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Lignocellulosic biomass is recalcitrant toward deconstruction into simple sugars due to the presence of lignin. To render
lignocellulosic biomass a suitable feedstock for the bio-based economy, plants can be engineered to have decreased amounts of
lignin. However, engineered plants with the lowest amounts of lignin exhibit collapsed vessels and yield penalties. Previous
efforts were not able to fully overcome this phenotype without settling in sugar yield upon saccharification. Here, we
reintroduced CINNAMOYL-COENZYME A REDUCTASE1 (CCR1) expression specifically in the protoxylem and metaxylem
vessel cells of Arabidopsis (Arabidopsis thaliana) ccr1 mutants. The resulting ccr1 ProSNBE:CCR1 lines had overcome the vascular
collapse and had a total stem biomass yield that was increased up to 59% as compared with the wild type. Raman analysis
showed that monolignols synthesized in the vessels also contribute to the lignification of neighboring xylary fibers. The cell wall
composition and metabolome of ccr1 ProSNBE:CCR1 still exhibited many similarities to those of ccr1 mutants, regardless of their
yield increase. In contrast to a recent report, the yield penalty of ccr1 mutants was not caused by ferulic acid accumulation but
was (largely) the consequence of collapsed vessels. Finally, ccr1 ProSNBE:CCR1 plants had a 4-fold increase in total sugar yield
when compared with wild-type plants.

Lignocellulose, being the most abundant biomass on
earth, has great potential as a renewable feedstock for
the production of carbon-neutral chemicals and poly-
mers in the bio-based economy (Vanholme et al., 2013a;
Isikgor and Becer, 2015). Lignocellulosic biomass is
composed mainly of secondary thickened cell walls,
which primarily consist of cellulose and hemicellulose
polysaccharides, impregnated with lignins (Cosgrove,
2005). The latter are aromatic heteropolymers, com-
posed mainly of p-hydroxyphenyl (H), guaiacyl (G),
and syringyl (S) units, derived from the monolignols
p-coumaryl, coniferyl, and sinapyl alcohol, respectively
(Boerjan et al., 2003; Vanholme et al., 2010). Lignin
provides the plant with the necessary strength and
hydrophobicity in order to stand upright and transport
water through the vascular system (Weng and Chapple,
2010). In addition, it acts as a physical barrier against
pathogens and herbivores (Weng and Chapple, 2010;
Miedes et al., 2014). Unfortunately, lignin also is the

1 This work was supported by grants from Ghent University (Mul-
tidisciplinary Research Partnership “Biotechnology for a Sustainable
Economy” Grant 01MR0510W), from the Agency for Innovation by
Science and Technology (IWT) through the IWT-SBO project BIOLEUM
(grant no. 130039) and the IWT-FISCH-SBO project ARBOREF (grant
no. 140894). B.D.M., L.d.V, and S.C. are indebted to the IWT for a
predoctoral fellowship, and R.V. is indebted to the Research Founda-
tion Flanders for a postdoctoral fellowship.

2 These authors contributed equally to the article.
3 Address correspondence to wout.boerjan@ugent.vib.be.
The author responsible for distribution of materials integral to the

findings presented in this article in accordance with the policy de-
scribed in the Instructions for Authors (www.plantphysiol.org) is:
Wout Boerjan (wout.boerjan@ugent.vib.be).

B.D.M., R.V., and W.B. designed the research; B.D.M., L.d.V.,
M.Ö., S.C., A.P., G.G., M.D.B., and R.D.R. performed the experiments;
B.D.M., N.G., K.M., and R.V. performed the data analysis; B.D.M., R.V.,
and W.B. wrote the article.

[OPEN] Articles can be viewed without a subscription.
www.plantphysiol.org/cgi/doi/10.1104/pp.17.01462

Plant Physiology�, January 2018, Vol. 176, pp. 611–633, www.plantphysiol.org � 2018 American Society of Plant Biologists. All Rights Reserved. 611

http://orcid.org/0000-0003-2485-330X
http://orcid.org/0000-0003-2485-330X
http://orcid.org/0000-0003-2485-330X
http://orcid.org/0000-0003-2485-330X
http://orcid.org/0000-0003-2485-330X
http://orcid.org/0000-0003-2485-330X
http://orcid.org/0000-0003-2485-330X
http://orcid.org/0000-0002-3245-9081
http://orcid.org/0000-0002-3245-9081
http://orcid.org/0000-0002-3245-9081
http://orcid.org/0000-0002-3245-9081
http://orcid.org/0000-0002-3245-9081
http://orcid.org/0000-0002-3245-9081
http://orcid.org/0000-0002-3245-9081
http://orcid.org/0000-0002-3699-9931
http://orcid.org/0000-0002-3699-9931
http://orcid.org/0000-0002-3699-9931
http://orcid.org/0000-0002-3699-9931
http://orcid.org/0000-0002-3699-9931
http://orcid.org/0000-0003-3039-0129
http://orcid.org/0000-0003-3039-0129
http://orcid.org/0000-0003-3039-0129
http://orcid.org/0000-0003-3039-0129
http://orcid.org/0000-0003-3039-0129
http://orcid.org/0000-0003-3039-0129
http://orcid.org/0000-0001-7680-912X
http://orcid.org/0000-0001-7680-912X
http://orcid.org/0000-0001-7680-912X
http://orcid.org/0000-0001-7680-912X
http://orcid.org/0000-0001-7680-912X
http://orcid.org/0000-0001-7680-912X
http://orcid.org/0000-0001-7680-912X
http://orcid.org/0000-0002-0337-2999
http://orcid.org/0000-0002-0337-2999
http://orcid.org/0000-0002-0337-2999
http://orcid.org/0000-0002-0337-2999
http://orcid.org/0000-0002-0337-2999
http://orcid.org/0000-0002-0337-2999
http://orcid.org/0000-0002-0337-2999
http://orcid.org/0000-0002-0337-2999
http://orcid.org/0000-0002-0337-2999
http://orcid.org/0000-0002-3121-9705
http://orcid.org/0000-0002-3121-9705
http://orcid.org/0000-0002-3121-9705
http://orcid.org/0000-0002-3121-9705
http://orcid.org/0000-0002-3121-9705
http://orcid.org/0000-0002-3121-9705
http://orcid.org/0000-0002-3121-9705
http://orcid.org/0000-0002-3121-9705
http://orcid.org/0000-0002-3121-9705
http://orcid.org/0000-0002-1276-1857
http://orcid.org/0000-0002-1276-1857
http://orcid.org/0000-0002-1276-1857
http://orcid.org/0000-0002-1276-1857
http://orcid.org/0000-0002-1276-1857
http://orcid.org/0000-0002-1276-1857
http://orcid.org/0000-0002-1276-1857
http://orcid.org/0000-0001-8270-7015
http://orcid.org/0000-0001-8270-7015
http://orcid.org/0000-0001-8270-7015
http://orcid.org/0000-0001-8270-7015
http://orcid.org/0000-0001-8270-7015
http://orcid.org/0000-0001-8270-7015
http://orcid.org/0000-0001-5848-3138
http://orcid.org/0000-0001-5848-3138
http://orcid.org/0000-0001-5848-3138
http://orcid.org/0000-0001-5848-3138
http://orcid.org/0000-0001-5848-3138
http://orcid.org/0000-0001-5848-3138
http://orcid.org/0000-0001-5848-3138
http://orcid.org/0000-0001-5848-3138
http://orcid.org/0000-0001-5848-3138
http://orcid.org/0000-0003-1495-510X
http://orcid.org/0000-0003-1495-510X
http://orcid.org/0000-0003-1495-510X
http://orcid.org/0000-0003-1495-510X
http://orcid.org/0000-0003-1495-510X
http://orcid.org/0000-0003-1495-510X
http://orcid.org/0000-0003-1495-510X
http://orcid.org/0000-0003-1495-510X
http://orcid.org/0000-0003-1495-510X
http://orcid.org/0000-0003-1495-510X
http://orcid.org/0000-0003-1495-510X
http://orcid.org/0000-0003-2485-330X
http://orcid.org/0000-0002-3245-9081
http://orcid.org/0000-0003-3039-0129
http://orcid.org/0000-0002-3699-9931
http://orcid.org/0000-0001-7680-912X
http://orcid.org/0000-0002-0337-2999
http://orcid.org/0000-0002-3121-9705
http://orcid.org/0000-0002-1276-1857
http://orcid.org/0000-0001-8270-7015
http://orcid.org/0000-0001-5848-3138
http://orcid.org/0000-0003-1495-510X
http://crossmark.crossref.org/dialog/?doi=10.1104/pp.17.01462&domain=pdf&date_stamp=2017-12-29
mailto:wout.boerjan@ugent.vib.be
http://www.plantphysiol.org
mailto:wout.boerjan@ugent.vib.be
http://www.plantphysiol.org/cgi/doi/10.1104/pp.17.01462


major limiting factor in the processing of lignocellulosic
biomass for downstream applications (Chen and Dixon,
2007; VanAcker et al., 2013; Vanholme et al., 2013b). This
aromatic polymer contributes to the recalcitrance of the
plant cell wall toward deconstruction by hindering the
enzymatic hydrolysis of cell wall polysaccharides into
simple sugars (i.e. saccharification; Weng et al., 2008;
Pauly and Keegstra, 2010). Therefore, several efforts to
reduce cell wall recalcitrance have focused onmodifying
the lignin content and/or composition (Goujon et al.,
2003; Chen and Dixon, 2007; Leplé et al., 2007; Shadle
et al., 2007; Jackson et al., 2008; Day et al., 2009; Voelker
et al., 2010; Eudes et al., 2012, 2015, 2016;Mansfield et al.,
2012; Wilkerson et al., 2014; Mottiar et al., 2016).

Lignin-modified plants that show the highest im-
provement in saccharification efficiency typically suffer
from undesired phenotypes, including biomass and
seed yield penalties, a phenomenon also called lignin
modification-induced dwarfism (Chen and Dixon,
2007; Shadle et al., 2007; Bonawitz and Chapple, 2013;
Van Acker et al., 2013, 2014; Vanholme et al., 2013b).
Although the molecular mechanisms for lignin
modification-induced dwarfism are still poorly under-
stood, several hypotheses have been postulated to ex-
plain this phenomenon. First, the dwarfed phenotype
of lignin-modified plants could be caused by the loss of
vessel cell wall integrity, which, in turn, results in the
inability of the plant to efficiently transport nutrients
and water from the roots to the aerial parts. As a con-
sequence, a collapse of the weakened vessel cells occurs
under the negative pressure generated by transpiration,
which is called the irregular xylem (irx) phenotype
(Bonawitz and Chapple, 2013). For example, irregular
vessels have been reported for different plant species
(Arabidopsis [Arabidopsis thaliana], poplar [Populus
tremula3 Populus alba], and tobacco [Nicotiana tabacum])
perturbed in the expression of the lignin biosynthesis
genes PHENYLALANINE AMMONIA-LYASE (PAL;
Huang et al., 2010), CINNAMATE 4-HYDROXYLASE
(C4H; Stout and Chapple, 2004), 4-COUMARATE:
COENZYME A LIGASE (4CL; Voelker et al., 2010),
HYDROXYCINNAMOYL-COENZYME A SHIKIMATE/
QUINATE HYDROXYCINNAMOYL TRANSFER-
ASE (HCT; Besseau et al., 2007), p-COUMARATE 3-
HYDROXYLASE (C3H; Franke et al., 2002),CAFFEOYL
SHIKIMATE ESTERASE (CSE; Vanholme et al., 2013b),
CAFFEOYL-COENZYME A O-METHYLTRANSFERASE
(CCoAOMT; Zhong et al., 1998), and CINNAMOYL-
COENZYME A REDUCTASE (CCR; Piquemal et al.,
1998; Jones et al., 2001). Furthermore, a series of dwarfed
cellulose and hemicellulose biosynthesis mutants also
exhibit the irx phenotype (Turner and Somerville, 1997;
Taylor et al., 1999; Brown et al., 2005; Persson et al., 2007;
Li et al., 2012).

A second (or additional) cause for the observed yield
penalties could be the accumulation of pathway inter-
mediates (or derivatives thereof) that could be toxic for
the plant. For example, ccr1 mutants show strongly
increased levels of ferulic acid, which was described to
drastically decrease the levels of reactive oxygen

species (ROS; Xue et al., 2015). Because high levels of
ROS are required for the exit from cell proliferation, the
defective cell cycle and dwarfed growth of ccr1mutants
have been ascribed to the high levels of ferulic acid
leading to reduced levels of ROS (Xue et al., 2015).

A third hypothesis explaining the yield penalty of
lignin-modified plants could be the depletion of other
phenylpropanoid-related metabolites that are essential
for normal plant development (Bonawitz and Chapple,
2013).

Fourth, the triggering of an active cell wall integrity
pathway, which allows plants to sense cell wall ab-
normalities, could result in transcriptional responses
that, in turn, cause growth perturbations (Vanholme
et al., 2012; Bonawitz and Chapple, 2013). Such tran-
scriptional control mechanisms of the phenylpropanoid
metabolism have been shown to be involved in the re-
sponse to lignin pathway perturbations (Bonawitz
et al., 2014; Anderson et al., 2015). More specifically,
mutation of genes encoding subunits of the transcrip-
tional coregulatory complex Mediator (Med5A and
Med5B) resulted in a (partial) reversion of the growth
penalty, the reduced lignin abundance, and the col-
lapsed vessels of c3h1 mutants (Bonawitz et al., 2014).

Efforts have been made to overcome the dwarfed
phenotype of lignin mutants while maintaining the
beneficial high sugar yield upon saccharification. Some
of these attempts focused on the recovery of vessel
cell integrity in lignin mutants. In these studies,
VASCULAR-RELATED NAC DOMAIN6 (VND6) and
VND7 promoter sequences were used to drive the ex-
pression of a lignin biosynthesis gene in the respective
lignin mutant, thereby aiming at reintroducing lignin
biosynthesis specifically in vessel cells. The expression
of VND6 has been shown to be restricted to the meta-
xylem vessels, whereas VND7 had the highest expres-
sion level in protoxylem vessels (Kubo et al., 2005;
Zhong et al., 2008; Vargas et al., 2016). An example of
this strategy includes the partial restoration of the
dwarfed phenotype of c4h knockdown mutants by the
reintroduction of the C4H gene under the control of a
2,757-bp VND6 promoter sequence, resulting in plants
with normal, open vessels (Yang et al., 2013). However,
c4h ProVND6:C4H plants showed a reoccurrence of
lignin in the interfascicular fiber region, indicating that
the complementation strategy used was not highly
specific for vessel cells. Moreover, these lines had lower
sugar yields per mg of cell wall when compared with
c4h mutants. A similar strategy has been used in Ara-
bidopsis cse-2 mutants (Vargas et al., 2016). Here, in-
troducing CSE under the control of a 1,004-bp VND6 or
1,997-bp VND7 promoter sequence partially restored
their growth and vascular integrity. However, the
specific reoccurrence of lignin in the xylem, and not in
the interfascicular fibers, of cse-2 ProVND6:CSE and
cse-2 ProVND7:CSE lines resulted in cellulose-to-
glucose conversion efficiencies equal to those of cse-2
mutants. Similar results were obtained for a vessel-
specific complementation approach of xylan mutants,
where the use of 2,757-bp VND6 and 2,009-bp VND7
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promoter sequences only partially recovered the irx and
dwarfed phenotype of the respective xylan biosynthesis
mutants (Petersen et al., 2012). Taken together, these
data hint that the VND6 and VND7 promoters are not
strong and/or not specific enough to fully restore the
yield penalty and at the same time keep the high
cellulose-to-glucose conversion efficiency of cell wall
biosynthesis mutants.
Here, we completely overcame the total plant biomass

penalty of severely dwarfed ccr1 mutants without low-
ering general ferulic acid levels but while fully main-
taining its high saccharification potential. To achieve
this, the artificial SECONDARY WALL NAC BINDING
ELEMENT of the XYLEM CYSTEINE PROTEASE1 pro-
moter (ProSNBE) was chosen to drive the expression of
the CCR1 gene in a ccr1 mutant background (McCarthy
et al., 2011).ProSNBE is boundbybothVND6andVND7
and confers expression in both protoxylem and meta-
xylem vessels (Zhong et al., 2010). The resulting ccr1
ProSNBE:CCR1 lines showed a full recovery in vascular
integrity, a strong increase in total stem biomass as
comparedwithwild-type plants, and provided evidence
for monolignol transport from vessel cells to the cell wall
of xylary fibers.

RESULTS

ProSNBE Confers Vessel-Specific Expression in Both the
Protoxylem and Metaxylem of Arabidopsis

To fully restore the integrity of the vessels and the
growth of ccr1 mutants, a vessel-specific promoter was
required that conferred higher expression levels and/or
a broader expression pattern than the previously tested
VND6 andVND7 promoters (Petersen et al., 2012; Yang
et al., 2013; Vargas et al., 2016). The artificial ProSNBE
has been shown to direct the expression of reporter
genes to xylem vessel cells of the Arabidopsis inflores-
cence stem (McCarthy et al., 2011). Furthermore,
ProSNBE should confer expression in both protoxylem
and metaxylem vessels, because it is bound by both
VND6 and VND7 (Zhong et al., 2010). The ProSNBE
used here is composed of three tandem repeats of the
cis-regulatory SNBE1 originating from the Arabidopsis
XYLEM CYSTEINE PROTEASE1 (XCP1) promoter,
fused to the cauliflower mosaic virus (CaMV) 35S
minimal promoter (Fig. 1). The XCP1 gene has been
shown to be expressed specifically in Arabidopsis ves-
sel cells, where the corresponding protein is involved in
vessel autolysis during xylogenesis (Ohashi-Ito et al.,
2010; Zhong et al., 2010; McCarthy et al., 2011).
To investigate whether ProSNBE indeed specifically

directs gene expression in the vessels throughout the
xylem (including protoxylem and metaxylem), we
fused ProSNBE to the GFP and GUS reporter genes and
studied the expression pattern in various organs of
transformed Arabidopsis plants. In roots, GFP expres-
sion was observed in the xylem vessel cells (Fig. 1). In
inflorescence stems, GUS staining was detected in the
xylem, but it was lacking in interfascicular fibers or

pith cells (Fig. 1). Detailed examination of ProSNBE:
GFP:GUS lines revealed GUS activity in developing
vessels of both protoxylem and metaxylem (Fig. 1;
Supplemental Fig. S1). In addition, GUS activity was
found in the vasculature of siliques, flowers, and rosette
leaves (Fig. 1). As described for ProXCP1:GUS plants,
the GUS activity of ProSNBE:GFP:GUS plants appeared
to be discontinuous throughout the vasculature, with
cells lacking GUS activity alternating with those
showing GUS activity (Fig. 1; Funk et al., 2002). This
discontinuous staining pattern could be a reflection of
the degradation of the GUS protein at the vacuole or
protoplast degeneration stage occurring during vessel
maturation. As a result, cells that passed this stage will
lack the GUS signal. Because ProSNBE was found to
restrict expression to both the protoxylem and meta-
xylem vessel cells, this promoter was used further for
the envisioned complementation strategy.

The Reintroduction of CCR1 Expression under the Control
of ProSNBE Restores the Dwarfed Phenotype of
ccr1 Mutants

To restrict lignin biosynthesis to the vessel cells,
ProSNBE was used to drive expression of the CCR1
gene in both ccr1-3 and ccr1-6 mutant backgrounds.
Two independent, homozygous and single-locus ccr1-3
and ccr1-6 lines harboring the ProSNBE:CCR1 construct
were selected and used for further analyses. To first
evaluate whether the ProSNBE:CCR1 constructs suc-
cessfully restored plant growth, the ccr1 ProSNBE:CCR1
lines were grown alongside their respective ccr1 back-
ground and the wild type under short-day conditions
for 6 weeks, after which they were moved to long-day
conditions. These growth conditions allowed the de-
velopment of large rosettes and tall inflorescence stems
to maximize secondary cell wall thickening (Vanholme
et al., 2012). Whereas the ccr1 rosettes were smaller
when compared with the wild type, the rosette size was
fully recovered in ccr1 ProSNBE:CCR1 plants (Fig. 2).
The final height of the primary inflorescence stem of
ccr1 ProSNBE:CCR1 lines was equal to that of the wild
type and approximately 2-fold higher than that of their
respective ccr1 mutants (Fig. 2; Table I). The final dry
weight of the primary (main) inflorescence stem (devoid
of siliques and leaves) of both ccr1-6 ProSNBE:CCR1
lines and ccr1-3 ProSNBE:CCR1 line 2 was not signifi-
cantly different from that of the wild type, whereas
all four lines were significantly heavier (78%–124%)
than their respective ccr1 background (Table I). The fi-
nal dry weight of the primary inflorescence stem of
ccr1-3 ProSNBE:CCR1 line 1 was even increased (by
19%) when compared with that of the wild type
(Table I).

Although the ccr1 ProSNBE:CCR1 plants were re-
covered in rosette and primary inflorescence stem bio-
mass, some phenotypic differences from the wild type
were noted. First, it was observed that the ccr1
ProSNBE:CCR1plants hadmore secondary inflorescence
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Figure 1. Expression pattern conferred by ProSNBE. A, Diagram of the ProSNBE:GFP:GUS construct: GFP and GUS reporter
genes are driven by three copies of the XCP1-SNBE sequence fused to the CaMVminimal 35S promoter (ProSNBE). NLS, Nuclear
localization signal. B, Expression analysis in roots showing GFP in xylary vessels. Propidium iodide was used to counterstain the
cell wall. C, Cross section of an elongating internode of the primary inflorescence stem showing GUS staining in developing
vessels of the protoxylem. D, Cross section of a nonelongating internode of the primary inflorescence stem showing GUS staining
in developing vessels of the metaxylem but not in xylary or interfascicular fibers. E to H, GUS expression analysis in siliques (E),
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stems in comparison with the wild type (Fig. 2). Hence,
we determined the weight and number of secondary
inflorescence stems originating (1) from the rosette and
(2) directly from the primary inflorescence stem. The
ccr1 ProSNBE:CCR1 plants had more secondary inflo-
rescence stems originating from the rosette and an in-
crease in secondary inflorescence stem biomass of 49%
to 75% in comparison with the wild type (Table I). The
increase in the number of secondary inflorescences was
also observed in ccr1-6 mutants but not in the ccr1-3
mutants (Table I). In comparison with that of the wild
type, ccr1-3 and ccr1-6 total (primary and secondary)
stem biomass was reduced by 45% and 22%, respec-
tively, whereas the ccr1 ProSNBE:CCR1 plants had an
increase of 38% to 59% in total stem biomass (Table I).
A second phenotypic difference between ccr1

ProSNBE:CCR1 lines and the wild type was a pertur-
bation in seed development in ccr1 ProSNBE:CCR1
lines. Confirming previous observations (Mir Derik-
vand et al., 2008), ccr1-3 and ccr1-6mutants had a lower
number of seeds when compared with the wild type
(290% and 282%, respectively; Table I). The total seed
mass was reduced by 89% and 76%, respectively,
whereas the individual seeds were heavier (+27% and
+25%, respectively) when compared with the wild type
(Table I). Although less severe than their respective ccr1
backgrounds, the ccr1-3 ProSNBE:CCR1 and ccr1-6
ProSNBE:CCR1 lines still had a lower number of seeds
(249% and 254%, respectively) when compared with
the wild type (Table I). The total seed biomass in these
lines was decreased by 45% and 30%, respectively, and
the seeds were slightly heavier (+14% and +21%, re-
spectively)when comparedwith thewild type (Table I).
The total plant biomass (aerial part of the plant, without
the rosette) of the ccr1 ProSNBE:CCR1 lines was equal
or higher when compared with the wild type, whereas
that of ccr1was reduced significantly to more than half
that of the wild type (Table I). Because the ccr1-3
ProSNBE:CCR1 lines and ccr1-6 ProSNBE:CCR1 lines
were phenotypically similar (Table I; Fig. 2), we de-
cided to focus further efforts mainly on the analysis of
the ccr1-6 ProSNBE:CCR1 lines.
We hypothesized that the increase in the number of

secondary inflorescence stems, and hence the total stem
biomass, could have been a secondary consequence of
the impaired seed development in the ccr1 ProSNBE:
CCR1 lines. To test this hypothesis, immature siliques
were systematically removed throughout develop-
ment, with a frequency of three times per week. As has
been described before, the removal of siliques resulted
in delayed senescence and the outgrowth of more sec-
ondary inflorescences for all lines examined compared

with the control (in which all lines were grown without
the removal of siliques; Supplemental Table S1; Hensel
et al., 1994; Wuest et al., 2016). The ccr1-6 ProSNBE:
CCR1 lines were now equal to the wild type in both the
number of secondary inflorescences (originating from
both the rosette and the main stem) and the total stem
biomass (Table II). These results suggest a role for seed
development signals in the increase of lignocellulosic
biomass in the ccr1 ProSNBE:CCR1 lines.

ProSNBE:CCR1 Reinforces the Vascular System and
Partially Restores Lignin Deposition in the Xylem of
ccr1 Mutants

To examine whether the vessel-specific expression of
CCR1 in ccr1 leads to vessel-specific lignification and
restoration of vessel integrity, the lignin of fully grown
wild-type, ccr1, and ccr1 ProSNBE:CCR1 plants was
visualized with Wiesner and Mäule staining and via
autofluorescence (Fig. 3; Supplemental Fig. S2). In the
wild type, the xylem tissue, which contains large, open
vessels, and the interfascicular fibers were heavily lig-
nified. In accordance with previous reports (Jones et al.,
2001; Goujon et al., 2003; Mir Derikvand et al., 2008),
ccr1 mutants showed an overall reduction in lignin
deposition and developed irregularly shaped and col-
lapsed vessels. The xylem tissue of the ccr1 ProSNBE:
CCR1 lines showed a strong coloration and contained
large open vessels, similar to those of the wild type.
Remarkably, both vessels and xylary fibers of ccr1
ProSNBE:CCR1 lines appeared to be lignified. On the
other hand, the interfascicular fibers of the ccr1
ProSNBE:CCR1 lines showed reduced lignin deposition
similar to ccr1 mutants.

Because the previously described lignin visualization
methods do not allow visualization of the anatomical
features of the secondary cell walls, transmission elec-
tron microscopy was performed on the different lines
(Fig. 4). The secondary cell walls of the vessels and
(xylary and interfascicular) fibers of wild-type stems
were organized, compact, and displayed good cohe-
sion. By contrast, the ccr1-6 mutant exhibited dramatic
disorganization and loosening of the secondary walls in
both vessels and fibers. The xylem tissue of ccr1-6
ProSNBE:CCR1 lines appeared similar to that of the
wild type, indicated by its proper organization and
internal cohesion of the walls in both the vessels and
xylary fibers. However, the phenotype of the interfas-
cicular fibers of ccr1-6 ProSNBE:CCR1 appeared to be
similar to that of ccr1-6, indicated by the loosening of
the secondary cell wall. Additionally, the interfascicular

Figure 1. (Continued.)
flowers (F), and rosette leaves (G and H), showing reporter gene expression in the vasculature. Black arrowheads indicate cells
with GUS staining, and white arrowheads indicate cells lacking GUS staining. For B, transgenic ProSNBE:GFP:GUS seedlings
were grown for 20 d in a long-day photoperiod. For C to H, transgenic ProSNBE:GFP:GUS plants were grown for 6 weeks in a
short-day photoperiod followed by 5 weeks in a long-day photoperiod. If, Interfascicular fibers; Mx, metaxylem; Pi, pith; Px,
protoxylem; V, vessel; Xf, xylary fiber.
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fiber cells of the wild type were devoid of cellular
content, whereas those of the ccr1-6 and ccr1-6
ProSNBE:CCR1 lines still contained cellular contents.
These results indicated that ccr1-6 and ccr1-6 ProSNBE:
CCR1 did not complete programmed cell death at the
time of harvest, despite the fact that all the lines were
harvested at the same age.

Based on the lignin and cell wall visualization
methods, the xylem of the wild type and ccr1 ProSNBE:
CCR1 lines appeared to be similar (Figs. 3 and 4;
Supplemental Fig. S2). Additionally, both the vessels
and xylary fibers of ccr1 ProSNBE:CCR1 seemed to
be lignified (Fig. 3; Supplemental Fig. S2). To investi-
gate lignin amount and composition in the different
cell types, Raman microscopy analysis was performed
(Fig. 5; Supplemental Fig. S3). First, the distribution of
components having aromatic ring structures (i.e. building

blocks of the lignin polymer) was visualized by inte-
grating the intensity of each spectrum in the range of
1,650 to 1,550 cm21 into 2Dmappings. In the xylem, the
intensity of the aromatic ring stretching was high in the
wild type, intermediate in the ccr1-6 ProSNBE:CCR1
lines, and low in ccr1-6. In the interfascicular region, the
mappings of ccr1-6 and ccr1-6 ProSNBE:CCR1 lines
showed a similar intensity, which was considerably
lower compared with that of the wild type. In the next
step, a more detailed analysis was performed on the
aromatic region of lignin (1,700–1,550 cm21) obtained
from vessels, xylary fibers, and interfascicular fibers. In
vessels and xylary fibers, ccr1-6 mutants showed a
drastic decrease in the aromatic stretching vibration of
lignin at 1,597 cm21 (Agarwal et al., 1997) when com-
pared with the wild type, whereas the ccr1-6 ProSNBE:
CCR1 lines had band intensities between those of the

Figure 2. Phenotype of ccr1 ProSNBE:CCR1 lines. Wild-type, ccr1, and ccr1 ProSNBE:CCR1 plants are shown after cultivation
for 6 weeks in a short-day photoperiod followed by 1.5 weeks (A and B) or 5 weeks (C and D) in a long-day photoperiod.
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wild type and ccr1-6. First, these results indicated that
the lignin levels in the vessels of ccr1-6 SNBE:CCR1
were not recovered to wild-type levels but, rather, were
intermediate between the high levels found in the wild
type and the drastically reduced levels in ccr1-6. Sec-
ond, we could conclude that the lignin content in the
xylary fibers of ccr1-6 ProSNBE:CCR1 lines also was
partially recovered to levels between those of the wild
type and ccr1-6. In accordance with the lignin staining
data, the lignin content in interfascicular fibers (based
on peak intensities for the lignin aromatic stretching at
1,597 cm21) of ccr1-6 and ccr1-6 ProSNBE:CCR1 lines
was reduced drastically when compared with the wild
type. Another difference was observed for the peak at
1,657 cm21, which is assigned mainly to coniferyl al-
cohol (C=C stretching of coniferyl alcohol and C=O
stretching of coniferaldehyde; Agarwal et al., 2011).
Whereas the wild type showed a high intensity for this
peak in vessels, xylary fibers, and interfascicular fibers,
it was absent in all regions of ccr1-6. In the vessels and
xylary fibers of ccr1-6 ProSNBE:CCR1 lines, the inten-
sity of the peak at 1,657 cm21 was intermediate between
that of the wild type and ccr1-6, whereas in ccr1-6
ProSNBE:CCR1 interfascicular fibers, the peak at
1,657 cm21 was absent. Interestingly, in vessels and fi-
bers of ccr1-6, a new band appeared at 1,633 cm21. This
band was also present in the interfascicular region of
ccr1-6 ProSNBE:CCR1 lines and is known as C=C
stretching of ferulic acid (Agarwal and Atalla, 1990;
Prinsloo et al., 2004; Meyer et al., 2011; Mateu et al.,
2016).

Finally, the stiffness of the stems was determined via
a two-point bending test (Supplemental Table S2).
Whereas wild-type stems had a bending modulus of
112.5 kPa, ccr1-6 ProSNBE:CCR1 lines 1 and 2 had sig-
nificantly reduced bendingmoduli of 49.4 and 60.2 kPa,
respectively. Similarly, the bending modulus of ccr1-6
alsowas reduced significantlywhen comparedwith the
wild type, to a value of 25.7 kPa. Based on this, we could
conclude that the stiffness of the stems of ccr1-6
ProSNBE:CCR1 lines was partially restored when
compared with that of ccr1-6 but was still decreased
when compared with that of the wild type.

The Metabolism of ccr1-6 ProSNBE:CCR1 Lines Shows
Characteristics of ccr1-6 Mutants and of Wild-Type Plants

The biomass penalty and vessel collapse provoked by
the ccr1 mutation were recovered in ccr1 ProSNBE:
CCR1 lines (Table I; Fig. 3; Supplemental Fig. S2). To
examine whether the molecular phenotype of ccr1
mutants was also recovered for ccr1 ProSNBE:CCR1
lines, metabolic profiling of their inflorescence stems was
performedvia ultra-high-pressure liquid chromatography-
mass spectrometry (UHPLC-MS). This procedure allows
the detection of several classes of phenolic compounds and
glucosinolates (Vanholme et al., 2012, 2013b; Sundin et al.,
2014). A total of 9,746 peaks (mass-to-charge ratio [m/z]
features)were integrated in the chromatograms of thewildT
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type, ccr1-6, and ccr1-6 ProSNBE:CCR1 lines 1 and 2
(Supplemental Data Set S1). After applying stringent
filters, 554 peaks were retained for statistical analysis
(see “Materials and Methods”). Principal component
analysis (PCA) of these 554 peaks showed that the
metabolic profiles of ccr1-6 ProSNBE:CCR1 plants were
situated between those of ccr1-6mutants and wild-type
plants according to the first principal component,
which explains 33.5% of the variation (Fig. 6). The sec-
ond principal component, which explains 15.4% of
the variation, reflects variation within the genotypes
(and not between the genotypes) and can be attributed
to biological and/or technical variation. One-way
ANOVA followed by posthoc Student’s t tests resulted
in a list of 232 peaks with significantly different inten-
sities between the ccr1-6 ProSNBE:CCR1 lines and the
wild type and/or the ccr1-6 ProSNBE:CCR1 lines and
ccr1-6. Based on this, the peaks were classified into eight
different groups (Fig. 6; Supplemental Data Set S1). Be-
cause no significant differences in peak intensity were
found between ccr1-6 ProSNBE:CCR1 lines 1 and 2 for
these 232 peaks, the two ccr1-6 ProSNBE:CCR1 lines
were treated further as one line. In-depth analysis of
the 232 peaks showed that these could be assigned
to 172 compounds, of which 82 could be putatively
structurally characterized based on their m/z, retention
times, and tandem mass spectrometry (MS/MS) frag-
mentation spectra (Fig. 7; Supplemental Tables S3
and S4; Supplemental Fig. S4). The latter were bio-
chemically classified and situated onto ametabolic map
of the phenolic and glucosinolate metabolism in Ara-
bidopsis stems (Fig. 8).

Of the 82 putatively structurally characterized me-
tabolites, 52 belonged to the classes of ferulic acid,
vanillic acid, sinapic acid, and syringic acid coupling
products and derivatives. Previously, ccr1 mutants
have been described to accumulate members of these
metabolic classes (Vanholme et al., 2012). The abun-
dances of these metabolites also were higher in ccr1-6
ProSNBE:CCR1 when compared with the wild type,
of which nine compounds had levels that were even
higher than those in ccr1-6 (group 1), 17 compounds
had levels not significantly different from those in ccr1-6
(group 2), and 26 compounds had levels lower than
those in ccr1-6 (group 3). Furthermore, six compounds
were classified as oligolignols and hexosylated oligoli-
gnols. The abundance of these metabolic classes was
severely reduced in ccr1-6mutants when comparedwith
the wild type (Vanholme et al., 2012). In the ccr1-6
ProSNBE:CCR1 lines, the peak intensities of these me-
tabolites were also reduced when compared with the
wild type, to levels higher than in ccr1-6 (one hexosy-
lated oligolignol in group 6), not significantly different
from in ccr1-6 (two hexosylated oligolignols and two
oligolignols in group 7), or lower than in ccr1-6 (one
hexosylated oligolignol in group 8). Another class of
phenylpropanoic acid-derived metabolites in Arabi-
dopsis comprises coupling products of monolignols
and ferulic acid or sinapic acid. Similar to (hexosylated)
oligolignols, the abundance of monolignol-ferulic acidT
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coupling products was reduced in ccr1-6 mutants
(Vanholme et al., 2012). In ccr1-6 ProSNBE:CCR1 lines,
the abundance of one monolignol-ferulic acid coupling
product was not significantly different when compared
with the wild type and increased significantly as com-
paredwith ccr1-6 (group 4). However, the abundance of
14 monolignol-ferulic acid and -sinapic acid coupling
products was still reduced in the ccr1-6 ProSNBE:CCR1
lines as compared with their abundance in the wild
type, of which nine had abundances intermediate be-
tween those of the wild type and ccr1-6 (group 6), four
had abundances that were not significantly different
from those of ccr1-6 (group 7), and one had an abun-
dance lower than that of ccr1-6 (group 8). In addition,
five glucosinolates that accumulated to high levels in
ccr1-6 were (partially) restored to wild-type levels in
ccr1-6 ProSNBE:CCR1 (groups 3 and 5). Furthermore,
the abundances of N-acetyl-phenylalanine and p-cou-
maroyl glutamate were decreased in the ccr1-6 mutant
when compared with the wild type, whereas the ccr1-6
ProSNBE:CCR1 lines had levels intermediate between
those of the wild type and ccr1-6 (group 6). The abun-
dance of p-coumaroyl hexose was increased to a similar
level in ccr1-6 and the ccr1-6 ProSNBE:CCR1 lines when

compared with that of the wild type (group 2). Finally,
caffeic acid 3/4-O-hexoside accumulated to high levels
in ccr1-6mutants when comparedwith thewild type but
was reduced again to wild-type levels in the ccr1-6
ProSNBE:CCR1 lines (group 5). Despite the notable ex-
ceptions, we found that the majority of metabolic shifts
present in dwarfed ccr1-6 mutants were still largely
present in the phenotypically fully recovered ccr1
ProSNBE:CCR1 lines.

The Effect of Ferulic Acid Content on Cell Proliferation
and Growth

It has been proposed that the dwarfed phenotype of
ccr1 mutants is caused by the dramatically increased
level of ferulic acid (Xue et al., 2015). These high levels
of ferulic acid were reported to delay the exit from cell
proliferation, thereby reducing the average nuclear
ploidy level and causing the observed growth defects of
ccr1 mutants (Xue et al., 2015). Elaborating on this
reasoning, the ferulic acid levels of the growth-restored
ccr1-6 ProSNBE:CCR1 lines should be reduced when
compared with ccr1-6, leading to restoration of the cell

Figure 4. Morphology of cell walls of wild-type,
ccr1-6, and ccr1-6 ProSNBE:CCR1 stems. Trans-
mission electron microscopy demonstrates the
ultrastructure of the interfascicular fibers and
xylem regions. Arrows indicate residual cellular
content. V, Xylary vessel. Bars = 10 mm.

Figure 3. Lignin deposition in inflores-
cence stems of ccr1-6 ProSNBE:CCR1
lines. Transverse stem sections are shown
for the wild type, ccr1-6, and ccr1-6
ProSNBE:CCR1 lines. Wiesner and Mäule
staining and lignin autofluorescence are
shown. If, Interfascicular fibers; Xy, xylem.
Bars = 100 mm.
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cycle and growth. To test this hypothesis, we deter-
mined the ferulic acid levels and nuclear ploidy level of
ccr1-6 ProSNBE:CCR1 lines using the wild type and
ccr1-6 as a control. In analogy with Xue et al. (2015), all
experiments were performed on the first pair of leaves
of 15- and 25-d-old plants. At both time points, the ro-
sette sizes of ccr1-6 ProSNBE:CCR1 plants were similar
to those of the wild type, whereas ccr1-6 rosettes were
significantly smaller (Supplemental Fig. S5). Addition-
ally, the morphology of the vasculature of the first
leaves was investigated via microscopy. Notably, wild-
type and ccr1-6 ProSNBE:CCR1 plants had large and
open vessels in the xylem, whereas the vessels of ccr1-6
mutants were collapsed (Supplemental Fig. S6).

In contrast to the findings of Xue et al. (2015), the
levels of ferulic acid remained below the detection limit
in all samples in our analysis. Therefore, a series of
ferulic acid coupling products was used as a measure
for the total ferulic acid content (Table III). On day 15,
the levels of all ferulic acid coupling products were

increased in ccr1-6 ProSNBE:CCR1 lines when com-
pared with the wild type, to levels equal to those in the
ccr1-6mutant (Table III). The same trend was observed
for seedlings on day 25. At this time point, the levels of
ferulic acid coupling products were increased in the
ccr1-6 ProSNBE:CCR1 lines when compared with the
wild type, to levels equal to or lower than in the ccr1-6
mutant (Table III). In accordance with the literature, the
average nuclear ploidy level of cells from ccr1-6 mu-
tants was lower as compared with that of the wild type
at both time points (Fig. 9; Xue et al., 2015). However,
the average ploidy level of cells in both ccr1-6 ProSNBE:
CCR1 lines was similar to that of the wild type and
significantly higher than that of the ccr1-6 mutant at
both time points (Fig. 9). Taken together, these results
show that the overall level of ferulic acid was similar in
both ccr1-6 and ccr1-6 ProSNBE:CCR1 seedlings,
whereas cells of the ccr1-6mutant, but not those of ccr1-6
ProSNBE:CCR1, retained their mitotic state for a
prolonged time.

Figure 5. Ramanmicroscopy analysis of cell walls of wild-type, ccr1-6, and ccr1-6 ProSNBE:CCR1 plants. A, Examples of Raman
mapping images taken from the xylem and interfascicular fiber region of thewild type, ccr1-6, and ccr1-6 ProSNBE:CCR1 lines by
integrating the aromatic stretching vibration from 1,650 to 1,550 cm21. CCD cts, Charged CoupledDevice counts. Bars = 10mm.
B, Extracted average spectra in the lignin aromatic region between 1,700 and 1,550 cm21 obtained by a region-of-interest study in
vessels, xylary fibers, and interfascicular fibers (n = 18: 3 biological replicates3 2 mappings3 3 regions of interest). The marked
bands represent 1,657 cm21 (C=C stretching of coniferyl alcohol plus C=O stretching of coniferaldehyde), 1,633 cm21 (C=C
stretching from the propenoic acid side chain of ferulic acid), and 1,597 cm21 (aromatic ring stretching of lignin). a.u., arbitrary
units.
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The Lignocellulosic Composition of ccr1 ProSNBE:CCR1 Is
Highly Similar to That of the ccr1 Mutant

Lignocellulosic biomass is recalcitrant toward de-
construction mainly because of the presence of lignin.
Because ccr1 ProSNBE:CCR1 lines do not suffer from a
yield penalty but have a reduced amount of lignin in
both the xylem and interfascicular fibers (Fig. 5),
translation of this strategy in a bioenergy crop could be
interesting for the biorefinery. To study the lignocellu-
losic biomass composition of ccr1-6 ProSNBE:CCR1, the
lignin content and composition and cellulose content of
senesced inflorescence stems were determined (Table
IV). First, soluble compounds were removed from the
stems by applying a sequential extraction to produce
CWR (Van Acker et al., 2013). In compliance with the

literature, ccr1-6 mutants had 12% less CWR, and
thus relatively more soluble compounds, than the wild
type (Van Acker et al., 2013). On average, the ccr1-6
ProSNBE:CCR1 lines had 6% less CWR than the wild
type. Second, the fraction of lignin in these prepared
CWRs was determined via the Klason method. The
lignin amount of the ccr1-6 ProSNBE:CCR1 lines did not
differ significantly from that of ccr1-6 but was approx-
imately half that of the wild type. Third, the lignin
composition was analyzed via thioacidolysis, which
allows quantification of the H, G, S, and other minor
units that are linked by b-O-4 interunit bonds in the
lignin polymer. Lignins from both the ccr1-6 and ccr1-6
ProSNBE:CCR1 lines released substantially fewer
monomers (H + G + S) than the lignin from wild-type

Figure 6. Summary of metabolite profiling of
primary inflorescence stems of the wild type,
ccr1-6, and ccr1-6 ProSNBE:CCR1. A total of
9,746 peaks were detected over the different
samples (wild type, n = 8; ccr1-6, n = 6; and
ccr1-6 ProSNBE:CCR1, n = 13). After applying
stringent filters, 554 peakswere selected for PCA
and statistical analysis. A, PCA of the selected
peaks revealed that the first principal compo-
nent (PC1; 33.5%of variation) explainedmainly
the difference between genotypes. The second
principal component (PC 2; 15.4% of the vari-
ation) reflects the variationwithin the genotypes.
B, Further statistical analysis revealed that the
peak intensities of 232 compounds were signif-
icantly different in ccr1-6 ProSNBE:CCR1 when
compared with the wild type and when com-
pared with ccr1-6. The differentially accumulat-
ingmetabolites were classified into eight groups.
Per group, the number of peaks, corresponding
compounds, and annotated compounds are
given.
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Figure 7. List of putatively structurally characterized metabolites with a different abundance in inflorescence stems of ccr1-6
ProSNBE:CCR1 plants as compared with the wild type or ccr1-6 mutants. Eighty-two compounds were characterized, of which
the abundance was significantly different between ccr1-6 ProSNBE:CCR1 and the wild type, on the one hand, and/or ccr1-6
ProSNBE:CCR1 and ccr1-6, on the other hand. The differentially accumulating metabolites were classified into eight different
groups (Fig. 6B). Each putatively structurally characterized metabolite has a unique number that represents (1) the group that the
metabolite belongs to and (2) the ranking within this group. The metabolites are listed per metabolic class, and the dashed lines
separate the different groups present in a specific metabolic class. The average peak intensities are represented by a heat map,
ranging from low values represented in blue to high values represented in red (wild type, n = 8; ccr1-6, n = 6; and ccr1-6 ProSNBE:
CCR1, n = 13).
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samples. This indicates that the lignins of the ccr1-6 and
ccr1-6 ProSNBE:CCR1 lines have fewer b-O-4 interunit
bonds and, thus, are enriched in carbon-carbon (mainly
b-5 and b-b) interunit bonds. The H monomers were
barely detectable in the wild type and constituted only
1.8% of the total identified thioacidolysis-released units.
By contrast, the ccr1-6 and ccr1-6 ProSNBE:CCR1 lines
showed a relative increase in thioacidolysis-released H
units by approximately 3-fold. Furthermore, the S/G
ratio was decreased for the ccr1-6 mutant when com-
pared with that of the wild type. Interestingly, this
decrease was even more strikingly pronounced for the
ccr1-6 ProSNBE:CCR1 lines. Incorporation of ferulic
acid (FA), which is a knownminor constituent of lignin,
results in the release of three different units after thio-
acidolysis: two are linked via conventional b-O-4
structures (the b-O-4-FA-I and b-O-4-FA-II units),
while the third, derived from the bis-b-O-4 coupling of
ferulic acid, results in a truncated side chain (Ralph
et al., 2008). In agreement with previously reported
results for plants deficient in CCR, the relative abun-
dance of all three ferulic acid units was increased in the
ccr1-6 mutant when compared with the levels in the
wild type (Goujon et al., 2003; Leplé et al., 2007; Mir
Derikvand et al., 2008; Ralph et al., 2008; Van Acker
et al., 2014). Interestingly, the ccr1-6 ProSNBE:CCR1
lines also showed a relative increase in all three
thioacidolysis-released ferulic acid units when com-
pared with the wild type, to levels not significantly
different from those in the ccr1-6 mutant. Fourth, crys-
talline cellulose content was analyzed via the spectro-
photometric phenol-sulfuric acid assay. In accordance
with previously published results (Van Acker et al.,
2013), ccr1-6 mutants had less crystalline cellulose than
the wild type (with an average relative decrease of
about 17%). The crystalline cellulose content in the ccr1-6
ProSNBE:CCR1 lines did not differ significantly from
that of the ccr1-6mutants but was reduced as compared
with that of the wild type.

The ccr1 ProSNBE:CCR1 Lines Have a 4-Fold Increase in
Total Plant Saccharification Yield When Compared with
the Wild Type

Cell wall analysis revealed that the lignin content of the
ccr1-6 ProSNBE:CCR1 lines was reduced when compared
with that of the wild type, to levels similar to those of the
ccr1-6mutant (Table IV). Because the lignin amount has a
negative effect on the saccharification efficiency, the sac-
charification potential of ccr1-6 ProSNBE:CCR1 biomass
after acid, alkaline, or no pretreatment was investigated
further. Pretreatment (with acid or alkali) allowed the
samples to reach the plateau much sooner (i.e. after 48 h
instead of 96 h compared with no pretreatment;
Supplemental Fig. S7). Cellulose-to-glucose conversion
for the ccr1-6 ProSNBE:CCR1 lines was similar to that of
the ccr1-6 lines andmuch higher than that of thewild type,
independent of the pretreatment (Fig. 10; Supplemental
Fig. S7; Supplemental Table S5). More specifically, the

cellulose-to-glucose conversion of the unpretreated
samples had increased from 18% in the wild type to, on
average, 65% in the ccr1-6 and ccr1-6 ProSNBE:CCR1
lines (i.e. a relative increase of 261%). In the case of acid
pretreatment, the conversion increased from 22% in the
wild type to, on average, 81% in the ccr1-6 and ccr1-6
ProSNBE:CCR1 lines (i.e. a relative increase of 268%).
Finally, in the case of alkaline pretreatment, the con-
version increased from 17% in the wild type to, on av-
erage, 70% in the ccr1-6 and ccr1-6 ProSNBE:CCR1 lines
(i.e. a relative increase of 312%).

The glucose yield after saccharification was also
expressed per plant (i.e. total stem biomass; Fig. 10). In
the case of the dwarfed ccr1-6mutants, the total glucose
release per plant was increased by about 2-fold in
comparison with the wild type for each of the tested
pretreatments. Due to the combined effect of the in-
crease in total inflorescence stem biomass and the in-
crease in saccharification efficiency, the ccr1-6 ProSNBE:
CCR1 plants showed more than a 4-fold increase in
glucose yield per plant when compared with the wild
type in each of the tested pretreatments.

DISCUSSION

Vessels Act as Good Neighbors to Xylary Fibers

Complementing ccr1 mutants with ProSNBE:CCR1
resulted in plants with restored vessel integrity and
growth. Using light, fluorescence, Raman, and electron
microscopy, we analyzed the organization of the cell
wall and lignin deposition in vessels and (xylary and
interfascicular) fibers. Interestingly, lignification in ccr1
ProSNBE:CCR1 lines was not only (partially) restored in
the vessels, but the cell walls of the xylary fibers also
showed increased lignification and restored cell wall
integrity. The latter is in apparent contrast to the vessel-
specific expression pattern conferred by ProSNBE
(McCarthy et al., 2011; this study). This observation
demonstrates that monolignols synthesized in the ves-
sel cells not only lignify the vessel cell wall but also
contribute to the lignification of the cell walls of
neighboring cells. Previous research in Arabidopsis has
revealed that nonlignifying parenchyma cells provide
monolignols to vessels and xylary fibers during the
lignification process, a property that was termed good
neighbors (Smith et al., 2013). In addition, xylary fibers
also play a role in the lignification of neighboring vessel
elements during xylem development (Smith et al.,
2017b). These combined observations show that mon-
olignols can be transported between the different xylem
cell types.

Raman microscopy analysis showed that the lignin
deposition in the xylem cells of ccr1 ProSNBE:CCR1
lines is increased by approximately 2-fold when com-
pared with that in the ccr1 background but is not re-
stored to wild-type levels. This observation could be
explained by the fact (1) that ProSNBE and the native
CCR1 promoter differ in timing and/or strength of
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expression in the vessel cells or (2) that the expression of
CCR1 in the vessels alone is insufficient to compensate
for the lack of monolignols that otherwise originate
from the vessels, xylary fibers, and parenchyma cells
(Smith et al., 2013, 2017b). (3) Furthermore, vessels
have been shown to continue lignification following

programmed cell death by the donation of monolignols
from neighboring parenchyma cells and xylary fibers
(Pesquet et al., 2013; Serk et al., 2015; Smith et al.,
2017b). Because CCR1 expression is restored only in the
vessels of ccr1 ProSNBE:CCR1 lines, postmortem ligni-
fication is unlikely. Nevertheless, the partial restoration

Figure 8. Metabolic map of phenolic and glucosinolate metabolism in the primary inflorescence stems of the wild type, ccr1-6,
and ccr1-6 ProSNBE:CCR1 lines. The green highlighted part of the pathway is considered to be the major route for lignin bio-
synthesis. The gray highlighted part depicts glucosinolate biosynthesis. Dashed arrows represent suggested pathways.Metabolites
were classified into one of eight specific groups, based on their abundance in the wild type, ccr1-6, and ccr1-6 ProSNBE:CCR1
(Figs. 6B and 7; Supplemental Table S3). In each group, different metabolite classes are represented (Fig. 7). In the pathway, these
different metabolite classes are indicated by round-angled boxes. Per metabolite class, the respective group(s) containing this
specific class is (are) indicated, accompanied by heat maps. These heat maps represent the average peak intensities of all
characterizedmetabolites belonging to a specific group for the wild type (first block), ccr1-6 (second block), and ccr1-6 ProSNBE:
CCR1 (third block), indicated by a range from blue (lowest values) to red (highest values; see key at bottom). The red number
indicates the number of metabolites belonging to this group in a specific metabolic class. Terms not defined in the text are as
follows: F5H, FERULATE 5-HYDROXYLASE; COMT, CAFFEIC ACID O-METHYLTRANSFERASE; CAD, CINNAMYL ALCOHOL
DEHYDROGENASE; HCALH, HYDROXYCINNAMALDEHYDE DEHYDROGENASE (Vanholme et al., 2012; Vanholme et al.,
2013b). C3H/C4H?: Interaction between C3H and C4H has been shown for both Arabidopsis and poplar, but activity of the C3H/
C4H heterodimer for the conversion of p-coumaric acid to caffeic acid has only been shown for poplar (Bassard et al., 2012; Chen
et al., 2011).
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of lignin deposition in the xylem of ccr1 ProSNBE:CCR1
appeared to be sufficient for the complete recovery of
the stem biomass yield of ccr1 ProSNBE:CCR1 lines.

Despite Their Phenotypic Recovery, ccr1-6 ProSNBE:CCR1
Lines Share Many Characteristics with ccr1-6

Although being restored in growth, the lignocellu-
losic composition and metabolome of ccr1-6 ProSNBE:
CCR1 lines were very similar to those of ccr1-6. Inter-
estingly, ccr1-6 and ccr1-6 ProSNBE:CCR1 also share a
similar delay in cell development: whereas the inter-
fascicular fibers of wild-type plants have completed cell
death, the interfascicular fibers of ccr1-6 and ccr1-6
ProSNBE:CCR1 plants still contain their cellular con-
tents, indicating a delay in programmed cell death.
Furthermore, ccr1-6 mutants had a lower S/G ratio,

which also is characteristic of their delay in lignification
and development (Jones et al., 2001; Laskar et al., 2006;
Leplé et al., 2007; Ruel et al., 2009). A reduced S/G ratio
also was observed for ccr1-6 ProSNBE:CCR1, to a level
that was even lower than that of ccr1-6. The latter also is
a consequence of the lignin deposition pattern in ccr1-6
ProSNBE:CCR1: because the xylem region is more
enriched in G units (while the fibers contain a higher
level of S lignin; Pradhan Mitra and Loqué, 2014),
(partial) restoration of lignification in the xylem will
lead to a further decrease in the S/G ratio in the ccr1-6
ProSNBE:CCR1 lines.

Additionally, ccr1-6 mutants have been shown to
have a lot of differences in their metabolism when
compared with the wild type (Vanholme et al., 2012).
These differences could be attributed to their develop-
mental delay and/or the pathway perturbation itself.

Table III. Analysis of ferulic acid content in leaves of 15- and 25-d-old seedlings of the wild type, ccr1-6, and ccr1-6 ProSNBE:CCR1 lines

The identified ferulic acid coupling products and their average peak area 6 SE are shown (n = 5). Statistics are per compound and per time point
(see “Materials and Methods”). Different letters represent significant differences at the 0.01 significance level (Dunnett-Hsu adjusted Student’s t test).
b.d., below detection limit. The asterisk indicates a compound detected as a formic acid adduct.

No.
Retention

Time
m/z Compound Name

Day 15 Day 25

Wild Type ccr1-6
ccr1-6

ProSNBE:CCR1
Wild Type ccr1-6

ccr1-6

ProSNBE:CCR1

min

1 3.76 355.103 ferulic acid
4-O-hexoside

3 6 3 a 282 6 11 b 272 6 25 b 5 6 2 a 258 6 21 b 169 6 12 c

2 5.41 355.103 feruloyl hexose 30 6 27 a 1,178 6 123 b 1,416 6 298 b 22 6 13 a 595 6 119 b 179 6 38 c
3 5.52 355.103 ferulic acid +

hexose
34 6 24 a 1,453 6 98 b 1,553 6 131 b 85 6 6 a 1,624 6 117 b 1,220 6 75 b

4 8.99 309.060 feruloyl malate 0 6 0 a 140 6 10 b 150 6 14 b b.d. b.d. b.d.
5 6.39 322.093 feruloyl glutamate 11 6 9 a 1,375 6 181 b 1,194 6 172 b 16 6 3 a 1,007 6 100 b 321 6 37 c
6 5.77 322.093 ferulic acid +

glutamate
15 6 11 a 3,119 6 433 b 3,043 6 420 b 4 6 4 a 2,829 6 272 b 916 6 132 c

7 2.62 563.161 feruloyl hexose +
hexose*

5 6 5 a 170 6 22 b 141 6 25 b 2 6 2 a 520 6 65 b 221 6 44 c

8 5.86 471.114 ferulic acid +
malate + hexose

4 6 3 a 1,335 6 166 b 795 6 114 b 7 6 1 a 1,783 6 184 b 1,011 6 109 c

9 8.76 455.118 ferulic acid+malate+
deoxyhexose

0 6 0 a 114 6 10 b 149 6 26 b 0 6 0 a 74 6 15 b 115 6 13 b

Figure 9. Nuclear ploidy levels of wild-
type, ccr1-6, and ccr1-6 ProSNBE:CCR1
cells. Flow cytometry analysis is shown
for the first leaves at 15 and 25 d post
stratification (15 d, n = 4; 25 d, n = 5).
Error bars indicate SD. Different letters
represent significant differences at the
0.05 significance level (Dunnett-Hsu
adjusted Student’s t test).
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Despite their recovery in growth and partial restoration
in CCR1 expression, ccr1-6 ProSNBE:CCR1 lines still
share most of the shifts in their metabolism with ccr1-6.
Of the 232 selected peaks, 15 (belonging to groups 4 and 5)
were not differential between the wild type and ccr1-6
ProSNBE:CCR1, whereas 95 (belonging to groups 2 and 7)
were not differential between ccr1-6 and ccr1-6
ProSNBE:CCR1. In addition, both ccr1-6 and ccr1-6
ProSNBE:CCR1 accumulate ferulic acid, vanillic acid,
sinapic acid, and syringic acid coupling products.
Moreover, both lines show a reduction in (hexosylated)
oligolignols and monolignol-ferulic acid and -sinapic
acid coupling products when compared with the wild
type. As a notable exception, glucosinolate levels in ccr1-6
ProSNBE:CCR1 plants were (partially) restored to wild-
type levels. Glucosinolates are involved in plant defense,
and their biosynthesis is up-regulated in the case of tissue
or cell damage (Del Carmen Martínez-Ballesta et al.,
2013). Transcripts of the glucosinolate biosynthesis genes
are more abundant in ccr1mutants when comparedwith
the wild type (Vanholme et al., 2012). It seems plausible
that the accumulation of glucosinolates in ccr1-6 lines is a
consequence of the general stress status of these mutants.
Therefore, the lower levels of glucosinolates in ccr1-6
ProSNBE:CCR1 lines as compared with those in ccr1-6
could be a reflection of their reduced stress levels caused
by the reversal of the irx phenotype.

Ferulic Acid Accumulation Is Not the Cause for the Yield
Penalty of ccr1 Mutants

According to Xue et al. (2015), CCR1 plays a dual role
in plants: next to being important for lignin biosyn-
thesis, it is required for the termination of cell division.
For the latter, CCR1, ferulic acid, and ROS coordinate
the cell proliferation exit for leaf development. From
day 11 onward, CCR1 expression covers the entire leaf,
resulting into decreased ferulic acid levels in all leaf
cells. As ferulic acid antagonizes the effect of ROS, the
lower levels of ferulic acid upon CCR1 expression will
lead to an accumulation of ROS throughout the leaf,
which results into the exit from cell proliferation and the
initiation of endoreduplication. The increased endore-
duplication rate will result in a higher nuclear ploidy
level. Based on this reasoning, Xue et al. (2015) conclude
that the ccr1 dwarfed phenotype is not the result of the
reduced lignin content but, instead, is the consequence of
the dramatically increased levels of ferulic acid that keep
the cellular oxidation state low, resulting in a prolonged
phase of cell proliferation, a lower average nuclear
ploidy level, and dwarfism (Xue et al., 2015). In the ccr1-6
ProSNBE:CCR1 lines, CCR1 expression is only partially
restored in vessels. In these lines, all other cells, including
leaf mesophyll cells, are still deficient in CCR1. As a
consequence, ccr1-6 ProSNBE:CCR1 lines accumulate
ferulic acid to levels similar to those in ccr1-6, but only
the latter has a prolonged cell proliferation stage and
stunted growth. Thus, our results suggest that high
levels of ferulic acid are not the reason for the cell cycleT
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defects and stunted growth of ccr1 mutants. However,
irrespective of its cause, the fact that endoreduplication
is restored in ccr1-6 ProSNBE:CCR1 plants could still
indicate that the biomass yield penalty observed in ccr1-6
mutants is the consequence of the disturbed endoredu-
plication itself. Interestingly, high endopolyploidy was
shown to be associated with increased leaf size in map-
ping populations (Gegas et al., 2014). Furthermore, the
link between endoreduplication and dwarfism of cell
wall mutants wasmade before: the stunted growth of an
esk1-5 mutant, which is impaired in the acetylation of
hemicellulose, could be largely suppressed by mutating
the KAKTUS gene (Bensussan et al., 2015). The latter is
described as an endoreduplication repressor and could
control cell enlargement in different tissues.

The Yield Penalty of Low-Lignin Mutants Can Be Fully
Overcome without Settling in Sugar Yield by Sufficiently
Reinforcing the Vessels

Previous vessel-complementation attempts using
VND6 andVND7 promoter sequences did not achieve a

full restoration of vessel integrity and growth while
maintaining the high sugar yield for Arabidopsis plants
mutated in genes involved in lignin and hemicellulose
biosynthesis (Petersen et al., 2012; Yang et al., 2013;
Vargas et al., 2016). This could be the consequence of (1)
the targeted cell wall biosynthesis gene or (2) the ex-
pression level and pattern conferred by the chosen
promoter. VND6 expression is restricted to the meta-
xylem vessels, whereas VND7 has the highest expres-
sion level in protoxylem vessels (Kubo et al., 2005;
Zhong et al., 2008). ProSNBE is a target of both VND6
and VND7 and confers expression in both the meta-
xylem and protoxylem (Zhong et al., 2010; McCarthy
et al., 2011). The latter was sufficient to fully restore
vessel integrity in ccr1 ProSNBE:CCR1 stems and
leaves, as judged here from the open vessels in the xy-
lem and the appearance of the cell wall observed by
light microscopy and transmission electron micros-
copy. Despite having many characteristics that were
similar to ccr1, restoration of vascular integrity was
sufficient to restore the total plant biomass in ccr1
ProSNBE:CCR1 lines. These data suggest that the irx
phenotype of ccr1 mutants is responsible for their

Figure 10. Saccharification efficiency of
ccr1-6 ProSNBE:CCR1 plants. A, Cellu-
lose-to-glucose conversions after 192 h
of saccharification of senesced inflores-
cence stems of thewild type, ccr1-6, and
ccr1-6 ProSNBE:CCR1. B, Glucose re-
lease after 192 h of saccharification per
total stem biomass. Samples were sac-
charified using no pretreatment, acid
pretreatment (1 M HCl), or alkaline pre-
treatment (62.5 mM NaOH). Error bars
indicate SE; n = 6. Different letters rep-
resent significant differences at the 0.01
significance level (Dunnett-Hsu adjusted
Student’s t test) per pretreatment.
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dwarfed growth and possibly at the origin of the ob-
served cell cycle defect. Additional proof for the col-
lapsed vessel hypothesis as the reason for the dwarfism
of cell wall mutants was given by the analysis of other
cell wall-modified plants. Arabidopsis cell wall mu-
tants that displayed collapsed vessels (e.g. ccr1, cse,
c3h1, c4h, hct, and pal1/2/3/4 mutated in lignin biosyn-
thesis; irx1, irx2, and irx3 mutated in cellulose biosyn-
thesis; and irx7, irx8, and irx9 mutated in xylan
biosynthesis) all suffer from growth perturbations
(Jones et al., 2001; Franke et al., 2002; Besseau et al.,
2007; Huang et al., 2010; Vanholme et al., 2013b; Yang
et al., 2013). Moreover, vessel integrity seems to be
correlated directly with plant growth. For example,
ccr1-6 mutants and cad-c cad-d double mutants have
been shown to have similarly decreased lignin contents,
but only ccr1-6 suffered from collapsed vessels and
prominent developmental defects (Thévenin et al.,
2011). These observations are probably the consequence
of the differences in lignin composition providing
strength to the vessels: whereas lignin of ccr1-6mutants
had an S/G ratio of 0.48, cad-c cad-d doublemutants had
an S/G ratio of 0.081. Furthermore, despite the fact that
the lignin amount of med5a med5b c3h triple mutants
was restored towild-type levels, they still suffered from
collapsed vessels and were only partially restored in
growth (Bonawitz et al., 2014). In the latter case, it is
conceivable that the lignin of med5a med5b c3h, which
consists mainly of H units and shorter lignin chains,
does not provide sufficient strength to the vessels in
order to avoid their collapse. In conclusion, we hy-
pothesize that the dwarfism of cell wall mutants can be
fully overcome by sufficiently reinforcing the vessels,
thereby avoiding their collapse, by optimizing the cell
wall composition.

When compared with the wild type, the ccr1 ProSNBE:
CCR1 plants were fully recovered in height, but they also
showed an increased number of secondary inflorescences
and stem biomass. The increase in secondary inflores-
cences was also observed for ccr1-6 mutants and other
CCR1-deficient Arabidopsis plants (Goujon et al., 2003;
Van Acker et al., 2013). Here, experiments with ccr1-6
ProSNBE:CCR1, ccr1-6, and the wild type that were not
allowed to set seeds showed that the increase in stem bi-
omass in ccr1-6 ProSNBE:CCR1 lines resulted (largely)
from their reduction in seed yield. The latter is supported
by the fact that other plants perturbed in silique devel-
opment (e.g. ms1-1 and ap3-1) also produce more axillary
branches (Hensel et al., 1994; Wuest et al., 2016). More-
over, field-grown ccr1 maize (Zea mays) mutants, which
also suffered from reduced seed weights, produced signif-
icantlymore stem biomasswhen comparedwithwild-type
maize plants (Smith et al., 2017a). The underlying signal
leading to an increased biomass in seed-compromised
plants remains largely unknown. Elucidation of this signal
could open an interesting avenue to increase lignocellulosic
biomass and, thus, fermentable sugar yield.

Cellulose-to-glucose conversions of ccr1-6 and ccr1-6
ProSNBE:CCR1 lineswere 4-fold higher than those of the
wild type, independent of the pretreatment. Given the

negative correlation between saccharification and lignin
amount, the increase in saccharification yield observed
in these lines could be largely attributed to the reduced
amount of lignin but possibly also to the increased levels
of ferulic acid andH units (Ziebell et al., 2010; VanAcker
et al., 2013).On a plant basis and comparedwith thewild
type, the total plant sugar yield from the dwarfed ccr1-6
mutants was increased by 2-fold, whereas the ccr1-6
ProSNBE:CCR1 lines exhibited a 4-fold increase. The
latter is the consequence of the full recovery in height
and the increased stem biomass in ccr1-6 ProSNBE:CCR1
lines when compared with the wild type. To our knowl-
edge, the ccr1-6 ProSNBE:CCR1 lines are the highest
sugar-yielding Arabidopsis lines reported so far.

Potential of the Vessel-Specific Lignin Biosynthesis
Strategy To Be Translated into Crops

In addition to their high sugar yield, the ccr1-6
ProSNBE:CCR1 lines do not suffer from a yield pen-
alty, which makes the translation of this research into
biomass crops attractive. Hybrid poplar shows great
potential as a woody energy crop (Carroll and Somer-
ville, 2009), and wood of CCR down-regulated poplar
had up to 161% increased ethanol yield per unit of bi-
omass (Van Acker et al., 2014). However, this strategy
resulted in unstable down-regulation of the CCR gene
and significant yield penalties in the respective trees.
Since we have proven that the yield penalty of low-
lignin ccr1 mutants can be fully overcome by allowing
sufficient lignification to occur in the cell walls of ves-
sels, a similar approach could be used for the yield re-
covery of poplar. For example, the stability problem of
the down-regulation can be overcome bymaking stable
ccr mutants using the efficient CRISPR/Cas9 genome-
engineering technique (Tsai and Xue, 2015; Zhou et al.,
2015). Recovery of the yield penalty could be achieved
by reintroducing CCR expression specifically in the
vessels. However, because we have proven that, in
Arabidopsis, vessels provide monolignols to (xylary)
fibers in order to lignify their cell wall, also in poplar the
vessels may act as good neighbors to the surrounding
fiber cells, as was hypothesized before (Gorzsás et al.,
2011). Nevertheless, in Arabidopsis, the vessels were
only able to recover the lignin amount in the xylem cells
to approximately half that of the wild type. For this
reason, a stable reduction in the lignin amount of
poplars can potentially be achieved without the
corresponding yield penalty. Potential alternative
approaches to achieve vessel-specific lignification in
poplar is via perturbing the lignification specifically in
fibers. Because poplars do not (normally) flower when
grown in short rotation for biomass, it is unlikely that
they will also show an increase in lignocellulosic bio-
mass, as was observed for the ccr1 ProSNBE:CCR1 lines.
However, translation of this strategy into biomass crops
that set seeds but of which the seeds are not the prime
target (such as switchgrass [Panicum virgatum]) could
potentially result in an increased lignocellulosic bio-
mass yield.
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MATERIALS AND METHODS

Plant Material and Vector Construction

Arabidopsis (Arabidopsis thaliana; ecotype Columbia-0) wild-type, ccr1-3
(SALK_123689), and ccr1-6 (GABI_622C01)mutant plants were used as controls
and for plant transformation (Mir Derikvand et al., 2008; Ruel et al., 2009;
Vanholme et al., 2012; Van Acker et al., 2013). The artificial SNBE promoter
contained three copies of XCP1-SNBE1 fused to the CaMV 35S minimal pro-
moter (from 246 to 21), as described by McCarthy et al. (2011; Supplemental
Table S6). To clone this synthetic promoter, the 103-bp construct was first
synthesized by Invitrogen (Life Technologies). Next, the construct was PCR
amplified using primers containing the restriction sites for BamHI and XhoI
(Supplemental Table S6). Subsequently, the PCR product was cloned into the
Gateway pEN-L4-R1 vector using T4 DNA Ligase (Invitrogen) to generate the
ProSNBE entry vector pEN-L4-ProSNBE-R1, whose identity was confirmed by
sequencing. For the GFP and GUS reporter line, the ProSNBE building block
was introduced into the destination vector pMK7S*NFm14GW by using LR
Clonase (Invitrogen), which fused ProSNBE to a nuclear localization signal:
GFP:GUS reporter construct, resulting in the ProSNBE:GFP:GUS expression
clone. By using a nuclear localization signal, the resulting fusion protein would
accumulate in the nucleus to higher concentrations than when it would remain
in the cytoplasm, making the GFP fluorescence signal more easy to observe
using fluorescence microscopy (Chytilova et al., 1999). For complementation,
the ccr1-3 and ccr1-6 mutants were transformed with the ProSNBE:CCR1 con-
struct. To this end, the coding sequence of CCR1was PCR amplified and cloned
into the pDONR221 vector using BP Clonase (Invitrogen; Supplemental Table
S6). The sequence identity was confirmed by sequencing. Subsequently, the two
building blocks pEN-L4-ProSNBE-R1 and pDONR221-L1-CCR1-L2 were intro-
duced into the destination vector pK7m24GW-FAST via Multisite LR Clonase
Plus (Invitrogen), which resulted in the ProSNBE:CCR1 expression clone. All
the recombinant plasmidswere introduced intoAgrobacterium tumefaciens strain
C58C1 PMP90 by electroporation. After plant transformation using the floral
dip method, the identification of transformed seeds was based on kanamycin
resistance (ProSNBE:GFP:GUS reporter lines) or seed fluorescence (ccr1
ProSNBE:CCR1 lines; Shimada et al., 2010). For the reporter lines, 30 indepen-
dent T1 plants were analyzed. For the ccr1 ProSNBE:CCR1 lines, two inde-
pendent, single-locus, homozygous T3 lines per ccr1 background were selected
for further analysis.

Reporter Gene Analysis

For the reporter line analysis of the aerial parts, 20 independent, single-locus,
homozygous T3 plants were cultivated in soil under short-day conditions (8-h-
light/16-h-dark photoperiod, 21°C, and 55% humidity) during 6 weeks, after
which they were transferred to long-day conditions (16-h-light/8-h-dark pho-
toperiod, 21°C, and 55% humidity). After 5 and/or 8.5 weeks in long-day
conditions, primary inflorescence stems and other plant organs were har-
vested for GUS analysis. The bottom of the inflorescence stem represents
nonelongating internodes, while the top of the inflorescence stem represents
elongating internodes.

For inflorescence stem cross sections, the bottom 1 cm of the main stem was
removed and the above 3 cm was embedded in 7% (w/v) agarose. Sections of
100 mm thick were made using a vibratome (Campden Instruments) and sub-
sequently stained for the presence of GUS by incubating at 37°C (in the dark) in
a staining buffer containing 1 mM 5-bromo-4-chloro-3-indolyl b-D-glucopyr-
anoside sodium salt, 0.5% Triton X-100, 1 mM EDTA, pH 8, 0.5 mM potassium
ferricyanide, 0.5 mM potassium ferrocyanide, and 500 mM sodium phosphate
buffer, pH 7. The staining was performed for 2 h (Fig. 1; Supplemental Fig. S1)
or overnight (Supplemental Fig. S1) and subsequently stopped by replacing the
staining buffer with 70% (v/v) ethanol (overnight). Next, the sections were
transferred to tap water and imaged using a Zeiss Axioskop 2 microscope with
an EC Plan-Neofluar 203 (0.5 dry) objective.

For theother aerialorgans,plantmaterialwasplaced inGUSstainingsolution
(as described above), vacuum infiltrated for 1 min, and incubated subsequently
overnight at 37°C (in the dark). To terminate the reaction, the staining solution
was removed, and plants were incubated overnight in 70% ethanol. Next, the
organs were incubated for 1 week in GUS destaining solution (50% glycerol,
25% lactic acid, and 25% Milli-Q water). Images were obtained using a Nikon
AZ100M microscope with AZ Plan Apo 0.53 (0.05) objective.

For reporter line analysis of the root, 10 independent, single-locus, homo-
zygous T3 plants were grown for 20 d in long-day conditions on one-half-
strength Murashige and Skoog plates. Then, root cell walls were stained with
30 mM propidium iodide at the onset of the experiment. The excitation energy

of 488 nm was from an argon laser. The propidium iodide fluorescence
emission was collected between 550 and 650 nm, and GFP fluorescence
emission was collected between 500 and 550 nm. All images were captured
with an inverted LSM 710 META confocal microscope equipped with 203-Air
objectives (Zeiss).

Plant Growth and Harvest

Unless mentioned otherwise, plants were grown as follows. The ccr1
ProSNBE:CCR1 lines and their respective controls (the wild type and ccr1-3 or
ccr1-6) were cultivated in soil under short-day conditions during 6 weeks, after
which they were transferred to long-day conditions. After 4 weeks in long-day
conditions, main stemswere harvested for ligninmicroscopy and bending tests,
whereas after 5 weeks in long-day conditions, main stems were harvested for
metabolic profiling (with plants having a height of approximately 26 cm for ccr1
and 50 cm for the other lines). For all other analyses, fully senesced plants/
stems were used.

For the analysis of the first leaves, two ccr1-6 ProSNBE:CCR1 lines, the wild
type, and ccr1-6mutants were grown on soil in long-day conditions. Leaf 1 and
leaf 2 were harvested 15 and/or 25 d post stratification.

Biomass Measurements

Plants were fully senesced, on average, after 6weeks in short-day conditions
followed by 10 weeks in long-day conditions. A first set of plants with ccr1-3,
ccr1-3 ProSNBE:CCR1, and their wild-type control and a second set with ccr1-6,
ccr1-6 ProSNBE:CCR1 lines, and their wild-type control were grown in two
independent experiments. The inflorescence of completely senesced plants
was harvested in full. First, the primary inflorescence stem (the main stem)
was obtained by stripping off the leaves, axillary inflorescences, and si-
liques, after which the weight and height were determined and the number
of secondary (axillary) inflorescence stems originating from the rosette and
directly from the main stem were counted. Second, the secondary inflo-
rescence weight was determined by stripping off the leaves and siliques.
Third, seeds of the full plant were harvested for number and weight de-
terminations. The total stem biomass is defined here as the weight of the
primary and secondary inflorescences, without seeds, siliques, and leaves.
The total plant biomass is defined here as the weight of the harvested aerial
part of the plant, including the seeds, siliques, and cauline leaves, but
without the rosette leaves.

For the biomass measurements on plants of which the developing siliques
were repeatedly removed, the plants were grown as described above. With a
frequency of three times per week, all siliques were removed from all plants.
When the plants were fully senesced (after, on average, 6 weeks in short-day
conditions and 10weeks [for the control] or 14weeks [for the plants of which the
siliques were removed] in long-day conditions), the number of secondary in-
florescence stems originating from the rosette and main stem was determined,
after which the total stem biomass was determined.

Two-Point Bending Tests

Bending tests were carried out on 7-cm-long basal segments of primary
inflorescence stems. To reduce the effect of turgor loss, stems were tested
within 5 min of being harvested. The average cross-sectional area of the stem
piece (A) was estimated by considering the cross section as a perfect circle
using the formula A = p.(D/2)2. Here, D is the average of the diameter
measured with a caliper at the basal and at the apical sides of the 7-cm piece.
Approximately 2 cm of the basal side of the stem was taped to a support, to
keep the stem in a horizontal position. Then, a weight (here, 0.001 kg) was
attached to the apical side, after which the vertical deformation of the stem
was measured. The bending modulus (Pa) was calculated as (F.L)/(A.Dx),
where F is the force exerted by the weight on the stem segments (here, F = m.
g = 0.0099 N), L is the distance between the support and the position of the
weight (here, L = 0.05 m), A (m2) is the cross-sectional area through which the
force is applied, and Dx (m) is the vertical displacement of the stem as a
consequence of the applied force.

Light and Fluorescence Microscopy

After removing the bottom 1 cm of the main stem, the above 3 cm was
embedded in 7% (w/v) agarose, and slices of 100 mm thick were made using a
vibratome (Campden Instruments). Lignin staining with Wiesner and Mäule
reagents was performed as described by Sundin et al. (2014). Images were ac-
quired using a Zeiss Axioskop 2microscopewith an EC Plan- Neofluar 203 (0.5
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dry) objective. Lignin autofluorescence was imaged using the Zeiss LSM
780 microscope with a Plan-Apochromat 103 (0.45 M27) objective. The fluo-
rescence signal for lignin was obtained using 350 nm for excitation and the
emission wavelength ranging from 407 to 479 nm.

For microscopy on 25-d-old first leaves, the harvested leaves were cut into
small pieces and immersed in a fixative solution of 2.5% glutaraldehyde and 4%
formaldehyde in 0.1 M sodium cacodylate buffer, placed in a vacuum oven for
30min, and then left rotating for 3 h at room temperature. This solutionwas later
replacedwith fresh fixative, and sampleswere left rotating overnight at 4°C. After
washing, sampleswere postfixed in 1%OsO4with potassium ferricyanide in 0.1 M

sodium cacodylate buffer, pH 7.2. Samples were dehydrated through a graded
ethanol series, including a bulk stainingwith 2%uranyl acetate at the 50% ethanol
step, followed by embedding in Spurr’s resin. Semithin sections were cut at
0.5mmusing the Leica EMUC6ultramicrotome (LeicaMicrosystems) and stained
with Toluidine Blue. Images were acquired using a Zeiss Axioskop 2 microscope
with a Plan-Neofluar 1003 Ph 3 (1.25 oil)objective.

Transmission Electron Microscopy

After removing the bottom1cmof themain stem, the above 3 cmwasfixated,
dehydrated, and embedded in Spurr’s resin as described above for the first
leaves. Ultrathin sections of a gold interference color were cut using the Leica
EMUC6 ultramicrotome, followed by poststainingwith uranyl acetate and lead
citrate in the Leica EMAC20, and collected on formvar-coated copper slot grids.
They were viewed with the JEM-1400plus transmission electron microscope
(JEOL) operating at 60 kV.

Raman Microscopy

After removing thebottom1cmof themainstem, theabove3cmwasembedded
in polyethylene glycol matrix as described previously (n = 3; Gierlinger et al., 2012).
Next, 18-mm-thick cross sections were cut using a rotary microtome (Leica
RM2255). After polyethylene glycol was removed by rinsing with water, the
samples were placed with a drop of water on a glass slide and sealed with a
coverslip and nail polish. For each biological replicate, one cross section was ana-
lyzed using a confocal Raman microscope (InVia) equipped with a linearly po-
larized red laser (l = 633 nm). A 1003 oil-immersion lens was used for high spatial
resolution. On each cross section, four Raman mappings were conducted: two in
the xylem region and two in the interfascicular region. For themapping, full spectra
were obtainedwith a 0.3-mmstep size. The integration timeof one spectrumwas set
to 3 s using 1,800 I mm21 grating and 18-mW laser power. After data acquisition, a
cosmic ray removal was applied usingWire software (Renishaw; version 3.7). The
Raman spectra were further analyzed using Cytospec software (Cytospec; version
2.00.01). By integrating the intensity of the band in the range of 1,550 to 1,650 cm21

(which is assigned to the aromatic skeletal vibrations), cell corners, middle lamella,
and secondary cell walls could be distinguished. Then, a more detailed region-of-
interest study was performed on the secondary cell wall of vessels, xylary fibers,
and interfascicular fibers. Three regions of interest were chosen for each anatomical
region on each mapping, and an average spectrum was calculated for each region
of interest. Consequently, a total number of 18 average spectra was obtained for
each anatomical region (vessels, xylary fibers, and interfascicular fibers) of each
genotype. The average spectra were then baseline corrected and analyzed further
using the software Opus (Bruker; version 7).

Metabolic Profiling

After removing the bottom 1 cm of the stem, the next 11 cm from the bottom
of the stemwas frozen and ground. Subsequently, the stem tissue was extracted
in 2-mL tubes at 70°C by shaking for 15 min with 1 mL of methanol. After
centrifugation, the supernatant was transferred to new 1.5-mL tubes and ly-
ophilized. Subsequently, the pellet was resuspended in equal volumes of cy-
clohexane and ultrapure water (100 mL each). After vortexing, samples were
centrifuged, and the aqueous phase was subjected to UHPLC-MS on a Waters
Acquity UHPLC device connected to a Synapt HDMS Q-TOF mass spectrom-
eter (Waters). In the chromatograms of the wild type, ccr1-6, and the ccr1-6
ProSNBE:CCR1 lines, a total of 9,746 peaks were processed with Progenesis
QI software version 2.1 (Waters), as described by Vanholme et al. (2013b). For
peak selection, the following filters were applied: (1) retention time greater than
2 min, (2) value greater than 0 for at least all replicates in one line, and (3)

average peak intensity greater than 5,000 for at least one line. After this,
554 peaks were retained for further PCA and statistical analysis. PCA
(autoscaling) was performed in MetaboAnalyst (MetaboAnalyst software ver-
sion 3.0; Xia and Wishart, 2016). For statistics, a one-way ANOVA was per-
formed on arcsinh-transformed peak areas, which resulted in a list of 274 peaks
that were significantly different between at least two lines (P , 0.001). Addi-
tional posthoc Student’s t tests were used to find peaks with significantly dif-
ferent peak areas in the ccr1-6 ProSNBE:CCR1 lines as compared with those in
the wild type and in the ccr1-6mutants. Peaks that had P, 0.01 and a ratio of at
least 2-fold (greater than 2 or less than 0.5) when compared with the wild type
and/or ccr1-6 were considered as statistically significant. Another posthoc
Student’s t test showed that there were no significant differences (P, 0.001) in
peak intensity between ccr1-6 ProSNBE:CCR1 line 1 and line 2 for these peaks.
Therefore, the two ccr1-6 ProSNBE:CCR1 lines were treated as one line for
subsequent analyses. In total, 232 peaks were selected and classified into eight
different groups (Fig. 6). The peaks that were significantly different as com-
pared with both the wild type and ccr1-6 were classified accordingly in groups
1, 3, 6, and 8. Those that were only significantly different from the wild type
were reclassified at milder cutoff values when compared with ccr1-6: P of 0.05
irrespective of the fold change. As such, additional compounds were classified
in groups 1, 3, 6, and 8. Similarly, peaks that were only significantly different as
compared with ccr1-6were reclassified at milder cutoff values when compared
with the wild type: P of 0.05 irrespective of the fold change. Again, additional
compounds were classified in groups 1, 3, 6, and 8. The remaining peaks were
classified accordingly into groups 2, 4, 5, and 7. Structural characterization was
initially performed by matching m/z, retention times, and MS/MS fragmenta-
tion against our in-house library, created by Instant Jchem for Excel software
(Chemaxon). Structural characterization of the remaining unknown com-
pounds was done manually by comparingm/z andMS/MS fragmentation with
those of compounds described in the literature and online databases.

For theanalysisof thefirst leaves, twodifferent sets ofplantsweregrowntobe
harvested 15 and 25 d post stratification. During harvesting, the first leaves
(leaves 1 and 2) originating from the same plant were pooled together and used
further as one sample formetabolite extraction.Hereby, the frozen ground tissue
was extracted in 2-mL tubes at 70°C by shaking for 15 min with 500 mL of
methanol. After centrifugation, the supernatant was transferred to new 1.5-mL
tubes and the methanol was evaporated. Subsequently, the pellet was resus-
pended in equal volumes of cyclohexane and ultrapure water (75 mL each).
After vortexing, samples were centrifuged, and the aqueous phase was ana-
lyzed using UHPLC-MS. UHPLC was performed on an ACQUITY UPLC
I-Class system (Waters) consisting of a binary pump, a vacuum degasser, an
autosampler, and a column oven. Chromatographic separation was carried out
on an ACQUITY UPLC BEH C18 (1503 2.1 mm, 1.7 mm) column fromWaters,
and temperature was maintained at 40°C. A gradient of two buffers was used:
buffer A (99:1:0.1 water:acetonitrile:formic acid, pH 3) and buffer B (99:1:0.1
acetonitrile:water:formic acid, pH 3), as follows: 95% A for 0.1 min decreased to
50% A in 30 min. The flow rate was set to 0.35 mL min21, and the injection
volume was 10 mL. The UHPLC system was coupled to a Vion IMS QTOF
hybrid mass spectrometer (Waters). The LockSpray ion source was operated in
negative electrospray ionization mode under the following specific conditions:
capillary voltage, 2.5 kV; reference capillary voltage, 2.5 kV; cone voltage, 30 V;
source offset, 50 V; source temperature, 120°C; desolvation gas temperature,
400°C; desolvation gas flow, 600 L h21; and cone gas flow, 50 L h21. The collision
energy for full MS was set at 6 eV; for MS/MS (data-dependent analysis)
purposes, the collision energy was ramped from 10 to 15 eV for low mass and
from 20 to 50 eV for high mass. Nitrogen (greater than 99.5%) was employed as
desolvation and cone gas. Leucin-enkephalin (250 pg mL21 solubilized in water:
acetonitrile 1:1 [v/v], with 0.1% formic acid) was used for the lock mass cali-
bration, with scanning every 2 min at a scan time of 0.1 s. Profile data were
recorded through a UNIFI Scientific Information System (Waters). Data pro-
cessing was performed with Progenesis QI software version 2.1 (Waters) as
described by Vanholme et al. (2013b). After targeted selection of the ferulic acid
coupling products, the following filters were applied: (1) value greater than
0 for at least all replicates in one line, (2) average peak intensity greater than
2 for at least one line, and (3) average peak intensity greater than 2 for at least
one line. After performing a one-way ANOVA on arcsinh-transformed peak
areas (P , 0.001), a posthoc Student’s t test showed that there were no signif-
icant differences (P , 0.001) in peak intensity between ccr1-6 ProSNBE:CCR1
line 1 and line 2 for the selected peaks. Therefore, the two ccr1-6 ProSNBE:CCR1
lines were treated as one line for subsequent statistical analysis. Additional
posthoc Student’s t tests were used to find significant differences between the
wild type, ccr1-6, and ccr1-6 ProSNBE:CCR1 (P , 0.01). Structural characteri-
zation was done as described above for stem samples.
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Flow Cytometry

Leaves 1 and 2were harvested and snap frozen in liquid nitrogen 15 and 25 d
post stratification for a first and second set of plants, respectively. Subsequently,
15-d-old leaves were pooled in pairs, whereas 25-d-old leaves were analyzed
individually. First, the leaves were chopped with a razor blade. Second, the
nuclei were isolated by adding 200 mL of Cystain UV Precise P nuclei extraction
buffer and stained using 800 mL of Cystain UV Precise P staining buffer
(Sysmex-Partec) before filtering using a 30-mm mesh. Flow cytometry was
performed using a Cyflow flow cytometer (Sysmex-Partec), and the results
were analyzed using Cyflogic software version 1.2.1 (Cyflogic).

Cell Wall Characterization and Saccharification

For the wild type and ccr1 ProSNBE:CCR1 lines, the bottom 36 cm of the main
stem was chopped into pieces of 2 mm, and samples were pooled per three in-
dividuals. For the ccr1-6mutants, the bottom18 cmof themain stemwas chopped
into pieces of 2 mm, and samples were pooled per six individuals. Preparation of
cell wall residue, cellulose quantification, and thioacidolysis were performed as
described previously by Van Acker et al. (2013). Saccharification assays were
performed as described by Van Acker et al. (2016). For the latter, measurements
were performedatdifferent timepoints after adding the saccharification enzymes:
3, 7, 24, 48, and 197 h. In case of no pretreatment, an extra time point at 97 h was
added to obtain more resolution. To calculate the total plant sugar yield, the
saccharification efficiency of the primary inflorescence stem was used as repre-
sentative for all inflorescences. Lignin content was measured using a modified
Klason method (Van den Bosch et al., 2015), where the 4-h incubation with a
soxhlet extractor was replaced by a 1-h incubation at 121°C in an autoclave.

Supplemental Data

The following supplemental materials are available.

Supplemental Figure S1. GUS expression analysis in growing and senesc-
ing ProSNBE:GFP:GUS inflorescence stems.

Supplemental Figure S2. Lignin deposition in inflorescence stems of ccr1-3
ProSNBE:CCR1 lines.

Supplemental Figure S3. Raman microscopy analysis of vessels, xylary
fibers, and interfascicular fibers.

Supplemental Figure S4. MS/MS spectra of the 82 putatively structurally
characterized metabolites with differential abundance between ccr1-6
ProSNBE:CCR1 and the wild type or ccr1-6 ProSNBE:CCR1 and ccr1-6.

Supplemental Figure S5. Phenotype of ccr1-6 ProSNBE:CCR1 seedlings.

Supplemental Figure S6. Impact of ProSNBE:CCR1 expression in ccr1-6
mutants on vascular integrity in leaves.

Supplemental Figure S7. Cellulose-to-glucose conversion during saccharifi-
cation of the senesced inflorescence stems of the wild type, ccr1-6, and
ccr1-6 ProSNBE:CCR1 lines.

Supplemental Table S1. Removal of siliques during development results
in plants with increased number of secondary inflorescences and higher
stem biomass.

Supplemental Table S2. Bending modulus determined by two-point bend-
ing tests.

Supplemental Table S3. List of putatively structurally characterized me-
tabolites with different abundance in the inflorescence stems of ccr1-6
ProSNBE:CCR1 plants as compared with the wild type and/or as com-
pared with ccr1-6 mutants.

Supplemental Table S4. Mass accuracy of the 82 putatively structurally
characterized metabolites.

Supplemental Table S5. Statistical analysis of cellulose-to-glucose conver-
sion efficiencies using different pretreatments.

Supplemental Table S6. Sequence information.

Supplemental Data Set S1.Metabolic profiling data showing the 9,746 peaks
detected in wild-type plants, ccr1-6, and the ccr1-6 ProSNBE:CCR1 lines.
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