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The efficient conversion of non-food and non-animal-feed lignocellu-
losic biomass into biofuels1,2 could decrease the greenhouse gas emissions 
that are associated with fossil fuel use. Plant cellulosic biomass is structur-
ally complex and recalcitrant to deconstruction, making it necessary to 
use chemical and enzymic pretreatments to convert cell wall polymers 
into oligo- and monosaccharides for processing by microorganisms into 
fuel3. One strategy to overcome biomass recalcitrance is to engineer feed-
stocks with cell walls that are more easily broken down to release sugars 
while maintaining plant architecture and biomass yields. Progress has 
been made by modifying lignin4–7 and polysaccharide8 structures for 
improved biofuel yield in switchgrass (Panicum virgatum) and poplar 
(Populus deltoides) without compromising plant growth (Supplementary 
Table 1). In some studies, transgenic plants show preliminary evidence 
of increased growth8. But conclusive evidence that this approach has 
substantive potential for commercial translation with increased yield in 
woody and grass species has been lacking.

Plant cell walls comprise polysaccharide, lignin, proteoglycan, and 
glycoprotein matrices that differ among species, organs, tissues, and 
even cell types9. The cell wall matrix is thought to be composed of 
the polysaccharides cellulose, hemicellulose, and pectin, with the 
polyphenolic lignin present in secondary walls. However, there is 
increasing evidence that some wall glycans exist as both polysaccha-
rides and proteoglycans, and that each specific type of pectic and 
hemicellulosic polysaccharide may comprise multiple unique poly-
mers with unique functions in primary versus secondary walls or 
in different cell types10–13. Woody biomass is composed largely of 
secondary walls that comprise cellulose, the hemicellulose glucuron-
oxylan, and lignin14, and substantial amounts of pectin-rich primary 
walls8. Grass biomass is abundant in cellulose and the hemicellulose 
arabinoxylan, with very small amounts of pectin15,16.

Pectic polysaccharides are the most structurally complex plant cell 
wall glycans10. An estimated 67 different transferase activities are 
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needed to synthesize branched rhamnogalacturonan I and II (RGI 
and RGII) and non-branched homogalacturonan (HG), which are 
the main pectic glycans. The number and type of unique pectic poly-
mers in the wall remain unknown, with estimates ranging from one  
matrix of covalently linked HG, RGI, and RGII to multiple num-
bers and types of unique polymers, each with specific pectic glycan  
backbones and side chains, and with unique structural and  
functional roles10.

We set out to produce reduced recalcitrance in biomass in both 
grass and woody feedstocks. We focused on the minor cell wall com-
ponent pectin, and identified a putative pectin biosynthetic gene 
GAUT4, present in poplar and switchgrass, that might be involved 
in the synthesis of structures associated with cell wall recalcitrance. 
Engineering of poplar and switchgrass to express less GAUT4 pro-
duced plants with reduced recalcitrance and increased growth in 
both the greenhouse and field. We also characterized cell wall struc-
tural changes in GAUT4-knockdown (KD) plants and analyzed the 
enzymatic activity of GAUT4, to understand why downregulation of 
GAUT4-synthesized pectic glycan(s) improves cell wall extractability 
and growth of both woody and grass biofuel feedstocks.

RESULTS
GAUT4-KD increases sugar release
GAUT4, a member of the GAUT family17 of putative18 and proven17,19 
pectin biosynthetic galacturonosyltransferases, was identified as a can-
didate recalcitrance-associated gene due to high expression in wood 
xylem14, dicot stems18, and grass shoots20. GAUT4 shares the GAUT 
family clade A with GAUT1, a proven homogalacturonan:α-1,4- 
galacturonosyltransferase (HG:GalAT)17,19. GAUT1, GAUT4, and 
GAUT7 are the only GAUT genes with more than two homologs in 
rice, which might indicate a more prominent role in grasses for these 
genes than for other GAUT genes.

We used RNA interference (RNAi) to downregulate the expres-
sion of switchgrass (Panicum virgatum, Pavir.J36995; Pv) and rice 
(Oryza sativa, LOC_Os08g23780) GAUT4 homologs that are most 
similar to Arabidopsis GAUT4, and of the Populus deltoides GAUT4 
homolog most similar to the most highly expressed GAUT4 in 
Populus trichocarpa (Pt) wood (Potri.016G001700) (Supplementary 
Fig. 1a–c). The PvGAUT4 RNAi construct was used in both switch-
grass and rice, and the PtGAUT4 construct was used in P. deltoides 
(Supplementary Fig. 1b,c). Two PvGAUT4-KD (2A/2B and 4A), two 
OsGAUT4-KD (2A/2B and 7A/7B) and 15 PdGAUT4-KD (AB23.1 to 
AB23.15) transgenic lines were produced and grown in the green-
house (Online Methods). Transcript expression of respective target 
genes was reduced 56–68% (average 62%, P < 0.001) in PvGAUT4-
KD, 66–75% (average 71%, P < 0.001) in OsGAUT4-KD, and 49–78% 
(average 64%, P < 0.001) in PdGAUT4-KD lines compared to their 
corresponding controls, while the non-target GAUT4 homologs were 
unaffected (Supplementary Fig. 1d–f).

Saccharification of transgenic and wild-type (WT) biomass was 
measured using hot water pretreatment and enzymatic hydrolysis. 
Glucose release increased by 10–15% (average 13%, P < 0.05) in 
PvGAUT4-KD lines, 24–38% (average 31%, P < 0.001) in OsGAUT4-
KD lines, and 4–9% (average 7%, P < 0.05) in 12 PdGAUT4-KD lines 
compared to controls (Fig. 1a,d,g and Supplementary Fig. 2a). Xylose 
release increased by 14–23% (average 18%, P < 0.05) in PvGAUT4-
KD lines, and 5–8% (average 6%, P < 0.05) in 12 PdGAUT4-KD lines;  
however, no increase in xylose was observed in OsGAUT4-KD 
lines (Fig. 1b,e,h and Supplementary Fig. 2b). Total sugar release 
increased by 14–15% (average 15%, P < 0.05) in PvGAUT4-KD lines,  
11–17% (average 14%, P < 0.001) in OsGAUT4-KD lines, and 7–8% 

(average 7%, P < 0.05) in 13 PdGAUT4-KD lines compared to con-
trols (Fig. 1c,f,i and Supplementary Fig. 2c). The lignin content  
was unchanged in the transgenic lines, whereas the syringyl/
guaiacyl (S/G) ratios were increased only in PdGAUT4-KD lines 
(Supplementary Fig. 2d–g).

Microbial bioconversion of PvGAUT4-KD and WT biomass was 
assessed using yeast-based separate hydrolysis and fermentation 
(SHF) (Fig. 1j–l). A switchgrass transgenic line downregulated in 
caffeic acid 3-O-methyltransferase (PvCOMT3-TG)21 was also ana-
lyzed as a comparator reduced-recalcitrance line. Relative to WT, the 
PvGAUT4-KD lines showed significantly improved bioconversion to 
ethanol as good as, or better than, the PvCOMT3-TG line (Fig. 1j–k), 
and faster ethanol production rates than the controls’ (Fig. 1l).

GAUT4-KD plants grow better than controls
Unexpectedly, all GAUT4-KD grasses and trees showed increased 
growth compared to controls in the greenhouse (Fig. 2a–c and 
Supplementary Figs. 3 and 4). Switchgrass PvGAUT4-KD plants had 
12–19% (average 16%, P < 0.05) increased plant height compared to 
WT (Fig. 2d). PvGAUT4-KD plants also produced significantly more 
and larger tillers beginning in week 5 (Supplementary Fig. 3i–k), 
resulting in overall 150–190% (average 170%, P < 0.001) more aerial 
biomass than WT (Fig. 2e,f and Supplementary Fig. 3). Similarly, 
the rice OsGAUT4-KD lines had 21–24% (average 23%, P < 0.001) 
increased plant height, 42–70% (average 59%, P < 0.001) increased 
tiller number, and 43–69% (average 56%, P < 0.001) increased dry 
biomass yield compared to WT (Fig. 2g–i).

Plant height and stem diameter were increased 8–46% and 11–49% 
(average 31%, P < 0.001), respectively, in 3-month-old PdGAUT4-
KD trees compared with controls (Fig. 2j,k and Supplementary 
Fig. 4a–c), continued to increase throughout the 9-month growth 
period, and were inversely correlated with GAUT4 transcript levels 
(Supplementary Fig. 4d,e). Three-month-old PdGAUT4-KD trees 
also had larger leaves (average 48%, P < 0.001) and higher relative 
water content (average 9%, P < 0.05), accompanied by 38–49% (aver-
age 44%, P < 0.001) greater total aerial biomass, 19–26% (average 
23%, P < 0.05) greater stem fresh weight, and 36–49% (average 43%, 
P < 0.001) greater stem dry weight compared to controls (Fig. 2l, 
Supplementary Fig. 4f–o and Supplementary Note 1).

Switchgrass PvGAUT4-KD traits in the field
In a 3-year field study, PvGAUT4 transcript expression remained 
reduced in the PvGAUT4-KD lines by 48–55% (average 52%), 54–64% 
(average 60%), and 65–75% (average 70%), (P < 0.001) in years 1, 2, 
and 3, respectively, compared to WT (Supplementary Figs. 1g and 3l),  
indicating stable RNA silencing over time. No growth differences were 
observed among plants in year 1 when they were being established in 
the field. In subsequent years, transgenic plants had 15–64% (year-2 
average 18%, P < 0.05; year-3 average 57%, P < 0.001) increased plant 
width with 28–102% (year-2 average 38%, P < 0.05; year-3 average 
91%, P < 0.001) greater tiller numbers, resulting in doubled biomass 
yield in year 2 (year-2 average 89%, P < 0.001) and sixfold more in year 
3 (year-3 average 435%, P < 0.001), compared to WT (Fig. 2m–p).  
When assessed in years 2 and 3, PvGAUT4-KD plants (year-2 average 
1.29 ± 0.3; year-3 average 3.0 ± 3.9) were similar (P > 0.05) to WT 
(year-2 average 0.2 ± 0.4; year-3 average 3.0 ± 3.9) in rust disease 
(Puccinia emaculata) severity, measured as percentage leaf area cov-
ered by uredia (Supplementary Fig. 3m–o), which may indicate that 
PvGAUT4 downregulation does not reduce resistance to this patho-
gen. Furthermore, field-grown PvGAUT4-KD biomass had higher sac-
charification efficiency (year-3 average 483%, P < 0.001) and ethanol  
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yield (year-3 average 517%, P < 0.001) per plant throughout the 3-
year field trial, being approximately sevenfold greater than WT’s in 
year 3 (Fig. 1m–p). Of note, while unchanged in the greenhouse, the 
field-grown PvGAUT4-KD lines had 10–12% higher (P < 0.05) lignin 
S/G ratio than WT in year 3 (Supplementary Fig. 2h,i). Overall, 
the field trial reproduced the PvGAUT4-KD phenotypes observed in  
the greenhouse.

GAUT4-KD reduces homogalacturonan content
To understand the mechanism underlying improved saccharification 
and growth of GAUT4-KD plants, we first analyzed GAUT4 enzymatic 
function. Transient expression in Nicotiana benthamiana leaves of 
Arabidopsis, poplar, and switchgrass GAUT4 increased HG:GalAT 
activity in both microsomes and partially purified protein prepara-
tions (Fig. 3a, Supplementary Note 2 and Supplementary Fig. 5).  
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Figure 1  Saccharification yield from switchgrass, rice, and poplar GAUT4-KD lines and bioconversion of switchgrass GAUT4-KD to ethanol. (a–i) Glucose, 
xylose, and total sugar release, respectively, from greenhouse-grown PvGAUT4-KD (a–c), OsGAUT4-KD (d–f), and PdGAUT4-KD (g–i) lines compared to 
controls. Materials used were 3-month-old switchgrass tillers, 3-month-old rice aerial biomass, and 9-month-old poplar wood. (j,k) Ethanol yield from 
yeast-based separate hydrolysis and fermentation (SHF) of hot-water-pretreated greenhouse-grown switchgrass PvGAUT4-KD lines 2A, 2B and 4A and 
wild-type (WT) biomass, shown as mg EtOH/g cellulose (j) and mg EtOH/g dry biomass (k). Biomass hydrolyses were carried out with commercial enzyme 
blends (Ctec2, Htec2, and 188; Novozymes) at 50 °C, pH 4.5 for 5 d; fermentation with S. cerevisiae D5A at 35 °C, pH 4.5, 150 r.p.m. Switchgrass 
caffeic acid 3-O-methyltransferase knockdown transgenic (COMT3-TG) and corresponding WT lines (COMT3-WT) were included as a reference21. (l) Time-
course fermentation of whole biomass in k measured as weight loss of fermentation bottles. Fermentation was performed with three technical replicates 
of two independently grown biomass samples of three genetically identical clones of a single transgenic event (n = 6). (m–o) Glucose, xylose, and total 
sugar release, respectively, from field-grown PvGAUT4-KD compared to controls in the first (2013), second (2014), and third (2015) growing seasons. 
(p) Ethanol yield from yeast-based separate hydrolysis and fermentation (SHF) of hot water-pretreated field-grown year 3 switchgrass PvGAUT4-KD and 
WT biomass, shown as grams EtOH/plant. For greenhouse-grown biomass: WT and PvGAUT4-KD lines, n = 4; WT and OsGAUT4-KD lines, n = 6; WT 
P. deltoides, n = 25; PdGAUT4-KD lines, n = 15. For field-grown biomass PvGAUT4-KD and WT: n = 3. Data are presented as box plots showing the 
median as well as the 25th and 75th percentiles. Ends of whiskers are set at 1.5 * IQR (interquartile range) above and below the third and first quartiles, 
respectively. Statistical analysis was done using one-way analysis of variance (ANOVA) followed by Tukey’s multiple comparison test for greenhouse-grown 
biomass, or by Fisher’s least significant difference method for field-grown biomass (*P < 0.05, **P < 0.001).
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Furthermore, PvGAUT4-KD leaf microsomes had substantially 
reduced total HG:GalAT activity (by 26% at 45 min, P < 0.05) com-
pared to WT (Fig. 3b). These results support the view that GAUT4 is 
an HG:GalAT, and suggest that decreased recalcitrance and increased 
growth correlate with reduced cell wall HG content.

Prior analyses of cell wall structural changes in multiple GAUT 
mutants8,18,22 led to the hypothesis that different GAUTs synthesize 
specific HG domains in distinct polysaccharides and/or proteogly-
cans10,11. To determine the effect of downregulated GAUT4 expres-
sion, we isolated cell walls as alcohol-insoluble residues (AIR) from 
GAUT4-KD lines and analyzed them for the glycosyl residue compo-
sition (Table 1). The only glycosyl residue significantly decreased in 
total AIR from the GAUT4-KD lines was galacturonic acid (GalA), the 
pectin signature sugar residue and the sole sugar residue in HG. The 
total AIR GalA content was reduced 74–91% (average 81%, P < 0.001) 
in switchgrass, 69–78% (average 74%, P < 0.001) in rice, and 48–57% 
(average 52%, P < 0.001) in poplar GAUT4-KD lines compared to 
controls, consistent with a function of GAUT4 in the synthesis of 
major HG glycans in all three species.

To determine the type of HG-containing polymer affected in the 
GAUT4-KD biomass, we sequentially extracted switchgrass and pop-
lar AIR with increasingly harsh solvents8,23 (Online Methods). GalA 
was the only sugar significantly reduced in all extracts and in the 
final insoluble pellet, reduced by 64–97% (average 78%, P < 0.001) for 
switchgrass and 56–77% (average 64%, P < 0.001) for poplar GAUT4-
KD biomass compared to controls (Supplementary Tables 2–5).  
Several other sugars were also significantly reduced in one or more, 
but not all, wall extracts from transgenic lines compared to con-
trols, including mannose (Man) and galactose (Gal) for switchgrass, 
and Man, Gal, xylose (Xyl), and glucuronic acid (GlcA) for poplar 
(Supplementary Note 3). It is worth noting that in a study of GAUT4-
silenced tomato24, using a smaller set of cell wall analysis techniques 
on only two cell wall extracts, no changes were observed in leaf cell 
wall sugar composition, although there were reduced amounts of 
rhamnose (Rha), arabinose (Ara), and Gal in tomato fruits.

Glycosyl residue linkage analysis of switchgrass and poplar GAUT4-
KD biomass (Supplementary Tables 6 and 7) revealed 4-linked and ter-
minal GalA, the constituents of the HG backbone, as the major linkages 
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Figure 2  Growth and yield of switchgrass, rice, and poplar GAUT4-KD transgenic lines. (a–c) Growth of greenhouse-grown 3-month-old WT and 
PvGAUT4-KD switchgrass grown in 19-liter pots (a), 3-month-old WT control and OsGAUT4-KD rice (b), and 3-month-old WT (left two plants), vector 
control (VC, middle two plants) and PdGAUT4-KD (right two plants) poplar (c). (d–i) Height, number of tillers and dry aerial biomass of greenhouse-
grown switchgrass (n = 10) (d–f) and rice (n = 15) plants (g–i). (j–l) Height (j), radial growth (k), and dry aerial biomass (l) of greenhouse-grown poplar 
plants (WT, n = 25 for height and radial growth, n = 15 for dry biomass yield; PdGAUT4-KD lines, n = 15). (m–p) End-of-season tiller height (m), plant 
width (n), number of tillers (o), and dry aerial biomass (p) per plant of field-grown switchgrass (n = 3) over the 3-year field trial. The year 1 and 2 dry 
biomass data for lines 2B and 4A were also part of a study by Dumitrache et al.46. Data are presented as box plots showing the median as well as the 
25th and 75th percentiles. Ends of whiskers are set at 1.5 * IQR above and below the third and first quartiles, respectively. Statistical analysis was 
done using one-way analysis of variance (ANOVA) followed by Tukey’s multiple comparison test for the greenhouse-grown biomass, or by Fisher’s least 
significant difference method for field-grown biomass (*P < 0.05, **P < 0.001).
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reduced in all wall extracts tested. Furthermore, glycome profiling anal-
ysis using non-cellulosic wall-polysaccharide-specific monoclonal anti-
bodies (mAbs)13,23 showed substantially reduced epitope recognition by 
multiple HG-backbone-specific mAbs in all GAUT4-KD wall extracts 
compared to WT (Supplementary Figs. 6 and 7 and Supplementary 
Note 4). Lastly, immunogold-labeling of switchgrass stem cross-sections 
with HG-specific mAbs decreased significantly in PvGAUT4-KD sam-
ples compared with WT (Supplementary Fig. 8). Taken together, these 
data support the conclusion that downregulation of GAUT4 reduces cell 
wall HG content in both switchgrass and poplar.

GAUT4-KD increases polymer accessibility and cell growth
We tested whether cell wall integrity was compromised in GAUT4-KD 
biomass. Yield data of sequential AIR extracts showed that although 
the transgenic biomass and control biomass had comparable total 
amounts of AIR, substantially more material (9–49%, average 25%, 
P < 0.001, for PvGAUT4-KD; 10–32%, average 20%, P < 0.001, for 
PdGAUT4-KD) was recovered in the wall extracts from GAUT4-KD 
lines than from WT, and less material (10–20%, P < 0.001) remained 
in the insoluble pellet (Supplementary Fig. 9 and Supplementary 
Note 3). Furthermore, glycome profiles of both PvGAUT4-KD and 
PdGAUT4-KD biomass showed altered extraction patterns for multi-
ple wall polysaccharides in addition to HG, including xylan, RGI, and 
arabinogalactan (Supplementary Figs. 6 and 7 and Supplementary 
Note 4). These results show that reduced GAUT4 expression and the 
associated GAUT4-catalyzed HG synthesis compromise cell wall 
integrity, resulting in more easily extracted walls with less material 
retained in the final pellet.

We next tested whether GAUT4-KD cell walls might facilitate 
enzyme access for saccharification and ethanol production. First, 
we showed that PvGAUT4-KD biomass had a greater water-swelling  
response, with a greater volume difference between dry and wet 
switchgrass stem sections than WT (Supplementary Fig. 10a). 
Second, scanning electron microscopy of hot-water-pretreated bio-
mass revealed more damage, seen as torn cell walls, in PvGAUT4-
KD biomass than in WT (Supplementary Fig. 10b,c). More readily 
fragmented walls could increase enzyme access to biomass dur-
ing saccharification. We tested accessibility to cellulose in two 
PvGAUT4-KD lines using the Simon’s stain procedure25 and found 
that it was increased compared to WT (Supplementary Fig. 11 and 
Supplementary Note 5). Conversely, neither cellulose content nor 
chain length was affected in the PvGAUT4-KD lines. Altogether, these 
results indicate that PvGAUT4-KD biomass has looser, more porous 
cell walls with better enzyme accessibility and improved digestion.

We next tested how GAUT4-KD cell walls responded to turgor pres-
sure. Microscopic analysis of stem cross-sections and isolated xylem 
cells revealed increased amounts of vascular tissues and larger xylem 
cells in PdGAUT4-KD compared with WT (Supplementary Figs. 12  
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Figure 3  HG:GalAT activity of Arabidopsis (AtGAUT4), poplar (PdGAUT4), 
and switchgrass (PvGAUT4) recombinant GAUT4 transiently expressed 
in N. benthamiana and HG:GalAT activity in switchgrass WT and KD 
lines. (a) Pmole [14C]GalA-radiolabeled HG synthesized by microsomal 
membranes (100 µg protein) prepared from N. benthamiana leaves 
transiently co-expressing GAUT4 constructs and the silencing suppressor 
p19 (ref. 52), and leaves expressing p19 alone, from 3-h reactions 
containing UDP-[14C]GalA and exogenous HG acceptors. (b) HG:GalAT 
activity in leaf microsomes prepared from switchgrass WT and PvGAUT4-
KD lines. Data are duplicate samples from two independent experiments 
(n = 4), presented as box plots showing the median as well as the 25th 
and 75th percentiles. Ends of whiskers are set at 1.5 * IQR above and 
below the third and first quartiles, respectively. Statistical analysis was 
done using one-way analysis of variance (ANOVA) followed by Tukey’s 
multiple comparison test (*P < 0.05, **P < 0.01, ***P < 0.001).

Table 1  Glycosyl residue composition of total cell walls from 3-month-old switchgrass tillers, 9-month-old poplar stems and 3-month-old 
rice aerial biomass

Glycosyl residue composition of AIR (mole % ± SE)

Ara Rha Fuc Xyl GlcA GalA Man Gal Glc

Switchgrass
WT 15.93 ± 0.53 1.32 ± 0.11 0.88 ± 0.09 59.17 ± 1.56 0.86 ± 0.04 2.47 ± 0.11 1.44 ± 0.08 5.31 ± 0.21 12.62 ± 0.56
2A 17.59 ± 0.43* 2.83 ± 0.13* 1.00 ± 0.08 62.41 ± 1.32 1.01 ± 0.03 0.65 ± 0.05** 1.79 ± 0.09* 4.90 ± 0.23 7.82 ± 0.67**
2B 18.12 ± 0.47* 2.10 ± 0.16* 0.62 ± 0.07* 59.51 ± 1.45 1.03 ± 0.02 0.55 ± 0.05** 1.59 ± 0.11 4.73 ± 0.27* 11.75 ± 0.78
4A 18.41 ± 0.61* 2.31 ± 0.11* 0.21 ± 0.02* 61.92 ± 1.74 2.24 ± 0.03** 0.21 ± 0.03** 2.49 ± 0.12** 4.98 ± 0.31 7.03 ± 0.81**
Poplar
WT 3.23 ± 0.09 1.96 ± 0.08 0.10 ± 0.010 45.86 ± 1.13 0.32 ± 0.010 7.01 ± 0.26 5.89 ± 0.39 3.25 ± 0.26 32.38 ± 1.01
V control-1 3.14 ± 0.10 1.84 ± 0.09 0.09 ± 0.005 46.01 ± 1.02 0.28 ± 0.005 6.88 ± 0.24 6.02 ± 0.31 3.18 ± 0.24 32.57 ± 1.11
AB23.2 3.69 ± 0.12 2.26 ± 0.07 0.10 ± 0.006 48.23 ± 0.99 0.45 ± 0.006** 3.62 ± 0.10** 5.97 ± 0.29 3.41 ± 0.21 32.27 ± 0.98
AB23.5 3.51 ± 0.13 2.19 ± 0.08 0.08 ± 0.007 49.34 ± 0.89* 0.56 ± 0.003** 3.35 ± 0.15** 5.31 ± 0.22* 3.55 ± 0.31 32.11 ± 1.07
AB23.12 3.68 ± 0.19 2.37 ± 0.10 0.09 ± 0.010 47.36 ± 0.95 0.39 ± 0.008* 3.04 ± 0.09** 5.78 ± 0.38 4.10 ± 0.11** 33.19 ± 1.19
AB23.14 3.49 ± 0.11 2.33 ± 0.08 0.10 ± 0.008 48.71 ± 1.29 0.41 ± 0.005** 3.18 ± 0.17** 5.99 ± 0.45 3.74 ± 0.13* 32.05 ± 0.88
Rice
WT 18.21 ± 0.61 1.78 ± 0.05 0.90 ± 0.02 55.66 ± 1.21 1.54 ± 0.07 4.10 ± 0.11 1.29 ± 0.04 5.91 ± 0.21 10.61 ± 0.62
2A 23.86 ± 0.55** 2.28 ± 0.03* 0.62 ± 0.02 55.78 ± 1.11 2.17 ± 0.02* 1.29 ± 0.05** 1.93 ± 0.05* 5.11 ± 0.18 6.96 ± 0.34*
2B 22.51 ± 0.69* 2.32 ± 0.04* 0.62 ± 0.03 56.19 ± 1.08 2.46 ± 0.04** 0.96 ± 0.06** 1.21 ± 0.07 4.38 ± 0.37* 9.35 ± 0.69
7A 21.52 ± 0.61* 1.77 ± 0.05 0.45 ± 0.03* 62.53 ± 0.88* 2.14 ± 0.05* 0.89 ± 0.06** 1.31 ± 0.03 4.08 ± 0.35** 5.31 ± 0.52**
7B 20.12 ± 0.38* 1.71 ± 0.07 0.74 ± 0.02 63.06 ± 0.91* 1.77 ± 0.02 1.07 ± 0.08** 1.58 ± 0.06 4.84 ± 0.11* 5.11 ± 0.65**

Data are average mole % sugars in alcohol insoluble residue (AIR) from switchgrass WT and PvGAUT4-KD lines 2A, 2B, and 4A; poplar WT, vector control, and PdGAUT4-KD 
lines; and rice WT and OsGAUT4-KD lines as measured by GC-MS of tetramethylsilane (TMS) derivatives. Data are three technical replicates of each of four independently grown 
biomass samples of three genetically identical clones of a single transgenic event (n = 12). Bold values with asterisk(s) are GAUT4-KD line values significantly different from 
controls. *P < 0.05, **P < 0.001 (one-way ANOVA followed by Tukey’s multiple comparison test).
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and 13 and Supplementary Note 6). These results support a model 
in which the compromised cell wall integrity in the GAUT4-KD lines 
enables greater cell expansion, which in turn results in increased  
plant growth.

Less HG- and RGII-mediated cross-linking in GAUT4-KD walls
To analyze the mechanism(s) underlying increased growth and bio-
mass saccharification, we assessed HG structure in the GAUT4-KD 
wall. HG is a pectic homopolymer of α-1,4-linked GalA residues 
partially modified by methylesterification and O-acetylation10. HG 
is synthesized in the Golgi, secreted into the wall in a highly meth-
ylesterified form, and partially demethylesterified in muro by pectin 
methylesterases26–28. Stretches of demethylesterified GalA residues in 
HG can form Ca2+-salt bridges, resulting in HG dimers or larger com-
plexes29–31. Some cell wall models depict HG as part of a single pectic 

structure covalently connected to the other pectic polysaccharides 
RGI and RGII32,33. However, the pectic polysaccharides that have 
been structurally defined have all been extracted from the wall using 
chemical and/or enzymatic treatments that fragment native pectin. 
Thus, a complete, intact native pectin has never been isolated. Based 
on structural analyses of isolated pectic fragments, four types of HG-
containing polymers have been structurally confirmed10 (Fig. 4a):  
(i) HG as an independent polysaccharide, (ii) polymers with HG 
and RGI connected via their backbones, (iii) polymers with HG and 
RGII connected via their backbones, and (iv) proteoglycans, such 
as, the xylan- and pectin-containing arabinogalactan protein APAP1 
(ref. 11). Each of these pectic polymers may interact non-covalently 
and covalently with each other (Fig. 4b, i–v) and/or with other wall 
polymers34, thus contributing to overall cell wall strength, flexibility,  
and integrity. Perturbations of these interactions are likely to affect 
wall performance35,36.

Based on the confirmed pectin structures (Fig. 4a) and the data 
presented here, we propose a model (Fig. 4c) to explain how reduced 
production of HG decreases recalcitrance and increases growth in 
the GAUT4-KD lines. In WT plants, the HG made by GAUT4 associ-
ates either covalently or non-covalently (e.g., calcium cross-linking 
between HG molecules) with multiple wall polymers, leading to an 
integrated and cohesive wall that restricts the extent of cell wall expan-
sion and limits growth, as well as resists biomass deconstruction. In 
GAUT4-KD plants, fewer GAUT4-synthesized HG-containing poly-
mers are produced, leading to less polymer–polymer cross-linking  
and thus permitting more extensive cell expansion and greater plant 
growth. This model is consistent with the data presented here, and 
also with the taller plants and larger palisade parenchyma cells upon 
silencing GAUT4 in tomato24. We propose that the decreased recal-
citrance phenotypes of the GAUT4-KD biomass results from less 
polymer–polymer cross-linking, leading to increased wall poros-
ity and reduced wall cohesiveness, which allow better movement of 
wall-degrading enzymes within the wall, including greater access to 
cellulose, and, therefore, a more easily deconstructed wall (Fig. 4c).  
Fewer GAUT4-synthesized HG-containing polymers could lead to 
less pectin coating of the cellulose microfibrils34,37, making them 
more accessible to degrading enzymes.

To test the proposed model, we first asked whether other types of 
HG-containing polymers, besides independent HG polysaccharides 
(Fig. 4a, i), were also reduced in GAUT4-KD biomass. The glycosyl 
residue composition and linkage data (Table 1 and Supplementary 
Tables 2–7) suggested that the pectic RGI content was not reduced, 
since the amount of RGI-specific sugars (i.e., Rha, Ara, and Gal) and 
linkages were not reduced consistently across different wall extracts 
and plant species, and even were increased in certain wall extracts. 
We therefore concluded that RGI-containing polymers (Fig. 4a, ii,iv) 
were not negatively affected in GAUT4-KD plants.

Contrary to RGI, which has an alternating Rha/GalA backbone, 
RGII has a backbone of HG and thus could have been affected in 
GAUT4-KD plants. Since RGII makes up only ~10% of total pectin 
and has a very complex structure with 12 different sugars in over 20 
different linkages38, the signals for its unique and low-abundance 
sugars are undetectable in standard glycosyl residue composition 
and linkage analyses of total AIR and wall extracts (Table 1 and 
Supplementary Tables 2 and 7). We assessed RGII content by meas-
uring the amount of two RGII-specific sugars, 2-O-Me-α-Xyl and 2-
O-Me-α-L-Fuc39, in the PvGAUT4-KD and WT oxalate and carbonate 
extracts that typically contain the bulk of extracted RGII38,40. The 
two RGII signature sugar residues were significantly reduced in the 
PvGAUT4-KD compared to WT wall extracts (Fig. 5a,b), indicating 
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Figure 4  Model of GAUT4 function in cell wall extractability, porosity and 
cell size, and hypothesis for mechanism of GAUT4-KD in recalcitrance 
and plant growth. (a) Wall polymers known to contain HG glycan: (a, i) 
HG polysaccharide/oligosaccharide, (a, ii) HG domain connected to RGI 
through the backbone glycans, (a, iii) HG connected to RGII through their 
backbone glycans, (a, iv) HG glycan as part of the proteoglycan APAP1, 
whose whole structure is shown here. (b) Covalent and non-covalent bonds 
that can exist among HG-containing polymers in the wall, including (a, 
i–iv) ionic HG-calcium salt bridges between HG regions of independent 
HG molecules or between HG and polymers that contain HG26, and (a, v) 
borate diester cross-linking between RGII regions38. The HG-containing 
polymers may further interact with other wall polymers, for example, 
the hemicellulose (e.g., xylan) moieties in HG-containing proteoglycans 
(e.g., APAP1 (ref. 11)) and cellulose microfibrils34. (c) Model depicting 
reduction of GAUT4-synthesized HG in GAUT4-KD versus WT biomass 
and hypothesized consequences on wall extractability, wall enzyme 
accessibility, and cell growth. A hypothesis: a reduction in HG in GAUT4-
KD biomass leads to reduced in muro interconnections between HG-
containing wall polymers resulting in reduced cell wall integrity and the 
associated (1) increased wall extractability, wall porosity, and accessibility 
to enzymes resulting in reduced recalcitrance for deconstruction and (2) 
loosened and/or reactive walls that are more pliable when turgor pressure 
is increased leading to greater cell growth.
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that RGII content was also greatly reduced in PvGAUT4-KD plants. 
We proposed that PvGAUT4 silencing affects both HG (Fig. 4a, i) and 
HG-RGII (Fig. 4a, iii) polymers.

HG and RGII function in wall polysaccharide cross-linking via 
interactions with calcium and boron, respectively, and both are 
required for normal plant growth and development27,38,41. We tested 
whether HG–calcium and RGII–boron cross-linking (Fig. 4b, i,ii,v) 
decreased in GAUT4-KD cell walls. The calcium and boron content 
of total AIR and pectin-enriched extracts (oxalate and carbonate) 
were substantially decreased (Fig. 5c–f) in the PvGAUT4-KD walls 
compared to WT, strongly supporting the hypothesis that down-
regulation of GAUT4 reduces both HG–calcium and RGII–boron 
pectin cross-linking. Furthermore, we determined the relative 
amount of HG engaged in cross-linking with Ca2+ in the PvGAUT4-
KD and WT biomass by measuring the wall calcium binding 
capacity42 and the relative abundance of the 2F4 mAb epitopes 
(specific for calcium-cross-linked HG)43,44 in the oxalate and 
carbonate extracts. Both parameters were significantly decreased 
in PvGAUT4-KD wall extracts compared to WT (Fig. 5g,h).  
Transmission electron microscopy analysis of immunogold-labeled 
switchgrass stem cross-sections (Fig. 5i–m) also revealed fewer 
2F4 immunogold particles in PvGAUT4-KD than in WT phloem 
cell walls.

These results show that GAUT4 downregulation decreases  
HG-Ca2+-salt bridges and RGII–borate diester cross-linking in the 
wall, supporting the hypothesis that the observed increased wall 
porosity, enzyme accessibility to the cell wall, and plant growth in 
the GAUT4-KD lines are due to reduced pectin cross-linking in the 
wall. These results also support a role for unique GAUTs in the syn-
thesis of specific cell wall HG-containing polymers10 and the conclu-
sion that GAUT4-synthesized HG resides in independent HG and/or  
HG-RGII wall polymers.

DISCUSSION
Our efforts to improve grass and woody biomass feedstock quality by 
RNA silencing of a pectin biosynthetic GAUT4 gene increased bio-
mass saccharification in greenhouse-grown engineered switchgrass, 
rice, and poplar, and increased ethanol production from switchgrass 
GAUT4-KD lines compared with WT. Biomass yield increased by 
190%, 69%, and 49% in greenhouse-grown transgenic switchgrass, 
rice, and poplar, respectively. Importantly, improved traits were main-
tained in a 3-year field trial of switchgrass GAUT4-KD plants. Sugar 
composition and linkage analyses of GAUT4-KD biomass revealed 
50–90% reduced HG content, indicating that one or more HG-con-
taining pectic polymers were affected.

We showed that GAUT4 has pectin biosynthetic HG:GalAT activ-
ity and that knockdown expression of GAUT4 in feedstocks reduces 
HG:GalAT activity and consequently cell wall pectic HG and RGII 
content. In turn, reduced HG- and RGII-mediated wall polymer 
cross-linking compromised overall wall integrity, leading to greater 
biomass saccharification and plant growth. These results support the 
proposal that at least some pectins have comparable roles in both grass 
and dicot cell walls, and in growth36, and that GAUT4 is an effective 
gene target for production of high-yielding biomass with improved 
properties for lignocellulosic biofuel production.

The use of lignocellulosic biomass for biofuels is hindered by its 
inherent recalcitrance to processing, owing to structurally complex 
cell walls1,3, and suboptimal biomass yields on marginal land45. The 
phenotypes of the GAUT4-downregulated transgenic feedstocks 
address both issues simultaneously, and consistently across multi-year 
field trials, which is an improvement compared with other engineered 
trees and grasses (Supplementary Table 1). The GAUT4-KD trans-
genic switchgrass provided the greatest absolute ethanol and biomass 
yield compared to reduced-recalcitrance feedstock lines modified in 
lignin and C-1 metabolism46. Furthermore, compared with >35 other 
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Figure 5  Pectin-mediated wall cross-linking is reduced in the PvGAUT4-KD cell walls. (a,b) RGII content is reduced in PvGAUT4-KD walls, as indicated 
by reduced contents of RGII-specific glycosyl residue 2-O-Me-α-Xyl (a) and 2-O-Me-α-L-Fuc (b) in the pectin-rich wall extracts from PvGAUT4-KD 
compared to WT biomass. (c–f) Calcium and boron contents measured in total AIR (c,e) and pectin-enriched wall extracts (d,f) from PvGAUT4-KD and 
WT biomass. (g) Calcium binding capacity of pectin-rich wall extracts as an estimate of the amount of calcium involved in cross-linking with HG.  
(h) ELISA of pectin-enriched wall extracts using 2F4 antibody. (i–l) Transmission electron microscopy of phloem cell wall cross-section of stems from 
WT and PvGAUT4-KD lines immunolabeled with the 2F4 antibody specific to calcium-cross-linked-HG. CW, cell wall; CML, compound middle lamellae. 
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immunogold particles per µm2 wall area observed as representative of 2F4 antibody epitope abundance in the WT and PvGAUT4-KD cell wall cross-
sections shown in a–d. Data (n = 6) are presented as box plots showing the median as well as the 25th and 75th percentiles. Ends of whiskers are  
set at 1.5 * IQR above and below the third and first quartiles, respectively. Statistical analysis was done using one-way analysis of variance (ANOVA) 
followed by Tukey’s multiple comparison test (*P < 0.05, **P < 0.001).
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feedstock lines modified in unique lignin, cellulose, hemicellulose, 
and pectin-associated genes, the switchgrass GAUT4-KD lines had the 
highest increase in biomass, sugar, and ethanol yield (g/plant basis; 
Supplementary Table 1). The performance of the transgenic switch-
grass during the 3-year field study demonstrated the stability of the 
RNA-silencing-mediated genetic modification during multiple years 
of field growth4,47. In future, genome editing technologies for biofuel 
crop improvement may be preferred for genetic and regulatory rea-
sons, as no foreign DNA would remain in the final feedstocks48.

The increased saccharification of GAUT4-KD biomass provides 
direct evidence that controlled synthesis of a specific pectic polymer, 
in contrast to polymers containing both pectin and xylan constituents8, 
or to post-synthesis modification of pectin in the wall49–51, affects 
recalcitrance. Silencing of poplar GAUT12, another GAUT gene fam-
ily member, also increased biomass saccharification and growth in 
PdGAUT12-KD lines8, similar to the GAUT4-KD transgenic pheno-
types. However, the PdGAUT12-KD biomass had concomitant reduc-
tions of both pectin (HG and RGI) and xylan, indicating that GAUT12 
has a different biochemical function than GAUT4. This agrees with 
our hypothesis that the different GAUT proteins synthesize HG in 
unique pectin-containing glycans, each presumably with a unique 
function in the wall10. Interestingly, HG post-synthesis modification 
in muro, by overexpressing enzymes that degrade HG or reduce HG 
demethylesterification, also resulted in enhanced saccharification, sup-
porting a role for pectin in cell wall integrity49–51. However, many of 
these post-synthesis modification strategies negatively affected plant 
growth, except for overexpression of a pectin methylesterase inhibitor 
(PMEI) in Arabidopsis50. The increased growth effect, however, was not 
observed when PMEI was overexpressed in wheat, leading the authors 
to conclude that HG methylesterification has a minor role in mono-
cots50. This contrasts to our finding here that GAUT4 downregulation 
increases saccharification and growth in both dicots and monocots.

The reduction of both HG and RGII in the GAUT4-KD biomass 
suggests that GAUT4-synthesized HG is used as the backbone for 
RGII synthesis, making GAUT4 the first HG:GalAT implicated in 
RGII synthesis. The in vitro synthesis of RGII by co-expression of 
recombinant GAUT4 along with RGII side-chain-synthesizing 
enzymes will be required to identify the mechanism of GAUT4 in 
RGII synthesis and in overall HG synthesis. For example, the current 
results cannot inform whether GAUT4 synthesizes both independent 
HG and HG-RGII polymers, or only an HG-RGII polymer. In vitro 
synthesis, genetic, and cell wall structural studies will be required to 
distinguish these possibilities.

Our data indicate that HG has multiple roles in diverse wall  
polymers, that different HG regions are synthesized by unique 
GAUTs, and that the functions of HG-containing polymers include 
cell wall structural integrity and plant growth. We establish that 
targeted engineering of plant cell wall polymers in general, and 
HG-containing wall polymers in particular, can loosen the walls 
by reducing inter- and intrapolymer cross-linking. This strategy  
can improve plant biomass yield and quality and is a step toward a 
bio-based economy.

Methods
Methods, including statements of data availability and any associated 
accession codes and references, are available in the online version of 
the paper.

Note: Any Supplementary Information and Source Data files are available in the 
online version of the paper.
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ONLINE METHODS
Gene isolation, cloning, transformation and generation of switchgrass, 
rice and poplar GAUT4-KD transgenics. Switchgrass. TBLASTN was 
used to identify the homologous GAUT4 (Galacturonosyltransferase4) gene 
sequences from the switchgrass EST databases20 and the draft whole genome 
sequence (Panicum virgatum v1.1, Phytozome 11.0 DOE-JGI) at Phytozome 
using GAUT4 amino acid sequence from Arabidopsis thaliana (TAIR10) as 
a heterologous probe. Switchgrass contig AP13CTG20100 was identified 
as the best candidate for PvGAUT4 based on cluster and multiple sequence 
alignment analyses, and was used to design primers for cloning: PvGAUT4-
ORF-F (5′-CTGGCCTCTGGTCAATCAAT-3′) and PvGAUT4-ORF-R 
(5′-CCAGTAGCTTCGGAACTTGG-3′). The RNA interference (RNAi) cas-
settes were constructed by isolating a 443-bp GAUT4 fragment from switch-
grass (Panicum virgatum L.) cDNAs of the variety ‘Alamo’ clonal genotype 
ST1 using gene-specific primers for the PvGAUT4 gene, followed by clon-
ing into pCR8 entry vector for sequence confirmation. The entry clone was 
recombined into pANIC12A as described53. Embryogenic callus derived from 
immature inflorescences of SA7 was transformed with the expression vector 
pANIC12A-PvGAUT4 (Supplementary Fig. 1) construct through biolistic 
transformation54. SA7 was developed at the University of Georgia for improved 
tissue culture response, and selected from a cross of two regenerable ‘Alamo’ 
genotypes, ST1 and Alamo2 (refs. 54,55). After antibiotic selection (60 mg/L 
hygromycin), the resistant calli were regenerated as described54. Transgenic 
lines were confirmed by PCR with vector primers flanking the GAUT4 RNAi 
hairpin inserts: Zmubi1900-F (5′- TTTAGCCCTGCCTTCATACG-3′),  
guslink-R (5′- CCAAAGCCAGTAAAGTAGAACG-3′), guslink-F (5′-GTC 
GGTGAACAGGTATGGAAT-3′), nosT-R (5′-TGATAATCATCGCA 
AGACC-3′).

Rice. The putative rice GAUT4 homolog (OsGAUT4, LOC_Os08g23780) 
(Supplementary Fig. 1) was identified by a similar process as described 
above for switchgrass. The Arabidopsis thaliana (TAIR10) GAUT4 amino 
acid sequence was used to perform tblastn/blastp against rice genome (Oryza 
sativa v7.0; Phytozome 11.0 DOE-JGI) followed by cluster and multiple 
sequence alignment analyses. The 443-bp PvRNAi target has 88% identity to 
LOC Os08g23780, thus the switchgrass pANIC12A-PvGAUT4 construct was 
used for transformation of rice (var. Taipei 309 from the USDA National Plant 
Germplasm System) as well, which was performed as described56. Rice trans-
formation events were identified by real-time tracking of in vivo pporRFP57 
expression using fluorescence microscopy. Transgenic lines were confirmed 
by PCR with vector primers flanking the GAUT4 RNAi hairpin inserts as 
above for switchgrass.

Poplar. P. deltoides genome information was not available at the time the 
RNAi construct was developed, thus the P. trichocarpa genome sequence was 
used to identify a suitable RNAi target sequence to transform P. deltoides.  
A 200-bp fragment comprising portions of the coding region and 3′-untranslated  
region of Potri.016G001700 (Supplementary Fig. 1) was amplified via PCR 
from a P. trichocarpa cDNA library using gene-specific primers and cloned 
into pENTR/D-TOPO entry vector. The primers were: PdGAUT4-F (5′- C
ACCCCCGGGATAGGCATACCCAAGTATCGAA-3′) and PdGAUT4-R (5′- 
TCTAGAAAAATGTTGGCACAGGATGTG-3′). Further cloning steps, as 
previously described8, generated the binary transformation vector pAGW633 
(GenBank accession number KX683862), which was used for transformation 
of eastern cottonwood (P. deltoides) clone WV94 as described8. The presence 
of the GAUT4 transgene was verified by PCR across the GAUT4::spacer junc-
tion using primers pAGW633F (5′-TTTCAATCAAATGAAGAGCCAAT-3′) 
and pAGW633R (5′-TCGTGGTGTCATCCATTCAT-3′) on genomic DNA 
isolated from tissue culture shoots. More recently, a preliminary/early version 
of the genome sequence of P. deltoides became available (https://phytozome.
jgi.doe.gov/pz/portal.html#). As part of this work, the P. deltoides GAUT4 
coding sequence was also cloned for heterologous expression (see below). This 
allowed comparison of the P. trichocarpa GAUT4 homolog Potri.016G001700.1 
and P. deltoides counterpart Podel.16G001400.1, revealing 99.24% identity at 
the protein level and 99.29% identity at the nucleotide level.

Plant growth conditions in the greenhouse. Switchgrass. Both WT and trans-
genic switchgrass plants were grown in a greenhouse under a 16-h light/8-h 
dark cycle at 25–32 °C, depending on the season. The plants were grown in 

a mixture of two parts Fafard 3B (two 2.8 cubic feet (79.3 l) bags, GroSouth 
Inc., Atlanta, GA), one part sand (one 2.8 cubic feet (79.3 l) of River Bottom 
Sand, Redland Sand, Watkinsville, GA) and 118 mL of Osmocote Plus granular 
fertilizer (18-9-12 minors, 8–9 month release). After planting, plants were 
fertilized once a week with 440 mg/L of the Peat Lite Special 20-10-20 (nitro-
gen-phosphorus-potassium; GroSouth Inc, Atlanta, GA). Fifteen tillers were 
propagated from both control and transgenic lines to produce five clonal  
replicates for measurement of growth parameters in 3.8-l (1 gallon) and 19-l 
(5 gallon) pots for 4 months58.

Rice. Rice seeds were maintained and cultured as previously described56. 
After transfer to soil, control and transgenic rice lines were grown in a green-
house under a 16-h light/8 h dark cycle at 25–32 °C, depending on the sea-
son. The soil composition for rice was the same as that used for switchgrass. 
Fertilizer applied at planting was 1.2 mL (1/4 teaspoon) Sprint 330 Iron Chelate 
and 3.75 g Jack’s Peat Lite Special 20-10-20 (nitrogen-phosphorus-potassium) 
per 2 l water. After planting, the plants were fertilized once a week as for 
switchgrass.

Poplar. Populus deltoides plants were grown in a greenhouse as previously 
described8. Measurement of plant growth was carried out on 25 WT plants 
and 12–15 plants for each vector control and PdGAUT4-KD line. The rela-
tive water content (RWC) and dry matter measurements were performed as 
previously described8.

Switchgrass field experiment. A field plot (14.5 m × 23.6 m) on a University 
of Tennessee-Knoxville farm was divided into three subplots, one of which was 
used for the field trial of non-transgenic WT (the ‘Alamo’-derived parental 
clone SA7 and an additional clone SA37) and the three PvGAUT4-KD lines 
(2A, 2B, and 4A) (Supplementary Fig. 14). The subplot was divided into three 
replicate-plots for each genotype that were arranged in a completely rand-
omized design within the subplot. Four vegetatively propagated clones of each 
line were planted 76 cm apart within each replicate-plot, and the replicate-plots 
were spaced 152 cm apart. A border of ‘Alamo’-derived ST1-genotype plants 
was included to control for shading effects. The plants were transplanted to the 
field in July of 2013 and grown over three consecutive growing seasons (2013, 
2014, and 2015). The field was maintained as described previously59. Plants 
began producing panicles in late June or early July each season. As required 
by the USDA APHIS BRS release-into-the-environment permit, panicles were 
removed from all tillers once reaching the first reproductive (R1) developmen-
tal stage58 by cutting the tiller from below the top node.

Measurements of tiller height, plant width, tiller number, and dry weight 
biomass yield were carried out after plants reached full senescence at the end 
of each growing season, as described previously4. Biomass from the four clonal 
plants within each replicate were pooled to represent the total dry weight yield 
from each replicate. Incidence of Puccinia emaculata infection, which causes 
switchgrass rust, was evaluated weekly between late July and late August during 
the second (2014) and third (2015) growing seasons as described previously59. 
Briefly, randomly selected tillers from two clonal plants within each replicate 
subplot were tagged and visually assessed for rust severity using the following 
scale: 0 = 0%, 1 = ≤5%, 2 = ≤10%, 3 = ≤25%, 4 = ≤40%, 5 = ≤55%, 6 = ≤70%, and 
7 = ≤100% of leaf area coverage with uredia. In late August of 2014 and 2015, 
all plants were treated with fungicides ‘Quilt’ (Syngenta Canada Inc., Guelph, 
Ontario) at a rate of 0.21 mL/m2 and ‘Heritage’ (Syngenta Crop Protection, 
Greensboro, NC) at a rate of 20 mL/m2.

Sample preparation for molecular and biochemical analyses. Switchgrass 
tiller samples were collected and immediately frozen in liquid nitrogen for 
transcript analysis and enzymatic assay. For field-grown switchgrass, samples 
for transcript analysis were collected from each replicate-plot at approximately 
mid-growing season of each year. For saccharification, fermentation, analytical 
pyrolysis, and cell wall analyses of greenhouse-grown plants, samples were 
harvested as follows: switchgrass whole tiller at the R1 stage from 3-month-
old plants60, rice whole aerial biomass from 3-month-old plants, and poplar 
debarked bottom (6 cm from the ground) stem from 9-month-old plants. The 
plant materials were air-dried at room temperature for 3–4 weeks (depending 
on the season) and milled to particle size of 20 mesh (0.85 mm) using a Wiley 
Mini-Mill (model number: 3383L10, Thomas Scientific). For saccharification, 
fermentation, and analytical pyrolysis analyses of field-grown switchgrass, 
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whole aboveground senesced biomass was harvested in December of each year, 
dried for ~168 h at 43 °C, and subsamples from each replicate-plot taken and 
milled through a 1-mm screen.

RNA isolation and Quantitative Real Time PCR. RNA isolation and tran-
script analyses were performed as previously described8. Briefly, shoot tips 
from switchgrass, the first leaf from rice, and xylem samples scraped from 
debarked frozen poplar stems were used for transcript analysis. All tissues 
were ground to a fine powder in liquid nitrogen. Total RNA from switchgrass 
and rice tissue was isolated using an RNeasy Plant Mini Kit (Qiagen, Valencia, 
CA), and from Populus using a CTAB (hexadecyl-trimethylammonium  
bromide) method8 followed by removal of genomic DNA with DNase 
(Qiagen, Valencia, CA). First-strand cDNA was synthesized from 1 µg  
total RNA using the iScript cDNA Synthesis kit (BioRad, Hercules, CA). 
Quantitative RT-PCR reactions were performed in triplicate using the iQ 
SYBR Green Supermix (Bio-Rad, Hercules, CA) and the following prim-
ers: switchgrass PvGAUT4-qRT-F (5′-CCGGAGAAATCACGAATCA-3′)  
and PvGAUT4-qRT-R (5′-CCAGTTCATCCGAGAAGAC-3′), rice OsGAUT4- 
qRT-F (5′-CTCTGCCTCCAGGTTTGATTAC-3′) and OsGAUT4-qRT-R  
(5′-GCGGCACGTTCAATATCTCT-3′), poplar PdGAUT4-qRT-F (5′-CCA 
CCTGGCCTCATTACTTT-3′) and PdGAUT4-qRT-R (5′-GCTGCTCGTT 
CAATTTCTCTTT-3′). For reference genes, the following primers were used: 
switchgrass CYP5 (Cyclophilin 5, Pavir.J00040, GenBank Accession number 
FE633090) primers PvCYP5-qRT-F (5′-CACTACAAGGGAAGCACATTC 
CA-3′) and PvCYP5-qRT-R (5′-TTCACCACCCCTTCCATCAC-3′), rice Actin 
primers OsActin-qRT-F (5′-CTTCATAGGAATGGAAGCTGCGGGTA-3′) 
and OsActin-qRT-R (5′-CGACCACCTTGATCTTCATGCTGCTA-3′), and  
poplar 18S rRNA primers Pd18S-qRT-F (5′-AATTGTTGGTCTTCAAC 
GAGGAA-3′) and Pd18S-qRT-R (5′-AAAGGGCAGGGACGTAGTCAA-3′).  
The method used for analysis of relative transcript expression was as  
previously described8,61.

Determination of saccharification efficiency. Dried, milled switchgrass, 
rice, and poplar was used for analysis of sugar release efficiency via NREL 
high-throughput sugar release assays8,62,63. Biomass was extracted with glu-
coamylase (Spirizyme Ultra - 0.25% (v/v)) and alpha-amylase (Liquozyme SC 
DS - 1.5% (v/v)) in 0.1 M sodium acetate pH 5.0 at 55 °C for 24 h to remove 
starch (16 mL enzyme solution per 1 g biomass) followed by an additional 
24 h Soxhlet extraction with ethanol64. Water (250 µL) was added to 5 mg of 
overnight dried samples and hot water pretreatment was carried out at 180 °C 
for 17.5 min as previously described8. The hot water pretreatment conditions 
were chosen to be suboptimal for maximum glucose release to enable a clear 
distinction between samples with high and low recalcitrance. Buffer–enzyme 
stock (40 µL of 8% (v/v) Novozymes CTec2 in 1.0 M sodium citrate buffer, pH 
5.0) was added to cooled pretreated sample. After 70 h of incubation at 50 °C, 
the diluted saccharified hydrolysate was analyzed using Megazyme’s GOPOD 
(glucose oxidase/peroxidase) and XDH (xylose dehydrogenase) assays, with 
mixed glucose/xylose standards as previously described8,64. The methods were 
used for the data shown in Figure 1a–i and Supplementary Figure 2a–c.

Pretreatment and fermentation of switchgrass biomass assayed for ethanol 
yield. Prior to fermentation, the switchgrass ground biomass was subjected to a 
hot water pretreatment as described earlier21,65,66. Briefly, ground biomass was 
soaked overnight (~18 h) in Milli-Q water at a ratio of 9 mL water per gram 
of dry biomass. After centrifugation, the biomass was loaded at a ratio of 2.5 g  
dry biomass per tube into 10 cm × 1 cm hastelloy steel tubular pretreatment 
reactors (Industrial Alloys Plus, Inc., Utica, KY). The reactors were heated in 
boiling water for 2 min before heating in the sand bath (Omega FSB1, Techne 
Co.) at 180 °C for 25 min21,67, followed by quenching in an ice bath. The solid 
residual biomass was removed from the reactors, washed with Milli-Q water 
(100 mL/g dry biomass), and stored at −20 °C until fermentation.

Ethanol fermentation for greenhouse-grown plants was carried out by a 
separate hydrolysis and fermentation (SHF) method using Saccharomyces cer-
evisiae D5A, ATCC 200062 (ref. 68). The hot-water-pretreated control and 
transgenic switchgrass biomass samples were subjected to 5-d hydrolysis with 
commercial blends of Ctec2, Htec2, and Novozyme 188 (Novozymes), pH 4.5 
at 50 °C. The weight loss was used to monitor the progress of the fermentation 

with S. cerevisiae D5A at 35 °C, 150 r.p.m., pH 4.5 as described previously65. 
This method was used for data shown in Figure 1j–l. For field trial biomass, 
ethanol fermentation was carried out as described46 (data shown in Fig. 1p).

Analysis of lignin content and composition by analytical pyrolysis. 
Approximately 4 mg of ground switchgrass and poplar biomass was analyzed 
in duplicate by analytical pyrolysis for the quantification of lignin content 
and S/G lignin monomer ratio using the NREL high-throughput py-MBMS 
method8,69,70. Total lignin content was determined by summing the intensi-
ties of the major lignin precursors as previously described8. S/G ratios were 
determined by dividing the sum of syringyl peaks by the sum of guaiacyl 
peaks. Since some of the individual peaks are associated with both S and G 
precursors, several lignin peaks were omitted from both syringyl or guaiacyl 
summations for the S/G ratio69.

Heterologous expression of recombinant GAUT4 in N. benthamiana leaves. 
Cloning and transformation. The coding regions of Arabidopsis, P. deltoides, and 
switchgrass GAUT4 were cloned by PCR from cDNA preparations made from 
RNA isolated from suspension cultured cells, leaves, and first internodes, respec-
tively. The primers, which simultaneously added 6xHis-tag and restriction sites 
for subcloning, were as follows (6x-His-tag and restriction sites are underlined, 
coding region sequences are italicized): Arabidopsis AtGAUT4-F (5′-CAATAGG
ATCCATGATGGTGAAGCTTCGCAATC-3′) and AtGAUT4-R (5′-GAATTCG
AGCTCCCTAGTGGTGGTGATGGTGGTGAGGATTGATGTTGCATTC-3′), 
poplar PdGAUT4–F (5′-CCCGGGATGAATGCAGTTTCTTTCTCTCATACATC
C-3′) and PdGAUT4-R (5′-GAGCTCTTAATGATGATGATGATGATGTGGAT
TGATATTGCACTCTC-3′), switchgrass PvGAUT4-F (5′-CCCGGGATGGTGA
GGCCGAGGAGGATCCTCC-3′) and PvGAUT4-R (5′-GAGCTCTTAATGATG
ATGATGATGATGTGGATTGATGTTGCATTCCCGCAGG-3′). After sequence 
verification in cloning vectors, the coding regions (GenBank accession num-
bers: PdGAUT4 - KX369395, PvGAUT4 - KX369394) were subcloned into the 
pBI121 vector71 to replace the β-glucuronidase gene via the BamHI-SacI sites 
for Arabidopsis GAUT4 and via the SmaI-SacI sites for the poplar and switch-
grass GAUT4. The resulting constructs were introduced into Agrobacterium 
tumefaciens strain GV3010::pMP90 by electroporation, and the resulting 
Agrobacterium strains subsequently used for transient expression in Nicotiana 
benthamiana leaves using previously described methods19,72 with modifications. 
Briefly, N. benthamiana plants were grown for 8 weeks in a growth chamber at 
24 °C, 14 h day and 20 °C, 10 h night. Overnight Agrobacterium cultures bearing 
a Tomato bushy stunt virus p19 construct (a gift from Henrik Scheller, JBEI) and 
the GAUT4 constructs were harvested, washed once, and resuspended in buffer 
(100 µm acetosyringone, 10 mM MgCl2, 10 mM MES, pH 5.6) with optical 
densities (OD600) adjusted to 1.0 for p19 and to 0.1 or 1.0 for the GAUT4 con-
structs. The Agrobacterium cell suspension mixtures were incubated for 2 h at 
room temperature before infiltration into N. benthamiana leaves. The infiltrated 
leaves were harvested 4 d later and either directly used for microsome prepara-
tion, or flash-frozen in liquid nitrogen and stored at −80 °C until use. Transcript 
expression of the transgenes was assessed by quantitative real time PCR, using 
primers AtGAUT4-qRT-F (5′-GGATGAATGGAAGAGGCAAAAC-3′) and 
AtGAUT4-qRT-R (5′-AATGTGATTAGACCAGGCGG-3′) for Arabidopsis10 
and as described above for poplar and switchgrass.

Preparation and solubilization of microsomes and affinity purification of 
recombinant GAUT4. Preparation of microsomal membranes was as described22 
with modification. All steps were done on ice or at 4 °C. Harvested tobacco 
leaves were ground in pre-chilled homogenizing buffer (50 mM HEPES pH 
7.3, 0.25 mM MnCl2, 0.1% (v/v) β-mercaptoethanol, 25 mM KCl, 50% (v/v) 
glycerol, and EDTA-free protease inhibitor cocktail (Roche Diagnostics, 
Indianapolis, IN); 2 mL buffer/g tissue) using a mortar and pestle until pureed. 
The homogenate was filtered through three layers of Miracloth (Millipore, 
Billerica, MA) and centrifuged at 4,000g, 4 °C for 30 min. The supernatant was 
centrifuged at 110,000g for 1 h at 4 °C, and the resulting pellet resuspended 
in storage buffer (50 mM HEPES pH 7.3, 0.25 mM MnCl2, 25 mM KCl, 25% 
(v/v) glycerol, and EDTA-free protease inhibitor cocktail; ~30 µL buffer/g 
fresh weight) using a glass homogenizer. The microsomes were kept at −80 °C  
until use. Protein concentration was determined using the Bradford assay 
(BioRad, Hercules, CA) and expression analyzed by western blotting using a 
mouse anti-His-tag antibody (BioRad, Raleigh, NC).
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Microsomes were detergent-solubilized as previously described73, except 
that CHAPS was used instead of Triton X-100. CHAPS was applied at 40 mM 
during solubilization74 and subsequently diluted to 5 mM by adding seven 
volumes of buffer without detergent (50 mM HEPES, pH 7.3, 0.25 mM MnCl2, 
2 mM EDTA, 25% (v/v) glycerol) to the collected supernatant after ultracen-
trifugation. Solubilized recombinant GAUT4 proteins were affinity-purified 
via the 6xHis-tag using Talon Metal Affinity Resin (Clontech Laboratories Inc., 
Mountain View, CA) following batch/gravity-flow column purification essen-
tially as described by the manufacturer with a few modifications. Prior to affin-
ity purification, EDTA was removed from the solubilized protein solutions by 
passage through PD-10 columns (GE Healthcare Bio-Sciences, Marlborough, 
MA). The buffers for resin equilibration/wash and elution were prepared as 
per manufacturer’s instruction but augmented with 0.25 mM MnCl2, 5 mM 
CHAPS, and 20% (v/v) glycerol. Eluted recombinant proteins were concen-
trated and buffer-exchanged using Amicon Ultra-2 centrifugal filter units 
with an Ultracel-30 membrane (EMD Millipore, Billerica, MA) into buffer 
(50 mM HEPES, pH 7.3, 0.25 mM MnCl2, 2 mM EDTA, 5 mM CHAPS, and 
25% (v/v) glycerol). Protein concentration was determined by the Bradford 
assay. Purified proteins were kept at −80 °C until use.

HG:GalAT assay. HG:GalAT assays were carried out in 30-µL reactions con-
taining 50 mM HEPES (pH 7.8), 0.2 M sucrose, 0.05% (w/v) BSA, 25 mM KCl,  
1.25 mM MnCl2, 1 mM oligogalacturonides (OGA) DP 7-23 (ref. 74), and  
5 µM UDP-[14C]GalA (specific activity 249 mCi/mmol; 1 Ci = 37 GBq).  
UDP-[14C]GalA was synthesized from UDP-[14C]GlcA (PerkinElmer, 
Boston, MA) as previously described19. Enzyme was added at either 100 µg 
protein/reaction for microsomes (with addition of 0.1% Triton X-100) or  
1 µg protein/reaction for purified recombinant GAUT4. Following incubation 
for 3 h (unless otherwise noted), reactions were terminated by adding 5 µL of 
400 mM NaOH and subsequently processed using the filter assay method75. 
For product characterization, reaction products were subjected to digestion 
by endopolygalacturonase (EPG, E.C. 3.2.1.15, 9.5 mg/mL, 2,256 units/mg;  
1 unit = 1 µmol of reducing sugar produced per minute) from Aspergillus niger 
as previously described17.

Preparation of alcohol insoluble residues (AIR) and wall extracts, and 
analysis of glycosyl residue composition and linkage. AIR and fraction-
ated cell walls from ground biomass were prepared as previously described8. 
The sequential fractionation of AIR using the increasingly harsh chemicals 
was expected to yield the following polymer enrichments: ammonium oxalate 
and sodium carbonate to isolate HG-enriched polymers, 1M and 4M KOH 
to isolate pectin-containing fractions enriched for hemicelluloses, chlorite 
and 4M KOH-post chlorite to identify polymers potentially associated with 
lignin, leaving a final insoluble pellet containing cellulose and other polymers 
highly resistant to extraction and potentially involved in foundational cell 
wall architecture.

Glycosyl residue composition of the AIR (~2 mg) and of each cell wall 
extract (100–300 µg) was determined by GC-MS of trimethylsilyl (TMS) 
derivatives8,76. For glycosyl residue linkage analysis, approximately 1.3 mg of 
each wall extract from switchgrass and poplar WT and the transgenics were 
subjected to the procedure as described77 with a slight modification. Briefly, 
wall extracts were suspended in 200 µL dimethyl sulfoxide and stirred for  
1 day at 25 °C. The permethylation was performed using potassium dimsyl 
anion and iodomethane, and permethylated uronic acids were reduced using 
lithium borodeuteride. Permethylation was by two rounds of treatment with 
sodium hydroxide for 15 min and methyl iodide for 45 min. The permethylated 
material was hydrolyzed using 2 M trifluoroacetic acid (TFA) for 2 h in sealed 
tubes at 121 °C, reduced with NaBD4, and acetylated using acetic anhydride/
TFA. The resulting partially methylated alditol acetates (PMAAs) were analyzed 
by gas chromatography-mass spectrometry (GC-MS) using an Agilent 7890A 
GC interfaced to a 5975C MSD (mass selective detector, electron impact ioni-
zation mode). Separation was performed on a Supelco SP-2331 bonded phase 
fused silica capillary column (30 m × 0.25 mm ID). Linkage analysis was carried  
out by the CCRC Analytical Services (University of Georgia, Athens, GA) 
(http://www.ccrc.uga.edu/services).

Glycosyl residue composition analysis for RGII-specific sugars was per-
formed by combined GC/MS of the alditol acetates (AAs) as described78. 
Briefly, lyophilized samples (1 mg of wall fractions with 20 µg myo-inositol  

added as an internal standard) were hydrolyzed using 2M TFA for 2 h at  
121 °C, reduced using NaBD4, and acetylated using acetic anhydride/TFA. 
The resulting alditol acetates were analyzed by GC-MS as described above for 
the glycosyl linkage analysis, with comparison to standards 2-O-Me-α-Xyl 
and 2-O-Me-α-L-Fuc (a kind gift from M. O’Neill, Complex Carbohydrate 
Research Center, University of Georgia).

Glycome profiling and ELISA using 2F4 monoclonal antibody. Cell wall 
extracts from switchgrass and poplar WT and GAUT4-KD lines were subjected 
to glycome profiling analysis as previously described8,23. Glycome profiling is 
an enzyme-linked immunosorbent assay (ELISA)-based method that makes 
use of over 150 monoclonal antibodies (mAb) directed against cell wall carbo-
hydrates13,23 (http://www.wallmabdb.net) to screen wall extracts. Additionally, 
ELISA was also carried out on selected, pectin-rich extracts using the 2F4 mAb 
(a kind gift from P. Knox, PlantProbes, www.plantprobes.net), which recognizes 
largely demethylesterified and Ca2+-cross-linked HG43,44. The 2F4 primary 
antibody was used at 1:10 dilutions in combination with a goat-anti-mouse  
secondary antibody conjugated with Alexa Fluor 488 (Invitrogen).

Microscopy. Light microscopy of stem cross-sections was carried out as previ-
ously described8, using poplar 10th stem internode from the apex as the starting 
material. Sample preparation and light microscopy of individual xylem fiber 
and vessel cells were performed as previously described8. At least 100 fibers  
and vessel cells from each individual plant (three independent plants per 
genotype) were observed using a Nikon Eclipse 80i fluorescence microscope 
(Nikon, Melville, NY). Images were captured using a Nikon DS-Ri2 camera 
(Nikon, Melville, NY) and analyzed with NIS-Elements Basic Research soft-
ware to calculate the length and width of fiber and vessel cells.

For immunogold labeling and transmission electron microscopy of switch-
grass stem sections, stem from R1 stage tillers was fixed, embedded in resin, 
and cut into sections (60 nm thick) as described8. For labeling with JIM5 and 
JIM7 antibodies, sections were hydrated in potassium phosphate buffered saline 
(KPBS, 100 mM KPB, 500 mM NaCl, pH 7.2) for 10 min, and the non-specific 
antibody binding sites blocked by incubation with 3% (w/v) non-fat dry skimmed 
milk in KPBS buffer (10–15 µl) for 1 h. Sections were subsequently incubated 
with undiluted primary antibodies for 1 h, washed three times (5 min each) with 
KPBS buffer, and incubated with the secondary antibody at 1:20 dilution for 1 h. 
For labeling with the 2F4 antibody, sections were processed using the same pro-
cedure except for the following: blocking buffer was 5% (w/v) non-fat dry skim 
milk in Tris-HCl 20 mM buffer, pH 8.2, with 0.5 mM CaCl2 and 150 mM NaCl, 
incubation with the primary antibody was for 1 h at RT followed by overnight at 
4 °C, and the secondary antibody was used at 1:10 dilution. The secondary anti-
bodies were 12 nm-gold particle-conjugated goat anti-rat (for JIM5 and JIM7) 
and anti-mouse (for 2F4) IgG (H+L) (Jackson ImmunoResearch Laboratories 
Inc., West Grove, PA). Samples were viewed using a JEOL JEM 1011 transmis-
sion electron microscope (JEOL USA Inc., Peabody, MA) operating at 80 kV and 
documented using Image Capture Engine V700 software (Advanced Microscopy 
Techniques, Woburn, MA). TEM work was conducted in the Georgia Electron 
Microscope Lab at the University of Georgia, Athens, GA, USA.

For scanning electron microscopy of pretreated biomass, the switchgrass 
WT and PvGAUT4-KD biomass was subjected to the hot water pretreatment 
as described65. Briefly, 1 g of biomass (20 mesh, 0.85 mm) was soaked in 9 mL 
of nanopure water overnight and then incubated at 180 °C for 15 min. The 
pretreated samples were air-dried, mounted on aluminum specimen stubs 
using carbon adhesive tabs, coated with gold palladium particles (10 nm thick) 
using a Leica EM ACE200 sputter coater, and imaged using a JEOL JSM-
6010LV scanning electron microscope with InTouchScope software (JEOL 
USA Inc., Peabody, MA).

Analyses of cellulose content, crystallinity, and degree of polymerization. 
Preparation of extractives-free switchgrass biomass samples and measurement of 
cellulose content. Extractives-free switchgrass biomass was prepared according to 
previously published procedures79,80, by subjecting the ground biomass samples 
to air-drying followed by Soxhlet-extraction using an ethanol:toluene mixture 
(1:2, v:v) for 24 h. The cellulose content of switchgrass biomass was measured 
according to a modification of the NREL protocol http://www.nrel.gov/docs/
gen/fy13/42618.pdf for chemical composition analysis81. Extractives-free  
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switchgrass ground biomass samples were subjected to a two-step hydrolysis: 
(1) ~150 mg samples were hydrolyzed with 1.5 mL 72% H2SO4 for 1 h at 30 °C; 
(2) the hydrolysates were diluted to 4% H2SO4 with deionized (DI) water and 
a second hydrolysis carried out at 121 °C for another 1 h in an autoclave. The 
hydrolysate was cooled and filtered through a porcelain crucible. Glucose units 
in the filtrate were quantified by high-performance anion-exchange chroma-
tography with pulsed amperometric detection (HPAEC-PAD) using Dionex 
ICS-3000 (Dionex Corp., USA)82. The amount of glucose was taken as cellulose 
content and reported as weight percentages of extractives-free biomass.

Isolation. Cellulose isolation was according to a previously published pro-
cedure79,80. The extractives-free switchgrass ground biomass was delignified 
by peracetic acid at 5 g loading per g biomass. The solution was adjusted to 5% 
with DI water and holopulping was conducted at room temperature for 24 h 
with stirring. The solid residue, designated as holocellulose, was washed exces-
sively with DI water and air-dried at room temperature for 24 h. A sub-portion 
of the air-dried holocellulose (150 mg) was treated with 2.5 M hydrochloric 
acid (HCl) for 2 h to remove hemicellulose. The isolated cellulose was collected 
by filtration, rinsed with an excess of DI water, stored in sealed containers to 
prevent moisture loss, and used to analyze cellulose crystallinity by solid-
state NMR. Another sub-portion of holocellulose (100 mg) was consecutively 
extracted at 25 °C with 17.5% (wt/v) NaOH solution (5 mL) for 2 h, followed 
by 8.75% NaOH solution (10 mL) for an additional 2 h. The alkaline slurry was 
filtered, and the solid residue rinsed with 5 mL of 1% acetic acid, washed with 
an excess of DI water, and air-dried. This solid residue, namely α-cellulose, 
was analyzed using gel permeation chromatography (GPC) to determine the 
cellulose degree of polymerization (DP).

Solid-state NMR analysis. Solid-state NMR analysis to determine cellulose 
crystallinity was performed as previously described80. The NMR samples were 
prepared by packing the moisturized cellulose into 4-mm cylindrical Zirconia 
MAS rotors. Cross-polarization magic angle spinning (CP/MAS) NMR analy-
sis of cellulose was carried out on a Bruker Advance-400 spectrometer oper-
ating at 100.59 MHz for 13C in a Bruker double-resonance MAS probe head 
at spinning speeds of 8 kHz. CP/MAS experiments used a 5 ms (90°) proton 
pulse, 1.5 ms contact pulse, 4 s recycle delay and 4,000 scans. The cellulose 
crystallinity index (CrI) was determined from the areas of the crystalline and 
amorphous C4 signals using the following formula: 

CrI
ppm

ppm ppm
=

+
×

A

A A
86 92

86 92 79 86
100

–

– –

Gel permeation chromatographic (GPC) analysis. The weight-average molecular 
weight (Mw) and number-average molecular weight (Mn) of cellulose were 
measured by GPC after tricarbanilation79. The isolated α-cellulose was deri-
vatized with phenyl isocyanate in an anhydrous pyridine system before GPC 
analysis. Size-exclusion separation was performed on an Agilent 1200 HPLC 
system (Agilent Technologies, Inc, Santa Clara, CA) equipped with Waters 
Styragel columns (HR1, HR4, and HR5; Waters Corporation, Milford, MA). 
Number-average degree of polymerization (DPn) and weight-average degree of 
polymerization (DPw) of cellulose were calculated by dividing Mn and Mw by 
the molecular weight of the tricarbanilated cellulose repeat unit (519 g/mol). 
Polydispersity index (PDI) of cellulose was calculated as the ratio of DPw 
over DPn.

Analysis of cellulose accessibility by Simons’ stain. The cellulose accessibility 
of switchgrass biomass was measured by a down-scaled Simons’ stain procedure 
using Direct Blue (DB) 1 (Pontamine Fast Sky Blue 6BX) and Direct Orange 
(DO) 15 (Pontamine Fast Orange 6RN) dyes as previously described25,83. The 
extractives-free switchgrass biomass (10 mg oven-dry basis) was aliquoted into 
individual 2-mL microcentrifuge tubes and incubated with increasing amounts 
of DO and DB dyes (0.10, 0.20, 0.30, 0.40, 0.60, 0.80, and 1.00 mg/mL) in phos-
phate-buffered saline solution (pH 6.0, 30 mM PO4

3−, 140 µM NaCl in a total 
volume of 1 mL). The mixtures were incubated at 70 °C for 6 h with shaking 
at 200 r.p.m. to allow the dye adsorption to reach equilibrium. Absorbance of 
the supernatant after centrifugation was measured using a Lambda 35 UV-Vis 
spectrophotometer at 410 nm and 599 nm, which represent the wavelengths 
of maximum absorbance for DO and DB, respectively. The amount of each 
dye adsorbed by the biomass was determined from the difference between the 

concentration of initial added dye and concentration of dye in the supernatant. 
The maximum amount of DO or DB adsorbed was calculated by nonlinear fit-
ting to the Langmuir adsorption model. The surface concentration of adsorbed 
dye (Γ) was given by the equation: 

Γ
Γ Γ

=
× ×

+ ×
=

×
+

max max
/

K C
K C

C
K C1 1

where Γmax is the surface concentration of dyes at full coverage (mg/g  
substrate), K is the Langmuir constant (mL/mg), and C is the free dyes con-
centration in the bulk solution (mg/mL). Distribution coefficient R (mL/g) is 
calculated as a product of Γmax and K.

Biomass hydration, imaging, and image analysis. Switchgrass stems  
(R1 stage) from greenhouse-grown plants were fully hydrated by soaking in 
water under vacuum (21 psi) overnight then hand-sectioned with a razor 
blade. These saturated stem sections were immediately imaged on a Nikon 
SMZ1500 stereomicroscope and captured with a Nikon DS-Fi1 CCD camera 
operated by a Nikon Digital Sight system (Nikon, Melville, NY). The stem sec-
tions were then dried overnight and then re-imaged. Fiji (ImageJ84) was used 
to measure section edge dimensions on calibrated images. Two stem sections 
from two individual stems were measured, and an average of three separate 
measurements of stem section length and a Feret diameter measurement from 
a best-fit ellipse were used to calculate section volume change. Since most of 
the stem particles were hollow, the volume of the hollow center was subtracted 
from the total particle volume to derive the volume of only the plant tissue.

Measurement of calcium and boron content and calcium binding assay. 
The total calcium and boron content of AIR and selected wall fractions was 
determined by inductively coupled plasma–mass spectrometry (ICP-MS) anal-
ysis at the Center for Applied Isotope Studies, University of Georgia, Athens, 
GA. The amount of Ca2+ that forms cross-links with HG was estimated by a 
calcium binding assay as described42 with a few modifications. Briefly, Ca2+-
free ammonium oxalate and sodium carbonate wall extracts from switchgrass 
PvGAUT4-KD and WT biomass were prepared by resuspending the extracts 
(1 mg/mL) in ddH2O followed by titration with HCl to pH 2.0. The resulting 
mixture was ultrafiltrated over a 0.45 µm membrane filter (Nanosep MF, Pall 
Life Sciences) with two washes of ddH2O to remove excess HCl and released 
Ca2+. The material retained on the membrane filter was incubated with 1 mL 
of 2% CaCl2 for 15 min to equilibrate it with Ca2+, and the final mixture trans-
ferred into an ultracentrifugation device (Amicon - 30 kDa molecular weight 
cut-off) for filtration at 4,000g for 35 min followed by two washes with ddH2O 
to remove excess Ca2+. The ultrafiltrate was analyzed by ICP-MS as above to 
quantify the amount of Ca2+ not bound by the wall material. The Ca2+ binding 
capacity of each wall extract was determined by subtracting the Ca2+ content of 
the ultrafiltrate from the starting amount of Ca2+ used for initial equilibration 
(i.e., 1 mL of 2% CaCl2) of the starting Ca2+-free wall extracts.

Statistical analysis. One-way ANOVAs were used to test for statistical differ-
ences among means among controls and transgenic lines. When significant 
differences were detected at the P < 0.05 level, multiple comparison analysis 
was performed using Tukey’s multiple comparison (Statistica 5.0 software) for 
greenhouse data sets and by Fisher’s least significant difference method (SAS 
version 9.4, SAS Institute Inc., Cary, NC) for field trial data sets.

Life Sciences Reporting Summary. Further information on experimental 
design is available in the Life Sciences Reporting Summary.

Data availability. Sequence data that support the findings of this study have 
been deposited in GenBank with the accession codes KX369394, KX369395, 
and KX683862. All the other data generated or analyzed during this study are 
included in this published article and its supplementary information files.
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    Experimental design
1.   Sample size

Describe how sample size was determined. The sample size (n) of each experiment is provided in the figure/table legends in 
the main manuscript and supplementary information files.  For laboratory and 
greenhouse experiments: in our laboratory, we regularly use 3 biological replicates 
with 3 technical replicates (with exceptions for the enzymatic activity data and the 
cellulose characterization data) which results in reproducible data and the 
detection of significant changes that support meaningful conclusions. For the 
switchgrass field trial: there were 12 separate plants (ramets) for each transgenic 
event arranged in 3 plots with 4 pseudoreplicates per plot. In our experience over 
the past 7 years of growing transgenic switchgrass in the field, this amount of 
replication is adequate to detect meaningful (biologically and practically) 
phenotypic changes rendered by  single gene modifications made in switchgrass.

2.   Data exclusions

Describe any data exclusions. No data were excluded from the analysis.

3.   Replication

Describe whether the experimental findings were 
reliably reproduced.

All attempts at replication were successful.

4.   Randomization

Describe how samples/organisms/participants were 
allocated into experimental groups.

For the switchgrass field trials: 12 separate plants (ramets) for each event were 
arranged in 3 plots with 4 pseudoreplicates per plot, which were arranged in a 
completely randomized design.  

5.   Blinding

Describe whether the investigators were blinded to 
group allocation during data collection and/or analysis.

Not applicable.

Note: all studies involving animals and/or human research participants must disclose whether blinding and randomization were used.
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6.   Statistical parameters 
For all figures and tables that use statistical methods, confirm that the following items are present in relevant figure legends (or in the 
Methods section if additional space is needed). 

n/a Confirmed

The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement (animals, litters, cultures, etc.)

A description of how samples were collected, noting whether measurements were taken from distinct samples or whether the same 
sample was measured repeatedly

A statement indicating how many times each experiment was replicated

The statistical test(s) used and whether they are one- or two-sided (note: only common tests should be described solely by name; more 
complex techniques should be described in the Methods section)

A description of any assumptions or corrections, such as an adjustment for multiple comparisons

The test results (e.g. P values) given as exact values whenever possible and with confidence intervals noted

A clear description of statistics including central tendency (e.g. median, mean) and variation (e.g. standard deviation, interquartile range)

Clearly defined error bars

See the web collection on statistics for biologists for further resources and guidance.

   Software
Policy information about availability of computer code

7. Software

Describe the software used to analyze the data in this 
study. 

Statistica 5.0  and SAS version 9.4 were used for statistical analysis of the data.

For manuscripts utilizing custom algorithms or software that are central to the paper but not yet described in the published literature, software must be made 
available to editors and reviewers upon request. We strongly encourage code deposition in a community repository (e.g. GitHub). Nature Methods guidance for 
providing algorithms and software for publication provides further information on this topic.

   Materials and reagents
Policy information about availability of materials

8.   Materials availability

Indicate whether there are restrictions on availability of 
unique materials or if these materials are only available 
for distribution by a for-profit company.

All unique materials used are readily available from the authors.

9.   Antibodies

Describe the antibodies used and how they were validated 
for use in the system under study (i.e. assay and species).

For the western blots, the anti-His mouse antibody was from Bio-Rad (cat. # 
MCA1396GA, clone AD1.1.10, batch # 0215) and was used as per manufacturer's 
instruction. 
For ELISA and immunolabeling, the 2F4 monoclonal antibody was a kind gift from 
Dr. Paul Knox (PlantProbes, www.plantprobes.net), and the JIM5 and JIM7 
antibodies were provided by Dr. Michael Hahn (http://www.wallmabdb.net). 
For the glycome profiling: all the antibodies used have been described previously in 
Pattathil et al., 2010 (Plant Physiol. 153:514-525) and Pattahil et al., 2012 
(Methods Mol. Biol. 908:61-72) .  Further information on these antibodies is 
available at http://www.wallmabdb.net.

10. Eukaryotic cell lines
a.  State the source of each eukaryotic cell line used. No eukaryotic cell lines were used.

b.  Describe the method of cell line authentication used. No eukaryotic cell lines were used.

c.  Report whether the cell lines were tested for 
mycoplasma contamination.

No eukaryotic cell lines were used.

d.  If any of the cell lines used are listed in the database 
of commonly misidentified cell lines maintained by 
ICLAC, provide a scientific rationale for their use.

Not applicable.
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    Animals and human research participants
Policy information about studies involving animals; when reporting animal research, follow the ARRIVE guidelines

11. Description of research animals
Provide details on animals and/or animal-derived 
materials used in the study.

No animals were used.

Policy information about studies involving human research participants

12. Description of human research participants
Describe the covariate-relevant population 
characteristics of the human research participants.

The study did not involve human research participants.
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