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In order to elucidate the effects of lignin composition on the resistance of wood to degradation by decay fungi, wood specimens
from two transgenic poplar lines expressing an Arabidopsis gene encoding ferulate 5-hydroxylase (F5H) driven by the cinnimate-
4-hydroxylase promoter (C4H::F5H) that increased syringyl/guaiacyl (S/G) monolignol ratios relative to those in the untrans-
formed control wood were incubated with six different wood decay fungi. Alterations in wood weight and chemical composition
were monitored over the incubation period. The results showed that transgenic poplar lines extremely rich in syringyl lignin
exhibited a drastically improved resistance to degradation by all decay fungi evaluated. Lignin monomer composition and its
distribution among cell types and within different cell layers were the sole wood chemistry parameters determining wood dura-
bility. Since transgenic poplars with exceedingly high syringyl contents were recalcitrant to degradation, where wood durability
is a critical factor, these genotypes may offer improved performance.

In recent years the importance and utility of lignocellulosic sub-
strates have become more significant to industry, since woody

biomass is now considered not only a feedstock for the manufac-
ture of traditional commodities (lumber, lumber products, and
paper) and cellulose-based chemicals but also the starting feed-
stock for bioenergy (1). Wood and other lignocellulosic materials
are formed from three main polymeric constituents: cellulose,
lignin, and hemicelluloses (2). Lignin is a complex aromatic poly-
mer which is assembled via free radical coupling of monolignol
precursors derived from three p-hydroxycinnamyl alcohols with
varying degrees of methoxylation, resulting in guaiacyl (G),
syringyl (S), and p-hydroxyphenyl (H) subunits (3). These mono-
mers vary depending on wood species, tissue type, and environ-
mental stress (4).

Wood decay fungi (Basidiomycetes, Ascomycetes, and mito-
sporic fungi) are among the few microorganisms capable of de-
grading the complex lignocellulosic matrix (5, 6). They are con-
ventionally classified into one of three major groups: brown,
white, and soft rot fungi. White rot fungi can be further divided
into two subtypes: (i) those involved in the oxidative cleavage of
lignin and structural polysaccharides at similar rates, often re-
ferred to as simultaneous degraders, and (ii) those (selective del-
ignifiers) capable of removing lignin in advance of cellulose and
hemicelluloses. The latter subgroup accounts for a much smaller
proportion of the taxa. A phylogenetically related group of brown
rot basidiomycetes can, unlike white rot fungi, metabolize struc-
tural polysaccharides without removing lignin, causing significant
strength losses in the early stages of wood decay (7, 8). Although it
is not degraded, there is an indication that the lignin can be highly
modified in some cases, via demethylation and/or demethoxyla-
tion (9–13). During soft rot degradation, the enzyme-mediated
decay of cellulose and hemicelluloses is accompanied by some
lignin degradation (5, 14).

Many studies have demonstrated that white rot fungi possess
lignocellulolytic enzymatic systems that, if used during pretreat-
ment, can lead to energy reductions during mechanical pulping
(15, 16), are beneficial for biodegradation of recalcitrant biopoly-
mers (17), and/or increase the efficiency of bioconversion (18,

19). On the other hand, brown rot fungi have been shown to
possess specialized endoglucanases that can be used in industrial
processes (20, 21) and offer a unique opportunity for consolidated
bioprocessing of lignocellulosic substrates. The synergy between
brown rot pretreatment and saccharification has been suggested
to be beneficial in achieving full sugar yields from lignocellulosic
substrates in bioethanol production (22, 23). However, the inher-
ent recalcitrance of lignin continues to pose challenges for indus-
trial applications (24, 25).

In secondary plant cell walls of wood, the lignin matrix that
surrounds the cellulosic components acts as a barrier to wood
decay, preventing the access of extracellular enzymes to the more
readily degradable cellulose and hemicellulose moieties. Earlier
studies (26–28) clearly provided evidence that differences in lignin
content alone cannot explain the variation in wood decay rates but
that anatomical characteristics and cell wall ultrastructural differ-
ences are influential. Lignin remains a major factor and has been
shown to affect cell wall degradation rates in a concentration- and
composition-dependent manner (5, 29, 30). However, the most
recent comprehensive research was done in 1994, studying the
impact of the lignin composition on resistance to wood decay
(31). Those authors analyzed the degradation of wood from dif-
ferent tree species by Trametes versicolor and meticulously de-
scribed variation in decay patterns in tissue types. That work (31)
used wood from different tree species to establish a model that
effectively explained the impact of lignin monomer composition
on wood decay rates. However, since variation in other wood
characteristics and chemical, morphological, and/or ultrastruc-
tural features were not considered, the conclusions drawn remain
ambiguous.
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Advances in tree genetic engineering have facilitated the pro-
duction of tree varieties with altered wood chemistry (32–35).
Ferulate-5-hydroxylase (F5H) is a key rate-limiting enzyme re-
quired for the biosynthesis of syringyl (S) monolignols (36), and
transgenic poplar lines overexpressing an Arabidopsis F5H gene
under the control of the cinnamate-4-hydroxylase (C4H) pro-
moter (C4H::F5H), exhibit substantially altered S lignin content
(ranging from as high as 94 mol% syringyl units to 65 mol% in the
wild-type [WT] trees) (33, 36).

These transgenic trees afford a unique opportunity to elucidate
the impact of lignin monolignol composition on susceptibility to
degradation by white and brown rot fungi, since all other wood
phenotypes in these genotypes are similar to those in wild-type
trees. The specific aims of this research were (i) to expand our
understanding of the role played by lignin monomer composition
in wood decay resistance and (ii) to examine the differences in
fungal degradation of wood derived from transgenic poplar lines
with increased S/G ratios when incubated with brown rot, selec-
tive white rot, and simultaneous white rot decay fungi.

MATERIALS AND METHODS
Plant material. All hybrid poplar trees (Populus alba � tremula; P717)
were propagated from apical explants grown in sterile tissue culture (3-
week growth cycle in tissue culture), and rooted cuttings were potted into
soil medium. Trees were then grown in a temperature-controlled green-
house under a fixed 16-h photoperiod with supplemental lighting (radi-
ant flux density of 300 W m�2). Daily watering with fertigated water was
achieved by flood table irrigation. The trees were harvested 3 years after
transfer to the greenhouse. Five clonally propagated trees of each trans-
genic line and wild-type trees were selected and individual wood samples
collected from each stem at 10 cm above the base of the root collar. Bark
and pith were removed from the samples and then oven dried (50°C) for
2 days. About 50 discs ranging from 12 to 30 mm in diameter were cut
from stems into 10-mm lengths, and they were randomized and used for
the incubation with wood decay fungi.

Wood samples. Two transgenic and one wild-type line of hybrid pop-
lar P717 (Populus alba � tremula) were included in the experiment. The
transgenic lines employed overexpress the Arabidopsis ferulate-5-hydrox-
ylase (F5H) gene under the control of the cinnamate-4-hydroxylase
(C4H) promoter (C4H::F5H) and exhibit considerable increases in the
lignin syringyl/guaiacyl (S:G) monomer ratio, without a significant effect
on p-hydroxyphenyl monomer composition or the overall relative lignin
content of the wood, as previously determined by thioacidolysis (33). Line
“64” exhibits ca. 94 mol%, line “82” exhibits ca. 85 mol%, and the wild
type (WT) exhibits ca. 65 mol% of syringyl lignin units, as determined by
thioacidolysis.

Fungal isolates and culture conditions. Three brown rot fungi, i.e.,
Postia placenta (strain MAD 698-R), Gloeophyllum trabeum (strain MAD
617), and Coniophora puteana (strain UBC 01), and three white rot fungi,
i.e., Ceriporiopsis subvermispora (strain UBC 17-3), Phanerochaete chrys-
osporium (strain RP 78), and Trametes versicolor (strain S4-118 AG), were
used in this study. Each fungal strain was cultured on malt extract agar
(MEA) (Oxoid, United Kingdom) for 10 days prior to inoculation onto
wood samples. Identification of pure cultures was confirmed using myce-
lium characteristics as observed on MEA plates.

Miniblock test. A modified version of the European Standard EN 113
(37) was used for the miniblock test. For each tree line/fungus combina-
tion and incubation period, five transgenic (lines 64 and 82) wood speci-
mens (“miniblocks”) were paired with five parallel control (wild-type)
specimens. A total of 360 wood discs were used in the miniblock test.

Wood samples were dried at 105°C for 24 h, cooled in a desiccator
containing phosphorus pentoxide, weighed, sterilized for 20 min at
121°C, dried at 65°C for 48 h, and cooled to room temperature.

Two discs were placed on glass supports in a petri dish with actively
growing mycelia (Fig. 1) and incubated at 22°C and 70% � 5% relative
humidity. Incubation periods were 4, 8, 12, and 16 weeks. Following in-
cubation, discs were removed from the petri dishes, cleaned of associated
mycelia, and reweighed. Before the discs were dried for measurement of
weight loss, they were sampled at random points by removing chips of
negligible weight. These were placed onto MEA to check whether the
decay fungi were the only organisms present, and this was confirmed in all
cases. The samples were then dried for weight loss measurement. Dry
weight loss (WL) was calculated based on dry weights of discs before and
after incubation according to the equation WL (%) � (W0 � W1)/W0 �
100%, where W0 is the original dry weight of the wood sample before
incubation and W1 is the dry weight of the wood sample after incubation
with decay fungi.

Microscopy. Specimens of wood discs were randomly selected to vi-
sualize the extent of degradation of both wild-type and transgenic line 64
poplar samples. Samples were prepared for scanning electron microscopy
(SEM) by drying the specimens in a vacuum oven at 40°C and 1,000 Pa for
12 h, and they were then fixed in a holder using adhesive tape and sput-
tered coated with a 12-nm gold layer. The specimens were observed on a
Hitachi S-2600N variable-pressure scanning electron microscope
(VPSEM) at acceleration voltages of 10 and 15 kV.

Chemical analysis. After weight loss values were calculated, one rep-
resentative sample with the weight loss value closest to the mean value of
each replicate group was selected for chemical analysis; 72 samples were
therefore used to investigate variation in cell wall chemistry following
incubation with each wood rot fungus. Samples were first ground in a
Wiley mill to pass through a 40-mesh screen and then extracted for 12 h
with hot acetone in a Soxhlet apparatus to remove extractives.

Lignin and carbohydrate contents were determined using a modified
Klason procedure, where extracted ground stem tissue (0.2 g) was treated

FIG 1 Wood discs on glass supports incubated in petri dishes with actively growing mycelium.

Transgenic Poplar Resistant to Decay

April 2013 Volume 79 Number 8 aem.asm.org 2561

http://aem.asm.org


with 3 ml of 72% H2SO4 as described previously (33). The composition of
neutral cell wall-associated carbohydrates (arabinose, rhamnose, galac-
tose, glucose, mannose, and xylose) was determined using high-perfor-
mance liquid chromatography (DX-600; Dionex, CA) equipped with an
ion-exchange PA1 (Dionex) column, a pulsed amperometric detector
(ED 40) with a gold electrode, and a Spectra AS 3500 autoinjector (Spec-
tra-Physics, CA). The column was eluted with deionized water at a flow
rate of 1 ml ml�1. Aliquots (20 �l) were injected after being passed
through a 0.45-�m nylon syringe filter (Chromatographic Specialties
Inc., Brockville, Ontario, Canada). Optimization of baseline stability and
detector sensitivity was achieved by postcolumn addition of 0.2 M NaOH.
Acid-soluble lignin was determined by UV absorbance at 205 nm accord-
ing to TAPPI standard method UM-250 (38), while insoluble lignin was
determined gravimetrically using medium-coarseness sintered glass cru-
cibles.

Thioacidolysis. Variation in lignin syringyl and guaiacyl monomer
composition in samples selected for chemical analysis was assayed by thio-
acidolysis as described previously (39) using 10 mg of ground, extract-free
oven-dried wood flour as the substrate. For each sample, 10 mg of ground,
extract-free oven-dried wood flour was weighed into a 5-ml glass Whea-
ton vial with a Teflon-lined screw cap. One milliliter of freshly made
reaction mixture (2.5% [vol/vol] boron trifluoride etherate [Sigma, St.
Louis, MO] and 10% [vol/vol] ethanthiol [Sigma] in recently distilled
dioxane) was added to each vial and blanketed with nitrogen gas prior to
sealing. Vials were then placed together in a dry heating block (100°C) for
4 h with periodic (hourly) manual agitation. The reactions were halted by
placing the reaction mixtures at �20°C for 5 min. An internal standard (5
mg ml�1 tetracosane [Sigma] in methylene chloride, 0.2 ml) was then
added to each vial with enough 0.4 M sodium bicarbonate to bring the
reaction pH to between 3 and 4 (ca. 0.3 ml, as determined by pH indicator
paper). To extract the reaction products from the aqueous mixture, 2 ml
of water and 1 ml of methylene chloride were added to each vial, which
was then recapped, vortexed, and allowed to settle, phase separating the
upper (aqueous) and lower (organic and containing lignin breakdown
products) phases. An aliquot (1.5 ml) of the organic phase was removed
with an autopipette, simultaneously cleared of residual water and filtered
by passing through a Pasteur pipette packed with a small tissue paper plug
and an inch (ca. 50 mg) of granular anhydrous sodium sulfate, and trans-
ferred directly into a 2-ml polypropylene microcentrifuge tube. Samples
were then collectively evaporated to dryness in an Eppendorf Vacufuge
(approximately 1.5 h at 45°C) and resuspended in 1 ml of methylene
chloride. Samples were derivatized by combining 20 �l of resuspended
sample with 20 �l of pyridine (Sigma) and 100 �l of N,O-bis(trimethyl-
silyl)acetamide (Sigma, St. Louis, MO). After incubation for at least 2 h
at 25°C, 1 �l of this reaction product was analyzed by gas chromatography
on a Hewlett-Packard 5890 series II instrument fitted with an auto-
sampler, a splitless injector, a flame ionization detector (FID), and a 30-m
RTX5ms 0.25-mm-internal-diameter capillary column. Injections were
separated using helium as a carrier gas at 1 ml min�1. The inlet and
detector temperatures were set to 250°C, while the oven profile consisted
of an initial temperature of 130°C, holding for 3 min, temperature in-
crease to 250°C, holding for 5 min, and cooling. Peak identification was
consistent with that described previously (39).

Statistical analysis. One-way analysis of variance (ANOVA) of the
recorded dry weight losses was done for wood specimens, and the signif-
icance level was set at a P value of �0.05. A Tukey honestly significant
difference (HSD) post hoc test was performed in SPSS to demonstrate
differences in mean values.

RESULTS
Incubation with brown rot fungi. (i) Weight loss. Most of the
wood specimens were completely colonized by external mycelia
after 16 weeks of incubation with brown rot fungi. Of the three
fungal species, P. placenta showed the greatest extent of decompo-
sition, resulting in a 62% weight loss in the wild type (Fig. 2). C.

puteana induced the most extensive weight losses in transgenic
line 82. The lowest weight losses after 16 weeks occurred in trans-
genic line 64 incubated with G. trabeum. Weight losses in line 64
were significantly lower than those in the corresponding wild-type
controls when incubated with all three brown rot fungi. Poplar
line 82 exhibited higher susceptibility to degradation by P. pla-

FIG 2 Dry weight losses of two transgenic poplar lines and the WT incubated
with brown rot fungi G. trabeum, C. puteana, and P. placenta. Samples were
incubated for 4, 8, 12, or 16 weeks (n � 5). Lines 64 and 82 have very high and
high S/G ratios relative to that of the WT. Error bars represent standard devi-
ations. Asterisks denote significant differences compared to the WT (P �
0.01).
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centa than line 64, but this was not significantly different from
results for samples taken from wild-type trees. Samples of trans-
genic poplar line 82 incubated with G. trabeum and C. puteana
were, in contrast, more susceptible to degradation than the wild
type.

(ii) Sugars. Chemical analysis of the cell wall carbohydrates in
decayed wood samples demonstrated an overall decreasing trend
in total carbohydrates (Table 1). The most extensive losses were
recorded for wild-type samples incubated with P. placenta (47% of
glucose, 37% of xylose, and 73% of mannose). During the first 8
weeks of incubation, P. placenta degraded about 20 and 12%, re-

spectively, of available xylose and glucose in wild-type trees but
degraded none of the other carbohydrates. Incubation for an ad-
ditional 8 weeks resulted in the loss of an additional 35% of glu-
cose and 17% of xylose. At the same time, mannose was left almost
intact during the first 12 weeks, and its rapid utilization (about
73%) took place only in the advanced stages of degradation. The
greatest levels of glucose and xylose depletion were observed in
line 82 incubated with C. puteana (losses of 48% and 31%, respec-
tively), leaving rhamnose, galactose, and mannose not signifi-
cantly affected. Mannose in line 64 showed the greatest extent of
degradation among all the sugars (65% loss after a 16-week incu-

TABLE 1 Relative chemical compositions of hybrid poplar wood incubated with brown rot fungi

Fungus
Hybrid
line

Incubation
period, wk

Carbohydrates, % Lignin

Ara Rha Gal Glu Xyl Man Insoluble, % Soluble, % Total, % S/G ratio S, %

C. puteana 64 0 0.3 0.3 0.5 51.3 19.8 1.1 18.1 5.4 25.5 14.4 93.5
4 0.3 0.3 0.5 51.6 19.5 1.1 18.6 5.8 24.4 13.8 93.3
8 0.3 0.3 0.4 49.4 20.1 0.6 21.0 5.6 26.6 12.0 92.3
12 0.4 0.3 0.5 49.8 18.0 0.8 23.0 5.5 28.5 11.9 92.2
16 0.2 0.2 0.3 36.7 16.0 0.4 29.1 6.7 35.8 11.8 92.2

82 0 0.2 0.3 0.4 47.0 20.3 0.4 25.0 5.4 30.4 4.4 81.5
4 0.2 0.3 0.4 47.4 19.1 0.3 25.6 5.2 30.7 4.4 81.6
8 0.2 0.3 0.3 52.0 15.6 0.7 19.8 4.3 24.1 4.4 81.6
12 0.1 0.2 0.3 31.1 14.9 0.2 28.3 4.7 33.0 4.4 81.5
16 0.1 0.3 0.3 26.8 13.3 0.3 40.1 4.7 44.8 4.0 80.0

WT 0 0.2 0.3 0.4 50.1 15.0 0.4 21.4 2.8 24.2 2.1 67.7
4 0.2 0.3 0.4 49.2 15.3 0.5 22.7 3.0 25.7 2.1 67.3
8 0.2 0.3 0.5 47.9 14.2 0.9 24.0 3.3 27.3 2.1 68.2
12 0.2 0.2 0.5 40.7 13.4 0.6 26.0 3.6 29.6 2.2 68.8
16 0.2 0.2 0.3 35.6 13.4 0.4 32.4 3.8 36.2 2.3 69.7

G. trabeum 64 0 0.3 0.3 0.5 51.3 19.8 1.1 15.0 5.8 20.8 11.3 91.9
4 0.4 0.4 0.6 50.9 21.0 1.0 15.2 6.0 21.1 11.9 92.2
8 0.4 0.4 0.6 50.8 20.7 1.1 19.2 5.5 24.7 12.0 92.3
12 0.4 0.4 0.5 49.8 20.2 1.3 19.3 5.8 25.0 15.9 94.1
16 0.5 0.6 0.8 49.7 20.1 1.5 19.5 5.0 24.5 17.1 94.5

82 0 0.3 0.2 0.4 51.3 19.0 1.2 14.5 4.2 18.7 4.6 82.1
4 0.2 0.2 0.4 51.4 18.8 1.2 14.9 4.2 19.1 4.6 82.2
8 0.1 0.2 0.2 50.8 17.6 0.6 16.4 4.4 20.8 4.8 82.7
12 0.1 0.2 0.2 43.2 15.2 0.7 19.0 4.4 23.4 4.8 82.8
16 0.1 0.2 0.3 36.8 14.3 0.4 30.4 4.7 35.1 4.9 83.0

WT 0 0.2 0.2 0.5 50.5 17.2 1.2 18.3 2.8 21.1 2.3 69.7
4 0.2 0.2 0.6 50.6 17.2 1.4 15.1 2.9 18.0 2.3 69.2
8 0.1 0.2 0.2 50.3 17.1 0.6 20.8 2.9 23.7 2.3 69.4
12 0.1 0.1 0.2 49.8 14.3 0.5 22.0 2.9 24.9 2.2 69.1
16 0.1 0.2 0.2 48.6 14.2 0.4 24.1 3.1 27.3 2.3 69.7

P. placenta 64 0 0.5 0.3 0.5 51.2 19.9 0.5 15.0 4.9 19.9 15.2 93.8
4 0.5 0.2 0.6 50.1 20.2 0.5 14.7 5.0 19.7 15.4 93.9
8 0.2 0.2 0.2 46.3 18.7 0.6 21.1 5.2 26.3 16.8 94.4
12 0.4 0.4 0.6 43.9 17.7 0.7 24.0 5.5 29.5 17.1 94.5
16 0.2 0.3 0.4 41.2 17.6 0.9 27.0 5.9 32.9 18.0 94.7

82 0 0.3 0.4 0.3 52.8 18.1 0.6 14.5 4.2 18.7 5.1 83.6
4 0.3 0.3 0.3 53.5 17.9 0.6 18.1 4.3 22.4 5.0 83.4
8 0.1 0.1 0.1 47.0 16.0 0.6 21.1 4.5 25.6 4.9 82.9
12 0.2 0.2 0.3 39.7 15.0 0.2 32.0 4.8 36.7 4.7 82.4
16 0.1 0.2 0.2 35.7 14.0 0.2 34.3 5.1 39.4 4.5 81.8

WT 0 0.2 0.2 0.3 53.4 18.3 0.9 18.5 2.8 21.3 2.3 69.7
4 0.2 0.2 0.2 53.3 19.5 0.5 21.7 3.0 24.7 2.4 70.4
8 0.2 0.2 0.2 47.0 15.2 0.4 26.0 3.0 29.0 2.3 69.8
12 0.1 0.2 0.3 32.5 14.3 0.4 37.0 3.4 40.4 2.0 66.1
16 0.1 0.2 0.2 28.8 12.9 0.1 43.0 3.5 46.5 1.9 65.8
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bation with C. puteana), and only a 28% reduction in glucose was
detected after 16 weeks with C. puteana. In contrast, G. trabeum
employed a different strategy: it solubilized approximately 60% of
the available mannose, 55% of galactose, and 30% of arabinose
during the first 8 weeks of incubation but solubilized little or no
glucose and xylose. No additional decreases in arabinose, rham-
nose, galactose, or xylose were noted with prolonged incubation.
However, additional glucose and mannose were removed to var-
ious degrees. The glucose content diminished by 29% in line 82
and only by approximately 4% in both the wild type and line 64
after 16 weeks of incubation with G. trabeum. Furthermore, de-
creasing sugar content correlated with increasing mass losses in
test blocks in all fungus-wood substrate combinations.

(iii) Lignin. Incubation with brown rot fungi resulted in rela-
tive increases in both insoluble and soluble lignin fractions and
hence an increase in the total lignin content relative to other cell
wall polymers (Table 1). Both transgenic lines (“64” and “84”)
were characterized by higher relative soluble lignin contents (5%
and 4%, respectively) and reduced amounts of insoluble lignin,
whereas the total lignin content (ca. 21%) was comparable to that
of wild-type poplar trees. The maximum total lignin content was
recorded for wild-type poplar after its 16-week incubation with P.
placenta, which corresponded to the highest loss of carbohydrates
and the highest mass loss. Following incubation with C. puteana,
the relative soluble lignin fraction in line 64 increased by 14% and
the insoluble lignin fraction by 56%, resulting in a 46% increase in
total relative lignin content. The relative insoluble lignin content
almost doubled in transgenic poplar line 64 after 16 weeks of in-
cubation with G. trabeum, while the insoluble fraction content did
not change. The two transgenic lines and wild-type trees exhibited
a relative accumulation of both lignin fractions as a result of wood
degradation by P. placenta.

Alterations in the S/G ratio, as estimated by thioacidolysis, dif-
fered depending on the wood substrate colonized by the fungal
species. Although the content of syringyl monomers increased in
wild-type wood incubated with C. puteana, transgenic poplar lines
64 and 82 exhibited slight reductions in the syringyl monomer
content (Table 1). Degradation by G. trabeum did not cause any
significant changes in S/G ratio in any poplar line. In contrast, the
percentage of syringyl lignin monomers decreased slightly over
the course of incubation with P. placenta, dropping by 7% in the
wild type and 1.8% in line 82. In contrast, the syringyl content of
transgenic line 64 incubated with G. trabeum increased by 2.3%.
In this case, this slight increase was observed at a weight loss cor-
responding to 58.6%.

Incubation with simultaneous white rot fungi. (i) Weight
loss. The simultaneous white rot fungi P. chrysosporium and T.
versicolor induced the highest weight losses among all 360 samples
(Fig. 3), with the greatest being a 84% reduction in the wild type
exposed to T. versicolor for 16 weeks. During the incipient stages of
degradation, transgenic lines 64 and 82 incubated with T. versi-
color exhibited substantially higher weight losses than the corre-
sponding wild type at the same incubation time; however, after 16
weeks, both transgenic lines appeared to be less susceptible to
degradation, displaying significantly lower overall mass loss than
the wild-type trees. Wood degradation by P. chrysosporium was
somewhat less vigorous, with only 29.5% of mass loss in the wild
type after 16 weeks. In both transgenic poplar lines, enhanced
resistance to degradation by P. chrysosporium was also observed
throughout the duration of the experiment.

(ii) Chemical composition. Although P. chrysosporium caused
a reduction in total lignin content in line 82 and the wild type, the
more resistant line 64 showed a relative increase in both soluble
and insoluble lignin fractions (Table 2). Apparently, the main tar-
gets of the enzymatic system of T. versicolor were cellulose and

FIG 3 Dry weight losses of two transgenic poplar lines and the WT incubated
with white rot fungi P. chrysosporium, T. versicolor, and C. subvermispora for 4,
8, 12, of 16 weeks (n � 5). Lines 64 and 82 have very high and high S/G ratios
relative to that of the WT. Error bars represent standard deviations. Asterisks
denote significant differences compared to the WT (P � 0.01).
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hemicelluloses, since the quantities of glucose and xylose dropped
drastically in both transgenic lines and the wild type. As such, the
relative lignin content increased to levels comparable to those in
wood degraded by brown rot fungi.

A noticeable reduction in syringyl monomer content occurred
in wild-type trees incubated with both the simultaneous white rot
fungi and in line 82 incubated with T. versicolor, whereas the sy-
ringyl content of the transgenic line 64 did not change substan-
tially over the course of exposition.

Incubation with a selective delignifying white rot fungus. (i)
Weight loss. C. subvermispora, the only species tested causing se-
lective delignification, induced lower weight losses than the other
white rot fungi employed (Fig. 3). Following the longest incuba-
tion period (16 weeks), the greatest mass reduction was recorded
for wild-type trees (15.2%), while both transgenic lines 64 and 82
were resistant to degradation, showing only 5.3% and 7.6% de-
creases in weight, respectively.

(ii) Chemical composition. Most of the changes in chemistry
induced by C. subvermispora degradation can be attributed to
lignin decomposition. The insoluble lignin fraction decreased by
28.2% in the wild type after 16 weeks, whereas the soluble lignin
fraction was augmented by 27% relative to other cell wall constit-
uents (Table 3). The degradation of lignin in the two transgenic
poplars followed a similar pattern: reductions in insoluble lignin
and concurrent relative increases in the soluble fraction. The rel-

ative glucose and mannose contents increased in all three wood
substrates. Xylose, on the other hand, displayed an inconsistent
behavior; its relative content increased by 7% in the degraded
substrate of line 64 and decreased by 24% and 15% in line 82 and
the wild type, respectively.

The ratio of S lignin monomers to G lignin monomers gradu-
ally increased in wild-type specimens over the duration of the
incubation (Table 3), and did not change considerably in the
transgenic lines.

DISCUSSION

Of two transgenic poplar tree lines with elevated syringyl content,
only the line containing an extremely large amount of syringyl
monomer (line 64) showed improved resistance against both
brown and white rot fungi. Each fungus included in the study
responded differently to genetically modified wood substrate:
brown rot fungi primarily targeted carbohydrates, simultaneous
white rot fungi degraded both lignin and sugars but did not alter
the syringyl lignin content in line 64, and selective delignification
by C. subvermispora resulted in the smallest weight losses and very
little change in the chemical compositions of the wild-type and
transgenic poplar tree lines.

Brown rot. Microscopic examinations (Fig. 4 to 6) of the
woody biomass revealed degradation patterns typical for brown
rot fungi: extensive degradation of polysaccharides in cell walls of

TABLE 2 Relative chemical compositions of hybrid poplar wood incubated with white rot fungi causing simultaneous rot

Fungus
Hybrid
line

Incubation
period, wk

Carbohydrates, % Lignin

Ara Rha Gal Glu Xyl Man Insoluble, % Soluble, % Total, % S/G ratio S, %

P. chrysosporium 64 0 0.5 0.3 1.0 54.0 14.5 1.6 14.2 5.3 19.5 14.2 93.4
4 0.4 0.4 1.1 54.1 14.3 1.7 14.0 5.2 19.1 13.8 93.2
8 0.5 0.5 1.2 53.3 17.3 1.6 15.3 5.6 20.9 15.5 93.9
12 0.5 0.4 1.1 55.3 16.4 1.3 16.5 5.4 21.9 15.4 93.9
16 0.5 0.4 0.9 52.1 16.6 1.4 16.3 6.5 22.7 15.2 93.8

82 0 0.4 0.3 1.1 54.0 18.2 1.3 18.0 4.4 22.4 4.9 83.1
4 0.6 0.4 1.1 54.8 18.3 1.6 18.0 4.4 22.3 4.5 81.7
8 0.3 0.3 1.0 53.1 15.6 1.1 16.9 4.4 21.4 4.3 81.2
12 0.3 0.3 1.0 52.3 15.5 1.7 14.6 4.3 18.9 4.1 80.4
16 0.3 0.3 0.9 52.3 16.7 1.6 14.4 4.2 18.6 3.9 79.7

WT 0 0.3 0.2 0.5 53.4 14.6 1.9 19.0 2.8 21.8 2.0 66.7
4 0.4 0.3 0.9 54.9 14.7 1.8 19.2 2.8 21.9 1.9 65.3
8 0.4 0.4 1.0 54.0 13.9 1.5 18.8 2.7 21.5 1.9 64.9
13 0.3 0.3 1.0 52.2 13.6 1.5 18.4 2.7 21.2 1.7 62.7
16 0.3 0.3 1.0 53.2 14.1 1.6 17.8 2.9 20.7 1.7 63.0

T. versicolor 64 0 0.3 0.3 1.0 52.1 18.0 1.6 14.3 5.2 19.5 11.2 91.8
4 0.4 0.3 0.9 52.9 18.2 1.3 15.2 5.4 20.5 10.6 91.3
8 0.5 0.4 0.7 52.7 16.9 0.9 16.4 5.0 21.4 10.0 90.9
12 0.4 0.5 0.7 50.5 15.7 1.1 16.8 5.6 22.4 9.7 90.6
16 0.5 0.5 0.7 46.1 14.2 1.3 20.8 5.9 26.7 9.7 90.6

82 0 0.5 0.3 1.1 52.1 17.8 0.7 17.5 4.0 21.5 4.5 81.8
4 0.5 0.3 1.0 49.3 16.9 0.8 18.0 4.0 22.1 4.0 79.8
8 0.4 0.3 0.8 47.1 16.5 1.0 19.6 4.2 23.8 3.0 75.2
12 0.7 0.4 1.1 46.5 15.4 1.2 20.4 4.2 24.5 2.9 74.6
16 0.7 0.5 1.1 39.5 14.6 1.1 24.1 4.3 28.4 2.7 72.8

WT 0 0.3 0.3 1.1 50.0 15.1 1.7 17.1 2.4 19.5 2.1 67.7
4 0.3 0.2 0.9 52.7 14.5 1.6 17.9 2.7 20.7 2.0 66.6
8 0.5 0.4 1.3 45.0 14.0 1.9 20.2 3.1 23.3 1.3 56.7
12 0.3 0.2 1.6 42.8 13.5 1.3 24.3 2.4 26.7 1.2 53.9
16 0.6 0.5 1.8 37.1 11.2 1.8 29.5 2.7 32.2 0.8 43.5
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the fibers, leaving a fragile lignin framework. Fiber tracheids of the
transgenic line 64 with the extreme syringyl monomer content
exhibited enhanced resistance to degradation by all three brown
rot fungi (Fig. 4C, 5C, and 6C). Both C. puteana and P. placenta
induced comparable weight losses (ca. 35%) in the transgenic line
64 following a 16-week incubation, demonstrating that the de-
graded cell walls are alike (Fig. 4C and 5C).

Brown rot fungi preferentially degrade cell wall polysaccha-
rides and, according to recent findings, possess the ability to cause
significant lignolysis (13). Consistent with this, in wood samples
isolated from wild-type and transgenic trees, the brown rot colo-
nization led to an overall decrease in the polysaccharide compo-
sition of the wood. During the initial stages of degradation, the
carbohydrates most affected were sugars derived from the primary
walls and middle lamella (galactose and arabinose), which are of-
ten attributed to the building blocks of hemicelluloses and/or
arabinogalactan proteins (AGP) in the primary wall (2). Glucose
content was not significantly altered by G. trabeum, whereas in the
cases of C. puteana and P. placenta degradation gradually de-
creased, suggesting minor decomposition of cellulose. This is con-
sistent with the ultrastructural changes observed in wood samples
by SEM (Fig. 4 and 5). C. puteana is reported to be the only brown
rot fungus possessing genes for glycoside hydrolase (GH) families
GH6 and GH7 in its genome (8), which include cellobiohydrolase,
an enzyme capable of eroding the crystalline portion of the cellu-

lose to produce amorphous regions susceptible to endoglucanase-
mediated cleavage (40), which are subsequently hydrolyzed to
glucose by �-glucosidases. In contrast, P. placenta and G. trabeum
lack GH6 and GH7 family enzymes. The unique patterns of deg-
radation by C. puteana observed in the current study are consis-
tent with recent reports (8, 41) confirming that C. puteana has the
full battery of cellulases (endoglucanases, cellobiohydrolases, and
�-glucosidases), which thus results in the highest degree of glu-
cose degradation.

Given that high-molecular-weight lignocellulolytic enzymes
are unable to penetrate into the complex cell wall structure during
the early stages of the wood decay, it has been suggested that low-
molecular-weight compounds act as the initiators of both cellu-
lose and lignin solubilization (42, 43). Recent genomic studies
investigating the mechanisms of decay of P. placenta showed that
brown rot decay is facilitated by the extracellular generation of
hydroxyl radicals and the participation of low-molecular-weight
compounds (hydrogen peroxide, iron-reducing compounds, and
oxalates) which diffuse into the cell wall (11, 42–45). It has been
proposed that oxalic acid binds Fe3� to form a stable Fe-oxalate
complex diffusing into the cell wall together with hydrogen per-
oxide and iron-reducing compounds (46). Subsequently, Fe3� is
sequestered from the Fe-oxalate complex and is reduced by hy-
drogen peroxide to Fe2�, which then participates in Fenton chem-
istry to generate nonspecific hydroxyl radicals that can cleave the

FIG 4 Transverse (A and C) and longitudinal (B) surfaces of wild-type (A and B) and transgenic line 64 (C) poplar wood incubated with Postia placenta for 16
weeks. Note the extensive degradation of cellulose, leaving a porous framework of residual lignin within cell walls (A and C).

TABLE 3 Relative chemical composition of hybrid poplar wood incubated with C. subvermispora, a white rot fungus causing selective delignification

Hybrid line
Incubation
period, wk

Carbohydrates, % Lignin

Ara Rha Gal Glu Xyl Man Insoluble, % Soluble, % Total, % S/G ratio S, %

64 0 0.4 0.3 1.0 51.1 18.8 1.2 16.5 5.1 21.6 14.1 93.4
4 0.5 0.4 0.8 51.4 19.3 1.1 16.6 5.1 21.6 14.0 93.3
8 0.4 0.5 0.8 52.6 19.3 1.2 15.9 5.5 21.4 14.0 93.3
12 0.4 0.6 0.7 53.8 20.2 1.4 15.4 5.5 20.9 14.0 93.3
16 0.5 0.6 0.8 54.6 20.6 1.7 14.5 5.6 20.1 17.0 94.4

82 0 0.5 0.3 0.8 51.0 21.4 1.0 17.5 4.0 21.5 5.0 83.3
4 0.6 0.4 0.8 50.2 22.1 1.0 17.3 4.1 21.5 5.1 83.6
8 0.5 0.5 0.8 52.2 20.3 1.2 15.6 4.2 19.8 4.6 82.1
12 0.4 0.3 0.8 53.2 19.5 1.4 14.9 4.3 19.2 4.7 82.5
16 0.2 0.3 0.8 58.0 16.8 1.6 14.6 4.5 19.0 4.8 82.7

WT 0 0.4 0.5 0.9 50.8 20.0 1.5 17.8 2.4 20.2 2.0 66.7
4 0.4 0.5 0.9 50.1 20.4 1.2 18.4 2.7 21.1 2.0 66.3
8 0.3 0.4 0.9 51.6 19.6 1.7 15.7 3.0 18.7 2.1 67.6
12 0.3 0.4 0.8 52.2 19.0 1.7 13.7 3.2 16.9 2.2 68.4
16 0.3 0.4 0.8 54.5 17.3 2.5 13.2 3.4 16.7 2.3 69.3
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glucan chains of cellulose as well as demethylate, depolymerize,
and repolymerize lignin (5, 45, 47, 48). A suite of cytochrome
P450 genes was recently identified in all three brown rot fungi,
even larger than that those previously identified in P. chrysospo-
rium (8, 19). These cytochrome P450 monooxygenases have pre-
viously been hypothesized to be candidates for lignin biodegrada-
tion (49–51) and to drive lignin demethylation reactions and
degrade extractives (52).

Although all three poplar lines demonstrated elevated relative
quantities of total lignin after brown rot decomposition, a rather
peculiar trend was observed with the monolignol composition.
The enzymatic systems of C. puteana induced a relative increase in
the syringyl content in wild-type poplar wood, indicating prefer-
ential degradation of guaiacyl units, owing presumably to the ear-
lier reported presence of a lignin-degrading laccase (53) which
makes the degradation pattern of C. puteana exhibit both brown-
and white rot features: thinning of secondary walls and degrada-
tion of middle lamella (Fig. 5A). In contrast, in transgenic line 64
with an extremely high syringyl content, the S/G ratio decreased,
indicating either preferential degradation of syringyl units or the
transformation of syringyl units into guaiacyl as a result of deme-
thoxylation.

Even though G. trabeum did not alter the ratio of monomers in
the wild type, it exhibited a preference for the guaiacyl subunits in
the transgenic line 64. A drop in the S/G ratio in the wild type and
its increase in line 64 incubated with P. placenta suggests a prefer-
ence for guaiacyl monomers in the transgenic syringyl-abundant
substrate. Although in nature P. placenta is more frequently asso-
ciated with gymnosperm degradation (5, 54) and cannot cope
with high syringyl content, it also occurs naturally on aspen (55).
Interestingly, a preference for syringyl subunits is evident on the
naturally occurring substrate without shifting the S/G ratio.

Moreover, the selective delignifier, C. subvermispora, exhibited a
similar trend of wood substrate preference.

Simultaneous white rot. Modifications in the chemical com-
position of poplar degraded by P. chrysosporium and T. versicolor
are indicative of different decomposition strategies employed by
these fungi compared to that of brown rot fungi (Fig. 7 and 8). The
enzymatic systems of white rot fungi effectively depolymerize
lignin, facilitating access to the cell wall carbohydrates (56), as was
illustrated here by the significantly higher weight losses observed
and the greater extent of lignocellulose decomposition (Table 2).
Moreover, the white rot fungi secrete lignin-degrading enzymes
such as lignin peroxidases, manganese peroxidases, and laccases
externally into a mucilaginous sheath, composed largely of �-1,3-
1,6-linked glucan, which is found closely associated both with the
hyphae and with regions of the woody cell wall that are undergo-
ing decay (57), and the depletion of lignin occurs in the immediate
vicinity of wood substrate (58, 59). P. chrysosporium also has the
capacity to alter the carbohydrate composition via oxidoreductive
enzymes, such as cellobiose dehydrogenase (60). Syringyl units
were preferentially degraded in the wild type; however, the ab-
sence of a preference for any of the monolignols is clearly demon-
strated by the unchanging syringyl content in line 64 throughout
the incubation.

Selective delignification. Our study demonstrated that C. sub-
vermispora extensively degraded lignin without removing signifi-
cant proportions of the available carbohydrates. Lignin composi-
tional analysis indicated that the S/G ratios increased slightly as
the fungal degradation advanced (Table 3). This implies that
guaiacyl units are degraded preferentially relative to syringyl units
in all three poplar lines colonized by C. subvermispora. Lower
weight losses in both transgenic lines indicate a significantly im-
proved decay resistance to selective delignification. In contrast,

FIG 6 Transverse (A and C) and longitudinal (B) surfaces of wild-type (A and B) and transgenic line 64 (C) poplar incubated with Gloeophyllum trabeum for 16
weeks. Note the vessels of WT poplar wood colonized by mycelium (A and B) and intact fibers of transgenic poplar (C). Arrows indicate deposition of
cube-shaped crystals along the mycelium (B).

FIG 5 Transverse (A and C) and longitudinal (B) surfaces of wild-type (A, B) and transgenic line 64 (C) poplar incubated with Coniophora puteana for 16 weeks.
Note vessels filled with mycelia (A and B) serving as gateways for colonization and later diffuse degradation of cellulose in fibers (B). Arrows indicate a white
rot-type degradation of middle lamella (A). Note the formation of cavities in xylem ray parenchyma cells (B).
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Choi et al. (61) observed a reduction in S/G ratio with the length of
incubation, and they attributed this to demethoxylation reactions,
which give rise to guaiacyl units from syringyl units. Another
study showed that C. subvermispora is able to heavily depolymer-
ize lignin as early as the first 4 weeks of degradation by cleaving
	-� and �-O-4 linkages (62). Thereafter, the amount of aryl-ether
linkages tended to stabilize, and the biodegradation was marked
by a significant mineralization of the lignin macromolecule (63).
These findings concur with our observations that insoluble lignin
fractions increased with the length of incubation (Table 3).

Lignin monomer composition and wood decay resistance.
For decades scientists have made various attempts to explain the
effect of lignin on wood decay. Generally, the concentration of
lignin and type of lignin found in wood were considered to be the
two major factors influencing wood decay (28, 64, 65). The com-
position and distribution of lignin in different cell layers and cell
types appear to play a role as well (31, 66). Guaiacyl-derived lignin
subunits are preferentially deposited in the walls of vessels (67–
69). In fibers, the middle lamella is rich in guaiacyl-lignin and the
ray secondary walls contain a high proportion of syringyl-lignin
(70). Obst et al. (31) demonstrated that woods with fairly uniform
syringyl content in the middle lamella and cell corners of fibers
were more resistant to decay. Furthermore, they observed that in
some wood species, syringyl units were preferentially degraded,
whereas in others, syringyl content had no general correlation
with the rate of decay. Tropical hardwoods containing guaiacyl-
rich lignin have also been shown to be more resistant to decay than
those containing syringyl-rich lignin (71). In poplar xylem, fiber
tracheids make up to 56% of all cell types, leaving 34% to vessels
and 10% to xylem ray parenchyma (72). Assuming that vessels
tend to have an elevated concentration of guaiacyl lignin subunits,
it is likely that in transgenic line 64 wood with an overall high S/G
ratio, the ratio is even higher in fiber tracheids and lower in vessels,

rendering lignin in middle lamella and cell walls of fibers more
uniform than in the wild-type genotype.

It appears that the monolignol composition can influence the
structure of the lignin (73) macromolecule, and several studies
suggest that this affects the susceptibility of wood to degradation.
For example, Faix et al. (65) demonstrated that syringyl-guaiacyl
lignins are degraded more readily from macromolecules to frag-
ments than purely guaiacyl lignins. Investigating the susceptibility
of wood from 7 different species to degradation by T. versicolor,
Obst et al., (31) observed the highest mass losses in sweetgum
(Liquidambar stiraciflua L.) (S/G � 1.1), red maple (Acer rubrum
L.) (S/G � 0.8), and white birch (Betula papyrifera Marsh.) (S/G �
1.2). These species represent the trees with S/G ratios close to 1
and uniform amounts of both monolignols. Two species that ex-
hibited enhanced decay resistance were boxelder maple (Acer
negundo L.) (S/G � 0.1) and Pacific madrone (Arbutus menziesii
Pursh.) (S/G � 2.3). Both of these trees represent species with
higher syringyl monolignol composition, and this fact might im-
ply that the prevalence of either syringyl or guaiacyl renders the
lignin molecule less susceptible to degradation. However, the den-
sities of boxelder (513 kg m�3) and Pacific madrone (961 kg m�3)
lie well above average values, which may render the wood less
conducive to hyphal growth. This may be a more likely explana-
tion for the improved durability observed, rather than the chem-
ical features of the lignin polymers, highlighting the difficulty in
drawing conclusions from such comparative studies in which
there are many variables.

In contrast to previous studies, our chemical analyses of wood
samples that were uniform in properties except S/G ratio and
lignin structure and subjected to decay by wood rot fungi indicate
differences in resistance to decay that can be directly attributed to
the type and structure of lignin. Improved resistance of transgenic
poplar against brown rot decay appears to be associated initially

FIG 7 Transverse (A and C) and longitudinal (B) surfaces of wild-type (A and B) and transgenic line 64 (C) poplar incubated with Trametes versicolor for 16
weeks. Note the extensive colonization of vessels with mycelium (A and C) and formation of erosion troughs and cavities in wild type (B).

FIG 8 Transverse (A and C) and longitudinal (B) surfaces of wild-type (A and B) and transgenic line 64 (C) poplar incubated with Phanerochaete chrysosporium
for 16 weeks. Note the sparse amount of mycelium at the advanced stage of degradation. Arrows indicate fiber delignification (A) and formation of bore holes (B),
and arrowheads indicate formation of erosion holes in the secondary walls (A).
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with the elevated amounts of syringyl lignin (Table 1; Fig. 2 and 3).
It is, nevertheless, clear that each fungus employed a different
strategy for cell wall degradation and that lignin solubilization is
driven largely by the wood substrate composition. Lignin deme-
thoxylation is considered a major initial degradation strategy em-
ployed by brown rot fungi (5). Previously, it was suggested that the
demethylating system of brown rot fungi is not specific, and as
such the same mechanism could target both C-3 and C-5 meth-
oxyl groups of syringyl subunits (9). The remaining lignin is
demethylated on aryl methoxy groups and contains a greater
number of ring hydroxyl groups (74). However, it seems that G.
trabeum and P. placenta possess different demethoxylation mech-
anisms. It was demonstrated previously (75) that G. trabeum has a
greater capacity to demethoxylate dimeric and monomeric model
lignin compounds than P. placenta, and this results in a higher
degree of lignin modification (Fig. 6A).

Another restricting factor in lignin degradation is hypothe-
sized to be the three-dimensional structure of the lignin polymer.
In a recent study, Stewart et al. (73) suggested that the C4H::F5H
overexpression influences the degree of component homogeneity
in transgenic lines. The authors observed that lignin chains in
these poplar lines with extremely high syringyl content are pre-
dominantly linear with prevailing �-O-4 linkages and a lower de-
gree of polymerization. Guaiacyl units are required in lignin to
facilitate branching, since they are methoxylated only at the 3 po-
sition of the aromatic ring, leaving the 5 position free to partici-
pate in branching reactions (73). A more linear structure presum-
ably results in a more compact arrangement of lignin chains in a
lignocellulosic complex, rendering it more recalcitrant to attack
by oxidizing agents.

While our work indicates that lignin structure averaged over
entire wood samples is important in affecting the rate of wood
decay and cell wall deconstruction by both brown and white rot
fungi, our studies do not address the issue of the potential for a
difference in decay-mediated alterations of monomer content that
may occur in different cell types and cell layers with different
lignin subunit compositions and structures. Further investiga-
tions of anatomical and morphological traits of lignin derived
from substrates with various monomer compositions are required
to completely understand the role of monolignols in decay resis-
tance.

Conclusions. Transgenic poplar extremely rich in syringyl
lignin exhibited improved resistance to degradation by an array of
decay fungi, possessing a wide spectrum of lignocellulolytic activ-
ities and degradation mechanisms. Thus, lignin monomer com-
position and linearity of macromolecules are important parame-
ters affecting wood durability. Low guaiacyl content did not
render wood more susceptible to fungal decay, which is discor-
dant with an existing theory about improved decay resistance ac-
complished by elevated guaiacyl content. The findings of this
study reveal that transgenic poplar wood with an extremely high
syringyl content is recalcitrant to degradation and therefore may
afford improved performance where wood durability is a desired
factor, especially in the long-term storage of feedstocks required
for wood processing, such as pulping or bioenergy applications.
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