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Contractile cell walls are found in various plant organs and tissues such as tendrils, contractile roots, and tension wood. The
tension-generating mechanism is not known but is thought to involve special cell wall architecture. We previously postulated
that tension could result from the entrapment of certain matrix polymers within cellulose microfibrils. As reported here, this
hypothesis was corroborated by sequential extraction and analysis of cell wall polymers that are retained by cellulose
microfibrils in tension wood and normal wood of hybrid aspen (Populus tremula X Populus tremuloides). B-(1—4)-Galactan and
type II arabinogalactan were the main large matrix polymers retained by cellulose microfibrils that were specifically found in
tension wood. Xyloglucan was detected mostly in oligomeric form in the alkali-labile fraction and was enriched in tension wood.
B-(1—4)-Galactan and rhamnogalacturonan I backbone epitopes were localized in the gelatinous cell wall layer. Type II
arabinogalactans retained by cellulose microfibrils had a higher content of (methyl)glucuronic acid and galactose in tension
wood than in normal wood. Thus, B-(1—4)-galactan and a specialized form of type II arabinogalactan are trapped by cellulose
microfibrils specifically in tension wood and, thus, are the main candidate polymers for the generation of tensional stresses by
the entrapment mechanism. We also found high B-galactosidase activity accompanying tension wood differentiation and
propose a testable hypothesis that such activity might regulate galactan entrapment and, thus, mechanical properties of cell

walls in tension wood.
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Contractile cell walls found in plant organs and tis-
sues such as tendrils, contractile roots, and tension
wood (TW) have remarkable functions and properties.
Their traits have been most intensely studied in TW of
hardwoods, where they provide negative gravitropic
response capacities to stems with secondary growth, as
recently reviewed by Mellerowicz and Gorshkova (2012).
These properties are conferred by TW fibers, which in
many species contain a so-called gelatinous cell wall
layer (G-layer; Norberg and Meier, 1966; Clair et al.,
2008). G-layers are formed following the deposition of
xylan-type secondary cell wall layer(s) and, thus, can be
considered tertiary layers (Wardrop and Dadswell,
1948). They are almost or completely devoid of xylan
and lignin and have very high cellulose contents (up to
85%). However, several other polymers appear to be
present in TW G-layers, according to recent chemical
analyses of isolated G-layers (Nishikubo et al., 2007;
Kaku et al., 2009) and immunohistochemical labeling of
TW sections (Arend, 2008; Bowling and Vaughn, 2008).
Notably, xyloglucan (XG) has been found in G-layers of
poplar (Populus spp.) TW (Nishikubo et al., 2007) and
at the boundary between secondary cell wall layers
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(S-layers) and G-layers (Baba et al.,, 2009; Sandquist
et al., 2010). It is also important for tension creation
(Baba et al., 2009). However, it is not detectable in ma-
ture G-layers by monoclonal antibodies or XG-binding
modules (Nishikubo et al., 2007, Baba et al., 2009;
Sandquist et al., 2010).

Structurally similar G-layers have been also identi-
fied in phloem fibers in many fibrous crops, such as
flax (Linum usitatissimum), hemp (Cannabis sativa), and
ramie (Boehmeria nivea;, Gorshkova et al., 2012). These
fibers occur in bundles that can be isolated for bio-
chemical analysis. G-layers in fibers from diverse sources
have a very similar structure, being largely composed of
cellulose (with axial microfibril orientation, high de-
grees of crystallinity, and large crystallite sizes) lacking
xylan and lignin (Mellerowicz et al., 2001; Pilate et al.,
2004; Gorshkova et al., 2010, 2012) and having high
water contents (Schreiber et al., 2010). In phloem fibers,
the G-layers become very prominent, reaching thick-
nesses up to 15 um and occupying over 90% of the cell
wall’s total cross-sectional areas (Cronier et al., 2005).
Pectic B-(1—4)-galactan with complex structures has
been shown to be the major matrix polysaccharide of
isolated phloem fibers in flax (Gorshkova et al., 2004;
Gorshkova and Morvan, 2006; Gurjanov et al., 2007).
Some of it is so strongly retained within cellulose that it
cannot be extracted by concentrated alkali and can only
be obtained after cellulose dissolution (Gurjanov et al.,
2008). Such galactan, therefore, is a prime candidate for
a polymer entrapped by cellulose microfibrils during
crystallization that could substantially contribute to the
contractile properties of cellulose in G-layers, according
to recently formulated models (Mellerowicz et al., 2008;
Mellerowicz and Gorshkova 2012). Furthermore, Roach
etal. (2011) have shown that trimming of 8-(1—4)-galactan
by B-galactosidase is important for final cellulose crystal-
lization, the formation of G-layer structure, and, hence, the
stem’s mechanical properties.

There is also immunocytochemical evidence for the
presence of B-(1—4)-galactan and type II arabinogalactan
(AG-II) in G-layers of TW fibers (Arend, 2008; Bowling
and Vaughn, 2008). In addition, high-M, branched
galactans have been isolated from TW of Fagus sylvestris
(Meier, 1962) and Fagus grandifolia (Kuo and Timell, 1969),
with estimated degrees of polymerization (DP) of ap-
proximately 300 and complex structure, probably in-
cluding both B-(1-4) and B-(1—6) linkages, although
their exact nature remains unknown. Furthermore, Gal
has been identified as one of the major sugars after
Glc and Xyl in hydrolysates of isolated Populus spp.
G-layers (Furuya et al., 1970; Nishikubo et al., 2007),
and the Gal content of cell walls is a proposed indicator
of the extent of TW development in beech (Fagus spp.;
Ruel and Barnoud, 1978). However, subsequent linkage
analyses identified only 2- and 3,6-linked Gal in poplar
TW G-layers (Nishikubo et al., 2007), while in flax fi-
bers, 4-linked Gal is the main component (Gorshkova
et al., 1996, 2004; Gurjanov et al., 2007, 2008). Thus, the
type(s) of galactans present in poplar TW remains un-
clear, and the galactans have not been shown previously
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either to have a rhamnogalacturonan-I (RG-I) backbone
or to be strongly retained by cellulose microfibrils, as
demonstrated for flax gelatinous fibers.

To improve our understanding of cell wall properties
in TW and their contraction mechanism, in the study
presented here, we tested aspects of the recently pro-
posed entrapment model (Mellerowicz et al., 2008;
Mellerowicz and Gorshkova, 2012). According to this
model, contraction is driven by the formation of larger
cellulose structures, sometimes called macrofibrils, via
interactions of cellulose microfibrils in the G-layer with
each other and forming inclusions containing matrix
polymers. This would induce tension within cellulose
through the stretching of microfibrils required to sur-
round the inclusions. The model is compatible with
available data on the structure and action of gelatinous
walls, but the main assumption, that polymers are
trapped inside crystalline cellulose, such as that found
in flax, has not been tested previously. Therefore, we
compared matrix polymers retained by cellulose micro-
fibrils in normal wood (NW) and TW of the model
hardwood species hybrid aspen (Populus tremula X
Populus tremuloides) that forms TW with gelatinous fi-
bers. For this purpose, we used a combination of sequen-
tial cell wall extractions, similar to those used previously
to characterize flax gelatinous fibers (Gurjanov et al.,
2008), followed by fractionation of polymers by size-
exclusion chromatography, immunological analyses,
and oligosaccharide profiling by polysaccharide anal-
ysis using carbohydrate gel electrophoresis (PACE). The
results reveal the main polymers of cellulose-retained
fractions and key differences between NW and TW.
Comparison of our results and previous findings also
indicates that there are both similarities and differences
in the constitution of gelatinous fibers in aspen and flax.
An updated model of the contractile G-layer of TW fi-
bers based on the data is presented.

RESULTS

Sequential Cell Wall Extraction and Analysis Reveals Basic
Differences between NW and TW

To induce TW, aspen trees were tilted at approxi-
mately 45° from vertical for several weeks. This induced
the formation of gelatinous fibers with very prominent
G-layers, while fibers in NW of upright control trees
predominantly had solely secondary walls (Fig. 1A).
After milling to the same particle size, TW and NW
samples had distinct textures (Fig. 1B). Monosaccharide
analysis of total trifluoroacetic acid (TFA)-hydrolyzable
sugars in cell walls of these samples revealed that TW
had considerably lower proportions of Xyl (although it
remained the major sugar) and Man than NW (Fig. 1C).
In contrast, the proportion of Glc (the second most
abundant monomer in the hydrolysates), which could

at least partly originate from amorphous cellulose and
XG, was higher in TW (203 + 30 mg g ' dry weight)
than in NW (110 = 32 mg ¢! dry weight). Proportions

2049

220z ¥snbny Gz uo isenb Aq ¥z 1 1 9/8%02/€/69 1 /o101e/sAyd|d/wod dnooiwapede//:sdly woly papeojumoq



Gorshkova et al.

Tension wood
4 b ) ‘_ o bQ‘.' P
gﬂﬂl\‘g’

ol
v

A Rha Ara
2.3:0.9 1.2+0.4

GlcA Rha

Figure 1. Anatomy, macroscopic appearance, and monosaccharide
composition of NW and TW. A, Light microscopy images of NW from
an upright tree and TW from a tilted tree stained with Alcian Blue-
safranin. Note the prominent nonlignified G-layers stained blue in TW
and the lignified compound middle lamella and S-layers stained red in
both NW and TW. Bar = 50 um. B, Appearance of NW and TW after
milling. C, Monosaccharide composition (mol %) of TFA hydrolysates of
NW and TW.

of Gal, Rha, and GalA were also higher in TW than in
NW.

To characterize cell wall polysaccharides more spe-
cifically, NW and TW samples were fractionated by the
sequential extraction procedure shown in Supplemental
Figure S1 into buffer-soluble polymers, ammonium
oxalate (AO)-extractable polymers, 4 M KOH-extractable
polymers, cellulose-retained polymers, lignin-bound
polymers, and lignin. Yields of the fractions obtained
from NW and TW differed considerably (Table I), but
cellulose, KOH-extractable polymers, and lignin were
the most abundant fractions in both cases. As expected,
KOH-extractable polymers and lignin contents were
lower, while cellulose contents were higher, in TW than
in NW. Buffer-extractable polymers were also consider-
ably more abundant (but still a minor fraction) in TW. The
cellulose-retained non-Glc polymers constituted approx-
imately 2% of cell wall dry weight in both wood types.

To gain an oversight of the composition of polysacchar-
ides in the fractions, their monosaccharide compositions

2050

were first determined (Tables II and III). The major
constituents of the buffer-soluble fraction, according to
monosaccharide analysis, were Gal, Rha, and GalA,
suggesting the presence of pectic galactan. In both
wood types, the 4 M KOH fraction contained mostly
Xyl, which was initially measured together with Man
[Xyl(Man)]. However, its content was lower in TW
(Tables II and III). Separation of Xyl and Man in further
subsequent analysis of the fraction indicated that Man
constituted around 12% of Xyl(Man) in both NW and
TW. TFA hydrolysis of the non-KOH-extractable cell
wall material yielded mainly Glc. Non-Glc monosac-
charides of this fraction amounted to 19 * 3 and 22 *
6 mg g~ dry weight in NW and TW, respectively, Xyl
(Man) accounting for approximately half of these
amounts. Gal was the next most abundant sugar in TW
samples, in which its proportion was twice as high as
in NW (Tables II and II). Cellulose-retained matrix
polysaccharides (excluding Glc) contributed around
one-third of the total yield of monosaccharides from
the KOH-unextractable fraction and amounted to 7 + 2
and 8 = 4 mg g ! dry weight in NW and TW samples,
respectively. Gal was twice as abundant in polymers of
this fraction from TW as in corresponding polymers
from NW in both absolute amounts and proportions
(35 £ 3 versus 17 = 2 mol %; Tables II and III). Some
carbohydrates (5 + 2 and 3 + 1 mg g ' dry weight in
NW and TW, respectively) remained in the pellet after
all the applied extraction procedures and were pre-
sumably linked to lignin. The yield of this fraction was
lower from TW samples, mainly due to reductions in
Glc amounts, while proportions of other sugars in the
TW and NW fractions were similar (Tables II and III).

The fractions were subsequently subjected to immu-
nodot analysis using antibodies recognizing cell wall
matrix polysaccharides likely to be present according to
their monosaccharide compositions. These were LM11
for B-(1—-4)-xylan (McCartney et al., 2005), LM15 for
XG (Marcus et al., 2008), JIM14 for arabinogalactan
protein (AGP; Knox et al., 1991), LMS5 for 3-(1—4)-galactan
(Jones et al., 1997), and RU2 for RG-I backbone (Ralet et al.,
2010). Sugar contents of samples of total fractions were
equalized, and the samples were used in several di-
lutions. Images of the membrane with immunodots
obtained for buffer-soluble, KOH-extractable, and
cellulose-retained polysaccharides are presented in
Figure 2. Most B-(1—4)-xylan, as indicated by LM11
antibody binding, was extracted by 4 M KOH, some
appeared in the cellulose-retained fraction, but none
was detected in the buffer-soluble fraction. Xylan sig-
nals were weaker in the KOH-extractable fraction of
TW than in the corresponding NW fraction but were
similar in the cellulose-retained fraction of both wood
types. JIM14 labeling, indicative of arabinogalactan,
appeared in all analyzed fractions, but more strongly
in NW than in TW samples. LM15 labeling indicated
the presence of trace amounts of XG in the KOH-
extractable fraction of NW and greater amounts in
this fraction of TW. There was also a trace of XG in
the cellulose-retained fraction of TW but not NW.
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Table 1. VYields of cell wall fractions in NW and TW
Data are means £ st (n = 3).

Fraction NwW ™
mg g ' dry wt
Buffer-extractable polymers® 10 8 x1
AO-extractable polymers® 3x0 2 *
KOH-extractable polymers® 217 £22 126 = 14
KOH-unextractable material 19+3 25 *
(hydrolyzable by TFA without Glc)®
Lignin© 211 =16 109 = 12
Cellulose* 549 =20 730 = 26

“Determined as sugar content by the phenol-sulfuric acid method
(Dubois et al., 1956). bDetermined as the sum of yields of all mono-
saccharides obtained by TFA hydrolysis from the pellet remaining af-
ter AO and KOH treatments. “Calculated by subtracting yields of
all monosaccharides obtained by TFA hydrolysis from the pellet re-
maining after the removal of KOH-unextractable matrix polymers and
cellulose. dCalculated from the dry mass of the initial sample by
subtracting yields of buffer-extractable, AO-extractable, KOH-extractable,
and KOH-unextractable polysaccharides and lignin.

Immunodot analysis with LM5 revealed higher
amounts of B-(1—4)-galactan in TW than in NW
samples in all analyzed fractions (but particularly the
cellulose-retained fraction), and this was the most
significant difference between them. Immunolabeling
with RU2 antibody confirmed the presence of RG-I
backbone in all analyzed fractions, and RU2 signal was
substantially stronger in the cellulose-retained fraction
of TW than in the corresponding NW fraction.

These results indicate three major differences be-
tween NW and TW. TW contains more buffer-soluble
polymers and cellulose but less hemicelluloses and

Galactans Retained by Cellulose Microfibrils

lignins (Table I; Fig. 1). There are differences in mono-
meric composition between NW and TW in all of the
fractions (corroborated by the observed differences in
immunolabeling with specific antibodies). And TW
samples (of all fractions) appear to contain significantly
higher levels of B-(1—4)-galactan.

Size-Exclusion Chromatography Fractionation of Different
Extracts and Characterization of Subfractions Reveal
Differences in Galactans between NW and TW

To compare mass distributions of polymers in NW
and TW samples, the polysaccharide fractions were sub-
jected to gel filtration, divided into high- and low-M,
subfractions according to the major peaks, and then
analyzed in more detail.

Buffer-Soluble Polymers

The buffer-soluble fraction had substantial polymer
contents in TW but very low contents in NW samples.
The polymers purified by precipitation eluted in the
10- to 200-kD region (Fig. 3A), with a considerable
proportion of carbohydrates present in the oligomeric
region (less than 5 kD). Gal was the major monomer of
the polymeric fraction, and its proportion was higher in
TW than in NW (Fig. 3B). The oligomeric TW subfraction
contained mostly Gal, GalA, and Rha, suggesting en-
richment in RG-I oligosaccharides. Results of the sugar
composition (Tables II and III) and immunodot analyses
(Fig. 2) indicate that the main polymer of the buffer-
soluble fraction in TW is high-M, B-(1—+4)-galactan. Some
AG-II and oligomeric RG-I were also detected.

Table Il. Proportions of monosaccharides in fractions of TW and NW

Data are means = st (n = 3 biological repeats). w/o, Without Glc, since Glc could have been derived from cellulose during the procedure used.
Values with significant differences between NW and TW samples according to Student’s t test (P < 0.05) are shown in boldface.

. Rha Ara Gal Glc Xyl(Man) GalA GlcA
Fraction NW ™ NW ™ NW ™ NW ™™ NW ™™ NW ™ NW T™W
mol %
Buffer-extractable 9 2 131 8+2 5+2 303 514 105 2=*1 248 2+0 173 272 31 1%x0
polymers
AO-extractable 51 111 30 60 1310 41 =16 205 8*2 46*9 118 122 21 x5 11 2*0
polymers
KOH-extractable 20 50 10 20 2x0 14=*2 4+0 6x183*x160x4 8x1 121 00 1x0
polymers
KOH- 31 3x02*x12*+x0 61 10x0 50*x3 602 321 211 50 40 0*x0 0x0
unextractable
material?,
including
Cellulose- 31 3x02+x02*1 172 35=*3 w/o wo 742562 3*1 2+11*x01=*0
retained
polymers®
Lignin-bound 81 10x1 50 7x0 16 £2 220 417 251 18x6 22*x2 121 131 1x0 1*x0
polymers©

“Obtained by TFA hydrolysis of the pellet remaining after AO and KOH treatments.
dissolution of KOH-unextractable pellets with LiCl in N, N-dimethylacetamide (DMA) and cellulose degradation.

PObtained by TFA hydrolysis of polymers collected after
“Obtained by TFA hydrolysis of

pellets remaining after dissolution of KOH-unextractable pellets with LiCl in DMA and cellulose degradation.
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N
§ Table Ill. Yields of monosaccharides in fractions of TW and NW

Data are means = st (n = 3 biological repeats). tr, Trace; w/o, without Glc, since Glc could have been derived from cellulose during the procedure used. Values with significant differences

between NW and TW samples according to Student’s ¢ test (P = 0.05) are shown in boldface.

GlcA

GalA

Glc

Gal

Ara

Rha

Xyl(Man)

Fraction

™

NwW

™

NwW

™

NwW

™

NwW

™

NwW

™

NwW

™

NwW

mgg ' dry wt

0.1

0.0 £ 0.0 0.1+ 0.01

0.2 = 0.1 2.2 0.3

0.1 = 0.0

0.1

0.2 + 0.1 0.3 =

0.1 =

0.4

3.8 =

0101 09x01 01x00 03=x=02 04=0.1

Buffer-extractable

polymers
AO-extractable

0.2 = 0.1 1.4 =04 0.2 £ 0.2 0.4 £ 0.1 0.4 +0.2 tr tr

0.7 £ 0.2

0.8 £0.2

02*00 02*0.0 01x00 01*x00 04=*=03

polymers

KOH-

1.8 £ 0.3

0.7 £ 0.2

16.5 = 2.1

18.1 £ 3.0

1703 £ 199 72.2 £9.3

0.8 8.5 = 0.2

9.9 =

18.6 = 3.7

27 04 3.5 %06

1.1 = 0.1

5.7 £ 0.9

*+ 0.2

4.5

extractable
polymers

KOH-

24+*0.7 01=*00 02=0.1

+ 0.5

2.4

11.3 2.7

5814 201=*=34 342 =57 11.9+1.9

09 *04 2604

1.6 =04 0.8 =*0.3

1.3 04

unextractable
material®,

including
Cellulose-

0.1 £0.0 0.1 £0.0

0.2 + 0.1

* 0.1

w/o 5.4 = 0.8 4.1 = 0.1 0.3

w/o

2.8 £ 04

0.3

14 =

02*0.0 03=*x0.0 0.1*00 0.1=*0.0

retained
polymers”
Lignin-bound

tr

3.8 1.2 0.9 = 0.0 1.6 £ 0.6 0.8 £ 0.1 1.2 = 0.1 0.5 0.1 0.1 %0.0

0.8 = 0.0

0.1

14 =

0.2 = 0.0

03 0.0 04 =0.1

0.7 = 0.1

polymers©

PObtained by TFA hydrolysis of polymers collected after dissolution of KOH-unextractable pellets with LiCl in N,

“Obtained by TFA hydrolysis of pellets remaining after dissolution of KOH-unextractable pellets with LiCl in DMA and cellulose degradation.

“Obtained by TFA hydrolysis of the pellet remaining after AO and KOH treatments.

N-dimethylacetamide (DMA) and cellulose degradation.

To investigate the nature of those galactans further,
we structurally characterized them by PACE. For the
analysis of AG-II, high-M, subfractions of TW and NW
(Fig. 3A) were adjusted to contain equal amounts of
Ara and then hydrolyzed with two AG-II-specific en-
zymes. One was exo-3-1,3-galactanase, which hydro-
lyzes terminal B-(1—3)-Gal linkages but can bypass
branching points liberating any 8-(1—6)-galactan side
chains with various DPs (Tsumuraya et al., 1990). The
other was a-arabinofuranosidase, which removes ter-
minal Ara residues (Takata et al., 2010). The resulting
oligosaccharides were analyzed by gel electrophoresis.
As shown in Figure 3D, the high-M, subfractions of
both NW and TW samples were susceptible to the en-
zymatic treatment, which released a ladder of oligo-
saccharides with DP ranging from 1 to 8. Some of the
oligosaccharides comigrated with known standards
(Tryfona et al., 2012) while others were of unknown
identity. However, there were substantial differences in
the abundance of the oligosaccharides released from
the NW and TW samples. In particular, higher amounts
of (Me)GlcA-Gal and (Me)GlcA-Gal,, and lower
amounts of B-(1—6)-Gal,, were released by exo-B-(1-3)-
galactanase from TW samples (Fig. 3D, red arrowheads).
In addition, lower amounts of B-(1-6)-Gal,, B-(1—6)-
Gal,, and an unidentified product, but higher amounts of
(Me)GIcA-Gal (Fig. 3D, blue arrowheads), were released
by a combination of a-arabinanase followed by exo-
B-(1-3)-galactanase from TW samples. These results
indicate that there are structural differences in buffer-
soluble AG-II between NW and TW.

To investigate the nature of B-(1—4)-galactans in
the high-M, subfraction, NW and TW samples with
equal total sugar contents were hydrolyzed with endo-
B-(1—4)-galactanase, and the resulting oligosaccha-
rides were analyzed by gel electrophoresis (Fig. 3E).
The endo-B-(1—4)-galactanase hydrolysis resulted in a
number of oligosaccharides with apparent DP ranging
from 1 to 8, which comigrated with known standards.
TW samples yielded considerably more of these frag-
ments than NW samples (Fig. 3E, green arrowheads).
Thus, B-(1—4)-galactan is far more abundant in TW (as
TW samples have much higher buffer-extractable con-
tents) than in NW. The galactanase used cuts un-
branched B-(1—4)-galactan into products with DP 1 to
3 (Barton et al., 2006), and corresponding bands were
the most intense. However, higher DP products were
also detected, suggesting the presence of branching
points or other obstacles for the enzyme’s action. TW
samples yielded more abundant and diverse products
of this type, suggesting that B-(1—4)-galactan has a
more complex structure in TW than in NW.

KOH-Extractable Polysaccharides

Some of the polymers in the major, KOH-extractable
fractions of both TW and NW samples eluted in the
greater than 500-kD region and constituted the highest
molecular mass subfraction of all analyzed polysaccharides
(Figs. 3-5). The rest eluted between 5 and 100 kD (Fig. 4A).
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Figure 2. Immunodot analysis of cell wall polysaccharides in buffer-
extractable, KOH-extractable, and cellulose-retained (obtained after
cellulase treatment) fractions of NW and TW with antibodies recog-
nizing (1-4)-B-xylan (LM11; McCartney et al., 2005), (1—-4)-B-galactan
(LM5; Jones et al.1997), RG-l backbone (RU2; Ralet et al., 2010), the XXXG
motif of xyloglucan (LM15; Marcus et al., 2008), and an unknown epitope
of AGP (JIM14; Knox et al., 1991). Total fractions (aliquots taken before gel
filtration) were used for analysis. Values (4 ug, 1 ug, and 0.25 ug) on top of
the membrane images indicate the amount of carbohydrates spotted on
each vertical line of dots.

The sugar composition of the high-M, subfraction
was similar in TW and NW samples (Fig. 4B). In both
cases, Xyl(Man) were the most abundant sugars. Ac-
cordingly, the LM11 antibody specific for B-(1—4)-xylan
bound strongly to subfractions isolated from both NW
and TW samples (Fig. 4D). To investigate whether
mannans were present in the samples, the LM21 anti-
body that specifically binds B-(1—4)-mannan (Marcus
et al., 2010) was used. Immunodot analysis confirmed
the presence of 8-(1—4)-mannan epitopes in this sub-
fraction (Fig. 4D). In addition, it contained low amounts
of Rha and Gal (more clearly detected in TW samples
than in NW samples). The immunoblot analysis also
revealed the presence of B-(1—4)-galactan and RG-I
backbone, which is consistent with the presence of RG-1
polymer in this subfraction. Signals from LM5 and RU2
antibodies were far stronger in TW than in NW sam-
ples, indicating that RG-I, and B-(1—4)-galactan epi-
topes, are more abundant in TW (Fig. 4D).

Xyl(Man) were also the most abundant sugars in the
low-M, subfraction, but Rha, Ara, Gal, Glc, and GalA
were also detected (Fig. 4C). More Gal and less Xyl
(Man) were found in TW than in NW. Immuno-
blot signals revealed the presence of 8-(1—4)-xylan,
B-(1-4)-mannan, B-(1—4)-galactan, and XG in this sub-
fraction, of which B-(1—4)-galactan and XG were only
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detected in TW while 8-(1—4)-xylan and 8-(1—4)-mannan
were detected in both TW and NW (Fig. 4).

The separation of polymers into two clear peaks
(Fig. 4A), each of which contained Xyl(Man) and was
labeled in immunodot analysis by LM11 and LM21
antibodies, suggested the presence of two populations
of B-(1-4)-xylan and B-(1—»4)-mannan molecules in
the KOH-extractable fraction of both NW and TW.
These populations might differ in the presence of
some intermolecular interactions or linkages. Similarly,
there were two populations of B-(1—4)-galactan,
both of which were far more abundant in TW. XG
was detected only in TW as an oligomer or low-M,
polysaccharide.

Cellulose-Retained Polymers

Polymers isolated from the alkali-unextractable pel-
lets by dissolution with LiCl in DMA and subsequent
cellulase treatment were separated by gel-filtration
into two major subfractions with very distinct compo-
sitions (Fig. 5A). One was represented by a peak in the
50- to 200-kD molecular mass region and was more
pronounced in TW samples, while the other eluted
mainly in the less than 5-kD region and was less pro-
nounced in TW samples than in NW samples. The latter
had very similar monomeric sugar constitutions in NW
and TW samples, with high Glc and Xyl contents, sug-
gesting the presence of oligomeric fragments of xylan and
probably contaminating products of cellulase digestion
(Fig. 2), so it was not further examined. The higher mo-
lecular mass subfraction, in contrast, differed in compo-
sition between NW and TW (Fig. 5). The proportion of
Gal, the major monomer, was considerably higher,
while the proportion of Man, the second most abundant
monomer and indicative of mannan, was lower in TW
samples. The remaining monosaccharides (including
Rha and GalA, indicative of RG-I) were present in
similar proportions in both wood types (Fig. 2). Inter-
estingly, Man was substantially more abundant than
Xyl in the cellulose-retained fraction of both TW and
NW, in sharp contrast to the 88:12 Xyl:Man ratio in the
KOH-extractable fraction (Fig. 5).

The high-molecular-mass polysaccharides were
further characterized by enzyme hydrolysis and
PACE. Following the endo-(1—4)-galactanase treat-
ment, oligosaccharides comigrating with Gal and
B-(1—4)-galactan dimer and trimer were released from
the TW samples. Very small amounts of B-(1—-4)-
galactooligosaccharides were detected in this fraction
from NW (despite loading gels with the same amounts
of total sugar as when analyzing TW samples), indicat-
ing that extremely little 8-(1—4)-galactan is present in
this fraction of NW, although it is the major polymer in
the corresponding TW fraction (Fig. 5D, green arrow-
heads). To investigate whether the RG-I backbone was
also present in this subfraction, the same amounts of TW
and NW polymers were subjected to digestion by RG-I
lyase, and the digestion products were analyzed by
separating charged oligosaccharides on AMAC gels
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(Tryfona et al., 2012). These treatments released and
resolved a number of RG-I lyase products with various
DPs. Due to the absence of appropriate standards, the
released oligosaccharides could not be further charac-
terized. However, comparison of the oligosaccharide
profiles obtained from NW and TW samples shows that
they differed in the abundance of some of the released
oligosaccharides (Fig. 5D, orange arrowheads). This
suggests that the RG-I branching pattern is modified in
TW compared with NW. TW samples yielded consid-
erably more of the analyzed subfraction than NW
samples, suggesting that RG-I backbones are consid-
erably more abundant in TW. AG-IIs were also ana-
lyzed by exo-B-(1—3)-galactanase hydrolysis and
PACE. To allow direct comparison of NW and TW
samples, they were adjusted to equalize their Ara con-
tents before this analysis. Higher amounts of AG-II
were present in TW relative to NW samples, according
to differences in the abundance of Gal, (Me)GlcA-Gal,
(Me)GIcA-Gal,, and B-1,6-Gal, oligosaccharides (Fig.
5E, red arrowheads). This indicates that the TW sub-
fraction contains more AG-II polysaccharides than the
corresponding NW subfraction. Moreover, the pro-
portion of these acidic oligosaccharides was higher in
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this subfraction of TW than in the buffer-soluble sub-
fraction (compare Figs. 5 and 3), suggesting that there
are structural differences between the AG-II in
cellulose-retained and soluble polymer fractions of TW.

To obtain more structural information about the
B-(1—»4)-galactan that was found to be the most
prominent of the high-M, polymers in the cellulose-
retained fraction of TW, a sample of these polymers
was analyzed by NMR spectroscopy. In the anomeric
region of the "H spectrum, the most intense signal arose
from the H1 of B8-p-Gal (4.63 ppm). Signals in the 4.72-
to 5.25-ppm region could result from Man, Rha, and
GalA residues. High-intensity signals in the aliphatic
spectral region arose mainly from B-p-Gal. Signals at
4.63 (H1) and 4.16 (H4) ppm indicated that Gal is 1,4
linked. Signals at 1.24 and 1.32 ppm, respectively
assigned to methyl groups of 2-Rha and 2,4-Rha, sug-
gest that the relative proportions of branched and un-
branched Rha were 47% and 53%. The ratio (2.71:0.45)
of integral intensities of well-separated Gal signal
(H4) and signals from the three protons of the
methyl group of 2,4-Rha indicates that the average
length of the B-(1—4)-Gal chains was approximately
18 monomers.
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Immunocytochemical Localization of Polysaccharides in
Wood Sections Identifies Polymers of the Compound
Middle Lamella, S-Layers, and G-Layers

The polymers that were biochemically identified as
differentially abundant in various fractions of TW and
NW were localized in different cell wall layers by
immunocytochemistry. Representative patterns of
labeling are shown in Figure 6 and Supplemental
Figure S2. The G-layers of TW fibers were heavily
labeled with LM5 antibody, specific for 8-(1—4)-
galactans, while S-layers of both TW and NW were
devoid of this labeling (Fig. 6, A and B). Signals from
LMS5 were also detected in the compound middle
lamella in both TW and NW. A similar distribution
was observed for RG-I backbone epitopes specifi-
cally recognized by the RU2 antibody (Fig. 6, C and
D). A reciprocal label distribution was observed
with LM11 antibody, which recognizes B-(1—4)-xylan,
as it solely labeled S-layers in both TW and NW fibers
(Fig. 6, E and F). LM15 revealed XG epitopes in the
compound middle lamella, which were more abundant
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(49 g 0.250Q) (4 Tug 02500)

rides of NW and TW. A, Elution profile with
designation of two subfractions. DW, Dry
weight. B and C, Proportions of monosac-
charides obtained after TFA hydrolysis of
high- and low-molecular-weight fractions,
respectively. Error bars show st (n = 3 bio-
logical repeats). D, Immunodot analysis
of the subfractions with antibodies recog-
nizing (1-4)-B-xylan (LM11; McCartney
et al., 2005), (1—4)-B-galactan (LM5;
Jones et al., 1997), RG-1 backbone (RU2;
Ralet et al., 2010), (1—4)-B-mannan (LM21;
Marcus et al., 2010), and the XXXG motif
of xyloglucan (LM15; Marcus et al., 2008).
Values (4 ug, 1 ug, and 0.25 ug) on top of the
membranes indicate the amount of carbohy-
O ‘ drates spotted on each vertical line of dots.

in TW than in NW, and some signals at the S-layer-
G-layer boundary and innermost (developing)
G-layers in TW fibers (Fig. 6, G and H). Attempts to
immunolocalize AG-II by electron microscopy were
not successful, although signals from the antibodies
used were observed in the periplasm of ray paren-
chyma cells. Similar observations were reported by
Lafarguette et al. (2004). We detected no labeling
of fiber cell walls in either TW or NW samples by
either the JIM14 antibody, recently classified by
multivariate analysis as recognizing AG-II epitopes,
designated AG-4, or M7 and M22 antibodies, clas-
sified as recognizing epitopes in RG-I and/or AG-II,
designated RG-1/AG (Pattathil et al., 2010). LM21,
which specifically binds to 8-(1—4)-mannans, was
the only antibody that bound both S-layers in
TW and NW and G-layers in TW (Fig. 6, I and J).
LM21 labeling was weaker in TW S-layers than in
TW G-layers and NW S-layers. No labeling was
detected in control experiments omitting primary
antibodies.
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In Situ Assays Reveal Higher -1,4-Galactosidase Activity
in TW Than in NW

In gelatinous fibers of flax, the B-(1—+4)-galactan is
modified by a cell wall GH35 B-galactosidase, which
is essential for processing of the high-molecular-
mass galactan and development of a highly crystal-
line cellulosic cell wall layer (Mikshina et al., 2009;
Roach et al., 2011; Mokshina et al., 2012). There-
fore, we investigated if the development of TW
also involves B-1,4-galactosidase activity. Freshly
prepared TW and NW sections were incubated with
Gal-resorufin, and the release of resorufin by en-
dogenous -1,4-galactosidase activity was monitored
in real time in situ, following Ibatullin et al. (2009)
and Banasiak et al. (2014). 8-1,4-Galactosidase sig-
nals were detected in developing NW and TW cell
walls and were distinctly stronger in the latter (Fig.
7). In TW samples, the signals were most intense in
the outer cell wall layers (perhaps the compound
middle lamella) and G-layer. No signal was detected
in control sections heated before the assay to dena-
ture proteins.
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DISCUSSION

Key Differences in the Structure and Occurrence of Matrix
Cell Wall Polysaccharides between TW and NW

The major cytological difference between TW and
NW in aspen, as in many angiosperms, is the forma-
tion of a tertiary G-layer in TW fibers (Fig. 1). This
layer lacks lignin and has very high cellulose con-
tents, cellulose microfibrils oriented parallel to the fi-
bers’ longitudinal axes, large cellulose crystallites, high
mezoporosity, and distinct matrix polysaccharides (for
review, see Mellerowicz and Gorshkova, 2012). Further
cytochemical and biochemical comparisons of matrix
cell wall polysaccharides in aspen TW and NW re-
vealed the following similarities and distinctions.

Xylan is by far the major matrix polymer in both TW
and NW (Figs. 1 and 2; Tables I-III). However, the
G-layer in aspen TW does not bind the anti-xylan an-
tibody LM11, which heavily labels S-layers (Fig. 6).
Previous assays with several antibodies recognizing
secondary wall xylan (LM10, LM11, and AX1) indicate
that xylan is also restricted to S-layers in gelatinous TW
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Figure 6. Immunolocalization of cell wall polysaccharides in fibers of
NW (left) and TW (right) with LM5 antibody (A and B), RU2 antibody (C
and D), LM11 antibody (E and F), LM15 antibody (G and H), and LM21
antibody (I and J). CML, Compound middle lamella; CW, cell wall; GL,
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of several species (Bowling and Vaughn, 2008, 2009;
Decou et al., 2009). Sparse labeling of G-layers (relative
to S-layers) by LM11 (with no LM10 labeling) in hybrid
aspen has been reported (Kim and Daniel, 2012), but
Nishikubo et al. (2007) detected no xylan in linkage
analysis of isolated G-layers. Thus, exclusion of xylan
from the G-layers appears to be the main cause of lower
Xyl content in TW (Fig. 1). It also correlates with tran-
scriptomic changes observed following TW induction
in aspen, including the down-regulation of transcripts
encoding UDP-Xyl synthase, Glycosyl Transferase8
(GT8) family members (GT8E, GT8F-1, GT8F-2 [similar
to PARVUS], and GT8B-2 [similar to GLUCURONIC
ACID SUBSTITUTION OF XYLANT1]), and GT47C, all
of which are involved in xylan biosynthesis (Andersson-
Gunneras et al., 2006).

Various approaches, including wet chemistry and
CCRC-M1 antibody labeling, have demonstrated the
presence of XG, the characteristic polysaccharide of
primary cell walls, which is absent or reduced in NW
S-layers (Bourquin et al., 2002), in G-layers and S2/G
boundaries of gelatinous fibers in Populus spp. and
other species (Nishikubo et al.,, 2007; Bowling and
Vaughn, 2008; Mellerowicz et al., 2008; Baba et al., 2009;
Sandquist et al., 2010). Our LM15 labeling confirms its
localization in the compound middle lamella, 52/G
layer boundaries, and developing G-layers in aspen
(Fig. 6). Sequential extraction and size-exclusion anal-
yses presented here also show that XG with a low
molecular mass (10 kD) is more abundant in
KOH-extractable polymers of TW than in those of NW
(Figs. 2 and 4). Only trace amounts of XG were present
in the cellulose-retained polymer fraction in TW (Fig. 2).

The only matrix polymer deposited in both S-layers
and G-layers is B-(1—-4)-mannan (Fig. 6, I and ]). Its
presence in isolated G-layers is supported by sugar and
linkage analysis (Furuya et al., 1970; Nishikubo et al.,
2007). Labeling by LM21 was more prominent in
G-layers, as reported previously (Kim and Daniel,
2012). However, Man and mannan contents were
lower in TW than in NW (Fig. 1C; Hedenstrom et al.,
2009), and transcripts encoding three GDP-Man-
pyrophosphorylases, and the putative mannan syn-
thase PtGT2A, are reportedly correspondingly reduced
(Andersson-Gunneras et al., 2006). These findings in-
dicate that mannan levels are reduced in S-layers of TW
samples and that LM21 labels S-layers less intensely in
TW thanin NW (Fig. 6, I and ]). Interestingly, mannan is
one of the main polymers of the cellulose-retained
fraction of both NW and TW, but it is more abundant
in NW (Fig. 5). According to previous proposals, the
polymer that interacts directly with cellulose in S-layers
is mannan in conifers (Akerholm and Salmén, 2001) and
xylan in hardwoods (Salmén and Burgert, 2009), but

G-layer, ST and S2, secondary cell wall layers. Silver enhancement was
applied for different times (2-5 min), leading to different sizes of par-
ticles. Bars = 1 um.
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Figure 7. B-1,4-Galactosidase activity is present in cell walls of de-
veloping NW and TW and is highly increased in TW. Yellow coloration
corresponds to the fluorescence channel signals from resorufin released
by the action of B-1,4-galactosidase from the substrate. The control
shown at right is the image of developing TW that was heated before the
assay to denature proteins. No fluorescence signal was detected, and
the image of the fluorescence channel was superimposed on the
transmitted light channel to show the presence of TW tissue.

finding mannan in the cellulose-retained fraction (Fig.
5) suggests that it could also be intimately associated
with cellulose in hardwood S-layers.

AG-II is a modular polysaccharide of variable struc-
ture decorating various AGPs (Tan et al., 2010). Since
genes encoding AGPs similar to Arabidopsis FASCICLIN-
LIKE ARABINOGALACTAN-PROTEIN12 (AtFLA12) and
AtFLA11 are among the most strongly up-regulated
genes following G-layer induction in several species
(Lafarguette et al., 2004; Pilate et al., 2004; Paux et al.,
2005; Andersson-Gunneras et al.,, 2006; Roach and
Deyholos, 2007), we predicted that specific forms of
AG-II would be more abundant in TW compared with
NW. An 8-fold increase of the buffer-soluble fraction in
TW (Table I), which is expected to contain most AGPs
due to their high water solubility and proposed peri-
plasmic location (Lamport and Véarnai, 2013), and
structural differences between buffer-soluble AG-II of
TW and NW (Fig. 3) confirmed that specific AGPs are
up-regulated in TW. These AGPs were not recognized
by JIM14, which labeled AG-II in all analyzed fractions
more strongly in NW than TW and KOH-extractable
polymers most strongly (Fig. 2). Thus, these JIM14 sig-
nals in AG-II probably did not correspond to FLA11-
and FLA12-like AGPs. In addition to high abundance in
the buffer-soluble fraction, AG-II has been identified as
one of the main compounds of cellulose-retained high-M,
polymers (Fig. 5). Interestingly, this fraction of TW
contained significantly more exo-$-(1—3)-galactanase-
susceptible AG-1], relative to Ara, than the corresponding
NW fraction, suggesting that 8-(1—3)-galactan specifi-
cally expands in TW. Moreover, both buffer-soluble and
cellulose-retained AG-II polymers of TW were more
acidic than those of NW (Figs. 3D and 5E). Acidic forms of
AGP could play more than a structural role in TW. GlcA
of AG-II may be involved in the stoichiometric binding of
Ca®* (Lamport and Varnai, 2013), which plays key roles in
plant signaling pathways (Kudla et al., 2010). Thus, our
data imply that Ca** associated with special acidic AG-IT
may participate in TW development.

Our data also clearly show that higher abundance of
RG-I backbone and long B-(1—4)-galactan chains are
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the main biochemical features distinguishing TW from
NW (Figs. 2-5; Tables II and III). Higher proportions of
Gal have been detected in TW than in NW of several
species (Meier, 1962; Kuo and Timell, 1969; Furuya
et al., 1970; Ruel and Barnoud, 1978; Mizrachi et al.,
2014), and B-(1—4)-galactan has been detected in G-layers
of aspen (Arend, 2008). However, B-(1—4)-galactan has
not been shown previously to cooccur with RG-I in TW.
We detected RG-I backbone and -(1—4)-galactan signals
from RU2 and LMS5 antibodies, respectively, in the com-
pound middle lamella and G-layer (Fig. 6). We also
detected RG-I backbone and 3-(1—4)-galactan in all poly-
saccharide fractions of TW (Figs. 2 and 5), including pol-
ymers retained in cell walls so tightly that they can be
extracted only after dissolution of cellulose microfibrils. In
lignified cell walls, a polysaccharide may remain unex-
tractable by strong alkali if it is linked to lignin, but as
there is virtually no lignin in G-layers (Love et al., 1994;
Gorshkova et al., 2000; Kaku et al., 2009), the RG-I with
B-(1—4)-galactan, immunolocalized in G-layers, could
only remain unextracted if trapped between cellulose
microfibrils.

Differences and Similarities between Flax and Aspen
Gelatinous Fibers

As in flax fibers, RG-I backbone is present, together
with B-(1—4)-galactan chains, in the polymers retained
in TW by cellulose microfibrils. The structure of the TW
RG-I coextracting with 8-(1—4)-galactan resembles that
of flax phloem fibers: according to the NMR analysis
presented here and by Mikshina et al. (2012), the degree
of RG-I backbone substitution is 50% in aspen and 30%
in flax phloem, and the average length of 3-(1-4)-Gal
chains in these species is 18 and 14, respectively. Al-
though we have not demonstrated the linkage be-
tween Rha and Gal in aspen, it has been fully resolved
in flax (Mikshina et al., 2012, 2015). Flax fiber RG-I
molecules can form water-soluble complexes having
B-(1—4)-galactan chains in the center and acidic RG-I
backbones at the periphery (Mikshina et al., 2015).
Structural similarities suggest that the aspen TW
counterpart also has such ability. Acidic AG-II, de-
tected in the cellulose-retained fraction of aspen TW,
has not been characterized to date in flax fibers.
However, strong up-regulation of FLA11- and FLA12-
like AGPs during flax fiber development (Roach and
Deyholos, 2007) suggests that this form of AG-II is also
present in flax. The relationship between AG-II and
RG-I, both of which are potential sources of carboxylic
acid residues observed by dynamic Fourier transform
infrared spectroscopy in aspen TW (Olsson et al., 2011),
remains to be determined.

In flax, mature G-layers form from initially deposited
G-layers, called Gn, which can be clearly distinguished
in electron micrographs (Gorshkova et al., 2004, 2010).
The maturation involves the postdeposition modifica-
tion of nascent RG-I galactan by the galactosidase
LuBGAL1 (Mikshina et al., 2009; Roach et al., 2011;
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RG-I backbone

Lateral interaction of cellulose
microfibrils
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-
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G-layer

CML S-layer(s)

Cytoplasm

Figure 8. A, Scheme of the main components in S-layers and G-layers
of fibers in TW. In S-layers, cellulose microfibrils are oriented heli-
coidally with alternating MFA between layers; in thick G-layers, the
orientation of all cellulose microfibrils is close to axial. XG+XET, XG
and xyloglucan endotransglycosylase, which acts to staple S-layers and
G-layers (Mellerowicz et al., 2008; Hayashi et al., 2010). Cellulose
microfibrils in S-layers are separated by xylan and lignin and have poor
chances to interact laterally; in highly cellulosic G-layers, microfibrils
tend to interact laterally, thereby increasing crystallinity. RG-l1+Galactan,
RG-I and B-(1—4)-galactan trapped between laterally interacting G-layer
cellulose microfibrils, creating tension in them. Galactan chains are
modified in muro by a specific galactosidase (BGAL), making the poly-
mer more compact and providing conditions for the lateral interaction of
cellulose microfibrils (not shown). CML, Compound middle lamellae. B,
Possible spatial structure of the RG-l and galactan (Mikshina et al., 2015):
B-(1—4)-galactan side chains (galactan) attached to RG-l backbone.
Molecules of RG-I are associated due to B-(1—4)-galactan chain inter-
action. Note that the backbone is located at the surface of such associated
molecules.

Mokshina et al., 2012) and is essential for the flax stem’s
mechanical properties (Roach et al., 2011). The Gn struc-
ture is not pronounced in TW fibers, but many studies
have detected an inner G-layer with different properties
from the rest (Joseleau et al., 2004; Lafarguette et al.,
2004; Gierlinger and Schwanninger, 2006). Moreover,
we detected high -galactosidase activity in developing
TW fibers (Fig. 7), and a flax-specific galactosidase epi-
tope has been detected in the G-layer of aspen TW
(Mokshina et al., 2012), strongly suggesting the in-
volvement of a homologous galactosidase in pectic
B-(1—4)-galactan processing in TW.

The key difference in cell wall organization between
gelatinous phloic fibers of flax and gelatinous xylary
fibers of aspen concerns the degree of S-layer devel-
opment. The flax S-layer is difficult to discern even in
electron micrographs (Andeme-Onzighi et al.,, 2000;
Salnikov et al., 2008) but can be revealed by labeling
with xylan-specific antibodies (Gorshkova et al., 2010).
Thus, both types of gelatinous fibers have the same
general type of cell wall architecture, with primary,
secondary, and tertiary walls. Aspen TW fibers, as in
other tree species, always have at least one well-
developed S-layer (Fagerstedt et al., 2014) characterized
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by the presence of xylan and a helicoidal orientation of
cellulose microfibrils with high cellulose microfibril an-
gles (Clair et al., 2011; Riiggeberg et al., 2013). A xylan
layer with nearly transverse cellulose orientation is
probably required for its resistance to radial compression,
which is poor in the G-layer with axial cellulose orienta-
tion. In herbaceous plants, the mechanical forces acting on
developing phloem fibers in the radial direction (and,
hence, the need for S-layers) may be weaker than in
woody plants.

Thus, although flax and aspen are sufficiently closely
related to belong to the same order (Malpighiales), they
develop gelatinous fibers in different tissues and of
different origin (in primary phloem initiated from the
procambium and in secondary xylem produced by the
vascular cambium, respectively). The structural simi-
larities of these fibers suggest that other contractile cell
walls with G-layers may also have similar structures
and properties.

Implications of the Findings for the Entrapment-Based TW
Contraction Hypothesis

TW plays a key physiological role in maintaining
stems and branches with secondary growth in appro-
priate positions by generating tensional longitudinal
stress. Characteristic contractile properties of TW
with gelatinous fibers are known to originate from the
G-layers (Clair and Thibaut, 2001; Yamamoto et al.,
2005; Clair et al., 2006; Fang et al., 2008) that are firmly
attached to S-layers in their native state (Clair et al.,
2005), possibly through XG cross links (Nishikubo et al.,
2007; Bowling and Vaughn, 2008; Sandquist et al., 2010).
The G-layers were long assumed to consist almost entirely
of cellulose (Norberg and Meier, 1966). Consequently,
hypotheses regarding the origin of tension were based on
the arrangements of cellulose microfibrils (Burgert and
Fratzl, 2009). All microfibrils in thick G-layers lie almost
parallel to each other and the longitudinal cell axis, in
sharp contrast to the helicoidal arrangement of microfi-
brils in secondary cell wall layers (Riiggeberg et al., 2013;
Fagerstedt et al., 2014). The difference in microfibril ori-
entation provides the basis for pine (Pinus spp.) cone
opening and wheat (Triticum aestivum) awn movement
mechanisms (Burgert and Fratzl, 2009) and may be in-
volved in the creation of tension in TW (Goswami et al.,
2008). However, this mechanism is highly dependent on
air humidity, and the movement is reversible, which is not
the case in TW. Thus, additional factors must influence
tension creation involving G-layers.

Rediscovery of the significant content of matrix poly-
saccharides in the G-layer (for review, see Mellerowicz
and Gorshkova, 2012; Fagerstedt et al., 2014) increased
attention to their possible role in tension generation
(Fournier et al., 2014). Recent evidence shows that cel-
lulose crystallites of the G-layers have larger lattice
spacing than corresponding crystallites of the S-layers
in NW, and this difference appears as the G-layer is
deposited (Clair et al., 2011). The spacing is reduced as
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the tension stress is released, and its reduction corre-
sponds exactly to the macroscopic strain at the stem
surface, indicating that cellulose fibrils are under ten-
sion in TW (Clair et al., 2006). We previously suggested
that the tension could arise during microfibril lateral
interaction with the entrapment of matrix polysac-
charides (Mellerowicz et al., 2008; Mellerowicz and
Gorshkova, 2012). With low matrix polysaccharide
contents and no lignin, microfibril lateral contacts are
frequent in the G-layer, leading to the formation
of macrofibrils and explaining its high crystallinity
(Miiller et al., 2006; Yamamoto et al., 2009). However,
the entrapment of polysaccharides between cellulose
microfibrils would limit their interaction and force
them to bend around these polymers, thereby increas-
ing the longitudinal lattice distance, stretching the mi-
crofibrils and creating tension in them (Mellerowicz
et al., 2008; Mellerowicz and Gorshkova, 2012).

This work identified polymers trapped within cel-
lulose fibrils in TW of hybrid aspen as RG-I with
B-(1—4)-galactan accompanied by a specific acidic form
of AG-II. Conditions for the lateral interaction of cellu-
lose microfibrils in TW may be provided in muro by
trimming of the deposited galactans by fiber-specific
galactosidases (Roach et al.,, 2011; Mokshina et al.,
2012; Fig. 7). A gelatinous fiber model consistent with
these new data is presented in Figure 8. RG-I with
B-(1—4)-galactan is thought to form water-soluble su-
pramolecular structures with low affinity to cellulose
(Mikshina et al., 2015). The high hygroscopicity of RG-I
(and possibly acidic AG-II) would retain water in the G-
layer (Schreiber et al., 2010), accounting for the gel-like
properties of these layers and their collapse during
TW drying (Clair et al., 2006, 2008). Pockets containing
these hydrated polymers could also explain the char-
acteristically high mesoporosity of G-layers (Clair et al.,
2008; Chang et al., 2009, 2015). Mesopores of various
sizes (2-60 nm) and shapes (ink bottle and slit like) re-
portedly form during G-layer deposition (Chang et al.,
2015), correlating with tensional stress development
(Clair et al., 2011). Thus, the hydrated galactans iden-
tified in this study as cellulose-retained polymers could
provide the contractile driving force in TW G-layers.

MATERIALS AND METHODS
Plant Material

Rooted cuttings of hybrid aspen (Populus tremula X Populus tremuloides),
clone T89, were grown in a greenhouse at 20°C and 60% relative humidity with
an 18-h photoperiod and supplementary lighting (Powerstar HQI-BT 400 W/D;
Osram) switched on when the incoming light fell below 20 W m ™2 during the
photoperiod. Plants were watered daily and fertilized with a complete nutrient
solution (SuperbaS; Supra HydrO) once per week. To induce TW, five 1-month-
old plants were tilted at 45° from vertical with their basal stem parts secured to
tilted stakes, at approximately 1 m from the base, and they were grown in this
position for approximately 6 weeks. Control trees were grown in an upright
position with their stems secured to vertical stakes. Approximately 1 m of the
basal part of the stem from both tilted and upright trees was harvested, frozen
in liquid nitrogen, and kept at —20°C until analysis. TW produced by the tilted
trees, and NW produced by the upright trees, were dissected from stem
segments and freeze dried, ground in a ZM 200 centrifugal mill (Retsch) at
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14,000 rpm, and in each case the resulting powder was passed through a sieve
with 0.5-mm mesh.

Cell Wall Isolation and Fractionation

Portions of the powdered TW and NW samples (1 g for each replicate) were
homogenized on ice in 30 mL of 50 mm KH,PO,-NaOH buffer, pH 7. After
centrifugation of each homogenate (8,000g, 25 min), the supernatant was
filtered and incubated for 15 min in a boiling water bath to inactivate endog-
enous enzymes. The supernatant was then cooled, ethanol was added to
80% (v/v), and the mixture was incubated overnight at 4°C to precipitate
the buffer-extractable polysaccharides. The resulting pellet was washed
three times with 80% (v/v) ethanol and once with 80% (v/v) acetone and
then dried.

Cell wall material from each pellet obtained after homogenization was
isolated according to Talmage et al. (1973). Briefly, it was sequentially washed
with water (3X), 80% (v/v) ethanol, acetone (overnight, 4°C), water (3X), and
50 mm KH,PO,-NaOH buffer (pH 7; 2X), digested overnight with 2 mg mL ™"
glucoamylase supplied by Siekagaki Kogyo, washed with the same phosphate
buffer, water (3X), and acetone, and then dried.

Cell wall polymers were extracted sequentially by 1% (w/v) AO (pH 5,
boiling water bath, 1 h) and, after washing with water, by 4 m KOH with
3% H3BO, (2 h). The KOH fractions were neutralized by adding acetic acid to
pH 7. Fractions extracted by AO and alkali were desalted by passage through a
Sephadex G-25 column (19 X 400 mm) and dried.

The residue remaining after AO and KOH treatment was washed by water
and dried. A 2-mg portion was hydrolyzed by incubation with 2 m TFA at 120°C
for 1 h to determine its sugar content by monosaccharide analysis. The rest of
the pellet was used to isolate matrix polysaccharides in polymeric form, fol-
lowing Gurjanov et al. (2008). Briefly, it was dissolved in 8% (w/v) LiCl in
DMA, and cellulose was precipitated by water and degraded by incubation
with 1% (v/v) Cellusoft-L cellulase (Novo Nordisk Bioindustrie; 750 EGU/G) in
10 mm NaOAc buffer, pH 5.2, at 33°C overnight. Supernatants obtained after
dissolution with LiCl in DMA and cellulose degradation were concentrated
by partial lyophyllization, separated from salts and low-M, products of cellu-
lose digestion by passage through a Sephadex G-25 column (19 X 400 mm),
combined, and dried. The resulting fraction was designated the cellulose-
retained polymers.

The pellet remaining after partial removal of KOH-unextractable matrix
polymers and cellulose digestion was washed by water, dried, hydrolyzed
by 2 M TFA, and subjected to monosaccharide analysis (to obtain lignin-bound
polymers). The difference between the pellet dry mass and total monosaccha-
ride yield was designated the lignin content. The fractionation procedure is
summarized in Supplemental Figure S1.

Cellulose content was calculated by subtracting the yields of all ob-
tained fractions (buffer-extractable, AO-extractable, KOH-extractable, and
KOH-unextractable polymers and lignin) from the dry mass of the initial sample.

Gel Filtration by HPLC

The obtained fractions of matrix polysaccharides were dissolved in
0.2 M Na,HPO, with 0.05% (w/v) NaNj,, pH 6.8. Aliquots were taken for sugar
content determination by the phenol-sulfuric acid method (Dubois at al., 1956),
for monosaccharide analysis, and for immunodot analysis of total fractions.
Portions (500-1,000 ug) of the obtained fractions were size-fractionated in the
same buffer by an HPLC system (Gilson) equipped with combined G5000PW
and G4000PW TSKgel columns (Tosoh Bioscience). Calibration was performed
using dextran (2,000 kD; Sigma), pullulan standards with molecular masses of
1,600, 400, 200, 100, 50, 10, and 5 kD (Waters), and Gal (0.18 kD; Merck). To
obtain elution profiles after gel filtration, 0.6-mL probes were collected and
total sugars were quantified in each probe by the phenol-sulfuric acid
method (Dubois et al., 1956) using Glc (Merck) as a standard. The presented
elution profiles are means obtained from three independent biological rep-
licates based on the carbohydrate contents of the probes and total amounts of
sugar in the fractions.

According to the two major peaks in the elution profiles, buffer-soluble,
KOH-extractable, and cellulose-retained polymers were each subdivided into
two subfractions. Corresponding probes were combined, desalted by passage
through a Sephadex G-25 column (15 X 50 mm), and concentrated using a
vacuum evaporator. Portions of these preparations were used for monosac-
charide determination and (when applied) immunochemical characterization
or enzymatic hydrolysis with PACE.
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Monosaccharide Analysis

Samples for monosaccharide analysis were dried, hydrolyzed with 2 M TFA
at 120°C for 1 h, dried to remove TFA, dissolved in water, and analyzed by
high-performance anion-exchange chromatography using a DX-500 instrument
equipped with a 4- X 250-mm CarboPac PA-1 column and a pulsed ampero-
metric detector (all from Dionex). The column temperature was 30°C, and
the mobile phase (pumped at 1 mL min ') consisted of 100% B (0-20 min),
90% B (20-21 min), 50% B (22-41 min), 0% B (42-55 min), and finally 100% B
(56-85 min), where B was 15 mM NaOH and the other solvent (A) was 100 mm
NaOH in 1 M sodium acetate. In some additional experiments, Xyl and Man
were separated by isocratic elution with 1.8 mm NaOH buffer. The results were
analyzed using PeakNet software according to the calibrations obtained for
monosaccharide standards treated in advance with 2 M TFA at 120°C for 1 h.
Three independent biological replicates and two analytical replicates of NW
and TW samples were analyzed.

Immunodot Analysis

Total fractions or subfractions containing 4, 1, and 0.25 ug of sugar (1-3 uL)
were applied to nitrocellulose membranes (0.2 m; Sigma). Membranes were air
dried for 30 min, washed for 5 min in PBST (phosphate-buffered saline with
0.05% [v/v] Triton X-100), blocked for 1 h with phosphate-buffered saline
containing 3% (w/v) nonfat dry milk, and then incubated for 40 min with
primary monoclonal antibody. The monoclonal antibodies used were LM5
(Jones et al., 1997), LM11 (McCartney et al., 2005), LM15 (Marcus et al., 2008),
LM21 (Marcus et al., 2010), J]IM14 (Knox et al., 1991), and RU2 (Ralet et al., 2010),
all raised in rat except RU2 (mouse, hybridoma supernatant). They are specific
for B-(1—4)-galactan, B-(1—4)-xylan, the XXXG motif of XG, 8-(1—4)-mannan,
an unknown epitope of AGP, and RG-I backbone, respectively. The antibodies
were kindly provided by Paul Knox (LM5, LM11, LM15, LM21, and JIM14) and
Dr. Fabienne Guillon (RU2). LM5, LM11, LM15, LM21, and JIM14 were applied
at 1:30 dilution, and RU2 at 1:10 dilution, in PBST. After incubation with pri-
mary antibodies, membranes were washed three times for 10 min with PBST
and then incubated with secondary biotinylated antibodies (Sigma; anti-rat to
detect LM5, LM15, LM11, LM21, and JIM14 primary antibodies and anti-mouse
to detect RU21) for 40 min. The membranes were washed again three times in
PBST for 10 min, incubated for 30 min in streptavidin conjugated with alkaline
phosphatase diluted 1:3,000, and developed using a nitroblue tetrazolium/
5-bromo-4-chloro-3-indolyl phosphate kit (Silex). Potato (Solanum tuberosum)
galactan and RG-], arabinoxylan from wheat (Triticum aestivum) flour, and XG
from tamarind (Tamarindus indica) seeds (all supplied by Megazyme) were used
as positive controls.

Enzymatic Hydrolysis and PACE

For B-(1—4)-galactan analysis, subfractions of interest with equal amounts
of total sugars were digested by incubation with endo-B-(1—4)-galactanase in
10 mm ammonium acetate, pH 6, at 37°C for 24 h. B-(1—4)-Galactan standards
were prepared from lupin (Lupinus albus) seed pectic galactan (Megazyme) by
endo-B-(1—4)-galactanase hydrolysis. For treatment with RG-I lyase prepared
from Aspergillus aculeatus (Jensen et al.,, 2010), samples adjusted to equal
amounts of total sugar were dissolved in 500 uL of 0.05 m Tris-HCl solution, pH
8, containing 2 mm CaCl, and incubated at 21°C for 24 h. For AG-II analysis,
samples were adjusted to equal amounts of total Ara and hydrolyzed by
arabinogalactan-specific enzymes as described by Tryfona et al. (2012). Car-
bohydrates were derivatized, electrophoretically separated, and subjected to
PACE gel scanning and quantification as described by Goubet et al. (2002,
2009). Neutral fragments were separated on ANTS gels and acidic fragments on
AMAC gels. The identity of digestion products was established by mass
spectrometry in a previous study (Tryfona et al., 2012). Control experiments
without substrates or enzymes were performed under the same conditions to
detect nonspecific compounds potentially present in the enzyme preparations,
polysaccharides/cell walls, or labeling reagents.

Transmission Electron Microscopy
and Immunocytochemistry

Segments (approximately 5 mm X 5 mm X 15 mm in tangential, radial, and
longitudinal directions, respectively) containing developing TW and NW were

cut from the stem of tilted (Fig. 1) and upright trees, put immediately in
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4% (w/v) paraformaldehyde + 0.5% (w/v) glutaraldehyde in 0.05 M sodium-
phosphate buffer (pH 7.4), cut into 2-mm X 3-mm X 5-mm pieces, and infiltrat-
ed under vacuum for 5 min. Then, the samples were cut into smaller (1.5 mm X
1.5 mm X 2.5 mm) pieces, left in fresh portions of the same buffer for 3 h at room
temperature, and postfixed with 0.5% (w/v) OsO, in 0.1 M sodium-phosphate
buffer (pH 7.4) for 4 h. After dehydration, the samples were embedded in LR
White resin (Medium Grade Acrylic Resin; Ted Pella; catalog no. 18181). Ul-
trathin sections were cut with a diamond knife and LKB Ultracut III ultrami-
crotome and then mounted on formvar-coated 100-mesh nickel grids. For
immunolocalization, thin sections on nickel grids were blocked (15 min, room
temperature, in a high-humidity chamber) in 0.02 M Tris-buffered saline, pH 7.5,
and 0.1% (v/v) Tween 20 plus 5% (v/v) goat serum (Sigma; 5-2007) and in-
cubated for 1 to 1.5 h at room temperature with LM5, LM11, LM21, or RU2
primary antibody (for information on antibodies, see above). LM5, LM11, and
LM21 antibodies were used at 1:200 dilution in 0.02 m Tris-buffered saline,
pH?7.5,and 0.1% (v/v) Tween 20 plus 5% (v/v) normal goat serum, while RU2
antibody was used without dilution. After incubation with each antibody, the
samples were washed three times in 0.02 m Tris buffer, pH 8.2, with 0.02% (w /v)
azide, incubated in secondary antibody (1:50 goat anti-rat for LM5 and LM11
and 1:50 goat anti-mouse for RU2) coupled in both cases to 5-nm colloidal
gold (Amersham Pharmacia Biotech) in Tris buffer plus 0.06% (v/v) bovine
serum albumin for 1 to 1.5 h at room temperature, then washed in Tris buffer
and water. A BBInternational Silver Enhancing Kit (Ted Pella) was used to
enhance signals of gold particles conjugated with secondary antibody. The
solution was applied for 2 to 5 min (Hainfeld and Powell, 2000). Sections were
stained for 20 min with 2% (w/v) aqueous uranyl acetate and then for 2 min
with lead citrate at room temperature (Reynolds, 1963, Bozzola and Russell,
1999). Primary antibodies were omitted in control experiments. Sections were
observed and photographed using a 1200 EX transmission electron microscope
(JEOL) operating at 80 kV.

NMR Spectroscopy

Polymers obtained after cellulose dissolution were dissolved in 99.9 atom%
heavy water (Ferak), dried, and then redissolved in 99.994 atom% heavy water
(Aldrich). 'H spectra were recorded at 303 K using a Bruker AVANCE IIl NMR
spectrometer operating at 600 MHz. The acquired data were processed and
analyzed using Topspin 2.1 software (Bruker).

In Situ B-Galactosidase Activity

The substrate for 8-1,4-galactosidase, resorufinyl-4-O-(8-p-galactopyranoside),
synthesized as described by Ibatullin et al. (2009), was a gift from Dr. Harry
Brumer. Free-hand TW and NW sections were placed in assay buffer con-
taining 47 mm resorufinyl-4-O-(B-p-galactopyranoside) and 25 mm MES
at pH 6.5, and the evolution of the fluorescent signal from resorufin was
monitored by time-lapse confocal microscopy during 80 min, using an LSM 510
instrument (Carl Zeiss). The presented micrographs were taken when the
signal plateaued, after 20 min. The argon-krypton laser line at 568-nm ex-
citation and over 570-nm emission was used. Signals from the transmitted
light channel and fluorescence channels were recorded separately. Control
sections were heated at 95°C in the MES buffer for 30 min prior to incubation with
the substrate, using the same scanning conditions as for experimental sections.

Supplemental Data

The following supplemental materials are available.

Supplemental Figure S1. Scheme of the sequential extraction of cell walls.

Supplemental Figure S2. Immunolocalization of cell wall polysaccharides
in fibers of normal wood and tension wood.
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