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Abstract

Development of large diameter secondary xylem vessel members (SXVM) in soybean
roots occurs in three stages; expansion, lignification of lateral walls, and end-wall
disintegration and cell death The SXVM are 5-23 times the diameter of the cells from
which they develop. This expansion was studied using tissue processing techniques
(including freeze-substitution and cryo-microscopy) which maintained delicate walls in
situ. The results showed that the SXVM develop as coenocytic cells derived from the
coalescence of two or more initial cells. This coalescence explains how space for the
expanding cell is created without excessive distortion or death of surrounding parenchyma
cells which remain small. Coalescence happens during the early, non-turgid phase of
expansion. A new theory, the Theory of Coalescence, is proposed to partially replace the
present theories which claim expansion occurs only though differential growth, distortion
anc: cell death of adjacent cells.

Key words:  soybean roots, secondary xylem, vessel development, coenocyte, Theory of
Coalescence, cryo-SEM, freeze-substitution
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The Yarn of the "Nancy Bell" by W.S. Gilbert

"Twas on the shores that round our coast
from Deal to Ramsgate span,

That I found alone on a picce of stone
An elderly naval man.

His hair was weedy, his beard was long,
And We’('dy and /(nlg was he,

And I heard this wight on the shore recite,
In a singular mimor key:

“Oh, I am a cook and u captain bold
And the mate of the Nancy brig,
And a bo'sun ught, and a midshipmite,
And the crew of the captamn's gig. "

And he shook tus fists and he tcre lus hair,
Tl I really felt afraid,

For I couldnw’t help thinking the mean had been
driiking,
And so I simply said.

“Oh, elderiv man, it'’s lutle I know
Of the duties of men of the sca
Bt I'll eat my hand of I understand
How you can possibly be

"At once a cook, and a captain bold,

And the mate of the Nancy brig,
And a bo'sun ught, and a mdshipmute,

And the crew of the captam’s gig.”

Then he gave a hich 1o hus trousers, which
Is a trick all seamen larn,

And having got rid of a thumpmg quid,
He spun this painful varn:

" ‘Twas in the good ship Noney Beil
That we sared o the Indian sea,
And theve on a reef we come to grief,
IWhich has often occurred to me.

“And pretty nigh all o' the crew was drowned
(There was seveniy-seven o' soul),
And anly ten of the Nancy's men
Said 'Here!' to the muster-roll.

"There was me and the caok and the captam hold,
And the mate of the Nancy brig,

And the bo'sun tight, and a midshipnute,
And the crew of the captain's gig.

"For a month we'd neither wittles nor drink,
Tl a-hungry we did feel,

So we drawed a lot, and accordin’ shot
The captain for our meal

"The next lot fell to the Nancy's male,
And a delicate dish he made,

Then our appente with the midshipnute
IWe seven survivors stayed

"And then we murdered the bo'sun tght,
And he much resembied a pig:

Then we wattled free, dud the cook um) me,
On the crew of the captam’s gig

"Then only the cock and me was Ieft,

And the delicate quesuon, 'Wiach
Of us two goes to the kettle?' arose

Andd we argued it out as stch

“for I loved that cook as a brother, I did,
And the cook he worshipped me,

But we'd botlh be blowed if we'd either be stowed
In the other chap's hold, you see

"Il be eat if vou dines off me,' savs Tost,
'Yes, that," savs I, 'vou'll be,' -

T'm boded of I die, my friend, quaoth |,
And, 'Exactly so,’ quoth he

"Savs he, ‘Dear Jases, to murder me
Were u foolish thing to do,

For don't vou see that vou can’t cook e,
While I can - and will - cook vau!"

“Sorhe bods the water, and takes the salt
And the pepper i portions true

(Which he never forgot), and some chopped shalot,
And some sage and parsiey too

" Come here,” sauvs he, with a proper pride,
Which his smiing features tell,
""Twil sootlhung be if I let vou see,
How extremely nice you'tl smell !

"And he strred it round and round and round,
And he snuffed at the founng froth,

When Fups with s heels, and smaothers s squeals
In the scum of the bohing broth

"And I eat that cook in a week or less,
And - as I cating he

The last of lus chops, why, I almost drops,
For a wessel m sight [ see!

* - * L] L] »

"And I never grm, and I never semile,
And I never larf nor play,

But I sit and croak, and a simgle joke
I have - which 1s to say:

"Ch, I am a cook und a captam hold,

And the imate of the Nancy brig,
And a bo'sun ught, and a midshpmute,

And the crew of the captain’s gig!”
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CHAPTER 1 - INTRODUCTION



1.1 Introduction

Large diameter secondary xylem vessels conduct most of the water through mature roots
in a dicotyledonous plant. These vessels are composed of individual secondary xylem
vessel members (SXVM) which have their lumens connected to each other to form a
hollow pipe. A SXVM develops from a cambial derivative originating from the vascular
cambium, located between the phloem and xylem tissues (Fig. 1). The cdevelorment of a
xylem cambial derivative involves cell expansion, secondary wall deposition, and
degradation of cytoplasmic contents and end walls to mature into 2 SXVM and become

part of vessel (Fig. 4). See §2.1 of the Terminology chapter for further details.

The development of SXVM in roots has attracted little attention during the lengthy history
of plant anatomical studies (Woods, 1991). Indeed, even in woody stems in which there
have been numerous studies of secondary xylem development, most research has focussed
on the formation of derivatives from the vascular cambium and adjacent dividing cambial
derivatives (Bailey, 1923; Haberlandt, 1928; Priestley, 1930 a; Esau, 1965, Cumbie, 1969,
and, Catesson, 1994), or the deposition of the secondary walls during the late stages of
maturation of the enlarged xylem elements to form vessels (Haberlandt, 1928; Cronshaw

and Bouck, 1965; Cumbie, 1969; Murmanis, 1977, Barnett, 1981, and, Catesson, 1989).

In all this work there is little consideration of the way in which the small diameter cambial

derivat'ves {CD) enlarge to form the secondary xylem elements (SXE) which then develop




3

into SXVM. The magnitude of this enlargement is dramatic For example, in the soybean
root shown in Fig. 13, the diameter of the large xylem vessel (S1) is 7 times that of
adjacent CD. How does this increase of transverse diameter occur in SXE without total

disruption of the surrounding cells and tissues?

The accepted theory since the late 1800's (Krabbe, 1886 see Scott, 1888-1889; Priestley ¢/
al., 1935; and, Esau, 1965) is that a single CD on the xylem side of the cambium enlarges,
forms a secondary wall, and degrades its end wall to cornect the mature element to the
open vessel proximal to it in the same longitudinal file of cells (Fig. 4) The surrounding
cells must allow for the radial expansion of the SXE by being displaced, compressed or

obliterated.

The mechanism by which space is made available to the expanding SXE has been
considered several times over the last century. In 1886, Krabbe reported that sliding
growth played an important role in allowing the adjacent cells to move out of the element's
way (Scott, 1888-1889). Krabbe defined "sliding growth" as a process in which one or
several cells were displaced by sliding past one another (i.e., the middle lamellae of
adjoining cells must have come loose to let the primary walls move relative to each other).
Priestley (1930 b) proposed a new model called "symplastic growth" (here referred to as
the mutual adjustment of common cell walls) in which adjustment occurred without cell

walls sliding over one another. However, in 1935, Priestley found it difficult to account

for the dramatic expansion of xylem elemen:s with his theory He and his coworkers




believed that this expansion could only be accommodated by the tearing apart of the
neighbouring cells as the increase in turgor pressure of the element expanded it into the
space occupied by cells having lower turgor pressures. Another model proposed by
Sinnott and Bloch in 1939 involved "intrusive growth" in which the initial wall contacts of
an expanding cell with its neighbours arc maintained, while the growing tip of the
expanding cell separates neighbouring cells at their middle lamella and makes new wall
contacts. In 1965, Esau presented a theory that represents a mixture of symplastic and
intrusive growth models. Cells adjacent to the expanding element maintain wall contacts
during expansion (symplastic growth), and cells are flattened by stretching around the
element's surface  When surrounding cells have been stretched to their limits, the element
continues to expand radially by growing between and separating these cells, thus forming
new wall contacts (intrusive growth). Esau's theory represents the currently held view on

expansion of developing xylem elements.

Cryo-scanning electron microscope (cryo-SEM) images of transverse faces of
dictoyledonous roots occasionally have shown that in the early stages of development,
SXEs appear to have remnants of thin internal walls. This suggests that the SXE has
incorporated adjacent CD and that their protoplasts are coalescing (see Fig. 12, Huang ef
ai., 1994). Furthermore, two preliminary, unpublished studies in our iaboratory (honours
research theses of P. Gagnon, 1988 and J. Runions, 1991) have shown that some
developing primary xylem elements in peanut and some SXEs in zucchini were

multinucleate where surrounding cells in the stele are known to be uninucleate.



I have been able to find only one paper suggesting coalescence accurring between xylem

elements and adjacent cells, namely that of yam (/ Yioscorea prehensilis) by Hill and
Freeman from 1903 They produced evidence that the primary late metaxylem (LMX)
elements had multicellular origins (see Pl. XIX, Fig 2 and Text-¢ig. 19, 17-12). Their
work indicated that LMX elements were not always situated one above the other. To
compensate for this, the LMX elements united with the intervening cells, accomplished
through breakdown of common walls and fusion of their protoplasts, eventually forming
an otherwise continuous column of elements. In transverse sections, they found evidence
of cell walls in various stages of disintegration traversing the lumens of the LMX
elements. By coalescing with adjacent cells, the LMX element also increased its diameter
without disrupting the positions or shapes of a large number of cells They also reported
elements being multinculeate as a result of protoplast fusion following coalescence
However, they also found other large sieve tubes to be multinucleate although they had

not coalesced with adjacent cells during their develop.ment.

This thesis explores the adequacy of these three models of secondary expansion in the

roots of herbaceous dicotyledons by collecting evidence by several different techniques.

Close examination of developing secondary xylem in a cross section of a root such as that
of soybean (Fig. 1) clearly illustrates the inadequacy of the current and previous theories
to explain secondary xylem element expansion in these roots In this root (Fig. 13), the

SXVM are larger than the surrounding CD. A SXVM usually occupies the width of three




or more radial files of CD and up to two or more in each file. Thus, the number of cells
pushed out of the way or being compressed should be 6 cells or more. Wall remnants of
the obliterated cells should be visible, just as they are during the growth of a lateral root
primordium through the cortical tissue of the parent root (Karas and McCully, 1973).
Further from the element, according to the hypothesis of mutual adjustment of common
celi walls, irregular cell shapes would be expected. However, none of these predictions

seems to hold.

Also, none of the previous theories addresses the loss of several CD from the space
occupied by the large diameter SXVM. If one follows the marked radial files (*) of
adjacent CD in Fig. 15 toward the centre of the root, three files (those in line with the
centre of the large xylem element) end at the outer side of the SXE and continue, without
displacement, on the inner side. The two files on the radii farthest from the centre of the
SXE are continuous around the element but deflected slightly. Thus, there is a small
amount of distortion in cells surrounding the SXE; as well, approximately 9 cells are

completely missing with no debris of squashed or killed cells to suggest their fate.

A new theory needs to be presented that can satisfactorily explain how large diameter
SXVM develop from small diamet=r CD without disruption of adjacent tissues and
massive cell death occurring, and needs to address the preliminary observations cited
above. For this purpose, this thesis resurrects the isolated theory on LMX vessel

development presented by Hill and Freeman (1903). Although fusion (their terminology)



between the LMX element and adjacent cells was concluded to be for the benefit of
forming a column of LMX elements, nonetheless, the diameter of LMX elements
increased without disrupting the position or shape of a large number of cells. My thesis
questions the ability of the Hill and Freeman theory to accurately describe SXE expansion

in soybean roots.




Figure 1

A branch root of a 90-day-old soybean plant sectioned 33 cm from its tip At this distance
from the root tip, a considerable amount of secondary growth has occurred. Numerous
SXVM (S) and SXE (E) are present. Cortical and epidermal tissues have been sloughed
off C, cambial region and CD; P, secondary phloem tissues. Hand-cut transverse
section, toluidine blue stained, pH 44 x 210.



Figure 1
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Abbreviations: CD - cambial derivative

EMX - early metaxylem

LMX - late metaxylem

PP - phloem poles

SXE - secondary xylem element

SXVM - secondary xylem vessel member
2.1 Terminology
Soybean first-order branch roots examined had two regions of growth, primary and
secondary (Figs. 2 and 3*. Primary growth, beginning at the root tip, is the formation
(from the apical meristem), development and maturation of primary tissues. The
procambium (or provascular cambium) is a partially differentiated column of elongated
cells that lie in the position of the future vascular tissues in roots. The primary vascular
tissues are the protoxylem and early metaxylem (EMX) elements in the xylem poles, the
late metaxylem (LMX) element(s) in the centre of the root, and the proto and metaphloem
in the phloem poles (PP) between the xylem poles (Fig. 3). The largest, mature LMX
vessel members have large diameters compared to all other stelar tissues. Kevekordes e.
al (1988) report that large LMX vessel members mature in the centre of the root after the
centripetal development and maturation of the files of EMX and small LMX vessels.
Secondary growth begins after completion of primary tissue development and the
formation of a lateral meristem known as the vascular cambium (10 to 14 cm from the
root tip). The cambium forms in a concave line under each phloem pole and later extends
over the outer ends of the xylem poles (Fig. 3). The region of secondary growth extends

along the branch root from the initiation of the cambium to the junction between the

branch root and the main root. By successive tangential (periclinal) divisions within the



vascular cambial region (this includes the vascular cambial cells and some adjacent cambial
derivatives (CD) that also divide for a short time prior to developing into secondary
tissues), CD are added in radial rows extending from the cambial initial inwards through to
the xylem and outwards to the phloem (Fig. 3). The CD of the cambium gradually mature
into secondary xylem tissues on the inside of the cambium, and secondary phloem tissues

on the outside.

The development of secondary xylem vessel members (Fig. 4) begins with the expansion
of a non-dividing CD, a small, rectangular, highly vacuolated cell with one nucleus, and a
thin wall. The CD becomes a secondary xylem element (SXE) as soon as it begins
transverse expansion and becomes irregularly shaped. After expansion, the SXE rounds
up in transverse section (forming an elongated cylinder) and deposits a lignified secondary
wall on its primary longitudinal walls. The unthickened, primary end walls of the SXE
degrade and the cytoplasm dies. The dead cell is now mature and is termed a secondary
xylem vessel member (SXVM). The degradation of the end walls connects the lumen of
the SXVM with that of the SXVM above (i.e., closer to the base of the root). A vertical
column of developing SXE mature into connected SXVM to form a vessel. Vessel
lengths vary considerably between the extremes of being several metres long or only
having one single vessel member that has special, water permeable end walls. [t is through
the vessels that most of the water is transported longitudinally in the roots Primary LMX
and secondary xylem vessels in soybean can have large diameters depending upon the

extent to which the element expanded.




Figures 2 to 4
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Figure 2

This diagram shows a typical tap root system of a 3 week old soybean plant (x 0 18)
The tap root (blue) has first-order branch roots (red) that sometimes have second-order
branches (black). The transition zone (TR) is the region where arrangement of the
vascular tissues changes between the root and the shoot. The enlarged drawing of a first-
order branch root illustrates the regions of primary (1°) and secondary growth (2°), and
the junction area (JA) between the branch and the tap roots (x 0 4)

Figure 3

Tissue content and cell arrangement differ markedly between the primary and secondary
growth regions of a first-order branch root. This is illustrated by comparing transverse
sections taken from each area, approximately 10 and 19 cm from the root tip. In the
primary growth region (1°) only primary vascular tissues are present. The protoxylem and
early metaxylem are arranged to form xylem poles (cells with green coloured walls).
Soybean roots typically have either three or four of these xylem poles. The LMX
develops in the centre of the root (L). The protophloem and metaphloem are arranged in
pole. (PP, red arrows). In the secondary growth region (2°), divisions of the cambial
region continuously produce CD (CD, black arrows) that develop into either secondary
xylem or phloem tissues. The red coloured row of cells within the CD represents the
cambial region. A SXVM (8, cell walls coloured black) has developed near the LMX
vessel member. Through the divisions of cells in the cambial regions, new CD are formed
thereby continuously increasing the diameter of the stele. x 240.

Figure 4

IDlustrations showing the longitudinal and transverse views of the four developmental
stages a living CD goes through to become a dead, water-conducting SXVM according to
the current theory (Esau, 1977): 1) a rectangular CD that will differentiate into a SXE
(1); 2) transverse expansion of the SXE (2); 3) deposition of the secondary wall (coloured
black) in the SXE (3); 4) degradation of the cytoplasm and end walls occurs connecting
the lumen of the newly matured SXVM to those of other vessel members (4) and its lumen
fills with water (blue). The arrow (black and white) indicates the direction of the flow of
water through the connected lumens of the SXVM. V, vacuole; N, nucleus, black dots,
cytoplasm. All views are x 360.
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Abbreviations: Cryo-SEM - cryo-scanning :lecivon microscope

EDX - energy-dispersive x-1ay m.croanalyses

PAR - photosynthetically active radiation

SXVM - secondary xylem vessel raember

TEM - transmission electron microscope
3.1. Plant Material
3.1.1 Soybean
Soybeans ((+lycine max Merr. cv. Maple Glen), one per 6" pot, were germinated and
grown for one to eight weeks in a standard soil mix in the greenhouses of Carleton
University Environmental Laboratories (ELBA) from September, 1993 to April, 1994
High intensity, metal halide lamps (Optimarc) were used to supplement daylight
(daylength 16 h). The plants were watered once a day when required. The maximum
photosynthetically active radiation (PAR) at bench level was 102 xmol m? s measured
with a quantum sensor (Licor L1-190S-1, Lincoln, NE, USA). From May, 1994 to
December, 1995, plants were grown in growth chambers at ELBA (relative humidity 70%;

daylength 16 h; 22 °C day, 18 °C night) under fluorescent and incandescent illumination

(PAR 76 umol m™ s™'). These plants were watered once a day when required.

Plants of the same cultivar were grown in the field in sandy-loam soil at the Central
Experimental Farin, Agriculture Canada in Ottawa during May-August, 1994. Apart from
natural conditions, no additional watering or fertilization of the plants was done. Two- to
eight-week-old plants were carefully excavated by hand so their intact root systems were

still embedded in a clump of soil. The soil and roots were moistened with tap water, put
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into plastic bags, and transported to the laboratory
For examination, all plants had their roots carefully extricated from the soil mix by hand
and gently rinsed clean in tap water. The roots of the intact plants were placed in jars

filled with tap water to await sectioning (0.5 to 2 h) unless otherwise specified.

The soybean root system has a single short tap root with numerous first-order branches

that have some second-order branching (Fig. 2). Only material collected from first-order
branch roots (lengths equalled or exceeded 15 cm) was examined unless otherwise

specified.

The point at which secondary growth began was determined by sectioning every 2 cm,
starting at the tips of S branch roots of different lengths (20 - 35 cm). The distance
between the root tip and vascular cambial initiation (Fig 2) was recorded (10 to 14 cm)
Subsequently, tissues for examination were taken between 10 to 35 cm from the root tip

unless otherwise specified. Some petioles and stems of soybean plants were also used for

vessel development studies.

3.2 Anatomical Studies

3.2.1 Optical Microscopy

3.2.1.1 Sectioned Tissues

3.2.1.1.1 Fresh and Fixed Unembedded Tissues

Hand-cut transverse and longitudinal sections (15 to 30 wm thick) were made using fresh
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and fixed tissues. Sections were cut with sharp, double-edged razor blades. Fine roots
were sectioned on dental wax under a dissecting microscope. For fixation in 3%
glutaraldehyde in 0.025 M phosphate buffer (pH 6.8), material was cut into 2 - 4 cm long

segments, using single-edged razor blades, and fixed 3 to 92 h.

3.2.1.1.2 Resin-Embedded Tissue

Between 15 and 25 cm from soybean branch root tips, well within the region of secondary
growth, 1 mm’® pieces of tissue were cut with double-edged razor blades on dental wax, in
a puddle of 3% glutaraldehyde in 0.025 M phosphate buffer (pH 6.8). Five to eight pieces
per vial (2 cm diameter) were fixed overnight on ice (4 °C) in the fixative. The next day,
the tissue was washed in the phosphate buffer (3 x 10 min), post-fixed in 1% osmium
tetroxide (in 0.025 M phosphate buffer at pH 6.8) for 1 h, and washed again in the buffer
(3 x 10 min). Tissues were dehydrated with acetone over 2 d using a Chamberlain series
(O'Brien and McCully, 1981) modified to accommodate these tissues (Table 3.1). Spurr's
resin (Spurr, 1969) infiltration (of complete monomer mixture) proceeded dropwise at
room temperature until resin/acetone reached 10% in 1 d, 20% in 2 d, and 80% in 3 d.
The vials were then fitted with aluminum foil caps, each pierced with a pin, and left
overnight for the solvent to evaporate. Infiltration took 7 d starting with three changes of
100% resin mixture over 2 d. On day 5, tissues were transferred with a wooden stick to
smaller vials (1.2 cm diameter), 80% filled with 100% resin mixture. The thin, delicate
shells of partially polymerized resin surrounding each segment were gently removed by the

slow descent of the tissues through the fresh resin mixture. On day 6, one change of
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100% resin mixture was done. On day 7, the infiltrated tissues were polymerized
overnight at 70°C in aluminum dishes. The polymerized blocks of tissue were sectioned
on water both transversely and longitudinally (approximately 0.5 to 1.0 um thick) using

hand-cut glass knives fitted on a Porter-Blum microtome.

Prior to staining, all sections had been heat-fixed to slides using either a slide warmer or

flame from an alcohol lamp.

3.2.1.1.3 Freeze-substituted Tissues

To minimize dehydration artifacts associated with conventional tissue preparation
techniques, soybean roots were freeze-substituted according to Canny and McCully
(1986), although their methods were modified slightly for this study. Soybean branch root
pieces (1 mm long) were taken according to §3.2.1.1.2 except after cutting; the pieces
were quickly and gent. blotted dry. The pieces were quickly plunged with teflon forceps
into the freezing medium (isopentane/methylcyclohexaine, 1:1 at 113 °K). The frozen
tissue surrounded by freezing medium was picked up with a wire loop and transferred into
the substitution medium (10% acrolein in dry acetone kept on molecular sieves, type 4 A)
at 146 °K contained within a glass test tube. Each test tube had a glass stopper, with the
stopper portion wrapped in teflon, and a spring to hook onto the tube to hold the stopper
in place during pressure changes. Afier the stopper and spring were set, the tube was

placed in freezing acetone (177 °K) in a dewar. The test tube contents were slowly

warmed to 193 °K, held there for 10 d, then brought to room temperature (overnight).
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The contents of the whole tube were poured into a shallow plastic dish. The tissues were
quickly transferred, using flexible forceps, to glass vials filled with 100% dry acetone, and
washed with dry acetone (2 x 10 min) to remove the substitution mixture. Infiltration of
Spurr's resin, polymerization and sectioning proceeded according to the protocol outlined

in §3.2.1.1.2.

3.2.1.2 Staining

3.2.1.2.1 Unembedded Tissues

Toluidine Blue O, pH 4.4

Fresh or fixed hand-cut sections were stained for 20 to 100 s in 0.05% (w/v) toluidine blue
O (Polysciences, PA, C.1.#52040) in sodium benzoate buffer (pH 4.4), rinsed in tap water,
and mounted in same (O'Brien and McCully, 1981). Toluidine blue is used as a general
stain. RNA, purple; DNA, blue or blue-green; polyphosphates, and polycarboxylic acids
(including pectic acid), red to reddish-purple; and polyphenols and lignin, green to blue-
green.

Chromosome Red

The Haplo Method (Gurr, 1965) was used to identify nuclei, except that plant material
was fixed in 3% glutaraldehyde in 0.025 M phosphate buffer (pH 6.8) instead of the
recommended 10% formaldehyde. This modification produced better colour contrast
between the nuclei and cell walls and the tissue was easier to section. Sections were
stained with 1% haplofavioxanthic acid (Chromosome Red 11, Edward Gurr, Ltd.,

London, Michrome #1142), in 3% glacial acetic acid for 5 min, washed in water for 5 min,
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and mounted in same.

Calcofluor White

As outlined by O'Brien and McCully (1981), sections were stained with 0.01% aqueous
Calcofluor white M2R New (American Cyanamid, Montreal, CCL2943) for 2 to S min.
They were rinsed and mounted in water. Sections were viewed using UV excitation and
epifluorescence optics. Calcofluor white binds specifically to B-glucans in cell walls

causing them to fluoresce pale blue.

3.2.1.2.2 Spurr's Resin-Embedded Tissues

Toluidine Blue O, pH 11.1

Following O'Brien and McCully (1981), sections were covered with freshly filtered 0.5%
toluidine blue O in 0.1% sodium carbonate (pH 11.1), and heated over an alcohol lamp
flame until the edges of the puddle turned gold (1 - 3 min). The sections were rinsed with
water, dried on a slide warmer, then brought to room temperature. 1 lightly breathed upon
the seciions and waited until most of the condensation had evaporated before adding the
Zeiss immersion oil and the coverslip. This takes advantage of the pirk-red staining
colour of toluidine blue, visible only in the presence of water, as well as the higher
refractive index of the oil compared to water, especially important when using 100x
objectives. At this pH, toluidine blue is also used as a general stain where lignified walls
and tannins are green and other components are various blue shades although some walls

may stain reddish-pink.







