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ABSTRACT

The Arabidopsis gene, PARVUS/AtGATL1, belongs to the Galacturonosyl-transferase-Like (GATL)
gene family, which is part of CAZy Family GT8. Five GATL sequences of the moss Physcomitrella
patens (PpGATL-AB,C,D,E) have been identified through phylogenetic analyses. The five
PpGATLs form a sister group that lies basal to all of the vascular plant GATLs. Homozygous
parvus/gatl1l mutants in Arabidopsis thaliana are semi-sterile and exhibit a dwarf growth phenotype
with collapsed xylem. Cell walls of parvus/gatll show significant reductions in xylose content
compared with wild-type cell walls. Constitutive expression of PpGATL-A in the Arabidopsis
parvus mutant rescues the defects conferred by the parvus mutation, including changes in plant
growth and tissue morphology, collapsed xylem, decreased xylose content based on cell wall
monosaccharide composition and the altered overall cell wall structure as indicated by glycome
profiling. These findings suggest that PpGATL-A is a functional ortholog of PARVUS/GATL1 and

at least one basic function of GATL1 is conserved in highly divergent land plants. Sub-cellular



localization experiments showed that PpGATL-A is a Golgi-localized protein, as is the Arabidopsis
AtGATL1. Promoter::f5-glucuronidase expression studies show that PpGATL-A is expressed at the
base of leaves in the apical region of leafy gametophores. The role of PpGATL-A in the development
of Physcomitrella was investigated by targeted gene knock-out experiments. The ppgatl-a knockout
mutants produce significantly reduced numbers of leafy gametophores compared to wild type plants.
The mutation of PpGATL-A gene blocked the developmental stage transition from protenemato leafy
gametophores, resulting in a protonema-rich mutant phenotype. Analysis of the ppgatl-a knockout
phenotype indicates that PpGATL-A is required for leafy gametophore development in

Physcomitrella.

INDEX WORDS: Physcomitrella patens, plant cell walls, xylan, pectin, PARVUS/GATL1,
protonema, leafy gametophores, homologous recombination, targeted gene
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CHAPTER 1

INTRODUCTION AND LITERATURE REVIEW

Plant Cell Wall

The polysaccharide-rich cell wall surrounding growing plant cells is a complex yet dynamic
structure. Normal plant growth and development depend on the structure and function of the
cell wall. There are two general types of walls that differ in both composition and function.
The primary wall is the first wall laid down around plant cells and synthesized during cell
expansion in growing cells, while secondary walls are deposited in certain cell types when the
cell has ceased to grow (Liepman et al. 2010). Primary plant cell walls contain roughly 90%
polysaccharides, including cellulose, hemicelluloses and pectin; and ~10% proteins (McNeil et al.
1984). Secondary cell walls also contain cellulose and hemicelluloses, but contain reduced
amounts of pectin and protein.  Secondary cell walls normally contain phenolic compounds such
as lignin, providing additional rigidity and compressive strength (Whetten and Sederoff 1995).
Cellulose is the most abundant component of the primary cell wall, serving as a scaffold for the
binding of other wall polymers. Hemicelluloses are thought to bind to cellulose microfibrils via
hydrogen bonds, providing a strong cross-linked matrix that resists tension. Pectins consist of a
family of structurally-related, negatively charged polysaccharides that are thought to be
covalently cross-linked to form a gel-like network which resists compression and controls wall
permeability. This pectic network is coextensive with the cellulose-hemicellulose network,
easing the slippage of microfibrils during cell growth yet also holding them in place once the
growth stops (Cosgrove 2005). Figure 1.1 shows a simplified model for the structure of the

primary cell wall indicating the interactions of the three classes of polysaccharides.
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Figure 1.1.Structure of primary plant cell wall. Taken from Smith, (2001); adapted from

McCann & Roberts (1991).

The plant cell wall maintains and determines the shapes of plant cells, provides a physical
barrier for the defense against pathogens and environmental stresses, and plays fundamental roles
in plant growth and development (Underwood 2012). Furthermore, cell walls have great
economic importance for carbohydrate-based products such as paper, wood, dietary fiber, etc.
As a major source of plant biomass, plant cell walls have recently gained importance as a
resource that can be engineered for biofuel production (Pauly and Keegstra 2010; Burton and
Fincher 2014). The complex yet highly organized structure of plant cell walls requires a
significant dedication of the plant’s genomic resources: over 2000 genes in Arabidopsis (~15% of
the Arabidopsis genome) have been estimated to participate in plant cell wall biogenesis,
assembly, and modification (Carpita et al. 2001). Identification of key proteins/genes involved
in cell wall polysaccharide biosynthesis may enable researchers to produce modified cell walls

for applications in agriculture, pharmaceutical and nutraceutical industries.



Xylan Biosynthesis

Xylan structure

Xylans are the major hemicellulosic polysaccharides in grasses and trees and the third most
abundant polymer on earth after cellulose and chitin (Faik et al. 2014). Xylans consist of a
B-1,4-linked xylose (Xyl) backbone that may be substituted to varying degrees with side chains,
including glucuronic acid, 4-O-methylglucuronic acid and/or arabinose (Ebringerovaand Heinze
2000).

The backbone of dicot xylans are usually substituted with a-D-glucosyluronic acid (GlcpA)
or 4-O-methyl a-D-glucosyluronic acid (MeGlcpA) at the O-2 of xylose and are known as
glucuronoxylans (GX) (Figure 1.2A).  Grass xylans are frequently substituted with
a-L-arabinofuranose residues at O-2 or O-3, and sometimes can also be substituted with GlcpA
and MeGIcpA at O-2; these xylans are known as arabinoxylans (AX) and glucuronoarabinoxylans
(GAX), respectively (Figure 1.2 D). Another common feature of grass xylans is O-5
substitution of some arabinofuranosyl residues with ferulic acid esters (Figure 1.2 C), which can
be crossed-linked with lignin (Grabber 2005).

A glycosyl sequence with the structure [4-B-D-Xylp-1,4-B-D-Xylp-1,3-a-L-Rhap-
1,2-a-D-GalpA-1,4-D-Xyl] (Sequence 1; Figure 1.2 B) was found at the reducing end of xylans in
several dicots, including birch and Arabidopsis, and the gymnosperm, spruce (Picea) (Johansson
and Samuelson 1977; Andersson et al. 1983; Pena et al. 2007). This structure has not been
detected in seedless plants including Physcomitrella patens, Selaginella kraussiana, and
Equisetum hyemale or grasses (e.g., Panicum virgatum, Brachypodium, Oryza, Miscanthus and
foxtail millet) (Kulkarni et al. 2012b). This pattern suggests that Sequence 1 existed in the last
common ancestor of all extant seed plants. The absence of Sequence 1 in a few xylan-deficient
Arabidopsis mutants suggests a role for Sequence 1 in the initiation or termination of xylan

backbone elongation (Pena et al. 2007; York and O'Neill 2008).
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Figure 1.2. Xylan structures in land plants. Adapted from York and O’Neill, (2008).
(A) Glucuronoxylan (GX) typically found in dicots and gymnosperms. The xylosyl residues are
substituted with D-GIcA and 4-O-methyl-GIcA and can be acetylated to varying degrees at
0-3 or O-2 of xylose residues.
(B) The reducing-end glycosyl sequence 1 found in Arabidopsis, birch and spruce xylan.
(C) Feruloylated arabinoxylans produced by grasses.

(D) Glucuronoarabinoxylan (GAX) predominantly found in grasses



Xylan biosynthetic genes and enzymes

A number of biosynthetic enzymes involved in xylan synthesis have been identified, most of
which are from glycosyltransferase (GT) families. Table 1.1 below summarizes the proven and

putative proteins involved in xylan biosynthesis.

Table 1.1 Summary of proven and putative xylan biosynthesis enzymes.

CAZy family |GT names Activity Commeant Referances
:Eii |R|X_1 ?tL s Z;B_NA_]_ wved Brown et al_, 2007; Lee et al., 2007; Pena et
GT43 ol Wlosybm[:: erase "::0 VeI a1, 2007; Lee et al., 2010; Wu et al., 2010;
- Kylan backbone Syniesis. | oo et a1, 2012: Jensen etal 2014
IRX-14L B(14)XyIT IRXG-L, IRXT0-L IRX74-L and
GT47 IRX10/GUTZ2 Y IRX75-L are homologs of Brown et al., 2009; Wu et al., 2009
IRX-10L/GUTT IRX9,IRX10, IRX14 and Urbanowicz et al., 2014; Jensen et al_, 2014
IRX15 IRX15 which exhibit partial
NOT GT ) Brown et al., 2011; Jensen et al., 2011
IRX-15L functional redundancy.
IRX7/FRAS Possibly involved in the
GT47 Fan B(1-=3)-XyIT s nthes:i(s of xvian reducing end Shao et al., 2004, Brown et al., 2007, Lee et
s o e S" 1-? e g_t_ al., 2007; Pena et al., 2007; Kong et al.,
GTe Sha/atAlK eauencet, Lalaylic activiles 1 oo00: Lee et al., 2000: Hao et al., 2014
PARVUSIGATL|a-XyIT? have not been determined
GUX1 Overexpressed GUX1-4
aT8 GUX2 a(1-+2)-GluAT proteins in tobacco leaf cells or |Mortimer et al., 2010; Lee et al., 2012;
GLUX3 ai1-2)-meGIUAT  |BY2 cells exhibited xylan GIcAT |[Rennie et al., 2012
GUX4 activity
KAT1 XATT-RNAI resulted in large
a1-3)-AralT . ] g Anders et al., 2012
GTE1 XATZ2 reduction of a{1-+3)-Aral
XAX B(1=2)-XyIT Xylp-(1=2)-o-Araf substitution  |Chiniguy et al., 2012
O-methyl-transferase that
tal 4-0-methylation of
GXMT1 methyltransferase calalyzes ) m? via |0.n Urbanowicz et al., 2012
the glucuronic acid substituents
of xylan
Mot GT ESK1/TBL29
© ESK1/TBL29 is a xylan
RWA1 _|Lee etal., 2011; Manabe et al_, 2011;
RWAD o witranst O-acatyltransferase. Catalytic Manabe et al. 2013 Xi {2013
TACEIYANSIEIaSE) - ctivities for RWAT-4 have not | o ooe ot 8l 2313, Aong &4, 2915,
RWA3 ) Urbanowicz et al., 2014
been determined.
RWwWaAd

Backbone synthesis

Genetic studies in Arabidopsis have identified multiple genes that are involved in xylan
backbone synthesis, including IRX9, IRX10, IRX14 and their redundant homologs, IRX9-L,

IRX10-L and IRX14-L (Brown et al. 2007; Brown et al. 2009; Wu et al. 2009; Wu et al. 2010).
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The Arabidopsis double mutants irx9 irx9-l, irx10 irx10-1, and irx14 irx14-l, exhibit a more
severe dwarf mutant phenotype with reduced fertility and xylan content than most of the single
mutants, which exhibit either a mild or no mutant phenotype (Wu et al. 2009; Wu et al. 2010).
Microsomes isolated from transgenic tobacco BY2 cells that co-express IRX9 and IRX14 exhibit
increased xylosyltransferase activity compare to microsomes with the expression of IRX9 or
IRX14 alone (Lee et al. 2012b). Arabidopsis IRX10 protein heterologously expressed in Pichia
pastoris showed a low level of xylan xylosyltransfersase activity compared to its homolog from
the moss Physcomitrella patens, which displayed robust xylosyltransferase activity and formed
B-1,4 xylosidic linkage (Jensen et al. 2014). Arabidopsis IRX10-L protein expressed in human
embroyonic kidney (HEK) 293 cells exhibits xylosyltransferase activity by catalyzing the transfer
of xylosyl residues from UDP-Xyl to 2-aminobenzamide pB-(1,4)-xylohexaose (Xyls-2AB)
(Urbanowicz et al. 2014). However, IRX9 and IRX14 evaluated under the same assay
conditions did not catalyze the transfer of xylosyl residues to Xylg-2AB either alone or in
combination (Urbanowicz et al. 2014). These results suggest that IRX10 and IRX10-L are
xylosyltransferases, and that IRX9 and IRX14 are involved in some as yet undefined capacity
with xylan synthesis. Arabidopsis IRX10-L and Physcomitrella IRX10 are xylan
B-(1,4)-xylosyltransferases involved in the elongation of the xylan backbone. IRX9 and/or
IRX14 may function in xylan chain initiation or play structural roles by forming a xylan synthase
complex (Urbanowicz et al. 2014). IRX15 and IRX15-L proteins have also been shown to have
a role in xylan synthesis (Brown et al. 2011; Jensen et al. 2011). These two proteins contain a

Domain of Unknown Function (DUF)579, and they do not belong to GT families classified by
6



CAZy. The Arabidopsis double mutant irx15 irx-15I has irregular xylem vessels with ~35%

reduction of xylose content, and a lower degree of xylan polymerization. The biochemical

function of these genes in xylan biosynthesis remains unclear.

Reducing end Sequence 1 synthesis

As mentioned above, xylans in several dicots and gymnosperms have a unigue reducing end

sequence termed Sequence 1 (Figure 1.2 B). This glycosyl sequence is present in all of the

single and double mutants of irx9 irx9-l, irx10 irx10-l, irx14 irx14-1 and irx15 irx15-l (Brown et

al. 2007; Pena et al. 2007; Brown et al. 2009; Wu et al. 2009; Wu et al. 2010; Brown et al. 2011).

In contrast, Sequence 1 is absent in a number of other xylan-deficient mutants, including irx7/fra8,

gautl12/irx8 and parvus/gatl1, while these mutants retain in vitro xylan synthase activity (Brown

et al. 2007; Lee et al. 2007; Pena et al. 2007). IRX7/FRA8 and GAUT12/IRX8 have been

suggested to be a Rha-specific Xyl transferase and a a-(1—4)-GalA transferase, respectively, to

form the linkages of Xyl-Rha and GalA-Xyl in Sequence 1,while PARVUS/GATL1 has been

suggested to be an a-Xyl transferase that transfers the reducing-end Xyl to an unknown primer in

the endoplasmic reticulum (Scheller and Ulvskov 2010). It was hypothesized that Sequence 1 is

involved in controlling xylan backbone elongation either as a primer or as a terminator (York and

O'Neill 2008). Acting as a primer for the initiation of chain synthesis, Sequence 1 is proposed to

be synthesized, and the xylan chain is elongated by sequential addition of xylosyl residues to the

non-reducing end of Sequence 1. If Sequence 1 acts as a terminator, the xylan backbone is

elongated by the addition of the xylosyl residues to the reducing end, and this process is



terminated by transfer of the nascent polymer to Sequence 1 once the desired backbone chain

length is achieved (York and O'Neill 2008).

Side chain synthesis

Backbones of xylans are usually substituted with glucosyluronic acid (GlcpA),
4-0O-methyl-glucosyluronic acid (MeGIcpA) or arabinose. Thus, glucuronosyltransferases and
arabinofuranosyltransferases are important for xylan side chain synthesis. Four members from
the CAZy GT8 family, GUX1 to GUX4 (GlucUronic acid substitution of Xylan), have been
reported to be xylan glucuronosyltransferases required for the addition of GIcA and MeGIcA side
chains to the xylan backbone in Arabidopsis (Mortimer et al. 2010; Lee et al. 2012a; Rennie et al.
2012). The gux1 gux2 double mutant lacks almost all detectable GIcA substitution and shows a
loss of GICAT activity. The double mutant also has weaker stems compared to wild type plants
(Mortimer et al. 2010). The gux1 gux2 gux3 triple mutant shows a complete loss of GICcA and
MeGIcA side chains of xylan with reduced plant growth and secondary wall thickening, as well as
collapsed xylem vessels (Lee et al. 2012a). The GUX1, GUX2 and GUX3 proteins, when
expressed in tobacco BY?2 cells, exhibit xylan GICAT activity by catalyzing the addition of GICA
from UDP-GIcA onto xylooligomer acceptors (Lee et al. 2012a). Transiently overexpressed
GUX1, GUX2 and GUX4 proteins in Nicotiana benthamiana leaf cells showed increased GICAT
activity over background levels (Rennie et al. 2012). Recent analyses have shown that GUX1
and GUX2 decorate different domains of the xylan backbone with different patterns of [Me]GIcA

spacing: GUX1 substitutes the xylan backbone with [Me]GIcA at evenly spaced xylosyl residues,



mostly at intervals of 8 to 10 residues; while GUX2 substitutes the backbone more tightly with
the most frequent spacing of 5, 6 or 7 residues (Bromley et al. 2013). Grass xylans are
frequently substituted with a-(1,2)- and a-(1,3)-arabinofuranose residues. Two genes, XAT1 and
XAT2 from the CAZy GT61 family that are highly expressed in wheat endosperm play an
important role in arabinoxylan biosynthesis (Anders et al. 2012). The XAT1 RNAI construct in
which the XAT1 transcript was suppressed by 6- to 30- fold resulted in a large reduction of
a-(1,3)- arabinosyl substitution of xylan (Anders et al. 2012). Heterologous expression of wheat
XAT2 in the Arabidopsis guxl gux2 mutant plants led to arabinosylation of xylan, providing
evidence for gain-of-function of a-(1,3)-arabinosyltransferase activity (Anders et al. 2012).

An Arabidopsis protein AtGXMT1 which was previously classified as domain of unknown
function (DUF) 579 has been functionally characterized to be a methyltransferase that catalyzes
the 4-O-methylation of glucuronic acid substituents of xylan (Urbanowicz et al. 2012).
O-Acetyl groups are abundant substituents of the backbone of dicot xylans, yet little is known
about the process of xylan acetylation, which is thought to be catalyzed by O-acetyltransferases
(Gille and Pauly 2012). Genetic studies identified four Arabidopsis genes REDUCED WALL
ACETYLATION (RWA1-4) that function redundantly in cell wall acetylation (Lee et al. 2011,
Manabe et al. 2011; Manabe et al. 2013). Mutants lacking one or more RWA proteins exhibit a
reduction in the amount of acetylation of several cell wall polysaccharides including xylan,
xyloglucan, mannan and pectin. The Arabidopsis quadruple mutant rwal rwa2 rwa3 rwa4 also
displays a severe dwarf growth phenotype with reduced secondary wall thickness and stem

mechanical strength (Lee et al. 2011; Manabe et al. 2011; Manabe et al. 2013). TRICHOME
9



BIREFRINGENCE-LIKE29/ESKIMO1 (TBL29/ESK1) has been suggested to be a xylan or

mannan O-acetyltransferase as the mutation of this gene resulted in an overall ~60% reduction of

xylan O-acetylation and ~ 26% reduction of mannan acetylation (Xiong et al. 2013). A recent

study has demonstrated that TBL29/ESK1 is a xylan O-acetyl transferase rather than a mannan

O-acetyltransferase (Urbanowicz et al. 2014). TBL29/ESK1 expressed in HEK293 cells

exhibits O-acetyltransferase activity by catalyzing the transfer of O-acetyl groups from

acetyl-coenzyme A (acetyl-CoA) to Xyls-2AB residues, but not to Mans-2AB (Urbanowicz et al.

2014).

Pectin Biosynthesis

Pectin structure and function

Pectins are structurally complex plant cell wall polysaccharides that contain 1,4-linked

galacturonic acid (GalA) residues. GalA comprises roughly 70% of total cell wall pectin and is

a major component of the three major types of pectic polysaccharides: homogalacturonan (HG),

rhamnogalacturonan 1 (RG-I) and the substituted galacturonan, rhamnogalacturonan 1l (RG-II).

Pectin also includes two additional substituted galacturonans: apiogalacturonan (AGA) and

xylogalacturonan (XGA), which are less abundant, yet are still present in some plant cell walls.

Pectin is abundant in primary walls, comprising about 35% of the polysaccharides in the primary

walls of dicot and non-graminaceous monocots, 2-10% of the walls of grasses, and up to 5% of

the secondary walls in woody tissues (Mohnen 2008). Pectin is also a major component of the

middle lamella, which holds the primary walls of two adjacent plant cells together.  Pectins have

multiple roles in plants including promoting cell-cell adhesion (Ogawa et al. 2009), providing
10



structural support in primary walls (Hongo et al. 2012), influencing secondary wall formation in
woody tissues (Siedlecka et al. 2008; Roach et al. 2011; Hao et al. 2014), acting as a hydration
polymer to support seed growth (Willats et al. 2001), and providing a reservoir of oligosaccharide
signaling molecules (Ridley et al. 2001). Pectin, along with hemicelluloses and cellulose, is also

an important component of biomass for bioenergy and renewable biopolymers (Mohnen 2008).
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Figure 1.3. Representative structure of homogalacturonan.
(A) HG structure and modification.
(B) The “egg-box” model of calcium cross-linking of non-esterified HG. Adapted from

Caffall and Mohnen (2009).

The most abundant pectic polysaccharide is HG, a linear homopolymer of a-1,4-linked GalA

that comprises ~65% of pectin (Figure 1.3A). HG is partially methyl-esterified at the O-6
11



position and may also be partially O-acetylated at O-2 and O-3 (Mohnen 2008). Non-esterified
carboxyl groups of HG are negatively charged and may interact with Ca®* to form a stable
HG-calcium complex (Figure 1.3B). This structure is referred to as an “egg-box” and may form
the pectic gel, which is involved in control of cell wall porosity and holds adjacent cells together

(Willats et al. 2001).
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Figure 1.4. Structure of RG-IlI with its four side chains A-D. Adapted from Mohnen,

(2008).

RG-II is a branched galacturonan consisting of a short HG backbone (7-9 GalA residues)
substituted with side chains A-D (Figure 1.4). The four side branches consist of at least 12

different glycosyl residues in over 20 different glycosidic linkages. RG-IlI makes up ~10% of
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pectin, and is the most structurally complex pectin. Yet it is highly conserved across plant
species (O'Neill et al. 2004). RG-II exists in plants walls primarily as a dimer that is covalently
cross-linked by a borate diester between the apiosyl residues of side chain A (Ishii et al. 2001;
O'Neill et al. 2004). The borate cross-linked RG-1l dimer is required for plant growth and
development. The Arabidopsis mutant, murl, with reduced RG-II cross-linking exhibits a dwarf
phenotype with brittle stems, which can be rescued by spraying exogenous agueous borate

(O'Neill et al. 2001).
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Figure 1.5. Structure of RG-1 backbone and representative side chains. Adapted from Caffall

and Mohnen, (2009).

RG-I constitutes 20-35% of pectin and contains a disaccharide repeat backbone of
[4)-a-D-GalA-(1,2)-a-L-Rha-(1,]., in which 20-80% of the rhamnosyl residues are substituted at

0O-4 with side chains of arabinan, galactan, and/or arabinogalactan (Figure 1.5) (Willats et al.
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2001). The composition and length of RG-I side chains vary between cell types and in different
plant species, as shown by immunolabelling studies (Freshour et al. 1996; Guillemin et al. 2005).
As shown in Figure 1.5, the main types of side chains include a-1,5-linked L-arabinan with some
arabinose or arabinan branching at O-2 and O-3; B-1,4-linked D-galactan with some arabinan
branching at O-3; and B-1,3-linked D-galactan with B-6-linked galactan or arabinogalactan

branching (Caffall and Mohnen 2009).

RG-I XGA HG
Q) = - Aceric acid A =1 -Fucose @ =Kdo
() =0 -Apiose O =p-Galactose @ = -Rhamnose
Q - -Arabinose @ =i-Gelnioes 3 =0 -Xylose
O =Borate <D = Galacturonic acid = Aoyl roome

= ic aci = Methyl groups
. =D-Dha Q = Glucuronic acid - vl group Current Opinion in Plant Biology

Figure 1.6. Schematic structure of pectin shows the connections between four different types
of pectic polysaccharides HG, RG-I, RG-II, and XGA through their backbones. The HG
and RG-lI domains should be increased by ~12.5 fold and ~2.5-fold, respectively, to
approximate the estimated actual amounts of these polymers in the wall. Adapted from

Mohnen (2008).
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In the wall, pectic polysaccharides form a gel-like matrix network via both non-covalent and
covalent interactions, which is coextensive with the load-bearing cellulose-hemicellulose network.
The backbone of pectic polysaccharides are believed to be covalently linked to each other (Figure
1.6), as harsh chemical treatment or endopolygalacturonase (EPG) digestion is required to isolate
HG, RG-1 and RG-II from each other and release them from the wall (Caffall and Mohnen 2009).
The covalent linkages via the backbones between HG and RG-Il, HG and XGA, and HG and
RG-1 have been demonstrated (Ishii and Matsunaga 2001; Nakamura et al. 2002; Coenen et al.
2007). Pectic polysaccharides may also be cross-linked to other wall components, such as xylan
(Nakamura et al. 2002), xyloglucan (Popper and Fry 2005), phenolic compounds (Laine et al.
2004) and wall proteins (Caffall and Mohnen 2009; Tan et al. 2013), which add to the structural
and functional complexity of pectic polysaccharides.

Pectin biosynthetic genes and enzymes

Pectins are the most complex plant cell wall polysaccharides and at least 67 different
transferases are estimated to be involved in pectin biosynthesis, including glycosyltransferases
(GTs), methyltransferases (MTs), and acetyltransferases (Mohnen 2008). A number of putative
pectin biosynthetic glycosyltransferases have been identified from biochemical and genetic
studies. These genes include: ARAD1, which is believed to be involved in the synthesis of
arabinan side chains of RG-l as an a-arabinosyltransferase (Harholt et al. 2006); NpGUT1
encoding a putative glucuronosyltransferase in RG-I1 side chain A biosynthesis in tobacco (Iwai
et al. 2002); QUASIMODO1 (QUAL/GAUTS) encoding a putative galacturonosyltransferase, the

mutation of which results in a dwarf phenotype with reduced cell to cell adhesion and a 25%
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reduction in the amount of GalA in leaves (Bouton et al. 2002; Orfila et al. 2005);
QUASIMODQO?2 encoding a putative methyltransferase that affects cell adhesion and HG
synthesis (Krupkova et al. 2007; Mouille et al. 2007); QUASIMODO3 encoding a putative
methyltransferase involved in controlling pectin methylation and cell wall biosynthesis in
Arabidopsis suspension cell cultures (Miao et al. 2011); and CGRS3, encoding a putative
methyltransferase involved in HG methylesterification (Held et al. 2011). Characterization of
mutants of GAUT12/IRX8 and PARVUS/AtGATL1 suggest a possible role of these two genes in
the synthesis of a sub-fraction of pectin (Persson et al. 2007; Hao et al. 2014) and/or as a putative
a-1,4-GalAT that participates in the synthesis of the GalA-containing tetrasaccharide sequence
located at the reducing end of some xylans (Pena et al. 2007). However, confirmation of
enzyme activity of these putative transferases is still required.

So far, enzymatic activity has been demonstrated biochemically for only seven transferases
involved in pectin biosynthesis including: GAUT1 from CAZy (Cantarel et al. 2009) family GT8
is involved in HG synthesis as a (1,4)-a-D-galacturonosyltransferase (Sterling et al. 2006); four
genes from GT77, RGXT1l, RGXT2, RGXT3 and RGXT4/MGP4, that encode
(1,3)-a-D-xylosyltransferases involved in the synthesis of side chain A of RG-II (Egelund et al.
2006; Egelund et al. 2008; Liu et al. 2011); XGD from GT47 that participates in the synthesis of
XGA as B-(1,3)-xylosyltransferase (Jensen et al. 2008); GALS1 from GT92 that encodes a
B-(1,4)-galactosyltransferase involved in the synthesis of B-(1,4)-galactan side chains of RG-I

(Liwanag et al. 2012).
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Arabidopsis GAUT1-related gene family

GAUT1 is the first identified galacturonosyltransferase (GalAT) that was functionally
determined to be involved in pectin synthesis. It specifically catalyzes the transfer of GalA from
UDP-GalA onto a growing stretch of HG (Sterling et al. 2006). Blast analysis of the GAUT1
coding sequence against the Arabidopsis genome identified 24 additional genes with high
sequence similarity to GAUTI. These genes include 14 additional GAUT genes
(GAUT2-GAUT15) in Arabidopsis with 36-68% amino acid sequence identity and 56-84%
sequence similarity to GAUTL1. The remaining 10 genes have reduced sequence identity and
similarity to GAUT1 (23-29% identity and 42-53% similarity), and are named the GAUT1-Like
(GATL) genes (Sterling et al. 2006). The 15 GAUT genes encode proteins predicted to be 61 to
78 KD, and most GAUT proteins are predicted to be type Il transmembrane proteins with variable
N-terminal sequences. In contrast, the 10 GATL genes encode 39-44 KD proteins with
N-terminal signal peptides but no apparent transmembrane domain (Sterling et al. 2006; Kong et
al. 2011). All 25 Arabidopsis genes were suggested to represent putative GalATs and have been
grouped into a GAUT1-related gene superfamily (Figure 1.7). All the GAUT proteins and their
orthologs share the GAUT family motif (H-x(2)-[ILV]-x-[ST]-D-N-[IV]-[IL]-A-[ASTV]-S-V-V-
[AIV]-x-S-x-[AIV]-X(2)-[AS]-X(2)-[PS]-X(3)-V-[FL]-H-[ILV]-[ILV]-T-[DN]-x(2)-[NST]-x(2)-
[AGP]-[IM]-x(3)-F); while the GATL motif [IV]-F-[AGS]-G-x-[IV]-x-[AP] -[IV]-[DENS]-H
-[QR]-W-N-Q-H-G-L-G-G-D-N-[FILV]-x-[GS]-x-C-R is shared by the 10 Arabidopsis GATLs
and their orthologs (Sterling et al. 2006). The conserved DxD motif identified in diverse GT

families is also shared between GAUTSs and GATLs (Sterling et al. 2006; Yin et al. 2010) .
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Figure 1.7. The GAUT1-related gene family in Arabidopsis. The phylogenetic tree is

constructed using Bayesian analysis (Sterling et al. 2006).

Detailed phylogenetic analysis of 378 plant GT8 proteins from 15 genomes categorized the
GAUTSs, GATLs and a lower plant specific GAUT and GATL-related (GATR) subfamily into
plant cell wall synthesis-related proteins (class 1) in the GT8 family, which are distinct from the
galactinol synthase (GolS) and plant glycogenin-like starch initiation protein (PGSIP) clades
(class I1) and from the bacterial GT8 proteins (class I1ll) (Yin et al. 2010). Orthologs of
Arabidopsis GAUT and GATL family members have been identified in all 9 land plant species
analyzed at the time of the phylogenetic study, including the moss Physcomitrella patens and the
spike moss Selaginella moellendorffii, yet are not present in any of the 6 green algae species

examined (Yin et al. 2010). One green algal protein from Ostreococcus lucimarinus was placed
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ancestral to the GAUT and GATR clades, and a Synechococcus cyanobacterial protein was

identified to be a putative progenitor for all GAUTs and GATLs. These results suggest that the

GAUT, GATL and GATR clades may have an early evolutionary divergence from the other plant

GT8 members that have other distinct functions.

Function of GAUT proteins

GAUT genes are expressed in all tissues in Arabidopsis examined to date using RT-PCR,

with the exception of GAUT2, which was suggested to be a pseudogene (Caffall et al. 2009).

Proteomic analysis of the trypsin-digested, HG:GalAT-enriched solubilized protein fraction from

Arabidopsis suspension culture cells revealed two putative glycosyltransferases, GAUT1

(At3g61130) and GAUT7 (At2g38650). However, only GAUT1 has been functionally

demonstrated as a HG:GalAT when transiently expressed in human embryonic kidney (HEK)

cells (Sterling et al. 2006). Although no GalAT activity was detected for heterologously

expressed GAUT7, GAUT7 functions to anchor GAUT1 in the Golgi, and the

immunoprecipitated GAUT1.GAUT7 complex shows HG:GalAT activity, confirming that

GAUTT is part of a GAUT1:GAUT7 complex and is involved in HG biosynthesis (Atmodjo et al.

2011).

Analysis of cell walls isolated from 26 Arabidopsis homozygous transfer DNA (T-DNA)

mutants lines representing 13 GAUT genes demonstrated that eight gaut mutants (atgaut6,

atgaut8, atgaut9, atgautl0, atgautll, atgautl?, atgautl3 and atgautl4) have significant changes

in mol% levels of GalA, Xyl, Rha, Gal or Ara compared to wide-type plants (Caffall et al. 2009).

These results suggest that these GAUTSs are involved in pectin and/or xylan biosynthesis.
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Homozygous mutant lines for GAUT1 and GAUT4 have not been recovered, suggesting that these
two genes may encode proteins that are essential for plant growth and development (Caffall et al.
2009). Despite the changes in cell wall compositions, only a few mutants exhibit easily
distinguishable growth phenotypes from wide-type. Plants carry a mutation in the
QUA1/GAUTS (Bouton et al. 2002; Orfila et al. 2005) and IRX8/GAUT12 (Persson et al. 2007;
Pena et al. 2007; Hao et al. 2014) genes show growth defects such as dwarfism and reduced
fertility. atgaut8 (qual-1) mutants show defects in cell-cell adhesion and have reduced GalA
and Xyl content in the cell wall, and qual-1 mutant stem microsomal membrane protein
preparations show a ~30% reduction in HG:GalAT activity and a 40% reduction in B-1,4-xylan
synthase activity (Orfila et al. 2005), suggesting that GAUTS8 is involved in pectin and/or xylan
synthesis.  atgaut12/irx8 mutants exhibit a collapsed xylem phenotype as observed by
histochemical analyses (Brown et al. 2005). Glycosyl residue- and linkage-composition
analyses of atgaut12/irx8 mutant walls indicate reduced levels of GalA and reduced secondary
wall xylan content (Persson et al. 2007). Chemical studies of atgautl2 walls revealed the
absence of the pentasaccharide sequence [4-B-D-Xyl-1,4-3-D-Xyl-1,3-a-L-Rha- 1,2-a-D-GalA-
1,4-D-Xyl] that is present at the reducing end of the glucuronoxylan chains (Pena et al. 2007).
The mutation of GAUT12/IRX8 also causes anther indehiscence and leads to reduced amounts
and altered extractability of G lignin in Arabidopsis (Hao et al. 2014). However,
immunoabsorbed GAUT12 does not have GAUT1-like HG:GalAT activity as demonstrated by
enzymatic activity assays (Hao et al. 2014). These results suggest that GAUT12 may participate

in xylan synthesis by adding GalA residues onto the xylan reducing end sequence, or may be
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involved in the synthesis of a specific sub-domain of HG required for xylan and lignin deposition
in secondary walls (Pena et al. 2007; Persson et al. 2007; Tan et al. 2013; Hao et al. 2014). Cell
walls of atgaut6, atgaut9, atgautl0, and atgautll mutants have significant reductions in GalA,
suggesting a role for these genes in pectin synthesis in Arabidopsis. atgautll mutants also show
a seed mucilage phenotype as observed by ruthenium red staining, suggesting a possible role in
RG-I synthesis (Caffall et al. 2009). Cell walls of atgautl3 and atgautl4 mutants have
increased GalA and Gal content and reduced Xyl and Rha content compared to wild type walls,
suggesting a role for the proteins encoded by these genes in RG-I or xylan synthesis. However,
demonstration of the enzymatic activity is required to elucidate the biochemical function of these
GAUT proteins.
Function of GATL proteins

GATL proteins are smaller than GAUTSs and lack a trans-membrane domain that is found in
almost all GAUTs. Nonetheless, GATL proteins contain N-terminal signal peptides that direct
them to the secretory pathway (Kong et al. 2009; Kong et al. 2011). RT-PCR studies show that
most of the GATLs are expressed at various levels throughout the Arabidopsis plant, with the
exception of GATL4 which is expressed only in flowers (Kong et al. 2011). Each of the GATL
proteins shows a unique expression pattern along with some overlaps, as indicated by
promoter::S-glucuronidase expression studies (Kong et al. 2011). Subcellular localization
studies demonstrate that AtGATL1 is localized to both endoplasmic reticulum (ER) and Golgi,
and several other AtGATL proteins (AtGATL2, AtGATL3, AtGATL7, and AtGATLY) are

localized in the Golgi (Kong et al. 2009; Kong et al. 2011).
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Mutational studies have provided evidence for the involvement of GATL proteins in the
synthesis of xylans and/or pectins. The parvus/gatll mutants grown under low humidity
conditions exhibit severely dwarfed growth phenotype and have reduced anther dehiscence
leading to semi-sterility (Lao et al. 2003). Early glycosyl composition analyses of the
parvus/gatll mutant shows slight increases in Rha, Ara and Gal residues and decreased xylose
content compared to WT. Glycosyl linkage composition analysis shows that the ratio of 2- to
2,4-linked Rha residues is 2:1 in mutant leaves while the ratio is 1:1 in wild-type leaves,
indicating reduced levels of RG-I branching in the parvus/gatll mutant (Lao et al. 2003). Later
studies demonstrated that the parvus/gatll mutant plants display a collapsed xylem phenotype
with a significant decrease in xylose content of the cell walls and a drastic reduction of the
secondary walls thickness in xylem tissues (Brown et al. 2007; Lee et al. 2007; Kong et al. 2009).
Furthermore, the tetrasaccharide sequence [4-B-D-Xyl-1,3-a-L-Rha-1,2-0-D-GalA-1,4-D-Xyl]
present at the reducing end of xylan in wild-type plants is absent in the parvus/gatll mutant (Pena
et al. 2007). These results implicate GATLL1 in xylan and possibly pectin synthesis. Plants
carrying T-DNA insertions in three AtGATL genes, ATGATL3, ATGATL6 and ATGATL9 show
23.7%, 16.4% and 20.5% reduction in GalA content, respectively, suggesting that these GATLs
may encode putative GalATs involved in pectin synthesis (Kong et al. 2011). atgatl9 mutant
plants also exhibit defects in cell adhesion (Kong et al., unpublished results); this phenotype has
been previously observed in qual/gaut8 mutant plants (Bouton et al. 2002). Mutations in
AtGATLS5 result in a significant decrease in the synthesis of seed mucilage, and monosaccharide

composition analyses revealed a 34% and 40% reduction in Rha and GalA content in atgatl5-1
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mucilage (Kong et al. 2013). The Arabidopsis atgatl5 atgatl6 double mutants have an almost

complete absence of seed mucilage; however, the atgatl6 single mutant shows little if any defect

in mucilage synthesis (Kong et al., unpublished results). These results suggest a role for these

two genes in pectin, specifically RG-1 biosynthesis. Arabidopsis plants carrying single

mutations in the other GATL genes do not show easily identifiable morphological defects or cell

wall abnormalities, indicating that some functional redundancies may exist in the GATL gene

family.

The moss, Physcomitrella patens, as an experimental system for plant cell wall studies

The absence of functional characterization of most of the GATL proteins leaves open the

question of their roles in cell wall synthesis. Recent sequencing of the spike moss, Selaginella

moellendorffi, and the availability of the genome sequence of the moss, Physcomitrella patens,

gives new insight into the evolution of the GATL gene family (Figure 1.8). The phylogram

(Kong et al. 2011) shows a basal clade, GATL-g, that includes five GATLs from Physcomitrella

and one from Selaginella, and six clades of angiosperm GATLs. From lower plants to higher

plants, there is a sharp increase in the number of GATLSs, suggesting that GATLs have important

roles in plants as they colonized the terrestrial environment. The five Physcomitrella GATL

homologs and the one Selaginella GATL homolog are basal to all other angiosperms GATLs

included thus far in phylogenetic analyses, raising the possibility that they might also share one or

more similar functions with the AtGATLs. Physcomitrella contains only primary cell walls, and

its cell wall composition is comparable with that of vascular plants, making it an advantageous
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system for investigating cell wall biosynthesis and evolution.
Physcomitrella as a model system for plant cell wall studies include the ease of culture and
experimental manipulation (Cove 2005), the feasibility of gene targeting and the reduced gene

redundancy in multigene families (Rensing et al. 2002). The gene identifier information for the

five PpGATLs is given in Table 1.2 below.

Table 1.2. PpGATLs gene identifier information

PpGATLs | JGI model name in Figure 1.4 Protein IDs

PpGATL-A | Pp-estExt_Genewisel.C_1290049 XP 001770768.1
PpGATL-B | Pp-estExt_Genewisel.C_2810001 XP 001780550.1
PpGATL-C | Pp-fgeneshl_pg.scaffold_4000222 XP 001752454.1
PpGATL-D | Pp-e_gw1.43.57.1 XP 001760568.1
PpGATL-E | Pp-fgeneshl_pg.scaffold_229000012 XP 001777911.1
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Figure 1.8. Phylogenetic tree of 95 GATL proteins from 12 plant species whose genomes have
been sequenced. The GATL-g clade was selected as the outgroup to root the phylogeny (Kong

etal. 2011).
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Figure 1.9. Physcomitrella patens life cycle. Adapted from Menand et al. (2007) and Prigge and
Bezanilla (2010).

(A) A haploid spore arising from the diploid sporophyte through meiosis.

(B) Chloronemal and caulonemal cells.  Asterisks indicate the oblique cross wall of caulonemal

cells. Scale bar =100 pum.
(C) Leafy gametophores with rhizoids at the base indicated by the arrow.
(D) Female organ (archegonia, arrows), and male organ (antheridia, arrowheads) form at the apex of
the gametophores.

(E) Sporophyte (marked with a bracket) develops at the apex of the gametophore.
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The life cycle of Physcomitrella

The moss Physcomitrella patens is a member of the bryophyte family (liverworts, mosses

and hornworts). The life cycle of Physcomitrella (Figure 1.9) comprises an alternation of two

generations that is typical of all mosses and vascular plants: a haploid gametophyte and a diploid

sporophyte. ~ The haploid gametophyte generation is the predominant phase of the

Physcomitrella life cycle. Haploid spores produced by a diploid sporophyte develop into

filamentous protonema. The protonema are differentiated into two types of cells: chloronemal

cells with many fully developed chloroplasts, and the fast growing caulonemal cells that contain

fewer less-developed plastids and have oblique cell walls (Prigge and Bezanilla 2010). Both

types of cells expand by tip growth through the elongation and division of the apical and

sub-apical cells to form side branches (Menand et al. 2007).  As the plant continues to grow and

becomes mature, some side branch initial cells can differentiate into buds, which ultimately

develop into leafy shoots termed adult gametophores. Gametophores comprise of stems, leaves,

axillary hairs and rhizoids, and both male (antheridia) and female (archegonia) sexual organs can

form at the top of a single gametophore, which ultimately give rise to the diploid sporophyte.

Experimental methods and tools to study Physcomitrella

Gene targeting in Physcomitrella

Unlike all other land plants tested so far, the moss Physcomitrella patens exhibits a very high

rate of homologous recombination in its nuclear DNA. Foreign DNA harboring a homologous

sequence can be stably integrated into the corresponding genomic locus at frequencies up to
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100% (Schaefer and Zryd 1997; Schaefer 2001; Kamisugi et al. 2005; Cove 2005), whereas in
flowering plants, the observed rate for homologous recombination events barely reaches 10~
(Mengiste and Paszkowski 1999; Britt and May 2003). This unique feature of Physcomitrella
enables gene targeting studies to be performed to replace the coding sequence of a selected gene
with suitable gene disruption constructs (Figure 1.10 A). A number of Physcomitrella genes
have been successfully disrupted by targeted gene knockout resulting in a mutant phenotype that
reveals the biological function of the disrupted gene (Strepp et al. 1998; Girod et al. 1999;
Imaizumi et al. 2002; Olsson et al. 2003; Mittmann et al. 2004; Lee et al. 2005a; Thelander et al.
2007; Martin et al. 2009; Wu et al. 2011; Buda et al. 2013). In addition to targeted knockout
lines, targeted knock-in lines can also be generated by transformation with replacement vectors
carrying transcriptional and/or translational fusions of moss genomic sequence with reporter
genes such as B-glucuronidase (GUS) or green fluorescent protein (GFP) for spatial and temporal
gene expression studies (Figure 1.10 B).
RNAI in Physcomitrella

For genes belonging to a large gene family, whose members may possess redundant
functions, multiple knockouts may need to be generated in order to observe a mutant phenotype,
which is time consuming and labor intensive. Knockout strategies are not applicable if the
gene(s) under investigation have essential functions, and the disruption of such genes leads to
lethal knockouts which cannot be recovered. In the above two cases, gene function can be
analyzed by gene silencing via RNA interference (RNAI) instead of targeted gene knockout

(Bezanilla et al. 2003). Bezanilla et al. developed a rapid RNAI system incorporating a nuclear
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localized GFP:GUS fusion reporter protein as a marker for active gene silencing in transient

assays. RNAI induced phenotypes can be observed in transgenic lines as early as 24 hours and

as long as approximately 4 weeks after transformation (Bezanilla et al. 2005). By incorporation

of conserved regions of sequence from different members of a gene family into a single RNAI

construct, this approach allows the simultaneous silencing of all family members (Vidali et al.

2007; Vidali et al. 2009). Gene knockdown by artificial microRNAs in Physcomitrella has also

been successfully performed, which can produce stable transgenic plants for studies of later

growth stages (leafy gametophores and sporophytes, etc.) (Khraiwesh et al. 2008).

Physcomitrella transformation methods

The most commonly used technique for transformation of Physcomitrella is the polyethylene

glycol (PEG)-mediated transformation of protoplasts (Schaefer et al. 1991). Protoplasts are

isolated using the enzyme mixture Driselase for cell wall digestion of 6-day-old protonemal tissue

(Grimsley et al. 1977). Freshly isolated protoplasts are counted and the density is estimated

using a haemocytometer (Figure 1.11); intact protoplasts are round with their chloroplasts pressed

against the plasma membrane. PEG functions to stabilize the protoplasts and to enclose the

DNA to enable it pass through the cell membrane. After transformation, the protoplasts can

develop a new cell wall and regenerate into protonemal tissue in the presence of an osmotically

controlled medium. Transformed plants that survive after two rounds of antibiotic selection are

considered to be stable transformants (Cove et al. 2009). The PEG-mediated transformation is

highly efficient and can be easily performed in any standard laboratory with a sterile hood (Liu

and Vidali 2011). However, it requires a lot of DNA (routinely 20 pg per transformation) and a
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large amount of plant tissue and protoplast manipulation under scrupulously sterile conditions

(Smidkova et al. 2010).

targeted knockout

—_b——

e.g. gene disruption

targeted knockin

e.g. protein fusion

Figure 1.10. Targeted knockout and knock-in strategies in Physcomitrella. Adapted from
Strotbek et al. (2013).
(A) knockout of the coding sequence of a gene.

(B) knock-in of a reporter gene to form a fusion protein with a targeted gene.
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Figure 1.11. View of freshly isolated protoplasts in haemocytometer. Intact protoplasts are

round and green with the presence of chloroplasts.  Scale bar = 100um.

An alternative method widely used for transformation of plant cells is particle bombardment
which directly delivers DNA biolistically into plant tissues (Klein et al. 1988). This technique is
also applicable for the transformation of Physcomitrella by shooting the DNA onto protonemal
tissue (Sawahel et al. 1992; Cho et al. 1999). Compared to PEG-mediated transformation, the
biolistic transformation requires less DNA and can result in higher transformation efficiencies
(Cho et al. 1999; Smidkova et al. 2010). However, this technique requires specialized devices
such as gene guns, which are not readily available to many laboratories (Liu and Vidali 2011).

Agrobacterium-mediated transformation is another widely used method for the genetic
transformation of seed plants (Valvekens et al. 1988; Tsai et al. 1994; Hiei et al. 1994; Clough and
Bent 1998). Agroabacterium tumefaciens can transfer foreign DNA into plant cells by infecting

the plant through its Ti plasmid, resulting in the random integration of the DNA into the plant
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genome (Deblaere et al. 1985). Physcomitrella was considered to be not amenable to

Agrobacterium infection previously. Yet recently new virulent strains of A. tumefaciens have been

used successfully for the transformation of Physcomitrella (Cove 2005). Agrobacterium-mediated

transformation may generate stable transformed plants at higher rates than the above two

described methods. However, so far, there are no published data available on the generation of

stable T-DNA integration mutants in Physcomitrella.

Physcomitrella cell wall

The simple morphology, the availability of a sequenced and assembled genome, and the ease

of conducting targeted gene knockout makes Physcomitrella an attractive system for genetic and

physiological studies. It is also an ideal model for comparative studies of the evolution of plant

gene function by virtue of its basal position in land plant phylogeny (Rensing et al. 2008).

Physcomitrella offers a well-established genetic system for the study of plant cell wall

biosynthesis genes with the potential to provide insight into evolutionary aspects of plant cell

walls.

Physcomitrella cell wall composition and structure

Evolution of plants over millions of years has resulted in increasing diversity and complexity

in cell wall components, structures and functions. Considerable similarities, yet subtle

differences exist between angiosperm and bryophyte cell walls. Similar to vascular plants primary

walls, Physcomitrella cell walls contain almost all non-lignin cell wall components including

cellulose, hemicelluloses, pectins and arabinogalactan proteins (AGPs), but in different
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proportions (Lee et al. 2005a; Liepman et al. 2007; Fu et al. 2007; Moller et al. 2007; Pena et al.
2008). The side chain composition and structure of these cell wall components also differ
between vascular plants and Physcomitrella. For example, detailed structural analysis of
xyloglucans revealed that Physcomitrella synthesize XXGGG- type xyloglucans, with side chains
containing a GalA and a branched xylosyl residue, which appears to be a unique structure of moss
xyloglucans (Pena et al. 2008). Xylans are major polysaccharides in secondary cell walls in
vascular plants, and cell walls of vascular plants have significantly more xylans than bryophytes
as shown by immunolabeling and chemical analyses (Popper and Fry 2003; Carafa et al. 2005).
The cell walls of Physcomitrella contain glucuronoxylans with a 1,4-linked -D-xylan backbone
and a-D-glucosyluronic acid side chains that are structurally similar to glucuronoxylans produced
by vascular plants (Kulkarni et al. 2012b). However, in contrast to vascular plants, neither
4-0-methyl-a-D-glucosyluronic acid side chains nor the conserved reducing end oligosaccharide
sequence characteristic of seed plant xylans have been detected in Physcomitrella xylan

(Johansson and Samuelson 1977; Ebringerovaand Heinze 2000; Kulkarni et al. 2012b).

Phylogenetic analysis of Physcomitrella genes potentially involved in cell wall biosynthesis

The genomes of Physcomitrella and vascular plants encode the same families of cell wall
glycosyltransferases, which may have diversified and specialized independently in each lineage.
The Physcomitrella genome includes ten Cellulose Synthase genes (PpCESAl - PpCESA10),
among which three are pseudogenes (PpCESALl, PpCESA2, and PpCESA9) (Roberts and

Bushoven 2007; Yin et al. 2009; Wise et al. 2011). PpCESAS5 is required for leafy gametophore
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morphogenesis as demonstrated by targeted mutagenesis studies (Goss et al. 2012). PpCESA6
and PpCESAY single knockouts have no morphological phenotype, while the ppcesa6 ppcesa?
double knockout mutant line has shorter leafy gametophores, indicating that these two genes may
play a similar role in cellulose biosynthesis with redundant functions (Wise et al. 2011). The
generation and characterization of additional Physcomitrella PpCESA knockout mutants will be
required to fully understand CESA diversification and functional specialization in Physcomitrella.
The Physcomitrella genome contains putative homologs of the Arabidopsis xyloglucan
xylosyltransferases XXT1 and XXT2, which catalyze the transfer of Xyl from UDP-Xyl to the
glucan backbone of xyloglucan (Cavalier and Keegstra 2006). Homologs of the galactosyl
transferases MUR3 and GT18 have also been identified in the Physcomitrella genome; the
proteins encoded by these genes may be involved in the biosynthesis of xyloglucan side chains
(Pena et al. 2008). Members from the CSLA gene family have been show previously to encode
glucomannan synthase enzymes that make the -1,4-linked backbones of mannans (Dhugga et al.
2004; Liepman et al. 2005; Suzuki et al. 2006). Three CSLA genes have been identified in the
Physcomitrella genome and at least two of them catalyze f-1,4-mannan and glucomannan
synthase reactions as shown by heterologous expression in insect cells, indicating the conserved
enzymatic function of CSLA proteins across major land plant lineages (Liepman et al. 2007).
Xylan has been detected in Physcomitrella leaf cells and axillary hairs by immunolabeling
(Kulkarni et al. 2012b). The Physcomitrella genome contains homologs of all of the
Arabidopsis glycosyltransferases that are possibly involved in xylan backbone biosynthesis,

including IRX9, IRX10 and IRX14 (Hornblad et al. 2013). The Physcomitrella IRX10 protein
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(PpGT47A) can partially rescue morphological abnormalities in the Arabidopsis irx10 irx10-I
double mutant (increased inflorescence stems and rosette diameters), yet the Physcomitrella
ppgt47a knockout lines do not display any identifiable defects (Hornblad et al. 2013).  Therefore,
the PpGT47A shares some function with the homologous Arabidopsis proteins. However, it is
not essential for normal growth and development in Physcomitrella. The Physcomitrella
genome also contains homologs of IRX8/GAUT12 (Yin et al. 2010), IRX7/FRA8(Kulkarni et al.
2012b), and GUX1 and GUX2 (Harholt et al. 2012). Since xylan shows only a very limited
presence in Physcomitrella by immunological and biochemical analyses (Moller et al. 2007;
Kulkarni et al. 2012b), additional targeted knockout studies will be required to fully understand
the functional diversity of these genes from an evolutionary view.

Desterified pectin and RG-I have been detected by immunolabeling in leaves and shoot-axes
of Physcomitrella (Kulkarni et al. 2012b), and have been previously detected in Phycomitrella
cell walls by comprehensive microarray polymer profiling (CoMPP) and sugar linkage analysis
(Moller et al. 2007). A recent phylogenetic analysis of pectin-related gene families in
Physcomitrella showed that the Physcomitrella genome contains at least one member in 12 out of
16 gene families associated with pectin biosynthesis; although the total number of pectin-related
gene family members in Physcomitrella is much lower compared to that in Arabidopsis
(MccCarthy et al. 2014). No Physcomitrella homologs have been detected for xylogalacturonan
xylosyltransferase, rhamnogalacturonan | arabinosyltransferase, pectin methylesterase inhibitor,
or polygalacturonase inhibitor protein families (McCarthy et al. 2014). The Physcomitrella

genome encodes 9 members of the GAUTSs and 5 members of the GATLs (Yin et al. 2010).
35



However, to date, no complementation studies of Arabidopsis pectin mutants with homologous
Physcomitrella genes have been reported, and no targeted knockout studies of pectin-related
genes in Phycomitrella have been carried out. The demonstration that PpGATL-A can
complement the Arabidopsis parvus/gatll mutation described in this thesis (Chapter 2) is the first
report of conserved functionality of a pectin-related gene across large phylogenetic distance in the
plant kingdom. Furthermore, the isolation and characterization of ppgatl-a described in this
dissertation (Chapter 3) is the very first study to generate galacturonosyltransferase-related

gene knockout mutants in Physcomitrella.

Overview of Dissertation

The overall goal of this dissertation was to use the moss Physcomitrella patens to investigate
the function of the five putative PpGATL glycosyltransferases and to identify their role(s) in plant
cell wall biosynthesis.

Chapter 2 describes the cloning and characterization of a moss glycosyltransferase gene,
PpGATL-A, which is a functional ortholog to PARVUS/AtGATLL in Arabidopsis. Expression
studies by quantitative real time PCR demonstrate that all five PpGATLs genes are expressed in
Physcomitrella tissues at different levels.  Subcellular localization studies show that
PpGATL-A is a Golgi localized protein. Overexpression of PpGATL-A in the Arabidopsis
parvus mutant rescues the defects conferred by the parvus mutation, including changes in plant
growth and tissue morphology, collapsed xylem, and decreased xylose content based on cell wall

monosaccharide composition.
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Chapter 3 describes the generation of a ppgatl-a targeted knockout mutant in Physcomitrella,
and characterization of the knockout mutant lines shows that PpGATL-A is required for leafy
gametophore development. Promoter::-glucuronidase expression studies show that PpGATL-A
is expressed at the base of leaves in the apical region of the Physcomitrella leafy gametophores,
while PpGATL-C and PpGATL-E exhibit overlapping and distinct expression patterns compared
to PpGATL-A. Monosaccharide composition analysis and glycome profiling of cell walls
fractions of the ppgatl-a mutants reveal changes in cell wall monosaccharide composition as well
as the alteration of epitope extractability patterns, which resemble characteristics of wild type
protonema cell walls.

Chapter 4 is a summary chapter which discusses data presented in previous chapters and

summarizes major conclusions.  Future research work is also proposed at the end of this chapter.
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CHAPTER 2

A MOSS GLYCOSYLTRANSFERASE GENE IS AFUNCTIONAL ORTHOLOG TO

PARVUS/ATGATL1 IN ARABIDOPSIS THALIANA

Yiwen Yang, Utku Avci, Sivakumar Pattathil and Michael G. Hahn. To be submitted to

Molecular Plant or Plant Physiology.

38



Abstract

The Arabidopsis gene, PARVUS/AtGATLL, belongs to the Galacturonosyl-transferase-Like

(GATL) gene family, which is part of CAZy Family GT8. PARVUS/AtGATL1 has been

associated previously with secondary wall xylan synthesis and possibly pectin synthesis in

Arabidopsis. Homozygous parvus/gatll mutants are semi-sterile and exhibit a dwarf growth

phenotype with collapsed xylem. Cell walls of parvus/gatll show significant reductions in

xylose content compared with wild-type cell walls. However, the phenotype of the

parvus/AtGATL1 mutant is complex, with many character traits affected, including both primary

wall and secondary wall defects, which complicates the characterization of AtGATL1 gene

function. The availability of the genome sequence for the moss, Physcomitrella patens,

provides a basis for investigating the evolution of the GATL gene family and its function(s) in cell

wall biosynthesis. Physcomitrella contains only primary cell walls, and its cell wall composition

is comparable with that of vascular plants, making it an advantageous system for investigating

cell wall biosynthesis and evolution. Phylogenetic analyses of Family GT8 glycosyltransferase

sequences from the Physcomitrella genome have identified five orthologs (PpGATL-A,B,C,D,E)

to AtGATLs that all lie basal to vascular plant GATLs. Expression studies by Quantitative

RT-PCR demonstrate that all five PpGATLs genes are expressed in Physcomitrella tissues at

different levels. Subcellular localization studies show that PpGATL-A is a Golgi localized

protein. Overexpression of PpGATL-A in the Arabidopsis parvus mutant rescues the defects

conferred by the parvus mutation, including changes in plant growth and tissue morphology,

collapsed xylem, the decreased xylose content based on cell wall monosaccharide composition,
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and the altered overall cell wall structure as indicated by altered epitope extractability patterns.
These findings suggest that PpGATL-A is a functional ortholog of PARVUS/GATL1 and at least

one basic function of GATLSs is conserved in highly divergent land plants.

Introduction

The plant cell wall is a complicated polysaccharide-rich network, composed of a variety of
polymers, primarily cellulose, hemicelluloses and pectins. Evolution of plants over millions of
years has resulted in increasing diversity and complexity in cell wall components, structures and
functions. Current understanding of cell wall evolutionary changes is very limited since our
knowledge of cell wall biosynthesis and function are mainly derived from studies on a few
angiosperms species. Recently, however, there has been growing interest in the cell walls of
non-angiosperms such as algae, bryophytes and lycophytes (Matsunaga et al. 2004; Carafa et al.
2005; Van Sandt et al. 2006; Van Sandt et al. 2007; Pena et al. 2008; Kulkarni et al. 2012b).
Studies have shown that members of the charophycean green algae and land plants, which shared
a common ancestor 725 to 1,200 million years ago (Becker and Marin 2009), have many cell wall
components in common, including polysaccharides, glycoproteins and lignin (Popper and Tuohy
2010; Popper et al. 2011; Sorensen et al. 2011). However, algal cell walls also exhibit enormous
cell wall compositional variation and structural diversity compared to land plant cell walls, and
some key changes appear to have accompanied major evolutionary events such as the
colonization of terrestrial habitats and vascularization as indicated by phylogenetic analyses

(Popper et al. 2011).
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The increasing use of the moss Physcomitrella patens as a model for investigating vascular
plant cell wall structure and biosynthesis also demands more complete knowledge of bryophyte
walls (Lee et al. 2005b). Recent analyses using a diversity of approaches based on enzymatic
digestion, glycosyl residue and glycosyl linkage analysis, and immunolocalization of
polysaccharide epitopes indicate that considerable similarities with subtle differences exist
between the cell wall components of angiosperms and bryophytes (Popper and Fry 2003; Lee et
al. 2005a; Moller et al. 2007; Pena et al. 2008; Kulkarni et al. 2012b). The cell walls of
Physcomitrella and vascular plants are composed of the same types of polysaccharides, though in
different proportions. Cellulose, hemicelluloses (including xylan, xyloglucan and mannan), and
pectins [including homogalacturonan (HG) and rhamnogalacturonan I(RG-1)], have been detected
in Physcomitrella cell walls by biochemical methods and immunological and/or affinity
approaches using glycan-directed monoclonal antibodies and carbohydrate binding modules
(Moller et al. 2007; Pena et al. 2008; Kulkarni et al. 2012b).

To date, little is known about the evolutionary relationship between the genes involved in the
biosynthesis of cell wall components among different plant lineages. However, it could be
expected that some cell wall-related genes (e.g., glycosyltransferases) are conserved between
non-vascular and vascular plants, as these plants have at least some cell wall characteristics in
common (e.g., polysaccharides). Such conserved gene functions could arise from conservation
of function via a shared common ancestor and/or convergent evolution (Popper and Tuohy 2010).

Pectins are the most complex plant cell wall polysaccharides structurally and at least 67

different GTs are required for pectin biosynthesis (Mohnen 2008; Atmodjo et al. 2013). A
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number of putative pectin biosynthetic glycosyltransferases (GTs) have been identified from

biochemical and genetic studies; however, the enzymatic activity has been biochemically

demonstrated for only seven of them. These include four genes from CAZy (Cantarel et al.

2009) family GT77, RGXT1, RGXT2, RGXT3 and RGXT4/MGP4, which appear to encode

(1,3)-a-D-xylosyltransferases involved in the synthesis of side chain A of rhamnogalacturonan Il

(RG-II) (Egelund et al. 2006; Egelund et al. 2008; Liu et al. 2011); the GAUT1 gene from family

GT8, which encodes a (1,4)-a-D-galacturonosyltransferase involved in HG synthesis (Sterling et

al. 2006); XGD from family GT47, which participates in the synthesis of xylogalacturonan (XGA)

as a B-(1,3)-xylosyltransferase (Jensen et al. 2008); and GALS1 from family GT92, which

encodes a B-(1,4)-galactosyltransferase involved in the synthesis of (-(1,4)-galactan side chains

of RG-I (Liwanag et al. 2012).

GAUTL is the first identified galacturonosyltransferase (GalAT) that has been functionally

determined to be involved in pectin synthesis. Comparison of GAUT1 gene sequence against all

genes in the Arabidopsis genome identified 24 additional genes with high sequence similarity to

GAUT1. All 25 Arabidopsis genes were suggested to represent putative GalATs and have been

grouped into a GAUT1-related gene superfamily, including 15 GAUT genes and 10 GATL

(GAUT-Like) genes. Analysis of cell walls isolated from Arabidopsis homologous transfer

DNA (T-DNA) mutants demonstrated that mutants in 8 members of the GAUT family (atgaut6,

atgaut8, atgaut9, atgautl0, atgautll, atgautl?, atgautl3 and atgautl4) and 3 members of the

GATL family (atgatl3, atgatlé and atgatl9) resulted in significantly changes in GalA content

(Caffall et al. 2009; Kong et al. 2011). atgatl5 mutants show defects in seed mucilage synthesis
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and cell adhension, and GalA and Rha contents in atgatl5 mucilage are significantly reduced

compared to wild type mucilage (Kong et al. 2013). These results suggest that the

corresponding genes may encode putative GalATs involved in pectin synthesis. Plants carry

homozygous mutations in the QUAL/GAUT8 (Bouton et al. 2002; Orfila et al. 2005),

IRX8/GAUT12 (Persson et al. 2007; Pena et al. 2007, Hao et al. 2014) and

PARVUS/GLZ1/GATL1 (Brown et al. 2007; Lee et al. 2007) genes are affected in both pectin and

xylan biosynthesis. Mutant plants of these genes show growth defects such as dwarfism and

reduced fertility. gaut8/qual mutants also show defects in cell-cell adhesion and have reduced

GalA and Xyl content in cell wall, and studies of qual stem microsomes reveal a reduction in

both GalAT and xylan synthase activity (Orfila et al. 2005). gautl2/irx8 and parvus/gatll

mutants exhibit a collapsed xylem phenotype with a significant decrease in xylan content of the

cell walls as indicated by biochemical and histochemical analyses (Brown et al. 2005; Brown et al.

2007; Lee et al. 2007; Persson et al. 2007; Kong et al. 2009). Chemical studies of gaut12 and

parvus/gatl1l walls also reveal the absence of the xylan reducing end glycosyl sequence [4-3-D-

Xyl-1,3-a-L-Rha-1,2-a-D-GalA-1,4-D-Xyl] (Pena et al. 2007), and several studies have

suggested that PARVUS/GATLL is involved in the synthesis of this tetrasaccharide sequence,

which has been detected in xylans from many higher plants including Arabidopsis, birch, aspen

and spruce (Shimizu et al. 1976; Johansson and Samuelson 1977; Andersson et al. 1983; Pena et

al. 2007), but is absent in other plants, particularly the monocot grasses (Kulkarni et al. 2012a).

These results indicate that GAUT8/QUA1L, GAUT12/IRX8and PARVUS/GATL1genes are possibly

involved in pectin and/or xylan polysaccharide biosynthesis.
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Populus homologs of PARVUS/AtGATLL1 are able to rescue the plant growth defects and

structural defects caused by the parvus mutation in Arabidopsis, indicating the functional

conservation of the PARVUS/GATLL1 protein between herbaceous and woody plants (Lee et al.

2009; Kong et al. 2009). The Physcomitrella genome encodes five genes that are homologous

to Arabidopsis GATLs; these genes form a phylogenetic clade that is basal to the clade containing

GATL1 (Yin et al. 2010; Kong et al. 2011). The five Physcomitrella GATL homologs share a

common ancestor with all vascular plant GATLS, raising the possibility that one or more of the

Physcomitrella proteins might also share similar functionality with the AtGATLs. Xylan has

been detected by immunofluorescence in leaf cells and axillary hairs in Physcomitrella (Kulkarni

et al. 2012). However, the absence of the distinctive reducing-end sequence in Physcomitrella

xylan and the absence of secondary walls in this moss leaves open the question of the roles of

Physcomitrella GATLs in cell wall biosynthesis (Kulkarni et al. 2012b).

In this study, Physcomitrella has been used to investigate the origin and functional role(s) of

GATL gene family members. We examined the expression patterns of PpGATL genes, the

subcellular localization of the corresponding proteins, and their ability to complement the

Arabidopsis parvus mutant, which carries a mutation in the AtGATL1 gene. The reason to

choose PARVUS/ATGATLL is because homozygous parvus/gatll mutants exhibit growth defects

that are easily distinguishable from WT plants, including dwarfism, dark-green leaves, reduced

size of all organs and reduced fertility (Lao et al., 2003; Shao et al., 2004; Lee et al., 2007). We

report here that overexpression of PpGATL-A in the Arabidopsis parvus mutant rescues all plant

growth defects, the decreased xylose content in the cell walls, and altered overall wall structure to
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restore wild-type characteristics for these traits. Results obtained suggest that PpGATL-A is a
functional ortholog of PARVUS/GATL1 and at least one GATL protein function has been

conserved in these two highly divergent land plants.

Results

Gene Structure and Expression Profiles of five PpGATLs

Five GATL orthologs named PpGATL-A to PpGATL-E have been identified in
Physcomitrella: they form a sister group to seed plant GATLs (Yin et al. 2010; Kong et al. 2011).
PpGATL-A, -B and —C each encode proteins of 280 amino acids, and PpGATL-D and PpGATL-E
encode proteins of 275 and 279 amino acids, respectively. Based on multiple sequences
alignments of the amino acid sequences of the encoded proteins, the five PpGATLSs cluster into
two groups (PPGATL-A, PpGATL-C and Pp-GATL-E, PpGATL-B and PpGATL-D) (Figure 2.1).
PpGATL-A, PpGATL-C and PpGATL-E share 63%, 62% and 61% identity with
PARVUS/AtGATL1, while PpGATL-B and PpGATL-D have 53% and 48% identity respectively
with PARVUS/AtGATL1 (Figure 2.2).

The expression profiles of the five PpGATL genes were analyzed by quantitative real-time
PCR using primers that were specific to each gene. Protonema and leafy gametophore tissues
were harvested 6 days and 4 weeks after inoculation, respectively. EFal (Eukaryotic translation
elongation factor alpha 1) was used as a consitutively expressed internal control to normalize all
samples. As indicated in Figure 2.3, all the five PpGATL genes are expressed in protonema and

leafy gametophores, yet the transcript levels of PpGATL-B and PpGATL-D are much lower than

45


http://www.google.com/url?q=http://en.wikipedia.org/wiki/Eukaryotic_translation_elongation_factor_1_alpha_1&sa=U&ei=B5_xTIauJMT6lwfYidmDDQ&ved=0CA8QFjAA&usg=AFQjCNG_Kp-Jaiy80NvO1zhXS2XaRhoqwQ
http://www.google.com/url?q=http://en.wikipedia.org/wiki/Eukaryotic_translation_elongation_factor_1_alpha_1&sa=U&ei=B5_xTIauJMT6lwfYidmDDQ&ved=0CA8QFjAA&usg=AFQjCNG_Kp-Jaiy80NvO1zhXS2XaRhoqwQ
http://www.google.com/url?q=http://en.wikipedia.org/wiki/Eukaryotic_translation_elongation_factor_1_alpha_1&sa=U&ei=B5_xTIauJMT6lwfYidmDDQ&ved=0CA8QFjAA&usg=AFQjCNG_Kp-Jaiy80NvO1zhXS2XaRhoqwQ

those of the other three genes. Subsequent studies focused on three PpGATLs that have

relatively higher expression levels, i.e., PDGATL-A, PpGATL-C and PpGATL-E.
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Figure 2.1. Molecular phylogenetic tree of full-length GATLs amino acid sequences from
Physcomitrella and Arabidopsis. The protein sequences from Arabidopsis and Physcomitrella
were aligned using MUSCLE (Edgar, R.C., 2004), and a maximum likelihood phylogenetic tree
was constructed using PhyML 3.0 (Guindon S et al., 2010) based on the multiple sequence

alignment.
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Figure 2.2. Multiple sequence alignment of PAGATL1.1, PAGATL1.2, PARVUS/AtGATL1 and
PpGATL-Ato PpGATL-E. The GATL-related protein sequences from Arabidopsis thaliana(At) ,
Populus deltoides (Pd) and Physcomitrella patens (Pp) were aligned using MUSCLE (Edgar,
R.C., 2004). Identical and similar amino acid residues are shades with black and grey,
respectively. The conserved amino acid residues within the amino acid motifs diagnostic for the

GATL family are marked with red dots.
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Figure 2.3. Quantitative Real-Time PCR analysis of expression levels of all five GATL genes in
Physcomitrella 6-day-old protonema and 4-week-old leafy gametophores. RNA isolated from
triplicate protonema or leafy gametophore cultures were amplified using primers specific for each

gene.
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Figure 2.4. Subcellular localization of EYFP-tagged PpGATL-A protein. (A) EYFP-tagged
PpGATL-A protein was transiently expressed under the control of 35S promoter in leaf epidermal
cells of Nicotiana.benthamiana and imaged by confocal laser scanning microscopy. (B)
Gmct-ECFP Golgi marker protein was expressed in the same cells as in A.  (C) Merged image of
A and B, colocalization of PpGATL-A-EYFP and Gmct-ECFP are visible as white dots. Scale bar

=20 pm.

Subcellular localization of the PpGATL proteins

The PARVUS/AtGATL1 protein has been reported to be localized in both endoplasmic
reticulum (ER) and Golgi by heterologous expression studies in carrot protoplasts or Nicotiana
benthemiana leaves (Lee et al., 2007; Kong et al.,, 2009). Five other AtGATL proteins,
AtGATL?2, AtGATL3, AtGATL5, AtGATL7 and AtGATL9 are also localized in Golgi (Kong et al.
2011; Kong et al. 2013). To experimentally investigate the subcellular localization of the
PpGATL proteins, we fused PpGATL-A, PpGATL-C and PpGATL-E with enhanced yellow
fluorescent protein (EYFP) at the C-terminus. The recombinant constructs were then

transformed into Nicotiana.benthamiana leaves together with Gmct-ECFP, an enhanced cyan
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fluorescent protein (ECFP)-tagged Golgi marker (Saint-Jore-Dupas et al. 2006; Nelson et al. 2007)
or ECFP-WAK2-HDEL, an endoplasmic reticulum marker (Nelson et al. 2007). Confocal
microscopy was used to determine the sub-cellular localization of the recombinant PpGATLS.
EYFP-tagged PpGATL-A showed a punctuate localization pattern in tobacco leaf epidermal cells,
which overlapped with the pattern of Golgi marker Gmct-ECFP in colocalization experiment
(Figure 2.4). These results demonstrate that PDGATL-A is a Golgi-localized protein.  Similar
subcellular localizations were also observed for PpGATL-C and PpGATL-E proteins (Figure
S2.1). The Golgi localization of these PpGATLS is consistent with possible role(s) for these
proteins in plant cell wall matrix polysaccharide synthesis (Nebenfuhr and Staehelin 2001) .
PpGATL-A Rescues Arabidopsis parvus/AtGATL1 Mutant Phenotypes

To determine whether the function of PDGATL proteins are conserved between Arabidopsis
and Physomitrella, we performed mutant complementation analysis by overexpression of
PpGATL genes in the Arabidopsis heterozygous parvus/gatll mutant background, since
homozygous parvus/gatll mutant plants are semi-sterile (Lao et al., 2003; Shao et al., 2004; Lee
et al., 2007). cDNAs corresponding to the three genes (PpGATL-A, PpGATL-C, PpGATL-E)
with relatively higher expression levels were isolated by RT-PCR from 6-day old protonema
tissues and amplified by gene-specific primers and then inserted into pCAMBIA vectors behind
the CaMV 35S promoter. Transgenic plants were selected on hygromycin, and homozygous
lines were identified by PCR. Homologous gatll mutants show severe dwarfed growth and
sterility with smaller leaves, flowers and siliques (Lao et al., 2003; Shao et al., 2004; Lee et al.,

2007). Overexpression of PpGATL-A in mutant plants rescued the morphological defects
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caused by the parvus mutation.  The morphology of the complemented plants is
indistinguishable from that of WT Arabidopsis plants (Figure 2.5A). Six independent
Arabidopsis transgenic lines with a homozygous parvus background are shown in Figure 4B.
Both T-DNA insertion and absence of endogenous PARVUS/AtGATL1 gene in the transgenic
lines were confirmed by PCR detection. RT-PCR was also conducted to confirm PpGATL-A
MRNA expression in all transgenic lines (Figure 2.5B). Overexpression of PpGATL-C or

PpGATL-E did not complement the growth phenotype of the parvus mutant (data not shown).

parvus+PpGATL-A

T-DNA
insertion

Endogenous
PARVUS

PpGATL-A
transgene

PpGATL-A
transcript

ACTIN

Wild Type

POGATL-A

Figure 2.5. (A) The parvus/gatll mutant (right) has a short inflorescence stem and a small rosette
size. Overexpression of PpGATL-A in the parvus/gatll plant (middle) restored the stem height
and rosette size to those of WT (left). Overexpression of PpGATL-C or PpGATL-E did not
complement the growth phenotype of the parvus mutant (not shown). (B) PCR detection of the
PpGATL-A transgene and its transcript in transgenic parvus/gatll plants. The expression of the

ACTIN gene was used as an internal control.  Scale bar in (A) =5 cm.
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Figure 2.6. Monosaccharide composition of cell walls isolated from the stems of parvus, parvus
complemented with PpGATL-A, and wild-type plants. Cell walls were prepared from stems of
8-week-old plants and their glycosyl compositions were determined by gas chromatography-mass
spectrometry (GC-MS) of trimethyl silyl derivatives as described in “Materials and Methods”.
Data are displayed as means (mol %) + SE of measured sugars from analyses on three

biological replicates pooled from multiple plants.

Mutation of the PARVUS gene leads to a large reduction in secondary thickening and xylose
content in stems (Brown et al. 2007; Lee et al. 2007). Mutant plants also exhibit a collapsed
xylem vessel phenotype (Lee et al. 2007). To determine the biochemical basis for the
complementation phenotype, monosaccharide analysis was performed on total cell wall material

isolated from stems of the transgenic plants (Figure 2.6). In parvus/gatll mutants, the xylose
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content is decreased by about 41% compared to w.t., and overexpression of PpGATL-A in a

parvus/gatl1 background restored the level of xylose to about 96% of w.t. levels.

To examine cell wall structure changes resulting from the parvus/gatll mutation, glycome

profiling (Pattathil et al. 2012) was used to compare extractable cell wall polymers prepared from

wild-type, parvus/gatlland parvus+PpGATL-Astemcell walls. Inthisanalysis, sequential cell wall

extracts are ELISA-screened using a toolkit of approximately 150 plant cell wall glycan-directed

monoclonal antibodies (mAb) that recognize diverse epitopes present on most major classes of

plant cell wall polysaccharides, including arabinogalactans, pectins, xyloglucans, xylans, and

mannans (Pattathil et al. 2010). Glycome profiles of parvus/gatl1 walls show major differences

compared to wild type and complemented plants cell walls (Figure 2.7). The oxalate extracts of

parvus/gatll stems contain easily detectable levels of acetylated mannan epitopes, whereas the

oxalate extracts of wild-type and parvus+PpGATL-A walls showed much less detectable acetylated

mannan epitopes as outlined in orange boxes. In contrast to wild type plants, the sodium carbonate

extracts prepared from parvus/gatl1l walls contained less xylan epitopes recongized by the xylan-4

through xylan-7 groups of monoclonal antibodies (white boxes). The 1M KOH extracts of

parvus/gatll showed enhanced levels of xylan-4 to xylan-7 epitopes, HG backbone and RG-I

backbone epitopes (yellow boxes) and pectic arabinogalactan (RG-I/AG) epitopes (green boxes).

However, lower amounts of carbohydrate were recovered in the 1M KOH extracts prepared from

parvus/gatl1 walls. The complemented line, parvus+PpGATI-A, exhibits similar cell wall glycome

profiles as wild type. These results show that the overall cell wall structure is altered by the parvus

mutation, leading to the changes in glycan epitope extractability patterns, including xylan, pectin and
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arabinogalactan; and overexpression of PpGATL-A in the parvus mutant restored these changes to

wild-type.
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Figure 2.7. Glycome profiling of cell walls prepared from 8-week-old stem tissues of Arabidopsis
wild-type (WT), parvus/gatll and parvus+PpGATL-A plants. Stem cell walls from different plant
lines were sequentially extracted using ammonium oxalate (oxalate), sodium carbonate (carbonate)

and potassium hydroxide (1 M and 4 M KOH). The wall extracts were screened by ELISAusing 155
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plant cell wall glycan-directed monoclonal antibodies for presence of cell wall glycan epitopes
(Pattathil et al. 2010), and the data are presented as heat maps. The strength of the ELISA signal is
indicated by a yellow-red-black scale (depicting strong, medium, and no binding, respectively). The
panels at the right-hand side of the figure depict the array of antibodies used, which are grouped
according to the principal cell wall glycans recognized by each antibody group, and the list of
individual antibodies used in this analysis are as previously described (Pattathil et al. 2012). The
amounts of material extracted with each extraction reagent are indicated in the bar graphs above the
heat maps. Major changes in glycome profiles among different plant lines extracts are outlined in
white (xylan groups 4 to 7), orange (Acetylated mannan), yellow (HG backbone and RG-1 backbone)

and green (pectic arabinogalactan and arabinogalactan epitopes) boxes.

Immunolocalization of xylan using four monoclonal antibodies that recognize different
epitopes on xylan polymers was also carried out to investigate whether the complementation by
PpGATL-A could be correlated with the rescue of xylan synthesis. LMZ10 has been reported to
bind to unsubstituted or lower-substituted xylans, while LM11 binds to both linear and substituted
xylan (McCartney et al. 2005). CCRC-M138 bind to xylopentaose and CCRC-M149 bind to
both xylotriose and xylopentaose in ELISAs (Pattathil et al. 2010). Immunolabeling of
transverse sections of WT stems and hypocotyls with all four xylan-directed antibodies showed
specific binding to xylem cells and interfascicular fibers (Figure 2.8). Compared to wild type
xylem and fiber cells, the labeling intensity was largely reduced in the parvus/gatll mutant

(Figure 2.8). In PpGATL-A complemented parvus/gatll plants, the labeling intensity were
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restored to wild type levels (Figure 2.8). These results indicate that PpGATL-A can functionally

replace PARVUS/GATL1 in Arabidopsis.
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Figure 2.8. Immunofluorescent labeling of transverse sections of wild-type, parvus, and

parvus+PpGATL-A stems and hypocotyls. Stems and hypocotyls of 8-week-old plants were

sectioned (250 nm thick) and stained with toluidine blue or labeled with LM10, LM11,

CCRC-M138 and CCRC-M149, which recognize different epitopes on xylan polymers. Scale

bar= 50 pm.

Discussion

Five homologs of the Arabidopsis GATL genes, named PpGATL-A-E, had been identified

previously in Physcomitrella patens genome (Rensing et al. 2008). The five PpGATL proteins

lie basal to all angiosperm GATLs (Yin et al. 2010) and share 48%-63% sequence identity with

PARVUS/ATGATL1. Here, we demonstrate that overexpression of PpGATL-A can compensate

for the lack of functional PARVUS/AtGALT1 in the parvus mutant of Arabidopsis, indicating

that these two proteins retain functional conservation in at least one basic function. Although

PpGATL-C and PpGATL-E share 93% and 89% identity with PpGATL-A in amino acid

sequence, neither of them is able to rescue the growth defects of the parvus mutant by

overexpression studies.

The highly degree of sequence conservation between the three PpGATL proteins suggest that

these proteins are paralogs originating from recent gene duplication events. Such duplicated

genes can have diverse fates subsequent to the duplication. The duplicated gene copies can

retain their original ancestral function during subsequent evolution, or one of the copies may lose

its function due to a deleterious mutation and become a pseudogene. More importantly,
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duplicated genes may accumulate changes in DNA sequence and undergo functional

specialization, resulting in sub-functionalization of the related proteins (Force et al. 1999). In

Populus, there are two paralogs of AtGATL1 that share high sequence identity with each other

(Aspeborg et al. 2005; Kong et al. 2009). Expression of either of these Populus genes in the

Arabidopsis parvus mutant rescues the plant growth defects and structural defects of xylan caused

by the parvus mutation (Kong et al. 2009; Lee et al. 2009). The two poplar paralogs arose out of

a very recent whole genome duplication that occurred about 15 million years ago (Tuskan et al.

2006). Thus, the two poplar GATL1 isoforms appear not to have diverged functionally from

each other, though their gene expression patterns are very different in poplar tissues (Kong et al.

2009). Investigations in Physcomitrella based on EST sequences inferred that the genome

duplication occurred between 30 and 60 million years ago (Rensing et al. 2007). In

Physcomitrella, PpGATL-A, -C and —E have different transcription levels as shown in Figure 2.3.

More importantly, only PpGATL-A is able to rescue the parvus/gatll mutation. These results

suggest that sub-functionalization has occurred for these three genes and that at least one function

of PpGATL-A has remained conserved between non-vascular and vascular plants. Given the

extensive sequence identity between the three Physcomitrella GATLSs in this clade, it appears that

subtle differences in amino acid sequences of the PpGATLs have resulted in altered enzymatic

activity or other activities for these proteins, which have yet to be demonstrated experimentally.

PARVUS/AtGATL1 has been suggested to play a role in xylan synthesis, specifically, to be

involved in the synthesis of the GalA-containing tetrasaccharide sequence located at the reducing

end of dicot and gymnosperm xylans (Brown et al. 2007; Brown et al. 2009; Pena et al. 2007;
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Persson et al. 2007). The parvus mutation leads to large reductions in cell wall xylose content

and loss of this reducing-end sequence in Arabidopsis. However, it is still not clear whether

AtGATL1 is directly involved in xylan synthesis, or indirectly through the synthesis of another

polysaccharide to which the xylan reducing end tetrasaccharide sequence is attached (Mohnen

2008). A recent study indicates that this distinctive GalA-containing tetrasaccharide sequence is

absent in Physcomitrella xylan (Kulkarni et al. 2012b) Furthermore, xylan shows only a very

limited presence in Physcomitrella as determined by immunological and biochemical analyses

(Kulkarni et al. 2012b). Xylan-specific epitopes have only been detected in leaf cells and

axillary hairs in Physcomitrella. Thus, xylan seems not to be a major component in

Physcomitrella cell walls since only a limited number of cells make this polysaccharide (Kulkarni

et al. 2012b). Moreover, the phenotype of the parvus/gatll mutant in Arabidopsis is complex.

In addition to defects in secondary cell wall formation, Arabidopsis plants carrying the parvus

mutation show many characteristics consistent with other pectin mutants (Bouton et al. 2002;

Orfila et al. 2005; Persson et al. 2007; Hao et al. 2014). Mutants in AtGATL1 display

humidity-sensitive semi-sterile dwarf phenotypes with indehiscent anthers and reduced levels of

branching in RG- | (Lao et al. 2003). The hypocotyls of the parvus mutant also exhibit defects

in the radial organization of the central cell files (Kong et al. 2009). These characters cannot be

simply attributable to defects in xylan synthesis, which occurs only of xylem cells in Arabidopsis.

Expression of PpGATL-A in the parvus mutant not only complements the decreased xylose

content in cell wall monosaccharide composition, but also rescues the changes in plant growth

and tissue morphology; the mutant plant has been fully restored to the wild-type phenotype.
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Histochemical analysis of AtGATL1 using a GUS reporter gene construct reveals that AtGATLL1 is
strongly expressed in the root apical meristem and elongation zones; these tissues are not
associated with xylan synthesis in Arabidopsis (Kong et al. 2011). The above evidence supports
another possibility that AtGATL1 is likely to be involved in the synthesis of other polymers, such
as pectin, which provide a foundational structure for xylan synthesis and deposition. A similar
conclusion was drawn recently for the GAUT12/IRX8 gene in Arabidopsis, whose mutation also
leads to defects in both xylan and pectin deposition (Hao et al. 2014).

In conclusion, we have shown that PpGATL-A is a functional ortholog of PARVUS/AtGATL1
in Arabidopsis. The ability of genes from Populus and Physcomitrella to complement the
Arabidopsis parvus mutant demonstrates that at least one basic function of GATL1 is conserved
in highly divergent land plants. The results of this study provide further evidence that
PARVUS/AtGATL1 may not be directly involved in xylan synthesis by contributing to the
GalA-containing reducing end oligosaccharide synthesis as previously hypothesized.
Elucidation of the precise function of PpGATL-A will require further study to understand this

gene’s contribution to pectin and xylan biosynthesis.

Material and Methods

Bioinformatic Analyses

The Physcomitrella patens subsp patens v1.1 database was used to search for homologs

using the Arabidopsis GATL proteins sequences. Sequences were aligned using MUSCLE
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(Edgar 2004), and the resulting alignment was used to perform maximum likelihood phylogeny

reconstruction using PhyML 3.0 (Guindon et al. 2010).

Plant Material

Arabidopsis plants were grown on soil in a controlled-environment chamber under a 14-h
light/10-h dark cycle at 19 <C during the light period and 15 <C during the dark period. The
light intensity was 150 pE m™s?, and the relative humidity was maintained at 60-70%.
Arabidopsis plants of the Columbia ecotype were used for transformation and isolation of DNA

and RNA. TDNA- mutagenized seeds were obtained from the SALK Institute

(http://signal.salk.edu/cgibin/tdnaexpress) through the Arabidopsis Biological Resource Center.
T-DNA insertions were identified using the gene-flanking primers (LP and RP) generated by the

SIGnal T-DNA verification primer design website (http://signal.salk.edu/tdnaprimers.html) and

primers from the T-DNA left border LBal (5’-GCGTGGACCGCTTGCTGCAACT-3") and
LBb1 (5’-TCAAACAGGATTTTCGCCTGCT-3").

For Physcomitrella patens, the wild type Gransden strain was used in this study.
Protonema and leafy gametophores tissues were grown with a 16 h light (50-70 umol photons
m2s ') and 8 h dark cycle at 23 <C on basal medium with ammonium tartrate (BCDAT) medium

(Nishiyama et al. 2000) overlaid with cellophane.

Quantitative RT-PCR
RNA was extracted with RNeasy plant mini kit (Qiagen,Valencia, CA) from triplicate

protonema and leafy gametophores cultures harvested 6 days and 16 weeks after inoculation,
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respectively. Contaminating genomic DNA was removed using RNase-free DNase (Qiagen)
and cDNA synthesis was carried out using Superscript Il reverse transcriptase (Invitrogen),
oligo-dT primers and 1pug of total RNA/20u L reaction.  The resulting cDNA (1pL/reaction) was
subjected to quantitative PCR in an iCycler iQ system (Bio-Rad) using IQ™ SYBR® Green
Supermix (Bio-Rad) and primers (Supplemental Table S2.1) specific for each of the 5 PpGATL
genes. EFal was used as a reference gene to normalize for variation in the amount of cDNA

template (Exposito-Rodriguez et al. 2008).

Mutant Complementation Analysis

The PpGATL-A, -C, -E cDNAs were isolated by RT-PCR from 6-day old Physcomitrella
protonema tissues and amplified by gene-specific primers (Supplemental Table S2.2) and then
inserted into the plant transformation vector, pPCAMBIA (Hajdukiewicz et al. 1994), after the
CaMV 35S promoter as described (Pattathil et al. 2005). The constructs were introduced into
Arabidopsis parvus/gatll heterozygous mutant plants using the Agrobacterium-mediated floral
dip method (Clough and Bent 1998). Transgenic plants were selected on hygromycin, and

homozygous lines were identified by PCR.

Sub-Cellular Localization of PpGATLs

The coding regions for PpGATL-A, -C and —E were cloned in frame with an EYFP gene
under the control of the CaMV 35S promoter in a pPCAMBIA-based binary vector (Pattathil et al.
2005) to generate the fusion constructs 35S-PpGATL-EYFP. Primers used for creating the

EYFP fusions are listed in Supplemental Table S2.3. The PpGATL constructs were sequenced
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and transformed individually into Agrobacterium tumefaciens strain GVV3101. The constructs
were then individually co-transformed into fully expanded leaves of 8-week-old Nicotiana
benthamiana plants together with the ECFP-tagged Golgi marker Gmct-ECFP (Saint-Jore-Dupas
et al. 2006; Nelson et al. 2007). Three or four days after the infiltration, the injected area was
cut and analyzed by Leica TCs SP5 confocal microscope (Leica Microsystems, Heidelberg,
Germany) equipped with an argon laser (514 nm for EYFP excitation and 458nm for CFP

excitation). Images were processed using Adobe Photoshop.

Tissue Fixation and Immunolabeling

Stems and hypocotyls from 8-week-old transgenic Arabidopsis plants were fixed overnight
at 4 <€ in 25 mM sodium phosphate buffer (pH 7.1) containing 1.6% (w/v) paraformaldehyde and
0.2% (w/v) glutaraldehyde. After fixation, the tissues were dehydrated using a graded ethanol
series [20, 35, 50, 62, 75, 85, 95 (v/v), 100, 100, 100% EtOH, 30 min each step] and embedded in
LR White resin in a gradient (1:1, 3:1 resin:ethanol [v/v]) and finally three times with 100% resin,

24 hours each (Ted Pella Inc., http://www.tedpella.com). The infiltrated tissue was transferred

into gelatin capsules filled with 100% resin, and polymerized under 365nm UV light at 4<C for
48 h. Sections (250 nm thick) were cut using using a Leica EM UC6 microtome (Leica

Microsystems, http://www.leicamicrosystems.com) and stained with toluidine blue for light

microscopy.
Immunolabelling was carried out at RT as previously described (Avci et al. 2012).  Sections

(250 nm thick) of stems and hypocotyls prepared as described above were incubated with selected
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monoclonal antibodies which recognize glucuronoxylan. The secondary antibody used for the
LM series antibodies was Alexa-fluor 488 goat anti-rat IgG (Invitrogen), while the secondary
antibody used for the CCRC series antibodies was Alexa-fluor 488 goat anti-mouse IgG
(Invitrogen). Negative controls were carried out in the absence of primary antibody.

Light microscopy was carried out wusing an Eclipse 80i microscope (Nikon,
http://www.nikon.com/) equipped with differential interference contrast and epifluorescence
optics. Images were captured with Nikon DS-Ril camera head (Nikon) using NIS-Elements

Basic Research software. Images were assembled using Adobe Photoshop.

Cell Wall Extraction and Sugar Analysis

Cell walls were prepared as alcohol-insoluble residues (AIR) as described previously
(Persson et al. 2007). In brief, stems from 8-week-old Arabidopsis plants were harvested on ice,
flash frozen in liquid nitrogen, and ground to a fine powder with a mortar and pestle. The
ground materials were extracted with 2 vol. of 100 mL of ice-cold 80% (v/v) ethanol, 100%
ethanol, chloroform:methanol (1:1; v/v), and 100% acetone. Starch was removed from the walls
by treatment with Type-I porcine a-amylase (Sigma-Aldrich; 47 units/100 mg cell wall) in 100
mM ammonium formate for 48 h at room temperature with rotation. De-starched walls were
centrifuged, washed twice with sterile water, twice with 100% acetone, and air dried. Sugar
composition analyses were carried out on three independently prepared cell wall preparations

using trimethyl silyl ethers of methyl glycosides as described (Caffall et al. 2009).
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Cell Wall Fractionation for Glycome Profiling

Sequential extraction of cell walls (AIR) was done on 10 mg/mL suspensions with
increasingly harsh reagents as described previously (Pattathil et al. 2012). First, the AIR
samples were suspended in 50 mM ammonium oxalate (oxalate). The suspension was stirred
overnight at room temperature.  After the incubation, the suspension was centrifuged at 4000 x g
for 15 mins, the supernatant was decanted and saved, and the pellet was washed three times with
deionized water before subsequent extraction steps. The washed pellet was then sequentially
extracted in the same manner using 50 mM sodium carbonate containing 0.5% (w/v) of sodium
borohydride (carbonate), 1 M KOH containing 1% (w/v) of sodium borohydride, and 4 M KOH
containing 1% (w/v) of sodium borohydride. In each step, the supernatants were individually
decanted and saved. The 1 M and 4 M KOH extracts were neutralized with glacial acetic acid.
All cell wall extracts were dialyzed against four changes of de-ionized water (sample:water,1:60)
at room temperature for a total of 48 h and then lyophilized.

Total sugar estimation and ELISA

Cell wall extracts were dissolved in deionized water at a concentration of 0.2 mg/mL, and
total sugar contents of the extracts were estimated using the phenol sulfuric acid method (Masuko
et al. 2005). All extracts were diluted to the same sugar concentration (60 pg sugar/mL).
ELISA plates (Costar 3598) were loaded with 50 uL of the diluted cell wall extracts per well and
the solutions were allowed to evaporate to dryness overnight at 37 <C. A BioTek robotic system
(Burlington, VT) was used to perform fully automated ELISAs using a series of 150 monoclonal

antibodies directed against plant cell wall carbohydrate epitopes (Pattathil et al. 2010).
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Monoclonal Antibodies

Monoclonal antibodies were obtained as hybridoma cell culture supernatants either from
laboratory stocks at the Complex Carbohydrate Research Center (CCRC, JIM and MAC series;
available from CarboSource Services [http://www.carbosource.net]), or from Plant Probes (LM

series [http://www.plantprobes.net]).

Supplemental Data

Figure S2.1. Subcellular localization of EYFP-tagged PpGATL-C and PpGATL-E protein.

EYFP-tagged PpGATL-C (A) and PpGATL-E (D) gene fusion constructs were transiently
expressed under the control of 35S promoter in leaf epidermal cells of N.benthamiana and
imaged by confocal laser scanning microscopy. (B) and (E) Gmct-ECFP Golgi marker protein

was expressed in the same cells as shown in Aand D. (C) is the merged image of A and B, and
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F is the merged image of D and E. The colocalization of PpGATL-EYFP and Gmct-ECFP are

visible as white dots. Scale bar =20 pm.

Table S2.1. Primers for gRT-PCR analysis of PpGATLs.

Gene Primer
Name Name Primer Sequence (5'-3")
768q-F GTGGCTCTATGGCCGCGGTT
PpGATL-A 768g-R GCTCGTCACGGTCTGCAGCAA
550q0-F ACAATGAGGCGCAGGGGAGC
PpGATL-B  5500-R AGCCGCCATAGAACCACGCA
454q-F CCATGGCGGCCGTTTTCTCG
PpGATL-C 454g-R TCGCAGCTGTTCATCTCGGTCC
568q-F GGAACCAACATGGCCTGGGG
PpGATL-D 5689-R GCATATCGAGTCGCCGCCA
911g-F CGCCGCGAATCGAGATGAGGA
PpGATL-E 911g-R CACCAGCGCCTCGTCGAAGT
EFlag-F ATCCAGCGAAGGAGGCTGCG
EFla EFlag-R CCAGCACTGGAGCGTACCCG

Table S2.2. Primers for over-expression constructs of PpGATLs.

Gene Primer

Name Name Primer Sequence (5'-3")

768Kpnl-F GGTACCAATGACACTCGATGTGAAATATCTGC
PpGATL-A  768Nhel-R GCTAGCTTATTGATAAGATAATGTGGAGGGGAG

454Kpnl-F GGTACCAATGACACTGGATGTGAAGTAC
PpGATL-C 454Nhel-R GCTAGCTTATTGGTAAGATAATGCGGAGG

911Kpnl-F GGTACCAATGACGCTTGATGTAGAATATTTGC
PpGATL-E  911Nhel-R GCTAGCTTATTGGTAAGACAACGGGGAAAG
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Table S2.3. Primers for 35S-PpGATL-EYFP constructs for sub-cellular localization analysis.

Gene Primer
Name Name Primer Sequence (5'-3")

768Kpnl-F  GGTACCAATGACACTCGATGTGAAATATCTGC
PpGATL-A  768Sall-R ~ GTCGACATTTGATAAGATAATGTGGAGGGGAG

454Kpnl-F GGTACCAATGACACTGGATGTGAAGTAC
PpGATL-C  454Sall-R GTCGACATTTGGTAAGATAATGCGGAGG

911Kpnl-F  GGTACCAATGACGCTTGATGTAGAATATTTGC
PpGATL-E  911Sall-R GTCGACATTTGGTAAGACAACGGGGAAAG
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CHAPTER 3

A FUNCTIONAL ORTHOLOG OF THE ARABIDOPSIS PARVUS/ATGATL1 GENE IS
REQUIRED FOR LEAFY GAMETOPHORE DEVELOPMENT IN THE MOSS

PHYSCOMITRELLA PATENS

Yiwen Yang, Utku Avci, Sivakumar Pattathil and Michael G. Hahn. To be submitted to Plant
Physiology.
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Abstract

The Arabidopsis Galacturonosyl-transferase-Like (GATL) gene family is closely related to 15
GAUT (Galacturonosyltransferase) genes, and one of them (GAUT1) has been functionally
determined to be involved in pectin synthesis as a galacturonosyltransferase. Previous work showed
that 10 Arabidopsis GATL genes encode proteins involved in cell wall biosynthesis. Analysis of the
genome of the moss, Phycomitrella patens, revealed the presence of five GATL (PpGATL-A,B,C,D,E)
homologs, which form asister group that lies basal to all vascular plant GATLs. We investigated the
roles of GATL genes in Physcomitrella using molecular genetic, biochemical and immunological
approaches. Transgenic Physcomitrella expressing the pg-glucuronidase reporter gene under
individual native PpGATL promoters revealed both overlapping and unigque expression patterns for
these genes in various tissues. Single gene knockouts of PpGATL-A, -C and -E were generated by
homologous recombination and screened for phenotypic changes. While ppgatl-c and ppgatl-e did
not show any obvious growth defects compared to wild type, ppgatl-a knockout lines produce
significantly fewer numbers of leafy gametophores. Antibody-based glycome profiling of cell wall
extracts from ppgatl-a mutants revealed a loss of xylan epitopes in the 1M KOH and 4M KOH extracts.
Monosaccharide composition analysis revealed largely reduced xylose content in the 1M KOH
extracts of the ppgatl-a mutant walls. Cell wall extracts prepared from wild type juvenile protonema
tissue exhibit similar glycome profiles with the ppgatl-a mutants, and showed reduced xylose content
inthe 1M KOH extracts by glycosyl residue composition analysis. Our data suggest that PpGATL-A

is required for the transition from juvenile protonema to adult leafy gametphores in Physcomitrella.
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Introduction

The plant cell walls are complicated polysaccharide-rich networks, composed of a variety of

carbohydrate polymers, including cellulose, hemicelluloses and pectins, along with ~10%

glycoproteins (Burton et al. 2010). The synthesis of these complex cell wall polymers requires

over 2000 genes in Arabidopsis (~15% of the Arabidopsis genome), many of which encode

glycosyltransferases, or methyl- and acetyl transferases that belong to multigene families (Carpita

et al. 2001; Henrissat et al. 2001).

The Arabidopsis GATL (Galacturonosyltransferase-Like) gene family has been

bioinformatically identified to be closely related to a group of 15 genes, named GAUT1

(Galacturonosyltransferasel) to GAUT15. GAUT1 is the first identified galacturonosyl-

transferase (GalAT) that has been functionally determined to be involved in pectin synthesis. It

specifically catalyzes the transfer of GalA from UDP-GalA onto oligosaccharide acceptors of HG

(Sterling et al. 2006). The GATL gene family consists of 10 genes named GATL1 to GATL10

with 23-29% sequence identity and 42-53% similarity to GAUT1. All 15 Arabidopsis GAUT

genes and 10 GATL genes were suggested to represent putative GalATs and have been grouped

into a GAUT1-related gene superfamily (Sterling et al. 2006).

Mutational studies have provided evidence for the involvement of GATL proteins in the

synthesis of xylan and/or pectins. The parvus/atgatll mutants grown under low humidity

conditions exhibit severely dwarfed growth phenotypes and have reduced anther dehiscence and

semi-sterility (Lao et al. 2003). Early glycosyl composition analyses of the parvus/atgatll

mutant showed slightly increases in Rha, Ara and Gal residues and decreased xylose content
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compared to WT. Linkage analysis showed the ratio of 2- to 2,4-linked Rha residues was 2:1 in
mutant leaves while the ratio was 1:1 in wild-type leaves, indicating reduced levels of RG-I
branching in the parvus/gatll mutant (Lao et al. 2003). Later studies demonstrated that the
parvus/gatll mutant plants have a collapsed xylem phenotype with significant decreases in xylan
content of the cell walls and a drastic reduction of the secondary walls thickness in xylem tissues
(Brown et al. 2007; Lee et al. 2007; Kong et al. 2009). It was also shown that the
tetrasaccharide sequence [4-B-D-Xyl-1,3-a-L-Rha-1,2-0-D-GalA-1,4-D-Xyl] present at the
reducing end of xylans in wild-type dicots plants is absent in the parvus/gatll mutant (Pena et al.
2007). These results suggest that GATL1 may participate in xylan and possibly pectin synthesis.
Plants carrying T-DNA insertions in three AtGATL genes, atgatl3, atgatl6 and atgatl9, show
23.7%, 16.4% and 20.5% reduction in GalA content, respectively, suggesting that these GATLs
may encode putative GalATs involved in pectin synthesis (Kong et al. 2011). Mutations in
AtGATL5 result in defects in seed mucilage synthesis and cell adhesion, and a significant
reduction of GalA and Rha content in seed mucilage compared to wild type (Kong et al. 2013).
These results suggest a role for AtGATLS5 in pectin, particularly in RG-I biosynthesis.
Arabidopsis plants carrying single mutations in the other GATL genes do not show easily
identifiable morphological defects or cell wall abnormalities, indicating that some functional
redundancies may exist in the GATL gene family.

The absence of functional characterization of most of the GATL proteins leaves open the
question of their roles in cell wall synthesis. Recent phylogenetic analyses of the GATL gene

family incorporating 95 GATL proteins from 12 plant species including the moss, Physcomitrella
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patens, and the spike moss, Selaginella moellendorffii, gives new insight into the evolution of

GATL gene family (Kong et al. 2011). Five GATL orthologs named PpGATL-A to PpGATL-E

have been identified in the Physcomitrella genome: they form a sister group to all seed plant

GATLs (Yin et al. 2010; Kong et al. 2011). Previous work reported in Chapter 2 showed that

PpGATL-A is a functional ortholog of Arabidopsis PARVUS/GATL1. Therefore, the GATL1

protein from these two highly divergent land plants originated from a common ancestor, whose

function is shared and has been conserved.

The moss Physcomitrella patens is a representative bryophyte that is used as a model system

to study plant evolution, development and physiology. The life cycle of Physcomitrella

comprises an alternation of two generations that is typical of all mosses and vascular plants: a

haploid gametophyte generation followed by a diploid sporophyte (Reski 1998). The

predominant gametophyte phase in Physcomitrella is further divided into two developmental

stages: a two-dimensional filamentous stage, termed the protonema, and a three-dimensional

leafy adult stage, termed the gametophore. The gametophores is comprised of stems, leaves,

and rhizoids, and can generate sex organs that ultimately give rise to the diploid sporophyte

(Schaefer and Zryd 2001). The simple morphology, the basal position in land plant phylogeny,

the feasibility of gene targeting and the reduced gene redundancy in multigene families makes

Physcomitrella an attractive system for physiological studies and comparative studies of the

evolution of plant gene function (Schaefer and Zryd 1997; Rensing et al. 2002; Cove 2005).

Physcomitrella is also an ideal model for investigating cell wall biosynthesis genes with the

potential to provide insight into evolutionary aspects of plant cell wall biosynthesis and
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physiology, as it contains only primary cell walls, whose composition is comparable with that of
primary walls in vascular plants (Moller et al. 2007; Roberts et al. 2012). A few
cell-wall-related gene knockout studies have been carried out successfully in Physcomitrella,
including mutations in three members from the CESA gene family, PpCESA5 (Goss et al. 2012),
PpCESA6 and PpCESA7 (Wise et al. 2011), and a knockout of the Physcomitrella IRX-10
holomogous gene PpGT47a (Hornblad et al. 2013), which encodes a xylan xylosyltransferase
(Jensen et al. 2014). However, no targeted mutagenesis studies have been carried out in
pectin-related gene families of Physcomitrella so far.

Here, we report a study of three members of the GATL gene family (PpGATI-A, PpGATL-C and
PpGATL-E ) in Physcomitrella to identify their role(s) in plant cell wall biosynthesis. These three
PpGATL genes showed the highest expression levels in Physcomitrella tissues (see Figure 2.3;
Chapter 2). The roles of these PpGATLs were further investigated by targeted gene mutagenesis
studies. Our data show that PpGATL-A is required for Physcomitrella leafy gametophores
development. ppgatl-aknockout mutants show defects in the transition from the juvenile protonema
to the adult leafy gametophores developmental stage. The cell wall composition and glycome

profiles of ppgatl-a mutants resemble those of wild type juvenile protonema tissue.

Results

Expression pattern of PpGATL genes

To investigate whether the expression of the three PpGATLS is associated with specific tissues

or developmental growth stages, we generated PpGATL promoter::GUS lines for PpGATL-A,
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PpGATL-C and PpGATL-E using gene targeting to integrate the GUS reporter gene in frame
immediately upstream of the stop codons of the PpGATL genes (Figure 3.1A). At least two stable
independent lines were generated for each of the three PpGATLs, all of which were verified by PCR
analysis (Figure S3.1 in the Supplementary Material). The expression patterns of the fusion
constructs in Physcomitrella were analysed in all independent lines by histochemical staining, and
for each PpGATL examined, all of the independent PpGATL promoter::GUS lines showed the same
overall staining pattern. The expression of PpGATL-Aand PpGATL-C was detected inyoung leaflets
of bud/juvenile gametophores and at the base of leaves in the apical region of leafy gametophores,
but in different intensities for each of the two genes (Figure 3.1 B-E). GUS expression from the
PpGATL-A promoter was observed after 24 h of incubation at 37 °C (Figure 3.1 B-C), whereas for
PpGATL-C, the gametophores were weakly stained after 48 h with lower intensity (Figure 3.1 D-E).
PpGATL-E expression was detected in protonema filaments (Figure 3.1 G), rhizoids, the upper side
of leaves, as well as in the axillary hairs that differentiate at the base of the leaves (Figure 3.1 F-H),

an expression pattern that is distinct from the expression patterns of PpGATL-A and PpGATL-C.
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Figure 3.1. Tissue-specific expression pattern of PpGATL-A (B-C), PpGATL-C (O-E ) and

PpGATL-E (F-H) analyzed by histochemical staining of stable PpGATL promoter::GUS lines. (A)
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Schematic drawing describing generation of PpGATL::GUS reporter lines. (B) A Bud/juvenile
gametophore of PpGATL-A::GUS line exhibiting GUS staining in young leaflets (arrows). (C) Adult
gametophore of PpGATL-A::GUS line showing GUS staining at the base of leaves in the apical region
of leafy gametophore. The PpGATI-C::GUS line shows similar expression patterns with PpGATL-A
in bud/ juvenile gametophores (D) and adult gametophores (E), yet the staining in gametophores is
weaker compared to PpGATL-A. (F) GUS-stained protonema filaments of PpGATL-E::GUS line.
(G) Bud/juvenile gametophore of PpGATL-E::GUS line with GUS-stained young rhizoids and
putative axillary hairs differentiating at the adaxial base of the leaf in the shoot apex (arrow). (H)
Adult gametophore of PpGATL-E::GUS line showing GUS staining of leaves, rhizoids and axillary
hairsthat differentiate at the adaxial base of the leaf (arrows). Insertshows one magnified axillary

hair.

Generation of PpGATL knockout lines

Knockout constructs comprising genomic PpGATLs fragments separated by a selection
cassette that confers resistance to hygromycin were generated for PpGATL-A, PpGATL-C and
PpGATL-E (Figure 3.2 A). Knockout vectors were constructed by Gateway Multisite Cloning
using the destination vector pPBHSNRG (Roberts et al. 2011). The constructs were introduced
into protoplasts isolated from 6-day-old Physcomitrella protonema tissue employing
PEG-mediated transformation(Schaefer et al. 1991). All stable transformants after two rounds
of antibiotic selection were screened via PCR-based genotyping for disruption of the wild-type

PpGATL gene as well as correct 5> and 3’ integration of the knockout vector. The absence of
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the corresponding PpGATL transcripts was also verified by RT-PCR analysis. Two independent

lines of ppgatl-a single knockout mutants, two independent lines of ppgatl-c single knockout

mutants and one ppgatl-e single knockout mutant were identified (Figure S 3.2). The confirmed

knockout mutants and wild type plants were grown from protoplasts on PRMB medium for 5 days

and then transferred to BCDAT medium for 5 weeks to synchronize development for phenotype

analysis.

The leafy gametophore numbers are significantly reduced (around 9-fold) in colonies of the

two ppgatl-a knockout lines, ppgatl-a kol2 and ppgatl-a ko22, compared to those of wild-type

colonies (Figure 3.2 B-D, G). No defects were identified in the protonema filament

development or in the buds/juvenile gametophores that give rise to leafy gametophores in the two

ppgatl-a knockout lines.  ppgatl-c and ppgatl-e knockout mutant lines were visually similar to wild

type with no obvious morphological defects (data not shown). Since PpGATL-A is a functional

ortholog of PARVUS/AtGATL1, which can rescue the defects caused by the parvus mutation in

Arabidopsis, and loss of PpGATL-A in Physcomitrella affects leafy gametophore development,

subsequent studies focused only on the two ppgatl-a knockout lines.

In orderto verify thatthe observed growth defects in the two ppgatl-a knockout lines were caused

by loss of the PpGATL-A gene, both ppgatl-a knockout lines were complemented by overexpression

of PpGATL-A driven by a modified 35S (E7113) promoter (Mitsuhara et al. 1996). The expression

cassette p35S:PpGATL-Atogether with azeocin resistance selection cassette were integrated intothe

Physcomitrella BS213 locus, which can be disrupted with no effect on moss growth and development

(Schaefer and Zryd 1997). For each of the two knockout lines, one PpGATL-A complemented line
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was identified, and both of the two complemented lines restored normal leafy gametophore
development (Figure 3.2 E-F). The number of leafy gametophores was restored to about 50% of

wild type levels (Figure 3.2 G).

Deleted sequence

A f i
Genomic Sequence mﬁ
Ingexted Sequence [ sum | camV:ihpt-CamvTer |  3'uTR |

Number of Leafy gametophores

: 70D 7.

I - T T
WT ppgatl-a ppgatl-a ko12+ ko22+
ko12 ko22 PpGATL-A PpGATL-A

Figure 3.2. Physcomitrella patens wild type, ppgatl-a knockout lines and complemented ppgatl-a

knockout lines. Colonieswere grown from protoplasts and cultured on BCDAT medium for 5 weeks.
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(A) Schematic drawing describing the generation of the ppgatl knockout lines. Two ppgatl-a

knockout lines ppgatl-a kol2 (D) and ppgatl-a ko22 (C), have reduced numbers of leafy

gametophores compared to wild type colonies (B). Complemented lines (E-F) generated by

overexpression of PpGATL-A under control of a modified 35S (E7113) promoter in the knockout

mutants restores normal gametophores development. (G) Numbers of leafy gametophores (per

colony) of 5-week-old WT, two ppgatl-a KO lines and complemented lines for the two knockouts.

* P<0.001 by Student’s t-test, as compared with wild type and complemented lines.

The leafy gametophore development is initiated by the formation of buds, which are three-faced

apical cells differentiated from protonema tissues (Schaefer and Zryd 2001). However, the defect

in leafy gametophore development observed in the two ppgatl-a knockout mutants was not due to

loss of budding capacity. 9-day-old wild-type and two mutant lines cultured on BCD medium

all produced gametophores buds with similar appearance (Figure 3.3).

To determine if the mutation in the PpGATL-A gene affected cell wall structure, we analyzed

extractable cell wall polymers prepared from wild type, two ppgatl-a knockout lines and one

complemented line (ppgatl-a ko22 + PpGATL-A ) using glycome profiling (Pattathil etal. 2012). In

this analysis, sequential cell wall extracts are ELISA-screened using a toolkit of approximately

150 plant cell wall glycan-directed monoclonal antibodies (mAb) that recognize diverse epitopes

present on most major classes of plant cell wall polysaccharides, including arabinogalactans,

pectins, xyloglucans, xylans, and mannans (Pattathil et al. 2010). Differences in the glycome

profile patterns provide information about the detectable epitopes present in the cell walls and the
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changes in the extractability of these epitopes from the walls (Zhu et al. 2010). Glycome profiles of
the two ppgatl-a knockout mutants walls show major differences compared to those of wild type and
complemented line cell walls. The two knockout lines exhibited similar changes in their glycome

profiles (Figure 3.4).

Figure 3.3. Buds produced by 9-day-old Physcomitrella patens wild type (A), ppgatl-a ko12 (B) and
ppgatl-a ko22 (B) knockout lines. Colonies were grown from protoplasts and cultured on BCD

medium for 9 days.

The most dramatic differences between knockout mutants and wild type cell wall glycome
profiles are the levels of xylan epitopes in the 1M KOH and 4M KOH extracts. In contrast to wild
type plants, the 1M KOH extracts prepared from ppgatl-a ko12 and ppgatl-a ko22 walls contained
significantly less xylan epitopes recognized by the xylan-4 through xylan-7 groups monoclonal
antibodies. Furthermore, much less or none of the xylan-4 and xylan-5 epitopes were detected in the
4M KOH extracts of ppgatl-a ko12 and ppgatl-a ko22 walls. A reduction in xylan-4 to xylan-7

epitopes was also observed in the LM KOH and 4M KOH extracts of wild-type protonema cell walls.
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The amounts of carbohydrate material recovered in the 1M KOH extracts of walls prepared from

wild-type protonema, ppgatl-ako12 and ppgatl-ako22 are similar to each other; these extracts contain

more carbohydrate mass compared to that recovered in the equivalent extract of walls prepared from

5-week old wild-type gametophoric colonies. Thus, there is less xylan in the 1M KOH extracts of

wild-type protonema, ppgatl-a ko12 and ppgatl-a ko22.

Other differences in the glycome profiles of the two knockout mutant lines include the enhanced

level of pectic arabinogalactan epitopes (RG-I/AG) in all of the extracts, and a reduced presence of

fucosylated xyloglucan (Fuc-XG) epitopes in the 4M KOH extracts. For the two knockouts, higher

levels of RG-I/AG epitopes were detected in the oxalate, carbonate, 1M KOH and 4M KOH extracts,

while drastically reduced levels of Fuc-XG epitopes were detected in the 4M KOH extracts compared

towild type plants. The glycome profiles of wild type protonema walls exhibit similar patterns as the

two mutants, except for the presence of Fuc-XG epitopes in protonemal wall extracts. The

complemented line ppgatl-ako22+PpGATI-A showed similar cell wall glycome profiles aswild type.

The reduced levels of xylan-4 to xylan-7 epitopes in the 1M KOH extracts, and reduced levels of

xylan-4 and xylan-5 epitopes and Fuc-XG epitopes in the 4M KOH extracts of the two mutants walls

were restored in the glycome profiles of the complemented line.

Monosaccharide composition analysis was performed on total cell wall material isolated

from 14-day old and 5-week old Physcomitrella wild-type plants and two knockout lines to

determine whether the disruption of PpGATL-A gene caused any alterations in the sugar

composition of the walls. The two knockout lines did not show any significant differences in
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the levels of monosaccharides detected compared to 5-week old wild-type colonies rich in leafy
gametophores, or compared with the 14-day old wild-type protonema (Figure 3.5).
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Figure 3.4. Glycome profiling of sequential cell wall extracts prepared from 14-day-old
Physcomitrella wild-type protonema and 5-week-old wild-type plants, two ppgatl-a knockout
mutants and a ppgatl-a ko22+PpGATL-A complemented line. Reagents used for different extraction

stepsare indicated in grey labels at the bottom. Extracts were screened by ELISAusing 155 plant cell
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wall glycan-directed monoclonal antibodies for presence of cell wall glycan epitopes (Pattathil et al.

2010), and the data are presented as heat maps. The strength of the ELISA signal is indicated by a

yellow-red-black scale (yellow, red and black depict strong, medium, and no binding, respectively).

The panels at the right hand side of the figure depict the array of antibodies used, which are grouped

according to the principal cell wall glycans recognized by each antibody group, and the list of

individual antibodies used in this analysis are as previously described (Pattathil et al. 2012). The

amounts of material extracted with each extraction reagent are indicated in the bar graphs above the

heat maps. Major changes in glycome profiles among different plant lines extracts are outlined in

white (glycan epitopes with reduced signals for knockout mutants) and green (epitopes with increased

signals for knockout mutants) boxes.

However, monosaccharide composition analysis of the sequential cell wall extracts showed a

significant reduction of xylose content in the 1M KOH extract from the two knock out mutant

lines cell walls compared with the wild type (Table 3.1). In ppgatl-a kol2 and ppgatl-a ko22

mutants, the xylose content is decreased by 82.7% and 80.9% compared to wild type, and the

complemented line ppgatl-a ko22+PpGATL-A restored the xylose content to 53.2% of wild type

levels. The mannose content is also significantly reduced in the two knockout mutants, while the

level of glucose is significantly increased compared to wild type plants. The results from sugar

composition analyses of the sequential cell wall extracts are consistent with the changes in

glycome profiles patterns of the corresponding plants, and these two analyses together indicate

the altered extractability of specific xylan fractions in walls of the ppgatl-a knock out mutants.
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Figure 3.5. Monosaccharide composition of total cell walls isolated from 5-week old
Physcomitrella wild-type, ppgatll-a kol2 and ppgatl-a ko22 plants, and 14-day old wild type
protonema. The glycosyl residue composition of total cell wall material isolated from different
Physcomitrella plants was determined by GC-MS of trimethyl silyl derivatives as described in

“Materials and Methods”.
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analyses of three biological replicates pooled from multiple plants.
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Table 3.1 Glycosyl residue composition analysis of sequential solvent extracts of AIRs (cell walls)
from 5-week old Physcomitrella wild-type, ppgatll-a ko12, ppgatl-a ko22, and ppgatl-a ko22+
PpGATL-A plants and 14-day old Physcomitrella wild-type protonema.

Data are mol % =+ SE of three pooled samples for mutant and two pooled wild type biological

samples. * P<0.001 by Student’s t-test, as between wild type and mutant lines.

Extraction Plant Ara Rha Fuc Kyl Man Gal Glo GleA GalA
Wild type 126+10[14+09[24+07 (5240225409 |606+25) 96407 (1712|3804
WT-Protonema | 120+03 | 55407 | 18+£02 [ 37401 | 16401 | 559416 59405 | 08+01 [ 129417

Oxalate ppgat-a ko12 13244430410 19+03[39+03|16+03)438+73|204+70{05+01]53+16
opgat-a ko22 12744618405 [ 13+04 (4040538406 |546+28|156+12(11+04(52+29
kozéif}c%;é;n.,q 191£7.0 | 23205 | 38812 | 706 | 51413 | 443237 | 79457 | 18814 | 8714

Wild type 276+26| 2304 | 7311134204 67+£26[349+23[41£11]10£01[28£07
WT-Protonema | 222412 | 41402 | 47+04 [ 43401 | 62404 | 514412 | 33404 | 13:04 | 24406

Carbonat ppgat-a kot2 180+39[24+09 (8917 [121+17]44+09|426+97]95201 (1105|2520
opgat-a ko2 164+39(28+03[15+03[59+05|82+15|441+63|178+26[04+02[286+19
koEéifE;é;TL-A 286+05 | 18:03 | 162403 | 19.0¢11| 8.0£19 | 183201 | 4904 | 08:08 | 25+12

Wild type 70+08[08+01[11+04 17325141 +407202 4243772377 05+01]13+£08

WT -Protonema 51401 | 19401 | 09+01 [ 5.7+0.1* | 133411 | 10307 | 60.061.5% | 02+01 | 27+0.1

1M KOH opgat-a ko12 4942203201 [04£02 [3.0201%|23+1.17| 105423781517 0302|0302
opgat-a ko22 23405[03+01]01+£01(33+07"|5.2+02°(145+28(73.8+42702+02]03+£02
kozéif}c%;é;n.,q 119+23[ 15208 | 39815 [ 92209 |176+£12|148+£09| 373220 [ 0602|3318

Wild type 65405 | 20407 | 09401 |183+£6.3(219+25|2256+29] 236428 | 0301 4118
WT-Protonema 71401 | 22401 | 06403 [ 136407 | 46403 | 496406 | 204401 | 04405 | 16401

M KOH ppgat-a ko12 50404 [23+01[09+01[1417+10]/60+19[386+53|267+53{02+01][35+£10
opgat-a ko2 BA4+27[21+03 | 08+£01 [125 11|11 T7T+28[3356+19|272+61[04+£01]34+02
koEZI‘ClE;C‘;;TL-A 95408 | 17+02 | 15402 (132408222412 |176£29(287+24|(03+01| 54+08

Immunolabeling studies of leafy gametophores from Physcomitrella wild type and ppgatl-a
knockout mutant plants

The results of glycome profiling and sugar composition analysis obtained from overall cell wall
materials prepared from different plants revealed changes in the extractability of certain glycan
epitopes including xylan, xyloglucan and pectin. To compare the organ and cell distribution patterns
of these epitopes in the knockout mutants and wild type plants, immunolocalization of different

glycan epitopes was performed in leafy gametophores of wild type plants and two knockout mutants.
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Cross-sections of 5-week old leafy gametophores from different plants were stained with toluidine
blue to visualize the overall cellular organization (Figure 3.6 A, H, O), and immunolabeled with
several mADs that recognize distinct xylan epitopes. Similar patterns of labeling were observed for
wild type and two knockout mutants leaf sections: CCRC-M137 labeled both leaf cell walls and
axillary hair cells (Figure 3.6 B,I1,P), CCRC-M150 (Figure 3.6 C,J,Q) labeled leaf cell walls more
strongly than axillary hairs, and CCRC-M147 (Figure 3.6 D,K,R) specifically labeled axillary hairs
and weakly labeled leaf cell walls. The sections were also labeled with mAbs that recognize other
glycan epitopes including pectin and xyloglucan. CCRC-M38, which recognizes deesterified
homogalacturonan (Pattathil et al.2010) labeled leafy cell walls and shoot-axis, and weakly labeled
axillary hair cell walls (Figure 3.6 E, L, S). CCRC-M88 recognizes a nonfucosylated xyloglucan
epitope (Pattathil etal. 2010), and it strongly labeled shoot-axes as well as leafy cell walls and axillary
hair (Figure 3.6 F, M, T). CCRC-M7 which binds to a 1,6-p-galactan epitope in RG-I epitope
(Steffan et al. 1995) weakly labeled the leafy cell walls and shoot-axis (Figure 3.6 G, N, U). No
obvious differences were observed in the labeling of leafy gametophore cross-sections between wild
type and the mutants, and the leafy gametophore morphology of the mutants also looked similar to
wild type (Figure S3.3). The presence of xylan in Physcomitrella protonema tissues is very limited
based on mmunological and biochemical analyses, while the alkali extracts prepared from
Physcomitrella leafy gametophores contain abundant xylan epitopes that are more easily
extractable in 4M KOH compared to 1M KOH (Moller et al. 2007; Kulkarni et al. 2012b).
Glycome profiling and sugar composition analyses are based on the overall cell wall material and give

averages of information about different polysaccharides across different cell and tissue types, while
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immunolabeling provides information about the distribution of glycan epitopes in specific cell types.
Taken together, these data suggest that although the ppgatl-a knockout mutants are able to generate
normal leaves which are indistinguishable from wild type leaves, the mutation largely blocks the
transition from protonema to leafy gametophores, resulting in a significant reduction in the number
of leafy gametophores, thereby giving rise to the altered overall cell wall composition observed in the

mutant plants.

CCRC-M150 CCRC-M147

Figure 3.6. Bright-field (A, H and O) and immunofluorescent labeling of cross-sections of
Physcomitrella leafy gametophores from 5-week old wild type (B-G), ppgatl-a kol2 (I-N)and
ppgatl-a ko22 mutant plants (P-U). Section size differences among different plants are due to
variations in leafy gametophores morphologies. Antibodies used for labeling are indicated in the
figure: CCRC-M137 (B,l,P), CCRC-M150 (C,J Q) and CCRC-M147 (D,K,R) recognize
structurally distinct xylan epitopes; CCRC-M38 (E,L,S) recognizes deesterified homogalacturonan,

CCRC-M88 (F,M,T) binds to a nonfucosylated xylogluncan epitope, and CCRC-M7 recognizes a
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RG-I/arabinogalactan epitope. Arrows in (A), (H) and (O) indicated axillary hair cells that

differentiate at the base of the leaves.

Discussion

Physcomitrella patens is a non-vascular, multicellular land plant belonging to the bryophyte
family.  Although structurally simple, moss gametophytes exist in two morphologically distinct
forms containing different cell types. The juvenile filamentous protonema tissue consists of
chloronemal cells with many fully developed chloroplasts, and the fast-growing caulonemal cells
that contain fewer less-developed plastids and have oblique cell walls (Prigge and Bezanilla
2010). As the plant grows and becomes mature, protonema cells can differentiate into buds,
which ultimately give rise to the thick-walled adult leafy gametophores, consisting of stems,
leaves, axillary hairs and rhizoids. However, the molecular mechanism for the transition from
two-dimensional (protonema) to three dimensional (gametophore) growth is not clear.

Using gene targeting, we generated two knockout lines of PpGATL-A in Physcomitrella.
The deletion of the PpGATL-A ORF resulted in a significant reduction in the number of leafy
gametophores in both mutant lines (Figure 3.2 B-D). However, the two ppgatl-a knockout
mutants can produce buds that are morphologically indistinguishable from wild-type (Figure 3.3).
Therefore, targeted knockout of PpGATL-A appears to block the transition from juvenile
protonema to the adult leafy gametophore developmental stage. PpGATL-A is a functional
ortholog of Arabidopsis PARVUS/GATLL (see Chapter 2 of this thesis), which has been suggested

to participate in the synthesis of a specific subfraction of pectin or the synthesis of the
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GalA-containing xylan reducing end sequence (Brown et al. 2007; Brown et al. 2009; Pena et al.
2007; Persson et al. 2007). Molecular analysis of the Arabidopsis GATL gene family suggested
that AtGATL genes encode proteins involved in cell wall biosynthesis (Kong et al. 2011).

Glycome profiling and glycosyl composition analyses were used to characterize the changes
in the cell wall polysaccharide extractability and cell wall composition of the ppgatl-a mutants.
The semi-quantitative glycome profiling approach revealed a reduced presence of detectable
xylan epitopes and higher level of RG-I/AG epitopes in the 1M KOH and 4M KOH extracts in
the mutant walls compared to wild type. Although there is no obvious change in the total
overall cell wall glycosyl residue composition between wild type and ppgatl-a mutants, sugar
composition analyses of the sequential cell wall extracts revealed a significant reduction of xylose
and mannose content in the 1M KOH extract from the walls of the two mutants cell walls.

The cell wall glycome profiles and sugar composition of ppgatl-a mutants resembled those
of wild type juvenile protenema tissue. Complementation experiments using the full-length
PpGATL-A cDNA successfully rescued the morphological defects of the mutants (Figure 3.2 E-G)
as well as the changes in glycome profiles and sugar composition in cell wall fractions. These
data demonstrate that the composition of xylan and pectin varies in different developmental
stages of Physcomitrella, and PpGATL-A is required for the transition from protonema to leafy
gamephores.

Immunolabeling of wild type and ppgatl-a mutants leafy gametophore cross-sections was
also performed to examine the distribution of specific epitopes in different cells (Figure 3.6).

Xylan-directed monoclonal antibodies from xylan-4 through xylan-7 groups that recognize
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diverse and distinct xylan epitopes were selected. Antibodies in the xylan-4 group bind to both
unsubstituted and substituted xylans, antibodies in the xylan-5 group recognize methylated GIcA side
chains of xylan, and antibodies in the xylan-6 and xylan-7 groups recognize unsubstituted homoxylan
epitopes of different degrees of polymerization (unpublished results, Hahn lab). CCRC-M150
(xylan-4 group), CCRC-M147 (xylan-6 group) and CCRC-M137 (xylan-7 group) labeled leaf cell
walls, axillary hairs cells and shoot-axis with different levels of intensity. CCRC-M150 labeled leaf
cell walls more strongly than axillary hairs, while CCRC-M147 specifically labeled axillary hairs and
weakly labeled leaf cell walls. Labeling of leafy gametophores sections by mAbs from xylan-5 group
is very weak (data not shown), which is consistent with the reported absence of
4-O-methyl-a-D-glucosyluronic acid side chains in Physcomitrella xylan (Kulkarni et al. 2012b).
Other mAbs that recognize pectin and xyloglucan epitopes were also used forimmunolabeling studies.
However, no obvious differences were observed in the distribution pattern of these epitopes between
wild type and the mutants. Individual leafy gametophores produced by ppgatl-a mutant plants are
indistinguishable from wild type either by morphology (Figure S3.3) or by immunolabeling results.

Single knockouts of two other Physcomitrella GATLs (PpGATL-C and PpGATL-E) did not show
any obvious morphological differences compared to wild type plants. The three PpGATL proteins
show high identity/similarity with each other; PpGATL-A shares 93% amino acid identity to
PpGATL-C and 87% identity to PpGATL-E. The phylogenetic tree of the GATL protein family
(Kong et al. 2011) (see Figure 1.4 in Chapter 1 of this thesis) suggests that these three proteins may
have arisen by recent genome duplication events. Promoter::5-glucuronidase expression studies

show that PpGATL-A is expressed at the base of leaves in the apical region of the Physcomitrella leafy
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gametophores; PpGATL-C exhibits similar but weaker expression to PpGATL-A. However, a
different expression pattern was observed in PpGATL-E. PpGATL-E is expressed in protonema
filaments, rhizoids, the upper side of leaves, as well as in the axillary hairs. The divergence in the
tissue-specific expression patterns between the PpGATLs suggests functional specialization and
neofunctionalization of the duplicated genes. ppgatl-c and ppgatl-e single knockout mutants did not
show obvious morphological changes. Further experiments will need to be carried out to test if there
are any changes in their cell wall compositions.

In summary, we demonstrate that PpGATL-A is required for leafy gametophore development in
Physcomitrella. Although ppgatl-a knockout mutants are able to generate normal leaves, their
numbers are dramatically reduced. Thus, the mutation affects the developmental switch from
protenema to leafy gametophores, resulting in a protonema-rich mutant phenotype with a different
cell wall composition compared to leafy gametophore-rich wild type colonies. The molecular
mechanism of the developmental switch remains unknown. ppgatl-a knockout mutants can produce
buds with similar appearance to wild-type, and systematic counting of bud numbers in the two
mutants lines will be required to investigate whether the number of buds is also reduced in these two
mutants. Functional enzymatic assay for PpGATL-A will be required to identify its enzymatic
activity. More extensive gene knockout analyses will also be required to explore the biological
functions of the other Physcomitrella GATL genes, either by gene knock-down by RNA interference

or by generating double or triple ppgatl knockout mutants.
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Materials and Methods

Growth Conditions

Physcomitrella patens wild type (ecotype Gransden 2004) and transformed lines were grown
under a 16 h light (50-70 pumol photons m? s™/8 h dark cycle at 23<C on basal medium with
ammonium tartrate (BCDAT) medium or ammonium-free basal medium (BCD) (Nishiyama et al.
2000) overlaid with cellophane.

Knockout Constructs and Transformation

Single gene knockout constructs were prepared for PpGATL-A, PpGATL-C,and PpGATL-E.
Vectors were constructed using Gateway Multisite Cloning (Invitrogen). Genomic DNA was
isolated from 6-day-old Physcomitrella protonema tissues. About 1 Kb of 5’ and 3* homologous
sequence upstream and downstream of each PpGATL genes was amplified and cloned into
pDONR P1-P4 and pDONR P3-P2 vectors using the BP Clonase Il recombination reaction as
described in the Gateway Multisite instruction manual (Invitrogen, Carlsbad, CA, USA). The
two entry clones containing the amplified 5° and 3’ homologous regions were cloned into the
destination vector pBHSNRG (Roberts et al. 2011) using the LR Clonase Il Plus recombination
reaction and separated by a hygromycin resistance selection cassette (the hpt gene was driven by
a double 35S promoter).

The resulting knockout constructs were linearized with Spel and Avrll, and transformed into
Physcomitrella using polyethylene glycol (PEG)-mediated transformation of protoplasts as
described previously (Schaefer et al. 1991). Protoplasts were prepared from 6-day-old

protonema tissues as described (Roberts et al. 2011). Transformants were selected on plates
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containing 15 pg/ml hygromycin and analyzed for stable integration of the transgene by PCR.

The primers used for plasmid construction are provided in Supplemental Table S3.1 and primers

used for PCR-based genotyping of putative knockout mutants are listed in Supplemental Table

S3.2.

Mutant Complementation Analysis

PpGATL-A was amplified from cDNA using primers

5’-CCGCTCGAGATGACACTGGATGTGAAGTAC-3’ and

5’-TCCGGGCCCTTATTGGTAAGATAATGCGGAGG-3’, and inserted into the Xhol and Apal

site of pPCMAKZ1 (http://moss.nibb.ac.jp/) to construct the complementation vector PpGATL-A ox.

PpGATL-A ox was linearized using Kpnl before transformation, and transformants were selected

on plates containing 50 pg/ml zeocin.

RNA Extraction and RT-PCR

To determine PpGATL transcript levels in knockout mutant lines, total RNA was extracted

from 6-day-old triplicate protonema cultures with an RNeasy plant mini kit (Qiagen,Valencia,

CA). Contaminating genomic DNA was removed using RNA-free DNase (Qiagen) and cDNA

synthesis was carried out using Superscript Il reverse transcriptase (Invitrogen), oligo-dT

primers and 1pg of total RNA/20uL reaction. RT-PCR was performed to show the absence of

the PpGATL transcript in the knockout plant lines. EFal was used as a reference gene to

normalize for variation in the amount of cDNA template (Exposito-Rodriguez et al. 2008).

Primers used for the analysis are listed in Table S3.3.
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GUS Reporter Gene Constructs

The cell-specific expression patterns of three PpGATL genes (PpGATL-A, PpGATL-C and
PpGATL-E) were studied using the GUS reporter gene (Jefferson 1987). For each PpGATL
promoter::GUS reporter gene construct, approximately 1.5 kb genomic fragments terminating
immediately prior to the stop codon of each PpGATLs were PCR amplified and inserted in-frame,
5" to the coding region of the GUS gene in the pTN85 vector (AB267707) (Sakakibara et al.
2008). About 1 kb 3" downstream genomic homologues sequences containing the 3’ flanking
region of each PpGATL gener were amplified and inserted into the 3’ region of the pTN85 vector
directly after the NPTII expression cassette of pTN85. Sequences of the individual gene
specific primers containing appropriate restriction sites used are listed in Supplemental Table
S3.4. The resulting targeting constructs were sequenced and linearized by Kpnl digestion prior
to PEG-mediated transformation into Physcomitrella protoplasts (Schaefer et al. 1991).
Transformants were selected on plates containing 50 pug/ml G418 (G9516, Sigma, Stockholm,

Sweden) and stable transformants were screened for 5- and 3'-end integration by PCR

genotyping.
GUS Staining

Expression of PpGATL::GUS transgenes was visualized by staining for GUS activity as
described (Jefferson 1987). Briefly, transgenic moss tissues were incubated in GUS staining
solution (100 mM sodium phosphate, pH7.0, 10 mM EDTA, 1 mM ferricyanide, 1 mM
ferrocyanide, 0.1% [v/v] TritonX-100, and 1 mM 5-bromo-4-chloro-3-indolyl B-D-GIcA) at

37 <C for 2-24 hours. The staining buffer was removed, and the samples were cleared in 70%
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(v/v) ethanol until the blue color became visible. For each construct, at least two transgenic
lines were generated and examined. Patterns of gene expression for each construct were
consistent across multiple transgenic lines, and representative plants were photographed with a
stereoscopic microscope (OlympusSZH-ILLD) equipped with a Nikon DS-Ril camera head using
NIS Elements Basic Research software.
Cell wall Extraction and Sugar Analysis

5-week old Physcomitrella tissue grown on BCD media was collected from each plant line,
and grounded immediately with a mortar and pestle to a fine powder in liquid nitrogen. The
ground materials were consecutively washed with 80% (v/v) ethanol, 100% ethanol, chloroform:
methanol (1:1, v/v), and 100% acetone with agitation. The alcohol insoluble residues (AIRS)
were air-dried in a hood and starch was removed from the walls by treatment with a-amylase
(Type 1A from Bacillus species, Sigma-Aldrich; 100 units per 100-mg cell wall) in 100 mM
sodium acetate buffer (pH 5.0) for 24 h at 37 <C on a shaker. Destarched walls were centrifuged,
washed three times with sterile water and twice with 100% acetone, and air dried. Sugar
composition analyses were carried out on three independently prepared cell wall preparations
using trimethyl silyl ethers of methyl glycosides as described (Caffall et al. 2009).
Cell Wall Fractionation for Glycome Profiling

Sequential extraction of cell walls (AIR) was done on 10 mg/ mL suspensions using
increasingly harsh reagents as described previously (Pattathil et al. 2012). First, the AIR
samples were suspended in 50 mM ammonium oxalate (oxalate). The suspension was stirred

overnight at room temperature.  After the incubation, the suspension was centrifuged at 4000 x g
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for 15 mins, the supernatant was decanted and saved, and the pellet was washed three times with
deionized water before subsequent extraction steps. The washed pellet was then sequentially
extracted in the same manner using 50 mM sodium carbonate containing 0.5% (w/v) of sodium
borohydride (carbonate), 1 M KOH containing 1% (w/v) of sodium borohydride, and 4 M KOH
containing 1% (w/v) of sodium borohydride. In each step, the supernatants were individually
decanted and saved. The 1 M and 4 M KOH extracts were neutralized with glacial acetic acid.
All cell wall extracts were dialyzed against four changes of de-ionized water (sample:water,1:60)
at room temperature for a total of 48 h and then lyophilized.
Total Sugar Estimation and ELISA

Cell wall extracts were dissolved in deionized water at a concentration of 0.2 mg /mL, and
the total sugar content of the extracts was estimated using the phenolsulfuricacid method
(Masuko et al. 2005). All extracts were diluted to the same sugar concentration (60 pg
sugar/mL). ELISA plates (Costar 3598) were loaded with 50 pL of the diluted cell wall extracts
per well and the solutions were allowed to evaporate to dryness overnight at 37 <C. A BioTek
robotic system (Burlington, VT) was used to perform fully automated ELISAS using a series of
150 monoclonal antibodies directed against plant cell wall carbohydrate epitopes (Pattathil et al.
2010).
Tissue fixation and Immunolabeling

Five week old Physcomitrella leafy gametophores were fixed overnight at 4 T in 2.5% (w/v)
glutaraldehyde buffered with 0.05 M phosphate buffer (pH 6.8).  After fixation, the tissues were

dehydrated using a graded ethanol series [20, 35, 50, 62, 75, 85, 95 (v/v), 100, 100, 100% EtOH,
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30 min each step] and embedded in LR White resin in a graded series [1:1, 3:1 resin:ethanol (v/v)]

and finally three times with 100% resin, 24 hours each (Ted Pella Inc.,http://www.tedpella.com).

The infiltrated tissues were transferred into gelatin capsules filled with 100% resin and
polymerized under 365 nm UV light at 4 <C for 48h. Sections (250 nm thick) were cut using

using a Leica EM UC6 microtome (Leica Microsystems, http://www.leicamicrosystems. com)

and stained with toluidine blue for light microscopy.

Immunolabelling was carried out at RT. Sections (250 nm thick) of stems and hypocotyls
prepared as described above were incubated with selected glycan-directed monoclonal antibodies.
Immunolabelling was carried out at RT as described previously (Avci et al. 2012). The
secondary antibody used for the LM series antibodies was Alexa-fluor 488 goat anti-rat 1gG
(Invitrogen), while the secondary antibody used for the CCRC series antibodies was Alexa-fluor
488 goat anti-mouse IgG (Invitrogen). Negative controls were carried out in the absence of
primary antibody.

Light microscopy was carried out wusing an Eclipse 80i microscope (Nikon,
http://www.nikon.com/) equipped with differential interference contrast and epifluorescence
optics. Images were captured with Nikon DS-Ril camera head (Nikon,) using NIS-Elements
Basic Research software. Images were assembled using Adobe Photoshop.

Monoclonal Antibodies
Monoclonal antibodies were obtained as hybridoma cell culture supernatants either from

laboratory stocks at the Complex Carbohydrate Research Center (CCRC, JIM and MAC series;
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available from CarboSource Services [http://www.carbosource.net]), or from Plant Probes (LM

series [http://www.plantprobes.net]).

Supplemental Data

PpGATL-a:: 6US
PpGATL-c ::6US
PpGATL-e :: 6US

123 41212

PpGATL::6US 3’ integration

Figure S3.1. PCR verification of the PpGATL promoter::GUS lines. Genomic DNA from stable
transformants was used as a template for PCR with primers flanking the 5’ and 3’ integration

regions for each PpGATL.
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ppgati-c
knockout lines

ppgati-e
ckout lines

WT
WT
WT

kno

ppgati-a
knockout lines

kol2 koZz kol7 ko37 kol

5 homologous integration

3" homologous integration

PpGATL targeted gene

PpGATL Transcript

EF-al

Figure S3.2. PCR and RT-PCR verification of ppgatl-a, ppgatl-c and ppgatl-e knockout lines; the
expression of the EFalgene was used as an internal control. For each knockout line, 5’
integration of the vector, 3’ integration of the vector, disruption of the targeted PpGATLgene and

absence of the PpGATL transcript were confirmed.
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Figure S3.3. Six-week-old wild type (A), ppgatl-a kol2 (B) and ppgatl-a ko22 (C) leafy

gametophores grown on BCD medium.
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Table S 3.1: Primers used for construction of ppgatl knockout lines.

PCR products are flanked by different attB sites (underlined bps) to generate entry clones by BP

recombination reaction.

Gene
name

Primer
name

Primer sequence (5°-3°)

PpGATL

768-5attB1

768-5attB4

768-3attB3

768-3attB2

GGGGACAAGTTTGTACAAAAAAGCAGGCTGAACTTCACT
CTTCTTCGTTTTGC
GGGGACAACTTTGTATAGAAAAGTTGGGTGTTCCGGTCA
CATATGTGGTC
GGGGACAACTTTGTATAATAAAGTTGGTTCTGTGGGCAT
CGAGAAG
GGGGACCACTTTGTACAAGAAAGCTGGGTGCATGACAAC
CTTCTAATCAACG

PpGATL
-C

454-5attB1

454-5attB4

454-3attB3

454-3attB2

GGGGACAAGTTTGTACAAAAAAGCAGGCTCACGAGCAT
TGACCTAGTCAC
GGGGACAACTTTGTATAGAAAAGTTGGGTAGAAATGTGC
ACCGAGTTCC
GGGGACAACTTTGTATAATAAAGTTGAAGAAGCGAAGG
TTAAGAACTG
GGGGACCACTTTGTACAAGAAAGCTGGGTCACATACCTG
CTGAACAAACC

PpGATL
‘E

911-5attB1

911-5attB4

911-3attB3

911-3attB2

GGGGACAAGTTTGTACAAAAAAGCAGGCTGTTGTTTCTG
CAAACTGACTTGG
GGGGACAACTTTGTATAGAAAAGTTGGGTTGCACCGAGT
TTGGATCG
GGGGACAACTTTGTATAATAAAGTTGAGTGAAGGAAAC
GCTAACACC
GGGGACCACTTTGTACAAGAAAGCTGGGTCCACCTTCTT
GACCTAAGTTCC
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Table S3.2. Primers for PCR Screens of Putativeppgatlknockout mutants

Gene Primer Primer sequence  (5- 37 Am_pllfled
name name region
768-5F GAACTTCACTCTTCTTCGTTTTGC 5' integration site
Vector-R TCCGAGGGCAAAGAAATAGA PpGATL-A
PPGATL-A Vector-F TGACAGATAGCTGGGCAATG 3" integration site
768-3R GCATGACAACCTTCTAATCAACG PpGATL-A
768-F ATGACACTGGATGTGAAGTAC Target sequence
768-R TTATTGGTAAGATAATGCGGAGG PpGATL-A
454-5F CACGAGCATTGACCTAGTCAC 5' integration site
Vector-R see above PpGATL-C
Vector-F see above 3' integration site
PpGATL-C  454-3R CACATACCTGCTGAACAAACC PpGATL-C
454-F ATGACACTCGATGTGAAATATCTGC
TTATTGATAAGATAATGTGGAGGGG | o¢t seduence
454-R PpGATL-C
AG
911-5F GTTGTTTCTGCAAACTGACTTGG 5' integration site
Vector-R see above PpGATL-E
Vector-F see above 3' integration site
PpGATL-E
911-3R CCACCTTCTTGACCTAAGTTTCC PpGATL-E
911-F ATGACGCTTGATGTAGAATATTTGC  Target sequence
911-R TTATTGGTAAGACAACGGGGAAAG PpGATL-E

Table S3.3 Primers for RT-PCR Analysis of Putative ppgatl knockout mutants.

768RT-F GCACCTTTGATGGGAAGAAGC
PRGATL-A 768RT-R TTATTGGTAAGATAATGCGGAGG
454RT-F GCGTTCTGGAACAACAGAATC
PPGATL-C 454RT-R TTATTGATAAGATAATGTGGAGGGGAG
911RT-F ATTCTGGGCAAACAGAACCTTATC
PPGATL-E 911RT-R TTATTGGTAAGACAACGGGGAAAG
EF-la-F AGCGTGGTATCACAATTGAC
EF-1la EF-10-R GATCGCTCGATCATGTTATC
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Table S3.4:  Primers used for construction of PpGATLpro::GUS fusions

Gene name Primer name Primer sequence (5°-3”)
768GUS-5F GGTACCGGTGATGCTTCGTTGAAGTG
768GUS-5R CTCGAGTTGGTAAGATAATGCGGAGG
PPGATL-A 768GUS-3R ACTAGTGTTCTGTGGGCATCGAGAAG
768GUS-3F GCGGCCGCGCATGACAACCTTCTAATCAACG
454GUS-5F GGTACCATGTTGCTGCTCTGATTGAAG
454GUS-5R GTCGACTTGATAAGATAATGTGGAGGGGAG
PPGATL-C sscus-ar ACTAGTAAGAAGCGAAGGTTAAGAACTG
454GUS-3R GAGCTCCACATACCTGCTGAACAAACC
911GUS-5F GGTACCTGGCACGACACTCATTGG
911GUS-5R GTCGACTTGGTAAGACAACGGGGAAAG
PPGATL-E 911GUS-3F ACTAGTAGTGAAGGAAACGCTAACACC

911GUS-3R

GCGGCCGCCCACCTTCTTGACCTAAGTTTCC
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CHAPTER 4

CONCLUSIONS

In this dissertation, the moss Physcomitrella patens has been used as a model to investigate
the origin and functional role(s) of GATL gene family members in plant cell wall biosynthesis.
It is the first study in which the isolation and characterization of galacturonosyltransferase-related
gene knockout mutants in Physcomitrella has been carried out using a targeted mutagenesis
approach.

Mutational and biochemical studies of the Arabidopsis GATL genes revealed that they play a
role in cell wall biosynthesis. However, the function(s) for most of the GATL proteins remain
unknown. Phylogenetic analyses of glycosyltransferase sequences from the moss
Physcomitrella patens genome identified five orthologs to AtGATLs, providing a basis for
investigating the evolution of the GATL gene family and identifying their role(s) in plant cell wall
biosynthesis using a structurally simple system.

To investigate the biological function of the five PpGATLs in Physcomitrella, my PhD
research was first focused on complementation studies of the Arabidopsis parvus/gatll mutant
with homologous Physcomitrella genes (Chapter 2). The reason to choose PARVUS/ATGATL1
is because homozygous parvus/atgatll mutants exhibit growth defects that are easily
distinguishable from WT plants, including dwarfism, dark-green leaves, reduced size of all organs

(i.e. leaves, floral organs, fruits), and reduced fertility (Lao et al. 2003). The Arabidopsis mutant
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plants also display a collapsed xylem phenotype with a drastic reduction of secondary wall

thickness in xylem tissues (Brown et al. 2007; Lee et al. 2007; Kong et al. 2009). | examined

the gene expression profiles of the five PpGATL genes by quantitative real-time PCR using

gene-specific primers and isolated three genes (PpGATL-A, PpGATL-Cand PpGATL-E) with

relatively higher expression levels. Subsequent studies focused on these three genes. To

determine whether the PpGATL proteins have the same function as PARVUS/AtGATL], the

cDNAs of the three PpGATL genes were isolated and fused with CaMV 35S promoter and

introduced individually into heterozygous Arabidopsis parvus/gatll mutant lines. Transgenic

plants with a homozygous parvus/gatll background were identified by PCR. Overexpression of

PpGATL-A in the parvus mutant rescues plant growth defects as well as the altered cell wall

monosaccharide composition and cell wall glycome profiles. Thus, | showed that PpGATL-A is

functionally conserved with PARVUS/AtGATL1 and can perform at least one similar biochemical

function as the PARVUS/GATL protein in Arabidopsis.

To further investigate the role of PpGATL genes in cell wall biosynthesis, | performed

targeted mutagenesis studies of PpGATL-A, PpGATL-C and PpGATI-E in Physcomitrella

(Chapter 3). ppgatl-aknockout lines produce fewer leafy gametophores. Glycome profiling of cell

wall fractions from ppgatl-a mutants revealed a loss of xylan epitopes in the 1M KOH and 4M KOH

extracts, and cell wall composition analysis revealed a significantly reduced xylose content in 1M

KOH extracts. Cell wall fractions prepared from wild type juvenile protonema tissue exhibit similar

glycome profiles with the ppgatl-a mutants, and showed reduced xylose content in 1M KOH extracts

as detected by glycosyl residue composition analysis. These data suggest PpGATL-A is required for
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the transition from juvenile protonema to adult leafy gametphores in Physcomitrella. ppgatl-c and
ppgatl-e knockout plants did not show any obvious growth defects compared to wild type.
Promoter::5-glucuronidase expression studies showed that PpGATL-A and PpGATL-C have
overlapping expression patterns, though with different expression intensities, while PpGATL-E
exhibits a distinct expression pattern. The tissue-specific expression divergence between the
PpGATLs suggests functional specialization and diversification of the PpGATL proteins; the genes
encoding these proteins appear to have arisen by recent genome duplication events based on their high
degree of sequence identity. More extensive gene knockout analyses will be required to explore the
biological functions of the Physcomitrella GATL genes, either by gene knock-down by RNA
interference or by generating double or triple ppgatl knockout mutants.

In conclusion, we have shown that PpGATL-A is a functional ortholog of PARVUS/AtGATL1
in Arabidopsis, and PpGATL-A is required for leafy gametophores development in Physcomitrella.
The phenotype of the Arabidopsis parvus/gatll mutant is complex, exhibiting characteristics
consistent with defects in pectin or xylan synthesis ( Lao et al. 2003; Lee et al. 2007; Persson et al.
2007; Lee et al. 2009; Kong et al. 2009). The results of this study provide evidence that
PpGATL-A may not be directly involved in xylan synthesis by contributing to the
GalA-containing reducing end oligosaccharide synthesis as has been suggested in previous
literature, since this xylan reducing end sequence has not been detected in Physcomitrella
(Kulkarni et al. 2012b).  Furthermore, xylan shows only a very limited presence in
Physcomitrella as by chemical and immnolabeling analyses (Kulkarni et al. 2012b). Axillary

hairs are specifically labelled by xylan-directed monoclonal antibodies including LM11,
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CCRC-M137, CCRC-M147, CCRC-M154 and CCRC-M160 (Kulkarni et al. 2012b and Figure
3.6 in Chapter 3). Interestingly, PpGATL-E is highly expressed in axillary hairs (Figure 3.1 in
Chapter 3), suggesting that this gene is possibly involved in xylan synthsis. However,
overexpression of PpGATL-E in Arabidopsis parvus/atgatll mutant plants does not rescue the
defects caused by the parvus mutation. The above evidence supports another possibility that
PpGATL-A functions in the synthesis of other GalA-containing polymers that provide a
substructure for xylan deposition. A similar conclusion was drawn recently for the Arabidopsis
GAUT12/IRX8 protein; mutation of the gene encoding this protein leads to defects in both xylan
and pectin deposition (Hao et al. 2014). The exact biochemical function (s) of PpGATL proteins
is not clear, and functional enzymatic assay such as HG:GalAT, RG-I:GalAT and/or RG-I1:GalAT

enzyme activity assay will be required to elucidate their precise roles in cell wall biosynthesis.
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