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A sucrose ferulate cycle linchpin for 
ferulyolation of arabinoxylans in plant 
commelinids

A transformation in plant cell wall evolution marked the emergence of 
grasses, grains and related species that now cover much of the globe. Their 
tough, less digestible cell walls arose from a new pattern of cross-linking 
between arabinoxylan polymers with distinctive ferulic acid residues. Despite 
extensive study, the biochemical mechanism of ferulic acid incorporation into 
cell walls remains unknown. Here we show that ferulic acid is transferred to 
arabinoxylans via an unexpected sucrose derivative, 3,6-O-diferuloyl sucrose 
(2-feruloyl-O-α-d-glucopyranosyl-(1′→2)-3,6-O-feruloyl-β-d-fructofuranoside), 
formed by a sucrose ferulate cycle. Sucrose gains ferulate units through 
sequential transfers from feruloyl-CoA, initially at the O-3 position of sucrose 
catalysed by a family of BAHD-type sucrose ferulic acid transferases (SFT1 
to SFT4 in maize), then at the O-6 position by a feruloyl sucrose feruloyl 
transferase (FSFT), which creates 3,6-O-diferuloyl sucrose. An FSFT-deficient 
mutant of maize, disorganized wall 1 (dow1), sharply decreases cell wall 
arabinoxylan ferulic acid content, causes accumulation of 3-O-feruloyl sucrose 
(α-d-glucopyranosyl-(1′→2)-3-O-feruloyl-β-d-fructofuranoside) and leads to 
the abortion of embryos with defective cell walls. In vivo, isotope-labelled 
ferulic acid residues are transferred from 3,6-O-diferuloyl sucrose onto cell wall 
arabinoxylans. This previously unrecognized sucrose ferulate cycle resolves 
a long-standing mystery surrounding the evolution of the distinctive cell wall 
characteristics of cereal grains, biofuel crops and related commelinid species; 
identifies an unexpected role for sucrose as a ferulate group carrier in cell wall 
biosynthesis; and reveals a new paradigm for modifying cell wall polymers 
through ferulic acid incorporation.

Cell walls are crucial to plant shape, strength and defence, as well as 
extensibility during growth and development1–3. The evolution of cell 
walls included a transformation in structure that marked the rise of 
grasses, grains and related species (Commelinids) now covering much 
of the Earth4. The grass cell wall is characterized by a novel pattern 
of interwoven arabinoxylan strands cross-linked with ferulate units 
that increase cellular toughness and resistance to digestion5–7. The 
primary (first-formed) cell walls of most land plants share foundational 

networks of cellulose microfibrils interlaced with hemicellulose 
chains and pectins, and the secondary walls are rigidified by lignin8–12.  
However, the evolution of the grass cell wall restructured this pri-
mary network by changing the hemicellulose composition and by 
cross-linking of ferulate moieties. In grass, hemicelluloses with 6-C 
xyloglucan backbones were largely replaced by 5-C arabinoxylans ((G)
AX). The (G)AX backbones (β-1-4-linked-xylosyl units) carry side groups 
of α-1,2- and α-1,3-arabinofuranose that can be further modified at their 
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whereas levels of pCA rose by ~80-fold in the mutant embryo (Fig. 1d). 
A similar but less marked pattern was detected in the endosperm 
(Fig. 1e). As alkaline hydrolysis breaks the ester bond between FA and 
the other compounds, we analysed the cell wall hydroxycinnamate 
(HCA) conjugates by anhydrous mild acidolysis37, which breaks gly-
cosidic bonds and releases HCA-arabinofuranoside from arabinoxy-
lans. The FA-arabinofuranoside (FA-Ara) content was decreased by 
~8.1-fold, while the p-coumaroyl arabinofuranoside (pCA-Ara) content 
rose by ~9.4-fold in the dow1 mutant embryo compared with the wild 
type (Fig. 1f). In the endosperm, the FA-Ara content was reduced by 
33.1-fold in the dow1 mutant, but the level of pCA-Ara was unchanged, 
indicating that the dow1 mutant is impaired in cell wall feruloylation 
of arabinoxylans (Fig. 1g). The methanol-soluble compounds were 
extracted using 90% methanol and analysed by high-performance 
liquid chromatography (HPLC). Compared with the wild type, the 
dow1-1 mutant embryos accumulated several unknown compounds 
(Fig. 1h,i). Of these, Peak 1, with a retention time of ~9.79 min, was the 
most accumulated.

Dow1 encodes a BAHD family acyltransferase
We cloned Dow1 by transposon tagging38. The dow1-1 allele carries a Mu8 
transposon insertion in the first exon of GRMZM2G314898 (Extended 
Data Figs. 1f and 2a), whereas the phenotypically similar dow1-2 has a 
Mu1 transposon insertion in the second exon (Extended Data Fig. 2a). 
Allelism was confirmed by genetic complementation tests establishing 
GRMZM2G314898 as the causal gene (Extended Data Fig. 1c,d). Sub-
cellular localization of DOW1–GFP in maize protoplasts, Arabidopsis 
protoplasts and tobacco leaf epidermal cells showed that DOW1 is pre-
dominantly localized in the cytosol (Extended Data Fig. 2b). However, 
a partial association with the endoplasmic reticulum was indicated by 
western blot analysis of subcellular fractions using antibodies against 
DOW1 and an endoplasmic reticulum marker, the binding immuno-
globulin protein (Extended Data Fig. 2c–e). Dow1 transcripts are ubiq-
uitously expressed in major organs of maize, with relatively high levels 
in silks, roots, bracts and flowers (Extended Data Fig. 2f).

DOW1 catalyses the synthesis of 3,6-O-diFer sucrose
The cell wall defects and reduced arabinoxylan-conjugated FA content 
in the dow1 mutant suggest a role of DOW1 in transferring ferulate units 
to cell wall arabinoxylans. DOW1 belongs to the Pfam family PF02458 of 
the BAHD acyltransferase superfamily27,28. Ten BAHD acyltransferases in 
rice have been identified bioinformatically as candidates for arabinoxy-
lan feruloylation, referred to as the Mitchell-clade proteins27,28. Phylo-
genetic analysis of the Mitchell-clade proteins in related species shows 
that DOW1 is closely related to Os01g09010 (OsBHAD1) in rice (Sup-
plementary Fig. 1a). Other members include Fer-CoA:arabinofuranose 
transferase, p-coumaroyl-CoA:arabinofuranose transferase, 
Fer-CoA:monolignol transferase and p-coumaroyl-CoA:monolignol 
transferase29,31,32,34,35,39–41 (Supplementary Fig. 1a). All the maize 
Mitchell-clade members contain the conserved HXXXDG and DYGWG 
motifs (Supplementary Fig. 1b).

To discover the biochemical function of DOW1, we purified 
recombinant MBP–DOW1 from Escherichia coli (Extended Data 
Fig. 1h). We tested the MBP–DOW1 activity using Fer-CoA as the feru-
late group donor and 32-α-l-arabinofuranosyl-xylobiose (A3X) and 
23-α-l-arabinofuranosyl-xylotriose (A2XX) as the feruloyl acceptors. 
However, no activity was detected in either reaction, suggesting that 
A3X and A2XX may not be the DOW1 substrates. We reasoned that the 
DOW1 substrate might be accumulated in the dow1 mutant, consid-
ering the unknown compounds were indeed accumulated in dow1 
(Fig. 1h,i). We thus tested the MBP–DOW1 activity using the 90% metha-
nol extracts from the dow1-1 embryos as the substrate and Fer-CoA 
as the donor. Peak 1, the most accumulated compound in the dow1-1 
embryo extract, was unchanged regardless of whether it was incubated 
with or without Fer-CoA (Figs. 1h,i and 2a, trace 1). However, when the 

O-5 position by p-coumarate (pCA) and ferulate esters that impart new 
properties13. Importantly, the ferulate units are oxidatively coupled to 
form covalent bonds within and between arabinoxylans and lignin14,15. 
5–5-, 8–O–4-, 8–5- and 8–8-coupled ferulate dimers have been identified 
from grasses, as well as ferulate trimers and tetramers16–18. Cross-linking 
of ferulate units provides the cell walls of grass with enhanced rigidity 
and strength, pivotal to pathogen and herbivore resistance19,20. At the 
same time, ferulate cross-linking poses a challenge to economic uses 
of these species as forage crops, biofuel sources and feedstocks for 
designer biopolymers due to their resistance to digestion21–23.

Intensive interest has thus been focused on the mechanism of 
ferulic acid (FA) addition to arabinoxylan (G)AX strands, though the 
process has resisted definition by even the most creative approaches. 
Thus far, evidence indicates that FA additions and oxidative coupling 
can occur in both the cytoplasm and the cell wall24–26. The FA donor was 
long thought to be feruloyl-CoA (Fer-CoA). Although the predicted 
transfer of the ferulate group from Fer-CoA to (G)AX substrates has 
been detected in extracts of rice cell cultures26, the hypothesized ara-
binoxylan feruloyl transferase has eluded discovery. Phylogenetic 
analyses of grass genomes have identified members of the BAHD 
family of acyl-transferases as candidates, including Os01g09010 and 
its orthologue in Setaria viridis27–31. Downregulation of Disorganized 
wall 1 (Dow1) homologous genes in Oryza sativa and Setaria viridis 
significantly decreased AX feruloylation31,32. Silencing of BdBAHD01 
in Brachypodium stems decreased feruloylation much less, possi-
bly due to higher expression of functionally redundant genes31. Rice 
xax1 (xylosyl arabinosyl substitution of xylan 1) mutant plants are 
deficient in FA and coumaric acid attached to arabinosyl residues in 
xylan substituted with xylosyl residues7,33. Overexpression of BAHD10/
OsAT10 results in a 60% reduction in matrix polysaccharide-bound FA 
and an approximately 300% increase in pCA in rice leaves34. Silencing 
SvBAHD05 presented a decrease of up to 42% of ester-linked pCA and 
50% of pCA-arabinofuranosyl35. However, the enzyme activity has not 
been demonstrated31. The BAHD (PF02458) enzymes have a conserved 
HXXXDG active site and a carboxy-terminal DFGWG motif28. Never-
theless, the mechanism by which ferulate units are added to (G)AX 
remains unknown.

Here we define the long-sought mechanism of FA transfer essen-
tial to the cell wall strengthening that accompanied the evolution of 
grasses, grains and other commelinids. The newly identified sucrose 
ferulate cycle requires an unexpected facet of sucrose biochemistry 
that allows function as an FA carrier (3,6-O-diferuloyl sucrose). Our 
analysis of feruloyl sucrose feruloyl transferase (FSFT) encoded by 
the maize Dow1 and related BAHD transferase proteins, combined 
with isotope feeding experiments, reveals a sucrose ferulate cycle in 
the following steps. First, 3-O-Fer sucrose is formed using Fer-CoA as 
the donor; second, 3,6-O-diFer sucrose is synthesized from 3-O-Fer 
sucrose again using Fer-CoA as the donor; and third, the two Fer groups 
of 3,6-O-diFer sucrose may be transferred directly onto (G)AX arabi-
noxylans or pass the ferulate groups to a donor, and the regeneration 
of sucrose completes this previously unrecognized metabolic cycle.

Results
The dow1 mutation disrupts cell wall formation in maize seeds
The dow1-1 mutant was isolated from the UniformMu mutagenesis 
population in which the Mutator (Mu) transposons were used as the 
mutagen in the W22 inbred background in maize. The seed-lethal dow1-1 
mutant, which severely impairs embryo and endosperm development 
(Fig. 1a and Extended Data Fig. 1a,b), segregates as a Mendelian recessive 
mutation (wild type:dow1-1, 747:248, P < 0.05). Mutant embryos fail to 
form distinct leaf primordia and root meristems by 15 days after pol-
lination (DAP) (Fig. 1b). Transmission electron microscopy of the dow1-1 
embryos revealed a disorganized cell wall with reduced electron density 
(Fig. 1c). Cell wall component analysis by 2 M NaOH hydrolysis36 showed 
that the cell wall ester-linked FA content was decreased by ~3.8-fold, 
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extract was incubated with Fer-CoA and MBP–DOW1, a concurrent 
decrease in Peak 1 and an increase in Peak 2 occurred, indicating that 
MBP–DOW1 converted Peak 1 to Peak 2 in vitro (Fig. 2a, trace 2).

As Peak 2 holds the key to unlocking the function of DOW1, we sought 
to resolve the structure of Peak 2. Large-scale preparation of Peak 2 was 
achieved using the reaction described in Fig. 2a (trace 2). Peak 2 (5 mg) was 
purified to nearly 100% purity (Supplementary Fig. 5f, trace 2) and then ana-
lysed using HPLC–high-resolution mass spectrometry/mass spectrometry 
(HPLC–HR-MS/MS) and nuclear magnetic resonance (NMR). The chemical 
structure of Peak 2 was identified as 2-feruloyl-O-α-d-glucopyranosyl-
(1′→2)-3,6-O-feruloyl-β-d-fructofuranoside (3,6-O-diFer sucrose) with 
observed 693.2003 [M-H]− versus calculated 693.2025 for C32H37O17 (Fig. 2f 
and Supplementary Figs. 2 and 5; refer to Methods for the details). The 
detailed one-dimensional and two-dimensional NMR spectral analy-
sis of 3,6-O-diFer sucrose (Peak 2) is provided in Supplementary Fig. 6 
and Supplementary Table 1. In addition, the HR-MS and NMR data are 
fully consistent with properties of 3,6-O-diFer sucrose isolated from 
Heloniopsis orientalis, Paris polyphylla var. yunnanensis and rice bio-
chemically42–45. Similarly, Peak 1 was found to be α-d-glucopyranosyl-
(1′→2)-3-O-feruloyl-β-d-fructofuranoside, or 3-O-feruloyl sucrose (3-O-Fer 
sucrose), which is also named sibiricose A5 (Fig. 2f and Supplementary 

Fig. 3). Peak 1 has a retention time identical to that of sibiricose A5 in 
the HPLC analysis (Figs. 1h and 2a,b). We further confirmed that Peak 1 
is 3-O-Fer sucrose by using sibiricose A5 and Fer-CoA as the substrates; 
MBP–DOW1 converted sibiricose A5 to 3,6-O-diFer sucrose (Peak 2) 
(Fig. 2b). DOW1 is thus an FSFT that catalyses transfer of the ferulate 
residue from Fer-CoA to the O-6 position of 3-O-Fer sucrose to produce 
3,6-O-diFer sucrose. Michaelis–Menten plots show that DOW1 dis-
plays typical enzymatic kinetics, yielding Km = 0.098 mM for 3-O-Fer 
sucrose and Km = 0.118 mM for Fer-CoA (Fig. 2d,e). When Peak 2 was in 
turn incubated with a cell membrane fraction (CMF) from the wild-type 
kernels, Peak 2 was converted to Peak 3 and FA (Fig. 2c). Structural analy-
sis reveals that Peak 3 is 6-O-Fer sucrose (α-d-glucopyranosyl-(1′→2)-
6-O-feruloyl-β-d-fructofuranoside) (Fig. 2f and Supplementary Fig. 4). 
Hence, DOW1 catalyses the synthesis of 3,6-O-Fer sucrose from 3-O-Fer 
sucrose, and 3,6-O-Fer sucrose can be converted to 6-O-Fer sucrose by an 
unknown enzyme (Fig. 2f).

SFT1, SFT2, SFT3 and SFT4 catalyse the synthesis  
of 3-O-Fer sucrose
As 3-O-Fer sucrose (Peak 1) is the substrate of DOW1, which is accumu-
lated in the dow1 mutant, we next attempted to identify the enzyme 
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Fig. 1 | The maize dow1 mutant has defective cell walls. a, Ears of self-
pollinated, heterozygous dow1-1 and dow1-2 mutants (left), with germinal 
(bottom) and abgerminal (top) faces of dow1-1 mutant kernels (right). Scale bars, 
2 cm (ears) and 0.2 cm (kernels). The arrowheads point out the mutant kernels.  
b, Sections of developing wild-type (WT) and dow1-1 kernels at 12 and 15 DAP.  
Scale bar, 1 mm. Em, embryo; En, endosperm. c, Transmission electron 
micrographs of wild-type and dow1-1 embryos at 15 DAP reveal disorganized cell 
walls. Scale bar, 2 µm. The boxed areas are magnified in the right panels. The 
arrowheads point out the cell walls of the wild-type and the dow1-1 mutant. The 
experiments were repeated independently with similar results at least three 
times. d,e, Ester-linked pCA and FA contents in cell walls of wild-type and dow1-1 
embryos (d) and endosperm (e). The error bars indicate the mean ± s.d. (n = 4 
replicates of assays with independent plants). Two-tailed P values: ***P = 0.0046 

(pCA content of embryo), ****P < 0.000002 (FA content of embryo), ***P = 0.0016 
(pCA content of endosperm) and ****P = 0.0039 (FA content of endosperm) by 
Welch’s unpaired t-test. f,g, HCA conjugate contents in cell walls of wild-type and 
dow1-1 embryos (f) and endosperm (g). The relative peak areas of major peaks 
of pCA-Ara and FA-Ara are shown. The error bars indicate the mean ± s.d. (n = 4 
replicates of assays with independent plants). Two-tailed P values: ****P = 0.0001 
(pCA-Ara content of embryo), ***P = 0.0023 (FA-Ara content of embryo), 
P = 0.4993 (pCA-Ara content of endosperm) and ***P = 0.0023 (FA-Ara content of 
endosperm) by Welch’s unpaired t-test. h, HPLC analysis of 90% methyl alcohol 
extracts from 15 DAP wild-type (trace 1) and dow1-1 mutant (trace 2) embryos.  
i, A spiked-in internal standard of 0.08 mM cinnamic acid in the wild-type (trace 3)  
and dow1-1 (trace 4) for the 90% methyl alcohol extraction.
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catalysing the synthesis of Peak 1. We speculated that the reaction prob-
ably involves the transfer of the ferulate group from Fer-CoA to sucrose, 
and the Mitchell-clade proteins in maize would be the best candidates27. 
We named this enzyme sucrose:Fer-CoA feruloyl transferase (SFT). 
To this end, each of the Mitchell-clade genes in maize was cloned and 
expressed in E. coli as an MBP fusion protein. The recombinant proteins 
were purified (Extended Data Fig. 1h) and assayed with 1 mM sucrose 
and 250 µM Fer-CoA. As shown in Fig. 3a, SFT1 (GRMZM2G375159), 
SFT2 (GRMZM2G108714), SFT 3 (GRMZM2G060210) and SFT 4 
(GRMZM2G159641) catalysed the synthesis of 3-O-Fer sucrose as 
indicated by the standard sibiricose A5. Michaelis–Menten plots con-
firmed the sucrose feruloyl transferase activities of SFT1, SFT2, SFT3 
and SFT4 in typical enzymatic kinetics, with SFT1 having the lowest 
Km value (Fig. 3b–e).

Ferulate units of 3,6-O-diFer sucrose are incorporated into 
arabinoxylans
To test whether the sucrose derivatives carrying one ferulate unit 
(6-O-Fer sucrose, Peak 3) or two (3,6-O-diFer sucrose, Peak 2) can donate 
Fer to cell wall arabinoxylans, we synthesized each compound with 
2H3-labelled ferulate groups, fed them to maize seedlings and analysed 
the [2H3]Fer incorporation into cell walls. To distinguish between the 
two ferulate groups in 3,6-O-diFer sucrose, we separately labelled the 
ferulate residues at the O-3 and O-6 positions, respectively, yielding 
3-[2H3]Peak 2 (3-[2H3]P2) and 6-[2H3]Peak 2 (6-[2H3]P2). Isotope-labelled 
6-[2H3]Peak 3 (6-[2H3]P3) was synthesized as described (Extended Data 
Fig. 3a–c), and its high purity was verified (Extended Data Fig. 3d–f). 
Equimolar 3-[2H3]P2, 6-[2H3]P2 and [2H3]FA and 2 × molar [2H3]FA were 
fed to maize seedlings grown in Murashige and Skoog medium. Because 
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Fig. 2 | Conversion of Peak 1 to Peak 2 by transfer of FA from Fer-CoA catalysed 
by recombinant MBP–DOW1, and in vitro conversion of Peak 2 to Peak 3 
mediated by a cell membrane extract from wild-type kernels. a, FSFT activity 
of DOW1 transfers Fer from Fer-CoA to Peak 1, forming Peak 2 in vitro. The HPLC 
trace 1 analysis of 250 μM Fer-CoA and dow1 embryo extract is compared to trace 
2 analysis of the reaction products from 250 μM Fer-CoA, dow1 embryo extract 
and 10 μg MBP–DOW1. The enzyme was assayed at 30 °C for 24 h. b, DOW1 FSFT 
activity catalyses the transfer of the ferulate group from Fer-CoA to sibiricose 
A5 (A5), forming Peak 2 in vitro. The HPLC trace 1 analysis of 500 μM Fer-CoA, 
500 μM A5 and 10 μg MBP and the trace 2 analysis of the reaction products from 

500 μM Fer-CoA, 500 μM A5 and 10 μg MBP–DOW1 are shown. The enzyme was 
assayed at 30 °C for 5 h. c, The CMF from the wild type contains an unknown 
protein that de-esterifies Peak 2 to form Peak 3 and FA in vitro. The HPLC trace 1 
analysis of 200 μg wild-type kernel CMF, HPLC trace 2 analysis of 9 μM Peak 2  
and HPLC trace 3 analysis of the reaction products from 200 μg wild-type seed 
CMF with 9 μM Peak 2 are shown. The enzyme was assayed at 30 °C for 24 h.  
d,e, Determination of the Km value of ZmDOW1 using a Michaelis–Menten plot. 
The Km value represents the mean of three replicates of assays with independent 
proteins. f, Chemical structures of Peak 1, Peak 2 and Peak 3.
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only a limited amount of 6-[2H3]P3 was synthesized, it was fed at a ½ 
molar scale. Methanol solvent was used as a control. After feeding, 
cell wall esterified FAs were extracted and analysed by HPLC–HR-MS.

FAs identified from the seedlings fed the labelled compounds are 
in several forms, including free FA monomer (FA) and dimers (diFA) 
with varying degrees of decarboxylation46 (Extended Data Figs. 4, 5a,d, 
6a,d, 7a,c, 8a,c and 9a,c). In plants fed either 3-[2H3]P2 or 6-[2H3]P2, 
2H3-labelled FA ([2H3]FA), single FA-labelled non-decarboxylated diFA 
(2H3-non-decarboxylated diFA), double FA-labelled non-decarboxylated 
diFA (2H6-non-decarboxylated diFA), single FA-labelled decarboxylated 
diFA (2H3-decarboxylated diFA) and double FA-labelled decarboxylated 
diFA (2H6-decarboxylated diFA) were observed in cell walls (Extended 
Data Figs. 4b,c, 5b–d and 6b–d). These labelled compounds were 
also recovered in the cell walls of seedlings fed 1 × molar [2H3]FA and 
2 × molar [2H3]FA (Extended Data Figs. 4b,c, 5b–d and 6b–d). These 
results demonstrate that the ferulate residues at both the O-3 and O-6 
positions of 3,6-O-diFer sucrose can be incorporated into the cell wall. 
Similarly, [2H3]FA, 2H3-non-decarboxylated diFA and 2H3-decarboxylated 
diFA were recovered in the cell walls of plants treated with ½ × molar 
6-[2H3]P3 (Extended Data Figs. 7b,c, 8b,c and 9b,c). However, [2H6]
diFA forms were not detected, possibly due to the low concentration 
of ½ × 6-[2H3]P3 applied to plants, as [2H6]diFA was also not detected 
in the plants fed ½ × [2H3]FA (Supplementary Fig. 8).

To test whether the ferulate group was incorporated into cell wall 
arabinoxylans, we analysed the cell wall HCA conjugates by mild acid-
olysis of cell walls with 50 mM trifluoroacetic acid (TFA)31, which breaks 
the glycosidic bonds and allows the detection of HCA conjugated to 
arabinose by HPLC–HR-MS. [2H3]FA-Ara and Ara-[2H3]FA-FA-Ara were 
detected in the cell walls of plants fed with 3-[2H3]P2, 6-[2H3]P2 and 
[2H3]FA (Fig. 4a,b) as indicated by the increased molecular weight of 
328.1083 for [2H3-FA-Ara-H]− and 652.1954 for [Ara-2H3-FA-FA-Ara-H]−. 
However, [2H3]FA-Ara and Ara-[2H3]FA-FA-Ara were not detected in 
plant cell walls treated with 6-[2H3]P3 (Extended Data Fig. 10). These 
results indicate that both ferulate groups of 3,6-O-diFer sucrose are 

incorporated into arabinoxylans, and the ferulate group of 6-O-Fer 
sucrose is not. Possibly, the ferulate group is incorporated into other 
components of the cell wall, as alkaline hydrolysis of cell wall HCA 
conjugates detected [2H3]FA (Extended Data Figs. 4–9 and Supple-
mentary Fig. 7).

Discussion
Despite the pivotal importance of cell wall polymer cross-linking for 
plant growth, plant development, and herbivore and pathogen resist-
ance of cereal grains as well as biofuel crops, the biochemical basis for 
synthesis of the grass cell wall has stymied researchers for decades. 
A key feature of this evolutionary transformation is the cross-linking 
of interwoven arabinoxylans mediated by regularly spaced ferulate 
units4,27,47. This innovation affects cells of commelinid plants, including 
grasses, grains, sedges, bromeliads and related species. Yet the bio-
chemical mechanism of ferulate unit incorporation remains a mystery.

The key to solving the mystery is a new sucrose ferulate cycle 
revealed by molecular and biochemical analyses of maize dow1 and 
related PF02458 family genes (Fig. 5). The essential role of a feruloylated 
sucrose intermediate, 3,6-O-diFer sucrose, establishes a new and unex-
pected role for sucrose as a ferulate group carrier in cell wall biosyn-
thesis. Our results define the molecular functions of DOW1 (FSFT), 
SFT1, SFT2, SFT3 and SFT4 in the synthesis of diferulated sucrose and 
arabinoxylan feruloylation in maize. SFT1 through SFT4 are sucrose 
feruloyl transferases that catalyse the addition of one ferulate group 
from Fer-CoA to sucrose, generating 3-O-Fer sucrose (Fig. 3). DOW1, 
in turn, is an FSFT that catalyses the addition of a second ferulate 
group from Fer-CoA to 3-O-Fer sucrose, forming 3,6-O-diFer sucrose 
(Fig. 2a,b,d–f). The different specificities of SFT and FSFT enzymes 
explain the accumulation of 3-O-Fer sucrose in extracts of the dow1 
mutant (Fig. 1h,i). Furthermore, we demonstrated by isotope feeding 
experiments that the two ferulate groups of 3,6-O-diFer sucrose are 
incorporated into arabinoxylans in cell walls (Fig. 4, Extended Data 
Figs. 4–6 and Supplementary Fig. 7), explaining the severe impact of 
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Fig. 3 | Recombinant BAHD transferases MBP–SFT1, MBP–SFT2, MBP–SFT3 
and MBP–SFT4 catalyse the synthesis of 3-O-Fer sucrose (Peak 1) from  
Fer-CoA and sucrose. a, Products were quantified by HPLC after reaction of 1 mM 
sucrose (Suc), 250 μM Fer-CoA and 10 μg MBP with 10 μg recombinant MBP–SFT 
proteins in a 100 μl reaction mixture. The enzymes were assayed at 30 °C for 5 h. 

Recombinant proteins were purified from E. coli as MBP–SFT fusions.  
b–e, Determination of the Km value of ZmSFT1 (b), ZmSFT2 (c), ZmSFT3 (d) and 
ZmSFT4 (e) using Michaelis–Menten plots. The Km value represents the mean of 
three replicates of assays with independent proteins.
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loss of function of DOW1 on cell wall structure and reduced ferulate 
modification of arabinoxylans in the dow1 mutant (Fig. 1c–g).

3,6-O-diFer sucrose either directly donates ferulate groups to 
arabinoxylans or passes the ferulate groups to a direct donor. In either 
case, we suggest that the ferulate group transfer follows a 3-O-Fer and 
6-O-Fer order, as transfer of the 6-O-Fer would produce 3-O-Fer sucrose, 
which is the accumulated Peak 1 in the dow1 mutant. 3,6-O-diFer sucrose 
can be converted to 6-O-Fer sucrose by an unknown enzyme in the 
CMF (Fig. 2c). [2H3]FA and [2H3]diFA were detected in the cell walls of 
plants fed 6-[2H3]P3, but [2H3]FA-Ara and Ara-[2H3]FA-FA-Ara were not 
detected (Extended Data Fig. 10), indicating that the ferulate group 
from 6-O-Fer sucrose was incorporated not into arabinoxylans but into 
other components of the wall.

On the basis of these results, we propose a sucrose ferulate cycle 
that synthesizes the diFer sucrose for Fer incorporation into arabinoxy-
lans of cell walls (Fig. 5). In this cycle, the first FA group is transferred 
from Fer-CoA to the 3-O position of sucrose to form 3-O-Fer sucrose 

(Peak 1), a reaction catalysed by SFT1, SFT2, SFT3 and SFT4. A second 
ferulate group is transferred to the 6-O position of 3-O-Fer sucrose 
by DOW1 (FSFT) to generate 3,6-O-diFer sucrose (Peak 2). 3,6-O-diFer 
sucrose donates the ferulate groups to arabinoxylans or to a direct 
donor, regenerating sucrose and completing the cycle (Fig. 5). Identi-
fying the feruloyl transferase that catalyses the ferulate group trans-
fer from 3,6-O-diFer sucrose to an acceptor would clarify the donor 
question. In a separate route, 3,6-O-diFer sucrose can be converted 
to 6-O-Fer sucrose by an unknown enzyme in the CMF (Fig. 2c), which 
may donate its ferulate group to cell walls.

Fer-CoA has long been hypothesized to directly donate ferulate 
units to arabinoxylans of cell walls26. Hence, candidate BAHD (PF02458) 
family acyl transferases have been studied extensively in grasses27. The 
transfer of ferulate residues from Fer-CoA to arabinoxylan-trisaccharide 
(A3X) has indeed been detected, but only in the presence of cell wall 
or cytosolic fractions from cultured rice cells26. Our results indicate 
that Fer-CoA transferase activity measured in rice cell cultures can be 
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http://www.nature.com/natureplants


Nature Plants

Article https://doi.org/10.1038/s41477-024-01781-1

explained if cell extracts include sucrose and enzymes of the sucrose 
ferulate cycle (Fig. 5).

Our data show that the donation of ferulate residues to cell wall 
arabinoxylans can be mediated by di-Fer sucrose intermediates appear-
ing in Peak 2 (3,6-O-diFer sucrose) (Fig. 4, Extended Data Figs. 4–6 
and Supplementary Fig. 7). We also investigated the possibility that 
the ferulate unit from 3,6-O-diFer sucrose or 6-O-Fer sucrose could 
be released as free FA by an esterase and then incorporated into the 
cycle in this form. However, our isotope-labelling data do not favour 
this scenario because 3-[2H3]P2 and 6-[2H3]P2 led to similar amounts of 
ferulate incorporation into cell walls (especially the FA dimer forms) 
(Extended Data Figs. 4–6). In addition, [2H3]FA was not detected in the 
80% ethanol extract from plants treated with 6-[2H3]P2 (Supplementary 
Fig. 7c), and the ferulate group of 6-[2H3]P3 was not found incorporated 
into arabinoxylans (Extended Data Fig. 10). Our results thus support 
the hypothesis that 3,6-O-diFer sucrose serves as a donor of ferulate 
groups to arabinoxylans in cell walls. By contrast, 3-O-Fer sucrose is not 
an effective donor on its own, as it accumulates in the dow1-1 mutant 
(Fig. 1h,i), which is deficient in arabinoxylan feruloylation in the cell 
wall (Fig. 1f,g).

Thus far, 3-O-Fer sucrose is the only known substrate for DOW1 
(FSFT). We tested whether other carbohydrates and polysaccharides, 
including A3X, A2XX, uridine diphosphate glucose, glucose, uridine 
diphosphate arabinose and arabinose could serve as recipients of the 
FA group from Fer-CoA in the DOW1 reaction. None of these compounds 
were substrates. The identification of sucrose as an unexpected carrier 
for ferulate group transfer to arabinoxylans in the cell wall reveals a 
new mechanism of sucrose input into plant growth and cell wall exten-
sibility. The distinctive mechanism and resulting linkages are pivotal 
in three ways. First, they define an evolutionary transformation of 
the plant cell wall that increased the strength, rigidity and herbivore 
resistance of the widely successful commelinid species (grasses, grains, 
sedges, bromeliads and beyond). Second, the newfound role of sucrose 
and associated enzyme activities open unexplored avenues for plant 

improvement47. Third, the sucrose ferulate cycle establishes a new 
metabolic paradigm for ferulate unit incorporation into the cell wall 
matrix with applications in synthetic biology of complex polymers.

Methods
Plant materials and chemicals
The dow1-1 and dow1-2 mutants were isolated from the UniformMu 
population by introgressing the Mu active line into the inbred W22 
genetic background as described previously48. Plants were grown 
under natural conditions in the Shandong University Experiment Sta-
tion. FA was purchased from Sigma-Aldrich, Fer-CoA and [2H3]FA from 
Shanghai ZZBIO, sibiricose A5 and cinnamic acid from Shanghai Yuanye 
Bio-Technology, and CoA from Sangon Biotech.

Transmission electron microscopy analysis
The wild-type and dow1-1 embryos at 15 DAP were fixed with fixative 
solution (4% paraformaldehyde, 0.1 M PBS (0.162 M Na2HPO4, 0.038 M 
NaH2PO4, pH 7.4), 2.5% glutaraldehyde). The samples were washed five 
or six times with 0.1 M PBS on ice; dehydrated on ice with an ethanol 
gradient twice; soaked in 1/3, 1/2 and 2/3 LR White resin (medium acrylic 
resin, London Resin Company) and pure LR White resin for 24 hours 
each time at room temperature; and polymerized at 45 °C for one day, 
55 °C for two days and 60 °C for one day. After polymerization, the sam-
ples were cut into 100 nm sections. The slices were stained by uranyl 
acetate and lead citrate and observed under a transmission electron 
microscope (Thermo Scientific, FEI Tecnai G2 F20).

Analysis of esterified phenolic acids in maize cell walls
The cell-wall-bound phenolic acids were extracted from freeze-dried 
embryos, endosperm and roots and analysed using the method 
described previously with some modifications36. Endosperm (100 mg), 
embryo (20 mg) or root (5 mg) samples were extracted with 1 ml of 
80:20 ethanol:water (v:v). The suspensions were vortexed until all 
the samples were suspended, sonicated for 10 min, heated to 80 °C 

O

HO
OH

OH

OH

O

OH

O O

OH

OH3CO

HO

O O

OH

OCH3

O

HO
OH

OH

OH

O

OH

HO O

OH

O
O

OH

OCH3

Fer-CoA

SFT1SFT2SFT3SFT4

3-O-Fer sucrose
(Peak 1)

3,6-O-diFer sucrose
(Peak 2)

Sucrose

Fer-CoA

Sucrose ferulate cycle

DOW1 (FSFT)

O

HO
OH

OH

OH

O

OH

HO O

OH

HO

?

Fer-
arabinoxylan

O

HO
OH

OH

OH

O

OH

O O

OH

HO
H3CO

HO

O

6-O-Fer sucrose
(Peak 3)

Cell wall

?

CMF

Fig. 5 | A proposed sucrose ferulate cycle required for ferulate incorporation into arabinoxylans of grass-type plant cell walls. Question marks represent 
unknown enzymes or compounds. Solid lines denote confirmed results, and dashed lines represent unconfirmed results.

http://www.nature.com/natureplants


Nature Plants

Article https://doi.org/10.1038/s41477-024-01781-1

for 15 min and then centrifuged for 15 min at 5,000g, and the super-
natant was discarded. The samples were then extracted two fur-
ther times with sonication but no heating. A 3 μl internal standard  
(cinnamic acid at 2 mg ml−1) was added to the wet pellet, and the sam-
ples were hydrolysed by suspension in 0.8 ml of 2 M NaOH for 16 h in 
the dark. After centrifugation for 15 min at 5,000g, the supernatant was 
acidified to pH 2 by the addition of 220 μl of 12 M HCl. Bound phenolic 
acids were extracted into ethyl acetate (1 × 500 μl, 1 × 500 μl, 1 × 500 μl 
and 1 × 500 μl) by vortexing and centrifugation at 14,000g for 5 min. 
After evaporation by high-purity nitrogen, bound phenolic acids were 
dissolved in 100 μl of 2% acetic acid and centrifuged for 10 min. HPLC 
separation of the supernatant was carried out using a reverse-phase 
C18 column (4.6 × 250 mm, 5 μm, Agilent ZORBAX SB-C18) at 40 °C 
and a Shimadzu LC-20AT HPLC equipped with a diode array detector 
SPD-M20A. 20 μl of each sample was loaded and analysed using absorp-
tion between 190 and 600 nm. A gradient of solvent A (0.2% TFA) and 
solvent B (acetonitrile) at a flow rate of 1 ml min−1 was used as previ-
ously described33: 0–5 min, 10% B isocratic; 5–25 min, 10–30% B linear; 
25–40 min, 30% B isocratic; 40–45 min, 30–35% B linear; 45–46 min, 
35–100% B linear; 46–51 min, 100% B isocratic; 51–53 min, 100–10% 
B linear; and 53–60 min, 10% B isocratic. Statistical analysis was done 
using GraphPad Prism (version 9.0.2).

Anhydrous mild acidolysis
The cell wall HCA conjugates were extracted from 20 mg of freeze-dried 
embryos or 50 mg of endosperm and analysed using the method 
described previously37 with some modifications. Endosperm or embryo 
samples were extracted with 1 ml of 80:20 (v:v) ethanol:water. The sus-
pensions were vortexed until all the samples were suspended, sonicated 
for 10 min, heated to 80 °C for 15 min and then centrifuged for 15 min 
at 5,000g, and the supernatant was discarded. The samples were then 
extracted two further times with sonication but no heating and 1 ml 
of absolute ethanol. The samples were oven-dried at 55 °C and then 
mixed into 500 μl of a dry acidolysis reagent. This reagent was prepared 
by carefully adding 0.7 ml of acetyl chloride to 20 ml of 70/30 (v/v)  
dioxane/absolute methanol. The samples were heated at 80 °C for 3 h 
at 750 rpm. After the reaction, 3 μl of 0.2 mg ml−1 coumaric acid was 
added as an internal standard. Then, 500 μl of water was added, and 
the mixture was extracted with four portions of ethyl acetate. The 
organic layers were combined and dried by high-purity nitrogen. The 
residue was dissolved in 100 μl of acetonitrile and centrifuged before 
HPLC analysis. HPLC separation was carried out using a reverse-phase 
C18 column (4.6 × 250 mm, 5 μm, Agilent ZORBAX SB-C18) at 40 °C 
and a Shimadzu LC-20AT HPLC equipped with a diode array detector 
SPD-M20A. 20 μl of each sample was loaded and analysed using absorp-
tion between 190 and 600 nm. A gradient of solvent A (0.1% TFA) and 
solvent B (acetonitrile) at a flow rate of 1 ml min−1 was used: 0–2 min, 
10% B isocratic; 2–6.5 min, 10–18% B linear; 6.5–21 min, 18–50% B linear; 
21–22 min, 50% B isocratic; 22–23 min, 50–100% B linear; 23–33 min, 
100% B isocratic; 33–34 min, 100–10% B linear; and 34–40 min, 10% B 
isocratic. The peak area ratios (pCA-Ara/IS and FA-Ara/IS; IS denotes 
internal standard) at 325 nm (pCA-Ara and FA-Ara) and 280 nm (IS) were 
used to compare the proportion of HCA conjugates among samples. 
Statistical analysis was done using GraphPad Prism (version 9.0.2).

TFA mild acidolysis
The cell wall HCA conjugates were extracted and analysed using the 
method described previously with some modifications31. Root (5 mg) 
samples were extracted with 1 ml of 80:20 ethanol:water. The suspen-
sions were vortexed until all the samples were suspended, sonicated 
for 10 min, heated to 80 °C for 15 min and then centrifuged for 15 min 
at 5,000g, and the supernatant was discarded. The samples were then 
extracted two further times with sonication but no heating. The sam-
ples were treated with 1.2 ml 50 mM TFA for 4 h at 99 °C with agitation at 
750 rpm. After centrifugation for 10 min at 16,000g, 1 ml of supernatant 

was freeze-dried. Released HCA conjugates from the supernatant were 
dissolved in 300 μl of 50% acetonitrile for LC–MS/MS analysis.

Analysis of the methanol extracts from maize seeds
To investigate the water- and alcohol-soluble compounds in the dow1 
mutant, the embryos and endosperms of the wild-type and dow1-1 were 
extracted by 90% methanol and analysed by HPLC. 20 mg of embryos 
at 15 DAP were ground and extracted with 500 μl of 90% methanol. 
100 mg of ground endosperm was extracted with 1 ml of 90% methanol. 
For each sample, an internal standard of 0.08 mM cinnamic acid was 
added during extraction. The extraction was carried out at 4 °C for 
12 h with a slow rotation. After centrifugation at 16,000g for 10 min 
at room temperature, the supernatant was analysed by HPLC as in the 
analysis of cell wall esterified phenolic acids except for the gradient 
composition. The gradient elution with solvent A (1‰ TFA) and solvent 
B (acetonitrile) was 0–2 min, 10% B isocratic; 2–32 min, 10–35% B linear; 
32–33 min, 35-100% B linear; 33–43 min, 100% B isocratic; 43–44 min, 
100–10% B linear; and 44–50 min, 10% B isocratic. The supernatant of 
dow1-1 embryo extract was blown dry with pure nitrogen and dissolved 
in 150 μl of sterile water for enzyme activity analysis.

Preparation of the CMF
Maize seeds were ground into powder in liquid nitrogen, extracted with 
extraction buffer (0.4 M sucrose, 50 mM MOPs, 1 mM EDTA, 1 mM DTT) 
and then filtered with two layers of Miracloth. The extract was centri-
fuged at 47,810g (Sorvall ss-34 rotor, Thermo Scientific) for 15 min 
at 4 °C. The supernatant was carefully removed and re-centrifuged 
at 100,000g (Type 70Ti rotor, Beckman Coulter) for 1 h at 4 °C. The 
pellet was suspended in 100 mM K-phosphate buffer as the CMF, and 
the protein concentration was determined by the Bradford method.

Enzyme activity assays
For reactions with the CMF and dow1-1 embryo extract, the reaction 
mixture contained 60 mM K-phosphate buffer (30 mM K2HPO4, 60 mM 
KH2PO4, pH 6.0), 2.5 mM MgCl2, 1 mM CoCl2, 10 μg MBP–DOW1, 250 μM 
Fer-CoA, 200 μg wild-type seed CMF, 50 μl dow1-1 embryo extract and 
sterile water to make up the mixture to 150 μl. The reaction was incu-
bated at 30 °C for 24 h and then stopped by adding 50 μl of 0.2 M acetic 
acid and boiling at 100 °C for 5 min. After centrifugation at 16,000g for 
5 min at room temperature, the supernatant was analysed by HPLC. 
HPLC was carried out similarly to the analysis of the 90% methanol 
extracts of embryos. For the DOW1 in vitro enzyme activity, the reac-
tion mixture contained 50 mM K-phosphate buffer (25 mM K2HPO4, 
50 mM KH2PO4, pH 6.0), 2.5 mM MgCl2, 1 mM CoCl2, 10 μg MBP–DOW1 
or MBP, 500 μM Fer-CoA, 500 μM sibiricose A5 and sterile water to make 
up the mixture to 100 μl. The reaction was incubated at 30 °C for 5 h. 
The reaction was stopped and analysed in the same way as indicated 
above. For SFT1, SFT2, SFT3 and SFT4 in vitro enzyme activity, the reac-
tion mixture contained 40 mM K-phosphate buffer (20 mM K2HPO4, 
40 mM KH2PO4, pH 6.0), 2.5 mM MgCl2, 1 mM CoCl2, 10 μg MBP–SFT1/
SFT2/SFT3/SFT4 or MBP, 250 μM Fer-CoA, 1 mM sucrose and sterile 
water to make up the mixture to 100 μl. The reaction was incubated 
at 30 °C for 5 h, stopped and analysed similarly. The kinetics of DOW1, 
SFT1, SFT2, SFT3 and SFT4 were determined by quantification of the 
reactive products with a gradient amount of the above substrates. 
The Km constant was calculated by fitting the initial velocities to the 
Michaelis–Menten equation.

Large-scale preparation of Peak 2
The methanol extract from the dow1-1 mutant seeds was used as the 
substrate of MBP–DOW1 in the preparation of Peak 2. The dow1-1 
seeds at 15 DAP were freeze-dried and ground into a fine powder. 
80 g of the powder was spin-extracted with 500 ml of 90% methanol 
at 4 °C overnight. The extract was centrifuged at 16,000g for 10 min 
at room temperature, and the supernatant was evaporated to dry by 
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vacuum rotary evaporation, dissolved in 120 ml of sterile water and 
stored at −80 °C.

The preparation reaction occurred in a 306 ml mixture, which con-
tained 25 ml of 200 mM K-phosphate buffer (100 mM K2HPO4, 200 mM 
KH2PO4, pH 6.0), 10 ml of 50 mM MgCl2, 2 ml of 100 mM CoCl2, 5.76 mg 
of MBP–DOW1, 20 mg of Fer-CoA, 100 ml of dow1-1 embryo extract and 
100 mM K-phosphate buffer to make up to 306 ml. The reaction was 
carried out at 30 °C for 24 h and stopped by adding 102 ml of 0.2 M 
acetic acid and then boiling at 100 °C for 5 min. The mixture was centri-
fuged at 16,000g for 10 min at room temperature. The supernatant was 
freeze-dried and dissolved in 12 ml of 30% acetonitrile (HPLC grade). 
The solution was centrifuged at 3,000g for 5 min at room temperature. 
The upper organic phase was collected and applied to preparation 
for HPLC using a reverse-phase C18 column (HiQSil, 10 mm) and a  
Shimadzu LC-6AD semi-preparative LC system. Each injection was 80 μl 
and analysed at 325 nm absorption. A binary gradient elution method 
with solvent A (pure water) and solvent B (acetonitrile) at a flow rate 
of 4 ml min−1 was used. The gradient elution condition was 0–2 min, 
15% B isocratic; 2–17 min, 15–30% B linear; 17–27 min, 30% B isocratic; 
27–40 min, 30–40% B linear; 40–41 min, 40–100% B linear; 41–51 min, 
100% B isocratic; 51–52 min, 100–15% B linear; and 52–60 min, 15% B 
isocratic. Peak 2 was collected between 22 min and 23.5 min. A total 
of 240 ml of collected Peak 2 was concentrated using a vacuum rotary 
evaporator to about 45 ml before being freeze-dried. Purified Peak 2 
showed high purity in the HPLC analysis (Supplementary Fig. 5f, trace 2).  
The minor peaks in a small amount were proved to be Peak 2 isomers 
(Supplementary Fig. 5f, trace 2).

Chemical structure determination of Peak 2
The chemical structure of Peak 2 was determined by HPLC–HR-MS/
MS (Supplementary Fig. 2) and NMR analysis (Supplementary 
Figs. 5a–e and 6 and Supplementary Table 1). Peak 2 (5 mg) was dis-
solved in CD3OD and analysed by NMR. NMR spectra were recorded 
on a Bruker Avance III 600 MHz spectrometer, and NMR data were 
processed by using MestReNova. Peak 2 is 2-O-α-d-glucopyranosyl-
(1′→2)-3,6-O-feruloyl-β-d-fructofuranoside—that is, 3,6-O-diferuloyl 
sucrose (3,6-O-diFer sucrose). 1H NMR (600 MHz, CD3OD) (δ in ppm,  
J in Hz) δ 7.71 (d, J = 15.9 Hz, 1H), 7.65 (d, J = 15.9 Hz, 1H), 7.23 (d, J = 1.8 Hz, 1H),  
7.19 (d, J = 1.8 Hz, 1H), 7.13 (dd, J = 8.2, 1.9 Hz, 1H), 7.09 (dd, J = 8.2, 1.8 Hz, 1H),  
6.81 (d, J = 0.6 Hz, 1H), 6.80 (d, J = 0.9 Hz, 1H), 6.43 (d, J = 15.9 Hz, 1H), 
6.40 (d, J = 15.9 Hz, 1H), 5.48 (d, J = 7.8 Hz, 1H), 5.44 (d, J = 3.7 Hz, 1H),  
4.55 (dd, J = 11.8, 7.3 Hz, 1H), 4.50 (dd, J = 11.8, 3.7 Hz, 1H), 4.44 (t, J = 7.8 Hz, 1H),  
4.16 (td, J = 7.5, 3.7 Hz, 1H), 3.98–3.94 (m, 1H), 3.92 (m, 1H), 3.90 (s, 3H), 
3.89 (s, 3H), 3.88 (m, 1H), 3.87 (m, 1H), 3.79 (dd, J = 11.9, 4.6 Hz, 1H),  
3.68–3.63 (m, 2H), 3.61–3.57 (m, 1H), 3.44–3.37 (m, 2H). 13C NMR 
(151 MHz, CD3OD) δ 169.03, 168.25, 150.74 (overlapped), 147.79, 147.23, 
127.71, 127.68, 124.23 (overlapped), 116.50, 116.48, 115.17, 115.00, 112.11, 
111.71, 105.12, 93.13, 81.30, 79.27, 75.01, 75.00, 74.41, 73.24, 71.48, 66.21, 
65.19, 62.68, 56.52, 56.48.

Treatment of plants
On the basis of the UV absorption, the 6-[2H3]P2, 3-[2H3]P2 and [2H3]FA  
solutions were adjusted to equimolar (Extended Data Fig. 3d). In a 
separate experiment, 6-[2H3]P3 and [2H3]FA were adjusted to equimolar 
in the feeding experiment (Extended Data Fig. 3e). Eight W22 embryos 
at 18 to 20 DAP were placed in Petri dishes with 30 ml of Murashige and 
Skoog medium containing 13.9 μM 6-[2H3]P2, 3-[2H3]P2 and [2H3]FA  
and 27.8 μM [2H3]FA. 13.9 μM methanol was used as a control. In the 
6-[2H3]P3 feeding test, 6.95 μM 6-[2H3]P3 and 6.95 μM [2H3]FA in 30 ml 
of Murashige and Skoog medium were used. The embryos were cul-
tivated in the dark at 30 °C for 4 days and then in a light incubator at 
22 °C for 17 days (6-[2H3]P2 and 3-[2H3]P2 treatment groups and control) 
or for 13 days (6-[2H3]P3 treatment group and control). The seedlings 
were rinsed thoroughly with water and then sterile water. The roots 
of the seedlings were ground into a powder with liquid nitrogen and 

freeze-dried. The cell wall esterified FA of 5 mg of freeze-dried root 
was extracted and dissolved in 100 μl of 2% acetic acid. [2H3]FA was 
detected using HPLC–HR Q-TOF MS (HPLC–HR-MS, Bruker). The mass 
spectrometer operated in an ESI-negative mode.

The cell wall esterified FA was predominantly FA monomer but 
also a small amount of diFA. There are many types of diFAs (Extended 
Data Fig. 10a), as described previously42. Most types of dimers are 
non-decarboxylated with the chemical formula C20H18O8. The decar-
boxylated dimer has the chemical formula C19H18O6. The chemical 
formula of FA monomer is C10H10O4, and the calculated m/z of [M-H]− is 
193.0495. The chemical formula of [2H3]FA monomer is C10H7D3O4, and 
the calculated m/z of [M-H]− is 196.0684. The chemical formula of single 
FA-labelled non-decarboxylated FA dimer (2H3-non-decarboxylated 
diFA) is C20H15D3O8, and the calculated m/z of [M-H]− is 388.1106. The 
chemical formula of double FA-labelled non-decarboxylated FA dimer 
(2H6-non-decarboxylated diFA) is C20H12D6O8, and the calculated m/z of 
[M-H]− is 391.1295. The chemical formula of single FA-labelled decar-
boxylated FA dimer (2H3-decarboxylated diFA) is C19H15D3O6, and the 
calculated m/z of [M-H]− is 344.1208. The chemical formula of double 
FA-labelled decarboxylated FA dimer (2H6-decarboxylated diFA) is 
C19H12D6O6, and the calculated m/z of [M-H]− is 347.1396.

HPLC–HR-MS and HPLC–HR-MS/MS
HPLC–HR–MS/MS was performed on a rapid-separation LC system 
(Dionex, UltiMate3000, UHPLC) coupled with an ESI-Q-TOF mass spec-
trometer (Bruker Daltonics, Impact HD). HPLC separation was carried 
out using a reverse-phase C18 column (4.6 × 250 mm, 5 μm, Agilent 
ZORBAX SB-C18) at 40 °C with a mobile phase system of 0.1% formic 
acid (Sigma) in Mili-Q filtered water (A) and 0.1% formic acid (Sigma) 
in acetonitrile (Fisher Scientific) (B). For HPLC–HR-MS analysis of cell 
wall esterified [2H3]FA, a gradient of solvent A and solvent B at a flow 
rate of 1 ml min−1 was used for the analysis of esterified phenolic acids 
in maize cell walls. For HPLC–HR-MS of 6-[2H3]P2, 3-[2H3]P2, 6-[2H3]P3, 
Peak A and Peak B and for HPLC–HR-MS/MS of Peak 1, Peak 2 and Peak 
3, the gradient elution method with solvent A and solvent B at a flow 
rate of 1 ml min−1 was used in the analysis of the methanol extracts from 
maize seeds. Each sample loaded 20 μl was analysed using absorption 
between 190 and 400 nm.

The MS (MS/MS) analysis was performed using OtofControl 
(Bruker Daltonics) under the following conditions: ESI-negative mode 
for scanning, ESI capillary voltage with 4.5 kV, Quadratic+HPC mode 
for internal mass calibration, nebulizer gas nitrogen with 0.5 bar, 
dry gas nitrogen with 6 l min−1, probe temperature of 200 °C and full 
scan mass range from 50 to 1,500 m/z. The precursor ions intensity 
threshold greater than 3.0 × 103 in the quadrupole was selected for 
auto MS/MS fragmentation analysis. The exclusion was used after 
three spectra within 60 s. The mass correction solution was 10 mM 
HCOONa. HCOONa was dissolved in 50% isopropyl alcohol (isopropyl 
alcohol:H2O = 1:1(v/v)). The data were analysed using Data Analysis 
software (Bruker Daltonics).

Reporting summary
Further information on research design is available in the Nature 
Portfolio Reporting Summary linked to this article.

Data availability
All data are available in this article and its extended data figures and 
supplementary figures and tables. Source data are provided with this 
paper.
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Extended Data Fig. 1 | Genetic verification of Dow1 and proteins prokaryotic 
expression. a, b, 18 DAP ears segregating for the dow1-1 (a) and dow1-2 (b) 
mutation, respectively. c, dow1-1/dow1-2 ear. d, dow1-2/dow1-1 ear; Bar=2 cm in 
(a), (b), (c), and (d). e, RT-PCR analysis of Dow1 expression in the dow1 mutants. 
Total RNA was isolated from the dow1 mutants and WT embryos at 15 DAP, 
reverse-transcribed, and used as templates in the RT-PCR analysis. f, Southern 
blot analysis identified a 2.8 kb Spe I fragment carrying a Mu8 insertion linked 
to the Dow1 mutation. DNAs from a segregating F2 population of dow1-1 were 
digested with Spe I, blotted, and hybridized with a Mu8-specific probe.  

N, non-segregating (WT); S, segregating (heterozygous). g, Specificity of DOW1 
antibody. T: total proteins from 7-day-old seedlings; WT: total proteins from 
15 DAP WT embryos; dow1-1 and dow1-2: total proteins from 15 DAP dow1-1 and 
dow1-2 embryos. For each sample, 60 μg total protein was loaded. h, MBP-DOW1, 
MBP-SFT1, MBP-SFT2, MBP-SFT3, MBP-SFT4, and MBP prokaryotic expression. 
For each protein, 2 μg protein was loaded. MBP-DOW1: 90 kD; MBP-SFT1: 91 kD; 
MBP-SFT2: 91 kD; MBP-SFT3: 91 kD; MBP-SFT4: 90; MBP: 44 kD. Experiments were 
repeated independently with similar results at least 3 times (e-h).
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Extended Data Fig. 2 | Dow1 encodes a BAHD acyltransferase protein 
localized in the cytosol and membrane. a, Gene structure of Dow1 and 
locations of the Mu insertions in two independent alleles. Exons are closed boxes, 
and introns are lines. b, Co-transfecting the maize protoplasts, Arabidopsis 
protoplasts, and tobacco leaves with GFP-fused DOW1 and RFP-fused BiP, 
GFP-fused DOW1 and RFP-fused BiP, RFP-fused DOW1 and GFP-fused BiP. Scale 
bar=5 μm for maize protoplasts, 5 μm for Arabidopsis protoplasts, and 20 μm 
for tobacco leaves. BiP-RFP was used to indicate endoplasmic reticulum (ER). BF, 
bright field. c, Immunoblot analysis of total proteins and nucleus proteins. DOW1 
does not accumulate in the nucleus. Anti-H3 was used to indicate the nucleus. 
T: total proteins from 3-day-old seedlings; N: nuclear protein. d, Immunoblot 
analysis of cytoplasm non-membranous proteins and cell total membranous 
proteins. Cyt: Cytoplasm non-membranous proteins; CM1: cell total 

membranous proteins; CM2: 5 times the concentration of CM1; W: supernatant 
of washing cell total membranous proteins; Anti-BiP was used to indicate ER. 
Abs, antibodies. e, Immunoblot analysis of the fractions obtained from maize 
seedlings by a sucrose density gradient centrifugation. The distribution pattern 
of DOW1 is identical to that of BiP, which is an ER marker, indicating that DOW1 is 
localized to ER. Anti-BiP and anti-PIP1s antibodies were used to indicate ER and 
plasma membrane. Abs, antibodies. f, RT-qPCR analysis of the Dow1 transcript 
levels in major maize tissues. Error bars=mean ± SD (n = 3 replicates of assays 
with independent samples). Total RNA was isolated from all tissues, reverse-
transcribed, and used as templates. Kernels are indicated as DAP (days after 
pollination). Experiments were repeated independently with similar results at 
least 3 times (b-e).
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Extended Data Fig. 3 | Preparations of 6-[2H3]-P2, 6-[2H3]-P3 and 3-[2H3]-P2.  
a, Preparation of 6-[2H3]-P2. b, Preparation of 6-[2H3]-P3. c, Preparation of 
3-[2H3]-P2. [2H3]-FA: [2H3]-ferulic acid, [2H3]-Fer-CoA: [2H3]-feruloyl-CoA.  
d, HPLC analysis of 21.58 uM [2H3]-FA (trace 1), 21.58 uM 6-[2H3]-P2 (trace 2), and 
21.58 uM 3-[2H3]-P2 (trace 3). e, HPLC analysis of 18.69 uM [2H3]-FA (trace 1) and 

18.69 uM 6-[2H3]-P3 (trace 2). These three labeled compounds were used for the 
subsequent labeling experiment. f, HPLC-HR-MS spectra analysis of 6-[2H3]-P2, 
3-[2H3]-P2, and 6-[2H3]-P3. For 6-[2H3]-P2, 3-[2H3]-P2 and 6-[2H3]-P3, m/z 696.2215, 
696.2288, 520.1832 corresponding to [M-H]- respectively. For unlabelled Peak 2 
and Peak 3, the observed m/z of [M-H]- are 693.2003 and 517.1568, respectively.
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Extended Data Fig. 4 | HPLC-HR-MS analysis of cell wall esterified FA from 
3-[2H3]-P2, 6-[2H3]-P2 and [2H3]-FA treatment groups and control. a, EIC of 
cell wall esterified FA (193.0495, C10H9O4, [M-H]-) from control (1), and 13.9 μM 
3-[2H3]-P2 (2), 13.9 μM 6-[2H3]-P2 (3), 13.9 μM [2H3]-FA (4) and 27.8 μM [2H3]-FA (5) 
treatment groups. b, EIC of cell-wall esterified [2H3]-FA (196.0684, C10H6D3O4, 
[M-H]-) from traces unlabeled controls (trace 1), and seedlings fed with 13.9 μM 

3-[2H3]-P2 (2), 13.9 μM 6-[2H3]-P2 (3), 13.9 μM [2H3]-FA (4), or 27.8 μM [2H3]-FA (5). 
The ion chromatogram marked red is selected to show the observed mass spectra 
of FA from the control and the treatment groups (c). c, Mass spectra of FA  
(Calcd. of C10H9O4 is 193.0495, [M-H]-) and [2H3]-FA (Calcd. of C10H6D3O4 is 
196.0684, [M-H]-) from the control and 13.9 μM 3-[2H3]-P2, 13.9 μM 6-[2H3]-P2, 
13.9 μM [2H3]-FA and 27.8 μM [2H3]-FA treatment groups.
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Extended Data Fig. 5 | HPLC-HR-MS analysis of cell wall esterified 
non-decarboxylated diFA from 3-[2H3]-P2, 6-[2H3]-P2, [2H3]-FA treatment 
groups and control. a, EIC of non-decarboxylated di-FA (385.0918, C20H17O8, 
[M-H]-). a-k refers to the EIC of non-decarboxylated di-FA. b, EIC of single 
FA-labeled non-decarboxylated diFA ([2H3]-non-decarboxylated diFA) (388.1106, 
C20H14D3O8, [M-H]-). a–j: EIC from treatment groups compared to control.  
c, EIC of double FA-labeled non-decarboxylated diFA ([2H6]-non-decarboxylated 
diFA) (391.1295, C20H11D6O8, [M-H]-). a–j: EIC from treatment groups compared 
to control. 1: control; 2 to 5: 13.9 μM 3-[2H3]-P2, 13.9 μM 6-[2H3]-P2, 13.9 μM 

[2H3]-FA and 27.8 μM [2H3]-FA treatment groups. Ion chromatogram marked 
red is selected to show the observed mass spectra of non-decarboxylated 
di-FA, [2H3]-non-decarboxylated diFA, and [2H6]-non-decarboxylated diFA from 
control and the treatment groups (d). d, Mass spectra of non-decarboxylated 
diFA (Calcd. of C20H17O8 is 385.0918, [M-H]-), [2H3]-non-decarboxylated diFA 
(Calcd. of C20H14D3O8 is 388.1106, [M-H]-), [2H6]-non-decarboxylated diFA (Calcd. 
of C20H11D6O8 is 391.1295, [M-H]-) from control and 13.9 μM 3-[2H3]-P2, 13.9 μM 
6-[2H3]-P2, 13.9 μM [2H3]-FA, 27.8 μM [2H3]-FA treatment groups.
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Extended Data Fig. 6 | HPLC-HR-MS analysis of cell wall esterified 
decarboxylated diFA from 3-[2H3]-P2, 6-[2H3]-P2, [2H3]-FA treatment 
groups and control. a, EIC of decarboxylated diFA (341.1020, C19H17O6, 
[M-H]-). a-h: refer to EIC of decarboxylated diFA. b, EIC of single FA-labeled 
decarboxylated diFA ([2H3]-decarboxylated diFA) (344.1208, C19H14D3O6, [M-H]-). 
c, EIC of double FA-labeled decarboxylated diFA ([2H6]-decarboxylated diFA) 
(347.1396, C19H11D6O6, [M-H]-). 1: control; 2 to 5: 13.9 μM 3-[2H3]-P2, 13.9 μM 
6-[2H3]-P2, 13.9 μM [2H3]-FA and 27.8 μM [2H3]-FA treatment groups. a-h: EIC 

from treatment groups compared to control. Ion chromatogram marked red 
is selected to show the observed mass spectra of [2H3]-decarboxylated diFA 
and [2H6]-decarboxylated diFA from the control and the treatment groups 
(d). d, Mass spectra of decarboxylated diFA (Calcd. of C19H17O6 is 341.1020, 
[M-H]-), [2H3]-decarboxylated diFA (Calcd. of C19H14D3O6 is 344.1028, [M-H]-), 
[2H6]-decarboxylated diFA (Calcd. of C19H11D6O6 is 347.1396, [M-H]-) from control 
and 13.9 μM 3-[2H3]-P2, 13.9 μM 6-[2H3]-P2, 13.9 μM [2H3]-FA and 27.8 μM [2H3]-FA 
treatment groups.
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Extended Data Fig. 7 | HPLC-HR-MS analysis of cell wall esterified FA from 
6-[2H3]-P3, and [2H3]-FA treatment groups and control. a, EIC of cell wall 
esterified FA from control (1), 6.95 μM 6-[2H3]-P3 (2), and 6.95 μM [2H3]-FA (3) 
treatment groups. c: trans-FA; d: cis-FA. The ion chromatogram marked red 
is selected to show the observed mass spectra of FA from the control and the 
treatment groups (c). b, The EIC of cell-wall esterified [2H3]-FA from control 

seedlings (1) and 6.95 μM 6-[2H3]-P3 (2), 6.95 μM [2H3]-FA (3) treatments. The 
ion chromatogram marked red shows the observed mass spectra of [2H3]-FA 
fed seedlings (c). c: trans-FA; d: cis-FA. c, Mass spectra of FA (Calcd. of C10H9O4 
is 193.0495, [M-H]-), and [2H3]-FA (Calcd. of C10H6D3O4 is 196.0684, [M-H]-) from 
control and 6.95 μM 6-[2H3]-P3, 6.95 μM [2H3]-FA treatment groups.
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Extended Data Fig. 8 | HPLC-HR-MS analysis of cell wall esterified non-
decarboxylated diFA from 6-[2H3]-P3, [2H3]-FA treatment groups and control. 
a, EIC of non-decarboxylated diFA (385.0918, C20H17O8, [M-H]-). a-k refers to 
non-decarboxylated diFA. b, EIC of [2H3]-non-decarboxylated diFA (388.1106, 
C20H14D3O8, [M-H]-). a-i: EIC from treatment groups compared to control.  
1: control; 2: 6.95 μM 6-[2H3]-P3 treatment group; 3: 6.95 μM [2H3]-FA treatment 

group. Ion chromatogram marked red is selected to show the observed mass 
spectra of non-decarboxylated diFA and [2H3]-non-decarboxylated diFA from 
the control and the treatment groups (c). c, Mass spectra of non-decarboxylated 
diFA (Calcd. of C20H17O8 is 385.0918, [M-H]-), and [2H3]-non-decarboxylated diFA 
(Calcd. of C20H14D3O8 is 388.1106, [M-H]-) from control and 6.95 μM 6-[2H3]-P3, 
6.95 μM [2H3]-FA treatment groups.
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Extended Data Fig. 9 | HPLC-HR-MS analysis of cell wall esterified 
decarboxylated diFA from 6-[2H3]-P3, [2H3]-FA treatment groups and 
control. a, EIC of decarboxylated diFA (341.1020, C19H17O6, [M-H]-). a-h refers to 
decarboxylated diFA. b, EIC of [2H3]-decarboxylated diFA (344.1208, C19H14D3O6, 
[M-H]-). a-h: EIC from treatment groups compared to control. 1: control; 2: 
6.95 μM 6-[2H3]-P3 treatment group; 3: 6.95 μM [2H3]-FA treatment group. Ion 

chromatogram marked red is selected to show the observed mass spectra of 
decarboxylated diFA and [2H3]-decarboxylated diFA from the control and the 
treatment groups (c). c, Mass spectra of decarboxylated diFA (Calcd. of C19H17O6 
is 341.1020, [M-H]-), and [2H3]-decarboxylated diFA (Calcd. of C19H14D3O6 is 
344.1028, [M-H]-) from control and 6.95 μM 6-[2H3]-P3, 6.95 μM [2H3]-FA treatment 
groups.
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Extended Data Fig. 10 | HPLC-MS analysis of root cell wall hydroxycinnamate 
(HCA) conjugates from the control and 6-[2H3]-P3, [2H3]-FA treatment groups 
by the 50 mM TFA mild acidolysis method. a, EIC of cell wall FA-Ara (325.0918, 
C15H18O8, [M-H]-) from control (1) and 6.95 μM 6-[2H3]-P3 (2), 6.95 μM [2H3]-FA 
(3) treatment groups. b, EIC of [2H3]-FA-Ara (328.1106, C15H15D3O8, [M-H]-) from 
control (1) and 6.95 μM 6-[2H3]-P3 (2), 6.95 μM [2H3]-FA (3) treatment groups. 
c, Mass spectra of [2H3]-FA-Ara (328.1106, C15H15D3O8, [M-H]-) from control and 

6.95 μM 6-[2H3]-P3, 6.95 μM [2H3]-FA treatment groups. d, EIC of cell wall Ara-FA-
FA-Ara (649.1763, C30H34O16, [M-H]-) from the control (1) and 6.95 μM 6-[2H3]-P3 
(2), 6.95 μM [2H3]-FA (3) treatment groups. e, EIC of Ara-[2H3]-FA-FA-Ara (652.1905, 
C30H31D3O16, [M-H]-) from the control (1) and 6.95 μM 6-[2H3]-P3 (2), 6.95 μM 
[2H3]-FA (3) treatment groups. f, Mass spectra of Ara-[2H3]-FA-FA-Ara (652.1905, 
C30H31D3O16, [M-H]-) from the control (1) and 6.95 μM 6-[2H3]-P3 (2), 6.95 μM [2H3]-
FA (3) treatment groups.
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