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TORUS LIGNIFICATION IN HARDWOODS
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SUMMARY

Tori in wood of Osmanthus americanus, Daphne odora, Celtis occiden-
talis and Ulmus alata were tested for lignins using KMnO4 staining in 
conjunction with TEM, and acriflavine staining in concert with CLSM. 
It was hypothesized that impregnation with lignin could explain torus 
survival during cytoplasmic apoptosis. KMnO4 staining indicated torus 
lignification in all four woods, whereas only Osmanthus and Daphne 
tested positive for lignin with acriflavine. Tori in Celtis and Ulmus showed 
some evidence of partial breakdown during cell maturation, which might 
expose non-lignin sites for KMnO4 binding and thus produce spurious 
results. The acriflavine data correlate with developmental studies in which 
torus ontogeny occurs by one method in Osmanthus and Daphne and by 
another method in Celtis and Ulmus.
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INTRODUCTION

Although torus-bearing pit membranes are commonly associated with gymnospermous 
woods, certain dicotyledonous woods also possess them. Tori are present in intervascular 
pit membranes in certain species of Daphne (Ohtani & Ishida 1978) and Wikstroemia 
(Dute et al. 1996) of the Thymelaeaceae, in Osmanthus of the Oleaceae (Ohtani & Ishida 
1978), and in Celtis and Ulmus of the Ulmaceae (Wheeler 1983). Torus ontogeny was 
studied in our laboratory for selected species of all previous genera except Wikstroemia 
(Dute & Rushing 1988, 1990; Dute et al. 1990). From these studies there emerged two 
developmental patterns. In Daphne and Osmanthus, torus thickening did not begin 
until pit border formation was complete or nearly so, and thickening development 
was associated with a microtubule plexus (Dute & Rushing 1988; Dute et al. 1990). 
In contrast, torus thickening in Celtis and Ulmus began prior to border initiation and 
was not associated with a microtubule plexus (Dute & Rushing 1990).
    Although structural and developmental studies concerning tori are complete, such 
investigations have not been correlated with wall chemistry. In other words, are the 
different developmental sequences of tori associated with different wall compositions? 
Lignin, in particular, has been implicated in the resistance of cell walls to autolysis 
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(Burgess 1985; OʼBrien 1970). Therefore, we have investigated tori of the four afore-
mentioned genera for the presence of lignin using different staining techniques (i.e. 
KMnO4 and acriflavine) in conjunction with transmission electron microscopy (TEM) 
and confocal laser scanning microscopy (CLSM).

MATERIALS AND METHODS

Wood was taken from live branches (5 mm diameter) of single individuals of Osmanthus 
americanus (L.) Benth. & Hook. ex Gray, Ulmus alata Michx., and Celtis occidentalis 
L., and 5 specimens of Daphne odora Thunb. Individuals were located either at the 
Donald E. Davis Arboretum, at the Department of Horticulture greenhouse, or at a local 
residence. In addition, six additional samples each of O. americanus and U. alata, and 
five samples of C. occidentalis were taken from collections in the Auburn University 
Herbarium (AUA) (Table 1). Finally, an air-dried and embedded specimen of D. odora 
from a previous study (Dute et al. 1990) was re-investigated. Tissue processing fol-
lowed that of Donaldson (2002). Cubes of wood approximately 2 mm on a side were 
taken from each live branch, dehydrated in an ethanol/acetone series, and embedded 
in Spurrʼs resin (Spurr 1969). Cubes from herbarium specimens were placed directly 
into absolute acetone before embedment (Dute et al. 1990). Transverse sections of 
2–6 μm thickness were cut and affixed to glass slides with heat. Sections were stained 
with 0.01% aqueous acriflavine hydrochloride (Sigma) for 5 minutes, washed briefly 

Table 1. Herbarium wood specimens from the Auburn University Herbarium (AUA) used 
in this study.

Taxon                                        Collection date Collector number

Osmanthus americanus             10 April 1966 Koelling s.n.
  –                                              8 April 1972 Freeman 745
  –                                              31 March 1973 Botts 018
  –                                              5 April 1988 Diamond 4390
  –                                              26 April 1986 Diamond 2379
  –                                              19 August 1999 Kral 88707

Celtis occidentalis                     7 September 1982 Gunn 1168
  –                                              6 September 1982 Gunn 1149
  –                                              30 April 1966 Searcy s.n.
  –                                              18 May 1976 Sessler 074
  –                                              7 July 1967 Dent s.n.

Ulmus alata                               10 July 1999 Smith s.n.
  –                                              18 September 1979 Beckett 277
  –                                              4 March 1988 Diamond 4143
  –                                              20 October 1994 Crouch 1222
  –                                              4 March 1995 Crouch 1326
  –                                              17 July 1965 Landers s.n.
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in water, dried and mounted in immersion oil (Donaldson 2002). Unstained sections 
served as controls. Some sections were observed with confocal microscopy using 
wavelengths of 488/568 nm for excitation and 520/600 nm for imaging. Alternatively, 
some stained sections were observed by fluorescence microscopy using an excitation 
wavelength band of 450–490 nm.
    Embedded material collected from living specimens was also sectioned at 80 nm, for 
TEM, on a Leica Ultracut ultramicrotome. The ultrathin sections were placed on Form-
var-coated nickel grids and stained with 1% KMnO4 in 1% sodium citrate for 2 minutes 
(Donaldson 2002) or 20 minutes. Unstained sections provided controls. Stained and 
unstained sections were examined with a Zeiss EM10 transmission electron microscope 
using 60 kV accelerating voltage. Additional living specimens of O. americanus and 
C. occidentalis were fixed in 2.5% aqueous, filtered solutions of KMnO4 for 2.5 hours 
at room temperature (Hepler & Newcomb 1963). Water-treated specimens served as 
controls. All specimens were dehydrated and embedded in Spurrʼs resin. This embed-
ded material then was sectioned and mounted for TEM as previously described.

RESULTS

Transmission electron microscopy
General
     Figure 1 shows a low magnification view of Osmanthus americanus wood stained for 
20 minutes with KMnO4 and is representative of all the species studied with regards to 
its general staining characteristics. Even at this magnification, regions of heavy staining 
are evident, in particular, the compound middle lamella. This same region is distinct 
from the remainder of the cell wall, even in unstained material (Fig. 2). Secondary 
walls also stain, but less intensely than the compound middle lamella.

Osmanthus
    Tori of bordered pit pairs in Osmanthus stain heavily and are obvious at a cursory 
glance (Fig. 1). When compared to unstained examples (Fig. 3), tori stained for 2 min-
utes (Fig. 4), 20 minutes (Fig. 5), and KMnO4-fixed tori (Fig. 6) all showed heavily 
stained torus pads but a relatively unstained compound middle lamella. The margo of 
torus-bearing pit membranes is unstained (Fig. 5), and non-torus bearing pit membranes 
are usually unstained or nearly so (Fig. 7).
    Comparison of Figures 4 and 5 shows the longer stain time results in greater electron 
opacity of the torus pads and a very slight staining of the compound middle lamella 
between the pads. However, the longer exposure to KMnO4 causes staining of nonlig-
nified zones such as the vascular cambium (compare Fig. 8 & 9).

Daphne
    Unstained tori in Daphne wood show distinct regions with the thin torus pads on 
either surface more electron opaque than the compound middle lamella between the pads 
(Fig. 10). This distinction is enhanced through KMnO4 staining for 2 minutes (Fig. 11 
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Fig. 1–7 (TEM). Wood of Osmanthus americanus. – 1: General view, 20 min. staining. Scale 
bar = 5 μm. – 2: Unstained cell walls. Scale bar = 2 μm. – 3: Unstained torus. – 4: Torus, 2 min. 
staining. – 5: Torus, 20 min. staining. – 6: Torus, fixed in KMnO4. – 7: Non-torus bearing pit 
membrane, 20 min. staining. Scale bar = 0.5 μm for Fig. 3–7.

Key to labeling of all figures: C = cambial zone; CML = compound middle lamella; G = gelatinous 
layer; P = phloem; T = torus; TP = torus pad; X = xylem (wood). All figures are noted as either 
TEM (transmission electron microscopy) or as CLSM (confocal laser scanning microscopy).
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& 12). However, staining for 20 minutes 
reduces the difference between the two re-
gions (Fig. 13). Half-bordered pit pairs be-
tween a tracheary element and parenchyma 
cell have a torus pad only on the lumen side 
of the former cell. In 2-minute stained mate-
rial these pads stain distinctly, whereas the 
rest of the pit membrane is unstained (Fig. 
14).

Fig. 8 & 9 (TEM). Osmanthus americanus (cambial zone). – 8: Two min. staining. – 9: Twenty 
min. staining. Scale bar = 0.5 μm for both images.

Fig. 10–14 (TEM). Tori of Daphne odora. – 
10: Unstained. – 11 & 12: Two min. staining. 
– 13: Twenty min. staining. Scale bar = 0.5 μm 
for Fig. 10–13. – 14: Pit membrane of one half-
bordered pit pair with single torus pad. Scale 
bar = 1 μm.
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Celtis
    Tori are best developed between smaller tracheary elements. The torus pads are dis-
tinguished in unstained material as electron-transparent regions (Fig. 15). In mature pit 
membranes much of the wall region between the pads is missing its matrix material and 
does not stain (Fig. 16). In contrast, the torus pads stain as dark as or darker than the 
secondary wall (Fig. 17 & 18). Pit membranes of simple pit pairs do not stain (Fig. 19, 
unlabeled arrows).

Fig. 15–19 (TEM). Pit membranes of Celtis 
occidentalis. – 15: Unstained torus. – 16: 
Torus, 2 min. staining. – 17: Torus, 20 min. 
staining. – 18: Torus, fixed in KMnO4. Scale 
bar = 0.5 μm for Fig. 15–18. – 19: Pit mem-
branes (arrows) of simple pit pairs, 20 min. 
staining. Scale bar = 1 μm.

Fig. 20 & 21 (TEM). Fibers with gelatinous 
walls in wood of Celtis occidentalis, fixed in 
KMnO4. Scale bars = 1 μm.

Downloaded from Brill.com05/19/2023 07:30:00PM
via free access



IAWA Journal, Vol. 25 (4), 2004440 441Coleman et al. — Torus lignification in hardwoods

    Wood fibers of Celtis have secondary 
walls whose inner wall layer shows little, 
if any, lignification with KMnO4 staining 
(Fig. 20 & 21). These fibers are consider-
ed to be gelatinous and to represent com-
ponents of reaction wood.

Ulmus
    Tori of Ulmus are similar in structure 
to that of Celtis but do not show as much 
loss of matrix material between the torus 
pads. Rather, this central region is visible 
in stained material as a dark line extend-
ing less than the length of the torus pads 
(Fig. 23 & 24). In contrast to unstained 
material (Fig. 22), the torus pads in stain-
ed sections are dark and show an electron 
opacity similar to that of the secondary 
walls (Fig. 23 & 24).

Fig. 22–24 (TEM). Tori of Ulmus alata. – 
22: Unstained. – 23: Two min. staining. – 24: 
Twenty min. staining. Scale bar = 0.5 μm 
for all.

Results using fluorescence and confocal microscopy
General
    Results from both fluorescence and confocal microscopy are identical. According 
to Donaldson (2002), staining with acriflavine causes lignified walls to fluoresce green 
and non-lignified walls to fluoresce red.
    Wood of all four species is lignified (in contrast to the vascular cambium and non-fiber 
cells of the functional phloem) (e.g. Fig. 25); that is, secondary walls of most xylem 
cells fluoresce a distinct green. The compound middle lamella frequently fluoresces 
a bright yellow (Fig. 26 & 27). Investigation of individual green and red images used 
to make a confocal composite shows the compound middle lamella to fluoresce in 
both the red and green but to retain an appearance distinct from that of the secondary 
wall (Fig. 28 & 29 vs. 27). All non-torus-bearing pit membranes as well as sites of 
future vessel perforations are red or pink (Fig. 25 & 30). Interestingly, in Celtis the 
innermost secondary wall layer of the libriform fibers (in both freshly collected and 
herbarium specimens) fluoresces a shade of red (Fig. 26). The identification of these 
cells as gelatinous fibers is confirmed by the withdrawal (shrinkage) of the reddish wall 
layer from the rest of the wall in herbarium specimens. Unstained controls show no 
fluorescence.
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Fig. 33–38 (CLSM). – 33–35: CLSM of composite image, red image, and green image, respectively of 
Celtis occidentalis wood. Arrows indicate sites of tori. Scale bar = 10 μm for Fig. 33–35. – 36: Detail of 
C. occidentalis wood in which torus-bearing (arrow) and non-torus-bearing (arrowhead) pit membranes 
are compared. Scale bar = 5 μm. – 37 & 38: CLSM of Ulmus alata wood comparing tori (arrows) to 
non-torus-bearing pit membranes (arrowheads). Scale bars = 5 μm for Fig. 37; 10 μm for Fig. 38.

Fig. 25–32 (CLSM). – 25: Xylem (wood), cambial zone, and phloem of Celtis occidentalis. Unlabel-
ed arrow indicates site of future perforation. Scale bar = 20 μm. – 26: Gelatinous fibers in wood of 
C. occidentalis. Scale bar = 5 μm. – 27–29: CLSM of composite image, red image, and green image 
respectively, Osmanthus americanus wood. Unlabeled arrows denote tori. – 30: Detail of wood cells 
in O. americanus and their pit membranes. Unlabeled arrows indicate tori; arrowhead indicates non-
torus-bearing pit membrane. – 31 & 32: Wood of Daphne showing distinct tori (arrows). Scale bar = 
10 μm for Fig. 27–32.
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Torus fluorescence
    Figures 27 & 30 show torus fluorescence in pit membranes of Osmanthus and Figures 
31 & 32 show fluorescence in tori of Daphne. As can be seen, the color of fluorescence 
varies from slightly pink through yellow and green. Most tori in these two genera tend 
to be various shades of yellow. Figures 28 & 29 are the red and green images used to 
make the confocal composite for Osmanthus in Figure 27. In this genus (and in Daphne), 
the tori give positive fluorescence for both lignified and non-lignified components.
    In contrast, composite fluorescent images of Celtis have tori that fluoresce a faint, 
though distinct, red (Fig. 33). The red and green images indicate that the tori fluoresce 
only red (Fig. 34 & 35). Detail of a composite image shows the spindle shape of the 
torus in contrast to the non-torus pit membranes (Fig. 36). An identical situation exists 
in Ulmus (Fig. 37 & 38) in which the spindle-shaped torus bearing membranes fluoresce 
a red somewhat fainter than that of the non-torus bearing membranes.
    Both freshly collected and herbarium specimens give identical results for all spe-
cies.

DISCUSSION

Since two different mechanisms for torus synthesis exist in dicotyledonous woods (Dute 
& Rushing 1988; Dute et al. 1990), it is logical to hypothesize that differences in wall 
chemistry might also be present. Lignin is thought to make walls of tracheary elements 
resistant to autolysis (Burgess 1985; OʼBrien 1970), and for this reason we chose to 
compare torus lignification in species of four genera of dicots known to possess tori. 
However, we are aware that most investigators have discovered considerable amounts 
of pectin rather than lignin in tori of conifer sapwood (Bauch et al. 1968; Bauch & 
Berndt 1973; Thomas 1975; Tschernitz & Sachs 1975), and we plan to begin a study 
of pectin in dicot tori in the near future.
    The use of KMnO4 for lignin staining at both light and TEM levels has a long history 
(q.v. Introduction of Saka and Goring 1985). As a rule, the results obtained using this 
stain are similar to those gained from techniques such as application of hydrofluoric 
acid, ultraviolet microscopy, or bromination-EDXA (Hepler et al. 1970; Saka & Gor-
ing 1985) notably as regards the highest concentration of lignin being localized in the 
compound middle lamella (Sachs et al. 1963; Saka & Goring 1985; Mauer & Fengel 
1990). Our results agree with these investigations including the absence or near absence 
of lignin from the gelatinous layer of fiber walls (Bentum et al. 1969). Thus, by these 
accounts, the tori of all four species that we have studied appear lignified.
    Unfortunately, the use of KMnO4 as a lignin stain has drawbacks. Bland et al. (1971) 
have shown, using cell walls of Pinus radiata, that KMnO4 reacts with polyphenols. 
This class of chemicals includes the syringyl and guaiacyl-containing lignins, but also 
includes other chemicals, such as tannins. According to the authors, vacuoles containing 
tannins could rupture during apoptosis, and the tannins could “be absorbed by the cell 
wall and cause generalised non-particulate staining of the S3 etc.” Work of Hoffman 
and Parameswaran (1976) has shown that KMnO4 stains other wall components in 
addition to lignin, provided acidic groups are present. Finally, with prolonged staining 
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we have shown that KMnO4 becomes a general wall stain. This situation can be seen 
by comparing Figure 8 (2-minute exposure) and Figure 9 (20-minute exposure) of the 
present study. With the longer exposure, all cell walls stain, even those of the cambial 
zone. Thus, some caution must be exercised when using KMnO4 and interpreting the 
images derived from its use.
    Confocal laser scanning microscopy (CLSM) is of recent application to the study of 
xylem structure. It allows one to take optical serial sections through an object and merge 
the images. This technique, combined with fluorescent stains, has been used to study 
lignified walls of both normal (e.g. Knebel & Schnepf 1991) and abnormal (Donaldson 
2002) tracheary elements. Interestingly, using CLSM imaging and specimens stained 
with Schiffʼs reagent, Knebel and Schnepf (1991) observed lignified tori in wood of 
Pinus sylvestris contrary to the established literature (see above).
    The data from acriflavine fluorescence and KMnO4 staining are in good agreement 
with one exception – the torus. The data from both techniques clearly indicate that tori 
of Daphne and Osmanthus show variable amounts of lignification. The resolving power 
of the TEM shows the preponderance of lignin to be localized in the surface layers of 
the tori. These layers are deposited as the final act of torus ontogeny and are associated 
with a microtubule plexus and Golgi vesicles (Dute & Rushing 1988; Dute et al. 1990). 
In contrast, whereas KMnO4 staining indicates definite lignification of tori in wood 
of Celtis and Ulmus, acriflavine fluorescence does not. The latter results are surpris-
ing since Wheeler (1983) was able to remove the torus thickenings of Ulmus alata by 
sodium chlorite treatment, and, as a result, considered the tori to be lignified. There are 
a number of possible explanations for the discrepancy in results. One such explanation 
is the lack of accessibility of the torus site to the fluorescent stain in Ulmus and Celtis. 
This explanation is unlikely since the material was sectioned before staining. It could 
be argued that gelatinous fibers in Celtis indicate the presence of tension wood which 
might explain an altered distribution of lignin, but this hypothesis would not explain 
the identical results in Ulmus. Also, according to Bentum et al. (1969), the lignification 
of vessel walls is the same in tension wood as in normal wood. One would expect the 
same to hold true with the tori. Another possible explanation involves the specificity (or 
lack thereof) of KMnO4 rather than acriflavine. In an earlier study of Celtis and Ulmus 
tori (Dute & Rushing 1990), it was noted that at cellular maturity the tori stained more 
intensely with uranyl acetate and lead citrate than they did at earlier developmental 
stages. This feature, associated with cytoplasmic apoptosis (Dute & Rushing 1990), 
would indicate that tori in these woods undergo a partial breakdown at maturity. This 
occurrence would, in itself, point to a paucity of lignin at these sites. But partial torus 
wall degradation also could reveal a number of new (non-lignin) binding sites. If these 
sites included acid functional groups, then KMnO4 binding would be expected. We 
believe this to be the most likely explanation for our TEM results.
    In summary, given the data, we hypothesize that tori of the Daphne and Osmanthus 
species studied are lignified, whereas those of the Celtis and Ulmus studied are not ligni-
fied. Tori of the latter two genera are initiated early in cell ontogeny prior to secondary 
wall initiation (Dute & Rushing 1990). In this respect torus development is similar to 
that of conifers (Fengel 1966; Bauch et al. 1968; Parham & Baird 1973). The absence 
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of lignification also appears to be a shared phenomenon (Bauch et al. 1968; Bauch & 
Berndt 1973). Daphne and Osmanthus species, in contrast, have tori which develop late 
in cellular ontogeny (Dute & Rushing 1988; Dute et al. 1990). If lignin monomers are 
indeed released into the cell walls via cytoplasmic vesicles (Donaldson 2001), then that 
would explain the numerous vesicles associated with torus development in these two 
genera. Thus, torus manufacture in dicot woods is more diverse than that in conifers; 
this diversity being reflected in wall chemistry as well as in ontogeny.

Note, added in proof: Jansen et al. (2004) observed tori in wood of Zelkova (Ulmaceae) 
as well as in the wood of ring-porous species of Ulmus. Tori stained blue with a mixture 
of safranin and alcian blue, a result which they felt was due to high concentrations 
of pectins and cellulose. We would suggest, in addition, that the absence of safranin 
staining of these tori was caused by an absence of lignin.
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