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ABSTRACT

THE INFLUENCE OF EXTENSIN CROSS-LINKING ON BIOMASS RECALCITRANCE

Plant cell walls are under investigation as a source for biofuel production, yet conversion
of cell walls (biomass) into biofuel is currently too expensive to be competitive with gasoline.
Biomass is recalcitrant; that is, it resists enzymatic degradation by cellulases into
monosaccharides such as glucose. One source of recalcitrance may be the presence sf extensin
covalently bound cell wall proteins that are extremely insoluble.

To determine what influence, if any, extensins have on biomass recalcitrance,
performed several experiments. | first turned to poplar biomass, which is a model source for
biofuels. | found that protease treatment of poplar biomass after liquid hot water pretreatment
reduced the hydroxyproline content (a proxy for extensins). The reduction in hydroxyproline
content correlated with reduced recalcitrance, seen as an increase in glucose release after
cellulase digestion of poplar biomass. | alsoe@sthetherArabidopsis T-DNA insertional
mutations in the genes encoding enzymes that perform extensin post-translational modification
could reduce extensin content or cross-linking, and whether this reduction was associated with
reduced biomass recalcitrance. | found that although these mutants were hypothesized to have
reduced incorporation of extensin in cell walls, no significant effects on extensin content in
inflorescence stem cell walls (an analog for woody biomass), nor on glucose release from
biomass, were found in any mutant line. Findll\poked at the effects of extensin
overexpression on glucose release in transgenic Arabidopsis lines containing synthetic genes

encoding the complete extensin domain fl8irRX1 or a short C-terminal region of 20 amino



acids ofSLRX1, fused to the red fluorescent reporter protein tdTomato. Observation of the
tdTomato fluorescence in transgenic biomass after various chemical and enzymatic treatments
indicated that the C-terminal 20 amino acidS&RX1 are sufficient to allow a strong

association with the cell wall, while the compl&ERX1 extensin domain leads to an even
stronger, perhaps covalent linkage. Lines transformed with the corB{ll&¥€1 extensin

domain had more than twice the hydroxyproline content in their stems than wild-type, but this
increase in hydroxyproline did not affect the amount of glucose released from stems upon
cellulase digestion.

Since protease treatment reduced both hydroxyproline content and recalcitrance in poplar
biomass, further experiments to assess the nature of the association between extensins and cell
walls are warranted to attempt to further reduce recalcitrance. In the experiments | performed,
the stems of extensin modification mutant Arabidopsis lines showed no change in extensin
modification, and therefore no effect on recalcitrance was observed; stems of transgenic
overexpression Arabidopsis lines showed increased extensin content, but again, no effect on
recalcitrance was observed. My investigations in Arabiddpsissed on stem tissue, as this is
analogous to material used in biofuel production. However, extensins are most abundantly
expressed in roots in many plants, particularly in Arabidopsis. Examination of roots of both
mutant and transgenic Arabidopsis may be more revealing of the interactions between extensins,

cell walls, and recalcitrance.
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CHAPTER ONE: STUDY RATIONALE

Plant cell walls are a renewable source of fuel for animals (food) as well as machines
(biofuel). However, to produce biofuel by converting cell wall carbohydrates into hydrocarbons,
the carbohydrates (primarily glucose) must first be released from their macromolecular
structures. Glucose in the plant cell wall is mainly sequestered in cellulose microfibrils, which
cannot be directly converted into biofuel. However, cellulose microfibrils can be broken down
into glucose monomers by digestion of biomass with cellulase enzymes. The released glucose
can then be fermented into biofuel molecules such as ethanol or buyan@roorganisms?.

The plant cell wall contains other components in addition to cellulose (hemicelluloses, pectins,
lignins, and proteins), all of which interact to form a complex matrix that physically impedes
access of cellulase enzymes to cellulose: in other words, cell walls are recalcitrant to digestion
for glucose releadeln order to overcome this recalcitrance for biofuel production, so that
cellulases work more efficiently and the yield of glucose for fermentation increases, the cell wall
matrix can be partially disrupted by pretreatment before cellulases are added to the biomass. The
goals of pretreatment are to remove lignin and hemicellulose, reduce cellulose crystallinity, and
increase cell wall porosity, with minimal carbohydrate degradation, minimal formation of
inhibitory by-products, and minimal csProtocols for thermochemical and mechanical
pretreatment of biomass have been develtpsgecifically address removal or modification of
hemicelluloses and lignins. After pretreatment, glucose yields from cellulase digestion increase
because the cellulases have improved access to celltlbgrvever, even with pretreatment,

cell wall digestion is still not efficient enough to make plant cell watlseap source of biofuel



The roles of hemicellulose and of lignin in biomass recalcitrance have been extensively
studied. Both are known to associate with cellulose microfibrils, and their removal in
pretreatment is directly correlated with increased glucose yield after cellulase tréatliemt
primary cell walls can also contain up to 20% protein. The most abundant cell wall proteins are
the hydroxyproline-rich glycoproteins (HRGPSs), which comprise a class of proteins with a
spectrum of hydroxyproline content and glycosylation. Extensins are the most abundant HRGPs,
with high hydroxyproline content and intermediate glycosyl&tiBmtensins are not enzymes;
rather, they contribute to cell wall structure through the formation of covalent bonds within cell
walls that form a cross-linked mattiXl. Due to these cross-links, extensins have the potential to
contribute significantly to biomass recalcitrance. My research examines the influence of extensin
cross-linking on biomass recalcitrance, and | explored methods for reducing or removing cell
wall extensins to potentially improve glucose yields.

REVIEW OF EXTENSIN CROSS-LINKING
The extensin post-translational modification pathway

Significant post-translational modifications are required to create mature extensins.
Extensins are characterized by an abundance of serine-p®@R)enptifs, where n is usually
between 3 and 7. TheseSRotifs are separated by short hydrophobic motifs of varying length,
often including tyrosine, lysine, histidine, and valfa@ost-translational modifications stabilize
the protein in an outstretched rather than globular confornt&tibifrirst, proline is
hydroxylated to hydroxyproline in the endoplasmic reticulum, by prolyl-4-hydroxlases.
Hydroxylation of proline in the HRGPs depends on the amino acid context, but most prolines
found withinSR, blocks are hydroxylatéd Sugar “decorations”, primarily chains of 3-5

arabinoses, are then added in the Golgi by glycosyltransferases. Hydroxyproline is the main site



for glycosylation with O-linked arabinose residues, but serine also is O-galacto%yRirealy,
fully modified extensins are secreted to the cell wall and insolubilized through the formation of
cross-links by peroxidases.

Extensin cross-linking partners

Several theories for how insolubilization of extensins by crosslinking occurs have been

proposed, but direch vivo evidence has proved difficult to obtain. Extensin-extensin cross-
links, formed inter- or intra-molecularly between tyrosines by extensin peroxidases, have been
clearly showrin vitro, resulting in isodityrosineé or even di-isodityrosinté. In vivo
investigations using REDOR NMR show that 25% of cell wall tyrosines in soybean become
incorporated in predominantly isodityrosine cross-links between distant, likely intermolecular
tyrosines (contrary to the prevailing model of isodityrosine formation between neighboring
tyrosines in YXY motifs)’. Extensin-pectin cross-links have been shown indiréctivo by
analyzing the compounds remaining in cotton cell walls after sequential extraction pro@edures
and by analyzing protein contaminants of commercially prepared sugar beet®pEgtiensin-
lignin cross-links between tyrosine and the aromatic residues of lignin have been proposed, but
an interaction between these molecules is unlikely, as extensins are presumed to remain in
primary cell walls, while lignin is found in secondary cell walls. Nevertheless, the high
hydroxyproline amino acid composition of the protein component in elicitor-induced lignin
formation in spruce pine has been proposed to be due to extensin-lignin cofiplexes
Furthermore, proteins in lignified spruce wood have been found that are very likely extensins,
based on their antibody labeling, gel electrophoresis, and amino acid composition®hrtifikes
possible that cross-links can occur between extsasich multiple other cell wall components. In

suspension-cultured soybean cells, an extracellular complex was determined to contain pectin,



hydroxyproline-rich protein, and lignin, with strong covalent bonds between the different kinds
of molecule$’. However it occurs, extensin insolubilization can play a critical role in cell walls,
as loss-of-function mutants in Arabidopsis show cell wall phenotypes ranging from abnormal
root hairs to embryo lethality due to defects in cell plate form&tfén
Importance of cross-linking for plant function

Extensins have been implicated in many aspects of plant growth and devefSpfent
Their outstretched conformatitfnrapid insolubilization after wounding or infectfdr®, and
high expression after tensile stress or weight-lo&ditigsuggest that their primary function is
mechanical stabilization of the cell wall. Extensin cross-linking appears to be regulated in a cell-
type-specific manner. For example, extensins in Arabidopsis are most abundantly expressed in
roots and pollef?. In transgenic Arabidopsis overexpressing secreted GFP-tagged extensin
motifs, levels of protein translation, post-translational modification, and secretion vary
depending on the cell type examiféd hese results suggest that extensins have diverse
functions throughout the plant, which can be influenced by post-translational modification that in
turn influences cross-linking. Multiple mechanisms may be required to explain extensin cross-
linking in different cell wall environments. In summary, extensins, although simple to identify
by the repetition of th&R, motif, are difficult to analyze given their diverse expression patterns
and extreme insolubility in cell walls.

Methods of solubilizing cross-linked extensin and their relevance to pretreatments

It is not currently known how pretreatment regimes affect the association of extensins
with the cell wall. It is clear that extensins are difficult to release from the cell wall, since
extreme treatments, such as with anhydrous hydrogen fluoride, de-glycosylate but do not

solubilize extensirS. Extensins are also not solubilized by treatment with strongCamwid



basé’. In liquid hot water pretreatments acidity is not extreme enough to cause protein
hydrolysiS. There is, therefore, a real possibility that current pretreatment regimes do not release
extensins from plant cell walls. Modification of pretreatment protocols to solubilize extensin in
cell walls would likely increase glucose yields from digestion of biomass. In support of this idea,
a patent application has shown that removal of extensins from woody biomass with proteases
enhances biomass delignification for the production of g&pEnus, removal of extensins
before or during pretreatment may augment delignification; delignification is known to reduce
recalcitranc®, so increased glucose yields may result.
OVERVIEW OF EXPERIMENTAL APPROACHES
Extensin removal by protein digestion

One avenue for exploring the possible effects of extensin cross-linking on biomass
recalcitrance is to decrease extensin content prior to cellulase digestion. Although extensins are
thought to be protected from protease activity by their arabinose chains, which may shield the
polypeptide backborig® pretreatment may be sufficient to deglycosylate extensins and make
them susceptible to proteolytic cleavage. Extensin cleavage may subsequently lead to
solubilization of extensin fragments, decreasing biomass reacalcitrance due to physical barriers
to cellulase digestion. For example, overexpression of a tyrosine-rich extensin in woody biomass
increases sugar release after protease tredfmenChapter 2, | investigate the effects of
protease treatment prior to cellulose digestion on poplar biomass digestibility.

Prevention of cross-linking by mutation of genes encoding key extensin modification enzymes

A second approach to decreasing extensin content is to prevent or reduce extensin cross-

linking in cell walls. A suite of Arabidopsis mutants has now been identified and partially

characterized, encompassing the gene families encoding the enzymes that perform extensin post-



translational modifications. According to the accepted models of extensin insolubilization,
proper post-translational modification is required for both secretion and cross4king
Therefore, mutations in the genes encoding these enzymes could affect post-translational
modification of all extensins and produce cell walls that have reduced or absent extensin cross-
linking and reduced recalcitrance. In Chapter 3, | analyze recalcitrance and other phenotypes of
five different Arabidopsis T-DNA insertional mutants, one in each of the gene families involved
in extensin post-translational modification.

Extensin overexpression in transgenic Arabidopsis

A third avenue for exploring the possible effects of extensin cross-linking on biomass

recalcitrance is to increase extensin content prior to cellulase digestion. If my hypothesis is
correct, increasing extensin content will increase biomass recalcitrance. In Chapter 4, | describe
transgenic Arabidopsis lines transformed with tdTomato-extensin fusion constructs | designed to
encode the red fluorescent reporter protein tdTomato fused with either of two different extensin
domains. | qualitatively assess the strength of the association of each fluorescent reporter fusion
protein with the cell wall, and | analyze recalcitrance and other phenotypes of lines

independently transformed with each of the constructs.



CHAPTER TWO: INVESTIGATING THE ROLE OF EXTENSIN PROTEINS IN BIOMASS
RECALCITRANCE IN POPLAR

SYNOPSIS

Biological conversion of cellulosic biomass to biofuel requires a pretreatment step to
maximize the monosaccharides released. Pretreatment techniques can still be improved to further
increase the yield of monosaccharides. In this study we investigated extensin proteins in poplar
stem biomass to determine whether their presence influences pretreatment effectiveness. We
found three classical extensin genes in poplar through bioinformatic analysis of the poplar
genome, which we propose to name as folld®EXT1 (Potri.001G019700RtEXT2
(Potri.001G020100), anetEXT3 (Potri.018G050100). We used tissue print immunoblots to
localize extensin proteins in poplar stems, finding most of the signal to be in the vascular tissue.
We assessed whether common pretreatments are able to remove extensins from poplar biomass
by measuring the hydroxyproline content (a proxy for extensins) in biomass after different
pretreatments (liquid hot water, dilute acid, and alkaline peroxide). Liquid hot water
pretreatment reduced hydroxyproline content by 20%, while over half the original
hydroxyproline remaied after alkaline peroxide and dilute acid pretreatments. Treatment with
Fermgen protease was able to further reduce the hydroxyproline content in liquid hot water
pretreated biomass by 16%. Finally, we analyzed the effect of Fermgen treatment on glucose
release from pretreated poplar biomass, and found that Fermgen treatment increased the

subsequent glucose yield from liquid hot water pretreated poplar by 4%. These data suggest that

" Authors: Margaret Fleming (Biology Department, Colorado State University), Steve
Decker (National Renewable Energy Laboratory, Golden, CO), and Patricia Bedinger (Biology
Department, Colorado State University)



structural cell wall proteins limit the glucose yield from pretreated biomass, and that one
approach to increase yields may be to incorporate a protease treatment into the pretreatment
protocol.
INTRODUCTION

Plant cell walls are complex structures composed of polysaccharides (cellulose,
hemicelluloses, and pectin), lignin, and structural prot@i@ellulose, as a polymer of glucose,
is of particular interest as a source of renewable energy for biofuel production, since cellulose
can be broken down to glucose by cellulases, and microorganisms can then ferment the glucose
into fuel molecules However, cell wall recalcitrance, resulting from the natural crystalline
structure of cellulose as well as other aspects of cell wall architecture, can limit the ability of
cellulases to access and break down celléfose

One way to address cell wall recalcitrance is to employ a pretreatment of biomass before
attempting enzymatic digestion of polysaccharides. The commonly used pretreatments are
thermochemical, which disrupt the cell wall structure both physically and chemically. Typical
pretreatments include dilute acid, alkaline peroxide, liquid hot water, ammonia steam explosion,
ammonia fiber expansion, and ionic ligtidPretreatments target lignin and hemicelluloses,
since they are abundant components of the cell wall and are known contributors to recdlcitrance
Pretreatment can increase glucose vyield, but yields must be further increased if biofuels are to be
cost-competitive with conventional fuétsimproving pretreatments to enhance digestive
enzyme access to cellulose is one way to increase glucose yields. Structural cell wall proteins are
a minor component of cell walls, but could impact cell wall digestibility. The effects of structural

cell wall proteins on biomass digestibility have not yet been investigated, and structural cell wall



proteins could prove a fruitful target for reducing cell wall recalcitrance and increasing glucose
yields from biomass.

Extensins are structural cell wall proteins, forming a sub-group of the hydroxyproline-
rich glycoproteins (HRGPSs). Extensins contain a diagnostic SPPP or SPPPP primary sequence
motif, repeated at least twite The primary sequence directs substantial post-translational
modifications, including hydroxylation of select prolines to hydroxypréfifiethe addition of
an arabinosyl side-chain (containing 3-5 arabinoses) to hydroxygdfdfinand addition of
galactose to serif& The mature protein has a rigid and outstretched conformation, due to the
series of proline and hydroxyproline residues creating a polyproline-2 helix, and glycosylation
creating a stabilizing B-L-arabinofuranoside “sheath” around the polypeptide chain, protecting it
from degradatiotf>1 Newly synthesized, fully modified extensins are secreted to the cell wall
and are initially soluble and salt-elutable, but eventually become cross-linked within the cell wall
due to the formation of inter-protein covalent bot@$’ Generally, extensin cross-linking
occurs as the primary cell wall matures and no longer expands, or in response to pathogen attack
or mechanical woundirig#®52%6,

Once extensins are cross-linked within cell walls, they are extremely difficult to
removeé®>?’. Therefore, extensins may pose a significant barrier to complete enzymatic
breakdown of cellulose, either by limiting the complete removal of lignin, hemicelluloses, or
pectin during pretreatment, or by physically blocking the activity of the processive enzymes used
in cellulose degradation.

In this study we investigated extensin proteins in poplar stem biomass. We found three
classical extensin genes in poplar through bioinformatic analysis of the poplar genome, and

localized extensin proteins in poplar stems using tissue print immunoblots. We assessed whether



common pretreatments are able to remove extensins from poplar biomass by measuring the
hydroxyproline content in biomass after different pretreatments. Finally, we analyzed the effect
of protease treatment on hydroxyproline content and glucose release from pretreated poplar
biomass.
MATERIALS AND METHODS
Bioinformatic analysis of poplar extensins

The extensins identified by Guo et al (2014), originally identified as containing two or
more repeats of SPr SR as well as a signature extensin protein domain in Interpro
(IPR0O06706, IPR006041, IPR003882, IPR003883, PR01217, or PTHR23201), were analyzed to
find genes encoding “classical” extensins®’. SignalP 4.1 (www.cbs.dtu.dk/services/SignalP/) was
used with its default settings to predict the presence of a signal setfuengenes that had
predicted signal sequences, protein sequence homology to annotated extensin proteins was
identified with HMMERS3, using a phmmer search of the SwissProt database
(hmmer.janelia.org?y. For the purposes of this analysis, genes with additional domains
(chimeric extensins) or pollen Ole e 1 allergen/extensin domains were excluded, as well as those
with similarity to other HRGPs but not extensins (such as AGPs or PRPs). Genes with a signal
sequence and a predicted extensin domain, but no additional functional domains, were classified
as “classical extensins”.

Introns were identified in classical extensin genes using PopGenie 3.0 (popgeffie.org)
The organ with the highest expression for each gene was identified using the PopGenie 3.0
exPlot tool, based on expression values irPibyulus balsamifera developmental tissue sefiés

and theP. trichocarpa tissues seri€é Data from Hefer et al (2015) were also consid&red
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Tissue print immunaoblots

Tissue prints were made as described in Cassab and Varnerf{1B8Qes of
nitrocellulose paper were soaked for 30 minutes in 0.2 M Ca(l dried. Freehand cross-
sections of stems &fopulus alba x Populus tremuloides grown in hydroponic media, between 1-
3 mm thick, were made with a double-edged razor blade. The sections were rinsed in distilled
H20O for 3 seconds, dried with a KimWipe, and firmly pressed for 20 seconds onto the prepared
nitrocellulose.

The nitrocellulose was air-dried, blocked in 5% non-fat milk in TBST (10 mM Tris-HCI
pH 7.4, 150 mM NacCl, 0.05% Tween-20) overnight &4nd washed five times for 10
minutes in TBST. Prints were treated for 3 hours at room temperature with one of three different
antibodies diluted in TBST according to the recommendations of the provider: a 1:10 dilution of
mAb JIM20 (raised against pea guard cell protopigs®arboSource), a 1:10 dilution of mAb
LM1 (raised against rice cell walfs PlantProbes), or a 1:500 dilution of polyclonal carrot
extensin-1 antibody, gE*4(a kind gift of Dr. L. A. Staehelin). Tissue prints were washed four
times for 15 minutes in TBST at room temperature, then treated overnigh® atith a
1:10,000 dilution of goat anti-rat alkaline-phosphatase conjugated secondary antibody (Sigma)
for detecting mAbs JIM20 and LM1, or goat anti-rabbit alkaline-phosphatase conjugated
secondary antibody (Sigma), for detecting gE-1, each diluted in TBST. Tissue prints were then
washed five times for 10 minutes in TBST at room temperature and developed in 10 mL alkaline
phosphatase buffer (100 mM Tris-HCI, pH9.5; 100 mM NaCl; 3 mM M)g€&intaining 40 pL
NBT (35 mg/mL in 70% DMSO; Sigma N6876) and 15 pL BCIP (50 mg/mL in 100% DMSO;
Sigma 8503). As controls, several tissue prints were treated with secondary antibody only or with

the alkaline phosphatase substrates directly after blocking; no signal was detected in either
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control treatment. The developed tissue prints were imaged with an Epson Perfection V700
Photo flat-bed scanner at 12,800 dpi.

The same poplar stem cross-sections that were used for the tissue prints were
subsequently dipped for 5 seconds in 0.25% Toluidine Blue O (Electron Microscopy Sciences,
#22050), mounted in glycerol, and imaged with a Leica 5500 microscope, using a Leica DFC
450 color camera with Leica Application Suite V4.1 software. Images were composited with
Image Composite Editor (http://research.microsoft.com/en-us/um/redmond/groups/ivm/icel/).

Pretreatment of poplar biomass

Dried, milled poplar biomass (as described in Setigl. 201¢") was pretreated with

dilute acid or liquid hot water at the National Renewable Energy Laboratory (NREL, Golden,

CO) in a 4-L ZC vertically stirred reactor (ZipperCla¥eAutoclave Engineers, Erie, PA,

USA). Steam was directly injected into the bottom of the reactor through ports in a rotary-plow
type of agitator and constant temperature was achieved by controlling the steam pressure in the
reactor. The ZC reactor is also equipped with an electrical heating blanket set at reaction
temperature to lessen steam condensation due to heat losses through the reactor wall. The
contents within the ZC reactor typically reached reaction temperature within 5 to 10 seconds of
starting the steam flow as measured by two thermocouples, one inserted into the bottom and one
near the middle of the reactor. At the end of pretreatment, the steam pressure was slowly released
through a condenser over a period of 15 to 30 seconds to lessen boil-over. For acid pretreatment,
poplar was mixed with 0.5% sulfuric acid, impregnated into the biomass under vacuum with
mixing, loaded into the ZipperCla¥e@retreatment reactor and treated at aG@or 20 minutes.

For liquid hot water pretreatment, poplar was mixed with water, loaded into the Zippé&Clave

and treated at 18 for 40 minutes. For alkaline peroxide pretreatment, 4 g of untreated
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standard BioEnergy Science Center (BESC) poplar was mixed with 100 mL of 1% hydrogen
peroxide solution (pH 11.5, adjusted with 12 M NaOH), and incubated with vigorous shaking at
65 °C for 3 hours. After all pretreatments, the biomass was extensively washed with deionized
water and dried before use in further experiments. Untreated, standard BESC poplar was used as
a control throughout the subsequent experiniénts

Compositional analysis of biomass

Each type of biomass (no pretreatment, liquid hot water pretreatment, dilute acid

pretreatment, or alkaline peroxide pretreatment) was analyzed using a scaled-down version of the
NREL standard Laboratory Analytical Procedures for compositional analysis for structural
carbohydrates, lignin, protein and ash (http://www.nrel.gov/biomass/pdfs/42618.pdf). Briefly,
100 mg of biomass was hydrolyzed in 72% (w/wHk for 2 h at 30C. After dilution with
dH20 to 4% (w/w) HSQ4, the samples were autoclaved for 60 minutes afC2t hydrolyze
oligosaccharides formed in the first stage. After neutralization witE G monomeric sugars
were quantified by HPLC. Structural polysaccharide content was back-calculated after
adjustment for losses due to degradation against sugar recovery standards. Each sample was
analyzed in duplicate using 100 mg of biomass per sample.

Hydroxyproline assay

15 mg samples of untreated, liquid hot water pretreated, dilute acid pretreated, and

alkaline peroxide pretreated poplar were rehydrated in 2.1 mL 30 mM sodium citrate, pH 4.5, for
3 hours at room temperature in 2-mL screwtop tubes (Sarstedt). 4.5 uL Fermgen (Genencor), or
a buffer-only control, was added to the rehydrated biomass, and the samples were incubated in a
50°C rotisserie oven with end-over-end rotation for 24 h. Multiple samples for each treatment

and biomass type were pooled to achieve a final mass of ~100 mg. These pooled samples were
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boiled overnight in distilled water, washed three times with distilled water, and dried overnight at
50°C to remove any soluble proteins (particularly monomeric, non-covalently-bound extensin or
other soluble HRGPs). Samples were re-weighed and amino acid hydrolysis was performed by
adding 1.6 mL 6 M HCI and incubating in closed Sarstedt tubes &C1fa® 18 h. The
supernatant was assayed for hydroxyproline according to a modification of the methods of
Kivrikko and Liesma# as follows: 500 pL were transferred to a new tube and pH-adjusted by
the addition of 12 M NaOH to pH 3.0 (+/- 0.1). A higher pH led to development of a dark brown
color in the samples that interfered with subsequent colorimetric analysis. The samples were
centrifuged at 21,130 g for 1 minute to clarify the supernatant. 125 pL of sample supernatant was
then mixed with 250 pL 50 mM sodium hypobromide and incubated at room temperature for 5
minutes. The oxidation reaction was stopped by the addition of 125 uL 6 M HCI, followed by
250 pL para-dimethylaminobenzaldehyde (DMAB, 5% in n-propanol), to all tubes. Tubes were
sealed, mixed by hand, and incubated &iZ€br 15 minutes. After cooling, the absorbance at
560 nm of each sample was measured in triplicate (200 puL each) in a 96-well plate, using a
BioTek Synergy HT plate reader. Data were analyzed in Microsoft Excel 2010. Hydroxyproline
standards with the same salt concentrations (4.2 M NaCl) and pH (3) as the samples were used to
construct a standard curve.
Protease treatments

Fermgen

5 mg dried poplar biomass samples of four types (untreated, liquid hot water pretreated,
dilute acid pretreated, and alkaline peroxide pretreated) were rehydrated in 700 uL 30 mM
sodium citrate, pH 4.5, for 3 hours at room temperature in 2-mL screwtop tubes (Sarstedt). 1.5

ML Fermgen (70 mg/mL, determined with BCA assay, Pierce) (Genencor), or a buffer-only
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control, was added to the rehydrated biomass, and the samples were incubatetCin a 50
rotisserie oven with end-over-end rotation for 24 h. The treatment was stopped by boiling the
tubes in a water bath for 10 minutes. The biomass was then centrifuged at 21,300 g for 30
seconds and washed to remove any remaining protease activity, following Kumar and Wyman
(2009¥°, using two 500 pL washes with 1 M NaCl followed by four 500 pL washes with
deionized water, and finally adding 500 pL 30 mM sodium citrate buffer, pH 4.5 (final
concentration 21.4 mM). The biomass was vigorously vortexed and then centrifuged for each
wash, and only 500 puL of the total 700 pL was removed after each centrifugation to avoid
disturbing the biomass pellet.

For a time-course experiment, 5 mg dried poplar biomass samples of all four types were
rehydrated as described above. 1.5 pL Fermgen was added to the rehydrated biomass every two
hours for ten hours (9 uL total) while the samples were incubated iAGrafisserie oven with
end-over-end rotation for 24 h. The treatment was stopped as described above before proceeding
with a digestibility assay.

Chymotrypsin

5 mg dried, liquid hot water pretreated poplar biomass samples were rehyd@g28ed in
pL 10 mM Tris pH 8.0, 50 mM NaCl, 10 mM Ca@br 3 hours at room temperature. 70 puL of 1
mg/mL chymotrypsin (Sigma C-7762, dissolved in the same buffer) or buffer was added.
Samples were incubated, boiled, washed and resuspended as described above.

Digestibility assay

We adapted the protocols of Santoro et al (2010) and Selig et al (2010) from high-

throughput to laboratory-scéfe’. 50 pL of a solution containing Cellic CTEC2 (70 mg/g

biomass, Novozymes), Cellic HTEC2 (2.5 mg/g biomass, Novozymes), 0.007 % e
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concentration), and 30 mM sodium citrate, pH 4.5, was added to the samples of 5 mg biomass in
700 pL 21.4 M sodium citrate, pH 4.5 (prepared as described above). Samples were incubated in
a 50°C rotisserie oven with end-over-end rotation for 1 week.

The tubes were centrifuged at 21,130 g for 1 minute. 650 pL supernatant was removed to
a new tube, diluted 1:10 in water, and measured for glucose content in a GOPOD assay
(Megazyme). Triplicate 20 pL aliquots of sample, glucose standard, or an enzyme-only mixture
were mixed with 200 pL GOPOD reagent and incubated ¥C40r 45 minutes in a 96-well
plate. The absorbance at 510 nm was read in a BioTek Synergy HT plate reader. Data were
analyzed in Microsoft Excel 2010. Glucose standards were used to construct a standard curve.
The absorbance from the enzyme-only mixture was subtracted from the absorbance of the
samples to correct for glucose present in Cellic CTEC2 and HTEC2.

24-hour digestibility assay

50 pL of a solution containing Accellerase 1500 (13 mg/g biomass, Dupont), 0.007%
NaN3 (final concentration), and 30 mM sodium citrate, pH 4.5, was added to samples of 5 mg
liquid hot water pretreated biomass in 700 puL 21.4 M sodium citrate, pH 4.5 (prepared as
described abov& Samples were incubated in a%Drotisserie oven with end-over-end rotation
for 24 hours. Glucose analysis was performed as described above. An enzyme-only (no biomass)
sample was measured to correct for glucose present in Accellerase 1500.

Protein gel assay to detect proteolysis

1.5 pL of Fermgen was added to four tubes containing 20 mg Avicel (Sigma) in 700 pL
30 mM sodium citrate, pH 4.5. Two of the samples were boiled and washed to inactivate and
remove Fermgen as described above. 200 pL of 2 mg/mL BSA, or 1 pL Cellic CTEC2 (237

mg/mL, determined with BCA assay, Pierce) plus 1 pL Cellic HTEC2 (206 mg/mL, determined
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with BCA assay) were added to one tube with active Fermgen and one tube with Fermgen
inactivated and removed by boiling and washing. All samples were incubate8Cafds®4
hours, and then 75 pL were removed and mixed with 25 pL 4x SDS sample buffer (200 mM
Tris-HCI pH 6.8, 8% SDS, 40% glycerol, 4% B-mercaptoethanol, 50 mM EDTA, 0.08 %
Bromophenol Blue), and boiled 5 minutes in a water bath. Samples were then electrophoresed on
a 10% SDS-PAGE gel. The gel was then stained with Coomassie Brilliant Blue and destained
with a solution of 30% methanol, 10% acetic acid.

To test Fermgen auto-proteolysis, 1.5 pL Fermgen was mixed with 700 pL 30 mM
sodium citrate, pH 4.5. 20 puL were immediately removed and flash-frozen in liguichél
sample was placed in a 80 incubator overnight, and 20 puL samples were removed and flash-
frozen every hour for five hours as well as after 24 hours. Each sample was mixed with 6.5 pL
4x SDS sample buffer and boiled 5 minutes in a water bath. Samples were then loaded on a 10%
SDS-PAGE gel and electrophoresed for 40 minutes at 200 V. The gel was then stained with
Coomassie Brilliant Blue and destained with a solution of 30% methanol, 10% acetic acid.
RESULTS

Three classical extensin genesin poplar

Previous work by Guo et al (2014) identified 37 genes irPthidchocarpa genome, v.
3.0, with the signature SPPP or SPPP maotifs of extensins, as well as extensin domains classified
in InterPro, including IPR0O06706 (extension domain), IPR006041 (pollen Ole e 1
allergen/extensin), IPR003882 (pistil-specific extensin-like protein, an extensin chimera),
IPR0O03883 (repetitive proline-rich cell wall protein repeat), PR01217 (proline-rich extensin),
and PTHR23201 (extensin, proline-rich protein). We wanted to identify which of these 37 genes

encode “classical” extensins using further diagnostic criteria. First, the gene must encode a signal
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peptide for the protein to be secreted into the cell wall, in order to fulfill its role as a structural
cell wall protein. Of the 37 genes, 22 encode signal sequences, according to SignalP analysis.
The second criterion we considered was the protein’s homology to annotated extensins. Of the
22 genes with signal sequences, those encoding proteins with homology to an annotated extensin
protein were found by searching the SwissProt database with HMMER3. Thirteen genes had
both signal sequences and significant homology to annotated extensins, where the sequence
returned with greatest homology to the queried gene was an extensin (E-value’x Bixtly,
classical extensins consist almost entirely of a single domain, comprised of repetitioag of SP
and YXY. Therefore, the final criterion was that the protein should not belong to other subgroups
of HRGPs, such as arabinogalactan proteins, or contain any other domains indicative of extensin
chimera proteins, such as LRX proteins. We also looked at the gene structure, since only three of
the 20 classical extensins in Arabidopsis have introns, although this is not a hallmark of a
classical extensin. Three poplar genes, Potri.001G019700, Potri.001G020100, and
Potri.018G050100, met all of our criteria (Figure 1, Table 1). We propose the following names
for these gene$HtEXT1 (Potri.001G019700RtEXT2 (Potri.001G020100) anétEXT3
(Potri.018G050100PtEXT3 had the highest similarity to carr@4ucus carota) extensiri!’2
based on the results of the HMMER3 search, while the other two genes had the highest similarity
to Arabidopsis Extensinf2(Table 1) PtEXT1 andPtEXT3 lack introns, whilePtEXT2 has a
single intron.

We queried gene expression of the three poplar extensin genes using publicly available
poplar microarray data. The organ or tissue identified as having the highest expression of each
gene depends to some extent on which microarray experiment is analyzed. According to the

Populus balsamifera developmental tissue dataset, all three genes are most highly expressed in
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young leave®, while according to thP. trichocarpa tissues datase®tEXT1 is most highly
expressed in mature leaves and roBtEXT2 is most highly expressed in roots and young
leaves, andPtEXT3 is most highly expressed in young and mature I€avBased on recent
work of Hefer et al (2015), at least one poplar extensin detiT1) is expressed in young
woody tissué® (Table 1).

Localization of extensin proteinsin poplar stems

In order to investigate more directly whether extensin proteins are present in poplar
wood, we performed tissue prints on poplar stems to detect extensin proteins with anti-extensin
antibodies (Figure 2, Figure 3).

JIM20 is an anti-extensin monoclonal antibody raised against pea guard cell protoplasts,
shown to be specific for extensthsUsing our poplar stem tissue prints, extensins were detected
primarily in secondary phloem with mAb JIM20, with some signal also present in secondary
xylem and pith (Figure 2A, Figure 3A). LM1 is an anti-extensin monoclonal antibody raised to
rice cell wall material, shown to be specific for exterf8insMi1 produced a similar pattern of
extensin localization as JIM20 in poplar stems, with extensins primarily detected in secondary
phloem but with some signal also in secondary xylem (Figure 2B, Figure 3B). The anti-carrot
extensin antibody (gE-1) is a polyclonal antibody raised against purified glycosylated carrot
extensin-1, shown to be specific for exten&inghe pattern of extensin localization detected
with gE-1 was somewhat different from that of JIM20 and LM1, in that extensins were seen
most prominently in secondary xylem, with very low signal (if any) in secondary phloem (Figure
2C, Figure 3C). All three antibodies also produced a detectable signal in the perimedullary zone
at the border of the secondary xylem and the pith, which is involved in both stress and defense

responses ¢
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Effect of pretreatments and protease treatment on hydroxyproline content in poplar biomass

Having verified that extensins are expressed within woody tissues in poplar, we wished to
determine first, whether standard pretreatments remove extensins from poplar stem biomass and
second, whether protease treatment removes extensins from pretreated poplar stem biomass.
Hydroxyproline content can be used as a proxy for extensin cbntéfe measured 198y
hydroxyproline per gram dry weight in untreated poplar biomass (Figure 4). In poplar biomass
pretreated with liquid hot water, we measured slightly lessugj3&/droxyproline per gram dry
weight (p = 0.009, Studén t-test). However, we measured substantially less in poplar biomass
pretreated with alkaline peroxide (126 hydroxyproline per gram dry weight, p = 0.0003) and
in poplar biomass pretreated with dilute sulfuric acid (1d2ydroxyproline per gram dry
weight, p = 0.0006). Thus, all pretreatments removed some hydroxyproline from pretreated
poplar biomass, with the amount removed depending on the type of pretreatment, and in all cases
over half the original amount (measured in the untreated samples) remained. The presence of
hydroxyproline after all three pretreatments indicates that none of the pretreatments completely
removes extensins from poplar biomass.

In order to test whether protease treatment could remove extensins from poplar biomass,
we also measured the hydroxyproline content of the four types of poplar biomass (untreated or
pretreated with liquid hot water, alkaline peroxide, or dilute acid) after incubation with Fermgen.
Fermgen is an acid protease designed to digest proteins in starchy biomass used for ethanol
fermentation. Fermgen treatment significantly decreased hydroxyproline content in liquid hot
water pretreated biomass, from 156 to ©i8lhydroxyproline per gram dry weight (a 16%
decrease, p = 0.04, Figure 4). Fermgen treatment likewise decreased hydroxyproline content in

untreated biomass, from 193 to L@®hydroxyproline per gram dry weight, but this difference
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was not significant (a 7% decrease, p = 0.10). Fermgen treatment did not change the
hydroxyproline content of either alkaline peroxide or dilute acid pretreated poplar biomass.
Protease treatment can increase glucose release from poplar biomass

We next investigated whether protease treatment of the four types of poplar biomass
(untreated or pretreated with liquid hot water, alkaline peroxide, or dilute acid), which should
degrade extensins, could increase glucose yield after subsequent treatment of the biomass with
cell wall degrading enzymes. A 24-hour treatment with Fermgen caused no significant change in
the glucose released from three of the four types of biomass (untreated, alkaline peroxide
pretreated, or acid pretreated) after either a 24-hour (data not shown) or seven-day digestion with
cell wall degrading enzymes (Figure 5). However, treatment with Fermgen caused a small but
significant increase in glucose released from liquid hot water pretreated poplar after either a 24-
hour (2% increase, Figure 6) or a seven-day digestion with cell wall degrading enzymes (4%
increase, Figure 5). Chymotrypsin was previously reported to degrade extensins in suspension-
cultured plant celf. A 24-hour treatment of liquid hot water pretreated poplar biomass with
chymotrypsin caused a small but significant increase in the glucose released after a 24-hour
digestion with cell wall degrading enzymes (0.9% increase, Figure 6), but there was no
significant difference seen after a seven-day digestion with cell wall degrading enzymes (data
not shown). Papain and pronase have been reported to degrade extensins in paper pulp and in
suspension-cultured plant cells, respecti¥#ly We found that treatment of liquid hot water
pretreated poplar biomass with papain, pronase, or proteinase K did not affect glucose release
after a 24-hour digestion with cell wall degrading enzymes (data not shown).

Due to the possibility that Fermgen may be auto-proteolytic, we performed a time-course

of Fermgen degradation (Figure 7). Fermgen is quickly degraded in the conditions we used to
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treat poplar biomass. We therefore investigated whether using multiple doses of Fermgen
through the same 24-hour period would have a greater effect on glucose release than a single
dose. We found that poplar biomass treated with multiple doses of Fermgen before digestion
with Cellic CTEC2/HTEC2 did not further increase glucose release compared to poplar biomass
treated with a single dose of Fermgen (p-values > 0.05, Figure 8

It has been reported that partial proteolysis of cellulases can stimulate cellulase activity,
so we wished to confirm that this was not the cause of increased glucose release in our system,
i.e. that boiling and washing biomass samples prior to cellulase treatment of biomass
successfully inactivated and depleted Fermgen. Samples containing either BSA or a Cellic
CTEC2/HTEC2 mixture were treated at®Dfor 24 hours with either active or inactivated
Fermgen, then analyzed using SDS-PAGE (Figure 9). We found no evidence of proteolytic
degradation of either BSA or CTEC2/HTEC2 in the samples that had been boiled and washed,
indicating successful inactivation and depletion of Fermgen. Therefore, the increase in glucose
release from liquid hot water pretreated biomass after protease treatment is likely due to
degradation of cell wall proteins (such as extensins) rather than to proteolytic activation of
cellulases.

Interestingly, our results show that active Fermgen did not digest CTEC2 or HTEC2.
However, active Fermgen did digest BSA, confirming it was capable of proteolytic activity. It is
possible that a protease inhibitor is added to the CTEC2 and HTEC2 preparations to minimize
degradation during storage, which could prevent Fermgen from digesting the enzymes.
DISCUSSION

Previous work had identified 37 extensin genes in popMfe were interested to see

which of the 37 genes could be classified as classical extensins, and we found three strong
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candidates. All three genes show characteristics that are shared by the classical extensins in
Arabidopsis, in that they 1) encode a signal peptide, 2) consist largely of&Rts in addition

to showing a significant homology to annotated extensins in InterPro, and 3) do not belong to
other subgroups of HRGPs or contain any other domains indicative of extensin chimeric
proteins. They also have a similar gene structure to Arabidopsis classical extensins, which have
one or no intronS: two poplar genes have no introM$EXT1 andPtEXT3) and one has a single
intron (PtEXT2). Since the amino acid sequences of the three poplar classical extensins have an
abundance of the YXY motifs possibly involved in isodityrosine (ldt) formation and are lacking
in SPSP and tri-C motifs, we classify them as Group lIb exteéli$inghe three proteins are
dominated by repetitive motifs. After signal sequence cleavage, the PtEXT1 protein consists of
12 repeats of (S/K/L)(P/IQPPPR (Y/H/I/V)Y (K/S)SPPPP, with only a few non-repeat amino

acids at the N- and C-termini (Figure 1). Similarly, PtEXT2 consists of 14 repeats of

YHY (K/S/T)SPPPRK SPPPP, again with only a few non-repeat amino acids at the N- and C-

termini. These sequences are similar to the tomato P3 extensin repeat sequence,
SPPPPSPSPPPPYYY¥"® a motif found across the plant kingdom, from ferns to Po4Geae

and now identified in Populus as well. PtEXT3 has twelvesBfbtifs that make up 40% of the

167 amino acid protein, including five occurrences of YXYX&H he amino acid sequences of
the three proteins also exhibit several features thought to be important in forming a covalently
linked extensin matrix in the cell wall: strong periodicity, to allow self-assembly; repetition of
the YXY cross-linking motif, to allow Idt formation; and regular placement of positively charged
residues (H and K), to allow electrostatic interactions with negatively charged cell wall

components, such as pectins (Figuré®)
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The presence of only three classical extensin genes in poplar is somewhat surprising,
since the Arabidopsis genome encodes 22 classical ext€nbiogever, based on the work of
Guo et al, the Arabidopsis extensin gene family (containing 65 extensins, including short and
chimeric extensinS) appears to be anomalous, as multiple duplication events occurred within
Arabidopsis after the lineage diverged from poplar (37 extensins), papaya (18 extensins) and
grape (5 extensins). There is a clear need for caution in naming genes encoding putative extensin
proteins. For example, if the predicted amino acid sequence of a protein contains only two blocks
of SR, the primary function of the protein may not relate to cell wall structure. Frequently,
proteins identified as extensins with low,38peat abundance lack a signal sequence, negating a
function within the cell waf. Furthermore, extensin chimeras and hybrids, including Leucine-
rich Repeat Extensin proteins (LR&s)Proline-rich Extensin-like Receptor Kinases (PERKS)
and extensin-arabinogalactan prot&inare often classified as extensin proteins. The functions
of these chimeras are less well understood, although it is thought the extensin domain facilitates
cell wall localizatiofi*.

Post-translational modifications, specifically proline hydroxylation and glycosylation, are
thought to be critical to extensin functfénProline hydroxylation is required for subsequent
glycosylatio®, but whether a particular proline is hydroxylated depends on tissue identity,
growth conditions, and context within neighboring amino acid sequéiéés Generally,
however, it is thought that the “rule” for proline hydroxylation is that all prolines within a block
of two or more prolines will be hydroxylat®dWe assessed the potential level of proline
hydroxylation in the three poplar extensins. Assuming maximal hydroxylation, PtEXT1 should
contain 51% hydroxyproline (90/197 amino acids), PtEXT2 should contain 49% hydroxyproline

(101/229 amino acids), and PtEXT3 should contain 35% hydroxyproline (54/167 amino acids)
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(expressed as mol %) (Table 1). These values for hydroxyproline composition are comparable to
experimentally determined values for other extensins, including runner bean E5t8abto
P1 (31.5%) and P2 (41.888)and Douglas fir PHRGP (28.1%) and P2 (292%)

Glycosylation of hydroxyproline has been proposed to follow the “Hyp-contiguity
hypothesis”: contiguous hydroxyprolines are arabinosylated with 2-5 arabinose residues per
hydroxyproline, whereas clusters of discontiguous hydroxyprolines are
arabinogalactosylatéef°. According to the Hyp-contiguity hypothesis, the poplar extensin
proteins should be highly arabinosylated, since the hydroxyprolines consistently occur in
contiguous blocks. Although the hydroxylation and arabinosylation “codes” have been in large
part elucidated, these post-translational modifications ideally would be confirmed experimentally
for each putative extensin. Determining the extent of proline hydroxylation and subsequent
glycosylation of the poplar extensins will require further experimentation.

Extensins in woody species are currently not well studied, and in general the methods for
detecting the presence of extensins have been indirect. For example, high concentrations of
hydroxyproline have been detected in the wood of European bieagis Gyl vatica)® and
spruce Picea abies)®?, as well as in callus tissue Binus elliottii®® and suspension-cultured
sycamore Acer pseudoplatanus)*®°*%>and Douglas firPseudotsuga menziesii (Mirbel)

Franco)®®% cells. More directly, in one gymnosperm, loblolly pifén{s taeda L.), an extensin-
like protein was detected in differentiating xylem and mature wood through
immunohistochemical localizatiéh

In this paper we show direct evidence for extensin localization in woody tissues in
poplar, a woody angiosperm, by using tissue print immunoblots probed with three different

antibodies specific for extensins (Figure 2, Figure 3). One caveat about tissue prints is that they
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can only show localization of soluble extensin that can be transferred to the nitrocellulose paper.
Extensin that has been cross-linked into the cell wall is not detectable by this method, and
presumably the bulk of extensins present in mature, woody tissues will have been cross-linked.
Much of the extensin signal that we found was in the vascular tissue, with the most intense
signals in the cells nearest the vascular cambium, supporting the model that soluble extensins are
secreted in expanding cell walls and then cross-linked as cells mature. Our results also are
supported by the recent findings of Hefer et al (2015), whose gene expression analysis showed
high expression dPtEXT1 in developing xylem tissiG&

Even though the protein content of wood is low (0.03-0.1% by wéigbt)r detection of
extensin in woody poplar tissue indicates that extensins could play a role in inhibiting the
digestibility of cellulose in wood, since a cross-linked extensin matrix in the cell wall could
impede the passage of processive cellulases on cellulose microfibrils. Based on earlier work in
which extensins were not released through either strong acid or base digetioms
hypothesized that extensins would not be removed by the relatively mild pretreatments currently
favored by industry. Indeed, we found that much of the initial hydroxyproline (81%) was still
detectable in poplar biomass after liquid hot water pretreatment, although a significant amount
was removed (Figure 4). More robust pretreatments (alkaline peroxide and dilute acid) were able
to remove some hydroxyproline from the biomass, but even so, a substantial percentage (58% for
alkaline peroxide, 65% for dilute acid) remained after pretreatment. Since extensins are still
present in woody biomass after pretreatment, they could have a negative effect on glucose
release by cellulases. This hypothesis is also supported by recent work in rice, which found a
negative correlation between hydroxyproline content and glucose release following either liquid

hot water or dilute base pretreatméhts
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Protease treatment has been used to remove extensins from cell walls. Lamport (1965)
investigated the effectiveness of different proteases for releasing extensins from cell walls of
suspension-cultured sycamore cells. He found chymotrypsin, pronase, papain and subtilisin each
released up to 30% of the hydroxyproline from the cell #taMe measured a significant
reduction in hydroxyproline content after Fermgen treatment in liquid hot water pretreated poplar
biomass (Figure 4). Since hydroxyproline content is a proxy for extensin conset since the
samples were treated to remove soluble sources of hydroxyproline, this reduction in
hydroxyproline content can be attributed to the removal of extensins. It may be that extensins are
bound to the cell wall in varying degrees, perhaps due to varying numbers of covalent bonds
between different extensin molecules. In this case, alkaline peroxide and dilute acid
pretreatments may remove all the weakly-bound extensins, while liquid hot water pretreatment is
unable to remove these extensins. Therefore, Fermgen treatment is able to digest the weakly-
bound or accessible extensins in liquid hot water pretreated biomass, increasing glucose release,
while the extensins that remain in alkaline peroxide or dilute acid pretreated biomass may be too
tightly bound or inaccessible to be removed by Fermgen treatment.

It has been proposed that protease removal of extensins from woody biomass is
responsible for improved paper pulp or bast fiber produtf8nin our studies, we used
treatment with Fermgen (an acid fungal aspartate protease), chymotrypsin, papain, pronase, or
proteinase K to test whether proteases could increase glycan yields from woody poplar biomass.
Of these, only Fermgen treatment led to a significant increase in glycan yields from liquid hot
water pretreated poplar biomass, with an increase of 4% (Figure 5). Since extensins are likely to
be the most abundant proteins in woody ti¥5wextensin digestion may account for this effect.

Neither alkaline peroxide nor dilute acid pretreated poplar showed any change in hydroxyproline
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content or glycan release after Fermgen treatment, supporting the hypothesis that extensin
digestion is the cause of increased glycan release in liquid hot water pretreated poplar biomass.

Irreversible hornification may account for the low levels of glycan release in these
experiments compared to other published digestibility experiments in poplar (30% vs 80%
glycan releas¥). When pretreated biomass is dried, removal of water leads to structural changes
in the cell wall (hornification) that reduce permeability to small molecules and consequently
reduce digestibility°*1% Rehydrating the biomass is insufficient to reverse these changes. In
this study, since pretreatment was performed at a different facility than the subsequent analyses,
drying the biomass was an unavoidable necessity to be able to handle and analyze samples
accurately.

Mild biomass pretreatment with liquid hot water has advantages in biofuel production,
since it is generally less expensive in terms of reagents, waste cleanup, and equipment, and fewer
toxic and inhibitory byproducts are formed. Even an incremental yield increase can be significant
given the scale at which industrial biofuel production takes place. Protease treatment with a
protease such as Fermgen, which has already been successfully utilized in large-scale ethanol
production, or other fungal proteases that specifically degrade ex{@fsifids promising.

Evidence is building that the most effective pretreatments for making cellulosic material more
digestible by cell wall degrading enzymes are thoseithatase the enzymes’ access to
cellulosé. Protease treatment, by dismantling the extensin cross-linked matrix, may be key to

improving cellulose accessibility.
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Figure 1. Complete amino acid sequences of the three poplar classical extensin genes.
Signal sequence highlighted in yellow,sSFPepeats in green, H or K in blue; YXY motifs are
underlined. Amino acids in boldface slightly deviate from the expected pattern of SPPPP.
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Table 1. Classical extensin gene®irrichocarpa.

#R, Number of times repeated motif occurs in the entire protein sequence. Amino acids, number of amino acids in mature
protein after signal peptide cleavage. Max % Hyp, maximum mol percent hydroxyproline of the post-translationally modified protein,
determined by assuming that all prolines within a block of 2 or more prolines are hydroxylated. #1, number of introns. Microarray
expression data from Wilkins et al, 2608 Yang et al, 200%.

Homologous E-value Amino SR/SP/ Max s;grr]giion ;I(grr]gsséion
Locus ID protein | 1 \AUP r) [Repeated motif #RI\ | SRYSR [#YXYIHIK % [# (Pp (Pp
(Organism) repeats Hyp balsamifera) |trichocarpa)
Potri.001G01970(Extensin2 Young Mature
. 70
(PIEXT1) (A thaliang) [1-10XL0" |(SIKIL)(PIK)SPRPPY (YIHIN)Y (KIS)SPPPI12|197 - |0/22/0/012/8/21 |51 |0 |, O7% 'E??sts and
. . Young
Potri.001G020101EXtensin2 g 24,1 75 |y iy (K/S/T)SPPPRK SPPPP 14229 (1241001411327 |49 [1|YOU"9  |icaves and
(PtEXT2) (A. thaliana) leaves Roots
Young
Potri.018G05010{Extensin 9 Young leaves and
(PIEXT3) (D, oarote) |2-70XL0° [YXYXSPas 5 |167 |1/6/3/2 5/19/14 (35 o | °°79 Mot
leaves

30



Figure 2. Tissue print immunoblots showing extensin localization in poplar stems using three
different antibodies.

A. Print probed with JIM20 (left) and its corresponding stained section (right). B. Print probed
with LM1 (left) and its corresponding section (right). C. Print probed with gE-1 (left) and its
corresponding section (right). P, pith; PZ, perimedullary zone; X, xylem; VC, vascular cambium;
Ph, phloem; PF, phloem fiber; C, cortex; E, epidermis. Bar 7uh@0
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Figure 3. Full images from which Figure 2 was made.
Poplar stem sections (left) and the corresponding tissue print immunoblots (right). A, Print
probed with JIM20. B, Print probed with LM1. C, Print probed with gE-1.
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Figure 4. Hydroxyproline remaining in poplar biomass after different pretreatments and buffer-
only (black bars) or Fermgen (white bars) treatment.

Bars show standard error, n = 3. *, p < 0.05 in comparison to no pretreatinert;0.05 in
comparison to buffer-only treatment.
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Figure 5. Effect of Fermgen treatment on glucose release from pretreated poplar biomass.
Glucose released after 7-day cell wall digestion with Cellic CTEC2/HTEC2 without (black) or
with (white) prior treatment with Fermgen protease. Bars show standard error, n = 6. *, p < 0.005
in comparison with no Fermgen treatment (Student’s T-test).
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Figure 6. Effect of protease treatment on glucose release from liquid hot water pretreated poplar
after 24 h cell wall digestion with Accellerase 1500.

Black, no protease treatment; white, with protease treatment. Bars show standard error, n = 12.
** P<0.0001; *, P<0.05n comparison with no protease treatment (Student’s T-test).
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Figure 7. Time course of Fermgen auto-digestion.

SDS-PAGE analysis with Coomassie Brilliant Blue staining of Fermgen during the course of a
50°C incubation.

Lane 1, Molecular weight markers (sizes shown in kD); Lane 2, 1.75 pg Fermgen after 0 h

incubation at 50C; Lane 3, after 1 h incubation; Lane 4, after 2 h incubation; Lane 5, after 3 h
incubation; Lane 6, after 4 h incubation; Lane 7, after 5 h incubation; Lane 8, after 24 h
incubation.
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Figure 8. Effect of multiple doses of Fermgen on glucose release.

Glucose released after 7-day cell wall digestion with Cellic CTEC2/HTEC?2 after prior treatment
with different doses of Fermgen protease. Black, no Fermgen; white, single dose of Fermgen,;
grey, six doses of Fermgen over 24 hours. Bars show standard error, n = 3.
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Figure 9. Analysis of Fermgen deactivation protocol.
SDS-PAGE analysis with Coomassie Brilliant Blue staining of CTEC2/HTEC2 (lanes 3-5) or
BSA (lanes 6-8) after Fermgen treatment. Lane 1, Molecular weight markers (sizes shown in
kD); Lane 2, 1.75 png Fermgen; Lane 3, 6.22 png CTEC2 with 3.09 ug HTEC2; Lane 4, 6.22 ug
CTEC2 with 3.09 ng HTEC2, treated with active Fermgen; Lane 5, 6.22 ng CTEC2 with 3.09 ng
HTEC?2, treated with boiled and washed Fermgen; Lane 6, 2 png BSA; Lane 7, 2 pg BSA, treated
with active Fermgen; Lane 8, 2 ng BSA, treated with boiled and washed Fermgen.
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CHAPTER THREE: THE EFFECT OF PREVENTING EXTENSIN CROSS-LINKING ON
GLUCOSE YIELD IN ARABIDOPSIS

SYNOPSIS

Using another approach to investigate whether biofuel production from biomass is
reduced by extensin cross-linkinggxamined a suite of previously characterized Arabidopsis T-
DNA insertional mutants predicted to have reduced extensin cross-linking. The mutated genes
(At2g17720,P4H5; At5g25265HPATL; At1gl19360RRA3; At2g35610XEG113; At3g01720,
SGT1) each encode a different enzyme in the recently elucidated extensin post-translational
modification pathway. | performed qRT-PCR on each line, and verified that the wild-type allele
was not transcribed in every line excegtl, which encodes a premature stop codon due to the
T-DNA insertion, and which was previously shown to have reduced SGT activity. | grew wild-
type and homozygous mutant plants together in a growth chamber and measured developmental
traits €.g., time to bolting, time to flowering, inflorescence stem thickness and length, length of
the inflorescence stem between the rosette and first silique [cauline stem], cauline stem biomass).
Both p4h5 andhpat1-1 produced less biomass, with shorter, thinner inflorescence stems than
wild-type plants (p < 0.05); the other mutant lines were not significantly different from wild-
type. | measured hydroxyproline content in inflorescence stems to verify reduced extensin cross-
linking in the mutants, and found no significant differences in hydroxyproline content between
mutant and wild-type plants (~0.05% w/w). Consequently, | measured no differences in glucose
release between mutant and wild-type plants after pretreatment with dilute base and digestion
with Cellic CTEC2/HTEC2. In future experiments, this suite of mutants could be used to

determine whether extensin cross-linking contributes to biomass recalcitrance in root tissue,
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which contains high levels of extensin, even though roots are not commonly considered a source
of biomass for biofuel production.
INTRODUCTION

In the previous chapter, | described experiments to test the effect of enzymatic removal of
extensins on glucose release from poplar biomass. Another approach to reducing the amount of
extensins in cell walls prior to pretreatment and cell wall digestion is to use genetic tools to
disrupt either extensin production or extensin post-translational modification. For this approach,
| used previously characterized T-DNA insertional mutants in Arabidagsfgabidopsis is a
more tractable system for genetic manipulation than poplar, and the Arabidopsis inflorescence
stem is an accepted model for woody tis8ue

Extensins contain a hallmark repeated sequencezf $Ris sequence is highly post-
translationally modified: serine is galactosylated, all adjacent prolines are hydroxylated, and
finally a chain of 3-5 arabinoses is added to each hydroxyproline (FRigureroline
hydroxylation and subsequent arabinosylation are necessary to stabilize extensin in its extended
linear conformation. Both electron microscépif®and molecular modelidg)' of glycosylated
and deglycosylated extensins demonstrate that without these modifications, extensins adopt a
more compact, globular form, and are unlikely to integrate correctly into the cell wall or possibly
even be secreted.

The Arabidopsis genome, unlike that of poplar, includes a large extensin gene family,
comprising 65 extensin genes. 22 of these encode classical extensins consisting of a single
domain with an abundance of Sepeat¥’. Because of the size of the gene family in
Arabidopsis, a mutation in a single extensin gene would not necessarily be expected to result in a

mutant phenotype, yet mutant phenotypes have been observed in certain single extensin gene
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mutants in Arabidopsis. For exampéanutation ofEXT3 (RSH) is embryo lethal in the
homozygous state. In particular, embryos display defects in cell plate formation, preventing
effective cytokines+1% In addition, homozygous single mutations in each of five classical
extensin gene€EiT6, EXT7, EXT10", EXT11, andEXT12) result in defective, shorter root
hairg, and the homozygous mutant of an extensin chimera, LRX1, also has defective, shorter
root hairs®®11% Although root hair phenotypes were observed in these single extensin gene
mutants, it may be that no corresponding mutant phenotype occurs in inflorescence stems,
perhaps due to genetic redundancy in the extensin gene family, or perhaps due to the different
growth habits of root hairs and inflorescence stems (inflorescence stems were not examined in
the published study). Therefore, rather than looking at extensin gene mutations, | examined
mutants with defects in genes encoding the enzymes that perform post-translational
modifications of extensins to determine the phenotypic effects of reduced extensin content on
inflorescence stem cell walls. Reducing the activity of post-translational modification enzymes
could affect the modification of all extensins, and improperly modified extensins may not be as
abundantly cross-linked into cell walls.

The genes of the extensin post-translational modification pathway in Arabidopsis have
recently been elucidated, as described below (Figure 10). A different enzyme performs each
modification, and the enzymes of this pathway are each encoded by small multi-gene families or

by single genes. Mutant analysis of these genes is therefore a more promising pathway for

¥ The mutant line oEXT10 (At5g06640) that was investigated (SALK_099527) has two
T-DNA insertions on chromosome 5. In the published study in which a root hair phenotype for
ext10 was reportetf, the homozygous line was bred using PCR primers designed for the
secondinsertion, which is upstream of the promoter for At5g55900 (encoding a
sucrase/ferredoxin-like family protein). Conclusions concerning root hair phenotypes in extensin
gene mutants are questionable.
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finding a phenotype than mutant analysis of extensin genes. Arabidopsis linestwitA T-
insertional mutations in the genes encoding each enzyme have been charactersseduieims
were found to have growth phenotypes, including root hair growth (Table 2). No previous studies
have examined cell wall digestibility or extensin (hydroxyproline) content.

Post-translational modification of extensins begins with proline hydroxylation (Figure 10,
Table 3). Proline is hydroxylated by prolyl-4-hydroxylases (P4H). Thifgéhgenes have been
identified in Arabidopsis, and oneP4H5 (At2g17720), has been specifically shown to
hydroxylate extensin prolin€$. Arabinose is then added to hydroxyproline by a hydroxyproline
arabinosyltransferase (HPAT). Three genes encoding this kind of enzyme have been identified in
Arabidopsis HPAT1, At5g25265;HPAT2, At2g25260;HPAT3, At5g13500)*2 Mutation of any
one of the three genes produces under-arabinosylated extensimggtiheutant has the most
significant difference in arabinosylation compared to wild-typ&he second arabinose of the
arabinose chain is added by an arabinosyltransferase. Three genes encoding the proposed
arabinosyltransferase have been identified in Arabidopsal, At1g75120,RRA2,
At1g75110;RRA3, At1g19360)!* Mutation of any one of the three genes leads to under-
arabinosylated extensin, and mutatiorRB¥A3 causes the most significant difference in
arabinosylation compared to wild-tyi3eThe third arabinose of the arabinose chain is added by a
different arabinosyltransferase. A single gene encoding this proposed arabinosyltransferase has
been identified in ArabidopsiXEG113 (At2g356103¥'°. The arabinosyltransferases for the
fourth and fifth arabinoses of the arabinose chain have yet to be identified. Finally, the serine in
the SR repeat is galactosylated by a serine galactosyltransferase. Again, a single gene encoding

this enzyme has been identified in ArabidopSBT1 (At3g017203¥'6. Interestingly, the SGT1
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enzyme prefers a hydroxylated acceptor peptfdso aP4H mutation may prevent or reduce all
further post-translational modifications including galactosylation of the adjacent serine.

| obtained Arabidopsis lines with T-DNA insertionsHAH5, HPAT1, RRA3, XEG113,
andSGT1 from the Arabidopsis Biological Resource Center (ABRC) and Nottingham
Arabidopsis Stock Centre (NASC) (Table Bassessed whether mutation of the genes encoding
the post-translational modification enzymes produced any significant physiological phenotype
relevant to biofuel production, including inflorescence stem height and diameter. Since extensin
crosshinking adds stability and marks the end of cell expansion, reduction of cross-linking may
therefore permit cells to expand more than they normally would, resulting in larger cells or
organs. Because cell expansion is involved in inflorescence development (bolting) and flower
development it may be that reducing extensin cross-linking affects these developmental stages.

Several of these mutants have already been shown to have decreased cell wall extensin
content p4h5, rra3, andxeg113-22%). Therefore, if extensins are involved in biomass
recalcitrance, the mutants should have increased cell wall digestibility compared to wild-type
plants. | measured the hydroxyproline content of inflorescence stems of all the mutants as a
proxy for the extensin content, and then compared the glucose release from cell walls
(digestibility) of the inflorescence stem of each mutant to the digestibility of wild-type stems.
MATERIALS AND METHODS

Plant material

T-DNA insertional mutants (in ecotype Columbia (Col-0) background) in At3g01720
(sgtl, SALK_059879C), At5g25265patl-2, SALK 120066, andipatl-3, SALK_048143) and
At2g17720 p4h5, SALK_152869) were obtained from ABRE. T-DNA insertional mutants

(Col-0 background) in At5g2526%5at1-1, GABI_298B03, NASC stock ID N428527) and
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At1g19360 (ra3, GABI_223B05 [not GABI_233B05, as frequently repofted], NASC stock
ID N421329) were obtained from NASE11% A homozygous T-DNA insertional mutant in
At2g35610 kegl13-2, SALK _066991) was a kind gift of Dr. Markus Pauly (UC Berkeley).
Genotyping

Plants homozygous for the T-DNA insertion were identified for each line by PCR, using
two pairs of primers. One pair is gene-specific, positioned on either side of the site of the T-DNA
insertion, resulting in DNA amplification if there is no T-DNA insertion present. The other pair
consists of a gene-specific forward primer and a T-DNA specific reverse primer, resulting in
DNA amplification only if the T-DNA insertion is present. Homozygous mutant plants show
amplification only with the second set of primers. The primers used are shown in Table 4 and
were designed with SIGNAL T-DNA express primer design (signal.salk.edu/tdnaprimerg.2.html

DNA was extracted from young leaves with the Shorty prep m&hasi follows: leaves
were frozen at -80C, then ground with a micropestle for 15 seconds over dry iceul500
Shorty buffer (0.2 M Tris/HCI, pH 9.0, 0.4 M LIiCl [a substitution for the 0.25 M NacCl of the
original protocol], 25 mM EDTA, 1% SDS) was added and the tissue was ground for another 15
seconds. Samples were centrifuged for 5 minutes at 21,130 gL33Gupernatant was mixed
with 350pL of isopropanol and centrifuged for 10 minutes at 21,130 g. The supernatant was
decanted and the pellet was dried at room temperature for 30 minutes. Samples were
resuspended in 2QQ. of TE buffer (10 mM Tris, pH 8.0, 0.1 mM EDTA).

PCR was performed on extracted DNA using a reaction mixture.bfad2 DNA, 10 pL
of EconoTaq PLUS GREEN (Lucigen, #30033-1), and 12.5 pmol of each primepint8tal,
in a BioRad C1000 Thermal Cycler with the following standard prograrfC 96r 3 minutes,

then 34 cycles of denaturation at®5for 30 seconds, annealing at®5for 45 seconds, and
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elongation for | minute at 7Z, followed by 5 minutes at 7Z, hdding at 4°C. 10 uL of each

PCR product were analyzed on a 1% agarose gel. The remaining PCR product from reactions
with LB+RP (amplifying the mutant allele) was purified with the Qiagen QIAquick PCR
Purification Kit (Qiagen, 28104) and submitted to the Proteomics and Metabolomics Facility at
CSU for sequencing on an ABI 3130xL Genetic Analyzer using the same primers (LB and RP).
The resulting sequence data were analyzed with A plasmid Editor (ApE, available at
biologylabs.utah.edu/jorgensen/wayned/ape/) to determine the precise location of the T-DNA
insertion.

Effects of the T-DNA insertion on transcription of the mutated gene for each line were
tested with quantitative reverse transcription PCR (QRT-PCR). Primers were designed to include
anexon-exon junction in the amplicon to distinguish between genomic DNA or cDNA. Primers
for Arabidopsis Actin-8 (At1g49240) were used as a positive control. Primer sequences are
shown in Table 5 and were designed using NCBI Primer-BLAST
(ncbi.nlm.nih.gov/tools/primer-blast/) to match only the target template of the gene of interest.

RNA was extracted from young leaves of three homozygous mutant and wild-type (Col-
0) plants of each line with the RNeasy Plant Mini kit (Qiagen, 74904). RNA concentrations were
guantified with the NanoDropHD-1000. 1uL of DNase (Invitrogen, 18068-15) was added to
200 rg of RNA in 8 uL total, and samples incubated at room temperature for 15 minytesfl
25 mM EDTA was added and samples incubated &€@6r 10 minutes. cDNA was synthesized
using a reaction mixture of 10 of DNase-treated RNA and 14 of gScript cDNA SuperMix
(Quanta, 95048-500n a final volume of 2QL, in a BioRad C1000 Thermal Cycler with the
following program: 25C for 5 minutes, 42C for 30 minutes, and 8% for 5 minutes. QPCR

was performed on cDNA using a reaction mixture af. Jof cDNA, 12.5uL of PerfeCTRa
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SYBRgreen supermix (Quanta, 95068-500), and 5 pmol of each primeplntaéal, in a
BioRad CFX-Connect Thermal Cycler with the following program: denaturation@ % 3
minutes, followed by 32 cycles of denaturation af@3%or 10 seconds and annealing and
extension at 58C for 1 minute 15 secondA&.dissociation curve between 60-85was
performed on the products and analyzed with BioRad CFX manager. Expression levels were
analysed in Microsoft Excel 2011 using thé“2T method?! to determine relative levels of gene
expression, using Actin-8 expression as a standangl. ® each gPCR product were analyzed
on a 1% agarose gel.

Phenotyping

Homozygous mutant and wild-type (Col-0) plants were grown in soil (Fafard 4P mix) in
4-inch pots in a temperature-controlled growth chamber (Percival Scientific) under long-day
conditions (16 h light/8 h dark) at 2€. 3 pots per line were randomly distributed in each of two
flats (6 pots total).

Plants were photographed 5 weeks and 7 weeks after germination. A number of
parameters were measured, based on the growth stages defined by Boyes et al (2001), that could
have relevance to extensin function in inflorescence $térihese parameters included stem
diameter at the inflorescence base, inflorescence stem length, cauline stem length (from the base
of the rosette to the first silique), number of stems, number of branches off the main stem, wet
weight of the entire inflorescence and wet weight of the cauline stem only.

Inflorescence stems were harvested when at least two siliques had shattered, between 43
and 61 days after germination. The cauline stems were flash-frozen in liquid nitrogen and freeze-

dried for three days in a Labconco FreeZaate-50°C. The stems were re-weighed to determine
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dry weight and ground in a TissueLyser Il (Qiagen) twice for 1 minute at 30 oscillations/second
each time. Ground samples were stored af€20
Hydroxyproline assay

Three 150 mg pools of freeze-dried, ground cauline stem biomass from 3-5 plants were
made for each line. Three 50 mg samples from each pool were weighed into 2 mL Sarstedt
screwtop tubes and 1.4 mL of 6 M HCI was added to each tube. Samples were hydrolyzed at 100
°C for 18 hours. The supernatant was assayed for hydroxyproline according to a modification of
the methods of Kivrikko and Liesnf&as follows: 500 puL were transferred to a new tube and
pH-adjusted by the addition of 12 M NaOH to pH 3.0 (+/- 0.1). A higher pH led to development
of a dark brown color in the samples that interfered with subsequent colorimetric analysis. The
samples were centrifuged at 21,130 g for 1 minute to clarify the supernatant. 125 pL of sample
supernatant was then mixed with 250 puL of 50 mM sodium hypobromide and incubated at room
temperature for 5 minutes. The oxidation reaction was stopped by the addition of 125 uL of 6 M
HCI, followed by 250 pL of para-dimethylaminobenzaldehyde (DMAB, 5% in n-propanol) to all
tubes. Tubes were sealed, mixed by hand, and incubated@{f@015 minutes. After cooling,
the absorbance at 560 nm of each sample was measured in triplicate (200 puL each) in a 96-well
plate, using a BioTek Synergy HT plate reader. Data were analyzed in Microsoft Excel 2011.
Hydroxyproline standards with the same salt concentrations (4.2 M NaCl) and pH (3) as the
samples were used to construct a standard curve.

Digestibility assay

Glucose release (digestibility) was analyzed following an adaptation of the protocol of

Santoroet al’®. Triplicate aliquots of freeze-dried, ground biomass for each plant of 5 mg +/- 0.3

mg were weighed into Sarstedt 2 mL screwtop tubesul@f 6.25 mM NaOH was added and
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the tubes were vortexed and placed in 8®0eat block for 3 hours. At the end of the

pretreatment, the samples were placed on ice, then centrifuged at 21,130 g for 30 seconds, and 50
uL of cell wall digestion mix was added, consisting of Cellic CTEC2 (70 mg/g biomass,
Novozymes), Cellic HTEC2 (2.5 mg/g biomass, Novozymes), 0.45 M sodium citrate, pH 4.5

(final concentration 30 mM), and G4dNaNs (final concentration 0.007%). Samples were

incubated in a 58C rotisserie oven with end-over-end rotation for 20 hours.

The tubes were centrifuged at 21,130 g for 1 minute. 650 pL of supernatant was removed
to a new tube, diluted 1:10 in water, and measured for glucose content in a glucose
oxidase/peroxidase (GOPOD) assay (Megazyme). Triplicate 20 pL aliquots of sample, glucose
standard, or an enzyme-only mixture were mixed with 200 pL of GOPOD reagent and incubated
at 40°C for 45 minutes in a 96-well plate. The absorbance at 510 nm was read in a BioTek
Synergy HT plate reader. Data were analyzed in Microsoft Excel 2011. Glucose standards were
used to construct a standard curve. The absorbance from the enzyme-only mixture was
subtracted from the absorbance of the samples to correct for glucose present in Cellic CTEC2
and HTEC2 enzyme preparations.

RESULTS
Genotyping of mutants and establishment of insert site

Homozygous mutants were identified by agarose gel analysis of two genotyping PCRs. In
the first PCR, a pair of gene-specific primers could amplify the wild-type allele, but not the
mutant allele containing a T-DNA insert. In the second PCRD&IA-specific and a gene-
specific primer could amplify the mutant allele but not the wild-type allele (FigureFidure
15). Homozygous mutants, producing bands only from the second PCR, were identified for all

lines (kegl13-2 andsgtl were received as homozygous mutants and were also confirmed with
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genotyping PCRs) (Figure 14B, Figure 35Broducts of the second PCR (amplifying the
mutant allele) from homozygous mutant plants were sequenced to determine the exact location
of the T-DNA insert (Figure 1A — Figure 15A).

The sequence data for each mutant were compared to the genomic and T-DNA left border
sequence (obtained from arabidopsis.org [SALK lines] or gabi-kat.de/ [GABI lines]) to
determine the exact location of theDNA inserts. All T-DNA inserts were within exons (Table
4). Forp4h5, T-DNA sequence begins at bp 892 (counting from the A of the start codon as base
1), within exon 4. Prior to the T-DNA insertion, bases 7B8¥4 were deleted, which includes
most of intron 3. Translation of the resulting genomic sequence results in a premature stop codon
at amino acid 169. Fdwatl-1, T-DNA sequence begins at bp 748, within exon 3 (the PCR
products fohpatl-2 andhpatl-3 were not sequenced). Foa3, T-DNA sequence begins at bp
1307, within exon 2. Foreg113-2, T-DNA sequence begins at bp 2621, within exon 9. The
direction of the T-DNA insert is such that the existence of premature stop codons could not be
determined irhpatl-1, rra3, andxegl13-2. Forsgtl, T-DNA sequence begins at bp 294, two
bases before the end of exon 1. Translation of the resulting genomic sequence results in a
premature stop codon at amino acid 111. The position of the T-DNA within an exon rather than
an intron, as well as the creation of premature stop codgdhtrandsgtl, make it much more
likely that transcription and protein function will be affected in these mutant lines.

Transcript abundance in homozygous mutants

| extracted RNA from leaves of homozygous mutants for each line and subjected the
RNA to reverse transcription followed by gPCR, as well as agarose gel electrophoresis, in order
to quantify transcript abundance for the gene of interestalyzed all seven mutant lines using

two primer sets for each gene. Generally, one primer set was positioned 5' tDXi#eifsert
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(“5" primer set 1) and the other set flaekithe TDNA insert(“3' primer set 2”). Exceptions
were primers fop4h5, where primer set 2 is 3' to theDINA insert rather than flanking, and
sgtl, where both primer sets are 3' to th®NA insert. Actin-8 primers were used as a positive
control, and products from actin-8 amplification were detected in wild-type and mutant plants to
the same degree. Delta-delta Ct values were calculated to compare relative expression of the
gene of interesh mutant and wild-type plant& (Figure 16A). In all cases where a primer set
amplified mutant cDNA, the relative expression was less in mutant than in wild-type plants,
except forsgtl, in which expression was much greater (600% with 5' primer set 1 and 800% with
3' primer set 2, Figure 16B).

Several mutant94h5, hpatl-1, xegl113-2) were previously analyzed by performing PCR
on cDNA followed by agarose gel electrophoresis, and were found to have no detectable
transcript compared to wild-typet'311> However, in my experiments, transcript could be
detected, depending on the primer set.@@bb, the 5' primer set 1 did not amplify a product
from cDNA, while the 3' primer set 2 did, although at reduced levels compared to wild-type
(Figure 16A, Figure 17). Neither primer set flanks the T-DNA insertigiind, so the absence
of amplification from 5' primer set 1 was not due to the increased size of the transcript from the
T-DNA insertion. This result indicates that transcription of the mRNA was disrupted by the T-
DNA insertion, so that the wild-type allele was not transcribed; considering also that the
genomic DNA sequence was rearranged and that the putative amino acid sequence in the mutant
contains premature stop codons, a functional protein prazlextremely unlikely to be made,
confirming the earlier results of Velasquaal?®. Amplification of cDNA at the 3' end but not
the 5' end of the gene may be explained by multiple T-DNA insertions at the same locus. A

second T-DNA may have inserted in the reverse orientation of the first, so that the 35S promoter
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in the T-DNA insert drives transcription of the 3' fragment of the gene. Further sequencing data
will be necessary to resolve this anomaly.

The threenpatl mutants had different degrees of reductiorlPAT transcripts. For all
threehpatl mutant lines, products were detected with the 5' primer set 1. The 3' primer set 2 also
amplified products in bothpatl-2 (SALK_120066) andhpat1-3 (SALK 048143), although at
reduced levels compared to wild-type (Figure 16A, Figure 18). However, the 3' primer set 2 did
not amplify any detectable producthpatl-1 (GABI_298B03), confirming the previous results
of Ogawa-Ohnishét al.}13, This result indicates that in theat1-1 mutant line, either
transcription of the mRNA was disrupted by the T-DNA insertion, or the insertion is present in
the mRNA, making the amplicon too large to be amplified with the experimental conditions. In
either case, the wild-type allele would not be translated and a functional protein product is
unlikely to be made. For thgatl-2 andhpat1-3 lines, further analysis would be required to
determine whether the mRNA or protein are disrupted due to the location of the gPCR primers
relative to the T-DNA insert. Therefore, for further studies, bpbtl-1 was used.

Forrra3, slightly less product than wild-type was detected with the 5' primer set 1, while
the 3' primer set 2 did not amplify a detectable product (Figure 16A, Figur8idflarly, for
xegl13-2, less product than wild-type was detected with the 5' primer set 1, while the 3' primer
set 2 did not amplify a detectable product, confirming the previous results o&Gilté
(Figure 16A, Figure 20). As the 3' primer set 2 flanks the T-DNA insertiorathandxegl13-2,
these results indicate, ashpatl-1, that either transcription of the mRNA was disrupted by the
T-DNA insertion, or the insertion is present in the mRNA so that the region between the primers

is too large to be amplified with the given reaction conditions.
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Forsgtl, both primer sets were 3' to the T-DNA insertion, and more product was detected
from each primer set isgtl than in wild-type, indicating greater SGT1 transcript abundance
(Figure 16B, Figure 21). The T-DNA insertion may be up-regulating the transcriptional
machinery, as it occurs two bases before the end of exon 1. Even though transcript abundance is
not reduced irsgtl, my sequencing data indicate that a premature stop codon should be present
in the transcript. Furthermore, Saéioal. confirmed thasgtl has negligible SGT1 activity in
microsomal preparations, so wild-type function of ¢gi allele is disrupted, anaimutant
phenotype in the inflorescence is still expected with thig¥ne

Effect of mutant genotype on developmental phenotypes

Mutations in each of the genes encoding extensin post-translational modification
enzymes have been reported to have various phenotypes (Table 2). Interestingly, reduced growth
is only reported in cells undergoing tip growth (root hairs and pollen tubes). Otherwise, either
increased growth is observed in roots or leaves, or there is no difference between the mutant and
wild-type.

| measured a suite of developmental characteristics in which reduced extensin cross-
linking might produce a phenotype, based on the growth stages of Arabidopsis described by
Boyeset al.}?? (Table 6). In my experiments, the mutants had no obvious or striking phenotype,
appearing comparable to wild-type plants at all stages of growth (FigureggRee 23). | found
no differences in bolting, flowering, or silique ripening between mutant and wild-type plants, as
they bolted, flowered, and matured on approximately the same day after germination. However,
it should be noted that all plants in my experiments developed more rapidly than those of Boyes

et al. by approximately 5 days for each stage.
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Only two mutants lineg4h5 andhpatl1-1, showed a significant growth phenotype
compared to wild-type. Both prodedthinner and shorter stems (Figure 24), with fewer
branches off the main bolt, and less biomass (Figurép250.04, Student’s T-test). The stems
of p4h5 were on average 1.2 mm in diameter (wt = 1.4 mm, p = 0.01) and 319 mm long (wt =
362 mm, p = 0.004), with a cauline stem of 114 mm (wt = 128 mm, p = 0.04). The stems of
hpat1l-1 were on average 1.3 mm in diameter (p = 0.15) and 315 mm long (p = 0.02), with a
cauline stem of 114 mm (p = 0.04) (Figure 24h5 had on average 2.9 branches off the main
bolt (wt = 3.7, p = 0.02), whilapat1-1 had 3.2 branches (p = 0.07). The total inflorescence
biomass was on average 1.9084 g5 (wt = 2.540 g, p = 0.004) and 1.9675 g lipatl-1 (p
= 0.01). The cauline stem wet and dry weights were similarly reduced compared to wild-type
(0.8989 g wet, 92.6 mg dryasp4h5 was 0.6826 g wet (p = 0.006), 63.9 mg dry (p = 0.003) and
hpat1l-1 was 0.6832 g wet (p = 0.01), 64.1 g @oy= 0.003) (Figure 25). The other mutants had
no significant differences in growth compared to wild-type (p > 0.3), except for cauline stem
length, which was shorter than wild-type in the caseegfl3-2 (averagexegl13-2 cauline stem
length = 107 mm, p = 0.01) (Figure 24).

Effect of mutant genotype on hydroxyproline content

The amount of hydroxyproline in inflorescence stems of mutant and wild-type lines was
measured in order to determine whether the mutations affected the abundance of extensins bound
in cell walls (Figure 26). Surprisingly, the hydroxyproline content in stems was not significantly
different from wild-type in any mutant ling¢g > 0.2, Student’s T-test). | measured an average of
0.048% Hyp/mg dry weight in wild-type plants, and a comparable amount in each mutant line:
p4h5, 0.050%;hpat1-1, 0.054%;ra3, 0.044%xegl13-2, 0.044%;sgtl, 0.046%. The stem

hydroxyproline content | measured is comparable to what has been reported in tomato stems
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(0.05%}23 as well as different Arabidopsis ecotypes (0.06% in ecotype Landsketaand
0.03% in Wassilewskij&%).
Effect of mutant genotype on digestibility

Sinceeachmutant line was reported to have a mutant phenotype, presumably due to
disrupted post-translational modification of extensins, | anticipated that inflorescence stem
extensins in the mutants would also be affected, resulting in more digestible inflorescence stem
biomass from the mutants compared to wild-type. | determined how much glucose was released
after pretreatment and cell wall digestion depending on the plant’s genotype by measurig
glucose release from-912 plants from each line in triplicate (Figure 27). No line had significant
differences in glucose released compared to wild-type (p Sfadknt’s T-test). The median
value measured for wild-type plants was 8.74% glucose/mg dry weight, and the mutants were
comparablep4h5, 9.22%;hpat1-1, 9.00%;rra3, 8.91%;xeg113-2, 9.02% sgtl, 9.12%. The
average amount of glucose released was similar to that reported in another study on Arabidopsis
using similar method®.15 * 0.81% glucose/mg dry weight [this study] versus 12.81 + 1.48%
glucose/mg dry weighf).
DISCUSSION

Extensin post-translational modification mutants and plant devel opment

A cross-linked extensin network is related to cessation of primary cell growtmay
be that cross-linking of extensins contributes to developmental signals required for ending
primary cell growth. If cross-linking is reduced or absent, those developmental signals may be
delayed, leading to larger cells. A second hypothesis is that in the absence of cross-linking, a
physical barrier to further cell expansion is not introduced, again leading to larger cells. These

hypotheses are supported by work in tomato, in which silenciBdPdH7 in mature plants by
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virus-induced gene silencing has been shown to cause a small but significant increase in cell
expansion, leading to larger leat@sFurthermore, mutation ¢{PAT1, XEG113, or SGT1,

which presumably causes decreased extensin cross-linking, results in increased growth
phenotypes in Arabidopsis, including longer hypocotiyf={l-1 andxegl13-2), larger rosettes
(xegl113-2) and longer roots and larger leavsgtl).

Results supporting the hypothesis that decreased extensin post-translational modification
can lead to increased growth have also been obtained using chemical treatments to prevent
prolyl-4-hydroxylase activity. Treatment of Arabidopsis with 3,4-dehydro-L-proline (BHP,

P4H inhibitor) makes root cells grow longer than without treattfetreatment of tobacco
mesophyll protoplasts with DHP leads to strikingly abnormal cell morphologies. The plastids
cluster around the nucleus, cell divisionnBibited, and protoplasts develop into “monster” cells

of exceptional size and irregular sh&3e

Rather than a phenotype of increased growth, in my experiments, mutant plants were
developmentally identical to wild-type plants exceptddin5 andhpat1-1, which were smaller
than wild-type plants, producing shorter, thinner stems and less biomass. The appearance of a
mutant phenotype ip4h5 andhpatl-1 may be due to the known drastic defects in root hair
growth in these mutarfs'%” Root hairs are essential for nutrient uptake, so defective root hairs
may lead to reduced plant growth from nutrient deficiency or other stress, although symptoms
such as chlorosis were not observed. The difference in the observed phenotype 8&#¥¢én
silenced tomato plants apdh5 Arabidopsis mutants could also be because VIGS silenced
SP4H7 in adult plants that were able to develop in the presence of functional SIp#37;
mutants, however, never had functional P4H5, possibly creating a more dramatic effect on

overall plant growth.

55



Effectiveness of mutant lines for associating hydroxyproline content with digestibility

The current model of extensin incorporation in the cell wall postulates that the full suite
of post-translational modifications is required for formation of a functional extensin cross-linked
network®, | analyzed hydroxyproline content in the inflorescence stems of each mutant, and
expected to see a reduction in hydroxyproline, especiafi¢hh, due to decreased extensin
cross-linking resulting from incomplete post-translational modification. Several of the mutants
(p4h5, rra3, andxeg113-2) had previously been shown to have reduced extensin content or
epitope signal in root tisstie

| found no significant differences in hydroxyproline content in stems between any of the
mutant and wild-type Arabidopsis plants. Since many of the enzymes of the extensin post-
translational modification pathway are encoded by multi-gene families, genetic redundancy or
tissue-specificity of gene expression may have reduced or nullified any phenotypic effects.
Although I selected the mutant line from each gene family with the strongest phenotype (Table 2,
Table 3), other members of the gene family may have had sufficient activity to adequately
modify extensins, so that extensin post-translational modification and cross-linking, and
therefore hydroxyproline content, were unaffected. The XEG and SGT enzymes are each thought
to be encoded by single genes rather than gene families. However, other genes encoding these
enzymes may exist that lack strong sequence homology to the known genes, so functional rather
than genetic redundancy may be a factor in the unchanged hydroxyproline comegiidf2
andsgtl.

Other analysis of extensin content in these mutant lines has been confined to the roots,
particularly root hairs. Expression of P4H and extensin genes is much higher in roots than stems

in Arabidopsig®, and extensin content in Arabidopsis, as with most dicots, is much higher in
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roots than in stems (0.84% in rodtgs. 0.05% in stems[this study]). | only examined
hydroxyproline content in stems, since Arabidopsis inflorescence stems are an analogue for
woody tissué®, used in second-generation biofuel production. Therefore, tissue differences in
gene expression, or differences in inherent hydroxyproline levels in different tissues, could
explain the unchanged hydroxyproline content in the cauline stems of the mutant lines.

Another explanation is that perhaps complete post-translational modification is not in fact
necessary for extensin secretion, cell wall association, or cross-linking. Root hair phenotypes in
rra3 andxegl13-2 were presumed to be a result of reduced extensin cross-linking, determined by
a reduction in extensin epitope signal in roots, using the JIM20 antibéthwever, this
antibody detects glycosylated extefi3iso the reduced signal could haverkecause of the
absence of the seconutd3) or third (egl13-2) arabinose rather than absence of extensin. In
that case, if extensin modification by RRA3 and XEGIKIi3t necessary for extensin secretion
or possibly for cell wall associatioma3 andxeg113-2 mutants would be expected to have
normal levels of hydroxyproline. Other studies suggest that even extensin proline hydroxylation
is unnecessary for extensin-cell wall interactions. Treatmentwitidipyridyl prevents proline
hydroxylation. When used on aerated carrot root disks, carrot extensin is not hydroxylated or
glycosylated, since glycosylation occurs only on hydroxyproline residues. Howgver,
dipyridyl treatment does not prevent secretion or tight binding of proline-containing proteins to
the cell walt?’. Deglycosylation of extensins clearly alters the conformation from linear to
globulat*1% so the non-glycosylated extensins resulting fogm-dipyridyl treatment are likely
to be globular, but perhaps the globular form retains some functionality. In that case, mutation of
any of the genes encoding extensin post-translational modification enzymes would not be

adequate for suppressing extensin-cell wall interactions.
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Because extensin cross-linking is predicted to be reduced in all the mutants, | expected
stems from mutant plants to be more digestible than stems from wild-type plants. However, since
extensin (hydroxyproline) content was unchanged in the mutant stems, this system was not
capable of answering the question | poskxes extensin cross-linking increase recalcitrance
Further options include addressing genetic redundancy by creating lines with reduced function of
all the genes in a particular family (either by crossing multiple single mutants or by using RNA-
interference to reduce translation of transcripts from multiple genes simultaneously), and
addressing tissue specificity of extensin cross-linking by examining hydroxyproline content and
digestibility of roots of all five mutant lines. Extensin content must be reduced before drawing

any conclusions about the influence of extensin cross-linking on biomass recalcitrance.
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Figure 10. Diagram of extensin post-translational modification pathway.
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Table 2. Summary of previous findings regarding enzymes known to be involved in extensin post-translational modification.

Enzyme name Sub-cellular | T-DNA insertional mutants | Absence of | Mutant phenotypes Extensin content
Loci localization transcript?
Prolyl-4-hydroxylase
At2g43080 (P4H1) ER and SALK_152869 p4hb5) Yes3 Longer roots and shooty 0.55% Hyp w/w (in roots;
At3g06300 (P4H2) Golgi*112 larger leave¥® wt = 0.84%%°
At2g17720 (P4H5) Shorter root hairé11? Reduced signal in root
hairs (JIM20)%’
Arabinosyltransferase
At5025265 (HPAT1) | Trans- GABI_298B03 fpat 1-1) Yes Longer hypocotyls, ND
At2g25260 (HPAT2) | membrane, | SALK_120066 fipatl-2) (hpat 1-1)**3 | thinner cell walls, early
At5g13500 (HPAT3) | cis-Golgi®® | SALK_048143 hpat 1-3) ND flowering, early leaf
(hpat 1-2, senescence, shorter
hpat 1-3) pollen tubed
Shorter root hair§’
At1g75120 (RRA1) Golgi®® GABI_223B05 (ra3) ND Shorter root hairs 30% of wild-type signal in
At1g75110 (RRA2) dot immunoblot of roots
At1g19360 (RRA3) (JImM12y3
No signal in
immunolabeled root hairs
(JIM20)107
At2g35610 (XEG113) | Trans- SALK_066991 Yestt® Longer hypocotyls, 0.49% Hyp w/w in
Golgi®® (xegl113-2) larger rosette diameter,| seedlings (wt = 0.50%
earlier bolting® 40% of wild-type signal in
Shorter root hairs dot immunoblot of roots
JIM12)3
Serine
galactosyltransferase
At3g01720 (SGT1) ER SALK_059879C &t1-1) ND Longer roots, larger ND
membrane, leaved?!®
cis-Golgit'® Shorter root hair§’
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Table 3. Rationale for selection of genes for investigation in this study.

.| Gene
# of genes in
. . selected | Gene locus :
Gene Function family/ # for thi Mutant line Rationale
characterized| o 'S .
study
Prolyl-4-hydroxylase | Converts proline tq 13/4 P4H1, | P4H5 At2g17720 Mutant has strongest phenotype
(P4H) hydroxyproline 2,5,13) SALK 152869 | (shortest root hairs) of mutants in thr
characterize®4H genesP4H5 is the
most highly expressed of P4H genes
(with highest expression in roofs).
Hydroxyproline Adds first 3/3 HPAT1 | At5g25265 Mutant has greatest reduction of
arabinosyltransferasg arabinose to GABI_298B03 | activity in microsomal fractions:®
(HPAT) hydroxyproline
Reduced Residual | Adds second 3/3 RRA3 At1g19360 Mutant has most reduced extensin
Arabinose RRA) arabinose to chain GABI_223B05 | epitope signal in roots
(function not
confirmed)
Xyloglucanase 113 | Adds third 1/1 XEG113 | At2g35610 Single gene®®
(XEG) arabinose to chain SALK_ 066991
(function not
confirmed)
Serine Adds galactose to| 1/1 SGT1 At3g01720 Single gené?®
Galactosyltransferasq serine; requires SALK_059879C
(SGT) hydroxylation of

adjacent proline
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Table 4. Primers used to genotype Arabidopsis.

TTT

Gene- Distance (in bp)

Locus o . . . ILfIthoArder specific -Srpggﬁc PCR of T-DNA from
Gene name Gene-specllflc left primer Gene-specllflc fight primer primer P product size start codon
Mutant line (LP,5 > 3) (RP, 5> 3) (LB, see end product (in bp) (ene;

of table) size (in bp) (LB + RP) mser_tlon_, exon

(LP + RP) location in bp)

At2g17720 892
P4H5 CATTTTGAGAGCTCGTTCCAC AGTTATTTCTTGGGAGCCTCG LbB1.3 1065 537-837 (exon 4,
SALK_ 152869 848945)
At5925265 GABI T- 748
HPAT1-1 ATCTCCGCTAATGCTCCTCTC TCATGAAAATAGGCATGGATGATA DNA 1216 700800 (exon 3,
GABI_298B03 647-849)
At5925265
HPAT1-2 TCCATGCCTATTTTCATGAGC TTTCAGGAATTTGCAGAGACC LbB1.3 1107 535835 ND
SALK_120066
At5925265
HPAT1-3 AAAAGCGAAGAGTGGAGAAGC ATGCAAGATCCGAGTAAACCC LbB1.3 1255 581-881 ND
SALK 048143
At1g19360 GABI T- 1307
RRA3 TTATGTAAAGAGAACGATGTTGCG AGAAGGCATGAAGCAGTAAACATT DNA 801 650900 (exon 2,
GABI_223B05 424-1540)
At2g35610 2625
XEG113 ACAATGCAGGAGGTTTCATTG AATCTTTCTTCTCGCTCCTGC LbB1.3 1116 504804 (exon 9,
SALK 066991 2561-2675)
At39g01720 294
SGT1 GTGAGCTGTATCTTGGCGAAC CGCCACTACCTAATCATAACC LbB1.3 1060 488788 (exon 1,
SALK _059879C 1-296)
T-DNA Ie_ft LB,5 >3
border primer
LbB1.3 ATTTTGCCGATTTCGGAAC
GABI T-DNA ATAATAACGCTGCGGACATCTACAT
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Table 5. Primers used to determine expression levels of mutant genes in Arabidopsis.

Locus gDNA cDNA
G Primer set Forward primer (5> 3') Reverse primer (5> 3 product size | product size
ene name
(bp) (bp)
5 primerset1 | GCATCTTCGTTATCAGCCGC TCTTTGCTCCCACCGGTTTT 741 360
At2917720
P4H5
3" primer set2 | ATGATGGTGGCGAGACTGTG GTGCAAGCTCGAAGGGTCTA 176 176
5 primerset1 | TTCAAGCTTCTGCTGGACCC GGGATGGATCAGGGTTATGTTG 213 141
At5025265
HPAT1
3' primerset2 | GGGCTTGGAGCTGCGTTTCC TCCCATGGTGGCTGAATCATGAAG 471 317
5 primerset1 | TGATCGCGTGGCAGATAGAC ATCGGGGAAGCTATCAAGCG 307 307
At1g19360
RRA3
3' primerset2 | TGAGCTTCTGGGTCTTTGGC ACTCGTTCTGGCGATTCACA 517 264
5 primersetl | TTTGGTTTGGGCATCCTGGT CTTCATTGCTCCGCTTTGGG 458 294
At2g35610
XEG113
3' primerset2 | TGACGATCTACGCGACTGTG GGAATTGCCTTGAGCCTCCT 753 236
5 primer set1 | TCCACGAGAAGGTGTTGAGC GACGCAGTATGAGTCCCTCG 322 242
At3901720
SGT1
3' primerset2 | TGGGAGTTTAAGGCAGCTCG TTCCTCCAGTTCGCCTTGTC 608 434
At1g49240
ACTS Reference gene | ATGAAGATTAAGGTCGTGGCA CCGAGTTTGAAGAGGCTAC 524 417
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Figure 11. Genotyping q#4hb5.

A. Gene model with locations of genotyping primers and T-DNA insert (locations of primers and T-DNA insert [grey triangle], shown
above gene model, to scale). Gene model diagram from arabidopsis.org. Location of T-DNA insert determined by sethtencing
allele PCR product from B, below. B. Agarose gel electrophoresis results of genotyping PCR with wild-type (top row) and mutant
(bottom row) allele-specific primers on mutant (left lane) and wild-type (right lane) plants.
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Figure 12. Genotyping dipatl-1, hpatl-2, andhpat1-3.

A. Gene model with locations of genotyping primers and T-DNA insert (locations of primers and T-DNA insert [grey triangles],

shown above gene model, to scale). Gene model diagram from arabidopsis.org. Location of T-DNA insert determined by sequencing
hpat1-1 allele PCR product from B, below. B. Agarose gel electrophoresis results of genotyping PCR with wild-type (top row) and
mutant (bottom row) allele-specific primers on mutant (left lane) and wild-type (right lane) plants.
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Figure 13. Genotyping afa3.

A. Gene model with locations of genotyping primers and T-DNA insert (locations of primers and T-DNA insert [grey triangle], shown
above gene model, to scale). Gene model diagram from arabidopsis.org. Location of T-DNA insert determined by seg@encing
allele PCR product from B, below. B. Agarose gel electrophoresis results of genotyping PCR with wild-type (top row) and mutant
(bottom row) allele-specific primers on mutant (left lane) and wild-type (right lane) plants.
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Figure 14. Genotyping okgl13-2.

A. Gene model with locations of genotyping primers and T-DNA insert (locations of primers and T-DNA insert [grey triangle], shown
above gene model, to scale). Gene model diagram from arabidopsis.org. Location of T-DNA insert determined by seyléfcing

2 allele PCR product from B, below. B. Agarose gel electrophoresis results of genotyping PCR with wild-type (top row) and mutant
(bottom row) allele-specific primers on mutant (left lane) and wild-type (right lane) plants.
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Figure 15. Genotyping aitl.

A. Gene model with locations of genotyping primers and T-DNA insert (locations of primers and T-DNA insert [grey triangle], shown
above gene model, to scale). Gene model diagram from arabidopsis.org. Location of T-DNA insert determined by ssfjliencing
allele PCR product from B, below. B. Agarose gel electrophoresis results of genotyping PCR with wild-type (top row) and mutant
(bottom row) allele-specific primers on mutant (left lane) and wild-type (right lane) plants.
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Figure 16. Mutant transcript abundance relative to wild-type.

Relative expression was calculated based onat method, using amplifieACT8 mRNA as

the reference transcript. The Ct valuessfoprimer set 1 (dark grey) and 3’ primer set 2 (light

grey) for each gene were normalized to the Ct value for Actin-8, and expression in the mutant
relative to wild-type was calculated using the formut?. A) % of wild-type expression in
linesp4h5, hpatl-1, hpat 1-2, hpat 1-3, rra3, andxegl113-2. B) % of wild-type expression in

sotl.
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Figure 17. Expression analysispaihb.
A. Gene model with locations of gPCR primers and T-DNA insert (locations of primers and T-DNA insert [grey triangle, arrowhead

points towards left border], shown above gene model, to scale). Primers were selected by NCBI Primer-BLAST to be specific only to
the target template. B. Agarose gel electrophoresis results of gPCR on cDNA from each of three wild-t/pe3(lamep4hS (lanes
4-6) plants, using reference gene (Actin 8) primers (top row), 5' primer set 1 (middle row), and 3' primer set 2 (bottom row).
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Figure 18. Expression analysishgfatl-1, hpatl-2, andhpat1-3.

A. Gene model with locations of gPCR primers and T-DNA insert (locations of primers and T-DNA insert [grey triangle, arrowhead
points towards left border], shown above gene model, to scale). Primers were selected by NCBI Primer-BLAST to be specific only to
the target template. B. Agarose gel electrophoresis results of gPCR on cDNA from each of three wild-typ&)Japetlit (lanes

4-6), hpat1-2 (lanes 7-9), antpat1-3 (lanes 10-12) plants, using reference gene (Actin 8) primers (top row), 5' primer set 1 (middle
row), and 3' primer set 2 (bottom row).
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Figure 19. Expression analysisroé3.
A. Gene model with locations of gPCR primers and T-DNA insert (locations of primers and T-DNA insert [grey triangle, arrowhead

points towards left border], shown above gene model, to scale). Primers were selected by NCBI Primer-BLAST to be specific only to
the target template. B. Agarose gel electrophoresis results of gPCR on cDNA from each of three wild-typ8)lands a3 (lanes
4-6) plants, using reference gene (Actin 8) primers (top row), 5' primer set 1 (middle row), and 3' primer set 2 (bottom row).
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Figure 20. Expression analysis»x@§113-2.

A. Gene model with locations of gPCR primers and T-DNA insert (locations of primers and T-DNA insert [grey triangle, arrowhead
points towards left border], shown above gene model, to scale). Primers were selected by NCBI Primer-BLAST to be specific only to
the target template. B. Agarose gel electrophoresis results of gPCR on cDNA from each of three wild-typ&)landsej113-2

(lanes 4-6) plants, using reference gene (Actin 8) primers (top row), 5' primer set 1 (middle row), and 3’ primer set 2 (bottom row).
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Figure 21. Expression analysissot1.
A. Gene model with locations of gPCR primers and T-DNA insert (locations of primers and T-DNA insert [grey triangle, arrowhead

points towards left border], shown above gene model, to scale). Primers were selected by NCBI Primer-BLAST to be specific only to
the target template. B. Agarose gel electrophoresis results of gPCR on cDNA from each of three wild-typ&)landsgit (lanes
4-6) plants, using reference gene (Actin 8) primers (top row), 5' primer set 1 (middle row), and 3' primer set 2 (bottom row).
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Table 6. Summary of mutant Arabidopsis phenotypic data.

Data are averages + standard error. Shaded boxes with bold values, p < 0.05 in comparison to(®ildiye T-test).

Wild-type p4h5 hpat1-1 rra3 xeg113-2 sgt1
days to bolting 21£13 20.7 0.8 20.310.7 20.8 £ 1.0 20.3+ 0.6 225+ 1.0
days to flowering 23.3+1.5 23.9+1.2 23.3£0.9 24.1+1.6 22.3+1.0 25.9+ 1.4
days to harvest 43.942.2 435+ 1.7 432+15 45.0 £ 1.7 42.6+1.6 47213
# of siliques at harvest 7.3+19 5.0+0.9 5809 78+1.3 10.7+£2.3 6.8+1.0
stem thickness (mm) 1.4 0.06 1.2 +0.04 1.340.05 1.4+ 0.08 1.4 0.06 1.4+ 0.08
inflorescence length (mm) 362 £ 10.7 319+7.5 315+13.5 365 + 18.3 377+7.8 339 + 15.8
cauline stem length (mm) 128 +5.4 114+ 3.7 114438 143 £ 6.0 107 £ 5.3 126 £ 8.0
# of bolts 4£04 44+04 3.9+0.3 42+0.3 43+0.3 46+0.3
# of branches off main bolt 3.7+0.2 29%0.2 3.2+0.1 35+£0.2 3.2+0.2 3.9+£0.3
inflorescence wet weight (g) 2.54 1 0.15 1.91 £ 0.12 1.97 £ 0.14 2.40 +0.21 2.40 £ 0.20 2.73£0.22
cauline stem wet weight (g) 0.90 + 0.05 0.68 +0.04 0.68 + 0.06 0.91 £ 0.09 0.82 £ 0.07 0.94 £ 0.08
cauline stem dry weight (mg) 9317 64+5 645 87+9 82+8 908
average glucose release 9.2 +0.04 9.4+0.03 9.3+ 0.02 9.0+ 0.03 8.9+0.02 9.2+ 0.02
(%/mg dry weight)
igﬁ{:ﬁf(%dr;‘éxé’sw:ight) 0.048 + 0.001 | 0.050 +0.001 | 0.054£0.001 | 0.044+0.001 | 0.0440.001 | 0.046 +0.001
number of plants measured 9 10 1 11 12 11
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Figure 22. Five-week-old Arabidopsis plants.
A, Wild-type; B,p4h5; C, hpatl; D, rra3; E, xeg113-2; F, sgtl.
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A, Wild-type; B,p4h5; C, hpatl; D, rra3; E, xeg113-2; F, sgtl.
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Figure 24. Stem phenotypes of wild-type and mutant Arabidopsis.

Each circle represents the measurement of a single plant; black bars, median value for that line; asterisks, lines with significant
differences from wildsype (p < 0.05, Student’s T-test). A, inflorescence stem thickness, measured at base of rosette. B, inflorescence
stem length measured from base of rosette to apical meristem. C, cauline stem length, measured from base of rosette to first silique.
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Figure 25. Biomass phenotypes of wild-type and mutant Arabidopsis.

Each circle represents the measurement of a single plant; black bars, median value for that line; asterisks, lines with significant
differences from wildype (p < 0.05, Student’s T-test). A, inflorescence wet weight including leaves, flowers, siliques, and the entire
inflorescence stem. B, wet weight of the cauline stem stripped of leaves. C, dry weight of the cauline stem measured in B.
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Figure 27. Glucose release from wild-type and mutant Arabidopsis cauline stems.
Each circle represents an average of three measurements from a single plant. Black bars
represent the median value for that line.
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CHAPTER FOUR: FLUORESCENT REPORTER SYSTEM FOR PLANT CELL WALL
PROTEINS IN ARABIDOPSIS

SYNOPSIS

In order to examine the association between extensin and the cell wall more closely, |
created two synthetic gene constructs that encode either the complete extensin d&hBRXlof
(sec-tdT-long) or the C-terminal 20 amino acid8&RX1 (sec-tdT-short). These extensin
fragments are encoded fused to the fluorescent reporter protein tdTomato (tdT), and are directed
to the cell wall with a secretory signal sequence. Transgenic Arabidopsis plants expressing these
tdT-extensin constructs were analyzed for expression levels by fluorescence microscopy and
Western blotting with anti-RFP antibody. The Western blot revealed likely post-translational
modification of sec-tdT-long with hydroxylation and arabinosylation, as the strongest bands
detected were much larger than predicted. Fluorescence in cauline stem tissue (the inflorescence
stem from the base of the rosette to the first silique) of transgenic plants was observed after
various treatments to denature or remove the fluorescent signal (including 1 M NaCl, 8 M LiCl,
preparation of alchol-insoluble-residue [AIR], 1% SDS, CTEC2 cellulase digestion, and
proteinase K digestion). In lines expressing sec-tdT-short, fluorescence was retained after 1 M
NaCl and 1% SDS treatments, as well as AIR preparations. In lines expressing sec-tdT-long,
fluorescence was additionally retained after 8 M LiCl treatment. These results indicate a strong
interaction of tdT-extensin proteins with the cell wall, and in the case of sec-tdT-long, potentially
covalent interactions. Developmental phenotypes were measured in several independently
transformed lines expressing each tdT-extensin construct, but the differences observed were
small, and confounded by the small sample size of the experiment. Hydroxyproline content was

also measured in these same lines, and substantially more hydroxyproline was measured in lines
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strongly expressing sec-tdT-long than in wild-type (long-2, 2.3 times more; long-7, 3 times
more). Finally, glucose release from cauline stem biomass after pretreatment and cellulase
digestion was measured, as overexpression and cross-linking of extensins may reduse biomas
digestibility. No strong differences were observed, although, again, the small sample size
confounds the analysis.

INTRODUCTION

In Chapter 3, | describady investigations into possible biofuel-related phenotypes in
Arabidopsis mutants in the genes encoding enzymes that perform extensin post-translational
modification, which should have reduced extensin crosslinking in their cell walls. Similarly, |
wanted to investigate the biofuel-related phenotypes of transgenic Arabidopsis plants
overexpressing extensin genes. In order to monitor extensin cross-linking directly, these plants
also express, in tandem with the extensin gene, a fluorescent reporter protein tag (tdTomato)
(Figure 28, Figure 29). Overexpression and increased cross-linking of extensin protein in plant
cell walls could increase biomass recalcitrance and therefore decrease digestibility and glucose
yield.

The extensin protein | chose for this experiment is part of an extensin chimera,
SILRX1!?8, This gene is expressed in tomato pollen, and encodes two functional daamains (
leucine-rich-repeat domain and an extensin domain) separated by a flexible cysteine- and
glycine-rich linker region. The homologous proteins in maize, mPEX1 and mPEX2, are tightly
associated with the pollen tube cell Walf® Presumably the extensin domain is responsible for
this association, which means that the extensin domain of leucine-rich-repeat extensin chimeras

functions independently in a multi-domain protein. Therefore, substitution of the leucine-rich-
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repeat domain of SILRX1 with a fluorescent reporter protein should not affect the cross-linking
abilities of the extensin domain.

SILRX1 s also an interesting example of an extensin protein, because its tyrosine content
is unlike that of other extensins. Most extensins contain many instances of the YXY motif, which
has been implicated in extensin cross-linking through sewevelo experiments. Extensin
peroxidases have been identified which form isodityrosine and di-isodityrosine from tyrosines in
YXY maotifs specifically, in the presence of hydrogen peroxide; this reastiatro can occur
both intra- and inter-moleculaff}{213% Evidence foin vivo cross-links is scarce, due to the
difficulties in analyzing cross-links in insoluble extensins from cell walls without breaking them,
but intermolecular isodityrosine cross-links have been identified in soybean suspension-cultured
cellst’. It has been tacitly assumed that tyrosine must be present in the form of the YXY motif
for these cross-links to be assembleddlRX1, however, only two tyrosines are encoded in the
entire extensin domain, and they are separated by 10 amino acids, which include$Psingle
motif. One tyrosine directly precedes the stop codon, while the other is surrounded by non-
phenolic amino acids, which are unlikely to participate in peroxidase-mediated cross-linking
reactions. Prior analysis of SILRX1 homologs mPEX1 and mPEX2 suggests that these proteins
may be covalently bound to the cell wall, as treatment with reagents that disrupt non-covalent
interactions (such as LiCl and SDS) did not reduce the SILRX1 protein content of the pollen tube
cell wall'?°. Therefore, tyrosine in any context may permit cross-linking, or perhaps some other
reaction is responsible for the strength of the association of SILRX1 with the cell wall.

To test the sequence requirements for cell wall association, | designed two tdT-fusion
protein constructs (Figure 28, Figure 29). One, called sec-tdT-short, encodes the C-terminal 20

amino acids 08LRX1, which include a single SPepeat as well as both tyrosines. The other,
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called sec-tdT-long, encodes the 105 amino acids of the cysteine- and glycine-rich linker region
as well as the entire 290 amino acids of the extensin dom&hRX1. The fluorescent protein

tag permits analysis of cells expressing the constructs with fluorescence microscopy, Western
blotting, or more conventional immunohistochemistry. The reporter protein construct can also be
distinguished from a cell’s native extensins by virtue of the fluorescent reporter protein tag.

The tag | chose for this experiment, tdTomato, has several remarkable features. First, like
all fluorescent reporter proteins, it self-assembles from a linear polypeptide chain into a complex
mature structure of beta-barrels that shield the chromophore, so no co-factors are required to
observe fluorescence, and fluorescence can readily be obseriead It is tolerant of being
expressed as part of a fusion protein, making it suitable a$®4'#agt is also quite robust and
will maintain fluorescence in a variety of normally denaturing conditions. For example, as
opposed to the more commonly used green fluorescent protein (GFP) or enhanced GFP, which
are pH-sensitive and will not reliably fluoresce under acidic conditions such as those present in
the cell wall, tdTomato fluorescence is not affected by pH values frot252, It can therefore
be imaged directly in cell walls without any pH adjustment step.

Overexpression of extensin proteins and of artificial extensin domains has been reported
previously*124134135Most experiments were performedNicotiana tabacum plants, in which
no gross phenotypic changes resulting from either extensin under- or over-expression were
detected?*13% ArabidopsisEXTENSIN-1 (EXT-1) was overexpressed in stably transformed
Arabidopsis plants under the control of the Cauliflower Mosaic Virus (CaMV) 35S prdatoter
A detailed analysis of macroscopic developmental phenotypes was performed, as described
below, but effects at the level of the cell wall were not analyzed. Overexpression of synthetic

extensin domains, which were composécthany repeats of “hallmark™ extensin motifs tagged
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with eGFP, was investigated both in suspension cultured BY-2 tobacco cells and in stably
transformed Arabidopsis plants. The eGFP tag of the synthetic protein was used to observe any
microscopic phenotypes associated with synthetic extensin protein expression, as well as to
purify and analyze post-translational modifications of the synthetic protein, as described below.
However, macroscopic phenotypes were not measured.

In this study, | observed Arabidopsis plants stably transformed with the tdT constructs |
created (control tdT constructs cyto-tdT and sec-tdT, and experimental tdT-extensin constructs
sec-tdT-short and sec-tdT-long). | examined cellular phenotypes by means of the fluorescent
reporter protein tag, such as levels of transgene expression and association of the fluorescent
reporter protein construct with the cell wall after various treatments. | hypothesized that sec-tdT-
long would have a very tight association with the cell wall due to the presence of the complete
extensin domain, while the association of sec-tdT-short would depend on whether a single SP
motif or the associated two tyrosines were sufficient for cell wall attachment. Gross phenotypes
relevant for biofuels production were also measured, including characteristics such as stem
thickness and length, biomass yield, hydroxyproline content, and glucose yield after pretreatment
and digestion. | hypothesized that plants overexpressing sec-tdT-shoecadd-kng would
have increased extensin cross-linking in their cell walls, as shown by increased hydroxyproline
content, leading to smaller and less digestible plants.

MATERIALS AND METHODS
Plasmid construction

The binary vector pARTZ27° encoding tdTomatd'**2and secreted tdTomato (using the

secretory signal sequence from tomato polygalacturét{ds® under the control of the CaMV

35S promoter, were kind gifts of Dr. Jocelyn Ra8ernell University*® (named pART-tdT and
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pPART-sec-tdT). The entire reporter protein construct was excised from pART-tdT and pART-
sec-tdT by digesting withlotl. The resulting 3573 and 3651 bp fragments were gel-purified with
the QIAquick Gel Extraction Kit (28704, QIAGEN; used for all gel purifications described
below) and ligated using T4 DNA Ligase (M0202, New England Biolabs; used for all ligations
described below) into dephosphorylated pBlueScript KS+ that had also been digestéatiwith
and gel-purified to make pBS-tdT and pBS-sec-tdT. The plasmids were confirmed by sequencing
with primers 35S-FP (5'-CCTTCGCAAGACCCTTCCTC-3") and OCS-RP (5'-
CGTGCACAACAGAATTGAAAGC-3"). All sequencing was performed by the Proteomics and
Metabolomics Facility at CSU on an ABI 3130xL Genetic Analyzer.

The short and long extensin domain sequences $BEX1 (NCBI accession
AF159296%%) were codon-optimized by GenScript for expressioBstherichia coli and yeast
(Figure 29, Figure 30), synthesized, and cloned by GenScript into pUC57 to make pUC57-less
and pUC57-high, respectively. The long extensin domain was then removed from pUC57-high
and subcloned into pUC57-less by digestion of both pUC57-high and pUC57-legstivihd
Nsil followed by gel purification of the 1119 bp band from pUC57-high and the 4698 bp band
from pUC57-less, and ligation of the two gel-purified fragments to make pUC57-full length. The
plasmid was confirmed by sequencing with the primers tdT-seq-1900-FP (5'-
CCCGTTCAATTGCCTGGT-3") and OCBP. The plasmid pBS-sec-tdT-short was made by
digesting pUC57-less and pBS-sec-tdT vhittel and SgrAl, followed by gel purification of the
1142 bp band from pUC57-less and the 5545 bp band from pBS-sec-tdT, and ligation of the two

gel-purified fragments. The plasmid pBS-sec-tdT-long was made by digestion of pUC57-full

¥ Codon optimization was performed in order to express protein fotro studies;
codon-optimized protein was predicted to also function in plants.
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length and pBS-sec-tdT witkdel andSgrAl, followed by gel purification of the 2243 bp band
from pUC57-full length and the 5545 bp band from pBS-sec-tdT, and ligation of the two gel-
purified fragments. pBS-sec-tdT-short plasmids were confirmed by sequencing with the 35S-FP
and OCSRP primers. pBS-sec-tdT-long plasmids were confirmed by sequencing with the 35S-
FP, tdT-seq-1906-°, and OCSRP primers. All pBS plasmids were also confirmed by digestion
with Notl and examination of the resulting insert and backbone fragment lengths by agarose gel
electrophoresis.

Binary vectors for plant transformation were made by gel purifyin@ttkeinsert
fragments from the pBS-sec-tdT-short and pBS-sec-tdT-long plasmids and ligating them with
PART27-sec-tdT backbone that had been digestedNuth gel purified, and dephosphorylated,
to obtain pART27-sec-tdT-short and pART27-sec-tdT-long. These two plasmids were confirmed
by sequencing with the 35S-FP, tdT-seq-1900-FP, and OCS-RP primers.

A bacterial expression vector for tdTomato expression was made by amplifying the
tdTomato sequence from pUC57-less using the following reaction mixtungl @#Platinum
Pfx polymerase (11708013, Life Technologies), 5 uL of 10x Pfx buffer, 0.3 mM DNTPs, 1 mM
MgSQy, 0.3 mM primers EcoRV (5'-
ACGTGGACACTAAACTCGATATCACCTCCCACAACG-3) and Pstl (5'-
CTGCTGCTGCAGCTGCTGTTACTTGTAC-3"), which adds an in-frame stop codon
(underlined) to the end of the tdTomato coding sequence, 50 ng of pUC57-lessQatadsid
uL. The template was amplified in a BioRad C1000 Thermal Cycler with the following program:
94 °C for 3 minutes, followed by 34 cycles of 92 for 15 seconds (denaturation), ®for 30
seconds (annealing), and &3 for 60 seconds (extension), then a final extension &€ 68r 4

minutes, and holding at%€. The 844 bp PCR product was purified with the QIAquick PCR

88



Purification kit (28104, QIAGEN) and digested with Ea6&nhd Pdt then gel purified and
religated into the 3852 bp backbone of pUC57-less that had also been digested witlaBdoR
Pst and gel purified, to make a plasmid encoding the tdTomato coding sequence without any
promoter (pUC57-tdT). This 1450 bp sequence was digested from pUC57-tdT withdmhR
Pst, gel purified, and ligated into pET28a that had been similarly digested and gel-purified to
make pET28a-tdT. The plasmid was confirmed by sequencing with the primé's T7
TAATACGACTCACTATAGGG-3) and T7-term (5'-GCTAGTTATTGCTCAGCGG-3') to
ensure the start codon of tdTomato was in frame with the coding sequence for the His-tags
included in the pET28 backbone.
Transient transformation

Transient expression assays to assess the subcellular localization of cyto-tdT, sec-tdT,
sec-tdT-short, and sec-tdT-long in white onion epidermal cells were performed with particle
bombardment. DNA for bombardment was prepared by transforiicgi strain dHD with
each pBS-tdT plasmid (pBS-tdT, pBS-sec-tdT, pBS-sec-tdT-short, and pBS-sec-tdT-long) by
electroporation, culturing positive colonies, and extracting plasmid DNA using the QIAquick
Spin Midiprep kit (12143, QlAgen). 2g of plasmid DNA from each of the four plasmids were
adsorbed onto separate aliquots of W10 tungstgitles, according to the manufacturer’s
instructions (Bio-Rad). The abaxial epidermis of a white onion bulb leaf was removed by hand
and placed on a half-strength MS plate (2.16 g/L Murashige and Skoog [MS] salts [M524,
PhytoTechnology Laboratories], 1% sucrose 20 .Agargel [A3301, Sigma], pH 5),/with the
inner side oriented upwards. For each bombardment, 1.2 mg of DNA-coated tungsten particles
were placed on the macrocarrier. Onion epidermal cells were bombarded using the PDS-1000/He

Biolistic Particle Delivery System (Bio-Rad) at 1100 psi under a vacuum of 20 kPa at a distance
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of 9 cm from the stopping screen. Following bombardment, the onion peels incubated in the
same petri dish for 63 h at room temperature in the dark before observation. Transformed onion
peels were imaged before and after plasm®ipsl M NaCl using a Leica 5500 microscope
(Leica Microsystems) running IPLab version 4 software (BD Biosciencespi#fy42-95
camera (Hamamatsu Photonics). Fluorescence was observedRthC filter cube (570 nm
long pass; Leica Microsystems). Fluorescence images were taken using a 250 ms exposure, with
white and black points set to their respective maxima, to be able to compare fluorescence
between cells.
Arabidopsis transformation

Agrobacterium tumefaciens, strain LBA4404, was transformed with each of the four
PART27-tdT plasmids (pART27-tdT, pART27-sec-tdT, pART27-sec-tdT-short, pART27-sec-
tdT-long) using the standard freeze-thaw metffo€orrect transformation, including
maintenance of intact border sequences, was confirmed by extracting the plasmid from
transformed Agrobacterium, inserting the plasmid Etooli strain dH%., extracting the
plasmid from dH& with the QIAprep Spin Miniprep kit (27104, QIAgen), and sequencing with
primers 35S-FP, tdT-seq-1900-FP, OCS-RP, OCS-FP (5'-
GATAGAGCGCCACAATAACAAAC-3"), 35S-RP (5'-GACCAGAGTGTCGTGCTCCA-3),
and 332-RP (5'-CAGCAGGATGCTTAACGTATG-3'). Wild-type Arabidopsis plants (ecotype
Columbia-0, Col-0) were transformed with each transformed Agrobacterium line by the simple
floral dip method*.. Transgenic plants were selected on half-strength MS plates containing 50
ug/mL of kanamycin. Selected plants were transferred to soil and allowed to self-pollinate, and
several independent lines for each transgene were bred to homozygosity over several

generations, determined by all progeny (at least 100 plants/line) demonstrating tdTomato
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fluorescence and resistance to kanamycin. Subsequent experiments were performed on T3
generation plants.

Purification of tdTomato protein

E. coli strain BL21 (DE3) was transformed with the pET28a plasmid for inducible

expression in bacteria containing the coding sequence for tdTomato (pET28a-tdT). A 500 mL
LB culture containing 5Qg/mL kanamycin was grown to mid-log phase 3= 0.6).
Expression of tdTomato was induced by addition of isoprggyHkhiogalactopyranoside (IPTG,
FERRO0391, Fisher) to 1 mM final concentration. Cells were harvested four hours after the start
of induction by centrifugation at 6000 g for 6 minutes. The cell pellet was washed by
resuspension in STE buffer (100 mM NaCl, 10 mM Tris pH 8.0, 1 mM EDTA) followed by
centrifugation at 6000 g for 6 minutes. The cell pellet was frozen &C;8ben thawed on ice
and resuspended in lysis buffer (100 mM NaCl, 20 mM Tris pH 8.0, 2(BME| 5 mM
imidazole, 1 mM PMSF, protease inhibitor mix). After resuspension, Thesit (88315, Sigma) was
added to a final concentration of 1%. Cells were lysed by the addition of 5 mg lysozyme,
followed by incubation at room temperature until the solution became viscous. The salt
concentration was then adjusted to 0.5 M NaCl and the lysate was clarified by centrifugation at
27,000 g for 15 minutes. Clarified lysate was applied to a TALON Metal Affinity Resin column
(Clontech) pre-equilibrated with wash buffer (500 mM NacCl, 20 mM Tris pH 8.0, 2@ MK
5 mM imidazole, 0.1% Thesit) at a flow rate of 60 mL/hour & 4The Asgo of the flow-through
was monitored with a UV flow cell, and the column was washed until the absorbance returned to
baseline. Bound protein was then eluted by washing with elution buffer (500 mM NacCl, 200 mM
imidazole, 20 mM Tris pH 8.0, 20 mPME, 0.01% Thesit) and the eluate was monitored by eye

as well as Ago for the presence of tdTomato. Purified tdTomato was concentrated by dialysis
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overnight at #C against sucrose, then buffer (50 mM NaCl, 20 mM Tris pH 8.0, 1 mM DTT),
then 50% glycerol with 1 mM DTT, and stored at °20
Genotyping

DNA was extracted from young leaves with the Shorty prep m&haeaves were
frozen at -80°C, then ground with a micropestle for 15 seconds over dry iceul500 Shorty
buffer (0.2 M Tris/HCI, pH 9.0, 0.4 M LiCl [a substitution for the 0.25 M NaCl of the original
protocol], 25 mM EDTA, 1% SDS) was added and the tissue was ground for another 15 seconds.
Samples were centrifuged for 5 minutes at 21,130 guB5ff supernatant was mixed with 350
uL of isopropanol and centrifuged for 10 minutes at 21,130 g. The supernatant was poured off
and the pellet was dried at room temperature for 30 minutes. Samples were resuspended in 200
uL of TE buffer (10 mM Tris, pH 8.0, 0.1 mM EDTA).

PCR was performed on extracted DNA as well as the appropriate pBS-tdT plasmid using
a reaction mixture of L of DNA, or 1ng of the appropriate plasmid, 0.g% of Phusion High-
Fidelity DNA Polymerase (M0530S, NEB) & Phusion High-Fidelity buffer, 0.4 mM DNTPs,
and 0.2 mM 353-Pand OCSRPin 25yl total, in a BioRad C1000 Thermal Cycler with the
following program: 98C for 1 minute, then 30 cycles of denaturation af@&or 10 seconds,
annealing at 56C for 15 seconds, and elongation for | minute at@Zollowed by 5 minutes at
72°C and hdding at 4°C. 10 uL of each PCR product were analyzed on a 1% agarose gel.

Western blots

Crude protein was extracted from a young leaf of one wild-type plant and one plant from
eah transgenic line by grinding each leaf for 15 seconds in 2x SDS sample buffer (4% SDS, 125
mM Tris pH 6.8, 20% glycerol, 0.01% bromophenol blue, 50 mM dithiothreitol [[RTEjng 10

uL of sample buffer per milligram of tissue. Samples were then boiled for at least five minutes in
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a water bath and centrifuged for 5 minutes at 21,130 g. The supernatant was removed and used in
Western blotting, below.

Wild-type Arabidopsis protein for blocking the primary anti-RFP antibody was extracted
by grinding whole Arabidopsis plants in liquid nitrogen, incubating in 1 volume of 100 mM Tris
pH 7.5, 1 mM PMSF, and 2% SDS, and centrifuging for 10 minutes at 21,130 g. The supernatant
was transferred to a glass tube and heated in a water bath for 10 minut&S.aaf@&r cooling,
5 volumes of 50 mM Tris pH 7.5, 150 mM NacCl, and 2% Triton X-100 were addedofianti-
RFP antibody (A00682, GenScript) was blocked for 1 hour at room temperature in 1 mL wild-
type Arabidopsis blocking extract and 9 mL TBST.

10 uL of crude protein extract from each wild-type and transgenic plant, as wellds 10
of a 1:9 dilution of purified tdTomato in water, were loaded on a 12% polyacrylamide gel and
electrophoresed for 1 hour at 200 V, then transferred onto PVDF. The PVDF was blocked in 5%
non-fat milk in TBST (10 mM Tris-HCI pH 7.4, 150 mM NacCl, 0.05% Tween-20) for 1 hour at 4
°C and washed four times for 15 minutes in TBST.

Blots were treated overnight af@ with blocked anti-RFP antibody. Blots were washed
four times for 15 minutes in TBST at room temperature, then treated for two hours at room
temperature with a 1:2,500 dilution of goat anti-rabbit alkaline-phosphatase conjugated
secondary antibody (A3687, Sigma), diluted in TBST. Blots were then washed four times for 15
minutes in TBST at room temperature and developed in 10 mL alkaline phosphatase buffer (100
mM Tris-HCI pH 9.5, 100 mM NaCl, 3 mM Mgég)lcontaining 80 puL NBT (35 mg/mL in 70%

DMSO; N6876, Sigma) and 30L BCIP (50 mg/mL in 100% DMSO; 8503, Sigma).
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Leaf fluorescence
Young leaves from the same plants used for protein extraction for the Western blot were
imaged with a TRITC filter cube on an Olympus SZX12 microscope using an Insight Color
Mosaic camera (Model 11.2, SPOT Imaging Solutions), running SpotBasic 5.1 software.
Exposures were 10@sfor all fluorescence images, with the white and black points fixed at the
maximum values to ensure fluorescence levels could be compared between images.
Sub-cellular localization of fluorescent reporter protein constructs in Arabidopsis
Leaves from confirmed, brightly fluorescent transgenic Arabidopsis lines tdT-5, sec-5,
short-5, and long-7 were plasmolyzed in 1 M NacCl. Trichomes were imaged as described for
onion epidermal peels, above.
Cross-linking analysis
Approximately 100 pg of freeze-dried, ground cauline stems from transgenic lines with
the strongest tdTomato expression (tdT-5, sec-5, short-11, short-12, long-2, and long-7) were
suspended in 500 pL of one of the following solutions, made in Pipes (piperazine-N2'-bis-
ethanesulfonic acid])-sucrose buffer (50 mM Pipes, pH 6.8, 10% sucrose, 1 mM EGTA, 0.5 mM
MgC12): 1 M NaCl, 8 M LICl, 1% SDS, or Pipes-sucrose buffer only. A fifth treatment
consisted of 200g/mL proteinase K in 50 mM Tris pH 8.0, 0.5% SDS, and 2 mM gacCl
Samples rotated on a rocker for 1 hour at room temperature. A sixth treatment consisted of
digestion with 5uL of Cellic CTEC2 in 30 mM sodium citrate, pH 4.5, in a°&0rotisserie oven
for 2 hours. After treatment, all samples were washed three times in Pipes-sucrose buffer. A
seventh treatment consisted of a crude cell wall preparation by the alcohol-insoluble-residue
(AIR) method, made by incubating the biomass in 95% ethanol’@ & 30 minutes or until

all green color was removed, followed by 15 minutes in acetone at room temperature, then 15
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minutes in methanol at room temperatéfeThe biomass was dried at room temperature and
resuspended in Pipes-sucrose buffer.

For imaging the biomass, dry samples were dry-mounted and immediately imaged.
Treated samples were mounted in Pipes-sucrose buffer. Imaging proceeded as described above
for onion epidermal peel and Arabidopsis leaf sub-cellular localization. All fluorescence images
were taken with 100 ms exposure, with the white and black points fixed at the maximum values
to ensure fluorescence levels could be compared between images.

Phenotyping

Homozygous transgenic and wild-type (Col-0) plants were grown in soil (Fafard 4P mix)
in 4-inch pots in a temperature-controlled growth chamber (Percival Scientific) under long-day
conditions (16 h light/8 h dark) at 2€. Two flats were grown, each of which contained one pot
of wild-type, tdT-2, tdT-5, tdT-7, sec-2, sec-4, sec-5, short-5, short-11, short-12, long-2, long-7,
long-8, and long-9. Each pot contained two plants.

Plants were photographed 5 weeks after germination. A number of parameters were
measured, based on the growth stages defined by Boyes et al (2001), that could have relevance to
extensin function in inflorescence stéiisThese parameters included stem diameter at the
inflorescence base, inflorescence stem length, cauline stem length, number of stems, number of
branches off the main stem, wet weight of the entire inflorescence and wet weight of the cauline
stem only.

Inflorescence stems were harvested when at least two siliques had shattered, between 43
and 61 days after germination. The cauline stems were flash-frozen in liquid nitrogen and freeze-

dried for three days in a Labconco FreeZaate-50°C. The stems were re-weighed to determine
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dry weight and ground in a TissueLyser [I&@en) twice for 1 minute at 30 oscillations/second
each time. Ground samples were stored af€20
Hydroxyproline assay

Three 150 mg pools of freeze-dried, ground cauline stem biomass from 2-4 plants were
made for each line. Three 50 mg samples from each pool were weighed into 2 mL Sarstedt
screwtop tubes and 1.4 mL of 6 M HCI was added to each tube. Samples were hydrolyzed at 100
°C for 18 hours. The supernatant was assayed for hydroxyproline according to a modification of
the methods of Kivrikko and Liesnf&as follows: 500 puL were transferred to a new tube and
pH-adjusted by the addition of 12 M NaOH to pH 3.0 (x 0.1). A higher pH led to development of
a dark brown color in the samples that interfered with subsequent colorimetric analysis. The
samples were centrifuged at 21,130 g for 1 minute to clarify the supernatant. 125 pL of sample
supernatant was then mixed with 250 puL of 50 mM sodium hypobromide and incubated at room
temperature for 5 minutes. The oxidation reaction was stopped by the addition af @6 M
HCI, followed by 250 pL of para-dimethylaminobenzaldehyde (DMAB, 5% in n-propanol) to all
tubes. Tubes were sealed, mixed by hand, and incubated@ff@015 minutes. After cooling,
the absorbance at 560 nm of each sample was measured in triplicate (200 pL each) in a 96-well
plate, using a BioTek Synergy HT plate reader. Data were analyzed in Microsoft Excel 2011.
Hydroxyproline standards with the same salt concentrations (4.2 M NaCl) and pH (3) as the
samples were used to construct a standard curve.

Digestibility assay

Glucose release (digestibility) was analyzed following an adaptation of the protocol of

Santoroet al’®. Triplicate aliquots of freeze-dried, ground biomass for each plant of 5 mg + 0.3

mg were weighed into Sarstedt 2 mL screwtop tubesul@f 6.25 mM NaOH was added and
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the tubes were vortexed and placed in 8®0eat block for 3 hours. At the end of the

pretreatment, the samples were placed on ice, then centrifuged at 21,130 g for 30 seconds, and 50
uL of cell wall digestion mix was added, consisting of Cellic CTEC2 (70 mg/g biomass,
Novozymes), Cellic HTEC2 (2.5 mg/g biomass, Novozymes), 0.45 M sodium citrate, pH 4.5

(final concentration 30 mM), and 0.1% Naffinal concentration 0.007%). Samples were

incubated in a 58C rotisserie oven with end-over-end rotation for 20 hours.

The tubes were centrifuged at 21,130 g for 1 minute. 650 pL of supernatant was removed
to a new tube, diluted 1:10 in water, and measured for glucose content in a GOPOD assay
(Megazyme). Triplicate 20 pL aliquots of sample, glucose standard, or an enzyme-only mixture
were mixed with 200 pL of GOPOD reagent and incubated &€ 46r 45 minutes in a 96-well
plate. The absorbance at 510 nm was read in a BioTek Synergy HT plate reader. Data were
analyzed in Microsoft Excel 2011. Glucose standards were used to construct a standard curve.
The absorbance from the enzyme-only mixture was subtracted from the absorbance of the
samples to correct for glucose present in Cellic CTEC2 and HTEC2 enzyme preparations.

RESULTS
Construct confirmation with restriction enzyme digestion and sequencing

Sequences encoding the four tdTomato constructs (cyto-tdT, sec-tdT, sec-tdT-short, and
sec-tdT-longFigure 28A) were successfully transferred into the pBS vector for transient
transformation of onion cells, confirmed by sequencing as well as by restriction enzyme
digestion of the vector witNotl to remove the cassette (cleaving before the 35S promoter and
after the OCS transcription terminator), followed by agarose gel electrophoresis (FigUree31
bands on the gel reflect the expected sizes for each construct, particularly the ~80 bp difference

between cyto-tdT and sec-tdT, the ~80 bp difference between sec-tdT and sec-tdT-short, and the
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~1100 bp difference between sec-tdT-short and sec-tdT-long. Correct transformation of
Agrobacterium strain LBA4404 with the pART27-fluorescent reporter protein plasmids was
confirmedby sequencing (data not shown
Sub-cdlular localization of tdTomato in transiently transformed cells

As a first test of the reporter protein constructs, | transiently transformed onion epidermal
cells to express each of the four tdTomato constructs described above. After transformation, cells
transformed with each of the construct looked similar; no differences in sub-cellular localization
could be seen (Figure 32). After plasmolysis with 1 MCN&n every case tdTomato was
localized in the appropriate sub-cellular compartment: cyto-tdT appeared exclusively in the
cytoplasm, while sec-tdT, sec-tdT-short, and sec-tdT-long all appeared both in the cytoplasm and
cell wall (Figure 33. | then washed the onion peels with various solutions, including 1 M NaCl
and 10% SDS, but fluorescence did not noticeably decrease in any of the transformed cells,
including those transformed with cyto-tdT (data not shown).

Expression in stably transformed Arabidopsis plants

In order to create a greater population of cells expressing the four tdTomato constructs, |
stably transformed Arabidopsis with each construct using Agrobacterium. After breeding at least
three independently transformed lines for each construct to be homozygous, | confirmed the
transgene insertion by PCR (Figure.34s expected, bands from plants transformed with cyto-
tdT were about 80 bp smaller than those from plants transformed with sec-tdT, which were
themselves about 80 bp smaller than those from plants transformed with sec-tdT-short; bands
from plants transformed with sec-tdT-long were about 1100 bp larger than those from plants
transformed with sec-tdT-short. Three lines were confirmed to be transformed with the cyto-tdT

construct, named tdT-2, tdT-5, and tdT-7. Three lines were confirmed to be transformed with the
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sec-tdT construct, named sec-2, sec-4, and sec-5. Three lines were confirmed to be transformed
with the sec-tdT-short construct, named short-5, short-11, and short-12. Four lines were
confirmed to be transformed with the sec-tdT-long construct, named long-2, long-7, long-8, and
long-9.

| analyzed the level of tdTomato expression in the lines confirmed with PCR using both
an anti-RFP Western blot on protein extracted from leaves and fluorescence microscopy on
leaves from the same plants (Figuré.3he lines transformed with each construct exhibated
range of expression, reflecting the transcriptional activity in the region where the transgene
inserted. The intensity of the anti-RFP band on the Western blot generally correlated to the
fluorescence detected in the leaves, where tdTomato from lines with low fluorescence (sec-4,
short-5, long-8, and long-9) was weakly detected on the blot, while tdTomato from lines with
strong fluorescence (tdT-5, sec-5, short-11, short-12, long-2, and long-7) was strongly detected
on the blot. A few lines had strong bands on the blot but weak fluorescence (tdT-2, tdT-7, sec-2);
no lines had strong fluorescence but weak bands on the blot. The reduced fluorescence compared
to high levels of tdTomato in tdT-2, tdT-7, and sec-2 may reflect other factors involved in
tdTomato fluorescence.

The size of the bands detected on the Western blot was the same for purified tdTomato as
for the cyto-tdT and sec-tdT lines, as expected. Puzzlingly, the predicted size for tdTomato is 54
kDa (assuming a molecular weight of 110 daltons per amino acid), but the apparent size from the
Western blot is greater than 75 kDa. SDS does not affect tdTomato fluorescence (as seen in
biomass imaging, described below); perhaps tdTomato is insufficiently denatured by SDS
sample buffer to run true to size. The sec-tdT-long protein is predicted to be 94 kDa, or 40 kDa

larger than tdTomato. In the long-2, long-7, and long-8 lanes, proteins of various sizes, all larger
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than tdTomato, were detected. The strongest band in all cases was much more than 40 kDa larger
than tdTomato, suggesting post-translational modification of the sec-tdT-long reporter protein
had occurred to increase its molecular mass.
Sub-cellular localization of tdTomato in Arabidopsis

Leaves of representative transgenic lines (tdT-5, sec-5, short-5, and long-7) were imaged
after plasmolysis to confirm appropriate sub-cellular localization of tdTomato fluorescence.
Plasmolysis clearly separated the cytoplasm from the cell wall, which could be most readily
imaged in trichomes (Figure B8n tdT-5, fluorescence was observed only in plasmolyzed
cytoplasm, while in sec-5, short-5, and long-7, fluorescence was observed in both the cytoplasm
and cell wall. As with transiently transformed onion cells, the secretory sequence of the sec-tdT,
sec-tdT-short, and sec-tdT-long constructs was both necessary and sufficient to direct tdTomato
to the cell wall.

Effect of different treatments on tdTomato fluorescence in muro

Since plants transformed with s&ff-, sec-tdT-short, and sec-tdT-long all exhibited
fluorescence in cell walls, | wanted to know whether the presence of the extensin domain in sec-
tdT-short or sec-tdT-long could be correlated with levels of tdTomato fluorescence in cell walls
after treatments intended to remove cell-wall-associated proteins. | analyzed freeze-dried,
ground, cauline stem biomass from a wild-type plant as well as a plant from each of the most
fluorescent lines, namely, tdT-5, sec-5, short-11, short-12, long-2, and long-7. Biomass was
examined with fluorescence microscopy either in a dry, untreated state, or after preparation of
the alcohol-insoluble residue (AIR) or treatment with 1 M NaCl, 8 M LiCl, CTEC2 cellulase, 1%

SDS, 200 g/mL proteinase K, or PIPES-sucrose buffer only (Figure 37, Figure 38,
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Table 7). No background fluorescence was detected in wild-type biomass under any treatment
conditions. Dry biomass was highly fluorescent for all transgenic lines. Treatment in buffer
removed fluorescence from tdT-5, and fluorescence was slightly reduced in the other transgenic
lines, indicating removal of cytoplasmic reporter protein. Treatment with 1 M NacCl, which
should remove ionically bound proteins (such as perhaps sec-tdT), only decreased fluorescence
in tdT-5. Fluorescence in all other lines was comparable to that seen after buffer-only treatment.
Treatment with 8 M LiCl, a chaotropic agent capable of disrupting the outer hydroxyproline-rich
glycoprotein cell wall matrix o€hlamydomonas reinhardii'*® dramatically reduced

fluorescence in all transgenic lines except long-2 and long-7. No fluorescence was observed in
tdT-5, while slight fluorescence in some biomass particles could be observed in sec-5, short-11,
and short-12. Fluorescence in long-2 and long-7 was still strong, comparable to that seen after
buffer-only or 1 M NaCl treatment. An ethanol-washed crude cell-wall preparation (AIR)
dramatically reduced fluorescence in all transgenic lines. In tdT-5, sec-5, and short-12,
essentially no fluorescence was observed. However, in short-11, long-2, and long-7, fluorescence
could still be seen, although at much reduced levels compared to buffer-only treatment.
Treatment with 1% SDS reduced fluorescence in all transgenic lines except long-2 and long-7,
with tdT-5 and sec-5 exhibiting barely observable fluorescence and short-11 and short-12
exhibiting noticeably reduced fluorescence compared to buffer-only treatment (Figure 38).
Treatment with either proteinase K or CTEC2 reduced fluorescence in all the transgenic lines,
including long-2 and long-7. Slight fluorescence could still be detected in thicker cell wall
chunks of all lines except tdT-5 after proteinase K digestion, likely because tdTomato was more

protected in the more intact pieces of inflorescence stem.
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Expression of tdT or tdT-extensin constructs does not affect developmental phenotypes

In order to investigate whether overexpression of an extensin domain has any effect on
plant growth and development, | grew each of the transgenic lines described above (tdT-2, tdT-5,
tdT-7; sec-2, sec-4, sec-5; short-5, short-11, short-12; long-2, long-7, long-8, long-9) together in
a growth chamber, along with wild-type plants. | measured a suite of developmental
characteristics in which increased extensin cross-linking might produce a phenotype, based on
the growth stages of Arabidopsis described by Beyak'?? (Table 8, Figure 39 Figure 45).

No plants displayed any major growth phenotypes, implying that any effects from
extensin overexpression would be subtle (Figure 39). There were a few small differences,
including several characteristics that were statistically significantly different from wild-type in a
few cyto-tdT and sec-tdT lingp < 0.05, Student’s T-test). These characteristics also differed in
one sec-tdT-short and one sec-tdT-long line, although not always in the expected direction.
Stems were thicker in tdT-5, sec-2, and (as expected based on previous®ylotes9 (wt, 1.2
+ 0.04 mm; tdT-5, 1.6 £ 0.04 mm; sec-2, 1.5 £ 0.03 mm; long-9, 1.6 £ 0.06 mm) (Figure 40).
The inflorescence stem (but not the basal, cauline stem, which was the only part of the stem used
in subsequent experiments) was unexpectedly longer in short-12 (wt, 324 £ 12 mm; short-12,
393 £ 2 mm) (Figure 41, Figure 42). Sec-2, sec-4, and long-9 also had significantly more
biomass than wild-typee(., dry weight of wt cauline stems, 47 + 4 mg; sec-2, 130 £ 11 mg;
sec-4, 97 £ 6ng; long-9, 112 + 3ng) (Figure 43 - Figure 45).

Expression of sec-tdT-long increases hydroxyproline content

| measured the amount of insoluble hydroxyproline in inflorescence stems of transgenic

and wild-type lines in order to determine whether the extensin domain of sec-tdT-short or sec-

tdT-long increased the abundance of extensins bound in cell walls (B@ures expected, the
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hydroxyproline content in stems was not significantly different from wild-type in any cyto-tdT
lines (p > 02, Student’s T-test), sec-tdT lines (p > 0.8), or sec-tdT-short lifpes 0.16. |
measured an average of 0.047% Hyp/mg dry weight in wild-type plants, and a comparable
amount in the cyto-tdT (an average for all three lines of 0.048%), sec-tdT (an average for all
three lines of 0.047%), and sec-tdT-short lines (an average for all three lines of 0.043%). The
stem hydroxyproline content | measured in wild-type plants is comparable to what has been
reported in tomato stems (0.05%)as well as other Arabidopsis ecotypes (0.06% in ecotype
Landsbergerecta and 0.03% in Wassilewski). The two sec-tdT-long lines with the lowest
tdTomato fluorescence and expression (long-8 and long-9) also had comparable levels of
hydroxyproline in stems as wild-type (an average of 0.054% in long-8 and 0.041% in long-9, p >
0.12). However, the two sec-tdT-long lines with high tdTomato fluorescence and expression, as
well as strong association of fluorescence with cauline stem cell walls, had much higher levels of
hydroxyproline than wild-type, with approximately 2.5 times more in long-2 (an average of
0.11%, p = 0.0001) and 3 times more in long-7 (0.14% [n=1; the significance of this difference
could not be evaluated])).

Expression of tdT or tdT-extensin constructs does not affect biomass digestibility

Since long-2 and long-7 had increased abundance of hydroxyproline-rich cell-wall-

associated extensins compared to wild-type, | anticipated that inflorescence stems of plants from
these lines would be less digestible than wild-type, while plants from the cyto-tdT, sec-tdT and
perhaps sec-tdT-short lines should have comparable digestibitigasured glucose releas
from biomass of 2 4 plants from each line after pretreatment and cell wall digestion in triplicate
(Figure 47. As expected, no cyto-tdT line had significant differences in glucose released

compared to wild-type (p > Q.Student’s T-test). Unexpectedly, glucose release from several
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lines transformed with the other constructs was significantly different from wild-type. Sec-5 and
short-5 both had less glucose released than wild-type (wt, 9.1 + 0.1%; sec-5, 8.0 = 0.2%; short-5,
7.9 £ 0.3%; p = 0.04 in both cases), while long-7 and long-8 had more (long-7, 10.2 + 0.02%, p =
0.03; long-8, 10.6 £ 0.2, p = 0.047). Long-2, which is the other line that had more
hydroxyproline, had 8.5 £+ 0.3% glucose released, an insignificant difference compared to wild-
type. The average glucose release from all the lines analyzed was as follows (x standard error):
wt, 9.1 £ 0.1%; cyto-tdT, 9.6 + 0.4%; sec-tdT, 8.9 £ 0.1%; sec-tdT-short, 8.5 + 0.6%; sec-tdT-
long, 9.7 £ 0.2%.
DISCUSSION

Expression and modification of tdT and tdT-extensin proteins

The two extensin domains, “short” and “long”, were chosen in order to evaluate the
relative contributions of tyrosine and sS$&quences to extensin function in the cell wall. The
short extensin domain contains a single @Btif and two tyrosines, which are separated by 10
amino acids rather than being found in the classic YXY motif involved in isodityrosine
formation and extensin cross-linking (Figure 28, Figure 29). The long extensin domain encodes a
version ofSPEX1 lacking the leucine-rich repeat domain, and includes 37&pfeats and the
same two tyrosines as found in the short domain.

Transgenic Arabidopsis plants were made to assess the functionality of these extensin
domains indirectly, by observing the tagging reporter protein tdTomato with fluorescence
microscopy. A range of tdTomato expression, from barely detectable to overwhelmingly bright,
was established in several independently transformed lines expressing each construct. These
lines were evaluated qualitatively in terms of the relative fluorescence signal under identical

fluorescence microscopy conditions, as well as relative detection of tdTomato in an anti-RFP
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Western blot (Figure 35). Lines with the strongest fluorescence also had the strongest signal on
the blot.

Earlier investigations by Estevetzal. of transgenic Arabidopsis lines using the CaMV
35S promoter to overexpress GFP-tagged synthetic extensin domains revealed post-translational
modification, including hydroxylation and glycosylation, of the synthetic ext&hdihese
modifications were first identified by the unexpectedly large size of the synthetic protein
detected on an anti-GFP Western blot, and confirmed by affinity purification of the synthetic
proteins followed by measurement of molar protein and carbohydrate content to quantify
hydroxyproline conversion and arabinosylation. Furthermore, GFP-tagged synthetic extensins
were reported to vary, depending on the organ, in degree of post-translational modification
(perhaps due to local control of the activity of extensin post-translational modification enzymes)
and sub-cellular localization (proteins were apparently not secreted in roots, and poorly secreted
in other organd. In my studies, lines expressing detectable levels of sec-tdT-long (long-2, long-
7, and long-8) showed similarly unexpectedly large sizes of protein on the Western blot, with
bands much larger than 94 kDa, which is the predicted size based on the encoded amino acid
sequence of the unmodified protein (FigurdB3erforming a similar analysis as Esteeeal.
(affinity purification using the tdTomato tag, followed by protein and carbohydrate analysis of
the purified protein) may also reveal post-translational modification of the singla@#® of
sec-tdT-short, as well as clarifying the extent of post-translational modification of sec-tdT-long. |

only examined aerial organs for this study (leaves and stems) due to their greater relevance for

8 GFP is unstable under acidic conditions, although raising the pH can result in recovery
of fluorescence as new GFP is synthesized. Since the cell wall is acidic, GFP fluorescence in the
cell wall is not detectable without pH adjustment (Fleming, unpublished results, Scott$4999]
and Genovesi [2008P). In Estevez, 2006, cells were plasmolyzed in mannitol without any pH
adustment, so secreted GFP may not have been detectable.
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biofuel applications, but closer examination of sec-tdT-short and sec-tdT-long in all organs may
expose variation in sub-cellular localization and post-translational modification, similar to the
findings of Esteveert al.

Relative strength of cell wall association of tdTomato

Since sec-tdT-short and sec-tdT-long were secreted and, in the case of sec-tdT-long, post-

translationally modified, it seemed possible that the fluorescent reporter protein constructs would
show the same strong, and possibly covalent, cell-wall association as detected for the SIPEX1
homologs mMPEX1 and mPEX2. | performed a qualitative imaging experiment, in which the
presence of fluorescent reporter protein constructs in cauline stem biomass from transgenic lines
with the strongest reporter protein expression (tdT-5, sec-5, short-11, short-12, long-2, and long-
7) was evaluated by fluorescence microscopy after treatment in various conditions designed to
extract non-covalently-linked proteins (NaCl, LiCl, AIR, SDS, proteinase K, and CTEC?2)
(Figure 37, Figure 38, Table 7). All treatments removed observable fluorescence from tdT-5, and
all treatments except 1 M NaCl drastically reduced or eliminated fluorescence from sec-5.
However, fluorescence was maintained after certain treatments in lines short-11 (1 M NacCl, AIR,
1% SDS), short-12 (1 M NaCl and 1% SDS), long-2, and long-7 (1 M NaCl, 8 M LiCl, AIR, and
1% SDS for both lines). Treatment with proteinase K or CTEC2 was able to drastically reduce or
eliminate fluorescence from all lines, indicating that retention of fluorescence in the sec-tdT-
short and sec-tdT-long lines after the other treatments was not due to inaccessibility of the
tdTomato domain. Treatment with CTECZ2, a cellulase preparation, was not expected to affect
fluorescence directly. However, loss of fluorescence after CTEC2 treatment correlates with early
results of Derek Lamport, where cellulase treatment released 5% of cell-wall-associated

hydroxyproline in tomato and tobacco cell cultdfe¥he CTEC2 preparation may have protease

106



activity, or its known cellulase activity may have disrupted the overall cell wall structure and
released tdTomato from the cell wall. The comparatively strong fluorescence observed in long-2
and long-7 after treatment with LiCl (which is capable of dissociating the non-covalently-linked
HRGP cell walls ofC. reinhardii) and 1% SDS strongly suggests that sec-tdT-long is covalently
linked to the cell wall in these lines. Interestingly, even though sec-tdT-short fluorescence was
mostly removed by 8 M LiCl treatment, observable but reduced fluorescence was retained after
1% SDS treatment (Figure 38). The short extensin domain may be covalently bound in the cell
wall, but in such a way that LiCl can affect tdTomato fluorescence. Quantitative and non-
fluorescence based experiments, such as detection of tdTomato in the supernatants resulting from
each treatment, will help clarify the nature of the association of sec-tdT-short and sec-tdT-long
with the cell wall.

Plant growth phenotypes related to tdTomato expression

Since my data suggest that sec-tdT-long is covalently cross-linked in the cell wall, and

sec-tdT-short has a strong association with the cell wall, | expected to see similar phenotypes in
transgenic Arabidopsis expressing sec-tdT-short and sec-tdT-long as were found in Arabidopsis
overexpressinEXTENSIN-1 with the CaMV 35S promot&*. The differences found in stem
height in that study were small but significant (a reduction of 5-8% in inflorescence stem length,
n = 11-15), and were directly correlated with the level of overexpressiEXTdf, in that lines
with greater hydroxyproline content had a greater reduction in stem length. Presumably,
overproduction of EXT1 leads to more highly cross-linked cell walls and reduced cell expansion,
producing smaller cells and therefore shorter plants. | was unable to detect major plant growth
phenotypesn transgenic lines overexpressing tdT or tdT-extensin constructs compared to wild-

type plants (the correlation with hydroxyproline content is discussed below) (Table 8). Some
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differences appeared statistically significant, particularly in the amount of biomass produced,
which was greater in several transgenic lines compared to wild-type (sec-2, sec-4, and long-9).
However, as | expected to see either no difference (in cyto-tdT and sec-tdT lines) or less biomass
(in sec-tdT-short or sec-tdT-long), these findings are difficult to explain.

Looking at all the data | collected on wild-type plants for this and other experiments (see
Chapter 3, Table 6), it is clear that there is a wide range of values for many of the traits |
measured in wild-type plants alone. This experiment comparing plant growth of transgenic and
wild-type Arabidopsis had small samples sizes (n—=4Zor each independently transformed
line), making it very difficult to determine whether the small effects are truly significant. The
experiments witieXT1, in contrast, had n of 1115, making small effects easier to det@&tiat
the different lines expresdthe transgenic constructs at different levels also adds another
variable to the experiment. It is difficult to obtain transgenic lines with identical expression
characteristics given the random insertion of the transgene into the genome, but perhaps for
detailed phenotypic analyses some level of normalization for the expression of tdTomato should
be performed. However, even when comparing lines with similarly high levels of tdTomato
expression (tdT-5, sec-5, short-11, short-12, long-2 and long-7), no parameters stand out as being
noticeably different from wild-type.

In contrast, the differences detected in the hydroxyproline content of long-2 and long-7
were quite large (2.3 and 2.9 times greater than wild-type, respeciiigure 46). This

compares well to the increase measured in hydroxyproliAEEXT1 overexpression lines (1-5

™ The only developmental phenotype with a similarly large difference between a
transgenic line and wild-type was cauline stem dry weight. However, as noted above, cauline
stem dry weights seem to have a wide range of wild-type values, so this difference may not be
significant.
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4 times greatet§*. Hydroxyproline content was less variable than the developmental
characteristics | measured, as the levels of hydroxyproline measured in wild-type plants and the
other transgenic lines were extremely consistent, and compared well with the values obtained
from my previous experiment (0.047%% Hyp/mg in this experimenstis 0.048%) as well as
those measured by other investigators (0.06% in ecotype Lanasbetegand 0.03% in
Wassilewskij&?%. The differences seen in hydroxyproline content are therefore large enough
that the small sample size is not problematic, at least in the case of long-2. As long-7 had 2.9
times more hydroxyproline compared to wild-type but was only measured once, the experiment
needs to be replicated to validate these findings. Given the high levels of sec-tdT-long expression
in long-2 and long-7, the evidence of post-translational modification of the sec-tdT-long
construct from the Western blot, and the retention of fluorescence in long-2 and long-7 cell walls
after various treatments, it is highly likely that the increased hydroxyproline content detected in
long-2 and long-7 is due to overexpression, post-translational modification, and cross-linking of
sec-tdT-long. It is not remarkable that no differences in hydroxyproline content were measured
between wild-type and any sec-tdT-short lines, as the predicted hydroxyproline content of sec-
tdT-short is so low (one Sknotif) compared to sec-tdT-long (37 SRotifs).

Surprisingly, given the greatly increased hydroxyproline content of long-2 and long-7,
glucose release was not dramatically affectedinsgc-tdT-long line (Figure 47). As with the
plant growth phenotypes, the effect sizes were quite small (for example, a difference of 1.4%
between wild-type and long-8, which had the most glucose released). Replication will be
necessary to be confident that any differences in glucose release are due to expression of sec-
tdT-long. Since no line had considerable differences in glucose release from the cauline stem,

even though long-2 and long-7 have substantially increased levels of extensin in their cauline
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stem cell walls that is probably cross-linked, it is unlikely that extensin overexpression and
increased cross-linking are highly relevant in terms of biofuel production, at least in the
Arabidopsis model system. Then again, there may be a maximum amount of recalcitrance that
can be attributed to extensin cross-linking, and native extensin expression reaches this maximum.
In this case, overexpression of extensins cannot further increase recalcitrance. However, further
experiments, such as treating transgenic biomass with a protease prior to digestion with cellulase
(similar to the experiments described in Chaptersdgnificant increase in digestibility would be
predicted in sec-tdT-long lines compared to wild-type), may reveal more about the role of
extensins in biomass recalcitrance. Plants over-expressing tdT-extensin fusion proteins can also
be forced to increase extensin cross-linking by stimulating hydrogen peroxide production

through wounding or infection of the plants, since extensin cross-linking depends on hydrogen
peroxidé®>® Increased cross-linking of the fusion proteins could make the digestibility
phenotypes more pronounced.

In this study, leaves were examined because they were easy to acquire and their removal
would not affect the plant, while stems were examined because they are an analog for woody
biomass used in biofuel production. However, roots may be an organ of greater interest with
respect to extensin-related phenotypes (particularly cell-wall-associated fluorescence,
hydroxyproline content, and glucose release), because in Arabidopsis, both extensins and the
enzymes for extensin post-translational modification are most highly expressed ih°folots
addition, monitoring the fluorescent tdTomato tag in transgenic plants crossed with mutant lines
(as described in Chapter 3) having reduced extensin post-translational modification could also

reveal the importance of each modification for secretion and cell wall association.
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35S tdTomato
2 =
355 SS tdTomato
Alag
SS tdTomato spacer short

Alag

35S SS tdTomato s?acer Cys/Gly-rich long

tdTomato Cys/Gly-rich linker region
476 a.a.
g 105 a.a.

/

AIaG/spacer

I
extensin domain

290 a.a. (37 SP,, repeats)

Figure 28. Schematic diagrams of the tdT and tdT-extensin constructs expressed under the
control of the 35S promoter in Arabidopsis plants.

A. Diagrams (not to scale) of each of the four constructs: a) cyto-tdT, b) sec-tdT, c) sec-tdT-
short, d) sec-tdT-long. SS, tomato polygalacturonase signal sequence. Ala-spacer, 6 alanines
separating tdTomato from extensin domain. Short, C-terminal 20 amino a&dREXL.
Cys/Gly-rich, sequence fro®IPEX1 intervening between native LRR and EXT domains. Long,
C-terminal 290 amino acids 8fPEX1.

B. Cartoon of the mature sec-tdT-long reporter protein construct
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Figure 29. Coding sequence and proposed translation of crucial gene fragments.

A) secretory sequence from tomato polygalacturonase; B) the short extensin domain; C) the long extensin domain used in the tdT-
extensin constructs. The 6-alanine spacer and cysteine and glycine residues of the cys/gly-rich linker region are Ralicipéits S

are underlined. Tyrosines are in bold. Box indicates sequence of short extensin domain within the context of the long extensin domain.

112



A. gaattcATGGTTTCCAAGGGTGAGGAGGTTATCAAAGAGTTCATGAGATTCAAGGTTAGGATGGAAGGTTCCATGAACGGTCACGAGTTCGAGATCGAGGGCGAGGG
TGAAGGTAGACCCTACGAGGGCTCCCAAACCGCAAAGCTCAAAGTGACTAAGGGTGGTCCTTTGCCCTTCGCTTGGGACATCTTGTCCCCCCAATTCATGTATGGCT
CTAAGGCATACGTTAAGCATCCTGCTGACATCCCCGATTACAAAAAGTTGTCCTTCCCAGAGGGTTTCAAGTGGGAAAGGGTCATGAACTTCGAGGATGGAGGTCTT
GTGACTGTGACCCAAGATTCTAGTTTGCAGGACGGCACTTTGATCTACAAGGTGAAGATGAGAGGCACAAACTTTCCTCCCGATGGTCCAGTCATGCAAAAGAAAAC
TATGGGTTGGGAAGCCTCCACTGAGAGGCTTTACCCAAGAGACGGCGTTCTTAAGGGTGAAATCCACCAAGCTCTCAAACTTAAGGATGGAGGCCACTACTTGGTGG
AGTTCAAGACCATCTACATGGCTAAGAAGCCCGTGCAACTCCCCGGCTATTACTACGTGGACACTAAACTCGATATCACCTCCCACAACGAGGACTACACCATCGTT
GAACAATATGAGAGGTCTGAGGGTCGCCATCACCTTTTCTTGGGTCATGGTACTGGAAGCACCGGTAGTGGCAGCTCTGGCACCGCTTCATCCGAGGATAATAACAT
GGCTGTGATCAAGGAGTTTATGCGCTTCAAAGTCCGTATGGAGGGCTCAATGAATGGCCACGAGTTCGAGATCGAAGGAGAGGGTGAGGGCCGCCCATATGAGGGCA
CTCAGACAGCTAAGTTGAAAGTCACCAAGGGTGGACCACTTCCTTTCGCTTGGGATATTCTCTCACCACAGTTTATGTACGGTTCCAAGGCTTACGTGAAACACCCA
GCCGATATTCCAGATTATAAGAAGTTGTCTTTCCCAGAAGGATTTAAGTGGGAGCGCGTTATGAACTTCGAGGACGGTGGTTTGGTTACAGTCACCCAAGACTCCTC
CCTTCAAGATGGTACGCTTATCTACAAGGTCAAAATGCGTGGAACCAATTTCCCACCAGACGGCCCAGTTATGCAGAAGAAGACTATGGGCTGGGAGGCTTCAACAG
AGCGCTTGTATCCCCGCGATGGAGTGTTGAAGGGCGAGATTCACCAGGCATTGAAGTTGAAGGACGGTGGACATTACCTCGTGGAGTTTAAGACCATCTACATGGCC
AAGAAACCCGTTCAATTGCCTGGTTATTACTACGTTGATACCAAGTTGGACATTACCTCCCACAACGAGGATTACACCATTGTCGAACAGTACGAGCGTTCCGAGGG
CCGCCACCACCTCTTCCTCTACGGTATGGACGAGTTGTACAAGGCAGCAGCTGCAgcagcagatgcattacececcaacattgggectegetatacgectcaccaccac
caccaattttccaaggttattaactcgagtgctttaatgagatatgcgagacgcctatgatcgcatgatatttgectttcaattctgttgtgcacgttgtaaaaaacc
tgagcatgtgtagctcagatccttaccgcecggtttcggttcattctaatgaatatatcaccecgttactatcecgtatttttatgaataatattcteccgttcaatttact
gattgtaccctactacttatatgtacaatattaaaatgaaaacaatatattgtgctgaataggtttatagcgacatctatgatagagcgccacaataacaaacaatt
gcgttttattattacaaatccaattttaaaaaaagcggcagaaccggtcaaacctaaaagactgattacataaatcttattcaaatttcaaaaggeccccaggggcta
gtatctacgacacaccgagcggcgaactaataacgttcactgaagggaactccggttcececececgecggcg

B. CTGCAGCAGCCGCCTGTACTTTACCGTCACTGAAAAACTTTACCTTTAGCAAGAACTACTTTGAATCTATGGATGAAACCTGTCGCCCGTCGGAATCTAAGCAAGTTAA
GATCGATGGTAACGAAAACTGTCTGGGTGGCCGTAGTGAACAGAGAACAGAAAAAGAATGCTTTCCAGTTGTGAGCAAACCGGTTGATTGTAGTAAGGGTCATTGCGGC
GTTTCTCGCGAAGGCCAATCACCAAAAGACCCACCGAAGACAGTGACGCCTCCAAAACCATCAACTCCGACCACTCCGAAGCCAAATCCGAGCCCGCCTCCACCGAARAA
CCTTACCTCCACCGCCTCCAAAAACTTCCCCTCCTCCACCGGTTCACTCGCCTCCACCTCCTCCAGTCGCATCTCCTCCTCCACCGGTACACTCACCTCCACCGCCTGT
TGCAAGCCCACCTCCTCCAGTGCATAGTCCACCTCCACCGCCTGTCGCTTCCCCACCTCCTCCAGTACATTCGCCGCCTCCACCGGTTGCATCTCCTCCACCGCCTGTG
CATTCACCACCTCCTCCAGTCCACAGCCCTCCTCCACCGGTAGCTAGTCCTCCACCGCCTGTTCACTCTCCACCTCCTCCAGTGCACTCGCCTCCTCCACCGGTCCATT
CTCCTCCACCGCCTGTACACTCACCACCGCCTCCAGTTCATAGCCCGCCTCCACCAGTTGCAAGTCCTCCACCGCCTGTCCACTCACCGCCACCTCCAGTACACTCTCC
ACCTCCACCGGTTCACTCCCCACCACCGCCTGTGGCATCTCCGCCTCCTCCAGTCCATAGCCCACCACCACCTCCTCCAGTAGCATCTCCGCCACCACCGGTTCACTCC
CCTCCACCGCCTGTGGCATCCCCTCCTCCTCCAGTCCATTCTCCGCCTCCACCGGTAGCTTCCCCACCACCGCCTGTTCATTCGCCGCCTCCTCCAGTGCACAGTCCTC
CTCCGCCAGTCCATTCCCCTCCACCGCCAGTGGCTTCTCCTCCACCGGCACTGGTGTTCTCACCACCGCCACCAGTCCATTCGCCGCCGCCGCCAGCACCTGTGATGAG
CCCTCCTCCTCCTACTTTTGAAGATGCAT

Figure 30. Sequences ordered from GenScript

A) pUC57-less; B) pUC5Hhigh, shown 5°-3°.

In A), bases encoding tdTomato are uppercase. Bases encoding the short anchor sequence are in bold. Single underline, recognition
sites forPstl andNsil; double underline, recognition sites fddel and SgrAl.
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pBlueScript backbone

Figure 31. Results of agarose gel electrophoresis after restriction enzyme digestion of positive

clones of the four pBS-tdT plasmids
Each construct in the pBS backbone (3 kb) was digested\wittand separated by gel
electrophoresis. A) pBS-cyto-tdT; B) pBS-sec-tdT; C) pBS-sec-tdT-short; D) pBS-sec-tdT-long.
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Figure 32. Fluorescent signal from tdTdman transiently transformed onion epidermal cells.

Onion epidermis was transformed by bombardment with tungsten particles coated with A) pBS-cyto-tdT; B) pBS-sec-tdT; C) pBS-
sec-tdT-short; D) pBS-sec-tdT-long and imaged after transformed cells recovered in the dark at room temperature for 63 hours
Exposures for all fluorescent images were 250 ms. Camera white and black points were set at their respective maxima. Scale bar, 100

um
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Figure 33. Subcellular localization of tdTomato in transiently transformed onion epidermal cells.

Onion epidermis was transformed by bombardment with tungsten particles coated with A) pBS-cyto-tdT; B) pBS-sec-tdT; C) pBS-
sec-tdT-short; D) pBS-sec-tdT-long and imaged after transformed cells first recovered in the dark at room temperature for 63 hours to
permit sufficient secretion of fluorescent protein and then were plasmolyzed in 1 M NaCl. Exposures for all fluorescent images were
250 ms. Camera white and black points were set at their respective msodtadar, 100 pm.
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Figure 34. Genotyping of transgenic Arabidopsis plants transformed with each of the four constructs using primers 35S and OCS.
PCR products were separated on a 1% agarose gel
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A. tdt-2 tdt-5 tdt-7 sec-2 sec-4 sec-5 wild-type tdTomato _ 54 kDg

- 75kDa

short-5 short-11  short-12 long-2 long-7 long-8 long-9 wild-type  tdTomato
—

- 200 kDa

ww -75kDa

tdt-2 tdt-5 tdt-7 sec-2 sec-4 sec-5 wild-type

short-5 short-11 short-12 - - - - wild-type

Figure 35. Expression of tdTomato in homozygous Arabidopsis lines

In A), 10 L of crude protein extract or a 1:9 dilution of purified tdTomato in water were loaded on a 12% polyacrylamide gel and
electrophoresed at 200 V for 1 hour. After transfer to PVDF, tdTomato bands were visualized by blotting with rabbit anti-RFP that
had been pre-incubated in wild-type Arabidopsis protein extract, followed by development with alkaline phosphatase.

In B), leaves from the same plants used in the Western blot were imaged directly by fluorescence microscopy. All images used an
exposure of 100 ms; the white and black points of the camera were set to their respective maxima.
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Figure 36. Subcellular localization of tdTomato in stably transformed Arabidopsis.
Leaves of lines A) tdT-5; B) sec-5; C) short-5; D) long-7 were plasmolyzed in 1 M NaCl and trichomes were imaged. Fluorescence
images used a 250 ms exposure. White and black points for the camera were set at their respectiviécat@kind.00 um.
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Dry biomass PIPES 1 M NaCl 8 M LiCl

short-11

short-12

Figure 37. Fluorescence in transgenic and wild-type Arabidopsis cauline stem biomass after treatment with various solutions.
All fluorescence images used a 100 ms exposure, the same objective lens (10x), and the same cam&@akebting@0 um (in
lower right image). Figure was made by overlaying the bright-field and fluorescent images, and setting the trangpaeency
fluorescent image to 50%.
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C. short-12 D. long-2

Figure 38. Enlargement of images from Figure 37, 1% SDS.
For each genotype, left, overlay of 50% transparent fluorescent image and bright-field image; right, fluorescentdhadge, 360
um (in lower right image).

A. tdT-5 B. sec-5
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Table 7. Summary of results from fluorescence dissociation experiments.
Each + indicates more fluorescence observed, on average. -, no fluorescence observed. +/-, fluorescence observed dnly in isolate

chunks of biomass.

bio[r)r?z;ss PIPES | 1 MNaCl | 8 MLiCl AIR 1% SDS PK CTEC
Wild-type - - - - - - - -
tdT-5 s - - - - - i .
sec-5 4+ ++ ++ +/- - - +/- -
short-11 +4++ ++ ++ +/- + + +/- =
short-12 4 ++ ++ +/- = + +/- -
long-2 ++ ++ ++ ++ + ++ +/- -
long-7 +++ ++ ++ ++ + ++ +/- -
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Table 8. Summary of transgenic Arabidopsis phenotypic data.

Data shown are averages + standard error. Shadegdpcells05 (Student’s T-test) in comparison to wild-type.

Wild-type tdT-2 tdT-5 tdT-7 sec-2 sec-4 sec-5 short-5 short-11 short-12 long-2 long-7 long-8 long-9
days to bolting 258+13 | 257+15 | 23.0+09 | 250+13 | 23+06 | 21507 | 21.8+07 | 227+07 | 208+06 | 195+03 | 233+07 | 250+0 | 197403 | 250:05
days to flowering 288+19 | 313:£22 | 26709 | 20723 | 260£07 | 245+11 | 240+08 | 26209 | 22007 | 21.8+06 | 265+09 | 300+0 | 220£06 | 27.3:0.9
days to harvest 483+05 | 53.0£09 | 51.0£50 | 51.3+20 | 49310 | 47.3+28 | 49007 | 483+19 | 43.0+18 | 440+33 | 50.0£19 | 4800 | 463:20 | 49.0:43
#of siiques at harvest | 53%17 | 53:15 | 21.3:06 | 107+12 | 12508 | 155+16 | 6814 | 106+03 | 85+12 | 183+14 | 13.0£05 | 50:05 | 123£13 | 17.0£0
stem thickness (mm) 1.2+004 | 1.4+010 | 1.6+0.04 | 1.4£007 | 1.5%0.03 | 1.4£003 | 1.2+002 | 1.4£002 | 1.0£0.05 | 12£0.03 | 1.3£003 | 1.1£003 | 1.1£007 | 1.6+0.06
msqr)escence length 324+ 12 352110 361+6 370+ 12 36819 34315 424 £ 17 35743 278+ 8 393+2 341+ 11 33010 329+ 4 388+ 13
(CriLr’n")”eS‘em'e”gth 1124 12847 1201 £ 2 153 £ 18 123+7 174 1125 12542 9543 M4t4 124+6 M4+4 91+3 147 £6
# of bolts 35:04 | 30:03 | 33:06 | 4702 45103 48102 3505 | 40+04 | 28x01 3503 | 45:0.1 3503 | 40£03 | 43:02
ﬁoﬁf branches off main | 55, ¢ 4 40103 4501 50£05 38102 3.0£02 3.0£0 402£0.1 3.0£0.2 35£0.1 3.8£0.1 3.0£0 27£02 47103
inflorescence wet 1.78 2.72 3.33 2.82 3.66 3.1 257 2,61 1.09 2,63 217 1.39 1.88 2.94
weight (g) £0.17 +0.25 +0.39 +0.28 +0.06 +0.17 +0.18 +0.25 +0.06 +0.21 +0.12 +0.01 +0.09 +0.05
cauline stem wet 0.62 0.93 1.08 0.88 1.13 1.00 0.85 0.89 0.31 0.80 0.79 0.48 0.58 1.01
weight (g) £0.07 +0.12 £0.11 £0.09 +0.06 +0.06 +0.08 +0.08 +0.01 +0.08 +0.06 +0.01 +0.03 +0.02
%Z‘i}gﬂf(f:“;r;‘dry 474 100 + 14 130+ 16 87+9 130 + 11 97+6 89:8 85:6 3222 87:8 686 4410 57:2 112+3
average glucose 10.2
release 9.1£0.1 8.9+0.1 9.4£0.1 7.3£0.1 8.9+0.1 9.7£0.1 80t02 | 7.9+03 | 88:01 95+03 | 85:03 T 10.6+0.2 | 9.9+1.1
(%/mg dry weight) -
average Hyp content
(ot dry weight) 0.047 0.052 0.041 0.051 0.047 0.047 0.048 0.045 0.044 0.041 0.109 0.140 0.054 0.041
# of plants measured 3 3 4 3 4 4 4 4 4 4 3 2 3 2
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Wild-type tdTomato sec short long

Figure 39. Five-week-old Arabidopsis plants in four-inch diameter pots. Numbers in white boxes to the right of each plant indicate the
line number.
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Figure 40. Average inflorescence stem thickness in independently transformed Arabidopsis lines expressing each transgene.
Error bars indicate standard error. *, p < 0.05 in comparison totyyitdStudent’s T-test).
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Figure 41. Average inflorescence stem length in independently transformed Arabidopsis lines expressing each transgene.
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Figure 42. Average cauline stem length in independently transformed Arabidopsis lines expressing each transgene.
Error bars indicate standard error.
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Figure 43. Average inflorescence wet weight in independently transformed Arabidopsis lines expressing each transgene.
Error bars indicate standard error. *, p < 0.05 in comparison totyyitdcStudent’s T-test).
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Figure 44. Average cauline stem wet weight in independently transformed Arabidopsis lines expressing each transgene.
Error bars indicate standard error. *, p < 0.05 in comparison totyyitStudent’s T-test).
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Figure 45. Average cauline stem dry weight in independently transformed Arabidopsis lines expressing each transgene.
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Figure 46. Average hydroxyproline content of independently transformed Arabidopsis lines expressing each transgene.
Images of fluorescent leaves for each sec-tdT-long line included for comparison of hydroxyproline content with relative fluorescence.
*, p = 0.0001 in comparison to wilgpe (Student’s T-test).
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CHAPTER FIVE: SUMMARY DISCUSSION

In the research performed for this dissertation, | found support for the hypothesis that
extensin cross-linking increases biomass recalcitrance in some cases. In Chapter 2, | tested
whether extensins could be removed from pretreated poplar biomass by protease treatment, and
whether extensin removal could be associated with subsequent glucose release after cellulase
digestion. | found that Fermgen protease treatment was able to remove extensins from liquid hot
water pretreated poplar, but not from dilute acid or alkaline peroxide pretreated poplar. Glucose
release was also increased after Fermgen treatment of liquid hot water pretreated poplar, but not
dilute acid or alkaline peroxide pretreated poplar. These results indicate that, depending on the
pretreatment, extensins may be a meaningful target for improving glucose yields from biomass.
A residual pool of extremely tightly bound extensins in dilute acid and alkaline peroxide
pretreated poplar resists protease degradation; further work to characterize methods of removing
these strongly cross-linked extensins may increase glucose yields in poplar after several different
types of pretreatments.

In Chapter 3, | tested whether mutations in the genes encoding the enzymes that perform
extensin post-translational modifications affect cauline stem cell wall extensin content or
digestibility in Arabidopsis. Previously, root hair growth defects were described in these mutant
lines. | expected post-translational modification of all extensins to be reduced by the mutations,
causing alterations in extensin cross-linking in cell walls and increased plant growth due to
increased cell elongation. | found either no effect on plant growth phenotypes or reduced plant
growth. I also found no effect on cauline stem hydroxyproline content or digestibility. Since no

change in cauline stem hydroxyproline content was observed, no conclusions can be drawn from
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these experiments regarding the interplay of extensins and biomass digestibility. The known
defective root hair growth phenotypes as well as the high expression levels in roots of extensins
and their modifying enzymes suggest that examination of roots rather than stems may prove
more illuminating of extensin function in future studies.

In Chapter 4, | tested whether increased extensin abundance in cell walls caused
increased biomass recalcitrance in transgenic Arabidopsis lines overexpressing tdT-extensin
fusion proteins. | found that overexpression of the comidétfeX1 extensin domain caused
robust association of tdTomato with the cell wall, indicating that the fusion protein is likely
covalently bound in the cell wall like the native extensin proteins. These lines also contained 2 -
3 times more hydroxyproline in their cauline stems than wild-type plants. However, no change in
biomass digestibility was observed. Again, using this system to examine roots, with their more
active extensin expression and post-translational modification, may reveal more about extensin
function. It may be that there is a maximum amount of recalcitrance that can be attributed to
extensin cross-linking, and native extensin expression reaches this maximum. In this case,
overexpression of extensins cannot further increase recalcitrance.

These first investigations do not negate the hypothesis that extensins are involved in
biomass recalcitrance. The transgenic lines described in Chapter 4 will prove especially useful
for further work to demonstrate the nature of extensin cross-links more precisely, as well as to
indicate other methods that may effectively remove extensins from cell walls. Addressing
extensin cross-linking may be key to decreasing biomass recalcitrance, helping to move biofuels

from the realm of laboratories to that of day-to-day life.
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