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Abstract The history of cellular events in the storeyed
cambium of Lonchocarpus sericeus (Poir.) DC was
analysed on the basis of changes in the cell arrangement
in successive layers and strata of axial parenchyma in the
xylem. The mechanism of formation of the regular
interlocked grain was investigated. Inclination of fusiform
cells changes intensively whereas height and position of
storeys in the successive layers of axial parenchyma are
constant. As a result, new contacts between cells are
formed by means of the intrusive growth of ends of cells
belonging to one storey between the tangential walls of
cells of the neighbouring storey and unequal periclinal
divisions, which give a new shape to the initials. The
concept of intrusive growth between the radial walls of
the fusiform initials in the formation of xylem with
interlocked grain should be revised on this basis.

Keywords Storeyed cambium · Intrusive growth ·
Unequal periclinal division · Interlocked grain ·
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Introduction

Studies on storeyed cambium date back to the beginning
of the twentieth century. Initially, research on the
structure of this tissue was focused not on the mechanisms
of its formation or rearrangement, but on mechanisms of

its maintenance during the increase of the cambial surface
(Bailey 1920). It was concluded that maintenance of the
storeyed structure of cambium was closely related to the
longitudinal anticlinal divisions of the initial cell which
produced two daughter initial cells of equal length
(reviewed in Iqbal and Ghouse 1990), and to the lack of
intrusive growth after the division (reviewed in Larson
1994). These concepts lasted until the 1970s, when
studies on the storeyed structure of cambium were
resumed in connection with the research on the domain
pattern and wave-oscillatory phenomena in the cambium
(Hejnowicz and Zag�rska–Marek 1974; Zag�rska–Marek
1975; Włoch and Zag�rska-Marek 1982; Włoch and
Bilczewska 1987).

The history of cambium is recorded in the cell
arrangement of xylem and phloem cells; it may be
reconstructed from a series of tangential sections
(Hejnowicz 1961, 1964, 1968; Hejnowicz and Krawczys-
zyn 1969; Pyszyński 1972; Włoch 1976, 1985, 1987;
Włoch et al. 2001, 2002). The continuous analysis of
cellular events in the successive layers of xylem in broad-
leaved trees is not possible due to the intrusive growth of
fibres and vessel members, which heavily disturbs the
original arrangement of the cambial cells. However, it is
possible to analyse the history of cambium on the basis of
changes of the cell arrangement in the successive layers
and strata of axial parenchyma. Parenchymatous cells do
not grow intrusively during differentiation and hence their
arrangement reflects the arrangement of cells in the
cambium at the moment of formation of the layer in
question. The layer of terminal parenchyma is formed in
the xylem of the most broad-leaved trees, especially in
those living in temperate zones, at the boundaries of
annual increments at the end of the season of cambial
activity. The comparison of cellular events in the
subsequent layers of terminal parenchyma allows the
reconstruction of changes occurring during a certain
period of life of a tree. Such an analysis is possible only
when the derivatives of the same cambial cell in
successive layers of axial parenchyma can be located.
The changes of cellular arrangement in the annual
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increment are usually too large for a continuous reading
of cell events in subsequent layers of parenchyma.

The arrangement of fusiform cells in tangential
sections allows the distinction of two types of cambium:
storeyed and nonstoreyed (Bailey 1920). The storeyed
cambium is evolutionarily younger than the nonstoreyed
one. Its fusiform cells are usually shorter than cells in
nonstoreyed cambium, and arranged in a storeyed pattern.
It is generally assumed that the difference in cell
arrangement in the two types of cambium is a result of
different ways of increasing the cambial surface (Beijer
1927; Butterfield 1972; Cumbie 1984). The increase of
cambial surface in nonstoreyed cambium occurs due to
anticlinal oblique divisions and the intrusive growth of
ends of the shortened cells (Philipson et al. 1971;
Romberger et al. 1993; Larson 1994). As for the storeyed
cambium, its cells divide longitudinally and their intru-
sive growth is connected only with a change of their
inclination (Hejnowicz and Zag�rska-Marek 1974;
Krawczyszyn 1977; Włoch and Połap 1994). Intrusion
into another storey occurs occasionaly (Włoch and
Zag�rska–Marek 1982; Zag�rska–Marek 1984).

Some woody plants growing in humid tropical zones
and characterised by storeyed cambium periodically form
layers or strata of axial parenchyma, as described for
Entandrophragma cylindricum (Meliaceae) (Hejnowicz
and Zag�rska-Marek 1974; Zag�rska-Marek 1975), Ster-
culia oblonga (Sterculiaceae) (Wagenf�hr and Scheiber
1974) and for Lonchocarpus sericeus (Fabaceae) (Kojs
2000). The last-mentioned species is investigated in this
study.

Storeyed arrangement of fusiform cells may be
accompanied by storeyed arrangement of rays. This type
of cambium is described as double-storeyed (Romberger
et al. 1993). The height of rays is usually smaller than the
length of surrounding fusiform cells (Włoch and Szendera
1989).

Storeyed cambium is marked by the capability of
intensive, cyclic changes of inclination of cells, which
results in the interlocked grain in xylem (Krawczyszyn
and Romberger 1979, 1980; Hejnowicz and Romberger
1979; Włoch 1987).

Anticlinal oblique divisions occur rarely in storeyed
cambium. The rearrangement of cells is a result of the
oriented intrusive growth at the apical and lateral radial
edges of fusiform cells (Hejnowicz and Zag�rska–Marek
1974; Włoch and Zag�rska–Marek 1982; Zag�rska–
Marek 1984). The intrusive growth of cells on a given
tangential surface of cambium occurs irregularly. On the
basis of studies on the small-leaved linden ( Tilia cordata)
and Entandrophragma cylindricum, it was concluded that
growth activity of a certain cell end changes periodically.
Groups of cell ends marked by growth activity can be
distinguished on the cambial surface. These groups
alternate with groups of inactive ends, and both groups
form a pattern of growth activity (Włoch and Bilczewska
1987; Włoch 1988). Growth activity of fusiform initials in
the cambium is described by (1) bifurcation of the cell
ends and (2) range of displacement of cell end along the

boundary of the storey in relation to the ends of cells of
the neighbouring storey. Bifurcation of the cell ends
represents on intermediate stage between two successive
positions of the cell end at the boundary of the storey
(Hejnowicz and Zag�rska–Marek 1974; Romberger et al.
1993).

In the development of cambium it is possible to
distinguish cell events (like anticlinal divisions, intrusive
growth) occurring in one of two possible configurations:
right Z and left S. Regions with cell events occurring in a
certain configuration have been called domains. High
frequency of cell events in the domains migrating along
the stem causes a periodical change of inclination of
cambial cells. Wavy grain of phloem and xylem is formed
on the tangential surface (Hejnowicz 1964, 1975).

In many tropical trees, among them in Lonchocarpus
sericeus, high frequency of cellular events allows for the
formation of xylem with interlocked grain. The inclina-
tion of cells changes periodically in large areas of the
subsequent layers of xylem, which reflect the fast
migration of large domains in the cambium (Hejnowicz
and Romberger 1973, 1979).

Recent observations concerning the mechanisms of
formation of spiral arrangement of cells in Pinus
sylvestris (Włoch et al. 2002) and the mechanisms of
intensive changes of cell inclination in spruce tumour
(Włoch et al. 2001) urge for testing the hypothesis
concerning the rearrangement of cells in the cambium
based on the intrusive radial growth.

The aim of this study is to find an answer to the
question whether the change in orientation of fusiform
initials of L. sericeus is connected with the intrusive
growth of initial cell between radial walls or tangential
walls.

Materials and methods

The material used in our studies was a piece of wood of
Lonchocarpus sericeus (Poir.) DC of uncertain age, 12 cm long,
2 cm wide and 9 cm thick, with regular interlocked grain, obtained
from the collection of wood samples in the Botanical Garden—
Centre for Biological Diversity Conservation of the Polish Acade-
my of Sciences (Warsaw).

A small sample of 7 mm �5 mm �4 mm, characterised by the
fast reorientation of cells, was excised from this piece of wood. The
sample was boiled in distilled water for 5 days, 5 h per day and left
for at least 2 weeks in a mixture of ethanol and glycerol (3:1). In
this mixture, samples may be stored for a long time. Serial
tangential sections ca. 30 �m thick were prepared using a sliding
microtome. Consecutive sections were attached to microscope
slides with Haupt’s adhesive. The slides were boiled for 15 min in
98% ethanol and then put into cold ethanol several times in order to
expel air from cell lumina. After three changes of xylene,
specimens were embedded in Canada balsam without staining. In
order to study the character of the processes occurring in the
cambium of L. sericeus, a series of photographs of four subsequent
layers of axial parenchyma was taken. For a better visualisation of
cell events, drawings were made of the photographs. The deriva-
tives of initial cambial cells in subsequent layers were identified
and marked by numbers for better distinction. Semi-thin transverse
sections were prepared as described earlier (Włoch et al. 2002).
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Moreover, pieces of wood were fractured tangentially through
the layer of axial parenchyma, stuck to the aluminium stub for a
scanning electron microscope and coated with gold in a sputter
coater (Pelco SC-6, Ted Pella, USA). The tangential surface of
xylem parenchyma was observed in a TESLA BS 301 scanning
electron microscope, equipped with digital image acquisition
system.

Results

Lonchocarpus sericeus (Poir.) DC is a tree with a very
regular, storeyed structure of cambium and interlocked
grain in the xylem. In the studied sample, the changes of
the grain inclination were observed eight times (four
complete cycles of change of cell orientation). Xylem is
diffuse-porous with paratracheal confluent parenchyma
(Carlquist 1988). Light bands of axial parenchyma 3–15
cells wide are observed alternately with dark bands of
fibres in the transverse section (Fig. 1). Vessels are
solitary or in radial multiples of 2–3 (Fig. 2).

On the basis of the arrangement of parenchyma cells in
the tangential section through the xylem it is possible to
reconstruct the primary arrangement of the fusiform
initials in the cambium at the time when a given layer of
xylem was being deposited (Fig. 3). Fusiform initials
divide transversely during differentiation of axial paren-
chyma, forming bi-cellular strands, reflecting the shape of
the fusiform initials. Boundaries of storeys are recognised
in the axial parenchyma on the basis of the remarkable
zigzag outline of the overlapping ends of fusiform cells
from two neighbouring storeys, widening of the cell ends
and the pattern of rays. In the bands of axial parenchyma,
the double storeyed arrangement is visible. Rays are
usually triseriate; however, mono- and biseriate rays, as
early stages of ray formation, also occur (unpublished
data). Rays enclosed within storeys of fusiform cells do

not reach the boundaries of the storeys. Fusiform cells
usually have widened, club-like ends. The fusiform cells
with bifurcated ends were not observed in axial paren-
chyma.

In the transverse section through the axial parenchyma,
half way along a storey, rounded fusiform cells occur
between rays (Fig. 4), whereas at the boundary of the
storeys rays are lacking and fusiform cells with different
diameters are polygonal (Fig. 5).

Cells in a given radial file of axial parenchyma are
derivatives of the same initial cell. On the basis of
photographs of two successive tangential sections through
one stratum of axial parenchyma the changes of local
contacts between fusiform cells at the boundary of the
storeys were observed. These changes arose during
deposition of one layer of cells (Fig. 6A–D). Contacts
between cells (cell numbers 3 and 11 and cell numbers 10
and 18), visible in one layer of parenchyma (Fig. 6A, B)
are lost in the nearest layer; at the same time, new
contacts between two other pairs of cells (2 and 12, and 9
and 19) are formed (Fig. 6C, D).

The observed changes of contacts between fusiform
cells at the boundary of the storeys occur by the oriented
intrusive growth of the cell end between tangential walls
of cells in the neighbouring file. These changes of
orientation of fusiform cells are possible due to their
shifted arrangement in neighbouring radial files (Figs. 4,
5), which facilitates intrusive growth between tangential
walls of cells of neighbouring radial files. Tile-like
arrangement of fusiform cell ends at the boundary of the
storeys also implies the intrusive growth between tan-
gential walls (Fig. 7).

The result of this type of intrusive growth is the
formation of club-like widenings of the cell ends. These
can be easily distinguished in tangential sections (Figs. 3,

Fig. 1 Transverse section of xylem of Lonchocarpus sericeus.
Diffuse-porous xylem. Vessels are single or sometimes in radial
multiples of 2–3. Paratracheal confluent parenchyma is well
distinguished as light bands. Dark bands represent fibres

Fig. 2 Transverse section of xylem of L. sericeus. Radial group of
two vessel lumina. The boundary between storeys is without rays.
When the section runs through the storey below or above the
boundary, rays are clearly visible ( lateral part of the photograph)
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6) and transverse sections through the boundary between
the storeys (Fig. 5).

Over a longer period of time, measured by the
formation of successive strata of axial parenchyma, the
oriented intrusive growth causes a change of inclination
of the cell axes; at the same time the position of the
middle parts of cells remains constant. Superimposition of
the tangential sections from two successive strata of axial
parenchyma, 0.7 mm from each other, allows for the
observation of numerous changes of contacts between cell
ends (Fig. 8). Due to high frequency of these events, all
lower ends of the upper storey and upper ends of the
lower storey are displaced in the opposite direction in

relation to the other storey and new contacts between cells
are established.

The described examples illustrate the way a change of
contact occurs between fusiform cells at the boundary of
storeys and reveal a high capability of changes in shape of
fusiform cell ends (Fig. 9). Usually, growth activity at the
ends of the same initial cell differs at the same moment:
activity at one end is accompanied by a lack of activity at
the other end (Fig. 10A+B II), it declines after a period of
time and is followed by an increased activity at the other
end (Fig. 10B+C II). However, simultaneous activity of
both ends of the fusiform initial, lasting over the
deposition of two strata of axial parenchyma, was also
observed (Fig. 10B+C III, C+D III cell no. 1). The pattern

Fig. 3 Tangential section
through the xylem axial paren-
chyma of L. sericeus. The dou-
ble storeyed arrangement
comprises fusiform cells and
rays enclosed within the storey.
Each fusiform cell is divided
transversely (arrows)

Fig. 4 Transverse section
through the axial parenchyma
of L. sericeus beyond the
boundary between storeys. Ra-
dial cells are elongated (aster-
isk). Fusiform cells are rounded
and shifted in neighbouring
files (arrows). Intercellular
spaces (arrowheads) formed
during differentiation of paren-
chymatous cells are visible

Fig. 5 Transverse section
through the boundary between
storeys. Rays are lacking. Ends
of fusiform cells belonging to
neighbouring storeys are differ-
ent in size (white arrows)
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of growth activity shows that over a long period of time
all cells become active (Figs. 9A+D, 10A+D).

The comparison of position of cells in two successive
strata of parenchyma reveals that the growth activity on
the initial surface of the cambium is not homogenous; it
may occur in a single cell (Figs. 6, 10B+C III) or in

groups of several cells (Fig. 10A+B I, B+C II), surround-
ed by regions of inactive cells (like in Fig. 6 or
Fig. 10B+C I, C+D II, A+B III).

Discussion

Discovery of wave-oscillatory phenomena in cambium
aroused interest in the investigation of mechanisms of cell
reorientation in storeyed cambium (Hejnowicz and
Zag�rska–Marek 1974; Zag�rska–Marek 1975; Hejnow-
icz 1975; Krawczyszyn and Romberger 1979). It seems
very likely that the same processes, different in details,
are the bases of cambial rearrangement in Tilia cordata,
Entandrophragma cylindricum and Lonchocarpus seri-
ceus. Up to the present, studies have shown occurence of
intrusive growth of lateral radial edges of fusiform initials
in the storeyed cambium, leading to the transitional
bifurcation of a cell end and—as a consequence—to
reorientation of the fusiform initials.

It is worth noting that intrusive growth of radial edges
may take place only in the space between radial walls of
neighbouring initial cells. This statement is in agreement
with the current paradigm of the initial layer of cambium
(Eames and MacDaniels 1947; Foster 1949; Committee
on Nomenclature 1964; Esau 1965; Wilson et al. 1966;
Brown 1971; Wodzicki and Brown 1973; Fahn 1974;
Schmid 1976; Larson 1994).

Fig. 6A–D Comparison of two
successive layers of one stratum
of xylem axial parenchyma. A
and C show tangential sections
through two successive layers
of axial parenchyma. Fusiform
cells with ends that have chan-
ged their contacts at the
boundary between storeys
(shaded). B and D are enlarged
views of the boundary between
storeys. Local change of con-
tacts occurred between cells no.
3 and no. 11, and between cells
no. 10 and no. 18, belonging to
different storeys. In B+D su-
perimposed drawing show the
range of intrusive growth of
fusiform initials. Arrows indi-
cate orientation of intrusive
growth

Fig. 7 Axial parenchyma fractured tangentially (SEM). A charac-
teristic tile-like appearance resembling the arrangement of ends of
fusiform cells is visible in the boundary between storeys
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The mentioned bifurcation of fusiform cell ends was
recognized in Entandrophragma cylindricum and Tilia
cordata as a transitional stage in the formation of new
contacts between cambial cells (Hejnowicz and Zag�rska-
Marek 1974; Zag�rska–Marek 1975; Włoch and Zag�rs-
ka-Marek 1982). However, later works show that the

displacement of cell end along the boundary of the storeys
is not necessarily preceded by a stage of bifurcated ends.
The example of L. sericeus shows that bifurcated ends
may be entirely lacking during the rearrangement of cells
in the cambium. Therefore, the question arises whether
the observed intrusive growth occurs at the radial edge
and, therefore, takes place between radial walls.

The results presented in this paper bring into question
the issue of whether the rearrangement is accomplished
by intrusive growth between radial walls. Club-like
widenings of cell ends cannot be interpreted as a
consequence of intrusive growth of lateral radial edges
(Fig. 11A) between radial walls, because this type of
growth should always lead to bifurcation of cell ends. In
the observed cases, club-like widenings indicate that
intrusive growth must have taken place on para-apical
longitudinal (tangential) edges (Fig. 11B). However, both
club-like widenings and bifurcations can be formed in
consequence of the intrusive growth of longitudinal
(lateral and para-apical) edges, with different location
and/or length of the growing edge (Fig. 11B–D).

A shifted arrangement of cells in neighbouring radial
files at the boundary of storeys promotes the intrusive
growth of para-apical longitudinal edges between tangen-
tial walls of neighbouring cells in the file. Although
growth between radial walls may also occur, as in
tumourous cambium or in wound callus, and leads to
disturbances of cambial structure (Włoch 1981; Savidge
and Farrar 1984).

The intensive rearrangement connected with the
intrusive growth between radial walls should lead to an
increase of cambial surface. However, in our study the
increase of cambial surface has only been observed as a
consequence of anticlinal divisions followed by symplas-
tic growth (Larson 1994).

The changes of contacts between fusiform cells
comprise transitional widening of the cell ends on the
tangential surface as well as elimination of part of this end
by unequal periclinal division. In L. sericeus, a typical
cell end that is changing its orientation is club-like. This
widening perhaps originates at the site of minimal stress
in the wall, and is therefore in the region of low wall
rigidity (Hejnowicz 1980), in this case at the side edge.
Club-like widenings, like bifurcated ends, may also be
regarded as a transitional stage of cell rearrangement.
Unequal periclinal division eliminates this widening. The
role of unequal periclinal divisions is important in both
Tilia cordata (Włoch and Połap 1994) and Entan-
drophragma cylindricum (Hejnowicz and Zag�rska-
Marek 1974) and as well in Lonchocarpus sericeus.

In the process of cyclic intensive change of orientation
of cells in storeyed cambium, such cell events as intrusive
growth between tangential walls and unequal periclinal
divisions of fusiform initial cells play a special part. The
initial cell grows intrusively between radially deflected
tangential walls of the neighbouring initial cell and its
derivative. It leads to a transitional overlapping of ends or
edges of neighbouring initial cells. Since periclinal
divisions are always parallel to the initial surface, this

Fig. 8 Comparison of cell arrangement in two layers (A and B)
from two successive strata of xylem parenchyma 0.7 mm away
from each other. Rays are shaded. Cells from layer A are outlined
with a dotted line. Rays and fusiform cells are numbered. A+B
reveals the change of contacts between all cells belonging to
neighbouring storeys
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means that the initials with deflected ends divide into two
derivative cells of unequal length, and the shorter cell
remains the initial (Włoch and Połap 1994; Kojs 2000;
Włoch et al. 2001, 2002).

During the rearrangement of cells in the nonstoreyed
cambium, the extent of intrusive growth is considerable
(Włoch et al. 2002) (Fig. 12A). Whilst the change of
contacts between cells in the storeyed cambium, as it is
seen in L. sericeus, takes place with a minimum of

intrusive growth restricted to the boundary of a storey
(Fig. 12 B). It is worth noting that in the case of
nonstoreyed cambium, high frequency of intrusive growth
and its large range do not cause a rapid change of cell
inclination. In contrast, in storeyed cambium, with a high
frequency of intrusive growth and a smaller range, the
change of inclination may occur rapidly—even during
deposition of a single stratum of axial parenchyma. As a
result, it leads to the formation of an interlocked grain.

Fig. 9A–D Maps of cell pattern
from four consecutive strata of
axial parenchyma ( A–D) serv-
ing for investigation of cambial
activity. Rays are shaded. Fusi-
form initials and rays are num-
bered. Selected regions
representing different growth
activity in successive strata, are
circled and numbered with Ro-
man numerals I, II , III. In A+D,
pictures of two most remote
strata are superimposed. De-
spite intensive reorientation of
cells, the position of boundaries
between storeys is constant
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Conclusion

In L. sericeus, in contrast to the general assumption,
intrusive growth leading to the formation of interlocked
grain does not start from radial, but from tangential edges.
Both intrusive growth between periclinal walls and
unequal periclinal divisions take part in the process of
changing inclination.

The results presented in the paper argue against the
hypothesis of cell rearrangement in the cambium based on
concept of intrusive growth between radial walls. Instead,
this study shows the possibility of a new interpretation of
the mechanism of cell rearrangement in storeyed cambi-
um.
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