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STATEMENT OF THE PROBLEM.

Unfortunately, the chemistry of -wood, as well as of
natural organic materials in general, still represents a
series of complicated problems, and, unless these are
first carefully worked out, one could not expect to
unravel the chemistry of decomposed wood.... (127).

This quotation very clearly shows that we are in need of a
better knowledge of the chemistry of wood, and of lignin, the
characteristic substance of lignified elements. Numerous investi-
gators have been engaged in the study of this compound and
its origin and their result is analogous to that of KUERSCHNER,
one of the well-known lignin-experts: ,,auf Grund der bisherigen,
oftmals entgegengesetzt gedeuteten Untersuchungen iiber Lignin-
koérper ist man allerdings nicht in der Lage, einen genauen Lig-
ninbegriff chemisch festzulegen (71)”. These scanty results are
caused by the lack of suitable methods of lignin determination
and, moreover, by the very complicated and almost inextricable
chemical structure of the cell wall.

We thought it important to study this problem once more
and in this study we wanted to follow another way by the
inclusion of a more botanical investigation into the chemical
work. If we should try to investigate the process of lignification
as it proceeds in the growing plant, it might be possible to trace
the origin of lignin. If we should, moreover, be able to indicate
a specific mother substance, present in the young cell walls,
yielding lignin in the ageing process, this might be a step for-
ward and an important starting point for further work on this
subject.

After a survey of the structure and composition of the cell
wall and of a number of theories concerning lignification (chap-
ter I and II) we shall report upon the analytical results of
determinations of plant constituents at successive stages of
growth (chapter III) and the significance of these results,
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especially in relation to the origin and further fate of lignin
(chapter IV) which was studied in detail (chapter V).

Apart from macrochemical analysis microscopic and micro-
chemical, studies were performed and their results compared
(chapter VI). Finally, after the discussion of a number of factors
affecting lignification, one of these factors — the oxidation-
reduction potential of the living plant tissues — was 1nvest1gated
more in detail (chapter VII).

CHAPTER 1.
A general Survey of the Composition of the Cell Wall.

§ 1. The chemical composition of the cell wall.

The vegetable cell consists of a wall and protoplasmic
contents wusually including one or more wvacuoles. From
the earliest stages of development the wall forms an important
part of the cell and during the life of the cell it undergoes
important alterations. During the longitudinal growth of the
plant the wall consists of two layers: the middle lamella and
the primary wall. The middle lamella is a layer which two
adjacent cells have in common.

After the termination of the longitudinal growth much new
material can be deposited against the existing wall. In this way
the secondary thickening layer is formed. This layer may thicken
enormously and is often built up of lamellae. In some cases a
thin tertiary layer of another chemical composition may be
present.

Besides this thickening all kinds of chemical transformations
may occur in the wall. The lignification is one of the most
important alterations of certain cell walls. During this process
a product appears in the wall which gives the latter a spec1al
character. This hgmflcatlon has been studied more closely in
this work.

For completeness’ sake the occurrence of a cuticula on the
walls of the epidermis is mentioned. However, in this study
the cuticula will not be considered.

The young cell wall has arisen from the so-called cell plate.
This cell plate appears after the mitosis probably from the
thickening part of the fibers of the nuclear spindle between
the two daughter nuclei. These spindle-thickenings fuse to form
a plate growing to the periphery of the mother cell and dividing
the latter into two daughter cells. But the opinions about the
exact origin of the cell plate are still very devided. There is
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also ‘no agreement about the fact whether the wall is formed
immediately from the cell plate as a whole by chemical altera-
tions or is formed by the splitting of the cell plate. Concerning
the chemical nature some investigators assume that the cell
plate consists of living protoplasm, while other authors accept
quite another composition in connection with an eventual trans-
formation of this plate into the middle lamella. Serrriz (116)
communicates in his survey on the cell wall: “Conjectures only
can be made as to the chemical nature and the fate of the
primitive wall or cell-plate. It may be an elementary form of
cellulose, or it may be pectin, calcium pectate, or lignin....”
and further “If the cell-plate is the progenitor of the middle
lamella, then its composxtlon is probably pectm or lignin provided
the middle lamella is distinct from the primary wall and the
intercellular substance which does not appear to be true.”

While from the youngest stages of the wall very little is
known, we know much more about the composition of the
middle lamella. (N.B. in old cell walls (e.g. of wood) the true
middle lamella together with its bordering primary layers are
called “middle lamella”; it is better to say here “composite
middle lamella”.) )

The middle lamella of the young cell wall consists of insoluble
protopectin *) often accompanied by calcium pectate. The local-
ization of the pectic matter in the plant has been accurately
examined by MancIN (74, 75). It is not certain whether pectin
is present originally in the wall or whether it only appears
after cellulose. Pectin chemistry has materially advanced. by
the work of Von FerrenBErG (33) and Enrvica (26, 27). In this
connection we refer to the clear survey of Stoep and Rira (120),
which was recently published. _

It may be of importance to briefly review our knowledge of
pectin chemistry in view of the radical transformations which
take place in the pectinous middle lamella during lignification.
The above-mentioned investigations enable us to recognize the
following relations;

insoluble protopectin = soluble pectin 4+ hemicelluloses

pectin — acid pectin 4 methanol
acid pectin = polygalacturomc acid 4+ hemicelluloses
(4 in some cases acetic acid)
polygalactironic acid = long chain of galacturonic acid molecules.

*) Protopectin 1s the correct name for pectic matter in the cell wall, but
for convenience’ sake we shall use in our study the well-known term
“pectin”,
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In nature the various stages of this pectin breakdown are reahzed
by the action of enzymes.

The exact constitution of pectin is not yet known. Many in-
vestigators accept a molecule of tetragalacturonic acid as the
nucleus of the complex. For orientation we give a structural
formula according to Emrricr (27):
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Of walls consisting of pectin no birefringence is observed.
Pectin swells easily and may be extracted with dilute acids or
dilute solutions of salts of organic acids. In the cell walls its
presence can be demonstrated with ruthenium red. However,
this dye is not specific for pectic substances. Besides in the
middle lamella pectin may be present in the thickening layers
of the cell wall and probably for the greater part in lamellae
alternating with cellulosic lamellae (Anperson (5) ). O’'DwyEr (83)
mentions a case of a convincing pectin reaction in the tertiary
layer.

We do not know if still other products than pectin are present
in the middle lamella of the young cell wall. In our investigation
the middle lamella shows hardly any reaction with chlorzine-
iodide.

In one of the next chapters the possibility of the transition
of pectin into lignin will be discussed.

The primary and especially the thick secondary wall consists
for the greater part of cellulose incrusted with pectin and hemi-
celluloses.

It is not our intention to discuss cellulose in detail but it may
be important to mention facts pertaining to the composition and
formation of the cell wall (Frey-Wyssring (39), Serrriz (116) ).



327

The constitution of cellulose is rather well-known, especially
as the chemical investigations have been completed by X-ray
analysis. The basic molecule is glucose with a ring structure.
Two of these molecules are coupled to cellobiose with concomi-
tant dehydratation. The cellobiose molecules are united into a
large straight chain. The number of component cellobiose mole-
cules cannot be stated with certainty but appears to be between
50 and 100. The formed cellulose molecules are joined .to crystal-
lites which build up the cell wall. :

It is not sure that cellulose in its finished state enters the
cell wall from the protoplasm (31) or is constructed from its
supplied building blocks. According to Hess (53) the young
wall does not consist of cellulose but of the so-called primary
substance. The latter is amorphous and does not give an X-ray
pattern. We believe that this substance may be a progenitor of
cellulose consisting of a few building blocks and arranged in
the wall without orientation. It may be also a carbohydrate
with an amyloid structure as Ziecenspeck (131) accepts for the
young wall. v

Cellulose clearly shows a crystalline-structure and also bire-
fringence by its typically oriented micellar construction. The
presence of cellulose can be demonstrated in the wall by means
of the blue colour obtained with chlorzinc-iodide.

Hemicelluloses are a vaguely circumscribed, heterogeneous
group of carbohydrates (HawLEy (50) ). They are polyoses which
may be divided into two groups according to the component
sugar. We recognize pentosans (consisting of pentose-chains)
and hexosans (originated from hexoses) and also mixed hexo-
pentosans. Many investigators include the polyuronides which
contain both sugars and uronic acids. A close relationship appears
to be between hexoses, pentoses and uronic acids.

Hemicelluloses are distinguished from cellulose by their ability
to be hydrolysed by dilute acids and by their solubility in dilute
alkalies. In the normal cell wall they are present together with
cellulose, but they may also occur as reserve substances. This
is especially the case with hexosans (mannans, galactans, etc.).
The most important pentosans are xylan and araban. These
pentosans are partly combined with pectin.

According to Konic (67) the softwoods contain a large quantity
of hexosans and few pentosans, while the reverse applies to
hardwoods. We should like to mention that in contradistinction
to this fact Bamey (7) found a large quantity of pentosans in
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the middle lamella of the cell walls of the Douglas fir. In our
material, the cell walls of the sunflower stalk, only pentosans
appeared to be present. Pentosans yield furfural by destillation
with 12 per cent hydrochloric acid, while hexosans do not yield
furfural. Therefore the determination of pentosan is performed
by transferring these products into furfural and precipitating
the latter as phloroglucide.

Incrusting substances such as cutin and suberin only present
in certain cell walls are left out of consideration. This paper
chiefly deals with lignin.

§ 2. Lignin of the cell wall.

Lignin appears to be a secondary substance. Except for a
single vague suggestion that lignin should be present in the cell
plate, it is generally accepted to be deposited afterwards in the
wall. It is never found as an independent wall substance. It
is already present early in the small vessels of the young
seedlings (14) During the development of the plant the lignin
content may increase considerably.

To the older investigators it was already known that by dis-
solving the cellulose from wood a residue is left. They assumed
this residue to be an incrusting substance from which a part
was no longer hydrolysable and only could be extracted by the
aid of an oxidation process (Paven (88) ). Aftérwards ScrurLze
(111) and Frémy (35) investigated its properties and the first-
mentioned author employed the name “lignin” in the sense in
which we use it at present. Afterwards many investigators have
worked on lignin but up till now no satisfactory definition of
this substance has been given (see, for example, the report of
EnpEr (29) ). We cite one of the least incomplete descriptions:

“Lignin ist ein aus Kohlenstoff, Wasserstoff und Sauerstoff
bestehender Stoffkomplex und Zellwandbestandteil, der gekenn-
zeichnet ist durch hohen Kohlenstoff- und Methoxylgehalt, leichte
Oxydierbarkeit (und Halogenierbarkeit), Unhydrolysierbarkeit,
Loslichkeit in Alkalilaugen und sauren Sulfiten bei hoher Tem-
peratur und durch gewisse Farbreaktionen, von denen die mit
Phenolen und Aminen auf die Anwesenheit einer Aldehydgruppe
hinweisen” (KaLs (61) ). Consequently lignin is a complicatedly
constructed substance only preferably present in specific cell
walls.

The presence of lignin in the wall may be demonstrated by
means of a large number of microchemical reactions. These
reactions with substances belonging to different chemical groups
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are mostly staining reactions and in many cases not specific for
lignin itself but only specific for definite groups (e.g. aldehyde
groups) in lignin or possibly only specific for other products
present in traces next to lignin (Crocker (21) ). The greater
part of the reactions is therefore not very convincing and criti-
cized by many authors.

We mention the colour reactions with salts-of primary and
secondary aromatic amines and their derivatives (e.g. aniline
sulphate), those with phenoles and phenole compounds in strong
acids (the best-known and mostly-used reagent is phloroglucinol-
hydrochloric acid, staining red the lignified elements), the reaction
of MduLE with potassium permanganate followed by hydrochloric
acid and ammonia treatment (with remarkable differences in
colour between the lignified walls of soft- and hardwoods!) and
the reaction of Cross and Bevan with ferric-ferricyanide yielding
Prussian blue. Each reaction mentioned is caused by a chemical
process. On the other hand the staining of lignin with basic
dyes might be considered as adsorption phenomena.

The various reactions carried out on the same material do
not appear to agree. ScHINDLER (106) has investigated this point
by domparing the reactions with aniline sulphate, phloroglucinol
and potassium permanganate on various objects. Yet the
researches of ScartH, GiBBs and Srier (103) are indicative of a
good agreement between the reaction with phloroglucinol, the:
capacity of basophilic staining and the chemical examination
(by means of extractives) of the quantity of lignin present.
Pointing to the insufficient accuracy of the existing staining
methods Friesen (36) worked out a new method. Black merecury
sulphide is hereby precipitated on the lignified elements. His:
criticism of the methods used is, however, one-sided and not
all together correct. We have not succeeded to apply this method
‘on our sections of the stalk of the sunflower; the black colour
of the woody elements did not appear and the whole t1ssue
turned greyish.

Apart from the staining reactions the presence and locahzatlon
of lignin may be studied to advantage by removal of the other
‘wall substances. In this case the structure of the wall and of
the entire tissue remains unimpaired. Very significant results
are obtained by treatment of the sections with 72 per cent
sulfuric acid. The carbohydrates are hydrolysed and the lignin
remains localized. The largest amount of lignin may be found
in the middle lamella which is the former pectin-layer of the
young walls (97). HaBeruaNDT (46) has shown already that the
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middle lamella is strongly lignified and the investigations of
Baney (7) proved that this lamella may contain about 70 per
cent lignin. It will appear also from our study that lignification
begins in the middle lamella. In the thickening layers lignin may
be present but to a much less extent. While the presence of
lignin in these layers may be demonstrated by staining reactions,
it appears from- treatment with sulfuric acid that practically
nothing is left.

If a tertiary layer is present, this layer may be lignified more
markedly than the secondary layers.

Some investigators believe that in the cell wall lignin is bound
to cellulose like an ester or a glucoside. But it is better to accept
the free occurrence of lignin next to cellulose.

In general only specific elements show lignification. At all
events the greater part of the xylem bundles and in many cases
the bast fibers show lignified walls. In older plants the medul-
lary parenchyma may lignify and under special conditions the
epidermis cells too (e.g. the needles of the conifers). Cases are
known of lignification in the walls of the phloem (BoobLE (12),
ALEXANDROV (2), and confirmed by us in sections of the stalks
of Helianthus).

§ 3. Chemistry of lignin.

Lignin appears to be one of the most complicated substances
of the wall. Till now no definite constitution is known. Apart
from the very insufficient and unreliable isolation the wvague
definition of the concept “lignin” has served as a check to our
advance. The botanical concept “lignin” possesses no chemical
significance. The appearance of the lignin reactions was the sign
of lignification for the botanists, while they were not interested
in the chemistry of the compound. FreubenBerG (38) objects to
this state of affairs and exclaims: “Lignin ist eine durch chemi-
sche Reaktionen und Zusammensetzung gekennzeichnete chemi-
sche Substanz oder besser gesagt, ein Gemisch einander Husserst
nahestehender Substanzen. In diesem und keinem anderen Sinn
sollte die Bezeichnung Lignin auch bei kolloidchemischen, tech-
nischen oder botanischen Betrachtungen verwendet werden”.

Lignin is a substance with a highly polymer, colloidal
character, insoluble in water and in the greater part of the
organic liquids. The molecule consists of a nucleus containing
cyclic and aromatic nuclei bearing carboxyl, methoxyl and
hydroxyl groups of which the latter ones have partly a phenolic
nature. The presence of aromatic nuclei in lignin could be proved
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by the results obtained with sublimation, with dry destillation
and with alkaline fusion yielding phenoles, phenol-carbonic acids
and other benzene derivatives. The existence of the various
side-chains with their different groups could be demonstrated
by characteristic reactions.

Many authors have given different and speculative ideas on
the constitution of lignin. We only mention those theories which
are important for demonstrating the relationship of lignin to
other wall- and plant substances. Afterwards this relationship
will be discussed more in detail. ScurauTH (110) accepts as lignin
molecule a complex consisting of four six-atom rings and three
five-atom rings; MarcussoN (76) seems to suppose a furan ring;
Krason (63, 65) assumes, on many grounds, a polymerisation
product of compounds closely related to coniferyl aldehyde and
Fucus (42, 43) suggests a condensed system of six carbon rings.
FreupenBerG and co-operators (37) carried out a large number
of investigations and contributed much to the knowledge of a.
very acceptable constitution. They concluded that the principal
building stone of lignin must be dioxy-acetyl carbinol and gave
as the structural scheme:

CH,
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Lignin should originate from this molecule by a 20—25 fold
condensation allied with ring-closure to internal ethers. They
believed that the coupling of these stones is a process of dehy-
dratation. Since the side-chains are fixed to the periphery of
the central nucleus in all directions, lignin should have a tridi-
mensional, branched structure very suitable as an incrusting
substance. As a result of this structure further polymerisation
to still larger molecules is very well possible,

§ 4. Further properties of lignin and lignified walls.

The isolated lignin will surely differ from the genuine lignin
in the walls because the isolation interferes with the constitu-
tion. The isolated lignins are yellowish-brown to dark brown
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substances (according to the method of isolation), the X-ray
diagram of which shows their amorphous and isotropic nature.
They are heteropolymer and highly molecular with properties
dependent upon the degree of polymerisation. (STaupINGEr (124)
cannot accept these large molecules because of the very low
viscosity of the solutions.) The lignins with the smallest mole-
cules are soluble in alcohols, in a state of higher polymerisation
they are still soluble in alkalies but after increasing growth of
the molecules they become less and less soluble. In one of the
next chapters this important fact shall be discussed. Lignins
and their derivatives should give characteristic absorption bands
in the ultraviolet region. Lignin substances are therefore clearly
distinguishable from cellulose (123)

In the cell wall hgnm occurs in the cellulosic frame without
a special localization in lamellae. The wall consists of rod-like,
crystalline, anisotropic cellulose particles imbedded in a lignous
matrix. The combination of these two substances (small rods
of cellulose alternating with lignin) forms, because the refractive
index of both substances is different, a so-called “Mischkorper”
of WIENER, a system with a strong birefringence in polarized
light known as configuration- or bacillary-birefringence. The
cellulosic rods may be dissolved out of the wall by hydrolysis
with strong acids. The unimpaired, though very shrivelled lignin
mass, remains without losing its cohesion (Freubeneerc (38),
Frey WyssLine (39) ).

Besides the aforesaid optical property of the lignified walls
the beautiful fluorescense phenomena must be mentioned. Young
wood gives & bluish-green and very old wood a greyish
fluorescense, while cellulosic walls do not fluoresce at all
(ExcHLER (28) ). On the contrary cellulosic walls stained with
chlorzine-iodide show dichroism and strongly lignified walls have
lost this property.

In connection with the mechanical properties we may say
that lignified elements show a very appreciable strength of
compression.

Von ScrerLenBerG (104) pointed out that there should be no
differences between non-lignified and lignified membranes in
the degree of rigidity, ductility and swelling capacity. SonnTAG
(122) seems to have found that the swelling capacity and the
tensile strength of lignified walls are much smaller than of non-
lignified walls. In connection with the further physical.and
chemical properties of lignified elements we may refer to a
paper which was recently published in “Zellstoff-Faser” (135).
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CHAPTER II.
Theories on the Origin of Lignin.

On the origin of lignin in the cell wall many theories have
been proposed. The way in which lignin is formed still lies in
the dark because our knowledge of this complicated substance
is far from complete. The diverging pictures of the structure
of lignin are in close relationship both with the different sup-
positions in regard to the manner of its formation and of its
specific building stones. We have to consider that lignification
is a vital process taking place in or at the surface of the living
plants elements. Therefore it is not possible to follow the whole
process step by step. We are only able to isolate here and there
a product on the long way of development, but as a rule we
do not know which stage preceded the product obtained and by
which stage it might be followed. Even we do not know whether
the isolated product has quite the same structure as in the
plant. In vitro the processes often ran another course as in the
living plant. True lignin is only formed in the living cells and
it is remarkable that the proceeding lignification is concomitant
‘with the necrosis of the cell contents and therefore with the
death of the entire cell.

We may divide the theories on the origin of lignin chiefly
into two groups. On the one hand we have the theories- that
start from the lignin formation from soluble compounds present
in the protoplasm and on the other hand those theories which
accept the lignin formation from substances of the cell wall
itself (if we do not accept that protoplasm occurs in the wall).
In the former theories the elementary form of lignin is thought
10 be present outside the cell wall and in the latter cases this
lignin should be present in the wall itself. Moreover, the theories
stressing either the aromatic or aliphatic (heterocyclic) character
.of the lignin molecule play an important part in the interpretation
of the facts. ' .

In the first place we shall discuss the theories starting from
building stones present in the cells as ‘assimilates or derivatives
closely allied to assimilates.

As mentioned before, Krason (63, 65) accepts the occurrence
of coniferyl alcohol in the cells. This alechol should originate
from pentoses by autoxidation (via dioxy-cinnamonic alcohol).
“The alcohol should be combined with sugar to a glucoside, the
coniferin, entering the cambium. Here the glucoside — which
«Correns (20) assumed as in a chemical combination with the
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wall — may immediately be turned into a lignous substance
(Kiirscuner (70) ), or should be split again into sugar and alcohol.
The liberated alcohol is oxidized to coniferyl aldehyde by oxygen
present in the cambial sap. The aldehyde condenses to lignin
that is present partly as a soluble reserve lignin and is partly
combined with cellulose to form a wall substance. The methyl-
ation should take place by the formaldehyde accepted as the
first assimilation product. Krason has founded his theory on
coniferous lignin and for the other plants he has suggested a
relationship of lignin to tannins. Afterwards Krason (64) accepts
that the formation of lignin is a process of anaerobic metabolism.

CLeEvE voN EurLer (18) adopts the theory of KiasoN and she
is convinced that lignins are closely related to resins and tannins.
as occurring in the needles of conifers. All these compounds

should be derived from coniferyl alcohol.

A (difficulty for the general validity of his theory is that
KrasoNn has founded it on lignin from softwoods. We are con-
vinced that this lignin has another composition as that of
hardwoods (we recall the differences in the microchemical
reactions e.g. MduLE). Moreover, young lignins have no or almost
no methoxyl groups while these should be present according
to the theory of Krason. It is, moreover, difficult to explain
the lignification phenomena occurring in those elements situated
far from the cambium, especially in view of the oxygen trans-
port. This difficulty is met in more theories on lignification.

According to Opén (82) the pentoses are reduced to methyl-
tetroses whereby two of these molecules yield a derivative with
a furan- and a benzene ring side by side. This product is closely
allied to coniferyl alcohol, which substance is able to undergo
a similar ring-closure.

Jonas (60) too accepts pentoses as building stones; these
pentoses, originating from hexoses by oxidation, form furfural.
The latter substance yields condensed furan rings from which
lignin should originate. The furan compounds may be derived
likewise from hexoses by an intramolecular dehydratation
(formation of oxymethyl furfural). According to Jonas these
processes are characteristic reductions.

Scarauta (110), whose idea on the lignin structure we have
mentioned already, assumes pentoses and hexoses both as build-
ing stones for lignin.

WisLicenus and Hemeen (52, 129, 130) construct a detalled
theory on the formation of lignin with fructose as a mother
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substance. The most important idea of their theory is that the
lignification should be a colloid chemical process. It is therefore
called “the adsorption theory”. In their opinion lignin is not
a simple substance but they assume “dass das “Urlignin” im
unangetasteten Holz nichts wesentlich anderes ist als die ganze
Reihe der Wandlungserzeugnisse der Fruktose infolge von deren
Enolisierung, Dehydratation, Cyklisierung, Oxydation und Kon-
densation und weiter durch Kettenbildung und Komolierung
bis zu den hochkolloiden unléslichen Massen, die teils adsorptiv
in dem micellaren Oberflichenkorper der Cellulose-Riesenmole-
kiile und Membrangebilde, teils als Flockungsmassen und vél-
lig unloslichen Ausscheidungen auf den “verholzten” Zellmem-
branen und in den Intercellularriumen gespeichert werden”.
According to them lignin should originate from fructose in the
way of an oxidation process. The highly molecular colloidal
lignins should be assembled slowly in the cambial sap and be
removed from the reaction-system by their adsorption on cellulose.
The impulse to the lignification should be given by variations in
the concentration of the saps. A current of highly concentrated
sieve tube sap should pass to the cambial cells which are in a
reduced state. The cambial cells should have the capacity of
dividing the substances in the cambial sap into a diffusible part
going to the xylem side and a colloidal part (with the lipoids)
going to the phloem side. Only in the cambial cells these reac-
tions should take place. Whereas the lignin-forming substances
are still in molecular dispersion in the sap of the sieve tubes,
they become highly colloidal after entering the cambium. Now
it is remarkable that the substances should become more and
more susceptible to oxygen after further chemical transforma-
tions. The lignin as it is present in the cambial sap is still a
colourless protolignin containing no methoxyl groups but al-
ready rich in carbon (65 per cent). Afterwards the protolignin
is transformed step by step into the coloured lignin under the
influence of oxygen. However, the lignin-forming saps should be
free of oxygen! That is why the required oxygen should be
supplied by the water current from the soil through the young
sapwood or from the air through the lenticells of the cortex.
Oxygen should be taken up by the various intermediate products
of lignin. Finally the definite lignin should be formed, which
enters the interstices of the cellulose walls. Then the reduced
state has disappeared again in the built-up wood. The intake in
the wall should take place (as mentioned above) by adsorption of
the protolignin to the cellulose. The authors concluded this on
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the analogy of the adsorption of the cambial saps to “Tonerde-
fasern”.

It is still doubtful whether it is allowed to transfer to cellu-
lose the results obtained with artificial fibers. They have not
proved that cellulose has a sufficient adsorption power in re-
gard to molecules present in the plant saps. Moreover, they
have not carried out elution experiments to prove that the lib-
erated products are lignin substances.

In relation to the concept that oxygen should be necessary
for the first stage of the process of the lignification ScHwALBE
and Neumann’s (114, 115) work has to be mentioned. Pentoses,
being necessary as building stones for coniferyl aleohol (the
authors accept the view of Krason), should be formed by oxida-
tion of glucose, the only assimilation product. The authors
state that during the growth period the oxygen dissolved in
the spring sap is not sufficient and therefore further supply of
oxygen through the cortex is necessary. When the oxygen is
not able to reach the cambium in this way (e.g. in consequence
of oxidizable substances in the ‘cortex) less lignin can be formed.
This is also the case when the oxygen transport through the
cortex is stopped artificially.

ScawaLBE himself is also somewhat sceptical about this theory
because he finds slight difference with or without aeration.
It is possible that the free oxygen does not play an important
part in the process. We suppose that oxygen passing through
the cortical tissue is consumed at any case by the vital pro-
cesses of the cells and never reaches the cambium in this way.

We mention here the suggestion of this author that pectic
substances should be intermediate products during the forma-
tion of lignin.

We want to turn now to theories according to which other.cell
wall materials should play a part as intermediate products dur-
ing lignification. Opinions of older investigators (Sacus, Sanio
(102), etc.) shall be left out of consideration.

Konic and Rump (68) accept the formation of lignin from
cellulose by chemical transformations of the molecule of cellu-
lose (such as methylations and alkylations).

Cross and Bgvan (22) state in their extensive work on cel-
lulose: “Lignification is a process of continuous modification of
cellulose”. According to them the increase of lignin proceeds
at the expense of cellulose. From many other researches, e.g.
from our study, it appears that this statement is not true. We
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find, concomitant with an increase of lignin, also a rise of the
cellulose content during the ageing of the plants.

Apart from cellulose many investigators assume hemicelluloses
and especially pentosans as intermediate substances. .

‘Rassow and ZscrENDERLEIN (93), considering the published
data on the composition of different kinds of wood, conclude
that there should be a relation between pentosan and lignin.
Especially from the analyses of ScuwaLBe and BEcker (113) they
conclude that a low pentosan content accompanies a high lignin
content and vice versa.

They say: “Diese bisher noch nicht beobachtete Tatsache der
Wechselbeziehung zwischen Lignin und Pentosan ldsst sich ohne
Zwang durch die Annahme erkldren, dass das Pentosan und das
Lignin in einem inneren chemischen Zusammenhang miteinander
stehen. Man muss annehmen, dass das Pentosan ein Zwischenpro-
duct bei der Ligninbildung ist oder m.a.W. dass sich das Lignin aus
dem Pentosan aufbaut”. They suppose that pentosan should poly-
merize to lignin or should combine with other substances un-
der formation of lignin. However, if they had calculated the data
for pentosan on the total amount of dry wall substances, without
counting the further cell substances, they would have found
that the variations in the data disappeared. Moreover they
compare hardwood with softwood. .

We found, in contradistinction to the last-mentioned authors,
that during ageing the increase of lignin is connected with a
considerable rise of pentosan! We shall discuss this remarkable
result later in this paper.

Turning to pectic substances as intermediate stages during
lignification we mention that ScawaLBe (115) suggested the
possibility of the formation of lignin by these substances. Opén
(82), stressing the relationship between pentoses and pectins;
accepted the latter too as an intermediate product. According
to Fucus’ (43) opinion, cellulosic matter should occur first in the
wall, afterwards large amounts of pectic substances and finally
much lignin instead of pectin. He therefore assumes the inter-
mediate character of the pectic substance in lignin chemistry.
Fucas' considerations on the course of this process are inter-
esting. The formation of lignin should occur in those cells, the
protoplasm of which is dying. The cells should lack oxygen but
should have an abundance of water. In this case tiie necrobiotic
respiration should proceed longest after the death of the cell
and Fucus believes “dass die Fermenten der Atmung, welche
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am ldngsten in Tatigkeit bleiben, den Kohlenhydraten der Wand
Sauerstoff entziechen und ihn iibertragen auf den protoplasma-
tischen Zellinhalt, welcher allmihlich veratmet wird”. Fucas
believes that. the oxygen of the wall substances should be split
off as hydrogen peroxide, which substance should be decom-
posed by enzymes. By this emission of oxygen glucalic com-
pounds should be produced in the wall, which compounds may
be converted into lignins. It should be a strong reduction pro-
cess and it is very probable that pectin undergoes this reduc-
‘tion. The ideas of Fucms are a good example of a theory in
which the formation of lignin takes place in the wall itself.
Still more investigators accepted pectin as a very important
building material for lignin.

The investigation of CanpLIN and Sceryver (17) should be
mentioned here. They state that lignified tissues contain much
cellulose, hemicelluloses and lignin and only traces of pectin
in contradistinction to non-lignified tissues containing, besides
cellulose, very much pectin, few hemicelluloses and of course
no lignin. They assume that pectic acid yields hemicelluloses by
decarboxylation, the latter being converted into lignin or, as
an alternative, that pectin yields lignin immediately. They per-
formed the decarboxylation of pectic acid in vitro at room
temperature by means of alkali and obtained products similar
to hemicelluloses from wood.

EnrLice (26) states that pectin may be decarboxylated in the
plant by decarboxylating enzymes and in this way yields pen-
toses (resp. pentosans). He concludes: “Aus alledem ergibt sich
die logische Folgerung, dass die einen wesentlichen Bestand-
teil der Hemicellulosen bildenden Pentosane der Pflanze, die
Arabane und Xylane, die man frither vielfach als direkte Assi-
milationsprodukte betrachtet hat, mit grosser Wahrscheinlich-
keit als Dissimilationsprodukte aufzufassen sind, die im Stoff-
wechselprozess durch Decarboxylierung aus den entsprechen-
den Polyuronsiduren, der d-Galakturonsiure oder d-Glykuron-
siure entstehen. Die Uronsiduren selbst sind vermutlich aus den
entsprechenden Hexosen durch eigenartige Oxydationsprozesse
hervorgegangen, iiber die sich bisher nichts Bestimmtes aussa-
gen lisst” and further: “Die Ursprungssubstanzen des Lignins
sind in den Pflanzen tatsichlich die Pektinstoffe und die aus
den partiell verholzten Flachsstengeln isolierten Verbindungen
stellen Ubergangsstufen des Pektins zum Lignin dar”. Emrvicm
isolated from flax pectin a “lignin” with typical properties of
lignin (phloroglucinol reactiom, elementary analysis, etc.).
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Another good indication for the correctness of Fucns’ ideas in
connection with the formation of lignin is the presence of
acetyl- and methyl groups only in pectin and lignin.

Buston (16) is an opponent of the theories accepting pectin
as precursor of lignin. He does not believe in the formation
of lignin from pectin but from other carbohydrates of the
wall. These precursors are related to xylans in contradistinction
to pectin which is related to araban. He bases this idea on the
fact that the amount of pectin is not reduced after agemg of
the plants.

Studies on the hgmflcatlon in a tw1g of a rose and the proces-
ses taking place by “starvation” and “slow drying” of cut leaves
showed that the amount of pectin remained constant while on
the other hand the hemicelluloses, being rather labile com-
pounds, were converted. We do not believe that experiments
with cut leaves could yield convincing results.

Zueresov's (133) wviews are entirely different. He believes
that the lignification of plant elements is not a process of accu-
mulation of lignin but of accumulation of methoxyl groups. It
is remarkable that young lignin never contains methoxyl groups.
Therefore, according to Zureresov, the theory of KrasonN cannot
be true. Furthermore, he claims that the aromatic character
of isolated lignin is not present in genuine lignin but is pro-
duced by the reaction of strong acids on the lignin of the wall.
The enzymatic breakdown of lignin points to a carbohydrate
nature. He mentions also delignification phenomena (by fermen-
tative action) with the removal of lignin with its methoxyl
groups to other parts of the plant. From ZaErEBoV’s work it does
not appear what he understands by lignin itself.

. It was mentioned that most of the investigators accept pen-
toses as primary building stones for the formation of lignin.
The pentoses should be converted into lignin either immedi-
ately by all kinds of chemical reactions or via other substances
of the wall. In this case it is necessary to form a sufficient
quantity of pentoses by oxidation of hexoses. Now it is re-
markable that free pentoses are rarely found in the plant and
in this case only in small quantities, If the above-mentioned
theory is true, the pentoses must be converted immediately
after their origin into substances such as pectin, pentosan or
lignin. But it is more probable that pentoses are rarely formed
and that the formation of lignin does not take place via pen-
toses but immediately from pectic substances which are, prop-
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erly said, oxidized hexoses.

Furthermore, it is a remarkable fact that some investigators
mention the decrease of specific wall substances (cellulose and
hemicellulose) during the ageing of the plant, while others
observe an increase of these substances. Insufficient methods
of analysis as well as variations in the material might play a
part in these diverging results.

It is difficult for us to arrive at conclusions from all these
contradictory data the more as these conclusions should apply
to large groups of plants and not to a single species. In certain
groups of plants variations in the composition and the trans-
formation of the substances of the wall may be demonstrated but
surely it is extremely unlikely that during the ageing and ligni-
flcatlon every species follows its own way.

We shall return to this point later and compare the results
obtamed by chemical analysis with the microscopic observations
without overlooking the physiological factors.

CHAPTER III.
Chemical Analyses of the Stalks of the Sunflower.

§ 1. The material.

The investigation was performed with plants of Helianthus
annuus L. of various ages. The seeds were sown in the garden
of the Laboratory for Technical Botany at Delft. The surflower
was chosen because the seeds may be bought very easily in
large quantities, germinate rapidly, while the seedlings show
great resistance to unfavourable circumstances. In this way
plants of different ages were available during the greater part
of the year and the enormous quantity of seedlings needed
presented no difficulty (the seedlings contain only about 6
per cent of solid matter!). The relatively large size of the seed-
lings was especially advantageous in the microscopic study.
Unfortunately not all seeds germinated at the same time and
the growth-rate proved to be variable so that variations
both in length and in diameter of the stalks of the young plants
occurred. This difficulty disappeared for the greater part by
employing as much material of the same size as possible. More-
over the errors were eliminated by the large amount of plants
used simultaneously.

For the chemical analyses sunflower stalks of four dlfferent
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ages were used.

Series I. Plants of 14-18 days old. (N.B. the plants were
harvested after a fortnight, allowing the slower plants a few
days to ‘“catch up”.) The length of the stalks was 7-11 em
and the diameter 0.4-0.55 cm. Only the cotyledons and the
first pair of leaves were present. The basal internode from the
roots up to the cotyledons (hypocotyledon) and the second
internode from the cotyledons up to the first pair of leaves
(epicotyledon) were analysed separately.

Series II. Plants of 80 days old. The length of the stalks

amounted to 50-75 cm, the diameter near the base to 0.9-1.25
cm and near the top to about 0.8 cm. The stalks were examined
in four parts viz. the hypocotyledon, the epicotyledon, the 3th
and 4th internode and the apical part (mostly the 5th and 6th
internode).
" Series III. Plants of 110 days old about to flower; nearly every
plant showing a large flower bud. The length amounted to
130-170 cm, the diameter at the base 2-3 cm, the diameter at
the top just under the inflorescence about 1 em. Only non-
branched stalks were used and analysed in 7 separate parts
viz. the hypocotyledon, the epicotyledon, a part consisting of
the 3th and 4th internodes, of the 5th and 6th internodes, of
the T7th till the 9th internode, of the 10th till the 12th internode
and the apical part.

N.B. In the upper part of the stalk the internodes are no
longer regular since the decussate phyllotaxis is changed into
a scattered leaf arrangement. The number of the internodes
in a certain part of the stalk analysed may.be therefore variable.

Series IV. Full-grown plants of 210 days old. The plants had
already shed their seeds and the leaves were partly shrivelled,
yellowed and blackened. The height was 200-300 ecm and the
diameter near the base 4.5-5.5 c¢cm, the diameter just under the
inflorescence 12 em. The hypocotyledon, the  epicotyledon, a
part of about I0 cm taken from the middle of the stalk and
the apical part of about 10 cm without the inflorescence were
taken for analysis.

The plants were gathered in the morning, roots and leaves
removed, and cut into various parts and dried at 35° C to about
air-dry. The material was first roughly and afterwards finely
ground in a desintegrator. The powder was kept in stoppered
bottles. Some analyses were carried out on this material and
other determinations were performed after a pretreatment of
the material with ethanol-benzene.
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§ 2. The determination methods of the different plant con-
stituents.

a. Determination of solid matter.

The content of solid matter was determined by drying a
weighed quantity of the fresh material in a drymg-oven at
105°C to constant weight.

b. Determination of cellulose.

The quantity of cellulose was determined according to the
method of Kiirscener-HorFrFer (Chem. Zt. 55, 161 (1931) ) based
on the fact that all substances present in the plant
material are oxidized by a mixture of ethanol and nitric acid
and converted into a soluble form but for the cellulose, which
is not attacked and remains (unfortunately mixed with a non-
soluble part of the hemicelluloses).

For this determination ethanol-benzene extracted material was used. Of
this material 1 gram is taken, placed in a 250 cc flask with reflux condenser,
moistened with 25 cc of a freshly prepared mixture of 20 cc 96 per cent
ethanol and 5 cc concentrated nitric acid and boiled in a water bath. After
an hour the contents of the flask are filtered through a filter of Jena glass.
With the material obtained the extraction is repeated with the same liquid.

The remaining cellulose did not show a reaction on lignin or pentoses.
After the last boiling the obtained cellulose is collected quantitatively on
the filter, washed first with ethanol and afterwards with water and dried
in a drying-oven at 105° C to constant weight.

Some of the samples of cellulose originating from the younger
parts of the stalks have a yellowish colour in contradistinction
to the white colour of the cellulose from the older parts. This
colour may be due to a compound of cellulose and nitric acid
present in traces. The celluloses of the older and the younger
parts also differ in appearance, the former being a fibrous and
loose mass and the latter a tough, leathery substance. This dif-
ference may be explained because the young parts of the stalk
contain much pectic matter that lutes the cellulose fibers. The
old parts do not contain much pectin, which has disappeared
wholly after the treatment.

¢. Determination of lignin.

For the determination of lignin many methods have been
worked out. As the lignin content is most important for our
study we shall discuss the method more in detail in one of the
next chapters. We used the method of Geo A. Ricuter (Ind. Eng.
Chem. 23, 131 (1931) ) based on the hydrolysis of cellulose
and further carbohydrates present by means of strong inorganic
acids.
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The determination was performed as follows:

A weighed quantity (1 gram) of the material extracted with ethanol-
benzene is placed in a 400 cc beaker, mixed mith 20 cc of 72 per cent
sulfuric acid and stirred thoroughly. After a 15 minutes standing period
70 cc more of the same acid is added, the mixture stirred and set aside
for 18—24 hours at room temperature. It is then diluted with distilled water
to a volume of about 375 cc and, after stirring, digested for 2 hours on
a steam bath. The mixture is filtered through an alundum crucible (previ-
ously ignited and weighed) and thoroughly washed with hot distilled water.
The crucible and contents are dried to constant weight at 105° C.

The determination could be carried out without important
loss of accuracy with only half or a quarter of the quantity in
small samples.

d. Determination of the furfural-yielding components.

In our material the following furfural-yielding substances
may be expected, uronic acids (chiefly galacturonic acid which
forms the greater part of the pectic matter) and pentosans
occurring free in the walls or combined with pectin and even-
tually free pentoses. These compounds are hydrolysed by boiling
with hydrochloric acid yielding furfural which can be determined
quantitatively by means of the precipitate formed with a solution
of phloroglucinol (method of TorLLens, ABpErHaLDENS Handb. biol.
Arbeitsmethoden, Abt. 1, Teil 5, 195 (1922) ).

In a 300 cc flask with round bottom provided with a separatory funnel
and an outlet tube attached to a condenser one or two grams of the
original, untreated material is placed and boiled with 100 cc of 12 per cent
hydrochloric acid (specific gravity 1.06). The matter is distilled at a rate
of 30 cc in about 10 minutes. As soon as 30 cc of distillate are collected,
30 cc of HCl are added to the distillation flask and the distillation is
continued in this manner until 360 cc of the furfural containing distillates
are collected *). To the total distillate a sufficient quantity of phlorog]ucmol
dissolved in 12 per cent HCI (about 50 cc of a 0.5 per cent solution) is added.
At first the liquid turns yellow which is followed by greenish black. The
precipitation of the furfural phloroglucide is finished after standing over-
night. The precipitate is filtered, washed with 100 cc water and dried for
4 hours in a drying-oven at 97° C.

(N.B. the precipitate was washed only with cold water since it appeared
that by washing with hot water a turbid liquid passed through the funnel
and the results became untrustworthy.)

The furfural phloroglucide obtained has originated from the
total furfural-yielding substances including the galacturonic acid.
From analyses of A. C. SLoep (119) it appeared that about three
parts of free galacturonic acid correspond to one part of furfural
phloroglucide. After deduction of this amount we obtain the
quantity of furfural phloroglucide yielded by the pentosans. It

*) The last distillate may not give a pink colour with aniline acetate paper.
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appeared that in our material no free pentoses were present.

The amount of pentosan corresponding to the quantity of
furfural phlorogluclde may be calculated by the use of the
ToLLENS tables in ‘‘ABDERHALDEN’S Handbuch”.

e. Determination of pectic substances.

'Various methods for the determination of pectin have been
worked out. In the first place the method of BraconnoT (see the
thesis of SrLoer (119) ) was used to precipitate the pectic sub-
stances by the aid of ethanol. This method is not very exact
but would give perhaps indications for the presence of pectin.

The material was extracted with a 0.5 per cent solution of citric acid
for one hour at 80—85° C, filtered and the treatment repeated. The collected
filtrates were evaporated to the third of their volume and diluted then
with about a fourfold quantity of ethanol. The pectin was precipitated as
a voluminous, gelatinous precipitate. This precipitate was washed with
ethanol but we did not succeed in removing all of the citric acid. The
results after drying the mass appeared to be very variable, the yields
remaining far below the data obtained by the method employed afterwards.
The use of lactic acid instead of citric acid did not improve the method.

Therefore we tried the method of Lerévre-ToLLENS (thesis
Sroep (119) ). This method is based on the liberation of carbon
dioxide from uronic acids when boiled with 12 per cent hydro-
chloric acid. The carbon dioxide originates in our case from
galacturonic acid present in pectin. The amount of galacturonic
acid is a measure for the pectic substances present. The content
of galacturonic acid is calculated by multiplying the obtained
amount of CO, with the factor 4.4.

In a distillation flask with coiled-tubed condenser the material is mixed
with 12 per cent HCl {100 cc HCI is sufficient for a quantity of material
corresponding to 150—250 mgr galacturonic acid) and heated in a metal
bath. Through the mass air is sucked which was freed of CO, by washing
it in two bottles filled with 50 per cent K-hydroxide, a gas-absorbing bottle
with soda lime and a bottle with water. During the distillation, besides
CO,, furfural is formed the greater part of which condenses in the con-
denser and drops again into the flask, while the remainder is absorbed in
a washing bottle filled with a solution of Ag-nitrate (contammg 1 per
cent HNO; and 2 per cent Ag NO,)

The carbon dioxide liberated is absorbed in a solutxon of Ba-hydroxide
present in the row of bottles filled up with glass-beads to enlarge the
absorption surface.

Behind these bottles an absorption-bulb with soda lime is placed to
prevent the entrance of carbon dioxide.

Before the beginning of the experiment the apparatus is made CO,-free
by blowing air through it for half an hour without heating. Then the
bottles with Ba-hydroxide are connected and the distillation may proceed.

It is necessary that the air passes the liquid with regularity (2 & 3 bubbles
per second) and the whole distillation, which takes about 6 hours, should
be carried out with great care.
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The amount of CO, absorbed by the Ba-hydroxide solution is titrated
by means of hydrochloric acid.

Most of the determinations of carbon dioxide were carried out in tnphcate
with satisfactory results *).

We shall briefly mention the determinations. of substances
which show no connection to the wall substances.

f. Determination of ash.

The ash content is determined by ignition of the material in a china
crucible and weighing. The samples contain a large amount of inorganic
matter among which much Na-nitrate is present, which nitrate decomposes
at high temperature and attacks the crucibles. We changed the method in
this way that we added some drops of concentrated sulfuric acid prior to
incineration. The data represent therefore the ash content calculated as
ulphate ash.

g Determination of water-soluble matter,

The water-soluble matter was determined by boiling the samples with
distilled water for 3 hours. After filtration the residue was dried and
weighed. The loss in weight represents the soluble part.

h. Determination of the content of reducing sugars.

~ The determination of the reducing sugars in the water-soluble part of the
material was carried out according to ScHoorL, LEAMANN and MAQUENNE
(Klein’s Handb. Pflanzenanalyse II, Spez. Anal. I, 786 (1932) ) by means
of FenLINGS’ solution.

By using the standard tables of ScmoorL the data were converted to
reducing sugars, as it is not very probable that in these young plants other
reducing products than sugars are present.

i. Determination of the nitrogen content.

Since the very young parts of the plants are still rich in
protoplasm, it would be perhaps important to know the nitrogen
content. It has appeared that the plants contain much nitrate
in their ash, therefore it seemed indicated to separate the
determination in two parts viz. the determination of the total
amount of nitrogen and that of nitrogen originating from nitrate.

1. The total amount of nitrogen is determined according to the method
of KJeLpaHL (modification vAN DpE SaNDE, (Chem. Weekbl. 24, 558 (1927) ).

By destruction with sulfuric acid, K-sulphate and Cu-sulphate the
mtrogen compounds are converted into NH,-sulphate of which the ammonia
is liberated and then titrated with sulfuric acid of known normality.

2. The determination of the nitrate content in the alcoholic extract of
the material is performed according to the method of ScHLOEssING WAGNER
(Klems Handb. Pflanzenanalyse II, Spez. Anal. I, 79 (1932) ). The nitrate
is converted into NO by means of ferrous chloride and concentrated hydro-
chloric acid. The gas is determined volumometrically and compared with the
volume of NO generated from a known quantity of pure Na-nitrate.

*) The author is much indebted to Mr. L. M. VAN DR VaLk who was kind
enough to carry out these analyses.
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k. Determination of the ethanol-benzene 'extraction.

The extraction of the air-dry material with a mixture of 96 per cent
ethanol and benzene (1:1) was carried out in a Soxhlett apparatus on a
water bath to remove chlorophyll, fatty matters, resins and tannins which
might be present. This procedure has given many difficulties. The results
of the various extractions and of the duplicate determinations often
dlsagreed too much and were, on the whole, very high. It appeared that
in the obtained extracts a precipitate of crystals occurred, chiefly consisting
of K-nitrate. This salt was extracted by the ethanol and crystallized after
cooling.

This fact may be explained by the assumption that by the use of 96
per cent ethanol the water present in this alcohol and in the air-dry
material was always sufficient to dissolve some inorganic matter., The
amount of water in commercial ethanol may be slightly variable and, more-
over, variations in temperature and less efficient sealing of the apparatus
against water vapour play a part to cause the above-mentioned divergences.
The presence of the inorganic salts is therefore very inconvenient for the
exact determinations of components soluble in ethanol-benzene.

If for the sake of different determinations a pretreatment with this
solution was desired, the materials were extracted with the mixture for
48 hours, a sufficiently long time for the removal of the greater part of
organic matter. Thereupon the extraction was stopped, the material freed
of the extraction liquid and dried.

With the material thus obtained various determinations were carried out.
The data were calculated on the dry basis by determination of the part
which disappeared by the extraction. This soluble matter is not mentioned
in the tables (except in table 3) because of the uncertainty of the numbers
obtained. Roughly estimated only 2—3 per cent of the material was soluble
in ethanol and insoluble in water (chlorophyll, fats, etc.).

1. Determination of starch.

This determination could be omitted as only a few grains of starch
occurred in the endodermis, as shown by the reaction with iodo-potassium
iodide on transverse sections.

m. Elementary analysis.

From some preparations elementary analyses were made by Mr. L. M.
VAN DER VALK,

§ 3. General remarks concerning the determinations.

Various determinations have been carried out according to
conventional methods. The instructions should be followed
carefully in order to obtain reliable results. The various methods
have been employed on other materials and the question arises,
whether the application of these methods on an arbitrary research
material is justified and whether these methods might yield
reliable results. From the literature it often appears that many
investigators apply a definite method without criticism and
although in many cases the wide applicability of a method
seems proved, it still is an open question whether this is always
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the case. This question becomes of still greater importance if
we want to arrive at all kinds of conclusions from the data
obtained. It is very difficult, however, to control the methods.
In the first place because in many cases there exists only one
method which, therefore, cannot be checked and in the second
place because different methods applied to the same samples
do not yield the same results. The latter difficulty is a cause
of many errors and will be considered further. The chemical
composition of the different plant components and especially
of the wall substances is often very complicated and although
the methods of analysis might be exact when taken as such,
the employed material may be the cause of erroneous deter-
minations. Moreover, some wall substances could not be separated
very sharply from other products and the extraction reagents
left or dissolved, apart from the desired substances, also a part
of these products. This case appeared to occur very often and
e.g. isolated cellulose will be contaminated in most cases by the
presence of hemicelluloses. Moreover, it is difficult to isolate
the products in the unchanged form. In most cases the product
obtained either disintegrates or polymerizes, or is oxidized or
reduced during the procedure.

Now it is possible that compounds present in the plant others
than the substance investigated are converted by the reagents
in such a way that they become insoluble. This is the case with
some plant components during the determination of lignin.
‘Therefore the data obtained for lignin seem to be too high.
However, we have to use these methods for the present as well
as we can.

Still more difficulties may be mentioned and it is necessary
to be very careful in drawing any conclusions from the results
obtained. Fortunately this study has been carried out with a
large amount of different parts of the stalks merely of the same
species and, roughly taken, of the same composition. The errors
made in many cases are now of the same order and influence
the results in a similar way. Although these errors assert them-
selves less strongly in a comparative examination like this they
should not be overlooked.

§ 4. The analytical results.

In the following tables the results of the analyses have been
inserted. All data have been calculateéd on the dry basis and
represent the average content of the parts of the sunflower
stalks in question, but without calculating the moisture content
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of the fresh stalks. The first column shows the content of solid
matter of the fresh material. *)

From every table a balance has been computed to see whether
all the wall substances and the total products of the cell contents
have been determined or have escaped from analysis. It appears
that in nearly every case the results were very satisfactory.

Since this investigation is directed especially on one of the
wall substances viz. lignin and as we want to study the connec-
tion of this substance to other wall components, a number of
tables follow showing the composition of the single dry cell wall.

The data referring to pectin are given in three columns
showing respectively the content of carbon dioxide yielded, the
corresponding content of galacturonic acid (by multiplying with
the factor 4.4) and the percentage calculated as tetragalacturonic
acid which has split off 3 molecules of water out of 4 molecules.
of galacturonic acid. As is mentioned in the first chapter tetra-
galacturonic acid is the basis-molecule of pectin, probably com-
bined with pentoses, methanol, etc. These pentoses are determined
together with the free pentoses and pentosans. The methanol has
not been determined, because pectin itself has not been isolated
from the material. For all calculations tetragalacturonic: acid has.
been taken as the basis for the pectic substances.

The furfural-yielding components are given in two columns;
the first representing the total percentage of furfural split off
from galacturonic acid, pentoses and pentosans and the second
showing the amount of phloroglucide after deduction of the
phloroglucide of galacturonic acid (see page 343). The tables of
ToLLENs were used to calculate the amount of pentosan corre--
sponding to the remaining quantity of furfural phloroglucide.
The latter numbers are shown in the next column.

If we draw up the balance of the data concerning the hypo-
cotyledons, the total amount of wall substances appears to be
52.35 per cent and the part soluble in water 48.15 per cent, being
together 100.50 per cent. For the epicotyledons these data are
resp. 47.60 and 48.70, with a total of 96.30 per cent. This balance
is of course not very exact but still seems rather satisfactory

*) Since the investigation is concerned with the living plant and as water-
plays an important part in its economy, it would have been interesting to-
calculate the results on the basis of the fresh material. It is, however, a
great difficulty that we obtain in this way such small numbers with no-
striking variations. In most parts of the stalks, except in the older, the
water content is not very variable so that we shall leave it out of con51der-
ation in our determinations. Of course water plays a very important part.
in the chemical conversions in the protoplasm as well as in the wall.
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(apparently nearly all substances have been determined). That
the balance of the epicotyledons does not reach 100 per cent
may be ascribed to the fact that here, besides pentosans, also
some hexosans might be present, which were not analysed
separately. In older stages these hexosans appeared to be absent.

TABLE 1. Chemical composition of the stalks from series I
Age: 14—18 days
Length of the stalks 7—10 cm (hypocotyledons 4—5 ecm and eplcotyledons
3—6 cm) -
Diameter of the stalks: 0.4—0.55 cm
Average weight: 1.0 gram

% calculated on the dry basis
3 v
3 : furfural g
‘g pectin phloroglucide a " £
o
Tl g 218y
|2 13|18 | §l5|EE
Material » 8 EIE: g | A,
1L R R I AR B EE R
§ =] = ,8 © © E 8 rs s
18 8 2 (28| 38 £ 8 e |2 %8
b ~ 38| | 88| & |S|&|®
= Q °g ‘l}? 2 3] ® 0
E o w| & g » | g | % |8
8|21 g |35 |° 2
2| " o
hypocotyledon |6.40(17.30/19.80| 4.00 { 5.90 | 25.90/24.10| 13.10 | 4.45 |[4.45{48.15|1.45
epicotyledon 5.75{19.70(17.45| 2.80 | 6.20 | 27.25]25.35| 11.10 | 2.00 |2.00 |48.70] 1.65

In regard to the whole composition of the wall together with
the cell contents we observe that the young epicotyledons contain
less cellulose, pentosan and lignin, on the contrary more pectin
than the hypocotyledons. We shall meet this fact over and over

TABLE 2. Composition of the single dry cell wall.

hypocotyledon epicotyledon )
cellulose = . T 3185 36.65
pectin . T ' : -
(polyuromc aczd) . 46.00 - . 5330
lignin 765 , 585
pentosan - - 850 420
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in our further examination. The younger the walls are the more
pectin and the less other substances are present.

The above table shows us the composition and the transfor-
mation of the single wall without calculating the soluble part
of the cell. The cellulose content of the walls has remained
nearly constant in the hypocotyledons as well as in the epicot-
yledon. On the contrary the walls of the former contain less
pectin and more lignin than the latter. The increase of lignin
and pentosan takes place at the expense of pectin. This conver-
sion is apparent from the following figure (fig. 1). Afterwards
we shall discuss these phenoma more in detail.

LIGNIN
100 %

PECTIN PENTOSAN
100% 100 %

Fig. 1. Relations between the wall substances of series I.
(A = base, B = top).

Lignin was isolated also from both parts to examine some of
its properties. The two lignins showed no differences and were
light brown powders contaminated with cutin from the cuticula
insoluble in strong sulfuric acid. Consequently the data obtained
for lignin are a little too high. Especially the lignin from the
younger parts of the stalks showed these impurities, for here
the very thin cuticula cannot be neglected as is the case in
older stalks. '

In consequence of these impurities the sublimation of the
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lignins hardly succeeded. The sublimates contained a large
amount of fatty matter with strong birefringence and a peculiar
odour. This was very probably cutin present in the lignin. Here
and there groups of thin needles of vanillinic acid were visible.
Both lignins were soluble in ammonia, Na-hydroxide and Na-
carbonate. In their brown coloured solutions a colourless tur-
bidity of non-soluble cutin remained visible. The lignins were
insoluble in ethanol.

The chemical composition of the stalks from series II is given
in table 3 (see previous page).

The balance showing the composition of the entire cell is
very satisfactory, (hypocotyledon 102.25 per cent, epicotyledon
103.65 per cent, third part 100.90 per cent and apical part 100.20
per cent). For the older parts the sum amounts to more than
100 per cent. This is probably caused by the fact that in the
water-soluble part a small quantity of the wall substances, e.g.
pectin is present. We may conclude from this balance that
practically no other hemicelluloses are present as pentosans.

From base to top we find an important increase in the per-
centage of pectin and a decrease in that of lignin, cellulose and
pentosan, at least when calculated in per cents of the entire cells.

Besides for the wall substances regular variations in the per-
centages of other substances may be detected. The content of
protoplasm and proteins (determined as nitrogen) is much higher
at the top than at the base of the stalk. This is also the case
with the water-soluble matter. The top contains more reducmg
sugars than the base ‘and the increase of these sugars in the
various parts of the stalk is very regular.

TABLE 4. Composition of the single dry cell wall.

hypocotyledon | epicotyledon 3& e;!-n oflt: apical part
cellulose 38.90 36.20 36.95 3430
‘pectin
(polyuronie acid) 2440 35.60 43.00 50.20
lignin - . 1445 11.25 615 530
pentosan 22.25 16.95 13.90 10.20

In this table and in .the following figure (fig. 2) is shown the

composition of the. single cell wall consisting chiefly of the four
substances mentioned. The cellulose content of the different
parts shows relatively little variation but on the contrary there
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seems to be a trend in the amount of pectin, lignin and pentosan.
The pectin increases enormously and lignin and pentosan decrease
very much in the direction from base to top.

LIGNIN
100 %

PECTIN PENTOSAN
100% 100%

Fig. 2. Relations between the wall substances of series II.
(A = base, B = top).

The lignins isolated from the investigated parts were brown
powders contaminated with cutin. This was especially the case
with the lignin from the top of the stalk which yielded on subli-
mation the fatty products mentioned above with some scattered
crystals of vanillinic acid. The lignin of the hypocotyledon con-
tained less impurities and sublimated better with the character-
istic smell of. vanillin. ‘

The lignins gave with ammeonia, Na-hydroxide and Na-
carbonate brown coloured solutions, somewhat turbid by the
cutin present and they could be precipitated again from these
solutions by acid. The lignins were not soluble in ethanol.

The chemical composition of the stalks from series III is given
in table 5.

The balance shows the following results: hypocotyledon 103.35
per cent, epicotyledon 103.05 per cent, 3th part 100.00 per cent,
4th part 100.40 per cent, 5th part 101.35 per cent, 6th part 99.65
per cent and apical part 100.00 per cent.
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The composition of the single wall substances in ‘the different
internodes is given in the next table (table 6) while in figure 3
this composition is represented graphically.

TABLE 6. Composition of the single dry cell wall.

hypocot-| epicot- 3d 4th 5th 6th apical
yledon | yledon | part part part’ part part
cellulose 42.05 | 4260 | 41.80 | 41.30 | 39.70 | 40.50 | 37.75
pectin
(polyuronic acid) | 13.75 | 15.85 | 23.05 ! 29.30 | 31.90 | 32.80 { 39.70
lignin 2040 | 18.40 | 13.25 9.35 835 .| 7.25 9.00?
pentosan 23.80 | 23.15 | 21.90 | 20.05 | 1955 | 1945 | 1355

LIGNIN
400%

PECTIN ,  PENTOSAN
100% 100 Yo

Fig. 3. Relations between the wall substances of series IIL
(A = base, B = top).

In the lower parts of the stalk the cellulose content of the
wall is constant but in the apical part it seems a little variable.
The percentages of the other wall constituents undergo changes.
In the direction of the base the walls contain less pectin and
more lignin and pentosan and towards the top the percentage of.
pectin increases and the amount of lignin and pentosan decreases:
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In general the course of the ageing processes is similar to those
in the younger stages investigated.

From various parts of the stalks from series III lignins were
isolated in order to examine their properties. These lignins
showed a different appearance and properties according to their
origin. The lignin isolated from the hypocotyledon was a blackish-
brown, amorphous powder, only partly soluble in Na-hyd-roxide,
ammonia and Na-carbonate (it dissolved very slightly in Na-
carbonate). In the sublimates of this lignin many needles of
vanillinic acid and hardly any cutin were seen.

The lignin isolated from the epicotyledon showed similar prop-
erties but the solubilities were a little higher.

The lignin obtained from the middle part of the stalk was
brown, soluble in the liquids mentioned above and showing by
sublimation beautiful crystals of vanillinic acid; it appeared,
however, to be contaminated with cutin.

The lignin from the top was coloured light brown, dissolved
very easily in the alkaline liquids, but the sublimation did not
succeed very well.

None of these lignins were soluble in ethanol.

TABLE 7. Composition of the full-grown stalks from series IV.
Age: 210 days
Length of the stalks: 200—300 cm
Diameter of the stalks: at the base 45—55 cm and near the top 1.5—2.0 cm

o % calculated on the dry basis
‘=
3 cotin furfural T
g P phloroglucide g ﬁ
< g 3
o 'S @ gl =z _g
& P e 8 g || 8%
Material g g g 2 2 g § 8 . B
| E|Z| 5 E(RE| 5| Te| 8 |e|%5| ]
3 37| 2|85 8] 58 o |5 &
] © = |38 % R g ] 5
g 3] g — ] b = = %o
s|ds| & &8 | & |3 | & ®
o Q i g o « -]
= o wl & | g > | s 3|8
8 al 2| ¢ g | ° ]
g |~ ° i
1 2]
hypocotyledon |[15.00] 9.90(38.85(19.30] 1.95| 8.65| 8.05| 27.10 | 24.20 |21.85{15.90| 1.75
epicotyledon -~ | = 139.20(18.85/2.10| 9.25| 8.60| 26.20 | 23.10 |20.90{17.05| ~
middle part 12.60(14.05|30.70(16.00{ 3 15 |13.85|12.85] 21.05 | 16.45 |15.05]26.50| 6.55
apical part 11.00{15.15(19.10{11.00| 3.90 [17.15{15.95} 18.05 | 12.75 |11.80]48.40!16.10
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The balance of the wall substances together with the water-
soluble matter appears to be, for the hypocotyledon 105.95 per
cent, for the epicotyledon 104.60 per cent, for the middle part
of the stalk 101.10 per cent and for the apical part 106.25 per
cent. :

Examination of the preceding table shows that in general in
the full-grown plants the same trend in composition is seen as
in the younger stages. There is no need to explain these data
further. If we study the composition of the single wall, however,
it appears that in general the amounts concerning pectin, lignin
and pentosan show the same variations as those of the younger
plants, apart from the variability of the material. (Table 8 and
Figure 4 show the composition of the single wall) -

TABLE 8. Composition of the single dry cell wall.

hypocotyledon | epicotyledon middle part apical part

cellulose 410 475 4115 33.00

(polyuronic acid) 915 9.80 17.20 27.60
lignin 21.90 21.55 21.50 19.00
pentosan 24.85 23.90 20.15 - 2040

LIGNIN PENTOSAN

NN APICAL PART

S —
E\Q\\X\\ MIDDLE PART
NN
DO
EL \:\\\\i\\\\\ EPICOTYLEDON

NN
AN\ HYPOCOTYLEDON
\\\ NN

Fig. 4. Relations between the wall substances of series IV.

The divergences occurring in the full-grown stalks may be
explained by the fact that the supply has stopped and that
conversion of the substances has taken another direction. The
percentage of cellulose, rather constant in the previous series,
is here much higher at the base than at the top of the stalk.
Moreover, the differences in lignin and pentosan between the
young and old parts are not so marked.

The lignin isolated from the hypocotyledon was an amorphous,
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black powder, slightly soluble in Na-hydroxide and ammonia
and insoluble in Na-carbonate and ethanol. The sublimates con-
tained many needles of vanillinic acid and showed hardly any
contamination by cutin. During the sublimations there was a
marked odour of vanillin.

-The lignin from the middle part of the stalk was a very dark
brown product with similar properties as the lignin from the
base. It was sublimated more easily and it was more readily
soluble in alkaline liquids.

All the products isolated with 72 per cent sulfuric acid from
the material were lignins with the characteristic properties of
these aromatic substances. Afterwards we shall discuss the
question if these products are real lignins or perhaps conversion-
products of other components of the cells formed under the
influence of the strong inorganic acid. We may mention here
that our investigations have proved that the first fact is true
and that the second supposition does not apply for our material.

Appendix.. Analyses of lignified elements isolated from the stalk.

Since only definite elements of the stalk (chiefly xylem- and bast fiber
bundles) lignify, it is interesting to investigate the lignin content of' these
elements in relation to that of the whole stalk. For this purpose hypocoty-
ledons of plants of about 3 weeks old were used with a length of 5—7 cm-
and a diameter of about 05 ecm. The xylem- and bast bundles were
separated from the hypocotyledons under a preparation microscope and
scraped outside to free them of adherent parenchyma. The material thus

TABLE 9. Composition of the isolated lignified bundles.

% calculated on the dry basis

hypocotyledons xylem- and bast bundles
calculated on: , calculated on:
total cell wall- total cell wall
. || . material material material material
cellulose 30.05 42.90 39.55 46.30
lignin : 11.25 16.10 18.20 21.40
furfural phloroglucide '
(2/3 pentosan -+ 1/3 :
polyuronic acid) 1645 - 23.50 26.20! 30.80!
polyuronic acid X ‘ o :
(calculated) ) (18.20) (26.00) (= 3.50) (= 4.00)
water-soluble matter . 3000 . i 16.00
total wall substances + 17000 ' 85.00
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obtained was dried and ground. The yield amounted to about 400 milligrams,
so that only semi-micro-determinations could be carried out of lignin,
cellulose, furfural and water-soluble matter. Unfortunately there was not
enough material to determine pectin. The percentage of the latter sub-
stance must be found by calculation. At first we studied the accuracy of
these micro-methods performed with 50 milligrams (in duplicate) and we
found that the results were similar to those of the macro-methods.

‘The material was analysed therefore in this way and the results compared
with those of the whole hypocotyledons. Of course the results are far from
beautiful since a large amount of non-hgmhed parenchyma is determined
together with these bundles.

"The remarkable differences appearmg from this table should be com-
mented upon. The xylem bundles forming the greater part of the isolated
material contain a very large amount of furfural-yielding substances in
comparison to the total hypocotyledon. Of course the lignin content is
high, while the percentage of cellulose has undergone relatively little
modification. Unfortunately too little material was obtained to perform
determinations of uronic acid. It appeared from calculations that only a
few per cent of pectin can be present in these bundles (we calculated the
amount to 4—5 per cent). According to these data we should be inclined to
assume the conversion of pectin into pentosans in the lignified bundles
thigh furfural content!). But the data are too unreliable, the method of
isolation of the bundles too rough and in general the structure of the
elements too complicated to arrive at valuable conclusions from these facts.

CHAPTER 1V.

Ana.lytlcal Results and their Significance in relation to the
Development of the Sunflower Plant.

_In the literature practically nothing is known of the chemical
composition of the sunflowers: Only -Suaw and Wrienr (117)
studied the composition of the whole plants at older stages -of
growth in connection with the contents of proteins and carbo-
hydrates (sugars and starch). On the contrary many analytical
data have been collected of various cereals of different ages.
We want to discuss the paper of PriLLips and Goss (90) because’
it. turns special attention to lignin and its formation.. They
employed barley and analysed the stalks at 13 successive stages
of growth ranging from 7 to 86 days. They analysed the wall
substances as well as the nitrogenous compounds of the whole
plant. It appeared that the lignin content increased from 1.48
per cent in the youngest plants to 7.74 per cent in the plants
of 3 months old, calculated on the dry basis. This great increase
of lignin can be noticed too from the rise of the methoxyl con-
tent of the plant. Cellulose increases from 19.0 per.cent to 31.6
per cent as well .as pentosan (corrected for furfural yielded by
uronic acids) from 9.0 to 24.0 per cent. On the, contrary the
content of uronic acid decreases continuously, except for some’



360

variations. The percentage of this component is the highest in
plants of about 30 days old viz. 7.82 per cent and the lowest
value amounts to 4.30 per cent. Furthermore, the contents of
ash and nitrogen are higher in the younger stages than in the
older ones.

PunLirs and Goss did not find indications that cellulose,
pentosans or pentoses should be the substances from which
lignin is formed. According to these authors other soluble sugars
should be considered as the building stones, but they do not
know whether the synthesis should take place via uronic acids
(pectin) or not.

They cited in their study investigations of VERHULST, PETERSON
and Frep who found an increase of the pentosan content during
the ripening process of corn plants. These investigators included
the determination of the furfural liberated from uronic acid.
The same applies to the analyses of NormaNn who investigated
the increase of the total furfural content and cellulose content
(so-called Cross and BEevan-cellulose still containing hemicellu-
loses) of barley plants during growth.

The regular increase of the lignin content is mentioned by
PumLips from researches of BeckmanN, LiescHE and LEHEMANN
(10) on rye, of PuiLLips and co-operators on wheat and of
Norman on barley.

Apart from these cereals only a few analyses are carried out
with other plants. Various kinds of wood, however, are inves-
tigated more in detail on their chemical composition. SCHWALBE
and Becker (111) analyse the wood of Alnus of 9, 14 and 70 years
old. They find only a few per cent of pectin, a decreasing con-
tent of pentosan (from 25.15 to 18.85 per cent) and in the
heartwood an increase of cellulose from 39.6 tot 44.5 per cent
and of lignin from 23.0 to 25.75 per cent.

In 1919 Konic and Becker (67) published a table of a number
of hard- and softwoods they analysed on proteins, hemicelluloses,
cellulose and lignin. Lignin varies from 20.69 to 29.52 per cent
(the conifers contain the highest lignin values), cellulose extends
from 39.97 to 49.27 per cent and pentosan from 10.80 to 25.86
per cent, the low values belonging to the softwoods and the
high values to the hardwoods. In regard to our own work, we
can hardly claim any relation between these various data. Accord-
ing to some investigators the rule: high pentosan and low lignin
content in hardwoods in contradistinction to low pentosan
and high lignin content in softwoods, should be a motive for
the consideration that pentosans might represent intermediate
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products of the lignin formation. But the data in the literature
do not warrant this conclusion. At first the lignins of -the two
taxonomic groups mentioned are not identical and in the second
place the softwoods contain much hexosan in compensation of
the small amount of pentosan. The existance of a relation between
pentosan and hexosan should also be possible as well as a relation
between pentosan and lignin. In the literature the lignin content
of the softwoods is accepted as about 30 per cent and of the
hardwoods as 25 per cent. As for pentosan these data are respec-
tively 25 per cent and 18 per cent. The data are vitiated by the
fact that perhaps some of the existing lignin data are too high
because a part of the material may be non-lignous matter,
originated by a humification and caramelisation of other plant
substances by the reaction of the strong inorganic acids used
for the determination. The data from the literature are therefore
not very reliable and not suitable for comparison with our
results. Moreover, the material employed by us is of another
kind so that for this reason a comparison is also not very well
possible. )

If we want to study the relation between the modifications in
the chemical composition and the development of the stalks, it
is necessary to examine the growth of the plant.

In the summer of 1937 we carried out a large number of
measurements with plants which did not yet show an epicoty-
ledon at that time (the hypocotyledon was full-grown and 4.0—
5.5 cm long) and continued these measurements until the middle
of August. From that time the plants were full-grown. From the
measurements it appears that at the first stage of development
the length of the plants increases rather slowly after which the
plants enter the great growth period with a rapid increase in
length, and finally they grow very slowly. Although our measu-
rements are performed without special precautions a rather
good RoBERTSON curve results from the data as is seen in figure
5. Our results agree very well with those obtained by Reep (94)
for the same object. :

The total longitudinal growth of the whole stalk is very
complicated. As the older parts of such a stalk do no longer
grow in length the proper longitudinal growth is localized in
the extreme apical part. The adult parts only increase in thick-
ness. As a rule elongation of the young internodes does not last
much longer than 4 to 6 days and the further ageing of the
internodes manifests itself only in the secondary thickening.
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Fig. 5. Length of the sunflower planis as a function of time.

‘The growth in every internode is not regular along its whole
length but localized at a distance of about some mm from the
growing point, while the basal part of the internode does not
grow any longer. It would take us too far to treat this subject
at this place (see the thesis of Van Burkom (15) ).

. While the younger parts of the stalk are still growing in length,
the secondary increase takes place in the internodes situated
beneath them. This growth is markedly manifested in the hypo-
cotyledon and is also distinct in the epicotyledon. These two
internodes call for our special attention. The course of the
secondary increase as we measured it in various stalks nearly
shows the same S-curve as the total longitudinal growth.

" If we want to form an idea of the relation between the modi-
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fications in the chemical composition and the development of
the plant in connection with the complicated growth phenomena,
various difficulties appear, which should be discussed.

PrLiies and Goss (90) investigated the chemical composition
of entire barley plants of different ages and plotted the percent-
ages of the components against the age of the plants. The
cereals have no typical secondary increase, so that only primary
tissue occurs. They should have borne in mind, however, that
in young grass stalks growth zones are found in the  neigh-
bourhood of the nodes. These zones' contain meristematic tissue
perhaps with another composition as the adult parts of the
stalks. In Helianthus, as a dicotyledonous plant, the case is more
complicated. While we met in'the young parts only primary
elements, the older parts contain products formed by the second-
ary increase.

We may say that only the hypocotyledon and the epicotyledon
are present in the youngest stage examined. All other parts can-
not be compared directly. Although already typical variations
in the composition from top to base of the stalk are seen, it is
not allowed to draw conclusions from this fact concerning the
transformation of definite wall substances and the formation of
new products. It may be accepted, however, that the develop-
ment of every young internode is a recapitulation of that of
the preceding older internode.

In regard to the hypocotyledon another factor of secondaxy
importance should be considered. In the youngest stage before
the unfolding of the cotyledons the building substances of the
little stalk originate exclusively from the reserves accumulated
in the cotyledons. Afterwards the assimilates provide the building
stones for the walls. Now it is an open question whether in
both cases the same substances are used in the same ratio. Of
course the case of formation of building stones from reserves
falls away in the internodes younger than the hypocotyledon.
- We mentioned already that the hypocotyledon and the epicot-
yledon both are internodes present in all stages investigated.
In the youngest stage the longitudinal growth of the hypocot-
yledon had stopped and the secondary increase had just started.
All the material formed after the first stage should be considered
to belong to the secondary tissue. The epicotyledon of the plants
of series I was not yet full-grown. Here the longitudinal growth
had proceeded for some time and was subsequently followed by
the secondary increase. The further course was also comparable
to that in the hypocotyledon. Because the epicotyledon still
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shows longitudinal growth at the youngest stage examined the
analytical results are less convincing than those obtained from
the hypocotyledon (see figures 7 and 8).

Besides the occurrence of the primary and secondary tlssues
we should turn our attention to the cells themselves and more
especially to the walls. During the longitudinal growth the young
walls consist only of the middle lamella and the primary layer.
These walls may be stretched in the process of cell elongation.
After termination of this longitudinal growth (the cells having
reached their definite size) the walls begin to increase in thick-
ness. A large amount of new material is deposited against the
existing layers. The thickening layers occur therefore in the cell
walls of the primary as well as in those of the secondary tissues.

Several assumptions are necessary to obtain a clearer picture
of these processes:

1. During the whole vital period of the plant the chemical
composition of the walls of young elongating cells remains the
same.

2. During the appearance of secondary thickening layers the
new substances are supplied in the same proportion as in
the primary layer. During the ageing process a part of the wall
components present is converted into other substances appar-
ently more suitable for the modified requirements of the walls.

3. During the secondary growth of the stalk the cambium
begins to form cells the thin walls of which show, at a young
stage, the same composition as the cell walls of the primary
tissue.

4. When the cell walls of the secondary tissues increase in
thickness the same phenomenon occurs as is mentioned under
the second point but even more pronounced.

We accept that the building substances always enter the walls
in the same original proportion and, if necessary, undergo further
transformations. The correctness of the first hypothesis is proved
by the fact that young growing tops of the stalks of the same
plant species investigated at various stages of development have
mostly a rather constant chemical composition. This is also the
case in our material (tables 1, 3 and 5). The microchemical
reactions also give clear indications in this direction. As soon
as the whole plant is full-grown the composition of the top,
which does not grow any longer, undergoes considerable trans-
formations!

Concerning the second hypothesis no convincing arguments
may be brought forward. However, the course mentioned is
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rather probable as shall be seen afterwards in the discussion of
the results. Till now no wall substances have been demonstrated
in the protoplasm (except for the slight indications of Miss Farr
(31) who claimed to have observed in the protoplasm very small
cellulosic particles surrounded by a pectin membrane). We do
not accurately know, however, in what form the substances
from the protoplasm enter the cell wall.

If we accept the hypotheses mentioned above, we are able to
examine the modifications in the compositions of the hypocot-
yledon and epicotyledon in the course of their development.
We have analysed each of both internodes at four stages. After
the first stage nearly only secondary tissues have been formed
causing a large increase in thickness. Concomitant with this
secondary increase the cell walls of the various tissues have
been thickened considerably. We may accept that the increase
in thickness is a measure for the age of the plant. In the following
scheme this fact is illustrated (fig. 6).

The length and diameter mentioned, represent an average
value -of a large number of measurements.
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Fig. 6. The increase in thickness of the epicotyledon (A) and hypocoty-
ledon (B) at the 4 successive stages of growth.

In the figures (fig. 7 and 8) the percentages of the wall sub-
stances, calculated on the basis of the dry wall (see tables 2, 4,
6 and 8) are plotted against the diameters of the internodes
examirned.
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The cellulose content remains rather constant during the
ageing of the hypocotyledon. (This is less clear in the
epicotyledon and is probably caused by the fact that at the
youngest examined stage this internode still showed longitudinal
growth and did not contain therefore the maximum amount of
cellulose.) On the contrary the lignin content increases consi-
derably just as, but at a lower rate, the pentosan content. The
percentage of pectin (calculated as tetragalacturonic acid) di-
minishes rapidly, especially in the younger stages. The regu-
larity of the pectin decrease and the lignin increase is very
striking, especially after the first stage. Here it is clear that
the disappearing pectin is quantitatively converted into lignin.
Each per cent of lignin is supplied at the expense of a per cent
of pectin.

* It is not very clear how to form an accurate idea of the transi-
tion of pectin into lignin. It is very probable that the compli-
cated molecule as such undergoes various transformations
whereby all kinds of intermediate products between pectin and
lignin originate. Very strong reductions should occur to obtain
lignin, for it has a carbon content of more than 60 per cent,
while pectin only contains. about 45 per cent of carbon. Apart
from the decarboxylation of the uronic acid (from pectin) with
emission of carbon dioxide, a large amount of oxygen must be
withdrawn from the pectin molecule.

How this is realized we may only surmise. We mentioned
already that lignification should be a necrobiotic process. The
action of enzymes liberated after the death of the protoplasm
will be very important in this process. When the cells are dying
various abnormal processes may take place. A pressing need
of oxygen will occur because the respiration processes are sup-
posed to proceed longest of all. Free oxygen cannot be supplied
to the cell in a sufficient quantity. To supply this deficiency
intermolecular breakdown may take place and oxygen may be
taken from pectin as the least stable and easily convertible wall
-substance. Pectin is converted then into products poorer in
oxygen. In these products a ring-closure might take place grad-
ually yielding aromatic lignous substances. It is not very prob-
able that during these processes at first pectin is decomposed
into simple uronic acids, with a subsequent change of these acids
into pentoses which build the lignins. Free pentoses have hardly
been found in the plant and this fact is in accordance with the
above-mentioned theory. On the contrary pectin substances are
found nearly everywhere in the plant.
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Concomitant with the formation of lignin pectin may prob-
ably yield a part of the pentosans. This is shown by the
trend of the curves (figures 7 and 8) and may also be derived
from evidence stated in the literature.- The pentosan content
increases strongly in the beginning of the ageing process but
later on it -is more or less constant. In-the older plants all
converted pectin is transformed into lignin because the latter
substance is necessary for the formation of large amounts of
secondary wood. At the younger stages very much pectin dis-
appears but is partly converted . into lignin and partly into
pentosan. This is the reason for the considerable rise of the pen-
tosan content in these stages. Carbon dioxide is easily liber-
ated from the uronic acids which are transformed into ' pen-’'
toses. In  the same manner the polyuronic acids (as polymers
of uronic acids) yield pentosans (as complexes of pentoses). .

In vitro this process is realized by heating the acids with
inorganic acid (17, 26, 34) and in the living plant it might be per-
formed by decarboxylating enzymes. (Compare the part played
by these enzymes in certain stages of the respiratory process.)

After the liberation of carbon dioxide polygalacturonic acid
from pectin yields the corresponding pentosan viz. araban. Now
it is very striking that in natural pectin galacturonic acid is
combined with the corresponding pentose (arabinose) and the
related pentosan - (araban), both, decomposition products ' of
galacturonic acid (see the structural formula on page 326). In-
this connection we may refer to a paper of Ruce (100) who
studied ageing phenomena in young membranes and supposed
that pectic substances (formerly synthesized from galactose
and galactan) are decomposed into pento-hexosans. It seems
likely that pentosan (resp. pentose) should occur as an inter-
mediate product between pectin and lignin. Moreover, the de-
composition of uronic acid may proceed further and after .the
decarboxylation a dehydratation of the formed pentose may take,
place with the formation of furfural. Furfural might be a labile
substance that could be converted easily and polymerized
under- ring-closure to products finally yielding lignin. We might
image that these decompositions should be realized equally well
in polymers of the ground-product so that from polyuronic acids
pentosans originate, the latter yielding complicated furfural
compounds by dehydratation.. These compounds might be finally
transformed -into lignous ‘substances. This procedure, however
probable, -we should like :to amend by accepting a direct,
although complicated, conversion- of pectin into:lignin according
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to an unknown mechanism.

Whatever the nature of this transformation may be, it is
certain that a constant final product is not immediately formed,
but all kinds of intermediate products occur which show
properties of pectin as well as of lignin. The fact that the
lignins isolated from younger or older parts of the stalk did
not react in the same manner seems significant in this light.

The young lignins dissolve very easily in alkaline liquids
(Na-hydroxide, ammonia, Na-carbonate) and the older lignins,
which are polymerized more or less, become progressively in-
soluble in these liquids. This result is important because pectin
(just as hemicelluloses) is very well soluble in alkalies. In this
regard young lignins agree with pectin but during the further
conversion this characteristic is lost.

During llgmflcatlon of the cell walls their carbon content
increases. This increase is considerable because lignin is very
rich in carbon as compared with pectin and cellulose. We
carried out elementary analyses in the hypocotyledons of plants
at the youngest and at the oldest stage after pretreatment with
ethanol-benzene - solution and with hot water, so that only the
wall substances remained. As a comparison the percentages of
carbon and hydrogen of -compounds such as cellulose, lignin,
pectic acid of the flax stalk according to EsruicH (26) and of
wood*) have been mentioned. .

TABLE 10. Elementary analysis .of wall substances.

% C % H
genuine lignin (Fucas) 631 59
cellulose (Fucas) 444 62
pectic acid (EHRLICH) 430 ST
wood (Fucas) 50.0 6.1
cell wall of young hypocotyledons 42 6.5
cell wall of old hypocotyledons 472 6.35

Now it is probable that the carbon content of the sunflower
stalk should not rise above the carbon content of wood. The
data obtained for young and old hypocotyledons demonstrated,
therefore, the occurrence of a very strong reduction during

*)* It appeared that the wood of different kinds of trees has the same
composition (Fucas).
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the ageing and lignification process of the tissues. The rise
in the carbon content is caused by the enormous increase of
lignin in the walls. When we accept the formation of lignin
from pectin, the latter substance should liberate a large quan-
tity of oxygen (the hydrogen content of both substances being
materially alike) to arrive at lignin rich in carbon. The decar-
boxylation with the liberation of carbon dioxide is still very
insufficient (the carbon content does not change very much when
we subtract one molecule of CO, from a molecule galacturonic
acid).

Besides this decarboxylation a very strong reduction should
take place. The conditions in the living cells which are on the
point of lignification must make possible the occurrence of such

a reduction. In chapter VII is shown that this'is really the case.

Summarizing we may say that the chemical investigation in
relation to the problem of lignification has shown:

a.. that pectic matter should be conSIdered as the starting point
of the lignin formation,

b. that hemicelluloses (pentosans) may play perhaps an inter-

" mediary part. Pectic matter is easily transformed into pen-

" tosan but a direct transition of pentosan into lignin seems
improbable, and

c. that the lignification has to be considered as a very strong
reduction process.

CHAPTER V.
The Problem of the Isolation and Quantitative Determmatlon
of Lignin,

§ 1. Review of the literature.

“One cause of the comparatively slow progress in lignin
chemistry is the difficulty of obtaining lignin free from other
plant tissues and unchanged in the process of isolation. Prac-
tically every process that has been advanced is open to objec-
tion”. This statement of Suerrarp and Harris (118) and perhaps
of a greater part of other investigators clearly demonstrates
the necessity of discussing our method of isolation and determi-
nation of lignin by means of 72 per cent sulfuric acid. It is
the intention to separate, by this method, a possibly unconta-
minated lignin from the material without any change of the
original structure. Now it has appeared that lignins, after com-
plete decomposition of the other products, have undergone im-



372

portant modifications, while on the other hand a very care-
fully isolated lignin contains many impurities caused by msuf-
ficient hydrolysis of the other constituents.

There are chiefly two methods of lignin determination viz.
a direct and an indirect method. In direct analysis all substances
other than lignin are removed and indirect analysis requires
the removal of lignin. Besides . the pure  chemical isolation
methods also a biological procedure may be applied (WeamEr
(128), FaLck (32), etc.). Various micro-organisms are able to
decompose carbohydrates and other wall products, while leaving
the lignin unchanged. It is certain, however, that in this way
a pure product cannot be obtained, for on the one hand the
microbes will not attack quantitatively all components and .on
the other hand the obtained lignin might be more or less de-
composed during the complicated microbiological processes.

-As common solutions  used in direct analysis we mention
strong mineral acids, such as sulfuric acid, super-saturated
hydrochloric acid, hydrochloric acid plus phosphoric acid, hy-
drofluoric acid, and further alternating treatment with mineral
acid and cuprammonium solution. Moreover lignin may be
isolated by treatment of the material with alkalies, organic so-
lutions (alcohols, phenols, aliphatic acids, etc.) whether or
not combined with mineral acid. But this second series of
methods as well as the technical procedure with sulfurous
acid and alkaline bisulphites is not suitable for quantitative de-
termination. Sometimes lignin is approximately estimated as
that part of the material soluble in 2 per cent Na-hydroxide
and non-hydrolysable with 2 per cent sulfuric acid (BERTRAND
and Brooks (11) ). In this case the data obtained agree very
well with those obtained by acid treatment.

Besides these macro-methods micro-determinations were car-
ried out by some investigators. We only mention Krarr (66) who
employed hydrofluoric acid and BAILEY (8) using formaldehyde
and sulfuric acid.

It is remarkable that with the apphcatxon of various methods
on the same material the obtained yields may diverge markedly
while, moreover, the properties of the isolated lignin may be
rather variable. This can be explained by the fact that some
of the non-lignous components may be not completely hy-
drolysed, but it also remains an open question whether more
lignins, which may be isolated only by means of definite rea-
gents, should be present in the material. A study of Pavry and
co-operators (87) points in. this direction, as the authors seem
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to have isolated from winter-rye straw seven lignins possess-
ing different properties.

-Other examples are stated by BECKMANN and co-operators
(10) who isolated different lignin fractions by treatment with
Na-hydroxide at various temperatures and higher pressures
(1-9 atmospheres), and by Pumries and Goss (89) who ex-
tracted from straw two different lignins viz. one with alcoholic
and one with aqueous alkali. It is, however, very probable that
we do not deal in this case with different lignins, but with
successive states of polymerisation or depolymerisation of one
and the same substance.

It is very difficult to test the purity of the obtained hgmns
The empirical composition is not constant but has an average
of 63 per cent carbon and 6 per cent hydrogen. The methoxyl
content should be another important characteristic, and the
higher this content the purer the lignin should be (Rassow and
GasBrieL (92) ). Frieoricu (40, 41) states: “Das Auftreten von
Methoxylgruppen in Pflanzenteilen ist charakteristisch fiir die
beginnende Verholzung der Zellmembran (Ligninbildung)”. How-
ever, the methoxyl content of the lignins varies widely. More-
over, Rirrer (98) demonstrated the presence of many methoxyl
groups in his holocellulose (the total carbohydrate portion of
wood) and HILperT (54) believed to have found that these groups
are not bound to lignin at all but to carbohydrates which pre-
cipitate simultanuously with the lignin. Without accepting at
once the exactness of these investigations, it is in consequence
of these circumstances very difficult to estimate the degree
of purity of hgnm \

Sulfuric acid is one of the most common reagents for the
lignin isolation and determination. The concentration of the
used acid is very important and varies from 64-72 per cent
according to different investigators (Frémy (35), Krason (62),
Ost and Wokening (85), Konic (68), RicuHTEr. (96), SHERRARD
and Harris (49, 118) ). We employed the method according to
Ricater which gave the best results in the Laboratory for Tech-
nical Botany at Delft. Apart from the concentration of the acid
the reaction time and the reaction temperature appeared to be
of essential importance, just as in the pretreatment of the ma-
terial and the working-method during. and after the procedure
(Rirter (99) ). Pavronemmo (86) pointed to the great influence
of these factors upon the lignin yield. Thereby he obtained strik-
ing results e.g. that finally in rye straw a lignin content is
found of 5.7 per cent in contradistinction to the data found
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formerly (about 20 per cent)! Moreover, a third part of this
content should still be proteins! The disturbing influence of
proteins on lignin determination was investigated by Norman
(81) who detected that proteins present in the plant materials
give insoluble compounds with lignins under the influence
of the strong mineral acid (consequently a quantity of nitrogen
is nearly always found in the elementary analysis of lignin!).

Together with the proteins the carbohydrates present in the
material may play a great part. Norman (81) states, in a com-
prehensive study on this subject, that after treatment with sul-
furic acid the “lignin” content is apparently increased by the
presence of carbohydrates. He finds that sucrose, fructose,
pure xylan and crude hemicelluloses, extra added to material
with a definite lignin content, cause an increase of the lignin
value. Other sugars and pectic substances are without any in-
fluence. The reaction time plays an important part in this
phenomenon. NorMaAN already notices a great apparent increase
of the “lignin” content after a reaction of the acid during 2
hours when hemicelluloses are added. Rrrrer (99) finds the
same and he hydrolyses therefore previously the hemicelluloses
in his material with dilute acid. NorMAN raises the question
if this pretreatment may be allowed, since lignin might be
attacked by dilute sulfuric acid, which seems actually to be the
case (Couex and Harris (19) ). (Nowadays this pretreatment is
performed, however, in many cases.) The presence of hemicel-
luloses is, therefore, a source of great errors!

According to HiLpERT and co-workers (55) the sugars present in
the material should play an extremely important part. Formerly
these authors found that sugars yielded insoluble lignin-like
substances by the action of strong sulfuric acid (fructose, xylose
and xylan should be compounds very sensitive to strong acids;
they yield resp. 25, 36 and 33 per cent “lignin”). The sensitivity
decreased at reduction of the reaction temperature. At 6° C
fructose did not yield an insoluble compound with acid. Ele-
mentary analyses of these “sugar lignins” agreed with those
of lignin from coniferous wood. When HILPERT treated straw
with sulfuric acid at 20-30° C it yielded a large “lignin”
residue. He accepted in lignified plant elements the presence
of fructose together with the wide-spread xylose, and also me-
thylated sugars responsible for the methoxyl content of the
“lignin”. (NormMAN too seems to assume the presence of large
amounts of pentoses in the plants.) When HiLPERT treated straw
at 6° C, at which temperature the sugars should be insensitive
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to sulfuric acid (no formation of an insoluble reaction product!),
he still obtained 18 per cent of “lignin”. He solved this difficulty
by accepting, in straw, the presence of carbohydrates still
more sensitive than the above-mentioned sugars, so that the
temperature should be reduced still further to come below
the limit of sensitivity. That is why he carried out the reaction
at —10° C with the surprising result that the whole material
dissolved except for a small amount of inorganic salts! The
formation of a reaction product was entirely suppressed! More-
over this experiment should indicate (according to HiLperT!)
the complete absence of true lignin! The “straw-lignin” ob-
tained at higher temperatures was identical with the “sugar-
lignin” mentioned above. Consequently these “lignins” should
have a carbohydrate nature (56). The same was stated by him
for the lignins isolated from beech wood and other materials
(57). These lignins should be reaction products of sulfuric acid
on cellulose components*).

Now HiperT concludes that not only the high lignin values
found by the investigators are only apparent (because a great
part of them are reaction products of the carbohydrates by
the action of sulfuric acid), but also that even in many materials
lignin does not occur at all, the isolated products being only
reaction products! If any lignin should exist, it has no aromatic
structure but a carbohydrate nature. An interesting example in
which the view of HiLperT is surely right can be found in a
paper of ScamipT-NIELSEN (108, 109) who met in various sea-
weeds a considerable percentage of “lignin” (determined with
the strong acid method!) and this is hardly possible.

It is self-evident that the study of HILPERT was vehemently
criticized since true lignins have been repeatedly isolated the
aromatic nature of which is clearly proved by chemical ana-
lyses. ScawarBe (112) published some of his objections in a
detailed paper, demonstrating the occurrence of true, aromatic
lignins after various procedures. Of course it -is possible that
the whole poduct or only parts of it contain an aromatic nucleus.
He mentions that Krason in contradistinction to Hinpert found

*) Hawrey and Harris (51) prepared “synthetic lignins” from cellulose of
coniferous wood by heating the cellulose at 135° C for several days. Finally
they obtained a yield of 70 per cent “lignin” resembling in its properties
lignin obtained from coniferous wood itself (only it contained no methoxyl!).
The determination of this “lignin”, however, was carried out by the H,SO,-
method, and is, consequently, unreliable. The cellulose, perhaps partly
decomposed by the heating, may be easily decomposed by acids under
formation of insoluble humin-like matter. .
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the resistence of various sugars, such as xylose and others to
the presence of concentrated acids. Kiirscuner (71, 72) obtained
an important residue from straw at very low temperatures (also
in contradistinction to HILPERT). ScHWALBE explains - the total
solubility found by HiLPErT by accepting that young straw lignin
should -be soluble in .sulfuric acid in contradistinction to the
older lignins from wood. In contradiction with his own ‘view
Hiveert should have found in beech wood 10-15 per cent lignin
at 10° C. Although HiuperT assumes here the presence of still
more sensitive carbohydrates, ScawaLBE believes that we meet
with true lignins here. Moreover, the presence of fructose and
methylated sugars- has never been demonstrated in straw! In
this way ScawaLBe adduces various arguments agamst the
theory of HILPERT.

Also Waksman and CorpoN (126) ob]ected to his theory They
studied the lignin isolation with strong acids at different tem-
peratures with and without pretreatment by dilute acid. At low
temperatures (2° C) the hydrolysis of straw appeared to be
incomplete; when the residue was treated once more with the
acid at room temperature. WaksmMaN and Corpon finally ob-
tained a yield equal to that obtained by a direct .treatment at
room  temperature. Furthermore, .they found .that cold alkali
extracted less lignin than hot, but the total amount of lignin
extracted by cold alkali added to the quantity of lignin left in
the residue was practically equal to the percentage of lignin
obtained by direct acid treatment. The same agreement was
found for various other properties of lignin.

Consequently they conclude that the HILPERT hypothe51s
has no foundation in as far as it claims that lignin as such does
not exist in the plant. Of course it cannot be denied that the
chemical nature of the lignin is changed by the action of the
acid (see also Scamir (107) ).

We may even raise still more objections against the - HILPERT
theory. For instance, it cannot explain the lignins obtained by
means of procedures without acids. We already mentioned above
an alkali-lignin prepared by WagsMaN and recall the products
obtained by exclusive treatment with alcohol.

.. When in lignified materials no lignin should be present but
only components of carbohydrate nature, how may we explain
the strong increase of the carbon content during  lignification?
What is the ultimate nature of the lignin-like subtances yielded
in large amounts during microbiological processes of wood de-
composition? We surely cannot accept that the microbes affect
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carbohydrates in the same way as. strong mineral acids, in.other
words we have to accept in these cases true lignin or related
products. .

. If we consider the results glven in the hterature and combmed
w1th those obtained from our own material (§ 2 of this chapter),
we  have good reason to accept the existence of true lignins
with an aromatic character. Many - of the investigations of
HiLrerT seem, however, correct so that a revision of the hgnm
data given seems useful.

§ 2. Own investigations.

We studied more closely one of the analysed plant. series
(series III) to investigate whether the lignin isolated from our
materials might perhaps be considered, wholly or in part, as
reaction products in the sense of HILPERT.

The lignin data given in table 5 were obtained by extraction
of the material with ethanol-benzene only. The carbohydrates
were still present and might have been the cause of the forma-
tion of insoluble products. At the first place we removed the
water-soluble carbohydrates (sugars) by extraction of the ma-
terial with boiling water. In the dried, - extracted material
determinations of . lignin, cellulose and furfural were carried
out.. The results are mentioned in table 11, after being calcu-
lated- on the original dry basis. Furthermore the material ex-
tracted with water was hydrolysed with 1 per cent sulfuric
acid. A large quantity of matter was removed, for the pectic
substances dissolved and the hemicelluloses were hydrolysed

TABLE 11. Helianthus from series III (see table 5).
% calculated on the dry original basis

furfural

lignin cellulose phloroglucide

A B C A B C A B C

1

hypocotyledon 16.60 |15.00 |15.15 | 34.35 | 34.20 |31.60 | 25.50 24.35 8.60

third part 9.15 {11.20 | 9.75| 28.90 | 30.40 |27.00 | 22.25 | 19.65| 6.50
fifth part 6.00 | 7.70 | 6.75| 23.70 { 24.30 {23.15| 19.30 | 15.10 | 6.00
apical part 450 { 520 | 4.30(17.85 1 18.50 {17.00 | 15.25| 10.20 | 4.50
A original matenal

B = this material after extraction with ethanol-benzene and after extractlon
with hot water during 3 hours.
C = preceding material after hydrolysis with sulfunc acld durmg 4 hours.
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for the greater part. Only slightly hydrolysable hemicelluloses
remained. After filtration the residue was dried and the loss
in weight estimated. This residue only contained lignin, cel-
lulose and remaining hemicelluloses determined again in the
usual way. The data are given in the same table, calculated on
the dry basis.

In the following table (table 12) we give the quantity of
material removed by the extractions. Column 1 represents the
lost quantity after water extraction (these data include the per-
centage of material extracted by ethanol-benzene). Column 2
shows the lost part of this material after hydrolysis with acid.
In column 3 the total loss of material and in column 4 the re-
maining quantity have been given.

TABLE 12,
% calculated on the dry original basis
disappeared disappeared :
after after H,SO, dls.appeta:ied residue
water extraction| hydrolysis in to

hypocotyledon 25.0 29.1 46.7 533
third part 330 M5 56.1 439
fifth part 430 366 63.8 36.2
apical part 52.0 42 73.2 268

The results seem conclusive. It appears that the lignin con-
tent of each of the four parts examined has remained constant
within very close boundaries after water- as well as after acid
treatment. The water-soluble carbohydrates (sugars) did mnot
yield “lignin” nor did the hydrolysable hemicelluloses and uronic
acids. The cellulose content has remained rather constant. The
data obtained after hydrolysis turned out a little too low. This
may be caused by a beginning decomposition of cellulose. 4

The columns in which the quantities of furfural phloroglucide
have been inserted clearly show that a very strong decrease of
furfural-yielding substances is seen after the successive treat-
ments. This decrease, however, is of no influence upon the
“lignin” content, in contradistinction with the results of Noaman
and Hicpert. Closer inspection of the data of the furfural
phloroglucide shows that, after the water extraction, the con-
tent of furfural-yielding components in the hypocotyledon has
not diminished in a marked way. This is certainly the case in
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the higher internodes of the stalk and the more we reach
the top the greater the decrease appears to be. During the water
extraction the following compounds may be removed: pentoses,
a part of the pectin and eventually water-soluble hemicelluloses.
‘These substances should therefore be found again in the aqueous
extract. Now we have succeeded in determining this lost amount
nearly quantitatively with the aid of the TorLrLens’ method. To
see which of the above-mentioned products may be present
in the aqueous extract, we partly evaporated this extract and
added an excess of ethanol. A gelatinous pectic mass precipi-
tated. This mass was filtered off and the TorLLens’ destillation
performed once more in the clear filtrate. Phloroglucinol yielded
no precipitate in the collected destillates. From this it appeared
that furfural was absent, in other words, no pentoses or water-
soluble hemicelluloses were present in the filtrate after the
removal of pectin. The furfural from the original extract origi-
nated from pectin (better said from the galacturonic acid of this
pectin).

As in none of the investigated materials of serie III pentoses
were present, we may suppose that also in the other growth
stages no free pentoses occur in analysable amounts. This fact
is very important in relation to some of the theories on lignin
formation discussed in the second chapter.

It was seen that the decrease of furfural-yielding substances
after water extraction was caused by the solubility of a part
of the pectin in water and this seems to be greatest at the top.
The various quantities of furfural phloroglucide are glven only
for the top and for the hypocotyledon.

The furfural phloroglucide content of the material from the top before
water extraction is 15.25 per cent, after this extraction 1020 per cent, the
difference is 5.05 per cent; the percentage in the aqueous extract before
precipitation with ethanol is 4.00 per cent and after treatment with ethanol

90.00 per cent. For the hypocotyledon these 5 data are resp. 25.50, 24.35, 1.15,
1.75 and 0.00 per cent.

These results are very satisfactory, considering the errors
due to the conventional determinations. During the hydrolysis
with sulfuric acid the most important decrease of furfural-
yielding components occurs*). This is caused by the removal
of the greater part of the hemicelluloses and of the pectic
substances. Only the so-called “slightly hydrolysable” hemi-
celluloses and perhaps a few per cent of pectin are left. It might

‘) The hydrolysis of the material must not be continued too long as finally
<cellulose and lignin are decomposed too by sulfuric acid.
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be possible that these. substances should cause the formation of
“lignin”. But from the obtained data it appears that probably
this cannot be true. The percentage of the total residue of the
material after extraction with water and dilute acid  appears
to be equal to the sum of the percentages of lignin, cellulose
.and remaining hemicelluloses (calculated as pentosan) deter-
mined in that residue. We can read this from the tables 11
and 12,

This sum amounts for the hypocotyledon to 54.95 per cent and the total

residue is 53.25 per cent calculated on the dry basis. These data are resp.
4315 and 4390 per cent for the third part; 3560 and 35.15 per cent for
the fifth part and 2580 and 26.80 per cent for the apical part.
. If lignin should not have been present as such in the plant
material but has arisen from hemicelluloses as an insoluble
reaction product of concentrated acid, then the above-mentioned
residue should have composed only of cellulose and hemicellu-
loses. It should have been smaller for the amount of “lignin™
than the sum of lignin, cellulose and hemicellulose. as is given
above. From the preceding data this does not appear to be the
case and we may conclude from this that, at all events, lignin
as such must be present in the stalks of the sunflower.

According to our investigations the theory of HmwpeErT does
not apply to our materials. We do not want to deny the cor-
rectness of many of his experiments. But our experiments surely
indicate the presence of true lignin in the plant and also the
reliability of our lignin data, although we know that these
lignins are not entirely pure.

CHAPTER 6.

Microscoi)ic and Microchemical Investigations of Cell Walls of
the Sunflower Stalks.

§ 1. Microscopic examination.

- A detailed description of the anatomy of the sunflower stalk
is not given in this paper. We may refer to studies of JEFFREY
(59), ArLExanprov and ALExaNDrRoVA (2) and to the thesis of
Duncker (25). These authors examined sections of the stalks at
various heights and at different growth stages and studied the
nature and development of the vascular bundles and its cam-
bium activity. The discrepancy in their results will not be
discussed here. This. paper deals only with the changes of the
lignifying elements.
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Stalks of the same plant series as used for analysis served
as “material. The stalks (being respectively 17, 80, 110 and 210
days old) were gathered at the same time as those destinated
for analysis and preserved in-alcohol. Apart from this material
also fresh plants almost of the same age were used. We examined
transverse and longitudinal sectlons in concomltance with ma-
ceration preparations.

It  was possible to prepare microtome-sections only of the
young part of the stalk; from the older, lignified parts hand-
sections were prepared. From the stalks of series I we made
transverse microtome-sections at various levels at a distance
of about 1 cm beginning just above the roots. The sections
were partly from the hypocotyledon, partly from the epicotyledon
and from the node between both parts. The pictures were com-
pared with those obtained from fresh material. Besides -the
transverse sections also longitudinal sections were made. They
were compared -with maceration preparations of the material.
The maceration was carried out very carefully in order not
to disturb the position of the elements. :

Parts of the stalks were heated for some minutes in a very dilute
solution of hydrochloric acid (0.5 per cent). During this procedure the
pectic substances are dissolved and the elements of the stalks could be
separated by means of a pair of dissection needles. The bast fiber bundles
and xylem bundles could be isolated in this way as a whole. They were
washed thoroughly to remove the hydrochloric acid, placed in various
reagents and examined.

From series II alcohol- and living materlal was used. The
younger parts could still be cut by the microtome and the older
ones by hand. Transverse sections were prepared at various parts
of the hypocotyledon, of the epicotyledon and of the higher
internodes. The sections were always prepared between the
nodes unless indicated otherwise. From this series longitudinal
sections and maceration preparations were also prepared. -

From series III only hand-sections were made from base
to top about every 20 cm. Moreover longitudinal sections were
examined to follow the course of the bundles.

Finally sections were prepared from series IV at the base
of the hypocotyledon, at the middle of the epicotyledon; at
about the middle of the stalk and close to the mﬂorescence
where the stalk was thinnest.

As reagents for the microscopic examination were chiefly
used: phloroglucinol—HCI, - aniline sulphate and chlorzine-
iodide for the demonstration of lignin, chlorzinc-iodide for cel-
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lulose and ruthenium red for pectic substances. Moreover, other
sections were stained with oxamin blue, a meta-chromatic dye.

The microscopic examination was performed to study the
process of lignification in the cell walls during ageing of the
plants. It will be seen that the whole change of the anatomical
picture is just the same as we know from classical investigations,
but we believed it to be instructive to perform this examina-
tion once more for the elucidation of various lignification prob-
lems. The anatomical pictures of younger, older and adult
parts of the stalks will be different in general. In younger
internodes only primary tissues occur. Moreover, the primary
elements will have obtained another chemical composition in
the adult parts as in the young, growing internodes.

The hypocotyledon from series I is already full-grown. The
next stages of this internode (from series II) will be character-
ized by an increase in thickness without elongation. All ele-
ments newly formed, originate from the cambium so that
the original primary elements, the number of which is no
longer increasing, become less conspicuous. The composition of
the young growing top is practically the same in every stage.
In the adult stage, hewever, typical modifications occur in these
primary tissues which are now also subjected to the ageing
process. We shall successively discuss the bast fibers, the wood
vessels and the wood parenchyma in their course of development.

a. The bast fibers.

The bast bundles are composed of prosenchymatous elements.
During the ageing process of these cells their walls increase in
thickness and begin to lignify.

In sections made at various heights of the stalk the bast
bundles are seen of course at different stages of development
and lignification. The development of the bast bundles is im-
portant only in those parts of the stalks where they can parti-
cipate in the mechanical system.

If we examine transverse sections from the top of the young
stalk, bast bundles are already observed as groups of differen-
tiated, very thin-walled tissue situated like caps on the outer
periphery of the phloem. The cells of this tissue are much
smaller than those of the surrounding cortical parenchyma. The
thin walls do not give a lignin reaction but a distinct blue
staining with chlorzinc-iodide (cellulose) together with an
intensive red staining with ruthenium red (pectin), The walls
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are very rich in pectin *), especially present in the middle
lamellae. These lamellae are able to swell considerably with
various reagents (Zn-chloride, hydrochloric acid, alkalies, etc.).
If, for instance, sections are treated with chlorzinc-iodide to
demonstrate cellulose, the middle lamellae swell by the action
of chlorzine but hardly give any colour reaction. Against both
sides of these swollen lamellae a thin cellulosic layer (the
primary wall **) is situated, stained blue by chlorzinc-iodide.
If we wash the sections treated like this and place them in a
solution of ruthenium red, the swollen layers are stained dark
red, indicating the presence of pectin. Especially in the younger
stages this nature of the bast fibers remains the same till rather
far from the top of the stalk. In the lower parts of the stalk
the cell walls are continuously thickening by deposition of new
wall material, while at the same time the swelling power is
diminishing more and more. In the neighbourhood of the base
of the young stalk lignin may be demonstrated in the middle
lamellae. At first these layers are faintly stained by phloro-
glucinol, but the intensity of the colouration increases continu-
ously. The middle lamellae lignify rapidly, while the thickening
layers do not yet contain lignin at the first stages of this process.
During ageing of the bast fibers their walls are thickened
enormously and they strongly lignify at the same time. This
stage has not been reached, however, in the hypocotyledon of
the plants from series I. In this series the thickening layers.
of the fiber walls have been increased considerably but are
slightly lignified (faint red with phloroglucinol-HCl and green
with chlorzinc-iodide). If we compare these hypocotyledons with
those from series II, it appears that these internodes have no
longer elongated but have only grown in thickness. The bast
bundles consist of very thick-walled cells at this stage. The
thickening layers are lignified rather well and stained yellow
by chlorzinc-iodide. In some cases the inner wall layer is not
yet lignified, giving the cellulose reaction. At this stage the
fibers have reached their maximal development, for at the

' *) protopectin in its proper sense,

*+) Only in swollen walls the primary layer may be clearly distinguished
from the middle lamella. In the descriptions of the anatomy and the micro-
chemical reactions only the middle lamella and the thickening layers are
mentioned in most cases. Therefore it is possible that on the one hand a
part of the primary layer has been incorporated into the middle lamella
and is on the other hand partly taken together with the thickening layers.
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third and fourth stage they no longer increased in thlckness
and the lignin reaction remained the same. x

- Examining the higher parts of the stalks at these older stages
the bast fiber cells are seen again in the various degrees of
development and lignification already discussed above.

One or more rows of peculiar cells surround the bast bundles.
At a transverse section these cells are much larger and more
thin-walled than the bast fiber cells. They have, however, ligni-
fied walls which afterwards may be thickened and, some times,
may lignify. It is remarkable that these lignified cells at the
periphery of the bast bundles immediately adjoin the non-lignified
parenchyma cells from which they are, in all other respects,
indistinguishable. In some cases we found such cells at the
periphery with lignified middle
lamellae. The lignification oc-
curred in the parts of the
middle lamellae towards the
bast bundle while the opposite
parts were not lignified. We
also found this phenomenon
in longitudinal sections. But
in general entirely lignified
cells are adjoining non-ligni-
fied cells.' -The: lignification

NNoN. LIGNIFIED & : process seems to proceed very
Fig. 9. Cross-section showing a part rapidly through the middle
of a bast fiber bundle. lamellae all around the entire

cell. The figure (fig. 9) shows

a part of the bast bundle with the adjacent parenchyma cells.
The transverse sections of the adult plants at the end of their
life (series IV) draw our special attention. All internodes are
full-grown so that mainly thickening processes have taken place.
In the more basal parts the bast bundles look like those which
are already discussed, but in the higher parts of the stalks
complications occur in the whole. xylem bundles. Not only a cap
of heavily thickened elements is situated on the phloem-side -of
the vascular bundle, but also a half ring of thick-walled prosen-
chymatous elements is situated on the xylem side pointing to
the middle of the stalk. The vascular bundle is nearly entirely
surrounded by ‘a ring of thick-walled cells. At the outer- and
innerside of the bundle a large cap of these elements and to the
left and right side only one or two rows of these elements are
present. On the outside.of the ring of fibers a ring of two or three
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rows of very large, thin-walled, strongiy lignified parenchyma cells
are situated. Only their lignification sharply distinguishes them
from the surrounding parenchyma cells, In some cases these tran-
sition cells are seen with partly lignified walls. In the internodes
of the stalk just under the inflorescence the bast bundles have
already thickened and lignified walls in contradistinction tc
those from the younger stages. The prosenchymatous elements
form a nearly closed ring round the vascular bundles. The middle
lamellae are strongly lignified while the thickening layers give
a faint lignin reaction. At the young stages we have to deal
with still growing parts. In the adult tissues the composition,
and with that the properties of the walls, are only changed by
chemical processes. Consequently, an interesting analogy exists
in connection with the chemical composition. During the chemical
analysis it appeared that the apical parts of plants of various
ages, but not yet adult, had the same composition, while the
apical part of the adult plants began to change its composition.
‘The ageing process of the top of the stalk may be ascertained
therefore microscopically as well as chemically:

" We also investigated the course of development and hgmfl-
cation of fhe bast bundles in longitudinal sections and mace-
ration preparations. Complete bast bundles were isolated from
the stalks after maceration. At the base of the young hypocot-
yledon the bast bundles are rather small and consist of rela-
tively short cells with thick, lignified walls provided with many
pits. Upwards in the hypocotyledon the lignification becomes
more intensive because, besides in the middle lamellae, lignin
is also formed in the other thickening layers.

To the bundles new fibers are added, probably originating
from daughter cells of an adjacent parenchyma cell. These
daughter cells retain a small diameter. The ends of the fibers
are mostly more or less sharp. At first these young cells
are thin-walled and contain much protoplasm which remains
in the lumen for a prolonged period. Thereupon the lignin
reaction is soon seen in the middle lamellae, while at
older stages the walls increase in thickness. Higher in the
hypocotyledon the bast bundles become broader by the large
number of fibers. The fibers are thick-walled with strong ligni-
fication in the middle lamellae and weak lignification in the
thickening layers. This lignification decreases towards the lumen.
In regard to the structure and number of fibers in the bast
bundles the hypocotyledon possesses a more or less exceptional
position, in as much as the fibers at the base of this internode
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are shorter and more pitted than at the top. Higher in the stalk
the fibers are longer and contain only a few pits. It the other
internodes the fibers are shortest at the top. In the younger
internodes the walls of the fibers are not lignified and less
thick. At the top the thin-walled elements mentioned above
are present, differentiated from the further parenchyma. In the
bast bundles isolated by maceration it may be clearly seen that
the basal part is lignified and the apical part non-lignified. This
basal part is stained dark red by phloroglucinol, and from base
to top the colour fades more and more until it is wholly absent.
With chlorzinc-iodide the base of the bundle is stained yellow
and the top blue with all transitions from yellow15h green to
greenish blue between them.

In some longitudinal sections of the younger internodes, on
the boundary of the bast bundles and the parenchyma, fibers
are seen which show a lignified middle lamella towards the
base of the stalks and a non-lignified one towards the top. The
thickness of the wall was practically the same all over the fiber
length, so that the lignified part of the wall was no more swol-
len than the non-lignified part. Swelling (i.e. thickening) and
lignification meed not always to coincide.

The nor-lignified walls contain much pectin mainly localized
in the middle lamellae. These layers swell considerably when
placed.in swelling-media and are stained intensively by ruthenium
red. The lignified middle lamellae are still stained by this reagent,
although in a lesser degree, and swell less strongly. The pectin
is partly converted into — and consequently replaced by —
the lignin. We must be very careful with the application of
ruthenium red, for lignin also adsorbs this dye causing a red
colouration. But generally a distinet difference is seen between
the reaction on pectin and on lignin. When the former decreases
the latter increases.

Summarizing we may say that in the bast bundles, also in
the older stages, the strongest lignification is observed in the
middle lamellae of the fibers. The thickening layers are always
lignified less intensively and the layers close to the cell lumen
hardly show any lignification. The cell walls do not always
reach their definite thickness before the beginning of the
lignification in the middle lamellae, but they often continue to
thicken after the lignification of these lamellae and some times
after the lignification also of the older thickening layers.
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b. The wood vessels.

In transverse sections of the younger part of the stalks at
‘'various stages we meet the vascular bundles as groups of fan-
shaped, diverging rows of elements situated in a non-lignified
parenchyma, indistinguishable from the surrounding medullary
parenchyma. We are dealing with protoxylem, a primary tissue
originating from the vascular meristem. The number of vessels
in a row amounts from 2 to 6, rapidly increasing in size in the
radial direction towards the periphery of the stalk. In transverse
sections various kinds of vessels are seen in such a row. The
oldest vessels, being small and thick-walled, are situated most
centrally in the stalk. Their wall thickenings appear to be
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Fig. 10. Cross-section of a part of a young vascular bundle, stained with
ruthenium red, chlorzinc-iodide or phloroglucinol-HCl.



388

strongly lignified (they are stained intensive yellow by chlorzine<
iodide and red by phloroglucinol-HC], diffusely through out the
whole wall). These vessels which appear to be ring vessels are
followed by some vessels with a considerably greater diameter.
They are provided with spiral thickening frames as is shown
in the longitudinal sections. These frames are lignified less
strongly. The next, still wider vessels have spiral and reticulate
thickening frames which give a faint lignin reaction (faint red
with phloroglucinol-HCl and greenish-blue with chlorzine-
iodide). The wide vessels situated nearest to the periphery do
not yet show thickened wall frames and do not contain lignin.
Examining the sections further from the top, the pictures appear
to be the same, except for the presence of more vessels in a
row. Figure 10 gives a clear picture of the reactions of the wall
of the different vessels at various stages of development.

- In the lower parts of the stalk, which shows already secondary
growth, the xylem bundles become more complicated. They are
composed of partly lignified parenchyma and, concomitant with
the protoxylem elements, of vessels originating from the cam-
bium. In such a bundle the oldest thick-walled and strongly
lignified ring- and spiral vessels (the original “primanes”) are
situated most centrally in the stalk. Close to the cambium the
largest vessels are to be found with thin, non-lignified walls.
Between these two extremes elements are seen increasing in
thickness and in lignification from the cambium to the oldest
part of the bundle. The older the vessels the stronger they are
lignified! Staining with chlorzinc-iodide all transitions are seen
from the blue cellulose reaction to the yellow colour of strongly
lignified walls. It clearly appears that various younger. vessels
have rather heavily thickened walls without showing lignifi-
sation. This is a good proof that in the vessels the processes of
thickening and lignification need not always to coincide. The
more we come to the basal part of the stalk the more intense
the cambium activity and the larger the xylem bundles. The
intensity of the lignification also increases in the direction of
the base. If we carefully macerate young parts of the stalks,
we are able to isolate the complete vessels and study their
structure. The xylem ‘bundles of the young parts may be easily
prepared, because the walls of the parenchyma cells between
the vessels are not yet lignified and the middle lamellae contain
much pectin being dissolved in the maceration by dilute hydro-
chloric acid. In this way we obtain series of vessels, situated
side by side, showing a continuous transition from old, narrow
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and strongly lignified vessels to young, wide, non-lignified ones.
The youngest vessels are filled with protoplasm, which exudes
from the vessels when their joints cave in by a slight pressure
on the elements (e.g. on the coverglass of the preparations). In
some maceration preparations vessels with thickening frames
were visible with a row of joints being not lignified in the
direction of the top and a row of lignified joints in the direction
of the base. The transition happened at two adjacent joints, but
in a single case this transition was noticed within a joint, so
that the lower part of this element was lignified and the upper
part non-lignified. Occasionally one side of a thickening frame
or ring was stained blue by chlorzinc-iodide and the other side
yellow with greenish zones between them. This points to a local
lignification within a single thickening ring.

In the apical part of series IV (the adult plant) the xylem

bundles look a little different. As was noticed formerly, the
thickened prosenchymatous elements are situated like a cap on
the peripheral and on the central side of the vascular bundle.
In the xylem part of the bundle ageing processes are going on.
The wood parenchyma close to the cambium, unlignified at
younger stages, starts to lignify at this stage. It is remarkable
that the parenchyma situated a little further from the cambium
has a small zone of cells not yet lignified.
" We could explain this divergent behaviour by accepting that
here no lignification should have taken place as long as the
upper part of the stalk is still growing and the cambium is
active. But no sooner the growth has stopped (the plant being
full-grown) or the processes which affect lignification get free
play and lignification may start here very energetically in the
youngest part close to the cambium. The process is rapidly
expanding perhaps because all kinds of factors have fallen away
which should have hindered -lignification in those cases where
the cambium has still its full activity. In adult plants, showing
no growth, the whole structure which controls the regular
processes may be disturbed and a process such as lignification
cannot longer proceed in the usual way.

The older the stalks are growing the more secondary wood
is formed especially near the base. In this internode an entirely
closed xylem ring will be produced. The large amount of newly
formed vessels are chiefly pitted vessels as the elongation period
is passed. The remnants of the protoxylem elements are pressed
more and more into the secondary tissue so that here torn ring-
and spiral vessels could be seen. Especially in the hypocotyledon
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of the stalk the process of lignification could be very distinctly
examined at all stages.

If we study preparations treated with ruthenium red, it appears
that the most strongly lignified vessels are not coloured, the
weakly thickened and partly lignified vessels are pink and the
hardly thickened, non-lignified vessels are red, while the thin-
walled vessels close to the cambium are slightly stained. This
fact leads to the supposition that cellulose should be present
from the first (reaction with chlorzinc-iodide) and later on the
cellulose becomes impregnated with pectic substances. A distinct
relation may be seen between the ruthenium red reaction on
the one side and the yellow chlorzinc-iodide reaction concomi-
tant with the red phloroglucinol-HCl reaction on the other side.
A strong pectin reaction coincides with a faint lignin reaction.
This shows that layers rich in pectin do not contain lignin and
that lignified walls contain little or no pectin,

c. The wood parenchyma,

In the young parts of the stalk no proper wood parenchyma
is present. It is developed in the vascular bundles more towards
the base. At first this wood parenchyma is still thin-walled, but
afterwards it becomes thicker and begins to lignify.

The young parenchyma cells close to the cambium have no
thickened and lignified walls, the cells away from the cambium
have thicker walls which begin to lignify and the cells sur-
rounding the oldest vessels have the most strongly thickened
and lignified walls. We were able to follow the process very
well by the use of chlorzinc-iodide. The entire cell wall in the
youngest part of the parenchyma is stained blue; later on the
middle lamellae are stained yellow and the further layers bluish.
This blue turns yellow when the cells have become still older.
With phloroglucinol-HC1 these transitions are demonstrated in
the various intensities of the red colour. This points to the fact
that the lignification of these layers is proceeding slowly. Mostly
the greater part of lignin is localized in the middle lamellae
and only for a very small part in the thickening layers. In these
layers the reaction with chlorzinc-iodide may turn from green
to greenish-yellow, but never reaches the intensive yellow colour
as can be observed in the middle lamellae of the cell walls. In
many cases the inner thickening layer close to the cell lumen.
remains non-lignified (and is, consequently, stained blue by the
reagent).

These modifications of the wood parenchyma are visible
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clearly in the hypocotyledons at the successive stages. )

Apart from the lignified parenchyma cells in the xylem of
the hypocotyledon at the older stages (series III and especially
series IV) groups of very strongly thickened elements occur.
They are called libriform or wood fibers and are not present in
the younger hypocotyledons. They are produced later by the cam-
bium together with secondary vessels and wood parenchyma
cells. The lignin of these fibers is chiefly localized in the middle
lamellae. The heavy thickening layers contain a very small
amount of lignin. It seems that these layers are formed nearly
exclusively by the deposition of cellulose with practically no
lignin. Even the most heavily thickened fiber walls give no
yellow but green colours with chlorzinc-iodide. Especially in
the hypocotyledons of series IV the libriform fibers are devel-
oped very well. At the apices of these adult stalks lignified
wood parenchyma is already present in the xylem bundle.

Examining the pectin reaction it appears that the non-lignified
parenchyma walls are stained red especially in the middle lamel-
lae and the weakly lignified walls are stained pink, while the-
colouration does not appear in the most strongly lignified walls.
The pectinous middle lamellae easily swells in definite reagents
and these swollen layers react intensively with ruthenium red.
The course of lignification in the walls of parenchyma cells is
the same as in the walls of bast fiber cells. The lignification
begins in the middle lamellae where the greater part of the.
lignin is accumulated. Afterwards the process proceeds in the
thickening layers of the walls with an decrease of its intensity
from the middle lamellae towards the lumina of the cells. These
layers are never lignified as strongly as the middle lamella.

Apart from the elements mentioned above lignification also
occurs in the medullary parenchyma and medullary rays, in
parts of the secondary bast parenchyma and even in parts of
the phloem. These lignified elements can be seen in sections of
stalks at the full-grown stage. Already in the top of these stalks
.the medullary parenchyma is .partly lignified. In lower sections
this is also the case with the secendary tissue situated on the
outer side of the interfascicular cambium. In both cases we
find large, and what is of great importance, thin-walled celis.
From this it appears once more that lignification and thickening
need not to coincide, so that the view that lignin formation
should be a process. of irreversible swelling is not always true.
Concerning phenomena of lignification in the phloem we may
refer to papers of BoooLe (12) and Avexanprov (2). - -
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§ 2. Microchemical examination.
a. Staining with oxamin blue.

During lignification of the cell walls lignin is accumulated
as an amorphous substance in the intermicellar spaces present
between the cellulose crystallites.

The more lignin enters the spaces the less place is availablé
for other substances. If we place transverse sections of the stalk
in a solution of a metachromatic dye, various cell walls stain
in a different manner. The colour of the cell walls depends upon
the size of the particles which are taken up (Czasa (23) ). We
used for our study oxamin blue which is such a poly-disperse dye.

In a transverse section near the top of a young stalk all ele-
ments were stained blue except for the lignified vessels. The
young, thin-walled vessels became blue; the older vessels with
thicker walls were stained red and the oldest, strongly lignified
vessels were colourless to yellow. The non-lignified vessels took
up in their walls the larger dye particles, staining blue. As a
result of a partial lignification the entrance of blue particles
was blocked and only the smaller particles, staining red, could
penetrate the walls. In intensely lignified walls so much lignin
was present that only the smallest particles, which cause a yellow
colour (or no colouration at all), could be taken up.

In the heavy-walled lignified bast fiber. cells at older stages
we could observe that the middle lamellae adsorbed practically
no dye (very strongly lignified!) and that the thickening layers
were stained yellow. The colour was replaced by a reddish
violet colour in less strongly lignified walls (e.g. from bast
fibers at the edge of the bast bundles). The young, non-thickened
and non-lignified cell walls of the wood parenchyma were
coloured blue; the older, thickening and continually lignifying
walls were purple, while the old, thick-walled, lignified paren-
chyma showed uncoloured middle lamellae and reddish, yellow
or sometimes colourless thickening layers depending upon the
degree of lignification.

With this staining method a very clear plcture can be obtained
of the proceeding lignification (ZIEGENSPECK (132), see also
GRrIFFIOEN (45) ).

b. Treatment with 72 per cent sulfuric acid.

. This treatment with sulfuric acid has been applied many times
to examine the .localization of lignin in the cell walls. Cellulose
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is hydrolysed and dissolved and lignin is left, With transverse
sections we obtained chiefly the same pictures as already
described in the literature. We want to indicate, however, some
interesting points. After treatment of the strongly lignified,
thick-walled bast fiber cells with concentrated H,SO,, - the
secondary thickening layers rapidly disappear without leaving a
distinct trace. It has been an open question for a long time
whether these layers do not contain any lignin or that this
lignin has a special character, for these layers show mostly a
very convincing lignin reaction. The middle lamellae of the cells
do not dissolve in the sulfuric acid but are coloured yellowish
brown as a result of some humification caused by the acid. The
middle lamellae therefore contain very much lignin. The same
result was obtained from the thick-walled and strongly lignified
parenchyma cells. Here the middle lamella is left too, while
the thickening layers are dissolved. If we examine the course
of this reaction in a row of vessels on transverse sections of young
parts of the stalk, the oldest and most strongly lignified walls
of the vessels appear to remain unimpaired (save for a brownish
humification). A little younger vessels are dissolved neither,
but the weakly lignified vessels with rather heavy thickening
frames on the walls show a remarkable swelling with sulfuric
acid. The inner layers surrounding the lumen swell still stronger,
begin to twist and thereupon disappear entirely, while the other
layers dissolve and disappear gradually. In the young walls of
the vessels little lignin but much cellulose and pectin. are
present. With sulfuric acid the layers swell up and the carbo-
hydrates are hydrolysed. The small amount of lignin is not suf-
ficient, however, to keep these layers together. In older vessels
the walls are strongly lignified and hardly contain any pectin
together with cellulose. The walls are not dissolved and by the
larger amount of lignin present the structure seems to be un-
impaired.

c. Behaviour of the lignified elements against alkaline liquids.

Lignin isolated from parts of the stalks at various ages did not
always behave in a similar way towards alkaline solutions (Na-
hydroxide, Na-carbonate and ammonia). They dissolved with
more difficulty in these solutions as when they were obtained from
older parts of the plants. Lignin isolated from the apical parts
dissolved very easily, while the substance isolated from the
basal part was slightly soluble. The decreasing solubility indicates
an increase of the degree of polymerisation of the lignin. Young,
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newly formed lignin has a small molecule and dissolves very
well, while old lignin is polymerized further and does not
dissolve therefore easily. In this connection we want to call
attention to the so-called saccharetine, a young lignin isolated
from the sugar cane and easily soluble in alkalies (73). It is
generally seen that very much lignin can be extracted from
straw with Na-hydroxide at room temperature, while this
procedure is realized for wood with more difficulties. In the latter
case the treatment with Na-hydroxide must be very energetic.
The studies of BeckmanN, LiescHE and Leamany (10) and of
MeTtHa (78) are very interesting in this regard. So we meet
in woods more polymerized lignins than in straw and perhaps
in other herbaceous plants.

We wanted to investigate whether these characteristics also
belong to the genuine lignin and therefore we treated transverse
sections of the young stalks (with vessels as the only lignified
elements) with the above-mentioned solutions. The sections
were heated first with 8 per cent Na-hydroxide during about
5 minutes, washed and treated with phloroglucinol-HCI solution.
The strongly swollen walls of the vessels did not show any
trace of red colour. Treatment with 72 per cent H,SO4 brought
the whole wall to solution without leaving a brown residu. This
clearly proved that the lignin had disappeared!

In the youngest part of the. stalks at older stages (e.g. in
series IV) the lignin dissolved in the same way (after longer
treatment with more concentrated alkali). From the older parts
of the stalks the lignin could not be removed. Consequently
genuine lignin reacts in the same way as isolated lignin with
this difference, however, that lignins isolated from wvarious
stages dissolve more easily than the genuine lignins of the
same stages.

Sections treated with dilute ammonia still gave a very distinet
reaction on lignin which only disappeared after longer boiling
with concentrated ammonia. (Less swelling occurs as after treat-
ment with alkali.) Lignin from .older stages could not be
removed by ammonia.

After treatment with a 10 per cent solution of Na-carbonate
the remaining mass still gave a distinct lignin reaction, although
it was much weaker in consequence of the partial removal of
the lignin.

We believe that the alkalinity of soda is too low to entirely
remove the genuine lignin. Except for the gradual differences
in solubility genuine lignins react in general in the same way
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as isolated lignins from the same parts of the plants.
d. pH-determination as an indication for lignification.

Miss MarTIN (77) has determined the hydrogen-ion concen-
tration of various tissues of Helianthus annuus with the aid
of the indicator method according to Smarn (121).

. She found that lignified tissues were more acid than non-
lignified. She estimated for xylem elements a pH = 4.0—4.4
but this pH may decrease even to 3.4 (lignified bast fibers!).
The other elements are less acid, e.g. the cortex showed a
pH = 5.6—6.0, while the highest value was 6.4 occurring in
the sieve plates. We repeated these investigations with a large
number of transverse sections of Helianthus at various ages,
using six indicator solutions with a pH-range from 6.8—3.0,
indicated by SmaLn. We obtained chiefly the same results with
our material. In the young parts of the top the strongly ligni-
fied walls of the oldest vessels showed the most acid reaction
and the walls where lignification had proceeded less far were
also less acid. The youngest vessels containing no lignin had
the same pH as the cambium cells. We obtained similar results
with the bast fibers as has been described already by Miss
MarTIN. The proceeding lignification can be tested, therefore,
very well by means of the increasing acidity of the elements.

§ 3. Discussion.

Summarizing the results of the microscopic examination we
may say that lignification begins in the middle lamellae and
reaches a great intensity at that place. Thereupon the process
proceeds in the thickening layers without, however, reaching
the intensity found in the middle lamellae. It appeared
from various preparations that the walls still increase in
thickness after the lignification of the middle lamellae (at this
time the thickening layers do not contain lignin). Substances
giving no lignin reaction are deposited from the protoplasm
against or in the walls in the process of thickening. Besides
the wall substances already present this newly deposited material
will be partly converted into lignin.

Before the beginning of lignification the walls are composed
of a number of substances present in a definite ratio. One or
more of these wall substances — very probable pectic sub-
stances as appeared from the chemical and microscopic exami-
nation — are transformed into lignin. Meanwhile new material
is supplied to the walls by the protoplasm and we assume
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(see page 364) that the composition and nature of this new
material is similar to that of the original wall components.
It seems that lignin matter as such does not enter the
cell wall, in other words, is absent in the protoplasm. For,
in the first place a lignin reaction never occurred in ‘the
protoplasm, (BoobLE (12), however, claimed to have detected
this reaction in the cell contents of the phloem) and, more-
over, secondly the lignin reaction decreases from the middle
lamella in the direction of the lumen and finally disappears.
If the lignin were present in the protoplasm, them the
strongest reaction should be visible in the layers adjoining the
protoplasm in the case of apposition of lignin or should be
diffuse through the whole wall in the case of intussusception
of this substance.

This train of thought could be criticized as the colour reactions
on lignin are very unreliable. For example, it is possible that
lignin is present in the protoplasm in a non-colourable form as
a so-called protolignin with a small molecule. It is known too
that some isolated lignins do not react with phloroglucinol-HCI.
" It seems to be very doubtful, however, that by chance none
of the numerous reagents should stain lignin in the protoplasm. *)

We have tried to elucidate in the chemical part of this study
that pectins are very probable converted into lignin. The micro-
scopic examination strengthened this supposition.

We want to mention here once more that the cell walls form
a complicated system of very different substances which, there-
fore, may be hardly unravelled. The analysis is tried repeatedly
but always has met with new difficulties. . A good survey is
given in a not very recent, but interesting, histological paper
of METHA (78). .

ManciN (74) demonstrated by means of ruthenium red and
maceration experiments that the middle lamella of young tissues is
chiefly composed of pectin. Afterwards ALLen (4) studied the pec-
tinous character of the middle lamella more in detail and this cha-
racter is since generg]ly accepted by most investigators. The walls
of the young cells need to be very plastic because these cells are
still elongating. The presence of pectin in the middle lamella
as a gelatinous, more or less plastic matter is therefore well
conceivable. When the cells grow older such a condition is no
longer necessary, even not desirable in connection with the
*) If the idea is true that living protoplasm is present everywhere in the
cell walls, it is, of course, possible that lignin occurs in this protoplasm.
But in that case the mechanism of all the alterations taking place in the
cell walls seems to be still more complicated.
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mechanical requirements of the plant. The gelatinous layer
should be replaced by a solid hgmfled wall. Now it appears
that wherever the lignin reaction is strong in the middle lamella,
little or no pectin may be demonstrated and vice versa.

Especially the investigations of RirTer (97) have proved that
the middle lamellae of the cell walls in the woody tissues are
strongly lignified and hardly contain any pectin. HABERLANDT (46)
alluded to such a lignification in his discovery that the middle
lamellae of lignified elements are insoluble in concentrated
H,SO,. HarLow (47) investigated a large number of woods and
young twigs on their wall substances with the same results.
The middle lamella, at first rich in pectin, begins to lignify with
decrease of the pectin content. JEFFREY (59) stated concerning
‘the lignified middle lamella that the pectin of this layer “has
undergone that somewhat complex and obscure modification
.chemically known as lignification”. Bamwey (9), in his compre-
hensive researches, offered no opinion whether the polyuronides
_(pectins) are replaced by or transformed into lignin.

If we call, however, attention to the chemical possibilities
of the pectin conversion and compare the regular relations
existing between pectin and lignin at various growth stages,
it cannot be expected that pectin disappears from the middle
lamella (whether after decomposition or not), passes the
other wall layers in any way, finally enters the protoplasm, is
decomposed further or is accumulated elsewhere, while at the
same time and with the same frequency other products from
the protoplasm penetrate into the wall towards the middle
lamella and form lignin in this lamella. It is rational and in
agreement with the observed facts that pectin is used for the
lignin formation at the spot where it is deposited and that the
factors required for this process are present there too. In most
cases some pectin remains after complete lignification (BAILEY)
This untransformed pectin does not disappear but remains in
the wall.

We may assume that lignification begins always in the mlddle
lamellae affected by the vital processes of the cells. Afterwards
the lignification is spread over the whole cell wall. In this
respect the new view of Tscrircr (125) is mentioned. We may
cite from his paper the following passage: “Die Tatsache, dass
es die Intercellularsubstanz ist, die diese andere chemische Arbeit
leistet (viz. formation of excretes, etc.) lenkt unsern Blick auf
diese auch als Mittellamelle oder primdre Membran bezeichnete,
die Zellen miteinander verkittende Schicht, von der wir lingst
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wissen, dass sie sich chemisch anders verhilt als die sogenannte
sekundire Membran”. This “Intercellularsubstanz” should act
“als dauernd am Leben bleibendes Biokolloid!” Moreover this
substance should give a distinct. lignin reaction in lignified
elements! According to this view lignification, already seen as
a necrobiotic phenomenon, should be carried out in a living
layer outside the protoplasm. It is remarkable that TscrrcH
believes that this substance, which forms “ein Continuum durch
die ganze Pflanze”, is always living, the more as during strong
lignification the cells should die according to the current ideas!

We do not believe the tenability of this idea of TscuircH,
however, it very clearly demonstrates our scanty knowledge
of the mechanism of the complicated lignification phenomena
and other allied processes occurring in the cell walls.

In the thickening layers of the cell wall lignin may also be
formed from pectin substances. In these layers the lignin reac-
tions are mostly much fainter than in the middle lamella.
Rirter (97) isolated this lignin with 72 per cent sulfuric acid
and called it “cell wall lignin”. On the contrary HarrLow (48)
believed that he dealt with decomposed products of the polysac-
charides in the thickening layers caused by the action of strong
acid! This idea, however, is untenable for it is in contradiction
with the microchemical reactions performed with reagents
without the use of strong acid. We can surely accept the presence
of certain lignin components in the secondary layers and it is
possible that these components are partly soluble in sulfuric
acid and have disappeared after treatment with this acid.

The presence of pectic substances in the thickening layers is
needed for lignin formation. MancIN has already demonstrated
the widespread occurrence of these substances through the
whole wall. Moreover, they are very distinctly demonstrated in
the collenchyma cell walls (AnpErson (5) ) and in general the
greater part of the cell walls are stained with ruthenium red,
be it more or less faint according to the degree of lignification.

The tertiary lamella may also be lignified sometimes by the
same processes. O’Dwyer (83) has demonstrated pectin in the
tertiary lamella of the cell walls in beech wood and this pectin
should be transformed into lignin in this layer. In other cases,
however, this tertiary layer has a more gelatinous nature and
consists of cellulose compounds (RenpLE (95) ).

The thickening frames in the vessels seem to be lignified in
another way lecause these frames are equally stained and not
in zones. We have to recognize that in this case the frames are
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wholly surrounded by the protoplasm. At the same time the
products can be supplied from all directions and the factors
which initiate or accompany lignification may collaborate. This
is not the case with the usual wall thickenings where the supply
is only possible from one side. Sometimes it is possible that
the vessels are partly lignified either in some joints or within
one cell.

The continuous proceeding of the lignification of ‘the cell walls
(e.g. the walls of the vessels) can be demonstrated very clearly
by the decrease in dichroism present in cellulose walls after
staining with chlorzinc-iodide, caused by the inpregnation of
lignin. Strongly lignified walls show the dichroism no longer.

CHAPTER VII.
Some Biolpgical Factors influencing Lignification.

In the literature many discrepancies are found concerning the
internal and external factors affecting lignification. This seems
to result partly from the fact that a proper theory of the for-
mation of wood and lignin is not yet clearly defined.

The process of lignification is known to occur very early in
the development of the plant. BurGersTEIN (14) found in many
plants that lignification often begins already on the second day
after the appearance of roots or hypocotyledon. It is remarkable
that lignification occurs so soon particularly in the walls of the
vessels. That is why one has repeatedly asked for the significance
of lignification (which, in most cases, takes place in special plant
elements). It is, however, not possible to explain wholly the
significance of the occurrence of lignin without entering in all
kinds of speculative suppositions. Mostly no difference is made
between the cause and the purpose of lignification and conclusions
as to the significance of this phenomenon are very dangerous.
For completeness’ sake we want to discuss briefly some facts
which have contributed to the more teleological theories of
lignification. We believe, in contradistinction to other investi-
gators, that, if we may speak about usefulness at all, we meet
more than one function of the lignified walls.

It is remarkable that most investigators looked for a relation
between the water economy and the lignification phenomena in
the plant. Only those plants which need a special mode of the
water transport show lignification of the walls. (Lower plants
have, therefore, no lignified walls!) BURGERSTEIN already states
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that “die Holzstoff zur rascheren Leitung des Wassers durch
die Winde der Zellgewebe wesentlich beitragt”. Sacms (101)
assumes the extreme mobility of the water adsorbed, al-
though the walls should be able to take up only a small
amount of water; (afterwards it appeared, however, that the
water is not transported through the walls but through the
lumen of the vessels). Porsca (91) points to the large affinity
of lignified walls for water; by this adhesion, added to the
cohesion of the water itself, the formation of an unbroken water
columm in the vessels is facilitated. Jaccarp and Frev (58) note:
“Die Elemente, welche in jungen Stengeln zuerst verholzen sind
die wasserleitenden Tracheen. Der Wasserstrom im Leitungs-
gewebe beschleunigt also offenbar die Verholzung”. Many ob-
jections may be raised against these theories. Various elements
which have nothing to do with the water transport show ligni-
fication. Although the water plays a part in every living cell,
some cell groups lignify rapidly, others slowly and others do
not lignify at all. Moreover, it is very well possible that lignin
or lignin-derivatives are also present in those plant groups where
lignin could not be demonstrated up till now and where no
special water supply through specific vessels takes place. In
this case the relation between lignification and water transport
should only be apparent.

Von SceHELLENBERG (104) sees in lignification a kind of fixation
of the cell walls whereby they lose the power of growth. That
various adult cells are not lignified at all seems to contradict
this idea. ScmmLrLing (105) claims to have observed abnormal
growth in lignified tissues after injury but he did not keep in
mind, however, that in consequence of the pathological state of
the tissues delignification processes may take place (like these
normally occurring in the stone cells of the pear, although in
this case no cell division or growth takes place (1, 3) ). MoLiscH
(79) interpretes lignification as a means of the walls to resist
biological attack since lignin, as an aromatic compound, in
contradistinction to cellulose, is not decomposed by anaerobic
micro-organisms and only by a special group of aerobic micro-
organisms. This theory seems to be acceptable as its value is
proved in nature as well as in laboratory. We may refer to a
recent, instructive paper on the effect of lignin on fermentation
of cellulose materials (OLsonN (84) ). But here also objections
may be raised as highly lignified elements do not resist to
decomposition by certain micro-organisms. CzaPex (24) found
in sphagnol (in the cell walls of Musci) a typical analogon of



TABLE 13. Microchemical reactions on the cell walls

at various degrees of lignification.

reagénts | wood vessels bast fiber cells wood parenchyma cambium phloem cortical [medullary
very young| young old very young| young old young — old parenchyma |parenchyma
phloroglucinol-HC1 | colourless faint red red colourless faint red red colourless — red ;):Salli;th is lignified
chlorzinc-jodide * blue green yellow blue green yellow blue — yellow blue blue blue blue
ruthenium red ** red light red co?ilzgls:ss red light red colourless || red — light red | faint red red red red
oxamin blue blue purple yellow to blue purple yellow to blue — yellowish blue blue blue . !blue
y colourless colourless
swollen | . )
72% sulfuric acid || dissolved and . not dissolved only nuddl? lamel- flonly tmddlc_a lamel-
) . dissolved lae not dissolved lae not dissolved
dissolved . I
o lieni Tiend
Na-hydroxide dxssgxim ed not not
olv dissolved dissolved
o Tieni Tieni
ammonia i gr;m ed " not not
15501V dissolved dissolved
lignin lignin lignin
Na-carbonate partly not not
dissolved dissolved dissolved
: H MARTIN I 4044 4044 | 4044 . 5.6—6.0 4852 5660 [56538
P
GRIFFIOEN I = 50 4044 =+ 50 4044 5.2 | 4044
i almost :
tissues *** who‘;ly Iittle wholly partly |very little
) decoloured decoloured ' decoloured decoloured |decoloured
"rH | :
tran.sverse stron'g faint reduction faint reduction faint reduction || V€Y str.ong stron.g moder.ate very f?mt
sections reduction ” reduction reduction reduction [reduction

* in strongly lignified bast fibers and wood parenchyma cells mostly a greenish inner zone is present,
** the staining of the middle lamella is chiefly indicated.
*#¢ rH determined with methylene blue solutions.
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the preserving action of lignin. It is even probable that sphagnol
is related to lignin (perhaps it might be considered as a proto-
lignin).

Frey-Wyssring (7) believes that lignification may be consi-
dered as a reaction against pressure. This might explain the
occurrence of the first lignification phenomena in the thickening
frames of young vessels, because these frames are exposed to
a high lateral pressure caused by the turgor of the cells in the
surrounding parenchyma. The so-called compression wood (Druck-
holz), subjected to high mechanical compression, lignifies more
strongly than the so-called tension wood (Zugholz), subjected to
mechanical tension. Jaccarp and Frey (58) published an interest-
ing paper on this matter.

Fucus (43) also supposes that the occurrence of pressure
during the process of lignification should have an important
influence. He believes that the elements of higher plants which
become vessels are subjected to pressure in the special condi-
tions of land-life, which conditions cause lignification together
with other phenomena.

In general it is not yet very plain which is the true signifi-
cance of lignification for the mechanical properties of the plant.
Non-lignified elements, for example, may be as rigid as lignified
ones. Although we may ascribe a large compression strength to
lignified tissues (according to Jaccarp and Frey), many different
opinions are put forward concerning various other properties,
which are a consequence of the lignification.

SceELLENBERG (104) found that lignified membranes show the
same value of rigidity, elasticity and swelling power as non-
lignified membranes while, on the contrary, Sonntac (122)
observed a decrease of these magnitudes during lignification.

The influence of nutrition factors on lignin formation was
investigated by Anpré (6), who discussed, moreover, the influence
of water. In general the non-occurrence of lignification should
be caused by an over-accumulation of nutriments. Furthermore,
the formation of lignin as well as of secondary xylem should
strongly decrease by a too low temperature, by diminition of
the light intensity and by high air humidity (Bertaa Zinn (134) ).
These external factors affect of course finally the physiological
state of the cells. Compare also the paper of Gaumann (136).

Apart from these factors all kinds of specific internal factors
must be present causing lignification only in specific cell walls.
Unfortunately many internal conditions suitable for these pro-
cesses are not yet known.
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During our research we could detect one of these factors viz.
the presence of a favourable reduction potential in the concern-
ing cells.

It is seen that during lignification the carbon content of the
walls " increases considerably. Pectin, which has a low carbon
content, is transformed into and replaced by lignin which is
rich in carbon. This process should therefore require a strongly
reducing environment and this condition should exist in the
cambium and young xylem. The reduction potential in these
tissues should be higher than in the surrounding tissues where
such intensive reductions do not occur. In the strongly lignified
tissues reductions are no longer required (moreover a large part
of these cells is dead!). These conditions appeared to be very
clearly realized in the material examined.

In living cells a large number of substances are present partly
in a reduced and partly in an oxidized state, forming a labile
equilibrium. A definite reduction potential (rH) is present in
these living cells.

The rH-value is a concise expression of ‘the oxidizing or
reducing tendency of a chemical system, in terms of the pressure
of gaseous hydrogen with which the system should be theo-
retically in equilibrium. The rH can be estimated electrometric-
ally as well as colorimetrically. We applied the second method
employing the so-called oxidation-reduction indicators, being dyes
the solutions of which can be reduced to colourless leuko-
compounds (13, 80). These compounds may be re-oxidized to
the original dyes. We met here a reversible oxidation-reduction
system. The depth of the colour of a solution of such an indicator
depends upon the proportion of the oxidized and the reduced
compound. A series of dyes exists which have each a different
rH-range. Above this range they are totally coloured (oxidized)
and below this range they are wholly decoloured (reduced).

For the determination of the rH of a tissue we have to
employ a dye with about the same rH as that of the tissue.
Moreover the dye solutions must be so diluted that the oxidation-
reduction .system of the material is not effected by that of the
dye. Then it is necessary to work at a definite pH because the
potential of the system is highly dependent upon the pH.

The investigations took place in two ways viz.

a) placing sections in dilute indicator solutions (microscopic
method) and b) reducing these solutions by tissue-scrapings
{macroscopic method). Both methods have many difficulties and
there is no question of very accurate, quantitative results as,
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of course, the scraped, fresh tissues cannot be quantitatively
weighed. Very interesting results are obtained, however, by
these qualitative determinations. Employing the macroscopic
method (with scraped masses of tissue) we worked as follows:

The hypocotyledons of young, well-developed stalks were taken
because the active cambium has produced here much secondary
wood. From the well-cleaned hypocotyledon the cortex was torn
off along the thin-walled cambium. Now the. cambial tissue
situating against the xylem-ring and the same tissue joining the
inner side of the torn-off cortex were carefully scraped with a
clean piece of glass. These tissue-scrapings were placed in a
tray with distilled water in order to remove the adhering liquids
flown out of the damaged cells. Thereupon the remaining cortex
as well as the wood ¢ylinder were washed to remove remainders
of the cambium and then the parenchyma was scraped from the
cortex and from the xylem elements of the wood. Finally living
medullary parenchyma from the inner part of the hypocotyledon
was taken. All these tissues were separated from adhering im-
purities by washing with water and then divided for the expe-
riments in as equal portions as possible. These experiments were
carried out in so-called TrHUNBERG-tubes of thick glass, provided
with a tap to be shut after evacuation. In each tube a portion
of the tissue was placed, and 8 cc indicator solution and 2 cc
buffer solution were added.

The indicator solutions were prepared in concentrations of 0.001-—0.005
per cent by dissolving the dyes in neutral water (prepared by the mixture
of tap water with distilled water up to a pH = 7). Solutions of 0.001—0.002
per cent gave the best results.

Phosphate buffers according to SORENSEN were used as buffer solutions.
It appeared that pH = 7 was most suitable, so that this pH whas always
taken,

After being filled with solution and tissue the tubes were
evacuated with a good air-pump. (This is necessary while
otherwise the atmospheric oxygen re-oxidized the reduced dye.)
After evacuation the taps were shut and the tubes placed in an
incubator at 30° C. The reductions were realized rather slowly,
for only after five or six hours a reaction was seen in dilute
solutions. If we left the tubes in the incubator overnight, the
reduction was already completed in most tubes so that no differ-
ence could be detected any more. Therefore the tubes were
kept at room temperature overnight showing the next day colour
variations in the solutions with different tissues.

Concomitant with the use of evacuated THUNBERG-tubes other



404

test tubes were taken being not evacuated but shut with a
layer of solid paraffin, after being entirely filled with the solu-
tions. This method also y1elded satisfactory results.

We started with a large series of indicators in order to flnd
out the approximate rH-range of these living plant tissues.
Solutions of o-cresol-indophenol (approximate rH-range from
18.5 to 20.5), tolylene blue (rH = 16—18) and brilliant cresyl
blue (rH = 15—17) were very rapidly decolourized. This indicates
that the oxidation-reduction potential of the tissues must be
above these values. Methylene blue (fH = 13.5—15.5) is already
decolourized with more difficulty but in most cases still by all
tissues. Besides this indicator we employed a series of potassium
indigo-sulphonates viz. di-, tri-, and tetrasulphonate with rH-
ranges of resp. 8—10, 9.5—11.5 and 11—13. The reductions of
these dyes succeeded with increasing difficulty; the disulphonate
was only reduced in some cases. The reduced solutions being
shaken with air or mixed with a drop of hydrogen peroxide
turned again to the original colour.

Usually the reduction has proceeded most rapidly in the tubes
with cambium tissue adjoining the xylem, while the cambium
tissue near the phloem has a slightly weaker reducing action.
The reduction caused by the cortical parenchyma is less strong
and that of the xylem elements and the medullary parenchyma
is weak. Tissues being previously killed with hot water showed
no reduction power at all. Dead tissues were used therefore to
check the results while the colours were compared with standard
dye solutions.

We detected a great difference in reduction power between
the cambium and the wood, the former being strongly reducing
and the latter very weakly. Consequently, we meet here one
of the important factors playing a part during lignification: a
reducing environment. Moreover other specific factors will play
a part as e.g. the cortex and the phloem do not lignify at once,.
although they have a rather high reducing power. It is difficult
to express the rH of these tissues in exact numbers because the
rH is very dependent upon the vitality of the plants used and
it. has appeared that this vitality varied widely at successive
days. Of course the external factors play a great part here. For
instance, a considerable difference in reduction intensity was
seen between tissues of plants from the beginning of September,
October or November. The latter showed almost no reduction
power while the former were strongly reducing. It was remark-
able that sometimes potassium indigo-trisulphonate was better



405

TABLE 14.

Determination of the reduction power in tissues of the sunflower.

Exp. 1, performed in THUNBERG-tubes on 28 September at 30° C from

11 h—17 h.; overnight at 20° C till 29 September 10 h.
indicator solution tissues state of the solution

methylene blue: cambium

8 cc of 0.0012% 4+ 2 cc (xylem side) totally decolourized

buffer (pH = 7) - : " cambium
(phloem side) almost -
cortex almost »
xylem weakly »
medullary weakly

Exp. 2, perforrtied in test tubes on 1 October at 30° C from 12 h—17 h,;
overnight at 20° C till 2 October 9 h.

indicat Jution tissu state of the solution
indicator soluti es
° ° * at17h at 9 b,

methylene blue: cambium |no reduction | total reduction
8 cc of 0.0025% 4+ 2 cc cortex » » little »
buffer (pH = 7) control » » no ”»
methylene blue: cambium |beginning ,, total »
8 cc of 0.0012% + 2 cc cortex no » %
buffer (pH = 7) control » ”» no o
potassium indigo-tetx:asul- cambium  |no » weak »
phonate: cortex ” » no »
8 cc of 0.002% 4 2 cc control ” » » »
buffer (pH = 7)

Exp. 3, without accurate indicator concentration but otherwise the same
conditions as under Exp. 1.

indicator solution I tissues state of the solution -
methylene blue 4 buffer cambium

(living) total reduction
cambium

(dead) no -
medullary .

(living) partial »
medullary

(dead) no »
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reduced by the cambium tissue than tetrasulphonate. It even
occurred that the cortex of the one plant reduced more strongly
than the cambium of the other. It was, however, nearly always
certain that the cambium reduced better than the other tissues
of the same plant. The rH-values of the living tissues varied
from about 9 to 15, the cambium having always the strongest
reduction power and the wood the weakest. A table is given,
showing the results of some of the numerous series obtained.

We also applied the second method with good results. Trans-
verse- sections of the stalks were placed in indicator solutions
until they were stained well, thereupon washed in distilled water,
mounted on hollow slides in a  moist atmosphere, kept in an
incubator at 30° C and examined from time to time. It is a pity,
however, that no good limits of the rH-values could be found
‘at all as the sulphonates were not taken up by the cell walls
nor by the contents. For this reason these dyes were not suitable.
Only methylene blue and brilliant cresyl blue could render us
a srrvice. The former was taken up mainly by the walls and
the latter in the cell lumina. Both dyes were entirely reduced
by the tissues except by the older xylem elements and the
greater part of the medullary parenchyma. In spite of this rapid
reduction the results were very interesting. Under the micro-
scope it could be observed that already after a very short time
(e.g. 15 minutes) the cambium was entirely decolourized, closely
followed by the phloem. Thereupon the decolouration proceeded
from the cambium through the cortex towards the periphery of
the stalk, through the medullary rays to the central medulla
and through the young xylem part. The oldest part of the xylem
and the central part of the medulla retained their blue colour
just as the most strongly lignified bast fibers (which are only
stained by methylene blue!). It is remarkable that the starch
sheath, in contradistinction to the further cortex, showed a very
weak raduction potential (this was very clearly checked with
brilliant cresyl blue). Already after some hours every reducing
part of the stalk was decolourized. After addition of a droplet
of hydrogen peroxnde to these preparations the blue colour re-
appeared. .

Also from these experiments it appears that the camblum
possesses the most intensive reduction power, in agreement with
our theory. We must point to the fact, however, that both
methods have their inherent errors. The results are, therefore,
more of a qualitative than of a quantitative nature. The material
used was very heterogeneous because the tissue-scrapings were
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not identical. Moreover the tissue pieces form solid surfaces in
the liquid, and of many solid surfaces the catalytic action on
oxidation-reduction systems is known (Kroon (69) ).

It has to be borne in mind that the indicators may disturb
the normal conditions in the cells and, moreover, these conditions
are changed during the time in which the equilibria are estab-
lished. It seems necessary to perform more experimental work in
colorimetric rH-determination in tissues of higher plants.

The most important result of this study on the oxidation-
reduction potential is the support it has given to our theory that
lignification should be a reduction process. On spots where
lignification begins reduction phenomena are seen to be really
present. It is self-evident that with this fact the whole problem
has not been solved because a large number of other factors,
not yet detected, will affect the living substrate in which the
processes occur.

This work was carried out in the Laboratory for Technical
Botany of the University College of Technology at Delft.

I wish to express my grateful thanks to Prof. Dr-L. G. M.
Baas Becking for his invaluable help and constant interest in
my study and to Prof. Dr Ir G. van Iterson for his important
advice and the opportunity he has kindly given me to carry out
these investigations in his laboratory.

SUMMARY.

1. A survey is given of the chemical composition of the
various layers building up the cell wall in young, as well as
in adult, stages.

2. An enumeration is given of the different ‘and often dis-
crepant theories on the origin of lignin.

3. In sunflower stalks at various growth stages determina-
tions were carried out of lignin, cellulose, pectin, furfural-
yielding components and of some substances not belonging to
the wall. .

4. The properties of the lignins isolated from these plant
materials were studied and compared with the genuine lignins
by means of microchemical reactions. Young lignins (from young
parts of the stalk) are less polymerized than old lignins (from
old parts of the stalks).

5. During the process of ageing and lignification the cellulose
content remains nearly constant. The contents of lignin and
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pentosan increase while the pectin percentage is rapidly decreas-
ing. These results are observed. in a single stalk, proceeding
from top to base, as well as in the same internode at successive
growth stages.

6. Microscopic sections of the stalks were examined by appli-
cation of microchemical reactions.

7. A close relationship is found to exist between pectin and
lignin. If the pectin reactions are distinct, the lignin reactions
are absent, and vice versa.

8. Special methods are described to determine the oxidation-
reduction potential of living tissues of higher plants (in our case
of the sunflower).

9. Especially the cambium and the adjacent layers of young
xylem elements have a very strong reduction power.

10. An attempt has been made tot draw up an acceptable
theory on lignin formation. According to this idea pectin should
be converted into lignin, this being a strong reduction process.
The factors needed for the realization of this reduction are
present.

11. A part of the pectin, not taking part in lignin formation,
may be changed into hemicelluloses (pentosans).
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