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Fig. 1. Callus growth on the surface of chips
as a function of date of explanting. SEM: stan-
dard error of the mean (means of three geno-
types). No callus growth was associated with
April explants.
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Fig. 3. Capability for wood formation in chips
as a function of date of explanting. All cul-
tures were grown for 35 days. SEM: standard
error of mean (means of three genotypes).
n: total number of chips cultured per genotype.
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Fig. 2. Tracheid number per radial file (xylo-
genic chips only, means of three genotypes)
produced within chips in response to varied
concentrations of NAA. The arrows indi-
cate NAA concentrations yielding no cambial
growth. Culture period: Feburary 14—April 5.
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Fig. 4. Tracheid production {cells per radial
file) in chips as a function of the date of ini-
tiating culiures. All cultures were grown for
35 days. SEM: standard error of mean (means
of three genotypes). n: number of xylogenic
chips per genotype.

continuous light was green, whereas that of
chips grown in darkness was palc brown.
Cambia of chips having grcen callus appear-
ed slightly more vigorous, in terms of both
the extent of callus growth and number of

wracheids produced, than those grown in dark-
ness; however, using bright-field, Nomarski,
and autofluorescence microscopy, no qualita-
tive differences between xylem produced in
dark-grown chips and that produced in light-
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Fig. 5. Transverse hand section showing new
xylem (unstained) produced in vitro, together
with a few tiers of thick-walled latewood (Iw),
as viewed by bright-field microscopy. Note
that bordered pits are abundantly present in
tangential as well as radial walls of the early-
wood. Some of the first produced earlywood
cells have inclusions. Two rays (dark streaks)
are evident.

Fig. 6. Transverse hand section showing new
xylem (unstained) produced in vitro, together
with a few ters of thick-walled latewood (lw)
and cambium (cz) as viewed by bright-field
microscopy. A loss of normal axial polarity
in fusiform cambial cells and their derivatives
is evident (arrow). Dark cells at the latewood-
earlywood boundary are a wound response.

grown chips were seen. The callus associated
with xylogenic chips, whether grown in light
or darkness, was invariably compact and axi-
ally striated. In contrast, the callus produced
by non-xylogenic chips was invariably gran-
ular and friable.

Growth response of the cambium within
chips to a series of 1-naphthalene acetic acid
(NAA) eoncentrations is shown in Figure 2.
NAA between 0.5 and 1.7 mg 1-1 supported
cambial cell-division activity and wood for-
mation. Higher and lower NAA concenira-
tions yielded no callus or cambial growth.
Hence, an NAA concentration of 0.5 mg |-1
was chosen for all subsequent investigations.

Competence of the cambium within the
chip for xylogenesis varied depending on the

harvest date. The proportion of chips produc-
ing new xylem appeared to be greater when
explanting was done during December and
March than on other dates (Fig. 3); however,
it should be noted that the sample size for the
December cultures was small and the standard
error of the mean large.

Figure 4 shows mean tracheid number per
radia} file produced by xylogenic chips. Al-
though the data of Figure 3 suggest thar a
higher proportion of explanted chips are like-
ly to produce new wood when explanted in
December or March, the data of Figure 4 in-
dicate that when explanted in November or
January, chips which are competent for wood
formation will produce the greater number of
tracheids per radial file.
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No counts of bordered-pit frequency were
made; however, bordered-pit number was
clearly elevated over that which occurs in situ
within the tree stem, and bordered pits were
often seen in tangential as well as radial walls
(Fig. 5).

The continuity of radial files was usually
maintained as fusiform cambial cells under-
went successive periclinal divisions to pro-
duce new tracheids (Fig. 5). On the other
hand, a change in polarity of fusiforrn cam-
bial cells was clearly evident in some chips
(Fig. 6). Radial file doubling, evidence for
anticlinal cell-division activity, was occasion-
ally observed in both ray and fusiform cam-
bial cells.

Axial resin canals were not seen in either
growing or non-growing chips. The first one
to two cells per radial file to differentiate ad-
jacent to latewood retained their protoplasmic
contents, giving the impression of axial paren-
chyma (Figs. 5, 6). Similar cells differentiated
within non-growing cambium, suggesting
that this was strictly a response to wounding.

Incident UV illumination of untreated hand
sections of chip-produced tracheids yielded a
yellow-green fluorescence, identical to auto-
fluorescence of lignin in xylem produced
within the mee stem before culturing, in walls
of new tracheids but not in those of ray cells.
The presence of crystalline microfibrils in cell
walls was confirmed using Nomarski optics.

Discussion

The maner of how wood formation in con-
ifers is regulated remains quite unresolved;
however, certain principles are emerging
(Savidge & Wareing 198 1b; Liwle & Savidge
1987; Savidge 1988, 1990). Excepting one-
year-old or younger stem material, exogenous
auxin by itself is insufficient to promote cam-
bial cell-division activity, primary-wall radial
expansion of cambial derivatives, or macheid
differentiation; however, a continuing supply
of auxin nevertheless serves to maintain the
elongated shape of fusiform cambial cells
and their nuclei (Savidge & Wareing 1981b;
Savidge 1983). Cambial growth in young
stem segments (cut from the tree) in response
to exogenous auxin is strongly reduced and
may be completely eliminated if leaves are re-
moved (Savidge & Wareing 1981a; Savidge

1983). In two-year-old or older stem seg-
ments, apically applied auxin is required for
maintenance of fusiform cambial cell mor-
phology; however, cambial activity and wood
formation do not occur unless intact leaves are
present (Savidge & Wareing 1981a; Savidge
1983). In disbudded stem cutrings (or trees)
having mature leaves intact, exogenous auxin
is not essential for occurrence of cambial
growth; however, auxin applications modify
where the growth response occurs. In the
absence of applied auxin, maximal growth
occurs at the base of the segment (or tree),
whereas growth is redistributed toward the
application site when exogenous auxin is used
(Savidge 1983). In naturally defoliated stem
segments (or trees) older than two years that
have been treated with auxin, little if any
cambial growth occurs {Zajaczkowski 1973;
Savidge & Wareing 1981b; Savidge 1983;
Little & Sundberg 1991).

There is also evidence that older cambia
are biochemically less competent than two-
year-old or younger cambia, During growth
within the intact tree; conifer cambia in gen-
eral produce large amounts of ethylene, but in
isolated stem segments cambia fewer than
two years of age produce considerably more
ethylene than older cambia (Savidge 1988). It
is well known that l-aminocyclopropane-1-
carboxylic acid (ACC) synthesis in higher
plants is stimulated by auxin and that this is
associated with elevated ethylene emanation
(Savidge et al. 1983). But in isolated conifer
cambia older than two years, auxin by itself
does not promote increased ethylene emana-
rion; rather, exogenous auxin and exogenous
ACC are both essential to achieve emanated
ethylene levels similar to those occurring in
vivo (Savidge 1988).

In the specific case of tamarack, when one-
year-old stem cuttings are harvested in late
winter, disbudded, and stood upright in
water in a warm lighted environment, limited
cambial cell-division activity and tracheid dif-
ferentiation occurs in response to exogenous
auxin being applied to their apical ends. When
three-year-old and older tamarack stem seg-
ments are similarly treated, new needles on
short shoots elongate for several centimetres;
however, no cambial activity or tracheid pro-
duction occurs in the segments, the only ana-
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