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Overexpression of the scopoletin biosynthetic pathway
enhances lignocellulosic biomass processing

Lennart Hoengenaert'?, Marlies Wouters'?, Hoon Kim?, Barbara De Meester ', Kris Morree
Steven Vandersyppe1'2'4, Jacob Pollier’**, Sandrien Desmet'>*, Geert Goeminne
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Lignin is the main factor limiting the enzymatic conversion of lignocellulosic biomass into fermentable sugars. To
reduce the recalcitrance engendered by the lignin polymer, the coumarin scopoletin was incorporated into the
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lignin polymer through the simultaneous expression of FERULOYL-CoA 6'-HYDROXYLASE 1 (F6'H1) and COUMARIN
SYNTHASE (COSY) in lignifying cells in Arabidopsis. The transgenic lines overproduced scopoletin and incorporated
it into the lignin polymer, without adversely affecting plant growth. About 3.3% of the lignin units in the trans-
genic lines were derived from scopoletin, thereby exceeding the levels of the traditional p-hydroxyphenyl units.
Saccharification efficiency of alkali-pretreated scopoletin-overproducing lines was 40% higher than for wild type.

INTRODUCTION
Lignin is an essential polymer in vascular plants that embeds cellulose
and hemicelluloses in the secondary-thickened cell wall. Lignin pro-
vides strength to plant tissues, allows the transport of water through
the vessels, and forms a physical barrier against pathogens (I-3). In dicots,
lignin primarily forms by radical coupling of three monolignols—
p-coumaryl, coniferyl, and sinapyl alcohols—and, depending on the
plant species, from acetate, p-hydroxybenzoate, p-coumarate, and
ferulate esters and the cinnamaldehyde precursors of these mono-
lignols (4-9). Upon polymerization in the cell wall, these mono-
lignol moieties give rise to the p-hydroxyphenyl (H), guaiacyl (G),
and syringyl (S) units in the lignin polymer, respectively (4, 6, 10).
The presence of lignin hinders the enzymatic conversion of ligno-
cellulosic biomass into fermentable sugars (11-13). One strategy to
overcome the recalcitrance of lignocellulosic biomass builds on the
observation that plants can tolerate large shifts in their lignin com-
positions, often without adversely affecting plant growth and devel-
opment (14-20). Moreover, plants have the remarkable property to
allow the incorporation of novel building blocks into their lignin
polymer (15, 21-25). In some cases, this results in a lignin polymer
easier to extract or degrade, thereby improving the processing effi-
ciency of plant biomass (26-29). To date, there are only a few examples
of the successful use of alternative monomers in lignin engineering.
Here, we selected scopoletin (6-methoxy-7-hydroxycoumarin,
which we number as a 3-methoxy-4-hydroxy aromatic to be in line
with lignin nomenclature) as a candidate alternative monomer for
lignin engineering (Fig. 1). We reasoned that incorporation of sco-
poletin via its O-4 position into the lignin polymer would result in
B-aryl ethers with a conjugated carbonyl function (Fig. 1). This carbonyl
functionality allows the delocalization of electrons over a larger part
of the molecule and was previously proven to strongly reduce the
hydrolysis temperature required to cleave aryl ethers in an alkaline
environment (30-34). In addition, alkaline hydrolysis of scopoletin’s
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ester functionality results in the formation of a carboxylic acid and
an additional free phenolic group. This hydrolysis would thus in-
crease the hydrophilicity and the alkaline solubility of the pretreated
polymer, benefiting the extraction of lignin in aqueous solvents
(35, 36). Earlier studies already detected G(8-0O-4)scopoletin struc-
tures in root exudates of Arabidopsis, demonstrating the coupling
propensity of scopoletin with traditional monolignols (37). Build-
ing on this knowledge, we aimed to engineer Arabidopsis plants that
incorporate scopoletin into their lignin polymer to improve the
processing of biomass upon alkaline pretreatments.

RESULTS AND DISCUSSION
Scopoletin is a natural metabolite in many plant species (38, 39). In
Arabidopsis, scopoletin is biosynthesized from feruloyl-CoA, via
FERULOYL-CoA 6’-HYDROXYLASE 1 (F6'H1) and the recently
discovered COUMARIN SYNTHASE (COSY) (Fig. 1) (40, 41). In
an attempt to engineer the scopoletin biosynthetic pathway into lig-
nifying tissues of Arabidopsis, the coding sequences of F6'H1 and
COSY were cloned as a bicistronic construct linked by a T2A se-
quence under transcriptional control of the promoter of the sec-
ondary cell wall-specific CELLULOSE SYNTHASE 4 (CesA4) gene
(42, 43). Previously, we successfully used a similar strategy for the
biosynthesis of curcumin in lignifying cells of Arabidopsis (27). The
pCesA4:F6'HI_COSY (SCOP) construct was transferred into Arabidopsis
via Agrobacterium-mediated transformation. Six independent
homozygous single-locus transgenic lines that expressed the trans-
genes and produced high amounts of scopoletin (1) and its glucoside
scopolin (2) were selected on the basis of quantitative reverse tran-
scription polymerase chain reaction (QRT-PCR) and ultrahigh-
performance liquid chromatography coupled to mass spectrometry
(UHPLC-MS) (figs. S1 and S2). However, four of these lines (SCOP-A-D)
suffered from silencing effects of the CesA4 gene that shared se-
quence similarity with the used promoter sequence (fig. S3). There-
fore, all further analyses were performed with the two transgenic
lines, named SCOP-1 and SCOP-2, that did not suffer from gene
silencing. Detailed morphological analyses indicated that these
lines were phenotypically similar to wild-type (WT) plants (fig. S4).
To examine the extent to which the combined expression of
F6'HI and COSY affected the phenolic metabolism of the plant,
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Fig. 1. Biosynthesis and incorporation of scopoletin into the lignin polymer. Feruloyl-CoA is biosynthesized via the phenylpropanoid pathway. F6'H1, FERULOYL-CoA
6'-HYDROXYLASE 1; COSY, COUMARIN SYNTHASE. It is hypothesized that, because of the presence of a conjugated carbonyl in the scopoletin monomer, the 8-O-4 bond
between scopoletin and the A unit in the engineered lignin polymer becomes easier to cleave under alkaline conditions whether or not the 8-position is substituted. The
red arrow indicates the bond with increased reactivity. Note that alkaline conditions will also hydrolyze the cyclic ester (lactone), thereby cleaving the bond indicated with
an asterisk (*) and resulting in increased hydrophilicity and thus in a polymer that is easier to extract into aqueous solvents. Note that because scopoletin is shown as a
lignin monomer, its numbering follows standard lignin conventions rather than formal coumarin numbering.

methanol-soluble metabolites were extracted from inflorescent stems
and analyzed via UHPLC-MS. No statistical differences were found
between the two independent SCOP lines. However, of all 1597 de-
tected mass/charge ratio (m/z) features (LC-MS peaks characterized
by a mass and a retention time), 181 features had a higher intensity
in the extracts of both SCOP lines, whereas 128 features had a re-
duced intensity compared to control extracts. For the 181 features
with higher intensity, we focused on the 40 features with the highest
intensity in SCOP lines and that were at least fourfold higher in
abundance as compared to WT plants. The 40 selected features cor-
responded to 26 compounds (because of in-source fragmentation
and adduct formation, a single compound can give rise to multiple
m/z features), of which 22 could be structurally characterized (Fig. 2
and table S1). Scopoletin (1) and its glucoside scopolin (2) accumu-
lated up to 26- and 67-fold, respectively, in SCOP lines as compared
to WT. Scopolin became the phenolic compound with the highest
intensity in SCOP lines (fig. S5). In an independent experiment,
scopoletin and scopolin were quantified to represent about 0.004
and 0.55% (w/w) of the stem dry weight, respectively (table S2). All
of the other 20 (partially) characterized compounds also contained
a coumarin moiety (Fig. 2 and table S1), of which 15 (3-17) con-
taining a scopoletin moiety and one (18) a scopoletin derivative. In addi-
tion to scopoletin-containing metabolites, esculin (19) and hexosylated
fraxetins (20, 21, and 22) were overproduced in the SCOP lines.
Notably, except for scopoletin sulfate (3), all compounds contained
a hexose moiety, suggesting the swift glycosylation of the accumu-
lating coumarins in SCOP lines. Glycosylation of compounds by
uridine 5’'-diphosphate (UDP)-glucose-dependent glycosyltrans-
ferases (UGTs) and the storage of the resulting glycosides in the
vacuole are common for phenolic metabolites in plants (44, 45).

The 40 features with the largest relative decrease in abundance in
SCOP lines as compared to WT corresponded to 33 compounds, of
which 26 could be (partially) characterized (Fig. 2 and table S3). All
compounds were derived from coniferyl alcohol, sinapyl alcohol, or
both. A particularly affected metabolic class comprises the oligolig-
nols (27-33), i.e., small oligomers of G and S units that have the
potential to extend further to lignin polymers. Together, these ob-
servations suggest a redirection of the metabolic flux toward the
biosynthesis of scopoletin, rather than toward the biosynthesis of
monolignols, as both biosynthetic pathways share feruloyl-CoA as
an intermediate.
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As perturbations in the phenylpropanoid pathway often result in
vessel collapse (46), we investigated the phenotypes of the SCOP
lines at the cellular level. No structural abnormalities could be ob-
served in the shape of the vessel cells in inflorescence stems of SCOP
lines (Fig. 3). However, light microscopy experiments revealed a
yellow color in the xylem vessels and interfascicular fibers of SCOP
lines, closely resembling the yellow color of solutions that contain
dissolved scopoletin. Stem sections stained with phloroglucinol-HCI
showed a similar shift in coloration of the interfascicular fibers; the
typical red staining, due mainly to hydroxycinnamaldehyde end
groups in lignin, was conflated with a yellowish color (Fig. 3). This
observation indicates a shift in lignin composition. To evaluate the
presence of scopoletin in the cell wall, fluorescence microscopy was
performed. Scopoletin fluoresces when excited at 405 nm (fig. S6).
To account for lignin autofluorescence, the detector sensitivity was
reduced until a weak emission signal was observed from WT inflo-
rescence stem sections. Upon excitation at 405 nm, the emission
observed in SCOP lines was much more intense (Fig. 3). The fluo-
rescence signal in SCOP lines was observed in cell walls of lignifying
tissues, i.e., vessels, xylary fibers, and interfascicular fibers, whereas
no fluorescence was observed in the cell walls of nonlignifying tis-
sues. These observations suggested a marked increase in lignin
quantity or, more likely, the presence of scopoletin or scopoletin-
related molecules in the secondary cell walls of SCOP lines.

To investigate whether the increased fluorescence in lignified cell
walls was caused by the accumulation of scopoletin or by an in-
crease in lignin, fully senesced stems were analyzed for their lignin
levels. Cell wall residue (CWR) was treated with sulfuric acid to re-
move polysaccharides and quantify lignin using the gravimetry-
based Klason assay. Compared to WT, the SCOP-1I line showed a
9.9% reduction in Klason lignin, whereas no significant difference
could be detected for the SCOP-2 line, although a trend toward low-
er lignin could be observed (Table 1). In addition, we investigated
the ultraviolet-visible absorption properties of SCOP lignins upon
solubilization in acetyl bromide (AcBr) solution. Analysis of the ab-
sorbance spectra at 280 nm indicated an 11.5% reduction in AcBr
lignin amount for SCOP-1 (P = 0.01) and a 7.6% reduction for
SCOP-2 (P = 0.09). As a potential shift in lignin composition in
SCORP lines interferes with the spectrophotometry-based quantifi-
cation procedure of this method, the Klason assay remains the pre-
ferred method for lignin quantification. The absorbance spectra of
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Fig. 2. Phenolic profiling of SCOP lines and WT. (A) Average ion intensities of scopoletin and its glucoside scopolin. For each compound, the average ion intensity was
significantly higher in SCOP lines as compared to WT (P < 0.001, ANOVA followed by post hoc Tukey test; n=9; error bars represent the SE). (B) Principal components
analysis of the phenolic profile of SCOP-1, SCOP-2, and WT lines. PC, principal component. Venn diagrams represent the 95% confidence regions of all detected m/z features.
(C) Overview of all (partially) characterized differential metabolites.
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Wiesner staining Bright-field

Fluorescence A, 405 nm

SCOP-1

SCoP-2

Fig. 3. Bright-field and fluorescence microscopy of SCOP lines. (Top) Bright-field microscopy revealed a yellow color in SCOP lines. (Middle) Phloroglucinol-HCI
(Wiesner)-stained inflorescence stem sections were visualized using bright-field microscopy. (Bottom) Autofluorescence of inflorescence stem sections upon excitation
at 405 nm. V, vessel; XF, xylary fiber; IF, interfascicular fiber; P, phloem. Scale bars, 100 um. Representative for n = 3 biological replicates.

SCOP AcBr lignin had a shoulder peak between 320 and 370 nm,
whereas this shoulder was absent in the spectra of the control (fig.
S7A). Scopoletin has a distinctive absorption peak at 343 nm (fig.
S7B). By subtracting the absorbance spectra of WT lines from those
of SCOP lines, a difference spectrum was obtained with a defined
absorption peak at 346 nm, almost perfectly matching that of the
scopoletin standard (fig. S7B). The notable similarity between both
spectra further suggests the incorporation of scopoletin or scopoletin-
like moieties in the cell walls of SCOP lines.

To unambiguously demonstrate the incorporation of scopoletin
into the lignin polymer, we subjected enzyme lignins (ELs) isolated
from the two SCOP lines to two-dimensional heteronuclear single-
quantum coherence (2D HSQC) nuclear magnetic resonance (NMR).
This technique allows the detection of monomers independent of
their linkage type in the aromatic region and, in addition, the deter-
mination of the relative frequency of each interunit linkage type.
Using a comparative analysis of SCOP lines and a scopoletin stan-
dard, 3.2 and 2.7% of the lignin polymer in SCOP-1 and SCOP-2
lines could be attributed to the incorporation of scopoletin (Fig. 4).
Compared to the traditional H units, which commonly represent
approximately 0.5% of the lignin polymer in Arabidopsis, scopoletin
incorporated at sixfold higher levels. Analyses of the NMR spectra in-
dicated that the coupling of scopoletin to traditional monolignols
occurred, at least in large part, via the O-4 position, as illustrated by
the peak contours originating from correlations of C2-H, C5-H,
C7-H, and C8-H, suggesting that scopoletin mainly acts as a start-
ing unit of the lignin polymer. Moreover, the splitting of the scopo-
letin resonance peaks indicates that scopoletin is involved in at least two
different structures in the lignin-dominated samples. Furthermore,
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the remaining peaks in the difference spectrum might suggest the
coupling of scopoletin via a variety of coupling methods (e.g., 8-8,
8-5, or 5-8). However, at this point, we could not characterize these
structures. No scopoletin-related signals could be detected in the
NMR spectra of WT lignin. In addition, spectral analyses illustrated
that the relative amount of G units had slightly decreased, and that
of S units had increased in SCOP lignin compared to those in WT
(table S4). In line with the relative increase in S units, the relative
frequency of B-aryl ether linkages (8-O-4) had increased in SCOP
lines compared to WT, whereas the relative frequencies of con-
densed lignin bonds, i.e., phenylcoumaran (8-5) and resinol (8-8),
were reduced. In addition, the frequency of cinnamyl alcohol end
groups was reduced in the lignin of SCOP lines (table S5 and fig. S8).
Because dimerization reactions favor the formation of condensed
bonds and cinnamyl alcohol end groups, these data are consistent
with the main role of scopoletin as a chain initiator, as deduced from
the aromatic region of the NMR spectra.

To gain deeper insight into the lignin composition of SCOP lines,
we used thioacidolysis, a lignin degradative method that cleaves
B-aryl ether linkages while leaving carbon-carbon bonds intact,
thereby releasing monomers, dimers, and higher-order oligomers.
The released thioacidolysates were subsequently analyzed for H, G,
and S monomers via gas chromatography (GC)-MS. In line with
the NMR results, the GC-MS analysis showed that the S/G ratio
was increased up to 12% in SCOP lines as compared to the S/G
ratio in WT (Table 1 and table S6). As with other Arabidopsis
mutants that have a reduction in lignin content without large pheno-
typical abnormalities [cinnamate 4-hydroxylase (c4h), 4-coumarate-
CoA ligase 1 (4cll), caffeoyl shikimate esterase (cse), caffeoyl-CoA
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Table 1. Lignin content and composition. CWR was determined gravimetrically as a percentage of the dry weight. Lignin content was determined via the
Klason + acid soluble lignin (ASL) assay and the AcBr method and expressed as a percentage of the CWR. The composition of the lignin polymer was determined
using thioacidolysis followed by GC-MS. The relative proportions of the monomers were calculated as a percentage of the total thioacidolysis yield of H, G, and S
units. S/G was calculated from the relative percentages of G and S. The values are the average (SD) of 10 biological replicates. Klason and ASL values are given as
average (SD) of three independent pools of plants. *0.05 > P > 0.01; ***P < 0.001; e, P=0.09 (ANOVA with post hoc Tukey’s HSD test).

Line CWR (%) Klason ASL AcBr H (%) G (%) S (%) S/G
wWT 80.7 (2.0) 19.0 (0.5) 2.4 (0.04) 13.1(0.7) 0.99 (0.08) 79.36 (0.74) 19.21 (0.64) 0.24(0.01)
SCOP-1 81.2(1.9) 17.1 (1.3)* 2.5(0.3) 11.6 (1.1)* 1.53 (0.44)*  74.67 (1.34)*** 19.96 (0.79) 0.27 (0.01)
SCOP-2 77.9 (1.9)%** 17.9(1.2) 23(0.3) 12.1(1.3)- 1.36 (0.14) 74.53 (1.57)%** 20.15(1.29) 0.27 (0.02)*
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Fig. 4. NMR spectrum of the lignin aromatic region. Partial short-range "H-">C HSQC NMR spectra from isolated ELs from cell walls of the main stem of senesced Arabidopsis
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O-methyltransferase 1 (ccoaomtl), and transaldolase 2 (tra2)], the
higher S/G ratio may be explained by the fact that the remaining
flux through the phenylpropanoid pathway preferentially proceeds
toward sinapaldehyde when F5H1 remains fully active (47, 48).
qRT-PCR showed that, similar to mutants with an increased S/G
ratio, F5H1 gene expression levels were not affected in SCOP lines
compared to WT (fig. S9). Further analysis of the thioacidolysates
indicated an ~1.5-fold increase in the relative frequency of released
H units in SCOP lines as compared to WT (Table 1). Principal com-
ponents analysis (PCA) on 388 thioacidolysates detected via GC-
MS separated samples from SCOP lines from those of WT (fig. S10).
Untargeted analysis of the thioacidolysates yielded two significant
features; scopoletin accumulated up to sixfold in SCOP lines as
compared to WT, whereas G end groups were reduced (table S7).
The results of the untargeted analysis are in line with the observa-
tions in the targeted analysis, in which the absolute quantity of
released scopoletin and G units was found to be increased and re-
duced, respectively, in SCOP lines (table S6).

To better understand how scopoletin was incorporated into the
lignin polymer, we isolated EL, i.e., lignocellulosic biomass was treated
with polysaccharide-degrading enzymes to remove the majority of
the carbohydrates and the EL was subjected to derivatization fol-
lowed by reductive cleavage (DFRC). Similar to thioacidolysis, this
method cleaves B-aryl ether linkages. The use of deuterated acetic
anhydride in the final step of the reaction allows the discrimina-
tion of lignin units linked via their phenolic group (4-O etherified)
from those units originally having a free phenolic function. The
former units become derivatized with deuterated acetate in the final
step (after the reductive cleavage of the B-ether units), whereas
the latter become derivatized with normal (nondeuterated) acetate
in the initial AcBr derivatization/dissolution step (Fig. 5 and fig.
S11). The released DFRC degradation products were analyzed via
GC-MS. Notably, roughly 50% of the standard G units were etheri-
fied, whereas about 75% of the S units were etherified. Similar
etherification levels have been determined in lignin monomers re-
leased by analytical thioacidolysis (49). The abundance of ether-linked

)“ OAc O
=
A WT s D
one ” )/ Getherified: 53% fo)
- 479
H03% /J’ — o )é Gnon-etherified: 47% -
Moo ome
G:61.1% é\ ‘ oL Dy Scetherified: 0% e OH
S: 38.6% °YZ:I: ‘ ° Scnon-etherified: 0%
. o,
Sc: 0.0% ° one SEtherified: 76% Lignification
onc P ‘ | Shon-etherified: 24% i " l i
)’ P ‘ P »
MeO’ ‘OMe. o
(Hg OMe Lo " “‘ I Moo oMe O,Ar O/Ar
T oy \“ one - _ o)
o \ n MeO’ oMo ~ (o] o)
| JL oac fo) =
o o
1000 1025 1050 1075 11.00 1125 1150 11756 1200 1225 1250 1275 1300 1325 1350 13.75 14.00 1425 1450 MeO
e
I MeO MeO
O. e
’ O.. OH
B SCOP-1 |
Getherified: 47% AcBr AcBr AcBr
Gnon-etherified: 53%
H: 0.9% |
G: 59.5% \‘ :zahermeu: 53"{4070/ o O/Ar O’Ar
S: 36.3% ‘ . Non-etherified: o = P o B o
Sc: 3.3% Seterfiod: 68% 0 ) )
| N Cio o Shon-etherified: 32%
| ; MeO
‘M 0. MeO MeO
Mo+ <
| isc[ O. . OAc
I | B,
n
; k" L = for
10.00 1025 1050 1075 11.00 1125 1150 1175 1200 1225 1250 1275 1300 1325 1350 1375 1400 1425 1450 = (0] = o
o] o
[
SCOP-2
c “” Getherified: 56% MeO MeO
Ghon-etherified: 44% OH OAc
H: 0.5% ‘\
G: 57.3% SCEtherified: 55% JAczo-ds Ac,0-dg
o o, ScNon-etherified: 45%
S:39.8% ‘ M“’ (o]
Sc:2.3% 9 L Sktherified: 76% ~ o
L Shon-etherified: 24% o =
(0]
‘\
| Meo_ MeO
I ise
‘\“ m 0._0 MeO
|
H‘ \‘\ D, OAc
A J U My: 237 My: 234

1000 1025 1050 1075 11.00 1125 1150 1175 1200 1225 1250 1275 13.00 1325 13.50

1375 1400 1425 1450

Fig. 5. Incorporation of scopoletin into the lignin polymer. GC-MS analysis of selected DFRC cleavage products from isolated EL of (A) WT, (B) SCOP-1, and (C) SCOP-2
lines. 4-O etherified scopoletin and 8-O etherified scopoletin were detected with an m/z of 193 and 192, respectively. (D) Putative routes of scopoletin incorporation to-
gether with the expected chemical markers after DFRC analysis. Scopoletin covalently couples into the lignin polymer via radical coupling, giving rise to scopoletin as a
starting unit (route i), as an internalized unit (route ii), and as a phenolic end unit (route iii). Ar stands for aryl, e.g., a G or S unit, or a unit derived from a second scopoletin

monomer. M,,, weight-average molecular weight.
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Table 2. Polysaccharide content and composition. Cellulose content and matrix polysaccharides (MPSs) are expressed as a percentage of the CWR. The
cellulose content was determined using an Updegraff assay, whereas the MPS content was determined gravimetrically. The composition of the MPS is
expressed as mole percent of the total MPS content. The values are given as average (SD) of 10 biological replicates. **0.01 > P> 0.001 (ANOVA with post hoc

Tukey’s HSD test).

Line Cellulose MPS Rhamnose Fucose Arabinose Xylose Mannose Glucose Galactose
wWT 42.70 (1.63) 39.42 (1.54) 2.61(0.23) 0.90(0.07) 18.62(1.24) 69.92(3.22) 1.21(0.09) 1.10(0.30) 5.63 (0.32)
SCOP-1 4501183 4214(L12%  260057) 088008  1894(155) 6937(354)  134(033) 129044  559(033)
SCOP-2 4518(314)  3992(1.87)  273(047)  093(009)  1825(137) 6970(437)  134(018)  130(036)  574(031)
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» | —— WT
o
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Fig. 6. Enzymatic cellulose-to-glucose conversion of SCOP lines. Before the sac-
charification, stem segments were pretreated with 62.5 mM NaOH at 90°C for
3 hours. (A) Released glucose was expressed as a percentage of the total cellulose
in the respective lines. Saccharification was ended after 72 hours. At each time
point, cellulose-to-glucose yield was significantly higher in both SCOP lines as
compared to that of WT. Significance levels are indicated by ® and * for SCOP-1 and
SCOP-2 lines, respectively, compared to WT [* and *, 0.05> P> 0.01; ** and °°,
0.01>P>0.001; ***and **°, P<0.001 (ANOVA followed by post hoc Tukey test;
n=10)]. (B) Biomass of SCOP lines and controls after 62.5 mM NaOH pretreatment
and 72 hours of enzymatic hydrolysis. SCOP stem pieces are structurally degraded,
whereas those of WT remain largely intact. Scale bars, 4 mm.

scopoletin in lignin was investigated via the presence of scopoletin
acetate [weight-average molecular weight (M,,) 234] and its deuterated
analog (M, 237). Scopoletin acetates (both deuterated and nondeu-
terated acetates) were detected as 3.3 and 2.3% of the total released
DFRC degradation products in SCOP-1 and SCOP-2 lines, respec-
tively, and were not detected in the WT samples (fig. S5). Up to 55%
of these released scopoletin units appeared as deuterated acetate
products, indicating that scopoletin coupled via its 4-O position
into the lignin polymer to a considerable extent (Fig. 5 and fig. S11).

After the successful engineering of scopoletin into the lignin of
SCORP lines, we tested the hypothesis that the cell walls of SCOP lines
would be easier to degrade under alkaline biomass pretreatment con-
ditions before enzymatic hydrolysis of the cell wall carbohydrates
into fermentable sugars. We therefore measured the enzymatic
cellulose-to-glucose conversion of inflorescence stem segments of

Hoengenaert et al., Sci. Adv. 8, eabo5738 (2022) 13 July 2022

SCOP and WT lines after an alkaline pretreatment. CWRs of SCOP
lines and WT plants had equal amounts of cellulose and hemicellu-
lose (Table 2). After a 62.5 mM NaOH (3 hours at 90°C) pretreat-
ment of stem biomass, the glucose release upon a cellulase incubation
was followed over a period of 72 hours. At each time point, SCOP
lines released significantly more glucose compared to WT. At the
end of the saccharification, the cellulose-to-glucose conversion of
SCOP-1 and SCOP-2 lines had increased by 40 and 39%, respectively,
relative to the conversion of WT (Fig. 6). The increased enzymatic
hydrolysis of cellulose was also visually obvious, as the structural
integrity of the SCOP inflorescence stem segments was lost after
72 hours of cellulose treatment (Fig. 6B and fig. S13). In addition,
the cellulose-to-glucose conversion of SCOP lines was evaluated
after a low-concentration alkaline pretreatment, an acid pretreat-
ment, and without the use of a pretreatment. After pretreatment
with 1 M HCI for 2 hours at 80°C, cellulose-to-glucose conversion
increased by 17% and 20% for SCOP-1 and SCOP-2 lines, respec-
tively, as compared to WT. With a low alkaline concentration (1.91
mM NaOH for 3 hours at 90°C) or when no pretreatment was ap-
plied, the cellulose-to-glucose conversion of SCOP-2 was increased
by only 14 and 11%, respectively, whereas the cellulose-to-glucose
conversion of SCOP-1 was similar to that of WT (fig. S12). These
observations are in line with our initial hypothesis that a certain al-
kaline load will hydrolyze scopoletin-derived B-aryl ethers, resulting
in enhanced lignin degradation during alkaline pretreatment and
an improved subsequent cellulose-to-glucose conversion (Fig. 1).
However, we cannot exclude the possibility that changes to the lig-
nin polymer—such as the increased S/G ratio, the lower lignin con-
tent, and the 1.5-fold relative increase in H-unit frequency—also
contributed to the enhanced saccharification efficiency.

At the time that we initially submitted our findings on the SCOP
lines, Sakamoto et al. (50) reported a screening method in Arabidopsis
to discover lignin engineering strategies. From that screen, they
found that overexpression of F6'HI under control of the Populus
sieboldii x Populus grandidentata C4H promoter resulted in incor-
poration of scopoletin into the alcohol-insoluble cell wall. However,
lacking NMR- and DFRC-based evidence, it remained unclear
whether scopoletin was an integral part of the lignin polymer in
those transgenic plants. Furthermore, biomass from their plants did
not show an improvement in saccharification efficiency upon alka-
line pretreatment, possibly because they only expressed F6'H1, and
not also COSY, in their screening strategy (40).

Our combined results show that the simultaneous expression of
F6'H1 and COSY in lignifying tissues results in the production of
scopoletin, thereby shifting the metabolism from the biosynthesis
of traditional monolignols toward the biosynthesis of coumarins. In
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addition, scopoletin was successfully incorporated, via 4-O etherifi-
cation, into the lignin polymer, exceeding the levels of the traditional
H units. The integration of scopoletin into the lignin polymer is in
line with recent in silico molecular modeling studies that predicted
that a variety of lignin-related compounds can passively traverse the
plasma membrane before their incorporation into the lignin poly-
mer, rather than, but not excluding, the need for plasma mem-
brane-located transporters (51). The corollary is that any aromatic
compound that is made in lignifying cells, that meets the minimum
requirement of having a phenolic function, and that has the right
chemical properties to diffuse through a lipid bilayer may incorpo-
rate into the lignin polymer and can therefore be considered as a
candidate alternative lignin monomer (8, 21, 23, 24, 35). Our con-
cept study to enhance lignocellulosic biomass processing in the
model Arabidopsis may serve as a basis for translation into biomass
crops to engineer high-quality feedstock for the biorefinery.

MATERIALS AND METHODS

Plant material and vector construction

Arabidopsis thaliana (ecotype Col-0) was used as a control and for
plant transformation. For the vector construction, we removed the
stop codon of the coding sequence of F6'H1 (AT3G13610) and fused
it to a T2A linker sequence, which was, on its turn, fused to the cod-
ing sequence of the COSY (AT1G28680). The resulting construct,
flanked by AttL1 and AttL2 sites (AttL1-F6'HI:T2A:COSY-AttL2),
was subsequently synthesized and cloned into the pBR332 vector by
GenScript. The 4491-base pair (bp) promoter of Arabidopsis CesA4
(pCesA4) was available in-house as pEN-L4-pCesA4-R1 (27). The
promoter was recombined with the pBR332-F6'H1:T2A:COSY vector
into the destination vector pB7m24GW using a multisite Gateway
reaction. The expression vector, pCesA4:F6'H1_COSY (SCOP), was
introduced into Agrobacterium tumefaciens strain C58C1 PMP90
via electroporation. Positive colonies were selected via PCR using
the following gene-specific primers: F6'HI_Fw (5'-CAACCCAAT-
TCTCAAATCCAG-3') and COSY_Rv: (5'-AGGGCAAATTCAC-
CTTTGTG-3'). Five independent WT Arabidopsis plants were floral
dipped (52) with Agrobacterium containing the expression vector.
Of each floral-dipped plant, three transgenic seedlings were selected
on Basta selective medium and subsequently planted in soil. In the
T2 generation, the proportion of resistant seedlings was deter-
mined. Seed stocks that followed a 3:1 segregation, indicative for a
single locus insertion, were selected and transferred to soil. Plants
giving rise to a T3 seedstock of which all seeds germinated on the
selective medium were selected as being homozygous.

Growth conditions

Vernalized seeds of WT and SCOP lines were germinated in soil and
were grown in short-day conditions (8-hour light, 16-hour dark; 21°C,
day; 18°C, night) for approximately 6 weeks, before being transferred
to long-day conditions (16-hour light, 8-hour dark; 21°C, day; 18°C,
night). Plants used for metabolomics and microscopy were grown
until they were 30 and 20 cm tall before analysis, respectively. Plants
grown for cell wall analyses and biomass experiments were grown
until senescence. Root phenotypical analyses were performed on
10-day-old seedlings grown on vertical Murashige and Skoog plates,
containing 0.6% (w/v) GELRITE, 1 x Murashige and Skoog medium
[Murashige and Skoog basal salt mixture powder (4.31 g liter™};
Duchefa), sucrose (10 g liter ™), 2-morpholinoethanesulphonic acid
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(MES) monohydrate (0.5 g liter ), myo-inositol (0.1 g liter™), plant
tissue GELRITE (6.0 g liter '; Duchefa); pH 5.7]. After sowing, plates
were incubated at 4°C for 2 days for vernalization, after which the
plates were placed in vertical orientation in the tissue culture room
under long-day growth conditions (16-hour light/8-hour dark) at 21°C.

Phenotyping experiments

Dry weight and height of the main stem of senesced Arabidopsis
lines were measured on a precision balance (Mettler Toledo XP105
Delta Range) after removal of the side branches, cauline leaves, and
siliques. Root phenotypic analyses were performed by counting the
number of emerged lateral roots using a stereomicroscope (CETI
Binocular Zoom Stereo) and by quantifying the root length using
the Image] analysis software.

Phenolic profiling

The bottom 15 cm of Arabidopsis stems was harvested and immediately
frozen in liquid nitrogen. Subsequently, the basal 1 cm was removed,
and the following 10 cm was ground in 2-ml Eppendorf tubes with
precooled 4-mm stainless steel beads using a Retsch ball milling
machine (20 Hz). The phenolic metabolites were extracted with
1 ml of methanol for 15 min at 70°C in a thermomixer (1000 rpm).
An 800 ul of aliquot of each phenolic extract was dried at reduced
pressure in a SpeedVac and subsequently solubilized in 100 pl of
cyclohexane and 100 pl of Milli-Q water. The water phase (15 ul) was
injected on an UHPLC system (Waters ACQUITY UPLC) equipped
with a BEH C18 column (2.1 mm by 150 mm, 1.7 pM; Waters) and
coupled to a quadrupole time-of-flight mass spectrometer [Q-TOF
mass spectrometer, Synapt Q-TOF (Waters Corp., Milford, MA,
USA)]. A gradient of two buffers was used: buffer A (99:1:0.1, H,O/
ACN/formic acid, pH 3) and buffer B (99:1:0.1, ACN/H,O/formic
acid, pH 3); 99% buffer A for 0.1 min decreased to 50% buffer A in
30 min (350 pl/min, column temperature of 40°C). The flow was
diverted to the mass spectrometer equipped with an electrospray
ionization source and LockSpray interface for accurate mass mea-
surements. The MS source parameters were as follows: capillary volt-
age of 2.5 kV, sampling cone of 37 V, extraction cone of 3.5 V, source
temperature of 120°C, desolvation temperature of 400°C, cone gas
flow of 50 liter/hour, and desolvation gas flow of 500 liter/hour. The
collision energy for the trap and transfer cells was 4 and 3 V, respec-
tively. For data acquisition, the dynamic range enhancement mode
was activated. Full-scan data were recorded in negative centroid
V-mode; the mass ranged between m/z 100 and 1200, with a scan speed
of 0.2 s per scan, with MassLynx software v4.1 (Waters). Leucine-
enkephalin [250 pg/ul solubilized in 1:1 (v/v) water/ACN, with
0.1% formic acid] was used for the lock mass calibration, with scanning
every 10 s and with a scan time of 0.5 s. From the resulting chro-
matograms, 8035 deisotoped peaks were integrated and aligned via
Progenesis QI v2.4 (Waters Corp., Milford, MA, USA), each peak
having an m/z and a retention time. PCA (Pareto scaling, all 8035
peaks included) was performed using MetaboAnalyst v4 (53). The
following filters were applied to analyze the data: average ion inten-
sity within at least one group >1000, P value Student’s ¢ test <0.001,
and fold change >4 or <0.25 compared to WT. Statistical analyses
were performed on ArcSinh-transformed ion intensities. For struc-
tural elucidation, MS/MS was used. For MS/MS, all settings were
the same as in full MS, except that the collision energy was ramped
from 10 to 20 eV for low mass and from 20 to 45 eV for high mass,
in the trap, and the scan time was set at 0.3 s.
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Scopoletin and scopolin quantification

Phenolic extracts were prepared as described above, except for dried
phenolic extracts that were solubilized in 200 ul of cyclohexane and
200 pl of Milli-Q water. All samples were diluted 100 and 1000 times
for quantification purposes. Three independent dilution series of
scopoletin (Sigma-Aldrich) and scopolin [synthesized from scopo-
letin (54)] were used to generate calibration curves. Of each sample,
10 ul was injected onto a UHPLC system (Waters ACQUITY UPLC)
equipped with a BEH C18 column (2.1 mm x 50 mm, 1.7 pm;
Waters) coupled to a Q-TOF mass spectrometer [Vion IMS Q-TOF
(Waters Corporation, Milford, MA, USA)]. For chromatographic
separation, a gradient of two buffers was used: buffer A (99:1:0.1 H,O/
ACN/formic acid, pH 3) and buffer B (99:1:0.1 ACN/H,0/formic
acid, pH 3); 99% buffer A for 0.1 min decreased to 50% buffer A in
5 min followed by a decrease to 30% buffer A from 5 to 7 min and
0% buffer A from 7 to 10 min. The flow rate was set to 0.5 ml min™"
(column temperature of 40°C). The flow was diverted to the mass
spectrometer equipped with an electrospray ionization source and
LockSpray interface for accurate mass measurements. The MS source
parameters were as follows: capillary voltage of 2.5 kV, sampling
cone of 40 V, extraction cone of 3.5 V, source temperature of 120°C,
desolvation temperature of 600°C, cone gas flow of 50 liter/hour, and
desolvation gas flow of 1000 liter/hour. For data acquisition, Intelli-
gent Data Capture Intensity threshold was set at 5. Full-scan data
were recorded in negative ionization mode through Uni-Fi 2.0.0
Workstation (Waters). Profile data were recorded, and the mass
range was set between m/z 100 and 1200 with a scan speed of 0.1 s
per scan. Leucine-enkephalin [250 pg/pl solubilized in 1:1 (v/v)
water/ACN, with 0.1% formic acid] was used for the lock mass
calibration. Chromatogram alignment and peak detection were done
with Progenesis QI v2.4 (Waters Corporation, Milford, MA, USA).
The amounts of scopoletin and scopolin in the biological samples
were calculated on the basis of the respective peak intensities and
the calibration curve for each.

Light and fluorescence microscopy

Fresh Arabidopsis stems were harvested from WT and SCOP lines
when they had an approximate height of 20 cm. SCOP lines that
suffered from gene silencing effects (SCOP-A-D) were harvested at
the same age with an average height of 12 cm. The bottom 2 cm was
discarded, and the following 5 cm was embedded in 7% (w/v) aga-
rose according to Mitra et al. (55). Slices of 100-pm thickness were
made using a Leica VT 1200S vibratome. Stem sections were first
stained using Wiesner (phloroglucinol-HCI) reagent according to
Mitra et al. (55) and subsequently visualized using an OLYMPUS
BX51 microscope with a 20x objective. Lignin autofluorescence was
determined using a Zeiss LSM 710 confocal microscope with a Plan-
Apochromat 20x/0.8 M27 objective. The fluorescence signal originating
from the lignin polymer was obtained using an excitation wave-
length of 405 nm and an emission window between 415 and 735 nm.

Cell wall preparation

CWR was prepared using a series of sequential extraction steps (27).
In summary, after removal of the bottom 1 cm of the main stem, the
basal 30 cm of senesced Arabidopsis stems was cut into 2-mm pieces
and sequentially washed for 30 min in Milli-Q-water at 98°C, etha-
nol at 76°C, chloroform at 59°C, and acetone at 54°C. CWRs were
dried under reduced pressure and determined gravimetrically as a
percentage of the dry weight.
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Lignin quantification

The lignin content was determined using the gravimetry-based Klason
assay and the spectrophotometry-based AcBr lignin quantification
assay. Klason lignin was determined on three pools of 100 mg of
CWR and essentially performed according to National Renewable
Energy Laboratory (56) with modifications as reported by Oyarce et al.
(27). AcBr lignin was determined on 10 mg of CWR and essentially
performed according to Foster et al. (57) with small modifications as
reported by Van Acker et al. (11). The scopoletin standard (1.04 mg)
was dissolved in 5 ml of AcBr solution and taken through the whole
AcBr lignin quantification procedure, after which its absorbance
spectrum was compared to those of biological samples.

Lignin composition via thioacidolysis

The composition of the lignin polymer was investigated using thio-
acidolysis of the isolated cell wall preparations (58-60). Released mono-
mers, involved in B-O-4 linkages, were detected as their trimethylsilyl
derivatives. GC-MS analysis was carried out using a 7890B GC system
equipped with a 7693 A automatic liquid sampler and a 7250 Accurate
Mass Q-TOF MS system (Agilent Technologies, Santa Clara, CA,
USA). One microliter of the sample was injected in splitless mode
with the injector port set to 280°C. Separation was achieved with a
VF-5ms column (30 m x 0.25 mm, 0.25 um; Varian CP9013, Agilent
Technologies) with helium carrier gas at a constant flow of 1.2 ml/min.
The oven was held at 130°C for 3 min after injection, ramped to
200°C at 10°C/min, ramped to 250°C at 3°C/min, held at 250°C
for 5 min, ramped to 320°C at 20°C/min, held at 320°C for 5 min,
and, lastly, cooled to 130°C at 50°C/min at the end of the run. The
mass selective detector (MSD) transfer line was set to 280°C, and
the electron ionization energy was 70 eV. Full electron impact-MS
spectra were recorded between m/z 50 and 800 at a resolution of
>25,000 and with a solvent delay of 10.0 min. Peak integrations for
quantification of the lignin monomers were carried out using the
MassHunter Quantitative Analysis (for Q-TOF) software package
(Agilent Technologies) using specific quantifier ions for each me-
tabolite (table S8). Response factors for the lignin monomers were
determined on the basis of the standard curves of each of the differ-
ent monomers: H,,/; 205 (1.17), Gz 235 (2.48), Sz 265 (1.98), and
scopoleting,, 234 (0.19).

For untargeted analysis, the resulting GC-MS chromatograms
were analyzed and deconvoluted with Analyzer Pro XD. In total,
388 thioacidolysates were detected and quantified. Statistical analy-
sis was performed via analysis of variance (ANOVA) (P < 0.01) fol-
lowed by a post hoc Student’s £ test (P < 0.01).

Lignin composition via 2D HSQC NMR

After removal of the bottom 1 cm, the basal 30 cm of the main inflores-
cence stem of SCOP lines and control plants was chopped into 2 mm
pieces. Stem pieces of multiple individual SCOP plants were pooled to
finally obtain three independent pools of 300 mg each. Control plants
were pooled similarly, but only two independent pools of 300 mg
could be obtained. EL was prepared using a CELLULYSIN enzyme mix-
ture, and 2D HSQC NMR was performed as previously reported (61).

Scopoletin incorporation via DFRC

EL was degraded by DFRC using previously described experimental
conditions (62, 63). The DFRC degradation products were acetylated
using deuterated acetic anhydride and pyridine [1:1 (v/v), 2 hours], al-
lowing distinction of monomers deriving from originally etherified
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versus originally free phenolic units (26) before being analyzed on a
Shimadzu GC/MS-QP2010 Plus instrument using previously de-
scribed chromatographic conditions (62). Monomer determination
was performed by monitoring the m/z as described in (64): 192, 222,
and 252, the base peaks resulting from the loss of ketene (CH,-C=0)
for nondeuterated H, G, and S acetates, and 193, 223, and 253 for
the deuterated H, G, and S analogs, respectively. The nondeuterated
acetate of scopoletin was monitored at m/z 192, and its deuterated
analog was monitored at m/z 193. The response of each ion is de-
picted as an extracted ion chromatogram in Fig. 5.

Carbohydrate analyses

Prepared CWRs were used to determine the amount of matrix poly-
saccharides (MPSs), cellulose, and hemicellulose. The composition
of the hemicellulose together with the amount of MPS was deter-
mined using previously described methods (11). The cellulose con-
tent was determined as reported in (65).

Saccharification assays

Main stems of senesced SCOP lines and WT plants were collected
for saccharification experiments. Upon removal of the bottom 1 cm,
the basal 30 cm was chopped into 2-mm pieces that were pooled per
two individuals. The saccharification assay was performed according
to Van Acker et al. (66). For alkaline biomass pretreatments, 1.91 mM
NaOH and 62.5 mM NaOH were used. For the acid pretreatment, a
1 M HClI solution was used. The activity of the enzyme mixture was
determined using a filter paper assay (67), and 0.016 filter paper
units were added to each sample. The structural integrity of inflo-
rescence stem pieces was imaged using a Leica M80 stereomicro-
scope equipped with an ICE90 E camera (Wetzlar, Germany).

Quantitative reverse transcription PCR

Transcript levels of CESA4 (AT5G44030), CESA7 (AT5G17420), F5H1
(AT4G36220), and the chimeric pCesA4:F6'HI_COSY gene were de-
termined in 8-week-old Arabidopsis stems of transgenic lines and WT
grown in long-day conditions (16-hour light, 8-hour dark). The
bottom 2 cm of the main stem was harvested and immediately flash
frozen in liquid nitrogen. RNA was extracted from four pools con-
sisting of each three individual stem pieces using the RNeasy Plant
Mini Kit (QIAGEN). An on-column treatment with deoxyribonu-
clease I (Promega) was performed to digest contaminating genomic
DNA according to the manufacturer’s instructions. A total of 1 ug
of RNA was used as a template for cDNA synthesis using the iScript
cDNA Synthesis Kit (Bio-Rad). Relative transcript abundances were
determined in triplicate on the LightCycler 480 II Real-Time SYBR
Green PCR System (Roche) according to the manufacturer’s instruc-
tions. Obtained cycle threshold values were converted to relative
expression values using the second derivative maximum method.
PP2AA3 (AT1G13320) and MON1 (AT2G28390) were used as reference
genes within the analysis. All primer sequences are listed in table S9.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abo5738

View/request a protocol for this paper from Bio-protocol.
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