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Abstract
Main conclusion CAD-deficient poplars enabled studying the influence of altered lignin composition on mechanical
properties. Severe alterations in lignin composition did not influence the mechanical properties.

Wood represents a hierarchical fiber-composite material with excellent mechanical properties. Despite its wide use and
versatility, its mechanical behavior has not been entirely understood. It has especially been challenging to unravel the
mechanical function of the cell wall matrix. Lignin engineering has been a useful tool to increase the knowledge on the
mechanical function of lignin as it allows for modifications of lignin content and composition and the subsequent studying
of the mechanical properties of these transgenics. Hereby, in most cases, both lignin composition and content are altered
and the specific influence of lignin composition has hardly been revealed. Here, we have performed a comprehensive micro-
mechanical, structural, and spectroscopic analysis on xylem strips of transgenic poplar plants, which are downregulated
for cinnamyl alcohol dehydrogenase (CAD) by a hairpin-RNA-mediated silencing approach. All parameters were evaluated
on the same samples. Raman microscopy revealed that the lignin of the ApCAD poplars was significantly enriched in alde-
hydes and reduced in the (relative) amount of G-units. FTIR spectra indicated pronounced changes in lignin composition,
whereas lignin content was not significantly changed between WT and the hpCAD poplars. Microfibril angles were in the
range of 18°-24° and were not significantly different between WT and transgenics. No significant changes were observed
in mechanical properties, such as tensile stiffness, ultimate stress, and yield stress. The specific findings on ApCAD poplar
allowed studying the specific influence of lignin composition on mechanics. It can be concluded that the changes in lignin
composition in ApCAD poplars did not affect the micromechanical tensile properties.

Keywords Plant cell wall - Cell wall mechanics - Genetic modification - Lignin composition
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Wood is a hierarchically structured, multi-component fiber-
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allows altering content, composition, and interconnection
of the different cell wall polymers (Vanholme et al. 2008).
Genetic engineering has been extensively utilized for cre-
ating plant lines with lower lignin content and/or altered
lignin composition as both modifications may result in
higher efficiency in pulping and bio-refinery processes
(Baucher et al. 1996, 1998; Boerjan et al. 2003; Chen and
Dixon 2007; Pilate et al. 2002; Van Acker et al. 2014; Var-
gas et al. 2016). In a number of studies, such transgenic
plant lines have been studied by mechanical tests to reveal
the mechanical function of lignin, both in terms of content
and composition (Awad et al. 2012; Bjurhager et al. 2010;
Hepworth and Vincent 1998; Horvath et al. 2010; Voelker
et al. 2011). Horvath et al. (2010) analyzed the mechanical
properties of 4-COUMARATE-CoA LIGASE (4CL) down-
regulated poplars, which have a 30% reduction in Klason
lignin content (Horvath et al. 2010). A decrease of specific
bending stiffness (density normalized) of 40% was meas-
ured. In a recent study, Ozparpucu et al. (2017) could cor-
relate a reduction in tensile stiffness of 15% with a reduction
of 12% in FTIR lignin absorbance (as an indication of lignin
content) for young poplar trees downregulated for CAD via
antisense (AS) and sense (S) gene silencing techniques
(Ozparpucu et al. 2017).

A few studies dealt with a mechanical analysis of trans-
genic plants with altered lignin composition but similar
lignin content in comparison to the corresponding WT. Hep-
worth and Vincent (1998) found a 30% decrease in tensile
elastic modulus of CINNAMYL ALCOHOL DEHYDROGE-
NASE (CAD) downregulated tobacco plants with a similar
Klason lignin content, but altered lignin composition. Yet,
lignin content and composition were not analyzed on the
samples investigated but taken from a previous study (Hal-
pin et al. 1994), which had reported a lower S/G ratio for
one transgenic line and the incorporation of cinnamalde-
hydes into lignin for both analyzed lines. A change in the
S/G ratio may be mechanically relevant, as a syringyl-rich
lignin has been considered as less condensed, due to less
extended branching (Bonawitz and Chapple 2010). Horvath
et al. (2010) performed three-point bending and compression
tests on poplars produced by overexpression of FERULATE
5-HYDROXYLASE (F5H, named PtrCAIld5H in the publi-
cation). An increase of the S/G ratio by a factor of two was
observed. They found a non-significant decrease in bending
elastic modulus of around 10% and a significant decrease
in compression strength by 11%. Klason lignin content was
lowered by 8% in comparison to the WT (Horvath et al.
2010).

In these studies, structural information, such as cellu-
lose microfibril orientation, density, or lignin analysis, is
either lacking or has not been taken from the mechanically
tested samples. The importance of taking this information
from the very same samples has been previously pointed out
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by Ozparpucu et al. (2017). Furthermore, the importance
of taking the structural organization of the cell wall into
account for understanding the mechanical function of lignin
has been revealed. The cellulose microfibril angles (MFA)
of the plant fibers may play a crucial role in determining the
specific influence of lignin (content and composition) on the
mechanical behavior. At high angles, the cell wall matrix
is loaded predominantly in shear, which may render lignin
content and composition more relevant for the mechani-
cal properties. The presence of lignin and its cross-linking
to hemicellulose may increase shear stiffness and strength
(Forbes and Watson 1992).

Using a hairpin-RNA-mediated silencing approach, CAD-
downregulated poplar (Populus tremula X P. alba) lines,
referred to as hpCAD, have been previously analyzed by
van Acker et al. (2017). CAD catalyzes the last step in the
biosynthesis of monolignols, namely the conversion from
aldehydes to alcohols, and down-regulation of CAD expres-
sion results in the incorporation of mainly sinapaldehyde
in the lignin polymer (Baucher et al. 1996; Lapierre et al.
1999; Van Acker et al. 2017). The hpCAD poplar lines dis-
played a homogeneous red colorization and had a very low
residual CAD activity (~ 15% residual alcohol dehydroge-
nase activity). The study of Van Acker et al. revealed that
Klason lignin content was reduced by approximately 8% and
the composition of lignin was altered. Besides a significant
incorporation of aldehydes into lignin, the syringyl (S)/guai-
acyl (G) ratio was altered as compared to the corresponding
WT. In the present study, we analyze hpCAD poplars for
especially unravelling the influence of lignin composition
on plant cell wall mechanics. The mechanical properties of
xylem strips of ApCAD poplar were investigated by micro-
mechanical tensile tests. To specifically reveal the influence
of lignin composition on the mechanical properties, a com-
prehensive analysis of density, cellulose microfibril orienta-
tion, lignin content, and composition was conducted on the
very same mechanically tested samples.

Materials and methods
Plant material

Three different hpCAD lines (hpCAD4, hpCADI19, and
hpCAD24) were grown in the greenhouse with their corre-
sponding WT for 3.5 months. At harvesting, the total stem
length was on average 145 cm (without any significant dif-
ference between the three ipCAD lines and WT). For five
biological replicates per line, the basal 10 cm stem segment
was harvested, debarked, and immediately frozen until fur-
ther usage for mechanical, structural and chemical analyses.

From the basal stem parts, sections of 30 mm length were
taken to prepare tissue strips for mechanical, structural and
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chemical (via spectroscopy) analyses. The outermost xylem
was first removed by a microtome (Leica RM2255, Leica
Microsystems, Germany), cutting to a depth of approxi-
mately 300 um. Next, eight to fourteen consecutive lon-
gitudinal-tangential (LT) sections were cut from the stem
with a thickness of 100 um using a rotary microtome (Leica
RM2255, Leica Microsystems, Germany). After microtome
cutting, the width of the sections was trimmed to 1.5 mm
using a scalpel. Cutting was done in wet conditions and the
sections were kept in water until mechanical testing. The
number of technical replicates tested for the five biologi-
cal replicates of WT and the three hpCAD lines: hpCAD4,
hpCAD19, and hpCAD24 are given in Table 1.

Micromechanical tensile test

For the mechanical tests, a micro-tensile testing stage was
used as described in Burgert et al. (2003). Displacement was
recorded with video extensometry using a stereomicroscope
and a CCD camera. The test length was fixed at 15 mm and
a strain rate of 0.67%¢ s~! was used. Force was detected
with a 50 N load cell (Honeywell, Sensotec Sensors). Based
on the force—displacement curves, stress—strain curves were

calculated. Then, elastic modulus, ultimate stress, yield
strength, toughness, ultimate and yield strain values were
evaluated. The bulk density of micromechanically tested
samples was calculated with respect to green volume and
oven-dry mass (Rowell 2012). For statistical analysis, first,
the average value of the technical replicates was calculated
for each of the five biological replicates per line and, next,
the average of these five biological replicates was calculated
for each line (n = 5, for hpCAD4, hpCADI19, and hpCAD24).
Finally, the average values of the biological replicates were
statistically compared using one-way ANOVA (Tukey’s test
range) at 95% (p = 0.05) confidence level.

Wide angle X-ray diffraction

Wide angle X-ray diffraction (WAXD) measurements were
performed on the mechanically tested samples to analyze the
cellulose microfibril orientation distribution and to calculate
the microfibril angles (MFA) of the cell walls. For the meas-
urements, a Nanostar (Bruker AXS, Germany) was used,
equipped with a CuKa-source (wavelength of 1.54 A) and
operated in vacuum condition. On average, fifteen samples
(from three biological replicates) were measured from WT

Table 1 Overview of the

Lines Biological replicates ~ Number of technical replicates
samples used to measure
micromechanical tensile Micromechani- Microfibril angle FTIR Raman
properties and MFA and to cal tensile test ~ (MFA) measurement® measurement®  mapping®
acquire FTIR and Raman
spectra WT WT-2 12 5 11 3
WT-5 10 6 9 3
WT-10 9 5 9 -
WT-14 14 - 13 -
WT-16 10 - 9 -
hpCAD4 hpCAD4-11 8 5 3
hpCAD4-13 10 5 10 -
hpCAD4-21 10 5 9 -
hpCADA4-22 10 - 10 3
hpCADA4-36 11 - 9 -
hpCAD19  hpCADI19-10 13 - 11 -
hpCAD19-21 13 5 11 3
hpCAD19-26 12 5 10 3
hpCAD19-23 11 5 11 -
hpCAD19-40 10 - 9 -
hpCAD24  hpCAD24-2 12 - 11 -
hpCAD24-11 10 6 10 -
hpCAD24-15 11 - 9 -
hpCAD24-36 12 6 12 3
hpCAD24-39 12 5 11 3

‘~’ no technical replicates analyzed
#Same technical replicates as used for the micromechanical tensile test

PThree spectra were acquired for each technical replicate and averaged

“Three mappings were done on one cross-section for each biological replicate

@ Springer
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and each hpCAD line (Table 1). The X-ray beam diameter
was set to approximately 300 um and the sample-detector
distance was set to 8.5 cm. One diffraction image was col-
lected for each sample with an exposure time of 35 min.
Azimuthal intensity profiles of the (200)-Bragg peak of crys-
talline cellulose were derived from the diffraction images by
radial integration. The azimuthal profiles were used to cal-
culate of the microfibril orientation distribution as explained
in Riiggeberg et al. (2013).

Fourier transform infrared (FTIR) spectroscopy

FTIR measurements were conducted on the mechanically
tested strips (LT cuts, for numbers, see Table 1). Measure-
ments were done using an ATR (attenuated total reflection)-
unit (Platinum, Bruker, Germany) on a TENSOR 27 FTIR
spectrometer (Bruker, Germany). Three spectra were
recorded on each strip (from left, middle and right parts)
in the range of 4000-350 cm™' with a spectral resolution of
4 cm™!. The averaged spectra were used for further analysis.
A total number of approximately 50 strips were investigated
for each line. The averaged spectrum for each strip was base-
line corrected and normalized to the strongest carbohydrate
absorption band at 1034 cm™'. The average spectra for each
biological replicate were calculated and absorbance values
(maximum height) of the bands in the fingerprint region
(1800-800 cm™!) were compared with statistical analy-
sis using one-way ANOVA (Tukey’s test range) at 95%
(p = 0.05) confidence level.

Raman spectroscopy

Changes in the chemical composition of WT and hpCAD
cell walls were elucidated in the sub-micrometer range using
Raman microscopy. This spectroscopic technique allows for
imaging the distribution and (relative) concentration of spe-
cific cell wall components. In addition, changes in lignin
composition within the walls can be monitored (Gierlinger
2014). For the analysis, cross-sections with a thickness of
20 pm were cut using a rotary microtome from those parts
of the stems that had been used for mechanical analysis. The
sections were placed onto a glass slide with a drop of water
and sealed with a coverslip and nail polish (Gierlinger et al.
2012). For each line, two biological replicates were chosen
as specified in Table 1. Raman spectra were obtained in a
confocal mode using a Raman spectrometer (InVia, Ren-
ishaw, UK) coupled to a microscope, and a linearly polarized
green laser (4 = 532 nm) with a laser power of 19.6 mW. A
100 X oil immersion lens was used for high spatial resolu-
tion. Raman mappings were obtained utilizing line focus
mapping with 0.3 pm step size, an integration time of 0.4 s
per spectrum and a grating with a resolution of 1800 I/
mm. Three mappings (at distances 300, 600, 1000 pm from

@ Springer

cambium to pith) were conducted on each cross-section. For
the evaluation of spectra, a cosmic ray removal (in Wire
3.7) was applied and the spectra were exported to Cytospec
(Cytospec Inc., version 2.00.01) for further analysis. By inte-
grating the intensity within the range of 1550-1650 cm™!,
which reflects the aromatic skeletal vibrations of lignin,
Raman mappings showing the distribution of aromatic com-
ponents within the cell walls were obtained. More detailed
analysis was performed on the cell walls (CWL) and cell
corners (CC) separately by defining three regions of inter-
est (ROI) from CWL and CC on each mapping. The average
spectra derived from each of these ROIs were treated by
baseline correction and the normalization on the aromatic
skeletal stretching vibration of lignin around 1600 cm™!
were analyzed in the software Opus 7.0.

Results
Micromechanical properties

The mechanical tests on thin xylem tissue strips of WT and
hpCAD poplars revealed a stiffness and ultimate stress of
approximately 2 GPa and 50 MPa, respectively (Fig. 1a,
b and Table S1 in Supplementary material). No signifi-
cant differences for these two parameters were detected
between WT and the ApCAD lines. The stress—strain
curves of WT and hpCAD showed a biphasic character
(i.e., the curves have a clear yield point, Fig. Sla in Sup-
plementary material). A yield stress of about 29 MPa was
found for all lines, without any significant differences
between WT and i#pCAD lines (Fig. 1c). The wood den-
sity of the xylem strips appeared to be significantly lower
for hpCAD24 compared to WT, whereas no significant
differences were found for the other two lines (Fig. 1d).
Density directly affects the mechanical properties of wood
tissue (Zobel and Van Buijtenen 2012); however, no sig-
nificant differences were observed for the specific (density
normalized) elastic modulus (Fig. S1b in Supplementary
material).

Microfibril angle (MFA)

Wide angle X-ray diffraction was performed to determine
the MFA on a subset of the xylem strips that were also used
for the micromechanical tests. The X-ray analysis revealed
average MFAs of 23° + 3° for WT, 24° + 2° for hpCADA4,
24° + 5° for hpCAD19 and 18° + 2° for hpCAD24. No sig-
nificant differences between WT and hpCAD lines were
found via ANOVA statistical analysis (95% confidence
level).
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FTIR

The average spectra of all three ipCAD lines (hpCADA4,
hpCAD19, and hpCAD24) and WT are compared in the
fingerprint region (1800-800 cm™!) after baseline correc-
tion and normalization on the strongest cellulose band at
1034 cm™! (Fig. 2). Since the spectra of the samples of the
three ApCAD lines did not show any difference in terms of
intensity values (absorbance) and the shape of the bands
(see the second derivative FTIR spectra of each line in Fig.
S2 in Supplementary material). Average spectra of the three
hpCAD lines are shown in Fig. 2 and compared with the
spectrum of WT. The intense carbohydrate bands in the
range of 1187-860 cm™! (C-0 and C-C stretching) showed
the same shape and position of maxima for all transgenic and
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points (x). Asterisks indicate significant differences between WT and
the transgenic lines at 95% confidence level (ANOVA test)

WT plants, from which it can be concluded that cellulose
structure was not affected by down-regulation of CAD. For
the aromatic skeletal vibrations (plus C=0O stretching) at
1593 and 1505 cm™' (mainly lignin) (Faix 1991), a slight
decrease of 3 and 6%, respectively, is visible in the spec-
tra of hpCAD lines. However, these differences were found
to be not significant at a level of p = 0.05 (p;59; = 0.19,
D150 = 0.059) for these bands (see Table S2 in Supplemen-
tary material).

Yet, a significantly lower absorbance was found in the
spectra of hipCAD lines at 1460, 1424, and 1371 cm~!. These
bands can be assigned to C—H deformation (asymmetric in
C-H3 and C-H2), aromatic skeletal vibrations combined
with C-H deformations (in-plane), and aliphatic C—H
bonds in methyl groups of lignin, respectively (Faix 1991).
However, these bands may partly overlap with the bands
originating from hemicellulose (at 1460 and 1423 cm™)

@ Springer
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Fig.2 Average FTIR spectra (normalized on the absorption at
1034 cm™" and baseline corrected) of WT and hpCAD lines in the
range of 1800-800 cm™!. Asterisks mark absorption bands within the
spectra which show significant differences in intensity between WT
and the hpCAD lines according to ANOVA (Tukey’s test) analysis at
95% confidence level. The total number of FTIR spectra for the calcu-
lation of average spectra is given in Table 1

and cellulose (at 1371 cm™") (Ka&urdkov4 et al. 1998). In
addition, slight shifts in band positions were observed at
1593 cm™" (aromatic skeletal plus C=O stretching, shifted to
higher wavenumbers), 1505 cm™! (aromatic skeletal, shifted
to lower wavenumbers) and 1320 cm™' (phenolic —OH defor-
mations, shifted to higher wavenumbers) in ApCAD lines
compared to WT, indicating changes in lignin composition
of the transgenic lines.

Absorbance at 1736 and 1236 cm™"! was found to be sig-
nificantly higher in the ApCAD lines. The band at 1736 cm™"
can be mainly assigned to C=0 stretching of acetyl and
carboxylic acid groups in xylan and to C=0 stretching of
unconjugated ketones in lignin. The minimum intensity next
to the band at 1736 cm™! (right) caused an additional shoul-
der at 1680 cm™! in the second derivative spectra of the
hpCAD lines compared to that of WT (Fig. 2 in Supplemen-
tary material). The band at 1236 cm™! shows an intensity
change and peak shift. It is assigned to asymmetric stretch-
ing of C—O-C in the acetyl groups of hemicellulose and
pectin, but lignin also contributes to this band (Faix 1991;
Schwanninger et al. 2004).

Raman

Raman images were generated by integrating the peak inten-
sity of the bands characteristic for vibrations of aromatic
plant cell wall components (1750-1550 cm™"). Representa-
tive images are given in Fig. 3 for each of the hpCAD lines
and WT, showing the intensity distribution of the aromatic
ring stretching vibration at 1598 cm™' (mainly aromatic
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stretching of lignin structures), C=C vibration at 1628 cm™!
(mainly from aromatic aldehyde structures, i.e., coniferal-
dehyde and sinapaldehyde structures), and C=C vibrations
at 1656 cm™! (mainly from coniferyl alcohol and sinapyl
alcohol derived structures, but also C=0 stretching of conif-
eraldehyde structures) (Agarwal 1999; Agarwal et al. 2011;
Liu et al. 2015). The mappings of all aromatics reveal the
well-known distribution of lignin in wood tissues with the
highest concentration in the middle lamellae and the cell
corners and with a lower concentration in the secondary cell
walls (Fig. 3). WT and hpCAD lines do not show any (vis-
ible) difference in overall aromatic content (1598 cm™"), but
they show differences for the bands characteristic for aro-
matic aldehyde and coniferyl alcohol units. The band which
is mainly attributed to aromatic aldehyde units (1628 cm™)
shows high intensity in the ApCAD lines, whereas it is too
small to be seen as a separate band between the two neigh-
boring bands in WT. In contrast, the band mainly attributed
to coniferyl and sinapyl alcohol units (at 1657 cm™!) had a
higher intensity in WT.

Furthermore, a region of interest (ROI) study was per-
formed taking averaged Raman spectra from three cell cor-
ners and three cell walls of each mapping (for the numbers,
see Table 1). Figure 4 shows the averaged spectra of the
cell corners (CC) and cell walls (CWL) in the region of
1550-1700 cm™' (baseline corrected and normalized at
1598 cm™).

The averaged spectra of the ROI study confirm the
above described results of the mappings as the spectra of
CC and the CWL of hpCAD plants show a clear band at
1628 cm™!, which can be assigned to C=C vibration of sina-
paldehyde and/or coniferaldehyde groups, while the band
at 1657 cm™!, which is characteristic of mainly coniferyl/
sinapyl alcohol structures in the spectra of WT is hardly vis-
ible anymore in the spectra of ApCAD plants (C=C stretch-
ing of coniferyl alcohol and sinapyl alcohol) (Agarwal 1999;
Liu et al. 2015). The Raman intensity at 1628 cm™! in the
spectra showed higher variability in the cell wall than in the
cell corners, which points to a rather homogenous composi-
tion of the cell corner, but not of the cell walls. The aromatic
stretching band at 1598 cm™"' shifted to slightly lower wave-
numbers in the spectra of the transgenic lines for both cell
corners and cell walls, which can be explained by changes
in the substitution of the aromatic rings (Adapa et al. 2009;
Sun et al. 2012).

Because the cellulose bands overlap with lignin
bands in the region 1550-1100 cm~!, the further
study was restricted to the cell corner region (Fig. 3),
as these represent almost pure lignin spectra. Differ-
ences between hpCAD lines and WT were found (nor-
malized 1598 cm™!, Fig. 5) and confirmed changes in
lignin composition. Transgenic lines showed higher
Raman intensity at 1503 cm™' (asymmetric aromatic
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(a) 1598 cm-!

Fig.3 Raman mapping images of WT, hpCAD4, hpCADI19, and
hpCAD24, based on the integrated intensity of the band in the
lignin aromatic region (1750-1550 cm™') at a 1598 cm™' for WT,
#1594 cm™! for hpCAD lines (aromatic ring stretching of lignin), b
1628 cm™! (C=C stretching of aromatic aldehydes) and ¢ 1657 cm™

ring stretching of lignin), less intensity at 1460 cm™

(assigned to CH; bending in the O—CHj; group of lignin)
and at 1269 cm™' (assigned to aryl-O of aryl-OH and
aryl-O-CH;, which is known as a characteristic band
of G-units (Agarwal et al. 2011) compared to the spec-
tra of the WT plants. In addition, besides these inten-
sity changes, some bands in the spectra showed shifts to

(b) 1628 cm-!

; F 850
- CCD
cts

(c) 1656 cm™!

)L—H" 400

— ccD
cts
A
0.
A ' ‘
w‘ a

(C=C stretching of coniferyl and sinapyl alcohol, plus C=0 stretch-
ing of coniferaldehyde; Agarwal et al. 2011; Liu et al. 2015). Note the
different intensity ranges of the color gradient for the different bands
for better visibility of differences within each mapping; the scale bars
indicate 10 pm

higher wavenumber (e.g., 1377-1393 cm™': C—H bending
in R3C-H, 1330-1333 cm™!: aliphatic O—H bending and
1146-1162 cm™') compared to WT spectra.
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Fig.4 Raman spectra of samples between 1700 and 1550 cm™ (base-
line corrected and normalized to the intensity at 1594-1600 cm™)
of a cell corners (CC) and b cell walls (CWL). The bands at 1598
and 1594 cm™' are attributed to aromatic ring stretching, the band at
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Fig.5 Raman spectra of cell corners (CC) in the region between
1550 and 1100 cm™' (baseline corrected and normalized on
1598 cm™"), which confirm changes in lignin composition of ApCAD
and WT lines

Discussion

Genetic engineering provides the possibility to specifically
alter lignin content and/or composition, which provides
the opportunity to reveal the role of lignin in plant cell
wall mechanics. In the present study, we have mechani-
cally, chemically, and structurally analyzed transgenic
poplar plants with a reduced CAD activity, which was gen-
erated using a hairpin-RNA-mediated silencing approach
(Van Acker et al. 2017). This has offered the possibility to
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1628 cm™! to C=C vibration of mainly aromatic aldehydes, and the
band at 1657 cm™! mainly to C=C vibrations of mainly coniferyl
and sinapyl alcohol derived structures and also to C=O stretching of
coniferaldehyde structures (Agarwal et al. 2011)

specifically investigate the influence of changes in lignin
composition on the mechanical behavior of poplar wood.
The changes in lignin composition have become evi-
dent in the Raman and FTIR spectra. In the Raman spec-
tra, the occurrence of the 1628 cm™' band (C=C stretch-
ing) gave proof of an increased aldehyde content in the
transgenic lines. Aldehydes typically have a strong band
around 1130 cm™! reflecting the C—C stretching of the end
group (C—C=0). As this band has a rather low intensity, an
incorporation of aldehydes into lignin is suggested.
Previously, Van Acker et al. have performed wet chem-
istry analysis on the entire debarked stem of the same
biological replicates of hpCAD poplar, which we have
analyzed in the present study (Van Acker et al. 2017). By
thioacidolysis followed by GC-MS and by NMR spec-
troscopy, an up to 20-fold increase in the incorporation
of sinapaldehyde into lignin and a higher frequency of
free-phenolic end-groups were measured, whereas no
strong evidence was found for coniferaldehyde incorpora-
tion (Van Acker et al. 2017). Thus, our results on alde-
hyde incorporation are in-line with these findings, as in
the Raman spectra, the band at 1630 cm™! comprises the
contribution of both types of aldehydes. The incorporation
of sinapaldehyde may explain the changes in FTIR spec-
tra visible for the range of 1800-1670 cm™". It is known
that conjugated aldehydes and carboxylic acids show
absorption bands at 1700 cm~! and below. In addition,
sinapaldehyde has a strong band at 1651 cm™" (Faix 1991).
The increased intensity at this wavenumber is considered
to be responsible for the different shape of the shoulder
around 1680 cm™! (Fig. 2), which is even better visible
in the second derivatives of the FTIR spectra (Fig. S2 in
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Supplementary material). Additionally, it might also be the
cause of the increased absorbance at 1736 cm™' (Fig. 2).

The pronounced changes in the Raman spectra of hpCAD
and WT in the region between 1550 and 1100 cm™! mainly
reflect a change in the ratio of the monolignol units. In par-
ticular, the transgenic lines showed a significant decrease in
the band at 1269 cm™!. Raman measurements on standard
lignin compounds and on lignins derived from a number of
plant species show that this peak is mainly assigned to guaia-
cyl (G) type of lignin (Agarwal et al. 2003, 2011; Larsen
and Barsberg 2010; Sun et al. 2012). The band at 1330 cm™!
is shifted to 1333 cm™! in ApCAD lines, but its intensity is
not significantly different between hipCAD and WT lines.
The band at 1330 cm™! is often assigned to syringyl (S)
type of lignin (Agarwal et al. 2003; Larsen and Barsberg
2010; Sun et al. 2012), but it can also comprise signals
from G-units and is therefore not as specific as the G-unit
band at 1269 cm™!. The shift from 1146 to 1162 cm~! may
also reflect an increase of S-units as a similar shift is also
observed between the spectra of poplar and spruce lignin,
which differ in their S/G ratio (Gierlinger et al. 2013). When
including the contributions of the aldehydes in the calcu-
lation of the S/G ratios of the lignins of WT and hpCAD
poplars, the relative decrease of G-units is in line with the
reported NMR results of the study of van Acker et al. (2017).
The study reports an increase in S/G ratio of around 17% for
the hpCAD poplars compared to WT. A higher incorporation
of sinapaldehydes in hipCAD lines is also responsible for the
higher intensity of the Raman band at 1503 cm™!, which is
assigned to aromatic ring stretching (Agarwal et al. 1997).

The changes in lignin composition of ApCAD lines are
more pronounced compared to those of the AS/S-CAD lines
(Ozparpucu et al. 2017). The incorporation of aldehydes was
much higher in sipCAD lines than in AS/S-CAD lines. In the
Raman spectra, an intense band appeared at 1628 cm™' in
the spectra of the hipCAD lines, whereas only a shoulder at
1630 cm™! was visible in spectra of AS/S-CAD lines (Ozpar-
pucu et al. 2017). In addition, the peak shifts detected in the
FTIR spectra and the Raman spectra of ApCAD lines for
several peaks were not visible for the spectra of the AS/S-
CAD lines (Ozparpucu et al. 2017).

While changes in lignin composition are much more pro-
nounced in ApCAD lines compared to those measured in
AS/S-CAD lines, the decrease in FTIR-lignin absorbance (at
1505 cm™!, as an indicator of lignin content) was larger in
AS/S-CAD lines. A significant decrease of 12% was found
for AS/S-CAD lines, whereas a non-significant decrease of
6% was found in 4pCAD lines in the current study. However,
the severe changes in lignin composition may influence the
intensity of the aromatic stretching vibration. Therefore, in
the present study, changes in lignin content based on aro-
matic stretching vibrations detected by FTIR have to be
taken with more care. The significantly lower absorbance

present in the bands assigned to CH vibrations (e.g., 1460,
1424, and 1371 cm™') may rather be related to changes in
lignin composition than to changes in lignin content.

For correlating changes in lignin composition with
mechanical properties, density and cellulose microfibril
orientation were analyzed, as they influence the mechanical
properties of wood and may be affected as well (Bjurhager
et al. 2010; Cave 1968; Donaldson 2008; Ozparpucu et al.
2017; Salmén and Burgert 2009). No significant difference
in MFA and wood density was found between WT and trans-
genic plants. Microfibril angles were measured in the range
of 18°-24° for hpCAD lines and WT, which reflects typical
values for juvenile wood (Gorisek et al. 1999). The values
are very similar to those found for the AS/S-CAD plants
(Ozparpucu et al. 2017). For large MFA, it was shown that
stiffness correlates with lignin content (Kohler and Spatz
2002; Ozparpucu et al. 2017; Riiggeberg et al. 2008). The
wood density appeared to be significantly reduced in one of
the three lines tested (hpCAD24) only. Since MFA, wood
density and lignin content were largely similar for WT and
hpCAD plants and the micromechanical tensile tests did not
reveal any significant differences in mechanical properties
between WT and hpCAD lines, it can be concluded that the
pronounced changes in lignin composition do not alter the
tensile properties of the poplar wood to a measurable level.

These results are in line with the study of Horvath et al.
(2010) on poplars overexpressing F5H, which reports a non-
significant decrease in bending modulus of 9% for the trans-
genic lines, which exhibit an S/G ratio higher by a factor of
two compared to the WT plant. This shift is much higher
than that observed in ApCAD. This is also in line with the
theoretical study of Jin et al. (2015), who simulated shear
loading on a small representative volume element of the cell
wall using molecular dynamics (MD) modeling. Accord-
ing to the simulations, a change in the S/G ratio by 20%
(decrease as well as increase) does not lead to any changes
in the shear stiffness of the matrix. Whereas these studies
suggest that changes in lignin composition, i.e., changes
in S/G ratio and incorporation of aldehydes, do not lead to
changes in mechanical properties, it might be still possible
that eventual changes in mechanical properties caused by the
modification of lignin are masked by compensation mecha-
nisms (Hu et al. 1999) or the rather pronounced variability
in properties observed. Furthermore, other compositional
changes of lignin may still have an influence on the mechani-
cal properties.

Notably, WT and hpCAD lines of this study showed much
higher variability in properties such as elastic modulus,
lignin absorbance, and MFA, compared to WT and AS/S-
CAD plants as reported in Ozparpucu et al. (2017). The com-
parison of the coefficient of variance for these properties
of both studies is given in Fig. S3 (Supplementary mate-
rial). Moreover, the WT of hipCAD lines also showed higher

@ Springer



896

Planta (2018) 247:887-897

variability of all measured properties compared to WT of
AS/S-CAD lines although they were grown in a common
greenhouse environment (Ozparpucu et al. 2017). Therefore,
the high variability is likely of biological origin. It is worth
to emphasize that studies revealing the structure—property
relationships of young modified plants can be challenging
in a way that resulting changes due to modification might
be masked under natural variability. Thus, a comprehensive
analysis with a high number of observations is crucial.

Conclusion

Significant changes in lignin composition were found for
hpCAD poplars compared to WT plants. In particular, sig-
nificant aldehyde incorporation into lignin and a relative
decrease in G-units were observed. Lignin content was
slightly, albeit not significantly, decreased. Neither microfi-
bril orientation nor wood density was altered. A high micro-
fibril angle in the range of 18°-24° was observed, which
makes the mechanical properties of the cell wall matrix,
in particular its shear stiffness, more relevant for the stiff-
ness of the cell wall. Thus, changes in the composition of
lignin, which alter the mechanical properties of the matrix,
would be detectable by micromechanical analysis. The study
revealed that micromechanical properties including stiff-
ness, yield strength and ultimate strength of the transgenic
plants were not significantly altered compared to WT plants.
These settings offered the possibility of studying changes in
lignin composition on cell wall and tissue mechanics without
superimposed effects of changes in other structural features,
which has rarely been possible so far. Thus, it can be con-
cluded that the observed incorporation of cinnamaldehydes
into lignin and the relative decrease in G-units, do not have
a measurable influence on mechanical properties of poplar
tissue and cell walls.
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