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a  b  s  t  r  a  c  t

Genetic  modifications  for perturbing  the  lignin  pathway  in  three  different  species  of angiosperm  plants,
including  non-woody  (Arabidopsis  and alfalfa)  and  woody  (poplar)  plants,  were  readily  evaluated  by
analytical  pyrolysis  coupled  to gas  chromatography-mass  spectrometry  (Py-GC/MS).  Pyrolysis  showed
that  the  composition  of  Arabidopsis  plants  was severely  altered  when  the  expression  of  the  gene
encoding  the  enzyme  caffeic  acid  O-methyltransferase  (COMT)  was  downregulated,  resulting  in a lignin
largely  enriched  in guaiacyl  (G)  units  (88%).  Alfalfa  plants  in  which  lignin  biosynthesis  was  modified  by
down-regulation  of the p-coumarate  3-hydroxylase  (C3H)  gene,  showed  extremely  high  proportions  of
ignin
hole cell-walls

ransgenic plants
oody

on-woody

p-hydroxyphenyl  (H)  units  (71%)  relative  to the  naturally  prevailing  guaiacyl  (G)  and  syringyl  (S)  units.
Finally,  Py-GC/MS  analyses  indicated  that  overexpression  in  poplar  of the  gene  that  encodes  the  enzyme
ferulate  5-hydroxylase  (F5H)  resulted  in  a  lignin  with  a higher  content  of  syringyl  lignin units  (88%)
compared  to the  wild-type  control  (71%).  In conclusion,  Py-GC/MS  is a useful  and  convenient  tool  for  the
rapid  evaluation  of  compositional  changes  in  lignin  from  genetically  modified  plants.

©  2016  Elsevier  B.V.  All  rights  reserved.
. Introduction

Lignin is a complex aromatic biopolymer characteristic of vas-
ular plants, where it provides mechanical support, waterproofs
he cell-wall, and protects plants against microbial attack, limit-
ng polysaccharide hydrolysis. Lignin acts as a biological cement
etween cellulose and hemicelluloses in the secondary cell wall
nd is the main cause of lignocellulosic biomass recalcitrance to
fficient utilization of lignocellulosic substrates. Due to the nega-
ive processing effects of the presence of lignin in cell walls, there
ave been numerous efforts towards engineering lignin biosynthe-
is to produce plants with lower lignin content or with a lignin
tructure more amenable to chemical degradation [1]. In this con-
ext, a promising approach is to develop genetically modified plants
y up- and down-regulating the expression of key genes involved

n the biosynthesis of the lignin precursors (Fig. 1). Lignin derives

ainly from the oxidative coupling of three p-hydroxycinnamyl

lcohol monomers, p-coumaryl, coniferyl and sinapyl alcohols that
roduce respectively the p-hydroxyphenyl (H), guaiacyl (G) and

∗ Corresponding author.
E-mail address: jrencoret@irnase.csic.es (J. Rencoret).

ttp://dx.doi.org/10.1016/j.jaap.2016.07.016
165-2370/© 2016 Elsevier B.V. All rights reserved.
syringyl (S) phenylpropanoid units when incorporated into the
lignin polymer [2]. The lignin content as well as the monomer
composition and inter-unit linkage distribution are widely vari-
able between species and tissues. In general terms, gymnosperm
lignins are composed of G- units with minor amounts of H-units,
woody and non-woody angiosperm lignins are G-S lignins with
variable S:G ratios, whereas grasses contain all the three units,
although the levels of H-units have often been over-attributed [3].
Substantial compositional changes in angiosperm lignins can be
obtained from misregulation of single genes in the lignin biosyn-
thetic pathway, with the aim of altering the ratio of the three
principal lignin monomers or monolignols [2,4,5]. The lignin of any
plant can, in principle, be engineered and altered to produce more
desirable lignin polymers thanks to the flexibility of the lignification
mechanism that, unlike that of other biopolymers such as cellulose
and hemicelluloses, does not follow any structural pattern [6]. In
this sense, plants can use any and all of the synthesized mono-
lignols, regardless of the proportion in which they are produced,
as long as they are transported to the lignification zone. Among

the most impressive genetically modified plants are transgenic
hybrid poplar trees with elevated levels of the enzyme ferulate 5-
hydroxylase (F5H) that produce lignins highly enriched in syringyl
units, enhance biomass conversion [7,8] and are more resistant to

dx.doi.org/10.1016/j.jaap.2016.07.016
http://www.sciencedirect.com/science/journal/01652370
http://www.elsevier.com/locate/jaap
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jaap.2016.07.016&domain=pdf
mailto:jrencoret@irnase.csic.es
dx.doi.org/10.1016/j.jaap.2016.07.016


156 J. Rencoret et al. / Journal of Analytical and Applied Pyrolysis 121 (2016) 155–164

OH

OH

OH

OMe

OH

MeO

p-coumaryl alcohol

p-coumaroyl-CoA

phenylalanine

OH

O

OH

S
CoA

caffeoyl-CoA

CCoAOMT

OH

O

OMe

S
CoA

feruloyl-CoA

OH

O

OMe

H

coniferaldehyde5-hydroxy-
coniferaldehyde

OH

O

OMe

H

HO
OH

O

OMe

H

MeO

sinapaldehyde

sinapyl alcohol
OH

OMe

OH

coniferyl alcohol

OHO

cinnamic acid
OH

OHO

p-coumaric acid

OH

OS
CoA

p-coumaroyl
shikimic acid/

quinic acid

OH

OS
R

OH

O

OH

S
R

caffeoyl
shikimic acid/

quinic acid

NH2

OHO

OH

O

OMe

H

MeO

p-coumaraldehyde

4CL

C4H PAL

HCT C3H HCT

CCR

COMT F5H

CADCADCAD

H lignin S lignin G lignin

CCR

OH

O

OH

caffeic acid
CSE 4CL

HO

Fig. 1. The main monolignol biosynthetic pathway including the enzymes and metabolites involved (adapted from Vanholme et al.) [5]. PAL, phenylalanine ammonia
l cinna
h ransfe
c at inv

f
f
o
(
g
u
a

t
i
a
f
l

yase;  C4H, cinnamate 4-Hydroxylase; 4CL, 4-coumarate:CoA ligase; HCT, hydroxy
ydroxylase; CSE, caffeoyl shikimate esterase; CCoAOMT, caffeoyl-CoA O-methylt
innamoyl-CoA reductase; CAD, cinnamyl alcohol dehydrogenase. Only the steps th

ungal attack [9]; alfalfa plants with improved digestibility derived
rom increasing the amounts of H lignin units by downregulation
f the gene that encodes the enzyme p-coumarate 3-hydroxylase
C3H) [10]; and Arabidopsis plants that do not produce S lignin, but
enerate 5-hydroxy-guaiacyl (5OHG) units as well as the usual G
nits by downregulation of the gene encoding the enzyme caffeic
cid O-methyltransferase (COMT).

In order to assess the changes produced in the lignin composi-
ion (H:G:S) as result of modifying the expression of genes involved
n monolignol biosynthesis, it is important to have appropriate

nalytical tools that can be used for quick screening as well as
or detailed structural analysis. Nowadays, there are several ana-
ytical techniques and methodologies that can provide valuable
moyl-CoA:shikimate/quinate hydroxycinnamoyltransferase; C3H, p-coumarate 3-
rase; F5H, ferulate 5-hydroxylase; COMT, caffeic acid O-methyltransferase; CCR,
olve the enzymes C3H, COMT and F5H, involved in this study, are highlighted.

information about the composition of lignin, including spectro-
scopic methods such as FT-IR [11] or nuclear magnetic resonance
(NMR) [12], chemical degradative methods such as permanganate
and nitrobenzene oxidations [13,14], and thioacidolysis [15] or
derivatization followed by reductive cleavage (DFRC) [16]. How-
ever, these methods often require tedious and time-consuming
procedures and need significant amounts of plant sample, which
sometimes is a major limitation in plant genetic engineering. In
this context, analytical pyrolysis coupled to gas chromatography
and mass spectrometry (Py-GC/MS) is a rapid and highly sensitive

analytical tool that allows the analysis of very small amounts of
sample without any prior manipulation and/or isolation. Pyrolysis
offers some important advantages that include: (i) easy sam-
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le preparation; (ii) small sample amount requirement (less than
 mg,  typically ∼100 �g); (iii) short analysis times (20–30 min); (iv)
llows for direct in situ analysis of the lignin polymer, i.e.,  without
equiring prior lignin isolation, and (v) high sensitivity. Py-GC/MS
as already proven to be a reliable analytical technique for the
apid characterization of lignins from many different wild-type
lants, including both woody and non-woody varieties [17–23].

t is also an excellent tool to analyze the variations in the lignin
omposition of genetically modified plants [24–29]. In addition, Py-
C/MS analysis can be applied to young plants without requiring
estructive sampling, as it only needs a minimal amount of sam-
le. Given its moderate throughput and easy sampling method,

t is a useful procedure to assess the alterations produced in the
ignin polymer of a large number of genetically modified plants.
n the present work, the value of Py-GC/MS analysis for reveal-
ng the key features of three genetically modified plants including
3H-downregulated alfalfa, an Arabidopsis comt mutant, and an
5H-upregulated poplar, is presented.

. Material and methods

.1. Plant materials

The samples used in the present work consisted of woody
poplar) and non-woody (Arabidopsis and alfalfa) angiosperms,
ncluding wild-type controls and their respective genetically mod-
fied lines used in previous studies.

.1.1. Wild-type, comt-deficient and comt C4H:F5H1 chs
rabidopsis

The Arabidopsis lines, Columbia (Col-0) were from an ear-
ier study [30]. The comt mutant (At5g54160, SALK 002373) was
btained from the SALK collection. To obtain the comt C4H:F5H1 chs
utant, a chalcone synthase (chs) mutation was  crossed into a comt

4H:F5H1 background. Plants were germinated directly in Sani-
or soil (Van Israel; http://vanisrael.testvds.com) supplemented
ith 10% v/v vermiculite (16 h light, 22 ◦C, 55% humidity). Senesced

nflorescence stems of Arabidopsis were ground in a Retsch MM400
ixer mill, equipped with a 10 mL  ZrO2 vessel and ZrO2 ball-

earings (2 × 12 mm diameter), for 1 min  at 30 Hz, for subsequent
nalysis.

.1.2. Wild-type and C3H-deficient alfalfa
Wild-type and transgenic alfalfa (Medicago sativa cv. Regen

Y) plants down-regulated in C3H transcripts, having ∼5% resid-
al C3H activity, were from material described elsewhere [10].
tems (internodes 4–10) were harvested from the control (wt)
nd C3H-deficient (C3H) alfalfa lines, ground and Soxhlet-extracted
equentially with water, methanol, acetone, and chloroform. The
solated cell walls were ball-milled using a stainless steel jar con-
aining a stainless steel ball bearing (5 mm)  for 2.5 h, with 30 min
reaks after every 30 min  of milling to avoid excessive sample heat-

ng.

.1.3. Wild-type and F5H-overexpressed poplar
F5H transgenic hybrid poplar (Populus tremula × Populus alba)

as as previously described [8]. Both wild-type and the transgenic
ine were selected based on previous studies [7]. Stems were har-
ested from 2.5-year-old poplar wild-type and transgenic trees,

anually debarked, and the pith was removed. Stems were ball-
illed using a Retsch PM100 mill at 600 rpm with ZrO2 jar (50 mL)

nd ball bearings (3 × 30 mm,  7 × 10 mm),  for 3 h (10 min  breaks
fter every 20 min  of milling).
pplied Pyrolysis 121 (2016) 155–164 157

2.2. Pyrolysis-GC/MS

Pyrolysis of samples (∼100 �g) was  performed with a 2020
microfurnace pyrolyzer (Frontier Laboratories Ltd.) connected to an
Agilent 6890 GC–MS system equipped with a DB-1701 fused-silica
capillary column (30 m × 0.25 mm i.d., 0.25 �m film thickness) and
an Agilent 5973 mass-selective detector (EI at 70 eV, mass range m/z
50–550, 2.89 scans/s). The pyrolysis was performed at 500 ◦C during
1 min. The oven temperature was programmed from 50 ◦C (1 min)
to 100 at 20 ◦C min−1 and then to 280 ◦C (5 min) at 6 ◦C min−1.
Helium was the carrier gas (1 mL  min−1). The compounds were
identified by comparing their mass spectra with those of the Wiley
and NIST libraries and those reported in the literature [20,21] and,
when possible, by comparison with retention time and mass spec-
tra of authentic standards. Peak molar areas were calculated for
the lignin degradation products, the summed areas were normal-
ized, and the data for two  repetitive analyses were averaged and
expressed as percentages. We  report the compositional data on an
S + G + H = 100% basis. The relative standard deviation for the pyrol-
ysis data was <5%.

Wild-type, COMT-deficient and comt C4H:F5H1 chs Arabidop-
sis were also analyzed on a Py-GC/MS instrument equipped
with a Curie-Point pyrolyzer (Horizon Instruments) to confirm
that 5-hydroxyguaiacyl units can be released from benzodioxane
structures that are characteristic of these lignins. Samples were
pyrolyzed for 5 s at 600 ◦C. The pyrolysis unit was connected to a
Carlo Erba GC8060 gas chromatograph and the products were sep-
arated by a fused silica column (Varian, 25 m,  0.32 mm i.d.) coated
with CP-Sil5 (film thickness 0.40 �m).  Helium was  used as carrier
gas. The oven was initially kept at 40 ◦C for 1 min, then was heated
at a rate of 7 ◦C min−1 to 320 ◦C and maintained at that temperature
for 15 min. The column was coupled to a Fisons MD800 mass spec-
trometer (mass range m/z 45–650, ionization energy 70 eV, cycle
time 0.7 s).

3. Results and discussion

The genetically modified plants selected for this study were
COMT-downregulated Arabidopsis [30], C3H-downregulated alfalfa
[10], and F5H-overexpressed poplar [8]. The alterations produced
in the lignin polymers in these genetically modified plants were
analyzed by Py-GC/MS, and the results were compared to those
from the respective wild-type plants (Figs. 2–4 ). The identities
and relative molar abundances of the compounds released upon
pyrolysis from the plants analyzed are detailed in Table 1. Signifi-
cant differences were observed among the pyrograms of genetically
modified plants compared to their respective wild-type controls,
revealing important structural modifications produced in the lignin
polymer as a consequence of misregulating genes involved in the
biosynthesis of monolignols.

3.1. Wild-type and COMT-deficient Arabidopsis

Caffeic acid O-methyltransferase (COMT) is an enzyme that
methylates the 5-hydroxyl on the aromatic ring of monolignol
precursors (Fig. 1) and is therefore crucial for the biosynthesis of
sinapyl alcohol and ultimately of syringyl groups in lignin. Previous
studies have shown that COMT-deficient plants have a higher cell-
wall degradability under both acid pretreatment and enzymatic
digestion [31,32] but are generally much worse for pulping [33]. The
pyrograms of the wild-type and the COMT-downregulated mutant

Arabidopsis stems are shown in Fig. 2 and the identities and rel-
ative molar abundances of the released compounds are listed in
Table 1. Remarkable differences could be observed among them.
Pyrolysis of the stem from wild-type Arabidopsis released phe-

http://vanisrael.testvds.com
http://vanisrael.testvds.com
http://vanisrael.testvds.com
http://vanisrael.testvds.com
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ig. 2. Pyrograms (Total-Ion Chromatograms) from stems of Arabidopsis wild-ty
dentities and relative abundances of the compounds released by Py-GC/MS are li
5H)-furan-2-one (c), 2-hydroxy-3-methyl-2-cyclopenten-1-one (d), 5-hydroxyme

olic compounds that are derived from H, G and S lignin units,
ogether with other compounds derived from carbohydrates. The
redominant lignin-derived aromatic (phenolic) compounds were
uaiacol (2), 4-methylguaiacol (5), 4-vinylguaiacol (8), syringol
14), trans-isoeugenol (17), 4-methylsyringol (18), 4-vinylsyringol
24) and trans-coniferaldehyde (38). The pyrolysis revealed a pre-
ominance of G- over S-lignin units, with an S/G ratio of 0.35. On
he other hand, pyrolysis of the COMT-deficient Arabidopsis mutant
eleased mostly phenolic compounds derived from G lignin units,
uch as guaiacol (2), 4-methylguaiacol (5), 4-ethylguaiacol (7), 4-
inylguaiacol (8), trans-isoeugenol (17), trans-coniferyl alcohol (37)
nd trans-coniferaldehyde (38), with only traces of S-derived lignin
nits, resulting in an extremely low S/G ratio of 0.01. These results
re produced because the enzyme COMT is directly involved in the
iosynthesis of sinapyl alcohol, catalyzing the penultimate step
hat consists of the methylation of 5-hydroxyconiferaldehyde to
inapaldehyde before its reduction to sinapyl alcohol. Therefore,

 strong decrease in COMT activity leads to plants with lignin
epleted in S-units, as already observed by 2D NMR spectroscopy

30,34]. In addition, Py-GC/MS data analysis shows that the relative
bundances of the compounds derived from lignin and carbohy-
rates remained almost unchanged (L/C ratios: 0.93 for wild type
) and COMT-deficient mutant (B), obtained using a Frontier 2020 pyrolyzer. The
n Table 1. Carbohydrate peaks: furfural (a), 2,3-dihydro-5-methylfuran-2-one (b),
-furfuraldehyde (e), and levoglucosan (f).

vs 0.91 for comt mutant), which indicates that COMT downregu-
lation mainly altered the lignin composition without significantly
altering the lignin content.

Another interesting aspect of COMT mutants is that they
can incorporate 5-hydroxyconiferyl alcohol into the lignin poly-
mer  giving rise to benzodioxane substructures that are readily
detectable by NMR  [30,35], derivatization followed by reduc-
tive cleavage (DFRC) [36] and thioacidolysis [37]. The occurrence
of lignins incorporating alternative monomers [30,38], usually
derived from products of incomplete monolignol biosynthesis such
as 5-hydroxyconiferyl alcohol, is another demonstration of the flex-
ibility of the lignification process [39].

3.1.1. Influence of the pyrolysis system on the release of
5-hydroxyguaiacyl units from benzodioxane structures upon
Py-GC/MS

The incorporation of 5-hydroxyconiferyl alcohol into the lignin
polymer produces benzodioxane structures as a diagnostic feature

of COMT-downregulated plants. These benzodioxane structures,
under pyrolysis condition, should give rise to 5-hydroxyguaiacyl
compounds as already reported when a Curie-Point pyrolyzer was
employed [40,41]. Surprisingly, however, but as has been noted
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ig. 3. Pyrograms (Total-Ion Chromatograms) of alfalfa stem material from wild-ty
dentities and relative abundances of the compounds released by Py-GC/MS are li
5H)-furan-2-one (c), 2-hydroxy-3-methyl-2-cyclopenten-1-one (d), 5-hydroxymet

n our labs and others previously, 5-hydroxyguaiacyl compounds
ere absent from our pyrograms that were obtained using a micro-

urnace pyrolyzer. Likewise, caffeyl alcohol-derived peaks were
imilarly difficult to find in pyrograms in OMT-deficient softwoods
sing another microfurnace pyrolyzer [29]. Numerous repetitions
f the analyses under different pyrolysis conditions (using a wide
ange of pyrolysis temperatures from 400 to 600 ◦C and pyroly-
is times from 15 to 120 s) also failed to detect these compounds.
owever, it is important to note here that 5-hydroxyguaiacol
an be readily detected using the Frontier microfurnace pyrol-
sis system used in this work, and that an authentic standard
f 5-hydroxyguaiacol has been analyzed without any problem in
his pyrolysis system. Hence, the absence of 5-hydroxyguaiacyl
nits upon pyrolysis of COMT-deficient Arabidopsis seems to

ndicate that the microfurnace pyrolyzer is not able to release
uch monomers from benzodioxane structures. Therefore, and in
rder to assess whether the pyrolysis system used is essential
or the release of 5-hydroxyguaiacyl compounds from benzodi-
xane structures, this Arabidopsis comt mutant, together with

nother Arabidopsis mutant sample (comt C4H:F5H1 chs), gener-
ted by concomitant downregulation of comt and upregulation of
5H using a C4H-promoter and characterized by an extremely high
ontent of 5-hydroxyconiferyl alcohol involved in benzodioxane
) and a C3H-deficient transgenic (B), obtained using a Frontier 2020 pyrolyzer. The
 Table 1. Carbohydrate peaks: furfural (a), 2,3-dihydro-5-methylfuran-2-one (b),

-furfuraldehyde (e), and levoglucosan (f).

structures [30], was  analyzed using a different Py-GC/MS system
equipped with a Curie-Point pyrolyzer. Interestingly, and contrary
to what occurred when using a microfurnace pyrolyzer, pyroly-
sis employing a Curie-point unit released significant amounts of
5-hydroxyguaiacol and related compounds, including the vinyl-
and propenyl- counterparts, especially from the Arabidopsis comt
C4H:F5H1 chs mutant. Fig. 5 shows a comparison of the selected-ion
chromatograms of the main monomeric compounds (guaiacol, m/z
124; 5-hydroxyguaiacol, m/z 140 and syringol, m/z  154) obtained
upon pyrolysis of Arabidopsis comt C4H:F5H1 chs mutant using
microfurnace and Curie-Point pyrolysis systems. Hence, signif-
icant amounts of 5-hydroxyguaiacol, arising from the cleavage
of benzodioxane substructures, could only be released when a
Curie-point system was used. This unequivocally reveals that the
pyrolysis system employed is critical to release these compounds.
Although H:G:S values 22:23:55 (Curie point system) and 21:21:58
(microfurnace pyrolyzer) can be derived as usual, the fact that
potentially significant and diagnostic new components from these
lignins, 5-hydroxyguaiacyl (5OHG) units, do not produce diagnos-

tic monomers is an important limitation that should be taken into
consideration when a microfurnace pyrolyzer is used.
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.2. Wild-type and C3H-deficient alfalfa

The design of plants deficient in the enzyme C3H has its origin in
he search for plants with lower lignin content and higher degrad-
bility compared to wild-type plants. C3H is an enzyme that acts
arly in the biosynthesis of lignin monomers, catalyzing the incor-
oration of the hydroxyl group at the 3-position of p-coumarate to
roduce caffeate, which is a key step in the biosynthesis of coniferyl
lcohol and sinapyl alcohol (Fig. 1). The pyrograms of the wild-
ype and C3H-downregulated alfalfa revealed striking differences
etween the S/G lignin in normal wild-type alfalfa vs the H-rich

ignin in the C3H-downregulated plant (Fig. 3, Table 1). Pyroly-
is of the wild-type alfalfa released phenolic compounds derived
rom H-, G- and S-lignin units, with the most abundant pyrolysis
roducts being guaiacol (2), 4-methylguaiacol (5), 4-vinylguaiacol
8), syringol (14), trans-isoeugenol (17), 4-methylsyringol (18),
-vinylsyringol (24) and trans-4-propenylsyringol (31), with an
:G:S ratio of 8:54:38. Pyrolysis of the stems from C3H-deficient
lfalfa released a completely different set of phenolic com-
ounds that were mostly derived from H-lignin units, including

-methylphenol (3), 3-methylphenol (4), 4-ethylphenol (6), 4-
inylphenol (9) and trans-4-propenylphenol (16), with a striking
:G:S ratio of 71:18:11. As mentioned above, C3H is an essen-
lus alba) wild-type (A) and the F5H-upregulated transgenic (B), obtained using a
d by Py-GC/MS are listed in Table 1. Carbohydrate peaks: furfural (a), 2,3-dihydro-
e (d), 5-hydroxymethyl-2-furfuraldehyde (e), and levoglucosan (f).

tial enzyme for the eventual formation of coniferyl and sinapyl
alcohols, and thereby C3H downregulation blocks the biosynthe-
sis of both lignin precursors (Fig. 1), keeping the S/G ratio almost
constant but producing extraordinarily high levels of H-units. A
decrease in the relative abundance of lignin-derived compounds
compared to those derived from carbohydrates (peaks a–f) was
also observed in the pyrograms, as indicated by the decrease of
the lignin/carbohydrate ratio from 2.4 in the wild-type alfalfa to
0.8 in the C3H transgenic. These data are in agreement with previ-
ous studies, based on DFRC and 2D-NMR analysis, that reported an
increase in H-lignin units in the C3H transgenic and Klason lignin
contents of 9.7% and 6.8% for the wild-type and the C3H line, respec-
tively [42].

3.3. Wild-type and F5H-overexpressed poplar

Another ingenious strategy to produce lignins more amenable
to chemical degradation consists of reducing the level of con-
densed linkages and branch-points within the polymer. This can

be achieved by increasing the proportion of S-lignin units, in
which the aromatic 3- and 5-positions are methoxylated. S-lignin
units result from the incorporation of sinapyl alcohol into the
lignin polymer during the lignification process. Therefore, an
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Table  1
Identities and relative molar abundances of the lignin-derived compounds identified in the pyrograms, obtained using a microfurnace pyrolyzer, of the samples analyzed in
the  present work.

No. Compound Origina Arabidopsis WT Arabidopsis COMT Alfalfa WT Alfalfa C3H Poplar WT Poplar F5H

1 phenol LH/C 2.7 3.7 3.5 25.0 1.8 3.2
2  guaiacol LG 10.7 15.8 11.3 4.8 4.8 1.8
3  4-methylphenol LH 1.8 2.9 2.2 8.9 1.3 1.6
4  3-methylphenol LH 4.8 6.8 4.6 25.8 0.7 1.7
5  4-methylguaiacol LG 13.1 18.3 7.0 3.4 3.4 1.3
6  4-ethylphenol LH 0.6 0.7 0.5 5.5 0.0 0.0
7  4-ethylguaiacol LG 3.6 5.0 2.9 1.7 0.7 0.5
8  4-vinylguaiacol LG 10.1 15.4 7.0 2.0 3.8 1.4
9  4-vinylphenol LH 0.0 0.0 0.5 5.6 0.0 0.0
10  4-allylphenol LH 0.0 0.0 0.0 0.6 0.0 0.0
11  eugenol LG 0.8 1.4 0.5 0.0 0.2 0.1
12  4-propylguaiacol LG 0.9 1.3 0.5 0.2 0.2 0.1
13  cis-4-propenylphenol LH 0.0 0.0 0.0 0.7 0.0 0.0
14  syringol LS 3.4 0.2 5.7 1.6 9.1 10.1
15  cis-isoeugenol LG 1.4 2.0 1.1 0.2 0.3 0.1
16  trans-4-propenylphenol LH 0.0 0.0 0.0 4.1 0.0 0.0
17  trans-isoeugenol LG 5.3 7.3 4.2 1.0 2.1 1.0
18  4-methylsyringol LS 4.5 0.3 5.4 0.7 5.4 5.5
19  vanillin LG 3.2 3.0 1.8 0.0 1.1 0.3
20  propyne-G LG 0.8 0.9 0.8 0.0 0.6 0.3
21  propyne-G LG 1.5 1.8 0.7 0.0 0.5 0.2
22  4-ethylsyringol LS 0.5 0.0 1.2 0.5 1.2 1.4
23  acetovanillone LG 3.7 3.4 1.8 0.0 2.0 0.5
24  4-vinylsyringol LS 4.0 0.5 6.8 2.0 12.7 14.5
25  guaiacylacetone LG 3.0 2.9 2.2 0.0 1.3 0.4
26  4-allyl-syringol LS 0.4 0.0 0.7 0.2 1.4 2.1
27  propiovanillone LG 0.7 0.5 0.3 0.0 0.1 0.1
28  cis-4-propenylsyringol LS 0.5 0.0 0.7 0.2 1.2 1.5
29  propyne-S LS 0.0 0.0 1.0 0.0 2.3 2.6
30  propyne-S LS 0.0 0.0 0.7 0.0 1.3 1.6
31  trans-4-propenylsyringol LS 3.4 0.0 5.0 1.7 10.1 14.2
32  dihydroconiferyl alcohol LG 0.0 0.0 1.5 0.0 0.0 0.0
33  syringaldehyde LS 2.4 0.0 2.3 0.0 5.7 7.4
34  cis-coniferyl alcohol LG 0.0 0.0 1.1 0.0 0.0 0.0
35  4-hydroxybenzoic acid PB 0.0 0.0 0.0 0.0 4.2 2.9
36  acetosyringone LS 1.7 0.0 1.8 0.4 3.3 5.2
37  trans-coniferyl alcohol LG 2.9 2.6 3.4 0.0 1.4 0.0
38  trans-coniferaldehyde LG 5.4 3.8 3.6 0.0 2.9 0.0
39  syringylacetone LS 1.5 0.0 1.8 0.5 3.2 4.5
40  propiosyringone LS 0.0 0.0 0.6 0.0 1.0 1.4
41  dihydrosinapyl alcohol LS 0.0 0.0 0.6 0.0 1.1 1.6
42  trans-sinapyl alcohol LS 0.0 0.0 0.4 0.0 0.9 1.1
43  trans-sinapaldehyde LS 1.1 0.0 2.2 0.0 7.0 7.8

%Hb 7.7 11.2 8.1 71.0 2.1 3.5
%G  68.4 87.8 53.5 18.4 27.0 8.7
%S  23.9 1.1 38.4 10.6 70.9 87.8
%PBc – – – – 4.4 3.1
Syringyl/Guaiacyl ratio 0.3 0.0 0.7 0.6 2.6 10.1
Lignin/carbohydrate ratio (L/C)d 0.9 0.9 2.4 0.8 2.0 3.4
Lignin content (%)e 12.0 10.5 9.7 6.8 22.7 21.8

a LH: H-lignin units, LG: G-lignin units, LS: S-lignin units, PB: p-hydroxybenzoates and C: carbohydrates.
b Phenol content has not been considered for calculation of %H because it could also be derived from carbohydrates under pyrolysis conditions.
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c %PB is expressed as a fraction of (S + G + H).
d Obtained using the molar areas of the carbohydrates peaks a-f (see Figs. 2–4).
e From references [8], [10] and [30].

ncrease in the proportion of sinapyl alcohol within the pool
f monolignols would lead to lignin enriched in S-units that is
ess-branched and less recalcitrant for pulping and saccharifi-
ation purposes [43]. Syringyl-rich lignins can be generated by
he overexpression of the gene encoding the enzyme F5H, which
s the responsible of the hydroxylation of coniferaldehyde to
orm 5-hydroxyconiferaldehyde that is subsequently reduced to
inapyl alcohol (Fig. 1) [8,44]. The pyrograms from the stems of
ild-type and F5H-overexpressed transgenic poplar are shown in

ig. 4, and the identities and relative molar abundances of the

ain pyrolysis products are detailed in Table 1. The pyrolysis of
ild-type poplar released mainly guaiacol (2), 4-methylguaiacol

5), 4-vinylguaiacol (8), syringol (15), 4-methylsyringol (18), 4-
inylsiringol (24), trans-propenylsyringol (31), syringaldehyde
(33) and trans-sinapaldehyde (43), with a H:G:S composition of
2:26:67 and an S/G ratio of 2.63. In addition, some amounts
of p-hydroxybenzoic acid (35), arising from p-hydroxybenzoate
residues that acylate the �-hydroxyl group of S-lignin units [45],
were also released. A fraction of the p-hydroxybenzoates might
decarboxylate upon pyrolysis producing phenol, in the same
way as p-coumarates and ferulates decarboxylate generating 4-
vinylphenol and 4-vinylguaiacol. However, phenol may  also be
produced from polysaccharides [21], so we do not use the phe-
nol peak for quantification of any of the p-hydroxyphenyl-derived

products. The pyrogram from the poplar F5H-upregulated line
was markedly different compared to that of the wild-type as the
pyrolysis released overwhelming amounts of phenolic compounds
derived from S-lignin units, whereas compounds derived from G-
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ig. 5. Comparative selected-ion chromatograms of the lignin monomers guaiacol (
omt  C4H:F5H1 chs mutant upon pyrolysis using a Curie-Point pyrolyzer (A) and a mic
hould elute according to a standard compound.

ignin units were released only in lower amounts. Consequently, the
5H transgenic poplar presented an H:G:S composition of 3:9:88
ith an extremely high S/G ratio of 10.12. Prior NMR  analyses [8]
uggested that the S level might be as high as 97.5% (with a cor-
esponding S/G of ∼40); each method measures the components
ith different sensitivities and therefore the discrepancy is not of
24), 5-hydroxyguaiacol (m/z 140) and syringol (m/z 154) released from Arabidopsis
ce pyrolyzer (B). The arrow indicates the retention time at which 5-hydroxyguaiacol

concern as both methods show the remarkable enhancement in
the S-level in the transgenic. In addition, a decrease in the content
of p-hydroxybenzoic acid (35) from F5H upregulated compared to

wild-type poplar was  observed, in agreement with a previous study
[8].
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. Conclusions

Py-GC/MS has proven to be a useful and convenient tool for
he rapid evaluation of compositional changes in lignin from
enetically modified plants. Small amounts of samples (<1 mg),
hort analysis times (less than 30 min), and no tedious or time-
onsuming isolation processes are required. In addition, the high
ensitivity of Py-GC/MS allows the in situ characterization of plants
ith relatively low lignin contents, such as in the C3H alfalfa

ransgenic plant, with a lignin content as low as 6.8%. Py-GC/MS
nalyses indicated that the lignin of the COMT-deficient Arabidop-
is mutant is mostly composed of G-units, with an extremely low
/G ratio of 0.01 in comparison to that of the wild-type plant
S/G 0.35). In addition, the data indicated that C3H-deficient alfalfa
resented a lower lignin content than the wild-type plant, and
hat was extremely enriched in H-lignin units. Finally, pyrolysis of
he F5H-overexpressed transgenic poplar indicated that its lignin
s mostly made of S-units compared to the wild-type plant that
lso presented significant amounts of G-units. However, a major
imitation exists for the release of 5-hydroxyguaiacyl units from
enzodioxane structures in COMT-deficient plants, which seems
o be highly dependent of the pyrolysis system used; virtually no
races of 5-hydroxyguaiacyl units could be detected with a micro-
urnace pyrolyzer but significant amounts were released when a
urie-point pyrolyzer was used. Nevertheless, the dramatic H:G:S
hifts observed by Py-GC/MS imply that significant changes have
ccurred in the lignin composition. Py-GC/MS, therefore, has sig-
ificant value as a rapid screening method.
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