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SUMMARY

Pectin is the most abundant component of primary cell walls in eudicot plants. The modification and degra-

dation of pectin affects multiple processes during plant development, including cell expansion, organ initia-

tion, and cell separation. However, the extent to which pectin degradation by polygalacturonases affects

stem development and secondary wall formation remains unclear. Using an activation tag screen, we identi-

fied a transgenic Arabidopsis thaliana line with longer etiolated hypocotyls, which overexpresses a gene

encoding a polygalacturonase. We designated this gene as POLYGALACTURONASE INVOLVED IN EXPAN-

SION2 (PGX2), and the corresponding activation tagged line as PGX2AT. PGX2 is widely expressed in young

seedlings and in roots, stems, leaves, flowers, and siliques of adult plants. PGX2-GFP localizes to the cell

wall, and PGX2AT plants show higher total polygalacturonase activity and smaller pectin molecular masses

than wild-type controls, supporting a function for this protein in apoplastic pectin degradation. A heterolo-

gously expressed, truncated version of PGX2 also displays polygalacturonase activity in vitro. Like previ-

ously identified PGX1AT plants, PGX2AT plants have longer hypocotyls and larger rosette leaves, but they

also uniquely display early flowering, earlier stem lignification, and lodging stems with enhanced mechani-

cal stiffness that is possibly due to decreased stem thickness. Together, these results indicate that PGX2

both functions in cell expansion and influences secondary wall formation, providing a possible link between

these two developmental processes.
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INTRODUCTION

Plant cell growth is regulated by a dynamic balance

between turgor pressure and the resistance of the cell wall.

Primary cell walls in plants are composed of three types of

polysaccharides, including cellulose, hemicelluloses, and

pectins, as well as structural proteins (Cosgrove, 2005). Lig-

nin is a major component of the secondary cell wall, and

provides mechanical support and enables water transport

in plants (Li and Chapple, 2010). Among the different cell

wall components, pectins function in wall mechanics, cell

adhesion, stomatal dynamics, and defense responses (Caf-

fall and Mohnen, 2009). Pectins are complex acidic

polysaccharides that are structurally classified into homo-

galacturonan (HG), rhamnogalacturonan I (RG-I),

rhamnogalacturonan II (RG-II), xylogalacturonan (XGA),

and apiogalacturonan (AGA) domains. Among pectic

polysaccharides, HG is the most abundant pectic polysac-

charide, constituting about 60% of the pectins in eudicot

cell walls, and is an unbranched homopolymer of a-1,4-
linked-D-galacturonic acid (GalA) (Mohnen, 2008; Caffall

and Mohnen, 2009). HG can be methyl-esterified at the C-6

carboxyl group and acetylated at the O-2 and O-3 positions

(Pelloux et al., 2007).

Pectins are synthesized in the Golgi, secreted into the

apoplast in a highly methyl-esterified form, and are de-

methylated in the wall by pectin methylesterases (PMEs)

(Driouich et al., 2012). De-methylation makes HG more
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susceptible to pectin-degrading enzymes, such as poly-

galacturonases (PGs) and pectate lyases (PLs), which can

influence morphogenesis and development in plants by

affecting wall architecture (Minic and Jouanin, 2006; Pel-

loux et al., 2007). Members of the deeply conserved PG

gene family (McCarthy et al., 2014) have been studied in

Arabidopsis thaliana (Gonzalez-Carranza et al., 2007),

Oryza sativa (Kim et al., 2006), Solanum lycopersicum

(Sheehy et al., 1988), Malus domestica (Atkinson et al.,

2002), and Fragaria 9 ananassa (Villarreal et al., 2008). In

Arabidopsis, at least 68 predicted PG genes are expressed

across a wide range of tissues and developmental stages,

implying the fundamental importance and functional diver-

sification of PGs during plant growth and development

(Kim et al., 2006; Gonzalez-Carranza et al., 2007). More-

over, PGs function in fruit ripening, cell separation pro-

cesses such as leaf and flower abscission or pod and

anther dehiscence, pollen grain maturation, plant-patho-

gen interactions, and cell expansion (Hadfield et al., 1998;

Atkinson et al., 2002; Ghiani et al., 2011; Xiao et al., 2014).

The functions of several PGs have been characterized

via gene overexpression or loss of function studies, reveal-

ing the phenotypes and alterations in wall structure caused

by increased or reduced pectin degradation. Overexpres-

sion of apple MdPG1 results in changes in leaf morphology

and stomatal development due to disruption of cell adhe-

sion (Atkinson et al., 2002). Tobacco plants expressing a

fungal Aspergillus niger endo-polygalacturonase-II (AnPG-

II) are dwarfed and show increased resistance to patho-

gens, possibly due to wall architectural changes caused by

HG fragmentation (Capodicasa et al., 2004; Ferrari et al.,

2008). Increased expression of the PG gene QUARTET2

(QRT2) in an Arabidopsis activation tagged line causes

reduced growth and resulted in male sterility (Ogawa

et al., 2009). Moreover, characterization of triple mutants

lacking QRT2, ARABIDOPSIS DEHISCENCE ZONE POLYGA-

LACTURONASE1 (ADPG1), and ADPG2 shows that these

three PGs function in reproductive organ dehiscence

(Ogawa et al., 2009). Another Arabidopsis PG gene, QUAR-

TET3 (QRT3), functions in microspore separation during

pollen development by degrading de-methylated HG in the

walls of pollen mother cells (Rhee et al., 2003). Recently,

characterization of Arabidopsis POLYGALACTURONASE

INVOLVED IN EXPANSION1 (PGX1) uncovered functions

for this PG in cell expansion and flower development (Xiao

et al., 2014). However, the investigation of detailed gene

functions and regulatory mechanisms for most PG genes

in various plant development processes is still in the early

stages.

The mechanical properties of cell walls across multiple

scales are key regulators of plant morphogenesis (Hamant

and Traas, 2010), and both cellulose–hemicellulose load-

bearing networks and lignin can strengthen cell walls and

provide mechanical support for vascular plant growth

(Whitney et al., 1999; Frei, 2013). Pectins have also been

hypothesized to function as load-bearing components in

the formation of supportive tissues (Willats et al., 2001).

Gene expression analyses in different tissues show that 11

of 68 Arabidopsis PG genes are highly expressed in stems,

implying potential functions for these PGs in secondary

wall biosynthesis or modification (Kim et al., 2006). PMEs

are also expressed in woody stems, and PME-mediated de-

methylation is an important process during secondary wall

growth (Goulao et al., 2011). Indeed, Arabidopsis mutants

lacking PECTIN METHYLESTERASE35 (PME35) expression

have pendant, more deformable stems, further supporting

the function of pectins in determining plant mechanical

strength (Hongo et al., 2012).

Partially methylated pectins can interact with lignin poly-

mers composed of coniferyl alcohol to form hydrophobic

clusters in vitro, suggesting that PMEs might facilitate pec-

tin-lignin interactions (Lairez et al., 2005). In maize, de-

methylation of HG by PME treatment reduces the enzy-

matic release of uronic acid-containing polymers, likely

composed largely of pectins, from lignified cell walls, pos-

sibly due to enhanced benzyl ester cross-linking of pectins

to lignin (Grabber and Hatfield, 2005). During the differenti-

ation of tracheary elements (TEs) of xylem cells in Zinnia

elegans, expression of a single PG is induced (Demura

et al., 2002). In trees such as aspen and poplar, specific PG

and PL genes also show high expression during secondary

wall formation (Aspeborg et al., 2005; Geisler-Lee et al.,

2006), suggesting that these pectin-degrading enzymes

function in wood formation. Collectively, these findings

point toward an important, but currently mysterious, func-

tion for pectin modification and/or degradation in lignifica-

tion and secondary wall formation.

In this study, we used activation tag screening (Weigel

et al., 2000; Xiao and Anderson, 2015) to identify an activa-

tion tagged line that displays longer hypocotyls when

grown in the dark. This line overexpresses the PG gene

At1g78400, henceforth referred to as POLYGALACTURO-

NASE INVOLVED IN EXPANSION2 (PGX2). Besides having

longer hypocotyls, activation tagged PGX2AT plants display

larger rosette leaves, increased stem lodging, and shorter

stems compared with wild-type Col controls. GFP-tagged

PGX2 localizes to the cell wall, and higher total PG activity

is present in PGX2AT silique extracts, which also have

smaller pectin molecular masses. When expressed in

E. coli, a fragment of PGX2 containing the glycosyl hydro-

lase 28 (GH28) domain displays PG activity in vitro. We

also detected changes in lignin content and the expression

of genes related to lignin biosynthesis in PGX2AT plants,

implying that PGX2 overexpression can enhance lignifica-

tion, a key stage of secondary wall formation. Amplified

PGX2 expression also accelerates inflorescence stem bolt-

ing and alters stem mechanical properties in PGX2AT

plants. Together, these data indicate that PGX2 is a bona
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fide polygalacturonase that degrades pectins and functions

in cell expansion, plant growth, and stem mechanical

strength.

RESULTS

PGX2 activation tag line seedlings have longer hypocotyls

and cells, and higher PGX2 expression, than wild-type

seedlings

We performed activation tag screening for long hypocotyls

in 6-day-old dark-grown seedlings using a collection of Ara-

bidopsis thaliana Columbia (Col) ecotype lines containing

randomly inserted tetrameric 35S enhancer elements (Fig-

ure S1a). Similar to PGX1AT (Xiao et al., 2014), a 6-day-old

dark-grown seedling with a long-hypocotyl phenotype was

selected and rescued by growing in light, and seeds were

collected. We were unable to reject the null hypothesis that

the PGX2AT line contains a single activation tag insertion

(P > 0.1, v2, two replicates, Table S1), with Mendelian seg-

regation of the activation tag BAR marker. The genomic

insertion point of the activation tag was identified using

adapter ligation PCR (O’Malley et al., 2007), followed by

sequencing and alignment to the Arabidopsis genome

sequence (TAIR10). The tag lies upstream of a gene encod-

ing a putative PG, At1g78400 (Figure S1b,c), which is a

member of the PG gene family (Figure S2). We designated

this gene as POLYGALACTURONASE INVOLVED IN EXPAN-

SION2 (PGX2), and the corresponding line as PGX2AT.

PGX2 is not in the same subclade as PGX1 (Xiao et al.,

2014), but was so named because it was identified in the

same manner using an activation tag screen for enhanced

etiolated hypocotyl length (Xiao and Anderson, 2015).

The heritable PGX2AT long-hypocotyl phenotype was

confirmed by growth analysis of etiolated seedlings from

days 2 to 6. Col and PGX2AT seeds had similar germination

rates one day after sowing (96.9 � 2.4% and 94.9 � 3.8%,

respectively, n ≥ 40 seeds from four biological replicates,

P > 0.05, t-test). After 6 days of growth, however, etiolated

PGX2AT seedlings had longer hypocotyls (1.82 � 0.14 cm,

standard deviation (SD)) compared with Col

(1.64 � 0.16 cm) controls (Figure 1a,b). This is reflected in

the steeper slope of the PGX2AT growth curve, indicating a

faster growth rate (Figure 1b). To determine whether the

longer hypocotyls in PGX2AT seedlings were due to

increased cell length, we grew seedlings in dark, and mea-

sured cell lengths in the top, middle, and bottom regions

of hypocotyls of 6-day-old etiolated seedlings and found

that PGX2AT hypocotyl cells in middle and bottom regions

were significantly longer than control cells (Figure 1c,d).

However, cell number along the length of the hypocotyl in

PGX2AT hypocotyls (34.6 � 2.9) and Col hypocotyls

(34.7 � 2.9), did not differ significantly (n ≥ 21 seedlings

per genotype, P > 0.05, t-test). Contrastingly, 7-day-old

PGX2AT seedlings displayed shorter primary roots

(2.52 � 0.33 cm) than Col controls (2.87 � 0.31 cm) when

grown in continuous light; this significantly lower root

length occurred from 4 days after the seeds were sown

(Figure 1e,f). To determine whether PGX2 expression was

higher in the PGX2AT line, PGX2 mRNA levels were quanti-

fied in 6-day-old etiolated PGX2AT seedlings using qPCR

and were found to be approximately four times higher

than in Col controls (Figure 1g). PGX2 mRNA levels were

also higher in rosette leaves, flowers and siliques of adult

PGX2AT plants compared with wild-type plants (Figure 1g).

Together, these results indicate that enhanced PGX2

expression results in longer cells, and thus longer hypoco-

tyls in etiolated seedlings, but shorter roots in light-grown

seedlings of the PGX2AT activation tag line.

35S PROMOTER-DRIVEN OVEREXPRESSION OF PGX2

ENHANCES HYPOCOTYL ELONGATION

Activation tag enhancer elements can potentially enhance

the expression of multiple genes in their vicinity (Weigel

et al., 2000). To test whether the enhanced hypocotyl elon-

gation observed in the PGX2AT line was due to the specific

overexpression of PGX2, we generated transgenic lines

expressing PGX2 under the control of the strong cauli-

flower mosaic virus 35S promoter. Three independent

transformants of p35S:PGX2 (PGX2OE) were chosen to

investigate etiolated hypocotyl elongation and PGX2

expression levels. Hypocotyl lengths in 6-day-old etiolated

seedlings of all three PGX2OE lines were significant longer

than those of controls (Figure S3a,b), whereas cell number

along the length of the hypocotyl (33.5 � 2.3 for Col,

32.4 � 2.7 for PGX2OE-T3-8, 33.5 � 2.4 for PGX2OE-T3-12,

32.4 � 2.5 for PGX2OE-T3-15, n ≥ 10 seedlings per line,

P > 0.05, t-test) did not differ significantly. PGX2 mRNA

levels were significantly higher in the three transformed

lines compared with wild-type controls as measured by

qPCR (Figure S3c). These results confirm that high PGX2

expression results in enhanced hypocotyl elongation.

PGX2 is expressed in a variety of tissues and localizes to

the cell wall

Microarray data displayed in the Arabidopsis eFP browser

(Winter et al., 2007) indicate that PGX2 is expressed in

multiple tissues including young seedlings, roots, and

stems, and is more highly expressed in rosette leaves and

flowers (Figure S4). To specifically measure mRNA expres-

sion levels of PGX2 in different tissues, we performed

qPCR experiments. The results showed that PGX2 was

most highly expressed in rosette leaves and flowers,

although some expression was detected in all tested tis-

sues (Figure S5a). We also analyzed the expression pattern

of PGX2 using promoter:GUS histochemical staining.

Using a construct containing the PGX2 promoter fused to

the GUS (b-glucuronidase) reporter gene, 20 independent

transgenic lines were obtained in the Col background, and
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GUS staining was performed in multiple independent

transformants. In etiolated seedlings, GUS staining was

detected in the hypocotyl and root (Figure S5b), whereas

light-grown seedlings displayed GUS staining in cotyle-

dons, basal hypocotyls, roots, and hypocotyl-root and pri-

mary root-lateral root junctions, as well as cotyledon

vascular tissues (Figure S5c). GUS expression was also

detected in expanding rosette leaves (Figure S5d), flowers

including all floral organs (Figure S5e,f), stems (Fig-

ure S5g), and the bases of developing siliques (Fig-

ure S5 h). Collectively, these data indicate that PGX2 is

expressed in many tissues, especially those in which cell

expansion and/or cell separation occur.

PGX2 is predicted to be a polypeptide consisting of 405

amino acids with an overlapping signal peptide/transmem-

brane domain, as predicted by SignalP 4.1 and

TMHMM2.0, respectively. It also contains a GH28 domain

from amino acids 62 to 390 (Figure S6a). To determine the

subcellular localization of PGX2 empirically, we amplified

the genomic sequence 2.3 kb upstream of PGX2 along with

its gene sequence, and generated a construct fused to a

GFP tag. Twenty-one individual transformants were

obtained from Col plants. We observed GFP fluorescence

in the roots of PGX2pro:PGX2-GFP seedlings using spin-

ning disk confocal microscopy and found that PGX2-GFP

localized mainly at the edges of root epidermal cells

Figure 1. PGX2 activation tag plants display higher

PGX2 expression, longer hypocotyls, and shorter

roots.

(a) Hypocotyls of 6-day-old etiolated Arabidopsis

Col (wild-type, left) and PGX2AT (right) seedlings

grown on MS media without sucrose. Scale

bar = 1 cm.

(b) Quantification of hypocotyl lengths for 2- to 6-

day-old etiolated Col (black triangles) and PGX2AT

(gray circles) seedlings (n ≥ 25 seedlings per time

point from three biological replicates). DAS, days

after sowing.

(c) Arrow-indicated cells in basal hypocotyls from

6-day-old etiolated Col (left) and PGX2AT (right)

seedlings grown on MS media without sucrose.

Scale bar = 100 lm.

(d) Quantification of cell lengths at the top, middle,

and bottom of hypocotyls of 6-day-old etiolated Col

and PGX2AT seedlings (n ≥ 25 cells).

(e) Images of 7-day-old light-grown Col and

PGX2ATseedlings on MS media with 1% sucrose.

Scale bar = 1 cm.

(f) Quantification of primary root lengths for 3- to 7-

day-old Col (black triangles) and PGX2AT (gray cir-

cles) seedlings. The data show averages � stan-

dard deviation (SD) (n ≥ 52 seedlings per time point

from three biological replicates).

(g) Gene expression levels of PGX2 in 6-day-old eti-

olated seedlings (ES), leaves (L), flowers (F), and

siliques (Si) of 6-week-old Col and PGX2AT plants

by real-time quantitative PCR (n = 3 technical repli-

cates). ACT2 was amplified as a reference gene.

The expression level of PGX2 in Col was normal-

ized to 1, and the relative expression level of PGX2

in the PGX2AT line was calculated relative to this

value. Error bars represent SD, asterisks indi-

cate significant differences (*P < 0.05, **P < 0.001,

t-test).
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(Figure S6b). To test whether this localization was in the

apoplast or plasma membrane, seedlings were incubated

with 1 M mannitol to induce plasmolysis and examined.

PGX2-GFP signal remained at the cell edges that corre-

spond to cell walls (Figure S6c). Control Col seedlings did

not show the same patterns of fluorescence at cell borders

or protoplast membranes under identical imaging condi-

tions (Figure S6d,e).

PGX2AT plants have larger rosette leaves and smaller

primary stems that lodge

Besides having longer hypocotyls in etiolated seedlings,

we observed that adult PGX2AT plants grown in long-day

conditions (16 h light/8 h dark) had larger rosette

diameters than Col controls; PGX2AT rosette leaves were

also rounder and appeared slightly chlorotic (Figure 2a,b),

and PGX2AT plants had larger leaf areas than Col controls

(Figure 2c,d); n = 64 leaves per genotype, P < 0.001, t-test).

In addition, PGX2AT plants exhibited early stem bolting,

with flowering occurring at 17 days on average after sow-

ing seeds under long-day conditions, compared with Col

plants that flowered at 24 days on average (Figure 2e–g).
Additionally, expression of the flowering regulatory gene

FT (FLOWERING LOCUS T) (Jaeger and Wigge, 2007) was

enhanced in PGX2AT plants (Figure 2h). PGX2AT plants also

displayed a lodging phenotype (Figures 3a and S7 and

Movie S1), and mature PGX2AT plants had shorter stem

heights than Col controls (Figure S7b,c). We did not

Figure 2. PGX2AT plants have larger rosette leaves

and display an early-flowering phenotype.

(a) Eighteen-day-old Col and PGX2AT plants grown

in long-day conditions (16 h light/8 h dark).

(b) Rosette diameter of Col and PGX2AT plants

(n = 16 plants per genotype).

(c) Rosette leaves excluding cotyledons from Col

and PGX2AT plants.

(d) Quantification of leaf area from eight plants of

each Col and PGX2AT (n = 64 leaves per genotype).

(e) Twenty-four-day-old Col and PGX2AT plants

grown in long-day conditions.

(f, g) The flowering time of Col and PGX2AT plants,

the number of rosette and cauline leaves (f) and

days at flowering (g), (n ≥ 16 plants per genotype).

(h) Detection of FT gene expression from rosette

leaves of 3-week-old Col and PGX2AT plants in

long-day conditions by real-time quantitative PCR

(n = 3), ZT (Zeitgeber Time). Error bars indicate

standard deviation. **P < 0.001, t-test. [Colour

figure can be viewed at wileyonlinelibrary.com]
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observe stem lodging in PGX2OE plants. To investigate the

lodging phenotype in more detail, we measured the thick-

ness of basal stems from PGX2AT and Col cross-sections,

finding that the stems of PGX2AT plants were thinner than

Col controls (Figure 3b). Stem diameter in 6-week-old

PGX2AT plants was 1.24 � 0.07 mm, whereas it was

1.76 � 0.07 mm in Col controls (Figure 3c). We also

observed fewer vascular bundles in PGX2AT stems com-

pared with Col controls (Figure 3d,e). Given the lodging

phenotype and thin stems in PGX2AT plants, we performed

lignin staining with phloroglucinol-HCl of basal stems from

PGX2AT and Col plants. Lignified interfascicular fiber

regions had variable thickness in PGX2AT stems, compared

with relatively uniform thickness in Col stems (Figure S8a,

b). The average width of interfascicular fiber regions in

PGX2AT stems was 113.5 � 23.1 lm (SD), whereas in Col

stems it was 193.1 � 20.2 lm (n ≥ 47, t-test, P < 0.001).

However, cell density in interfascicular fiber regions did

not differ significantly between the genotypes (1.86 9 104

cells/mm2 in PGX2AT; 1.82 9 104 cells/mm2 in Col, t-test,

P > 0.05). Taken together, these data show that increased

PGX2 expression affects organ morphogenesis in hypoco-

tyls, leaves, and stems, implying that PGX2 might affect

both primary and secondary wall dynamics during plant

growth and development.

T-DNA mutants for PGX2 do not display obvious growth

defects

To investigate whether loss of PGX2 function affects plant

growth, we isolated two T-DNA alleles for PGX2, pgx2-1

(SALK_033729) and pgx2-2 (SALK_008878; Figure S9a). RT-

PCR amplified PGX2 transcript fragments upstream and

(a)

(b) (c)

(d)
(e)

Figure 3. PGX2AT plants have thinner stems that

lodge.

(a) Six-week-old Col and PGX2AT plants grown in

long-day conditions.

(b) Basal stems of 6-week-old Col and PGX2AT

plants, scale bar = 2 mm.

(c) Stem diameters from basal stems of 6-week-old

Col and PGX2AT plants (n = 20).

(d) Cross-sections from basal stems of 6-week-old

Col and PGX2AT plants, scale bar = 500 lm.

(e) Number of vascular bundles from basal stems

of 6-week-old Col and PGX2AT plants (n = 20). Bars

in graphs present average � SD, asterisks indicate

significant difference (**P < 0.001, t-test). [Colour

figure can be viewed at wileyonlinelibrary.com]
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downstream of the T-DNA insertion points in the homozy-

gous mutants, but no or reduced RT-PCR product was

amplified when primers spanning the T-DNA insertion

points were used (Figure S9b), indicating that the T-DNA

insertion was present in the transcript and likely prevented

normal PGX2 protein production. No defects were

observed in etiolated hypocotyl lengths or rosette diame-

ters for pgx2-1 or pgx2-2 plants (Figure S9c–f).

PGX2AT plants display enhanced lignification in primary

stems

To assess cell wall-associated changes that might explain

the stem properties of PGX2AT plants, we used the fluoro-

genic dye Basic Fuchsin to visualize lignification patterns

at the base of primary stems (Kapp et al., 2015). Given the

different flowering times of PGX2AT and Col plants, all

experiments were developmentally normalized with

respect to initial bolting of the primary inflorescence stem.

The percentage of lignified cell wall area was determined

by staining hand-cut sections with both the glucan-staining

fluorescent dye calcofluor white (Herth and Schnepf, 1980),

and Basic Fuchsin, which stains hydrophobic polymers

such as lignin (Dharmawardhana et al., 1992), imaging the

stained cross-sections with spinning disk confocal micro-

scopy, and determining area ratios of Basic Fuchsin fluo-

rescence to calcofluor white fluorescence. At 5 and 10 days

after bolting (DAB), we observed a significantly higher lig-

nified wall area for PGX2AT stems versus Col stems (Fig-

ure 4a,c): on average, cross-sections of PGX2AT basal

stems had 26.8 � 4.9% and 43.8 � 5.9% of total cell wall

area lignified at 5 and 10 DAB, respectively, compared with

20.6 � 5.6% and 37.1 � 4.6% in Col controls, respectively

(n ≥ 17, P < 0.05, t-test). At 15 DAB, lignified wall area was

still higher in PGX2AT stems (52.3 � 6.1%) than in Col

Figure 4. Activation tagging of PGX2 promotes lig-

nification in stems.

(a) Maximum intensity projections of cross-sections

from basal stems of Col and PGX2AT plants at 5, 10,

and 15 days after bolting (DAB) stained with

0.001% Basic Fuchsin and 0.01% calcofluor white.

Magenta arrows indicate interfascicular fiber

regions. Scale bar = 200 lm.

(b) Images of pith cells in (a) (red squares) from Col

and PGX2AT stems at 10 DAB. Scale bar = 50 lm.

(c) Measurement of the percentage of lignified cell

wall from basal stems of Col and PGX2AT plants at

5, 10, and 15 DAB, bars represent average � SE

(n ≥ 17 sections per genotype at each time point,

*P < 0.05, t-test).

(d) Percentage of lignin content vs. dry weight for

bottom three internodes at 10 DAB primary stems

of Col and PGX2AT plants.

(e) Relative expression level of lignin biosynthesis

genes in PGX2AT stems versus Col stems at 10 DAB

as measured by qPCR, bars represent average rela-

tive expression � SE (n = 9 technical replicates

from three biological samples per genotype).

At1 g04840 was used as a reference gene, and was

selected based on expression data from RefGene,

specific for genes co-expressed with monolignol

biosynthetic genes and PGX2 in Arabidopsis stems

(Hruz et al., 2011). Dashed line indicates the expres-

sion level set as 1 in Col stems.

© 2016 The Authors
The Plant Journal © 2016 John Wiley & Sons Ltd, The Plant Journal, (2016), doi: 10.1111/tpj.13453

PGX2 promotes cell expansion and lignification 7



stems (47.8 � 2.7%), but this difference was not significant

(n ≥ 22, P = 0.07, t-test; Figure 4c). Interestingly, we also

found that pith cells in the base of stems at 10 DAB were

larger in diameter in PGX2AT plants [64.8 � 9.5 lm (SE)]

than in Col plants [57.0 � 6.5 lm (SE)] (n ≥ 6 cross-sec-

tions and 325 individual cells, P < 0.001, t-test, Figure 4b).

To confirm these imaging data biochemically, lignin con-

tent in the bottom three internodes of PGX2AT and Col pri-

mary stems at 10 DAB was quantified using the acetyl

bromide method (Chang et al., 2008). PGX2AT stems on

average contained a higher percentage of acetyl bromide-

soluble lignin on a dry-weight basis (18.5 � 0.4%) than Col

stems (14.2 � 0.5%, P < 0.001, t-test, Figure 4d). We also

investigated the expression of lignification-related genes in

PGX2AT and Col plants. qPCR measurements using cDNA

derived from the apical 1–2 cm of PGX2AT and Col plants

at 10 DAB showed increased expression of several genes

associated with lignin biosynthesis and polymerization in

PGX2AT plants. Notably, genes with increased expression

included three laccase genes (LACCASE4, LACCASE11,

LACCASE17) known to be required for the lignification of

Arabidopsis stem vascular tissue (Zhao et al., 2013), and

two highly similar b-glucosidase genes (b-GLUCOSI-

DASE45/46) known to act on monolignol glucosides (Esca-

milla-Trevino et al., 2006) (Figure 4e). From these data, it

appears that PGX2AT primary stems accumulate more lig-

nin than Col stems at equivalent developmental stages.

PGX2AT stems have altered mechanical properties

To quantify the effects of PGX2 overexpression on stem

mechanical properties, we measured tensile stiffness,

which is expressed as modulus of elasticity (E), and flexu-

ral bending stiffness (BS), which is a measure of how a

material resists bending against a lateral force, in the first

internodes of Col and PGX2AT stems. Comparison of E

values calculated from stress-strain plots of PGX2AT and

Col stems showed that PGX2AT stems had E values that

were similar to Col at 6 and 12 DAB, but that E values for

PGX2AT stems were significant higher at 18 DAB (P < 0.05,

W = 2, Mann–Whitney–Wilcoxon test, Figure 5a). Modulus

of elasticity is a material’s mechanical property and it

does not account for the geometry of stems. To address

this shortfall, flexural rigidity (FR), also known as BS, was

determined. Flexural rigidity is defined as a product of

modulus of elasticity (E) and second moment of area
1¼pD4

64

� �
and it measures the resistance of a beam to flexu-

ral bending due to a lateral force. As the second moment

of area is a function of diameter (D) to the 4th order, for

any one-order change in diameter (D), there will be a

four-order increase in bending resistance. Because of their

reduced thickness, PGX2AT stems had significantly smaller

FR values than Col controls (P < 0.05, W = 0, Mann–Whit-

ney–Wilcoxon test, Figure 5b). Mechanical stimulation of

Arabidopsis stems can result in changes in gene expres-

sion, including TOUCH genes (Lee et al., 2005), and we

hypothesized that these mechanosensitive genes might

also respond to changes in the intrinsic mechanical prop-

erties of PGX2AT plants brought about by early bolting.

We measured the expression of four of these genes in Col

and PGX2AT primary stems by qPCR, finding that TCH3

and TCH4 had higher gene expression levels in PGX2AT

stems than in Col controls (Figure 5c). Together, these

data indicate that although the stems of PGX2AT plants

are stiffer than Col controls, they are more prone to bend-

ing due to their being thinner than Col stems, and that

PGX2AT plants display a constitutive mechanical response.

Figure 5. Mechanical properties of primary stems

of Col and PGX2AT plants.

(a, b) Modulus of elasticity (Young’s modulus, or E)

and flexural rigidity (FR) were measured using

mechanical property tests from the first internodes

of primary stems of Col and PGX2AT plants at 6, 12

and 18 days after bolting. Values are averages �
SD (n = 5 stems per timepoint per genotype). Sig-

nificant differences were tested with Mann–Whit-

ney–Wilcoxon test by R software (*P < 0.05).

(c) Gene expression levels of mechanical response

genes were measured by qPCR, bars represent

average relative expression � SE (n = 9 technical

replicates from three biological samples per geno-

type).
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The GH28 domain of PGX2 exhibits PG activity in vitro,

and higher PGX2 expression increases total PG activity

and alters pectin molecular mass in planta

To test the activity of PGX2 as a polygalacturonase

in vitro, we generated different constructs encoding full-

length or truncated versions of PGX2, and expressed

them as His-SUMO fusion proteins in E. coli (Figure 6a,

b). Small protein fragments could be detected from His-

SUMO-PGX2-F, His-SUMO-PGX2-T1, and His-SUMO-

PGX2-T2, indicating that the fusion protein was cleaved

downstream of the His tag, whereas the size of His-

SUMO-PGX2-T3 was consistent with its predicted protein

molecular weight. These results mean that the PGX2

protein might be cleaved between the predicted trans-

membrane helix and the predicted GH28 domain, at least

during bacterial expression. Cell lysates containing His-

SUMO-PGX2-T3 showed higher PG activity in vitro,

demonstrating that PGX2 cleaves GalA (PGA) into galac-

turonic acid (Figure 6c). Given the highest expression of

PGX2 in PGX2AT siliques relative to Col controls, we

extracted total protein from siliques of 6-week-old

PGX2AT and Col plants and assayed total PG activity.

Total protein from PGX2AT plants showed significantly

higher PG activity than Col controls (Figure 6d). We next

examined the molecular mass distribution of pectins iso-

lated from 6-week-old PGX2AT and Col silique walls by

1,2-cyclohexylenedinitrilotetraacetic acid (CDTA) extrac-

tion using size-exclusion chromatography, and found that

pectins extracted from PGX2AT walls showed smaller

average molecular masses than Col controls (Figure 6e).

Together, these data indicate that PGX2 is a bona fide

PG that can cleave HG in vitro and in vivo.

DISCUSSION

Pectin networks serve important functions in cell wall

assembly and plant growth (Caffall and Mohnen, 2009), in

concert with cellulose-hemicellulose networks (Pauly et al.,

1999). PGs act as a key class of pectin-degrading enzymes

that cleave HG and are important during various develop-

mental processes in plants (Hadfield et al., 1998; Senechal

et al., 2014). In terms of the PG gene family in Arabidopsis,

potential gene redundancy has limited the exploration of

gene function via mutation of single genes. To overcome

this difficulty, we analyzed the effects of gene activation

tagging (Weigel et al., 2000) on tissue growth. This system

was used to screen mutants with longer etiolated hypoco-

tyls from an activation tagged seed pool (Xiao and

Figure 6. Measurements of polygalacturonase activity and pectin molecular

mass.

(a) Schematic protein structure of PGX2 for different constructs. PGX2-F:

Full length of PGX2. PGX2-T1: PGX2 fragment without signal peptide.

PGX2-T2: PGX2 fragment without signal peptide or transmembrane

domain. PGX2-T3: PGX2 fragment containing GH28 domain and C-terminal.

(b) Immunoblotting using anti-His antibody shows that His-tagged PGX2 is

expressed in E. coli after induction under 25°C and 37°C conditions. Arrow-

heads indicate cleaved His-SUMO-PGX2, and star indicates His-SUMO-

PGX2-T3. M, prestained protein standard.

(c) PG activity units are presented as the amount of enzyme that released

1 lmol reducing end groups per min per 100 mg total crude bacterial pro-

tein at 30°C. His-SUMO empty vector is used as a control. Data represent

means � SD (n = 3 technical replicates of each biological replicate,

**P < 0.001, t-test).

(d) Total polygalacturonase activity in vivo was measured from siliques of

6-week-old Col and PGX2AT plants. Data represent means � standard devia-

tion (SD) (n = 3 technical replicates, *P < 0.001, t-test).

(e) Molecular distribution of CDTA-soluble pectin from 6-week-old Col and

PGX2AT siliques was analyzed by size-exclusion chromatography on a

Superdex 75 5/150 GL. The column was calibrated using molecular stan-

dards including M1: 200 kD, M2: 66 kD, M3: 29 kD, M4: 12.4 kD. Uronic acid

used to evaluate pectin content was measured by absorbance at 520 nm.

[Colour figure can be viewed at wileyonlinelibrary.com]
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Anderson, 2015). Based on genotyping and gene expres-

sion analysis, the longer hypocotyl in one hit from this

screen was due to the overexpression of a PG gene, PGX2.

Indeed, overexpression appears to be widely useful for

characterizing PG functions. In Arabidopsis, activation tag-

ging of QRT2 results in multiple phenotypes (Ogawa et al.,

2009), and activation tagging of PGX1 enhances tissue

growth and increases petal number (Xiao et al., 2014).

Overexpression of apple PG1 changes leaf morphology

(Atkinson et al., 2002), and OsBURP16 overexpression

decreases pectin content and increases abiotic stress sensi-

tivity in rice (Liu et al., 2014).

Previous studies have highlighted the functions of PGs

in cell separation (Rhee et al., 2003; Gonzalez-Carranza

et al., 2007; Ogawa et al., 2009). Recently, the characteriza-

tion of PGX1 indicated that PGs can function in cell expan-

sion in addition to cell separation (Xiao et al., 2014). In this

study, we found that increased PGX2 expression promoted

etiolated hypocotyl elongation and leaf expansion (Fig-

ures 1a–d and 2a–d), but did not observe any obvious pre-

mature abscission or dehiscence phenotypes, suggesting

that the main function of PGX2 is also in promoting cell

expansion rather than cell separation. In keeping with

these results, PGX2 is highly expressed in leaves and

meristems (Figures S4 and S5), although it is also

expressed in flowers where both cell expansion and sepa-

ration occur during development. Moreover, these findings

indicate that PGs function during vegetative growth, in

addition to their functions in the development of reproduc-

tive organs such as pollen and fruit (Atkinson et al., 2002;

Rhee et al., 2003; Ogawa et al., 2009; Pose et al., 2013).

Despite the fact that PGX2 displays higher expression in

flowers in addition to leaves (Figure S5a,e,f), we did not

observe any morphological phenotypes in PGX2AT flowers.

Recent evidence supports a role for pectin in determining

cell wall mechanics and plant growth control (Peaucelle

et al., 2011, 2012, 2015; Hongo et al., 2012; Wolf et al.,

2012). In this study, we observed a lodging phenotype in

PGX2AT plants, which led us to investigate the mechanical

properties of PGX2AT stems. To our surprise, we found that

PGX2AT plants at 18 days after bolting had higher tensile

stiffness than controls, while their BS was reduced, indicat-

ing that PGX2AT stems are stiffer than Col controls (Fig-

ure 5a,b). Why would stiffer PGX2AT stems at the same

developmental stage as Col fall over more easily? This phe-

nomenon might be simply due to thinner stems in PGX2AT

plants (Figure 3b,c), which are more prone to bending

under lateral loads placed upon them by inflorescence tis-

sue. This is because the decreased diameter of stems

reduces FR by an order of 4, whereas an increase in stiff-

ness contributes to larger FR linearly. Lower vascular bun-

dle number (Figure 3d) might also contribute to lodging in

PGX2AT plants, since vascular bundles function both in

mechanical support and water transport. The inconsistent

thickness of interfascicular fiber regions in young PGX2AT

stems might also introduce weak points in these supportive

tissues as primary stems grow, leading to lodging (Fig-

ure S8a,b). The existence of these weak points might also

underlie the higher expression of TCH3 and TCH4 we

detected. Notably, compared with the pendant phenotype

of the pme35-1 mutant in which whole stems curved over

(Hongo et al., 2012), lodging in PGX2AT plants occurred at

basal stem regions, with the remainder of the stems being

straight. This difference might arise from lower compres-

sive stiffness and FR in pme35-1 mutant stems (Hongo

et al., 2012) than in PGX2AT stems, which are stiffer but thin-

ner than wild-type stems and would thus be more prone to

toppling from the base rather than bending.

Lignin appears to be essential for vertical growth in

plants. Similar to mechanical property measurements, we

used stems at the same developmental stages after bolting

to analyze lignin content and localization in our experi-

ments. We found that PGX2AT stems had a higher percent-

age of lignified cell walls by measuring fluorescent area

ratios of cell wall dyes (Figure 4a,c). Although Basic Fuch-

sin can stain other hydrophobic cellular components in

addition to lignin, its intensity correlates with the extent of

lignification in Arabidopsis mutants that are defective in

lignification and has a similar staining pattern as

phloroglucinol-HCl (Kapp et al., 2015). Acetyl bromide-

soluble lignin content was also higher in the basal three

internodes of PGX2AT stems (Figure 4d). Further, several

lignin biosynthesis genes showed higher expression levels

in PGX2AT stems, suggesting that more lignin is being

deposited in PGX2AT stems (Figure 4e). Particularly, LAC-

CASE4, LACCASE11 and LACCASE17, which are expressed

in Arabidopsis stem interfascicular fibers and/or vascular

bundles (Turlapati et al., 2011), are required for normal lig-

nin polymerization (Zhao et al., 2013). b-GLUCOSIDASE45/

46 genes might be involved in lignification by hydrolyzing

monolignol glucosides (Escamilla-Trevino et al., 2006).

Coupled with these data, the absence of extensive upregu-

lation of genes involved in monolignol biosynthesis sug-

gests that lignin polymerization, rather than monolignol

synthesis, is enhanced in the PGX2AT line. However, inter-

fascicular fiber regions were occasionally thinner in

PGX2AT stems and consisted of fewer cell layers than Col,

despite a similar cell density (Figure S8a,b), implying that

cell proliferation might be defective in PGX2AT interfascicu-

lar fiber regions. The increased pith cell size in PGX2AT

stems (Figure 4b) also indicates that overexpression of

PGX2 affects cell size in some stem tissues. In sum, the

experimental results suggest that PGX2 overexpression

promotes lignin polymerization and enhances secondary

wall formation, which correlates with higher stem tensile

stiffness. In future experiments, it will be interesting to dis-

sect the relative contributions of PGs, which cleave pectins

directly, and PMEs, which affect pectin methylation, to

© 2016 The Authors
The Plant Journal © 2016 John Wiley & Sons Ltd, The Plant Journal, (2016), doi: 10.1111/tpj.13453

10 Chaowen Xiao et al.



tissue mechanics (Goulao et al., 2011; Peaucelle et al.,

2011; Hongo et al., 2012). Additionally, PGX2 overexpres-

sion might drive the production of oligogalacturonides,

which have been linked, albeit tenuously, to lignification in

some experimental systems (Bruce and West, 1989).

We found that a truncated version of PGX2 that begins

well after the signal peptide showed detectable PG activity

upon expression in E. coli. Based on our western blotting

data (Figure 6b), it is likely that PGX2 contains cryptic

cleavage sites that are not predicted by software. Further

analysis of PGX2 processing might provide additional

insights into how this cleavage affects its trafficking and/or

activity. PGX2 enzymatic activity was tested using cell pel-

lets expressing His-SUMO-PGX2, because under the condi-

tions we tested, the fusion protein was not soluble in

culture supernatant. Compared with heterologously

expressed and purified PGX1, PGX2 has lower activity (Fig-

ure 6c), which might be attributable to the high total pro-

tein amounts in unpurified E. coli cell pellets that were

used to calculate enzyme activity. However, similar to

PGX1, PGX2 also contributes to the total PG activity in

plants, and acts as a bona fide polygalacturonase to cleave

pectin into small fragments (Figure 6d,e).

The lack of obvious growth defects in the etiolated seed-

lings of pgx2-1 or pgx2-2 T-DNA mutants (Figure S9) sug-

gests that functionally redundant PGs might be encoded in

the Arabidopsis genome. PGX2 is most closely related to

At2g33160, and efforts are underway to test whether double

mutants lacking both PGX2 and At2g33160 display develop-

mental phenotypes and/or reductions in total PG activity. In

the future, functional dissection of the large PG family in

Arabidopsis will undoubtedly be aided by newly developed

multiplex genome editing techniques (Xie et al., 2015).

Several efforts aimed at deciphering the relationship

between cell wall biosynthesis and flowering time are cur-

rently underway. For example, the change in flowering

time in several of the brown midrib sorghum lines pro-

vides evidence for an evolutionarily conserved mechanism

that links cell wall biosynthesis to plant flowering dynam-

ics (Vermerris et al., 2002). A transcription factor,

MlWRKY12, from Miscanthus is involved in pith secondary

wall formation and promotes flowering (Yu et al., 2013).

The expression of several poplar PdMYB genes in Ara-

bidopsis affects secondary wall formation, and can either

promote or delay flowering (Chai et al., 2014). In this work,

we observed that when PGX2 was overexpressed, PGX2AT

plants flowered earlier than Col controls, possibly due to

enhanced expression of the flowering gene FT (Figure 2h).

These data support the involvement of cell wall genes in

regulating plant flowering, and also indicate the interaction

of pectin and/or lignin dynamics with flowering time. Alter-

natively, PGX2 overexpression might cause increase stress

responses, including chlorotic leaves, early flowering, and

increased TCH expression. However, the detailed

molecular mechanism by which PGX2 overexpression

causes increased FT expression remains to be investigated.

It is possible that PGX2 overexpression loosens the cell

wall, increasing leaf area and therefore stimulating FT

expression and/or facilitating the movement of FT from

leaves to shoot meristems to promote flowering. Pectin

modification and its effects on tissue mechanics have been

previously shown to influence organ initiation in Arabidop-

sis (Peaucelle et al., 2011). Thus, PGX2-mediated cell wall

loosening by degradation of the pectin matrix may be

affecting cell wall mechanics in the meristem of Arabidop-

sis, leading to early organ development and bolting in

PGX2AT plants. However, no differences in floral morphol-

ogy or phyllotaxis were observed (data not shown).

EXPERIMENTAL PROCEDURES

Plant material and growth conditions

Arabidopsis thaliana Columbia (Col) ecotype was utilized as the
wild-type control, while the activation tag line and T-DNA mutants
were used for experiments. Light-grown seedlings were grown on
half-strength MS plates containing 2.2 g L�1 Murashige and Skoog
salts (Caisson Laboratories, Smithfield, UT, USA), 0.6 g L�1 MES
(2-N-morpholino-ethanesulfonic acid; Research Organics, Cleve-
land, OH, USA), 1% (w/v) sucrose, 0.8% (w/v) agar-agar (Research
Organics), pH 5.6 (adjusted with potassium hydroxide), under
long-day conditions (16 h light/8 h dark) in a 22°C chamber. Seed-
lings were transferred from MS plates into soil with nutrient solu-
tion for continuous growth in growth rooms under long-day
conditions or short-day conditions (8 h light/16 h dark) with the
same temperature.

Activation tag screening and adapter ligation PCR

The detailed procedures of Arabidopsis activation tag screening is
based on previously published papers (Xiao et al., 2014; Xiao and
Anderson, 2015). Briefly, sterilized seeds were sown on MS with-
out sucrose to grow in dark for 6 days. Seedlings with long hypo-
cotyls were transferred to MS plates with sucrose for continuous
growth in light for 10–14 days, then were transplanted to soil. The
progeny of each putative mutant were screened and confirmed
based on heritable hypocotyl length upon growing seedlings in
dark for 6 days, and the resistance of seedlings grown in light to
methionine sulfoximine (MSO, Sigma, St. Louis, MO, USA)
(Maughan and Cobbett, 2003). Genomic insertion point identifica-
tion was performed using adapter ligation PCR (O’Malley et al.,
2007; Xiao and Anderson, 2015); and the sequences of PCR prod-
ucts were aligned to pSKI015 and the Arabidopsis genome using
NCBI BLAST and TAIR Seqviewer tools to identify target genes.

Generation of transgenic plants

To generate gene overexpression transgenic plants, a full-length
synthetic PGX2 coding sequence was cloned into pEarleyGate 104
(Earley et al., 2006) using the Gateway cloning system (Life Tech-
nologies, Carlsbad, CA, USA) to generate a 35S:YFP-PGX2 con-
struct. For GUS staining, a construct of PGX2pro:GUS reporter
with an approximately 2.3 kb fragment upstream of the PGX2 start
codon was generated. For protein subcellular localization experi-
ment, a 3712-bp fragment composed of the region 2313 bp
upstream of the PGX2 translation initiation site and the full
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genomic DNA of PGX2 without its stop codon were amplified and
cloned into the binary vector pMDC110 (Curtis and Grossniklaus,
2003) to generate a PGX2pro:PGX2-GFP construct. All amplified
sequences were sequenced (dnaLIMS, Penn State University) to
verify that no mutations were introduced. Arabidopsis Col plants
were transformed with Agrobacterium tumefaciens strain GV3101
using the floral dip method (Clough and Bent, 1998). Positive
transformants were screened on MS plates containing 5 lM MSO
or 25 lg mL�1 hygromycin (Omega Scientific).

Identification of T-DNA insertion mutants

T-DNA insertion lines (Alonso et al., 2003) for PGX2 were obtained
from the Arabidopsis Biological Resource Center. Two T-DNA
lines, Salk_033729 and Salk_008878, were designated pgx2-1 and
pgx2-2, respectively. Homozygous T-DNA insertion lines were
identified via PCR suing extracted genomic DNA and primers
designed at http://signal.salk.edu/tdnaprimers.2.html (Table S2).

Hypocotyl and cell length measurements

The surface-sterilized seeds were sown on MS plates without
sucrose and grown in the dark for 2–6 days at 22°C after exposure
to light for 4 h. Hypocotyl lengths of etiolated seedlings from
plates were measured from scanned images in ImageJ. To mea-
sure cell length, images of epidermal cells from 6-day-old etio-
lated hypocotyls were recorded using a Plan Neofluar 10X 0.3 NA
air objective (Zeiss, Oberkochen, Germany) on a Zeiss Axio Obser-
ver spinning disk confocal microscope with a CSU-X1 spinning
disk head (Yokogawa, Musashino, Tokyo, Japan). Cell length in
recorded images was measured in ImageJ.

Measurement of primary root length, rosette diameter,

stem diameter, and plant height

Sterilized seeds were sown on MS plates with 1% sucrose and
grown in constant light for 3–7 days in a chamber at 22°C. Primary
root lengths from light-grown seedlings were measured in Ima-
geJ. Adult plants were imaged using a Nikon D5100 DSLR camera,
and hand-cut cross-sections of stems were imaged using a Zeiss
Discovery V12 dissecting microscope. Rosette diameters, leaf
areas, and stem diameters were measured in ImageJ. Plant height
was directly measured using a ruler.

Gene expression quantification and histochemical staining

Total RNA was extracted from seedlings and different tissues of
adult plants using a Plant RNA Kit (Omega Bio-Tek, Norcross, GA,
USA). Genomic DNA was removed with treatment of RNase-free
DNase I (NEB, Ipswich, MA, USA). The first-strand cDNA was syn-
thesized with 500 ng DNase I-treated total RNA using qScript cDNA
SuperMix (Quanta Biosciences, Beverly, MA, USA). Quantitative
real-time RT-PCR (qPCR) was performed using SYBR Green Fas-
tMix (Quanta Biosciences) with cDNA and gene-specific primers
(Table S2) on a StepOne Plus Real-Time PCR machine (Applied
Biosystems, Foster City, CA, USA). Gene expression levels were
calculated relative to ACT2 or At1g04840 as reference genes using
the DDCT method. At1g04840 served as an internal control for
quantification of lignin-related gene expression due to transcript
stability and similar expression levels to genes of interest as pre-
dicted by the RefGenes Software package (Hruz et al., 2011).

In addition to measurement of mRNA expression in different tis-
sues by qPCR, the spatial expression pattern of PGX2 was exam-
ined by histochemical analysis. Twenty independent transgenic
lines of PGX2pro:GUS were obtained, and T2 lines were used for
GUS staining analysis. Tissues were immersed in buffer

containing 50 mM sodium phosphate pH 7.2, 0.2% (v/v) Triton X-
100, and 2 mM 5-bromo-4-chloro-3-indolyl-beta-D-glucuronic acid,
cyclohexylammonium salt (X-Gluc) and incubated at 37°C in the
dark for 4–16 h. Pigment was removed from tissue with 70% etha-
nol, and images of GUS staining were recorded using a Zeiss Dis-
covery V12 fluorescence dissecting microscope.

Subcellular localization of PGX2-GFP

Five-day-old light-grown PGX2pro:PGX2-GFP seedlings were used
to observe GFP fluorescence under a Zeiss Cell Observer spinning
disk confocal microscope with a 9 100 1.40 NA oil-immersion
objective, and images were recorded. GFP fluorescence was
detected using a 488 nm excitation laser and 525/50 nm emission
filter; 1 M mannitol was used for plasmolysis. Images from Col
controls were recorded with the same imaging parameters.

Protein expression and immunoblotting

PGX2 open reading frame fragments with different lengths were
amplified and ligated into the pSUMO vector using specific primers
with BsaI and HindIII (NEB) restriction sites (Table S2). Expression
of the 6xHis-SUMO-PGX2 fusion proteins was induced by 1 mM
isopropyl b-D-thiogalactopyranoside (Gold Biotechnology, St.
Louis, MO, USA) in Escherichia coli strain BL21-DE3. After induc-
tion for 4 h at 25°C or 37°C, cells were harvested by centrifugation
at 10 000 g for 2 min and resuspended in protein loading buffer.
Proteins were separated on 12% Mini-PROTEAN precast gels (Bio-
Rad, Hercules, CA, USA) and immunoblotting was performed with
an anti-His primary antibody and an alkaline phosphatase-conju-
gated goat anti-mouse secondary antibody (Sigma-Aldrich, St.
Louis, MO, USA).

Protein extraction and polygalacturonase activity assays

Plant total proteins from siliques of 6-week-old Col and PGX2AT

plants were extracted following (Xiao et al., 2014). The cell pellets
from induced and expressed proteins of His-SUMO and His-SUMO-
PGX2-T3 in E. coli were harvested by centrifugation at 4°C, 4500 g

for 10 min, then resuspended in a protein extraction buffer (50 mM

sodium phosphate, 300 mM NaCl, 10 mM DTT, 1 mM PMSF and
2.5 lg ml�1 DNase, pH 8.0). The protein samples from E. coli were
treated with 1 mg ml�1 lysozyme (Sigma) for 30 min at room tem-
perature, followed by sonication for 3 9 10-sec intervals. PG activ-
ity assays with total plant proteins and heterologously expressed
protein samples were performed following Xiao et al. (2014).

Determination of pectin molecular mass

Alcohol-insoluble cell wall residues and CDTA-soluble fractions
were extracted from siliques of 6-week-old Col and PGX2AT plants
according to (Xiao et al., 2014). A 50 ll sample with 5 mg CDTA-
soluble materials in 1 ml 0.1 M sodium acetate buffer (pH 5.0) was
applied to FPLC. Uronic acid assays were performed according to
Xiao et al. (2014).

Phloroglucinol-HCl staining

Hand-cut transverse sections of Arabidopsis inflorescence stems
were stained with 2% (w/v) phloroglucinol (Sigma) in 95% (v/v)
ethanol: concentrated HCl (2:1, v/v) for 5 min, and images were
recorded using an Olympus BX51 microscope.

Acetyl bromide-soluble lignin measurement

For determination of lignin content in Arabidopsis primary stems,
bare stem tissue from the bottom three internodes was flash-
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frozen and freeze-dried overnight. Lyophilized tissue was ground
to pass through a 60-mesh screen using a Thomas Scientific Wiley
Mini-Mill, and then cryogenically milled with a Retsch CryoMill
ball mill for 10 min at 30 Hz. Alcohol-insoluble residue was pre-
pared from ~70 mg of ball-milled tissue in a 2 mL Sarstedt tube
containing a glass bead to facilitate pellet resuspension and mix-
ing. Tissue was washed with 1.5 ml of 70% ethanol, centrifuged at
10 000 rpm for 10 min in an Eppendorf 5424 micro-centrifuge, and
then with 1:1 chloroform:methanol before resuspension in 750 ll
acetone and dried under a stream of air at room temperature. To
remove starch, the procedure described by Hatfield et al. (2009)
was followed, and verified by iodine/potassium iodide staining.
Five milligrams of starch-free AIR was transferred to a 7 ml glass
screw-cap vial (Sigma) and acetyl bromide assays were conducted
as described for the microscale method using cuvettes by Chang
et al. (2008) with modification. AIR was digested in 25% acetyl
bromide in glacial acetic acid for 1 h at 70°C with gentle mixing
every 10 min. After cooling, samples were diluted with 5 ml gla-
cial acetic acid, vortexed, and residual material was allowed to
sediment overnight at room temperature. Sodium hydroxide and
hydroxylamine hydrochloride were added according to Chang
et al. (2008) and absorbance was read at 280 nm on a NanoDrop
2000C spectrophotometer. Beer’s Law was used to calculate per-
cent acetyl bromide-soluble lignin.

Cell wall lignification measurements

Arabidopsis basal stem cross-sections were stained with 0.001%
Basic Fuchsin (Sigma 857343) for 5 min, washed with two vol-
umes of water for 10 min, followed by two washes with two vol-
umes of 50% glycerol. Sections were incubated in 0.01%
calcofluor white for 30 min before mounting in water and imaging
with a Discovery V12 fluorescent dissecting microscope (Zeiss,
Oberkochen, Germany) or with a Zeiss Cell Observer spinning disk
confocal microscope with a 9 20 0.5 NA air objective. All staining
and washing steps were incubated in the dark on a rotary platform
rotating at 100 rpm. Calcofluor white fluorescence was detected
using a 405 nm excitation laser and 450/50 nm emission filter, and
Basic Fuchsin fluorescence was detected using a 561 nm excita-
tion laser and 593/40 nm emission filter. Mosaic images were
stitched together using the MosaiX tool of the Zeiss Axiovision 4.8
software package, and Z projections with maximum intensity were
assembled and adjusted for brightness and contrast using Ima-
geJ. The fluorescent areas above background for calcofluor white
and Basic Fuchsin-stained regions were selected in ImageJ via
thresholding and areas were measured. The extent of cell wall lig-
nification was determined as a percentage of total cell wall area
(calcofluor white-stained) that was lignified (Basic Fuchsin-
stained), without consideration of the Basic Fuchsin signal associ-
ated with the stem epidermis.

Mechanical property testing

The first internodes of primary stems of Col and PGX2AT plants at
6, 12, and 18 days after bolting were used to determine stem
mechanical properties. Tensile tests were carried out using an
Instron 3345 (Norwood, MA, USA) immediately after the samples
were excised from the plants. Force and displacement resolutions
of the Instron 3345 were 0.25 N and 0.133 lm, respectively. The
prepared stems were gripped between the movable head and
fixed base of the Instron. A rubber tube gripping technique was
introduced to minimize any damage, by which the gripped por-
tion of the sample did not directly contact with metallic surfaces
of the Instron grips. The soft and flexible nature of the rubber
tube facilitated the maximum gripping contact area with the

sample without causing any visible physical damage. The sam-
ples were stretched at the rate of 2 mm/min until failure. For the
quantification of mechanical properties, the force and displace-
ment measurements were converted to stress and strain. The
stress is defined as force per unit area (stress = force/area) and
the strain is defined as a change in length divided by the original
length (strain = extension/original length of the sample). The
Young’s modulus of elasticity of each sample was calculated from
the slope of the stress-strain plot up to 1.5% strain. A 1.5% strain
limit was chosen to make sure that the modulus value was calcu-
lated well within the elastic limit (Zamil et al., 2013, 2014). Consid-
ering each of the sample as a circular cross-section beam, the FR,
which is defined as the product of modulus of elasticity (E) and
area moment of inertia (I) of the cross-section of the samples,
were calculated. Flexural rigidity (FR) = EI, where I is the second
moment of cross-sectional area ( I ¼ pðDS Þ4

64

� �
and Ds is diameter of

the stem sample.

Statistical analysis

All experiments were repeated independently at least twice, and
one representative result is shown in the data. Data are presented
as average � standard deviation (SD) or standard error (SE), and
statistical significance was evaluated using Student’s t-test for
experiments with high sample numbers or the Mann–Whitney–
Wilcoxon test with relatively smaller sample numbers; significant
differences are shown as P-values at *P < 0.05 and **P < 0.001.

Accession numbers

Sequence data from this article can be found in the Arabidopsis
Genome Initiative (AGI) or GenBank/EMBL databases under the
following accession numbers: At1g78400 for PGX2, At2g37040 for
PAL1, At2g30490 for C4H, At1g51680 for 4CL1, At5g48930 for HCT,
At2g40890 for C3H, At4g34050 for CCOAOMT1, At1g15950 for
CCR1, At5g54160 for COMT1, At4g36220 for F5H1, At3g19450 for
CAD4, At4g34230 for CAD5, At4g37970 for CAD6, At2g38080 for
LAC4, At5g03260 for LAC11, At5g60020 for LAC17, At1g61810 for
b-GLU45, At1g61820 for b-GLU46, At5g37780 for TCH1, At5g37770
for TCH2, At2g41100 for TCH3, At5g57560 for TCH4, At1g65480 for
FT and At3g18780 for ACT2.
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Figure S7. PGX2AT plants have lodging and short stems.
Figure S8. Lignin staining of stem cross-sections from Col and
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