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1. Introduction

The present study is part of a comprehensive investigation of micro-
bial attack on pulpwood of birch and aspen. The purpose of this study
was to determine the general physiological requirements of the attack-
ing decay fungi, and to compare these requirements with the physiol-
ogical environment offered to the fungi within the wood. Special inter-
est has been devoted to the carbon and nitrogen nutrition, since these
two nutrients must be of extreme importance for the development of
decay. The influence of other factors of major importance for decay,
as, for instance, temperature and moisture content of the wood, have
also been studied.

The chemical decomposition of the wood and the interactions
between the different microbes have also been investigated and will
be published in further papers (HExXNINGSSON 1967c¢ and 1967e¢). In
evaluating the results obtained in physiological experiments with single
cultures, and before any application of these results to the problem of
the decomposition of pulpwood, it must be borne in mind that a num-
ber of interactions which occur between the micro-organisms in natur-
ally infected wood are also of importance for the total wood decom-
position.
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II. Materials and methods

The choice of test organisms was based on results from field studies
of stored pulpwood of birch (Betula verrucosa Ehrh. and Betula
pubescens Ehrh.) and aspen (Populus tremula L.), cf. HENNINGSSON
1967 e. Species frequently observed forming sporophores on the
wood and frequently identified as mycelia growing within the wood
were selected for the present study. Amongst the strains used Poly-
porus betulinus, Polyporus marginatus, Schizophyllum commune,
Libertella betulina and Cytosporina sp. 2 were isolated by the author.
The remaining strains were obtained from Dr. A. KiiRrIK at the Royal
College of Forestry in Stockholm, being part of the reference collection
of wood-destroying fungi at the Dept. of Forest Products (Kiimik
1963).

Strains used in the physiological experiments:

Fungus Strain No. Isol. date

Polyporus betulinus (Bull.) Fr. B 6032 Oct. 1960
Polyporus marginatus Fr. B 6115 May 1961
Polyporus hirsufus (Wulf.) Fr. A 477 Oct. 1960
Polyporus versicolor (L.) Fr. A 361 Oct. 1958
Polyporus zonatus (Nees) Fr. A 360 Aug. 1960
Polyporus adustus (Willd.) Fr. A 466 Feb. 1962
Lenzites betulina (L.) Fr. A 363 Sept. 1960
Daedalia unicolor Fr. A 520 Oct. 1962
Stereum hirsutum (Willd.) Fr. A 373 Sept. 1958
Stereum purpureum Fr. A 744 Oct. 1964
Corticium laeve Pers. A 26 Oct. 1947
Corticium confluens Fr. A 661 (from CBS, strain Boidin)
Peniophora incarnata (Pers.)

Karst. A 507 Oct. 1962
Schizophyllum commune Fr. B 64105 Oct. 1964
Libertella betulina Desm. B 6320 Aug. 1963
Cytosporina sp. 2 B 6321 Aug. 1963

The two fungi first mentioned, Polyporus betulinus and Polyporus
marginatus, attack living trees and should consequently be regarded
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as parasites. Polyporus betulinus has been found exclusively on Belula
species, whereas Polyporus marginatus occurs on several host-tree
species, hardwoods as well as softwoods. The remaining fungi normally
attack the wood saprophytically after felling. Liberiella betulina has
been found exclusively in birch wood and Cyfosporina sp. 2 exclusively
in aspen wood, while the other saprophytes have been observed in both
birch and aspen.

The stock cultures were kept on malt agar in Pyrex culture tubes at
+5°C. Before running the experiments, the mycelia were transferred
to plastic petri dishes of 90 mm diameter, containing an agar substrate.
The experiments were mainly carried out in 160 ml Erlenmeyer flasks
or plastic petri dishes. Flasks used in experiments with fluid synthetic
media were carefully cleaned with dichromatic-sulphuric acid solution
and washed with hot tap water and redistilled water.

For culturing the fungi on wood, 100 ml Erlenmeyer flasks were
used, containing 10 gm vermiculife (a mica material from AB Mataki,
Sweden). To the vermiculite was added 20 ml distilled water or nutr-
ient solution. The size of the wood blocks was 10 X 10 X 20 mm, the
two 10 X 10 mm surfaces being perpendicular, and the four 10 X 20
mm surfaces being parallel to the long axis of the fibres of the wood.
Usually three or four wood samples were laid beside one another in
the flask. Depending on the purpose of the experiment, the following
variations of the method were used:

1. The wood blocks were placed in or on the vermiculite before
the flasks were autoclaved for 20 min. at 120°C. The inoculation em-
ployed a myecelial suspension or pieces from an agar culture.

2. The flasks were autoclaved separately and inoculated with the
fungi. When a vigorous mycelium had developed in the vermiculite
(usually within 10—14 days), the wood blocks were autoclaved in
glass petri dishes and sterilely transferred to the flasks.

The incubation period varied between one and four months, de-
pending on the purpose of the experiment. The fungal activity in the
wood was determined in terms of the loss in dry weight during the
incubation. The dry weights were determined after 24 hours at 105°C.

In experiments with liquid nutrient media, 20 ml nutrient solution
per flask was used. After autoclaving for 20 min. at 120°C, the flasks
were inoculated either with a mycelial suspension, for shake cultures,
or with small pieces from an agar culture, for surface cultures. In
most cases growth was more rapid in shake cultures than in surface
cultures. However, certain species, e.g. Stereum purpureum, grew
better stationary than on the shaker. The mycelial yields from liquid
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media were determined as mycelial dry weight per flask by filtering
off the nutrient solution in weighed glass crucibles (Jena duran G 3) or
on circular filter papers, washing thoroughly with distilled water,
drying for 20 hours at 105°C, cooling in a desiccator and weighing.
The reported mycelial weights usually represent the mean of from
three to five replicates. The standard errors very seldom exceeded 10
per cent of the mean values; if otherwise, this is indicated in the tables.

In some experiments with semi-solid agar media, growth was mea-
sured as the radial growth of the mycelium in millimetres per day.
Plastic petri dishes inoculated at the edge of the dish were used.
Growth measurements were not started until the mycelia had grown
out from the inoculum and had become established in the medium.
Except when the carbon, nifrogen or vitamin sources were varied,
the following media were used:

Medium B

Glucose 20.0 gm; KH,PO, 1.0 gm; MgSO, + 7 H,O 0.5 gm; Am-
monium tartrate 2.5 gm; CaCl, + 2 Hy,O 0.3 gm; NaCl 0.1 gm; ZnSO,
8.79 mg; CuSOs 0.393 mg; Fe-citrate 5.0 mg; H;BO; 0.057 mg;
(NH,)MO,0,, 0.368 mg; MnSO, + 7 H,0 0.061 mg; Thiamine-HCI
100 ug; Biotin 10 xg; Nicotinic acid 100 x«g; Riboflavin 100 xg; Calcium
pantothenate 100 uxg; Pyridoxine 100 «g; Folic acid 100 xg; P-amino-
benzoic acid 50 pg; Vitamin B12 4 ug; Redistilled water to 1000 ml.

Medium G
Malt extract (syrup) 25 gm; Distilled water to 1000 ml.

Medium D
Malt extract (syrup) 25 gm; Agar-agar 15 gm; Distilled water to
1000 ml.
Medium D 2
Agar-agar 15 gm; Medium B to 1000 ml.

Medium E
Per flask: Vermiculite (air dry) 10 gm; Medium C 20 ml; 3—4
wood blocks.
Medium F

Per flask: Vermiculite (air dry) 10 gm; Distilled water 20 ml;
3—4 wood blocks.



III. Carbon Nutrition

A. Introduction

Except for small amounts of organic substances in the cell lumina,
the wood-destroying fungi must obtain the carbon needed for their
metabolic activities from the carbon-rich polymers which make up
the cell walls. Consequently, these polymers and their degradation
products are of major interest in a physiological study. The prineipal
cell wall constituents are cellulose, lignin and hemicelluloses.

Cellulose usually constitutes 40 to 50 per cent of the weight of the
wood. Thus birch wood contains 40-—43 and aspen wood 44—48 per
cent cellulose (TRENDELENBURG 1955, TiMELL 1964, HENNINGSSON 1967
e). All layers of the cell wall contain cellulose, although miost cellulose
is contained in the two innermost layers, S, and S;. The fact that
cellulose makes up nearly half of the wood indicates the importance
of this substance as an energy source for the decay fungi.

Angiosperm wood is generally not as rich in lignin as is gymnosperm
wood. Birch and aspen, for instance, contain 19—21 per cent lignin,
while pine and spruce (Pinus sylvestris 1.. and Picea abies (L). Karst.)
contain 27—30 per cent (HENNINGSsON 1962, 1967 e, TRENDELENBURG
1955). Most of the decay fungi found in birch and aspen wood have
proved capable of decomposing the lignin fraction in intact wood
(ef. CawmppreLn 1930, 1931, 1932, ScHEFFER 1936, Cowring 1961,
Keupiak & KerNer 1963 and SEIFErT 1966). There is also evidence
that certain decay fungi can utilise a purified lignin as their sole source
of carbon (GARREN 1938, Day et al. 1949, van V0iiET 1955). As the
chemical nature of lignin is not fully known, this substance has not
been used in the present investigation,

In angiosperm wood from temperate zones, the hemicellulose frac-
tion, as distinct from that of gymnosperm wood, is characterised by
a high percentage of pentosans—xylans and minor amounts of arab-
ans. In birch and aspen wood xylose makes up 89 and 30 per cent resp-
ectively of the carbohydrates. The corresponding figures for arabinose
are 2.5 and 0.5—1.0 (GusTaFrssoN et al. 1951). The wood hemicelluloses
are heteropolysaccharides, however, so the pentosans occur in poly-
saccharides such as glucuronoxylan and glucuronoarabinoxylan. The
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degree of polymerisation (DP) of these polysaccharides usually ranges
between 50 and 250. It might be noted that the xylan content of the
various layers of a birch cell wall is three to four times as high as
that of pine wood, and that in birch wood the xylan content of the
S;-layer and the outer part of the S,-layer is especially high (MEeier
1962). In birch and aspen wood the pentosans make up some 27 and fen
per cent respectively of the weight of the wood (cf. HENNINGSSON 1962
and TiveLL 1964). This indicates that the pentosans, if they can be
utilised, are an important source of the carbon needed for energy
and synthesis in the fungi growing within the wood.

The wood hemicelluloses also contain hexosans. A few per cent of
the carbohydrate fraction in birch and aspen wood consist of galac-
tans and mannans (GUSTAFssON et al. 1951). The galactans are re-
stricted almost exclusively to the primary wall and the middle lamella,
whereas the mannans are more evenly distributed throughout the
cell wall, The mannan content of gymnosperm wood is generally about
ten times as high as that of angiosperm wood (MrIiEr 1962). Glucose,
glucoronic acid, and galacturonic acid are also more or less common
components of the hemicelluloses. Although the hexose polymers of
the hemicelluloses make up only a minor part of the wood carbo-
hydrates, they may be of importance from the physiological point of
view (as nutrients, enzyme inducers etc.).

The effects on growth of various sugars, polysaccharides, sugar al-
cohols and organic acids have been studied in the present investigation.
Amongst the carbon sources tested are many of those normally
occurring in birch and aspen wood, either free or as various polymers,
(TiMELL 1964). In experiments with water-soluble carbon sources,
medium B was used, with glucose replaced by 10 gm per litre of the
carbon source tested. The carbohydrate solutions were filter-sterilised
and added sterilely to the autoclaved nutrient solution. The flasks
were inoculated with one millilitre of a mycelial suspension and in-
cubated at +22 4 2°C in a shaker for ten days.

B. Growth on cellulose, cellobiose and glucose

Cellulose as the sole source of carbon was studied in several ways.
The growth on filter-paper cellulose was studied by covering agar
plates containing medium D, (glucose excluded) with round filter
papers. After the inoculation of the fungi in the centre of the paper,
radial growth and the thickness of the mycelium were estimated.
Sometimes radial growth was faster in dishes lacking any carbon
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Tab. 1. Relative mycelial dry weight of birch and aspen fungi grown in medium B with various carbon

sources
E
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D-arabinose 18 27| 25| *5 16f 11} *6| *3 8| 44| 16 4| *5| 13| *51 14
D-xylose 103| 101| 141| 66 107} 138| 104| 17| 90; 133} 107 6| 38| 108| 57| 88
D-glucose 100| 100| 100{ 100{ 100| 100| 100| 100| 100! 100{ 100{ 100| 100| 100| 100| 100
D-galactose 63| 20 9 *6] 19| 10| *9| *3| *4| 43 4y *12) 19| 17| 24| 17
D-mannose 104 112) 102] 67; 106| 119| 98| 137| 96| 92 120 97| 61} 113| 107| 102
D-fructose 78| 83| 116 67| 88| 79| 101| 144| 51| 107| 106} 123] 63] 93| 82| 92
D-cellobiose 67, 97| 102} 56| 86| 103| 162| 54| 387| 111| 111| 106| 103| 104] 115| 118
lactose *¥17) 25) 103] 43| 52| 22| 17| 28| 29| 111| 19} *8 25| 49 4, 37
D-maltose 115] 60| 66| 100| 128| 114| 112| 67| 57! 128| 111} 109] 43| 119] 48 92
D-saccharose 50| 43| 138| 65| 105 6] 111| 114 78] 26; 13! 108} 96| 151} 59, 77
raffinose 16| 37| 108 86| 85| 16| 64 87| 21 4 2, 36/ 49| 120, 25| 50
starch 77| 111] 116| 100| 98| 122| 68] 89 126} 129 108| 83| 64| 123| 97| 101
inulin —| 42; 17| 12| 13| 27| 17] 20| 57| 15| 11| 123| 52| 11| 12| 31
glycerol 473 171| 108| 171 93! 65| 116} 99| 55, 106| 103| 123| 106| 47| 44| 125
mannitol 128] 98| 100{ 201 95| 59| 99| 94| 151| 104| 103| 87| 91| 96| 42| 103
sorbitol 124 63| 94| 186 92 65| 97| 89| 55| 109{ 103| 83| 108 99| 32| 93
no carbon 13 7 3 3 3 5 7 2 8 3 7 8 7 8 8 6

* Sparse growth occurred when (NHy),-tartrate was replaced by casein hydrolyzate as the nitrogen
source in the medium. In all the other combinations where no growth occurred with (NH,),-tartrate
as nitrogen source it was not possible to induce growth with casein hydrolyzate cither.

source than in those with filter-paper cellulose. In dishes without
ccllulose there was, however, always a very thin, sparse mycelium,
and the mycelial front was often irregular and indistinct. Single hyphae
occasionally grew rapidly over the whole plate without branching.
Consequently, the radial growth alone gave no information about
the availability of the substrate. The most valuable indication of
growth in these types of experiment is the thickness of the mycelium.
It was shown that only the two brown rot fungi Polyporus betulinus
and Polyporus marginatus were completely incapable of wutilising
filter-paper cellulose. Corticium laeve and Stereum purpureum pro-
duced a limited growth, whereas the rest of the fungi grew well with
filter-paper cellulose as their sole source of carbon. The inability of
the brown rot fungi to utilise cellulose in these types of experiments
has been observed earlier (cf. HENNINGSSON 1965, JOHANSSON 1966).
In the work of JoHaNssON (1966) it was further demonstrated that
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Tab. 2. Cellulolytic activity (C;) of birch and aspen fungi measured as the width of clear
zones formed in a cellulose-agar medium

Test method according Test method employing
to Bose Lugol’s reagent and H,SO,
Radial . ‘Width of
Fungus growth Wldth.Of clear Radial growth | non-coloured
; zone in mm - T .
in mm after* in mm after zone in mm
after after**
5 days*| b days | 8 days | 3 days | 6 days | 3 days | 6 days
Polyporus betulinus ... .. 13 11 17 4 11 10 16
Polyporus marginatus.. .. 11 0 13 5 14 6 15
Polyporus hirsutus....... 20 13 45 12 32 14 34
Polyporus versicolor. .. .. 29 27 76 16 39 13 39
Polyporus zonatus....... 27 28 70 14 38 13 38
Polyporus adustus....... 42 58 83 18 — 20 —
Lenzites betulina........ 16 19 45 8 27 12 22
Stereum hirsutum....... 20 11 53 8 34 10 25
Stereum purpureum. .. .. 22 13 26 0 20 4 11
Corticium laeve......... 18 10 —_ 7 30 9 33

* inoculated at the edge of the petri dish.
** jnoculated in the centre of the petri dish.

the Cq-activity, not the C -activity, was lacking in the brown rot fungi,
and that none of the substances which normally induce cellufolytic
activity in white rot fungi were effective in the case of the brown rot
fungi.

Many experiments were carried out using cellulose powder sus-
pended in medium B and D 2. Despite the difficulty of separating
mycelium and undissolved carbohydrates at the end of the experiments,
the following facts emerged, viz. that:

1. All the fungi tested produced at least some growth on cellulose.

2. Growth on cellulose was extremely slow in Polyporus betulinus,
Polyporus marginatus, Corticium laeve and Corticium confluens.

3. Rapid growth on cellulose was exhibited by Polyporus versicolor,
Polyporus zonatus, Polyporus adustus, Lenzites betulina, Stereum
hirsutum, Stereum purpureum, Schizophyllum commune, Libertella
betulina and Cytosporina sp. 2.

Tests for cellulolytic activity were also performed using a technique
described by Bose (1963) and a modified form of that technique
employing a colour reaction obtained by adding Lugol’s reagent and
sulphuric acid to the plates. The results given in Tab. 2 show that the
weakest cellulolytic aclivity was exhibited by the two brown rot fungi
Polyporus betulinus and Polyporus marginatus and by Stereum pur-
pureum.
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The general conclusions that can be drawn from the cellulose ex-
periments are as follows:

The brown rot fungi, in spite of their high cellulolytic activity in
wood, exhibited a low cellulolytic activity and very sparse growth or no
growth at all on cellulose given as the sole source of carbon. Stereum
purpureum, Corticium laeve and Corticium confluens, which all are
weak wood destroyers (see Fig. 5), also showed a low activity on
cellulose when it was given as the sole source of carbon. Cellobiose
the extracellular end product in cellulose decomposition, proved to
be an excellent carbon source for the birch and aspen-attacking fungi
(Tab. 1). For the most part it was equal to and sometimes even
superior to its monomer glucose. Cellobiose is also utilised by virtually
all fungi hitherto tested (CocunranNe 1957), which indicates a widely
distributed g-glucosidase activity among fungi.

Polysaccharides attacked by fungi are at first decomposed by extra-
cellular enzymes, e.g. cellulases, xylanases and mannanases. These
enzymes usually act as endoenzymes (NorkranNs & RAinBy 1956, Nor-
KRANS 1959, CowLing 1961 and 1963, AHLGREN et al. 1966). At the
disaccharide stage, further breakdown is taken over by extracellular
glucosidases, e.g. cellobiase, xylosidase and mannosidase. The cellulo-
lytic enzymes may be surprisingly small. Thus PETTERSsoN et al.
(1963) isolated a cellulase from Polyporus versicolor with a molecular
weight of only 11,400. It has further been shown for Polyporus versi-
color and Aspergillus spp (AHLGREN et al. 1966 and PETTERssoN &
PoraTH 1963) that enzymes attacking the polysaccharides have smaller
molecules than the glucosidases attacking the corresponding disa-
ccharide. If this is general amongst fungi, it is of great importance,
since the polysaccharide-splitting enzymes must diffuse considerable
distances in the cell wall to reach their substrates. Consequently, a
small molecule will be more efficient than a large one. For the
glucosidases, diffusion is not necessary, since their substrates, the disa-
ccharides, are water-soluble and thus can themselves diffuse.

Several experiments were carried out with the white rot fungi
Stereum hirsutum and Libertella betulina to identify cellobiose and
glucose as end products resulting from extraceltular cellulose decompo-

“sition. The fungi were grown as shake cultures in medium B, where
glucose was replaced by a two per cent cellulose suspension. After
incubation periods varying between one and 65 days the mycelia and
the remaining cellulose were filtered off. The culture filirates were
then analysed for glucose and cellobiose, using a thinlayer chromato-
graphic method described by Stanr (1962). The method uses silica

2% 712457
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Fig. 1. Hydrolysable intermediates, derived from the extracellular cellulose decomposi-
tion, occurring in culture media of Stereum hirsutum when this is supplemented
with cellulose as the sole carbon source. The hydrolysates were measured photo-
metrically as glucose.

gel plates and a solvent system consisting of ethyl acetate, isopropyl
alcohol and water. The chromatograms were developed by spraying
them with benzidine dissolved in acetic acid and ethyl alcohol. The
culture filtrates were also analysed for hydrolysable intermediates,
measured as potential reducing substances. Samples taken from the
filtrates were hydrolysed with three (w/v) per cent sulphuric acid
(CowrLing 1961), followed by neutralisation with NaOH and colori-
metric determination of the glucose (Somoacyr 1952).

The results showed that except for very faint spots of glucose during
the first two days (emanating from the inoculum), neither glucose nor
cellobiose could be discovered on the chromatograms. However, if the
fungal uptake of glucose was blocked by the addition of merthiolate
to the flasks containing the growing mycelia, or by subjecting the
growing cultures to a temperature of +45°C, it was possible to obtain
glucose but not cellobiose from the media. The addition of merthio-
Iate and heating to +45°C did not significantly decrease the activity of
cellulases and glucosidases (cf. AscaNn & NORKRANS 1953, JOHANSSON
1966).

The results of the analyses for hydrolysable intermediates in the
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culture filtrates are shown in Fig. 1. The amount of hydrolys-
able intermediates increased during the first week of incubation, after
which a constant level of approximately 400 mg per litre of filtrate was
reached. This value corresponds to about two per cent of the cellulose
originally given to the cultures.

The following conclusions may be drawn from the chromatographic
and photometric analyses of culture filtrates:

1. During the first week of the extracellular enzymatic decomposi-
tion of cellulose, the production of soluble intermediates with a degree
of polymerisation (DP) above two was in excess of the further metab-
olism of these substances.

2. After one week’s incubation the production of intermediates and
the further metabolism proceeded at the same rate.

3. If the formation of cellobiose and the splitting of this substance
into glucose molecules are extracellular processes, they must be syn-
chronised with the uptake of the extracellular end product, glucose.
Alternatively, the cellobiose may be taken up directly and transformed
to glucose within the cells.

C. Growth on carhohydrates occurring in the hemicelluloses.

Growth on xylan was studied in the same way as was growth on
powdered cellulose (p. 10). The results can be summarised as follows:

1. All the fungi tested exhibited at least some growth on xylan.

2. Growth on xylan was very slow in Polyporus marginatus and
Peniophora incarnata.

3. Rapid growth on xylan was exhibited by Polyporus versicolor,
Polyporus zonatus, Polyporus adustus, Lenzites betulina, Stereum
hirsutum, Stereum purpureum, Schizophyllum commune, Libertella
betulina and Cytosporina sp. 2.

Enzymatic attack on hemicelluloses is supposed to proceed similarly
to that on cellulose, resulting in a final formation of dimers and mono-
mers, which then enter the fungal cells. The effects on growth of vari-
ous monomers of the hemicellulose are shown in Tab. 1. Of the two
aldopentoses tested, D-xylose was generally an excellent carbon source.
Only Peniophora incarnata failed to grow on xylose. Since xylans
are so common in birch wood, an inability to metabolise xylan and
xylose should make such organisms less competitive in birch wood.
However, in spite of its weak ability to utilise xylose and xylan,
Peniophora incarnata was one of the most common fungus species in
birch pulpwood.
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The further intracellular breakdown of pentoses in fungi is not very
well known. However, since it has been demonstrated in the past de-
cade that many fungi are able to use the hexose monophospate (HMP)
pathway in their catabolism of glucose (BLUMENTHAL 1965), it is prob-
able that after xylose has entered the cell, it is phosphorylated and in-
troduced into the second part of the HMP pathway. Since there exist
intermediates common to both the HMP pathway and to the general
glycolytic Embden-Meyerhof (EM) pathway, the converted xylose
molecule can easily be used in the energy-releasing and synthetic
processes.

The general availability of xylose as a carbon source for the fungi
found in birch and aspen wood might indicate the occurrence of a
well-developed HMP pathway. However, the poor utilisation of xylose
showed by Stereum hirsutum and Peniophora incarnata (Tab. 1), does
not necessarily mean that the HMP pathway functions insufficiently
in these organisms, since the inability to utilise the substance may
equally well reflect a requirement for special inducing substances, or
a lack of permeases needed in the transporting mechanisms; and it
may be due to all of these factors.

Xylose has also proved to be a good carbon source for many other
wood-destroying fungi. Merulius lacrymans, for instance, grew better
on xylose than on glucose (Goksgyr 1958). Other Merulius species, too,
as well as IFomes annosus, could utilise xylose to the same degree as
glucose (NORD & ScIARINT 1946).

Arabanase activity by fungi has been comparatively little studied,
because arabans usually occur together with pectic substances or other
polysaccharides in complexes, which are difficult to separate due to
the arabans’ being extremely susceptible to acid hydrolysis. However,
Frcus et al. (1965) demonstrated that some phytopathogenic and
saprophytic fungi exhibited a considerable arabanase activity. The
enzymes were induceable extracellular exo-enzymes “not cleaving the
araban molecule randomly, but splitting off monosaccharide units”.
Arabinose, in contrast to xylose, was a very poor carbon source for the
fungi tested in the present study. Only Corticium laeve, Polyporus
marginatus and Polyporus hirsutus appeared to be capable of utilising
arabinose. The L-isomer of arabinose is generally more available to
fungi than the D-isomer (CocHRaANE 1958). For Verticillium albo-
atrum, L-arabinose was the best of several tested carbon sources
(MaLca et al. 1966). Members of the genus Ophiostoma (CGeratocystis)
also generally utilise this sugar (KXirik 1960 and Gacnon 1963), and
in Exobasidium both isomers were utilised (StxpsTrOM 1964). In-
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ability to utilise arabinose is, however, frequently reported, e.g. among
Coprinus and Phialophora species (FRrRies 1955 and BREWER 1959).

Since D-arabinose was utilised (to some degree at least) by certain
of the birch and aspen-attacking fungi, there evidently exists a path-
way through which the arabinose molecule can enter the metabolic
systems. Very little is known about the breakdown of arabinose in
fungi. A reductive pathway has, however, recently heen found, in which
L-arabinose is converted to xylulose-5-phospate (BLUMENTHAL 1965).
This substance is also part of the HMP pathway, and thus the con-
verted arabinose molecule can reach the glycolytic highways. As far as
the present author can discover in the literature, nothing is known
about the breakdown of D-arabinose. It might be not be too presump-
tuous to postulate the existence of an isomerase capable of con-
verting D-arabinose to some of the intermediates in the two last-
mentioned glycolytic pathways.

The hexoses mannose and galactose also occur in the hemicellulose
fraction. In combination with each other or with glucose they build
up, for instance, galactomannans, found in the middle lamella and the
primary wall, and glucomannans, found in all layers of the cell wall
(MEIER 1962). Mannose proved to be about equally as good a carbon
source as glucose for the birch and aspen attacking fungi (Tab. 1).
Galactose, however, was a poor source of carbon for most fungi.
Only Polyporus betulinus and Corticium laeve could utilise D-galactose
to some extent. The results indicate that parts of the middle lamella
and the primary wall which contain galactans might be more resistant
to attack by these fungi than the other cell wall layers.

Inability to utilise hexoses is usually attributed to impermeability
or lack of the enzymes responsible for the phosphorylation of the free
sugar, since the phosphorylated forms of glucose, mannose, fructose
and galactose are easily transformed one into the other (COCHRANE
1957). Mannose is usually equivalent to glucose for the growth of fungi,
whereas galactose gives varied results. Galactose was, for instance, a
poor carbon source for Coprinus species (FriEs 1955). In the genus
Tricholoma, however, the saprophytic species utilised D-galactose,
while the mycorrhiza-forming species did not (NOREKraNs 1950).
Nyman (1961) reports that among the fungi isolated from slime flux,
Rhodotorula spp grew poorly on D-galactose, whereas Phialophora sp
and Dipodascus aggregatus produced a good growth. Similarly, several
species of Ophiostoma and Exobasidium (Kiirik 1960, SUNDSTROM
1964) could utilise D-galactose. In Ophiostoma multiannulatum it was
possible to obtain galactose-adapted strains by repeated transfer of
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cells on galactose media (LiINDBERG 1963). The above-mentioned
results indicate that even if the decay fungi have difficulty in metab-
olising the galactose of the middle lamella and the primary wall,
many other wood-inhabiting fungi have the power of utilising this
galactose, and these fungi might thus be of importance in the complete
decomposition of the cell walls.

D. Growth on carbon sources not occurring in the cell wall

Several monosaccharides and disaccharides occur in free form in the
wood. Birch and aspen wood, for instance, contain glucose, fructose,
sucrose, raffinose and stachyose. Aspen wood contains, in addition,
free L-rhamnose (LINDBERG & SELLEBY 1958 and LLARSSON & SELLEBY
1960). There is, however, a rapid decrease in free sugar content from
the cambial zones inwards through the sapwood (DIETRICHS 1963). The
availability of these sugars to the decay fungi attacking birch and
aspen pulpwood can be seen in Tab. 1.

The only ketohexose tested, D-fructose, promoted rapid growth in
all the fungi, although it was generally inferior to D-glucose (Tab. 1).
Saccharose (sucrose) which is utilised variably amongst fungi, was
also available to various extents in birch and aspen fungi. For most
of the fungi tested, saccharose was a good carbon source. For Poly-
porus hirsutus and Libertella betulina this sugar was an even better
carbon source than was glucose. Corticium confluens, however, grew
only slowly and Polyporus adustus could not utilise saccharose at all.
Since both of the last-mentioned fungi could use fructose and glucose,
their inability to use saccharose was probably due to lack of invertase.
The same explanation may be given for their poor growth on the
trisaccharide raffinose. Invertase splits the raffinose molecule into
fructose and melibiose. Complete assimilation of raffinose also requires
both an o-galactosidase to split the melibiose molecule and an ability
{o assimilate galactose. Table 1 shows that only Polyporus hirsutus
and Libertella betulina grew equally fast on raffinose as on glucose.
It is interesting o note the similarities in useableness between saccha-
rose and raffinose. Also, other decay fungi have proved capable of
using raffinose as their sole carbon source (NorRD & Scrarint 1946).
Starch and maltose were utilised by all the birch and aspen fungi,
indicaling a general distribution of the two amylases and maltase.
Starch occurs as reserve food in the living cells of cambium and rays.
In birch and aspen, however, the principal reserve food is of a fatty
nature—primarily fatty acid esters of glycerol, sterols and terpenoid
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alcohols (SELLEBY 1960 and LarssoN & SELLEBY 1960, PAASONEN 1966),
so the starch content rarely exeeds one per cent.

Lactose was a poor source of carbon for most of the birch and aspen
fungi (Tab. 1). Only in the case of Polyporus hirsutus and Corticium
laeve was lactose as good a carbon source as D-glucose. Peniophora
incarnata and Cytosporina sp. 2 could not utilise lactose at all. Lactose,
a carbohydrate not normally occurring in higher plants, is generally a
poor carbon source among fungi. An inability to grow on lactose has
been demonstrated, e.g. in Dipodascus aggregatus, Rhodotorula, Exo-
basidium, Tricholoma and Coprinus species (NYmMaN 1961, SUNDSTROM
1964, Norxrans 1950 and Fries 1955). Growth after a prolonged period
of standstill, indicating an adaptive enzyme system, has been shown
in several fungi, e.g. Verficillium albo-atrum (MasLca et al. 1966).
In cases in which lactose was utilised much better than galactose, cf.
Polyporus hirsutus, Polyporus zonatus and Libertella betulina in Tab.
1, there is evidently a high f-glucosidase activity, resulting in the liber-
ation of glucose monomers sufficient for growth. It is also possible
that the liberated glucose induces the formation of enzymes necessary
for galactose assimilation. In the case of Polyporus betulinus, where
growth occurred on galactose but not on lactose, a lack of the specific
f-glucosidase may be the cause.

Inulin has been studied as an example of a fructosan. Fructosans
usually do not occur in wood, but since some types of fructosan are
formed by bacteria, this type of compound may occur in wood attacked
by bacteria (BonNNER 1950). Inulin was not very available to birch and
aspen fungi, cf. Tab. 1. However, an enzyme system capable of splitting
inulin into fructose monomers to an extent sufficient to allow full
growth on the D-fructose thus liberated, seems to exist in Stereum
purpureum, Peniophora incarnata and Schizophyllum commaune. In-
ulin is also poorly utilised by other groups of fungi. For instance,
Ophiostoma species grew poorly and Coprinus and Exobasidium spe-
cies did not grow at all on inulin (Kiirik 1960, Fries 1955, Sunp-
STROM 1964).

Three sugar alcohols were tested (Tab. 1). Glycerol in the form of
glycerol esters is a substantial part of the neutral ethyl extractives
from birch wood (PaasoNEN 1966). Mannitol and sorbitol are also
frequently found in higher plants. Sorbitol is especially common in
rosaceous plants (BoNNER 1950). The formation of sugar alcohols is
nof unusual among bacteria and fungi (Cocurane 1958). Thus Asper-
gillus and Byssochlamys species have been reported to exude mannitol
into the culture medium, indicating that sugar alcohols may be formed
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Tab. 3. Relative mycelial dry weights of birch and aspen fungi grown in medium B with
citric and tartaric acids as carbon sources.

Citric acid Tartaric acid
Relative Relative
| dry X ) dry
Per cent . Per cent X
Fungus acid Wel{’jhtl.?f pH acid |V elghtl_of pH
giving uﬁ}icrf U1 after | giving urrrrll}icne ;: after
best ofgrovvt/lol growth best {4 drowi% growth
growth on 1% growth 0; 1 °o
glucose glucose
Polyporus betulinus....... 0.1 46.2 3.6 1.0 59.8 2.4
Polyporus marginatus.. ... 0.1 28.8 3.6 1.0 30.8 2.4
Polyporus hirsutus........ 0.1 31.2 5.3 0.5 26.8 2.7
Polyporus versicolor. . . ... 0.1 21.2 5.9 0.5 14.8 2.7
Polyporus zonatus........ 0.5 17.8 2.9 0.5 13.2 2.7
Polyporus adustus........ 0.1 33.3 3.8 0.5 30.7 2.7
Lenzites betulina......... 0.1 14.3 5.0 0.5 11.8 2.7
Stereum hirsutum........ 0.1 15.3 4.0 0.5 15.1 2.8
Stereum purpureum. .. ... 0.1 12.5 3.8 0.1 7.8 3.4
Corticium laeve.......... 0.1 27.3 5.3 0.1 18.0 3.5
Corticium confluens....... 0.1 21.2 4.9 0.1 21.6 3.5
Peniophora incarnata. . ... 0.1 14.4 5.4 0.1 15.6 3.4
Schizophyllum commune., . 0.1 17.3 4.1 0.1 13.0 3.5
Libertella betulina........ 0.1 26.4 — 0.1 18.0 3.6
Starting pH Citric acid: 1 %, = 2.5 Tartaric acid: 1 9, = 2.4
0.5 9% = 2.8 0.59 = 2.6
0.1 9% = 3.2 0.19% =29

in wood by micro-organisms after invasion. Glycerol, mannitol and
sorbitol yield on oxidation glyceraldehyde (or dihydroxyaceton), fruc-
tose and glucose respectively, and in these forms they should easily
enter the glycolytic pathways. All of these were excellent carbon
sources for the birch and aspen fungi. Growth was especially increased
in Polyporus betulinus and Polyporus versicolor. From the average
figures in Tab. 1 it appears that glycerol was a hetter carbon source
than the other two aleohols tested; its accessability varied, however,
between different fungi. Relatively low mycelial weights were obtained
for Stereum purpureum, Libertellu betulina and Cylosporina sp. 2,
whereas Polyporus betulinus was greatly stimulated by glycerol.

Citric and tartaric acids were tested as carbon sources, mainly
because the formation and exudation of organic acids is very common
amongst fungi. The formation of citric acid has been demonstrated in
e.g., Mucor, Aspergillus, Fusartum, Penicillium, Merulius, Coniphora
and Polyporus betulinus, (CocHRANE 1958, BIRKINSHAW et al. 1940 and
HenNiNGssoN 1965). Fusarium spp have been shown to produee tartaric
acid. It is thus quite probable that besides the production of small
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amounts of Krebs cycle acids in the cambium and ray parenchyma,
several organic acids are produced in the wood as soon as it is invaded
by micro-organisms. Growth on citric and tartaric acids is shown in
Tab. 3. The relative myeelial dry weights were calculated in per cent of
the growth on one per cent glucose. Three concentrations of the acids
were used, viz. 1.0, 0.5 and 0.1 per cent. The figures in Table 3 refer to
the optimum concentration of each acid. Despite the low pH-values in
some of the nutrient solutions, all the fungi were able to utilise the two
acids to some extent. Impermeability at the pH needed and chelating
effects on metallic ions in the media are the main obstacles preventing
the effective use by fungi of many organic acids as carbon sources.
For instance, Ophiostoma species and several Exobasidium species
could not grow with citrate as their sole source of carbon (KAXrIx 1960
and SuxpsTROM 1964). However, once the citric acid has entered the
cell it should easily be metabolised in the tricaboxylic acid cycle.

3*—r12457



IV. Nitrogen nutrition

A. Intreduction

The nitrogen nutrition of wood-destroying fungi is especially in-
teresting, since the nitrogen content in pure wood is very low. It rarely
exceeds 0.3 per cent of the dry weight of the wood (MERRILL &
CowLING 1966 a). Recently performed analyses of stem wood (whole
debarked disks) of Betfula pubescens in Sweden yielded 0.08—0.14 per
cent nitrogen (HoOLMEN, personal communication 1967). However, in
the bark (outer and inner bark together) the N content was three to
eight times as high, viz. 0.43—0.63 per cent. Similarly, MERrRILL &
CowLING (1966 a), when analysing Populus grandidentata, found the
N content of the bark to be three to eight times as high as that of the
whole wood.

Within the wood cylinder there is also a non-uniform distribution
of nitrogen. This was clearly demonstrated by MERRILL & COWLING
(1966 a). The N content was highest in the cambial zones and in the
pith region, and between these fwo regions it decreased, being at its
lowest just outside the pith region. In heartwood-forming species there
was usually an abrupt decrease at the heartwood limit. The decrease
in N content was attributed successively to dilution, because of the
deposition of secondary cell wall material; then to the death and rapid
loss of cytoplasm in maturing wood fibre cells; to the elution of
nitrogen compounds by the action of the transpiration stream; and
finally to the death and loss of cytoplasm in the parenchyma cells.
MERRILL & CowLING (1966 a) also found that early wood was richer in
nitrogen than the late wood, that the correlation between parenchyma
volume and N-content was good, and probably, that most of the ni-
trogen was not in the cell lumina.

The wood’s nitrogen occurs in many forms. The cambium and the
rays, for instance, contain proteins, peptides, nucleic acid and other
typical cytoplasmic nitrogen compounds. The wood fibres and the
dead parenchyma cells may also contain protoplasmic residues. It is
also known that the young cell wall, at least, contains proteins, for
instance, in certain oxidative enzymes functioning in the middle la-
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mella and the primary wall. A protein rich in hydroxyproline has also
been found in the primary walls (LaMpoRT & NORTHCOTE, 1960).

MEeRRILL & CowLing (1966 a) demonstrated that various extracts
from aspen wood (Populus grandidentata) contained aspartic acid,
glutamic acid, serine, glycine, alanine, valine, leucine—isoleucine and
threonine. Threonine was found in the heartwood only. In addition to
the mostly protinaceous nitrogen found in the cells, nitrogen in the
form of various organic compounds is found in the transpiration and
assimilation streams. The amount and composition of the nitrogen
compounds in these streams is far from constant and varies with tree
species, part of the tree, season and time of the day (TRENDELENBURG
1955). Encrustations of special and rather complicated nitrogen com-
pounds, e.g. various alkaloids, have been reported from several tree
species.

From this it may be concluded that fungi growing in the wood must,
to meet their nitrogen demand, be able to utilise a variety of nitrogen
sources.

B. Results

The nitrogen nutrition of fungi attacking birch and aspen wood was
studied in three separate experimental series.

a. A comparison between some inorganic and organic nitrogen
sources given as the sole source of nitrogen.

b. A comparison between 19 amino acids, normally found in plant
protein, each given as the sole source of nitrogen.

¢. The effect on decay of artificial addition of nitrogen to the wood.

a. Growth on inorganic and organic nitrogen.

The results of the first series of experiments with nitrogen nutrition
are shown in Tab. 4 and Fig. 2. The growth data are represented by
relative growth figures calculated as being the mycelial dry weights
in per cent of the mycelial dry weight obtained using the middle con-
centration of ammonium tartrate. By this operation all growth figures
in the table can be quantitatively compared directly.

Tab. 4 clearly demonstrates that nitrogen given in the form of am-
monium compounds is utilised by all fungi tested. Ammonium tartrate,
ammonium sulphate and ammonium chloride were utilised with about
equal efficiency at the lowest concentration (15.2 mg N per litre).
Higher amounts of ammonium tartrate (76 and 380 mg N per litre)
resulted in a two to fourfold increase in growth. With ammonium
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Tab. 4. Relative mycelial dry weights of birch and aspen fungi grown in medium B with various nitrogen

sources
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(NH,),--Tartrate 380 | 181f 109| 95| 315] 251 253 141{ 245 80

» 76 | 100| 100/ 100 100 100 100| 100| 100| 100| 100| 100; 100, 100| 100| 100
» 15.2 501 57] 32| 31; 36] 33| 34| 28] 134

(NH,),S0, 380 | 157| 118| 91| 76/ 83| 55| 104| 122 78
» 76 | 100| 95 66| 68| 81| 48| 96| 87 102| 53] 38/ 81| o1 29| 73
) 15.2 | 53| 51| 20| 26/ 21| 28| 26| 23| 134

NH,C1 380 g1y 87, 74| 70f 91{ 57| 88| 111{ 88
» 76 77 92 76| 70| 90/ 63| 100| 84| 92| 75| 40| 95| 54 29| 67
» 15.2 59| 61) 18] 28| 26] 28| 29| 24| 108
KNO,; 380 7 6 2 8 4| 54 0 1l 15
» 76 110 11 3 1 3i 24 7 2l 17 10 6 5 5| 133, 12
» 15.2 241 16 3 1 2 6 7 1 9
NH,NOQ, 380 60( 77 31| 45 43{ 276 76| 79 72

» 76 78; 73| 46| 47, 58| 90| 79| 60; 54| 64/ 39} 55] 68| 172| 70
» 15.2 52} 35 16} 13} 18| 25/ 22} 13| 52

L-Glutamine 380 | 161 120| 182} 189| 201| 170] 173} 251 96
» 76 | 100] 93| 60f 56| 63| 52| 86 63] 72} 114! 63| 68| 69| 100 108
» 15.2 42| 36| 217 24; 23| 15; 25| 18| 58

L-Glutamic acid 380 | 228 350( 157| 96{ 221 252 78| 254 5
» 76 | 139| 115 105/ 85| 123| 89| 131| 60| 126| 154; 95| 79| 90} 93] 91
» 15.2 56| 43| 21| 36| 32| 28] 41] 24] 116

DL-Asparagine 380 44| 60| 420| 290| 258| 337| 179 267| 15
» 76 74| 60 58| 109| 143| 112} 125 91| 271} 225{ 71| 104] 149| 154] 130
» 15.2 58| 25; 12| 37| 49{ 34| 41] 21{ 185

DL-Aspartic acid 380 | 206| 349; 238 184 258 183| 112{ 184{ 33
» 76 | 193] 151 93| 204] 171} 97| 177| 60| 170| 97| 102y 72| 74| 53| 53
» 15.2 67) 63| 15| 21 24| 30| 51| 18| 160

Casein hydfolyzate 380 | 415 280| 189} 263] 201| 211| 153| 228| 49
» 76 | 216( 94| 67| 79( 148, 84| 115| 56| 25| 54| 104| 60| 73| 104] 85

» 15.2 78] 37| 23| 13| 28] 22| 45| 16 4

Urea* 380 65| 153| 409 360; 228| 366| 273| 246( 158

» 76 44| 47, 93| 188| 147| 106, 76{ 102| 118

» 15.2 37| 41 24| 28] 46] 28] 43| 33] 52
No nitrogen 0 15 4 5 8 1 1 13 2| 17 4 4f 12 3 1 11

* filter sterilised
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Fig. 2. The average relative mycelial growth of 15 birch and aspen fungi in medium B
with varying nitrogen sources given in amounts corresponding to 76 mg N per
litre. Growth on ammonium tartrate was assumed to be 100 per cent.

sulphate and ammonium chloride, however, there was only a small
increase in growth, and sometimes the growth was inferior when
the concentration was increased from 76 to 380 mg N per litre. This
would be explicable if the rate of uptake were strongly limited by
the low pH. Usually, the pH fall was more pronounced in the higher
than in the lower concentrations. The unilateral uptake of cations
and the exudation of organic acids in combination probably caused the
fall in pH in media containing ammonium compounds. Many wood-
destroying fungi, especially brown rot fungi, have been shown to
exude substantial quantities of various organic acids into the medium
(Norp & Scrarini 1946, Norp & VitTtuccr 1947, RarpH & ROBERTSON
1950, BirrkinsHaw et al. 1940, Hitra & NagaTa 1955, HENNINGSSON
1965). The two brown rot fungi Polyporus betulinus and Polyporus
marginatus caused a greater fall in pH in all media than did the white
rot fungi.

Nitrate as the sole source of nitrogen could be utilised by only two of
the fungi tested. These fungi, Polyporus adustus and Libertella betu-
lina, also grew better than any of the other fungi on ammonium ni-
trate. Utilisation of nitrate led to an increase of pH in the medium.
The changes in pH of media in which Polyporus adustus had grown
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on ammonium nitrate indicates that the ammonium ion was taken up
before the nitrate ion.

Amino and amide nitrogen were good nitrogen sources for all the
fungi tested (Tab. 4). On the average, asparagine and aspartic acid
were the best nitrogen sources of all tested (Fig. 2), even though
growth on aspartic acid as well as on glutamic acid was somewhat
checked in the highest concentrations by the low pH. The amino acids
were usually better utilised than the corresponding amides.

Casein hydrolysate, which should contain most of the amino acids
occurring in proteins, also brought about good growth. Here, the
growth response to increasing amounts of the substance was more
pronounced than for any other nitrogen compound tested. Stereum
purpureum was the only fungus which did not grow well on this source
of nitrogen. Urea, which was filter-sterilised, proved to be an excellent
nitrogen source—comparable, on the average, with ammonium tar-
trate and glutamic acid.

b. Growth on different amino acids.

In the second series of experiments with nitrogen nutrition, 19
different amino acids normally cccurring in plant proteins were tested
for their effect on growth when they were given as the sole source of
nitrogen. The amino acids were supplied in amounts equivalent to
38 mg N per litre. This low nitrogen content was chosen to ensure that
nitrogen was the growth-limiting factor in the experiments. The results
are shown in Tab. b and Fig. 3.

The following amino acids could be used by all fungi tested: glycine,
alanine, valine, leucine, serine, threonine, arginine, aspartic acid,
glutamic acid, methionine, phenylalanine and tyrosine. The three last-
mentioned acids generally caused less growth than the others. Further-
more, methionine was very poorly utilised by Peniophora incarnata.

Three amino acids (isoleucine, cystine and proline) were available
to all except one of the fungi tested. For instanece, isoleucine could not
be utilised by Polyporus betulinus and caused only sparse growth in
Polyporus marginalus and Polyporus versicolor. Cystine was not
available to Peniophora incarnata and was poorly utilised by Stereum
purpureum and Libertella betulina. Proline was unavailable to Poly-
porus betulinus and poorly utilised by Stereum purpureum.

Lysine, tryptophan and hydroxyproline failed to induce growth in
two of the fungi tested. Schizophyllum commune and Libertella be-
tulina did not grow on lysine. This amino acid was also poorly
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Tab. 5. Relative mycelial dry weights of birch and aspen fungi grown in medium B with various amino
acids as the nitrogen source.
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Glycine. . ......... ... .. 136] 53| 79| 165| 117| 115] 60{ 96| 1563| 106] 75; 139| 96| 147
DL-Alamine. ............. 46| 43| 148 104] 128] 94| 75| —| 188} 110| 85| 144; 134| 164
DL-Valine................ 36| 36| 88| 90{ 79| 95| 28| 90| 105 39| 69| 86] 108 —
L-Leucine. ..........c..... 61| 37| 136 97| 96] 98 79| 116{ 149{ 99{ 56| 96/ 87| 131
DIL-Isoleucine............. 10| 11} 83; 11| 27| 77| 26j 116] 45| 53| 311 72| 75 &0
DI-Serine................ 171 54] 112{ 156| 106; 87| 51| 134 134; 91| 94 146| 103] 135
DL-Threonine............. 971 b4] 87] 99| 106 83! 60] 92| 80| 53| 65 108 98 &2
L(4)-Lysine.............. 221 14| 59| 10 8| 21| 11} 72| 11| 41| 16 6 51 22
L({+)-Arginine. ........... 147 48| 114| 175] 127| 94| 86/ 101| 153| 100 70| 133| 106| 91
DL-Aspartic acid. ......... 135 61| 104| 150 90| 105] 97| 96) 103} 102] 61| 155} 57| 70
L-Glutamic acid........... 107| 59| 81| 82| 56, 77 60| 88 109 54{ 29| 86{ 58 87
L-Cystine................ 34| 43| 50| 30| 30 47 33| 35| 15| 33 50 58] 18| 35
DI~Methionine............ 32| 23] 83| 90| 62| 87| 36| 87| 40| 58| 11| 100 63} 74
DL-Phenylalanine .. ....... 33| 15f 96| 81| 1361 59| 40| 43| 45| 51, 52 100 81} 78
L-Tyrosine............... 351 74| 49 231 767 66) 20, 17; 22} 41) 237 32| 42| 52
L-Tryptophane............ 12| 8| 62| 17| 30, —| 10| 27| 71} 32| 24| 16| 15| 49
L{(—)-Histidine............ 4 38| 37 7 1 17 5l 261 23] 38 7l 23| 34| 70
L(—)-Proline............. 0| 3t} 113} 70| 23| 27| 66| 37{ 13| 127| 24 53| 104| 168
L(—)-Hydroxyproline...... 18] 16| 16 6| 12| 20| 11} 36| 10| 122 9 45| 31| 76
Ammonium tartrate....... 100{ 100{ 100| 100; 100} 100| 100{ 100{ 100} 100| 100| 100| 100{ 100
No nitrogen............... 18 2 8 2 2 12 6 2 4 2 8 5 5 4

utilised by most fungi except Polyporus hirsutus, Stereum hirsutum
and Corticium laeve. Tryptophan was not utilised at all by the brown
rot fungi Polyporus betulinus and Polyperus marginatits and except
for Polyporus hirsutus, Stereum purpureum and Cytosporina 2, was
generally a poor nitrogen source. Hydroxyproline was not utilised by
Polyporus betulinus and Peniophora incarnata. Very poor utilisation
of this compound was shown also by Polyporus versicolor, Lenziles
betulina and Polyporus hirsutus, while it was a surprisingly good ni-
trogen source for Corticium laeve.

Histidine, finally, was not at all available to four fungi, Polyporus
betulinus, Polyporus zonatus, Lenzites betulina and Peniophora incar-
nata, and was a very poor nitrogen source for Polyporus versicolor and
Polyporus adustus. Only Cytosporina sp. 2 utilised histidine efficiently.

Considering the individual fungi, it seems that Polyporus betulinus
and Peniophora incarnata were especially sensitive to changes of the
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Fig. 3. The average relative mycelial growth of 14 birch and aspen fungi in medium B
with varying amino acids given in amounts corresponding to 38 mg N per litre.
Growth on ammonium tartrate was assumed to be 100 per cent.

amino acids. Least sensitive to such changes seemed to be Polyporus

hirsutus, Stereum purpureum and Cytosporina sp. 2.

Fig. 3, which shows the average growth of all the fungi tested on the
various amino acids, demonstrates that there were no clear correla-
tions between groups of chemically related amino acids and the
availability of these to the fungi tested. However, it seems that the
monoamino monocarboxy acids (glycine, alanine, leucine and valine),
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Tab. 6. Weight losses of blocks of hirch sapwood impregnated with various nitrogen com-
pounds and decayed by Polyporus zonatus and Stereum hirsutum

Conc. of Uptake of Polyporus zonatus Stereum hirsutum
impregna- nitrogen in Percentage weight Percentage weight
rep . wood
Nitrogen compound tion loss affer loss after
X samples
solution mg N/gm
mg/l %VOO(% 30 | 60 | 90 | 30 { 60 | 90
days | days | days | days | days | days
Casein hydrolysate 1160 0.33 109 | 25.3 | 49.8 § 10.9 } 29.5 | 488
580 0.19 104 | 19.8 | 42,9 | 11.4 | 23.6 | 46.2
Asparagine 720 0.38 6.7 1 11.5 | 11.8 8.2 | 22.0 | 32.6
360 0.20 4.3 7.9 | 14.8 7.5 | 20.9 | 30.8
(NH,),-tartrate 1000 0.39 4.4 7.5 | 12.3 3.0 18.6 | 294
500 0.20 6.4 11.0 | 15.5 7.7 1 19.8 { 33.0
NH,C1 580 0.38 3.5 | 10.0 | 12.8 6.1 1.9 | 25.3
290 0.19 5.1 7.2 125 7.2 | 17.8 | 27.4
No nitrogen 0 0.0 3.8 121 | 24.9 4.5 9.3 | 17.0

the sour amino acids (aspartic and glutamic acids) and the hydroxy-
aminoacids (serine, threonine) were easily assimilated. Further, it
seems that the aromatic amino acids were generally not as easily
assimilated as were the aliphatic acids.

c. Effect on decay of artificial addition of nitrogen to the wood.

In the third experimental series with nitrogen, sapwood samples of
birch were impregnated with different nitrogen compounds in order
to increase the nitrogen content of the wood. The impregnated wood
blocks were placed in 100 ml Erlenmeyer flasks containing medium F,
inoculated with Polyporus zonatus and Stereum hirsulum and in-
cubated at room temperature for 30, 60 or 90 days.

The results shown in Tab. 6 indicate that an increased nitrogen
content of the wood influences the decay rate differently. Stereum
hirsutum’s reaction was very simple. Independently of the nitrogen
compound chosen, any increase in nitrogen content resulted in an in-
creased weight loss of the attacked wood. The increase in weight loss
was especially high when nitrogen was added in the form of hydrolysed
casein. Polyporus zonatus reacted quite differently and in a more
complicated way. In the earlier stages of decay, after 30 days’ incuba-
tion, the loss in weight of nitrogen-enriched samples was greater than
or about equal to that of samples without additional nitrogen. How-
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ever, after 60 days’ and more pronouncedly after 90 days’ incubation,
there was a lower weight loss in nitrogen-enriched samples, except
where the nitrogen compound added was casein hydrolysate. Broadly
speaking, in the case of Polyporus zonalus, casein hydrolysate was the
only nitrogen compound capable of stimulating the metobolism when
this organism was growing in birch wood.

C. Discussion

Considering the experimental results shown in Tab. 4 and 5, it
seems clear that the birch and aspen fungi have a wide lolerance
of changes in the nitrogen composition of their substrate. They can
utilise a variety of nitrogen sources.

As has been found for most Basidiomycetes (cf. NORKRANS
1950, Fries 1955, JEnNIsoN et al. 1955 and HENNINGSson 1965) and
for fungi in general (cf. KXirix 1960, Marca et al. 1966, BREWER
1959), ammonium nitrogen in various forms was also easily utilised by
the fungi found in birch and aspen wood—see Tab. 4. Failure to utilise
ammonium has been found only amongst a very few lower Phycomy-
cetes (CocHRANE 1958). However, most Phycomycetes also grow well
on ammonium, e.g. Aphanomyces astaci (UNESTAM 1065).

Nitrate proved to be a poor source of nitrogen for most of the fungi
attacking birch and aspen. An inability to ufilise nitrate is especially
common amongst Basidiomycetes (ef. Norkrans 1950, Fries 1955,
HaicksgaviLo et al. 1954, Jennisox et al. 1955, HenNINGgssoN 1965),
Saprolegniaceae and Blastocladiales (NicmoLas 1965 and COCHRANE
1958). Certain Basidiomycetes, however, (SUNDSTROM 1964) and many
other groups of fungi (Kiirik 1960, BREWER 1959, MarLca 1966) can
utilise nitrate as their sole source of nitrogen. In media containing
both ammonium and nitrate ions, preferential utilisation of ammonium
seems to be the rule amongst fungi. There is even a general suppression
of the nitrate assimilation, caused by the presence of ammonium ions,
as was demonstrated by MorToN & MacMirLan (1954). This suppres-
sion is caused by a feed-back mechanism in which the ammonium ions,
being the end-product of nitrate reduction, inhibit the production of
nitrate reductase (Kinsky 1961). The changes in the substrate’s pH,
where Polyporus adustus (a nitrate-utilising birch fungus) had grown
on ammonium nitrate, indicate that this feed-back mechanism func-
tioned also in a Basidiomycele,

The general availability of aspartic and glutamic acid, of their
corresponding amides and of casein hydrolysate, to the birch and as-
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pen-attacking fungi is in agreement with the finding that these ni-
trogen compounds are utilised by almost every fungus tested (CocH-
RANE 1958). The amino acid and amide metabolism in fungi is very
similar to that in other organisms. There is, however, also evidence for
their direct incorporation into proteins, without previous degradation
to ammonia (N1cHoLas 1965). Specific amino acid requirements in
fungi are found almost exclusively in induced mutants. An inability to
utilise certain amino acids is, however, not unusual among fungi. In-
hibition of growth caused by certain amino acids has also been demon-
strated (cf. LINDEBERG & LINDEBERG 1964).

Wood-rotting Basidiomycetes have been shown to utilise most of the
amino acids normally occurring in proteins (JENNISON et al. 1955);
but when alanine and aspartic acid were tested, only the naturally-
occurring L-forms were available (JENNISON & PERRITT 1960). As much
of the nitrogen in wood occurs either as free amino acids or as bound
acids in proteins and peptides, it is of importance for the wood-attack-
ing fungi to be able to utilise amino acid nifrogen. It is interesting to
note that all the amino acids found by MERrRILL & CowLING (1966 a)
in Populus grandidentata (see p. 23) could be utilised by all of the
birch and aspen-aftacking fungi fested in the present investigation.

When carrying out decay experiments on annual rings of Populus
grandidentata containing different amounts of nitrogen, MERRILL &
CowrLING (1966 b) demonstrated that there was a good correlation
between the nitrogen content of the wood and the rate of decay. As
the nitrogen content is so low in the wood, this might be suspected of
containing suboptimal quantities of the nutrient. If this were true, an
addition to the wood of nitrogen in a suitable form should result in an
increasing rate of decay. This suggestion was supported by experiments
carried out by Finpray (1934). It is also possible to increase the rate
of decay caused by soft rot fungi if nitrogen is added (Du~ncax 1960).
In investigations by Scumitz & KAvFERT (1936) and KaurFert & BEHR
(1942), some contradictory results were obtained. From these results
and the results shown in Tab. 6 it is evident that it is impossible to
find a uniform pattern. The results are influenced by fungus species,
wood species and by the nitrogen compound added. Organic nitrogen
compounds, however, seem generally to have the most positive effect
on the rate of decay. In mixed cultures moulds and bacteria seem to
be more favoured than decay fungi by an increase of the nitrogen
in wood (MANGENOT 1963).

Fixation of atmospheric nitrogen, which is known from certain
bacteria and yeasts, has once been indicated in filamentous fungi—in,
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amongst others, Pullularia pullulans (ScHANDERL 1942). In wood-
destroying Basidiomycetes, however, nitrogen fixation has never been
demonstrated, although this has been attempted (cf. KrinesTROM &
OXBJERG 1964). Considering the theoretical calculations presented by
CowrLiNGg & MERRILL (1966) and MERRILL & CowLiNg (1966 c¢), the
fixation of nitrogen by decay fungi, in the sporulating stage at least,
might be one explanation of the problems concerning the nitrogen
nutrition of wood-decaying fungi. It is also possible that other micro-
organisms, like bacteria, yeasts or, for instance, the above-mentioned
Pullularia pullulans, which have {frequently been isolated from
decayed wood, may be able, by their fixation of atmospheric nitrogen,
to increase the nitrogen content of the wood, thus increasing the rate
of wood decomposition by decay fungi.



V. Thiamine Requirements

Growth in synthetic media with or without the addition of thiamine
was studied. To this end, fragments of aerial mycelia taken from malt
agar cultures of the fungi were used as inocula. To avoid carrying over
any material from the agar substrate to the nutrient solutions, the
mycelia were removed very carefully and washed several times in
sterile distilled water. Erlenmeyer flasks (100 ml) were used, each
containing 20 ml of medium B from which either all vitamins or all
vitamins except thiamine were excluded. The flasks were incubated
in a shaker.

The results in Tab. 7 show that, except for Libertella betulina, all
the fungi tested were more or less auxoheterotrophic for thiamine,
although restricted growth was produced on the medium lacking
thiamine by all the fungi, particularly by Sfereum purpureum and the
brown rot parasitic fungi Polyporus betulinus and Polyporus mar-
ginatus. Whether this was due to impurities in the nutrients or to a
real partial deficiency is uncertain.

The thiamine concentrations needed for obtaining maximal growth
rate in medium B were also studied. Thus the fungi were grown as
stationary floating cultures in medium B with all vitamins excluded,
being supplemented only with thiamine hydrochloride in varying con-
centrations. As inocula were used small pieces of cultures grown on
medium D,. Before inoculation the inocula were soaked for three days
in sterile redistilled water.

The results showed that a thiamine concentration of 1—100 xg/l
was sufficient to give the maximal growth rate on medium B. The
fungi examined could be divided into three groups, as follows:

1. 1 pg thiamine per litre sufficient for maximal growth rate:
Stereum purpureum,

2. 10 ug thiamine per litre sufficient for maximal growth rate: Poly-
porus betulinus, Polyporus marginatus, Polyporus hirsutus, Polyporus
versicolor, Polyporus zonatus, Polyporus adustus and Corticium laeve.

3. 100 ug thiamine per litre sufficient for maximal growth rate:
Lenzites betulina and Stereum hirsutum.
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Tab. 7. Mycelial dry weights of birch and aspen fungi grown in medium B with and with-
out thiamine

Dry weight of mycelium
. mg/tlask
Fungus {glllrcnuebgzl\osn

v with without

thiamine thiamine
Polyporus betulinus..................... 23 18.7 6.0
Polyporus marginatus................... 23 21.2 6.8
Polyporus hirsutus...................... 14 45.3 4.4
Polyporus versicolor. ................... 16 38.5 4.0
Polyporus zonatus. ..................... 14 50.8 4.8
Polyporus adustus. ........cooviviin... 14 49.5 2.0
Lenzites betulina....................... 23 36.4 4.2
Stereum hirsutum. ..................... 14 72.6 4.8
Stereum purpureum . . . ......ooveeen.n.. 23 32.4 8.3
Corticium laeve. ... ...... ... .. it 14 46.6 2.7
Libertella betulina...................... 21 44.3 42.7

Growth curves for one representative fungus of each of the three
groups are presented in Fig. 4

Thiamine heterotrophy was first demonstlated in fungi in 1934 by
Scroprer (1934) and BUrGerF (1934). Since then an increasing num-
ber of fungi—DBasidiomycetes in particular—have been shown to exhibit
heterotrophy for thiamine. Wood-destroying Hymenomycyles belonging
to a variety of genera are thiamine heterotrophie, cf. Fries (1938),
ScHOPFER & BLUMER (1940), NoeEckER (1938), Roppins & Ma (1943),
RENNERFELT (1944), YUSEF (1953) and HeEnNINGSSON (1965). Compre-
hensive information concerning vitamin requirements is given by
CocHRANE (1958) and Fries (1965).

Since thiamine, in the form of pyrophosphate, functions as the
coenzyme of many enzymes, for instance decarboxylase and transketo-
lase, the substance occurs in all living cells. Even if the number of
living cells is low in wood, it is most probable that the protoplasmic
residues of these cells contain thiamine sufficient to support growth
of the wood-destroying fungi. And, as indicated above (p. 33), the
thiamine requirements of fungi found in birch and aspen wood are
extremely low.

Thiamine may also be produced and exuded into the wood by wood-
inhabiting auxoautotrophic micro-organisms (bacteria, yeasts, fungi)
in quantities sufficient to stimulate growth of the auxoheterotrophic
fungi. Such examples were demonstrated by Fries (1938) with bac-
teria and wood-destroying fungi, and in a future paper, experiments
with birch and aspen micro-organisms in syncultures indicate that
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Fig. 4. Relative growth of surface cultures in medium B with varying concentrations of
thiamine. The curves represent: 1. Stereum purpureum, 2. Polyporus adustus and
3. Lengzites betulina.

syntrophism between bacteria and fungi may occur in pulpwood of
birch and aspen (HENNINGSSON 1967 ¢, in prep.).

Vitamin deficiency may be due to the culture conditions (condi-
tioned deficiency), which it is of great importance to remember when
generalising from results obtained in physiological experiments. Sev-
eral examples have heen given by StNpsTROM (1964), in his investiga-
tion of the physiology of Exobasidium.



VI. pH and growth

When birch and aspen pulpwood are decayed under natural condi-
tions, the pH factor probably plays a subordinate role. The pH of
water extracts from such pulpwood stored for three summers showed
only slight changes in the range of pH 4—35.

The influence of the substrate’s pH on the radial growth of birch
and aspen-attacking fungi was studied on medium D in petri dishes.
pH-values from pH 1.5-—8.0 in the agar medium were obtained by
adding HCl or NaOH. The results are shown in Tab. 8. Optimal growth
was reached at pH 6 for Stereum purpureum, Corticium laeve and
Polyporus marginatus and at pH 5 for the rest of the fungi tested. The
brown rot fungi Polyporus belulinus and Polyporus marginatus were
especially tolerant of an acid substrate and grew substantially even at
pH 1.5. On the other hand, these two fungi were more sensitive to
higher pH than the other fungi. Most sensitive to an acid substrate
was Corticium laeve, the growth of which was almost completely
checked at pH 3.

It has been demonstrated by several authors that the wood-destroy-
ing fungi usually have a wide pH-tolerance in the acid region. One of
the most comprehensive studies in this field was performed by Wor-
PERT (1924). He found that with small variations, depending on the
composition of the medium, the wood-destroying fungi grew between

Tab. 8. Daily radial growth of birch and aspen fungi grown on medium D at various pH

levels
Daily growth in mm at various hydrogen
F ion concentrations of the substrate
ungus
pH 1.5|pH 2.0)pH 3.0/pH 4.0\pH 5.0’pH 6.1|pH 7.2pH 8.3
Polyporus betulinus....... 2.8 3.8 4.6 5.5 5.8 5.5 0.2 0.0
Polyporus marginatus.. ... 2.1 3.8 4.5 5.1 5.3 5.6 2.0 0.0
Polyporus hirsutus........ 0.0 0.0 2.1 5.0 6.2 6.1 5.2 5.3
Polyporus versicolor. .. ... 0.0 0.0 2.8 7.2 9.3 8.0 6.3 4.5
Polyporus zonatus........ 0.0 0.0 2.6 7.8 9.3 8.7 5.8 5.0
Polyporus adustus........ 0.0 0.0 3.0 8.5 | 11.3 | 10.6 8.0 7.8
Lenzifes betulina......... 0.0 0.5 3.7 6.1 6.5 5.8 4.4 3.9
Stereum hirsutum........ 0.0 1.6 4.3 5.3 7.1 6.6 4.8 2.3
Stereum purpureum...... 0.0 0.0 1.8 8.9 9.8 | 11.3 | 10.4 9.3
Corticium laeve.......... 0.0 0.0 0.3 4.4 6.4 6.8 6.2 5.5
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pH 2 and pH 8. The results of the present investigation confirm the
results found by WorpERT and those found recently by MADHOSINGH
(1962) and Hen~NiNGssON (1965) for Polyporus versicolor, Polyporus
adustus and Polyporus betulinus respectively.

Decay fungi are known to acidify the substrate by their production
of acids. Brown rot fungi cause a greater acidification than do the
white rot fungi (BIRKINSHaW et al. 1940). Even strongly buffered media
may be rapidly acidified (HeENNINGSSON 1965) by growing brown rot
fungi. This shift in the substrate’s pH should be continuously adjusted
when determining the growth at various pH levels.



VII. Temperature relations

The fungal activity at various temperatures was studied either by
measuring daily radial growth in petri dishes on medium D or by
calculating the average weight loss of wood samples decayed on
medium E in 100 ml Erlenmeyer flasks incubated for two months.
The flasks were exposed to the various temperatures immediately after
inoculation. The temperature intervals were 5°C in the decay exper-
iments. The curves for daily growth reported in Fig. 5 are syntheses of
four repeated experiments where the series of temperature intervals
were changed between 5, 10, 15... ete., and 7.5, 12.5, 17.5... elc.
Growth at +2°C was also measured for some of the fungi.

The results (Fig. 5) show that the optimal temperatures for growth
and decay of birch and aspen attacking fungi vary between 20—22.5°C
and 32.5—35°C. The maximum temperature at which growth and
decay can go on exceeds 35°C for three fungi only. All the fungi which
were tested at +2°C, were able to grow at that low temperature, and
some of them can probably grow at still lower temperatures. It was,
however, not possible to establish that growth had occurred at -2°C,
even after two months’ incubation on medium D.

For several fungi the temperature for optimal radial growth seemed
to be somewhat higher than that for optimal decay activity—cf.
Polyporus adustus, Polyporus versicolor and Polyporus zonatus.

According to their temperature requirements for growth and decay,
the tested fungi may be divided into three groups:

1. Low-temperature fungi, with optimal growth and decay activity
below -+25°C. To this group belong Corficium laeve, Corticium con-
fluens and Peniophora incarnata.

2. High-temperature fungi, with optimal growth and decay activity
above +30°C. Polyporus hirsutus, Lenzites betulina and Schizophyliumn
commune may be referred to this group.

3. Intermediate-temperature fungi, with optimal growth and decay
activity between +25 and +30°C. Here the rest of the fungi tested are
found.

Fig. 5 also shows that the low-temperature fungi have a comparative-
ly low decay activity even at their optimal temperatures, and that many
fungi with higher temperature optima are more active at low tem-
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peratures (5—10°) than the low temperature fungi themselves. This
does not necessarily indicate that the low-temperature fungi or any
fungus with low decay activity is unimportant from the practical
point of view. Corticium laeve, for instance, is perhaps the most
common early species on stored birch pulpwood together with
Libertella betulina. By their immediate and general attack on the
pulpwood, these fungi may act on the wood for a longer period than
other more active fungi. It is also possible that these early-invading
micro-organisms prepare the wood substrate in such a way that it
becomes more susceptible to attack by other fungi.

The temperature relations for growth and decay by rot fungi have
been studied intensively in the past by e.g. HuMPHREY & SIGGERS (1933)
and BJOorMaN (1946). These earlier results are summarised in the
comprehensive study by CarTwricHT & FinpLay (1958). The optimal
and maximal temperatures for the fungi reported there are in good
agreement with those of the present investigation.

Differences between various isolates of the same species as regards
their temperature relations were thoroughly investigated by Cowvring &
KeLMaN (1964) on Fomes annosus. There were no significant dif-
ferences in temperature optima between 94 isolates, including dicary-
otic as well as monocaryotic mycelia from various geographical areas.
This indicates that the temperature relations for one isolate are prob-
ably representative of all isolates of the same species.

An important effect of temperature is the differentiation of the my-
coflora within a log or a pile. Thus LomMaNx (1962) found a correlation
between the fungus flora and the extreme temperature variations in
lodgepole pine logging slash. In chip piles, where the temperature in
some parts can reach more than +60°C, there exists a typical micro-
flora for each temperature zone. Decay fungi are usually found only in
the outer, colder parts of the piles (NiLssoN 1965, BERGMAN & NILSSON
1966). For the birch and aspen pulpwood, similar temperature effects
on the distribution of the decay fungi were observed by the author.
In the upper layer of the piles, where the temperatures on sunny days
were high and the temperature variations were great, Polyporus
hirsutus often predominated on birch and Schizophyllum commune
on aspen. This is in good agreement with the results in Fig. 5, showing
these two fungi to be high-temperature fungi with a wide temperature
tolerance..

While much research has been done to determine the optimal tem-
perature for growth and decay, relatively little research has bheen
devoted to studying the activities at low temperatures. Recently, how-
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ever, VON PECHMANN et al. (1964) showed that several blue stain fungi
were capable of growing and producing spores even at temperatures
below freezing point. However, there exists no evidence that decay
fungi are active at temperatures below 0°C, even if many decay fungi
show activity at temperatures just above 0°C. This was, for instance
demonstrated by AuMMER (1964) for Lenzites abietinus and Stereum
sanguinolentum growing on spruce wood. On examination of Fig. 5, it
becomes apparent that several of the birch and aspen-attacking fungi
can develop at temperatures near 0°C. This indicates that the decom-
position of the wood can continue throughout the year as soon as the
temperature is above 0°C.

60
Polyporus hirsutus X
504 birch \
Polyporus versi-
404 color
birch
30+
20
10+
™ X
T T T T T T X
5 S 10 15 20 25 30 135°
X
///\
50 50-
Polyporus Polyporus adustus
4o Zonatus 404 birch
aspen
30+ 30
20_ 20_
l
101 s 10
X
x/x e
T T T T T T K X T T T T T g
S 10 15 20 25 30 35° 0 S 10 15 20 %5 30 3K
50+ 504 )
Lenzites betulina Stereum hirsutum
407 birch 40+ birch «
30+
204 4
\
10 \
¢

S 10 15 20 25 30 35° 0O S 10 15 20 25 30 3B°



41

X
FA 60 .
x \}( Corticium laeve
50 Stereum )(/ \ 504 birch
40 Purpureum  / \f‘ 40- /4
aspen // \‘ // \\
30 X J -/ \
//X’ \‘ 30 ,)(/ \\
I \ 20- it \
/ X x~ \
104 \ 104 4 X
/
A X \
T T T T T T " ¥ Y T T T v \’% T
5 10 15 20 25 30 35° S 10 15 20 25 30 35°C
60~ . J
Corticium confluens 80 Libertelia betulina ,’$|
50- aspen ‘ 504{ aspen ,)( “
/
\
40 40+ / 1
X /x’ \
304 //X \& 301 / ‘|
/ / \
20 / \ | \
0 X \ 20 X X
/ \ / \
101 / \ 104 4 \
s \ X
M&\w o M
T T T T T ¢ x T T T T T L
5 10 15 20 25 30 35°C 5 10 15 20 25 30 35°C
80 60-
ﬁ Schizophyllum commune ,x" Cytosporina sp.2 /|
50+ aspen J/ \\ S0-| aspen / \\
s \ ;{ \
40- e X 40- / \
pal \ / \
30 % \ 307 / \
/ \ / X
X \\ 201 X/ \\
20 e \ / \
,X’ X\ // \\
104 w” _J/"O/\,__Q\ 10 / \
L X
T T T T T T T T * ——Q——Q—-—Q%*—
S 10 15 20 25 30 35 40 45°C 5 10 15 20 25 30 35°C
40
Peniophora A
30{ ihcarnata )( \\
aspen ,/ X
20 X \
/ \\
104 // \\
S U

5 10 15 20 25 30 35°C

Fig. 5. Daily radial growth in mm (broken lines) and percentage weight loss of wood
samples (unbroken lines) decayed in medium E at various temperatures.



VIII. Decay resistance of birch and aspen wood

It is quite clear from storage experiments with roundwood for
pulping that birch is decomposed much more rapidly than aspen
(BJOorRkMAN 1953, HENNINGSSON 1967 e). Some laboratory experiments
were carried out to see if there existed an inherent resistance to decay
in aspen wood, which could explain the field observations. Sapwood
of birch and aspen was decayed in 100 ml Erlenmeyer flasks in medium
F. The flasks were incubated at 20-—23°C. At intervals from 15 to 150
days the weight losses were investigated. Fungi which may occur on
aspen as well as birch pulpwood were used. The results are shown
in Fig. 6. In the early stages Polyporus hirsutus, Polyporus zonatus
and Polyporus adustus decomposed the aspen sapwood equally or even
more rapidly than they did the birch sapwood. Later (above 15 per
cent weight loss) the birch was decomposed much more rapidly than
the aspen. Stereum hirsuium and Stereum purpureum—the former
only rarely and the latter very frequently found in aspen pulpwood—
both decomposed birch faster than aspen during the whole course of
decay. Only Corticium laeve caused a greater weight loss in aspen than
in birch.

When comparing the decay resistance of sapwood and heartwood
of aspen, four fungi commonly found in aspen pulpwood were used.
These organisms were allowed to attack the test specimens in medium
E for three months at 20—23°C. The results in Tab. 9 show that heart-
wood was more resistant to decay than sapwood. This was especially
pronounced when using Stereum purpureum and Schizophyllum
commure as test organisms.

Tab. 9. Weight losses of blocks of aspen sap and heartwood decayed by various aspen fungi

Sapwood Heartwood
Fungus . -
W exg?/t loss S.E. W elgil/t loss S.E.
/0 /0
Stereum purpureum........ 4.4 0.4 2.5 0.3
Schizophyllum commune. . .. 11.8 0.6 5.8 0.6
Polyporus zonatus.......... 49.2 2.1 46.1 1.6
Cytosporina sp. 2........... 1.4 0.2 0.8 0.2
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Tab. 10. Relative mycelial dry weights of aspen fungi grown in medium B supplemented with
water extracts from sapwood and heartwood of aspen

Relative mycelial dry weight in per cent of growth in
medium B without any wood extract added
Fungus Extract Extract from sapwood Extract from heartwood
10 1 0.1 10 1 0.1
ml/flask | ml/flask | ml/flask | ml/flask | m}/flask | ml/flask
Polyporus zonatus C 150 100 92 137 105 100
H 150 116 114 138 121 104
Stereum purpureum C 116 95 97 127 103 99
H 117 98 106 98 102 102
Corticium laeve G 131 136 134 109 99 102
H 106 107 107 112 110 112
Corticium confluens C 175 168 162 92 92 111
o 74 97* 141%* 61 81 120
Peniophora incarnata C 135 139 129 114 99 97
o 86 101 95 85 106 —
Schizophyllum commune C 121 111 100 130 112 105
5t 123 110 116 128 111 113

C = cold water extract, H = hot water extract
* = standard error exceeds 10 9% of the mean value

The influence of two types of water extract on the growth of six
aspen fungi was also studied. Cold water extracts were prepared by
shaking 15 gm of wood meal and 300 ml redistilled water for 20 hours.
Hot extracts were prepared by autoclaving 15 gm of wood meal and 300
ml redistilled water for one hour. Ten ml of the filter-sterilised extracts
were added to 10 ml doubly concentrated medium B in 100 ml Erlen-
meyer flasks. Stationary floating cultures were used, the incubation
time being 29 days. The figures reported in Tab. 10 are the average
dry weights in per cent of the dry weights in medium B.

The results show that the fungi reacted in different ways. A simple
reaction was exhibited by Polyporus zonatus and Schizophylium com-
mune, which were stimulated by all four extracts tested. This indicates
that the partial resistance of aspen heartwood to attack by Schizophyll-
um commune (Tab. 10) is probably not caused by a water-soluble fac-
tor in the wood. The growth of Stereum purpureum was slightly stim-
ulated by the exiracts from sapwood and by the cold water extracts
from heartwood. The hot water extract from heartwood, however, did
not increase growth. In Corticium laeve, the cold water extract from
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sapwood increased growth, while the other extracts stimulated growth
only slightly. Corticium confluens and Peniophora incarnata showed a
similar reaction, growth being stimulated by the cold water extract
from sapwood and reduced by the two hot water extracts. It may be
concluded from these results that it was not possible by water extrac-
tion to remove any factors responsible for the partial decay resistance
of aspen heartwood.

The results of the present investigation show that sapwood from
aspen was generally more resistant to decay than sapwood from birch
and that aspen heartwood is more resistant to decay by certain fungi
than is aspen sapwood. This resistance can partly explain why aspen
pulpwood is decomposed at a much slower rate than birch pulpwood
under natural conditions. However, a decisive influence is certainly
exerted by other factors, such as the composition of the microbial flora
and the protective influence of the bark, which remained alive for
long periods after felling (HENNINGSSON 1967 e).



IX. The influence of the moisture content on the rate
of decay

By mixing various amounts of distilled water and vermiculite and
embedding the wood samples there, various moisture contents of the
wood were obtained after autoclaving. The moisture contents of the
wood samples proved to be fairly constant for each water: vermiculite
ratio. This was ascertained in several preliminary experiments.

The test samples, which were placed three in each flask just below
the surface of the vermiculite, were inoculated by introducing a heavily
infected wood stick into the covering layer of vermiculite. The flasks
were incubated for three months at 20—23°C.

The results are shown in Tab. 11 and Fig. 7. In Tab. 11 the minimum,
the average and the maximum weight losses of the six test samiples
decayed at each moisture content are shown, as well as the average
moisture content of the samples at the end of the incubation period.
The moisture contents are calculated in per cent of the oven dry
weight of the samples. The following conclusions can be drawn from
the results:

1. Generally, the maximum rate of decay was obtained at initial
moisture contents ranging from 60 to 120 per cent in birch and 60 to
100 per cent in aspen.

2. The fungi were able to decompose wood within a wide range of
moisture content—from 35 to 160 per cent.

3. The variation in weight loss of test samples within the same series
was sometimes great enough to conceal the differences between the
series.

4. The fungi, by their own activity, changed the original moisture
content, sometimes drastically.

5. Since the moisture content of fresh birch and aspen wood ranges
between 80 and 100 per cent (HENNINGSSON 1967 e), all the fungi tested
should be capable of decomposing such pulpwood immediately after
felling, provided that the infection can take place.

The influence of the moisture content on the rate of deeay is not
yet sufficiently known, although many studies have been performed
in this field. The great problem in such investigations is, as pointed
out in paragraph 4 above, that the fungi actively change the moisture
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Fig. 7. Weight loss of birch wood samples with various moisture contents. The results
are the average for 15 fungi (see Tab. 11).

content of the wood during the course of decay. This continuous drift
in moisture is a combined result of the production of fungal respiration
water, of the active uptake or emission of water by the mycelium and of
changes in the hygroscopicity of the wood as decay proceeds. The
change in hygroscopic behaviour is especially pronounced in wood
decayed by brown rot fungi (AMMER 1963).

An extensive investigation concerning the influence of the moisture
content on the activity of several common decay fungi was carried out
by BiorkMaN (1946). Even if the methods, the fungi and the wood
species in Bjorkman’s experiments differed from those of the present
investigation, the results are very similar, indicating that decay fungi
can decompose wood within a wide range of moisture content. Similar
results were also obtained by AMMER (1964 a) although he used still
other methods and fungi. Ammer found that decomposition occurred
between 30—31 per cent and 180 to 210 per cent moisture content. In
another publication, AMMER (1964 b) demonstrated elegantly that the
moisture content not only influences the rate of decomposition but also
its response to low temperatures.
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Summary

The general physiological requirements of decay fungi normally
occurring in pulpwood of birch and aspen have been described.
Thorough studies have inter alia been performed on the ability of the
fungi to utilise carbohydrates occurring in the wood. It was established
that with the exception of D-galactose and D-arabinose, these carbon
sources were assimilated without significant difficulties. It was also
shown that the birch and aspen-attacking fungi could metabolise
certain polysaccharides, sugar alcohols, and organic acids, which
are occasionally produced by other wood-inhabiting microbes.

As the very small nitrogen supply in pure wood is regarded as being
a limiting factor for the activity of wood-destroying fungi, much im-
portance has been attached to an analysis of the ability to utilise
various nitrogen compounds. With the exception of nitrate, which was
useable only by two of the fungi tested, most of the nitrogen com-
pounds occurring in birch and aspen wood were assimilated. Increasing
the amount of nitrogen in the weod by impregnating it with various
nitrogenous compounds resulted only occasionally in increased wood
decomposition.

Of the fungi tested, all except Libertella betulina were heterotrophic
for thiamine. About 1-—100 ug per litre of thiamine in the nutrient solu-
tion was sufficient for ensuring the maximal growth rate.

Optimal growth generally took place at pH 5—6. Brown rot fungi
were able to grew even at substrate pH as low as 1.5, while growth
of the white rot fungi stopped at pH 2-—3. On the other hand, the white
rot fungi tolerated a higher substrate pH than did the brown rot fungi.

Most of the fungi tested had their optimal growth and decay activity
at a temperature of 25-—30°C. However, three fungi had their tem-
perature optima above +30°C, and three fungi had temperature optima
helow +25°C. All the fungi tested grew at +2 but not at —2°C. The
fungi were able to decompose wood with moisture contents ranging
from 35 to 160 per cent. The optimal moisture contents varied be-
tween 60 and 120 per cent.

Generally, the aspen wood was somewhat more resistant to attack
by these fungi than was the birch wood. Furthermore, the heartwood
of aspen was more resistant than was the sapwood. The factors
determining the higher resistance of the heartwood were not extract-
able in water.
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Sammanfattning

Fysiologi hos svampar som angriper bjork- och aspmassaved

De allminna fysiologiska kraven hos ett antal rétsvampar, vilka under
normala betingelser angriper massaved av bjérk och asp, har beskrivits.
Bl a. har svamparnas férméga att metaboliskt kunna tillgodogéra sig i veden
forekommande kolk#llor ingdende undersokts. Dirvid har framkommit, att
med undantag for D-galaktos och D-arabinos, assimilerades dessa kolkéillor
utan storre svarigheter, Det har ocksé visat sig, att de undersékta hjork- och
aspsvamparna kunde metabolisera vissa polysaccharider, sockeralkcholer
och organiska syror, vilka stundom produceras av andra vedbeboende
mikrober.

Eftersom den ringa kvévetillgdngen i ren ved anses utgbra en begrinsande
faktor for de vedforstérande svamparnas aktivitet, har stor vikt lagts vid
en analys av formégan att tillgodogéra sig olika kviiveféreningar. Med un-
dantag for nitratkvave, som endast kunde utnyttjas av tva av de testade
svamparna, assimilerades med lidtthet de flesta i bjork- och aspved férekom-
mande kviveféreningarna. En 6kning av vedens kvidvehalt genom tillsats
av olika kvivefoéreningar resulterade endast i vissa fall i en 6kad nedbryt-
ning.

Av de undersokta svamparna var alla utom Libertella beluling thiamin-
heterotrofa. En thiaminmingd av 1-—100 xg/1 i nirlésningen var tillricklig
for att ge maximal tillvixthastighet.

Optimal tillvixt erholls i allménhet vid pH 5—6. Brunroétesvamparna kun-
de véixa dnnu vid ett s& lagt substrat-pH som 1.5, medan vitrétesvamparna
upphoérde att vixa vid pH 2—3. & andra sidan tolererade vitrétesvamparna
ett hdgre substrat-pH 4n brunrétesvamparna.

De flesta svamparna hade optimal tillvixt och rétféormaga vid en tempera-
tur av 25-—30°C. Dock hade tre svampar sina temperaturoptima 6ver 4+30°C
och tre under +25°C. Alla undersdkta svampar kunde vixa vid +2°C men
inte vid —2°C.

Svamparna férmadde angripa och nedbryta ved med fuktkvoter varieran-
de mellan 35 och 160 9. De optimala fuktkvoterna varierade for olika svamp-
arter mellan 60 och 120 9.

I allménhet var aspveden nagot resistentare dn bjérkveden mot angrepp
av dessa svampar, Dessutom var aspens kdrna motstandskraftigare &n dess
splintdel. De faktorer, som bestdmmer kirnvedens hogre resistens, kunde
inte extraheras i vatfen.
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