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ABSTRACT 

At acetylated weight gains of 15% or above, ultrastructural evidence of wall decomposition was 
lacking and hyphal cells appeared to be "starved." Blockage of action of fungal catalysts appears to 
be the primary protection mode of the acetylation technique. The maximum acetylation treatments 
inhibited consumption of wall polymers and prevented bore-hole formation. Hyphal penetration of 
cell walls did not proceed by mechanical forces alone; rather, the process was dependent upon 
chemical action in advance of hyphal tips. A comparison of colonization habits and holocellulose 
consumption by decay fungi in acetylated woods suggests that the activity, synthesis, or both of 
lignin-degrading catalysts of the white-rotter is dependent on prior or simultaneous breakdown of 
carbohydrates. 

Kuywords: Frirxinus umrritunu L . ,  Pinus turdu L . ,  Liriodendron tulipijurrr L . ,  brown rot, white 
rot, acetylation, cell walls, bore-hole formation, hyphae, wood decay, Coriolus vursicolor, Glro-  
phvllurn truheum. 

INTRODUCTION 

Rowell (1975) defines chemical modification of wood as a chemical reaction 
between some reactive part of a wood component and a simple chemical reagent, 
with or without a catalyst, to form a covalent bond between the two. Hydroxyl 
groups on cellulose, hemicelluloses, and lignin are the most abundant reactive 
sites in wood; and covalent bonds of the carbon-oxygen-carbon type (ethers, 
acetals, and esters) are the ones of major importance. 

Wood modification techniques are currently receiving interest for the preven- 
tion of wood decay, since in some applications they may have advantages over 
the conventional broad spectrum-type preservatives. Because of their toxicity, 
conventional preservatives such as pentachlorophenol and creosote are the sub- 
ject of growing environmental concerns. With wood modification, nontoxic 
compounds are fixed into the wood structure and the toxicity problems may be 
avoided. 

Fungal enzymes, like most others, are highly specific, their mode of action 
depending on the substrate molecule, or a portion of it, fitting the active site of 
the enzyme in a lock-and-key type of relationship (Lehninger 1970). Through 
chemical modification, the substrate molecule's configuration is changed so that 
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it is excluded from active sites of enzymes, and degradative reactions cannot 
proceed. One such modification system, which has received considerable atten- 
tion in this regard, is acetylation. Wood acetylated to weight percent gains (WPG) 
above 17 has been found to be resistant to decay by a variety of white-rot and 
brown-rot fungi (Tarkow et al. 1950; Goldstein et al. 1961; Ozolina and Svalbe 
1966). Working with wood of lumber thickness, Goldstein and coworkers (1961) 
found uncatalyzed acetic anhydride in xylene at 100-130 C to be the optimum 
acetylation conditions: 

All the weight gain in acetylation can be directly converted into units of hydroxyl 
groups blocked, since this technique is a single-site reaction (one acetyl per re- 
acted hydroxyl group). The above acetylation system results in a good distribution 
of acetyl groups not only in cellulose and hemicelluloses, but in lignin as well 
(Rowell 1975). Thus, acetylated wood may be both an attractive and viable al- 
ternative to broad-spectrum preservatives where decay conditions are not severe 
or where environmental risks are concerned. This study, then, will evaluate the 
effects of decay fungi (chemical and ultrastructural) on woods acetylated to var- 
ious levels of protection (WPG's) in an attempt to better understand the initial 
stages of cell-wall decomposition and the method of protection of an acetylation 
technique. 

MATERIALS A N D  METHODS 

Acetylation with acetic anhydride and acetyl content determinations 

Blocks 1.0 cm x 1 .0 cm x 0.5 cm (axial direction) were cut from the outermost 
sapwood of Liriodendron tulip$era L. (yellow poplar), Pinus taeda L. (loblolly 
pine), and Fruxinu~ americmnrr L. (green ash), so that the three opposite faces 
were in transverse, tangential longitudinal, and radial longitudinal planes. The 
never-dried specimens were solvent-exchange dried, then oven-dried, weighed, 
and immersed in a solution consisting of 25% (VIV) acetic anhydride in xylene. 
A vacuum was drawn on this system for 30 min, after which the samples soaked 
in the acetylation media for I h at atmospheric pressure. The apparatus used was 
similar to that described in AWPA M10-74. Each block was immediately weighed 
and transferred to a 500-ml round-bottomed flask containing the above concen- 
tration of acetic anhydride in xylene. The solution was heated under reflux and 
samples were removed from the reaction at intervals of 1, 5, and 29 h. Following 
reaction, the blocks were washed in water until free acid was undetectable (three 
to four days), air-dried for seven to ten days and finally oven-dried and weighed. 
Selected samples were steam sterilized at 121 C for 30 min, transferred to soil- 
block decay chambers (AWPA M10-74) previously inoculated with either Cleo- 
phyllum trabrum (Pers. ex Fr.) Murr. (Madison 617) or Coriolus versicolor (L. 
ex Fr.) Quel (Madison 697), and incubated at 25 C and 70% relative humidity for 
a period of six weeks. After six weeks' decay, paired blocks were removed (some 
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used in E M  studies), cleaned of surface mycelium, and dried to a constant weight. 
Weight losses due to decay were determined. In order to determine the relation- 
ship between WPG and degree of acetyl substitution, an acetyl determination was 
conducted by the transesterification method (Browning 1967). 

Tribrotnoc~c.c~tyl bromide synthesis, ac,etylation, and microdistribution 

It is desirable to know which areas of the wood cell wall are being modified in 
order to assess more accurately the protective action of the acetylation technique. 
A search of the literature revealed that wood could be acetylated with tribro- 
moacetyl bromide and that the tribromoacetyl groups introduced should be readi- 
ly detectable in the SEM by EDXA (Energy Dispersive X-ray Analysis). This 
compound was synthesized by the method of Yocum and Joullie (1966). Acety- 
lation proceeded when wood blocks were treated with a mixture of 25% (VIV) 
tribromoacetyl bromide in xylene and triethylamine (equimolar quantities with 
tribromoacetyl bromide) for 1 h at 55 C. 

Blocks of the three wood species were prepared and vacuum impregnated with 
the above mixture in a manner identical to that in the previous section. Following 
reaction ( I  hr at 55 C), the blocks were washed in water for five to seven days 
until free acid was undetectable, oven-dried, and WPG's calculated. Specimens 
with microtomed transverse faces were affixed on aluminum specimen holders, 
coated with carbon, and analyzed by EDXA on a JSM-2 scanning electron mi- 
croscope operated at an accelerating voltage of 25 kV. Cell walls (all cellular 
types) were analyzed for Br at the S,-S, and S,-S, interface regions for a total of 
200,000 X-ray counts each. 

Since three bromines are present in each acetyl substitution, the percent acetyl 
add-on was calculated from the results of a bromine analysis (conducted on 
matched specimens by Mikroanalytisches Laboratorium am Inst. f .  Physikalische 
Chemie, Vienna). 

Electron micro.sc,opy c$acetylatrd \z,oods 

Decayed blocks of acetylated wood were transferred directly from decay cham- 
bers to fixative and, with a razor blade, transverse and tangential longitudinal 
pieces (measuring 2 mm square) were cut from the blocks' centers. Samples were 
fixed in 6.5% glutaraldehyde in 0.1 M cacodylate buffer (pH 7.2) at 4 C for 15 h 
and postfixed in unbuffered aqueous 2% KMNO, at 4 C for 48 h. Acetylated 
samples (three WPG classes) of woods lacking fungal exposure were carried 
through the same procedures. Fixed material was embedded either in a methac- 
rylate mixture (80% n-butyl and 2Wo methyl methacrylate plus 1% benzoyl perox- 
ide) or epoxy and sectioned at a thickness of 600-900 A.  Methacrylate sections 
were collected on parlodoin and carbon supporting films and were either observed 
directly or following resin removal with xylene vapors. Additional sections were 
platinum shadowed (resin removed) or poststained with 2% KMNO, for 24 h. 
Only specimens from the low and medium acetylation levels were examined with 
a transmission electron microscope operated at an accelerating voltage of 80 kV. 

Decayed acetylated blocks to be prepared for scanning electron microscopy 
were removed from culture bottles, excess surface mycelium was removed, and 
the blocks were allowed to air-dry. Blocks microtomed to provide smooth trans- 
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Wright Percent G a i n  

I .  I .  Relationship between WPG and acetyl content in acetylated (25% VIV acetic anhydride 
in ,ylene) loblolly pine and yellow poplar. 

verse and tangential surfaces were affixed to specimen holders, coated with gold 
on a sputter coater, and examined in an SEM operated at an accelerating voltage 
of 25 kV. 

Fungul virrbility in rrcetyluted wood 

Small pieces of brown-rotted and white-rotted wood were aseptically removed 
from the centers of decayed, acetylated blocks and plated out on 2% malt agar. 
Five specimens were used for each combination of species, acetylation level 
(WPG), and test organism, and allowed to incubate for one to two weeks. Viability 
was expressed as the number of plates in which the fungus grew from wood to 
the malt agar surface. 

Utilizution of curhohydrutrs 

A carbohydrate analysis was conducted on nonacetylated decayed samples, 
decayed acetylated woods, and sound-wood controls. A slight modification of the 
method of Borchardt and Piper (1970) was employed using a gas chromatograph 
with a flow rate of 60 cclmin and operated isothermally at 195 C. 

Colonizution of acrtylated and unmodijied ~ t o o d  

Degree of colonization in all three levels of acetylated as well as nonacetylated 
wood was measured after six weeks' exposure to each decay fungus. Decayed 
wood was embedded in lom n-butyl methacrylate (plus 1% W/V benzoyl per- 
oxide), sectioned at 14 Fm on a sliding microtome, and stained for hyphal dif- 
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T A B L ~ .  I .  Rcltrtionship hvtlt.c,c,n retrc.fion time (hours) ~ n d  ~t.eight perc,rnt guin in ~r,ood.s given dijft,rent 
rrc.c2ty/rrtion frrcltmc,nts. 

Weight percent gain 
Acetylation Reaction t ~ m e  

treatment levels (hra.) P o ~ l a r  A F ~  Pine 

Low 1 7.8 7.5 10.7 
Medium 5 15.9 14.9 17.2 
High 29 20.7 20.3 26.0 

ferentiation with aqueous safranin 0 and picro aniline blue (Wilcox 1964). At 
least 500 of each cell type were examined from both transverse and tangential 
longitudinal sections by means of conventional light microscopy. Fungal coloni- 
zation was expressed as percent of cells containing hyphae. 

RESULTS A N D  DISCUSSION 

Relationship between acetyl content and weight percent gain 

Figure 1 illustrates the relationship between net weight gain and acetyl content 
acetylated samples of poplar and pine. Weight percent gain in these two species 
a reasonable estimation of actual acetyl content. Agreement between these two 

values was better in blocks of pine and for both species in the lower WPG cat- 
egories. The surface-to-volume ratios in these samples were quite large and loss 
of extractives and soluble storage products may account for discrepancies be- 
tween these two parameters. 

The low acetylation level (Table 1) significantly reduced weight losses for all 
wood species because of decay from both the white-rotter and brown-rotter (Ta- 
ble 2 and Fig. 2). Note also that for protection against white rot, the lowest level 
of acetylation was nearly as efficient as the higher acetylation treatments. How- 
ever, with the exception of ash, the medium and high acetylation levels provided 
some additional protection against brown rot. 

In each acetylation category, there was far more uniformity in weight losses 
due to brown rot than white rot. This observation is consistent with the literature 
(Cowling 1961; Scheffer 1973), as white rot characteristically occurs in localized 
pockets or zones. 

Among white-rotted samples, loblolly pine was least decayed, while ash dis- 
played the greatest sensitivity to this organism. Since softwoods in service or in 

TABLE. 2. The uverageperc.ent weight loss and standard dniurion ( n  = 1 1 )  for brown-rotted and whit<,- 
rr)ttc,d .sc~~nplr.s ofrrc~etvlotrd y r l l o ~ .  poplnr, green ash trnd lohlolly pine. 

'3% Weight lo\\  (Standard D e v ~ a t ~ o n )  

Brown rot White rot 

Treatments Poplar Ash Pine Poplar Ash Pine 

Nonacetylated 66.8 63.7 61.0 33.6 40.8 28.0 
Low acetylation 10.3 (.55) 3.7 (.30) 6.7 (.33) 3.3 (.39) 7.9 (.25) 1.6 (.27) 
Medium acetylation 2.6 (.31) 2.4 (.34) 2.6 (.33) 3.1 (.35) 6.6 (.25) 1.4 (.32) 
High acetylation 1.6 (.27) 1.4 4 1.7 (.28) 2.9 (.22) 6.0 (.34) 1 . 1  (.16) 
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Weight P e r c e n t  C n i n  

FIO. 2. Relationship between weight percent gain (WPG). due to acetylation (25% VIV acetic 
anhydride in xylene), and weight loss, due to decay in samples of ash, yellow poplar, and loblolly 
pine. 

test are more susceptible to brown rot than white rot (Scheffer 1973), it is not 
surprising that weight losses were consistently lower in loblolly pine test blocks. 

Distribution of tribromoucetutc~s ucro.ss cell ~ ~ 1 1 1 s  

EDXA analysis (Table 3) indicated that bromine was distributed throughout 
the entire secondary wall in woods acetylated with tribromoacetyl bromide. 
Hence. there are several reasons to assume that all secondary wall layers are 
likewise modified, to some extent, in woods acetylated with acetic anhydride in 
xylene (the conventional system used in this study). First of all, acetyl substi- 
tutions in the tribromoacetyl bromide treated samples (Table 4) ranged from only 
0.6% (ash) to 1.3% (loblolly pine) acetyl add-on, while the minimum acetyl add- 
on in anhydride-treated blocks was about 7% to 109% and ranged to over 2Wo 
(Table 1 and Fig. I ) .  Second, diffusion of acetic anhydride molecules into wood 
cell walls should be superior to that of tribromoacetyl bromide, since sterically, 

TAB[ t 3. LDXA ( I I I ( I / ~ S ~ S  oj'  ~ . o o d  ( i ( ~ ( , t v l ~ t o d  with rrihrotnoti(.etyI bromide (255% VIV in vylrnc, trnd 
tric,th~lrrtr~inc.) indic.rrtin8 1oc.trtion of tribrot?lrrc.etcrtrs in (.ell  \r,all.s (X-rriy c,ount.c). 

Poplar A?h Pine 

Cell type S,-S, S,-S, S,-S, S,-S , S,-S, S,-S., 

Earlywood tracheids - - - - 750 550 
Latewood tracheids - - - - 450 1.150 
Rays 525 1,850 725 1,825 750 1,733 
Fibers 342 533 3 00 375 - - 
Vessels 433 1,333 250 900 - - 
Axial parenchyma 400 975 250 1,300 - - 
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TARI I 4. Rclrrtion.\hip hrt\~.t~c,tl n,c,ight pcJrc.cJnt gtrin ( W P G )  crtid crc.c,tyl t idd-on in wood  ~c.c , ty lutcd  
\~.ith trihromocic.c,td hromidc (25% V / V  it1 .rylrncj rind triethylamincj). 

Speue\  Aver'tge WPC C/r Hr % Acctyl add-on 

Poplar 2.4 0.98 1.15 
A\h 2.4 0.54 0.63 
P ~ n e  1.7 1.14 1.33 

Thl\ value may he hlgh due to inadcquatc \r;~\hing and removal of unreacted trihromvacctyl hromide. 

molecules of the former are considerably smaller than those of the latter (vacuum 
impregnation conditions, prior to reaction, were the same for both systems). 

With the exception of pine earlywood tracheids, bromine counts were at a 
maximum in the S,-S, interface region (Table 3) of cell walls. These results are 
not surprising, since this area is more accessible to the acetylation media occu- 
pying cell lumina than external wall layers. Thus, a diffusion gradient across cell 
walls may exist, so that cellulose triacetates and other formed esters (acetylation 
with acetic anhydride) are concentrated in the inner regions of the secondary wall 
and, with increasing WPG's, esterification of more external areas (S, - S , )  oc- 
curs. 

EjTi~ct o$uc,rtylrttion on fungrrl viubility 

The protective action of the acetylation technique is apparently not fungitoxic, 
since in most instances each fungus grew out of the wood to the agar surface in 
culture plates (Table 5). In only one instance did either fungus completely fail to 

T A H L . ~  5. Surfuco g r o ~ . t h  und viubility oj'hrow.n-rot and  n,hitr-rot jungul hyphur in u ~ o d  cic~rtvlutrd 
t o  vtiriou.\ leve ls .  

Acety 
lation 

Spcclch l e v c l ~  
V~abl l~ty l  

T e ~ t  organism (Yo) Surface growth 
ppppp 

Poplar Low Wh~te-rot fungus 
M e d ~ u m  
H1gh 

Ash Low White-rot fungus 
Medium 
High 

Pine Low White-rot fungus 
Medium 
High 

Poplar 

Ash 

Low Brown-rot fungus 
Medium 
High 

Low Brown-rot fungus 
Medium 
High 

Pine Low Brown-rot fungus 
Medium 
High 

Sparse 
Sparse 

Very sparse 

Sparse 
Sparse 

Very sparse 

Sparse 
Sparse 

Very sparse 

Moderate to abundant 
Moderate to abundant 
Moderate to abundant 

Moderate to abundant 
Moderate to  abundant 
Moderate to abundant 

Moderate to abundant 
Moderate to abundant 
Moderate to abundant 

I Vlabil~ty I5 expressed ns the 7' of plated ple'es (from b l o ~ k  'enters) producing fungal growth on 2% malt agar 
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FIG. 3. Gas chromatographic analysis of carbohydrates in brown-rotted loblolly pine and white- 
rotted yellow poplar. 

grow out of acetylated wood: the white-rotter was inactive in pine at the maximum 
acetylation level, and its viability was somewhat diminished in the medium treat- 
ment level of the same wood. Viability of the brown-rot fungus was inhibited 
only in poplar with medium and high levels of acetylation and in pine with the 
highest treatment level. 

Influence of ac~rtylation on carbohydrate consumption 

Both fungi degraded holocellulose in the same manner (Fig. 3 and Tables 6 and 
7): considerable depolymerization and consumption occurred in nonacetylated 
samples (about 3 times more in pine than poplar), but with increasing acetylation 

TABLE 6. Gus chromatographic analysis of curbohydrutrs in sound wood ,  decuyrd nonacrtyluted 
crnd crcrt~~lutrd w ~ o d  samples (5%). 

Weight Total 
loss Arabi- M a n  Galac- Glu- carbo- 

Spccies Sample variables 1%) nose Xylose nose tose cose hydrate 

Poplar Sound wood - 0.8 15.0 2.6 0.6 43.6 62.5 
Decayed, nonacetylated 33.6 0.5 8.1 1.3 0.1 20.7 30.8 

(white) Decayed, low acetylations 3.3 1.1 14.3 3.2 0.4 35.6 54.6 
rot) Decayed, medium acetylations 3.1 1.0 16.4 3.0 0.3 44.9 65.6 

Decayed, high acetylations 2.9 1.1 16.7 3.8 0.5 48.4 70.6 

Pine Sound wood - 1.6 6.9 10.8 0.5 46.1 65.9 
Decayed, nonacetylated 61.0 0.2 0.9 0.3 0.04 7.7 9.6 

(brown Decayed, low actylations 6.7 1.3 5.8 9.1 0.4 40.9 57.4 
rot) Decayed, medium acetylations 2.6 1.6 7.0 1 1.0 0.6 45.8 65.9 

Decayed, high acetylations 1.7 1.5 7.1 11.6 0.5 50.1 70.8 
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T A B I  r 7. C'hungc, in prrccJnt c.urhohydrc/t(,.s, due to  drc,uy, r,xprvs.srd us a prrc.rnt of the origincil 
Irvrls in sound n,ood strrnples. 

Weight 
loss Arabi- Man- Galac- 

Spec1e5 Sample variables (%) nose Xylose nose tole 

Poplar Decayed, nonacetylated 33.6 3 1 . 3  4 6 . 3  -48.5 -75.6 
Decayed, low acetylations 3.3 +51.5 -5.1 +24.3 -36.4 

(white Decayed, medium acetylations 3.1 +36.0 +9.1 + 14.0 4 2 . 6  
rot) Decayed, high acetylations 2.9 +50.0 +11.2 +45.0 2 . 9  

Total 
Glu- carbo- 
cose hydrate 

-52.5 5 0 . 8  
-18.3 - 12.7 
+3.0 +4.9 

+11.2 +13.0 

Pine Decayed, nonacetylated 61.0 -87.6 -86.0 9 2 . 2  -92.8 -83.4 -85.4 
Decayed, low acetylations 6.7 -21.5 1 6 . 0  -16.0 -20.7 -11.3 -14.8 

(brown Decayed, medium acetylations 2.6 -3.0 + 1.7 + 1.7 + 19.8 -0.7 +O. 1 
rot) Decayed, high acetylations 1.7 -4.7 +3.2 +7.5 -13.0 +8.8 +7.5 

+ Denotes increase (above original levels of sound wood). 
- Denotes decrease (below original levels of sound wood). 

total percent carbohydrates remained near sound wood levels in the medium and 
high treatment levels. Weight losses were lowered considerably by the minimum 
acetylations, but total carbohydrates were still depleted by 13% for poplar and 
15% for pine. However, in the highest acetylation treatments, total percent car- 
bohydrates were higher (7% for pine and 13% for poplar) than sound wood levels, 
indicating preferential removal of some other constituents. Interestingly, at each 
level of acetylation, total percent carbohydrates present (Tables 6 and 7) were 
very similar in both types of decayed wood. Curves for the individual monosac- 
charides follow these same general trends. 

In both types of decay, holocellulose contents were very similar at each level 
of acetylation; however, the low treatment level was nearly as effective as higher 
ones in reducing weight losses due to white rot. Thus, the activity, synthesis, or 
both of lignin-degrading catalysts may in part be dependent on prior or simulta- 
neous breakdown of carbohydrates. These breakdown products may (1)  provide 
metabolic energy for the production of extracellular oxygenases and other fungal 
catalysts, or (2) may be involved in gene regulation and protein synthesis of 
enzymes, or (3) both. Esterification may also render free lignin hydroxyls un- 
available to fungal secretions. These hydroxyl groups, however, are very infre- 
quent in lignin macromolecules; thus their contribution to the protective action 
of acetylation should be minor. 

Nonglucose sugars were proportionally more extensively degraded than glu- 
cose in brown-rotted, nonacetylated pine (Table 7). These findings were similar 
for the acetylated wood samples, although gas chromatographic results were er- 
ratic for the medium treatment level. In contrast, cellulose depolymerization ex- 
ceeded that for hemicellulose polymers in nonacetylated and acetylated white- 
rotted poplar, since with few exceptions utilization of glucose was greater than 
nonglucose monomers. These results are consistent with literature on studies 
considering the order of removal of glucose vs. nonglucose sugars by different 
decay fungi (Boutelje et al. 1971; Kirk and Highley 1973). 

Colonization oj'acrtylatrd ~ l o o d  

In the nonacetylated woods, hyphal colonization of all cellular elements was 
nearly complete after just six weeks' exposure to decay fungi (Table 8). Acety- 
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FIG.  4. Degradation of pitting between ray (R) and axial parenchyma cells (AP) in ash, accom- 
panied by enlargement of pit canals (PC) and plasmodesmatal connections (arrows) through pit mem- 
branes. White rot of ash: low acetylation (about 7.5 WPG); tangential section; Pt shadowed (20"); 
x 15,400. 

F I G .  5. A lumen-situated hypha (H) in contact with a pine tracheid wall. White rot of loblolly 
pine; medium acetylation (about 17 WPG); tangential section; KMNO, stained; ~ 2 3 , 4 0 0 .  

F I G .  6. Hyphal cell (H) occupying a pine tracheid lumen; the S, is slightly degraded with no 
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TABLE 8. Fungul c,olonization (percent oij'ce1l.s contuining hyphue) of nonucetyluted ~ ~ o o d  and wood 
rrt df lerrnt  1wel.s of ac,etylution after six weeks' incubation. 

Poplar Ash Pine 

Acetylation Ves- 
Type decay levels Fibers selr Rays 

White rot Nonacetylated 96.7 100.0 81.8 
Low 40.6 96.4 43.9 
Medium 16.2 53.8 10.8 
High 8.4 49.6 7.4 

Brown rot Nonacetylated 97.1 100.0 96.0 
Low 63.9 98.8 56.2 
Medium 18.0 65.4 13.0 
High 13.8 24.4 11.2 

EW Trach. denotes earlywood tracheid. 
LW Trach. denote5 lateuood tracheid. 

Ves- 
Fibers rels Rays 

EW LW 
Trach. Trach. Rays 

lation profoundly affects colonization of wood; even the minimum levels of pro- 
tection significantly reduced hyphal counts for both fungi. Although weight losses 
(from decay) were most noticeably affected by the lowest level acetylations, the 
largest differences in colonization generally occurred between the low and me- 
dium treatment levels. Over 70% fewer hardwood fibers contained brown-rot 
fungal hyphae, while counts for both fungi were approximately 80% less in late- 
wood tracheids (medium acetylation level). Fungal colonization did not decrease 
as rapidly in cells with larger lumina, that is, hardwood vessels and earlywood 
tracheids. These cellular elements not only possess wide lumina, but large copious 
pitting and other openings (perforations in vessels) through which hyphae can 
more readily penetrate and colonize. 

In contrast to the above situation, as the level of acetylation treatment in- 
creased from medium to high, colonization by brown-rot fungal hyphae was most 
adversely affected in the main conducting elements. The number of hardwood 
vessels containing hyphae was more than 60% and 70% less for poplar and ash, 
respectively, while counts were about 50% lower among pine tracheids (both 
earlywood and latewood). Hyphal numbers in rays were little affected (reductions 
of about 15% for all species) and only slightly more so in hardwood fibers. 

Although higher levels of substitution inhibited carbohydrate consumption and 
decay (weight losses), colonization occurred in all cellular elements. To a certain 
extent, hyphae probably penetrate the wood structure through pit-pairs, fed by 
an energy source other than wood cell-wall substance. Since hyphae are able to 
translocate materials for considerable distances via cytoplasmic streaming (Ains- 
worth 1965), the soil substrate in culture bottles and storage products in ray 
parenchyma may supply this food. Decay fungi are also very efficient in recycling 
nitrogen (Cowling 1970) from older portions of hyphae to new zones where it 

apparent S, decomposition. White rot o f  loblolly pine; medium acetylation (about 17 WPG); tangential 
section; K M N O ,  stained; x 19,800. 

F I G .  7. Lumen at the tip o f  a pine tracheid. The  tracheid wall in advance o f  the hyphal ( H )  tip is 
entirely intact. White rot o f  loblolly pine; medium acetylation (about 17 W P G ) ;  tangential section; 
K M N O ,  stained; x 13,200. 
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FIG. 8. Bore-hole production in an ash fiber wall, without dissolution of surrounding wall material. 
Hyphal cell (H) shows signs of lysis. White rot of ash; low acetylation (about 7.5 WPG); cross section; 
Pt shadowed (20'); x 13,200. 

FIG.  9. Decomposition of an ash ray, along innermost secondary wall, is limited to an area in 
advance of the hyphal tip (HT). White rot of ash; low acetylation (about 7.5 WPG); cross section; Pt 
shadowed (20"); ~30 ,800 .  

FIG. 10. Lumen hyphae (H) contacting an ash vessel wall. The laminar structure was preserved, 
erosion troughs were lacking, and cell-wall degradation was not evident. White rot of ash; low ace- 
tylation (about 7.5 WPG); cross section; Pt shadowed (20"); x 1,500. 
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could supplement such nutrients as starch and vitamins remaining in the sapwood. 
In acetylated wood, the degree of dimensional stability, along with decay re- 

sistance, is proportional to WPG (Goldstein et al. 1961); in fact, the reduction in 
swelling at 20 to 25 WPG is about 70%. Therefore, Rowel1 (1975) feels this ex- 
clusion of cell-wall water is one of the most significant factors in the mechanism 
of protection, against fungi, by a variety of wood modification systems. If wood- 
in-service remains sufficiently dry (below FSP), decay normally will not occur, 
irrespective of chemical modification or preservative treatments. However, ace- 
tylated woods exposed to high moisture conditions, as in soil-block decay cham- 
bers, should contain free water in cell lumina and even at higher acetylation levels 
may therefore allow some colonization and growth (Table 8). The white-rotter 
used in this study attacks exposed cell-wall surfaces, causing an irregular decom- 
position of cell walls, progressing from the S, to the compound middle lamella 
(Bravery et al. 1974). So, at high moisture conditions (as in soil-block chambers), 
enough free water should be present in cell lumina or on lumen walls for white- 
rot fungal hyphae to initiate decomposition of the S, surface. Despite the presence 
of free water, weight-loss data (Table 2) and TEM observations of highly acety- 
lated cell walls did not reveal cell-wall degradation. Therefore, in the acetylation 
of wood to prevent decay, the stereochemical changes that take place are far 
more important than its effect on cell-wall equilibrium moisture content. 

Microscwpy crnd ultrustruc.ture of decay in ucetylutrd tvood 

Similar patterns of cell-wall decomposition were noted for each type of decay 
fungus in the acetylated woods. Bore holes were produced by hyphae of either 
fungus only at minimum acetylation levels. Hyphal penetration of ray cell walls 
to adjacent ray cells and other cell types was common, but bore-hole formation 
between all longitudinal cell types was much more sporadic. In ray parenchyma 
pitting, plasmodesmatal connections (Fig. 4) were occasionally enlarged (mini- 
mum acetylations), while at all levels of protection, localized degradation of ray 
cell walls was often affected by hyphae inhabiting ray intercellular spaces. 

Figures 5 and 6 depict lumen situated hyphae adjacent to the cell wall. Note 
the slight degradation of the S, layer and the intact S, layer. Most bore-hole and 
some lumen-hyphae underwent lysis, typified by loss of cell contents and usually 
accompanied by cellular debris (Figs. 4 and 8). Hyphal disruption of this nature 
may be attributed to residual acetic acid in amorphous regions of cell walls or 
perhaps to slight uptake or acetyls from wall substance in contact with hyphal 
tips. 

The diffuse zone of catalytic activity (gelatinous sheath) normally associated 
with active hyphal tips was lacking in acetylated woods (Fig. 7), and bore holes 
were never larger than contained hyphae (low acetylation level). Removal of the 
interfibrillar matrix was restricted to the immediate area in advance of hyphal tips 
(Figs. 8 and 9), and cell-wall material surrounding hyphae in bore holes was 
completely intact (Fig. 8). But clearing of the cell-wall microfibrillar structure and 

I .  1 .  Longitudinal view of the cell tip area of a pine tracheid. A lumen-situation hypha (H) is 
present, but no dissolution of the tracheid wall occurred. White rot of loblolly pine; medium acety- 
lation (about 17 WPG); tangential section; KMNO, stained; ~26 ,400 .  
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hence penetration of hyphal tips was completely prevented (Fig. 7) by WPG's of 
15 or more (medium and high acetylations). Thus, bore holes apparently were not 
produced solely by mechanical forces as was originally suggested by Cartwright 
(1930). Rather, at least a partial metabolism of cell-wall constituents by fungal 
catalysts in advance of tips is required for penetration by these fungi. 

That extracellular secretions of either fungus were unable to effect dissolution 
of wood cell walls at appreciable distances from producing hyphae was exempli- 
fied by a lack of submicroscopic voids in any wall layers, a lack of separation of 
wall lamellae, and retention of original contrast in wall layering (Fig. 10). Lumen 
hyphae in contact with cell walls did not form erosion troughs of dissolution 
(Figs. 10 and 1 1 ) ;  however, in white-rotted poplar with the lowest acetylation, 
walls of ray and axial parenchyma cells were somewhat thinned. Neither fungus 
had much effect on wood acetylated to WPG's of 15 and above; degradation was 
limited to infrequent lysis of the S, layer in hardwood fibers and pine tracheids. 
It is hypothesized then, that in the higher acetylations, WPG's of 15 and more, 
not only has production and liberation of fungal secretions been reduced (fungal 
cells appeared "starved" and tips were devoid of gelatinous sheaths) but their 
affinity for the substrate was probably blocked. 

CONCLUSIONS 

The following conclusions emphasize the major results from chemical and ul- 
trastructural analysis of the decayed, acetylated woods: 

1 .  Inhibition of action of cell-wall dissolving catalysts of decay fungi is the pri- 
mary mode of protection of the acetylation technique. In the higher acetylation 
treatments, cell-wall degradation and clearing of the microfibrillar structure 
were lacking, and hyphal penetration of wood cell walls was not observed. 
The acetylations were not fungitoxic; however, hyphal cells lacked internal 
organization, indicating that they were "starving" in the presence of plenty. 

2. The synthesis, activity, or both, of lignin-degrading catalysts of the white-rot 
fungus may be dependent on prior or simultaneous breakdown of carbohy- 
drates. Weight losses, due to white rot, varied only slightly from low to high 
acetylations, even though the patterns of holocellulose utilization and coloni- 
zation were very similar to those of brown-rotted woods. Apparently with the 
blockage of cellulase activity, significant lignin consumption is prevented. 

3. Results of the carbohydrate analysis indicated that in both the acetylated and 
nonacetylated woods, hemicelluloses were more extensively depleted than cel- 
lulose by the brown-rotter; this situation was reversed in the white-rotted 
woods. 

4. In the higher level acetylation treatments, removal of wall polymers by fungal 
catalysts was inhibited and bore holes were lacking, suggesting that penetration 
of acetylated wood cell walls by these fungi was not possible on the basis of 
mechanical forces alone. 
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