












were surprised that upon isolating two homozygous T-DNA in-
sertional mutants containing disruptions in the sixth intron and
seventh exon of the gene (pgx1-1 and pgx1-2; Figure 3A) and
confirming that these lines expressed lower PGX1 mRNA levels
than wild-type controls (Figures 3B and 3C), 6-d-old etiolated
seedlings of both mutant lines displayed reduced hypocotyl
lengths (Figures 3D and 3E) and cell lengths (Figure 3F) compared
with controls. However, cell number along the lengths of hypo-
cotyls was not significantly lower in the mutants (Supplemental
Figure 3). These data indicate that PGX1 functions nonredundantly
to promote cell expansion in etiolated hypocotyls and that final cell

size in this tissue is likely determined at least in part by the activity
of this protein. In pooled data for Col, mutant, and overexpression
plants, we observed positive correlations between overall hypo-
cotyl length and individual cell length in the top, middle, and bottom
regions of hypocotyls (Pearson correlation coefficients of 0.582,
0.644, and 0.638, respectively, P < 0.001, two-tailed t test), suggesting
that cell lengths in all three regions contribute to overall hypocotyl
length.
We also observed 25-d-old wild-type, pgx1-1, pgx1-2, and PGX1

overexpression plants and found that rosette diameter was not
significantly smaller than wild-type controls in pgx1-1 or pgx1-2
plants, but was significantly larger than wild-type controls in
PGX1AT, PGX10E-1, and PGX1OE-48 plants (Supplemental Figure 5).
Adult plant stem height was slightly reduced in 45-d-old pgx1-1 and
pgx1-2 plants, but was not significantly different from Col controls in
PGX1 mutant or overexpression lines (Supplemental Figure 6).
These data suggest that additional PGs might function redundantly
with PGX1 at later developmental stages, but that overexpression of
PGX1 is sufficient to enhance the expansion of rosette leaves.
To further confirm the function of PGX1 in cell expansion in eti-

olated seedlings, we generated an expression construct containing
a C-terminally tagged PGX1-GFP fusion driven by a promoter
fragment that corresponded to the 2.5 kb upstream of the PGX1
start codon and transformed this construct into the pgx1-1 and
pgx1-2 lines. Multiple transformant lines for each background
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Figure 6. PGX1-GFP Localizes to the Apoplast.

(A) Schematic protein structure of PGX1, including predicted signal
peptide (SP; red line), transmembrane domain (TM; green line), and GH28
(blue line) sequences. The cleavage site of the signal peptide is between
amino acids 22 and 23.
(B) and (C) Confocal images show the presence of PGX1-GFP fluores-
cence at the edges of root cells of 5-d-old PGX1pro:PGX1-GFP seedlings
without (B) or with (C) plasmolysis induced by 1 M mannitol treatment for
5 min. Left panels, bright-field images; middle panels, fluorescence im-
ages of PGX1-GFP; right panels, merged bright-field and fluorescence
images.
(D) and (E) Confocal images of FM4-64 staining without (D) or with (E) 1
M mannitol treatment. Five-day-old light-grown seedlings were stained
in 5 mM FM4-64 for 10 min at room temperature, then mounted in 1 M
mannitol for 5 min before observing fluorescence with 561- and 488-nm
excitation for FM4-64 staining and GFP, respectively. Left panels,
fluorescence images of FM4-64 staining; middle panels, fluorescence
images of PGX1-GFP; right panels, merged fluorescence images of FM4-
64 staining (magenta) and PGX1-GFP (green). Arrowheads in (C) and (E)
indicate the plasma membrane where the protoplast has separated from
the cell wall after plasmolysis. Bars = 50 mm.

Figure 7. Purified PGX1 Exhibits PG Activity in Vitro.

(A) Immunoblotting using anti-His antibody shows that soluble His-tagged
PGX1 is expressed in E. coli after induction. M, prestained protein standard
(Bio-Rad). Star indicates the size of His-SUMO alone, and asterisk in-
dicates the predicted size of His-SUMO-PGX1.
(B) The specific activity of PGX1 was calculated from three different sam-
ples. PG activity units are defined as the amount of enzyme that releases
1 mmol of reducing end groups per minute per milligram of protein at 30°C.
Purified protein from empty vector cultures was used as a control. Error bars
indicate SD.
[See online article for color version of this figure.]



were isolated and assayed for PGX1 expression and comple-
mentation of the short hypocotyl phenotype we observed in
pgx1-1 and pgx1-2 mutants. As shown in Figure 4A, PGX1pro:
PGX1-GFP pgx1-1 and PGX1pro:PGX1-GFP pgx1-2 lines ex-
pressed PGX1 transcript levels that were often comparable to
wild-type levels. These lines also displayed hypocotyl lengths
that were longer than the pgx1-1 and pgx1-2 lines and were not
significantly different from, or in two lines significantly longer
than, Col controls (Figure 4B; Supplemental Figure 7), indicating

that the transgene rescued the growth defects observed in the
mutant alleles. These data further support a function for PGX1 in
hypocotyl cell expansion.

PGX1 Is Expressed in Tissues Undergoing Cell Expansion or
Separation and Localizes to the Apoplast

Based on existing microarray data, PGX1 is putatively expressed
in multiple tissues and is most highly expressed in root tissues
(Winter et al., 2007). We performed qPCR measurements of PGX1
mRNA levels to detect its relative expression levels in etiolated
seedlings, roots, stems, leaves, and flowers and found higher
expression in roots, leaves, and flowers (Figure 5A), with the
highest expression level in flowers. To further analyze the ex-
pression pattern of PGX1, we generated a PGX1 promoter-GUS
(b-glucuronidase) fusion construct, transformed it into Col plants,
and performed GUS staining for multiple transformant lines. In
young light-grown seedlings, strong GUS expression was evident
in cotyledons, basal hypocotyls, and roots (Figures 5B to 5D),
whereas in etiolated seedlings, GUS expression was detectable in
the hypocotyl and cotyledons (Figures 5E and 5F). PGX1pro:GUS
expression was also detected in flowers (Figures 5G and 5K to
5O), expanding rosette leaves (Figure 5H), and the bases of
developing siliques (Figures 5I and 5J). Taken together, these
data indicate that PGX1 is highly expressed in some, but not all,
actively growing tissues (i.e., roots, hypocotyls, cotyledons, and
leaves, but not stems), as well as tissues where cell separation
occurs (i.e., flowers and siliques).
PGX1 is predicted to be 470 amino acids long and to contain

a signal peptide that ends with a cleavage site as predicted by
SignalP 4.1 (Figure 6A). It also contains a GH28 domain from
amino acids 100 to 410 (Figure 6A) and is predicted to localize
to the endoplasmic reticulum, vacuole, or cell wall/apoplast
(Heazlewood et al., 2007). To determine its subcellular localization
experimentally, we cloned PGX1 downstream of the endogenous
PGX1 promoter and upstream of a GFP tag, generated trans-
formants expressing this construct, and observed PGX1pro:PGX1-
GFP seedlings using spinning disk confocal microscopy. We
found that PGX1-GFP localized mainly at the edges of root epi-
dermal cells (Figure 6B). To test whether this localization pattern
represents apoplastic or plasma membrane localization, seed-
lings were incubated with 1 M mannitol to induce plasmolysis and
examined. The majority of the PGX1-GFP signal remained at the
cell edges rather than within the protoplast (Figure 6C), indicating
that the fusion protein localizes to the cell wall. To confirm this
localization pattern, we colabeled PGX1-GFP–expressing cells
with the membrane dye FM4-64 (Bolte et al., 2004) and found that
both markers localized similarly to cell edges in control cells
(Figure 6D), but that this colocalization was disrupted after man-
nitol-induced plasmolysis (Figure 6E).

Heterologously Expressed PGX1 Exhibits in Vitro PG Activity

To date, few Arabidopsis putative PGs have been experimentally
confirmed to display bona fide PG activity (Rhee et al., 2003;
Ogawa et al., 2009). To determine whether PGX1 encodes an active
PG, its full coding sequence was synthesized in a codon-optimized
form, cloned into a bacterial expression vector as a 6XHis-tagged
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Figure 8. Measurement of Total PG Activity and Pectin MW in PGX1
Mutant and Overexpression Lines.

(A) PG activity in vivo is lower in pgx1-2 and higher in PGX1AT and
PGX1OE-48 plants. Leaves of 40-d-old plants of Col, pgx1-2, PGX1AT, and
PGX1OE48 grown in 16 h light/8 h dark were used to isolate total plant
proteins. Total protein amounts were measured by Bradford assay. PG
activity units are expressed as the amount of enzyme releasing 1 mmol
reducing end groups per 1 min per 100 mg protein at 30°C. Error bars
indicate SD (n = 3 replicates per genotype). Lowercase letters indicate
significantly different groups (P < 0.05, one-way ANOVA and Tukey test).
(B) Molecular mass profile of CDTA-soluble pectin from Col, PGX1AT,
PGX1OE-1, PGX1OE-48, pgx1-1, and pgx1-2, 6-d-old etiolated seedlings.
Molecular distribution was analyzed by size-exclusion chromatography on
a Superdex 75 5/150 GL column with cross-linked agarose and dextran.
Fractions 3 to 17, which contained the only significant uronic acid contents
of 30 total fractions, are shown. The column was calibrated using molecular
standards including b-amylase, 200 kD; BSA, 66 kD; carbonic anhydrase,
29 kD; and cytochrome c, 12.4 kD. Uronic acid was measured by absor-
bance at 520 nm (Blumenkrantz and Asboe-Hansen, 1973).

http://www.plantcell.org/cgi/content/full/tpc.114.123968/DC1


fusion with SUMO to enhance protein solubility (Peroutka et al.,
2011), transformed into Escherichia coli strain BL21-DE3, and
purified using nickel-NTA agarose. Immunoblotting against puri-
fied supernatant from E. coli expressing the full-length fusion
protein detected the presence of a major band corresponding to
the predicted 65 kD size of the His-SUMO-PGX1 fusion (Figure
7A). Supernatant containing the partially purified protein was
tested for in vitro PG activity using a polygalacturonic acid sub-
strate (Gross, 1982) and was found to contain 20.86 1.9 (SD) units
of PG activity, whereas supernatants from bacteria transformed
with the empty vector did not display significant PG activity
(Figure 7B). These results indicate that heterologously expressed
His-SUMO-PGX1 can cleave polygalacturonans in vitro.

Altered PGX1 Expression Results in Changes in Total PG
Activity, Pectin Molecular Mass, and Cell Wall Makeup

Given that PGX1 cleaves polygalacturonic acid in vitro, we next
wanted to test whether changes in its expression affected total
PG activity in planta. Total proteins were extracted from leaves of
40-d-old Col, PGX1AT, PGX1OE-48, and pgx1-2 plants and as-
sayed for PG activity. We found that total protein from PGX1AT

and PGX1OE-48 plants possessed higher PG activity than Col
controls, whereas total protein from pgx1-2 plants possessed
lower PG activity (Figure 8A). These results suggest that PGX1
contributes significantly to total PG activity in leaves. We next
examined the molecular mass distribution of pectins isolated from
6-d-old etiolated seedling walls by 1,2-cyclohexylenedinitrilo-
tetraacetic acid (CDTA) extraction using size-exclusion chroma-
tography and found that pectins extracted from PGX1AT, PGX1OE-1,
and PGX1OE-48 walls had smaller average molecular masses than
those extracted from Col walls, whereas pectins extracted from
pgx1-1 and pgx1-2 cell walls had larger average molecular masses
(Figure 8B). Together, these data indicate that increased PGX1
expression results in higher total PG activity to generate smaller HG
molecules, whereas reduced PGX1 expression results in less PG
activity and therefore larger HG molecules.

To examine the molecular phenotypes of cell walls in PGX1
overexpression and mutant plants, we performed monosaccharide
composition analysis of cell walls derived from 6-d-old etiolated
seedlings and destarched leaves of all six genotypes (Col, PGX1AT,
PGX1OE-1, PGX1OE-48, pgx1-1, and pgx1-2), focusing on changes
that were consistent between at least two overexpression and/or
both mutant lines (Table 1). In etiolated seedlings, the relative
amount of Fuc was higher in PGX1AT, PGX1OE-1, and PGX1OE-48

walls, whereas the relative amount of galacturonic acid was lower in
PGX1OE-1 and PGX1OE-48 walls and the relative amount of glucur-
onic acid was lower in pgx1-1 and pgx1-2 walls. In leaves, Fuc and
Gal were lower in pgx1-1 and pgx1-2 walls, rhamnose, Ara, and Xyl
were lower in PGX1AT, PGX1OE, and pgx1 walls, Glc was higher in
PGX1OE and pgx1 walls, and galacturonic acid was lower in
PGX1OE-1 and PGX1OE-48 walls. We also performed glycome pro-
filing (Pattathil et al., 2010, 2012) for walls derived from 6-d-old
etiolated Col, PGX1AT, and pgx1-1 seedlings that were sequentially
extracted with CDTA, which extracts mainly pectins, and 4 M KOH,
which extracts additional pectins and hemicelluloses (Fry, 1988)
(Figure 9). Glycome profiling revealed increased CDTA-extractable
HG, reduced CDTA-extractable arabinogalactan proteins (AG),
reduced KOH-extractable HG, and increased KOH-extractable
rhamnogalacturonan I (RG-I) and AG in PGX1AT walls compared
with controls, whereas pgx1-1 walls contained increased CDTA-
extractable xyloglucan, CDTA-extractable HG, and KOH-extractable
RG-I/AG. These results indicate that the molecular composition
and/or structure of the cell wall are altered when PGX1 ex-
pression is either enhanced or reduced.

PGX1 T-DNA Insertion and Activation Tag Plants Possess
a Higher Number of Flowers with Extra Petals and More
Variable Phyllotactic Patterning in Floral Meristems

When growing PGX1 overexpression or mutant plants, we noticed
that their flowers sometimes possessed five or six petals, rather
than the four petals usually seen in Col flowers (Figures 10A and
10B). The extra petals did not appear to arise from splitting of these
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Table 1. Monosaccharide Composition of Wild-Type and PGX1 Mutant Cell Walls

Tissue Genotype Fuc Rhamnose Ara Gal Glc Xyl GalA GlcA

ES Col 5.74 6 0.42 5.37 6 0.90 35.33 6 3.10 16.38 6 1.02 5.55 6 0.91 8.61 6 0.59 23.03 6 2.98 3.73 6 0.59
PGX1AT 6.81 6 0.75 5.81 6 0.64 32.80 6 1.35 16.96 6 1.09 6.01 6 0.60 8.49 6 0.66 22.02 6 2.67 3.34 6 0.98
PGX1OE-1 6.88 6 0.55 5.72 6 0.45 34.69 6 3.22 18.15 6 1.11 5.10 6 0.62 8.42 6 0.22 19.29 6 2.28 3.51 6 0.70
PGX1OE-48 7.14 6 0.42 5.27 6 0.65 30.76 6 2.05 21.33 6 2.74 5.92 6 0.69 8.80 6 0.70 19.07 6 2.72 3.40 6 0.66
pgx1-1 6.33 6 0.55 4.69 6 0.59 33.97 6 1.87 16.60 6 1.07 5.60 6 0.76 8.99 6 0.67 23.82 6 4.07 0.54 6 0.20
pgx1-2 6.56 6 0.59 5.77 6 1.38 30.39 6 1.79 19.69 6 1.38 6.10 6 0.21 7.83 6 0.39 22.36 6 3.16 2.60 6 0.93

L Col 2.84 6 0.56 1.93 6 0.15 8.01 6 0.50 2.67 6 0.11 50.10 6 1.51 4.00 6 0.20 30.41 6 2.05
PGX1AT 2.77 6 0.32 1.43 6 0.06 5.94 6 0.25 1.97 6 0.12 53.90 6 3.71 3.23 6 0.05 30.79 6 3.90
PGX1OE-1 2.50 6 0.77 1.53 6 0.11 5.57 6 0.23 2.32 6 0.18 67.80 6 1.00 4.16 6 0.42 16.14 6 1.40
PGX1OE-48 2.93 6 0.21 1.66 6 0.04 6.04 6 0.20 2.58 6 0.14 61.10 6 1.49 3.38 6 0.10 22.33 6 1.78
pgx1-1 2.24 6 0.22 1.16 6 0.05 4.84 6 0.39 1.46 6 0.08 64.10 6 1.74 3.39 6 0.17 22.83 6 1.87
pgx1-2 2.10 6 0.29 1.26 6 0.08 5.01 6 0.44 1.57 6 0.14 59.00 6 6.63 3.33 6 0.10 27.76 6 7.35

Sugar composition (GalA, galacturonic acid; GlcA, glucuronic acid) from 6-d-old etiolated seedlings (ES) and leaves from 40-d-old plants (L) of the wild
type, PGX1AT, PGX1OE-1, PGX1OE-48, pgx1-1, and pgx1-2 genotypes. Sugar amounts are presented as mean percentages 6 SD (n = 6). Bold values
indicate mutant glycosyl residue compositions that are at least 615% and are significantly different (P < 0.05, t test) compared to the wild type for at
least two overexpression and/or for both mutant lines.



organs after initiation, since each petal contained an independent
base in the abnormal flowers (Figure 10B). We quantified petal
number for flowers in Col controls and mutant plants grown in the
same growth containers and found that for both the over-
expression and T-DNA lines, the proportion of flowers with extra

petals was significantly higher than in Col plants (Table 2; P <
0.01, x2 test). For flowers with more than four petals, we often
observed additional sepals (46/53 flowers) but fewer stamens
(35/53 flowers). To investigate floral development more closely,
we imaged floral meristems of all genotypes using scanning electron

PGX1 Functions in Cell Expansion 1027

Figure 9. Glycome Profiling of Sequential Extractions of Cell Walls from 6-d-Old Etiolated Col, PGX1AT, and pgx1-1 Seedlings.

Cell wall extracts were probed by ELISA with 172 glycan-directed monoclonal antibodies (Pattathil et al., 2010). Data (A450 2 A655) are presented as heat
maps with black to bright yellow, indicating weakest to strongest binding. The panel on the right lists the array of monoclonal antibodies in 24 groups
according to the glycan recognized by the antibodies. Altered patterns of monoclonal antibody binding PGX1AT and/or pgx1-1 fractions compared with
wild-type fractions are highlighted by red (increased binding) or dashed white (decreased binding) rectangles.



microscopy and observed more variable angles between flower
primordia, which normally arise at a consistent angle of 137
degrees relative to the previous primordium (Hamant et al., 2010), in
PGX1AT, PGX1OE-1, PGX1OE-48, pgx1-1, and pgx1-2 floral meristems,

with pgx1-1 and pgx1-2 meristems producing organs at signifi-
cantly smaller relative angles than Col meristems (Figure 10D).
These data indicate that changes in PGX1 expression perturb
normal floral organ patterning.
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Figure 10. PGX1AT, PGX1OE, and pgx1 Mutants Possess Flowers with Extra Petals.

(A) and (B) Flowers of 6-week-old Col, PGX1AT, PGX1OE-1, PGX1OE-48, pgx1-1, and pgx1-2 plants grown in a 16-h-light/8-h-dark photoperiod. In (A),
yellow arrowheads indicate flowers with four petals and cyan arrowheads indicate flowers with extra petals. In (B), flowers were isolated (top panels) and
dissected to reveal petal bases (bottom panels). Bars = 1 mm.
(C) Scanning electron micrographs of Col, PGX1AT, PGX1OE, and pgx1 floral meristems. Bar = 100 mm.
(D) Box plot distributions of floral primordium pair angles from Col, PGX1AT, PGX1OE, and pgx1 plants. Whiskers define data range, dark-gray boxes
define second quartiles, and light-gray bars define third quartiles (n $ 39 measurements per genotype). Lowercase letters indicate significantly different
groups (P < 0.05, one-way ANOVA and Tukey test).

Table 2. Quantification and Statistical Analysis of Flower Numbers with Additional Petals in PGX1 Mutant and Overexpression Lines

Genotype Col PGX1AT Col PGX1OE-1 Col PGX1OE-48 Col pgx1-1 Col pgx1-2

No. flowers
w/four petals

895 844 244 255 829 832 1187 1412 1011 887

No. flowers
w/five petals

39 85 6 13 20 39 35 66 24 54

Percentage
w/extra petals

4.18 9.15 2.40 4.85 2.36 4.48 2.86 4.47 2.32 5.74

P (x2) 4.0 3 10214 3.2 3 1023 2.1 3 1025 5.6 3 10217 3.9 3 10213

No. replicates 3 1 2 4 3

All completely open flowers were counted for each experiment. The percentage indicates the ratio of flowers with five or more petals to total completely
open flowers.



DISCUSSION

In this work, we used activation tag screening to identify genes
involved in cell expansion whose loss-of-function phenotypes
might be masked by redundancy or that might be involved in
essential processes. Based on our initial screening results, we
anticipate that many additional candidate genes among the
over 1000 estimated to be involved in cell wall biosynthesis
and/or modification (Somerville et al., 2004) can be isolated
and characterized using this approach, and we are charac-
terizing several wall-related candidates from among the initial
hits. However, the potential complications associated with loss-
of-function analyses for members of large gene families makes
the functional characterization of these candidates via reverse
genetic approaches (Alonso et al., 2003) a challenge. Addi-
tional approaches, such as biochemical analysis of wall com-
position (Reiter et al., 1997) in response to gene overexpression
and the generation of multiplexed loss-of-function mutants for
related gene family members, may be required to fully elucidate

the functions of these candidates in cell wall modification during
growth.
The finding that PGX1AT and PGX1OE cells throughout etiolated

hypocotyls, both in growing cells at the top and middle of the
hypocotyl and at the base of the hypocotyl where cell elongation
has ceased (Derbyshire et al., 2007a), are longer than wild-type
cells at the same position (Figures 1 and 2) suggests that over-
expression of PGX1 enhances cell expansion in this organ. These
data also imply that the capacity for cell expansion is not maxi-
mized in wild-type hypocotyls, possibly due to rigidification of the
cell wall by pectin cross-linking (Derbyshire et al., 2007a; Zhao
et al., 2008), which we predict should be diminished in PGX1
overexpression lines. Importantly, we did not observe significant
changes in cell number along the lengths of hypocotyls in any
lines tested (Supplemental Figure 3), suggesting that cell over-
proliferation at earlier developmental stages does not contribute
to the observed changes in hypocotyl length.
Although there are 69 annotated Arabidopsis PG-encoding

genes, disrupting PGX1 function by T-DNA insertions results in re-
duced cell size and hypocotyl elongation in the mutant lines relative
to the wild type (Figure 3). This finding is surprising given the po-
tential for redundancy among PG family members, but At3g26610 is
the sole member of a subclade of PGs in Arabidopsis (Supplemental
Figure 2) (Kim and Patterson, 2006; González-Carranza et al., 2007)
and might thus play a unique role in wall loosening and expansion
in etiolated hypocotyls and other tissues, including leaves
(Supplemental Figure 5). We observed a correlation between
PGX1 expression levels (Figures 1 to 3) and total PG activity in
leaves (Figure 8A), suggesting that this gene contributes a sig-
nificant proportion of total PG activity in at least some tissues. In
agreement with this interpretation, we observed a higher aver-
age molecular mass for pectins isolated from pgx1 mutant walls
and a lower average molecular mass for pectins isolated from
PGX1AT and PGX1OE walls (Figure 8B), indicating that PGX1
cleaves HG (Atkinson et al., 2002; Posé et al., 2013), possibly
reducing the capacity of the pectin network to cross-link and
enabling wall expansion. At this point, we do not know how
PGX1 activity is limited in cell walls to prevent it from aberrantly
degrading pectin, but it is possible that it is regulated by limited
mobility in intact walls and/or binding to PG inhibitor proteins
(Alexandersson et al., 2011).
Our glycomics profiling experiments (Figure 9) revealed a com-

plex set of relatively subtle changes in the cell walls of PGX1AT

and pgx1-1 etiolated seedlings. We posit two possible inter-
pretations of the finding that CDTA-extractable HG is higher in
both lines relative to the wild type: First, there might be a relatively
narrow molecular mass range within which HG is maximally en-
tangled in the cell wall; and second, the balance between HG
cross-linking and its interaction with other wall components is
perturbed in either case, leading to increased CDTA extractability.
We also noted a slight increase in xyloglucan CDTA extractability
in the pgx1-1mutant, suggesting that altered pectin in the mutant
might prevent xyloglucan from interacting normally with the wall.
Altered extractability of RG-I/AG in PGX1AT plants might result
from compensatory changes in RG-I/AG cross-linking to the wall
in response to reduced HG cross-linking. However, we observed
an increase in KOH-extractable RG-I/AG in pgx1-1 walls without an
accompanying reduction in CDTA-extractable RG-I/AG, suggesting
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Figure 11. A Schematic Model of PGX1 Function in Plant Development.

HG (blue polymer) is secreted into the apoplast in a highly methylated
form after synthesis in the Golgi. Pectin can be demethylated in the wall
by the activity of pectin methyl-esterases (PMEs). Demethylated HG
might be cleaved by PGX1 and other PGs, loosening the wall and en-
abling normal hypocotyl elongation, leaf expansion, and flower de-
velopment.

http://www.plantcell.org/cgi/content/full/tpc.114.123968/DC1
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that the overall amount of RGI/AG might be altered in this mutant.
The reduction in total GalA content in PGX1OE-1 and PGX1OE-48

etiolated seedlings and leaves (Table 1) might also arise from
compensatory changes in pectin biosynthesis in these lines;
however, it is also possible that HG solubility was increased in
these lines such that significant HG (and, thus, GalA) was lost
from these wall samples during alcohol-insoluble residue (AIR)
isolation.

Interestingly, the in vitro PG activity of heterologously expressed
PGX1 (Figure 7) is more than 9 times that of several enzymatically
characterized Arabidopsis PGs (Ogawa et al., 2009), further sug-
gesting that it might play a major role in HG degradation in at least
some tissues. However, comparable enzymatic activity measure-
ments for additional PGs within this family will be required to
support this hypothesis. PGX1 is predicted to be coexpressed
(Mostafavi et al., 2008; Mutwil et al., 2009) with the xyloglucan
endotransglycosylase/hydrolase-encoding gene XTH21 as well as
other wall polymer-degradation genes, implying that it might be
part of a multifunctional expression module involved in cell wall
remodeling. Detailed analyses of the transcriptional regulation and
functions of this coexpressed network of genes will be required to
test this hypothesis.

Our finding that plants with either reduced or increased PGX1
mRNA levels and total PG activity display a higher frequency of
aberrant floral organ number and higher variability in floral organ
primordium angles in comparison to wild-type plants (Figure 10)
seems paradoxical at first glance but could potentially be ex-
plained by a requirement for a finely tuned balance of PG activity
to robustly maintain the patterning mechanisms present in the
developing flower, which might mirror those observed in the
shoot apical meristem in their dependence upon the stiffness
and degradability of the pectin network in cell walls (Peaucelle
et al., 2011). We hypothesize that by tuning pectin methylation,
cross-linking, and molecular mass, pectin methyl-esterases and
PGs might act as downstream components of the regulatory
networks that control cell expansion, as well as floral phyllotaxis
and organogenesis (Monfared et al., 2013), and present these
ideas in a conceptual model in Figure 11.

In summary, the evidence presented in this work highlights the
function of PGs in cell expansion in addition to their established
roles in cell separation (Rhee et al., 2003; Kim and Patterson, 2006;
González-Carranza et al., 2007; Ogawa et al., 2009). Intriguingly,
cells adjacent to abscission zones often expand after abscission
(Patterson, 2001), highlighting a possible connection between the
molecular mechanisms that underlie wall expansion and cell sep-
aration. Future investigation of how these processes are related
should provide additional insights into how plants orchestrate
a complex sequence of molecular behaviors to modify their cell
walls in order to accomplish growth, reproduction, and senescence.

METHODS

Plant Materials and Growth Conditions

AllArabidopsis thaliana plants were of the Col ecotype. Activation tagged lines
were generated in the Somerville lab by Wolf Scheible, and seed pools are
available from the ABRC. Plants were grown on MS plates containing 2.2 g/L
MS salts (Caisson Laboratories), 0.6 g/L MES (Research Organics), 1% (w/v)

Suc, and 0.8% (w/v) agar-agar (Research Organics), pH 5.6, under long-day
conditions (16 h light/8 h dark) in a 22°C chamber. Seedlings were transferred
fromMSplates to soil with nutrient solution (MiracleGro) for growth in agrowth
room with the same light regime and temperature. Adult plants were imaged
using a Nikon D5100 DSLR camera and rosette diameters were measured
using ImageJ.

Activation Tagging Mutant Screening and Adapter Ligation PCR

Pools of activation tagged seeds transformed with pSKI015 (Weigel et al.,
2000) were surface-sterilized in 30% bleach + 0.1% SDS (w/v) for 20 min,
washed four timeswith sterile MilliQwater, suspended in sterile 0.15% agar
(w/v), and stored in the dark at 4°C for 2 to 7 d before sowing onMSwithout
Suc in empty 200-mL pipette tip boxes. Approximately 1000 seeds were
sown in each box, and boxes were exposed to light for 4 h, then wrapped in
aluminum foil and placed in a 22°C growth chamber for 6 d. Seedlings with
long hypocotyls were transferred toMSplates for vertical growth under 24 h
light at 22°C for 10 to 14 d, after which they were transplanted to soil. The
progeny of each putative mutant were screened for heritable hypocotyl
length by growth on vertical MS plates without Suc for 6 d in the dark,
scanning on a Scanjet 8300 scanner (HP) at 600 dpi, measuring hypocotyl
lengths in ImageJ, and testing for significantly longer hypocotyls (P < 0.01,
t test, two replicates). Other progeny were tested for resistance to methi-
onine sulfoximine (MSO; Sigma-Aldrich) (Maughan and Cobbett, 2003) by
growth on MS plates containing 5 mM MSO in the light for 5 d; plants with
well-developed cotyledons and roots over 0.67 cm long were scored as
resistant. Lines containing likely single insertions were identified by x2

analysis (P > 0.1, two replicates). For adapter ligation PCR, genomic DNA
was prepared from rosette leaves using the Genelute Plant Genomic DNA
miniprep kit (Sigma-Aldrich) and the protocol of O’Malley et al. (2007) was
followed using both HindIII-EcoRI and AseI adapter primer sets. PCR
products were extracted from 1% agarose TAE gels and sequenced, and
the sequences were aligned to pSKI015 and the Arabidopsis genome using
NCBI BLAST and TAIR Seqviewer tools.

Identification of T-DNA Insertion Mutants

T-DNA insertion lines (Alonso et al., 2003) for PGX1 were obtained from
the ABRC. WiscDsLox262B06 (intron) and Salk_026818 (exon) lines were
designated pgx1-1 and pgx1-2, respectively. Homozygous T-DNA in-
sertion lines were identified using primers designed at http://signal.salk.
edu/tdnaprimers.2.html (Supplemental Table 1).

Plasmid Construction and Plant Transformation

For constitutive overexpression, a full-length synthetic PGX1 coding se-
quence (DNA 2.0) was cloned into pEarleyGate 104 (Earley et al., 2006)
using the Gateway cloning system (Life Technologies) to generate the
overexpression construct 35S:YFP-PGX1. For complementation experi-
ments, fragments of the region 2.5 kb upstream of the PGX1 translation
initiation site from Col genomic DNA and the full coding sequence of PGX1
fromCol flower cDNAwere amplified by Phusion hot start high-fidelity DNA
Polymerase (Finnzyme) with gene-specific primers (Supplemental Table 1)
and ligated by overlap PCR (Lu, 2005). After adding adenosine to the 39 end
of PCR product using Taq polymerase, the final PCR fragment was cloned
into pCR8 using the pCR8/GW/TOPO TA cloning system (Life Technolo-
gies) and recombined into the binary vector pMDC110 (Curtis and
Grossniklaus, 2003) to generate PGX1pro:PGX1-GFP. Gel Extraction and
Cycle Pure kits (Omega Bio-Tek) were used for gel and PCR purification,
and a Plasmid Mini Kit (Omega Bio-Tek) was used for plasmid isolation. All
amplified sequences were sequenced (dnaLIMS; Penn State University) to
verify that no mutations were introduced. Col and T-DNA mutant plants
were transformed with Agrobacterium tumefaciens strain GV3101 using the
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floral dip method (Clough and Bent, 1998). Positive transformants were
selected on MS plates containing 5 mM MSO or 25 mg/mL hygromycin
(Omega Scientific).

Hypocotyl and Cell Length Measurements

Seeds were surface-sterilized in 30% bleach + 0.1% (w/v) SDS, washed
four times with sterile water, stored at 4°C for 3 d, and sown on MS plates
without Suc. Seeds were exposed to light for 4 h to stimulate germination,
then wrapped in two layers of aluminum foil and grown for 6 d at 22°C.
Plates with etiolated seedlings were scanned using an HP Scanjet 8300
scanner at 600 dpi, and hypocotyl lengths were measured using Image J.
Tomeasure cell length, 6-d-old etiolated seedlings weremounted in water
and images of epidermal cells (at least 30 seedlings of each genotype)
were recorded using a Plan Neofluar 310 0.3–numerical aperture air
objective (Zeiss) on a Zeiss Axio Observer SD spinning disk confocal
microscope with a CSU-X1 spinning disk head (Yokogawa). Cell length in
recorded images was quantified using ImageJ.

Gene Expression Analysis

Total RNAwas extracted fromseedlings andadult tissues using aPlant RNA
Kit (Omega Bio-Tek). Samples were treated with RNase-free DNase I (NEB)
on a column to remove genomic DNA. RNA concentrationwasmeasured by
spectrophotometer (NanoDrop 2000C), and first-strand cDNA was syn-
thesized using qScript cDNA SuperMix (Quanta Biosciences) from 500 ng
DNase I-treated total RNA. RT-PCR was performed using cDNA as
a template with gene-specific primers, followed by agarose gel electro-
phoresis. ACT2 (At3g18780) was amplified as an internal control (Cze-
chowski et al., 2005). qPCR was performed using SYBR Green FastMix
(Quanta Biosciences) with cDNA and gene-specific primers on a StepOne
Plus Real-Time PCR machine (Applied Biosystems). Data were analyzed
using StepOne software (Applied Biosystems) and transcript levels of PGX1
were calculated relative toACT2 using theDDCTmethod. Primer sequences
are listed in Supplemental Table 1. In addition to measurement of mRNA
expression in different tissues by qPCR, the spatial expression pattern of
PGX1 was examined by promoter-GUS analysis. A 2.5-kb fragment up-
stream of the PGX1 start codon was amplified from Col genomic DNA,
ligated into pCR8 (Life Technologies), and recombined into pMDC162
(Curtis and Grossniklaus, 2003) using LR Clonase (Life Technologies) to
generate a PGX1pro:GUS reporter gene construct. The promoter-GUS
construct was transformed into Col plants as above, 20 independent
transgenic lines were obtained, and T2 lines were used for expression
analysis. For GUS assays, tissues were immersed in buffer containing
50mM sodium phosphate, pH 7.2, 0.2% (v/v) Triton X-100, 2 mM 5-bromo-
4-chloro-3-indolyl-b-D-glucuronic acid, and cyclohexylammonium salt
(X-Gluc) and incubated at 37°C in the dark for 2 to 16 h. Tissues were
decolored in 70%ethanol, and images of GUS staining were recorded using
a Discovery V12 fluorescence dissecting microscope (Zeiss).

Subcellular Localization of PGX1-GFP

Transgenic plants expressing PGX1pro:PGX1-GFP were generated by
Agrobacterium-mediated transformation of Col plants. The signal peptide
and transmembrane domain of PGX1 were predicted using SignalP 4.1
(http://www.cbs.dtu.dk/services/SignalP) and TMHMM2.0 (http://www.
cbs.dtu.dk/services/TMHMM), respectively. Five-day-old light-grown
PGX1pro:PGX1-GFP seedlings were used to observe GFP fluorescence
under a spinning disk confocal microscope with a 3100 1.40–numerical
aperture oil-immersion objective (Zeiss), and images were recorded and
contrast-enhanced using ImageJ. Some seedlings were subjected to
plasmolysis in 1 M mannitol for 5 min and/or stained with 5 mM FM4-64
(Life Technologies) for 10 min at room temperature (Bolte et al., 2004).
GFP fluorescence was detected using a 488-nm excitation laser and

525/50-nm emission filter, and FM4-64 was detected using a 561-nm
excitation laser and 617/73-nm emission filter.

Expression and Purification of PGX1

Expression and purification of PGX1 followed (Xiao et al., 2009) with
modifications. The synthetic PGX1 open reading frame was cloned into
pSUMO (gift from Ming Tien) using BsaI and XhoI (NEB) restriction sites.
Expression of the 6xHis-SUMO-PGX1 fusion protein was induced by 1 mM
isopropyl b-D-thiogalactopyranoside (Gold Biotechnology) in Escherichia
coli strain BL21-DE3. After induction for 4 h at 25°C, cells were harvested by
centrifugation at 10,000g for 10 min at 4°C and resuspended in 20 mL of
protein extraction buffer (50 mM sodium phosphate, 300 mMNaCl, 10 mM
b-mercaptoethanol, 1 mM phenylmethylsulfonyl fluoride, 10 mM imidazole,
and 2.5 µg/mL DNase, pH 8.0). The cells were sonicated for 33 10 s pulses
and supernatants were isolated by centrifugation at 10,000g for 20 min at
4°C. Supernatants were incubated with Ni-NTA Agarose (5 PRIME) with
gentle shaking (50 rpm) at 4°C for 1 h, then added to a purification column
(Thermo) and washed twice in extraction buffer and twice in washing buffer
(50 mM sodium phosphate, 300 mM NaCl, and 20 mM imidazole, pH 8.0).
His-tagged proteins were eluted using elution buffer (50 mM sodium
phosphate, 300 mM NaCl, and 250 mM imidazole pH 8.0). Purified protein
samples were dialyzed in 50 mM sodium acetate, pH 5.0, at 4°C overnight
using Spectra/Por MWCO 12-14,000 membrane (Spectrum Labs). For
immunoblotting, proteins were separated on 12% Mini-PROTEAN precast
gels (Bio-Rad) using a Mini-PROTEAN Tetra Cell (Bio-Rad). Proteins were
electrophoretically transferred to Amersham Hybond-ECL membrane (GE
Healthcare) using a Mini Trans-Blot Electrophoretic Transfer Cell (Bio-Rad).
Transfer buffer consisted of 48 mM Tris base, 39 mM glycine, 20%
methanol, and 0.0375% (w/v) SDS. The membrane was blocked with TBST
(25 mM Tris base, 150 mM NaCl, and 0.1% Tween 20, pH 7.5) containing
5% (w/v) skim milk powder. The membrane was incubated with an anti-His
primary antibody (1:5000; Sigma-Aldrich) in blocking solution for 1 h at room
temperature. After washing in TBST (33 5min), the blot was incubated with
alkaline phosphatase–conjugated goat anti-mouse secondary antibody
(1:5000; Sigma-Aldrich) for 1 h, washed as above, and developed using
nitro-blue tetrazolium chloride, 5-bromo-4-chloro-39-indolyphosphate
solution (Sigma-Aldrich).

PG Activity Assay

Purified PGX1 protein concentration was measured using Bradford dye re-
agent (Amresco) (Bradford, 1976) with BSA (Amresco) as a standard. For
enzymatic activity assays, PG activity was determined by measuring an in-
crease in reducing end groups (Gross, 1982) using D-galacturonic acid
(Sigma-Aldrich) as a standard. Protein samples were added to a solution
containing 37.5mMNa-acetate, pH 4.4, and 0.2% (w/v) polygalacturonic acid
as a substrate (Sigma-Aldrich) and incubated at 30°C for 3 h. Released re-
ducing end groups were labeled with 2-cyanoacetamide (Sigma-Aldrich), and
absorbance at 276 nm was measured using a NanoDrop 2000C spectro-
photometer. One unit of PG activity was defined as the amount of enzyme
releasing 1 µmol reducing end groups per minute (Ogawa et al., 2009).

Plant Protein Extraction

Plant proteins were isolated according to Peretto et al. (1992) with minor
modifications. Five grams of rosette leaves from 40-d-old plants were
ground into fine powder in liquid nitrogen by mortar and pestle. The
powder was transferred to another cold mortar with 5 mL extraction buffer
consisting of 50 mM Tris-HCl, pH 7.5, 3 mM EDTA, 2.5 mM DTT (Sigma-
Aldrich), 2 mM phenylmethylsulfonyl fluoride (Sigma-Aldrich), 1 M NaCl,
and 10% (v/v) glycerol to continue grinding. Homogenate was transferred
into a 15-mL conical tube and kept at 4°C for 1 h. Cell debris was removed
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by centrifugation at 4500g for 10 min at 4°C. After filtering with a 100-µm cell
strainer, the supernatantwas collected by centrifugation at 25,000g for 40min
at 4°Canddialyzed against 50mMNa-acetate buffer (pH5.0) overnight at 4°C
using Spectra/Por MWCO 12-14,000 membrane (Spectrum Labs).

Preparation of AIR Extracts and AIR Fractionation

Rosette leaves of 40-d-old plants and 6-d-old dark-grown seedlings were
ground into a finepowder in liquid nitrogen bymortar and pestle. Thepowder
was suspended in 30mL chloroform/methanol (1:1, v/v) and rocked for 1 h at
room temperature. After centrifugation at 4500g for 10 min at room tem-
perature, the supernatant was removed and the residue was resuspended in
30 mL 70% ethanol and rocked for 1 h at room temperature. Centrifugation
and resuspension in 70%ethanolwere repeated four times.Wall residuewas
air-dried with 100% acetone at room temperature. Starch was removed by
treatment with 90% DMSO (Sigma-Aldrich) overnight with rotation at room
temperature. Destarched wall material was rinsed with 90% DMSO once,
then washed six times with 70% ethanol (Fry, 1988). The absence of starch
was assessed by iodine/potassium iodide. The final residue was air-dried
with 100%acetone. AIRwas sequentially extractedwith 50mMCDTA (Aqua
Solutions), pH 6.0, and 4 M KOH containing 1% (w/v) sodium borohydride
(Sigma-Aldrich). Each extraction was performed for 24 h with constant
shaking (50 rpm) at room temperature. Samples were centrifuged at 4500g
for 10 min to sediment CDTA-insoluble residue and used for KOH extraction
after washing thepellet withwater. CTDAandKOH fractions from the soluble
supernatants were precipitated in 70% ethanol and lyophilized.

Size-Exclusion Chromatography and Uronic Acid Assays

A Superdex 75 5/150 GL (GE Healthcare) gel filtration column was used to
fractionate the polymers from CDTA-soluble material. Samples were dis-
solved by adding 5 mg to 1 mL sodium acetate buffer, vortexing, and fil-
tering through a 0.45-µm filter. Gel media were equilibrated with 0.1 M
sodium acetate buffer (pH 5.0) before loading 150 mL of each sample and
eluted at a flow rate of 0.25mL/min (Posé et al., 2013). Thirty fractions of 250
mL were collected and analyzed for uronic acid content. A size standard kit
was purchased from Sigma-Aldrich (MWGF200). Uronic acid content was
determined as described (Blumenkrantz and Asboe-Hansen, 1973) with
modifications. Samples were mixed with 1 mL concentrated sulfuric acid
containing 0.0125 M sodium tetraborate (Sigma-Aldrich) and boiled for
5min in a 100°Cwater bath. After cooling to room temperature, background
absorbance was read at 520 nm using a NanoDrop 2000C spectropho-
tometer. Twenty microliters of 0.15% (w/v) m-hydroxydiphenyl (Sigma-
Aldrich) dissolved in 0.5% (w/v) NaOH was added and pipetted thoroughly
before incubating at room temperature for 5 min, and then measuring
absorbance at 520 nm again.

Trifluoroacetic Acid Hydrolysis and Sugar Monosaccharide
Composition Analysis

Trifluoroacetic acid hydrolysis was performed with the Dionex TN53. Twenty
milligrams of AIR was dissolved in 1 mL water, vortexed to resuspend, and
20 mL of the suspension was transferred into a new screw-top tube. BSA
(Sigma-Aldrich) and water were used as positive and negative controls, re-
spectively. Hydrolysis was performed with 125 mL each of 13.5 M trifluoro-
acetic acid (Sigma-Aldrich) and water for 2 h at 100°C, and samples were
cooled on ice for 10min, spun downbriefly to pellet condensate, and air-dried.
Hydrolyzed samples were resuspended in 200 mL water and vortexed, and
insoluble pellets were collected by centrifugation at 4500g for 5 min at room
temperature. The supernatantwas filtered through a 0.2-µm filter, and 20mL of
each sample was injected into a high-pressure anion exchange chromatog-
raphy system with pulsed-amperometric detection using a CarboPac PA20
guard (3 3 30 mm) and column (3 3 150 mm; Dionex ICS-5000; Thermo

Scientific). Elution steps were 10% of 100 mM NaOH for 15 min, followed by
a 0 to 100%gradient of 100mMNaOHand 100mMNaOAc for 20min. Sugar
monosaccharide peaks in the samples were quantified using standards with
known concentrations (Fuc, rhamnose, Ara, Gal, Glc, and Xyl at 100 mg/mL;
galacturonic acid and glucuronic acid at 1 mg/mL). All chemicals were pur-
chased from Sigma-Aldrich, and all eluents supplied by Thermo Scientific.
Three technical replicates were performed for each sample.

Total Sugar Estimation and ELISA

Total sugar content was quantified by the phenol-sulfuric acid assay
(Dubois et al., 1956). AIR fractions were suspended in deionized water,
and 250 mL 5% (w/v) phenol (Sigma-Aldrich) was added and mixed well
with sample. Then, 1.25 mL 96% sulfuric acid was jetted into the reaction
solution, which was immediately vortexed. After incubation for 30 min at
room temperature in dark, absorbance at 490 nm was measured using
a spectrophotometer (Evolution 220 UV-Visible; Thermo Scientific). Total
sugar content was calculated based on a standard curve of D-Glc.

ELISAs were performed as described (Pattathil et al., 2010, 2012), using
50 mL of 40 mg/mL wall extract per well. After primary and secondary
antibody incubation and development, the absorbance of each well was
read at 450 nmand 655 nmusing amicroplate reader (Synergy H1; BioTek).
Net optical density values were calculated by subtracting A655 from A450,
and glycome profiling data were presented using heat maps generated
using the R software package.

Morphological Analysis of Flowers and Floral Meristems

Six-week-old plants were examined for floral organ phenotypes. Col and
mutant plants were grown in the same flat (16 plants of each genotype) to
ensure that all growth conditions were as similar as possible. All fully opened
flowers were scored for petal number. The number of replicates for each
genotype is listed in Table 2. x2 testswere used to calculate the significance of
differences between the proportion of normal and abnormal flowers in wild-
type and mutant lines. For scanning electron microscopy, inflorescence
meristems were dissected under a Discovery V12 fluorescence dissecting
microscope (Zeiss) and fixed in fixative solution (2.5% glutaraldehyde in 0.1 M
sodium cacodylate) overnight at 4°C. Tissue samples were washed in 0.1 M
sodium cacodylate buffer for 3 3 10 min, then dehydrated with an acetone
series. Samples were critical-point dried (CPD-030), mounted onto aluminum
stubs with carbon tape, and viewed by scanning electron microscopy (ESEM
FEI; Quanta 200) using 15-kV accelerating voltage under 80-Papressure in low
vacuum conditions. Angles of primordium pairs were measured in ImageJ.

Accession Numbers

Sequence data from this article can be found in the Arabidopsis Genome
Initiative (AGI) or GenBank/EMBL databases under the following ac-
cession numbers: PGX1 corresponds to AGI number At3g26610, and
ACT2 corresponds to AGI number At3g18780.

Supplemental Data

The following materials are available in the online version of this article.

Supplemental Figure 1. Experimental Flow Chart for Activation Tag
Screening for Genes Involved in Cell Expansion.

Supplemental Figure 2. Phylogenetic Analysis of Arabidopsis Puta-
tive PGs.

Supplemental Figure 3. Cell Number in Hypocotyls of 6-d-Old
Etiolated Seedlings.

Supplemental Figure 4. Quantification of PGX1 mRNA Expression in
Adult Tissues of Col and PGX1AT Plants.

1032 The Plant Cell

http://www.plantcell.org/cgi/content/full/tpc.114.123968/DC1
http://www.plantcell.org/cgi/content/full/tpc.114.123968/DC1
http://www.plantcell.org/cgi/content/full/tpc.114.123968/DC1
http://www.plantcell.org/cgi/content/full/tpc.114.123968/DC1


Supplemental Figure 5. PGX1AT and PGX1OE Rosettes Are Larger
Than Wild-Type Rosettes.

Supplemental Figure 6. Forty-Five-Day-Old Plants of Col, pgx1-1,
pgx1-2, PGX1AT, PGX1OE-1, and PGX1OE-48Grown in Long-Day Conditions.

Supplemental Figure 7. Hypocotyls of 6-d-Old Etiolated Seedlings of
PGX1pro:PGX1-GFP Complementation Lines Are Comparable in
Length to Wild-Type Hypocotyls.

Supplemental Table 1. Primers Used in This Study.

Supplemental Data Set 1. Alignment Used to Generate the Phylog-
eny Presented in Supplemental Figure 2.
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