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Pectin acetylation influences the gel-
ling ability of this important plant

polysaccharide for the food industry.
Plant apoplastic pectinacetylesterases
(PAEs) play a key role in regulating the
degree of pectin acetylation and modify-
ing their expression thus represents one
way to engineer plant polysaccharides for
food applications. Identifying the major
active enzymes within the PAE gene fam-
ily will aid in our understanding of this
biological phenomena as well as provide
the tools for direct trait manipulation.
Using comparative genomics we propose
that there is a minimal set of 4 distinct
PAEs in plants. Possible functional diver-
sification of the PAE family in the grasses
is also explored with the identification of
3 groups of PAE genes specific to grasses.

Pectins are a structurally diverse set of
plant cell wall polysaccharides that harbor
the most complex glycan structures in
nature.1 All pectins contain the charged
sugar galacturonic acid and can contain
many substitutents, one of which is an O-
acetate. Pectins are known to be involved
in many aspects of the plant cell biology
including but not limited to coordinating
wall architecture, stress signaling, cell to
cell adhesion, wall porosity and cohe-
sion.1-3 Pectic polymers are synthesized in
the Golgi apparatus and secreted into the
wall, where they can be further modified
by apoplastic enzymes. Among these plant
enzymes are pectinacetylesterases (PAEs),
which can remove acetyl-substituents.
While the biological role of these enzymes
is not fully established, mutants lacking
specific PAEs exhibit changes in cell wall
rigidity and display plant developmental
aberrations.4-6 Complete elucidation of
PAE gene function and biochemistry has

not yet been achieved, mostly due to
genetic redundancy and difficulties in
determining the exact substrate specificity.
Due to its gelling and thickening proper-
ties pectins are extensively used by the
food industry. The acetyl-esters on the
pectic polymers can directly influence its
gelling ability.7 Thus, acetyltransferases
and esterases represent targets to engineer
pectin structures for commercial
applications.

One way to identify genes that influ-
ence wall structures is through compara-
tive genomics and phylogenetic
approaches. In a recent comparative geno-
mics and phylogeny study uncharacterized
wall hemicellulosic glycosyltransferases
were identified.8 Using a similar phyloge-
netic approach Gille et al.9 were able to
propose candidate genes likely to be
involved in hemicellulose acetylation.
These studies took advantage of a detailed
hemicellulosic characterization in several
plant species10 as well as the recent avail-
able genomic data.11

The pectinacetylesterase gene family in
Arabidopsis includes 12 genes and is part
of the carbohydrate esterase family 13.12

Due to the available resources for this
model species, the characterization of the
Arabidopsis PAEs will aid in uncovering
specific function for each member of this
gene family. Utilizing a reverse genetic
approach recently 2 of these genes were
characterized biochemically in Arabidosp-
sis [PAE8 and PAE9;4] and shown to de-
acetylate pectic fractions enriched for
rhamnogalacturonan I in vitro. Null
mutants of PAE8 and PAE9 produced
rosette leaf walls with increased acetate
content (C20%) and the double mutant
showed not only an additive cell wall ace-
tate phenotype (C37%) but also reduced
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inflorescence height.4 An ortholog of the
Arabidopsis PAE8 from mung bean
(Vigna unguiculata) was overexpressed in
potato, resulting in decreased pectin acety-
lation, stiffer tubers and a stronger wall
matrix.6 A poplar ortholog of the Arabi-
dopsis PAE7, when overexpressed in
tobacco, produced profound developmen-
tal alterations in pollen grains and floral
structures.5 These results demonstrate the
significance of the PAE genes for plant
developmental processes. In an attempt to
gain further insights into the structure and
function of the PAE gene family, a

phylogenetic and comparative genomic
approach was taken here using Arabidop-
sis as a model system.

According to the Phytozome data base,
a repository of plant genomes,11 the num-
ber of PAE genes currently varies from 1
in Physcomitrella patens to 22 in Panicum
virgatum. On average plants have~10 PAE
genes.11 To date 7 distinct acetyl substitu-
tions have been decribed for pectic poly-
mers [O-2 and O-3 of galacturonic acid in
homogalacturonan and rhamnogalactur-
onan I13, 14; O-3 of rhamnose in rhamno-
galacturonan I15; O-3 of Aceric acid and

fucosyl residues of rhamnogalacturon II
side chain16] suggesting that a set of at
least 7 different genes would be required
for the complete de-acetylesterification of
pectins in plants, if PAEs are non-promis-
cuous and harbor specific, defined sub-
strate specificities. However, comparative
analysis show that at least 4 species (Rici-
nus comunis, Caryca papaya, Cucumis sati-
vus and Fragria vesca) have 6 or less PAE
genes in their genomes suggesting that
some of these genes might be promiscuous
and can remove O-acetyl substituents at
multiple locations. To investigate what

Figure 1. Phylogenetic tree of Arabidopsis thaliana and species containing reduced numbers of PAE genes in their genomes. Arabidopsis PAEs numbers
are indicated to the right. Red brackets indicate paralogous genes. Protein sequence alignments were performed using MUSCLE and Tree calculated by
neighborjoining using BLOSUM62 by the Jalview 2.8.2 software package.17
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would be a sufficient set of PAEs in eudi-
cots and identify these genes in Arabidop-
sis, a phylogenetic tree was constructed
(Fig. 1).17 The tree shows that the Arabi-
dopsis AtPAE4, 5, 8, 9, 10 and 12 genes
are candidates for a minimal PAE set in
eudicots based on the similarity to the C.
sativus genes (Fig. 1). A larger tree con-
taining 35 species from the Phytozome
database (Fig. S1) also indicates AtPAE8
and AtPAE9 as being the closest orthologs
to 2 of the 4 C. sativus genes. Supporting
this finding is our recent description of
distinct mutant phenotypes in knockouts
of PAE8 and 9,4 which proved that these
genes are functional and likely to part of a
sufficient set of PAEs.

Another observation is that species
with reduced amounts of PAEs in their
genome harbor orthologs of the Arabidop-
sis PAE8 and PAE9 genes (Fig. 1), how-
ever when analyzing a larger set of species
from the Phytozome data base (Fig. S1),
some plants have lost PAE8 (Capsella
rubella, Zea mayz and Setaria italica) or
PAE9 (Arabidopsis lyrata, Solanum tubero-
sum, Sroghum bicolor and Eucalyptus gran-
dis), but not both genes simultaneously.
This suggests that retaining at least one of
these genes is important for plant fitness.
This idea is consistent with the finding
that in a pae8/pae9 double mutant plants
exhibited shorter inflorescences,4 a trait
that could significantly impact fitness in
natural conditions.

The identification of a minimal set of
PAEs using this phylogenetic approach
enables the selection of reverse genetics
strategies to uncover wall acetylation phe-
notypes by knocking out PAEs likely to be
functional or producing double mutants
from redundant genes. Based on this anal-
ysis we propose that a double knockout
mutants of PAE10/12 and PAE4/5 is likely
to result in a cell wall acetylation pheno-
type, due to its similarity to a C. sativus
gene (Fig. 1). The remaining 2 pairs of
paralogs in Arabidopsis [(PAE3/6 and
PAE7/11); Fig. 1] might have undergone
some form of neo functionalization and
would possibly present phenotypes if dou-
ble mutants were constructed.

When overexpressing all of the Arabi-
dopsis PAE genes (for method see ref.4) in
the Arabidopsis wild type background no
alteration in wall O-acetylation level was

observed with the exception of PAE2,
whose constitutive expression leads to a
~10% decrease in rosette leaf cell wall ace-
tate content (Fig. 2A). This gene is closely
related to the PAE10/12 paralogs (Fig. 1),
which further supports the idea that these
proteins could be active. When pectin
extracts from PAE2 overexpression lines
were measured for acetate content, 2 of
the 3 lines tested showed~10% less acetate
when compared to WT (Fig. 2B).

Although there is mounting evidence
suggesting that the PAE genes are acting
primarily on pectins, the possibility that
they may target other cell wall polymers
cannot be discarded. In fact, an Arabi-
dospsis PAE8 ortholog identified in
Voodoo lily (Amorphophalus konjac)
corm, which contains large quantities
of acetylated glucomannans, is a likely
candidate for a mannan acetylesterase.18

Most hemicellulosic polysaccharides are
known to be acetylated 10 and no plant
carbohydrate acetylesterase, aside from
the PAEs, have been identified to date.
The PAE family remains therefore a
potential source for such activities

against hemicelluloses thought to exist
in plants.

Since grasses contain very little pectin
in their walls,19 a phylogenetic tree includ-
ing Arabidopsis and poplar as well as the
grasses Z. mays, S. bicolor, Brachypodium
distachyon and Oryza sativa was con-
structed with the objective of investigating
possible diverging branches of the PAE
family (Fig. 3). Novel PAE branches
might have acquired new functions and
act on other polymers instead of pectins.
At least 3 clades of genes were identified as
grass specific (Fig. 3, top). The clade con-
taining the most genes have long branches
which suggest low levels of conservation
consistent with the idea of neo functional-
ization of the PAE family in grasses. These
grass specific PAEs could possibly be act-
ing on hemicelluloses, which are highly
abundant and highly O-acetylated in the
grass walls.10

In conclusion, we have shown that by
using comparative genomics new insights
into the structure of the PAE gene family
were obtained. A putative minimum set of
PAEs in eudicots was proposed as well as

Figure 2. Acetate content of PAE2 overexpression lines cell walls (A) and pectin extracts (B). Meas-
urements made on 35 day old rosette leaf material (for method detail see ref. 4). Asterisk indicates
significant differences based on t test (P < 0.05; n � 2).
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the identification of gene expansion
within the grasses, which could suggest
neo functionalization within the PAE
family.
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