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Abstract

The objective of this paper is to review mainly the results of recent technological develop-
ments in light and scanning electron microscopy closely used for research on forage cell wall
degradation in ruminants.

The indigestibility of forages by rumen microorganisms used to be ascribed mainly to an
overall presence of lignin in the plant material. However, early light microscopic observa-
tions without application of histochemical staining already revealed that some leaf and stem.
. tissues were degraded completely. The early use of lignin detecting dyes, such as acid.

phloroglucinol or safranin, in light microscopy made it possible-to discriminate between lig-
nified undegradable and unlignified degradable plant tissues.

The introduction of the scanning electron microscope enabled a further discrimination be-
iween degradable and undegradable cell wall and cell wall layers in plant tissues. As a result
of continuous improvement of the techniques used in microscopy, e.g. section to slide, mir-,
ror sectioning, microspectrophotometry and cryo-ultramilling, forage indigestibility can now.
be attributed to the specific deposition and location of cutinfsuberin or lignin layers inside
the plant cell wall. These structural layers form barriers hindering aceess of rumen microor-
ganisms to degradable parts of the celllwall,
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Introduction
Sscanning Electron Microscopy (SEM) and Light Microscopy (LM)

The chemical composition of forages for animal feed has been investigated. for
decades, Common agreement indicated that nutritive quality of feed was affected by
growth, maturity, harvest and conservation of plant material, but correlations be-
tween degradability and different stages of development of the crop were obscure.
The early experiments to analyse and determine forage quality were exclusively
chemically oriented e.g., Goering & Van Soest (1970) and procedures for analyses
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followed chemical extractions and characterization of specific chemically dissolved
plant cell wall complexes, mainly polysaccharides (cellulose and hemicellulose) and
pelyphenolies (lignin). Phenolics clearly increase in relative quantity during growth
and maturation of crops and feed quality decreases consequently. Different types of
forages had different relative amounts of polysaccharides and phenolics, but a causal
relationship between forage compounds, plant structure, development and degrad-
ability was difficult to establish,

Early wse of microscopes

Before 1970 only a few papers reported on anatomical / morphological structures of
plant tissues that were of interest in relation to degradation by rumen microorgan-
isms, Regal (1960) who investigated rumen excrement, found that vascular bundles,
epidermis and sclerenchyma were not degraded in the rumen digestive tract. Sakurai
(1963) reported differences in the rate of degradation between different plant tissues.
Monson & Burton (1972) found an increase in dry matter disappearance when the
cuticle of leaf blades was damaged before degradation. Monson et al., (1972) further
showed that the cuticle of the leaf formed an effective barrier to degradation by ru-
men microorganisms. These early reports had great significance because they estab-
lished the first link between unlignified degradable and lignified undegradable plant
tissues by light microscopy, which marked the beginning of the use of microscopic
techniques to study forage quality. These first reports also showed that anatomically
different plant structures did have their own degradation characteristics and that a
more detailed analysis of these structures in relation to their degradation properties
should be made,

During the early application of light microscopy (LM) to investigate ruminally de-
graded material, conventional techniques consisting of fixation, embedding, section-
ing and staining for lignin were used. LM, using 10-100 pm sections, provides
anatomical and histochemical data on plant tissue organization and composition, re-
spectively. Tranismission electron microscopes (TEM) were used with glutaraldehyde
and osmium tetroxide as fixatives and resins as embedding media. In TEM studies of
ultra-thin sections (40-70 nm), an ultrastructural analysis of tissues and molecular
composition could be obtained at a high level of resolution, but the depth of the field
is very limited. The LM and TEM techniques provided information from inside the
degraded material as a consequence of sectioning of embedded plant material. Later
scanning electron microscopy (SEM) was introduced in degradation studies. SEM
investigations enables three-dimensional observations of surfaces with a large depth
of field, The thickness of sections is not important since SEM provided analysis on
the plant surface. In nearly all investigations on rumen degradation of plant material
the TEM and SEM were applied after pre-investigations with LM.

Developments during 1970-1980

New information on the types and behaviour of rumen microorganisms and the
process of tissue degradation of different types of cells and cell walls in forages were
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obtained when LM, TEM and SEM could be applied to the same plant material.
Preparative methods were changed and improved for the fragile organisms and the
breakable degraded plant material in rumen degradation studies.

Hungate (1966) and Imai & Tsunoda (1972) used the SEM to investigate ciliated
rumen protozoa. Rittenberg et al. (1977) prepared ciliated rumen protozoa using a
8pum membrane filter method, Many species of ciliated protozoa could be investigat-
ed well preserved and cleaned from adhering small plant tissue leavings.

Hanna ef al, (1973, 1976) studied in vifro degradation of 2 cm long leaf sections

of the first fully expanded leaf of different grasses. The leaf sections were embedded
in paraffin after degradation and a series of transverse 10 pm thick sections were ob-
served by LM, In detailed anatomical investigations of numerous C, and C, grasses
they found that the cuticle, trichomes, xylem, fibers, and bundle sheaths were not
degraded. The mesophyll in C; grasses was degraded more rapidly than in C, pearl
millet and bermudagrass, This difference in degradation was attributed to a less
compact organization and larger intercellular spaces in the mesophyll of C, species
(Hanna et al., 1973, 1976). The sequence in degradation of similar tissues in succes-
sive growing and maturing leaves was not affected by the age of the leaves. The rate
of degradation diminished and degradability of the forage decreased as a result of
the development of a band of thick walled cells in stems, Hanna et al. (1973, 1976)
recorded the different types of leaf and stem tissues but also the cross sectional areas
were measured. Data on cell wall degradation could be visualized in the LM histo-
chemically by staining with safranin which stained the partially degraded tissue ar-
cas red. Another observation from this anatomical investigation was that the F1 hy-
brid of pearl millet had a mesophyll arrangement similar to one of the parents. This
observation suggested that the anatomical arrangement is genetically controlled and
could be subjected to selection.
- The LM provides information at the tissue level (e.g., number of cells, lignifica-
tion pattern, types and amounts of degradable and undegradable tissues). The SEM
improved this resolution. Akin & Burdick (1975) used the LM and the SEM and
morphometric measurements (cross sectional area) to investigate the amount of
degradable and undegradable tissues in C; and C, grasses and to study tissue degra-
dation at higher magnification. Differences in amounts of lignified tissues between
the C; and C, grass leaves occurred, and results indicated that the microanatomy of
the leaf blade and the specific properties of the cell walls of tissues influence the de-
gree of degradation by rumen microorganisms.

Cross sectional area measurements were then introduced to study differences in
amounts of tissues in leaf and stem, and data were correlated with in vitro degrada-
tion studies, Several papers deal with tissue properties and the mode of action of the
rumen microorganisms. Comparisons were made between different plants and plant
organs such as the leaf, sheath and stem, and between genotypes within breeding
programs. In bermudagrass a negative effect of maturity on degree of degradation
(Akin ef al., 1977; Hanna et al., 1976) was found. High temperatures during plant
growth (Smith, 1977) decreased tissue degradation in tall fescue. The degree of lig-
nification of parenchyma tissue e.g., young and old parenchyma in bermudagrass
stems and sheaths (Akin et al., 1977) influenced the extent of degradation of the
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Figure 1. Fungal sporangia (S) are produced at the surface of degraded plant particles. Bar = 10.0 um.

parenchyma tissue. Brazle & Harbers (1977) showed that the cuticle on stems and
leaves of alfalfa formed an effective barrier against degradation. Latham et al.
(1978) used pure cultures of anaerobic bacteria to investigate typical adhesion of
bacteria to the cell walls of different tissues and degradation of these tissues in
perennial ryegrass. They observed that rumen bacteria showed some specificity in
adhesion to cell wall types of different plant tissues, confirming earlier observations
made by Akin (1976a), Akin et al. (1974) and Cheng er al. (1977). Small gradual
differences were found in the rate of degradation between mesophyll, epidermis and
phloem compared to sclerenchyma and epidermal tissues. Sclerenchyma had been
considered recalcitrant to degradation but Latham ef al. (1978) demonstrated, using
TEM, that sclerenchyma was partly degraded.

By the end of the 1970’ numerous LM-SEM-TEM papers appeared on different
types of rumen microorganisms and their mode of attachment and attack of plant tis-
sues. The zoospores of the rumen phycomycete Piromyces sp. (Orpin, 1977a) and
Neocallimastix sp. (Orpin, 1977b) showed taxis to specific tissues; fungi principally
invaded plant material at damaged sites and through the stomata. After at least 24
hour of degradation fungal sporangia are formed at the outer surface of the degraded
plant particle (Figure 1). The rumen protozoa Isotricha intestinalis and I. prostoma
attached to plant tissue with a special organ on the cell surface. These organisms
showed chemotaxis to soluble carbohydrates (Orpin & Letcher, 1978). Rumen proto-
zoa ingested partially degraded plant cells (Akin & Amos, 1979). A protozoa is pre-
sented (Figure 2) ingesting a small plant cell wall particle heavely occupied with ru-
men bacteria. Rumen anaerobic fungi were investigated in cattle and sheep
(Bauchop, 1979). Akin (1976b, 1980a) found that fibrolytic rumen anaerobic bacte-
ria consisted of two main types: the encapsulated cocci and the irregularly shaped
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Figure 2. A rumen protozoa swallowing a small plant particle heavely covered with rumen bacteria, Bar
=10.0 pum.

bacteria. He suggested that the availability of cell wall constituents during degrada-
tion could have an effect on numbers and types of degrading bacteria on plant tissue.
A filamentous facultative anaerobic bacterium was discovered that preferentially at-
tached to lignified tissues (Akin, 1980b). Akin (1980b) showed that rumen microor-
ganisms have preferences to invade different types of plant tissue.

LM and SEM were also used to investigate the effects of pre-treatments of forages
and their degradation. Alkali treatment of rice hulls (McManus et al., 1976), rice
straw (Kawamura et al., 1973) and bermudagrass leaves (Spencer et al., 1984) re-
sulted in an increase in degradation of the predominantly soft and swollen plant
residues. These results could be compared with the results of permanganate treat-
ments of bermudagrass and tall fescue (Barton & Akin, 1977). Although, perman-

_ganate delignifies plant tissues, some structures, e.g., vascular bundles, were not de-
graded. The authors suggested that plant cell wall polysaccharides showed important
differences in their rates and extents of degradation. An interaction between cellu-
lolytic bacteria and purified cotton fibers was studied by Berg et al. (1972). Lignin
free fibers were degraded. The authors concluded that the structure of the cotton fi-
bre was crucial for cellulose decomposition. In addition to conventional SEM inves-
tigations energy dispersive X-ray analyzer can be attached to SEMs and elements
with an atomic mass larger then 10 can be localized. Investigations of corn and
sorghum silage by SEM and SEM X-ray dispersion revealed that less degradable tis-
sues contained remarkable amounts of silica compared to the degraded tissues such
as mesophyll and stem parenchyma. Silica was also detected in rice (Kunoh & Akali,
1977) and calcium crystals were found in alfalfa (Ward er al., 1979), indicating that
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deposition of relatively large amounts of inorganic crystalline material could nega-
tively affect biodegradation. Modern detectors can detect now elements with atomic
mass below 3.

By the end of the 1970’ the LM and SEM had provided fundamental knowledge
on the relationships between types of rumen degrading microorganisms, available
plant cell structures and plant cell wall degradation, type and degree of lignification,
chemical composition of types of cell walls and the effects of chemical or physical
pre-treatment of forage samples. Akin (1979) suggested that anatomical investiga-
tions, using LM and SEM, must be incorporated in studies of degradation of plant
material,

New developments in LM and SEM technigues during the 19805

Anatomical data are essential to understand differences in forage quality which is
normally estimated by chemical methods that do not discriminate between degrad-
able and non-degradable types of plant tissues. Chemical procedures extract carbo-
hydrate complexes also from inside every cell wall of a plant particle, whereas in ru-
men degradation enzymatic hydrolyses only takes place on the surface of the plant
tissue particles.

~ The use of the LM and SEM to visualize cell wall degradation became more suc-
ccssful by the development of techniques which minimized artefacts and optimized
plant structure images even after heavy degradation. The LM and SEM preparation
methods for plant material before or after rumen degradation were based on the use
of 15 pum thick sections which were observed in LM, and on 2-3 mm thick sections
which were embedded and re-sectioned with loss of the original cut-end. In SEM ob-
servations, sections were directly affixed onto stubs with low resistance contact ce-
ment, with colloidal silver glue (Harbers & Thouvenelle, 1980) or with a conductive
paint (Barton & Akin, 1977).

However, disorder and some loss of tissues from sections could easily take place,
especially when degraded sections were handled or when chemical extraction was
applied prior to degradation (Barton et al., 1981, Harbers ef al., 1982). Barton et al.
(1981) reported that also critical point drying of SEM material resulted in some
damage to the mesophyll tissues. McManus et al. (1976) used double-coated adhe-
sive tape to fix representative samples of feed and faeces on SEM stubs.

Akin (1982) published the LM section-to-slide technique which was based on
placing of 16 pm thick frozen cut sections on double adhesive tape that was already
fixed on top of a specimen slide. The frozen sections were then air dried and thereby
fixed on the tape. The technique enabled rapid and easy comparison and investiga-
tion of large numbers of sections before and after rumen degradation. The advantage
of this method was that once the plant tissues were fixed to the adhesive tape, they
could be easily handled. Moreover, the undegradable tissues in a section were held in
their anatomical arrangement. The results of LM investigations of 16 pm thick sec-
tions made from bermudagrass and orchardgrass (Akin, 1982) showed that the new
technique gave degradation of tissues similar to that found earlier (Akin & Burdick,
1975, Hanna et al., 1973). In addition to differences in degradability between cell
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wall types more detailed information was obtained on cell wall substructures that
were degradatian barriers for rumen microorganisms.

It had already been noted that chemically resistant suberized lamellae occur in the
bundle sheath of wheat, oat and maize leaves (O’Brien & Carr, 1970). In a research
on suberized lamellae that occur in bundle sheath of C, grasses, Wilson & Hattersley
(1983) suggested that this chemically inert layer could also be undegradable by ru-
men microorganisms. Because of its cutin-suberin-like properties this layer could be
compared to the undegradable cuticle of epidermal cells. In a series of experiments
on the ammoniation of cereal straws (Theander et al., 1984) barley straw was investi-
gated using LM, SEM and TEM and the section to slide technique. To investigate
bacterial and cell wall surface substructures, Engels & Brice (1985) used the replica
technique from TEM studies. This technique can be used to investigate cell wall sub-
structures, e.g. cellulose microfibrils (Engels, 1974). A platinum-carbon coating was
evaporated onto the surface of plant material and this layer was cleaned from adher-
ing plant material by strong chemical agents. The replica was observed in a TEM
where cell wall degradation of plant tissues and typical bacterial structures could be
observed (Figure 3). Modern SEMs allow direct observation of the platinum carbon
coated surface. With the new SEMs it is not necessary to practice the very compli-
cated procedure of plant tissue disintegration with strong chemical agents to clean
the platinum-carbon layer which often destroyed a great part of the breakable repli-
ca’s.

The section-to-slide technique had only been used in LM sofar. Engels & Brice
(1985) modified this technique for SEM applications. (Figure 4 and 5). The sample
(tape and plant tissue) was critical point dried and gold coated. Small parts of the
tape with tissue sample were removed and mounted on SEM stubs. A small drop of
conducting paint which connected the gold layer directly to the stub surface was then

Figure 3. Replica mi-
crograph made from a
degraded barley straw
section. The clean gold-
carbon coat is observed
in a transmission elec-
tron microscope. Diffe-
rent bacterial types are
found and can be stud-
ied in great detail. Bar =
0.50 um.
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Figure 4. SEM picture of a thick section of a maize stem degraded for 48 hours. The stem parenchyma
has been degraded partially and undegradable vascular bundles are left. Bar = 100.0 um.

applied. This method combined with low and high magnifications of the SEM en-
abled investigations on plant tissue degradation (Figure 4 and 5) and on the level of
bacterial cell wall degradation (Figure 6). Using this technique an undegradable lay-
er was found covering the secondary cell walls in fully differentiated sclerenchyma

Figure 5. Parenchyma cell wall covered with various types of rumen bacteria. Bar = 10.0 pm.
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Figure 6. Typical pattern of ditches at the cell wall surface caused by enzymatic degradation of rumen
bacteria. Bar = 1.0 um.

cells (Engels & Brice, 1985). This layer, which restricted bacterial access to the sec-
ondary cell wall, was called the warty layer because of its structural appearance and
its resistance to degradation by bacteria and fungi (Liese, 1963).

In a parallel series of experiments, LM and SEM were used to investigate the ef-
fect of alkali extraction on cell wall degradation and ultraviolet fluorescence in
bermudagrass. Harris & Hartley (1976) had previously found UV fluorescence and
the presence of ferulic acid in highly degradable grass cell walls. In bermudagrass
stems stainability of the cell walls with phloroglucinol and their fluorescence at 510
nm decreased considerably after permanganate and alkali extraction and degradation
of partly delignified tissues increased (Akin et al., 1985). These experiments were
performed with excitation at 320 nm and measurement of fluorescence at 510 nm. In
maize chemical treatments of cell walls of various tissues effected different changes
in the intensity of autofluorescence in the tissues (Willemse & Emons, 1991). A
much better method which combined the UV-absorption microscopy with type of
cell wall phenolics was developed by Hartley ef al. (1990), Akin & Hartley (1992),
and Goto et al. (1992). Feruloyl and p-coumaryl arabino-xylan isolated from
bermudagrass cell walls were used to produce UV control absorption spectra. A
small aperture, 1.56 um in diameter (Akin & Hartley, 1992; Akin & Rigsby, 1992),
was placed over thick (up to 3.0 um) cell walls providing different absorption levels
across the cell wall. The highest absorption was found in the middle lamella which
proved to be indigestible depending on the stage of maturity of the tissue. In another
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investigation Akin & Rigsby (1992) used microspectrophotometry and scanning
clectron microscopy during degradation of some warm and cool season grasses.
They found high levels of UV absorption in sclerenchyma middle lamella-primary
wall complex which proved to be undegradable even after 7 days of rumen fluid in-
cubation, Microspectrophotometry (Akin & Hartley, 1992) allows one to correlate
the amounts of coumaric and ferulic acid present in parenchyma and sclerenchyma
cell walls with an estimation of the rate of their respective degradabilities. This
method looks promising for investigations of aromatics, tissue maturity and di-
gestibility. With histochemical staining reactions of cell walls known phenolic acids,
esters and aldehydes and lignin extracts showed clear colour reactions with numer-
ous lignin staining agents (e.g., Akin ef al., 1990). Although these reactions are spe-
cific for the separate compounds, their presence in the cell wall is still questionable
because interactions with other stainable compounds cannot be excluded.
Comparisons between degradation and histochemical staining suggest that histo-
chemical staining only detects the presence of phenolic compounds in cell walls
(Cone & Engels, 1990, 1993; Wilson ef al., 1991) and cannot be correlated with de-
gree of degradation,

Cross sectional area measurements of tissues were used over a long period (e.g.,
Hanna et al., 1976, Ehlke & Casler, 1985) and data have been correlated with differ-
ences in plant type and tissue degradation. However, primary and secondary cell
walls were found to be degradable to different levels depending on grass species, tis-
sue and cell wall type and stage of plant development. In sorghum the percentage of
tissue types in the brown midrib mutant was similar to the normal genotype (Akin ef
al,, 1986a), However, in the brown midrib type microbial degradation was improved
in some tissues (parenchyma and sclerenchyma) compared to the normal genotype.
In a subsequent paper (Akin ef al., 1986b) permanganate delignification was fol-
lowed by LM observation and phenolic compound composition was analyzed using
nuclear magnetic resonance. These results indicated that brown midrib sorghum con-
tained less phenolic acids and reduced levels of syringyl groups in the lignin. Engels
& Schuurmans (1992) isolated tissues from maize stem. The dry weight was estimat-
ed and cross sectional area measurements were made. Stem parenchyma and scle-
renchyma formed about 7% and 80% of the dry-weight but about 80% and 20% of
the cross area, respectively. However, in cross sectional area measurements the
amount of cell wall per unit area is very low in thin walled (0.2 pm) parenchyma
compared to the thick walled (2-3 pum) sclerenchyma. Additionally, both tissues
showed positive phloroglucinol staining and were considerably degraded by rumen
microorganisms. Cross sectional area measurements of tissues are not synonymous
with mass of cell walls of the tissues. A new approach could be developed if the dry
weight of tissues could be related with the cross cell wall area. This needs a careful
quantitative isolation and dry weight measurement of each tissue. Parenchyma and
sclerenchyma tissue have been successfully isolated by Gordon et al. (1985) and
Grabber & Jung (1991). Wilson (1993), who reviewed organization of forage plant
tissues, warned that tissue proportions do not take into account intercellular spaces
and the thickness and degree of lignification of cell walls. Cross sectional area mea-
surements of tissues cannot explain small differences in digestibility observed be-
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tween species and cultivars. Measuring cell wall thickness in sections with an eye-
piece micrometer in several plant tissues is very time consuming and the sites of
measurement are subjectively taken as representative for the cells in tissues. Travis
ef al, (1993) developed an image analysis system that automatically measured mean
cell wall thickness and cell diameters in plant tissues. The results of application of
ithis method to a series of sections made from the bottom to the top of one internode
of maize showed the steady increase in cell wall thickness of epidermal, sclerenchy-
mal and vascular cell wall types. Earlier observations (Engels, 1989) showed an in-
crease in phloroglucinol staining from the bottom to the top of the maize internode.
However, staining intensity is determined by cell wall thickness and section thick-
ness as well. Image analysis on cell wall level provided more accurate information
on the cell wall amounts of tissue before and after degradation than the cross sec-
tional area method because cell lumina are excluded. Cell wall amounts of tissues
can be compared during plant development and changes in degradation of tissues
can be estimated. However, as stated by Travis et al. (1993) due to shrinking by
chemical procedures during fixation for microscopy cell wall thickness of parenchy-
ma is overestimated when values are compared to electron microscopic observations,
but the values are in accordance with standard measurements when obtained by the
light microscopic micrometer line method.

Although image analysis is a quantitative method which allows a rapid mean
thickness value measurement for cell walls, it cannot be used when a cell wall (dou-
ble) is formed from two cells of different tissues located next to one another, a situa-
tion which frequently occurs in stem and leaf. In stems of maize where vascular bun-
dles just underneath the epidermis are separated by sclerified parenchyma or in the
stem centre where they are separated by thin walled parenchyma, mean cell wall
thickness can not be used to show clear differences in cell wall thickness and degrad-
ability, Furthermore, Cone & Engels (1990) found thin walled stem parenchyma that
varied in cell wall degradation. In case of changes in cell wall degradability during
cell wall development, Engels & Schuurmans (1992) stated that it is very essential to
obtain data on single cell walls. For this purpose the section-to- slide technique from
Akin (1982) was modified into the mirror sectioning technique (Engels, 1989). In
principle two serial sections (A and B) from 100 pm are cut. The A section is turned
over 180° before it is mounted on the double adhesive tape. The B section is fixed on
the tape in the same position as it was on the cutting knife. With this technique the
same cross sectioned cell wall surface can be investigated with different types of
pre-treatments, '

The mirror sections when treated as described by Engels & Brice (1985) can be
investigated by SEM. When degradation incubation time of one section is prolonged
to at least 48 hours then the degradable part of the cell wall has been removed by the
rumen bacteria and bacteria leave behind a clean undegradable cell wall residue
(Figures 7 and §). Measurements of the cell wall thickness in both sections gives
valuable data on degradable and undegradable part of one cell wall. Using the mirror
sections and light and scanning microscopy Engels & Schuurmans (1992) found that
the middie lamella was lignified first, before secondary cell wall synthesis started
and that this thin specifically placed layer of lignin was responsible for the decrease
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Figures 7 and 8. SEM micrographs of a mirror section set of maize. A sclerenchyma bundle with thick
secondary walls (Figure 7) showed reduced cell wall thickness after rumen degradation (Figure 8). Bar
=15.0 um.

in degradation of tissues during plant development. It was suggested that the degra-
dation of lignified cell walls of sclerenchyma tissue could be of interest for plant
breeders.

Judkins & Stobart (1988) showed that addition of enzyme preparations to the diet
feed intake and time of passage were increased, meat and milk production were
raised, but total degradability of the feed was not changed. The mirror sectioning
technique has been used in experiments to investigate the mechanism of the increase
in rate of degradation when an enzyme cocktail from fungal origin was added in vivo
or in vitro to rumen fluid (F.M. Engels, unpublished). In our experiments we found
that both additions advanced degradation of the parenchyma and resulted in more
rapid disintegration of the tissue. It was postulated (F.M. Engels, unpublished) that
the anatomical distribution of parenchyma in stem and leaf are of crucial impor-
tance. Parenchyma and sclerenchyma will be degraded (e.g., Wilson e al., 1991;
Engels & Schuurmans, 1992) to the same level assuming that in developing tissues,
parenchyma cell walls and sclerenchyma secondary walls are not lignified and
equally degradable. At the time that the parenchyma cell walls (thickness approx. 0.5
um) are degraded completely, the sclerenchyma tissue walls are reduced in thickness
with the same 0.5 um (originally 2 um thick). Thus sclerenchyma tissues (e.g. vas-
cular and sclerenchyma bundle, Mulder ef al.,1992) are set free from their surround-
ing parenchyma (in fact particle size reduction) and will leave the rumen. Mulder et
al. (1992) found that the carbohydrate composition of partly degraded tissue was dif-
ferent from the control due to the disappearance of primary cell walls (parenchyma).
In maturing tissues cell wall degradation slows down or is no longer possible as a re-
sult of lignification as could be shown for parenchyma in maize by phloroglucinol-
LM and SEM observations (Cone & Engels, 1990) and in other grasses (Wilson ef
al., 1989). The same process will occur in sclerenchyma after completion of sec-
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ondary cell wall synthesis (Engels & Schuurmans, 1992; Wilson et al., 1991; Wilson
& Mertens, 1995; Wilson & Kennedy, 1996). This observation implies that degrada-
tion slows down, that particle size reduction will slow down and that also intake and
passage will slow down consequently. Using the mirror sectioning technique and his-
tochemical staining with toluidine blue, we found perfect mapping between degrad-
able maize stem parenchyma and the presence of red purple stained cell walls (F.M.
Engels, unpublished) (Figures 9 and 10).

In some cases when immature, partly degraded materials are used to investigate
degradation events in depth, the SEM and LM preparation methods gave unsuitable
results. In our case (F.M. Engels and J. Ton, unpublished) plant material (maize) was
soft and tissues were separated as a result of cell wall degradation; any movement
would disturb the location of the residual material. Van Doorn et al., (1991) pub-
lished a cryo-ultramilling procedure for SEM. In this technique the material is im-
mediately frozen on top of a small stub. At the surface of the frozen material high
speed rotating diamond knives remove a thin layer of material. Under continuous
low temperature conditions the flat surface is freeze-etched and covered with a thin
gold film and investigated in a SEM. If a further in depth observation is needed, the
procedures can be repeated because the sample is kept at low temperature. The gold
layer is milled away and a new one is sputtered on the freshly exposed freeze-etched
surface located deeper in the tissue. In our experiments (Figure 11) some disadvan-
tages were found. Freezing produced large ice crystals but this can be overcome by
incubation with cryoprotectants. Observation in the SEM may result in further subli-
mation of ice which may deform the palladium gold layer.

Light microscopy and scanning electron microscopy have been employed in a
wide range of investigations to study cell wall properties during degradation by the
rumen microorganisms. Light and scanning electron microscopy should be used to-
gether. What is questionable in the LM can be elucidated by SEM/TEM and vice
versa.

Developments of new techniques and methods in types of microscopy have result-
ed in a better understanding of the properties of plant organs, tissues and cell walls

10

Figures 9 and 10. Light microscopic set of mirror sections with details after toluidine staining, The un-
degraded mirror section (Figure 9). The degraded section (Figure 10 ) showed the diminished wall
thickness of sclerenchyma (-->) and vascular tissue (-->>). Parenchyma cells (Figure 9: p) were com-
pletely degraded. The degradable parenchyma had a red-purple colour in the control mirror section. Bar
=100.0 pm.
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Figure 11. A SEM micrograph of cryo-ultramilled degraded maize stem. Parts (-->) of the parenchyma
cell walls proved to be undegradable. Bar = 100.0 um.

and the correlations with the possibilities of degradation of the various rumen mi-
CrooTganisms.

Fundamental research on biodegradability of forages will require the application
of microscopes and further development of techniques to obtain a complete picture
of the problems of microbial degradation of forages with the potential to improve
feed value for animals.
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