
IAWA Bulletin n.s., Vol. 10 (2),1989: 193-199 

REGENERATION OF VASCULAR TISSUES IN 
BROUSSONETIA PAPYRIFERA STEMS AFrER REMOVAL OF THE XYLEM* 

by 

Cui Kerning, Lu Pengzhe**, Liu Qinghua*** and Li Zhengli 
Department of Biology, Peking University, Beijing, China 

Summary 
The central cylinder of xylem plus pith 

was removed from the main stem of 1- to 2-
year-old Broussonetia papyri/era (L.) Vent. 
treelets, leaving only the bark, cambial zone 
cells and a few immature xylem cells. The 
immature phloem and xylem cells and origi
nal cambium zone cells rapidly produced cal
lus, then the original cambial zone started to 
produce xylem and phloem. A flat meristem 
was initiated intermittently inside the callus. 
Eventually, these islands connected laterally 
to form a ring of new cambium that began to 
produce normal xylem inward and phloem 
outward. About one month later, a concave 
oblate trunk had formed, which connected dis
tally and proximally with the original trunk. 
Key words: Broussonetia papyri/era, bark, 

cambium, regeneration. 

Introduction 
If a ring of bark is removed from the main 

trunk, i.e., the stem is girdled, the tree may 
continue to grow for a long or short period 
depending on the species (Noel 1970). Re
cently it has been demonstrated that many 
species, e. g.Eucommia utmoides and Brous
sonetia papyri/era, can regenerate new bark 
after girdling (Cui & Li 1986; Li & Cui 1983, 
1984, 1988; Li et at. 1981, 1987; Lu et at. 
1987), provided that the treatment is applied 
when many immature xylem cells are present 
and the exposed xylem is covered with plastic 
sheeting. It remains to be studied, however, 
whether the tree can regenerate its stem when 

the xylem is removed. This was investigated 
in 1- to 2-year-old Broussonetia papyri/era 
(L.) Vent. treelets. 

Materials and Methods 
Thirty, actively growing, 1- to 2-year-old 

and c. 1 m tall Broussonetia papyri/era trees 
were selected on June 13, 1985, in a plan
tation on the campus of Peking University, 
Beijing, China. The upper and lower portions 
of each tree were bound to a bamboo pole so 
that the stem would be supported after the 
xylem was removed. The bark of the main 
trunk was cut longitudinally with a knife for 
a distance of 12-20 cm, starting 5-10 cm 
above the stem base. The bark was carefully 
separated from the xylem around the circum
ference and the exposed xylem was excised 
(Fig. 1). The treated stem section was wrap
ped in transparent plastic film immediately 
after removing the xylem. 

Three additional defoliation and debudding 
treatments were then applied: 1) complete de
foliation; 2) complete defoliation plus remov
al of the apical bud (decapitation); 3) c. 66% 
defoliation, leaving the most apical 5 or 6 
leaves. The trees were sampled at the time of 
treatment and at weekly intervals thereafter 
for a 4-week period. The plastic film was 
temporarily unwrapped at the time of each 
sampling, but after one month it was dis
carded. 

The complete defoliation treatment was 
repeated on June 17 and 23 and on JUly 9, 
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1985, using ten trees per date. For each date, 
the trees were sampled on seven successive 
occasions at 2-day intervals, then twice at 
weekly intervals. The same treatment was 
applied again on July 23, 1986, the ten trees 
being sampled after 6, 24, 48, and 72 hours. 
The samples were fixed in FAA and embed
ded in paraffin. Sections were cut 8-10 J.lm 
thick, stained with iron -alum -hematoxylin -
safranin and sealed with abienic balsam (de
rived from Abies resin). 

Results 

Completely defoliated trees 
By the second day after the xylem was re

moved, the inner surface of the bark started 
to turn green and the apical buds beglin to 
break. After another 3 to 4 days, the apical 
3-5 leaves had unfolded and some axillary 
buds had burst. Ten days after treatment, the 
size and number of leaves was comparable in 
the completely defoliated and neighbouring 
untreated trees. 

Inner sUrface of the bark after removal of 
the xylem - The inner surface of the bark 
after peeling was white and uneven. Most of 
the cambial zone cells adhered to the phloem 
(Fig. 4, c), while some immature xylem cells 
remained attached to the cambial surface (Fig. 
4, x). The retention of most of the cambial 
cells on the phloem side after bark peeling 
was also observed in our studies of bark re
generation after girdling (Li et al.1988). 

Formation of callus on the inner bark sur
face - Six hours after xylem removal, the 
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exposed surface cells had shrunk and formed 
a glue-like layer (a slimy surface as the result 
of broken collapsed cells). Ray cells near the 
surface had begun to expand laterally. After 
24 hours, the exposed inner surface appeared 
green and the ray cells near the surface had 
expanded further. Some of the immature xy
lem cells remaining on the surface also in
creased in size. Two days after treatment, the 
ray cells near the surface had expanded sig
nificantly, fanned outward (Fig. 5, thick ar
row), and formed callus. At the same time, 
original cambium cells and/or immature xy
lem cells located near the ray cells had 
divided many times, contributing to the callus 
formation (Fig. 5, ca). Two days after treat
ment, a few swollen cells with a lignified 
wall were scattered through the callus in 
some trees. These cells might be vessel ele
ments originating from the immature xylem 
cells left on the bark surface. Isolated areas of 
cambium-like cells could be observed in the 
callus (Fig. 5, c). These areas were often 
separated by expanded rays (Fig. 5, r). Three 
days later, clusters of 2-7 tracheid-like ele
ments occurred in the callus. At the time, the 
original cambium had formed a complete 
zone and begun to produce xylem but not 
phloem. Six days later, the cambium appear
ed almost normal and was producing xylem 
inward and phloem outward (Fig. 6, c). 

Formation of a new trunk - About six 
days following treatment, the original cam
bium had produced xylem inward and 
phloem outward, but isolated areas of phel-

Figs. 1 & 2. A trunk portion of Broussonetia papyrifera after removal of the xylem; x 1/4. -
1: Appearance of the trunk immediately after removal of the xylem; only bark remained (between 
the two arrows). - 2: One month later the bark had regenerated new xylem (arrow) (see Fig. 3). 
- Fig. 3. One year later, transverse section of the concave oblate trunk; x 2.7; b = old bark; 
b' = new bark; x = xylem. - Figs. 4-7. Transverse sections of the bark remaining afterremov
ing the xylem; c = old cambium; ca = callus; m = flat meristem; p = periderm of original bark; 
ph = phloem of original bark; r = ray; rp = periderm of regenerated bark; x = xylem. - 4: Inner 
bark surface immediately after treatment; cambial zone cells (c) and a few immature xylem cells 
(x) are present; x 180. - 5: Two days later callus (ca) has formed on the bark surface; a ray (r) 
has extended outward and expanded transversely (thick arrow); x 90. - 6: Six days later a 
phellogen (thin arrow) and an irregular intermittent flat meristem (thick arrow) have developed in 
the callus; x 90. - 7: Eight days later a new periderm (rp) has formed in the callus and the 
original cambium (c) has produced many new xylem elements; a flat meristem has been initiated 
in the callus, connected laterally and producing parenchyma cells inward and outward; x 90. 
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logen arose 3 to 5 cell layers beneath the 
callus surface (Fig. 6, thin arrow). The cells 
on the callus surface had no protoplast and 
were stained with safranin. Subsequently, the 
phellogen coalesced laterally. After ten days, 
the new phellogen connected with the original 
one at both ends of the cut bark to form 
a thin, flat crescent. The first-formed cork 
cells had an irregular shape and a thin wall 
that could be stained with safranin. When the 
phellogen reached the callus surface, an inter
mittent flat meristem (Fig. 6, thick arrow) 
was present 12 to 15 cell layers under the 
callus surface next to the clusters of tracheid
like elements that had been produced by the 
original cambium. Eight days after treatment, 
the flat meristems had connected laterally 
(Fig. 7, m). A few tracheid-like elements oc
curred occasionally inside the flat meristem 
(Fig. 7, thin arrow). About ten days after 
treatment, the flat meristem was similar to the 
vascular cambium (Fig. 8, m), as both fusi
form and ray initials were present. The rays 
generated by the new vascular cambium often 
connected with the rays produced by the orig
inal vascular cambium (Fig. 8, r). 

Twelve days later, phloem cells were pres
ent outside the regenerated cambium. The 
activity of the new cambium was similar to 
that of the old cambium fourteen days after 
treatment. There were a few sieve-like ele
ments and a large number of equal-sized pa
renchyma cells present outside the meristem, 
while vessels with a wide diameter occurred 
inside the meristem. A zone of parenchyma 

cells was located between the xylems formed 
by the new and old cambium. These paren
chyma cells might be callus cells. The new 
vascular cambium had connected with the old 
cambium at both ends of the original bark to 
form a flat oval. The cambium continued to 
produce xylem inward and phloem outward. 

About one month following treatment, 
continued cambium activity had formed an 
oblate new trunk (Fig. 2, arrow). The regen
erated trunk xylem and phloem partly formed 
by the original cambium (Fig. 9, x), partly by 
the meristem regenerated in callus (Fig. 9, cx 
& cp), with a zone of parenchyma cells still 
located between the xylem formed by the re
generated and the original cambium (Fig. 9, 
ca). The width of the cambial zone was about 
12 cells. The new phloem contained many 
fibre cells (Fig. 9, cp). One year later, the 
xylem in the new trunk had increased greatly, 
but the concave oblate shape was still retained 
(Fig. 3, x). 

Effects of decapitation and 66% defoliation 
In trees that were completely defoliated 

and decapitated, the sprouting of axillary 
buds was delayed until about seven to eight 
days following treatment. By fourteen days, 
young leaves had unfolded. During this peri
od, 10 to 13 layers of irregularly shaped pa
renchyma cells were produced. Two to three 
cell layers on the callus surface were dead 
and stained with safranin. A phellogen had 
arisen underneath the callus surface (Fig. 10, 
thin arrow), but had not connected with the 

Figs. 8-11. Transverse sections of the trunk of Broussonetia papyri/era after removal of the 
xylem. c = old cambium; ca = callus; cc = new cambium; cp = new phloem; cx = xylem formed 
in new cambium; m = flat meristem initiated in callus; p = periderm of original bark; ph = 
phloem of original bark; r = ray; rp = periderm formed in the surface cells of callus; v = vessel; 
x 90. - 8: Ten days after treatment vessel-like structures have formed inside the flat meristem 
(m). - 9: One month later many phloem (cp) and xylem (cx) cells have been produced by the 
new cambium (cc) initiated in the callus; many callus cells (ca) are present between the xylem 
(x and cx) produced by original and regenerated cambium. - 10: Fourteen days after complete 
defoliation and decapitation (treatment 2), the progress of trunk regeneration is similar to that 
after six days in the complete defoliation (first) treatment (Fig. 6); phellogen has formed near the 
surface of the callus (thin arrow), while a flat meristem (thick arrow) has formed further inside 
the callus. - 11: In trees defoliated for 66% (treatment 3), fourteen days after treatment, much 
callus (ca) has been produced and a few original cambial cells (c) are present between the callus 
and original phloem. 
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original one at the ends of the original bark. 
There was a narrow flat meristem further in
side the callus (Fig. 10, thick arrow). Only a 
few layers of cells separated the cambium 
and the phellogen. The original cambium was 
evident (Fig. 10, c), and a few scattered 
tracheid-1ike elements were present inside it. 
Later, as the sprouting of the axillary buds 
progressed, the process of trunk regeneration 
was the same as in completely defoliated 
trees, but delayed by about one week. 

In the trees that were defoliated for only 
66%, all the leaves soon withered and the 
inner surface of the bark rapidly turned 
green. None of the buds ever sprouted, and 
the trees eventually died. Nevertheless, four
teen days after treatment, callus formation on 
the inner surface of the bark was greater in 
the trees that were defoliated for 66% than in 
the completely defoliated trees. The callus 
cells were very irregular in shape, and the 
ones on the surface were not suberised (Fig. 
II, ca). Many fan-shaped structures were 
present in the callus (Fig. 11, r), suggesting 
that the callus was initiated by ray cells. A flat 
meristem was present inside these structures 
(Fig. II, c). This meristem might be the orig
inal cambium, because occasionally a few 
tracheid elements having a wide diameter and 
a thick wall were observed. 

Discussion 
After removing the xylem from Brousso

netia papyri/era, cambial zone cells and oc
casionally a few immature xylem cells were 
left on the inner surface of the bark. Very 
rarely, immature phloem cells were exposed 
after the xylem removal. These tissues re
generated a new trunk in completely defoliat
ed trees. The trunk regenerated at a faster rate 
than did the bark after girdling in the same 
species (Li et al. 1988) and Eucommia ulmoi
des (Cui & Li 1986; Li & Cui 1983, 1988). 

In the trees that were decapitated and 
completely defoliated, trunk regeneration was 
about one week slower than in trees that were 
only completely defoliated. However, bud 
flushing was slower in the decapitated and 
defoliated trees, thus the delay in trunk re
generation could be due to a lag in the supply 
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of bud-produced growth substances that are 
required for the differentiation of vascular 
tissues (Aloni 1987). 

The trees that were defoliated for only 
66% soon died, presumably because the tran
spiration rate exceeded the water supply. 
Much callus was formed by ray and other 
living cells on the inner bark surface before 
the tree died. However, presumably the lack 
of bud-produced growth substances prevent
ed differentiation of a new phellogen and 
vascUlar cambium (cf. Aloni 1987). 

The pattern of trunk regeneration in our 
experiment was different from that observed 
by Brown and Sax (1962) in their work with 
bark strips in Populus trichocarpa and Pinus 
strobus. They reported that the differentiation 
of the vascular cambium extended tangen
tially from the radial margin of the existing 
meristem and proceeded rapidly around the 
inner periphery of the callus until continuity 
was established on the abaxial side of the cal
lus pad. In contrast, we observed in Brous
sonetia papyrifera that during the regeneration 
of the stem after xylem removal, a new 
cambium was intermittently initiated in the 
callus, which extended tangentially towards 
the radial margins of the original cambium. 
Physical pressure (Brown & Sax 1962) and 
biochemical gradients (Warren Wilson & 
Warren Wilson 1961) could playa role in 
initiating the new cambium. 

In completely defoliated trees, the periderm 
developed near the callus surface after some 
xylem regenerated. We observed the same 
pattern of development in recovered bark in 
Eucommia ulmoides (Li et al. 1983), and in 
the girdled portion of E. ulmoides stems after 
bark girdling (Cui & Li 1986; Li & Cui 1983, 
1984, 1988). However, in trees that were de
foliated for 66%, despite considerable callus 
formation, xylem elements did not form in 
the callus nor did a periderm develop on 
the callus surface (Fig. II, ca). These results 
suggest that the presence of mature xylem 
cells might play an important role in the for
mation of phellogen. 
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