese chestnut scion tissue with rootstock
tissue occurred because of the non-uniform
depth of the cambium at various positions
around the stem, which was visible as a five-
lobed ring of tissue in stem cross-sections.
Controlled rootstock growing media moisture
content was an additional important factor
contributing to grafting success of intraspe-
cific grafts of Chinese chestnut.
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